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Abstract
This study investigates how aluminum oxide nanoparticle (Al2O3-NP) affect plant growth and development as well as genetic response in Camelina sativa. The study shows a non-linear dose-response relationship between the administration of a range of nanoparticle concentrations (0.0005%-1%) and the controls. Specifically, higher concentrations of Al2O3-NP significantly inhibited root length (0.001%-1%, p˂0.05) and leaf numbers (at 1%, p=0.007), but significantly increased leaf length at lower concentrations (0.0005% and 0.001%, control vs 0.0005%, p < 0.001; control vs 0.001%, p = 0.004) and shoot fresh weight at higher concentrations (0.1%-1%, p=0.001) inhibited them. This finding highlights the complex interactions that exist between plant physiology and nanoparticle concentrations, indicating that, depending on the degree of exposure, Al2O3-NP can either promote or inhibit plant growth. 
This intricate relationship is further clarified by gene expression analysis, which shows notable alterations in gene regulation linked to oxidative stress and root growth. Notably, at both 0.001% and 0.1% treatment dosages, genes such as AECC1, AKT1, CAT2, SHE1, and SOD1 consistently show overexpression, suggesting a robust genetic response to nanoparticle exposure. This response, however, varies significantly across different environmental conditions, as evidenced by the substantial variability in expression levels.
On the other hand, genes including GSTF6, BHLH83a, EIS3, and ABC are consistently downregulated at both treatment levels, suggesting a systematic genetic modification that may be associated with detoxification processes, regulatory pathway changes, and stress response pathways. This pattern of gene expression points to the impact of Al2O3-NP on biological functions in plants, potentially influencing root development, growth, and general health.
The study also finds that varying amounts of oxidative stress cause distinct gene-specific responses, such as upregulated _GSTF6 and downregulated SOD1 and CAT2 genes. These results suggest a complex physiological response to oxidative stress generated by nanoparticles, with different gene variability and regulatory pathways. Overall, this study makes a substantial contribution to our knowledge of the interactions between nanoparticles and plants by illuminating possible pathways by which Al2O3-NP affect the growth of plants. It draws attention to the intricate genetic response to nanoparticle exposure and provides insights into the molecular mechanisms by which plants respond to environmental stressors.
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CHAPTER 1: INTRODUCTION
Materials that are less than 100 nm in at least one dimension are referred to as nanoparticles (NP). Nanoparticles are becoming increasingly common in a variety of sectors and daily activities due to their large surface area to volume ratio. Increasing the efficiency of electronics and information technology, enabling more sustainable energy applications, and significantly contributing to environmental remediation applications are a few examples of these uses (National Nanotechnology Initiative [NNI], 2000). Nanoparticles are also used as ingredient in paintings, body lotions that protect against sun damage, and everyday moisturizers due to their strength, lighter weight, and ability to function as pigments or color. 
Because of their high reactivity and large surface area to volume ratio, NP may alter their physicochemical properties—including its chemical nature, electrical, magnetic, and refractive aspects—more than bulk materials can (Remedios et al., 2012). The development of nanotechnology with the creation of new usable materials with a nanoscale poses an increasing risk of creating a novel type of waste (nano-waste) with a novel potential environmental problem (Asztemborska et al., 2015). 
Aluminum (Al) is one of the elements that is most common on Earth (8% by weight). As to Miralles et al. (2012), the most often manufactured NP in industry are carbon nanotubes, titanium dioxide, zinc oxide, and aluminum oxide. According to Burklew et al. (2012), NP are produced from a variety of bulk materials and used in a broad spectrum of industries, including consumer products, pharmaceutics, cosmetics, transportation, energy, biomedicine, and agriculture. According to Doshi et al. (2008), Al2O3-NP are an important source of remarkable fuels for a variety of rockets, missiles, and space launch vehicles. Furthermore, Matsumoto, 2000 noted that it is absorbed in a trivalent ionic state that is extremely active in pH 5.0 acidic soil and is believed to be the primary factor limiting plant growth and development. Higher agricultural productivity regions tend to have more acidic soil. Research has shown that it can increase plant growth and reduce crop yield in acidic soil. On the other hand, certain forms of it, such active Al ions, can be detrimental to plants. Aluminum toxicity is particularly dangerous for the root tip meristem.
Most research on the interaction of Al ions with plants has shown adverse effects in various plants (Ahmed et al., 2018). However, a small number of studies have demonstrated beneficial effects on plant growth and development, such as changed stress-tolerant gene expression, elevated photosynthetic activity, antioxidant activity, root and shoot growth, and more (Chahardoli et al., 2020; Hayes et al., 2020). Nonetheless, these impacts are contingent on the concentration; elevated levels impede plant development and genetic modifications, whereas reduced concentrations foster growth (Abdel Latef et al., 2020). 
Additionally, it has been shown that Al2O3-NP is just as effective as tolclophos-methyl, a commercial insecticide, for preventing Fusarium oxysporium-induced tomato (Lycopersicon esculentum) root rot. Furthermore, compared to tolclophos-methyl, Al2O3-NP treatment enhanced plant development (Shenashen et al., 2017).
[bookmark: _Hlk147672752]Burklew et al. (2012), looked at the effects of Al2O3-NP on tobacco seedlings with three weeks old. Average root length decreased significantly as Al2O3-NP concentrations increased, with treatments at 0.5% and 1.0% producing the most reductions. Al2O3-NP accumulated along the roots, obstructing the intake of water and impairing growth and development. The average leaf count decreased in a concentration-dependent manner after treatment with various Al2O3-NP concentrations. It is possible that Al2O3-NP accumulated along the roots of the tobacco seedlings, obstructing the uptake of nutrients and water, and hindering the growth and development of the plant (Lin and Xing, 2007). Globally, Al has a big impact on farming and agricultural growth. According to Bojórquez-Quintal et al. (2017), it is one of the most prevalent metals in soils. Under normal conditions, at normal pH levels, plants are not at all at risk from aluminum in the soil because metal precipitates at pH levels higher than 4.5. (Carthright & De Manzi, 1984). Al hydrolyzes in solution to form the trivalent in nature Al species, A1+++, in acidic conditions (pH 5), while Al(OH)2+ and Al(OH)2+ species form in alkaline conditions at pH 6 (Delhaize & Ryan, 1995). In acidic soils, aluminum can turn toxic and can negatively affect a plant's ability to grow and develop (Roy et al., 1988). Because aluminum dissolves more readily at a lower pH, plant roots can absorb it more easily (Berggren & Mulder, 1995).
1.1. [bookmark: _Hlk116980347] Effect of Al2O3-NP on root growth
Al+++ enters the soil when the pH drops below 5, where it permeates through the root tips cell and stops the plant from growing roots. In fields with high mineral concentration and high acidity, Al+++ is the primary cause of phytotoxicity. Al poisoning occurs at the root tip, where the presence of Al+++ reduces cell division and elongation, resulting in stunted roots and reduced uptake of water and nutrients (Panda et al., 2009). The toxicity of aluminum stems from the inhibition of root growth. Root elongations involve cell division, but bulk Al phytotoxicity prevents this from happening. This results in brittle, stunted roots, swollen, injured root apices, and insufficient development of root hair (Clarkson et al., 1965). In addition to being found in the cell membrane and apoplast of the root's apex, Al ions also quickly collect in the membrane of plasma and symplasm in highly sensitive plants, which affects multiple root growth processes (Ciamporova et al., 2002).
According to studies on the phytotoxicity of phenanthrene- and uncoated Al2O3-NP, uncoated Al2O3-NP hindered root elongation in soybean, carrot, and cucumber at a dosage of 2 mgL−1. (Yamamoto et al., 2001; Yang and Watts, 2005). It is thought that the poisonous impact is caused by Al2O3-NP dissolving rather than being NP-specific. Another study by Aslani et al. (2014) examined the effects of submicron Al2O3 particles and found that phytotoxicity was depending on particle surface properties. These results imply that Al2O3-NP inhibited root growth in some plants, but only in very high concentrations. Nonetheless, Al2O3-NP had no detrimental effects on Phaseolus vulgaris or Lolium perenne growth within the examined concentration range (Lazof and Holland, 1999).
In using hydroponics grown Lactuca sativa L., Hayes, and colleagues (2020) compared the plant developmental response of Al2O3-NP to Al ions and bulk Al2O3, finding that AlCl3 significantly reduced emerging root length and that Al2O3-NP treatment encouraged root extension. Al2O3-NP at 0.4 mg/mL increased plant biomass, but at 1 and 2 mg/mL, they caused a decrease in biomass of 10.4% and 17.9%, accordingly, in comparison to the control. A different study (Mustafa and Komatsu, 2016) looked at the effects of various-sized Al2O3-NP in flooded Glycine max. While the 135 nm Al2O3-NP had a larger effect than the 5 nm Al2O3- NP, the 30–60 nm Al2O3-NP had a beneficial impact root and hypocotyl length.
According to a study performed by Barceló and colleagues, 2002, Al caused severe root damage that impairs water and ion uptake. Al+++ suppresses division of cells in the meristem and elongation of cells in the elongation zone, primarily through these less active processes occurring in the neighboring transition zone. In this root zone, mesenchymal cells exit the division phase and prepare for F-actin-dependent rapid elongation of cells (Verbelen et al., 2006). Al+++ is highly reactive, which means that damage to several Al-binding sites, such as the cytoskeleton, nucleus, plasma membrane surface, and cell wall, is possible. Al+++ binds strongly to the cell membranes of cortical and root epidermal cells (Delhaize et al., 1993).
[bookmark: _Hlk116980381]By interacting with actin filaments and microtubules, as well as by blocking the absorption of potassium (K+) and calcium (Ca++), Al+++ had a detrimental effect on cytoskeletal dynamics (Liu and Luan, 2001; Silva et al., 2000). One of the most rapid physiological effects to Al ions is higher callose deposition, which begins to occur minutes after exposure (Jones et al., 2006). The lipophilic antioxidant butylated hydroxy anisole decreased the growth of callose instead of lessening the Al-induced decrease in root elongation (Yamamoto et al., 2001). Thus, callose production is not the primary mechanism by which aluminum produces reduction of cell elongation (Jones et al., 2006).
However, research shows that the rise in cytoplasmic Ca level did not completely affect the rise in callose production and accumulation in the presence of AlCl3, as the Ca ionophore A23187 substantially raised Ca++ level but only slightly grew callose accumulation (Bhuja et al., 2004). Numerous investigations have demonstrated AlCl3's effect on the cytoskeleton. Frantzios et al. (2005),  report that it seems that aluminum affected the cytoskeleton of microtubules and actin filaments, both of which are essential for root elongation of cells. Given its high degree of reactivity, Al2O3-NP has the potential to damage a variety of structures, including the nucleus, cytoskeleton, plasma membrane surface, and cell wall. Aluminum establishes a strong connection between cortical and root epidermal cells.
[bookmark: _Hlk116980452]Different types of soil present different problems while trying to develop crops as efficiently and productively as feasible. Therefore, in order to determine appropriate management strategies and plants that can withstand such deficiencies, research must concentrate on specific soil types and/or soil composition characteristics. For example, the common element aluminum has a tendency to acidify soils, prevents roots from growing, and reduces the ability of plants to take in magnesium and calcium (Motte et al., 2019). Adequate root development is essential for determining the uptake of water and nutrients, and aluminum quickly impedes this process (Kochian, 1995). For plants to continue growing and producing in regions with limited water resources, root development is crucial. Stunted root development increases plant susceptibility to drought and lowers mineral uptake in high Al+++ environments (Fageria & Moreira., 2011).
Low concentrations of Al2O3-NP do not affect root growth; higher concentrations do; low concentrations stimulate root growth, but high concentrations affect it; low concentrations inhibit root growth for brief periods of time, but high concentrations do not affect it for extended periods of time (Bojórquez-Quintal et al., 2017). The fact that some genotypes whose root development remains unaffected even at very high Al concentrations have a fourth reaction indicates that different plant species respond differently to stress caused by aluminum at the cells, tissue, and whole-plant levels. The roots of the plant are the part most vulnerable to aluminum toxicity, making them the main part of the plant under stress from aluminum (Yamamoto et al., 2002).
Aluminum negatively affects most plants, similarly, based on root reactions and impacts. When exposed to aluminum, Triticum aestivum shows indications of reduced viability of cells, reduced in length. and larger diameter in the extension zone (Sasaki et al., 1997). Tomatoes exhibited delayed development, thickening, enlarged root tips, and complete cessation of branching of the roots (Zhou et al., 2009). The metal damaged Zea mays roots in an area of 3 mm (0.12 in) beyond its root meristem (Ryan et al., 1995).
In the case of maize root elongation, which is also affected, the distal part of the transitional zone of the root's apex, where cells that would grow the fastest, is damaged the most (Sivaguru & Horst, 1998). Pisum sativum is another plant that is adversely affected by aluminum absorption; it shows signs of epidermal tissue destruction in the roots and has around thirty percent of the absorbed aluminum in the cells of the root tip, which prevents growth of roots (Matsumoto et al., 1996). According to a study by Yu and colleagues, 2011, aluminum negatively affected the elongation, activity, appearance, and root hair zone of soybean roots. Oryza sativa readily absorbed metal when exposed to it, and all types of root cells contained aluminum.
Al+++ induced the discharge of organic acids from root (Ma et al., 2001); extended exposure to Al obstructed the uptake, transportation, and utilization of nutrients, leading to dietary deficiencies, especially for calcium (Ca), magnesium (Mg), and phosphorus (P) (Scholl et al., 2005). Aluminum also caused a rapid decrease in the extensibility of the cell wall overall, as well as in its elasticity and viscous extensible at the root ends of the same cultivar, in studies that used a creep-extension analysis. Furthermore, the cell walls of the roots treated with Al+++ were more readily broken.
1.2.  Effect of Al2O3-NP on leaf
Trivalent Aluminum alters the ultrastructure and cellular makeup of leaves by inhibiting cell proliferation and elongation and decreasing stomatal aperture (Kochian, 1995). Two studies determined that the decrease in photosynthetic rate and chlorophyll content was due to Al+++. The effects of alkali toxicity on photosynthesis are not direct. Al ions poisoning alters the structure of the chloroplast. Furthermore, reduced transport of electrons in photosystem II (PSII) results in reduced photosynthesis (Ali et al., 2008; Zhang et al., 2001). By acting as a workable template for transcription, AlCl3 attaching to DNA or chromatin within the cell's nucleus may cause DNA molecules to condense, stopping the cell from dividing (Matsumoto, 1988).’
1.3. [bookmark: _Hlk116980540] Impact Of Al2O3-NP on oxidative stress
AlCl3 obstructed root development potentially due to Al-NP induced oxidative stress (Yamamoto et al., 2002). Exposure to Al2O3-NP generated reactive oxygen species, or ROS, in plants because aluminum stress induces the expression of multiple genes encoding antioxidant enzymes such as glutathione S-transferase, peroxidase, and the enzyme superoxide dismutase (SOD), and because ROS may contribute to the peroxidation of lipids in the membrane of the cell. Green gram (Vigna radiata) foliage treated with AlCl3 for an extended period showed notably greater amounts of peroxide and peroxidation of lipids (Panda et al., 2003). By acting as a workable template for transcription, aluminum's bonding to chromosome or chromatin in the cell's nucleus may cause DNA molecules to condense, stopping the cell from dividing (Matsumoto et al., 1988). According to the theory, NP-induced oxidative stress is the reason behind how NP affects the chemical makeup and structural composition of the cell wall. Research has shown that quantum dot NP activated neighboring oxygen atoms, which resulted in the formation of free radicals and peroxides (Rico et al., 2015). According to Molnár et al. (2020), the amount of ensuing oxidative stress correlates with the amount of ROS created and can cause a variety of reactions in plants, such as changes to the cell wall's biological components and structure. For example, NP changed the xyloglucan polymers in the cell wall, increased ROS generation, and produced hydroxyl radicals in the cell wall to relax the cell wall non-enzymatically, which allowed larger NP to pass through the membrane (Ma and Yan, 2018). 
According to several studies, NP entered plant roots through the apoplast, moved through the symplast, and finally passed through the plasmodesmata (PD) (Rico et al., 2015; Tombuloglu et al., 2019). Transport of nanoparticles to aerial parts of plants is known to happen via xylem. NP must penetrate the cell membrane barrier to enter the cytoplasm and go via the symplast via PD. This implies that the distribution of NP makes use of both apoplast and the symplast systems. Moreover, NP may translocate through endocytosis, ion channel attachment, or carrier protein attachment (Shukla et al., 2016).
The precise mechanism(s) underpinning NP uptake, transfer, and accumulation may depend on the plant species, exposure route (foliar vs. soil), and NP physicochemical qualities. However, this would require targeted future research. pertaining to the generation of reactive oxygen species (ROS) in a dose- and time-dependent way. BY-2 cells showed changes in the integrity of the plasma membrane, mitochondria potential, and the stimulation of caspase-like proteins, which cause programmed cell death (Poborilova et al., 2013). 
Nanoparticles may damage plant membranes and influence the plant's defense mechanism against free radicals (Zelalem et al., 2015; Ozyigit et al., 2016). In plants, lipid peroxidation sets off a defensive response that includes small molecular weight antioxidants and effective antioxidant enzymes. This system acts as the main defense mechanism and is essential for preventing ROS damage. These elements minimize oxidative damage and NP-induced toxicity when taken in combination or separately (Ahmed et al., 2017).
In one study, the amount of oxidative stress caused by Al2O3-NP was measured by measuring the activity of the antioxidant enzymes glutathione peroxidase (GPX), superoxide dismutase (SOD), and catalase (CAT) in tomato roots and leaves. The results showed that exposure to NP significantly altered the way these antioxidant enzymes functioned, triggering the cell's defense mechanism against NP-induced stresses (Ahmed et al., 2018). Ascorbate peroxidase (APX), POD, SOD, CAT, and SOD were among the antioxidant activities that Nigella arvensis root and shoot subjected to 50–2500 mg/L of Al2O3-NP through hydroponics exhibited an overall increase in (Chahardoli et al., 2020).
Exposure to Al2O3-NP, Al+++ ions, or bulk Al2O3 caused a dose-dependent and notable induction of oxidative stress in Zea mays (Ahmed et al., 2022). The investigation of oxidative stress measurements included the measurement of superoxide radical production, proline induction, glutathione reductase (GR), activities of SOD, CAT, GPX, and membranes peroxidation of lipids (Ahmed et al., 2022). According to a study conducted by Almeida et al. (2021), Al2O3-NP is also absorbed and accumulates within the cytosolic and cell wall of roots, where they may interact with organelles such as mitochondria. By boosting the solubility of and cellular wall-bound peroxidase activity and lowering phenylalanine ammonia-lyase activity of Glycine max, Al2O3-NP also changed the metabolic activity of the root and stem and encouraged lignification (Almeida et al., 2021).
[bookmark: _Hlk116980405]Al+++ stress has emerged as the primary limiting factor, having several negative impacts on plants. The multivalent cation Al+++ attaches to negatively charged sites in the root quickly and firmly (Eticha et al., 2005). Al+++ poisoning's principal target site is the root apex, in particular the distal section of the transition zone (Wang et al., 2020). Al binding of the roots causes loss of Mg++, K+, and Ca++ as well as a decrease in the availability of vital nutrients, especially phosphorus (P), magnesium (Mg), and molybdenum (Mo), which has an impact on the health of the plant.
Al+++ is believed to alter the characteristics of cell walls and impede the passage of molecules through the cell membrane, which affects a number of intercellular functions (Singh et al., 2017). Stress of any kind affects legume species' ability to nodulate and absorb nitrogen, altering the hormone equilibrium in the roots and preventing growth. This leads to a disturbance of soil rhizobia (Jaiswal et al., 2018; Kopittke et al., 2016). 
1.4. [bookmark: _Hlk116980594]Effect of Al2O3-NP on ions channel pathways 
According to Yang et al. (2019), there is a common belief that the pathways of organic acid synthesis and metabolism, together with the anion channels of organic acid transport, are strongly linked to the quantity of organic acids generated by plants. One study found that Al+++ opened the anion channel, causing the malate & chloride ions to move out of the wheat cell membrane (Zhang et al., 2001). In maize, the presence of Al triggered the release of citrate through the cell membrane's citrate channel, and the activity of the channel was directly linked to the quantity of external Al+++ (Kidd et al., 2001). Furthermore, according to Ryan et al. (1995), Al stress can promote the expulsion of malate through Triticum aestivum roots.
The inability of the plant to absorb minerals at the apex of the root, which causes symptoms of nutrient insufficiency in plants growing on Al-toxic soils, complicates the detection of Al-induced toxicity. Low pH soils prevent roots from absorbing phosphorus (PO4---) and cations that are divalent, including Ca+2, Mg+2, and K+ (Hede et al., 2001). Moreover, it has been found that Al's intake of calcium, magnesium, and potassium is competitively suppressed; hence, incorporating these cations into the soils can mitigate Al's deleterious effects (Andersson, 1988). Impaired absorption of ions due to ion channels that exist in the cell membrane is the cause of the disruption of internal calcium and magnesium homeostasis, as well as the rapid depolarization of cell membrane in aluminum exposure (Jones et al., 1995).
Nramp-like transporter Nrat1 (also known as Nramp aluminum transporter 1) was demonstrated to be able to transport aluminum into rice cells, despite the possibility that ion channels play a role in the metal's absorption into cells (Xia et al., 2010). This transporter does not move other divalent metal ions like iron, manganese, or cadmium; it solely moves Al and no Al-organic acid complexes. Nevertheless, the response to other metals remained unaffected by the removal of this transporter. Reduced internalized Al and increased Al buildup at the cell wall result from the loss of this transporter.
1.5.  Effect of Al2O3-NP on gene expression in plants
Research has demonstrated that Al2O3-NP may cause aberrant microRNA (miRNA) expression. MiRNAs represent a broad category of brief, non-coding regulatory molecules, ranging in length from 20 to 22 nucleotides, which exhibit remarkable cross-species conservation (Zhang et al., 2006). Plant development (Li and Zhang., 2016), the transition from vegetive to reproductive growth, and the response to abiotic and abiotic stresses are just a few of the biological and metabolic processes in which miRNAs are crucial (Zhang, 2015). According to a study examining the effects of exposure to Al2O3-NP on the expression profiles of miRNAs in tobacco seedlings, the expressions of several miRNAs, such as miR162, miR159, miR167, miR169, miR396, miR395, miR397, miR399, and miR388 were increased at 1% Al2O3-NP. Nevertheless, the transcript levels of these miRNAs were reduced at a concentration of 0.1%. According to the findings, additional plant pathways may have responded to the stress that the Al2O3-NP induced by downregulating the production of miRNA. However, the elevation of miRNA expression raises the possibility that these miRNAs are controlling the stress responses or other reactions brought on by tobacco plants' exposure to Al2O3-NP (Burklew et al., 2012). 
Al2O3-NP treatments in leaves and roots caused distinct changes in the expression of genes linked to transcription factors and aquaporins, according to gene expression profile in Hordeum vulgare L. during germination. After treatment with Al2O3-NP, there was an increase in the levels of aquaporin genes relative to the control, especially in the leaves. The application of increased Al2O3-NP concentrations caused the root length to gradually diminish (Akdemir, 2021). 
1.6.  Aluminum tolerance in plants
According to Sivaguru et al. (2003), overexpressing AtWAK1 may make transgenic plants more resistant to Al and may also cause AtWAK1 expression in Arabidopsis to occur rapidly. An omission of the glycine-rich proteins AtGRP3, which links with AtWAK1, has also been shown to promote AlCl3 tolerance in Arabidopsis (Mangeon et al., 2016). Although salt resistance to stress is a well-known breeding objective for many crops, the molecular and metabolic events underpinning these responses remain understudied, even though this is cases involving well-studied crops such as camelina, whose genomic data has only lately been accessible. Mild salt stress dramatically decreased Camelina's seed production when measured over the course of the plant's overall whole life cycle (Steppuhn et al., 2010).
The direct regulating of organic acid production depends on anion channel and anion transporters (Ma, 2007a). Thus, the effects of anion channels are dependent on the kind of plant, the amount of organic acid produced, and the levels of inhibitors (Yang et al., 2013). In maize, the presence of Al bulk triggered the release of citrate through the cell membrane's citrate channel, and the activity of the channel was directly linked to the quantity of external Al+++ (Kidd et al., 2001). Furthermore, according to Ryan et al. (1995), Al stress can promote the discharge of malate from the roots of Triticum aestivum. Al stress also affects how plants metabolize organic acids (Yan, Riaz, et al., 2019; Yang et al., 2018). There is now controversy on the idea that Al+++ can increase the synthesis of organic acids by altering the way that plants metabolize organic acids (Kochian et al., 2005). Al stress enhanced the discharge of organic acids in mature regions and at the tips of roots, but there were no noticeable modifications in the activity of the main enzyme involved in the metabolism of organic acids in roots (Hayes & Ma, 2003).
Al-bulk stress also affects the metabolism of organic acids in plants (Yan, Riaz, et al., 2019; Yang et al., 2018). Numerous plants, including taro and buckwheat, show signs of Al+++-induced oxalate release (Ma, 2007a). In particular, oxalate is used to remove Al+++ toxicity from soils (Prasad & Shivay, 2017). Physiological studies have shown that transporters are also accountable for oxalate production in plants, despite the lack of identification of genes implicated in this process (Zheng et al., 2005). In addition to organic acids, plants also emit putrescine, phenols, inorganic phosphorus (Pi), and other compounds to chelate Al+++ outside the roots (Ma, 2007b; Yan, Riaz, et al., 2019).
Breeding high tolerant cultivars is one of the common breeding goals for many crops; this depends on our understanding of the molecular and metabolic processes behind responses to different environmental stress, including aluminum stresses, however it remains limited for many crops. It is well known that many plant species exhibit significant genetic variation in their tolerance to aluminum. Conventional breeding has produced cultivars that are resistant to aluminum, but its effectiveness is hampered by a lack of sufficient Al+++ tolerant germplasm (MacDiarmid and Gardner, 1998). While it is clear that certain plants have evolved mechanisms response to aluminum, the molecular and cellular foundation for tolerance to aluminum is still unknown.
When secreted in significant quantities, three organic acids (OAs)—malate, citrate, and oxalate have been found to confer resistance against Al. These are crucial metabolic intermediaries, these OAs. Delhaize and colleagues, 1993, found that wheat required malate for AlKSO4 resistance, but Phaseolus vulgaris L. "Romano" & "Dade" snap beans required citrate. Although primary OA (organic acids) is often generated, some plants also release combinations of these OAs, that are used to chelate Al+++ (Liu et al., 2009). Although releasing OAs through the root is an effective way to exclude aluminum, other crop species, like wheat, use such OAs to neutralize the Al in plant cells and provide Al+++ tolerance (Larsen et al., 2007).
Although OAs are thought to be the main mechanism for aluminum resistance in plants, there are several ways a plant can alter the soil to prevent Al+++ from being taken up. Phenols are one such method (Kidd et al., 2001) that can chelate Al+++, but less successfully than OAs because of their ring shape (Kidd et al., 2001). Studies have looked into this in maize, wherein some phenols—like quercetin, catechin, and catechol—are more prevalent than others and are typically synthesized in the roots along with citrate to provide aluminum root exclusion.
Despite the potential of Camelina sativa seeds to serve as a foundational resource for biofuel and biotechnological products, enhancing seed yield and oil content remained a challenge. This difficulty is partly due to the plant's limited genetic maps and the complexities associated with its allohexaploid genome. Prior to 2014, the scarcity of genetic resources for Camelina, as highlighted in studies by Gehringer et al. (2006) and Hutcheon et al. (2010), alongside the sequencing efforts by Kagale et al. (2014), posed significant obstacles to its cultivation and genetic improvement.
However, advancements in genetic research, particularly the sequencing of the Camelina genome by Kagale et al. (2014) and the analysis of seed transcriptome data by Nguyen et al. (2013) and Mudalkar et al. (2014), have opened new avenues for enhancing Camelina's agronomic traits. The close genetic relationship between Camelina sp. and Arabidopsis thaliana, as identified by Al-Shehbaz et al. (2006), further supports the potential for genomic insights to facilitate crop improvement. Chaudhary et al. (2020), assessed diversity within the Camelina genus, offering insights into genome structure of Camelina sativa and its evolutionary trajectory. Significant progress was made by Chaudhary et al. (2022), who sequenced Camelina neglecta, a diploid ancestor of C. sativa. Their research provided valuable insights into the evolutionary history of the genus, demonstrating a direct descent of C. sativa's subgenome 1 from C. neglecta approximately 1.2 million years ago. This body of work collectively enhances our understanding of Camelina sativa's genomic structure and evolution, underscoring the concerted efforts of the scientific community to characterize and leverage this crucial oilseed crop for agricultural and industrial applications.
By reducing photosynthesis, metabolic activity, and fertilizer uptake, nanoparticle stress hinders plant growth and development. Additionally, it affects a number of cellular processes, including osmotic and pH equilibrium, synthesis of proteins, carbohydrate and lipid breakdown, and gene expression. 
Absence of organic acid-based cellular detoxifying processes in plants produces higher sensitivity to Al trivalent ionic form since the plant can no longer carry Al+++ into the cell, leading to Al accumulation at the cell's wall. This method of tolerance to Al utilizing Nrat1 for Al+++ incorporation accompanied by detoxifying is more efficient than letting aluminum build up at the root cell wall since Al inhibits root development by reducing cell wall elongation (Xia, 2010). Internalized aluminum has both living (apoplastic) and non-living (symplastic) binding sites in plant cells. Al begins to cause damage to root cells at the apoplastic wall of cells and symplastic plasma membrane.
The most urgent problem in figuring out Al2O3-NP impact on plants is figuring out how mobile and bioavailable they are in the environment. Recognizing the possible ecotoxicity of Al2O3-NP may help prevent environmental pollution while assisting in the creation of standards for agricultural uses (Rana and Kalaichelvan., 2013). The purpose of this research is to gain a better understanding of nanophytotoxicology and the danger to agricultural productivity by investigating the effects of Al-NP on plant phenotypic, oxidative stress, and genetics. Thus, the purpose of this study is to describe how Al2O3-NP affects the growth of C. sativa.
There are several agronomic, genetic, and environmental obstacles to overcome in the research of Camelina sativa, an oilseed crop with promise for biofuel and bioproducts. To increase features like yield, oil content, stress resistance, and insect resistance, further research is required to develop high-throughput genomic selection techniques, gene editing technologies (like CRISPR/Cas9), and other biotechnological approaches. It is still early to define ideal planting and agronomic practices which are still in their infancy. Camelina sativa cultivation and use confront many different obstacles, including the need for research on the plant's environmental effects.
Our goal is to investigate more about the possible effects of Al2O3-NP on plant phenotypes, specifically how these nanoparticles influence its phenotype, genes related to oxidative stress responses and root growth. By conducting this focused research, we hope to yield valuable knowledge about the ideal soil conditions required for Camelina sativa to thrive. This knowledge will help Camelina sativa become a major plant in the sustainable agriculture and renewable energy sectors, providing real benefits to farmers and the international community.
Hypothesis of the study
Based on findings of previous research about the impact of heavy metals on different species of flora, we hypothesized that Al2O3-NP would greatly inhibit the root formation, root elongation, and overall root growth in Camelina sativa. Furthermore, Al2O3-NP could lead to increased oxidative stress that would significantly impact the growth of plants. 
Additionally, this study will explore the effects of Al2O3-NP stress on genes involved in root development, aiming to elucidate how these impacts contribute to the inhibition of overall plant growth. This research will be the first attempt of our lab to investigate the effect of Al2O3-NP in Camelina sativa and is expected to provide significant findings that would be helpful for future researchers in our lab as well as in the scientific community. This research would use the concentration of Al2O3-NP as 0.0005% 0.001%, 0.01%, 0.1% and 1%, 0% (control) and evaluate the impacts on Camelina sativa. Along with the phenotypic traits of the plant, key genes associated with root growth were also analyzed to study its impact on root growth. Gene expression analysis of key genes of interest will also be furthered explored to better understand and characterize the role of genes after exposure to Al2O3-NP.


Research Goals
· To evaluate if Al2O3-NP is responsible for inhibition of seed germination and root growth when exposed to different concentrations.
· To investigate how different genes related to root growth are affected and record whether they are differentially expressed; and
· To find the effect of Al2O3-NP on the oxidative stress impacting overall plant development.
2

CHAPTER 2: MATERIALS AND METHODS
2.1. Camelina sativa as a model organism
The Brassicaceae family member Camelina sativa has attracted a lot of interest as a reemerging oil seed crop. C. sativa has several advantageous qualities that set it apart from other oil seed crops, which is primarily why there has been so much excitement about it. The genetic resources currently available for C. sativa pale in contrast to those created for the model plant Arabidopsis thaliana, but because of the sequence similarity between the two genomes, Arabidopsis is frequently used as a reference when more data is required (Malik et al., 2018). Oil makes up 40% of a Camelina seed's weight (McVay and Lamb, 2008). Because of high concentration of linolenic and linoleic fatty acids, as well as bioactive substances like tocopherols and phenolics, Camelina oil has been shown in numerous studies to have a function in decreasing cholesterol and inflammatory potential Putman et al., 1993). It is used in the production of biodiesel, fuel-jet, bio lubricants and glycerol in the biofuel sector (Shonnard et al., 2010). Its oil and seeds are effective in treating inflammations, neurological disorders, burns, heart complication and cholesterol abnormality, and ulcers in both animal and human systems (www.healthbenefitstimes.com). It is also employed as a supplement to improve health. These are the major reasons for choosing C. sativa as a model plant for the research.
2.2.  Seed Sterilization of Camelina  sativa
Al2O3-NP was obtained from Sigma- Aldrich (lot-BCBC0006, size <50nm TEM). Seeds were sterilized with 70% ethyl alcohol for 4 mins and inverted in tube multiple times for total sterilization. Most floating seeds were unmature and were removed. Then, 15 ml of 4% of bleach (8.25% Sodium Hypochlorite Clorox) were used to further sterilized the seeds for 5 mins. Washing of seeds was done with sterilized water 4-5 times and transferred them to a petri dish with filter paper (both sterilized).
2.3. Preparation of C. sativa for germination
Sterilized seeds were placed on ½ MS medium, sucrose 20g/L and agar medium 4g/L
with 0.001%, 0.0005%, 0.01%, 0.1%, 1.0% and 0% (control) of Al2O3- NP. Seeds were
allowed to germinate and grow for 14 days. Temperature of 22+/-2 °C was maintained for
proper plant growth with 16:8 hours of light and dark period.
2.4. Measurement of morphological parameters 
For the measurement, root, leaf, and shoot were considered: monitoring the seed germination and seed germination rates from 4 to 14 days. Additionally, at 14 days, recorded the following: total number of roots and leaves, the length of up ground and roots; the fresh and dry weight of root, and up ground part. Then, also the total length, the total fresh and dry weight were calculated. The plant was harvested in 14 days and fresh weight of up ground and roots were taken by weight balance. The up ground and roots were allowed to dry for 4 days exposed to sunlight and dry weight was subsequently measured by weight balance. Measurements were done by using standard measurement tools. Standard metric ruler and analytical balance were preferred to measure length and biomass (root and shoot).



2.5. Biochemical Analysis
 2.5.1. Measurement of root vigor
Preparation of 0.1 M PBS (pH=7.4) buffer with 0.6% triphenyltetrazolium chloride (TTC)
800 mL of diH2O was weighed and mixed with 2.96 g of NaH2PO4·2H2O and 29.01 g of Na2HPO4·12H2O. After thoroughly mixing, 6 g of TTC was added. The final volume was adjusted to 1 L.
            Whole roots, including both lateral and main roots, were collected from each plant. These roots were then cut into pieces approximately 1 cm in length and weighed. The root pieces were placed in a 15 mL centrifuge tube, and 10 mL of 0.6% TTC in 0.1 M PBS (pH 7.4) was added. After thorough mixing, the tubes were placed in darkness for 24 hours. Subsequently, the liquid was discarded, and the roots were washed three times with diH2O. To extract triphenyltetrazolium formazan (TTF) from the roots, 5 mL of 95% ethanol was added, and the samples were incubated in an 85 °C water bath for 10 minutes. Light absorbance at a wavelength of 485 nm was measured. Root vigor was determined using the formula: root vigor = OD at 485 nm / fresh weight (gram) of the samples.   
2.5.2 Measurement of oxidative stress
An imbalance between antioxidants and free radicals in a cell led to oxidative stress. When plants produced free radicals beyond their capacity to eliminate them, these radicals became harmful to plant cells, inducing oxidative stress. Various environmental factors, including exposure to nanoparticles, were identified as triggers for oxidative stress. To quantify H2O2 accumulation and the activity of enzymes related to oxidative stress, the following step-by-step procedure was employed.
2.5.2.1. Measure of H2O2 accumulation in plant
The 3,3-diaminobenzidine (DAB) staining technique was employed to examine H2O2 contents in plant leaves. A 1 mg/mL DAB solution was prepared with a pH of 3.8. Fully open first plant leaves were selected. Each leaf was placed in a 10 cm diameter Petri dish. To ensure complete submersion, 15 mL of DAB solution was added to each dish, with additional DAB solution used if necessary to fully immerse any leaf. The Petri dishes containing the treated leaves were then kept in an incubator with an 8-hour treatment at 28°C in the dark. Afterward, the DAB solution was discarded. To remove chlorophyll, 95% ethanol was added, and the leaves were left at room temperature for 24 hours. Observations were made by taking pictures of the leaves. Brown patches on the leaves indicated H2O2 buildup, with darker color and greater density signifying higher H2O2 presence.
2.5.2.2.  Malondialdehyde (MDA) analysis
One gram of fresh young leaves (FW) was weighed and placed in a mortar. Then, 1 gram of quartz sand and 10 mL of 5% trichloroacetic acid buffer (V1) were added. The leaves were then mixed and ground into small pieces. This mixture was transferred to a 15 mL centrifuge tube and centrifuged at 3000 rpm for 15 minutes. The resulting liquid homogenates were transferred into a new 15 mL centrifuge tube. 2 mL of 0.5% TBA was added to 2 mL of the extract solution (V2), forming a 4 mL reaction mixture solution (V3). This mixture was heated at 100℃ for 15 minutes. It was then immediately placed on ice to halt the reaction. The cooled mixture was centrifuged at 3000 g for 10 minutes. The light absorbance of the supernatant was measured at 532 and 600 nm using a UV spectrophotometer. MDA contained in the reaction mixture solution was calculated by the following formula. Concentration of MDA (mM) = (A532 - A600)/155 (C). Calculate MDA contain in the leaves as the following formula: MDA content (μmol/g FW) =C×V3÷V2×V1÷FW
2.5.2.3.  Measure superoxide dismutase (SOD) activity
Enzyme extraction: 1 gram of fresh, young leaves was measured (1 g FW), and a mortar was pre-chilled or frozen. The leaves were then ground and homogenized with 5 mL of a 50 mM sodium phosphate buffer containing 0.1 mM ethylenediaminetetraacetic acid (EDTA) at pH 7.8. This homogenate was centrifuged for 20 minutes at 10,000 rpm at 4 °C. The resulting fluid was transferred into a fresh centrifuge tube for the measurement of atomic oxide radical anion (O2-•) concentration and the activities of the enzymes superoxide dismutase (SOD) and peroxidase (POD). The extract was kept chilled throughout the process.
2.5.2.4.  Measure superoxide dismutase (SOD) activity
A reaction mixture of 3 mL was prepared containing the following ingredients: 13 mM methionine, 1.3 mM riboflavin, 0.1 mM ethylenediaminetetraacetic acid (EDTA), 50 mM sodium phosphate buffer (pH 7.8), and 0.075 mM nitro blue tetrazolium (NBT). To this mixture, 1 mL of enzyme extracts was dispensed. The optical density of the mixture was then measured at a wavelength of 560 nm. The key objective was to monitor the duration taken to inhibit 50% of the NBT's photochemical reduction. This measurement was essential as one unit of enzyme activity was defined as the amount required to inhibit 50% of the NBT's photochemical reduction under the given experimental conditions. The following equation was applied to get SOD activity: SOD activity = units of SOD activity per gram of fresh weight per minute.

2.5.2.5. Measure peroxidase (POD) activity
A 3 mL reaction mixture, containing 0.3% guaiacol, 0.2% H2O2, and 0.2 M sodium phosphate buffer (pH 6.0), was prepared. To this, 0.5 L of enzyme extracts was added and mixed. The optical density at 470 nm was measured using a spectrophotometer, tracking the increase over one minute to assess guaiacol oxidation, indicative of enzymatic activity. The following calculation was used to determine POD activity: POD activity will be measured in POD activity units per gram of fresh weight per minute.
2.5.2.6.  Atomic dioxide radical anion (O2–•) content assay
The extraction of O2–• followed the same procedure as outlined in Section iii under SOD measurement. A reaction mixture of 2 mL was prepared, containing 50 mM sodium phosphate buffer and 10 mM hydroxylamine hydrochloride. To this mixture, 1 mL of extract was added, and the solution was mixed well. The reaction was carried out at 25°C for 30 minutes, during which O2–• reacted with hydroxylamine hydrochloride to produce an equivalent amount of nitrite. Subsequently, 1 mL of 17 mM sulfanilic acid was added, followed by the addition of 1 mL of 7 mM 1-naphthylamine solution. The mixture was thoroughly mixed and maintained at 25°C for an additional 20 minutes. The light absorbance of the solution was then measured at 530 nm using a UV spectrophotometer.
For the establishment of a standard curve, a 3 mL water solution with varying concentrations of sodium nitrite (0, 1, 2, 4, 6, 8 μmol) was prepared. The steps were repeated for each concentration to correlate the nitrite content with its corresponding absorbance like above. This procedure facilitated the accurate determination of nitrite concentration in the reaction mixture, reflecting the activity of O2–•.Calculate the sample O2–• content in final OD determination solution (n) according to the standard curve of nitrite, and then Calculate sample O2–• contain by the formula: Atomic dioxide radical anion (O2–•) content (μmol/g FW) = n (μmol) ÷ 1 (1ml extract solution in ii step) ×5 (total extract solution) ÷ 1 g FW 
2.6. Gene expression analysis
2.6.1. Total RNA extraction
Four biological replicates of the plants were collected from each treatment group (0.001% and 0.1%) and the untreated controls. The grown plants were removed from various media concentrations, promptly divided into roots, and shoots and then immediately frozen in liquid nitrogen and stored in -80°C freezer. Each 2 ml centrifuge tube received 400 µL of lysis/binding buffer, which was be maintained on ice. The plant tissue was then promptly placed in a centrifuge tube containing Lysis Buffer after being ground with liquid nitrogen in a mortar and pestle. Using an ultrasonic converter in ice, the ground tissue was sonicated for 15 seconds. Added 40 µL of miRNA homogenate to the tissue lysate, stirred well by repeatedly inverting the tubes, and then keep the mixture on ice for 10 minutes.
Before adding the miRNA homogenate additive, 400 µL of an acid-phenol was added along chloroform solution to the lysate and vortex for 30 seconds. The mixture was then centrifuged at 10,000 g for 5 minutes at room temperature. 300 µL of the aqueous phase (upper) was recovered and added in a new tube. To the aqueous phase, add 1.25 volumes (375 µL) of 100% ethanol, and vigorously mixed while repeatedly flipping the tube. A filter cartridge was put into one of the collecting tubes for every sample. After adding lysate and ethanol to the filter cartridge, the mixture was centrifuged for 15 seconds at 10,000 rpm. Once the entire lysate/ethanol combination had passed through the filter, discarded the flow through and continued. After adding 700 µL of the miRNA Wash solution I to the filter cartridge, it was spun for 5 sec.
Discarded was the collecting tube's flow through. 500 µL of the wash solution II/III was used and proceed as previously with the filtering. Again, a second 500 µL aliquot of the wash solution II/III was applied and repeated. Replacing the cartridge in the same collecting tube after the last wash and spinning it for one meter would remove any remaining fluid from the filter. 40 µL of pre-heated (95°C) nuclease-free water was used to solved and collected the RNAs from each sample. NanDrop-1000 was used to assess RNA quantity and quality. Prior to reverse transcription-PCR, material was kept at -20°C. 
2.6.2. cDNA Synthesis and qRT-PCR
Single strand cDNA was created from the extracted RNA samples by using the TaqMan® MicroRNA Reverse Transcription Kit. qRT-PCR was performed on a ViiA 7 real time PCR. In 384-well microplates, the following mixture was added to each well: 2.5 μL of nuclease-free water, 5.0 μL of SYBR Green PCR master mix, 0.5 μL of cDNA template, and finally 2.0 μL of forward and reverse primers tailored to the target gene. The microplate was capped and centrifuged after each well had been loaded in preparation for loading qRT-PCR. The qRT-PCR run time was as follows: Enzyme activation for 10 minutes at 95 °C, denaturing for 45 cycles of 15 s at 95 °C, and annealing and elongation for 60 s at 60 °C.



2.7. Statistical Analysis
SPSS software was used for statistical analysis. The ANOVA test was used to examine statistical variances between treatment levels with a p-value of 0.05 and was considered significant for all analyses
Table 1. Primer sequences used for qRT-PCR. 

	S. N
	Gene Name
	Gene ID (NCBI)
	Primer name
	Primer sequence (5' --> 3')

	1
	Galactinol synthase 4 
	104787125
	GS4-Fwd
	GCCATGGCGTATTACGTTCT

	
	
	
	GS4-Rev
	AGTACCCATCAGGCAAATCG

	
	
	
	
	

	2
	Aldose 1-epimerase 
	104780585
	AE-Fwd
	GGAAACGTGACGGTGAAAGT

	
	
	
	AE-Rev
	TGGAGGGCTAAGTTGATTGG

	
	
	
	
	

	3
	Alpha, alpha-trehalose-phosphate synthase
	104741085
	AATPS-Fwd
	TATGGGAAGGCTGGAATCAG

	
	
	
	AATPS-Rev
	GATGTCCATGTCGTCAATGC

	
	
	
	
	

	4
	Classical arabinogalactan protein 2 
	104751885
	CAP 2-Fwd
	TCTTGGTCTCTTGGCCACTT

	
	
	
	CAP 2-Rev
	CGAAGGTGTTTCAGCAGTCA

	
	
	
	
	

	5
	Ethylene insensitive 3-like 1 protein 
	104787027
	EIS 3-Fwd
	ATGTCCAGAGCAGCCAAACT

	
	
	
	EIS 3-Rev
	TGCCACTGTTGAAACTCAGC

	
	
	
	
	

	6
	Potassium channel AKT1 
	104703477
	AKT1-Fwd
	GTGTACCCAAGAACGGGCTA

	
	
	
	AKT1-Rev
	TGAAACTCCCAGGAAGCAGT

	
	
	
	
	

	7
	Sodium/hydrogen exchanger 1, transcript variant X1
	104771239
	SHE1-Fwd
	GGAACCTTTGACTTGGGTGA

	
	
	
	SHE1-Rev
	GTGGCATCATTCACAACACC

	
	
	
	

	

	8
	Transcription factor bHLH83-like 
	104701241
	BHLH83b-Fwd
	GATCCACCGAAACTCCTCAA

	
	
	
	BHLH83b-Rev
	TTCCAGCGGATTTAGGTGAC

	
	
	
	
	

	9
	Aluminum-activated malate transporter 1 
	104739430
	AAMT1-Fwd
	GAAGAATGAGCTCGGAGTCG

	
	
	
	AAMT1-Rev
	TGCAGGCAGATTGTGAGTTC

	
	
	
	
	

	10
	Vesicle-associated membrane protein 722 
	104700140
	VAMP722-Fwd
	GGGTCGAAACTGAAAGAGCA

	
	
	
	VAMP722-Rev
	CTCACCACGGTCAAGAACCT

	
	
	
	
	

	11
	Glutathione S-transferase F6 
	104760185
	GSTF6a-Fwd
	AAGCTTGTGTGGGAGCAAGT

	
	
	
	GSTF6a-Rev
	CACCAAGCCTGTGTTCGTAA

	
	
	
	
	

	12
	Wall-associated receptor kinase 2-like
	104776246
	KIN21-Fwd
	ATCAAGGCTGATACCGATGG

	
	
	
	KIN21-Rev
	TTCTCGTTCAGAAGCCCTGT

	
	
	
	
	

	13
	Ethylene-responsive transcription factor 1B-like 
	104746810
	ERTF1B-Fwd
	GATCAAGCGGCTTACTCGAC

	
	
	
	ERTF1B-Rev
	CACAACCGGAGAACAACCTT

	
	
	
	
	

	14
	Uncharacterized, transcript variant X1, mRNA
	104701028
	X1-Fwd
	AACGTCCTCGTGGTATTTGC

	
	
	
	X1-Rev
	CCGAGAAACCTACCAGATGC

	
	
	
	
	

	15
	Transcription factor bHLH83 
	104750428
	BHLH83a-Fwd
	GATCCACCGAAACTCCTCAA

	
	
	
	BHLH83a-Rev
	TTCCAGCGGATTTAGGTGAC

	
	
	
	
	

	16
	ABC transporter B family member 25, mitochondrial 
	104761924
	ABC-Fwd
	CTGCGATTCTGCTGTGTGAT

	
	
	
	ABC-Rev
	ATTGCTGTTGTCAGCCTGTG

	
	
	
	
	

	17
	Blue copper protein-like
	104706373
	BCP-Fwd
	TGTTGCCGTTACTGTCTTCG

	
	
	
	BCP-Rev
	CGTCGCCTACATGGAAAGTT

	
	
	
	
	

	18
	Histidine kinase 4 
	104710113
	HIS-Fwd
	GGTTGCTGGAAACTCACCAT

	
	
	
	HIS-Rev
	AGTGGCTGCAATACGCTCTT

	
	
	
	
	

	19
	F-box protein ETP1-like 
	104746205
	ETP1-Fwd
	GATCCTGCTGGCAAAGAAAC

	
	
	
	ETP1-Rev
	CGAAGTCTTCAGCGATCACA

	
	
	
	
	

	20
	Auxin efflux carrier component 1-like 
	104715837
	AECC1-Fwd
	CGTTCTAACGCTTCGAGGTC

	
	
	
	AECC1-Rev
	TGGAGTCGGGTTTCTTGAAC

	
	
	
	
	

	21
	Pectinesterase/pectinesterase inhibitor 3 
	104745705
	PPI3-Fwd
	TCCGAGTGGGTTCTGATTTC

	
	
	
	PPI3-Rev
	GCGATGAGACACTTGACGAA

	
	
	
	
	

	22
	Acidic endochitinase-like 
	104706706
	AE-Fwd
	GTCAGTCTCGTGGCATCAAG

	
	
	
	AE-Rev
	CCTCCCAAGAAGTTGTTCCA

	
	
	
	
	

	23
	ABC transporter B family member 27-like 
	104719566
	ABCB-Fwd
	CAGGAGGACAGAAGCAAAGG

	
	
	
	ABCB-Rev
	CCTGCCATTAACGAGTCCAT

	
	
	
	
	

	24
	Expansin-A10 transcript variant X2
	104756862
	EXP1-Fwd
	GCCATGCAGAAGAAGAGGAG

	
	
	
	EXP1-Rev
	TTGATCGCAGCTGAGTGAAC

	
	
	
	
	

	25
	ABC transporter I family member 17 
	104787845
	ABC17-Fwd
	ACCTGCTTCCACCATTGTTC

	
	
	
	ABC17-Rev
	ACGTTTGCATGCTACACAGC

	
	
	
	
	

	26
	Glutathione S-transferase TCHQD 
	104713397
	GSTF6b-Fwd
	CTTGAATGGATGCGGAAGAT

	
	
	
	GSTF6a-Rev
	TCTGGAGACTCAGCCATCCT

	
	
	
	
	

	27
	Superoxide dismutase (Fe)1
	104717759
	SOD1-Fwd
	TGCTTCAACTGCTGTTACCG

	
	
	
	SOD1-Rev
	GTCCACGTAAGCCCTGTGAT

	
	
	
	
	

	28
	Peroxidase 9 
	104777596
	PAX9-Fwd
	CAACTGTACTGAGCGGTGGA

	
	
	
	PAX9-Rev
	GGAGTTTGGTGCAGGAATGT

	
	
	
	
	

	29
	Catalase-2 
	104729703
	CAT2-Fwd
	CTGCCAAACTCTCGACAACA

	
	
	
	CAT2-Rev
	TGTTCCATACAGGAGCACCA

	30
	Actin-2 
	104765739
	Act-2- Fwd
	GGCTCCTCTTAACCCAAAGG

	
	
	
	Act-2- Rev
	GCGTACAGGGAGAGAACAGC

	
	
	
	
	

	31
	Tubulin alpha-1 
	104700952
	TUB1-Fwd
	ATGCTTTCCTCCTATGCGCC

	
	
	
	TUB1- Rev
	TGTTGGAGGGTTCAAAGACGG

	
	
	
	
	

	32
	Ubiquitin-NEDD8-like protein RUB2 
	104781973
	ULK1- Fwd
	TCAGCTGACTCGATTGCTCA

	
	
	
	ULK1- Rev
	CCCGCATAGATGAGCCTGAA

	
	
	
	
	

	33
	Elongation factor 1-delta 1 
	104741624
	EF-1- Fwd
	CTGGATTGAAGAAGCTCGATG

	
	
	
	EF-1- Rev
	GATGTCCACAACCAAGCTGA

	
	
	
	
	

	34
	Serine/threonine-protein phosphatase PP2A-3 catalytic subunit 
	104792136
	PP2A-Fwd
	GCGCTTCGAGAAAGAGAGAG

	
	
	
	PP2A-Rev
	GGGACAGCCCTAACCCTAAA

	
	
	
	
	

	35
	TIP41-like protein 
	104729801
	TIP--Fwd
	TAGGAGCAAACCTTCCCAGC

	
	
	
	TIP- Rev-
	TTTCTCTCAACCTGCGCTTC

	
	
	
	
	

	36
	18S rRNA (guanine-N (7))-methyltransferase 
	104734110
	18SM- Fwd
	GCCGTTCGTTTCTTTCATCCAC

	
	
	
	18SMM- Rev
	AGTATACTTCCGAGCTTCCGTTTC

	
	
	
	
	

	37
	glyceraldehyde-3-phosphate dehydrogenase GAPB
	104757901
	GAPD- Fwd
	AGTGCCATTCACTCTTTCCCT

	
	
	
	GAPD- Rev
	GGCTGTGATCTGTGCAGCTA

	
	
	
	
	

	38
	Exocyst complex component SEC3A
	104777680
	SEC3A- Fwd
	GGATCGAAGGAACCAAACAA

	
	
	
	SEC3A- Rev
	ATTTGACGGAAAGAGCGAGA

	
	
	
	
	

	39
	Transmembrane 9 superfamily member 1-like
	104769611
	TEM-1- Fwd
	TTCACGATGCCGTCTTCCTC

	
	
	
	TEM-1- Rev
	GGCCAACTTTGTTCACCCAC

	
	
	
	
	

	40
	Ubiquitin-like protein 1 
	109130188
	UBl-Fwd
	TTGCTTGGATCAAGGAACGG

	
	
	
	UBl- Rev
	GACTACCAGGTTGGAGGTCG

	41
	Electron transfer flavoprotein-ubiquinone oxidoreductase
	104793272
	FUO- Fwd
	CGTGTGTATTCATGTTACTCCATTG

	
	
	
	FUO-Rev
	CTCCACCTCCTTCAGGCAC


.








For the study, genes that were used to select the best reference genes were FUO, SEC3A, 18SM, EF1, PP2A, UBI, TUB1, ACT2, GAPD, TIP, TEM1 and ULK1. These 12 probable genes were selected based on previous studies and had been identified as stable in the majority of flora. The fold change data obtained after qRT PCR of these genes was used in RefFinder to identify the most stable reference genes when the plant was treated with 0.001% and 0.1% of Al2O3-NP and compared with control. The mean of the top three most stable reference genes was used as reference gene for analysis. The genes that were used to measure the oxidative stress include PAX9, GSTF6a, SOD1 and CAT2.These genes are the most commonly used in previous research to measure the oxidative stress in plants if any when the plants are exposed to any stress.  The genes of interest used for this study to investigate the formation and growth of the root of Camelina sativa includes: ABC17, A1E, GS4, AAMT1, EXP1, KIN21, CAP2, PAX9, HIS, GSTF6a, SOD1, AE, ABC, SHE1, ABCB, AKT1, BHLH83a, X1, ERTF1B, GSTF6b, PPI3, EIS3, CAT2, ETP1, AATPS, VAMP722, BCP, AECC1 and BHLH83(b). These group of 29 genes that are selected play important roles in the growth and overall root formation in plants. Some of the roles include root stress tolerance, sugar metabolism, intercellular signaling molecule, epidermis development, root morphogenesis, toxin metabolic processes, sodium ion transport across the cells, association with Ca++ signaling during Al stress in any state etc. The gene expression analysis of these selected genes provides vital information about how these functions within the root cells are affected that lead towards the poor formation and growth of the root in plant system.


CHAPTER 3: RESULTS
3.0 Phenotypic measurements
3.1. Root Length
[bookmark: _Int_Xt8YsrvN]Potential effects of varying Al2O3-NP concentrations (0% - 1%) on longest root length (RL) were studied.  Results showed that mean root length of the longest root across the treated groups ranged from 0.1847cm ±SD 0.13748 (at 1%) to 4.1793 cm±SD 0.13748 (at 0.001%), with the control group displaying mean root length of 3.7222 cm±SD 0.49365). At two lower concentrations (0.0005%, 0.001%), mean root length slightly increased compared to control, but it was not statistically significant (control vs 0.0005% p=0.624; control vs 0.001% p=0.176). Whereas, at higher concentrations (0.01% - 1%) mean root length was inhibited significantly compared to control (p<0.01). Overall, these results suggest a non-linear dose-response of Al2O3-NP on root length with increased root elongation at lower concentrations and root inhibition at higher concentrations (Fig 1a).
3.2. Root Number
Al2O3-NP was used at various concentrations to study the impact on root numbers (RN) (0% - 1%). The treatment groups' mean root numbers varied, ranging from 0.8814±SD 0.45806 to 1.4655±SD0.62732 while the control had mean root number of 1.3492±SD 0.48055 (Fig. 1b). Root counts increased marginally with Al2O3-NP treatments compared to control at the two lower concentrations (0.0005%, 0.001%), and the difference was not statistically significant (p > 0.99). Whereas higher doses (0.1% and 1%) significantly decreased primary root numbers compared to control (p < 0.01). Overall, the results suggest a non-linear dose-response of Al2O3-NP on root numbers, showing inhibition at higher concentrations (statistically significant) and stimulation at lower concentrations (statistically not significant) (Fig 1b).
3.3. Leaf Number
Potential effects of varying Al2O3-NP concentrations (0% - 1%) on leaf number were examined. The mean leaf number ranged from 2.4483±SD 1.27283 at 0.1% to 5.0508±SD 1.68588 at 0.0005% across treatment groups, with the control group displaying a mean of 3.3175±SD1.76349 (Fig. 1c). At the two lower concentrations (0.0005%, 0.001%), leaf number significantly increased compared to control (p > 0.001). However, at higher concentration (0.1%), leaf number significantly decreased compared to control (p=0.007). In summary, these findings indicate a dose-response relationship of Al2O3-NP on leaf numbers that follows a non-linear pattern (Fig 1c).
3.4. Leaf Length
The impact of varying Al2O3-NP concentrations (0% - 1%) on leaf length (LL) was investigated. It revealed mean leaf lengths ranging from 0.7169 cm±SD0.29836 to 1.4017 cm ±SD 0.68845 across treatment groups, with the control group displaying a mean of 0.7032±SD 0.45754. Notably, significant differences were observed in pairwise comparisons between the control and different concentrations: Control vs 0.0005% (p < 0.001), Control vs 0.001% (p = 0.004). At lower dose (0.0005% and 0.001%), the leaf numbers significantly increased, and the result were statistically significant (Control vs 0.0005%, p < 0.001; Control vs 0.001%, p = 0.004). As the concentration of the dose increased (0.01%-1%), the leaf number decreased compared to previous doses, but the result was not significant (Control vs 0.01%, p = 1; Control vs 0.1%, p = 3; Control vs 1%, p = 1). In conclusion, these outcomes imply a non-linear dose-response correlation between Al203-NP and leaf length (Fig 1d).
[image: ]
Figure 1. presents an assessment of various phenotypic traits in Camelina sativa exposed to a range of Al2O3-NP concentrations (0% to 1%). These traits include root length (a), root number (b), number of leaves (c), and leaf length (d) all compared to control. Each figure shows mean values with an error bar of ±1 SD, and different letters above the bars signify significant differences at p<.05.
3.5. Leaf Width
The impact of varying Al2O3-NP concentrations (0.0005% - 1%) on leaf width (LW) was investigated. The descriptive statistics revealed that the mean leaf widths ranged from 0.2492 cm±SD0.11622 to 0.3828 cm±SD 0.23406 across treatment groups, with the control group displaying a mean of 0.2492 cm±SD0.11622. Significance tests indicated notable differences in pairwise comparisons between the control and different concentrations: Control vs 0.0005% (p < 0.001), Control vs 0.001% (p < 0.001), Control vs 0.01% (p = 0.504), Control vs 0.1% (p = 0.003), and Control vs 1% (p = 0.002). These findings highlight a concentration-dependent impact of Al2O3-NP on leaf width, emphasizing the significance of nanoparticle exposure on plant morphology. At lower doses (0.0005%, 0.001%), the leaf width increased compared to control but almost similar at 0.01%. Further increased in doses, the leaf width increased showing dose dependent nonlinear response of Al2O3-NP on leaf width (Fig 2a).
3.6. Effect of Al2O3-NP on Seed Germination
The investigation explored potential effects of varying Al2O3-NP concentrations (0% - 1%) on germination rate. The data revealed mean germination rates ranging from 18.67 to 19.67 across treatment groups, with the control group exhibiting a mean of 21.00. Multiple comparisons using indicated no significant differences in pairwise comparisons between the control and different concentrations: Control vs 0.0005% (p = 0.874), Control vs 0.001% (p = 0.758), Control vs 0.01% (p = 0.495), Control vs 0.1% (p = 0.758), and Control vs 1% (p = 0.874). These findings suggest that Al2O3-NP concentrations did not significantly impact germination rates compared to the control, indicating a lack of dose-dependent response in this context with nonlinear relation (Fig 2b).
3.7. Shoot Fresh Weight
[bookmark: _Hlk157604074]Upon analyzing the fresh shoot biomass of Camelina sativa in response to Al2O3-NP treatments, the data presents a nuanced pattern rather than a clear dose-dependent response. The data showed the highest mean biomass at the lowest nanoparticle concentration (0.0005%) with a mean of 1.95667 mg SD± 1.183639, indicating considerable variability. As concentrations increase, there is a decrease in mean biomass, with 0.001% at 1.77967 mg ±SD ± 0.2640764, p=1), and 0.01% at 0.82033 mg ±SD.2523516, p=0.310), until reaching the lowest at 0.1% with a mean of .21433 mg ±SD.0315647, p=0.121). At the highest tested concentration (1%), there is a slight increase in biomass mean to .22500 mg ±SD 1.094212, p=0.110). These results suggest a non-significant influence of Al2O3-NP on biomass at different doses. (Fig 2c).
 3.8. Shoot Dry Weight
[bookmark: _Hlk157604399][bookmark: _Hlk157604175][bookmark: _Hlk157604228]The control group exhibited the most substantial mean biomass, approximately 0.215 mg±SD 0.049. In treatment, the data shows a decrease in mean biomass with an increase in NP concentration, with the lowest biomass recorded at the highest NP concentration (1%) at a mean of 0.082 mg ±SD 0.016 (p<0.001). Interestingly, the mean biomass for the 0.1% NP concentration group was slightly lower at around 0.054 mg±SD0.004933 (p=<0.001), which hints at a non-linear response to the nanoparticle treatment. The higher concentrations of NP (0.1% and 1%) demonstrate a significant reduction in biomass compared to the control group (p= 0.001 for both concentrations). This significant effect underscores a potent influence of the nanoparticles at these concentrations. The data does not suggest a linear dose-response relationship, which would typically present a consistent pattern of biomass reduction with increasing NP levels. Instead, the significant biomass reduction at the 0.1% concentration, more so than at 1%, indicates a non-linear response (Fig 2d).
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Figure 2. presents an assessment of various phenotypic traits in Camelina sativa exposed to a range of Al2O3-NP concentrations (0% to 1%). These traits include leaf width (a), germination rate (b), shoot fresh weight (c), shoot dry weight (d) all compared to control. Each figure shows mean values with an error bar of ±1 SD, and different letters above the bars signify significant differences at p<.05. 
3.9. Root Fresh Weight
The study analyzed the effects of Al2O3-NP on fresh root biomass at different concentrations. The control group shows a relatively high mean root biomass of approximately 0.1417 mg±SD 0.020429, indicating consistent growth without treatment. As the concentration of Al2O3-NP increases, there is a decrease in mean root biomass, with the lowest mean observed at the highest concentration of 1% (mean of 0.04367±SD 010214, p=0.033). The results also indicate that the 0.1% treatments have a statistically significant reduction in root biomass compared to the control, with p-values of 0.05. These values suggest that higher concentrations of Al2O3-NP correlate with a considerable decrease in root biomass. The non-linear pattern of response is highlighted by the fact that the 0.1% concentration has a more significant mean difference from the control compared to the 1% concentration. This suggests a complex interaction between nanoparticle concentration and root biomass that does not follow a straightforward dose-response relationship (Fig 3a).
3.10. Root Dry Weight
The research investigated the effects of varying concentrations of Al2O3-NP on the dry root biomass. The control group has a mean root biomass of 0.032 mg±SD 0.008). With the introduction of nanoparticles, a trend emerges: the mean biomass decreases with increasing nanoparticle concentration. The 1% treatment concentration has the lowest mean biomass at 0.0123±SD 0.0025 (p=0.194), indicating a consistent response within this treatment group. Based on significance, none of the treatment groups show a statistically significant difference from the control group, as all p-values exceed the 0.05 threshold. This suggests that within the range of concentrations tested, there is no statistically significant impact of Al2O3-NP on dry root biomass when compared to the control under the conditions of this experiment. The decrease in mean biomass with increased nanoparticle concentration does not translate into statistical significance, and thus no dose-response relationship can be established from this data alone. Further research, possibly with a broader range of concentrations might be required to clarify the effects of Al2O3 nanoparticles on root biomass (Fig 3b). The water content increased in root treated with 0.0005% (0.14533 mg) compared with control (0.10967 mg) but as the concentration of nanoparticles increased, the amount of water content in root decreased (0.001%= 0.12300 mg, 0.01%=0.09434 mg, 0.1%=0.03466 mg and 1%=0.03134 mg). This shows as the treatment dose increased, the root water content decreased.
3.11. Shoot Length
The mean shoot length in plants treated with different concentrations of Al2O3-NP shows varied responses. At 0.0005% concentration, the mean shoot length (1.7898cm±SD 0.24614) is higher than the control (1.4778 cm±SD 0.30185), and is significantly different, as indicated by the low p>0.001) in the. For the 0.001% treatment, shoot length mean (1.8190 cm ±SD 0.38364) values is significantly higher than the control with p-values less than 0.01, suggesting that this treatment also stimulates shoot growth. The highest concentration, 1%, results in a lower mean shoot length (0.6644±SD0.39425) compared to the control, which is significantly different (p < 0.001). The standard deviation increases with concentration up to 0.01%, suggesting more variability in the shoot length at these concentrations. However, at 1% concentration, the variability is slightly less but still higher than the control group (Fig 3c).
3.12. Root/Shoot Ratio
The data for the root to shoot ratio in plants treated with aluminum Al2O3-NP reveal a dose-dependent response. At the lowest concentrations (0.0005% and 0.001%), the mean root to shoot ratio values are 2.2573±SD 0.58786 and 2.3888±SD 0.82720, respectively, which do not significantly differ from the control group's mean of 2.6325±SD 0.69652. An increase in concentration to 0.01% results in the highest mean root to shoot ratio of 2.6407±SD 3.04433, indicating a significantly stimulatory effect on the root growth compared to shoot growth (p < 0.001). The trend reverses at the highest concentration (1%), where the mean root to shoot ratio plummets to 0.3383±SD 0.29895), significantly lower than the control (p < 0.001), suggesting a toxic effect at this level (Fig 3d).
[image: ]
Figure 3. Bar plots depicting various phenotypic traits in Camelina sativa exposed to a range of Al2O3-NP concentrations (0% to 1%). The traits include root fresh weight (a), root dry weight (b), shoot length (c) and root/shoot ratio (d) compared to control. Each figure shows mean ± 1 SD, and different letters above the bars signify significant differences at p<0.05.
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Figure 4. Photographs showing root of Camelina sativa when treated with different doses of Al2O3-NP: control (a), 0.0005% (b), 0.001% (c), 0.01% (d), 0.1% (e) and 1% (f).
3.13. Biochemical Analysis
3.13.1. Hydrogen Peroxide (H2O2) Content
In our study, the analysis of hydrogen peroxide (H2O2) accumulation in the leaves of plants exposed to varying concentrations (0.0005%-1%) of aluminum oxide nanoparticles (Al2O3-NP) revealed a dose-dependent increase in oxidative stress. Visual assessment through the presence of brown patches on the leaves, which signify H2O2 buildup, showed that leaves exposed to higher concentrations of nanoparticles exhibited more and darker patches compared to those treated with lower concentrations or the untreated control. This direct correlation indicates that higher nanoparticle concentrations lead to increased oxidative stress in plants, as evidenced by the greater accumulation of H2O2, while lower concentrations result in reduced stress levels (5a-f).
[image: A close-up of several seeds

Description automatically generated]
Figure 5. shows the accumulation of Hydrogen peroxide (H2O2) on the leaf of plant exposed to different concentration of Al2O3-NP (a- control, b-0.0005%, c-0.001%, d-0.015, e-0.1% and f-1%).
3.13.2. Malondialdehyde Analysis (MDA)
The comparison of MDA levels across various treatments, with the 0.1% treatment showing the highest mean MDA level at 0.0010725 μmol/g FW±SD 0.00050579, suggesting non-significant variability (p=0.240). The 0.0005% and 1% treatments displayed elevated mean MDA levels of 0.0003425 μmol/g FW±SD 0.00020189 and 0.0004125 μmol/g FW±SD 0.00011266, respectively, and, indicating a moderate degree of variation in the results (p=1 and p=0.240 respectively) but not significant. The 0.001% and 0.01% treatments had lower mean MDA levels of 0.0003350 μmol/g FW±SD 0.00001732 and 0.0003050 μmol/g FW±SD 0.00000577 (p=0.008 and p=0-049 respectively), showing high consistency in the results. In contrast, the control group had the lowest mean MDA level at 0.0002250 μmol/g FW±SD 0.00002646, indicating minimal oxidative stress and consistent results across samples (Fig 6a).
3.13.3. Measure of peroxidase (POD) activity 
The 1% treatment group exhibited the highest mean POD level at 0.02100 per min/g FW±SD 0.013216, indicating substantial variation among the samples but not statistically significant (p=0.060). The 0.1% treatment also showed a raised mean POD level of 0.01800 per min/g FW±SD 0.005164, suggesting moderate variability but not significant (p=0.189). Both the 0.001% and 0.01% treatments had similar mean POD levels of 0.01300±SD 0.003830 and 0.01200 per min/g FW±SD 0.004619 but both are statistically insignificant compared to control (p=0.757 and p=0.876). The 0.0005% treatment presented a lower mean POD level of 0.00900 per min/g FW±SD 0.005033 (p=1). The control group, expected to have the lowest POD activity, had a mean of 0.00800 per min/g FW±SD 0.004619, paralleling the consistency observed in the 0.01% treatment (Fig 6b).
3.13.4. The atomic dioxide radical anion (O2–•) content 
The highest mean level is observed at 0.01% treatment (1.75950±SD0.077488, p=0.006) showing statistically significant. The 0.001% and 0.0005% treatments also show elevated means (1.70175 uMol/g FW±SD 0.040475, p=0.014 and 1.60200 uMol/g FW±SD0.054705, p=0.050 respectively) with lower variations and both statistically significant. Notably, the 0.1% treatment mean (1.47750 uMol/g FW±SD 0.531048, p=1), indicating a wide range of responses and non-significant. The 1% treatment has a mean of 1.57775 uMol/g FW±SD 0.053618, p=0.076). The control group has the lowest mean (1.36925 uMol/g FW±SD 0.085881) with moderate variability. This suggests a general trend of increased superoxide levels with treatment, with variability depending on the concentration (Fig 6c).
3.13.5. Measurement of Root Vigor
[bookmark: OLE_LINK1]The control group exhibited a root vigor mean of 5.8028±SD 3.15033. A significant increase in root vigor was observed at the lowest nanoparticle concentration (0.0005%), with a mean value of 12.0169±SD 1.89123 (p=0.157). This suggests a positive effect of low nanoparticle concentration on root vigor but is not statistically significant. However, as nanoparticle concentration increases, the mean root vigor changes: at 0.001%, the mean is 6.4215±SD 3.58959, p = 1); at 0.01%, there's a significant decrease to a mean of 0.9406±SD 0.28645, p = 0.286); at 0.1%, the mean is 2.7986±SD 1.21378, p=0.691); and at the highest concentration of 1%, the root vigor significantly decreases to a mean of 0.7546±SD 0.53305, p = 0.263) (Fig 6d).
3.13.6. Super Oxide Dismutase (SOD) Content
The data for SOD activity was obtained in Camelina sativa when subjected to varying concentrations of Al2O3-NP, from 0.0005% to 1%, compared to a control. The SOD activity increases from the control's mean value of 0.000283±SD 0.000139 across the nanoparticle treatments, peaking at the 0.01% concentration with a mean of 0.000750±SD 0.000554, p=0.127. Higher nanoparticle concentrations, 0.1% and 1%, yield mean SOD activities of 0.000799±SD 0.000316, p=0.081 and 0.000746±SD 0.000178, p=0.132), respectively. However, none of the treatments show statistically significant differences from the control with the lowest p-value reported as 0.254 (Fig 6e).
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Figure 6. shows the biochemical analysis of Camelina sativa treated with different concentration of Al2O3-NP (0.0005%-1%) compared with control.  Each figure shows mean values with an error bar of ± 1SD, and different letters above the bars signify significant differences at p<.05.

3.14. Gene Expression Analysis
This study delves into the intricate effects of Al2O3-NP on gene expression, examining a spectrum of genes central to vital cellular functions in Camelina sativa’s root. Focusing on the cellular response to stress, the detoxification of heavy metals, and the regulation of growth, the research scrutinizes how these Al2O3-NP, at concentrations of 0.001% and 0.1%, modulate the transcriptional activity within cells in the root. By evaluating the upregulation or downregulation of genes upon exposure to these specific nanoparticle concentrations, the study seeks to shed light on the cellular adjustments or perturbations induced by such environmental factors. A control group, unexposed to nanoparticles, served as the baseline for normal gene expression levels, allowing for a comparative analysis that highlights any significant deviations attributable to nanoparticle treatment.
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Figure 7a. Shows the geomean of ranking values from RefFinder from the most stable reference genes to the least stable.
Fig 7a represents the output from RefFinder, a tool utilized for identifying the most stable reference genes in quantitative Real-Time PCR (qRT-PCR) experiments. This analysis encompassed 12 candidate reference genes, whose stability was assessed based on the geometric mean of their ranking values (Table 1). The genes were ranked according to their expression stability in plants subjected to Al2O3-NP treatments at concentrations of 0.001%, 0.1%, and a control group.
The gene 18S exhibited the highest stability with the lowest geometric mean ranking value of 1.57, followed by GAPD and UBI with values of 3.03 and 3.31, respectively. These three genes, having the lowest geometric mean ranking values, are the most suitable reference genes for normalizing qRT-PCR data in this study. The selection criterion for reference genes is based on the premise that lower geometric mean ranking values correlate with higher gene expression stability under the given experimental conditions. Thus, average value of these three genes-18S, GAPD, and UBI is used in subsequent gene expression analyses involving similar treatments with Al2O3-NP.
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Figure 7b. The heatmap visualizes the delta CT (ΔCT) values for gene expression analysis across a control group and two treatment groups exposed to different concentrations of Al2O3-NP (0.1% and 0.001%). Each row represents a specific gene, while each column corresponds to one of the biological replicates within each treatment group. The color intensity in the heatmap indicates the magnitude of ΔCT values: lighter colors represent higher ΔCT values, indicating lower gene expression levels, and darker colors denote lower ΔCT values, suggesting higher gene expression levels. 
3.14.1. Genes associated with Carbohydrate metabolism
A group of four genes (GS4, A1E, and AATPS) was investigated in response to treatments with two concentrations of Al2O3-NP, 0.001% and 0.10%, alongside a control group. These genes are implicated in carbohydrate metabolism within plant’s root system, playing a role in the synthesis of raffinose family oligosaccharides which act as Osmo protectants, aiding in the plant's ability to endure prolonged desiccation, and are also involved in the trehalose biosynthetic process. For GS4, the gene expression at 0.001% nanoparticle concentration displayed a mean of 1.10525±SD 0.967153 and a non-significant p-value of 0.995, while the 0.10% concentration showed a reduced mean expression of 0.88950 ±SD 0.400342 and a p-value of 0.881, still above the threshold of significance (Fig 8a). A1E gene's expression was slightly increased at the 0.001% concentration, with a mean of 1.25450 ±SD 0.872815, but the high p-value of 0.927 indicated no significant effect, a pattern that continued at the higher concentration with a mean of 1.11975±SD 0.702527, and a p-value of 0.999 (Fig 8b). The AATPS gene followed with a mean expression of 1.22350±SD 0.362521 at the lower concentration, alongside a p-value of 0.943, and at the higher concentration, a mean of 1.05700±SD 0.423724, and a p-value of 0.968 (Fig 8c). 
Collectively, these genes are essential for the plant sugar metabolism; however, the nanoparticle treatment at the tested concentrations did not significantly modify their expression, as indicated by the high p-values across all conditions. The fold changes in gene expression are negligible, and the variation indicated by the standard deviation suggests that the observed changes are within natural biological fluctuation rather than being induced by the nanoparticle treatments. The variability in gene expression is indicated by the standard deviation, with higher values suggesting greater variability among the samples. However, even with this variability, the lack of statistical significance (as indicated by the p-values) suggests that any observed changes in gene expression are within the range of natural biological variation and are not specifically induced by the nanoparticle treatments.
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Figure 8.  shows the gene expression in Camelina  sativa involved in carbohydrate metabolism at a 0.001% concentration of Al2O3-NP. Each bar corresponds to a different gene, with the height reflecting the mean fold change. The error bars indicate the standard deviation (±1 SD), showing the variability in the gene expression response.


3.14.2. Genes associated with Cell signals
This research investigated a set of six different genes (CAP2, EIS3, VAMP722, KIN21, HIS and ETP1) and studied gene expression comparing the effect of two Al2O3-NP treatments (0.001% and 0.1%) against a control (C) on several genes. These genes are involved in intercellular signaling with also implicated in heavy metal tolerance.
For CAP2, the mean gene expression increased with the concentration of nanoparticles: at 0.001%, the mean is 1.59750 ±SD 1.584874 and a p-value of 0.751; at 0.10%, the mean rises to 1.76975 ±SD 1.459065 and a p-value of 0.669. Despite these increases, the changes are not statistically significant, as indicated by p-values greater than 0.05 (Fig 9a). EIS3 shows a decrease in mean expression in response to nanoparticle treatments: 0.83475±SD 0.097678 at 0.001% (p-value 0.855), and 0.82700±SD 0.560886 at 0.10% (p-value 0.848) (Fig 9b). Both are non-significant as well. The expression VAMP722 is higher than the control at the lower nanoparticle concentration (mean 1.12925±SD 0.557731, p-value 0.992) and lower at the higher concentration (mean 0.85400±SD 0.472733, p-value 0.862), but neither change is significant (Fig 9c).
KIN21 also exhibits a non-significant response, with a slight decrease in mean expression at the lower concentration (0.83725±SD 0.339574, p-value 0.856) and an increase at the higher concentration (1.24375 ±SD 0.516527, p-value 0.935) (Fig 9d). HIS presents a mean expression near the control at 0.001% (0.99400 ±SD 0.393482, p-value 0.937) and a slight, non-significant increase at 0.10% (1.06475 ±SD 0.131913, p-value 0.972) (Fig 9e). Lastly, ETP1 shows a decrease in mean expression at the lower nanoparticle concentration (0.74625 ±SD 0.375528, p-value 0.809) and an increase at the higher concentration (1.05450 ±SD 0.658723, p-value 0.967), both non-significant (Fig 9f).
Overall, the collective function of these genes in signaling and heavy metal tolerance does not appear to be significantly affected by the nanoparticle treatments at the concentrations tested, as indicated by the p-values which are all above the threshold for statistical significance. This suggests that, within the scope of this experiment, the nanoparticles at the given concentrations do not significantly alter the gene expression related to the functions under investigation.
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Figure 9.  shows the different gene expression in Camelina  sativa involved in cell signaling at a 0.001% concentration of Al2O3-NP. Each bar corresponds to a different gene, with the height reflecting the mean fold change. The error bars indicate the standard deviation (±1 SD), showing the variability in the gene expression response.
3.14.3. Genes involved in Ion Channel Pathways
Research evaluated the gene expression data for several genes (AKT1, SHE1, AAMT1, ABC, BCP, A1E, ABCB, ABC17) following treatments with 0.001% and 0.1% concentrations of Al2O3-NP, compared to a control group with no doses of nanoparticles. These genes are involved in crucial ion channel pathways, including voltage-gated potassium channel activity, lithium, and sodium ion transport, and are related to mitochondrial ABC transporter and electron carrier activity within cells essential for root growth and development.
For AKT1, there is a significant increase in gene expression at the 0.001% concentration, with a mean of 4.16625 ±SD 5.670937, indicated by a p-value of 0.046, which is below the typical threshold of 0.05 for significance. It might be a part of a signaling cascade that leads to the activation of various stress response elements designed to protect the cell. However, at 0.10% concentration, the expression mean drops to 2.03125 ±SD 1.819887 and a p-value of 0.549, suggesting no significant change from the control (Fig 10a). SHE1 gene expression slightly increases at 0.001% concentration (mean 1.78175±SD 1.372664) with a p-value of 0.662, indicating a non-significant change. This trend continues at 0.10% concentration with a mean of 1.40300 ±SD 0.595596, with the p-value rising to 0.852(Fig 10b). The AAMT1 gene shows a non-significant decrease in mean expression level at 0.001% nanoparticle concentration (0.99675 ±SD 0.429958, p-value 0.939) and a non-significant increase at 0.1% concentration (mean 1.63100±SD 0.557150, p-value 0.737) (Fig 10c).
ABC displayed a decrease in mean expression at both concentrations: mean 0.86025±SD 0.435691 at 0.001% (p-value 0.868) and mean 0.75150±SD 0.513885 at 0.1% (p-value 0.810), none of which are significant changes (Fig 10d). BCP gene expression also does not show significant changes, with a slight increase in mean expression at both concentrations (mean 1.24625±SD 0.94328 at 0.001% and 1.30000±SD 0.90070 at 0.10%) and p-values of 0.931 and 0.905 respectively (Fig 10e). For A1E, the mean expression is slightly above the control at 0.001% (mean 1.25450±SD 0.872815, p-value 0.927) and below at 0.10% (mean 1.11975±SD 0.702527, p-value 0.999), both without statistical significance (Fig 10f). ABCB shows a non-significant decrease in mean expression at 0.001% (mean 0.85325±SD 0.574929, p-value 0.864) and an increase at 0.10% (mean 1.11175±SD 0.651693, p-value 0.996) (Fig 10g). Lastly, ABC17 exhibits an increase in mean expression at both concentrations with non-significant p-values (mean 1.18550±SD0.409984 at 0.001% and 1.32900±SD0.547866 at 0.1%, with p-values of 0.963 and 0.890 respectively) (Fig 10h).
Collectively, these genes' involvement in ion channel and transporter functions suggests that they play a significant role in maintaining cellular homeostasis and responding to environmental stressors. However, the exposure to nanoparticles at the tested concentrations does not significantly alter their expression levels. The only exception is AKT1 at the lower concentration, which shows a statistically significant change. However, without further biological replication and additional experiments to validate this finding, we could not conclude a definitive effect of the nanoparticle treatment. The fold changes relative to the control indicate varying degrees of gene regulation, but given the non-significance in most cases, these variations fall within the expected biological variability and do not suggest a consistent pattern of response to nanoparticle exposure.
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Figure 10.  shows the different gene expression in Camelina  sativa involved in Ion channel pathways at a 0.001% concentration of Al2O3-NP. Each bar corresponds to a different gene, with the height reflecting the mean fold change. The error bars indicate the standard deviation (±1 SD), showing the variability in the gene expression response.


3.14.4. Genes associated with Root growth/Hairs formation
The data details the expression levels of seven genes (BHLH83a, ERTF1B, X1, BHLH83B, AECC1, PPI3, and EXP1) after exposure to two concentrations of Al2O3-NP (0.001% and 0.1%) compared to a control group. These genes have been identified as contributing to root growth dynamics, such as increasing the relative growth rate of roots, the development of root hairs, mitigation of aluminum-induced root growth inhibition, root initiation control, and the promotion of root cell elongation.
BHLH83a gene expression levels decrease slightly in response to nanoparticle treatments, showing a mean of 0.79450±SD 0.199172 at 0.001% and 0.78475±SD 0.263056 at 0.1%, with corresponding p-values of 0.834 and 0.827, respectively. These changes are not statistically significant as the p-values are well above the 0.05 threshold (Fig 11a). ERTF1B shows an increase in mean gene expression with a higher nanoparticle concentration: 1.31500±SD 1.050112 at 0.001% and 1.75800±SD0.914470 at 0.1%, with p-values of 0.895 and 0.675, respectively, indicating no significant change as the p-values do not meet the conventional significance threshold (Fig 11b). X1 has mean expression levels that are slightly above the control for both nanoparticle concentrations (1.11425±SD 0.467650 at 0.001% and 1.11850±SD0.732353 at 0.10%) with p-values of 0.916 and 0.912. The changes are non-significant, showing that the treatments have little to no effect on this gene (Fig 11c).
BHLH83b also has a non-significant response to the treatments, with a mean of 0.85975±SD0.203064 at 0.001% and 1.15675±SD0.488840 at 0.10%, and p-values of 0.867 and 0.980, respectively, suggesting that the gene expression is not significantly affected by the nanoparticles (Fig 11d). AECC1 is the standout in this dataset, showing a considerable and significant increase in mean expression at both concentrations of nanoparticles: 5.73650±SD8.876638 at 0.001% (p-value 0.003) and 4.39750±SD6.613366 at 0.10% (p-value 0.032). These p-values indicate that the changes in gene expression are statistically significant and could be attributed to the nanoparticle treatment. It may be overexpressed as part of a regulatory feedback loop that modulates the expression of other genes, amplifying the response to stress (Fig 11e). PPI3 and EXP1 do not exhibit significant changes, with PPI3 showing a slight increase at 0.001% (mean 1.18975±SD0.327497, p-value 0.961) and a decrease at 0.10% (mean 0.95400±SD0.272018, p-value 0.914), and EXP1 displaying an increase at 0.001% (mean 1.25825±SD0.643570, p-value 0.925) and a decrease at 0.10% (mean 1.01900±SD0.252964, p-value 0.948) (Fig 11f,g).
In summary, most genes analyzed do not exhibit changes in expression in response to the Al2O3-NP treatments, apart from AECC1, which exhibits a significant upregulation. This suggests that while most of the genes related to root growth and development are not notably impacted by the nanoparticle concentrations used in this study, AECC1 may be sensitive to these treatments and could play a role in mediating the plant's response to nanoparticle exposure. These findings underscore the complex nature of gene responses to external stimuli and the importance of considering individual gene sensitivities in ecological and agricultural biotechnology applications.
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Figure 11.  shows the different gene expression in Camelina  sativa involved in root growth at a 0.001% concentration of Al2O3-NP. Each bar corresponds to a different gene, with the height reflecting the mean fold change. The error bars indicate the standard deviation (+/1 SD), showing the variability in the gene expression response.

3.14.5. Genes associated with oxidative stress
The study investigated the gene expression levels of five genes (GSTF6a, GSTF6b, SOD1, PAX9, CAT2) after exposure to two different concentrations of Al2O3-NP (0.001% and 0.10%) compared to a control group. The genes studied are associated with various protective functions within the cell, such as detoxification of heavy metals, alleviation of phosphate deficiency, energy provision to combat oxidative stress, and protection of cellular macromolecules from reactive electrophiles like aluminum ions. They are also key in shielding the cell from lipid, protein, and DNA oxidation, and in preventing oxidative damage caused by free radicals and peroxides.
GSTF6a shows a decrease in mean expression at 0.001% Al2O3-NP concentration (0.44325±SD 0.243078) and a p-value of 0.660, indicating no significant change from the control. At 0.1% concentration, the mean expression is closer to the control (0.91250±SD 0.853064) and a p-value of 0.893, which also suggests non-significance (Fig 12a). GSTF6b exhibits an increase in mean expression at both nanoparticle concentrations (1.61300±SD0.680206 at 0.001% and 1.92500±SD1.344216 at 0.1%) with p-values of 0.744 and 0.597, respectively. Although there is an upward trend, the changes are not statistically significant as the p-values do not reach the typical threshold of significance (p < 0.05) (Fig 12b). SOD1 shows an increased mean expression at the lower nanoparticle concentration (1.69625±SD1.080277) with a p-value of 0.703, and a decrease in mean expression at the higher concentration (1.28200±SD1.344216) with a p-value of 0.915. Neither of the results are statistically significant (Fig 12c).
PAX9 also does not demonstrate significant changes in gene expression, with mean levels slightly above the control at 0.001% concentration (1.37350±SD0.511130, p-value 0.865) and slightly below at 0.1% concentration (1.07975±SD0.411970, p-value 0.980) (Fig 12d). CAT2 is an outlier, showing a substantial mean increase in expression at 0.001% concentration (2.90125±SD4.125254) with a p-value of 0.242, which suggests potential significance but does not strictly meet the conventional cutoff for statistical significance. At 0.1%, the mean expression decreases to 1.11625±SD0.649782 with a very high p-value of 0.999, indicating no significant change (Fig 12e).
In summary, the collective functions of these stress related genes suggest a robust cellular mechanism for coping with stress, particularly oxidative stress, and heavy metal toxicity. The significant change in the CAT2 gene at 0.001% concentration may suggest a dose-dependent response to nanoparticle exposure, which merits further investigation. However, for the other genes, the changes in gene expression do not appear to be significant under the conditions tested. These results indicate that the nanoparticle concentrations used do not generally lead to a substantial alteration in the expression of genes involved in cellular protection and stress responses, except for CAT2 at the lower concentration. This points to a nuanced interaction between nanoparticle exposure and gene expression, highlighting the importance of considering both concentration and the specific genetic pathways when assessing the impact of nanoparticles on cellular functions.
The overall gene expression profiles of a range of genes after treatments with two Al2O3-NP concentrations, 0.001% and 0.10%, as compared to a control. The genes are involved in various critical cellular functions such as stress response, metal detoxification, and growth regulation. Overall, the expression levels show variability across different genes and treatments. Most gene expression changes are not statistically significant, with p-values generally above the standard significance threshold of 0.05, suggesting that the nanoparticles at these concentrations do not drastically impact these genes' expression.
However, a couple of genes stand out for their response to nanoparticle exposure. The gene AKT1 shows a statistically significant increase in expression at the lower concentration of nanoparticles, with a p-value of 0.046. Likewise, AECC1 demonstrates a significant upregulation at both tested concentrations, with p-values of 0.003 and 0.032, suggesting a dose-responsive behavior. These findings highlight the potential for specific genes to be sensitive indicators of nanoparticle exposure, which could be crucial for understanding the biological impacts of nanoparticles. This knowledge is essential for the development of safety guidelines for nanoparticle usage and for the assessment of their ecological and health-related effects.
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Figure 12.  shows the different gene expression in Camelina sativa involved in cell oxidative stress at a 0.001% concentration of Al2O3-NP. Each bar corresponds to a different gene, with the height reflecting the mean fold change. The error bars indicate the standard deviation (±1 SD), showing the variability in the gene expression response.
CHAPTER 4: DISCUSSION
With rapid progress in nanotechnology, potential release of nanomaterials in the environment is expected. While research on the toxicological effects of nanoparticles is documented in different plants, investigations into potential effects of Al2O3-NP in an oil crop, C. sativa, is far too limited. C. sativa is an underutilized member of Brassicaceae rich in health promoting omega-3 fatty acids and tocopherols, but its use in food application has not been fully explored (Belayneh et al., 2017). Herein, the potential dose-dependent effects of Al2O3-NP on various plant growth parameters were investigated, contributing to the body of knowledge on nano phytotoxicity in C. sativa. The findings of this study showed both the stimulatory and inhibitory effects on plant growth, depending on the concentration of the Al2O3-NP. This non-monotonous or biphasic response of Al2O3-NP concurs with previous research but also provides new insights into the complexity of NP interaction with the plant system.
4.1. Phenotypic effects
Root growth is known to be inhibited upon abiotic stress such as exposure to nanoparticles (Munzuroglu and Geckil 2002; Wang et al., 2001). Root growth parameters, including root length and number, exhibited a biphasic response to Al2O3-NP. At lower concentrations (0.0005% - 0.001%), a significant increase in root length and number was observed (p < 0.005), which is consistent with previous studies (Chahardoli et al., 2020; Burklew et al., 2012) whereby lower concentrations of Al2O3-NP stimulated root growth. However, with higher Al2O3-NP concentrations (0.01% - 1%), root growth was inhibited (Fig. 1a) This finding is supported by previous studies (Yang and Watts, 2005; Yanik et al., 2015) highlighting inhibitory effects of Al2O3-NP at higher concentrations likely due to perturbed cell division and root hair development. The significant decrease in root numbers at higher doses (p< 0.01) further underscores the potential phytotoxicity of Al2O3-NP at concentrations beyond 0.1%, highlighting biphasic dose-response of Al2O3-NP in C. sativa, which may guide nanoparticles use in agriculture. Increased growth of primary roots upon low dose Al2O3-NP treatments as noted in the present study and previous studies may explain potential stimulatory effects (Mustafa et al., 2015; Hayes et al., 2020).
Leaf growth parameters showed similar trends, with an increase in leaf number (at 0.0005% and 0.001%, p˂0.001), and width at 0.0005% (p < 0.001), 0.001% (p < 0.001), 0.1% (p=0.003), 1% (p=0.002), a result consistent with the study by Lin and Xing, 2007.
Unlike the root and leaf growth parameters, germination rate was not affected by our Al2O3-NP (Fig 1c), suggesting no inhibition on early growth and development in C. sativa. These results are consistent with the previously published reports on barley (Akdemir et al., 2021) and lettuce (Lin and Xing, 2007). Despite significant bio uptake of Al2O3-NP in root and leaf of barley, Akdemir et al., 2021 reported no significant inhibition in germination. Likewise, at 2 mg/mL of 60-nm Al2O3-NP treatment, Lin and Xing, 2007 observed no effects on lettuce germination.
A measure of biomass, such as shoot and root weight, is a crucial endpoint for oil and food crops (Schmidt et al., 2015). Our results showed dose-dependent effects of Al2O3-NP in shoot and root biomass in C. sativa. The increase in fresh shoot biomass at lower concentrations (0.0005% to 0.001%) and subsequent decrease at higher concentrations (0.1% and 1%) (p=0.001) are consistent with the previous findings by Burklew et al., 2012 and Juhel et al., 2011, demonstrating a threshold beyond which Al2O3-NP may exert negative phytotoxicity. Whereas dry root biomass was inhibited with increasing Al2O3-NPs concentrations, suggesting a linear dose-response (p > 0.05). 
The observed increase in shoot length under lower Al2O3-NP concentrations (0.001% - 0.01%) compared to control group (p < 0.01), indicates a stimulatory effect of low dose on shoot growth. However, shoot length was significantly inhibited at the highest tested concentration (1%), compared to control (p < 0.001). A study by Owji et al., 2019 reported increased stem length upon Al2O3-NP treatment of 100 μg ml−1in Trigonella foenum over a span of 21 days. 
Overall, these phenotypic responses generally demonstrate a biphasic dose-response of Al2O3-NP on plant biomass, and the growth of root, shoot and leaf, in C. sativa (Burklew et al., 2012). However, germination was found to be unaffected regardless of the dose.  Such stimulatory response as observed at lower doses suggests that low dose nanoparticle treatments might facilitate certain physiological or biochemical processes conducive to growth and development, possibly promoting nutrient uptake efficiency, photosynthetic capacity, and/or growth hormone levels (Shebl et al., 2019; Bala et al., 2019; Faizan et al., 2021).  However, with higher concentrations, detrimental effects are observed, underscoring the critical importance of nanoparticle dosage in agricultural applications depending on the needs. These results highlight the delicate balance between leveraging the positive aspects of nanotechnology for growth enhancement and avoiding concentrations that may have toxic outcomes.
4.2. Oxidative stress responses
In the investigation into the oxidative stress responses of C. sativa to Al2O3-NP, we observed differential effects characterized by the generation of reactive oxygen species (ROS) and the subsequent activation of the plant's antioxidative defense mechanisms. Exposure to Al2O3-NP led to a discernible increase in hydrogen peroxide (H2O2) content, as evidenced by the presence of brown patches on leaves, particularly under higher nanoparticle 0.01%-1%. These results are consistent with the previous report by Poborilova et al. (2013), suggesting that nanoparticles such as Al2O3-NP could induce ROS in plants. Results of the H2O2 were concordant with the malondialdehyde (MDA) levels in leaves, indicating lipid peroxidation of cells due to excess H2O2 production. Previously, Owji et al., 2019 also documented a significant lipid peroxidation in fenugreek treated with Al2O3-NP, and by other studies that linked increased MDA content with nanoparticle-induced oxidative stress in plants (Mittler, 2002; Yanik et al., 2018). The response of antioxidant enzymes in our study further elucidates the plant's mechanism to counteract oxidative stress. Although the increase in peroxidase (POD) activity was not statistically significant (p > 0.05), the increase in POD levels suggests an upregulation of antioxidative defenses in response to Al2O3-NPs exposure. This is consistent with the previous studies (Chakrabarti et al., 2016; Yanik et al., 2015), which reported increased POD activity under AL2O3-NP stress, underscoring the enzyme's role in mitigating oxidative damage.
Additionally, the atomic dioxide radical anion content increased at lower Al2O3-NP concentrations compared to control (0.0005%, 0.001%, 0.01% and 1%, p < 0.005). This pattern highlights nonlinear dynamics between NP concentrations and atomic dioxide radical anion production, suggesting that lower concentrations of Al2O3-NP may prompt an initial oxidative burst that plants might potentially mitigate through antioxidative responses (Abdel et al. 2020). Our findings on root vigor and superoxide dismutase (SOD) content, showing variations across NP concentrations, mirror the results of Riahi-Madvar et al., 2012. Their study indicated that certain concentrations of Al2O3-NP could promote catalase and SOD activities as a defense against oxidative stress.
The collective insights from the present study and other published literature underscore a nonlinear dynamic between NP exposure and oxidative response in plants. While Al2O3-NP at certain concentrations can induce ROS generation and lipid peroxidation, signaling oxidative stress, and in response plants activate antioxidative defense mechanisms, such as peroxidase and superoxide dismutase, to counteract such oxidative stress and to maintain homeostasis. This balance between oxidative stress and antioxidative responses could inform choosing appropriate treatments for crop management. Further research into molecular biology techniques revealed underlying molecular mechanisms behind these responses, where different genes (SOD, CAT2, PAX9) associated with oxidative stress response were overexpressed to protect plant health upon nanoparticle exposure.
4.3. Gene expression
To decipher the physiological and genetic underpinnings of Al2O3-NP toxicity mechanisms in plants, this study investigated gene expression patterns in C. sativa root exposed to varying concentrations (0.001% and 0.1%) of Al2O3-NP and compared with control. By comparing gene expression changes across five functional groups in response to Al2O3-NP treatments (0.001% and 0.1%) and control, we uncovered intricate regulatory mechanisms that plants employ to counteract abiotic stress upon NP exposure. The integration of our findings with previous literature provides a comprehensive molecular response of C. sativa under Al2O3-NP stress, improving our understanding of plant resiliency and adaptability to abiotic NP stress.
4.3.1. Carbohydrate metabolism: The slight downregulation of gene galactinol synthase-4 (GS4) related to carbohydrate metabolism at higher Al2O3-NP concentrations, though statistically not significant, indicates a subtle metabolic reprogramming. Other genes such as Aldose 1-epimerase (AIE) and probable alpha, alpha-trehalose-phosphate synthase (AATPS) were upregulated (p>0.05), suggesting the plant adjustment to cope with Al2O3-NP stress. This is an important observation, considering the role of carbohydrate metabolism in providing the energy and structural components necessary for stress response and adaptation. Similar to our findings, Jin et al., 2017 reported alterations in the transcription of development and nutrition-related genes in A. thaliana, suggesting a broader impact of Al2O3-NP on plant metabolism that warrants further investigation.
4.3.2. Cell signaling: The modulation of genes related to cell signaling, particularly the upregulation of CAP2 and downregulation of EIS3 at higher NP concentrations, reflects the complexity of signaling pathways involved in stress perception and response (Tiwari et al., 2017). Although changes were not statistically significant (p>0.05), it suggests a potential reconfiguration of signaling networks in response to Al2O3-NP exposure. This is in agreement with a recent study by Jin et al., 2017, who also noted the transcriptomic modulation of genes involved in root growth and nutrient uptake, underscoring the interconnectedness of cell signaling with plant developmental processes under nanoparticle stress.
 4.3.3. Ion channel pathways:  Potassium channel AKT1 genes is involved in potassium ion import across plasma membrane and also enables voltage gated potassium channel activity in the cell. The significant upregulation of AKT1 at lower concentrations of Al2O3-NP (p=0.046) points to a possible alteration in ion homeostasis as an early response to NP exposure (Chandran et al., 2008). The upregulation of ion channel and transporter genes has been previously associated with enhanced nutrient uptake and stress tolerance (Jin et al., 2017), highlighting the potential adaptive benefits of such gene expression changes. A putative ABC transporter gene was also upregulated by 3.3-fold in response to Al treatment in Medicago truncatula (Chandran et al., 2008), which is consistent with our findings where genes like SHE1, BCP and AIE were upregulated, though not statistically significant (p>0.05).
4.3.4. Genes related to root growth: Among the genes related to root growth, AECC1 was significantly upregulated across both Al2O3-NP concentrations (at 0.001% p=0.003; at 0.1% p=0.032) highlights the plant's effort to maintain or enhance root development under nanoparticle-induced stress. A recent study by Jin et al., 2017 also reported increased root weight and root length in A. thaliana with Al2O3-NP treatment. Al altered Ca2+ homeostasis in M. truncatula, potentially disrupting numerous biochemical and physiological processes, including genes involved in root growth (Chandran et al., 2008). In our study, genes such as BHLH83a and EXP1 were upregulated at higher concentration and BHLH83b was downregulated at lower concentration. These results underscore the dynamic nature of root growth regulation in response to NP stress.
4.3.5. Genes related to oxidative stress: The response of oxidative stress-related genes, such as the upregulation of GSTFb and SOD1, albeit not statistically significant, mirrors the plant's attempt to mitigate oxidative damage through the activation of antioxidant defenses. This aligns with previous studies (Richards et al., 1998; Delisle et al., 2001; Yamamoto et al., 2001; Boscolo et al., 2003) that reported the upregulation of antioxidant genes in response to Al stress, indicating a common defense strategy against both Al toxicity and nanoparticle-induced oxidative stress. Drawing parallels with previous research enriches our interpretation of the current study's outcomes. The increased transcription of antioxidant-related genes and those involved in plant defense response to pathogens, as noted by Jin et al., 2017, provides a context for understanding the broad spectrum of gene expression changes observed in this study. Furthermore, the work by Hulya et al., 2021 and others highlights the complexity of plant responses to Al2O3-NP, ranging from metabolic adjustments to alterations in nutrient transport, signaling, and antioxidant defense. 
The gene expression changes observed in this study suggest a model wherein Camelina sativa roots respond to Al2O3-NP exposure by fine-tuning metabolic processes, signaling pathways, ion transport mechanisms, root development, and antioxidant defenses. This multifaceted response likely serves to maintain cellular homeostasis, support continued growth, and mitigate the potential oxidative damage associated with nanoparticle stress. Future research should aim to dissect these complex responses further, exploring the underlying regulatory networks and their physiological consequences to enhance our understanding of plant resilience mechanisms against nanoparticle exposure.
This finding of this study suggests a biphasic dose-response of Al2O3-NP in C. sativa, highlighting a role of dose that could differentially modulate plant growth and development through a spectrum of stimulatory and inhibitory responses. At lower concentrations, Al2O3-NP promoted root and leaf development, indicative of plant tolerance to abiotic NP stress. This may be due to metabolic reprogramming and signaling pathway adjustments that could promote nutrient uptake and photosynthesis. However, higher Al2O3-NP concentrations could negatively affect plant growth, likely due to oxidative stress and interference with water and nutrient absorption. This non-monotonic or biphasic response highlights the importance of dose selection for specific NP to harness desired applications and minimize environmental contamination. The findings of this study offer a foundation for future research aimed at unraveling the molecular underpinnings of plant-nano interactions and optimizing nanomaterial use for crop resiliency and productivity.
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CHAPTER 5: CONCLUSION
Our investigation into the effects of Al2O3-NP on plant growth and development has elucidated a complex, concentration-dependent relationship that influences plant growth, stress response, and gene expression. At lower concentrations, Al2O3-NP was found to enhance plant growth metrics, such as root elongation and leaf number, suggesting a potential for promoting plant health and productivity. These positive impacts align with previous research, highlighting the benefits of nanotechnology in agriculture, particularly in improving plant stress responses and antioxidant enzyme activities. However, at higher concentrations, Al2O3-NP exhibited phytotoxic effects, including reduced plant biomass and inhibited root growth, underscoring the critical importance of dosage in the application of nanoparticles.
Our findings on gene expression changes offer deep insights into the molecular mechanisms underlying plant responses to Al2O3-NP exposure. The observed upregulation and downregulation of specific genes associated with root growth and oxidative stress highlights the nuanced cellular responses to nanoparticle-induced stress. This gene-specific and concentration-dependent response further illustrates the complexity of plant interactions with nanoparticles, emphasizing the role of nanoparticles, oxidative stress, and the generation of reactive oxygen species in mediating both positive and negative effects of Al2O3-NP.
Insights gained from this study into the phenotypic and molecular responses of C. sativa to Al2O3-NP exposure lay the groundwork for future research aimed at unraveling the detailed mechanisms underlying plant responses. Further investigations could explore the interplay between these gene expression changes and phenotypic and physiological outcomes, improving our understanding on nano phytotoxicity mechanisms before nanomaterials are widely used in agriculture to improve food, feed, and oil production
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