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Biochar Effectiveness in Soil Fertility Enhancement and Crop

Production Improvement: A review

ABSTRACT

Biochar, a carbon-rich solid produced through biomass pyrolysis under
oxygen-limited conditions, has emerged as a sustainable amendment for improving
soil fertility, enhancing nutrient efficiency, and mitigating climate change. This
review synthesizes recent advances (2015-2024) on biochar’s role in improving
soil physicochemical and biological properties and its effects on crop productivity
across diverse agro-ecological systems. The findings highlight biochar’s potential
to increase cation exchange capacity, water retention, and microbial activity while
reducing greenhouse gas emissions and heavy metal bioavailability. However,
variability in feedstock, pyrolysis temperature, and soil conditions leads to
inconsistent outcomes. Integration of biochar with compost, fertilizers, or microbial
inoculants shows synergistic effects on yield and soil health. Future research should
focus on biochar standardization, long-term field trials, and techno-economic
feasibility for climate-resilient agriculture.

KEYWORDS: Biochar, soil fertility, carbon sequestration, crop production
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1. INTRODUCTION

Soil, as a fundamental resource for agricultural
production systems, serves as the primary
medium for crop growth and sustains the
productivity of plants and animals while
maintaining or enhancing water and air quality to
support human health and habitation within
natural and managed ecosystem boundaries.
However, soil quality faces serious threats from
anthropogenic contamination, particularly heavy
metals, which pose ecological risks to biota and
humans. Soil remediation is essential to reduce
contamination and mitigate downstream damage,
with traditional methods often proving expensive
and potentially creating new problems such as
fertility loss and soil erosion. Seeking new
alternatives,  soil  stabilization/solidification
emerges as a promising technique that offers a
potentially less environmentally disruptive and
cost-effective approach for future remediation
efforts.

Agricultural waste, a long-studied issue,
continues to grow with agricultural production,
impacting the environment and human health.
Despite agriculture contributing significantly to
global greenhouse emissions, its solid waste
remains a pressing environmental concern.
Various uses for agricultural waste exist,
including fertilization, adsorption for heavy metal
remediation, biochar production, animal feed, and
energy sources. The reduction or conversion of
agricultural solid waste, such as into biochar, is
crucial for environmental health promotion.

Biochar, a carbon-rich by-product of
biomass thermochemical conversion, has gained
attention for its diverse applications in
agriculture, climate, energy, and environment. Its
adsorption capabilities stem from surface
chemistry, specific area, and pore structure. With
properties like surface functional groups and high
cation exchange capacity, biochar finds use in soil

amendment and  sustainable  agriculture,
contributing to carbon sequestration efforts.

Biochar has emerged as a promising tool
for remediating polluted soil and water
environments. Several studies have highlighted
the effectiveness of biochar in adsorbing heavy
metals and organic pollutants from contaminated
soil (Cheng et al., 2020; Kong et al., 2013; Fan et
al., 2020). Biochar's sorption capacity for organic
pollutants is significantly higher than that of soil
organic matter, making it a predominant sorptive
agent (Kong et al., 2013). Additionally, biochar
has been shown to reduce the bioavailability of
organic pollutants in soil and water by adsorbing
carbonaceous components (Wang et al., 2019).
Furthermore, biochar has been found to enhance
the remediation of heavy metal-polluted soils,
such as cadmium and lead, when modified with
thiol compounds (Fan et al., 2020).

In agricultural settings, biochar has
demonstrated the ability to improve plant growth
and reduce the uptake of heavy metals like
cadmium, making it a valuable soil amendment
for green agriculture production (Tian et al.,
2017). Studies have also indicated that biochar
can be used to stabilize both organic and inorganic
pollutants in soil, with its effectiveness influenced
by factors such as the nature of pollutants, biochar
preparation methods, and soil complexity (Kong
et al., 2013). Moreover, biochar's wide
application in soil remediation is attributed to its
pollutant removal capabilities, remediation of
contaminated soil, and reduction of greenhouse
gas emissions (Yang et al., 2019).

Overall, biochar, due to its low cost,
environmentally friendly nature, and diverse
active sites, has been increasingly recognized as a
versatile material for environmental remediation
(Gasim et al., 2022). Its physical structure,
characterized by high surface area and porosity,
can enhance soil aeration, provide shelter for soil
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microorganisms, and improve soil quality by
providing minerals and water (Su et al., 2022).
Biochar has also been explored for its potential in
removing contaminants from water, further
expanding its applications in environmental
remediation (Qiu et al., 2022).

As greenhouse gas emissions pose
environmental  challenges, biochar  offers
potential solutions by mitigating climate change,
serving as a remediation tool, and supporting
bioenergy production. Its impact on soil
properties,  greenhouse  emissions, and
achievement of Sustainable Development Goals
underscores its importance. Further research into
biochar production and application is essential for
addressing global challenges and promoting
sustainability.

1.1 Conversion of agricultural waste into
biochar:

Agricultural solid waste can be converted
into biochar through various methods such as
hydrothermal carbonization, gasification, and
pyrolysis, with pyrolysis being the most common.
Pyrolysis involves the thermal decomposition of
organic substances at high temperatures under
oxygen-absent conditions, producing biochar
along with volatile liquids. Slow pyrolysis,
conducted at temperatures below 450°C, yields
mainly char and takes several hours to complete.
Different feedstocks can influence biochar quality
and environmental safety, with some potential
sources of pollutants needing  careful
consideration to avoid secondary pollution.

1.2 Biochar elemental composition:

The elemental composition of biochar,
including carbon, hydrogen, oxygen, nitrogen,
sulphur,  phosphorus, potassium, calcium,
magnesium, sodium, and silicon, determines its
characteristics and  applications.  Carbon
dominates biochar composition, followed by

hydrogen and oxygen. The mineral component of
biochar, including  magnesium, calcium,
potassium, and phosphorus, can directly provide
mineral nutrients and contribute to heavy metal
removal through the formation of metal
precipitates. Sulphur-containing biochar are
efficient in complex surface formation and heavy
metal removal from contaminated water. The
porosity and surface area of biochar, influenced
by feedstock and pyrolysis conditions, are crucial
for pollutant adsorption and water-holding
capacity in soil and solution systems. The removal
of intrinsic minerals from biomass before
pyrolysis can affect biochar properties and
production efficiency. Optimizing the type and
amount of minerals in biomass is essential for the
intended environmental application of biochar.

1.4 Mechanisms of biochar in remediation:

a. Adsorption: Biochar's high surface
area and porosity facilitate the
adsorption of pollutants.

b. lon exchange: Exchangeable
functional groups on biochar's surface
interact with ions in the soil or water,
reducing pollutant concentrations.

c. Chemical reactions: Biochar can alter
soil and water chemistry, leading to the
immobilization or degradation of
pollutants ( Montgomery et al., 2020).

d. Microbial activity: Biochar can
enhance microbial activity, promoting
the degradation of organic pollutants.

1. Role of biochar in environmental safety and
sustainable agriculture

e Soil Health: Biochar improves soil
properties, fertility, water retention,
and pH balance, leading to increased
microbial  activity and nutrient
availability.
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Crop Productivity: It promotes plant
health and productivity through
microbial stimulation, water retention,
and nutrient availability, contributing
to sustainable agriculture ( Ramzan et
al., 2024).

Carbon  Sequestration:  Biochar
sequesters carbon in soil, mitigating
greenhouse gas emissions and climate
change while improving soil fertility.

2. Biochar in plant disease management

Alternative to Chemicals: Biochar
offers an eco-friendly alternative to
chemical pesticides, promoting soil
health and reducing environmental
harm.

3. Mitigating climate change with biochar

CO2 sequestration: Biochar
contributes to carbon sequestration,
storing stable carbon forms for
hundreds of years (Woolf et al., 2010).

Plant

Promote growth
Improve yield

Soil

Contaminated by HMs

Figure 3. Advantages and disadvantages of biochar in the remediation of soil HM
contamination. (Jien & Wang, 2013)
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It also reduces greenhouse gas
emissions by decreasing N2O and CHa
fluxes from agricultural soils (Cayuela
etal., 2014).

Greenhouse gas reduction: It
decreases emissions of methane and
nitrous oxide, contributing to overall
greenhouse gas reduction.

Long-term carbon storage: Biochar's
stable carbon structure allows for long-
term carbon storage in soil, aiding in
climate change mitigation efforts.

4. Environmental safety concerns

such as rice, wheat, vegetable, etc.

Reduce HMs uptake and accumulation

The efficiency
of pesticides

Production process: Emissions during
biochar production and potential
ethylene release in soil raise
environmental concerns.

Degradation and  contaminant
release: Biochar degradation in warm
climates and release of contaminants
may affect soil health and efficacy.
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Agricultural waste-derived biochar holds promise
for ensuring environmental safety and
sustainability. The impact of minerals on biochar
attributes is significant, necessitating
optimization of mineral content and quantity in
biomass for specific environmental applications.
Biochar has demonstrated significant
advancements in reducing greenhouse gas
emissions, minimizing soil nutrient leaching,
sequestering  atmospheric  carbon in solil,
enhancing  agricultural  productivity, and
decreasing the bioavailability of environmental
contaminants. Widely recognized for its
remediation capabilities, biochar plays a crucial
role in climate change mitigation and bioenergy
production while improving plant health and crop
productivity upon incorporation into the soil.

Contrary to popular belief, biochar
products are not structurally homogeneous
materials but encompass a diverse array of
heterogeneous elements and chemical structures.
This misconception often stems from the variation
in parent biomass and pyrolysis conditions,
resulting in a spectrum of particle sizes, electrical
conductivities, and surface areas among different
biochar products. Biochar products offer
environmental benefits by establishing a
connection between charred biomass and soil,
thereby  contributing to  environmental
management and  technology, including
applications in land administration. Perceived
advantages include increased soil fertility and
crop yield. The paper evaluates the suitability of
biochar products for environmental management
and technology, assessing their impacts on soil
and soil biota alongside various production
techniques and associated manufacturing costs at
different scales.

Soil, as a fundamental resource for
agricultural production systems, serves as the
primary medium for crop growth and sustains the

productivity of plants and animals while
maintaining or enhancing water and air quality to
support human health and habitation within
natural and managed ecosystem boundaries.
However, soil quality faces serious threats from
anthropogenic contamination, particularly heavy
metals, which pose ecological risks to biota and
humans. Soil remediation is essential to reduce
contamination and mitigate downstream damage,
with traditional methods often proving expensive
and potentially creating new problems such as
fertility loss and soil erosion. Seeking new
alternatives,  soil  stabilization/solidification
emerges as a promising technique that offers a
potentially less environmentally disruptive and
cost-effective approach for future remediation
efforts.

FUTURE SUGGESTIONS:

The possible hazard of biochar

While biochar has significant benefits for
cleaning up soil pollutants, enhancing soil quality,
raising agricultural vyields, and lowering
greenhouse gas emissions, these studies are all the
effects of biochar on soil for short term, but it is
effect in long terms are largely unknown.
Therefore, more attention should be made to the
long-term impacts and risk assessment of biochar
on soil to maximise its utilisation and minimise
any potential dangers.

Research has indicated that while using
biochar enhanced crop output and soil quality, it
also doubled the growth of weeds and decreased
the effectiveness of herbicides. Since herbicide
efficacy must be reduced, more herbicides must
be used, which could raise the residue content of
herbicide in the soil and result in more severe
pollution. Furthermore, biochar which s
primarily made from agricultural waste may
naturally include heavy metals and, if it finds its
way into the soil, may unleash other pollutants.

Biochar would degrade physically,
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chemically, and biologically because of
weathering and age. Ultimately, it would create
colloids, nanoparticles, and smaller pieces that
change the soil's microbial population. Further
research is still required to fully understand the
relationship between these biochar constituents
and soil, as well as the internal mechanisms
underlying  microbial  transformation  and
geochemical circulation.

CONCLUSION:
This article aims to provide a thorough
understanding of the role of biochar in
remediating  polluted soil and  water
environments, emphasizing its effectiveness,
challenges, and prospects for future application
and research. By harnessing the unique properties
of biochar, we can move towards more
sustainable and  environmentally  friendly
solutions for combating soil and water pollution.
Biochar has gained attention not only for
its ability to remediate polluted environments but
also for its capacity to enhance soil fertility.
Here's how biochar achieves this:
1. Improved soil structure: Biochar is porous
and has a large surface area, which helps in
improving soil structure (Lehmann et al., 2021). It
creates pore spaces in the soil, allowing better
aeration and water retention. This enhances root
growth and facilitates the movement of nutrients
to plant roots (Ali et al., 2025).
2. Increased water retention: The porous
structure of biochar enables it to hold water like a
sponge. This improves water retention in the soil,
especially in sandy or degraded soils prone to
drought. Plants have better access to water,
reducing water stress and improving overall plant
health.
3. Nutrient Retention and Availability: Biochar
has a high cation exchange capacity (CEC),
meaning it can attract, retain, and exchange
positively charged ions like calcium, magnesium,

and potassium. This prevents leaching of nutrients
from the soil, making them more available to
plants over time. Additionally, biochar can absorb
and store nutrients, releasing them gradually as
needed by plants.

4. Microbial activity enhancement: Biochar
provides a habitat for beneficial soil
microorganisms. Its porous structure and high
surface area offer refuge and nutrients for
microbes, promoting their growth and activity.
Healthy soil microbiota contributes to nutrient
cycling, organic matter decomposition, and
disease suppression, ultimately enhancing soil
fertility.

5. Carbon sequestration: Biochar is a stable
form of carbon that can persist in the soil for
hundreds to thousands of years. By incorporating
biochar into soil, carbon is sequestered from the
atmosphere, contributing to climate change
mitigation. Additionally, the presence of biochar
in soil can stimulate the formation of stable soil
organic carbon, further enhancing soil fertility
and resilience (Kirova N, 2025).

6. pH regulation: Depending on its source
material and production conditions, biochar can
have varying effects on soil pH. Generally,
biochar tends to be neutral to slightly alkaline,
which can help to buffer acidic soils. This pH
regulation can create more favourable conditions
for nutrient uptake by plants and improve overall
soil fertility.

In summary, biochar enhances soil
fertility through improved soil structure,
increased water retention, nutrient retention and
availability, stimulation of microbial activity,
carbon sequestration, and pH regulation. These
combined effects contribute to healthier and more
productive  soils,  supporting  sustainable
agriculture and ecosystem health.
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Next-Generation Flavonoids: Natural Bio-regulators for Plant

Defense, Growth and Environmental Resilience

Abstract

Flavonoids are among the most diverse and physiologically significant
groups of plant secondary metabolites. These polyphenolic compounds arise from
the phenylpropanoid pathway and have various functions in plant physiology that
extend well beyond pigmentation. Flavonoids represent central links between
growth, defence and adaptation to environmental challenges by resulting from the
integration of metabolic, hormonal and signalling pathways. Flavonoids also,
represent some of the most effective antioxidants and UV links that help protect
plant tissues against oxidative and photochemical damage. The complexity of
flavonoids signalling is demonstrated in their role as auxin transporters, signalling
upon abiotic and biotic stress, and in rhizosphere communication. This article
provides current synthesis of knowledge about molecular and physiological roles
of flavonoids and contributions of flavonoids biotic defence (pathogens and
herbivores) and abiotic resilience (drought, salinity, and thermal stress).

1. Introduction

Plants, as organisms that lack physical movement, are always interacting
with their environment, which is often compounded by multiple abiotic and biotic
stressors.
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Figure 1. The phenylpropanoid pathway leading to flavonoid biosynthesis in

plants
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(Abbreviations- PAL: Phenylalanine Ammonia-Lyase,
C4H: Cinnamate  4-Hydroxylase, CL: 4-
Coumarate:CoA Ligase, CHS: Chalcone Synthase,
CHI: Chalcone Isomerase, F3H: Flavanone 3-
Hydroxylase, FLS: Flavonol Synthase, DFR:
Dihydroflavonol 4-Reductase, ANS: Anthocyanidin
Synthase)

Plants  consistently face increased
ultraviolet (UV) radiation, changing temperature,
extreme drought, salinity, nutrient deficiency, as
well as infection by pathogens, which consistently
threatens plant survival and yield. Plants have
evolved to these stresses by developing complex
biochemical and molecular systems for
perception, signalling, and response. Secondary
metabolites, especially flavonoids, play important
roles in physiological stability and adaptive
performance (Falcone Ferreyra et al., 2012;
Treutter, 2005). More than 9000 unique structures
of flavonoids exist in the plant kingdom. While
these flavonoids are generally classified into
subgroups like flavones, flavonols, flavanones,
flavanols, isoflavones, and anthocyanins (Panche
et al, 2016), these compounds include many
different  biological functions. Flavonoids
typically accumulate in the epidermal cells,
trichomes, vacuoles or root exudates of plants and
function in several biological functions ranging
from antioxidant stabilization, UV protection,
hormonal regulation to regulating plant-microbe
interactions (Agati et al.,, 2012; Weston &
Mathesius, 2013). A comprehensive
understanding of the molecular and ecological
dynamics of flavonoid function, therefore,
provides a basis to rethink crop management
approaches based on climate unpredictability.
This article elucidates the biochemical multi-
functionality of flavonoids, investigates their
interrelated roles as multifunctional regulators of
defense, growth, and response to the environment,
which allow for the sustainable and resilient
agricultural sought in today's constantly changing
climate.

2. Multifunctional Roles of Flavonoids in Plant

Physiology
Flavonoids have a multitude of
physiological functions including acting as

antioxidants and antimicrobial agents, regulating
processes of growth driven by hormones,
promoting tolerance to drought, salinity, and
temperature stress, and facilitating plant-microbe
interactions in the rhizosphere. All of these
functions work together to make them important
metabolic regulators which connect plant growth
to environmental adaptation.

3. Flavonoids as Modulators
Perception

Sunlight is both a provider of energy, and
potential form of oxidative damage. Flavonoids
act as photo-protective agents in plants, absorbing
UV-B radiation while allowing just the same
visible light needed for photosynthesis to pass
through (Agati et al., 2012). This combination
keeps plants from sustaining injurious photo-
oxidation and controlling the expression of UV
responsive genes. Flavonoids act as biochemical
filters, regulating redox homeostasis and control
signalling by photoreceptors so plants remain
photosynthetically  efficient under normal
conditions, while facing intense light quantities.

4. The Role of Flavonoids in Plant Immunity

Although plants do not have the ability to
form mobile immune cells, they develop complex
defenses based off chemical signalling.
Flavonoids also help facilitate induced systemic
resistance (ISR), and systemic acquired resistance
(SAR); for example, they notify plants to activate
enzymes such as peroxidase or phenylalanine
ammonia-lyase (Treutter, 2005). Flavonoids also
accumulate rapidly at sites of infection as
phytoalexins, which inhibit both bacterial and
fungal growth.

5. Root Exudation
Communication

of Light

and  Rhizospheric
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Flavonoids  play  important  roles
coordinators  of  root-microbe  signalling,
especially in legume-rhizobial symbiosis, where
they induce the expression of bacterial nod genes
and ultimately promote the establishment of
nitrogen-fixing nodules (Weston & Mathesius,
2013). Flavonoids assist plants in the
establishment of mycorrhizal colonization that
can improve nutrient acquisition and facilitate
positive plant-soil feedbacks. This dimension of
plant-microbe interaction, usually below-ground,
is a type of biochemical net-working, where the
flavonoids can act as signalling currencies,
potentially promoting soil biodiversity and plant
resilience.

6. Adaptation to Abiotic Stress

Under environmental stress (e.g., drought,
salinity, and temp), flavonoids function as
molecular antioxidants that scavenge reactive
oxygen species (ROS), stabilize membranes, and
protect  other  cellular ~ macromolecules
(Nakabayashi et al., 2014). They play roles in
regulating stomatal conductance and osmolytes
accumulation, which help plants save water and
facilitate photosynthesis. Once again, within the
context of their ability to modulate redox,
flavonoids are thought to provide a way for plants
to buffer against changing and variable abiotic
and biotic conditions.

7. Pigmentation and Ecological Function

Anthocyanin, a more evolved class of
flavonoids, contribute towards the reds, purples,
and blues of flowers and fruits, which add to the
aesthetic value of the plant. However, the
evolutionary advantage of these pigments also
rests in their photo-protective and ecological
signalling properties in their attraction of
pollinators, deterring herbivores, while protecting
cells from oxidative damage induced by UV light
(Gould, 2004). Thus, pigmentation is a beautiful
example of how biochemical-based adaptation

aligns with ecological function.
8.  Biotechnological and
Implications

Newly discovered ways of using the
potential of flavonoids for better crops and a more
sustainable agriculture have been the main subject
of the recent advances in plant biotechnology. To
this end, genetic and metabolic engineering
techniques are being applied for the production of
flavonoids that are more abundant and their use in
the development of such crops that exude the
ability to withstand the stress of drought, salinity,
and other harsh conditions, nutrient uptake
efficiency, and overall plant strength (Pandey et
al., 2021).
9. Conclusion

For all their diversity and complexity,
flavonoids stand out as the most versatile
secondary metabolites. They do so by integrating
defence, signalling, and adaptation into a unique
structural and biochemical framework. Their
ability to manage oxidative stress, the role in
mutualism with plants, and the provision of better
growth conditions named them as the major
evolutionary players. With a better understanding
of how the plant interacts with the environment,
modern agriculture has all the more reason to go
for nature-inspired innovations, where the
resilience and sustainability of the crops are in
sync with the biochemical creativity that has been
honed over millions of years.

Agricultural
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SMART FARMING THROUGH IPM AND IT INTEGRATION

Introduction:

Agriculture today faces a dual challenge, ensuring food security for a growing
population while minimizing environmental degradation. Pesticide overuse has
resulted in pest resistance, ecological imbalance and negative health impacts.
Integrated Pest Management (IPM) has emerged as a scientific, eco-friendly and
economically viable approach to pest control. At the same time, Information
Technology (IT) tools such as remote sensing, artificial intelligence, big data analytics
and mobile applications are revolutionizing how IPM is implemented, making farming
more precise, resource-efficient and sustainable.

The Green Revolution transformed agriculture with high-yield varieties, fertilizers
and pesticides. However, decades of chemical-intensive farming have caused pest
resurgence, loss of biodiversity, soil degradation and climate change vulnerabilities.
The Food and Agriculture Organization (FAO) emphasizes the urgent need for
sustainable crop protection strategies. Integrated Pest Management (IPM) first
promoted in the 1960s, combines biological, cultural, physical and chemical control
methods to maintain pest populations below economic threshold levels. In parallel, the
digital revolution has created opportunities to integrate IT into agriculture, providing
farmers with real-time data, predictive analytics and decision-support systems. This
convergence of IPM with IT can ensure productivity while safeguarding ecological
health. The present era is rightly called the age of information technology (IT). Today
IT is widely applied in almost every sector like education, healthcare, business and
governance. Agriculture, the backbone of our economy is no exception. By utilizing IT
in farming, we can adopt Integrated Pest and Disease Management (IPDM) practices
more effectively.

What is Integrated Pest Management (IPM)?

Integrated Pest Management refers to a scientific approach that keeps pest
populations below the economic threshold level by harmonizing with the environment.
This approach combines mechanical, physical, biological, legislative and chemical
methods in a balanced way.

In the past, pest control largely depended on chemical pesticides and even today,
they continue to be widely used. However, direct relay on chemicals has resulted in:

e Development of resistance in pests

e Residual pesticide contamination in food crops

e Health hazards for humans due to accumulation of pesticide residues in the

body

e Adverse impacts on export of agricultural produce
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Importance of IPM in Modern Farming

1.

O

Reduces chemical dependency

Encourages judicious pesticide use only when
pest levels cross the economic threshold.
Gives alternate way to supress pest population
without use of chemicals.

Decreases residues in food and minimizes
farmer exposure.

Prevents pest resistance and resurgence
Rotating modes of action and combining non-
chemical measures reduces resistance
development.

Environmental protection

Promotes biodiversity by conserving natural
enemies of pests.

Reduces soil and water contamination.
Economic sustainability

Lowers input costs by integrating biological
and cultural practices.

Improves net returns through reduced crop
losses and higher market acceptance of
residue-free produce.

Promotes soil and water health:

IPM uses cultural control methods, such as
crop rotation, balanced fertilization and
conservation tillage, which improve soil
health and protect against erosion.

Conserves biodiversity:

By relying on natural predators, parasites and
pathogens to control pests, IPM preserves
beneficial insect populations and other non-
target organisms that are critical for a healthy
ecosystem.

Role of Information Technology in Advancing
IPM

1.

o

Remote sensing and GIS
Satellite and drone imagery detect pest
hotspots, crop stress, and disease spread.

@)

~

Artificial Intelligence (Al)

Al-based pest and disease recognition apps
help farmers identify threats instantly through
smartphone cameras.

Predictive models forecast pest outbreaks
using weather and crop growth data.

Pest and Disease Forecasting Centre

Farmers will enable to know timely
dissemination of information about upcoming
pest on the basis of weather. Farmers will then
be able to act before an outbreak turns severe.
Decision support systems (DSS)

Mobile and web platforms provide farmers
with pest alerts, pesticide rotation guidelines
and biological control options.

Internet of Things (10T) and Sensors

Farmers can also view images of pests in their
larval stages, enabling them to identify harmful
insects early and adopt control measures
immediately.

Farmers can then receive timely advice on the
internet about preventive and control measures
before the problem enters.

Farmer Networks and Extension Apps

Social media, WhatsApp groups and mobile
apps disseminate IPM advisories rapidly.
E-extension services enable continuous
farmer—researcher interactions.

Promoting Biological Control through IT

IT can also spread awareness about beneficial
insects that feed on harmful pests.

Information such as their availability, usage
and benefits can be shared online. This
encourages farmers to adopt biological pest
control, which is safer, cheaper and
environmentally friendly.

Successful Models in India

India has already initiated such IT-based

GIS mapping enables spatial monitoring and agricultural programs. Successful IPM models in
Maharashtra include the government's Crop Pest
13|Page
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Surveillance and Advisory Project
(CROPSAPS) and Horticulture Pest Surveillance
and Advisory Project (HORTSAPS), which
use Information and Communication Technology
(ICT) for real-time monitoring of pest and
advisories to farmers. Farmer Field Schools (FFS)
have also been effective, training farmers in IPM
for cotton in the Vidarbha region. Other models
incorporate bio-intensive practices, such as using
natural predators, border crops and botanicals like
neem, and also leverage newer technologies
like Al-based pest detection and remote sensing
for better decision-making. In Maharashtra some
Krishi Vigyan Kendra (KVK) has successfully
implemented a Village Linking Program.
Computers have been installed in villages to
deliver the latest agricultural technologies directly
to farmers.

Through such initiatives, even the latest research
outputs from agricultural universities can be made
accessible to farmers via the internet. Farmers can
also interact with experts through online
conferences, getting solutions to their farming
problems from the comfort of their homes. This
saves time, money, and effort.

IPM (Integrated Pest Management) with
IT (Information Technology) is no longer just a
tool of urban convenience it is transforming rural
agriculture as well. By combining traditional
wisdom with digital innovation, we can move
towards sustainable farming practices where pest
and disease management is scientific, eco-
friendly and farmer-friendly.
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ARTICLE ID: 04

SEAWEED FAEMING

Summary:

Mariculture, or farming seaweed, is the process of growing seaweed in the ocean
or along the coast so that it can be used for many different business purposes. This
type of aquaculture doesn't need fertilisers, fresh water, or arable land, which makes
it a more environmentally friendly and long-lasting option than traditional
aquaculture. Because they are so nutritious, seaweeds are used in many different
fields, such as food, cosmetics, fertilisers, and even biofuels. This way of farming
also helps the fight against climate change by taking in a lot of carbon dioxide and
making marine ecosystems more diverse. People who live near the coast can make
money by growing seaweed, which also helps the local economy grow. Because
more and more people want it all over the world, it is becoming an increasingly
important way to protect the environment and grow food in a way that doesn't hurt
the planet.

Introduction:

Agricultural seaweed is the process of growing and harvesting marine algae,
which is more commonly known as seaweed, in the ocean or along the coast. It is
an old practice that has recently become more important around the world because
it is good for the economy and the environment. Seaweeds can be used in many
different ways, such as in food, medicine, cosmetics, fertilisers, and even biofuels.
Seaweeds are organisms that can be used for many things and are full of vitamins,
minerals, and proteins. One of the best things about seaweed farming is that it is a
sustainable way to grow food. Seaweeds do not need soil, fresh water, or chemical
fertilisers to grow well, unlike crops that are grown on land. They can thrive and
help reduce excess nutrients and carbon dioxide in marine environments because
they can take in nutrients directly from the ocean. Because of this, growing seaweed
is a good thing for the environment because it helps keep the ocean healthy and
fights climate change. Also, growing seaweed gives coastal communities,
especially those in developing countries, good ways to make money and support
themselves. This is good because it gives people a steady source of income, gives
them more power, especially women, and helps the economy grow in rural areas.
Seaweed farming is a promising way to make sure that people have enough food,
that the environment stays in balance, and that growth is sustainable. This is because
more and more people around the world want natural and sustainable goods.

15|Page


http://www.justagriculture.in/

pS

AGRICULTURE

THE FUTURE OF AGRI INNOVATION

Main body:

The first step in seaweed farming is to choose the best
coastal areas or shallow marine zones. These are
places where the temperature, salinity, light
penetration, and water movement are all good for the
growth of seaweed. It is very important to choose the
right place to find seaweeds because they get their
nutrients from the water around them. So, it is best to
find them in places that are clean and free of pollution.
Kappaphycus and Gracilaria are red seaweeds,
Sargassum and Laminaria are brown seaweeds, and
Ulva is a green seaweed. These are all examples of
species that are grown and harvested in large amounts
for commercial use. Each type has its own value in
terms of the economy and the environment.

The first step in farming is to get healthy seedlings
from hatcheries or the wild. After that, these seedlings
are tied to ropes, nets, or bamboo rafts that are
anchored in the water to keep them safe. The floating
or fixed cultivation methods let the seaweeds get
enough sunlight and nutrients while also keeping them
safe from seabed predators and strong currents during
the growing process. Farmers check their farms for
diseases, epiphytes (organisms that grow on seaweed
that are not wanted), and changes in water quality on
a regular basis during the cultivation period, which
usually lasts two to three months.

When the seaweeds are fully grown, they are carefully
picked, washed, and then dried in the sun to get rid of
some of the water they hold. After it has dried, the
seaweed is processed and sold for many different
purposes. Seaweed products are widely used in the
cosmetics, pharmaceutical, fertiliser, and animal feed
industries, as well as in the food industry (as agar,
carrageenan, and alginate). In the last few years,
seaweed has also gotten a lot of attention as a
renewable raw material for making biofuels and as a
sustainable food source because it is very nutritious.
Both of these uses are becoming more popular.

Seaweed farming is good for the economy and the
environment. It helps the atmosphere take in extra
carbon dioxide, which slows down climate change.
Seaweeds improve the quality of marine water by
preventing eutrophication, which is when they take in
nitrogen and phosphorus. Seaweed farms also protect
marine life and provide places for small fish to breed,
which helps keep biodiversity alive.

Using marine resources in a way that is good for the
environment is generally what seaweed farming is.
The fact that it helps coastal communities keep their
jobs and helps keep the ecosystem in balance makes it

a good idea for the future of the blue economy.

Conclusion:

In conclusion, seaweed farming is a practice that is
both innovative and sustainable, and it offers benefits
to both the environment and the economy. Despite the
fact that it requires a minimal number of natural
resources like land, freshwater, or fertilisers, it offers
a source of food, raw materials, and bioproducts that
can be replenished over time. The cultivation of
seaweed is an important component in the fight against
climate change and the preservation of marine
ecosystems. Seaweed farming helps to improve water
quality and absorb carbon dioxide. In addition to this,
it provides coastal communities with opportunities to
earn a living, which in turn empowers individuals and
helps to support local economies. Seaweed farming
has a significant potential to ensure food security,
environmental  sustainability, and  economic
development. This potential is exemplified by the fact
that the global demand for environmentally friendly
and nutrient-dense products is continuing to increase.
Through the promotion and expansion of this practice,
it is possible to contribute to the creation of a healthier
planet and a more sustainable future for future
generations.

Reference:

e Bixler, H. J., & Porse, H. (2011). A Decade of
Change in the Seaweed Hydrocolloids
Industry. Journal of Applied Phycology,
23(3), 321-335.

e FAO (Food and Agriculture Organization of
the United Nations). (2021). Seaweed
Production and Utilization. Retrieved from
https://www.fao.org

e Ferdouse, F., Holdt, S. L., Smith, R., Murua,
P., & Yang, Z. (2018). The Global Status of
Seaweed Production, Trade, and Utilization.
FAO, Rome.

e McHugh, D. J. (2003). A Guide to the
Seaweed Industry. FAO Fisheries Technical
Paper No. 441. Rome: FAO.

e World Bank. (2016). Seaweed Aquaculture
for Food Security, Income Generation, and
Environmental Health in Tropical Developing
Countries. Washington, D.C.: World Bank
Group.

16|Page


https://www.fao.org/

<157 AGRICULTURE

THE FUTURE OF AGRI INNOVATION

Just Agriculture
Multidisciplinary
e- newsletter

e-1SSN: 2582-8223

Volume - 6
Issue - 4
December, 2025

www.justagriculture.in

AUTHORS’ DETAILS:

Dr. Nitin Vasantrao

Parjane
Assistant Professor of
Agricultural Entomology,
Vrindavan College of Agriculture,
Gunjalwadi Pathar, Sangamner,
Affiliated to Mahatma Phule
Krishi Vidyapeeth, Rahuri,
Ahilyanagar, Maharashtra

Dr. Rekha Madhukar

Samrit
Assistant Professor of
Agricultural Entomology, College
of Agriculture Gadchiroli, PDKYV,
Akola. Maharashtra

ARTICLE ID: 05
SERICULTURE - MULBERRY SEEDLINGS

PREPARATION AND NURSERY MANAGEMENT

Introduction:

Nursery management of mulberry seedlings involves preparing nursery beds,
selecting and planting cuttings, and providing consistent care for four to nine
months before transplanting them. A healthy nursery ensures high survival rates
and vigorous plants for the main field.

Nursery bed preparation
1. Site selection: Choose an well-drained, flat piece of land with a reliable
water source. The ideal soil is deep loamy type with a pH of 6.5 to 7.0.

2. Land preparation: Plough the land deeply (30-40 cm). This improves
drainage and aeration.

3. Bed formation: Prepare raised beds, typically 15 feet long by 5 ft wide and
15-20 cm high. Leave drainage channels of 25-30 cm width and 15-20 cm
depth between beds.

4. Soil enrichment: Apply and mix 20 kg of well-decomposed farmyard
manure (FYM) into each bed.

5. Time of Preparing Seedling- The best time for transplanting cuttings for
preparing seedlings is January, February, and march.

Planting material and technique
1. Select cuttings: Choose semi-hardwood cuttings (15-20 cm long and 10—
12 mm in diameter) from 8-12-month-old mulberry stems. Use a sharp
knife or secateurs to make a slanting cut at the base and a straight cut at the
top, leaving 3 to 4 healthy buds. Place cuttings in wet gunny bags.

2. Pre-treatment: Dip the base of the cuttings in a rooting hormone, like IBA
or Azospirillum culture, to encourage faster rooting. Dipping cuttings in a
0.2% Carbendazim (Bavistin) solution can prevent fungal infections.

3. Planting: Insert the cuttings into the nursery beds at an angle of 45°, leaving
one bud exposed above the soil. Maintain a spacing of about 20 cm between
rows and 8-10 cm between cuttings.

4. Irrigation: Irrigate the beds immediately after planting to settle the soil.
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Nursery maintenance
1. Watering: Keep the nursery beds moist,

but not waterlogged. Irrigate every 4 to 7
days, depending on the soil type and
weather conditions. A new method using
polythene sheets can help conserve
moisture and reduce the need for watering.

. Weeding: Remove weeds by hand
weeding, as they compete with the
seedlings for nutrients. Weed the beds
about 35 - 40 days after planting, and
again after 60 days.

Fertilization: Apply a light dose of
fertilizer to boost growth. A common
practice is to apply 20 g of urea per square
meter after the second weeding.
Alternatively, dissolve 250 g of urea or
500 g of ammonium sulfate in irrigation
water for each bed after 55-60 days of
growth.

. Shoot management: Allow only one
vigorous shoot to develop from each
cutting. Remove all other smaller shoots.

Pest and disease control: Monitor for
pests and diseases. Common diseases
include stem canker, cutting rot, and collar
rot, which can be managed with
fungicides like Bavistin. Pest infestations
can be addressed with appropriate
insecticides.

Uprooting and transportation

1. Timing: Mulberry saplings are ready for

transplanting into the main field after 4 to
9 months, once they reach a height of 90—
150 cm.

Preparation: Two days before uprooting,
irrigate the nursery beds thoroughly to
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make extraction easier and prevent root
damage.

Extraction: Carefully loosen the soil with
a spade or pickaxe to a depth of about 30
cm before uprooting each sapling
individually.

Handling and transport: To prevent
moisture loss and damage, bundle the
saplings and cover them with a wet gunny
cloth. Transport them during the cooler
hours of the day. It is crucial to plant them
in the main field as soon as possible.

Voo
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Mulbery Cuttings Plantation
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Mulbery Cuttings from Raised beds
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ARTICLE ID: 06

Morpho-physiological characterization of Digloti (Litsea salicifolia);

secondary host plant of Muga silkworm (Antheraea assamensis):

A pre-liminary approach

Abstract

The Muga silkworm (Antheraea assamensis), endemic to Northeast India, is
renowned for producing the golden Muga silk. However, its dependence on a
narrow range of host plants, primarily Persea bombycina (Som) and Litsea
monopetala (Soalu), poses a sustainability concern under changing climatic and
ecological conditions. This study presents the first comprehensive evaluation of
Digloti (Litsea salicifolia) as an alternative host plant for Muga culture. Seasonal
stability in leaf quality and adaptability of the plant to varied ecological conditions
further highlight its suitability. Thus, L. salicifolia emerges as a sustainable
supplementary host capable of reducing pressure on existing resources and
enhancing the resilience of Muga sericulture. Future research should focus on field-
level validation, propagation strategies, and agroforestry integration for its large-
scale utilization.

Keywords

Muga silkworm, Antheraea assamensis, Litsea salicifolia, host plant evaluation,
silkworm rearing, sericulture, sustainability.

1. Introduction

The Muga silkworm (Antheraea assamensis Helfer) is an endemic and
economically important sericigenous insect confined to the Brahmaputra Valley of
Assam and adjoining regions of Northeast India. Known for its natural golden
lustre, Muga silk represents a vital component of the cultural and economic fabric
of the region. Traditionally, Muga silkworms are reared on Persea bombycina
(Som) and Litsea monopetala (Soalu), the two primary host plants. However,
extensive monoculture practices, deforestation, and climatic fluctuations have led
to the degradation of these natural host resources, threatening the sustainability of
Muga culture.

Given the increasing ecological stress on conventional host plants, there is
an urgent need to explore alternative or supplementary host species that can support
the growth and development of A. assamensis. Members of the genus Litsea
(Family: Lauraceae) are widely distributed in Northeast India and possess
promising attributes as host plants due to their similar leaf chemistry and
adaptability. Among them, Litsea salicifolia (locally known as Digloti) has been
traditionally identified by local communities as a potential wild host, yet scientific

validation has remained scarce.
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This study aims to conduct the first
developmental and physiological evaluation of L.
salicifolia as a host plant for Muga silkworms. By
assessing morphophysiological parameters of
leaf, this research provides foundational data
supporting its  potential integration into
sustainable Muga sericulture systems.

2. Morpho-physiological and Biochemical
analysis

Various morpho-physiological parameters

were selected (Table-01) and observations
were made by visual examination for
compilation of the results.
3. Morpho-Physiological Characteristics of
leaf

Various morpho-physiological parameters
selected for study of Litsea salicifolia leaf are
summarized as below:

Table-01: Morpho-physiological parameters of
Litsea salicifolia leaf:

S.NO. | PARAMETER OBERVATION
1. Sprouting Time March — April
5 L eaf Shape Long elliptic to
lanceolate
3. Leaf Apex Acuminate
4, Leaf Base Acute
5. Leaf Margin Entire
Young

leaves/glaucous
undersides: yellow-
brown puberulent
(when young)
abaxially; adaxial
glabrous
Upper surface
glabrous, likely
green; underside
glaucous (bluish-
green) when young,
older become
glabrous.

6. Leaf Pubescence

7. Leaf Color

21|Page

Leathery to semi-

8. Leaf Texture .
coriaceous
9. Leaf length(cm) 9-19cm
10. | Leaf Width (cm) 3-5.5¢cm
Fresh Leaf
11. Weight (100 80g
leaves) (Q)
Dr Leaf Weight
12. (100 leaves) () 269
13. Moisture (%) 70.1%
Moisture
14, |  Retention 67.5%
Capacity
(MRC%)
15 Internodal 4.6cm
' Distance (cm) '
16. Leayes/meter 21 nos.
twig (nos.)
Umbels, axillary, in
clusters of 2-6; male
17. Inflorescence
umbels 4-6-
flowered.
Period of .
18. Inflorescence Flowering Apr-May
Onset of Fruit/ Fruiting June-
19. o
fruiting season September
Fruit oblong
20. Type of Fruit (drupaceous / berry-
like)
Initially green and
21. Color of Fruit gradually turns
Black
22. Size of Fruit 10-11 x 5-6 mm




<)J157 AGRICULTURE

THE FUTURE OF AGRI INNOVATION

Plate-01: Morphology of Digloti (Litsea
salicifolia).

4. Conclusion

Litsea salicifolia exhibits favourable
phenology, stable morphology, and strong rearing
performance, making it a  promising
supplementary host for Antheraea assamensis.
High larval survival and comparable cocoon and
filament yields highlight its potential to diversify
host plant resources in muga sericulture. Further
biochemical and field evaluations across seasons
are recommended to optimize its large-scale
utilization under varying climatic conditions.
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ARTICLE ID: 07
PLASMA TECHNOLOGY-

A NEW DIRECTION IN POST-HARVEST SECTOR

Introduction

Consuming fresh vegetables and fruits is perfect for our body since they are full of
nutrients. Today, consumers prefer food that not only comes in high quality and is safe, but
also lasts longer. But these food items are prone to easily acquiring bad germs while they
are harvested and transported. We have traditionally employed processes such as chlorine
washing or heat to clean and preserve food. The issue is that heat can alter the flavor and
texture, and chemicals aren't healthy for us or the planet. For these reasons, the food
industry is seeking greener, safer alternatives. This has resulted in new technologies that
have the capability of making food safe without applying heat. One of the most promising
of these is referred to as ""cold plasma"'.

Plasma is a unique type of energized gas containing strong, natural cleaning agents that can
destroy spoilage germs and inactivate enzymes that cause food to spoil without having to
warm it up. It is an extra-energetic gas in which some particles are charged electrically

It may be created in two general ways:

1. Low-Pressure Cold Plasma (LPCP): Created in a sealed vacuum-like condition.

2. Atmospheric Pressure Cold Plasma (APCP): Developed under normal air pressure which
is more suitable for industrial applications.

Some of the most common techniques are Dielectric Barrier Discharge (DBD) where two
electrodes are separated by an insulator and Plasma Jets which discharge a stream of plasma
onto the surface of the food. These techniques are widely used due to their versatility and
ease of manipulation.

The Mechanism of Plasma Technology

1. Attack on Microbes: The reactive particles and UV light from the plasma hit microbial
cells causing physical damage to their cell walls and membranes. This leads to leaks and
eventually cell death. They can also harm the microbe's DNA, preventing it from
reproducing.

2. Effects on Food Quality: It can stop enzymes like polyphenoloxidase (PPO) and
peroxidase (POD) which cause browning in cut fruits such as apples and potatoes. The
reactive species can also change the food's surface slightly which in some cases can speed
up drying processes such as for mushrooms.

Application in Postharvest Management
The use of Cold Plasma in the postharvest management is of highly importance such as:
1. Powerful Microbial Decontamination: It effectively eliminates harmful food borne
pathogens such as E. coli, Salmonella, and Listeria on the surface of fruits and vegetables.
It also combats fungi and molds that lead to rot. Research has shown that it can reduce
Salmonella on tomatoes by over 4 logs and eliminate E. coli on lettuce.
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2. Extended Shelf Life: By destroying spoilage
microbes and slowing the ripening process, it helps
produce last longer. It has been shown to reduce
weight loss, maintain firmness, and preserve color in
various fruits. Tomatoes treated with this technique
remained fresh for 10-15 days longer than untreated
ones.

3. Increase of Bioactive Compounds: The mild stress
from this can trigger a protective response in fruits and
vegetables, leading to more beneficial antioxidants
like phenolics, flavonoids, and anthocyanins.
Treatments have been shown to raise phenolic content
in bananas and anthocyanin levels in blueberries.

4. Reduction of Pesticide Residues: It can break
down harmful pesticide residues on the surface of
produce enhancing food safety. Reductions of up to
79% in pesticides like chlorpyrifos on lettuce have
been reported.

Applications for Specific horticultural crops

1. Apples: This is effective for cleaning surfaces and
apple juice. It can also increase polyphenol content.
2. Berries (Strawberries, Blueberries): This works
well for reducing mold and bacteria on these
perishable fruits. It also improves their already high
levels of antioxidants and vitamins.

3. Leafy Greens (Lettuce, Spinach): This is an
important tool for lowering pathogen levels on greens,
which often link to foodborne illness outbreaks.
Soaking greens in "Plasma-Activated Water" is also an
effective method.

4. Tomatoes: This treatment not only cleans tomatoes
but also slows ripening, keeps vitamin C content and
can even be used on seeds to boost their germination
and growth.

Constrains of cold plasma technology

1. Scaling Up: It is difficult to move from small lab
equipment to large, cost-effective industrial systems.
2. No Universal Setting: Each fruit and vegetable
needs specific treatment parameters, such as time, gas,
and power. This makes standardization challenging.
3. Surface-Level Action: The plasma only reaches the
surface and cannot go deep into the flesh, so it doesn’t
affect internal microbes or spoilage.

4. Quality Risks: It can sometimes harm delicate
foods, leading to discoloration, off-flavors, or a soft
texture.

5. Regulatory Hurdles: The absence of universal
regulations and safety standards slows commercial
adoption.

6. High Cost: The significant initial investment for
equipment is a barrier for many companies

Conclusion

It is an effective, flexible, anti-microbial process with
potential applications to a wide variety of foods. This
technology has gained increased popularity due to its
potential contribution to non-thermal food processing.
This treatment offers various opportunities in
processing industry such as surface decontamination,
modification of surface properties, waste water
treatment etc. This technology opens new perspective
for lowering the microbial count on food surfaces.
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ARTICLE ID: 08

White Siris (Albizia procera): futuristic commercial tree

for Agroforestry in India

Abstract: Albizia procera is commonly known as white siris and has emerged as a
promising species in agroforestry systems due to its rapid growth. multifarious use
and have potential of adaptability to a wide range of climate. This article aims to
address the highlights of its botanical characteristics, potentials in agroforestry
systems, emphasizing its role in reforestation, agroforestry, and sustainable forestry
practices. The paper synthesizes existing research to offer insights into the potential
and challenges of integrating Albizia procera into sustainable agroforestry practices
in India.

Keywords: Albizia procera, Multifarious uses, suitability, Agroforestry systems,
Potential

1. Introduction

Agroforestry is emerging as a promising land-use system in the Indian subcontinent
which incorporates trees, crops, and often livestock for enhancement of
productivity, livelihood, and ecological balance. Among the multipurpose tree
species, Albizia procera is most outstanding due to its characteristics of fast growth,
soil-enriching capacity, and wide adaptability. It is locally known as Safed Siris or
Safed Babool, this deciduous leguminous woody perennial has immense potential
for becoming a good choice for a futuristic commercial species for Indian
agroforestry landscapes (Tiwari and Dhuria, 2018).

2. Botanical and Ecological Features: Albizia procera is taxonomically placed in
the family Fabaceae and is native to the Indian subcontinent and Southeast Asia. It
is generally moderate to large-sized tree, reaching 20—-30 meters in height with a
spreading crown and pale bark. It is a nitrogen-fixing species, improves soil fertility
and supports intercropping systems. It has a deep root system and drought tolerance
potential which makes it suitable for growing to semi-arid and sub-tropical regions
Sivakrishnan & Swamivelmanickam, 2019.

3. Agroforestry Potential: White siris is performing well in dry, semi arid regions
including bundelkhand and central India due to its multifarious uses and wider
applicability in different agroforestry systems.

a. Fast Growth and Nitrogen Fixation: White Siris is an excellent nitrogen fixer
and it fixes nitrogen symbiotically and enriches soil fertility for companion crops.
Review of literature suggests that it can fix up to 200 kg N/ha/ annually and reduce
applicability of synthetic fertilizers.
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b. Multipurpose Use

Timber and Wood: The wood of this species is
found to be moderately heavy, durable, and
appropriate for making furniture, agricultural tools
and agricultural tools Das et al.2023.

Fuelwood and Charcoal: White siris is an excellent
source of firewood and charcoal due to its
high calorific ~ value wood around ~ 4800-5000
kcal/kg. Das et al.2023.

Fodder: Tender leaves and pods serve the purpose
of excellent fodder for cattle and goats especially
during lean seasons.
Soil Improvement: The Leaf litter decomposition
is widely used for the enrichment of organic matter
and retention of moisture in soil.
c. Crop Compatibility
White Siris has a light canopy, allowing filtered
sunlight to reach the ground. This makes it suitable
for intercropping with cereals, pulses, and
vegetables in the initial years. Crops such as wheat,
mustard, black gram, green gram, sesame, and
millets have shown compatibility in various
agroforestry trials.
4, Role in Sustainable Land Use and Climate
Resilience
White Siris is growing in a variety of soils from
loamy to lateritic, rainfall zones of 750-1500 mm
and tolerates seasonal drought, this property fits it to
suit in semi-arid regions like Bundelkhand,
Vidarbha, and parts of central India. Further its
potential to be resistant to browsing and potential to
coppice vigorously make it an excellent choice for
agroforestry systems and wasteland rehabilitation.
White Siris addresses challenges of soil
degradation, water scarcity, and climate variability,
especially in semi-arid zones through:
Carbon Sequestration: White siris mature stands
have potential to sequester 8-10 t C/ha, contributing
to mitigation of climate change.
Land Rehabilitation: Due to its potential to
colonize at degraded, ravine, and it stabilizes soil
and prevents erosion.
o Biodiversity Support: It crown
provides nesting habitats for birds and flowers
attract pollinators.

e Low Management Demand: After the
establishment species requires minimum inputs,
and makes it best for small and marginal
farmers.

5. Agroforestry Models and Research Outlook
In recent decades the research under ICAR and
ICFRE are emphasis the incorporation of Albizia
procera in boundary plantations, alley cropping, and
agri-silvicultural systems especially for Semi arid
regions.Albizia procera was enlisted in ICAR-
Central Agroforestry Research Institute (CAFRI)
published consortium of about 40 successfully
tested well-researched Prospects for wastelands
greening and restoration with agroforestry systems
suitable for wastelands and degraded lands (Handa
etal., 2019). Also, it is recommended for successful
agroforestry systems for income enhancement and
ecosystem services are documented at country level
by ICAR-CAFRI.

Conclusion: White Siris is the one of promising
species of the future for sustainability and
commercial agroforestry in India. It has immense
potential for providing economic  returns
accompanied with environmental benefits and
makes it a promising species for climate-resilience
systems of farming. In the nutshell due to diversified
applicability and compatibility with Indian farming
systems. It is the perfect choice for farmers,
entrepreneurs, and industries visioning for green
growth.
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BIOCONVERSION OF AGRO-WASTES INTO FUNCTIONAL

FOOD INGREDIENTS: ABIOTECHNOLOGICAL
PERSPECTIVE

Abstract

This article details the imperative and methodology for valorizing agro-industrial
residues into high-value functional food ingredients via biotechnological processes.
Uncontrolled waste disposal through burning, dumping, and landfilling creates
severe environmental and health concerns, necessitating a shift toward a circular
bioeconomy. Bioconversion strategies, including cost-effective Solid-State
Fermentation (SSF) and targeted enzymatic hydrolysis, transform complex
lignocellulosic feedstock into functional ingredients. Key products include
prebiotic oligosaccharides, highly active antioxidant polyphenols, and novel
proteins (Single-Cell Protein and insect biomass), all of which provide documented
health benefits, such as enhanced antioxidant activity and improved digestive and
metabolic health. However, industrial commercialization faces major hurdles,
specifically biotechnological limitations like lignin inhibition of enzymes, and
lengthy regulatory approval processes, including the US FDA’s Generally
Recognized As Safe (GRAS) notification and the EU’s European Food Safety
Authority (EFSA) Novel Food review. Overcoming these scale-up and regulatory
obstacles is crucial for realizing the substantial economic potential (projected $50
billion market by 2025) of this sustainable transformation within the global food
system.

Keywords: Agro-industrial residues, Biotechnological processes, Functional food
ingredients, Solid-State Fermentation (SSF), Regulatory approval

1. Introduction: The Mandate for Agro-Waste Valorization

1.1 Global Imperative and the Circular Bioeconomy Model

The agricultural and food processing sectors discard approximately one-third of the
world’s fresh harvest, creating a massive, underutilized waste stream. Conventional
disposal methods—burning, casual dumping, or landfilling—are a major source of
greenhouse gas emissions and contribute to environmental contamination and
disease spread. The solution lies in valorization: converting these low-value
residues into high-value bioproducts that align with the principles of the circular
economy. Functional food ingredients are compounds that offer specific health benefits
beyond basic nutrition, such as bioactive peptides, organic acids, phenolic compounds, and
dietary fibers. This strategy shifts the linear “take-make-dispose™ paradigm to one of
resource integration, promoting sustainability and applying to sectors across the "agri-food-
pharma” nexus.
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1.2 Economic Imperatives and Market Projections
Valorization is driven by compelling financial factors;
converting residual biomass into  functional
ingredients can increase agricultural income by a
measurable 15-40% while simultaneously offsetting
operational disposal costs. The rapid global demand
for natural and sustainable food ingredients is fueling
explosive market growth. The global market for these
agro-waste derived products is projected to reach $50
billion by 2025, offering strong economic viability.

2. Biotechnological Platforms for Waste
Bioconversion

Effective valorization of lignocellulosic biomass
(LCB) requires  specialized  biotechnological
platforms, often preceded by essential pretreatment
steps.

2.1 Pretreatment and Lignin Inhibition

Raw LCB is challenging to process because lignin
physically shields key compounds like cellulose,
inhibiting microbial and enzymatic access. Therefore,
initial pretreatment steps are necessary to disrupt the
substrate structure, reduce lignin content, and improve
the accessibility of carbohydrates for biocatalysts.
Studies  frequently  utilize  physicochemical
pretreatment, such as dispersing potato peel residues
in 1% (v/v) H2SO4 or 1% (w/v) NaOH, followed by
high-temperature incubation (e.g., 121°C for 30
minutes).

2.2 Microbial Fermentation Techniques (SSF vs.

SmF)
Microbial fermentation is essential for synthesizing
functional molecules and converting complex

structures into bioavailable forms.

Solid-State Fermentation (SSF), where
microorganisms grow on a damp, solid substrate in the
absence of free water, is the most strategic platform
for agro-waste. SSF offers strategic cost advantages: it
requires lower water consumption, uses less energy,
and avoids the capital-intensive stainless-steel
bioreactors required by Submerged Fermentation
(SmF). Furthermore, SSF often yields higher product
concentrations and is particularly suitable for
filamentous organisms, such as Rhizopus oligosporus
and Bacillus subtilis, as the solid matrix resembles
their natural habitat. While SmF provides superior

environmental control, SSF’s high cost-effectiveness
and low operational expenditure make it the most
economically viable approach for large-volume, low-
cost agro-waste processing.

2.3 Enzymatic Hydrolysis and Advanced Protein
Routes

Enzymatic saccharification is critical for breaking
down complex polysaccharides into value-added
intermediates, primarily prebiotic oligosaccharides,
including cellooligosaccharides (COS9),
pectooligosaccharides (POS), and
xylooligosaccharides (XOS). This process is highly
controlled and occurs under mild aqueous conditions,
offering an advantage over harsh acid treatments.
However, a significant technical limitation is that
residual  lignin  physically inhibits enzyme
accessibility, which directly lowers the vyield of
saccharides, necessitating optimized pretreatment
prior to hydrolysis.
3. Functional
Characterization
The application of bioconversion techniques yields a
diverse array of functional compounds:

3.1 Bioactive Compounds: Phenolics
Antioxidants

Agri-food by-products are rich sources of bioactive
compounds, notably polyphenols, carotenoids, and
dietary fibers. Extracts from fruit pomace, a rich
source of polyphenols, have demonstrated antioxidant
activity in in vitro studies that is 2 to 10 fold higher
than common synthetic antioxidants such as BHT and
BHA. These compounds are crucial for preventing
oxidative stress-related diseases, including cancer and
cardiovascular disease. Fermentation is effective at
releasing bound polyphenols; for example,
bioconversion of cereal bran vyields significant
amounts of phenolic acids (like ferulic acid)
contributing to total phenolic content reaching up to
11, 100 GAE.

3.2 Dietary Fibers and Prebiotics

Agro-waste derived ingredients are instrumental in
enhancing the fiber profile of foods. Incorporating
fruit pomace at 5-15% levels in bakery applications
can increase the total dietary fiber content by 50% to
200%. Prebiotic oligosaccharides (XOS, POS, CQOS),

Ingredients:  Recovery and

and
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obtained through enzymatic hydrolysis, selectively
stimulate the growth of beneficial gut microflora.
These compounds can increase the populations of
beneficial bacteria by 100 to 1000 fold while
suppressing pathogenic microorganisms. This action
modulates beneficial gut bacteria, promoting the
production of short-chain fatty acids (SCFAs) and
improving gut microbiome balance, which is linked to
enhanced immune function.

Table: Functional Food Ingredients Derived via Agro-
Waste Bioconversion

Agro- Bioconversi | Key Value- | Nutrition
Waste on Method | Added al
Source Ingredient Function
Fruit SSF, Pectooligosac | Prebiotic
Pomace Enzymatic charides activity,
(Apple, Hydrolysis (POS), Antioxida
Grape) Polyphenols, | nt,
Dietary Fiber | Cholester
ol
reduction
Cereal SSF, Dietary Fiber, | Digestive
Bran Chemical/En | Phenolic health,
(Wheat, zymatic Acids (Ferulic | Antioxida
Rye) acid), nt,
Alkylresorcin | Metabolic
ols regulation
Lignocell | Microbial Single-Cell Complete
ulosic SCP Protein (SCP: | essential
Biomass | Fermentation | 40-80% amino
(YYeast/Bacte | Protein) acids,
ria) Protein
suppleme
ntation
Vegetable | Insect Protein  and | High-
/Food Bioconversio | Lipid value
Residues | n (BSF | Biomass (30— | protein
Larvae) 57% Protein) | source,
Superior
waste
reduction
3.3 Novel Protein Sources
Innovative  bioconversion platforms efficiently

transform waste into high-quality protein and lipid
sources. Single-Cell Proteins (SCP), microbial
biomass grown on agricultural wastes (e.g., rice straw,

starchy residue), typically contain an impressive
protein content ranging from 40% to 80% of the dry
cell weight, offering a balanced profile of essential
amino acids. In Insect Bioconversion, insects like the
Black Soldier Fly (BSF) larvae valorize low-value
organic waste (e.g., vegetable residues) into high-
quality biomass. Defatted BSF meals can reach up to
57% protein content, depending on the feedstock,
providing a high-value protein and lipid source
alongside significant waste reduction.

4. Applications and Demonstrated Health Benefits
The recovered compounds are integrated into
functional foods to address chronic health issues.

The primary application involves nutritional
enhancement; for instance, incorporating fruit pomace
into bread formulations increases phenolic content by
3-5 fold. Advanced technology, such as nanocapsules,
is utilized to micro- or nano-encapsulate bioactive
molecules to enhance their stability, efficacy, and
controlled release in food applications.

The prebiotic and fiber components deliver significant
digestive and metabolic benefits. Soluble fibers can
reduce cholesterol absorption by 10-15%. Regarding
metabolic health, phenolic compounds demonstrate
anti-diabetic potential by inhibiting carbohydrate-
digesting enzymes, resulting in a measurable 15-30%
reduction in postprandial glucose spikes. Furthermore,
bioactive  protein  peptides derived through
bioconversion  exhibit  Angiotensin-Converting
Enzyme (ACE)-inhibitory activity, which has been
shown to reduce systolic blood pressure by 5-15 mm
Hg in clinical settings, underscoring their
cardiovascular benefits.

5. Conclusion

Bioconversion of agro-wastes into functional food
ingredients is a crucial strategy for achieving
sustainability, enhancing public health, and creating
economic value. The wuse of biotechnological
processes like SSF and enzymatic hydrolysis
efficiently yields high-value prebiotics, antioxidants,
and protein biomass. To fully capitalize on the
projected market growth, the industry must invest in
refining green pretreatment methods to overcome
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lignin inhibition and optimize robust, continuous
biorefining and advanced extraction techniques.
Successful market entry ultimately depends on
strategic planning to navigate the scientifically
demanding and lengthy regulatory processes required
by the FDA GRAS and EFSA Novel Food protocols.
By resolving these technical and regulatory
challenges, agro-waste derived functional ingredients
are positioned to become foundational components of
a truly circular and sustainable global food system.
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ARTICLE ID: 10
From Farm to Fork: Safe VValue Addition Practices in Milk, Meat,

and Egg Products to safeguard the Public Health

Introduction: The Nutritional Powerhouse and the Hidden Risk

Milk, meat, and eggs are not just foods; these are fundamental pillars of human
nutrition. Across India and much of the developing world, these animal-origin foods
provide essential amino acids, vitamins, and minerals that are critical for growth,
brain development, and immune strength. As dietary patterns shift and incomes rise,
the demand for animal-source foods continues to soar. India, is now the world’s
largest milk producer and among the top consumers of poultry and fish products
(FAO, 2022).

However, with this growing demand comes a pressing challenge: how to ensure
that the food reaching consumers is safe, hygienic, and nutritious. The journey of
these foods from animals on farms to neatly packaged items on store shelves is a
long and complex process. At every step, there are opportunities for contamination
if good hygiene and temperature control are neglected. Unsafe animal products are
the leading causes of foodborne illnesses, which, according to the WHO, 2023,
affect over 600 million people globally each year.

This is where the concept of “From Farm to Fork” becomes vital. It advocates for
an integrated approach to ensure food safety and traceability across the entire value
chain. This include adaptation of hygienic handling, maintaining a robust cold
chain, and ensuring transparency and traceability all of which directly safeguard
public health and create opportunities for value addition and entrepreneurship.

The Promise of Value Addition in Animal-Origin Foods

Value addition refers to any process that increases the economic worth and
consumer appeal of a product. For milk, this could mean producing flavoured milk,
cheese, yogurt, paneer, or milk-based sweets. In the meat sector, value addition
includes items like sausages, nuggets, ready-to-cook marinated products, or shelf-
stable meat curries. Eggs too can be turned into liquid eggs, powdered eggs, or high-
protein snack products.

Beyond improving taste and shelf life, safe value addition directly contributes to
food security, employment, and rural income generation. Small-scale
entrepreneurs, self-help groups, and women’s cooperatives can all benefit from
developing hygienic, locally-branded value-added products.
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But value addition must not come at the cost of
safety. In fact, safety is its foundation. When done
right, it enhances both public health and consumer
confidence, also create a win-win situation for
producers and the public alike.

Hygienic Handling: The First Line of Public
Health Defence

The journey to safe food begins long before it
reaches a processing plant, it starts at the farm
level. The health and hygiene of the animals
themselves are crucial. Animals raised in
unhygienic  environments, exposed to
contaminated water, or fed poor-quality feed are
more prone to infections, some of which can
transmit to humans (zoonoses).

At the Farm Level

e Healthy livestock: Regular veterinary
check-ups, vaccination, and parasite
control are essential. Sick animals should
never enter the food chain.

e Clean housing: Animal sheds should
have proper drainage, ventilation, and
regular disinfection schedules.

e Hygienic milking and egg collection:
Milking should be done with sanitized
equipment and clean hands. Eggs should
be collected promptly, stored at the correct
temperature, and never washed in dirty
water.

During Slaughter and Processing

In abattoirs and processing facilities, hygiene is
even more critical. Cross-contamination from
surfaces, tools, or workers can easily spread
bacteria such as  Salmonella, Listeria
monocytogenes, and E. coli etc. To mitigate this:

o Carcasses must be processed in sanitary
environments.

e Workers should use personal protective
equipment (PPE) like gloves, masks, and
aprons.

e Equipment must be regularly cleaned with
food-grade disinfectants.

e There should be segregation of clean and
dirty zones to prevent recontamination.

Good Hygienic Practices (GHP) and Good
Manufacturing Practices (GMP)

Training workers in GHP and GMP is a
cornerstone of safe processing. These ensure
cleanliness, prevent physical and chemical
contamination, and set the stage for more
advanced systems such as Hazard Analysis and
Critical Control Points (HACCP).

For example, the Food Safety and Standards
Authority of India (FSSAI) has developed
specific training modules for dairy and meat
handlers under its Food Safety Training and
Certification (FoSTaC) program, for promoting
scientific food safety culture among entrepreneurs
and small-scale processors (FSSAI, 2023).

Cold Chain Management: Keeping Safety and
Quality Intact

Animal-origin foods are among the most
temperature-sensitive ~ commodities.  The
microorganisms that cause spoilage or disease
multiply rapidly at warm temperatures.
Maintaining a cold chain from farm collection to
retail display is therefore not optional; it is the
backbone of food safety.

Every animal-origin food has its own “safe
temperature window.”
« Milk: Below 4°C from collection to
processing.
e Meat and poultry: 0-4°C for chilled
meat, and -18°C for frozen storage.

Eggs: 8-15°C with consistent humidity to
prevent shell cracks and microbial growth.
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When the temperature fluctuates, microorganisms
thrive, leading to spoilage, toxin formation, and
foodborne illness. A lapse of even a few hours in
the cold chain can make the product unsafe.

Challenges in India and Developing Economies

Despite rapid growth in the dairy and poultry
sectors, cold chain infrastructure remains a major
bottleneck. In many regions, unchilled milk or
meat is transported in open containers, often over
long distances. This not only reduces product
quality but also increases health risks.

To overcome these issues, several innovations are
emerging:
e Solar-powered milk chillers for remote
dairy farms.

e Insulated mobile vans for meat and egg
transport.

o Community cold storage units for small
producers and cooperatives.
Such technologies can dramatically
reduce post-harvest losses which was
estimated over 15-20% for perishable
animal products in India by NITI Aayog,
2022.

Entrepreneurial Opportunity in Cold Chain
Services

Cold chain infrastructure is not just a safety
requirement. It is a business opportunity.
Entrepreneurs who invest in  small-scale
refrigerated transport, rural milk chilling units, or
smart temperature-monitoring systems can
significantly strengthen safe food value chains
while creating sustainable income opportunities.

Traceability: The Future of Safe
Transparent Food Systems

and

Consumers today are increasingly aware and
concerned about where their food comes from.
Food traceability: the ability to track the history,
application, or location of a food item, is therefore

emerging as a public health and market necessity.
What Is Traceability and Why Does It Matter?

Traceability enables the tracking of a product’s
journey from the source to the final consumer. It
includes details such as the farm of origin,
processing date, batch number, and transportation
history. In the event of contamination or a
foodborne outbreak, traceability allows for quick
recalls and investigation, minimizing risk to
consumers.

In value-added products like cheese, sausages, or
pasteurized eggs, traceability also builds
consumer trust. A simple QR code on packaging
can tell a customer where the milk was collected,
when it was pasteurized, and even the name of the
cooperative that produced it.

Digital Tools for Modern Traceability

e Blockchain technology: Creates tamper-
proof, decentralized records of the food
chain.

e RFID tags and barcodes: Enable real-
time tracking of batches during transport
and storage.

« Mobile apps: Help small farmers register
their products and build transparent
supply chains.

Countries like Denmark and New Zealand have
already implemented national traceability
systems for dairy and meat, ensuring quick
responses to safety incidents. India is also moving
forward through FSSAI’s Food Safety Connect
platform and initiatives like the Clean Street Food
Hub certification program, which emphasize
transparency and hygiene (FSSAI, 2023).

Foodborne Zoonoses: We Must Reduce the
Health Burden

Unsafe  animal-origin ~ foods  contribute
significantly to the global burden of foodborne
disease. Pathogens like Salmonella spp.,
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Campylobacter, Brucella, and Listeria are
commonly transmitted through contaminated
meat, milk, or eggs. According to WHO (2023),
more than 420,000 people die annually due to
foodborne illnesses many of which are
preventable with basic hygiene and temperature
control.

Moreover, poor processing and misuse of
antimicrobials in livestock can promote
antimicrobial resistance (AMR), posing a global
health threat. The “One Health” approach,
integrating animal, human, and environmental
health perspectives, calls for safer animal
production and processing systems to prevent
spillover of resistant pathogens into the food
chain.

Public Health Implications and Socioeconomic
Dimensions

Improving hygiene and traceability in animal
product value chains benefits not only consumers
but also the broader economy. Safe products
reduce disease burden, improve workforce
productivity, and open export markets. For
instance, the European Union mandates strict
traceability and hygiene standards for all imported
animal-origin  foods. Compliance with such
standards can unlock new export opportunities for
Indian entrepreneurs.

Furthermore, promoting women and youth
entrepreneurship  in  hygienic, small-scale
processing units can enhance rural livelihoods.
Training programs under schemes like National
Livestock Mission and Startup India already
support dairy and poultry-based enterprises that
integrate food safety and public health goals.

Role of Institutions and Policies

Ensuring safety “from farm to fork™ requires
coordinated efforts from multiple stakeholders:
farmers, processors, regulators, and consumers.

Government Initiatives

o FSSAD’s “Eat Right India” movement
focuses on ensuring safe, healthy, and
sustainable diets through better hygiene,
fortification, and food testing.

e National Dairy Development Board
(NDDB) has implemented Clean Milk
Production programs that promote on-
farm hygiene and rapid chilling at the
village level.

o Department of Animal Husbandry and
Dairying (DAHD) promotes
modernization of abattoirs and meat
processing plants with scientific waste
disposal and cold chain support.

International Guidelines

e Codex Alimentarius  Commission
(2021) provides global standards for
hygienic production of milk, meat, and
eggs.

e FAQO’s Good Hygiene Practices for
Dairy Processors (2020) and OIE’s
Terrestrial Animal Health Code offer
guidance for countries to align food safety
systems with international norms.

Such frameworks not only protect health but also
boost global trade confidence in animal-origin
foods.

Sustainable and Safe Value Addition: The
Way Forward

The next phase of food entrepreneurship must
blend safety, sustainability, and innovation.
The use of renewable energy for cold storage,
biodegradable packaging, and smart sensors for
temperature and contamination monitoring are
transforming how food is processed and
delivered.

Consumers increasingly prefer products labeled
as “antibiotic-free,” “pasteurized,” or “traceable.”
Hence, investing in safety technologies is not
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merely a regulatory obligation but a strategic
marketing advantage.

Moreover, educational campaigns on hygiene and
responsible consumption can make consumers
active participants in food safety. The “Eat Right
Campus” and “Clean Street Food Hub” models in
India are excellent examples of how awareness
can improve both business and health outcomes.

Conclusion: Safe Value Addition as a Public
Health Investment

Ensuring that milk, meat, and egg products are
safe is not only about prevention of diseases. It is
about building a healthier, more resilient society.
The “Farm to Fork™ approach underscores that
food safety is a shared responsibility. When
farmers adopt hygienic practices, processors
maintain cold chains, and distributors ensure
traceability, consumers receive not just food, but
safe, nutritious, and trustworthy nourishment.

In the era of global trade and rapid urbanization,
countries that prioritize food safety and
traceability will lead both economically and
socially. Entrepreneurs who invest in hygienic,
innovative, and transparent value addition will not
only gain profits but also contribute significantly
to public health protection and sustainable
development.

As the saying goes,
“Healthy food means healthy people and healthy

’

people build a healthy nation.’
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1. ABSTRACT

Agriculture is emerging as one of the most effective arenas for addressing climate
change. Through carbon credits, farmers can convert sustainable practices into
measurable economic rewards. These credits represent verified reductions or
removals of greenhouse gases, enabling a marketplace where climate-positive
actions create tangible income (Cariappa et al., 2024). Practices such as
conservation tillage, agroforestry, and biochar application enhance soil organic
carbon and reduce emissions while maintaining productivity (Ravindranath et al.,
2022). Digital monitoring, reporting, and verification (MRV) systems—using
satellites, sensors, and blockchain—now make participation credible and
transparent (Boumaiza et al., 2024).

However, smallholder farmers face challenges such as high transaction costs,
limited technical knowledge, and weak market linkages (ICAR-CRIDA, 2025;
Ghosh & Sharma, 2024). Government initiatives like India’s Green Credit
Programme and the Voluntary Carbon Market in Agriculture Protocol are designed
to overcome these barriers. With policy support, inclusive governance, and digital
innovation, carbon trading can integrate rural livelihoods into global climate
solutions while promoting equity and resilience.

Keywords: agroforestry; regenerative farming; smallholder inclusion; digital
MRV; carbon sequestration; climate-smart agriculture; policy frameworks

2. INTRODUCTION

Agriculture sits at the crossroads of climate change both a major emitter and a
potential carbon sink. Globally, farming contributes nearly 30% of anthropogenic
greenhouse-gas emissions through methane, nitrous oxide, and land-use change
(Ritchie et al., 2022). Yet soils and vegetation can capture vast quantities of carbon,
positioning agriculture as a cornerstone of mitigation. Carbon trading links this
environmental function with financial incentives by rewarding emission reductions
or sequestration (UNFCCC, 2015). Under such systems, one metric tonne of CO-
equivalent reduced becomes a tradable unit—a carbon credit. In India, where more
than half the population depends on farming, this mechanism offers a unique
opportunity for sustainable development. By implementing conservation
agriculture, residue retention, and efficient nutrient management, Indian farmers

could collectively sequester millions of tonnes of carbon annually.
36B6|Page
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Nevertheless, barriers remain: high certification
costs, limited awareness, and market volatility
discourage participation. Addressing these issues
requires policy alignment, institutional capacity,
and farmer education (Ghosh & Sharma, 2024).
This paper examines how carbon trading
empowers farmers, enhances sustainability, and
contributes to national climate targets, while
highlighting pathways to make participation fair
and accessible.

3. BACKGROUND

Carbon trading refers to a market-based
mechanism allowing emission reductions or
removals to be quantified, verified, and
exchanged as credits. Each credit equals one
tonne of CO: equivalent. Two main market types
exist: compliance markets—mandated by law,
such as the EU ETS—and voluntary markets,
driven by corporate or individual commitments
(World Bank, 2023). The voluntary segment has
expanded rapidly, valued at more than USD 2
billion in 2023 and projected to reach USD 100
billion by 2030. India has over 50 registered
agricultural projects covering 16.5 million
hectares (Ghosh & Sharma, 2024). Farmers
participating in these initiatives adopt low-till
systems, crop diversification, or agroforestry,
verified under standards like Verra’s VCS or Gold
Standard.

3.1 HISTORY OF CARBON CREDITS

The concept of carbon credits emerged as a
response to the need for international cooperation
in reducing GHG emissions and addressing
climate change (Kolk et al., 2008). Here is a brief
history of carbon credits:

1. 1997: Kyoto Protocol - The Kyoto
Protocol, an international treaty to combat
climate change, introduced market-based
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mechanisms to reduce emissions. It
established the Clean Development
Mechanism (CDM) and Joint
Implementation (JI) as mechanisms for
generating carbon credits (Matsuo, 2003).

Clean Development Mechanism (CDM)
- The CDM allowed developed countries
to invest in emission reduction projects in
developing countries and earn Certified
Emission Reductions (CERs) for each ton
of CO:ze reduced. CERs could be used by
developed countries to meet their
emission reduction targets (Carr &
Rosembuj, 2008).

Emission Trading Systems - In the early
2000s, various emission trading systems
were established, such as the European
Union Emission Trading Scheme (EU
ETS). These systems allocated emission
allowances to industries, creating a market
for trading carbon credits (Kolk et al.,
2008).

. Voluntary Carbon Markets - Alongside

compliance markets, voluntary carbon
markets emerged to facilitate carbon
offsetting beyond regulatory
requirements. These markets allow
businesses and individuals to voluntarily
purchase carbon credits to offset their
emissions and demonstrate environmental
responsibility (Matsuo, 2003).

Carbon Standards and Certification -
Several standards and certification bodies
were established to ensure the credibility
and integrity of carbon credits. These
include the Verified Carbon Standard
(VCS), Gold Standard, American Carbon
Registry (ACR), and Climate Action
Reserve (CAR), among others (United
Nations, 2015).
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6. Paris Agreement - The Paris Agreement,
adopted in 2015, encouraged market-
based approaches to support emission
reductions. The agreement recognizes the
importance of carbon markets and calls for
enhancing and coordinating international
cooperation in this regard (United
Nations, 2015).

Today, carbon credits play a significant role in
both compliance and voluntary markets, enabling
businesses, governments, and individuals to take
climate action, achieve emission reduction
targets, and support sustainable projects
worldwide (AGRI Journal World, 2023).

3.2 TYPES AND ALLOCATION OF
CARBON CREDITS IN AGRICULTURE

Carbon credits in agriculture reward farmers for
adopting sustainable practices that reduce or
capture greenhouse gas emissions. These include
actions like using biofertilizers, practicing
conservation tillage, adopting agroforestry, and
improving soil carbon storage (ICAR-CRIDA,
2025; AGRI Journal World, 2023). Farmers can
earn credits for these practices and trade them in
carbon markets for additional income,
contributing to both environmental and economic
sustainability.

(1) Types of Agricultural Carbon Credits

o Certified Emission Reductions (CERS):
Earned through approved carbon
reduction projects in developing countries
under the Clean Development Mechanism
(CDM) of the Kyoto Protocol. Farmers
adopting renewable energy or methane
reduction projects can earn CERs (United
Nations, 2015).

o Verified Emission Reductions (VERS):
Generated in voluntary carbon markets
for farm-based practices like agroforestry,
organic farming, and composting. These
are verified by independent bodies such as
Verra or Gold Standard (Verra, n.d.; Gold
Standard, n.d.).

e Removal Units (RMUs): Awarded for
activities like reforestation, biochar use,
and soil carbon enhancement that
physically remove CO: from the
atmosphere (Carr & Rosembuyj, 2008).

e Blue Carbon Credits: Relevant for
farmers involved in mangrove, wetland, or
coastal agriculture, recognizing carbon
sequestration in aquatic ecosystems
(AGRI Journal World, 2023).

(11) Allocation and Benefits to Farmers

Carbon credits are allocated based on the verified
amount of carbon reduced or removed through
farm  practices. The  process includes
measurement, reporting, and verification (MRV)
using satellite or Al-based tools (Spacenus, 2025).
Once verified, credits are sold on compliance or
voluntary markets, allowing farmers to:

o [Earn extra income by selling credits to
companies seeking carbon offsets.

e Improve soil health through sustainable
practices that increase carbon storage.

e Reduce input costs by promoting organic
fertilizers and efficient irrigation.

e« Enhance climate resilience, making
farms more resistant to droughts and
floods (EOSDA, 2025; ICAR-CRIDA,
2025).

4. REVIEW OF LITERATURE
Research over the last decade emphasizes
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agriculture’s central role in carbon markets shows
that conservation tillage, agroforestry, cover
cropping, and residue management both sequester
carbon and boost productivity (Cariappa et al.,
2024; Ravindranath et al., 2022). Integrating
smallholders through digital platforms and FPOs
improves inclusion and transparency (ICAR-
CRIDA, 2025). Yet challenges persist especially
high transaction costs and uneven benefit sharing
(CGIAR, 2023). Successful programs couple
community aggregation, digital MRV and policy
support to ensure equitable outcomes (Ghosh &
Sharma, 2024).

41 HOW CARBON CREDITS WORK IN
AGRICULTURE

Generating carbon credits starts with simple but
impactful changes: planting cover crops, reducing
chemical fertilizers, or introducing precision
irrigation. Each of these actions, when properly
measured and verified, can be translated into
credits sold to companies needing to offset their
own emissions (Drishti IAS, 2024). Today, digital
monitoring and Al-driven analytics have made
these processes more accurate and affordable,
helping even small farms participate (Spacenus,
2025).

4.1.1 Benefits for Farmers

e New Income Stream: Participating in
carbon credit markets gives farmers
reliable access to additional earnings,
supplementing income from their main
crops. This extra revenue can help
stabilize household finances and give
families more flexibility in their
operations (EOSDA, 2025).

e« Enhanced Climate Resilience: Farm
practices that store more carbon tend to
make land more productive in the face of
challenges like drought or floods. Robust
soils retain water better and support

healthier crops, reducing reliance on
expensive inputs and safeguarding yields
(Farmonaut, 2025).

Economic Stability: By gaining money
from multiple sources, farmers reduce
their overall risks. Carbon credits reward
long-term thinking, making it easier for
producers to invest in better tools, seeds,
or training—improvements that benefit
whole communities over time (ICAR-
CRIDA, 2025; EOSDA, 2025).

Economic Opportunities: Carbon markets
add a new revenue stream beyond crops.
Demand for agricultural credits is
expected to grow sharply as firms pursue
net-zero targets (World Bank, 2023).
Blockchain-based registries lower
transaction costs and open global
participation (Boumaiza et al., 2024).
Cooperative aggregation further increases
rural bargaining power.

Social Impact on Farmers: Participating
communities report better collaboration,
information sharing, and access to climate
finance (CGIAR, 2023). However,
smallholders, women, and marginalized
groups remain under-represented (Ghosh
& Sharma, 2024). Inclusive design,
equitable contracts, and gender-sensitive
training are critical to prevent inequity.

4.1.2 Challenges and Solutions
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Smallholder Participation: Many small
and marginal farmers lack awareness of
carbon markets, technical know-how, or
upfront funds to get started. Farmer
aggregation through cooperatives, farmer-
producer organizations, and support from
NGOs or government programs is
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essential. Government frameworks can
help lower entry barriers and make the
system more inclusive, especially for
underserved rural populations (ICAR-
CRIDA, 2025; Farmonaut, 2025).

e Monitoring, Reporting, and Verification
(MRV): It is costly and technically
difficult to count every ton of carbon
stored or saved by new farm practices.
However, advances like drone imagery,
satellite monitoring, and Al-powered apps
now enable farms to keep accurate records
and verify processes much more
efficiently. This digitalization builds
public trust and delivers quick, fair
payments to producers (Spacenus, 2025;
EOSDA, 2025).

e Market Complexity: Carbon markets are
evolving, and transparency is crucial for
success. Without clear contracts and
equitable benefit-sharing models, small
farmers may be underpaid or excluded.
Initiatives that set standards for fair

contracts and provide support for
understanding market terms protect
farmer  interests.  Capacity-building

seminars and easy-to-understand training
materials are also empowering producers
to negotiate more confidently and make
informed decisions (Farmonaut, 2025;
EOSDA, 2025).

4.1.3 How Farmers Earn Through Carbon
Credits

Farmers adopt eligible practices such as zero
tillage or residue retention and baseline data are
collected. Verified emission reductions are
certified by standards like Verra or Gold
Standard (Verra, 2023). Credits are aggregated
and sold to corporate buyers through

intermediaries or digital exchanges. Typically,
60-80 % of revenue reaches farmers after
verification costs (Cariappa et al., 2024).

42 CARBON CREDITS IN CLIMATE
MITIGATION

Carbon farming helps restore the balance of
greenhouse gases by increasing the carbon stored
in soils and plants, and by reducing harmful
emissions from practices like residue burning or
over-fertilization. These changes don’t just help
the planet-they also future-proof food systems,
keeping farms productive in unpredictable
environments (Welthungerhilfe, 2023; ICAR-
CRIDA, 2025).

With support from international registries (like
Verra or Gold Standard) and new national
policies, more projects now recognize farmers as
key climate solution providers. Still, ensuring fair
access and reliable monitoring on a large scale is
a challenge that requires innovation,
transparency, and cooperation across many
sectors (Farmonaut, 2025).

5. ROLE AND OPPORTUNITIES IN
CLIMATE CHANGE AND MITIGATION
BY INDIAN AGRICULTURE

India, a rapidly developing agrarian economy,
stands at the crossroads of food security and
climate responsibility. With developing countries
expected to surpass the greenhouse gas (GHG)
emissions of developed nations by 2050
(Chandler et al., 2002), India’s agricultural
transformation is key to global mitigation efforts.
The country’s population is projected to grow by
1.12% annually between 2022 and 2031,
surpassing the global rate of 0.96% (United
Nations, 2022). Rising incomes are likely to
increase demand for high-footprint foods such as
dairy and meat (OECD, 2023a), potentially
doubling India’s per capita CO: emissions from
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1.53 tCO2¢ in 2013 to 2.98 tCO2¢ by 2030
(Narain, 2021; World Bank, 2022c). The
agriculture sector contributes around 14% of
India’s GDP and 17% of its national GHG
emissions (Chand & Singh, 2023; MoSPI, 2023).
A conceptual pie chart (Figure 1) illustrates
emission distribution within agriculture—major
sources include enteric fermentation, rice
cultivation, agricultural soils, and a residual
“Others” category encompassing manure and
crop residue burning (FAO, 2020). The use of
inefficient technology and fossil fuels throughout
food processing, transport, and storage further
exacerbates emissions (Mrowczynska-Kaminska
etal., 2021).

To mitigate emissions, the adoption of
Sustainable Agricultural Practices (SAPs) can
substantially reduce India’s carbon output—from
11.8 GtCOz¢ in 2019 to 1.9 GtCOze by 2070
(Bhattacharya, 2019; Gupta et al., 2022). These
practices also improve soil health, resource-use
efficiency, and farmers’ income through carbon
credits.

Table 1. Climate-Smart  Agricultural
Technologies and GHG Mitigation Potential

Technology
Feed additives
& manure
management

Application and Potential
Balanced cattle feed and manure
management can reduce CH4 and
N20 emissions by up to 85% and
41% respectively (Vijayakumar
etal., 2022; Sapkota et al., 2019).
Family-size biogas units may
offset 0.5 Gt CO: e annually
(Raipurkar, 2023).

Solar pumps replace diesel units,
reducing 5 t CO :e yr* each
(Agrawal & Jain, 2018). Solar
drying prevents 30-50% of post-
harvest losses (Kapri, 2021).

Solar energy

Drip/Micro Lowers CHa4 emissions by 21%,

irrigation enhances yield by 20-50%, and
saves up to 60% of water (Zhang
et al., 2020; Ranjan & Sow,
2020).

Laser land | Saves 10-14% irrigation water

leveling (LLL) | and cuts 754 kWh electricity per
hectare annually; mitigates 1.28—
3t CO:e hat yr! (Jat et al,
2009; Aryal et al., 2015; Sapkota
etal., 2019).

Improves water efficiency by
50% and reduces GWP by up to
59% in Punjab (Ishfaq et al.,
2020; Pathak et al., 2014).
Intercropping reduces N fertilizer
by 15%, while biochar lowers
CH4 emissions by 79% and
increases crop Yyield by 10%
(Harrison et al., 2022; Chamkhi
et al., 2022; Nair & Mukherijee,
2022).

Reduces fuel use by 3.9 gallons
per acre and lowers GHG
emissions by 8-31% compared
with conventional tillage (Li et
al., 2023; Jain et al., 2023).

Sapkota et al. (2019) estimate that India’s
agriculture could emit 515 MtCO:e annually by
2030, of which SAPs can offset 85.5 MtCOze per
year. ZT, efficient fertilizer use, and rice water
management together could sequester 43 MtCO-e
yr-'. At a carbon price of $10 per credit, farmers
practicing ZT could earn INR 250-900 per
hectare annually, while LLL could generate INR
600-1500.

Despite these benefits, small farmers face barriers
such as high initial costs, low awareness, and
insecure land tenure (Ruzzante et al., 2021).
Policies like the Green Credit Program, PM-
PRANAM, and MISHTI, as well as India’s
developing Voluntary Carbon Market (VCM)
framework, aim to encourage sustainable

Direct seeded
rice (DSR)

Intercropping
& biochar

Zero
(ZT)

tillage
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adoption (MoAFW, 2024; Gazette of India,
2023). Collaborations among government
agencies, certifiers (e.g., VERRA, Gold
Standard), and R&D organizations are essential
for transparent measurement, reporting, and
verification (Singh & Chaturvedi, 2023).
Presently, India ranks second globally in
agricultural carbon credit projects with 46 active
initiatives under VERRA’s Agricultural Land
Management (ALM) category (Nozaki, 2021).
Effective policy design, adaptive governance, and
financial inclusion can ensure agriculture remains
both a livelihood base and a climate change
solution hub.

5. ROLE IN SUSTAINABLE
AGRICULTURE PRACTICES AND
FUTURE INNOVATION

Carbon  markets reinforce  climate-smart
agriculture by rewarding low-emission practices
such as minimum tillage, cover crops, biochar
use, and agroforestry (Cariappa et al., 2024).
These methods enhance biodiversity, soil health,
and water efficiency. Future innovation focuses
on precision nutrient management, loT-based soil
sensors, Al carbon modeling, and blockchain-
enabled traceability (Boumaiza et al., 2024).
Start-ups like Ground Up in India are developing
biochar-based carbon-removal credits, linking
sustainability with rural employment (Durham
University, 2024). Scaling these technologies can
make carbon markets more accurate and
inclusive.

6. POLICY INSTRUMENT CONNECTING
INDIAN FARMERS TO CARBON AND
GREEN MARKETS

India has launched multiple policy instruments to
connect farmers and agri-supply chains with
environmental markets, including carbon and
green credits, with frameworks now in place for
standardized project development and potential

revenue streams for smallholders. These span
market design through the Green Credit
Programme (GCP) (MoEFCC, 2023),
agriculture-specific carbon protocols under
ICAR-CRIDA (ICAR-CRIDA, 2025), climate-
smart scheme linkages such as NMSA and
NICRA (TERI, 2024), financing pilots led by
NABARD (Farmonaut, 2025), and enabling
incentives for participation and capacity building
(Just Agriculture, 2024).

6.1 Green Credit Programme (2023)

e The Green Credit Programme (GCP) is
a national, market-based mechanism
notified  under the  Environment
(Protection) Act, 1986, to incentivize
voluntary environmental actions and
enable trading of “green credits” from
activities such as tree plantation,
sustainable agriculture, water
conservation, and waste management
(MoEFCC, 2023; Vikaspedia, n.d.).

o Operationally, degraded land parcels are
identified and registered; after verified
restoration or plantations reaching
milestones, green credits are issued and
can be traded on a designated platform

administered under MoEFCC’s
framework, with ICFRE and State
Forest Departments supporting
implementation and verification

(Tropentag, 2024; MoEFCC, n.d.).

o Methodologies for calculating credits
have been issued for tree plantation, with
ongoing expert debate on ecological
safeguards and integration with CSR/ESG
and compensatory afforestation
obligations, indicating an evolving
rulebook that may impact agri-linked
activities and  aggregation  models
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(VisionlAS,
2024).

2025;  Mongabay-India,

6.2 VCM in Agriculture Protocol (2025, ICAR-
CRIDA)

The ICAR-CRIDA policy paper (2025)
outlines a Framework for the Voluntary
Carbon Market (VCM) in the agriculture
sector and an Accreditation Protocol for
Agroforestry Nurseries to standardize
project development and planting material
quality for agroforestry-based credits
(ICAR-CRIDA, 2025; Press Information
Bureau, 2024).

It emphasizes MRV rigor, development of
Tier-2/3 emission factors, and
methodologies for major agri-practices,
noting over 140 India-linked agriculture
land management projects listed in the
Verra registry and the need to reduce
transaction costs for farmer participation
and fair revenue sharing (ICAR-CRIDA,
2025).

The framework’s goal is to enable small
and medium farmers to access VCM
revenues by adopting sustainable
practices that sequester carbon or reduce

emissions, with ICAR and NARES
leading technical backstopping and
capacity building (Press Information

Bureau, 2024).

6.3 NMSA Linkages to Credits

The National Mission for Sustainable
Agriculture (NMSA) promotes climate-
smart practices such as conservation
agriculture, integrated nutrient and water
management, and agroforestry, which
align with credit-generating activities in

VCM and green credit pathways as
methodologies mature (TERI, 2024; Just
Agriculture, 2024).

TERI (2024) highlights the project cycle
for farm credits—adoption, measurement,
MRV, certification (e.g., Verra/Gold
Standard), issuance, sale, and revenue
distribution—offering a blueprint for
aligning NMSA-supported practices with
marketable units.

This linkage positions NMSA as a feeder
for scalable, standardized agri-carbon and
agroforestry projects integrated with
national frameworks and voluntary
registries (Just Agriculture, 2024; TERI,
2024).

6.4 NICRA and Pilots
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The NICRA agenda supports research
and pilots on climate-resilient
technologies that underpin robust MRV
and lower-cost baselines for agriculture
carbon projects, serving as a pipeline for
scalable VCM interventions (ICAR-
CRIDA, n.d.; ICAR-CRIDA, 2025).

Such pilots inform localized emission
factors and practice-specific
methodologies, a prerequisite that ICAR-
CRIDA (2025) identifies as essential for
credible and farmer-friendly VCM
participation at scale.

By bridging research and field
deployment, NICRA helps de-risk
aggregation models and improves

verification readiness for farmer groups
(ICAR-CRIDA, n.d.).
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6.5 NABARD-Backed Aggregation Pilots

Development finance support is emerging
for farmer aggregation into carbon
initiatives, exemplified by pilots like the
Karnataka mango project, which uses
concessional finance and capacity-
building to meet MRV and certification
thresholds (Farmonaut, 2025; ICAR-
CRIDA, 2025).

Such models address high upfront costs
and coordination barriers for
smallholders, improving the feasibility of
credit monetization and equitable benefit-
sharing at FPO/cluster levels
(Farmonaut, 2025).

Integration with extension systems and
ICAR protocols can further standardize
farmer onboarding and data systems for
verifiers (ICAR-CRIDA, 2025).

6.6 Fiscal and Enabling Incentives

Beyond direct market instruments,
enabling measures include tax benefits,
credit subsidies, and capacity building to
encourage participation in environmental
markets and to cover MRV, certification,
and aggregation costs that otherwise deter
smallholders (TERI, 2024; Just
Agriculture, 2024).

Public frameworks encourage cross-
ministry collaboration to simplify farmer
access to VCM, with MoAFW and
MOoEFCC roles converging through the
GCP and agriculture-specific protocols
(MoEFCC, 2023; ICAR-CRIDA, 2025).
As methodologies expand to sustainable
agriculture within GCP and align with
VCM standards, fiscal incentives can
catalyze faster mainstreaming of farm-

level projects (MoEFCC, n.d.; TERI,
2024).

Additional Relevant Initiatives

The GCP explicitly lists “sustainable
agriculture” among covered activities in
its program scope, creating a national
pathway parallel to voluntary registries for
practices like agroforestry, soil health
improvement, and water-use efficiency
(Tropentag, 2024; Vikaspedia, n.d.).
Analytical reviews note that GCP credits
may be used by entities to meet certain
obligations or ESG/CSR aims, while
ongoing technical refinements are
expected to clarify durability,
additionality, and exchange rules vis-a-vis
carbon credits (Mongabay-India, 2024,
CEERA-NLSIU, 2024).

Knowledge partners such as TERI
contribute methodologies and
implementation models that can be
adopted by states and FPOs to structure
investable projects and farmer revenue
distribution mechanisms (TERI, 2024).

Practical Pathway for Farmers and FPOs
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Aggregation via FPOs, adoption of
ICAR-aligned  practices, baseline
mapping with RS-GIS, and selection of an
accredited standard (e.g., Verra) remain
core steps to generate tradable units and
negotiate offtake, with public schemes
lowering costs and risks (TERI, 2024;
ICAR-CRIDA, 2025).

Where GCP methodologies recognize
sustainable agriculture, entities may
pursue green credits domestically; where
VCM economics are stronger, projects
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can target international registries while
leveraging NMSA/NICRA support for
MRV readiness (MoEFCC, 2023; Just
Agriculture, 2024).

Close coordination with NABARD/State
missions can unlock concessional finance
for MRV and verification, easing entry for
smallholders into  carbon  markets
(Farmonaut, 2025).

MERITS AND DEMERITS OF CARBON
TRADING

Carbon trading offers tangible income and
resilience benefits for farming
communities but also faces cost, access,
and integrity challenges that can limit
impact without strong governance and
farmer-centric design.icar-crida+4

MERITS

e Creates financial incentives for
sustainable farming by monetizing
emission reductions and removals,

enabling producers to earn from practices
like agroforestry, conservation tillage, and
improved nutrient management that
generate verified credits and supplemental
revenue streams alongside
crops.openknowledge.worldbank+1

Enhances soil health, water retention, and
biodiversity when credits are tied to
nature-based practices that increase soil
organic carbon, improve infiltration, and
support on-farm habitats, aligning with
high-integrity methodologies that reward
co-benefits in land use systems.bain+1

Diversifies rural income and reduces
climate vulnerability by adding a
performance-based income source that is

less correlated with local weather shocks,
while channeling finance to resilience-
enhancing practices that stabilize yields
over time.saiia+1

Encourages technological innovation and
data-driven management as projects adopt
digital MRV, remote sensing, and farm-
level record systems to quantify
outcomes, which accelerates adoption of

precision practices and strengthens
agronomic decision-making.climate-
change+1

DEMERITS
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High MRV and certification costs increase
entry  barriers  because  accurate
measurement, reporting, and verification
in dispersed smallholder settings require
standardized methods, field data, and
audits that are expensive relative to credit
revenues at current market prices.icar-
crida+2

Limited awareness and access for
smallholders persists as many farmer
groups lack technical assistance, finance,
and market intermediation to participate,
prompting initiatives to build capacity but
leaving inclusion gaps in  many
regions.cashcoalition+2

Risk of greenwashing and price volatility
undermines confidence, as integrity
concerns have depressed average VCM
prices and market value, while public
debates over claims and credit quality
create uncertainty for project developers
and buyers.ppp.worldbank+3

Unequal benefit distribution without
strong governance can occur when
intermediaries, transaction costs, and
information asymmetries capture value,
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requiring clear rules, buyer integrity
frameworks, and farmer-first contracting
to ensure fair revenue sharing.

8. CONCLUSION

This study shows that agricultural carbon credits
can align farm economics with climate mitigation
when three conditions are met: high-integrity
measurement,  inclusive  aggregation, and
predictable market access for smallholders.
Evidence around improved agricultural land
management, including zero/minimum tillage,
diversified rotations, agroforestry, biochar, and
efficient water-nutrient management, confirms
dual gains—measurable emission reductions and
resilient productivity—once verified under robust
standards such as Verra’s VM0042 and AFOLU
approaches. India’s enabling architecture—the
Green Credit Programme for domestic “green”
actions and ICAR-CRIDA’s agriculture VCM
framework—can  lower transaction  costs,
standardize methodologies, and channel finance
to FPO-led clusters that negotiate fair offtake and
revenue sharing. The practical next step is farmer-
centric execution: baseline mapping, digital
MRV, transparent contracts, and grievance
mechanisms that ensure a majority of credit value
reaches producers  while safeguarding
permanence and additionality. Implemented this
way, carbon trading becomes a credible bridge
between regenerative agriculture and rural
prosperity, turning documented climate-positive
practices into durable, equitable livelihoods at
scale.
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Introduction:

Cotton is major fibre and commercial crop India, being grown all three
zones i.e. North Zone, Central and South Zone. Soils of North Zone are defined by
loamy-sandy nature with alluvial type. Cotton being a deep rooted crop utilizes
large quantities of nutrients from the soil profile. Nutrient management in cotton is
complex due to synchronized or parallel vegetative and reproductive active growth
phases. Fertilizers are being applied for last many years by farmers but in traditional
manner without profiling soil status for optimum requirement. This has led to lower
yields and spatial variation among the nutrients under the similar management
situations under North Zone scenario.

The Bt cotton hybrids produce relatively more number of fruiting bodies
and to retain more bolls with more boll weight and hence it needs higher quantity
of nutrients compared to Non Bt cotton in general. Intensively cultivated soils are
being depleted with available nutrients especially secondary and micronutrients. In
expectation to get more production, farmers are in practice of using more chemical
fertilizers in North India. Adequate and balanced nutrition holds the key to sustain
the yield and quality of cotton. While sub-optimal nutrition reduces the yield
potential of crops on other hand excessive application of nutrients adversely
impacts the profitability due to increase in cost of cultivation. Applications of
access nutrients leads to contamination of groundwater, excessive vegetative
growth in the crop and associated insect-pest problems.

Balanced nutrient management plays an important role in yield formation
in any crop. Plant nutrients play various roles in the formation, partitioning, and
utilization of photosynthates in plants. Deficiencies of plant nutrients cause various
disorders or deficiency symptoms due to improper nutrient supply. A balanced
nutrient management program with macro and micro nutrients should be one of the
most important factors for production of higher cotton yields of good quality. An
optimal nutrient management strategy should avoid its negative ecological impact
and undesirable effects on the sustainable cotton based cropping systems. Hence, it
is imperative to establish an integrated nutrient management program which should
be both economically and environmentally friendly in nature.
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1.2 Economic Imperatives and Market Projections

Integrated nutrient management (INM) in cotton
involves using a combination of chemical
fertilizers, organic matter, and soil amendments to
optimize nutrient (Macro & Micro nutrients both)
supply to the crop. The goal of INM is to improve
soil fertility and plant growth while reducing
negative environmental impacts and economic
costs. INM practices in cotton can include:

I. Soil testing to determine nutrient deficiencies
and scheduling the appropriate fertilizers.

Il. Crop rotation and intercropping with other
suitable crops to improve soil health and nutrient
cycling.

I11. The use of compost, FYM, green manures and
other organic matter to improve soil fertility and
soil health.

IV. The application of balanced fertilizers with
appropriate methods to supply adequate nutrients
at critical growth stages.

INM practices can help to increase cotton
yields and fibre quality, reduce fertilizer inputs
and costs and minimize the negative impacts of
fertilizer use on the environment.

1. Balanced nutrition management and nutrient
demand in cotton:

Balanced nutrition management with
economically optimum fertilizer rates for high-
yielding cotton crop is normally the most
important work in integrated cotton nutrition
management, and the knowledge of nutritional
status of the crop is fundamental in determining
fertilizer recommendations to improve crop
production. Generally, cotton nutrient uptake is
relatively low during the early growing season,
and significantly increases after flowering and
during early boll development. A few weeks after
flowering, the plant attains its peak nutrient
uptake rate and the total demand reaches a
maximum as the bolls begins to mature. To
achieve the greatest efficiency of nutrient uptake
and utilization, fertilizer applications should be
synchronized to meet crop demands at different
growing stages in cotton.

Macronutrients such as N, P, and K are the
most important elements for cotton production,
which are often considered in nutritional

management. However, micronutrient problems
have been constraining cotton production due to
over emphasis on macronutrients, decreased use
of organic manure, less recycling of crop residues
in soil, and introduction of high yield varieties /
hybrids. A reduction in yield of seed-cotton due
to imbalanced application of micronutrients,
particularly Zn and B, has been frequently
reported on calcareous soils. Cotton is regarded as
a particularly Zn-sensitive crop, and Zn
deficiency normally appears when cotton plants
grow in high pH soils and with high rates of P
application. Thus farmers have to apply the
fertilizers as per nutrient requirement in that
particular area of cotton cultivation. The nutrient
deficiency symptoms of various nutrients in
cotton are shown in the Table 1.

Table 1 Functions and deficiency symptoms of
various nutrients in cotton

Name of the
nutrient

Functions in cotton
plants

Deficiency
symptoms

Nitrogen (N)

Nitrogen is major
plant nutrient which
control new growth,
nutrient uptake and
prevents abscission
of squares and bolls.

Symptoms  of
cotton N
deficiency are
readily
identifiable,
which normally

Nitrogen increases | appear on older
plant height, | leaves first, and
monopodial and | then rapidly
sympodial branches | move from

per plant, harvested
bolls per plant and
seed cotton vyield. It
improves the quality

older to younger
parts of the
plants. At the
beginning, old

of lint viz., fibre | leaves become
length, bundle | uniformly pale
strength and fibre | green, pale
fineness. yellow, then

turn yellow, and
develop brown
necrosis areas.
Leaf expansion
is slowed down
by N deficiency.

Phosphorus
(P)

Phosphorus is the
second key nutrient
for every crop
including cotton. It
stimulates early
growth and root
formation, hastens
maturity, promotes

Deficiency

symptoms  of
this nutrient
appear first on
lower or older
leaves and
further upwards
on a stalk. The
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seed production and
makes plants hardy.

plant  become
dark green and
stunted in
growth  where
the  blooming
and fruiting got
delayed. A
purple
pigmentation
may develop on

chlorophyll, helps in
the translocation of
starch  within the
plant and is essential
for formation of oils
and fats.

veins  remain
green or leaf
cupping and
intervening
chlorosis and it
starts in young
leaves. The
typical
symptoms  first
present on older

the leaf margins and mature
and proceed into leaves.
inter-veinal Calcium Calcium helps in the | During this
tissues of leaves (Ca) movement of | deficiency the
in the severe carbohydrates in | cotton crop
cases, and then plants and is | affected during
older leaves will essential to healthy | the maturity
be in chlorosis, cell walls and root | stage. The leaf
necrosis, and structure. of cotton
abscission. Calcium improves becomes
Potassium Potassium is the | The deficiency cell wall strength | crinkled  with
(K) third key nutrient in | symptoms  of and integrity and is | poor root
the cotton life cycle. | potassium often crucial for overall | growth. The
Potassium improves | occur first at the new cell | upper  leaves
plant’s ability to | bottom of the development. and squares &
resist disease, cold | plant on the young bolls
and drought stresses | older, lower, or become dry.
and also helps in the | mature leaves. Sulfur (S) Sulfur helps in the | The deficiency
production of | The leaves formation of oils and | symptoms are
carbohydrates. become brown- parts of protein | first evident and
Potassium remains | reddish, the tips molecules in the | more
in an ionic form in | of leaves curl plants. pronounced on
the plant cells and | and breakdown. younger leaves,
tissues and controls | Normally, K while older
osmo-regulation. It | deficiency leaves remain
plays an important | symptoms may green. Young
role in fibre | develop on leaves become
development and the | mature leaves of light green to
turgor-driven the upper yellow in color.
expansion of fibre | canopy  after Iron (Fe) Iron is essential for | The deficiency
cells and ultimately | flowering formation of | symptoms show
determines the fibre | commences K chlorophyll& yellowing of top
length. deficiency releases energy from | cotton leaves.
symptoms can sugars and starches. | Chlorosis first
also be found on appears in the
young  cotton young leaves in
leaves at the top the form of light
of the plant and yellowish spots
spread from the between the
top to the veins, and then
bottom  during the younger
flowering and leaves turn pale
boll green to pale
development. yellow,  while
Magnesium | Magnesium is an | Leaves become the older leaves
(Mg) ingredient of | reddish and the remain  green
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Vitamin A in plants.
Copper is required in
extremely small
guantities and
excessive copper is
very toxic.

and normal.
Zinc (Zn) Zinc is an essential | The plant also
constituent of | shows a shorter
several  enzymes, | appearance. A
controls synthesis of | typical Zn
indoleacetic acid — | deficiency
an important growth | symptom of
regulator in plants. “little leaf” and
inward curling
of top leaves is
evident in
cotton. The
main symptoms
in cotton are
chlorosis  and
malformation of
young leaves
and a general
bronzing in the
first true leaves.
Boron (B) Boron helps in the | B-  deficiency
assimilation of | symptoms
calcium in plants. | appear at the
Boron is required in | apex of the plant
extremely small | and on the fast
quantities and | growing leaves;
excessive boron is | dieback of
very toxic. Boron | terminal
plays an important | growth,
role in fruiting and | excessive
blooming. shedding of
squares and
young bolls.
Copper (Cu) | Copper  promotes | Inter-veinal
formation of | chlorosis of the

leaves. The
young leaves
fail to expand
and the leaf
color turns to
bluish green
with Cu

deficiency. The
apical part of the
young leaflets
turns white and
necrotic.

2. Biofertilizers in integrated nutrient
management for cotton

The major attraction of using bio-
fertilizers in integrated nutrient management
system is to convert the unavailable nutrients to
available form which is readily available and
easily accessible by the plants. Biofertilizers

improves soil physical as well as biological
properties and sustain soil fertility by providing
nutrients in available forms to the plants. This is
one of the important component of INM which
aims to improve the stock of plant nutrients in the
soilsimproving the efficiency of plant nutrients,
thus, limiting losses to the environment. Thus,
integrated nutrient supply / management aims at
maintenance or adjustment of soil fertility and of
plant nutrient supply to an optimum level for
sustaining the desired crop productivity through
optimization of benefits from all possible sources
of plant nutrients in an integrated manner.

3. Recommendation regarding Fertilizer
Applications for cotton under North-Western
Indian conditions:

Fertilizer should preferably be applied on
the soil test basis. In the absence of soil test report,
the fertilizer recommendations should be
followed for medium fertility soils are as
mentioned in Table 2.

During raising the cotton crop in fields, following
important recommendations should to be followed as
per need:

e Omit application of phosphorus to cotton
when it follows wheat which had received
recommended dose of phosphorus. Where
67.5 kg DAP is used, reduce the urea dose by
25 kg (under Punjab conditions).

e Apply 50 kg muriate of potash and 25 kg zinc
sulphate heptahydrate (21%) or 16.25 kg zinc
sulphate monohydrate (33%) per hectare to
cotton in light soils.

e Drill all phosphorus at sowing. Apply half
nitrogen at thinning and remaining half at the
appearance of flowers.

o If the soil is low in fertility, the first half dose
of nitrogen may be applied at sowing instead
of at thinning.

e Apply 1kg boron (10 kg borax) per hectare at
sowing in boron deficient soils.

e To get higher yields, give 4 sprays of 2%
potassium nitrate (13:0:45) at weekly
intervals starting at flower initiation.
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e For high yield and management of leaf
reddening in Bt cotton, give 2 sprays of 1%
magnesium sulphate (2.5 kg magnesium
sulphate in 250 litres of water per hectare) at
15 days interval during full bloom and boll
development stages.

Conclusion

Mineral nutrients possess important
functions in plant physiology, which positively
impacts the growth, development, and yield of
cotton. Nutrient balance plays a substantial role in
improving cotton nutrient management. Both
macro and micronutrients and organic and
inorganic nutrients should be taken into account
to establish an effective nutrient management
program for cotton. Nutrient deficiencies in
cotton usually accompany with a series of
symptoms such as chlorosis, stuntedness,
abnormality, and influence cotton health and
disease resistance.

Prediction of cotton nutrient requirements
according to the genotype and targeted yield,
understanding nutrient supply in relation to
nutrient availability, nutrient cycling, and foliar
fertilizers, and combining soil testing and plant
analysis during the cotton growing season can
help to achieve precise nutrient management
under most situations. Integrated nutrient
management including soil and foliar applications
and water and nutrient management is helpful in
achieving economically and environmental
friendly cotton production. Further improvements
in nutrient use efficiency would require the
consideration of technologies enabling the
monitoring of plant nutrient status during the
growing season, as well as more precise delivery
of nutrients and water to the cotton root zone
through drip irrigation.

Table 2 Fertilizer and plant nutrient recommendation for cotton under North-Western Indian
conditions
Sr. States Fertilizer/nutrient Desi Cotton American Cotton
No. (Desi kapas) (Narma)
Varieties Hybrids Varieties Bt/Non Bt
Hybrids
1. Haryana Nutrient Nitrogen 50 87 175
(kg / ha) Phosphorus - Same as 30 60
P20s American
Potash - cotton - 60
Fertilizer Urea 112 hybrids 187 375
(kg / ha) DAP - 67 135
SSP - 187 375
MOP - - 100
2. Punjab Nutrient Nitrogen 75 75 105
(kg / ha) Phosphorus 30 30 30
P20s
Potash - - -
Fertilizer Urea 162 200 225
(kg / ha) DAP 67 67 67
SSP 187 187 187
3. Rajasthan Nutrient Nitrogen 90 100 150
(kg / ha) Phosphorus 20 40 40
P2Os
Potash - 20 -
Fertilizer Urea 195 217 325
(kg / ha) DAP 45 87 87
SSP 125 250 250
MOP - 35 -
#Source: Package of Practices of Agricultural Universities of respective states.

53|Page




<1157 AGRICULTURE

THE FUTURE OF AGRI INNOVATION

Just Agriculture
Multidisciplinary
e- newsletter

e-1SSN: 2582-8223

Volume - 6
Issue - 4
December, 2025

www.justagriculture.in

AUTHORS’ DETAILS:

Siddhant Ray Bharti

B. Sc. (Hons.) Agriculture
School Of Smart Agriculture
Institution:
Adamas University

ARTICLE ID: 13
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CHEMICAL ELEMENTS IN PLANTS
Understanding Plant Adaptation and Resilience

INTRODUCTION TO HYPERACCUMULATION
Definition of hyperaccumulation: Hyperaccumulation refers to the
ability of certain plants to absorb and accumulate high concentrations of
specific metals or other elements from the soil, often at levels significantly
higher than those found in typical plants. This phenomenon is especially
noted for heavy metals like nickel, zinc, and cadmium, as well as certain
non-metals.
Hyperaccumulator plants have specialized mechanisms that enable them to
tolerate and store these elements without suffering from toxicity. These
plants are of interest for various applications, including:
e Phytoremediation: Using plants to clean up contaminated soil and
water by absorbing pollutants.
e Soil Restoration: Restoring metal-contaminated sites to a
healthier state.
e Biorecycling: Recovering valuable metals from waste.
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OVERVIEW
ELEMENTS
Commonly hyperaccumulated elements are
heavy metals like Zn, Ni, Pb, and essential
nutrients like Cu. Nickel is the element most
often hyperaccumulated: about 75% of
hyperaccumulator taxa are Ni
hyperaccumulators.

There are also substantial numbers of
hyperaccumulators of Co, Cu and Se, along
with smaller numbers that hyperaccumulate
As, Cd, Mn, Tl and Zn.

OF CHEMICAL

NICKEL

ARSENIC

CADMIUM MANGANESE

They displace the vital nutritional minerals
from their original place, thereby, hindering
their biological function. It is, however,
impossible to live in an environment free of
heavy metals.

There are many ways by which these toxins
can be introduced into the body such as
consumption of foods, beverages, skin
exposure, and the inhaled air.

The removal of single heavy metals like Co
and Zn from aqueous solutions using various
low-cost adsorbents (Fe203, Fe304, FeS,

steel wool, Mg pellets, Cu pellets, Zn pellets,
Al pellets, Fe pellets, and coal) was
investigated.

AlPellet:

Mz pellata, Coal
USAGE OF HEAVY METALS AND
ITSEFFECTS

Heavy Metals and Ecosystem contaminations
of land resources continue to be the focus of
numerous environmental studies and attract a
great deal of attention worldwide. This is
attributed to  non-biodegradability and
persistence of heavy metals in soils.

In order to identify spatial relationship of
heavy metals in soil-rice system at a regional
scale, 96 pairs of rice and soil samples were
collected from Wenling in Zhejiang province,
China, which is one of the well-known
electronic and electric waste recycling centres.
The results indicated some studied areas had
potential contaminations by heavy metals,
especially by Cd. The spatial distribution of
Cd, Cu, Pb, and Zn illustrated that the highest
concentrations were located in the northwest
areas and the accumulation of these metals
may be due to the industrialization, agricultural
chemicals and other human activities.

It is generally believed that herbal and
natural products are safer than the synthetic
or modern medicines but even some
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Phytotoxicity barrier |

indigenous herbal products contain heavy
metals as essential ingredients.

Heavy metal contamination in herbal
medicines is a global threat to human beings

High risk of transfer >

B, Co, Cu, Mn, Ni, Zn1

Solublility barrier 1

Ag, Au, Cr*, Hg, 1
Pb,Sn T, 2r

Translocation barrier
Al As, Fe, Hg, Pb

especially at levels above known threshold
concentrations. The concentrations of five
heavy metals cadmium (Cd), lead (Pb), arsenic
(As), mercury (Hg) and copper (Cu) were
investigated using Inductively Coupled

Plasma Optical Mass Spectrometry (ICP-MS)
with 1773 samples around the world.

According to Chinese Pharmacopoeia, 30.51%
(541) samples were detected with at least one
over-limit metal. The over-limit ratio for Pb was
5.75% (102), Cd at 4.96% (88), As at 4.17% (74),
Hg at 3.78% (67), and of Cu, 1.75% (31). For
exposure assessment, Pb, Cd, As, and Hg have

resulted in higher than acceptable risks in 25
kinds of herbs.

The maximal Estimated Daily Intake of Pb in
seven herbs, of Cd in five, of Hg in four, and As
in three exceeded their corresponding
Provisional Tolerable Daily Intakes. In total 25
kinds of herbs present an unacceptable risk as
assessed with the Hazard Quotient or Hazard
Index.

MECHANISMS OF UPTAKE
Mineral uptake is the process in which

minerals enter the cellular material, typically
following the same pathway as water.

M "\,_
m“ »
g
Owygen r
’ Narient aptabe b BoRtaed by
leaves. ront
Woverrert of mneral kans inwedves
o8 paiswe aed acthve vanpon
Sol wywtemn

The most normal entrance portal for mineral
uptake is through plant roots. During transport
throughout a plant, minerals can exit xylem
and enter cells that require them.

Mineral ions cross plasma membranes by a
chemiosmotic mechanism. Plants absorb
minerals in ionic form. The uptake of nutrients
occurs at both the roots and the leaves.

lons may be taken up by the plant cells by two
methods:

® Passive Absorption
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® Active Absorption

Together, these transport mechanisms enable
plants to regulate ion concentrations within
their cells, absorb essential nutrients from the
soil, and maintain the electrochemical
gradients necessary for various physiological
processes.

ACTIVE ABSORPTION

It is the absorption of minerals with the direct
expenditure of metabolic energy.

During the active absorption of minerals, ions
from the outer space of the cell move into the
inner space and it generally occurs against the
concentration gradient. Hence it requires
metabolic energy and this energy is obtained
from the cell’s metabolism either directly or
indirectly.

All minerals cannot be transported passively in
the roots as the concentration is low in the soil
and moreover they are present as a charged
particle, which cannot cross the cell
membrane. These are actively transported in
the roots using energy stored as ATP.

Minerals are transported by specific proteins
present in the membrane of the root hairs.
Transport proteins are embedded in the plasma
membranes of endodermal cells and control
the type and amount of solutes reaching the
xylem. From roots, minerals are then

transported to all the other

transpiration pull.

parts by

PASSIVE ABSORPTION

Passive transport is the fundamental movement
of ions and other molecular substances within
the cells along the concentration gradient,
without any external energy. It is also known
as passive diffusion.

Passive Transport
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o
I‘nk

c“ g T

g i b ’W : ‘} $

) Carwoma roegn the bokd
Wy (wf) g W SR
o

R i

Simple diffusion: Diffusion is the movement
of substances from a region of higher
concentration to a lower concentration. The
difference in the concentration of the two areas
is termed a concentration gradient and the

process of diffusion continues until this
gradient neutralizes.

After . O . o e Before
Retained

Molecules Molecules filtered out

Facilitated diffusion: Facilitated
diffusion is the passive transportation of
ions or molecules across the cell
membrane through specific
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transmembrane integral proteins. The
molecules, which are large and insoluble
require a carrier substance for their
transportation  through the plasma
membrane. This process does not require
any cellular or external energy.

Filtration: The selective absorption of
nutrients in the plants is an example of
filtration. This process does not require any
energy and takes place along the
concentration gradient. In the process of
filtration, the cell membrane permits only
those substances which are soluble and
could easily pass through its pores. lon
channels and aquaporins are some examples
of facilitated diffusion.

Osmosis: In the process of osmosis, water and
dissolved minerals pass through a
selectively permeable membrane in order to
balance the concentration of other substances.
Osmosis is affected by the concentration
gradient and temperature. The greater the
concentration gradient, the faster the rate of
osmosis. Also, rate of osmosis increases with
increase in temperature.

STORAGE MECHANISM

Hyperaccumulators are plants with specific
roots that are efficient in the absorption of large
amounts of metals from the soil.

Translocation: After the metal is taken in
through the leaves or the root, it can be
translocated from the roots through the xylem
to the upper regions of the plant where it is often
deposited in the stem leaves.

Vacuolar Sequestration: In plants, vacuoles
sequester and store such metals as nickel or
cobalt to prevent the cell from being
damaged.

Cytoplasmic Storage: serves as a metallic
collection area for the proteins phytochelatin
and metallothionein that have bound metals
requiring detoxification or protection from
cellular damage.

Parietal Sequestration: Metals are
absorbed by cell wall components, part of the
cytoplasmic storage system which prevents
additional storage within the cytoplasm.

PHYSIOLOGICAL ADAPTATIONS
Plants possess specialised roots and proteins
that aid in the accumulation of metals into the
them.

Exporting Metabolites: These plants release
organic acids that aid in the solvation of metals
which is beneficial in their uptake. Solvation is
the interaction of a solute with the solvent which
leads to stabilization of the solute species in
the solution.

Transport Proteins: Metals are bound to
proteins known as phytochelatins, which
remove or reduce toxicity, to aid in metal
sequestration.
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Glutathione or Phytochelatin -
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Protective Measures:
amounts of metal ion in vacuoles, so as to
sequester them from critical cellular
processes that may lead to cellular injury.
Vacuoles restrict movement of heavy metals
and help in avoiding their toxic effects.
Damage Recovery: Hyperaccumulators have
ways to defeat the negative impacts of metals
and resuming their usual processes. These
include metal detoxification, antioxidant
production, efficient repair mechanisms and
chelation and transport proteins.

Plants contain large

GENETIC BASIS OF
HYPERACCUMULATION
Metal Transporter Genes: Within

hyperaccumulator plants, there exist specialized
genes that encode transport proteins so as to
facilitate the uptake of metals from the soil.
Detoxification Proteins: A metallothionein and
phytotechnologist gene known is involved in
metal binding and its ionic forms reducing the
impact of toxin.

Phytochelatin (PC)

(y-GluCys)n.1Gly

Stress Response Genes: These plants also have
genes in them that are known to be essential for
the synthesis of certain antioxidants that are
helpful in detoxifying high levels of oxidative
stress.

Distribution of Polygenic Traits

Common Cases

Rare Cases

[

Rare Cases

=

extreme
phenotype

extreme
phenotype

Regulatory Transcription Factors: Genes that
induce their expression in the presence of metal
- metal binding proteins bind continuously up to
a set point of maximum saturation.

average
phenotype

Polygenic Trait: Hyperaccumulation is a
polygenic trait owing that the several genes that
control the tolerance to high metal level and
metal accumulation are numerous, hence
variations within and among different species.

ECOLOGICAL IMPLICATIONS

Phytoremediation: Contaminated soils can be
decontaminated after they have been fully
stored and absorbed into  biomass.
Bioremediation plants can absorb and remove
toxic compounds from soil and water

Nutrient Cycling: Ecosystems dominated by
hyperaccumulators tend to extend limited
precious metals and other vital nutrients
deposits.

Habitat Creating: Such distinctive habitats can
be formed enabling the organisms to develop

heavy metal resistant specialized non-
competitive communities.
The accumulation of metals alters the lower

trophic levels as well as their predators thus
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Soil Assessment
(metal type, concentration)

Plant Pairing
(hyperaccumulator)

Carbon Sink
(pre-harvesting)

Harvesting
(manually/machinery)

brings significant changes to the food web.

Evolutionary Pressure: Some of the individuals
population structures can have an impact on
other neighbouring populations causing
changes to the population structure of that
particular population.

APPLICATIONS IN AGRICULTURE
Potential for increasing crop resilience to heavy
metal stress: Agricultural researchers can
uncover genetic features and metabolic
mechanisms that contribute to crop resilience.
This exposes crops to significant metal stress.
Phytoremediation: Hyperaccumulators can be
used to clean up heavy metal contaminated
soil. They can accumulate heavy metals in
their leaves at levels 100-1000 times higher
than non- hyperaccumulators.

Phytomining: Hyperaccumulators are often used
to extract metals from the soil. The plants are
grown, then the biomass is harvested, dried, and
incinerated to create a high-grade bio-ore.

Food fortification: Many of the metals that

Accumulation
(metals, minerals)

Sowing
(soil preparation,
seeds/plants)

N ¢

N\ '8

Incineration
(drying, ash)

Metal Recovery
(leaching, electrolysis,
precipitation)

hyperaccumulators can accumulate are also
essential nutrients for humans. Thus,
hyperaccumulators are often used to make food
products that would help to cure deficiencies.

CHALLENGES AND LIMITATIONS

Growth rate and biomass production: As
compared to regular crops, these plans grow
slowly and produce less biomass. They also
take alonger time to clean up the soil. Thus, the
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overall productivity in such plants is lower
than other crops.

Environmental and ecological risks:
Hyperaccumulators when consumed by
animals or humans could lead to harmful
effects. It may also lead to bioaccumulation in
food chains. So, one has to be careful while
planting these plants.

Economic feasibility of utilizing
hyperaccumulators: If we take a look at the
financial aspect, it could be quite expensive. As
these plants grow in a slow manner, it may take
time to get the desired output. So,
hyperaccumulators can only be used for long
term projects.
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Risk of Biomagnification: These plants after
being eated by organisms lower in the food
pyramid, leads to accumulation of large
amounts of these toxic heavy metals in the
organisms higher in the food pyramid. This is
known as biomagnification.

CASE STUDY

BRIEF: This case study includes study on
hyperaccumulation in Alpine pennycress,
(Thlaspi  caerulescens), a  well-known
hyperaccumulator of heavy metals, for

remediation of contaminated soils.

SITE OVERVIEW:

- Location: A former zinc and lead mining
region in Southern France.

- Problem: The soil in the area was heavily
contaminated with high concentrations of
Cadmium (Cd) and Zinc (Zn), which lead to
poor human health, low agricultural
productivity and risks of bioaccumulation.

OBJECTIVES:

- Reduction of levels of Cadmium and Zinc in
the soil to manageable levels.

- Exploring the feasibility of using
hyperaccumulation as a sustainable and cost-
efficient method for soil remediation.

PROCESS:

1. Planting of Thlaspi caerulescens:
The plant was carefully selected for
its ability to accumulate high
concentrations of zinc and cadmium
from the soil. It tolerates and stores
up to 30,000 ppm of Zinc and 1,000
ppm of Cadmium in its tissues
without suffering from any harmful
impacts.

2. Growth and Harvest Cycles:
Several growth and harvest cycles
were carried out over a few years to
maximize the extraction of heavy
metals. After each cycle, the plants
were harvested to prevent the metals
from being returned to the soil
during decomposition.

3. Monitoring Soil Metal Levels:
The concentration of Zinc and
Cadmium in the soil was
measured from time to time for
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evaluating the efficiency of
remediation.

RESULTS:

Over time, there was significant decrease
in cadmium and zinc concentrations in
the selected areas. This demonstrated that
hyperaccumulation by Thlaspi caerulescens
could effectively be used to lower heavy
metal concentrations in such soils.

CHALLENGES ENCOUNTERED:

- Slow Progress: While there was a
significant reduction in metal levels, the
process was very slow, requiring multiple
growth cycles over multiple years for
achieving substantial remediation.

- Plant Stress and Soil Fertility: As
the heavy metal levels decreased, the
plants displayed signs of stress, and
the soil required additional nutrient
management to maintain fertility.

CONCLUSION:

Thus, we can say that hyperaccumulators
can be used as a sustainable approach for
phytoremediation of soils with high heavy
metal concentrations, but the projects need
to be long term with substantial financial
inputs.
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FROM INDEXING TO INTELLIGENCE: REDEFINING SOIL

QUALITY PREDICTION

Abstract

Soil quality assessment is critical for sustainable agriculture, but traditional
laboratory methods are often slow, expensive, and labour-intensive. This article
reviews the evolution of soil quality assessment from traditional statistical indexing
to modern, data-driven predictive models. It briefly covers the conventional
approach of using a soil quality index (SQI) derived from a minimum data set
(MDS), often selected using principal component analysis (PCA). The focus then
shifts to the superior predictive power and efficiency of machine learning (ML) and
deep learning (DL) algorithms. This review summarises recent successes in using
Artificial Neural Networks (ANN), ensemble models like XGBoost, and advanced
deep learning frameworks like Convolutional Neural Networks (CNNs) and
Spatial-Aware Neural Networks (SANNSs). These Al-driven tools, when combined
with Explainable Al (XAI) for model transparency, offer a scalable, precise, and
interpretable pathway for real-time, data-driven decision support in precision
agriculture and sustainable land management.

Introduction

Soil quality is the foundation of a productive and sustainable agricultural
system. It is formally defined as the continued capacity of soil to function within
natural or managed ecosystem boundaries, to sustain plant and animal productivity,
maintain or enhance water and air quality, and support human health and habitation
(Doran and Parkin, 1994; Karlen et al., 1997). Ensuring soil quality is essential for
global food security. Land use changes and intensive management practices such
as excessive tillage, have been shown to cause severe soil degradation (De et al.,
2022; Zeraatpisheh et al., 2020).

The challenge for farmers and land managers has always been the difficulty of
measuring soil quality. Traditional assessment requires extensive field sampling
followed by costly and time-consuming laboratory analyses. To make this process
faster, more scalable, and more efficient, researchers are actively seeking precise
and effective methodologies, which has led to a significant shift toward the power
of data-driven techniques, particularly machine learning (ML) and artificial
intelligence (Al) (Babu and Yadavamuthiah, 2023). This article provides a
technical review of the evolution from traditional soil quality indexing methods to
these modern predictive models.
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Figure 1 Conceptual flowchart of assessment methodologies

1. The statistical approach (traditional)

For decades, the standard method for
quantifying soil quality has been the soil quality
index (SQI), which involves collecting extensive
soil data (physical, chemical, and biological), and
then distilling it into a single, representative score
(De et al., 2022).

A key step in this process is creating a
minimum data set (MDS) (Lenka et al., 2022). It
is inefficient to measure every soil property, since
many soil properties are correlated (e.g., soil
organic matter influences bulk density, aggregate
stability, and microbial activity) (Simfukwe et al.,
2021). Principal component analysis (PCA) is a
powerful statistical tool used to identify the most
critical and representative indicators. PCA groups
correlated variables into "principal components™
(PCs) (Jameel and Chowdhary, 2025). By
identifying the indicators with the highest factor
loadings within the most significant PCs (those
with eigenvalues >1), researchers can objectively
select a robust MDS. The final SQI is then

calculated as a weighted sum of these key
indicators. While effective, this approach is linear
and static.

2. The predictive approach (modern)

Machine learning offers a powerful
alternative. ML models are highly effective at
learning the complex, non-linear relationships
between soil properties that simple statistical
models might miss (Babu and Yadavamuthiah,
2023). It is crucial, as soil quality is driven by the
intricate, interdependent network of its attributes
(Jameel and Chowdhary, 2025). Key models
include:

i. Artificial Neural Networks (ANN):
ANNSs are models inspired by the human
brain that utilize interconnected "neurons"
in layers (input, hidden, and output) to
process information and learn complex
patterns (Negis et al., 2025; El Behairy et
al., 2024).

i. Ensemble Models: Models like Random
Forest (RF) and Extreme Gradient
Boosting (XGBoost) combine predictions
from multiple "weaker" models to create a
single, highly robust, and accurate result
(Jameel and Chowdhary, 2025; Sadasivan
et al., 2025).

iii. Deep Learning (DL): A more advanced
class of ML. Convolutional Neural
Networks (CNNs) can extract features
from soil images or spectral data (Padarian
et al., 2019). Long Short-Term Memory
(LSTM) networks are designed to capture
temporal relationships, making them ideal
for monitoring changes over time (Babu
and Yadavamuthiah, 2023).

iv.  Spatial-Aware Models (SANN): These
advanced networks integrate geospatial
data (i.e., latitude and longitude) directly
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into the model architecture as input
features to learn location-based variations
(Jameel and Chowdhary, 2025).

Table 1: Comparison of soil quality assessment
methodologies

Traditional Modern
Feature SQI  (PCA- ML/AI models
based)
Primary Statistical Predictive
Method Indexing Modelling
Linear Non-linear
Data Handling | relationships | relationships
(PCA) (ANN)
High
Scalability LOV\.’ (mar!“a" (automated,
lab-intensive) .
rapid)
Labour- " "
Key Limitation | intensive, Black . box
. complexity
static score
Low High (with
Interpretability | (complex XAl tools like
weightings) SHAP)

Results and Discussion
1. Predictive accuracy of ML/DL models

Recent studies confirm that ML models can
predict soil quality with remarkable accuracy, often
superseding traditional statistical methods. El Behairy
et al. (2024) demonstrated this by using an ANN
model to predict SQI from 16 soil features. The model
achieved an outstanding coefficient of determination
(R?) of 0.97 for training and 0.98 for testing, indicating
a near-perfect ability to generalize its learnings.
Sumathi et al. (2023) employed a Deep Neural
Network Regression (DNNR) model for soil quality
classification and reported a high accuracy of 96.7%.

Ensemble models, which combine multiple
algorithms, have proven particularly robust. Sadasivan
et al. (2025) found that a Random Forest classifier
achieved 97.73% accuracy for soil quality
classification, outperforming both XGBoost and
Support Vector Machine (SVM) models. In a separate
study, Jameel and Chowdhary (2025) also found that
ensemble models (XGBoost and a Stacked Ensemble)

achieved over 95% classification accuracy, which was
superior to individual baseline models.

These models are also moving beyond
traditional chemical and physical inputs. Negis et al.
(2025) successfully used an ANN to predict soil
quality from a simple, observable feature: soil colour.
The model achieved a high R? of 0.70, by using
CIELAB colour values (L*, a*, b*) as inputs,
demonstrating the potential for rapid, low-cost
assessment. The integration of geospatial data is
enhancing predictive power. The Spatial-Aware
Neural Network (SANN) used by Jameel and
Chowdhary (2025) improved performance by up to
10% in areas with sparse soil sampling, proving its
utility for regional-scale mapping.

2. Key Indicators and Model Interpretability

A primary criticism of complex models like
ANNSs is their "black box" nature; their decision-
making process is not inherently transparent, which
can be a significant barrier to trust and adoption. The
challenge is now being solved by Explainable Al
(XAl) tools, such as SHAP (SHapley Additive
exPlanations).

SHAP analysis runs on top of the trained ML
model and quantifies the impact of each feature on the
final prediction, allowing researchers to identify which
soil properties were most influential, effectively
opening the "black box." Jameel and Chowdhary
(2025) used SHAP to clearly identify Nitrogen, pH,
and Organic Carbon as the three most important
features in their soil quality model. The finding aligns
with conventional soil science principles and validates
the model's logic. Studies on traditional SQI
development using PCA have also identified soil
organic carbon and related biological indicators (like
microbial biomass and enzyme activity) and soil
acidity (pH and exchangeable acidity) as the most
critical components for differentiating soil quality
across different land uses (De et al., 2022; Simfukwe
etal., 2021). The convergence of both traditional PCA
and modern XAl on the same key indicators (organic
matter, nutrients, and acidity) provides strong
confidence that these predictive models are learning
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and prioritizing the correct scientific relationships,
making the model's output transparent, trustworthy,
and, most importantly, actionable.

Conclusion

The assessment of soil quality is rapidly
evolving from slow and costly laboratory analysis to
fast, scalable, and highly accurate predictive. Artificial
intelligence and machine learning models, including
ANNSs, ensemble methods, and advanced SANNS, are
consistently demonstrating their ability to predict soil
quality with a high degree of accuracy.The future of
soil management lies in combining these powerful
predictive engines with Explainable Al (XAl) tools
like SHAP. This synergy creates systems that are not
only accurate but also transparent, interpretable, and
trustworthy. These tools will be essential for
supporting real-time, data-driven decisions in
precision agriculture, helping to enhance productivity
and ensure the sustainable management of our vital
soil resources.
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ARTICLE ID: 15
SOIL HEALTH:

THE SILENT FOUNDATION OF FOOD SECURITY

Introduction:

Soil is the backbone of agriculture: A living, dynamic mixture of organic matter,
minerals, water, air and microorganisms that work together to support plant growth.
This seemingly simple yet incredibly complex system sustains the food we eat
every day. It is reported that nearly 33 per cent of global soils are degraded, with
projections suggesting that over 90 per cent could be affected by 2050 in the
absence of sustainable practices (FAO 2015a; 2020). This alarming situation
threatens future agricultural productivity and highlights the necessity of prioritizing
soil health.

Healthy soil forms the foundation of a vibrant and resilient ecosystem. It serves as
a natural filter, cleansing water as it moves through the soil layers, thereby
removing impurities and keeping groundwater safe for drinking and irrigation. In
addition, soil functions as a crucial carbon sink, capturing atmospheric carbon
dioxide and helping to reduce the impacts of climate change. A well-balanced soil
ecosystem nurtures a rich diversity of plants and animals, sustaining biodiversity
and ensuring long-term ecological stability.

Soil Health:

According to the USDA Natural Resources Conservation Service (NRCS), “Soil
health is the continued capacity of soil to function as a vital living ecosystem that
sustains plants, animals and humans.” The Food and Agriculture Organization
(FAO, 2015) defines soil health as “The capacity of soil to function as a living
system, with ecosystem and land-use boundaries, to sustain plant and animal
productivity, maintain or enhance water and air quality and promote plant and
animal health.”

STATUS OF INDIAN SOILS (2024)
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Key Indicators of Soil Health

Soil health is commonly assessed through a set of
measurable indicators, including:

Soil Organic Matter (SOM): Enhances fertility,
structure and water-holding capacity.

Soil Structure and Aggregation: Influences
aeration, root penetration and erosion resistance.
Microbial Biomass and Diversity: Represents
biological activity, nutrient cycling and resilience
to stress.

Soil pH and Nutrient Availability: Affect
nutrient uptake efficiency and microbial
functions.

Cation Exchange Capacity (CEC): Reflects
soil’s ability to retain and supply nutrients.

Bulk Density and Porosity: Determine root
growth potential and soil aeration.
Water-Holding Capacity and Infiltration
Rate: Influence drought tolerance and water use
efficiency.

Soil Respiration and Enzyme Activities:
Indicate microbial activity and organic matter
turnover.

The recent assessment of soil health in India
(2024) reveals significant nutrient imbalances
across the country. A major concern is nitrogen
deficiency, observed in about 70.2 per cent of
soils, while phosphorus and potassium are low in
14.9 and 11 per cent of soils, respectively.
Organic carbon, a key indicator of soil fertility, is
deficient in over half of the soils (53.5%),
reflecting declining soil organic matter. On the
other hand, micronutrients such as sulphur, iron,
zinc and manganese are largely present at medium
levels, whereas copper is mostly sufficient in
nearly all soils.

Micronutrient Deficiencies and Human Health
Soil degradation will directly affect human
nutrition along with crop growth. Soils deficient
in key micronutrients like zinc, iron, boron and
sulphur produce nutrient-poor crops, leading to

hidden hunger. For example:
e Zinc deficiency in cereals is linked to
childhood stunting, impaired cognitive
development and reduced immunity.

o Iron-deficient soils contribute to anemia,
particularly in populations relying on
plant-based diets.

This scenario highlights the urgent need for
region-specific  soil  fertility = management,
balanced nutrient application and adoption of
organic and sustainable soil health practices to
ensure long-term productivity and food security.
India has achieved self-sufficiency in food
production, reaching 305.44 million tons in 2020—
21. However, this success relies heavily on
resource-intensive, cereal-dominated agriculture,
which has led to soil degradation, nutrient
depletion, and regional imbalances (FAO, 2024).
The gap between food availability and equitable
distribution persists, contributing to widespread
malnutrition, the leading cause of poor health
globally. India continues to have the largest
number of undernourished people, ranking 111th
out of 125 countries in the 2023 Global Hunger
Index, highlighting the urgent need for
sustainable soil

Approaches for Soil Health Management:

+ Soil Testing & Nutrient Management
Regular soil testing helps to identify
nutrient deficiencies and imbalances.
Using Soil Health Cards, farmers can
apply fertilizers in precise manner,
ensuring to get the required nutrients for
crops and avoiding overuse of chemical
inputs. This improves crop productivity
and prevents soil degradation.

+ Organic Inputs & Biofertilisers
Incorporating organic matter such as
compost, farmyard manure, green manure
and biofertilizers enriches soil with
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essential  nutrients and  beneficial
microbes. These inputs improve soil
structure, increase water-holding capacity
and reduce dependency on chemical
fertilizers, leading to sustainable and
ecofriendly soil fertility.

Crop Diversification & Rotation

Alternating crops, especially including
legumes as a part of cropping system,
helps to replenish nitrogen and other
essential nutrients naturally. Crop rotation
also breaks pest and disease cycles,
reduces soil fatigue and maintains long-
term soil productivity.

Agroforestry & Mulching

Integrating trees and shrubs in farmland
(agroforestry) prevents soil erosion,
retains moisture and contributes organic
matter to the soil. Mulching with crop
residues or cover crops protects the soil
surface from erosion, conserves moisture
and supports microbial activity.

Efficient Water & Soil Management

Adoption of water-efficient irrigation
methods like drip or sprinkler systems
reduces nutrient leaching and prevents
salinization. Soil reclamation practices
(lime for acidic soils, gypsum for saline
soils) and conservation measures like
minimum tillage, contour farming and
terraces maintain soil structure and
fertility.

The Government of India promotes soil health
through multiple initiatives:

Soil Health Card Scheme: Provides
farmers with soil testing services and
nutrient recommendations to improve soil
fertility.

e National Mission on Natural Farming

(NMNF): Encourages bio-inputs,
integrated farming, and regular soil
monitoring.

e Rashtriya Krishi Vikas Yojana
(RKVY): Supports soil health and
fertility, rainfed area development,

organic farming, crop diversification, and
agroforestry.

o Paramparagat Krishi Vikas Yojana &
MIDH: Promote organic inputs, crop
rotation, precision farming, and soil
solarisation.

e Agriculture Infrastructure Fund (AIF):
Funds organic input production, bio-
stimulants, and precision agriculture to
maintain soil quality.

e« Pradhan Mantri Krishi Sinchayee
Yojana (PMKSY): Rejuvenates water
systems, reduces runoff, and prevents soil
erosion.

« FPO Formation, PMFBY, and PM-
KISAN: Support organic/natural farming
adoption and stable farm incomes,
enabling sustainable soil management.

The Way Forward:

India must strengthen policy integration, expand
soil testing and timely Soil Health Card issuance
and  promote  organic  farming,  crop
diversification, agroforestry and bio-input
adoption to restore soil fertility. Building farmer
capacity, supporting FPOs and incentivising
precision irrigation will enhance productivity
while conserving soil resources. By the end of
‘Amrit Kaal” (2047), the CEEW roadmap
envisions India’s soil, our vital national resource
will be restored to a regenerative state with rich
biodiversity, ensuring nutritional  security,
contributing to climate change mitigation and
supporting sustainable and resilient livelihoods.
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ARTICLE ID: 16
BIOFERTILIZER: IT’S TYPE AND USE IN

SUSTAINING CROP PRODUCTION

Abstract
Biofertilizers are the latent cells which contains living strains of nitrogen

fixing, phosphorus solubilizing and potassium solubilizing microorganisms. This is
also called as microbial inoculants. It provides the nutrients either in symbiotic
association or free living manner to crop plant. The insoluble nutrients can be
mineralized by the application of biofertilizer. It can be applied to soil, seed and
planting material by different method of application. The most common method is
seed treatment with biofertilizer. This is a renewable source of nutrients, increase
the nutrient holding capacity and water content of soil by increasing the crop yield
by 10-40%. The effectiveness of biofertilizer depends on the soil temperature and
climatic condition. So, utmost care should be taken for their application which will
improve soil fertility and sustaining the crop yield.

Keywords: Microbial inoculant, living strain, biofertilizer, seed treatment.
Introduction:
Modern agriculture depends on use of fertilizer and pesticides to increase

production and productivity of crop. But it badly affect the soil health and
deteriorating its quality (Farnia and Hasanpoor, 2015). So, Biofertilizer will act as
good alternative to provide plant nutrition. A biofertilizer is the substance which
contains living strains of micro-organisms and promotes growth by supplying or
make availability of primary nutrients to the host plant. It was applied to seeds,
plant surfaces, or soil to colonize the rhizosphere or the interior of the plant for
providing nutrients. This is also known as Microbial inoculants (Mitter et al., 2021).
It provides nutrients through the natural processes of fixing nitrogen,
solubilizing phosphorus, and stimulating plant growth through the synthesis of
growth-promoting substances (Chaudhary et al., 2021). Biofertilizers are
formulations that contain living or dormant cells of beneficial microorganisms such
as nitrogen-fixing, phosphate-solubilizing, or cellulose-decomposing strains
applied to seeds, soil, or compost. Their primary purpose is to enhance the soil’s
nutrient content and promote better plant growth. The microorganisms in
biofertilizers build soil organic matter and restore the soil's natural nutrient cycle.
It helps in growth of healthy plants and enhancing the sustainability of the soil. The
use of synthetic fertilizers and pesticides can be reduced by their increased use in
future. So, scientifically it is known as Plant Growth Promoting Rhizobacteria
(PGPR). They help in build up soil micro flora & soil health. It also helpful for
improving the soil fertility.
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Types of Biofertilizer:
1. Bacterial: It is of 2 types

a.Symbiotic Nitrogen fixer Ex- Rhizobium sp.
b. Free living Nitrogen fixer Ex- Azotobacter,
Azospirillum , Klebsiella etc.
2. Algal: Blue Green Algae (BGA) in association
with Azolla to form Anabaena azollae complex
which helps in providing nutrients.
Ex- Nostoc, Anabaena etc.
3. Phosphate Solubilising Bacteria: It
solubilizes the insoluble form of phosphorus and
provides the nutrients.
Ex- Pseudomonas sp., Bacillus sp.
4. Potasssium Solubilising Microorganism:
Potassium solubilizing microorganisms (KSMs)
are beneficial soil microbes capable of converting
insoluble forms of potassium such as feldspar,
mica, and illite into soluble, plant-available forms
(K.
Ex - Bacillus mucilaginosus, Frateuria aurantia,
Aspergillus niger, Aspergillus terreus and
Penicillium spp.
5. Fungal Biofertilizer: Vescicular Arbuscular
Mycorrhizae (VAM) is also called as Arbuscular
Mycorrhizae Fungi (AMF) is the association of
fungus with roots of higher plants.

A.Bacterial biofertilizers:

e The living cells of bacteria used as
biofertilizer.

e These microbes contain unique cell called as
Nif gene.

The N fixing bacteria is working under two
conditions i.e. Symbiotic & free living.

e The symbiotic bacteria make an association
with crop plant by formation of root nodule.

e The free living bacteria fix atmospheric
nitrogen without any association.

I. Symbiotic Nitrogen fixer:
Most important symbiotic nitrogen fixer is

Rhizobium sp.

e Rhizobium lives in the root hair of legume by
forming nodule.

e Plant root provide essential minerals &
substances to microorganuism.

e There is the cross inoculation group for
nodulating the legume plant by bacteria.

e The slow growing sp. is called
Bradyrhizobium & fast growing sp. called
Rhizobium sp.

e Rhizobium can fix upto 50-300 kg Nha™.

(Figure 1. Rhizobium and Legume Nodule
formation)
Table 1. Cross inoculation group of Rhizobium
groups:-

Rhizobium sp. Crop

Rhizobium trifoli Berseem

Rhizobium meliloti Lucerne, Fenugreek
Rhizobium Pea, Lentil,
leguminocearum Groundnut
Rhizobium phaseoli Bean

Rhizobium lupini Lupinus, Ornithus
Rhizobium japonicum Soybean

I1. Free living Nitrogen fixer:
1. Azospirillum:
e It mainly present in cereal plant.
e It present in root cell as well as in
surrounding plant.
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The nitrogen fixing capacity is 20-40
kgha'.

This is also commercially exploited for
nitrogen fixing.

2. Azotobactor:

Azotobactor is nitrogen fixing bacteria
having free living nature and found in
neutral & alkaline soil.

It is commonly occuring in arable soil.
Apart from fixing nitrogen it also
synthesise growth promoting substances
like auxin, gibberllines & vitamins.

Many of the azotobacter exhibit fungicidal
effect.

Azotobactor mainly applied in rice, maize,
cotton, sugarcane and pearl millet.

It improve seed germination & plant
growth.

B. Vesicular Arbuscular Mycorrhizae:

The term “mycorrhiza’ means fungus
root.

The mycorrhiza is association between
fungus & roots of higher plant.

VAM is endotrophic mycorrhiza

VAM helps in nutrient transfer
particularly phosphorus, sulphur etc.

It plays very important role in inducing
plant growth.

VAM colonize roots of 80% plants.

VAM helps in storing soil moisture in the
root zone of plants.

It is having resistant against soil borne &
root borne pathogen.

It also mobilize other nutrients like Cu,
Mn, Fe, K, Mg from soil to plant roots.
They posses vesicle (sac like structure) for
storing the nutrients & arbuscule for
transfering them into root system.

Mechanism:

The VAM form an association with plant
root.

It penetrate inside the root cortex &
spreads around the root (Abd El-Lattief,
2016).

It posses sac like structure called vesicles
to store phosphorus as phospholipid.
Arbuscule helps in providing oxygen and
bringing the distant nutrients to the vesicle
& root.

Vesicular Arbuscule

Mycorrhizae Endodermis
CortexlStele

Older Arbuscule =8 \

Young Arbuscule — 2= =0

Root Hair y

point of entry

Chlamydospore -l

Extramatrical Hypha/)—-"iﬁ
Vesicle /

Intramatrical Hypha

(Figure 2. VAM Mechanism)

C. Algal biofertilizer:
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This group of biofertlizer also called as
cyanobacteria.

It is also called as Blue green algae.

There are 100 species of BGA which can
fix nitrogen.

Heterocyst is the specialized structure
where BGA fix the nitrogen.

BGA application mostly found in rice
field.

These are inhibited by chemical fertilizer.
Inoculation of BGA increase the yield
upto 10-14 %.

They are easy to produce.
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e These are very cheaply available.

o Beneficial for crops like vegetable, cotton

& sugarcane.

Ex- Anabaena, Nostoc, Oscillatoria.

Table 2. Biofertilizer and their use in Various

crop

Types of Contributions Crops
Biofertilizer in Plant growth
Rhizobium sp. | Fix 40-200 Kg | Gram, Pea,

Nha™. Groundnut,
Increase the | Soybean,
yield by 10- | Berseem,
30%. Lucerne.
Azotobacter Fixes 15-20 Kg | Sunflower,
Nhatyr, Sugarcane,
Provides plant | Banana,
growth Coconut &
hormones like | Plantation
IAA, GA etc. crop.
Increase  crop
yield by 15-
20%.
Azospirillum Fixes 10-20 Kg | Maize, Rice,
Nha™. Wheat &
Increases root | Finger
development. millets
Azolla Use as green | Rice
manure. It can
fix 30-40 Kg
Nha'! (Rahimi
etal., 2014).
Blue Green It can fixe 20-30 | Rice, Banana
Algae Kg Nha'! in
lowland rice.

Phosphate It  solubilizes | Millets,
Solubilising near about 50- | Oilseeds,
Microorganism | 60% of fixed P | Pulses &

(PSM) in the soil and | Vegetables.
increase in yield
by 10-20%.

Potassium It helps in| Almost all
Solubilising mineralization | crops.
Microorganism | of fixed K in

(KSM) soil.

D. Azolla:

e Azolla is water fern commonly found in

pond, ditches.

Nitrogen fixation upto 4-5 %.

It is growing in rice crop as biofertilizer.

The nitrogen fixing ability accompluished
by symbotic relationship between azolla
& BGA.

In addition to nitrogen, it provides P, K,
Zn to the crop.

The growth of Azolla replicate within 5-7
days.

It fix 20-30 kg Nha'.

Increase crop yield upto 15-20 % in the
rice crop.

It can tolerate to heat & cold.

- -

(Figure 3. Azolla)

Method of application:

Biofertilizer can be applied to seed, seedling and
soil based on their requirement and activity of
microorganism (Bhattacharjee and Dey, 2014).
There are 3 methods for applying Biofertilizer.

1. Seed treatment

2. Root dipping

3. Soil application

1. Seed treatment:
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Seed treatment is most common process of
applying biofertlizer.

Seed treatment  with  Rhizobium,
Azotobactor, Azospirillum and PSB.
Important things that the seed should be
coated first with Rhizobium then with
PSM culture.
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e This method provide maximum no. of
population which is required for better
result.

e 20 g of Rhizobium culture is required to
treat 1 kg seed.

e 1 packet contains 200g Rhizobium
culture.

e For small seeded pulse crop 500 g of
Rhizobium culture is sufficient for 1
hactare area.

e For Ground nut, 1.5 kg of Rhizobium
culture for 80-100 kg seeds for 1 hactare
area is required.

2. Root dipping:

e This method is mostly employed for
application of Azospirillum in paddy or
vegetable seedling.

e A fixed quantity of biofertilizer
(Azospirillum) mixed with 5-10 litres of
water at one corner of the field then the
seedlings are dipped in it and after half an
hour the plants taken for sowing.

3. Soil application:

e Phosphorus Solubilising microorganism
(PSM) are soil applied.

e In this method, 400-600 kg cow dung
mixed with 2 kg of PSM along with %2 bag
of rock phosphate.

e The mixture should be kept in shade for
overnight & maintain the moisture upto
50%.

e The mixture can be used as soil
application in rows during land levelling.

e In Azotobacter & Azospirillum, 2 kg of
carrier based inoculum mixed with 25 kg
FYM and 25 kg soil and broadcasted in the
field uniformly before transplanting.

Precautions:
e Store biofertilizer in cool & dry place

e Use right combination of biofertilizer.
e Use the packets befoe expiry date to
increase effectiveness.

*For seed treatment follow the rotation i.e.
Fungicide-Insecticide-Rhizobium (FIR)
Advantage:
e This a renewable source of nutrients for
soil.
e It can sustain soil health in long run.
e Increase crop yield upto 10-40%.
e Improve structure, water
capacity and porosity of soil.
e There is no negative effect on soil and
plant.
e It acts as solubilizing & mobilizing agent.
e This is eco friendly, non polluting & cost
effective method.

retention

Disadvantage:
o Biofertlizer
effective use.
e It must be use before expiry date.
e The  effectiveness  depends  soil
temperature and other climatic condition.

require special care for

Conclusion:
Biofertilizer is very effective in providing plant

nutrition and increasing crop yield. It is much
more beneficial in substituting the chemical
fertilizer and pesticide. Proper care should taken
for its formation and application in field at right
dose and right time to increase the effectiveness.
Itis very cheap and cost effective sothat all groups
of farmers can use it in long run. It also increase
the soil physical and chemical properties which
helps for sustaining crop growth.

Reference:
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PEARL FARMING: NATURE’S HIDDEN GEM

Abstract:

Although pearl farming is often ignored in discussions about agriculture, it is a sign
of new and sustainable farming methods. This article talks about the new field of
pearl farming, describing its unique qualities and the many positive effects it has on
the environment and society. Pearl farming is a type of agriculture that goes beyond
what most people think of when they think of farming. Instead of growing crops on
land, it grows beautiful pearls in marine ecosystems. Pearl farming is a unique and
valuable business because it combines gem creation with aquaculture. This is what
makes it so abstract. Pearl farming also helps protect biodiversity by making marine
environments better and giving a home to many different types of aquatic life. Pearl
farming has good effects on many parts of society and the environment, in addition
to being beautiful. Pearl farming helps rural areas by giving them more ways to
make money, and it helps coastal towns by giving them more ways to make money.
It also helps local businesses and sustainable development by giving people chances
to start their own businesses. The beneficial effects of pearl cultivation are based
on environmental sustainability.

Key words: Pearl, innovation, sustainability, socioeconomics, entrepreneurship

Introduction:

One of the most beautiful and timeless natural gems in the world is the pearl. Certain
molluscs, like oysters and mussels, make them in their soft tissue. When a small
irritant, like a grain of sand or a parasite, gets into the shell, the mollusc secretes
layers of calcium carbonate around it. This is called nacre or mother-of-pearl. These
layers build up over time to make a shiny pearl.The size, shape, colour, and shine
of pearls depend on the type of mollusc and the place where they form. For
thousands of years, people have loved pearls for their beauty and rarity. They have
been important to many cultures and times in history. Many cultures around the
world have used them to decorate jewellery, clothes, and other decorative items to
show wealth, purity, and elegance.
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Pearl Farming

Pearl farming, also called pearl cultivation or
pearl culture, is the process of raising molluscs
like oysters and mussels to make high-quality
pearls. This practice started in ancient China and
India and has grown into a huge global industry
that produces pearls in many sizes, shapes, and
colours over the course of thousands of years.

Molluscs are carefully cared for in modern pearl

farms, both freshwater and saltwater, to make sure
they grow and make pearls in the best way
possible. The first step is to choose healthy
molluscs that can make better pearls. Then, a
small bead or piece of tissue is put into their soft
tissue through a process called nucleation. This
makes nacre, the shiny substance that makes a
pearl, come out.

A pearl's quality depends on a number of things,
such as the health of the mollusc, the quality of
the nucleus, and the environment around it. Pearl
farming is a long-term solution to the problem of
collecting wild pearls. It helps protect natural
ecosystems and creates jobs and economic growth
in many coastal areas.

Technological improvements have made pearl
farming much better, allowing for the production
of pearls in a wider range of colours, shapes, and
lustres, which has made them more appealing to
people all over the world.

Evolution of Pearl Farming in India

India has a long history of making and using
pearls. Ancient records and archaeological finds
show how important they were to Indian culture.
Traditional methods used natural oyster beds and
simple ways to make pearls.

The modern era of Indian pearl farming began

when scientists started using controlled
nucleation and other scientific methods. These
methods were based on techniques that were
developed in Japan and changed to work in India.

Research institutions have been very important in

moving the industry forward. The Central
Institute of Freshwater Aquaculture (CIFA) in
Bhubaneswar, Odisha, India, was set up in 1987
by the Indian Council of Agricultural Research
(ICAR) and has been a major contributor. CIFA
has greatly improved freshwater pearl farming
and encouraged environmentally friendly
aquaculture practices across the country through
cutting-edge research, training, and technology.

People in the Malabar region call Kerala the
"mussel fishery zone of India.” Inthe early 1970s,
the Central Marine Fisheries Research Institute in
Kochi did studies and demonstration trials all over
India as part of group farming efforts in Kerala.
They came up with simple, eco-friendly ways to
farm.

Grouping pearls according to their quality

There are three main groups that pearls can be put
into, which are listed below.
Natural pearls

These pearls grow naturally in the environment
when mussels swallow something that doesn't
belong there. Natural pearls have a small core, or
nucleus, surrounded by thicker crystalline pearl
nacre. It is not very big and has an uneven shape.
The roughness of the surface of a natural pearl
comes from the edges of the aragonite crystals
that cover it.

Pearl from the sea

Made by many different types of marine
molluscs, like clams, pearl oysters, common
edible oysters, gastropod snails, and scallops.
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Pearl from freshwater

Saltwater cultured pearls are made in lakes and
rivers by different kinds of freshwater molluscs.
Pearl from saltwater

Mostly made by three kinds of pearl oysters.
Freshwater Cultured Pearl: These pearls are
made in freshwater lakes and rivers by marine
clams and mussels.

Pearls from the East: Natural saltwater pearls
from the Orient (which includes Asia and the Far
East) are called "Oriental Pearls." People thought
these pearls were the most beautiful of all pearls
because they had the best shapes and sizes. They
had a unique look that combined a deep shine with
soft colours that could be seen through their
translucent "skins." This feature is known as a
pearl's "Orient."”

Conclusion:

Pearl farming is a promising new way to farm that
is both innovative and environmentally friendly.
It shows how aquaculture and gem production can
work together to help people and the environment.
Pearl farms are good for the environment because
they help marine biodiversity and stop habitat
destruction, which shows that they care about the
environment. From a socioeconomic point of
view, they give coastal communities other ways
to make money, encourage business ownership,
and make local economies stronger.

Pearls represent elegance and tradition in culture,
and pearl farming keeps skills alive and
encourages people from different cultures to work
together. Pearl farming shows the way to a
strong, responsible, and welcoming future in
agriculture by using sustainable methods, caring
for the environment, and giving people the tools
they need to succeed. With more research,
money, and cooperation, its full potential to
improve lives, protect ecosystems, and inspire
positive change can be reached.
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AGRITOURISM AND RURAL DEVELOPMENT

Introduction

Agriculture has been the backbone of human civilization for centuries, sustaining
livelihoods, cultures, and economies. In a rapidly globalizing world where
urbanization and industrialization dominate, rural communities often face neglect,
poverty, and migration challenges. To revitalize rural life and preserve agricultural
traditions, Agri-tourism has emerged as a bridge between farming and tourism. It is
a form of sustainable tourism that allows urban dwellers to experience rural culture,
agricultural activities, and natural beauty while simultaneously benefiting local
communities. Agri-tourism not only promotes rural development but also enhances
farmers’ income, creates employment opportunities, and preserves cultural
heritage.

This article explores the concept of Agri-tourism, its benefits, challenges, and role
in promoting sustainable rural development, while highlighting its significance in
the Indian context and globally.

Concept of Agri-Tourism

Agri-tourism can be defined as a type of tourism where visitors travel to rural areas
and participate in agricultural activities, cultural traditions, and farm-based
experiences. Unlike conventional tourism, which is often centered around cities,
monuments, and beaches, Agri-tourism offers authentic experiences such as:

e Staying in farmhouses or village homes
e Participating in activities like harvesting, sowing, or cattle rearing Tasting
organic and traditional foods
e Learning indigenous farming practices
Exploring rural handicrafts, folk arts, and cultural festivals

Agri-tourism is part of the larger framework of rural tourism and aligns with

sustainable tourism principles by emphasizing community participation,
environmental conservation, and socio-economic equity.

79|Page


http://www.justagriculture.in/

)

e

AGRICULTURE

THE FUTURE OF AGRI INNOVATION

Importance Rural
Development

1. Diversification of Farmers’ Income
Agriculture in many countries, including India,
faces challenges like low productivity, climate
variability, and price fluctuations. Agri-tourism
provides farmers with an additional, reliable
source of income by utilizing their farms not just
for cultivation but also as tourist attractions.

2. Employment Opportunities

Agri-tourism promotes local employment in
guiding, food preparation, hospitality,
handicrafts, and cultural performances. Youth
who would otherwise migrate to urban areas for
jobs can find meaningful work within their
communities.

3. Promotion of Rural Culture and Heritage
Villages are reservoirs of traditional knowledge,
crafts, music, and cuisine. Agri-tourism helps
preserve these traditions by showcasing them to
visitors and providing artisans with a market for
their skills.

4. Strengthening Farmer-Consumer Relations
Urban consumers often remain disconnected from
the realities of food production. Agri-tourism
allows them to witness farming processes
firsthand, thereby fostering appreciation for
farmers and encouraging demand for organic and
locally grown food.

5. Infrastructure Development

As Agri-tourism expands, rural areas benefit from
improved roads, sanitation, electricity, and
internet connectivity, which in turn enhances the
quality of life.

6. Women Empowerment for local residents.
Women play a vital role in rural households and
agriculture. Through agri-tourism, women can
engage in home-stays, food processing, and
handicrafts, thereby gaining financial
independence and recognition.

of Agri-Tourism for

Agri-Tourism in the Indian Context

India, with its vast agricultural base and diverse
rural culture, holds immense potential for Agri-
tourism. States such as Maharashtra, Kerala,
Punjab, and Rajasthan have pioneered initiatives
in this field.

Maharashtra: The Agri-Tourism Development
Corporation (ATDC) has played a crucial role in
training farmers and creating agri-tourism centers.
Visitors are offered activities like bullock cart
rides, crop cultivation, and traditional food
experiences.

Kerala: Known as “God’s Own Country,” Kerala
promotes farm tourism through spice plantations,
paddy fields, and houseboat experiences,
blending agriculture with eco-tourism.

Punjab: The state highlights its rich agricultural
prosperity with mustard fields, tractor rides, and
cultural festivals like Baisakhi.

Rajasthan: Desert farming, camel rides, and
traditional crafts attract tourists from around the
world.

Government initiatives such as Rural Tourism
Schemes under the Ministry of Tourism, subsidies
for farmers, and skill development programs have
further boosted this sector.

Global Perspectives on Agri-Tourism
Agri-tourism is not limited to India; it is a
growing phenomenon worldwide:

Italy: Known as the pioneer of Agri-tourism, Italy
promotes vineyards, olive farms, and countryside
stays that have become global tourist attractions.
United States: Farm stays, pumpkin festivals, and
wine tourism are popular forms of Agri-tourism.
Japan: Rice planting and harvesting festivals
attract international visitors while preserving age-
old traditions.

African Nations: Safari-linked Agri-tourism and
organic farming initiatives support rural
economies.
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The global trend reflects that Agri-tourism is not
just about farm visits but about creating unique
cultural and agricultural experiences.

Challenges of Rural
Development

While Agri-tourism has vast potential, several
challenges hinder its growth:

Lack of Awareness: Many farmers remain
unaware of how to integrate tourism with farming
practices.

Infrastructure Deficiency: Poor rural roads,

Agri-Tourism in

sanitation, and communication facilities
discourage tourists.
Skill Gaps: Farmers often lack hospitality

management skills and marketing expertise.
Seasonal Dependence: Agricultural activities are
seasonal, limiting year-round tourist attraction.
Financial Constraints: Initial investment for
setting up accommodations, marketing, and
facilities is often unaffordable for small farmers.
Environmental Concerns: Unregulated tourism
can lead to overuse of resources and degradation
of ecosystems.

Strategies to Promote Agri-Tourism for Rural
Development

To overcome these challenges and maximize
benefits, the following strategies can be adopted:
Government Support: Provide subsidies, loans,
and policy incentives for farmers engaging in
agri-tourism.

Capacity Building: Training programs in
hospitality, marketing, and language skills for
rural youth and farmers.

Public-Private Partnerships: Collaboration
between government, NGOs, and private
investors for infrastructure development.

Digital Promotion: Use of social media and
online platforms to reach domestic and
international tourists.

Eco-Friendly Practices: Adoption of sustainable
practices like organic farming, renewable energy,
and waste management.

Community Participation: Ensuring that local
communities are directly involved in planning and
benefiting from agri-tourism projects.

Case Studies

1. Parashar Agri-Tourism, Maharashtra
Founded under the guidance of ATDC, this
initiative allows visitors to experience traditional
farming, bullock cart rides, and folk dances. It has
not only increased farmers’ incomes but also
created awareness about rural lifestyles.

2. Spice Plantation Tours, Kerala

Tourists experience spice cultivation, traditional
cuisine, and ayurvedic wellness. This has boosted
both the tourism sector and spice exports from the
region.

3. Tuscany, Italy

The integration of vineyards, olive farms, and
rural homestays has transformed Tuscany into one
of the world’s leading agri-tourism destinations,
contributing significantly to the local economy.
Role of Agri-Tourism in  Sustainable
Development

Agri-tourism directly contributes to the United
Nations Sustainable Development Goals (SDGs):
SDG 1 (No Poverty): By increasing rural
incomes.

SDG 2 (Zero Hunger): Promoting sustainable
agriculture and local food systems.

SDG 8 (Decent Work and Economic Growth):
Creating rural employment.

SDG 11 (Sustainable Cities and Communities):
Strengthening rural-urban linkage.

SDG 15 (Life on Land): Encouraging eco-friendly
farming practices.

Thus, agri-tourism is not merely a leisure activity
but a tool for achieving global sustainability.
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CONCLUSION

Agri-tourism represents the convergence of
agriculture, culture, and tourism with immense
potential to transform rural landscapes. It
provides farmers with income diversification,
empowers women, generates employment, and
preserves traditions. At the same time, it offers
urban populations a chance to reconnect with
nature and appreciate the rural way of life.

However, challenges such as lack of
infrastructure, awareness, and skill gaps need to
be systematically addressed through government
policies, training programs, and community
participation. With the right strategies, agri-
tourism can play a decisive role in ensuring rural
prosperity, food security, and cultural
preservation.

In an era marked by rapid urbanization and
technological change, agri-tourism reminds us of
our roots and the indispensable role of farmers. It
IS not just a tourism activity but a socio-economic
movement capable of redefining the future of
rural development.
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ARTICLE ID: 19
Agri-voltaic Farming: A sustainable approach for

climate —smart Agriculture

INTRODUCTION

The fast pace of climate change and the growing number of people on Earth are two
of the biggest problems that people face today. Agriculture, which feeds almost half
of the world's people, is very sensitive to changes in the weather. In India, where
almost 47% of the workforce works in agriculture, crops have been hurt by repeated
droughts, unpredictable monsoons, and soil degradation. This has made food
security worse. India's reliance on fossil fuels for energy production has also led to
a lot of greenhouse gas (GHG) emissions, making it the third biggest emitter in the
world. To fight this, the country has promised to reach net-zero emissions by 2070,
which is in line with global climate goals. Agrivoltaics Farming, which combines
photovoltaic (PV) systems with farming, is one promising solution that can help
with both agricultural and energy problems at the same time. This method lets the
same piece of land be used for both growing food and making renewable energy,
which is a model of sustainability and resilience that works together.

The concept and Evolution of Agrivoltaics

The concept of Agrivoltaics (APV) or solar sharing, was introduced in
1981 by Adolf Goetzberger and Armin Zastrow in Germany. Their idea was simple
yet revolutionary — to elevate solar panels above farmland to allow simultaneous
solar energy production and crop cultivation. The key design principle of
agrivoltaics is to optimize light distribution: solar panels capture part of the sunlight
for energy, while the remaining light passes through or around panels to support
photosynthesis in crops below. Modern agrivoltaics systems use elevated or
adjustable solar structures that maintain appropriate spacing and tilt to balance
shade and light availability.
Over the decade, agrivoltaics evolved through technological innovations such as:
. Transparent or bifacial panels that transmit diffused light,
. Adjustable tracking systems that optimize sun exposure, and
. Thin-film and polymer coating technologies that separate light wavelength
beneficial for both crops.
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Agrivoltaics optimizes land use by integrating
solar panels with crops. The idea of
agrophotovoltaics (APV) was initially conceived
by Goetzberger and Zastrow in 1982 to modify
solar power installations to allow simultaneous
crop cultivation in the same area (13). For the
technology, solar collectors were elevated 2 m
above ground level and gaps were increased in the
gaps between them to prevent excessive crop
shading. These systems would require only one-
third of the incoming solar radiation (14). It took
approximately 30 years for this concept to be
referred to as agro photovoltaic, agro PV, agri
voltaic, or solar sharing. By generating both solar
energy and agricultural products in a single
location, it is possible to share light, enhance
freshness and decrease moisture loss. The
integration of solar technology with agriculture
began in 1975 with the development of the first
photovoltaic water pump.

Global Status of agrivoltaics

Agrivoltaic (AV) system categorized under
agricultural 5.0 present a potential solution to the
meet the growing needs of food and energy. These
systems utilize power resources to support
agricultural production, encompassing facility
gardening, breeding and specialized pastoral
structures thereby establishing a novel production
model that integrates farming, power generation
and agricultural activities (16). Research on solar
energy applications in agriculture commenced as
early as the 1960s in countries such as Britain,
France, India, Portugal and the United States. The
emergence photovoltaic technology gradually
drew attention toward agrivoltaic applications
The introduction of the first photovoltaic water
pump in 1975 marked the inception of integrating
photovoltaic  technology  with  agriculture.
However, this concept remained largely
unexplored until 2004 when Akira Nagashima
constructed the first system in Japan designating

it as “solar sharing” (18). Subsequently AVS
proliferated across Europe, Asia and the United
States, ranging from small-scale family farming
operations to extensive installations exceeding
700 MW in China, offering diverse benefits to
farmers globally. China initiated large-scale
agrivoltaic systems in 2014 and continues to
maintain global leadership in installed capacity
(19). France became the first European nation to
support agrivoltaics, implementing regular
tenders in 2017 systematically. By 2021
agrivoltaics had evolved into a market ready
technology with a global installed capacity
surpassing 14 GWp (20).

The role of agrivoltaics in advancing climate-
smart agriculture

Agrivoltaic systems as emerged as an
innovative and sustainable technology in response
to escalating climate change, dwindling resources
and increasing energy needs. These systems
involve installing photovoltaic (PV) panels on
agricultural land, enabling concurrent solar
energy  production and crop cultivation.
Agrivoltaics systems optimize land utilization by
combining energy generation and agriculture on a
single plot. This dual-purpose approach mitigates
the necessity for additional land conversion and
attenuates the environmental impact. Some of the
points highlighting the importance of the
Agrivoltaics systems are listed below. 1. The
shade provided by solar panels can reduce soil and
water evaporation, resulting in more efficient
water utilization in agriculture. This s
particularly advantageous in arid and semi-arid
regions with scarce water resources. By producing
renewable energy, agrivoltaics systems decrease
dependence on fossil fuels and reduce greenhouse
gas emissions. This contributes to mitigating
climate change and its effects on agriculture and
ecosystems. The vegetation growing beneath and
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around solar panels can enhance carbon
sequestration in soil and biomass, further
reducing atmospheric CO2 levels. Solar panels
can assist in minimizing soil erosion by shielding
the soil surface from wind and water. This helps
to preserve the soil structure and prevents the loss
of valuable topsoil. Agrivoltaic systems can
establish microhabitats that support the local flora
and fauna. The solar panels and associated
infrastructure can provide shelter and resources
for various species. Enhanced soil health and
decreased evaporation can lead to reduced need
for chemical inputs such as pesticides and
fertilizers. This can mitigate the environmental
impact of agricultural practices and diminish the
risk of runoff pollution. 7.The shading effect of
solar panels can help crops withstand extreme
weather conditions, such as heat waves and
intense  solar radiation, by  moderating
temperature extremes. This can enhance the
resilience of agricultural systems to climate
variability and severe weather events.

Impact of solar panel shading in agrivoltaic
systems

Agrivoltaic systems contribute directly and
indirectly to reducing greenhouse gas (GHG)
emissions, primarily through the shading effects
of solar panels. Agrivoltaic systems, which
involve partially shading or covering the soil with
photovoltaic (PV) modules, help to retain soil
moisture and enhance its water-holding capacity.
By reducing soil temperatures, these systems
contribute to creating a more favorable
environment for plant growth. Cooler soil
temperatures help stabilize microbial processes,
leading to a reduction in nitrous oxide (N:20)
emissions. Large-scale PV power generation is
essential for mitigating climate change and
agrivoltaics is emerging as a sustainable
alternative  energy source. It optimizes

multifunctional land use by supporting both
electricity generation and agricultural activities
simultaneously. Additionally, the partial shade
provided by agrivoltaic systems has been shown
to benefit crop water balance and reduce
evapotranspiration. The shading effects also
support a broader range of plant and animal
species, while cultivation practices under
agrivoltaic systems further enhance soil quality.

Protection against heat and water loss, and
increase in crop yields

As mentioned earlier, agrivoltaics can allow for
the cultivation of crops by protecting them from
heat stress and water loss. The shading the PV
panels provide improves the microclimate
beneath the solar panels and lowers the
temperature on the ground, boosting agricultural
productivity. A project in Algeria, for instance,
has shown that agrivoltaics can lead to
considerably higher yields, as well as size of the
crops. Additionally, regions that have become
infertile or that face progressive soil degradation
due to extreme heat and drought can be restored
with the help of agrivoltaics, while the favorable
growing conditions also allow for a wider variety
of higher-value crops to be cultivated, all whilst
enhancing food security. The shading from the PV
panels also lowers water demand by reducing
water loss through evaporation. Meanwhile,
agrivoltaic systems also allow for rainwater
harvesting — this is particularly beneficial in dry
and hot regions, where access to water is already
limited.

New sources of income and jobs

The dual use of land for food and power
production can also lead to a double income for
farmers. The increased variety of crops already
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mentioned, as well as a potential income from the
panels (e.g. through feed-in tariffs for surplus
energy), can boost and diversify farmer incomes.
Simultaneously, the installation, maintenance and
operation of the PV modules also create jobs —
even in structurally weak regions or in
disadvantaged rural areas.

Conclusion

Accordingly, the advantages of agrivoltaics are
enormous on the African continent, and thanks to
high solar radiation, they might even be greater
than in Europe. Political incentives and funding
programmes that support the development of
agrivoltaics could be a major lever to realize the
multiple benefits the technology has. While
agrivoltaics is still in the early stages on the
African continent, the transfer of know-how and
policy programmes, such as the Water-Energy-
Food-Ecosystems Nexus, an approach focusing
on integrated policy solutions that align water,
energy and agriculture for mutual benefit, have
the capability to improve food and energy
security, all whilst benefiting the climate and the
local population.
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BIOFERTILIZERS AND THEIR FUTURE

Summary:

Biofertilizers are natural fertilisers. These fertilisers have helpful microorganisms
that help plants grow by making the soil more fertile and giving them the nutrients
they need. They are good for the environment, promote farming that lasts, and save
money. In the process of nitrogen fixation, nutrient absorption, and disease control,
various types of biofertilizers, such as Rhizobium, Azotobacter, Azospirillum, and
Mycorrhizae, play important roles. Even though they take a long time to work and
need certain conditions to work, they are a great way to keep soil healthy and boost
crop production because of the long-term benefits they offer. Organic and
environmentally friendly farming will use biofertilizers in the future.

Introduction:

The term "biofertilizer" refers to natural products that contain living
microorganisms that increase the amount of nutrients in the soil, thereby facilitating
the growth of plants. Chemical fertilisers, on the other hand, are bad for the
environment and can hurt the soil's ability to grow plants. They make the soil
healthier, promote organic farming, and cut down on the use of chemicals. As
people learn more about how to keep soil healthy, biofertilizers are becoming a big
part of sustainable farming and the future of farming.

Features of Biofertilizers:
o Made of beneficial microorganisms like bacteria, fungi, and algae.
o Improve soil fertility and nutrient availability.
e Help recycle nutrients naturally in the soil.
« Safe for the environment and support organic farming

Different Types of Biofertilizers:
e Azospirillum: This type is used for non-leguminous crops like maize, rice,
and wheat. It also helps in nitrogen fixation and promotes root development.
e Azotobacter: It is a free-living nitrogen-fixing bacteria used for crops like
cotton, vegetables, and cereals.
e Blue-Green Algae (Cyanobacteria): These are used mostly in paddy fields
as they add nitrogen naturally to the soil.
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Phosphate Solubilizing Microorganisms (PSM):
These help to convert unavailable forms of
phosphorus into a form that plants can easily
absorb.

Mycorrhiza: It is a fungus that forms a
relationship with plant roots and helps plants
absorb water and nutrients more efficiently.

Benefits of Using Biofertilizers:
Biofertilizers, which are made of living

microorganisms and are good for the
environment, can help the soil become more
fertile and plants grow better. They work as a
cheap substitute for chemical fertilisers and help
keep the soil and water cleaner. They give plants
the nutrients they need, help crops grow, and
support farming that is good for the environment.
Biofertilizers also make the soil healthier by
encouraging the growth of helpful microbes and
adding more organic matter.

Disadvantages of Biofertilizers:

Biofertilizers work slowly as the microorganisms
take time to grow and multiply. They are often
crop-specific and may not perform well under
extreme soil or weather conditions. Their shelf
life is short and they need proper storage.
Sometimes, introduced microbes compete with
native ones, reducing their effectiveness. In
addition, production and quality control can be
challenging, making them less accessible to some
farmers.

Types of Microbes Used as Biofertilizers:
Several types of microorganisms are used as
biofertilizers. Rhizobium lives in legume roots
and fixes nitrogen to improve soil fertility.

Azotobacter and Azospirillum also fix nitrogen
and promote root growth in non-legume crops.
Mycorrhizae are fungi that help plants absorb
nutrients and water more efficiently. Bacillus
subtilis and Pseudomonas fluorescens protect
plants from diseases and support healthy growth.
Trichoderma is a fungus that controls soil-borne
diseases and enhances plant growth

Conclusion:

Biofertilizers are a natural and environmentally
friendly method of enhancing the fertility of the
soil and the growth of crops. They lessen the
requirement for the use of chemical fertilisers,
promote organic and sustainable farming
practices, and contribute to the preservation of
healthy soil. Because of the numerous advantages
they offer, biofertilizers are poised to play a
significant part in the agricultural industry of the
future.

Reference:

e Singh M., Jha S., Pathak D., & Maisnam
G. (2025) Advancing biofertilizers: the
evolution from single-strain formulations
to synthetic microbial communities
(SynCom) for sustainable agriculture.
Applied Soil Ecology 171: 104396.

e Mehra A. (2020). Biofertilizers market
worth $4.5 billion by 2026. Market sand
Markets. Access on 10" May 2025 from
https://www.prnewswire.com/news-
releases/biofertilizers-market-worth-4-5-
billion-by-2026--exclusive-report-by-
marketsandmarkets-301299679.html
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ARTICLE ID: 21
ROLE OF BIO-PESTICIDES AND BIOFERTILIZER IN

SUSTAINABLE AGRICULTURE WORLD

Summary

Bio-pesticides and bio-fertilizers are leading the way in the global shift
towards sustainable agriculture. These natural inputs that come from living things
are a necessary, eco-friendly alternative to synthetic chemicals. They promise a
future of strong farming, healthier soils, and safer food. Biological farming is the
way of the future. As the world deals with the environmental and health costs of
traditional, chemical-heavy farming, bio-pesticides and bio-fertilizers are becoming
the most important tools for creating a truly sustainable food system. These natural,
eco-friendly inputs come from beneficial microorganisms, plant extracts, and
minerals. They are a great way to get high yields without hurting the health of the
planet or its people. Using bio-pesticides and bio-fertilizers together is the key to a
more sustainable, environmentally friendly, and cost-effective farming world. By
working in harmony with natural ecological cycles, these bio-inputs are not just
alternatives; they are fundamental to achieving global food security, mitigating
climate change (by promoting healthy soil, a carbon sink), and ensuring a healthier
planet for generations to come.
Introduction

The world's food system is at a turning point. The Green Revolution
depended a lot on synthetic chemical fertilisers and pesticides for decades to get the
most out of crops. This method has worked to boost production, but it has also had
a big impact on the environment and people's health. It has led to less fertile soil,
polluted water, loss of biodiversity, and worries about chemical residues in food.
There is a "Quiet Revolution™ going on right now, and it is based on biological
solutions that work with nature instead of against it. Bio-pesticides and bio-
fertilizers are the main things that farmers use these days. These are natural, eco-
friendly inputs that come from living things like helpful microbes and plants.
These bio-inputs are more than just options; they are what makes a truly sustainable
agriculture world possible. They bring ecosystems back into balance, improve the
health of the soil, and give farmers a cheap way to grow safer, better food. To make
sure that the world's resources are safe for future generations and that the growing
population has enough food, we need to switch to these natural tools.
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The core of sustainability:

There is a very important change
happening in the world's agriculture. The
industrial farming models of the past increased
production but made people very dependent on
synthetic chemicals. Using these things too much
has really hurt the health of our soils. Made our
water dirty and made the weather change. The
good news is that both science and nature are
coming up with a solution: a smart mix of bio-
pesticides and bio-fertilizers. These "bio-inputs”
are changing the way we farm in a big way,
increasing yields and profits through ecological
life.

Bio-fertilizers: the soil’s friend

Bio-fertilizers are the living formulations
of beneficial microorganisms that applied to seed,
soil, or plants, enhance fertility and promote
growth. Their role is to facilitate crucial natural
processes that synthetic chemicals disrupt,
essentially restoring the soil’s innate productivity
and soil health.

Bio-pesticides:

Unlike broad-spectrum chemicals that kill
everything they touch, bio-pesticides are often
target-specific. For instance, a microbial bio-
pesticide like Bacillus thuringiensis (Bt) targets
only certain insect larvae, leaving beneficial
insects, pollinators, and natural predators
unharmed. This preservation of the beneficial
strengthens the ecosystem's own pest controls.

Bio-pesticides decompose quickly after
use, leaving minimal to zero toxic residue on
crops, soil, or water. This is a crucial factor for
ensuring the consumer’s safety and meeting
increasingly the strict global food safety
standards.

Their diverse and often complex modes of
action make it significantly harder for pests to
develop resistance, a perpetual problem with
continuous use of single-chemical synthetics.

Integrating bio-pesticides into an Integrated Pest
Management (IPM) programs that ensures the
long-term effectiveness of pest controlling in
agriculture.

Easily  understandable  points
description for both Bio and Chemical
(Fertilizers and pesticides):
Bio-fertilizers

Bio-fertilizers are natural fertilizers that
contain living microorganism, which helps in
increasing the supply or availability of essential
nutrients to plants. Unlike chemical fertilizers,
they are eco-friendly and improve soil fertility in
a sustainable way.

Key features
e Eco-friendly and non-toxic.
e Reduce dependency on
fertilizers.
e Improve soil health and fertility.
e Cost-effective and sustainable in the long
run.

and

chemical

Examples of Bio-fertilizers
e Rhizobium (for legumes)
e Azospirillum (for cereals)
e Azotobactor (for non-legumes)
o Blue Green Algea (BGA)
e Phosphate-Solubilizing Bacteria (PSB)
¢ Micorrhizal fungi

Applications
e Seed treatment: seeds are coated with bio-
fertilizers before sowing.
e Soil applications: Mixed with compost or
soil and applied.
e Root dipping: seedlings are dipped in bio-
fertilizer slurry before transplantation.

Discussion
The correlation study clarified the complex
interrelationships between the various aspects of
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sustainable agriculture. Studies that demonstrate
biopesticides may have the ability to lower

Bio-fertilizers vs Chemical fertilizers
e Bio-fertilizer: living Microbes,
N,solubalize P, eco-friendly.
e Chemical fertilizers: man-made, supply
NPK directly, fast but harm soil.
e Bio —improves the soil. Fertility;

fix

Chemical —degrade soil with long use.
e Bio —cheap & sustainable;
Chemical — costly & polluting.

Bio-pesticides vs Chemical pesticides

e Bio-pesticides: natural origin (Bt, neem,
fungi, viruses), eco-safe.

e Chemical pesticides: synthetic (DDT,
malathion), toxic & polluting.

e Bio —specific to pests, safe for humans;

Chemical —kill pests fast but also harm
beneficial organisms.

e Bio —leave no residues;

Chemical —residues accumulate in soil,
water, food.

e Bio = Natural, Eco-friendly,
Sustainable.

e Chemical = Artificial, Quick, Harmful
long-terms.

The Bio Advantage vs. The Chemical Defect:
Switching to bio-inputs like bio-pesticides
and bio-fertilizers has a clear range of benefits
that are the opposite of the problems with
chemical inputs. Bio-fertilizers improve the
health of the soil by naturally fixing nutrients,
increasing microbial biodiversity, and making the
soil structure more stable. They also lower the
cost of fertilisers. On the other hand, chemical
fertilisers can deplete the soil, raise salinity, and

cause a lot of water pollution from nutrient runoff.
Bio-pesticides are a targeted, residue-free way to
protect crops. They kill only the pests that are
harmful to plants and animals, while keeping
beneficial insects like pollinators safe. This makes
food safer and the ecosystem healthier. Synthetic
chemical pesticides, on the other hand, are usually
broad-spectrum, killing important non-target
organisms, leaving toxic residues on food, and
speeding up the development of pest resistance,
which means that stronger, more harmful
chemicals must be used over time. The biological
approach thus promotes a virtuous cycle of
sustainability, profitability, and public health,
supplanting the unsustainable cycle of
dependency and environmental degradation
caused by chemical inputs. Switching to bio-
inputs (bio-pesticides and bio-fertilizers) has a
clear range of benefits that are the opposite of the
problems with their chemical counterparts. Bio-
fertilizers improve the health of the soil by
naturally fixing nutrients and increasing the
diversity of microbes. This makes the soil more
stable and lowers the cost of fertilisers. On the
other hand, chemical fertilisers can deplete the
soil, raise its salinity, and pollute the water with
nutrients that run off.

Conclusion

The transition from the chemical-
dependent farming to a biological-based system is
more than technological upgrade; it is a
paradigm shift that places ecological health at
the center of food production. The combined,
complementary power of bio-pesticides and bio-
fertilizers offers a compelling vision for a
Sustainable Agriculture World—one that is
productive, profitable and planet-friendly.

We have moved past the era of where high
yield inherently meant high environmental costs.
Bio-fertilizers are now recognized as the
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architects of enduring soil health, ensuring that
our most valuable resource remains fertile and
vibrant for generations. By naturally fixing
nitrogen, mobilizing locked-up nutrients, and
enhancing the soil's structure, they are the key to
building resilient farms that can withstand the
challenges of a changing climate. Simultaneously,
bio-pesticides represent a mature form of crop
protection, offering surgical precision in pest
control without the detrimental side-effects of
broad-spectrum toxins. They safeguard the crucial
biodiversity of the agricultural ecosystem,
protecting pollinators and beneficial insects that
are essential for natural balance and also for the
highest yields.

While challenges remain—including
improving the shelf life, consistency, and
widespread availability of bio-products—the
trajectory is undeniable. Policy support, farmer’s
education, and continued scientific innovation are
rapidly addressing these limitations.

Reference:

1.Gupta, S. & Dikshit, A.K. (2010).
"Biopesticides: An ecofriendly approach for pest
control.” Journal of Biopesticides, 3(Special
Issue), 186-188. (A concise early review
highlighting the environmental advantages.)

2.Singh, J.S., Pandey, V.C., & Singh, D.P.
(2011). “"Efficient soil microorganisms: a new
dimension for sustainable agriculture and
environmental  development.”  Agriculture,
ecosystems & 140(3-4), 339-353. (Focuses on
microbial roles in soil health and sustainability.)

3. Kaushik, B. D., Kumar, D., & Shamim, M.
(Eds.). (2021). Bio-fertilizers and bio-pesticides
in sustainable Agriculture. Apple Academic
Press/Routledge. (A collective work covering
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ARTICLE ID: 22
MOLECULAR FARMING FOR IMMUNIZATION: CURRENT

ADVANCES AND FUTURE PROSPECTS IN PLANT-
PRODUCED VACCINES

Abstract

Plants are used as bioreactors in molecular farming to make vaccines, therapeutic
proteins, and enzymes in a way that is both environmentally friendly and cost-
effective. This approach offers high scalability, safety, and low contamination risk.
Improvements in gene editing, temporary expression, and nanoparticle delivery
have made it more effective. Medicago's Covifenz COVID-19 vaccine is an
example of how quickly it can respond. Edible vaccines are a good option for areas
with few resources because they don't need to be kept cold. But there are still
problems to solve, such as low protein yield, complicated purification, and
regulatory issues. This review talks about how plant-based vaccines have come
along, how they can be used, and how they could be used in the future to make
immunisation around the world more affordable and accessible.

Introduction

Global health challenges like COVID-19, influenza, and malaria have exposed the
limits of traditional vaccines, which are costly, slow to produce, and difficult to
distribute, especially in low- and middle-income countries. Molecular farming,
which uses plants as bioreactors, offers a sustainable and affordable alternative for
vaccine production. Plants can produce therapeutic proteins and antigens safely,
without risk of human pathogen contamination, and at large scales with lower costs.
Techniques such as transient expression using Agrobacterium tumefaciens enable
rapid vaccine production, as shown by Medicago’s Covifenz, the first approved
plant-based COVID-19 vaccine. Edible vaccines in crops like lettuce and tomatoes
also promise easy delivery without cold storage needs. With advancements in
genetic engineering and biotechnology, plant-based vaccines have the potential to
revolutionize global immunization by providing accessible, efficient, and eco-
friendly solutions.

2. Historical Perspective on Plant-Based Vaccines

The concept of using plants as biofactories for therapeutic proteins emerged in the early
1990s with advances in molecular biology and genetic engineering. Early research focused
on producing simple recombinant proteins like antibodies and enzymes in crops such as
tobacco and potato.

93|Page


http://www.justagriculture.in/

pS

[

AGRICULTURE

THE FUTURE OF AGRI INNOVATION

A major milestone came with the successful
production of human growth hormone and hepatitis B
surface antigen in transgenic plants, proving plants
could produce functional vaccine components. This
led to the idea of edible vaccines using crops like
tomatoes and bananas for easy, low-cost
immunization in developing regions.

The development of transient expression systems
revolutionized molecular farming, allowing rapid and
high-yield protein production without stable genetic
modification. The use of Agrobacterium tumefaciens
and plant viruses enabled fast vaccine development,
demonstrated by Norwalk virus and influenza
candidates. The most notable success was Medicago’s
Covifenz, a plant-derived COVID-19 vaccine using
virus-like particles (VLPs), approved in 2022 by
Health Canada.

Plant-based vaccines have also advanced in veterinary
medicine, showing potential for diseases like
Newcastle and porcine epidemic diarrhea. These
milestones mark the evolution of molecular farming
into a promising tool for sustainable, large-scale
vaccine production.

3. Mechanisms of Molecular Farming

3.1. Plant Expression Systems

Plant expression systems are the foundation of
molecular farming for producing recombinant proteins
and vaccines. Two main approaches are used: transient
expression and stable transformation.

Transient expression, often achieved through
Agrobacterium tumefaciens—mediated agroinfiltration
or viral vectors like Potato Virus X (PVX), enables
rapid protein production within days. This system is
efficient, cost-effective, and ideal for responding
quickly to pandemics.

Stable transformation integrates the target gene
permanently into the plant genome via nuclear or
chloroplast transformation. Chloroplast
transformation offers higher protein vyields, genetic
stability, and prevents gene escape through pollen.
Though slower, it supports long-term and large-scale
vaccine production.

3.2. Plant Hosts in Molecular Farming

Common plant hosts include tobacco, lettuce, tomato,

and maize. Tobacco (Nicotiana benthamiana) is
widely used for high-yield transient expression.
Lettuce and tomato serve as models for edible
vaccines, offering oral delivery without processing,
while maize enables large-scale, stable production
with natural encapsulation of proteins.

3.3. Comparison with Other Systems

Compared to microbial, fungal, and mammalian
systems, plant-based expression offers human-like
protein folding and glycosylation, lower production
costs, and reduced contamination risks. Though
protein yields are generally lower and expression
slower, plants provide a safer, more sustainable, and
scalable alternative for vaccine and therapeutic protein
production.

4. Applications of Plant-Based Vaccines

4.1. Infectious Diseases

Molecular farming uses plants to produce vaccines
and therapeutic proteins. Plants like Nicotiana
benthamiana, lettuce, and maize are engineered to
express vaccine antigens. This method is low-cost,
scalable, and safer, with no risk of human pathogen
contamination. A key example is the plant-based
COVID-19 vaccine (Covifenz). Plant-made vaccines
are being developed for influenza, hepatitis B,
malaria, and cholera.

However, challenges include low yield, purification
difficulty, and regulatory delays.

4.2. Edible Vaccines

Edible vaccines—produced in crops like bananas,
tomatoes, and lettuce—allow oral immunization
without cold storage, ideal for low Plant-based
vaccines have shown strong potential against major
infectious diseases like COVID-19, influenza,
hepatitis B, and malaria. Medicago’s Nicotiana
benthamiana—derived Covifenz vaccine was a major
success, producing virus-like particles (VLPS)
mimicking the SARS-CoV-2 spike protein. Similar
VLP-based vaccines for influenza and malaria have
also shown high immunogenicity in trials. These
vaccines are cost-effective, scalable, and safe, offering
rapid production and reduced contamination risks
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compared to traditional methods. -resource settings.
However, challenges include inconsistent antigen
expression, dosage control, and protein stability
during digestion. Techniques such as freeze-drying
and encapsulation are being developed to improve
stability and delivery.

4.3. Therapeutic Vaccines

Therapeutic plant-based vaccines aim to treat diseases
like cancer, autoimmune disorders, and chronic
infections. They express tumor-associated or viral
antigens that stimulate targeted immune responses.
Studies have shown promising results for cancers such
as lymphoma and breast cancer, as well as chronic
infections like HIV and tuberculosis.

4.4. Veterinary Applications

Plant-based vaccines are also valuable in animal
health, preventing diseases such as Newcastle disease,
rabies, and foot-and-mouth disease. They are safe,
affordable, and suitable for mass production. By
reducing zoonatic infections, they support the “One
Health” approach linking human,
environmental well-being.

animal, and

5. Benefits of Plant-Based Vaccines

5.1. Cost-Effectiveness and Scalability

Plant-based vaccines are highly economical and
scalable compared to traditional systems that rely on
costly bioreactors. Plants like Nicotiana benthamiana
and N. tabacum can be cultivated in fields or
greenhouses, requiring minimal infrastructure and
resources. Local cultivation reduces transportation
costs and cold-chain dependence, while edible
vaccines further cut costs by enabling oral delivery
through food crops.

5.2. Rapid Response to Pandemics

Plants can be genetically modified quickly to produce
new antigens, allowing rapid vaccine development
during outbreaks. Unlike egg- or cell-based methods
that take months, plant systems can generate vaccine
candidates within  weeks. Controlled indoor
cultivation ensures consistent yields, biosafety, and
year-round production, making them ideal for
pandemic preparedness.

5.3. Safety and Low Contamination Risk

Because plants are not hosts for human pathogens,

they eliminate the risk of contamination common in
animal-based systems. They also avoid the use of
animal-derived materials such as fetal bovine serum,
reducing zoonotic risks and ethical concerns while
ensuring cleaner production processes.

5.4. Environmental Sustainability

Plant-based production is energy-efficient and
environmentally friendly. It consumes less water,
produces minimal waste, and generates a smaller

carbon footprint than conventional vaccine
manufacturing.  Localized  production  reduces
transportation emissions, aligning with global

sustainability goals.
Overall, plant-based vaccines combine affordability,
safety, speed, and sustainability—making them a
transformative solution for equitable and eco-friendly
vaccine production

6. Challenges in Plant-Based Vaccine Development
6.1. Production Challenges

Low and inconsistent protein yields remain a major
issue in plant-based vaccine development. Expression
levels vary with plant species, environmental
conditions, and transformation methods, making it
difficult to standardize production. Unlike controlled
mammalian cell systems, plants are affected by
temperature, light, and soil quality. Moreover,
overexpression of foreign proteins can disrupt plant
metabolism, reducing both yield and plant health.
Ongoing research focuses on optimizing expression
vectors, promoters, and growth conditions to improve
stability and output.

6.2. Downstream Processing

Purification of plant-derived vaccines is complex and
expensive due to the presence of other plant
compounds. Achieving consistent glycosylation and
protein folding is difficult, which can affect vaccine
quality and immune response. Standardizing
purification and quality control remains a major
bottleneck for large-scale production.

6.3. Regulatory Hurdles

Regulatory frameworks, designed for conventional
vaccines, pose difficulties for plant-based products.
Approval processes for genetically modified plants are
lengthy and costly, with strict testing for
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environmental safety, allergenicity, and efficacy. This
slows the market entry of plant-derived vaccines.

6.4. Public Acceptance

Public skepticism toward genetically modified
organisms (GMOs) is another barrier. Misconceptions
about safety and ethics often hinder acceptance of
plant-based vaccines. Greater public education,
transparency, and awareness are needed to build trust
and promote adoption.

7. Recent Innovations in Molecular Farming
Recent advances are transforming plant-based vaccine
development, enhancing yield, safety, and delivery.
7.1. Gene Editing (CRISPR)

CRISPR-Cas9 allows precise modifications in plant
genomes, optimizing traits for higher antigen yield,
stability, and human-compatible glycosylation. It can
remove unwanted traits, improve promoters, and
accelerate plant modification, addressing key
challenges in plant-based vaccine production.

7.2. Nanoparticle-Based Delivery

Nanoparticles, including lipids, polymers, and VLPs,
protect vaccine antigens, enhance stability, and enable
controlled release. They improve oral or mucosal
delivery, making vaccines non-invasive and cost-
effective. Encapsulating plant-derived antigens in
nanoparticles can also support edible vaccines with
better bioavailability.

7.3. Artificial Intelligence (Al)

Al optimizes plant vaccine production by analyzing
genomic and environmental data to maximize antigen
expression. Machine learning accelerates plant line
selection, growth condition optimization, and
prediction of safety risks, speeding up R&D and
regulatory approval.

These innovations—CRISPR, nanoparticles, and Al—
together improve efficiency, consistency, safety, and
delivery of plant-based vaccines, expanding the
potential of molecular farming for rapid and scalable
vaccine production.

8. Future Directions

Plant-based vaccines are poised for personalized
medicine, producing patient-specific antigens for
cancer or autoimmune therapies, combined with

CRISPR and bioinformatics for cost-effective,
scalable production. Nanoparticles can enhance
stability and immune response, while synergy with
MRNA or other platforms broadens applications.
Beyond human vaccines, plant systems may serve in
diagnostics and chronic disease immunotherapies.
Their rapid, scalable production can address global
health inequities and improve pandemic preparedness.

Conclusion

Plant-based expression systems offer a cost-effective,
scalable, and versatile platform for producing both
pharmaceutical and non-pharmaceutical proteins.
While technical challenges have largely been
addressed, regulatory barriers remain the main
obstacle to widespread adoption, particularly for
therapeutic proteins. With demonstrated production
capabilities, economic feasibility, and ongoing
technological advancements, plant-made biologics
hold significant promise for the future of sustainable
and efficient biomanufacturing worldwide.
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ARTICLE ID: 23

CRISPR - GENE EDITING IN CROPS

Summary

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) is a tool for
editing genes that lets you change DNA in plants very accurately. It was based on
a natural way that bacteria protect themselves. CRISPR uses a guide RNA (gRNA)
to find a specific DNA sequence and a Cas9 enzyme to cut the DNA at that spot.
After that, the cell fixes the cut, which can add, remove, or replace genes. This
system has been used to get new germplasma resources through gene-directed
mutation because it is easy to use and works well at causing mutations. CRISPR-
Cas9 editing can quickly create new germplasm resources to improve important
agronomic traits because whole-genome sequencing data and information about
gene function for important traits are now available. CRISPR is changing the way
we improve crops by making it possible to make precise, quick, and long-lasting
changes to their genes to solve problems with food security, climate change, and
nutrition. We look at this technology and how it can be used on fruit and vegetable
crops in this review. We talk about the problems, the different types that are already
out there, the rules that go along with them, and what they could be used for in the
future.

INTRODUCTION

The world's agricultural systems are under a lot of stress because the population is
growing and people need more food. This problem is made worse by climate
change, which is causing more extreme weather, changes in the way pests and
diseases spread, and less land that can be used for farming (Bibi and Rahman,
2023). These changes put crops at risk and make farming less stable, which makes
it harder to make sure that everyone has enough food. While traditional breeding
methods have greatly improved agriculture in the past, they are often too slow to
keep up with these rapid changes in the environment. Genetic engineering, on the
other hand, has had problems with accuracy and public acceptance (Afzal et al.,
2023; Ambika et al., 2024). Rice, wheat, maize, and soybeans are staple crops that
are the basis of global food security. They are the main source of calories for a large
part of the world's population (Morrow et al., 2023). These crops are very important
for people to eat, but they are also very important for feeding animals and for use
in industry. Climate change, pests, and diseases are making these important crops
less productive and less able to withstand stress. To make sure there is enough food
for everyone, it is important to improve the yield, nutritional value, and stress
tolerance of staple crops.
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This is especially true as the world's population
grows and arable land becomes less available.
The development of agricultural technology from
selective breeding to advanced genetic tools
shows that we are still working to solve these
problems. CRISPR/Cas technology has changed
the game in agricultural biotechnology by being a
revolutionary tool for editing genomes.
CRISPR/Cas systems are a revolutionary tool for
targeted genome editing that has changed both
basic and applied research in agriculture. The
CRISPR (Clustered Regularly Interspaced Short
Palindromic Repeats) mechanism was first found
in the adaptive immune systems of bacteria and
archaea. It uses a guide RNA (gRNA) to direct the
Cas (CRISPR-associated) nuclease to a specific
DNA sequence, where it makes a precise double-
strand break. The cell's natural DNA repair
mechanisms then fix this break, which lets
scientists make specific changes to the genome.
CRISPR/Cas systems are easier to design, work
better, and cost less than earlier genome editing
tools like Zinc Finger Nucleases (ZFNs) and
Transcription Activator-Like Effector Nucleases
(TALENS). This makes them very useful for a
wide range of crop improvement tasks. Finding
the CRISPR/Cas system as a genome editing tool
was not only about finding it in bacteria, but also
about figuring out how to use it and improve it for
use in more complicated organisms. Early studies
elucidated the essential functions of crRNA
(CRISPR RNA) and tracrRNA (trans-activating
crRNA) in directing the Cas9 protein for accurate
DNA cleavage, which was instrumental in
transforming CRISPR/Cas into a multifaceted
genome editing tool (Jung et al., 2024). The
process starts with the guide RNA binding to the
target DNA sequence to make an RNA-DNA
hybrid. This directs the Cas9 protein to the right
part of the genome. When Cas9 gets there, it
makes a double-strand break, which the cell's

natural DNA repair pathways fix. These pathways
are either non-homologous end joining (NHEJ) or
homology-directed repair (HDR) (Yuan et al.,
2024).  This in-depth knowledge of how
CRISPR/Cas works shows how well it works for
making precise and efficient changes to the
genome. Itis a key technology for improving crop
traits and solving global problems like climate
change and food insecurity (Raza et al., 2024).
CRISPR technology has become a game-
changing tool that makes it possible to quickly
create new crop varieties with better traits, such
as better resistance to biotic and abiotic stresses,
higher nutritional value, and more potential for
higher yields. Additionally, CRISPR/Cas
systems improve agricultural productivity and
sustainability because they are simple, flexible,
cheap, and acceptable to the public because they
can make precise changes without adding foreign
DNA (Ali et al., 2023). Recent developments,
like prime editing and base editing, have made
genome editing even more accurate and useful.
This means that it can be used to make more
complex genetic changes with fewer unintended
effects. These new ideas are making it possible
for the next generation of crops to grow well in
changing weather and meet the needs of a
growing population. This review seeks to furnish
a thorough examination of CRISPR/Cas
technology in augmenting crop resilience and the
productivity of staple grains in the face of climatic
adversities. This article discusses how
CRISPR/Cas systems could change modern
agriculture by looking at the most recent research
and technological advances. It would give us a
complete picture of how to understand new
technologies and find strategic paths for future
research and development, which would help
make sure that food is safe around the world and
that farming is done in a way that is good for the
environment.
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Recent improvements in CRISPR technology
have made genome editing much more specific
and effective, which is very important for
agricultural uses. Prime editing and base editing
are new ways to make precise changes to genes
that are very important. Prime editing uses
CRISPR-Cas9 and a reverse transcriptase to fix
up to 89% of known genetic variants. This lets
you directly edit target DNA sequences. Research
has shown that it works to make rice more
resistant to disease by fixing certain point
mutations without breaking double strands (Gupta
et al., 2023). On the other hand, base editing
makes it possible to change one DNA base into
another directly and permanently, which makes
point mutations more accurate. Applications
encompass the modification of flavour profiles in
peas and tomatoes, as well as the enhancement of
cold tolerance in soybeans through the alteration
of genes involved in fatty acid desaturation and
cold response pathways (Nizampatnam et al.,
2024). New CRISPR-associated proteins like
Cas12 and Cas13 add to the tools that agricultural
biotechnology can use. Casl2 is good for
multiplex editing because it lets you change
multiple traits at once. For example, it can help
soybeans have multiple disease resistance genes
(Sun et al., 2024). Cas13d is a very strong way to
interfere with multiple RNA viruses in potato
crops. This makes it a useful tool in the ongoing
efforts to improve agricultural productivity and
sustainability (Zhan et al., 2023). For genome
editing in plants to work, CRISPR components
must be delivered quickly and easily. Recent
methodologies encompass nanoparticle-mediated
delivery, which safeguards CRISPR components
from degradation and augments cellular uptake,
thereby significantly enhancing trait
improvement in maize (Chakraborty et al., 2023;
Yau et al., 2024). Viral vectors, utilising inherent

viral infection processes, have demonstrated
enhanced efficacy and safety in transient
expression initiatives, such as the induction of
virus resistance traits in tobacco and tomato
(Jogam et al., 2023; Wang et al., 2024e). The
ribonucleoprotein  (RNP) complex delivery
method sends CRISPR parts directly as proteins
and RNA, which lowers the chance of unwanted
effects. This method has worked well in crops like
wheat to make them more resistant to disease and
increase their yield (Poddar et al., 2023).
Improved computational tools for accurate guide
RNA design and the creation of high-fidelity Cas
variants show less off-target activity (Zhang et al.,
2023Db). In wheat, high-fidelity Cas9 variants have
been used to lower the number of unintended
mutations and make the plants more resistant to
drought. These improvements make genetic edits
safer and also make CRISPR more useful for
creating crops that can survive in changing
climates. The ongoing improvement of CRISPR
technologies, such as new ways to deliver and edit
them, is making it possible for agriculture to make
big changes, as shown in Table 1. Researchers are
making these tools more accurate and useful,
which opens up new ways to use CRISPR and
helps create agricultural systems that are stronger,
more productive, and more sustainable. The use
of CRISPR/Cas technology in farming has a lot of
promise for making grain crops more resistant to
different types of abiotic and biotic stress (Yadav
et al., 2023). This section examines how recent
progress in CRISPR/Cas technology has
improved the resilience of grain crops to these
stresses,  thereby  promoting  sustainable
agricultural productivity amid climate change and
other environmental challenges. CRISPR/Cas
genome editing has evolved into a sophisticated
techniqgue for enhancing crop  growth,
development, and stress responses, as
demonstrated in. In this context, we examined
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recent progress in CRISPR-mediated crop
enhancement under abiotic and biotic stresses, as
well as enhancements in various growth-related
traits.

IMPROVING CROP YIELD-

CRISPR/Cas technology provides novel
avenues to augment crop yield by directly
targeting genes that govern plant growth and
development. Editing the OsAPL gene that helps
move nutrients around has been shown to increase
rice yield (Zhang et al., 2024a). Targeting genes
that are involved in making chlorophyll and
capturing light, like the OsSXK1 gene in rice, has
made photosynthesis more efficient, which has
led to higher photosynthetic rates and more grain
yield (Zheng et al., 2021). Editing genes that help
plants take in and use nutrients, like the ARE
genes in barley or wheat, also makes plants use
nitrogen more efficiently and gives them higher
yields when nitrogen levels are low
(Karunarathne et al., 2022). Recent research has
shown that CRISPR/Cas technology can improve
yield-related traits in a number of crops. Editing
the DEP1 gene in rice has resulted in the creation
of semi-dwarf varieties characterised by enhanced
lodging resistance and increased grain yield
(Zhang et al., 2023a).

IMPROVING CROP QUALITY-

CRISPR/Cas9 technology has made agricultural
biotechnology much better by allowing for
precise genome editing that can improve the
safety, taste, texture, shelf life, and industrial use
of many crops. Researchers have used
CRISPR/Cas9 to change the CYP79D1 gene in
cassava. This has greatly reduced the amount of
cyanogenic glycosides, which lowers the risk of
cyanide poisoning and makes this important crop
safer without affecting its agronomic performance
(Juma et al., 2022). The technology has been used

in rice to make it smell better by changing the
OsBADH2 gene, which makes more 2-acetyl-1-
pyrroline (2-AP), a compound that gives off a
pleasant smell that people like (Tian et al., 2023).
The gbss gene in potatoes has been changed by
CRISPR/Cas9, which makes amylose-free starch
that has a smoother texture. This is very useful in
both cooking and industrial processes. The
technology has also been very important in
making different crops last longer by targeting
genes that are involved in the ripening process,
like those that control ethylene production. This
slows down the ripening process, lowers post-
harvest losses, and makes the crops more
economically  viable. Also, in barley,
CRISPR/Cas9 has been used to make the grains
harder by changing the Hina gene. This makes the
grains better for industrial use because they have
a higher hardness index, but it also makes the
grains thinner and heavier (Jiang et al., 2022).
Also, in potatoes, targeting the FtsZ1 gene has led
to the creation of lines with bigger starch
granules. This has greatly increased the viscosity
of starch paste, making these potatoes better for
certain industrial processes, all without changing
the plant's overall phenotype or nutritional
quality. These different uses of CRISPR/Cas9
show how it could change the way crops are
grown by allowing for changes that meet
consumer needs, improve safety, and meet
specific industrial needs while still making sure
that farming practices are sustainable and
profitable.

NUTRITION ENHANCEMENT

One of the main goals of agricultural
biotechnology is to fix nutritional deficiencies by
biofortifying crops. CRISPR/Cas technology is a
key part of making this happen. For example,
CRISPR/Cas has been used to raise the pro-
vitamin A content in rice, which is an important
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step in fighting vitamin A deficiency in people
who eat a lot of rice (Maiti and Banik, 2023).
Biofortification seeks to enhance the nutrient
density of crops, thereby augmenting their
nutritional value. Researchers changed the genes
that make pro-vitamin A to make "Golden Rice,"
which has more beta-carotene (Dong et al., 2020;
Datta et al., 2021). People have also used
RISPR/Cas technology to make crops richer in
minerals. Genes like OsNAS have been changed
in rice and wheat to raise the levels of iron and
zinc. This fixes micronutrient deficiencies that
can cause anaemia and make the immune system
work less well. In maize, targeting the PSY1, Crtl,
and LCYB genes has also increased the
production of pro-vitamin A, which has led to the
creation of "Golden Maize." The technology also
helps crops have more amino acids. CRISPR/Cas
has been used to boost the levels of important
amino acids and vitamins in cassava, which has
greatly improved the nutritional value of this
important crop (Otun et al., 2023). Editing genes
that are involved in lysine biosynthesis has made
maize have more lysine, which is a common
problem with cereal grains (Hasan, 2024).
Another important goal of CRISPR/Cas
technology is to make crops' proteins better. For
instance, mutagenesis aimed at the OsAAP6 and
OsAAP10 genes in rice can lower the protein
content of the grains, which makes the crop taste
better and cook better (Wang et al., 2020). By
targeting the GmIPK1 gene, CRISPR/Cas
technology has been able to lower the levels of
antinutritional substances like phytic acid in
soybeans. This has made iron and zinc more
available to the body, which has improved the
overall nutritional quality of the soybeans (Song
etal., 2022).

CONCLUSION

The fast development of CRISPR/Cas
technologies has brought about a new era of
precision agriculture. These technologies allow
for targeted genetic changes that make crops
stronger, more productive, higher quality, and
more nutritious. New techniques like prime
editing and base editing have made genome
editing much more precise and useful. They let
you fix genetic variants and fine-tune traits
without causing double-strand breaks. Adding
Cas12 and Cas13 proteins to the CRISPR toolkit
and wusing new delivery methods like
nanoparticle-mediated systems and
ribonucleoprotein  complexes has made these
tools even more useful for a wider range of crop
species.

These improvements have been very helpful in
solving important problems in agriculture, such as
making plants more resistant to disease and stress,
improving traits related to yield, and making food
safer and better. CRISPR/Cas technology has also
become a powerful tool for biofortification. It
helps fight global nutritional deficiencies by
adding important vitamins, minerals, and amino
acids to crops. As computational tools and high-
fidelity Cas variants keep improving the accuracy
and safety of genome edits, CRISPR/Cas is ready
to change the way we farm in a way that is good
for the environment. These technologies are not
only meeting current needs, but they are also
laying the groundwork for a more secure and fair
global food system by allowing the creation of
crops that can withstand climate change, have
more nutrients, and are useful in industry.

101|Page



<1157 AGRICULTURE

& THE FUTURE OF AGRI INNOVATION
REFERENCES potatoes. Starch/Starke, 75(3-4),
2200123.
Chakraborty, S., et al. (2023). e Poddar, R., et al. (2023). RNP delivery of
Nanoparticle-mediated CRISPR delivery CRISPR  components ~ for  wheat
enhances maize trait improvement. ACS ir;m(r)){g\?/)ement. Plant Genome, 16(1),
e .

Nano, 17(5), 4567—-4578.

Chen, Y., & Liu, D. (2023). Prime editing:
Expanding the CRISPR toolbox for
precision genome engineering. Nature
Biotechnology, 41(2), 123-130.

Dong, W., et al. (2020). Development of
Golden Rice through gene modification.
Nature Communications, 11, 1154.
Gupta, R., Singh, A., & Mehta, P. (2023).
Prime editing enhances disease resistance
in rice via point mutation correction. Plant
Biotechnology Journal, 21(4), 567-578.
Jiang, L., et al. (2022). Hina gene editing
improves barley grain hardness. Journal
of Cereal Science, 103, 103390.

Jogam, P., et al. (2023). Viral vector-
based CRISPR delivery for transient
expression in tomato. Plant Molecular
Biology Reporter, 41(2), 210-222.

Juma, G., et al. (2022). CRISPR/Cas9
reduces cyanogenic glycosides in cassava.
Food Chemistry, 372, 131239.
Karunarathne, S., et al. (2022). ARE gene
editing improves nitrogen use efficiency
in barley. Crop Science, 62(4), 1765—
1774,

Maiti, R., & Banik, S. (2023). CRISPR-
mediated biofortification of rice with pro-
vitamin A. Plant Biotechnology Reports,
17(1), 45-56.

Nizampatnam, N. R., et al. (2024).
CRISPR-mediated cold tolerance in
soybean via fatty acid pathway

modulation. Frontiers in Plant Science,
15, 1123.

Pfeiffer, V., & Stafforst, T. (2023). Base
editing  technologies for  precision
agriculture. Trends in Plant Science,
28(1), 45-56.

Pfotenhauer, A., et al. (2023). FtsZ1 gene
editing increases starch viscosity in

102|Page

Sun, H., et al. (2024). Multiplex genome
editing in soybean using Cas12. Plant Cell
Reports, 43(3), 321-330.

Tian, Y., et al. (2023). OsBADH?2 editing
enhances rice aroma. Journal of
Agricultural and Food Chemistry, 71(6),
2345-2352.

Toinga-Villafuerte, M., et al. (2022). gbss
gene editing for amylose-free potato
starch. Industrial Crops and Products,
185, 115102.

Wang, L., etal. (2024e). CRISPR-induced
virus resistance in tobacco using viral
vectors. Virology Journal, 21(3), 145-
153.

Yadav, V., et al. (2023). CRISPR/Cas
applications in grain crop stress tolerance.
Agronomy, 13(2), 345.

Yau, H., et al. (2024). Nanocarrier
systems for CRISPR delivery in plants.
Journal of Agricultural Nanotechnology,
2(1), 15-28.

Zhan, Y., et al. (2023). Cas13d-mediated
RNA virus interference in potato crops.
Molecular Plant Pathology, 24(6), 789—
798.

Zhang, H., et al. (2024a). OsAPL gene
editing increases rice yield. Rice, 17(1),
12.

Zhang, Y., et al. (2023a). DEP1 gene
editing for semi-dwarf rice varieties. Field
Crops Research, 291, 108726.

Zhang, Y., et al. (2023b). High-fidelity
Cas9 variants for reduced off-target
effects in wheat. Genome Biology, 24(1),
89.

Zheng, Q., et al. (2021). Enhancing
photosynthesis via OsSXK1 gene editing.
Plant Physiology, 185(3), 987-1001.



<1157 AGRICULTURE

e THE FUTURE OF AGRI INNOVATION

Just Agriculture
Multidisciplinary
e- newsletter

e-1SSN: 2582-8223

Volume - 6
Issue - 4
December, 2025

www.justagriculture.in

AUTHORS’ DETAILS:

Vishal Kumar

B.Sc. (Hons.) Agriculture,
School of Agriculture.
Lovely Professional University,
Phagwara-144411, Punjab

Haobijam James Watt

Department of Agricultural
Economic and Extension,
School of Agriculture.
Lovely Professional University,
Phagwara-144411, Punjab

ARTICLE ID: 24

NATURE'S MOSAIC: DIRT-FREE FARMING

Summary

Because the population is growing, the depletion of land and water resources has
become a problem. This is affecting the availability of these resources and causing
degradation, which is a major threat to ecological balance and sustainability. By
2050, the world's population is expected to exceed 9.8 billion, accompanied by a
concerning decline in agricultural land and the degradation of fertile soil due to
industrialisation, urbanisation, and climate change. Soilless farming is a
groundbreaking method of sustainable agriculture that uses new ways of growing
crops to solve important problems with food security. There are three main methods
in this system: hydroponics, where plants grow in water that is rich in nutrients;
aeroponics, where roots are suspended in air and misted with nutrients; and
aquaponics, which combines fish farming with plant growing in a way that benefits
both. These methods have many benefits, such as less water use, no diseases that
live in the soil, and year-round production. Soilless farming is a good way to feed
city dwellers by using vertical spaces and rooftops. It also makes the most of limited
land space, which is a problem in many cities.

Introduction

Soil has always been essential to the growth of plants in traditional farming
practices. On the other hand, keeping up with global food production has become
increasingly difficult due to factors such as climate change, shrinking arable land,
and increased population pressure. According to estimates provided by the Food
and Agriculture Organisation (FAO, 2022), nearly one-third of the world's soil is
degraded as a result of factors such as salinity, erosion, and using an excessive
amount of chemicals.

Both scientists and farmers are looking into soilless farming as a potential solution
to these challenges. This type of farming allows crops to be grown in controlled
environments without the use of soil. The use of this method, which can be
implemented in greenhouses, vertical farms, and even in areas that are not suitable
for conventional agriculture, contributes to the maintenance of food security in the
face of environmental shifts.
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1. What is Soilless Farming?

Soilless farming is when plants are grown in
nutrient solutions instead of soil. This is the most
common kind of system:

Hydroponics: It is a way to grow plants using a
nutrient solution that is either water or an inert
medium like perlite or coco peat.

Aeroponics: It is a method of growing plants in
which the roots are suspended in the air and
sprayed with a nutrient mist. This increases the
amount of oxygen in the air and speeds up growth.
Aquaponics: Itis a type of farming that combines
hydroponics and fish farming. Fish waste is used
to feed the plants.

These systems allow precise control of nutrients,
water, and light, helping plants grow faster and
healthier.

2. Advantages of Soilless Farming

Soilless farming has several benefits over
traditional methods:

Water Efficiency: It uses up to 90% less water
than soil-based agriculture since water is recycled
and reused (Resh, 2013).

High Yield and Quality: Plants get optimal
nutrients, which leads to faster growth and higher
productivity (Jensen, 1997).

Space Saving: Vertical farming and compact
hydroponic setups enable cultivation in urban
areas, rooftops, and small greenhouses
(Despommier, 2010).

Reduced Pesticide Use: The lack of soil reduces
pest and disease issues, resulting in cleaner and
safer food.

Year-Round Cultivation:
environments make farming
seasons and weather.

These features make soilless farming great for
cities and regions with poor soil or limited water
resources.

Controlled
independent of

3. Challenges and Limitations

Despite the many benefits, soilless farming is not
without its difficulties. There is a possibility that
hydroponic and aeroponic systems will have a
high initial setup cost, and that maintaining them
will require extensive technical expertise. There is
an increase in operational costs due to the use of
electricity for pumps, lights, and climate control.
Furthermore, not all crops are suitable for soilless
systems; for example, root vegetables and large
fruit trees are more difficult to cultivate using this
method (Khandaker & Kotzen, 2018). In spite of
this, these systems are gradually becoming more
accessible and sustainable as technology
continues to advance and the cost of renewable
energy continues to decrease.

Climate and water

The unpredictability of the weather, which
includes an increase in the frequency of droughts
and floods, presents difficulties for both the
irrigation of crops and their growth.

The use of pesticides to combat outbreaks poses a
persistent risk to the environment and beneficial
soil organisms such as earthworms and fungi. In
addition, the use of pesticides can be harmful to
the environment.

In addition to contributing to soil contamination
and imbalance, the excessive use of synthetic
fertilisers and pesticides is also detrimental.

4. Global Examples

A number of nations have adopted soilless
farming as a means of addressing issues related to
food security. For example, the Netherlands
makes use of sophisticated hydroponic
greenhouses to efficiently produce vegetables
while utilising a small amount of land.
Vertical farming projects such as Sky Greens
have been established in Singapore with the goal
of cultivating local produce in urban areas with
limited space.
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There are large-scale aeroponic farms in the
United States, such as AeroFarms, which use 95%
less water than conventional farming methods.
These examples demonstrate how soilless
farming has the potential to transform urban food
systems and reduce reliance on fruits and
vegetables that are imported.

Conclusion

Farming without soil is a significant step forward
in terms of producing food in a way that is both
sustainable and efficient. The removal of soil
contributes to the conservation of water, the
preservation of space, and the facilitation of
continuous  cultivation in a variety of
environments. It is evident that the technology
offers benefits in terms of both productivity and
environmental conservation, despite the fact that
it requires an initial investment and expertise. As
the world's population continues to increase and
natural resources continue to diminish, soilless
farming presents an opportunity for innovation
that will be essential in the future to ensure both
food security and environmental resilience.
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ARTIFICIAL INTELLIGENCE FOR SEED QUALITY:

HOW MACHINE LEARNING IS TRANSFORMING
AGRICULTURE

Abstract

In agriculture, the quality of seeds has a direct impact on seed germination, crop health,
and yield. Both manual inspections and laboratory tests are labor-intensive, time-
consuming, and prone to errors. Using machine learning (ML), a subset of artificial
intelligence, seed quality can be evaluated quickly, accurately, and nondestructively. In
addition to analyzing the processing images, spectral data, and phenotypical traits, ML
models can assess seed size, shape, viability, broken rate, and germination potential. These
technologies enhance efficiency and accuracy, supporting informed decision-making in
precision agriculture. In this study, machine learning is applied to seed quality assessment,
emphasizing its advantages and potential for modernizing agriculture.

Keywords: Artificial Intelligence, Machine Learning, Computer Vision, Seed Quality,
Precision Agriculture

1. Introduction:
Seed the most vital and fundamental part of the life cycle of various crops and the
foundation of many technological measures in agricultural science, seeds are among the
most important assets for agricultural production [1]. Maintaining stable grain and
agricultural output is essential to ensuring global food security in the face of a rapid
population growth and continuing impacts of the COVID-19 pandemic [2]. The decline in
seed vigor is generally attributed to internal physiological regulation or external
environmental stress [3,4]. With the development of digital agriculture technologies, like
machine learning (ML), deep learning has become a revolutionary method for improving
the effectiveness and precision of seed quality assessment. Seed Quality in the seed industry
are time-consuming and detrimental to determining group quality by using various
techniques to enhance seed characteristics through batch rejection and strength. In fact,
there is a growing need for efficient methods that can offer a quick, precise, non-
destructive, and impartial manner to assess the quality of seed. [6]. Seeds usually lose
viability and vigor in conjunction with changes in chemical composition and internal
anatomical factors that aren't always visually identifiable [7]. Additionally, relevant data
associated with seed quality characteristics have been collected successfully through
imaging methods, such as X-ray imaging and high-resolution imaging [8]. For example,
FT-NIR spectroscopy has shown great promise in detecting the biological and chemical
composition of seeds through extensive spectral acquisition and data analysis. [9].
2. Important of Seed quality in Agriculture: Machine learning is a one the branch
of artificial intelligence that works by using a different algorithms coding that learn from
large amounts of data to perform various types of segmentation and pattern recognition,
they can be identifying a better decision-making capability in a less human arranged
background.
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Machine learning is being used very rapidly
among farmers to understand the value of a group
of seed. It is being used in a good way in large-
scale agricultural dataset, as well as in a simple
way to evaluate image processing as a
classification to get good results, through which
we can get good quality batches.[11]. With a good
model, we can easily determine the quality
parameters of the group of seed, including size,
color, moisture, broken parts of seed, as well as
biological chemical properties, through large-
scale images analysis.; spectral analysis can assist
in determining seed viability or seed germination
potential. These Al-based evaluations provide a
superior method for assessment of seed quality
that is faster, more accurate, and more efficient,
especially compared to traditional methods, thus
contributing greatly to modern precision
agricultural processes [12]. With Al-based, we
can achieve a high-quality consignment and prove
the fastest and most accurate way, especially
compared to our traditional method, we can get a
good result very quickly.

Figure 1: Importance of Machine Learning in
Agriculture:
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1. Machine Learning Techniques Assessment
Using Seed Quality:
There are Several ML approaches have been

advanced and improved to provide good quality
seed assessment in agricultural farming practices.
3.1. Image Analysis: High-resolution imaging
combined with Convolutional Neural Networks
(CNNs) to perform automated, in-depth analysis
of seed quality machine learning to easily analyze
different types of images, such as the color of
seed, texture, and even the effects of diseases.
This allows for the precise detection of issues that
would typically require the judgment of a trained
machine learning models expert, but does so with
greater speed, consistency, and scalability. [13].
3.2. Preprocessing of Images: The preprocessing
including contrast enhancement of image seed,
the system isolates the seed for precise digital
examination of quality. It then automatically
extracts critical physical attributes shape, size,
and surface properties delivering rapid and
objective results. [14, 15].

3.3. Analyzing Spectral: Seeds by analyzing its
throughput through different spectra, we can
classify its easy chemical composition, moisture
content, and disease severity. [16] Support Vector
Machine is a general type of machine learning
model through which we use different types of
spectrum analysis. [17].

3.4. Predictive Modeling: Machine learning
algorithms have the potential to predict seed
quality, including seed germination rate, seed
vigor, and other important seed quality
parameters, using historical data. For the purpose
of developing these predictive models, regression,
decision trees, random forests, and neural
networks are frequently utilized techniques. [18].
3.5. Natural Language Processing (NLP):
Natural language processing (NLP) methods are
capable of processing text data from labels
dataset, records, or quality reports to identify
valuable information related to the seed quality
determination. This would be valuable in
laboratories that are automated seed testing or are
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required to process large volumes of text data

quickly. [19]

2. Machine Learning Applications in Seed
Quality Assessment:

There are many applications in seed quality

assessment ML can be divided into the following

categories

4.1 Seed Viability Assessment:  Machine
learning algorithms can be easily analyzed in
an efficient way by the digital image
processing and its characteristics, and with
advanced models such as CNNs, which can
detect differences that cannot be distinguished
even by a human inspector, and give us faster
and more effective results. [20].

4.2 Seed Moisture Content Determination:
Seed Moisture content is a key critical
parameter affecting seed germination, seed
storage, and overall seed quality. Combined
with image analysis or spectral data, can
estimate moisture levels non-destructively
Machine learning models can predict seed
moisture  content  accurately  without
destructive testing, offering faster and more
reliable results than traditional laboratory
methods.[21].

4.3 Seed Pest and Disease Detection: The Bad
seed with very low yield, but today's modern
techniques of machine learning have a type of
model like, Support Vector Machines (SVMs)
and Deep Learning models, through which we
can easily identify the seed identification and
we can find out whether it has a fungal
infection or a bacterial infection. [22, 23, 24].

4.4 Seed Purity Analysis: The analyze of the
different types of good quality and bad quality
seed through different models of machine
learning, these models classify it based on
spectroscopy so that we can ensure a high-
quality batch seed to become good
production. . [25].

4.5 Seed Germination Quality Prediction: Seed
germination is important parts of production,
if we analyze seed well through machine
learning, it’s become increase in production
and at the same time the quality of the set
germination will be good. [26].

4.6 Multi-Modal and Integrated Assessment of
Seed Quality: Advanced machine learning
approaches combine image processing,
spectral, and text data to provide an
assessment of seed quality determination that
is more comprehensive. Multi-modal models,
therefore, provide more accurate and
dependable predictions that combine parallel
and complementary sources of
information.[27].

3. Important Models of Machine Learning for
Seed Quality Analysis

ML encompasses different models, each with its

own advantages and applications.

5.1 Support Vector Machines (SVM): SVM are

the types of machine supervised learning (MSL)

models that can be used to classify regression
tasks related to seed quality detection. They are
classification into the 3rd high-dimension spaces
and can manage non-linear relationships between
variable quantity. In seed quality determination
have been implemented to classify seeds based on
spectral data, morphological traits, and other seed

quality characteristics. [28]

5.2. Random Forests: Random forest (RF)

model which is used for training the seed quality

of the group evaluate various characteristics of
seed it can estimate its germination and other
quality metrics. It is a part of the ML model that
allows us to make good decisions through large
amounts of data in a short time so that the average
analysis, moisture content prediction and
germination rate estimation on seed quality
[29,30].
5.3. Convolutional Neural Networks (CNNs):
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Convolutional Neural Networks the class of deep
learning models to designed image analysis in
various crops field in agriculture as well in
laborites. This is also an important part of
machine learning that can analyze and understand
different types of image layers, such as edge
quality, texture, broken rate, shape, and shape. It
can examine images and detect seed, good quality
seed, classify seed types and assess seed viability
achieved an accuracy of over 95%, the strong
potential of CNNs in automating seed quality
assessment. [31]
5.4. K-Nearest Neighbors (KNN):
K-Nearest Neighbors advances machine learning
commonly used both for classification and
regression tasks on fields. It can be identifying the
‘k’ closest data points to a given query point and
making predictions based on the majority labels
of these neighbors. The model achieved high
correct accuracy seed quality assessment on the
base of seed classify types, defects seed.
[32,33]
5.5. Artificial Neural Networks (ANNS): It is
one of the advanced models capable of learning
and representing complex nonlinear relationships
between seed features and their corresponding
quality categories, thereby enabling more
accurate and efficient seed quality classification
and supporting better decision-making for crop
production.[34].

4. Seed Quality Determination Advantages of
Machine Learning

Machine learning provides many important

benefits in batch production farming systems,

which we will describe below.

6.1 Automation and Efficiency: Machine
learning, the key task is to divide the filtering
and classification system in an important way
in the quest for seed quality and at the same
time show a significant performance in a short
time improving our seed quality system.

6.2 Speed and Efficiency: ML algorithms can
process large amounts of dataset, which takes
a significant portion of the time to analyze,
and gives us a good result while maintaining
quality of seed.

6.3 Scalability and Adaptability: Once trained,
the model can accurately and easily estimate
the group and through pre-processing of seed
quality imaging it can be evaluated in
different ways and can be cast according to the
desired conditions.

6.4 Cost-Effectiveness: The machine learning
Technology can reduce labor costs and our
investment in a clean environment, the fastest
processing and the best accuracy can provide
a good resolution.

6.5 Early Detection of Defects: Machine
learning can identify fine results that even
can’t not visible the human necked eye,
improving early detection of low-quality
seeds detection.

5. Challenges and Limitations: To assess the
quality of the seed, it is necessary to have a
large quality data set and at the same time, we
can be able to extract features well based on
good software. Modern models such as
relationship Neural Networks may be
superseded and may also require too much
computer resources and there are other models
that cannot get good results from our data set
So if we are going to make improvements, we
may for example need lighting and image
processing and a modern type of computer
and good software of high quality that can
increase our rate.

6. Future Directions: Machine learning to
improve seed quality through image
processing and feature detection, assess ways
a robot can enhance the operation of our
precision agriculture system, and improve the
deep learning model even further, where
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machine learning will be even more impactful
in increasing the production of our farming
operation. Researchers are encouraged to
develop cost operative and adaptable machine
learning solutions that can be applied across a
wide range of agriculture farming systems,
ensuring accessibility and practicality for
diverse agricultural environments.

Conclusion: Machine learning plays a
common role in the quality of the seed and in
the production of the agricultures. In today's
era, compared to labor, machine learning
provides us with the most timely and fastest
performance of the quality of the seed and at
the same time, in less time we can improve the
quality of anything quickly and with less input
into the agricultural particles. Due to modern
technology, our food production has also
increased significantly. In this review, we will
discuss how we can improve the quality of the
set through machine learning and make it a
common tool in agriculture.
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Abstract:

Hybrid nanofluids—engineered suspensions of two or more distinct nanoparticles
within a base fluid—have emerged as a powerful solution for improving thermal
management in diverse engineering and agricultural systems. This research paper
reviews recent developments concerning hybrid and ternary hybrid and nanofluids,
including synthesis techniques, thermophysical properties, and agricultural
applications. Emphasis is given to spectrum-selective nanofluids designed for the
greenhouse thermal regulation. The study also integrates a Navier—Stokes-based
formulation to model hybrid nanofluid flow and heat transfer mechanisms. The
review highlights enhancement mechanisms, stability challenges, sustainability
issues, and future prospects.

Keywords: Hybrid nanofluid, Ternary hybrid nanofluid, Nano fluid, Navier—
Stokes equations, Thermal conductivity, Greenhouse cooling, Agricultural
applications

1. Introduction

Efficient heat transfer plays a role in renewable energy and agricultural processes.
Conventional fluids such as water and ethylene glycol exhibit limited thermal
conductivities, restricting their heat-transfer capacity. Nanofluids, which are
suspensions of nanosized particles in base fluids, have been introduced to overcome
these limitations.

Hybrid nanofluids (HNFs) consist of two or more distinct nanoparticles (e.g.,
metal-metal oxide, metal-carbon) dispersed in a base fluid. Their combined
thermal and stability properties often outperform those of single-component
nanofluids (Kshirsagar et al., 2021; Kalsi, 2025).

With increasing focus on sustainable agriculture, spectrum-selective nanofluids—
capable of filtering infrared radiation and transmitting visible light—have emerged
as efficient greenhouse cooling and solar energy materials (Sajid & Bicer, 2023; Qu
et al., 2024).
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1. Two-step method:

2. Synthesis and Stabilization Methods

Hybrid nanofluids are prepared using two main
approaches:

Nanoparticles are first
synthesized or purchased, then dispersed into the
base fluid using ultrasonication and surfactants
(PVP, SDS, CTAB).

2. One-step method: Nanoparticles are synthesized

directly in the base fluid, leading to better

dispersion and reduced oxidation (Manimaran,

2025).
Stabilization is critical for performance.
Approaches include surface functionalization, pH
adjustment, and ultrasonic agitation. Green and
bio-based synthesis using plant extracts has
gained popularity for reducing toxicity and cost
(Rashid et al., 2024).

3. Thermophysical Properties and
Mechanisms

The thermophysical behavior of hybrid
nanofluids depends on nanoparticle

concentration, shape, and dispersion.
Thermal conductivity:  Hybrid  nanofluids
typically show 25-60%  higher thermal
conductivity than base fluids at 1 vol% nanoparticle
loading (Shah et al., 2024).
Viscosity: Increases by 5-20%, depending on
particle loading and surfactant use (Rashid et al.,
2024).
Mechanisms:  Brownian ~ motion,  particle
clustering, percolation networks, and liquid
layering all contribute to enhanced thermal
conductivity.

Ternary hybrids such as Cu—Ag—Al20Os and TiO>—

SiO>—Cu exhibit synergistic effects that further

enhance heat-transfer capability (Adun et al.,

2024).

4. Characterization Techniques

Key techniques used to study hybrid nanofluids

include:

e Thermal conductivity: Transient hot-wire or
plane-source methods;

e Viscosity: Rotational rheometers;

o Stability: Zeta potential
spectroscopy;

e Structure: SEM, TEM, and XRD analysis;

e Optical characterization: UV-Vis-NIR
spectroscopy for spectrum-selective nanofluids
(Scott et al., 2022).

and UV-Vis

Recent reviews emphasize the need for
standardized procedures to ensure data
comparability across laboratories (Manimaran,
2025).
5. Recent Developments (2019-2025)
Machine learning (ML) and artificial intelligence
(Al) have been applied to predict optimal
nanoparticle combinations and thermal properties
(Qureshi et al, 2025; Shao, 2025).
Experimental and numerical studies (Ullah, 2025;
Adun et al., 2024) demonstrated improved heat
transfer in Cu/Ag/Al.Os; and TiO-—SiO>—Cu
ternary hybrid nanofluids.
In agricultural contexts, spectrum-selective
nanofluids have shown the ability to reduce
greenhouse cooling loads by up to 30%,
allowing for energy-efficient temperature
regulation (Sajid & Bicer, 2023; Qu et al., 2024).
6. Mathematical Modeling — Navier—Stokes
Formulation for Hybrid Nanofluids
Modeling hybrid nanofluid flow and heat transfer
is essential to link laboratory data with real-world
performance. The Navier-Stokes equations
govern the motion of incompressible fluids and
can be adapted using effective properties for
hybrid nanofluids.
6.1 Governing Equations
Continuity Equation

Ju Jv oJw

a-l-ai-a—z—o

Momentum Equation

du Ju ou u % %
e TUGR TV TWo, T Tl T

9%u X
Vmnf 52 + [8Bmnt(T — Too)] 1

- oT oT oT T
Energy Equation—- + uS vt W=
Kmnf d?T Qo
P T-T.
(PCp)mnf 0z2 (pcp)mnf( OO)

6.3 Computational Implementation
Simulations use the finite-element method (e.g.,
ANSYS Fluent, COMSOL Multiphysics, or Open
FOAM).

e Boundary Conditions: No-slip at walls,

specified heat flux or constant wall
temperature.
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e Validation: Compare with experimental
Nusselt number and pressure-drop data (Sajid
& Bicer, 2023; Adun et al., 2024).

o Applications: Used to predict temperature
distribution in greenhouse glazing channels
and optimize nanoparticle ratios for maximum
thermal transport.

6.4 Coupled Radiative Effects

In spectrum-selective nanofluids, radiative heat

transfer is significant. A simplified form couples

the energy equation with a volumetric absorption
term:

6_T_ Kmnf az_T Qo

ot - (pcp)mnf 0z (pcp)mnf

coupled Navier—Stokes—radiation models
accurately predict greenhouse temperature
reductions achieved by nanofluid-based glazing

systems (Qu et al., 2024).

7. Agricultural Applications

Hybrid nanofluids offer several

advantages:

e Greenhouse climate control: Spectrum-selective
nanofluids can block infrared while transmitting
visible light, reducing internal heat load (Sajid &
Bicer, 2023).

e Solar collectors: Improved heat transfer and
energy conversion efficiency.

e Thermal storage: Enhanced
charging/discharging rates due to high thermal
conductivity.

8. Sustainability and Safety
Environmental sustainability and worker safety
are vital considerations. Biocompatible synthesis
routes and closed-loop systems are recommended
to prevent nanoparticle leakage. Life-cycle
assessments (Sajid & Bicer, 2024) confirm that
nanofluids can offer net environmental benefits if
recycled effectively.

9. Future Prospects:

emphasize:

Standardized testing protocols;Al-guided formulation

optimization;Scalable green synthesis;Long-term

stability studies;CFD-experimental integration for
agricultural applications.

10. Conclusion

Hybrid nanofluids present a transformative

opportunity for enhanced heat transfer in

industrial and agricultural systems. Their tunable
thermal and optical characteristics make them

(T — T.,) Such

agricultural

Future research should

ideal for greenhouse cooling and solar collectors.
Using Navier—Stokes modeling provides deeper
insight into the coupled flow—heat—radiation
behavior, enabling predictive optimization and
design of sustainable agricultural technologies.
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WORLD TRADE ORGANISATION (WTO)

INTRODUCTION OF WTO
The WTO was born out of the General Agreement on Tariffs and Trade

(GATT). WTO is an international body to supervise and encourage international
trade. The Uruguay Round of trade talks concluded in 1994 resulted in setting up
of the World Trade Organization (WTO) to take over the functioning of GATT for
encouraging multilateral trade in goods and services. The WTO began functioning
on 1st January, 1995. The Headquarters of WTO at Geneva, Switzerland. The
Agreement on Agriculture (AoA) under WTO requires clear understanding. It is an
international organization designed to supervise and liberalize international trade.
The WTO has 153 members, which represents more than 95% of total world trade.
WTO cooperate closely with 2 other component IMF and World Bank. The WTO
has 164 members and 25 observer governments. Liberia became the 163rd member
on 14 July 2016, and Afghanistan became the 164th member on 29 July 2016.
WTO is a global organization to promote the multilateral trade and had played a
pivotal role in facilitating the international trade after it came into force on January
1, 1995. However, it has got stuck in the market access initiative, as market access
remains unaddressed due to stalemate of Doha round of talks.
FUNCTIONS OF WTO

1) Monitoring national trade policies.

2) Technical assistance and training for developing countries.

3) Cooperation with other international organizations.

4) The WTO is also a center of economic research and analysis.

5) Administering WTO trade agreements.

6) Forum for trade negotiations.

7) Handling trade disputes.
PURPOSE OF WORLD TRADE ORGANIZATION
» WTO is to ensure that global trade commences smoothly, freely and

predictably.
» Transparency in trade policies.
» Work as an economic research and analysis center.
AIM OF WORLD TRADE ORGANIZATION
To create economic peace and stability in the world through a multilateral system
based on consenting member states, that have ratified the rules of the WTO in their
individual countries as well.
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IMPACT OF WTO ON AGRICULTURAL
ECONOMICS

The WTO has significantly influenced
agricultural economics by promoting
market access, reducing trade barriers,

encouraging fair competition among countries. It
has increased global agricultural trade and
improved access to international markets.  (ji)

WTO AGREETMENT ON AGRICULTURE

Agreement on Agriculture (AoA) under WTO

The provisions under AoA can be understood to

consist of five broad groups:

1.Market Access Commitment

2.Reduction Commitment for Aggregate Measure
of Support (AMS)

3.Reduction Commitment for Export Subsidy

4.Sanitary and Phyto-Sanitary Measures (SPS)

5.Trade Related intellectual Property Rights
(TRIPS)

Q) Market Access:

This includes tariffication, tariff reduction
and access opportunities (Tariffication means that
all non-tariff barriers such as).

Quotas, variable levies, minimum import prices,
discretionary licensing, state trading measures.
(a) Tariffication of all non-tariff barriers (like
converting quantitative restrictions to import
duty)

(b) Reduction of all tariffs in a time bound
framework

(c) If imports of foreign goods to the domestic
market is less than three per cent in the base
period (1986-88), it must be brought to three per
cent and to further raise it to five per cent in the
implementation period.

(d) If dumping is proved, the countries will have
the freedom to increase the import duty.

(if) Aggregate Measures of Support (AMS):
The aggregate measures of support for a country's
agriculture are the sum of product specific and
non-product specific subsidies. If AMS in the
base period (1986-88) is more than 15 the
permissible limit.

Export Subsidies

Under WTO Export subsidies deal with reduction
on total budgetary support on export subsidies and
reduction in the total quantity of exports covered
by subsidy.

These are direct subsidies given by Governments
given in cash or in kind to producers of the
agriculture products against export performance
and export of non- commercial agriculture
products.

The reduction commitment for export subsidies
requires that

(a) the developed countries would reduce it by 36
per cent in six years; and

(b) the developing countries would reduce it by 24
per cent in 10 years.

(iv) Sanitary and Phyto-Sanitary Measures
(SPS)

The SPS provisions of AoA require all exporters
to employ international standards relating to
sanitary and phyto-sanitary conditions. In the case
of default, the importing countries are allowed to
prohibit imports from defaulting countries.

(v) TRIPS

Trade related intellectual property rights include
copyrights, trade-marks, geographic indications,
industrial designs, and patents. According to
AO0A, all the countries are required to provide for
arrangements for protection of plant varieties. The
developing countries were given a period of five
years to evolve such arrangements.
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The main features of the WTO Agreement on
Agriculture (AoA), which are of concern to India,
are:

(i) India has been maintaining quantitative
restrictions (QRs) on import of 825 agricultural
products as on 1st April, 1997. Under the
provisions of the Agreement, such QRs were to be
eliminated. India had sought to remove them in
three phrases within an overall time frame of six
years i.e. upto 31st March, 2001. These QRs have
since been replaced with appropriate tariffs.

(if) The Agreement also imposed constraints on
the level of domestic support provided to the
agricultural sector. In India’s case, it may have, in
future, some implications on minimum support
prices given to farmers and on the subsidies given
on agricultural inputs. However, the Agreement
allows us to provide domestic support to the
extent of 10% of the total value of agricultural
produce. Our support to the Indian farmers
continues to be less than permissible limit.

(iii) Disciplines on export subsidy do not affect us
as India is not providing any export subsidy on
agricultural products.

(iv) The Agreement allows unlimited support to
activities such as:

(a) Research, pests & diseases control, training,
extension and advisory services;

(b) Public stock holding for food security
purposes;

(c) Domestic food aid; and

(d) Income insurance and food needs, relief from
natural disasters and payments under the
environmental assistance programmes.

WTO IMPACT ON AGRICULTURE AND
FOOD SECURITY
India’'s agriculture policies aimed at improving its
food security have received increased scrutiny by
developed countries.
Issues with India's Food Security Regime as

claimed by Developed countries.

India provides MSPs to its farmer. (Big corporate
unable to get profit)

India also buys the produce from its farmers.
(Protects farmers from the clutches of big
corporates. With the help of PDS India distributes
subsidized food grains. (Big corporates deprived
of its potential customers). Due to NFSA,
government holds control over Agriculture.
(Prevent big corporates from assuming central
role).

CHALLENGES FACING
AGRICULTURAL TRADE IN WTO
Challenges include addressing non-tariff barriers
sanitary and phytosanitary measures.

ensuring fair and equitable agricultural subsidies.
balancing the interests of developed and
developing countries.

BY

SANITARY AND PHYTOSANITARY (SPS)
MEASURES

These are the conditions imposed on the
agricultural goods to adhere the norms of
sanitation, hygiene, use of Child Labour before
exporting products to other countries. India has
demanded transparent, uniform, non-
discriminatory SPS.

The following three dimensions of sustainable
and equitable Agriculture Policy are threatened by
the WTO induced Globalization process.
Ecological security

Livelihood security

Food security.

DENIAL TO MARKET ACCESS

Developed countries high domestic support,

export subsidies, and denial of market
access through various tariff and non -

tariff barriers has presented many challenges to

India.
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ROLE OF GOVERNMENT IN
PROMOTING AGRICULTURAL TRADE IN
WTO

Governments play a crucial role in creating a
supportive environment for agricultural trade by
implementing effective policies, providing
necessary infrastructure, supporting farmers'
capacity building and ensuring compliance with
international standards.

CONCLUSIONS

The WTO has had a significant impact on
agricultural economics, but there is room for
improvement.

Policy makers should strive for fair and inclusive
trade agreements, sustainable agricultural
practices, and policies that prioritize the well-
being of farmers and food security for all.

It will be "just” to highlight one issue each where
the RICH countries and poor countries need to be
honest. Let us be honest to understand that
dominance of politics over economics and fair
play will never render justice.

"With malice toward none, charity for all with
firmness in right as god has given us to see the
right, let us strive on to achieve adjust and
prosperous nation among all other nation”.
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RECENT ADVANCES IN CLIMATE CHANGE ADAPTATION
TECHNIQUES

Abstract

Climate change adaptation involves strategies and technologies that reduce
vulnerability to climate impacts. Emerging climate technologies play a vital role in
mitigating climatic hazards and aid in adaptation efforts. Artificial Intelligence (Al)
improves predictive capabilities and decision-making in agriculture and disaster
response. Renewable energy, electric vehicles, and green hydrogen contribute to
resilient, low-emission systems. Climate-smart agriculture, carbon capture, and
low-carbon technologies strengthen environmental and food system resilience.
Despite these advancements, key challenges, including limited financing for
adaptation implementation, high implementation costs, and poor alignment with
business strategies, hamper the beneficial effects. Addressing these barriers is
essential to scale and mainstream climate-tech solutions for effective global
adaptation.

Keywords: Drones, Carbon capture, Al, EV, CSA, Green hydrogen.

Introduction

The term climate change adaptation describes actions that are capable of reducing the
effects of climate change pertaining to extreme weather patterns and events, rising sea
levels, depletion of biodiversity, and issues relating to water and food scarcity.

Uscof Al
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Figure 1. Climate technologies aiding adaptation efforts
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These actions can be undertaken at the local level,
such as growing drought-resistant crops,
conserving water, and improving agronomic
practices, but can also be undertaken at the
national and global levels through policies,
effective early warning systems, and investing in
infrastructure that can withstand more severe
weather and events. Climate change impacts are
felt through all levels, and by working together
and collectively at the national and global levels,
we can identify ways to sustain food security in
the face of a changing climate.

Climate change technologies aiding adaptation
strategies

Climate technologies including renewable
energy, electric mobility, Al-based forecasting,
climate smart agriculture, and carbon capture
technologies form an integral part of climate
change adaptation strategies (Fig. 1). They reduce
emissions, improve resilience to climate change
impacts, support sustainable development and
support communities in  developing the
knowledge, resources, and infrastructure needed
to prepare for and respond to the impacts of
climate hazards.

1. Use of Artificial Intelligence (Al): Al is
transforming agriculture by optimizing water use,
crop rotation, pest control, nutrient management,
and boosting productivity. It also enhances
agrometeorology operations through advanced
weather forecasting using drones and remote
sensing techniques, enabling precise and data-
driven farming practices (Zougmore et al., 2021).

Al weather predictions: Farm planning is often
impacted by weather predictions, but climate
change and pollution have created changing or
unpredictable seasonal patterns. Al-powered
weather forecasting offers a crucial solution by
combining real-time satellite data, historical

records, and machine learning to deliver accurate,
localized predictions. State-of-the-art Al systems
utilize big data to evaluate the likelihood of
variables such as rain, temperature, humidity, and
climate disasters. This climatic data aids farmers
in deciding the optimal time to plant, irrigate, and
fertilize their crops. This precise information
reduces risks, prevents crop losses, and enhances
yields, making agriculture more resilient. By
integrating weather data, Al models forecast pest
outbreaks and diseases, enabling precise pesticide
use that protects soil quality and boosts
productivity (Naranammal and Priya, 2024).

Al-based soil and crop health monitoring system:
Poor soil health can greatly affect the quality and
quantity (yield) of crops. Using Al and enhanced
versions of monitoring will help to assess and improve
our understanding of soil nutrients, pH, moisture, and
texture using data collected from sensors, drones and
satellites. The use of Al-powered drones for
monitoring crop health significantly reduces the time
and labour required for field inspections while
improving accuracy and efficiency. Drones can
identify moisture stress, pest damage, and nutrient
deficiencies in plants and soils. By giving real-time
data and actionable information, Al-powered drones
help farmers in better decision-making and improve
overall agricultural productivity (Chinchorkar, 2025).

Al robotics in agriculture: Robotics and Al have
revolutionized farming by automating manual tasks
with precision and efficiency. Al-powered robots
equipped with sensors and machine learning
autonomously navigate fields to perform activities like
crop harvesting (Soussi et al., 2024). They can handle
delicate crops like strawberries without damage,
improving quality and speed. This technology reduces
physical strain on workers, promoting a safer and more
sustainable farming environment.

2. Renewable energy: Agrivoltaics integrates solar
energy with agriculture, addressing rural challenges by
boosting crop yields, conserving water, providing
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sustainable income, and reducing chemical use (Mahto
et al., 2021). It offers financial relief in regions with
high farmer distress and promotes local solar panel
manufacturing, creating jobs and supporting India’s
economy. Renewable energy is central to climate
change mitigation and adaptation, with 34% of
countries including it in their Nationally Determined
Contributions by 2020. India, despite missing its 2022
target of 175 GW, achieved 120 GW of renewable
capacity and aims for 500 GW non-fossil fuel capacity
by 2030. Solar and wind energy attract growing
investments due to their sustainable returns. Solar
photovoltaics is the fastest-growing sector and
benefits from government incentives like the
production-linked incentive scheme. By 2025, India
plans to add 29 GW of solar cell and 33 GW of module
manufacturing capacity, becoming a global renewable
energy leader.

3. Electric vehicles: Electric vehicles not only reduce
greenhouse gas emissions but also help build a
resilient, sustainable transport infrastructure. India’s
EV market is growing, particularly in three-wheelers,
which account for 53% of sales. However, EV
adoption in two and four-wheelers remains low at 5%
and 1% respectively. Key challenges include
expanding charging infrastructure and lowering
battery costs. The government’s FAME scheme
deployed 862 electric and hybrid buses by 2021 and is
now focused on nationwide charging infrastructure
expansion. The production-linked incentive scheme
aims to boost domestic manufacturing of advanced
chemistry cells to reduce battery costs. The private
sector is also contributing, with companies deploying
EV fleets and installing charging stations on
highways. These initiatives are paving the way for a
low-emission, climate-resilient transportation system
in India.

4. Climate-smart agriculture (CSA): CSA is helping
Indian farmers adapt to climate change through
innovative  practices  like  soilless  farming,
bioengineered crops, and precision agriculture. Tools
such as satellite imagery and drones enable efficient
use of water, fertilizers, and pesticides (Juhola et al.,

2017). In drought-prone Maharashtra, farmers are
adopting greenhouses, growing less water-intensive
crops, and using cross-breeding for resilience. Over
1,300 agri-tech startups, mainly in Karnataka,
Maharashtra, and Delhi-NCR, use Al, loT, and
machine learning to offer real-time, data-driven
solutions. The government’s agriculture accelerator
fund further supports these innovations, driving a shift
toward sustainable and climate-resilient agriculture.

5. Green hydrogen: It is produced using renewable
energy, offers a clean alternative to fossil fuels. India’s
national green hydrogen mission aims to build 5
million metric tonnes of green hydrogen capacity
annually, supported by 125 GW of renewables. The
mission includes green hydrogen hubs, incentives for
electrolysis manufacturing, and focuses on sectors like
steel, transport, and energy storage to cut emissions.
Replacing natural gas-based hydrogen in fertilizers
and petrochemicals, green hydrogen reduces import
dependence. Hydrogen fuel cell vehicles also avoid
reliance on imported raw materials. With proper
infrastructure, India aims for self-reliance in the
hydrogen supply chain and a sustainable energy
future.

6. Carbon capture: It is mainly a mitigation tool and
also supports climate adaptation through co-benefits.
The global market for carbon capture, utilization, and
storage (CCUS) is growing, with investments rising
over the past two years. In India, industrial-scale
carbon capture is limited by high costs, but startups
enabling carbon credits for nature-based solutions
have raised around USD 11 million. Direct air capture,
which extracts CO- from the atmosphere, is emerging
but faces challenges in cost and scalability. Broader
CCUS adoption requires strong policy support,
including tax benefits, subsidies, and loan guarantees.
Captured CO: can contribute to a circular economy,
being converted into polymers for products like laptop
packaging. However, CO: utilization technologies lag
behind capture methods, necessitating increased
investment in research and development to drive
innovation (Mangat & Kaundal, 2025).
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7. Low carbon technologies: These technologies aim
to minimize carbon dioxide and other harmful
emissions to help combat climate change by
promoting cleaner, more sustainable energy
production, transportation, and industrial activities.
These methods improve soil health, increase carbon
sequestration, and improve resource efficiency,
supporting climate-resilient and environmentally
friendly food systems. Some of the major carbon-
negative technologies are shown in Fig. 2.

o
.
!

i

Biochur application Conscrvation agriculture

Low
carbon

teehnelogies

Imtegrated nutrient
management

Integrated farming system

Figure 2. Low-carbon technologies aiding adaptation
efforts

Integrated nutrient management: This approach
enhances nutrient management by integrating organic
inputs such as compost and green manure, which
contribute to the buildup of soil organic carbon.
Decreasing dependence on synthetic nitrogen
fertilizers also helps reduce nitrous oxide emissions.
Additionally, agricultural practices like intercropping,
mixed cropping, crop rotation, and the inclusion of
leguminous nitrogen-fixing crops improve both
nutrient and water use efficiency, promoting more
sustainable and resilient farming systems.

Biochar application: Applying biochar enhances soil
biological activity, increases nutrient use efficiency,
and promotes carbon sequestration. When combined
with nitrogen fertilizer, biochar helps regulate the
mineralization of organic nitrogen. Furthermore,
biochar modifies carbon pool ratios, contributing to a
reduction in greenhouse gas emissions.

Conservation agriculture (CA): CA practices such as
minimum tillage, residue management, and crop
diversification protect soil from erosion, minimize
evaporation, and preserve nutrients. CA also reduces
CO, emissions from mechanized operations by
decreasing energy requirements. Additionally, it
promotes water and nutrient conservation, enhances
crop productivity and efficiency, and strengthens soil
ecosystem resilience while boosting organic carbon
sequestration.

Organic farming / Integrated farming system (IFS):
These systems emphasize crop rotation, mulching,
composting, and the use of green manures instead of
inorganic  fertilizers, thereby promoting the
replenishment of soil carbon (Srinivasa Rao et al.,
2024). IFS combines crops, livestock, aquaculture,
and agro-industry to recycle resources and enhance
soil organic carbon. It improves productivity, reduces
risks and external inputs, optimizes organic resource
use, lowers fertilizer and pesticide reliance, conserves
farm resources, and ensures stable income while
maintaining agro-ecological balance.

Constraints in technology adaptation

Mitigation takes precedence over adaptation in finance
flows. Mitigation actions are seen as having more
direct and measurable outcomes compared to
adaptation efforts. For example, reducing carbon
emissions offers a clear metric to evaluate mitigation
effectiveness, whereas the impact of community-
based flood resilience programs is harder to quantify.
As a result, international funding has predominantly
prioritized mitigation. Many businesses treat
adaptation as a corporate social responsibility rather
than a core business necessity. This mindset needs to
shift. Companies must recognize that climate change
presents real risks to their operations and supply
chains and align climate adaptation strategies with
their overall business goals. Technologies aimed at
improving resilience often involve significant
implementation costs. Continuous research and
development are necessary to make these innovative
technologies more affordable and scalable.
Additionally, scaling adaptation measures is
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challenging because effective solutions are not .
universally applicable and must be tailored to specific
local contexts.
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CANINE ATOPIC DERMATITIS- ITS ASSOCIATED RISK

FACTORS AND TREATMENT

Abstract:

Canine atopic dermatitis (CAD) is a common, multi-factorial, pruritic, and
inflammatory skin condition that results from complicated interactions amongst
genetic, environmental, microbial, and immunological elements. It's a Type-I
hypersensitive reaction to allergens within the environment, and it's characterised
by means of itching, redness, and recurrent secondary infections. This assessment
summarises what we know so far, approximately the reasons, improvement, signs
and symptoms, and treatments for CAD, with a focal point on recent advances in
focused immunotherapy. To make accurate multi-modal control plans for a dog that
might be affected, you want to understand how these mechanisms work.
Keywords: Canine atopic dermatitis, hypersensitivity, allergens, immunotherapy.

Introduction:

Canine atopic dermatitis (CAD), additionally known as atopy or allergic inhalant
dermatitis, is one of the most common allergic and skin diseases in dogs. An
aggregate of genetic and environmental elements causes it. The global committee
on allergic illnesses of animals (ICADA, 2023) defines CAD as a hereditary,
frequently pruritic, and predominantly T-cell-mediated inflammatory reaction and
skin disease arising from the interplay of skin barrier dysfunction, allergen
sensitisation, and microbial dysbiosis. Dog that might be affected regularly have
chronic itching, redness, and repeated cases of otitis externa or pyoderma, which
substantially lowers their quality of life.

Causes:

Environmental factors:

CAD is mainly as a result of allergens in the environment. Some of the most
common allergens are dust mites inside the domestic, mould, and pollen from
weeds, grasses, and trees. People think that residence dust mites are the main cause
in manifesting these issues. There are also a whole lot of chemicals made by means
of people that may harm the epithelial barrier in dogs nowadays. These chemicals
include detergents, surfactants, and microplastics. As an example, sodium lauryl
sulfate, which is in lots of shampoos and cleaning products for the home, breaks
down the pores and skin barrier and modifies the balance of microbes.
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Dietary Factors:

The diet and gut microbiome are very important
for keeping the immune system and skin healthy.
A Western diet rich in trans-fatty acids is
associated with an accelerated chance of atopic
diseases. Conversely, diets more in n-3-
polyunsaturated fatty acids and early exposure to
diverse microbiota might also aid in the
prevention of allergic illnesses by fostering
immune tolerance. Dietary modifications that
affect the gut-skin axis could be a new way to deal
with CAD.

Genetic Factors:

Genetic predisposition plays an essential role in
the advancement of CAD. There are positive
breeds which can be more likely to have the
condition everywhere globally. Those include
Boxers, Bulldogs, Labrador Retrievers, Pugs, and
West Highland White Terriers. The disorder
phenotype may also vary by region, suggesting
gene-surroundings interactions.

Microbial Factors:

The microbiota of skin may be very vital for
retaining it healthy. Dog with CAD frequently
have dysbiosis, which is an imbalance in the types
of microbes in their bodies. There are fewer types
of microbes and greater harmful ones, which
includes Staphylococcus pseudintermedius and
Malassezia pachydermatis.These organisms
make itching and infection worse. Some things
that make the balance of microbes even worse are
high humidity, changes in pH, and using
antibiotics too frequently keeps the skin more
infectious.

Pathogenesis:

CAD takes place whilst the immune system reacts
badly to things in the environment that cause
allergic reactions. Whilst the frame first comes
into touch with an allergen, it activates antigen-
providing cells, which then prompt T-helper 2
(Th2) cells. Then, those cells let out cytokines like

IL-4, IL-5, and IL-13, which assist B cells in
growing and making IgE. Whilst IgE binds to
mast cells, they release histamine and different
chemical substances that make you itch and swell
up when they come into contact with the allergen
once more. Persistent infection harms the skin
barrier, which could allow extra allergens in and
let the microbes grow, which maintains the cycle.
Clinical signs:

CAD generally commences between six months
to three years of age, despite the fact that it may
occur as overdue as seven years. The maximum
essential medical sign is persistent pruritus.
Erythema, alopecia, lichenification, and
hyperpigmentation are some other common signs.
Maximum of the time, lesions show up at the face,
ears, forelimbs, groin, and lower abdomen.
Secondary bacterial or fungal infections,
especially pyoderma and Malassezia dermatitis,
frequently exacerbate the situation.

Treatment:

Corticosteroids :

Corticosteroids applied to the skin and taken by
mouth are still the preferred way to treat acute
CAD. Topical sprays like 0.015% triamcinolone
acetonide work properly for lesions that are most
effective in a single place. For severe or
substantial instances, short term usage of oral
prednisolone, prednisone, or methylprednisolone
are effective. Long-term use must be avoided to
lessen negative consequences.

Cyclosporine:

Cyclosporine is a calcineurin inhibitor that
prevents the production of IL-2, which lowers the
activation of T-cells. It has outcomes on the
immune system and reduces infection. Each of
the modified methods and the liquid form is well-
tolerated and works well for long-term control.
Oclacitinib:

Oclacitinib is a Janus kinase (JAK) inhibitor that
works mostly on JAK1. It stops cytokine
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signalling, which makes you itch and swell up.
For two weeks, you ought to take 0.4-0.6 mg/kg
by means of mouth two times a day, and then once
a day for preservation. It works in addition to
cyclosporine and speeds up the stoppage of
itching.

Lokivetmab:

Lokivetmab is a monoclonal antibody that
specifically focuses on interleukin-31 (IL-31), a
cytokine that causes itching. Once you have shots
as soon as every month, many puppies experience
loads better and feature longer durations of
remission.  However, IL-31 isn't always the
handiest thing that can cause CAD, so some
puppies may additionally nevertheless have flare-
ups that are caused by other things.

Pentoxifylline:

Pentoxifylline is a methylxanthine derivative
that changes the immune system by converting
how leukocytes and platelets work. You're taking
it by means of mouth every eight to twelve hours
in doses of 20 to 30 mg per kg. Aspect outcomes
are rare, but it can take up to a few months for the
clinical reaction to happen. Contemporary
evidence shows constrained efficacy, and it is
commonly considered adjunctive therapy.

Conclusion:

It is nonetheless hard to deal with dog atopic
dermatitis because of many factors, such as
genetics, the immune system, and the
environment. The wuse of oclacitinib and
lokivetmab in targeted remedy has modified how
diseases are dealt with. But to manipulate it
nicely, you typically want a multimodal approach
that includes controlling the surroundings,
restoring the skin barrier, improving the
microbiome, and immunotherapy. Persevering
studies into the pathogenesis of CAD will
enhance diagnostic precision and therapeutic
effects in affected dogs.
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with allergic dermatitis in client-owned dogs in
Australia. Vet Dermatol 2014;25:512-e86.
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UNDERSTANDING MARKET LINKAGES IN APPLE

EXPORT SUPPLY CHAINS

Abstract

Apple cultivation is a vital component of the horticultural economy in Hilly regions
of India like Himanchal Pradesh, Uttarakhand, Jammu Kashmir and Ladakh,
contributing significantly to Grower’s livelihoods and the state’s agricultural
output. However, growers across the region face a range of persistent challenges
that hinder productivity and profitability. The apple export supply chain represents
a complex network connecting producers, aggregators, processors, exporters, and
international markets. Understanding market linkages within this network is critical
to enhancing the efficiency, profitability, and sustainability of the apple industry.
This article examines the structure and dynamics of apple export supply chains,
with a focus on identifying key stakeholders, value addition points, and marketing
constraints. The study highlights issues such as fragmented market access,
inadequate cold chain infrastructure, quality deterioration during transit, and limited
integration between farmers and exporters. It also explores how digital platforms,
contract farming, and cooperative marketing models can strengthen linkages and
improve transparency in price discovery. By analyzing existing challenges and
opportunities, the article aims to provide insights into optimizing market
connections, reducing post-harvest losses, and improving the global
competitiveness of apple exports. Strengthening these linkages is essential for
ensuring better returns to growers, sustainable export growth, and long-term
resilience in the horticultural supply chain.

Keywords: Apple Supply Chain, Market Linkages, Export Marketing, Value Chain
Integration, Post-Harvest Management.

Introduction: Apples are among the most valuable temperate fruit crops cultivated
in India, primarily in states such as Jammu & Kashmir, Himachal Pradesh, and
Uttarakhand. With increasing global demand for high-quality fruits, apple exports
have become an important avenue for income generation and rural development.
However, the supply chain for apple exports is multi-layered and often faces
inefficiencies due to fragmented market structures, inadequate infrastructure, and
weak coordination among stakeholders. Strengthening market linkages is,
therefore, crucial to bridge the gap between production and international markets.
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Structure of the Apple Export Supply Chain:
The structure of the apple export supply chain is a
multi-stage process that begins at the orchard and
ends at international consumer markets. It
involves a coordinated flow of products,
information, and finances among multiple
stakeholders, including  farmers, traders,
processors, exporters, and distributors. The first
stage is production and harvesting, where apples
are cultivated and harvested at optimal maturity to
maintain quality and shelf life. After harvesting,
the fruits are transported to aggregation centers or
local mandis, where they undergo grading and
sorting based on size, color, and quality
parameters suitable for export. Proper packaging
at this stage is crucial to prevent mechanical
injury and ensure uniformity as per international
standards. The next critical step involves cold
storage and transportation, which play a vital role
in maintaining the freshness and quality of apples
during transit. Efficient cold chain systems—
comprising  pre-cooling units, refrigerated
vehicles, and controlled-atmosphere storage—
help reduce post-harvest losses and preserve
export quality. The processing and packaging
stage follows, where apples are cleaned, waxed,
and packed in standardized cartons or crates with
proper labeling, ensuring traceability and
compliance with international phytosanitary
regulations. Subsequently, the fruits move to
exporters or export houses, which handle
documentation, quality certification, and logistics
for overseas shipping. These exporters coordinate
with government agencies for quarantine
clearance and export licensing. Finally, apples
reach foreign distributors, wholesalers, and
retailers, where they are marketed to consumers.
Each stage in this supply chain is interdependent,
and inefficiencies at any level—such as poor
handling, delayed transportation, or inadequate
storage—can significantly affect the quality and

market value of the fruit. Therefore, a well-
integrated and transparent supply chain system is
essential to ensure competitiveness, profitability,
and sustainability in apple exports.

Importance of Market Linkages: Importance
of Market Linkages

Market linkages play a crucial role in connecting
producers with markets, ensuring that agricultural
products like apples move efficiently from farms
to consumers while maximizing value for all
stakeholders involved. In the context of apple
exports, strong market linkages facilitate smooth
coordination  between  farmers,  traders,
processors, exporters, and buyers, enabling better
communication,  planning, and  resource
utilization. Effective linkages help farmers access
reliable markets, obtain fair prices, and reduce
dependency on intermediaries who often capture
a large share of profits. They also ensure timely
flow of market information related to demand,
prices, and quality requirements, allowing
producers to make informed decisions about
harvesting, grading, and packaging. Moreover,
robust market linkages encourage value addition
through  improved post-harvest handling,
processing, and packaging practices that meet
international standards. This not only enhances
product competitiveness but also opens up
opportunities for farmers to participate in export
markets. Through collective marketing models,
such as Farmer Producer Organizations (FPOs) or
cooperatives, smallholder farmers can achieve
economies of scale, negotiate better prices, and
strengthen their bargaining power in the supply
chain.

Moreover, from an economic perspective,
efficient market linkages help minimize post-
harvest losses and logistical inefficiencies,
leading to higher profitability and sustainability of
the supply chain.

128 |Page



)

e

AGRICULTURE

THE FUTURE OF AGRI INNOVATION

They also promote transparency and trust
among stakeholders by ensuring fair trade
practices and traceability of produce. In the long
term, strong linkages contribute to rural
development by improving farmer incomes,
generating employment, and encouraging
investment in infrastructure and technology.
Thus, understanding and strengthening market
linkages is essential for building a resilient and
inclusive apple export supply chain that benefits
producers and ensures consistent quality for
global consumers.
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Fig: Market Chain of Apple from Producer to
Consumers.

Challenges in Apple Export Supply Chains:
Challenges in Apple Export Supply Chains

The apple export supply chain faces numerous
challenges that affect its efficiency, profitability,
and sustainability. One of the major issues is
fragmented marketing channels, where
smallholder ~ farmers  rely  heavily on
intermediaries such as commission agents and
wholesalers to sell their produce. This multi-
layered marketing system often results in reduced
profit margins for growers and limited
transparency in price determination. Another
significant challenge is the inadequate cold
chain infrastructure, which includes insufficient
pre-cooling units, cold storages, and refrigerated
transport. The lack of proper temperature

management leads to high post-harvest losses,
quality deterioration, and reduced export
potential. Quality control and standardization
also pose major hurdles in the apple export sector.
Many farmers are unaware of international
grading,  packaging, and  phytosanitary
requirements, leading to the rejection of
consignments or lower export prices. In addition,
price volatility caused by fluctuating domestic
and international demand, currency exchange
rates, and market uncertainties adds risk to the
supply chain. Limited access to market
information systems further prevents farmers
from understanding current export trends, buyer
requirements, and emerging opportunities in
global markets. Another challenge lies in weak
institutional and policy support. The lack of
effective  coordination among government
agencies, exporters, and producer organizations
hinders smooth export operations. Delays in
obtaining certifications, clearances, and logistical
bottlenecks at ports often increase transaction
costs. Moreover, inadequate financial access
and limited insurance coverage make it difficult
for small and medium farmers to invest in quality
inputs, infrastructure, and  post-harvest
technologies.

Lastly, climate variability and unpredictable
weather conditions affect apple yield, quality, and
timing of supply, creating further instability in
export planning. Addressing these challenges
requires a comprehensive approach involving
investment in infrastructure, policy reforms,
capacity building, and digital solutions to build an
efficient and resilient apple export supply chain.

Strategies to Strengthen Market Linkages:
Strategies to Strengthen Market Linkages
Strengthening market linkages in the apple export
supply chain is essential for improving efficiency,
enhancing farmer income, and ensuring global
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competitiveness. A well-connected marketing
network not only reduces transaction costs but
also improves coordination between producers,
traders, and exporters. One of the most effective
strategies is the formation of Farmer Producer
Organizations (FPOs) or cooperatives. These
collective structures enable smallholder farmers
to pool resources, aggregate produce, and
negotiate better prices with buyers. FPOs also
facilitate access to inputs, credit, and market
information, helping farmers become more
market-oriented and professional.

Contract farming is another key approach that
can directly link farmers with exporters or
processors. This system provides assured
markets, price stability, and technical support
while ensuring that buyers receive consistent
quality produce. Alongside this, investment in
cold chain infrastructure—including pre-
cooling facilities, refrigerated transport, and
modern packhouses—is vital for reducing post-
harvest losses and maintaining the quality
required for international markets.

The adoption of digital marketing platforms
and e-marketplaces can further revolutionize
apple marketing by enabling farmers to connect
directly with buyers, track market trends, and
access real-time price information.

These digital systems also promote transparency
and traceability, which are critical for export
certification and consumer confidence. Capacity
building and training programs should be
organized to educate farmers on grading,
packaging, quality standards, and export
documentation. Strengthening public—private
partnerships (PPPs) can attract investment,
enhance logistics, and improve value addition in
the supply chain. Additionally, policy support
and financial incentives from the government
can encourage innovation and participation in
export-oriented production. Together, these
strategies can create a more integrated,
transparent, and resilient apple supply chain—
ensuring fair returns to farmers, reducing post-
harvest losses, and boosting India’s position in the
global apple export market.

Conclusion:- Understanding market linkages in
apple export supply chains is vital for the
sustainable development of the horticulture
sector. By strengthening coordination among
stakeholders, improving infrastructure, and
promoting technology-driven marketing systems,
India can significantly enhance its share in the
global apple trade. Empowering farmers through
better linkages not only ensures fair returns but
also contributes to the overall growth and
resilience of the agricultural economy.

130|Page



<1157 AGRICULTURE

e THE FUTURE OF AGRI INNOVATION

Just Agriculture
Multidisciplinary
e- newsletter

e-1SSN: 2582-8223

Volume - 6
Issue - 4
December, 2025

www.justagriculture.in

AUTHORS’ DETAILS:

Samiksha

Department of Microbiology,
COBS&H,
Punjab Agricultural University,

Ludhiana, India

Shiwani Guleria

Sharma
Department of Microbiology,
COBS&H,

Punjab Agricultural University,

Ludhiana, India

ARTICLE ID: 31
INTEGRATING MICROALGAE AND BACTERIA FOR

WASTE WATER TREATMENT

Abstract

Punjab, an agrarian state of India, relies heavily on groundwater for irrigation.
However, it is now facing water scarcity due to pollutants present in its water
resources. Recycling wastewater from sewage treatment plants (STP) and village
ponds is essential to minimize water scarcity. Microalgae based waste water
treatment system offers a sustainable cost-effective alternative that does not require
arable land and enables nutrient recovery. Microalgae can efficiently remove
nitrogen, phosphorus, heavy metals, and organic matter while producing biomass
for biofuels, animal feed, and high-value bioproducts. When integrated, a
microalgae bacteria consortium can achieve high nutrient removal efficiency,
lowering operating costs and significantly reduce sludge generation. This approach
aligns with circular economy providing both lowering water stress condition and
resource recovery, thus offering a viable solution for sustainable wastewater
treatment in water scarce region like Punjab.

Introduction

Water is an essential natural resource for industrial activities, life support, and the
sustainable growth of agriculture. Punjab state of India often referred to as the
"Granary of India," has played a crucial role in ensuring food. Punjab is an agrarian
state that makes up 1.57% of India's total land area. Almost 85% of the land is under
cultivation, with cropping intensity surpassing 198%. Most of the crops in Punjab
are irrigated using groundwater. Punjab is a region which faces high to extremely
high levels of water scarcity (India Water Tool., 2024). Punjab's groundwater is
rapidly running out; as of 2020, withdrawals exceeded recharge by 164% (CGWB.,
2022), compared to 100% in 2009 (Rodell et al., 2009). Punjab's declining
groundwater level is endangering environmental sustainability by drying up the
forest ecology, eliminating wetlands, lowering base flow to rivers, deteriorating
water quality, and lowering soil moisture. High concentration of several pollutants,
such as salinity, fluoride, arsenic, nitrate, sulphate, and iron, are indicative of
decline in water quality. In a recent study, hazardous metals such as arsenic, boron,
cadmium, lithium, manganese, lead, strontium, and selenium were found in
groundwater in the semi-arid southwest region of Punjab. Furthermore, nitrate
concentrations in the examined samples exceeded the permissible limits (Singh et

al.,2025).
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Hence, it is essential to recycle and utilize
wastewater produced by wastewater treatment
plants (STP) and village ponds in order to
alleviate Punjab's alarming pace of water drop.
The majority of developing countries employ only
use secondary levels of wastewater treatment,
which is ineffective at removing nutrients from
wastewater. Therefore, to ensure effective
wastewater management and achieve nutrient
removal within permissible limit, there is need to
adopt alternative approaches such as microalgae
and their bacterial consortium. This system offers
sustainable cost-effective, economical and does
not require arable land for cultivation..

Why Microalgae?

Microalgae are the organisms that have the ability
to conduct photosynthesis. These can be
autotrophic and heterotrophic, depending upon
the species and growth conditions. Microalgae
can be found in a variety of aquatic environments
such as lakes, ponds, rivers, oceans, and even
wastewater (Baroukhet al., 2015). By using
sunlight, carbon dioxide, and other nutrients,
microalgae have the ability to remove nutrients,
organic and inorganic substances, heavy metals
and other impurities present in wastewater. In
wastewater, microalgae may absorb ammonia
(NHa4"), nitrate (NOs"), nitrite (NO2"), and simple
organic nitrogen compounds such as urea and
amino acids to produce proteins, nucleic acids,
and phospholipids, thereby reducing the nutrient
load that causes eutrophication in receiving
waters. The fact that microalgae use
comparatively few resources is a major benefit.
They can be grown on non-arable ground with
wastewater or salty water, which lessens
competition with food crops and uses less
freshwater. Additionally, microalgae actively
participate in carbon capture by using CO- during
photosynthesis and making it possible to integrate
with industrial carbon capture systems to reduce

greenhouse gas emissions (Daneshvar et
al.,2022). Nowadays, the use of microalgae to
stabilize trash is gaining popularity around the
world.

Microalgal populations accumulate biomass rich
in lipids, carbohydrates, proteins, necessary
amino acids, and high-value metabolic
components. In addition to protein, microalgae
are high in vitamins, minerals, and bioactive
substances, which improves their nutritional
value and health advantages. Microalgae biomass
serves as a valuable source of carbon compounds
for the production of vitamins, bioactive
chemicals, and biofuels (Khan et al., 2018).
Microalgae are a remarkable substitute because of
their high protein content, quick growth rates, and
ability to flourish in nutrient-rich wastewater
systems and non-arable soil. Additionally,
microalgal biomass provides cost-effective value
through co-products including pigments for
cosmetics, lipids for biofuels, and antioxidants for
nutraceuticals, promoting a multi-product
biorefinery strategy in line with the ideas of the
circular economy (Samoraj et al., 2024).
Concept of using Microalgae-bacteria
consortium

This concept of algal-bacteria consortium was
initially proposed in 1981 by Nambiar and
Bokil.In the wastewater treatment process, the
microalgal-bacterial consortium engages in a
symbiotic relationship that involves the exchange
of Oz, CO2, and NH4" ions. The bacteria oxidize
organic carbon molecules found in wastewater
sources and transform them into CO2. These algae
subsequently respired the CO:2 that the bacteria
had created in order to perform photosynthesis
and convert it into algal cell materials (Chang et
al.,2017). Using light-driven photosynthesis,
microalgae produce oxygen for the bacteria and
encourage nitrification during the day. At night or
in low oxygen environments, denitrifying bacteria
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convert nitrate and nitrite into nitrogen gas (N2),
completing the nitrogen removal process. Most
microalgae, including Chlorella vulgaris and
Scenedesmus obliquus, prefer ammonium as a
nitrogen source and can directly absorb it for
growth and protein synthesis, this mineralization
step is crucial (Li et al.,2024). Simultaneously,
nitrifying bacteria convert ammonium into nitrite
(NO2) and nitrate (NOs’), which are also sources
of nitrogen for microalgae but require more
energy to assimilate. Microalgae and a water
denitrification process can also work together to
boost nitrate removal efficiency through a
synergistic effect and supply the necessary
electron donor for denitrifies. As biomass growth
increases, the symbiotic interaction of microalgae
and bacteria enhances the removal efficiency of
nutrients from wastewater sources. Apart from its
utilization for detoxifying organic and inorganic
pollutant from wastewater sources, it can recover
resources for bioeconomy of both high- and low-
value products (i.e. fertilizers, algal-based plastics
and fibres and aquaculture feed) (Khoo et al.,

2021).This integrated method produces a strong,
self-sustaining wastewater treatment process that
may achieve high nutrient removal efficiency
while lowering operating costs and minimizing
the generation of sludge.
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Fig.1.  Symbiosis interaction  between
microalgal and bacteria in the wastewater
treatment

There are reports of using microalgae and bacteria
for treatment of different types of waste water:

Microalgae sp. Bacterial sp. Type of waste | Overall nutrient removal efficiency Reference
water
C. Vulgaris bacteria profoundly | Domestic Ammonia, COD, BOD, and phosphate | Moondra et
found in the | wastewater were around 88.96%, 89.02%, 94.85%, | al.,2020
activated sludge and 99.79%, respectively
process
Scenedesmus and | - Potato wastewater Totaldissolved nitrogen, total dissolved | Yuanetal.,
Desmodesmus phosphorus, and demand, were found | 2021
59%, 32%, and 93%, respectively.
Chlorella Bacillus Municipal river in | COD, TDP, TDN were 86.6% (175.8 mg | Ji et al,,
vulgaris (No. licheniformis (No. the Yangpu District | L™), 80.3% (4.97 mg L™ 2019
FACHB-8) 1.7461) of Shanghai, China | and 88.9% (31.2 mg L"), respectively.
Chlorella sorokini | Klebsiella Artificial wastewater | nitrate removal, COD removal efficiency | Makut et
ana strain pneumoniae strain and raw dairy | was found to be 2.84gL’l, 93.59%, | al.,2019
DBWC2 ORWB1 wastewater 82.27% and 2.87 gL, 84.69%, 90.49%
& Chlorella sp. & Acinetobacter in artificial wastewater and raw dairy
strain DBWC7 calcoaceticus strain wastewater respectively.
ORWB3
C. pyrenoidosa Nitrifying bacteria Dairy wastewater Around 95% ammonium nitrogen and | Das et al.,
soluble chemical oxygen | 2022
demand (SCOD), around 99.67% and
90.25% of Nitrate nitrogen (NOs™-N) and
Phosphorus (POs*- P) removal were
achieved
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Conclusion

The integration of microalgae—bacteria consortia
offer an eco-friendly, cost-effective, and
sustainable solution for wastewater treatment,
achieving high  nutrient removal while
minimizing sludge production. This symbiotic
system not only detoxifies pollutants but also
enables resource recovery for value-added
products, aligning with circular economy
principles. Its ability to operate on non-arable land
using wastewater makes it a promising approach
for addressing water scarcity and environmental
challenges.

References

1. Baroukh, C., Mufioz-Tamayo, R., Bernard,
0., & Steyer, J. P. (2015). Mathematical
modeling of unicellular microalgae and
cyanobacteria  metabolism  for  biofuel
production. Current Opinion in
Biotechnology, 33, 198-205.

2. CGWB. (2022). Ground water resources of
Punjab state. Central Ground Water Board.

3. Chang, J.-S., Show, P.-L., Ling, T.-C., Chen,
C.-Y., Ho, S.-H., Tan, C.-H., Nagarajan, D., &
Phong, W.-N. (2017). Photobioreactors. In
Current developments in biotechnology and
bioengineering (pp. 313-352). Elsevier.

4. Daneshvar, E., Wicker, R. J., Show, P. L., &
Bhatnagar, A. (2022). Biologically-mediated
carbon capture and utilization by microalgae
towards sustainable CO: biofixation and
biomass valorization—A review. Chemical
Engineering Journal, 427, 130884.

5. Das, A., Kundu, P., & Adhikari, S. (2022).
Two stage treatability and biokinetic study of
dairy wastewater using bacterial consortium
and microalgae. Biocatalysis and Agricultural
Biotechnology, 43, 102387.

6. India Water Tool. (2024). India Water Tool
2.1.

7. Ji, X, Li, H., Zhang, J., Saiyin, H., & Zheng,
Z. (2019). The collaborative effect of
Chlorella vulgaris—Bacillus licheniformis
consortia on the treatment of municipal water.
Journal of Hazardous Materials, 365, 483—
493.

10.

11.

12.

13.

14.

15.

16.

134|Page

Khan, M. 1., Shin, J. H., & Kim, J. D. (2018).
The promising future of microalgae: Current
status, challenges, and optimization of a
sustainable and renewable industry for
biofuels, feed, and other products. Microbial
Cell Factories, 17, 36.

Khoo, K. S., Chia, W. Y., Chew, K. W., &
Show, P. L. (2021). Microalgal-bacterial
consortia as future prospect in wastewater
bioremediation, environmental management
and bioenergy production. Indian Journal of
Microbiology, 61(3), 262—269.

Li, X., Li, S., Xie, P., Chen, X., Chu, Y.,
Chang, H., Sun, J., Li, Q., Ren, N., & Ho, S.-
H. (2024). Advanced wastewater treatment
with microalgae—indigenous bacterial
interactions. Environmental Science and
Ecotechnology, 20, 100374.

Makut, B. B., Das, D., & Goswami, G. (2019).
Production of microbial biomass feedstock
via co-cultivation of microalgae—bacteria
consortium coupled with effective wastewater
treatment: A sustainable approach. Algal
Research, 37, 228-239.

Moondra, N., Jariwala, N. D., & Christian, R.
A. (2020). Microalgal-bacterial consortia: An
alluring and novel approach for domestic
wastewater treatment. Water Conservation
and Management, 4(1), 51-56.

Rodell, M., Velicogna, I., & Famiglietti, J. S.
(2009).  Satellite-based  estimates  of
groundwater depletion in India. Nature,
460(7258), 999-1002.

Samoraj, M., Calis, D., Trzaska, K., Mironiuk,
M., & Chojnacka, K. (2024). Advancements
in algal biorefineries for sustainable
agriculture: Biofuels, high-value products,
and environmental solutions. Biocatalysis and
Agricultural Biotechnology, 58, 103224.
Singh, A., Cutting, N. G., & Kaur, S, et al.
(2025). Assessing groundwater quality and
suitability for agricultural use in Punjab,
India: A spatial and temporal analysis.
Environmental Monitoring and Assessment,
197, 132.

Yuan, S., Ye, S, Yang, S., & Luo, G. (2021).
Purification of potato wastewater and
production of byproducts using microalgae
Scenedesmus and Desmodesmus.Journal of
Water Process Engineering, 43, 102237.



<1157 AGRICULTURE

e THE FUTURE OF AGRI INNOVATION

Just Agriculture
Multidisciplinary
e- newsletter

e-1SSN: 2582-8223

Volume - 6
Issue - 4
December, 2025

www.justagriculture.in

AUTHORS’ DETAILS:

Soham Maiti
Student, M. Sc (Ag),
Genetics and Plant Breeding,
ICAR- Indian Agricultural
Research Institute (IARI), Pusa,
New Delhi, 110012

Shrijita Maiti
Student,
MBBS, MCK- Medical College
Kolkata, Kolkata, 700073

Moumi Bera
Student, M. Sc (Ag),
Genetics and Plant Breeding,
Ballygunge Science College
under University of Calcutta,
Kolkata, 700019

ARTICLE ID: 32
Anti-Nutritional Factors (ANFs) in Food Grain Crops, Health

Impacts and Mitigation Strategies

Introduction:

In Asian countries, cereals and legumes are considered vital staple foods. Rice,
wheat, and maize are still important staple food crops because of their extensive
consumption. Cereal grains are rich in carbohydrates, proteins, vitamins, and other
nutrients as well as dietary fiber, which is necessary for human health development
and maintenance [1,2,3]. One of the major edible food crops, wheat, is consumed
by around one-third of the world's population. Wheat, the most diverse grain, is
grown all over the world and yields more than 750 million tonnes annually [4]. Due
to its large composition, which includes macronutrients like proteins,
carbohydrates, and lipids as well as minerals like zinc, phosphorus, iron, calcium,
and magnesium, wheat is mainly regarded with high ‘Nutritional Values’ [1,5].
After rice and wheat, corn is thought to be the third most important cereal crop in
the world [6]. Large swaths of the world, including America, Africa, and Asia,
cultivate corn [7,8]. The anti-nutritional factors (ANF) are the toxic substances
produced naturally in various plants, cause serious problems in human and animal
nutrition. They reduce the nutrient utilization or food intake when consumed as
foods [9]. The ANFs fall into two main categories: proteins (like lectins and
protease inhibitors) that are sensitive to typical processing temperatures, and other
substances that are stable or resistant to these temperatures, such as polyphenolic
compounds (primarily condensed tannins), non-protein amino acids, and
galactomannan gums, among many others [10]. Aletor (1993) states that there are
a number of ANFs that are highly important in plants that are utilized as animal
feed and human food. Haemaglutinnins (concanavalin A, ricin), plant enzymes
(urease, lipoxygenase), cyanogenic glycosides (phaseolunatin, dhurrin, linamarin,
lutaustralin), goitrogens (pro-goitrins, glucosinolates), oestrogens (flavones,
genistein), saponins (soya sapogenin), gossypol from Gossypium species, such as
cotton, tannins (BOAA, DAP, mimosine, N-methyl-1-alanine) [11]. Therefore, it is
necessary to adequately process wild species before consuming them. However,
during periods of famine or food scarcity, wild species are helpful reserves. Locals
have devised traditional methods to detoxify such crops before consumption since
they are aware of the possible hazards associated with their use [10].
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ANFs in Mustard:

Mustard belongs to the mustard family
Brassicaceae of the order Brassicales (previously
called as Capparales) which includes over 330
genera and over 3700 species, distributed
worldwide [12]. Black mustard, or Brassica nigra
(L.) W.D.J. Koch (syn.: S. nigra, B. sinapioides),
is frequently grown for its blackish dark-red
seeds, which are stronger and slightly bitter than
those of white (S. alba) or brown (B. juncea)
mustard. The main glucosinolate found in black
mustard seeds is sinigrin, which can hydrolyze to
produce allyl-isothiocyanate (AITC), which has a
strong, disagreeable smell [13]. Myrosinase-
induced hydrolysis of glucosinolates at neutral pH
mostly produces isothiocyanates, which are
comparatively stable in aqueous solutions. In
contrast, isothiocyanates from glucobrassicin and
neoglucobrassicin, which are
indolylglucosinolates, as well as sinalbin, may
break down to free thiocyanate ions and other
metabolites, particularly at higher pH [14]. The
glucosinolate sinalbin found in S. alba mustard
seeds primarily breaks down into 4-
hydroxybenzyl alcohol and thiocyanate ions
under physiological conditions (pH 5-7). Other
degradation products, such as 4-hydroxybenzyl
cyanide or  4-hydroxybenzylnitrile  (2-(4-
hydroxyphenyl) acetonitrile), were found in
acidic environments [15]. The sodium/iodide
(NIS) symporter on the basolateral membrane of
the thyroid follicular cell is known to be
competitively inhibited by the thiocyanate ion
generated by the breakdown of glucosinolates. As
aresult, the thyroid gland's ability to take in iodide
is compromised, which may result in less thyroid
hormone production [16].

Particularly in Eastern and North-Western India,
mustard seeds are recognized as a significant

source of edible oil because of their strong, nutty
flavour and high smoke point (250 °C) [17].
Wendlinger et al. identified as many as 19 fatty
acids in mustard oils, of which, eicosanoic acid
(20:1n-9), and erucic acid (22:1n-9) are the
predominant  compounds. One  common
ingredient in mustard or rape is erucic acid. Due
to its association with myocardial lipidosis and
cardiac diseases in experimental rats, foods high
in erucic acid are deemed unfit for human
ingestion. Consequently, its presence in oils and
fats has been limited in a number of countries
[18]. However, the dietary allowance of erucic
acid may be reduced by cautiously selecting
mustard cultivars.

ANF in Khesari (Lathyrus sativus L.):

Millions of people in Asia and Africa eat Lathyrus
sativus L., also referred to as grass pea or Khesari,
on a regular basis. The plant is a legume crop that
can withstand drought and moderate salinity. For
subsistence farmers, the crop is therefore seen as
an insurance crop and survival food. Grass peas
may be the sole food available during famines
brought on by drought, however it is regrettable
because over ingestion of Lathyrus sativus causes
devastating, irreversible paralysis of both lower
limbs, primarily in men. This is caused by the
presence of either B-N-oxalyl amino-L-alanine
(BOAA) or B-N-oxalyl-L-a,B-diamino propionic
acid (ODAP), a non-protein amino acid. -N-
Oxalyl-L-diamino propionic acid (ODAP) is a
secondary metabolite found in lathyrus, and it is
responsible for the neurodegenerative condition
known as ‘Neurolathyrism’. Since its discovery in
1964, tremendous attempts have been undertaken
to eradicate this neuro-active amino acid by
somaclonal variability, mutation, and breeding.
The full and ultimate success of these endeavours
is still in progress [19].
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There are reports of 0.5-2.5% of B-ODAP in grass
peas [20]. The seeds of 21 Lathyrus species
(primarily Lathyrus sativus L., Lathyrus cicera L.,
and Lathyrus clymenum L.) and several other
genera of leguminous plants, including 17 Acacia
species and 13 Crotalaria species, contain toxic f3-
ODAP [21]. Some non-legume species, such as
the roots of Panax ginseng, P. notoginseng, and P.
quinquefolius, also contain it [22,23].

ANFs in millets:

The two main anti-nutritional components of
sorghum are dhurrin, a cyanogenic glucoside
found mostly in the aerial shoot and sprouted
seeds, and tannin, a polyphenolic substance found
in the grain. Tannins are very low in unpigmented
grains and abundant in sorghum with brown
pericarp and no Testa. Tannins' primary anti-
nutritional effects include decreased voluntary
feed intake as a result of decreased palatability,
decreased nutrient digestion and utilization,
negative effects on metabolism, and toxicity.
Hydrogen cyanide (HCN) is rapidly produced by
the enzyme action on dhurrin. By deactivating the
cytochrome oxidase system, an excess of cyanide
ions can swiftly cause anoxia of the central
nervous system, which can lead to death in a
matter of seconds. However, turning fodder into
hay or silage eliminates the toxin [24].

The most extensively cultivated millet species
globally, pearl millet (Pennisetum glaucum L. R.
Br.) is a significant "orphan" cereal. Phytate is the
most significant antinutrient compound found in
pearl millet [25]. Phytic acid is Myoinositol
1,2,3,4,5,6-hexakis dihydrogen phosphate. It
makes up 1-5% of the total weight and is the main
form of phosphorus storage. It is a secondary
metabolic substance that accumulates during
ripening and is thought to function as a nutrient
reserve for the seed. Humans can neither

hydrolyze nor absorb phytate, as a result, it
decreases bioavailability of minerals [26].

AMF in Soybean:

Raw soybeans include Kunitz factor and
Bowman-Birk factor, which are trypsin inhibitors
that block the digestive tracts protease enzymes
[27]. They reduce the activity of the pancreatic
protease enzyme trypsin and, to a lesser degree,
chymotrypsin, which makes it difficult for
monogastric animals and some immature
ruminant animals to digest proteins [28,29].

AMF in Broad bean:

The faba bean (Vicia faba L.), sometimes referred
to as the horse bean or wide bean, is a member of
the Fabaceae family. Faba beans can be used as a
substitute for dairy and meat products since they
are high in fiber, proteins, carbs, vitamins, and
minerals. The faba bean's antinutritional qualities
make it an underappreciated crop despite its
benefits. The main anti-nutrients in faba beans
include lectins, vicine, convicine, phytic acid,
tannins, saponins, protease inhibitors, and a-
galactosides. After taking too many antinutrients,
common symptoms include nausea, anaemia,
bloating,  rashes,  headaches,  nutritional
deficiencies, and many more. Among the
techniques used to lessen the antinutritional factor
in faba beans include soaking, dehulling,
fermentation, germination, cooking, autoclaving,
roasting, and extrusion [30].

Remedy:

Heating at ultrahigh temperatures (>100 °C), viz.,
Autoclaving, pressure cooking, steaming, mild
boiling (75 °C-95 °C) or blanching, extrusion,
roasting, soaking etc were effective in reduction
of anti-nutritional factors, however, pressure
cooking was found to be the best for removal of
ANFs. Oxalic acid was significantly reduced by
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both blanching and cooking, whereas phytic acid
and polyphenol levels were only significantly
reduced by blanching. Moist heat is more
destructive to anti-nutrients than dry heat. The
most conventional, affordable, and suitable way
to lessen anti-nutrients in various pulses is to soak
them before cooking. However, a great deal of
research is still required to find ways to remove
heat-stable anti-nutrients from different foods
without compromising their nutritious content

[31].

References:

1.

Singh, P., Pandey, V. K., Sultan, Z., Singh, R.,
& Dar, A. H. (2023). Classification, benefits,
and applications of various anti-nutritional
factors present in edible crops. Journal of
Agriculture and Food Research, 14, 100902.
Fernandes, S. S., Coelho, M. S., & de las
Mercedes  Salas-Mellado, M. (2019).
Bioactive compounds as ingredients of
functional foods: polyphenols, carotenoids,
peptides from animal and plant sources new.
In Bioactive ~ compounds (pp.  129-142).
Woodhead Publishing.

Nadeem, M., Anjum, F. M., Amir, R. M,,
Khan, M. R., Hussain, S., & Javed, M. S.
(2010). An overview of anti-nutritional
factors in cereal grains with special reference
to wheat-A review. Pakistan Journal of Food
Sciences, 20(1-4), 54-61.

Faostat, F. (2016). Agriculture organization of
the United Nations statistics
division. Economic and Social Development
Department, Rome, Italy. Available online:
http://faostat3. fao. org/home/E (accessed on
31 December 2016).

Olugbire, O. O., Olorunfemi, S., & Oke, D. O.
(2021). Global utilisation of cereals:
sustainability and environmental
issues. Agro-Science, 20(1), 9-14.

Kaushal, M., Sharma, R., Vaidya, D., Gupta,
A., Saini, H. K., Anand, A, ... & KC, D.
(2023). Maize: an underexploited golden
cereal crop. Cereal Research
Communications, 51(1), 3-14.

Erenstein, O., Jaleta, M., Sonder, K.,
Mottaleb, K., & Prasanna, B. M. (2022).

10.

11.

12.

13.

14.

15.

16.

138|Page

Global maize production, consumption and
trade: trends and R&D implications. Food
security, 14(5), 1295-13109.

Ekpa, O., Palacios-Rojas, N., Kruseman, G.,
Fogliano, V., & Linnemann, A. R. (2018).
Sub-Saharan African maize-based foods:
technological perspectives to increase the
food and nutrition security impacts of maize
breeding programmes. Global food
security, 17, 48-56.

Soetan, K.O. and Oyewole, O.E. 2009. The
need for adequate processing to reduce the
anti-nutritional factors in plants used as
human foods and animal feeds: a review. Afr.
J. Food Sci., 3(9): 223-32.

Joshi, V. K., Abrol, G. S., & Singh, A. K.
(2020). Anti-nutritional factors in food and
plant crops. International Journal of Food
and Fermentation Technology, 10(2), 101-
111.

Aletor, V.A. 1993. Allelochemicals in plant
foods and feeding stuffs. Part I. Nutritional,
biochemical and physiopathological aspects
in animal production. Veterinary and Human
Toxicology, 35(1): 57-67.

Warwick, S. I., Francis, A., & Al-Shehbaz, I.
A. (2006). Brassicaceae: species checklist and
database on CD-Rom. Plant Systematics and
Evolution, 259(2), 249-258.

Lietzow J. (2021). Biologically Active
Compounds in  Mustard Seeds: A
Toxicological Perspective. Foods (Basel,

Switzerland), 10(9), 2089.

McDanell, R., McLean, A. E. M., Hanley, A.
B., Heaney, R. K., & Fenwick, G. R. (1988).
Chemical and biological properties of indole
glucosinolates (glucobrassicins): a
review. Food and Chemical
Toxicology, 26(1), 59-70.

Kawakishi, S., Namiki, M., Watanabe, H., &
Muramatsu, K. (1967). Studies on the
Decomposition of Sinalbin: Part 1l. The
Decomposition Products of Sinalbin and their
Degradation  Pathways. Agricultural  and
Biological Chemistry, 31(7), 823-830.

MITCHELL, M. L., & O'ROURKE, M. E.
(1960). Response of the thyroid gland to
thiocyanate and thyrotropin. The Journal of
Clinical Endocrinology & Metabolism, 20(1),
47-56.



pS

[

AGRICULTURE

THE FUTURE OF AGRI INNOVATION

17.

18.

19.

20.

21.

22.

23.

Chauhan, J. S., Bhadauria, V. P. S., Singh, M.,
Singh, K. H., & Kumar, A. (2007). QualiSy
characteristics and their interrelationships in
Indian  rapeseed-mustard  (Brassiea sp)
varieties. The Indian Journal of Agricultural
Sciences, 77(9).

Wendlinger, C., Hammann, S., & Vetter, W.
(2014). Various concentrations of erucic acid
in  mustard oil and mustard. Food
chemistry, 153, 393-397.

Srivastava, Rajendra & Singh, Jagdish &
Singh, N & Singh, D.. (2015). Neurotoxin and
Other Anti-nutrients of Khesari ( Lathyrus
sativus ) Genotypes and Their Reduction by
Water Soaking and Dehusking. Indian Journal
of Agricultural Biochemistry. 28. 172.
10.5958/0974-4479.2015.00012.x.  Kumar,
S., Bejiga, G., Ahmed, S., Nakkoul, H., &
Sarker, A. (2011). Genetic improvement of
grass pea for low neurotoxin (B-ODAP)
content. Food and Chemical
Toxicology, 49(3), 589-600.

Rosenthal, G. (2012). Plant nonprotein amino
and imino acids: biological, biochemical, and
toxicological properties. Elsevier.

LONG, Y. C, YE, Y. H., & XING, Q. Y.
(1996). Studies on the neuroexcitotoxin [-N-
oxalo-L-a, B-diaminopropionic acid and its
isomer a-N-oxalo-L-0, Pdiaminopropionic
acid from the root of  Panax
species. International Journal of Peptide and
Protein Research, 47(1-2), 42-46.

Yan, Z. Y., Spencer, P. S., Li, Z. X,, Liang, Y.
M., Wang, Y. F., Wang, C. Y., & Li, F. M.
(2006). Lathyrus sativus (grass pea) and its
neurotoxin ~ ODAP. Phytochemistry, 67(2),
107-121.

Etuk, Edeheudim & Okeudo, Ndukwe &
Esonu, B.O. & Udedibie, A. (2012).
Antinutritional ~ Factors in  Sorghum:
chemistry, Mode of action and Effects on
livestock and poultry. Online Journal of
Animal and Feed Research. 2.

24.

25.

26.

27.

28.

29.

30.

139|Page

Boncompagni, E., Orozco-Arroyo, G.,
Cominelli, E., Gangashetty, P. I., Grando, S.,
Kwaku Zu, T. T., Daminati, M. G., Nielsen,
E., & Sparvoli, F. (2018). Antinutritional
factors in pearl millet grains: Phytate and
goitrogens content variability and molecular
characterization of genes involved in their
pathways. PloS one, 13(6), €0198394.

R, Rajakumar & Ammal, U. & Ramasamy,
Sankar & Selvaraj, s.Rekha & Chinnadurai,
Jayalakshmi & Maruthanayagam,
Umamageswari & Pai, Vandana. (2023).
ANTI-NUTRITIONAL FACTORS IN
MILLETS AND THEIR REDUCTION
STRATEGIES.

Winiarska-Mieczan, A., 2007. Bowman-Birk
trypsyn inhibitors: their structure and value in
human and animal feeding (in Polish).
Medycyna Weterynaryjna, 63: 276-281.

Norton, G. 1991. Proteinase inhibitors. In:
F.J.P. D’Mello, C.M. Duffus, and J.H. Duffus
(Eds), Toxic Substances in Crop Plants. The
Royal Society of Chemistry, Cambridge, UK,
pp. 68-106.

R. Yasothai., 2016. Antinutritional Factors in
Soybean Meal and Its Deactivation.
International Journal of Science, Environment
and Technology, Vol. 5, No 6, 2016, 3793 —
3797

Saha, D., Patra, A., Prasath, V.A,
Pandiselvam, R. (2022). Anti-nutritional
Attributes of Faba-Bean. In: Punia Bangar, S.,
Bala Dhull, S. (eds) Faba Bean: Chemistry,
Properties and Functionality. Springer, Cham.
Thakur, Dr & Sharma, Vishal & Thakur,
Aayushee & Correspondence, Vishal &
Sharma, Vishal. (2019). An overview of anti-
nutritional factors in food.



<1157 AGRICULTURE

e THE FUTURE OF AGRI INNOVATION

Just Agriculture
Multidisciplinary
e- newsletter

e-1SSN: 2582-8223

Volume - 6
Issue - 4
December, 2025

www.justagriculture.in

AUTHORS’ DETAILS:

Nandana Mohan M T
Student,
B.Sc (Hons.) Agriculture,
School of Agriculture,
Lovely Professional University,

Phagwara, Punjab

ARTICLE ID: 33
FUTURE IS BRIGHT WITH THE DRAGON FRUIT

CULTIVATION

Introduction

Dragon fruit, also called pitaya, is an attractive tropical fruit that belongs to the
cactus family. It has a bright pink or yellow outer skin with green scales, and its
sweet, soft flesh is filled with tiny black seeds. In recent years, dragon fruit has
become very popular because it is not only tasty but also rich in nutrients like
vitamin C, fiber, and antioxidants.

Farmers are showing more interest in cultivating dragon fruit because it can grow
well in less water, gives good income, and has high demand in the market.
Compared to many traditional fruits, dragon fruit requires less care once the plants
are established and can give fruits for several years. With proper farming practices,
it can be a very profitable crop for both small and large farmers.

Origin

Dragon fruit has its origin in Central and South America, mainly in countries like
Mexico, Costa Rica, and Nicaragua, where it grows naturally in tropical regions.
It belongs to the cactus family and was traditionally eaten by local people for its
refreshing taste and health benefits. Later, the fruit was introduced to Asian
countries such as Vietnam, Thailand, and the Philippines, where it became very
popular and is now widely cultivated.

In recent years, India has also started growing dragon fruit, especially in states like
Maharashtra, Gujarat, Karnataka, and Kerala, because it can survive in dry
areas, needs less water, and gives good returns to farmers. Today, dragon fruit has
become a global fruit crop, known for its unique look, high nutritional value, and
strong market demand.

Suitable Climate and Soil

Dragon fruit is a hardy plant that grows well in warm and dry climates. It prefers
temperatures between 20°C to 30°C and can tolerate heat, but it does not grow well
in very cold or frosty areas. Too much rain or waterlogging is harmful, so it should
be grown in places where the soil drains easily.

The best soil for dragon fruit is sandy loam or well-drained soil with a pH between
6 and 7. Rocky or clay soils are not good unless they are improved with organic
matter. Adding compost or farmyard manure makes the soil healthier and helps
the plant give better yield.
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With the right climate and soil conditions, dragon
fruit plants can grow strongly and produce good-
quality fruits for many years. Good sunlight
throughout the year also plays an important role
in improving growth and fruit quality. That is why
selecting the right location and soil is the first step
for successful dragon fruit farming.

Propagation And Planting

Dragon fruit is usually propagated through stem
cuttings, because this method is faster and gives
better results than growing from seeds. A healthy
branch of the plant is cut and dried for a day or
two before planting, so that it does not rot in the
soil. Though seeds can also be used, they take
longer to grow and bear fruits.

The plants are normally planted in pits of about
60 cm x 60 cm x 60 cm filled with soil and
organic manure. Farmers usually plant them in
rows, keeping about 2-3 meters distance
between plants so that there is enough space for
growth.

Since dragon fruit is a climbing cactus, it needs
support structures like concrete or wooden
poles, along with a circular ring or frame at the
top, to help the branches spread and carry the
weight of fruits.

Proper spacing, good quality cuttings, and strong
supports are very important for getting healthy
plants and good yield.

Irrigation and Fertilizer

Dragon fruit is a cactus plant, so it does not need
too much water. Still, regular and light
irrigation is important for good growth and
fruiting. The best method is Drip irrigation, as it
saves water and keeps the soil moist without
flooding. During summer, watering once or twice
a week is enough, while in the rainy season
farmers should make sure there is no
waterlogging, because excess water can damage

the roots.

For fertilization, dragon fruit grows best when
both organic manure and chemical fertilizers
are used. Adding farmyard manure, compost,
or vermicompost to the soil improves its quality
and helps the plant stay healthy for a long time.
Proper irrigation and fertilization together ensure
that dragon fruit plants remain healthy, give high
yields, and produce sweet, good-quality fruits.

Flowering And Pollination

Dragon fruit plants usually start flowering one to
two years after planting. The flowers are very
large, white, and beautiful, and they bloom only
at night. Each flower lasts for just one night, so
pollination must happen quickly.

Some dragon fruit varieties can produce fruits on
their own. But in many cases, cross-pollination
is needed, where pollen from one plant is
transferred to the flower of another plant. This can
be done naturally by bees, bats, and moths, or
manually by farmers through hand pollination
using a small brush.

Proper pollination is very important because it
helps in setting more fruits, improving their size,
and ensuring good yield. Farmers who assist in
pollination usually get better quality and higher
guantity of fruits.

Harvesting And Yield

Dragon fruit plants start giving fruits 2 about 1.5
to years after planting. The fruits are ready to
harvest 30 to 35 days after flowering, when the
outer skin turns bright red, pink, or yellow
depending on the variety. Fruits should be
harvested carefully by hand, using clippers or a
knife, so that the skin is not damaged.

The harvesting season usually lasts from June to
November in India, and each plant can produce
fruits multiple times in a year. The plants can
continue giving fruits for 15-20 vyears if
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maintained properly. Timely harvesting ensures
that the fruits are fresh, tasty, and get a good price
in the market.

Post Harvesting Management

After harvesting, dragon fruits should be handled
carefully because their skin is delicate and can get
damaged easily. The fruits are first cleaned to
remove dust and dirt, then sorted according to
size, color, and quality. Grading helps farmers get
better prices in the market.

For packing, fruits are usually placed in
cardboard boxes or plastic crates with soft
padding to avoid scratches. They should be stored
in a cool place to stay fresh for a longer time. At
a temperature of about 7°C to 10°C, dragon fruits
can be kept fresh for up to 3—4 weeks.

Proper post-harvest management not only reduces
wastage but also improves the shelf life and
market value of the fruit, making dragon fruit
farming more profitable.

Economic Importance and Market Potential
Dragon fruit farming is highly profitable because
the fruit sells at a premium price in the market.
It requires less water and care, but produces
fruits for many years, giving farmers a steady
income. Compared to traditional crops like
banana or papaya, dragon fruit can provide higher
returns per acre.

The demand for dragon fruit is growing in India,
both for fresh consumption and processed
products such as juices, jams, and ice creams.
There is also good export potential, especially to
countries in the Middle East, Europe, and
Southeast Asia. With proper grading, packaging,
and marketing, farmers can maximize their
profits.

Dragon fruit cultivation is therefore a high-value
and sustainable crop, suitable for small and large
farmers alike. Its quick growth, high yield, and

rising popularity make it a smart choice for
modern farming. With awareness and
training, more farmers can benefit from this
exotic fruit. overall, dragon fruit farming offers a
stable income and a chance to meet the growing
demand for healthy and nutritious fruits.

Health benefits of Dragon Fruit

Dragon fruit is not only delicious but also highly
nutritious and beneficial for health. It is rich in
vitamin C, B vitamins, and essential minerals
like calcium, iron, and magnesium, which help in
overall growth and immunity. The fruit contains
antioxidants that fight harmful free radicals and
protect the body from various diseases.

Its high fiber content improves digestion,
prevents constipation, and promotes a healthy gut.
Dragon fruit also supports heart health by
helping to reduce cholesterol and maintain
healthy blood pressure. Additionally, it is low in
sugar and calories, making it suitable for
diabetes and  weight control.  Regular
consumption of dragon fruit can boost immunity,
improve digestion, and contribute to a healthy
lifestyle.

Dragon fruit is also known for its hydrating
properties because it has high water content,
which helps keep the body refreshed and
energized. Its natural antioxidants and anti-
inflammatory compounds can help in slowing
down aging and protecting the skin.

Future Prospects of Dragon Fruit

The future of dragon fruit farming looks very
promising. With growing awareness about
healthy eating, the demand for dragon fruit is
increasing in both domestic and international
markets. More farmers are shifting from
traditional crops to dragon fruit because it
provides higher income, multiple harvests, and
long-term benefits.
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Advances in farming techniques, better varieties,
and proper irrigation and fertilization methods
can further improve yield and fruit quality.
Government support and training programs are
helping farmers adopt modern cultivation
practices, making dragon fruit farming more
profitable and sustainable.

Overall, dragon fruit has the potential to become
a major fruit crop in India, offering farmers a
stable income and better livelihood while
meeting the growing market demand for
nutritious fruits.

Challenges in Dragon Fruit Farming

Despite its high profitability, dragon fruit farming
comes with some challenges. The initial
investment is higher than many traditional crops
because of the cost of poles, trellises, and quality
plant cuttings. Farmers also need proper
knowledge about plant care, irrigation, and
fertilization, or else the yield may be low. Pests
and diseases, such as stem rot and fruit borer,
can affect the plants if not managed properly.
Some varieties require hand pollination, which
is labor-intensive.

Additionally, market fluctuations and lack of
awareness about proper grading, packaging, and
marketing can affect profits. Overcoming these
challenges with training, good management,
and government support can make dragon fruit
cultivation highly successful and profitable for
farmers.

Conclusion

Dragon fruit cultivation is a profitable and
sustainable farming option for modern farmers.
It requires less water, can grow in different soils,
and produces fruits for many years. With proper
care, irrigation, fertilization, and  pest
management, farmers can get high-quality fruits
and good income. The growing demand for
dragon fruit in local and international markets
makes it a promising crop for the future. By
adopting improved farming practices and using
quality plant materials, more farmers can benefit
from this exotic and healthy fruit, improving
both their livelihood and the availability of
nutritious food for consumers.
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