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1. ABSTRACT

The colonization of land by plants represents one of the most groundbreaking evolutionary events
in Earth’s history, requiring profound transformations in their biochemical and regulatory pathways.
In response to novel environmental pressures such as water deficiency and increased ultraviolet
radiation, plants developed a wide spectrum of adaptive changes, including modifications
in the biosynthesis and regulation of secondary metabolites.

This doctoral dissertation investigates the interactions between various Arabidopsis thaliana
(thale cress) genotypes, selected abiotic and biotic environmental stresses, and the plant’s secondary
metabolism. Particular attention is given to coumarins — secondary metabolites derived from
the phenylpropanoid pathway — which play an essential role in plant adaptation to unfavorable
conditions. Coumarins are known for their ability to chelate iron (Fe), as well as their antioxidant
and antimicrobial properties. By combining metabolomics, transcriptomics, phylogenetics,
and reverse genetics approaches, this research provides new insights into plant responses
to environmental stresses in the context of coumarin biosynthesis and phenylpropanoid pathway
regulation.

The research is presented as a series of five thematically related publications. Three of these have
been published in peer-reviewed scientific journals, while the remaining two are included
as manuscripts in preparation. The first three publications (No. 1, 2, and 3) address the first research
goal: to explore the correlation between coumarin accumulation, genotypic variation (natural
accessions and mutants), and environmental factors, especially Fe availability and Dickeya spp.
infection. The aim was to better understand how A. thaliana modulates coumarin metabolism
in response to diverse environmental conditions, considering both genetic background and the nature
of the applied stress.

The first study examined natural variation in the accumulation of simple coumarins (scopoletin,
umbelliferone, esculetin) and their glycosylated forms across 28 A4. thaliana accessions. UHPLC-MS
metabolic profiling revealed significant intraspecific differences in coumarin profiles influenced
by tissue type, growth conditions, and genotype (Perkowska ef al., 2021a). The second publication
demonstrated that coumarin accumulation is modulated by Fe availability and correlates
with resistance to Dickeya spp. —necrotrophic bacterial pathogens of agronomic importance, selected
due to their virulence strategies and Fe-scavenging mechanisms. These findings suggest
that coumarins may act as integral components in both nutrient acquisition and biotic stress defense
(Perkowska et al., 2021b). The third publication explored the relationship between gene expression
dynamics and coumarin levels under specific environmental conditions. Based on previous coumarin
content profiling, three genetically distinct accessions (Col-0, Est-1, and Tsu-1) were selected.
To simulate contrasting conditions, plants were grown in liquid in vitro culture and in soil. Roots

and shoots were harvested for parallel metabolite profiling (UHPLC-MS) and quantitative gene



expression analysis (qQRT-PCR) targeting the phenylpropanoid pathway. Selected genes were
re-sequenced to identify polymorphisms potentially contributing to variations in protein biosynthesis
and ultimately to metabolic diversity (Ihnatowicz et al., 2024).

The first three publications presented in this thesis highlight how genetic diversity
and environmental conditions shape coumarin biosynthesis in 4. thaliana, revealing links between
metabolite levels, phenylpropanoid gene expression, and adaptive potential. The fourth manuscript
focuses on the functional characterization of DOXC21-A, its natural antisense transcript (NAT),
and the paralog DOXC2I-B. Both genes encode 20GD enzymes of previously uncharacterized
biological function. Phylogenetic analysis confirmed that these genes are conserved across multiple
land plant lineages, suggesting an evolutionarily maintained function and highlighting their potential
biological significance. Wild type and mutant plants were grown hydroponically under low pH (4.5)
and osmotic stress (3% PEG), and transcriptomic, metabolomic, and phenotypic analyses were
conducted. The results support a model in which DOXC21-A and its NAT form a regulatory unit that
may redirect phenylpropanoid flux from lignin biosynthesis toward flavonoid production in response
to stress, potentially involving phytohormonal pathways. A conserved miRNA-homologous
sequence found within NAT suggests possible post-transcriptional regulation. The distinct
phenotypes observed in doxc21-a and nat mutants suggest that, while both are involved in abiotic
stress responses, they may operate through partially overlapping yet functionally non-redundant
molecular pathways.

The study described in the fifth manuscript addresses the functional characterization
of UGT79BY9, a UDP-glucosyltransferase potentially involved in stress-induced glycosylation.
Experiments conducted on ugt79b9 knockout, overexpression and complementation lines revealed
that UGT79B9 affects root exudates profiles and glycosylation of stress-responsive metabolites
under Fe deficiency, osmotic stress, and drought. Untargeted metabolomic profiling uncovered
several yet-unidentified m/z features associated with UGT79B9 mutation and PEG-induced osmotic
stress.

In conclusion, the five articles comprising the presented doctoral thesis broaden
the understanding of how A. thaliana integrates environmental signals with the regulation
of specialized metabolism, with particular emphasis on coumarin biosynthesis. The findings uncover
a complex network of interactions involving 20GDs, UGTs, and NATSs that collectively participate
in the adaptive reprogramming of metabolic pathways. This research highlights the significance
of natural genetic variation and regulatory plasticity in enhancing plant resilience to abiotic and biotic

stressors.



2. STRESZCZENIE (Polish version summary)

Kolonizacja ladu przez rosliny byta jednym z najbardziej przelomowych wydarzen w historii
zycia na Ziemi, wymagajacym glebokich przemian w funkcjonowaniu ich szlakéw biochemicznych
i regulacyjnych. W odpowiedzi na nowe czynniki $rodowiskowe, takie jak deficyt wody
czy zwigkszone promieniowanie UV, w tkankach roslin zaszly liczne adaptacyjne przeksztatcenia,
obejmujace m. in. regulacj¢ mechanizmow biosyntezy metabolitow wtdrnych.

W ramach przedstawianej pracy doktorskiej przeanalizowatam wzajemne zalezno$ci pomigdzy
genotypami rosliny modelowej Arabidopsis thaliana (rzodkiewnik pospolity), abiotycznymi
i biotycznym stresami srodowiskowymi, a metabolizmem wtornym. Szczegolng uwage poswigcitam
kumarynom — metabolitom wtornym, syntetyzowanym w szlaku fenylopropanoidow, ktore
odgrywaja istotng role w strategiach adaptacyjnych roslin do niekorzystnych warunkoéw
srodowiskowych. Kumaryny wykazujg wilasciwosci chelatujace jony zelaza (Fe), a takze majg
dziatanie antyoksydacyjne i przeciwdrobnoustrojowe. Laczac metabolomike, transkryptomike,
filogenetyke oraz odwrotng genetyke, przedstawiona praca przyczynia si¢ do poglebienia wiedzy na
temat odpowiedzi roslin na niekorzystne warunki srodowiskowe w kontekscie biosyntezy kumaryn
i regulacji szlaku biosyntezy fenylopropanoidow.

Badania przedstawiono w postaci cyklu pigciu tematycznie powigzanych publikacji, z ktorych
trzy zostaly opublikowane w recenzowanych miedzynarodowych czasopismach, natomiast dwie
kolejne przedstawiono w postaci manuskryptow bedgcych na etapie przygotowania. Pierwsze trzy
prace, odpowiednio publikacje nr 1, 2 i 3, dotycza pierwszego celu badawczego, ktorym bylo
zbadanie korelacji migdzy poziomem akumulacji kumaryn, zréoznicowaniem genotypowym roslin
(naturalne akcesje i mutanty), a oddzialywaniem wybranych czynnikoéw stresowych -—
w szczegolnosci dostgpnoscia Fe, oraz infekcja Dickeya spp. Badania mialy na celu zrozumienie,
w jaki sposob A. thaliana dostosowuje metabolizm kumaryn w odpowiedzi na zmienne warunki
srodowiskowe, z uwzglednieniem réznic genotypowych roslin i rodzaju czynnika stresowego.

W pierwszej publikacji opisano zmiennos¢ naturalng w zakresie akumulacji wybranych prostych
kumaryn (skopoletyny, umbeliferonu i eskuletyny) i ich glikozylowanych form w 28 naturalnych
akcesjach A. thaliana. Profilowanie metaboliczne (UHPLC-MS) wykazato istotne zréznicowanie
wewnatrzgatunkowe zawarto$ci kumaryn, na ktére wptywaja genotyp i srodowiskowe warunki
wzrostu (Perkowska et al., 2021a). W kolejnej publikacji wykazano, ze akumulacja kumaryn koreluje
z niedoborem Fe i jest powigzana z odpornoscig roslin na Dickeya spp. — nekrotroficzne patogeny
bakteryjne o znaczeniu agronomicznym, wybrane ze wzglgdu na ich wysoka wirulencj¢ i zdolnos¢
do wychwytywania Fe ze srodowiska. Uzyskane wyniki wskazuja, ze kumaryny moga utatwiac¢
pozyskiwanie Fe, jak i wspiera¢ indukowane stresem biotycznym mechanizmy obronne (Perkowska
et al., 2021b). Badania opisane w trzeciej publikacji skupialy si¢ na powigzaniu dynamiki ekspres;ji

gendw z akumulacjg wybranych kumaryn w r6znych tkankach roslinnych, w wybranych warunkach



srodowiskowych. Bazujac na wczesniejszej analizie akumulacji kumaryn wybrano trzy genetycznie
zroznicowane, naturalne akcesje A. thaliana (Col-0, Est-1 i Tsu-1), dla ktorych wykazano
zroznicowang akumulacj¢ tych zwigzkow. Aby symulowaé kontrastujgce warunki srodowiskowe,
ro$liny uprawiano w hodowli ptynnej in vitro, jak i w glebie. Korzenie i pedy zbierano w celu
rownolegtego profilowania metabolitow (UHPLC-MS) oraz analizy ekspresji gendow (qQRT-PCR)
ze szlaku biosyntezy fenylopropanoidow. Re-sekwencjonowanie wybranych gendéw pozwolito
na identyfikacj¢ polimorfizméw, ktére mogg wyjasniac¢ zroznicowanie zawartosci kumaryn miedzy
badanymi akcesjami (Ihnatowicz et al., 2024).

W trzech pierwszych publikacjach przedstawiono, jak zmienno$¢ genotypowa i warunki
srodowiskowe wptywaja na biosyntezg kumaryn w tkankach 4. thaliana, ujawniajac zaleznosci
miedzy poziomem metabolitow wtornych, ekspresjg genow szlaku fenylopropanoidow i potencjatem
adaptacyjnym akcesji. Czwarta publikacja dotyczy charakterystyki genow DOXC2I-A,
jego antysensownego transkryptu (NAT) oraz paralogu DOXC21-B. DOXC21-A 1 DOXC2I-B koduja
dioksygenazy (20GD) o nieznanej funkcji biologicznej. Analiza filogenetyczna potwierdzita
ich wysoki stopien konserwacji u roslin ladowych, co sugeruje ewolucyjnie zachowang role
oraz podkresla potencjalne znaczenie biologiczne. Ros$liny hodowano w warunkach niskiego
pH (4,5) i stresu osmotycznego (3% PEG), a nastgpnie przeprowadzono analizy transkryptomiczne,
metabolomiczne i fenotypowe. Uzyskane wyniki pozwolily zaproponowaé¢ model, w ktorym
DOXC21-A 1 NAT tworzg jednostke regulacyjng, mogaca koordynowa¢ z udziatem hormonow
przekierowanie szlaku fenylopropanoidowego z lignin w stron¢ flawonoidow. Stwierdzono takze
obecnos¢ konserwowanej sekwencji homologicznej do regiondéw prekursorowych miRNA u roslin
ladowych, co moze sugerowac udziat w regulacji posttranskrypcyjnej. Odmienne fenotypy mutantow
doxc21-a 1 nat sugeruja, ze chociaz obydwa elementy przyczyniajg si¢ do reakcji na stres abiotyczny,
moga dziata¢ poprzez nakladajace sie, ale nieredundantne szlaki molekularne.

Ostatnie badania skupiajg si¢ na charakterystyce funkcjonalnej UGT79B9 (AT3(G53990),
UDP-glukozyltransferazie potencjalnie zaangazowanej w glikozylacj¢ zwigzkow indukowanych
stresem. Badania przeprowadzone na mutantach ugt7969 typu knockout i nadekspresorach
UGT79B9 pozwolily na wykazanie, ze UGT79B9 wplywa na profile eksudatow korzeniowych
i poziom glikozylacji metabolitéw, gromadzonych na skutek wystapienia stresu srodowiskowego
(niedobor Fe, stres osmotyczny, susza). Nieukierunkowana analiza metabolomiczna ujawnita szereg
dotad niezidentyfikowanych sygnatow m/z zwigzanych z wystgpowaniem mutacji w badanym genie
UGT79B9 i odpowiedzig na stres osmotyczny indukowany PEG.

Podsumowujac, wyniki badan przedstawionych w pigciu publikacjach sktadajacych si¢
na niniejszg rozprawe doktorskg poszerzaja wiedz¢ o tym, jak A. thaliana integruje sygnaty
srodowiskowe z regulacjag metabolizmu wtornego, ze szczegdlnym uwzglednieniem biosyntezy
kumaryn. Uzyskane rezultaty, podkreslajac znaczenie zmiennos$ci genetycznej i plastycznosci

regulacyjnej w odporno$ci roslin na stres abiotyczny i biotyczny, wspieraja tez¢ o ztozonej sieci



interakcji pomiedzy 20GD, UGT i NAT, ktore wspolnie uczestnicza w adaptacyjnym

przeprogramowaniu szlakow metabolicznych.

3. LIST OF ABBREVIATIONS

20GD: 2-oxoglutarate and iron (Fe)-
dependent dioxygenase

4CL1, 4CL2, 4CL3: Coumaroyl-CoA
ligases 1, 2, and 3

ABA: Abscisic acid

ACO: 1-aminocyclopropane-1-carboxylate
oxidase

ANOVA: Analysis of variance

ANS: Anthocyanidin synthase

ATP: Adenosine triphosphate

ABC transporters: ATP synthase (ATP)-
binding cassette transporters

C3’H: Coumaroyl shikimate 3-hydroxylase
CAS: Chrome Azurol S

CCoAOMT1: Caffeoyl-Coenzyme A O-
methyltransferase 1

CCR1, CCR2: Cinnamoyl-CoA reductases 1
and 2

c¢DNA: Complementary DNA

CDS: coding sequence

CoA: Coenzyme A

Col-0: Columbia 0 A. thaliana accession
CYP82C2: Cytochrome P450
monooxygenase 82C2

DEGs: Differentially expressed genes
DNA: Deoxyribonucleic acid

DOX: Dioxygenase

DOXA: Dioxygenase clade A

DOXB: Dioxygenase clade B

DOXC: Dioxygenase clade C

Est-1: Estland-1 A. thaliana accession
F3H: Flavanone 3-hydroxylase

F6’H1, F6°’H2: Feruloyl-CoA 6’-ortho-
hydroxylase 1 and 2

Fe: iron

FLS: Flavonol synthase

FW: Fresh weight

GA200X: Gibberellin 20-oxidase
GA30X: Gibberellin 3-oxidase

GWAS: Genome-Wide Association Studies
HCT: Hydroxycinnamoyltransferase
HR: Hypersensitive response

HSP: Heat shock proteins

JA: Jasmonic acid

ko: knock-out

MS: Murashige and Skoog medium
NAT: Natural Antisense Transcript
NAT-siRNA: Small interfering RNA derived
from NAT

mRNA: messenger RNA

PAMP: Pathogen-associated molecular
pattern

PC: Principal component

PCA: Principal component analysis
PCR: Polymerase chain reaction

PDRO:

PEG: Polyethylene glycol

PDRY: Pleiotropic drug resistance 9
PR: Pathogenesis-related

PR1: Pathogenesis-related 1

qPCR: Quantitative PCR

QTL: Quantitative Trait Loci

RIL: Recombinant inbred line

RNA: Ribonucleic acid

ROS: Reactive oxygen species

S8H: Scopoletin 8-hydroxylase

SA: Salicylic acid

SAR: Systemic acquired resistance
SDS-PAGE: Sodium dodecyl sulphate
polyacrylamide gel electrophoresis
SOD1: Superoxide dismutase 1

TF: Transcription Factor

T-DNA: Transfer DNA

Tsu-1: Tsushima-1 4. thaliana accession
UHPLC: Ultra high-performance liquid
Chromatography

UHPLC-MS: Ultra high-performance liquid
chromatography coupled with mass
spectrometry

UV-B: Ultraviolet B radiation

UVRS: UV-B resistance 8

WGD: Whole-genome duplication
WT: Wild type



4. INTRODUCTION

Plant evolution has remarkably shaped Earth’s landscapes and ecosystems. One of the most
transformative events in our planet’s history was the colonization of terrestrial habitats by plants
originating from aquatic environments. This foundational shift enabled the vast diversification
of plant life into the countless species we see today [De Vries & Archibald, 2018]. A deeper
understanding of biodiversity, mechanisms driving adaptation, ecological processes, and resilience,
is crucial for addressing the pressing scientific and societal challenges we face nowadays.
Such knowledge can help slow down or mitigate irreversible changes threatening natural habitats,
which contribute to the loss of inter- and intraspecific variation and the degradation of ecosystems
[Kumar et al., 2023; Alekseeva, Doebeli & Ispolatov, 2020; Thompson & Fronhofer, 2019].

The significance of natural variation is particularly evident in the context of plant adaptation
to terrestrial environments. Unlike aquatic habitats, land conditions are highly heterogeneous,
exposing plants to a wide range of abiotic and biotic stresses. For example, water shortage, intense
solar radiation, temperature fluctuations, nutrient limitations, and increased pressure from living
organisms have a profound effect on plant gene expression, leading to significant phenotypic
modifications. Due to their sessile nature, plants are especially vulnerable to environmental
challenges and have developed diverse adaptive strategies [Cushman, Denby & Mittler, 2022; Foyer
& Kranner, 2023].

Plants originated from charophyte green algae (charophytes), a group that diverged from other
algae approximately over 1 billion years ago. Both charophytes and land plants (embryophytes)
shared key features such as the ability to perform photosynthesis and cell wall formation composed
of cellulose [Domozych, Poppe & Serensen, 2016; Fiirst-Jansen & de Vries, 2020]. Bryophytes,
including mosses, represent some of the earliest diverging lineages of land plants and developed
critical adaptations such as a waxy cuticle to prevent water loss and multicellular gametangia
to enhance reproductive success in the desiccation-prone terrestrial habitat [Graham et al., 2014].

The profound difference between aquatic and terrestrial environments is evident and has required
from plants to develop physiological, biochemical, and molecular adaptations to survive under new
conditions. Adaptation to terrestrial habitats required extensive modifications in plant development,
comprising mechanisms to prevent water loss, provide structural support, UV and temperature
protection, enhance nutrients acquisition, improve reproductive efficiency, and pathogen and pest
resistance [Kumar et al., 2018; Schreiber, Rensing & Gould, 2022].

One of the most critical challenges on land is periodic water shortage due to drought, which
significantly affects plant growth, physiology and metabolism, often leading to reduced productivity
and yield. To adapt to desiccation, plants have developed structural modifications such as deep root
system to access water reservoirs, thicker and waxy cuticles to reduce water loss, and stomatal

regulation to minimize transpiration [Kane et al., 2020; Lewandowska, Keyl & Feussner, 2020].



At the physiological level, plants accumulate osmoprotectants (proline, sugars and polyamines)
to maintain cell turgor and osmotic balance, and abscisic acid (ABA) which triggers stomatal closure
and activates drought-responsive genes [Lawson & Blatt, 2014]. At the molecular level, plants
undergo transcriptomic and epigenetic changes, upregulating stress-responsive genes, antioxidant
defense mechanism, and secondary metabolites production such as phenylpropanoids to mitigate
oxidative stress caused by water deficiency and UV radiation [Yang et al., 2021; Wahab et al., 2022].

Intracellular structural reinforcement was achieved through the development of rigid cell walls
enriched with lignin, providing not only mechanical strength, but also resistance to desiccation,
and protection against pathogens. The evolution of vascular tissues — xylem and phloem — enabled
efficient, long-distance water and nutrient transport [Ménard ef al., 2022].

Terrestrial plants are exposed to higher doses of UV radiation than aquatic plants, especially
those growing on high altitudes. Excessive exposure to UV and high-intensity visible light can lead
to oxidative stress, DNA damage, membrane destabilization, and protein degradation. To mitigate
these effects plants produce UV-absorbing secondary metabolites such as flavonoids or phenolics
which reduce oxidative stress [Takshak & Agrawal, 2019; Nascimento & Tattini, 2022; Leonardelli
et al.,2024]. UV-induced DNA repair mechanism can be activated by the specialized receptors such
as UV-B resistance 8 (UVRS), which can lead to the activation of transcription factors that increase
the expression of UV-protective genes. On the other hand, high sunlight intensity can affect hormonal
signaling pathways (jasmonic acid, JA; salicylic acid, SA) and thus leaf development, stomatal
closure, and induce the production of heat shock proteins (HSP) [Yin & Ulm, 2017].

HSP also help plants to cope with fluctuating temperature via protein stabilization and prevention
from denaturation under stress conditions. Proline, sugars and dehydrins may act as osmoprotectants,
cryoprotectants, while unsaturated fatty acids are responsible for maintaining membrane fluidity
and cellular functions. Temperature is also affecting hormonal signaling leading to ABA
accumulation in cold and ethylene-mediated response in heat [Niu & Xiang, 2018; Shah et al., 2024].

Another problem that had to be optimized for terrestrial plants was the uptake of nutrients
from the soil, where conditions are completely different from those in water. The development
of an extensive root system with root hairs led to an increased absorption surface and better anchoring
in the soil. Symbiotic associations with mycorrhizal fungi and nitrogen-fixing bacterial improved
the availability of phosphorus, nitrogen and other essential nutrients to plants. Regulation
at the molecular, transcriptional, as well as post-transcriptional levels, ensured efficient nutrients
uptake and redistribution of macro- and microelements through transporter proteins and secondary
metabolites [Gruber ef al., 2013; Holz et al., 2024].

Life on land also required the adaptation of reproductive processes to new, demanding
environmental conditions, including the protection of embryos within multicellular structures,
the development of pollen grains for aerial fertilization, and the production of desiccation-tolerant

seeds for long-term survival. Specialized reproductive structures such as flowers and fruits



containing vast array of specialized compounds enhance plants productivity by the attraction
of pollinators [Friedman & Barrett, 2009].

Physical barriers, such as a thickened cuticle, lignin-reinforced cell walls, and stomatal closure
also contributed to plant resistance to pathogens by preventing microbial entry and infection
[Ziv et al., 2018]. The activation of immune receptor proteins for pathogen-associated molecular
pattern (PAMP) recognition triggers systemic acquired resistance (SAR) and the hypersensitive
response (HR), limiting infection spread. Finally, secondary metabolites with antimicrobial
properties — such as flavonoids, coumarins, and phytoalexins — together with pathogenesis-related
(PR) proteins, help inhibit the development of disease symptoms caused by pathogens and pests
[Ramaroson et al., 2022; Ali, Tyagi & Mir, 2024].

Secondary metabolism plays a crucial role in the interactions between plants and their
environment. Plants are estimated to produce between 200,000 and 1,000,000 different compounds,
with the exact number continually increasing due to advancements in metabolomics and analytical
techniques. Examples of adaptive biosynthetic pathways include the production
of phenylopropanoids (flavonoids, phenolics, lignins, coumarins, anthocyanins), terpenoids
(monoterpenes, sesquiterpenes, diterpenes, carotenoids, and gibberellins), alkaloids, glucosinolates,
oxylipins, and others, which provide diverse ecological benefits. They play key roles in 1) tolerance
to abiotic stresses, including drought, UV, and extreme temperature; 2) nutrients acquisition;
3) attraction of pollinators; 4) defense against pathogens and pests; 4) microbe symbiosis;
5) allelopathy [Alseekh & Fernie, 2023; Butnariu & Tietel, 2023; Wu, Northen & Ding, 2023].

Such adaptive changes related to the synthesis of various secondary metabolites belonging
to different classes of chemical compounds were possible due to the involvement of a broad range
of enzymes involved in plant secondary metabolism. They can be divided into eight major classes
due to their function: 1) oxidoreductases that catalyze oxidation-reduction reactions by electron
transfer (peroxidases, monooxygenases); 2) lyases catalyzing the cleavage of bonds without
hydrolysis or oxidation; 3) transferases that transfer functional groups from one molecule to another
(glucosyltransferases, acyltransferases); 4) hydrolases catalyzing the hydrolysis of bonds
(glucosidases, esterases); 5) ligases catalyzing the joining of two molecules using ATP;
6) methyltransferases that transfer methyl groups to substrates; 7) isomerases catalyzing structural
rearrangements within molecules; and 8) dioxygenases which catalyze the incorporation of oxygen
atoms into substrates [Pyne, Narcross & Martin, 2019].

One type of dioxygenases, more precisely 2-oxoglutarate and iron (Fe)-dependent dioxygenases
(20GDs), has been of special interest in our research team for many years. This superfamily is widely
distributed in nature and catalyze various types of reactions. Enzymes belonging to this family play
crucial roles in plant primary and secondary metabolism including hydroxylation, demethylation
and epoxidation. They are involved in biosynthesis of hormones (GA200X, GA30X, ACO),

flavonoids (F3H, FLS, ANS), alkaloids, glucosinolates, cell wall formation, epigenetic regulation



and general stress response [Farrow & Facchini, 2014]. According to Kawai et al. (2014) plant
20GDs

can be classified into three major functional clades DOXA, DOXB and DOXC. DOXA clade consist
of nucleic acid-modifying 20GDs responsible for DNA repair, RNA stability, end epigenetic
regulation. DOXB clade enzymes are involved in hormone biosynthesis and regulation. Finally,
DOXC represents the largest and most functionally diverse clade, compromising enzymes involved
in the biosynthesis of secondary metabolites and contributing to plant defense, pigmentation, UV
protection and ecological interactions with biotic stimuli.

The vast diversity of secondary metabolites in plants is largely attributed to whole-genome
duplication (WGD) events, which have occurred multiple times during plant evolution.
In Arabidopsis thaliana approximately 60% of nuclear genes originated via WGD
[Mukherjee et al., 2022]. These events have increased gene content and genetic redundancy.
Duplicated genes may acquire new functions through a process known as neofunctionalization
or partition existing functions via subfunctionalization [Cusack et al., 2021]. Horizontal gene transfer
has also contributed to the evolution of secondary metabolism, allowing plants to acquire certain
bacterial or fungal-derived biosynthetic traits, particularly in specialized pathways such as alkaloid,
terpene, and carotenoid biosynthesis [Glasner, Truong & Morse, 2020; Haimlich et al, 2024].
Most natural biochemicals have evolved from primary metabolic pathways. For example, flavonoids
originate from the shikimate and phenylpropanoid pathways, where they are derived
from phenylalanine [Maeda, 2019]. The remarkable diversity of plant secondary metabolites is partly
due to enzyme promiscuity, in which some enzymes exhibit broad substrate specificity, facilitating
the emergence of new compounds [Kreis & Munkert, 2019].

Understanding biodiversity by tracing its evolutionary origins allows us to uncover the strategies
that plants have developed over time. Natural variation among plant populations
and their phylogenetic relationships, shed light on the genetic and phenotypic diversity that occurs
naturally. The remarkable ability of plants to adapt to unfavorable and changing environmental
conditions results from the combined effect of mutation, genetic recombination, gene flow,
and environmental pressures. These processes form the foundation of plant evolution,
which can subsequently be utilized in plant biotechnology, sustainable agriculture, conservation,
and ecology [Anderson et al., 2011; Bomblies & Peichel, 2020; Lasky et al., 2023].

A. thaliana is a model plant species that has become a great tool for studying natural variation
among populations [Koornneef et al., 2004]. Although the initial observations date back to the 16™
century, systematic research on this plant began in the 1940s, with its recognition as a model
organism gaining full appreciation in the 1980s. This development has positioned A. thaliana
as a pivotal tool for unraveling the complexities of genetics, cellular biology, and plant adaptation.
A. thaliana is an ideal model organism due to its several features like small, fully sequenced genome,

short generation time and broad natural genetic diversity [Krdmer, 2015]. Genome-Wide Association



Studies (GWAS) are especially useful for identifying genetic loci associated with specific traits
by analyzing natural variation [Korte & Farlow, 2013]. This approach facilitates the discovery
of genes potentially influencing observed plant phenotypes, such as stress tolerance, disease
resistance, and flowering time. GWAS has provided valuable insights into the genetic basis
of complex traits and has contributed to identifying genes involved in plant responses to adverse
environmental conditions, thereby aiding in adaptation and evolution [Alseekh er al., 2021].
In contrast, Quantitative Trait Loci (QTL) mapping identifies genomic regions associated
with specific traits by analyzing genetic variation in controlled populations, such as recombinant
inbred lines (RILs), rather than natural populations [Kover et al., 2009]. Together, GWAS and QTL
mapping are powerful tools in translational research for crop science, enabling the application
of discoveries from model organisms to the development of strategies for crop species
[Garrido-Cardenas et al., 2018; Anderson & Song, 2020].

Despite decades of research on A. thaliana, many questions remain unanswered, particularly
those related to secondary metabolism. While significant progress has been made in understanding
primary metabolism and fundamental processes such as respiration, photosynthesis, growth,
and reproduction, secondary metabolism — which involves the production of specialized compounds,
and their glycosides is still not fully understood. These compounds help plants to survive in adverse
environments and are not only important because of that, but they often serve as economically
important compounds [Le Roy ef al., 2016]. Given that plant-derived natural products often serve
as medicines and pharmaceuticals, it is crucial to discover new compounds, improve existing ones
and engineer their biosynthesis to achieve higher compound yields. Additionally, plants are valuable
source of biofuels, which can be optimized through biotechnology to become more efficient and
sustainable [Dixon & Dickinson, 2024].

Understanding the mechanisms underlying the production and regulation of secondary
metabolites has been the focus of extensive research for many years. However, only recently we have
been able to integrate high-throughput methods like transcriptomics, metabolomics and proteomics
to gain a comprehensive understanding of how specific pathways interact and influence each other
within complex networks. One of the critical aspects of this complexity is the trade-off signaling
between growth and defense [Ha ez al., 2021]. Since plants are using same metabolic precursor within
different biosynthetic pathways, dynamic signaling networks are needed to govern allocation of their
resources. It is often possible due to the phytohormones like JA and SA, which mediate the balance
between growth and secondary metabolite production [Jan et al., 2021]. Recently Cheaib et al. (2024)
implicated that JA signaling is a master regulator of the growth defense balance, coordinating the
accumulation of secondary metabolites in rice during stress response. Comprehending
this mechanism is essential for optimizing plant productivity, particularly in stress-prone

environments where metabolic flexibility is crucial.
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In summary, plants exposed to multiple and simultaneous environmental stresses must rely
on a complex network of signaling molecules and metabolites to adapt and survive. These stress
conditions trigger a coordinated interplay among various compound classes that are not only
genotype-specific but also act synergistically to regulate growth, stress responses, signal
transduction, and metabolic reprogramming. High-throughput methods such as transcriptomics
and metabolomics enable linking the gene expression with metabolomic profiles, integrating
the plant’s genotype and phenotype. In the era of constantly growing human population
and worldwide global crises — including armed conflicts, climate change, economic challenges,
and health concerns, it is especially important to advance in the crop improvement and develop
sustainable agriculture. I also strongly believe that understanding plant secondary metabolism
and its regulatory mechanisms might be source of inspiration to produce new biologically active

compounds and drugs combating diseases with which we are fighting nowadays.
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5. AIMS

The main aims of my PhD dissertation were as follows:

1)

2)

3)

4)

To investigate the correlation between accumulation of coumarins, plant genotypes
(natural accessions and mutants), and environmental stress factors (including
Fe availability and pathogen defense) to gain deeper insights into the metabolic

adaptations and stress response in Arabidopsis thaliana.

Comprehensive analysis of the regulatory network controlling the switch between
coumarin and lignin biosynthesis in A. thaliana under osmotic and low pH stress using

integrative transcriptomic and metabolomic approaches.
Functional characterization of two A. thaliana dioxygenases DOXC21-A, its NAT,
and DOXC21-B potentially involved in ortho-hydroxylation of coumarin and lignin

precursors.

Characterization of A. thaliana UDP-glucosyltransferase 79B9 involved

in Fe deficiency and osmotic stress response.
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6. RESULTS

Aim 1. Comprehensive analysis of the correlation between accumulation of coumarins, plant
genotypes (natural accessions and mutants), and environmental stress factors (including
Fe availability and pathogen defense) to gain deeper insights into the metabolic adaptations

and stress response in Arabidopsis thaliana.

In three subsequent publications (No. 1, 2, 3), I contributed to the analysis of correlations
between coumarin accumulation, plant genotypes (natural accessions and mutants), and stress factors
(Fe availability and pathogen defense) to gain deeper insight into secondary metabolic adaptations
and stress response mechanisms in A. thaliana. In the first publication (Perkowska et al., 2021a),
I participated in a comprehensive study of the distribution of simple coumarins in 28 natural
A. thaliana populations, shedding light on the complex interaction between plant metabolism, genetic
variation, and environment. The second study (Perkowska et al., 2021b) focused on the role
of Fe availability and coumarin accumulation in 4. thaliana defense against plant pathogens from
Dickeya spp., emphasizing the link between coumarin biosynthesis and plant resistance to biotic
stress. In the most recent publication (Ihnatowicz et al., 2024), I participated in a comprehensive
analysis of coumarin content in three A. thaliana accessions from contrasting environments,
investigating how tissue type and growth conditions affect variability in coumarin levels

and identifying some genetic determinants possibly underlying the observed variation.
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6.1. Publication No. 1
Identification and Quantification of Coumarins by UHPLC-MS in Arabidopsis thaliana Natural

Populations. Perkowska, L., Siwinska, J., Olry, A., Grosjean, J., Hehn, A., Bourgaud, F., Lojkowska,
E., & Thnatowicz, A. (2021). Molecules, 26(6), 1804.

Despite the growing interest in coumarins and phenylpropanoids in recent years, little was known
about the variation in coumarin and their glycoside accumulation among natural populations
(accessions) of A. thaliana. To address this knowledge gap, we conducted a comprehensive
metabolite profiling study across 28 A. thaliana accessions using ultra-high-performance liquid
chromatography coupled with mass spectrometry (UHPLC-MS).

The presented study focused on the identification and quantification of simple coumarins
—such as scopoletin, umbelliferon, esculetin — and their glycosylated derivatives: scopolin, skimmin,
and esculin, respectively. These compounds, derived from the phenylpropanoid pathway, are known
to facilitate Fe mobilization and play critical roles in plant defense and adaptation to environmental
stress [Stringlis et al., 2019]. By comparing metabolite profiles across genetically diverse 4. thaliana
accessions, we revealed substantial natural variation in coumarin levels and composition in roots
and leaves. Importantly, our findings revealed genotype-specific metabolic signatures and suggested
potential associations between coumarin accumulation patterns and the geographical origin
of the accessions.

To achieve accurate metabolic profiling, plants were cultivated in vitro in liquid medium
to promote root development, as coumarins are primarily synthetized and accumulated in roots
[Kai et al., 2006]. We also aimed to highlight the importance of analyzing both aglycone
(non-glycosylated) and glycosylated forms of coumarins, as glycosylation affects their solubility,
stability, and biological activity [Le Roy et al, 2016]. Metabolites were extracted
with 80% methanol to obtain crude extracts, half of which were subsequently subjected to enzymatic
hydrolysis with B-glucosidase for comparative analysis of both forms (Fig.1A). Finally, Principal
Component Analysis (PCA) was performed to explore potential correlations between coumarin
content and environmental variables.

One of the key findings was the significant intraspecies variation in coumarin accumulation
among the 28 A. thaliana accessions. Scopoletin and its glycoside scopolin were the most abundant
coumarins detected, with highly variable concentrations between accessions (Fig. 1B). Notably,
coumarin profiles differed significantly between roots and leaves, with roots generally exhibiting
higher levels, consistent which their role in nutrient acquisition and interaction with soil

microorganisms [Stringlis et al., 2019]. Interestingly, the detection of umbelliferone in 4. thaliana
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root tissues was described for the first time, as previous studies had not reported its presence in this
model species. Although esculetin and esculin were only detected in trace amounts, they were present
in both roots and leaves of some accessions. The presence of coumarins in leaves may suggest roles
beyond nutrient uptake, possibly in long-distance signaling or plant-microbe communication,
as postulated by Stassen et al. (2021).

PCA of UHPLC-MS data showed that PC1 (27.1%) and PC2 (21.9%) together explained
49% of the total metabolic variance. It is worth noting that accessions separated along PC1 and PC2
based on altitude and precipitation of their native habitats. Scopoletin and umbelliferone were major
contributors to PCI1, while scopolin and skimmin influenced PC2. A positive correlation
was observed between scopoletin levels and precipitation, and a negative one with temperature,
suggesting that coumarin biosynthesis may be modulated by climatic factors.

The findings presented in Perkowska et al. (2021a) highlight 4. thaliana as a valuable model
for investigating how genetic variation and environmental factors jointly influence secondary
metabolism, particularly coumarin biosynthesis. Coumarin accumulation patterns were shown
to be shaped by both genotype and ecological selective pressures, suggesting their potential role
in adaptation to different conditions. Understanding these interactions is crucial for enhancing plant
resilience to abiotic and biotic stresses, especially in context of climate change and growing
agricultural challenges. Moreover, elucidating the regulatory networks underlying coumarin
biosynthesis may support the metabolic engineering of these bioactive compounds in other plant
species or microbial systems for pharmaceutical or crop protection applications. This work provides
a methodological and conceptual foundation for future high-throughput analyses of natural variation

in specialized metabolism across model and crop plants.
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Figure 1.

(A) Schematic representation of the experimental procedure outlined in Publication No. 1, detailing
the workflow used to determine selected coumarins in 4. thaliana tissues.

(B) Quantification of scopoletin, scopolin (scopoletin glucoside), umbelliferone, and skimmin (umbelliferone
glucoside) in roots and leaves of 4. thaliana accessions, measured in extracts not subjected (H—) and subjected
to enzymatic hydrolysis (H+).
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6.2. Publication No. 2
Perkowska, 1., Potrykus, M., Siwinska, J., Siudem, D., Lojkowska, E., & Ihnatowicz, A. (2021).

Interplay between coumarin accumulation, iron deficiency and plant resistance to Dickeya spp.

International Journal of Molecular Sciences, 22(12), 6449.

Previous studies on coumarins accumulation within natural accessions of A. thaliana
led us to the idea to explore their role more closely in biotic stress response. Given that coumarins
play a key role in Fe acquisition by mobilizing it in the rhizosphere [Tsai & Schmidt, 2017],
we investigated the interaction between A. thaliana interaction and plant pathogenic bacteria
from the genus Dickeya. Dickeya spp. was chosenas a model pathogen since it is a model plant
pathogen studied in our laboratory, which is known to produce Fe-chelating compounds called
siderophores [Potrykus et al, 2014; Potrykus et al., 2020]. It was particularly interesting
in the context of coumarin biosynthesis which have antimicrobial and Fe-chelating properties.
However, the intricate mechanisms governing the interplay between coumarin biosynthesis,
Fe homeostasis, and plant defense remained inadequately understood. Thus, our aim was to elucidate
these relationships using A. thaliana and Dickeya spp. pathosystem as a model.

Primary objectives were as follow: I) assessment of the impact of Fe bioavailability on coumarin
accumulation in A. thaliana, 1) exploration of the role of coumarins in plant defense against Dickeya
spp. under varying Fe conditions, III) analysis of gene expression patterns associated with coumarin
biosynthesis and Fe homeostasis during pathogen infection. For this purpose, we employed
a multifaceted experimental approach in which we used A. thaliana Col-0 wild-type (WT)
and mutant lines deficient in the key enzymes of coumarin biosynthesis (f6'hl — feruloyl-CoA
6’-ortho-hydroxylase 1 and s8h — scopoletin 8-hydroxylase) and coumarin transport to rhizosphere
(pdrl — pleiotropic drug resistance I). Plants were cultivated hydroponically under controlled
environmental conditions with either sufficient Fe (40 uM Fe**) or Fe-deficient (0 uM Fe*") media
to simulate varying Fe availability and in two commercial soil mixes with different chemical
properties. Two strains of Dickeya spp. were selected for infection studies — the reference strain
D. dadantii 3937 and the more virulent D. solani 1FB0099. Inoculations were performed
at the flowering stage and disease progression was assess for both culture types (hydroponics
and soil). Disease severity was quantified using a developed in our laboratory, standardized scoring
system ranging from O to 5, based on visible symptoms such as wilting, chlorosis, and tissue
maceration. Quantitative PCR (qPCR) was conducted to monitor the expression levels of genes
involved in coumarin biosynthesis (F6 'H1I, S8H) and stress response (PRI, CYP§2C2, SODI) during
pathogen infection. To evaluate the impact of plant-derived compounds on bacterial siderophore
production, we assessed the growth and halo formation of D. dadantii 3937 and D. solani IFB0099
on CAS-agar plates supplemented with leaf homogenates from s84 and f6'h] mutants grown

in Fe-depleted hydroponic conditions (0 uM Fe**) (Fig. 2A).
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Noteworthy finding described in this paper was consistent with prior results [Lan ef al., 2011;
Rodriguez-Celma et al., 2013], that Fe-deficient conditions significantly upregulated the expression
of F6’HI and S8H, leading to increased accumulation of scopoletin and fraxetin [Siwinska ef al.,
2018]. We showed that f6 'hland s8h mutant lines, impaired in coumarin production, displayed
enhanced susceptibility to D. solani IFB0099 and D. dadantii 3937 under Fe-deficient conditions,
as evidenced by more severe disease symptoms compared to WT plants (Fig. 2B). Chemical
composition of soil also significantly impacted disease progression for both tested strains.
While both D. dadantii 3937 and D. solani IFB0099 caused disease symptoms in A. thaliana,
the latter strain induced more pronounced symptoms across all tested conditions. Infection
with D. solani IFB0099 led to a marked induction of stress-responsive genes, including SOD/
(antioxidant defense), PRI (SA-dependent SAR marker), and CYP82C2 (JA-responsive gene)
indicating an active defense response. It is worth noting that D. solani IFB0099 exhibited
a significant increase in halo diameter on CAS-agar plates supplemented with 6’2/ mutant leaf
homogenate, in contrast to its typically lower Fe-chelation ability compared to D. dadantii 3937.

Our findings underscore the integral role of coumarins in mediating plant defense against Dickeya
spp., particularly under Fe-limited conditions. The enhanced susceptibility of coumarin-deficient
mutants to D. solani IFB0099 highlights their protective role, either by direct antimicrobial activity
or by modulating defense signaling pathways. The differential responses observed between
D. dadantii 3937 and D. solani 1FB0099 infections suggest that pathogen-specific factors,
such as virulence mechanisms and Fe acquisition strategies, influence the outcome of plant-pathogen
interactions. This highlights the necessity for tailored approaches in managing diseases caused
by distinct Dickeya species. From an applied perspective, this work has important implications
for crop improvement. Enhancing coumarin biosynthesis or Fe homeostasis through breeding
or genetic engineering represents a promising strategy to improve resistance against bacterial
pathogens from Dickeya spp. in agriculturally important crops, as coumarins function both
as Fe-mobilizing agents and antimicrobial compounds that shape beneficial rhizosphere interactions
[Stringlis et al., 2018]. In conclusion, our study contributes to a deeper understanding of the complex

interplay between secondary metabolism, nutrient status, and immune regulation in plants.
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Figure 2.

(A) Schematic representation of the experimental procedure outlined in Publication No. 2.

(B) Disease progression caused by D. solani IFB0099 and D. dadantii 3937 on A. thaliana Col-0 WT (black
line), and s8k (dark grey), f6°hl (light grey) mutant lines grown in +Fe (0 pM Fe**) and -Fe (0 uM Fe?")
conditions. Disease symptoms were evaluated by visual symptom scoring (DSS, disease severity scale in which
0 — no signs of symptoms of the disease, 5 — visible maceration of the whole limb and the leaf) every 24 h for
4 days.
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6.3. Publication No. 3

Ihnatowicz, A., Siwinska, J., Perkowska, 1., Grosjean, J., Hehn, A., Bourgaud, F., Lojkowska, E.,
& Olry, A. (2024). Genes to specialized metabolites: accumulation of scopoletin, umbelliferone

and their glycosides in natural populations of Arabidopsis thaliana. BMC Plant Biology, 24(1), 806.

Our previous findings, detailed in Perkowska et al. (2021a), revealed natural variation
in the accumulation of selected coumarins (scopoletin, umbelliferone, and their respective
glycosides, scopolin and skimmin) across 28 natural A. thaliana accessions. Furthermore, their
concentrations were tissue-dependent, with roots showing higher accumulation than leaves.
In Perkowska et al. (2021b), we demonstrated that A. thaliana susceptibility to Dickeya spp.
is influenced by coumarin content, as well as environmental factors, including iron availability
and growth conditions (hydroponics vs. soil). To expand our understanding of gene-metabolite
relationships governing coumarin biosynthesis, this study (Ihnatowicz et al., 2024) integrated
targeted metabolomic profiling, gene expression analysis, and genomic resequencing.

Our goal was to quantify the two selected coumarin compounds — scopoletin, which is the most
abundant coumarin in 4. thaliana, and umbelliferone, that has high pharmaceutical value, along
with and their glycosylated derivatives (scopolin and skimmin, respectively) in root and leaf tissues.
To achieve this, we selected three natural A. thaliana accessions — Col-0 (Columbia-0), Est-1
(Estland-1), and Tsu-1 (Tsushima-1), which exhibited significant differences in coumarin
accumulation.

To evaluate the impact of environmental conditions on their accumulation, plants were cultivated
in in vitro liquid cultures, which promote root growth and simulate stress conditions, and in soil,
representing more physiological conditions. We analyzed the expression levels of key
phenylpropanoid pathway genes, including coumaroyl-CoA ligases (4Cl1, 4CI2, 4CI3), F6'H],
F6’H2, caffeoyl coenzyme A O-methyltransferase (CCoAOMTI), hydroxycinnamoyltransferase
(HCT), coumaroyl shikimate 3-hydroxylase (C3’H), and cinnamoy!-CoA reductases (CCRI, CCR2).

Additionally, to identify genetic polymorphisms within studied accessions, these genes were
re-sequenced, allowing us to examine potential genotype-dependent differences in coumarin
biosynthesis. Schematic representation of the experimental procedure is shown in the Fig. 3A. Plant
material (roots and shoots of each accession) was divided into two portions — one used
for the extraction and quantification of secondary metabolites, and the other for RNA isolation
and qPCR analysis. To determine total scopoletin and umbelliferone content, half of the crude
extracts were subjected to enzymatic hydrolysis with B-glucosidase, as coumarins are primarily
stored in glycosylated, inactive forms under normal conditions [Duan et al., 2021]. Detection

and quantification of aglycones and glycosylated compounds were performed with UHPLC method.
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Our findings confirm that coumarin accumulation varies significantly across genotypes
and growth conditions. The highest scopoletin and umbelliferone accumulation was detected in roots
grown in vitro, whereas soil-grown plants exhibited significantly lower concentrations (Fig. 3B).
Leaves consistently accumulated lower levels of coumarin than roots, confirming previous
observations [Kai et al.,, 2006; Perkowska et al., 2021a; Robe et al., 2021] that coumarins
are predominantly synthesized and stored in underground tissues (Fig. 3B). Additionally,
glycosylated forms (scopolin and skimmin) were detected in all accessions, but their levels varied

significantly between in vitro and soil-grown plants.
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Figure 3.

(A) Schematic representation of the experimental workflow outlined in Publication No. 3.
(B) Quantification of umbelliferone and scopoletin in 4. thaliana Col-0, Est-1 and Tsu-1 natural accessions,
in roots (brown) and shoots (green) after cultivation in vitro or in soil.
(C) Relative expression level of F6’HI and F6’H2 in A. thaliana Col-0, Est-1 and Tsu-1 natural accessions,
in roots (brown) and shoots (green) after cultivation in vitro or in soil.
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Gene expression analysis further confirmed the differential regulation of coumarin biosynthesis
genes under distinct growth conditions. The F6’HI gene, a major contributor to scopoletin
biosynthesis, was highly expressed in roots, particularly in soil-grown plants (Fig. 3C). Interestingly,
4CL1 and 4CL2, acting upstream in coumarin biosynthesis, exhibited opposing expression trends
between in vitro and soil conditions. Genes involved in lignin biosynthesis displayed tissue-specific
expression patterns, CCRI has more highly expressed in leaves, while CCR2 transcripts were more
abundant in roots. Genomic re-sequencing identified polymorphisms in F6’H2, 4CL3, and CCR2,
suggesting that genotypic differences contribute to the variability in coumarin biosynthesis. Notably,
SNPs in 4CL3 and F6’H2 were found to alter amino acid sequences, potentially impacting enzyme
function.

Presented study underscores the significant genetic and environmental control over coumarin
biosynthesis in 4. thaliana. The observed differences between in vitro and soil-grown plants suggest
that stress conditions, such as nutrient availability and root architecture changes, influence coumarin
production. Furthermore, the differential expression of key biosynthetic genes highlights
the dynamic nature of the phenylpropanoid pathway, which is regulated by environmental factors
[Dong & Lin, 2021]. Distinct metabolite profiles among Col-0, Est-1 and Tsu-1 likely reflect
underlying genetic variation in biosynthetic pathway genes, reinforcing the idea that natural diversity
plays a crucial role in shaping secondary metabolism. Given that coumarins contribute
to Fe acquisition and pathogen defense (Perkowska et al., 2021b), understanding their regulation
provides insights into plant adaptation mechanisms in nutrient-limited and pathogen-rich

environments.

To summarize the results presented in the three publications that collectively address
the first objective of this PhD thesis, our findings enhance the understanding of how genetic
and environmental factors influence coumarin biosynthesis and lay the foundation for future
research into the molecular mechanisms underlying specialized metabolism in plants.
By integrating metabolomics and genomic analyses, our study provides valuable insights
into how genetic variation shapes plant secondary metabolism. Equally important
to the integration of genetic, metabolic, and transcriptional data is the identification
and functional characterization of genes encoding key enzymes in secondary metabolism
pathways, along with elucidating the regulatory networks that govern plant responses
to environmental stress factors. These insights may have important implications for a better

understanding of plant adaptation, crop improvement, and biotechnological applications.
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Aim 2. Comprehensive analysis of the regulatory network controlling the switch between
coumarin and lignin biosynthesis in A. thaliana under osmotic and low pH stress using
integrative transcriptomic and metabolomic approaches.

Aim 3. Functional characterization of two A. thaliana dioxygenases DOXC21-A, its NAT,

and DOXC21-B potentially involved in ortho-hydroxylation of coumarin and lignin precursors.

To elucidate the molecular mechanisms underlying the balance between coumarin and lignin
biosynthesis under abiotic stress, we investigated the regulatory networks responding to osmotic
and low pH stress in A. thaliana using integrative transcriptomic and metabolomic approaches,
alongside the functional -characterization of two candidate dioxygenases (AT3G19000

and AT3G19010) potentially involved in ortho-hydroxylation of phenylpropanoid intermediates.

6.4. Publication No. 4 (manuscript in preparation)

Elucidating the role and regulatory mechanism of Arabidopsis thaliana DOXC2I-A,
its NAT and DOXC21-B in plant adaptation to terrestrial conditions. Perkowska, 1., Olry, A., Barrit,
T., Dobek, A., Magot, F., Charles, C., Siwinska, J., Lojkowska, E., & Thnatowicz, A. (2025a)

Extending our previous studies of the phenylpropanoid pathway regulation under stress,
this study investigates the functional roles of 4. thaliana 2-oxoglutarate-dependent dioxygenase
DOXC21-A (AT3G19000), its associated natural antisense transcript (NAT, AT3G19002),
and DOXC21-B (AT3G19010) paralog. As reported by Kawai et al. (2014), DOXC21-A
and DOXC21-B form distinct clade within DOXC subfamily, with orthologs conserved across major
land plants lineages, from bryophytes to angiosperms (Fig. 4A). Phylogenetic analysis of 4. thaliana
20GD family places the DOXC21 clade in a separate lineage from well characterized dioxygenases
(F6’H1, F6’H2, and S8H) involved in coumarin biosynthesis (Fig. 4B) (Siwinska et al., 2018).
Because of the close link to key enzymes in specialized metabolism, we decided to explore the role
of DOXC21-A, its NAT and DOXC21-B in the context of stress adaptation.

To investigate the functional roles of DOXC21-A and its associated NAT, we employed
an integrative approach combining in silico analysis, transcriptomic profiling, untargeted
metabolomics, and reverse genetics. A. thaliana Col-0 WT and loss-of-function mutants deficient
in either DOXC21-A (doxc2I-a) or its NAT (natl, nat2) were cultivated hydroponically under
conditions designed to mimic environmentally relevant stresses. The baseline control condition
was set at pH 4.5, a mildly acidic environment that simulates nutrient-poor soils and is known
to influence nutrient solubility, root architecture, and secondary metabolism. While mildly stressful,
this pH level provides a physiologically relevant context for evaluating additional stress responses.
To ensure sufficient trace element availability under these conditions, a modified 10x Heeg nutrient

solution was used, in which the micronutrient concentration was increased tenfold to avoid nutrient
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limitations caused by reduced solubility at low pH [Neina, 2019]. Plants were subsequently subjected
to osmotic stress by polyethylene glycol (PEG) supplementation to simulate water deficit conditions.
Transcriptomic analysis (RNA-Seq) was performed for plants grown hydroponically in combined
osmotic and low pH stresses, while metabolite profiling for plants grown in control and stress
conditions (Fig. 5A). qRT-PCR was employed to confirm RNA-Seq data and our previous results.
To broaden phenotypic assessment, additional soil cultures were conducted including doxc21-b
mutant lines, under oxidative and cold stresses. For the functional characterization of DOXC21-A
and DOXC21-B we overexpressed both proteins in heterologous systems, to test them for in vitro

metabolization and in vivo transient expression in Nicotiana benthamiana.
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Figure 4. Phylogenetic placement of DOXC21-A and DOXC21-B.

(A) Phylogenetic tree showing the DOXC21 clade across representative land plant species, adapted
from Kawai et al. (2014). A. thaliana DOXC21-A (AT3G19000) and DOXC21-B (AT3G19010) cluster
together with homologs from diverse taxa, supporting evolutionary conservation across land plants.

(B) Circular tree of the A. thaliana 20GD family, adapted from Siwinska et al. (2018). DOXC21-A
and DOXC21-B are positioned near F6’H1, F6’H2, and S8H — well-characterized dioxygenases involved
in coumarin biosynthesis — highlighting potential functional proximity within secondary metabolism.

Transcriptomic profiling revealed the distinct regulatory roles of DOXC21-A and its associated
NAT under stress conditions. While both mutants showed significant transcriptional reprogramming
under osmotic and low pH stresses, their differentially expressed genes (DEGs) profiles overlapped
only partially, indicating non-redundant mechanisms. In naf mutants flavonoid biosynthesis genes
were upregulated, suggesting a metabolic shift favoring antioxidant and protective secondary

metabolites. In contrast, doxc21-a mutant exhibited broader transcriptional disruption, including
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consistent downregulation of lignin biosynthesis genes and altered expression of multiple gene
families involved in transport (notably ABC transporters), transcriptional regulation, and RNA
metabolism. These results suggest that DOXC21-A and its NAT take part in abiotic stress responses,
but they function through separate molecular pathways that meet at common metabolic

and regulatory points.

(A) A. thaliana (B) o
hydroponics Abiotic stress

pH 4.5, 10x Heeg low pH, osmotic stress

A tte | e | S

\ ¥\ He N\ ¥

U p = 4

\_ /\ j\ / NAT  =rmmmmmeemes 1 DOXC21-A
antisense transcript sense transcript

“:v* & 7:* phenotypic TR\ \\‘
\?&X? characterisation & ] kjk] » "

osmotic stress Flavonoid pathway activation Lignin pathway repression
control / +3% (w/v) PEG flavonols, coumarins accumulation structural polymers production
l ‘ . ? x
SA JA ABA
oo} [ ] metaboles || RNA oo S A
e Col-OWT & /.4 extraction extraction \\ 5
e natl ) l e Col-OWT Growth-defence trade-off
e natz | e natl Fine-tuning of gene expression
* doxc21-a | g o i = = e nat2 and metabolic flux
o doxc21-b-1 —-—-'_ N HI R e doxc21-a
o doxc21-b2 | i | ~{Bon L Bon
untargeted metabolomics transcriptomics (RNA-seq)

Figure 5. Experimental workflow and proposed model for DOXC21-A/NAT-mediated regulation under
osmotic stress in A. thaliana.

(A) Schematic overview of the experimental setup. A. thaliana Col-0 WT and mutant lines (doxc21-a, natl,
nat2, doxc21-b-1, doxc21-b-2) were grown hydroponically in control conditions (pH 4.5, 10x Heeg medium)
for three weeks, followed by either continued control or 3% PEG-induced osmotic stress treatment. RNA
was extracted one week after stress initiation from leaves for transcriptome profiling via RNA-seq (Col-0 WT,
doxc21-a, natl, nat2), while metabolites were collected from leaves after two weeks for untargeted
metabolomic analysis using Orbitrap mass spectrometry (Col-0 WT, doxc2i-a, natl, nat2, doxc2l-b-1,
doxc21-b-2).

(B) Proposed regulatory model. Under abiotic stress (e.g., low pH, osmotic), the DOXC21-4 gene and its
associated NAT form a dual regulatory module. The NAT is hypothesized to modulate DOXC21-4
transcription post-transcriptionally via antisense-mediated repression. DOXC2I-4, in turn, influences
metabolic partitioning within the phenylpropanoid pathway by promoting flavonoid accumulation
(e.g., flavonols, coumarins) and repressing lignin biosynthesis. These opposing outputs align with hormone
signaling networks (SA, ABA, JA, auxin) and reflect a broader growth-defense trade-off strategy involving
metabolic and transcriptional fine-tuning under stress [Lee et al., 2023].

Untargeted metabolomic profiling supported these transcriptomic trends, revealing increased
accumulation of flavonoids in nat mutants, whereas doxc21-a plants exhibited a broader spectrum
of non-canonical metabolites, including benzenoid volatiles and stress-associated peptides.
These findings suggest that the NAT facilitates targeted metabolic reinforcement under stress,
while DOXC21-A functions as a higher-order transcriptional regulator orchestrating more extensive
metabolic reprogramming. In parallel, evolutionary analysis suggests that DOXC2I-A

and DOXC21-B originated from a gene duplication event and may have functionally diverged.
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Despite their high sequence similarity, DOXC2I-B lacks NAT-associated regulation and exhibits
expression patterns linked to light signaling and redox balance, in contrast to stress-responsive profile
of DOXC21-A.

We also explored potential molecular mechanisms underlying NAT-mediated regulation,
including transcriptional interference, RNA splicing modulation, and chromatin remodeling [Ferdous
et al., 2015; Jha et al, 2020, Fuchs et al, 2021]. Our proposed model (Fig. 5B) places
DOXC21-A/NAT at the center of growth-defense trade-offs, dynamically balancing repression
of lignin biosynthesis with activation of flavonoid pathways, likely mediated via hormone signaling
pathways such as JA, SA, and auxin [Zhao et al., 2018; Mao et al., 2021; Lee et al., 2023].
This work highlights DOXC21-A and NAT as a regulatory module capable of integrating abiotic
stress signals with transcriptional and metabolic reprogramming. Together, these findings expand
our understanding of the adaptive plasticity of plant secondary metabolism and provide framework
for future studies on the roles of 20GDs in plant stress biology. Moreover, they suggest promising
targets for regulatory engineering strategies aimed at improving crop resilience under climate

variability and environmental stress conditions.
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Aim 4. Characterization of A. thaliana UDP-glucosyltransferase 79B9 involved in Fe deficiency
and osmotic stress response.

6.5. Publication No. 5 (manuscript in preparation) (2025b)

Arabidopsis UGT79B9-mediated crosstalk between secondary metabolism, root exudation and plant
responses to osmotic stress and iron deficiency. Perkowska, 1., Siwinska, J., Dobek, A, Magot, F.,

Grosjean, J., Hehn, A., Olry, A., Lojkowska, E., & Thnatowicz, A. (2025b)

The last aim of my PhD thesis was to characterize 4. thaliana UDP-glucosyltransferase 79B9
involved in Fe deficiency and osmotic stress response. Based on the previous functional
characterization of 20GDs and their role in stress-related transcriptional and metabolic
reprogramming, the final part of this doctoral thesis focuses on characterizing a previously unstudied
UDP-glycosyltransferase gene, UGT79B9 (AT5G53990), in A. thaliana. UGT79B9 was identified
through QTL mapping as a candidate gene involved in coumarin biosynthesis, with expression
localized primarily to roots (Siwinska et al., 2014).

Transient expression of UGT79B9 in N. benthamiana leaves led to elevated scopolin content,
a glycosylated form of scopoletin, confirming in planta enzymatic activity. To gain further insight,
ugt79b9 knock-out mutants displayed disrupted scopolin-to-scopoletin ratios, and increased root
and rosette growth under osmotic stress, suggesting altered stress responsiveness. No significant
differences in coumarin content were found between Col-0 WT and ugt79b9 under control or stress
conditions, which necessitated in-depth studies using untargeted metabolomic profiling to explore
unidentified metabolic changes.

To further explore the gene’s function, 4. thaliana overexpression lines were constructed
by introducing the UGT79B9 coding sequence under the control of the constitutive 35S promoter.
Untargeted metabolomics (UHPLC-MS) was performed for methanolic extracts from roots
and exudates of plants grown under PEG-induced osmotic stress and Fe-deficiency. Metabolite
profiling revealed clear metabolic shifts in ugt79b9 and overexpression lines. Particularly, ugt79b9
mutant lacked several m/z features that accumulated significantly in WT and overexpressing plants.
Moreover, m/z 413.16 was completely absent in mutant exudates but strongly induced
in overexpression lines, suggesting that UGT79B9 is essential for its synthesis or secretion.
Metabolite clustering analyses grouped many of the UGT79B9-dependent signals with known
glycosylated phenylpropanoids and coumarins, indicating biosynthetic and structural relationships.
Soil-grown ugt79b9 plants also showed lower electrolyte leakage and higher water content after
drought in comparison to Col-0 WT, reinforcing UGT79B9’s functional importance in abiotic stress
mitigation.

In silico analyses and protein alignments placed UGT79B9 within a group of UGTs associated

with coumarin glycosylation (Wang et al., 2023). Comparative analysis across A. thaliana
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accessions, particularly Est-1, revealed functional divergence, suggesting that natural variation
in UGT79B9 activity may contribute to adaptive metabolic traits.

Altogether, this work delivers the first biological evidence for UGT79B9’s function in 4. thaliana
and suggests that it may act as a metabolic switch in specialized metabolism, linking coumarin
biosynthesis to stress signaling. Its role appears particularly relevant under Fe-deficient and osmotic
stress conditions — environments that are becoming increasingly common due to climate change.
The potential involvement of UGT79B9 in managing the trade-off between secondary metabolism
and stress resilience opens promising avenues for improving crop tolerance through metabolic

engineering.

30



7. CONCLUSION

This doctoral dissertation provides a comprehensive insight into the complex interplay between
genetic variation, environmental stress responses, and specialized metabolism in A4. thaliana.
By focusing on coumarins — secondary metabolites derived from the phenylpropanoid pathway
— this work elucidates how different genotypes modulate metabolic outputs in response to both
abiotic and biotic stimuli, such as iron deficiency, osmotic stress, acidic conditions, and bacterial
Dickeya spp. infection. Through a series of five thematically linked studies, we systematically
analyzed the accumulation patterns of coumarins and their glycosides across diverse accessions
and pointed to key genetic factors and transcriptional regulators that may be involved
in their biosynthesis.

The research suggests that DOXC21-A, its natural antisense transcript (NAT), and its paralog
DOXC21-B form a unique regulatory module that may influence the balance between lignin
and flavonoid biosynthesis during stress adaptation. Transcriptomic and metabolomic profiling
of knockout mutants revealed distinct and overlapping functions, indicating that NATs can serve
as important molecular switches fine-tuning gene expression in response to environmental cues.
Additionally, the characterization of UGT79B9 as a stress-responsive glycosyltransferase revealed
its contribution to the regulation of metabolite solubility and root exudation under stress,
further highlighting the adaptive plasticity of the glycosylation machinery.

Overall, the results presented in this thesis expand our knowledge of the genetic and molecular
frameworks controlling coumarin metabolism in plants. They also provide a conceptual model
linking environmental perception to phenylpropanoid flux redirection through transcriptional
and post-transcriptional regulation. These findings may contribute to future biotechnological
strategies for engineering stress-tolerant plants by targeting key metabolic regulators,
such as 20GDs, UGTs, and NATS, offering potential applications in sustainable agriculture and crop

improvement.
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into the metabolic adaptations and stress response in Arabidopsis thaliana.
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Abstract: Coumarins are phytochemicals occurring in the plant kingdom, which biosynthesis is
induced under various stress factors. They belong to the wide class of specialized metabolites well
known for their beneficial properties. Due to their high and wide biological activities, coumarins
are important not only for the survival of plants in changing environmental conditions, but are of
great importance in the pharmaceutical industry and are an active source for drug development.
The identification of coumarins from natural sources has been reported for different plant species
including a model plant Arabidopsis thaliana. In our previous work, we demonstrated a presence
of naturally occurring intraspecies variation in the concentrations of scopoletin and its glycoside,
scopolin, the major coumarins accumulating in Arabidopsis roots. Here, we expanded this work
by examining a larger group of 28 Arabidopsis natural populations (called accessions) and by
extracting and analysing coumarins from two different types of tissues-roots and leaves. In the
current work, by quantifying the coumarin content in plant extracts with ultra-high-performance
liquid chromatography coupled with a mass spectrometry analysis (UHPLC-MS), we detected a
significant natural variation in the content of simple coumarins like scopoletin, umbelliferone and
esculetin together with their glycosides: scopolin, skimmin and esculin, respectively. Increasing
our knowledge of coumarin accumulation in Arabidopsis natural populations, might be beneficial
for the future discovery of physiological mechanisms of action of various alleles involved in their
biosynthesis. A better understanding of biosynthetic pathways of biologically active compounds is
the prerequisite step in undertaking a metabolic engineering research.

Keywords: analytical methods; model plant; natural genetic variation; natural products; sim-
ple coumarins

1. Introduction

Coumarins are secondary metabolites widely distributed throughout the plant king-
dom. They are synthetized via the phenylpropanoid biosynthesis pathway. We can distin-
guish several simple coumarins like coumarin, scopoletin (7-hydroxy-6-methoxycoumarin),
esculetin (6,7-dihydroxycoumarin), umbelliferone (7-hydroxycoumarin), fraxetin (7,8-
dihydroxy-6-methoxycoumarin), sideretin (5,7,8-trihydroxy-6-methoxycoumarin) and their
respective glycosylated forms-scopolin, esculetin, skimmin, fraxin and sideretin-glycoside,
respectively [1]. Figure 1 presents the semi-developed formula of simple coumarins and
their glycosides derivatives identified in this research.
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Figure 1. Chemical structures of simple coumarins and their glycosides analysed in this work (www.chem-space.com

(accessed on 20 January 2021)).

Coumarins have been recognized for many years as an important class of pharma-
cologically active compounds. They have anticoagulant, anticancer, antiviral and anti-
inflammatory properties [2]. In addition to the listed medicinal benefits, it was shown
recently in numerous studies that coumarins play an important role in iron (Fe) homeosta-
sis, oxidative stress response, plant-microbe interactions and that they can act as signalling
molecules in plants [3-8]. In the last few years, an increasing number of reports concern
the analysis of root extracts and root exudates that are rich in phenolic compounds, such
as simple coumarins, which mediate multiple interactions in the rhizosphere. Coumarins
were shown to have a strong impact on the plant interactions with microorganisms and
play a crucial role in nutrient acquisition [6,9-18]. Moreover, the root-secreted scopoletin
was proved to exert a selective antimicrobial action in the rhizosphere [8]. These numerous
reports examining the biochemical and physiological functions of coumarins, make this
class of specialized metabolites extremely interesting from a scientific and commercial point
of view. The vast majority of these studies were performed using a reference accession,
Col-0, of the model plant Arabidopsis thaliana (hereinafter Arabidopsis), and its mutants
defective at various steps of coumarin biosynthesis.

Here, we conducted the qualitative and quantitative assessment of coumarin content
in leaf and root tissue of a set of Arabidopsis natural populations (accessions). Numerous
studies on primary and specialized metabolites profiling were conducted using the Ara-
bidopsis model system [19-28]. Previously, due to the importance of coumarins for human
health, most research on their metabolic profiling were carried out on plants of economic
importance, such as e.g., sweet potato (Ipomoea batatas L.), rue (Ruta graveolens L.) or lettuce
(Lactuca sativa L.) [29-34]. One of the first metabolic profiling of root exudates using Ara-
bidopsis natural populations (Col-0, C24, Cvi-0, Ler) was made by Micallef et al. [35] who
attempted to correlate them with the compositions of rhizobacterial communities. However,
the authors of this work did not undertake the qualitative and quantitative evaluation of
the isolated compounds. Consequently, they could only conclude that there are differences
between Arabidopsis accessions in terms of the quality and quantity of released substances,
which may have an impact on the composition of the rhizobacterial communities.

So far, only a few more studies focusing on the accumulation of coumarins in Ara-
bidopsis natural populations have been published. As shown by our group [36], a signif-
icant natural variation in the accumulation of coumarins is present among the roots of
Arabidopsis accessions. Using HPLC and GC-MS analytical methods, we identified and
quantified coumarins in the roots of selected seven accessions-Antwerpen (An-1, Belgium),
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Columbia (Col-0, Germany), Estland (Est-1, Estonia), Kashmir (Kas-2, India), Kondara
(Kond, Tajikistan), Landsberg erecta (Ler, Poland) and Tsu (Tsu-1, Japan). Subsequently, we
conducted a QTL mapping and identified new loci possibly underlying the observed varia-
tion in scopoletin and scopolin accumulation. Thereby, we demonstrated that Arabidopsis
natural variation is an attractive tool for elucidating the basis of coumarin biosynthesis.
Other studies focusing on differential accumulation of coumarins between Arabidopsis
accessions were conducted by Monchgesang et al. [14]. A non-targeted metabolite profiling
of root exudates revealed the existence of distinct metabolic phenotypes for 19 Arabidopsis
accessions. Scopoletin and its glycosides were among phenylpropanoids that differed in
the exudates of tested accessions. This research group also focused on the plant-to-plant
variability in root metabolite profiles of 19 Arabidopsis accessions [15]. In the current
study, a larger set of 28 accessions was chosen, that represent a wide genetic variation
existing in Arabidopsis. To increase the scope of this work, we extracted and quantified
coumarins from two different types of tissue-roots and leaves. The latter one, in the light
of our best knowledge, have never been tested for coumarin content using Arabidopsis
natural variation. We believe our results will be beneficial for further studies focusing on a
better understanding of coumarin physiological functions and the exact role of enzymes
involved in their biosynthesis.

2. Results
2.1. UHPLC-MS Targeted Metabolite Profiling of Root and Leaf Tissues Reveals Distinct Metabolic
Phenotypes for 28 Arabidopsis Accessions

The average content of each tested coumarins (Table 1) grouped by the 28 Arabidopsis
accessions (Table 2), type of tissue (extracts from roots and leaves) and method of prepar-
ing extracts for analysis (without and after hydrolysis) were depicted through a general
heatmap. For each compound, we quantified both the non-glycosylated coumarins—
scopoletin (Figure 2A), umbelliferone (Figure 3A), esculetin (Figure 4A), and their respec-
tive glycosylated forms—scopolin (Figure 2B), skimmin (Figure 3B), and esculin (Figure 4B),
respectively. The concentration tM was based on the fresh weight (FW).

Table 1. Coumarins and their glycosides identified in this study.

Peak Retention Time Mass
Number tR (min) Compound (m/z Ratio) LoQ
1) 14.5 Umbelliferone 163 (M+H™) 0.2 uM
2) 11.8 Esculetin 179 M+H™) 0.5 uM
3) 14.8 Scopoletin 193 M+H™) 0.2 uM
Skimmin
(5) 10.1 (glycosylated 325 (M+H) 0.1 uM
umbelliferone)
Esculin .
®) 18 (glycosylated esculetin) 341 (M+HT) 0.1 uM
©) 11 Scopolin 355 (M+H?*) 0.1 uM

(glycosylated scopoletin)

Our analyses made evidence a significant variation in accumulation of all tested
compounds between Arabidopsis accessions, both in roots and leaves. In accordance with
the current state of knowledge [6,8,36-39], we identified the coumarin scopoletin and
its glycoside, scopolin, to be the major metabolites that accumulate in Arabidopsis roots
(Figure 2A,B).
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Table 2. Basic information on the Arabidopsis accessions used in this study.
No. Full Name Abbreviation Country of Origin
1 Antwerpen An-1 Belgium
2 Bayreuth Bay-0 Germany
3 Brunn Br-0 Czech Republic
4 Coimbra C24 Portugal
5 Canary Islands Can-0 Spain
6 Columbia Col-0 USA
7 Cape Verdi Cvi-1 Cape Verde Islands
8 Eilenburg Eil-0 Germany
9 Eringsboda Eri-1 Sweden
10 Estland Est-1 Russia
11 St. Maria d. Feiria Fei-0 Portugal
12 Fukuyama Fuk-1 Japan
13 Gabelstein Ga-0 Germany
14 Hodja-Obi-Garm Hog Tajikistan
15 Kashmir Kas-2 India
16 Kondara Kondara Tajikistan
17 Kyoto Kyo-1 Japan
18 Lebjasche Leb 3/4 Russia
19 Landsberg erecta Ler-1 Germany
20 Nossen No-0 Germany
21 Richmond Ri-0 Canada
22 San Feliu Sf-2 Spain
23 Shakdara Sha-1 Tajikistan
24 Sorbo Sorbo Tajikistan
25 Tossa del Mar Ts-5 Spain
26 Tsushima Tsu-1 Japan
27 Vancouver Van-0 Canada
28 Wassilewskija Ws-0 Belarus

Scopoletin was the most abundant compound in each of the 28 Arabidopsis accessions
studied, especially in the roots (from 2.61 to 151.90 uM), but interestingly this phytochemi-
cal was also detected in the leaf extracts (Table S1). The highest amount of scopoletin was
detected in Bay-0, Br-0 and Kondara, respectively (Figure 2A), in samples prepared from
the roots and subjected to hydrolysis. In non-hydrolyzed root samples, the highest content
of scopoletin was detected for the same accessions-Kondara, Bay-0 and Br-0. As expected,
scopoletin content in the leaf extracts was several dozen times smaller (from 0.03 to 2.6 uM)
when compared with extracts prepared from the root tissue. Amount of scopoletin in the
leaf sample was the highest in Br-0, Est-1 and Bay-0 when subjected to hydrolysis and in
Est-1, Br-0, Col-0 and Bay-0 when not hydrolyzed.

Relatively large amounts of scopolin (from 2.94 to 67.26 uM) were found in almost all
root extracts that were not subjected to hydrolysis (Figure 2B), the highest in Br-0, Fei-0,
Ga-0, Leb 3/4, Ri-0, C24 and Bay-0 accessions (Table S1). We also identified some accessions
(Fuk-1, Bay-0, Ri-0, Sha-1 and Eri-1) with relatively high content of scopolin in root extracts
after hydrolysis (from 2.04 to 8.09 uM), most probably due to non-effective enzymatic
reaction. Interestingly, another set of accessions (Est-1, Sorbo, Bay-0, Kyo-0, No-0, Ga-0,
Fei-0, Ws-0) with relatively high scopolin concentration (from 2.58 to 6.48 uM) was also
detected in leaf extracts not subjected to hydrolysis. As could be expected, in hydrolysed
leaf samples in which sugar residues were cut off and most of scopolin was transformed
into scopoletin, the amounts of scopolin were quite low or close to the LOQ.
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Figure 2. Heat maps based on the average (A) scopoletin and (B) scopolin concentration (1M /FW)
in Arabidopsis tissue extracts from roots and leaves, without and after hydrolysis. The values used
in the plots (https://app.displayr.com (accessed on 20 January 2021)) are the mean of 3 biological
replicates. The mean values and standard deviations (+SD) are gathered in the supplementary
materials (Table S1).

Interestingly, in this study, we identified small amounts of umbelliferone (from 0.02 to
1.64 uM) in Arabidopsis plants (Figure 3A). Importantly, we detected this phytochemical
in all of the hydrolyzed root extracts (Table 52). The highest levels of umbelliferone were
found in Bay-0, Ri-0, Est-1, Col-0, Br-0, C24, Sorbo, Fuk-1 and Leb 3/4, respectively. The
quantity of umbelliferone in all leaf extract samples was below LOQ.

Skimmin, which is a glucoside of umbelliferone, was detected and quantified (from
0.69 to 19.80 uM) mostly in root samples of Arabidopsis accessions that were not subjected
to enzymatic hydrolysis (Figure 3B). The highest levels were detected in extracts originating
from Ga-0, C24, Ws-0, Ri-0, Est-1, Kyo-0 and Eri-0 accessions. It should be noted that
skimmin could also be quantified (concentration from 0.04 to 18.76 uM) in all hydrolyzed
root extract samples (Table S2), which needs further investigation.

Most of the results obtained for the leaf tissues were very low and near the LOQ,
however in Eri-1, An-1, C24, Col-0, Van-0, Kondara, Ws-0, Ga-0, Fuk-1, Can-0 and Tsu-1
accessions, we observed values slightly above the limit.
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Figure 3. Heat maps based on the average (A) umbelliferone and (B) skimmin concentration (uM/
FW) in Arabidopsis tissue extracts from roots and leaves, without and after hydrolysis. The values
used in the plots (https:/ /app.displayr.com (accessed on 20 January 2021)) are the mean of 3 biological
replicates. The mean values and standard deviations (+SD) are gathered in the supplementary
materials (Table S2).

Small amounts of esculetin were detected only in a few of root extracts (max. con-
centration 0.29 pM) and leaf samples (max. concentration 0.16 uM) (Figure 4A). In root
non-hydrolysed samples, esculetin was present in Bay-0, Br-0 and Can-0 accessions, while
in hydrolysed extracts it was detected in Can-0, Bay-0, Col-0, Ri-0 and Tsu-1 (Table S1). It
may be puzzling that in some accessions, esculetin was only detected in samples which
were not subjected to hydrolysis but not in the hydrolysed ones. This is the case for the
root extract of Br-0 (0.07 uM), and leaf samples of C24, Br-0, An-1, Col-0, No-0, Ws-0 and
Ri-0 accessions (from 0.01 to 0.16 uM, Table S3). In leaf samples after hydrolysis, only trace
amount of esculetin was detected in Ws-0.

Esculin, which is a glycoside form of esculetin, was not found in any root extract
(Figure 4B), except Col-0 sample with quantity near to LOQ (0.01 uM). Trace amounts
of esculin were detected in some leaf extracts without hydrolysis (from 0.01 to 0.15 uM)
with the highest content in Col-0 accession, and in the leaf samples subjected to hydrolysis
(from 0.01 to 0.36 uM). Here, the highest esculin content was detected in Ws-0 accession
(Table S3).
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Figure 4. Heat maps based on the average (A) esculetin and (B) esculin concentration (tM/ FW) in
Arabidopsis tissue extracts from roots and leaves, without and after hydrolysis. The values used
in the plots (https://app.displayr.com (accessed on 20 January 2021)) are the mean of 3 biological
replicates. The mean values and standard deviations (+SD) are gathered in the supplementary
materials (Table S3).

2.2. Principal Component Analysis (PCA) for 28 Arabidopsis Accessions Using Coumarin
Quantification by UHPLC-MS in Selected Geographic and under Diverse Climatic Factors

In order to compare and visualize the possible relationship between coumarin content
variability present among 28 Arabidopsis accessions in selected geographic and in various
climatic factors (maximal altitude [m], average winter minimal temperature [°C], average
summer maximal temperature [°C] and average annual precipitation [mm]), we performed
Principal Component Analysis (PCA). About half of the variance of used dataset was
covered by the first two principal components, explaining 49% of the overall data variance
(27.1% and 21.9% for PC1 and PC2, respectively) (Figure 5A).

According to the results presented on the Variables-PCA plot (Figure 5B), we assumed
that there is a positive correlation between scopoletin, umbelliferone and scopolin con-
centration in root samples before hydrolysis. Despite the fact that scopolin content has
relatively small contribution in explaining the variability between tested accessions, it can
be also positively correlated with skimmin and umbelliferone concentration. Skimmin
content is positively correlated with annual precipitation data.
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Figure 5. (A) Principal component analysis (PCA) for 28 Arabidopsis accessions using the concentration of umbelliferone,
scopoletin and their corresponding glycosides (skimmin and scopolin, respectively) in root samples without hydrolysis,
and four geographic and climatic factors (maximal altitude [m], average winter minimal temperature [°C], average summer
maximal temperature [°C] and average annual precipitation [mm]; Table S4). Factor coordinates are marked with arrows.
Observations indicated by blue accession names represent European locations (n = 14), green represent Asian locations

(n =9), violet represent North American locations (n = 3) and red represent African locations (n = 2). The abbreviations

indicate the accessions according to Table 2. Component one and two explain 49% of the point variability. (B) The Variables-
PCA contribution plot shows the correlation of the variables used in PCA with the respective contribution of each factor

(contrib) indicated with a colour gradient. (C) The scree plot/graph of variables demonstrate the percentage of variability
explained by each dimension (PC). Principal Component 1 and 2 explain 27.1% and 21.9% of the variance respectively.

A negative correlation is highlighted between the following variables: (1) umbellifer-
one concentration and temperatures (average winter minimal temperature and average
summer maximal temperature); (2) scopolin concentration and temperatures (average
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winter minimal temperature and average summer maximal temperature); (3) skimmin con-
centration and average summer maximal temperature, as well as skimmin concentration
and maximal altitude; (4) scopoletin concentration and annual precipitation, as well as
scopoletin concentration and average winter minimal temperature (Figure 5B).

On the Figure 5C we demonstrate the graph of variables (scree plot) which indicates
the percentage of variability explained by each dimension (PC). Principal Component 1 and
2 explain 27.1% and 21.9% of the variance respectively, while the other 6 dimensions account
for the total remaining variability between each accession (PC3 = 14.7%, PC4 = 13.8%,
PC5 =9.4%, PC6 = 6.2%, PC7 = 3.8% and PC8 = 3%).

3. Discussion

Our previous study strongly suggest that Arabidopsis is an excellent model for eluci-
dating the basis of natural variation in coumarin accumulation [36]. Here, we identified and
quantified a set of coumarin compounds in the root and leaf methanol extracts prepared
from 28 Arabidopsis accessions. In the light of our best knowledge, it is the largest set
of Arabidopsis natural populations used in the coumarin profiling analysis that should
well represent a wide genetic variation existing in this model plant. It is assumed that
these accessions reflect genetic adaptation to local environmental factors [40]. As a result
of evolutionary pressure differentially acting on the studied accessions originating from
various geographical locations, a large number of genetic polymorphisms is present that
have led to different levels of expression of genes involved in the biosynthesis, transport
and metabolism of coumarins, and ultimately to different levels of their accumulation.
In the current work, we detected a significant natural variation in the content of simple
coumarins present in the root and leaf extracts of 28 Arabidopsis accessions. Among tested
compounds, scopoletin and its glycosylated form, scopolin, were the most abundant, which
is in line with the current state of knowledge [6,14,15,36-38].

The previous study on differential accumulation of coumarins between 19 Arabidopsis
accessions belonging to the MAGIC lines characterized by a high genetic variability [14],
confirm the hypothesis that the composition of Arabidopsis accessions root exudates is
genetically determined. They revealed the existence of distinct root metabolic phenotypes
among tested natural populations, including variation in the accumulation of scopoletin
and its glycoside. Another study focused on extensive profiling of specialized metabolites
in root exudates of Arabidopsis reference accession, Col-0, by non-targeted metabolite
profiling using reversed-phase UPLC/ESI-QTOFMS [16]. As many as 103 compounds
were detected in exudates of hydroponically grown Col-0 plants. Among them, 42 were
identified by authenticated standards, including the following coumarins: esculetin, scopo-
letin, and their glucosides esculin and scopolin. In addition to these coumarins, further
esculetin and scopoletin conjugates were initially identified in the root exudates based on
their mass spectral fragmentation pattern [16].

It has to be noted that among other coumarin compounds identified in our study,
we detected umbelliferone for the first time in Arabidopsis model plant. Authors of the
first publication on the accumulation of coumarins in Arabidopsis [37], in which various
type of tissues (roots, shoots and callus) were tested, detected trace amounts of skimmin
(umbelliferone glucoside) in the wild type plants and slightly increased skimmin level
in mutants of CYP98A3. No umbelliferone was detected in that study, or in any other
work with Arabidopsis to date, in the light of our best knowledge. It cannot be excluded
that we were able to detect umbelliferone due to the sample types tested. We conducted
coumarin profiling of extracts prepared from the plant tissues grown in in vitro liquid
cultures. Moreover, umbelliferone was detected in root methanol extracts additionally
subjected to enzymatic hydrolysis prior to quantification done by UHPLC-MS in order
to hydrolyze the glycoside forms of coumarins, while its glycosylated form, skimmin,
was detected in samples without enzymatic treatment. It should be highlighted that low
amounts of umbelliferone were also detected in non-hydrolysed extracts.
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Coumarins have become important players both in optimizing Fe uptake and shaping
the root microbiome, thus affecting plant health [5,41]. The link between plant specialized
metabolites, in particular coumarins, nutrient deficiencies and microbiome composition
that was discovered in recent studies [7,8,42,43], could provide a new set of tools for
rationally manipulating the plant microbiome [44]. The selection of underground tissue was
an obvious choice in such analyses, considering that coumarins are essentially synthesized
in roots where optimization of Fe uptake is coordinated with plant requirements and
interaction with soil microorganisms. Therefore, most of the previous coumarin metabolic
profiling analysis, including functional characterization of Arabidopsis mutants defective in
genes encoding enzymes involved in coumarin biosynthesis or transport, were performed
using the root exudates and root tissue [3,6,12,17,38,44,45]. It was also the case in research
conducted on the effects of Fe, phosphorus (Pi) or both deficiencies on coumarin profiles
in the root tissue of several T-DNA insertional mutants defective in genes involved in
Pi or Fe homeostasis [11]. Importantly, in the current study we detected variation in
accumulation of esculetin and esculin. The latter one was identified in Arabidopsis leaf
extracts, both with and without enzymatic hydrolysis. This requires further research
and is of particular interest in the light of recent research findings on coumarin cellular
localization, trafficking and signalling [5,7]. Coumarins were found to be involved in the
plant response to pathogens in aerial tissues [41,46] and proposed to play an important
signalling role in bidirectional chemical communication along the microbiome-root-shoot
axis [7].

The study of natural variation in coumarin content present among Arabidopsis ac-
cessions is a starting point in elucidating direct links between metabolic phenotypes and
genotypes. In the presented research, we also checked whether the climatic and geographic
data on the regions from which particular accessions originate, are correlated with the
concentrations of tested coumarins. The conducted PCA showed a number of positive and
negative correlations between climatic factors and coumarin content. Further investigation
is needed to draw a more precise conclusion about possible relationship between the accu-
mulation of coumarins and habitat data. Taking into account, the recent studies showing
an important role of coumarins in plant interactions with soil microorganisms and nutrient
acquisition, a more in-depth analysis, including data on soil parameters at the origin sites
of a given accession, would explain the greater variance and give us more information
on the potential correlations. It will be beneficial for the future discovery of physiological
mechanisms of action of various alleles involved in the coumarin biosynthesis and can
help to select biosynthetic enzymes for further metabolic engineering research.

4. Materials and Methods
4.1. Chemicals and Reagents

The coumarins standards umbelliferone (purity > 99%), coumarin (>99% purity), es-
culin (>98% purity) were purchased from Sigma-Aldrich (St. Louis, MO, USA), scopoletin
(>95% purity) and esculetin (>98% purity) from Extrasynthese (Genay, France), skimmin
(98% purity) from Biopurify Phytochemicals (Chengdu, China), scopolin (>98% purity)
from Chemicals Aktin Inc. (Chengdu, China). Stock solutions of each standard at a con-
centration of 10 mmol/L were prepared by diluting the powder in dimethyl sulfoxide
(Fisher scientific, Illkirch, France) and kept at —18 °C until use. HPLC-grade methanol
was purchased from CarloErba Reagents (Val de Reuil, France), formic acid was purchased
from Fisher Scientific (Illkirch, France). Water was purified by a PURELAB Ultra system
(Veolia Water S.T.I., Antony, France).

4.2. Plant Material

All seeds of the 28 Arabidopsis accessions (Table 2) from various habitats which were
used in this study were obtained courtesy of prof. Maarten Koornneef.
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4.3. In Vitro Plant Culture

All the Arabidopsis accessions seeds were surface sterilized with 70% ethanol for
2 min, 5% calcium hypochlorite solution for 8 min and then washed 3 times with sterile
ultrapure water. The seeds were placed in Petri dishes with % Murashige-Skoog (MS)
medium solidified with agar (Sigma-Aldrich) for in vitro plant culture and incubated for
72 h in the dark at 4 °C. Then the plates were transferred to a growth chamber (daily
cycle: 16 h light 35 umol m~2 s ~! temperature 20 °C and 8 h dark temperature 18 °C) for
10 days. After that time, seedlings were transferred from agar plates into 200 mL flasks
(three individuals per flask) containing 5 mL of % MS liquid medium containing 1% sucrose,
MS salts, 100 mg/L myo-inositol, 1 mg/L thiamine hydrochloride, 0.5 mg/L pyridoxine
hydrochloride and 0.5 mg/L nicotinic acid (Sigma-Aldrich/Merck KGaA, Darmstadt,
Germany). Plants were grown in the growth chamber on a rotary platform with shaking
120 rpm. After one week, 3 mL of fresh % MS medium was added. Plants were grown
for 17 supplementary days and after that time were rinsed with demineralized water,
dried on paper towels. Roots and leaves samples were weighted (50 & 2 mg fresh weight
(FW)) and frozen in liquid nitrogen. The plant material was stored in a freezer at —80 °C
until extraction process. All accessions were grown in three biological replicates (in three
independent flasks, three seedlings per flask).

4.4. Metabolites Extraction

For the metabolites extraction, plant tissue frozen in liquid nitrogen was grinded
by the usage of 5 mm diameter stainless steel beads (Qiagen, Hilden, Germany). To the
2 mL microtubes, 2 clean beads were added and samples were frozen in liquid nitrogen.
Then, using vortex, samples were mixed. For the better performance, the freezing and
vortexing procedure was repeated several times until all tissue was powdered. To the
powdered tissues 0.5 mL of 80% methanol containing 5 uM 4-methylumbelliferone as
an internal standard was added. After that, samples were sonicated for 30 min with
ultrasonic cleaner (Proclean 3.0DSP, Ulsonix, Expondo, Berlin, Germany) (70% frequency,
sweep function) and incubated in 4 °C in darkness for 24 h. Next day, all samples were
vortexed, centrifuged at 13,000 g for 10 min and the supernatant was transferred into new
microtubes. Centrifugation was repeated in order to get rid of any sediment. The extracts
were firstly dried for 2 h in an incubator at 45 °C and then, for the next 2 h in a vacuum
centrifuge (Savant SpeedVac vacuum concentrator, Thermo Fisher Scientific, Waltham, MA,
USA). To the dried extracts 100 puL of 80% methanol was added to dissolve samples during
the night at 4 °C. Then the extracts were vortexed for 10 min and separated by 50 puL. One
of the replicates was subjected to enzymatic hydrolysis, and the second one was stored at
—20 °C until UHPLC-MS analysis (Shimadzu Corp., Kyoto, Japan).

4.5. Enzymatic Hydrolysis

The enzymatic hydrolysis was performed according to Nguyen et al. [47]. Methanolic
extracts were subjected to enzymatic hydrolysis with a 3-glucosidase (Fluka Chemie GmbH,
Buchs, Switzerland) in 0.1 M acetate buffer at a concentration of 0.5 mg/mL in order to
determine the amounts of glycosylated compounds (o-glycosides). 50 pL of acetate buffer
with B-glucosidase at pH 5.0 (0.1 M sodium acetate, 0.1 M acetic acid and 0.5 mg/mL
[-glucosidase buffer) was added to 50 pL of the prepared extract and incubated for 22 h at
37 °C. The reaction was stopped by adding 100 uL of 96% ethanol to the reaction mixture.
The extracts were dried in an incubator at 45 °C for 2 h and then for about 1 h in a vacuum
centrifuge (Savant SpeedVac vacuum concentrator). The obtained extract was dissolved in
50 pL of 80% methanol overnight and stored at —20 °C until UHPLC-MS analysis.

4.6. UHPLC Separation

The coumarins analyses were performed using a NEXERA UPLC-MS system (Shi-
madzu Corp., Kyoto, Japan) equipped with two UHPLC pumps (LC-30AD), an automatic
sampler (SIL-30AC), a photodiode array detector (PDA, SPDM-20A) and combined with

49



Molecules 2021, 26, 1804

12 of 15

a mass spectrometer (single quadrupole, LCMS-2020). Coumarins separation was done
on a C18 reversed phase column (ZORBAX Eclipse Plus), 150 x 2.1 mm, 1.8 um (Agilent
Technologies, Santa Clara, CA, USA) protected with an Agilent Technologies 1290 Infinity
filter. The column was kept at 40 °C in a column oven (Shimadzu CTO-20AC). Mobile
phase consisted of 0.1% formic acid in ultrapure water (buffer A) and 0.1% formic acid
in methanol (buffer B) at a constant flow rate of 200 uL/min. The linear gradient solvent
system was set as follows: 0 min, 10% B; 16 min, 70% B; 18 min, 99% B; 18.01 min, 10% B;
20 min, 10% B. The total analysis duration was 20 min. The injection volume was 5 pL.

4.7. MS Detection

The UHPLC system was connected to the MS by an electrospray ionization source
(ESI), operating in positive mode (ESI+) and scanning in single ion monitoring mode (SIM).
The inlet, desolvation line and heating block temperatures were set at 350 °C, 250 °C,
and 400 °C, respectively. The capillary voltage was set at 4.5 kV. Dry gas flow was set at
15 L/min and nebulizing gas at 1.5 L/min. The instrument was operated and data were
processed using LabSolution software version 5.52 sp2 (Shimadzu Corp., Kyoto, Japan).

4.8. Peak Identification and Quantitation

Each standard molecule was individually injected in the UHPLC-MS in full scan
mode to determine retention time and m/z ratio for the analysis. The quantitation of each
molecule (Table 2) was based on the signal obtained from the MS detection, using angelicin,
as an analytical internal standard. Angelicin was added at the same concentration (5 M)
in all the samples before injection as well as in 7 calibration solutions. The calibration
solutions contained all of the standard molecules at the same concentrations ranging from
0.1 to 10 uM (0.1, 0.2, 0.5, 1, 2, 5 and 10 uM). Calibration curves were drawn for each
compound by linking its relative peak area (compound area divided by the angelicin area)
and its concentration. Each curve fit type was linear. The limit of quantitation (LOQ) was
calculated as the analyte concentration giving signal to signal to noise ratios (S/N) of 10.
Three measurements were assessed per accession.

4.9. Principal Component Analysis (PCA)

Principal Component Analysis (PCA) were performed using prcomp() package and
visualize with the factoextra 1.0.7 version package in the R 4.0.4 environment developed
by the R Core Team (2020). R: A language and environment for statistical computing. R
Foundation for Statistical Computing, Vienna, Austria (www.R-project.org (accessed on
20 January 2021)) and the RStudio Team (2019). RStudio: Integrated Development for R.
RStudio, Inc., Boston, MA, USA (www.rstudio.com (accessed on 20 January 2021)). All the
variables were standardized before analysis. Data used for the analysis are presented in
Table 54.

5. Conclusions

Multi-pharmacological properties of coumarins that are widely used in medical appli-
cations, make the study of coumarin biosynthesis attractive from the commercial point of
view. Considering that all medicinal plants currently used in studying the biosynthesis
of coumarins are non-model organisms and many approaches are not available in those
species, makes a model plant Arabidopsis, with its extensive genetic variation and numer-
ous publicly accessible web-based databases, an excellent model to study accumulation
of coumarins in natural populations. The presented results focusing on qualitative and
quantitative characterization of natural resources provide a basis for further research on
identification of genetic variants involved in coumarin biosynthesis in plants, which is the
first step in metabolic engineering for the production of natural compounds. We identified
scopoletin, and its glycosylated form, scopolin, to be the most abundant coumarins in
Arabidopsis tissues. It should be emphasized that among other coumarin compounds
identified in this study, we detected umbelliferone for the first time in Arabidopsis. In
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view of the considerable importance of umbelliferone in synthesis and its pharmacological
properties, this is a significant step in the study of biosynthesis of coumarins using this
model plant.

Supplementary Materials: The following are available online, Table S1: The mean values (scopoletin
and scopolin concentrations) and standard deviations (£SD) that were used in making heat maps
shown in Figure 2, Table S2: The mean values (scopoletin and scopolin concentrations) and standard
deviations (£SD) that were used in making heat maps shown in Figure 3, Table S3: The mean values
(scopoletin and scopolin concentrations) and standard deviations (£SD) that were used in making
heat maps shown in Figure 4, Table S4. Coumarin concentrations in root samples before hydrolysis
and four geographic and climatic factors used in principal component analysis (PCA).
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Abstract: Coumarins belong to a group of secondary metabolites well known for their high biological
activities including antibacterial and antifungal properties. Recently, an important role of coumarins
in plant resistance to pathogens and their release into the rhizosphere upon pathogen infection was
discovered. It is also well documented that coumarins play a crucial role in the Arabidopsis thaliana
growth under Fe-limited conditions. However, the mechanisms underlying interplay between plant
resistance, accumulation of coumarins and Fe status, remain largely unknown. In this work, we
investigated the effect of both mentioned factors on the disease severity using the model system of
Arabidopsis/Dickeya spp. molecular interactions. We evaluated the disease symptoms in Arabidopsis
plants, wild-type Col-0 and its mutants defective in coumarin accumulation, grown in hydroponic
cultures with contrasting Fe regimes and in soil mixes. Under all tested conditions, Arabidopsis plants
inoculated with Dickeya solani IFB0099 strain developed more severe disease symptoms compared to
lines inoculated with Dickeya dadantii 3937. We also showed that the expression of genes encoding
plant stress markers were strongly affected by D. solani IFB0099 infection. Interestingly, the response
of plants to D. dadantii 3937 infection was genotype-dependent in Fe-deficient hydroponic solution.

Keywords: abiotic stress; biotic stress; fraxetin; iron deficiency; scopoletin; pathogen; plant-environment
interactions; mineral nutrition

1. Introduction

The secretion of phenolic compounds from roots into the rhizosphere has long been
recognised as a component of the acidification-reduction strategy to acquire iron (Fe),
occurring in all plant species except grasses [1]. However, the molecular mechanisms
underlying these processes remained elusive until recently, when several research groups
including our team, independently demonstrated the important role of plant secondary
metabolites called coumarins for the growth of a model plant Arabidopsis thaliana (hereafter
Arabidopsis) under Fe-limited conditions [2-9]. It was proven that coumarins are involved
in Fe chelation and that secretion of coumarins by Arabidopsis roots is induced under
Fe-deficiency. The biological roles of novel enzymes involved in coumarin biosynthesis,
which in parallel maintain Fe homeostasis in plants, were elucidated. A key enzyme
for the biosynthesis of Arabidopsis major coumarin called scopoletin and its derivatives
is Feruloyl-CoA 6’-Hydroxylasel (F6'H1) that belongs to a large enzyme family of the
2-oxoglutarate and Fe(II)-dependent dioxygenases [3,5,10]. Our group elucidated the
biological role of another member of this family, encoded by a strongly Fe-responsive
gene (At3g12900), as a scopoletin 8-hydroxylase (S8H) involved in the last step of fraxetin
biosynthesis [7]. Fraxetin is a coumarin derived from the scopoletin pathway, containing
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two adjacent hydroxyl groups in the ortho-position that can efficiently solubilise Fe from
the hydroxide precipitates [3,8]. We proved S8H to be involved in coumarin biosynthesis
as part of the Fe acquisition machinery [7].

Fe is a crucial micronutrient for every kind of living organism. It plays an essential
role in metabolic processes such as DNA synthesis, respiration, photosynthesis, and it is
a cofactor of many enzymes. The role of Fe homeostasis in resistance to infections was
also shown across all kingdoms of life—different types of pathogens are likely to compete
with their hosts for the acquisition of Fe [11]. Mechanisms of Fe homeostasis in plants,
pathogens, and beneficial microorganisms play key roles in plant-microbe interactions [12].
Moreover, one-third of the world’s agricultural area is composed of calcareous soils, in
which high pH leads to the precipitation of Fe that is finally not available and generate
severe plant growth perturbation. Therefore, Fe deficiency is a widespread agricultural
problem that reduces plant growth and crop yields, particularly in alkaline soils [13].

In addition to the important role in maintaining Fe homeostasis, coumarins can
affect plant growth and fitness directly through their high biological activities including
antibacterial and antifungal properties. Scopoletin that is one of the major Arabidopsis
coumarins accumulating in roots [5,7,14], was shown to possess antimicrobial activity
against various phytopathogens like Ralstonia solanacearum [15], Alternaria alternata [16],
Botrytis cinerea [17], Fusarium oxysporum f. sp. batatas [18], Sclerotinia sclerotiorum [19],
Aspergillus flavus, and Aspergillus niger [20], Ceratocystis fimbriata f. sp. platani [21] and
acting against human pathogens [22] including multidrug-resistant Pseudomonas aeruginosa
strains [23], Salmonella typhi [24] and clinical isolates of Staphylococcus aureus [25].

Recently, an important role for coumarins in microbiome modulation was demon-
strated. It was shown that plant-derived coumarins shape the composition of Arabidopsis
root microbial communities (rhizobiome) in Fe-starved plants, and possibly protect plants
from pathogenic fungi [26]. Coumarins were shown to influence a reduced synthetic com-
munity (SynCom) of Arabidopsis root-isolated bacteria in synthetic media [27,28] and were
proved to alter the rhizobiome and improve plant growth in Fe-limiting soil [29]. Even if, a
role of root-exuded coumarins in structuring the rhizobiome was uncovered and their re-
lease into the rhizosphere upon pathogen infection was confirmed, the precise mechanisms
underlying the above-described processes are only beginning to be discovered [26,28,30,31].

In the literature, there are examples of pathogens causing more severe disease symp-
toms on plants grown under high-Fe conditions when compared to Fe-deficient plants.
One of the examples could be plant pathogenic bacteria Dickeya dadantii 3937, for which
sufficient Fe uptake is essential to manifest full virulence on plants [32]. This bacterial
pathogen causes soft rot and blackleg disease devastating potato and numerous other
crops [33-35]. Bacteria from the Dickeya genus produce compounds called siderophores
that form complexes with Fe and make it available to the microorganism. Taking into
account that plants also produce Fe-chelating compounds, siderophore production is a
part of the competitive relationships between plants and microorganisms that can promote
infection [32]. It was demonstrated that Fe nutrition strongly affects the disease caused
by D. dadantii 3937 also in a model plant Arabidopsis [36-38]. In Fe-starved Arabidopsis
plants, authors observed a reduction in the expression of major bacterial virulence genes
and finally a lower progression in disease symptoms on inoculated plants. The results
obtained from a study of Arabidopsis response to D. dadantii 3937 infection highlight the
major importance of the competition between plant and bacterial cells for Fe uptake during
infection [36,38].

The above results reinforced the important role of coumarins in plant responses to
disturbed Fe availability as well as their involvement in plant resistance and their release
into the rhizosphere upon pathogen infection. The physiological functions of coumarins
are strictly related to plant adaptation to various biotic and abiotic environmental stresses.
Here, we investigated the Arabidopsis/Dickeya spp. pathosystem to better understand the
relation between coumarins, plant Fe status, siderophores production and plant resistance
to selected pathogenic bacteria.
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2. Results

We used as a model, Arabidopsis wild-type plants (WT Col-0) and its mutants (s8h
and f6'h1) defective in enzymes involved in coumarin biosynthesis (S8H and F6'H1, re-
spectively) and pdr9 mutant defective in coumarin transport to the rhizosphere (PDRO:
Pleiotropic drug resistance 9 [2]). As plant pathogens, we included two Dickeya spp. strains:
(1) a reference strain D. dadantii 3937 of medium virulence, (2) and Dickeya solani IFB0099
isolated from infected potato plant in Poland [39—-41]. Interestingly, the selected strains
differed in their ability to chelate Fe ions [40]. The ability to chelate Fe ions by D. dadantii
3937 strain was shown to be twice as high as the ability to chelate Fe ions by D. solani
IFB0099 strain on CAS-agar medium [40].

2.1. Differential Susceptibility of Arabidopsis Plants Grown in Fe-Deficient Hydroponics to Tested
Dickeya spp. Strains

To strictly control the growth conditions and maintain the nutrient composition of
media, we conducted the hydroponic cultures (as described by [7] and [42]). Arabidop-
sis plants were cultivated in controlled conditions either under optimal (40 uM Fe?*) or
Fe-deficient conditions (0 uM Fe?*) that induces coumarins accumulation [42] and subse-
quently were inoculated with D. dadantii 3937 and D. solani IFB0099 spp. It was reported
previously that Arabidopsis roots release more phenolic-related compounds at later stages
of life [43], therefore plants were inoculated at the flowering stage. We inoculated the
Arabidopsis WT Col-0 and mutant lines defective in coumarin biosynthesis (f6'h1, s8h)
with both Dickeya spp. strains, and evaluated disease progression according to the visual
symptoms scoring with disease severity scale 0-5 (DSS) which allowed us to quantify the
susceptibility of Arabidopsis plants to both bacterial strains (Figure 1).

Figure 1. Disease severity scale (DSS) on Arabidopsis thaliana wild-type (WT) Col-0 leaves inoculated
with D. dadantii 3937 and/or D. solani IFB0099. Example images representing stages of DSS were
taken 48 h after inoculation. The DSS was assigned to 0-5 scale and was defined as: (0) for no signs of
symptoms of the disease and the wound has healed (observed for the mock control); (1) the necrotic
tissue was observed in the inoculation site only; (2) the necrotic tissue observed in the inoculation
site and max. 3 mm wide around it; (3) the maceration visible around the inoculation site spreading
further with possible chlorosis of the leaf; (4) visible maceration of the whole leaf, possible chlorosis
of other leaves, no maceration of the limb; (5) visible maceration of the whole limb and the leaf.

We observed that independently of genetic characteristic, all Arabidopsis genotypes
inoculated with D. solani IFB0099 strain developed more severe disease symptoms (DSS up
to 4.5) (Figure 2a,b) when compared to D. dadantii 3937 (DSS up to 3.5) (Figure 2c,d). It is

57



Int. J. Mol. Sci. 2021, 22, 6449

40f19

worth emphasizing that in case of all plant genotypes inoculated with D. solani IFB0099
strain, the symptoms of infection were more pronounced in conditions with optimal Fe
availability (Figure 2a,b). Both mutants, in particular the s8h line, showed slightly higher
disease symptoms after inoculation with D. solani IFB0099 when compared to WT Col-0
plants. Interestingly, when WT Col-0 plants were inoculated with D. dadantii 3937 strain,
they developed the most severe disease symptoms at 96 h after inoculation when grown in
optimal Fe solution (Figure 2c), while the opposite trend was detected for both Arabidopsis
mutants with impaired biosynthesis of coumarins. During the D. dadantii 3937 infection,
both Arabidopsis mutant lines showed a tendency to exhibit more severe disease symptoms
in Fe-deficient hydroponics (Figure 2d) and not in the Fe-sufficient solution as WT Col-0
plants. This was particularly striking at 72 and 96 h after inoculation for the f6’h1 mutants
(Figure 2¢,d), lacking the functional F6'H1 gene, which does not synthesise scopoletin and
its derivatives.
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Figure 2. Disease progression caused by Dicekya solani IFB0099 (a,b) and Dicekya dadantii 3937
(c,d) strains on Arabidopsis thaliana wild-type (WT) Col-0 plants, s8h and f6'h1 mutant lines grown
in optimal (+Fe; 40 uM Fe?*) (a,c) or Fe-deficient (—Fe, 0 uM FeZ*) (b,d) hydroponic cultures by
visual symptom scoring (Disease Severity Scale, DSS). The values represent the mean values of DSS
originating from two independent experiments, in each experiment numerous individuals (1 = 5-9)
per plant genotypes (three leaves per plant) were inoculated for each time point. It is worth noting
that the results averaged the DSS values obtained for two independent mutant lines for each tested
gene. The mock-inoculated plants (with 0.85% NaCl) did not show the symptoms of the disease
progression throughout the experiment. Error bars represent + standard error (SE).

2.2. Inoculation of Arabidopsis WT Col-0 Grown in Fe-Deficient Hydroponics with Dickeya spp.
Cause Decrease in the Expression of S8H and F6'H1 Genes Involved in Coumarin Biosynthesis

Next, to get insight into the expression levels of genes encoding key enzymes (S8H,
F6'H1) involved in the biosynthesis of coumarins that are accumulated mostly in the
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underground part of a plant, we performed the gPCR analysis with cDNA reverse tran-
scribed using RNA isolated from the WT Col-0 roots grown under different Fe-regimes
and inoculated with D. dadantii 3937 or D. solani IFB0099 strains. As expected, we observed
up-regulation of both genes (S8H and F6'H1) in the Fe-deficient condition (Figure 3a,b).
In particular, the S8H gene, which is known to be one of the most strongly Fe-responsive
genes, was induced several hundred times in all treatments tested in Fe-deficient conditions
compared to Fe-sufficient condition (Figure 3a).
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Figure 3. The relative expression levels of S8H (a) and F6'H1 (b) genes were analysed in the roots
of Arabidopsis thaliana wild-type (WT) Col-0 grown in hydroponics under optimal (40 uM Fe?*) or
Fe-deficient conditions (0 uM FeZ*) and inoculated with Dickeya dadantii 3937 and Dickeya solani
IFB0099 strains. Control plants were mock-inoculated with a 0.85% NaCl solution. As a reference, the
EF-1a (ang. elongation factor-1x, At5g60390) gene was selected [44]. The pairwise t-test was used.
Error bars, +SD, from three biological replicates. * p < 0.05.

Interestingly, the expression of the S8H gene was significantly higher in the roots ex-
posed only to abiotic stress (mock-inoculated WT Col-0 plants grown under Fe deficiency)
when compared with those exposed to abiotic and biotic stress (Dickeya spp.- inoculated
ones grown under Fe deficiency). It should be noted that the expression of SS8H was rela-
tively lower when combined environmental stress, composed of Fe-deficiency and bacterial
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infection, was applied (Figure 3a: right panel). This relative decrease was particularly
significant when D. dadantii 3937 was used to inoculate WT Col-0 plants (p < 0.05). A similar
trend was observed for the F6'H1 gene, for which a relative reduction in the expression lev-
els was observed when the same two stress factors, Fe-deficiency and bacterial inoculation,
were simultaneously applied. The F6'H1 expression was approximately 2-fold lower in
WT Col-0 plants subjected to biotic stress when compared to plant exposed only to abiotic
stress under Fe-deficient condition (Figure 3b). In this case, the inoculation with D. dadantii
3937 also had a significant effect on the relative reduction of F6'H1 expression in the WT
Col-0 genetic background (p < 0.05). That is an interesting observation considering that
this strain expressed a greater ability than D. solani IFB0099 to chelate Fe ions, as shown
previously by the CAS-agar plate assay [40].

2.3. Fe-Chelation in CAS Agar Plate Assay

To test the potential of plant-produced compounds to affect the bacterial siderophore
production, we observed the growth and halo production of D. dadantii 3937 and D. solani
IFB0099 strains on CAS-agar plates supplemented with homogenates prepared from the
leaves of s8h and f6'h1 mutants (Figure 4a,b) that were grown in Fe-depleted hydroponic
solution (0 pM FeZ*).
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Figure 4. Siderophore production by Dickeya dadantii 3937 and Dickeya solani IFB0099 after incubation
for (a) 48 and (b) 168 h on CAS-agar plates supplemented with leaf homogenates of Arabidopsis
thaliana wild-type (WT) Col-0 and s8h or f6'h1 mutant plants. The halo diameters were measured
[mm] on control CAS-agar medium with no supplements (), mock (phosphate buffer) and CAS-
agar medium supplemented with leaf homogenates prepared from the Col-0 WT plants or f6'h1, s8h
mutants. The experiment was performed twice, with 12 replicates (a set of pooled 3 plants was used
for the biological replicates). The results are presented as average halo diameter. Error bars represent
=+ standard deviation (SD). Statistical significance is marked with asterisks * p < 0.05, ** p < 0.01,
*** p < 0.001 and *** p < 0.0001 based on student’s T-test for independent samples.

Here, we selected leaves to prepare homogenates, as organs in which inoculation is
conducted. No supplements or homogenates were added as a negative control (&), as a
mock the phosphate buffer was used. It seems that both leaf homogenates and phosphate
buffer itself can induce the production of bacterial siderophores. As could be expected,
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in most cases D. dadantii 3937 strain that was previously characterised by a higher ability
to chelate Fe ions [40], produced larger halos compared to D. solani IFB0O099 (Figure 4a,b).
But the most interestingly, we observed the opposite effect when homogenates originating
from the leaves of f6'h1 mutant were used as a supplement. We observed a significant
increase in D. solani IFB0099 halos” diameter on agar plates supplemented with the f6'h1
mutant leaf homogenates (Figure 4a,b).

2.4. Differential Susceptibility of Soil-Grown Arabidopsis Plants to Tested Dickeya spp. Strains

To shed light on the relationship between Fe homeostasis, coumarin accumulation and
plant immunity in more physiological conditions, we grew a set of Arabidopsis mutants
defective in coumarin accumulation (f6'h1, s8h) in the non-sterile soil environment. Here,
we included in the experiment the pdr9 mutant that is defective in coumarin transport to
the rhizosphere [2]. Since soil mixture composition can alter Arabidopsis susceptibility
to plant pathogens as was shown for the Pseudomonas syringae infection [45], we decided
to estimate the disease symptoms caused by D. dadantii 3937 and D. solani IFB0099 on
Arabidopsis plants grown in two different soil mixes (#1 and #2) derived from the com-
mercial products that differ mainly in the level of salinity that can affect the availability of
nutrients including Fe, and the content of some macro- and micronutrients like chlorides,
phosphorus, potassium or calcium (Table 1).

Table 1. Chemical analysis of used soil mixes: (a) pH, salinity, macro- and (b) micronutrients.

(a)

Soil Mix pHin  NaClg/dm’Soil NO; Cl P K Ca Mg
no. H;O0 mg/dm3 Soil
#1 6.8 2.65 224 136 346 701 2960 >400 (548)!
#2 6.9 1.59 220 105 445 91.8 2509 >400 (498) !
(b)
Soil Mix Cu Zn Mn Fe B
no. mg/dm3 Soil
#1 1.1 1.1 1.3 514 0.4
#2 1.0 1.3 23 492 0.4

1 Results above upper limit of the method range for Mg = 400 mg/dm?.

Arabidopsis plants of all genotypes (WT Col-0, f6'h1, s8h and pdr9) had better perfor-
mance on soil mix #1, on which the plant rosettes were much bigger. In case of soil mix #2,
the spontaneous plant wilt and die was also observed. This is an interesting observation
since the conducted chemical analysis did not show any dramatic differences in the compo-
sitions of both soil mixes (Table 1). However, regardless of the soil in which the plants were
grown, the Arabidopsis of all tested genotypes inoculated with D. solani IFB0099 strain
developed more severe infection symptoms (DSS up to 4.5), compared to those challenged
with D. dadantii 3937 reference strain (DSS up to 2.5) (Figure 5). However, most interestingly,
we detected a variation in the disease symptoms between plant genotypes inoculated with
the D. solani IFB0099 strain. In soil mix #1 characterised by a slightly higher salinity, the
pdr9 mutants inoculated with D. solani IFB0099 showed the mildest infection symptoms
among all plant genotypes with the severity score up to 3.5 (Figure 5d) compared with
the DSS up to 4.0 for WT Col-0 and f6'h1 plants (Figure 5a,c) and 4.5 for s8h mutant line
(Figure 5b). In soil mix #2, a slightly lower DSS (lower than 3) was observed for all mutant
lines inoculated with D. solani IFB0O099 (Figure 5b—d) compared to WT Col-0 plants (DSS up
to 3) (Figure 5a). We did not observe such a variation in the infection symptoms on plants
inoculated with the D. dadantii 3937 strain.
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Figure 5. Disease progression caused by Dickeya dadantii 3937 and Dickeya solani IFB0099 strains
on Arabidopsis thaliana (a) wild-type (WT) Col-0 plants, (b) s8h, (c) f6'h1 and (d) pdr9 mutant lines
by visual symptom scoring (Disease Severity Scale, DSS). Plants were grown in two types of soil
mixes (#1 and #2, see Table 1). The values represent the mean values of DSS originating from two
independent experiments, in each experiment numerous individuals (1 = 6-8) per plant genotypes
(three leaves per plant) were inoculated for each time point. The mock-inoculated plants (with 0.85 %
NaCl) did not show the symptoms of the disease progression throughout the experiment. Error bars
represent & standard error (SE).

2.5. Expression of Selected Plant Stress-Response Genes Is Strongly Induced in Arabidopsis
Mutants Defective in Coumarin Accumulation Inoculated with D. solani IFB0099

Next, to measure the expression levels of selected genes being the plant stress markers,
we analysed by qPCR the expression of genes related to oxidative stress (SOD1, AT1G08830),
plant defence (pathogenesis-related PR1, At2g14610) and modulation of jasmonate-induced
root growth inhibition (CYP82C2, At4g31970). We used RNA isolated from the leaves of
Arabidopsis WT Col-0 and three mutant lines (f6'h1, s8h, pdr9) grown in soil mix #1, in
which the disease symptoms after D. solani IFB0099 or D. dadantii 3937 strains infection
were more prominent compared to soil mix #2 (Figure 5).

We observed a strong increase in expression of selected plant stress markers in plants
inoculated with D. solani IFB0099 strain, which indicate that inoculation of Arabidopsis
plants with this pathogen particularly induce the plant defence systems (Figure 6a—c).
Interestingly, the expression levels of two out of three tested genes encoding plant stress
markers (SOD1, PR1) were differentially induced among mutants and WT Col-0 plants,
those inoculated with Dickeya spp. strains and mock-inoculated ones (Figure 6a,b). The
level of the SOD1 gene was visibly higher in all mutant lines compared to WT Col-0
plants (Figure 6a). While in the case of the PRI gene, we observed the opposite effect,
where its expression was higher in WT Col-0 plants compared to mutants with disturbed
coumarin biosynthesis (f6'h1, s8h) or transport (pdr9) (Figure 6b). The transcript levels
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Figure 6. Relative expression levels of plant stress marker genes (a) SOD1 (AT1G08830), (b) PR1 (At2g14610) and (c)
CYP82C2 (At4g31970) analysed in the leaves of Arabidopsis thaliana wild-type (WT) Col-0 and mutant plants (f6'h1, s8h, pdr9)
grown in soil mix #1 and inoculated with Dickeya dadantii 3937 and Dickeya solani IFB0099. 0.85% NaCl treated plants were
used as a negative control. As a reference, the ACT2 (At3g18780) gene was used [44]. Error bars, 5D, from three biological

replicates.

3. Discussion

Microorganisms that urgently need Fe for their growth, replication, metabolism and
the infectious disease process, have evolved numerous strategies for Fe acquisition such
as siderophore production. At the same time, plants are constantly subjected to various
environmental stresses, including Fe-deficiency or pathogen attack during which Fe itself
plays an important role. During a microbial infection, there is a competition between host
and pathogen for the necessary nutritional resources. Numerous studies have shown that
Fe ions play a key role in such competitive relationships [12,46-49]. It was also shown
recently by several groups, including our research team, that the secretion of coumarins
is essential for Fe acquisition under Fe-deficient conditions in a model plant Arabidopsis
thaliana [7]. Plants and microorganisms have evolved a set of active strategies for Fe uptake
from the soil that are based on acidification, chelation and reduction processes. Root
exudation is one of such important processes determining the interaction of plants with the
soil environment and microbiome. Coumarins that are secreted to the rhizosphere by roots
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are involved in several processes determining plant interactions with the soil environment,
both with biotic and abiotic factors.

In this study, we evaluated the disease symptoms caused by Dickeya spp. strains
in Arabidopsis lines differing in coumarin accumulation that were grown under various
growth conditions and Fe availability. The use of selected Arabidopsis mutants and
bacterial strains of different origin enabled us to compare [1] the variation in disease
symptoms among plant genotypes under numerous environmental scenarios, [2] and the
expression of stress-related genes in plant genetic backgrounds with disturbed production
and distribution of coumarins.

The presented analyses provided interesting insights into the differences in responses
of the following plant genotypes: control plants (WT Col-0), coumarin-reach plants (WT
Col-0 growing in Fe deficient environment), coumarin-deficient plants (f6'h1), fraxetin-
deficient plants (s8h) and coumarin-hyperaccumulating plants (pdr9) to D. dadantii 3937 and
D. solani IFB0099 strains. The developed model system of Arabidopsis/Dickeya spp. was
applied to investigate the effect of two abiotic factors (Fe availability and coumarin content)
on the disease severity. These studies are in line with the latest Top 10 Questions, selected by
the International Congress on Molecular Plant-Microbe Interactions (IC-MPMI) community
that met in Glasgow in 2019, covering the need to understand how the abiotic environment
influence specific plant-microbe interactions [50]. It should be also highlighted that most of
the previously published data describe the interaction between Arabidopsis plants and
D. dadantii 3937. According to our best knowledge D. solani, which is an important plant
pathogenic bacterium causing a loss in potato yield in Europe [34,51,52] was not tested
before with a model plant Arabidopsis. Moreover, recent results show that D. solani strains
cause severe disease symptoms in temperate climates, and are more aggressive than other
blackleg-causing bacteria from genus Dickeya and Pectobacterium spp. [33,35,53,54].

To shed light on the strong relationship between Fe homeostasis (abiotic factor),
coumarin accumulation and plant susceptibility to plant pathogenic bacteria, we grew WT
Col-0 plants and two Arabidopsis mutants defective in coumarin accumulation (s8# and
f6'h1) in the hydroponic cultures with strictly controlled Fe content and inoculated them
with Dickeya spp. strains (biotic stress factor). We observed that all tested Arabidopsis
genotypes (WT Col-0, s8h and f6'h1) inoculated with D. solani IFB0099 strain developed
more severe disease symptoms than plants inoculated with D. dadantii 3937. The disease
symptoms associated with D. solani IFB0099 infection were much more pronounced in
Fe-sufficient hydroponics. A similar effect was observed for D. dadantii 3937-inoculated
wild-type plants (WT Col-0). This is in line with the literature data showing that D. dadantii
belongs to the pathogens causing more severe disease symptoms on plants grown under
high-Fe conditions when compared to Fe-deficient environmental condition [32]. The most
noticeable was a detection of the opposite effect for Arabidopsis mutants with impaired
biosynthesis of coumarins. During D. dadantii 3937 infection of s8h and f6'h1 mutant plants,
the more severe disease symptoms were observed in Fe-deficient hydroponics, and not in
the Fe-sufficient cultures, particularly at 72 h after inoculation. Both of these mutants (s8h
and f6'h1) are defective in enzymes involved in the biosynthesis of coumarins, which are
secondary metabolites important for Fe uptake in plants [4]. Consequently, the Dickeya
spp. cells, which compete for Fe with the plant cells, can uptake Fe with higher efficiency
and accumulate more of it than those infecting WT plants. It was shown before by other
groups [32,37] that Fe uptake is important for bacteria ability to macerate plant tissue and
the production of virulence factors. As a result of this, the Dickeya spp. strains infecting
Arabidopsis mutants, which are defective in Fe acquisition, cause more severe disease
symptoms in these plants. It is worth noticing that qPCR analysis of the corresponding
genes (S8H and F6'H1) in the WT Col-0 genetic background, proved that their expression
levels were relatively lower when a combined environmental stress, composed of Fe-
deficiency and bacterial infection, was applied. Taking into account that D. dadantii 3937 has
a higher ability to chelate Fe ions and the expression of several bacterial genes involved in
siderophore-mediated Fe uptake is controlled by the Fe availability [32], it can be concluded
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that (1) coumarins produced by plants influence more strongly pathogens for which
siderophores production play a particularly important role in the pathogenesis process, (2)
disorders of coumarin biosynthesis are more important for the disease symptoms under
Fe-deficiency conditions.

Next, we explored the potential of coumarins and other factors possibly present in the
selected plant homogenates to affect the bacterial siderophore production by measuring
the halos” diameter produced by the Dickeya spp. strains on CAS-agar plates. We tested
leaf homogenates prepared from a set of Arabidopsis plants (WT Col-0, s8h and f6'h1). In
siderophore production assay, we observed greater halos produced by D. dadantii 3937 than
that produced by D. solani IFB0099 for all tested Arabidopsis genotypes, except for the f6'h1
mutants. It seems like coumarins and other possible factors present in leaf homogenates and
phosphate buffer can induce, directly or indirectly, the production of bacterial siderophores.
The existence of not-characterised yet interplay between coumarins and the bacterial
siderophore production needs further investigation. It is important to continue and develop
research on the role of coumarins as novel elements of chemical communication and to test
if, in coumarin-deficient plants, the induction of other compensatory pathway occurs.

To better understand the responses of coumarin-deficient plants to combined environ-
mental stimuli, we grew a set of Arabidopsis mutants defective in coumarin accumulation
(f6'h1, s8h) and coumarin transport to the rhizosphere (pdr9) in more physiological con-
ditions. The inoculation was conducted on plants grown in two soil mixes with some
differences in chemical compositions (Table 1). It has to be highlighted that plants grew
significantly better in soil mix #1, in which all rosettes were much larger. We can speculate
that the lack of any of the elements of soil mix #2 is limiting plant growth. However,
considering that the soil mix #2 consist of half of the peat moss, which is a natural product
of organic origin, we can suspect the significant differences in the microbiomes of the tested
soil mixes. These interesting questions should be clarified in the future. Importantly, re-
gardless of the soil mix in which plants were grown, the Arabidopsis of all tested genotypes
inoculated with the D. solani IFB0O099 strain developed more severe infection symptoms
compared to D. dadantii 3937 reference strain. For both bacterial strains, the symptoms of
infection were more pronounced on plants with a better growth on soil mix #1 compared to
plants grown in soil mix #2. Interestingly, we detected a variation in the disease symptoms
between plant genotypes inoculated with D. solani IFB0099 strain, particularly on plants
grown in the soil mix #1. The pdr9 mutant plants that hyperaccumulate coumarins in
their tissues, showed the mildest infection symptoms among all plant genotypes when
inoculated with D. solani IFB0099 strain. While both Arabidopsis mutants (f6'h1 and s8h)
defective in coumarin biosynthetic genes, showed stronger symptoms of infection. The
explanation of this phenomenon can be that coumarins are known for their antimicrobial
activity, however, the observed genotype-specific mode of action needs further investi-
gations. We did not observe such a clear variation in the infection symptoms on plants
inoculated with D. dadantii 3937 strain that is characterised by a higher ability to chelate Fe
ions (the CAS-plate assays presented in Figure 4 and [40]).

In this work, we also analysed the expression profiles of three plant genes (PR1,
SOD1, CYP82C2) which products are involved in the plant tissue response to a wide
range of stresses including biotic and abiotic factors. During D. solani IFB0099 infection
of Arabidopsis, the expression of PR1, which is considered to be one of the markers for
salicylic acid (SA)-dependent systemic acquired resistance (SAR) [55,56], was strongly
induced in the leaves of all infected genotypes. This increase in the PR1 gene expression
was most pronounced in the WT Col-0 genetic background. A similar PR1 expression
profile was observed in D. dadantii 3937- and mock-inoculated plants, but the levels of
PR1 expression were much lower in these experimental setups. In parallel, we observed
in D. solani IFB0099-inoculated plants an induction in the expression of the SOD1 gene,
which encodes a cytosolic copper/zinc superoxide dismutase CSD1 that can be regulated
by biotic and abiotic stresses and detoxify superoxide radicals [57]. This indicates that
plants infected with D. solani IFB0O099 induce the defensive mechanism by increasing the
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production of critical antioxidant enzymes protecting organisms from reactive oxygen
species. Interestingly, plants with impaired biosynthesis or coumarin accumulation have a
higher expression of SOD1, although the observed differences are not statistically signifi-
cant. Furthermore, the expression of CYP82C2 in D. solani IFB0099-inoculated Arabidopsis
WT Col-0 and its mutants, was also clearly upregulated in comparison to D. dadantii 3937-
and mock-inoculated plants. Since CYP82C2 was shown to be involved in several aspects
of jasmonic acid (JA) responses [58], it seems likely that infection with D. solani IFBO099
pathogen induces activation of the JA-dependent response.

The above results and data previously published obtained from a study of Arabidopsis
response to D. dadantii 3937 infection highlight the major importance of the competition be-
tween plant and bacterial cells for Fe uptake during infection [36,38]. It was demonstrated
that Fe nutrition strongly affects the disease caused by soft rot-causing plant pathogenic
bacteria with a large plant host range including Arabidopsis. Plants have evolved various
strategies to acquire Fe from their environment and mechanisms tightly regulating Fe up-
take, transport and storage [11,13,59] including the production of Fe-mobilizing phenolic
compounds like coumarins [1-5,7,8,60-62]. The production of exudates, which is depen-
dent on the external environment, at the same time is genetically regulated in plants. It
was shown by Micallef et al. [63] that natural populations of Arabidopsis originating from
various geographical localization, called accessions, release a unique set of compounds into
their rhizosphere. The authors detected that the rhizobacterial community composition
and the relative abundance of particular ribotypes were also accession-dependent. They
hypothesised that the observed natural variation in root exudation could partly explain
the genotypic influence on bacterial communities in the rhizosphere [63]. Many studies of
plant-microbe interactions revealed that plants are not only able to shape their rhizosphere
microbiome, but also highlight this root-associated microbial community to be referred
to as the second genome of the plant, which is crucial for plant health [64]. Our research
group detected previously the existence of natural variation in the accumulation of antimi-
crobial coumarins, namely scopoletin and scopolin, among Arabidopsis accessions [14].
Lately, we also detected a significant variation in the content of other simple coumarins
like umbelliferone and esculetin together with their glycosides: skimmin and esculin,
respectively [65]. It was also shown recently that a natural variation exists in Arabidop-
sis tolerance to Dickeya spp. [66]. The significantly different susceptibility groups were
uncovered within a small set of eight Arabidopsis accessions following inoculation with
D. dadantii 3937, which suggested that tolerance associated loci might be present in this
model plant. Even though Dickeya spp. are causative agents of severe diseases in a wide
range of plant species and major economic losses, little data concerning potential resistance
genes are available [67—-69]. These data strongly suggest that Arabidopsis with its extensive
genetic natural variation and a set of powerful genetic tools including web-accessible col-
lections of mutants, provides an excellent model to study the interplay between secondary
metabolites production, exudate profiles, Fe homeostasis and interaction with beneficial
and plant pathogenic microbes.

4. Materials and Methods
4.1. Plant Material

The Arabidopsis thaliana accession Columbia was used as the wild type (Arabidop-
sis WT Col-0) together with a set of T-DNA insertional mutant lines in the Col-0 back-
ground: [1] s8h-1 (SM_3.27151); s8h-2 (SM_3.23443); [2] f6'h1-1 (SALK_132418); f6'h1-2
(SALK_050137C) and [3] pdr9-1 (SALK_050885). Seeds of all lines are available at the

Nottingham Arabidopsis Stock Centre (http:/ /arabidopsis.info/, accessed on 15 April
2021).

4.2. Bacterial Strains, Media, Growth Conditions

The strains used in this study, Dickeya dadantii 3937 IFB0459 and Dickeya solani IFB0099,
are available at the collection of bacterial pathogens located at the IFB UG & MUG, in
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Poland. For the plant inoculation, the bacteria were grown overnight in lysogeny broth
(LB) [70] liquid medium at 28 °C with agitation at 120 rpm. Then the bacterial cultures
were centrifuged in Eppendorf tubes (5 min, 6500 rpm), washed in sterile 0.85% NaCl and
centrifuged again. The bacterial suspension (at least 15 mL) was prepared in sterile 0.85%
NaCl and adjusted to 1 MacFarland Unit (Densitometer DEN-1/DEN-1B, Buch & Holm
Herlev, Denmark), approximately 108 cfu/mL.

4.3. Hydroponic Cultures

After a few days’ stratification at 4 °C, Arabidopsis WT Col-0 plants were grown in
a controlled environment (16 h light at 22 °C/~100 pmol m~2 s~! and 8 h dark at 20 °C)
in a modified 1 x Heeg solution [71], as described in details in [42] with the following
modifications. Approximately 3-weeks-old plants in tube lids, filled with the solidified
Heeg medium, were transferred from tip boxes with control solution (40 uM Fe?*) to the
modified 50 mL Falcon centrifuge tubes filled with optimal (40 uM Fe?*) or Fe-deficient
(0 uM FeZ*) medium. The roots were passing through the 1-cm diameter hole drilled in
Falcons’ lid to support the seedling holder as proposed by Conn et al. [72]. Hydroponic
solutions were replenished by the addition of a fresh medium.

4.4, Soil Cultures

Arabidopsis seeds were first stratified in Petri dishes on water-saturated Whatman
paper followed by a cold treatment for 4 d at 4 °C and then planted into two different soil
mixes derived from commercial products. Soil mix #1 consists of commercial soil 1 and
vermiculite (3-6 mm in diameter) in a proportion of 3:1, respectively. Soil mix #2 consists
of commercial de-acidified peat moss mix with commercial soil 2 and vermiculite in a
proportion 2:1:1, respectively. Chemical analysis were conducted by the Regional Agro-
Chemical Station in Gdansk, Poland (OSCh-R, http:/ /www.oschrgdansk.pl/, accessed on
15 April 2021). Prior to sowing seeds, both soil mixes were soaked with general-purpose
fertiliser (Substral, The Scotts Miracle-Gro Company, Marysville, OH USA). Arabidopsis
plants were grown for five weeks under a photoperiod of 16 h light (120 umol m—2 s~1) at
22 °C and 8 h dark at 20 °C, before being inoculated.

4.5. Siderophore Production in the Presence of Plant Extracts

Homogenates from leaves of Arabidopsis thaliana were prepared from WT Col-0 plants,
s8h and f6'h1 mutants. Briefly, the pooled leaves (~300 + 40 mg) stored at —80 °C were
thawed and homogenised in Bioreba bags (BIOREBA AG, Reinach, Switzerland) with 3
mL of 50 mM phosphate buffer pH 7.0 with the use of hand homogeniser (BIOREBA AG,
Reinach, Switzerland). Then, the homogenate was centrifuged twice in Eppendorf tubes
(8500 rpm, 2 min). The supernatant was filtered with a syringe 0.22 um filter into sterile
Eppendorf tubes (in total 3.5 mL) and immediately used on plates. Siderophore production
of bacterial strains was determined on chrome azurol S—agar (CAS-agar) plates [73] sup-
plemented with 100 pL of each homogenate with sterile spreader 15 min before bacteria
inoculation. The overnight cultures of bacterial strains were centrifuged and resuspended
in sterile 0.85% NaCl and adjusted to 0.5 MacFarland (Densitometer DEN-1/DEN-1B, Buch
& Holm). 10 puL of each bacterial suspension was put on the CAS-agar plates and incubated
at 28 °C for up to 168 h. We measured the halo diameters developed on CAS-agar plates
supplemented with plant homogenates every 24 h.

4.6. Plant Inoculation with Bacterial Strains

Approximately 5-weeks-old plants, grown in soil or hydroponically, were inoculated
with the bacterial suspensions of either D. dadanti 3937 or D. solani IFB0099 with the use
of laboratory pincers. The pincers were sterilised before use and approximately 1 cm of
the pincer tip was dipped into the bacterial suspension (the final inoculum of 108 cfu/mL)
and immediately the plant leaf was pinched with the pincers. At least 8 leaves were
inoculated with each bacterial strain and mock. We pinched the middle parts of the
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selected representative leaves (3 leaves per plant). The negative control (mock) were plants
inoculated only with sterile 0.85% NaCl. For the mock-inoculated plants no symptoms
development was observed throughout the experiment. The number of bacteria inoculated
into the plant leaf with pincers was about 2 x 107 cfu/leaf and it was stable throughout
experiments (data not shown). After inoculation, trays with plants were placed in the
boxes filled with one litre of water, which were covered with transparent lids, to enable
100% humidity. Next, boxes were placed for 96 h in phytotron at 28 °C (16 h light at
28 °C/~100 pmol m~2 s~! and 8 h dark at 26 °C), which is an optimal temperature for the
development of disease symptoms by bacteria from the Dickeya spp. The whole rosettes
were collected for each genotype grown in soil mix #1, frozen in liquid nitrogen and stored
at —80 °C until further analysis. The roots of Col-0 plants grown hydroponically were
gently removed from the agar droplets with tweezers and then rinsed in a beaker with
distilled water. After drying on a paper towel, roots were frozen in liquid nitrogen and
placed at —80 °C.

4.7. Quantification of Arabidopsis Plants Susceptibility to Dickeya spp. Strains by Visual
Symptom Scoring (Disease Severity Scale, DSS)

The Arabidopsis plants were scored for soft rot/ blackleg symptoms development on
leaves daily at 0 h, 24 h, 48 h, 72 h and 96 h post-inoculation. Developed symptoms of the
disease were assigned to 0-5 scale (Figure 1), for which “0” meant no signs of symptoms of
the disease and the wound has healed (it was observed for the negative control leaves);
“1” the necrotic tissue was observed in the inoculation site only; “2” the necrotic tissue
observed in the inoculation site and max. 3 mm wide around it; “3” the maceration visible
around the inoculation site spreading further with possible chlorosis of the leaf; “4” visible
maceration of the whole leaf, possible chlorosis of other leaves, no maceration of the limb;
“5” visible maceration of the whole limb and the leaf.

4.8. RNA Extraction and Expression Analysis by gRT-PCR

Total RNA was extracted from plant material harvested 48 h after inoculation. The
plant tissue was homogenised in liquid nitrogen using sterile mortars cleaned with iso-
propanol and baked for 4 h at 180 °C. A commercially available E.ZN.A.® Plant RNA
Kit (Omega Bio-tek, Inc., Norcross, GA USA) was used following the instructions of the
manufacturer and including an additional step to remove the genomic DNA contamination
from the mixture with RNase-Free DNase I Set (Omega Bio-tek, Inc., Norcross, GA USA).
500 ng RNA for RNA isolated from leaves or 200 ng RNA for RNA isolated from roots
was used for reverse transcription by Maxima First Strand reverse transcriptase cDNA
Synthesis Kit for RT-qPCR (Thermo Fisher Scientific, Waltham, MA USA). qPCR was
performed using LightCycler® 480 Real-Time PCR System (Hoffmann-La Roche, Basel,
Switzerland) and SYBR® Green Master Mix (Thermo Fisher Scientific, Waltham, MA USA),
using the gene-specific primers shown in Table 2. Primers’ specificities were confirmed
by the analysis of the melting curves. Relative transcript levels (RLT) of the plant genes
in leaf tissues were normalised to the transcript level of the house-keeping ACTIN2 gene
(At3g18780). As a reference for the root tissues, the EF-1a (ang. elongation factor-1«,
At5g60390) gene was selected [44].
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Table 2. Primer sequences for plant genes used in qPCR reactions.

Name Sequence (5'-3) Description
3g18780For CTTGCACCAAGCAGCATGAA Primer for ACT2 gene 1
3g18780Rev CCGATCCAGACACTGTACTTCCTT Primer for ACT2 gene 1

AT2G14610_F

TTCTTCCCTCGAAAGCTCAAGA

Primer for PRI gene

AT2G14610_R

GTGCCTGGTTGTGAACCCTTA

Primer for PRI gene

AT4G31970_F

GATGGTGAGAATGGTGGCCG

Primer for CYP82C2 gene

AT4G31970_R

GCCTCTTCGGCATCTTCAGG

Primer for CYP82C2 gene

AT1G08830_F

TCAACCCCGATGGTAAAACAC

Primer for SOD1 gene

AT1GO08830_R

TCACCAGCATGTCGATTAGCA

Primer for SOD1 gene

At5g60390_F

TGAGCACGCTCTTCTTGCTTTCA

Primer for EF-1a gene !

At5g60390_R

GGTGGTGGCATCCATCTTGTTACA

Primer for EF-Ta gene !

S8HqPCR_F GCCGAGACACTTGGCTTCTT Primer for S8H gene
S8HqPCR_R CAGCAGCTCCACCGAAACA Primer for S8H gene
F6H1qPCRf TGATGAGGACAGAGTCGCTGAA Primer for F6'H1 gene
F6H1qPCRr CACTTGAAAGAACCCCCATTTC Primer for F6'H1 gene

1 Reference [44].

5. Conclusions

We investigated here the possible interactions between plant resistance, coumarin
content and Fe status by using the plant pathogenic Dickeya spp. strains and a set of selected
Arabidopsis mutants defective in coumarin biosynthesis (f6'h1, s8h) and their transporta-
tion (pdr9). We studied the effect of disturbed coumarin accumulation and Fe deficiency
on the disease severity using a model system of Arabidopsis/Dickeya spp. interactions.
Arabidopsis plants grown in hydroponic cultures with different Fe regimes and two soil
mixes were inoculated with Dickeya spp. strains or treated with NaCl as a control. Under
all conditions tested, Arabidopsis plants inoculated with D. solani IFB0099 developed more
severe disease symptoms compared to plants inoculated with D. dadantii 3937 strain. While
the response of plants to D. dadantii 3937 infection was genotype-dependent in Fe-deficient
hydroponic solution. Subsequently, we showed that the expression of genes encoding plant
stress markers was also strongly induced by D. solani IFB0099 infection. Interestingly, the
inoculation of WT Col-0 plants grown in Fe-deficient hydroponics with both Dickeya spp.
strains cause a decrease in the expression of S8H and F6'H1 genes involved in coumarin
biosynthesis.

Dickeya spp. was chosen as a plant pathogenic bacteria causing soft rot disease that
can infect a broad spectrum of plants, whereas plant genotypes were selected due to their
disturbed coumarin accumulation in roots and exudate profiles, which may have an impact
on specific microbial consortia selection in the rhizosphere and influence plant response to
pathogen attack. This may play a particularly important role for plant development and
growth under Fe deficiency. The molecular mechanisms underlying these fascinating inter-
actions are not yet well understood. We believe that Arabidopsis/Dickeya spp./pathosystem,
together with a set of various Arabidopsis mutants defective in coumarin biosynthesis and
its significant natural genetic variation, will be in future beneficial in uncovering a role of
root-exuded coumarins in structuring the rhizobiome and plant resistance to pathogens.
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Abstract

Background Scopoletin and umbelliferone belong to coumarins, which are plant specialized metabolites with
potent and wide biological activities, the accumulation of which is induced by various environmental stresses.
Coumarins have been detected in various plant species, including medicinal plants and the model organism
Arabidopsis thaliana. In recent years, key role of coumarins in maintaining iron (Fe) homeostasis in plants has been
demonstrated, as well as their significant impact on the rhizosphere microbiome through exudates secreted into the
soil environment. Several mechanisms underlying these processes require clarification. Previously, we demonstrated
that Arabidopsis is an excellent model for studying genetic variation and molecular basis of coumarin accumulation
in plants.

Results Here, through targeted metabolic profiling and gene expression analysis, the gene-metabolite network

of scopoletin and umbelliferone accumulation was examined in more detail in selected Arabidopsis accessions
(Col-0, Est-1, Tsu-1) undergoing different culture conditions and characterized by variation in coumarin content.

The highest accumulation of coumarins was detected in roots grown in vitro liquid culture. The expression of 10
phenylpropanoid genes (4CL1,4CL2,4CL3, CCOAOMT1, C3’H, HCT, F6'H1, F6'H2, CCR1 and CCR2) was assessed by gPCR
in three genetic backgrounds, cultured in vitro and in soil, and in two types of tissues (leaves and roots). We not only
detected the expected variability in gene expression and coumarin accumulation among Arabidopsis accessions, but
also found interesting polymorphisms in the coding sequences of the selected genes through in silico analysis and
resequencing.

Conclusions To the best of our knowledge, this is the first study comparing accumulation of simple coumarins

and expression of phenylpropanoid-related genes in Arabidopsis accessions grown in soil and in liquid cultures. The
large variations we detected in the content of coumarins and gene expression are genetically determined, but also
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tissue and culture dependent. It is particularly important considering that growing plants in liquid media is a widely
used technology that provides a large amount of root tissue suitable for metabolomics. Research on differential
accumulation of coumarins and related gene expression will be useful in future studies aimed at better understanding
the physiological role of coumarins in roots and the surrounding environments.

Keywords Accessions, Coumarins, Genetic variation, Gene expression, Metabolic profiling, In vitro liquid culture,

Scopolin, Skimmin, Soil environment

Background

Plants produce a wide range of specialized metabolites,
among which phenylpropanoids constitute a large class.
Their biosynthesis is a very complex and branched path-
way, and their functions are, so far, not fully understood.
The most studied phenylpropanoids are lignins, flavo-
noids, anthocyanins, chalcones and coumarins. Couma-
rins are widely produced by plants and were described as
phytoalexins [1]. Scopoletin (7-hydroxy-6-methoxycou-
marin), also reported as hydroxycoumarin is synthesized,
among others, by diverse medicinal plants [2], cassava [3],
sweet potato [4], sunflower [5], cotton [6], and the model
plants tobacco (Nicotiana tabacum) and Arabidopsis
thaliana [7]. In Arabidopsis, scopoletin and its glycosyl-
ated form scopolin (B-D-glucoside scopoletin) were firstly
reported by Rohde et al. [8] and Bednarek et al. [9]. One
year later, Kai et al. [10] showed additionally the pres-
ence of trace amounts of skimmin (glycosylated form of
7-hydroxycoumarin also known as umbelliferone) in the
roots, as well as esculetin (6,7-dihydroxycoumarin) both
in roots and shoots. Scopoletin and its glycoside, scopo-
lin, are the major coumarins accumulating in Arabidop-
sis roots [10—16]. Our research team has demonstrated
as the first one that Arabidopsis is an excellent model for
studying the genetic basis of natural variation in couma-
rin biosynthesis by conducting a quantitative trait locus
(QTL) mapping followed by identification of new poten-
tial candidate loci [13]. We then extended this work and
showed that scopoletin was the most abundant couma-
rin compound in the roots of each of the 28 Arabidopsis
accessions tested, but interestingly it was also detected in
leaf extracts [16]. The latter is supported by the results of
Robe et al. [17], which confirmed that scopoletin is syn-
thesized in the roots, but can move throughout the plant
body within the xylem sap and accumulate in the shoots.
In the same study [16], we demonstrated for the first time
in Arabidopsis the presence of small amounts of umbel-
liferone in hydrolyzed extracts prepared from the roots
of all 28 tested accessions. Umbelliferone is an important
intermediate for the biosynthesis of more complex cou-
marins — furanocoumarins and pyranocoumarins [18],
which are of great importance in the pharmaceutical
industry. Even if Arabidopsis does not produce furano-
coumarins, our discovery of umbelliferone accumulation
in Arabidopsis is a significant step in the study of couma-
rin biosynthesis using this model plant. However, we still
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do not know how umbelliferone is synthesized in Arabi-
dopsis and it cannot be excluded to be only an intermedi-
ate in the synthesis of skimmin.

Recently, our research team and several other groups,
demonstrated that coumarins, namely fraxetin, sidere-
tin and scopoletin, play a crucial role in Fe chelation in
Arabidopsis and secretion of coumarins by Arabidopsis
roots was shown to be induced under Fe-deficiency [12,
14, 19-22]. Accumulation and secretion of coumarinolig-
nans and other coumarins was also shown to be induced
in Arabidopsis roots in response to Fe-deficiency at high
pH [23]. Moreover, the excretion of an Fe-mobilizing
scopoletin, which is regulated by the root-specific tran-
scription factor MYB72, was revealed to have selective
antimicrobial activity that shapes the root-associated
microbial community [24]. Various studies have docu-
mented the antibacterial and antifungal effects of scopo-
letin and its derivatives. Scopoletin was described to be
involved in the plant immune response in defense reac-
tions to pathogens [25, 26] such as Fusarium oxysporum,
Fusarium solani, Rhizopus stolonifer, and Lasiodiplodia
theobromae [27], tobacco mosaic virus [28]. Scopole-
tin displays a higher growth inhibition effect on E oxy-
sporum than its B-D- glucoside scopolin [27] suggesting
that the aglycon might be responsible for the defense
reactions. We also recently investigated the mechanisms
underlying the interplay between coumarin accumula-
tion, Fe status, and plant pathogen resistance using the
Arabidopsis/Dickeya spp. pathosystem. We observed
that the response of different Arabidopsis lines (mutants
defective in coumarin biosynthesis and transport) was
dependent on the Dickeya species used and the genotype
of plants grown in a Fe-deficient hydroponic culture [29].

Although coumarins are well known for their potent
antibacterial and antifungal properties, they have recently
received much attention as important factors influencing
a number of processes that determine the interaction of
plants with the soil environment, both biotic and abiotic
factors [14, 15, 24, 28, 30—32]. Scopoletin was discovered
as a new signal in the pre-penetration dialogue in plant-
mycorrhizal associations that possibly have implications
for chemical communication [33]. As shown by Cosme
et al. [33], the coumarin scopoletin particularly stimu-
lates pre-penetration development and metabolism in
mycorrhizal fungi. The production of both scopoletin
and fraxetin [described by 14, 21, 22] impact the root
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microbiota as shown by Harbort et al. [31]. Their biosyn-
thesis and secretion through PDR9 (plasma membrane-
bound transporter described by [34] are determining
root microbiota composition in a naturally Fe-limiting
calcareous soil [31]. The important role of coumarins
in communication on the microbiome-root-shoot axis,
alongside strigolactones and flavonoids [32], is currently
vigorously discussed.

Here we focused on selected simple coumarins: (1)
scopoletin together with its glycoside scopolin, which
are the main coumarins of Arabidopsis, (2) and umbel-
liferone that was recently detected for the first time by
our group in this model plant [16] with its glycoside,
skimmin. It should be remembered that other coumarin
compounds like fraxetin, sideretin [21, 35] and escule-
tin are accumulated in Arabidopsis, whose biosynthesis
and functions in plants also require further elucidation.
The biosynthetic pathway leading to esculetin, which
is postulated to be a strong Fe chelator due to the cat-
echol functional group [20], is largely unclear in plants
and remains a mystery in Arabidopsis. In this work, in

0

Page 3 of 17

addition to targeted metabolic profiling, we focused on
the analysis of the expression of genes directly involved
in scopoletin biosynthesis, but also of a number of genes
encoding enzymes of the phenylpropanoid pathway
located upstream and downstream to the biosynthesis
of coumarins (Fig. 1). We detected significant variations
in the content of coumarins and gene expression levels
that were not only genetically determined but also tissue
and culture dependent. The latter is particularly impor-
tant considering that these are two different growing
conditions, widely used by other authors and to the best
of our knowledge, with no comparison between them in
the context of coumarin accumulation until this article.
Thus, by analyzing the differential expression patterns
of selected genes in leaves and roots of three Arabidop-
sis genetic backgrounds and two contrasting environ-
ments, we can better understand the correlation between
genetic variants (coding sequences) and phenotypic vari-
ation (coumarin content), especially in the context of the
unknown biosynthesis of umbelliferone (Fig. 1).

0 o
|
HO o™ -
Coumaric acid Caffeic acid SQMT Ferulic acid
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Fig. 1 Simplified schematic representation of the biosynthetic pathway of scopoletin, umbelliferone and their corresponding glycosides, scopolin and
skimmin respectively, along with monolignols in Arabidopsis thaliana. The step of umbelliferone synthesis was hypothesized to occur via the same
pathway as scopoletin synthesis. Genes whose expression was studied are highlighted: HCT, Hydroxycinnamoyl CoenzymeA shikimate: quinate hydroxy-
cinnamoyltransferase; C3'H, Coumarate p-coumaroy! shikimate 3'-hydroxylase; F6'H1, F6'H2, Feruloyl-CoA 6'-Hydroxylasel and 2; 4CL1, 4CL2, 4CL3,
4-Coumarate CoenzymeA ligase 1-3; CCOAOMT, Caffeoyl CoenzymeA 3-o-methyltransferase; CCR1, CCR2, Cinnamoyl CoA reductase 1 and 2. Other
enzymes shown in the diagram are: COSY, coumarin synthesis; putative UGT, UDP-glucosyltransferase. Adapted from [36] and [37]
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Methods

Growth conditions in vitro culture

Arabidopsis seeds were surface sterilized and sown on
0.5x Murashige and Skoog (MS) medium as described
by Siwinska et al. [13]. After stratification at 4 °C for 72 h
in the dark, the plates were placed in a phytotron for
another 10 days (light intensity 35 pmol m™2 s™1, 20 °C
day/18 °C night, photoperiod 16/8). Then, 10-day-old
seedlings were transferred and grown in glass culture
vessels with liquid medium according to Siwinska et al.
[13]. On day 28 of cultivation (and after 17 days of grow-
ing Arabidopsis in in vitro liquid cultures on rotary plat-
form shakers), the plants were harvested, leaves and roots
weighed separately, frozen in liquid nitrogen and stored
at -80 °C (in 2 ml microtubes). For all Arabidopsis acces-
sions, three biological replicates were grown (in three
independent glass culture vessels, at least three seedlings
in each vessel).

Growth conditions in soil

Arabidopsis seeds were first stratified (at 4 °C for 4 days
on water-soaked Whatman paper) and then sown into
a soil mixture (commercially available Compo Sana soil
with vermiculite in a 3:1 ratio). The plants were watered
as it was required and once a week with the soil fertilizer
(Substral). After 3 weeks, plants were collected (leaves
and roots separately), weighed and frozen in 2 ml micro-
tubes in liquid nitrogen and stored at -80 °C until further
analysis. All Arabidopsis accessions were grown in three
biological replicates (in independent pots). HOBO U12
data logger (Onset Computer Corporation, Bourne, MA)
was used for monitoring plant growth conditions.

Preparation of root methanol extracts

The previously harvested plant material was divided into
four sets according to the coumarins extraction method.
The tissues in the first set (M-H-) were homogenized
using steel beads and sonication, after that the homog-
enate was soaked with 80% methanol supplemented with
0.5 uM 4-methylumbelliferone and kept at 4 °C for 24 h.
The methanol extracts were then centrifuged for 20 min
at 13,000 x g. The second set (M+H+) was additionally
incubated for 5 min in the microwave oven set at 700 W
before the homogenization. After centrifugation, extracts
were enzymatically hydrolyzed according to modified
protocol of Nguyen et al. [38] as described in Siwinska et
al. [13]. The third set of extracts was incubated only in a
microwave oven (M+H-), while the fourth was only sub-
jected to enzymatic hydrolysis (M-H+).

Chemicals

Coumarin standards umbelliferone  (purity>99%),
esculin (glycosylated esculetin, >98% purity) were pur-
chased from Sigma-Aldrich (St. Louis, USA), scopoletin
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(>95% purity) and esculetin (>98% purity) from Extra-
synthese (Genay, France), skimmin (98% purity, glyco-
sylated umbelliferone) from Biopurify Phytochemicals
(Chengdu, China), scopolin (>98% purity, glycosylated
scopoletin) from Aktin Chemicals Inc. (Chengdu, China).
Stock solutions of each standard (at 10 mmol/L concen-
trations) were made by diluting the powder in dimethyl
sulfoxide (Fisher scientific, Illkirch, France), which were
subsequently kept at -18 °C. The methanol (HPLC-grade)
was purchased from CarloErba Reagents (Val de Reuil,
France), formic acid was purchased from Fisher Scientific
(lIkirch, France). PURELAB Ultra system (Veolia Water
S.T.L, Antony, France) was used for water purification.

Quantification of coumarins by UHPLC-MS targeted
metabolite profiling

Targeted metabolite profiling of Arabidopsis methanol
extracts prepared from roots and leaves was performed,
namely quantification of selected coumarins using ultra-
high-performance liquid chromatography combined with
mass spectrometry analysis (UHPLC-MS), as described
in the work of Perkowska et al. [16].

Quantitative real-time PCR analysis

Total RNA was isolated from Col-0, Est-1 and Tsu-1 Ara-
bidopsis accessions grown in vitro in liquid culture and
in soil according to Ihnatowicz et al. [39]. We conducted
the quantitative real-time PCR analysis by using LightCy-
cler® 480 Real-Time PCR System (Roche) with the Lumi-
naris™ HiGreen qPCR Master Mix (Thermo Scientific)
and primer sequences for genes summarized in Supple-
mentary Table S1 (gene-specific) and for ACTIN2 in [40].
Confirmation of primer specificity and normalization of
relative transcript levels of the studied genes were per-
formed as described in IThnatowicz et al. [39]; the effi-
ciencies of the PCR product amplification by the qPCR
primers are provided in Supplementary Table S2.

Sequencing

PCR reactions were carried out in a 10 pl reaction mix-
ture, which contained cDNA synthetized based on
root RNA, 0.5 U of TaKaRa LA Taq® DNA polymerase,
200 uM dNTP, 1 pM primers, and 1 x LA PCR Buffer 1l
(Mg2+plus). After denaturation at 94 °C for 1 min, the
reaction mixture was used in PCR amplification using 34
cycles of 98 °C for 10 s, 60 °C for 20 s, and 68 °C for 60 s
in the Thermal Cycler C1000 Touch (Bio-Rad). Gene-
specific primers used for gene amplification of CDS are
summarized in Supplementary Table S3. PCR products
were cloned into pGEM®-T vector. The Escherichia coli
strain Gene Hogs (F- mcrA A(mrr-hsdRMS-mcrBC)
$80lacZAM15 AlacX74 recAl araD139 A(ara-leu)7697
galU galK rpsL (StrR) endAl nupG fhuA:IS2) was used
for plasmid amplification and maintenance. The vector
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specific primers M13pUCf and M13pUCr and BigDye®
Terminator v3.1 (Life Technologies) were used for
the sequencing of positive clones. The reaction prod-
ucts were sequenced by 3730x]I DNA Analyzer, while
sequence alignments were performed using CLUSTALW
[41]. Multiple sequence alignment (MSA) indicating sim-
ilar/different nucleotides/amino acids across the aligned
sequences were visualized using BioEdit v5.0.9 software.

Statistical analysis

We processed data and conducted statistics (pairwise
comparisons with Welch’s t-test: two-sample assuming
unequal variances) using R programming (https://app.
displayr.com) and Microsoft Excel. Three biological rep-
licates were included in all treatments. In the figures,
means and error bars for absolute deviations are shown.
The data points with significantly different mean values
are indicated with asterisk(s), with the significance level
of p<0.001 (***), p<0.01 (**) and p<0.05 (*).

Results

Methodology for the analysis of coumarin content in
Arabidopsis extracts

The vast majority of coumarins present in plant cells
are bound to sugars [42]. To obtain a global overview of
the concentration of coumarins, we performed metha-
nol/water (80:20) extraction of various tissues cultured
in vitro and in soil under selected conditions. Half of
the crude extracts were enzymatically hydrolyzed using
B-glucosidase to analyze the total free scopoletin and
umbelliferone. The quantification of their respective
glycosylated counterparts, scopolin and skimmin, was
performed on extracts that had not undergone enzy-
matic treatment. In parallel, as a control mode, all simple

Est-1

Col-0 Tsu-1
Secondary
metabolites ~ RNA
extraction isolation
UHPLC qPCR

re-sequencing
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coumarins were quantified using the UHPLC method
in the methanol extracts, both those subjected to enzy-
matic hydrolysis and those that were not hydrolyzed.
Various data can be found in the literature regarding the
effect of microwave oven on the activity of p-glucosidases
naturally occurring in plant tissues and its use as a use-
ful tool in the analysis of plant extracts [43, 44]. We
decided to test it by using a microwave oven treatment
in two sets of our plant extracts, both those subjected
to enzymatic hydrolysis and those without it. Based on
the results obtained, it cannot be concluded whether
the microwave oven inhibited the B-glucosidase activ-
ity. However, it turned out that microwave treatment led
to a reduction in the levels of all tested coumarins when
compared to the untreated plant extracts, either through
the direct energy distribution of the coumarin com-
pounds or through the emitted heat (Figure S1, Figure
S2). Additionally, the mean deviations were much higher
in some microwave-treated samples for umbelliferone
quantification (Figure S2). Therefore, we further quanti-
fied coumarins only in extracts that were not subjected to
microwave oven treatment.

Quantification of free coumarins by UHPLC

To investigate the natural variability of scopoletin and
umbelliferone, we focused on both roots and leaves of 3
Arabidopsis accessions (Col-0, Est-1, and Tsu-1) grown
in different culture types (Fig. 2). We grew plants in vitro
in liquid cultures - conditions that induce the growth of
roots, which are the main tissue accumulating couma-
rins. Additionally, in this type of cultures, access to the
roots is simple, which makes it easier to collect them
for further analysis. This method of growing plants also
mimics stressful conditions that might induce coumarin

B
Col-0 Est-1 Tsu-1
Secondary
metabolites ~ RNA
extraction isolation
UHPLC qPCR

re-sequencing

Fig. 2 Experimental scheme showing two types of culture used (A) in vitro liquid culture and (B) soil condition. Plants were grown in soil (optimal soil
mix supplemented with fertilizer once per week) and in in vitro liquid cultures (light intensity 35 umol m=2s~", 20 °C day/18 °C night, photoperiod 16/8).
Leaves and roots were harvested separately. All samples were divided for secondary metabolites extraction and RNA isolation. Plant extracts were divided
in half and subsequent UHPLC analysis were performed in methanol extracts with and without enzymatic treatment. cODNA was synthetized for gPCR

analysis. Created with BioRender.com
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accumulation. In vitro liquid cultures were performed in
light, which was reported to specifically increase phenyl-
propanoid production in roots [45]. In parallel, we cul-
tivated plants in more physiological conditions, in soil
enriched with fertilizer once a week, in accordance with
the optimal growth conditions for Arabidopsis described
in the literature [39].

Our results clearly showed that coumarin production
was significantly higher in roots of Arabidopsis plants
grown under stress conditions in in vitro liquid cul-
tures when compared to soil-grown plants (Fig. 3). As
expected, free coumarins, namely umbelliferone and sco-
poletin were mostly accumulated in MeOH roots extracts
subjected to enzymatic hydrolysis (panels H+in Fig. 3A
and B). These methanol extracts from Col-0 and Est-1
roots grown in vitro contain similar concentrations of
scopoletin and umbelliferone, whereas Tsu-1 accumu-
lates visibly lower levels of both molecules (Fig. 3AB).
In the roots of all accessions grown in soil we detected
significantly lower concentrations of the tested couma-
rins compared to the plants grown in vitro. The observed
differences in coumarin content among plant genotypes
grown in soil were minimal (Fig. 3AB).

Quantitative determination of coumarins in MeOH leaf
extracts detected relatively high concentration of umbel-
liferon in the leaves of Tsu-1 genotype (compared to the
reference Col-0 line) grown in soil (Fig. 4A). Unexpect-
edly, umbelliferone was mainly present in the MeOH
leaf extracts without enzymatic hydrolysis (panel H- in
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Fig. 4A). In parallel, we detected relatively high levels of
the major free Arabidopsis coumarin, scopoletin, in the
MeOH leaf extracts prepared from the tissues of in vitro
grown plants after enzymatic hydrolysis, but also in the
soil-grown roots (panel H+in Fig. 4B). However, overall,
higher levels of scopoletin were accumulated in leaves of
plants grown in vitro compared to plants grown on soil
(Fig. 4B).

In summary, under all tested conditions, both couma-
rin compounds were produced in small amounts in plant
leaves (Fig. 4) and in larger quantities in roots (Fig. 3),
which is consistent with the results of previous studies
indicating that coumarins accumulate mainly in under-
ground tissues [9, 16].

Quantification of glycosylated coumarins by UHPLC

As determined in our preliminary experiments, we per-
formed the quantification of the glycosylated compounds
in plant extracts without microwave treatment. The
majority of glycosylated coumarins were expected to be
detected in samples not subjected to enzymatic hydroly-
sis (H-), but as a control we quantified their levels also
in samples treated with -glucosidase (H+). Scopolin and
skimmin were detected mostly in untreated root extracts
(H-) in both in vitro and soil-grown plants (in Fig. 5AB),
whereas some skimmin quantities were also identified
in root samples subjected to enzymatic hydrolysis (H+)
(Fig. 5A). Taking into account the scale presented in
Fig. 5AB, the concentration of skimmin in the roots was
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Fig.3 Heat maps showing the quantification of umbelliferone (A) and scopoletin (B) in the Arabidopsis root extracts before (H-) and after (H+) enzymatic
hydrolysis. Methanol extracts were prepared from Col-0, Est-1 and Tsu-1 Arabidopsis accessions grown in in vitro liquid culture and in soil, quantified by
UHPLC. The color scale represents the compound concentration given in ng/pg FW (fresh weight); dark brown indicates high concentration and light

brown denotes low concentration
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Fig.4 Heat maps showing the quantification of umbelliferone (A) and scopoletin (B) in the Arabidopsis leaf extracts before (H-) and after (H+) enzymatic
hydrolysis. Methanol extracts were prepared from Col-0, Est-1 and Tsu-1 Arabidopsis accessions grown in in vitro liquid culture and in soil, quantified by

UHPLC. The color scale represents the compound concentration given in ng/ug FW (fresh weight); dark brown indicates high concentration and light
brown denotes low concentration
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Fig. 5 Heat maps showing the quantification of skimmin (A) and scopolin (B) in the Arabidopsis root extracts before (H-) and after (H+) enzymatic
hydrolysis. Methanol extracts were prepared from Col-0, Est-1 and Tsu-1 Arabidopsis accessions grown in in vitro liquid culture and in soil, quantified by

UHPLC. The color scale represents the compound concentration given in ng/ug FW (fresh weight); dark brown indicates high concentration and light
brown denotes low concentration

about ten times lower than concentration of scopolin.  specificity, scopolin was mostly detected in roots of Col-0
From a general point of view, it is worth noting that gly-  grown in vitro, while under this condition the lowest
cosylated coumarins in the roots of plants grown in soil  concentration was detected in Tsu-1 (Fig. 5B).

were synthesized in much smaller amounts compared to Concerning the quantification of coumarins in MeOH
plants grown in vitro. Regarding the genetic background leaf extracts, the skimmin concentration was similarly
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low for all the accessions cultivated in vitro but its con-  between root samples isolated from soil and in vitro-
tent was strongly induced in soil-grown Est-1 and Tsu-1  grown plants for all three accessions (Fig. 7A). However,
leaves (both H+and H- in Fig. 6A).However, the main  we did not observe significant differences among geno-
coumarin accumulated in the leaves was invariably sco-  types under the same growth conditions. The results
polin, with the highest concentration detected in Est-1  were different when we investigated the 4CLI expression
accession both in vitro and in soil conditions (Fig. 6B). profiles in leaf tissues. The transcription level of 4CLI
was much lower in Tsu-1 accession when compared to
Quantification of the expression level of genes involved in Col-0 and Est-1 cultured both in vitro and in soil. The
the synthesis of coumarins opposite could be observed for the expression profile of
To gain insight into coumarin compounds production 4CL2. This gene is significantly more expressed in plants
at the molecular levels in different Arabidopsis genetic ~ grown in vitro compared to soil conditions, in both tis-
backgrounds, we assessed the expression levels of a num-  sue types - roots and leaves (Fig. 7B). The expression of
ber of genes encoding enzymes of the phenylpropanoid 4CL3 drops down and is generally much lower in com-
pathway located upstream and downstream of coumarin  parison to 4CLI and 4CL2, but interestingly it is the most
biosynthesis. We conducted real-time quantitative PCR  variable between growth condition and among genotypes
(qPCR) experiments targeting 10 different genes: 4CLI,  (Fig. 7C). Moreover, opposite trends in the relative induc-
4CL2, 4CL3, CCoAOMTI, C3’'H, HCT, F6’H1, F6’H2, tion of 4CL3 expression between tissues in both types of
CCRI and CCR2 in three Arabidopsis accessions, grown  culture are visible. In leaves it is higher in plants grown in
in two conditions (liquid in vitro cultures and soil), and  soil compared to in vitro, while in the roots it is the other
on both kind of tissues (leaves and roots). To be able  way around - it is higher in vitro than in plants grown in
to make robust comparisons between all samples, the soil (Fig. 7C).
expression was normalized based on the expression of The second gene family we focused on, are the oxoglu-
ACTIN2 (ACT2) considered as a housekeeping gene [46].  tarate dependent dioxygenases responsible of the hydrox-
Coumaroyl-CoA ligases (4CL) were the first enzymes  ylation of feruloyl CoA. These enzymes are specific of
we focused on. These enzymes are directly related to the  the biosynthetic pathway of coumarins. As expected, our
synthesis of coumarins. Arabidopsis has four homolo-  results confirmed that F6’HI and F6’H2 are particularly
gous genes encoding 4CLs. Here, we focused of three of more strongly expressed in root tissue, and the F6’HI
them, since 4CL4 has a limited expression profile [37].  gene is expressed at high level (Fig. 8). When grown in
The transcription patterns of 4CL1 differ significantly soil, the expression level of F6’HI in roots is comparable
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in all accessions (Fig. 8A), while in leaves it is significantly
higher in Est-1 (p<0.01) than in Col-0 or Tsu-1. For
plants grown in vitro, the expression of F6’HI was more
variable. We observed significant differences between
different tissues and accessions, but the F6’HI tran-
script was significantly induced in leaves of Est-1 when
compared with other genetic backgrounds (Fig. 8A). The
expression of F6’H2 is highly significantly variable among
accessions grown in soil. In general, its transcription is
more efficient in soil conditions in both leaves and roots.
Interestingly, the expression of F6’H2 is the highest in
Est-1 genetic background in all conditions and tissues

tested (Fig. 8B). The relatively low expression level of
F6’H2 compared to F6’HI indicates its smaller contribu-
tion in the biosynthesis of scopoletin.

Finally, we assessed the expression level of several
downstream genes including CCoAOMT1, HCT, C3’H,
and CCRs. These enzymes are involved in the phenyl-
propanoid biosynthetic pathway but after the branch-
ing point leading the production of coumarins. Our
results showed that CCoAOMT1 and HCT have very
similar expression patterns in roots, but CCoAOMT] is
expressed at much higher level (Fig. 9AB). In soil-grown
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roots, both transcripts have significantly higher values in
Tsu-1 compared to other accession (p<0.05).

C3’H is specifically involved in the transformation of
p-coumaroyl CoA into caffeoyl CoA (a precursor of fer-
uloyl CoA). The expression level of C3’H varies signifi-
cantly between the both conditions and tissues (Fig. 10A).
Interestingly, transcription of this gene becomes sig-
nificantly high in Est-1 leaves, especially under in vitro
conditions (p<0.05). Col-0 is relatively low accumulator
of C3’H transcript in roots. A next set of genes, CCRs,
is directly related to lignin synthesis (Fig. 10B). CCRI is
more highly expressed compared to CCR2, especially in
leaf tissue. The expression patterns of both CCR genes is
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very similar in in vitro cultured roots, with significantly
variable levels of CCI and CC2 transcript accumulation
among accessions. However, in roots grown in soil, these
differences are small. CCRI transcription is higher in
roots than in leaves of Est-1 and Tsu-1 accessions grown
in vitro, while in Col-0 the ratio is reversed.

Natural genomic variation

In order to further investigate the observed variations
between Arabidopsis accessions and to better understand
the possible correlation between the presence of cou-
marins/glycosylated coumarins and the expression level
of various metabolic genes, we cloned and sequenced
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a set of coding sequences involved in the biosynthesis
of phenylpropanoid molecules. For each gene (F6'HI,
F6’H2, 4CL, 4CL2, 4CL3, CCoAOMT1, C3’'H and HCT),
except both CCR genes, two independent PCR products
were cloned and sequenced separately. This sequenc-
ing task confirmed the presence of several SNPs that
could be highlighted based on data available in the 1001
genomes database. Interestingly, we could also reveal
some new SNPs, which are described below. Addition-
ally, all detected SNPs of the tested Arabidopsis acces-
sions along with possible resulting changes in amino acid
sequences are presented in the Supplementary Informa-
tion as Multiple sequence alignment (MSA) files from
CLUSTALW (Supplementary Figure S3 and Figure S4).
4CL1I nucleotide sequence is highly conserved among the
3 studied accessions, Est-1 does not contain any SNPs,
while Tsu-1 contains only one synonymous. 4CL2 does
not show any polymorphisms in Tsu-1 whereas many
SNPs could be detected in Est-1, especially on 5" end of
the gene although the sequence of the protein resulting
from it is well conserved. Only one SNP led to a change
in amino acids (Arg26Lys) but exchanged a positively
charged side chain amino acid by a similar one. This
SNP is popular in accessions from all regions from the
POLYMORPH database (https://tools.1001genomes.org/
polymorph/). We could not detect any polymorphism
for 4CL3 in Tsu-1, but, again, numerous SNPs on the
5%end of the corresponding gene in Est-1. In this case, the
SNPs led to amino acids substitutions (Thr15Ser, Asp-
22Gly, His27Pro, Asp43Asn, Tyr93Cys and Argl70Val).
An additional significant insertion at the N-terminus
of the protein sequence could also be highlighted lead-
ing to His27_Ser28insPro_Pro_Pro. Concerning the
dioxygenases, Est-1 does not contain any SNPs in F6'HI
coding sequence, but Tsu-1 has one which causes the
amino acid substitution Pro70Lys, that can affect the
secondary structure of the synthetized protein. This
SNP is present in 1001 genomes database for Tsu-1
(http://1001genomes.org/data/MPI/MPIOssowski2008/
releases/current/strains/Tsu-1/), but also in POLY-
MORPH database for one accession, named HKT2.4,
from Tibingen region. Est-1 F6’H2 sequencing revealed
two SNPs in the coding region, which were not present
in 1001 genome project database, leading to an arginine
to proline substitution in Est-1. For F6’'H2 in Tsu-1 15
SNPs were found, all of which were described in 1001
genome project database. Interestingly, as many as six
SNPs broadly existing in accessions from all regions rep-
resented in POLYMORPH database (from Central Asia,
Caucasus, Europe and North Africa) changed amino
acid sequence of Tsu-1 F6'H2 (Ile7Met, Lys199Thr, Phe-
208Leu, Gly299Ser, Ser311Asn and Lys334Arg). Finally,
CCoAOMT1I both in Est-1 and Tsu-1 does not contain
any SNPs. C3’H coding sequence in Tsu-1 contains one
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synonymous SNP. HCT in Est-1 has three polymorphisms
while Tsu-1 has 5, but in both accessions two SNPs cause
the same amino acid change from hydrophobic to polar
group: Alal25Thr.

Discussion

Here, additionally to scopolin, scopoletin and skimmin,
umbelliferone was detected. We could not detect esculin
in the investigated accessions as was detected by Kai et
al. [10] and Perkowska et al. [16]. We detected a natural
variation in accumulation of coumarins between Tsu-
1, Col-0 and Est-1 accessions grown in vitro and in soil,
together with variation in the gene expression between
tested accessions. We verified SNPs present in the 1001
Genome database for Tsu-1 accession and found new
SNPs and insertions in the Est-1 genetic background by
re-sequencing.

Under non-stress conditions, coumarins are synthe-
sized to a low extent. We observed only few significant
differences in the production of coumarins in roots of
tested accessions when grown in optimal soil mix (skim-
min in Est-1 versus Tsu-1, p<0.01). Biosynthesis of cou-
marins is induced by various biotic and abiotic elicitors
as well as by stress factors such as in vitro liquid culture.
This is consistent with the work of Hemm et al. [45],
who have shown that the phenylpropanoid production
increases in roots exposed to light, similarly to the liquid
culture system we used. This may be caused by changes in
gene expression due to activation of photoreceptors that
monitor different wavelengths of light [47]. Coumarins
act as UV screens, so the overproduction of these com-
pounds in Arabidopsis roots in in vitro liquid culture may
constitute a defense mechanism against radiation. Exper-
imental conditions of in vitro liquid culture also promote
plant vitrification - hyperhydric malformations that affect
the physiological state of plants [48] by reducing the
content of chlorophylls, carotenoids and lignin [49]. Vit-
rification and light exposure may alter the coumarin bio-
synthetic profile because it is tightly connected to lignin
biosynthesis and may be genotype (accession)- depen-
dent. In the roots of plants grown in vitro, we observed
a decrease in the expression of the 4CL1I gene, which has
the biggest contribution into lignin biosynthesis, and an
increase in the 4CL2 expression. These changes may lead
to an imbalance in the accumulation of lignin in the cell
wall and an increase in the level of coumarins. The Col-0
accessions was characterized by the lowest level of 4CL1
and 4CL2 expression in the roots of in vitro cultured
plants compared to Est-1 and Tsu-1. Genes with different
expression levels between accessions may have polymor-
phisms in their promoter regions.

We found some SNPs in the eight coding sequences
(CDS) of the investigated accessions by resequencing.
In parallel, SNPs in the CCR1 and CCR2 genes in Tsu-1
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were checked in the 1001 Genomes database. The CCR1
gene in Tsu-1 genetic background does not contain any
SNPs, while CCR2 has four, of which two at each end
of the protein are nonsynonymous - Leu2Pro and Ser-
332Pro. From the data obtained, it can be concluded
that most of the nonsynonymous SNPs that might cause
large changes in the enzyme structure occur in the CDS
of enzyme homologues, which seem to be less important
for homeostasis in non-stress conditions —4CL3, F6’'H2
and CCR?2, but are crucial for the survival during stress.
The coding sequences for 4CL1, CCoOAOMT1 and C3'H
are highly conserved. This is consistent with the defini-
tion of natural variability, i.e. adaptation to local habi-
tats that may experience different weather or geographic
conditions. Evolution is driven by the need of adaptation.
Could some genomic sequences evolve faster? An intra-
specific race for survival?

Natural variation for various traits among Arabidopsis
accessions have been investigated in many studies [13,
50-52]. It has been reported that Arabidopsis display a
great natural variation for the accumulation of secondary
metabolites [53]. This is logical in the context of the evo-
lutionary history of plants, which had to adapt to various
biotic and abiotic stress factors to survive. In addition to
developing mechanical barriers such as wood, cuticle,
and thorns, plants have developed complex biochemical
machinery to produce and release a huge variety of com-
pounds displaying antimicrobial or antifungal properties.
As numerous studies carried out on various Arabidop-
sis accessions collected in areas with different environ-
mental conditions, altitudes, humidity, and salinity have
shown, there is an enormous variation at the level of the
genome [54, 55], transcriptome [56] and metabolome
[13, 16, 57]. Importantly, natural variation of root exu-
dates of 19 Arabidopsis accession was detected and a
direct link between metabolic phenotypes and genotypes
were shown without using segregating populations [58].
Our study suggests that the observed variability in meta-
bolic phenotypes may be genetically determined, and the
integration of genomics and metabolomics data along
with the gene expression analysis might be useful in elu-
cidating the biosynthetic pathway.

Conclusion

Coumarins are secondary metabolites that have a range
of important functions and biological activities valu-
able for both plants and humans. The unique structures
of coumarins, make them useful in medicinal chemistry
and pharmaceutical industry. In plants, they are involved
in vital processes including adaptation to environmental
stress factors, interactions with soil microorganisms and
nutrient acquisition. Previously, we demonstrated for
the first time that Arabidopsis with its extensive genetic
variation and numerous publicly accessible web-based
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databases, is an exceptional model for studying molecu-
lar basis of natural variability underlying accumulation
of coumarins in plants. Here, through targeted metabolic
profiling and expression analysis of a set of phenylpro-
panoid genes, the gene-metabolite network was exam-
ined in more detail in the roots and leaves of selected
three Arabidopsis accessions (Col-0, Est-1, Tsu-1) char-
acterized by various levels of coumarin accumulation,
which were grown in different types of cultures. We
focused on two coumarin compounds, scopoletin and
umbelliferone, along with their glycosides. This choice
was dictated by the fact that scopoletin and scopolin are
the main coumarins in Arabidopsis, and the biosynthesis
of umbelliferone, recently discovered in this model plant
by our research group, is completely unknown. We not
only detected the expected variability in gene expression
and coumarin accumulation among Arabidopsis grown
in soil and in vitro cultures, but also found interesting
polymorphisms in the coding sequences of the studied
genes through in silico analysis and resequencing. Study-
ing the natural variation in coumarin content present
among Arabidopsis accessions followed by the analysis of
various alleles possibly underlying the detected variation,
may be useful in the future discovery of the physiologi-
cal mechanisms of action of different alleles and better
understanding the correlation between genetic and meta-
bolic variants.

Abbreviations

4CL1 4-Coumarate: CoA Ligase 1

4CL2 4-Coumarate: CoA Ligase 2

4CL3 4-Coumarate: CoA Ligase 3

4CL4 4-Coumarate: CoA Ligase 4

ACT2 ACTIN 2 ACTIN 2

C2H p-Coumaroyl CoA 2'-Hydroxylase

C3H p-Coumaroy! 3-Hydroxylase

C4H Trans-Cinnamate 4-monooxygenase
CCoAOMT1  Caffeoyl Coenzyme A dependent O-Methyltransferase 1
CCR1 Cinnamoyl CoA Reductase 1

CCR2 Cinnamoyl CoA Reductase 2

CoA Coenzyme A

Col-0 Columbia

Est-1 Estland

F6'H1 Feruloyl-CoA 6"-Hydroxylase 1

FE'H2 Feruloyl-CoA 6'-Hydroxylase 2

HCT Shikimate O-Hydroxycinnamoyltransferase
MD Mean Deviation

NO Initial copy number

PAL1 Phenylalanine Ammonia-Lyase 1

PAL2 Phenylalanine Ammonia-Lyase 2

PDR9 ABC transporter G family member 37
gPCR Quantitative PCR

SNP Single Nucloitide Polymorphism

Tsu-1 Tsushima

UHPLC Ultra High Performance Liquid Chromatography
uw Ultraviolet

ACp Crossing Point
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BACKGROUND

The colonization of land by early plants represents one of the most consequential evolutionary
transitions in Earth’s history. This shift enabled the diversification of plant life into the complex
terrestrial ecosystems we observe today [1]. Terrestrial environments exposed plants to a wide range
of abiotic stresses, including drought, fluctuating temperatures, high UV-B radiation, osmotic
imbalance, and nutrient limitations [2, 3]. These environmental factors induce profound

morphological, physiological, and biochemical changes, including reinforced cell walls, vascular
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tissues, and novel regulatory mechanisms for developmental plasticity and stress mitigation [4, 5].
Understanding the genetic and metabolic mechanisms that enabled terrestrial adaptation offers
insights into current challenges such as drought tolerance and climate resilience.

Early land plant lineages, such as bryophytes, developed cuticles and desiccation-resistant
reproductive structures to survive in water-limited conditions [6]. Land colonization was further
supported by molecular strategies such as stomatal control, antioxidant production, and the synthesis
of protective secondary metabolites [7, 8]. Thus, adaptation to land required the evolution
of regulatory pathways capable of integrating internal cues with external stress signals
in a coordinated manner.

Among the major evolutionary developments supporting terrestrial adaptation, plant secondary
metabolism has emerged as a critical layer of environmental responsiveness. Specialized metabolites
such as flavonoids, coumarins, terpenoids, alkaloids, and glucosinolates play roles in nutrient uptake,
UV protection, osmotic adjustment, and pathogen defense [9, 10]. The phenylpropanoid pathway,
in particular, serves as a metabolic hub for synthesizing lignin, flavonoids, and coumarins
— compounds involved in structural integrity and stress resilience [11]. These biosynthetic routes
are controlled by a network of stress-responsive transcription factors (TF) (e.g., MYB, bHLH)
and enzymatic players, including cytochrome P450s (CYP) and dioxygenases [12].

Hormonal signaling pathways, including abscisic acid (ABA) and jasmonic acid (JA), orchestrate
trade-offs between growth and defense, modulating resource allocation between primary
and secondary metabolism [13]. While the major regulatory components of stress responses
are relatively well characterized, the expression dynamics and biological functions of many enzymes
— particularly under simultaneous or multifactorial stress conditions — remain not fully understood.

2-oxoglutarate-dependent dioxygenases (20GDs) are a large superfamily of non-heme iron
(Fe)-dependent enzymes that catalyze diverse oxidative reactions, including hydroxylation,
demethylation, and epoxide formation [14, 15]. These enzymes function in primary metabolism,
including the biosynthesis of hormones such as gibberellins and ethylene, and also contribute
to secondary metabolism, notably in the production of coumarins, as well as flavonoids,
glucosinolates, and alkaloids [16].

Genome of Arabidopsis thaliana encodes over 130 20GDs, grouped into three functional clades:
DOXA (histone demethylation), DOXB (proline hydroxylation), and DOXC (secondary
metabolism). The DOXC clade, the most functionally diverse, includes enzymes involved in stress
response, UV protection, and cell wall modification. However, despite broad interest, many DOXC
genes remain poorly characterized in terms of stress responsiveness, enzymatic activity,
and regulatory control [15].

We selected two previously uncharacterized A. thaliana genes (AT3G19000 and AT3G19010),
both members of the DOXC clade classified as clade 21 by Kawai et al. [15], which are conserved

across all land plants and exhibit transcriptional responsiveness to abiotic stressors such as UV-B
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and osmotic stress [17]. Based on their sequence similarity and genomic context, we hereby named
them DOXC21-4 and DOXC21-B, respectively. Additionally, DOXC21-4 is overlapped by a natural
antisense transcript (NAT), suggesting a possible layer of post-transcriptional regulation. NATSs
are increasingly recognized for their role in fine-tuning gene expression under environmental stress.
They can modulate gene expression through several mechanisms, including direct inhibition
of translation, alteration of mRNA stability, and formation of RNA duplexes that impact transcript
accessibility and regulatory protein binding [18].

Given the rapid diversification of genes encoding DOXC enzymes and the presence of NAT
regulation, DOXC2I-A in particular presents an opportunity to explore gene function evolution
and NAT-mediated regulation, which has emerged as a key layer of transcriptional control in plants.
Exploring the transcriptional and metabolic consequence of DOXC21-A disruption may provide
valuable insights into the broader functional diversity of the 20GD protein superfamily.

While canonical 20GDs such as FLS (flavonol synthase), F3’H (flavanone 3-hydroxylase),
and F6’H1 (feruloyl-CoA 6’-ortho-hydroxylase 1) have well-defined roles in phenylpropanoid
metabolism [19, 20], the physiological functions of DOXC21-A and DOXC21-B remain
uncharacterized. Their deep evolutionary conservation, stress-responsive expression,
and the presence of NAT overlapping DOXC21-A suggest a potential role in specialized metabolism
and possibly in gene regulation through RNA-based mechanisms.

We hypothesize that DOXC21-A contributes to transcriptional and metabolic reprogramming
during abiotic stress adaptation. We further propose that its expression and potential functional
divergence from DOXC21-B may be shaped by evolutionary events such as gene duplication
and subfunctionalization. The presence of a cis-NAT suggests possible regulatory complexity beyond
enzymatic function alone.

This study aims to functionally characterize DOXC21-A and its associated NAT in the context
of abiotic stress adaptation in 4. thaliana, alongside its closely related paralog, DOXC21-B in order
to investigate potential functional divergence or redundancy in stress-related pathways. Using
a multi-omics approach integrating targeted phenotyping, transcriptomics, and metabolomics,
we specifically aimed to: (I) Examine the evolutionary conservation, expression patterns,
and stress-associated expression of DOXC21-4 and DOXC21-B; (1) Assess the potential impact
of NAT regulation and DOXC21-4 disruption on phenotype appearance under abiotic stress;
(II) Identify transcriptomic and metabolic changes associated with loss-of-function mutans

of DOXC2I-A, its associated NAT, and DOXC2I-B under osmotic and low pH stress conditions.
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METHODS

1. In silico analysis
1.1. Gene model annotation, NAT identification, SNP distribution analysis, and miRNA
homology

Gene structure, exon—intron organization, and alternative transcript variants were retrieved
from the ThaleMine database (https://bar.utoronto.ca/thalemine/) and the ePlant visualization tool
(http://bar.utoronto.ca/eplant/). Exonic overlap and NAT presence for DOXC2]-A were assessed
based on annotated transcript models. Additional confirmation was obtained by BLASTn
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) alignment of the antisense transcript sequence against
the TAIR10 A. thaliana genome to validate strand-specific overlap and orientation.

Single Nucleotide Polymorphism (SNP) data for DOXC21-4 and DOXC21-B were extracted
from the 2029-line A. thaliana population dataset using a custom R script available
at https://github.com/arthurkorte/SNP_extractor. The analysis includes all detected SNP types,
ranging from UTR and synonymous variants to splice region and missense variants, providing insight
into the degree of polymorphism and potential functional divergence of each gene [21].

To investigate sequence conservation between the A73G 79002 NAT and members of the 20GD
gene family in A. thaliana, a 35-nucleotide region from the NAT transcript was selected
for comparative alignment. This region included a 29-bp highly conserved core implicated
in regulatory similarity. Homologous regions were first identified by querying the NAT sequence
against the 4. thaliana genome using the NCBI BLASTN tool (default parameters; TAIR10 genome;
https://blast.ncbi.nlm.nih.gov/). High-confidence hits were retained from six 20GD genes:
DOXC21-4 (AT3G19000), DOXC21-B (AT3G19010), GA20X8 (AT4G21200), JID1 (AT1G05260),
F6’H2 (AT1G55290), and F6’HI (AT3G13610), based on >25/29 nucleotide identity within the core
region.

Multiple sequence alignment of these homologous regions was performed using Clustal W
with default settings as implemented in BioEdit v7.2.5. The alignment was manually curated,
and the conserved 29-bp segment was highlighted to visualize nucleotide conservation
and mismatches. Conserved positions were shaded in black, while mismatches were shown in white
to emphasize sequence variation across homologs.

To investigate the evolutionary conservation and potential regulatory mimicry of a conserved
segment within the A73G19002 NAT transcript, we compared its sequence to annotated or predicted
plant microRNAs (miRNAs). A 29-nucleotide region was selected and queried against the miRBase
database (https://www.mirbase.org) to identify homologous miRNA precursor sequences. Eleven
representative plant species were included in the comparative analysis: Gossypium raimondii
(gra-miR8697), Physcomitrium patens (ppt-miR1055), A. thaliana (pre-miR844, pre-miR395a),
Medicago truncatula (pre-miR2670a), Arabidopsis Ilyrata (pre-miR4240), Vitis vinifera
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(pre-miR395Y%), Populus trichocarpa (pre-miR6452), Lotus japonicus (pre-miR11111), Glycine max
(pre-miR5042), and Amborella trichopoda (pre-miR8565h). The conserved NAT segment
and the aligned portions of the miRNA precursors were subjected to multiple sequence alignment
(MSA) using the MUSCLE algorithm implemented in Jalview v2.11.3.10. Alignment was manually
curated and trimmed to positions 5—20 to focus on the most conserved subregion. A sequence logo
was generated directly in Jalview using its built-in WebLogo visualization tool to represent
nucleotide frequency and conservation across this region.

1.2. Phylogenetic tree construction

To investigate the evolutionary relationships within the DOXC21 clade of 20GDs, we curated
a dataset comprising 100 non-redundant protein sequences representing a wide phylogenetic range
of plant species. Homologs of DOXC21-A and DOXC21-B were identified using BLASTp searches
against  publicly available  proteomic  databases, including Gramene  database
(https://ensembl.gramene.org/) [22] and NCBI RefSeq (https://www.ncbi.nlm.nih.gov/refseq/).
Where multiple accessions were available per species, up to five high-confidence representatives
were retained based on annotation quality and sequence completeness. The final dataset comprises
sequences from bryophytes, lycophytes, gymnosperms, monocots, dicots, and basal angiosperms,
ensuring comprehensive phylogenetic representation. All sequences were downloaded in FASTA
format and assigned consistent naming conventions that include species and gene identifiers.

The protein sequences (n=100) were aligned using the MUSCLE algorithm [23] in MEGALI1,
applying default gap penalties and the UPGMA clustering method. Phylogenetic trees were
constructed using the Neighbor-Joining (NJ) method with 500 bootstrap replicates to estimate branch
support. The Jones—Taylor—Thornton (JTT) model of amino acid substitution was applied
with gamma-distributed rates and invariant sites (+G+I). The resulting tree was rooted using
Marchantia polymorpha subsp. ruderalis, an early-diverging liverwort, to establish evolutionary
polarity and anchor the DOXC21 lineage within a broader land plant context. The phylogenetic tree
was visualized and edited using MEGA11 (https://www.megasoftware.net/).

To assess residue-level conservation across the DOXC2l1-related sequences used
for phylogenetic analysis, we performed a conservation profile analysis based on the MSA.
Conservation scores were computed in Jalview (v2.11.4.1) [24] using the AAConWS plugin [25]
with the Shenkin entropy-based method [26]. The conservation profile was normalized to allow
relative comparison across positions, and the results were used to evaluate the evolutionary constraint
of DOXC21 homologs across land plant species.

To assess the conservation of the canonical 20GD Fe-binding motif, protein sequences were
analyzed using the ScanProsite tool (https:/prosite.expasy.org/scanprosite/). The conserved
His—X-Asp/Glu—(X)n—His motif was used to identify potential Fe-binding sites characteristic
of 20GD enzymatic function. FASTA-formatted protein sequences were uploaded to ScanProsite,

and matches were evaluated for motif presence, position, and conservation across sequences.
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This analysis enabled the confirmation of functional residues required for Fe(Il) coordination
in the active site of DOXC21-related proteins [15].
1.3. Promoter region analysis, abiotic stress expression, protein-protein interactions

The 2 kilobase (kb) upstream promoter regions of DOXC21-4 and DOXC21-B were analyzed
for cis-regulatory elements using the PlantCARE database
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/). Known cis-elements associated
with abiotic stress responses, hormone signaling, and TF binding (e.g., ABRE, MYB, MYC, W-box,
GC-box, CCAAT-box) were identified and annotated. To assess stress-responsive expression
profiles, transcript abundance under abiotic stress conditions (e.g., drought, salt, cold, oxidative
stress) was obtained from publicly available Affymetrix ATH1 microarray datasets integrated
in the eFP Browser (https://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) [17]. Putative protein—protein
interaction (PPI) networks for DOXC21-A and DOXC21-B were obtained from the Search Tool
for the Retrieval of Interacting Genes/Proteins (STRING) v11.5 database (https://string-db.org/).
PPI categories included experimental data, co-expression, gene neighborhood, and database-curated
interactions.
2. Plant material and growth conditions
2.1. Arabidopsis thaliana lines and used genotypes

A. thaliana Columbia-0 (Col-0) wild type (WT) and T-DNA insertional mutant lines in Col-0
genetic background were used in this study. The following mutant alleles were selected: natl
(SALK 073389) as the first insertional line within the NAT sequence, nat2 (SALK 201039)
as second insertional line within the NAT sequence, doxc2l-a (Wiscseq DsLox387A07.2)
for DOXC21-4 gene, doxc21-b-1 (SALK 070568) for the DOXC2I-B gene, and doxc21-b-2
(SALK 127289) as an independent line for DOXC21-B. Seeds were obtained from the Nottingham
Arabidopsis  Stock Centre (https://arabidopsis.info/). Genotyping validation is shown
in Supplementary Fig. S1, and primer sequences used for PCR-based genotyping are provided
in Supplementary Tab. S1. T-DNA flanking sequences were verified by Illumina sequencing
(Genomed S.A., Warsaw, Poland).
2.2. Soil cultures and abiotic stress treatments

Prior to sowing, A. thaliana seeds of Col-0 WT, natl, nat2, doxc2l-a, doxc2i-b-1,
and doxc21-b-2 were stratified for 4 days in 4°C on water-saturated Whatman filter paper in sealed
Petri dishes to synchronize germination. Plants were grown in a soil mix consisting of a peat-free
commercial substrate for seedlings and herbs (COMPO SANA®, COMPO, Germany) combined
with vermiculite (3—6 mm granules) at 3:1 (v/v) ratio. For drought stress experiments, each pot filled
with soil was weighted and adjusted to ensure uniform mass (120+0.5 g) across biological replicates
before sowing, thereby standardizing initial water content (WC) and ensuring consistent drought
stress conditions. Pots were arranged in collective trays and placed in growth chambers under a 16 h

light / 8 h dark photoperiod, with a light intensity of 120 pmol m?s™', and temperatures maintained
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at 22°C during the light phase and 20°C during the dark phase, respectively. Twenty-eight pots
per tray were randomized within genotypes to minimize position effect on plant phenotype.

Drought stress was initiated at third week of growth by withholding irrigation for the following
three weeks. After three weeks of dehydration, plants were rehydrated with 3 L of water per tray.
Recovery rate was scored visually, one day after re-watering, based on the presence of green, viable
rosette leaves. A minimum of 18 plants per genotype was evaluated. Fresh weight (FW) of aerial
tissue was measured 3 days post-rehydration using analytical balance. Dry weight (DW)
was obtained after drying FW samples at 37°C for one week until a constant weight was reached.
WC was calculated using the formula: WC [%] = (FW-DW/FW) x100 (n=8). In parallel, electrolyte
leakage was measured to assess membrane integrity. Freshly harvested leaves were weighed
and incubated overnight in 20 mL of Milli-Q water on a rotary shaker (114 rpm) at room temperature.
Conductivity of 6 mL of the incubation solution was determined using a conductivity meter (HANNA
EDGE™, USA), and values were normalized to leaf FW. FEach measurement
was performed on at least eight biological replicates.
2.3. In vitro cultures

For in vitro cultivation, 4. thaliana seeds of Col-0 WT, natl, nat2, doxc2I-a, doxc21-b-1,
and doxc21-b-2 were surface sterilized by soaking in 70% ethanol for 2 min, followed by treatment
with 5% calcium hypochlorite for 8 min. Seeds were subsequently rinsed three times with autoclaved
deionized water. To facilitate even distribution during sowing, sterilized seeds were suspended
in 0.1% (w/v) agar in deionized water. Sterilized seeds were sown on Petri dishes containing
half-strength Murashige and Skoog (2 MS, pH 5.7) basal medium (Sigma-Aldrich, USA)
supplemented with 1% (w/v) sucrose and solidified with 0.7% (w/v) plant culture-grade agar
(Sigma-Aldrich, USA). Seeds were stratified on plates for 4 days at 4°C in darkness, then transferred
to a controlled growth chamber (16 h light/ 8 h dark; light intensity 70 pmol m2s™; 22°C day/ 20°C
night) and incubated for 3 weeks. Osmotic stress in vitro was induced by supplementing the culture
medium with 200 mM mannitol from the beginning of the cultivation period.
2.4. Hydroponic cultures

A. thaliana seeds of Col-0 WT, natl, nat2, and doxc2l-a were germinated
on tip-cut microcentrifuge tubes filled with 0.65% agar-solidified 10x Heeg solution and placed
into square Petri dishes containing liquid 10x Heeg for germination. Here and throughout
the hydroponic experiments, we used a modified 10x Heeg nutrient solution [27], with modifications
adapted from Siwinska et al. [28]. In this formulation, the concentration of micronutrients
was increased tenfold compared to the standard 1x Heeg solution (see Supplementary Tab. S2).
To enhance the phenotypic responses and simulate environmentally relevant conditions, plants were
grown at pH 4.5 - a condition known to affect nutrient availability, root architecture, hormone
signaling, and secondary metabolism [29]. pH stability was maintained using

2-(N-morpholino)ethanesulfonic acid (MES) buffer. Seeds were stratified at 4°C in darkness
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for 4 days, then transferred to controlled environment chambers set to a 16 h light / 8 h dark
photoperiod (100 pmol m s™* light intensity), with temperatures regimes of 22°C (day) and 20°C
(night). After 10 days, seedlings were transferred into larger hydroponic boxes containing fresh
10x Heeg solution.

Following 3 weeks of growth under control conditions, polyethylene glycol (PEG)-induced
osmotic stress treatments were initiated. The nutrient solution was replaced with fresh 10x Heeg
supplemented with 3% (w/v) PEG. Nutrient solutions were replenished regularly to maintain both
nutrient and osmotic consistency throughout the experiment. After 2 weeks of stress exposure, rosette
leaves were collected for RNA isolation. Plants were harvested after 3 weeks in stress conditions
for FW determination and anthocyanin content analysis.

3. Gene Expression Analysis
3.1. RNA isolation

Total RNA was isolated from rosette leaves of A. thaliana Col-0 WT, natl, nat2, doxc2I-a
and doxc2I-b mutant lines, using the GeneMATRIX Universal RNA Purification Kit (EURx, Poland)
following the manufacturer’s protocol. Leaf tissue was homogenized under liquid nitrogen with
stainless-steel beads to ensure through cellular disruption. An on-column DNase digestion step was
included to eliminate genomic DNA contamination. RNA concentration and purity were initially
assessed using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, USA).

3.2. Quantitative real-time PCR

First-strand complementary DNA (cDNA) synthesis was performed using 1 pg of total RNA
and the LunaScript® RT Master Mix Kit (NEB, USA), following the manufacturer’s instructions,
with oligo d(T) primers. Primer specificity was verified using Primer-BLAST (NCBI,
https://www.ncbi.nlm.nih.gov/tools/primer-blast/) and validated experimentally by melt curve
analysis. Amplification efficiency was calculated from five-point serial dilution series of pooled
cDNA. A final 8-fold cDNA dilution was selected for subsequent analyses as it provided optimal
signal linearity across targets. Reactions were conducted using the Luminaris Color HiGreen gPCR
Master Mix (Thermo Scientific, USA), and cycling conditions were as follows:

e Uracil-DNA glycosylase (UDG) activation: 50°C for 2 min

e Initial denaturation: 95°C for 10 min

e Amplification (40 cycles):

o Denaturation: 95°C for 10 s
o Annealing/extension: 60°C for 5 s with fluorescence acquisition

e Final cooling: 40°C for 30 s

e Melt curve analysis: continuous fluorescence acquisition from 60°C to 97°C
All reactions were performed in triplicate (technical replicates) for each biological replicate (n=4).

Primer sequences are listed in Supplementary Tab. S1.
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3.2.1. DOXC21-A and DOXC21-B expression in Col-0 WT

To evaluate DOXC21-4 and DOXC21-B transcript levels, qRT-PCR was conducted on Col-0
WT plants cultivated under two distinct abiotic stress conditions: (I) in vitro on 2 MS medium
supplemented with 200 mM mannitol (osmotic stress) and (1) in soil under drought stress. Reactions
were carried out on the CFX96 Real-Time PCR Detection System (Bio-Rad, USA). Expression levels
were calculated using the 2 ““T method, with normalization to the ACT2 (ACTIN 2) reference gene.
Three biological replicates were analyzed for in vitro grown plants and five for soil grown plants.
Each biological replicate was tested in three technical replicates. Statistical significance was assessed
using two-way ANOVA followed by Bonferroni’s multiple comparisons test.

3.3. Transcriptome profiling (RNA-Seq) and expression validation
3.3.1. RNA isolation, library construction and quality assessment

Transcriptomic profiling was performed for A. thaliana Col-0 WT and natl, nat2,
and doxc2I-a mutant lines cultivated hydroponically under osmotic stress conditions (10x Heeg,
pH 4.5, 3% [w/v] PEG). Rosette leaves were harvested one week after stress induction from five
biological replicates of doxc21-a and six replicates of Col-0 WT, natl, and nat2 lines. Total RNA
was isolated from rosette leaves and quality controlled was done as previously described. RNA
integrity was evaluated via agarose gel electrophoresis and the absence of DNA contamination was
confirmed by qPCR on non-reverse-transcribed RNA samples.

Samples passing quality control were shipped on dry ice to the external sequencing provider
weSEQ.IT (Rybnik, Poland; https://weseq.it), where final RNA integrity verification, library
preparation, sequencing, and bioinformatic analysis were performed.

RNA quality was re-assessed using the Agilent 2100 Bioanalyzer system (Agilent Technologies,
CA, USA) with the RNA 6000 Nano Assay Kit. For each library, 1 pg of total RNA was used
as input. Libraries were constructed using the NEBNext® Ultra™ RNA Library Prep Kit
for [llumina® (New England Biolabs, USA), according to the manufacturer’s protocol. Unique index
codes were incorporated into each sample for multiplexing. Briefly, mRNA was enriched using poly-
T oligo-attached magnetic beads and fragmented at elevated temperature using divalent cations. First

Strand Synthesis Reaction Buffer (5X). First strand cDNA synthesis was performed using random

hexamer primers and M-MuLV Reverse Transcriptase, followed by second-strand synthesis using
DNA Polymerase I and RNase H. End repair was conducted to generate blunt ends, followed
by adenylation of 3’ ends and ligation of NEBNext adaptors with hairpin structures. Fragment size
selection (~240 bp) was performed using AMPure XP beads (Beckman Coulter, USA). USER
enzyme treatment (37°C for 15 min; 95°C for 5 min) was used to remove uracil containing bases
from adaptors. PCR enrichment of adaptor ligated DNA fragments was conducted using Phusion
High-Fidelity DNA Polymerase and indexed primers. Final libraries were purified using AMPure XP
beads and validated for quality and fragment size distribution using the Agilent Bioanalyzer 2100

system.
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3.3.2. RNA sequencing and transcriptome analysis

Following library quality assessment, indexed RNA libraries were clustered on a cBot Cluster
Generation System using the TruSeq PE Cluster Kit v4-cBot-HS (Illumina, USA) and sequenced
on the Illumina NovaSeq 6000 platform to generate 150 bp paired-end reads (PE150). Raw
sequencing data in FASTQ format were filtered using custom in-house Perl scripts to remove adapter
sequences, poly-N regions, and low-quality reads. The quality of clean reads was assessed using
FastQC and RSeQC, evaluating parameters such as GC content, base quality scores (Q20, Q30),
and mapping statistics.

High-quality reads were aligned to the A. thaliana reference genome (TAIR10.45) using
HISAT2. Transcript assembly and quantification were performed with StringTie. Expression values
were normalized and reported as FPKM (fragments per kb of transcript per million mapped reads).
Differential gene expression analysis was conducted using DESeq2 and edgeR, applying
a significance threshold of log fold change (FC) >1 and an adjusted p-value<0.05.

Alternative splicing (AS) events were identified using ASprofile, which classifies splicing events
such as exon skipping, intron retention, and usage of alternative splice donor/acceptor sites.

Functional annotation of differentially expressed genes (DEGs) was carried out through sequence
alignment against multiple biological databases, including NCBI non-redundant protein (Nr)
and nucleotide (Nt) databases, Pfam, KOG/COG, Swiss-Prot, Gene Ontology (GO), and Kyoto
Encyclopedia of Genes and Genomes (KEGG). These annotations supported the functional
interpretation of transcriptomic changes and enabled pathway enrichment analysis.

DESeq2 implemented a model based on the negative binomial distribution, using shrinkage
estimation to improve variance and log: FC estimates. P-values were adjusted for multiple testing
using the Benjamini—-Hochberg method, with FDR (False Discovery Rate)-adjusted p-value<0.05
considered significantly significant.

GO enrichment analysis was conducted using the GOseq R package, which corrects for gene
length bias via the Wallenius non-central hypergeometric distribution [30]. For pathway enrichment,
KEGG analysis was performed using the KOBAS tool [31], against the KEGG database [32].

To investigate putative protein level interactions among DEGs, protein—protein interaction (PPI)
networks were predicted by mapping DEG protein sequences via BLASTx to orthologs
in the STRING database (https://string-db.org/). Visualization and topological network analyses were
performed using Cytoscape [33].

3.3.3. RNA-seq validation

To validate transcriptomic data obtained from RNA-seq, qRT-PCR was conducted using cDNA
from hydroponically grow plants subjected to 3% (w/v) PEG-induced osmotic stress (pH 4.5).
Reactions were run on the Roche® LightCycler® 480 system (Roche, Switzerland), using
the Luminaris Color HiGreen qPCR Master Mix (Thermo Scientific, USA). Expression values were

normalized against two internal controls: ACT72 and EFI-a (Elongation Factor I-alpha),
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and expression was calculated using the 22T method, normalized to the geometric mean of both
reference genes. Four biological replicates per genotype and treatment condition were analyzed,
with three technical replicates each (n=12). Statistical analysis was performed via two-way ANOVA
followed by Bonferroni’s post hoc test for multiple comparisons.

4. Untargeted metabolomics analysis

4.1. Metabolite extraction

Leaf and root tissues were harvested from 4. thaliana Col-0 WT, natl, nat2, and doxc21-a plants
cultivated hydroponically under control (pH 4.5) and PEG-induced osmotic stress conditions
(3% [w/v] PEG, pH 4.5) following three weeks of treatment. Plant material was collected,
immediately frozen in liquid nitrogen and homogenized using pre-chilled mortars and pestles.
For each biological replicate, approximately 100 + 2 mg of powdered leaf tissue or 50 &+ 2 mg of root
tissue was weighted. When tissue quantity was insufficient, samples from the same genotype
and treatment group were either pooled or the final extraction volume was proportionally adjusted to
maintain consistent solvent-to-tissue ratios across all samples.

Metabolites were extracted using 0.8 mL of 80% (v/v) methanol. The homogenates were
sonicated for 10 min at 70% amplitude using an ultrasonic bath equipped with a sweep function,
followed by overnight incubation at 4°C in the dark. The next day, samples were centrifuged
at 16,000 x g for 15 min at 4°C, and the supernatants were transferred into fresh vials. To improve
extraction efficiency, a second round of extraction was performed by adding an additional 0.75 mL
of 80% methanol to the residual pellet, followed by vortexing, sonication, and centrifugation
as described above. Supernatants from both extraction steps were combined and subsequently
evaporated to dryness using a vacuum concentrator. Dried metabolite extracts were stored at -20°C
and shipped to the analytical facility (Laboratoire Agronomie et Environnement, Université
de Lorraine-INRAE, France) for untargeted metabolomic profiling using UHPLC Coupled
to a high-resolution Orbitrap mass spectrometer.

4.2. Orbitrap Mass Spectrometry conditions

Liquid chromatographic analyses were performed on a quaternary pump Vanquish UHPLC
system, with an autosampler and a temperature-controlled column oven. We used a core-shell
Kinetex XB-C18 column (150 x 2.1 mm, 2.6 um) (Phenomenex Inc., Torrance, CA, USA)
to separate the metabolites contained in the extracts, using a mobile phase gradient composed
of 0.1% formic acid in water (A) and 0.1% formic acid in methanol (B) at a flow rate of 200 pl min ',
at a column temperature of 40°C. The elution program consisted of starting with 10% B for 2 min,
then linearly increasing from 10 to 30% B in 10 min, then to 95% B in 10 min. The column was
rinsed for 5 min with 95% B and re-equilibrated to the initial conditions for 4 min prior to the next
run. The samples were analyzed randomly.

High-resolution mass spectrometry detection was performed on an Orbitrap ID-X mass

spectrometer (ThermoFisher Scientific, Bremen, Germany) in positive and negative electrospray
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ionization (ESI) modes. The capillary voltages were set at 3.5 and 2.5 kV for positive and negative
modes. The source gases were set (in arbitrary unit min ') at 40, 8 and 1 (for, respectively, sheath,
auxiliary and sweep gas) and the vaporizer temperature was 320°C. Full-scan mass spectra were
acquired from 120 to 1200 m/z at a resolution of 60 000.

MS/MS analysis was performed for characterization on a QC sample using AcquireX workflow
(ThermoFisher TM software) consisting of a succession of analyses in order to collect MS2 spectra
for most of the compounds in the sample. MS/MS spectrum was acquired at a resolution of 15 000
after a higher-energy C-trap dissociation and a collision-induced dissociation of the MS1 signals.
4.3. Molecular network analysis

For molecular network analysis, the processed feature table containing m/z values, retention
times, and peak areas was used to generate a molecular similarity network based on MS/MS spectral
alignment. The workflow was performed in accordance with the procedure described
at  https://github.com/Florent-1/Molecular-Networks-from-Compound-Discoverer-to-Cytoscape.
Network construction was based on spectral similarity scores, linking features with comparable
fragmentation patterns. The resulting molecular network was visualized in Cytoscape v3.9.1, where
nodes represent individual metabolite features and edges reflect spectral relatedness, thus allowing
for the identification of compound clusters potentially related to DOXC21-dependent metabolic
pathways.

5. Heterologous expression and functional enzymatic activity assays
5.1. Cloning and Agrobacterium tumefaciens-mediated expression in Nicotiana benthamiana

To assess the functional roles of DOXC21-4 and DOXC?2I-B, transient heterologous expression
assays were conducted in N. benthamiana leaves via A. tumefaciens-mediated infiltration.
Full-length open reading frames (ORFs) of both genes were amplified from A4. thaliana Col-0 WT
cDNA using Phusion™ High-Fidelity DNA Polymerase (Thermo Scientific, USA). Primer
sequences and amplification conditions are listed in Supplementary Tab. S1.

The resulting PCR products were cloned into the pCR8 entry vector using
the pCR8®/GW/TOPO® TA Cloning Kit (Invitrogen, USA) as described by Vialart et al. [34].
Verified entry clones were subsequently recombined into the binary expression vector pBIN-GW
via Gateway® LR Clonase® II (Invitrogen, USA), vyielding pBIN-GW:DOXC21-A
and pBIN-GW:DOXC2]-B constructs.

Expression constructs were introduced into A. tumefaciens strain GV3101 via electroporation.
Additional constructs used included pBIN:GFP (green fluorescent protein as expression control)
and pBIN61-P19 (a viral silencing suppressor). Transformed 4. tumefaciens strains were cultured
in LB medium containing kanamycin (50 mg/L), rifampicin (50 mg/L), and gentamycin (25 mg/L)
at 28°C for 48 h with shaking (200 rpm). Bacterial cultures were harvested by centrifugation
(4 000 g, 10 min), and pellets were washed three times in sterile distilled water to remove antibiotic

residues.
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Bacterial pellets were resuspended in infiltration buffer (5 mM MgCL, 5mM MES, pH 5.7)
to an optical density (ODsw) of 0.2 for the DOXC2I constructs and pBIN:GFP,
and 0.4 for pBIN61-P/9. For co-infiltration, appropriate bacterial cultures were mixed
and introduced into fully expanded leaves of 4—6-week-old N. benthamiana plants using 1 mL
needleless syringe. Each construct was tested on a minimum of six plants (three leaves per plant).
Negative controls included infiltration buffer only (mock), or pBIN-GW (empty vector) together
with pBIN:GFP and pBIN61-P19.

Following infiltration, plants were incubated in the dark overnight in sealed boxes to enhance
transformation efficiency, then transferred to standard growth conditions (16 h light / 8 h dark; 22°C
/ 20°C). Five days after infiltration, successful transformation was confirmed by GFP fluorescence.
Infiltrated leaf tissues were harvested, frozen in liquid nitrogen, and processed for metabolite
extraction using 80% methanol as previously described. Dried extracts were submitted for untargeted
metabolomic profiling at the Laboratoire Agronomie et Environnement, Université
de Lorraine-INRAE (France).

5.2. Protein overproduction and purification

To evaluate the enzymatic properties of DOXC21-A and DOXC21-B, heterologous protein
expression was performed in Escherichia coli. Coding sequences previously cloned into the pCRS8
entry vector were subcloned into the pET28a(+) expression vector (Invitrogen, Thermo Fisher
Scientific) via EcoRI for DOXC21-A, and BamHI and Xholl for DOXC2 I-B restriction sites, followed
by T4 DNA ligase mediated ligation. Resulting constructs (pET28a+:DOXC21-A
and pET28a+:DOXC21-B) were introduced into E. coli Rosetta 2 cells via electroporation.

Transformed colonies were selected on LB agar containing 100 mg/L kanamycin and 33 mg/L
chloramphenicol. Single colonies were used to inoculate into 10mL of LB starter cultures
supplemented with the same antibiotics and grown overnight at 37°C with shaking (200 rpm).
The next day, 2 mL of overnight culture was transferred into 1 L of fresh LB medium and cultured
under identical conditions until the ODsoo reached 0.4-0.6. Protein expression was induced
by the addition of 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG), and incubation continued
overnight at 37 °C.

Cells were harvested by centrifugation at 4 000 g for 20 min at 4°C and resuspended in 1 mL
of lysis buffer (0.1 M Tris-HCI pH 8.0; 70 uM lysozyme; 0.2 M NaCl). Following brief vortexing,
cells were sonicated on ice (5 cycles of 30 sec) and lysates were centrifuged at 20 000 g for 20 min
at 4 °C. Insoluble pellets were resuspended in 2 mL of denaturing buffer (0.1 M Tris-HCI pH 8.0; 0.2
M NaCl; 8 M urea; 1 mM DTT) using a Potter-Elvehjem homogenizer. The denaturated proteins
were subjected to a two-step dialysis renaturation protocol using dialysis tubing (20 kDa MW cut
off) [35].

Dialysis was performed against 1 L of renaturation buffer 1 (0.1 M Tris-HCI pH 8.0; 1M urea;
1 mM DTT) for 6 h, followed by renaturation buffer 2 (0.1 M Tris-HCI pH 8.0; 1 mM DTT)
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overnight, both at 4°C with gentle stirring. After dialysis, samples were centrifuged again (20 000 g,
20 min, 4°C), and supernatant were concentrated using Amicon® Ultra-15 centrifugal filter units (10
kDa MWCO; Merck Millipore, Germany).

His-tag purification of recombinant proteins was carried out using Ni-NTA affinity
chromatography. The efficiency of expression, solubilization and partial renaturation was assessed
by sodium dodecyl sulfate — polyacrylamide gel electrophoresis (SDS-PAGE) (Supplementary
Fig. S2). Protein samples from each purification step were separated on 12% SDS-PAGE and stained
with Coomassie Brilliant Blue. The presence of ~40—45 kDa bands in renatured and purified fractions
confirmed successful expression and partial recovery of DOXC21-4 and DOXC21-B.

5.3. In vitro enzymatic activity assays

To assess the catalytic potential of DOXC21-A and DOXC21-B, in vitro enzymatic assays were
conducted using renatured, purified recombinant proteins. Reactions were carried out in a total
volume of 100 puL, containing 0.1 M Tris-HCI buffer (pH 6.0) and supplemented with essential
cofactors for 20GD activity at saturated concentrations: (I) 0.5 mM FeSOs (ferrous sulfate), (II)
5 mM 2-oxoglutarate (2-OG), and (III) 5 mM ascorbic acid. Test substrates were added at a final
concentration of 100 uM and included a chemically diverse panel of plant-derived compounds listed
in Tab. 1, spanning phenylpropanoid intermediates (e.g., cinnamic acid derivatives, CoA esters),
coumarins and flavonoids, monolignols, indole-molecules, and phytohormones.

Reactions were initiated by the addition of 20—40 pg of purified recombinant DOXC21-A
or DOXC21-B protein and incubated at 28°C for 24 h in dark to avoid light-induced degradation.
All assays were performed in triplicate. Negative controls were included for each substrate
and consisted of parallel reactions lacking either the recombinant protein or 2-OG to assess
spontaneous degradation or background reactivity. Reactions were terminated by the addition
of 10 uL of 1M HCI, followed by vortexing and centrifugation at 10 000 g for 10 min at 4°C.
Supernatants were filtered (0.2 pM) and transferred to fresh vials for analysis. Metabolite profiles
were analyzed using UHPLC. Potential enzymatic activity was assessed by monitoring substrate
depletion and/or product formation, using extracted ion chromatograms and comparison to authentic

standards or database predictions.
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Table 1. Classification of substrates used for DOXC21-A and DOXC21-B in vitro assays.

The table lists all chemical compounds either already tested or chosen for upcoming in vitro enzymatic activity
assays with recombinant DOXC21-A and DOXC21-B proteins. Substrates are grouped into relevant
biosynthetic or chemical classes, including phenylpropanoids, coumarins, flavonoids, phytohormones,
and other specialized metabolites. The selection reflects key branches of secondary metabolism potentially
modulated by DOXC21 enzymes. Underlined compounds were tested with DOXC21-A only, while those
marked with an asterisk (‘*’) indicate substrates selected for future in vitro testing with DOXC21-A.
This classification supports ongoing biochemical investigation of DOXC21 substrate specificity and functional
relevance in pathways such as lignin biosynthesis, coumarin biosynthesis, and indole/hormonal metabolism.

Category Compound Name
Monolignols & Coniferyl alcohol; Sinapyl alcohol; Coniferaldehyde; Sinapaldehyde
aldehydes
Cinnamic acid trans-Ferulic acid; Isoferulic acid; 5-Hydroxyferulic acid; Sinapic acid; Cinnamic acid; Caffeic acid;
derivatives 3,4-Dimethoxycinnamic acid; 3,5-Dimethoxycinnamic acid; 2,3,4-Trimethoxycinnamic acid;

3,4,5-Trimethoxycinnamic acid; o-Coumarate; p-Coumarate; o-Coumarate glucoside

Simple coumarins

Umbelliferone, Coumarin, Scopoletin, Isoscopoletin, Esculetin, Daphnetin; 6-Hydroxycoumarin;
5,7-Dihydroxycoumarin; 6,7,8-Trihydroxycoumarin; 4-Methylumbelliferone;
5-Hydroxy-7-methoxycoumarin; 5-Methoxy-7-hydroxycoumarin

Methoxylated/modified
coumarins

Scoparone, Dimethylfraxetine, Daphnetin dimethylether; Daphnetin-7-methylether;
Daphnetin-8-methylether; Fraxetin, Fraxidin, Isofraxidin, Osthol, Limettin, Auraptene;
7-Methylsuberosine, O-Prenylumbelliferone, Suberosine

Isoprenylated
coumarins

6,7-Diisoprenyloxycoumarin; 6-Isoprenyloxy-7-methoxycoumarin;
5-Geranyloxy-7-methoxycoumarin

Glycosylated coumarins

Esculin, Fraxin, Scopolin, Skimmin

Other benzenoids

4-Hydroxyherniarine; Columbianetin, Colombianadine

Flavonoids

Luteolin, Apigenin, Eriodictyol, Naringenin, Taxifolin, Pinocembrin, Isoliquiritigenin, Sakuranetin,
Flavanone; 5-Hydroxyflavanone; 6-Hydroxyflavanone; 7-Hydroxyflavanone

Phytohormones and

Salicylic acid, Benzylaminopurine (cytokinin), Indoleacetamide (IAA precursor),

precursors Indole-3-butyric acid (IBA)
Amino acids Tryptophan
Oxylipins 16-HPOT, 18-HPOT

Phenylpropanoid-CoA
esters

Caffeoyl-CoA, p-Coumaroyl-CoA, Feruloyl-CoA

Indole derivatives*

Indole-3-carbaldehyde, Indole-3-carboxylic acid, Camalexin, Malonyltryptophan,

Acetyltryptophan, Melatonin

RESULTS

1. DOXC21-A and DOXC2I-B are conserved across land plants and linked to secondary

metabolism evolution

Kawai et al. [15] proposed a classification of plant 20GDs into three major clades: DOXA,
DOXB and DOXC. The DOXC clade include genes encoding enzymes involved in specialized
metabolism, particularly the oxidative transformation of secondary metabolites. Our previous study
on the functional characterization of scopoletin 8-hydroxylase (S8H), a 20GD enzyme involved
in fraxetin biosynthesis [28], led us to investigate two closely related genes: AT3G19000
and AT3G19010. We performed the phylogenetic analysis on available nucleic acid sequences
of genes encoding 20GDs from A. thaliana genome and revealed that these two enzymes form
a distinct clade. It was in accordance with classification previously done by Kawai et al. [15], which
also pointed that DOXC21 is one of the few clades conserved across all major land plant lineages

— including bryophytes (Physcomitrium), lycophytes (Selaginella), gymnosperms (Picea),
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and angiosperms (Oryza, Arabidopsis) — suggesting its evolutionary persistence since
the colonization of terrestrial habitats.

We named the studied genes DOXC21-4 (AT3G19000) and DOXC21-B (AT3G19010), following
the classification system for the DOXC21 clade.

1.1. Conservation and antisense regulation of DOXC21-A in the A. thaliana genome

Gene structure analysis (Fig. 1A) revealed that DOXC21-A encodes two transcript isoforms
(five exons, three introns) and is uniquely overlapped by a long non-coding NAT, A73G19002.
This NAT spans the 5’ region of DOXC21-A4, includes seven exons, five annotated coding sequences
(CDSs), and overlaps untranslated regions (UTRs). In contrast, DOXC21-B (AT3G19010) shows
greater transcript complexity with four isoforms (13 exons, 9 introns) but lacks any antisense
transcript overlap. Sequence query coverage for DOXC21-A and DOXC21-B was 79%, with 72.2%
identity. Structural data were retrieved from the BAR ePlant and ThaleMine database (University
of Toronto).

SNP analysis (Fig. 1B) showed that both genes display a comparable number of 28 missense
variants, but DOXC21-4 harbors more upstream regulatory SNPs (124 vs. 71), indicating higher
potential for transcriptional variability, suggesting increased regulatory variation. Notably,
DOXC2I-B includes a unique stop-retained variant specific to the Rennes-11 accession.

To evaluate functional conservation across the 20GD family, a 35-bp region from
the DOXC21-A NAT was aligned to the A. thaliana genome. This revealed a highly conserved
29-bp core sequence highly similar to GA20X8 (AT4G21200) (28/29), JID1 (AT1G05260), F6 H2
(AT1G55290), F6’HI (AT3G13610) (all 26/29), and DOXC2I-B (25/29) (Fig. 1C).
This conservation suggests potential regulatory crosstalk among dioxygenases via shared sequence
regulatory motifs or post-transcriptional interactions.

A further search in miRBase uncovered a conserved 21-nt region within the NAT
(GAUUUUUUCAAGUGAUCAACC) that aligns with multiple known plant miRNAs (Fig. 1D),
including gra-miR8697 (G. raimondii), ppt-miR1055 (P. patens), and ath-miR844 (A. thaliana),
the latter being implicated in biotic stress signaling [36]. Partial alignments were also found
in species such as M. truncatula, V. vinifera, P. trichocarpa, L. japonicus, G. max, and A. trichopoda,
indicating deep evolutionary conservation and suggests a conserved functional core potentially

linked to miRNA mimicry or regulatory crosstalk.
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Figure 1. Genetic and regulatory conservation of the DOXC2I locus in A. thaliana. (A) Schematic
representation of gene structures and transcript isoforms of DOXC21-4 and DOXC21-B in A. thaliana. Exons
are shown in dark gray, while the NAT (473G19002) overlapping the 5’ region of DOXC21-A is shown
in purple. Red triangles indicate T-DNA insertion sites: doxc2/-a disrupts an exon of DOXC21-A4; natl
and nat2 insertions localize within the NAT; doxc21-b-1 and doxc21-b-2 disrupt the first and second exons
of DOXC21-B, respectively. (B) Summary table of SNPs identified in the DOXC21-4 and DOXC21-B genomic
regions across 2029 A. thaliana accessions. SNPs were extracted using a custom R script
(GitHub: SNP_extractor). (C) Multiple sequence alignment of a 35-bp region from the NAT (473G19002)
with related 2-oxoglutarate-dependent dioxygenase (20GD) family genes in A. thaliana, including
DOXC21-4, DOXC21-B, GA20X8, JID1, 12, and F6 ’HI. A 29-bp conserved core is highlighted, black boxes
indicate conserved residues, and white letters denote mismatches. (D) Sequence alignment and sequence logo
of positions 5-20 from the conserved NAT segment, compared with homologous regions in predicted
or annotated plant microRNAs. Included are sequences from Gossypium raimondii (gra-miR8697),
Physcomitrium patens (ppt-miR1055), A. thaliana (pre-miR844, pre-miR395a), Medicago truncatula
(pre-miR2670a), Arabidopsis Ilyrata (pre-miR4240), Vitis vinifera (pre-miR395f), Populus trichocarpa
(pre-miR6452), Lotus japonicus (pre-miR11111), Glycine max (pre-miR5042), and Amborella trichopoda
(pre-miR8565h). The WebLogo illustrates base conservation across species.

1.2. Phylogenetic analysis reveals ancient divergence of DOXC21-A and DOXC21-B

To investigate the evolutionary history of DOXC21-A and DOXC21-B, we performed
a phylogenetic analysis of homologous amino acid sequences retrieved from the A. thaliana Gramene
protein database using a BLASTp identity cutoff of >28%. Sequences were aligned using MUSCLE,
and a Neighbor-Joining (NJ) tree was constructed with 500 bootstrap replicates in MEGA11 using
the JTT model with Gamma+I (Fig. 2). The resulting topology showed that DOXC21-A
and DOXC21-B form a closely related sub-branch within distinct and well-supported clade

with homologs from eudicots, monocots, and basal angiosperms, separate from canonical gibberellic
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acid (GA) and flavonoid biosynthetic dioxygenases. Taxa span major plant lineages, including
bryophytes, lycophytes, gymnosperms, monocots, and eudicots. The broad conservation of DOXC21
paralogs supports an ancient origin, while their phylogenetic separation from hormone-associated
20GDs suggests functional divergence. Despite moderate and overall sequence identity, two
A. thaliana DOXC21-A and DOXC21-B proteins clustered together in phylogenetic tree, suggesting
that the corresponding genes likely originated from a gene duplication event — a common mechanism
driving the expansion of the 20DG family.

Notably, the DOXC21-specific clade is placed within a distinct branch of 20GD dioxygenases,
closely neighboring SAN1A-like proteins and DLOI1/DLO2-related sequences from G. max.
SANI1A-like proteins and DLO1/DLO2-related dioxygenases have been previously implicated
in specialized metabolism and regulatory functions in response to stress, suggesting
that the proximity of DOXC21s to these sequences may reflect a conserved role in adaptive
phenylpropanoid pathway modulation. Although enzymes like F6’H1, F6’H2, and S8H — key players
in phenylpropanoid metabolism — appear in a nearby but separate clade, their more distant placement
suggests potential evolutionary divergence. The phylogeny was rooted with M. polymorpha,
an early-diverging bryophyte, to provide a basal framework for interpreting the evolutionary context
of the DOXC21 lineage.

Conservation analysis (Supplementary Fig. S3) highlighted discrete regions of high similarity,
particularly in the N-terminal region and Fe?*-binding domains. All analyzed proteins contained

the conserved H-X—[DE]-X(2-20)-H motif, which is characteristic of catalytically active 20GDs.
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Figure 2. Phylogenetic reconstruction of DOXC21-A and DOXC21-B homologs across land plants.

A Neighbor-Joining (NJ) tree was generated from 100 protein sequences showing >28% identity
to A. thaliana DOXC21-A (e) and DOXC21-B (V), aligned using MUSCLE. Phylogenetic inference
was performed in MEGA11 (JTT + G+I model, 500 bootstraps). The tree was rooted with a dioxygenase
homolog from Marchantia polymorpha subsp. ruderalis, representing an early-diverging land plant.

1.3. Promoter regions of DOXC21-A and DOXC21-B contain stress-responsive cis-regulatory

elements

To investigate regulatory features that might explain the expression dynamics of DOXC2]1-4,
DOXC21-B, and NAT, we analyzed their promoter regions using PlantPromoterDB
(https://ppdb.agr.gifu-u.ac.jp/ppdb/cgi-bin/index.cgi). Approximately 1 kb upstream sequences from
the transcription start site were scanned for conserved TF binding motifs.

The DOXC21-A promoter contained several cis-elements associated with abiotic stress

and hormone signaling, including ABRE-like (abscisic acid-responsive) motifs and DRE/CRT
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elements linked to drought and cold responses. Binding sites for MYB and TF were also identified,
suggesting responsiveness to both hormonal and biotic/abiotic cues. In contrast, the DOXC21-B
promoter was enriched in elements associated with light signaling (e.g., G-box motifs), auxin
response, and general growth regulation, indicating differential transcriptional control mechanisms.
The NAT promoter also contained several stress-associated elements, including MYC and NAC
recognition sequences, supporting its inducibility under abiotic stress.

1.4.Expression dynamics of DOXC2I-A and DOXC2I-B and predicted protein—protein

interaction networks

To investigate the regulatory specialization of DOXC21-4 and DOXC21-B under abiotic stress,
we analyzed absolute transcript levels using the AtGenExpress microarray dataset. Temporal
expression profiles in shoots and roots under various stress conditions (0—24 h) revealed contrasting
patterns (Fig. 3A). At baseline, DOXC21-4 was more highly expressed in shoots (234.1 units) than
roots (98.9), while DOXC21-B expression was similar across tissues (~200 units). DOXC21-A4 was
rapidly induced by cold stress, peaked early, and declined over time. It also showed dynamic,
stress-specific regulation under drought, osmotic, and oxidative stress. UV-B strongly repressed
its expression, while root expression declined progressively under oxidative and heat stress.
In contrast, DOXC2I-B was robustly upregulated by UV-B in both shoots and roots, with peak
expression reaching 979.2 units in shoots at 3h. It was moderately induced by cold and wounding
and downregulated by heat stress.

Predicted protein—protein interaction (PPI) networks (STRING v11.5) revealed distinct
molecular context for each gene. The DOXC21-A network (Fig. 3B) was composed entirely
of literature-derived associations and included partners involved in hormone biosynthesis (GA1),
transcriptional regulation (WRKY22, WRKY27), redox balance (NPQ1, XRN3), and carotenoid
metabolism (LUT1). Additional associations with PFK2 and STOP2 suggest links to energy

metabolism and acid stress response.

The DOXC21-B network (Fig. 3C) displayed a broader and partially co-expression-supported
profile, featuring oxidative signaling (OGOX2, NDA?2), calcium-mediated responses (EDA39),
and components of translational and nucleotide metabolism (OVA9, ZEU1, WRNEXO). Both

paralogs were linked to GA1, indicating potential hormonal overlap.
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Figure 3. Differential expression of DOXC2I-A and DOXC21-B and predicted protein interaction
networks under abiotic stress. (A) Heatmaps of absolute transcript levels for DOXC21-A and DOXC21-B
in shoots and roots under selected abiotic stresses (0—24 h), based on AtGenExpress ATH1 array data. Red
and blue indicate high and low expression, respectively. DOXC21-A is responsive to cold, drought,
and oxidative stress, particularly in shoots, whereas DOXC2I-B shows strong UV-B-induced upregulation
in both tissues. (B, C) STRING-derived protein—protein interaction (PPI) networks for DOXC21-A (B)
and DOXC21-B (C), retrieved from STRING v11.5. Nodes represent proteins; edges indicate predicted
associations. DOXC21-A interactors are primarily text-mined (yellow edges) and include partners linked
to hormone biosynthesis, redox control, and photoprotection. DOXC21-B interacts with proteins involved
in oxidative stress, calcium signaling, and core metabolism, with additional co-expression support (black

edges).
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2. Phenotypic characterization of Col-0 WT and all mutant lines grown in soil under control
and drought stress conditions
2.1. Contrasting stress responses in nat and doxc21-a mutants grown in soil

To evaluate the potential involvement of DOXC21-4, NAT and DOXC21-B in drought stress
responses, we performed phenotypic characterization of all tested 4. thaliana genotypes in soil:
Col-0 WT, two NAT T-DNA insertion lines (natl, nat2), a knockout line for DOXC2I-A
(doxc21-a), and two lines for DOXC21-B (doxc21-b-1, doxc21-b-2). Stress treatments were selected
based on prior expression analyses. We focused first on drought as an environmental factor
previously shown to modulate DOXC21-4 and DOXC21-B expression and that is evolutionarily
relevant to plant adaptation from aquatic to terrestrial environments — specifically oxidative, cold,
and drought stress.

To evaluate drought responses, plants were grown in soil and exposed to a 3-week water deficit
followed by rehydration. Visual phenotypic differences were minimal under control conditions
but became more pronounced under drought, with Col-0 WT and doxc21-a lines exhibiting the most
drought-sensitive phenotypes. Notably, the doxc21-a mutants displayed severe drought sensitivity
after rehydration, with wilting, chlorosis, and poor survival (Fig. 4A). In contrast, nat and doxc21-b
mutants maintained turgid, green leaves and recovered more effectively than Col-0 WT
and doxc21-a.

Survival rate assessed three days after rewatering (Fig. 4C) confirmed significantly higher
recovery in nat and doxc21-b lines compared to doxc21-a and Col-0 WT. Shoot FW (fresh weight)
measurements mirrored these results. While no statistically significant differences in shoot FW were
observed among genotypes under control conditions, drought stress significantly reduced FW shoot
mass across all lines, except nat and doxc2i-b lines that retained significantly more biomass
(P<0.05-0.01; Fig. 4B). Drought stress increases differences in water content (WC) across
genotypes. Leaf WC measurement under drought conditions further supported this trend, with nat
and doxc21-b lines maintaining higher WC compared to doxc21-a and Col-0 WT (P<0.05-0.0001;
Fig. 4D). Electrolyte leakage assays revealed mild membrane destabilization in natl
but not in doxc2i-a or doxc21-b (Supplementary Fig. S4). Phenotypic characterization of plants

grown in soil under oxidative and cold stresses are presented in Supplementary Fig. S5-S8.
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Figure 4. Phenotypic characterization of Col-0 WT, natl, nat2, doxc21-a, doxc21-b-1 and doxc21-b-2
grown in soil under control and drought stress conditions. (A) Representative phenotypes of Col-0 WT
and tested mutant lines grown in soil under control conditions (left) and following drought stress (right). Images
show plants from one experimental replicate, captured after re-watering. (B) Shoot fresh weight (FW) was
measured three days after re-watering. Data are from one (out of two) experimental replicate, with a minimum
of eight plants per genotype per condition. (C) Recovery rate assessed in two independent experimental
replicates. Recovery was visually scored one day after re-watering based on the presence of green, viable
rosette leaves. Graphs show mean percentage values + standard deviation (SD). (D) Water content (WC)
of rosettes measured in Col-0 WT and mutant lines under control and drought conditions. WC was calculated
based on FW and dry weight. All measurements were performed on a minimum of eight biological replicates
across two independent experiments. Statistical significance was determined using one-way ANOVA
with Tukey’s multiple comparisons test for parametric data (control conditions), and with Kruskal-Wallis test
with Dunn's multiple comparisons test for non-parametric data (drought stress). Asterisks indicate significant
differences between treatments (*P<0.05, **P<0.01, ***P<0.001; ****P<0.0001).

3. Expression analysis of DOXC21-A and DOXC2I1-B genes by qRT-PCR under drought

(soil-grown conditions) and osmotic stress (in vitro) in Col-0 genetic background

To assess the impact of drought-related stress on DOXC2[/-4 and DOXC2I-B expression,
we analyzed transcript levels in Col-0 WT plants exposed to physiological drought in soil (Fig. SA)
or in osmotic stress in vitro (Fig. 5B). Osmotic stress was induced with 200 mM mannitol.

Gene expression analysis under in vitro conditions revealed that DOXC?21-B consistently showed
higher expression than DOXC21-4, across both control and osmotic treatments, with only a slight,

non-significant increase in DOXC21-4 under stress. In contrast, drought-treated soil-grown plants
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exhibited strong upregulation of DOXC2I-A relative to well-watered controls (P<0.01), while
DOXC2I-B remained unchanged, suggesting stress specific transcriptional activation of DOXC21-4
under physiological relevant drought. To sum up, drought stress significantly upregulated
DOXC2I-A expression in soil-grown plants (P<0.01), while DOXC21-B showed significantly higher
expression in vitro compared to soil, irrespective of treatment.

To explore potential regulation by NAT and DOXC21-4, DOXC21-B expression was also
measured in nat and doxc2l-b mutant lines under both control and drought conditions in soil.
Notably, nat2 showed significantly elevated DOXC21-A transcript levels under both conditions,
whereas natl displayed consistently reduced expression compared to Col-0 WT, suggesting

genotype-specific regulation of DOXC21-A4 (Supplementary Fig. S9).
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Figure 5. Relative expression levels of DOXC21-A and DOXC21-B under control and stress conditions
in A. thaliana leaves grown in soil (A) or in vitro (B). Gene expression was quantified in Col-0 WT plants
exposed to osmotic stress (in vitro, 200 mM mannitol on %2 MS medium) or drought stress (soil, water withheld
for 3 weeks). Expression levels of DOXC21-A (left) and DOXC21-B (right) were normalized to the reference
gene ACT2 and are presented as box plots (2722¢T values) for control (dark gray) and stress (light gray)
conditions. Data represent three biological replicates for in vitro and four for soil-grown samples. Statistical
significance was assessed using two-way ANOVA followed by Bonferroni’s post hoc test (*P<0.05,
**P<0.01).

4. Functional analysis of DOXC21-A in drought and osmotic stress responses: hydroponic

growth and anthocyanin quantification followed by RNA-Seq transcriptome profiling

To investigate the role of DOXC21-A under abiotic stress conditions typical of terrestrial
conditions, we decided to investigate its response to osmotic stress in hydroponic systems. While
drought stress poses a serious challenge to plant water homeostasis, osmotic stress, induced
by the application of osmotic agents such as mannitol or, more commonly used in hydroponics, PEG,
mimics the physiological effects of water limitation, including reduced turgor pressure and altered
cellular water potential. Hydroponics, although technically more difficult, is easier to control
than soil cultivation in a controlled and repeatable manner in terms of the composition of the growing
medium. In this part of the work, we focused on the DOXC21-4 gene, not only because its expression

is strongly dependent on osmotic stress, but also on the presence of overlapping NAT
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at the DOXC21-A locus, suggesting a complex transcriptional architecture, potentially contributing

to gene regulation under stress conditions.

4.1. Growth performance and anthocyanin accumulation differ among Col-0 WT, natl, nat2,
and doxc21-a in hydroponic cultures

To investigate the contribution of DOXC21-4 and NAT to plant performance under selected
stress conditions, we established a hydroponic system incorporating mild osmotic stress and low pH
conditions. A pH of 4.5 was selected as the baseline condition, as it simulates the acidic environment
of nutrient-poor or stressed soils, which is particularly relevant to root development and stress
signaling in 4. thaliana. Although pH 4.5 is mildly stressful, it does not severely impact plant growth
on its own and thus serves as a suitable control. To further mimic natural stress combinations,
the nutrient medium was based on a modified Heeg solution, which includes 10-fold concentrated
micronutrients. This modification ensures sufficient availability of essential trace elements under
low-pH conditions, where nutrient uptake and solubility may be compromised. Maintaining
micronutrient balance is particularly important in hydroponics to avoid confounding deficiencies that
could hidden stress-related phenotypes. To introduce mild osmotic stress, we supplemented
the acidic medium with 3% (w/v) PEG, which reduces water potential without being taken
up by the plant or interfering with ion homeostasis. This concentration is commonly used to simulate
early-stage drought-like conditions in A. thaliana without causing severe or irreversible damage,
allowing for observation of subtle differences in stress sensitivity among genotypes.

Under control conditions, all genotypes, including Col-0 WT, natl, nat2, and doxc21-a, grew
normally, displaying no obvious developmental or pigment-related phenotypes (Fig. 6A). Under
stress conditions, nat! and nat2 mutants displayed milder leaf senescence and chlorosis than Col-0
WT, indicating improved stress tolerance, while doxc2/-a mutants showed the most severe
phenotype with reduced fitness, premature leaf senescence and pronounced chlorosis (Fig. 6B),
indicating hypersensitivity to combined osmotic and acidic stress. In contrast, nat/ and nat2 mutants
exhibited milder stress responses, with nat2 maintaining the greenest and most turgid rosettes.
Col-0 WT showed an intermediate phenotype.

To assess further physiological responses to osmotic stress under low pH conditions,
we quantified shoot FW (Fig. 6C) and anthocyanin content (Fig. 6D) in Col-0 WT, natl, nat2,
and doxc21-a lines grown hydroponically with or without 3% (w/v) PEG. Under control conditions,
no significant differences in shoot biomass were observed among genotypes. However, PEG-induced
osmotic stress led to a significant reduction in FW across all lines. The doxc2l-a mutant was
the most affected, displaying a marked decrease in shoot mass, while nat/ and nat2 were moderately
impacted. Notably, natl retained the highest biomass under stress, suggesting improved tolerance

compared to other lines.
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Anthocyanin accumulation, a well-established marker of stress responses and secondary
metabolism, was also measured. Under control conditions, doxc2-a exhibited significantly elevated
anthocyanin content relative to Col-0 WT and rat mutants. Under PEG-induced osmotic stress,
anthocyanin levels remained relatively stable across all genotypes, suggesting that the differences

observed were predominantly genotype-specific (Fig. 6D).
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Figure 6. Phenotypic characterization of Col-0 WT, natl, nat2, and doxc21-a mutant lines cultivated
in hydroponic culture under control (A) and osmotic stress (B) conditions. Plants were cultivated under
a 16 h light/ 8 h dark photoperiod at 22°C in modified Heeg nutrient solution (pH 4.5) with 10-fold concentrated
micronutrients. Osmotic stress was induced by supplementing the medium with 3% (w/v) PEG 8000. Red
arrows indicate chlorotic rosette leaves. (C) Shoot fresh weight (FW) was measured at the end of the cultivation
period. While no significant differences were observed among genotypes under control (dark grey),
PEG-induced osmotic stress (light grey) significantly reduced biomass across all lines. Data are presented
as means from ten biological replicates, shown as box plots. (D) Total anthocyanin content was quantified
in shoot tissue and expressed as mmol g! FW. Statistical significance was determined using two-way ANOVA
followed by Bonferroni’s multiple comparisons test (*P<0.05, ***P<(0.001, ****P<0.0001).
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4.2. Transcriptomic profiling under osmotic stress reveals genotype-specific responses
4.2.1. RNA-Seq quality control and refinement of gene annotations

RNA-seq analysis was conducted to investigate transcriptional changes across 4. thaliana mutant
lines grown in hydroponics and subjected to PEG-induced osmotic stress. Transcriptome sequencing
was performed on 23 samples, including six biological replicates for Col-0 WT, natl, nat2, and five
biological replicates for doxc2l-a generating 369.50 Gb high-quality reads. A total
of 2.47 billion raw pair-end reads were obtained across all samples. The number of reads per sample
ranged between 96.2 and 120 million, with an average GC content of 46.67%. Quality assessment
indicated that sequencing data was of high reliability, with base quality scores exceeding Q20
(96.53%) and Q30 (93.95%) in all samples.

After quality filtering, clean reads were aligned to the A. thaliana reference genome with high
efficiency. The overall mapping rate ranged from 98.06% to 98.57%, and uniquely mapped reads
constituted 93.02% to 96.17% of total reads, indicating minimal off-target alignment. Multiple
mapped reads accounted for 2.25% to 5.38%. Strand specificity analysis showed an even distribution
of reads across the positive and negative strands (50.58% to 52.26%). Detailed statistics
of sequencing data are provided in Supplementary Tab. S3-S4.

To refine genome annotations accuracy, gene structures were refined based on RNA-Seq read
coverage, allowing extension of 5’ and 3’ UTRs in 1,684 genes. Additionally, StringTie-based
transcript assembly revealed 772 novel genes absent from the reference genome. Of the novel genes,
445 were functionally annotated using DIAMOND, InterProScan, and HMMER (NR, Swiss-Prot,
Pfam, GO, KEGG databases), expanding the number of putative protein-coding loci for downstream
gene expression analyses (Supplementary Tab. S5).

4.2.2. Global patterns of differential gene expression in Col-0 WT, natl, nat2, and doxc21-a
under osmotic stress

Differential gene expression analysis revealed distinct transcriptional changes across Col-0 WT
and mutant lines (natl, nat2, and doxc21-a) under the tested conditions. The number of DEGs varied
among comparisons, with the highest number observed in natl vs doxc21-a (809 DEGs) and nat2
vs. doxc2l-a (760 DEGs), suggesting substantial transcriptional reprogramming upon doxc2I-a
disruption (Fig. 7). The Col-0 WT vs doxc21-a comparison also exhibited a high number of DEGs
(741), emphasizing the impact of the mutation on global gene regulation. In contrast, the lowest
number of DEGs was detected in Col-0 WT vs nat2 (204 DEGs), indicating a milder transcriptional
shift.

Across all conditions, downregulated genes constituted a significant proportion of total DEGs,
with Col-0 WT vs. doxc21-a, natl vs. doxc21-a and nat2 vs. doxc21-a showing the highest number
of repressed genes (529, 614 and, 522 respectively). The doxc21-a genotype showed the highest

number of repressed genes, suggesting a strong transcriptional response under stress.
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To investigate the transcriptional impact of DOXC21-4 and NAT disruption, subset of genes
exhibiting a minimum log: FC (>2.5) and statistical significance (P<0.05) across all comparisons
was identified (Tab. 2). The results revealed significant alterations in key pathways, including stress
responses, hormone signaling, secondary metabolism, and transcriptional regulation. Several genes
involved in abiotic and biotic stress responses showed differential expression across mutant lines.
Interestingly, in nat2 mutant line expression level of DOXC21-4 was significantly upregulated

in comparison to all other lines including Col-0 WT, nat! and nat2 ko.
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Figure 7. Number of differentially expressed genes (DEGs) identified in pairwise comparisons between
DOXC21-A mutant lines and Col-0 WT. Dark gray bars represent downregulated genes, while light gray bars
denote upregulated genes. The highest number of DEGs was observed in nat! vs. doxc21-a (809) and nat2
vs. doxc21-a (760), while the lowest number was detected in Col-0 WT vs. nat2 (204).

Several genes associated with camalexin biosynthesis and tryptophan metabolism exhibited
differential expression patterns. ABCG40 (AT1G15520), a pleiotropic drug resistance transporter
involved in camalexin secretion [37], showed a strong downregulation in nat2 and doxc2l-a
compared to Col-0 WT, suggesting altered phytoalexin accumulation. Similarly, CYP71413
(AT2G30770), encoding a key enzyme in camalexin biosynthesis [38], was significantly repressed
in mutant lines, indicating compromised defense responses. NIT2 (AT3G44300), involved
in indole-3-acetic acid (IAA) biosynthesis from indole-3-acetonitrile [39], displayed significant
downregulation in doxc21-a while in nat2 - upregulation, which may be associated with auxin-related
pathways. MES9 (AT4G37150), a methyl-IAA esterase responsible for auxin turnover [40], was
repressed in doxc2l-a, further confirming disruptions in auxin metabolism. Additionally, 7SPO
(AT2G47770), an outer membrane tryptophan-rich sensory protein-related with roles in stress

adaptation [41], was notably reduced in doxc21-a mutant.
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Table 2. Expression profiles of selected genes that are differentially expressed (Differentially Expressed
Genes, DEGs) under osmotic stress (pH 4.5) conditions between the studied genotypes, namely Col-0
WT, natl, nat2, and doxc2I-a. Genes were selected based on significant differential expression
(log2FC>42.5, P<0.05) identified from RNA-seq analysis using [DESeq2/edgeR]. Values represent FPKM
(fragments per kb of transcript per million mapped reads)-normalized transcript abundance to illustrate relative
expression across genotypes. Color coding reflects expression level (yellow: moderate levels; green:

upregulation; red: downregulation) was applied individually per gene, to illustrate relative expression shifts
between genotypes for each gene separately. Directional arrows highlight expression trends. FPKM values
are shown for descriptive comparison only. Statistical significance was determined independently via DE
analysis (see Supplementary Tables S6).

#ID gene name Col-0O WT  natl nat2  doxc21-a #ID gene name Col-0 WT  nat1 nat2  doxc21-a
AT1G02310 MAN1 186 4288 443.06 033 AT3G29000 CML45 2554 4418.61 4447.01 46.77
AT1G05340 YUP8H12.4 4+43.05 41r54.08 4152 44.96 AT3G44260 CAF1-9 $28.74 32779 4487.91 410.39
AT1G11785 AT1G11785 152 4671 44814 J1.05 AT3G44300 NIT2 44862 ©20.31 4+59.01 40.60
AT1G12570 AT1G12570 4+0.30 028 4017 42.06 AT3G46080 ZAT8 481 406 @583 4053
AT1G15520 ABCG40 4623 4452 173 o034 AT3G48360 BT2 $429 43026 4951 £>17.12
AT1G17020 SRG1 @550 4572 @472 Jo077 AT3G48850 PHT3;2 4334 ©209 160 4051
AT1G18300 NUDT4 4978 1423 443895 4665 AT3G50980 XERO1 1548 4567 4518 4067
AT1G19250 FMO1 41645 c>987 4389 JLo0.16 AT3G53150 UGT73D1  4+2.63 4213 4236 44029
AT1G22990 HIPP22 £>67.66 482.70 4110.68 4 11.99 AT3G56970 bHLH38 =279 4440 4591 o067
AT1G29640 AT1G29640 44550 4@47.17 447.09 41.00 AT3G61190 BAP1 £13.56 411.25 4430.37 43.41
AT1G32350 AOX3 4692 4485 377 043 ATAG11211 AT4AG11211 ©»19.16 444.49 4r21.14 427.83
AT1G33960 AIG1 41219 1095 41451 4233 ATAG12580 AT4G12580 =»7.31 4417.35 $+4.41 222
AT1G47980 AT1G47980 44+3.66 149 244 44013 ATAG18422 ATAG18422 4818 4659 44 18.55 443.07
AT1G51670 HTT5 $039 {184 o031 Jo.16 AT4G23680 AT4G23680 411.02 4r13.44 4413.20 41.33
AT1G53480 MRD1 42395 @2574 $074 o022 AT4G23700 CHX17 @175 @131 @141 Jo0.15
AT1G53490 HEI10 @227 4240 Fo51 Jo41 AT4G24570 PUMP4 $2267 04459 44 76.15 4-9.39
AT1G60960 IRT3 4009 4304 @307 4287 AT4G25000 AMY1 12443 398 01385 47.34
AT1G62510 AT1G62510 41227 413844 ©17.86 4584 ATAG27280 KRP1 £»17.54 ©»17.70 4433.70 4-5.94
AT1G64795 AT1G64795 4+0.05 006 007 4+80.24 ATAG27652 ATAG27652 47.37 44.93 42461 J4.26
AT1G67856 AT1G67856 42.16 4250 44777 $1.02 ATAG27654 AT4G27654 41.84 4233 41193 J1.13
AT1G73540 NUDT21 43041 36.89 449952 }16.86 AT4G28790 BHLH23 4190 228 412.39 40.98
AT1G74590 GSTU10  4114.27 ©»9.86 4r13.42 1.97 ATAG28800 AT4G28800 440.01 41.83 4127.40 40.01
AT1G74930 ORA47 4568 1339 @¢31.27 $4.76 AT4G29780 AT4G29780 <F5.41 ©=»11.28 44 19.86 443.01
AT1G75945 AT1G75945 4+0.30 4r15.06 4+15.46 411431 ATAG33790 FAR3 =421 4235 4099 4844
AT1G76650 CML38 41330 92629 47755 49.03 ATAG34410 ERF109 $083 4340 4984 J1.69
AT2G13810 ALD1 1271 $537 522 F208 AT4G37150 MES9 @445 =370 @609 44052
AT2G14610 PR1 455,96 £>412.27 4 973.33 4-99.86 AT4G39670 GLTP 41053 4852 4r11.75 1.48
AT2G19900 NADP-ME1 446.12 44770 t»465 064 AT5G01300 AT5G01300 ©»9.14 44 14.92 =»9.05 1.73
AT2G22470 AGP2 =866 41539 4324 146 AT5G07010 SOT15 @524 J170 J1.78 Jo043
AT2G26400 ARD 1721 42076 ©@2237 4200 AT5G10625 FLP2 @411 4323 4340 o064
AT2G29350 SAG13 446393 23008 ©4598 11.11 AT5G13080 WRKY75  4}11.99 ©=»8.00 ©7.48 440.73
AT2G29460 GSTU4 14554 443638 2964 4763 AT5G13170 SWEET15 44653 447.82 ©4.13 40.76
AT2G30770 CYP71A13 42221 4fr1761 491 J1.17 AT5G17350 AT5G17350 44097 42.02 4+5.14 40.49
AT2G43570 CHI 4}250.70 ©>147.68 4243.85 435.77 AT5G28080 WNK9 $146 @445 216 40.70
AT2G44240 AT2G44240 166 4074 447.09 043 AT5G39520 AT5G39520 4+18.11 ©212.23 4417.55 42.29
AT2G45220 PME17 41040 =367 H214 019 AT5G42380 CML37 366 452 4716 441.08
AT2G45570 CYP76C2 4r5.06 4464 0230 40.03 AT5G44420 PDF1.2A 1213 4192 46.01 42058
AT2G45760 BAP2 @659 4636 456 067 AT5G45630 AT5G45630 42.75 ©5.07 4412.16 4 1.55
AT2G46820 PSI-P 4 864.10 41906.00 4r840.22 ¥} 130.30 AT5G57560 XTH22 £>14.93 4426.90 4429.93 45.24
AT2G47770 TSPO 2137 436.39 ©15.09 <+3.00 AT5G59820 ZAT12 4595 Jd518 4416.35 4-2.40
AT3G02840 AT3G02840 <2.01 ©»3.42 4538 058 AT5G62150 AT5G62150 44457 444.05 4545 095
AT3G08860 PYD4 11834 41786 2414 J421 AT5G62165 AGL42 606 191 4085 441126
AT3G10930 AT3G10930 4578 4526 441962 4149 AT5G62480 GSTU9 4525 4522 {94488 065
AT3G11340 UGT76B1 4+3.09 4344 $o077 J0.27 AT5G62520 SRO5 $083 =355 4505 441.30
AT3G13610 F6'H1 @316 @245 @244 J041 NewGene_114 -- $o011 Jo034 J023 o084
AT3G17520 AT3G17520 =5.10 411258 441 4 0.44 NewGene_142 -- @300 o076 Ho048 o057
AT3G18250 AT3G18250 4F25.77 ©»19.32 43111 4472 NewGene_159 -- $0.00 J50.00 43183 40.00
AT3G19000 DOXC21-A 19.48 J119.62 4125.43 {3.89 NewGene_280 -- 4006 0036 @054 440.13
AT3G22600 LTPGS 4+41.58 ©»25.07 2041 <F3.19 NewGene_710 -- 4002 4366 4377 €+4.29
AT3G22840 ELIP1 £>13.89 4428.77 1326 44.80 NewGene 1147 -- 4829 454 =430 440.70
AT3G27473 AT3G27473 4035 025 4164 4020 NewGene 1284 -- 4328 J109 Jo08s o054

121



Key genes implicated in plant defence and systemic acquired resistance (SAR) were significantly
misregulated. FMO1 (ATIG19250), a flavin monooxygenase essential for SAR induction [42],
was downregulated in doxc21-a mutants, indicating a suppression of immune priming. Similarly,
ALDI (AT2G13810), a pipecolic acid biosynthesis gene critical for SAR signalling [43], exhibited
decreased expression in doxc2l-a mutants. PRI (AT2G14610), a canonical SAR marker [44],
exhibited a dynamic expression pattern in response to DOXC21-A disruption. It was downregulated
in doxc21-a, maintained at moderate levels in Col-0 WT and natl, and strongly induced in nat2,
suggesting complex transcriptional regulation linked to stress adaptation.

Multiple genes involved in micronutrient acquisition and transport displayed differential
expression. HIPP22 (AT1G22990), encoding a heavy metal-associated isoprenylated plant protein
involved in Zn homeostasis [45], was strongly downregulated in doxc21-a and upregulated in nat!
and nat2 in comparison to Col-0 WT, suggesting altered micronutrient management. /R73
(AT1G60960), an iron-regulated transporter [46], was differentially expressed (upregulation natl,
nat2 and doxc21-a mutant lines), indicating disruptions in Fe uptake pathways. Moreover, F'6 'H1
(AT3G13610), an enzyme that hydroxylates feruloyl-CoA [20], exhibited altered expression levels,
implicating its role in phenylpropanoid-related stress responses. Notably, F'6 'H1 overexpression has
been shown to redirect feruloyl-CoA flux toward scopoletin biosynthesis, thereby reducing lignin
content and modifying lignin composition and structure [47]. bBHLH38 (AT3G56970), a TF regulating
Fe homeostasis [48], displayed significant downregulation in doxc21-a, moderate expression in Col-
0 WT and upregulation in in nat/ and in nat2, suggesting an Fe-deficiency response. Structural gene
such as XTH22 (AT5G57560), involved in cell wall remodelling under boron deficiency [49], and
ZATI12 (AT5G59820), a zinc-finger TF interacting with FIT (FER-like iron deficiency-induced TF)
linking Fe deficiency and oxidative stress response [50], were also misregulated.

Genes involved in RNA metabolism and transcriptional regulation were significantly altered.
NUDT21 (AT1G73540), a Nudix hydrolase involved in mRNA capping [51], exhibited significant
upregulation in nat2, indicating post-transcriptional regulation under stress. CAF1-9 (AT3G44260),
a component of the CCR4-NOT complex responsible for mRNA deadenylation and degradation [52],
exhibited significant upregulation in nat2 mutant line, suggesting potential alterations in RNA
turnover dynamics and post-transcriptional regulation.

Several genes linked to JA biosynthesis and fatty acid metabolism exhibited significant
differential expression. ORA47 (ATIG74930), a key JA-responsive TF [53], was significantly
upregulated in nat2, suggesting enhanced jasmonate signaling pathway. FAR3/CER4 (AT4G33790),
encoding fatty acyl-CoA reductase involved in cuticular wax biosynthesis [54], showed repression
in natl and nat? mutant lines and upregulation in doxc2I-a, indicating modifications in lipid
metabolism. SOT15 (AT5G07010), a sulfotransferase involved in JA metabolism [55], and CML37

(AT5G42380), a calmodulin-like protein that modulates jasmonate responses [56], were significantly
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affected, especially in doxc21-a. Additionally, PDF1.2 (AT5G44420), a JA-responsive defense gene
[57], was upregulated in doxc21-a, indicating possible involvement of JA-related regulation.

Acidic growth conditions led to differential regulation of genes linked to pH stress adaptation
and macronutrient transport. CML38 (AT1G76650), encoding a calmodulin-like protein responsive
to Ca?* fluctuations under low pH [58], exhibited increased expression in nat2. PYD4 (AT3G08860),
a pyrimidine biosynthesis gene linked to nucleotide metabolism [59], was significantly repressed
in doxc21-a. PHT3;2 (AT3G48850), encoding a phosphate (P) transporter [60], was differentially
expressed, suggesting P homeostasis disruptions in DOXC21-4 mutant lines. Furthermore, WRKY75
(AT5G13080), a TF modulating root architecture under P starvation [61], displayed altered
expression patterns with strong downregulation in doxc2i-a. CHX17 (AT4G23700), a Na+/H+
exchanger involved in pH regulation and K+ homeostasis [62], was significantly misregulated
in doxc21-a.

Photosynthesis-associated genes were also affected by DOXC21-A mutations. PSI-P
(AT2G46820), encoding a photosystem I subunit [63], exhibited reduced expression in doxc2i-a
mutants, a pattern consistent with stress-induced adjustments in photosynthesis-related gene
expression. ELIPI (AT3G22840), an early light-inducible protein involved in chloroplast
photoprotection [64], was also downregulated in doxc2-a, implying increased susceptibility
to oxidative damage.

Three other functionally relevant genes exhibited notable expression shifts. AGL42
(AT5G62165), a MADS-box TF involved in developmental processes [65], was differentially
expressed, hinting at possible developmental plasticity. SRO5 (SIMILAR TO RCD-ONE,
AT5G62520), a redox-regulatory protein involved in oxidative stress responses [66], showed
increased expression in natl and nat2, which is commonly associated with redox regulation. HEI10
(AT1G53490), a RING/U-box superfamily E3 ubiquitin ligase involved in meiotic recombination
[67], was downregulated in nat2 and doxc2l-a, suggesting a potential link between
ubiquitin-mediated chromatin regulation and stress adaptation.

Supplementary Tables 6A-F provide an overview of the top DEGs identified in RNA-seq
analysis, including upregulated and downregulated genes across different comparisons. Each table
includes gene annotations, FC values, p-values, GO classifications, KEGG pathway annotations, and
protein function predictions.

4.3. KEGG pathway mapping highlights differential activity in phenylpropanoid biosynthesis

KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway enrichment analysis
was conducted to classify the DEGs and identify biological pathways that are significantly enriched
with the list of genes of interest. The analysis revealed that DEGs were predominantly associated
with key biological processes, including environmental signal transduction, metabolic pathways,

and stress response mechanisms.
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The Col-0 WT vs. doxc21-a comparison revealed that the plant hormone signal transduction
pathway was among the most enriched categories, with 23 DEGs (8.21%), indicating significant
disruptions in hormone-mediated regulatory networks. Similarly, MAPK signaling (16 DEGs,
5.71%) was significantly altered, suggesting changes in stress perception and defense signaling.
Metabolic processes, including photosynthesis (15 DEGs, 5.36%), phenylpropanoid biosynthesis
(13 DEGs, 4.64%), and oxidative phosphorylation (12 DEGs, 4.29%), were also affected. The plant-
pathogen interaction pathway (25 DEGs, 8.93%) was significantly enriched, highlighting
a substantial reprogramming of immune responses.

In the Col-0 WT vs. natl comparison, plant hormone signaling (16 DEGs, 10.13%) and MAPK
signaling (11 DEGs, 6.96%) were among the top enriched pathways, further confirming the role
of DOXC2I-4 in stress response coordination. Metabolic processes such as starch and sucrose
metabolism (11 DEGs, 6.96%), biosynthesis of amino acids (8 DEGs, 5.06%), phenylpropanoid
biosynthesis (8 DEGs, 5.06%), and galactose metabolism (7 DEGs, 4.43%) were also differentially
regulated. The plant-pathogen interaction pathway (19 DEGs, 12.03%) was significantly enriched,
pointing to alterations in defense mechanisms.

The Col-0 WT vs. nat2 comparison revealed strong enrichment in MAPK signaling (7 DEGs,
11.86%), phosphatidylinositol signaling (3 DEGs, 5.08%), and plant hormone signal transduction
(3 DEGs, 5.08%), suggesting modifications in environmental response pathways. Additionally,
cysteine and methionine metabolism (3 DEGs, 5.08%), starch and sucrose metabolism (3 DEGs,
5.08%), and circadian rhythm regulation (3 DEGs, 5.08%) were affected, indicating a shift
in metabolic and regulatory processes. The plant-pathogen interaction pathway (10 DEGs, 16.95%)
was among the most highly enriched categories, reinforcing the impact of DOXC21-A4 on pathogen
defense.

The natl vs. doxc21-a comparison showed an even stronger impact on hormone signaling
(29 DEGs, 10.90%), MAPK signaling (17 DEGs, 6.39%), and phenylpropanoid biosynthesis
(15 DEGs, 5.64%), than observed in the Col-0 WT vs. nats comparisons, reinforcing the role
of DOXC2I-A in regulating stress responses and metabolic pathways. Notably, starch and sucrose
metabolism (13 DEGs, 4.89%) and glucosinolate biosynthesis (10 DEGs, 3.76%) were also affected,
suggesting an interplay between secondary metabolite production and stress adaptation.
The plant-pathogen interaction pathway (17 DEGs, 6.39%) was significantly enriched, emphasizing
immune-related transcriptional shifts.

A similar pattern was observed in the nat2 vs. doxc21-a comparison, where plant hormone signal
transduction (24 DEGs, 9.52%), MAPK signaling (18 DEGs, 7.14%), and phenylpropanoid
biosynthesis (18 DEGs, 7.14%) were among the most differentially enriched categories. Taking into
account the centrally located T-DNA insertion within the NAT sequence in the nat2 line, it was
particularly interesting to conduct a more detailed comparison of DEGs between this line

and the doxc21-a knockout mutant (Fig. 8).
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Figure 8. KEGG classification of Differentially Expressed Genes (DEGs) identified in comparisons
of nat2 and doxc21-a. The KEGG pathways are grouped into major functional categories, including Genetic
Information Processing, Environmental Information Processing, Metabolism, and Organismal Systems.
The most significantly enriched pathways include plant hormone signal transduction, MAPK signaling,
phenylpropanoid biosynthesis, cysteine and methionine metabolism, and plant-pathogen interactions.
The percentage of annotated DEGs in each pathway is indicated in parentheses.

A further comparison of DEGs among nat2 vs. doxc2I-a revealed particularly interesting
insights into phenylpropanoid biosynthesis (Fig. 9). Several enzymatic steps in lignin and flavonoid
biosynthesis were differentially regulated, suggesting altered pathway flux between these genotypes
under osmotic stress conditions. The cysteine and methionine metabolism pathway (11 DEGs,
4.37%) was also significantly regulated, indicating changes in sulfur metabolism and polyamine
biosynthesis. The plant-pathogen interaction pathway (27 DEGs, 10.71%) exhibited a notable
increase in differentially regulated genes, suggesting that DOXC21-A4 is involved in modulating
immune responses.

Lastly, in the natl vs. nat2 comparison, pathways related to metabolic and genetic processing
were differentially regulated. The plant hormone signal transduction category accounted
for 10 DEGs (12.99%), demonstrating alterations in hormonal regulation. Genetic information
processing pathways, such as ribosome function (7 DEGs, 9.09%) and protein processing
in the endoplasmic reticulum (5 DEGs, 6.49%), were also significantly enriched. Notably, ubiquitin-
mediated proteolysis (4 DEGs, 5.19%), phenylpropanoid biosynthesis (4 DEGs, 5.19%), and starch
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and sucrose metabolism (4 DEGs, 5.19%) indicated potential modifications in protein degradation

and carbohydrate metabolism. Additionally, plant-pathogen interaction (8 DEGs, 10.39%) was

significantly enriched.
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Figure 9. Differential regulation of the phenylpropanoid biosynthesis pathway in nat2 and doxc21-a
mutant lines under osmotic stress conditions. Transcriptomic data were mapped onto the KEGG
phenylpropanoid biosynthesis pathway (KEGG Pathway: ath00940) to illustrate differential gene regulation in
hydroponically grown nat2 and doxc21-a plants exposed to 3% (w/v) PEG-induced osmotic stress. Genes
upregulated in rat2 are marked in green, those upregulated in doxc2l-a in red, and genes showing mixed
regulation between the two genotypes are highlighted in blue.

4.4. Differential Exon Usage (DEU) analysis reveals isoform-specific regulation

Alternative splicing (AS) serves as a crucial regulatory mechanism that expands transcriptome

complexity and enables plants to fine-tune gene expression in response to environmental stressors.

To investigate AS wvariation across A.

thaliana Col-0 WT, natl, nat2, and doxc2l-a,

a transcriptome-wide analysis was done, classifying a total of 1,067,430 AS events into 12 distinct

AS types, based on variations in exon skipping, intron retention, alternative exon boundaries,

and transcription start/termination site modifications (Tab. 3).
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Table 3. Alternative Splicing (AS) event statistics. The average number of alternative splicing (AS) events
detected in Col-0 WT, natl, nat2, and doxc21-a mutant lines. XSKIP (approx. single exon skipping, fuzzy
boundary); XMSKIP (approx. multi-exon skipping, fuzzy boundary); XMIR (approx. multi-intron retention,
fuzzy boundary); XIR (approx. single intron retention, fuzzy boundary); XAE (approx. alternative exon
variable 5’ or 3’ end, fuzzy boundary); TTS (alternative 3’ last exon/transcription termination site, the last exon
splicing); TSS (alternative 5° exon/transcription start site, the first exon splicing); SKIP (precise single exon
skipping); MSKIP (precise multi-exon skipping); MIR (multi-intron retention); IR (single intron retention);
AE (alternative exon ends).

AS Alternative splicing Col-0 WT nat1 nat2 doxc21-a
XSKIP approx. single exon skipping, fuzzy boundary 201 201 200 197
XMSKIP | approx. multi-exon skipping, fuzzy boundary 10.7 15.8 10.8 11.2
XMIR approx. multi-intron retention, fuzzy boundary 37 35 38 33
XIR approx. single intron retention, fuzzy boundary 586 593 607 577
XAE approx. alternative exon variable 5’ or 3’ end, fuzzy boundary 814 827 805 805

alternative 3’ last exon/transcription termination site, the last
TTS 18557 18492 | 18554 | 18428
exon splicing

alternative 5’ exon/transcription start site, the first exon

TSS 19310 19273 | 19317 | 19208
splicing
SKIP precise single exon skipping 535 546 558 540
MSKIP precise multi-exon skipping 36.8 40.2 36.3 36
MIR multi-intron retention 196 194 200 201
IR single intron retention 2260 2294 2291 2285
AE alternative exon ends 3872 3922 3965 3850

XSKIP (Approx. Exon Skipping) represents single exon skipping with a fuzzy boundary, while
XMSKIP (Approx. Multi-Exon Skipping) involves the skipping of multiple exons. XMIR (Approx.
Multi-Intron Retention) and XIR (Approx. Intron Retention) describe cases of multi-intron or single
intron retention, respectively. XAE (Approx. Alternative Exon Ends) reflects alternative exon
boundary variations. TTS (Alternative Transcription Termination Site) and TSS (Alternative
Transcription Start Site) denote variability in the last 3” and first 5’ exons, respectively. SKIP (Precise
Exon Skipping) and MSKIP (Precise Multi-Exon Skipping) correspond to well-defined exon
skipping events. MIR (Multi-Intron Retention) and IR (Single Intron Retention) indicate intron
retention events, while AE (Alternative Exon Ends) represents variability in either or both exon
termini. Among all genotypes, TTS and TSS were the most frequently detected AS events, both
exceeding 18,400 and 19,200 occurrences, respectively, across samples. IR was also highly
represented, followed by AE, reflecting extensive transcriptomic flexibility. IR and AE frequencies
were slightly elevated in nat! and nat2 mutant lines relative to Col-0 WT, suggesting altered splicing
patterns upon DOXC21-A disruption. In contrast, doxc21-a exhibited a reduced occurrence of these
events, which may indicate distinct regulatory consequences of this mutation. Additionally, SKIP
although not statistically significant (p=0.079) was more abundant in nat2 in comparison to Col-0
WT, while MSKIP events were more abundant in rat/ in comparison to doxc21-a. XMSKIP was

more abundant in nat/ when compared to other lines. Differences in the statistics on alternative
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splicing events indicate transcriptomic plasticity associated with DOXC2I-A gene expression
regulation.

Differential AS analysis identified 152 significantly differentially spliced genes (DSGs)
(FDR<0.01). DEU analysis revealed multiple genes exhibiting significant exon-level changes,
particularly those involved in stress response, transcriptional regulation, and secondary metabolism.
DEU described in following paragraph are collected in Tab. 4.

DEU analysis between Col-0 WT and doxc21-a identified significant exon usage shifts in genes
involved in transcriptional regulation, stress response, and metabolic processes. Among the most
upregulated exons, DOXC21-A (AT3G19000) exhibited the highest exon usage variation.
Additionally, HDS (AT5G60600), encoding 4-hydroxy-3-methylbut-2-enyl diphosphate synthase
involved in isoprenoid biosynthesis [68], and SMP2 (4T4G37120), encoding a pre-mRNA splicing
Prpl8-interacting factor [69], displayed elevated exon inclusion, suggesting a role
in post-transcriptional regulation under osmotic stress conditions. Conversely, the most
downregulated exons included PDE327 (A4T4G30720), encoding a putative oxidoreductase/electron
carrier detected in the chloroplast stroma [70], and AK-HSDH I (AT1G31230), encoding aspartate
kinase-homoserine dehydrogenase I involved in essential amino acid biosynthesis [71].

The most notable changes in DEU between Col-0 WT and natl were observed in LARPI
(AT5G21160), which exhibited a strong reduction in exon inclusion, suggesting a role in stress
adaptation. Similarly, RABEIc (AT3G46060), encoding a small GTP-binding protein, displayed
reduced exon retention [72], potentially affecting intracellular signaling pathways. ATIG01210,
encoding a DNA-directed RNA polymerase subunit, also showed altered exon usage, indicating

possible transcriptional regulatory changes.
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Table 4. Differential Exon Usage (DEU) analysis reveals genotype-specific transcript isoform regulation
in doxc21-a, natl, and nat2 mutant lines under osmotic stress conditions. The table presents genes
exhibiting significant DEU across pairwise comparisons between Col-0 WT and the indicated mutant lines
(doxc21-a, natl, nat2), based on RNA-seq data from hydroponically grown rosette leaves treated with 3%
(w/v) PEG. A plus sign (“+”) indicates a significant change in exon usage (adjusted P<0.05), as detected
by DEXSeq.

Gene ID Gene name Col-0 WT Col-0 WT Col-0 WT natl vs. nat2 vs. natl
vs. doxc21-a vs. natl vs. nat2 doxc21-a doxc21-a vs. nat2
AT1G01210 +
AT1G19650 +
AT1G25145 LpxC4 +
AT1G31230 | AK-HSDH | +
AT1G44575 NPQ4 +
AT1G53490 HEI10 +
AT1G56300 +
AT1G64790 ILITHYIA +
AT1G79530 GAPCP-1 +
AT2G22720 +
AT2G45570 CYP76C2 +
AT3G15450
AT3G19000 | DOXC21-A + + +
AT3G46060 RABE1c +
AT4G28790 bHLH23 + +
AT4G30720 PDE327 +
AT4G35770 SEN1 +
AT4G37120 SMP2 +
AT4G37280 +
AT5G04590 SIR + +
AT5G21160 LARP1A + + +
AT5G37850 5054 +
AT5G60600 HDS +
AT5G67030 ABA1 +

DEU analysis between Col-0 WT and naf2 mutants revealed significant exon usage alterations
in genes associated with metabolic regulation, stress response, and secondary metabolism. The most
upregulated exon usage was observed in  GAPCP-1 (ATIG79530), encoding
glyceraldehyde-3-phosphate dehydrogenase of plastid 1 [73], followed by SIR (AT5G04590),
encoding sulfite reductase [74], and ABA1 (AT5G67030), encoding zeaxanthin epoxidase, which
functions in the first step of ABA biosynthesis [75]. Conversely, AT1G19650, Secl4p-like
phosphatidylinositol transfer family protein, showed the strongest exon repression, highlighting
its potential involvement in stress-related metabolic shifts. SOS4 (AT5G37850), encoding
a pyridoxal kinase required for root hair development [76], exhibited decreased exon inclusion.

Genes with significant splicing variations between natl and doxc21-a included DOXC21-A
(AT3G19000), LARPIA (AT5G21160) involved in mRNA degradation in response to stress [77],
AT2G22720 encoding SPT2 chromatin protein, and ILITHYIA (AT1G64790), a HEAT repeat protein
involved in plant immunity [78]. Furthermore, NPQ4 (AT1G44575), encoding PSII-S (CP22),
a pigment-binding protein associated with photosystem II (PSII) [79], exhibited distinct alternative

splicing patterns.
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Additionally, DOXC21-4 (AT3G19000), bHLH23 (AT4G28790) and CYP76C2 (AT2G45570,
an enzyme involved in monoterpenol metabolism [80]), displayed altered exon composition between
nat2 and doxc21-a. Other affected genes included AT3G15450, SIR (AT5G04590), encoding sulfite
reductase essential for sulfur metabolism [74], and AT4G37280, encoding an MRG family
chromatin-binding protein.

DEU between the natl and nat2 mutant lines identified multiple genes exhibiting significant
exon-level changes. Among them, TF bHLH23 (AT4G28790), LpxC4 (ATIG25145), encoding
a UDP-3-O-acyl N-acetylglycosamine deacetylase family protein [81], LARPIA (AT5G21160),
encoding an RNA-binding protein involved in mRNA degradation under stress [77], and SENI
(AT4G35770), a senescence-associated gene strongly induced by P starvation [82], displayed
alternative exon usage. Additionally, HEI10 (AT1G53490), encoding a RING/U-box superfamily
protein that regulates the condensation of class I crossover factors during meiosis [67], exhibited
substantial exon usage shifts, suggesting post-transcriptional regulation potentially impacting
meiotic gene expression. Genes associated with protein modification, metabolic pathways, and signal
transduction, such as A71G56300, encoding a chaperone Dnal- domain protein, were also
differentially spliced.

These findings suggest that the disruption of DOXC21-4 influences exon usage in key regulatory
genes, potentially affecting transcriptional networks involved in stress responses and secondary
metabolism. As expected, DOXC21-A (AT3G19000) displayed DEU specifically in comparisons
involving the doxc2l-a knockout line. Several genes with roles in abiotic stress signaling,
development, and transcriptional regulation were affected, including ABAI (AT5G67030), SMP2
(AT4G37120), and NPQ4 (AT1G44575). Notably, isoform shifts were also observed in genes
involved in hormone biosynthesis (HDS), translational control (RABEIc, SIR), and stress signaling
(SOS4, ILITHYIA). These findings suggest that the loss of DOXC21-A and disruption of NAT
transcription  influence post-transcriptional regulatory mechanisms, likely contributing
to the fine-tuning of stress adaptation in 4. thaliana.

4.5. Gene family analysis reveals altered expression of selected transcription factors (TFs), ABC
transporters, and cytochrome P450s (CYPs)

To elucidate the transcriptional regulatory responses associated with DOXC21-A4 disruption,
we analyzed differentially expressed TFs from the MYB, WRKY, bHLH, and bZIP families. Heat
maps were generated to illustrate their expression profiles across Col-0 WT, nat and doxc2 1-a mutant
lines (Fig. 10). These TF families are known to mediate responses to environmental cues
and developmental processes in plants. Specifically, MYB TFs regulate secondary metabolism,
hormone signaling, and stress responses, often regulating phenylpropanoid biosynthesis and drought
adaptation [83, 84]. WRKY TFs are central to plant immunity and systemic acquired resistance
(SAR) [85], bZIP TFs control ABA signaling and energy homeostasis [86, 87], while bHLH TFs

participate in light and hormone signaling, Fe homeostasis, and root development [88].
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Among the MYB family (Fig. 10A), MYBL2 (AT1G71030), a key repressor of proanthocyanidin
biosynthesis [89], showed the highest expression in natl, suggesting its involvement in modulating
flavonoid pathway. MYB59 (AT5G59780), associated with K'/NO*" translocation under potassium
deficiency [90], was strongly downregulated in doxc2l-a, indicating potential perturbation
of ion homeostasis. MYB112 (AT1G48000), which promotes anthocyanin accumulation and abiotic
stress responses [91], was markedly upregulated in nat/ and nat2. Conversely, MYB7 (AT2G16720),
a repressor of flavonol biosynthesis, was downregulated in doxc2il-a, suggesting metabolic
reprogramming in secondary metabolite pathways. MYB31 (AT1G74650), involved in wax
biosynthesis during reproductive development [92], was upregulated in doxc21-a. Notably, MYB4
(AT4G38620), a suppressor of phenylpropanoid metabolism [93], showed reduced expression in nat!/
and nat2, pointing toward potential activation of phenylpropanoid-related pathways.

WRKY TFs (Fig. 10B) exhibited extensive differential expression, highlighting their role
in stress-related transcriptional regulation. WRKY18 (AT4G31800) displayed the most pronounced
expression variation - strongly upregulated in nat2 and Col-0 WT but repressed in doxc2i-a
suggesting involvement in biotic stress adaptation [94]. WRKY40 (AT1G80840), a negative regulator
of ABA signaling [95], exhibited a similar trend, with upregulation in nat!/ and nat2 but strong
downregulation in doxc2l-a, indicating a potential shift in ABA homeostasis. WRKY22
(AT4G01250), involved in ethylene signaling [96], was induced in nat!/ and nat2 as it was shown
in PPI in silico analysis (Fig. 3B). WRKY46 (AT2G46400), regulator of hormone crosstalk [97],
was downregulated in doxc2I-a, but elevated in other genotypes. WRKY75 (AT5G13080), which
modulates P starvation and senescence [61], was repressed in doxc2I-a, suggesting altered nutrient
stress responses.

In the bZIP TF family (Fig. 10C), bZIP1 (AT5G49450), known for its role in nitrogen
(N)-responsive metabolic regulation [98], was markedly upregulated in natl, suggesting
an involvement in nutrient signaling reprogramming. bZIP63 (AT5G28770), a key regulator
of ABA-dependent energy signaling [99], also displayed elevated expression in nratl, indicating
activation of stress-related metabolic adaptation mechanisms.

Within the bHLH TF (Fig. 10D), bHLH (AT5G57150), bHLH23 (AT4G28790)
and bHLH56-like (AT4G28800) showed the highest expression increases in nat2, although
their functional roles remain uncharacterized. Notably, bHLHI150 (AT3G05800), associated
with brassinosteroid signaling pathway [100], was significantly induced in both nat2 and doxc21-a

lines, potentially linking DOXC21-4 disruption to hormone-regulated growth and stress response.
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Figure 10. Expression profiles of selected TF families across Col-0 WT, natl, nat2, and doxc21-a mutant
lines under osmotic stress. Heatmaps display the average FPKM values derived from RNA-seq data for DEG
belonging to the (A) MYB, (B) WRKY, (C) bZIP, and (D) bHLH TF families. Genes were selected based
on statistically significant expression changes (log:FC>1, p<0.05) identified through differential expression
analysis. FPKM values represent normalized transcript abundance and are shown here for comparative
visualization of genotype-specific expression patterns. Color intensity reflects relative expression levels across
samples.

Together, these findings highlight the distinct regulation of key TSs in doxc21-a and nat mutants,
particularly those involved in hormonal signaling, nutrient regulation, secondary metabolism,
and abiotic stress adaptation. These transcriptional shifts underscore the potential role
of DOXC21-A as a central integrator of environmental signaling and stress-responsive transcriptional
networks in 4. thaliana.

ABC (ATP-binding cassette) transporters and CYP monooxygenases are two major families

involved in plant metabolism, stress responses, and development [101] (Fig. 11). ABC transporters
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actively shuttle phytohormones, secondary metabolites, and xenobiotics across cellular membranes,
playing crucial roles in detoxification, nutrient transport, and defense [102]. CYP enzymes catalyze
a wide range of oxidative reactions involved in the biosynthesis and modification of hormones
(e.g., auxins, gibberellins, and brassinosteroids), and specialized metabolites such as glucosinolates
and flavonoids [103]. Given their importance in stress adaptation, signaling, and metabolic
regulation, both gene families were analyzed to determine the impact of DOXC21-A disruption
on membrane transport and metabolic pathways across Col-0 WT, nat and doxc21-a mutant lines.

ABC transporter gene expression (Fig. 11A) showed clear genotype-dependent shifts. ABCG36
(PEN3/PDRS; AT1G59870), which transports camalexin and indole-type metabolites
and contributes to pathogen defense [37], was strongly upregulated in doxc2l-a in comparison
to all other genotypes, indicating that DOXC2I-A may influence immunity by modulating
antimicrobial compound secretion, ROS signaling, and auxin precursor efflux. In contrast, ABCG40
(PDRI12; ATIG15520), a multifunctional transporter implicated in camalexin export, ABA uptake,
and heavy metal detoxification [37], was markedly downregulated in doxc2I-a, suggesting
suppression of ABA signaling. ABCF5 (GCNS5; AT5G64840), a histone acetyltransferase required
for P starvation signaling, cuticular wax biosynthesis, and Fe homeostasis [104, 105], exhibited
reduced expression in doxc2l-a, reinforcing a potential role for DOXC21-4 in transcriptional
regulation via chromatin remodeling. Notably, ABCCI4 (AT3G62700), encoding a transporter
of acylated anthocyanins [106], was significantly upregulated in doxc2I-a, suggesting enhanced
vacuolar sequestration of anthocyanins as a component of antioxidant defense. Additionally,
ABCG29 (AT3G16340), a monolignol exporter involved in lignin biosynthesis [107],
was upregulated in doxc21-a, linking DOXC21-A to cell wall remodeling and structural adaptation
during stress.

CYP expression patterns (Fig. 11B) revealed transcriptional alterations in genes central
to hormone biosynthesis and defense-related metabolism. CYP71413 (AT2G30770), a key enzyme
in camalexin biosynthesis [37], was strongly downregulated in nat2 and doxc2I-a, pointing
to suppressed camalexin-mediated defense. Likewise, CYP83B1 (SUR2; AT4G31500), a pivotal
regulator of glucosinolate precursor formation, auxin/brassinosteroid balance, and phenylpropanoid
metabolism [108, 109], showed a pronounced decrease in nat! and nat2, reflecting potential
hormonal and metabolic dysregulation. Intriguingly, CYP70743 (AT5G45340), involved in ABA
catabolism [110], was upregulated in nat! and nat2, while CYP707A41 (AT4G19230), another key
enzyme in ABA metabolism [111], remained relatively stable, indicating genotype-specific
modulation of ABA turnover. CYP84A41 which encodes ferulate 5-hydroxylase (F5H, At4G36220),
a CYP-dependent monooxygenase that participates in the biosynthesis of the monolignol sinapyl
alcohol, thereby influencing the accumulation of syringyl (S) lignin monomers in vascular plants
[112], was significantly downregulated in doxc21-a in comparison to Col-0 WT and nat mutants.

Finally, CYP79F1 (BUS1; AT1G16410), a glucosinolate biosynthetic gene [113], was downregulated
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in natl and nat2 but elevated in doxc2l-a, highlighting potential complex regulation

of sulfur-containing secondary metabolism by DOXC21-A.
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Figure 11. Expression profiles of genes encoding
members of ABC transporter (A) and cytochrome P450
(B) familues in Col-0 WT, natl, nat2, and doxc2l-a
ABCG32 (AT2G26910) 14.8 138 133 195 . .
mutant lines under osmotic and low pH stresses.
ABCG34 (AT2G36380) 54 58 44 59

Heatmaps depict average FPKM values from RNA-se
ABCG36 (AT1659870) T ok e aps cep ge TR Vi s

analysis for genes exhibiting significant transcriptional
ABCG40 (AT1G15520) 62 45 17 034

changes (log: FC>1, p<0.05). Color intensity reflects
ABCB9 (AT4G18050) 0.28 0.38 0.33 0.54 h i . o .

relative expression, with darker shades indicating higher
NAPS (AT1G71330) 13 15 13 1.1 i

transcript abundance.

Taken together, these results demonstrate that DOXC2I-4 disruption leads to extensive
transcriptional reprogramming of genes in the ABC transporter and CYP families. Notable
genotype-dependent differences were observed for ABCG40, ABCB19, CYP71A413, and CYP707A43,
implicating shifts in hormone transport, defense response, and specialized metabolite biosynthesis.

The altered expression of genes involved in hormone signaling, detoxification, and secondary
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metabolite biosynthesis and transport suggests that DOXC2I-A may play an integrative role

in coordinating plant stress responses at the interface of metabolic and transcriptional regulation.

5. Targeted qRT-PCR validation confirms transcriptomic trends
5.1.DOXC21-A, DOXC21-B, NAT, and stress-responsive dioxygenases are differentially
regulated

We performed qPCR analysis (Fig. 12) to gain deeper insights into the transcriptional regulation
of DOXC21-A and NAT, and selected genes involved in stress response and secondary metabolism.
Rosette leaves were collected from Col-0 WT, natl, nat2, and doxc2 1-a plants grown hydroponically
under control conditions (pH 4.5) and under mild osmotic stress (3% [w/v] PEG). This analysis aimed
to validate transcriptomic trends and assess how disruption of DOXC2I-A and NAT affects
the expression of key regulatory and biosynthetic genes, particularly in the phenylpropanoid
and lignin biosynthesis pathways.

As expected, expression analysis confirmed altered regulation of the targeted dioxygenase genes
DOXC21-4 and DOXC2I-B, along with their putative regulatory IncRNA NAT (Fig. 12A).
DOXC21-A expression was significantly upregulated in nat/ (P<0.0001) and in nat2 (P<0.001) under
stress, while remaining unchanged in Col-0 WT. NAT transcript levels were significantly reduced
in both nat mutants, confirming successful T-DNA disruption. In Col-0 WT, NAT expression showed
a slight, non-significant increase under PEG treatment, whereas in doxc2l-a
it was significantly downregulated by this stress (P<0.0001 vs. Col-0 WT and control). DOXC21-B
expression was modestly but significantly reduced in nat2 under control conditions (P<0.05
vs. natl).

We next examined three 20GDs involved in specialized phenylpropanoid metabolism — F6’H1,
F6’H2, and F3’H (Fig. 12B). F6°HI, a coumarin biosynthesis gene [20, 47], was strongly induced
in Col-0 WT under osmotic stress (P<0.0001), a pattern not observed in mutant lines. F6’H2
expression remained relatively stable across genotypes and treatments. While F3’H expression
remained unchanged under stress in Col-0 WT, but in mutant lines showed a significant upregulation
under stress compared to control (P<0.001 to P<0.0001), suggesting differential regulation
of the flavonoid pathway.

5.2. Hormone- and phenylpropanoid-related genes show genotype-specific expression
patterns

Genes involved in hormonal signaling and growth-stress integration, including GA200X1,
GA200X8 (Gibberellin 20-oxidases), and JID1 (Jasmonate-Induced Dioxygenase 1), also displayed
genotype- and stress-dependent expression patterns (Fig. 12C). Under PEG-induced stress
conditions, GA200X1 was significantly upregulated under stress in natl, nat2, and doxc2l-a
(P<0.001), with higher expression in nat2 and doxc21-a compared to Col-0 WT. Notably, GA200X8

expression was significantly induced only in nat2 under stress treatment. Interestingly, JIDI
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expression was significantly stress-induced in Col-0 WT (P<0.001), but remained unchanged in all
mutant lines, indicating a possible disruption of JA-mediated signaling in the mutants.

We also examined early core phenylpropanoid pathway genes (Fig. 12D), including PALI
(Phenylalanine ~ Ammonia-Lyase), = C3H  (p-Coumarate  3-Hydroxylase) = and  HCT
(Hydroxycinnamoyl-CoA shikimate/quinate hydroxycinnamoyltransferase). PALI was significantly
downregulated in doxc21-a under control conditions (P<0.05). C3H expression increased under
stress in Col-0 WT (P<0.001) and to a lesser extend in nat2 (P<0.05). Under PEG-induced stress,
HCT expression was specifically upregulated in doxc21-a under PEG treatment, but was not stress
responsive in the other genotypes.

Analysis of lignin pathway genes (Fig. 12E), including CCoAOMTI (Caffeoyl-CoA
O-methyltransferase), which converts caffeoyl-CoA to feruloyl-CoA and CCRI (Cinnamoyl-CoA
reductase) responsible for the conversion of feruloyl-CoA to coniferaldehyde were also differentially
regulated in tested lines. In response to stress, CCoAOMT1 showed a strong induction in Col-0 WT
under stress (P<0.0001), but this induction was either absent or reduced in all mutant lines. CCR1
was significantly downregulated in nat/ and doxc2i-a under stress, suggesting impaired lignin
biosynthetic potential. This downregulation pattern mirrored that of GA200X1 and GA200XS,
further indicating a broader repression of growth-related processes and secondary cell wall
biosynthesis in these genotypes.

Altogether, these qRT-PCR results confirm the regulatory impact of DOXC21-4 and NAT
on phenylpropanoid metabolism and hormone-related gene expression. The observed patterns
support the hypothesis that DOXC2/-A and NAT function antagonistically to coordinate
the transcriptional response to osmotic and low-pH stress by modulating growth and secondary

metabolism pathways.
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Figure 12. Expression analysis of DOXC2I1-A, DOXC2I-B, NAT, and selected stress-responsive,
phenylpropanoid, and hormone-related genes in rosette leaves of Col-0 WT and mutant lines under
control and osmotic stress conditions. Rosette leaves were harvested from Col-0 WT, natl, nat2,
and doxc21-a plants cultivated hydroponically under control (pH 4.5) or 3% (w/v) PEG-induced osmotic stress.
Gene expression was quantified via qRT-PCR, normalized to ACT?2 and EFI-a, and calculated using the 274¢T
method. Data are shown as box plots (n = 12; 4 biological x 3 technical replicates per condition). Statistical
analysis was performed using two-way ANOV A with Bonferroni’s multiple comparisons test (P<0.05, P<0.01,
P<0.001, P<0.0001). (A) DOXC21-A, NAT and DOXC21-B expression level. (B) Expression level of 20GDs
involved in specialized phenylpropanoid metabolism — F6'HI, F6’H2, and F3’H. (C) Expression level
of genes involved in hormonal signaling and growth-stress integration, including GA200X1, GA200X8
(Gibberellin 20-oxidases), and JIDI(Jasmonate-Induced Dioxygenase ). (D) Expression level of early core
phenylpropanoid  pathway genes, including PALI  (Phenylalanine — Ammonia-Lyase), —C3H
(p-Coumarate 3-Hydroxylase) and HCT (Hydroxycinnamoyl-CoA shikimate/quinate
hydroxycinnamoyltransferase). (E) Expression level of downstream lignin biosynthesis genes CCRI
(Cinnamoyl-CoA reductase) and CCoAOMT1 (Caffeoyl-CoA O-methyltransferase).

7. Untargeted metabolomics reveals metabolomic reprogramming in mutants under osmotic

stress

7.1. Orbitrap-MS-based metabolite profiling reveals distinct metabolite accumulation patterns
in nat2 and doxc21-a

To complement transcriptomic findings, untargeted metabolomics profiling was conducted
on A. thaliana rosette leaves of Col-0 WT, natl, nat2, and doxc2l-a mutant lines cultivated
hydroponically under control and 3% (w/v) PEG-induced osmotic stress conditions (pH 4.5).
High-resolution Orbitrap-MS data were processed using the SIRIUS platform for compound
prediction and pathway classification. This analysis revealed a diverse set of differentially
accumulated metabolites ranging across primary and secondary metabolic pathways including
phenylpropanoids, amino acids, and alkaloid derivatives (Tab. 5).

Consistent with transcriptomic patterns, nat2 mutants exhibited elevated increased accumulation
of several phenylpropanoid-related metabolites under both control and stress conditions. These
included ferulic aldehyde (compound 356, CiiHi20s5), a sulfur-containing coumarin derivative
(compound 3015, CisHi100sS),  scoparone  isomer (compound 95,  CiiHi00a),
and 4-methylumbelliferyl-pB-D-glycoside (compound 1224, CisHisOs). Conversely, the abundance
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of a putative diglycosylated phenylpropanoid (compound 841, CsoH3001s) was significantly reduced
in nat2.

Beyond phenylpropanoids, the nat? metabolome displayed enrichment in amino
acid- and peptide-related compounds, suggesting broader metabolic reprogramming. Accumulation
of N-(1-deoxy-1-fructosyl)phenylalanine (compound 295, CisH2:NO~) suggest activation of early
Maillard-type reactions, likely reflecting enhanced sugar—amino acid conjugation under osmotic
stress. Other upregulated N-containing compounds included compounds 521 (CisHisNOs),
compound 1347 (Cx3H30NsOs), and compound 2741 (CisHi7NOg) showing varying levels
of annotation confidence.

In contrast to nat2, the doxc2l-a line preferentially accumulated distinct N-rich metabolites.
Notable examples include N-acetyl-L-tryptophan (compound 1087, CisHi4sN2O3, 100% match),
the tripeptide H-Ile-Val-Pro-OH (compound 2454, C;sH20N3O4), and additional amino acid
derivatives such as compound 485 (C14H1aN20s) and 1991 (C17H2aN20s), indicative of altered peptide
turnover or N recycling pathways.

Importantly, two alkaloid-like compounds were identified: compound 2913 (Ci:HisN7OsP),
containing a phosphoramidate moiety, and compound 3245 (Ci4H12NgOs), consistent with a N-rich
heterocyclic scaffold. Additionally, compound 2759 (CisH2404), classified as a putative terpenoid
or modified benzenoid derivative, and two benzenoid-related compounds — compound 1754
(Ci17H23NOg) and 2510 (CigHisN4O10) — were enriched specifically in the nat2 mutant under
PEG-induced stress, reinforcing genotype-specific shifts in specialized metabolism.

Finally, compound 2903 (CisHisN4Oi¢) classified as an organic oxygen compound,
was significantly upregulated in both nat2 and doxc21-a mutants under stress, while compound 1523
(Ci6H20NO) assigned as indole derivative was markedly downregulated in doxc21-a during osmotic
stress.

Altogether, the untargeted metabolomic data support the transcriptomic observations, confirming
that nat? and doxc2l-a lines activate distinct stress-related metabolic programs under low pH
and mild osmotic stresses. These two mutant lines differ in DOXC21-4 function,
with doxc21-a representing a knockout and nat2 carrying a centrally located T-DNA insertion within
the NAT sequence that leads to DOXC21-A overexpression. These genotype-specific chemical
signatures highlight a coordinated rewiring of transcriptional, post-transcriptional, and enzymatic
processes that shape the plant’s stress-responsive metabolic landscape. The observed patterns support

genotype-specific reprogramming of specialized metabolism in response to osmotic stress.
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6.2. Network-based clustering highlights genotype-specific shifts in metabolite classes in nar2
and doxc21-a

To further explore the organization of differentially accumulated metabolites, Cytoscape-based
network analysis was performed on untargeted Orbitrap-MS data using SIRIUS-derived
fragmentation trees and chemical structural similarity (Fig. 13). This approach enabled
the identification of metabolite subnetworks based on fragmentation pattern homology, revealing
chemically related clusters altered under osmotic stress.

In the first set of subnetworks (Fig. 13A), which compares nat2 mutant to Col-0 WT, several
highly organized and structurally interconnected metabolite clusters were detected. These included
nodes centered around compound 95 (Ci11H1004), and compound 356 (Ci11H120s, ferulic aldehyde),
both of which were upregulated in nat2, indicating coordinated changes in phenylpropanoid
metabolism. Compound 1224 (CisH1:Os, 4-methylumbelliferyl-B-D-glycoside) and compound 295
(C1sH21NO7, N-(1-deoxy-1-fructosyl)phenylalanine) were embedded within clusters linked
to sugar—phenylpropanoid conjugation or Maillard-type reactivity.

The second group of subnetworks (Fig. 13B), reflecting the doxc21-a vs. Col-0 WT comparison,
highlighted clusters enriched in N-containing small molecules. Compound 1087 (CisH1aN203),
confidently annotated (100%) as N-acetyl-L-tryptophan, formed a linear subnetwork together
with additional tryptophan-related features, suggesting alterations in aromatic amino acid
metabolism. A dense cluster around compound 2626 included structurally related nitrogenous
molecules, possibly corresponding to flavonoid or alkaloid derivatives. Other subnetworks contained
features such as compound 1042 (C14H1aN20Os), 485 (C14H14N20s5), and peptide-like compound 2454
(C1sH20N504), indicating shifts in N metabolism and peptide turnover in the doxc21-a line.

Together, these network-based analyses underscore distinct genotype-specific reprogramming
of secondary metabolism under osmotic stress. Structural clustering provides high-resolution insights
into chemical diversity modulated by DOXC21-A4 and its antisense regulator, revealing metabolite
signatures consistent with transcriptomic alterations in phenylpropanoid, alkaloid, and N-related

biosynthetic pathways.
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Figure 13. Network-based clustering of differentially accumulated metabolites in naz2 (A) and doxc21-a
(B) mutants under osmotic stress. Cytoscape networks represent structurally related metabolite clusters
derived from untargeted Orbitrap-MS data, annotated using SIRIUS and grouped by fragmentation pattern
similarity. Each node corresponds to a putative metabolite, and edges indicate structural relationships.
Triangular markers highlight differentially abundant, annotated compounds in mutants compared to Col-0 WT
under 3% (w/v) PEG-induced osmotic stress. (A) In nat2, selected clusters include phenylpropanoid-related
glycosides (compounds 1224, 356) and sugar—amino acid conjugates (compounds 295, 521), consistent
with enhanced secondary metabolism. (B) In doxc21-a, enriched subnetworks feature nitrogen (N)-containing
metabolites such as compound 1087 (N-acetyl-L-tryptophan, 100%), compound 1042, and compound 485,
as well as densely connected clusters centered on compound 2626 and compound 2301, indicative of altered
amino acid turnover and N-rich metabolite pools.
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8. Functional characterization of DOXC21 enzymes in heterologous expression systems

7.1. Transient expression of DOXC21 homologs in Nicotiana benthamiana alters accumulation

of non-nitrogenous and nitrogenous metabolites

To assess the metabolic impact of DOXC21 homologs in planta, we transiently expressed

DOXC21-A and DOXC2I-B in N. benthamiana leaves under a constitutive 35S promoter.

Metabolites were extracted and profiled vie UHPLC-MS across four independent experiments.

Compound identification and quantification were performed using Compound Discoverer,

and normalized peak areas were used to evaluate abundance.
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Figure 14. Metabolite profiling of Nicotiana benthamiana leaves transiently expressing DOXC21-A
and DOXC2I-B. Targeted metabolite analysis was performed on N. benthamiana leaves infiltrated
with Agrobacterium strains carrying 35S:DOXC21-4, 35S:DOXC21-B, an empty vector control or infiltration
medium (IM) as a mock. Leaves were harvested four days post-infiltration, and methanolic extracts were
analyzed using high-resolution Orbitrap-MS across two independent biological experiments. Peak areas were
normalized using Compound Discoverer software. (A) Non-nitrogenous metabolites showing significant
differences across treatments, including compounds C11H1403, C1sH2007, and Ci6H1sOs. Notably, DOXC21-B
expression significantly elevated Ci1sH2007and CisHisOs, while both DOXC21-4 and DOXC21-B altered levels
of C11H1403 compared to control. (B) Nitrogen-containing metabolites, including Ci7H17N303, CisHi19NO4,
and C19H21NOs, were also differentially accumulated, particularly in DOXC21-B-expressing samples. Each dot
corresponds to an individual biological replicate. Statistical significance was determined using Kruskal-Wallis
test with Dunn's multiple comparisons test: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.

As shown in Fig. 14 (data from two experimental replicates), independent transient expression

of DOXC21-A and DOXC?2I-B both altered the accumulation of several molecules when compared

to the empty vector and mock controls. Panel A displays three non-nitrogenous compounds

that showed significant genotype-specific differences. These included compounds annotated
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as cinnamic acid derivatives C;1H 403 (LTS0177974), significantly downregulated in DOXC21-A
line (P<0.01) when compared to empty vector transformed leaves, and C;sH2007 (LTS0221173),
which was significantly upregulated in DOXC2I-B transformed plants compared to control
(P <0.001). Compound CisHi30s (CNP0349962, simple coumarin derivative) which accumulated
also in A. thaliana nat2 mutant (Tab. 5), was slightly upregulated in DOXC-B transformed leaves.
Panel B focuses on N-containing compounds, revealing additional genotype-specific effects.
For instance, CigHioNO4 (CNP0280683) and Ci7H17NO3 (CNP0416867), annotated as coumarin
derivatives showed slight upregulation in DOXC21-A transformed leaves. On the other hand,
Ci9H21N>O5 (CNP0238844) annotated as furanocumarin derivative, showed slightly decreased level
in DOXC21-B.

Altogether, these data indicate that DOXC21-4 and DOXC21-B modulate different branches
of specialized metabolism when ectopically expressed in N. benthamiana. The observed shifts
in N- and non-N-containing metabolites underscore the functional divergence between the two
homologs and suggest that they may regulate complementary biosynthetic pathways relevant to stress
response and secondary metabolism in 4. thaliana.

7.2. In vitro enzymatic activity assays fail to confirm predicted dioxygenase activity
for DOXC21-A and DOXC21-B

To biochemically validate the putative dioxygenase function of DOXC21-4 and DOXC2I-B,
we performed in vitro enzymatic activity assays using recombinant proteins expressed and purified
from E. coli. A curated panel of 70 structurally diverse substrates spanning monolignols, cinnamic
acid derivatives, simple and methoxylated coumarins, flavonoids, benzenoids, phytohormones,
indole-related metabolites, and phenylpropanoid-CoA esters was chosen. Substrates were selected
to reflect key intermediates and branch points of phenylpropanoid metabolism and hormonal
signaling, including caffeoyl-CoA, feruloyl-CoA, scopoletin, camalexin, sinapyl alcohol,

and N-acetyltryptophan (Tab. 1).

DISCUSSION

The transition of plants from aquatic to terrestrial environments required extensive physiological,
molecular, and regulatory adaptations. The expansion and diversification of 20GDs was one
of the central components to this evolutionary transition, as these enzymes played essential roles
in several key adaptations, such as enhanced plant tolerance to drought, UV radiation,
and temperature extremes, primarily by regulating the biosynthesis of secondary metabolites like
flavonoids, lignins and other compounds. The 20GDs are recognized for their pivotal roles not only
in modulating stress responses and secondary metabolism, but they also contribute to the regulation
of plant hormones, which are crucial for growth and development in the terrestrial environment.
By fine-tuning metabolic pathways, plants could better survive in more challenging conditions

on land.
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In this study, we characterized DOXC21-A and DOXC21-B, two members of the DOXC21
clade, alongside the DOXC21-A associated NAT, proposing that together they form a multilayered
regulatory unit integrating environmental stress signals with transcriptional and metabolic
reprogramming in 4. thaliana.

Our phylogenetic analysis rooted using M. polymorpha subsp. ruderalis — a representative
of early-diverging liverworts — places DOXC21-A and DOXC21-B in a distinct clade conserved
across monocots, eudicots, and basal angiosperms (Fig. 2). This clade is clearly separated
from canonical hormone biosynthesis dioxygenases such as GA200Xs or flavonoid-related enzymes
(FLS, LDOX), suggesting an evolutionarily derived role for DOXC21-type proteins. The distinct
topology supports a gene duplication followed by subfunctionalization model — a well-documented
mechanism of stress-responsive gene evolution [114-116]. Such duplication events allow paralogs
to specialize, providing selective advantages under fluctuating environmental conditions [117].
Dioxygenases frequently exhibit neo- or sub-functionalization, especially in stress-associated
metabolic pathways [118, 119], with diversification in gene regulatory networks contributing
to phenotype plasticity [120, 121]. The glucosinolate-modifying AOP dioxygenases, as well
as enzymes involved in coumarin biosynthesis and lignin modification, provide illustrative examples
of how duplication and regulatory divergence shape metabolic responses to environmental stimuli
[118, 122, 123].

Despite high sequence similarity between DOXC21-A and DOXC21-B, our results highlight
possible functional divergence between these paralogs. DOXC21-A, associated with an overlapping
NAT, demonstrates regulatory flexibility through post-transcriptional modulation, while
DOXC21-B lacks this antisense feature, potentially limiting its responsiveness to environmental
stimuli [124]. The presence or absence of NATs is increasingly recognized as a key factor driving
functional divergence among gene duplicates, often shaping their developmental timing and stress
responsiveness [125, 126]. This supports emerging models where NATs influence paralog
divergence by modifying mRNA stability, chromatin accessibility, or even local subnuclear
architecture [127]. Protein interaction data further support their functional separation,
with DOXC21-A integrated within stress and secondary metabolism networks, whereas DOXC21-B
associates with components of light signaling, photosynthetic, and redox homeostasis (Fig. 3BC)
[128-130]. These distinctions likely reflect partitioning of ancestral roles, with DOXC21-B
specializing in light-dependent or photoprotective, consistent with established models of duplicate
gene retention and functional specialization [117, 131]. Notably, DOXC2I-B is upregulated
in light-exposed in vitro root conditions (Fig. 5B) suggesting its involvement in light-responsive
metabolic adjustment.

The identification of a conserved 29-nucleotide segment within the A73G19002 NAT transcript,
overlapping the 5’ region of DOXC2I-4, points to a potential regulatory mechanism involving

sequence-based mimicry of plant miRNAs. The strong sequence similarity between this NAT region
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and annotated or predicted miRNAs from diverse land plant species, including gra-miR8697
(Gossypium), ppt-miR1055 (Physcomitrium), and ath-miR844 (Arabidopsis) — suggests
an evolutionarily conserved motif that may engage in post-transcriptional regulatory interactions.
Such mimicry could enable the NAT to act either as a miRNA decoy or as a miRNA precursor itself,
thereby influencing the stability or translation of stress-related transcripts. The presence
of homologous sequences in both eudicots and basal land plants like Amborella and Physcomitrium
underscores the deep conservation of this motif and reinforces the hypothesis that NATs contribute
to ancient regulatory circuits in plant stress responses. Given that ath-miR844 has been previously
implicated in biotic stress signaling [36], its partial sequence homology with the DOXC21-4 NAT
may reflect co-option of miRNA-like elements for abiotic stress adaptation. The alignment-derived
sequence logo further highlights base preferences in the 5-20 position window, a region critical
for target recognition in canonical miRNA interactions. Together, these findings suggest that
AT3G19002 may function beyond conventional antisense repression by modulating small RNA
pathways or serving as a molecular decoy, adding a layer of regulatory complexity
to the DOXC21-A locus [127]. Further experimental validation — such as small RNA sequencing
and AGOI1-binding assays — will be crucial to determine whether this NAT indeed participates
in miRNA-mediated regulatory networks.

Beyond evolutionary insights, our work contributes to a broader understanding of the role
of NATSs in stress regulation. The reciprocal expression between DOXC21-A and its NAT mirrors
similar inverse transcriptional relationships reported for other NAT-regulated gene pairs [132-134].
This regulatory arrangement likely provides a mechanism for fine-tuning gene expression dynamics,
as exemplified by SVALKA NAT modulating cold-responsive CBF genes in 4. thaliana [135]. NATs
may operate through multiple mechanisms, including transcriptional interference, RNA duplex
formation, siRNA-mediated pathways, or recruitment of chromatin-modifying complexes
[124, 136-138], as documented in stress-responsive loci in A. thaliana, where histone modifications
play a role in antisense-mediated gene silencing [133].

Under in vitro osmotic stress, DOXC21-B was the dominant transcript, but under soil-grown
physiological drought, DOXC21-A expression rose sharply. These findings align with DOXC21-B’s
potential light-responsiveness in vitro (roots exposed to ambient light, Fig. SB), while DOXC21-4
may respond to root-specific water deficits, mediated via ABA or auxin pathways. The TF binding
profiles of their promoters reinforce this divergence: DOXC21-A contains ABRE, DRE/CRT,
and WRKY sites, while DOXC21-B promoter is enriched in light-regulatory and redox-responsive
motifs, suggesting photoperception sensitivity (see Results section 1.3).

The transcriptomic profiles of the doxc21-a and nat mutants reinforce the hypothesis that these
two components function within distinct, yet overlapping, regulatory hierarchies. Although both
mutants showed substantial transcriptomic reprogramming, the limited overlap between their DEGs

suggest that DOXC21-A and its NAT target distinct aspects of stress adaptation [139, 140]. Pathways
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consistently affected across both mutants included phenylpropanoid biosynthesis, ABC transporter
activity, RNA splicing, and TF networks — core components of stress mitigation and developmental
plasticity [141, 142]. However, regulatory directionality varied between genotypes: downregulation
of lignin biosynthesis and upregulation of flavonoid metabolism were particularly prominent
in the nat lines, aligning with an adaptive shift toward metabolic flexibility under osmotic stress
[143-145].

This divergence in transcriptomic responses was reflected at the metabolomic level. In nat2
mutant, we observed an enrichment of flavonoids and shikimate pathway derivatives — metabolites
associated with antioxidant functions and hormone crosstalk, particularly with auxin and jasmonate
signaling [146-148]. Conversely, the doxc2l-a mutant exhibited broader metabolic remodeling,
characterized by the accumulation of non-canonical stress-associated metabolites, including
benzenoids, stress-related peptides, and atypical N-containing compounds, many of which are
associated with generalized stress responses such as detoxification, pathogen defense, or signaling
reprogramming [149]. Such distinct metabolic signatures suggest that the NAT directs flux toward
specific defensive outputs, whereas DOXC21-Ainfluences broader metabolic adjustments, including
potential cross-pathway regulation, consistent with patterns reported for F6'H dioxygenases
and related 20GDs [150, 151].

Transient expression of DOXC21-A and DOXC21-B in N. benthamiana further support their
involvement in specialized metabolism, as indicated by reproducible alterations in metabolite
profiles, particularly within phenylpropanoid and amino acid-derived pathways. Nevertheless,
despite these metabolomic signatures, our attempts to detect direct enzymatic activity in vitro using
a broad panel of candidate substrates were inconclusive, reflecting a common challenge within
the 20GD superfamily where context-specific activity, cofactor dependency, or protein-protein
interactions are often required for full functionality [14, 15]. Enzymes of this class may rely
on metabolite channeling through multi-protein assemblies or be regulated by local subcellular
factors such as redox status or metal ion availability [152-155]. There is also possibility that DOXC21
proteins participate in regulatory roles beyond classical enzymatic activity —a phenomenon described
as “moonlighting” behavior in other plant metabolic enzymes [156].

Despite extensive screening, no substrate conversion was observed for any tested compound
with either DOXC21-A or DOXC21-B under standard assay conditions. In particular, no oxidative
cleavage, hydroxylation, or rearrangement products were detected that would suggest classical
20GD activity. These results are consistent across multiple independent replicates and enzyme
batches. The lack of detectable activity suggests either: (I) the tested metabolites are not physiological
substrates of DOXC21 enzymes, (11) additional cofactors or interacting partners are required in planta
for catalytic function, or (IIl) DOXC21-4 and DOXC2I-B may perform non-canonical or regulatory

roles beyond classical enzymatic activity.
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20GDs are well known for their enzymatic roles in plant metabolism, however, a growing body
of research now supports the idea that they may also have regulatory, and potentially non-enzymatic,
roles in plant signaling, development, and stress responses [120, 157-161]. The lack of conclusive
in vitro activity, combined with the transcriptomic and metabolomic evidence from mutant lines,
supports the idea that DOXC21 genes may function within a larger metabolic or signaling complex

whose activity cannot be recapitulated in simplified biochemical assays.

CONCLUSIONS

Beyond their classical enzymatic roles, some 20GDs emerge as regulatory hubs in plant
signaling, development, and adaptation to stress, indicating a broader functional versatility of this
gene family. Our integrative approach combining phylogenetic analysis, transcriptomics,
metabolomics, and transient expression highlights the role of DOXC21-A as a regulatory hub linking
abiotic stress signals with transcriptional and metabolomic responses. The dual-layer control
via DOXC21-A and its NAT enables both structural and functional plasticity, allowing the plant
to fine-tune resource allocation between growth and defense trade-offs models, where pathways
such as jasmonate, auxin, and salicylic acid signaling dynamically adjust plant response to stress
(Fig. 15) [162, 163].

These insights position DOXC21-A and its NAT as promising targets for regulatory engineering
strategies aimed at enhancing crop resilience to climate variability [164, 165]. Unlike classical
overexpression approaches, manipulation of endogenous regulatory modules offers the advantage
of preserving developmental balance while promoting resilience. To fully realize
the biotechnological potential of this system, future research should focus on: (I) Substrate discovery
and protein interaction mapping; (II) miRNA and NAT mechanistic studies; (III) Characterizing
the epigenetic landscape and chromatin-binding properties of the NAT and the DOXC21-A4 promoter
region; (IV) Carbon assimilation studies under stress to connect DOXC21 function
to growth—defense trade-offs and CO- homeostasis.

These approaches will be instrumental in uncovering the precise functional architecture
of this regulatory hub and may provide a framework for similar strategies targeting other members
of the 20GD family. Advances in this area could contribute significantly to our understanding
of how plants integrate environmental information at the molecular level and may inform novel

strategies for enhancing crop resilience through regulatory reprogramming.
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Figure 15. Proposed regulatory model of DOXC21-A/NAT-mediated transcriptional and metabolic
regulation under environmental stress. The schematic illustrates the dual-layer regulatory mechanism
involving the sense transcript DOXC21-A4 and its associated natural antisense transcript (NAT) in 4. thaliana
stress responses. Abiotic stress induces ROS production and influence NAT expression, which applies
post-transcriptional repression on DOXC21-A through potential mechanisms including RNaseH1-dependent
mRNA degradation (A), translation inhibition (B), modulation of RNA splicing (C), interference
with polyadenylation (D), or prevention of 5’ cap formation (E). DOXC21-4 may act as a key regulatory hub,
integrating stress cues with transcriptional control of the phenylpropanoid pathway. Activation of DOXC21-A
promotes the flavonoid biosynthesis branch (e.g., flavonols, coumarins), enhancing antioxidant and signaling
functions, while repressing lignin biosynthesis, an energetically demanding pathway involved in structural
reinforcement. This metabolic partitioning contributes to the growth-defense trade-off, fine-tuning gene
expression and metabolic flux in coordination with hormonal signals, including jasmonic acid (JA), salicylic
acid (SA), abscisic acid (ABA), and auxin. The model highlights how NAT-mediated regulation adds flexibility
and dynamic responsiveness to DOXC21-A function, allowing adaptive modulation of metabolic
and developmental programs under abiotic stress.
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Figure S1. Validation of T-DNA insertional mutants for DOXC21-4, DOXC21-B, and NAT by genomic
PCR and RT-PCR. (A) Genomic PCR analysis of Col-0 WT and mutant lines using primers flanking
the predicted T-DNA insertion sites. T-DNA-specific amplicons were detected in natl, nat2, doxc2l-a,
and doxc21-b mutants, confirming the insertional disruption of DOXC21-4, DOXC21-B and NAT genomic loci.
(B) Reverse transcription PCR (RT-PCR) on cDNA from rosette leaves assessed DOXC21-4 and DOXC21-B
expression. DOXC21-A transcripts were detected in Col-0 WT and nrat mutants, whereas DOXC21-A
and DOXC21-B transcripts were absent in doxc2l-a and doxc21-b lines, respectively, confirming effective
gene knock-out. ACTIN2 was used as a constitutive reference control.
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Supplementary Figure S2. SDS-PAGE analysis of DOXC21-A and DOXC21-B recombinant protein
purification. Recombinant proteins were expressed in Escherichia coli Rosetta 2 cells carrying
pET28:DOXC21-A or pET28:DOXC21-B constructs. Samples were collected from different stages
of the purification process and analyzed on 12% SDS-PAGE gels stained with Coomassie Brilliant Blue.
The expected molecular weight of the His-tagged DOXC21 proteins is approximately ~40—45 kDa region.
Lanes represent the following fractions: CE — crude extract of sonication; SSO — soluble supernatant after
sonication; PSO — pellet after sonication; D — dialysate; Pp — pellet of dialysate; Sp — supernatant of dialysate;
CSp — concentrated supernatant of dialysate. A pre-stained protein ladder (PageRuler™ Plus, Thermo
Scientific™, USA) was used for molecular weight reference (right panel). The prominent bands near 40 kDa
in renatured fractions indicate partial recovery of soluble DOXC21-A and DOXC21-B proteins.
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Supplementary Figure S3. Conservation score profile across aligned DOXC21-related protein
sequences. This line plot illustrates conservation scores across alignment positions derived from 100
homologous DOXC21 protein sequences spanning major land plant lineages. The analysis was performed using
Jalview with the Shenkin entropy-based conservation metric. Elevated conservation scores, particularly
in the N-terminal region (positions ~1-300), indicate evolutionary constraint and suggest the presence
of functionally important residues. The decline in conservation across the C-terminal half reflects greater
sequence divergence, potentially corresponding to species-specific functional adaptations.
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Supplementary Figure S4. Electrolyte leakage in Col-0 WT and mutant lines under control and drought
stress conditions. Electrolyte leakage (EL) was measured from rosette leaves of soil-grown Arabidopsis plants
following 21 days of drought stress. Leaves were incubated in deionized water, and conductivity was measured
before and after sonication (30 minutes at 80 °C) to determine total electrolyte release. Conductivity values
(uS/cm) reflect plasma membrane integrity and cellular damage. (A) Under control conditions, all genotypes
exhibited similarly low baseline electrolyte leakage. (B) Following drought stress, nat/ mutant displayed
increased (P=0.0664) eclectrolyte leakage, suggesting higher membrane damage. In contrast, doxc2I-a
and doxc21-b mutants maintained similar electrolyte leakage to Col-0 WT, suggesting preserved membrane
stability under drought. Boxplots represent biological replicates per genotype (n = 6). Statistical significance
was tested with one-way ANOVA with Tukey multiple comparisons test.

Oxidative stress in soil cultures was induced by growing plants at higher light intensity of 300
umol m 2 s™' using LED lightning panels, starting from the third week of growth. Plants were grown
under these high-light conditions for an additional three weeks. At the end of the stress treatment,
shoot FW was measured. Leaf material was harvested, frozen in liquid nitrogen, and stored at -80°C
until further biochemical analyses (chlorophyll, carotenoid, and anthocyanin quantification)
(Supplementary Fig. S5).

Cold stress was applied from the third week of development by transferring plants to a dedicated
chamber maintained at 6°C during the day and 4°C during the night. After 4 weeks of growth under
cold conditions, shoots were harvested for FW measurements and biochemical analyses. Leaf
samples were immediately frozen in liquid nitrogen and stored in -80°C for subsequent pigment
quantification (Supplementary Fig. S5).

Under oxidative stress, nat! retained significantly higher shoot biomass compared do Col-0 WT
and other lines, while doxc21-a showed enhanced growth under cold conditions (Supplementary
Fig. S5). No significant differences were observed under control conditions. Chlorophyll
and carotenoid content under non-stress conditions were altered in nat2 and doxc2l-a, with
all genotypes showing reduced pigment levels under stress (Supplementary Figs. S6-S7).
Anthocyanin accumulation increased across all lines in response to oxidative and cold stress,
with doxc2l-a showing a variable pattern and natl/nat? exhibiting moderate elevation

(Supplementary Fig. S8).
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Supplementary Figure SS. Phenotypic characterization of Col-0 WT and mutant lines under control,
oxidative, and cold stress conditions in soil-grown Arabidopsis plants.

(A) Representative phenotypes of Col-0 WT, natl, nat2, doxc21-a, doxc21-b-1, and doxc21-b-2 grown in soil
under control conditions (left), oxidative stress (middle), and cold stress (right). Images were taken after 3
weeks of growth under the indicated stress conditions. Mutant lines exhibited variable degrees of stress
sensitivity. (B) Shoot fresh weight (FW) of Col-0 WT and mutant genotypes grown under control (left),
oxidative (middle), and cold stress (right) conditions. No significant differences in FW were detected under
control conditions. In oxidative stress nat/ exhibited significantly higher biomass compared to other lines,
while in cold - doxc21-a showed significantly higher biomass than other genotypes. Box plots represent data
from one experimental replicate (min. six plants per genotype per treatment).

Statistical significance was determined using one-way ANOVA with Tukey’s multiple comparisons test.
Asterisks denote statistically significant differences between groups (*P<0.05, **P<0.01, ***P<0.001,
kP <0.0001).
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Biochemical analyses
Chlorophyll and carotenoid contents were quantified according to Wellburn [166], using leaf
tissue collected from plants grown under oxidative and cold stress conditions. Frozen rosette leaves
were homogenized using liquid nitrogen in pre-chilled mortars, and approximately 100£2 mg
of powdered tissue was weighed per biological replicate. Each sample was extracted with 1 mL
of freshly prepared, ice-cold 80% (v/v) acetone saturated with Na.COs followed by a 10 min
incubation in darkness at 4 °C. Homogenates were centrifuged at 10,000 rpm for 10 min at 4°C,
and the supernatants were transferred to fresh tubes. The remaining pellets were re-extracted with
an additional 1 mL of 80% (v/v) acetone, shaken, and centrifuged again under the same conditions.
Both supernatants were pooled and diluted 1:4 prior to spectrophotometric measurements.
Absorbance was measured at 663.2 nm, 646.8 nm, and 470 nm using a UV-Vis spectrophotometer
(Specord 200 Plus, Analytik Jena, Germany). Chlorophylls concentrations were calculated using
the following equations:
* Chlorophyll A (Chl A) =12.25 X Asss.2 = 2.79 X Asss.8
* Chlorophyll B (Chl B) = 21.50 % Asss.s — 5.10 X Asss.2
* Total chlorophyll = Chl A + Chl B
Carotenoid content was calculated using the formula:
* Carotenoid = (1000 x As7o — 1.82 x Chl A —85.02 x Chl B) / 198
Anthocyanin content was determined following the method of Roychoudhury et al. [167]. Leaf
samples frozen at -80°C were homogenized in mortars using liquid nitrogen and 100£2 mg of tissue
was extracted with 1 mL of methanol containing 1% (v/v) HCIL. Samples were incubated overnight
at 4°C in darkness, then centrifuged at 10.000 rpm in 4°C for 10 min. The absorbance of the resulting
supernatant was measured at 525 nm using quartz cuvettes. Anthocyanin content was calculated
using millimolar extinction coefficient of 31.6.
All measurements were conducted using a minimum of six biological replicates, except
for the doxc21-b-2 line, for which n=3 (oxidative stress) or n=5 (cold stress). Statistical analyses

were performed using one-way ANOVA followed by Tukey’s multiple comparisons test.
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Supplementary Figure S6. Quantification of chlorophyll content in Col-0 WT and natl, nat2, doxc21-a,
doxc21-b-1, and doxc21-b-2 mutant lines under control and stress conditions.

(A) Chlorophyll A (Chl A) content measured in rosette leaves under control, oxidative, and cold stress
conditions. Under control conditions, mutants exhibited significant differences in Chl A levels compared
to Col-0 WT, particularly in the nat2 and doxc21-a lines. Stress conditions, however, led to an overall reduction
in Chl A across all genotypes, with no statistically significant variation observed between lines. (B) Chlorophyll
B (Chl B) content showed a similar pattern, with significant genotype-dependent differences detected
in the control group. Under oxidative and cold stress, Chl B levels were reduced across all genotypes,
with no major outliers. (C) Total chlorophyll content (Chl A + Chl B) showed the combined effect of Chl A
and Chl B measurements. As with individual chlorophyll types, significant reductions were detected
in doxc2l-a mutant line under control conditions. Stress conditions suppressed total chlorophyll content
in all genotypes to a comparable level.

Each boxplot represents the distribution of chlorophyll content from at least six biological replicates. Statistical
significance was assessed using one-way ANOVA followed by Tukey’s post hoc test. Asterisks denote levels
of significance (*P<0.05, **P<0.01, ***P<0.001; ****P<0.0001).
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Supplementary Figure S7. Total carotenoid content in Col-0 WT and natl, nat2, doxc21-a, doxc21-b-1,
and doxc21-b-2 mutant lines under control, oxidative, and cold stress conditions. Total carotenoids were
extracted from rosette leaves and quantified spectrophotometrically in Arabidopsis plants subjected to control,
oxidative, and cold stress treatments. Under control conditions (left), statistically significant lower carotenoid
contents were observed between doxc2/-a and other mutant lines. Exposure to oxidative stress (middle)
reduced total carotenoid levels across all genotypes, however no statistically significant differences were
detected between lines. Under cold stress (right), carotenoid levels were generally uniform across genotypes,
with only minor variations and no statistically significant changes. Carotenoid concentrations are expressed
as mg per g of fresh weight (FW). Each boxplot is based on at least six biological replicates per genotype
and condition (except doxc2l-b-2, where in oxidative stress n=5, and in control n=3). Asterisks denote
statistically significant differences determined by one-way ANOVA with Tukey’s post-hoc test (*P<0.05,
**P<0.01, ***P<0.001).
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Supplementary Figure S8. Anthocyanin accumulation in Col-0 WT and natl, nat2, doxc2lI-a,
doxc21-b-1, and doxc21-b-2 mutant lines under control and stress conditions. Anthocyanin content was
measured in rosette leaves of Col-0 WT and mutant genotypes exposed to control, oxidative, and cold stress
conditions. Under control conditions (left), anthocyanin levels remained uniformly low across all genotypes,
with minimal variation observed. Oxidative stress (middle) led to a substantial increase in anthocyanin
accumulation across all tested lines, with nat/ and nat2 displaying higher levels compared to Col-0 WT,
however not significantly. Under cold stress (right), anthocyanin content increased moderately in all genotypes.
The doxc21-a line showed the most variable response, suggesting possible genotype-specific regulation under
low temperature. Measurements were performed using at least six biological replicates per genotype
and condition (except doxc21-b-2, where in oxidative stress n=5, and in control n=3). Boxplots show median,
interquartile range, and minimum/maximum values. For the statistical significance one-way ANOVA followed
by Tukey’s post hoc test was applied.

169



Relative expression level of DOXC27-Ain Col-0
WT grown in soil under control and drought

o | Control
T Ta— ® Drought
30+ A | .
5 257
g T
o
73
83
5154 1
33
28104
)
[}
[+4 5
l="=__ & g
&
Q$ ((5“\ (@{" ,\:o'\ ,\w‘q’
& & v
S i RS
¥ 13

Supplementary Figure S9. Relative expression of DOXC21-A in Col-0 WT and mutant genotypes under
control and drought conditions in soil-grown A. thaliana. Expression of DOXC21-A was quantified by RT-
gPCR in rosette leaves of Col-0 WT, natl, nat2, doxc21-b-1, and doxc21-b-2 plants following 3 weeks of
drought stress or well-watered control conditions. Expression levels were normalized to the reference gene
ACT? and are shown as 222CT values. Only nat2 exhibited a strong induction of DOXC21-A under both control
and drought conditions, significantly exceeding expression levels in Col-0 WT and all other lines
(***%P<0.0001). No significant induction was observed in other genotypes. Data represent five biological
replicates per condition. Statistical significance was determined using one-way ANOVA with Tukey’s post
hoc test.
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Table S1. List of primers used in this study. This table provides sequences and details of all primers used
for cloning, qRT-PCR, genotyping, and sequencing. For each primer pair, the corresponding gene target,
application, and expected amplicon size are included. Primer specificity was validated in silico using NCBI
Primer-BLAST and experimentally confirmed by melt-curve analysis. All sequences are presented in the 5

to 3’ orientation.

Target gene Locus ID Primer Sequence (5’ - 3’) Application Reference
name
DOXC21-A AT3G19000 2 AAATCGTCTTGTGGTCCTCCT genotyping (natl, nat2) In-house design
DOXC21-A AT3G19000 3 CTAATAGCTCGAAGGGCTGCT genotyping (natl, nat2) In-house design
DOXC21-A AT3G19000 341 TTCGGTAATCCACCTACACTATCT genotyping (doxc21-a) In-house design
DOXC21-A AT3G19000 320 GCTGAACTACGATAAAGACCAAAGG genotyping (doxc21-a) In-house design
DOXC21-B AT3G19010 163 ATGGAGGATCTTGATCCAAC genotyping (doxc21-b-1) In-house design
DOXC21-B AT3G19000 183 ATATACAGTGGTGGGTGCAGC genotyping (doxc21-b-1) In-house design
DOXC21-B AT3G19010 164 TTAAGTTTTAACTTTGAAGTCATCG genotyping (doxc21-b-2) In-house design
DOXC21-B AT3G19000 185 CTGCACCCACCACTGTATATG genotyping (doxc21-b-2) In-house design
T-DNA LB-1.3 1 ATTTTGCCGATTTCGGAAC genotyping (natl, nat2, doxc21-b) SALK mutant lines
T-DNA WiscDs_LB 384 TCCTCGAGTTTCTCCATAATAATGT genotyping (doxc21-a) WiscDsLox
DOXC21-A AT3G19000 159 ATGGGAGAACTCGACGAAGCT RT-PCR, pBIN cloning In-house design
DOXC21-A AT3G19000 160 CTAAGCCTTGAAGTGATCAATCTG RT-PCR, pBIN cloning In-house design
DOXC21-B AT3G19010 163 ATGGAGGATCTTGATCCAAC RT-PCR, pBIN cloning In-house design
DOXC21-B AT3G19010 164 TTAAGTTTTAACTTTGAAGTCATCG RT-PCR, pBIN cloning In-house design
DOXC21-A AT3G19000 161 GAATTCGGAGAACTCGACGAAGCTT PET cloning (EcoR!) In-house design
DOXC21-A AT3G19000 162 GAATTCAGCCTTGAAGTGATCAATCTGG PET cloning (EcoR!) In-house design
DOXC21-B AT3G19010 165 GGATCCGAGGATCTTGATCCAACCTAC PET cloning (BamH|) In-house design
DOXC21-B AT3G19010 166 CTCGAGAGTTTTAACTTTGAAGTCATCG PET cloning (Xholl) In-house design
ACT2 AT3G18780 50 TCCCAGTGTTGTTGGTAGGC RT-PCR [168]
ACT2 AT3G18780 51 CAAGACGGAGGATGGCATGA RT-PCR [168]
DOXC21-A AT3G19000 201 TCCGAAAGCTCACGAACCA qPCR (in vitro, soil) In-house design
DOXC21-A AT3G19000 202 TGGCATACCTCTCTGAAATGAGAA qPCR (in vitro, soil) In-house design
DOXC21-B AT3G19010 203 TACATCCAAGCACCAGAGCATAG qPCR (in vitro, soil, hydroponics) In-house design
DOXC21-A AT3G19000 204 GGGTATTTCTTCTGGTTGGTTAGG qPCR (in vitro, soil, hydroponics) In-house design
F6’H1 AT3G13610 206 GATGAGGACAGAGTCGCTGAA qPCR (hydroponics) In-house design
F6’H1 AT3G13610 207 CACTTGAAAGAACCCCCATTTC qPCR (hydroponics) In-house design
CCoAOMT1 ATAG34050 81 AGAAAGCCGGCGTTGCTCACA qPCR (hydroponics) In-house design
CCoAOMT1 ATAG34050 82 GCATCAGGAGGAGCCACGACA qPCR (hydroponics) In-house design
PAL1 AT2G37040 281 CCTACATCGCCGGACTTCTC qPCR (hydroponics) In-house design
PAL1 AT2G37040 282 CCGTTGGGACCAGTAGCTTT qPCR (hydroponics) In-house design
DOXC21-A AT3G19000 273 TGACGTCCAACACCTAATGC qPCR (hydroponics) In-house design
DOXC21-A AT3G19000 274 ATCGGCTAACCGGTTTCTTC qPCR (hydroponics) In-house design
F6’H2 AT1G55290 208 TCGGACGTCACTCTGATGTTTC qPCR (hydroponics) In-house design
F6’H2 AT1G55290 209 GAGACCACCGATCTCGTCTTG qPCR (hydroponics) In-house design
C3H AT2G40890 79 CGTCGTGACCGCCTCACTCG qPCR (hydroponics) In-house design
C3H AT2G40890 80 GCCATCGCCCATTCCGCTGT qPCR (hydroponics) In-house design
HCT AT5G48930 59 AGCTTATTCCCGAAGTTGATCACT qPCR (hydroponics) In-house design
HCT AT5G48930 59 CAAAACGAGAAGCGGGAAAG qPCR (hydroponics) In-house design
CCR1 AT1G15950 96 GCTCTTAAGGCGGCGATTG qPCR (hydroponics) In-house design
CCR1 AT1G15950 97 CAGGAGAAGCCGTGTGAAAG qPCR (hydroponics) In-house design
GA200X1 AT4G25420 425 TGATGGCTCATGGATCTCTGTCC gPCR (hydroponics) [169]
GA200X1 AT4G25420 426 CCTCCCATTTGTCATCACCTGGAG gPCR (hydroponics) [169]
GA200X8 AT4G21200 427 TATCCGGCAGCTTTCTTGGT gPCR (hydroponics) [170]
GA200X8 AT4G21200 428 TGCAAGAACCTCTGCCAACA gPCR (hydroponics) [170]
NAT AT3G19002 435 TTCAGTGTTCACGTGTGGGA qPCR (hydroponics) In-house design
NAT AT3G19002 436 ATCACAATCGTCGGATCTCCA qPCR (hydroponics) In-house design
F3’H AT3G51240 433 GAGGAGCGTGACCACAAAGA qPCR (hydroponics) In-house design
F3’H AT3G51240 434 AAAACACACCGAGCCTAGCA qPCR (hydroponics) In-house design
JID1 AT1G06620 429 CGCCACTTGTGGGGAGATG qPCR (hydroponics) In-house design
JID1 AT1G06620 430 GCAACAGCAAGGAGTTAGTGC qPCR (hydroponics) In-house design
ACT2 AT3G18780 83 CTTGCACCAAGCAGCATGAA qPCR (in vitro, soil, hydroponics) [168]
ACT2 AT3G18780 84 CCGATC CAGACACTGTACTTCCTT qPCR (in vitro, soil, hydroponics) [168]
EF-1 AT5G60390 291 TGAGCACGCTCTTCTTGCTTTCA gPCR (hydroponics) [168]
EF-1 AT5G60390 292 GGTGGTGGCATCCATCTTGTTACA gPCR (hydroponics) [168]
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Supplementary Table S2. Composition of the Heeg nutrient solution used for hydroponic cultivation.
The table presents the final concentrations of macronutrients and micronutrients in both standard 1x and
modified 10x Heeg media used in this study. The 10x formulation was applied to enhance nutrient availability
and stress responsiveness during hydroponic experiments. All concentrations are provided in millimolar (mM)
for macronutrients and micromolar (uM) for micronutrients. For full experimental details and stress treatments,

refer to the Materials and Methods section (Section 2.4).

10x Heeg 1x Heeg
Macronutrients  Final concentration (mM)  Final concentration (mM)
KNO3 2 2
Ca(NOs), x 4H,0 2 2
MgSO, 0.5 0.5
NH4NO3 0.4 0.4
KH,PO4 0.25 0.25
Micronutrients Final concentration (uM) Final concentration (uM)
FeEDTA 40 40
H3BO3 25 2.5
MnCl2¢4H20 2 0.2
ZnSO47H20 2 0.2
CuSO4e5H20 0.5 0.05
KClI 4.5 0.45
NH4)6Mo07024 0.08 0.008
CoClI2 0.26 0.026

Supplementary Table S3. Summary of sequencing data quality and mapping metrics for the analyzed
samples. Sample refers to the unique identifier for each analyzed dataset. Total Reads represents the total
number of raw reads generated per sample. Mapped Reads indicates the total number of reads that successfully
aligned to the reference genome, with % Mapped Reads showing this as a percentage of total reads. Uniq
Mapped Reads refers to the number of reads that mapped to a single genomic location, and % Uniq Mapped
Reads represents the proportion of uniquely mapped reads relative to total reads. Multiple Map Reads captures
the number of reads mapping to more than one genomic location, with % Multiple Map Reads indicating this
as a percentage of total reads. Reads Map to ‘+’ and Reads Map to ‘-’ represent the proportion of reads mapped
to the positive and negative genomic strands, respectively.
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Supplementary Table S4. Strand-specific RNA-Seq library quality assessment. Table summarizes
strand-specific mapping statistics for read pairs across all sequenced libraries. readl vs_gene: The proportion
of read 1 sequences mapped to the same strand as their corresponding annotated gene in the reference genome.
read2 vs_gene: The proportion of read 2 sequences mapped to the opposite strand of the corresponding gene,
consistent with strand-specific library preparation protocols. High proportions (close to 1.0) indicate strong
strand specificity and overall high-quality library construction. Values are reported for individual biological
replicates of Col-0 WT, natl, nat2 and doxc2l-a mutant lines. Cases of ambiguous strand assignment
(e.g., for genes with bidirectional transcription) are not shown in this table but are classified as “undefined”
in the pipeline.

Sample name readl_vs_gene read2_vs_gene

Col-0WT 1 0.0088 0.9912
Col-0 WT 2 0.0076 0.9924
Col-O WT 3 0.0104 0.9896
Col-0 WT 4 0.0092 0.9908
Col-O WT 5 0.0106 0.9894
Col-0 WT 6 0.0071 0.9929
natll 0.0096 0.9904
natl 2 0.0071 0.9929
natl3 0.0120 0.9880
natl4 0.0143 0.9858
natl5 0.0102 0.9898
natl6 0.0082 0.9918
nat21 0.0082 0.9918
nat2 2 0.0137 0.9863
nat23 0.0095 0.9905
nat2 4 0.0092 0.9908
nat25 0.0130 0.9870
nat2 6 0.0114 0.9886
doxc21-a1 0.0088 0.9912
doxc21-a2 0.0089 0.9911
doxc21-a3 0.0103 0.9897
doxc21-a 4 0.0114 0.9886
doxc21-a 5 0.0102 0.9898
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Supplementary Table SS5. Summary of functional annotation results for 772 novel genes identified
by RNA-Seq-based transcript assembly. Of these, 445 genes were successfully annotated based on homology
searches against major biological databases. The table lists the number and percentage of annotated genes
for each database, including COG, GO, KEGG, KOG, Pfam, Swiss-Prot, TTEMBL, eggNOG, and NR.
The annotations provide insights into putative functions, evolutionary relationships, and biochemical pathways,
contributing to the expanded annotation of the Arabidopsis genome.

Database Annotated number Annotated percent [%]

coG 19 2.5
GO 238 30.8
KEGG 169 21.9
KOG 170 22
Pfam 197 25.5
Swissprot 144 18.7
TrEMBL 437 56.6
eggNOG 214 27.7
nr 440 57
All 445 57.6

Supplementary Tables S6. Overview of differentially expressed genes (DEGs) identified by RNA-seq
analysis under osmotic stress. Following tables summarize the top DEGs identified across six pairwise
comparisons: (A) Col-0 WT vs. doxc21-a, (B) Col-0 WT vs. natl, (C) Col-0 WT vs. nat2, (D) natl vs. doxc21-
a, (E) nat2 vs. doxc21-a, and (F) natl vs. nat2. Each table presents genes with an absolute log. fold change
(log2FC) of > 2.5 and an adjusted p-value < 0.05. For each DEG, the following information is provided where
available: gene identifier, fold change value, direction of regulation (up/down), p-value, and functional
annotations. Gene Ontology (GO) classifications are included for molecular function, biological process,
and cellular component. Additional annotations encompass KEGG orthology and pathway terms, KOG
functional class predictions, and protein function descriptions based on Swiss-Prot and NCBI NR databases.
Functional annotation was performed using DIAMOND, InterProScan, and HMMER against major biological
databases including GO, KEGG, Pfam, COG, eggNOG, Swiss-Prot, and TrEMBL. Together, these tables
provide insight into stress-responsive transcriptional changes, highlighting genes and pathways potentially
regulated by DOXC21-A and NAT expression divergence in response to osmotic stress.
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One sentence summary: Arabidopsis UDP-glucosyltransferase (AtUGT79B9) with a previously
unknown function, mediates the interaction between plant secondary metabolites, accumulated
in roots and root exudates, which influence plant responses to abiotic stress factors like osmotic stress

and iron deficiency.

Keywords: abiotic stresses, coumarins, plant—environment interactions, rhizosphere, scopolin,
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ABSTRACT

In recent years, our team has established Arabidopsis thaliana as a valuable model for studying
the genetic and molecular basis of variation in coumarin biosynthesis and accumulation. We have
not only demonstrated the existence of large natural variation in the accumulation of various simple
coumarin compounds among natural Arabidopsis populations, but we have also mapped
the associated genomic regions and identified new candidate loci involved in this biosynthetic
pathway. Among the previously identified candidate genes, A:tUGT79B9, a member
of the UDP-glucosyltransferase (UGT) family, emerged as a particularly compelling candidate due
to its elevated expression in roots, a tissue essential for the accumulation and secretion of various
important secondary metabolites, including coumarins.

In this study, we further investigated the function of the previously uncharacterized AtUGT79B9
enzyme and its role in the accumulation of secondary metabolites in roots and root exudates

in response to abiotic stress factors. We transiently overexpressed UGT79B9 in Nicotiana
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benthamiana and performed targeted metabolite profiling using UHPLC-MS, complemented
by in silico analyses and functional characterization of the Arabidopsis ugt79h9 knockout,
as well as complementation and overexpression lines. These analyses revealed that UGT79B9 plays
a role not only in iron (Fe) deficiency responses but also in osmotic stress tolerance. Importantly,
in soil tests the ugt79b9 knockout mutant was found to be more resistant to drought stress than both
tested wild-type lines, Col-0 and Est-1 Arabidopsis accessions. To comprehensively assess global
metabolic changes associated with the loss of UGT79B9 function, and to uncover potential metabolic
changes beyond coumarin pathways, we employed a targeted and untargeted metabolomics approach
to identify specifically differentially accumulated coumarins and other metabolites across genotypes
and stress conditions. This analysis revealed distinct metabolic phenotypes across various
compounds, which were associated with plant genotypes (ugt79b9 knockout, wild-type, and
transgenic lines) and influenced by Fe availability in the liquid medium or PEG-induced osmotic
stress in hydroponics.

Ongoing metabolic network analysis and clustering are focused on identifying specific
metabolite interactions and regulatory patterns. Under varying Fe conditions, certain compounds
clustered with potential glycosylated molecules derived from flavonols, phenylpropanoids,
and coumarins. Remarkably, untargeted metabolomic analyses of root extracts and exudates
from plants grown under Fe-deficient in vitro conditions, revealed common metabolic features across
the roots and exudates of studied genotypes. Our findings indicate that UGT79B9 may function
as a metabolic switch in response to osmotic stress and Fe deficiency, potentially influencing

the accumulation of secondary metabolites, such as coumarins, involved in stress tolerance.

INTRODUCTION

Secondary metabolites are a large and diverse group of chemical compounds produced by plants
in response to various environmental stress factors. Coumarins are a group of metabolites
that are accumulated and secreted by roots into the rhizosphere, where they perform many different
functions, not all of which are yet fully understood. In recent years, many studies have been
conducted on the model plant Arabidopsis thaliana (hereinafter referred to as Arabidopsis), where
the main coumarins are scopoletin and its glycosylated form — scopolin (Rohde et al., 2004; Bednarek
et al., 2005; Kai et al., 2006 and 2008; Schmid et al., 2014; Siwinska et al., 2014; Sis6-Terraza
et al., 2016; Stringlis et al., 2019; Perkowska et al., 2021a; Ihnatowicz et al., 2024). Coumarins have
been shown to play an important role in iron (Fe) acquisition and homeostasis, especially under
Fe deficiency conditions (Fourcroy ef al., 2014, Schmidt et al., 2014, Rajniak et al., 2028, Siwinska
et al., 2018, Tsai et al., 2018, Perkowska et al., 2021b). Moreover, numerous reports highlight their
antibacterial properties and their crucial role as key components of root exudates in shaping
the rhizosphere microbiome (Stringlis et al., 2018, Voges et al., 2019, Harbort et al., 2020, Stassen
etal,2021).
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Numerous enzymes belonging to distinct chemical classes contribute significantly to plant
secondary metabolism. In Arabidopsis, the largest and most diverse enzyme family is cytochrome
P450 (CYP) (Werck-Reichhart & Feyereisen 2000, Bourgaud et al., 2006, Bak et al., 2011), whose
members are involved in the oxidation, hydroxylation, and biosynthesis of terpenoids, phenols,
alkaloids, and other specialized metabolites (Mizutani & Ohta, 2010). Two other relatively large
and functionally broad families are: [1] the 2-oxoglutarate-dependent Fe(II) dioxygenases (DOX)
(Farrow & Facchini 2014, Kawai et al., 2014, Shimizu et al., 2014), which mediate oxidative
cleavage, hydroxylation, and ring modifications, [2] and glycosyltransferases (GTs) that catalyze
the transfer of sugar moieties to a wide range of acceptor molecules, thereby modulating their
solubility, stability, and biological activity (Gachon et al., 2005). These enzymes play a key role
in shaping metabolite diversity and enable plant adaptation to environmental stress by modulating
detoxification, transport, and storage of secondary metabolites.

UGT enzymes belong to the large family of GTs, which play a crucial role in the modification
of secondary metabolites (Rehman ef al., 2018, Wang et al., 2023). They catalyze glycosylation,
which involves the attachment of a sugar group (from sugar molecules such as glucose, galactose,
or other sugars) to various acceptor molecules, including flavonoids, glucosinolates, terpenoids,
phytohormones, and other specialized metabolites. As a result, glycosylation affects the properties
of the molecule by influencing its solubility, stability, as well as the transport and bioactivity
of compounds. A lot of glycosylated molecules are stored in the vacuole and excreted in the cytosol
under stress conditions (Gachon et al., 2005). Although UGTs represent the largest subfamily within
the GTs, the biological functions and significance of many UGTs, especially in relation to stress
adaptation in terrestrial plants, remain poorly understood.

UGTs in Arabidopsis constitute a large family of enzymes that play critical roles in regulating
plant growth, stress responses, and immunity. Several AtUGTs are strongly induced by abiotic
stresses such as cold, salinity, and drought. For example, UGT79B2 and UGT79B3 have been shown
to contribute to stress tolerance by modifying anthocyanins and enhancing antioxidant activity
(Pan et al., 2017), while UGT86A1 promotes stress adaptation by increasing soluble sugar levels
and facilitating reactive oxygen species (ROS) scavenging (Ma et al, 2025). Other UGTs
are implicated in plant immunity. UGT73C7, for instance, is involved in plant immune responses
by redirecting phenylpropanoid metabolism (Hang et al, 2021), while UGT76B1 contributes
to disease resistance in Arabidopsis by generating defense-related metabolites (Lennart et a/., 2021).
Some UGTs were shown to be essential for the biosynthesis coumarin derivatives and their regulation
in Arabidopsis. The members of UGT72E subfamily were shown to be able to use coumarins
as substrates leading to formation of glycosylated coumarin derivatives (Wu et al., 2022). UGT72E
members have been shown to be able to utilize coumarins as substrates, and genetic evidence
suggests that enzymes that belong to UGT72E subfamily provides plants with increased tolerance

to low Fe availability under alkaline conditions. Although several enzymes from other families have
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been characterized in the coumarin biosynthesis pathway, many aspects of its regulation remain
unclear. Notably, this regulation may involve glycosylation steps catalyzed by yet uncharacterized
UGTs.

In previous genetic mapping studies, we identified a number of candidate genes potentially
involved in scopolin and scopoletin accumulation in Arabidopsis plants (Siwinska et al., 2014).
Among the candidate genes selected on the basis of in silico analysis of tissue distribution
and expression level, we selected one particularly interesting gene, AT5G53990, encoding a UGT
named UGT79B9 that is relatively highly expressed in Arabidopsis roots. According to the 1001
Genomes Project (https://1001genomes.org/) and resequencing performed in our laboratory, several
single nucleotide polymorphisms (SNPs) are present in the coding sequences of the AT5G53990
gene in Arabidopsis natural populations differing in accumulation of coumarin (Siwinska et al., 2015;
Perkowska et al., 2021).

Here, we performed a comparative biochemical analysis of UGT79B9 from two Arabidopsis
accessions Col-0 and Est-1, which differ in their scopoletin and scopolin levels. Transient
overexpression of UGT79B9 from Col-0 in N. benthamiana leaves led to elevated scopolin levels.
In Arabidopsis, metabolic profiling of the ugt79h9 knockout revealed an impaired scopolin
to scopoletin ratio. /n silico analysis suggested a role for UGT79B9 in osmotic stress response,
which was supported by stress assays showing that ug?79b9 knockout mutants developed larger roots
and rosettes that was associated with improved stress tolerance. We also conducted untargeted
metabolic profiling of methanol extracts from roots and root exudates of ugt79h9 knockout,
wild-type, and UGT79B9-overexpressing lines grown under Fe deficiency and PEG-induced stress
conditions. These results suggest that UGT79B9 may function as a metabolic switch
in responses to osmotic stress and Fe deficiency, likely via its role in coumarin biosynthesis. Mutation
in UGT79B9 may alter the levels of various secondary metabolites, including coumarins
linked to drought tolerance and Fe deficiency responses. This is consistent with recent
studies on coumarins in root exudates under Fe stress and the interplay between Fe and osmotic stress
signaling. Remarkably, this is the first evidence of a biological function of UGT79B9 in Arabidopsis,

highlighting its significance in stress adaptation through changes in secondary metabolism.
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RESULTS
In Vivo Activity of UGT79B9 in Nicotiana benthamiana
One of the first steps of UGT79B9 functional characterization was to test its enzyme activity
and substrate specificity using transient expression in N. benthamiana, followed by targeted
metabolite profiling by UHPLC-MS. Transient overexpression of AtUGT79B9 from the Arabidopsis
Col-0 reference line in tobacco leaves resulted in a significantly elevated level of scopolin compared
to the control infiltration using Agrobacterium tumefaciens carrying an empty vector (Figure 1).
The accumulation of the glycosylated compound, namely scopolin, suggests that the UGTT79B9
enzyme is active in planta and is metabolically connected to scopolin biosynthesis.
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Figure 1. Scopolin content in Nicotiana benthamiana leaves quantified using UHPLC-MS. Transient
expression was carried out using Agrobacterium tumefaciens transformed with the pBIN-GW empty vector
(control) and pBIN-GW:UGT79B9. Whiskers indicate min and max values. * P<0.05 (Welch’s t-test,

4 biological replicates).

In Vitro Enzyme Assays of UGT79B9

To further characterize the enzymatic properties of the UGT79B9, in vitro enzyme assays were
conducted using the purified recombinant protein to determine its substrate specificity and kinetic
parameters. We overexpressed the His-tagged UGT79B9 protein in a heterologous Escherichia coli
system to obtain a purified protein fraction according to Siwinska et al. (2018). Although we were
able to overproduce UGT79B9 using pET28a and pCold vectors (Supplementary Fig. S2), we were

unable to determine the enzymatic activity of the renatured UGT79B9 protein (data not shown).
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Characterization of ugt79b9 Knockout Mutant Under Liquid Culture Conditions Promoting
Root Growth

Next step was to perform biochemical characterization using Arabidopsis mutant line
as a powerful approach to validate the in vivo function of the UGT79B9 enzyme identified through
in planta assays in tobacco leaves. To gain insight into the biochemical and physiological role
of UGT79B9 enzyme, we identified a mutant line with a non-functional At5g53990 gene (ugt79b9)
and cultured it with two wild type lines - Col-0 and Est-1 accessions. The plants were grown in vitro
in liquid cultures — conditions that not only support root growth (the tissues where coumarins
and other important chemicals accumulate under stress) but also facilitate the harvesting of root
material for further applications, including metabolic profiling. After 3 weeks of growth,
quantification of scopoletin and its glycosylated form, scopolin, in methanol root extracts was
conducted using UHPLC-MS. This analysis revealed different levels of the tested coumarin

compounds between the three genotypes (Figure 2).
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Figure 2. Relative levels of scopoletin and scopolin in methanol root extracts of Arabidopsis accessions
(Col-0, Est-1) and ugt79B9 mutant plants (Col-0 genetic background) grown in vitro in control 2 MS liquid

cultures. Data are presented as mean +SD. *P<0.05.

Remarkably, the ratio of scopoletin to scopolin was significantly altered in the ug¢7959 mutant
compared to both wild-type lines, in which scopolin levels were clearly higher compared
to scopoletin (Figure 2). Equal levels of both of these compounds, which are potential substrates
and products of the UGT-catalyzed reaction, respectively, were observed in the ugt79b9 mutant.

This suggests a disruption in glycosylation activity attributed to the loss of UGT79B9 function.

In Planta Analysis of UGT79B9 Activity via Scopoletin Feeding
To further investigate the enzymatic activity catalyzed in planta by the UGT79B9 enzyme,
we conducted a similar experiment with the addition of exogenous scopoletin to assess its impact

on glycosylation dynamics. Interestingly, we noticed that the addition of scopoletin (0.25 pM),

198



which is a potential substrate of the UGT79B9-catalyzed enzymatic reaction, significantly increased
its possible product, namely scopoletin, but only in two wild-type lines, Col-0 and Est-1. In contrast,
in ugt79B9 knockout line, addition of exogenous scopoletin led to reduced levels of both scopoletin
and scopolin compared to control conditions, indicating a possible disruption of coumarin

metabolism or altered feedback regulation in the absence of functional UGT activity (Figure 3).
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Figure 3. Relative levels of scopoletin and scopolin in methanol root extracts of Arabidopsis thaliana
accessions (Col-0, Est-1) and ugt79B9 mutant plants grown in vitro in 2 MS liquid cultures, in control
conditions and with exogenous scopoletin (+0.25 pM). Data is presented as mean +SEM. ***P<(.001,

*x4%P<0.0001 (two-way ANOVA with Bonferroni multiple comparisons test, 4-6 replicates)

In Silico Analysis of Arabidopsis UGT79B9 UDP-Glucosyltransferase

To explore further the potential role of the previously uncharacterized UGT79B9 enzyme
in coumarin biosynthesis we compared its protein sequence with other UGT proteins whose activity
in this pathway has been experimentally confirmed (Figure 4). A comparison of multiple sequence
alignment from Arabidopsis and tobacco, shows that AtUGT79B9 shares a high level of similarity
with other coumarin-related UGTs within the 44 amino acid PSPG-box (plant secondary product
glucosyltransferase-box) located in the C-terminal part of the protein, which is responsible

for the majority of interactions with the sugar donor (Osmani et al., 2008, Hansen et al., 2009, Wang
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et al., 2009). It should be noted that some key N-terminal residues with which acceptors might

interact (Osmani et al., 2009) are identical among all sequences tested.
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Figure 4. Amino acid sequence alignment of AtUGT79B9 and coumarin-related UGTs from Arabidopsis
and Tobacco plants, namely AtUGT72E1-E3, AtUGT73B3-B4 and NtTOGT1.

Then, using STRING databases (https://string-db.org/), we checked the predicted functional
association for UGT79B9 protein taking into account available gene co-expression and textmining
data. Among the closest predicted functional partners of UGT79B9 are two, MYB40 (At5g14340)
and WRKY72 (AT5G15130), which not only show the highest expression in vegetative rosette roots
but were also among the candidate genes selected in our genetic mapping, likely underlying observed
variability in coumarin content (Siwinska et al., 2015). It should also be mentioned that previous
microarray-based transcript abundance analysis showed that MYB40 is a potential THO1-dependent
transcript. The Arabidopsis THO/TREX complex, whose component is the THO1 protein, mediates
the accumulation of scopolin under abiotic stress conditions (Doll et al., 2018). Even though,
Doll et al. (2018), did not establish a consistent effect of mutations in MYB40 loci on scopolin
accumulation, the potential link between the candidate gene UGT779B7 and coumarin biosynthesis
in Arabidopsis required further investigation. In particular, further studies are needed on the role
of UGT79B7 under various environmental stress conditions that affect the accumulation of secondary

metabolites — such as Fe deficiency, which is known to affect the synthesis and accumulation |
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of coumarin, and osmotic stress, which, according to the cited studies, significantly affects
the accumulation of scopolin in the roots. Therefore, the next step was an in silico gene expression
analysis using Arabidopsis Affymetrix microarray data (http://www.bar.utoronto.ca/eplant/),
focusing on the absolute expression level of AT5G53990 under different abiotic stresses (Figure 5)
to identify the environmental conditions regulating the expression of the gene encoding UGT79B7.
As shown in Figure 5, drought and osmotic stress are the two most important factors influencing
UGT79B7 gene expression levels, inducing it by approximately 3-4-fold. Therefore, subsequent

analyses focused on these stress conditions, along with coumarin-related Fe deficiency stress.

AT5G53990 expression level in stress
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Figure 5. In silico gene expression analysis using Arabidopsis Affymetrix microarray data

(www.bar.utoronto.ca/eplant/). Absolute expression level of AT5G53990 under various abiotic stresses.
(+ standard deviation). Blue color indicates lover expression level in comparison to the expression level
in plants from control conditions and red — higher expression level. All data were obtained from Kilian
et al. (2007, Plant Journal 50:347-63) except iron deficiency results from Dinneny et al. (2008) Science
320:942-945.
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Functional Analysis of ugt79b9 Mutant Under Osmotic Stress in a Hydroponic System

The next step was to examine the growth and phenotypic characteristics of ug?79b9 mutant plants
under selected stress conditions, alongside control lines. These included Col-0, the genetic
background of the mutant, and the Est-1 accession, which served as the second parental line
in a previous genetic mapping study (Siwinska et al., 2015). Plants were grown in hydroponic

cultures under control conditions and under osmotic stress induced by 3% (w/v) PEG 8000.

3% (w/v) PEG 8,000

» CONTROL(10x Heeg)
1

Col-0 ugt7989 Est-1

Figure 6. Phenotypic characterization of 5-week-old wild-type (Col-0, Est-1 accessions) and ugt7989 T-DNA
mutant plants (in Col-0 genetic background) grown under osmotic stress induced by 3% (w/v) PEG 8,000.
Col-0, Est-1 and ugt79B9 mutant line were cultivated in 10x Heeg solution with (stress condition) or without

(control) 3% PEG.

Under PEG-induced osmotic stress, ugt79b9 knockout mutants exhibited slightly improved
growth compared to Col-0 plants and were noticeably larger, with less symptoms of leaf senescence,
than the second wild-type line, accession Est-1 (Figure 6). Importantly, under osmotic stress
conditions, both the rosette mass and root length of the ug?79B9 mutant were significantly increased
compared to its genetics background (Col-0) (Figure 7), indicating that loss of UGT79B9 function
can enhance growth under osmotic stress conditions. For both growth-related phenotypic traits,
no statistically significant differences were observed between Col-0 and ugt79B9 mutant under

control conditions (Figure 7).
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Figure 7. Rosette weight and root length of Col-0 (WT), ugt79B9 mutants in Col-0 genetic background
and Est-1 accession after cultivation in hydroponic cultures under control and osmotic stress conditions. Data
is presented as mean £SEM. **P<(.01, ***P<0.001, ****P<0.0001 (two-way ANOVA with Bonferroni

multiple comparisons test, 12-24 replicates)

AtUGT79B9 Expression Is Significantly Enhanced by PEG-Induced Osmotic Stress
in an Accession-Dependent Manner in Hydroponic Culture

Considering the differential response to osmotic stress observed between two Arabidopsis
wild-type populations (Col-0 and Est-1, Figure 6 and 7), the parental lines of the mapping population
described by Siwinska et al. (2014), we investigated the relative expression of UGT79B9 in the roots

of 5-week-old plants grown in hydroponic culture under both control and osmotic stress conditions.
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Figure 8. Relative expression level of UGT79B9 in the roots of 5-week-old wild-type (Col-0, Est-1 accessions)
grown under osmotic stress induced by 3% (w/v) PEG 8,000. Col-0 and Est-1 plants were cultivated
in 10x Heeg solution with (stress condition) or without (control) 3% PEG. Data is presented as mean +SEM.

Two-way ANOVA with Bonferroni multiple comparisons test, 3 replicates
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The expression level of the UGT79B9 gene, which varied between Arabidopsis accessions under
control conditions, was significantly upregulated by osmotic stress, regardless of genetic background
(Figure 8). Notably, under control conditions, UGT79B9 expression was higher in the Est-1
accession. Osmotic stress induced a significant increase in expression in both genotypes,
with a highly significant induction in Est-1, which appears to be less tolerant to osmotic stress than

Col-0 in PEG-containing hydroponic cultures (Figures 6 and 7).

Untargeted Metabolite Profiling of Methanolic Root Extracts from Col-0 and ugt79b9 Plants
Grown Hydroponically Under PEG-Induced Osmotic Stress

Given the lack of a clear binary relation between the ugt79B9 knockout mutation
and accumulation of coumarins, the inconclusive results from our in vifro enzyme assays,
and the broad substrate specificity that is found in UGT enzyme family, we proceeded
with untargeted metabolic profiling. We aimed to comprehensively assess global changes
in the metabolite landscape associated with the loss of UGT79B9 function, and to uncover potential
metabolic changes beyond coumarin pathways. To achieve that, we conducted untargeted metabolite
profiling of methanolic root extracts from hydroponically grown Col-0 and ugt79B9 knockout plants
using a Linear Trap Quadrupole (LTQ) mass spectrometer, which has the advantage of high

sensitivity. The resulting data were processed and quantified using the XCMS software.
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Figure 9. Metabolic phenotype of the ugt79B9 knockout mutant (KO). Untargeted metabolomic profiling was
conducted on methanolic root extracts from hydroponically grown Col-0 (wild-type, WT) and ugt79B9
knockout (KO) plants under both control and 3% PEG-induced osmotic stress. A consistent disappearance
of four molecules of four metabolites was observed in the ug¢79B89 mutant: three (m/z 488, 485, and 481) were

detected in negative ionization mode (ESI-), and one (m/z 464) in positive ionization mode (ESI+).

Our results revealed a significant impact of the ug¢79h9 mutation on the accumulation of certain
features (Figure 9). By comparing ion signals between Col-0 vs. ugt79b9 samples under both control
and PEG-induced osmotic stress conditions, four m/z features were identified that were consistently
downregulated in the ug?79b9 mutant. Notably, these molecules showed strong induction in response
to PEG treatment in wild-type plants (Figure 9). Three of the affected molecules (m/z 488, 485,
and 481) were detected in negative ionization mode (ESI-), while one (m/z 464) was detected
in positive mode (ESI+). We did not detect any significant differences in the content of coumarins

between Col-0 and the ugt79b9 mutant line.

Generation of 35S::UGT79B9/Col-0 overexpression line and 35S::UGT79B9/ugt79b9
complementation line
To further elucidate the functional role of UGT79B9 in Arabidopsis and its potential involvement

in plant adaptation to stress via secondary metabolism biosynthesis, we generated two types
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of overexpressing (OX) lines: (1) one to study the effects of increased UGT79B9 gene expression
on the plant's phenotype, metabolism, or stress response (35S::UGT79B9/Col-0), (2) and the other
one in the ugt79b9 mutant background (35S::UGT79B9/ugt79b9) to complement the mutant
phenotype and further investigate the role of UGT79B9. All experiments and results described below
were performed using these four plant genotypes: wild type (Col-0), a knockout mutant (ugt7959),

and the two overexpressing lines described above.

Untargeted metabolite profiling of roots and exudates from Col-0, ugt79B9, and transgenic
lines under Fe-deficient conditions

Untargeted metabolite profiling was conducted on root and exudate extracts from Col-0, ugt79B9
knockout plants, as well as 35S::UGT79B9/Col-0 overexpression and 35S::UGT79B9/ugt79B9
complementation lines, all grown in vitro in liquid culture under control and Fe-deficient conditions.
Using an LTQ mass spectrometer, we analyzed Arabidopsis root and root exudate extracts from
in vitro liquid cultures to identify m/z signal intensities. The data were processed and compared using
XCMS software. Samples were analyzed in both positive and negative ionization modes, comparing
cultures grown with or without Fe. Genotypic comparisons included Col-0 wild type (WT)
vs. ugt79b9 knockout (KO), Col-0 vs. 35S::UGT79B9/Col-0 (Col-0::UGT, overexpression line),
and Col-0 vs. 35S::UGT79B9/ugt79b9 (ugt::UGT; complementation line). As a result, we detected
the m/z 413.0 when we filtered the chromatogram between 412.5-413.5 (Figure 10B) with a loss
of m/z 45.9 (Figure 10A) clearly identified in all the samples except for the KO mutants (Figure
11).
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Figure 10. Mass spectrometry analysis of detected m/z 413.0. A. fragmentation pattern and B. the full filtered
chromatogram between 412.5-413.5.
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As shown in Figure 11, the m/z 413.0 signal is completely absent in the root extracts
of the ugt79b9 knockout (KO) line under both Fe-sufficient and Fe-deficient conditions in liquid
cultures. In contrast, this signal accumulates significantly, about 2-3-fold, in both the overexpressing

lines 35S::UGT79B9/Col-0 and 35S::UGT79B9/ugt79B9 (Col-0::UGT and ugt::UGT, respectively).
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Figure 11. Root metabolic phenotype and relative quantification of m/z 413.0 of the WT, ugt79B9 knockout
mutant (KO) and ugt79B9 over-expressing (Col-0::UGT and ugt::UGT) lines. Targeted metabolomic profiling
was conducted on methanolic root extracts from hydroponically grown Arabidopsis plants under both control

and minus Fe stress.

Remarkably, under Fe-deficient conditions, the m/z 413.0 signal increases almost 9-fold,
suggesting that the gene(s) involved in the biosynthesis of this compound are inducible under
Fe deficiency conditions. Even under Fe-sufficient conditions, overexpression of UGT79B9
in the Col-0 and ugt79h9 mutant backgrounds leads to a 2- to 3-fold increase in accumulation
compared to WT. Under Fe-deficient conditions, the compound corresponding to the m/z 413.0
signal accumulates strongly in overexpressing lines compared to WT, highlighting the contribution
of the gene to metabolite production. Interestingly, the magnitude of induction under both
Fe-sufficient and Fe-deficient conditions is similar in WT and overexpressing lines, suggesting
that the upstream induction mechanism remains functional in the absence of UGT79B9,
and m/z 413.16 likely represents a downstream product of UGT79B9 activity.

Notably, the compound corresponding to m/z 413.0 was also detected in the exudates of Col-0
plants, at similar levels under both Fe-sufficient and Fe-deficient conditions (Figure 12). In contrast,
it is completely absent from the exudates of the ugt79h9 knockout line, confirming the requirement
of UGT79B9 for its synthesis or secretion. Under Fe-sufficient conditions, m/z 413.0 accumulates
approximately 10-fold in 35S::UGT79B9/Col-0 and 13-fold in 35S:UGT79B9/ugt79B9
overexpression lines (Col-0::UGT and ugt::UGT, respectively) compared to wild type. Interestingly,

Fe deficiency results in a reduced accumulation of m/z 413.0 in both overexpression lines.
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Figure 12. Root exudates metabolic phenotype and relative quantification of m/z 413.0 of the WT, ugt79B9
knockout mutant (KO) and ugt79B9 over-expressing (Col-0::UGT and ugt::UGT) lines. Targeted metabolomic
profiling was conducted on methanolic root extracts from hydroponically grown Arabidopsis plants under both

control and minus Fe stress.

The observed pattern suggests that the secretion of the molecule corresponding to m/z 413.0 may
be regulated by the cellular Fe concentration and its availability. This may indicate a possible

feedback mechanism or resource allocation in response to plant nutritional status.

Metabolomic clustering of m/z 413.0

The initial metabolomic analyses using the LTQ mass spectrometer confirmed the impact
of the mutation on the composition of certain compounds, in particular a m/z value of 413.0, which
is completely absent in the ugt79b9 mutant line. The acquisition of an Orbitrap mass spectrometer
enabled the generation of high-resolution data, which were subsequently analyzed using advanced
software (Compound Discoverer). Samples were injected and we focused on the 26 features that were
showed to be significantly sensitive to the presence of ugt79h9 mutated allele. Through clustering
analysis, we identified about 20 molecules with closely related structures within this cluster (Figure

13). This result indicates a close structural similarity between almost all these features.
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Figure 13. Metabolomic clustering of m/z 413.0.
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To further investigate the physiological role of UGT79B9, we performed a comparative
untargeted metabolomics analysis of Arabidopsis roots and exudates from Col-0 wild-type plants,
ugt79b9 knockout, as well as overexpression (35S::UGT79B9/Col-0) and complementation
(35S::UGT79B9/ugt79b9 ) lines grown under Fe-deficient conditions.

Comparative Metabolomic Analyses of Extracts from Col-0, ugt79B9 knockout
and overexpressing lines grown in vitro under Fe-deficiency

By comparing Col-0 to ugt79B9 compounds, of the approximately 350 m/z features detected
in ESI- mode identified in the extracts, the relative abundance of 15 and 10 compounds in the roots
and exudates (blue features in the green square), respectively was clearly reduced in the ugt79B9
knockout lines - by at least a factor of 8, and in some cases to the limit of detection (approximately
100-fold decrease) (Figure 14 A and B). The m/z features in the red square represent those that
disappear in the ugt79B9 line. Remarkably, among the features that decrease significantly
in the ugt79B9 knockout lines, most of the compounds are postulated to be polyhydroxylated
molecules in roots extracts and exudates (Table 1 and 2). When UGT79B9 was overexpressed
in the ugt79b9 mutant background (Figure 15 A and B), all the features except one (in green) that
disappeared in the ugt79h9 line reappear in the roots extract and all the features reappear
in the exudates (highlighted in the green square). This indicates a partial recovery of the metabolite

profile associated with the UGT79B9 activity (Figure 15 A and B).
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Figure 14. ugt79b9 vs. Col-0. Volcano plot for roots (A) and exudates (B). The blue circle represents m/z
features. And those that disappear are included in the green square represent those that disappear in the ugt79b9

mutant line.
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Figure 15. ugt79b9 vs. 35S::UGT79B9/ugt79b9 Volcano plot for roots (A) and exudates (B). The blue circle
represents m/z features. And those that disappear are included in the green square represent those that disappear

in the ugt79b9 mutant line.

When comparing the feature content for the Col-O line with the 35S::UGT79B9/Col-0
overexpression line in roots (Figure 16A), we did not observe a significant difference; however,
we observed a trend towards accumulation of the same 15 peaks that disappear in the ugt79b9 line
(in blue) identified earlier, suggesting a dosage effect of UGT79B9 overexpression. On the contrary,
in exudates 8 features that disappear in the ugt79b9 line reappear in the 35S::UGT79B9 line (Figure
16B).
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Figure 16. 35S::UGT79B9/Col-0 vs. Col-0. Volcano plot for roots (A) and exudates (B). The blue circle
represents m/z features. And those that disappear are included in the green square represent those that disappear

in the ugt79b9 mutant line.

All the features described above that moves significantly between the lines, are summarized
in the two tables attached below. Only 2 structures were proposed (LTS0110312 and CNP0383438)
that correspond to an oxylipin derivative and a polycyclic aromatic compound respectively in root
extracts. In exudates one structure was proposed (LTS0151534) that correspond to an oxylipin. These

structural identifications were based on the Compound Discoverer analysis.
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Table 1. List of roots compounds identified from plants cultivated in vitro that decrease significantly
in the ugt79B9 knockout line in comparison to Col-0 WT. Compound and molecular formula assignment
was determined by Compound Discoverer software. Class compound assignment was determined
from a SIRIUS analysis. RT: retention time. Peak: compound that move significantly (p value<0.01, log fold
change>3). COCONUT (CNP) and LOTUS (LTS) databases were used for compound assignment. Red color

indicates m/z features shared between root extracts and exudates.

Peak RT (min) Compound assignment Molecular formula assignment m/z [M-H]-

1 9.32 Ci6 H30 O12 413.1668
2 9.32 Cis Has O1o 367.1612
3 12.02 CNP0383438 Ca2s Hig Os 413.1025

13.48 Cis H32 O3 455.1773
5 13.71 Ci7 H30 Onr 409.1718
6 14.71 Ci7 H30 Ol 409.1718
7 14.71 Cis H32 O3 455.1771
8 14.71 Cis H30 O3 453.1618
9 15.27 CisH34 O12 S 473.1700
10 17.28 LTS0110312 CoHis Os S 235.0645
11 17.31 Cis H34 O12 441.1981
12 17.46 C22 H3 O3 503.1774
13 18.2 Cio H34 Onr 437.2032
14 18.61 Ci9 H34 Onr 437.2032
15 18.93 C20 H36 O12 467.2137
16 19.00 Ci9 H36 O12 455.2139
17 19.03 C21 H3s O3 497.2245
18 19.57 C22 Hs6 O3 507.2086
29 19.57 C21 H36 O11 463.2189
20 19.70 C20 H36 O11 451.2188
21 19.70 C21 H36 O13 495.2088
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Table 2. List of root exudates compounds identified from plants cultivated in vitro that decrease significantly
in the ugt79B9 knockout line in comparison to Col-0 WT. Compound and molecular formula assignment
was determined by compound discoverer software. Class compound assignment was determined
from a SIRIUS analysis. RT: retention time. Peak: compound that move significantly (p value<0.01, log fold
change>3). COCONUT (CNP) and LOTUS (LTS) databases were used for compound assignment. Red color

indicates m/z features shared between root extracts and exudates.

Peak RT (min) Compound assignment Molecular formula assignment m/z [M-H]-

1 9.21 Cis Has O1o 367.1612
2 9.22 Ci6 H30 O12 413.1667
3 10.61 Ci6 Has O11 395.1563
4 14.73 Ci7 H30 Ol 409.1719
5 14.73 Cis H30 O3 453.1618
6 15.07 Cig H32 On2 439.182
7 15.6 Cig H32 O3 455.1776
8 17.26 C21 H32 On2 475.1826
9 17.30 Cis H34 O12 441.1982
10 18.92 C20 H36 O12 467.2139
11 18.99 Ci9 H36 O12 455.2140
12 19.55 Ci6 H2s O9 363.1665
13 19.59 C21 H36 O11 463.2192
14 19.62 Cis Has O9 351.1663
15 19.62 Cia H26 O7 305.1607
16 19.72 C20 H36 O11 451.2189
17 19.72 C21 H36 O13 495.2089
18 21.02 C21 Hao O12 483.2451
19 22.46 LTS0151534 Cis H32 Os 327.2179
20 22.52 Ci6 Has O4 283.1916
21 22.66 CioHisN O3 194.0822
22 22.73 Cia H24 O3 239.1652
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Interestingly, we observed that a large number of compounds were shared between root extracts
and exudates (10 compounds, i.e., 50%). This result strongly suggests that UGT79B9 is involved

in the biosynthesis of compounds produced in the roots and secreted into the external environment.

Metabolic network map using the available metabolomics data to visualize relationships among
detected compounds

The Compound Discoverer software did not yield detailed structural or identification data
for the previously detected molecules. Only preliminary structural information is currently available.
This observation underscores the potential novelty of these compounds, which appear to be absent
from existing chemical databases. We then constructed a metabolic network map using the available
metabolomics data, with a particular focus on the MS? fragmentation patterns of each feature,
which serve as molecular fingerprints. This allowed us to visualize potential structural relationships
among the detected compounds. As a first step, a correlation heatmap was generated to identify
compounds in root extracts and exudates that exhibited significant differences in accumulation
between in vitro grown Arabidopsis genotypes under Fe-sufficient (+Fe) and Fe-deficient (—Fe)
conditions (Figure 17).

The heatmaps of root extracts and exudates (Figure 17A and B) were organized along
the horizontal axis according to genotype and Fe availability. Distinct sample groups emerged
clearly. In both root extracts and exudates, mutation in UGT79B9 had a marked effect on the selected
metabolites, with a substantial reduction in their accumulation for most features,
leading to a well-defined cluster linked with knockout mutation. For WT (Col-0), overexpressing
(35S::UGT79B9/Col-0) and complementation (35S::UGT79B9/ugt79B9) lines, the patterns differed
between roots and exudates. In root extracts, Fe deficiency was strongly associated with an increased
accumulation of numerous features. In contrast, the exudate profiles were more complex: Col-0
samples clustered together with minimal influence from Fe status, while complementation
and overexpressing samples grouped together, with Fe availability further driving the formation

of sub-clusters.

Analysis of the 3 groups of features in the root extracts

For the root extracts heatmap, we could distinguish 3 groups of features. In the first group
2 metabolites were under-expressed in the presence of Fe and in the ugt79b9 line samples (4, 7) most
of which show little or no induction under Fe-deficient conditions. Within this group, a first subgroup
(10) displays slight overproduction under Fe deficiency, with similar patterns in WT
and ugt79b9 lines, indicating that overexpression has a limited effect. A second group of 3 features
(1, 5 and 8) showed a low intensity in ugt79h9 lines samples and an over-accumulation
in all the other samples growing under Fe-deficiency. This subgroup is characterized by a strong

decrease in metabolite levels in the ugr79h9 mutant, while both overexpression and Fe deficiency
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lead to high accumulation—also observed in the Col-0—suggesting a synergistic effect. In the last
group we also observed the under-expression of 9 features in the ugt79b9 mutant in comparison
with the other genotypes. Once again, in the Fe-deficient samples the accumulation of the features
is the strongest.

In a third subgroup, metabolites show minimal accumulation under Fe-sufficient conditions.
In the three groups, overexpression of UGT79B9 in both Col-0 WT and ug?79b9 mutant backgrounds

leads to a restoration of metabolite accumulation.

Analysis of the 3 groups of features in the root exudates

From a general perspective, metabolite accumulation was higher in the overexpression
and complementation lines. In more detail, the first group composed of 6 features (2, 5, 6, 9, 10, 11)
exhibited low levels in ugt79h9 mutant samples, with higher level in both overexpression
and complementation lines. The second group, consisting of four metabolites (3, 7, 17, 18) showed
very low level in both ugt79h9 mutant and WT lines and no elevated levels in overexpression
and complementation lines under Fe-deficient conditions. Finally, a third group of eight metabolites

was present in the heatmap but displayed no clear pattern.

The next step involved metabolic network analysis, during which approximately 300 m/z features
detected in ESI mode via untargeted metabolomics were used to construct the metabolic clustering

presented below for root extracts and exudates (Figure 18 A and B).

In exudates, compounds No. 2 and 5 (Figure 18B, Table 2) were clustered with a known
coumarin derivative, scopolin, and a glucosylated phenylpropane derivative, suggesting structural
or biosynthetic relatedness. Compounds No. 6, 8, and 10 were identified as glycosylated molecules
derived from flavonols, phenylpropanoids, and coumarins, respectively. In root extracts, a clustering
of features 2, 5, 7, 11 (Table 1) was observed but no structural information could be attributed.

All these features disappear in the ugt79b9 mutant line.

Similar experiments (untargeted metabolic profiling using Thermo Scientific ORBITRAP
followed by correlation heatmap and metabolic network analysis) were conducted with knockout
(KO), wild-type (WT), and overexpression lines grown under PEG-induced osmotic stress. The data

are not shown and are currently being processed.
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Figure 17. Hierarchically clustered heat map of selected features of Arabidopis roots (A) and exudates (B)
differentially accumulated in response to Fe stress and plant genotype. To select differential levels, m/z area
levels were examined using Student's ¢-test, and only those that were significantly different at the log2 fold
change and P<0.01 level were selected. The cells color represents the changes of each metabolite
relative to the mean control level. Red color represents up-accumulated and blue color down-accumulated m/z.

The samples were analysed with Orbitrap and Compound Discoverer.
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Figure 18. Metabolic network analysis: approximately 300 m/z collected in ESI-detection mode (untargeted

metabolomics) were used to construct below metabolic clustering for root extracts (A) and exudates (B).

218



Drought experiment in soil

To investigate the functional role of UGT79B9 in drought stress responses, a soil-based
experiment was conducted. Col-0, wugt79h9, overexpression lines 35S:UGT799/Col-0
and 35S::UGT79B9/ugt79b9, and Est-1 subjected to physiological drought conditions for 25 days
(Figure 19A). After that time plants were re-watered and the fresh and dry weight (FW and DW)
was measured. Under control conditions, all genotypes displayed comparable growth and rosette
biomass. Est-1 and Col-0 showed the most significant symptoms of drought in terms of FW
when compared to well-watered control plants (Figure 19B). 35S::UGT799/Col-0 overexpression
line had significantly higher FW than its genetic background Col-0. Although not significant,
we also observed slightly higher FW in 35S::UGT79B9/ugt79b9 overexpressing line when compared
to ugt79b9. These differences were less pronounced in terms of DW (Figure 19C).
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Figure 19. Impact of drought stress on Est-1, Col-0, wugt79h9, 35S::UGT799/Col-0
and 35S::UGT79B9/ugt79b9 grown in soil. (A) Representative images of tested genotypes grown under
well-watered (control) and drought-stressed conditions. Plants were grown for 22 days under control
conditions, followed by a 25-day drought period and re-watering phase. (B) Fresh weight (FW) and (C) dry
weight (DW) of shoots were measured at the end of the recovery phase. Data is presented as mean +SEM.

*P<0.05 (two-way ANOVA with Bonferroni multiple comparisons test, n=9).
To further evaluate the physiological response of UGT79B9-related genotypes to drought stress,

we assessed membrane stability and tissue hydration by measuring electrolyte leakage (EL) and water

content (WC) in rosette leaves. As shown in Figure 20A, under control conditions, EL was significantly
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lower in Est-1 compared to Col-0 and mutant lines (ugt79b9, 35S::UGT79B9/Col-0,
and 35S::UGT79B9/ugt79b9). This can be explained by the fact that Est-1 plants had a substantial amount
of necrotic tissue after drought stress, which did not contribute to EL. Upon drought treatment, EL slightly
increased in Col-0, ugt79b9 and 35S::UGT79B9/ugt79b9 in contrary to 35S::UGT79B9/Col-0 where EL
decreased, however these differences were not statistically significant.

In parallel, WC measurements (Figure 20B) revealed that all genotypes maintained similar hydration
levels under control conditions. However, under drought, Col-0 exhibited a significant reduction in WC,
while both UGT79B9 overexpression lines retained higher WC, comparable to the ugt79b9. These results

imply a potential role of UGT79B9 in mitigating drought-induced cellular damage and maintaining tissue

hydration.
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Figure 20. Electrolyte leakage and water content under drought stress conditions. (A) Electrolyte leakage
in control and drought-treated rosettes. (B) Water content was calculated from fresh and dry weights using the
formula: WC [%] = (FW — DW) / FW x 100. Asterisks indicate statistically significant differences between
genotypes or treatments (two-way ANOVA with Bonferroni post hoc test; *P<0.05, **P<0.01, ***P<0.001).

Bars represent mean values = SEM (n=6—7 biological replicates).

DISCUSSION

We previously demonstrated that coumarins are widely distributed across various Arabidopsis
natural populations and identified QTL regions underlying variation in scopoletin and scopolin
content among seven accessions (Siwinska et al., 2014). We selected several candidate genes
that may influence this phenomenon. One gene of particular interest was UGT79B9, a member
of the UDP-glucosyltransferase (UGT) family with an unknown biological function that is relatively
highly expressed in roots.

Here, we conducted a comparative biochemical analysis using the UGT79B9 coding sequences
from the Arabidopsis Col-0 and Est-1 accessions, which differ in scopoletin and scopolin content
and served as parental lines in the QTL mapping population. We transiently overexpressed UGT79B9
in N. benthamiana and performed metabolic profiling using UPLC-MS. This analysis revealed

220



a significantly increased level of glycosylated scopoletin (scopolin) in the transformed leaves. Next,
we conducted experiments using Arabidopsis UGT knock-out T-DNA insertional mutant line
(ugt79b9) in the Col-0 genetic background, as well as lines overexpressing UGT79B9. Metabolic
profiling of the ugt79h9 mutant line revealed an increased level of scopoletin and a disrupted
scopolin-to-scopoletin ratio compared to wild-type (WT) plants. In silico characterization
of the UGT79B9 gene suggested its potential involvement in osmotic stress response. To investigate
this further, we cultivated ugt79h9 mutant and WT lines under osmotic/drought stress conditions
to compare their phenotypic appearance and overall plant performance. We found that plants
with higher scopoletin content exhibited a more extensive root system and were better able to cope
with osmotic stress caused by various factors. In addition to these in vivo experiments,
we overproduced UGT79B9 sequences from Col-0 and Est-1 in vitro and performed enzymatic
assays.

The results strongly suggest that the UGT79B9 enzyme plays a key role in the plant's response
to both osmotic stress and Fe deficiency, functioning as a metabolic switch. The regulatory role
of scopoletin may have important physiological consequences, as unmodified scopoletin has been
linked to enhanced stress defense but also cytotoxicity when excessively accumulated (Stringlis
et al., 2019). Therefore, mutations in the gene encoding UGT79B9 may impact the accumulation
of various secondary metabolites from different chemical groups, including coumarins.

The link between coumarins and plant tolerance to drought stress, as recently reported by other
researchers (Zandalinas et al. 2017, Doll et al. 2018), along with the observed correlation between
coumarin content in root exudates under Fe deficiency, aligns with our findings. This supports
the hypothesis that UGT79B9 may play an important, albeit not yet fully understood, role in plant
protection against stress factors. This is especially important due to the recent reports indicating
the interconnection of Fe and osmotic stress signalling in plants (Kanwar et al., 2021; Quagliata
et al., 2025). Such effects may be linked to the dual role of coumarins in redox homeostasis
and modulation of the root microbiome, which contributes to plant fitness under water-limiting
conditions (Voges et al., 2019; Harbort et al., 2020).

Our findings are important due to the fact that so far no biological function for Arabidopsis
UGT79B9 has been described. Its potential role in Fe-deficiency response probably via coumarin
biosynthesis and its involvement in plant responses to osmotic stress, including stress caused
by water shortage, seems to be of particular interest at a time of climate change and the increasing
occurrence of drought and nutrients-poor soils in the natural environments. Further characterization
of UGT79B9, related glycosyltransferases and their potential substrates may contribute

to the development of more resilient crops through targeted metabolic engineering.
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MATERIALS AND METHODS
Plant material

The following Arabidopsis thaliana lines were used in this study: Columbia-0 (Col-0)
as the wild-type (WT) reference, a T-DNA insertional knockout mutant of UGT79B9
(GABI _048GO01; hereafter referred to as ugt79b9) in the Col-0 background, and two transgenic
overexpression lines: 35S::UGT79B9/ugt79b9 (complementation line) and 35S::UGT79B9/Col-0
(overexpression in WT background). Seeds of the ugr79h9 mutant are publicly available from
the Nottingham Arabidopsis Stock Centre (NASC; http://arabidopsis.info/).

Genotyping of the wugt79h9 mutant and confirmation of transgene integration
in the overexpression lines were performed using tiOptiTaq DNA Polymerase (EURx, Poland).
Gene-specific primers for UGT79B9 were 5'-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGCCAAAATTTTCAC-3" and
5'-GGGGACCACTTTGTACAAGAAAGCTGGGTTTCATTCAAGATTTGTATCG-3'.
As a housekeeping control, ACTIN2 was amplified using primers
5'-TCCCAGTGTTGTTGGTAGGC-3" and 5'-CAAGACGGAGGATGGCATGA-3'". The absence
of UGT79B9 transcript in the ugt79b9 mutant was validated by RT-PCR using the same gene-specific
primers (Supplementary Figure 1).

Nicotiana benthamiana seeds, used for transient expression assays, were kindly provided

by Dr. Etienne Herbach (INRA, Colmar, France).

Growth conditions and treatments
Hydroponic and in vitro plate and liquid cultures

Arabidopsis plants under control conditions were grown in hydroponic cultures (10x Heeg
hydroponic solutions) and ir vitro cultures (0.5 MS) as described by Siwinska et al. (2018). Similarly,
iron deficiency conditions (0 pM Fe2+) were obtained similarly to Siwinska et al. (2018),
while osmotic stress conditions were obtained by transferring plants on day 10 to medium
supplemented with 3% (w/v) PEG 8000.
Soil cultures

Arabidopsis seed were stratified prior to sowing for 4 days in 4°C. Plants were grown in 3:1 (v/v)
mixture of a peat-free commercial substrate (COMPO SANA®, COMPO, Germany) and 3—6 mm
vermiculite granules. Pots were placed in trays and maintained in growth chambers under a 16 h
light/8 h dark cycle (120 umol m™2s™"), at 22°C/20°C day/night temperatures.
Growth conditions of N. benthamiana plants

Two weeks after germination, N. benthamiana seeds were transplanted and grown independently
for another 3 weeks in plant growth chambers with a photoperiod of 16 h of light (120 pmol m™*s™")
at 24°C and 8 h of darkness at 22°C and 70% humidity.
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Drought experiment in soil

For drought experiments, each pot was adjusted to a uniform pre-sowing mass (120+0.5 g)
to standardize initial water content across replicates before sowing seeds. Drought stress was applied
in the third week of growth by withholding irrigation for 25 days, followed by rehydration with 3 L
of water per tray. Fresh weight (FW) of aerial tissues was measured three days post-rehydration;
dry weight (DW) was recorded after drying at 85°C for 18h until constant mass (n=9). Water content
(WC) was calculated as WC [%] = [(FW-DW)/FW] x 100. Membrane stability was assessed
via electrolyte leakage: leaves were incubated overnight in 20 mL Milli-Q water (RT, 114 rpm),
and conductivity of 6 mL aliquots was measured (HANNA EDGE™, USA) and normalized to leaf
area (n=0).
Plasmid construction, stable transformation and generation of overexpression lines

To generate overexpression lines, the full-length CDS of UGT79B9 was amplified from Col-0
cDNA using gene-specific primers containing Gateway™ at#tB recombination sites (atfBl: 5’-
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGGCCAAAATTTTCAC-3 and atfB2: 5°-
GGGGACCACTTTGTACAAGAAAGCTGGGTTTCATTCAAGATTTGTATCG-3"). The PCR product
was purified and cloned into the pPDONR™ vector via BP recombination using BP Clonase™ II
(Thermo Fisher Scientific, USA), following the manufacturer’s instructions. Positive clones were
verified by colony PCR and Sanger sequencing. The resulting entry clone (pENTRY:: UGT79B9)
was subsequently recombined with the pK2GW?7.0 destination vector using LR Clonase™ II
to obtain the binary vector pDEST::UGT79B9, which confers kanamycin resistance in plants
and spectinomycin resistance in bacteria. Electrocompetent Agrobacterium tumefaciens GV3101
cells (rifampicin- and gentamycin-resistant) were transformed with the pDEST::UGT79B9 construct
via electroshock, and positive transformants were selected on LB agar containing rifampicin
(10 mg/L) and spectinomycin (50 mg/L). Colony PCR was performed to confirm transformation.
For stable plant transformation, the floral dip method was applied to Arabidopsis Col-0 and ugt79b9
mutant lines. Bacterial cultures were grown overnight in LB medium supplemented with rifampicin
and spectinomycin at 28°C with shaking (180 rpm). The next day, bacteria were pelleted,
resuspended in infiltration medium (2.2 g/ MS salts, 50 g/L sucrose, 1| mL/L Gamborg’s vitamins,
0.5 g/L MES bulftfer, pH 5.7, and 0.005% Silwet L-77), and used for dipping. Flowering plants were
submerged in the infiltration medium for 15 seconds and transferred to humidity chambers for 24 h
in darkness. Plants were then returned to standard growth conditions and grown until seed harvest.
Seeds were collected and sown on selective medium containing kanamycin to identify transgenic
progeny. Resistant seedlings were transferred to soil, and transgene integration was confirmed
by PCR. Homozygous T3 an T4 lines were selected for downstream phenotypic and molecular

analyses.
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In silico analysis of the UGT79B9 expression

In silico analysis of UGT79B9 was conducted using publicly available AtGenExpress datasets
generated with the Affymetrix ATHI GeneChip microarray platform. Data were retrieved from
the Arabidopsis eFP Browser (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) to assess tissue-specific
and stress-induced expression patterns. Expression levels were visualized across various time points
and in response to abiotic stresses.

Gene expression analysis by qPCR

Total RNA was extracted from Arabidopsis Col-0 and Est-1 root s using the GeneMATRIX
Universal RNA Purification Kit (EURX, Poland), including on-column DNase. First-strand cDNA
was synthesized from 1 pg of RNA using oligo(dT) primers and smart First Strand cDNA Synthesis
Kit (EURx). gPCR was performed using Bio-Rad CFX96™ Real-Time PCR Detection System
(Bio-Rad, USA) and Luminaris HiGreen qPCR Master Mix (Thermo Scientific, USA) under
the following conditions: 50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 10's
and 60°C for 5 s with fluorescence acquisition. A final cooling step at 40°C for 30 s was included,
and melt curve analysis was conducted from 60°C to 97°C. All reactions were performed in technical
triplicates for each biological replicate. Relative transcript levels were calculated using the 2744
method. We used the following gene-specific primers: for the reference gene ACTIN2 (ACT2) 5°-
CTTGCACCAAGCAGCATGAA-3 and 5’-CCGATCCAGACACTGTACTTCCTT-3’
(Czechowski et al., 2005); for UGT79BY9 5’-GGAGGTTTTGGTTAGTCCTGG-3" and 5’-
CGTTGACTATATTCTGCAAAGTTTC-3’. Primer specificity for UGT79B was confirmed
by the analysis of melting curves
Heterologous expression in N. benthamiana leaves

The protocol for heterologous expression in N. benthamiana leaves and followed targeted
metabolite profiling by UHPLC-MS was described in Siwinska et al. (2018).

Preparation of methanol extracts and metabolite profiling

Methanol extracts preparation from Arabidopsis roots, as well as Extraction of root exudates
from nutrient solutions, and following targeted metabolic profiling (UHPLC-MS) was according
to Siwinska et al. (2018).

Untargeted metabolic profiling (Thermo Scientific ORBITRAP)

Metabolite profiling was carried out using a Vanquish UHPLC system (ThermoFisher Scientific,
USA) equipped with a quaternary pump, autosampler, and column oven. Chromatographic separation
was achieved on a Kinetex XB-C18 core-shell column (150 x 2.1 mm, 2.6 um; Phenomenex Inc.,
Torrance, CA, USA) maintained at 40 °C. The mobile phases consisted of water with 0.1% formic
acid (A) and methanol with 0.1% formic acid (B), applied at a flow rate of 200 uL min™". The gradient
elution started with 10% B for 2 minutes, ramped linearly to 30% B over 10 minutes, then to 95% B
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over another 10 minutes. The column was held at 95% B for 5 minutes, followed by a 4-minute
re-equilibration at initial conditions. Sample injections were randomized to avoid systematic bias.

High-resolution mass spectrometric detection was performed using an Orbitrap ID-X system
(ThermoFisher Scientific, Bremen, Germany), operated in negative electrospray ionization (ESI)
modes. The capillary voltage was set at 2.5 kV for negative mode. Sheath, auxiliary, and sweep gas
flow rates were adjusted to 40, 8, and 1 arbitrary units, respectively, with the vaporizer temperature
set at 320 °C. Full-scan MS data were acquired over an m/z range of 120—1200 at a resolving power
of 60,000 (at m/z 200).

For compound characterization, MS/MS spectra were obtained from a pooled quality control
(QC) sample using the AcquireX data-dependent acquisition workflow. Fragmentation was achieved
through higher-energy collisional dissociation (HCD), and MS/MS spectra were recorded
at a resolution of 15,000.

Correlation Heatmap and Metabolic Network analysis

To investigate metabolic co-regulation and compound associations in response to stress and
genotypic variation, a heatmap and molecular network analysis were conducted on features derived
from untargeted UHPLC-HRMS profiling. Differentially accumulated features between control
and stress conditions across genotypes were first identified using Compound Discoverer 3.3 (Thermo
Fisher Scientific, USA), applying standard workflows for peak detection, alignment,
and normalization.

Correlation matrices were visualized using R (v4.2.1). For molecular network analysis,
the processed feature table (m/z, retention time, area) was used to construct molecular networks based
on mass spectral similarity. This was performed following the workflow described in Roumani et al.

(2022).

In vitro enzymatic analyses

The full-length coding sequence of Arabidopsis UGT79B9 was amplified from Col-0 and Est-1
cDNA and cloned into the pCR8®/GW/TOPO® entry vector (Invitrogen, USA). Amplification
was performed using Emerald Amp® GT PCR Master Mix (Takara, Japan) and gene-specific primers
(with 5'-ATGGGCCAAAATTTTCACGCT-3' and 5'-TCATTCAAGATTTGTATCGTTGACT-3").
For bacterial expression, the ORF was subcloned into the pET28a(+) expression vector (Thermo
Fisher Scientific, USA) via BamHI and Hindlll digestion or alternatively into the pCOLD™ vector
system (Clontech, Japan) for cold-shock induced protein overexpression (Supplementary Figure 2).
Constructs were verified by sequencing and introduced into E. coli Rosetta 2 competent cells
by electroporation. Colonies were selected on LB agar supplemented with kanamycin (pET28a(+))
or ampicillin (pCOLD™) and chloramphenicol.

Starter cultures were expanded and grown at 37°C until ODsoo reached 0.5. Expression was

induced using 1 mM IPTG, either at 37°C overnight (pET system) and under cold-shock (4°C)
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according to the manufacturer’s protocol (pCOLD system). After induction, bacterial cells were
harvested, resuspended in Tris-HCl (pH 8.0) lysis buffer with lysozyme and 0.1M NacCl,
and disrupted by sonication. The resulting lysates were centrifuged, and insoluble proteins
in the pellet were solubilized in 8 M urea.

Denatured proteins were refolded by 2 step dialysis with decreasing urea concentrations
and 1 mM DTT at 4 °C (Olry et al., 2005). Soluble fractions were concentrated using Amicon® Ultra
filters (10 kDa cutoff; Merck), and His-tagged UGT79B9 proteins were partially purified by Ni-NTA
affinity chromatography. /n vitro activity assays were performed according to Matros et al. (2004).
Statistical analyses

Statistical analyses were performed in MS Excel, R programming or BioRender

(https://www.biorender.com/).
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Supplementary Figure S1. Genotyping and expression verification of Arabidopsis UGT79B9 transgenic lines.
PCR amplification was used to confirm the presence or absence of the UGT79B9 gene in genomic DNA
(gDNA), and to assess transcript levels in complementary DNA (cDNA) from Col-0 wild-type, 35S::UGT79B9
overexpression lines, ugt79b9 knockout mutants, and complemented lines (ugt79b9/35S::UGT79B9).
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Supplementary Figure 2. SDS-PAGE analysis of recombinant UGT79B9 protein expression in
E. coli Rosetta 2 cells using the pCOLD vector system. Protein extracts from bacterial cultures transformed
with UGT79B9 constructs from Col-0 and Est-1 Arabidopsis accessions were analyzed under non-induced (NI;
—IPTG) and induced (I; +IPTG) conditions. A distinct band corresponding to the predicted size of recombinant
UGT79B9 (~50.5 kDa) was observed in IPTG-induced samples from both accessions, confirming successful
overexpression of the target protein. L — molecular weight ladder (Thermo Scientific™ PageRuler™, 10-180

kDa).
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OPUS 24 (2022/47/B/NZ.2/01835), NCN, PI: dr Anna Thnatowicz (01.10.2024 — 31.04.2024, 7 months)
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“The battle for iron between plants and pathogens: genetic and molecular basis of Arabidopsis responses
to Fe-deficiency and Dickeya spp. infection associated with the accumulation of coumarins”

Tasks: Assistance in conducting experiments, analyzing and interpreting results

The Smart Growth Operational Programme (POIR.01.01.01-00-0689/21), NCBiR, PI: ‘NIVISS’
Leszek Losin Sp. J. (29.03.2023-25.04.2023, <1 month)

“An innovative family of niPlants line luminaires designed for growing plants with the option of active
PPFD stabilization and automatic adjustment of the illuminated area to the size of plants”

Task: Preparation of a report on plant breeding

PRELUDIUM BIS 1 (2019/35/0/NZ1/02751), NCN, PI: Prof. Ewa Lojkowska (01.10.2020 —
30.09.2024, 4 years) Department of Plant Protection and Biotechnology, IFB UG & MUG, Gdansk, Poland
“Elucidating the role and mechanism of regulatory network of genes encoding dioxygenases in terms
of plant adaptation to land conditions”

Task: Preparation of doctoral dissertation

PHC Polonium (PPN/BFR/2019/1/00050), NAWA, PI: Dr. Anna Ihnatowicz (01.01.2020 -
31.12.2021)

Department of Plant Protection and Biotechnology, IFB UG & MUG, Gdansk, Poland

Laboratoire Agronomie et Environnement, Universite de Lorraine INRA, Vandceuvre-1és-Nancy, France
“Exploring functional diversity of selected 2-oxoglutarate-dependent dioxygenases using natural
variation of Arabidopsis thaliana”

Tasks: Research internship for the practice in the field of metabolic profiling and biochemical analysis
OPUS 8 (2014/15/B/NZ2/01073), NCN, PI: Dr. Anna Ihnatowicz (10.2017 — 02.2020)

Department of Plant Protection and Biotechnology, IFB UG & MUG, Gdansk, Poland
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“The role of iron-dependent and oxoglutarate-dependent dioxygenases in the response of Arabidopsis
thaliana to environmental stress and in the regulation of iron homeostasis”
Tasks: Functional analysis of Fe/2-OG dioxygenases and phenotyping of A. thaliana mutants.

6. PRELUDIUM 7 (2014/13/N/NZ9/0108), NCN, PI: Dr. Marta Potrykus (01.07.2018 —30.08.2018)
Department of Plant Protection and Biotechnology, IFB UG & MUG, Gdansk, Poland
“Evaluation of the relationship between the metabolic profile of selected bacterial strains of plant
pathogens Dickeya solani and their virulence”
Task: Investigation of D. solani growth in media with varying nutrient compositions.

Internships:

1. Laboratoire Agronomie et Environnement, Universite de Lorraine INRA, Vandceuvre-lés-Nancy,
France
(01.2018 - 03.2018; 04.2019; 01.2020; 11.2021; 09.2023 — 11.2023; 18. — 22.11.2024; >9 months in total)
Experience: Molecular cloning and vector construction, bacteria transformation, transient transformation,
overproduction and purification of plant proteins in heterologous systems (E. coli, N., SDS-PAGE,
enzymatic activity and substrate specificity tests, UHPLC-LTQ-Orbitrap-ESI-MS analysis, metabolic
profiling analysis, bioinformatic skills (Compound Discoverer, Cytoscape software)

2. Department of Plant Protection and Biotechnology, IFB UG & MUG, Gdansk, Poland
(01.2014 — 06.2014; 11.2014 — 06.2015; 07.2016 — 10.2016; >16 months in total)
Experience: Plant cultivation in laboratory conditions (soil, hydroponics, in vitro cultures), molecular
cloning, bacteria transformation, transient transformation, competent cells preparation, DNA and RNA
isolation, cDNA synthesis, PCR, RT-PCR, colony PCR, qPCR, bioinformatic skills (R programming,
MEGA, BioEdit)

3. Netherlands Institute of Ecology (NIOO-KNAW), Wageningen, Netherlands (07.2015 — 10.2015;
3 months)
Experience: Examination of the interactions between the bacteria and fungi (fungal culture, isolation
of DNA from bacteria and fungi, bacterial transformation, colony PCR, 16S DNA PCR, interpretation
and analysis of obtained results including sequencing data, keeping detailed documentation)

4. J.S. Hamilton Poland S.A., Gdynia, Poland (07.2014 — 10.2014; 3 months)
Experience: Support in the determination of element concentrations in medicines, food, food packaging,
cosmetics and environmental samples using techniques of mass spectrometry (mineralizing oven
SPPEDWAVE and ERTEC, ICP-MS, ICP-OS, FAAS, mercury analyzer CV-AAS)

5. Department of Genetics and Marine Biotechnology, Institute of Oceanology, Polish Academy

of Sciences, Sopot, Poland (09.2013; 1 month)
Experience: Identification of microorganisms colonizing marine organisms by PCR method, isolation
of the genetic material of marine organisms using different methods, agarose gel electrophoresis

Conference oral and poster presentations:

1.

International Conference on Arabidopsis Research ICAR2025, Ghent, Belgium (16.-20.06.2025)
Oral and poster presentation “How does the mutation in Natural Antisense Transcript-encoding region
shape Arabidopsis response to environmental stresses?” 1zabela Perkowska, Alexandre Olry, Thibault
Barrit, Alicja Dobek, Florent Magot, Clement Charles, Alicja Januchowska, Joanna Siwinska, Ewa
Lojkowska and Anna Thnatowicz

21 International Symposium on Iron Nutrition & Interactions in Plants ISINIP 2024, Diisseldorf,
Germany (08. —12.07.2024)

Co-authorship of a poster presentation “From roots to shoots and back again: the interplay between
iron nutrition, the coumarin pathway and infection with bacterial pathogens” Alicja Dobek, Clément
Charles, Marta Potrykus, Izabela Perkowska, Jeremy Grosjean, Weronika Babinska-Wensierska, Alain
Hehn, Ewa Lojkowska, Alexandre Olry, Anna Thnatowicz

EMBO/EMBL Diversity in Plants: from genomes to metabolism, Heidelberg, Germany
(09-12.04.2024)

Co-authorship of an oral presentation “Esculetin is biosynthesized via novel O-demethylation activity
in Arabidopsis thaliana” Alicja Dobek, Clément Charles, Izabela Perkowska, Jeremy Grosjean, Alain
Hehn, Ewa Lojkowska, Anna Ihnatowicz, Alexandre Olry

Iberian Plant Biology Congress, University of Minho, Braga, Portugal (09 — 12.07.2023)

Poster presentation ‘"Interplay between dioxygenases involved in plant secondary metabolism
and drought stress" lIzabela Perkowska, Alicja Januchowska, Alexandre Olry, Alain Hehn, Ewa
Lojkowska, Anna Ihnatowicz
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11.

12.

13.

14.

15.

Co-authorship of an oral presentation “Arabidopsis F6’H3 dioxygenase plays a role in nutrient
homeostasis affecting iron and sulfate deficiency response” Alicja Dobek, Izabela Perkowska, Alexandre
Olry, Clément Charles, Jeremy Grosjean, Alain Hehn, Ewa Lojkowska, Anna Thnatowicz

3¢ PhD Meeting of Plant Science, University of Minho, Braga, Portugal (09.07.2023)

Oral presentation “Role of dioxygenases in plant adaptation to oxidative and cold stress responses”
Izabela Perkowska, Alicja Januchowska, Alexandre Olry, Alain Hehn, Ewa Lojkowska, Anna Thnatowicz
Co-authorship of an oral presentation “Exploring the role of selected Arabidopsis thaliana dioxygenase
gene (DIOXY2) in abiotic and biotic stress responses” Alicja Dobek, Izabela Perkowska, Alexandre
Olry, Clément Charles, Jeremy Grosjean, Alain Hehn, Ewa Lojkowska, Anna Thnatowicz

International Scientific Conference on Plant Biodiversity & Sustainability, Universita degli Studi
"Gabriele d'Annunzio" (online) (13-14.10.2022)

Oral presentation “The impact of Arabidopsis thaliana natural populations biodiversity on the content
of simple coumarins” Izabela Perkowska, Joanna Siwinska, Alexandre Orly, Jérémy Grosjean, Alain
Hehn, Frédéric Bourgaud, Ewa tojkowska, Anna Thnatowicz

Co-authorship of an oral presentation “Arabidopsis thaliana F6'H3 gene encoding
a 2-oxoglutarate/iron-dependent dioxygenase is involved in abiotic stress responses and nutrient
homeostasis” Alicja Dobek, Izabela Perkowska, Alexandre Olry, Clement Charles, Jérémy Grosjean,
Alain Hehn, Ewa Lojkowska, Anna Thnatowicz

20" International Symposium on Iron Nutrition & Interactions in Plants ISINIP 2022, Reims,
France (04. —08.07.2022)

Flash talk presentation “Identification and characterization of Arabidopsis UDP-glucosyltransferase
involved in scopolin biosynthesis” Izabela Perkowska, Joanna Siwinska, Alexandre Orly, Jérémy
Grosjean, Alain Hehn, Ewa Lojkowska, Anna Thnatowicz

4" International Erwinia Workshop (IEW), Assisi, Italy (02.-03.07.2022)

Co-authorship of a poster presentation “Responses of Arabidopsis thaliana plants with disturbed
coumarin accumulation to Dickeya dadantii and Dickeya solani infection” I1zabela Perkowska, Marta
Potrykus, Joanna Siwinska, Dominika Siudem, Ewa Lojkowska, Anna Thnatowicz

8" Central European Congress of Life Sciences EUROBIOTECH 2022, Krakéw, Poland
(20.-22.06.2022)

Co-authorship of an oral presentation “Functional characterization of Arabidopsis thaliana F6'H3 gene
encoding a 2-oxoglutarate/iron-dependent dioxygenase involved in abiotic stress response” Alicja Dobek,
Izabela Perkowska, Alexandre Olry, Clement Charles, Jeremy Grosjean, Alain Hehn, Ewa tojkowska,
Anna Thnatowicz

Young for Fahrenheit — popular science conference, Gdansk, Poland (17.11.2021)

Oral presentation “W stuzbie roslinom i ludziom. Identyfikacja genow zaangazowanych w biosynteze
roslinnych zwigzkow farmakologicznie czynnych” 1zabela Perkowska

Plant Genomes in a Changing Environment 2021 Virtual Conference, Hinxton, UK (online)
(18.-20.10.2021)

Flash talk presentation “Variable profiles of simple coumarins between Arabidopsis thaliana
accessions” Izabela Perkowska, Joanna Siwinska, Alexandre Orly, Jérémy Grosjean, Alain Hehn, Frédéric
Bourgaud, Ewa Lojkowska, Anna Ihnatowicz

10" biennial Polish Society of Experimental Plant Biology Virtual Conference (online)
(20.-23.09.2021)

Oral presentation “Effect of combined environmental stresses on plant health: study using the model
system of Arabidopsis thaliana/Dickeya spp. molecular interactions” lIzabela Perkowska, Marta
Potrykus, Joanna Siwinska, Dominika Siudem, Ewa Lojkowska, Anna Thnatowicz

31* International Conference on Arabidopsis Research, ICAR2021 Virtual Conference (online)
(21.-25.06.2021)

Poster presentation “Effect of iron deficiency on infection symptoms caused by Dickeya spp.
in Arabidopsis thaliana” 1zabela Perkowska, Marta Potrykus, Joanna Siwinska, Dominika Siudem, Ewa
Lojkowska, Anna Ihnatowicz

European Federation of Biotechnology, EFB2021 Virtual Conference (online) (10.—14.10.2021)
Flash poster presentation “Profiling of coumarins in Arabidopsis thaliana accessions using UHPLC-
MS” Izabela Perkowska, Joanna Siwinska, Alexandre Orly, Jérémy Grosjean, Alain Hehn, Frédéric
Bourgaud, Ewa Lojkowska, Anna Ihnatowicz

Plant Genomes in a Changing Environment, Hinxton, United Kingdom (16.—-18.10.2019)
Co-authorship of a poster presentation “Arabidopsis thaliana responses to Fe deficiency and Dickeya
spp. infection” Anna lhnatowicz, Dominika Siudem, Marta Potrykus, Izabela Perkowska, Joanna
Siwinska, Ewa Lojkowska
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16.

17.

18.

19.

20.

9'" International conference organized by Polish Society of Experimental Plant Biology, Torun,
Poland (09.-12.09.2019)

Oral presentation “Arabidopsis thaliana cation exchanger 4 (CAX4) is important for plant fitness
and growth under Mn, Zn and Fe deficiencies” Izabela Perkowska, Emilia Sledzinska, Ewa Lojkowska,
Anna Thnatowicz

VIII™ Intercollegiate Biotechnology Symposium “Symbioza”, Warsaw, Poland (17.-19.05.2019)
Oral presentation “Revealing unknown. Discovering the biological function of one of the plant
UDP-glucosyltransferases ” 1zabela Perkowska, Ewa Lojkowska, Anna Ihnatowicz

Keystone Symposia meeting on Climate Change-Linked Stress Tolerance in Plants, Hannover,
Germany (13.-16.05.2019)

Poster presentation “Scopoletin UDP-glucosyltransferase: a new player in plant response to osmotic
stress” 1zabela Perkowska, Ewa Lojkowska, Anna IThnatowicz

29" QAK Scientific Presentations Workshops, Olsztynek, Poland (21.-25.11.2018)

Oral presentation “Revealing unknown. Discovering plant enzymes from phenylopropanoid biosynthetic
pathway” 1zabela Perkowska, Ewa Lojkowska, Anna Thnatowicz

3" congress of Polish Biosciences BI02018, Gdansk, Poland (18.-21.09.2018)

Poster presentation “Functional analysis of scopoletin UDP-glucosyltransferase in plant responses
to environmental stresses” 1zabela Perkowska, Joanna Siwinska, Ewa t.ojkowska, Anna Thnatowicz

Certificates and Trainings:

Student Business Academy (60 h), Institute of Public Debate

Phylogenetic analysis (16 h), data2biology Ltd.

High-Performance Liquid Chromatography UPLC/HPLC in Practice (20 h), EkotechLAB R&D
Laboratory

Introduction to RNA-Seq Data Analysis (16 h), data2biology Ltd. (formerly: ideas4biology)
Requirements of PN-EN ISO 14001:2015-09 — Environmental Management Systems (8 h), ISOTOP S.c.
Requirements of the New Standard PN-EN ISO/IEC 17025:2018-02 (8 h), ISOTOP S.c.

Proteomic Analysis Using Mass Spectrometry (22 h), IFB UG&MUG

Bioinformatics for Next-Generation Sequencing (16 h), data2biology Ltd. (formerly: ideas4biology)
Working in an Isotope Laboratory (8 h), IFB UG&MUG

The basics of statistical methods in the R program (8 h), Warsaw University of Life Sciences
Presentation of Research Results and Scientific Writing in English (8 h), University of Gdansk / Zatoka
Nauki

Public Presentations at Scientific Conferences (8 h), Young Researchers Academy, Institute of Public
Debate

Mendeley — Reference Management Software, UG Library

Autoclave Operation and Safety (16 h), Vocational Development Centre

General Laboratory Techniques (16 h), LifeSciences Training Centre

Category B Driving Licence

Scholarships and awards:

Foreign Doctoral Internships NAWA Preludium BIS 1 scholarship (2023)

ERASMUSH scholarships (2018, 2023)

Pro-quality scholarship for the best PhD students (2018/2019)

2" place for the best revised oral presentation during 29" OAK Scientific Presentation Workshops
(2018)

3" place for the best poster during the 29" OAK Scientific Presentation Workshop (2018)

Skills:

Laboratory techniques & molecular biology: PCR, RT-PCR, qRT-PCR, molecular cloning, colony
PCR, cDNA synthesis, gene expression analysis, bacterial transformation, plant transformation (transient
and stable, Nicotiana benthamiana, Arabidopsis thaliana), protein overproduction purification,
SDS-PAGE, enzymatic activity assays and substrate specificity testing

Analytical techniques: HPLC and UHPLC-MS (LTQ-Orbitrap-ESI-MS), metabolic profiling, Compound
Discoverer software, bioinformatics tools for sequence analysis (MEGA, BioEdit), network analysis
(Cytoscape), statistical analysis and data visualization in R

Plant cultivation & experimental design: cultivation of plants under controlled conditions (soil,
hydroponics, in vitro), stress treatment setup (e.g., low pH, osmotic, drought, Fe deficiency), plant
metabolite profiling
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Science communication & teaching: public presentation of research (oral and poster) at national and
international conferences; conducted training on laboratory methods of plant cultivation and
micropropagation, active organizer of science outreach events (e.g., Biotechnology Summer School,
Biologists’ Night, ART+SCIENCE MEETING)

Professional involvement & leadership: member in the following doctoral student governance bodies
(2021-2023): Doctoral Students Council of IBDS UG & MUG, Doctoral Students Council of the UG, UG
Senate Committee on Science, UG Disciplinary Committee for Doctoral Students, and Faculty Scholarship
Committee (2018-2020)

Languages:

English — Advanced level (C1)
French — Intermediate level (B1)
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