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1. List of Abbreviations

ANOVA: Analysis of Variance

APX: Ascorbate peroxidase

AsA: Ascorbic acid

BET: Brunauer—Emmett—Teller

BSA: Bovine Serum Albumin

b-NiO: Bulk nickel oxide

Ca: Calcium

Ca?*: Calcium ion

CAT: Catalase

Cort: Cortex

Cu Ka: Copper K-alpha radiation

Cu?*: Copper ion

DAF-FM DA: 4-amino-5-methylamino 2',7'-difluorofluorescein diacetate
DHR: Dihydrorhodamine 123

DNA: Deoxyribonucleic acid

ED: Electron Diffraction

EDTA: Ethylenediaminetetraacetic Acid
EDS: Energy Dispersive X-ray Spectroscopy
En: Endodermis

Ex: Exodermis

Fe: Iron

FITC: Fluorescein Isothiocyanate

GR: Glutathione reductase

GSNO: S-nitrosoglutathione

GSNOR: GSNO reductase

H202: Hydrogen Peroxide

HCI: Hydrochloric Acid

He: Helium

HMA4: Heavy Metal ATPase 4

HNOs: Nitric Acid



H*-ATPase: Proton-ATPase enzyme
ICP-MS: Inductively Coupled Plasma Mass Spectrometry
1gG: Immunoglobulin G

K: Potassium

LIBS: Laser-induced breakdown spectroscopy
Mg: Magnesium

Mg?*: Magnesium ion

MYB: A family of transcription factors

N2: Nitrogen

Na: Sodium

NA: Nicotinamine

NADH: Nicotinamide Adenine Dinucleotide
NBP/BCIP: 5-bromo-4-chloro-3-indolylphosphate
NCs: Nanocomposites

Ni: Nickel

Ni?*: Nickel ion

Ni-CHT NPs: Nickel-chitosan nanoparticles
NiCNC: Nickel-chitosan nanoconjugates
NiClz: Nickel(Il) chloride

NiFe204: Nickel ferrite nanoparticles

Ni NPs: Nickel nanoparticles

NiO NPs: Nickel oxide nanoparticles

Ni2Os: Nickel(l11) oxide

Ni(OH)2: Nickel(Il) hydroxide

NiSOa: Nickel sulfate

NMs: Nanomaterials

NO: Nitric oxide

NO2-BSA: Nitrated Bovine Serum Albumin
NOS-like: Nitric Oxide Synthase-like

NPs: Nanoparticles

NRAMP: Natural Resistance-Associated Macrophage Proteins
Oz Superoxide anion

ONOQO:': Peroxynitrite



PBS: Phosphate-Buffered Saline

PGPB: Plant Growth-Promoting Bacteria

PTFE: Polytetrafluoroethylene

RNS: Reactive nitrogen species

ROS: Reactive oxygen species

RR: Ruthenium Red

Sc: Scandium

SEM: Scanning Electron Microscopy

SiOz2: Silicon dioxide

SOD: Superoxide dismutase

SDS-PAGE: Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
TB: Toluidine Blue

TEM: Transmission electron microscopy

Tris: Tris(hydroxymethyl)aminomethane

XRD: X-ray Diffraction

ZIP: Zinc-regulated transporter, Iron-regulated transporter-like Protein
Zn?*: Zinc ion

Xyl: Xylem



2. Introduction

Nickel (Ni) is a naturally present micronutrient that plays a crucial role in plant
biology, supporting essential physiological and biochemical processes. Under natural
conditions, soil Ni concentrations typically remain below 100 mg/kg. However, industrial
activities such as stainless steel and heat-resistant steel manufacturing have substantially
increased Ni levels in the environment. This rise poses potential ecological and

agricultural concerns, particularly in relation to plant health and development.

Nickel oxide nanoparticles (NiO NPs, 1-100 nm at least in one dimension) have
gained considerable interest due to their distinct physicochemical attributes, including
high surface area, stability, and antimicrobial properties. These characteristics make them
highly valuable in diverse industrial and consumer applications, ranging from metallurgy
to electronics. However, large-scale production and utilization of NiO NPs raise concerns
about their environmental implications and interactions with biological systems,

particularly plants.

Excess Ni accumulation in non-accumulator plants disrupts essential metabolic
functions, inhibits enzyme activity, and impairs photosynthesis, leading to visible
symptoms such as chlorosis, necrosis, and stunted growth. Additionally, Ni exposure
promotes excessive reactive oxygen species (ROS) production, resulting in oxidative
stress that compromises membrane stability and overall cellular function. While the
impact of Ni on ROS balance in plants has been extensively studied, its influence on
reactive nitrogen species (RNS) metabolism remains relatively unexplored. RNS,
including nitric oxide (NO) and S-nitrosoglutathione (GSNO), play fundamental roles in
plant physiology, particularly in stress signaling and regulatory mechanisms.
Investigating Ni’s effects on RNS metabolism may provide deeper insights into its

broader biological consequences.

Serpentine soils, which are characterized by high Ni concentrations and low
essential nutrient availability, create challenging conditions for most plant species.
However, Ni hyperaccumulators have developed specialized mechanisms that enable
them to thrive in such environments by efficiently absorbing, translocating, and
sequestering Ni without exhibiting toxicity symptoms. Among the known Ni

hyperaccumulators, members of the genus Odontarrhena are particularly noteworthy.



One such species, Odontarrhena lesbiaca, native to the serpentine soils of Lesbos,

Greece, exhibits varying Ni accumulation capacities depending on soil composition.

This study examines three ecotypes of Odontarrhena lesbiaca (Ampeliko, Loutra,
and Olympos) to explore their responses to NiO NPs. It specifically investigates Ni
accumulation, microelement homeostasis, root structure modifications, and nitro-
oxidative processes, addressing a critical gap in research on hyperaccumulator
interactions with engineered nanoparticles (NPs). Given the increasing prevalence of NiO
NPs in the environment and their potential interactions with plant systems, this study aims
to improve our understanding of plant-nanoparticle dynamics and contribute to the

development of more sustainable nanoparticle applications.



3. Literature Review

3. 1. Nickel: Properties, occurrence, industrial applications, environmental

Impact, and human exposure

Nickel (Ni; atomic number 28, atomic weight 58.6934; density 8.902 (25 °C);
melting point 1453 °C (2647 °F); boiling point 2732 °C (4950 °F); electronic
configuration [Ar] 3d24s?) is the 24th most abundant element in the Earth’s crust and the

fifth most abundant by weight after iron, oxygen, magnesium, and silicon. The majority

of nickel on Earth is located in the molten outer core, which is composed of an iron-nickel

alloy that accounts for about 10% of its composition, lying between the solid inner core

and the mantle. Naturally, nickel is found in various forms, often combined with other

elements like arsenic, sulfur, and antimony. Nickel metal itself is silver-white, highly

conductive in terms of both heat and electricity, and is most commonly found in the +2

oxidation state, though +3 and +4 states can also occur, albeit infrequently (Schaumloffel,

2012) (Fig. 1).
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Fig. 1. Definition and properties of Nickel element. Image sourced from Encyclopaedia Britannica.



Ni is a metal that falls under the ferromagnetic category and is primarily found in
the Earth's crust. It is most commonly combined with oxygen and sulfur in the form of
oxides and sulfides. Besides the Earth’s crust, nickel can also be found in meteorites, soil,
and is released through volcanic eruptions. It is estimated that there are about eight billion
tons of nickel present in the oceans (Genchi et al., 2020). In typical soils, the Ni
concentration averages less than 100 mg/kg (Shahzad et al., 2018). Thanks to its
exceptional physical and chemical properties, nickel is used extensively in modern
metallurgy across various processes, such as in the production of alloys, electroplating,
manufacturing of nickel-cadmium batteries, and as a catalyst in both chemical and food
industries. The widespread usage of nickel-containing products has led to environmental
pollution during manufacturing, recycling, and disposal processes (Song et al., 2017;
Genchi et al., 2020).

It is resistant to corrosion, oxidation, and high temperatures, and it is highly ductile
and easily alloyed. These features make it ideal for producing items such as inexpensive
jewelry, keys, paper clips, fasteners (e.g., zippers, snap buttons, belt buckles), stainless
steel kitchenware, electrical components, armaments, coins, and alloys, as well as in the
metallurgy and food processing sectors. Nickel Raney, in powdered or granular form, is
widely used as a catalyst in chemical reactions, such as hydrogenation. Nickel alloys are
incorporated into surgical tools, white gold, German silver, sterling silver (Denkhaus and

Salnikow, 2002), and various other products.

Nickel compounds are frequently employed in electroplating, electroforming, as
well as in the production of nickel-cadmium batteries and other electronic devices.
Stainless steel and other nickel-based alloys are also crucial in the production of tools,
machinery, armaments, aerospace equipment, and medical devices. Both natural
processes and human activities contribute to nickel’s presence in the environment.
Sources of nickel emissions include fossil fuel combustion, volcanic eruptions, forest
fires, and wind-blown dust from weathered rock. Other sources include the incineration

of waste, coal, and fuel oils.

While there is no clear evidence indicating the nutritional importance of nickel in
humans, it has been identified as an essential element for certain microorganisms, plants,
and animals (Song et al., 2017; Genchi et al., 2020). For plants, small amounts of nickel

is vital for growth and development, influencing critical processes such as seed
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germination and overall productivity. However, excessive nickel concentrations can
negatively affect plants by disrupting metabolic functions, including inhibiting enzyme

activity, photosynthetic electron flow, and chlorophyll synthesis (Sreekanth et al., 2013).

Dietary intake is a significant route of nickel exposure in humans. Certain foods,
such as spinach, asparagus, carrots, broccoli, green beans, tomatoes, cocoa, chocolate,
and nuts, may naturally contain high levels of this metal (Carocci et al., 2016; Lavinia et
al., 2018). Additionally, nickel can unintentionally enter the diet through food processing

involving stainless steel equipment or via hand-to-mouth contact (Vasiluk et al., 2019).

Ni is a vital micronutrient for plants, playing a fundamental role in key enzymes
such as urease, hydrogenase, and Ni-superoxide dismutase (Mustafa et al., 2023). Beyond
its enzymatic functions, Ni contributes to plant health by stimulating the glyoxalase
enzyme and maintaining cellular glutathione balance (Fabiano et al., 2015). When
supplied at optimal levels, Ni has been found to enhance plant growth (Zulfigar et al.,
2019). On the other hand, a deficiency of Ni can result in excessive urea accumulation,
leading to leaf tissue necrosis (Ahmad et al., 2011). Conventional fertilizers often release
nutrients too quickly, surpassing the plant’s uptake capacity and reducing nutrient use
efficiency. Utilizing Ni and other nutrients in nano form as fertilizers presents a promising
alternative, as it allows for controlled nutrient release and improved absorption efficiency
(Zulfigar et al., 2019).

3.2. NiO NPs: Properties, synthesis, and applications

Nanotechnology is a field within science and engineering that explores materials
with dimensions in the nanometer range, typically 1-100 nm at least in one dimension
(Salata, 2004; Tailor et al., 2023). Nanomaterials (NMs) differ significantly from bulk
materials, not only in terms of size but also in their morphology, chemical composition,
redox properties, biodegradability, aggregation tendency, concentration, stability, surface

characteristics, solubility, and colloidal behavior (Gnach et al., 2015).

NMs are currently applied in various disciplines such as biology, medicine,
electronics, energy production, and environmental sciences (Pakzad et al., 2019; Ahmad
et al., 2022). Their future potential is substantial, with many promising applications on

the horizon. Based on their structural composition, NMs can be categorized into carbon-
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based (e.qg., fullerenes, nanotubes), organic (e.g., liposomes, dendrimers), inorganic (e.g.,
metal-based and metal oxide) nanomaterials, and nanocomposites (NCs) (Mekuye and
Abera, 2023) (Fig. 2).

NANOMATERIALS
Nanoclays Nanoparticles Nanoemulsions
organic Inorganic
— r N nim A B
Carbon Other organic Metal oxides: Metals: Quantum dots:
sfructures: nanoparticles:
« NiO + Ag + CdSe
+ Fulleneres + Lyposomes . ZnO « Au « and others
« Carbon + Micelles . TiO; « and others
nanotubes + Dendrimers « CeOy
+ and others + and others « and others

Fig. 2. Systematic categorization of distinct nanomaterial (NM) groups (adapted from Mageswari et al.,
2016; Sz6116si et al., 2020) with modifications. Abbreviations: NiO=nickel oxide, ZnO=zinc oxide, TiO,=

titanium dioxide, CeO,=cerium dioxide, Ag=silver, Au=gold, CdSe=cadmium selenide.

Among metal-based and metal oxide NMs, those containing Ni are particularly
notable, with Ni-based NCs also being recognized. As nanotechnology advances, large
quantities of Ni-based NMs are being synthesized mainly by traditional chemical and

physical approaches.

These approaches, while effective, are associated with drawbacks such as energy-
intensive processes, toxic by-products, and the use of hazardous chemicals, which can
harm both the environment and living organisms (Nasrollahzadeh and Sajadi, 2015).
Nanoparticles synthesized using these methods may retain harmful residues on their
surfaces, reducing their compatibility with biological systems. In response, green
synthesis techniques have emerged as sustainable alternatives. These methods utilize
plant parts, extracts, or other biomaterials as reducing and stabilizing agents, offering an
environmentally friendly, cost-effective, and straightforward approach (Khan et al.,
2021). Plant-based green synthesis methods leverage bioactive phytocomponents such as
enzymes, aldehydes, flavonoids, terpenoids, and phenolic compounds, which act as
natural reducing and capping agents. This approach not only prevents nanoparticle

aggregation but also enhances their chemical and biological stability. For example, plant
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extracts from diverse species like Opuntia ficus indica, Peumus boldus, Berberis
balochistanica, Gymnema sylvestre, and even the hyperaccumulator Lactuca sativa have
been successfully used to synthesize NiO NPs (Gebretinsae et al., 2021; Tas et al., 2021;
Uddin et al., 2021; Bhoye et al., 2023; Hamdan et al., 2024). Despite these advancements,
challenges persist in optimizing plant-mediated NiO NP synthesis. Key issues include the
difficulty in reducing Ni(ll) to Ni(0) under mild conditions and the susceptibility of the
resulting nanoparticles to oxidation, leading to the formation of nickel oxides or
hydroxides such as NiO, Ni20s, and Ni(OH)2 (Chen and Wu, 2000). These challenges
highlight the need for further research to refine the synthesis process and address the

parameters affecting nanoparticle properties and large-scale applicability.

By focusing on green synthesis techniques, researchers can mitigate the
environmental risks associated with NiO NP production while unlocking their full

potential for industrial and biological applications.

NiO NPs are increasingly utilized in various heavy industries and consumer
products, such as smelting, coinage, and electrical goods, due to their unique
physicochemical properties. These include a high surface area, stability, hardness, and
specific optical, magnetic, and antimicrobial characteristics, which make them suitable
for diverse applications (Danjumma et al., 2019; Manna et al., 2021; Kolbert et al., 2022).
The growing production and use of NiO NPs raise concerns about their potential

environmental release and interactions with plants.

3. 2. 1. Uptake and characterization of NiO NPs in plants

Plants are continuously exposed to NPs, which are widely distributed in soil,
water, and aerosols (Mustafa and Komatsu, 2016). Similar to their bulk counterparts,
heavy metal nanoforms can easily enter plants via endocytosis, pore formation, and
plasmodesmata or by hitchhiking on carrier proteins (Pérez-de-Luque, 2017). This
process is further facilitated by sorption under low pH conditions (Jarup, 2003),
enhancing the sorption and cellular sequestration of metallic nanoparticles.

The root system of plants primarily absorbs Ni through both active transport and
passive diffusion (Seregin and Kozhevnikova, 2006). The balance between active and

passive uptake of Ni varies depending on factors such as plant species, presence of
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organic matter, ionic form of Ni, pH of the growth medium, and concentrations of Ni and
other ions in the soil solution (Chen et al., 2009). The absorbed Ni?* is transported to the
xylem through the transpiration stream and delivered to the shoots in association with
various chelate complexes (Mustafa et al., 2023). Plants primarily regulate Ni uptake and
transport to maintain photosynthetic activity. Molas (1998) emphasized that even small
amounts of the metal can lead to significant anatomical changes in leaves, such as reduced

thickness and smaller leaf area, especially in Brassica oleracea.

It is now recognized that plants play a role in the dispersion of NPs into the
environment and contribute to their accumulation in the food chain (De Souza-Torres et
al., 2021). The interaction between NPs and plants not only affects plant function but also
influences food quality. NPs can adhere to plant surfaces, causing physical or chemical
damage, or they may enter plant tissues through cell wall pores, depending on their size
(Kurczynska et al., 2021). The cell wall acts as a selective barrier, generally limiting the
entry of NPs to those smaller than 20 nm. However, some nanomaterials have been found
to alter the chemical composition of the cell wall, increasing pore size or creating new
pores (Oliveira et al., 2023). NPs can penetrate the root system through lateral root
junctions, move through the cortex and pericycle, and eventually reach the xylem
(Hossain et al., 2015). Nevertheless, the uptake and in-plant movement of NPs are
influenced by multiple factors, including size, shape, chemical composition, type,
concentration, surface charge, plant species, growth stage, and environmental exposure
conditions (Singh et al., 2021).

Parsons et al. (2010) analyzed the presence of Ni within mesquite seedling tissues
exposed to uncoated and sodium citrate-coated Ni hydroxide NPs. Their findings revealed
that in plants exposed to uncoated Ni NPs, the nanoparticles were present in both roots
and shoots, while in plants treated with coated NPs, Ni nanoparticles were only found in
the roots. The study by Manna et al. (2021) revealed that hydroponically administered
FITC-tagged aminopropyl triethoxysilane-functionalized NiO NPs (<50 nm particle size)
penetrate the epidermis in Allium cepa roots. The NPs enter individual cells, dispersing

within the cytoplasm or clustering around the nuclear membrane.

More recently, the uptake of Ni in soybean seeds treated with nanodisperse
Ni(OH). was analyzed (de Oliveira et al., 2022). The findings indicate that Ni mainly

accumulates in the seed coat, particularly in the hilum, and is not transported to the
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emerging cotyledons. Instead, it is released into the rhizosphere, where it is ultimately
absorbed by the radicle or primary roots (de Oliveira et al., 2022).

NiO NPs interact with plant systems in complex ways, influencing not only
cellular structures but also physiological and biochemical processes. Advanced analytical
and imaging techniques have proven indispensable in elucidating these interactions,
particularly in understanding the uptake, distribution, and effects of NiO NPs in plant
tissues. These tools enable researchers to investigate how NiO NPs accumulate in specific
plant organs and tissues. To monitor Ni NP uptake and distribution, high-resolution
imaging and chemical mapping techniques such as transmission electron microscopy
(TEM), laser-induced breakdown spectroscopy (LIBS), and single-particle inductively
coupled plasma mass spectrometry (sp-ICP-MS) have been utilized. Among these, TEM
stands out for its ability to visualize nanoparticles within plant tissues at the sub-cellular
level. This technique has provided direct evidence of NiO NP accumulation in plant cells,
revealing their localization within root cell walls and vacuoles (Malatesta, 2021). Such
findings highlight the role of NiO NPs in altering cellular structures, including their
potential to induce organelle-level disruptions like peroxisome proliferation and nuclear
condensation (Faisal et al., 2013). Elemental mapping techniques like LIBS further
enhance our understanding of NiO NP-induced changes in plants. LIBS allows for the
detection of NiO NP aggregates and their associated effects on the distribution of macro-
and microelements, providing a broader view of how these nanoparticles influence overall
plant physiology. Similarly, sp-ICP-MS has been applied to quantify NiO NP
concentrations in plant tissues, offering insights into their uptake efficiency and the

barriers to their translocation (Zhou et al., 2023).

3. 2. 2. NiO NPs: Applications and environmental impact in agriculture

Recent studies have explored the potential of various nickel nanoforms to enhance
plant growth and productivity. A comprehensive study by Zhou et al. (2023) investigated
the effects of NiO NPs, bulk NiO (b-NiO), and nickel sulfate (NiSO4) on Glycine max
(soybean). The study demonstrated that NiO NPs can be absorbed directly by plants and
transferred to soybean seeds in particulate form. An optimal dosage of NiO NPs
significantly improved soybean yield and nutritional content, including higher fatty acid

and starch levels, by promoting photosynthesis and regulating nitrogen metabolism and
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hormone balance. In another recent study, biodegradable Ni NPs coated with starch,
polyvinyl alcohol, gum arabica, gelatin, molasses, and paraffin wax, have been prepared
and applied for the soil treatment of Chloris gayana (Beig et al., 2023). This research
showed that the application of encapsulated Ni NPs significantly enhanced nitrogen
availability, which led to an increase in dry matter production of Rhode grass.
Furthermore, NiFe2O4 nanoparticles (12.5 + 0.5 nm) were absorbed by barley (Hordeum
vulgare L.) roots and transported to shoots, resulting in increased concentrations of
calcium, magnesium, potassium, sodium, manganese, chlorophyll, carotenoids, and
soluble proteins, though no significant increase in biomass was observed (Tombuloglu et
al., 2019). Nickel-chitosan nanoconjugates (NiCNC), with particle sizes ranging from
300 to 400 nm, have been shown to exert antifungal effects in vitro against Fusarium
solani. These effects include reduced mycelium radial growth, inhibition of spore
germination and sporulation, and decreased spore viability, likely due to ROS-mediated
lipid peroxidation. In F. solani-inoculated wheat seedlings, NiCNC supplementation
resulted in decreased disease incidence, increased shoot and root growth, and a higher

vigor index compared to untreated seedlings (Chouhan et al., 2022).

Beyond nanofertilization, there are attempts to discover the beneficial effects of
Ni NPs in plant protection. The smaller nickel-chitosan nanoparticles (Ni-CHT NPs,
spherical 20-70 nm) have been explored as a potential alternative to fungicides for
combating rice blast caused by Pyricularia oryzae. Application of Ni-CHT NPs
significantly improved seed germination and promoted better shoot and root growth in
Oryza sativa. This improvement was partially attributed to the Ni NP-induced synthesis
of new polypeptides, such as RuBisCO, which enhanced photosynthetic activity. Rice
plants treated with Ni-CHT NPs displayed fewer symptoms of blast disease on their
leaves, and Ni NPs inhibited mycelial growth in laboratory conditions (Parthasarathy et
al., 2023). Moreover, Ni NPs have shown potential in alleviating plant stress and
providing other beneficial effects, such as managing Fusarium wilt and other fungal
diseases (Ahmed et al., 2016; Sharma et al., 2017; Chouhan et al., 2022). As the use of
Ni NPs as nanofertilizers continues to grow, further studies are essential to fully unlock

their potential to enhance plant stress tolerance and overall health.
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3. 3. Toxicity and physiological impact of NiO NPs in agriculture

The potential toxicity of NiO NPs in agriculture has raised considerable concerns
due to their effects on physiology of non-accumulator plant species. While Ni is an
essential plant micronutrient in small quantities, excessive accumulation can disrupt
various metabolic processes, hinder enzymatic functions, and interfere with chlorophyll
production and photosynthetic electron transport (Sreekanth et al., 2013; Genchi et al.,
2020). Plants, being stationary organisms, are particularly vulnerable to high Ni
concentrations in the soil. The unique characteristics of Ni nanoparticles further amplify

these toxic effects, making them a significant concern for plant health.

The toxicity of NiO NPs in plants is influenced by factors such as particle size,
concentration, and chemical composition (Dietz and Herth, 2011; Chahardoli et al.,
2020). Smaller nanoparticles tend to exhibit higher toxicity due to their larger surface
area, which increases their interaction potential with plant cells (Yin et al., 2011; Scherer
et al.,, 2019; Yan and Chen, 2019). This increased interaction can cause substantial
cellular disturbances, such as chromosomal abnormalities and disruptions in the cell cycle
(Manna et al., 2022).

Plant cell walls, primarily composed of polysaccharides and structural proteins,
play a crucial role in defining plant morphology and providing protection against
environmental stressors. These walls are highly dynamic, continuously adapting in
response to plant growth, development, and external stimuli. Such flexibility allows for
rapid cell elongation and enhances stress tolerance (Caffall et al., 2009; Voxeur & Hofte,
2016; Liu et al., 2021). Exposure to heavy metals, particularly Ni, can significantly
compromise the integrity and functionality of plant cell walls. Ni stress has been shown
to reduce wall elasticity (Shi & Cai, 2009) and alter its chemical composition (Kolbert et
al., 2020). Ni can inhibit cell elongation by interacting with cell wall polysaccharides,
which contain functional groups that serve as binding sites for divalent and trivalent metal
ions. Specifically, Ni** ions preferentially bind to the carboxyl groups of polygalacturonic
acids and hydroxycinnamic acids, with binding affinity influenced by the pH of the root
apoplast and plant species (Meychik et al., 2014). In some plants, the cell wall even acts
as the primary compartment for Ni sequestration (Krdmer et al., 2000; Redjala et al.,
2010). While metal binding to the cell wall can enhance tolerance to certain heavy metals,

it may also lead to increased wall rigidity and, in extreme cases, cell rupture (Leskova et
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al., 2020). Furthermore, Ni exposure induces structural modifications such as lignin
accumulation, suberin alteration, and thickening of the root endodermal cell wall, all of
which impact overall plant development (Yadav et al., 2021; Mustafa et al., 2023).

A primary mechanism behind Ni toxicity is the disruption of ion homeostasis and
membrane stability (Saad et al., 2016). Elevated Ni levels can lead to excessive
production of ROS, such as hydrogen peroxide (H20.) and hydroxy! radicals, which cause
oxidative stress (Halliwell and Gutteridge, 1984). Despite Ni's lack of direct involvement
in redox reactions, it plays a crucial role in triggering ROS accumulation, which has been
widely studied in various plant species (Gajewska et al., 2006; Khaliq et al., 2015; Khair
et al., 2020; Kumar et al., 2022; Bhat et al., 2023).

Regarding NiO NP-tiggered affects, NiO NPs have been shown to promote NO
production, likely through enhanced nitrate reductase activity, which subsequently
impacts nitrosative signaling pathways (Manna et al., 2021). Exposure to these
nanoparticles induces oxidative stress, which subsequently triggers an increase in the
activities of key antioxidant enzymes such as ascorbate peroxidase (APX), catalase
(CAT), superoxide dismutase (SOD), glutathione peroxidase, and glutathione reductase
(GR) as part of the plant's defense response (Faisal et al., 2013; Abdel-Salam et al., 2018;
Chung et al., 2019; Pinto et al., 2019; Saleh et al., 2019; Chahardoli et al., 2020; Besharat
et al., 2021; Chahardoli, 2023; Manna & Bandyopadhyay, 2023). In addition to enzyme
activity changes, NiO NPs also influence oxidative stress-related gene expression, MYB
transcription factors, and phenolic compound biosynthesis (Soares et al., 2018; Chung et
al., 2019; Manna et al., 2021). One of the key consequences of oxidative stress induced
by NiO NPs is the accumulation of H20, which contributes to cellular damage in multiple
plant species (Oukarroum et al., 2015; Abdel-Salam et al., 2018; Baskar et al., 2018;
Saleh et al., 2019; Chung et al., 2019; Pinto et al., 2019; Chahardoli et al., 2020; Manna
et al., 2021; Manna & Bandyopadhyay, 2023). Additionally, oxidative stress caused by
NiO NPs is linked to lipid peroxidation, evidenced by increased levels of
malondialdehyde (Manna and Bandyopadhyay, 2017a; Abdel-Salam et al., 2018; Saleh
et al., 2019; Baskar et al., 2018; Chung et al., 2019; Pinto et al., 2019; Besharat et al.,
2021).

Despite numerous studies addressing Ni's role in disrupting ROS balance in

plants, its impact on RNS metabolism remains underexplored (Kolbert et al., 2020).
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Biologically active RNS, such as NO, GSNO, and peroxynitrite (ONOQO), play key roles
in plant systems (Corpas et al., 2022; Liao et al., 2023; Khan et al., 2023; Graska et al.,
2023; Khator, 2023). NO reacts with glutathione to form GSNO, a more stable molecule
capable of propagating NO signals over long distances via the xylem (Kolbert et al.,
2024). The GSNO reductase enzyme (GSNOR) breaks down GSNO into glutathione
disulfide and ammonia, thus modulating intracellular GSNO levels and NO signaling
(Jahnova et al., 2019). GSNOR is an evolutionarily highly conserved enzyme in
mammals, yeast, and plants (Liu et al., 2001). It has a cytosolic, homodimeric structure
composed of alpha helices and beta sheets, with each subunit containing a structural
function. GSNOR plays a crucial role in RNS metabolism by removing GSNO,
maintaining the balance of intracellular NO levels, and regulating the transnitrosation
equilibrium between S-nitrosylated proteins and GSNO (Lindermayr, 2018). It is rich in
cysteine, with 13 out of 14-16 cysteines in plants being highly conserved. Cysteines play
an important role in redox signaling by serving as targets for both reversible and
irreversible redox modifications (Xu et al., 2013). The GSNO reduction carried out by
GSNOR is an irreversible process, during which the products can no longer perform
nitrosation on proteins (Staab et al., 2008). GSNOR activity is sensitive to S-nitrosation,
but in a reducing environment, the function can be restored, suggesting that the catalytic

inactivation is caused by S-nitrosation (Frungillo et al., 2014; Guerra et al., 2016).

The physiological processes of plants, both under normal and stress conditions,
are regulated through the post-translational modifications (mainly nitration and
nitrosation) of NO and its derivatives. Tyrosine nitration is the most common NO-
associated amino acid modification in proteins, but tryptophan, phenylalanine, and
histidine can also be affected. In plants, the central molecule in nitration is ONOO", which
results from the rapid reaction between NO and superoxide anion (O2™) (Ledn, 2022).
This modification, involving the addition of a nitro group to tyrosine residues, may result
in changes in protein functionality or interfere with tyrosine phosphorylation, thereby
influencing signal transduction pathways (Galetskiy et al., 2011, Kolbert et al., 2017,
Corpas et al., 2021; Le6n, 2022).

Tyrosine nitration occurs in two steps, during which a nitro group is covalently
attached to the ortho position of the aromatic ring of the tyrosine molecule (Souza et al.,
2008). As a result of the formation of 3-nitrotyrosine, the structure, function, and activity

of the nitrated protein are altered through changes in the physical and chemical properties
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of the amino acids that make up the protein (such as their redox potential,
hydrophobic/hydrophilic properties, and acid dissociation constant) (Sabadashka et al.,
2021). In plants, nitration leads to the loss of protein function, suggesting that nitration
plays a role mainly in protein degradation. In stress-free plants, a certain level of nitration
can be detected in the proteome, indicating that plants possess a physiological
nitroproteome (Kolbert et al., 2017). In animals, tyrosine nitration is a reversible process
catalyzed by the denitrase enzyme, and as a result, it can also play a role in signal
transduction (Sabadashka et al., 2021). However, this enzyme has not been identified in
plants. Tyrosine nitration is considered a selective process, despite the absence of a
consensus sequence in the target proteins that would ensure this specificity. Interestingly,
only 1-2% of the total tyrosine pool is targeted for in vivo nitration (Bartesaghi et al.,
2007), suggesting that the process is highly selective. The low number of 3-nitrotyrosine
in plant enzymes containing more tyrosine amino acids further supports this (Lozano-
Juste et al., 2011; Begara-Morales et al., 2015).

The oxidative stress induced by NiO NPs extends to genetic material, resulting in
genotoxic effects such as chromosomal abnormalities, disruptions in the cell cycle, and
clastogenic activity in Allium cepa (Manna and Bandyopadhyay, 2017b; Manna et al.,
2022). Furthermore, NiO NP exposure can lead to mitochondrial dysfunction, apoptotic
cell death, and DNA hypermethylation due to excessive ROS and NO generation, which
further contribute to autophagy and necrotic cell death (Faisal et al., 2013; Manna et al.,
2023). Additionally, RNS play a crucial role in regulating these processes through protein

modifications and NO signaling pathways, further influencing NiO NP-induced toxicity.

The cumulative effects of NiO NPs at subcellular, cellular, and tissue levels result
in visible organ-level stress responses, including reduced root and shoot growth.
Inhibition of root elongation and biomass production induced by NiO NPs have been
reported in several species, such as Solanum lycopersicum, Raphanus sativus, Solanum
melongena, Triticum aestivum, Lycium barbarum and Nigella arvensis, with the severity
of these effects depending on species and nanoparticle dosage (Faisal et al., 2013; Abdel-
Salam et al., 2018; Baskar et al., 2018; Saleh et al., 2019; Pinto et al., 2019; Chahardoli
et al., 2020). NiO NPs negatively impact photosynthetic efficiency by reducing
chlorophyll and carotenoid content, and in Lemna gibba, they impair photosynthetic
electron transport (Oukarroum et al., 2015; Pinto et al., 2019; Chung et al., 2019; Saleh
etal., 2019).
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3. 4. Serpentine soils and Ni hyperaccumulation

Ni is known to have toxic effects in elevated concentrations on most plants (see
above); however, hyperaccumulators have developed unique metabolic mechanisms that
enable them to survive and even flourish in Ni-rich serpentine soils without experiencing
toxicity. These soils, which can contain grams of Ni per kilogram, pose significant
challenges for plant growth due to their rocky texture, poor water retention, and
unbalanced nutrient composition. Serpentine soils are typically low in phosphorus,
nitrogen, and potassium while having elevated concentrations of heavy metals such as
manganese, cobalt, chromium, and nickel (Kruckeberg, 2002; Hseu and Chen, 2019).
These harsh conditions create strong selective pressures on plant life, making serpentine
ecosystems distinct and unique, yet many aspects of these processes remain unclear
(Delhaye et al., 2024).

Despite the challenges posed by serpentine soils, certain plant species exhibit
specialized adaptations that allow them to persist in Ni-rich environments. Some plants
adopt a resource-conservative strategy to cope with metal stress, aligning with the
predictions of the leaf economics spectrum (Wright et al., 2004; Kazakou et al., 2008;
Adamidis et al., 2014; Delhaye et al., 2024). In nickel-rich environments, Plantago
lagopus tends to produce smaller leaves, while Filago eriocephala develops thicker
leaves. Similarly, Lolium rigidum and Aegilops biuncialis exhibit higher leaf dry matter
content, potentially as an adaptation to drought stress. However, not all plants follow this
pattern. Avena barbata, for example, displays increased leaf area, which could be linked

to reduced pathogen pressure in metal-rich soils (Boyd, 2007; Boyd et al., 1994).

Furthermore, proline accumulation, a key molecule for osmoregulation, has been
found to be present in higher concentrations in plants growing on serpentine soils
compared to those on non-serpentine soils (Verbruggen and Hermans, 2008; Karatassiou
et al., 2021). The relationship between hyperaccumulation and drought resistance has
been suggested for decades (Severne, 1974). Some researchers propose that excess nickel
in plant cells may function as an osmotic agent, reducing water potential and allowing
photosynthesis to continue under drought conditions (Baker and Walker, 1989; Fitter and
Hay, 1981).
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3. 5. Mechanisms of Ni hyperaccumulation in plants

Hyperaccumulator plants not only survive in environments with high Ni
concentrations but also store more than 1000 mg/kg of Ni in their shoots (Reeves, 1992).
These plants exhibit enhanced Ni uptake, efficient root to shoot translocation, and robust
detoxification and sequestration mechanisms compared to non-accumulators (Rascio and
Navari-lzzo, 2011; Hipfinger et al., 2022) (Fig. 3).
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Fig. 3. Mechanisms of Ni hyperaccumulation including Ni uptake by roots, translocation via xylem, and

storage in plant tissues. Prepared with Canva.com.

For instance, in Odontarrhena leshiaca and other hyperaccumulator species
within the genus Odontarrhena, selective chelation, primarily with histidine, has been
shown to play a crucial role in the translocation of Ni from the root to the shoot and
ultimately to the leaves through the xylem, although approximately 50% of the metal is
estimated to remain in its free, hydrated Ni?* form (Krimer et al., 1996). In the

rhizosphere of hyperaccumulators, microbial populations that resist metals are vital for
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enhancing metal uptake, and strains with plant growth promoting activity can also be
found in serpentine bacterial isolates (Rosatto et al., 2019; Lopez et al., 2019).

Ni transport from the roots to the shoots occurs through both passive diffusion and
active transport, with active transport being more significant at low concentrations of Ni.
Hyperaccumulator plants are particularly efficient in transporting Ni to the shoots via the
xylem, with metal transporters in the root symplast playing a key role in this process
(Maestri et al., 2010). Transpiration also aids in driving xylem flow, contributing to metal
transport (Salt et al., 1995).

Organic acids, such as citric acid and nicotinamine (NA), are crucial for Ni
hyperaccumulation. In certain hyperaccumulators, such as Alyssum bertolonii, citric acid
enhances Ni uptake, while in others like Datura innoxia, higher citric acid concentrations
lead to higher Ni concentrations in the stems (Jean et al., 2008). NA is important in
facilitating the translocation of Ni by forming complexes with the metal, assisting its

movement to the shoots (Maestri et al., 2010).

While a specific Ni transporter has yet to be identified, studies have shown that
certain transport proteins are involved in Ni hyperaccumulation. Zinc-regulated
transporter, iron-regulated transporter-like proteins (ZIP) and natural resistance-
associated macrophage proteins (NRAMP) are important for metal homeostasis and play
a role in Ni uptake and tolerance (Guerinot, 2000; Williams et al., 2000). Research on
Thlaspi japonicum has demonstrated that ZIP and NRAMP transporters mediate Ni
transport and tolerance (Mizuno et al., 2005). The Heavy Metal ATPase 4 (HMA4)
transporter is particularly important in Ni hyperaccumulation, as it helps increase the
expression of other metal transporter genes, further enhancing Ni translocation
(Hanikenne et al., 2008).

The phloem transport, which was once overlooked, has more recently been
observed in both woody tropical and herbaceous hyperaccumulating plant species (Deng
et al., 2018). Although phloem transport has not been conclusively demonstrated in
Odontarrhena lesbiaca, the exceptionally high Ni concentrations found in the flowers of
this species (well above 1000 mg/kg; (Adamidis et al., 2017; Stefanatou et al., 2020)
provide strong support for this mechanism, as flowers are the primary sink for phloem
translocation (Deng et al., 2018). This hypothesis is further supported by the work of Bani

et al. 2018, who proposed that Orobanche nowackiana (syn. Phelipanche nowackiana)
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likely derives nutrients exclusively from the phloem of Alyssum murale, as its low
transpiration rate would not be sufficient to account for nutrient uptake through xylem
flow diversion (Shen et al., 2006).

Understanding the spatial distribution and localization of metals like Ni within
plant tissues is essential for comprehending hyperaccumulation and tolerance
mechanisms. Generally, Ni is more concentrated in above-ground plant parts than in roots
(Shallari et al., 1998; Broadhurst et al., 2004; Bani et al., 2007). In Alyssum murale grown
on ultramafic soils near Pogradec, Albania, the highest Ni concentrations were found in
seeds (11,400 mg/kg), followed by roots (1260 mg/kg) and stems (1170 mg/kg)
(Barbaroux et al., 2009). Similarly, in Senecio coronatus, Ni is predominantly localized
in the leaf epidermis (Mesjasz-Przybylowicz et al., 1994). A general pattern of Ni
distribution is observed as leaves > stems > roots, though species-specific variations exist.
For instance, Berkheya coddii accumulates higher Ni levels in the epidermis and vascular
bundles of leaves and stems (Budka et al., 2005; Gramlicha et al., 2011).

Variations in Ni distribution reflect different tolerance mechanisms. In Rubus
ulmifolius, Ni is primarily stored in roots (Marques et al., 2009), whereas in Grevillea
exul, a serpentinic plant, Ni is concentrated more in roots than in stems and leaves (Rabier
et al., 2007; 2008). Other species, such as Quercus ilex, store Ni in conducting tissues,
while herbaceous plants tend to accumulate Ni in the leaf epidermis (Nabais et al., 1996;
Broadhurst et al., 2004).

Plants can directly absorb Ni?*, ion pairs (such as Ni?*(H20)s SO.?), and simple
complexes (e.g., NiOH") from the soil solution (Kabata-Pendias and Pendias, 1992; Tack,
2010). Typically, hyperaccumulators absorb Ni as Ni%*, which is then transported to the
shoots in complex forms with organic acids like citrate, malate, or histidine (Ingle et al.,
2005). Nickel forms complexes with organic substances like organic acids, which helps
in the desorption or dissolution of Ni in soils. Based on solubility and plant uptake, Ni in
the soil is classified into available, potentially available, and unavailable pools. The
available pool contains water-soluble and exchangeable forms of Ni, while the potentially
available pool includes Ni that is specifically adsorbed, sparingly soluble minerals, and
strongly bonded organic complexes. Forms that are occluded in oxides or insoluble

compounds are considered unavailable to plants during the growing season (Robinson,
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1997ab; Sheoran et al., 2009). Plants typically absorb Ni from the available pool,
depending on various soil factors.

The availability of Ni is influenced by soil pH, redox potential, organic matter
content, and temperature (Kabata-Pendias and Pendias, 1992; Fageria et al., 2002; Tack,
2010). Ni uptake is characterized by both passive and active processes, with a positive
correlation between Ni concentrations in the soil solution and uptake. The study observed
that metal cations like Zn?*, Cu?*, Ca®*, and Mg?" inhibited Ni?* uptake in excised barley
roots. Zn?* and Cu?* compete for Ni?* uptake, while Ca** and Mg?* do not exhibit
competitive inhibition (Korner et al., 1986). Soil pH plays a significant role, with Ni

uptake decreasing as pH increases from 4.5 to 6.5 (Kabata-Pendias and Pendias, 1992).

Dimitrakopoulos et al. (2021), in their study on the nickel hyperaccumulator plant
Odontarrhena leshiaca, examined the distribution of Ni in plant tissues and the impact of
broomrape infection and site on this distribution. They focused on plants from three study
sites: Loutra, Ampeliko, and Olympos. They found that healthy plants from Ampeliko
consistently had higher leaf nickel concentrations compared to those from Olympos and
Loutra, which aligned with the soil Ni concentrations in these areas. However, the Ni
concentrations in infected plants from Loutra were notably different from those in the
other two sites, suggesting that the infection altered the typical pattern of Ni accumulation

in these plants.

3. 6. The study context: Odontarrhena lesbiaca and NiO NPs

Species of Odontarrhena lesbiaca (Fig. 4) are small shrubs or long-lived perennial
herbs, characterized by a strong taproot and numerous sterile shoots emerging from the
base. The aerial parts are usually covered with dense stellate hairs, which give the plants
a distinctive silvery-grey appearance. The inflorescence is typically a branched
compound corymb, though in some cases, it can be reduced to a simple raceme. The
flowers consist of five ovate sepals and five bright yellow, cuneate-spathulate petals. The
stamens are equipped with denticulate appendages, and the fruits are silicles, each
containing two seeds. The genus Odontarrhena is distributed from Western Asia to the
Western Mediterranean Basin, with certain regions, particularly the Middle East and the

Balkan Peninsula, serving as significant centers of diversity. Despite its wide distribution,
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the taxonomy of several Odontarrhena species remains unresolved, with many taxa
lacking clear definitions. (Cecchi et al., 2018; Cecchi et al., 2020; Bettarini et al., 2021).

Fig. 4. Odontarrhena lesbiaca (Brassicaceae) plant from Lesbos Island, Greece. Image sourced from
Lesvos Birders.

One of the remarkable traits of Odontarrhena species is their ability to
hyperaccumulate Ni. Among the 532 known Ni hyperaccumulators, 62 species belong to
the genus Odontarrhena (formerly Alyssum, Brassicaceae), predominantly distributed in
the serpentine soils of southeastern Europe and the Middle East (Reeves et al., 2017,
2021; Bani et al., 2021). One notable endemic species, Odontarrhena lesbiaca (formerly
Alyssum lesbiacum), thrives on the serpentine soils of Lesbos, Greece, and grows up to
40 cm tall (Strid and Tan, 2002; Kazakou et al., 2010). Previous research has shown that
populations of Odontarrhena lesbiaca from different locations exhibit varying Ni
hyperaccumulation capacities, correlating with soil Ni content in their native habitats
(Adamidis et al., 2014; Kazakou et al., 2010).
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Fig. 5. Map of Lesbos Island (Greece) showing the Ampeliko (®), Loutra (m) and Olympos ( ¥) populations
of Odontarrhena lesbiaca (modified from Adamidis, 2013).

As the nanoforms of Ni has become more prevalent in the environment,
understanding their effects on hyperaccumulators like Odontarrhena leshiaca is crucial.
The present thesis focuses on three ecotypes of Odontarrhena lesbiaca—Ampeliko,
Loutra, and Olympos (Fig. 5)—to investigate the effects of NiO NPs. It specifically
examines Ni accumulation, microelement homeostasis, alterations in root structure, and
nitro-oxidative processes, as these aspects have not been previously characterized in these
hyperaccumulators. By shedding light on plant-nanoparticle dynamics, this thesis not
only enhances our understanding of hyperaccumulators but also provides a foundation for

sustainable nanoparticle applications in ecological restoration and phytoremediation.
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4. Research Objectives

We aimed to examine the responses of the Ni hyperaccumulator Odontarrhena
leshiaca to NiO NPs. In order to be able to set up a simple, reproducible experimental
system, we used seedling-stage plants grown and treated in Petri dishes. By comparing
geographically distinct populations (Ampeliko, Loutra, and Olympos) growing on soils
with different Ni contents, we aimed to find correlations between NiO NP effects and Ni
accumulation/tolerance. Multiscale analyses of plant responses were performed at the
cellular, tissue, organ, and molecular levels. Our hypothesis was that the ecotypes display
unique cellular, structural, and molecular adaptations in response to NiO NP exposure,

which are linked to their varying tolerance to Ni.
Therefore, we formulated the following key questions:

1) What is the extent of Ni uptake, root-to-shoot translocation and changes in
element distribution of Odontarrhena leshiaca seedlings in the presence of nano or bulk
Ni form? Can NPs be detected in plant tissues? Can ecotype-dependent differences be

identified?

2) Does the presence of NiO NPs induce modifications in root tissue structure and
cell wall composition as root tissue-level protection mechanisms? Can ecotype-dependent

differences be identified?

3) Do the nano and the bulk Ni form induce changes in biomass production of
Odontarrhena lesbiaca root and shoot organs? Can ecotype-dependent differences be

identified?

4) Among the molecular mechanisms of plant responses to Ni, can nitro-oxidative
mechanisms be identified in Odontarrhena lesbiaca exposed to NiO NP? Can ecotype-

dependent differences be identified?
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5. Materials and Methods

5.1. Characterization of NiO NPs

NiO NPs were sourced from Sigma-Aldrich (St. Louis, USA, catalog number:
637130). To analyze the particle size, chemical composition, and crystallinity of the
synthesized nanoparticles, transmission electron microscopy (TEM) images and electron
diffraction (ED) patterns were recorded using a FEI Tecnai G2 20 X-Twin instrument
(FEI Corporate Headquarters, Hillsboro, OR, USA) at an acceleration voltage of 200 kV.
Additionally, X-ray diffraction (XRD) analysis was conducted with Cu Ka radiation on
a Rigaku MiniFlex Il powder diffractometer (Rigaku Corporation, Tokyo, Japan) to
confirm the crystallinity of the particles by comparing with the literature. The scan rate
was set at 2°min ! over a 20 range of 5°-80°. Energy dispersive X-ray spectroscopy
(EDS) was employed to determine the elemental composition of the sample. The EDS
analysis was carried out using a Hitachi S-4700 scanning electron microscope, operating
at an accelerating voltage of 30 kV, equipped with a Rontec energy dispersive X-ray
spectrometer. The specific surface area of the samples was measured via the 5-point
Brunauer-Emmett-Teller (BET) method from nitrogen (N2) adsorption isotherms at 77.15
K, using a Quantachrome NOVA 3000e instrument (Quantachrome, FL, USA). Prior to

measurement, the samples were degassed at 373.15 K for 1.5 hours.

5. 2. Preparation of NiO NP and bulk NiClz solutions

For the preparation of the nano-sample, NiO NPs were suspended in distilled
water, forming a heterogeneous mixture characterized by the presence of large NiO NP
aggregates. This suspension was further treated using an ultrasound sonicator for two
cycles of 30 minutes each. The pH of the suspension was modified to fall within the range
of 5.7-5.8, with the final concentrations of NiO NPs adjusted to either 250 mg/L or 500
mg/L. In the case of the bulk sample, NiCl.x6H20 was dissolved in distilled water, with
the pH similarly adjusted to 5.7-5.8. The volume of the solution was then modified to

achieve final concentrations of either 250 mg/L or 500 mg/L NiCls.
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5. 3. Conditions for plant growth

Seeds of Odontarrhena leshiaca were provided by Prof. Dr. Panayiotis G.
Dimitrakopoulos (Department of Environment of the University of the Aegean, Greece).
They were collected from over 100 randomly selected individuals growing at three
geographically distinct serpentine sites on Lesbos Island, Greece: Ampeliko, Loutra and
Olympos (site details in Kazakou et al., 2010, Fig. 5). The collected seeds underwent
surface sterilization with 70% (v/v) ethanol for 1 minute, followed by treatment with 5%
(v/v) sodium hypochlorite for 15 minutes. Afterward, they were placed in Petri dishes
containing filter paper that was moistened with either distilled water (as a control) or an
equivalent volume of aqueous solutions of NiCl, or NiO NP suspension. The Petri dishes
were maintained in a greenhouse for 5 days under controlled conditions, including a
photon flux density of 150 pumol m? s?, a light/dark cycle of 12/12 hours, relative
humidity of 45-55%, and a temperature of 25 & 2 °C. All analyses were conducted using
seedlings that were 5 days old.

5. 4. Ni concentration analysis by ICP-MS

The roots and shoots of the Odontarrhena lesbiaca ecotypes were harvested
separately and subsequently dried at 70 °C for a duration of 24 hours. A quantity of 100
mg of the dried plant material was incubated with 6 ml of trace analytical quality nitric
acid (65% w/v, Reanal, Hungary) for 2 hours. This was followed by the addition of 2 ml
of hydrogen peroxide (30% w/v, VWR Chemicals, Hungary). The samples underwent
microwave-assisted digestion at 200 °C and 1600 W for 2 hours within closed PTFE
reaction vessels (MarsXpress CEM, Matthews, USA). The nickel content in the resulting
solutions was analyzed using a quadrupole Agilent 7700X (Santa Clara, USA) inductively
coupled plasma mass spectrometer (ICP-MS), which was equipped with the standard
Agilent integrated sample introduction system. The instrumental parameters employed
included a plasma forward power of 1550 W, a plasma gas flow rate of 15.0 L/min, a
carrier gas flow rate of 1.05 L/min, a plasma sampling depth of 10.0 mm, an integration
time of 1 s, and a sample uptake rate of 600 uL/min. Measurements were conducted by
recording signals at the %°Ni isotope, utilizing #°Sc as an internal standard to correct for
potential matrix effects, and implementing helium collision cell technology to mitigate
polyatomic interferences (He cell gas flow rate: 5 ml/min, octopole bias: -18V, energy
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discrimination: 5 V). Instrumental tuning was carried out prior to all measurements with
Agilent's tuning solutions (No. G1820-60410). Data evaluation was performed using the

built-in Agilent Mass Hunter software.

5.5. LIBS analysis and elemental mapping of plantlets

Before measurements were conducted, the plantlets were carefully extracted from
the Petri dishes, and their roots were rinsed with trace analytical quality laboratory water
to remove any remaining cultivation medium. The seedlings were then pressed, dried, and
fixed onto glass microscope slides using a thin layer of epoxy regime (Epoxy-Embedding
Kit, 45359, Sigma-Aldrich, Germany). LIBS spectra were obtained with a J-200 LA-
LIBS tandem spectrometer (Applied Spectra Inc., USA) operating in LIBS mode under
the following parameters: laser wavelength of 266 nm, laser pulse duration of 6 ns, laser
pulse energy of 14 mJ, spot size of 60 um, integration time of 1.05 ms, gate delay of 0.5
us, and laser pulse repetition rate of 10 Hz. Scanning was performed across the entire
plantlet area (approximately 15-20 x 50-60 mm) without overlapping measurement
points, and single-shot LIBS spectra were collected from each position. Each recorded
spectrum from a given spot contained over 12000 data points, representing the UV-Vis
optical emission spectrum over a wavelength range of 190 to 1040 nm with an optical
resolution of 0.07 nm. Multiple layers of the plant material were ablated, and the spectra
from each location were vertically summed, providing sufficient spectral data for further
analysis and elemental map generation. The hyperspectral data set was processed using
Clarity software (Applied Spectra Inc., USA), while elemental maps were visualized with
ImageLab software (Epina GmbH, Austria). Elemental maps for Nickel (Ni), Potassium
(K), Sodium (Na), Magnesium (Mg), and Calcium (Ca) were based on net signal
intensities measured at the Ni 1 352.4 nm, K 1 766.5 nm, Na | 588.9 nm, Mg | 518.3 nm,

and Ca | 422.7 nm spectral lines, respectively.

5. 6. TEM examination of root and hypocotyl sections

Samples from the mature regions of the root and hypocotyl were fixed in 3%
glutardialdehyde prepared in phosphate-buffered saline (PBS, pH 7.4). The samples were
then embedded in Embed812 resin (EMS, Hatfield, PA, USA) and cut into ultrathin
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sections, approximately 70 nm thick, using a Leica Ultracut S ultramicrotome (Leica,
Vienna, Austria). The sections were stained with uranyl acetate and lead citrate before
being analyzed under a Jeol 1400 plus transmission electron microscope (Jeol, Tokyo,

Japan), following the procedure outlined by Molnar et al. (2020).

5. 7. Microscopic observation of root anatomy and analysis of cell wall

components (lignin, suberin, pectin)

Root anatomy was examined using a Zeiss Axiovert 200M microscope (Carl
Zeiss, Jena, Germany). Cross sections of roots were prepared according to a method
similar to Barroso et al. (2006). Mature root segments were first fixed in a 4% (w/v)
paraformaldehyde solution and then washed with distilled water. The samples were
embedded in 5% (w/v) bacterial agar, utilizing a slightly modified version of the
procedure outlined by Zelko et al. (2012). Root cross sections, 100 um in thickness, were
cut using a vibratome (Zeiss-Microm, HM650V). To visualize lignin and suberin in the
root cross sections, Auramine-O staining was applied. The sections were stained in a
solution of 0.01% (w/v) Auramine-O in 10 mM Tris-HCI buffer (pH 7.4) for 10 minutes
in the dark (Rahoui et al., 2017). For bright field microscopy, another set of root cross
sections was stained with 0.02% (w/v) toluidine blue (TB) for 1 minute at room

temperature under light exposure (Mitra and Loqué¢, 2014).

To highlight the pectin content in the root tips, Ruthenium Red (RR) staining was
performed following the method of Durand et al. (2009). Roots were incubated in 0.05%
(w/v) RR solution for 15 minutes, then washed with distilled water before being placed

on slides for microscopic observation.

5. 8. Biomass production assessment

The lengths of both the primary root and the shoot were manually measured and
recorded in centimeters (cm). The fresh weight (FW) of the root and shoot was determined
using an analytical balance, and the dry weight (DW) was measured after drying the plant

material at 70 °C for 24 hours. Both measurements were expressed in milligrams (mg).
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5.9. Translocation factor (TF) calculation

The translocation factor (TF) was determined to assess the efficiency of nickel

(Ni?") translocation from roots to shoots. TF was calculated using the following formula:

[Ni?*] in shoot (ug/g DW)
[Ni2*] in root (ug/g DW)

TF =

A TF value greater than 1 suggests that Ni?* is efficiently translocated from roots
to shoots, indicating the plant’s capability to transport and accumulate nickel in aerial
parts. Conversely, a TF value less than 1 indicates that Ni?* predominantly accumulates

in the roots, with limited translocation to the shoots.

5. 10. Assessment of reactive nitrogen species (RNS) in roots

The levels of nitric oxide (NO) in the root tips were determined using the
fluorescent dye 4-amino-5-methylamino 2',7'-difluorofluorescein diacetate (DAF-FM
DA). Root samples were stained for 30 minutes in a 10 uM fluorophore solution (prepared
in 10 mM Tris-HCI buffer, pH 7.4), then washed twice with the buffer solution and

mounted on slides for observation (Kolbert et al., 2012).

To detect peroxynitrite (ONOQO") levels, dihydrorhodamine 123 (DHR) was used,
following the protocol described by Kolbert et al. (2012). The root samples were stained
with a 10 uM DHR 123 solution (in 5 mM Tris-HCI buffer, pH 7.4), incubated for 15
minutes at room temperature, washed twice with the buffer, and then prepared for

microscopic analysis.

5. 11. Fluorescence imaging and quantification

Fluorescence and light microscopy analyses were conducted using a Zeiss
Axiovert 200M inverted fluorescence microscope (Carl Zeiss, Jena, Germany). Filter set
10 (excitation: 450-490 nm, emission: 515-565 nm) was employed for measurements
involving DAF-FM, DHR, and Auramine-O staining. Pixel intensity was quantified

within defined circular areas, with the radii adjusted to encompass the largest sample
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regions. The Axiovision Rel. 4.8 software (Carl Zeiss, Jena, Germany) was used to

evaluate pixel intensity from digital images.

5. 12. Evaluation of GSNOR activity via UV-vis absorption spectroscopy

The plant samples (250 mg of shoot and root separately) were homogenized with
double the volume of an extraction buffer composed of 50 mM Tris-HCI (pH 7.6-7.8),
0.1 mM EDTA, 0.1% Triton X-100, and 10% glycerol. GSNOR activity was assessed by
monitoring NADH oxidation in the presence of GSNO at a wavelength of 340 nm,
following the protocol established by Sakamoto et al. (2002). The homogenate was
centrifuged at 9300 x g for 20 minutes at 4 °C. A 150 uL aliquot of the protein extract
was then incubated in a 1 mL reaction buffer containing 20 mM Tris-HCI (pH 8.0), 0.5
mM EDTA, 0.2 mM NADH, and 0.4 mM GSNO. The results are reported as nanomoles
of NADH consumed per minute per milligram of protein, with protein concentration
determined using the Bradford (1976) protein assay. The activity was expressed as nmol
NADH mint mg? protein. Measurements were carried out using a Kontron Uvikon

double-beam UV-vis absorption spectrophotometer.

5. 13. Protein extraction and assessment of GSNOR protein levels and tyrosine

nitration by western blot

The shoot and root tissues of Odontarrhena lesbiaca ecotypes were homogenized
with a double volume of an extraction buffer, which contained 50 mM Tris-HCI (pH 7.6-
7.8), 0.1 mM EDTA, 0.1% Triton X-100, and 10% glycerol. The homogenate was then
centrifuged at 9300 x g for 20 minutes at 4 °C. The protein extract was treated with a 1%
protease inhibitor cocktail and subsequently stored at -20 °C. Protein concentrations were
determined using bovine serum albumin as a standard, following the Bradford method
(1976).

After denaturation via SDS-PAGE (12%), 15 pg of the protein extract underwent
wet blotting (25 mA for 16 hours). The membranes obtained were used for cross-
reactivity assays with various antibodies. Loading controls were conducted using an anti-
actin antibody (Agrisera, Cat. No. AS13 2640), with actin (bovine muscle, Sigma-
Aldrich, Cat. No. A3653) serving as the protein standard. GSNOR immunoassays were
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performed using a polyclonal primary antibody from rabbit (anti-GSNOR, Agrisera, Cat.
No. AS09 647) and an affinity-isolated goat anti-rabbit IgG—alkaline phosphatase
secondary antibody (Sigma-Aldrich, Cat. No. A3687, diluted 1:10,000; further details
available in Olah et al., 2020). To detect protein tyrosine nitration, the primary antibody
used was anti-3-nitrotyrosine (Sigma-Aldrich, Cat. No. N0409, diluted 1:2000). The
secondary antibody remained the same as previously mentioned. Visualization of the
bands was achieved through the NBT/BCIP (5-bromo-4-chloro-3-indolylphosphate)
reaction. For the positive control, nitrated bovine serum albumin (NO.-BSA) obtained
from Sigma-Aldrich (Cat. No. A3653) was utilized. The quantification of protein bands
was conducted using Gelquant software (biochemlabsolutions.com) and expressed as
pixel densities. Western blot analyses were carried out on three independent protein
extracts derived from separate plant generations, with each extract undergoing the process
at least twice (Kolbert et al., 2018).

5. 14. Statistical analysis

The results are presented as mean values of raw data (+ SE or + SD). Student’s t-
test or Duncan’s multiple range test (One-Way ANOVA, P < 0.05) was employed for
statistical analysis using SigmaPlot 12. To verify ANOVA assumptions, Hartley’s Fmax
test was conducted for homogeneity, and the Shapiro-Wilk test was utilized to assess

normality.
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6. Results

6. 1. Physicochemical characteristics of NiO NPs

NiO NPs were observed using TEM, which revealed that the particles exhibited
rhombus and rod-shaped shapes (Fig. 6, A). Image analysis determined that the average
particle size was 23.24+8.3 nm. The electron diffraction (ED) pattern (inset in Fig. 6, A)
and XRD analysis (Fig. 6, B) confirmed both the crystallinity and chemical composition
of the particles. The XRD peaks at 26 values of 37.2°, 43.3°, 62.8°, 75.3°, and 79.3°
correspond to the characteristic reflections of NiO with a cubic crystal structure.
Additionally, EDS analysis (Fig. 6, C) was performed to assess the elemental
composition, showing that the sample consisted solely of Ni and O, indicating a high
purity material. The specific surface area of the NiO sample, calculated using the BET

method, was 76.40 m?/g.
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Fig. 6. Chemical characterization of nickel oxide nanoparticles. Transmission electron microscopic
(TEM) image (A), with the corresponding electron diffraction (ED) pattern (A inset) and X-ray
diffractogram (XRD) of the nanoparticles (B) and their EDS spectrum (C).
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6. 2. Ni accumulation and translocation in Odontarrhena leshiaca ecotypes
following NiO NP and bulk Ni treatment

NiO NP treatment resulted in a concentration-dependent increase in Ni content in
the roots of all ecotypes (Table 1). For the Ampeliko ecotype, Ni accumulation was 2.9
and 7.2 times higher than the control at 250 and 500 mg/L NiO NP treatments,
respectively. A similar pattern was observed for the Loutra and Olympos ecotypes.
Notably, exposure to 250 mg/L NiO NP led to only a 1.2-fold increase in Ni content in
Olympos roots, compared to 2.8-fold and 2.7-fold increases in Ampeliko and Loutra,
respectively. In contrast, treatment with 250 mg/L NiCl> led to higher Ni accumulation
in the roots compared to NiO nanoparticles at the same concentration. This difference
was especially pronounced in the Olympos ecotype, where the 250 mg/L NiCl; treatment
caused a 4.64-fold higher Ni concentration in the roots compared to the NiO NP treatment
(Table 1).

Table 1 Ni concentrations (pug/g dry weight, DW) in the roots and shoots of Odontarrhena leshiaca

ecotypes (Ampeliko, Loutra, Olympos) grown with 0, 250, or 500 mg/L of NiO NP or NiCl,x6H>0. Data

are presented as mean + SD, n = 3. TFs were determined as described in the Materials and Methods section.
Root Shoot

Translocation

Ecotype/Treatment [Ni] ng/g DW [Ni] ng/g DW factor
O. lesbiaca Ampeliko 0 mg/L NiO NP 1052.21 +£0.05 5592.52 £0.39 5.31
O. leshiaca Ampeliko 250 mg/L NiO NP 3038.12 £0.07 5674.29 +£0.30 1.86
O. leshiaca Ampeliko 500 mg/L NiO NP 7573.15+0.15 6269.75 + 0.46 0.82
O. leshiaca Loutra 0 mg/L NiO NP 948.78 + 0.04 4428.64 +£0.14 4.66
O. lesbiaca Loutra 250 mg/L NiO NP 2581.25+0.02 499495 +0.10 1.93
O. leshiaca Loutra 500 mg/L NiO NP 9566.24 + 0.07 5576.49 + 0.86 0.58
O. lesbiaca Olympos 0 mg/L NiO NP 1186.85 +0.05 4538.57 +£0.03 3.82
O. leshiaca Olympos 250 mg/L NiO NP 1480.96 + 0.05 5009.04 +0.61 3.38
O. leshiaca Olympos 500 mg/L NiO NP 8813.02 +0.45 5388.61 +£0.75 0.61
O. leshiaca Ampeliko 0 mg/L NiCl2 844.12 £ 0.01 6988.41 £0.16 8.27
O. leshiaca Ampeliko 250 mg/L NiCl: 5467.66 +0.03 8898.81 £0.33 1.62
O. leshiaca Ampeliko 500 mg/L NiCl. 9069.75 = 0.09 11601.10 +0.11 1.27
O. lesbiaca Loutra 0 mg/L NiCl2 975.36 +0.002 5308.93 £ 0.31 5.44
O. lesbiaca Loutra 250 mg/L NiCl2 5185.62+£0.03 7093.00 +0.26 1.36
O. leshiaca Loutra 500 mg/L NiCl, 8991.49 £ 0.05 9616.90 + 0.05 1.06
O. leshiaca Olympos 0 mg/L NiCl2 1193.24 £ 0.01 6801.26 +£0.31 5.69
O. leshiaca Olympos 250 mg/L NiCl2 6923.81 £0.06 8432.92 £ 0.06 121
O. leshiaca Olympos 500 mg/L NiCl2 8309.98 +0.19 9975.73 £0.26 1.20
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In the untreated Odontarrhena lesbiaca ecotypes, Ni concentrations in the shoot
system were notably high (4000-6000 png/g DW) (Table 1). Interestingly, Ni content in
the shoots of all three ecotypes showed only a slight increase following NiO NP treatment,
suggesting that most of the Ni either released from the nanoparticles or absorbed in
nanoparticle form remains in the roots. The limited translocation of Ni from root to shoot
is further supported by the decrease in translocation factors to values below 1 in the
Odontarrhena leshiaca ecotypes treated with NiO NP (Table 1). In contrast, Ni salt
treatment resulted in an increase in shoot Ni content across all three ecotypes, with
concentrations reaching 10,000-12,000 ug/g DW (Table 1). The translocation factors in
NiClz-treated plants remained above 1 in every samples.

6. 3. Element distribution in Odontarrhena lesbiaca ecotypes: Focusing on Ni

(ionic or nano-Ni)

The ICP-MS results were complemented by LIBS elemental mapping. Overall,
the LIBS technique did not reveal significant Ni concentrations in the hypocotyls and
roots of the Odontarrhena lesbiaca seedlings (Fig. 7). In the cotyledons of the Loutra and
Olympos ecotypes, the Ni signal generated by NiCl, treatment was stronger than that
induced by NiO NP. However, for the Ampeliko ecotype, the signals triggered by NiO
NP and NiCl, were comparable in intensity, suggesting a variation in response between
the ecotypes. Based on the signal scale, which correlates with concentration, it seems that
Ampeliko treated with NiO NP contained higher levels of Ni than the other ecotypes. This
observation is further supported by the larger Ni-containing areas in Ampeliko
cotyledons, despite Olympos showing a similar signal level at around 15,000. Notably,
similar Ni signal intensities were detected for both NiO NP and NiCl, treatments,
implying that in this experimental setup, LIBS could not differentiate between

concentrations, in contrast to ICP-MS.

Additionally, the LIBS analysis indicated an increase in signal intensity for other
elements, including K, Na, Mg, and Ca, following Ni exposure. Minor changes were
observed in their distribution, suggesting that nutrient homeostasis in Ampeliko, Loutra,
and Olympos seedlings remains stable despite the elevated Ni exposure.
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Fig. 7. Representative LIBS elemental maps demonstrating the in planta distribution of selected nutrients
in the ecotypes of Ampeliko (A), Loutra (B) and Olympos (C) of Odontarrhena lesbiaca seedlings
cultivated with 0 (Control, Cont), 250 mg/L or 500 mg/L NiO NP or NiCl,x6H,0 for 5 days. The pixel
color scale in the maps represents the net optical emission intensity of the specific spectral line of the
element, which is directly proportional to its concentration (for instance, deep blue indicates a very low

concentration, while light yellow signifies a high concentration). Scale bars= 25 mm.
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6. 4. Interaction of NiO NPs with root cell walls and limited translocation to

hypocotyl in Odontarrhena leshiaca ecotypes

The data on Ni ion concentration and translocation factors suggested the
possibility that NiO NPs might bind to the root cell wall. This hypothesis was investigated
using TEM, and in NiO NP-treated ecotypes, a more pronounced electron-dense signal
was observed in the root cell wall compared to the untreated control (Fig. 8). Within the

root cells, no electron-dense signal indicative of NiO NPs was detected.

Control 250 NiO NP 500 NiO NP

Fig. 8. TEM images showing root cells of the Odontarrhena lesbiaca ecotypes (Ampeliko, Loutra
Olympos) treated with 0 mg/L (control), 250 mg/L and 500 mg/L NiO NP. Scale bars= x: 500 nm, y: 5 pm,

z: 1 pm.

6. 5. Effects of NiO NPs on root tissue structure and cell wall composition of

Odontarrhena lesbiaca seedlings

Initially, we examined the tissue structure of the root in Odontarrhena lesbiaca,
using the untreated Ampeliko, Loutra and Olympos ecotypes as a model system. In cross-
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sections of the differentiation zone, several distinct tissues were identified: the
rhizodermis, composed of trichoblast and atrichoblast cells; 2-3 layers of cortical cells;

the endodermis, exhibiting U-shaped thickening of the cell walls (tertiary endodermis);

the pericycle; and the stele, which contained two xylem bundles and two phloem bundles
(diarch stele) (Fig. 9).

Fig. 9. Root cross-section of untreated Odontarrhena lesbiaca stained with toluidine blue. Ampeliko (A),
Loutra (B), Olympos (C). Scale bar= 100 pm.

In the roots of the Olympos ecotype, all measured parameters—including root
area, cortex, stele areas, and the stele-to-cortex ratio—were significantly decreased
following NiO NP treatment, particularly at the 500 mg/L concentration (Fig. 10 A, B,
C, D). In contrast, exposure to 250 mg/L NiO NP led to a significant increase in the stele-
to-cortex ratio in the Loutra ecotype (Fig. 10 A, C, D).

In the Ampeliko roots, exposure to 500 mg/L of NiO NP caused an enlargement
of both the stele and cortex areas (Fig. 10 B), which resulted in an overall increase in root
area (Fig. 10 A). At 0 and 250 mg/L of NiO NP, the Ampeliko cortex consisted of two
cell layers, while at 500 mg/L, three cell layers were observed (Fig. 10 E).
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Fig. 10. Root area (A), cortex area (B), stele area (C) and stele/cortex ratio (D) measured in cross sections
of primary roots of Odontarrhena lesbiaca (Ampeliko, Loutra and Olympos ecotypes) grown in the
presence of 0, 250 or 500 mg/L NiO NP. Different letters indicate significant differences according to
Duncan’s test (n= 10, P< 0.05). (E) Representative cross sections of Odontarrhena lesbiaca roots stained

with toluidine blue. Scale bars= 100 pm. Abbreviations: xyl=xylem, en=endodermis, cort= cortex.

Pectin levels in the root tissues of Odontarrhena lesbiaca ecotypes exhibited
varying responses to NiO NP treatments. In the mature zone of Ampeliko roots, the pink
color associated with pectin slightly diminished under the influence of NiO NPs (as

indicated by arrows in Fig. 11 A). In contrast, the pectin levels in the Loutra and Olympos
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ecotypes increased—within the root cap and apical meristem in Loutra, and in the mature

root zone of Olympos (arrows in Fig. 11 A).

In addition, lignin and suberin were observed in root cross sections using
Auramine-O staining (Fig. 11 B). In the untreated Ampeliko roots, fluorescence was
detected in both the outer and inner tangential cell walls of the epidermis/exodermis,
indicating suberin presence and the development of an exodermis. In all three ecotypes,
treatment with both doses of NiO NP resulted in enhanced fluorescence in the tangential
and radial cell walls of exodermal cells compared to the untreated control (Fig. 11 B),

suggesting the formation of an exodermal suberin layer.

Control 250 mg/L 500 mg/L, Control 250 mg/L, 500 mg/L

o

Ampeliko

500 pm 500 pm

Loutra

500 pm
| |

Olympos

S00 pm 500 pm ’ 500 pm

Fig. 11. (A) Pectin levels in the root tips of Odontarrhena lesbiaca ecotypes (Ampeliko, Loutra, and
Olympos) exposed to 0 (control), 250, or 500 mg/L NiO NP for 5 days. Roots were stained with ruthenium
red (see Materials and Methods for details). Arrows highlight regions where staining intensity increased or
decreased relative to the control. Scale bars= 500 pm. (B) Lignin and suberin content in cross-sections of
0. leshiaca ecotypes. Root samples were stained with Auramine-O (see Materials and Methods for details).

Scale bars= 100 um. Abbreviations: xyl=xylem, en=endodermis, ex= exodermis, cort= cortex.

6. 6. Biomass production and growth responses to NiO NP treatment in different

Odontarrhena lesbiaca ecotypes

The control plants of the Olympos seedlings exhibited significantly smaller sizes
compared to those of Ampeliko and Loutra, as demonstrated by most of the biomass

measurements (Fig. 12). In terms of the effects of NiO NP treatment, the primary root
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length, shoot length, root fresh weight, shoot fresh weight, and shoot dry weight of Loutra
were not significantly affected by either 250 or 500 mg/L of NiO NP. For Ampeliko, most
biomass parameters remained unchanged by the applied NiO NP doses, with the
exception of root length and fresh weight, where the 250 mg/L NiO NP treatment caused
a notable reduction compared to untreated plants (Fig. 12 A, B). In contrast, all biomass
parameters of Olympos seedlings showed a dose-dependent increase in response to NiO
NP treatment (Fig. 12). For instance, 250 mg/L NiO NP resulted in a 1.80-fold increase
in root length, while 500 mg/L led to a 2.69-fold increase compared to the control group
(Fig. 12 A).

Across all parameters, it was observed that the Olympos seedlings treated with
NiO NP reached the size of the control plants of Ampeliko and Loutra (Fig. 12 A, B, D,
E). The overall growth of representative individuals from the Odontarrhena lesbiaca
ecotypes is shown in Fig. 12 G.
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Fig. 12. Primary root length (A), root fresh weight (B), root dry weight (C), shoot length (D), shoot fresh
weight (E) and shoot dry weight (F) of 5 days old Odontarrhena lesbiaca seedlings germinated in the
presence of 0 mg/L (control), 250 mg/L or 500 mg/L NiO NP. Different letters indicate significant
differences according to Duncan’s test (n= 10, P< 0.05). (G) Growth status of the control and NiO NP-

exposed Odontarrhena leshiaca ecotypes (three representative seedlings/treatment). Scale bars= 1 cm.

Applying ionic Ni in the form of NiCl. at the same concentration and exposure
time as the nanoparticle form led to a significant reduction in Ampeliko shoot length,
while other parameters remained unaffected, with a slight increase observed in root dry
weight at the 250 mg/L dose (Fig. 13). In contrast, for the Loutra ecotype, root length as
well as both shoot fresh and dry weights decreased under both NiCl2 concentrations (Fig.
13 A, D, E).

Interestingly, no notable changes in growth or biomass parameters were detected
in Olympos in response to NiCly, unlike the growth-promoting effect observed at the same
concentrations of NiO NP (Fig. 12).
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Fig. 13. Primary root length (A), root fresh weight (B), root dry weight (C), shoot length (D), shoot fresh
weight (E) and shoot dry weight (F) of 5 days old Odontarrhena leshiaca seedlings germinated in the
presence of 0 mg/L (control), 250 mg/L or 500 mg/L NiCl,x6H20. Different letters indicate significant

differences according to Duncan’s test (n= 10, P< 0.05).

6. 7. Differential nitro-oxidative and protein nitration responses to NiO NP

exposure across Odontarrhena leshiaca ecotypes

The application of 250 mg/L NiO NP significantly increased NO production in
the roots of the Ampeliko and Loutra ecotypes, while the NO levels in the roots of the

Olympos ecotype remained unchanged (Fig. 14 A). Specifically, the 250 mg/L NiO NP
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treatment led to a 26% elevation in NO levels in Ampeliko and a 20% increment in Loutra
compared to the control, whereas doubling the NiO NP dose resulted in NO levels similar
to those of the control. In Olympos, neither of the NiO NP concentrations had a notable
effect on NO production (Fig. 14 A).

Regarding ONOO", NiO NP treatment led to a concentration-dependent increase
in its levels in the roots of Loutra and Olympos compared to the control (Fig. 14 B). For
Olympos, ONOOQO" levels increased by 20.7% and 35.6% with 250 and 500 mg/L NiO
NP treatments, respectively, while no alterations in ONOO™ levels were observed in the
roots of Ampeliko after NiO NP exposure (Fig. 14 B).
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the root tips of the Ampeliko, Loutra, and Olympos ecotypes of Odontarrhena lesbiaca seedlings grown in
the presence of 0, 250 mg/L or 500 mg/L NiO NP for 5 days. Different letters indicate significant
differences according to Duncan’s test (n= 10, P< 0.05). Representative images showing root tips labelled

with DAF-FM DA (C) or DHR123 (D) probes. Scale bars= 100 pm.
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NiO NP exposure led to a concentration-dependent reduction in GSNOR protein
levels in the roots of the Ampeliko ecotype, whereas in Loutra, a significant decrease was
observed only at the 500 mg/L NiO NP dose. In contrast, the GSNOR protein levels
significantly increased in the Olympos ecotype following treatment with 500 mg/L NiO
NP (Fig. 15 A, Fig. 16 A). Additionally, in the shoots of the Loutra ecotype, a clear
increase in GSNOR protein levels was induced by NiO NPs, while in Ampeliko and
Olympos, both NiO NP concentrations resulted in decreased GSNOR protein levels (Fig.
15 B, Fig. 16 B).
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Fig. 15. Abundance of GSNOR protein in the root (A) and shoot (B) of Odontarrhena lesbiaca ecotypes
(Ampeliko, Loutra, Olympos) exposed to 0, 250 or 500 mg/L of NiO NP for 5 days. Actin was used as
internal control. Positive control= protein extract form GSNOR overproducing Arabidopsis thaliana
seedlings (35S::FLAG-GSNOR1). Activity of GSNOR (expressed as nmol NADH/min/mg protein) in the
root (C) and shoot (D) of NiO NP-treated Odontarrhena lesbiaca seedlings. Different letters indicate

significant differences according to Duncan’s test (n= 5, P< 0.05).
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Although NiO NP treatments led to changes in protein levels, no significant
differences in enzyme activity were detected in the shoots due to the large variability in
the data (Fig. 15 D). In the roots, 250 mg/L NiO NP treatment led to a reduction in
GSNOR activity in Ampeliko, and both NiO NP concentrations significantly decreased
GSNOR activity in Olympos (by 49% at 250 mg/L and 31.5% at 500 mg/L, Fig. 15 C).
In contrast, in Loutra, 250 mg/L of NiO NP caused a 77% increase in activity, while 500

mg/L treatment led to a 39.6% increase compared to the control.

All three ecotypes exhibit a basal pattern of protein tyrosine nitration in both roots
and shoots, suggesting a pre-existing physiological pool of nitrated proteins. Upon
exposure to NiO NPs, the roots of the Ampeliko ecotype showed a notable increase in
protein nitration, with elevated nitration observed across at least seven distinct protein
bands (indicated by arrows in Fig. 17 A). These bands, estimated to range approximately
from 20 to 70 kDa, imply that NiO NP exposure may be influencing a broad spectrum of
proteins with varying molecular functions. In Loutra roots, nitration increased across at
least four bands, particularly in the approximate range of 35 to 60 kDa (indicated by
arrows in Fig. 17 A), indicating a narrower yet targeted response in specific protein
groups. In contrast, Olympos roots displayed an increase in tyrosine nitration intensity in

one band around 35 kDa, while two other bands, approximately 25 and 45 kDa, exhibited
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a reduction (indicated by arrows in Fig. 17 A), suggesting a differential regulation in

nitration levels depending on the protein size and function (Fig. 17 A, Fig. 18).

In the shoots, NiO NP treatment similarly led to increased nitration in specific
protein bands, with Ampeliko displaying an elevation across at least four bands, likely
between 15 and 55 kDa (indicated by arrows in Fig. 17 B), suggesting an upregulation of
nitration in various proteins upon NiO NP exposure. Loutra shoots showed an increase
across three bands, with estimated molecular masses in the 40 to 60 kDa range; however,
a decrease in one protein band around 45 kDa was also observed (indicated by arrows in
Fig. 17 B), possibly indicating a nuanced regulatory response. In the Olympos ecotype,
nitration levels decreased in two bands estimated at 40 and 100 kDa, despite a slight
increase in two others around 50 and 140 kDa (indicated by arrows in Fig. 17 B),
suggesting selective nitrative modifications potentially linked to adaptive or protective

mechanisms against Ni-induced stress in specific protein subsets (Fig. 17 B, Fig. 18).

<
o
A 2
EgAmpeliko Loutra Olympos
100 =
70|
S50l ™ s 54
40]% £ a2 [+
sl HERL [+
25| s B Sl .
10]= -
actin E " I |... - ,...” I
© o o S oo © oo
<8 Q&8 <8
B <
o
0
E g Ampeliko
1400 2 W10
100] ~
70| - 25 &
50| e W[ 555 S
40| - S
35| == d
25| == :
<}
d
10! e ] [ g | [

S P —— T T

© o o © o o © o o
n oS n S n o
N 0 N )

Fig. 17. Representative western blot membranes showing tyrosine protein nitration in root (A) and shoot
(B) of the Odontarrhena leshiaca ecotypes (Ampeliko, Loutra, Olympos) exposed to 0, 250 or 500 mg/L
NiO NP. MM= molecule marker, NO,-BSA= nitrated bovine serum albumin. Actin was used as an internal

control. The black arrows indicate protein bands with altered signal intensity.
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7. Discussion

In this section, the findings presented in the Results part were discussed and
interpreted in the context of the existing literature. Patterns observed among different
Odontarrhena leshiaca ecotypes under NiO NP exposure were compared, with a focus
on elucidating the underlying physiological and biochemical mechanisms. Particular
attention was given to how variations in Ni accumulation, Ni NP uptake, root structure
modification, biomass production, and protein tyrosine nitration align with the ecological

and functional differences between ecotypes.

7. 1. Niaccumulation and translocation in Odontarrhena leshiaca ecotypes
following NiO NP and bulk Ni treatment

First of all, we focused to examine the effects of NiO NP exposure on Ni
accumulation and translocation in different Odontarrhena lesbiaca ecotypes. In this part,
we aimed to compare the behavior of nanoparticulate Ni with ionic Ni forms, particularly
in terms of their impact on root-to-shoot translocation. The high Ni concentrations in
untreated Odontarrhena lesbiaca ecotypes confirm this species' capability for
hyperaccumulation (Table 1). NiO NP treatment resulted in a concentration-dependent
increase in root Ni content, with varying degrees of accumulation among the ecotypes.
Specifically, Olympos exhibited a much lower Ni accumulation in the roots at 250 mg/L
NiO NP compared to Ampeliko and Loutra. Furthermore, NiO NP exposure leads to
reduced root-to-shoot translocation, as indicated by translocation factors below 1,
suggesting that most of the Ni remained localized in the roots, potentially bound to cell
walls or retained within root cells. This contrasts with NiCl, treatments, where efficient
Ni translocation to the shoots occurred, as reflected by higher translocation factors and
elevated shoot Ni concentrations. These findings underscore the differing behaviors of
nanoparticulate and ionic Ni forms in plant systems, which may have implications for

their use in phytoremediation or agricultural practices.
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7. 2. Element distribution in Odontarrhena leshiaca ecotypes: Focusing on Ni

(ionic or nano-Ni)

Next, we focused on examining the distribution of various elements, especially
divalent cations, in Odontarrhena lesbiaca ecotypes exposed to either NiO NP or NiCl;
treatment. This section compares how nanoparticulate and ionic Ni forms affect the
uptake and distribution of other essential elements like K, Na, Mg, and Ca in these
hyperaccumulator plants. Using the LIBS technique, we visualized the spatial distribution
of these elements within the seedlings, which helped provide insights into nutrient

homeostasis and the interactions of elements under Ni stress.

Rather than a Ni-specific transporter, it appears that poorly selective cation
transporters facilitate Ni uptake in the roots (van der Pas and Ingle, 2019), indicating that
increased Ni ion absorption may also influence the uptake of other divalent cations.
Consequently, the distribution of other elements, especially divalent cations, was
visualized in Odontarrhena lesbiaca seedlings treated with either NiO NP or NiCls. In
particular, increases in signal intensity for elements such as K, Na, Mg, and Ca were
observed, suggesting that their uptake may be enhanced in the presence of elevated Ni
concentrations and minor changes observed in their distribution suggest that nutrient
homeostasis in Ampeliko, Loutra, and Olympos seedlings remains stable despite elevated
Ni exposure (Fig. 7). Itis likely that the activation of the Ni ion transport system enhances
the absorption of other (divalent) cations in these hyperaccumulating plants. However,
cellular uptake cannot be ruled out entirely since this statement should be refined as there
are indications that the NPs may increase the pore size of the cell wall (Kurczynska et al.,

2021; Oliveira et al., 2023).

In summary, the LIBS technique provides valuable spatial information regarding
element distribution and supports the hypothesis that LIBS is effective in visualizing both
macroelement and microelement distributions, primarily in the shoots of Ni

hyperaccumulator Odontarrhena lesbiaca seedlings.
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7. 3. Effects of NiO NPs on root tissue structure and composition of the cell wall of

Odontarrhena lesbiaca seedlings

In this part, we focused on examining the effects of NiO NP exposure on root
tissue structure and the composition of the root cell wall in Odontarrhena lesbiaca
seedlings. The goal was to investigate how NiO NPs influence the anatomical changes in
roots, particularly in relation to the accumulation of specific compounds like pectin and
suberin, which are thought to help plants cope with Ni-induced stress and at the same
time influence the cells’ interaction with the NPs. By assessing the structural
modifications in the root tissue, this section aims to provide a clearer understanding of
how these plants adapt to elevated Ni levels.

Previous studies have suggested that approximately 80% of Ni accumulates in the
vascular cylinder, potentially leading to a reduction in phloem and xylem diameters (Page
et al., 2006; dos Reis et al., 2017). The observed decrease in root, cortex, and stele areas
in the Olympos ecotype, particularly under 500 mg/L NiO NP exposure, aligns with this
idea (Fig. 10 A, B, C, D). Additionally, the significant increase in the stele-to-cortex ratio
in Loutra ecotype roots exposed to 250 mg/L NiO NP supports the hypothesis that Ni
may affect the structural integrity of the vascular tissues. The thickening of the cortex
observed in Ampeliko roots treated with 500 mg/L NiO NP (Fig. 10 E), resulted in an
increase in both stele and cortex areas, which may contribute to Ni tolerance by restricting
radial water flow and reducing heavy metal transport (Pandey et al., 2022). This
thickening of cell layers and increase in root area are likely structural adaptations that

enhance the plants’ ability to cope with elevated Ni levels.

The accumulation of pectic compounds in the cell walls of Loutra and Olympos
ecotypes following NiO NP exposure (Fig. 11 A), particularly in the root cap, apical
meristem, and mature zones, suggests that pectin may play a role in the sequestration of
Ni2*. This could be due to the replacement of Ca?* ions previously bound to the cell wall
(Dronnet et al., 1996; Krzestowska, 2011; Loix et al., 2017), effectively limiting Ni’s
entry into the cytoplasm.

The formation of an exodermal suberin layer, indicated by increased fluorescence
in exodermal cell walls (Fig. 11 B), suggests that suberin plays a protective role by acting
as an outer barrier potentially delaying the uptake of metal ions or nanoparticles. Studies

have shown that increased lignin and suberin deposition in the exodermis occurs in
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response to heavy metal exposure (Cheng et al., 2010; 2012). and a positive correlation
between exodermal suberin formation and metal tolerance has been observed in

mangrove species (Cheng et al., 2014).

7. 4. Biomass production and growth responses to NiO NP treatment in different

Odontarrhena lesbiaca ecotypes

This part of the discussion addresses the effects of NiO NP treatment on the
biomass production and growth of Odontarrhena lesbiaca ecotypes. Specifically, we
aimed to assess how different concentrations of NiO NPs influence the growth dynamics
of these plants, with a particular focus on changes in root and shoot development. By
comparing the responses of the ecotypes, this part explores the differential tolerance
mechanisms to NiO NPs and seeks to understand the relationship between metal form,

concentration, and plant growth.

The results suggest that NiO NP treatment affects the biomass production and
growth of Odontarrhena leshiaca ecotypes in a concentration-dependent manner, with
notable variations among the ecotypes. The Olympos ecotype showed a pronounced
growth response to NiO NP exposure, with significant increases in root length, shoot
length, and biomass at both 250 mg/L and 500 mg/L concentrations (Fig. 12). This
suggests that Olympos may possess unique mechanisms that allow it to thrive in the
presence of NiO NPs, potentially through enhanced uptake or more efficient

detoxification of Ni.

In contrast, the Ampeliko and Loutra ecotypes exhibited less pronounced growth
responses to NiO NP treatment, showing limited or no significant changes in biomass
parameters. Ampeliko displayed a decrease in root length and fresh weight at 250 mg/L
(Fig. 12 A, B). These results suggest that these ecotypes may be less tolerant to NiO NP
exposure, potentially due to their lower capacity to manage the influx of Ni ions or their
limited ability to cope with nanoparticle-induced stress. These ecotype-specific
differences highlight the need for further understanding of the underlying mechanisms
governing the growth responses to NiO NPs.

The results indicate that the lower concentration of Ni ions released from NiO NPs

promote growth in the Olympos ecotype (Fig. 12), while the higher ion concentrations
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from NiCl, did not induce further growth and led to a reduction in biomass in the
Ampeliko and Loutra ecotypes (Fig. 13). These findings suggest that the ionic form of
Ni, as a free salt, exerts more negative effects compared to the nanoparticle form, possibly
due to the higher amount of Ni ions released (Table 1). Furthermore, the observed effects
of NiO NP appear to be primarily driven by the release of Ni ions, with the nanoparticle
form inducing a more balanced or growth-promoting response in certain ecotypes, such

as Olympos.

Interestingly, while NiO NP treatment enhanced growth in Olympos (Fig. 12),
NiCl; treatment did not induce the same positive effects. In fact, NiCl, exposure led to a
reduction in biomass in both Ampeliko and Loutra, particularly in shoot length and fresh
weight (Fig. 13). This implies the possibility that the ionic form of Ni, compared to the
nanoparticle form, may have more detrimental effects on plant growth. The slower release
of Ni ions from NiO NPs likely provides a more controlled exposure, allowing plants to
better manage the metal, whereas the rapid release from NiCl, could overwhelm the

plant’s detoxification pathways, leading to growth inhibition.

The differential growth responses between the nanoparticle and ionic forms of Ni
may also be related to how plants interact with these two forms at the cellular level.
Nanoparticles could trigger milder oxidative stress and might be processed by the plant
in a way that minimizes toxicity. In contrast, the ionic form may induce stronger stress
responses, such as antioxidant production and activation, which could limit growth

potential, even when Ni accumulation is similar or lower.

Overall, these findings highlight the complexity of plant responses to different
metal forms, particularly in hyperaccumulator species like Odontarrhena lesbiaca. These
insights are crucial for optimizing phytoremediation strategies, where both the form and
concentration of metals need to be carefully managed to balance plant growth and metal

uptake.

7. 5. Differential nitro-oxidative and protein nitration responses to NiO NP

exposure across Odontarrhena lesbiaca ecotypes

In this part of the discussion, by investigating the levels of NO, ONOO", and the
role of GSNOR in each ecotype, we aim to understand the unique stress management
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strategies employed by these plants when exposed to NiO NPs. The final aspect of our
research focused on investigating the variations in protein tyrosine nitration patterns
among different Odontarrhena lesbiaca varieties following exposure to NiO NPs. This
part of the study aimed to understand how each ecotype modulates protein nitration as
part of its defense mechanisms against oxidative stress. By analyzing these patterns, we
sought to uncover how different varieties manage oxidative damage at the protein level

and how these responses relate to their overall growth and stress tolerance.

This study demonstrates that NiO NP treatment induces varying effects on the
levels of NO and ONOO" in different Odontarrhena ecotypes. Specifically, the increase
in NO production in the roots of Ampeliko and Loutra ecotypes suggests these ecotypes
may activate NO-associated signaling pathways more efficiently when exposed to NiO
NPs (Fig. 14 A). NO plays a crucial role in plant stress responses and defense
mechanisms, and its increased production in response to metal exposure might enhance
the plants' ability to cope with metal toxicity. However, no significant change in NO
levels was observed in the Olympos ecotype, which may indicate a higher tolerance to
Ni, possibly due to a more regulated NO signaling process in this ecotype. NO has been
shown to alleviate metal-induced oxidative stress in various systems. For example, NO's
role in regulating redox balance and signaling pathways under various abiotic stresses,
including heavy metal toxicity, has been highlighted in recent studies (Liu et al., 2023;
Khator et al., 2023). Moreover, according to a recent study, in paddy field cyanobacteria,
NO reduced ROS levels and enhanced enzymatic defense systems under Ni toxicity
(Singh and Prasad, 2024).

In the previous research of our research group, it was found that NiCl stimulate
NO production in the Ampeliko ecotype grown in rhizotrons (Feigl et al., 2020), and
similar effects were observed in Arabidopsis thaliana plants (Kolbert et al., 2020).
Likewise, increasing doses of NiO NPs led to elevated NO levels in Allium cepa roots,
where NiO NPs activated nitrate reductase and nitric oxide synthase-like (NOS-like)
enzymes, indicating their role in the NP-induced increase in NO production (Manna et
al., 2021). However, it is important to note that the gene and protein for the NOS-like
enzyme have not yet been identified in higher plants (Jeandroz et al., 2016), suggesting

the need for further research to clarify the underlying mechanisms.
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Regarding ONOO, the results show a concentration-dependent increase in its
levels in the roots of Loutra and Olympos ecotypes, suggesting that this reactive nitrogen
species plays a role in the oxidative stress responses triggered by NiO NP exposure (Fig.
14 B). However, no increase in ONOO™ was observed in Ampeliko, which may reflect a
different oxidative stress response strategy or a more effective detoxification mechanism
in this ecotype. Recent studies have indicated that GSNOR activity could be post-
translationally regulated through NADPH oxidase/respiratory burst oxidase homolog-
related calcium and redox signaling, potentially representing an additional regulatory
mechanism in response to NiO NP exposure (Zhang et al., 2020; Chae et al., 2021; Li et
al., 2021; Song et al., 2022).

Notably, the differential regulation of GSNOR across ecotypes suggests that this
enzyme is a critical player in the response to NiO NP exposure. In Loutra, increased
GSNOR protein levels in the roots suggest an adaptive mechanism to mitigate oxidative
damage induced by NiO NPs (Fig. 15 A). Conversely, a reduction in GSNOR protein
levels in the roots of Ampeliko and Olympos suggests that these ecotypes may employ
different strategies for managing nitrosative stress, potentially balancing NO production
and its downstream effects more efficiently (Fig. 15 A). Furthermore, the increased
GSNOR levels in the shoots of Loutra further support the idea that this ecotype may
regulate nitrosative stress across different tissues (Fig. 15 B), while the decrease in
GSNOR protein levels in the shoots of Ampeliko and Olympos points to a more systemic

response to NiO NP exposure (Fig. 15 B).

Overall, these findings underscore the ecotype-specific responses of
Odontarrhena leshiaca to NiO NP exposure, particularly in how they regulate reactive
nitrogen species like NO and ONOO". While Ampeliko and Loutra exhibited enhanced
NO production, potentially improving their metal stress tolerance, Olympos showed no
significant changes, suggesting a higher resistance to Ni. The differential ONOO"
accumulation also highlights varied oxidative stress management strategies across
ecotypes. Furthermore, the distinct regulation of GSNOR across ecotypes points to a
complex mechanism for coping with nitrosative stress, with Loutra possibly utilizing
GSNOR to better manage oxidative damage. These insights are important for
understanding the adaptability of different plant varieties to metal-induced stress, with
potential applications in phytoremediation and agriculture.
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The observed decrease in nitration signals suggests the activation of defense
mechanisms, potentially involving the proteasomal degradation of nitrated proteins.
Minor differences among ecotypes were noted, with Ampeliko showing the most intense
nitration response, while Loutra exhibited a more targeted nitration pattern. In contrast,
Olympos displayed fewer changes in nitration, indicating a more efficient response to
NiO NP exposure (Fig. 17 A, B).

These variations in protein nitration levels correspond with the biomass
production of the ecotypes, suggesting that Ampeliko is the most sensitive, Loutra
exhibits moderate sensitivity, and Olympos shows the highest tolerance to NiO NP
exposure (reviewed in Feigl et al., 2020). The higher nitration in Ampeliko likely reflects
more significant oxidative stress, which correlates with its reduced growth under NiO NP
exposure. Conversely, the lower nitration levels in Olympos suggest that this ecotype may
efficiently mitigate oxidative damage, supporting higher biomass production despite NiO

NP exposure.

In summary, the differential protein nitration responses across ecotypes underline
the varying stress responses to NiO NP exposure. Olympos appears to manage Ni-induced
stress more efficiently, while Ampeliko and Loutra show varying degrees of sensitivity,

which may influence their suitability for phytoremediation strategies.

This discussion emphasized the effects of NiO NP exposure on the tolerance and
sensitivity of Odontarrhena lesbiaca ecotypes, exploring the potential applications of
these findings in phytoremediation strategies. Furthermore, important insights were
assessed by linking these results to previous studies on the role of oxidative stress and

protein regulation in plant adaptation.
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8. Summary

This study explores the unique Ni hyperaccumulation mechanisms in
Odontarrhena lesbiaca ecotypes (Ampeliko, Loutra, and Olympos) when exposed to Ni
in NiO NP and NiCl, forms, highlighting their structural, physiological, and molecular
adaptations. All three ecotypes demonstrated hyperaccumulator characteristics,
evidenced by high basal Ni content, efficient root-to-shoot Ni translocation, and
significant Ni concentrations in shoot tissues. Additionally, the distinction between ionic
and nanoparticulate Ni forms revealed crucial insights into how these plants differentially
handle metal stress at cellular and tissue levels. Notably, NiCl, exposure led to greater Ni
movement to shoots, whereas NiO NPs largely remained in root cell walls, indicating that

nanoparticle form limited translocation, likely due to NP binding to cell wall components.

In-depth analysis using TEM revealed electron-dense areas in root cell walls upon
NiO NP treatment, which supports the hypothesis that NPs are largely immobilized within
the roots. This limitation on NP internalization corresponds with ICP-MS results,
underscoring a minimal translocation of NPs from roots to shoots. Pectin accumulation
in root cell walls was particularly pronounced in NiO NP-treated plants, likely facilitating
Ni?* binding and retention in roots. These mechanisms vary among ecotypes, with each
showing distinct structural and biochemical strategies for Ni handling and sequestration.
Such mechanisms reflect adaptive responses that enhance the plants' capacity to cope with
and stabilize high levels of heavy metals.

Ecotype-specific responses included variations in root anatomy. Ampeliko roots
displayed cortex thickening under high NiO NP levels, which may restrict radial water
flow and thereby limit Ni transport—a structural adaptation potentially enhancing metal
tolerance. The increase in root area observed in both the Ampeliko and Loutra ecotypes
suggests that cell wall thickening may occur in response to NiO NP exposure. The
Olympos ecotype, by contrast, maintained growth under NiO NP exposure, while Loutra
showed modifications in the stele-to-cortex ratio, indicating distinct vascular adaptations
that support Ni handling. These anatomical responses may help each ecotype cope with
Ni stress differently, with root tissue modifications acting as a first line of defense against
excessive Ni uptake. Such differences highlight the role of ecotype-specific traits in
optimizing metal tolerance and accumulation, which may guide the selection of suitable

plant varieties for environmental applications.
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Further, molecular analysis demonstrated that NiO NP exposure increased NO and
ONOO levels, which regulate nitrosative signaling processes involved in stress tolerance.
These findings suggest that NiO NP exposure leads to organ-specific variations in
GSNOR protein levels between roots and shoots. In Loutra, reduced GSNOR levels were
associated with increased enzyme activity, suggesting post-translational regulation. In
contrast, Olympos roots showed increased protein levels, but with reduced activity,
indicating potential post-translational inhibition. The observed decrease in nitration
signals suggests the activation of defense mechanisms, potentially involving the
proteasomal degradation of nitrated proteins. The overall modest enhancement of
physiological protein nitration in response to NiO NPs across all ecotypes aligns with the
hyperaccumulator and tolerant characteristics of this species. These molecular findings
underline the importance of redox signaling in regulating Ni stress responses and

highlight its potential role in supporting phytoremediation efficiency.

The study’s findings not only enhance our understanding of the differential
responses of Odontarrhena lesbiaca ecotypes to nanoparticulate and ionic forms of Ni
but also offer insights into potential applications in phytoremediation. The ability of these
plants to tolerate and retain Ni, particularly in nanoparticulate form, could be leveraged
in soil remediation strategies, where controlled Ni sequestration is desirable. Moreover,
the distinct molecular and structural adaptations identified in each ecotype provide a
framework for optimizing the use of hyperaccumulators in environmental detoxification
and sustainable metal recovery applications. The observed adaptations at cellular, tissue,
and molecular levels underscore the utility of Odontarrhena lesbiaca as a model for heavy
metal tolerance and suggest its broader application in environmental detoxification and

metal recovery.

Overall, this research contributes new knowledge on the selective and complex Ni
handling mechanisms in hyperaccumulator plants, illustrating the distinct ways in which
nanoparticulate and ionic forms of metals interact with plant systems. These insights
could guide future studies on plant-based remediation technologies and foster

development in sustainable approaches to managing metal-contaminated environments.
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9. Osszegzés

Ez a tanulmany az Odontarrhena leshiaca 6kotipusok (Ampeliko, Loutra és
Olympos) egyedi nikkel-hiperaccumulaciés mechanizmusait vizsgalja, amikor a
novények NiO NPs ¢és NiCl; forméjaban nikkelnek vannak kitéve, kiemelve azok
szerkezeti, fiziologiai és molekularis alkalmazkodasi mechanizmusait. Mindharom
okotipus hiperakkumulal6 tulajdonsagokat mutatott, amit a magas alap Ni tartalom, a
hatékony gyokér-és hajtas kozotti Ni transzport €s a hajtas szovetek jelentds Ni
koncentréacioi bizonyitanak. Ezen kiviil az ionikus és nanorészecske formdji Ni kozotti
kiilonbség fontos informacidkat adott arra vonatkozdan, hogy e ndvények miként kezelik
kiilonb6z6 modon a fémstresszt a sejt- és szoveti szinten. A NiCl kitettség nagyobb Ni
transzlokaciot eredményezett a hajtasok felé, mig a NiO NPs nagyrészt a
gyokérsejtfalakban kotodtek meg, ami arra utal, hogy a nanorészecske formaja korlatozta

a transzportot, valosziniileg a NP-k sejtfal komponensekhez valo kdtédése miatt.

A TEM segitségével végzett részletes elemzés elektrondenz teriileteket mutatott
ki a gyokérsejtfalakban NiO NP kezelés utan, ami aldtdmasztja azt a feltételezést, hogy a
nanorészecskék nagyrészt immobilizalodtak a gyokereken. A NP-k gyokérbe valo
bejutasanak a korlatozasa Osszhangban van az ICP-MS eredményekkel, amelyek
alatamasztjak a NP-k gyokérbdl a hajtasokba torténd kismértékii transzportjat. A pektin
felhalmozodasa a gyokérsejtfalakban igen jelentds volt a NiO NP kezelt ndvényekben,
valésziniileg elésegitve a Ni?" megkotését a gydkerekben. Ezek a mechanizmusok
Okotipusonként valtoznak, mindegyik kiilonbozd struktaralis €s biokémiai stratégidkat
alkalmaz a Ni kezelésére és elkiilonitasare. Ezek a mechanizmusok adaptiv véalaszokat

tikkroznek, amelyek javitjak a ndvények talélését a nehézfémek jelenlétében .

Az 6kotipus-specifikus valaszok a gyokér anatomidjaban is valtozast mutattak. Az
Ampeliko gyokerei megvastagodtak a nagy NiO NP szintek mellett, ami valdsziniileg
korlatozta a radidlis vizaramlast €s igy a Ni szallitasat; ezegy szerkezeti adaptéacio, amely
potencidlisan javitja a fém toleranciat. Az Ampeliko és Loutra dkotipusoknal megfigyelt
gyokérteriilet-novekedés azt sugallja, hogy sejtfal vastagodas kovetkezett be NiO NP
kitettség hatasara. Ezzel szemben az Olympos 6kotipus fenntartotta novekedését NiO NP
kezelés alatt, mig a Loutra a sztéle €és kortex aranyaban mutatott valtozasokat, amelyek
egyedi vaszkularis adaptaciés mechanizmusra utanak. Ezek az anatomiai valaszok

segithetnek abban, hogy az egyes 0kotipusok mas-méas mddon birk6zzanak meg a Ni
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stresszel, a gyokérszoveti modositasok pedig elsd védelmi vonalként mitkddnek a talzott
Ni felvétel ellen. Ezek a kiilonbségek ramutatnak az oOkotipus-specifikus jellemzdk

szerepére a fém tolerancia és felhalmozddas optimalizaldsaban.

A tovabbi molekularis elemzés azt mutatta, hogy a NiO NP kezelés
megemelkedett NO és ONOO" szintet eredményezett a gyokerekben, amelyek a nitrozativ
jelatviteli folyamatokat szabalyozzdk ¢és szerepet jatszanak a stressztiirésben.
Eredményeink azt sugalljak, hogy a NiO NP Kkitettség szervspecifikus valtozasokat
eredményezett a GSNOR fehérje szintjében a gydkerekben és hajtasokban.

A Loutra esetében a csokkent GSNOR szintek fokozott enzimaktivitassal
tarsultak, ami poszt-transzlacios szabalyozésra utal. Ezzel szemben az Olympos gyokerei
megndvekedett fehérje szinteket mutattak, de csokkent aktivitdssal, ami potencialisan
poszt-transzlacios gatlast jelez. A nitracidés jelek csokkenése aktiv  védelmi
mechanizmusok miikodésére utalhat, amelyek a nitralt fehérjék proteaszomalis
fiziologias fehérje nitracio kismértékii novekedése dsszhangban all a hiperakkumulal6 és
tolerans jellemzokkel, amelyeket ez a faj képvisel. Ezek a molekularis eredmények
hangstlyozzak a redox jelatvitel fontossagat a Ni stressz valaszok szabalyozasaban, és

kiemelik annak potencialis szerepét a fitoremedidcio hatékonysaganak tAmogatisaban.

A tanulméany eredményei nemcsak az Odontarrhena leshiaca o6kotipusok
kiilonb6z6 vélaszait segitenek jobban megérteni a nanorészecske és ionos Ni hatésaira,
hanem betekintést nydjtanak a fitoremediacidoban vald potencidlis alkalmazasokba is. E
novények képessége, hogy toleraljak és felhalmozzak a Ni-t, kiilondsen nanorészecske
formaban, felhasznalhaté a talaj rehabilitacios stratégiak soran, ahol a kontrollalt Ni
elkiilonités kivanatos. Ezen kiviil az 6kotipusokban azonositott kiilonb6zé molekularis és
struktaralis alkalmazkodasi mechanizmusok keretet adnak a hiperakkumulalok optimalis
hasznalatdhoz kornyezeti detoxikécids €s fenntarthatd fémkivondsi alkalmazasokban. A
megfigyeltsejt-, szovet- és molekularis szintii alkalmazkodasi mechanizmusok
alatamasztjak az Odontarrhena lesbiaca hasznossagat a nehézfémek tolerancidjanak
modelljeként, ¢és szélesebb alkalmazasat sugalljdk kornyezeti detoxikécios és

fémkivonasi technologiakban.

Osszességében a kutatas 1ij ismereteket ad a hiperakkumulald névények dsszetett

¢és egyedi Ni tlirési mechanizmusairdl, bemutatva a nanopartikulum és ionos formaju
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fémek kolcsonhatasait a novényi rendszerekkel. Ezek az ismeretek segithetik a jovobeli
kutatdsokat a ndvényalapu remediacios technoldgidk terén, és elémozdithatjdk a

fenntarthatd megkdozelitéseket a fémekkel szennyezett kornyezetek kezelésében.
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