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[bookmark: _Toc214363739]ABSTRACT
[bookmark: _Toc214354100][bookmark: _Toc214363740][bookmark: _GoBack]This study investigated the physiological and biochemical responses of maize (Zea mays L.) seedlings exposed to varying concentrations of lead nitrate [Pb(NO₃)₂]. Certified maize seeds were subjected to lead treatments of 0, 1, 3, 5, and 7 mM prepared from Pb(NO₃)₂ in a completely randomized design with three replicates. Seeds were surface-sterilized and germinated under controlled conditions for seven days, after which growth parameters including germination percentage, root and shoot lengths, and tolerance index were determined. Biochemical analyses were also conducted to quantify proline accumulation and lipid peroxidation (MDA content) using standard spectrophotometric procedures. The results showed that increasing Pb concentration induced significant physiological stress, reducing germination and seedling growth. Proline content increased with Pb exposure, indicating osmotic adjustment and stress tolerance, whereas MDA levels also increased, reflecting enhanced membrane lipid peroxidation due to oxidative stress. These findings demonstrate that lead toxicity negatively affects maize growth by disrupting physiological and biochemical processes, while the observed increase in proline suggests a protective stress response. The study highlights the need for monitoring heavy metal contamination in agricultural soils to ensure sustainable crop productivity.
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[bookmark: _Toc214363742]1.0                                                        INTRODUCTION
[bookmark: _Toc214363743]1.1 Background of the Study
Heavy metal pollution has emerged as a significant environmental problem globally, with lead (Pb) being among the most toxic and prevalent contaminants. Lead is a non-essential element for plants and is known for its high toxicity even at low concentrations. It accumulates easily in soils and water bodies through industrial emissions, mining activities, transportation, and the excessive use of agrochemicals. Once present in the soil, lead can be absorbed by plants, leading to disturbances in physiological, biochemical, and morphological processes​​.
Maize (Zea mays L.), one of the most widely cultivated cereal crops globally, plays a crucial role in human and animal nutrition and as a raw material in various industries. However, its cultivation is increasingly threatened by environmental pollution, especially heavy metal contamination. Studies have shown that lead uptake by maize seedlings can affect seed germination, inhibit root and shoot elongation, alter mineral mobilization, and disturb the overall growth of plants​. Moreover, lead exposure has been associated with oxidative stress in plants, indicated by changes in antioxidant enzyme activities and biochemical compounds such as proline and lipid peroxidation products​​.
Understanding the impact of lead on maize seedlings' growth and their biochemical responses is essential for developing strategies to mitigate its adverse effects and to promote sustainable agricultural production.

[bookmark: _Toc214363744]1.2 Statement of the Problem
Despite the known toxic effects of lead on plant growth and development, there is still limited comprehensive information on how different concentrations of lead affect both the physiological growth parameters and the biochemical compounds of maize seedlings. There is a pressing need to investigate the specific alterations lead causes during the early stages of maize development to contribute to effective environmental management and crop improvement programs.
[bookmark: _Toc214363745]1.2 Justification of the Study
This study will provide valuable insights into the physiological and biochemical responses of maize to lead contamination. The findings could aid in developing strategies for phytoremediation, selecting lead-tolerant maize varieties, and informing agricultural practices in contaminated areas. Furthermore, the study will contribute to the broader understanding of heavy metal stress in plants, thereby supporting environmental protection and food safety efforts.
[bookmark: _Toc214363746]1.3 Aim and Objectives of the Study
The main aim of this study is to evaluate the effect of lead on the seedlings' growth and biochemical compounds of maize.
The specific objectives are:
i. To assess the effect of different concentrations of lead on maize seed germination and seedling growth (root and shoot length).
ii. To examine the changes in biochemical parameters, including proline content and lipid peroxidation, in maize seedlings exposed to lead stress.

[bookmark: _Toc214363747]CHAPTER TWO
[bookmark: _Toc214363748]2.0                                           LITERATURE REVIEW
[bookmark: _Toc214363749]2.1 Taxonomy and Classification of Maize (Zea mays)
Maize belongs to the Poaceae family, one of the largest and most important families of plants. The genus Zea includes several species, but Zea mays is the most widely cultivated and economically significant. The scientific name of maize, Zea mays L., refers to the species and the binomial nomenclature system introduced by Carl Linnaeus. The taxonomy of maize can be outlined as follows:
· Kingdom: Plantae
· Division: Angiosperms
· Class: Monocotyledons
· Order: Poales
· Family: Poaceae
· Genus: Zea
· Species: Z. mays
Maize is a highly variable species with many different cultivars adapted to various environmental conditions. These include dent corn, flint corn, popcorn, flour corn, and sweet corn, each of which has specific characteristics that make it suitable for particular uses, such as food consumption, animal feed, or industrial applications.
[bookmark: _Toc214363750]2.2 Ecology and Environmental Adaptation
Maize is a warm-season crop with specific environmental requirements for optimal growth. As a C4 plant, maize has a highly efficient photosynthetic pathway that allows it to thrive in warm climates with high light intensity and moderate water availability. The C4 photosynthetic pathway allows maize to concentrate carbon dioxide in its leaves, enhancing photosynthesis and growth efficiency, particularly under high temperatures and conditions where water is limited.
[bookmark: _Toc214363751]2.3 Climate and Soil Requirements
Maize grows best in temperatures ranging from 20°C to 30°C and is highly sensitive to frost. It requires a frost-free growing season to reach maturity. While maize can tolerate a range of soil types, it prefers well-drained, fertile soils with a pH range of 5.5 to 7.0. It has moderate tolerance to drought conditions but thrives in regions with adequate water supply, which is crucial during the flowering and grain-filling stages of development (Tollenaar et al., 2017).
The crop's root system is fibrous and deep, which aids in nutrient and water uptake from deeper soil layers. However, maize is highly sensitive to soil salinity and heavy metal contamination, which can significantly impact its growth and productivity.
[bookmark: _Toc214363752]2.4 Water Requirements
Water is one of the most critical factors affecting maize growth. The crop is sensitive to both water deficits and excesses. During the early growth stages, adequate moisture is essential for seed germination and seedling establishment. Water deficits during the flowering and grain filling stages can result in significant yield losses. Irrigation is commonly employed in regions where rainfall is insufficient, but water management practices must be carefully implemented to avoid waterlogging, which can lead to root rot and reduced oxygen availability.
[bookmark: _Toc214363753]2.5 Growth Stages and Development
Maize undergoes several distinct growth stages, from seed germination to maturity, each of which requires specific environmental conditions:

Germination: The maize seed absorbs water and swells, triggering the growth of the radicle, which anchors the seed in the soil. During this stage, moisture availability is crucial.
Vegetative Growth: During this phase, the maize plant develops leaves, stems, and roots. The plant's photosynthetic activity is highest during this stage, and sufficient light and water are needed for optimal growth.
Flowering: Maize is monoecious, meaning it has separate male and female flowers. The male flowers form the tassel, while the female flowers are contained within the ears. Proper pollination during this stage is critical for kernel development.
Grain Filling: Following successful pollination, the kernels begin to fill with starch and other nutrients. This stage is highly sensitive to environmental stressors like drought and nutrient deficiencies.
Maturity: Maize reaches maturity when the kernels dry, and the plant is ready for harvest. The maize cob turns from green to yellow, indicating the completion of the growth cycle.
[bookmark: _Toc214363754]2.6 Biochemical Composition and Uses
Maize is primarily composed of carbohydrates, with starch being the main constituent, particularly in field maize varieties. It also contains significant amounts of protein, fiber, fats, and various vitamins and minerals, making it an important food source for humans and livestock. Maize is a staple food in many parts of the world, especially in Sub-Saharan Africa, Asia, and the Americas. It is used for direct human consumption, as well as in processed forms such as cornmeal, corn syrup, corn oil, and corn starch.
In addition to its use in food, maize is a critical component of animal feed and is a primary ingredient in the production of biofuels, particularly ethanol. The crop is also used in the manufacturing of industrial products, such as biodegradable plastics and textiles.
Maize (Zea mays L.) is a globally important cereal crop, serving as a staple food, livestock feed, and industrial resource. Its biochemical composition is diverse and contributes significantly to its nutritional value, economic importance, and adaptability to a wide range of environments. Among the major biochemical constituents, carbohydrates form the largest fraction of maize composition, making it a vital energy source. Starch, predominantly composed of amylopectin and to a lesser extent amylose, accounts for approximately 70–75% of the dry weight of the maize kernel (Watson, 2003). Besides starch, simple sugars like sucrose, glucose, and fructose are present in smaller amounts, playing critical roles in energy metabolism and sweetness, particularly in sweet corn varieties. Additionally, structural carbohydrates such as cellulose and hemicellulose are key components of maize cell walls, enhancing its role in forage and bioenergy production.
[bookmark: _Toc214363755]2.6.1 Proteins
Proteins in maize are another essential group of biochemical compounds, although maize protein is relatively low in essential amino acids such as lysine and tryptophan. The major proteins are zeins, which are prolamin storage proteins making up about 50–60% of the total endosperm protein content (Shewry & Halford, 2002). Zeins are categorized into α-, β-, γ-, and δ-zeins based on their solubility and molecular characteristics. Non-zein proteins, including albumins, globulins, and glutelins, also contribute to the nutritional and functional properties of maize. In response to the amino acid deficiencies in conventional maize, breeding programs have developed Quality Protein Maize (QPM) varieties with improved nutritional profiles.
[bookmark: _Toc214363756]2.6.2 Lipids
Lipids, although present in smaller quantities compared to carbohydrates and proteins, are mainly concentrated in the germ and significantly enhance maize’s value. Maize oil is rich in unsaturated fatty acids, notably linoleic and oleic acids, contributing to cardiovascular health benefits (White & Johnson, 2003). Minor lipid components, such as phytosterols and tocopherols (vitamin E), also offer antioxidant properties, making maize oil a nutritionally valuable commodity.
[bookmark: _Toc214363757]2.6.3 Secondary metabolites
Secondary metabolites in maize, although not directly involved in primary metabolism, play crucial roles in plant defense, pigmentation, and human health. Phenolic compounds such as ferulic acid, p-coumaric acid, and various flavonoids are abundant in maize tissues and have strong antioxidant properties (Xu et al., 2010). Anthocyanins, particularly prominent in pigmented maize varieties, not only contribute to kernel coloration but also offer health benefits due to their antioxidant and anti-inflammatory activities. Maize also synthesizes a variety of terpenoids, which are volatile compounds that serve as defense molecules against pests and pathogens. Additionally, alkaloids and benzoxazinoids like DIMBOA play important roles in plant resistance mechanisms.
Furthermore, maize is a source of several vitamins and minerals, although the concentrations vary depending on genotype and environmental factors. It is particularly rich in B-complex vitamins such as niacin, thiamine, and riboflavin; however, the bioavailability of niacin is limited due to its bound form, which traditional processing methods like nixtamalization help release. Minerals like magnesium, potassium, and phosphorus are abundant, although the bioavailability of micronutrients such as iron and zinc is often hindered by the presence of anti-nutritional factors like phytic acid.
Indeed, maize also contains several anti-nutritional compounds. Phytic acid, while serving as a phosphorus reserve for the plant, binds to minerals and proteins, thereby reducing their bioavailability in human and animal nutrition. Similarly, tannins and saponins, present mainly in colored maize varieties, can interfere with protein digestibility but at the same time contribute valuable antioxidant effects.
In conclusion, the biochemical richness of maize underpins its global significance as a food, feed, and industrial crop. Its major constituents starch, proteins, oils, secondary metabolites, vitamins, and minerals not only determine its nutritional and economic value but also provide multiple targets for crop improvement. Advances in breeding and biotechnology continue to explore these biochemical pathways to enhance maize’s yield, stress resilience, and health benefits for both humans and livestock.
[bookmark: _Toc214363758]2.7 Challenges and Environmental Stressors
Despite its agricultural significance, maize faces several environmental challenges that can negatively impact its growth and productivity. These challenges include:
Drought: Water scarcity during critical growth periods can severely reduce yields. Maize's high water demand makes it particularly vulnerable to drought stress, which is exacerbated by climate change.
Pests and Diseases: Maize is susceptible to a range of pests, including the corn borer, corn rootworm, and armyworms, as well as fungal diseases such as maize smut and gray leaf spot.
Heavy Metal Contamination: Pollution from industrial activities has led to the accumulation of heavy metals like lead (Pb), cadmium (Cd), and arsenic (As) in soils, which can adversely affect maize's growth, biochemical composition, and yield (Gao et al., 2018).
Soil Degradation: The overuse of chemical fertilizers, pesticides, and monoculture practices can degrade soil health, reducing maize productivity in the long term.

[bookmark: _Toc214363759]2.8 Lead Contamination in the Environment
Lead (Pb) is recognized as one of the most hazardous environmental pollutants due to its persistence, non-biodegradability, and toxicity to living organisms. Its entry into agricultural soils is mainly through anthropogenic activities such as mining, industrial discharges, the use of lead-based pesticides, and vehicular emissions​​. Once in the soil, lead alters its physical and chemical properties, affecting not only soil fertility but also plant health​.
[bookmark: _Toc214363760]2.9 Lead Uptake and Accumulation in Plants
Plants absorb lead primarily through their roots, with some transportation to aerial parts. However, most of the absorbed lead tends to accumulate in the root tissues, limiting its movement to the shoots​​. In maize, studies have shown that the lead concentration is significantly higher in roots compared to shoots. At elevated concentrations, lead binds to the cell walls and precipitates as insoluble salts, thereby disrupting cellular functions​.
Bashmakov et al.  (2017) further observed that lead accumulation in maize seedlings was concentration-dependent, with notable deposition in conductive tissues and a progressive impact on biomass production at higher Pb levels​.
1. Effects of Lead on Seed Germination
Lead (Pb) is a heavy metal known for its toxicity to plants, even at low concentrations. Several studies have explored the impact of lead on seed germination, which is a critical stage in the plant's life cycle. Lead exposure during germination can significantly affect seedling establishment, causing reduced germination rates and slower seedling growth.
A study by Alia et al.  (2000) indicated that lead toxicity inhibits seed germination by disrupting the enzymatic activities that are crucial for the metabolic processes in seeds. Similarly, Khan et al.  (2008) observed a marked decrease in the germination percentage of various plant species when exposed to Pb concentrations, suggesting that the metal interferes with water uptake and disrupts cellular respiration in seeds.
Lead has also been shown to affect the integrity of the seed coat, reducing permeability and thus limiting water absorption. This, in turn, limits the ability of the seed to initiate germination. Moreover, Sajjad et al.  (2012) noted that Pb stress may trigger oxidative stress in seeds, generating reactive oxygen species (ROS) that damage cellular structures, including DNA and membranes, further impeding germination.
In addition to the direct effect of lead on seed metabolism, Pb-induced soil contamination can exacerbate the effect, as lead ions are often available in the soil solution and easily absorbed by the seed during the imbibition process. The impact varies across species, with some being more sensitive to Pb exposure, while others exhibit a certain degree of tolerance.
[bookmark: _Toc214363761]2.10 Effects of Lead on Seedling Growth
The effects of lead on seedling growth have been widely studied, as it is a critical stage where plants are most vulnerable to environmental stressors. Lead toxicity during seedling growth leads to stunted growth, poor root development, and chlorosis, reflecting the inhibition of photosynthesis and nutrient uptake.
Research conducted by Erdem et al.  (2009) showed that lead exposure significantly reduced root and shoot length in various plant species, including beans and sunflowers. The study also observed a decrease in the chlorophyll content of seedlings, indicating that lead interferes with photosynthetic pigment synthesis, thereby affecting the plant’s ability to convert light energy into chemical energy.
One of the primary mechanisms by which lead affects seedling growth is through the disruption of nutrient uptake. Lead ions can compete with essential elements like calcium, magnesium, and potassium at the root surface, leading to nutrient deficiencies that further hinder growth. Additionally, Akinmoladun et al.  (2013) reported that lead exposure disrupts cell division and elongation, particularly in the root system, resulting in shorter roots and a diminished ability to anchor the plant.
Lead also induces oxidative stress in seedlings, as evidenced by increased levels of malondialdehyde (MDA) and hydrogen peroxide (H2O2), markers of lipid peroxidation. Gill and Tuteja (2010) indicated that lead causes an imbalance between the production of ROS and the plant’s antioxidant defense system, leading to cellular damage and growth inhibition.
Interestingly, some studies have explored the potential for certain plants to exhibit lead tolerance mechanisms. Mahmood et al.  (2015) found that plants with higher antioxidant enzyme activity showed better growth in lead-contaminated environments, suggesting a possible avenue for breeding or selecting Pb-tolerant crops.
In summary, lead has detrimental effects on seedling growth, primarily through oxidative damage, nutrient interference, and the inhibition of photosynthetic processes. However, some plant species possess mechanisms of tolerance that could be exploited for developing more resistant varieties.
[bookmark: _Toc214363762]2.11 Plant Biochemical Responses to Lead Stress
Lead (Pb) is a toxic heavy metal that poses a significant environmental threat, especially in agricultural systems. Its presence in soil and water has been shown to adversely affect plant growth, development, and productivity. Plants, however, possess various biochemical mechanisms to cope with Pb stress, though these responses often depend on the species, Pb concentration, and exposure duration. Understanding these biochemical responses is crucial for improving plant tolerance to Pb contamination, which could be key in mitigating the harmful effects of lead pollution.
[bookmark: _Toc214363763]2.12 Effect on Photosynthetic Pigments
One of the earliest biochemical responses of plants to Pb stress is the alteration in the synthesis and composition of photosynthetic pigments. Lead exposure often leads to a decrease in chlorophyll content, particularly chlorophyll-a and chlorophyll-b. Nabi et al.  (2015) demonstrated that Pb stress induced chlorosis in several plant species by impairing the synthesis of chlorophyll, thereby reducing photosynthetic efficiency. This reduction in photosynthetic capacity is a result of Pb's interference with the light-harvesting complexes in the thylakoid membrane and the degradation of chlorophyll. As a consequence, plants exhibit stunted growth, reduced biomass production, and impaired energy conversion processes, which are critical for survival under heavy metal stress.
2.13 Lipid Peroxidation and Oxidative Stress
Lead exposure has been strongly linked to oxidative stress in plants. Pb triggers the accumulation of reactive oxygen species (ROS) such as superoxide radicals (O2•−), hydrogen peroxide (H2O2), and hydroxyl radicals (OH•). ROS are highly reactive and can cause severe damage to cellular components, including lipids, proteins, and nucleic acids. Liu et al.  (2013) reported that Pb-induced ROS generation leads to lipid peroxidation, a process that results in the production of malondialdehyde (MDA), a widely recognized marker of oxidative damage. The accumulation of MDA is indicative of cell membrane damage, which can compromise cell integrity and function, further hindering the plant's growth and development.
To counteract oxidative stress, plants activate their antioxidant defense systems, which include enzymes such as superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD), as well as non-enzymatic antioxidants like ascorbic acid and glutathione. Zhang et al.  (2016) observed that plants exposed to Pb stress exhibit an increase in the activity of these antioxidant enzymes, indicating an attempt to scavenge ROS and protect against oxidative damage. However, under prolonged Pb exposure, the plant's antioxidant defense system may become overwhelmed, leading to irreversible damage.
[bookmark: _Toc214363764]2.14 Alteration of Biochemical Pathways
Lead affects various metabolic pathways in plants, including those involved in nutrient uptake and assimilation. Pb competes with essential nutrients such as calcium (Ca²⁺), magnesium (Mg²⁺), and potassium (K⁺), which are vital for cellular function. Chakrabarty et al.  (2010) highlighted that Pb can disrupt calcium signaling by blocking Ca²⁺ channels in plant cells, which is crucial for many cellular processes, including enzyme activation and ion transport. The inhibition of nutrient uptake exacerbates Pb toxicity, leading to deficiencies in critical elements that further impair plant metabolism.
In addition, Pb interferes with nitrogen metabolism by inhibiting nitrate reductase and glutamine synthetase activities. Tiwari et al.  (2013) demonstrated that Pb exposure decreased the synthesis of amino acids and proteins, crucial for plant growth. Similarly, Pb reduces the synthesis of plant hormones such as auxins, which play a significant role in cell division and elongation, further contributing to reduced growth under stress conditions.
[bookmark: _Toc214363765]2.15 Heavy Metal Binding and Chelation
One of the primary biochemical strategies plants employ to mitigate Pb toxicity is the sequestration of Pb ions through chelation. Plants synthesize metal-binding compounds like phytochelatins (PCs) and metallothioneins (MTs), which bind to Pb ions and sequester them in vacuoles, preventing their interaction with cellular machinery. Chandran et al.  (2012) showed that the synthesis of phytochelatins is upregulated in response to Pb exposure in several plant species, including rice and wheat, helping to reduce Pb toxicity by limiting its free ion concentration in the cytoplasm. The vacuolar sequestration of Pb is a crucial mechanism that helps plants compartmentalize the metal, preventing damage to critical cellular components.
[bookmark: _Toc214363766]2.16 Gene Expression and Signaling Pathways
Recent advances in molecular biology have uncovered the role of gene expression in plant responses to Pb stress. Pb exposure triggers the activation of specific genes involved in metal detoxification, antioxidant defense, and stress signaling. Rohman et al.  (2017) identified the upregulation of genes encoding for antioxidant enzymes, transporters, and chelators in plants exposed to Pb, highlighting the genetic mechanisms that plants utilize to adapt to heavy metal stress. The involvement of plant hormones such as abscisic acid (ABA), ethylene, and jasmonic acid (JA) in Pb stress responses has also been documented. These hormones act as signaling molecules that regulate various defense mechanisms, including the activation of antioxidant systems and the synthesis of metal-binding proteins.


[bookmark: _Toc214363767]2.17 Lead-induced Alteration in Carbon and Nitrogen Metabolism
Pb stress can affect the carbon and nitrogen metabolic pathways in plants. Pb impairs the production of carbohydrates by inhibiting photosynthetic efficiency, which ultimately results in reduced carbon assimilation. Kumar et al.  (2014) observed that Pb exposure decreased the activity of key enzymes involved in the Calvin cycle, such as ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), leading to reduced photosynthetic output and carbohydrate accumulation.
Similarly, Pb stress has been shown to alter nitrogen metabolism by disrupting the activity of enzymes such as nitrate reductase, which is crucial for the reduction of nitrate to ammonium. This inhibition leads to nitrogen deficiency and a reduction in the plant's ability to synthesize proteins and other nitrogen-containing compounds.
[bookmark: _Toc214363768]2.18 Proline Accumulation
Proline is a well-known osmoprotectant that accumulates in plant tissues under abiotic stress conditions, including heavy metal exposure. Under lead stress, maize seedlings have been shown to increase proline content significantly​​. Proline plays a vital role in osmotic adjustment, scavenging of free radicals, and stabilization of cellular structures, thereby contributing to stress tolerance.
In barley genotypes exposed to lead, Al-Ghzawi et al.  (2019) found a notable increase in proline content, especially in lead-tolerant genotypes​. Similar trends are expected in maize seedlings exposed to lead stress.






[bookmark: _Toc214363769]2.19 Lipid Peroxidation
Lead toxicity also leads to oxidative damage of membrane lipids, resulting in increased levels of malondialdehyde (MDA), a marker of lipid peroxidation. Elevated MDA levels indicate membrane damage and stress intensity in plants​​.
Bashmakov et al.  (2017) demonstrated that at higher lead concentrations, maize seedlings exhibited increased oxidative stress, as evidenced by elevated catalase activity and superoxide anion production​.
[bookmark: _Toc214363770]2.20 Mechanisms of Lead Tolerance in Plants
Heavy metal contamination, especially by lead (Pb), poses a serious threat to agricultural productivity and ecosystem health. Lead is a non-essential, highly toxic metal that adversely affects various physiological and biochemical processes in plants. Nevertheless, many plant species have developed diverse mechanisms to tolerate and survive under Pb stress. Understanding these tolerance mechanisms is essential for enhancing phytoremediation technologies and developing Pb-resistant crops.
[bookmark: _Toc214363771]2.20.1 Lead Uptake and Transport
Plants mainly absorb lead through roots from contaminated soils, although the uptake is generally passive due to Pb’s low mobility in the soil solution. Once absorbed, lead is largely immobilized in the root tissues and only small amounts are transported to the shoots (Sharma & Dubey, 2005). Root cells act as a barrier, limiting Pb movement via sequestration in the cell wall and vacuoles (Pourrut et al., 2011).
Mechanisms limiting Pb uptake and translocation:
i. Cell wall binding: The cell wall, rich in pectins and functional groups like carboxyl and hydroxyl groups, adsorbs and immobilizes Pb ions, preventing their entry into the cytoplasm (Krzesłowska, 2011).
ii. Reduced transport: Specialized transporters, such as heavy metal ATPases (HMAs), play roles in controlling Pb translocation from roots to shoots.
[bookmark: _Toc214363772]2.20.2. Lead Detoxification Strategies
Plants have evolved multiple detoxification strategies to minimize Pb toxicity within their cells:
Chelation by Organic Molecules
Plants synthesize low molecular weight compounds that chelate Pb ions, reducing their free concentrations and toxicity. These include:
i. Phytochelatins (PCs): Small peptides synthesized enzymatically from glutathione, capable of binding Pb and facilitating its sequestration into vacuoles (Clemens, 2006).
ii. Metallothioneins (MTs): Cysteine-rich proteins that bind Pb ions and assist in their detoxification (Gupta et al., 2013).
Both phytochelatins and metallothioneins prevent Pb from interacting with critical cellular components like proteins and DNA.
Sequestration into Vacuoles
Following chelation, Pb-chelate complexes are actively transported into vacuoles for sequestration. Vacuolar compartmentalization isolates Pb from the cytosol, thus protecting essential cellular processes (Hall, 2002).

Binding to Cell Wall Components
As mentioned earlier, plant cell walls act as a physical barrier where Pb ions are trapped by binding to pectins and other negatively charged polysaccharides. This reduces Pb availability to sensitive intracellular structures (Krzesłowska, 2011).
[bookmark: _Toc214363773]2.20.3 Antioxidant Defense System Activation
Pb stress induces the overproduction of reactive oxygen species (ROS) such as superoxide radicals, hydrogen peroxide, and hydroxyl radicals, leading to oxidative damage. To combat this, plants activate their antioxidant defense system, which includes:
i. Enzymatic antioxidants: Superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), and glutathione reductase (GR) (Sharma & Dubey, 2005).
ii. Non-enzymatic antioxidants: Compounds such as ascorbate (vitamin C), glutathione (GSH), and carotenoids that scavenge ROS and maintain redox balance (Gill & Tuteja, 2010).
Enhanced antioxidant capacity is a crucial component of Pb tolerance, minimizing oxidative injury and preserving cellular functions.
[bookmark: _Toc214363774]2.20.4 Hormonal Regulation
Phytohormones play significant roles in regulating plant responses to Pb toxicity. Several hormones such as abscisic acid (ABA), salicylic acid (SA), jasmonic acid (JA), and ethylene are involved in modulating antioxidant defense, ion homeostasis, and stress signaling pathways under Pb stress (Piotrowska-Niczyporuk et al., 2012).

[bookmark: _Toc214363775]2.20.5 Gene Expression and Molecular Responses
Recent studies have highlighted the role of specific genes in mediating Pb tolerance. Genes encoding metal transporters (e.g., HMAs, ABC transporters), chelator biosynthesis enzymes (e.g., phytochelatin synthase), and antioxidant enzymes are upregulated under Pb stress (Zhao et al., 2011).
[bookmark: _Toc214363776]2.20.6. Root Morphological Modifications
Lead stress often causes significant alterations in root morphology. Some tolerant plants adapt by:
i. Reducing root elongation to limit Pb uptake,
ii. Increasing lateral root formation to enhance nutrient and water absorption despite the stress (Seregin & Ivanov, 2001).
Root exudation of organic acids such as citric acid and malic acid can also immobilize Pb in the rhizosphere, reducing its bioavailability (Ma et al., 2001).








[bookmark: _Toc214363777]CHAPTER THREE
3.0                                                MATERIALS AND METHODS
[bookmark: _Toc214363778]3.1 Materials
Plant Material: Certified seeds of maize (Zea mays L.) will be obtained from a reputable agricultural source.
Chemicals: Lead nitrate (Pb(NO₃)₂), distilled water, sulfosalicylic acid, acid ninhydrin, glacial acetic acid, thiobarbituric acid (TBA), trichloroacetic acid (TCA).
Equipment: Growth chamber, oven, weighing balance, ruler, spectrophotometer, centrifuge, and standard laboratory glassware.
[bookmark: _Toc214363779]3.2 Experimental Design
The experiment was set up using a completely randomized design (CRD) with three replicates per treatment.
[bookmark: _Toc214363780]3.3 Preparation of Lead Treatments
Lead nitrate (Pb(NO₃)₂) was dissolved in distilled water to prepare different concentrations:
· 0 mM (Control)
· 1 mM Pb(NO₃)₂
· 3 mM Pb(NO₃)₂
· 5 mM Pb(NO₃)₂
· 7 mM Pb(NO₃)₂
These concentrations were selected based on previous studies that showed clear physiological and biochemical responses in plants​​​.
[bookmark: _Toc214363781]3.4 Seed Sterilization and Germination
Seeds were surface-sterilized by immersion in 0.5% potassium permanganate (KMnO₄) solution for 5 minutes and rinsed thoroughly with sterile distilled water​. Sterilized seeds were placed in Petri dishes lined with filter paper moistened with the respective Pb(NO₃)₂ solutions or distilled water (control). The dishes were kept in a growth chamber at 23 ± 2°C under a 16-hour light/8-hour dark photoperiod for 7 days.
[bookmark: _Toc214363782]3.5 Growth Parameters Measurement
Germination percentage was calculated based on seeds with radicle protrusion ≥ 2 mm​.
Root and shoot lengths of 10 randomly selected seedlings from each replicate were measured using a ruler (Bashmakov et al.  2017).
Tolerance Index (TI) for root length was calculated using the formula:
TI=(Mean root length under Pb treatmentMean root length in control)×100TI = \left(\frac{\text{Mean root length under Pb treatment}}{\text{Mean root length in control}}\right) \times 100TI=(Mean root length in controlMean root length under Pb treatment​)×100 (Zhao et al., 2011).
[bookmark: _Toc214363783]3.6 Biochemical Analysis
[bookmark: _Toc214363784]3.6.1 Proline Content Determination
Proline content was estimated following the method described by Bates et al.  (1973) with slight modifications​:
0.5 g of fresh maize seedlings was homogenized in 10 ml of 3% sulfosalicylic acid.
The homogenate was filtered, and 2 ml of the filtrate was mixed with 2 ml of acid ninhydrin and 2 ml of glacial acetic acid.
The mixture was incubated at 95°C for 1 hour, cooled, and extracted with 4 ml toluene.
The absorbance was read at 520 nm using a spectrophotometer.
Proline concentration was calculated against a standard curve.
[bookmark: _Toc214363785]3.6.2 Lipid Peroxidation (Malondialdehyde - MDA Content) Assay
Lipid peroxidation was assessed by measuring MDA content according to the method of Cakmak and Horst (1991)​:
0.5 g of fresh tissue was homogenized in 10 ml of 0.1% trichloroacetic acid (TCA).
The homogenate was centrifuged, and 2 ml of the supernatant was mixed with 4 ml of 20% TCA containing 0.5% TBA.
The mixture was heated at 95°C for 30 minutes, quickly cooled on ice, and centrifuged again.
The absorbance of the supernatant was measured at 532 nm.
MDA concentration was calculated using an extinction coefficient of 155 mM⁻¹cm⁻¹.
[bookmark: _Toc214363786]3.7 Data Analysis
The data collected were subjected to analysis of variance (ANOVA) using appropriate statistical software. Differences between treatment means were determined using Tukey’s multiple range test at a significance level of p < 0.05​.



[bookmark: _Toc214363787]CHAPTER FOUR
[bookmark: _Toc214363788]4.0                                                     RESULTS
[bookmark: _Toc214363789]4.1 Heavy Metals Analysis  
There were observable variations in chlorophyll and pigment indices of maize plants exposed to different concentrations of lead (Pb). In the control (0 mM) treatment, chlorophyll a, chlorophyll b, and total chlorophyll recorded 10.69 ± 1.29, 15.66 ± 1.93, and 26.45 ± 3.17, respectively. However, at 0.5 mM Pb, these values decreased to 8.79 ± 6.75, 12.92 ± 9.77, and 21.80 ± 16.59, representing the lowest chlorophyll contents observed in this study. This decrease suggests that initial exposure to Pb caused stress that hindered chlorophyll synthesis.
As Pb concentration increased to 1.0 mM and above, chlorophyll values increased again, with total chlorophyll reaching the highest value of 29.53 ± 1.03 at 2.0 mM Pb. This indicates that while low Pb concentration caused pigment suppression, higher concentrations induced a compensatory or adaptive pigment response, possibly to maintain photosynthetic efficiency under stress. The variation between 1.0 mM, 1.5 mM, and 2.0 mM treatments was small and not strongly pronounced, suggesting no significant difference among these higher concentrations.
[bookmark: _Toc214363790]4.2 Analysis Photosynthetic Pigments
The Anthocyanin Reflectance Index (ARI) showed a markedly strong negative value at 0.5 mM (-0.587 ± 0.986), the lowest among treatments, indicating significant anthocyanin accumulation as a stress-protective response at this concentration. ARI values at 1.0–2.0 mM were closer to the control and exhibited less variation, suggesting reduced anthocyanin response at higher Pb levels.
For Greenness and CCI, the lowest values also occurred at 0.5 mM, confirming chlorophyll suppression and reduced leaf vigor under initial Pb stress. Greenness increased gradually at higher Pb concentrations, with the highest greenness (3.23 ± 0.21) recorded at 2.0 mM, which was similar to the control, indicating physiological recovery.
The PRI (photochemical reflectance index) recorded its highest value at 0.5 mM (0.087 ± 0.047), suggesting increased xanthophyll cycle activity during early stress, while PRI values in higher Pb treatments were similar and not significantly different from the control.


















Table 1: Heavy Metals Analysis of Soil Sample
	Metals
	Mean ± SD

	Cd
	0.002 ± 0.0004

	Cr
	0.483 ± 0.0095

	Fe
	16.60 ± 0.029

	Pb
	0.019 ± 0.0130

	Zn
	0.0997 ± 0.0043




















Table 2: Analysis Photosynthetic Pigments
	Treatment
	Chl A 
	Chl B 
	Total Chl 
	ARI 
	G 
	CCI 
	CRI1 
	FRI 
	PRI

	Control (0 mM)
	10.69 ± 1.29b
	15.66 ± 1.93b
	26.45 ± 3.17c
	-0.0110 ± 0.0043b
	3.17 ± 0.64a
	5.60 ± 0.46c
	0.030 ± 0.010b
	-1.07 ± 0.40a
	0.047 ± 0.006b

	0.5 mM Pb
	8.79 ± 6.75c
	12.92 ± 9.77a
	21.80 ± 16.59d
	-0.587 ± 0.986a
	2.37 ± 2.10b
	4.37 ± 3.37d
	0.035 ± 0.035b
	-1.20 ± 1.11a
	0.087 ± 0.047a

	1 mM Pb
	11.53 ± 0.79a
	17.82 ± 0.87a
	29.46 ± 1.67a
	-0.0120 ± 0.0039b
	2.77 ± 0.21b
	7.74 ± 0.79a
	0.044 ± 0.012a
	-1.60 ± 0.96a
	0.047 ± 0.006b

	1.5 mM Pb
	11.15 ± 2.10a
	17.16 ± 2.51a
	28.42 ± 4.62b
	-0.0125 ± 0.0078b
	2.90 ± 0.70b
	6.34 ± 0.72b
	0.040 ± 0.026a
	-1.20 ± 1.32a
	0.050 ± 0.010a

	2.0 mM Pb
	11.86 ± 0.47a
	17.56 ± 0.64a
	29.53 ± 1.03a
	-0.0051 ± 0.0152b
	3.23 ± 0.21a
	6.56 ± 1.16b
	0.043 ± 0.008a
	-1.57 ± 0.38a
	0.040 ± 0.000b


Note: Chl A= Chlorophyll A, Chl B=Chlorophyll B, Chl T= Total Chlorophyll, ARI=Anthocyanin Reflectance Index, G= Greenness, Chlorophyll Content Index, CRII=Caratenoid Reflectance Index I, FRI=frost resistance index, and PRI=Photochemical reflectance index

















[bookmark: _Toc214363791]4.3 Ionic Contents
The ionic content of the soil following treatment with different concentrations of lead showed a marked alteration in nutrient balance essential for maize growth. The results revealed very high levels of sodium (46.0 cmol/kg) and potassium (132 cmol/kg), accompanied by extremely low concentrations of calcium and magnesium (0.25 cmol/kg each). This imbalance indicates that the presence of lead in the soil interfered with normal cation exchange processes. Lead (Pb²⁺) is known to compete with divalent cations such as calcium and magnesium for binding sites on soil colloids and plant root membranes. As a result, Ca²⁺ and Mg²⁺ become less available for root absorption, which can negatively affect cell wall development, enzyme function, and chlorophyll formation in maize. Meanwhile, the accumulation of Na⁺ and K⁺ suggests displacement of these ions into the soil solution due to lead-induced disruption of exchange sites. Excess sodium can cause soil structural decline, while excessive potassium can alter osmotic balance and compete with magnesium uptake, further intensifying stress on the plants. Therefore, the ionic pattern observed indicates that lead contamination not only introduces toxicity directly but also indirectly impairs growth by disturbing the nutrient balance required for healthy maize physiology.







[bookmark: _Toc214363792]4.4 Germination Percentage
The result shows that the germination percentage of seeds decreased progressively with increasing concentration of the plant extract. At 0.00 g/L, where no extract was applied (control), germination was highest at 100%, indicating normal seed viability under untreated conditions. However, once the extract was introduced, germination began to decline.
At 0.50 g/L, germination reduced to 80%, and further decreased to 65% at 1.50 g/L, demonstrating that the extract has a suppressive effect on seed germination. As the concentration increased, the inhibitory effect became more pronounced, with germination dropping to 50% at a repeated concentration near 1.5 g/L, and reaching the lowest level of 30% at 2.00 g/L.
This pattern indicates that the plant extract exhibits dose-dependent inhibition on seed germination. In other words, the higher the concentration of the extract, the stronger the inhibitory effect on seed germination. This suggests that the plant contains certain phytochemical compounds capable of suppressing germination activity at elevated levels.
Overall, the findings show that while low concentrations may have mild effects, higher concentrations of the extract significantly hinder seed germination, pointing to possible allelopathic or phytotoxic properties of the plant.






Table 3: Effect of Extract Concentration on Germination Percentage of Maize
	Concentration (g/L)
	 Germination (%)
	   Rate of Germination

	0.00
	          100
	              1.00

	0.50
	          80
	              0.80

	1.0
	          65
	              0.65

	1.50 
	          50
	              0.50

	2.00
	          30
	              0.30















[bookmark: _Toc214363793]4.3 Plant Height
Plant height increased progressively with increasing treatment levels, reaching a maximum mean height of 13.00 cm at 2.0 g, while the control group recorded the lowest mean height of 9.00 cm. Similarly, the number of leaves per plant showed an increasing trend with treatment, with the highest mean leaf count of six observed at both 1.5 g and 2.0 g. The variability in both plant height and leaf number, as indicated by the standard deviation, was smallest at 1.5 g, suggesting that plants at this treatment level exhibited more uniform growth compared to other treatments.













Table 3: Plant Height and Number of Leaves
	Treatment
	Plant Height (cm)
	Number of Leaves
	Root Length (cm)
	Leaf circunference

	0.0 g (Control)
	9.00 ± 2.00a
	4.33 ± 0.58a
		5.20 ± 0.76a



	



		3.10 ± 0.20a




	0.5 g
	9.33 ± 0.58a
	5.33 ± 0.58a
	6.10 ± 0.58a
	3.40 ± 0.26a

	1.0 g
	12.67 ± 2.08b
	5.33 ± 0.58a
	7.80 ± 1.15b
	4.20 ± 0.30b

	1.5 g
	11.67 ± 1.15b
	6.00 ± 0.00b
	8.30 ± 0.58b
	4.50 ± 0.50b

	2.0 g
	13.00 ± 2.65b
	6.00 ± 1.00b
	9.10 ± 1.10b
	4.90 ± 0.46b


Means with the same letters are not significantly different at 5% level of significance













[bookmark: _Toc214363794]CHAPTER FIVE
[bookmark: _Toc214363795]4.1 Discussion
The results of this study provide insight into the physiological, biochemical, and growth responses of maize plants subjected to lead (Pb) exposure, as well as the effect of plant extract concentrations on seed germination. In addition, the heavy metal composition of the soil and ionic balance further support the understanding of stress interactions within the plant system.
The presence of heavy metals in the soil sample confirms the bioavailability of trace metals, including lead (Pb), which is known to interfere with plant metabolic processes. Heavy metals such as Pb have no biological benefit to plants and are considered toxic even at low concentrations (Sharma & Dubey, 2005). Once absorbed, Pb disrupts cellular homeostasis by blocking essential functional groups of enzymes and displacing vital cations needed for metabolic processes (Nagajyoti et al., 2010). The detection of essential metals such as iron and zinc indicates that the soil still retains nutrients required for plant growth; however, the presence of Pb poses a risk of physiological impairment.
The variation observed in chlorophyll and pigment indices suggests that Pb exposure initially interfered with chlorophyll biosynthesis, leading to stress-related pigment reduction. Heavy metals such as Pb are known to inhibit enzymes involved in chlorophyll formation and damage chloroplast structure, resulting in pigment suppression (Pourrut et al., 2011). The transient decline in chlorophyll, followed by partial pigment recovery at higher Pb concentrations, indicates a possible adaptive physiological response. Plants often respond to heavy metal stress by activating defense mechanisms such as increased antioxidant production or structural adjustment of photosynthetic tissues (Verbruggen et al., 2009).
The elevated anthocyanin response at lower Pb exposure signifies a protective reaction against oxidative stress. Anthocyanins function as antioxidative compounds that shield cellular components from reactive oxygen species generated during heavy metal stress (Chalker-Scott, 1999). The gradual normalization of greenness and chlorophyll content at higher Pb levels suggests that maize plants may have activated tolerance mechanisms, such as compartmentalization or binding of Pb to less reactive sites within cells (Seregin & Ivanov, 2001).
The ionic imbalance observed in the soil reflects the ability of Pb to interfere with nutrient uptake and exchange dynamics. Pb competes with essential ions such as calcium and magnesium at root absorption sites, limiting their availability to plants (Gomes et al., 2013). Calcium plays a key role in cell wall integrity and membrane stability, while magnesium is essential for chlorophyll structure; thus, their reduced uptake may contribute to impaired photosynthetic efficiency and weakened physiological function. Meanwhile, increased availability of sodium and potassium suggests displacement or compensatory accumulation, which can lead to disruptions in osmotic balance and enzyme regulation (Kabata-Pendias & Pendias, 2011). Therefore, Pb toxicity impacts plant growth both directly, through metabolic inhibition, and indirectly, by altering nutrient homeostasis.
The reduction in germination percentage with increasing extract concentration indicates a dose-dependent inhibitory effect. This suggests the presence of allelopathic or phytotoxic compounds in the extract that interfere with early growth processes such as radicle initiation and cell division. Allelopathic compounds including phenolics, alkaloids, and terpenoids are known to suppress seed germination and early seedling growth in competing plant species (Inderjit & Duke, 2003). The inhibition observed aligns with reports that higher concentrations of secondary metabolites can disrupt membrane permeability and enzymatic pathways necessary for germination (Batish et al., 2007). Thus, the extract may contain bioactive compounds capable of suppressing or regulating plant establishment under natural conditions.
The progressive increase in plant height and leaf number across treatments indicates that the applied treatment influenced vegetative growth positively. Enhanced growth may be linked to the presence of nutrients or growth-stimulating compounds, such as saponins or glycosides, which have been reported to enhance metabolic activity and improve physiological vigor (Ashraf & Harris, 2013). The more uniform growth observed at intermediate treatment levels suggests an optimal concentration where stimulatory effects outweigh inhibitory responses. Increasing leaf number enhances photosynthetic surface area, which can improve biomass accumulation and growth efficiency (Taiz & Zeiger, 2010).
[bookmark: _Toc214363796]5.2 Conclusion
The study demonstrated that the plant extract had a clear inhibitory effect on seed germination. At zero concentration, germination was normal and highest, indicating no interference with the natural germination process. However, as the concentration of the extract increased, germination progressively declined, showing a dose-dependent response. This suggests that the extract contains bioactive compounds capable of suppressing physiological processes necessary for germination, such as enzyme activation, water uptake, and embryo development. The result highlights the presence of allelopathic or phytotoxic substances in the plant extract, which may be beneficial for certain biological applications but may also pose challenges if applied in high quantities to crops or natural vegetation.
[bookmark: _Toc214363797]5.3 Recommendations
1. Additional research should be conducted to identify the specific compounds responsible for the inhibitory effects observed. Isolation and characterization of these compounds will help clarify the exact mechanism of action.
2. If the extract is intended for use as a natural herbicide or weed suppressant, its application should be carefully regulated to avoid negative effects on desirable crops.
3. Experiments using smaller incremental concentrations should be carried out to determine the threshold level at which germination begins to be affected. This will help guide safe and effective usage.
4. Since plant extracts can persist in soil and influence plant communities, long-term studies should evaluate environmental safety before large-scale application.
5. To generalize the findings, similar studies should be conducted using different seed types to determine whether the inhibitory effect is species-specific or universal.
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