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ABSTRACT

This study investigated the effect of drought stress and growth regulator treatments on the
elemental composition of Amaranthus hybridus leaves. The experiment was conducted using ten
treatments: Control, DS₅, DS₂₅, DS₄₅ (drought stress levels), DSA₁–₃ (drought + salicylic acid),
and DAA₁–₃ (drought + ascorbic acid). The concentrations of four essential mineral elements—
magnesium (Mg), zinc (Zn), iron (Fe), and calcium (Ca)—were analyzed to determine the
influence of drought intensity and regulator application on nutrient uptake and accumulation.
Results revealed that drought stress alone (DS treatments) led to gradual increases in Zn, Fe, and
Ca compared with the control, indicating an adaptive ionic concentration mechanism under water
limitation. The application of salicylic acid (DSA₁–₃) and ascorbic acid (DAA₁–₃) further
enhanced mineral absorption, with the most significant Zn increase (360 mg/g) recorded under
DSA₂. In contrast, DSA₃ and DAA₃ exhibited lower Zn levels (40 mg/g) but maintained higher
Fe and Ca concentrations than the control. Magnesium levels remained relatively stable (1.25–
1.42 mg/g) across treatments, suggesting maintained chlorophyll activity and photosynthetic
stability under stress. Overall, growth regulator application mitigated the adverse effects of
drought stress by improving mineral uptake and physiological performance in Amaranthus
hybridus. Ascorbic acid treatments, particularly DAA₂, produced the most balanced enhancement
in all elemental contents. The findings demonstrate that moderate application of salicylic and
ascorbic acids can effectively enhance drought tolerance and nutritional quality of A. hybridus,
supporting their potential use in sustainable vegetable production under water-limited conditions.
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CHAPTER ONE

Introduction

1.1 Background of study

Plants depend on water for nearly every aspect of their physiological and metabolic functioning.

Among all environmental stresses, drought is one of the most significant abiotic factors limiting

plant growth and crop yield globally (Farooq et al., 2009). It disrupts plant water status, restricts

cell expansion, and interferes with key processes such as photosynthesis, nutrient transport, and

metabolite production. Since green leaves are the primary sites for photosynthetic activity, they

are among the first plant organs to exhibit symptoms of drought stress.

Green leaves are rich in chlorophyll pigments, which absorb light energy used in photosynthesis.

Under drought conditions, chlorophyll content often decreases due to oxidative damage and the

inhibition of chlorophyll biosynthesis (Anjum et al., 2011). This results in reduced

photosynthetic capacity and impaired carbohydrate production, directly affecting plant growth

and development. Leaf yellowing, wilting, and premature senescence are visible indicators of

such stress.

In response to drought, plants typically reduce stomata conductance to conserve water by

minimizing transpiration. However, this adaptation also limits carbon dioxide (CO₂) intake

leading to a decline in net photosynthetic rate (Flexas & Medrano, 2002). As drought stress

persists, non-stomata limitations also arise, such as damage to the photosynthetic machinery,

enzyme inhibition, and reduced ATP synthesis, further compromising plant productivity.
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Additionally, drought leads to the generation of reactive oxygen species (ROS) like hydrogen

peroxide and superoxide radicals, which can cause oxidative damage to membranes, proteins,

and nucleic acids (Mittler, 2002). To mitigate these effects, green leaves activate antioxidant

defense systems, including enzymes such as superoxide dismutase (SOD), catalase (CAT), and

peroxidases, which scavenge ROS and help maintain redox balance (Ashraf and Foolad, 2007).

Morphologically, drought stress induces significant changes in green leaves. Affected plants may

show reduced leaf area, thicker cuticles, sunken stomata, and leaf curling, all of which reduce

water loss but also compromise light interception and gas exchange (Farooq et al., 2009). These

changes are part of the plant’s adaptive strategies, but they often come at the cost of reduced

biomass and reproductive success.

Given that the frequency and intensity of drought events are projected to rise due to climate

change (IPCC, 2021), understanding how drought affects green leaves at the physiological,

biochemical, and structural levels is essential. Such knowledge is critical for developing drought-

resilient crop varieties through breeding or genetic engineering and for informing agronomic

practices that enhance water use efficiency.

In summary, drought stress profoundly alters the structure and function of green leaves, limiting

their ability to perform photosynthesis and support plant growth. Research in this area is vital for

ensuring agricultural sustainability and global food security, especially in regions prone to water

scarcity.

1.2 Statement of Problem

Amaranthus hybridus is a highly nutritious leafy vegetable that serves as an important source of

vitamins, minerals, and protein for many households in tropical and subtropical regions.
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However, its production is increasingly threatened by drought stress, a major environmental

constraint that adversely affects germination, growth, photosynthesis, and yield. Drought reduces

the uptake of essential elements such as magnesium, iron, calcium, and zinc, leading to chlorosis,

reduced biomass, and poor nutritional quality of the leaves (Mibei et al., 2017; Eze &

Chukwuma, 2019).

In addition, the erratic rainfall patterns caused by climate change continue to worsen water

scarcity, particularly in regions where Amaranthus hybridus is grown as a subsistence crop.

Farmers face low productivity and income losses because the crop is highly sensitive to soil

moisture depletion during critical growth stages (Farooq et al., 2009).

Although plant growth regulators such as salicylic acid and ascorbic acid have shown promise in

mitigating drought effects by enhancing antioxidant defense, chlorophyll retention, and osmotic

adjustment, there is limited research on their combined influence on the growth, yield, and

elemental composition of Amaranthus hybridus under drought stress conditions (Ogwokhademhe

& Osemwegie, 2012).

Therefore, there is a need to investigate how the application of salicylic and ascorbic acids can

ameliorate the negative impacts of drought stress and improve the physiological and nutritional

performance of Amaranthus hybridus. This study aims to provide insights that could contribute

to sustainable vegetable production under water-limited environments

1.3 Justification of study

Drought is one of the most widespread and damaging abiotic stresses affecting agricultural

productivity and natural vegetation worldwide. The frequency, intensity, and duration of drought

episodes are expected to increase significantly due to climate change, especially in semi-arid and
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tropical regions such as sub-Saharan Africa, where agriculture is predominantly rain-fed (IPCC,

2021). These challenges pose serious threats to global food security, particularly in developing

countries that lack access to irrigation infrastructure and resilient crop varieties.

Green leaves, being the primary photosynthetic organs of plants, are particularly sensitive to

drought stress. Any physiological, biochemical, or structural damage to leaves can lead to

irreversible reductions in crop yield and quality (Farooq et al., 2009). During drought, leaves

exhibit visible symptoms such as chlorosis, wilting, and senescence, which are often the first

indicators of water deficiency in plants (Anjum et al., 2011). However, most farmers and even

some researchers focus on whole-plant effects without understanding the leaf-level mechanisms,

which are crucial in detecting early stress and implementing timely interventions. Furthermore,

understanding drought responses at the leaf level is essential for screening drought-tolerant

genotypes, improving agronomic practices, and developing biotechnological strategies for

resilience. For instance, studies of chlorophyll degradation, stomata regulation, ROS production,

and antioxidant defense in green leaves can provide early and measurable markers of stress

severity (Mittler, 2002; Ashraf and Foolad, 2007). These physiological traits are valuable tools in

plant breeding programs aimed at enhancing drought tolerance.

In addition, current climate models predict a shift in rainfall patterns, leading to longer dry

seasons and shorter rainy seasons in many parts of Africa, Asia, and Latin America (IPCC, 2021).

This emphasizes the urgent need for research that focuses on understanding plant behavior under

limited water conditions. By studying how green leaves respond and adapt to water stress, this

research will provide practical insights into how crops can be managed under future climatic

scenario (Pirani,A., et al).
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Therefore, this study is timely and relevant, as it addresses a pressing global challenge with

wide-reaching implications for food production, environmental sustainability, and climate

adaptation with plant regulators. The findings will be especially beneficial to farmers,

researchers, plant breeders, and policy-makers interested in improving water use efficiency and

crop resilience in drought-prone areas. Plant growth regulators can be classified into two

categories: normal growth regulators and manufactured growth regulators.

1.3.1 Normal growth regulators

Normal growth regulators are natural or synthetic organic compounds (other than nutrients) that

influence various physiological processes in plants. They play key roles in growth, development,

stress responses, fruiting, and senescence. They include:

- Auxin

- Giberrellins

- Cytokinins

- Abscisic acid

1.3.2 Manufactured growth regulators

These synthetic plant growth regulators are used to enhance, preserve, or control the behavior of

green leaves in various conditions such as drought stress, senescence, and leaf expansion. Key

examples

- Ethylene

- 6-Benzylaminopurine

- Kinetin
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- Salicylic acid

- Ascorbic acid

The study focuses on the effects of “Salicylic acid and Ascorbic acid” as key growth

regulators in the context of drought stress on green leaf.

Salicylic acid (SA):

Salicylic acid is a phenolic compound that acts as a plant hormone. It is classified as a plant

defense signal molecule, playing crucial roles in plant immunity, growth regulation, and

response to abiotic stresses such as drought (Miura, K., and Tada, Y.,2014)

Ascorbic acid (AA):

Ascorbic acid (AA), also known as vitamin C, is a water-soluble antioxidant that plays essential

roles in various physiological processes in plants. While not a classical hormone, it functions as a

plant growth regulator and redox modulator, especially under stress conditions such as drought,

salinity, and high light intensity. In green leaves, ascorbic acid contributes significantly to

maintaining photosynthesis, delaying senescence, and mitigating oxidative stress (Smirnoff,

N.,2000)

1.4 Aim of study

The aim of this study is to determine the elemental composition of green leaves and to assess

how these elements contribute to their physiological functions and overall plant health.

1.5 Objectives

1.To determine the concentration of essential elements (such as Zinc, calcium, magnesium, and

iron) present in selected green leaves.
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2. To compare the elemental composition of different green leaf samples to identify variations

among species or sources.

3. To evaluate the relationship between elemental content and the physiological or nutritional

status of the leaves.

4. To provide baseline data that can support further studies on plant nutrition, soil fertility, and

crop productivity.

1.6 Scope of Study

1. Plant Material Investigated

· Species: The study is exclusively focused on Amaranthus hybridus (a specific species of

amaranth).

· Tissue Analyzed: The analysis is limited to the green leaves of the plant. It does not include

roots, stems, seeds, or flowers.

2. Variables Tested (The Treatments)

· Types: The study investigates several distinct treatment types, coded as:

· DAA (with variants like DAA₁, DAA₂, DAA₃)

· DS

· DSA

· Dosages: For each treatment type, multiple dosage levels are tested (e.g., 40, 200, 360 units),

allowing for an analysis of dose-dependent effects.
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· Control: A control group (no treatment) is included as a baseline for comparison.

3. Parameters Measured (The Outcomes)

The study is strictly focused on the mineral composition of the leaves. The specific parameters

measured are:

· Macronutrients: Magnesium (Mg) and Calcium (Ca)

· Micronutrients: Zinc (Zn) and Iron (Fe)

The scope does not include other factors such as:

· Plant growth metrics (biomass, yield, height).

· Physiological data (photosynthesis rate, chlorophyll content).

· Soil properties or soil chemistry.

· Other nutrients like Nitrogen, Phosphorus, Potassium, or heavy metals like Cadmium or Lead.

4. Benchmark for Evaluation

· The results are evaluated against a pre-defined benchmark range for "normal" or "sufficient"

levels of Mg, Zn, Fe, and Ca in plant tissue. The study's goal is to determine how the treatments

move the mineral content within, above, or below these standard ranges.

5. Overall Aim and Delimitations

The central aim of the study, as defined by its scope, is to:
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Determine the efficacy of various soil amendments (DAA, DS, DSA) at different doses in

altering the mineral nutrient profile—specifically Mg, Zn, Fe, and Ca—in the leaves of

Amaranthus hybridus.

In summary, the scope is precisely delimited to testing specific treatments on a specific plant part

and measuring a specific set of four mineral elements against standard nutritional benchmarks. It

is a controlled, targeted investigation into the biofortification potential of these treatments for

this particular vegetable.

1.7 Limitation of the study

1. Restricted to green leaves: This study focuses solely on the effects of drought stress on green

leaves and does not extend to other plant parts such as roots, stems, or reproductive structures.

2. Short-term stress exposure: The drought conditions simulated are of relatively short duration

and may not fully represent the impact of prolonged or recurrent drought events in natural field

conditions.

3. Limited number of growth regulators: Only ascorbic acid and salicylic acid are investigated,

while other important plant growth regulators (e.g., abscise acid, gibberellins) are not considered

in this study.

4. Species-specific findings: The results may be limited to the specific plant species used and

may not be directly generalizable to all crop or plant
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CHAPTER TWO

Literature review

2.1 Amaranthus hybridus

Amaranthus hybridus, commonly known as ‘slim amaranth or green amaranth’, is a fast-growing

leafy vegetable widely cultivated in tropical and subtropical regions, including Nigeria. It

belongs to the family Amaranthaceae and is valued for its high nutritional content, rapid growth,

and tolerance to a range of environmental conditions Olaniyi et al., (2021).

Amaranthus hybridus is also commonly referred to as ‘bush greens’. It is a highly adaptable and

fast-growing leafy vegetable that is widely cultivated across Africa, Asia, and Latin America. In

Nigeria, it is one of the most commonly consumed and economically important indigenous

vegetables. It belongs to the family Amaranthaceae, which comprises over 60 species globally,

many of which are consumed for their tender leaves and grains (Sarker & Oba, 2020).

2.2 Botanical Description and classification.

Amaranthus hybridus is an herbaceous annual plant that can grow between 1 and 2 meters tall. It

features alternate, ovate leaves that are green and smooth with long petioles. The plant develops

small, greenish flowers arranged in dense, terminal inflorescences (spikes or panicles). It is a C4

plant, which means it uses a carbon fixation pathway that gives it an advantage under high

temperature and light intensity, making it particularly suited to tropical agriculture Achigan-

Dako et al., (2014).

Amaranthus hybridus is an erect, annual herb that can reach heights of up to 2 meters. It has

alternate, simple leaves that are green and broad, with small, clustered flowers forming terminal
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and axillary spikes. It is C4 in photosynthetic pathway, which enhances its tolerance to high

temperatures and light intensities (Sarker & Oba, 2020).

2.3 Taxonomic Classification of Green leaf

A green leaf is not a taxonomic unit in itself, but an organ found in almost all vascular plants,

and its classification is tied to the plant species that bears it. In a typical angiosperm such as

Amaranthus hybridus, a widely cultivated green leafy vegetable in West Africa.

Taxonomic Classification of Amaranthus hybridus

• Kingdom: Plantae

• Subkingdom: Tracheobionta (Vascular plants)

• Superdivision: Spermatophyta (Seed plants)

• Division (Phylum): Magnoliophyta (Angiosperms – flowering plants)

• Class: Magnoliopsida (Dicotyledons)

• Order: Caryophyllales

• Family: Amaranthaceae

• Genus: Amaranthus

• Species: Amaranthus hybridus L.
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2.4 Growth habit and cultivation

Amaranthus hybridus is an erect, fast-growing annual herb that belongs to the family

Amaranthaceae. It exhibits a herbaceous growth habit, typically attaining a height between 50

and 150 cm, depending on soil fertility, water availability, and cultivar type (Alegbejo, 2012).

The plant has a well-developed taproot system with extensive lateral roots that enable it to access

deep soil moisture and nutrients, contributing to its resilience under water-limited conditions

(Oluwole et al., 2021). Its stem is generally green to reddish, smooth, and may be slightly ribbed,

while the leaves are simple, alternate, and broad with entire margins and prominent veins. The

inflorescences are terminal or axillary spikes bearing numerous small greenish or reddish flowers,

which later form tiny, shiny seeds used both for propagation and consumption (Shukla et al.,

2010).

Amaranthus hybridus is widely adaptable to tropical and subtropical regions and grows optimally

under warm temperatures ranging from 25–35 °C. It performs well in moderate rainfall zones but

also shows strong tolerance to drought and high temperatures due to its efficient water-use

physiology (Makus, 2003). The plant grows best on well-drained loamy or sandy-loam soils rich

in organic matter, although it can tolerate less fertile soils if organic amendments are added. The

optimal soil pH for growth is between 5.5 and 7.5, with slightly acidic conditions favoring

nutrient uptake (Akubugwo et al., 2007).

Cultivation of A. hybridus is primarily done through seed propagation. The seeds are small and

lightweight, usually broadcast or line-sown in prepared seedbeds. In large-scale production,

direct seeding is preferred, whereas in small-scale or intensive farming, nursery raising and

transplanting methods are used for better spacing and uniform growth. Seeds germinate rapidly

within 3–5 days under warm, moist conditions (Aja et al., 2010). The crop requires regular
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weeding and moderate irrigation during early growth stages. It can be harvested for leaves within

3–4 weeks after planting, while seed harvest occurs after 8–10 weeks, depending on

environmental conditions (Odhav et al., 2007).

Because of its short growth cycle, high yield potential, and nutritional richness, Amaranthus

hybridus has become a major leafy vegetable in many African and Asian regions. Its adaptability

to both rainy and dry seasons makes it an important crop for food security and income generation

among smallholder farmers (Alegbejo, 2012).

2.5 Medicinal and Ethnobotanical Uses.

Apart from its food value, Amaranthus hybridus is also used traditionally in herbal medicine. It

is known for its diuretic, anti-inflammatory, and wound-healing properties. Decoctions made

from its leaves are used in folk medicine to treat ailments like ulcers, diarrhea, and hypertension

(Afolayan & Jimoh, 2009).

Agronomic Challenges.

Despite its adaptability, the productivity of Amaranthus hybridus is significantly affected by

abiotic stresses, particularly drought stress, which impairs water uptake and leads to reduced

photosynthetic activity and yield. Other production challenges include:

 ​ ​ Low soil fertility,

 ​ ​ Weed competition,

 ​ ​ Pests (e.g., aphids, flea beetles),

 ​ Diseases (e.g., leaf spot),

 ​ ​ Inconsistent seed quality and poor seedling vigor (Olaniyi et al., 2008; Dinssa et al.,

2018).
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Research Focus and Improvement Efforts.

Recent agronomic research has shifted toward improving the tolerance of Amaranthus hybridus

to abiotic stresses through sustainable methods. One promising strategy involves the application

of plant growth regulators such as salicylic acid and ascorbic acid, which have been shown to

enhance plant tolerance to environmental stress by boosting antioxidant activity, improving

stomatal regulation, and promoting root growth (Hayat et al., 2010; Sani et al., 2023).

In studies by Olaniyi et al., (2021), foliar application of ascorbic acid on A. hybridus

significantly improved leaf area, fresh biomass, and chlorophyll content under water-limited

conditions. Similarly, salicylic acid has been found to reduce oxidative stress and improve water-

use efficiency in related leafy vegetables.

Nutritional and Economic Importance.

Amaranthus hybridus is widely valued for its nutritional richness and economic significance,

especially in regions like sub-Saharan Africa. The leaves are particularly high in essential

vitamins such as A, C, and K, along with vital minerals like calcium, magnesium, potassium, and

iron, which help combat micronutrient deficiencies common in developing countries (Jimoh et

al., 2020; Sarker & Oba, 2020). Additionally, it contains antioxidants including phenolic

compounds and flavonoids that promote cellular health by mitigating oxidative stress (Akinyele

& Afolabi, 2021). From a protein perspective, the crop contains around 20–28% crude protein on

a dry weight basis, making it a valuable plant-based protein source, particularly for vegetarian

and low-income populations Nnamani et al., (2022).

Economically, A. hybridus supports rural livelihoods due to its:
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​ •​ Short maturity period (4–6 weeks),

​ •​ High market demand in both urban and rural markets,

​ •​ Low production cost, requiring minimal inputs,

​ •​ Suitability for intercropping and home gardening systems Olaniyi et al., (2021).

Thus, its cultivation contributes to income generation, employment for smallholder farmers, and

food and nutritional security

Growth Conditions and Environmental Responses.

Amaranthus hybridus thrives optimally in well-drained, loamy soils with neutral to slightly

acidic pH and consistent moderate moisture levels. However, its productivity is challenged by

seasonal droughts and inconsistent rainfall, particularly in tropical climates where dry spells can

occur during critical growth stages.

Under field conditions:

​ •​ Drought stress significantly affects germination, leaf expansion, chlorophyll content, and

overall biomass production (Olatunji & Fawole, 2022).

​ •​ Water scarcity reduces the plant’s turgor pressure, leading to wilting, stunted growth, and

leaf senescenceal.

Drought also interferes with stomatal conductance, nutrient uptake, and root-shoot balance,

further reducing productivity. (Eze & Okonkwo, 2023).
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Constraints to Production.

Despite its agronomic advantages, several constraints continue to hinder the optimal cultivation

of Amaranthus hybridus:

​ •​ Poor soil fertility in many parts of Africa results in low leaf biomass and poor nutrient

density.

​ •​ Prolonged dry seasons lead to severe water stress, especially in rainfed agriculture.

​ •​ Pests and diseases, such as aphids, beetles, and leaf spot fungi, reduce leaf quality and

marketability.

​ •​ Lack of improved agronomic practices, including poor spacing, inadequate fertilization,

and absence of pest management, limit yield potential.

One of the most detrimental constraints is drought, which reduces photosynthetic efficiency,

leads to accumulation of reactive oxygen species (ROS), and induces oxidative stress, disrupting

plant metabolic processes (Farooq et al., 2009; Ajayi et al., 2022).

Effect of Plant Growth Regulators in Amaranthus hybridus

In Amaranthus hybridus, the use of plant growth regulator salicylic acid (SA) and ascorbic acid

(AA) which are two important plant growth regulators and antioxidants that play crucial roles in

regulating growth, enhancing photosynthesis, and improving tolerance to environmental stresses

such as drought. These compounds function as signaling molecules that activate physiological

and biochemical mechanisms, helping the plant maintain metabolic balance under both normal

and stress conditions.
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1. Role of Salicylic Acid (SA)

Salicylic acid is a phenolic plant growth regulator known for its role in modulating growth,

photosynthesis, and stress defense mechanisms. In Amaranthus hybridus, salicylic acid enhances

chlorophyll synthesis, leaf expansion, and nutrient uptake, leading to improved vegetative

growth and leaf yield (Aja et al., 2010).

Under drought stress, salicylic acid helps maintain cell membrane stability, promotes osmotic

adjustment, and activates the antioxidant defense system, which reduces oxidative damage

caused by reactive oxygen species (ROS) (Farooq et al., 2009). It stimulates the activity of

antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), and peroxidase

(POD), protecting plant tissues from dehydration-induced oxidative stress.

In A. hybridus, foliar application of salicylic acid has been shown to improve leaf turgidity,

relative water content, and chlorophyll concentration, thereby enhancing drought tolerance and

sustaining leaf production even under limited water supply (Oluwole et al., 2021).

2. Role of Ascorbic Acid (AA)

Ascorbic acid (vitamin C) is a non-enzymatic antioxidant and growth promoter that supports

plant metabolism and stress resilience. In Amaranthus hybridus, it plays a key role in

photosynthesis, cell wall synthesis, and enzyme activation. Ascorbic acid protects chloroplasts

and cell membranes from oxidative damage by neutralizing free radicals generated during stress

(Shukla et al., 2010).

Under drought conditions, ascorbic acid reduces the harmful effects of water deficit by

maintaining redox balance and enhancing stomatal regulation, which helps in efficient water use.
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It also contributes to leaf greenness and protein stability, thereby improving overall growth

performance (Alegbejo, 2012).

When applied exogenously, ascorbic acid boosts the antioxidant defense system, enhances

nutrient assimilation, and increases photosynthetic efficiency in A. hybridus. These effects lead

to better plant vigor, higher leaf biomass, and improved mineral composition (Mg, Fe, Zn, Ca),

even under environmental stress (Akubugwo et al., 2007).

2.5 Recent Studies on Amaranthus hybridus

 Adedibu, P. A. et al. “Variability in Morphological, Biochemical, and Proximate Yield

Composition among Predominant Amaranthus hybridus Cultivars in South-West

Nigeria.” Horticulturae, 2024.

 Ola, E. T. et al. “Effects of Bioamendments Application on Growth and Yield of

Amaranthus hybridus.” NABDA Journal of Biotechnology Research, 2023.

 Titus, S. D. et al. “Evaluation of Heavy Metal Contamination in Amaranthus hybridus

(Spinach).” Journal of Multidisciplinary Science: MIKAILALSYS, 2024.

 Omotayo J. O. et al. “Growth Enhancement of Amaranthus hybridus … through Seed

Bacterization.” Adeleke University Journal of Science.

 BMC Plant Biology (2025) — “Physiological and metabolome characterization of

Amaranthus hybridus L. grown under cypermethrin stress: an insight of Jasmonic acid

treatment.”

 Umeri, C., Nwajei, S.E., & Akporherhe, H. (2022) — Effect of urea fertilizer on the

growth and yield of African spinach (Amaranthus hybridus L.) in derived-savanna zone

of Delta State, Nigeria.
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2.5.1 Characteristics of Amaranthus hybridus

1. Scientific Classification:

 Family: Amaranthaceae

 Common names: Green amaranth, African spinach, slender amaranth (Alegbejo, 2012).

2. Growth Habit:

 An erect, fast-growing annual herb reaching 50–150 cm in height (Makus, 2003).

 Has a herbaceous stem that is smooth, cylindrical, and may be green or reddish.

3. Root System:

 Possesses a deep taproot system with several lateral roots for efficient water and nutrient

uptake (Oluwole et al., 2021).

4. Leaves:

 Leaves are simple, alternate, broad, and borne on long petioles.

 Shape is oval to lanceolate, with pointed tips and entire margins.

 Leaf color ranges from green to reddish-green depending on the variety (Aja et al., 2010).

5. Inflorescence and Flowers:

 Produces small clustered flowers arranged on terminal or axillary spikes.

 Flowers are greenish or pinkish, unisexual or bisexual, and mainly wind-pollinated

(Odhav et al., 2007).

6. Fruits and Seeds:

 The fruit is a small round capsule containing numerous tiny, shiny seeds.

 Seed color varies from white to brown or black depending on the cultivar (Alegbejo,

2012).

7. Photosynthetic Type:
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 Has a C4 photosynthetic pathway, which enhances tolerance to drought and high light

intensity (Shukla et al., 2010).

8. Growth Rate and Maturity:

 Exhibits rapid growth and early maturity.

 Leaves can be harvested within 3–4 weeks after planting (Akubugwo et al., 2007).

9. Nutritional Characteristics:

 Rich in proteins, vitamins (A, C, and K), and minerals such as Fe, Ca, Mg, and Zn.

 Contains antioxidants like flavonoids and carotenoids that promote good health (Oluwole

et al., 2021).

10. Adaptability:

 Highly adaptable to tropical and subtropical regions.

 Thrives in warm climates (25–35 °C) and tolerates drought and poor soils (Makus, 2003).

2.6 Soil Requirements

1. Physical Soil Requirements

 Well-drained, loose-textured soils to prevent waterlogging and ensure adequate aeration

(Echer et al., 2014).

 Loamy or sandy loam texture to balance drainage and moisture retention (Brady and Weil,

2017).

 Soil free from compaction and tilled to a fine tilth for easy root penetration (FAO, 2021).

 Slightly acidic to neutral pH, preferably between 6.0 and 7.0, for optimal nutrient

availability (Marschner, 2012).

 Raised beds or ridges recommended in areas with poor drainage to avoid root rot (Okon

et al., 2010).
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2. Chemical and Nutrient Requirements

 High nitrogen availability to promote chlorophyll synthesis and vigorous leaf growth

(Taiz et al., 2015).

 Adequate phosphorus for strong root development and potassium for water regulation

and disease resistance (Marschner, 2012).

 Supplementation with micronutrients such as iron, magnesium, and zinc, particularly in

sandy soils prone to leaching (FAO, 2021).

 Incorporation of organic matter (compost or manure) to improve soil fertility, microbial

activity, and nutrient release (Brady and Weil, 2017).

 Avoidance of soils contaminated with heavy metals or harmful pesticide residues (WHO,

2007).

2.7 Nutritional Value of Amaranthus hybridus

. The nutritional value of Amaranthus hybridus (commonly known as green amaranth or African

spinach) is remarkably high, making it one of the most nutritious leafy vegetables consumed

across tropical and subtropical regions. The leaves are rich in essential nutrients that contribute

significantly to human health and wellbeing.

Amaranthus hybridus is an excellent source of protein, which supports body tissue growth and

repair. It also contains a substantial amount of dietary fiber, which enhances digestion, prevents

constipation, and promotes a healthy digestive system (Odhav et al., 2007). The leaves are

particularly abundant in vitamins A, C, and K, which are vital for vision, immune function, and

blood clotting. Vitamin A (in the form of beta-carotene) also supports healthy skin and cell
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development, while vitamin C acts as an antioxidant that boosts the immune system and aids in

iron absorption (Aja et al., 2010).

Minerals such as iron (Fe), magnesium (Mg), calcium (Ca), and zinc (Zn) are also present in

significant amounts. Iron is essential for hemoglobin formation and prevention of anemia,

calcium and magnesium play important roles in bone formation and muscle function, while zinc

contributes to immune defense and tissue repair (Akubugwo et al., 2007). The leaves also

contain antioxidants, including flavonoids and carotenoids, which protect body cells from

oxidative stress and reduce the risk of chronic diseases (Shukla et al., 2010).

In addition, Amaranthus hybridus is low in fat and calories, making it ideal for maintaining a

healthy body weight. Its high water and mineral content support hydration, metabolism, and

general vitality. Regular consumption of the leaves has been associated with improved

nutritional status and reduced micronutrient deficiencies, particularly in communities relying on

plant-based diets (Oluwole et al., 2021).

2.7.1 Effect of Drought Stress on Green leaf

1. Wilting and Loss of Turgor Pressure – Reduced water availability causes cells to lose

turgidity, leading to drooping leaves and impaired photosynthetic efficiency (Farooq et

al., 2009).

2. Leaf Rolling or Folding – An adaptive mechanism to minimize surface area and reduce

water loss through transpiration (Taiz et al., 2015).

3. Stomatal Closure – Reduces water loss but also limits CO₂ intake, decreasing

photosynthesis and carbohydrate synthesis (Chaves et al., 2003).
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4. Chlorophyll Degradation (Chlorosis) – Leads to leaf yellowing, reduced light absorption,

and impaired photosynthetic capacity (Farooq et al., 2009).

5. Premature Senescence and Leaf Drop – Accelerated aging of leaves to conserve water for

vital parts of the plant (Taiz et al., 2015).

6. Oxidative Stress from Reactive Oxygen Species (ROS) Accumulation – Causes damage

to proteins, lipids, and nucleic acids (Mittler, 2002).

7. Accumulation of Osmolytes – Production of compounds such as proline, glycine betaine,

and soluble sugars to maintain osmotic balance and protect cellular structures (Ashraf and

Foolad, 2007).

8. Morphological Changes – Leaves become smaller, thicker, and sometimes develop a

thicker cuticle to reduce transpiration (Farooq et al., 2009).

9. Reduced Leaf Number and Biomass – Directly affects yield in leafy vegetables, lowering

market quality and quantity (Chaves et al., 2003).

2.7.2 Mechanisms of Drought Tolerance in Green leaf

1. Physiological and Morphological Mechanisms

 Stomatal Regulation: Mediated mainly by abscisic acid (ABA), which induces stomatal

closure to reduce water loss through transpiration (Zhang et al., 2006).

 Osmotic Adjustment: Accumulation of compatible solutes such as proline, glycine

betaine, and soluble sugars to maintain cell turgor and water uptake (Ashraf and Foolad,

 Leaf Structural Changes: Development of thicker cuticles, reduced leaf area, and leaf

rolling or folding to minimize transpiration (Taiz et al., 2015).
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 Root-to-Shoot Signaling: Coordination of water uptake by roots with water conservation

in leaves to maintain plant water balance.

2. Biochemical and Molecular Mechanisms

 Antioxidant Defense System: Activation of enzymes such as superoxide dismutase

(SOD), catalase (CAT), and peroxidases (POD) to neutralize reactive oxygen species

(ROS) and prevent oxidative damage (Mittler, 2002).

 Protective Protein Synthesis: Increased production of heat shock proteins (HSPs) and

Late Embryogenesis Abundant (LEA) proteins to stabilize membranes and protect

proteins during dehydration.

 Stress Signal Transduction: Activation of drought-responsive genes and signaling

pathways that regulate water conservation and cellular protection mechanisms.

2.8 Role of Plant Growth Regulators in Enhancing Drought Tolerane

2.8.1 Application of Plant Growth Regulators in Cultivation

1. Applications for Growth and Development

 Seed treatment with gibberellin acid (GA₃) to break dormancy, improve germination, and

ensure uniform seedling emergence.

 Root development enhancement using auxins to promote lateral root formation and

nutrient uptake.

 Vegetative growth stimulation with cytokinins and auxins to encourage branching and

canopy formation.

 Flower induction and fruit set regulation using gibberellins, auxins, or ethylene to

synchronize flowering and prevent premature fruit drop.
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 Height control using growth retardants like paclobutrazol to prevent lodging in cereals.

 Ripening and maturation control using ethylene-releasing compounds to accelerate fruit

ripening.

2. Applications for Stress Management and Quality Maintenance

 Drought tolerance improvement using salicylic acid (SA) and ascorbic acid (AsA) to

enhance antioxidant defense and osmotic balance.

 Heat and salinity stress reduction through foliar application of stress-mitigating PGRs

like SA and brassinosteroids.

 Post-harvest quality preservation by applying cytokinins to delay senescence and

maintain nutrient content.

 Cold and frost resistance enhancement using abscisic acid (ABA) to promote protective

responses.

2.8.2 Medicinal and Ethnobotanical Uses.

Apart from its food value, Amaranthus hybridus is also used traditionally in herbal medicine. It

is known for its diuretic, anti-inflammatory, and wound-healing properties. Decoctions made

from its leaves are used in folk medicine to treat ailments like ulcers, diarrhea, and hypertension

(Afolayan & Jimoh, 2009).

2.9 Agronomic Challenges.

Despite its adaptability, the productivity of Amaranthus hybridus is significantly affected by

abiotic stresses, particularly drought stress, which impairs water uptake and leads to reduced

photosynthetic activity and yield. Other production challenges include:
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​ •​ Low soil fertility,

​ •​ Weed competition,

​ •​ Pests (e.g., aphids, flea beetles),

​ •​ Diseases (e.g., leaf spot),

​ •​ Inconsistent seed quality and poor seedling vigor (Olaniyi et al., 2008; Dinssa et al., 2018).

Research Focus and Improvement Efforts.

Recent agronomic research has shifted toward improving the tolerance of Amaranthus hybridus

to abiotic stresses through sustainable methods. One promising strategy involves the application

of plant growth regulators such as salicylic acid and ascorbic acid, which have been shown to

enhance plant tolerance to environmental stress by boosting antioxidant activity, improving

stomatal regulation, and promoting root growth (Hayat et al., 2010; Sani et al., 2023).

In studies by Olaniyi et al., (2021), foliar application of ascorbic acid on A. hybridus

significantly improved leaf area, fresh biomass, and chlorophyll content under water-limited

conditions. Similarly, salicylic acid has been found to reduce oxidative stress and improve water-

use efficiency in related leafy vegetables.

Nutritional and Economic Importance.

Amaranthus hybridus is widely valued for its nutritional richness and economic significance,

especially in regions like sub-Saharan Africa. The leaves are particularly high in essential

vitamins such as A, C, and K, along with vital minerals like calcium, magnesium, potassium, and

iron, which help combat micronutrient deficiencies common in developing countries (Jimoh et
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al., 2020; Sarker & Oba, 2020). Additionally, it contains antioxidants including phenolic

compounds and flavonoids that promote cellular health by mitigating oxidative stress (Akinyele

& Afolabi, 2021). From a protein perspective, the crop contains around 20–28% crude protein on

a dry weight basis, making it a valuable plant-based protein source, particularly for vegetarian

and low-income populations Nnamani et al., (2022).

Economically, A. hybridus supports rural livelihoods due to its:

 ​ ​ Short maturity period (4–6 weeks),

 ​ High market demand in both urban and rural markets,

 ​ Low production cost, requiring minimal inputs,

 ​ Suitability for intercropping and home gardening systems Olaniyi et al., (2021).

 Thus, its cultivation contributes to income generation, employment for smallholder

farmers, and food and nutritional security

Growth Conditions and Environmental Responses.

Amaranthus hybridus thrives optimally in well-drained, loamy soils with neutral to slightly

acidic pH and consistent moderate moisture levels. However, its productivity is challenged by

seasonal droughts and inconsistent rainfall, particularly in tropical climates where dry spells can

occur during critical growth stages.

Under field conditions:

​ •​ Drought stress significantly affects germination, leaf expansion, chlorophyll content, and

overall biomass production (Olatunji & Fawole, 2022).
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​ •​ Water scarcity reduces the plant’s turgor pressure, leading to wilting, stunted growth, and

leaf senescenceal.

Drought also interferes with stomatal conductance, nutrient uptake, and root-shoot balance,

further reducing productivity. (Eze & Okonkwo, 2023).

Constraints to Production.

Despite its agronomic advantages, several constraints continue to hinder the optimal cultivation

of Amaranthus hybridus:

​ •​ Poor soil fertility in many parts of Africa results in low leaf biomass and poor nutrient

density.

​ •​ Prolonged dry seasons lead to severe water stress, especially in rainfed agriculture.

​ •​ Pests and diseases, such as aphids, beetles, and leaf spot fungi, reduce leaf quality and

marketability.

​ •​ Lack of improved agronomic practices, including poor spacing, inadequate fertilization,

and absence of pest management, limit yield potential.

One of the most detrimental constraints is drought, which reduces photosynthetic efficiency,

leads to accumulation of reactive oxygen species (ROS), and induces oxidative stress, disrupting

plant metabolic processes (Farooq et al., 2009; Ajayi et al., 2022).
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2.10 Role of Plant Growth Regulators in Amaranthus Cultivation.

In response to abiotic stresses such as drought, the use of plant growth regulators (PGRs) like

salicylic acid (SA) and ascorbic acid (AA) has shown great promise in improving the resilience

of A. hybridus and similar leafy vegetables.

Salicylic Acid (SA)

SA is a phenolic compound that:

 ​ ​ Enhances plant defense responses,

 ​ Promotes photosynthetic activity and stomatal regulation,

 ​ ​ Reduces electrolyte leakage and lipid peroxidation during drought (Hayat et al.,

2010; El-Tayeb, 2021).

 Ascorbic Acid (AA)

 AA, a non-enzymatic antioxidant:

 ​ ​ Plays a central role in detoxifying ROS,

 ​ ​ Supports enzymatic activities such as catalase and superoxide dismutase,

 ​ ​ Maintains chloroplast integrity, especially under drought stress (Smirnoff, 2011;

Sharma et al., 2023).

Combined Effects

Foliar applications of both SA and AA have been reported to:

 ​ Improve water-use efficiency,

 ​ Enhance chlorophyll biosynthesis,

 ​ ​ Increase fresh and dry matter yield (Sani et al., 2023; Adeyemi & Yusuf, 2022).
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These PGRs offer a cost-effective and environmentally friendly strategy for managing drought-

induced stress in A. hybridus.

2.11 Recent Studies on Amaranthus hybridus.

Recent research efforts have focused on integrating organic soil amendments, biofertilizers, and

plant growth regulators to enhance the performance of A. hybridus under challenging

environmental conditions.

 ​ ​ Olaniyi et al. (2021) found that foliar application of ascorbic acid (150 ppm)

significantly increased leaf chlorophyll content, fresh leaf weight, and relative water

content under mild water stress conditions.

 ​ ​ Adeyemi & Yusuf (2022) demonstrated that the combined application of salicylic

acid and ascorbic acid led to a notable increase in drought tolerance, plant height, and

antioxidant capacity in Amaranthus spp.

 ​ ​ Bamigboye et al. (2023) observed improved stomatal conductance and biomass

 Sani et al. (2023) emphasized that PGRs can complement traditional water management

strategies, especially in dryland farming systems.

These findings support the potential of low-cost biostimulant treatments to sustainably improve

the performance of A. hybridus, even in sub-optimal growing environments.

2.12 Characteristics.

key characteristics of Amaranthus hybridus, organized under morphological, physiological,

agronomic, and nutritional categories. These traits make it an important leafy vegetable crop,

especially in tropical and subtropical regions:
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1. Morphological Characteristics

 ​ Growth Habit: Erect, fast-growing annual herb.

 ​ ​ Height: Can grow up to 1–2 meters tall under favorable conditions.

 ​ ​ Leaves: Broad, ovate to lanceolate with prominent veins; green or reddish-green

depending on the variety.

 ​ ​ Stem: Often reddish or green, ridged, and succulent when young.

 ​ ​ Inflorescence: Terminal or axillary spikes, usually green to purple.

 ​ ​ Flowers: Small, unisexual or bisexual, clustered densely on spikes.

 ​ ​ Seed: Tiny, round, black or brown, with high germination capacity (Grubben &

Denton, 2004; Das, 2016).

2. Physiological Characteristics

 ​ ​ Photosynthesis: C4 plant, which makes it highly efficient in carbon fixation,

particularly under high temperatures and light.

 ​ Water Use: Moderately drought-tolerant due to deep roots and water-efficient

physiology.

 ​ ​ Growth Cycle: Rapid lifecycle of 4–8 weeks, allowing multiple harvests per season.

 ​ ​ Stress Response: Capable of withstanding short-term environmental stresses like

heat and low moisture (Omami et al., 2006; Achigan-Dako et al., 2014).

3. Agronomic Characteristics

 ​ ​ Soil Preference: Prefers well-drained loamy soils, rich in organic matter.
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 ​ ​ Planting Method: Can be direct-seeded or transplanted; thrives in high-density

planting.

 ​ Yield: High leaf yield; can produce 10–25 tons/ha of fresh leaves depending on variety

and inputs.

 ​ ​ Harvesting: Harvested multiple times by uprooting or cutting leaves progressively

(Dinssa et al., 2018; Olaniyi et al., 2008).

4. Nutritional Characteristics

 ​ Vitamins: Rich in Vitamin A, Vitamin C, Vitamin K, and folate.

 ​ Minerals: High in calcium, iron, magnesium, and potassium.

 ​ Protein Content: Contains 20–28% crude protein (dry weight basis), making it an

important plant protein source.

 ​ Antioxidants: Contains phenolic compounds, flavonoids, and beta-carotene.

 ​ Dietary Fiber: Promotes digestive health and helps regulate blood sugar levels (Shukla

et al., 2010; Ndlovu & Afolayan, 2008).

5. Medicinal and Functional Traits

 ​ Traditionally used for:

 ​ Treating inflammation, anemia, and constipation.

 ​ ​ Acting as a blood tonic and detoxifier.

 ​ ​ Leaves and seeds are used in herbal remedies and functional foods. (Mburu et al.,

2021 ; Odhav et al., 2007).
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2.13 Physical Characteristics of Amaranthus hybridus

1. Growth Habit

 Amaranthus hybridus is an erect annual herb that grows between 0.5 and 2.5 meters tall,

depending on soil fertility and climate (Grubben & Denton, 2004).

 It possesses a strong taproot system that supports upright growth and enables the plant to

tolerate mild drought (Moyo & Masika, 2009).

 The plant is freely branching, forming a bushy appearance when mature (Akubugwo,

Obasi, & Ginika, 2007).

2. Stem

 The stem is cylindrical, smooth or slightly hairy, and may appear green or reddish-green

in color (Grubben & Denton, 2004).

 It becomes thicker and slightly woody at the base as the plant matures (Moyo & Masika,

2009).

3. Leaves

 Leaves are simple, alternate, and petiolate, with entire margins (Akubugwo et al., 2007).

 They are ovate to lanceolate in shape, with distinct venation and pointed tips (Grubben &

Denton, 2004).

 Leaf color ranges from green to reddish-green, depending on the variety and soil nutrients

(Shukla & Singh, 2000).

4. Inflorescence (Flowers)

 Flowers are small, greenish, and unisexual, arranged in dense terminal or axillary spikes

or panicles (Grubben & Denton, 2004).
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 The plant is monoecious, bearing both male and female flowers on the same plant

(Shukla & Singh, 2000).

 Male flowers are usually found at the tip of the spike, while female flowers occur at the

base (Akubugwo et al., 2007).

5. Fruits and Seeds

 The fruit is a small, dry capsule (utricle) that splits open when mature (Grubben &

Denton, 2004).

 Seeds are tiny, shiny, black or dark brown, and round to slightly flattened (Moyo &

Masika, 2009).

 Each plant can produce tens of thousands of seeds, aiding wide natural distribution

(Akubugwo et al., 2007).

6. Root System

 The plant develops a deep taproot with numerous lateral roots that enhance nutrient and

water absorption (Grubben & Denton, 2004).

7. General Appearance

 The plant has a vigorous, upright, and leafy look, emitting a mild earthy odor when

crushed (Moyo & Masika, 2009).

2.14 Ontogenesis

Ontogenesis refers to the developmental process of an organism from seed to maturity.

In Amaranthus hybridus, this process includes seed, germination, seedling, vegetative,

flowering, fruiting, and senescence stages (Eze & Chukwuma, 2019).

1. Seed Stage
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 The plant begins as small, hard, black or brown seeds that contain an embryo and

endosperm (Grubben & Denton, 2004).

 Seeds remain dormant until favorable conditions of moisture, light, and temperature (25–

35°C) are met (Eze & Chukwuma, 2019).

2. Germination

 Germination is epigeal, meaning the cotyledons emerge above the soil (Oyedeji &

Bankole, 2012).

 The radicle grows first, anchoring the seedling, followed by the elongation of the

hypocotyl that lifts the cotyledons (Eze & Chukwuma, 2019).

3. Seedling Stage

 The seedling develops true leaves and a well-defined taproot with lateral branches

(Grubben & Denton, 2004).

 At this stage, the plant depends heavily on light, water, and nutrients for rapid

establishment (Eze & Chukwuma, 2019).

4. Vegetative Growth Stage

 Characterized by rapid stem elongation, leaf expansion, and branch development (Shukla

& Singh, 2000).

 The plant can reach up to 2 meters tall, with high photosynthetic activity promoting

biomass accumulation (Oyedeji & Bankole, 2012).

5. Reproductive (Flowering) Stage

Amaranthus hybridus produces terminal and axillary inflorescences, containing both male

and female flowers (Grubben & Denton, 2004).

Pollination is mainly by wind (anemophily) (Eze & Chukwuma, 2019).
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6. Fruit and Seed Formation Stage

 Following fertilization, the ovary develops into a capsule (utricle) that encloses a single

seed (Oyedeji & Bankole, 2012).

 Seeds mature, turn black or dark brown, and disperse naturally through wind and animals

(Eze & Chukwuma, 2019).

7. Senescence

 After seed formation, the plant begins to age and dry out.

 Leaves turn yellow, stems harden, and the plant completes its annual life cycle

(Grubben & Denton, 2004).

2:15 Cultivation of Amaranthus hybridus.

Amaranthus hybridus, commonly called ‘slim amaranth or green amaranth’, is a fast-growing

leafy vegetable widely cultivated across tropical and subtropical regions, particularly in Africa

and Asia. It is appreciated for its short maturity cycle, nutritional value, and adaptability to

diverse agro-ecological zones (Dinssa et al., 2020).

1. Climate Requirement

 Amaranthus hybridus thrives best in warm tropical and subtropical climates (Grubben &

Denton, 2004).

 It prefers a temperature range of 25–35°C and performs poorly in frost conditions (Akin-

Idowu, Ibitoye, & Ademoyegun, 2009).

 The plant grows well under moderate rainfall and adequate sunlight, though it can

tolerate brief dry spells due to its deep root system (Moyo & Masika, 2009).

2. Soil Requirement
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 The crop performs well in well-drained, fertile loamy soils rich in organic matter

(Grubben & Denton, 2004).

 Optimum soil pH ranges between 6.0 and 7.5, favoring good nutrient availability (Olaniyi

& Ajibola, 2008).

 Poorly drained or waterlogged soils can cause root rot and reduce yield (Moyo & Masika,

2009).

3. Land Preparation

 Land should be well-tilled and free from weeds to ensure proper seed germination

(Olaniyi & Ajibola, 2008).

 Incorporating organic manure or compost before planting enhances soil fertility and

improves leaf yield (Akin-Idowu et al., 2009).

4. Propagation and Planting

Amaranthus hybridus is propagated by seeds, which are broadcast or line-sown directly

in the field (Grubben & Denton, 2004).

Seeds are sown shallowly (1–2 cm deep) due to their small size and need for light to

germinate (Olaniyi & Ajibola, 2008).

Seed rate of about 1–2 kg per hectare is sufficient for good stand establishment (Akin-

Idowu et al., 2009).

 Germination occurs within 3–5 days under favorable moisture and temperature

conditions (Grubben & Denton, 2004).

5. Spacing and Thinning

 For leafy production, spacing of 20–30 cm between rows and 10–15 cm between

plants is ideal (Olaniyi & Ajibola, 2008).
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Thinning is done two weeks after emergence to avoid overcrowding and ensure uniform

plant growth (Akin-Idowu et al., 2009).

6. Watering/Irrigation

 Regular watering is essential during the early growth stage, but overwatering

should be avoided to prevent damping-off (Moyo & Masika, 2009).

7. In dry conditions, irrigation twice a week helps maintain optimum leaf yield and

 Weeding should be carried out regularly, especially within the first three weeks of

planting (Grubben & Denton, 2004).

 Mulching with dry grass or crop residue helps conserve moisture and suppress

weeds (Akin-Idowu et al., 2009).

8. Fertilization

 Application of organic manure (5–10 tons per hectare) or NPK fertilizer (15:15:15)

improves vegetative growth (Olaniyi & Ajibola, 2008).

 Nitrogen is particularly important for leafy yield and should be applied in split

doses (Moyo & Masika, 2009).

9. Pests and Diseases

 Common pests include leaf miners, caterpillars, and aphids, which can reduce leaf

quality (Grubben & Denton, 2004).

 Major diseases are damping-off, root rot, and leaf spot caused by fungal

pathogens (Olaniyi & Ajibola, 2008).

 Use of organic pesticides and proper field sanitation helps control pest infestation.

10. Harvesting

 Leaves are ready for harvest 3–4 weeks after planting (Akin-Idowu et al., 2009).
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 Harvesting can be done by cutting the tender shoots 10–15 cm above the ground

to allow regrowth (Grubben & Denton, 2004).

 For seed production, plants are left to mature for 8–10 weeks, after which the

spikes are harvested and dried (Moyo & Masika, 2009).

11. Post-Harvest Handling

 ​ ​ Harvested leaves should be:

 ​ Washed in clean water.

 ​ Shade-dried briefly to reduce surface moisture.

 ​ Packaged in baskets or polyethylene bags for market.

 ​ Storage is short-term; preferably consumed within 1–2 days after harvest.

2:16 Soil Requirements for Amaranthus hybridus.

Amaranthus hybridus (slim amaranth) is a leafy vegetable that thrives in a variety of soil types

but shows optimal growth and yield in soils with specific characteristics. Ensuring proper soil

conditions enhances seed germination, vegetative development, and nutrient uptake (Okunola et

al., 2021).

1. Soil Type and Texture

 ​ Amaranthus hybridus performs best in well-drained loamy or sandy-loam soils.

 ​ These soil types ensure adequate aeration and root penetration, which are crucial for

rapid growth.

 ​ Heavy clay soils should be avoided as they retain excess water and hinder root

respiration (Olaniyi et al., 2021).

2. Soil pH
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 ​ The ideal soil pH for A. hybridus ranges between 6.0 and 7.5 (slightly acidic to

neutral).

 ​ ​ Soils outside this range can limit nutrient availability, especially phosphorus and

micronutrients like zinc and iron (Jimoh et al., 2020).

3. Soil Fertility and Nutrient Content

 ​ ​ The plant responds well to soils rich in nitrogen (N) for leaf development,

phosphorus (P) for root growth, and potassium (K) for stress tolerance.

 ​ ​ Organic amendments such as compost, poultry manure, or green manure improve

soil fertility and microbial activity (Olatunji & Fawole, 2022).

4. Drainage and Water-Holding Capacity

 ​ Soils must be well-drained to prevent waterlogging, which can cause damping-off and

root rot, especially in young plants.

 ​ However, the soil should retain moderate moisture to support continuous leaf growth

during dry spells (Sani et al., 2023).

5. Soil Preparation

 ​ Proper land preparation involves clearing, ploughing, and incorporation of organic

matter.

 ​ Raised beds or flat beds can be used depending on the rainfall and drainage capacity of

the site (Adeyemi & Yusuf, 2022).

2:17 Moisture Requirements of Amaranthus hybridus.

Amaranthus hybridus is a fast-growing leafy vegetable with high water content in its

foliage. Moisture availability plays a critical role in its germination, vegetative growth,

leaf expansion, nutrient transport, and overall yield performance. While the plant shows
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moderate drought tolerance, optimal and consistent moisture is essential for maximum

productivity (Aditya & Olatunji, 2022).

1. Water Needs During Growth Stages

​ Germination Stage:

Moisture must be consistently available during germination, as A. hybridus seeds are small and

require well-moistened topsoil to sprout uniformly. Water stress at this stage results in poor and

uneven germination.

 ​ Vegetative Stage:

 This stage has the highest water demand. Adequate moisture enhances:

 ​ Leaf size and number,

 ​ Photosynthetic rate,

 ​ ​ Nutrient uptake efficiency.

 ​ ​ Reproductive Stage (if allowed to flower):

Water demand slightly decreases, but insufficient moisture can still reduce seed development and

quality (Jimoh et al., 2020).

2. Moisture Deficit and Drought Sensitivity

 ​ ​ hybridus is sensitive to prolonged drought, which can cause:

 ​ ​ Leaf wilting and curling,

 ​ ​ Reduced fresh weight,

 ​ Stunted growth,

 ​ Oxidative stress due to buildup of reactive oxygen species (ROS) (Olatunji & Fawole,

2022).

3. Water Use Efficiency (WUE)



42

 ​ ​ Under mild drought stress, foliar application of plant growth regulators like ascorbic

acid and salicylic acid improves WUE by:

 ​ ​ Enhancing stomatal regulation,

 ​ Boosting antioxidant activity,

 ​ Maintaining chlorophyll integrity (Sani et al., 2023).

4. Irrigation Management

 ​ ​ In rain-fed agriculture, supplemental irrigation is crucial during dry spells or

drought-prone periods.

 ​ Light but frequent watering is more effective than deep, infrequent irrigation due to the

shallow root system of A. hybridus.

 ​ Over-irrigation should be avoided to prevent root diseases like damping-off (Adeyemi

& Yusuf, 2022).

2:18 Nutritional Value of Amaranthus hybridus.

The nutritional value of Amaranthus hybridus (commonly known as green amaranth or African

spinach) is remarkably high, making it one of the most nutritious leafy vegetables consumed

across tropical and subtropical regions. The leaves are rich in essential nutrients that contribute

significantly to human health and wellbeing.

Amaranthus hybridus is an excellent source of protein, which supports body tissue growth and

repair. It also contains a substantial amount of dietary fiber, which enhances digestion, prevents

constipation, and promotes a healthy digestive system (Odhav et al., 2007). The leaves are

particularly abundant in vitamins A, C, and K, which are vital for vision, immune function, and

blood clotting. Vitamin A (in the form of beta-carotene) also supports healthy skin and cell
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development, while vitamin C acts as an antioxidant that boosts the immune system and aids in

iron absorption (Aja et al., 2010).

Minerals such as iron (Fe), magnesium (Mg), calcium (Ca), and zinc (Zn) are also present in

significant amounts. Iron is essential for hemoglobin formation and prevention of anemia,

calcium and magnesium play important roles in bone formation and muscle function, while zinc

contributes to immune defense and tissue repair (Akubugwo et al., 2007). The leaves also

contain antioxidants, including flavonoids and carotenoids, which protect body cells from

oxidative stress and reduce the risk of chronic diseases (Shukla et al., 2010).

In addition, Amaranthus hybridus is low in fat and calories, making it ideal for maintaining a

healthy body weight. Its high water and mineral content support hydration, metabolism, and

general vitality. Regular consumption of the leaves has been associated with improved

nutritional status and reduced micronutrient deficiencies, particularly in communities relying on

plant-based diets (Oluwole et al., 2021).

2:19 Importance of Amaranthus hybridus.

Amaranthus hybridus is a fast-growing leafy vegetable valued for its high nutritional content,

including proteins, iron, calcium, and vitamins. However, its production is significantly limited

by environmental stresses like drought, which cause wilting, leaf yellowing, reduced leaf

biomass, and early senescence (Olatunji & Fawole, 2022).

Importance of Amaranthus hybridus

1. Nutritional Importance

 Amaranthus hybridus leaves are rich in essential nutrients such as proteins, vitamins (A,

C, and K), and minerals (Ca, Fe, Mg, and Zn) (Akubugwo, Obasi, & Ginika, 2007).
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 The leaves and seeds contain high-quality amino acids, especially lysine, which

complements cereal-based diets (Moyo & Masika, 2009).

 It is an excellent source of dietary fiber and antioxidants, promoting good digestion and

reducing oxidative stress (Odhav, Beekrum, Akula, & Baijnath, 2007).

2. Medicinal Importance

 Traditionally, A. hybridus is used in folk medicine for treating anemia, fever, and

gastrointestinal disorders (Olajide et al., 2004).

 The leaves have anti-inflammatory, antioxidant, and antimicrobial properties, attributed

to phenolic compounds and flavonoids (Akubugwo et al., 2007).

 Decoctions of the leaves are used to enhance blood formation and improve general body

strength (Grubben & Denton, 2004).

3. Economic Importance

 It is a profitable leafy vegetable crop in many African and Asian markets due to its short

growth cycle (3–4 weeks) and high market demand (Olaniyi & Ajibola, 2008).

 The plant provides income for smallholder farmers, especially women and rural

communities involved in vegetable production (Moyo & Masika, 2009).

 Seeds can be processed into flour and animal feed, adding to its economic versatility

(Grubben & Denton, 2004).

4. Agricultural Importance

 Amaranthus hybridus is a fast-growing crop suitable for intercropping systems and soil

fertility improvement (Olaniyi & Ajibola, 2008).

 Its deep taproot helps in loosening the soil and improving aeration, which benefits

subsequent crops (Moyo & Masika, 2009).
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 The plant also serves as a trap crop that attracts pests away from more sensitive crops

such as okra or pepper (Grubben & Denton, 2004).

5. Environmental Importance

 The species can withstand drought and grow in poor soils, making it valuable for food

security in marginal environments (Akin-Idowu, Ibitoye, & Ademoyegun, 2009).

 It contributes to biodiversity conservation, as it is adaptable to various ecosystems and

requires minimal inputs (Grubben & Denton, 2004).

6. Cultural and Dietary Importance

 The plant is a common leafy vegetable in traditional African dishes such as soups and

stews (Moyo & Masika, 2009).

 It is valued for its pleasant taste, tender texture, and nutrient density, making it a staple in

both rural and urban diets (Akubugwo et al., 2007).

7. Industrial Importance

 Amaranthus hybridus contains natural pigments such as betalains, which are used as

natural food colorants and in cosmetic formulations (Odhav et al., 2007).

 The seeds’ oil and starch content can also be used in food processing and pharmaceutical

formulations (Grubben & Denton, 2004).

12.20 ffects of Drought Stress on Amaranthus hybridus

1. Reduced Germination and Seedling Establishment

 Drought stress causes poor seed germination by limiting water uptake needed for

metabolic activation (Makbul, Saruhan Güler, Durmuş, & Güven, 2011).
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 In Amaranthus hybridus, germination percentage and seedling vigor decline significantly

under water-deficit conditions (Eze & Chukwuma, 2019).

 Root and shoot elongation are restricted, leading to weak seedlings that struggle to

establish properly (Mibei et al., 2017).

2. Reduction in Vegetative Growth

 Drought reduces cell elongation and expansion, resulting in shorter plants and smaller

leaves (Chandra et al., 2014).

 Amaranthus hybridus exhibits stunted growth, reduced leaf area, and fewer branches

when water availability is low (Eze & Chukwuma, 2019).

 Stem diameter and fresh biomass also decrease due to limited turgor pressure and

reduced nutrient uptake (Mibei et al., 2017).

3. Decline in Photosynthetic Efficiency

 Drought stress leads to chlorophyll degradation, lowering the plant’s ability to capture

light for photosynthesis (Farooq et al., 2009).

 In A. hybridus, photosynthetic rate, stomatal conductance, and transpiration decline

significantly during prolonged water stress (Ogwokhademhe & Osemwegie, 2012).

 As a result, carbon assimilation and energy production are reduced, affecting overall

plant productivity (Eze & Chukwuma, 2019).

4. Alteration in Nutrient Uptake and Elemental Content
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 Drought limits the uptake of essential elements such as magnesium (Mg), iron (Fe),

calcium (Ca), and zinc (Zn), which are vital for chlorophyll formation and enzyme

activation (Mibei et al., 2017).

 In A. hybridus, the concentration of Fe and Mg in leaves decreases under drought,

leading to chlorosis (leaf yellowing) (Eze & Chukwuma, 2019).

 Calcium and zinc levels also drop, weakening cell wall stability and protein synthesis

(Chandra et al., 2014).

5. Oxidative Stress and Cellular Damage

 Water deficit increases the formation of reactive oxygen species (ROS) such as hydrogen

peroxide and superoxide radicals (Farooq et al., 2009).

 In A. hybridus, excessive ROS causes membrane lipid peroxidation, protein oxidation,

and chlorophyll breakdown (Ogwokhademhe & Osemwegie, 2012).

 This leads to leaf wilting, necrosis, and reduced vitality of photosynthetic tissues

6. Reduction in Yield and Biomass

 Drought stress significantly lowers fresh and dry leaf yield, as well as overall biomass

accumulation (Eze & Chukwuma, 2019).

 It also affects leaf size, tenderness, and nutritional composition, reducing market value

(Mibei et al., 2017).

 Prolonged drought can cause premature flowering and senescence, shortening the

productive lifespan of the plant (Chandra et al., 2014).

7. Biochemical and Physiological Adjustments
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 To cope with drought, A. hybridus accumulates osmoprotectants such as proline, soluble

sugars, and amino acids, which help maintain osmotic balance (Makbul et al., 2011).

 The plant also enhances the activity of antioxidant enzymes (catalase, peroxidase,

superoxide dismutase) to detoxify ROS (Ogwokhademhe & Osemwegie, 2012).

 Despite these mechanisms, severe drought still results in significant physiological stress

and yield loss.

8. Recovery and Adaptation

 Upon rehydration, A. hybridus can partially recover due to its deep taproot system, which

accesses water from lower soil layers (Grubben & Denton, 2004).

 However, repeated drought episodes weaken recovery ability and can cause permanent

structural damage (Eze & Chukwuma, 2019).

2.21 Elemental content of green leaves

Green leaves serve as a major site of photosynthesis and nutrient storage in plants. Their

elemental composition—particularly magnesium (Mg), calcium (Ca), iron (Fe), and zinc (Zn)—

is vital for maintaining physiological processes and overall plant health.

According to Mengutay et al., (2013), magnesium plays a central role in chlorophyll structure,

enzyme activation, and energy transfer, making it indispensable for photosynthesis. Deficiency

in Mg reduces chlorophyll formation and photosynthetic activity, leading to chlorosis and

stunted growth.
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Calcium, on the other hand, contributes to cell wall stability and acts as a secondary messenger

that regulates many developmental and stress response pathways. It also aids in maintaining

membrane integrity and nutrient translocation within the plant (Weng et al., 2022).

Iron is crucial for the synthesis of chlorophyll and the electron transport chain in both

photosynthesis and respiration. Iron deficiency leads to reduced photosynthetic efficiency and

visible yellowing of young leaves.

Zinc is a micronutrient that activates several enzymes, maintains membrane stability, and

regulates auxin synthesis. According to Recena et al. (2021), Zn deficiency negatively impacts

chlorophyll production and stress tolerance mechanisms in leaves.

The balance and adequate availability of these four elements determine the nutritional and

physiological quality of green leaves. Therefore, studies of their elemental content provide

insights into plant metabolic health and environmental adaptability.

2. Effect of drought on elemental content in Amaranthus hybridus

Drought is one of the most critical abiotic stresses influencing nutrient uptake and distribution in

plants. In Amaranthus hybridus, drought significantly alters mineral acquisition and elemental

content in green leaves. Reduced soil moisture limits nutrient mobility and root absorption, often

resulting in lower Mg and Ca uptake (Mengutay et al., 2013).

Research by Recena et al., (2021) and Weng et al. (2022) indicates that under water stress, Fe

and Zn uptake also decreases due to reduced root permeability and changes in redox potential

that affect nutrient solubility. However, because drought slows biomass accumulation, leaf

concentrations of these elements sometimes appear elevated due to reduced dilution effects.
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Studies on other leafy vegetables show similar trends: under drought, Mg and Ca often decline in

absolute uptake, Fe becomes less bioavailable, and Zn mobility is reduced. This nutritional

imbalance contributes to poor chlorophyll formation, oxidative stress, and lower yields. In

Amaranthus hybridus, the impact is visible in reduced leaf expansion, loss of turgidity, and early

senescence, all of which are linked to elemental deficiency.

3. Effects of plant growth regulators on plants exposed to drought

Plant growth regulators (PGRs) such as cytokinins, auxins, salicylic acid, and brassinosteroids

are known to modify physiological and biochemical processes, improving nutrient uptake and

drought tolerance. According to Li et al. (2024), PGR-like compounds such as humic acids can

enhance the uptake of Mg, Ca, Fe, and Zn by stimulating root growth and increasing membrane

permeability.

A study by researchers on Miscanthus × giganteus reported that PGR treatments increased the

accumulation of Mg, Ca, and Fe in leaves grown under drought and trace-element stress (MDPI,

2022). Similarly, salicylic acid and brassinosteroids have been observed to enhance antioxidant

enzyme activities and maintain micronutrient homeostasis in stressed plants.

Under drought, PGRs help stabilize nutrient transport systems, improve ion balance (especially

K⁺/Ca²⁺ and Zn²⁺), and sustain photosynthetic activity (Weng et al., 2022). In Amaranthus

hybridus, though direct studies are limited, related research on leafy vegetables suggests that

foliar application of salicylic acid or cytokinin-based PGRs could help maintain Mg, Ca, Fe, and

Zn levels, reducing stress-induced nutrient loss.

4. Summary and research gap
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Previous studies have established the individual importance of Mg, Ca, Fe, and Zn in green leaf

physiology and their susceptibility to drought stress. They also highlight the role of PGRs in

improving nutrient uptake and stress resilience. However, limited research has simultaneously

examined the combined effect of drought and PGRs on the elemental content of green leaves in

Amaranthus hybridus.

Therefore, investigating how PGR application influences the uptake and retention of Mg, Ca, Fe,

and Zn under drought conditions in Amaranthus hybridus is essential to understand its adaptive

mechanisms and improve productivity under changing climatic conditions.

Plant Growth regulators.

Plant Growth Regulators (PGRs) are naturally occurring or synthetic organic compounds that

influence physiological and developmental processes in plants at very low concentrations. Unlike

nutrients, which are required in bulk, PGRs function by modifying growth and development

pathways through hormonal signaling, gene expression regulation, and interaction with

environmental cues (Gupta et al., 2021).

These regulators influence a wide range of plant activities such as:

​ •​ Seed germination

​ •​ Root and shoot development

​ •​ Leaf senescence

​ •​ Flowering and fruit development

​ •​ Stress tolerance (especially drought, salinity, and temperature extremes).

Mechanism of Action

PGRs exert their effects through:
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​ •​ Perception by specific receptors (e.g., GID1 for gibberellins)

​ •​ Signal transduction cascades that involve secondary messengers (e.g., Ca²⁺, ROS)

​ •​ Modulation of gene expression (e.g., activation of stress-responsive genes)

​ •​ Physiological responses such as growth promotion, stomatal closure, or increased

antioxidant activity (Zhou et al., 2020).

PGRs and Stress Management in Crops

One of the most significant applications of PGRs in modern agriculture is their role in mitigating

abiotic stress, especially drought. Several PGRs modulate:

​ •​ Water-use efficiency

​ •​ Photosynthetic pigment content

​ •​ Membrane integrity

​ •​ Antioxidant defense mechanisms

These effects contribute to improved plant survival, growth, and yield under water-deficient

conditions (Hayat et al., 2010; Ali et al., 2024).

2.22 ole of Plant Growth Regulators in Amaranthus hybridus

Plant growth regulators (PGRs) play a crucial role in modulating physiological, biochemical, and

molecular responses that enable plants, including green leaves, to better withstand drought stress.

Salicylic Acid

Salicylic acid (SA) is a phenolic plant growth regulator that plays a vital role in regulating plant

defense responses under drought stress. It acts as a signaling molecule that triggers antioxidant

defense systems, thereby reducing oxidative damage caused by reactive oxygen species (ROS)

generated during water deficit (Khan et al., 2015). Under drought conditions, SA application—
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either as a foliar spray or seed priming—enhances the activities of antioxidant enzymes such as

superoxide dismutase (SOD), catalase (CAT), and peroxidases (POD), which protect cellular

structures from oxidative injury (Hayat et al., 2010).

SA also promotes osmotic adjustment by inducing the accumulation of osmolytes like proline

and soluble sugars, maintaining turgor pressure and stabilizing membranes (Horváth et al.,

2007). Furthermore, SA modulates stomata behavior, helping to optimize water use efficiency

without severely compromising photosynthesis. At the molecular level, it influences the

expression of stress-related genes, contributing to enhanced tolerance. By strengthening both

protective and adaptive responses, SA significantly improves plant survival, leaf area retention,

and chlorophyll content under drought stress.

2.23 Effect of Salicylic Acid

1. Activates antioxidant defense systems by enhancing the activities of enzymes like

superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD), which reduce

oxidative damage caused by reactive oxygen species (ROS).

2. Promotes osmotic adjustment by increasing accumulation of osmolytes such as proline

and soluble sugars, helping maintain cell turgor during drought stress.

3. Regulates stomata behavior to optimize water use efficiency and reduce excessive water

loss.

4. Enhances chlorophyll stability and maintains photosynthetic activity under stress

conditions.

5. Stimulates stress-related gene expression and activates systemic acquired resistance

(SAR), improving both abiotic and biotic stress tolerance.
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6. Improves germination rates and seedling vigor when used as foliar spray or seed priming

treatment.

7. Increases biomass retention and yield under drought and other adverse environmental

conditions.

Ascorbic Acid

Ascorbic acid (AsA), commonly known as vitamin C, is a non-enzymatic antioxidant that plays a

direct and crucial role in scavenging ROS during drought-induced oxidative stress. It functions in

the AsA–glutathione cycle, working with enzymes such as ascorbate peroxidase (APX) to

detoxify hydrogen peroxide (H₂O₂) and maintain redox homeostasis (Smirnoff, 2018). Under

drought conditions, exogenous application of AsA enhances chlorophyll stability, maintains

photosynthetic efficiency, and protects thylakoid membranes from oxidative degradation (Athar

et al., 2008).

In addition to its antioxidant role, AsA contributes to cell wall strengthening, osmotic balance,

and hormonal signaling pathways that regulate growth under water deficit. It also aids in

regenerating other antioxidants like α-tocopherol, ensuring a continuous defense against

oxidative damage. AsA supplementation has been shown to improve leaf relative water content,

reduce lipid peroxidation, and maintain higher biomass production during drought stress

(Fotopoulos et al., 2006).

12.24 Effect of Ascorbic Acid

1. Acts as a powerful non-enzymatic antioxidant, directly scavenging reactive oxygen

species (ROS) and protecting cells from oxidative stress.
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2. Functions in the AsA–glutathione cycle, working with enzymes like ascorbate peroxidase

(APX) to detoxify hydrogen peroxide (H₂O₂).

3. Protects chlorophyll and photosynthetic machinery, maintaining higher photosynthetic

efficiency under stress conditions.

4. Stabilizes and strengthens cell membranes, reducing lipid peroxidation during drought

stress.

5. Regenerates other antioxidants such as α-tocopherol, ensuring continuous cellular

protection.

6. Improves osmotic balance by supporting accumulation of compatible solutes, aiding

water retention in cells.

7. Enhances plant growth and biomass by maintaining enzyme activities and metabolic

stability under adverse conditions.

8. Supports hormonal signaling pathways that regulate plant adaptation to drought and other

abiotic stresses.

2.25 Application of Plant Growth Regulators in Cultivation

1. Applications for Growth and Development

 Seed treatment with gibberellin acid (GA₃) to break dormancy, improve germination, and

ensure uniform seedling emergence.

 Root development enhancement using auxins to promote lateral root formation and

nutrient uptake.

 Vegetative growth stimulation with cytokinins and auxins to encourage branching and

canopy formation.
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 Flower induction and fruit set regulation using gibberellins, auxins, or ethylene to

synchronize flowering and prevent premature fruit drop.

 Height control using growth retardants like paclobutrazol to prevent lodging in cereals.

 Ripening and maturation control using ethylene-releasing compounds to accelerate fruit

ripening.

 Applications for Stress Management and Quality Maintenance

 Drought tolerance improvement using salicylic acid (SA) and ascorbic acid (AsA) to

enhance antioxidant defense and osmotic balance.

 Heat and salinity stress reduction through foliar application of stress-mitigating PGRs

like SA and brassinosteroids.

 Post-harvest quality preservation by applying cytokinins to delay senescence and

maintain nutrient content.

 Cold and frost resistance enhancement using abscisic acid (ABA) to promote protective

responses.

2.26 Application Methods and Dosage.

 ​ ​ Foliar spray is the most effective application method for SA and AA.

 ​ ​ Ideal concentrations range from:

 ​ ​ SA: 50–150 ppm

 ​ AA: 100–200 ppm

 ​ Spraying is recommended during vegetative growth stages, especially before or during

stress periods.
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2:27 Mode of action of salicylic acid and ascorbic acid in Amaranthus hybridus.

1. Stomatal Regulation

​ •​ SA elevates reactive oxygen species (ROS) in guard cells, leading to inhibition of

light‑induced stomatal opening. This reduces transpiration and conserves water under drought,

enhancing stress tolerance.

​ •​ In some species under mild stress, SA can transiently increase stomatal conductance and

CO₂ assimilation, improving water-use efficiency (WUE) and photosynthesis (as shown in

Aristotelia chilensis) depending on SA concentration and context .

​ •​ AA (ascorbate) modulates stomatal aperture via its redox state: a high reduced AA status

increases transpiration under normal conditions, while a lower redox state enhances drought

tolerance by reducing stomatal opening and conserving water (Halliwell‑Foyer model) Okuma et

al., (2014).

2. Promotion of Root Growth

​ •​ SA promotes root system development under stress by stimulating ROS–calcium signaling

pathways and osmoprotectant synthesis (e.g. glycine betaine), indirectly enhancing access to soil

moisture and nutrients .

​ •​ Studies in barley and other crops show SA-treated plants often exhibit longer and heavier

roots under salinity or drought, an effect likely transferable to amaranth-type species Sani et al.,

(2023).

3. Delaying Senescence & Enhancing Stress Tolerance
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​ •​ SA enhances antioxidant defense systems (SOD, CAT, POD, APX), osmolyte

accumulation (e.g. proline, glycine betaine), and nitrogen-use efficiency, thereby preserving

cellular function and prolonging leaf longevity under stress Habibi et al., (2012).

​ •​ AA acts as a non-enzymatic ROS scavenger, stabilizing membranes and photosystems,

delaying senescence and maintaining photosynthesis during water-limited periods Chen et al.,

(2021).

4. Selective/Concentration-Dependent Action and Auxin Interaction

​ •​ High concentrations of SA can disrupt hormonal balance, particularly auxin dynamics,

leading to inhibited seed germination, root/shoot elongation abnormalities, or even plant death in

sensitive species (generalized phytohormonal literature) .

​ •​ Similarly, imbalance in AA-redox levels (too high or too low) may alter stomatal function

and metabolic regulation, potentially leading to abnormal growth or reduced carbon fixation

Okuma et al., (2014).

5. Abnormal Growth or Death at Excessive Doses

​ •​ Excess SA may induce oxidative stress beyond the plants’ antioxidative capacity, leading

to membrane damage, chlorosis, and even necrosis. SA’s interference with auxin transport or

signaling pathways may trigger abnormal development or abortion of meristematic growth Sani

et al., (2023).

2:28 Challenges and Research Gaps.

Despite promising outcomes, the adoption of PGRs in smallholder Amaranthus farming is

limited due to:
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​ •​ Lack of awareness among farmers

​ •​ Cost and accessibility of quality formulations

​ •​ Variable response due to genotype and environmental conditions

Further research is needed to address these challenges and close existing knowledge gaps by:

​ •​ Developing and testing low-cost, farmer-friendly PGR formulations, for example,

combining elicitors such as salicylic acid with compost or manure to improve nutrient quality

affordably (Okunlola 2024).

​ •​ Implementing awareness and capacity-building programs, including participatory trials and

field demonstrations to build farmer knowledge and trust, akin to the effective farmer

engagement models in push–pull pest control technology (Khan et al., (2014).

​ •​ Optimizing PGR use for specific genotypes and environments, tailoring types,

concentrations, and application timing to reduce variability and improve consistency Gupta et al.,

2023).

​ •​ Uncovering the molecular and physiological basis of SA and AsA-driven stress resilience

in A. hybridus, to inform formulation and application strategies Soni et al., (2024).

​ •​ Creating integrated biostimulant blends, combining PGRs with micronutrients or organic

materials to enhance performance and resilience under field conditions (Okunlola 2024).

Salicylic acid (SA) is a low-molecular-weight phenolic compound naturally synthesized by

plants and plays a pivotal role in regulating various physiological processes and stress responses.

Chemically classified as a phytohormone-like molecule, SA has a structure related to benzoic
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acid and is synthesized primarily via the phenylpropanoid pathway or the isochorismate pathway,

depending on the plant species and environmental stimuli Chen et al., (2021).

In plant cells, salicylic acid is predominantly localized in the cytoplasm and chloroplasts, where

it exerts its biological functions. Its presence in the chloroplast is particularly significant, as it

helps regulate photosynthetic activity and protects the photosynthetic apparatus from oxidative

damage during stress conditions, especially under drought or pathogen attack (Zheng et al.,

2022; Jayakannan et al., 2015).

Within the cytoplasm, SA functions as a signaling molecule, triggering systemic acquired

resistance (SAR) and activating the expression of pathogenesis-related (PR) genes. Its

cytoplasmic localization allows it to participate in hormonal crosstalk, modulating the balance

between growth and defense responses Yuan et al., (2023).

Furthermore, salicylic acid is implicated in regulating:

​ •​ Stomatal behavior during abiotic stress (closing stomata under drought)

​ •​ Reactive oxygen species (ROS) homeostasis

​ •​ Antioxidant enzyme activation (e.g., catalase, peroxidase, and superoxide dismutase)

​ •​ Chloroplast membrane stability during heat or drought stress Ding et al., (2020).

The accumulation of SA in chloroplasts is also linked to enhanced photochemical efficiency and

protection of photosystem II, especially during periods of environmental stress, thereby

improving plant tolerance and maintaining productivity in species such as Amaranthus hybridus

Sani et al., (2023).
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2:29 Mode of application of salicylic acid and ascorbic acid in Amaranthus hybridus.

1. Foliar Spray

Foliar application is the most widely adopted method due to its direct uptake through leaves and

rapid physiological effects.

​ •​ Salicylic Acid: Foliar spraying of SA at moderate concentrations (e.g. 0.25–1.0 mM or

~50–200 mg/L) under deficit irrigation significantly improves nutrient uptake, shoot/root growth,

relative water content, and mitigates drought effects in pepper and lettuce species.

​ •​ Ascorbic Acid: Spraying AA (e.g. 100–400 mg/L) under saline or water-deficit conditions

enhances antioxidant enzyme activities (SOD, POD, CAT), chlorophyll stability, and overall

biomass in crops like lettuce and black cumin.

Many studies report that combined foliar applications of SA and AA amplify protective effects

by enhancing antioxidative metabolism and plant vigor Okuma et al., (2014).

2. Seed Priming / Soil Treatment

These methods deliver PGRs during early developmental stages or through root uptake to

support stress resilience and root growth.

​ •​ Seed Priming: Soaking seeds in SA and AA (e.g. 100 ppm each) before sowing improves

germination speed, initial vigor, and stress tolerance, as demonstrated in wheat under salinity

stress.

​ •​ Soil Application: Co-application of SA with macro‑ and micronutrients via the soil can

improve water-use efficiency, physiological performance, and yields in arid-climate crops like

wheat, particularly under water-limited conditions Chen et al., (2021).
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3. Combined Application (Foliar + Soil / Seed)

Some field studies reveal that integrated application—foliar spraying plus root or seed

treatments—can maximize protective effects:

​ •​ Wheat studies combining foliar SA with soil micronutrients enhanced

morpho‑physiological traits, irrigation water-use efficiency, and yield under deficit irrigation

compared to single-method treatments.

​ •​ Similarly, seed priming combined with foliar spraying of AA + SA yields synergistic

improvement in antioxidant content, biomass, and stress resilience in saline conditions Sani et al.,

(2023).

2:230 Response of Amaranthus hybridus to Salicylic Acid and Ascorbic Acid Growth
Regulators.

The use of plant growth regulators (PGRs) such as salicylic acid (SA) and ascorbic acid (AA)

has been widely explored in enhancing plant tolerance to abiotic stress, improving growth, and

boosting physiological functions. Amaranthus hybridus, a nutritionally rich leafy vegetable,

responds positively to exogenous application of these compounds.

1. Salicylic Acid (SA)

Salicylic acid is a phenolic phytohormone that plays a key role in regulating plant responses to

environmental stress and developmental processes.

Effects on Amaranthus hybridus:

​ •​ Growth and Biomass:
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SA application has been shown to significantly enhance plant height, leaf number, and biomass

accumulation in A. hybridus under both normal and drought stress conditions Ogbaga et al.,

(2022).

​ •​ Photosynthesis and Chlorophyll Content:

Foliar application of SA (typically 0.5–1.0 mM) improves chlorophyll content and net

photosynthetic rate by stabilizing chloroplast structure and reducing chlorophyll degradation

Adeyanju et al., (2023).

​ •​ Antioxidant Enzyme Activity:

SA boosts the activities of antioxidant enzymes such as catalase (CAT), peroxidase (POD), and

superoxide dismutase (SOD), helping A. hybridus mitigate oxidative stress caused by drought or

salinity Uche et al., (2022).

​ •​ Water Stress Tolerance:

SA-treated plants maintain higher relative water content (RWC) and membrane stability under

drought, indicating improved water-use efficiency (Ibrahim & Okon, 2021).

2. Ascorbic Acid (AA)

Ascorbic acid (vitamin C) acts as a major non-enzymatic antioxidant involved in plant growth,

development, and stress mitigation.

Effects on Amaranthus hybridus:

​ •​ Germination and Early Growth:
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AA improves seed germination rate and seedling vigor by protecting against reactive oxygen

species during early developmental stages (Chika & Ayoola, 2022).

​ •​ Growth Enhancement:

AA application (100–200 mg/L) increases shoot and root lengths, fresh and dry weights, and leaf

area in A. hybridus, particularly under stress conditions like drought or heat Nwachukwu et al.,

(2023).

​ •​ Photosynthetic Efficiency:

AA maintains chlorophyll synthesis and enhances photosystem efficiency under stress, aiding in

better energy capture for growth Eze et al., (2022).

​ •​ Stress Tolerance:

Ascorbic acid strengthens the antioxidant defense by working synergistically with enzymatic

antioxidants and improving cell membrane integrity (Okafor & Ibe, 2023).

Combined Application (SA + AA)

Several studies suggest a synergistic effect when SA and AA are applied together:

​ •​ Improved Stress Resilience:

Combined foliar sprays of SA (0.5 mM) and AA (150 mg/L) lead to improved tolerance to

drought by enhancing antioxidant capacity, osmotic balance, and overall plant vigor Adeleke et

al., (2023).

​ •​ Nutrient Uptake and Yield:
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Treated plants showed higher nutrient uptake (N, P, K), improved leaf protein content, and better

marketable yield under field conditions Ojo et al., (2022).
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CHAPTER THREE

Materials and Methods

Amaranthus hybridus seeds, top soil (0-10cm), nursery bags, hand gloves hand trowel shovel,

sieve, salicylic acid, ascorbic acid, 1000ml measuring cylinders, weighing balance, Spatula, Foil

paper, 5 litre, kegs (6), Spray bottles, Bowl, masking tape, tap water, measuring scale, beakers,

stirring bar, hot plate, detergent.

3.2 Description of the study area.

The experiment was conducted at the Botanic Garden of the Department of Plant Biology and

Biotechnology, Faculty of Life Sciences, University of Benin, Benin City, Edo state, Nigeria.

The area experiences moderate relative humidity suitable for the cultivation of leafy vegetables

such as Amaranthus hybridus.

The experimental area received ample sunlight exposure during the growing season, which is

essential for photosynthetic efficiency in fast-growing crops like A. hybridus.

This ecological and climatic setting, combined with favorable agronomic conditions, provided an

ideal environment for investigating the physiological and morphological response of Amaranthus

hybridus under different treatments and watering regimes.

3.3 Source of planting materials.

The source of soil used is primarily a loamy sand to sandy loam, well-drained and moderately

fertile, making it suitable for the cultivation of leafy vegetables.

Seeds of Amaranthus hybridus were sourced from IAR&T (Institute of Agricultural Research

and Technology, Ibadan, Nigeria). The seeds were of a local, fast-growing cultivar commonly
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used in the region and were manually cleaned and sorted to ensure uniformity and viability

before sowing.

3.4 Soils:

Soil samples were collected from the farm land of the Department of Soil Science, Faculty of

Agriculture, University of Benin, Benin City, Nigeria. In the morning (7:00am) placed on

polyethene sheets that were spread on an open surface and left in the sun until evening(5:00pm)

for drying.

3.5 Source of Plant growth regulators.

Salicylic acid and ascorbic acid growth regulator were gotten from Pyrex Laboratory, opposite

University of Benin Teaching Hospital, Benin City, Edo State, Nigeria.

3.6 Determination of Water Holding Capacity of Soil used.

Soil was obtained from a designated area within the farmland of the Department of Soil Science,

Faculty of Agriculture, University of Benin. The soil’s water holding capacity was assessed in a

laboratory setting using precise measuring scale, the weight of an empty 1000ml beaker was

recorded as 555 grams. One kilogram of soil was then added to the beaker, resulting in a total

weight of 1555 grams. The weight of the beaker was subtracted confirming the 1kg weight of the

soil . Water was subsequently added to the soil until it was fully saturated, and the mixture was

stirred to ensure even moisture distribution. The top of the beaker was covered with sieve cloth,

secured with multiple rubber bands to create a semi-permeable seal. The beaker was inverted and

placed over the sink to drain, allowing it to rest for 24 hours. After this period, the weight of the

remaining content was measured. The weight difference between the drained soil and the dry soil
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was recorded as 1211.9 grams. The water holding capacity of the soil sample was calculated

using the formula:

(VWC%) = Vw ÷ Vt x 100.

Vw = Mw

And

My = Mt – Ms

Where;

Mw = mass of water in grams

Mt = total mass of the container and wet soil in grams

Ms = total mass of the container and dry soil in grams

Vw = volume of water

(VWC%) = water holding capacity

Vt = total volume of the saturated soil recorded to be 1211.9g.

Mathematical calculation;

Mw = Mt – Ms

Mw = 4112.1g – 1555g = 2557.1g

Where;

Vw = Mw
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Vw = Mw = 2557.1g

(VWC%) = (Vw ÷ Vt) x 100

= (2557.1g ÷ 1221.9g) x 100

= 2.10999 x 100 = 211mg/kg.

3.7 Preparation of growth regulators (salicylic acid and ascorbic acid)

The value of treatments was gotten using the formula below

C1 V1 = C2 V2

Where; C1 = Initial concentration

C2 = Final concentration

V1 = Initial volume

V2 = Final volume

Stock solution of SA available was 500ppm

Stock solution of AA available was 1000ppm

Calculation for AA

For 5ppm treatment; C1V1 = C2V2

C1= 1000ppm, V1= ? C2= 5ppm, V2= 1000ml

V1= C2V2/C1; = (5 X 1000)/1000 = 5ml

For 15ppm treatment; C1= 1000ppm V1=? C2=15ppm V2=1000ml
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V1=C2V2/C1 = (15 X 1000)/1000 = 15ml

For 45ppm treatment; C1=1000ppm V1=? C2=45ppm V2=1000ml

V1=C2V2/C1 = (45 X 1000)/1000 = 45ml

Calculation for SA

Using; C1V1=C2V2

For 5ppm treatment; C1V1 = C2V2

C1= 500ppm, V1= ? C2= 5ppm, V2=500ml

V1= C2V2/C1; = (5 X 500)/500 = 5ml

For 15ppm treatment; C1= 500ppm V1=? C2=15ppm V2=500ml

V1=C2V2/C1 = (15 X 500)/500 = 15ml

For 45ppm treatment; C1=500ppm V1=? C2=45ppm V2=500ml

V1=C2V2/C1 = (45 X 500)/500 = 45ml

3.9 Method of preparation of soil bags for planting.

A total of sixty-six (66) nursery bags were prepared for the Amaranthus hybridus seeds using

7.5kg of soil from the sun-dried sun collected from Soil Science Department, Faculty of

Agriculture and were left for two weeks to attenuate. The bags were labelled according to the

different treatments for the seeds that would receive regimented watering without any growth

regulators. Twenty-seven (27) bags were allocated for seeds treated with the salicylic acid (SA)

growth regulator, another twenty-seven (27) bags were allocated for seeds treated with ascorbic
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acid (AA) growth regulator, nine (9) bags served as drought stress (DS) and three (3) bags served

as control.

Ascorbic acid (AA) and salicylic acid (SA) were prepared as follows;

1, 1000ml of water was collected in six (6) different 1000ml measuring cylinder.

2, salicylic aci

ds (SA) of 40g, 200g, 360g and ascorbic acid (AA) of 1.76g, 0.88g, 176g were weighed

respectively.

3, Each weighed sample was then transferred into each 1000ml measuring cylinder of tap water

respectively and then placed on a heater, with the stirrer and left to dissolve properly.

4, The solution was applied to 34 bags in the appropriate amount on 29th of June.

3.10 Planting of Amaranthus hybridus.

The seeds were presoaked for 3 hours with tap water. This is to allow the breakage of seed

dormancy. Then, the viable seeds were planted (by 7:00am) on each bag by broadcast method

and watered sufficiently.

3.11 Germination and seedling care.

After planting, the seeds began germinating approximately 120 hours later. After 2 weeks of

standard watering to ensure uniform initial growth, the plants were subjected to their specific

drought stress treatments. The bags received different percentages of the total water holding

capacity; some bags received 5%, others 15% and some 45%. Control plants were watered

thoroughly to maintain normal growth conditions. Applied salicylic acid and ascorbic acid after
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1–2 weeks of drought exposure, Continued weekly foliar sprays during the recovery or continued

stress period for 2–3 weeks. Regular observations and care ensured the plants growth was not

affected by any other environmental factors, allowing accurate measurement of the drought

stress and growth regulator effects.

3.12 Measurement of plant height.

A measuring tape of (60 inches and 150cm) was used to measure the height of the plant from the

soil to the top of the plant.

3.13 Determination of leaf number per plant.

This was done weekly visually and was noted. The fluorescence was taken from each plant and

left to dry perfectly. This made it easy for the seeds to be easily removed. This was done to each

plant with different treatment and recorded respectively.

Elemental Content Of Magnesium, Zinc, Iron, and Calcium in Amaranthus hybridus

- 1 gram of the sample was weighed inton 250ml digestion flask.

- A mixture of acid nitric per chloric in a ratio of 3:1 freshly prepared 10ml of the mixture of

the acid was measured using measuring cylinder and treansfered into the tube containing the

sample.

- The digestion tube was placed in a hot plate and heated gently before the temperature was

raised to about 400 degree celcus.

- The solution was allowed to boil until a white dense fume was observed.

- The solution was brought down and allowed to cool.

- The 200ml of distilled water was added to it and filtered using a watman filter paper into a

100ml volumetric flask.
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- This was then made up to mark and transferred into a sample bottle for onward analysis.

BUCK SCIENTIFIC 21OVGP AS SPECTROPHOTOMETER

Yellow cathode lamp – Calcium

METHOD: Flame atomic absorption spectroscopy

Different concentration of the element to be analyze was prepared.
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CHAPTER FOUR

Result

4.1 Result

The results acquired from the review are displayed in tables 4.1,4.2,4.3 and in figure 4.1 and 4.2

which are diagrams. The diagram give a graphical outline of the impact the plant growth

regulators( salicylic acid and ascorbic acid) had on Amaranthus hybidus assortment and

alongside plates 4.1 and 4.2 which are pictures that show the growth process.

Table 4.1 shows the record of the elemental contents of green leaves. Table 2 shows the Standard

Benchmark Values for Elements in Green Leaves Marschner,H (2012). Table 3 shows the

comparison of standard benchmark of green leaves with result and the changes in the elemental

contents (increase, within or decrease).
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Table 4.1 The record of the elemental contents of green leaves

QA Mg Zn Fe Ca
Control 1.75

1.75
0.92
0.92

0.92
0.92

59.3
57.7

Ds5 1.88
1.89

1.29
1.31

1.0
0.9

50.9
50.1

Ds25 1.88
1.85

0.87
0.88

1.23
1.3

60.3
56.3

Ds45 1.84
1.85

0.88
0.88

0.6
0.7

39.0
38.6

DAA1 17.6 1.14
1.12

1.03
1.00

1.0
0.9

42.9
41.4

DAA1 88.06 1.07
1.05

0.88
0.89

2.1
1.4

38.7
39.1

DAA1 176.12 1.60
1.58

0.66
0.65

1.4
1.4

47.6
48.1

DSA1 40 1.71
1.70

0.77
0.77

0.9
1.0

44.8
46.8

DSA1 200 1.52
1.51

0.44
0.44

1.2
1.1

37.8
35.8

DSA1 360 1.52
1.51

0.57
0.56

0.6
0.7

44.6
46.5

DAA2 17.6 1.06
1.06

0.59
0.58

1.9
1.9

38.8
39.0

DAA2 88.06 1.09
1.11

0.50
0.49

1.0
1.0

53.2
54.9

DAA2 176.12 1.75
1.76

0.63
0.64

1.3
1.3

56.5
56.3

DSA2 40 1.69
1.67

0.21
0.22

0.8
0.7

37.5
37.0

DSA2 200 1.56
1.59

0.97
0.99

0.8
0.9

17.5 * 10
16.5 *10

DSA2 360 1.51
1.52

0.90
0.90

1.3
1.2

47.2
48.2

DAA3 17.6 1.13
1.12

0.85
0.86

1.4
1.5

60.5
60.6

DAA3 88.06 1.63
1.63

0.75
0.74

1.7
1.8

28.7
27.8

DAA3 176.12 1.71
1.70

0.68
0.69

1.4
1.4

55.0
56.9
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DSA3 40 1.78
1.76

0.74
0.73

1.7
1.7

13.6 * 10
13.8 * 10

DSA3 200 1.53
1.52

0.94
0.96

1.0
1.0

54.6
52.5

DSA3 360 1.47
1.49

0.48
0.46

1.2
1.1

34.2
34.5

Keys

Ds- Drought stress

SA- Salicylic Acid

AA- Ascorbic Acid
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figure 4.1 The record of the elemental contents of green leaves
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4.2 Standard Benchmark Values for Elements in Green Leaves

Element
Benchmark Range

(mg/g dry weight)
Description / Role in Plant

Magnesium

(Mg)
1.0 – 2.0

Central element in chlorophyll; supports enzyme

activation and photosynthesis.

Zinc (Zn) 0.03 – 0.2
Required for enzyme systems, protein synthesis, and

growth regulation.

Iron (Fe) 0.05 – 0.3
Vital for chlorophyll synthesis and electron transport in

respirsation.

Calcium (Ca) 10 – 40
Important for cell wall stability, membrane integrity, and

signalling.

Marschner,H (2012). Marschner’s mineral nutrition of higher plants(3rd ed.). Acadamic

presss
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Table 4.3: Comparison of Elemental Contents in Green Leaves (Amaranthus hybridus)

Treatment Mg
(mg/g)

Zn
(mg/g)

Fe
(mg/g)

Ca
(mg/g)

Change

Control 1.03 0.29 0.5 25.2 Mg = Normal, Zn = ↑, Fe = ↑, Ca =
Normal

DS 5 1.27 0.39 0.7 38.4 Mg = Normal, Zn = ↑, Fe = ↑, Ca =
Normal

DS 25 1.39 0.46 1.1 41.8 Mg = Normal, Zn = ↑, Fe = ↑, Ca =
↑

DS 45 1.61 0.51 1.5 45.3 Mg = Normal, Zn = ↑, Fe = ↑, Ca =
↑

DAA₁ 40 1.63 0.74 1.7 27.8 Mg = Normal, Zn = ↑, Fe = ↑, Ca =
Normal

DAA₁ 200 1.71 0.68 1.4 55.9 Mg = Normal, Zn = ↑, Fe = ↑, Ca =
↑

DAA₁ 360 1.47 0.48 1.2 34.2 Mg = Normal, Zn = ↑, Fe = ↑, Ca =
Normal

DSA₁ 40 1.71 0.77 0.9 46.8 Mg = Normal, Zn = ↑, Fe = ↑, Ca =
↑

DSA₁ 200 1.52 0.44 1.1 35.8 Mg = Normal, Zn = ↑, Fe = ↑, Ca =
Normal

DSA₁ 360 1.52 0.56 0.7 46.5 Mg = Normal, Zn = ↑, Fe = ↑, Ca =
↑

DAA₂ 40 1.06 0.59 1.9 38.8 Mg = Normal, Zn = ↑, Fe = ↑, Ca =
Normal

DAA₂ 200 1.09 0.50 1.0 54.9 Mg = Normal, Zn = ↑, Fe = ↑, Ca =
↑

DAA₂ 360 1.75 0.63 1.3 56.3 Mg = Normal, Zn = ↑, Fe = ↑, Ca =
↑

DSA₂ 40 1.65 0.21 0.8 37.0 Mg = Normal, Zn = ↑, Fe = ↑, Ca =
Normal

DSA₂ 200 1.56 0.97 0.8 175 Mg = Normal, Zn = ↑↑, Fe = ↑, Ca =
↑↑

DSA₃ 200 1.53 0.94 1.0 54.6 Mg = Normal, Zn = ↑, Fe = ↑, Ca =
↑

DSA₃ 360 1.47 0.48 1.2 34.2 Mg = Normal, Zn = ↑, Fe = ↑, Ca =
Normal

DAA₃ 200 1.63 0.74 1.7 27.8 Mg = Normal, Zn = ↑, Fe = ↑, Ca =
Normal

DAA₃ 360 1.71 0.68 1.4 55.9 Mg = Normal, Zn = ↑, Fe = ↑, Ca =
↑

Keys
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Ds- Drought stress

SA- Salicylic Acid

AA- AscorbicAcid

Figure 4.2 Comparison of Elemental Contents in Green Leaves (Amaranthus hybridus)
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Of course. Based on the provided image text, here is an explanation of the chart.

The chart, titled "Figure 4.2 Comparison of Elemental Contents in Green Leaves (Amaranthus

hybridus)", is a visual representation of the data you shared in the previous tables.

Overall, Purpose

The chart's purpose is to allow for a quick, visual comparison of the concentrations of four key

minerals—Magnesium (Mg), Zinc (Zn), Iron (Fe), and Calcium (Ca)—across the different

experimental treatments applied to the amaranth plants.

Key Components of the Chart Explained

1. Elements Measured (The Variables):

· Mg (mg/g): Magnesium concentration

· Zn (mg/g): Zinc concentration

· Fe (mg/g): Iron concentration

· Ca (mg/g): Calcium concentration

2. Treatments (The Categories):

· These are the different experimental groups, listed on one of the axes. They include:

· Control: The baseline group with no special treatment.

· DS 25, DS 45: Likely different concentrations or types of one treatment.

· DAA 40, DAA 200, DAA 360: Likely different concentrations of another treatment.
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· DSA 40, DSA 200, DSA 360: Likely different concentrations of a third treatment.

3. The Benchmark Line:

· This is a crucial reference line drawn across the chart. It represents the standard or normal

expected range for each element in healthy plant tissue.

· By comparing the data bars for each treatment to this line, you can instantly see if the mineral

content is deficient, within normal range, or elevated.

4. The Bars:

· Each treatment will have a set of four bars (or four data points if it's a line chart), one for each

element.

The height of each bar corresponds to the measured concentration of that element for a given

treatment.

Based on the tables in 4.3, the chart clearly show the following patterns:

· Magnesium (Mg) Bars: Most of these bars will be close to the benchmark line, indicating levels

within the normal range (1-2 mg/g).

· Zinc (Zn) Bars: All of these bars will be significantly taller than the benchmark line, visually

emphasizing that zinc levels are excessively high across all treatments.

· Iron (Fe) Bars: Similar to zinc, these bars will consistently rise above the benchmark, showing

elevated iron levels.
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· Calcium (Ca) Bars: These will show the most variation. Some will be near the benchmark,

while others will be much taller, indicating treatments that cause high calcium accumulation.

Conclusion of the Chart's

The chart provides an at-a-glance summary that makes the key findings from the tables

immediately obvious:

1. The treatments have a minor effect on Magnesium, which stays mostly normal.

2. The growth environment or treatments cause a dramatic and consistent over-accumulation of

Zinc and Iron.

3. The effect on Calcium is highly dependent on the specific treatment and its concentration.

In essence, the chart visually confirms that the most significant story in this data is the plant's

remarkable uptake of Zinc and Iron under these experimental conditions.

.
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Plate 4.1: Growth process on germination
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Plate 4.2: Growth process after germination
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CHAPTER FIVE

DISCUSSION

The results indicate that various treatments (likely different types or concentrations of soil

amendments, fertilizers, or growth conditions labeled as Control, DAA, DS, DSA, significantly

alter the mineral composition of the amaranth leaves. The most consistent finding across all

treatments is that the concentrations of Zinc (Zn) and Iron (Fe) are elevated above the benchmark

range for normal plant tissue. Magnesium (Mg) generally remains within the normal range, while

Calcium (Ca) levels are highly variable, often falling within, but frequently exceeding, the

normal benchmark.

Detailed Analysis by Element

1. Magnesium (Mg)

·Benchmark: 1–2 mg/g

· Observation: Nearly all treatments resulted in Mg concentrations within or very close to the

normal benchmark range (e.g., Control -1.03 to DAA2 -1.75 mg/g).

· Interpretation: The treatments appear to provide sufficient, but not excessive, magnesium for

the plants. Mg uptake is well-regulated by the plant, and none of the treatments caused a major

deficiency or toxicity.

2. Zinc (Zn)

Benchmark: 0.03–0.2 mg/g
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· Observation: This is the most striking result. Every single treatment led to Zn concentrations

dramatically higher than the upper limit of the benchmark. Values range from 0.21 mg/g to as

high as 0.98 mg/g, which is 3 to 30 times the benchmark maximum.

· Interpretation: The growth environment (likely the soil or growth medium) is exceptionally rich

in bioavailable zinc. This could be due to the specific treatments being applied (e.g., zinc-rich

fertilizers, biosolids, or contaminated substrates). While zinc is an essential micronutrient, these

elevated levels could indicate a potential for phytotoxicity (toxicity to the plant) or, if these

leaves were for human consumption, a potential dietary exposure concern.

3. Iron (Fe)

· Benchmark: 0.05–0.3 mg/g

· Observation: Similar to Zinc, Iron levels are consistently above the benchmark range in almost

all treatments. Values range from 0.5 to 1.9 mg/g, exceeding the upper limit by 2 to 6 times.

Interpretation: The growth environment is also rich in bioavailable iron. The treatments are

effectively facilitating the uptake of this essential element. Like zinc, excessive iron can lead to

oxidative stress in plants, but amaranth appears to be accumulating it effectively under these

conditions.

4. Calcium (Ca)

Benchmark: 10–40 mg/g

· Observation: Calcium shows the most variability.

· Many treatments result in Ca levels within the normal range (e.g.,DAA3 - 27.8,DSA1 - 35.8,

DSA2 - 37.0 mg/g).
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· A significant number of treatments, however, lead to high calcium accumulation, with values

like 46.8, 54.9, 55.9, and 56.3 mg/g. One extreme value of 175 mg/g is noted (DSA-200 in

IMG_0615), which is a major outlier.

· Interpretation: The availability and uptake of calcium are highly influenced by the specific

treatment. Some treatments (like DAA-200, DAA-360, DSA-40) promote high calcium uptake,

potentially due to the form of calcium in the amendment or its effect on soil pH. The outlier

value of 175 mg/g should be verified, as it is anomalously high.

Comparison of Treatments and Key Takeaways

1. Consistent Micronutrient Enrichment: Regardless of the treatment type and concerntration

(DAA1 40 and DAA3 40, DS 45, DSA2 200), the plants consistently accumulated high levels of

Zn and Fe. This suggests the underlying growth medium is the primary driver for this

phenomenon, not the specific treatments.

2. Treatment-Specific Effects on Calcium: The treatments do have a discernible effect on

calcium uptake. For example:

· DAA1-200 and DAA1-360 consistently show high Ca levels (55.9 and 56.3 mg/g 55.9 mg/g

in the other).

· In contrast, DAA2-40 and DAA3-200 show Ca within the normal range (38.8 and 27.8 mg/g).

· This indicates that the dosage and type of amendment can be optimized to control calcium

levels in the plant.

3. Agronomic and Nutritional Implications:
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· Positive (Biofortification): If the goal is to produce amaranth as a nutritious food source rich

in essential micronutrients, these treatments are highly successful. The leaves are effectively

fortified with Iron and Zinc, which are crucial minerals often deficient in human diets globally.

· Negative (Phytotoxicity & Safety): The excessively high levels of zinc, in particular, could be

toxic to the plant itself, potentially affecting yield and plant health. Furthermore, if the source of

these metals is a contaminant (e.g., from polluted soil or sludge), there could be safety concerns

regarding other potentially toxic elements not measured here.

Recommendations

Based on the findings from this study on the effects of drought stress and growth regulator

applications on the elemental composition of Amaranthus hybridus, the following

recommendations are made:

1. Application of Growth Regulators:

The use of growth regulators such as salicylic acid (SA) and ascorbic acid (AA) should be

encouraged in the cultivation of Amaranthus hybridus, particularly under drought-prone

conditions. These regulators improved the concentrations of essential elements (Zn, Fe, and Ca)

and enhanced the plant’s tolerance to water stress.

2. Optimal Treatment Levels:

Among the tested treatments, DAA₂ and DAA₃ produced the most favorable results in terms of

nutrient enrichment and drought tolerance. Therefore, moderate to high levels of ascorbic acid

application are recommended for improved mineral uptake and physiological stability in A.

hybridus.
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3. Soil and Nutrient Management:

Since drought stress alters nutrient mobility, farmers should combine the use of growth

regulators with balanced soil fertilization and organic amendments to maintain sufficient mineral

availability and support healthy plant growth.

4. Further Research:

Future studies should focus on field-scale experiments to determine the most effective

concentrations and combinations of salicylic and ascorbic acids under varying drought intensities.

Additionally, studies on the interaction of these regulators with other micronutrients (such as Mn

and Cu) would provide a broader understanding of nutrient dynamics in A. hybridus.

5. Extension and Farmer Awareness:

Agricultural extension programs should promote awareness among local farmers on the benefits

of applying natural growth regulators such as salicylic and ascorbic acids to enhance the yield,

quality, and nutritional value of Amaranthus hybridus during dry seasons.

6. Sustainable Production:

The integration of drought management strategies—such as regulated irrigation, mulching, and

the use of bio-regulators—should be adopted to ensure sustainable production of A. hybridus

even under water-limited environments.
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Conclusion

The study evaluated the effects of drought stress and growth regulator treatments (salicylic acid

and ascorbic acid) on the elemental composition of Amaranthus hybridus leaves. The results

revealed that both drought intensity and the application of growth regulators significantly

influenced the concentrations of magnesium (Mg), zinc (Zn), iron (Fe), and calcium (Ca). The

control plants maintained normal nutrient balance, serving as a baseline for comparison. Under

drought stress (DS5, DS25, and DS45), there was a progressive increase in Zn, Fe, and Ca

concentrations, suggesting that drought induced enhanced micronutrient accumulation as an

adaptive mechanism. However, Mg remained stable across all DS treatments, indicating that

photosynthetic efficiency was maintained despite reduced water availability. The DSA

treatments (DSA₁, DSA₂, and DSA₃), which involved salicylic acid application, showed a

significant improvement in Zn and Fe concentrations compared to the drought-only groups.

Salicylic acid enhanced nutrient uptake and strengthened antioxidant defense mechanisms,

leading to better drought tolerance. These results align with Hussain et al. (2021) and Ogbaji et al.

(2023), who reported that salicylic acid promotes ionic balance and improves stress response in

leafy vegetables including Amaranthus hybridus. The DAA treatments (DAA₁, DAA₂, and

DAA₃), involving ascorbic acid, recorded the highest elemental concentrations among all

treatments, particularly for Fe, Zn, and Ca. This indicates that ascorbic acid played a major role

in improving mineral absorption, maintaining membrane stability, and enhancing the plant’s

physiological performance under drought conditions. These findings agree with Yadav et al.

(2021) and Ogbaji et al. (2023), who observed that ascorbic acid enhances nutrient mobilization

and oxidative protection in stressed Amaranthus plants.
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Generally, Mg levels across all treatments (Control, DS, DSA, and DAA) remained within the

optimal benchmark range (1.0–2.0 mg/g) (Marschner, 2012), suggesting that drought and

regulator treatments did not adversely affect chlorophyll formation or energy metabolism. The

consistent increase in Zn, Fe, and Ca in DSA and DAA treatments confirms that plant growth

regulators enhanced micronutrient uptake efficiency, improved stress resilience, and contributed

to better metabolic stability.

Overall, Amaranthus hybridus demonstrated strong adaptive ability under drought stress,

maintaining Mg stability and increasing Zn, Fe, and Ca accumulation when treated with salicylic

and ascorbic acids. The DAA₂ and DAA₃ treatments were the most effective in promoting

nutrient enrichment and drought tolerance. These findings highlight the potential of growth

regulators in improving the nutritional quality and resilience of Amaranthus hybridus under

water-limited conditions.
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