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1. Introduction

Nickel (Ni) is an essential micronutrient for plants, involved in various
physiological and biochemical processes. Under natural conditions, soil Ni levels
typically remain below 100 mg/kg. However, industrial activities—especially stainless
and heat-resistant steel production—have led to a significant rise in environmental Ni
concentrations, raising concerns for both ecological systems and agricultural

productivity.

In recent years, nickel oxide nanoparticles (NiO NPs) have gained attention due
to their unique physicochemical properties, such as high surface area, stability, and
antimicrobial activity. These characteristics make them valuable in a range of industrial
applications, yet their widespread use has raised questions about their environmental

behavior and biological interactions, particularly with plants.

In non-accumulator plant species, excessive Ni uptake can disturb metabolic
functions, inhibit enzymatic activity, and impair photosynthesis, often leading to
symptoms like chlorosis, necrosis, and stunted growth. Ni exposure is also known to
induce oxidative stress through the overproduction of reactive oxygen species (ROS).
However, less is known about its effects on reactive nitrogen species (RNS), such as nitric
oxide (NO) and S-nitrosoglutathione (GSNO), which play critical roles in stress signaling

and regulatory pathways in plants.

Despite the toxicity of Ni to most plants, certain species, known as Ni
hyperaccumulators, have evolved specialized strategies to tolerate and accumulate high
levels of Ni without adverse effects. Odontarrhena lesbiaca, a species native to the
serpentine soils of Lesbos, Greece, is one such hyperaccumulator, exhibiting ecotype-

dependent variation in Ni accumulation and tolerance.

This study focuses on three ecotypes of Odontarrhena lesbiaca (Ampeliko,
Loutra, and Olympos) to examine their physiological, structural, and molecular responses
to NiO NP exposure. By analyzing Ni uptake patterns, root anatomical modifications, and
nitro-oxidative stress markers, the research addresses an important gap in the
understanding of hyperaccumulator interactions with engineered nanoparticles. The
findings aim to contribute to the broader field of plant-nanoparticle interactions and

support more sustainable environmental applications of nanomaterials.



2. Research Objectives

We aimed to examine the responses of the Ni hyperaccumulator Odontarrhena
lesbiaca 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?

3. Materials and Methods
Characterization of NiO NPs

NiO NPs were purchased from Sigma-Aldrich. Particle size, chemical
composition, and crystallinity were analyzed using transmission electron microscopy
(TEM) with electron diffraction (ED) patterns, and X-ray diffraction (XRD). Energy
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dispersive X-ray spectroscopy (EDS) determined elemental composition, and the specific
surface area was measured by nitrogen adsorption using the BET method.

Preparation of NiO NP and bulk NiCl; solutions

NiO NPs were suspended in distilled water and sonicated to form a stable
dispersion, with final concentrations of 250 mg/L or 500 mg/L. Bulk NiCl; solution was

prepared similarly, adjusting pH to 5.7-5.8.
Conditions for plant growth

Seeds of Odontarrhena leshiaca were provided by Prof. Dr. Panayiotis G.
Dimitrakopoulos. Seeds were sterilized and grown in Petri dishes with either distilled
water (control) or NiClo/NiO NP solutions. The plants were incubated in a greenhouse

under controlled conditions for 5 days.
Ni concentration analysis by ICP-MS

Roots and shoots of Odontarrhena lesbiaca were dried, digested with nitric acid
and hydrogen peroxide, and analyzed for nickel content using ICP-MS.

LIBS analysis and elemental mapping of plantlets

Laser-induced breakdown spectroscopy (LIBS) was used to analyze plantlets.
Elemental maps of Ni, K, Na, Mg, and Ca were generated by scanning the plant material

and processing data using specialized software.
TEM examination of root and hypocotyl sections

Root and hypocotyl samples were fixed, embedded in resin, and sectioned for
TEM analysis.

Microscopic observation of root anatomy and analysis of cell wall components (lignin,

suberin, pectin)

Root anatomy and cell wall components (lignin, suberin, pectin) were examined
using microscopy. Staining was performed for specific components such as lignin

(Auramine-0O), suberin (Auramine-0), and pectin (Ruthenium Red).



Biomass production assessment

Root and shoot lengths, fresh weight (FW), and dry weight (DW) were measured

to assess biomass production.

Translocation factor (TF) calculation

Ni translocation from roots to shoots was assessed using the translocation factor (TF)
formula:

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

TF =

Assessment of reactive nitrogen species (RNS) in roots

RNS levels, including nitric oxide (NO) and peroxynitrite (ONOQO), were
detected using fluorescent dyes DAF-FM DA and DHR 123.

Fluorescence imaging and quantification

Fluorescence and light microscopy were used to analyze RNS, with pixel intensity

quantified for fluorescence assays.
Evaluation of GSNOR activity via UV-vis absorption spectroscopy

GSNOR activity was measured by monitoring NADH oxidation in the presence
of GSNO. Activity was expressed as nmol NADH consumed per minute per mg of

protein.

Protein extraction and assessment of GSNOR protein levels and tyrosine nitration by

western blot

Protein levels of GSNOR and tyrosine nitration were assessed by western blotting.
Protein guantification was done using Bradford assay, and bands were visualized using
NBT/BCIP reaction.

Statistical analysis

Data were analyzed using one-way ANOVA and Duncan’s multiple range test (P
<0.05). Assumptions for ANOVA were verified using Hartley’s Fmax and Shapiro-Wilk

tests.



Summary

This study investigates the Ni hyperaccumulation mechanisms in three ecotypes
of Odontarrhena lesbiaca (Ampeliko, Loutra, and Olympos) when exposed to Ni in NiO
NPs and NiCl, forms. All ecotypes exhibited hallmark features of hyperaccumulators,
including high basal Ni levels, efficient root-to-shoot translocation, and substantial shoot
Ni accumulation. Distinct physiological and structural responses were observed
depending on the Ni form: ionic Ni was more readily translocated to shoots, whereas NiO

NPs predominantly accumulated in root tissues, likely due to cell wall immobilization.

Microscopic and biochemical analyses supported this finding, revealing electron-
dense Ni deposits and pectin accumulation in the root cell walls, especially under NiO
NP treatment. Each ecotype employed unique strategies to cope with Ni exposure.
Ampeliko showed cortex thickening, Loutra displayed vascular adaptations, and
Olympos maintained shoot growth under stress—demonstrating ecotype-specific

anatomical modifications aimed at enhancing metal tolerance.

Molecular responses further indicated that NiO NP exposure triggered nitrosative
signaling, with ecotype-dependent modulation of nitric oxide (NO)-related pathways.
Variations in GSNOR protein levels and enzyme activity suggested complex post-
translational regulation. A consistent pattern of modest protein nitration across all

ecotypes emphasized their robust stress response capacity.

Overall, this study highlights the differential adaptations of Odontarrhena
lesbiaca ecotypes to NiO NPs and NiClz, underscoring their potential for use in
phytoremediation. The ecotype-specific structural and molecular mechanisms identified
here provide valuable insights into plant-based strategies for managing heavy metal-

contaminated environments.

Osszegzés

Ez a tanulmany harom Odontarrhena leshiaca dkotipus (Ampeliko, Loutra és
Olympos) Ni hiperakkumuléaciés mechanizmusait vizsgalja, amikor azok NiO NPs és
NiCl, formaban alkalmazott Ni tobblet soran. Minden Okotipus a hiperakkumulalok
jellegzetes vondsait mutatta, beleértve a magas alapvetd Ni szinteket, a hatékony gyokér-

hajtas transzlokéciot és a jelentds hajtds Ni felhalmozodast. Kiilonbozd élettani és
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strukturalis valaszokat figyeltiink meg a Ni forma fliggvényében: az ionos Ni konnyebben
transzlokalodott a hajtasba, mig a NiO NP els6sorban a gyokér szovetekben halmozodott

fel, valdsziniileg a sejtfali megkotddés miatt.

Mikroszkopos és biokémiai eredményeink alatamasztottdk ezt az eredményt,
hiszen elektron-denz Ni lerakodasokat és pektin felhalmozodast mutattak a gyokér
sejtjeiben, kiilondsen NiO NP kezelés hatasara. Minden okotipus egyedi stratégiakat
alkalmazott a Ni-expozicio kezelésére. Ampeliko a gyokér kéreg rétegének
megvastagodasat mutatta, Loutra szallitészoveti modosulasokat mutatott, mig Olympos
a stressz alatt is fenntartotta a hajtds novekedését, igy Okotipus-specifikus anatdémiai

modosulasokat mutatva, amelyek a fémekkel szembeni toleranciat novelték.

Molekularis valaszok tovabba azt mutattak, hogy a NiO NP kitettség nitrozativ
jelatvitelt valtott ki, a nitrogén-oxid (NO) kapcsolt jelatviteli utvonalak Okotipus-
specifikus modosulasaival. A GSNOR fehérje szintjében és enzim aktivitdsdban
tapasztalt eltérések Osszetett posztranszlacids szabdlyozdst sugalltak. Az Gsszes
okotipusnal megfigyelt mérsékelt fehérje nitracid6 és annak kovetkezetes mintazata

hangsulyozza azok erds stresszvalasz kapacitasat.

Osszességében ez a tanulméany kiemeli Odontarrhena lesbiaca &kotipusainak
kiilonb6z6 alkalmazkodasait NiO NPs és NiCly hatasara, hangsulyozva azok potencialjat
a fitoremediacioban. Az itt azonositott 6kotipus-specifikus strukturalis és molekularis
mechanizmusok értékes betekintést nyGjtanak a ndvényi alap stratégiakba a

nehézfémekkel szennyezett kornyezet kezelésére.
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