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Streszczenie 

Len (Linum usitatissimum) jest roŜlinŃ o duŨym znaczeniu odŨywczym 

i przemysğowym, w kt·rej glikozydy cyjanogenne (CGs) stanowiŃ istotnŃ grupň 

drugorzňdowych metabolit·w zawierajŃcych azot. Szczeg·lnie obficie wystňpujŃ w nasionach 

i siewkach, a ich rozkğad prowadzi do uwalniania toksycznego cyjanowodoru (HCN). Choĺ 

zwykle postrzegane sŃ jako zwiŃzki antyŨywieniowe, coraz wiňcej dowod·w wskazuje, Ũe 

peğniŃ one takŨe szersze funkcje fizjologiczne, m.in. w gospodarce azotem i siarkŃ, regulacji 

rozwoju oraz odpowiedzi na stresy Ŝrodowiskowe. Celem niniejszej pracy byğo kompleksowe 

scharakteryzowanie metabolizmu CGs w lnie w odniesieniu do wzrostu i adaptacji roŜlin do 

stres·w biotycznych i abiotycznych, a takŨe okreŜlenie jego powiŃzaŒ ze stanem odŨywienia 

azotem i siarkŃ. 

Badania obejmowağy analizy transkryptomiczne, biochemiczne i enzymatyczne. 

Oceniano ekspresjň gen·w kluczowych dla biosyntezy, degradacji i detoksykacji cyjanku. 

R·wnolegle oznaczano zawartoŜĺ poszczeg·lnych CGs, cağkowity potencjağ cyjanogenny, 

wolny cyjanek oraz aktywnoŜĺ ɓ-CAS. 

Uzyskane wyniki wykazağy, Ũe metabolizm CGs w lnie jest wysoce dynamiczny 

i zaleŨny od czynnik·w stresowych. W warunkach indukowania umiarkowanej suszy 

dominowağa odpowiedŦ transkrypcyjna, silna indukcja gen·w biosyntezy i detoksykacji przy 

stabilnych pulach metabolit·w, co wskazuje na zwiňkszony obr·t w stanie ustalonym 

i podkreŜla reaktywnoŜĺ CGs. Intensywna indukcja stresu suszy prowadziğa do wyraŦnego 

wzrostu potencjağu cyjanogennego, wolnego cyjanku i aktywnoŜci ɓ-CAS. Warunki Ŝwietlne 

stanowiŃ istotny czynnik regulacyjny: transkrypty gen·w biosyntezy i detoksykacji 

wykazywağy rytm dobowy, osiŃgajŃc maksimum po rozpoczňciu fazy jasnej i spadajŃc 

w warunkach przedğuŨonej ciemnoŜci, co Ŝwiadczy o Ŝcisğym powiŃzaniu metabolizmu CGs 

z zegarem okoğodobowym. Mechaniczne uszkodzenia tkanek lnu wywoğywağy szybkŃ 

i przejŜciowŃ indukcjň ɓ-glukozydaz oraz enzym·w detoksykacyjnych; choĺ prawdopodobnie 

cyjanek byğ uwalniany kr·tkotrwale, r·wnoczesna aktywacja mechanizm·w neutralizacji 

wskazuje, Ũe CGs peğniŃ rolň natychmiastowej, miejscowej obrony chemicznej. Infekcja 

Fusarium oxysporum prowadziğa natomiast do odmiennej odpowiedzi metabolicznej, sğabszej 

indukcji enzym·w uwalniajŃcych cyjanek co sugeruje ograniczonŃ skutecznoŜĺ obrony opartej 

na CGs wobec tego patogenu. 

Analizy por·wnawcze transgenicznej linii lnu CD22, wzbogaconej w aminokwasy 

siarkowe, wykazağy jej wiňkszŃ stabilnoŜĺ metabolicznŃ w warunkach zmienionej podaŨy 

makroelement·w azotowych i siarkowych w stosunku do odmiany Linola. Wyniki 

doŜwiadczeŒ z suplementacjŃ azotu i siarki podkreŜlajŃ zğoŨonoŜĺ interakcji skğadnik·w 

mineralnych w ksztağtowaniu metabolizmu CGs. Kluczowe znaczenie wydaje siň mieĺ 

r·wnowaga miňdzy skğadnikami mineralnymi, kt·ra wspiera utrzymanie homeostazy szlaku. 

Pr·by wyciszenia gen·w zwiŃzanych z metabolizmem CGs z uŨyciem antysensowych 

oligonukleotyd·w oraz transformacji Agrobacterium nie przyniosğy jednoznacznych 

rezultat·w, ale wskazağy na potencjalnŃ istotnoŜĺ integralnego metabolizmu CGs dla 

kluczowych proces·w rozwojowych. Co istotne, sama aplikacja oligonukleotyd·w dziağağa 
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jako czynnik stresowy, wywoğujŃc przejŜciowe zmiany w poziomach cyjanku i aktywnoŜci ɓ-

CAS, co dodatkowo potwierdza wysokŃ wraŨliwoŜĺ tego szlaku na bodŦce Ŝrodowiskowe. 

PodsumowujŃc, przeprowadzone badania wspierajŃ koncepcjň, Ũe CGs sŃ nie tylko 

metabolitami obronnymi, ale takŨe istotnymi mediatorami proces·w sygnalizacji stresowej 

i    utrzymania r·wnowagi w gospodarce makroelementami. Dwutorowy charakter tych 

zwiŃzk·w, problematycznych z perspektywy Ũywieniowej, a jednoczeŜnie wielofunkcyjnych 

w metabolizmie roŜlin, podkreŜla ich znaczenie dla biologii lnu i jego potencjağu hodowlanego. 

Wyniki pracy dostarczajŃ nowych informacji o regulacji szlaku CGs, zwracajŃc jednoczeŜnie 

uwagň na trudnoŜci i ograniczenia towarzyszŃce pr·bom jego modyfikacji.  
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Abstract 

Flax (Linum usitatissimum) is a crop of high nutritional and industrial importance, 

in which cyanogenic glycosides (CGs) accumulate, particularly in seeds and seedlings, 

as nitrogen-containing secondary metabolites capable of releasing toxic hydrogen cyanide 

(HCN). While generally treated as antinutritional compounds, CGs have been hypothesized 

to fulfill broader physiological functions in plants, including roles in nitrogen storage, 

developmental regulation, and responses to environmental stresses. The aim of this study was 

to characterize the metabolism of CGs in flax in relation to plant growth and adaptation to 

stresses, as well as to explore its interaction with nitrogen and sulfur status. 

The research integrated transcriptomic, biochemical, and enzymatic analyses. 

Expression profiles were obtained for genes representing major phases of CGs metabolism: 

biosynthesis, degradation, and detoxification. Parallel biochemical assays measured the 

contents of individual CGs, total cyanogenic potential, free cyanide, and ɓ-cyanoalanine 

synthase activity. 

The study revealed that CGs metabolism in flax is dynamic and context dependent, with 

distinct outcomes depending on the stress factor. Under moderate drought, the response was 

primarily transcriptional, with strong induction of biosynthetic and detoxification genes but 

stable metabolite pools, indicating increased turnover at steady state and highlighting the stress 

responsiveness of CGs under water deficit. Severe drought, in turn, produced measurable rises 

in cyanogenic potential, free cyanide, and ɓ-CAS activity. Light exerted a strong regulatory 

influence. Transcript levels of biosynthetic and detoxification genes followed a diurnal rhythm, 

peaking sharply after light onset and collapsing under extended darkness. This indicates that 

CGs metabolism is tightly coupled to the circadian clock. Mechanical wounding triggered a 

rapid and transient induction of ɓ-glucosidases together with detoxification enzymes. Although 

probably cyanide release remained short-lived, the induction of both release and neutralization 

modules suggests that flax employs CGs metabolism as an immediate, chemical defense. 

Infection with Fusarium oxysporum elicited a distinct metabolic reprogramming characterized 

by weaker induction of hydrolytic enzymes and shifts in nitrogenïsulfur metabolism rather than 

strong cyanide release, suggesting limited efficacy of CGs mediated defense against this 

pathogen. Comparative analyses of the transgenic line CD22, enriched in sulfur amino acids, 

demonstrated enhanced buffering of CGs metabolism under nutrient perturbations relative 

to the Linola cultivar. The outcomes of nitrogen and sulfur supplementation experiments 

underscore the complexity of nutrient interactions in shaping CGs metabolism. Data point to a 

broader importance of nutrient balance, where the relative availability of key elements appears 

to play a decisive role. Attempts to genetically silence key CGs genes via antisense 

oligonucleotides and Agrobacterium transformation were inconclusive, but highlighted the 

potential indispensability of intact CGs metabolism for flax regeneration. Importantly, the 

application of antisense oligonucleotides itself acted as a stress factor, inducing transient 

changes in cyanide levels and ɓ-CAS activity, further underscoring the sensitivity of CGs 

metabolism to diverse external cues. 

Overall, these findings support a model in which CGs act not only as defense 

compounds but also as integrative mediators of stress signaling and nitrogenïsulfur 
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homeostasis. The dual nature of CGs as both a food safety concern and a multifunctional 

metabolic compound emphasizes their significance in flax biology and breeding. By advancing 

the understanding of their regulation and function, this work provides a foundation for future 

efforts to manipulate CGs pathways for improved crop performance and quality.  
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1. Introduction 

1.1 Flax (Linum usitatissimum L.) as a research object 

Flax (Linum usitatissimum L.) is a highly versatile and historically significant crop with 

an extensive array of industrial, health, and agricultural applications. This ancient crop, with 

the Latin name "most useful," has been under cultivation since the dawn of human civilization 

but is no longer found in the wild. (Goyal et al. 2014). Canada is leading international 

production at the moment, but flax is assuming greater prominence in large parts of the world, 

particularly Europe, where it is closely tracking climate and sustainability goals (Stavropoulos 

et al. 2023; Kiryluk and Kostecka 2020). Its climatic benefits, the fact that it fits well with 

moderate climates, and that is capable of deliver on multiple ends of climate-smart agriculture 

such as soil health and reduction of greenhouse gas emissions are all triggering interest 

in cultivating flax (Kaur, Yadav, and Wankhede 2017). 

 Flax has diverse uses that utilize its unique 

features, including being used as a fiber crop, source 

of industrial oil, and nutraceutical. Its fibers 

are biodegradable, strong, and usable in most industrial 

procedures, while its seeds are rich in omega-3 fatty 

acids, lignans, and dietary fiber, and hence is an 

attractive functional food component with potential 

health effects. Research has established the crop's 

ability to promote cardiovascular health, reduce cancer 

risks, and prevent kidney diseases, hence its increased 

nutraceutical value (Czemplik et al. 2011). This dual 

utility of flax as both a health-promoting and industrial 

resource makes it an appealing option for regions 

prioritizing sustainability and agricultural 

diversification. 

 Double benefit of flax as a medical aid 

and industrial material makes it a suitable option for nations that promote sustainability and 

diversification in agriculture. Botanically, Linum usitatissimum is an annual herbaceous plant 

of the family Linaceae which is one of the largest genera of the family flax with around 300 

species. (SmĨkal et al. 2011). Morphologically, flax is a straight and slender stem that grows to 

a height of 30-75cm, with branching localized at the top. The leaves of flax are lanceolate, 

alternately arranged, sharply pointed, and with three conspicuous veins. Flax flowers from June 

to July, with small, blue, self-fertile flowers, each giving rise to a five-chambered seed capsule. 

They bear 10-12 small, compact, and lustrous seeds, typically dark yellow to reddish-brown in 

color, that can survive for 10 years at most. Oilseed and fiber are the two dominant morphotypes 

of flax and differ significantly in habit and external appearance. Oil-seed varieties are shorter 

and contain bigger seeds with approximately 40% high oil content, whereas fiber varieties are 

taller, less branched, with smaller seeds and longer fiber yield (Allaby et al. 2005). 

Figure 1 Common flax, Linum usitatissimum 
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Although there has been a decline historically in the cultivation of flax, interest in the 

crop is now rekindled because of its environmental advantages and compatibility with 

sustainable agriculture. The sustainability objectives of the European Union, which include 

diversifying crops and lowering environmental footprint, have brought flax to the forefront as 

a strong candidate to promote climate change resilience in agriculture (Stavropoulos et al. 

2023). In addition, the genetic diversity of flax, both landraces and wild accessions, comprises 

precious resources for breeding programs devoted to the development of increased tolerance 

to biotic and abiotic stresses (Kaur, Yadav, and Wankhede 2017). 

Flaxseed is often regarded as a superfood due to its exceptional nutrient density, 

including high levels of Ŭ-linolenic acid (ɤ-3 fatty acids), plant protein, lignans, 

phytoestrogens, vitamins, and minerals, while also being naturally low in carbohydrates 

and free of gluten (Poonia and Mishra 2021). Despite this favorable profile and its well-

documented health benefits, flaxseed also contains cyanogenic glycosides, compounds with the 

potential to release toxic hydrogen cyanide (HCN) under certain conditions, which necessitates 

consideration of safety aspects in its consumption. Though such compounds are undesirable 

from the utilitarian point of view because of their toxicity potential (Huang et al. 2023), they 

can be vital for the plant itself. Cyanogenic glycosides are supposed to play significant 

physiological roles in the plant, including being involved in primary metabolism, nitrogen 

homeostasis, and mediating biotic as well as abiotic stress responses (Tahir et al. 2024). 

1.2 Cyanogenic glycosides 

Cyanogenic glycosides (CGs) are ubiquitous plant-derived compounds that are part of 

the phytoanticipin group and are recognized for their anti-nutritional effects. These water-

soluble, heat-stable secondary metabolites have been a subject of increasing interest in recent 

scientific literature owing to their occurrence in a wide variety of plant species. Although CGs 

are nontoxic when intact, they are capable of releasing HCN upon enzymatic degradation, 

digestion, or physical disruption like chewing. Such liberation of HCN is one of the principal 

functional properties and lies at the core of the biological activities of CGs, particularly in the 

role of plant defense mechanisms (Anjum et al. 2022). 

CGs have so far been identified in over 2,500 plant species, though their structural 

diversity is thought to be relatively restricted compared to many other classes of natural 

products. Based on phytochemical research, 112 naturally occurring CGs have been discovered. 

These compounds are typically made up of three 

fundamental structural components: an aglycone 

moiety, a sugar molecule, and a nitrile functional 

group. A representative general structure of CGs is 

presented in Figure 2. In this general structure, the 

aglycone is represented by R1, and R2-R5 represent 

the positions of different substituents on the glucose 

ring. The nitrile group is represented by N. 

This particular structural arrangement plays 

an important role in governing both the chemical 

Figure 2 General structure of cyanogenic 
glycosides 
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reactivity and biological activity of CGs (Yulvianti and Zidorn 2021). The aglycone moiety 

of CGs is derived from the metabolic conversion of a number of amino acids, such as 

phenylalanine, tyrosine, valine, isoleucine, leucine, and derivatives such as 2-(2'-

cyclopentenyl)-glycine and 2-(2'-hydroxy-3'-cyclopentenyl)-glycine. As a result, the nitrile 

group that is formed may be attached to any number of types of carbon skeletons, ranging from 

aliphatic and aromatic to cyclic or heterocyclic. In certain instances, sulfate substituents can 

be part of the aglycone portion, such as in compounds like cardiospermin-5-sulfate. The sugar 

component of CGs is also important in providing their structural variation. It is attached 

to the aglycone via a ɓ-glycosidic bond, wherein the bridging oxygen atom is bonded 

to the carbon in the Ŭ-position to the nitrile group. Depending on the constitution of the sugar 

moiety, these compounds are classified as monoglycosides and diglycosides. Glucose is the 

most prevalent sugar and is always directly attached to the aglycone. In those instances where 

a second sugar is present, this may vary and may include such sugars as apiose, xylose, 

or arabinose. Furthermore, the manner in which these sugars are attached may vary, 

with common linkages including ɓ-1,6, ɓ-1,2, ɓ-1,4, and ɓ-1,3 configurations (Yulvianti 

and Zidorn 2021; Gleadow and Mßller 2014). 

As mentioned above, cyanogenic glycosides are widespread in the plant kingdom, 

with estimates indicating that 2,500-3,000 plant species across more than 100 plant families 

are able to produce these compounds. Their occurrence can be observed in a broad spectrum 

of plant phyla, ranging from early diverged plant groups such as ferns to evolutionarily more 

developed gymnosperms and angiosperms. For ferns and gymnosperms, CGs biosynthesis 

is restricted to pathways implying aromatic amino acids. However, in angiosperms, there 

is increased biosynthetic diversity that allows them to produce CGs from both aromatic 

and aliphatic amino acid precursors (Anjum et al. 2022). CGs occur in a range of plant families. 

Examples include members of the Rosaceae family (such as almonds and wild cherries), grasses 

of the Poaceae family (including maize and sorghum), elderberries of the Adoxaceae family, 

flax of the Linaceae, cassava of the Euphorbiaceae, legumes such as white clover and vetch 

of the Fabaceae and eucalyptus species of the Myrtaceae family (Panter 2018). An estimated 

10ï12% of domesticated plant species are capable of producing cyanogenic glycosides, among 

which linamarin and lotaustralin are the most prevalent (Anjum et al. 2022). Phylogenetic 

investigations of metabolic pathways reveal that CGs have arisen independently in different 

plant lineages via multiple, independent recruitments of non-orthologous genes. The pattern 

is one of convergent evolution, presumably driven by the array of ecological and physiological 

roles played by CGs in plants (S§nchez-P®rez and Neilson 2024). Conversely, in the animal 

kingdom, the capacity for CGs synthesis seems to have emerged independently and is very 

uncommon. It has been mostly reported in arthropods, and more particularly in species 

of the Lepidoptera order (Zagrobelny, Bak, and Mßller 2008). 

A significant observation is that CGs are present in plants, many of which are commonly 

consumed by humans. The intake of cyanide resulting from the consumption of CGs can cause 

acute toxic effects, including stunted growth and neurological impairments. Symptoms 

typically arise as a consequence of central nervous system damage. Therefore, processing 
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methods of food materials are necessary to detoxify CGs and reduce the risk of cyanide 

poisoning (Bolarinwa et al. 2016). 

1.3 Cyanogenic glycosides metabolism 

1.3.1 Synthesis and degradation 

Initial metabolic research using radiolabeled 14C amino acids has been used 

to demonstrate that phenylalanine, tyrosine, valine, and isoleucine are important precursors 

in the biosynthesis of CGs. These amino acids donate the carbon skeleton required 

for the aglycone moieties of prunasin, dhurrin, linamarin, and lotaustralin. Additional isotope-

tracing experiments have confirmed that in flax, linamarin and lotaustralin are produced from 

valine and isoleucine, respectively, and that both biosynthetic pathways make use 

of an identical set of enzymes (Conn 1979). Figure 3 presents the schematic biosynthesis 

of linamarin and lotaustralin. The initial steps involve N-hydroxylation, decarboxylation 

and deamination by the CYP79 cytochrome P450 enzyme, which converts amino acids into 

their respective oximes: valine into 2-methylpropanal oxime and isoleucine into                                 

2-methylbutanal oxime. These oximes undergo isomerization, dehydration, and                                    

C-hydroxylation to yield their corresponding nitriles, acetone cyanohydrin and 2-hydroxy-2-

methylbutyronitrile, respectively. These reactions are catalyzed by the CYP71E enzyme, also a 

member of the cytochrome P450 family.  Both CYP79 and CYP71E enzymes function with 

NADPH oxidoreductase activity. The last step in CGs biosynthesis is the glycosylation 

of the cyanohydrin intermediates, which yields stable monoglucosides by the action of a UDP-

glucosyltransferase enzyme (UGT85). These biosynthetic enzymes, together with NADPH 

reductase, constitute a very effective, membrane-bound protein complex referred 

to as a metabolon. In certain plant species, one more glucose unit can be enzymatically 

attached, resulting in diglycosides. With flax, the products are linustatin and neolinustatin, 

where glycosidic bonding is performed by another, more generally acting UDP-

glucosyltransferase (Zuk et al. 2020; Hartanti and Cahyani 2020; Harenļ§r and Raģn§ 2023). 

22:16259



23 

 

 

Figure 3 Biosynthetic pathway of cyanogenic glucosides derived from the amino acids L-valine and L-isoleucine 
The conversion proceeds through three key enzymatic steps: CYP79 catalyzes the N-hydroxylation followed by 
decarboxylation and deamination of the amino acid precursor to yield the corresponding oxime; CYP71 mediates 
isomerization, dehydration, and hydroxylation, producing the nitrile intermediate; GT85 catalyzes the O-glycosylation 
of the nitrile, yielding the stable cyanogenic glucoside. Green arrows indicate the sequential enzymatic steps. 

Intermediates like oximes and nitriles have been found in other cyanogenic plant species 

like cassava (Manihot esculenta), white clover (Trifolium repens), Lotus japonicus, and almond 

(Prunus amygdalus), thus adding to the idea that this biosynthetic pathway is evolutionarily 

conserved across a diversity of taxa (Gleadow and Mßller 2014). 
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Cyanogenesis (Figure 4 ï pathway highlighted in red) is the process by which certain 

plants like flax synthesize CGs that can then be enzymatically degraded to HCN through 

an unstable cyanohydrin intermediate (K. Nyirenda 2021). The enzymatic process is usually 

triggered by tissue damage, allowing the glucosides to come in contact with specific degradative 

enzymes (Gleadow and Mßller 2014). In some cases, however, cyanogenic compounds can be 

mobilized and metabolized in intact plant tissues; for instance, during seed germination (Esen 

1993). The breakdown of CGs is initiated by the action of ɓ-glucosidase, which hydrolyzes 

the sugar moiety, thus triggering the subsequent degradation cascade (Naveena et al. 2021). 

The ɓ-glucosidase enzymes present in flaxseed extracts work together to remove glucose 

residues through sequential steps. The enzyme linustatinase functions as a primary enzyme 

to break ɓ-1,6 and ɓ-1,3 glycosidic linkages. The enzyme shows no activity toward linamarin 

or lotaustralin but effectively degrades both linustatin and neolinustatin. The enzyme 

linamarase performs the subsequent hydrolysis of linamarin and lotaustralin into their 

respective Ŭ-hydroxynitriles with moderate substrate selectivity (Shahidi 1997). The enzyme    

Ŭ-hydroxynitrile lyase found in cyanogenic plant species accelerates the decomposition        

of Ŭ-hydroxynitriles under acidic conditions. The compounds undergo spontaneous 

decomposition into HCN and ketones when the pH level surpasses 6 (Naveena et al. 2021). 

The non-enzymatic conversion of cyanohydrins into toxic HCN and ketone                                      

Figure 4 Metabolism of cyanogenic glucosides  
The biosynthetic pathway of cyanogenic glycosides is marked in green (green arrows and corresponding enzymes), 
whereas their degradation is indicated in red, and cyanide detoxification is represented in violet . Other interconnected 
metabolic pathways are shown in black. Enzymes on the scheme: biosynthesis : NADPH oxidoreductases (CYP79, 
CYP71), UDP-glucosyl-ƣƖċŰƚŉĲƖċƚĲЮ ёÖ]ÑΫΨђзЮ ĦċƣċĤŸũŔƚůжЮ ͏-glucosidase, O-hydroxynitrile lyase (HNL); cyanide 
ĬĲƣŸǂŔŉŔĦċƣŔŸŰжЮ͏-CAS ш ͏ -ĦǃċŰŸċũċŰŔŰĲЮƚǃŰƣőċƚĲеЮ͏-CAN ш ͏ -cyanoalanine hydratase, SAT ш serine O-acetyltransferase, 
OASTL ш O-acetylserine (thiol) lyase, ASG ш asparaginase, MetS ш methionine synthase, ACS ш ACC synthase, ACO ш ACC 
oxidase, DHDPS ш dihydrodipicolinate synthase, LDC ш L-lysine decarboxylase, LKR ш lysine-ketoglutarate reductase, 
SDH ш saccharopine dehydrogenase, P5CS ш pyrroline-5-carboxylate synthase, OAT ш ornithine aminotransferase, ODC 
ш ornithine decarboxylase, SPDS ш spermidine synthase, OTC ш ornithine transcarbamylase, ASS ш argininosuccinate 
synthetase, ASL ш argininosuccinate lyase. Exogenous gene Met25 from Saccharomyces cerevisiae encodes O-
acetylhomoserine-O-acetylserine (OAH-OAS) sulfhydrylase and is involved in the biosynthesis of sulfur-containing 
amino acids. 

 

24:49703



25 

 

by-products becomes faster under environmental conditions that include low moisture levels 

and elevated temperatures (K. Nyirenda 2021). 

1.3.2 Cyanide detoxification 

Plants obtain cyanide through internal metabolic activities and external 

environmental exposure by multiple natural processes including the breakdown of CGsand the 

production of ethylene as a byproduct. The formation of cyano groups occurs through 

glyoxylate photorespiration interaction with hydroxylamine which functions as 

a nitrate assimilation intermediate. The accumulation of cyanide in plant tissues occurs through 

both endogenous pathways and environmental cyanide exposure (Machingura et al. 2016; 

SiegieŒ and Bogatek 2006). The toxic nature of cyanide stands from its capability 

to block cytochrome c oxidase (complex IV) in the mitochondrial electron transport 

chain. The enzyme blockage of cytochrome c to oxygen electron transfer prevents cellular 

respiration and produces major metabolic disruptions (Nielson et al. 2022). 

 The ɓ-cyanoalanine detoxification pathway (Figure 4 ï pathway highlighted in violet) 

functions as the primary defense mechanism against toxicity in plants through the enzyme                 

ɓ-cyanoalanine synthase (ɓ-CAS). The pyridoxal phosphate-dependent enzyme ɓ-CAS 

operates throughout all plant tissues while showing its highest concentration in mitochondrial 

compartments (Machingura et al. 2016). The enzymatic detoxification of cyanide occurs 

through a metabolic process that incorporates the cyanide molecule into primary metabolism 

by replacing the cysteine sulfhydryl group with cyanide to form ɓ-cyanoalanine.                          

The ɓ-cyanoalanine nitrilase transforms ɓ-cyanoalanine into asparagine through nitrilase 

activity and into aspartic acid through nitrile hydratase activity (Ebbs et al. 2010). The ɓ-CAS 

pathway functions as a vital connection between sulfur and nitrogen metabolic pathways 

while controlling cyanide levels in plant cells (Krasuska et al. 2024). 

 The enzyme rhodanese in plants uses cyanide and thiosulfate to produce 

thiocyanate through a different cyanide detoxification pathway. The ɓ-cyanoalanine pathway 

functions as the main cyanide detoxification mechanism in plant tissues although 

rhodanese plays a secondary role in cyanide detoxification among cyanogenic species (Hatzfeld 

and Saito 2000) (Machingura et al. 2016). 

1.3.3 Cyanogenic glycosides localization in plants  

To avoid autotoxicity, cyanogenic glycosides and their degrading enzymes must remain 

spatially separated, or an inhibitory factor must prevent enzyme activity. In intact plants, 

the components of this hydrolytic system are typically compartmentalized. Several mechanisms 

of compartmentalization may be considered under normal physiological conditions. First, 

the cyanogen and its associated degradative enzymes may reside in different tissues. Another 

possibility is that these compounds coexist within the same cell but are contained within 

separate intracellular compartments. Alternatively, all components could exist within a single 

compartment, such as the vacuole, with the activity of ɓ-glycosidases regulated by endogenous 

inhibitors (Poulton 2007). 
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In flax the dominant cyanogenic forms in mature seeds consist of diglucosides. 

The primary cyanogenic compounds during seedling growth and germination become 

monoglucosides. The levels of linamarin and lotaustralin remain constant in leaves throughout 

the growing season with the highest amounts detected in flowers. The glucoside content 

remains low in stems and roots (NiedŦwiedŦ-SiegieŒ 1998). The application of MALDI mass 

spectrometry imaging techniques allows researchers to create detailed maps of CGs found 

in flax capsules. The entire capsule structure contains monoglucosides linamarin 

and lotaustralin but diglucosides linustatin and neolinustatin primarily exist in endosperm 

and embryo tissues (Dalisay et al. 2015). 

The tissue-level distribution of cyanogenic glycosides in flax remains unclear because 

researchers have not established which compartmentalization mechanism from cyanogenic 

plants applies to this species. Raman hyperspectral imaging studies of Sorghum have shown 

that cyanogenic glycosides and their breakdown enzymes exist in separate tissue locations. 

The highest concentration of dhurrin exists in cortical cells among the epidermal, cortical 

and vascular regions of the plant. The cellular distribution of dhurrin shows its presence 

along cell walls and in cytoplasm near the plasma membrane which contradicts previous 

beliefs about vacuolar storage. The high dhurrin concentration in outer cortical and epidermal 

layers supports its function as a defense mechanism against herbivores (Heraud et al. 2018). 

1.3.4 Characterization of cyanogenic glycosides metabolism in vivo during 

plant life cycle 

The concentration and chemical form of CGs show dynamic changes during plant 

development (Figure 5) which suggests their involvement in vital biological processes. In flax, 

in vivo metabolic analyses have demonstrated that mature seeds predominantly accumulate 

CGs in the endosperm in the form of diglucosides, with neolinustatin being the major 

compound. Following germination, these storage forms are enzymatically hydrolyzed by 

linamarase, leading to the formation and characteristic accumulation of monoglucosides during 

the seedling stage (around 7 days after sowing), which corresponds to the onset of vegetative 

growth. This metabolic transition reflects a developmentally regulated shift from storage 

toward mobilization (Zuk et al. 2020). The seed composition of Prunus dulcis(almond) shows 

that amygdalin diglucoside decreases substantially following germination while prunasin 

monoglucoside concentrations rise substantially (Piļmanov§ et al. 2015). The enzymatic 

conversion pattern observed inPrunus serotina (black cherry) matches that of related species 

(Swain and Poulton 1994). The rubber tree Hevea brasiliensis contains linamarin as its 

primary monoglucoside seed storage compound but diglucoside levels increase 

during germination while linamarin content decreases. The enzyme activities of ɓ-glucosidases 

and ɓ-cyanoalanine synthase increase in young seedlings which matches 

this developmental change (Selmar et al. 1988).  

The levels of monoglucoside in flax seedlings decrease as they mature and this reduction 

is linked to the release of HCN. The toxic by-product HCN is detoxified through                                       

ɓ-cyanoalanine synthase and then reassimilated into non-cyanogenic compounds. 

The process of de novo monoglucoside synthesis in flax begins around 50 days after 
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sowing which matches the time when the plants enter the flowering stage 

for reproductive development. The monoglucoside concentration increases briefly 

before it drops dramatically during bud development indicating another cycle of cyanogenic 

nitrogen reassimilation. The monoglucosides undergo glycosylation to form diglucosides 

which get stored in developing seeds. The cyclical process of CGs metabolism in flax ends 

with this sequence of events (Zuk et al. 2020).  

 

Figure 5 Developmental accumulation of cyanogenic glucosides in flax 
The relative levels of monoglucosides (orange line) and diglucosides (green line) shown across different growth stages. 

Other species have shown identical temporal patterns in their development. 

The seed tissues of almond contain prunasin monoglucoside throughout their 

development stages including tegument, endosperm, nucellus and cotyledons.  The diglucoside 

amygdalin accumulates in the seed's lifecycle until it reaches concentrations that are 100 times 

higher than prunasin levels in the mature kernel. The vegetative parts of almond plants 

which include leaves stems petioles and roots contain mainly prunasin similar 

to flax. The reproductive stages of sweet cherry contain prunasin as the main cyanogenic 

glycoside which appears in flowers and young fruits but amygdalin appears later and mainly 

exists in mature fruit tissues and seeds. The findings demonstrate a tightly controlled 

developmental pattern of CGs biosynthesis and distribution which connects particular 

glucosides to specific developmental stages across cyanogenic species (Del Cueto et al. 2017). 

1.4 Functions of cyanogenic glycosides in plants 

Cyanogenic glucosides received their initial research focus for their defensive properties 

against herbivores, yet scientists discovered multiple additional vital ecological 

and physiological roles for these compounds. The compounds store and redistribute nitrogen 

in addition to their defensive role. Plants use their decomposition process to release HCN as part 

of their functional activities (D²az-Rueda et al. 2023). The existence of multiple cyanide-

producing pathways in plants supports the theory that this volatile compound functions 

as a signaling molecule to regulate various metabolic processes at non-toxic concentrations 
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(SiegieŒ and Bogatek 2006). The multiple functions of CGs enable plants to adapt better which 

leads to the evolution and sustained presence of this trait through natural selection (S§nchez-

P®rez and Neilson 2024). 

1.4.1 Cyanogenic glycosides in developmental processes  

Cyanogenic glycosides and related metabolites undergo dynamic changes across 

all developmental stages in both vegetative and reproductive organs, indicating potential 

functions beyond defense, specific to certain tissues and ontogenetic phases (Neilson et al. 

2011; Zuk et al. 2020; Ohtsubo and Ikeda 1994; Neilson et al. 2011; Del Cueto et al. 2017). 

Scientific understanding of cyanogenic compounds has grown as they act as regulators 

of seed dormancy and germination. Seeds of various plant species produce HCN through 

the enzymatic degradation of CGs and cyanohydrins and lipid-derived cyanogens when they 

uptake water in the first phase of germination. The release of HCN has been documented 

in several plant species, including Oryza sativa, Hordeum vulgare, Lactuca sativa, Malus 

domestica and Xanthium pennsylvanicum (SiegieŒ and Bogatek 2006). The external application 

of potassium cyanide (KCN) stimulates seed germination in these species until KCN is removed 

from the environment. The brief exposure to cyanide acts as a chemical signal that duplicates 

the natural pathways leading to germination (Esashi et al. 1991). CGsmobilization occurs 

after imbibition in certain species regardless of their dry seed CGslevels which indicates 

CGscontent does not directly predict germination capacity (Cuny et al. 2019; Yu et al. 2022). 

HCN molecules derived from CGs influence both flowering induction and bud dormancy 

release through their impact on essential metabolic pathways (Del Cueto et al. 2017). Research 

indicates that seed and bud dormancy control systems use identical regulatory processes 

when responding to environmental cues (Hu et al. 2024). Research on Leafy spurge (Euphorbia 

esula) seed and bud transcriptomes shows matching gene expression patterns which 

supports the existence of a fundamental regulatory network that controls dormancy transitions 

(Chao et al. 2014). The hormone abscisic acid (ABA) functions as a primary 

dormancy maintainer (Wang et al. 2016) yet gibberellins (GA) and cytokinins(CK) work 

together to activate growth processes in seeds and buds (Zhao et al. 2023). Research 

demonstrates that antioxidant enzyme activity changes during dormancy release induced 

by HCN exposure supports the existence of a unified seed and bud activation mechanism 

(Krasuska and Gniazdowska 2012). Scientific understanding of cyanogenic compounds has 

grown as they act as regulators of seed dormancy and germination. Seeds of various plant 

species produce HCN through the enzymatic degradation of CGs and cyanohydrins and lipid-

derived cyanogens when they uptake water in the first phase of germination. The release 

of HCN has been documented in several plant species, including Oryza sativa, Hordeum 

vulgare, Lactuca sativa, Malus domestica and Xanthium pennsylvanicum (SiegieŒ and Bogatek 

2006). The external application of potassium cyanide (KCN) stimulates seed germination 

in these species until KCN is removed from the environment. The brief exposure to cyanide acts 

as a chemical signal that duplicates the natural pathways leading to germination (Esashi et al. 

1991). CGsmobilization occurs after imbibition in certain species regardless of their dry seed 

CGslevels which indicates CGscontent does not directly predict germination capacity (Cuny 
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et al. 2019; Yu et al. 2022). HCN molecules derived from CGs influence both flowering 

induction and bud dormancy release through their impact on essential metabolic pathways (Del 

Cueto et al. 2017). Research indicates that seed and bud dormancy control systems use 

identical regulatory processes when responding to environmental cues (Hu et al. 2024). 

Research on Leafy spurge (Euphorbia esula) seed and bud transcriptomes shows matching 

gene expression patterns which supports the existence of a fundamental regulatory network that 

controls dormancy transitions (Chao et al. 2014). The hormone abscisic acid (ABA) 

functions as a primary dormancy maintainer (Wang et al. 2016) yet gibberellins (GA) and 

cytokinins (CK) work together to activate growth processes in seeds and buds (Zhao et al. 

2023). Research demonstrates that antioxidant enzyme activity changes during dormancy 

release induced by HCN exposure supports the existence of a unified seed and bud activation 

mechanism (Krasuska and Gniazdowska 2012).  

The molecular mechanisms which explain CGs' regulatory functions during seed 

germination and bud dormancy remain partially understood, despite multiple proposed 

hypotheses. Research has not resolved the question of whether cyanide acts as a direct signaling 

molecule or if it produces its effects through additional metabolic pathways.  

The main point of discussion focuses on how cyanide interacts with ethylene 

metabolism, because cyanide emerges naturally as a by-product of ethylene biosynthesis, thus, 

creating potential pathway connections. Experimental research shows that KCN controls 

the expression of plant hormone regulatory genes (Figure 6). KCN exerts two opposing effects 

on plant gene expression: by reducing the expression of genes involved in ABA biosynthesis 

and signaling pathways, while enhancing the expression of genes that activate GA germination 

pathways. Ethylene acts as a hormone that encourages germination in non-dormant seeds, 

and its action counteracts the dormancy-promoting effects of ABA. The scientific evidence 

reveals that cyanide operates indirectly through hormonal regulation to initiate dormancy 

release by adjusting hormone concentrations (Yu et al. 2022). The process of seed germination 

might be accelerated by cyanide because it affects mitochondrial respiration activities (Figure 

6). Plants use alternative oxidase (AOX) pathway to support respiration and oxygen 

uptake through the electron transport chain when cytochrome-dependent pathways 

experience limitations from increased metabolic needs or inhibitor exposure or low temperature 

stress. The AOX pathway in apple embryo cells activates when the cytochrome electron 

transport pathway approaches its saturation point. Research indicates that natural seed 

cyanide exists to suppress cytochrome enzyme activity thus allowing the AOX pathway 

to become active. The transition between respiratory pathways appears vital for 

maintaining energy production during seed germination initiation. The levels of reactive 

oxygen species (ROS) in germination processes are believed to be controlled by 

cyanide. The activation of AOX pathways generates enhanced ROS-scavenging enzyme 

activity which results in lower oxidative stress levels and successful seed germination. 

The dual functionality of cyanide in respiratory control and oxidative balance has been 

observed in species like Guilfoylia monostylisand Orobanche aegyptiaca (SiegieŒ and Bogatek 

2006). Cyanide functions as a regulatory agent in hormonal signaling and respiration, but it also 

reduces the production of seed storage proteins (SSPs) and late embryogenesis abundant (LEA) 
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proteins (Figure 6). The suppression of these genes enables the seed to use stored reserves, 

which results in more essential metabolites available for germination. The energy requirements 

of germinating seeds are met through the activation of central metabolic pathways, such as 

glycolysis, the tricarboxylic acid (TCA) cycle, and oxidative phosphorylation (Figure 6) (Yu et 

al. 2022). The ecological role of cyanide may extend beyond their biochemical effects. Cyanide 

produced by burning plant matter may be involved as their involvement in post-fire germination 

suggests a function in ecosystem renewal. Using HCN  additionally, these compounds may 

contribute to seedling defense against herbivores while simultaneously releasing cyanide 

to support germination (Flematti et al. 2011). The dual nature of cyanogenic glycosides requires 

recognition because they function as both chemical defense agents and precursors 

to biologically active cyanide. Young seedlings that face environmental threats benefit from 

CGs, which serve as chemical defenses while also producing biologically active cyanide (Liu 

et al. 2023). 

 

Figure 6  Proposed mechanisms by which cyanogenic glycosides may influence seed germination and bud dormancy 
release 

1.4.2 Cyanogenic glycosides in nitrogen metabolism 

The evolution of CGs has led to their dual function in plant defense mechanisms, 

and their role as mobile nitrogen reservoirs. The internal metabolic turnover system enables 

plants to break down CGs in a regulated manner, while safely detoxifying the produced cyanide. 

Plants use this process to extract glucose and nitrogen from CGs, before redirecting these 

substances to main metabolic pathways (Gleadow and Mßller 2014). Research shows 

that species including cassava, sorghum, and Eucalyptus demonstrate CGs involvement 

in nitrogen management through allocation and assimilation processes (Zidenga et al. 2017; 

Gleadow et al. 2016). 
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The germination process utilizes CGs as vital nitrogen reserves that plants store 

for strategic use. The compounds become active during this process, as enzymes break them 

down to produce HCN, which serves as an easily accessible and energy-efficient nitrogen 

source for quickly dividing seedling tissues. The nitrogen obtained from CGs exists 

in a chemically reduced state, which reduces the typical energy costs required to reduce 

inorganic forms like nitrate or ammonium. The released glucose enters core metabolic 

pathways, and the brief HCN presence provides defensive benefits to seedlings during their 

initial development phase. The study demonstrates how CGs function as deployable nitrogen 

reserves, which directly support plant growth during the initial stages of development (Harenļ§r 

et al. 2021; Dahler et al. 1995; Zuk et al. 2020). 

CGs play a crucial role in nitrogen metabolism, based on nitrogen supplementation 

research, which shows their ability to act as versatile nitrogen storage compounds. Nitrogen 

application does not significantly affect CGs metabolism during the initial developmental 

stages of young Sorghum seedlings, but dhurrin accumulation increases substantially after 

germination in later developmental phases. This developmental progression indicates that CGs 

function as mobilizable nitrogen stores, which activate during post-germinative metabolic 

demand (Busk and Mßller 2002). Sorghum genotypes that naturally contain high dhurrin levels 

produce more biomass when grown under nitrogen-deficient conditions. This observation 

indicates that nitrogen released from CGs supports both the nutritional requirements of mature 

tissues and early vegetative growth during times of external nitrogen scarcity (Emendack et al. 

2025). Seedlings of flax that experience nitrogen-deficient conditions develop CGs 

accumulation, which confirms their function as adaptive nitrogen storage compounds. 

The increased ɓ-cyanoalanine synthase activity during these conditions indicates that nitrogen 

from CGs breakdown gets redirected toward amino acid biosynthesis. The nitrogen homeostasis 

function of CGs becomes evident through this process of nitrogen rerouting. Research findings 

demonstrate that CGs function beyond defense mechanisms to maintain plant nitrogen economy 

through controlled storage and remobilization processes (Krasuska et al. 2024). 

1.4.3 Cyanogenic glycosides in response to diverse stresses 

1.4.3.1 Biotic stresses 

The plant chemical defense system uses CGs to defend against predators that consume 

plants. The structural integrity of cellular compartments breaks when plant tissues undergo 

damage from chewing, crushing, tearing, and other actions. When CGs encounter specific 

hydrolytic enzymes after tissue damage, their enzymatic breakdown occurs. The enzymatic 

breakdown of cyanohydrins produces bioactive compounds that include HCN, ketones,                  

ɓ-cyanoalanine, thiocyanate, and sulfite. These compounds serve together to protect the plant 

(Naveena et al. 2021). The lipid-rich tissues of insects allow cyanohydrins, together with their 

derivatives, to become toxic agents. The toxicity emerges from two pathways that lead to HCN 

formation. Research shows that synthetic and natural cyanohydrin compounds, along with their 

ester derivatives, function as powerful pesticides and serve as fumigants for pest control 

applications (Martinez and Diaz 2024). The chemical breakdown products of CGs contain 

reactive aldehydes and ketones that display cytotoxic properties, as well as neurotoxic effects 
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associated with ɓ-cyanoalanine. The toxic compounds thiocyanate and sulfite disrupt critical 

enzyme functions, which strengthen the chemical defense response (Naveena et al. 2021). 

The compound HCN emerges as a primary defense substance, which CGs release after 

herbivore attacks. Plants across different kingdoms employ the cyanide bomb response 

as a widely distributed defense mechanism. The toxic properties of HCN become evident 

because of its exceptional ability to bind to the ferric (Feį ) site of cytochrome c oxidase 

(complex IV) heme a  domain, which functions as a crucial element of the mitochondrial 

respiratory chain. The irreversible binding of HCN to this site blocks electron transport, while 

stopping oxidative phosphorylation and creating cellular hypoxia. HCN reacts with metal 

centers in additional metalloenzymes to create Schiff base intermediates that disrupt metabolic 

processes. Through S-cyanylation and thiol oxidation, HCN alters redox balance, specifically 

targeting cysteine-rich protein domains, which impairs bioenergetic and biosynthetic pathways. 

The biochemical effects of HCN are complemented by its bitter taste, which functions 

as an insect-deterrent mechanism (Wu, Liang, et al. 2025a; Martinez and Diaz 2024). 

 CGs function as powerful chemical deterrents against herbivores in various plant 

species, including cassava, lima bean, and sorghum (Wu, Chen, et al. 2025). The spatial 

distribution of CGs and their corresponding hydrolytic enzymes in outer or sensitive tissues, 

such as the epidermis, vascular bundles, young leaves, and meristematic regions, provides 

strong evidence for their role in localized defense responses against herbivory (Gleadow and 

Mßller 2014). Plants that accumulate substantial quantities of CGs in their leaves often exhibit 

heightened resistance to generalist herbivores, particularly those from the Lepidoptera 

and Orthoptera orders (Wu, Liang, et al. 2025b). However, the effectiveness of CGs-based 

defense is influenced by ecological and physiological factors. In some cases, the levels of CGs 

present in host plant tissues may fall below the toxic threshold necessary to deter herbivores 

effectively. Additionally, certain insect feeding strategies may cause minimal tissue disruption, 

thereby limiting enzyme activation and the release of toxic compounds. When cyanogenic 

plants are consumed in combination with non-toxic species, the CGs concentration may 

be diluted, reducing the overall toxic impact and weakening the plantôs defensive effect 

(Naveena et al. 2021). Interestingly, some specialized insect herbivores have adapted 

to overcome CG-based defenses. For instance, species within the Zygaenidae and Papilionidae 

families have developed the ability to metabolically detoxify high levels of HCN and even 

sequester CGs from host plants, repurposing them for their own protection against predators 

(Zagrobelny et al. 2004). 

Given that HCN is highly toxic to aerobic organisms, it follows that greater cyanogenic 

potential in plants is often linked with enhanced defense capabilities. As such, CGs may also 

contribute to antifungal defense, either through the targeted release of HCN during pathogenic 

attack or by directly inhibiting fungal development while remaining in their glycosylated form. 

The antifungal properties of CGs remain poorly recognized in scientific literature although 

these compounds demonstrate proven bioactivity (Mßller 2010). 
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1.4.3.2 Abiotic stresses 

The genetic adaptation of plant populations to specific ecological conditions together 

with individual plant physiological responses to abiotic stressors could influence the variability 

in CGs content (Senica et al. 2017). CGs serve as chemical herbivore deterrents and biotic stress 

defense agents while functioning as adaptive compounds that enhance plant resistance to abiotic 

stress conditions (Gleadow and Mßller 2014).  

Plants show elevated CGslevels when they experience suboptimal environmental 

conditions. Research shows that CGs levels increase when plants face different abiotic stress 

factors including drought (Sohail et al. 2022; Kooyers et al. 2014; Katamreddy et al.; 

Piļmanov§ et al. 2015; Srihawong et al. 2015), extreme temperatures (both high and 

low)(Brown et al. 2016; Kooyers et al. 2014), salinity (Gleadow et al. 2016), nutrient deficiency 

(Panter 2018), and inadequate light availability (Burns et al. 2002). Several mechanisms have 

been proposed to explain the increased CGs levels observed under abiotic stress: reduced 

biomass production with unchanged or sustained CGs biosynthesis efficiency, leading 

to a higher concentration per unit of tissue; delayed plant development, resulting in prolonged 

phases associated with inherently higher CGs levels; and active transcriptional upregulation 

of CGs biosynthesis pathways in response to environmental stimuli (Gleadow and Mßller 

2014). The accumulation of CGs under stress conditions can be determined 

by the developmental stage (Srihawong et al. 2015) at which the plant is exposed to stress, 

the intensity (Gleadow et al. 2016) and duration of the stress (Srihawong et al. 2015), as well 

as the presence of multiple simultaneous stress factors (Gleadow and Woodrow 2002; Rosati et 

al. 2019). 

Research into CGs metabolism during drought stress has been extensive, especially 

in plant species like sorghum, cassava, eucalyptus, and white clover. In cassava, drought stress 

conditions triggered increased CGs accumulation in high CGs-producing genotypes, while 

the low CGs-producing genotypes responded moderately. Sorghum exhibited genetic variation 

in CGs production during drought, where stress-tolerant lines maintained lower CGs levels than 

less tolerant lines. The drought-tolerant lines expressed stress-responsive genes at higher levels, 

but the high-CGs genotypes did not exhibit this response. The study indicates that CGs might 

act as an adaptive response mechanism during drought situations, particularly when the plant 

has limited or suppressed primary tolerance mechanisms (Sohail et al. 2022; Srihawong et al. 

2015). HCN is proposed as a signaling molecule because it is a byproduct of CGs breakdown. 

Plants develop defense and acclimation pathways through the activation of downstream signals 

by HCN, which helps maintain plant resilience. CGs serve as a nitrogen availability buffer 

during drought-induced nitrogen assimilation inhibition, to maintain metabolic function 

(Kooyers et al. 2014). Plants with elevated CGs levels experience enhanced protection against 

herbivores during abiotic stress, since their usual defense mechanisms become less effective. 

The storage of reduced nitrogen through CGs enables fast plant recovery, together with rapid 

growth after drought ends and normal nitrogen metabolism resumes (Sohail et al. 2022). 

The beneficial ecological and physiological effects of drought-induced CGs production create 

critical concerns regarding food safety in agricultural systems. High amounts of CGs enhance 

the danger of cyanide toxicity in humans and animals, mainly when these crops function 
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as fundamental dietary components or animal feed sources. Research on CGs biosynthesis 

regulatory mechanisms during environmental stress, including drought, is necessary 

for breeding program development to achieve stress tolerance without compromising food 

safety (K. Nyirenda 2021; Giantin et al. 2023). 

The accumulation of CGs in cyanogenic plant species increases when nitrogen 

fertilization exceeds optimal levels and when nitrogen availability becomes deficient. 

The elevatedCGs levels from high nitrogen application create similar toxicity risks 

for livestock as drought-induced stress does. Research shows that nitrogen deficiency in flax 

plants leads to increased CGs accumulation. The dual response of CGs to nitrogen availability 

indicates their possible function as a short-term nitrogen storage mechanism. The regulatory 

processes that control these mechanisms remain complex and specific to particular species. 

Research on꜡Eucalyptus polyanthemos and Prunus꜡turneriana and Ryparosa꜡kurrangii has 

shown that nitrogen content does not strongly correlate with CGs levels because species-

specific relationships between nitrogen and CGsexist (Gleadow and Mßller 2014; SiegieŒ et 

al. 2021).  

Plants show increased CGslevels when exposed to salinity stress in a manner 

similar to drought conditions. The plant recruits CGs as compatible solutes to help with osmotic 

adjustment. The increased intracellular solute concentration of CGs reduces cellular water 

potential which enables water absorption from dry soil conditions. The data indicates that CGs 

function as an adaptive mechanism to preserve cellular hydration during osmotic 

stress conditions (Ballhorn and Elias 2014). 

A positive effect of light on the accumulation of CGs has been observed in flax (SiegieŒ 

et al. 2013) and Eucalyptus cladocalyx (Burns et al. 2002). In flax, it has been demonstrated 

that light influences the activity of enzymes involved in CGs biosynthesis. Differential 

responses to blue and red light in flax seedlings suggest the involvement of the phytochrome 

signaling system in the light-mediated regulation of CGs levels (SiegieŒ et al. 2013). White 

light proved most effective for stimulating CGs accumulation in flax plants among the tested 

light conditions. The highest CGs accumulation occurred at 30 ÁC under temperature 

modulation. E. cladocalyx displayed temperature-dependent responses that were similar 

to those found in this study. White clover shows reduced CGs content under high light 

exposure, but its CGs content increases when it experiences darkness. The temperature affects 

this species differently than it does flax. The highest CGs levels were recorded at 15 ÁC. 

The research demonstrates how different plant species react uniquely to environmental signals 

(NiedŦwiedŦ-SiegieŒ and Gierasimiuk 2001). The biosynthesis of CGs in flax depends on light 

exposure, which affects valine and isoleucine metabolic levels, because these compounds serve 

as precursors. The research shows that light conditions create correlations between organ 

development and cyanogenic metabolism, and environmental cues, which control CGs 

biosynthesis in flax through complex regulatory networks (SiegieŒ et al. 2013). In Prunus 

turneriana, no significant differences were observed in the total CGs content between plants 

grown under high and low light intensity. This finding further supports the hypothesis that the 

relationship between light conditions and CGs metabolism is highly species-specific. However, 

in this species, shading conditions did influence the distribution of CGs within the plant. 
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Specifically, under low light, a greater accumulation of these compounds was detected in fully 

developed, mature leaves compared to younger ones, indicating that light availability may affect 

not only the overall levels but also the spatial allocation of cyanogenic compounds within 

the plant (Miller et al. 2004). 
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2 Aim of the study 

The overarching objective of this doctoral research was to provide a comprehensive 

understanding of the role of CGs in flax, with particular emphasis on their function 

in environmental stress responses, primary metabolism, and developmental processes. 

The study aimed to explore the complexity of CGs metabolism by integrating transcriptomic, 

biochemical, and enzymatic analyses, as well as by examining its interaction with nitrogen and 

sulfur metabolic pathways. This knowledge was sought both to elucidate the physiological 

significance of CGs in flax and to assess the feasibility of manipulating this metabolic branch 

for potential agronomic improvement, including the possibility of enhancing beneficial traits 

or eliminating CGs entirely to improve crop quality. 

A central part of the research involved the expression profiling of key genes 

representing all major functional stages of CGs metabolism. Genes associated with biosynthesis 

included CYP79 and UGT85, while the degradation phase was represented by three                       

ɓ-glucosidases (ɓ-GLU undefined specificity, ɓ -GLU Vicianin-specific, ɓ-GLU Linamarase-

specific) and hydroxynitrile lyase (HNL). Detoxification of cyanide, the toxic product of CGs 

hydrolysis, was addressed through the analysis of ɓ-cyanoalanine synthase (CAS, the primary 

detoxification enzyme), O-acetylserine(thiol)lyase (OASTL), and nitrilase (CAN). 

Additionally, nitrate reductase was investigated due to the link between CGs metabolism 

and nitrogen metabolism, while glutathione S-transferase (GST) was included because of its 

potential role in detoxifying reactive oxygen species generated as a result of HCN release from 

CGs breakdown. 

Alongside gene expression studies, the research assessed multiple biochemical traits, 

including total CGs content and the levels of the four individual CGs present in flax, cyanogenic 

potential, free cyanide content, and ɓ-CAS enzymatic activity. In most experiments, plants were 

grown under in vitro conditions, with the exception of wounding stress assays. Time-course 

sampling was routinely applied, capturing both developmental variation and short-term 

dynamic changes in CGs metabolism, particularly in early stages of flax growth. 

The experimental framework was organized into three main sections. The first 

addressed baseline CGs metabolism, including a comparison between plants grown on full-

strength MS medium and half-strength MS (İ MS) medium, the latter serving as the control 

condition for many subsequent experiments, as well as an analysis of diurnal transcript 

fluctuations over a 24-hour lightïdark cycle. The second section investigated CGs metabolism 

under a range of abiotic and biotic stresses. Abiotic stress experiments encompassed drought 

stress (both moderate and severe) wounding stress, and altered light regimes with an extended 

dark phase. Biotic stress was studied in the context of Fusarium oxysporum infection. Given 

the metabolic link between CGs and nitrogen availability, experiments were conducted under 

varying nitrogen supply, including both strong and moderate supplementation or depletion. 

Similarly, in light of the role of sulfur-containing amino acids in cyanide detoxification, the 

effects of altered sulfur availability were examined under both strong and moderate 

supplementation or depletion regimes. In some nutrient-related experiments, alongside 

the primarily analyzed cultivar Linola (an oil flax variety), the transgenic line CD22 was 

included; CD22 overexpresses the yeast Met25 gene and is characterized by elevated sulfur 
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amino acid content, enabling a deeper examination of sulfur-related regulation of CGs 

metabolism. 

The third section focused on attempts to generate flax plants with altered CGs 

metabolism, providing insights into the feasibility of targeted metabolic modification. 

Collectively, this work was designed to map the regulatory landscape of CGs 

metabolism in flax across developmental stages, environmental challenges, and nutrient 

regimes. By integrating multi-level datasets, this study aimed to determine whether CG 

metabolism constitutes a beneficial and adaptive trait that warrants preservation and potential 

optimization in flax, or whether its targeted suppression could yield agronomically improved, 

cyanide-free cultivars with enhanced utility and safety. 

  

37:10073



38 

 

3 Methodology 

3.1 List of used materials 

4 methylpirydine Sigma-Aldrich (Merck) 

Acetonitrile VWR 

Agar IBI Scientific 

Agarose Sigma-Aldrich (Merck) 

Amino acids standards Phenomenex 

Ammonium nitrate Sigma-Aldrich (Merck) 

Ammonium sulfate Sigma-Aldrich (Merck) 

BAP Sigma-Aldrich (Merck) 

Barbituric acid Sigma-Aldrich (Merck) 

Boric acid Sigma-Aldrich (Merck) 

Bovine serum albumin Sigma-Aldrich (Merck) 

Bradford reagent Bio-Rad 

Bromophenol blue Sigma-Aldrich (Merck) 

BSTFA with 1% trimethylchlorosilane Sigma-Aldrich (Merck) 

Calcium chloride Chempur 

Cefotaxime BioShop 

Chloramine T Sigma-Aldrich (Merck) 

Chloroform Chempur 

Cobalt(II) chloride hexahydrate Sigma-Aldrich (Merck) 

Cysteine Sigma-Aldrich (Merck) 

Diethyl pyrocarbonate Sigma-Aldrich (Merck) 

Dipotassium hydrogen phosphate Sigma-Aldrich (Merck) 

DMPDA Sigma-Aldrich (Merck) 

DNAseI Thermo Scientific 

DNeasy Plant mini Kit Qiagen 

dNTP Thermo Scientific 

Ethanol 96% Chempur 

EDTA Sigma-Aldrich (Merck) 

Etidium bromide Sigma-Aldrich (Merck) 

Extracol EURx 

Formamide Sigma-Aldrich (Merck) 

Formic acid Sigma-Aldrich (Merck) 

Glucose Sigma-Aldrich (Merck) 

Glycerol Chempur 

Glycine Sigma-Aldrich (Merck) 

Hexane Chempur 

High capacity cDNA reverse Transcriptase Thermo Scientific 

Hydrochloric acid Chempur 

Hydrogen BIP Air Products 

Hydrogen sulfide Sigma-Aldrich (Merck) 

Hyper Ladder Bioline (Meridian Bioscience) 

IAA  Sigma-Aldrich (Merck) 

Iron(II) sulfate heptahydrate Chempur 
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Iron(III) chloride Chempur 

Isopropanol Chempur 

Kanamycin BioShop 

Linamarin Sigma-Aldrich (Merck) 

Linustatin Sigma-Aldrich (Merck) 

Lotaustralin Sigma-Aldrich (Merck) 

Magnesium sulfate heptahydrate Chempur 

Manganese(II) sulfate monohydrate Sigma-Aldrich (Merck) 

Mannitol Sigma-Aldrich (Merck) 

Methanol VWR 

Monopotassium dihydrogen phosphate Sigma-Aldrich (Merck) 

Moxalactam BioShop 

Murashige & Skoog basal salt Sigma-Aldrich (Merck) 

Myo-inositol Sigma-Aldrich (Merck) 

Neolinustatin Sigma-Aldrich (Merck) 

Nicotinic acid (Niacin) Sigma-Aldrich (Merck) 

Nitrogen BIP Air Products 

Norvaline Sigma-Aldrich (Merck) 

Orange G Sigma-Aldrich (Merck) 

PDA Sigma-Aldrich (Merck) 

Phenol Chempur 

PMSF Sigma-Aldrich (Merck) 

Phusion High fidelity DNA Polymerase Thermo Scientific 

Plant Preservation Mixture PPM Plant Cell Technology 

Potassium cyanide Sigma-Aldrich 

Potassium iodide Chempur 

Potassium nitrate Chempur 

Potassium phosphate monobasic Chempur 

PVPP Sigma-Aldrich 

Pyridoxine (Vitamin B6) Sigma-Aldrich (Merck) 

Rifampicin BioShop 

SG qPCR Master Mix EURx 

Silvet Gold Sigma-Aldrich 

Sodium dichloride Chempur 

Sodium dodecyl sulfate Chempur 

Sodium hydroxide Chempur 

Sodium molybdate dihydrate Sigma-Aldrich 

Streptomycin BioShop 

Sucrose IBI Scientific 

Syntetic air BIP Air Products 

Thiamine (Vitamin B1) Sigma-Aldrich 

Tris IBI Scientific 

TRIS HCl Sigma-Aldrich 

Triton x100 Sigma-Aldrich 

UPLC grade water VWR 

Urea Chempur 
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3.2 Flax lines and fungi lines 

In this study, two flax (Linum usitatissimum L.) lines were used: the yellow-seeded oil 

flax variety Linola (also referred to as Solin) and a transgenic derivative, CD22.  

Linola is characterized by its low content of ɤ-3 fatty acids and medium resistance 

to Fusarium oxysporum, exhibiting good yield performance under Polish agro-climatic 

conditions. The transgenic line CD22 was derived from Linola and developed through genetic 

transformation to overexpress the Met25 gene from Saccharomyces cerevisiae, which encodes 

O-acetylhomoserine/O-acetylserine (OAH/OAS) sulfhydrylase. This modification significantly 

enhances the biosynthesis of sulfur-containing amino acids, specifically cysteine and 

methionine, leading to an increased accumulation of glutathione, a tripeptide crucial for redox 

homeostasis (Czuj et al. 2009). Both flax lines were sourced from the collection stocks 

maintained by the Department of Genetic Biochemistry, Wroclaw University. 

To induce fungal infection in flax plants under controlled conditions the pathogenic 

strain of Fusarium oxysporum f.sp. lini  (Bolley) Snyder et Hansen (ATCC MYA-1201) 

was used. Isolate was obtained from the American Type Culture Collection (ATCC, USA). 

3.3 Used primers, OLIGO and transformation constructs 

The primer sequences as well as OLIGO (antisense oligonucleotides) were synthesized 

at a concentration of 100 ɛM by GENOMED S.A., Poland. The primers used for gene 

amplification in real-time PCR are presented in Table 1, which includes targets involved in CGs 

metabolism, cyanide detoxification, oxidative stress response, and nitrogen assimilation. 

Additionally, the oligonucleotides (OLIGOs) employed to induce changes in the transcript level 

of ɓ-cyanoalanine synthase, as well as to assess the effects of oligonucleotide treatment-induced 

stress on plants, are listed in Table 2. Furthermore, Table 3 presents the primer sequences used 

for the selection and verification of transgenic plants. 
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Target gene Forward primer Reverse primer Functional Role 

Actin CCGGTGTTATGGTTGGAAT TGTAGAAAGTGTGATGCCAAA Reference gene 

CYP79 CAGGTAGCATTGTGACTGGC CCAGCACCGGTATGATGTTG 

Cyanohydrin 
synthesis from 
amino acids 

CGs 
biosynthesis 

UGT85 CTACGGAAGCGTGACAGTGA GGATGGATGCGATAGCACTT 

Glycosylation of 
cyanohydrins to 

form CGs 

-̡GLU 
Linamarase 

TCCCAGAACGACATTGAGGC TGAACGGAAAGGCAACGGTA 

Glycosylation of 
CGs to 

cyanohydrins 
CGs 

degradation 

-̡GLU GAGCGCTATTAGAGCACACTAC CTGTGTATCCCTCGTTCCATTC 

-̡GLU 
Vicianinase 

CCTGATCGGCCACTGATTT CACCCTCAACGAGCCTTATAC 

HNL GACCTCGTACTTGCACTTCATAG GGAAAGCCAAGACCGTGATTA 

Cyanohydrin 
breakdown with 

release of cyanide 

-̡CAS AGCAAGTTCAAGTGCTGCAA CAAATTACCGGCAATGGAGT Cyanide 
detoxification via 
incorporation into 

asparagine 
structures 

Cyanide 
detoxification 

-̡CAN GGAATCCGGGTTGAGTTCGT ATGCCACTTCTCAGGACTGC 

OASTL ATGCATTCATGCCTCAACAA TCTTCCACGGCAAGTCTTCT 

Cysteine 
biosynthesis from 
serine / cyanide 
detoxification via 

-̡cyanoalanine 
synthesis 

Glutathione S-
transferase 

CGAGCACAAGCAGGAGTCTT TTGAACTCTGGCTCGGACAC 

Detoxification of 
ROS and toxic 
metabolites 

Oxidative 
stress 

response 

NR TGTACGCAAATCGGACAGAG CGGAATATGATCCCTCAGGA 
Nitrate reduction 

to nitrite 
Nitrogen 

assimilation 

Table 1qPCR primer sequences and associated gene functions used in transcript level analyses related to cyanogenic 
glycosides metabolism, cyanide detoxification, oxidative stress response and nitrogen assimilation 
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OLIGO name Sequence Function 

Random21 
 

nnnnnnnnnnnnnnnnnnnnn 
 Control treatment, random non-

targeted oligonucleotides 
 Random19 

 
nnnnnnnnnnnnnnnnnnn 

 

CASoligo2 TCTATCAGGGTTGTCTTCCC 
hƭƛƎƻƴǳŎƭŜƻǘƛŘŜǎ ǘŀǊƎŜǘƛƴƎ ʲ-CAS 

mRNA 
CASoligo3 TGTTCTCAGCTTCTTTCCTC 

Table 2 Oligonucleotide sequences used for targeted transcript modulation and control treatments in plants 

Primer name Sequence Function 

FW 35S101F TGGAGAGAACACGGGGGACT 

Universal forward primer targeting the 

CaMV 35S promoter region in 

transformation constructs 

CYP79sel 
 

GAAAAAAGCCGGTCTTCCGGTG 
Selection of plants transformed with 
antisense construct targeting CYP79 

LINsel ACCACAGGGTCCTTGATGATCT 
Selection of plants transformed with 

antisense construct targeting ̡ -GLU 

Linamarase 

HNLsel GGTGGACAGGAACGAGTACAAGC 
Selection of plants transformed with 

antisense construct targeting 
Hydroxynitrile lyase (HNL) 

CANsel GCGTACCCACATGCAACTCC 
Selection of plants transformed with 
ŀƴǘƛǎŜƴǎŜ ŎƻƴǎǘǊǳŎǘ ǘŀǊƎŜǘƛƴƎ ʲ-
/ȅŀƴƻŀƭŀƴƛƴŜ ǎȅƴǘƘŀǎŜ όʲ-CAS) 

Table 3 Primer sequences used for the selection of transgenic plants carrying antisense constructs 

Agrobacterium tumefaciens strain LBA4404 was used for the genetic transformation 

of flax. This strain, which contains a disarmed Ti plasmid suitable for T-DNA transfer into 

dicotyledonous plants, carried the binary vector pRI101-AN with antisense gene-silencing 

constructs. The vectors were generated by cloning antisense fragments of selected genes 

involved in CGs metabolism or cyanide detoxification into pRI101-AN. Specifically, pRI101-

AN CYP79 (Figure 7 a) was designed to silence the CYP79 gene, which encodes the enzyme 

catalyzing the initial step of cyanogenic glycoside biosynthesis, while pRI101-AN LIN (Figure 

7 b) targeted the ɓ-GLU Linamarase gene, responsible for the deglycosylation of CGs. 

The construct pRI101-AN HNL (Figure 7 c) aimed at silencing the HNL gene, whose product 

catalyzes the release of hydrogen cyanide from cyanohydrins, representing the final stage 

of CGs degradation. In addition, pRI101-AN CAN (Figure 7 d) was generated to downregulate 

the CAN gene, encoding an enzyme involved in cyanide detoxification. Both the constructs 
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and the transformed Agrobacterium cultures were prepared at the Department of Genetic 

Biochemistry, Faculty of Biotechnology, University of Wroclaw. 

 

Figure 7 Schematic representation of binary vectors carrying antisense fragments used for flax transformation 

3.4 Used media 

3.4.1 Microbiological media 

For Agrobacterium cultures, a minimal medium (MM) was used, consisting 

of the following components: 10 mM K HPO , 10 mM KH PO , 2,5 mM NaCl, 2 mM 

MgSO Ŀ7H O, 0,7 mM CaCl , 9 ÕM FeSOĿ7H O, 4 mM (NH ) SO , and 10 mM glucose. 

The pH was adjusted to 7.0. All components were prepared as separate stock solutions, 

sterilized individually (either by autoclaving or filtration, as appropriate), and combined 

aseptically immediately before use. 

For the cultivation of Fusarium oxysporum, Potato Dextrose Agar (PDA, Sigma-

Aldrich) was used. The medium was prepared at a standard concentration of 39 g/L, following 

the manufacturerôs instructions. 
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3.4.2 Plant media 

Basal culture medium used throughout this study was Murashige and Skoog (MS) 

medium, prepared either from a commercially available ready-to-use formulation (Sigma) 

or by mixing individual components as specified in Table 4. Unless stated otherwise 

in a particular experiment description, 2% w/v sucrose and 0,7% w/v agar are added to the solid 

medium, and the medium pH is adjusted to 5,8. For pathogen infection assays, plants were 

grown on a vermiculite substrate supplemented with liquid MS medium. In Agrobacterium-

mediated transformation procedures, MS-based media were supplemented with plant growth 

regulators: CIM (callus-inducing medium; 2,5% sucrose, 1 mg/L BAP, 0,05 mg/L NAA) 

and SIM (shoot-inducing medium; 2,5% sucrose, 0,02 mg/L BAP, 0,001 mg/L NAA). 

The metabolic response of CGs in Linola cultivar flax under drought stress conditions 

was investigated through in vitro experiments using mannitol-induced osmotic stress. Plant 

tissue culture studies use mannitol as an osmotic agent because it decreases water potential 

in culture media without being metabolized by cells thus creating drought-like conditions. 

Two stress inducing media were applied: MS + 0,5% w/v mannitolfor moderate drought stress 

and MS + 2% w/v mannitol for severe drought stress.  

In certain experiments, particularly those involving increased concentrations of specific 

constituents, half strength MS medium (İMS) was employed as the control to minimize 

osmotic stress induction. In experiments involving modifications to the basal composition, 

the altered components are detailed in the corresponding tables. All other components 

not mentioned in tables remained unchanged and followed the composition of either full-

strength MS or İMS medium, as indicated in specific table. Compounds containing nitrate 

(NO ) and sulfate (SO Į ) salts, whose concentrations were modulated to induce stress 

conditions, are color-coded in the table. 
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Table 4 Complete list of components used in the preparation of Murashige and Skoog (MS) basal medium 
The table lists all macronutrient and micronutrient components of MS medium along with their chemical formulas, 
ůŸũċƖЮůċƚƚĲƚЮċŰĬЮĦŸŰĦĲŰƣƖċƣŔŸŰƚдЮ9ŸůƓŸƨŰĬƚЮĦŸŰƣċŔŰŔŰŊЮŰŔƣƖċƣĲЮё §Вϖ) and sulfate (SOГЛϖ) ions whose levels were 
selectively modulated in stress-related treatments are highlighted with color. 

Table 5 presents the MS medium components containing sulfate ions (SO Į ), along with 

their concentrations per liter of medium and the corresponding sulfate contribution (in mmol/L) 

under full MS (control) and moderate sulfur supplementation stress conditions. The stress 

treatment, referred to as S+, involved an increase in total sulfate content, achieved by elevating 

the concentration of magnesium sulfate heptahydrate (MgSO ). The final concentration of 

sulfate ions in the stress medium reached approximately 290% of the sulfate content present in 

the control full  MS medium. All other MS components remained unchanged. 

  

Compound Name Formula

Molar 

Mass 

(g/mol)

mg/L
Molar Qty 

(µmol/L)

{hјчѐ 

(µmol/L)

bhїѐ 

(mmol/L)

Myo-inositol /њIѕіhњ 180,16 100 555

Calcium chloride /ŀ/ƭі 110,98 332,2 2992

Potassium phosphate 

monobasic
YIіthј 136,09 170 1249

Disodium EDTA bŀі95¢! 292,24 37,26 127

Iron(II) sulfate heptahydrateCŜ{hјϊтIіh278,01 27,8 100 100

Magnesium sulfate 

heptahydrate
aƎ{hјϊтIіh246,47 370 1501 1501

Ammonium nitrate bIјbhї 80,04 1650 20617 20,617

Potassium nitrate Ybhї 101,1 1900 18789 18,789

Boric acid Iї.hї 61,83 6,2 100

Cobalt(II) chloride 

hexahydrate
/ƻ/ƭіϊсIіh237,93 0,025 105

Copper(II) sulfate 

pentahydrate
/ǳ{hјϊрIіh249,68 0,025 100 100

Sodium molybdate dihydrate
bŀіaƻhјϊнIі

O
241,95 0,25 1033

Manganese(II) sulfate 

monohydrate
aƴ{hјϊIіh169,02 16,9 100 100

Potassium iodide KI 166 0,83 5003

Glycine /іIљbhі 75,07 2 26,6

Nicotinic acid (Niacin) /њIљbhі 123,11 0,5 4,1

Pyridoxine (Vitamin B6) /ќIѕѕbhї169,18 0,5 2,96

Thiamine (Vitamin B1) /ѕіIѕћbјh{337,27 0,1 0,3

Murashige and Skoog Basal Medium
M
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Control MS Stress S+ 

Compound Name Formula 
Molar 
Mass 

(g/mol) 
mg/L 

{hјчѐ 
(mmol/L) 

mg/L 
{hјчѐ 

(mmol/L) 

Iron(II) sulfate heptahydrate CŜ{hјϊтIіh 278,01 27,8 0,1 27,8 0,1 

Magnesium sulfate heptahydrate aƎ{hјϊтIіh 246,47 370 1,50 1158,6 4,70 

Copper(II) sulfate pentahydrate /ǳ{hјϊрIіh 249,68 0,025 0,0001 0,025 0,0001 

Manganese(II) sulfate 
monohydrate 

aƴ{hјϊIіh 169,02 16,9 0,1 16,9 0,1 

  
  
  

Total 1,70 Total 4,90 

Table 5 9ŸůƓŸƚŔƣŔŸŰЮŸŉЮÉ§ГЛϖ containing substrates in  control (MS) and moderate sulfur supplementation stress (S+) 
media 

Table 6 presents the composition of culture media used in the acute sulfur stress 

experiments (described in Section 3.6.8) and combined oligonucleotide and sulfur stress 

treatment (described in Section 3.6.11). Table present sulfate-containing compounds and their 

concentrations per liter, as well as the corresponding sulfate ion (SO Į ) contributions (in 

mmol/L). In this set of treatments, half-strength MS medium (İMS) was used as the control to 

minimize baseline nutrient load and osmotic pressure. Stress conditions included both sulfur 

depletion (S-), involving reduced MgSO supply, and sulfur supplementation (S+) with elevated 

MgSO  concentration. All other components not mentioned in the table correspond to half-

strength MS concentrations. 

  
  
  

Stress S- Control ѹMS Stress S+ 

Compound 
Name 

Formula 
Molar 
Mass 

(g/mol) 
mg/L 

{hјчѐ 
(mmol/

L) 
mg/L 

{hјчѐ 
(mmol/L) 

mg/L 
{hјчѐ 

(mmol/L
) 

Iron(II) sulfate 
heptahydrate 

CŜ{hјϊтIіh 278,01 6,95 0,02 13,9 0,05 13,9 0,05 

Magnesium 
sulfate 
heptahydrate 

aƎ{hјϊтIіh 246,47 92,5 0,38 185 0,75 5300 21,50 

Copper(II) 
sulfate 
pentahydrate 

/ǳ{hјϊрIіh 249,68 0,025 0,0001 
0,012

5 
0,0001 

0,012
5 

0,0001 

Manganese(II) 
sulfate 
monohydrate 

aƴ{hјϊIіh 169,02 8,45 0,05 8,45 0,05 8,45 0,05 

  
  
  

Total 0,45 Total 0,85 Total 21,60 

Table 6 9ŸůƓŸƚŔƣŔŸŰЮŸŉЮÉ§ГЛϖ containing substrates in control (½MS) acute sulfur supplementation (S+) and depletion 
(S-) stress media 

46:31682



47 

 

To induce moderate nitrogen stress conditions, three media variants differing in nitrogen 

content were prepared: nitrogen-deficient (N-), control (MS), and nitrogen-supplemented (N+) 

media. The full-strength MS medium served as the control. Nitrogen availability was modulated 

by adjusting the concentrations of ammonium nitrate (NH NO ) and potassium nitrate (KNO ). 

The total nitrate ion (NO ) concentrations in the respective media were 15,7 mmol/L (N-; 

40%), 39,4 mmol/L (MS; 100%), and 63,0 mmol/L (N+; 160%). The detailed concentrations 

of the applied salts are shown in Table 7. All other components of the media remained 

unchanged. 

  
  
  

Stress N- Control MS Stress N+ 

Compound 
Name 

Formula 
Molar 
Mass 

(g/mol) 
mg/L 

bhїѐ 
(mmol/L) 

mg/L 
bhїѐ 

(mmol/L) 
mg/L 

bhїѐ 
(mmol/L) 

Ammonium 
nitrate 

bIјbhї 80,04 656,33 8,2 1650 20,6 2641,32 33 

Potassium 
nitrate 

Ybhї 101,1 758,25 7,5 1900,0 18,8 3033 30 

  
  
  

Total 15,7 Total 39,4 Total 63,0 

Table 7 9ŸůƓŸƚŔƣŔŸŰЮŸŉЮ §Вϖ containing  substrates in control (MS), moderate nitrogen depletion (N-), and nitrogen 
supplementation (N+) media 

Media used to intensive nitrogen depletion and enrich stress treatment the changes in NH NO  

and KNO  concentrations across the different nitrogen regimes are presented in Table 8. 

All  other medium components not listed remained unchanged and were maintained 

at concentrations corresponding to half-strength MS medium. 

  
  
  

Stress N- Control ѹMS Stress N+ 

Compound 
Name 

Formula 
Molar 
Mass 

(g/mol) 
mg/L 

bhїѐ 
(mmol/L) 

mg/L 
bhїѐ 

(mmol/L) 
mg/L 

bhїѐ 
(mmol/L) 

Ammonium 
nitrate 

bIјbhї 80,04 247,5 3,1 825 10,3 2805 35,04 

Potassium 
nitrate 

Ybhї 101,1 285 2,8 950 9,4 3230 31,95 

  
  
  

Total 5,9 Total 19,7 Total 67,0 

Table 8 9ŸůƓŸƚŔƣŔŸŰЮŸŉЮ §Вϖ containing  substrates in control (½MS) acute nitrogen depletion (N-), and nitrogen 
supplementation (N+) media. 
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3.5 Methods 

3.5.1 Basic plant in vitro techniques 

3.5.1.1 Plant material sterilization 

Flax seeds were pre-soaked in distilled water for 1 hour prior to surface sterilization. 

Sterilization was carried out by immersing the seeds in 70% ethanol for 5 minutes 

with continuous agitation, followed by treatment with 50% Plant Preservation Mixture 

(PPMÊ,Plant Cell Technology) for 30 minutes under gentle shaking. Subsequently, seeds were 

rinsed three times with sterile distilled water and transferred onto the appropriate growth 

medium under sterile conditions. 

3.5.1.2 Plant material cultivation conditions 

3.5.1.2.1 Phytotron 

Unless stated otherwise all plants were grown under controlled phytotron conditions: 

sterile in vitro environment, at 22 ÁC with 50% relative humidity, a 16-hour light/8-hour dark 

photoperiod, and a light intensity of 23 mmolĿs ĭĿm į. Any modifications to these standard 

conditions are detailed in the respective experimental sections. 

3.5.1.2.2 Growth chamber  

Environmental parameters were maintained as follows: relative humidity at 60% during the 16-

hour light phase and 75% during the 8-hour dark phase; temperatures of 22 ÁC (light phase) 

and 15 ÁC (dark phase); and light intensity alternating between 103 ÕmolĿs ĭĿm Į (50%) 

and 250 ÕmolĿs ĭĿm Į (100%) in a 16/8 hour day/night cycle. Plants were watered daily. 

3.5.1.3 Plant material collection and storage 

Tissue samples from agarose cultures as well as green parts of plant from vermiculite 

cultures were carefully collected and immediately placed into pre-labeled Eppendorf tubes 

or pre-prepared pockets made from aluminum foil.  Samples were pooled from a minimum 

of three independent culture vessels, each containing at least six individual plants. 

After collection, the tissue samples were rapidly frozen in liquid nitrogen. The samples were 

then stored in a low-temperature freezer at -80 ÁC until further analysis however no longer than 

specific assay demands. For root tissue samples from vermiculite cultures, any remaining 

vermiculite was thoroughly removed prior to placing the tissue into the storage container. 

The process ensured that the root samples were free from any residual growth medium, which 

could interfere with subsequent analyses. Similar to agarose-cultured tissues, these root samples 

were promptly frozen in liquid nitrogen and stored at -80 ÁC until further use. Tissues were 

consistently collected at the same time of day to minimize circadian variability, unless 

otherwise required by specific experimental conditions. 
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3.5.2 Plant transformation 

3.5.2.1 Preparation of agrobacterium culture 

Agrobacterium tumefaciens strain LBA4404 carrying the appropriate plasmid vector 

for target gene silencing (as described in Section 3.3, Figure 7) was used for transformation. 

Bacterial glycerol stock cultures inoculated into minimal medium (composition provided 

in Section 3.4.1) supplemented with 50 mg/L kanamycin, 30 mg/L rifampicin, and 100 mg/L 

streptomycin and incubated at 28 ÁC for 2 days with shaking (180 rpm) until reaching 

the appropriate optical density (OD = 0,6), suitable for downstream transformation 

procedures. 

3.5.2.2  Flax transformation via co-cultivation with agrobacterium 

A negative atmospheric pressure infiltration method was applied to facilitate 

Agrobacterium entry into plant tissues, following the protocol of (Yildiz et al. 2016). Seedlings 

were trimmed by removing root and dried under sterile conditions for 20 minutes to increase 

cellular osmotic potential. Cotyledons were incubated in liquid MS medium supplemented with 

500 ɛL of Agrobacterium culture (OD  = 0,6) for 20 minutes. Subsequently, hypocotyls were 

sectioned into 0,5 cm fragments and placed on MS for a 2-day co-cultivation period in darkness. 

To eliminate residual Agrobacterium, explants were rinsed with sterile distilled water 

and then treated in an aqueous solution containing 100 mg/L cefotaxime, 100 mg/L 

moxalactam, and 0,1% PPMÊ for 15 minutes. Treated hypocotyl segments were transferred 

to callus induction medium (CIM), and after a callus tissue generation, explants were 

transferred onto shoot induction medium (SIM) to promote shoot regeneration. Detailed 

compositions of the media are provided in Section 3.4.2. Once shoots emerged, they were 

excised and transferred to sterile vessels containing MS medium supplemented with 100 mg/L 

kanamycin for selection of putative transformants. 

3.5.2.3 Floral-Dip Agrotransformation 

Linola seeds were sown in pots containing soil and grown under controlled conditions 

in a growth chamber. Seedlings emerged approximately 5 days after sowing. At 6 weeks post-

germination, when primary inflorescences had developed, plants were subjected 

to transformation using the floral dip method, as described by (Bastaki and Cullis 2014), with 

minor modifications. Agrobacterium preparation followed the procedure outlined previously. 

Bacterial cells were harvested from 50 ml of culture by centrifugation at 5,000 Ĭ g for 10 

minutes and resuspended in 5% w/v sucrose solution to an OD  of 0,8. Silwet Gold was added 

as a surfactant at a final concentration of 0,05%. Flax inflorescences were immersed in the 

infiltration solution for 2 minutes, then plants were laid horizontally with the dipped parts 
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covered in plastic wrap to maintain high 

humidity. After 24 hours, the plastic was 

removed, and plants were returned to 

upright positions and grown under normal 

conditions. The transformation procedure 

was repeated after 14 days. Plants were 

maintained until seed maturation, and 

seeds were subsequently harvested. 

Subsequently seeds were sown on solid MS 

medium supplemented with 100 mg/L 

kanamycin to select for transformed plants. 

3.5.2.4 Transformed plant selection 

Tissue samples were collected from seedlings derived either from the floral dip 

transformation (germinated on kanamycin-supplemented MS medium) or from regenerated 

shoots obtained via the callus-based co-cultivation method. During passage fragments of shoots 

that reached a minimum length of 5 cm on MS medium supplemented with 100 mg/L 

kanamycin were selected for analysis. Genomic DNA was extracted from the selected tissues 

using the DNeasy Plant Mini  Kit (Qiagen), following the manufacturerôs protocol. PCR was 

performed using appropriate selection primers (detailed in Table 3) specific to the construct 

used in the transformation, along with Phusion High-Fidelity DNA Polymerase (Thermo Fisher 

Scientific), according to the manufacturerôs instructions. PCR reactions were carried out 

in a final volume of 20 ÕL, containing 1Ĭ Phusion HF Buffer, 200 ÕM dNTPs, 0,5 ÕM of each 

primer, 0,4 U Phusion polymerase, and approximately 100ng of template DNA. Thermal 

cycling conditions were selected according to the manufacturerôs instructions, with primer 

annealing performed at 66,9 ÁC. PCR products were visualized by electrophoresis on a 1% 

agarose gel containing ethidium bromide. 

3.5.3 Preparation of fungal infectious material 

Fusarium oxysporum was cultured on PDA medium to obtain fungal material for plant 

inoculation. F. oxysporum was grown in darkness at 28 ÁC for two weeks on Petri dishes 

containing 20mL of PDA. The medium was previously inoculated with an evenly distributed 

spore suspension containing approximately 2 Ĭ 10  spores per plate. After the incubation period, 

spores were resuspended in 2 mL of sterile distilled water. A 10ÕL aliquot of this suspension 

was used for quantification using a Thoma counting chamber, with spore counts performed 

in eight small squares to determine the final concentration. 

  

Figure 8 Flax  primary inflorescences at the time of Agrobacterium-mediated transformation 
Left: Inflorescence at the first treatment (6 weeks post-germination), prior to floral opening. 
Right: Inflorescence at the second treatment (14 days later), with visible petal emergence. 
Scale bars = 5 mm. Source: Gad, K. (2022). The selection of different strategies for modulating gene expression in 
ƻċƖŔŸƨƚЮƓũċŰƣЮƚƓĲĦŔĲƚдЮ~ċƚƣĲƖѢƚЮƣőĲƚŔƚеЮÖŰŔƻĲƖƚŔƣǃЮŸŉЮìƖŸĦŮċƽЮ 
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3.5.4 Gene expression qPCR assay 

3.5.4.1 RNA isolation, purity and integrity assay 

Total RNA was isolated using the RNA Extracol (EURx) according to the 

manufacturerôs instructions. Following extraction, the concentration and purity of the RNA 

samples were determined spectrophotometrically by measuring absorbance at 260nm (A260), 

and the purity was evaluated based on the A260/A280 and A260/A230 ratios using a NanoDrop 

spectrophotometer (Thermo Fisher Scientific, USA). Samples with an A260/A280 ratio 

of approximately 2,0 and an A260/A230 ratio in the range of 2,0ï2,2 were considered to be 

of high purity and suitable for downstream applications. To eliminate potential genomic DNA 

contamination, the isolated RNA samples were treated with DNase I (Thermo Fisher Scientific, 

USA) in accordance with the manufacturerôs protocol. The digestion reaction was performed 

under RNase-free conditions, ensuring the integrity and purity of the RNA for subsequent 

analyses. 

The integrity and quality of the isolated RNA were evaluated by denaturing agarose gel 

electrophoresis. For each sample, 5ɛg of total RNA was mixed with RNA denaturation buffer 

(95% formamide, 0,025% SDS, 0,025% bromophenol blue, 0,025% ethidium bromide, 0,5mM 

EDTA). The volume was adjusted to 20ɛl with nuclease-free water. Prior to electrophoresis, 

samples were denatured at 65 ÁC for 10 minutes and then immediately cooled on ice. 

RNA separation was performed in a 1% agarose gel on TBE buffer (90mM Tris, 90mM 

boric acid, 20mM EDTA) at a constant voltage of 80V. The integrity of RNA was assessed 

by visualization under UV light following electrophoresis. 

All electrophoresis equipment was thoroughly cleaned with DEPC-treated water prior 

to use to prevent RNase contamination. All solutions used in the procedure were prepared using 

DEPC-treated water to maintain RNase-free conditions. 

3.5.4.2 cDNA synthesis (Reverse transcription) 

Complementary DNA (cDNA) was synthesized from total RNA using the High 

Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, USA), following 

the manufacturer's protocol. The reverse transcription reaction was carried out under RNase-

free conditions to ensure the integrity of the cDNA. 

3.5.4.3 Quantification of gene expression 

The expression levels of target genes were determined using real-time quantitative PCR 

(qPCR). cDNA synthesized as described above was used as the template. qPCR reactions were 

performed using the SYBR Green I dye (SG qPCR Master Mix, EURx) on the StepOnePlusÊ 

Real-Time PCR System (Applied Biosystems, USA). All reactions were conducted in technical 

triplicates to ensure reproducibility and accuracy. 

Gene expression was analyzed using the relative quantification method, with actin 

serving as the reference gene for normalization. The PCR cycling conditions included 

an annealing temperature of 57 ÁC. Primer sequences used in the study are listed in Table 1. 

All  reactions were performed in accordance with the manufacturerôs recommendations. 
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3.5.5 Determination of cyanogenic glycosides content using UPLC-MS 

Lyophilized tissues were homogenized into a fine powder using a Retsch mill (1 minute 

at 30Hz). For metabolite extraction, 15-25 mg of powdered sample was subjected to three 

consecutive extractions with 70% methanol in an ultrasonic water bath for 15 minutes each. 

Following each extraction, the samples were centrifuged (5 minutes at 5000 rpm, room 

temperature), and the resulting supernatants were pooled, evaporated under reduced pressure 

Thermo Scientific Savant SC250 SpeedVac Concentrator equipped with Refrigerated Vapor 

Trap RVT5105 and  Vacuum Pump OFP400, and reconstituted in 1 mL of 70% methanol. 

The quantification and identification of CGs were performed using an Ultra-

Performance Liquid ChromatographyïMass Spectrometry (UPLC-MS) system (Waters, 

Milford, USA) equipped with a diode-array UV-Vis detector and a Xevo QTof MS mass 

spectrometer. Chromatographic separation was achieved using an Acquity UPLC BEH C18 

column (2,1 Ĭ 100 mm, 1,7 ɛm particle size). The mobile phase consisted of solvent A (UPLC 

suitable water with 0,1% v/v formic acid, pH 3) and solvent B (acetonitrile containing 0,1% v/v 

formic acid), applied in a programmed gradient as follows: 93% A / 7% B at 0,5 min; linear 

gradient to 70% A / 30% B from 0,5 to 12 min; further gradient to 0% A / 100% B from 13 

to 20 min; and re-equilibration to 95% A / 5% B at 21 min. The flow rate was maintained at 0,4 

mL / min. The column was held at 50 ÁC, while the sample tray temperature was set at 4 ÁC. 

Mass spectrometric detection was carried out using Electrospray Ionization (ESI) 

in negative ion mode, operating under extended dynamic range and normal sensitivity. 

The instrument settings included a capillary voltage of 2,20 kV, a sampling cone voltage of 30, 

and an extraction cone voltage of 4,0. The source temperature was set to 80 ÁC 

and the desolvation temperature to 400 ÁC, with gas flows of 20 L/h and 800 L/h for the cone 

and desolvation, respectively. Data acquisition covered a mass range of 50ï1000 Da with a scan 

time of 0,2 seconds. 

Identification of compounds was based on comparison of both retention times and mass 

spectra with those of authentic commercial standards (Sigma). Quantification was performed 

using calibration curves generated from standard solutions analyzed concurrently with each 

batch of samples. 

3.5.6 Free cyanide and cyanogenic potential assay, indirect estimation 

of cyanogenic glycosides content 

Plant tissue samples stored for no longer than one month at -80 ÁC or fresh were ground 

to a fine powder in liquid nitrogen using a pre-chilled mortar and pestle, ensuring that thawing 

was strictly avoided during the homogenization process. A portion of either 25 mg or 50mg 

of frozen ground tissue was suspended in 2 ml of extraction buffer containing 50 mM Tris-HCl 

(pH 8,0), 0,1% v/v Triton X-100, and 1 mM PMSF. In parallel, an equivalent mass of tissue 

(25 mg) was suspended in 5 M urea solution to fully inhibit endogenous ɓ-glucosidase activity, 

serving as a control for non-enzymatic cyanogenesis. 

Samples suspended in the extraction buffer were incubated at 26 ÁC for 2 hours 

with gentle agitation to allow enzymatic hydrolysis of CGs. Following incubation, the samples 

were centrifuged at maximum speed (14,000Ĭg) for 5 minutes, room temperature. The resulting 
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supernatants were immediately transferred to fresh tubes for downstream analysis. Samples 

treated with urea were incubated for 10 minutes at room temperature with gentle shaking, then 

centrifuged under the same conditions. Supernatants were promptly collected. A 96-well 

microplate was prepared for spectrophotometric measurements. Into each well, 50 ɛl of a 1% 

chloramine T solution was pipetted. Subsequently, 50 ɛl of appropriately diluted (2x for free 

cyanide, 10x for cyanogenic potential) plant extract was added. Immediately thereafter, 100 ɛl 

of freshly prepared chromogenic reagent (ɔ-picoline barbituric acid reagent) was added to each 

well. The reagent was prepared by dissolving 3 g of barbituric acid and mixing with 15 ml of 

4-methylpyridine and 3 ml of concentrated HCl, then diluting the mixture to 50 ml with distilled 

water. Wells were sealed with Parafilm immediately after reagent addition to prevent 

evaporation and contamination of neighboring sample. Absorbance was measured at 605nm 

using a Thermo Scientific Varioskan Flash microplate reader. 

Quantification of cyanide release was performed by comparison with a standard curve 

generated using potassium cyanide (KCN) in the range of 1,5 pmolCN-/ɛl to 460 pmolCN-l/ɛl. 

Absorbance values were interpolated against the standard curve to determine the free cyanide 

and cyanogenic potential Õmol HCNĿg ĭ fresh (FW) or lyophilized (DW) tissue weight. 

3.5.7 ɓ-CAS enzymatic activity assay 

Plant tissue was ground in liquid nitrogen using a pre-cooled mortar and pestle, ensuring 

that the sample remained fully frozen throughout the process to prevent enzymatic degradation. 

Subsequently, 25 mg or 50 mg of powdered tissue was suspended in 0,8 ml of protein extraction 

buffer composed of 100 mM Tris (pH 9,5), 2 mM EDTA, and 10 mM L-cysteine. The mixture 

was vortexed thoroughly and incubated on ice for 15 minutes to facilitate protein solubilization. 

The samples were then centrifuged at maximum speed (14,000Ĭg) for 5 minutes at 4 ÁC. 

The resulting supernatants, containing soluble protein, were collected and stored on ice. Protein 

concentrations were determined using the Bradford assay, with bovine serum albumin (BSA) 

as the standard.  

To initiate the enzymatic assay, 50 ɛl of protein extract was mixed with 83,25 ɛl 

of a freshly prepared substrate solution containing 25 mM KCN) and 25 mM L-cysteine. 

The reaction mixtures were incubated at 28 ÁC for 2 hours to allow enzymatic conversion 

of substrates with the release of H S as the reaction product. The reactions were terminated 

by the addition of 54 ɛl of a stop reagent (3 mM FeCl  in 4,2 M HCl), immediately followed 

by 54 ɛl of a detection reagent (15 mM N,N-dimethyl-p-phenylenediamine dihydrochloride 

(DMPDA) in 4,2 M HCl). The volumetric ratio of protein extract: substrate mixture : reagent 

solution was maintained at approximately 3:10:6,5. The mixtures were vortexed gently 

and incubated in the dark at room temperature for 20 minutes to allow full color development. 

From each reaction mixture, 100 ɛl was transferred into individual wells of a 96-well 

microplate. Absorbance was measured at 745 nm using a Thermo Scientific Varioskan Flash 

microplate reader.  

Quantitative determination of enzymatic activity was based on a standard curve 

generated with Na S solutions ranging from 0 to 100 ɛM. The amount of H S released was 

expressed as an indicator of ɓ-CAS enzymatic activity. 
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3.5.8 GC-FID amino acids assay 

Plant tissue samples 25 mg or 50 mg were weighed into hydrolysis vials and treated 

with 2 ml of 6 M HCl with 0,01% (v/v) phenol. 200 ug of norvaline was added as an internal.  

The vials were tightly sealed to minimize evaporation and incubated at 110 ÁC for 24 hours 

to hydrolyze peptide bonds and release free amino acids. After hydrolysis, the samples were 

cooled and evaporated to dryness with Savant SpeedVac SPD120 Vacuum Concentrator 

equipped with Refrigerated Vapor Trap RVT5105 and  Vacuum Pump OFP400. 

Dried amino acid residues were derivatized with 200 ɛl of BSTFA (N,O-

bis(trimethylsilyl)trifluoroacetamide) with 1% TMS. The reaction mixtures were incubated 

at 100 ÁC for 30 minutes to convert amino acids to their volatile trimethylsilyl (TMS) 

derivatives. Samples were then cooled and transferred to autosampler vials for GC-FID 

analysis. Analyses were performed using a GC-FID system equipped with a Agilent HP-5 5% 

Phenyl Methyl Siloxane (30 m Ĭ 0,32 ɛm Ĭ 0,25 ɛm). The injection volume was 1 ɛl with 

a split ratio of 80:1 and inlet temperature 260 ÁC. Hydrogen was used as the carrier gas at a flow 

rate of 1,2 ml/min. Following temperature program was used: Initial temperature: 80 ÁC, hold 

5 min; Ramp 1: 20 ÁC / min to 120 ÁC, hold 0 min; Ramp 2: 5 ÁC / min to 140 ÁC, hold 0 min; 

Ramp 3: 20 ÁC / min to 310 ÁC, hold 1 min. Total runtime was : 20,5 min. FID detector 

parameters included a detector temperature of 280 ÁC, hydrogen flow of 30 ml / min, air flow 

of 300 ml / min, and makeup gas flow (nitrogen) of 25 ml / min. Amino acids were identified 

by comparison with retention times of commercial standards derivatized under the same 

conditions. Quantification was based on calibration curves constructed from known 

concentrations of standards, using norvaline as the internal standard for normalization.  

It must be noted that several limitations are inherent to this method: Arginine could 

not be detected, Asparagine and glutamine were deamidated during hydrolysis, and thus, the 

measured values represent the sum of asparagine + aspartic acid and glutamine + glutamic acid, 

respectively. Tryptophan and phenylalanine exhibited partial and uneven degradation during 

acid hydrolysis, leading to underrepresentation in the quantitative results. Cysteine was not 

detected due to oxidative decomposition during hydrolysis and the formation of products, which 

are not amenable to FID detection. A complete list of identified amino acids along with their 

corresponding retention times is provided in Table 9, while Figure 9 presents a representative 

chromatogram of separated amino acid standards after derivatization with BSTFA. 

 

Amino acid name Retention time Limitations 

Alanine Ala 8,01   

Glycine Gly 8,28   

Valine Val 9,9   

Norvaline Nor 10,31   

Leucine Leu 10,88   

Proline Pro 11,31   

54:10701



55 

 

Isoleucine Ileu 11,27   

Serine Ser 12,27   

Threonine Thr 12,61   

Glutamine Gln 14,55 oxidation to glutamic acid 

Aspartic acid Met 13,92   

Methionine Asp 13,95   

Hydroxyproline Hpro 14   

Glutamic acid Glu 14,71   

Phenylalanine Phe 14,67 disintegration during hydrolysis 

Ornithine Orn 14,78   

Asparagine Asn 15,09 oxidation to aspartic acid 

Lysine Lys 15,3   

Histidine His 16,55 disintegration during hydrolysis  

Tyrosine Tyr 16,63   

Tryptophan Trp 17,85 disintegration during hydrolysis 

Cysteine Cys 18,27 disintegration during hydrolysis 

Arginine Arg - no derivatization 

Table 9 List of identified amino acids, their corresponding retention times, and method limitations 
 Amino acid standards were analyzed by GC-FID after BSTFA derivatization. 

 

Figure  9 Representative chromatogram of BSTFA-derivatized amino acid standards obtained by GC-FID 
The figure displays retention times of individual amino acids from calibration point I, with concentrations ranging from 
150 to 250 µg per compound. Norvaline (200 µg) was used as the internal standard (ISTD) for normalization. Retention 
times were consistent across replicate runs, demonstrating reliable separation and peak identification under 
the applied chromatographic conditions 
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3.5.9 Identification and analysis of cis-regulatory elements in promoter 

regions of cyanogenic glycosides metabolism related genes 

To identify putative cis-regulatory sequences involved in the regulation of CGs 

metabolism, nucleotide sequences of 1500 base pairs upstream of the translational start codon 

(ATG) were retrieved for selected CGs-related genes from the Linum usitatissimum genome 

(Phytozome v1.0) (Wang et al. 2012). These upstream sequences, presumed to contain promoter 

regions, were analyzed using repository of plant-specific cis-acting regulatory elements 

PlantCARE database. Promoter motif analysis and visualization were performed using custom 

Python scripts. The analysis utilize pandas, matplotlib, and Biopython libraries. The positional 

distribution of identified cis-elements along the promoter sequences was visualized using 

coordinate-based motif mapping. In addition to spatial distribution, functional annotation 

of each cis-element was conducted to determine its potential responsiveness to various 

biological stimuli, including abiotic stress, hormonal regulation, and developmental cues. 

For this purpose, a response point system was applied, assigning one point for the presence 

of each motif associated with a specific type of regulatory response. Some cis-elements were 

found to be associated with multiple categories of stimuli, contributing cumulatively to more 

than one response type. Assigned response points for different regulatory categories are 

presented in the form of a heatmap, illustrating the distribution of scores across the analyzed 

genes. A comprehensive list of identified motifs, together with their associated regulatory 

factors, categories, and generated motif maps, are provided in the Supplementary Data. 

3.6 Experimental design and treatments 

In this study, a series of experimental procedures were conducted in order to investigate 

CGs metabolism in flax under a range of controlled conditions. Plants were exposed to diverse 

stress factors. The following subsections provide a detailed description of the individual 

treatments and experimental setups applied throughout the course of this research. 
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3.6.1 Comparison of cyanogenic glycosides metabolism on İMS and full 
strength MS media 

Sterilized seeds of Linola flax were germinated on full-strength and half-strength MS 

media under sterile in vitro conditions. Tissues were harvested at six developmental stages: 

days 2, 5, 10, 20, 30, and 40 post-germination. At each time point, green aerial parts and root 

tissues were collected separately. Due to the limited root biomass at early stages (days 2ï10), 

analyses during this period seedling as whole was analyzed. Analyses included quantification 

of transcript levels of genes involved in CGs  metabolism, ɓ-CAS activity assays, determination 

of cyanogenic potential, and relative quantification of amino acid content. Experimental 

workflow is presented on Figure 10. 

 

Figure 10 Experimental design for comparison of cyanogenic glycosides metabolism on ½MS and full strength MS 
media  
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3.6.2 Cyanogenic glycosides related genes transcript analyses in flax under 

control and extended dark phase photoperiods 

Sterile seeds of Linola flax were sown in glass jars containing solidified MS medium 

devoid of sucrose. Plants were cultivated under sterile in vitro conditions in a phytotron for 28 

days. During the entire cultivation time control plants were maintained under a standard diurnal 

cycle of 16 hours light and 8 hours darkness, whereas stress-treated plants were subjected 

to an extended dark phase (8 hours light / 16 hours dark), while all other environmental 

parameters were kept constant. On day 28 of cultivation, plant tissues were harvested every 4 

hours starting at 10:00 AM, with the final collection occurring at 10:00 AM the following day. 

Experimental workflow is presented on Figure 11. Transcript levels of genes involved in CGs 

metabolism were quantified to assess their expression dynamics over the diurnal cycle. 

 

Figure 11 Sampling scheme for flax under control and extended dark phase photoperiods 
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3.6.3 Cyanogenic glycosides metabolism in Linola flax under moderate 

drought stress conditions 

The seeds of flax Linola variety underwent sterilization before being placed on Petri 

dishes with solid MS medium. The seeds underwent germination in dark phytotron-controlled 

conditions for two days. The seedlings at equivalent developmental stages received transfer 

to glass culture vessels containing either control MS medium or MS medium with 0,5% w/v 

mannitol to create drought stress conditions. The cultures received standard phytotron 

conditions throughout the entire experimental duration. The experimental period included 

tissue sampling at days 2, 5, 10, 20, 30 and 40 of cultivation. The stress treatment 

effects on plant appearance were observed and recorded through visual inspection on day 30. 

The plant material obtained through collection allowed to measure gene expression 

related to CGs metabolism using quantitative real-time PCR (qRT-PCR). The biochemical 

analysis of the same samples revealed the CGs content. The experimental procedure 

is illustrated in Figure 12. 

 

Figure 12 Experimental design for Linola flax  under control and moderate drought conditions 

  

59:43189



60 

 

3.6.4 Cyanogenic glycosides metabolism in Linola flax under severe drought 

stress conditions 

Due to literature evidence indicating that varying intensities of stress can differentially 

affect CGs metabolism, an analysis was conducted under conditions of intensified drought 

stress. Sterilized seeds of flax Linola variety were sown onto control and drought stress-

inducing media. All media variants contained 2% w/v sucrose and 0,7% w/v agar. The control 

condition was based on full MS medium. Drought stress was induced by supplementing the MS 

medium with 2% w/v mannitol. Samples were collected at sowing (seeds after imbibition, day 

0) to establish baseline values, followed by additional sampling on days 2, 5, and 10 (due 

to limited tissue biomass - whole seedling). At later developmental stages (days 20, 30, and 40), 

roots and green tissues were harvested separately. The following parameters were analyzed: 

transcript levels of genes involved in CGs metabolism, free amino acid content, cyanogenic 

potential, and ɓ-cyanoalanine synthase enzymatic activity. Figure 13 show experimental design. 

 

Figure 13 Experimental design for Linola flax  under control and intensive drought conditions 
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3.6.5 Effect of wounding stress on cyanogenic glycosides metabolism in 

Linola flax 

For six weeks flax plant Linola were cultivated in soil under controlled growth chamber 

conditions. Mechanical wounding was performed using insulin 30G needles to puncture both 

leaves and stems. Subsequently, wounded and corresponding control tissues were collected and 

immediately frozen in liquid nitrogen at 2 and 5 hours post-wounding. The collected material 

was subjected to analysis of transcript levels of genes involved in CGs metabolism,                        

ɓ-cyanoalanine synthase enzymatic activity, free cyanide content, and overall cyanogenic 

potential. The experimental design is illustrated in Figure 14. 

 

Figure 14 Schematic representation of the wounding treatment procedure in Linola flax plants 
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3.6.6 Linola flax infection with F. oxysporum procedure  

Seeds of Linola were sterilized and sown into previously sterilized glass vessels 

containing 5 g of vermiculite substrate and 50 ml of liquid MS medium, without the addition 

of sucrose or agar. The plants were grown under controlled phytotron conditions for 22 days. 

At the 0-hour time point, root and aerial tissues were harvested separately for baseline analyses. 

Subsequently, plants were subjected to biotic stress through infection with Fusarium 

oxysporum. For this purpose, 10  spores of F. oxysporum/vessel, collected on the same day 

and prepared as described in section 3.5.3, were suspended in 2ml of sterile water and applied 

directly to the vermiculite of the plants designated for infection. Control plants received 2ml 

of sterile water without spores. All plants were then cultivated further under phytotron 

conditions. Tissue samples from roots and aerial parts were collected separately at 1, 3, 5, 7 

and 14 days post-inoculation. Phenotypic changes were monitored and documented throughout 

the experiment. Transcript levels of genes associated with CGs metabolism were analyzed in all 

tissue samples. Additionally, in the green tissues, the levels of amino acids and relative 

cyanogenic potential were assessed. A schematic representation of the experimental setup 

is shown in Figure 15. 

 

Figure 15 Experimental workflow for CGs metabolism analysis after Fusarium oxysporum infection in  Linola plants 
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3.6.7 Moderate sulfur supplementation stress in Linola and CD22 flax 

Sterilized seeds of both Linola and CD22 flax lines were initially placed on Petri dishes 

containing 20 mL of solid MS medium and allowed to germinate in darkness for two days. 

Subsequently, seedlings at a similar stage of germination were transferred into culture vessels 

containing either control medium (solid MS) or sulfur-enriched medium (referred to as S+, MS 

medium supplemented with 3,2 mM MgSO ), as detailed in Table 5. The final concentration 

of sulfate ions in the stress medium reached approximately 290% of the sulfate content present 

in the control full MS medium. Tissue samples were collected at five time points: days 2, 5, 10, 

20, and 30, by pooling plants from multiple culture vessels. Gene expression analysis 

and quantification of CGs content were performed on the collected tissue. Figure 16 illustrates 

the course of the experiment. 

 
Figure 16 Experimental design illustrating the treatment with moderate sulfur supplementation in Linola and CD22 flax 
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3.6.8 Intensive sulfur supplementation and sulfur limitation stress in medium 

in Linola flax 

Sterilized Linola flax seeds were sown on vessels containing three nutrient media 

variants: control medium (İ MS), medium with reduced SO Į  salt content, and medium with 

substantially increased SO Į  salt content. The composition of each medium is provided in Table 

6, Section 3.4.2. All media additionally contained 0,7% w/v agar and 2% w/v sucrose. Plants 

were cultivated under controlled growth chamber conditions. Tissues were collected on days 2, 

5, and 10, and on days 20, 30, and 40, with root and aerial tissues sampled separately at the latter 

three time points. The analyses included transcript levels of genes involved in CGs metabolism, 

cyanogenic potential, free cyanide content, ɓ-cyanoalanine synthase activity, and relative 

amino acid content. The experimental workflow is shown in Figure 17. 

 

Figure 17 Experimental design illustrating the treatment with intensive sulfur supplementation and sulfur depletion in 
medium conditions 
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3.6.9 Moderate nitrogen reduction and nitrogen enrichment in medium 

treatment in Linola and CD22 flax 

Sterilized seeds of Linola and CD22 flax cultivars were germinated in darkness on MS 

medium with (2% w/v sucrose, 0,7% w/v agar, pH 5,8) for two days. Seedlings at a comparable 

germination stage were then transferred either to stress media or back to control full MS 

medium. Two nitrogen conditions were established: nitrogen-deficient (Nī) and nitrogen-

enriched (N+). Nitrogen availability was modulated by adjusting the concentrations 

of ammonium nitrate (NH NO ) and potassium nitrate (KNO ). The total nitrate ion (NO ) 

concentrations in the respective media were 15,7mmol/L (N-; 40%), 39,4 mmol/L (MS; 100%), 

and 63,0 mmol/L (N+; 160%). Changes in medium content are detailed in Table 7. Tissue 

samples were collected after 3, 6, 10, 20, and 30 days of growing on stress and control media, 

by pooling material from multiple vessels to ensure biological consistency. The expression 

of genes involved in CGs metabolism was analyzed, along with the quantification of CGs 

content under the different nitrogen treatments. The course of the experiment is illustrated 

in Figure 18. 

 

Figure 18 Experimental design illustrating the treatment with moderate nitrogen supplementation and depletion in 
Linola and CD22 flax 
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3.6.10 Acute nitrogen reduction and intensive nitrogen supplementation 

treatment in Linola flax 

To investigate the effects of acute nitrogen availability on plant metabolism, flax was 

subjected to nitrogen depletion and enrichment stress conditions. The experimental setup 

included three nitrogen regimes: low nitrogen stress (N-), nitrogen-rich stress (N+), 

and a control based on half-strength MS (İMS). Nitrogen availability was modified 

by adjusting the concentrations of ammonium nitrate (NH NO ) and potassium nitrate (KNO ) 

in the growth medium. Specifically, in the N- condition, the concentrations of NH NO  

and KNO  were significantly reduced (resulting in a total nitrate concentration of 5,9 mmol/L, 

corresponding to approximately 30% of the control level), whereas in the N+ condition, content 

of these salts were substantially increased (yielding a total of 67,0 mmol/L NO , approximately 

340% of the control). The control medium contained 19,7 mmol/L NO , which was designated 

as 100%. These modifications were designed to induce a nitrogen specific stress response while 

minimizing osmotic effects, although it is acknowledged that substantial nitrate 

supplementation may also contribute to osmotic stress. Changes in medium content are detailed 

in Table 8. All media were supplemented with 0,7% w/v agar and 2% w/v sucrose. Plants were 

cultivated under controlled growth chamber conditions. Tissues were harvested on days 2, 5, 

and 10, as well as on days 20, 30, and 40, with root and aerial tissues collected separately at the 

latter three time points. The analyses included the determination of transcript levels of genes 

involved in CGs metabolism, cyanogenic potential, free cyanide content, ɓ-cyanoalanine 

synthase activity, and relative amino acid content. The experimental workflow is illustrated 

in Figure 19. 

 

Figure 19 Experimental design illustrating the treatment with intensive nitrogen supplementation and nitrogen depletion 
in medium conditions 
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3.6.11 Experimental procedure for OLIGO treatment under conditions 

of altered sulfur supplementation in Linola flax 

Antisense oligonucleotides (OLIGO) introduced into plant cells can bind 

to complementary DNA or RNA sequences, forming hybrids that recruit epigenetic factors such 

as DNA methyltransferases, histone-modifying proteins, or components of chromatin-

remodeling complexes. This interaction induces local changes in chromatin structure, including 

condensation or relaxation, as well as alterations in methylation, thereby influencing 

accessibility to the transcriptional machinery. The outcome may involve either repression 

or activation of gene transcription in a reversible manner without altering the genomic sequence 

itself. Through this mechanism, OLIGO treatment enables targeted regulation of gene 

expression via epigenetic pathways. According to earlier reports and our laboratory results, 

transient oligo technology is capable of inducing changes in gene activity lasting up to several 

days (Dzialo et al. 2017). Moreover, studies demonstrate that this approach can even result 

in stable and heritable modifications in flax plants (Dzialo et al. 2019). 

OLIGO treatment aimed at inducing changes in transcript profiles of the CAS gene, 

which encodes the ɓ-cyanoalanine synthase enzyme responsible for cyanide detoxification, 

was applied. The treatment was carried out in conjunction with conditions of altered sulfur 

supplementation in the growth medium. The procedure was conducted using three distinct 

OLIGO variants applied to Linola flax seedlings cultivated on three different media conditions 

(S-, İ MS, and S+). Figure 20 presents the experimental design. Flax seeds of the Linola 

cultivar were germinated in Petri dishes on three variants of media, all based on half MS (İ 

MS) salt composition solidified with 0,7% w/v agar with 2% w/v sucrose supplement. 

The control medium (hereafter referred to as İMS was compared with two stress-related 

variants differing in sulfur salt content: one with elevated levels (S+) and one with reduced 

levels (S-). The exact compositions of the media are provided in Table 6.  After 7 days 

of growth, seedlings were subjected to oligonucleotide treatment. The procedure involved 

excising the root system, followed by a 20-minute dehydration step under laminar airflow. 

Subsequently, seedlings were immersed for 25 minutes in a solution containing either specific 

oligonucleotides (10 mM OLIGO, 1% sucrose) or a control solution (1% sucrose) (Sun et al. 

2005). The oligonucleotides applied included CAS2, CAS3, and RANDOM, with detailed 

nucleotide sequences listed in Table 2. CAS2 and CAS3 are designed to interact with transcripts 

of the gene encoding ɓ-CAS, whereas RANDOM represents a non-targeting oligonucleotide 

with a randomized sequence, serving as an additional control for the treatment procedure. 

Treated seedlings were then transferred into glass jars containing the same nutrient medium 

as used during germination (e.g., seedlings pre-treated on S- medium were transferred to jars 

also containing S- medium), ensuring that the cut stem ends were submerged in the medium. 

The seedlings were further cultivated under controlled phytotron conditions until tissue 

sampling. Samples were collected at five time points: 8 hours, 24 hours, 48 hours, 7 days, and 

14 days post-treatment. Subsequent analyses included quantification of transcript levels 

of genes involved in CGs metabolism, enzymatic activity of ɓ-cyanoalanine synthase, free 

cyanide content, cyanogenic potential, and amino acid concentrations. 
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Figure 20 Experimental design for OLIGO treatment under different sulfur nutritional conditions 

3.7 Statistical analysis, data visualization and used bioinformatic tools 

Data visualization and statistical analyses were performed using GraphPad Prism 9 

(GraphPad Software, San Diego, CA, USA) or custom-written Python scripts in PyCharm 

2024.1.3 (JetBrains s.r.o.) with Python interpreter version 3.12. The specific statistical tests 

applied are indicated in the figure legends, selected according to the structure of the dataset 

and the priority information to be extracted from the results. In the case of transcript analyses, 

in addition to assessing statistical significance, biological relevance was evaluated by verifying 

the fold change in relative expression levels. A twofold increase or a 50% decrease 

in expression was considered biologically significant. In the Python scripts, the following 

libraries were used: pandas (data manipulation and analysis), numpy (numerical computing), 

matplotlib (data visualization), seaborn (statistical data visualization), statsmodels (statistical 

modeling and hypothesis testing), and Biopython (bioinformatics tools). Data in the graphs 

are presented as mean Ñ standard deviation (SD), and the number of replicates used for each 

analysis was not less than three. 
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4. Results 

4.1 In silico identification and analysis of cis-regulatory elements in promoter regions 

of cyanogenic glycosides related genes 

In order to identify putative cis-regulatory elements potentially involved 

in the regulation of CGs metabolism, nucleotide sequences comprising 1500 base pairs 

upstream of the translational initiation codon (ATG) were subjected to analysis. The results are 

summarized in Figure 21, which depicts the distribution of scores assigned to various regulatory 

categories in the form of a heatmap, thereby illustrating their occurrence across the set 

of analyzed genes. 

 
Figure 21 Heatmap of response point scores for cis-regulatory motifs identified in the promoters of genes involved in 
cyanogenic glycosides metabolism related genes. 
Scores represent the cumulative presence of motifs associated with specific regulatory categories, including abiotic 
stress (light, drought, cold, heat, salt, oxidative), metabolic regulation (energy metabolism, nitrogen-related regulation, 
hypoxia), biotic stress (pathogen, wounding), and developmental responses. Higher scores indicate a greater potential 
for transcriptional responsiveness within a given category. 

When considered in the context of their functional roles, the response point profiles 

suggest coordinated but distinct regulatory trends across CGs metabolism. The biosynthetic 

genes CYP79 and UGT85 displayed high responsiveness to abiotic stresses such as drought, 

cold, salt, and oxidative stress, alongside notable developmental regulation, indicating that CGs 

biosynthesis may be tightly coupled to both environmental stress adaptation and growth-related 

processes. Genes involved in CGs degradation (ɓ-glucosidases and HNL) also showed strong 

abiotic stress responsiveness, but, unlike the biosynthetic genes, they were more prominently 

associated with pathogen and wounding responses, consistent with their role in releasing toxic 

cyanide as a defense mechanism. The detoxification genes CAS, OASTL, and CAN exhibited 

a mixed regulatory profile: CAS, the principal gene responsible for cyanide detoxification, 

showed high responsiveness across multiple stress categories, underscoring its central role 

in mitigating cyanide toxicity. OASTL also demonstrated broad responsiveness, particularly 

to abiotic stresses, reflecting its role in sulfur metabolism and its functional link to cyanide 
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detoxification, while CAN displayed more moderate responsiveness. This pattern aligns 

with their functions in integrating cyanide detoxification with nitrogen and sulfur metabolism. 

Glutathione S-transferase, included due to its involvement in ROS management, had 

comparatively low overall scores but showed responsiveness to oxidative stress, supporting 

its putative role in mitigating ROS generated during CG turnover. Together, these patterns 

indicate that CGs metabolism genes are differentially embedded within broader stress response 

networks, with biosynthesis, degradation, and detoxification modules potentially activated 

under distinct environmental and physiological conditions. 

4.2 Characteristics of the primary metabolism of cyanogenic glycosides in flax 

In the present study, flax cultured under in vitro conditions exhibited a dynamic pattern 

of CGs metabolism that corresponded to the vegetative phase of development observed in soil 

cultivation conditions. To ensure accurate interpretation of metabolic responses under stress, 

the initial part of the results section characterizes the baseline CGs metabolism in control 

in vitro conditions. 

4.2.1 Cyanogenic glycoside metabolism under full and half-strength MS 

conditions 

As the control medium used in certain analyses was half-strength MS medium (İMS) 

a formulation widely applied in plant tissue culture for rooting, shoot regeneration, and growth 

optimization, it was compared to full-strength MS medium. This comparison provided 

a reference framework for evaluating changes in CGs metabolism under different nutritional 

regimes. The experimental procedure used for the comparison of plants grown on half-strength 

MS medium (İMS) and full-strength MS medium is described in Section 3.6.1. No visible 

phenotypic differences were observed between plants grown on full-strength and half-strength 

MS media throughout the culture period. 

4.2.1.1 Transcript level analysis of genes involved in cyanogenic 

glycoside metabolism 

Quantitative qPCR analysis was performed to assess the transcript levels of genes 

involved in CGs metabolism. To visualize transcriptional dynamics during in vitro development 

and in response to the nutrient strength of the culture medium, data were presented as log (RQ) 

values relative to day 2 samples grown on full-strength MS medium. The results are shown 

in Figure 23. 

Most of the analyzed genes exhibited a similar temporal expression pattern, 

with the exception of UGT85 (Figure 22 a) and ɓ-GLU (Figure 22 b). A characteristic 

transcriptional peak was observed on day 5, following an initial increase from day 2. 

Subsequently, transcript levels declined at varying rates, reaching a minimum around day 20 

or 30, before showing a renewed increase. This transcriptional pattern closely mirrors 

that observed under in vivo conditions and corresponds well with the fluctuations in CGs 

content in both in vivo (Zuk et al. 2020) and in vitro (as presented in subsequent sections). 

In contrast to the general temporal trend observed for most of the analyzed genes, transcript 
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level analysis of UGT85, ɓ-GLU, and CAN (Figure 22 c) revealed an additional increase 

in expression at later developmental stages, with a second peak occurring around day 20 or 30. 

Furthermore, tissue-specific differences in transcript abundance were detected during 

the period when both green and root tissues were analyzed in parallel (days 20ï40). For CYP79 

(Figure 22 a), which encodes an enzyme involved in the initial step of CGs biosynthesis, as well 

as for ɓ-GLU, transcript levels were consistently low in root tissue. For CYP79, log (RQ) values 

remained below ï2,5 for root, regardless of time point and culture medium, while log (RQ) 

for shoot was 0,34 Ñ 0,23. For ɓ-GLU transcript abundance for root was characterized 

by log (RQ) values below ï3, for shoot 3,5 Ñ 0,84. Conversely, higher transcript levels were 

observed in roots compared to green tissue for ɓ-GLU Vicianinase, ɓ-GLU Linamarase (Figure 

22 b), and nitrate reductase (Figure 22 c). For the remaining genes, transcript levels did not 

show significant differences between green and root tissues during this timeframe. Comparison 

of transcript levels between plants grown on full-strength and half-strength MS media revealed 

no statistically significant differences for the majority of analyzed genes, in both green tissue 

and roots. However, biologically and statistically significant differences (p < 0,01) were 

detected for the UGT85 gene in root tissue at days 30 and 40, indicating a medium-dependent 

effect on its expression at later developmental stages. On day 30, UGT85 expression in roots 

was 0,58 log (RQ) in MS medium and 1,57 log (RQ) in İ MS, corresponding to 

an approximately 99% increase. At day 40, expression levels were 0,84 log (RQ) in MS 

and 1,85 log (RQ) in İ MS, representing an approximately 101% increase.  
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Figure 22 Transcript level dynamics in response to the type of culture medium (MS vs. ½ MS) 
Transcript level dynamics in response to the type of culture medium (MS vs. ½ MS) over time were visualized in a series 
of gene expression plots. Genes involved in cyanogenic glycosides biosynthesis were highlighted in green, those 
associated with glycoside degradation in red, and genes related to cyanide detoxification in purple Gene expression 
levels were assessed using qPCR, with statistical analysis and data visualization performed in GraphPad Prism 9. 
The ƖĲƚƨũƣƚЮƽĲƖĲЮŰŸƖůċũŔǍĲĬЮƣŸЮċĦƣŔŰЮĲǂƓƖĲƚƚŔŸŰЮċŰĬЮċƖĲЮƓƖĲƚĲŰƣĲĬЮċƚЮũŸŊБёÅÄђЮƖĲũċƣŔƻĲЮƣŸЮƣőĲЮƚċůƓũĲЮĦŸũũĲĦƣĲĬЮŸŰЮĬċǃЮ
2 from plants grown on full-strength MS medium. ÉƣċƣŔƚƣŔĦċũЮċŰċũǃƚĲƚЮƽĲƖĲЮĦŸŰĬƨĦƣĲĬЮŉŸƖЮŰЮӊЮΦЮƖĲƓũŔĦċƣĲƚдЮTwo-way 
 §é ЮŉŸũũŸƽĲĬЮĤǃЮÑƨťĲǃѢƚЮƓŸƚƣЮőŸĦЮĦŸƖƖĲĦƣŔŸŰЮƽċƚЮċƓƓũŔĲĬ (*p < 0,05; **p < 0,01; ***p < 0,001). For clarity 

of presentation, only statistically significant differences between culture media conditions are indicated on the graphs. 
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4.2.1.2 Evaluation of cyanogenic potential and free cyanide levels 

under full and half-strength MS conditions 

Cyanogenic potential indirectly reflecting the content of CGs, as well as free cyanide 

levels, were analyzed in Linola flax grown in vitro on full-strength and half-strength MS media 

over time. Results were expressed as Õmol HCNĿg ĭ fresh weight (FW). From day 2 to day 10 

post-germination, a marked increase in cyanogenic potential (Figure 23 left chart), was 

observed, rising from 3,0 Õmol HCNĿg ĭ FW (MS) and 2,4 Õmol HCNĿg ĭ FW (İ MS) to 26,36 

and 35,15 Õmol HCNĿg ĭ FW, respectively, on day 10. Subsequently, cyanogenic potential 

gradually decreased, reaching 5,4 Õmol HCNĿg ĭ FW (MS) and 8,1 Õmol HCNĿg ĭ FW (İ MS) 

by day 40. No statistically significant differences in cyanogenic potential were observed 

between plants grown on full-strength and half-strength MS media at any of the analyzed time 

points. The observed temporal trend in cyanogenic potential closely parallels the transcript level 

dynamics of genes involved in CGs metabolism, with a delayed expression peak aligning with 

day 10. 

Similarly, no statistically significant differences in free cyanide content (Figure 23 right 

chart),  were found between the two media. Temporal dynamics of free cyanide content did not 

correspond to the time-course pattern of cyanogenic potential. Between days 2 and 10, free 

cyanide concentrations remained lower, averaging approximately 0,65 Õmol HCNĿg ĭ FW 

(MS) and 0,4 Õmol HCNĿg ĭ FW (İ MS), whereas elevated levels were observed at later stages 

(days 20ï40), peaking at approximately 2,6 Õmol HCNĿg ĭ FW for both media conditions. 

 
Figure 23 Effect of culture medium composition (MS vs. ½ MS) on cyanogenic potential and free cyanide levels 
Cyanogenic potential and free cyanide expressed as µmol HCN·gϖ¹ fresh weight (FW), assessed in Linola flax cultivated 
in vitro on full-strength and half-strength MS media over a 40-day time course. All statistical analyses were based on n 
ӊЮΦЮĤŔŸũŸŊŔĦċũЮƖĲƓũŔĦċƣĲƚЮċŰĬЮƽĲƖĲЮƓĲƖŉŸƖůĲĬЮƨƚŔŰŊЮ]ƖċƓőÂċĬЮÂƖŔƚůдЮTwo-ƽċǃЮ  §é ЮŉŸũũŸƽĲĬЮĤǃЮÑƨťĲǃѢƚЮƓŸƚƣЮőŸĦЮ
correction was applied (*p < 0,05; **p < 0,01; ***p < 0,001). No statistically significant differences in cyanogenic potential 
and free cyanide content were observed between MS and ½ MS media at any time point. 

4.2.1.3 Analysis of ɓ-CAS activity under full and half-strength MS 

conditions 

The detoxification activity of the enzyme ɓ-CAS was measured in flax Linola cultivated 

in vitro on full-strength and half-strength MS media over time. Enzymatic activity 

was quantified in both green tissue (Figure 24 left chart), and root (Figure 24 right chart),  
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samples and expressed as nmol of H S produced per gram of tissue per minute. No statistically 

significant differences in ɓ-CAS activity were observed between media conditions for either 

tissue type. The temporal profile of ɓ-CAS activity closely correlated with the transcript levels 

of the CAS gene (Figure 22 c), showing a characteristic peak on day 5 of the experiment, when 

the enzymatic activity reached its maximum values of 16,4 nmol H SĿg ĭĿmin ĭ in plants grown 

on full-strength MS medium and 16,6 nmol H SĿg ĭĿmin ĭ on half-strength MS medium. The 

increase in transcript abundance observed on day 40 (Figure 22 c),  does not appear to be 

reflected at the enzymatic activity level at that time point, suggesting a possible post-

transcriptional delay or regulation. Although CGs are present in root tissue only at trace levels, 

ɓ-CAS activity was comparable to that in green tissue, suggesting that the root maintains a 

functional cyanide detoxification mechanism independent of glycoside abundance. 

 

Figure 24 EŉŉĲĦƣЮŸŉЮĦƨũƣƨƖĲЮůĲĬŔƨůЮĦŸůƓŸƚŔƣŔŸŰЮё~ÉЮƻƚдЮЀЮ~ÉђЮŸŰЮ͏-CAS enzymatic activity in shoot and root tissues 
-͏9 ÉЮĲŰǍǃůċƣŔĦЮċĦƣŔƻŔƣǃеЮĲǂƓƖĲƚƚĲĬЮċƚЮŰůŸũЮcБÉнůŊϖ¹ protein·minϖ¹, was quantified in green tissue (shoot) and root of 

flax Linola cultured in vitro on full-strength and half-strength MS media over time. All statistical analyses were based on 
ŰЮӊЮΦЮĤŔŸũŸŊŔĦċũЮƖĲƓũŔĦċƣĲƚЮċŰĬЮƽĲƖĲЮƓĲƖŉŸƖůĲĬЮƨƚŔŰŊЮ]ƖċƓőÂċĬЮÂƖŔƚů 9. Two-ƽċǃЮ  §é ЮŉŸũũŸƽĲĬЮĤǃЮÑƨťĲǃѢƚЮƓŸƚƣЮőŸĦЮ
correction was applied (*p < 0,05; **p < 0,01; ***p < 0,001).  ŸЮƚƣċƣŔƚƣŔĦċũũǃЮƚŔŊŰŔŉŔĦċŰƣЮĬŔŉŉĲƖĲŰĦĲƚЮŔŰЮ͏-CAS activity were 
found between MS and ½ MS media at any time point in either tissue type.  

4.2.1.4 Amino acid profile alterations in response to full- and half-

strength MS medium 

Due to the fact that amino acids serve as substrates for the synthesis of CGs, and that 

cyanide is detoxified through their formation, the amino acid content in flax Linola plants 

was analyzed under in vitro conditions over time, using both full-strength and half-strength MS 

media. The results are presented as the fold change in amino acid content in half strength MS 

medium relative to the corresponding values in full-strength MS medium on each sampling day 

(Figure 25). No statistically significant differences were observed in the levels of any of 

the analyzed amino acids on days 2 and 5 after sowing, except for isoleucine and proline on day 

5, which were significantly lower in plants grown on İMS medium compared with the full-

strength MS control (p < 0,05), with fold changes of 0,87 for isoleucine and 0,86 for proline. 

Subsequently, both isoleucine and proline showed statistically higher levels in plants cultured 

on İMS medium at later time points relative to the full-strength MS control (p < 0,05): 

for isoleucine, 1,25 Ñ 0,04 (day 20) and 1,11 Ñ 0,02 (day 30); for proline, 1,26 Ñ 0,04 (day 20) 

and 1,12 Ñ 0,02 (day 30). For lysine, tyrosine, and methionine, no statistically significant 
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differences were observed at any of the analyzed time points between treatments. In contrast, 

alanine, valine, leucine, serine, threonine, ornithine, aspartate, and asparagine showed 

significantly higher concentrations in plants grown on İMS medium on days 10, 20, and 30, 

with varying levels of statistical significance (from p < 0,05 to p < 0,01). A statistically 

significant increase in glycine (fold change 1,29) and hydroxyproline (fold change 1,21) content 

was observed only on day 10 in plants cultivated on half-strength MS medium (p < 0,01 and 

p < 0,05, respectively). Glutamate and glutamine also exhibited significantly higher levels (fold 

change 1,39 Ñ 0,01)  in plants grown on İMS medium compared to the control on day 10. 

However, by day 20, an opposite trend was observed, with their concentrations falling below 

(fold change 0,83 Ñ 0,02) those measured in plants cultivated on full-strength MS medium. 
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Figure 25 Effect of culture medium  (full-strength MS vs. half-strength MS) on amino acid content in Linola flax shoots 
under in vitro conditions 

GC-FID analysis results show changes in amino acid content in green tissues of flax Linola cultured in vitro on full-
strength (MS) and half-strength (½ MS) media. Amino acid levels are presented as fold changes relative to the MS 
control (set as 1) for each corresponding time point. All statistical analyses were conducted using GraphPad Prism 
ĤċƚĲĬЮŸŰЮŰЮӊЮΦЮĤŔŸũŸŊŔĦċũЮƖĲƓũŔĦċƣĲƚдЮÉƣċƣŔƚƣŔĦċũЮƚŔŊŰŔŉŔĦċŰĦĲЮƽċƚЮĬĲƣĲƖůŔŰĲĬЮƨƚŔŰŊЮÉƣƨĬĲŰƣѢƚЮƣ-test with HolmшSidak 
correction (*p < 0,05; **p < 0,01; ***p < 0,001). 
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4.2.2 Comparison of transcript profiles and cyanogenic glycosides content 

in CD22 and Linola flax lines under control conditions 

 

Given the evident links between the metabolism of CGs and sulfur-containing amino 

acids, selected experiments were conducted using the transgenic Linola CD22 line. This line 

carries an overexpression of the yeast Met25 gene and is characterized by an increased content 

of sulfur-containing amino acids. This approach enables a more comprehensive understanding 

of the associated metabolic pathways. Plants analyzed in this study were maintained 

as described in Section 3.6.7 for control conditions.  

The relative transcript levels and CGs content were evaluated in both the non-transgenic 

Linola flax line and the transgenic CD22 grown under standard control conditions (MS 

medium). Figure 26 presents the time-dependent expression patterns of genes involved in CGs 

metabolism. Among the genes analyzed, statistically and biologically significant changes 

in transcript abundance were observed exclusively for the CYP79 (Figure 26 a) gene, which 

encodes an enzyme catalyzing the initial step in the biosynthesis of CGs. In the transgenic CD22 

line, the CYP79 transcript level on day 2 of analysis was more than two-fold higher compared 

to the non-transgenic Linola line. A similar difference was observed on Day 20 of analysis, 

with both instances reaching a level of statistical significance (p < 0,01). It should be noted that 

due to a two-day shift in the timing of analysis relative to seed sowing, the characteristic 

expression peak observed around day 5 in earlier experiments (as shown in Figure 22) is not 

recorded in this study. Consequently, transcript levels appeared to follow a declining trend over 

time, as the reference control point used for time-course comparison is around the peak 

of expression typically associated with early seedling development.
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Figure 26 Transcript levels of cyanogenic glycosides metabolism genes in Linola and transgenic CD22 flax lines under 
control conditions 
Relative transcript levels of genes involved in cyanogenic glycoside metabolism were quantified using quantitative PCR 
(qPCR). Genes associated with cyanogenic glycoside biosynthesis are highlighted in green, those involved in glycoside 
degradation in red, and genes related to cyanide detoxification in purple. Expression values were normalized to the 
reference gene actin and are presented as relative quantification (RQ) values in reference to Linola samples collected 
on day 2 of analysis (corresponding to 4 days post-sowing) under control  growth conditions (MS medium). Data 
represents ƣőĲЮůĲċŰЮӌЮƚƣċŰĬċƖĬЮĬĲƻŔċƣŔŸŰЮŉƖŸůЮŰЮӊЮΦЮĤŔŸũŸŊŔĦċũЮƖĲƓũŔĦċƣĲƚдЮÉƣċƣŔƚƣŔĦċũЮċŰċũǃƚĲƚЮƽĲƖĲЮƓĲƖŉŸƖůĲĬЮƨƚŔŰŊЮ
GraphPad Prism 9. Two-ƽċǃЮ  §é ЮŉŸũũŸƽĲĬЮĤǃЮÑƨťĲǃѢƚЮůƨũƣŔƓũĲЮĦŸůƓċƖŔƚŸŰЮƣĲƚƣЮƽċƚЮċƓƓũŔĲĬЮёпƓЮӉЮΣеΣΨзЮппƓЮӉЮΣеΣΤзЮ
**p < 0,001). For clarity, only statistically significant differences between Linola and CD22 lines are indicated in the 
plots. 
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The Figure 27 presents the cumulative content of four CGs identified in flax using 

UPLC-MS, expressed in mg/g DW of lyophilized plant tissue. The developmental dynamics 

of CGs accumulation were analyzed in both the non-transgenic flax cultivar Linola and its 

genetically modified line CD22 under control conditions (MS medium). At day 2, the transgenic 

line CD22 exhibited a significantly higher total CGs content than Linola (33,24 Ñ 3,52 mg/g 

DW vs 22,12 Ñ 2,94 mg/g DW; p < 0,05). By day 5, this difference was no longer statistically 

significant, with CGs levels being nearly equal in both lines. At day 10, a significant increase 

in cumulative CGs content was again observed in CD22 relative to Linola (47,37 Ñ 7,03 mg/g 

DW vs 26,50 Ñ 2,64 mg/g DW; p < 0,05), and this trend persisted through day 20 (31,83 Ñ 1,80 

mg/g DW vs 19,25 Ñ 1,53 mg/g DW; p < 0,01). By day 30, no statistically significant 

differences were detected between the lines. These results indicate that CD22 tends 

to accumulate more CGs than Linola during early growth stages, which may relate to its higher 

content of sulfur-containing amino acids implicated in cyanide detoxification, suggesting 

an increased availability of detoxification-related components in the transgenic line. 

Cumulative content of four cyanogenic glycosides (mg/g DW) measured via UPLC-MS in lyophilized tissue of non-
transgenic flax cultivar Linola and the transgenic line CD22 grown on control MS medium over a 30-day period. DoA 
refers to the day of analysis, where DoA 0 corresponds to two days after sowing. CD22 exhibited significantly higher 
glycoside levels compared to Linola on day 2 (p < 0,05), day 10 (p < 0,05), and day 20 (p < 0,01), as determined by 
multiple t-test comparisons with HolmшËŔĬČťЮĦŸƖƖĲĦƣŔŸŰдЮ ŸЮƚŔŊŰŔŉŔĦċŰƣЮĬŔŉŉĲƖĲŰĦĲƚЮƽĲƖĲЮŸĤƚĲƖƻĲĬЮŸŰЮĬċǃƚЮΨЮċŰĬЮΦΣдЮ
Error bars represent standard deviation (ŰЮӊЮΦ). Statistical analysis and data visualization were performed using 
GraphPad Prism 9. 

  

Figure 27 Total content of cyanogenic glycosides in control conditions (MS medium)  for flax lines Linola and CD22 
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4.2.3 Diurnal variation in transcript levels of genes involved in cyanogenic 

glycosides metabolism in Linola flax 

Transcript levels of genes associated with CGs metabolism were assessed in a diurnal 

cycle using plants obtained as depicted in Section 3.6.2 on Fixure 11 for control conditions 

(upper part of the scheme 11). The analysis revealed statistically significant diurnal variations 

in transcript levels for most of the analyzed genes. Figure 28 presents relative transcript levels 

(RQ) expressed as fold changes compared to the 10:00 AM reference sample, shown as radar 

charts. The shaded segments of the circles indicate the dark phase of the cycle. All analyzed 

genes, with the exception of UGT85 (Figure 28 a) and ɓ-GLU Vicianinase (Figure 28 b), 

exhibited statistically significant fluctuations in transcript abundance over the 24-hour period. 

For CYP79 (Figure 28 a; RQ change: 0,38 Ÿ 0,86), CAS (Figure 28 c; 0,27 Ÿ 0,88), OASTL 

(Figure 28 c; 0,33 Ÿ 0,90), CAN (Figure 28 d; 0,07 Ÿ 1,3), and Nitrate reductase (Figure 28 

d; 0,52 Ÿ 0,94), a pronounced increase in transcript levels was observed between 6:00 AM 

(end of the dark phase) and 10:00 AM, suggesting light-induced transcriptional activation. 

CYP79, ɓ-GLU (Figure 28 b) ,CAS, OASTL, CAN and Nitrate reductase genes showed their 

lowest transcript levels during the dark period, supporting a light-responsive expression pattern. 

In contrast, ɓ-GLU Linamarase (Figure 28 b) displayed a distinct expression profile. 

Its transcript levels remained relatively constant during the light phase, but increased 

substantially during the dark phase, particularly between 10:00 PM and 2:00 AM (RQ change: 

0,93 Ÿ 2,5). This pattern suggests that ɓ-GLU Linamarase may be regulated by a different 

mechanism compared to other genes involved in CGs  metabolism, potentially responding 

inversely to light cues. 
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Figure 28 Diurnal transcript profiles of genes involved in cyanogenic glycoside metabolism in Linola flax 
Relative transcript levels (RQ) of selected genes are presented as pie charts illustrating changes over a 24-hour 
light/dark cycle. Transcript levels were normalized to the 10:00 AM time point. Shaded segments represent the duration 
of the dark phase. Data represents ƣőĲЮůĲċŰЮӌЮƚƣċŰĬċƖĬЮĬĲƻŔċƣŔŸŰЮŉƖŸůЮŰЮӊЮΦЮƖĲƓũŔĦċƣĲƚеЮŸĤƣċŔŰĲĬЮĤǃЮƕƨċŰƣŔƣċƣŔƻĲЮƖĲċũ-
time PCR (qPCR). Statistical analyses were performed using GraphPad Prism 9, while data visualization was carried out 
using a custom self-written Python script. Two-ƽċǃЮ  §é ЮŉŸũũŸƽĲĬЮĤǃЮÑƨťĲǃѢƚЮůƨũƣŔƓũĲЮĦŸůƓċƖŔƚŸŰЮƣĲƚƣЮƽċƚЮċƓƓũŔĲĬЮ
(*p < 0,05; **p < 0,01; **p < 0.001). Statistically significant differences in transcript levels between time points include: 
ш 9òÂΪάжЮΩжΣΣЮӡЮΤΣжΣΣЮёƓЮӉЮΣ,ΣΤппђеЮΩжΣΣЮӡЮΤΧжΣΣЮфЮΩжΣΣЮӡЮΤΫжΣΣЮёƓЮӉЮΣ,ΣΣΤпппђеЮΩжΣΣЮӡЮΥΥжΣΣЮёƓЮӉЮΣ,05*) ш ͏ -GLU Linamarase: 
ΥжΣΣЮӡЮΤΣжΣΣеЮΥжΣΣЮӡЮΤΧжΣΣеЮΥжΣΣЮӡЮΥΥжΣΣЮёƓЮӉЮΣ,ΣΣΤпппђзЮΥжΣΣЮӡЮΤΫжΣΣЮёƓЮӉЮΣ,01**) ш ͏ -]xÖжЮΩжΣΣЮӡЮΤΫжΣΣеЮΩжΣΣЮӡЮΥΥжΣΣЮёƓЮӉЮ
0,05*) ш c xжЮΩжΣΣЮӡЮΤΧжΣΣЮёƓЮӉЮΣ,01**) ш § ÉÑxжЮΥжΣΣЮӡЮΤΧжΣΣеЮΩжΣΣЮӡЮΤΧжΣΣЮёƓЮӉЮΣ,05*) ш  ŔƣƖċƣĲЮÅĲĬƨĦƣċƚĲжЮΩжΣΣЮӡЮΧжΣΣЮ
(p < 0,001***) 

4.3 Cyanogenic glycosides metabolism analyses under various stresses 

4.3.1 Cyanogenic glycosides metabolism in Linola flax under moderate 

drought stress conditions 

Analyses of CGs metabolism were conducted in Linola flax subjected to moderate 

drought stress. The treatment was carried out exactly as described in Section 3.6.3. 

Figure 29 shows the flax plants phenotype. In the left jar showed distinct changes in 

their appearance after 30 days of in vitro cultivation under drought stress conditions which were 

created by adding mannitol. The drought-stressed plants (Figure 29 left) showed reduced 

biomass production through their short stunted shoots and reduced lateral branching. The plants 

under drought stress developed shorter and denser shoots with reduced leaf size and expansion. 

The root system of drought-stressed plants showed decreased density and shorter 

length compared to the extensive root development in control plants. The right jar contained 

control plants (Figure 29 right) that displayed strong growththrough their long branching 

shoots and complete green leaf expansion. 
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The observed phenotypic changes match standard plant reactions to osmotic stress 

Demonstrating how plants redirect resources and modify their metabolic processes to survive 

water scarcity. 

4.3.1.1 Cyanogenic glycosides content in Linola flax under moderate 

drought stress conditions 

The Figure 30 presents the cumulative content of four CGs for Linola flax under control 

conditions and subjected to moderate drought stress. The first measurement taken at day 

0 shows the CGs amounts present in flax seedlings before they were transferredeither to control 

medium or medium with mannitol to create moderate drought stress. The CGs 

accumulation pattern showed a typical developmental pattern in both control and drought-

stressed plant samples. The total CGscontent reached its highest point around day 5 

of treatment. The CGs content measured 37,3mg/g DW in control plants and 33,53mg/g DW 

in drought-treated plants at this time point. The accumulation of CGs shows 

no significant variation between control and drought-stressed plants according to statistical 

analysis at any timepoint. The CGs content measurements between time points reveal minor 

developmental variations between the two experimental conditions. TheCGs content 

in control plants decreased by 11,6mg/g DW between day 5 and day 10 but drought-stressed 

plants showed only a 3,2mg/g DW decrease. Subsequently the CGslevel in stressed plants 

decreased by 10,65mg/g DW between day 10 and day 20 whereas control plants showed 

a 7,9mg/g DW decrease. The results show that drought-stressed plants reach their maximum 

CGsaccumulation levels at a later time point and maintain this peak for an extended period. 

The delayed and broader accumulation profile under moderate drought stress may indicate 

changes in developmental timing or reduced physiological progression. However, the totalCGs 

content showed no statistically significant variations between control and drought-treated 

plants at any of the examined time points. 

Figure 29 Phenotypic response of linola flax to moderate drought stress at 30th day of treatment 
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Figure 30 Total cyanogenic glycosides content in Linola flax cultured in vitro under control conditions and moderate 
drought stress 
The UPLC-MS method assessed content of cyanogenic glycosidesל(summary: linamarin, lotaustralin, linustatin, and 
neolinustatin)לin mg/g dryלweight (lyophilized) of flax Linola tissue whichלgrew on MS controlלmedium and 
moderateלdrought stress conditionsלfor 40 days. Day 0 result refers to seedlings at moment of transfer to control  or 
stress medium. The stress treatmentלdid not produceלany statistically significantלchanges in total content of CGs.לThe 
data showלthe mean ± standard errorל(SE) values fromלn ӊ 3לbiological replicates. GraphPad Prism9ל performed all 
statisticalלanalyses. Two-way ANOVAלfollowed by TukeyѢsלpost hoc test was performedל(*p < 0,05;ל**p < 0,01; ***p < 
 ל.(0,001

The time changes profiles of individual CGin flax seedlings under control 

and drought stress conditions are shown in Figure 31. Statistical analysis revealed no significant 

differences in the contents of specific glycosides in response to drought stress. 

Nevertheless, distinct physiological trends were maintained for both monoglycosides 

and diglycosides throughout the early developmental stages. The diglycosides linustatin and 

neolinustatin, which are the predominant CGs in flax seeds, exhibited a marked decrease in 

concentration during the initial days following germination. Linustatin decreased by 

approximately 62,6 % and neolinustatin by approximately 72,8 % from day 0 to day 2. 

This decline suggests their mobilization or metabolic turnover as part of early seedling 

development. In contrast, the monoglycosides linamarin and lotaustralin, which constitute 

the majority of total CGs throughout most of the vegetative growth phase, demonstrated a 

different pattern. Their levels increased rapidly during the first few days post germination, 

reaching peak concentrations around day 5: linamarin rose from 5,7 Ñ 0,1 mg/g DW at day 0 to 

22,6 Ñ 1 mg/g DW in control and 22 Ñ 0,2 mg/g DW under drought, and lotaustralin from 2,3 

Ñ 0,3 mg/g DW to 14,2 Ñ 0,53 mg/g DW in control and 10,1 Ñ 2,5 mg/g DW under drought. 

After day 5 concentration of both linamarin and lotaustralin declined. This pattern mirrors the 

overall dynamics of total CGs content during early seedling development as effect of fact that 

during the vegetative phase, the largest contribution to the total CGs pool was made by 

monoglycosides, in descending order: linamarin and lotaustralin. These were followed by the 
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diglycosides linustatin and neolinustatin. This composition reflects a physiological shift from 

seed-stored diglycosides to actively synthesized monoglycosides during early growth. 

  

Figure 31 Specific cyanogenic glycosides content in Linola flax cultured in vitro under control conditions and 
moderate drought stress 
The UPLC-MS method assessed content of specific cyanogenic glycosidesל(linamarin, lotaustralin, linustatin, and 
neolinustatin)לin mg/g dryלweight (lyophilized) of flax Linola tissue whichלgrew on MS controlלmedium and 
moderateלdrought stress conditionsלfor 40 days. Day 0 result refers to seedlings at moment of transfer to control  or 
stress medium. The stress treatmentלdid not produceלany statistically significantלchanges in none  of specific 
cyanogenic glycoside.לThe data showלthe mean ± standard errorל(SE) values fromלn ӊ 3לbiological replicates. GraphPad 
Prism9ל performed all statisticalלanalyses.  The statistical analysisלincluded two-way ANOVAלfollowed by TukeyѢsלpost 
hoc test. 
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4.3.1.2 Profiles of cyanogenic glycosides metabolism genes 

transcript levels under moderate drought stress conditions 

The expression levels of genes involved in the metabolism ofCGs were analyzed using 

qPCR in both control plants and plants subjected to moderate drought stress. Transcript levels 

were measured at multiple time points to assess gene expression changes in response 

to treatment, with all values expressed relative to the baseline at day 0, the point at which flax 

seedlings were transferred to either control or drought-stress conditions. Results are shown in 

Figure 32. Drought stress resulted in the elevated transcription of genes linked to CGs 

biosynthesis in specific analyzed timepoints. CYP79 (Figure 32 a) exhibited markedly elevated 

transcript levels at days 2, 5, and 10 of mannitol treatment, showing a 1,4-fold increase at day 

2, a pronounced 4,5-fold induction at day 5, and a 2,8-fold elevation at day 10 compared with 

the respective control plants. UGT85 (Figure 32 a) transcript levels in mannitol-treated plants 

consistently exceeded those in controls across most time points from day 2 through day 30, with 

the exception of day 20. Specifically, expression was 1,8-fold higher at day 2, nearly 3,0-fold 

at day 5, and approximately 3,1-fold at day 10, followed by a decrease below control levels 

(0,67-fold) at day 20, and a subsequent 1,8-fold elevation at day 30. The examined degradation-

related genes(Figure 32 b) displayed increased transcript levels in day 10 of treatment. 

The examined degradation-related gene ɓ-GLU exhibited a 2,6-fold increase in transcript 

abundance relative to the control at day 20 of treatment, which was both statistically 

and biologically significant. The genes ɓ-GLU Vicianinase and ɓ-GLU Linamarase displayed 

elevated expression also at days 2 and 5 although these changes did not fulfill the criteria 

for biological significance. Genes associated with cyanide detoxification also displayed 

significantly elevated transcript levels on day 10 of mannitol treatment, with CAS showing a 

2-fold increase and CAN exhibiting an almost 7,9-fold induction compared with the control 

(Figure 32 c). 

The gene expression profiles showed a developmental pattern with a peak at day 

5 regardless of stress conditions. The expression patterns of genes involved in CGsmetabolism 

indicate that drought stress leads to actual transcriptional activation rather than being a result  

of delayed development.  
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Figure 32 Transcript levels of cyanogenic glycosides metabolism genes in Linola flax under control and moderate 
drought stress conditions 
Transcript level dynamics in response to moderate drought stress condition visualized in a series of gene expression 
plots. Genes involved in cyanogenic glycoside biosynthesis were highlighted in green, those associated with glycoside 
degradation in red, and genes related to cyanide detoxification in purple Gene expression levels were assessed using 
qPCR, with statistical analysis and data visualization performed in GraphPad Prism 9. The results were normalized to 
actin expression and presented as (RQ) relative to the sample collected on day 0 before seedlings transfer to treatment 
ůĲĬŔċдЮÉƣċƣŔƚƣŔĦċũЮċŰċũǃƚĲƚЮƽĲƖĲЮĦŸŰĬƨĦƣĲĬЮŉŸƖЮŰЮӊЮΦЮƖĲƓũŔĦċƣĲƚ. Two-ƽċǃЮ  §é ЮŉŸũũŸƽĲĬЮĤǃЮÑƨťĲǃѢƚЮƓŸƚƣЮőŸĦЮ
correction was applied (*p < 0,05; **p < 0,01; ***p < 0,001. For clarity of presentation, only statistically significant 
differences between culture media conditions are indicated on the graphs. 

4.3.2 Cyanogenic glycoside metabolism under severe drought stress 

Due to literature evidence indicating that varying intensities of stress can differentially 

affect CGs metabolism, an analysis was conducted under conditions of intensified drought 

stress. Details of the procedure for inducing severe drought stress in plants are provided 

in Section 3.6.4. 
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The phenotypic appearance of flax plants after 30 days of in vitro cultivation 

under contrasting growth conditions is shown in Figure 33. The left vessel contains plants 

subjected to drought stress simulated by the addition of 2% w/v mannitol. These plants exhibit 

clear stress symptoms, including significantly reduced shoot height, limited lateral 

shoot formation, and visibly smaller leaves with poor expansion. Shoot architecture is compact, 

and overall aerial biomass accumulation is noticeably suppressed. In addition, drought-stressed 

plants developedan underdeveloped root system. In contrast, the right vessel shows control 

plants grown on standard MS medium, which display vigorous growth, elongated and well-

branched shoots, and fully expanded green leaves. Their root systems are extensive and well-

developed, suggesting optimal nutrient and water uptake capacity. These phenotypic 

differences are consistent with typical plant responses to osmotic stress, highlighting 

adaptive strategies such as growth limitation and resource conservation under water-deficient 

conditions. 

4.3.2.1 Profiles of cyanogenic glycosides metabolism genes transcript 

levels under severe drought stress conditions 

The heat map (Figure 34) displays log-transformed relative transcript levels for genes 

-involved in CGs metabolism in flax under severe drought conditions. Values reflect fold 

changes in expression between drought-treated and control plants at the same time point, 

enabling direct comparison of stress-induced transcriptional responses independent 

of developmental stage. The study detected statistically important variations in gene expression 

throughout different time intervals that demonstrated coordinated CGs metabolism adjustment 

under severe drought conditions. 

UGT85 displayed significant downregulation during day 5 (0,34-fold of the control) 

but subsequently showed a statistically verified increase on days 10 (2,04-fold), 30 (3,40-fold) 

and 40 (2,25-fold). CYP79 demonstrated the same expression pattern. Transcript level at day 5 

Figure 33 Phenotypic response of Linola flax to severe drought stress (on left) at day 30 
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was lowered (0,45-fold of the control) but increased significantly during days 30 (2,93-fold) 

and 40 (4,89-fold). 

The degradation pathway also showed changes in transcript levels as a result of drought 

treatment. The ɓ-GLU gene exhibited reduced transcript levels compared to the control 

throughout the entire time course; however, a significant reduction was observed only on day 

10 (0,29-fold of the control, i.e. about 71 % decrease). ɓ-GLU Vicianinase and HNL 

demonstrated lowered transcript levels at initial days of treatment (0,45-fold and 0,31-fold 

of the control, respectively, on day 2). However, the differences in expression levels relative 

to the control shifted over time toward an upregulation trend. Transcript levels of the HNL gene 

at days 30 and 40 were significantly higher compared to the control (3,94-fold and 3,00-fold, 

respectively), and in the case of ɓ-GLU Vicianinase, day 20 represented a notable change (2,96-

fold of the control). Transcript levels of ɓ-GLU Linamarase remained relatively stable 

throughout the analyzed time points, ranging between 0,82- to 1,65-fold, with no statistically 

significant changes. Similarly, CAN, involved in cyanide detoxification, showed no notable 

variation compared to the control. 

OASTL, another gene involved in cyanide detoxification, exhibited significantly 

reduced transcript levels relative to the control on days 2 (0,47-fold, ~53 % reduction) and 20 

(0,31-fold, ~69 % reduction). On day 10, the transcript level was only slightly elevated (1,41-

fold). Following the decrease observed on day 20, transcript abundance increased again relative 

to the control and remained elevated on days 30 (2,26-fold, statistically significant) and 40 

(1,61-fold). CAS, also involved in cyanide detoxification, showed a pattern of transcript level 

changes similar to those observed for the biosynthetic genes and for ɓ-GLU Vicianinase and 

HNL. After initially reduced transcript levels on day 5 (0,35-fold), expression began to increase 

relative to the control, reaching 1,48-fold on day 10, 1,61-fold on day 20, and 2,61-fold on day 

40, the latter two being statistically significant. Nitrate reductase showed consistently lower 

transcript levels compared to the control throughout the drought treatment, with the exception 

of day 2 (1,15-fold). Statistically significant downregulation was detected on days 5 (0,40-fold), 

30 (0,49-fold), and 40 (0,33-fold). When interpreting the heat map results, one should consider 

the developmental trends in transcript levels of genes related to CGs metabolism. Under drought 

stress, it can be concluded that for most of the analyzed genes, the developmental expression 

peak observed on day 5 under control conditions was less pronounced. In contrast, at later time 

points, when transcript levels were generally more stable, many genes involved in CGs 

metabolism showed upregulation in response to intense drought stress. 
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Figure 34 Transcript levels of cyanogenic glycosides metabolism genes in Linola flax under severe drought stress 
conditions 
Heat map illustrating relative transcript levels of genes involved in cyanogenic glycoside metabolism across selected 
ƣŔůĲЮƓŸŔŰƣƚЮĬƨƖŔŰŊЮƣƖĲċƣůĲŰƣдЮ]ĲŰĲƚЮċƖĲЮŊƖŸƨƓĲĬЮĤǃЮŉƨŰĦƣŔŸŰжЮĤŔŸƚǃŰƣőĲƚŔƚЮё9òÂΪάеЮÖ]ÑΫΨђеЮĬĲŊƖċĬċƣŔŸŰЮё͏-GLU 
xŔŰċůċƖċƚĲеЮ͏-]xÖеЮ͏-GLU Vicianinase, HNL), and detoxification (CAS, CAN, OASTL, NR). Color intensity represents 
relative transcript abundance. Orange indicates elevated expression; purple indicates reduced expression. The results 
ƽĲƖĲЮŰŸƖůċũŔǍĲĬЮƣŸЮċĦƣŔŰЮĲǂƓƖĲƚƚŔŸŰЮċŰĬЮЮƓƖĲƚĲŰƣĲĬЮċƚЮёxŸŊБёÅÄђђЮƖĲũċƣŔƻĲЮƣŸЮtranscript level in control sample in specific 
day of analysisдЮÉƣċƣŔƚƣŔĦċũЮċŰċũǃƚĲƚЮƽĲƖĲЮĦŸŰĬƨĦƣĲĬЮŉŸƖЮŰЮӊЮΦЮƖĲƓũŔĦċƣĲƚ in GraphPad Prism 9. Statistical significance 
was determined by multiple t-test comparisons with HolmшËŔĬČťЮĦŸƖƖĲĦƣŔŸŰЮ(* p < 0,05).  

4.3.2.2 Cyanogenic potential and free cyanide in Linola flax under 

severe drought stress conditions 

The bar graphs in Figure 35 present the time course dynamics of cyanogenic potential 

(Figure 35 right chart) and free cyanide concentration (Figure 35 left chart) in Linola flax 

subjected to severe drought stress over a 40-day period. Sampling points span from day 2 to 

day 40 of the treatment. In the left panel, cyanogenic potential displays a gradual increase from 

day 2, reaching a peak at day 10 in both drought-treated and control plants, with values of 49,1 

Ñ 3,7 and 26,4 Ñ 4,3 Õmol CN Ŀg ĭ FW, respectively (1,86-fold higher under drought). A 

statistically significant increase in cyanogenic potential is observed in plants subjected to severe 

drought stress compared to the control group across almost all measured time points. At day 2, 

drought-stressed plants showed 5,51 Ñ 0,49 versus 3,01 Ñ 0,66 Õmol CN Ŀg ĭ FW in controls 

(1,83-fold). At day 5, values were comparable between stressed and control plants (16,1 Ñ 2,4 

vs. 15,2 Ñ 1,8 Õmol CN Ŀg ĭ FW). At day 20, cyanogenic potential declined in both groups, but 

stressed plants maintained slightly lower levels (13,0 Ñ 2,7) compared to the control (18,8 Ñ 

3,9), corresponding to 0,69-fold of the control. In the later stages of the experiment, cyanogenic 

potential remained clearly elevated in drought-stressed plants, with 26,2 Ñ 3,3 vs. 10,8 Ñ 0,8 

Õmol CN Ŀg ĭ FW at day 30 (2,43-fold), and 33,7 Ñ 6,5 vs. 6,58 Ñ 0,31 Õmol CN Ŀg ĭ FW at day 

40 (5,12-fold). This pattern is consistent with previously reported increases in transcript levels 

of genes involved in CGs biosynthesis and turnover during extended stress conditions.  

The concentration of free cyanide (Figure 35 left chart), presented in the right panel, did 

not show statistically significant changes during the early and mid-stages of the drought 

treatment. However, by day 40, a marked and statistically significant increase (p < 0,001) was 

observed, with drought-treated plants reaching 8,26 Ñ 0,35 Õmol CN Ŀg ĭ FW compared to 1,99 

Ñ 0,29 Õmol CN Ŀg ĭ FW in controls, corresponding to a 4,15-fold elevation. This late-stage 

rise in free cyanide levels may suggest a functional role of cyanide as a signaling molecule, 
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potentially involved in the regulation of senescence-related processes under prolonged drought 

stress.

 

Figure 35 Cyanogenic potential and free cyanide concentration in Linola flax under severe drought stress 
Cyanogenic potential (left panel) and free cyanide content (right panel) were measured in drought-stressed and control 
Linola flax plants on days 2, 5, 10, 20, 30, and 40 of the treatment. Data represent mean values ± standard error (SE), 
based on a minimum of 3  biological replicates per time point and treatment. Statistical analysis was performed using 
GraphPad Prism 9 software. Multiple unpaired t-tests with HolmшËŔĬČťЮĦŸƖƖĲĦƣŔŸŰЮŉŸƖЮůƨũƣŔƓũĲЮĦŸůƓċƖŔƚŸŰƚЮƽĲƖĲЮƨƚĲĬЮ
to assess significance between control and drought-treated samples at each time point (*p < 0,05; **p < 0,01; ***p < 
0,001). 

4.3.2.3 ɓ-Cyanoalanine synthase enzymatic activity in Linola flax 

under severe drought stress conditions 

Enzymatic activity of ɓ-cyanoalanine synthase (ɓ-CAS), responsible for cyanide 

detoxification, was measured in both control and drought-stressed Linola flax plants and 

expressed as the amount of H S removed per milligram of protein per minute (nmol H SĿmgĭ 

proteinĿmin ĭ). In green tissues (Figure 36 right chart), measurements were taken on days 2, 5, 

10, 20, 30, and 40 of the drought treatment, whereas in roots, activity was assessed on days 20, 

30, and 40. In shoot tissue, ɓ-CAS activity was initially higher in control plants compared to 

drought-stressed plants on day 2 (4,24 Ñ 0,05 vs. 2,81 Ñ 0,18 nmol H SĿmg ĭ proteinĿmin ĭ, 

corresponding to a 0,66-fold level under drought). However, by day 5, a statistically significant 

increase in ɓ-CAS activity was observed in drought-treated plants (20,69 Ñ 0,92) relative to the 

control (16,39 Ñ 0,85), representing a 1,26-fold elevation. This effect appeared transient, 

as no significant difference was detected on day 10, with both groups showing comparable 

enzymatic activity. This convergence, however, may reflect a developmental mismatch 

in the decline of ɓ-CAS activity after a peak at day 5, rather than a consistent response 

to drought. In contrast, from day 20 onwards ɓ-CAS activity remained consistently 

and significantly higher in drought-stressed plants compared to controls, with values of 15,07 

Ñ 1,36 vs. 9,10 Ñ 0,79 at day 20 (1,66-fold), 11,70 Ñ 1,01 vs. 6,54 Ñ 0,56 at day 30 (1,79-fold), 

and 9,94 Ñ 0,45 vs. 5,44 Ñ 0,19 at day 40 (1,83-fold). This upregulation may reflect an enhanced 

need for cyanide detoxification under prolonged water deficit. 

A similar pattern was observed in root tissue (Figure 36 left chart), where ɓ-CAS 

activity was significantly higher in drought-stressed plants than in controls at all examined time 

points. Specifically, activity reached 11,42 Ñ 0,83 vs. 7,78 Ñ 0,27 nmol H SĿmg ĭ proteinĿmin ĭ 
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at day 20 (1,47-fold), 11,70 Ñ 1,01 vs. 6,42 Ñ 0,13 at day 30 (1,82-fold), and 10,15 Ñ 0,90 vs. 

7,34 Ñ 0,37 at day 40 (1,38-fold). These findings support a drought-induced activation of 

cyanide detoxification pathways in both shoot and root tissues, likely as an adaptive response 

to increased cyanide accumulation during stress.  

 

 

Figure 36 ͏ -CAS enzymatic activity in shoots and roots of Linola flax under severe drought stress 
-͏9ǃċŰŸċũċŰŔŰĲЮƚǃŰƣőċƚĲЮё͏-CAS) enzymatic activity was measured in green tissue (shoots; left panel) and roots (right 

panel) of Linola flax plants subjected to severe drought stress. Samples were collected on days 2, 5, 10, 20, 30, and 40 
of the treatment. ĦƣŔƻŔƣǃЮŔƚЮĲǂƓƖĲƚƚĲĬЮċƚЮƣőĲЮċůŸƨŰƣЮŸŉЮcБÉЮƖĲůŸƻĲĬЮƓĲƖЮůŊЮƓƖŸƣĲŔŰЮƓĲƖЮůŔŰƨƣĲдЮ?ċƣċЮƖĲƓƖĲƚĲŰƣЮůĲċŰЮ
values ± standard error (SE), based on a minimum of 3 biological replicates per time point and treatment. Statistical 
analysis was performed using GraphPad Prism 9 software. Multiple unpaired t-tests with HolmшËŔĬČťЮĦŸƖƖĲĦƣŔŸŰЮŉŸƖЮ
multiple comparisons were applied to determine significance between control and drought-treated samples at each 
time point (*p < 0,05; **p < 0,01; ***p < 0,001) . 

4.3.2.4 Amino acid content in Linola flax under severe drought stress 

conditions 

Amino acid content in Linola flax plants was analyzed under in vitro conditions during 

drought stress. The results are presented as fold changes in drought-stressed plants relative 

to the corresponding control values at each sampling point (Figure 37). The concentrations 

of individual amino acids were measured in green tissues of Linola flax grown in vitro under 

control conditions and under severe drought stress simulated by the addition of 2 % mannitol 

to the culture medium. Amino acid content was determined using gas chromatography 

with flame ionization detection, and values are presented as fold-change (x-fold) relative to 

control samples for each respective time point. No statistically significant differences were 

observed for leucine, threonine, ornithine, or tyrosine between mannitol-treated and control 

plants at any of the analyzed time points. In contrast, alanine and glycine levels were 

significantly lower in drought-stressed plants on days 20 and 30. For alanine, values declined 

to 0,88 Ñ 0,03 at day 20 and 0,83 Ñ 0,05 at day 30. Glycine also showed a significant reduction 

already at day 5, with levels decreasing to 0,87 Ñ 0,03. At later time points, stronger effects 

were observed, with drought-treated plants containing 0,77 Ñ 0,02 at day 20 and 0,67 Ñ 0,05 

at day 30. Specifically, valine reached 1,09 Ñ 0,00, isoleucine 1,14 Ñ 0,02, proline 1,14 Ñ 0,02, 

aspartate and asparagine 1,44 Ñ 0,09 at day 10. However, both asparagine and aspartate showed 

reduced concentrations by day 20, with levels declining to 0,81 Ñ 0,02. On day 20, serine was 

the only amino acid that exhibited a higher level in drought-stressed plants compared 
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to controls, reaching 1,20 Ñ 0,03. In contrast, glutamate and glutamine contents were markedly 

reduced, with values of 0,53 Ñ 0,03. Hydroxyproline levels were similar between treatments 

from days 2 to 10 (1,07 Ñ 0,16 at day 2; 1,18 Ñ 0,01 at day 5; 0,95 Ñ 0,15 at day 10). However, 

a clear decrease was observed on day 20 (0,61 Ñ 0,05), followed by a sharp increase at day 30, 

when hydroxyproline reached 2,85 Ñ 0,11, indicating nearly a threefold elevation. This may 

reflect enhanced proline hydroxylation or cell wall remodeling under prolonged stress. Lysine 

content was markedly reduced in drought-stressed plants on days 5, 20, and 30. At day 5, levels 

declined to 0,40 Ñ 0,03, representing only ~30ï40 % of the control value. Similarly, lysine 

content reached 0,67 Ñ 0,03 at day 20 and 0,59 Ñ 0,03 at day 30. This makes lysine the most 

depleted amino acid under drought stress. Overall, the results reveal a dynamic reprogramming 

of amino acid metabolism in response to mannitol-induced drought stress in Linola flax. While 

some amino acids transiently accumulate during early stress stages, others are progressively 

depleted, indicating complex regulation of nitrogen and carbon allocation pathways under 

osmotic imbalance. 
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Figure 37 Relative changes in amino acid content in Linola flax under severe drought stress 
Bar graphs show the fold-change (x-fold) in the content of selected amino acids in Linola flax subjected to severe 
drought stress, relative to control plants (red dotted line = control baseline set at 1). Amino acid levels were determined 
using GC-FID. Data are presented as mean values ± standard error (SE). Statistical analysis was performed using 
GraphPad Prism 9. Multiple unpaired t-tests with HolmшËŔĬČťЮĦŸƖƖĲĦƣŔŸŰЮŉŸƖЮůƨũƣŔƓũĲЮĦŸůƓċƖŔƚŸŰƚЮёпƓЮӉЮΣеΣΨзЮппƓЮӉЮΣеΣΤзЮ
***p < 0,001)  were applied to assess significant differences between drought-stressed and control groups for each 
amino acid. Statistical comparisons were conducted with a sample size of nלӋ3ל per group. 
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4.3.3 Effect of wounding stress on cyanogenic glycosides metabolism 

in Linola flax 

The course of the wounding experiment is described in detail in Section 3.6.5. Here, 

we present the effects of mechanical damage on the metabolism of cyanogenic glycosides 

in Linola flax. The transcript levels of genes involved in CGs metabolism were analyzed at 2- 

and 5-hours post-wounding, results are shown on Figure 38. A statistically and biologically 

significant upregulation of CYP79, a key gene in the biosynthesis pathway, was observed 

at both time points. In wounded tissues, CYP79 transcript abundance reached 4,46 Ñ 0,72 at 2 

hours post-treatment (p < 0,01) and 2,87 Ñ 0,69 at 5 hours post-treatment (p < 0,05). In contrast, 

UGT85, another gene involved in CGs biosynthesis, showed no statistically significant changes 

in transcript levels at either time point, with values of 2,63 Ñ 0,83 at 2 h and 1,29 Ñ 0,56 at 5 h. 

Among the genes associated with CGs degradation, two out of three displayed transcriptional 

activation in response to wounding. ɓ-GLU Linamarase expression was dramatically 

upregulated, showing 45,0 Ñ 1,7 at 2 hours post-wounding and remaining highly elevated 

at 20,6 Ñ 5,3 at 5 hours post-wounding. No statistically significant changes were detected in ɓ-

GLU transcript levels (0,90 Ñ 0,14 at 2 h; 2,13 Ñ 2,55 at 5 h). The expression of HNL was 

transiently increased, with 3,34 Ñ 0,24 at 2 hours post-treatment (p < 0,05), but returned 

to control levels by 5 hours post-wounding (1,34 Ñ 0,17). Furthermore, both genes involved 

in cyanide detoxification exhibited significant transcriptional responses. CAS transcript levels 

initially increased to 1,52 Ñ 0,11 at 2 hours (p < 0,05), followed by a substantial decrease at 5 

hours post-wounding, when values dropped to 0,25 Ñ 0,02 (p < 0,001). OASTL transcript levels 

were significantly elevated at both time points, reaching 1,51 Ñ 0,17 at 2 h (p < 0,05) and 1,59 

Ñ 0,18 at 5 h (p < 0,01) post-wounding. Furthermore, both genes involved in cyanide 

detoxification exhibited significant transcriptional responses. CAS transcript levels initially 

increased to 1,52 Ñ 0,11 at 2 hours (p < 0,05), followed by a substantial decrease at 5 hours 

post-wounding, when values dropped to 0,25 Ñ 0,02 (p < 0,001). OASTL transcript levels were 

significantly elevated at both time points, reaching 1,51 Ñ 0,17 at 2 h (p < 0,05) and 1,59 Ñ 0,18 

at 5 h (p < 0,01).  
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Figure 38 Transcriptomic response of cyanogenic glycoside metabolism-related genes following mechanical wounding 
Transcript levels were measured by qPCR in six-week-old soil-grown plants. Data are presented as relative 
quantification (RQ) values normalized to untreated control plants at each respective time point. The results indicate a 
significant impact of wounding on the transcriptional activity of genes involved in cyanogenic glycoside metabolism. 
Statistical analysis was performed using multiple t-tests with HolmшËŔĬČťЮĦŸƖƖĲĦƣŔŸŰЮё]ƖċƓőÂċĬЮÂƖŔƚůЮάђеЮƽŔƣőЮŰЮӊЮΦЮ
biological replicates. Statistically significant differences are indicated (*p < 0,05; **p < 0,01; ***p < 0,001). 

Enzymatic activity of ɓ-cyanoalanine synthase, involved in cyanide detoxification, was 

also investigated. A statistically significant increase in cyanide-detoxifying activity was 

detected at both 2 and 5 hours after wounding compared with untreated control plants. 

At 2 hours, activity increased from 3,34 Ñ 0,02 nmol H SĿmin ĭĿmg ĭ protein in control plants 

to 5,16 Ñ 0,32 nmol H SĿmin ĭĿmg ĭ protein in wounded tissues (p < 0,01). At 5 hours, activity 

rose from 5,25 Ñ 1,20 to 10,00 Ñ 0,07 nmol H SĿmin ĭĿmg ĭ protein, corresponding to a highly 

significant increase (p < 0,01). These results parallel the transcriptional upregulation of genes 

associated with CGs metabolism, indicating a coordinated response that integrates both 
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transcriptional regulation and enzymatic detoxification under wounding stress. The results are 

presented in Figure 39. 

Figure 39 EŰǍǃůċƣŔĦЮċĦƣŔƻŔƣǃЮŸŉЮ͏-ĦǃċŰŸċũċŰŔŰĲЮƚǃŰƣőċƚĲЮё͏-CAS) in Linola flax subjected to mechanical wounding stress 
-͏CAS activity was measured in protein extracts from six-week-old soil-grown plants at 2 and 5 hours after treatment. 
EŰǍǃůċƣŔĦЮċĦƣŔƻŔƣǃЮŔƚЮĲǂƓƖĲƚƚĲĬЮċƚЮcБÉЮŰůŸũЮƓĲƖЮůŊЮŸŉЮƓƖŸƣĲŔŰЮƓĲƖЮůŔŰƨƣĲдЮ ЮƚƣċƣŔƚƣŔĦċũũǃЮƚŔŊŰŔŉŔĦċŰƣЮŔŰĦƖĲċƚĲЮŔŰЮ͏-CAS 
activity was observed in wounded plants compared to untreated controls at both time points. Statistical analysis was 
performed using unpaired two-ƣċŔũĲĬЮÉƣƨĬĲŰƣѢƚЮƣ-test with HolmшËŔĬČťЮĦŸƖƖĲĦƣŔŸŰЮёŰЮӊЮΦЮĤŔŸũŸŊŔĦċũЮƖĲƓũŔĦċƣĲƚђдЮ ƚƣĲƖŔƚťƚЮ
indicate statistically significant differences: p < 0,01 (**). 

Cyanogenic potential and free cyanide levels were quantified plants subjected 

to mechanical wounding. Measurements were taken on tissues collected  2 and 5 hours after 

treatment. As shown in Figure 40, no statistically significant differences were detected between 

wounded and untreated control plants in either total cyanogenic potential or free cyanide 

content. At 2 hours post-treatment, cyanogenic potential was 10,13 Ñ 2,47 nmol H SĿmin ĭĿmg ĭ 

protein in control plants and 12,50 Ñ 1,04 nmol H SĿmin ĭĿmg ĭ protein in wounded tissues, 

while at 5 hours the corresponding values were 12,50 Ñ 1,04 and 14,36 Ñ 0,90 nmol 

H SĿmin ĭĿmg ĭ protein. Similarly, free cyanide levels did not differ significantly: 0,22 Ñ 0,07 

vs. 0,36 Ñ 0,10 nmol H SĿmin ĭĿmg ĭ protein at 2 hours, and 0,16 Ñ 0,08 vs. 0,18 Ñ 0,02 nmol 

H SĿmin ĭĿmg ĭ protein at 5 hours. These findings indicate that, under the tested conditions 

and time points, wounding did not significantly alter the steady-state levels of cyanogenic 

compounds or released cyanide. Importantly, despite the observed transcriptional upregulation 

of genes involved in CGs metabolism and the significant increase in ɓ-cyanoalanine synthase 

enzymatic activity, these changes were not reflected at the metabolite level. In the case of free 

cyanide, a potential transient increase in response to stress may remain undetectable due 

to efficient scavenging by ɓ-cyanoalanine synthase, which contributes to rapid detoxification 

and homeostatic regulation. 
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Figure 40 Cyanogenic potential and free cyanide levels in flax Linola after mechanical wounding stress 
Total cyanogenic potential (left) and free cyanide concentration (right) were measured in six-week-old soil-grown 
ƓũċŰƣƚЮΨЮőŸƨƖƚЮċŉƣĲƖЮƽŸƨŰĬŔŰŊЮƣƖĲċƣůĲŰƣдЮ?ċƣċЮċƖĲЮĲǂƓƖĲƚƚĲĬЮċƚЮůĲċŰƚЮӌЮƚƣċŰĬċƖĬЮĲƖƖŸƖЮёŰЮӊЮΦЮĤŔŸũŸŊŔĦċũЮƖĲƓũŔĦċƣĲƚђдЮ
No statistically significant differences were observed between wounded and control plants. Statistical significance 
was assessed using an unpaired two-ƣċŔũĲĬЮÉƣƨĬĲŰƣѢƚЮƣ-test with HolmшËŔĬČťЮĦŸƖƖĲĦƣŔŸŰд 

4.3.4 Profile of cyanogenic glycosides metabolism genes transcripts under 

extended dark phase conditions 

Transcript levels of genes involved in CGs metabolism were quantified to assess their 

expression dynamics under a modified diurnal cycle with an extended dark phase, with the 

detailed experimental procedure described in the Methods chapter, Section 3.6.2. A comparison 

of the plant phenotype over a 28-day growth period under different diurnal cycles is presented 

in Figure 41. 

 

Figure 41 Phenotypic comparison of Linola flax grown under short-day and long-day photoperiods 
Seedlings grown for three weeks under short-day conditions (8 h light / 16 h dark; left), control plants (right), which were 
cultivated under long-day conditions (16 h light / 8 h dark). 
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Seedlings grown for three weeks under short-day conditions displayed a compact 

growth habit, characterized by reduced shoot elongation and overall smaller biomass compared 

to the control plants, which were cultivated under long-day conditions.    

Transcript levels of genes involved in CGs metabolism were monitored under standard 

diurnal conditions and under a prolonged dark phase. The results are presented as radar plots 

in Figure 42. To further investigate the role of light and dark phases in the regulation of 

transcript abundance, expression profiles were compared between the standard and extended 

night conditions. For CYP79 (Figure 42 a) and ɓ-GLU (Figure 42 c), transcript levels were 

significantly and biologically lower during the extended dark phase compared to the standard 

cycle. For CYP79, this was observed at 22:00, 02:00, 06:00, and 10:00; for ɓ-GLU, at 18:00, 

22:00, 02:00, 06:00, and 10:00. In the case of HNL (Figure 42 c), plants grown under the 

prolonged night condition exhibited a sharp increase in transcript levels at the beginning of the 

light phase, with a ȹRQ = 2,1 between 10:00 and 14:00. At 14:00, HNL expression was 

significantly higher than in plants under the standard cycle, and this elevated level persisted at 

18:00. However, after 18:00, HNL transcript abundance declined, becoming significantly lower 

than in control plants at 02:00, 06:00, and 10:00. No statistically significant differences in 

transcript levels were observed for CAN (Figure 42 d) and ɓ-GLU Linamarase (Figure 42 b) at 

any time point. For UGT85 and ɓ-GLU Vicianinase (Figure 42 b), time points showing higher 

transcript abundance under the short-day (prolonged night) condition were 10:00 and 18:00 for 

UGT85, and 14:00 for ɓ-GLU Vicianinase. CAS (Figure 42 d) expression was lower at 10:00 

in plants subjected to prolonged darkness, likely reflecting delayed transcriptional activation 

due to a later onset of light compared to the standard cycle. However, a sharp induction 

followed, and by 14:00, CAS transcript levels were significantly higher than in control plants. 

A similar response pattern was observed for OASTL (Figure 42 d) and nitrate reductase (Figure 

42 d), with peak expression at 14:00 under the short-day condition. However, in these cases, 

the difference at 14:00 was not statistically or biologically significant when compared to control 

plants. 

 As described in Section 4.2.3, transcript levels of individual genes exhibit clear diurnal 

fluctuations under standard light/dark conditions. This pattern appears to be even more 

pronounced under conditions of a shortened light phase. In plants grown under the normal 

photoperiod, increase in transcript abundance was typically observed between 06:00 and 10:00, 

shortly after the onset of the light phase. However, under the shortened light regime, the most 

pronounced increases occurred later, between 10:00 and 14:00, reflecting a delayed but 

amplified transcriptional response to light exposure. Substantial transcript accumulation 

between 10:00 and 14:00 was observed for the following genes under the short-day condition: 

CYP79 (~280% increase), ɓ-GLU (~150%), HNL (~380%), CAS (~230%), CAN (~100%), 

OASTL (~270%), and nitrate reductase (~230%). These results suggest that shortened 

photoperiods lead to stronger transcriptional activation of genes involved in CGs metabolism 

and nitrogen/sulfur assimilation. In contrast, ɓ-GLU Linamarase retained its typical expression 

pattern, with higher transcript levels during the dark phase, regardless of photoperiod length. 

Interestingly, gene that did not exhibit clear diurnal oscillations under the normal cycle, such 

as UGT85, responded to the altered photoperiod. In the case of UGT85, transcript levels 
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steadily increased throughout the light phase, peaking shortly after the onset of darkness 

at 18:00. ɓ-GLU Vicianinase, however, continued to display minimal diurnal variation even 

under the extended night regime, suggesting that its expression may be largely independent 

of  light/dark cues. 
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Figure 42 Diurnal transcript profiles of genes involved in cyanogenic glycoside metabolism in Linola flax under normal 
and extended dark phase conditions. 
Transcript levels are visualized as radar charts, normalized to the expression level at 10:00 AM under standard 
photoperiod conditions (16 h light / 8 h dark). Shaded areas on each chart indicate the duration of the dark phase: dark 
gray corresponds to the standard night period (22:00ш06:00), while light gray denotes the extended dark phase (16 h 
darkness / 8 h light). Light colored lines represent transcript levels under the standard photoperiod, and dark colored 
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lines correspond to expression profiles under prolonged darkness. A color coding system was used to distinguish gene 
functions: green lines indicate genes involved in cyanogenic glycoside biosynthesis, red lines correspond to genes 
involved in cyanogenic compound degradation, and purple lines represent genes associated with cyanide 
detoxification and related metabolic pathways. ?ċƣċЮƖĲƓƖĲƚĲŰƣЮƣőĲЮůĲċŰЮӌЮƚƣċŰĬċƖĬЮĬĲƻŔċƣŔŸŰЮŉƖŸůЮŰЮӊЮΦЮƖĲƓũŔĦċƣĲƚеЮ
obtained using quantitative real-time PCR (qPCR). Statistical analyses were performed in GraphPad Prism 9. Data 
visualization was carried out using a custom Python script employing the NumPy, Pandas, and Matplotlib libraries. Two-
ƽċǃЮ  §é ЮŉŸũũŸƽĲĬЮĤǃЮÑƨťĲǃѢƚЮůƨũƣŔƓũĲЮĦŸůƓċƖŔƚŸŰЮstatistic test was applied. Asterisks (*) denote statistically 
significant differences in transcript levels between the two light regimes at individual time points (p < 0,05). 

4.3.5 Effect of Fusarium oxysporum infection on cyanogenic glucosides 

metabolism in Linola flax 

The infection procedure is described in Section 3.6.6. The phenotype of Linola flax 

shows differences when compared at 14 days post-infection with Fusarium oxysporum 

in Figure 43. The figure demonstrates that control and infected plants show different visible 

characteristics. The control plants maintain their health through green turgid stems and leaves 

and their upright vigorous growth pattern. The infected plants show disease symptoms through, 

chlorosis and wilting and major turgor loss. The infected samples display extensive fungal 

colonization through visible hyphal growth (pink arrows) which covers the vermiculite surface. 

The mycelium growth along with plant deterioration proves that F. oxysporum infection 

successfully attacked the plant.  

 

Figure 43 Comparison of the phenotype of Linum usitatissimum cv. Linola 14 days post-infection with Fusarium 
oxysporum 
The upper panel shows control plants, while the lower panel presents infected plants. Pink arrows indicate visible 
fungal hyphae developing on the substrate. Phenotypic symptoms of infection in plants are clearly observed. 
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A Figure 44 shows Linola flax transcript levels of genes related to CGs metabolism 

and ɓ-glucanase following Fusarium oxysporum infection. The data shows log  fold change 

values for transcript levels from infected plants relative to controls at multiple time points (1, 

3, 5, 7, and 14 days post-infection) for root and shoot tissues. 

The pathogen response marker ɓ-glucanase showed significant infection-related 

elevation in root tissues. The mRNA levels of this marker exhibited gradual increase until 

reaching their highest levels at days 5 (4,1-fold; log RQ 2,04), 7 (7,6-fold; log RQ 2,93) and 14 

(9,1-fold; log RQ 3,19) (statistically and biologically significant). The expression levels of ɓ-

glucanase transcripts increased substantially in relation to control plants in shoot tissues after 7 

(3,0-fold; log RQ 1,57) and 14 days (8,8-fold; log RQ 3,14) following pathogen infection. Root 

tissues showed earlier responses what is consistent with fusarium mode of infection 

by penetration through the root. 

CYP79 transcripts related to CGs synthesis increased in roots at the first day following 

infection (9,7-fold; log RQ 3,28). Later the gene showed substantial decreases in root transcript 

levels throughout days 3 (0,23-fold; log RQ ī2,09), 5 (0,01-fold; log RQ ī6,63) and 7 (0,01-

fold; log RQ ī6,42) of the experiment, while at day 14 transcript levels were still reduced (0,55-

fold; log RQ ī0,86). However root amounts of CYP79 transcript remain physiologically low. 

The CYP79 gene expression in shoot tissue increased (statistically and biologically significant) 

at day 3 after infection (1,9-fold; log RQ 0,91). This was followed by a minimal change at day 

5 (0,62-fold; log RQ ī0,68) and then returned to a statistically significant high transcript level 

at days 7 (4,1-fold; log RQ 2,02) and 14 (4,3-fold; log RQ 2,09). 

The ɓ-GLU Linamarase showed no detectable transcriptional changes throughout the 

entire experiment time period in the root tissue. The shoot tissue demonstrated a minimal yet 

non-statistically important reduction in mRNA expression up to day 5. The transcript 

abundance of infected plants reached higher levels than control plants at day 14 post-infection 

(2,0-fold; log RQ 1,00) according to both statistical and biological significance requirement. 

The expression pattern of the second gene responsible for CGs breakdown show complex 

nature. The root tissue displayed diminished HNL transcript levels at days 1 (0,46-fold; log RQ 

ī1,13), 5 (0,24-fold; log RQ ī2,05) and 7 (0,37-fold; log RQ ī1,42) post-infection although 

day 3 transcript levels remained comparable to uninfected controls. Additionally the analysis 

showed that root HNL transcript levels increased substantially above control values at day 14 

(2,2-fold; log RQ 1,14). The shoot tissue displayed a rapid decline in HNL transcript at 24 hours 

post-infection (0,25-fold; log RQ ī1,98) but then exhibited a compensatory increase at day 3 

(4,0-fold; log RQ 2,00). The HNL levels decreased progressively from day 5 (1,1-fold; log RQ 

0,08) until they reached statistically and biologically lower levels than controls at day 14 (0,22-

fold; log RQ ī2,16). 

The gene CAS showed stable expression that did not change statistically or biologically 

across any time points in either roots or shoots thus indicating its lack of transcriptional 

response to F. oxysporum infection under these experimental conditions. The CAN gene in the 

root showed elevated transcript at day 7 following infection (2,3-fold; log RQ 1,19) yet its 

levels occurred to be lower than in control at day 14 (0,19-fold; log RQ ī2,39). The shoot tissue 

displayed noticeable expression changes that occurred at days 7 (2,0-fold; log RQ 1,02) and 14 
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(5,0-fold; log RQ 2,33) while showing increased transcription levels than uninfected plants 

during both time points. 

 

Figure 44 9őċŰŊĲƚЮŔŰЮƣƖċŰƚĦƖŔƓƣЮũĲƻĲũƚЮŸŉЮƚĲũĲĦƣĲĬЮŊĲŰĲƚЮŔŰƻŸũƻĲĬЮŔŰЮĦǃċŰŸŊĲŰŔĦЮŊũǃĦŸƚŔĬĲЮůĲƣċĤŸũŔƚůЮċŰĬЮ͏-glucanase, 
a marker of pathogen infection, in Linola flax roots and aerial tissues following Fusarium oxysporum infection 
Transcript levels were quantified by qPCR, normalized to the expression of actin as a reference gene, and are presented 
ċƚЮũŸŊБёŔŰŉĲĦƣĲĬфĦŸŰƣƖŸũђеЮƽőĲƖĲЮċЮƻċũƨĲЮŸŉЮΣЮĦŸŰƣƖŸũЮƓũċŰƣƚ values. Gray bars represent root samples, while green bars 
correspond to aerial tissues. Color coding of charts indicates functional categories: black ш -͏glucanase (infection 
marker), green ш CGs biosynthesis, red ш CGs degradation, and purple ш cyanide detoxification. Red dashed lines denote 
biological thresholds corresponding to a two-ŉŸũĬЮŔŰĦƖĲċƚĲЮŸƖЮċЮΨΣӜЮƖĲĬƨĦƣŔŸŰЮŔŰЮƣƖċŰƚĦƖŔƓƣЮũĲƻĲũƚЮёũŸŊБЮŉŸũĬЮĦőċŰŊĲЮŸŉЮ
ӌΤђдЮÉƣċƣŔƚƣŔĦċũЮċŰċũǃƚŔƚЮƽċƚЮƓĲƖŉŸƖůĲĬЮƨƚŔŰŊЮ]ƖċƓőÂċĬЮÂƖŔƚůЮάеЮƽŔƣőЮċЮůƨũƣŔƓũĲЮƨŰƓċŔƖĲĬЮÉƣƨĬĲŰƣѢƚЮƣ-test and Holmш
ËŔĬČťЮĦŸƖƖĲĦƣŔŸŰЮŉŸƖЮůƨũƣŔƓũĲЮĦŸůƓċƖŔƚŸŰƚЮёŰЮӊЮΦђдЮ ƚƣĲƖŔsks (*) indicate statistically significant differences (p < 0,05) that 
ċũƚŸЮůĲĲƣЮƣőĲЮĦƖŔƣĲƖŔċЮŉŸƖЮĤŔŸũŸŊŔĦċũЮƖĲũĲƻċŰĦĲЮёũŸŊБЮŉŸũĬЮĦőċŰŊĲЮӊЮҍΤҍђд 

Figure 45 shows the relative cyanogenic potential of Fusarium oxysporum-infected 

plants, presented for roots and shoot tissues. Cyanogenic potential is expressed as a log  fold 

change (infected vs. non-infected control plants). In roots, a significant increase in cyanogenic 

potential was observed at day 5 (173% of control; log  0,79; p < 0,01) and day 14 (466% 

of control; log  2,22; p < 0,001) post-infection compared to control plants. In shoot tissues, 

a marked decrease was detected at 24 hours post-infection (36% of control; log  ī1,47; p < 

0,01) as an early response to the pathogen. This effect did not persist; at days 3 (136% 

of control; log  0,44) and 5 (107% of control; log  0,10), cyanogenic potential in infected 

and control plants was comparable. On day 7, a significant decrease was again observed 
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