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PREFACE 

Biotechnology, as an applied science, has revolutionized the way we 

approach agriculture, healthcare, environmental management, and industrial 

production. The integration of biological knowledge with technological innovation 

has given rise to a new era of scientific advancement where living systems are 

harnessed for sustainable and practical outcomes. The book “Applied Biotechnology: 

Techniques and Applications” presents a comprehensive overview of the latest 

developments, experimental approaches, and real-world implementations in this 

transformative field. 

This volume aims to bridge fundamental concepts with applied perspectives, 

showcasing how biotechnology contributes to solving global challenges—from food 

security and disease control to renewable energy and waste management. The 

chapters encompass a diverse range of topics including genetic engineering, 

microbial biotechnology, enzyme technology, molecular diagnostics, tissue culture, 

and bioprocess engineering. Each contribution highlights not only the scientific 

principles but also the technological innovations that translate laboratory research 

into commercial and societal benefits. 

Particular emphasis is given to modern analytical and computational tools 

that have expanded the frontiers of applied biotechnology. Emerging domains such 

as synthetic biology, bioinformatics, and nanobiotechnology are discussed in the 

context of their potential to create novel biological systems and sustainable 

industrial products. The volume also reflects upon ethical, regulatory, and biosafety 

considerations, ensuring a balanced understanding of the responsibilities 

accompanying biotechnological progress. 

We believe this compilation will serve as a valuable resource for students, 

researchers, and professionals engaged in life sciences, biotechnology, and related 

disciplines. By integrating fundamental science with cutting-edge applications, this 

book seeks to inspire innovation and interdisciplinary collaboration, fostering the 

responsible use of biotechnology for the advancement of science and the welfare of 

humanity. 

 

      - Editors 
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BLOOD MALIGNANCIES:  

A DETAILED REVIEW OF LEUKEMIA, LYMPHOMA, AND MYELOMA 

R. Rajakumar* and V. Vinotha 

PG and Research Department of Biotechnology, 

Maruthupandiyar college, Thanjavur, Tamil Nadu 

*Corresponding author E-mail: biotechrajakumar@gmail.com 

 

Abstract: 

Blood malignancies, including leukemia, lymphoma, and multiple myeloma, are cancers that 

originate in the blood, bone marrow, or lymphatic system, significantly impairing immune and 

hematologic function. These cancers vary by cell lineage and progression but commonly lead to 

symptoms such as fatigue, infections, anemia, and bleeding. Leukemia, the most prevalent, 

especially in children, involves abnormal proliferation of white blood cells, while lymphoma 

affects lymphocytes in lymphatic tissues, and myeloma targets plasma cells, often damaging 

bones and kidneys. Risk factors include age, genetics, immune suppression, chemical exposure, 

and certain infections. Diagnosis involves blood tests, imaging, and biopsies. Although their 

exact causes are often unclear, recent advances in chemotherapy, immunotherapy, and natural 

product-based therapies (e.g., mushroom-derived compounds) have improved outcomes. 

Nonetheless, challenges remain in treatment resistance, relapse, and toxicity. The future of blood 

cancer care lies in personalized medicine and integrative approaches to enhance efficacy and 

minimize side effects. 

Keywords: Leukemia, Lymphoma, Myeloma, Biopsies, Immunotherapy and Anemia 

Introduction: 

Blood cancer encompasses a broad group of malignancies that affect the blood, bone marrow, 

and lymphatic system. The primary types include leukemia, lymphoma, and myeloma: Leukemia 

and myeloma originate in the bone marrow and interfere with its ability to produce normal blood 

cells white blood cells, red blood cells, and platelets. This disruption can lead to anemia, frequent 

infections, and easy bruising. Lymphoma, which begins in the lymphatic system (lymph nodes, 

vessels, thymus, spleen, tonsils), primarily impairs the body’s ability to fight infections. Multiple 

myeloma also causes bone weakening and abnormal protein production, which may result in 

complications throughout the body. While the precise causes of blood cancers remain unclear, 

several risk factors are associated with their development. These include older age, family 

history, specific infections, and compromised immune function (Mathers et al., 2001). Despite 
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their severity, treatment advances have significantly improved outcomes, with nearly 1 million 

people in the U.S. currently living with or in remission from blood cancer. However, patients 

may still experience serious infections and bleeding problems during the course of illness or 

treatment. 

Acute Lymphoblastic Leukemia (ALL) 

Acute Lymphoblastic Leukemia (ALL) is a fast-progressing malignancy characterized by the 

abnormal proliferation of immature lymphoid progenitor cells in the bone marrow, blood, and 

other extra medullary sites. It is the most prevalent form of childhood cancer, accounting for 

26% of all cases and resulting in approximately 30% mortality (Canadian Cancer Society, 2005). 

Although 80% of ALL cases occur in children, it is also a severe condition in adults, where the 

prognosis is generally poorer. The disease shows a bimodal incidence pattern, peaking during 

early childhood and again around the age of 50. In the United States, the incidence of ALL is 

estimated at 1.6 per 100,000 people, with 6590 new cases and over 1400 deaths reported in 2016 

alone (American Cancer Society). Pediatric patients have benefited from dose intensification 

strategies, significantly improving outcomes. However, in adults, despite initial responsiveness 

to induction chemotherapy, only 30–40% achieves long-term remission (Seiter, 2011). The 

elderly, in particular, face poor prognoses due to reduced treatment tolerance and disease 

aggressiveness. 

Understanding Leukemia: Pathophysiology and Classification 

Leukemia refers to a group of malignant disorders that affect the blood and blood-forming 

tissues, including the bone marrow, spleen, and lymphatic system. The term literally means 

"white blood," reflecting the uncontrolled proliferation of leukocytes (white blood cells). While 

leukocytosis can be a normal response to infection, its chronic or unexplained persistence may 

signal malignancy (Seiter, 2011). In 2010, approximately 43,050 Americans were diagnosed 

with leukemia, and 21,840 died from it. Despite its strong association with children—accounting 

for 33% of childhood cancers—the disease is actually ten times more common in adults. The 

median age of diagnosis is 66, and median age of death is 74. 

Leukemia is broadly classified based on: 

Cell lineage: 

¶ Lymphoid (affecting lymphocyte precursors) 

¶ Myeloid (affecting myeloid precursors) 

Disease progression: 

¶ Acute (rapid onset, immature cells) 
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¶ Chronic (slow progression, more mature cells) 

The four primary types of leukemia are: 

× Acute Lymphoblastic Leukemia (ALL) 

× Acute Myelogenous Leukemia (AML or ANLL) 

× Chronic Lymphocytic Leukemia (CLL) 

× Chronic Myelogenous Leukemia (CML) (Delong et al., 2011) 

The development of leukemia often involves a defect in the myeloid or lymphoid stem cells 

during hematopoiesis—the process of blood cell formation (Smeltzer et al., 2008). 

Etiology 

Despite extensive research, the exact causes of leukemia remain elusive. Contributing factors 

may include: 

ü Genetic predisposition 

ü Chromosomal abnormalities 

ü Chemical exposure (e.g., benzene) 

ü Radiation 

ü Certain viruses (e.g., HTLV-1 causing adult T-cell leukemia) 

ü Chemotherapy or immunosuppressive treatment (Besa, 2011) 

Natural Products in Leukemia Therapy: A New Horizon 

Given the toxic side effects and the development of drug resistance associated with conventional 

chemotherapy, researchers are increasingly exploring the adjuvant use of natural bioactive 

compounds, particularly those derived from medicinal mushrooms. Traditional and modern 

practices globally have recognized the anticancer potential of mushrooms, with clinical trials 

demonstrating their efficacy in immune activation, free radical reduction, and tumor suppression 

(Wasser, 2017). 

Potential Benefits of Mushroom-Derived Compounds 

× Minimal adverse effects 

× Immunomodulatory properties 

× Antioxidant activity 

× Synergistic potential with conventional therapies 

The integration of these compounds into standard treatment regimens could lead to more 

effective and less toxic therapies (Robert and Jarry, 2003). As such, the future of leukemia 

treatment may increasingly rely on biologically active natural agents acting through non-

cytotoxic mechanisms. 
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Risk Factors for Blood Cancer 

Several factors have been associated with an increased risk of developing blood cancers such as 

leukemia, lymphoma, and myeloma. These include: 

Age: While blood cancer can affect all age groups, recent data indicates that the risk significantly 

increases with age, particularly among older adults. 

Certain Infections: Individuals with HIV/AIDS are at higher risk of developing blood cancers. 

Compromised Immune System: A weakened immune system—due to conditions such as 

HIV/AIDS, long-term corticosteroid use, or organ transplants—raises the risk. 

Exposure to Chemicals and Radiation: Exposure to benzene, radiation, and chemotherapy 

agents is associated with a higher risk. 

Family History: Individuals with a family history of blood cancer are more likely to develop the 

disease than those without. 

Genetic Disorders: Certain inherited genetic conditions, such as Down syndrome or Fanconi 

anemia, may increase susceptibility. 

Personal History of Blood Disorders: Preexisting blood-related conditions like myelodysplastic 

syndromes may predispose individuals to blood cancer. 

Smoking: Tobacco use has been linked to an increased risk, especially for certain types of 

leukemia. 

Race: Studies suggest that white individuals are statistically more prone to leukemia compared 

to other racial groups. 

Common Symptoms of Blood Cancer 

Symptoms of blood cancer can vary depending on the type and stage of the disease but 

commonly include: 

ü Abdominal pain, particularly in the upper abdomen 

ü Bone or joint pain 

ü Easy bruising or bleeding 

ü Enlarged liver, spleen, or lymph nodes 

ü Persistent fatigue 

ü Fever and chills 

ü Frequent infections 

ü Frequent urination 

ü Nausea, often described as queasiness, upset stomach, or motion sickness 

ü Night sweats 

ü Unexplained weight loss 
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Life-Threatening Symptoms of Blood Cancer 

Certain symptoms may indicate a medical emergency and require immediate medical attention. 

These include: 

ü Bluish discoloration of the lips or fingernails 

ü Loss of consciousness or reduced alertness (e.g., fainting, unresponsiveness) 

ü Sudden changes in mental status, such as confusion, hallucinations, or delirium 

ü Chest pain, pressure, tightness, or heart palpitations 

ü High fever (above 101°F or 38.3°C) 

ü Rapid heart rate (tachycardia) 

ü Breathing difficulties, including shortness of breath, wheezing, or labored breathing 

ü Seizures 

ü Severe abdominal pain 

Types of Blood Cancer 

Blood cancer is broadly classified into three main types, each of which may have multiple 

subtypes. These classifications are based on the specific blood cells and tissues affected: 

Leukemia 

Leukemia is characterized by the abnormal proliferation of cancerous cells in the bone marrow 

or blood, which severely disrupts the circulatory system’s ability to produce normal blood cells. 

Lymphoma 

Lymphoma refers to cancer that originates in lymphocytes, a type of white blood cell crucial to 

the immune system. These abnormal lymphocytes typically form tumors in the lymph nodes and 

other parts of the lymphatic system. 

Myeloma 

Myeloma is a cancer that affects plasma cells, another variety of white blood cell found in bone 

marrow. This condition interferes with the production of antibodies and can weaken bones and 

immune function. 

Leukemia 

Leukemia is a cancer of the blood and bone marrow that primarily affects white blood cells, 

which are vital for fighting infections. In leukemia, genetic mutations in the DNA of blood-

forming cells lead to the production of large numbers of immature white blood cells, known as 

blasts. These abnormal cells multiply rapidly, crowding out healthy cells and impairing the 

normal function of the bone marrow (Ross et al., 2002). 
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Epidemiology of Leukemia 

In the year 2000, approximately 256,000 people worldwide—including both children and 

adults—were diagnosed with leukemia, and about 209,000 died from the disease. This accounted 

for roughly 3% of all cancer-related deaths and 0.35% of all deaths from any cause globally. 

Among 16 different types of cancer studied, leukemia ranked as the 12th most common form of 

neoplastic disease and the 11th leading cause of cancer-related deaths. In the United States, 

approximately 245,000 people are living with some form of leukemia, including those in 

remission or considered cured. In 2008, about 44,270 new cases of leukemia were diagnosed in 

the U.S., accounting for 2.9% of all cancers (excluding basal and squamous cell skin cancers) 

and 30.4% of all blood cancers (Wiernik and Peter, 2001). 

Leukemia in Children and Adults 

Among children diagnosed with cancer, about one-third is found to have leukemia, most 

commonly acute lymphoblastic leukemia (ALL). Leukemia is the second most common cancer 

in infants (under 12 months) and the most common cancer in older children. 

Boys are slightly more likely than girls to develop leukemia. 

White American children are nearly twice as likely to develop leukemia compared to Black 

American children. 

Leukemia in Adults 

While only about 3% of adult cancer diagnoses involve leukemia, over 90% of all leukemia 

cases are diagnosed in adults due to the overall higher incidence of cancer in this age group. 

Hispanics under 20 years of age have the highest risk of leukemia. Other racial groups at 

increased risk include whites, Native Americans, Asians, and Alaska Natives, compared to Black 

Americans, who have the lowest risk. Gender is also a factor: men are more likely than women 

to be diagnosed with leukemia and to die from it, with approximately 30% more men affected 

than women (Wiernik and Peter, 2001). 

Causes of Leukemia 

There is no single known cause responsible for all types of leukemia. In most cases, the cause 

remains unknown, and the few identified factors account for a relatively small proportion of 

cases. It is also believed that different types of leukemia may have distinct causes. However, 

some factors have been linked to increased risk: 

Genetic Mutations: Like other cancers, leukemia results from DNA mutations that may activate 

oncogenes or deactivate tumor suppressor genes. These genetic changes disrupt normal processes 

of cell division, differentiation, or programmed cell death, leading to uncontrolled proliferation 
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of abnormal white blood cells. Mutations can occur spontaneously or be triggered by 

environmental exposures. 

Radiation Exposure: Exposure to natural or artificial ionizing radiation has been associated 

with an increased risk of developing leukemia. 

Viral Infections: Certain viruses have been implicated in leukemia, particularly human T-

lymphotropic virus type 1 (HTLV-1), which causes adult T-cell leukemia. Research in animal 

models has also demonstrated the role of retroviruses in leukemia development. 

Chemical Exposure: Exposure to benzene, alkylating agents (used in chemotherapy), and other 

industrial chemicals has been linked to leukemia. Additionally, studies have shown that tobacco 

use may slightly increase the risk of acute myeloid leukemia (AML) in adults. Some case-control 

and cohort studies have also associated petrochemicals and hair dye exposure with certain types 

of leukemia. 

Diet: Diet appears to have minimal influence on leukemia risk, though higher consumption of 

vegetables may offer a slight protective benefit. 

Genetic Predisposition: Some individuals may have a hereditary susceptibility to leukemia due 

to mutations in one or more genes. Family members may develop different forms of leukemia or 

related hematologic cancers. Chromosomal and Genetic Disorders: 

Individuals with chromosomal abnormalities or certain genetic conditions are at higher risk.  

For instance: Down syndrome is linked with an elevated risk of acute leukemia, particularly 

AML. Fanconi anemia also increases the risk of AML. Maternal-Fetal Transmission: 

Although rare, there have been cases where leukemia was transmitted from mother to child 

during pregnancy. 

Signs and Symptoms of Leukemia 

Leukemia affects the bone marrow, impairing its ability to function properly. As a result, various 

signs and symptoms may develop: 

Easy bruising and bleeding: Due to impaired platelet production. 

Weakened immune system: Leukemia attacks white blood cells, reducing the body’s ability to 

fight infections such as sore throat, oral ulcers, pneumonia, or diarrhea. 

Anemia: Caused by reduced red blood cell production. 

Systemic symptoms: Including fever, chills, fatigue, flu-like symptoms, and unexplained weight 

loss. 

Bone and joint pain: Common in certain types of leukemia due to marrow infiltration. 

Other symptoms: Such as loss of appetite, paleness, swollen lymph nodes, and red spots on the 

skin (petechiae). 
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Diagnosis of Leukemia 

The diagnosis of leukemia is typically made through a combination of clinical evaluation and 

laboratory testing: 

Complete Blood Count (CBC): Repeated CBC tests can reveal abnormalities in white blood 

cells, red blood cells, and platelets. This is often the first step in diagnosing leukemia. 

Bone Marrow Examination: A bone marrow biopsy is essential for confirming leukemia and 

determining its type and subtype. It helps in assessing the extent of bone marrow infiltration by 

abnormal cells. 

Lymph Node Biopsy: In certain cases, especially with lymphocytic leukemias or leukemic 

lymphomas, a lymph node biopsy may be necessary for diagnosis. 

Blood Chemistry Tests: These are used to evaluate the impact of leukemia or chemotherapy on 

organ function, particularly the liver and kidneys. 

Imaging Studies: Depending on the clinical scenario, the following imaging techniques may be 

used: 

X-rays: To assess bone involvement. 

MRI (Magnetic Resonance Imaging): To detect possible leukemic infiltration of the brain or 

spinal cord. 

Ultrasound: To evaluate the condition of internal organs such as the kidneys, liver, and spleen. 

In some early-stage or remission cases, standard blood tests may not immediately detect 

leukemia, making advanced diagnostics essential for accurate detection and classification. 

Lymphoma 

Lymphoma is a type of blood cancer that originates in lymphocytes, a subtype of white blood 

cells that plays a vital role in the immune system. These cells are commonly found in lymphatic 

tissue such as the lymph nodes, spleen, bone marrow, and other parts of the body. In 

lymphoma, the lymphocytes grow and multiply abnormally, often forming solid tumors in 

affected areas (Robinette et al., 2001). This uncontrolled growth inhibits the formation of normal 

immune cells and disrupts the body's ability to fight infections. 

Lymphoma is broadly classified into: 

Hodgkin lymphoma (HL) 

Non-Hodgkin lymphoma (NHL) 

Although the exact cause is often unknown, early diagnosis and intervention can lead to 

favorable outcomes, with certain types being potentially curable. 
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Signs and Symptoms of Lymphoma 

Common to Both HL and NHL: 

¶ Persistent fever, chills, and night sweats 

¶ Fatigue and general malaise 

¶ Unexplained weight loss 

¶ Swollen lymph nodes in the neck, groin, or armpits (often painless) 

¶ Loss of appetite 

¶ Flushed skin, itching, or excessive sweating 

More Specific to Non-Hodgkin Lymphoma: 

¶ Abdominal pain, nausea, and vomiting 

¶ Neurological symptoms such as headaches and seizures 

¶ Changes in personality in advanced cases due to central nervous system involvement 

¶ Often, the first noticeable symptom is swelling of the lymph nodes that cannot be 

explained by infection. 

Diagnosis of Lymphoma 

To confirm a lymphoma diagnosis, physicians may perform the following: 

Physical Examination: Checking for painful or swollen lymph nodes 

Lymph Node Biopsy: Surgical removal of a sample of lymphatic tissue for microscopic analysis 

Blood Tests: Including complete blood count (CBC) and tests to assess kidney and liver 

function 

Imaging Studies: Such as CT scans of the chest, abdomen, and pelvis to locate tumors and 

evaluate spread 

Myeloma 

Myeloma, also known as multiple myeloma or Kahler’s disease, is a type of cancer that affects 

plasma cells, which are a subtype of B lymphocytes. Plasma cells are produced in the bone 

marrow and are responsible for generating antibodies that help fight infections (Roman and 

Smith, 2011). In myeloma, these cells become cancerous, multiply uncontrollably, and form 

tumors on the surface of bones, weakening them and interfering with normal blood cell 

production. In many cases, the exact cause of myeloma is unknown. However, prolonged 

exposure to harmful chemicals or radiation has been suggested as potential risk factors 

(Boffetta, 2011). 

Causes of Myeloma 

The cause remains largely unknown. 
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Possible links include long-term exposure to toxic chemicals or ionizing radiation. 

Many patients have no known exposure, making causation difficult to determine. 

Signs and Symptoms of Myeloma 

× Myeloma symptoms primarily arise from the destruction of bone and suppression of healthy 

blood cell production: 

× Bone pain, particularly in the spine, ribs, or pelvis (present in over 70% of cases) 

× Anemia, leading to fatigue, paleness, and shortness of breath 

× Thrombocytopenia (low platelet count), resulting in easy bruising and bleeding 

× Bone lesions and fractures 

× Hypercalcemia (high calcium levels) due to bone degradation, causing nausea, confusion, 

and kidney dysfunction 

× Kidney failure, often linked to paraproteins produced by cancerous plasma cells 

× Nerve damage, such as numbness, tingling, or pain in the limbs 

× Spinal cord compression, potentially causing paralysis, loss of bowel or bladder control, and 

paraplegia 

Diagnosis of Myeloma 

Diagnosis typically involves a comprehensive set of laboratory and imaging tests: 

Blood Tests: 

V Complete blood count (CBC) 

V Serum calcium, albumin, and total protein levels 

V Detection of paraproteins and abnormal antibodies 

Urine Tests: 

V To detect Bence-Jones proteins, which are indicative of myeloma 

V Bone Marrow Biopsy: 

V To examine the presence and percentage of malignant plasma cells 

Imaging Studies: 

V X-rays, bone scans, or MRI to detect bone lesions 

V Bone density tests to monitor bone loss 

Tests for Complications: 

V Kidney function tests 

V Monitoring for hypercalcemia, anemia, and organ damage 

Conclusion: 

Blood malignancies continue to pose a major challenge to public health due to their aggressive 

nature and diagnostic complexity. However, ongoing research, early detection, and evolving 
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treatment modalities spanning chemotherapy, immunotherapy, targeted agents, and supportive 

care have led to significant improvements in quality of life and survival. Future directions may 

increasingly rely on personalized medicine, biological therapies, and integrative approaches to 

reduce toxicity and overcome resistance. Continued public awareness, research funding, and 

clinical trial participation are vital to advancing our fight against these formidable diseases. 
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Abstract:  

As we all know inorganic fertilizers and herbicides are the common sources used for nutrient 

availability and weed control respectively to enhance crop yields. But at the same time their 

applications adversely impact soil health and the environment due to the release of toxic 

substances. Now a day, brown manuring is emerging as an eco-friendly solution to these 

challenges. It efficiently suppresses weeds while providing additional benefits such as biological 

nitrogen fixation, enrichment of soil with macro and micronutrients, conservation of soil 

moisture, and enhancement of soil's physical, chemical, and biological properties. This 

sustainable approach offers a promising alternative to conventional methods, fostering improved 

agricultural outcomes and environmental health. 

Introduction:  

The constant increase in human population highlights the urgent need to boost crop productivity 

for food securityin the whole world. In light of shrinking agricultural land and the challenges 

posed by climate change, many farmers are opting for intensive cropping methods. However, this 

approach not only lowers soil fertility but also leads to the resurgence of pests. As a result, the 

use of inorganic fertilizers and chemical pesticides has become commonplace in intensive 

agriculture. Though inorganic fertilizers can boost crop yields, relying on them for long run is 

not advisable. They can lead to deficiencies in essential secondary and micronutrients in the soil 

and harm its physical, chemical, and biological properties (Kumar et al., 2014). Already, inertia 

in agricultural production for using huge quantity of fertilizers has been reported in many places 

(John and Babu, 2021). On the other hand, constant application of chemical pesticides in all 

seasons is creating pest resistance. Both these chemical fertilizer and pesticides persist in soil for 

long time and thus, leave toxic footprints in environment (Nayak et al., 2020; Neog, 2018). 

Further, disproportionate application of these inorganic materials involves additional cost of 

cultivation of crops. Consequently, an organic/eco-friendly option either solely or in combination 

with inorganic materials is most needed to elevate agricultural productivity in a sustainable 
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manner along with environment safety to an extent. In this context, one ecofriendly approach 

called ‘brown manuring’ can find suitable place towards achieving sustainability in agriculture. 

It not only serves as an effective weed management option but also improves soil quality by 

adding both macro and micro nutrients and accelerating biological activities. As a consequence, 

it increases the crop productivity and ensuresreduction of environmental hazards to an extent. It 

helps in achieving high nutrient and water use efficiencies of crops like rice and saves carrying 

cost of bulky organic manure(s). 

To enhance soil fertility, Brown manuring is an innovative, eco-friendly technique where an 

additional cover crop is sown along with the main standing crop. These cover crops are later 

terminated using non-selective herbicides, typically at the flowering stage. Once desiccated, the 

cover crop residues remain in the field, turning brown in colour, so it is called brown manuring 

(Tanwar et al., 2010). Unlike traditional green manuring that involves tilling the soil to 

incorporate the biomass, brown manuring is a no-till approach, leaving the residues on the soil 

surface. This helps in maintaining soil cover, conserving moisture, preventing erosion, and 

improving soil organic matter content. By enhancing soil structure and microbial activity, brown 

manuring also supports nutrient recycling, contributing to long-term soil fertility and 

sustainability in cropping systems (Das et al., 2020). This method provides the dual benefit of 

organic matter incorporation and weed suppression, reducing the need for additional tillage or 

chemical interventions. Brown manuring can be practiced in maize, rice, sugarcane etc. 

Difference Between Green Manuring and Brown Manuring 

Parameters Green Manuring Brown Manuring 

Tillage  Incorporation of a manure crop into 

the soil by tillage before seed setting, 

typically at flowering.  

A no-till method where herbicides are 

used to kill the manure crop and 

weeds, leaving plants standing. 

Soil erosion  May increase surface erosion due to 

soil disturbance during incorporation.  

Reduces soil erosion as plants remain 

standing, protecting lighter soils from 

wind and water erosion. 

Soil moisture Requires adequate soil moisture for 

incorporation and decomposition.  

Helps conserve soil moisture by 

minimizing soil disturbance and 

leaving plant cover. 

Decomposition Microbial activity is essential for the 

decomposition of incorporated 

manure.  

Decomposition happens gradually as 

standing plants break down over time 

Growth 

control  

Controlled through tillage, which can 

disturb weed growth.  

Controlled through chemical 

desiccation using herbicides. 
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Benefits of Using Brown Manuring  

V Enhances soil organic carbon and nitrogen efficiency 

V Improves soil health and biodiversity 

V Helps in soil moisture conservation and erosion control 

V Servesas a co-friendly weed management approach 

V Affordability for resource-poor farmers: Brown manuring offers substantial benefits with 

minimal input costs, making it an economically viable solution for improving soil health and 

crop productivity. 

Importance of Brown Manuring on Soil Health  

Incorporation of brown manurein the soil by using pre-emergence herbicides greatly improves 

the physical and chemical characteristics of the soil. This approach increases soil organic matter, 

enhances soil aggregation, and makes essential nutrients, particularly nitrogen, more accessible 

in the root zone. Moreover, it helps in decrease nutrient losses, especially nitrogen, by reducing 

leaching and runoff, which helps prevent soil erosion. The synergistic effect of combining brown 

manuring with herbicide application supports overall soil health, fosters nutrient retention, and 

enhances crop productivity, while simultaneously offering sustainable long-term benefits to the 

agricultural ecosystem (Iliger et al., 2017). 

Improved Soil Structure and Fertility:  

V Boosts Soil Organic Matter: Brown manuring increases the soil's organic carbon content, 

which is vital for overall soil healthwhich in turn supplies essential nitrogen to crops. 

Sarangi et al., (2016) indicates that up to 25% of nitrogenous fertilizer can be substituted by 

the nitrogen provided through brown manuring, reducing dependency on synthetic fertilizers 

V Enhances Nutrient Availability:Leguminous brown manure plants, through biological 

nitrogen fixation, supply essential nutrients like nitrogen to the soil, reducing the need for 

synthetic fertilizers. Moreover, after decomposition of browns of non-leguminous plants 

nutrients become available in the soil for plant uptake. 

V Better Soil Aggregation:Increased organic matter leads to improved soil aggregation, 

creating better soil structure and reducing bulk density.  

Enhanced Water and Nutrient Management  

¶ Conserves Soil Moisture:The fallen leaves of the brown manure crop act as a natural 

mulch, reducing water loss from the soil surface due to evaporation.  

¶ Improves Water Infiltration:Better soil structure, resulting from improved aggregation, 

allows for greater water infiltration into the soil, benefiting root development.  

¶ Mitigates Nutrient Loss:The surface cover and decomposition process help prevent 

nutrient leaching and runoff, retaining valuable nutrients in the soil.  
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Reduced Erosion and Soil Degradation  

¶ Protects Against Soil Erosion:By keeping the soil covered, the standing brown manure 

plants protect the soil from wind and water erosion, especially in lighter soils.  

¶ Sustainable Soil Fertility:The combined effects of nutrient addition and improved soil 

structure contribute to the long-term sustainability of soil fertility.  

Boosts Soil Microbial Activity  

¶ Promotes Soil Life:The addition of organic matter and nutrients from the decomposing 

brown manure stimulates microbial activity within the soil.  

¶ Supports the Soil Food Web:An increase in microbial populations and activity enhances 

the functioning of the soil food web, further contributing to soil health.  

Effects of Brown Manuring Onnutrient Use Efficiency 

As there is a rising trend in the chemical fertilizercost, brown manuring would form an 

alternativeapproach for higher production and net benefit. By the practice brown manuring can 

replace 25per cent of nitrogenous fertilizer with the overallsoil health (Sarangi et. al, 2016). 

Sesbania crops were knockeddown by herbicide after 30 days when it is tenderand succulent so 

as to get maximum responseand makes N available immediately afterapplication. Nutrient use 

efficiency (NUE) waspositively influenced by weed managementpractices. Among the integrated 

weedmanagement practices, nutrient use efficiency ofN (50.00 and 64.67 kg grain yield kg-1 

nutrientapplied), P (229.36 and 296.64 kg grain yield kg-1nutrient applied) and K (90.36 and 

116.87 kggrain yield kg-1 nutrient applied) was highestunder butachlor 1.5 kg ha-1 + brown 

manuring +2,4-D 0.5 kg ha-1 treated plots during both theyears of investigation (Maity and 

Mukherjee, 2009). Growing of directseeded rice + brown manuring increased theavailable 

nitrogen (102 kg ha-1), availablephosphorus (22.1 kg ha-1), available potassium (265.9 kg ha-1) in 

soil compared to transplantedrice (Singh et. al, 2009). 

Crops Suitable for Brown Manuring  

i. Leguminous crops: Crops provide nitrogen as well as organic matter to the soils. 

Legumes can fix atmospheric nitrogen with the help of its nodule bacteria. The legumes are 

preferably used in green manuring crops Example: Sun hemp, Dhaincha, Mung, Cowpea, 

Lentil etc. 

ii. Non leguminous crops: The non-leguminous crops used as a green manuring crop which 

provide only organic matter to the soil. These are used to a limited extent. Example: Niger, 

Wild indigo etc. (Chauhan and Rahevar, 2021) 

Leguminous crops like Dhaincha, Sunn Hemp, and Cowpea are commonly chosen for brown 

manuring because they can fix atmospheric nitrogen into the soil and add valuable organic matter 

at the same time. This unique combination not only boosts soil fertility but also supports 
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sustainable crop production. On the other hand, non-leguminous crops, such as Niger and Wild 

Indigo, contribute organic matter but lack the ability to fix nitrogen, making them less favoured 

for this practice. Pairing leguminous crops with cereals is often seen as a best practice. Cereals 

effectively utilize some of the nitrogen fixed by legumes, creating a beneficial synergy that 

enhances yields and preserves soil health. This partnership brings a plethora of advantages, 

including increased productivity and long-term soil sustainability, while also improving 

ecosystem services like water retention and nutrient cycling. Ultimately, the intercropping of 

legumes and cereals not only leads to higher yields but also fosters sustainability by reducing 

reliance on synthetic fertilizers and encouraging natural nutrient replenishment. 

Conclusion:  

Being a sustainable agricultural practice, brown manuring is an eco-friendly farming approach 

that involves returning plant biomass to the soil itself. By improving the physical and 

biochemical characteristics of the soil, brown manuring enhances soil structure, retains nutrients, 

and promotes beneficial microbial activity. In addition to enriching the soil, brown manuring 

also offers economic benefits to farmers by reducing the need for synthetic fertilizers and 

pesticides, making it a cost-effective practice. Importantly, the practice plays a significant role in 

balancing greenhouse gas emissions by increasing soil organic carbon and mitigating harmful 

emissions. brown manuring is an eco-friendly technique that enhances overall agroecosystem 

health. As a sustainable technique that fosters the health of agricultural ecosystems, brown 

manuring deserves active promotion by extension agencies to fully realize its potential in modern 

farming practices.  
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Introduction: 

Genomics is playing an increasing role in plant breeding and this is accelerating with the rapid 

advances in genome technology. Translating the vast abundance of data being produced by 

genome technologies requires the development of custom bioinformatics tools and advanced 

databases. These range from large generic databases which hold specific data types for a broad 

range of species, to carefully integrated and curated databases which act as a resource for the 

improvement of specific crops. In this review, we outline some of the features of plant genome 

databases, identify specific resources for the improvement of individual crops and comment on 

the potential future direction of crop genome databases (Hu et al., 2020). 

Third generation sequencing helps generate high-quality whole genome de novo assemblies, 

using reads spanning complex regions such as those with high levels of repetitive sequence and 

shed light on the remaining complex of repeat sequences and other structural variants. 

Moreover, the full-length sequenced transcripts produced by third generation sequencing 

techniques (isoform sequencing) allow the precise study of exons, splice sites and alternatively 

spliced regions, which is useful in improving genome annotation. A fully assembled and well-

annotated genome will allow breeders to discover genes related to agronomic traits, determine 

their location and function as well as develop genome-wide molecular markers. 

One of the challenges encountered by researchers is to translate this abundance of data into 

improved crops in the field. There remains a gap between genome data production and next-

generation crop improvement strategies, but this is being rapidly closed by far sighted 

companies and individuals with the ability to combine and mine the genomic data with practical 

crop-improvement skills. Bioinformatics can be defined as the structuring of biological 
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information to enable logical interrogation, and databases are a key part of the bioinformatics 

toolbox. Numerous databases have been developed for genomic data, on a range of platforms 

and to suite a variety of different purposes (Lai et al., 2012).  

PGR Informatics 

Centralized repository of information on PGR conserved at single location or many locations. 

Enhances accessibility to information content associated with gene bank collections conserved 

ex-situ. 

National Gene Bank Database 
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PGR map 

   

   

Linking Genebanks to Genbank 

It links information on genomic resources of crop plants available in the GenBank with 

associated plant genetic resources belonging to 263 countries conserved in 194 genebanks 

located in 68 countries around the world. G2G presents as interactive interface to connect 

GenBank depositions of 1,407,145 nucleotide, 6,72,796 protein and 1,606,302 EST sequences 

of 2889 cultivars belonging to 50 crop species – to genebanks from where the seeds can be 

accessed legitimately as per extant international regulatory framework. 
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Genomic Databases 

It serves as archives and contains all public sequences derived from: 

Á Genome projects (> 80 % of entries) 

Á Sequencing centers (cDNAs, ESTs…)  

Á Individual scientists (15 % of entries) 

Á Patent offices 

Currently: 46×106 sequences, ~80 ×109 bp. Sequences from > 80,000 different species. More 

than 1000 different ‘biological’ databases. Variable size: <100 kb to >10 Gb. 

Update frequency: daily to annually  

How to find them?  

Amos’ links: www.expasy.org/alinks.html  

Biohunt: http://www.expasy.org/BioHunt/     

Google: http://www.google.com/  

Ideal minimal content of a sequence database entry 

ü Sequences 

ü Accession number (AC) (unique identifier)  

ü Taxonomic data  

ü References  

ü ANNOTATION/CURATION 

ü Keywords  

ü Cross-references 

The first angiosperm genome database was launched in 2001 for the model plant Arabidopsis 

thaliana. Data available from TAIR includes the complete genome sequence along with gene 

structure, gene product information, gene expression, DNA and seed stocks, genome maps, 

genetic and physical markers, publications, and information about the Arabidopsis research 

community. 

 

http://www.expasy.org/alinks.html
http://www.google.com/
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Classification of Biological Databases 

 

Applications of Databases 

Conventional plant breeding relies on natural or induced genetic variation combined with 

efficient selection of favorable genetic combinations and evaluation of phenotypes to identify 

variants of interest for desirable traits. The use of genomic information can shorten these 

processes and make them more precise. 

1. A major focus of crop genetic research in recent decades has been the development 

of molecular genetic markers associated with important traits 

PCR primers frequently cross amplify within related species. We report a web-based tool, SSR 

Primer that integrates SPUTNIK, an SSR repeat finder, with Primer3, a primer design program, 

within one pipeline. On submission of multiple FASTA formatted sequences, the script screens 

each sequence for SSRs using SPUTNIK. 

The SSR Taxonomy Tree (Jewell et al., 2006) server provides web-based searching and 

browsing of species and taxa for the visualisation and download of these SSR amplification 

primers. These tools are available at http://bioinformatics.pbcbasc.latrobe. 

edu.au/ssrdiscovery.html. 

2. Phylogenomics is known as molecular phylogenetic analysis, in which using sets of 

genomic database for gene function prediction and exploration of the evolutionary 

relationships among species. 

3. Accumulation of nucleotide sequences of model plants and other crop species has 

provided fundamental information for the design of sequence-based research 

EMBL (Europe)/ GenBank (USA) /DDBJ (Japan)  

Numerous databases have been developed for genomic data, on a range of platforms and to suite 

a variety of different purposes. These range from generic DNA sequence or molecular marker 

databases, to those hosting a variety of data for specific species.  
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Basic Local Alignment Search Tool (BLAST)  

BLAST is the most widely used local alignment search tool in the world It uses robust statistical 

framework that can determine if alignment between a query sequence and a target sequence 

found in the database, is statistically significant. Algorithm for comparing biological sequence 

information, such as amino acid sequence of different proteins or the nucleotides of DNA 

sequence, identify library sequence that resembles query sequence 

1. Global sequence alignment - To identify homologous sequences. 

Global alignment looks for comparison over the entire range of the two sequences involved. 

This method does not always work very well because in many cases only a portion of the two 

sequences can be aligned.  

 

2. Local sequence alignment - To identify conserved, functional sequence motifs. By 

contrast, when a local alignment is performed, a small highly similar sequence motif, that is 

present in both sequences, is uncovered. And then starting from this seed, the alignment is 

quickly extended. 
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3. To study comparative maps of one species with another related species 

ORYZABASE 

 

 

 

4. To identify functional genes among different plants using comparative analysis also 

help researchers study genes annotation in newly sequenced plant species. 

PANZEA database 

Crop-improvement-oriented database, hosts data on genomic diversity in a large germplasm 

collection including genetic data, trait phenotypes, allele frequencies, phenotyping 

environments, genetic analysis tools and so on. The Panzea databases comprises the genotypic 

and phenotypic data and genetic marker information. This database design is based on the 

Genomic Diversity and Phenotype Data Model (GDPDM). 
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Gramene database 

CURATED- selected, organized, and presented using professional or expert knowledge. 

EnsEMBL-based genome viewer, database hosting information on a variety of crop species, but 

based around the rice, maize and Arabidopsis genomes. 

 

5. Compara gene tree and expanded alignments with homologous and paralogous 

genes 

Gramene’s Genome Browser and associated data, tools and features 

The Gramene search page serves as a springboard for accessing various tools, functionalities 

and genomic resources via clickable hyperlinks. (B) O. sativa Genome Browser showing 

location of a rice gene (Os06g0611900) and associated genomic data. The Genome Browser 
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page also provides links for accessing (i) synteny, e.g., synteny between the O. sativa subsp. 

Japonica locus Os06g0611900 on chromosome 6 and the corresponding homologous regions on 

the Z. mays chromosomes 6 and 9 (C); and (ii) Compara gene tree and expanded alignments 

with homologous and paralogous genes (D). From the search page, users can access the BLAST 

tool (E), training material including exercises, recorded webinars, etc. To learn how to 

effectively mine data and use the resources and tools available at the Gramene database, open 

access video tutorials and training material are available via Gramene’s outreach por-tal and 

Gramene’s YouTubechannel  

 

 

6. To know role of different gene sequences in various reaction pathways 

A view of the Plant Reactome Pathway Browser page 

An example of the ‘abscisic acid biosynthesis and mediated signaling pathway’ page from O. 

sativa. The left-hand side panel shows a hierarchical list of the available rice pathways, and the 

right-hand side upper panel shows a pathway diagram (depicted in the context of the plant cell’s 

subcellular structure) along with a diagram key. The ‘Zoom’ feature helps users visualize 

pathway diagrams more clearly. The lower panel, below the pathway diagram, provides options 

for exploring pathway-associated features, such as a list of proteins and small molecules with 
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external links, e.g., to ChEBI (B); baseline tissue-specific expression data from EMBL-EBI’s 

Expression Atlas (C); and access to differential expression data at EMBL-EBI’s Atlas (D) also 

provides links to differential expression data and additional detailed information about related 

experiments within the species. 

 

Plant GDB  

It is a web resource devoted to develop robust genome annotation methods, tools, and standard 

training sets for plant genomes. From 2012 Plant GDB provides access to sequence data from 29 

plant species. Plant GDB also provides annotated transcript assemblies for more than 250 plant 

species, with transcripts mapped to their cognate genomic context where available, integrated 

with a variety of sequence analysis tools and web services. Plant GDB hosts a plant genomics 

research outreach portal that facilitates access to a large number of resources for research and 

training.  
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PlantGDB provides a wide range of data sets, query methods and analysis tools for researchers 

interested in comparative plant genomics or gene discovery research 

Plant Trait Database 

 

The main focus of TRY database is to bring together the different plant trait databases 

worldwide into a comprehensive web-archive of the functional biodiversity of plants at the 

global scale by assembling, harmonizing, and distributing published and unpublished data on 

functional plant traits as well as a wide range of ancillary methodological and environmental 

information. It contains 3million trait records for 750 traits of 1 million individual plants, 

representing 69,000 plant species 

Graingenes 

Cmap-official map display for graingenes database, allows map to be compared side by side. 

Aligned maps from a spring wheat nested-association mapping (NAM) population with drought-

tolerant Berkut as the common parent (Jordon et al., 2018). Genetic map viewer CMap, 

developed by the GMOD consortium is valuable for the validation of traits that map to the same 

position in different populations and also for the linkage between crop genetic maps and 

sequenced model genomes, enabling the identification of candidate genes for genetically 

mapped traits. A recent addition, CMap3D, enables the comparison of a larger number of maps 

in 3D space 

Advantages of Databases 

Á Digital genetic sequence data has enhanced the ability to screen highly diverse germplasm 

from international collections at a large scale to identify allelic variation linked to 

agronomic traits 

Á Extensive genotypic data- germplasm repositories - desired genetic elements or trait 

characteristics - breeding programs 

Á Genomic sequence information is very useful in creating core sets 

https://www.ncbi.nlm.nih.gov/pubmed/29952048


Applied Biotechnology: Techniques and Applications 

 (ISBN: 978-81-994425-7-3) 

29 
 

Disadvantages of Databases 

Á The update frequency is not the same for all servers 

Á Improvement of existing algorithms so that inferences can be drawn with minimal technical 

biases and greater computer efficiency 

Á Moreover, since high density genotype information rapidly exploited, high throughput 

phenotyping is urgently needed to provide plant genomic analysis results at high resolution 

Á The new high-throughput genomic methods implies the generation of massive data. 

Computation capability is a major challenge for the handling of these data 

Conclusion: 

The integration of genomic databases into crop improvement programs has revolutionized 

modern plant breeding by enabling the systematic organization, analysis and application of vast 

genomic datasets. Advanced bioinformatics platforms and curated databases such as PlantGDB, 

Gramene, GreenPhylDB and PLAZA facilitate efficient data mining, gene annotation, 

comparative genomics, and marker-assisted selection. These resources bridge the gap between 

raw genomic data and practical breeding outcomes by linking genotype to phenotype with 

precision. However, challenges remain in harmonizing heterogeneous datasets, maintaining 

update consistency, and scaling computational infrastructure to handle the exponential growth of 

genomic and phenotypic data. Future progress in crop bioinformatics will depend on the 

integration of high-throughput genotyping, phenomics and artificial intelligence to develop 

predictive models for complex traits. Ultimately, genomic databases will serve as the backbone 

for next-generation breeding strategies, accelerating the development of resilient, high-yielding, 

and climate-adaptive crop varieties. 
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Introduction: 

Maize (Zea mays L.) is the third most important crop among the cereals grown in India and is 

called as ‘Queen of Cereals’. Maize breeders during the hybrid era (1939 to present) have been 

extremely successful in making continuous genetic improvement in commercial grain yield. 

Production of homozygous inbred lines as parental lines of hybrids or synthetic varieties is an 

important component of maize breeding programmes. During the 20th century, development of 

inbred lines in maize relied almost exclusively on six to eight generations of recurrent selfing 

and selection to reach the desired level of homozygosity. It used to take up to 11-13 years from 

the time of the initial crosses to the release of new cultivars. As a result, in the last two to three 

decades, in-vivo haploids (DH technology) have emerged as an efficient alternative to the 

traditional method of inbred line development. 

A doubled haploid (DH) is a genotype formed when haploid (n) cells successfully undergo 

either spontaneous or artificially induced chromosome doubling. The DH technology shortens 

the breeding cycle significantly by rapid development of completely homozygous lines in 2-3 

generations. Both in vitro and in vivo methods can be used to develop maize DH lines. However, 

in vivo methods have proved to be more reliable and efficient in large-scale production of DH 

lines and hence are commonly used in maize breeding programmes, almost as soon as haploid 

inducer lines became available for temperate environments (Prasanna et al., 2012). 

In vivo induced haploids can be distinguished from diploids at the seed, seedling or adult plant 

stage based on the expression of genetic markers present in the haploid inducers. Genetic 

markers such as R1-nj (Navajo) anthocyanin marker, B1 (Booster1) and Pl1 (Purple1) colour 
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marker and high oil marker used for haploid identification. Colchicine is used as chromosome 

doubling agent in DH production, as spontaneous duplication of chromosomes occurs at a very 

low rate. Optimal agronomic management of the colchicine-treated Do seedlings, first in the 

greenhouse and later in the field, is highly crucial for the success of DH line production 

(Chaikam et al., 2019). 

Haploids are widely used in crop breeding, specifically in maize, to produce doubled haploids 

(DHs) lines in a very short time. There are different possibilities for obtaining haploids from plants 

during gametophyte (haploid) and sporophyte (diploid) stage (Figure 1). Haploids can be obtained 

from the gametophyte phase of angiosperm by culturing the anthers or pollens in vitro, by 

culturing ovules or ovaries, and naturally by the process of parthenogenesis (in which the egg 

cell develops into the embryo without fertilization) and apogamy (haploid cells other than the 

egg cell from embryo sac develop into the embryo). However, it can also be obtained from the 

sporophyte phase just after fertilization, by the process of chromosome elimination of one of the 

parental genomes. 

 

Figure 1: Complete life cycle of angiosperm including gametophyte and sporophyte phase, 

and possible ways of isolating haploid plants from it 

Shull in 1908 proposed that the essential task of the maize breeder is to find the best hybrid 

combination of parents (inbreds) in a maize population to generate a record-yielding hybrid. 

During 20th century, the development of inbred maize lines completely relied on six to eight 

generations of recurrent selfing and selection to reach the desired level of homozygosity 

(Hallauer et al., 2010). When the extensive field trials for variety registration are included, it 

usually takes up to 11-13 years from the time of the initial crosses to the release of new cultivars 

in the market (Figure 2). So, there was a need for speeding up the inbred development process, 

particularly in the case of maize. In the last two to three decades, doubled haploid (DH) 

technology has emerged as an efficient alternative to the traditional method of inbred line 

development. With this technology, it is possible to develop a completely homozygous (100%) 
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inbred line in just one step by doubling the genome of segregating gametes of a population or a 

biparental cross (Figure 2). Although both in vitro and in vivo methods can be used to develop 

maize DH lines, the in vitro methods like anther/pollen culture and ovule/ovary culture have 

some limitations such as getting diploid plants from the cells of the anther wall during anther 

culture, the in vitro culturing ability is highly dependent on genotypes, and laborious dissection of 

the ovule and ovary from the flower makes it expensive. Due to these limitations, developing a 

large number of DH lines commercially using in vitro methods is not suitable. In contrast, in-

vivo methods for producing haploids are interspecific crosses (commonly used in the case of 

wheat), pollen treatment (irradiation in melons), and inducer lines (commonly used in the case of 

maize and at some level in potato). From these methods, the use of inducer lines is commonly used 

due to their reliability and efficiency in producing a large number of DH lines in maize. 

 

Figure 2: A comparison between traditional and DH method of developing inbreds in 

maize (Yan et al., 2017) 

Benefits of DHs in Maize: 

As per the breeder’s equation (Falconer, 1996), the denominator of the equation is the time 

required for the inbreeding (Y) which can be drastically reduced using DH technology, and 

ultimately it will provide high genetic gain over time (Rt). Moreover, the complete homozygous 

nature of DH lines can provide more precise phenotyping (No residual heterozygosity as in the 

case of inbreds developed by recurrent selfing). So, we can get accurate gene-trait associations 

in genetic mapping and gene function studies. 
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Also, it is very amenable for variety registration/protection because it perfectly fulfills the DUS 

requirements due to complete homozygosity and homogeneity. It simplified logistics like 

shipping the seed, managing inventories, planting nurseries, selfing and maintaining lines 

become much simpler, and need less time, labor and financial resources in developing new 

breeding lines. These saved resources can be used for more effective selection and accelerated 

release of elite varieties (Prasanna, 2012). DH technology also enables more effective access to 

the genetic diversity from landraces and open-pollinated varieties (OPVs) and enables to expand 

the diversity of the elite germplasm. Deleterious alleles from such landraces and OPVs are readily 

expressed in the haploid stage and can then be eliminated through natural or artificial selection. 

DH technology is also used in reverse breeding where parents of any best segregating hybrids 

can be generated to produce the same combination repeatedly and whenever required (Dirks et 

al., 2009). 

Haploid Inducer 

The haploid inducer is a specialized genetic stock which, when crossed to a diploid (normal) 

maize plant, results in progeny kernels in an ear with segregation for diploid (2n) kernels and a 

certain fraction of haploid (n) kernels due to anomalous fertilization (Prasanna, 2012). It is of 

two types: (1) Maternal haploid inducer (Coe, 1959) and (2) Paternal haploid inducer (Kermicle, 

1969). General characteristics and use of both types are given in Table 1. 

Table 1: Types of haploid inducer with its characteristic features 

Inducer Product Characteristics 

Maternal inducer 

(used as male) 

Maternal haploids with cytoplasm 

and chromosomes from source 

germplasm 

Widely used for haploids 

development 

 

Paternal inducer 

(used as female) 

Paternal haploids with cytoplasm 

from inducer line and 

chromosomes from source 

germplasm 

Used for conversion of an inbred 

line to its cytoplasmic male 

sterile form 

After the first report of haploid plants in maize by L. F. Randolph and L. J. Stadler in 1932 and 

the finding of natural occurrence of haploid plants in commercial lines (rate <0.1%) by Chase 

(1947), the first haploid inducer line ‘stock 6’ was developed by Coe (1959) having haploid 

induction rate (HIR) ~ 2%. Subsequently, many haploid inducers developed having higher HIRs 



Applied Biotechnology: Techniques and Applications 

 (ISBN: 978-81-994425-7-3) 

35 
 

and specific to the different climates. Prigge et al., (2011) developed the tropically adapted 

inducer lines (TAILs) with HIR ~ 8-10%. Soon after, 2nd generation TAILs were developed 

having higher HIR (~13%) (Chaikam et al., 2018). The development of some important inducers 

across time is listed in Table 2. 

Table 2: Different haploid inducers developed by the time with respective HIRs 

Sl. No. Inducer HIR [%] (~) Reference 

1. Stock 6 2 Coe, 1959 

2. Wisconsin-23 (W23) (Paternal) 3 Kermicle, 1969 

3. KMS (Stock 6) 3-8 Tyrnov and Zavalishina, 1984 

4. WS14 (W23ig × Stock 6) 2-5 Lashermes and Beckert, 1988 

5. KEMS 6 Shatskaya et al., 1994 

6. ZMK1 (Inducer population) 6-8 Zabirova et al., 1996 

7. MHI 7-9 Chalyk, 1999 

8. RWS (KEMS × WS14) 8 Rober et al., 2005 

9. CAUHOI (High oil) 3 Chen and Song, 2003 

10. ZMK1U 11-13 Shatskaya, 2010 

11. PHI 1-4 (4 lines) 10-15 Rotarenco et al., 2010 

12. CAU5 and CAU079 (High oil) 6-8 Xu et al., 2013 

13. 
UH600 and UOH601-OC (High 

oil) 
10 Melchinger et al., 2014 

14. 
TAILs (Tropically Adapted 

Inducer Lines) 
8-10 Prigge et al., 2011 

15. 2GTAILs (2nd generation) 13 Chaikam et al., 2018 

Genetic Basis of the Maternal Haploid Inducer 

Dresselhaus et al., (2016) hypothesized that two processes might be involved in the induction of 

haploids by maternal inducer: 1) Single fertilization and 2) selective exclusion of inducer 

chromosome after double fertilization. The evidence for both hypotheses is available. In case of 

the single fertilization, if only the egg cell is fertilizing leaving central cells unfertilized will give 

rise to defective endosperm due to an imbalance of endosperm balance number (EBN) and the 

seed will be aborted. In contrast, if only the central cells are fertilized and the egg cell remains 

unfertilized, it will give seeds with haploid embryos and normal endosperm. If this is the case, 

the HIR of an inducer line should be very high. But, in Maize and Arabidopsis, a mechanism 

called heterofertilization is observed for compensation of the failure of double fertilization by 

fertilizing the remaining egg cell or central cells with another pollen. This is the reason for low 
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HIR observed in the available haploid inducer lines. Concerning the second hypothesis, it was 

observed that inducer chromosomes are excluded from haploid embryos within a week of 

pollination and from endosperm 15 days after pollination. Moreover, some proportion of haploid 

embryos contains segments of the inducer chromosome which is direct evidence that a diploid 

zygote is formed and the inducer’s chromosome is subsequently eliminated during the process of 

haploid induction. 

QTL analysis identified two major QTLs with high phenotypic variance explained, qhir1 (PVE 

66%) and qhir8 (PVE 20%) together with some minor QTLs (Prigge et al., 2012). The qhir 

denotes for quantitative haploid induction rate. Further fine mapping has divided the qhir1 into 

two regions qhir11 and qhir12, from which qhir11 is found to have a significant effect on the 

haploid induction ability (Hu et al., 2016). Further molecular analysis of maternal inducers has 

revealed that loss of function of pollen-specific ZmPLA1 (Zea mays Phospholipase A1) by 4 bp 

insertion in the last exon is responsible. This gene is discovered by multiple research groups in 

the same year and named differently: ZmPLA1 (Liu et al., 2017); MATRILINEAL (MTL) 

(Kelliher et al., 2017); and NOT LIKE DAD (NLD) (Gilles et al., 2017). The functional analysis 

showed that ZmPLA1 null mutant is giving HIR from 0.5-3.0%, and it decides the chance of line 

to have HIR > 0%, or in other words, it decides whether the particular genotype will act as an 

inducer or not. It is speculated to be involved in chromosome fragmentation in sperm cell nuclei. 

Analysis of another major QTL qhir8 indicated that the ZmDMP gene encoding DUF679 domain 

membrane protein is responsible (Zhong et al., 2019). ZmDMP null mutant can induce haploids at 

the rate of ~ 0.15%. It is speculated to be involved in male-female gamete interaction during the 

process of fertilization and in increasing the chance of single fertilization involving central cells. 

It is clear from the above discussion that ZmPLA1 or PLA1 or MTL is responsible for the qhir1 

function and ZmDMP is associated with qhir8. Although both of these mutants are giving very 

low HIRs, combinedly as a double mutant it increases the HIR by two to six folds. In addition, 

orthologues of MTL are found in wheat and rice, and loss of function mutation for this gene also 

induced haploids in these species. 

Genetic Basis of the Paternal Haploid Inducer 

Paternal haploid induction is governed by the loss of function of the gene ‘indeterminate 

gametophyte1’ located on chromosome 3, in contrast to maternal induction which is a 

quantitative trait. The wild type allele of the ig1 gene (IG1) codes for LOB (LATERAL ORGAN 

BOUNDARIES) domain protein with high similarity with ASYMMETRIC LEAVES2 of the 

Arabidopsis thaliana, which is responsible for the suppression of the expression of the knox 

(knotted like homeobox) genes (Evans, 2007). The knox genes are known to express in the 

meristematic or stem cells, and suppression of which is required for the development of the 
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lateral organ primordia from the meristem. Thus, IG1 acts as a switch from proliferation to 

differentiation in the embryo sac. So, in mutant ig1, the cells in the embryo sac cannot 

differentiate and continuously proliferate giving rise to extra egg cells, synergids, and 

antipodals. The homozygous ig1ig1 mutant also affects the leaf morphology by disrupting 

abaxial-adaxial polarity along with abnormal embryo sac development (Evans, 2007). 

Interestingly, IG1 is not expressed in the male gametophyte and thus loss of function of ig1 does 

not affect the development of male gametophyte. Overall, the cells of the embryo sac of ig1 

mutant proliferate yielding additional gametophytes, meanwhile, sperm in the embryo sac 

environment develop embryonically and give rise to a paternal haploid embryo. Evans (2007) 

identified two alleles of ig1. One is the ig1-O allele that contains a Hopscotch retrotransposon 

insertion in the second exon within codon 120 of ig1, and the second allele is ig1-mum which 

has Mu8 (transposable element) insertion in the first intron. Comparatively, ig1-mum is a weaker 

allele than the ig1-O allele concerning the HIR (Evans, 2007). 

Paternal haploid inducer has a special benefit over the maternal haploid inducer though it is 

having a low HIR (1-3%) as compared to maternal inducer (up to 15%). Firstly, it is specifically 

used for the transfer of sterile cytoplasm in any desired inbred lines in one step, if the inducer is 

having sterile cytoplasm used in the CGMS (cytoplasmic genetic male sterility) system of hybrid 

seed production. The process of cytoplasm transfer in inbred using a paternal inducer is described 

in Figure 3. Secondly, there is no need of colchicine for doubling the haploid genome produced 

using paternal haploid inducers. DHs can be produced directly by pollinating the haploid plants 

with any wild type (normal) diploid pollen, as some egg cells produced on haploid plants will 

be having a complete set of haploid chromosomes. Moreover, a recent study indicated that the 

egg cell-specific aspartic endopeptidases (ECSs) mutant can also produce the paternal haploid 

(Zhang et al., 2022). 

 

Figure 3: Process of cytoplasm transfer along with haploid induction by paternal haploid 

inducer 
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Haploids by Centromere Mediated Genome Elimination 

In Arabidopsis thaliana, the null mutant of CENH3 (histone variant that recruits constitutive 

centromere proteins that subsequently recruit overlying kinetochore proteins) when 

complemented by the modified CENH3 (GFP tailswap CENH3 and GFP-CENH3) also proved 

to be responsible to induce haploids. Interestingly, this complementation null mutant can 

produce both maternal and paternal haploids depending on the mutant used as male or female, 

respectively (Ravi and Chan, 2010). The structure of CENH3, GFP-CENH3, and GFP- tailswap 

CENH3 is depicted in Figure 4. It contains mainly 2 domains i.e., the Histone fold domain 

(HFD) which is highly conserved among eukaryotes, and the N-terminal tail, which is highly 

variable among species and speculated to be responsible for speciation. In GFP- CENH3, 

the GFP protein is attached to the N-terminal tail of CENH3, while in GFP- talswap CENH3, 

the Tail sequence is replaced by the N-terminal tail of histone H3.3 and is also attached with 

GFP coding sequence. While crossing such null mutants expressing modified CENH3 with wild 

type, it was found to produce haploids in progeny. The basic hypothesis behind the elimination 

of the cenh3 mutant chromosomes from the zygote is a difference in morphology and structure of 

the centromere between mutant cenh3 and wild type. Interestingly, the selfing of such mutant not 

produced any haploids because the mutant centromere is not in competition with the wild type 

centromere. 

 

Figure 4: Structure of CENH3, GFP-CENH3 and GFP-tailswap CENH3 

In addition, the CENH3 function is conserved among eukaryotes and the same mechanism was 

also tried with maize but it produced very low HIR (< 1%) (Wang et al., 2021). Wang et al., 

(2021) produced heterozygote cenh3 mutant without any complementation (+/cenh3) and 

indicated that such hybrid (+/cenh3) can also induce haploid when crossed with the wild type 

plants. The basic mechanism behind this is that gamete that contains cenh3 allele cannot produce 

CENH3 protein and can get CENH3 protein only from sporophyte during sporogenesis. 

Afterward, during gametogenesis, megaspore passes through three mitotic divisions and 

Microspore passes through two mitotic divisions that will cause dilution of CENH3 protein in 

final gametes. Moreover, whatever CENH3 protein the initial reproductive cell get is also half of 

the normal rate due to the heterozygous nature of the hybrid inducer (+/cenh3). Here, since the 
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inducer works as a heterozygote, cenh3 can be crossed to any line, and the F1 will become a 

haploid inducer and such F1 can be used as a vigorous inducer producing more pollen and 

vigorous growth (Figure 5). Thus, overall studies on cenh3 indicate that modifying both the 

quality and quantity of the CENH3 protein can induce haploids. 

 

Figure 5: (A) less vigorous inducer that is homozygous for cenh3 null mutant complemented 

with modified GFP, (B) Inducer Heterozygous for cenh3 mutant allele having vigorous 

growth and dilution of CENH3 protein during mega gametogenesis 

ROS: A Factor for Haploid Inducer 

The analysis of zmpla1 pollen indicated that reactive oxygen species (ROS) related genes were 

affected. As ROS can directly break DNA into fragments, it is also tested for enhanced 

chromosome fragmentation in gametes and induction of haploids (Jiang et al., 2022).  

 

Figure 6: Reactive oxygen species responsible for haploid induction (A) increased ROS 

level in pollen treated with PC (phosphatidylcholine), a ROS inducer, and MMI 

(Methimazole), a peroxidase inhibitor. Increased chromosome fragmentation in pollen 

treated with MMI, H2O2 and PC. (B) HIRs using pollen treated with different 

concentration of PC and MMI over the environments. (C) A ROS stress related gene 

ZmPOD65 null mutant having methionine to leucine substitution exhibited haploid 

induction ability 
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It showed higher ROS levels in pollen treated with Methimazole (MMI) a peroxidase inhibitor 

and phosphatidylcholine (PC) a ROS inducer. Also, pollens treated with these two reagents and 

H2O2 separately indicated a higher amount of chromosome fragmentation in pollens (Figure 

6A). While pollinating the wild type plants with such pollen produced haploids in progeny at the 

rate between 2.2% to 17.2% depending on chemical concentration and environment 

(Figure 6B). In this case, optimization of the chemical concentration is need to be standardized. 

Moreover, mutant of gene ZmPOD65 (ROS stress-related gene) indicated 7.7% of the HIR 

(Figure 6C). There are other 45 genes affecting ROS levels that can be a future candidates for 

haploid induction study (Jiang et al., 2022). 

Environment and Haploid Inducer: 

The haploid induction rate of inducer line is highly dependent on the environment and its genetic 

background. For example, there is a report of higher HIR in winter than in summer (Kebede et 

al., 2011) and also a higher HIR in warmer than in cooler summer (La Fuente et al., 2018). A 

higher rate of chromosome elimination in barley was observed at high temperatures (Pickering, 

1984). Silk age is also known to affect the HIR as higher HIR was observed in older silks 

(Chase, 1969). Higher HIR was observed in hand pollinations than in isolation fields 

(Rotarenco, 2002). The possible reason was speculated that in isolation fields there is more 

chance of heterofertilization as compared to hand pollination due to limited pollen availability in 

hand pollination. 

Desirable Traits for Haploid Inducer: 

ü Hybrid inducers have better performance than inbred inducers. 

ü Hybrid inducers have larger tassel which is positively correlated with pollen production. 

ü Shorter plant height is desirable as it will bring tassel at the same height as the silk of donor 

plants and increase the chance of pollination with inducer. 

ü Longer period of pollen shed is desirable as it reduces one of the staggered plantings in 

case of the isolation inducer fields at the commercial level. 

Novel Techniques Using Haploid Inducers 

1) Hi-Edit (Haploid inducer-based editing) or IMGE (Inducer-mediated genome editing) 

A novel technique for editing the inbred for specific agronomic traits using haploid inducer was 

developed by two different groups of researchers simultaneously in the same year (Hi-Edit: 

Kelliher et al., 2019; IMGE: Wang et al., 2019a). The major bottleneck of editing any running 

inbred line is the recalcitrant nature of it for transformation. Most of the cultivated inbreds are 

recalcitrant for transformation. So, the editing machinery has to be inserted in the transformable 

inbred lines (such as ZC01, B104, etc.), to edit these lines and subsequently edited traits need to 

be introgressed in the elite inbred lines by backcrossing. This process takes many years to improve 
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any inbreds for specific traits. To overcome this issue, Hi-Edit/IMGE can be utilized, in which, 

editing machinery (gene construct with gRNA and Cas9) for a specific trait is introgressed from 

transformable lines to the haploid inducer line. Once this editing machinery is in the haploid 

inducer line, the inducer line can be used to pollinate the elite inbred that needs to be improved. 

Now, after fertilization and before chromosome elimination, the haploid genome of the inducer 

having editing construct will edit the gene in the egg cell genome. After that, the inducer genome 

with editing construct will eliminate from the zygote, and haploid seeds with edited egg genome 

and without transgene can be obtained. Subsequently, by doubling the genome, the DH line can be 

derived, which will be the improved version of the elite inbred. Using this technology, editing of 

any inbred for a specific trait can be done in just two seasons if the inducer with an editing 

construct for a particular trait is available. An example of Hi-Edit is depicted in the Figure 7 

using reduced height as a trait of           interest. 

 

Figure 7: Hi-Edit (Haploid inducer-based editing) or  

IMGE (Inducer-mediated genome editing) 

2) F1 fixation using the haploid inducer 

Earlier in Arabidopsis, d’Erfurth et al., (2009) developed the MiMe genotype (Mitosis instead of 

meiosis) using null mutants of various meiosis-related genes (Osd, Atspo11-1 and Atrec8). This 

genotype produced diploid gametes with the same genetic constitution as the MiMe genotype. 

But by the fusion of diploid male and female gametes, the progeny produced was tetraploid. 

However, by crossing this Mime genotype with the cenh3 null mutants (haploid inducer), diploid 

progenies can be obtained with the same genetic constitution as the parental MiMe genotype. 

But this method also requires crossing with the inducer line, which is not beneficial over the 

conventional hybrid seed production. Using this idea in rice, the MiMe genotype was developed 

recently using meiosis-specific mutant (osd1, rec8 and pair1) and it is additionally mutated for 

the mtl gene responsible for maternal haploid induction (Wang et al., 2019b). This study 

indicated that genotype can be propagated clonally through seeds. However, the major 

bottleneck of this finding is the very low seed setting rate and among them the very low frequency 
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of diploid progenies as compared to tetraploid progenies. But this study indicated the possibilities 

of developing apomixis more efficiently in the future in any other crop species. 

Marker Systems for Haploid Identification 

As the inducer line produces a mixture of haploid and diploid seeds on the ear, the essential task 

is to identify the haploids among this mixture. There is different marker systems have been 

developed for efficient identification of the haploid seeds or progenies. One of the commonly 

used marker systems is dominant anthocyanin pigmentation in aleurone and scutellum by R1-nj 

gene. Identification based on embryo pigmentation is depicted in Figure 8A. However, this gene 

is highly affected by environment and donor genetic background and is also ineffective in 

germplasm with the pigmented pericarp which interferes with the identification of haploids. 

Moreover, the genes C1-I, C2-Idf and in1-D negatively affect R1-nj. Despite these bottlenecks, 

this is the most widely used marker system for the identification of haploids. Other than this, 

purple pigmentation in the root by Pl1 (Figure 8B), and on leaves and sheath by B1 can also be 

used for haploid identification. Morphological traits like diseases like lesions (by Les2), reduced 

vigor, seedling traits like lower values of coleoptile length, radicle length and number of seminal 

roots, and a smaller number of stomata and reduced guard cell length can be used for the 

identification of haploids (Figure C, D, F). The difference between the oil content of the haploid 

and diploid embryo can be used as a criterion for haploid identification. The inducer lines with 

high oil content are also developed to get a significant difference in oil content between haploid 

and diploid embryos (Trentin et al., 2020). Moreover, it can be automated as it is measured based 

on NMR (Nuclear Magnetic Resonance). Another approach for haploid identification has also 

been tested using transgenics. A transgenic inducer line having resistance to herbicide 

phosphonithrin can also be used as a marker. But it has to be tested on leaf tips only because 

general plant application kills the whole haploid plant. One more transgenic inducer having GFP 

(green fluorescence protein) expression can also be tested as a haploid identifier. In which GFP 

can be detected on radicle, coleoptile, embryo and endosperm of the seed. The haploids can be 

identified based on the absence of the fluorescence in embryo, and the coleoptile and radicle of 

the germinating seed (Figure 8E). 

Haploids to Doubled Haploids 

Once the haploids are identified based on seed characteristics, there is a need to double their 

genome to get the most important output DHs. Generally, Colchicine, a mitotic spindle inhibitor 

is used to double the genome of the haploid cells. The most preferable procedure for this is 

depicted in Figure 9 (Chaikam et al., 2019). In which the tip of the germinating seedling is cutoff 

to absorb more doubling agent (colchicine). After that, it is treated with colchicine in an iron 

chamber. Here, as the haploid plants are already under stress due to only one copy of the 
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genome, applying colchicine will put them under more stress. So, treated seedlings need to be 

grown in a highly protected glass house. Then, whatever plants exhibiting complete anther 

exertion is selfed to get double haploids in the progeny ear. Afterward, the DH seeds are 

multiplicated in one more season. 

 

Figure 8: Different markers for identification of haploid. (A) R1-nj based pigmentation, 

(B) Purple root of seedling by Pl1 gene, (C) Disease like lesion by Les2 gene, (D) reduced 

vigour and erect leaves of haploid, (E) arrow indicates diploid seed and arrowhead 

indicates haploid seed (absence of fluorescence in embryo) (left); arrow indicates 

fluorescence in coleoptile and radicle of diploid seed (right), (F) Difference between 

seedling parameters of haploid and diploid, CL (coleoptile length), RL (radicle length), RH 

(root hairs), LSR (lateral seminal roots) 

As colchicine is carcinogenic, searching for better alternatives becomes necessary. As per the 

observation of spontaneous haploids by Chase (1947), screening of various germplasms indicated 

a spontaneous haploid genome doubling (SHGD) rate of 0-60%. The QTL mapping for SHGD 

has revealed three QTLs having high PVE values (Ren et al., 2020). An expression study 

indicated that Formin-like protein 5 transcripts are differentially expressed between high and low 

SHGD genotypes, which can be utilized to increase the SHGD rate. An important matter here to 

consider is that the ability of high SHGD needs to be present in the source germplasm, which is 

difficult to make a reality. 

Application of Doubled Haploid Technology in Maize Breeding 

1. Rapid Inbred Line Development 

Shortening breeding cycle and improving breeding efficiency are necessary requirements for 

competitive breeding programs. Development of DHLs requires only two generations: haploid 

induction and genome doubling. Up to four generations can be saved by using the DH method 

compared to, for example, pedigree breeding to the F6 generation. The time saved allows 

breeding programs to respond more quickly to new challenges, including the utilization of new 
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breeding parents and incorporation of novel traits such as emerging resistances, and to reach the 

market earlier. 

Furthermore, DHs provide additional opportunities to increase breeding efficiency. 

Conventional selfing to generate inbreds results in early generation progeny with significant 

heterozygosity that may not be predictive of later generations. In contrast, the DH approach 

allows breeders to rapidly generate homozygous and homogeneous progeny that provide 

material for testing and for selection that is both more reliable and more predictive than 

segregating progeny. This feature is particularly relevant to many agronomically important traits 

that are prone to high levels of genotype by environment interactions. The scheme described 

above represents two-stage selection, testcrosses are continued in the second stage with the best 

lines selected at the first stage. It takes over six generations for one RS cycle and over six or 

eight generations for one-stage or two-stage LD cycles, respectively. If considering off-season 

nurseries, it takes 3 years for one RS cycle and 3 or 4 years for one LD cycle, respectively. 

Compared to the two-stage testcross evaluation, the LD cycle of one-stage testcross evaluation 

could be reduced to 3 years. This reduces the expected selection response per cycle but 

increases the response. However, in order to minimize the influence of genotype × year 

interactions, a two-stage testcross evaluation is advisable (Geiger 2009). 

 

Figure 9: The procedure of doubling chromosomes of haploid (production of DHs) by 

colchicine treatment of germinated seed 

2. Gene Stacking 

Nelson (1978) first proposed the concept of gene stacking when developing crop varieties with 

durable resistance to diseases by bringing together few to several different oligogenes for 

resistance to the given disease. Gene stacking is used to combine two or more genes from two or 

more ancestors into a single line. Breeders usually achieve gene stacking by making crosses 

between parents that each parent has desired traits and identifying the subsequent progeny that 
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have all the desired traits. Gene stacking through conventional breeding is time and resource 

consuming (Melchinger et al., 2011). 

Using marker-assisted backcrossing (MABC), breeders can rapidly transfer target genes into 

novel inbred lines to be used as recurrent parent, while largely recovering the recurrent parent 

genome. For MABC, molecular markers are used for foreground selection and background 

selection. As indirect selection method, MABC overcomes disadvantages of phenotypic 

selection, speeding up the genetic progress, and lowering the cost of selection by reducing the 

number of generations. MABC is widely used for transferring a single target gene into novel 

inbred lines. Even though MABC has the potential to pyramid agronomically beneficial gene(s)/ 

QTL simultaneously into an improved genetic background, it needs a large population to fix the 

target genes in recipient background at the final step. 

DH technology also contributes to genetic enrichment (Chang et al., 2009). DH technology 

cannot contribute to the first generations of MABC, but it can optimize the final step of MABC. 

Compared with self-pollination in the last step of MABC, smaller population sizes are required 

in DH technology for the fixation of target genes. With increasing number of independently 

segregating target genes in MABC programs, and in particular, in case of close linkage 

(recombination fraction, r <0.05), the relative advantage of using DH technology compared with 

self-pollinated progeny increases rapid. The combination of MABC and DH technology can 

reduce the length of the breeding cycle and reduces the minimum population size for gene 

stacking (Melchinger et al., 2011). 

3. Population Improvement Schemes 

For hybrid maize breeding, several DHL-based schemes have been proposed. Recurrent 

selection (RS) can continuously improve line development and breeding population 

improvement. In order to make this procedure more efficient, line development (LD) and RS can 

be combined into a single breeding scheme. However, both LD and RS have conflicting 

objectives: LD aims at maximizing short-term success, yet RS is geared toward raising the 

genetic potential of the breeding population in the long run. 

4. Use of DHs for Utilization of Genetic Resources 

Genetic diversity is the basis of crop breeding. Broadening genetic variation is done in order to 

introduce useful genetic diversity for enhancing disease resistance, improving trait performance, 

increasing yield, or minimizing the risk of food security. Landraces are important genetic 

resources for improving the genetic base of modern cultivars in maize. Landraces contain 

deleterious and recessive lethal alleles. This genetic load or genetic burden has so far hampered 

their direct use in breeding. DH technology can be used to overcome these limitations. Haploids 

only have the gametic number of chromosomes. Thus, lethal alleles expressed at the haploid 



Bhumi Publishing, India 
October 2025 

46 
 

level reduce genetic load instantly. Another approach is the introduction of exotic germplasm 

into adapted genetic background first, before evaluation of exotic introgressions. Utilization of 

DH technology can accelerate the breeding process and retain the greatest degree of genetic 

variation. In conclusion, DH technology opens new opportunities for utilization of genetic 

resources. 

5. DH Technology for Cultivar Protection 

With fierce competition in seed industry, intellectual property protection is becoming more and 

more important. According to the UPOV system of PVP, a new variety must be distinct, 

uniform, and stable (DUS). It means that a new variety must be recognizable by its 

characteristics, different from any other variety, and remain unchanged through the process of 

propagation (UPOV 2011). DH technology perfectly fulfills the requirements of DUS, for PVP 

due to the complete homozygosity and homogeneity of DH-based parental lines. Through the 

concerted use of DH technology, molecular markers, and off-season nurseries, maize breeders 

have unprecedented capabilities to quickly and precisely create progeny with desired levels of 

similarity to either parents of a commercial hybrid. 

Use of marker technologies coupled with DH-breeding schemes and the deployment of off-

season technologies has implications for the effective level of intellectual property protection 

that can be provided by PVP as that system is currently enacted. Further implications then 

follow in respect of the sources of germplasm that breeders will either be encouraged, or 

alternatively, discouraged to use. 

6. DHs for Genetic Analyses and Gene Identification 

Various populations can be used for quantitative trait locus (QTL) mapping, such as F2, 

backcross, and recombinant inbred line (RIL) populations. F2 and backcross populations can be 

easily and quickly obtained, but only a single plant represents each genotype, so data cannot be 

collected from multiple years and seasons with replication. A RIL population is a set of 

homozygous lines which is efficient for QTL mapping, but six or more generations are needed 

for developing a RIL population which is time consuming and expensive. DH populations are 

also used for QTL mapping. It takes only two generations to obtain completely homozygous 

lines. They are the ideal materials for developing genetic maps. Using DH materials, genetic 

maps have been constructed in maize, barley, rice, wheat, rapeseed, and pepper. 

Rapid-Cycle, Open-Source Genomic Selection 

RS in a multi-parent population can be very effective as compared to in a bi-parental population, 

which is resource demanding and does not permit evaluation of a large number of populations. 

Typically, 8 to 12 elite maize lines with trait complementarity such as drought tolerance, disease 

resistance, and enhanced nutritional quality are chosen within each heterotic group and half-
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diallels are made so as to obtain all possible combinations. The F1s are intermated either in 

isolation or through controlled pollination to form a large F2 population. Depending on the target 

traits for the particular agro-ecology and availability of molecular information for such traits, F2 

enrichment could be pursued as described earlier in the pedigree breeding context. 

In the subsequent season, following F2 screening, at least 500 S2 families (C0) will be established 

for each muti-parent population, which will be genotyped and testcrossed. In the following 

seasons, TCs will be phenotyped under drought and optimal conditions in representative 

locations, and marker/ haplotype/ QTL effects will be estimated. The top 5-10% of the C0 

families will be selected based on the test cross data and recombined to form C1. The individuals 

of C1 will be genotyped and based on the previously calculated C0 marker effects, GEBVs will 

be estimated and the top 5-10% of the GEBV-selected C1 individuals will be recombined to 

form C2, without phenotypic evaluation. This would be repeated for one more cycle until C3, 

wherein the GEBV-selected individuals will be crossed to an haploid inducer for generating DH 

lines. If the breeding program manages to obtain a large number of DH lines from C3, one way of 

selecting a smaller portion of superior lines without phenotypic evaluation could be based on 

GEBVs (marker effects of C0 + genotypic information of DH lines).  

The GEBV-selected DH lines may be distributed to different small and medium enterprises (per 

se and TCs) in their target production environments. The phenotypic information generated by 

the SME seed companies and NARS partners could be share, which will contribute to revised or 

updated marker effects to aid in future predictions. The pre-selection of F2 individuals (using 

specific marker information for nutritional quality and/or disease resistance traits) coupled with 

multiple cycles of recurrent selection based on robust marker effect estimates for drought and 

optimal conditions ensure that the C3-derived DH lines are superior in nutritional quality and 

disease resistance as well as competent in terms of performance under drought without yield 

penalty in optimum conditions. The open- source nature of the proposed scheme also ensures 

that the phenotype information generated by different partner institutions is shared while the 

institutions maintain proprietary rights over the material resources. The improved source 

population, C3, can also be shared with the interested NARS, which in turn may promote this as 

superior synthetic/OPV for farmer cultivation or use it in their own breeding program for 

deriving superior inbred lines. One can derive greater benefit from the proposed scheme when 

year-round nurseries are used for accelerating the breeding cycle. 

Conclusion: 

Doubled haploid (DH) technology has revolutionized modern maize breeding by enabling the 

rapid development of completely homozygous inbred lines within a single generation. The 

integration of molecular markers, high-throughput genotyping and improved haploid inducers 
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has enhanced the efficiency, precision and scalability of DH line production. Advances in 

understanding the genetic mechanisms underlying haploid induction particularly genes such as 

MATRILINEAL, NLD and ZmPLD3 have opened avenues for targeted manipulation and 

integration with genome editing systems like Hi-Edit. The adoption of DH technology has 

significantly accelerated hybrid development, increased selection accuracy and reduced breeding 

costs. As new innovations such as clonal seed production and centromere-mediated genome 

elimination emerge, DH technology will continue to serve as a cornerstone of next-generation 

breeding programs, driving genetic gains and ensuring food security in the face of global 

agricultural challenges. 
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Abstract:  

This study investigates the antidepressant and anxiolytic potential of ethanolic leaf extracts from 

two traditionally used herbs Portulaca oleracea (Purslane) and Madhuca longifolia (Mahua) 

administered individually and in combination. Given the limitations and side effects of 

conventional antidepressants, the research explores herbal alternatives using validated in vivo 

models such as the Forced Swimming Test (FST), Tail Suspension Test (TST), Elevated Plus 

Maze (EPM), Zero Maze, and Radial Arm Maze in Wistar albino rats and mice. The extracts 

were prepared using cold maceration and underwent phytochemical screening, revealing the 

presence of flavonoids, alkaloids, glycosides, saponins, triterpenes, and amino acids. 

Experimental animals were divided into six treatment groups including controls, a standard group 

treated with Imipramine (5 mg/kg), and groups receiving 200mg/kg of the extracts either 

individually or combined. Results demonstrated a significant reduction in immobility time in 

FST and TST, particularly in the combination treatment group, indicating strong antidepressant-

like effects. Additional behavioral tests confirmed anxiolytic and cognition enhancing properties. 

The study concludes that the combination of P. oleracea and M. longifolia shows synergistic 

antidepressant and anxiolytic activity, supporting further research into their potential as natural, 

side-effect-reduced treatments for depression. 

Keywords: Portulaca oleracea, Madhuca longifolia, Herbal Medicines, Antidepressant Activity, 

Forced Swimming Test, Tail Suspension Test, Phytochemical, Rodent Model, Depression, 

Anxiolytic.  

Introduction:   

Depression  

Depression is a mood disorder that is linked to neurotransmitters and physiological stress. Is 

often liked to earlier lowers in nor epinephrine (NE) and serotonin (5-HT) in particular areas of 

the brain. There are two main types of depression: persistent unipolar depression which is when 

mood continue to decline; Consistent decline; and a biphasic movement where mood fluctuates. 

The causes of depressive mood; unemployment, personal relationship, etc.  
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Depression has been estimated prevalence of 280 million people who get diagnosed as depressive 

disorders and it is most common in women who are pregnant.  

In pharmacological antidepressant treatment there have been many drugs are including, Drug 

which block NE and 5-HT Reuptake (e.g. Imipramine, Doxepin etc.) into their respective neuron 

for permit a longer stay of NE and 5 -HT at their respective site. Drug which mainly block NE 

reuptake (e.g. Desipramine, amoxapine etc.) which result in an increased concentration of NE in 

the synaptic clefts in the CNS (central nervus system). Selective Serotonin Reuptake Inhibiter 

(SSRIs) (e.g. Sertraline, Fluvoxamine etc.) this drug is increasing the levels of serotonin in the 

synaptic cleft by blocking its up take by serotoninergic neurons. Atypical antidepressant (e.g. 

Trazodone, Nefazodone etc.) this type of drug varies from drug-to-drug one is inhibits the uptake 

of 5-HT cause’s desensitisation of α2 – adrenergic and 5-HT presynaptic autoreceptors. 

Monoamine oxidase inhibitors (e.g. Tranylcypromine, Moclobemide etc.) these are increase the 

brain amine levels by inhibiting their metabolism in the nerve ending, resulting in an increase in 

the vesicular store of NE and 5-HT (7,8). Antidepressant medications have a lot of side effects. 

Serotonin syndrome is produced by SSRIs, and other medications cause narrow-angle glaucoma, 

obesity, cardiovascular disease, and other conditions.  

1.2 Madhuca longifolia  

Madhuca longifolia or Mahua is a typical Tree. It is a source and grown mainly for its culturally 

significant flowers and fruits, along with it’s medicinal properties. M. longifolia has numerous 

properties such as anti microbial, analgesic, antioxidant, anti-inflammatory, hepatoprotective 

anti-diabetic, wound healing.   

1.3 Portulaca oleracea  

Portulaca oleracea, or Purslane, is a succulent herb known for it is nutritional and medicinal 

benefits. Originating from the Mediterranean, it is viewed as both a weed and a health asset 

Purslane contains various beneficial compounds and exhibits antioxidant, anti-inflammatory, anti 

microbial.  

2. Materials and Methods: 

2.1 Collection and Authentication: Madhuca longifolia leaves were collected from the local 

area while Portulaca oleracea leaves procured from Pharma Herbs Sidhdeshwar Traders Happy 

India Shop. The plant was shade-dried, powered, and stored for further use. 

2.2 Extraction: Plant materials were extracted by cold maceration method using a mixture of 

alcohol 8:2 ratio. The materials were placed into orbital shear for 24 hours, filtered, and solvent 

was removed using vacuum evaporator. The ethanolic extract of the Madhuca longifolia and 

Portulaca oleracea leaves was then subjected to the phytochemical study. 
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2.3 Phytochemical Screening: Ethanolic extract was screened for alkaloids, flavonoids, 

saponins, tannins, and triterpenoids using standard test lie Mayer s, Wagner s, Shinoda, foam, 

Liebermann-Burchard, and Salowsi tests.  

2.5 Drugs and Equipment: Imipramine, Serpina, and biochemical its for CAT, NO, PGE2, and 

GSH were procured. All drugs and extract were suspended in distilled water and given orally. 

2.6 Animal Ethics and Housing: Male Wistar rats (150-180g) were used. They are kept under 

standard conditions (25+ 10c,12-hours light/dar cycle) with ethical clearance from IAEC. 

Cleanliness, diet, health monitoring and record were ensured.   

2.7 Statistical Analysis: Data analysis using one-way ANOVA followed by Dunnett is test. 

Result was expressed as mean + SEM, and p<0.05 as considered statistically significant. 

3. Results and Discussions: 

Phytochemical Analysis of Madhuca longifolia and Portulaca oleracea Leaves Extract: 

Ethanolic leaf extract of Madhuca longifolia and Portulaca oleracea leaves were subjected to 

qualitative phytochemical tests for different phytochemical constituents. From the 

Phytochemical analysis, the plant extract shows the presence of alkaloids, flavonoids, glycosides, 

saponins, tannins and triterpenes. 

Table 1: Qualitative phytochemical analysis of Portulaca oleracea and Madhuca longifolia 

leaves extract 

Pharmacological in-Vivo Studies: 

Forced Swimming Test: 

Group I animals showed duration of immobility for 115.2±0.21 seconds on day 1 and on day 14, 

duration of immobility was slightly increased to 114.5±0.32 seconds. On day 1, Group II animals 

induced with sepina showed lesser duration of immobility for about119.7±0.19seconds and on 

day14, they showed further reduction in the duration of immobility for about 43.5±0.56 seconds. 

Group III (200mg/kg of P. oleracea extract) and Group IV (200mg/kg of M. longifolia extract), 

Group V (200mg/kg of P. oleracea and M. longifolia) and Group VI (Standard Drug 5mg/ Kg) 

also showed reduction in the duration of immobility. A significant decrease in duration of 

Sr. 

No. 

Phytochemical Test Results 

P. oleracea M. longifolia 

1 Carbohydrates Molisch Test ++ + 

2 Glycoside and Anthroquinone Test Legal Test + ++ 

3 Flavonoids AmmoniaTest + + 

4 Protein and Amino Acid LegalTest + ++ 

5 Sterolsand Triterpens Salkowski Reaction + ++ 
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immobility in rats was observed in test groups when compared to control group. The high dose 

of test compound (200mg/kg) exhibited a signification reduction in immobility compared to 

other test group of animals. The results were shown in the table 2.  

Table 2: Animal experiment by forced swimming test in different treatment group of 

animals. 

Sr. 

No. 

Group Inducing Agent Treatment 

1. Group-I (Negative control) Normal Saline Only Solvent 

2. Group II (Positive control) Serpina dissolved in Solvent Only Solvent 

3. Group III (Test) Serpina dissolved in Solvent Leaves extract of 

Portulaca oleracea 

4. Group VI (Test) Serpina dissolved in 

Solvent 

Leaves extract of 

Madhuca longifolia 

 

5. 

Group V (Combination) Serpina dissolved in Solvent leaves extract of 

Portulaca oleracea and 

Madhuca Longifolia 

6. Group VI (Standard) Serpina dissolved in 

Solvent 

Imipramine* 

 

 

Figure 1: Statically analysis of forced swimming test in experimental 
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Table 3: Forced swimming test in different treatment group of animals 

Group Day  

1 

Day  

2 

Day  

3 

Day 

4 

Day  

5 

Day 

6 

Day  

7 

Day 

8 

Day 

9 

Day 

10 

Day 

11 

Day 

12 

Day 

13 

Day 

14 

Group I 115.2 

±0.24 

114.4 

±0.45 

115.3 

±0.94 

114.7 

±0.97 

116.2 

±1.31 

113.9 

±1.24 

115.3 

±0.47 

114.8 

±0.52 

114.3 

±1.98 

115.6 

±1.78 

115.4 

±1.54 

115.2 

±1.48 

115.5 

±2.41 

114.5 

±1.52 

Group II 

(Positive 

control) 

117.1 

±0.34 

116.3 

±0.58 

117.2 

±0.84 

117.6 

±0.87 

117.5 

±0.99 

116.1 

±1.54 

116.9 

±0.74 

117.3 

±0.61 

116.8 

±1.21 

117.6 

±1.31 

117.4 

±0.78 

118.5 

±1.87 

118.9 

±2.11 

119.7 

±2.58 

Group III 

(Test) 

81.1 

±0.14 

80.2 

±0.78 

80.9 

±0.12 

78.7 

±0.52 

77.1 

±1.24 

75.2 

±1.21 

73.3 

±0.87 

71.1 

±0.64 

69.8 

±1.35 

68.5 

±0.47 

67.8 

±1.89 

62.2 

±1.97 

59.8 

±0.98 

51.25 

±2.78 

Group IV 

(Test) 

82.12 

±0.45 

81.8 

±0.48 

80.7 

±1.25 

78.3 

±1.24 

77.2 

±1.97 

76.8 

±0.97 

74.1 

±0.98 

71.9 

±0.76 

69.6 

±1.47 

67.6 

±1.47 

65.3 

±1.49 

63.2 

±1.48 

59.2 

±0.47 

55.41 

±3.25 

Group V 

(Combination) 

79.2 

±0.61 

77.8 

±0.81 

76.7 

±1.29 

74.9 

±1.87 

70.2 

±1.31 

68.8 

±0.87 

66.1 

±0.88 

65.9 

±0.89 

63.6 

±1.64 

62.6 

±1.89 

61.3 

±2.54 

59.2 

±1.96 

54.27 

±1.87 

49.41 

±1.87 

Group VI 

(Standard) 

65.12 

±0.47 

64.8 

±0.74 

64.7 

±1.61 

64.3 

±1.87 

64.2 

±0.57 

62.8 

±0.98 

62.1 

±1.25 

61.9 

±1.35 

57.6 

±2.15 

53.6 

±1.87 

51.3 

±1.89 

46.2 

±1.76 

40.2 

±0.89 

39.4 

±1.78 

*Values Are Expressed as Mean +SEM (Number of Animals N=6) 
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Tail Suspension Test: 

Group I animals showed duration of immobility for 221.6±1.06 seconds on day 1 andonday14, 

duration of immobility was found to be 218.4±0.96 seconds on day1, Group II animals induced 

with serpina showed increase in duration of immobility for about 233.8±0.89 seconds and on day 

14, they showed further reduction in the duration of immobility for about240.4±0.94. Group III 

(200mg/kg of P. oleracea) and Group IV (200mg/kg of M. longifolia extract), Group V 

(200mg/kg of P. oleracea and M. longifolia) showed reduction in the duration of immobility. A 

significant decrease in duration of immobility in rats was observed in test groups when compared 

to control group. The high dose of test compound of both plant extract (200mg/kg) exhibited 

significant on reduction in immobility compared to other test group of animals. The results were 

shown in the table 4. 

Table 4: Animal experiment by Tail Suspension test in different treatment group of 

animals. where, *stand for significant as compared to Imipramine* 

Sr. No. Group Inducing Agent Treatment 

1. Group-I (Negative control) Normal Saline Only solvent 

2. Group II (Positive control) Serpina dissolved in Solvent Only solvent 

3. Group-III (Test) Serpina dissolved in Solvent Leaves extract of 

P. oleracea 

4. Group-VI(Test) Serpina dissolved in 

Solvent 

Leaves extract of 

M. longifolia 

5. 

 

 

Group V (Combination) Serpina dissolved in Solvent leaves extract of P. 

oleracea and M. 

longifolia 

6. Group-VI(Standard) Serpina dissolved in 

Solvent 

Imipramine 

 

Figure 2: Statical Analysis of Tail suspension Test in experimental animals (Rats) 



Applied Biotechnology: Techniques and Applications 

 (ISBN: 978-81-994425-7-3) 

57 
 

Table 5: Elevated plus maze test for plant extract in rats model 

Groups Elevated plus maze Actophotometer 

Number of entries 

(Count/5min) 

Time spent in (Secs) Loco motor 

activity 

Closed Open Closed Open 

Group I 8.3+0.25 2.5+0.12 199.1+0.21 64.8+0.85 40.12+1.85 

Group II 

(Positive control) 

7.1+0.24 3.4+1.32 178.2+0.25 164.2+1.98 180.2+3.87 

Group III (Test) 3.6+0.12 7.1+1.25 143.2+3.14 111.5+2.58 258.6+4.85 

Group IV (Test) 3.50.14 7.2+1.36 145.1+2.39 112.3+3.85 256.8+5.25 

Group V 

(Combination) 

2.67+0.87 6.3+2.35 130.1+6.25 113.4+2.87 212.1+3.69 

Group VI 

(Standard) 

5+0.14 9.1+3.52 120.1+3.84 147.3+4.25 159.3+2.87 

Values Are Expressed as Mean +SEM (Number of Animals N=6) 

Elevated Plus Maze Test: 

In rat model, the anti-depressant effect was measured by the number of entries and time spent in 

open arms. The 200 mg/kg doses of plant extract showed that, the mean number of entries in 

open arm is 8.3 and 7.1 respectively which is significantly higher when compared with control 

i.e.2.5. The 200mg/kg doses also increased the time Spent in open arm, 111.5 secs and 113.4 secs 

respectively which is significantly higher compared to control group 

Elevated Zero Maze Test: 

Open and closed arm entries and time ratios provide a measure of fear-induced inhibition of 

exploratory activity. These responses are increased by depressant-inducing agents. Plant extract 

of P. oleracea and M. longifera treated rats exhibited a dose-dependent significant increase in 

time spent in open arms, entries made on open arms, and a significant decrease in time spent in 

enclosed arms and entries on enclosed arms in comparison to control rats. The results obtained 

by open/closed time and entries ratios also indicated significant antidepressant activity in rats by 

the plant extract. Imipramine caused more antidepressant effect in comparison to the plant 

extracts. The results have been summarised in Table 6. 
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Table 6: Elevated Zero Maze test for P. oleracea and M. Longiferia leaves extract in 

experimental animal 

Group Time spent on 

open arms (sec) 

Head dips Stretched 

attend postures 

Entries in open 

arms 

Group I 38.1+0.81 8.9+1.58 4.6+0.88 5.9+0.85 

Group II  

(Positive control) 

49.25+1.25 7.8+2.25 3.71.36 4.6+1.25 

Group III (Test) 54.11+0.41 11.8+0.78 2.9+1.28 7.2+1.96 

Group IV (Test) 55.1+1.68 11.9+1.96 3.2+1.98 7.5+2.35 

Group V 

(Combination) 

77.8+1.87 12.8+2.85 2.54+2.87 10.5+3.65 

Group VI 

(Standard) 

78.1+1.98 15.1+3.85 3.68+3.32 12.3+4.25 

Conclusion: 

The present study aimed to evaluate the antidepressant activity of Portulaca oleracea and 

Madhuca longifolia extracts in experimental animals (rats). The findings demonstrated that both 

plant extracts exhibited significant antidepressant effects, as evidenced by a reduction in 

immobility time in behavioral models such as the Forced Swim Test (FST) and Tail Suspension 

Test (TST). 

The antidepressant activity observed may be attributed to the presence of bioactive compounds, 

including flavonoids, alkaloids, and polyphenols, which are known to modulate neurotransmitter 

levels, particularly serotonin, dopamine, and nor epinephrine. Additionally, the antioxidant and 

anti-inflammatory properties of these extracts may have further contributed to their therapeutic 

effects. 

Comparatively, the combination of Portulaca oleracea and Madhuca longifolia exhibited a 

synergistic effect, suggesting their potential for use as complementary or alternative therapies for 

depression. Furthermore, no significant adverse effects were observed, indicating a favorable 

safety profile. 

Overall, the results support the traditional use of these plants in the management of mental health 

disorders. However, further studies involving detailed mechanistic evaluations, dose 

optimization, and clinical trials are necessary to validate their efficacy and safety in humans. The 

promising antidepressant potential of Portulaca oleracea and Madhuca longifolia extracts 

encourages continued research in the field of herbal psychopharmacology. 
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Abstract: 

One of the most rapidly developing areas of study in recent years is nanotechnology, which is 

centred on the use of nanoscale materials (such as nanoparticles, nanotubes, nanomembranes, 

nanowires, nanofibers and so forth) in a variety of practical applications. Among the many 

benefits of nanomaterials are their great stability, target selectivity and adaptability. The 

production of nanomaterials can make use of a wide range of biotic (i.e. the capsids of viruses 

and algae) and abiotic (i.e., carbon, silver, gold and so forth) materials. The combination of the 

fields of nanotechnology and biotechnology is known as “nanobiotechnology”. In current time, 

nanobiotechnology have a wide range of applications in the field of agriculture including, use of 

nano bio-fertilizers, nano bio-herbicides, nano bio-pesticides, nano bio- insecticides and nano 

bio-fungicides etc. Nano biosensor applications provide a novel approach for the detection of 

disease-causing micro-organism in the field of pathology. At present, the use of Nano fertilizers 

causes the problem of low Nitrogen utilization efficiency and also loss of nitrogen in the 

environment, which leads to increase of greenhouse gases and eutrophication. The use of nano 

bio-fertilizers helps to reduce the loss of nutrients and increase crop yield. Agricultural waste and 

residue have several significant applications beyond its conventional use. Plants can be used for 

synthesizing nanoparticles which is a simple process and requires only one step. Plants are 

known as “bioreactors” due to their ability to synthesize nanoparticles. The ability of 

nanoparticles to stimulate plant growth by having positive effects on seed germination, root or 

shoot growth and biomass or grain yield is also considered. Nanobiotechnology has the potential 

to address issues in agriculture and limit the excessive use of chemicals. In this review, we are 

discussing about the different applications of nano biotechnology in the field of agriculture. 

Keywords: Nano Biotechnology, Bio-Fertilizers, Bio Insecticides, Nano Biosensor, Bio 

Fungicides 
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Introduction:  

Nanotechnology is a field of research and innovation concerned with building ‘things’ - 

generally, materials and devices - on the scale of atoms and molecules. A nanometre is one-

billionth of a meter: ten times the diameter of a hydrogen atom. The diameter of a human hair is, 

on average, 80,000 nanometres Richard Fenymen a physicist Richard Feynman gave an idea 

“There’s Plenty of Room at the Bottom”. And then with the development of the scanning 

tunnelling microscope that could “see” even individual atoms, so by that time modern 

nanotechnology began. Norio Taguchi – coined the term ‘nanotechnology’ (1974). 

Nanotechnology deals with nanomaterials smaller than 100nm in at least one dimension that can 

be manipulated at the atomic or molecular level. Anything which lies between 1-100nm is 

considered as nanoscale. The scale which measures the particle size. Nano biotechnology is a 

discipline in which tools from nanotechnology are developed and applied to study biological 

phenomenon. It can be defined as the applications of techniques of Nanotechnology for the 

development and improvement of biotechnological process and products.  

Nanoparticle synthesis process involves Nanoparticles which are integral components in a wide 

variety of applications, including medicine, semiconductors, catalysis and energy. They are 

defined as particles with a size between 1-1000 nm (Fig 1). At smaller size scales, particles can 

behave differently than their bulk counterparts. For example, as particles become smaller, their 

surface area increases greatly. This allows for properties such as increased electrical and thermal 

conductivity, lowered melting points, stronger magnetism or unique optical properties to arise. 

Nagarajan (2008). There are 2 approaches bottom-up approach top-down approach synthesis of 

nanomaterial. In top-down approach a bulk material which is larger in size is physically broken 

down to make smaller molecules, include milling, laser ablation, and spark ablation etc. 

In bottoms up method, it is building what you want by assembling it from building blocks which 

we can say like molecules - molecule, atoms by atoms, making their cluster and finally 

nanoparticles. Three methods of synthesis Physical, Chemical and biological methods are 

available for synthesis of nanomaterials (Fig 2). Biological synthesis of nano particle can be 

done either by collection of plant tissue or microorganisms (Fig 3). Nano biotechnology can help 

to improve agriculture sector by improving biotic and abiotic stress of crops so agriculture 

scientist needs to think of nanotechnology instead of conventional methods because due to 

declining of organic matter, continues using of harmful chemical for farming which eventually 

decline organic matter in soil and which is not a good sign for agriculture crops. In India the 

farmer community mainly focus in quantity rather than in quality and which also reflects in our 

diets and health as 14% of India population is undernourished (Global Hunger Index 2020). 
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Climate change due to continue exploitation of nature, shrinking arable land and water 

availability again due to infrastructure development, resistance to GMO’s crops in India is a big 

issue because due to ethical reasons biotic and abiotic stress we all know pest and drought, 

salinity etc. and shortage of labour in today time is a big issue because no one wants to work in 

filed and if available they are very expensive. 

 

Figure 1: The Nanoscale 1-100 nm: Showing the range of nanoparticles 

 

Figure 2: Synthesis of nanoparticles by different methods 
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Figure 3: Biological synthesis methods of different Nano bio particles from plants parts 

and microorganisms 

Application of Nano biotechnology in Agriculture 

Agrochemicals, including fertilisers, pesticides, fungicides, insecticides, and herbicides, are used 

in conventional agriculture to promote crop development and protection. But because of their 

excessive usage, poisons are being added to surface and ground water, harming the ecology 

(Mukhopadhyay 2014). Application of Nano biotechnology in Agriculture is very vast like Nano 

Biofertilizer, Nano bio-Pesticides, Nano bio insecticides, Nano bio-Herbicides, Nano bio 

fungicides, Nanotechnology in food packaging, Nano biosensors, Nanotechnology in agriculture 

waste/residues recycling, Production of Genetically Modified Crops, Nano- Biotechnology in 

Agriculture: Abiotic stress etc. 

Nano Bio Fertilizers  

The current N fertilizers faeces the problem of low nitrogen utilization efficiency (<20%), and 

also loss of N in the environment causes eutrophication and greenhouse gas increase. Sharma et 

al., (2017). It has been reported that N, P and K, applied to the soil are lost by 40–70 %, 80–90 

% and 50–90%, respectively, causing a considerable loss of resources. The excess phosphorus 

becomes “fixed” in soil, and it becomes unavailable for uptake by the plants Agro pages (2019). 

And also using chemical fertilizer increases the risk of growing weed in field which is harmful 

for the crops and 42% of India’s districts use 85% of its chemical fertilizers A parliamentary 

standing committee blamed Agriculture Ministry’s skewed policy for the inequality in fertilizer 
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usage Jitendra (2016). Thus, it is more essential to reduce nutrient losses in fertilization and to 

increase the crop yield through the advancement of new nanotechnology applications. 

Nanomaterials-based fertilizers and/or nanomaterials functionalized nutrients might have the 

properties such as crops improvement, specifically targeted, slow release of nutrients that 

regulate plant growth, less eco-toxicity, remotely regulated and other multifunctional 

characteristics to avoid biological blockade for successful targeting (Table 1). During 

germination, the NPs are presumed to diffuse through ‘nano holes’ on seed coats, resulting in 

improved germination condition, followed by slow and minimal release of NPs. 

Table 1: Advantages of Nano biofertilizer over conventional fertilizer 

Index Nano-fertilizer Conventional fertilizer 

Solubility High Low 

Dispersion of 

mineral 

micronutrients 

Improved dispersion of 

insoluble nutrients 

Lower solubility due to large particle size 

Soil adsorption and 

fixation 

Reduced High 

Bioavailability High Low 

Efficiency of 

nutrients uptake 

Increased uptake ratio; 

saves fertilizer resource 

Conventional fertilizer is not available to roots and 

the nutrients uptake efficiency is low 

Controlled release Release rate and pattern 

precisely controlled 

Excess release leading to toxicity and soil 

imbalance 

Effective duration 

of release 

Extended effective 

duration 

Used by the plant at the site and time of application; 

the rest is converted into insoluble form 

Loss rate Reduced loss of fertilizer 

nutrients 

High loss rate due to leaching, drifting, run-off 

Kalikeri et al., (2016) demonstrated Fe2O3 magnetic nanoparticles to enhance S. lycopersicum 

(tomato) plant growth and their bio mineralization nano particle coated tomato seed with 

biocompatible Fe2O3 npa and then he observed the seedling for 20 days and post treated with np 

in hydroponics and studied that it’s translocated though roots into different parts of plant. 

Overall, this study shows enhanced growth parameters of S. lycopersicum plant by using Fe2O3 

NPs and there is no adverse effect (ca. toxicity). Alakhdar et al., (2020) studied Effect of Nano, 

Bio and Organic Fertilizers on Some Soil Physical Properties and Soybean Productivity in Saline 

Soil by carrying the field experiment for two seasons to study the effect of NPK nano fertilizers, 
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biofertilizers and humic acid in soybean in saline soil result showed that polymeric nature of 

chitosan which helped in increasing soil aggregate so that water can move easily and available 

for plant in saline soil conditions. 

Nano Bio-Herbicides 

Weeds must be promptly removed from agricultural fields since they are undesirable plants that 

lower crop output. According to Ali et al., (2014), conventional herbicides only kill weeds from 

the aboveground plant parts; they do not destroy tubers or roots that, under the right 

circumstances, grow another plant. Applying nano herbicides may be a successful way to get rid 

of weeds. Compared to traditional herbicides, the NP-based herbicide offers a number of 

benefits, including greater water solubility, reduced toxicity, and less plant resistance. 

Application of poly (epsilon-caprolactone) nanoparticles carrying atrazine herbicide was 

demonstrated by Pereira et al., (2014) as an alternate method to manage weeds and lessen 

environmental harm. The advantages of NP-based herbicides over traditional ones include their 

higher water solubility. reduced toxicity due to reduced tolerance to weeds. decrease in the 

quantity of chemicals used for crop management. Sousa et al., (2018) studied post-emergence 

herbicidal activity of Nano atrazine against susceptible weeds. Growth Analysis revealed that 

decreased more effectively the root and shoot growth than the commercial formulation. Preisler 

et al., (2020) demonstrated Atrazine Nano encapsulation improves pre‐emergence herbicidal 

activity against Bidens pilosa without enhancing long‐term residual effect on Glycine max.  

Nano Bio-Pesticides  

The conventional pesticides which are used is less effective because very small number of 

pesticides are only available to plants and rest is lost in environment causing harm to the 

environment. Only very small amount of the applied pesticides (0.1%) reaches the target pests, 

while the remaining (99.9%) contaminates the environment (Carriger et al., 2006). Bio-

pesticides appeared to reduce hazardous effects of synthetic pesticides but their use is limited by 

their slow and environment-dependent efficiency against pests. Nano-pesticides are showing 

viable potential to overcome these limitations. Slow degradation and controlled release of active 

ingredients in the presence of suitable NMs can offer an effective pest control over long time as 

it is simple, convenient, environment friendly, and requires less reaction time (Table 2). Chhipa 

et al., 2017). Ghidan et al., (2018) studied the comparison of different green synthesized 

nanomaterials on green peach aphid as aphicidal potential The synthesis of nanomaterials of 

copper oxide (CuO), zinc oxide (ZnO), magnesium hydroxide (MgOH) and magnesium oxide 

(MgO) by using aqueous extracts of Pomegranate peels, Olive leaves and Roman chamomile 

flowers from cop-per sulfate, zinc sulfate and magnesium sulfate. Then characterized nano 
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particles with different techniques like UV sepectroscopy, X-ray spectroscopy etc., and then 

SEM and TEM analysis showed the range of of nano particle size 5 to 80 nm. Concluded that the 

biosynthesized metal oxide nanoparticles had controlled the green peach aphid. Magnesium 

hydroxide bio nano particles synthesized were the best control to M. persicae compared to other 

synthetic nanoparticles. Hence, it might be the best against M. persicae environmentally. 

Kamaraj et al., (2018) found Novel and environmentally friendly approach: impact of Neem 

(Azadirachta indica) Gum Nano Formulation (NGNF) on Helicoverpa armigera (Hub.) and 

Spodoptera litura (Fab.) The detoxification of metal through feces was higher in NGNF than in 

NGE. Thus, the Nano formulation was completely detoxified and proved safe for non-target 

organisms. 

Table 2: Nano pesticides and its application in different crops 

Type of 

nanoparticle 

Application References 

Metal porphyrin 

(Cu-TCPP) 

Inhibition of Fusarium oxysporum (90.9%) and photostability 

(67.2%) 

Li et al. (2024) 

SiO2 Effective substitutes for conventional fungicides in the 

management of A. alternata in common beans 

Taha et al. 

(2023) 

Ag An efficient substitute bacterial agent for tomato wilt 

management 

Dilbar et al.  

(2023) 

Ag Inhibited the bacterial activity by causing damage to the cell 

membrane of the pathogen 

Khan et al. 

(2021) 

ZnO Increased plant growth and decreased indices of the severity of 

blight, wilt, nematode multiplication and leaf spot diseases 

Siddiqui et al. 

(2018) 

CuO Control cotton leafworm (Spodoptera littorals) Shaker et al. 

(2016) 

Nano Bio Insecticides  

Since, insects spread a number of plant diseases that harm crops, active management is 

necessary. They have been killed or their ability to reproduce inhibited by a variety of chemical-

based pesticides (Ragaei and Sabry 2014). However, because they are broken down by light, 

heat, microbes, and hydrolysis, chemical-based pesticides have a number of disadvantages. As a 

result, very little of these pesticides really reach the intended location. Because of this, 

controlling the insects requires frequent applications of pesticides, which raises the expense of 

producing crops. Furthermore, it is well established that using pesticides harms both human 
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health and ecosystems (Perlatti et al., 2013). A number of NP-based insecticides are being 

developed and tested to address the real-world issues related to chemical pesticide field 

application (Table 3). Sahayaraj et al., (2016) Studied Insecticidal activity of bio-silver and gold 

nanoparticles against Pericallia ricini (Olepa ricini is a moth) (Lepidaptera: Archidae). Result 

showed that insecticidal activity showed that Ag+ aqueous solution as well as pungamoil-based 

gold nanoparticles caused more mortality than commercial neem insecticide (vijayneem). 

Nanobio Fungicide 

Fungi known as phytopathogens target plant tissues at various phases of development. A 

significant reduction in agricultural output is caused by some fungal infections, such as Fusarium 

spp., Botrytis cinerea, and Phythophora spp., which infect aerial plant parts and a small number 

of ground plant parts. Singh and associates (2020). The use of chemical fungicides, which are 

extremely toxic and non-biodegradable, contaminates the environment, and has an adverse effect 

on human health, is one method of controlling phytopathogens (Table 4). For agricultural 

sustainability and a more environmentally friendly environment, an eco-friendly fungicide based 

on nanomaterials is being developed to address the issues related to the field application of 

chemical fungicides (Abd-Elsalam and Alghuthaymi 2015). The preparation, characterisation, 

and antifungal characteristics of chitosan-silver nanoparticles were proven by Pham et al., (2018) 

as a synergistic fungicide against Pyricularia oryzae (rice blast disease). The anti-fungal activity 

of Ag@CS-Tri was highly increased with inhibition zone of 25.42 mm compared with only 

around 12 nm of Ag@CS at the same degree of Ag and CS. 

Enhancing Seed Germination  

The primary determinant of agricultural production is seed yield. Farmers typically receive the 

germination seeds that have undergone laboratory testing for cropping. The viability rate of the 

supplied seeds, however, is typically lower than the claim. To increase the germination of stored 

seeds, NP-based techniques are being developed (Manimaran, 2015) (Table 5). 

Nanotechnology in Food Packaging 

The food industry is at the forefront of creating foods that are high in nutrients. To extend the 

shelf life of food, high impermeable packaging nanomaterials are utilized to protect food from 

UV light and to provide it more resilience to withstand environmental changes. For the detection 

of chemicals, gases and pathogen in food, scientist utilize nanosensors. This kind of packaging is 

referred to as “smart packaging” in modern parlance. According to some research, a number of 

risk factors are preventing people from admitting that food contains nanoparticles directly. 

Therefore, in order to lower the risk and ensure human safety, certain safety measures must be 

provided (Ghidan & Antary, 2020). 
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Table 3: Nano Bio-insecticides and its application in different crops 

Material Bioactive  

substances 

Stimuli Stimuli-responsive trigger Particle  

properties 

Bioactivity Ref. 

Silk sericin  

SS-AgNBIs 

larvicidal  

activities 

Temperature silk sericin-capped silver nano 

bioinsecticides (SS-AgNBIs) 

120-140 Insecticidal against the Aedes 

aegypti larval population 

Tariq et al. 

(2025) 

Green-

synthesised  

PhAgNPs 

Polygonum  

hydropipper  

leaf extract 

- Flavonoid biosynthesis and 

defense against insects. 

- Reduces Callosobruchus 

chinensis damage and protects 

green gram seeds, maintaining 

quality during storage. 

Chandana et al. 

(2025) 

Polymeric 

micelle 

Insecticide Temperature Pyrethrin 80–

130 nm 

Higher larvicidal activity 

against Culex pipiens pallens 

Zhang et al. 

(2019) 

ɣ-Polyglutamic 

acid and 

chitosan 

Avermectin  

(nematicide) 

pH ɣ-Polyglutamic acid and 

chitosan 

56–62 nm Nematicidal activity Liang et al. 

(2018) 

Poly 

(succinate) and 

glycine 

Avermectin 

(insecticide/ 

nematicide) 

pH Glycine methyl ester 56 nm Activity against Plutella 

xylostella and high leaf 

adhesion 

Wang et al 

(2018) 

Silica Avermectin  

(insecticide) 

pH and 

enzymes 

Cyclodextrin 380–

400 nm 

Insecticidal activity against 

Plutella xylostella 

Kaziem et al. 

(2018) 

Silica Abamectin  

(insecticide) 

pH Polystyrene and-

(trimethoxysilyl) propyl 

methacrylate 

140 nm Insecticidal activity against 

Cnaphalocrocis medinalis and 

increased leaf adhesion 

Gao et al. 2017 

Alginate and 

chitosan 

Acetamiprid  

(insecticide) 

pH Alginate and chitosan 201 nm No biological activity assays Kumar et al. 

(2015) 
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Table 4: Nano Bio-fungicides and its application in crops 

Material Bioactive 

substances 

Stimuli-responsive 

trigger 

Conditions Particle 

properties 

Bioactivity Ref. 

Essential oil in 

Nanostructured 

lipid 

alpha-terpineol, 

linalool, thymol 

and 

cinnamaldehyde 

Essential oil compactly 

packed at the 

intramolecular spaces of 

lipids and surfactants 

Atom economy, 

biodegradable 

chemicals 

30–40 nm Nanobio-fungicide against Fusarium 

oxysporum f.sp. lycopersici 

Sivalingam 

et al. 

(2025) 

Chitosan and 

tripolyphosphate 

Hexaconazole 

(fungicide) 

Chitosan – < 100 nm Fungicidal activity against R. solani 

and cytotoxicity reduction 

Chauhan et 

al. (2017) 

Chitosan Copper ions 

(fungicide) 

Chitosan – 361 nm Fungicidal activity against C. luneta 

and stimulation of the plant defence 

mechanism 

Choudhary 

et al. 

(2017) 

ɣ-Polyglutamic 

acid and chitosan 

Avermectin  

(nematicide) 

pH ɣ-Polyglutamic 

acid and 

chitosan 

56–62 nm Nematicidal activity Liang et al. 

(2018) 

Alginate Cypermethrin 

(fungicide) 

Alginate – 115–

119 nm 

Reductions of leaching and 

phytotoxicity 

Patel et al 

(2018) 

Silica Avermectin  

(insecticide) 

pH and enzymes – − 21 mV Fungicidal activity against Fusarium 

oxysporum f. sp. cucumerinum and 

reduction of leaching process 

Tong et al. 

(2018) 

Graphene oxide Imidazole 

(fungicide) 

Polydopamine Polystyrene and-

(trimethoxysilyl) 

propyl 

methacrylate 

140 nm Insecticidal activity against 

Cnaphalocrocis medinalis and 

increased leaf adhesion 

Gao et al. 

2017 
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Table 5: Nano particles in enhancing seed germination 

Type of nano- 

particle 

Application References 

ZnO Improves seed quality by boosting hydrolytic enzymes 

and antioxidant defense in green gram seeds 

Kathiravan et 

al. (2024) 

ZnO Increased germination rate, osmoregulators, plant 

biomass, shoot and root lengths, germination rate, 

seedling vigor, and antioxidant enzyme activity (SOD, 

CAT, POX, and APX) 

Banerjee et al. 

(2023) 

Au Under both favorable and unfavorable conditions, AuNPs 

have been demonstrated to affect a number of activities, 

including seed germination, the activity of the antioxidant 

system, the photosynthetic apparatus, and the expression 

of certain genes important for plant function.  

Bandi et al. 

(2023) 

ZnO Increased wheat growth, zinc concentration, POD, SOD, 

and chlorophyll content 

Adrees et al. 

(2021) 

SiO2 Enhanced seed germination Alsaeedi et al. 

(2018) 

Binary mixtures of 

six metal oxide 

NPs (TiO2, Fe2O3, 

CuO, 

NiO, Co3O4 and ZnO) 

Enhanced seed germination in 

Brassica 

Ko et al. 

(2017) 

Ag Highest seed germination (98.6%) followed by copper 

(69.6%), and gold (56.5%), respectively 

Hussain et al. 

(2017) 

Nanosilicon dioxide Enhanced seed germination (22.16%), germination mean 

time (3.98%), and seed germination index in tomato 

Siddiqui 

and 

Al-Whaibi 

(2014) 

Nano Biosensors 

Plant pathogens can be detected using conventional microscopy-based and culture-dependent 

techniques, which are laborious and frequently unreliable (Fletcher et al., 2006). Furthermore, 

the existing molecular and immunological techniques for pathogen identification are hindered by 
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bulky equipment, limited signal strength, and extended test duration (Kashyap et al., 2016). On 

the other hand, the use of nano biosensors in plant pathology may offer a fresh method of 

identifying plant diseases. The pathogen detection techniques are straightforward, quick, and 

precise (Sharon et al., 2010; Ismail et al., 2017). Nano biosensors contain Nano-sized materials 

that act as baroreceptor on a transducer which provide signal to recognition element to detect 

single or multiplex analyte. It is a modified version of a biosensor which may be defined as a 

compact analytical device/ unit incorporating a biological or biologically derived sensitized 

element linked to a physico-chemical transducer. (Rai et al., 2012). Plant viral illness may also 

be detected with nano biosensors. The immunosensor detects viruses with excellent sensitivity 

and specificity. For instance, plant viruses were found using a Chemi resistive sensor based on 

polypyrrole (PPy) nanoribbon (Chartuprayoon et al., 2013). (Tahir et al., 2018) Assessment of a 

copper nanoparticle composite based on carbon nanotubes for effective agrovirus detection. The 

developed biosensor is stable for at least four weeks, losing only 4.3% of the initial signal value. 

Production of Genetically Modified Crops  

Conventional gene delivery methods have some disadvantages such as less integrity of the 

transferred DNA, cell destruction, restricted range of the plant species and toxicity. Efficient 

Nano carrier is required to supply strong protection for DNA to avoid lysis with nuclease 

enzymes, effective penetration inside cell tissues and deliverance of the genetic material in its 

active form inside the cell nucleus. For instance, DNA and chemicals were delivered into plant 

cells and leaves using meso-porous silica nanoparticles (MSN) (Torney et al., 2007). For genome 

editing, the MSNs served as carriers to introduce the Cre recombinase protein into Zea mays 

cells (Martin-Ortigosa et al., 2014). To suppress a target gene in the cellulose manufacturing 

pathway (NtCesA-1a and NtCesA1b) in plant protoplasts, siRNAs were delivered using a 

fluorescent-conjugated polymer NP (CPN) (Silva et al., 2010). pBI121 containing GFP driven by 

35S promoter-encoding plasmid DNA was introduced into tobacco using calcium phosphate 

nanoparticles (NPs) (Ardekani et al., 2014). In mature plants, high aspect ratio nanomaterials 

allow for the delivery of biomolecules and the expression or silencing of transgenes. DNA-CNTs 

traverse the plant cell wall and membrane and enter the cytosol where DNA enters the nucleus 

but the transformation was transient and disappeared after 10 days (Demirer et al., 2019). 

Nanotechnology in Agricultural Wastes/ Residues Recycling 

The agro-food sectors have a number of challenges related to waste management, which calls for 

an integrated approach to recovery, reuse and recycling (Krishnaswamy et al., 2014). The annual 

global biomass produced by agricultural waste is 0.3 billion tons (FAO, 2011). Agricultural 

waste has several potential applications beyond its conventional uses as fuel, fodder, or 
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biofertilizer. These include separation, adsorption, catalysis, detection, semi-conductivity and 

thermal insulation. In order to be more widely applied, these potential applications of agricultural 

wastes required more study and development. Nonetheless, a new avenue for the large-scale 

synthesis of metal or organo-functional nanostructures has been made possible by recent 

advancements in the environmentally friendly, plant-based synthesis of NPs. In general, plants 

are known as “bioreactors” due to their ability to synthesize nanoparticles. The procedure of 

synthesizing nanoparticles from plant parts is simple and only requires one step. Sustainable 

solutions to the issues of local and global pollution have been proposed, including the bio-based 

economy and the use of renewable biomass as a raw material (Chaurasia et al.,2021). 

Nano-Biotechnology in Agriculture: Abiotic Stress 

The main cause of crop loss globally is abiotic stress, which can take the form of drought, heat, 

excessive salinity, cold, nutrient deficiencies, chemical toxicity (such as heavy metals), or 

oxidative stress. It lowers the average yield of the majority of major crop plants by more than 

50% (Atkinson et al., 2012; Wang et al., 2003). Plant growth, development, and production are 

negatively impacted by morphological, physiological, biochemical, and molecular alterations 

brought on by abiotic stress. The main tactics used by plants to improve their ability to withstand 

stress include the overexpression of structural and functional protectants, such as antioxidants 

and suitable solutes (osmolytes). It is well known that biochemical processes in plants often 

result in the production of ROS. Plants constantly produce ROS in chloroplasts, mitochondria, 

peroxisomes, and other sites of cell during the metabolic processes such as respiration and 

photosynthesis. At low level, ROS act as signalling molecules involved in growth, development 

and defence however over accumulated ROS in plants under stress conditions results in damaged 

cell membranes, DNA, protein and other cell components and therefore the inhibition of plant 

growth (Tripathy et al., 2012). ROS scavenging by plants is mainly performed by antioxidant 

enzymes, such as superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), 

glutathione reductase. Nano regulators (Nano enzymes and nano-nonenzymes) used to improve 

plant growth and stress tolerance. (GR), glutathione peroxidase (GPX) and peroxidase (POD), as 

well as by no enzymatic low-molecular-weight metabolites (vitamin C, vitamin E and 

polyphenols) (Table 6 and Table 7). Under stress conditions, ROS scavenging-related metabolic 

pathways will be triggered, such as shikimate-phenyl propanoid biosynthesis and ascorbate and 

aldarate metabolism (Zhang et al., 2018). The antioxidant-enzyme-mimicking properties of 

Fe3O4NPs were reported by Gao et al., in 2007. As a result, more inorganic nanomaterials with 

comparable characteristics were found, such as CeO2, fullerene C60, Au, platinum (Pt), and 

Mn3O4NPs. For instance, MoS2 nanosheets having SOD-, CAT-, and POD-like activities were 

synthesised by Chen et al., (2018). 
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Table 6: Nano-enzymes used for abiotic stress management in agriculture crops. 

Type of Nano 

particle 

Application References 

Titanium Dioxide Using TiO2 NPs is a practical way to increase plant 

productivity when drought stress is present. In light of the 

finding, foliar TiO2 application under PRD is generally 

advised to enhance physicochemical traits under drought 

stress. 

Javan et al. 

(2024)   

Zinc and iron 

oxide 

nanoparticles 

Improved the plant growth and reduced the oxidative stress 

and cadmium concentration in wheat. 

Rizwan  

et al. 

(2019) 

Silica 

nanoparticles 

Inhibit arsenic uptake into rice suspension cells via 

improving pectin synthesis and pectin methyl esterase (PME) 

activity were also increased. 

Cui et al. 

(2020) 

 

Table 7: Nano-enzymes used in abiotic stress management in plants 

Type of Nano 

particle 

Application References 

NiFe2O4 Increased germination rate by 90% and seedling Vigor in 

drought and salt stress conditions 

Tang et al. 

(2024)   

CeO2  enhanced spinach growth by increasing photosynthetic 

pigments, as evidenced by a higher photosynthetic rate (Pn). 

Ahmad et al. 

(2024)   

Nano ceria  Nanoceria Enhance Leaf Photosynthetic Rates under 

Drought in Sorghum 

Maduraimuthu 

et al. (2018)   

Cerium oxide 

nanoparticles 

to lowering PCD-promoting gene expression and cellular 

characteristics, CeO₂ NPs enhanced the antioxidant enzyme 

activity and the expression of anti-PCD genes 

Liping Zhang 

Et al. (2021) 

Fullerenol 

Nanoparticles 

Analysis of plant antioxidant enzyme activities (CAT, Apx 

and GPx), MDA and GSH content. 

Borisev et al. 

(2016) 

CeO2 CeO2 NPs boost antioxidant activity, reduce heavy metal 

toxicity, and promote seed germination.  

Li et al. (2022) 

Fe2O3 Alleviate oxidative stress in soil-grown Brassica 

 napus plants under drought 

Palmqvist et 

al. (2017) 

Nanoceria Upregulation of the gene expression of ascorbate peroxidase 

(APX). 

Zhang et al. 

(2019) 
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Non- Nanoenzymes: 

Certain NPs that don't resemble enzymes also increase plants' ability to withstand abiotic stress. 

(Kim et al., 2015) discovered that high H+-ATPase activities (ATP = adenosine triphosphate) 

were driven by nano-zero valent iron (nZVI). This resulted in a drop in apoplastic pH and an 

increase in leaf area and stomatal aperture width. But as compared to the control group, the 

drought sensitivity of nZVI-treated plants remained unchanged, indicating a higher rate of CO2 

carbon absorption. The processes that underlie plants' increased resistance to abiotic stress 

brought on by iron-based NPs are yet unknown. There have also been reports of NPs that cause 

the activation of genes related to antioxidant defences and enhanced stress tolerance rather than 

directly scavenging ROS in plants. For instance, plants treated with 0.01% TiO2NPs showed 

dramatically improved growth, as shown by increases in biomass and chlorophyll content (Abdel 

et al., 2018). TiO2NP-mediated stimulation of (i) antioxidant enzyme activities, which increased 

ROS scavenging, and (ii) the cellular content of proline and soluble carbohydrates, which 

improved the osmotic balance in plant cells, were identified as the mechanisms. 

Conclusion: 

Nanotechnology represents a transformative field that enables the manipulation of materials at 

the atomic and molecular levels, offering significant advancements in various sectors, including 

agriculture. Its application in nanotechnology holds the potential to address critical challenges in 

crop production and sustainability, particularly in the context of climate change and resource 

scarcity. Nanobiotechnology offers innovative solutions for enhancing agricultural practices 

through the development of nano bio-herbicides, bio pesticides, bio insecticides, bio fungicides 

and biosensors, which improve efficacy while reducing environmental impact. The integration of 

nanotechnology in agriculture not only addresses challenges to related to pest and disease 

management but also enhances seed germination, promotes sustainable waste recycling and aids 

in mitigating abiotic stress ultimately contributing to increased crop productivity and 

sustainability. The application of nanobiotechnology in agriculture demonstrates potential 

benefits in enhancing plant tolerance to abiotic stress and improving growth through mechanism 

such as increased antioxidant activity and osmotic balance. As conventional farming practices 

face scrutiny, the integration of nanotechnology is being recognized as a promising solution to 

address productivity challenges and promote sustainable agricultural practices. 
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Abstract: 

In the context of mounting environmental and physiological stressors — ranging from hypoxia 

and thermal extremes to oxidative/radiative exposure and immune‐challenge states — there is 

increasing interest in leveraging natural bioactive compounds to bolster adaptive resilience. 

Bioprospecting, the systematic exploration of biodiversity for bioactive molecules, offers a rich 

reservoir of chemical diversity evolved under stress. Yet, many natural compounds face 

limitations in bioavailability, stability, targeted delivery and efficacy. The integration of 

nanotechnology — specifically nanoformulations — provides a route to convert these 

compounds into functionally robust delivery systems that enhance performance under 

challenging environments. This chapter traces the journey “from biodiversity to 

biofunctionality”: first exploring ecosystems and sources of bioactives, then detailing strategies 

for extraction, isolation, and characterization, followed by discussion of nanoformulation design 

tailored to resilience applications, mechanistic pathways for adaptation, translational challenges 

and ethical/sustainability considerations. The aim is to provide a holistic framework for turning 

the diversity of nature into functional resilience-enabling nano‐systems.  

Introduction: 

The natural world abounds with organisms that have evolved to survive and even thrive under 

extreme or fluctuating environmental conditions. These adaptive traits often rest upon the 

production of unique secondary metabolites, peptides, polysaccharides and other biomolecules 

that provide protection, repair and survival advantage (Li, 2022). Bioprospecting—the 

systematic searching of nature’s biodiversity for such bioactive molecules—offers a strategic 

frontier for innovation (Dixit, 2021). However, discovering an active compound is only the 

beginning. To achieve functional resilience in challenging settings, these molecules often require 

enhancement in delivery, stability, uptake and targeted action. This is where nanotechnology 

becomes pivotal: nanoformulations can enhance solubility, protect against degradation, enable 
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sustained release, facilitate cellular or subcellular targeting and improve bioavailability (Wang, 

2025). 

Therefore, the objective of this chapter is to map the trajectory from biodiversity (the source of 

novel compounds) through biofunctionality (effective delivery via nanosystems) in the context of 

resilience enhancement. We structure this discussion as follows: (1) exploring biodiversity and 

bioprospecting, (2) transitions from natural compound to nanoformulation, (3) mechanistic 

pathways of resilience mediated by nano‐bioactives, (4) translational, manufacturing and 

deployment issues, and (5) challenges, limitations and future directions. This narrative should 

appeal to researchers in nanobiotechnology, environmental physiology, functional materials, and 

biodiversity‐based discovery.  

1. Biodiversity as a Reservoir of Bioactive Molecules 

1.1 Concept and Scope of Bioprospecting 

Bioprospecting refers to the systematic search for, collection of, and development of biological 

resources (plants, microbes, marine organisms, extremophiles) with potential utility, including 

pharmaceuticals, nutraceuticals, agro-chemicals and multifunctional biomaterials (Dixit, 2021). 

One of the enduring strengths of this approach is the access to chemical scaffolds and functional 

motifs already shaped by evolutionary pressure. As Li (2022) notes, natural products continue to 

dominate the drug discovery pipeline, underpinning the value of harnessing biodiversity. 

1.2 Ecological Niches and Extremophile Sources 

While classical bioprospecting has long focused on medicinal plants from temperate or tropical 

zones, recent attention has shifted to organisms inhabiting extreme biomes—such as 

high‐altitude, polar, desert, deep‐sea, saline and volcanic environments. These taxa often produce 

extremolytes or protective metabolites to survive stress (Labara Tirado, Herdean, & Ralph, 

2025). Targeting such environments thus offers increased likelihood of discovering compounds 

with built-in stress‐resilience functions, which may translate naturally into resilience support 

applications. 

1.3 Workflow: Extraction, Isolation and Characterization 

The general workflow begins with selection of source organisms (often guided by ethnobotany 

or ecological cues), followed by extraction (solvent, supercritical‐fluid, microwave‐assisted), 

fractionation, isolation (chromatography, preparative HPLC), and structural characterization 

(mass spectrometry, NMR, IR) (Li, 2022; Rodrigues, 2024). For example, Aware (2022) outlines 

how modern studies integrate metabolomics and bioactivity screening early to enhance hit‐rate. 



Bhumi Publishing, India 
October 2025 

86 
 

1.4 Challenges in Biodiscovery 

Despite the promise, bioprospecting faces multiple challenges. Low yields from wild harvests, 

difficulty in cultivating source organisms, legal/regulatory issues (access benefit‐sharing, 

intellectual property), reproducibility of extracts, environmental sustainability, and the gap 

between discovery and functional translation are all well-documented (Rodrigues, 2024; 

Wainwright, 2022). Furthermore, Labara Tirado et al., (2025) highlight that many workflows for 

microalgal bioprospecting remain low throughput, limiting scalability.  

2. From Natural Compound to Nanoformulation 

2.1 Rationale for Nanoformulation of Natural Compounds 

Although many natural compounds have desirable bioactivity, their translation into functional 

systems is often hampered by issues such as poor aqueous solubility, rapid metabolism or 

elimination, low tissue penetration, instability, and off‐target toxicity. Nanoformulation 

addresses these issues by enhancing dissolution, increasing residence time, protecting against 

degradation, enabling targeted delivery, facilitating crossing of biological barriers, and 

improving pharmacokinetics (Wang, 2025). 

2.2 Types of Nanocarrier Platforms 

Key nanocarrier categories include: 

¶ Lipid‐based vehicles, such as liposomes and solid lipid nanoparticles, which are 

biocompatible and suited for lipophilic bioactives. 

¶ Polymeric nanoparticles, e.g., PLGA, chitosan, PEGylated polymers, offering tunable 

release profiles and surface modification. 

¶ Metal/metal-oxide nanoparticles, often used for dual function (delivery + imaging or stress 

sensing) but with higher toxicity concerns. 

¶ Hybrid / biomimetic nanocarriers, such as cell‐membrane coated nanoparticles, or 

multi‐layered systems, which offer improved uptake and immune‐evasion (Wang, 2025). 

2.3 Design Considerations for Resilience Applications 

When designing nanoformulations with the explicit goal of enhancing resilience under extreme 

environmental conditions, additional considerations must be integrated: 

¶ Stability under stress conditions, such as high/low temperature, oxidative environments, 

variable pH, radiation exposure. 

¶ Controlled and sustained release, for maintaining protective levels over extended periods of 

exposure. 

¶ Target tissue delivery, especially to organs under stress (e.g., brain, muscle, skin, lung). 
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¶ Minimal toxicity and immune compatibility, especially if administered prophylactically. 

¶ Logistics/field suitability, including scalability, shelf stability, rugged packaging, cold-chain 

independence. 

2.4 Encapsulation of Natural Bioactives: Representative Case Studies 

Recent literature provides several examples. For instance, nanoformulations of curcumin and 

resveratrol demonstrate markedly improved bioavailability and efficacy in oxidative‐stress 

models (Wang, 2025). A review notes that polymeric nanoparticle delivery of plant secondary 

metabolites boosts cellular uptake and biological effect (Aware, 2022). Such case studies 

illustrate the value of coupling natural bioactives with nanodelivery technologies to translate into 

functional resilience. 

2.5 Manufacturing, Scale-Up and Stability 

Moving from lab‐scale nanoformulation to field-deployable form introduces challenges of 

reproducibility, batch consistency, cost, stability under temperature/humidity variations, 

shelf‐life, packaging and regulatory compliance. Nanocarrier materials must be chosen for 

scalability and cost-effectiveness; sterilization, packaging, and cold‐chain independence become 

paramount in remote or extreme deployment scenarios.  

3. Mechanistic Pathways of Resilience via Nano‑Bioactives 

 3.1 Oxidative Stress and Antioxidant Defense 

Environmental extremes (hypoxia, UV, heat, radiation) elevate reactive oxygen species (ROS) 

and challenge redox homeostasis. Natural bioactives such as flavonoids, phenolic acids, 

terpenoids can scavenge ROS or up‐regulate endogenous antioxidant enzymes. When 

nano‐delivered, their cellular uptake and retention improve, enabling enhanced activation of 

transcription factors like Nrf2 and induction of downstream defense elements (Aware, 2022). For 

example, nanoencapsulated bioactives may boost heme‐oxygenase‐1, glutathione‐S-transferase, 

superoxide dismutase, thus preserving mitochondrial integrity and cell survival under stress. 

 3.2 Hypoxia / High-Altitude Adaptation Pathways 

Hypoxic exposure triggers pathways involving hypoxia inducible factor (HIF)-1α, 

erythropoietin, angiogenesis, mitochondrial biogenesis and metabolic reprogramming. Bioactives 

that modulate HIF stabilization, enhance mitochondrial respiration, or support angiogenic 

responses may thus assist adaptation. Nanoformulation enhances tissue penetration (e.g., lung, 

muscle, brain) and residence time, facilitating such effects in hypoxic challenge scenarios. 
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3.3 Thermal and Heat Stress, Cellular Proteostasis 

Heat stress disrupts proteostasis, triggers heat shock proteins (HSPs), destabilizes cell 

membranes, initiating inflammation and apoptosis. Natural compounds from heat‐tolerant flora 

or desert plants (adaptogens) may enhance expression of HSPs, stabilize membranes, mitigate 

inflammatory cytokines, and protect cells. Nano‐based delivery provides sustained presence of 

adaptogens, enabling improved protection during prolonged heat exposure. 

3.4 Radiation, UV and Ionizing Stress 

Radiative environments (UV, cosmic, ionizing) cause DNA damage, ROS bursts, 

lipid‐peroxidation, cellular senescence. Marine‐derived carotenoids, polyphenols and other 

antioxidants have shown protective effects. Nanoformulations facilitate intracellular delivery, 

mitochondrial targeting, and enhanced efficacy compared to free compounds. Therefore, 

nano‐bioactives may offer improved resilience in UV/radiation‐prone settings. 

3.5 Immune, Inflammatory and Metabolic Resilience 

Extreme environments often suppress immune function, provoke inflammation, dysregulate 

metabolism (e.g., dehydration, nutrient deficiency, cold stress). Natural polysaccharides (from 

fungi, algae), secondary metabolites with immunomodulatory actions, and adaptogens can 

support immune resilience. The nano‐delivery of these molecules enhances bioavailability, tissue 

uptake (lymphoid tissues, mucosa), and systemic persistence—enabling better immune 

adaptation under stress. 

3.6 Integrative Systems Biology and Multi-Component Strategies 

Resilience is inherently multifactorial—oxidative defense, metabolic adaptation, immune 

regulation, proteostasis, mitochondrial health all interact. Accordingly, nano-bioactive systems 

may adopt multi‐component platforms (co‐encapsulated antioxidants + adaptogens + 

immunomodulators) with staggered release kinetics targeted to different tissues. Systems biology 

and omics profiling (metabolomics, proteomics, transcriptomics) can help optimize 

combinations, dosage, timing and target tissues (Wainwright, 2022). 

4. Translational Applications and Deployment 

4.1 Functional Ingredients, Nutraceuticals and Field Formulations 

The traditional therapeutic context is increasingly complemented by resilience‐oriented 

applications—for example, personnel facing extreme operations, high altitude mountaineering, 

desert expeditions, deep‐sea diving or space missions. Nanoformulated natural bioactives can be 

repurposed as functional ingredients or nutraceuticals, designed for rapid onset, sustained effect, 

and broad tissue distribution. Form factors may include capsules, sachets, powders, drinks, or 

ready‐to-use field kits. 
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4.2 Wearable, Topical and Inhalable Delivery Systems 

Beyond oral delivery, innovative formats offer additional benefits: transdermal patches 

delivering skin‐protective adaptogens or antioxidants under UV/heat stress; inhalable 

nanoparticles targeting lung for hypoxia/oxidative damage; wearable systems releasing 

bioactives over time. These formats maximize situational readiness and convenience in extreme 

environments. 

4.3 Ethical, Environmental and Sustainability Considerations 

Bioprospecting and nano-deployment raise significant ethical and environmental issues. The 

sourcing of biodiversity must respect access and benefit‐sharing protocols, indigenous rights, 

conservation of habitats and avoidance of “biopiracy” (Wainwright, 2022; Wikipedia, 2025). 

Nanocarrier materials and manufacturing must prioritize biodegradability, minimal 

environmental footprint and life-cycle impact. Safety of nanomaterials (biodistribution, 

accumulation, immunogenicity, environmental fate) remains key (Buzea, Pacheco & Robbie, 

2008). 

4.4 Regulatory, Manufacturing and Quality-Control Aspects 

Translation from lab to field deployments involves regulatory clarity (whether nutraceutical, 

medical countermeasure, functional food), manufacturing scale-up, quality control (batch 

consistency, sterility, stability), supply logistics, packaging for extreme field conditions 

(temperature extremes, humidity, vibration) and shelf‐life assurance. The “valley of death” 

between proof-of-concept and deployed product remains a major barrier (Dixit, 2021). 

4.5 Emerging Trends: Precision Bioprospecting and Smart Nanodesign 

Next-generation strategies are emerging: integrating omics (genomics, transcriptomics, 

metabolomics) with AI/machine learning to predict promising bioactive scaffolds; high-

throughput screening of natural extracts with automated nanoformulation design; stimuli 

responsive or “smart” nanocarriers (triggered by pH, temperature, ROS) for context‐aware 

release; synthetic biology approaches for engineered microbes producing tailored bioactives 

which are then nano‐formulated. These advances promise to accelerate the path from 

biodiversity to functional systems (Labara Tirado et al., 2025). 

5. Challenges, Limitations & Future Directions 

5.1 Translation Gap: From In-Vitro to Real-World Resilience 

Many nano‐bioactive systems show promising in vitro or animal model results, but translation to 

human or operational settings is limited. Resilience endpoints (performance under extreme 

conditions) are complex, multifactorial, and lack standardized biomarkers. Thus, robust human 

trials remain scarce (Wainwright, 2022). 
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5.2 Nanocarrier Safety, Bioaccumulation and Environmental Fate 

The very advantages of nanoparticles—deep tissue penetration, long circulation, enhanced 

uptake—also raise concerns of unintended accumulation, off-target effects, long‐term toxicity 

and environmental persistence. Older literature already emphasized nanoparticle toxicity 

concerns (Buzea et al., 2008). Ensuring safety and regulatory compliance for widespread use in 

non-therapeutic populations is a significant challenge. 

5.3 Ecological and Biodiversity Sustainability 

The drive to harvest novel bioactives must be balanced against ecological conservation. 

Over‐harvesting of wild species, habitat degradation, loss of traditional knowledge, and 

inequitable benefit sharing are real risks. Ethical bioprospecting must adopt sustainable 

frameworks and engage local communities (Rodrigues, 2024). 

5.4 Cost, Scalability and Field Logistics 

Even when technically feasible, nanoformulated natural bioactives may face high manufacturing 

costs, logistical constraints (transport, storage, field stability), supply-chain vulnerabilities, and 

limited shelf life under harsh conditions. Real-world deployment must account for rugged 

packaging, minimal cold‐chain requirement, ease of use, dosage standardization, and cost-

effectiveness. 

5.5 Future Research Directions 

¶ Standardization of resilience biomarkers and endpoints in human trials to validate 

effectiveness of such nanobioactive systems. 

¶ Development of biodegradable, field‐stable nanocarriers optimized for extreme 

environmental conditions (temperature, vibration, humidity). 

¶ Integration of multi-omics with AI to accelerate identifying natural bioactives with 

resilience‐relevant mechanisms. 

¶ Life‐cycle assessment and environmental impact studies of nanoformulated products. 

¶ Ethical frameworks and benefit‐sharing models for bioprospecting of under-explored 

biodiversity. 

Conclusion: 

The convergence of biodiversity‐driven discovery and nanotechnology‐enabled delivery systems 

opens a powerful frontier for enhancing human resilience in challenging environments. By 

systematically navigating the path “from biodiversity to biofunctionality,” researchers can 

harness the chemical ingenuity of nature and convert it into functional nano‐systems capable of 

protecting, adapting and enhancing performance under stress. However, achieving this promise 

demands interdisciplinary collaboration—across ethnobotany, chemistry, nanomaterials science, 
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physiology, regulatory science and logistics—as well as robust attention to safety, sustainability 

and translation. With strategic integration, the next generation of nano-formulated natural 

bioactives may serve as key tools in resilience frameworks across environmental, operational and 

health domains. 
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Abstract: 

Radiation exposure — whether ionising (e.g., cosmic rays, nuclear accidents) or non‑ionising 

(e.g., ultraviolet light) — imposes significant oxidative stress on biological systems via 

generation of reactive oxygen species (ROS), DNA damage, lipid peroxidation, mitochondrial 

dysfunction and inflammatory responses. Adaptive strategies, both endogenous and externally 

induced, hinge on antioxidant defences, DNA repair pathways, proteostasis and mitochondrial 

integrity. Natural bioactive compounds (e.g., phytochemicals, marine‑derived antioxidants, 

enzyme‑mimetic nanoparticles) hold substantial promise for mitigating radiation‑mediated 

oxidative damage, but their translation into effective resilience‑enhancing interventions faces 

challenges (poor solubility, rapid clearance, limited tissue targeting). Nano‑delivery systems 

(liposomes, polymeric nanoparticles, metallic/oxide nanocarriers) offer a transformative platform 

to enhance the bioavailability, stability, targeted delivery and controlled release of these 

bioactives, thereby facilitating adaptation to radiation‑induced oxidative stress. This chapter 

reviews the mechanistic basis of radiation‑oxidative injury, natural bioactive mitigation 

strategies, nanocarrier design considerations specific for radiation/ROS contexts, translational 

applications (nutraceuticals, medical countermeasures, field‐deployable kits) and outlines current 

challenges and future research directions. 

Introduction: 

Radiation exposure in diverse settings — high-altitude aviation, deep-space missions, nuclear 

accident scenarios, radiotherapy fields, solar UV/particle fluxes — places organisms under 

intense oxidative and radiative challenge. Radiation induces the production of reactive oxygen 

species (ROS) and reactive nitrogen species (RNS) via ionisation of water molecules, free radical 

cascades, mitochondrial electron-transport chain disruption and activation of inflammatory 

signalling (Hu et al., 2024). The resulting oxidative stress damages lipids, proteins and DNA, 

triggers apoptotic or senescent cell fates, and undermines organ and cellular resilience. 

Adaptation to such stress requires robust endogenous safety nets — antioxidant defences (e.g., 
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superoxide dismutase, catalase, glutathione peroxidase), DNA repair pathways (e.g., homologous 

recombination, base excision repair), mitochondrial quality control (mitophagy, biogenesis), and 

proteostasis (heat-shock proteins, chaperones). However, in extreme exposure settings, these 

mechanisms may be overwhelmed or inadequate. 

Against this backdrop, the use of natural bioactive compounds (phytochemicals, marine 

antioxidants, enzyme-mimetic nanomaterials) has gained attention. Yet, many of these 

compounds suffer from low aqueous solubility, unstable kinetics, poor tissue penetration and 

sub-optimal targeting (Karati et al., 2025). Nanotechnology offers a promising route: nano-

delivery systems can encapsulate bioactives, protect them from degradation, enhance 

bioavailability, allow targeted tissue delivery, prolong release and thereby augment functional 

resilience to radiation/oxidative challenge (Thiruvengadam et al., 2025; Padmanaban et al., 

2023). In this chapter, we explore: (1) the mechanistic underpinnings of radiation/oxidative stress 

adaptation, (2) bioactive compound strategies for mitigation, (3) nano-carrier design tailored to 

radiation/ROS contexts, (4) translational applications and deployment, and (5) emerging 

challenges and future directions.   

1. Radiation-Induced Oxidative Stress and Biological Adaptation 

Radiation interacts with biological tissues through radiolysis of water, producing hydroxyl 

radicals, hydrogen peroxide, superoxide anion, and secondary radicals (Hu et al., 2024). These 

reactive species damage macromolecules and disrupt redox balance. Non‑ionising radiation, such 

as ultraviolet light, induces oxidative stress via photo‑excitation of chromophores (Padmanaban 

et al., 2023). Adaptive responses include Nrf2‑Keap1 pathway activation, heat shock protein 

induction, mitochondrial quality control, DNA repair, and immune modulation. Yet, at high 

doses, endogenous defences may fail, necessitating nano‑bioactive intervention. 

1.1 Radiation and ROS Generation 

Ionising radiation interacts with biological tissues primarily via the radiolysis of water, 

producing hydroxyl radicals (•OH), hydrogen peroxide (H₂O₂), superoxide anion (O₂•–) and 

secondary radicals (Hu et al., 2024). These reactive species propagate chain reactions, damage 

macromolecules and disrupt cellular redox homeostasis. Non-ionising radiation, notably 

ultraviolet (UV) light, also triggers ROS via photoexcitation of chromophores and subsequent 

transfer of electrons, leading to oxidative damage, DNA pyrimidine dimers and activation of 

stress signalling (Padmanaban et al., 2023). Excess ROS overloads antioxidant defences, causes 

lipid peroxidation (e.g., malondialdehyde formation), protein oxidation, and DNA strand breaks 

and base modifications. 
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1.2 Adaptive Cellular Responses 

Cells deploy multiple adaptive responses to radiation/oxidative stress. Key among them: 

¶ Nrf2-Keap1 pathway: Under oxidative stress, Nrf2 is released from Keap1, translocate to 

the nucleus and induces expression of antioxidant response element (ARE) genes (e.g., heme 

oxygenase-1, glutathione S-transferases) (Kim, Lee & Park, 2023). 

¶ Heat Shock Proteins (HSPs) and Proteostasis: HSP70, HSP90 and small heat-shock 

proteins bind mis-folded proteins, facilitate refolding or proteasomal degradation, helping 

resilience under stress. 

¶ Mitochondrial Quality Control: Radiation disrupts mitochondrial membrane potential, 

increases ROS leak, triggers mitophagy and biogenesis to preserve mitochondrial integrity. 

¶ DNA Repair Pathways: Base excision repair (BER), homologous recombination (HR) and 

non-homologous end joining (NHEJ) repair single‐ and double‐strand breaks induced by 

radiation. 

¶ Immune/Inflammatory Modulation: ROS and radiation activate NF-κB, MAPK pathways, 

cytokine release and inflammation; adaptation involves resolution of inflammation, 

maintenance of immune homeostasis (Padmanaban et al., 2023). 

Table 1: Major Radiation/Oxidative Pathways and Targetable Bioactive Interventions 

Pathway Radiation/Oxidative 

Challenge 

Potential Bioactive 

Intervention 

Mechanistic 

Target 

ROS generation & lipid 

peroxidation 

OH formation, lipids 

oxidised 

Flavonoids (quercetin, 

resveratrol), marine 

carotenoids 

ROS scavenging, 

membrane 

stabilization 

Nrf2/ARE activation Overwhelmed 

antioxidant defences 

Sulforaphane, 

curcumin 

Nrf2 induction, 

gene expression 

Mitochondrial 

dysfunction 

Loss of ΔΨm, 

increased leak 

Coenzyme Q10, 

mitochondrial-

targeted peptides 

Mitochondrial 

biogenesis/repair 

DNA damage & repair Strand breaks, base 

oxidation 

Polyphenols, 

selenium compounds 

BER/HR support, 

base protection 

Proteostasis & HSP 

induction 

Misfolded proteins, 

aggregated proteins 

Adaptogens 

(Rhodiola, ginseng) 

HSP up-regulation 

Immune/inflammation 

dys-regulation 

Cytokine storm, 

chronic inflammation 

Marine 

polysaccharides, 

polysulphates 

NF-κB/MAPK 

modulation 

Note: This table summarises typical mechanistic pathways and possible interventions; more 

comprehensive lists found in Hu et al., (2024) and Kim et al., (2023). 
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1.3 Limits of Endogenous Adaptation and Opportunity for External Support 

While these adaptive responses are powerful, in high-dose, prolonged, or repeated exposure 

scenarios they may become insufficient: antioxidant reserves may be depleted, DNA repair 

pathways saturated, mitochondrial damage accumulates and chronic inflammation results. Under 

such conditions, exogenous support via bioactive compounds or nano-delivery systems becomes 

attractive to bolster adaptation, reduce damage and enhance functional resilience. 

2. Natural Bioactive Compounds for Radiation/Oxidative Resilience 

2.1 Phytochemicals and Marine-Derived Antioxidants 

A wide range of natural bioactives show promise in mitigating radiation/oxidative stress. 

Flavonoids such as quercetin, kaempferol; stilbenes like resveratrol; adaptogenic plants (e.g., 

Rhodiola, Panax ginseng) and marine carotenoids (astaxanthin, fucoxanthin) have documented 

antioxidant, anti-inflammatory and mitochondrial-protective activities (Padmanaban et al., 

2023). Marine-derived sulphated polysaccharides (e.g., fucoidan) also exhibit immune-

modulating and ROS-scavenging effects. These compounds have been tested in vitro and in vivo 

in radiation-challenge models (Padmanaban et al., 2023; Hu et al., 2024). 

2.2 Enzyme-Mimetic Nanomaterials and Nano-Bioactives 

Beyond classical small molecules, advanced materials such as cerium oxide nanoparticles 

(nanoceria) show intrinsic enzyme-mimetic activity (superoxide dismutase-like, catalase-like) 

and can confer ROS detoxification capacity (Yusuf et al., 2023; Baldim et al., 2020). These 

nano-bioactives offer sustained ROS scavenging ability in oxidative challenge contexts. The 

integration of such materials into nano-delivery platforms enhances their therapeutic potential in 

radiation/oxidative stress adaptation. 

2.3 Bioavailability, Uptake & Delivery Limitations 

Despite potent in vitro bioactivity, many natural compounds face translation hurdles: low 

aqueous solubility, poor absorption, rapid metabolism, inability to cross tissue/organ barriers 

(e.g., brain, lung). Additionally, in the context of radiation/oxidative challenge, stability under 

extreme conditions (heat, hypoxia, UV) and timely onset of action are critical. Thus, delivery 

systems become a central focus. 

2.4 Evidence from Radiation/Oxidative Models 

Several studies in radiation-exposure animal models show that pre-treatment with natural 

antioxidants reduces biomarkers of oxidative damage (8-oxoG, lipid peroxides), preserves 

mitochondrial function, reduces inflammation and improves survival. For instance, Hu et al., 

(2024) described how ROS‐responsive drug-delivery systems improved therapeutic indices in 

photodynamic therapy exposure, a model relevant to radiation/oxidative damage. Karati et al., 
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(2025) reviewed nanotechnology-based delivery of antioxidants and shown improved 

bioavailability and targeting, though radiation-specific studies remain fewer. 

3. Nano‑Delivery Systems Tailored for Radiation/Oxidative Stress Adaptation 

3.1 Rationale for Nano-Carrier Use in Radiation/Oxidative Contexts 

Nano-carrier systems offer multiple advantages in this domain: enhanced solubility of lipophilic 

bioactives, protection from premature degradation, improved pharmacokinetics (longer 

circulation, reduced clearance), tissue targeting (via ligands, EPR effect or active targeting), 

controlled/sustained release (important for extended radiation/oxidative exposure), and potential 

for stimulus-responsive release (e.g., ROS-triggered, pH/temperature triggered) (Karati et al., 

2025; Ozceylan et al., 2024). Given radiation exposure scenarios often involve acute or 

prolonged stress, these features are vital. 

3.2 Major Nanocarrier Platforms 

Common platforms used in oxidative/radiation adaptation and delivery include: 

¶ Lipid-based carriers (liposomes, solid lipid nanoparticles): Biocompatible, useful for 

lipophilic bioactives, relatively established clinically. 

¶ Polymeric nanoparticles (PLGA, chitosan, PEGylated): Offer tunable release profiles, 

surface modification for targeting. 

¶ Metal/oxide nanoparticles (e.g., gold, iron oxide, cerium oxide): Provide dual-function 

(delivery + ROS catalytic activity), useful in radiation contexts (Yusuf et al., 2023). 

¶ Hybrid/biomimetic nanocarriers (cell-membrane coated, exosomes): Improved immune-

evasion, prolonged circulation, targeted delivery (Karati et al., 2025). 

3.3 Design Considerations for Radiation/Oxidative Stress Resilience 

When designing nano-delivery systems for radiation/oxidative adaptation, the following criteria 

become especially important: 

¶ Stability under exposure conditions: Carriers must remain intact under UV, ionising 

radiation, temperature extremes, hypoxia. 

¶ Stimulus-responsive release: ROS-triggered or redox-sensitive release allows timely 

delivery when oxidative insult occurs (Hu et al., 2024). 

¶ Tissue/organ targeting: For radiation damage, relevant organs include brain (space 

radiation), lung (aircrew), skin (UV), bone marrow (radiotherapy). Ligand or receptor 

targeting may be required. 

¶ Biocompatibility and minimal toxicity: Nanocarriers themselves must not generate ROS or 

exacerbate oxidative injury (Padmanaban et al., 2023). 
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¶ Controlled/sustained release: In prolonged exposure scenarios, sustained release of 

protective bioactives is advantageous. 

¶ Field‐deployable stability and logistics: For extreme environments, carriers must have 

shelf-life, temperature/humidity tolerance, rugged packaging, and minimal cold-chain 

dependence. 

3.4 Comparative Overview of Nanocarrier Platforms – Table 2 

Nanocarrier Platform Advantages in 

Radiation/Oxidative 

Context 

Limitations Example Bioactive 

Delivery 

Liposomes / Solid 

Lipid NPs 

Good biocompatibility, 

established clinical track 

Stability under 

radiation/UV may 

be limited 

Resveratrol liposomes 

protecting skin UV 

damage 

Polymeric NPs (PLGA, 

chitosan) 

Tunable release, surface-

functionalisation possible 

Potential toxicity, 

more complex 

manufacture 

Curcumin PLGA NPs 

for mitochondrial 

protection 

Metallic/Oxide NPs 

(Au, Fe₃O₄, CeO₂) 

Dual function: delivery + 

ROS catalytic activity 

Higher toxicity 

risk, regulatory 

hurdles 

Nanoceria for ROS 

scavenging in 

radiation model 

Hybrid/Biomimetic 

(cell-membrane, 

exosomes) 

Immune-evasion, 

prolonged circulation 

Complexity, cost, 

scale-up issues 

RBC-membrane 

coated NPs delivering 

marine 

polysaccharide 

Note: Data compiled from Karati et al., (2025), Yusuf et al., (2023), Padmanaban et al., (2023). 

3.5 Stimulus-Responsive & Smart Nanocarriers 

Recent advances focus on carriers that respond to oxidative triggers: e.g., ROS-responsive 

polymers that release payload when H₂O₂ or •OH rises, pH-responsive carriers for hypoxic/acidic 

micro-environments, temperature-responsive systems for heat/UV stress (Hu et al., 2024). For 

radiation exposure, such carriers could deliver antioxidants in situ when ROS generation peaks, 

thereby matching temporal dynamics of damage and repair. 

3.6 Bioactive-Nano Integration: Key Examples 

Though still emerging, some studies illustrate the integration of natural bioactives into nano-

platforms for oxidative/radiation challenge. For instance, Karati et al., (2025) reviewed nano-

antioxidant delivery systems showing improved cellular uptake, biodistribution, ROS 



Bhumi Publishing, India 
October 2025 

100 
 

suppression and improved in vivo outcomes in oxidative models. Thiruvengadam et al., (2025) 

highlighted nanoparticles loaded with marine carotenoids and adaptogens, showing enhanced 

survival under UV/ionising radiation in cell culture and animal studies. 

4. Translational Applications and Deployment Considerations 

4.1 Use Cases: Nutraceuticals, Functional Foods, Medical Counter-measures 

Nano-bioactive systems developed for radiation/oxidative stress adaptation have multiple 

deployment contexts: 

¶ High-altitude aviation or space missions: Exposure to cosmic radiation, UV and oxidative 

stress; nano-delivered antioxidants/adaptogens may support resilience. 

¶ Occupational/operational settings: Radiotherapy support (protecting healthy tissue), 

nuclear/accident first-responders. 

¶ Public health/consumer nutraceuticals: For UV exposure protection (skin), environmental 

oxidative stress (pollution) adaptation. 

4.2 Formulation, Packaging and Logistics 

Translation requires attention to manufacturing (GMP), scalability, quality control, regulatory 

compliance (nano-bioactives often fall between nutraceutical and medical device/therapeutic 

classification). Packaging must contend with shelf-life (especially in remote settings), rugged 

conditions (temperature, vibration), and dosing convenience (oral, transdermal, inhalable). 

Stimulus-responsive carriers may need activation triggers (e.g., heat, light); field applicability 

must prioritise simplicity and robustness. 

4.3 Safety, Regulatory and Ethical Issues 

Nanocarriers introduce additional safety and regulatory layers: biodistribution, clearance, 

accumulation, immunogenicity and long-term effects must be characterized (Yusuf et al., 2023). 

Natural bioactives face standardization, batch consistency and regulatory classification 

challenges. Ethically, when used in human adaptation settings (e.g., space crews, military), the 

boundary between enhancement and therapy raises questions. Accessibility, equity and 

environmental footprint of nano-materials should also be considered. 

4.4 Current Status of Clinical/Preclinical Translation 

Despite promising preclinical data, clinical translation of nano-bioactive delivery systems 

specifically for radiation/oxidative adaptation remains limited. Much of the work is still in 

cell/animal models, with human trials sparse (Karati et al., 2025). Key barriers include large-

scale production, regulatory approval, aerosol/inhalable delivery for lungs or transdermal for 

skin, and establishing robust resilience endpoints (not merely disease amelioration but functional 

adaptation under stress). 
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4.5 Deployment Roadmap 

A proposed roadmap for translation includes: 

1. Preclinical modelling: radiation/oxidative stress exposure in relevant species, 

biodistribution/toxicity of nano-bioactives. 

2. Optimisation of nano-carrier design for the specific exposure scenario (skin/UV, 

lung/ionising radiation, bone marrow). 

3. Human safety trials (phase 1), followed by functional adaptation trials (phase 2/3) focusing 

on resilience endpoints (oxidative biomarkers, mitochondrial function, performance under 

stress). 

4. Regulatory alignment (nutraceutical vs therapeutic), production scale-up, field packaging & 

logistics, post-market surveillance.   

5. Challenges, Limitations & Future Directions 

5.1 Biological and Mechanistic Challenges 

¶ Complexity of radiation/oxidative exposure: Multiple ROS species, temporal dynamics, 

tissue specificity (brain, bone marrow, skin). Interventions must match this complexity. 

¶ Adaptive vs acute responses: Designing delivery systems that respond appropriately over 

acute and chronic exposures remains challenging. 

¶ Biomarker gap: Standardised biomarkers for resilience (rather than disease) are lacking — 

making evaluation of adaptation difficult. 

5.2 Nanocarrier and Bioactive Limitations 

¶ Safety and long-term accumulation: Metallic nanoparticles may themselves generate 

ROS; clearance and toxicity remain issues (Padmanaban et al., 2023). 

¶ Scale-up and reproducibility: Manufacturing uniform nanosystems with consistent size, 

surface chemistry, loading and release kinetics is non-trivial. 

¶ Cost and accessibility: High cost may limit deployment in field settings or large 

populations. 

5.3 Environmental, Ethical and Regulatory Considerations 

¶ Environmental footprint: Nano-materials may accumulate in ecosystems; life-cycle 

assessments are needed. 

¶ Enhancement vs therapy: When used for resilience/adaptation (e.g., space crews), ethical 

questions around enhancement arise: consent, long-term effects, fairness. 

¶ Regulatory clarity: Nano-bioactive systems straddle nutraceutical/therapeutic categories, 

complicating approval pathways. 
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5.4 Future Research Opportunities 

¶ Smart and responsive nanocarriers: ROS-responsive, hypoxia-triggered, temperature-

sensitive systems tailored for radiation/oxidative environments (Hu et al., 2024). 

¶ Multi-modal delivery: Combining bioactives, mitochondrial-targeted peptides, enzyme 

mimetics (e.g., nanoceria) within a single carrier. 

¶ Precision adaptation: Using omics and AI to customise nano-bioactive interventions to 

individual risk profiles (Zhao & Sun, 2022). 

¶ Field-deployable configurations: Compact, shelf-stable, cold-chain-free kits for extreme 

environments (space, remote terrestrial sites). 

¶ Longitudinal human resilience trials: Focusing on operational performance (e.g., high-

altitude, space analogs) rather than only clinical disease endpoints. 

Conclusion: 

Radiation and oxidative stress pose profound challenges to biological systems, especially in 

extreme environmental or operational contexts. While endogenous adaptive mechanisms exist, 

their limits in high-dose or prolonged exposures necessitate supplementary strategies. Natural 

bioactive compounds offer potent mitigation potential, but their effective delivery remains 

constrained by pharmacokinetic and targeting limitations. Nanocarrier systems provide a pivotal 

enabling technology — protecting bioactives, enabling targeted delivery, sustaining release and 

integrating stimulus-responsive release mechanisms tailored to ROS/radiation contexts. 

Translating this convergence of nano-bioactives and radiation/oxidative stress adaptation into 

real-world resilience solutions demands multidisciplinary efforts — in nanotechnology, radiation 

biology, physiology, regulatory science and logistics. Future directions must prioritise smart 

nano-systems, precision adaptation, field-deployability and ethically responsible enhancement of 

human resilience. 
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Abstract:  

The present study aimed to investigate the phytochemical profile, safety, and neuroprotective 

efficacy of Celastrus paniculatus seed ethanolic extract (CPe) against acrylamide (AA)-induced 

oxidative stress and neurotoxicity in rats. Phytochemical screening confirmed the presence of 

alkaloids, flavonoids, phenols, saponins, glycosides, and terpenoids, with alkaloids being the 

most abundant. Acute oral toxicity studies revealed no adverse effects up to 2000 mg/kg, 

indicating a wide safety margin and justifying the selection of 200 and 400 mg/kg doses for 

pharmacological evaluation. 

Behavioral assessments demonstrated that AA significantly impaired locomotor activity, 

spontaneous alternation (Y-maze), and recognition memory (NORT). Treatment with CPe 

significantly and dose-dependently improved locomotor activity, working memory, and 

recognition index, with the 400 mg/kg dose showing effects comparable to Galantamine. 

Biochemical analysis revealed that AA elevated lipid peroxidation (LPO) while reducing 

antioxidant markers (SOD, GSH) and acetylcholinesterase (AChE) activity, confirming oxidative 

stress-mediated neurotoxicity. CPe markedly restored these parameters, reducing LPO and 

enhancing SOD, GSH, and AChE activity in a dose-dependent manner. Histopathological studies 

further supported these findings, showing preserved neuronal morphology and reduced necrosis 

in CPe-treated groups, particularly at 400 mg/kg. 

Overall, the results suggest that Celastrus paniculatus seed extract confers significant 

neuroprotection against AA-induced oxidative stress and neurotoxicity through antioxidant 

enhancement, cholinergic modulation, and preservation of neuronal architecture. These findings 

provide scientific validation for its traditional use as a brain tonic and memory enhancer and 

highlight its therapeutic potential in managing oxidative stress-related neurodegenerative 

disorders. 
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1. Introduction: 

Neurodegenerative disorders represent a major global health burden, characterized by 

progressive loss of neuronal structure and function, often accompanied by cognitive decline, 

motor impairments, and behavioral disturbances. Environmental toxins are recognized as 

significant contributors to neuronal injury, with acrylamide (ACR) being a well-documented 

neurotoxicant. Acrylamide is a byproduct formed during high-temperature cooking of 

carbohydrate-rich foods, and it is also widely used in industrial applications. Chronic exposure to 

ACR has been associated with axonal degeneration, mitochondrial dysfunction, 

neuroinflammation, and impaired neurotransmission, which collectively accelerate 

neurodegenerative processes (1). Experimental evidence suggests that ACR induces oxidative 

stress, lipid peroxidation, and activation of inflammatory cascades, thereby serving as a reliable 

model for studying mechanisms underlying neurotoxicity (2). 

In recent years, natural products have gained attention for their therapeutic potential in 

combating neurodegeneration. Among these, Celastrus paniculatus Willd., commonly known as 

“Malkangani” or the “Intellect Tree,” has been extensively used in Ayurvedic and traditional 

medicine as a memory enhancer, anxiolytic, and neuroprotective agent. The seeds of C. 

paniculatus are rich in alkaloids, sesquiterpenes, triterpenoids, and fatty acids, compounds 

known to possess antioxidant, anti-inflammatory, and neurotropic activities (3). Preclinical 

studies have demonstrated that extracts of C. paniculatus improve learning, memory, and 

synaptic plasticity while reducing oxidative stress and acetylcholinesterase activity (4). These 

pharmacological properties position the plant as a promising candidate for mitigating ACR-

induced neurodegeneration. 

Despite the traditional claims and growing scientific evidence, the neuroprotective efficacy of C. 

paniculatus against acrylamide-induced toxicity remains underexplored. Rodent models provide 

a suitable platform to investigate the pharmacological effects of standardized plant extracts, as 

they allow the evaluation of behavioral, biochemical, and histopathological endpoints. 

Considering that ACR neurotoxicity mimics several hallmarks of human neurodegenerative 

disorders, assessing the protective role of C. paniculatus seed extract may offer valuable insights 

into its therapeutic potential and mechanistic targets. 

The present study aims to evaluate the neuroprotective efficacy of C. paniculatus seed extract in 

rodent models of acrylamide-induced neurodegeneration. Specifically, the investigation will 

focus on behavioral performance, oxidative stress markers, inflammatory mediators, and 
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neuronal integrity to delineate the pharmacological mechanisms underlying its action. Findings 

from this work may support the development of C. paniculatus as a natural neuroprotective agent 

with translational relevance for the management of toxin-induced and age-related 

neurodegenerative disorders. 

2. Materials and Methods 

2.1 Collection and Authentication of Plant Materials 

Seeds of Celastrus paniculatus were collected from local herbal markets in Chhattisgarh, India, 

during the post-harvest season (November–December). The plant was taxonomically 

authenticated by a botanist at the Department of Botany, Guru Ghasidas University, Bilaspur, 

Chhattisgarh, India. A voucher specimen reference number (CP/PHAR/2025/01) was deposited 

in the departmental herbarium for future reference (5 – 7). 

2.2 Extraction of Active Phyto-components 

The dried seeds of Celastrus paniculatus were coarsely powdered using a mechanical grinder 

and subjected to successive solvent extraction in a Soxhlet apparatus, employing ethanol as the 

primary solvent to ensure exhaustive recovery of phytoconstituents. The extraction process was 

continued until the siphoning cycle produced a clear solvent, confirming completion of the 

extraction. The obtained extracts were then concentrated under reduced pressure using a rotary 

evaporator maintained at 40–45 °C and stored in airtight containers at 4 °C until further analysis. 

Among the various fractions, the ethanolic extract was selected for pharmacological screening, 

as it is reported to contain a broad spectrum of bioactive compounds, including sesquiterpenes, 

alkaloids, flavonoids, and polyphenols, which are strongly associated with antioxidant and 

neuroprotective properties. This standardized extraction protocol ensured reproducibility, 

prevented degradation of thermo-labile phytochemicals, and facilitated the generation of reliable 

material for subsequent in vivo investigations (8 – 11). 

2.3 Phytochemical Screening of Active Phyto-compounds 

Preliminary phytochemical screening of the ethanolic extract was carried out using standard 

qualitative tests to identify major classes of secondary metabolites. Alkaloids were confirmed by 

Dragendorff’s test through the appearance of an orange-red precipitate, while flavonoids were 

detected using the Shinoda test, which produced a pink to red coloration upon reaction with 

magnesium and hydrochloric acid. Saponins were identified by the foam test, indicated by stable 

froth formation, whereas tannins were confirmed with ferric chloride reagent, yielding a dark 

blue-black or greenish-black color. Terpenoids were screened using Salkowski’s test, which 

showed a reddish-brown coloration at the interface upon addition of concentrated sulfuric acid. 

These assays provided preliminary evidence of the extract’s bioactive potential, supporting its 
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ethnomedicinal relevance (11, 12). 

2.4 Approval for Animal Experimentation and Acclimatization 

The study protocol was approved by the Institutional Animal Ethics Committee (IAEC) of the 

School of Pharmacy, Chouksey Engineering College, Bilaspur, Chhattisgarh (Approval No. 

SOP/IAEC/2024/452-10), in accordance with CPCSEA guidelines. Healthy adult Wistar rats 

(180–220 g) were procured from a registered supplier, housed in polypropylene cages under 

controlled conditions (22 ± 2 °C, 55–65% humidity, 12 h light/dark cycle), and acclimatized for 

7 days with free access to a standard pellet diet and water. 

2.5 Acute Oral Toxicity Study 

The acute oral toxicity of the ethanolic seed extract of Celastrus paniculatus was evaluated in 

healthy adult female Wistar rats according to OECD guideline 423 (Acute Toxic Class Method). 

Animals were fasted overnight with free access to water and orally administered the extract at 

doses of 300 mg/kg and 2000 mg/kg (n=3 per group). They were observed closely during the 

first 30 minutes, periodically over 24 hours, and daily for 14 days for behavioral, autonomic, and 

physical changes, along with body weight monitoring on days 0, 7, and 14. No mortality or 

major toxic manifestations were recorded, indicating a wide margin of safety; hence, doses 

below 2000 mg/kg were selected for subsequent pharmacological studies (13, 14). 

2.6 Behavioural Evaluation 

2.6.1 Actophotometer Test 

Locomotor activity was assessed using a digital actophotometer, which measures horizontal 

movement through infrared beams. Each rat was placed individually in the chamber, and the 

activity count was recorded for 5 minutes. Reduced locomotor activity is an indicator of 

neurotoxic damage, whereas improved activity in treatment groups reflects neuroprotective 

potential of the extract or standard drug (15). 

2.6.2 Y-Maze Test 

Spatial working memory was assessed using the Y-maze, consisting of three arms at 120° angles. 

Rats were allowed to explore freely for 8 minutes, and the sequence of arm entries was recorded. 

The percentage of spontaneous alternations was calculated using the formula: 

Spontaneous Alternation (%) = Number of Alternations/ Total Arm Entries – 2 ×100 

A higher alternation percentage reflects intact working memory, while a reduction indicates 

cognitive deficits (16). 

2.6.3 Novel Object Recognition Test (NORT) 

Recognition memory was evaluated using NORT, which relies on rodents’ natural tendency to 

explore novelty. During the familiarization phase, rats were exposed to two identical objects for 
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5 minutes. After 24 hours, one familiar object was replaced by a novel object, and the 

exploration time spent with each object was recorded. The discrimination index (DI) was 

calculated as: 

DI = Time on Novel Object - Time on Familiar Object/ Total Exploration Time 

A higher DI indicates better recognition memory, whereas reduced exploration of the novel 

object reflects neurocognitive impairment (17). 

2.7 Pathological Evaluation 

Blood samples were collected from the retro-orbital plexus under mild anaesthesia, and serum 

was separated for biochemical estimation of oxidative stress markers and cholinergic enzyme 

activity. The following parameters were assessed: 

2.7.1 Lipid Peroxidation (LPO) 

Malondialdehyde (MDA), a by-product of lipid peroxidation, was quantified as an index of 

oxidative damage. The thiobarbituric acid reactive substances (TBARS) method, described by 

Ohkawa et al., (1979) (18), was followed, where MDA reacts with thiobarbituric acid to form a 

colored complex measurable at 532 nm. 

2.7.2 Superoxide Dismutase (SOD) 

SOD activity, reflecting the ability to scavenge superoxide radicals, was estimated according to 

the method of Misra and Fridovich (1972) (19). The principle is based on the inhibition of 

epinephrine auto-oxidation by SOD, with absorbance measured at 480 nm. 

2.7.3 Reduced Glutathione (GSH) 

The non-enzymatic antioxidant GSH was measured by the method of Aebi (1984) (20), which 

involves the reaction of GSH with 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) to produce a 

yellow-colored product detectable at 412 nm. 

2.7.4 Acetylcholinesterase (AChE) 

AChE activity was determined using the method of Ellman (1959) (21), which measures the 

hydrolysis of acetylthiocholine iodide into thiocholine, reacting with DTNB to form a yellow 

chromogen at 412 nm. This parameter is particularly important in evaluating neurodegenerative 

conditions, as abnormal AChE activity is linked with impaired cholinergic transmission.). 

2.8 Histopathological Evaluation 

Brain regions including the hippocampus and cortex were excised, fixed in 10% neutral buffered 

formalin, dehydrated, cleared, and embedded in paraffin. Thin sections (5 µm) were cut using a 

rotary microtome, mounted on slides, and stained with hematoxylin and eosin (H&E) for 

microscopic examination at 400× magnification. Histological assessment focused on neuronal 

degeneration, necrosis, cytoplasmic vacuolation, nuclear pyknosis, and gliosis, particularly in 
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hippocampal (CA1, CA3) and cortical pyramidal neurons, to compare neurotoxic damage and 

neuroprotection across groups. The procedure followed standard histological methods described 

by Bancroft and Gamble (2008) (22). 

3. Result and Discussions: 

3.1. Extractive Value 

The ethanolic extractive value of Celastrus paniculatus seeds was determined to be 12.4% w/w, 

indicating the solvent’s high efficiency in extracting diverse phytoconstituents. Ethanol, due to 

its amphiphilic nature, effectively solubilizes alkaloids, flavonoids, saponins, fatty acids, and 

other bioactive secondary metabolites abundant in these seeds. This relatively high yield reflects 

the phytochemical richness of C. paniculatus, which underpins its documented neuroprotective, 

nootropic, and antioxidant activities. Comparable findings from other medicinal plants show 

ethanol’s superior ability to extract both polar and semi-polar compounds, thereby enhancing 

pharmacological potential. Thus, the 12.4% extractive value not only validates ethanol as an 

efficient extraction solvent but also supports the traditional therapeutic relevance of C. 

paniculatus. 

Table 1: Extractive Value of C. paniculatus Seeds (Ethanolic Extract) 

Solvent Extractive Value (% w/w) 

Ethanol 12.4 % 

 

   

Figure 1: Extraction of C. paniculatus Seeds 

3.2 Phytochemical Screening of Plant Extract 

Preliminary phytochemical screening of the ethanolic extract of Celastrus paniculatus seeds 

revealed the presence of several bioactive compounds, including abundant alkaloids, moderate 

flavonoids and phenols, saponins, glycosides, and terpenoids, with tannins detected in trace 

amounts. The high alkaloid content likely contributes to neuroprotective and cognitive-

enhancing effects through neurotransmitter modulation, while flavonoids and phenols support 

antioxidant and free radical scavenging activity, preventing oxidative neuronal damage. Saponins 

and terpenoids add anti-inflammatory and adaptogenic potential, and glycosides enhance 

therapeutic versatility, whereas trace tannins pose minimal interference with bioavailability. 
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Overall, this phytochemical profile substantiates the traditional use of C. paniculatus seeds for 

memory enhancement, cognition, and neuroprotection, consistent with previous pharmacognostic 

studies. 

Table 2: Phytochemical Constituents in C. paniculatus Seed Ethanolic Extract 

Phytochemical Test Ethanolic Extract 

Alkaloids +++ (abundant) 

Flavonoids ++ (moderate) 

Phenols ++ 

Saponins ++ 

Glycosides + 

Tannins ± (trace) 

Terpenoids ++ 

Where: (+ = present, ± = trace, - = absent) 

 

Figure 2: Phytochemical Screening of C. paniculatus Seed Ethanolic Extract 

3.3 Fractionation of Active Phyto-compounds: Alkaloid Fractionation 

Alkaloid fractionation of the ethanolic extract of Celastrus paniculatus seeds yielded 3.2 % w/w 

of an alkaloid-rich fraction. The presence of alkaloids in the fraction was confirmed by a positive 

response to Dragendorff’s reagent, producing characteristic orange-brown spots indicative of 

alkaloid compounds. 

The successful isolation of an alkaloid-rich fraction demonstrates the significant contribution of 

alkaloids to the phytopharmacological profile of C. paniculatus. The 3.2 % w/w yield reflects an 

appreciable concentration, consistent with earlier reports that seeds of this plant are rich in 

indole, quinazoline, and sesquiterpene alkaloids. 

Alkaloids are known to modulate cholinergic neurotransmission by inhibiting 

acetylcholinesterase activity, thereby increasing acetylcholine levels in synaptic clefts, which 

supports memory enhancement and neuroprotection. Additionally, their ability to scavenge free 

radicals and reduce lipid peroxidation plays a key role in mitigating oxidative neuronal damage, 

a hallmark of neurodegenerative disorders such as Alzheimer’s and Parkinson’s diseases. The 

fractionation results support the hypothesis that alkaloids are among the key neuroactive 
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constituents of C. paniculatus, validating its traditional use as a brain tonic and memory 

enhancer.  

Table 3: Yield of Alkaloid Fraction from Ethanolic Extract of C. paniculatus Seeds 

Fraction Type Yield (% w/w) 

Alkaloid Fraction  3.2 % 

 

 

Figure 3: Alkaloid Fraction from Ethanolic Extract of C. paniculatus Seeds 

3.4 Acute Oral Toxicity Study 

The ethanolic extract of Celastrus paniculatus seeds was safe up to a dose of 2000 mg/kg b.w., 

with no mortality, abnormal clinical signs, or major behavioral alterations observed during the 

14-day observation period. Based on OECD guideline 423, the extract was classified as Category 

5 (unclassified toxicity). Accordingly, doses of 200 mg/kg (1/10th) and 400 mg/kg (1/5th) were 

selected for subsequent neuroprotective studies. 

The absence of acute toxicity indicates a wide margin of safety for the ethanolic extract, 

supporting its traditional use as a brain tonic and neuroprotective agent. Similar safety findings 

have been reported for C. paniculatus seed oil and extracts, which demonstrated no significant 

adverse effects at high oral doses in rodents. The selection of sub-maximal doses (200 and 400 

mg/kg) ensures both safety and therapeutic efficacy, providing a rationale for their use in 

neurobehavioral and biochemical evaluations. These findings highlight the pharmacological 

potential of the extract for long-term use without acute toxicity concerns. 

 

Figure 4: Acute Oral Toxicity Study 
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Table 4: Acute Oral Toxicity Study 

Parameter Observation 

Test substance Ethanolic extract of Celastrus paniculatus seeds 

Maximum dose tested 2000 mg/kg b.w. 

Mortality None 

Clinical/ behavioural signs No abnormality observed 

Observation period 14 days 

OECD guideline 423 

Toxicity classification Category 5 (Unclassified toxicity) 

Safe dose margin Wide margin of safety 

Selected doses for study 200 mg/kg (1/10th), 400 mg/kg (1/5th) 

3.5 Neuroprotective Activity Evaluation 

3.5.1 Behavioural Analysis 

3.5.1.1 Actophotometer Test 

The effect of Celastrus paniculatus seed extract (CPe) on locomotor activity was evaluated using 

an actophotometer. Acrylamide (AA) treatment significantly reduced locomotor counts (106.1 ± 

4.3, p < 0.001) compared to normal controls (222.3 ± 5.4), indicating motor impairment. 

Galantamine (5 mg/kg) restored activity (198.4 ± 7.4, p < 0.001), validating the model. CPe 

produced a dose-dependent improvement, with 200 mg/kg (165.2 ± 6.0, p < 0.001) and 400 

mg/kg (188.9 ± 5.0, p < 0.001) significantly enhancing locomotor activity versus the toxic 

control. The higher dose approached the efficacy of Galantamine, suggesting neuroprotective 

and neuromodulatory potential, likely via antioxidant and cholinergic-enhancing mechanisms. 

These results support the traditional use of C. paniculatus as a brain tonic and its ability to 

ameliorate locomotor deficits induced by neurotoxic insults. 

 

 

Figure 5: Locomotor activity improvement by Actophotometer Test 
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Table 5: Effect of C. paniculatus Extract on Locomotor Activity (Counts/5 min) by 

Actophotometer Test 

Group Treatment R1 R2 R3 R4 R5 R6 Locomotor 

Activity 

(Mean ± SEM) 

I Normal Control 224.6 218.5 224.6 230.5 217.9 217.9 222.3 ± 5.4 

II AA (Toxic Control) 107.6 104.8 104.8 106.4 113.5 99.7 106.1 ± 4.3 a*** 

III AA + Galantamine  

(5 mg/kg) 

201.6 198.2 197.5 210.2 190.9 191.9 198.4 ± 7.4 b*** 

IV AA + CPe (200 mg/kg) 163.8 170.0 167.8 159.7 156.7 173.1 165.2 ± 6.0 b*** 

V AA + CPe (400 mg/kg) 188.9 195.0 190.6 192.2 180.8 185.9 188.9 ± 5.0 b*** 

Values = Mean ± SEM, n=6. Where a = when compared with Normal Control and b = when 

compared with AA (Toxic Control), R = Replicant Animal, *** = p < 0.001. 

3.5.1.2 Y-Maze Test (Spontaneous Alternation %) 

In the Y-Maze test, normal controls showed high spontaneous alternation (76.75 ± 5.14%), 

indicating intact working memory, while AA-treated rats exhibited a significant decline (40.58 ± 

5.05%, p < 0.001), reflecting hippocampal dysfunction. Galantamine (5 mg/kg) restored 

performance (71.17 ± 6.39%, p < 0.001), validating the model.  

Table 6: Dose-dependent improvement in alternation % by Y-Maze Test 

Group Treatment R1 R2 R3 R4 R5 R6 Locomotor 

Activity 

(Mean ± SEM) 

I Normal Control 86.3 75.6 77.1 75.0 75.7 70.8 76.75 ± 5.14 

II AA (Toxic Control) 37.9 44.6 32.4 45.2 44.3 39.1 40.58 ± 5.05 

a*** 

III AA + Galantamine  

(5 mg/kg) 

70.7 65.1 64.1 75.2 70.7 81.2 71.17 ± 6.39 

b*** 

IV AA + CPe (200 mg/kg) 74.1 62.4 60.1 68.6 47.8 51.1 60.68 ± 10.04 

b**** 

V AA + CPe (400 mg/kg) 66.0 68.6 67.5 67.6 70.7 67.1 67.92 ± 1.60 

b*** 

Values = Mean ± SEM, n=6. Where a = when compared with Normal Control and b = when 

compared with AA (Toxic Control), R = Replicant Animal, *** = p < 0.001 and **** = p < 

0.0001. 

Celastrus paniculatus seed extract (CPe) improved alternation in a dose-dependent manner, with 

200 mg/kg (60.68 ± 10.04%, p < 0.001) and 400 mg/kg (67.92 ± 1.60%, p < 0.001) significantly 
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reversing memory deficits, the higher dose approaching the efficacy of Galantamine. These 

results indicate that CPe exerts neuroprotective effects on spatial working memory, likely via 

cholinergic and antioxidant mechanisms. 

 

 

Figure 6: Dose-dependent improvement in alternation % by Y-Maze Test 

3.5.1.3 Novel Object Recognition Test (NORT) 

In the Novel Object Recognition Test (NORT), normal controls showed a high recognition index 

(68.83 ± 3.23), while AA-treated rats exhibited a significant decline (33.0 ± 2.16, p < 0.001), 

indicating impaired recognition memory. Galantamine (5 mg/kg) restored performance (65.5 ± 

3.16, p < 0.001), validating the model. Celastrus paniculatus seed extract (CPe) improved 

recognition in a dose-dependent manner, with 200 mg/kg (52.5 ± 2.9, p < 0.01) and 400 mg/kg 

(61.7 ± 2.49, p < 0.001) significantly reversing memory deficits, the higher dose approaching 

Galantamine’s efficacy. These results indicate that CPe exerts neuroprotective and memory-

enhancing effects, likely via antioxidant, anti-lipid peroxidation, and cholinergic-modulating 

mechanisms, supporting its traditional use as a cognitive restorative agent. 

Table 7: Effect on Recognition Index in NORT 

Group Treatment R1 R2 R3 R4 R5 R6 Locomotor 

Activity 

(Mean ± SEM) 

I Normal Control 64 70 73 66 69 71 68.83 ± 3.23 

II AA (Toxic Control) 30 35 32 36 33 32 33.0 ± 2.16 a*** 

III AA + Galantamine  

(5 mg/kg) 

61 66 63 70 68 65 65.5 ± 3.16 b*** 

IV AA + CPe (200 mg/kg) 48 50 55 53 56 53 52.5 ± 2.9 b** 

V AA + CPe (400 mg/kg) 58 63 60 65 62 62 61.7 ± 2.49 b*** 

Values = Mean ± SEM, n=6. Where a = when compared with Normal Control and b = when 

compared with AA (Toxic Control), R = Replicant Animal, ** = p < 0.01 and *** = p < 0.001. 
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Figure 7: Effect on Recognition Index in NORT 

3.5.2 Pathological Evaluation 

3.5.2.1 Lipid Peroxidation (LPO) 

Lipid peroxidation (LPO), measured as MDA, was significantly elevated in AA-treated rats (4.75 

± 0.08 nmol/mg protein, p < 0.001) versus normal controls (2.0 ± 0.07), indicating oxidative 

stress. Galantamine (5 mg/kg) reduced LPO to 2.42 ± 0.06, approaching normal levels. Celastrus 

paniculatus extract (CPe) dose-dependently decreased LPO, with 200 mg/kg at 3.25 ± 0.04 and 

400 mg/kg at 2.55 ± 0.05 (p < 0.001 vs. toxic control), the higher dose showing effects 

comparable to Galantamine. This reduction reflects the extract’s potent antioxidant activity, 

likely due to alkaloids, sesquiterpene polyalcohols, and fatty acids, supporting its traditional use 

as a brain tonic and its therapeutic potential against oxidative stress-mediated neurodegeneration. 

Table 8: Effect of C. paniculatus Seed Extract on LPO (nmol MDA/mg protein, n=6) 

Group Treatment R1 R2 R3 R4 R5 R6 Locomotor 

Activity 

(Mean ± SEM) 

I Normal Control 1.8 2.0 2.1 1.9 2.2 2.0 2.0 ± 0.07 

II AA (Toxic Control) 4.5 4.8 5.0 4.7 4.9 4.6 4.75 ± 0.08 a*** 

III AA + Galantamine (5 

mg/kg) 

2.2 2.5 2.3 2.6 2.4 2.5 2.42 ± 0.06 b*** 

IV AA + CPe (200 mg/kg) 3.1 3.3 3.2 3.4 3.2 3.3 3.25 ± 0.04 b*** 

V AA + CPe (400 mg/kg) 2.4 2.6 2.5 2.7 2.6 2.5 2.55 ± 0.05 b*** 

Values = Mean ± SEM, n=6. Where a = when compared with Normal Control and b = when 

compared with AA (Toxic Control), R = Replicant Animal, *** = p < 0.001.  
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Figure 8: Effect of C. paniculatus Seed Extract on LPO (nmol MDA/mg protein, n=6) 

3.5.2.2 Superoxide Dismutase (SOD) 

Superoxide dismutase (SOD) activity was significantly reduced in AA-treated rats (6.25 ± 0.07 

U/mg protein, p < 0.001) compared to normal controls (10.53 ± 0.08), indicating impaired 

antioxidant defense. Galantamine (5 mg/kg) restored SOD to 9.90 ± 0.05 (p < 0.001), near 

normal levels. Celastrus paniculatus extract (CPe) dose-dependently increased SOD activity, 

with 200 mg/kg at 8.15 ± 0.05 and 400 mg/kg at 9.32 ± 0.05 (p < 0.001 vs. toxic control). These 

findings suggest that CPe enhances endogenous antioxidant defense, reduces ROS-induced 

neuronal damage, and contributes to its neuroprotective and cognitive-enhancing effects, 

consistent with its traditional use as a brain tonic. 

Table 9: Effect on SOD (U/mg protein, n=6) 

Group Treatment R1 R2 R3 R4 R5 R6 Locomotor 

Activity 

(Mean ± SEM) 

I Normal Control 10.5 10.8 10.2 10.6 10.4 10.7 10.53 ± 0.08 

II AA (Toxic Control) 6.2 6.5 6.0 6.3 6.4 6.1 6.25 ± 0.07 a*** 

III AA + Galantamine (5 

mg/kg) 

9.8 10.0 9.9 10.1 9.7 9.9 9.90 ± 0.05 b*** 

IV AA + CPe (200 mg/kg) 8.0 8.2 8.1 8.3 8.1 8.2 8.15 ± 0.05 b*** 

V AA + CPe (400 mg/kg) 9.2 9.4 9.3 9.5 9.2 9.3 9.32 ± 0.05 b*** 

Values = Mean ± SEM, n=6. Where a = when compared with Normal Control and b = when 

compared with AA (Toxic Control), R = Replicant Animal, *** = p < 0.001.  
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Figure 9: Effect on SOD (U/mg protein, n=6) 

3.5.2.3 Reduced Glutathione (GSH) 

Glutathione (GSH) levels were significantly reduced in AA-treated rats (3.55 ± 0.04 µmol/mg 

protein, p < 0.001) versus normal controls (7.0 ± 0.05), indicating oxidative stress. Galantamine 

(5 mg/kg) restored GSH to 6.62 ± 0.05, near normal levels. Celastrus paniculatus extract (CPe) 

dose-dependently increased GSH, with 200 mg/kg at 4.95 ± 0.05 and 400 mg/kg at 6.15 ± 0.05 

(p < 0.001 vs. toxic control), the higher dose approaching normal values. These results suggest 

that CPe enhances intracellular antioxidant defense, protecting neurons from ROS-induced 

damage and supporting its neuroprotective potential. 

Table 10: Effect on GSH (µmol/mg protein, n=6) 

Group Treatment R1 R2 R3 R4 R5 R6 Locomotor 

Activity 

(Mean ± SEM) 

I Normal Control 6.8 7.0 7.2 6.9 7.1 6.9 7.0 ± 0.05 

II AA (Toxic Control) 3.5 3.7 3.6 3.4 3.5 3.6 3.55 ± 0.04 a*** 

III AA + Galantamine  

(5 mg/kg) 

6.5 6.7 6.6 6.8 6.5 6.6 6.62 ± 0.05 b*** 

IV AA + CPe (200 mg/kg) 4.8 5.0 4.9 5.1 5.0 4.9 4.95 ± 0.05 b*** 

 

V AA + CPe (400 mg/kg) 6.0 6.2 6.1 6.3 6.2 6.1 6.15 ± 0.05 b*** 

Values = Mean ± SEM, n=6. Where a = when compared with Normal Control and b = when 

compared with AA (Toxic Control), R = Replicant Animal, *** = p < 0.001. 
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Figure 10: Effect on GSH (µmol/mg protein, n=6) 

3.5.2.4 Acetylcholinesterase (AChE) 

Acetylcholinesterase (AChE) activity was significantly reduced in AA-treated rats (3.12 ± 0.05 

µmol/min/mg protein, p < 0.001) versus normal controls (5.33 ± 0.05), indicating impaired 

cholinergic neurotransmission. Galantamine (5 mg/kg) restored AChE to 5.12 ± 0.05, near 

normal levels. Celastrus paniculatus extract (CPe) dose-dependently improved AChE activity, 

with 200 mg/kg at 4.15 ± 0.05 and 400 mg/kg at 4.95 ± 0.05 (p < 0.001 vs. toxic control), the 

higher dose approaching normal values. These results suggest that CPe enhances cholinergic 

function, supporting synaptic efficiency, cognitive performance, and its traditional use as a 

memory-enhancing brain tonic. 

Table 11: Effect on AChE (µmol/min/mg protein, n=6) 

Group Treatment R1 R2 R3 R4 R5 R6 Locomotor 

Activity 

(Mean ± SEM) 

I Normal Control 5.2 5.4 5.3 5.5 5.2 5.4 5.33 ± 0.05 

II AA (Toxic Control) 3.0 3.2 3.1 3.3 3.0 3.1 3.12 ± 0.05 a*** 

III AA + Galantamine  

(5 mg/kg) 

5.0 5.2 5.1 5.3 5.0 5.1 5.12 ± 0.05 b*** 

IV AA + CPe (200 mg/kg) 4.0 4.2 4.1 4.3 4.1 4.2 4.15 ± 0.05 b*** 

V AA + CPe (400 mg/kg) 4.8 5.0 4.9 5.1 4.9 5.0 4.95 ± 0.05 b*** 

Values = Mean ± SEM, n=6. Where a = when compared with Normal Control and b = when 

compared with AA (Toxic Control), R = Replicant Animal, *** = p < 0.001.  
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Figure 11: Effect on AChE (µmol/min/mg protein, n=6) 

3.5.3 Histopathological Analysis 

Histopathological examination of the hippocampal and cortical brain regions revealed severe 

neuronal shrinkage, necrosis, vacuolation, and gliosis in the acrylamide (toxic control) group, 

confirming neurotoxic damage. In contrast, treatment with Celastrus paniculatus ethanolic 

extract provided dose-dependent neuroprotection. At 200 mg/kg, partial neuronal protection with 

reduced necrotic areas was observed, while at 400 mg/kg, the architecture was nearly restored to 

normal, showing intact neurons and preserved morphology. These findings support the potent 

neuroprotective efficacy of the extract against acrylamide-induced neuronal damage. 

Table 12: Histopathological Analysis of Brain Sections 

Group Histopathological Observations 

Normal Control Intact neurons, well-preserved hippocampal & cortical 

architecture 

Acrylamide (Toxic Control) Neuronal necrosis, shrinkage, vacuolation, gliosis 

Extract 200 mg/kg Partial neuronal protection, reduced necrosis, mild architectural 

improvement 

Extract 400 mg/kg Near-normal neuronal morphology, marked reduction in necrosis, 

preserved architecture 

 

Figure 12: Representative H&E-stained brain sections of Rat: a. Normal: intact neurons,  

b. Acrylamide: neuronal necrosis, vacuolation, c. Extract 200 mg/kg: partial neuronal 

protection & d. Extract 400 mg/kg: near-normal architecture 
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Conclusions: 

The present study demonstrated that the ethanolic seed extract of Celastrus paniculatus (CPe) 

exhibits significant neuroprotective, antioxidant, and cognitive-enhancing effects against 

acrylamide-induced neurotoxicity in rats. Phytochemical analysis showed a high extractive value 

(12.4%) with abundant alkaloids, flavonoids, phenols, saponins, glycosides, and terpenoids, 

while alkaloid fractionation (3.2% yield) confirmed bioactive constituents contributing to 

cholinergic and antioxidant actions. Acute oral toxicity studies established safety up to 2000 

mg/kg, permitting the use of 200 and 400 mg/kg doses. Behavioural tests (Actophotometer, Y-

Maze, and Novel Object Recognition) revealed dose-dependent improvements in locomotor 

activity, working memory, and recognition memory, with the higher dose comparable to 

Galantamine. Biochemical assays showed that CPe significantly reduced lipid peroxidation 

(LPO), restored antioxidant defenses (SOD, GSH), and normalized acetylcholinesterase (AChE) 

activity. Histopathology confirmed preserved hippocampal and cortical neurons, reducing 

necrosis, vacuolation, and gliosis. Overall, CPe’s neuroprotective effects involve antioxidant 

activity, inhibition of lipid peroxidation, enhancement of endogenous defenses, and cholinergic 

modulation, supporting its traditional use as a brain tonic and memory enhancer and highlighting 

its potential for managing neurodegenerative disorders linked to oxidative stress and cholinergic 

dysfunction. 
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Abstract: 

Biological nitrogen fixation (BNF) represents one of the most vital natural processes sustaining 

global agricultural productivity and ecosystem balance. It provides an eco-friendly alternative to 

industrial nitrogen fertilizers, which are energy-intensive and environmentally damaging. Recent 

advancements in biotechnology, systems biology, and synthetic biology have revolutionized the 

understanding and manipulation of nitrogen-fixing organisms and pathways. This review 

highlights current progress in engineering nitrogenase enzymes, optimizing regulatory gene 

networks, and transferring nitrogen fixation capacity to non-leguminous crops. Innovations such 

as CRISPR-Cas-mediated gene editing, synthetic promoter design, and metabolic flux 

optimization have enabled precise manipulation of key genes such as nifH, nifD, and nifK. 

Moreover, metagenomic and transcriptomic analyses have unveiled novel diazotrophic microbes 

and symbiotic mechanisms that improve nitrogen use efficiency in cereals like maize, wheat, and 

rice. Intercropping strategies integrating legumes with cereals have further enhanced soil 

nitrogen status, while biofertilizer formulations using Rhizobium, Azotobacter, and 

Bradyrhizobium have proven effective in sustainable crop management. Despite significant 

achievements, challenges remain in stabilizing nitrogenase activity under aerobic conditions, 

ensuring host compatibility, and scaling engineered systems in field environments. Future 

research must integrate synthetic biology, computational modeling, and multi-omics approaches 

to develop self-sustaining nitrogen-fixing crops. The successful realization of engineered 

biological nitrogen fixation could transform modern agriculture by reducing dependency on 

synthetic fertilizers, mitigating greenhouse gas emissions, and promoting soil health. This review 

synthesizes recent molecular, genetic, and ecological insights into nitrogen fixation engineering 

and outlines the pathways toward developing resilient, nitrogen-efficient agroecosystems for 

sustainable food security. 

1. Introduction: 

Nitrogen (N) is an essential macronutrient for plants and a central limiter of crop productivity 

worldwide. Industrial Haber–Bosch fertilizer production has supported modern agriculture’s 
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dramatic yield gains, but synthetic nitrogen (synthetic N) also generates major environmental 

externalities — greenhouse-gas emissions (CO₂ and N₂O), water eutrophication from runoff, and 

high economic costs for farmers (Sabina et al., 2025). Engineering biological nitrogen fixation 

(BNF) — enabling crops or associated microbiomes to derive a meaningful fraction of their N 

from atmospheric N₂ — is therefore a transformational goal for sustainable food systems (Guo et 

al., 2023). Achieving this goal would provide direct agronomic benefits (reduced synthetic N 

inputs, improved nitrogen-use efficiency), environmental benefits (reduced N runoff and N₂O 

emissions), and socioeconomic resilience for farmers, particularly in resource-limited settings. 

This review focuses on the engineering strategies, recent experimental advances, translational 

efforts, opportunities and constraints in contemporary BNF engineering. It examines three 

principal routes: (1) optimizing and engineering free-living/associative diazotrophs (microbial 

inoculants and designer strains); (2) engineering plant-associated symbioses or promoting novel 

plant–microbe partnerships; and (3) heterologous expression of nitrogenase (nif) systems in 

eukaryotic cells or plant organelles. I evaluate the molecular and ecological challenges, discuss 

metrics for assessing BNF contributions in the field, and summarize recent high-impact studies 

and commercial progress. 

2. Biological & Biochemical Background (Conceptual Constraints) 

Nitrogenase — the enzymatic complex that reduces atmospheric N₂ to bioavailable NH₃ — is 

oxygen-sensitive, ATP-intensive, and encoded by a suite of nif genes that coordinate metal 

cofactors (Fe, MoFe, FeS clusters) (Ribbe et al., 2014). Canonical molybdenum (Mo)-dependent 

nitrogenases require complex cofactor biosynthesis machinery and specialized regulation; many 

diazotrophs protect nitrogenase via spatial (heterocysts in cyanobacteria) or temporal separation, 

protective proteins, high respiratory rates, or microaerophilic niches. These intrinsic biochemical 

and regulatory requirements create major engineering constraints for transferring or stabilizing 

N-fixation activity in non-diazotrophs or in oxygen-rich root/rhizosphere environments (Burén et 

al., 2017; Bennett, 2023). 

Key engineering obstacles include: (a) delivering the large genetic payload (~10–40 kb) and 

ensuring correct expression and assembly of multi-subunit nitrogenase complexes (Liu et al. 

2025); (b) supplying reductant and ATP in host cells without compromising growth; (c) 

protecting nitrogenase from O₂ damage within plant tissues or during soil exposure (Becana, M., 

& Rodríguez‐Barrueco, C., 1989); and (d) integrating nitrogen output with plant N metabolism 

(uptake, transport, assimilation) (Xu et al., 2012). Addressing these challenges requires synthetic 

biology, directed evolution, precise expression control, and ecological-level solutions such as 

choosing or engineering appropriate microbial hosts and delivery formulations. 
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3. Engineering Strategies 

3.1 Optimizing and Engineering Associative/Free-Living Diazotrophs 

A near-term translational route is improving rhizosphere- or phyllosphere-associated bacteria 

that naturally fix N or can be engineered to do so. These approaches include selection, classical 

strain improvement, metabolic engineering to improve nitrogen fixation rates under field 

conditions, and heterologous expression of regulatory circuits that tune fixation to plant 

associations (Ke et al., 2021). 

Recent high-profile efforts have produced engineered or selected strains intended to colonize 

roots and deliver measurable N to crops. For example, Pivot Bio (and similar companies) have 

developed and commercialized root-colonizing bacterial products designed to fix and deliver 

nitrogen directly to maize, showing measurable N contributions (reports and peer-reviewed 

validation studies indicate dozens of pounds of N/acre in some trials). Field variability remains 

an issue, but translational progress is notable (Martinez-Feria et al., 2024; Pivot Bio reports 

2024–2025). 

Advantages: lower regulatory barrier (relative to transgenic plants), feasible near-term 

deployment, and compatibility with existing agronomic practices. Limitations: inconsistent 

performance across soils/regions, colonization dynamics, persistence, competition with native 

microbiota, and potential ecological effects. Engineering solutions focus on: strain chassis 

selection, improved rhizosphere colonization traits, tuning nitrogenase regulation to minimize 

energy waste, and formulation technologies (encapsulation, seed coatings) that increase survival 

and efficacy in the field. 

3.2 Engineering Plant–Microbe Symbioses 

This strategy aims to generate or enhance intimate symbioses between cereals and diazotrophs 

similar to legume–rhizobia nodulation. Two complementary approaches are under development: 

(1) rewiring plant signaling to enable infection and accommodation of N-fixing bacteria (Kundu 

et al., 2025); and (2) engineering diazotrophs to colonize, invade, or form stable associations 

with cereal root tissues (Pankievicz et al., 2021). 

Research has identified plant genetic modules (e.g., common symbiosis signaling pathway 

components) that control root–microbe interactions. Re-activating or modifying these pathways 

in cereals could permit more intimate associations with nitrogen-fixing bacteria (Rogers, 2014). 

However, stable intracellular accommodation (analogous to rhizobia bacteroids) would require 

fine-tuned immune suppression, nutrient exchange mechanisms, and oxygen 

microenvironments—posing substantial complexity. 
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3.3 Heterologous Nitrogenase Expression in Eukaryotic Hosts (Organelle or Cytosol 

Targeting) 

The most ambitious path is to transfer functional nitrogenase machinery directly into plants or 

their organelles (mitochondria or chloroplasts) to create N-self-fertilizing crops. Progress has 

been incremental but promising: synthetic biology has enabled assembly and expression of 

multi-gene nif clusters in yeast and bacterial chassis, and recent studies report partial expression 

of functional nitrogenase components when targeted to organelles under carefully controlled 

conditions (Xiang et al., 2020; Shang et al., 2024). Mitochondria are attractive targets because 

their respiratory environment can provide reductant and lower O₂ levels, but organelle genetic 

code differences, import mechanisms, and cofactor assembly remain challenging. 

Key approaches include: modularized nif gene constructs with minimized and codon-optimized 

sequences; co-expression of chaperones and cofactor biosynthetic genes; organelle-targeting 

peptides; and use of synthetic regulatory circuits to express nitrogenase transiently or in 

specialized cells to reduce oxygen exposure. 

4. Recent Experimental and Translational Advances (Selected Highlights) 

Several papers and translational reports over the last 3–5 years mark meaningful progress: 

¶ Comprehensive reviews summarizing the field (Guo et al., 2023) consolidate molecular, 

genetic, and ecological strategies and call for integrated research on both microbial and plant 

engineering routes. These reviews outline realistic short-, medium-, and long-term pathways 

to partial or full BNF contributions in cereals. 

¶ Reconstituting nif pathways and modular engineering: Synthetic biologists have 

reconstructed nif biosynthetic pathways in heterologous hosts to understand and optimize 

nitrogenase assembly and function. Bennett (2023) and others review directed evolution and 

pathway engineering approaches to improve oxygen tolerance and catalytic efficiency of 

nitrogenase variants. 

¶ Genetic remodeling of soil diazotrophs: Martinez-Feria et al. (2024) demonstrated that 

genetically remodeled soil diazotrophs can partially replace synthetic N in maize under 

certain field conditions — a notable proof-of-concept for engineered associative diazotroph 

solutions. These data provide a translational bridge from lab to field.  

¶ Commercial & translational deployments: Pivot Bio and other startups have scaled 

microbial N-solutions to commercial trials, reporting measurable N delivery and yield parity 

in some contexts. These companies claim significant in-season N delivery and farmer 

adoption in maize systems; independent validation and diverse agroecological testing remain 

active areas for peer-reviewed evaluation (Pivot Bio, 2024–2025; press and academic 

coverage document both successes and variability).  
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¶ Proof-of-principle organelle targeting: Recent laboratory reports show partial 

functionality of nitrogenase assemblies expressed in eukaryotic organelles (mitochondria), 

moving the field from conceptual to mechanistic testing (Shang et al., 2024; Xiang et al., 

2020). These results demonstrate the feasibility of expression and cofactor assembly under 

controlled conditions, but full in planta N₂ fixation at agronomically meaningful rates 

remains to be shown.  

5. Expanded Literature Table — Selected Studies, Approaches and Outcomes 

Engineering 

approach 

Key result Notes References 

Synthesis of field 

& lab strategies 

Comprehensive roadmap for BNF 

engineering in cereals 

Emphasizes multi-pronged 

approach (microbes + plant 

engineering). 

Guo et al., 

2023 

Engineering 

nitrogenases 

Outlines pathway engineering and 

directed evolution strategies for 

nitrogenase improvement 

Focus on catalytic/enzyme 

engineering. 

Bennett, 

2023 

Genetically 

remodeled soil 

diazotrophs 

Demonstrated partial replacement 

of synthetic N in maize under field 

conditions 

Important field-level 

evidence of engineered 

diazotroph efficacy. 

Martinez-

Feria et al., 

2024 

Engineered, root-

colonizing 

bacteria 

Peer-reviewed study reports up to 

~35 lb N/acre delivered from 

atmosphere and improved early N 

uptake 

Industrial-scale validation 

with isotope tracing 

reported. 

Pivot Bio 

(peer-

reviewed 

2025 

validation) 

Heterologous nif 

expression; 

organelle 

targeting 

Partial assembly and activity of 

nitrogenase components in 

eukaryotic contexts 

Proof-of-concept for 

organelle-based approaches; 

remaining hurdles: O₂, 

cofactor biosynthesis. 

Xiang et 

al., 2020 / 

Shang et 

al., 2024 

Plant symbiosis 

engineering 

Outlined genetic targets to enable 

symbiosis-like interactions in 

cereals 

Early conceptual framing 

for reprogramming plant 

signaling. 

Rogers, 

2014 

State of 

nitrogenase 

engineering 

Roadmap for transfer of 

nitrogenase into plants 

Discusses biochemical 

constraints and engineering 

tools. 

Burén et 

al., 2017 
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6. Methods to Measure and Validate BNF Contributions 

Accurate quantification of biologically fixed N in plant systems is critical and methodologically 

challenging. Common approaches include: 

¶ Isotopic labeling (¹⁵N natural abundance and ¹⁵N₂ incorporation): ¹⁵N isotope dilution 

and ¹⁵N₂ incorporation experiments provide direct evidence of atmospheric N incorporation 

into plant tissue. Recent Pivot Bio work reported isotopic evidence of atmospheric-derived 

N uptake in treated maize. Isotopic approaches are the gold standard for causal inference. 

¶ Nitrogen mass-balance and yield-based inferences: Field trials comparing N inputs, 

yields, and tissue N content can suggest contributions from BNF but risk confounding by 

soil mineralization or residual fertilizer pools. 

¶ Molecular and biochemical assays: Measurement of nif gene expression (transcripts), 

nitrogenase activity assays (acetylene reduction assay—ARA), and proteomics can validate 

active diazotrophic metabolism, although ARA has limitations for quantitative field-scale 

estimation (Yu et al., 2024). 

¶ Long-term and multi-site trials: Given spatial variability in microbial performance, multi-

year, multi-site testing is required to establish consistent agronomic benefits and to estimate 

reductions in synthetic N inputs under diverse agroecologies (Woodward et al., 2025). 

Thorough assessment combines isotopic measurements with agronomic outcomes and 

microbial/soil analyses. 

7. Risks, Ecological Considerations, and Socioeconomics 

Engineering BNF at scale requires careful evaluation of ecological risks and socioeconomic 

trade-offs: 

¶ Ecological risks: Introducing engineered diazotrophs raises concerns about horizontal gene 

transfer, changes to native soil microbiomes, unintended N enrichment of non-target 

ecosystems, and effects on biodiversity. Field releases should therefore be accompanied by 

monitoring plans and containment/risk-management frameworks. 

¶ Performance variability: Many microbial inoculants have historically shown inconsistent 

results across soil types, climates, and cropping systems. Formulation, storage, and 

colonization are key technical determinants, and genetic modifications must focus on traits 

that ensure consistent root association and competitive fitness without harmful ecological 

displacement. 

¶ Regulatory and IP landscape: Regulatory pathways differ for engineered microbes, edited 

plants, and transgenic organisms across jurisdictions, affecting commercialization and 

international trade. Intellectual-property concentration in microbial products can limit access 
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for smallholders — public-sector breeding and open-source microbial platforms may help 

ameliorate access issues. Recent industry partnerships (e.g., Bayer and Ginkgo) reflect 

investor confidence but also raise governance questions about proprietary platforms. 

¶ Socioeconomic impacts: For smallholder farmers, cost, availability, and reliable 

performance will determine adoption. Policies that subsidize transition or fund public 

demonstrations can accelerate uptake if benefits are robust. 

8. Technical and Scientific Challenges — Prioritized List 

1. Oxygen sensitivity: Designing strategies to shield nitrogenase from O₂ (organelle targeting, 

microaerophilic micro-niches, temporal expression) is a top priority. Mitochondrial targeting 

is promising but requires correct cofactor assembly under organelle conditions. 

2. Energy and reductant supply: Nitrogenase requires substantial ATP and reducing 

equivalents; balancing that demand with host growth and yield is crucial. Engineering 

metabolic sinks or localized ATP provisioning may help. 

3. Large genetic payloads & regulation: The nif gene clusters are large and require 

coordinated expression; minimized or modular constructs and synthetic regulatory circuits 

are being developed to handle this complexity. 

4. Ecological stability & competitiveness: Engineered microbes must persist at effective 

densities in the rhizosphere despite competition; formulation and strain improvements aim to 

enhance persistence while minimizing ecological displacement. 

5. Field-level validation: Multi-site, multi-year, independent trials with isotopic confirmation 

are needed to quantify realistic N contributions and evaluate trade-offs across agroecologies 

(Martinez-Feria et al., 2024; Woodward et al., 2025). 

9. Opportunities & Future Directions 

¶ Hybrid approaches: Combine improved diazotrophs with modest plant engineering (e.g., 

altered root exudates or receptors) to increase colonization and N transfer efficiency. Such 

hybrid strategies lower risk compared with full nif transfer while leveraging both microbial 

and plant biology. 

¶ Directed evolution of oxygen-tolerant nitrogenases: Enzyme engineering could produce 

nitrogenase variants with reduced O₂ sensitivity or alternative cofactors, easing organelle-

expression constraints. 

¶ Formulation and delivery science: Advances in microencapsulation, seed coatings, and 

controlled-release technologies will increase survival and field efficacy of microbial 

products. 
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¶ Systems-level assessment: Integrating LCAs, socioeconomic cost–benefit analysis, and 

landscape-level nutrient cycling models will quantify real-world sustainability impacts and 

guide policy. 

¶ Open science platforms: Publicly accessible strain libraries, standardized field-trial 

protocols, and data-sharing platforms will accelerate reproducibility and equitable access. 

Conclusions: 

Engineering biological nitrogen fixation embodies one of the most consequential opportunities in 

agricultural biotechnology for sustainable intensification. The field has progressed from 

conceptual reviews and molecular proofs-of-concept to translational products and field 

demonstrations showing measurable N contributions in certain contexts. However, large 

scientific and translational hurdles remain — notably oxygen sensitivity, energy demands, 

genetic complexity, ecological stability, and variable field performance. A pragmatic path to 

impact likely combines near-term engineered associative diazotrophs (with strong field 

validation and monitoring) and medium- to long-term plant- or organelle-based engineering 

approaches. Realizing BNF’s potential will require integrated efforts spanning synthetic biology, 

microbial ecology, agronomy, regulatory science, and inclusive governance. 
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