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Streszczenie
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Abstract
Flax (Linum usitatissimuinis a crop of high nutritional and industrial importance,

in which cyanogenic glycosides (CGs) accumulate, particularly in seeds and seedlings,
asnitrogencontaining 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 stressesmTdfethis study was

to characterize the metabolism of CGHlax in relation to plant growth and adaptatit;m
stresses, as well &sexplore its interaction with nitrogen and sulfur status.

The research integrated transcriptomic, biochemical, and enzymatic analyses.
Expression profiles were obtained for genes represeniajgr phases of C&metabolism:
biosynthesis degradation and detoxification Parallel biochemical assays measured the
contents of individual CGs, t ot aclianoalgniaen o g e n i
synthase activity.

The study revealed th&@Gsmetabolism in flax islynamic andcontext dependent, with
distinct outcomes depending on the stress factor. Under moderate drought, the response was
primarily transcriptional, with strong induction of biosynthetic detbxification genes but
stable metabolite pools, indicating increased turnover at steady state and highlighting the stress
responsiveness of CGs under water deficit. Severe droughtninproduced measurable rises
i n cyanogenic pot edt€CAS artivity. Light ezeeted @ gtny iregudatory a n d |
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 clobtechanical wounding triggered a
rapid and transient induction bfglucosidases together with detoxification enzymes. Although
probablycyanide release remained shibred, theinduction of both release and neutralization
modules suggests that flax employs SO@Betabolism as an immediatehemical defense
Infection withFusarium oxysporuralicited a distinct metabolic reprogramming characterized
by weaker induction of hydrolytic enzymes and shifts in nitrogeliur metabolism rather than
strong cyanide release, suggesting limited efficacy of @@diated defense against this
pathogenComparative analyses of the transgenic line CD22, enriched in sulfur amino acids,
demonstrated enhanced buffering of CBetabolism under nutrient perturbations relative
tothe Linola cultivar. The outcomes of nitrogen and sulfur supplementation experiments
underscore the complexity of nutrient interactions in shai@gmetabolismData point to a
broader importance of nutrient balance, where the relative availability of key elements appears
to play a decisive rel Attempts to genetically silence key QGgenes via antisense
oligonucleotides and Agrobacteriutransformation were inconclusive, thghlighted the
potential indispensability of intact GGnetabolism for flax regeneratiofmportantly, the
application ofantisense oligonucleotides itself acted as a stress factor, inducing transient
changes ity ani de |-@A5ettigity, tunthdr urfilerscoring the sensitivity of £G
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 riswafen
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homeostasis. The dual nature of Cé&sboth a food safety concern and a multifunctional
metaboliccompoundemphasizes 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 C&pathways for improved crop performance and quality.
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1. Introduction
1.1Flax Linum usitatissimurh.) as a research object

Flax Linum usitatissimurh.) 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 wildGoyal 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 sustéitgagpals (Stavropoulos
et al. 2023; Kiryluk and Kostecka 2020 climatic benefits, the fact that it fits well with
moderate climates, and thatdapable ofleliver on multiple ends of climatmnart agriculture
such as soil health and reduction of greenhouse gas emissions are all triggering interest
in cultivating flax(Kaur, Yadav, and Wankhede 2017).

Flax hasdiverse uses thatitilize its unique
features, includingpeingusedas a fiber cropsource
of industrial oil, and nutraceutical. Its fibers
arebiodegradablestrong, andisablein mostindustrial
procedures, while its seeds are rich in om@datty
acids, lignans, and dietary fibeand henceis an
attractive functional food componentwith potential
health effects. Research hasstablishedthe crop's
ability to promotecardiovascular healtheducecancer
risks, andpreventkidney diseasedienceits increased
nutraceutical valu€Czempliket al. 2011). This dual
utility of flax as both a healthromoting and industrial
resource makes it an appealing option for regions
prioritizing sustainability and agricultural
diversification.
Figure1l Common flax, Linum usitatissimum Double benefit of flax as a medical aid
andindustrial material makes it a suitable option rfiations that promote sustainability and
diversification in agriculture. Botanically,inum usitatissimunis an annual herbaceous plant
of the family Linaceae which is one of the largest genera of the family flax with around 300
species( SmT k al eMorphbologicallg, flak & & straight and slender stem that grows to
a height of 3075cm, with branching localized at the top. The leaves of flax are lanceolate,
alternately arranged, sharply pointed, and with three conspicuous veins. Flax flowersieom Ju
to July, with small, blue, sefertile flowers, each giving rise to a fadhambered seed capsule.
They bear 1.2 small, compact, and lustrous seeds, typically dark yellow to redohsim in
color, that can survive for 10 years at most. Oilseedibaddre the two dominant morphotypes
of flax and differ significantly in habit and external appearafikseedvarieties are shorter
and contain bigger seeds with approximately 40% high oil content, whereas fiber varieties are
taller, less branched, vhitsmaller seeds aronger fiber yield/Allaby et al. 2005).

Linm wsitatissimm &
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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 Uniah wwblude
diversifying crops and lowering environmental footprint, have brought flax to the forefront as
a strong candidate to promote climate change resilience in agric(iaeropoulos et al.
2023).In addition, the genetic diversity of flax, bo#mdraces and wild accessions, comprises
precious resources for breeding programs devoted to the development of increased tolerance
to biotic and abiotic stress¢iaur, Yadav, and Wankhede 2017)

Flaxseedis often regarded as a superfood due to its exceptional nutrient density,
including hi4hndleevreil-& fatepdacids)) flamt protein, lignans,
phytoestrogens, vitamins, and minerals, while also being naturally low in carbohydrates
andfree of gluten(Poonia and Mishra 2021PDespite this favorable profile and its well
documented health benefits, flaxseed also contains cyanogenic glycosides, compounds with the
potential to release toxic hydrogen cyani€N) under certain conditions, which necessitates
consideration of safety aspects in its consumpfldraugh such compounds are undesirable
from the utilitarian point of view because of their toxicity potentiélang et al. 2023}hey
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 respbalbist al. 2024)

1.2 Cyanogeniglycosides

Cyanogenic glycosides (CGs) are ubiquitous pthertved compounds that are part of
the phytoanticipin group and are recognized for their-ramtitional effects. These water
soluble, heastable secondary metabolites have been a subject of increasirggtinh recent
scientific literature owing to their occurrence in a wide variety of plant species. Although CGs
are nontoxic when intact, they are capable of releadi@l upon enzymatic degradation,
digestion, or physical disruption like chewing. Sudietation ofHCN is one of the principal
functional properties and lies at the core of the biological activities of CGs, patrticularly in the
role of plant defense mechanis(@sjum 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 hatist@esred.
These compounds are typically made up of th-~~
fundamental structural components: an aglycc Rs
moiety, a sugar molecule, and a nitrile functior ®)
group. A representative general structure of CG: Ry4
presented in Figure 2. In this general strugtihe Rj R O R4
aglycone is represented by R1, andR&represent 2
the positions of different substituents on the glucc //]
ring. The nitrile group is represented by I
Thisparticular ~ structural arrangement plawigure2 General structure of cyanogenic
animportant role in governing both the chemicdYcosides
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reactivity and biological activity of CG&rulvianti 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
cyclopentenyBglycine and 22-hydroxy-3-cyclopentenybglycine. As a result, the nitrile

group that is formed may be attached to any number of types of carbon sketetgimg) from
aliphatic and aromatic to cyclic or heterocyclic. In certain imsta, sulfate substituents can
bepart of the aglycone portion, such as in compounds like cardiospérsuiliate. The sugar
component ofCGsis also important in providing their structural variation. It is attached
tothea g | y c o n e-glysosidic band, wherein the bridging oxygen atom is bonded
tothec ar b o n -position tohhe nittile group. Depending on the constitution of the sugar
moiety, these compounds are classified as monoglycosides and diglycosides. Glucose is the
most prevalent sugar amslalways directly attached to the aglycone. In those instances where
asecond sugar is present, this may vary and may include such sugars as apiose, xylose,
orarabinose. Furthermore, the manner in which these sugars are attached may vary,
withc ommon | i nk agk,6-1i, il Jd i -aa@ncdrfigbrations(Yulvianti

andZi dorn 2021; Gleadow and MBIl er 2014).

As mentioned above, cyanogenic glycosides are widespread in the plant kingdom,
with estimates indicating that 2,5@)000 plant species across more than 100 plant families
areable to produce these compoundbkeir occurrencean beobservedn a broadspectrum
of plantphyla ranging from earlyivergedplant groupsuch aderns to evolutionarilynore
developedgymnosperms and angiospernir ferns and gymnosperms, €8Giosynthesis
isrestricted to pathways implying aromatic amino acids. However, in angiosperms, there
isincreased biosynthetic diversity that allows them to produce C@@&w both aromatic
andaliphatic amino acid precursdisnjum et al. 2022)CGsoccur in a range of plant families.
Examples include members of the Rosaceae family (such as almonds and wild cherries), grasses
of the Poaceatamily (including maize and sorghun@lderberries othe Adoxaceae family,
flax of the Linaceae, cassava the Euphorbiaceae, legumes such as white clover and vetch
of the Fabaceae and eucalyptus speokthe Myrtaceae familfyPanter 2018)An estimated
101 12% of domesticated plant species are capable of producing cyanogenic glycosides, among
which linamarin and lotaustralin are the most preva{@mjum et al. 2022)Phylogenetic
investigations of metabolic pathways reveal tG&shave arisen indepdently in different
plant lineages via multiple, independent recruitments ofortitologous genes. The pattern
is one of convergent evolution, presumably driven by the array of ecological and physiological
roles played by CGs inplan(sS 8§ n-Pe®eez and Nonvérslyg m th2 animal) .
kingdom, the capacity for C&synthesis seems to have emerged independently and is very
uncommon. It has been mostly reported in arthropods, and more particularly in species
of theLepidoptera ordefZagrobelny, Bak and MBI | er 2008) .

A significant observation is that CGs are present in plarday 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 impairm&ytaptoms
typically ariseas a consequence of central nervous system darhage=fore processing
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methods of food materials are necessary to detd@{®Bs and reduce the risk of cyanide
poisoning(Bolarinwa et al. 2016)

1.3Cyanogeniglycosidesmetabolism

1.3.1 Synthesisand degradation

Initial metabolic research using radiolabelétC amino acidshas been used
to demonstrate that phenylalanine, tyrosine, valine, and isoleucine are important precursors
inthe biosynthesis ofCGs These amino acids donate the carbon skeleton required
for theaglycone 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 pathwaje mse
of anidentical set of enzymefonn 1979) Figure 3 presents the schematic biosynthesis
of linamarin and lotaustralinThe initial steps involve MNiydroxylation decarboxylation
anddeaminationby the CYP79 cytochrome P450 enzyme, which converts amino acids into
their respective oximes: valine into-n2ethylpropanal oxime and isoleucine into
2-methylbutanal oxime. These oximes undergo isomerization, dehydration, and
C-hydroxylation to yield their corresponding nitrijescetone cyanohydrin andh®/droxy-2-
methylbutyronitrile, respctively. These reactions are catalyzed by the CYP71E enzyme, also a
member othecytochrome P450 family.Both CYP79 and CYP71E enzymes function with
NADPH oxidoreductase activityThe last step in C&biosynthesis is the glycosylation
of thecyanohydrin intermediates, which yields stable monoglucosides by the action ofa UDP
glucosyltransferase enzyme (UGT85). These biosynthetic enzymes, together with NADPH
reductase, constitute a very effective, membtamend protein complex referred
to asametabolon. In certain plant species, one more glucose unit can be enzymatically
attached, resulting in diglycosidedlith 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 Cahya
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Figure3 Biosynthetic pathway of cyanogenic glucosides derived from the amino acids\aline and L-isoleucine
The conversion proceeds through three key enzymatic stepsCYP79 catalyzes the Mhydroxylation followed by
decarboxylation and deamination of the amino acid precursor to yield the corresponding oxim€YP71 mediates
isomerization, dehydration, and hydroxylation, producing the nitrile intermediate=T85 catalyzes the @lycosylation
of the nitrile, yielding the stable cyanogenic glucosideGreen arrows indicate the sequential enzymatic steps.

Intermediates like oximes and nitriles have been found in other cyanogenic plant species
like cassavaMlanihot esculenta white clover Trifolium repen, Lotus japonicusand almond
(Prunus amygdalys thus adding to the idea that this biosynthetic pathway is evolutionarily
conserved across a diversity of tdx& 1 eadow and MBI I er 2014)
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Figure4 Metabolism of cyanogenic glucosides

The biosynthetic pathway of cyanogenic glycosides is marked green (green arrows and corresponding enzymes
whereas their degradation is indicated imed, and cyanide detoxification is represented iwiolet . Other interconnected
metabolic pathways are shown in black. Enzymes on the scheme: biosynthesis : NADPH oxidoreductases (CY
CYP71), UDRylucosyl-ql ¢ Ut n 13l ¢t 1310 é O] N Yhdpsidedert Oaydrbikynitrifet iasetQENL); cyanid
T UqY#Rn AR AJk¥GE 0 ¢ U R U{CKMN il -thanéatahind ayiatase, SATiserine O-acetyltransferase,
OASTLwO-acetylserine (thiol) lyase, ASG@asparaginase, Met3umethionine synthase, ACSUACC synthase, ACQUACC
oxidase, DHDPSudihydrodipicolinate synthase, LDCuwL-lysine decarboxylase, LKRulysine-ketoglutarate reductase,
SDHusaccharopine dehydrogenase, P5Capyrroline-5-carboxylate synthase, OATwornithine aminotransferase, ODC(
wornithine decarboxylase, SPDSuspermidine synthase, OTQuornithine transcarbamylase, ASSuargininosuccinate
synthetase, ASLwargininosuccinate lyase. Exogenous genéviet25 from Saccharomyces cerevisiae encodes €
acetylhomoserine-O-acetylserine (OAHOAS) sulfhydrylase and is involved in the biosynthesis of sulfagpntaining
amino acids.

CyanogenesigFigure4 i pathway highlighted in red¥ the process by which certain
plants like flax synthesiz€Gs that can then be enzymatically degradedHtoN through
anunstable cyanohydrin intermedigt€. Nyirenda 2021) The enzymatic process is usually
triggered by tissue damage, allowing the glucosides to come in contact with specific degradative
enzymeq G| eadow an dinddfid chses, hoke@et, dyanogenic compounds can be
mobilized and metabolized in intgalanttissues; for instance, during seed germinafesen
1993) The breakdown o€Gsi s i ni t i at e d -glbcgsiddaséd, ehich loytirolyaes o f |
thesugar moiety, thus triggering the subsequent degradation ca$takena et al. 2021)

Theb-gl ucosi dase enzymes present in flaxseed
residues through sequenti al steps. The enzy
tobr edk 6b-d4nd Ol ycosidic |linkages. The enzyme
or | otaustralin but effectively degrades b

Il i namarase perfor ms t he subsequent theirdr ol ys
respedtiydvexyYnitriles with (Saide1997)Tee emzyrbest r at e

Uhydroxynitrile |yase found i n dec@empasigoani c p
ofGUhydroxynitriles under aci dic conditions.
decomposition intcHCNand ket ones when t (Naeepatret al. 20219 | sur
Thenonrenzymati c conversion of c y aand hketdne i n s
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by-products becomes faster under environment al
and elevated temperatur@s Nyirenda 2021)

1.3.2 Cyanide @toxification

Pl ant s obtain cyani de through internal
environmenbymul expobeunatur al proceG@GGsandthed ncl ud
producti on of ethyl ene as a byproduct . The
gl yoxyl ate photorespiration i nteract ason Wi
ani trate assimilation intermediate. The accu

both endogenous pat hways an(Machenguaiet a.n261ié;nt a l
Siegi e and .Blohgeatteokx i @ 00n6a)t andsef r ofn ciytasn i daep a
tobl ock cytochr ome c oxi dase (compl ex I V) |
chairenziymee bl ockage of cytochrome ¢ to oXxy:
respiration and pr oduc(Nigdsomedgl. 2022) met abol i ¢ di s
T h ecydmoalanine detoxification pathwélyigure4 i pathway highlighted in violet)
functions as the primary defense mechanism
b-cyanoal ani neCASynt hsee py biddeopxean d e p h oGefnhzayt nee

operates throughout al/l plant tissues whil e
compartmentgMachingura et al. 2016)The enzymati c detoxi ficat:.i
through a metabolic process t hamayineabalismpor at €
by replacing t he cysteine sul f hcyahoahrine. gr o u |
Theb-cyanoalanine nitrdse t r anscfyoarnnosal B ni ne i nto asparag
activity and into asparti c(Ebbsceiad 2010 he@ABh ni tr
pat hway functions as a vital connection bet
while controlling dKrasuskaétal. 202v el s i n plant <ce

The enzyme rhodanese i n pl ant s uses ¢
t hiocyanate through a di f f er eayanoalanjnepaithwlag det
functions as t he mai n cyani de det oxi ficat:.

rhodamagseapsecondary role in cyani dqHatzfeldet ox i f
and Saito 2000)0Machingura et al. 2016)

1.3.3 Cyanogenic glycosides localizationptants

To avoid autotoxicity, cyanogenic glycosides and their degrading enzymes must remain
spatially separated, or an inhibitory factor must prevent enzyme activity. In intact plants,
thecomponents of this hydrolytic system are typically compartmentalized. Several mechanisms
of compartmentalization may be considered under normal physiological conditions. First,
thecyanogen and its associated degradative enzymes may reside in different tissues. Another
possibility is that these compounds coexist within the saeliebut are contained within
separate intracellular compartments. Alternatively, all components could exist within a single
compartment, such as t hglycosidasesiregulaed bywendbgenoash e a
inhibitors (Poulton 2007).
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In flax the domi nant cyanogeni c forms in mat u
Theprimary cyanogeni ¢ conmpeacdldisngdgr owg h and ger
monoglucosides. The |l evels of |inamarin and
t he growing season with the hi ghest amount ¢
remains | ow inONisdkTgicegdhte Erhe@®t@®)p.l i cati on of

spectrometry imaging technigues aCGsfoumd r ese
infl ax capsul es. The entire capsul e struc
andl ot australin but diglucosi des l i nustatin

ande mb r y o (Dalisay stale215).

The tliesvvsede di stri bution of cyanogenic gl y
researchers have not established which comp
plants applies to this species. Ra mshown hyper .
t hat cyanogenic glycosides and their breakd
Thehi ghest concentration of dhurrin exists i
andvascul ar regions o f the plant. The <cell ul
along cel |l walls and in cytoplasm near t he
beliefs about vacuol ar storage. Ttepiddmalgh dhu
|l ayers supports its functi on (Hemudatad20I8e ns e me

1.3.4 Characterization of cyanogenic glycosides metabolism in vivo during
plantlife cycle

The concentration and chemical form of C
developmenfFigure5)whi ch suggests their involnaxment i |
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 enzymaticaltplyged by
linamarase, leading to the formation and characteristic accumulation of marsigéscduring
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 mobilizationZuk et al. 2020)T he s e e d c¢ @mmudsicigalimand) shovis
t hat amygdalin diglucosi de decreases Subst ¢
monoglucoside concentPat mansev § i ghe esaymatct 22001t 5)
conver si on p aRrunwessanoting bbsl earcvke & hiemrm ry) mat ches t

(Swain and Poulton 1994 he r u b blevea brasiliengisc ont ai ns Il i namar
pri mary monoglucosi de seed storage compoun
during germination while | i namar i-glucosidages ent d
and -cypanoal ani ne synthase i ncr elas enatches n Y (
thisd e vel op me Selmar et al.h1888)g e

The |l evels of monoglucoside in flax seedl
i s l i nked to the relpasducaf HCN. i $hedet oxi
bcyanoal anine synthase a n d-cyartodesion congpausds.i mi | a

Thepr ocess of de novo monoglucosi de synt hesi
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Figure5 Developmental accumulation of cyanogenic glucosides in flax
The relative levels of monoglucosides (orange line) and diglucosides (green line) shown across different growth stages.

Ot her species have shown identical t en
Theseed tissues of al mond contain prunasir
devel opment stages including t e glhedmlocbside endos
amygdalin accumul ates in the seed's |ifecycl
hi gher than prunasin l evel s in the mature
which include | eaves s t e mainlyp eptunasih essmilar a n d
toflax. Thlrke@roductive stages of sweet cherry <co
glycoside which appears in flowers and younc
exi sts i n matur e fruit ti ssues and seeds.

devel opment al s lpiadsyenmtnhedi sC@nd di stribution
glucosides to specific devel dieihCaaioteral 2087) age s

1.4Functionsof cyanogenic glycosides in plants

Cyanogenic glucosides received their init
against herbivores, y e t scientists di scovered mul tip
andphysi ol ogi cal roles for these compounds. T
inadditont o t heir defensive role. Plants use thei
of their f unch3Ruenleadt al.a202B)T vwe t egs st ence of mu |
producing pat hways in plants supports t he
assiagnal ing mol ecule to regul dadxe concentratiomsu s me |
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(Siegi e andT Be gmu letki RIOeD 6f)uncti ons of CGs en.
|l eads to the evolution and sust ai n(ex8 npcrheesze n c
P®r ez and Neilson 2024)

1.4.1 Cyanogenic glycosidaa developmental processes

Cyanogenic glycosi des and rel ated met abc
all devel opment al stages i n both vegetative
functions beyond defense, speci f(Nedsontebal.c er t a |
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
theenzymatic degradation of CGs and cyanohydrins and-diprtdved cyanogens when they
uptakewater in the first phase of germination. The release of HCN has been documented
in several plant species, includif@@ryza sativa Hordeum vulgare Lactuca sativa Malus
domesticandXanthium pennsylvanicunSi e gi e E a n dT hBeo geaxt teekr 2&DI0 6 p p
of potassium cyanide (KCN) stimul atremmved eed ¢
from t he dmebiefeaposure to tyanide acts as a chemical signal that duplicates
the natural pathways leading to germinat{@sashi et al. 1991)CGsmobilization occurs
after | mbertdinistpiecn esnr egar dl &€6&sdevels tvhich indicates dr vy
CGscontent does not dir ect(Cunyetal.r2@elf;iYecetal. @G22) mi nat
HCN mol ecules derived from CGs influence bo
rel ease through their i mp(RetQuetmenal. 204AResaarch a | me
indicates that seed and bud dormancy <contr
when respondi ng {(Hoetal.2024)Researaneimeahaspurgefughsrbia
esud seed and bud transcriptomes shows mat c h

supports the existence of a fundament al regu
(Chao et al. 2014) The hor mone abscisic acid ( ABA)
dor mancy (Mamgnret a.i2016) e t gi bber el I i nqCK] @wokk) and

together to activate gr o (Xhab et pk @02%) Researsh i n S
demonstrates that antioxidant enzyme activi
by HCN exposure supports the existence of a
(Krasuska and Gniazdowska 2013yientific understanding of cyanogenic compounds has

grown as they act as regulators of seed dormancy and germination. Seeds of various plant
species produce HCN through thiezymatic degradation of CGs and cyanohydrins and-lipid

derived cyanogens when theyptakewater in the first phase of germination. The release

of HCN has been documented several plant species, includir@ryza sativa Hordeum

vulgare Lactuca sativaMalus domesticandXanthium pennsylvanicumSi egi e E and Bo
2006) The external application of potassium <cy
int hese specirenoved mtoim t KE@N dhedbriefrexposunetodyanide acts

as a chemical signal that duplicates the natural pathways leading to germ(gasshi et al.
1991)CGsmo bi |l i zati on occeemaps @ad ¢iees i Mmédgdrndli @ns i »
CGslevels which indicate€Gsc ont ent does not direcfCuny predi
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et al. 2019; Yu et al. 2022HCN mol ecul es derived from CGs
induction and bud dormancy release t(Delough t
Cueto et al. 2017 Research i ndicates that seed and b
identical regul atory processes (Huwdt aln 2024¢ s pond
Research orLeafy spurge Euphorbia esulas eed and bud transcripto
gene expression patterns which supports the
controls dor m& haoyet dl. r2al4)Sihtei omesr mon e abscisic
functions as a pr i rfanget a 2016yaentc yg imabh et @li Iniem s
cytokinins (CK) work together to (Zhanteiahate g
2023) Research demonstrates that antioxidant e
release induced by HCN exposure supports the
mechanisn{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 dirert signalin
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 agpeobyct of ethylene biosynthesibus,
creating potential pathway connections. Experimental research shows that KCN controls
theexpression of plant hormone regulatory geiégure 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 germinationdormamt seeds,
andits action counteracts the dormarmpmoting effects ofABA. The scientific evidence
reveals that cyanide operates indirectly through hormonal regulation to initiate dormancy
release by adjusting hormone concentrat{dset al. 2022)The process of seed germination

mi ght be accelerated by cyanide bec(higusee it a
6). Pl ant s use alternative oxi dase ( AOX) p
uptake through t he el ect r on-depemdenh pathways ¢ h a i
experience |imitations from increased metabo
s ress. The AOX pathway in apple embryo cel
transport pat hwayi apppoaohes Retssarscaht urati c:
cyanide exi sts to suppress cytochrome enzynm
tobecome acti ve. The transition between respi
mai ntaining energy producti on during seed g
oxygen species (ROS) I n germination proces
cyani daec.t i Vhad i on of AOX p at h w-acgvenging eenzgmeat e s
activity whi ch resul ts in | ower oxidati ve
Thed u a | functionality of cyanide in respirat

0 b s er v eies like@uilfayla enanostylimndOrobanche aegyptiaca Si egi e E and Bo
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 pathwayas such
glycolysis, the tricarboxylic acid (TCA) cycle, and oxidative phosphoryldfagure 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 Higogermination
suggests a function in ecosystem renewal. Using HCN additionally, thesewwspmay
contribute to seedling defense against herbivores while simultaneously releasing cyanide
to support germinatiofFlematti et al. 2011 he 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 threaédit from

CGs, which serve as chemical defenses while also producing biologically active qyamide

et al. 2023)

cellular respiration . . . altered expression of key
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Figure6 Proposed mechanisms by which cyanogenic glycosides may influence seed germination and bud dormancy
release

1.4.2 Cyanogenic glycosidda nitrogen metabolism

The evolution of CGs has led to their dual function in plant defense mechanisms,
andtheir 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, tesfiveeting these
substances to main metabolic pathwdyssl eadow and. Rédgdrdh eshhows2 01 4)
thatspecies including cassava, sorghum, d&utalyptusdemonstrate C& involvement
in nitrogen management through allocation and assimilation procgsdesga 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 -effarigynt nitrogen
source for quickly dividing seedling tissues. The nitrogen obtained from CGss exist
in achemically 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 seedlingstiuir
initial development phase. The study demonstrates how CGs function as deployable nitrogen
reserves, which directly support plant growth during the initial stages of developrikeatr e n | §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 €@etabolism 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 nibigen stores, which activate duringspgerminative metabolic
demand Bus k and .HBddhumegenotgpbsahat)naturally contain high dhurrin levels
produce more biomass when grown under nitredgficient conditions. This observation
indicates that nitrogen released from CGs supports both the nutritional requirements of mature
tissues and ely vegetative growth during times of external nitrogen scaf&tgendack et al.

2025) Seedlings of flax that experience nitrogggficient conditions develop GG
accumulation, which confirms their function as adaptive nitrogen storage compounds.
Thei n c r e-eyaneathnirfe synthase activity during these conditions indicates that nitrogen
from CGsbreakdown 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 mdanainitpogen economy
through controlled storage and remobilization proce@déesuska et al. 2024)

1.4.3 Cyanogeniaglycosidesn response to diverse stresses

1.4.3.1Biotic 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 encosenific sp
hydrolytic enzymes after tissue damage, their enzymatic breakdown occurs. The enzymatic
breakdown of cyanohydrins produces bioactive compounds that include HCN, ketones,
b-cyanoalanine, thiocyanate, and sulfite. These compounds w&yether to protect the plant
(Naveena et al. 2021)he 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, alongiwith th
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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as s oci atcygadoalaming. The toxic compounds thiocyanate and sulfite disrupt critical
enzyme functions, which strengthen the chemical defense regptmasena 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
asawidely distributed defense mechanism. The toxic properties of HCN become evident
because of its exceptional ability to bind
(compl ex 1V) heme a domai n, whi ch frialnct i on
respiratory chain. The irreversible binding of HCN to this site blocks electron transport, while
stopping oxidative phosphorylation and creating cellular hypadi@N reacts with metal
centers in additional metalloenzymes to create Schiff base irdet®® that disrupt metabolic
processes. Through&anylation and thiol oxidation, HCN alters redox balance, specifically
targeting cysteineich protein domains, which impairs bioenergetic and biosynthetic pathways.

The biochemical effects of HCN are complemented by its bitter taste, which functions
asaninsectdeterrent mechanisWu, 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 sorgtWm 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 respoagainst herbivor{Gleadow and
MRB | | e r. Plaht8 that gccumulate substantial quantities of CGs in their leaves often exhibit
heightened resistance to generalist herbivores, particularly those from the Lepidoptera
andOrthoptera orderg§Wu, Liang, et al. 2025bHowever, the effectiveness of GBased
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 ftoxic species, the C&concentration may
bediluted , reducing the overall toxic impact an
(Naveena et al. 2021)interestingly, some specialized insect herbivores have adapted
to overcome CGbased defenses. For instance, species within the Zygaenidae and Papilionidae
families have developed the ability to metabolically detoxify high leveld@R~N 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 releas&Nofititing pathogenic
attack or by directly inhibiting fungal development while remaining in their glycosylated form
The antifungal properties of CGs remain poo
these compounds demonhMRIrlag.re 20 bD&¥)en bioacti vi
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1.4.3.2Abiotic stresses

The genetic adaptation of plant popul at i «

with individual pl ant physiological response
i n CGs (Serocaetd. 217/ Gs serve as chemical herbivor
defense agents while functioning as adaptive

stress condition§ G| eadow and MBIl er 2014)

Plants show elevated GG evel s when they experience
conditions. Re ssd aerveel ss h omwes etaltsaet wh@n pl ant s
factors i n c(Banalliena. 2622;o0Koayédrs et al. 2014; Katamreddy et al.;
Pil manovsg et al . 2 0 1 5 extrenter tentparatuoes gbothe liigh ant . 2 (
low)(Brown et al. 2016; Kooyers et al. 2014alinity(Gleadow et al. 2016hutrient deficiency
(Panter 2018)and inadequate light availabilifBurns et al. 2002)Several mechanisms have
been proposed to explain the increaseds @&Bels observed under abiotic stressduced
biomass production with unchanged or sustaineds ®®synthesis efficiency, leading
to ahigher concentration per unit of tissue; delayed plant development, resulting in prolonged
phases associated with inherently highers@vels; and active transcriptional upregulation
of CGs biosynthesis pathways in response to environmental stin@il eadow and MR
2014) The accumulation of CGs under stress conditions can be determined
by thedevelopmental staggrihawong et al. 2015t which the plant is exposed to stress,
theintensity (Gleadow et al. 201&nd duration of the stre¢Srihawong et al. 2015as well
as the presence of multiple simultaneous stress fad@teadow 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 increasddiGs accumulation in high C&producing genotypes, while
thelow CGsproducing genotypes responded moderately. Sorghum exhibited genetic variation
in CGsproduction during drought, where strasterant lines maintained lower G@&vels than
less tolerant lines. The drougiioierant lines expressed strassponsive genes at higher levels,
but the highCGs genotypes did not exhibit thresponse. 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 mechan(iSotsil et al. 2022; Srihawong et al.

2015) HCN is proposed as a signaling molecule because it is a byproductsdir€gkdown.

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 droughtnduced nitrogen assimilation inhibition, tmaintain metabolic function
(Kooyers et al. 2014Plants with elevated C&evels 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 rels and normal nitrogen metabolism resur(téshail et al. 2022)
Thebeneficial ecological and physiological effects of drotigbduicedCGsproduction 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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asfundamental dietary components or animal feed sources. ReseaC@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 accumul ati on of CGs 1in cyanogenic |{
fertilizati on exceeds opti mal l evel s and W
Thee |l evGGs é & vel s from high nitrogen applicat
forlivestock as drought nduced stress does. Research shov
pl ants | ea@€Gsatoumotaneaseaed The dual response
indicates their paeasesrinblnei tfrungcetni csnt oa saga gnearhi
processes that control these mechanisms rem
Researb onEucalyptus polyanthemoandPr unus. t andRgepamomaa.h&sur r ang
shown that nitrogen cont éinCGsldeoveesl sn ol e csaturscen g

specific relationships between nitrogen &@sexist( G| eadow and MBI |l er 2¢C
al. 2021)

Plants show increase€Gsl ev el s when exposed to sal i
simidapugbt conditions. The plant recruits C
adjust ment . The increased intracellul ar s ol
potential which enables water abisoatpgd otnhdtr o
functi on as an adaptive mechani sm to pres

stress (@allmohiand El@aan2614)

A positive effect of light on the accumulation of CGs has been observed(n8aix e gi e E
et al. 2013)and Eucalyptus cladocalyBurns et al. 2002)In flax, it has been demonstrated
that light influences the activity of enzymes involved @&s biosynthesis. Differential
responses to blue and red light in flax seedlings suggest the involvement of the phytochrome
signaling system in the liglthediated regulation c€Gslevels( Si e gi e . White a | . 2
light proved most effective for stimulatirgGsaccumulation in flax plants among the tested
light conditions. The highes€CGs accumulation occurred at 30C under temper
modulation. E. cladocalyxdisplayed temperatugependent responses that were similar
tothose found in this study. White clover shows reduCgsls content under high light
exposure, but it€Gscontent increases when it experiences darkness. The temperature affects
this species differently than it does flax. The high@&s levds were recorded at 15 C .
Theresearch demonstrates how different plant species react uniquely to environmental signals
( Ni ed¥Swieegd e E and Gihe biasythasis d&sin a8 @efends on light
exposure, which affects valine and isoleucine metabolic levels, because these compounds serve
as precursorsThe research shows that light conditions create correlations between organ
development and cyanogenic metabolism, and environmental cues, which 6ol
biosynthesis in flax through complex regulatory netwqtkS i e gi e & . éntPruraud . 201
turneriang no significant differences were observed in the tG@k content between plants
grown under high and low light intensity. This finding further supports the hypothesis that the
relationship between light conditions ad@smetabolism is highly speciespecific. However,
in this species, shading conditions did influence the distributioGd 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 allocationyainogenic compounds within
theplant(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 itax, with particular emphasis on their function
in environmental stress responses, primary metabolism, and developmental processes.
Thestudy aimed to explore the complexity of €@etabolism 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 flaxral to assess the feasibility of manipulating this metabolic branch
for potential agronomic improvement, including the possibif 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¥d@&tabolism. Genes associated with biosynthesis
included CYP79 and UGT85, while the degradation phase was represented by three
b-glucosidasesb{GLU undefined specificityb -GLU Vicianin-specific,b-GLU Linamarase
specifig and hydroxynitrile lyase (HNL). Detoxification of cyanide, the toxic product o§ CG
hydrolysis, was addr e-syamsathnine Byntltase@AS,tthe primaryn al y s
detoxification enzyme), @cetylserine(thiol)lyase (OASTL), and nitrilas€¢CAN).
Additionally, nitrate reductase was investigated due to the link betweenn@@bolism
andnitrogen metabolism, while glutathioneti@nsferase (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 CGcontent and the levels of the four individual CGs present in flax, cyanogenic
potential , f r e e-CASemymatt activityolmmost experimeants, glanfs were
grown under in vitro conditions, with the exception of wounding stress assayscairse
sampling was routinely applied, capturing both developmental variation andtestmort
dynamic changes in Gnetabolism, particularly in early stages of flax growth.

The experimental framework wagrganizedinto three main sections. The first
addressed baseline G@etabolism, including a comparison between plants grown on full
strength MS medium and hadft r engt h MS (i MS) medi um, t he
condition for many subsequent experiments, as well as an analysis of diurnal transcript
fluctuations @er a 24hour light dark cycle. The second section investigated @@tabolism
under a range of abiotic and biotic stresses. Abiotic stress experimentspassethdrought
stress (both moderate and sey&veunding stres and altered light regimes with an extended
dark phase. Biotic stress was studied in the contekus&rium oxysporunmfection. Given
the metabolic link between G@&nd nitrogen availability, experiments were conducted under
varying nitrogen supply, including both strong and moderate supplementation or depletion.
Similarly, in light of the role of sulfucontaining amino acids in cyanide detoxification, the
effects & altered sulfur availabty were examined under both strong and moderate
supplementation or depletion regimes. In some nutridated experiments, alongside
theprimarily analyzedcultivar Linola (an oil flax variety), the transgenic line CD22 was
included; CD22 overexpresses the yddst25 gene and ixharacterizedy elevated sulfur
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amino acid content, enabling a deeper examination of swdfated regulation of C&
metabolism.

The third section focused on attempts to generate flax plants with altered CG
metabolism, providing insights into the feasibility of targeted metabolic modification.

Collectively, this work was designed to map the regulatory landscape of CG
metabolism in flax across developmental stages, environmental challenges, and nutrient
regimes.By integrating multilevel 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 agronomioglioved,
cyanidefree cultivars with enhanced utility and safety.
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3 Methodology
3.1List of used materials

4 methylpirydine
Acetonitrile

Agar

Agarose

Amino acids standards
Ammonium nitrate
Ammonium sulfate
BAP

Barbituric acid

Boric acid

Bovine serum albumin
Bradford reagent
Bromophenol blue
BSTFA with 1% trimethylchlorosilane
Calcium chloride
Cefotaxime
Chloramine T
Chloroform

Cobalt(ll) chloride hexahydrate
Cysteine

Diethyl pyrocarbonate
Dipotassium hydrogen phosphate
DMPDA

DNAsel

DNeasy Plant mini Kit
dNTP

Ethanol 96%

EDTA

Etidium bromide
Extracol

Formamide

Formic acid

Glucose

Glycerol

Glycine

Hexane

High capacity cDNA reverse Transcriptas

Hydrochloric acid

Hydrogen BIP

Hydrogen sulfide

Hyper Ladder

IAA

Iron(ll) sulfate heptahydrate

SigmaAldrich (Merck)
VWR

IBI Scientific
SigmaAldrich (Merck)
Phenomenex
SigmaAldrich (Merck)
SigmaAldrich (Merck)
SigmaAldrich (Merck)
SigmaAldrich (Merck)
SigmaAldrich (Merck)
SigmaAldrich (Merck)
Bio-Rad
SigmaAldrich (Merck)
SigmaAldrich (Merck)
Chempur

BioShop
SigmaAldrich (Merck)
Chempur
SigmaAldrich (Merck)
SigmaAldrich (Merck)
SigmaAldrich (Merck)
SigmaAldrich (Merck)
SigmaAldrich (Merck)
Thermo Scientific
Qiagen

Thermo Scientific
Chempur
SigmaAldrich (Merck)
SigmaAldrich (Merck)
EURX

SigmaAldrich (Merck)
SigmaAldrich (Merck)
SigmaAldrich (Merck)
Chempur
SigmaAldrich (Merck)
Chempur

Thermo Scientific
Chempur

Air Products
SigmaAldrich (Merck)

Bioline (Meridian Bioscience)

SigmaAldrich (Merck)
Chempur
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Iron(ll1) chloride

Isopropanol

Kanamycin

Linamarin

Linustatin

Lotaustralin

Magnesium sulfate heptahydrate
Manganese(ll) sulfate monohydrate
Mannitol

Methanol

Monopotassium dihydrogen phosphate
Moxalactam

Murashige & Skoog basal salt
Myo-inositol

Neolinustatin

Nicotinic acid (Niacin)

Nitrogen BIP
Norvaline
Orange G
PDA

Phenol
PMSF

Phusion High fidelity DNA Polymerase
Plant Preservation Mixture PPM
Potassium cyanide

Potassium iodide

Potassium nitrate

Potassium phosphate monobasic
PVPP

Pyridoxine (Vitamin B6)
Rifampicin

SG gPCR Master Mix

Silvet Gold

Sodium dichloride

Sodium dodecyl sulfate

Sodium hydroxide

Sodium molybdate dihydrate
Streptomycin

Sucrose

Syntetic air BIP

Thiamine (Vitamin B1)

Tris

TRIS HCI

Triton x100

UPLC grade water

Urea

Chempur

Chempur

BioShop
SigmaAldrich (Merck)
SigmaAldrich (Merck)
SigmaAldrich (Merck)
Chempur
SigmaAldrich (Merck)
SigmaAldrich (Merck)
VWR

SigmaAldrich (Merck)
BioShop
SigmaAldrich (Merck)
SigmaAldrich (Merck)
SigmaAldrich (Merck)
SigmaAldrich (Merck)
Air Products
SigmaAldrich (Merck)
SigmaAldrich (Merck)
SigmaAldrich (Merck)
Chempur
SigmaAldrich (Merck)
Thermo Scientific
Plant Cell Technology
SigmaAldrich
Chempur

Chempur

Chempur
SigmaAldrich
SigmaAldrich (Merck)
BioShop

EURX

SigmaAldrich
Chempur

Chempur

Chempur
SigmaAldrich
BioShop

IBI Scientific

Air Products
SigmaAldrich

IBI Scientific
SigmaAldrich
SigmaAldrich

VWR

Chempur
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3.2Flax lines and fungi lines

In this study, two flax (Linum usitatissimum L.) lines were used: the yefleaded oil
flax variety Linola (also referred to as Solin) and a transgenic derivative, CD22.

Linola i1s charact er i-Zfatd acidsyandi ntediumelsistancec ont e
to Fusarium oxysporumexhibiting good vyield performance under Polish agmmatic
conditions. The transgenic line CD22 was derived from Linola and developed through genetic
transformation to overexpress thet25gene fromSaccharomyces cerevisjaghich encodes
O-acetylhomoserine/@cetylserine (OAH/OAS) sulfhydrylase. This modification significantly
enhances the biosynthesis of sulfentaining amino acids, specificallgysteine and
methionine, leading to an increased accumulation of glutath&dnipeptide crucial for redox
homeostasiqCzuj 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 oxysporunt.sp. lini (Bolley) Snyder et Hansen (ATCC MY¥A201)
wasused. Isolate was obtained from the American Type Culture Collection (ATCC, USA).

3.3Used primers, OLIGO and transformation constructs

The primer sequences well as OLIGantisense oligonucleotideskere synthesized
at a concentration of 100 €M by GENOMED S.
amplification in reatime PCR are presented in Taljevhich includes targets involved@Gs
metabolism, cyanide detoxification, oxidative stress response, and nitrogen assimilation.
Additionally, the oligonucleotides (OLIGOs) employed to induce changes in the transcript level
o f-cy@noalanine synthase, as well as to assess the effects ofiolepiite treatmerinduced
stress on plants, are listed in T@Bl Furthermore, Tabld presents the primer sequences used
for the selection and verification of transgenic plants.
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Target @ne Forward primer Reverse primer Functional Role
Actin CCGGTGTTATGGTTGGA| TGTAGAAAGTGTGATGCC Reference gene
Cyanohydrin
CYP79 CAGGTAGCATTGTGACT(d CCAGCACCGGTATGATG synthesis from
amino acids
CG
. biosynthesis
Glycosylation of y
UGTS85 CTACGGAAGCGTGACAG| GGATGGATGCGATAGCA{ cyanohydrins to
form CGs
I -GLU
. TCCCAGAACGACATTGAd TGAACGGAAAGGCAACG
Linamarase
Glycosylation of
i -GLU GAGCGCTATTAGAGCACA( CTGTGTATCCCTCGTTCC CGs to
cyanohydrins
y y cG
degradation
i -GLU
. CCTGATCGGCCACTGAT| CACCCTCAACGAGCCTTA
Vicianinase
Cyanohydrin
HNL GACCTCGTACTTGCACTT GGAAAGCCAAGACCGTGA breakdown with
release of cyanidg
i -CAS AGCAAGTTCAAGTGCTG({ CAAATTACCGGCAATGGA Cyanide
detoxification via
incorporation into
asparagine
i -CAN GGAATCCGGGTTGAGTTQ ATGCCACTTCTCAGGAC] structures c id
yanide
detoxification|
Cysteine
biosynthesis from
OASTL ATGCATTCATGCCTCAA] TCTTCCACGGCAAGTCT| Serine/cyanide
detoxification via
i -cyanoalanine
synthesis
. Detoxification of | Oxidative
Glutathione S )
CGAGCACAAGCAGGAGT{ TTGAACTCTGGCTCGGA ROS and toxic stress
transferase .
metabolites response
NR TGTACGCAAATCGGACAQ CGGAATATGATCCCTCA( NVitrate reduction | Nitrogen
to nitrite assimilation|

Table1gPCR 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 nam¢ Sequence Function

Random21 nnnnnnnnNNnNNNNNNNNNNN
Control treatment, random non
targeted oligonucleotides
Random19 nnnnnnnnnnnnnnnnnnn
CASoligo2 TCTATCAGGGTTGTCTTCCC A
ht A32ydzOf S2 U-GASY
- mMRNA
CASoligo3 TGTTCTCAGCTTCTTTCCTC

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

Primername Sequence Function

Universal forward primer targeting thq
FW 3551011 TGGAGAGAACACGGGGGACT CaMV 35S promoter region in

transformation constructs

CYP79sel Selection of plants transformed with
GAAAAAAGCCGGTCTTCCGGTG antisense construct targeting CYP7

Selection of plants transformed with
LINsel ACCACAGGGTCCTTGATGATCT antisense construct targetingGLU

Linamarase

Selection of plants transformed with

HNLsel GGTGGACAGGAACGAGTACAAGC antisense construct targeting
Hydroxynitrile lyase (HNL)
CANsel GCGTACCCACATGCAACTCC Selection of plants transformed with

FydrasSyas O2y-ali
[ 8l y2Ffl yAy®ASa e

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

Agrobacterium tumefacierstrain LBA4404 was used for the genetic transformation
of flax. This strain, which contains a disarmed Ti plasmid suitable fDNA transfer into
dicotyledonous plants, carried the binary vector pRIABL with antisense genrsilencing
constructs. The vectors were generated by cloning antisense fragments tafdsgtates
involved in CGs metabolism or cyanide detoxification into pRIADL Specifically, pRI1101
AN CYP79 (Figurer a) was designed to silence the CYP79 gene, whichdesdbe enzyme
catalyzing the initial step of cyanogenic glycoside biosynthesis, while pFANILN (Figure
7b) t ar g el Hinamalase gdne, responsible for the deglycosylation of CGs.
Theconstruct pRIL04AN HNL (Figure7 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, pRIZ&N CAN (Figure7 d) was generated to downregulate
the CAN gene, encoding an enzyme involved in cyanide detoxificdiioti the constructs
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andthe transformed Agrobacterium cultures were prepared at the Department of Genetic
Biochemistry, Faculty of Biotechnology, University\&froclaw.
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Figure7 Schematic representation of binary vectors carrying antisense fragments used for flax transformation

3.4Used media

3.4.1 Microbiological media

For Agrobacterium cultures, aminimal medium (MM) was used, consisting
component s:

ofthef ol | owi ng
MgSO L7H @M CacCl ,

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

nBMMMKNaglPOmM 1 0
(NH ) so |,

10
197 HOND, F e4S OnM

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

aseptically immediately before use.

For the cultivation ofFusarium oxysporumPotato Dextrose Agar (PDASigma
Aldrich) was used. The medium was prepared at a standard concentration of 39 g/L, following

t he manufacturer 6s

i nstructions.
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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 r¢adge formulation (Sigma)
or by mixing individual components as specified in Talle Unless stated otherwise
in aparticular experiment description, 28 sucrose and, 0% w/v agar are added to the solid
medium, and the medium pH is adjusted to &@&: pathogen infection assays, plants were
grown on a vermiculite substrate supplemented with liquid MS medium. In Agrobacterium
mediated transformation procedures, lk&sed media were supplemented with plant growth
regulators:CIM (callusinducing medium; 2,5% sucrose, 1 mg/L BAP, 0/@§/L NAA)
andSIM (shootinducing medium2,5% sucrose, 02 mg/L BAP, 0,00Img/L NAA).

The metabolic response of CGs in Linola c
was investigated through Hmdwicterdo osxnme i ic mesn
tissue culture studies wuse manni tterpote@ial an o
incul ture media without bei ng melikeacbndlitionsz ed by
Two sinduciagsneedia werapplied MS + 0,5%w/ v mafor modéraid drought stress
andMS + 2%w/ v manni tddughtstess. sever e

In certain experiments, particularly those involving increased concentrations of specific
constituents, half strength MS mediuinMS) was employed as the control to minimize
osmotic stress induction. In experiments involving modifications to the basal composition,
thealtered components are detailed in the corresponding tables. All other components
notmentioned in tables remained unchanged and followed the composition of either full
strength MS o MS medium, as indicated in specific tab@ompounds coniaing nitrate
(NO ) and sulfate (SO | ) salts, whose <co
conditions, are colecoded in the table.
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Murashige and Skoog Basal Medium
Molar . .

N Compound Name Formula Mass mg/L l\élorlr?cr)ljlg_t)y ({m?)l/JL) (m?nZI/IL)

= (g/mol) H H

L [Myo-inositol / wl si h¥ 180,16 100 555

Z

alcium chloride i I 110, ,

O [Calci hlorid [ F 0,98 | 332,2| 2992

ol .

S |Potassium phosphate Ylithj | 13609 | 170 | 1249

'®) monobasic

O |[Disodium EDTA bli95¢! 29224 | 37,26 127

O

E:) Iron(Il) sulfate heptahydratgC S{ hj 1 1 127801 | 27,8 100 100

< Magnesium sulfate -

S |heptahydrate a3d{ hji 1134647 | 370 1501 1501
Ammonium nitrate bl jbhi 80,04 1650 | 20617 20,617
Potassium nitrate Ybhi 101,1 1900 | 18789 18,789
Boric acid 7. hi 61,83 6,2 100

0 ng:&!i;g'o”de / 2/ tiidld43h93 |0025 105

P

& (Copper(ll) sulfate / dzf hj i pl|24%68 | 0,025 100 100

> pentahydrate _ 1 .

. . bI-|a2hj|ﬂI|5

O |Sodium molybdate dlhydratab 1,9 0,25 1033

[l

= Manganese(ll) sulfate ay{hjili902 | 169 100 100

'®) monohydrate

8 Potassium iodide Kl 166 0,83 5003

E:) Glycine /il mbhi| 7507 2 26,6

§ Nicotinic acid (Niacin) / wl b hil 123,11 0,5 4,1
Pyridoxine (Vitamin B6) / k1 ssbhil6918 0,5 2,96
Thiamine (Vitamin B1) / si |l shhpj 387127 0,1 0,3

Table4 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,
gydcl ettt 13t 10cUT ORYUHDUq! ¢ qRY Ut g #0a ifaeE SO @iiohskirbdelegets er&k U N IOUR q |
selectively modulated in stressrelated treatments are highlighted with color

TableSpr esents the MS medium components cont
their concentrationger liter of medium and the corresponding sulfate contribution (in mmol/L)
underfull MS (control) and moderate sulfusupplementatiorstress conditions. The stress
treatment, referred to as Snvolvedanincrease in total sulfate content, achieved by elevating
the concentration of magnesium sul fate hept
sulfate ions in the stress medium reached approximately 290% of the sulfate content present in
the controffull MS medium All other MS components remained uacdiged.
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Control MS Stress S+
Molar {hjo {hj o
Compound Name Formula Mass mg/L mg/L
(mmol/L) (mmol/L)
(g/mol)
Iron(ll) sulfate heptahydrate CS{hji 27801 | 27,8 0,1 27,8 0,1
Magnesium sulfate heptahydratea 3 { h j 1| 246,47 370 1,50 1158,6 | 4,70
Copper(ll) sulfate pentahydrate | / dz{ hj i 249,68 | 0,025 | 0,0001 | 0,025 | 0,0001
Manganese(ll) sulfate ay{hji 16902 | 169 | 01 | 169 | 01
monohydrate
Total 1,70 Total 4,90

Table59 Y i GY ! R q R ¥con@vingtOkbstratés 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 inSection 3.6.8 and combined oligonucleotide and sulfur stress
treatmenidescribed irSection3.6.11). Tablepresentulfatecontaining compounds and their
concentrations per liter, as well as the correspondingl f at e i on (SO | )
mmol/L). In this set of treatments, halfrength MS medium (MS) was used as the control to
minimize baseline nutrient load and osmotic pressure. Stress conditions included both sulfur
depletion (), involving reduced g S Gupply, and sulfur supplementatiortjSvith elevated

Mg SO C 0 n Ak atherr caniponents.not mentioned in the table correspond te half
strength MSoncentrations.
Stress S ControloyMS Stress S+
Molar { hj . { hj v
Compound Formula Mass | mg/L | (mmol/ | mg/L {hiwu mg/L | (mmol/L
Name (mmol/L)
(9/mol) L) )
Iron(ll) sulfate |~ & v i 4 27801 6,95 | 002 | 139| 005 | 139 | 005
heptahydrate
Magnesium
sulfate ad{hji| 246,47 | 92,5 0,38 185 0,75 5300 | 21,50
heptahydrate
Copper(ll)
sulfate / dz{ hj 7| 249,68 | 0,025 | 0,0001 0’212 0,0001 0’212 0,0001
pentahydrate
Manganese(ll)
sulfate ay{hj i 169,02 | 8,45 0,05 | 8,45 0,05 8,45 0,05
monohydrate
Total | 0,45 | Total 0,85 Total | 21,60

Table69 Y & GYt R q R &cthi@ing@ibgratds in control §:MS) acute sulfur supplementation (S+) and depletion

(S) stress media
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To induce moderate nitrogen stress conditions, three media variants differing in nitrogen
content were prepared: nitrogdeficient (N), control (MS), and nitrogesupplemented (N+)
media. The fulistrength MS medium served as the control. Nitrogen dibtjavas modulated
by adjusting the concentrations of ammoni um
The tot al nitrate ion (NO ) conmmolit(N-at i ons
40%), 39,4mmol/L (MS; 100%), and 63,0 mmol/L (N+; 160%). The detailed concentrations

of the applied salts are shown in TalleAll other components of the media remained
unchanged.

Stress N Control MS Stress N+

Molar . . .
Compound Formula Mass mg/L bhi g mg/L bhi g mg/L bhi g
Name (mmol/L) (mmol/L) (mmol/L)
(g/mol)
Ammonium | | 8004 | 656,33 82 | 1650 | 206 |264132 33
nitrate
SOEEE Ybhi| 1011 | 758,25 7,5 |1900,0] 188 | 3033 | 30
nitrate
Total 15,7 Total 39,4 Total 63,0

Table79 Y 0 GYt R q R&ctnkaitimtGulitBates in control (MS), moderate nitrogen depletion @ and nitrogen
supplementation (N+) media

Media used tantensivenitrogen depletion andnrichstress treatmethec hanges i n NH
and KNO concentrations acr o presentethia Tahl8.f f er en
All other medium components not listed remained unchanged and were maintained
atconcentrations corresponding to hstifength MS medium.

Stress N ControloyMS | Stress N+
Molar . . .
Compound bhi ¢ bhi ¢ bhi ¢
Name Formula |- Mass 1 mg/L| oy ™I | mmorny| ™I | mmoiiL)
(g/mol)
AlulEC bljbl 8004 | 2475 | 31 | 825 | 103 | 2805 | 3504
nitrate
FOCERIN Ybhi| 101,1 | 285 28 | 950 | 94 | 3230| 31,95
nitrate
Total 5,9 Total 19,7 Total 67,0

Table8 9 Y i GY1t R q R ¥ddn@iningtOsul§sBates in control ¥:MS) acute nitrogen depletion (N, and nitrogen
supplementation (N+) media.
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3.5Methods
3.5.1 Basicplant in vitro techniques
3.5.1.1Plant material sterilization

Flax seeds were pisaked 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
(PPME ,Plant Cell Technologyfor 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.

3.5.1.2Plant 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 22C wi t h 50 % r e | -hourilighté8hobrwank di t vy,
photoperiod, and a light intensity of 28mo | Ls T Lm | . Any modi ficat
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 théx@ur dark phase; temperatures of € (|1 i ght ph:
andl5AC (dark phase):; and | ight intensity al
and2500mo |l Ls T Lm | (100%) in a 16/8 hour day/ ni

3.5.1.3Plant 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 intdgeled Eppendorf tubes
or pre-prepared pockets made from aluminum foBamples 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 lokemperature freezer@80AC unti | further analysis
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.
Theprocess ensured that the root samples were free from any residual growth medium, which
could interfere with subsequent analyses. Similar to agaudaged tissues, these root samples
were promptly frozen in liquid nitrogen and stored8AC unt i | further wuse
consistently collected at the same time of day to minimize circadian variability, unless
otherwise required by specific experimental conditions.

48



3.5.2 Plant transformation
3.5.2.1Preparation oégrobacterium culture

Agrobacterium tumefacierstrain LBA4404 carryinghe appropriate plasmid vector
for target gene silencing (as described in Secd@ Figure7) was used for transformation.
Bacterial glycerol stock cultures inoculated into minimal medium (composition provided
in Section3.4.]) supplemented with 5ehg/L kanamycin, 30ng/L rifampicin, and 10@ng/L
streptomycin and incubated at 26€C f or 2 days nm)tuhtl reabhienk i ng (
theappropri ate opt FAO®) suithlden feri downstrda® Rransformation
procedures.

3.5.2.2 Flax transformation via eoultivation withagrobacterium

A negative atmospheric pressure infiltration method was applied to facilitate
Agrobacteriumentry into plant tissues, following the protocol®fldiz et al. 2016) Seedlings
were trimmedby removing rooand dried under sterile conditions for 20 minutes to increase
cellular osmotic potential. Cotyledons were incubated in liquid MS medium supplemented with
5006 L of Agr obact er i6fan20aninlitds..Subsequer@y) hypocotyts webe
sectioned into B cm fragments and placed on MS fd-day cacultivation period in darkness.
To eliminate residual Agrobacterium, explants were rinsed with sterile distilled water
andthentreated in an aqueous solution containing 10@/L cefotaxime, 100mg/L
moxalactam, and 0,1% PHM 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 SecBoh2 Once shoots emerged, they were
excised and transferred to sterile vessels ¢
kanamycin for selection of putative transformants.

3.5.2.3Floral-Dip Agrotransformation

Linola seeds were sown in pots containing soil and grown wudgrolled conditions
in a growth chambeSeedlings 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 describeBhgtaki and Cullis 2014)with
minor modifications. Agrobacterium preparation followed phecedure outlined previously.
Bacterial cells were harvested from 60 of culture by cenlOri fuga
minutes and resuspendedin®% v sucr ose s ol 8 Siwet Goldtwas adgdad OD
as a surfactant at a final concentration @506. Flax inflorescences were immersed in the
infiltration solution for 2 minutes, thgmants were laid horizontally with trdpped parts
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covered in plastic wrap tmaintain high
humidity. After 24 hours, the plastic was
removed, and plants were returned to
upright positions and grown under normal
conditions. The transformation procedure
wasrepeated after 14ays Plants were
maintained until seed maturation, and
seeds were subsequently harvested.
Subsequently seeds were sown on solid MS
medium supplemented witht0 0 mg/ L
kanamycin to select for transformed plants.

Figure8 Flax primary inflorescences at the time of Agrobacteriuamediated transformation

Left: Inflorescence at the first treatment (6 weeks posgermination), prior to floral opening
Right: Inflorescence at the second treatment (14 days later), with visible petal emergen
Scale bars =5 mm. Source: Gad, K. (2022). The selection of different strategies for modulating gene expressic
2¢l1 RYet OGi¢c Uqtot GUHRIIJt glo~c¢ct qlJl Bt 06 13t Rt e OOUR21J1 + Ra! t

3.5.2.4Transformed plant selection
Tissue samples were collected from seedlings derived either from the floral dip

transformation (germinated on kanamysimpplemented MS medium) or from regenerated
shoots obtained via the caltbased cecultivation methodDuring passage fragmentsabfoots

t hat reached a minimum | ength of 5 ¢cm on |
kanamycin were selected for analysis. Genomic DNA was extracted from the selected tissues
using the DNeasy PlaMini Ki t ( Qi agen) , foll owing wase man.

performed using appropriate selection prim@stailed in Table3) specific to the construct
used in the transformation, along with Phusion Higdhelity DNA Polymerase (Thermo Fisher

Scientific), according to the manufacturer6
inaf i nal volume of 20 OL, containimgOMIofPhaasd:!l
primer, g4 U Phusi on pol ymerlatng of template DidATherntalk i mat e
cycling conditions were selected according

annealing performed at 8 APCR products were visualized by electrophoresis on a 1%
agarose gel containing ethidium bromide.

3.5.3 Preparation of fungal infectious material

Fusarium oxysporumwascultured onPDA medium to obtain fungal material for plant
inoculation.F. oxysporumwas grown in darkness at 28Cor two weeks on Petri dishes
containing 20mL of PDA. The medium was previously inoculated with an evenly distributed
Sspore suspension containing approxi mately 2
spores were resuspended in2 mL ofbtei di st i |l |l ed water. A 100L
was used for quantification using a Thoma counting chamber, with spore counts performed
in eight small squares to determine the final concentration.
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3.5.4 Gene expression gPCR assay
3.5.4.1RNA isolation, purity and integrity assay

Total RNA was isolated using the RNA Extracol (EURx) according to the
manufacturerdéds instructions. Foll owing extrze
samples were determined spectrophotometrically by measuring absorbance at 260nm (A260),
and thepurity 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 dfZ20were 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 | (Thermo Fisher Scientific,
USA) in accordance with the manmuwaspetformedkr 6s |
under RNasdree 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
el ectrophoresi s. For each sample, 5egg of tot
(95% formamide, 0,025% SDS, 0,025% bromophenol blue, 0,025% ethidium brorBid&) 0
EDTA) . The vol ume was a-geuwvatdr.ddor to eectdgherdsis,wi t h
samples were denatured at 65 AC for 10 minut

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 DEE&ted water prior
to use to prevent RNase contamination. All solutions used in the procedure were prepared using
DEPGtreated water to maintain RNafee conditions.

3.5.4.2cDNA synthesis (Reverse transcription)

Complementary DNA (cDNA) was synthesized from total RNA using the High
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, USA), following
themanufacturer's protocol. The reverse transcription reaction was carried out under RNase
free conditions to ensure the integrity of the cDNA.

3.5.4.3Quantification of gene expression

The expression levels of target genes were determined usiftgmeajuantitative PCR
(gPCR). cDNA synthesized as described above was used as the template. gPCR reactions were
performed using the SYBR Green | dye (SG qPCR Master Mix, EURX) on the Stdp§heP
RealTime 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
anannealing temperature of 3V CPrimer sequences used in the study are listed ireTiabl
Alr eacti ons were performed in accordance wit|
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3.5.5 Determination of cyanogenic glycosides content using URISC

Lyophilized tissues were homogenized into a fine powder using a Retsch mill (1 minute
at 30Hz). For metabolite extraction,-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 atrpfQOroom
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 reconstitutethindf 70% methanol.

The quantification and identification o€Gs were performed using an Ultra
Performance Liquid Chromatograptiass Spectrometry (UPL®IS) system (Waters,
Milford, USA) equipped with a diodarray U\-Vis detector and a Xevo QTof MS mass
spectrometer. Chromatographic separation was achieved usinggaityAdPLC BEH C18
column (r@m1L7¢im pP&O ticle size). The mUMBLCI e pha
suitablewater with 0,1%v/v formic acid, pH 3) and solvent B (acetonitrile containing OyI%6
formic acid), applied in a programmed gradient as follows: 98%/% B at Q5 min; linear
gradient to 70%A / 30% B from 0,5 to 12min; further gradient to 0% / 100%B from 13
to 20min; and reequilibration to 95%A / 5% B at 21min. The flow rate was maintained at 0,4
mL / min. The column was held at 20Cwhile the sample tray temperature was set/&ic

Mass spectrometric detection was carried out using Electrospray lonization (ESI)
in negative ion mode, operating under extended dynamic range and normal sensitivity.
Theinstrument settings included a capillary voltage of XX0a sampling cone voltage of 30,
and an extraction cone voltage of 4,0. The source temperature was set AoC80
andthe desolvation temperature to 480Cwith gas flows of 2Q/h and 800L/h for the cone
and desolvation, respectively. Data acquisition covered a mass rangé @®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 concusigntbach
batch of samples.

3.5.6 Free cyanide and cyanogenic potential agsalrect estimation
of cyanogenic glycosides content

Plant tissue samples stored for no longer than one mo+&A At@r fresh were ground
to a fine powder in liquid nitrogen using a fuailled mortar and pestle, ensuring that thawing
was strictly avoided during the homogenization process. A portion of eitheg2s 50mg
of frozen ground tissue was suspendedmnl Bf extraction buffer containing 58M Tris-HCI
(pH 8,0), 0,1%v/v Triton X-100, and InM PMSF. In parallel, an equivalent mass of tissue
(25mg) was suspendedin ur ea sol uti on t o -glucodidase activityhi b i t
serving as a control for neenzymatic cyanogenesis.
Samples suspended in the extraction buffer were incubated AtQ6r 2 hours
with gentle agitation to allow enzymatic hydrolysisQigs. Following incubation, the samples
were centrifuged at maxi muoomtenperawdhé restilting 0 01 g)
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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 promptlytezbliéc 96well

microplate was prepared for spectrophotometric measurements. Into each well, 50 f a 1 %
chloramine T solution was pipetted. Subsequenthe 30 of appr o@xforrdee |l y di
cyanide,10x for cyanogenic potentighlant extract waadded. Immediately thereafter, 160

of freshly prepared chromogenic reagenpicoline barbituric acid reagent) was added to each

well. The reagent was prepared by dissolvingg@ barbituric acid and mixing with 1fal of
4-methylpyridine and &l of concentrated HCI, then diluting the mixture talQvith 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 microptatder.

Quantification of cyanide release was performed by comparison with a standard curve
generated using potassium cyanide (KCN) in the range giAgBCN/ ¢ |  {proolCHlI6 /0 € |
Absorbance valuewere interpolated against the standard curve to determirieetheyanide
andcyanogenic potentid mo | HCNL g T lydphilizes(DW)(tisSWe)weightr

3.5.7 Db-CAS enzymatic activity assay

Plant tissue was ground in liquid nitrogen using aqar@led mortar and pestle, ensuring
that the sample remained fully frozen throughout the process to prevent enzymatic degradation.
Subsequently, 2mg or 50mg of powdered tissue was suspended3m? of protein extraction
buffer composed of 100M Tris (pH 9,5), 2nM EDTA, and 10nM L-cysteine. The mixture
was vortexed thoroughly and incubated on ice for 15 minutes to facilitate protein solubilization.

The samples were then centrifuged at maximumdped 14, 0001 g) foAC 5 mi
Theresulting 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, 30l of protein extradt was
of afreshly prepared substrate solution containingn®d KCN) and 25mM L-cysteine.
Thereaction mixtures were incubated at 28Jor 2 hours to allow enzymatic conversion
ofsubstrates with the release of H S as the
by the addition of 54 | of a s tmdMp Fr &€a dveHCln im@Edidtely followed
by 54¢ | of a det ewmNM N,N-dimethgmphenylenedidmingd dihydrochloride
(DMPDA) in 4,2 M HCI). The volumetric ratio of protein extract: substrate mixture : reagent
solution was maintained at approximately 3:10:6,5. The mixtures were vortexed gently
andincubated in thelark at room temperature for 20 minutes to allow full color development.

From each reaction mixture, 109 | was transferred I Aawelb 1 ndi
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 sotMtidhe mBEmpngnhgofr tiImSH
expressed as-CASenzymatciactiaty.or of b
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3.5.8 GC-FID amino acids assay

Plant tissue samples 2Bg or 50mg were weighed into hydrolysis vials and treated

with 2 ml of 6 M HCI with 0,01%(v/v) phenol. 20Qug of norvaline was added as an internal.

The vials were tightly sealed to minimize evaporation and incubated @ T 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.
Driedaminoacid residues were derivatized with 20@ | of BSTFA ( N
bis(trimethylsilyl)trifluoroacetamide) with 1% TMS. The reaction mixtures were incubated
aal00 AC for 30 minutes to convert amino ac
derivatives. Samples were then cooled and transferred to autosampler vials -FEIDGC
analysis. Analyses were performed using a0 system equipped with a Agilent FIP5%

Phenyl Methyl Siloxane 36h T & m3 2 e0m)25 The injectiowiwhblu
asplit ratio of 80:1 and inlet temperature 26@Hydrogen was used as the carrier gas Boa

rate of 1,2ml/min. Following temperature program was used: Initial temperaturA: @dold

5min; Ramp 1: 2A @ min to 120A Chold Omin; Ramp 2: 5A @ min to 140A Chold Omin;

Ramp 3: 20A @ min to 310A Chold 1 min. Total runtime was : 20,in. FID detector
parameters included a detector temperature of28bydrogen flow of 30nl / min, air flow

of 300ml / min, and makeup gas flow (nitrogen) of @b/ 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 teeniait standard for normalization.

It must be noted that several limitations are inherent to this method: Arginine could
notbe detected, Asparagine and glutamine were deamidated during hydrolysis, and thus, the
measured values represent the sum of asparagine + aspatrtic acid and glutamine + glutamic acid,
respectively. Tryptophan and phenylalanine exhibited partial and uneven degradation during
acid hydrolysis, leading to underrepresentation in the quantitatbudtgeCysteine was not
detected due to oxidative decomposition during hydiebssd 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 Tahlevhile Figure9 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
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Isoleucine lleu 11,27

Serine Ser 12,27

Threonine Thr 12,61

Glutamine GIn 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

Table9 List of identified amino acids, their corresponding retention times, and method limitations
Amino acid standards were analyzed by GEID after BSTFA derivatization.
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Figure 9 Representative chromatogram of BSTFAerivatized amino acid standards obtained by G&ID

The figure displays retention times of individual amino acids from calibration point I, with concentrations ranging from
150 to 250 pg per compound. Norvaline (200 pg) 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 eregulatory elements in promoter
regions of cyanogenic glycosides metabolism related genes

To identify putative cigegulatory 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 C@dated genes from the Linum usitatissimuengme
(Phytozome v1.0)Wang et al. 2012)These upstream sequences, presumed to contain promoter
regions, were analyzed using repository of plpecific cisacting regulatory elements
PlantCARE database. Promoter motif analysis and visualization were performed using custom
Python scripts. Thanalysis utilize pandas, matplotlib, and Biopython libraries. The positional
distribution of identified cislements along the promoter sequences was visualized using
coordinatebased motif mapping. In addition to spatial distribution, functional annotatio
of each ciselement was conducted to determine its potential responsiveness to various
biological stimuli, including abiotic stress, hormonal regulation, and developmental cues.
Forthis purpose, a response point system was applied, assigning one point for the presence
of each motif associated with a specific type of regulatory response. Sceelements were
found to be associated with multiple categories of stimuli, contributing cumulatively to more
than one response typAssigned response points fdifferent regulatory categoriesre
presentedn 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 magprovided in the Supplementary Data.

3.6 Experimental desigand 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 factorsThe following subsections provide a detailed description of the individual
treatments and experimental setups applied throughout the course of this research.
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361 Comparison of cyanogenic glycosi de:

strength MS media

Sterilized seeds of Linola flax were germinated on-dtuingth and halétrength MS
media under sterile in vitro conditions. Tissues were harvested at six developmental stages:
days 2, 5, 10, 20, 30, and 40 pgstmination. At each time point, greeniakparts and root
tissues were collected separately. Due to the limited root biomass at early stages{dnys 2
analyses during this period seedling as whole was analyzed. Analyses included quantification
of transcript levels of genes involved in CGeg m a b o {CASsantivity &ssays, determination
of cyanogenicpotential, and relative quantification of amino acid content. Experimental
workflow is presented on Figufi.

Linola TISSUE
COLLECTION
DAYS
| | | | |
| | | | |
MS 2 5 10 20 30
\
|
root and shoot tissue
%BMS ., N % MS
TRANSCRIPT CYANOGENIC B-CAS
ANALYSIS POTENTIAL ACTIVITY
. SN J
4 N 7 N\
TOTAL AMINO
FREE CYANIDE ACIDS
AN /. J

Figure 10 Experimental design for comparison of cyanogenic glycosides metabolism on ¥2MS and full strength MS
media
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3.6.2 Cyanogenic glycosides related genes transcript analyses umilix
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 maintainédria standard diurnal
cycle of 16 hours light and 8 hours darkness, whereas -$teessd plants were subjected
to anextended dark phase (8 hours light / 16 hours dark), while all other environmental
parameters were kept constant. On day 28 of cubivaplant 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 Figdre Transcript levels of genes involved in CGs
metabolism were quantified to assess their expression dynamics over the diurnal cycle.

Linola
@ standard, control
O light conditions
16h 8h
TISSUE
COLLECTION
HOUR

10 14 18 22

v

after
24H

TRANSCRIPT
ANALYSIS

extended dark phase

Figure1l Sampling scheme for flax under control and extended dark phase photoperiods
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3.6.3 Cyanogenic glycosides metabolism in Linola flax
drought stress conditions

The seeds of flax Linola variety wunder we
di shes with solid MS medium. The scoentralesd under
conditions for two days. The seeddditrangfer
to glass culture vessels containing whvther
mannit ol to create drought stress condi
conditions throughout t he ent itat geriod npugledi me nt
tissue sampling at days 2, 5, 10, 20,
ef fepltandbnappearance were observed and recol
The pl ant material obtained through
rel acéd tmetabol i sm ustime BCR REICtRI) t. a tTihwee Iriecad h ¢
analysis of t he same sampl es reveal
is illustfi2zated in Figure
2 DAYS OF | .{ Tl=sHE TRANSCRIPT
Linola GERMINATION COLLECTION ANALYSIS
M s —
=== 025 10 20 30 40 1| cas CONTENT
| ! DAYS ANALYSIS
\ | ~— @
drought drought
s MS +0,5%
mannitol

Figure12 Experimental design for Linola flax under control and moderate drought conditions
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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 controdemdjht stress
inducing media. All media variants contained 2% sucrose and 0,7%/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 sayfseeds after imbibition, day
0) to establish baseline values, followed by additional sampling on days 2, 5, and 10 (due
to limited tissue biomasswhole 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 aminocaniént, cyanogenic
pot ent rcgahoalanm@sgnthbse enzymatic activiigurel3showexperimental design

Linola TISSUE
Q COLLECTION
‘. ‘f DAYS
S — . l I I : >
MS 02 5 10 20 30 40 ¥
== ‘ v 'X
‘ [ root and shoot tissue
!
L J
MS + 2%manni{tol e P S MS + 2%mannitol
TRANSCRIPT CYANOGENIC B-CAS
ANALYSIS POTENTIAL ACTIVITY
g AN J
a Nl N
TOTAL AMINO
FREE CYANIDE ACIDS
\ ) VAN J

Figure13 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

Forsix 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 weze antlect
immediately frozen in liquid nitrogen at 2 and 5 hours pastinding. The collected material
was subjected to analysis of transcript levels of genes involved in CGs metabolism,
b-cyanoalanine synthase enzymatic activityee cyanide content, and overall cyanogenic
potential. The experimental design is illustrated in Figu4re

42 days old
Linola
e N
TRANSCRIPT
ANALYSIS
\. J
e N
TISSUE B-CAS
COLLECTION | AcTviTY |
tpt - time post treatment Vs ~N
: : > CYANOGENIC
2h 5h POTENTIAL
\. J
e N
FREE CYANIDE

AN J

control

Figure14 Schematic representation of the wounding treatment procedure in Linola flax plants
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3.6.6 Linola flax infection withF. oxysporunprocedure

Seeds of Linola were sterilized and sown into previously sterilized glass vessels
containing 5g of vermiculite substrate and %@ of liquid MS medium, without the addition
of sucrose or agar. The plants were grown under controlled phytotron conditions for 22 days.
At the Ohour time point, root and aerial tissues were harvested separately for baseline analyses.
Subsequently, plast were subjected to biotic stress through infection with Fusarium
OXysSpor um. For this pur poskcgollededontepgane day of
andprepared as described in sectioh 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
and14 days posinoculation. Phenotypic changes were monitored and documented throughout
the experiment. Bnscript levels of genes associated with CGs metabolism were analytled in
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 Figurels.

22 days old
Linola
TISSUE
COLLECTION
DAYS after infection
}_ : : | | | .
0 1 3 5 7 14
| J
I
ﬁ root and shoot tissue
+ 1L
10° spores
TRANSCRIPT CYANOGENIC TOTAL AMINO
ANALYSIS POTENTIAL ACIDS

Figure15 Experimental workflow for CGs metabolism analysis after Fusarium oxysporum infection in Linola plants
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3.6.7 Moderate sulfur supplementatistiessn Linola and CD22 flax

Sterilized seeds of both Linola and CD22 flax lines were initially placed on Petri dishes
containing 20mL 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 sul@&nriched medium (referred to as, 31S
medium supplemented with 3@M Mg SO ), as 8 @hedinallcendentriation T a b | e
of sulfate ions in the stress medium reached approxim2®%o 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
andquantification of CGs content were performed on the collected tisgpueael6illustrates
thecourse of the experiment.

E‘_ = — _:F
/ LS

Linola CONTROL CONTROL
= iy
| TR i TRANSCRIPT
[ 33 |
N g ===) COLLECTION 3

2 DAYS OF —
CGs CONTENT
ANALYSIS

GERMINATION '

CONTROL

| CONTROL S+

§ =3 1,7mmol/LSO,* 4,9mmol/LSO,?
S+ S+

Figure16 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 (i MS), medium with
substantially increased SO | sal t dindablé¢ e nt
6, Section 3.2 All media additionally contained 0,7%/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 separatatieat the

three time points. The analyses included transcript levels of genes involved in CGs metabolism,
cyanogenic potent i alcyanodlanimeesyntbasen aciivity e aetlatioent ent |,
amino acid content. The experimental workflow is showRigurel7.

Linol i h

Inota TRANSCRIPT
— : . ANALYSIS

= TISSUE { )

\1 l’ COLLECTION ( CYANOGENIC A
— DAYS POTENTIAL

2 MS S- ] | ] Y,

L N

l | | | £
_— ) I I I I I I I ; -
4&% 02 5 10 20 30 49 e

| | : 1
T
L J root and shoot tissue
— > 0= \_ J

V2 27\4—5 ...... ! 3% e ~

gﬁ g = | TOTALAMINO
\ i ACIDS

FREE CYANIDE

|
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M S+ 0,85mmol/LSO,>  0,45mmol/LSO.>  21,60mmol/LSOZ 1, MS S+ BGhs
ACTIVITY
. b7

Figure17 Experimental design illustrating the treatment wittintensive sulfur supplementation and sulfur depletion in
medium conditions
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3.6.9 Moderate nitrogen reduction and nitrogen enrichment in medium
treatmenin 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%/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: nitraenf | ci ent ( NT) anoc
enriched (N+). Nitrogn availability was modulated by adjusting the concentrations
ofammoni um nitrate (NH NO ) and pet aoani YMONI
concentrations in the respective media were 15,7mmoki40%0), 39,4nmol/L (MS; 100%),
and 63,0 mmol/L (N+; 160%). Changes in medium content are detail€dbile 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 treatmentse Tourse of the experiment is illustrated
in Figurel8.

T Jpe— real
| ctrl | e | % 1‘ | & 3 f
4 J k*f*‘J ‘\ |
— ctrl S
. / 3 = —
Linola TISSUE e N+
N- COLLECTION | & f
‘K J TRANSCRIPT
+—t ' ' : > \"N’: ANALYSIS
CERMINATION g > © 0 20 90
g_;’;l DAYS 17;;;‘% I 7 :
ctrl | | % 3 —
N+ &3 | Tt | ANAwsis
\ J \ |
\ - & ) \777 W’/} ) J
}i:ﬁ ctrl ‘*\,;,<

N- g\_,,t N+

39,4mmol/LNO,~ 15,7mmol/LNO,~  63,0mmol/LNO,”

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), (Mitrogenrich stress (N+),
andacontrol based on haft r engt h MS (i MS) . Ni trogen a\
byadjusting the concentrations of ammonium ni
in the growth medium. Specifically, in the- Mondition, the concentratonfs o NH NO
andK N O were significantly reduced (resulting
corresponding to approximately 30% of the control level), whereas in the N+ condition, content
of these salts were substantially increased (yielding atotalof60 | / L NO , appro
340% of the control). The control medium con
as 100%. These modifications were designed to induce a nitrogen specific stress response while
minimizing osmotic effects, dbugh it is acknowledged that substantial nitrate
supplementation may also contribute to osmotic stress. Changes in medium content are detailed
in Table8. 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 colipatetety at the
latter three time points. The analyses included the determination of transcriptdégeines
involved in CGs metabol i sm, C y a Acgagoalanine p ot €
synthase activity, and relative amino acid content. The experimental workflow is illustrated
in Figure 19

L. l 'd ™
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— T T T _ ~ /
0 2 5 10 20 30 - h
‘ Y FREE CYANIDE
root and shoot tissue
A vy
Y2 MS - ~
, TOTAL AMINO
ACIDS
%2MSN+ 19, 7mmolULNO, 59mmol/LNO,  67,0mmol/LNO; 1, MS N+ B-CAS
ACTIVITY
A vy

Figure19 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, histemedifying proteins, or components of chromatin
remodeling complexes. This interaction induces local changes in chromatin stinctuckng
condensation or relaxation, as well as alterations in methylation, thereby influencing
accessibility to the transcriptional machinery. The outcome may involve eithessigpore
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 ouattaparesults,
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 plaidzialo et al. 2019)

OLIGO treatment aimed at inducing changes in transcript profiles of the CAS gene,
whi ¢ h e n caahealnine syethade enzyme responsible for cyanide detoxification,
wasapplied. 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 differentarnedditions
(S, i MS, and S+). Figur@0 presents the experimental desiffitax seds of the Linola

cultivar were germinated in Petr.i di shes on
MS) salt composition solidified with 0,7%v/v agar with 2%w/v sucrose supplement.
Thecontr ol medi um (hereafter referr erdlated o as

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 T@bleAfter 7 days

of growth, seedlings were subjected to oligonudateotreatment. The procedure involved
excising the root system, followed by a-2(nute dehydration step under laminar airflow.
Subsequently, seedlings were immersed for 25 minutes in a solution containing either specific
oligonucleotides (1@nM 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 TaBI€AS2 and CAS3 are designed to interact with transcripts

of the gene encoding-CAS, whereas RANDOM represents a Aangeting 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
asused during germination (e.g., seedlingstpeated on Smedium were transferred to jars

also containing Smedium), ensuring that the cut stem ends were submerged in the medium.
The seedlings were further cultivated under controlled phytotron conditiotis tissue
sampling. Samples were collected at five time points: 8 hours, 24 hours, 48 hours, 7 days, and
14 days postreatment. Subsequent analyses included quantification of transcript levels
ofgenes involved in CGs met-ggdnaalanine synthasenfregy mat i
cyanide content, cyanogenic potential, and amino acid concentrations.
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Figure20 Experimental design for OLIGO treatment under different sulfur nutritional conditions
3.7 Statistical analysiglata visualizatiomndused bioinformatic tools

Data visualization and statistical analyses were performed using GraphPad Prism 9
(GraphPad Software, San Diego, CA, USA) or custanitten Python scripts in PyCharm
2024.1.3 (JetBrains s.r.0.) with Python interpreter version 3.12. The specific statestisal
applied are indicated in the figure legends, selected according to the structure of the dataset
andthe priority information to be extracted from the results. In the case of transcript analyses,
in addition to assessing statistical significanceldgical relevance was evaluated by verifying
the fold change in relative expression levels. A twofold increase or a 50% decrease
in expression was considered biologically significdnt.the Python scripts, the following
libraries were used: pandas (data manipulation and analysiepy (humerical computing),
matplotlib (data visualization), seaborn (statistical data visualization), statsmodels (statistical
modeling and hypothesis testing), and @Bitthhon (bioinformatics tools). Data in the graphs
arepr esented as mean N standard deviation (SD
analysis was not less than three.
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4. Results
4.11n silico identification and analysis of erggulatory elements in promoter regions
of cyanogenic glycosides related genes

In order to identify putative cieegulatory elements potentially involved
in theregulation 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 Figur2l, 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.

Gene Heatmap of Response Points per Gene and Regulatory Category
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Figure21 Heatmap of response point scores for cisregulatory 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, nitrogealated regulation,
hypoxia), biott 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 UGTS85 displayed high responsiveness to abiotic stressesdsodigtas
cold, salt, and oxidative stress, alongside notable developmental regulation, indicating that CGs
biosynthesis may be tightly coupled to both environmental stress adaptation andrgtatetih
processes. Genes involved in €6e g r a d @lucosidases @rfdl 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 mechaniSime 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 Sransferase, included due to its involvement in ROS management, had
comparatively low overall scores but showed responsiveness to oxidative stresstisgip

its putative role in mitigating ROS generated during CG turnover. Together, these patterns
indicate that CGs metabolism genes are differentially embeddeith wibader 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 glycosidéaxin

In the present study, flax culturedder in vitro conditionexhibited a dynamic pattern
of CGsmetabolism that corresponded to the vegetative phase of development dlissnie
cultivation conditions. To ensure accurate interpretation of metabolic responses under stress,
the initial part of the results section characterizes the baséfBsemetabolism in control
in vitro conditions.

4.2.1 Cyanogenic glycoside metabolism under full and -sakngth MS
conditions

As the control medium used in certain analyses wasshaigthMS medium { MS)
a formulation widely applied in plant tissue culture for rooting, shoot regeneration, and growth
optimization, it was compared to ftdtrength MS medium. This comparison provided
areference framework for evaluating change€ias metabolism under different nutritional
regimes.The experimental procedure used for the comparison of plants grown @tréafjth
MS medi um ( |-M8ngth M3 Medidmui$ described in Sect®f.1 No visible
phenotypic differences were observed between plants goavimll-strength and halétrength
MS media throughout the culture period.

4.2.1.1Transcript level analysis of genésvolved in cyanogenic
glycoside metabolism

QuantitativegPCR analysis was performed to assess the transcript levels of genes
involved inCGsmetabolism. To visualize transcriptional dynamics duringtro development

and in response to the nutrient strength of
values relative to day 2 samples grown on-$tiength MS mediumrhe results are shown
in Figure23.

Most of the analyzed genes exhibited a similar temporal expression pattern,
with theexception of UGT85(Figure 22 a) a n d-GLB (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
thatobserved undemn vivo conditions and corresponds well with the fluctuation<Ci@s
content inbothin vivo (Zuk et al. 2020)andin 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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l evel anal ys6lLb, andf CANJEGUr8 & c) relvealed an additional increase

in expression at later developmental stages, with a second peak occurring around day 20 or 30.
Furthermore, tissuspecific differences in transcript abundance were detected during

the period when both green and root tissues were analyzed in parallel (4% Eor CYP79

(Figure22 a), which encodes an enzyme involved in the initial step@$biosynthesis, awell

a s fGau, trabscript levels were consistently low inroottissue.r CYP79, | og ( RC

remained below 2,5 for root, regardless of time point and culture medium, while g ( RQ)

for shoot wasO , 3 4 ,23NFo ©-GlfJ transcriptabundancefor root was characterized

byl og ( RQ) Vi3, foushaot3,d e 8o @onversely, higher transcript levels were

observed in roots ¢ ebplarVe dc itaBhlgmnaeseasdrFidires s ue f

22 b), and nitrate reductag€igure 22 c). For the remaining genes, transcript levels did not

show significant differences between green and root tissues during this timél@mgarison

of transcript levels between plants grown on-fitiiengthand halfstrength 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 generimot tissue at days 30 and 40, indicating a medigmpendent

effect on its expression at later developmental stagesiay 30, UGT85 expression in roots

was 58 |1 og ( RQ) in B3$ medi (RQ)andn 1 MS, C
anapproximately 99% increase. At day 40, expression levels w8rd 0 | og ( RQ) i n
and1,85 |1 og (RQ) in | MS, representing an appr
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Figure22 Transcript level dynamics in response to the type of culture medium (MS vs. %2 MS)

Transcript level dynamics in response to the type of culture medium (MS vs. %2 MS) over time were visualized in a series
of gene expression plots. Genes involved in cyanogenic glycosisldiosynthesis were highlighted in green, those
associated with glycoside degradation in red, and genes related to cyanide detoxification in purpl&ene expression
levels were assessed using qPCR, with statistical analysis and data visualization performed in GraphPad Prgm
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of presentation, only statistically significant differences between culture media conditions are indicated on the graphs.
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4.2.1.2Evaluation of cyanogenic potential and free cyanide levels
under full and halstrength MS conditions

Cyanogenic potential indirectly reflecting the contenC@s, as well as free cyanide
levels, were analyzed in Linola flax grown in vitro on fstiength and hattrength MS media
over ti me. Results were expressed as Omol HC
postgermination, a marked increase in cygenic potential (Figure 23 left char), was
observed, risingfrom@ Omol HCNLg 14 Fowo(l M3)C Nangd 7236 W (1 |
and3515 Omol HCNLg T FW, respectively, on day
gradually decreased, reaching5 OmoHCNLg T FW QOm&) HGNLG T FW
by day 40.No statistically significant differences in cyanogenic potential were observed
between plants grown on fedtrength and hatrength MS media at any of the analyzed time
points.Theobserved temporal trend in cyanogenic potential closely parallels the transcript level
dynamics of genes involved @Gsmetabolism, with a delayed expression peak aligning with
day 10.

Similarly, no statistically significant differences in free cyanide cor{tégure23 right
char), were found between the two medi@mporal dynamics of free cyanide content did not
correspond to the timeourse pattern of cyanogenic potentBétween days 2 and 10, free

cyanide concentrations remained waveraging approximately,®5 Omo | HCNLg T
(MS)and®4 Omol HCNLg T FW (i MS), whereas el evat
(days 2040), peaking at approximately@2 Omo | HCNLg T FW for both
Cyanogenic potential Free cyanide
50~ -
mm VS
40- 1/2MS
= = = 34
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2 30+ o
5 5 2
o 204 [
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Figure23 Effect of culture medium composition (MS vs. ¥2 MS) on cyanogenic potential and free cyanide levels

Cyanogenic potentialand free cyanideexpressed as pmol HCN-gvfresh weight (FW), assessed in Linola flax cultivated

in vitro on fulkstrength and halfstrength MS media over a 4@ay time course All statistical analyses were based on n
HIOGIOARY O YNRHAC TGOl DGO RHAE qlIt t0¢ UT HOBVES JIOGII| & | DRY 0z ¥V RIGNIOA! KEs A B
correction was applied (*p < 0,05; **p < 0,01; ***p < 0,000 statistically significant differences in cyanogenic potential

and free cyanide contentwere observed between MS and %2 MS media at any time point.

42.1.3An al y s-CAS activity ubderfull and half-strength MS
conditions

The detoxi ficat i orCA&wasmeasuredyin flaxfiLindlaltwdtivated z y me
in vitro on fullstrength and halfstrength MS media over time. Enzymatic activity
wasquantified inboth green tissuéFigure 24 left char), and root(Figure 24 right charj,
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samples and expressed as nmol of H S produce
signi fi cant -CAS dctiviy werenobsersed betweeh media conditions for either
tissuetypeT he t e mp o r adAS grtivity Closélyecorrelated bvith the transcript levels

of the CAS genéFigure22 c), showing a characteristic peak on day 5 of the experiment, when

the enzymatic activity reached its maximum values ¢gf16n mol H SLg T L min T
on full-strength MS medium and 6 n mo | H S L g-stiengtn M8 médiundme h a | f
increase in transcript abundance observed on dafiglre 22 c), does not appedo be

reflected at the enzymatic activity level at that time poinggesting a possible pest
transcriptional delay or regulatioAlthoughCGs are present in root tissue only at trace levels,
b-CAS activity was comparable tbat in green tissue, suggesting that the root maintains a
functional cyanide detoxificatiomechanism independent of glycoside abundance.

B-CAS enzymatic activity - shoot B-CAS enzymatic activity - root
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Figure24Enm U HqOYntORz2 i qa | 100 T Ra O HOBAB ér@ymatie apiity (hiSkoet BEnDedt fistDESIO~ E f HOY U K&
-9 EWWJUA! G ¢ qRAIKE AqR2 Raq! @potdh-Gind) was Guariiied in@ieénvtisisteq hdot) androot of

flax Linola cultured in vitro on fullstrength and halfstrength MS media over timeAll statistical analyses were based on

UloH IOPIOHRY O YNRAC GO DGH RHAE qlJt 10¢ UJ. Foe-3J¢ 1JKOG I & Y I0G Vi 0% 5 BRIUIOKD] 10K &1 U
correction was applied (*p < 0,05; **p < 0,01; **p <0,001).Y IOt q¢ qRt qRHCc U 0! OF RABBWitRwWeeeU q FOI R'n n |
found between MS and %2 MS media at any time point in either tissue type.

4.2.1.4Amino acid profile alterations in response to fudhd half
strength MS medium

Due to the fact that amino acids serve as substrates for the synth@€ls, @nd that
cyanide is detoxified through their formation, the amino acid content in flax Linola plants
wasanalyzed unden vitro conditions over time, using both fidtrength and haktrength MS
media. The results are presented as the fold change in amino acid cohahsirengthiviS
medium relative to the corresponding values instiength MS medium on each sampling day
(Figure 25). No statistically significant differences were observed in the levels of any of
theanalyzed amino acids on days 2 and 5 after sowxugpt forisoleucine and proline on day
5, which were significantly lower in plants grown énM Smedium comparegith the fulk
strength MS control (p < 0,05), with fold changes of 0,87 for isoleucine and 0,86 for proline.
Subsequentlyboth isoleucine and proline showstdtisticallyhigher levels in plants cultured
oni MSmedium at later time pointeelative to the fulistrength MS control (p < 0,05):
fori sol euci ne, 20, 2a5 dN 10,dagBo) N( ddaoyd 2 pf ol i ne, 1, 26
and 1,12 N Bor lgshe, fyrdsing, an8 @nthionine, 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 grownioiM Smedium on days 10, 20, and 30,

with varying levels of statistical significance (from p O®to p< 0,01). A statistically
significant increase in glycin@ld change 1,28and hydroxyproling€fold change 1,2) content

was observed only on day 10 in plants cultivated ondtedhgth MS medium (p <@L and

p < 0,05, respectively)Glutamate and glutamine also exhibited significantly higher l€fal$
change 1, i8plants gr@vn 6ril M Smedium compared to the control on day 10.
However, by day 20, an opposite trend was observed, with their concentrations falling below
(f ol d chan ghosebneas8uBed iN plahts CuBivated on-stitbngth MS medium.
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Figure 25 Effect of culture medium (fultstrength MS vs. haHstrength 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 halstrength (Y2 MS) media. Amino acid levels are presented as fold changes relative to the MS
control (set as 1) for eabt corresponding time point. All statistical analyses were conducted using GraphPad Prism

Act T OYUUIOH IODPIOARY O YNRAC OOl WGHRAC qllt a lOE q étesRwitln Horhasidé® RN URN RH

correction (*p < 0,05; **p < 0,01; ***p < 0,001)
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4.2.2 Comparisorof transcript profiles andyanogenic glycosides content
in CD22 andLinolaflax linesunder control conditions

Given the evident links between the metabolisnC66 and sulfuicontaining amino
acids, selected experiments were conducted using the transgenic Linola CD22 line. This line
carries an overexpression of the yédst25 gene and is characterized by an increased content
of sulfur-containing amino acids. This approach enables a more comprehensive understanding
of the associated metabolic pathwayBlants analyzed in this study were maintained
asdescribedn Section3.6.7for control conditions.

The relative transcript levels a@f>scontent were evaluated in both the ficansgenic
Linola flax line and the transgenic CD22 grown under standard control conditions (MS
medium). Figure&6 presents thdrhe-dependenéxpression patterns of genes involve€i@as
metabolism. Among the genes analyzed, statistically and biologically significant changes
in transcript abundance were observed exclusively for the CYIH@are 26 a) gene, which
encodes an enzyme catalyzing the initial step in the biosynth&3@sofn the transgenic CD22
line, the CYP79 transcript level astay 2 of analysisvas more than twiold higher compared
to the nortransgenic Linola line. A similar difference was observed on Dagf2fhalysis
with both instances reaching a level of statistical significance (p13.0t should be noted that
due to a tweday shift in the timing of analysis relative to seed sowing, the characteristic
expression peak observed aroway 5 in earlier experiments (as shown in Figa& is not
recordedn this study Consequently, transcript levels appeared to follow a declining trend over
time, as the reference control point used tiare-coursecomparisonis aroundthe peak
of expression typically associated with early seedling development.

a CYP79 UGTS85
2.5+ *k . 5+
a - Linola 3
2.0+ = CD22 4 /
o 1.5 _ s ¥ ,-"f
& 5 e /
1.04----- T L T T T 2 /
— e n /
0.5+ — = [[E TEr. - Y (T
~ — e — %
e - " < -
0.0 I ] 1 i L] 0 ] ] L | L]
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DoA (day of sowing -2) DoA (day of sowing -2)
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Figure26 Transcript levelsof cyanogenic glycosides metabolismgenesin 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 tol days postsowing) under control growth conditions (MS medium) Data

representsa 6 131G 13¢ UtOy 1Ot qe UT ¢ 1 T Ol W2Re qRYUIONI| YO IOUIOH IOPIOARY O YNRHCE G HOI
GraphPad Prism9Two-5s ¢ | HO §¢é tonYdaVYs IJT IOA! IoNet ! bt IO 0 qRGUOIJIORY O Ge | R Y
**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 presentsghe cumulative content of fol€Gs identified in flax using
UPLC-MS, expressed in mg/M@W of lyophilized plant tissue. Théevelopmentatlynamics
of CGs accumulation were analyzed in both the 4ti@msgenicflax cultivar Linola and its

genetically modified line CD22 under control conditions (MS medium). At day 2, the transgenic

line CD22 exhibited a significantly higher totalGscontentthan Linola(3 3 , 2 4

N

3,

DW vs 22, 12DWp<00%).8y dayd,/this difference was no longer statistically
significant, withCGslevels being nearly equal in both linég.day 10, a significant increase

in cumulativeCGsconent was again observed in CD22 relative to Lindla/(, 3 7
DW vs 26, 50DWp<005,4dnd tmgirénd persisted through day Z20{ , 8 3

mg/lgDW vs 19, 25 DW; pls G0DB). Bynday §0, no statistically significant

N

7,
N

differences were detectedetween the linesThese results indicate that CD22 tends

to accumulate mor€Gsthan Linola during early growth stageghich may relate to itsigher

content of sulfuicontaining amino acidémplicated in cyanide detoxification, suggesting

anincreased availability of detoxificatierglated components in the transgenic line.

Figure27 Total content of cyanogenic glycosides in control conditions (MS medium) for flax lines Linola and CD22

Cumulative content of four cyanogenic glycosides (mg/g DW) measured via UPIMS in lyophilized tissue of non
transgenic flax cultivar Linola and the transgenic line CD22 grown on control MS medium over a@&y period. DoA
refers to the day of analysis, where DoA 0O corresponds to two days after sowil@P22 exhibited significantly higher
glycoside levels compared to Linola on day 2 (p <@b), day 10 (p < 05), and day 20 (p <,01), as determined by

60 -

40

mg/gDW

20—

Comparision of total CGs content
for Linola and CD22 (control condition)
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multiple t-test comparisons with HolmuE RT Ct IORY 1 | UAqRYUato YOt RDURNRAC UqOl Rnndl U
Error bars represent standard deviation ({ tO . IStdtistical analysis and data visualization were performed using

GraphPad Prism 9.
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4.2.3 Diurnal variation in transcript levels of genes involved in cyanogenic
glycosides metabolism innola flax

Transcript levels of genes associated M@thsmetabolism were assessed in a diurnal
cycle using plant®btained as depicteid Section3.6.2on Fixurell for control conditions
(upper part of the schemid). The analysis revealed statistically significant diurnal variations
in transcript levels for most of the analyzed genes. Fig8resents relative transcript levels
(RQ) expressed as fold changes compared to the 10:00 AM reference sample, staman as
charts. The shaded segments of the circles indicate the dark phase of the cycle. All analyzed
genes, with the exception of UGT&bigure 28 a) a n dGLB Vicianinase(Figure 28 b),
exhibited statistically significant fluctuations in transcript abundance over the@w4period.

For CYP79 Figure28a;RQ change: 3 8 ¥6),@CAS Figure28c¢;0,2 7 88),ASTL
(Figure28¢; 0,3 3  ¥0),@CAN Figure28d; 0,0 7 W), and NitrateeductaseRigure28

d; 0,5 2 Y94),6 pronounced increase in transcript levels was observed between 6:00 AM
(end of the dark phase) and 10:00 AM, suggesting-lighiced transcriptional activation.
CYP79,b-GLU (Figure28 b) ,CAS, OASTL, CAN and Nitrate reductagenes showed their
lowest transcript levels during the dark period, supporting aft&ggonsive expression pattern.

Inc o nt r-&lJt Linamarase(Figure 28 b) displayed a distinct expressioprofile.

Its transcript levels remained relatively constant during the light phlase,increased
substantially during the dark phase, particularly between 10:00 PM and 2:00 AM (RQ change:
093 Y)2 This pat t-6uUrinasnarasg may besreguldtea by abdifferent
mechanism compared to other genes involve€@s metabolism, potentially responding
inversely to light cues.

o~ CYP79RQ 0:00 -~ UGTSS5 RQ
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Figure28 Diurnal transcript profiles of genes involved in cyanogenic glycoside metabolisin Linola flax

Relative transcript levels (RQ) of selected genes are presented as pie charts illustrating changes over ahadr

light/dark cycle. Transcript levels were normalized to the 10:00 AM time point. Shaded segments represent the duration

of the dark phase.Datarepresentsa 6 13100 1J¢ Utoy 1ot qq¢ UT ¢ 1 T 1Ol W2 R¢ qRYUION1 Y § toU 1OH O Ol 1]
time PCR (qPCR)Statistical analyses were performed using GraphPad Prism 9, while data visualization was carried out

using a custom selfwritten Python script. Two-s ¢ ! KO 8§ ¢é OnYaaYs T IOA! IONa t 1J! bt G2 G qRGI ]
(*p < QO5; **p < Q01; **p < 0.001)Statistically significant differences in transcript levels between time pomts |nclude

uo 0 AT & % I0Q x = T D3T KT e JOHRE G HEDE HEDT X 165> > THAqmHDC peS KACHoks SHET M3 ; B S
YXKEIZIOZOTIKEZelOY X2 = m;mummmmMWEm@mwmm@ma@mvaZe FOQX = |

0,059 we X X IOQX I I 0300T) X8k 5 E NOEXGEDHHT Z3HQ 3BT TXOSRIEIRIBBAGHEH HOR FOA 1JT 2 Ha ¢ + 13X 0Q X
(P <Q001**¥)

4.3 Cyanogenic glycosides metabolism analyses under various stresses

4.3.1 Cyanogenic glycosides metabolism in Linola flax undeoderate
drought stressonditions

Analyses of CGs metabolism were conducted in Linola flax subjected to moderate
drought stress. The treatment was carried out exactly as described in S&c8on

Figure 29 showsthe flax plantsphenotypeln t he | eft j ar showed
their appearance after 30 days of in vitro c¢
created by addi n g-stresaed plantgigure 29 Tet) eshowed oedugrddt
bi omass production through their short stunt
under drought stress developed shorter and d
The root s y s-stressed oplants dshowedgenctr e as e d density ¢
|l engt hedompathe extensive root devel opment i
control plants(Figure29 right)t hat di spl ayéedroecuglnghegirmwt bnoc
shoots and complete green | eaf expansi on.

82



83:25008

The observed phenotypic changes mat ch st
Demonstrahgh ow pl ants redirect resources and mod,i
water scarcity.

Drought stress Control
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Figure29 Phenotypic response of linola flax to moderate drought stress at 30th day of treatment

4.3.1.1Cyanogenic glycosides content in Linola flax under moderate
drought stress conditions

The Figure30 presents the cumulative content of four CGs for Linoladlacter control
conditions and subjected to moderate drought stfedse f i r st measur ement

0O sho@samhhent s present i n wérét@mnsferseditbeddcontioy s b e f
medi um or medi um wi t h mannitol to esreate
accumul ation pattern showed a typical- devel

stressed plant samples. The totalS€G nt e n't reachecdroundtday 5hi ghes
oftreatment T hsecon@@me a s u BmglgD3V7 i n contr o33mggDWnt s an
indroughtt r eat ed pl ant s at this time point .
nosi gni ficant wvariati onstrdssed pladte naccomtdi mlg ®Bad s
analysisat any timepoint T hsec 0@ ent measurements between

devel opment al variations bet weenCGstcontent t wo e
incontr ol pl an temg/ghDeW rbeeatsweede nb yd alyl 5 astresseday 10
pl ants sho2vragl/ gonDW S$SubseRuenidylleeC&El e v e | in stress

decreased by 85 mg/ g DW bet ween day 10 and day 20
a Iamg/ g DW dlektag erasul ts showstskrat pdramughtr each

CGsaccumul ation | evels at a | ater time point
Thedel ayed and broader accumul ation profile |
changesindevelopment t i mi ng or r educ e Howpvberyhsei ddGd quil ¢ a |
content showed no statistically sigeaied i cant

plants at any of .the examined time points
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Figure 30 Total cyanogenic glycosides content in Linola flax cultured in vitro under control conditions and moderate
drought stress

The UPLGMS method assessed content of cyanogenic glycosidésummary: linamarin, lotaustralin, linustatin, and
neolinustatin)in mg/g dryaveight (lyophilized) of flax Linola tissue whiclrew on MS contrdmedium and
moderate2rought stress conditiondfor 40 days. Day O result refers to seedlings at moment of transfer to control or
stress medium. The stress treatmeritlid not producezany statistically significantzhanges in total content of CGsSThe
data showhhe mean * standard erro{SE) values frortn H 3'biological replicates. GraphPad Prisn® performed all
statistical analyses. Tweway ANOVAollowed by Tukeyspost hoc test was performed{*p < 0,05%*p < 0,01; ***p <
0,001)5

The time changespr of i | es i n ndfilvaixdualeedl i ngs u
anddr ought st r esshsowno ni®@i tRSoga@mesitywsciass r eveal ed r
di fferences in the contents of specific C
Nevertheless, distinct physi ol ogical trend:
anddi gl ycosides throughout Thehliglycosides linystatth@nde | op n
neolinustatin, which are the predominant CG:
concentration during t he i inugtatina decrdageg sby f ol |
approximately 62,6 % and neolinustatin by @pmately 72,8 % from day 0 to day 2.

This decline suggests t heir pnaorbti | okateaohy oft
devel opment . I n contrast, |toheaumbnabl pcowhde
the majority of tot al CGs throughout mo st 0

di f f er e iheir Ipval$ ihceecased. rapidly during the first few days post germination,

reaching peak concentrations around day 5: I
22,6 N 1nmgbgtbwli and 22 N 0,2 mg/g DW under
N 0,3 mg/g DW to 14,2 N 0,53 mg/g DW in conf
After day 5 concentration of both linamarin and lotaustralin declifidd.i s patt er n mi r

over al l dynamics of total CGs content during
during the vegetative pthatsoa,alt hCeGs | grogd s t w acst
monogl ycosi des, i n de dotaestratin.Trhge sa@r dmveerr:e | fionl a noaw
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diglycosidedinustatin and neolinustatif.his composition reflects a physiologicsift from
seedst ored digtycwovsidesyhbhesized monoglycosi d
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Figure31 Specific cyanogenic glycosides content in Linola flax cultured in vitro under control conditions and
moderate drought stress

The UPLGMS method assessed content ofspecific cyanogenic glycosidesflinamarin, lotaustralin, linustatin, and
neolinustatin)an mg/g dryaveight (lyophilized) of flax Linola tissue whiclirew on MS contramedium and
moderate2rought stress conditionsfor 40 days. Day O result refers to seedlings at moment of transfer to control
stress medium. The stress treatmeritlid not produceany statistically significantzhanges in none of specific
cyanogenic glycosideThe data shovithe mean + standard errof{SE values fromin H 3'biological replicates. GraphPac

Prism® performed all statisticalanalyses. The statistical analysidncluded two-way ANOVAollowed by Tukeyspost
hoc test.
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4.3.1.2Profiles of cyanogenic glycosides metabolism genes
transcript levelsinder moderate drought stresmditions

The expression | evels of GGswmerse i aanwvall wzdad i
gPCR in both control pl ants andTranscaphlévels subj e
were measured at multiple time points to assess gene expression changes in response
to treatment, with all values expressed relative to the baseline af they@bint at which flax
seedlings were transferred to either control or drosglkess conditiondResultsare shown in
Figure 32 Drought stress resul ted i n thC&s el eva
biosynthesisn specific analyzed timepoint€YP79 (Figure32a) exhibited markedly elevated
transcript levels at days 2, 5, and 10 of mannitol treatment, showingf@d. jdcrease at day
2, a pronounced 4;ld induction at day 5, and a 2{8ld elevation at day 10 compared with
the respective cdrol plants.UGT85 (Figure32 a) transcript levels in mannittleated plants
consistently exceeded those in controls across most time points from day 2 through day 30, with
the exception of day 20. Specifically, expression waddlgBhigher at day 2, nearly 3j0ld
at day 5, and@gproximately 3,ifold at day 10, followed by a decrease below control levels
(0,67fold) at day 20, and a subsequentfbl@l elevation at day 30@he examined degradation
rel at e(figurg 82nbg displayed increased transcp t  linedaye 10 of treatment
Theexamined degradatiene | at e dGLW eximb&ed B 2,60ld increase in transcript
abundance relative to the control at day 20 of treatment, which was both statistically
andbiologically significantT h e @&hbUeVS c i a ni m-&lsUeinamardse displayed
el evat ed alsoxapr edsasyison2 and 5 although these ¢
for biological significance.Genes associated with cyanide detoxification also displayed
significantly elevated transcript levels on day 10 of mannitol treatpwith CAS showing a
2-fold increase and CAN exhibiting an almost-#%8l induction compared with the control
(Figure32c).

The gene expression profiles showed a d:¢
5 regardless of stress conditi omf&smetdbbliem expr e
indicate that drought stress | eads to actual

ofdel ayed devel opmen

a CYP79 UGTS85
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Figure32 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, ad genes related to cyanide detoxification in purple Gene expression levels were assessed using

gPCR, with statistical analysis and data visualization performed in GraphPad Prism 9. The results were normalized to

actin expression and presented as (RQ) relize to the sample collected on day 0 before seedlings transfer to treatment

GUT REQEqeqRt qRECGOcUCT! + 1Jt 105 Wh-tJ¢OHRI UT & & q 10T P & ¥V 3001106 HO ¢EN 21f GI
correction was applied (*p < 0,05; **p < 0,01; ***p < 0,00For 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 Section3.6.4
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The phenotypic appearance of f 1l ax pl ant
under contrasti ngshgpmwnwt 33 ¢digdviretsiesoknts cionnt ai ns
subjected to drought strwbtsg mamni aoked DThesbe
clear' stress sympt oms, includiriilglitedslateg;ahifica

ik i

Drought stress Control
MS + 2% mannitol MS

Figure33 Phenotypic response of Linola flax to severe drought stress (on left) at day 30

shoot formation, and visibly smaller | eaves
and overall aeri al bi omas s lanc caudndui |t aidteessed dirso ung
pl ants dnawnmalecped el oped root system. I n cont
plants grown on standard MS medi um, which d
branched shoot s, and fully expanded green | €
deveb p e d , suggesting opti mal nutrient and W ¢
di fferences are consistent wi t h typical p |

adaptive strategiteisons uanrhd arse sprua veteh-defwiemsietrav a t
conditions.

4.3.2.1Profiles of cyanogenic glycosides metabolism genes transcript
levels under severe drought stressaditions

The heat map (Figur@) displaysl o-ggansformed relative transcript levels for genes
-involved in CGs metabolism in flax under severe drought conditions. Values reflect fold
changes in expression between drottgdited and control plants at the same time point,
enabling direct comparison of strasguced transcriptional responses independent
of developmental stag@&he study detected statistically important variations in gene expression
throughout different time intervals that demonstrated coordir@@&simetabolism adjustment
under seere drought conditions.

UGTS85 displayed significant downregulation during day 5 (@34 of the control)
but subsequently showed a statistically verified increase on days 16f¢&jp430 (3,46fold)
and 40 (2,250ld). CYP79 demonstrated the same expression pattern. Transcript level at day 5
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was lowered (0,4%0ld of the control) but increased significantly during days 30 (888
and 40 (4,890ld).

The degradation pathway also showed changes in transcript levels as a result of drought
t r eat me RGLU gefehezhibifed reduced transcript levels compared to the control
throughout the entire time course; however, a significant reduction was obselyenh aay
10 (0,29fold of the control, i.e.about7 1 % d e c-GL& aviianjnase dnd HNL
demonstrated lowered transcript levels at initial days of treatment-fi@diand 0,3%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 controt@¢Pdand 3,06fold,
respecti vel y) -GLdVidaninase, dayl?e repredes a notalle cliange (2;96
fold of t he cont r odGLU Lindnrarase gemaineg telatively \stables o f
throughout the analyzed time points, rangiegween 0,82to 1,65fold, 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 2-6ld7~53 % reduction) and 20
(0,31fold, ~69 % reduction). On day 10, the transcript level was only slighdlyated (1,41
fold). Following the decrease observed on day 20, transcript abundance increased again relative
to the control and remained elevated on days 30 {)d6 statistically significant) and 40
(1,61fold). CAS, also involved in cyanide detoxiéition, showed a pattern of transcript level
changes similar to those o0bs e@®GLU®¥&idanihaserand he bi
HNL. After initially reduced transcript levels on day 5 (0f8), expression began to increase
relative to the contitpreaching 1,48old on day 10, 1,6%old on day 20, and 2,6fbld on day
40, the latter two being statistically significahlitrate reductase showed consistently lower
transcript levels compared to the control throughout the drought treatment, watkcepion
of day 2 (1,150ld). Statistically significant downregulation was detected on days 5{6ld))

30 (0,49fold), and 40 (0,330ld). When interpreting the heat map results, one should consider
the developmental trends in transcript levels of genes rela@@smetabolism. 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 transgt levels were generally more stable, many genes involve@Gds
metabolism showed upregulation in response to intense drought stress.

89



10 20 40 DAY

30
* r SYNTHESIS

clevated  GENE 2
transcript 2 CYP?g
B UGTSS
B-GLU Linamarase
B-GLU
-0 B-GLU Vicianinase
HNL
CAS

*
CAN
..-2 OASTL L o+
lowered x R DETOXIFICATION

transcript NR
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
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4.3.2.2Cyanogenic potential and free cyanide in Linola flax under
severe drought stress conditions

The bar graphs in Figui@b present the time course dynamics of cyanogenic potential
(Figure 35right char) and free cyanide concentratioRigqure 35left char) in Linola flax
subjected to severe drought stress over-dajOperiod. Sampling points span from daio2
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 drotigatted and control plants, with values of 49,1
N 3,7 and 26,4 N 4,3 Omo Hold@iyherbugderidrodgMj, A r e s p ¢
statistically significant increase in cyanogenic potential is observed in plants subjected to severe
drought stress compead to the control group across almost all measured time points. At day 2,
droughtst r essed plants showed 5,51 N 0,49 ver su
(183f ol d). At day 5, values were compar,abl e b

vs. 15,2 N 1,8 Omol CN Lg T FW). At day 20,

stressed plants maintained slightly | ower | ¢
3,9), corresponding to 0,688ld of the control. In the later gjas of the experiment, cyanogenic

potential remained clearly elevated in drought r e s sed pl ants, with 26,
Omol CN Lg T FWwlad) dagn®0332748 6,5 vday 6, 58

40 (5,12fold). 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 fregyanide (Figur&5left char), presented in the right panel, did
not show statistically significant changes during the early andstages of the drought
treatment. However, by day 40, a marked and statistically significant increase (p < 0,001) was
observed, withdrought r eat ed pl ants reaching 8,26 N 0, 3¢
N 0,29 Omol CN Lg T IiRgWb a 4nlSotd @levatioro This Jatstager r e s p
rise infree cyanide levels may suggest a functionée of cyanide as a signaling molecule,
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potentially involved in the regulation of senesceralated processes under prolonged drought
stress.

Cyanogenic potential - IS Free cyanide
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Figure35 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 drouggitessed 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 treahent. Statistical analysis was performed using
GraphPad Prism 9 software. Multiple unpaired-tests with Holmue RT Ct IOHY | | DHqRYUIOn Y| tOd 2 & q RG 0 1J IOF
to assess significance between control ad drought-treated samples at each time point(*p < 0,05; **p < 0,01; ***p <
0,001).

4.3.2.3b-Cyanoalanine synthase enzymatic activity.imola flax

under severe drought stress conditions

Enzymatic ag/tainwiatl ya n 0 h-€EAB) yesponkilaes fer cyarbde
detoxification, was measured in both control and drosglessed Linola flax plants and
expressed as the amount of H S removed per n
pr ot ei nnlgmeentissue§-igure36right charj, 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. -CAS astivitpwas inittally fiiggen ia contrbl plants compared to
droughtst r essed pl ants on day 2 (4,24 N 0,05 vs
corresponding to a 0,86ld level under drought). However, by day 5, a statistically significant

i ncr e a&dBactivity wds obervedindrought r eat ed pl ants (20,69 K
contr ol (16, 39 N 0-fold Blgvationr Thip effecs appearedntgnsient, 1 , 2 €
asnosignificant difference was detected on day 10, with both groups showing comparable
enzymatic activity This convergence, however, may reflect a developmental mismatch
inthed e c | i RGAS acfivity after a peak at day 5, rather than a consistent response
todr ought . [ n contr ast ;CASf actwity remhaangd c@nbistendyn wa r d
andsignificantly higher in droughstressed plants compared to controls, with values of 15,07

N 1,36 vs. 9,10-ffld,)79 ldt, 7dayW Ad IIL7H6GH, 6, 54
and 9,94 N 0, 45 v s .-fold. THsdpréguldtionn8y redldct ademtyancddd ( 1
need for cyanide detoxification under prolonged water deficit.

A similar pattern was observed in root tisqlrégure 36 left char, wh€AS D
activity was significantly higher in droughtressed plants than in controls at all examtimed
points. Specifically, activity reached 11, 42
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atday20(1,4f ol d), 11,70 N 1, 01 vfso.l d6),,42anNd 01,01, 31 5a
7,34 N 0, 37 -fad). Theseyfindiags® suppbrt 8 doughtiuced activation of

cyanide detoxification pathways in both shoot and root tissues, blsefyn adaptive response
toincreased cyanide accumulation during stress.

B-CAS enzymatic activity - shoot
B-CAS enzymatic activity - root
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Figure36Zi-CAS enzymatic activity in shoots and roots of Linola flax under severe drought stress
©-91 ¢ UYe¢ b ¢ UR U KOOS) lerzynatic hctivkyétias 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. HqR2 Raq! IORt IO+ Gl 13t + DT HOct 106 10c G Ye UqloYntoc BEIO JG Y2 T K
values * standard error (SE), based on a minimum of 3 biological replicates per time point and treatment. Statistical

analysis was performed using GraphPad ism 9 software. Multiple unpaired ttests with HolmukE RT Ct IORY | | WHqRY Ut
multiple comparisons were applied to determine significance between control and droughtreated samples at each

time point (*p < 0,05; **p < 0,01; ***p < 0,001) .

4.3.2.4Amino 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 ascf@dges in droughdtressed plants relative
tothe corresponding control values at each sampling point (FRJ)rerhe 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 addRiéf wfannitol
to the culture medium. Amino acid content was determined using gas chromatography
with flame ionization detection, and values are presented aslialdge (xfold) relative to
control samples for each respective time point. No statistically significant differences were
observed for leucine, threonine, ornithine, or tyrosineveeh mannitetreated and control
plants at any of the analyzed time points. In contrast, alanine and glycine levels were
significantly lower in droughstressed plants on days 20 and 30. For alanine, values declined
to 0,88 N 0, 03 a5tatddy89. Glgcihe atsmsthowdd, aSignifidant Gegubtion
already at day 5, with | evels decreasing to
were observed, with droughtr eat ed pl ants containing 0,77 R
atday30Speci fically, valine reached 1,09 RN 0,00
aspartate and asparagine 1,44 N 0,09 at day
reduced concentrations by day 28,20 serinewas!| ev el
the only amino acid that exhibited a higher level in drowglessed plants compared
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tocontrols, reaching 1,20 N 0,03. In contrast
reduced, with values of 0,53 N 0, 03. Hydr ox
from days 2 to 10 (1,07 N 0, l%atdayl0)dHoweve?,; 1, 1
a clear decrease was observed on day 20 (0, 6
when hydroxyproline reached 2,85 N 0,11, i no
reflect enhanced proline hydroxylation otleall remodeling under prolonged stress. Lysine

content was markedly reduced in drougtressed plants on days 5, 20, and 30. At day 5, levels
declined to 0,40 N 0% 3fthe coatplrvalue.eSmilarly) lgsin®@ n | y
content reached®7 N 0, 03 at day 20 and 0,59 N 0,083
depleted amino acid under drought stress. Overall, the results reveal a dynamic reprogramming

of amino acid metabolism in response to mamiitduced drought stress in Linola flakhile

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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Figure37 Relative changes in amino acid content in Linola flax under severe drought stress
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Bar graphs show the foldchange (xfold) 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 GGFID. Dat are presented as mean values + standard error (SE). Statistical analysis was performed using

GraphPad Prism 9Multiple unpaired t-tests with HolmuE RT Ct OB Y| | DHqRYUKON Yl 1002 G qRGOJIORY 0 G¢
***p < 0,001) were applied to assess gigficant differences between droughtstressed and control groups for each

amino acid. Statistical comparisons were conducted with a sample size of {3 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 describedetail in Sectior8.6.5 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 5hours postvounding results areshown on Figure8. A statistically and biologically
significant upregulation of CYP79, a key gene in the biosynthesis pathway, was observed
atbot h time points. I n wounded tissues, CYP79
hourspost r eat ment (p < 0, 01)stteatrdentZp,<®,05). ¥ cabtra®,9 at
UGTS85, another gene involved in CGs biosynthesis, showed no statistically significant changes

in transcript | evels at either time point, w
Among the genes associated with CGs degradation, two out of three displayed transcriptional
activation I n r e s@LU nLmamaraseo expressiom @as ndgamatically

upregul at ed, showi ng -wéumding andl rerhainihg highly eBredh o ur s
at2 0, 6 Nhdbrs@stweotunsdi ng. No statistically-signif
GLU transcript levels (0,90 N 0,14 at 2 h;
transiently increased, Aveatméent (B < 08,d5), But rétucz 4 a't
to control levels by 5 hours peato u ndi ng ( FurtBedmord, bdih gerieg involved

in cyanide detoxification exhibited significant transcriptional responses. CAS transcript levels
initially increased to 1, 5ByalNubdantiallecraasea®25 hour
hoursposwoundi ng, when values dropped to 0,25 N
were significantly elevated at both time poi
N 0,18 at 5 postwoupndgng. Rurthémaddel hboth genes involved in cyanide
detoxification exhibited significant transcriptional responses. CAS transcript levels initially
increased to 1,52 N 0,11 at 2 hours (p < 0,
postwounding,men values dropped to 0,25 N 0,02 (p
significantly elevated at both time points,
at5h (p<0,01).
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Figure38 Transcriptomic response of cyanogenic glycoside metabolisnrelated genes following mechanical wounding

Transcript levels were measured by qPCR isix-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 inleed in cyanogenic glycoside metabolism.

Statistical analysis was performed using multiple tests with HolmuE RT Ct IORY | | DRqRYUIOE] | ¢ G6 A¢ T IOAI
biological replicates. Statistically significant diferences are indicated (*p < 0,05; **p < 0,01; ***p < 0,001).

Enzymat i ¢ -gganealanme synthase finvdived in cyanide detoxification, was
also investigatedA statistically significant increase in cyanidetoxifying activity was
detected at both 2 and 5 hours after wounding compared with untreated control plants.

At2hour s, activity
to5,16 N 0, 32 nmol
rose from 5,25 N

increased from 3,34 N 0,02
H SLmin TLmg T protein in
1, 20 t o prbtéin, @@espndifig tdazhightymo |  H

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 sitessesults are
presentedn Figure39.
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Figure39E UA! ¢ q R A 18 IHgR2 Rigd (0¥ O EED) in_hojadflaxsulfjédd to mechanical woundingstress
#i-CAS activity was measured in protein extracts frorsix-week-old soil-grown plants at 2 and 5 hours after treatment.
EUA! Q¢ qRHIOE HqR2 Ra! IORY IOIJ+ Gl 13t + T tO0ct toc BEOUG Y U IOGIJ| OECARIOY n HOG| Y q
activity was observed in wounded plants compared to untreated controls &toth time points. Statistical analysis was
performed using unpaired tweq ¢ R 13T HOEtepewitHHOlmuEIRMDG t IORY | | DR qRY U0 UOH OPIOARY G YNR
indicate statistically significant differences: p < Q01 (**).

Cyanogenic potential and free cyanide levels were quantified plants subjected
to mechanicawounding. Measurements were taken on tissues collected 2 and 5 hours after

treatmentAs shown in Figurd0, no statisticallysignificant differences were detected between
wounded and untreated control plants in either total cyanogenic potential or free cyanide

content. At2hourspo$tr eat ment , cyanogenic potential wa:
protein in control planta nd 12, 50 N 1, 04 protemoii wolthde8 tissuesp T L m
whil e at 5 hours the corresponding values
H SLmin TLmg T protein. Similarly, free cyan
vs. 0,36 N 0,10 nmol hsBluBkmi andlLtmg1b6 fr 6t 68n v
H SLmin TLmg T protein at 5 hours. These fi

andtime points, wounding did not significantly alter the steathte levels of cyanogenic
compounds or released cyanide. Importantly, despite the observed transcriptional upregulation
of genes involved in CGs met acyamobhlanmersynthasd t h e
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
toef fi ci ent scyaaocalaning symhgsetich cobtributes to rapid detoxification

and homeostatic regulation.
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Figure40 Cyanogenic potential and free cyanide levels in flax Linola after mechanical wounding stress
Total cyanogenic potential (left) and free cyanide concentration (right) were measuredsix-week-old soil-grown
GiacUaqt lOWHO6 Ye | t toe nqldl 10s Y2 UT RUNIOq! We qa D Uqpto? ¢ qcétoc ! U+ Gl 13t + 11
No statistically significant differences were observed between wounded and control plantStatistical significance
was assessed using an unpaired twa ¢ R0 11 FOEtepewitiHolondiztRIOGC t IO Y 1 | UHqRY U
4.3.4 Profile of cyanogenic glycosides metabolism garesscriptunder
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 Mettloaster, Sectio.6.2 A comparison
of the plant phenotype over a-88y growth period under different diurnal cycles is presented
in Figure4l.

Figure41 Phenotypic comparison of Linola flax grown under shortlay and longday photoperiods
Seedlings grown for three weeks under shoiday conditions (8 h light / 16 h dark; leftrontrol 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 sklagt conditions displayed a compact
growth habit, characterized by reduced shoot elongation and overall smaller biomass compared
to the control plantsvhich were cultivated under lorgdpy conditions

Transcript levels of genes involved@Gsmetabolism were monitored under standard
diurnal conditionsand under a prolonged dark phase. The results are presented as radar plots
in Figure 42. To further investigate the role of light and dark phasethanegulation of
transcript abundance, expression profiles were compared betwestarttiard and extended
night conditionsFor CYP79(Figure42 a) a n dGLO (Figure42 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, 06:0Q], @&nd 0 0 -GLUK, at 18:0®
22:00, 02:00, 06:00, and 10:0 the case of HNL(Figure 42 c), plants grown under the
prolonged night condition exhibited a shawmprease in transcript levels at the beginning of the
Il i ght phase, ,1bdtwedn 1G00 gni @4:06. At214:00, 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 incontrol plants at 02:00, 06:00, and 10:0@ statistically significant differences in
transcript levels were observed for CANgure42d) andb-GLU Linamarasd€Figure42b) at
any time pointF o r U GT 8GLU Miagiadinagg(Figure42b), time points showing higher
transcript abundance under the staay (prolonged night) condition were 10:00 and 18:00 for
UGTS85, and 14:00 fob-GLU Vicianinase CAS (Figure42 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, C8transcriptievels were significantly higher than in control plants.

A similar response pattern was observed for OASHigure42d) and nitrate reductaggigure

42 d), with peak expression at 14:00 under the stayt condition. However, in these cases,
the differencat 14:00wasnotstatistically or biologically significant when compared to control
plants.

As describedn Sectiond.2.3 transcripievels 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 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 lateetween 10:00 and 14:0@eflecting a delayed but
amplified transcriptional response to light exposuseibstantial transcript accumulation
between 10:00 and 14:00 was observed for the following genes under thdashooindition:
CYP79 ( ~280 %GLU 1t~450%)aHNe [~380%), CAS (~230%), CAN (~100%),
OASTL (~270%), and nitrate reductase (~230%). These results suggest that shortened
photoperiods lead to stronger transcriptional activation of genes involv@@smetabolism
and nitrogen/sulfur assimilatiom contrastp-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 UGTS85, responded to the altered photoperindhe case of UGT85, transcript levels
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steadily increased throughout the light phase, peaking shortly after the onset of darkness
at18:00.b-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.

—®- Normal
—a— Long night

| 2 A —a— Long night
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Figure42 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 thestandard night period (22:0@06:00), 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 dar&olored
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lines correspond to expression profiles under prolonged darknes# colorcoding 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 cyda
detoxification and related metabolic pathways.? ¢ q ¢ 0l 13GI 13+ WU qtoqé oG 3¢ Utoy 1ot q¢ UT ¢ 1 T 1Ol 13
obtained using quantitative reaitime PCR (gqPCR). Statistical malyses were performed in GraphPad Prism 9. Data
visualization was carried out using a custom Python script employing the NumPy, Pandas, and Matplotlib librari@éso-
s5¢! 10 §é ONYdOdVYs Il OA! ON adatibtichdstOvdse appljde G\atdlisRd(Y) ietiotd JRatisiicalD
significant differences in transcript levels between the two light regimes at individual time points (p 08).
4.3.5 Effect of Fusarium oxysporunmfection on cyanogenic glucosides

metabolism in Linola flax

The infection procedure is describedSection3.6.6 The phenotype of Linola flax
shows differences when compared at 14 days-ip@sttion with Fusarium oxysporum
in Figure43. 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 syniptargh
chlorosis and wilting and major turgor losghe infected samples display extensive fungal
colonization through visible hyphal growth (pink arrows) which coverséhmiculitesurface
The mycelium growth along with plant deterioration provest o oxysporuminfection
successfully attacked thpant.

14 DAY POST INFECTION

CONTROL

INFECTED

Figure 43 Comparison of the phenotype of Linum usitatissimum cv. Linola 14 days postfection 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 showsLinola flax transcript levels of genes related to CGs metabolism
andb-glucanase followindg-usarium oxysporumm nf ect i on. The data shoy
values for transcript levels from infected plants relative to controls at multiple time points (1,

3, 5, 7, and 14 days peisifection) for root and shoot tissues.

The pat hogen r @lacpnase sskowedh signkieamt inféctioalated
elevation in root tissues. The mMRNA levels of this marker exhibited gradual increase until
reaching their highest levels atdays5®,0 | d; | og RQ@ 12d ;0 49,and7”R @ 72 ,6
9,2f ol d; l og RQ 3,19) (statistically and bi ol
glucanase transcripts increased substantially in relation to control plants in shoot tissues after 7
30f ol d; | og RQ 1 -fdd7l)o ga nRIQ 134, dd)y sf 18], Bwi ng pat
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

infecton(9,#f ol d; | og RQ 3,28). Later the gene sho\
levels throughout days 3 (0230 | d ; | og RQfold;Bg RMW) 71 65 6Q@0-, @hd 7
fold; log RQ 16,42) of the experiment,- while
fold; l og RQ 10, 86) . However root amounts of
The CYP79 gene expression in shoot tissueeamed (statistically and biologically significant)

at day 3 afterinfecton (18 01 d; | og RQ 0, 91). This was foll
5062f ol d; |l og RQ 10,68) and then returned to
atdays 14,2f ol d; | og RQ -f20,10d2;) laongd RIQ} 2(,40 93) .

T h eGLB Linamarase showed no detectable transcriptional changes throughout the
entire experiment time period in the root tissue. The shoot tissue demonstrated a minimal yet
nonstatistically important reduction in mRNA expression up to day 5. The trahscr
abundance of infected plants reached higher levels than control plants at dayibfeptieh

2,06f ol d; l og RQ 1,00) according to both stat.i
The expression pattern of the second gene responsible fobf@@kdown show complex
nature. The root tissue displayed diminished HNL transcript levels at days¥ (0,46d ; | og R

T1,13) ;o8 d;0,/204g RQ #2,0d5) |eamd Riectotalt®d@y post
day 3 transcript levels remained compardbleninfected controls. Additionally the analysis
showed that root HNL transcript levels increased substantially above control values at day 14

22f ol d; Il og RQ 1,14). The shoot tissue displ
postinfection(0,25f o | d ; l og RQ 1T1,98) but then exhibi
4,0f ol d; l og RQ 2,00). The HNL | ev-ebbdgdekogaR
0,08) until they reached statistically and biologically lower levels than contrdés/d 4 (0,22

fol d; l og RQ 12, 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 conditiortSARhgene in the

root showed elevated transcript at day 7 following infection-{2@1 d ; l og RQ 1, 1¢
levels occurred to be lower than in controlatday 14 0,201 d; | og RQ 12, 39) .
displayed noticeable expression changes thatroeg¢ at days 7 (2s0 o | d ; l og RQ 1, 0:
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5,0f ol d; l og RQ 2,33) while showing increase:
during both time points

Figure449 6 ¢ UN1IJt IORUIOg ! ¢ Ut A1 RGqIOG 13210+ HOYn IOt D0 IHqIT HON-guddhaseOR U2 Y 2 1JT
a marker of pathogen infection, in Linola flax roots and aerial tissues following Fusarium oxysporum infection
Transcript levels were quantified by gPCR, normalized to the expression of actin as a reference gene, and are presented
ctiyYNBEeRUNWUEQUT prYUq!l Yih ed0sséQidy bk cefdeséni reotlls@npresOwHikiyeehdparsy i HOG T ¢ U
correspond to aerial tissues. Color coding ottharts indicates functional categories: black Lii-glucanase (infection
marker), greenuCGs biosynthesis, redwCGs degradation, and purplewcyanide detoxification. Red dashed lines denote
biological thresholds correspondingto atwon Y T FORUHI 3¢t 1JHOY 1 O IOWIZ XKIOl UT e AqRYUIORUOq ! ¢
yTHAOEqcEc qRt qRAcOOcUcT! + Rt IOs ¢t OGII nYIl G 1T 102t R Gust@nd Hol@d Ac T IOAT R
ERT CtHOHY!I | WHqRYUIOn Y1 100 2 (isksREidida@rstatist@ally sRnifivadtidifeée Aok dQ@E) thed + q lJI R
CUt YIOUWWUqOgs ORI Rl ReOnYIl IOHRYOYNRAC O DaW2¢URDICETYNBIONY DT |
Figure 45 showsthe relative cyanogenic potential Blisarium oxysporurnfected
pl ant s, presented for roots and shoot ti ssue
change (infected vs. nanfected control plants). In roots, a significant increase in cyanogenic
potential was observed at day 5 (173% of contraj; lo 0, 7 9 ; p < 0,01) an
ofcontrol ; |l og Anfei@n; compared to @gntéoOplants. Ip sheadt tissues,
amarked decrease was detected at 24 hoursipost ect i on (36% of contr
0,01) as an early response to fhethogen. This effect did not persist; at days 3 (136%
ofcontrol ; |l og 0, 44) and 5 (107% of control

andcontrol plants was comparable. On day 7, a significant decrease was again observed
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