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Abstrakt

Degradace piidy v disledku kontaminace a nerovnovahy zivin pfedstavuje jednu z
udrzitelnosti. Zejména radionuklidy jsou z hlediska ochrany Zivotniho prostredi
mimofadné problematické, a to vzhledem ke své perzistenci v ekosystémech, dlou-
hému polo¢asu rozpadu a riziku vstupu do potravniho fetézce. Uginné fedeni téchto
problémt vyzaduje ekonomicky nendro¢né a ekologicky kompatibilni ptistupy. V
tomto kontextu se fytoremediace ukazuje jako perspektivni ptirodné zalozena strate-
gie. Usp&snost fytoremediaénich procesti viak neni ddna pouze schopnosti rostlin
akumulovat ¢i stabilizovat kontaminanty, ale také jejich kapacitou odolavat stresu a
dlouhodobé udrzovat klicové fyziologické funkce v neptiznivych podminkéach.

Tato disertacni prace shrnuje poznatky ze Ctyt recenzovanych védeckych ¢lanka, které
se souhrnné zamé&iuji na problematiku fytoremediace, fyziologii rostlinného stresu a
udrzitelné postupy péstovani plodin. Prvni ¢ast, realizovana formou studii s hlavnim
autorstvim, se pfimo zabyvala problematikou kontaminace radionuklidy. Experimen-
talni vyzkum prokézal potencidl okurky (Cucumis sativus) rust v ptidach zatizenych
cesiem a stronciem, akumulovat tyto prvky v pletivech a aktivovat antioxidacni
obranné mechanismy, které¢ omezuji oxidaéni poSkozeni. Dopliujici systematicka
reSerSe dale syntetizovala globalni poznatky o fytotoxicité radionuklidli a pouzivanych
remediacnich postupech, identifikovala spolecné fyziologické projevy stresu a defi-
novala znaky, které umoznuji nékterym druhim rostlin efektivné plisobit v kontami-
novaném prostiedi. Ob¢ tyto prace spolecné potvrzuji, Ze u€inna fytoremediace je
mozna pouze tehdy, pokud rostliny dokazou vyvazit akumulaci kontaminanti s vlastni
fyziologickou odolnosti.

Spoluautorské studie dale rozsifily perspektivu smérem k agronomickym podminkam.
Soja péstovana v meziplodinovém systému kukufice—sdja s aplikaci molybdenu
vykazovala vyssi fotosynteticky vykon, stabilitu chlorofylu a lepSi vynosové para-
metry, coz doklada, Ze cilena vyziva posiluje stresovou toleranci rostlin. Podobné
rajc¢ata péstovana pii pouziti samotného vermikompostu i integrovanych davek ver-
mikompostu a mineralnich hnojiv vykazovala vyraznéj$i morfologicky rlst a sta-
bilné;si fyziologické funkce. Tyto vysledky zdlraziiuji vyznam organickych a minera-

Inich pidnich dopliki pro udrZeni fyziologické rovnovéahy rostlin. A¢koliv tyto ex-



perimenty nebyly provadény v prostiedi zatizeném radionuklidy, potvrzuji stejny za-
kladni princip: schopnost rostlin zachovat fyziologickou stabilitu v podminkach stresu
je urcujici jak pro produktivitu plodin, tak pro efektivitu remediacnich strategii.

Celkov¢ Ize konstatovat, Ze sjednocujicim tématem vSech Ctyt studii je role fyziologie
a stresové tolerance rostlin. At jiz jde o stres vyvolany kontaminaci radionuklidy, nebo
o stres zpuisobeny nerovnovahou Zivin, rozhodujicim faktorem ucinnosti je schopnost
rostlin udrzet funk¢ni rastové procesy a aktivovat ochranné mechanismy. Tato dis-
ertacni prace proto nabizi integrovany pohled, ktery propojuje vyzkum fytoremediace
s agronomickymi postupy prostiednictvim tstfedni role fyziologické odolnosti rostlin
a ukazuje cesty k environmentalni remediaci 1 k dlouhodobé udrzitelnosti zeméd¢lské

produkce.

Klic¢ova slova: fytoremediace, kontaminace radionuklidy, fyziologie stresu,
meziplodiny, udrzitelné zeméd¢lstvi



Abstract

Soil degradation arising from contamination and nutrient imbalance has become one
of the most pressing global challenges for both agriculture and environmental sustain-
ability. Among the various pollutants, radionuclides are especially concerning because
of their persistence in ecosystems, long half-life, and potential to enter the food chain.
Addressing these challenges requires environmentally compatible and low-cost ap-
proaches, and among such options, phytoremediation has emerged as a promising na-
ture-based solution. The success of phytoremediation, however, depends not only on
the ability of plants to take up or stabilize contaminants but also on their capacity to

tolerate stress and sustain physiological functions under adverse conditions.

This dissertation integrates findings from four peer-reviewed articles that collectively
examine phytoremediation, plant stress physiology, and sustainable crop management
practices. The first set of studies, conducted as first-author contributions, directly ad-
dressed radionuclide contamination. An experimental investigation demonstrated the
potential of cucumber (Cucumis sativus) to grow under cesium and strontium contam-
ination, accumulate radionuclides in its tissues, and activate antioxidant defense mech-
anisms to mitigate oxidative damage. Complementing this, a systematic review syn-
thesized global knowledge on radionuclide phytotoxicity and remediation strategies,
identifying common physiological impacts on plants and highlighting the traits that
enable species to function effectively in contaminated environments. These two works
together underline that phytoremediation is only feasible when plants can balance con-

taminant uptake with physiological resilience.

The co-authored studies broadened this theme by exploring crop responses to nutrient-
related stresses under agronomic conditions. Soybeans grown in maize-soybean inter-
cropping systems with molybdenum application exhibited improved photosynthetic
performance, chlorophyll stability, and yield-related traits, confirming that targeted
nutrient management strengthens stress tolerance. Similarly, tomato plants cultivated
with sole and integrated applications of vermicompost and chemical fertilizers showed
enhanced morphological growth and physiological stability, demonstrating the role of
soil amendments in supporting plant resilience. While these studies were not con-
ducted under radionuclide contamination, they reinforce the same underlying princi-
ple: the capacity of plants to maintain physiological balance under stress is central to

both crop productivity and remediation strategies.



Taken together, the four articles demonstrate that the unifying theme linking phytore-
mediation and agronomic crop management is plant physiology and stress tolerance.
Whether facing contamination stress from radionuclides or nutrient stress in agricul-
tural systems, plants that can sustain functional growth processes while activating pro-
tective mechanisms provide the foundation for sustainable soil management. This dis-
sertation, therefore, advances an integrated perspective in which phytoremediation re-
search and agronomic practices are connected through the central role of plant physi-
ology, offering pathways toward both environmental remediation and long-term agri-

cultural sustainability.

Keywords: phytoremediation, radionuclide contamination, stress physiology, inter-

cropping, sustainable agriculture
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Chapter 1: Background of Study

1.1 Introduction

Soil contamination by radionuclides represents one of the most serious and long-last-
ing environmental challenges of the 21st century, with severe implications for ecosys-
tems, agriculture, and human health (Chernysh et al., 2024). Among the radionuclides
introduced by human activities, cesium-137 (**’Cs) and strontium-90 (°°Sr) are partic-
ularly concerning due to their persistence, radiotoxicity, and ability to mimic essential
nutrients in plants (S. Ali et al., 2024). Major contamination events, such as the Cher-
nobyl (1986) and Fukushima (2011) nuclear accidents, released large amounts of these
radionuclides into agricultural and forested ecosystems (Garnier-Laplace et al., 2011).
In addition, uranium mining, nuclear testing, fuel reprocessing, and improper waste
disposal continue to contribute to their environmental spread (Adeola et al., 2023;

Rehman et al., 2024).

Cesium-137 and strontium-90 are beta-emitting isotopes with half-lives of about 30
years, persisting in soils for decades. Their similarity to potassium and calcium en-
hances their bioavailability and incorporation into plant tissues, posing risks to food
safety and human health (Al-Oudat et al., 2021; Burger & Lichtscheidl, 2019). Once
absorbed by roots, these radionuclides may be translocated to edible plant parts, lead-
ing to bioaccumulation and long-term exclusion of contaminated land from cultivation

(S. Ali et al., 2024).

Conventional remediation technologies—such as soil excavation, washing, or vitrifi-
cation—are costly, destructive, and often generate secondary waste (Zhakypbek et al.,
2024; Alharbi & El-Taher, 2013). Hence, sustainable and low-cost alternatives are
needed (Kumar & Rani, 2025). Phytoremediation, the use of plants and their associated
rhizosphere microorganisms to remove or immobilize pollutants, has emerged as a
promising green technology (H. Ali et al., 2013; Eapen et al., 2007). It is inexpensive,
solar-driven, and ecologically restorative (Pulford, 2003). Its success depends on soil
properties, radionuclide behavior, and plant characteristics such as biomass produc-

tion, root architecture, and stress tolerance (Chirumamilla et al., 2025).

Among potential species, Cucumis sativus L. (cucumber) has shown promise due to its
rapid growth, high shoot biomass, and physiological adaptability (S. Ali et al., 2022).
Preliminary studies reported its ability to tolerate moderate Cs and Sr levels while

maintaining antioxidant activity. Exposure to radionuclides induces oxidative stress
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through the accumulation of reactive oxygen species (ROS) such as H202, Oz*~, and
*OH (Ammar et al., 2025), which plants mitigate through antioxidant enzymes like
SOD, CAT, and POD (S. Ali et al., 2024). Phytoremediation efficiency is commonly
evaluated using the bioconcentration (BCF) and translocation (TF) factors, which in-
dicate contaminant uptake and mobility within the plant (Musini et al., 2024; H. Ali et
al., 2013).

Despite promising outcomes, challenges persist—particularly radionuclide bioavaila-
bility, field variability, and safe biomass disposal (Angelin et al., 2024). Therefore,
strategies such as chelating agents, microbial inoculants, and genetic enhancement are
being explored to improve radionuclide uptake and plant tolerance (Kafle et al., 2022).
The present research contributes to this field by analyzing cucumber’s physiological
and biochemical responses under Cs and Sr stress and situating its remediation poten-

tial within broader sustainable soil management strategies.
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1.2 Literature Review

1.2.1 Sources and Environmental Behavior of Radionuclides

Radionuclides in the environment originate from both natural and anthropogenic
sources (Alawadhi et al., 2024; Chernysh et al., 2024). While naturally occurring iso-
topes like uranium, thorium, and potassium-40 contribute to background radiation, hu-
man activities such as nuclear energy production, weapons testing, and industrial waste
disposal have dramatically increased artificial radionuclide levels in soils and water
(Hu et al., 2010; Adeola et al., 2022; Vangronsveld et al., 2009). Cesium-137 and
strontium-90 are the most problematic due to their high solubility, bioavailability, and
chemical similarity to essential nutrients (Burger & Lichtscheidl, 2019; Khan et al.,
2024). Cesium behaves like potassium and easily moves through plant tissues, while
strontium, a calcium analog, interferes with cell wall formation and signaling (Dirican

et al., 2025; Fujimura et al., 2025).

Their behavior in soil is influenced by pH, texture, organic matter, and cation exchange
capacity (Tiwari et al., 2024). Acidic conditions increase radionuclide mobility,
whereas clay minerals and organic matter can immobilize them through adsorption
(Barik et al., 2025). However, complex ion-exchange and desorption processes make
their mobility dynamic. Understanding these interactions is crucial for designing ef-

fective and site-specific remediation strategies (Musini et al., 2024).

1.2.2 Phytotoxicity of Cesium and Strontium in Plants

Radionuclide exposure disrupts plant physiological and biochemical functions,
primarily by disturbing ion homeostasis and inducing oxidative stress (Yankauskas et
al., 2024; Patel et al., 2024). Cesium and strontium, due to their mimicry of potassium
and calcium, are readily absorbed and translocated within plants (S. Ali et al., 2022;
Ammar et al., 2025). The overproduction of ROS such as hydrogen peroxide and
superoxide radicals leads to lipid peroxidation and DNA damage (S. Ali et al., 2022;
Ammar et al., 2025). Plants counteract this by enhancing antioxidant enzyme activity
(S. Ali et al., 2024; Yuan et al., 2025). Morphological symptoms—such as chlorosis,
reduced growth, and biomass loss—are frequently observed under Cs and Sr stress
(Angelin et al., 2024; Zhakypbek et al., 2024), indicating impaired photosynthetic and

nutrient assimilation processes.

11
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1.2.3 Plant-Based Remediation: Mechanisms and Challenges

Phytoremediation employs natural plant processes to mitigate environmental
contamination (D1 Stasio et al., 2025). The two key mechanisms—phytoextraction and
phytostabilization—respectively focus on removing contaminants into harvestable
biomass or immobilizing them in the root zone (Ahmad, 2025; Galahitigama et al.,
2025; Rehman et al.,, 2024). Plant suitability is typically evaluated by the
bioconcentration factor (BCF) and translocation factor (TF); values greater than one
indicate efficient accumulation and transport (S. Ali et al., 2022; Galahitigama et al.,
2025). However, phytoremediation is often slow and dependent on environmental
conditions, requiring multiple growth cycles and careful biomass handling (Angelin et
al., 2024). Integration with soil amendments or microbial inoculants can improve

uptake and long-term stability (S. Ali et al., 2024; Kafle et al., 2022).

1.2.4 Plant Physiology and Biochemistry under Radionuclide Stress

Plant responses to radionuclide exposure involve a network of physiological and
biochemical adaptations (S. Ali et al., 2022; Yuan et al., 2025). In Cucumis sativus L.,
Cs and Sr contamination reduces biomass and chlorophyll while increasing antioxidant
enzyme activity (Ammar et al., 2025; Patel et al., 2024). Cesium translocates more
readily than strontium, reflecting their distinct ionic analogies. The activation of CAT,
SOD, and POD enables cucumber to maintain metabolic balance under stress,

confirming its potential for phytoremediation (S. Ali et al., 2022).

1.2.5 Plant Selection and Species Potential for Phytoremediation

Effective phytoremediation depends on selecting plant species with suitable
physiology, root structure, and tolerance (Gupta et al., 2016; Musini et al., 2024).
Species such as Helianthus annuus, Brassica juncea, and Amaranthus retroflexus have
demonstrated radionuclide uptake potential (Alsabbagh & Abuqudaira, 2017; Cheng
et al., 2022; Achmad & Hadiyanto, 2018; Khan et al., 2024; Chen, Yang, et al., 2020;
Chen, Long, et al., 2020). Cucumis sativus, though not a hyperaccumulator, offers
advantages of rapid growth, high biomass, and adaptability (S. Ali et al., 2022; S. Ali
et al.,, 2024; Zhakypbek et al., 2024). Combined with chelating agents or organic
amendments, cucumber and similar species could serve as practical candidates for
sustainable radionuclide remediation. Continued exploration of diverse and genetically
improved plants remains essential for optimizing future phytoremediation strategies

(Gupta et al., 2016).

12
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1.3 Research Objectives and Hypotheses

The overall objective of this dissertation is to evaluate the role of plant species in en-

hancing soil quality and resilience under environmental stress, with a particular focus

on their capacity to tolerate, adapt to, and remediate contaminated or nutrient-imbal-

anced soils. By integrating experimental studies and literature-based analyses, the re-

search aims to identify the physiological mechanisms that enable plants to withstand

stress conditions, maintain functional growth, and contribute to sustainable soil man-

agement strategies.

The specific objectives are as follows:

1.

To investigate the phytoremediation potential of selected crop species under
radionuclide contamination, with emphasis on their ability to absorb, accumu-
late, and translocate contaminants such as cesium-137 and strontium-90, while

sustaining physiological functions.

To evaluate plant physiological and biochemical responses under stress condi-
tions, including biomass production, chlorophyll stability, and antioxidant en-
zyme activity, to better understand tolerance mechanisms that support both re-

mediation and productivity.

To synthesize current knowledge on radionuclide phytotoxicity and plant-
based remediation strategies through a comprehensive literature review, iden-
tifying common patterns of stress physiology and highlighting gaps for future

research.

To assess the role of nutrient management and soil amendments in improving
plant resilience under stress, as demonstrated in studies on soybean and tomato,

thereby linking agronomic practices to principles of phytoremediation.

Research Hypotheses

l.

Selected plant species, including but not limited to Cucumis sativus, possess
the capacity to absorb and translocate radionuclides at levels that make them

candidates for phytoremediation.

13
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2. Exposure to environmental stressors, such as radionuclide contamination or
nutrient imbalance, induces measurable physiological responses (e.g., oxida-
tive stress, altered photosynthesis, biomass reduction), but resilient plants can

mitigate these effects through activation of defense mechanisms.

3. Literature evidence confirms that phytoremediation is a promising but complex
approach, requiring deeper integration of physiological, agronomic, and field-

based research to optimize its large-scale application.

4. Improved nutrient management and soil fertility strategies (e.g., intercropping
systems, vermicompost amendments) enhance plant stress tolerance, thereby
strengthening both agricultural productivity and the feasibility of remediation

approaches.

14
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2.1 Methodology of the Experimental Study

This dissertation follows an article-based structure, drawing upon four peer-reviewed
studies that together provide complementary insights into the role of plants in soil re-
mediation and sustainable agriculture. The methodology integrates experimental ap-
proaches targeting radionuclide contamination, systematic review of global phytotox-
icity literature, and agronomic field investigations addressing crop physiology under
nutrient and amendment treatments. This multi-dimensional framework enables both
depth through detailed physiological and biochemical analysis and breadth through

comparative and review-based synthesis.

2.2.  First-Author Experimental Study: Cucumis sativus under Radionuclide
Stress

2.2.1 Experimental Setup

Greenhouse experiments were conducted using soils artificially contaminated with ce-

sium and strontium. Standardized environmental conditions for temperature, humidity,

and light were maintained to ensure replicability. Control groups without contamina-

tion were included for baseline comparison.

2.2.2 Data Collection

Morphological parameters: plant height, root and shoot biomass, leaf area.
o Physiological parameters: chlorophyll concentration, photosynthetic activity.

e Biochemical responses: lipid peroxidation (MDA levels), antioxidant enzymes

(CAT, POD, SOD).

o Radionuclide uptake: quantified using atomic absorption spectroscopy, with

Bioconcentration Factor (BCF) and Translocation Factor (TF) calculated.

2.3 First-Author Review Study: Radionuclide Phytotoxicity

A systematic review methodology was adopted, involving:

o Comprehensive literature search in major databases (Web of Science, Scopus,

PubMed).
e Inclusion/exclusion criteria applied to ensure relevance and quality.

o Extraction of data on radionuclide sources, impacts on plants, and remediation

strategies.

16
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o Synthesis of findings into thematic categories covering phytoextraction, phy-

tostabilization, physiological impacts, and knowledge gaps.

2.4 Co-Authored Study: Soybean under Molybdenum Application
2.4.1 Study Design
Field-based study within maize—soybean intercropping systems, with different molyb-

denum treatments applied to evaluate physiological and yield outcomes.

2.4.2 Data Collection
e Physiological measurements: photosynthetic rate, transpiration, stomatal con-

ductance, chlorophyll content.
e Yield traits: biomass accumulation, seed production.

o Statistical analyses: ANOVA for treatment effects, correlation analyses be-

tween Mo application and physiological outcomes.

2.5 Co-Authored Study: Tomato under Vermicompost and Fertilizer Treatments
2.5.1 Experimental Setup

Tomato plants were cultivated under sole vermicompost, sole chemical fertilizer, and
combined vermicompost—fertilizer applications. Controlled conditions were main-

tained to observe differential responses.

2.5.2 Data Collection
e Morphological traits: plant height, root/shoot biomass.

o Physiological parameters: chlorophyll concentration, leaf area, stress tolerance

indices.

o Comparative analysis across treatments to identify synergistic effects of inte-

grated fertility management.

2.6 Data Analysis

Experimental results from cucumber, soybean, and tomato studies were statistically
analyzed using ANOVA and regression models. Review data were synthesized both
qualitatively and quantitatively to highlight remediation efficiency and physiological

responses across species.
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The presented dissertation summarizes experimental and review studies that collec-
tively contribute to a better understanding of plant responses to abiotic stress and their
application in sustainable soil management and phytoremediation. The results demon-
strate that integrating physiological, biochemical, and agronomic perspectives can lead
to environmentally sound solutions for improving crop productivity and soil health
under contaminated or nutrient-limited conditions.

In the greenhouse experiment, the phytoremediation potential of cucumber (Cucumis
sativus L.) was evaluated under soil contamination with cesium (**’Cs) and strontium
(°°Sr). The plants showed visible tolerance to moderate contamination levels, main-
taining physiological functions while accumulating both radionuclides. Cesium was
found to be more mobile than strontium, resulting in a higher translocation factor from
roots to shoots. Although exposure to radionuclides caused a decline in biomass and
pigment content, cucumber plants activated an efficient antioxidant system, including
catalase (CAT), peroxidase (POD), and superoxide dismutase (SOD), which mitigated
oxidative stress. These responses enabled the plants to sustain photosynthetic activity
and confirm their suitability for radionuclide phytoextraction and stabilization. The
study provided valuable insight into the link between oxidative protection and metal
tolerance, supporting the use of cucumber and similar species in phytoremediation ap-
proaches.

The systematic review conducted within this work synthesized current knowledge on
radionuclide phytotoxicity, plant physiological responses, and remediation techniques.
The analysis of more than one hundred peer-reviewed studies revealed that radionu-
clide stress primarily affects chlorophyll biosynthesis, nutrient uptake, and redox bal-
ance, leading to oxidative damage and growth inhibition. Nevertheless, plants employ
a wide range of adaptive mechanisms, including antioxidant enzyme activation, osmo-
lyte accumulation, and controlled ion uptake. The review concluded that combining
organic amendments, microbial inoculants, and optimized nutrient management sig-
nificantly enhances phytoremediation performance. This comprehensive synthesis es-
tablished an updated conceptual model describing how physiological and biochemical
resilience determines the effectiveness of radionuclide removal or immobilization in
the soil—plant system.

Complementary agronomic studies expanded this physiological framework to field-
relevant conditions. In the maize—soybean intercropping system, the application of
molybdenum (Mo) improved the physiological efficiency and productivity of soybean.
Enhanced chlorophyll content, photosynthetic rate, and nitrogen fixation capacity were
observed, along with improved yield attributes. The results confirmed the role of mi-
cronutrient supplementation in promoting plant resilience and nutrient cycling within
intercropping systems, contributing to both ecological stability and resource effi-
ciency. Similarly, in experiments with tomato (Solanum lycopersicum L.), the use of
vermicompost and mineral fertilizers demonstrated significant effects on growth and
productivity. Plants grown with vermicompost, alone or combined with mineral ferti-
lization, exhibited higher chlorophyll content, improved photosynthetic activity, and

19
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greater fruit yield, together with reduced oxidative stress and better water status. The
findings emphasize the value of organic amendments in maintaining soil fertility, stim-
ulating microbial activity, and enhancing overall crop performance.

The collective outcomes of all studies indicate that successful phytoremediation and
sustainable crop production are inherently connected through plant stress physiology.
Plants capable of activating antioxidant defense mechanisms, maintaining nutrient ho-
meostasis, and optimizing photosynthetic function achieve superior growth and toler-
ance under both contaminant and nutrient stress. The integration of organic amend-
ments, micronutrient management, and diversified cropping systems supports these
adaptive responses while improving soil structure and biological activity.

The dissertation confirms that sustainable plant-based soil management requires a syn-
ergistic understanding of physiological adaptability, nutrient dynamics, and ecological
soil processes. The experimental and review findings together demonstrate that en-
hancing plant physiological stability under stress is the foundation for effective radio-
nuclide remediation and for developing resilient, high-performing agroecosystems.

20
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