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RBI’s Revised Guidelines on Priority Sector Lending: A
Comprehensive Overview

Suraj Kumar Shoundik
CM (Research), SBA, Gurugram

The Reserve Bank of India (RBI) has consistently emphasized the importance of channelling credit to specific
sectors of the economy that have a significant impact on inclusive growth and employment generation. These
specific sectors known as the 'priority sector', often face challenges in accessing adequate and timely financial
assistance. To ensure a continuous and enhanced flow of credit to these vital areas, the RBI periodically
reviews and revises its guidelines on Priority Sector Lending (PSL).

The latest iteration of these guidelines, effective from April 1, 2025, marks a significant step towards fostering
greater financial inclusion and aligning lending practices with the evolving needs of the Indian economy.

The primary objectives of PSL are: development across different sectors and

Promoting Financial Inclusion: regions. It encourages lending in credit-

deficient regions of the country.
e Primary aim of PSL was to made credit

available to the under-banked segments of the Achieving Social Objectives:

population, including small and marginal e Achieving social objective goals such as

farmers, women, and weaker sections. promoting education, healthcare, and housing
o Ithelps to bridge the credit gap in areas where for all.

formal financial institutions may not be o By directing credit towards these sectors, PSL

present or accessible. contributes to the overall well-being and

o By making credit available to these sectors, development of society.

PSL promotes financial inclusion and helps in e It also encourages innovation and
the economic empowerment of marginalized entrepreneurship by supporting startups and
communities. other emerging businesses.

Supporting Economic Growth: e To facilitate credit flow to sectors like

education, housing, social infrastructure, and

e It helps in the development of key sectors ] ] .
renewable energy, which have a direct impact

such as agriculture, MSMEs and education, ‘ ‘ _
which are vital for the overall economic on social and economic well-being.

growth of a nation including employment Liquidity Management for Banks:
generation and providing livelihoods to a « The banks use PSLCs (Priority Sector

Lending Certificates) to guard against
e PSL stimulates economic activities, creates shortfalls and help banks manage their cash
employment opportunities and enhances flows better.
productivity through financial support to
these sectors,

large population.

e It is used by the Banks to meet their PSL
targets, allowing them to trade their excess

o It also helps to reduce income inequality and lending to other banks that have not met their
regional disparities by promoting balanced targets.
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Over the years, the PSL guidelines have been refined
to address emerging challenges and align with
national development goals. The current revision
builds upon the existing framework with several key
enhancements.

Revised PSL Guidelines ( w.e.f 01.04.2025)

The revised guidelines, issued under the powers
conferred by the Banking Regulation Act, 1949,
introduce several significant changes across various
aspects of PSL. These changes aim to make PSL

Target/Sub-targets for priority sector at a glance:

ISSN: 3049-2289

more effective, inclusive, and responsive to the
current economic landscape.

The increase in the sub-target for 'Advances to
Weaker Sections' across all bank categories
underscores the RBI's commitment to enhancing
credit access for the most vulnerable segments of the
population. The main aim of revision in the overall
PSL target for UCBs is to create a more uniform and
potentially more challenging but achievable target for
these institutions.

Categories Domestic Foreign Banks Regional Rural Banks Small Finance
Commerecial with less than 20 Banks
Banks (excl. RRBs branches
& SFBs) &
Foreign Banks
with 20 branches
and above
Total 40 per cent of |40 per cent of |75 per cent of ANBC as | 75 per cent of ANBC
Priority ANBC as computed | ANBC as computed | computed in para 6 | ascomputed in para 6
Sector in para 6 above or | in para 6 above or | above or CEOBSE, | above or CEOBSE,
CEOBSE, CEOBSE, whichever 1s higher. | whichever is higher.
whichever is | whichever is | However, lending to
higher. higher; out of which | Medium  Enterprises,
up to 32% can be in | Social Infrastructure
the form of Export | and Renewable Energy
Credit and not less | shall be reckoned for
than 8% can be to | priority sector
any other priority | achievement up to 15
sector per cent of ANBC only
Agriculture | 18 per cent of | Notapplicable 18 per cent ANBC or | 18 per cent of ANBC
ANBC or CEOBSE, whichever is | or CEOBSE,
CEOBSE, higher. ~ Within  this | whichever is higher.
whichever is target, 14 percent is | Within this target, 14
higher. Within this prescribed for NCFs, | percent is prescribed
target, 14 percent is out of which a target of | for NCFs, out of
prescribed for Non- 10 percent is prescribed | which a target of 10
Corporate Farmers for SMFs. percent is prescribed
(NCFs), out of for SMFs.
which a target of 10
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percent is
prescribed for
SMFs
Micro 7.5 per cent of | Notapplicable 7.5percentof ANBCor | 7.5 per cent of
Enterprises | ANBC or CEOBSE, whichever is | ANBC or CEOBSE,
CEOBSE, higher whichever is higher
whichever is higher
Advances 12 percent of | Not applicable 15 per cent of ANBC or | 12 percent of ANBC
to Weaker | ANBC or CEOBSE, whichever is | or CEOBSE,
Sections CEOBSE, higher whichever is higher
whichever is higher

PSL targets/ sub-targets for Urban Cooperative
Banks (UCBs):

Categories Targets as a percentage

of ANBC or CEOBSE,

whichever is higher

Total Priority Sector | 60%
Micro Enterprises 7.50%
Advances to Weaker | 12%
Sections

Source: RBI

1. Expansion of the '"Weaker Sections' Category:

The definition of 'Weaker Sections' has been
broadened to include transgenders, in addition to the
existing categories:

e Small and Marginal Farmers

e Distressed farmers indebted to

institutional lenders

non-
e Artisans, village and cottage industries

o Self-Help Groups (SHGs)/ Joint Liability
Groups (JLGs) members

Volume -2 Issue -3

e Person belonging to Scheduled Castes (SCs)
and Scheduled Tribes (STs)

e Persons with disabilities

e Minority communities as notified by the
Government of India from time to time

e Individual women beneficiaries up to %2 lakh
(this limit is not applicable to UCBs under the
revised guidelines, indicating a further push
for lending to women)

Expanding the definition of weaker sections reflects
a more inclusive approach, ensuring that credit
reaches a wider spectrum of marginalized
communities, including transgenders, thus promoting
greater financial inclusion. The removal of the loan
cap for individual women beneficiaries for UCBs is
a significant step towards empowering women
entrepreneurs and individuals.

2. Enhanced Loan Limits under Priority Sector:

Several loan limits under the priority sector
categories have been enhanced to better reflect the
current costs and financing needs:

e Education Loans limit has been increased to
%25 lakh per individual from existing 320
lakh, including vocational courses.

Agriculturebulletin.in
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e Housing Loans: Loan limits for housing
have been increased to provide greater
financial access, particularly in Tier III to Tier
VI cities, aiming to boost affordable housing.
Specific revised limits vary based on the
population of the centre.

limits for
been

e Renewable Energy: Loan

renewable energy projects have
increased to X35 crore from existing Rs 30
crore per borrower for purposes like power
generators and public utilities. The limit for
individual households for renewable energy

remains at existing level of 10 lakh.

e Social Infrastructure loan for projects such
as setting up schools, drinking water
facilities, and sanitation facilities has been
increased to I8 crore per borrower from
existing 5 crore.

Increasing these loan limits acknowledges the rising
costs in these sectors and aims to provide more
substantial financial support, thereby encouraging
greater investment and development in crucial areas
like education, affordable housing, renewable energy,
and social infrastructure.

3. Addressing Regional Credit Disparities:

To address the issue of uneven credit deployment
across the country, the revised guidelines introduce a
system of differential weightage to priority sector
lending based on the per capita credit flow to
districts.

Districts with comparatively lower per capita
credit flow will be assigned a higher weightage
(125%) for PSL achievement whereas Districts with
comparatively higher per capita credit flow will be
assigned a lower weightage of 90%.

This mechanism aims to incentivize banks to
increase lending in credit-deficient districts, thereby
reducing regional disparities in credit access and
promoting more balanced economic development
across the country. The RBI will likely notify the list

Volume -2 Issue -3
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of districts with high and low per capita credit flow
periodically.

4. Ineligibility of Loans Against Gold Jewellery
Acquired from NBFCs:

The revised guidelines clarify that loans taken against
gold jewellery acquired by banks from Non-Banking
Financial Companies (NBFCs) (i.e. Investment by
banks in securitisation notes with loans against gold
jewellery originated by NBFCs)
considered under the priority
category.

will not be

sector lending

This move is intended to ensure that priority
sector funds are directed towards genuinely needy
sectors and prevent the reclassification of existing
NBFC portfolios as PSL.

Implications and Potential Impact of the Revised
Guidelines

The revised PSL guidelines are expected to have a
wide-ranging impact on various stakeholders in the
Indian financial ecosystem:

e Banks: Banks will need to realign their
lending strategies and internal processes to
comply with the revised targets, enhanced
loan limits, and the new definition of weaker
sections. The differential weightage for
lending in credit-deficient districts will
require a strategic shift in their geographical
focus. Enhanced monitoring will necessitate
more robust data collection and reporting
mechanisms.

e Borrowers in Priority Sectors: The
increased loan limits will provide greater
financial assistance to individuals and entities
in sectors like education, housing, renewable
energy, and social infrastructure. The
expanded definition of weaker sections will
bring more marginalized communities under
the umbrella of priority sector lending,
improving their access to credit. The

Agriculturebulletin.in




AGRICULTURE
—] suLLeTIN F—

restrictions on excessive charges on small
loans will benefit vulnerable borrowers.

e Economy: The revised guidelines
expected to contribute to more inclusive and
balanced economic growth. Increased credit
flow MSEs, education,
affordable housing, renewable energy, and
social infrastructure will have a positive
multiplier effect on employment generation,

development, and

sustainability. The focus on reducing regional
credit disparities can lead to more equitable
development across the country.

e Financial Inclusion: The inclusion of
transgenders in the weaker sections category
and the removal of the loan cap for women
beneficiaries for UCBs are significant steps

greater

are

to agriculture,

social environmental

towards financial inclusion of

marginalized groups.
Challenges and Way Forward

While the revised PSL guidelines are a progressive
step, their effective implementation may present
certain challenges:

e Achieving the enhanced targets for weaker
sections: Banks may need to develop specific
strategies and outreach programs to
effectively lend to newly included categories
and ensure that the increased targets are met
in substance and not just in numbers.

e Lending in credit-deficient districts: Banks
might face operational challenges and
perceived higher risks in lending to districts
with low per capita credit flow. Incentives
and support mechanisms may be needed to
encourage greater lending in these regions.

e Monitoring and ensuring the end-use of
funds: Banks will need to strengthen their

Volume -2 Issue -3
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monitoring mechanisms to ensure that PSL
loans are used for the intended purposes and

to mitigate the risk of asset quality
deterioration.
o Balancing PSL obligations with

profitability: Banks need to strike a balance
between meeting their PSL obligations and
maintaining their profitability and asset
quality. Innovative lending models and risk
mitigation strategies will be crucial.

Moving forward, effective communication and
collaboration between the RBI, banks, and other
stakeholders will be essential for the successful
implementation of the revised PSL guidelines.
Capacity building and awareness programs for both
bankers and borrowers in the priority sectors can
further enhance the impact of these guidelines. The
RBI may also need to periodically review the
guidelines based on their on-ground impact and
evolving economic realities to ensure they continue
to serve their intended purpose of fostering inclusive
and sustainable growth.

In conclusion, the RBI's revised guidelines on
Priority Sector Lending, represent a significant step
towards a more inclusive, equitable, and sustainable
financial ecosystem in India. By enhancing loan
limits, expanding the scope of weaker sections,
focusing on emerging sectors like renewable energy,
and addressing regional disparities, these guidelines
aim to channel credit more effectively to the
segments of the economy that need it the most,
thereby contributing to the nation's overall
development objectives.

Source: RBI Master direction on PSL, 2025
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Application of Droplet Digital PCR (ddPCR) for Detection and
Quantification of Genetically Modified Organisms (GMOs): An
Indian Perspective

Monika Singh and Shruti Sinha
Division of Genomic Resources, ICAR-National Bureau of Plant Genetic Resources, Pusa Campus,
New Delhi — 110 012

The stringent regulation of genetically modified (GM) food crops and derived commodities in India have
heightened the need for accurate, reliable, and highly sensitive methods of GM detection followed by the
quantification, wherever necessary. Among the available technologies, droplet digital Polymerase Chain
Reaction (ddPCR) has emerged as a powerful platform for GMO detection and quantification. High level of
precision, sensitivity, and robustness makes this technology relevant in the Indian context for regulatory,
industrial, and research requirements in GM detection. Moreover, this technology can be efficiently employed
for the precise detection of genome edited plants, thereby serving as a robust molecular tool for regulatory

verification and compliance assessment under the biotechnology regulatory framework in India.

Introduction to ddPCR Technology

Droplet digital PCR (ddPCR) is a nucleic acid
quantification method that partitions each reaction
into thousands to millions of droplets, with PCR
amplification occurring independently within each
droplet (Kosir et al., 2019). Instead of measuring
fluorescence across an entire reaction (as in
quantitative real-time PCR), ddPCR directly counts
the number of positive and negative droplets. This
enables absolute quantification of target DNA
sequences without the use for standard curves, hence
the reference materials are not required. Because it
effectively turns each droplet into a tiny reaction
vessel, ddPCR greatly improves sensitivity,
minimizes the influence of inhibitors, and enhances
reproducibility. These features are essential when
analyzing processed food matrices, mixed seed lots,
or samples containing extremely low levels of GM
material.

In  GMO ddPCR
amplification of the template DNA molecules present

analysis, allows
in each droplet and workflow used is almost similar
to those for TagMan® probe-based real-time PCR
assay (Fig. 1). After amplification, once the droplets
are passed through the detector that measure
fluorescence intensity, GMO screening targets such

Volume -2 Issue -3

as P-35S promoter or 7-nos terminator can be
detected. Each droplet is then classified as GM
positive (containing amplified GM targets) or GM
negative (in the case of no amplification for GM
targets). Furthermore, ddPCR allows
quantification without the use for a standard curve
where the concentration of GM target is estimated on
the basis of the number of positive and total droplets
using Poisson distribution. Internationally, ddPCR
has been used as an emerging tool for detection of
GM as well as genome edited plants (Demeke and
Eng, 2025; Fraiture et al., 2022; Kosir et al., 2019)

absolute

The key advantages of ddPCR for GMO detection
and quantification are as follows:

1. Absolute quantification: ddPCR provides an
absolute count of target GMO copies per input
sample without the need for running standard
curves, making this technique ideal GMO
quantification, particularly in the case where
GMO standards are not available.

2. Unparalleled precision: The massive sample
partitioning allows the comparative measurement
of small fold differences in target GMO copy
numbers among the test samples.

Agriculturebulletin.in
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3. Increased signal-to-noise ratio: High-copy
templates and background noises are diluted,
effectively enriching template concentration in
target-positive partitions, allowing for the
sensitive detection of low level presence of GMO
target with precision.

4. Simplified quantification: Neither calibration
standards nor a reference is required for absolute
quantification, thereby making it an open-ended
approach with potentially broader application
across the systems.

= 3 " @ & . =
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e
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OA‘.’iuLfnllifrflz:'.u& O ‘ -
Fig. 1. Workflow of ddPCR in GM detection (made

using BioRender software - https://www.biorender.com/)

Potential of ddPCR for GMO detection in the
Indian context

The ddPCR has immense potential for GMO
detection in India, which can be summarized as
follows:

1. Regulatory purpose: India regulates the
research, release, import, and use of genetically
engineered organisms under a structured
regulatory and biosafety framework led by the
authorities such as the Genetic Engineering
Appraisal Committee (GEAC) wunder the
Ministry of Environment, Forest and Climate
Change, the Food Safety and Standards Authority
of India (FSSAI), and agencies involved in trade,
customs, and agriculture. These bodies rely on
the molecular testing to ensure that food and
agricultural products comply with national
guidelines and labelling requirements. In this

Volume -2 Issue -3
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context, ddPCR acts as a precise analytical tool
that enables GM detection laboratories to
accurately determine whether or not, a seed lot or
food product contains transgenic sequences or
any unauthorized GM event, and whether the
GMO content exceeds any applicable thresholds
(although so far no GMO labelling threshold
prevails in the country). The capacity of this
technology to detect transgenic sequences even
when present in trace amounts is remarkable
particularly  for  regulatory  surveillance,
especially at ports of entry where imported
commodities such as soybean, canola and maize
are routinely screened.

Seed purity testing: India’s seed industry, one of
the largest in the world, requires high standards
of genetic purity for both GM and non-GM crops.
For crops such as cotton, maize and soybean, the
presence or absence of specific GM events must
be confirmed to maintain varietal integrity, meet
certification standards, and satisfy market
requirements based on the regulatory requirement
and the approval status. ddPCR offers
exceptional accuracy while quantifying transgene
copy number or estimating the proportion of GM
seeds in a bulk sample. This technology is
particularly useful for distinguishing
heterozygous versus homozygous plants in
breeding programs and for wvalidating the
presence of stacked traits. Because ddPCR
provides absolute quantification, it minimizes
ambiguity in purity assessment and supports seed
producers in meeting national and international
quality norms.

Monitoring unauthorized and low-level
presence of GMOs: One of the key and
continuing challenges worldwide including
India, is the management of unauthorized or
adventitious presence of GMOs in supply chain.
Even with stringent regulatory control, traces of
transgenic DNA may appear in non-GM
consignments due to cross-pollination, seed
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mixing, or global trade. The ability of ddPCR to
detect and precisely quantify very small amounts
of target DNA, often below the typical detection
limits of conventional PCR, makes it especially
valuable for such cases. The technology
henceforth strengthens the biosafety compliance
by providing high-confidence results that support
and

enforcement actions, risk assessments,

regulatory decision-making.

4. Food quality assurance: Due to rising demand
and import of processed food products, food
manufacturers and distributors in India face
greater requirements to verify the GMO status of
ingredients for informed consumer choice.
Ingredients derived from crops such as soybean,
maize, sugar beet, or canola may carry GMO
depending on their source country. ddPCR can be
applied in quality-control pipelines to screen raw
materials, intermediate products, and finished
goods. For companies exporting food products to
markets with strict GMO labelling rules (such as
the European Union), ddPCR provides a reliable
tool to demonstrate compliance with foreign
regulatory limits. Its robustness with processed
and complex matrices is particularly useful for
verifying GMO content in products such as oils,
bakery premixes, and animal feed formulations.

5. Research and development applications:
ddPCR can be applied for characterization of
transgenic plants as well as genome edited plants.
In the early stages of transgenic plant
development, = ddPCR  enables
enumeration of transgene copy number, which is
important for selecting stable, single-copy
insertion events. Moreover, ddPCR supports
studies on gene expression (via quantification of
cDNA), and assists in the analysis of gene editing
outcomes, including the detection of small
insertions, deletions, or editing efficiencies in

accurate

ﬂ Volume -2 Issue -3
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genome edited plants. Because plant genomes
can be large and complex, the precision of ddPCR
provides researchers with a reliable method for
evaluating molecular characteristics without the
variability inherent in other quantitative
techniques.

Conclusion

ddPCR represents a major advancement in molecular
diagnostics for GMO detection and quantification. In
India, its application spans regulatory compliance,
seed testing, research, food industry quality
assurance, and surveillance against unauthorized GM
events. As global trade grows and biotechnology
continues to evolve, the role of ddPCR in ensuring
biosafety, transparency, and consumer confidence
will only become more significant. Its precision and
reliability as well as open-ended strategy make it one
of the most valuable tools in country’s molecular
testing landscape, supporting both
innovation and regulatory integrity.

scientific
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Innovative Technologies Reshaping the Biocontrol of
Fungal Vascular Pathogens

Madhaiyan Sakthivel'” and Madhu J?
Ph.D. Scholar, Division of Plant Pathology, ICAR-Indian Agricultural Research Institute, New
Delhi. India- 110012.

Fungal vascular pathogens are among the most destructive plant pathogens in annual and perennial crops,
causing systemic infections and major yield losses. Conventional control measures are often ineffective due
to deep vascular colonization. This has created an urgent need for sustainable and innovative biocontrol
strategies. Traditional biocontrol agents (BCAs) are now being strengthened by advanced tools such as meta-
omics, microbiome engineering, nanotechnology, artificial intelligence (Al), genome editing, RNA
interference (RNA1), and functional peptides. These technologies improve understanding of plant—-microbe—
pathogen interactions, enable targeted suppression, and enhance BCA efficacy. Integration of these approaches

marks a major shift toward precision, sustainable management of vascular fungal diseases.

Introduction

Fungal vascular pathogens are fungi that infect the
vascular systems of plants, primarily the xylem,
causing wilting and other diseases. These include
Fusarium oxysporum and several species belonging
to the genera Veriticillium, Ceratocystis and
Ophiostoma, which cause significant diseases such as
Fusarium and Verticillium wilts or Dutch elm
disease. These pathogens are considered highly
destructive because of their capacity to invade the
host wvascular system and spread systemically
throughout the plant. As a result, vascular diseases
can cause substantial yield reductions, with reported
losses ranging from 10% to 50% of total crop
production in affected systems (Cabanas and
Mercado-Blanco, 2025).

The life cycle of fungal vascular pathogens
typically begins with the survival of the fungus in the
soil or plant debris through specialized dormant
structures such as chlamydospores (Fusarium),
microsclerotia (Verticillium), or other resistant spores
(coremia), thick-walled mycelium. When conditions
become favourable, they germinate and infect plant
roots through wounds or natural openings. The
fungus then colonizes the xylem, blocking water
transport and causing wilting. Finally, it produces
spores or resting structures that return to the soil,
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completing the cycle. Most of the symptoms caused
by vascular wilt pathogens develop in acropetal
direction: from bottom to top. Epinasty is the primary
disease symptom, followed by flaccidity, chlorosis,
vascular browning, and necrosis of the terminal
leaflets. Despite the availability of chemical and
biological control measures, the management of
vascular fungal pathogens remains challenging due
to their systemic colonization, persistence in soil, and
genetic variability. Traditional biocontrol approaches
have shown promise but their field efficacy is often
inconsistent under diverse environmental conditions.
In this context, the integration of emerging
technologies is redefining the scope of biological
control, offering precision, improved delivery, and
enhanced pathogen suppression. This article
highlights ~ the  cutting-edge  technological
advancements that are transforming the biocontrol of
fungal vascular pathogens.

Traditional Biocontrol Vascular

Pathogens

of Fungal

Trichoderma spp., particularly 7. harzianum and T.
atroviride, represent some of the most successful
BCAs reported against soil-borne vascular fungi.
These fungi suppress pathogens through enzymatic
degradation of fungal cell walls, competitive
exclusion in the rhizosphere, mycoparasitism and
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activation of plant defense pathways, thereby
enhancing overall plant resilience (Harman et al,
2004) (Table 1).

Table 1. Traditional Biocontrol agents (BCAs)
against fungal vascular pathogens with their mode of
action

Mechanism of
action / Function

Biocontrol Target

pathogen

agents

Trichoderma Vascular Enzyme production
spp. (T. | fungi (chitinases,
harzianum, T. | (general) glucanases),
atroviride) competition, ISR
induction
Pseudomonas Vascular Antibiotic
spp., pathogens production,
Paenibacillus siderophores,
spp. ISR/SAR induction,
VOCs
Streptomyces Fusarium Antifungal
spp. spp., compounds,
Verticillium | enzymes,
spp. hyperparasitism,
plant growth
promotion
Clonostachys Verticillium | Mycoparasitism (on
rosea dahliae mycelium and
(Mycoparasitic microsclerotia)
fungi)
Arbuscular Verticillium, | Enhance plant
Mycorrhizal Fusarium immunity, nutrient
Fungi (e.g. uptake, improve
Rhizophagus plant health
irregularis,
Funneliformis
mosseae)

Challenges of Fungal Vascular Pathogen Control

Controlling vascular fungal pathogens is challenging
because they spend much of their life cycle hidden
inside the plant. After entering the xylem, they
become difficult targets for contact-based fungicides,
which often fail to reach the infection site. In some
cases, insect vectors such as Scolytus beetles directly
introduce pathogens like Ophiostoma ulmi into the
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vascular tissues, making early intervention even
more complicated (Hughes et al., 2015). Additional
reasons that make control difficult include,

1. Systemic Colonization within the Xylem:
Once inside the plant, these fungi spread through
the water-conducting xylem vessels, moving
upward and colonizing the entire plant. This
internal spread makes many contact fungicides
ineffective because they cannot reach the
pathogen deep within tissues.

2. Persistent Resting Structures in Soil: These
pathogens form durable survival structures
including  chlamydospores,  microsclerotia,
thick-walled mycelia, that remain viable in soil
for years, even over a decade in the case of
Verticillium spp.

3. Broad Host Range: Many vascular pathogens
can infect a wide variety of plant species. This
reduces the efficacy of crop rotation and other
cultural practices designed to break the disease
cycle.

4. High Genetic Variability and Adaptability:
Pathogens like
Verticillium species exhibit high strain-to-strain

Fusarium oxysporum and

genetic diversity. They can quickly evolve new
races or overcome plant resistance genes.

S. Hidden Life Cycle Inside the Host: Because
much of the fungal lifecycle occurs inside the
plant, early detection is difficult and infections
are often only visible when the disease is already
advanced.

Innovative Technologies on Biocontrol agents
(BCAys)

Advanced tools such as meta-omics, microbiome
engineering, nanotechnology, artificial intelligence,
genome editing, RNA interference, and functional
peptides are enabling more precise manipulation of
microbial communities. These technologies enhance
pathogen suppression, improve BCA efficacy and
support controlled delivery systems for sustainable
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I
vascular disease management (Cabanas and
Mercado-Blanco, 2025) (Figure 1).
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Figure 1. Emerging technologies for improving
biocontrol agents (BCAs)

1. Meta-Omics Approaches in  Biocontrol

Optimization

Meta-omics approaches, including metabarcoding,
metagenomics, metatranscriptomics,
metaproteomics, and metabolomics, provide
comprehensive insights into microbial communities
and their functional roles in disease suppression
(Ayaz et al., 2023).

i. Metagenomics: culture-independent approach
that enables rapid and precise detection of vascular
pathogens directly from environmental samples. It
also provides a broad understanding of plant—
microbe interactions and supports the identification
of antagonistic microorganisms for designing
effective microbial consortia with enhanced disease-
suppressive capacity.

ii. Metatranscriptomics: Looks at RNA expression
in microbes during natural product synthesis and
identifies genes that are actively expressed and tells
us how and when microbes produce useful
compounds.

iii. Metaproteomics: Finds enzymes involved in
biosynthesis of natural products and also reveals
regulatory mechanisms and how different conditions
affect protein production. Metaproteomic analyses
can reveal the functional relationships of plant—
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microbe and microbe—microbe interactions under
specific environmental conditions.

iv. Metabolomics: Focuses on metabolites (end
products of biochemical reactions), Identifies and
quantifies natural products produced by microbes.
Metabolomics offers valuable information on
changes in metabolic profiles associated with plant
pathogenesis that can affect plants, phytopathogens,
and/or beneficial microbes.

2. Microbiome Engineering Approaches in
Biocontrol

Microbiome engineering contemplates both the
direct inoculation of exogenous beneficial
microorganisms and the re-inoculation of
autochthonous beneficial microorganisms enriched
ex situ. Two distinct approaches including bottom-up
and top-down approaches have been developed in
plant microbiome engineering (Hu ef al., 2022).

1. Bottom-up approaches: Focuses on building or
modifying the plant microbiome from individual or
selected microbial strains upwards. Microbial
systems engineered using the bottom-up approach
are usually assembled using a limited number of
members, which are also termed “synthetic microbial
consortia”. Four principles have been proposed to
guide the design of such consortia, (i) control of
intercellular  interactions,  (ii))  control  of
spatiotemporal coordination, (iii) maintenance of
robustness, (iv) prevention of biocontainment.

2. Top-down approach: This approach analyzes
natural microbial communities and manipulates
environmental or host factors to favor beneficial
microbes through synthetic ecology. It uses
enrichment, artificial selection, and directed
evolution to enhance functional and resilient
microbial communities.

3. Nanotechnology in Biocontrol

Combining biotechnology and nanotechnology to
improve the effectiveness and sustainability of plant

Agriculturebulletin.in




1l.

1il.

AGRICULTURE
—] suLLeTIN F—

disease management may lead to advances at an
unprecedented scale.

Synthesis of Nanoparticles: Green synthesis

enables eco-friendly nanoparticle production
using plant extracts, fungi, bacteria, algae, yeast,
or marine sources.

In biogenic synthesis, biological extracts reduce
metal ions (e.g., Ag"), while natural capping

agents stabilize nanoparticles and prevent
aggregation.
Loading of Biocontrol agents (BCAs):

Antimicrobial peptide, secondary metabolites and
beneficial microbes are incorporated into or
absorbed onto the nanoparticle surface. This step
enhances stability against environmental stress,
protection from premature degradation and
sustained release at target site.

Encapsulation of beneficial microorganisms:
Enclosing BCAs or antifungal compounds within
a nanocarrier matrix. The techniques including,
ionic gelation (extrusion or cross-linking), spray-
drying, and emulsion are most often used to
encapsulate beneficial microorganisms (Balla et
al., 2022).

4. Artificial Intelligence in Biocontrol

Artificial intelligence (AI) involves the use
of advanced computational algorithms that mimic
aspects of human intelligence, enabling systems to
learn, analyze complex datasets, detect patterns, and
support decision-making (Russell and Norvig, 2010).
Core branches of Al include machine learning for
predictive modeling, computer vision for image-
based disease detection, and natural language
processing for extracting insights from scientific or
field data.

i. Potential of AI Tools in Biological Control of
Vascular Phytopathogenic Fungi: Al analyzes
complex datasets (environmental factors, microbial
communities, disease incidence) to detect patterns
beyond conventional methods. It integrates real-time
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data to optimize and tailor BCA applications for
specific field conditions.

ii. Early Detection, Accurate Diagnosis, Risk
Prediction, and Infection Modelling: Al enables
early detection of wvascular fungi using image
recognition, deep learning, and
hyperspectral imaging even at asymptomatic stages.
Predictive and infection models assess outbreak risks
and simulate disease progression for timely BCA

SEnsors,

intervention.

iii. AI-Assisted Identification, Selection, and
Optimization of BCAs: AI mines
metagenomic, and ecological datasets to identify
beneficial strains with antifungal traits and host

genomic,

compatibility. It optimizes microbial consortia,

formulations, and delivery systems, improving

precision and field efficacy.

iv. Predicting the Impacts of BCAs: Al simulates
BCA performance under varying soil, climate, and
crop conditions. This supports optimization of
dosage, delivery methods, and application timing.

v.  Simulating Plant—Pathogen—Biocontrol
Interactions: AI models plant—pathogen—BCA
interactions within vascular tissues, predicting
competition and suppression dynamics. These virtual
simulations refine strategies before field deployment,
reducing risk and error.

5. Genome Editing approaches in Biocontrol

Genome editing (GE) consists of the modification
(deletions, insertions, and replacements) of genomic
DNA at specific target sites in a wide range of cell
types and organisms (Xu et al., 2020). Zinc finger
nucleases (ZFNs), transcription activator-like
effector nucleases (TALENS), and the RNA-guided
CRISPR (Clustered Regularly Inter spaced Short
Palindromic  Repeats)-Cas (CRISPR-associated)
nucleases systems are the three primary genome
editing approaches. CRISPR-Cas Applications in
Plant-Microbe Interactions are,
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1. Gene Editing: CRISPR-Cas9 enables targeted
gene knockout in beneficial bacteria like Bacillus
spp., facilitating the study of genetic mechanisms that
enhance plant fitness and resistance to pathogens.

ii. Endophytic Microbial Functions: Endophytic
bacteria produce secondary metabolites that can
induce plant defense mechanisms, contributing to
disease resistance and promoting growth under stress
conditions.

6. RNA Interference (RNAI) in Biocontrol

RNAi is a conserved post-transcriptional gene-
silencing mechanism in eukaryotes that degrades
mRNA or blocks translation, serving as a natural
immune defense against foreign DNA. Spray-
induced gene silencing (SIGS), host-induced gene
silencing (HIGS), virus-induced gene silencing
(VIGS), and microbe-induced gene silencing (MIGS)
are innovative RNA interference (RNAi) techniques
that have shown silence pathogen genes, enhancing
resistance against vascular fungal pathogens (Rosa et
al., 2018).

e SIGS: Involves the direct application of dSRNA
onto plant surfaces, which can lead to transient
gene silencing in pathogens. Both plant and
pathogen process dsRNA into siRNAs, which
silence fungal virulence genes upon infection.
This is a non-transgenic, eco-friendly method

e VIGS: A mycovirus is engineered to carry target
gene segments. Infects F. graminearum, triggering
its RNA1 machinery to silence internal genes. It’s
like using a virus to make the fungus silence itself.

e MIGS: A beneficial fungus like Trichoderma
harzianum 1is engineered to produce dsRNA
targeting F. oxysporum. The dsRNA from T.
harzianum is transferred to the pathogen during
interaction, silencing virulence genes.

o HIGS: Involves the expression of dsRNA in host
plants, targeting genes in pathogens. This method
has been effective against various fungal
pathogens, including Verticillium dahlia.
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o Fungal Transformants: A vector (plasmid) with
hairpin RNA (hpRNA) is inserted directly into the
fungus (e.g., Fusarium). The fungus itself
expresses dsSRNA, which is processed into siRNA
inside its own cells, leading to self-silencing of
pathogenic genes.

o Exogenous RNA (Liquid Culture): dsRNA is
added externally into fungal liquid cultures.
Fungus takes up the dsRNA from the medium,
which is processed into siRNA, silencing target
genes

7. Functional peptides in Biocontrol

Functional peptides are short amino acid
sequences (50-60 amino acids) derived from natural
sources or synthesized artificially, exhibiting
biological activities beyond nutrition (Li et al,
2021). Antimicrobial peptides (AMPs) interact with
membranes, receptors, or enzymes to exert
antibacterial, antiviral, and antifungal effects against
vascular fungal pathogens. Some of antimicrobial
peptides derived from bacteria, seeds, fungi and plant
with their mode of action against fungal vascular
pathogens have mentioned in Table 2.

Table 2. Functional peptides for the control of

phytopathogenic vascular fungi

Antimicrobial Source Mode of
peptides action
Defensins Petunia plant | F. Disrupt
oxysporum fungal
f.sp. cubense | membrane
integrity
Surfactin A Bacillus F. Strong
subtilis NH- | oxysporum antifungal
100 and activity
Bacillus  sp.
NH-217
Purothionin Wheat C. fimbriata | Antifungal
endosperm activity

Some tools like Genome Editing, RNA

interference,
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innovative, high-potential technologies yet to be fully
implemented in biocontrol.

Future Perspectives

1. Synthetic Microbiome Engineering: The design
and deployment of synthetic microbial consortia
tailored to the plant vascular system could
revolutionize biocontrol. These consortia would
combine multiple beneficial traits like antagonism,
biofilm formation, systemic colonization,
priming of plant immunity, providing long-lasting
and robust protection.

and

2. Integration of Multi-Omics with Al for
Predictive Biocontrol: Combining genomics,
transcriptomics, proteomics, and metabolomics with
Al/machine learning will allow, predictive modeling
of pathogen outbreaks and selection or design of the
most effective biocontrol agents for a specific crop-
pathogen-soil-environment context.

3. Nanotechnology-Enabled Biocontrol Systems:
Nanotechnology offers innovative platforms for
enhancing the stability, delivery, and activity of
biocontrol agents (BCAs) against fungal vascular
pathogens. Nano-sensors embedded in soil or plant
tissues to detect early signs of pathogen infection and
trigger timely BCA application.

Conclusion

Emerging technologies are reshaping the
future of biocontrol against fungal vascular
pathogens. By integrating multi-omics, Al-driven
prediction, genome editing, RNAi, nanotechnology,
and functional peptides, researchers can develop
precise, efficient, and environmentally responsible
disease management systems. Although regulatory,
scalability, and field-validation challenges remain,
these innovations represent a transformative step
toward resilient and sustainable agriculture.
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Artificial Intelligence ((AI) Transforming Indian
Agriculture: Vision to Reality

Jambammal, B. K. Naganjali? and K.Shireesha’
Asst. Prof. (Ag. Eng.)!, Assoc. Prof. (Agron.)?, Asst. Prof. (Ag. Extn.)’
PJTAU-Hyderabad, Agricultural College Aswaraopeta-507301, B.Kothagudem

Al turns satellite imagery, weather, soil, and crop data into actionable farming advice, enabling precise
decisions on irrigation, fertilizers, and pests to cut risks and boost efficiency.

Key uses

e Soil Health Diagnostics: Deep learning and
image recognition analyze satellite/drone/farm
images to detect nutrient deficiencies, speeding up
lab testing.

e Climate-Responsive Crop Monitoring: Al
predicts rainfall, temperatures, and extremes for
advisories on sowing, irrigation, pests, and inputs.
Satellites,
pest/disease detection, aiding rainfed farmers.

drones, and sensors enable -early

e Farm Mechanization Efficiency: Al with
drones/sensors optimizes machinery for weed
removal, disease detection, harvesting, and
grading. In horticulture, it offers 24/7 surveillance
of high-value crops, reducing labor and inputs.

e Price Realization for Farmers: Al forecasts
demand-supply using e-NAM, AGMARKET,
Census, and Soil Health data, guiding crop choice,
timing, and markets to improve incomes and avoid
distress sales.

Al Transforming Indian Agriculture

Al networks now serve 1.8 million farmers across 12
states, improving market access and price discovery

Digital Agriculture Mission Progress

e 7.63 crore Farmer IDs created (target: 11
crore by 2026-27)

e 23.5 crore crop plots surveyed nationwide
(Updated from 4.8cr IDs & 23.9cr plots in
early 2025)
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National Pest Surveillance System
e Covers 66 crops and 432+ pest types

e Real-time alerts to 10K,000+ extension
workers

o Enables early pest detection and intervention

Policy Pillars
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Figure 1. AI & AgriTech Innovation Ecosystem — 8
Strategic Pillars

Table 1. AI4AGRI-Partnership & Support
Ecosystem in India

Govemment of
Maharashtra -
Department of
Agriculture AIAIC,
under MahaAgri-Al
Policy 2025-2029;
Ministry of Electronics
& Information
Technology (MelTY)--
Official  SateliteEvent,
aligned with India Al

Host & Lead
Partners
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Mission & digital
infrastructure
Strategic National & intemational
Knowledge universities, CGIAR
Partners centers, DPI experts,
responsible Al &
governance bodies, think
tanks
Global World Bank, Asian
Development | Development Bank,
Partners FAO, IFAD, IFC
Industry & | AgriTech, vkach,
Technology Climate Tech, Telecom
Partners & Automation,
Automation, Consulting
firms, Input& Market
linkage companies

Investment & | VC, Impact & Climate

Capital Funds, Corporate
Partners Ventures, Sovereign
Wealth, Development
Finance, = Agri-focused
PE
Community, FPOs, Women-led
Farmers & | SHGs, Cooperatives, St
FPOs Civil society o
organizations
Research, SAUS, IITS, IIMs, IISc, ™
Innovation & | ICAR, CGIAR, Global O
Academic Al Labs, Digital | ¥ )
Partners Agriculture & Climate | ¥
Research Universities
Media & | Intemational & national
Outreach media, Digital broadcast,
Partners Sector-focused — .
publications, Agri & tech
media

Table 2. Empowering Farmers with Al: India's
Flagship Initiatives

Kisan e-Mitra: A multilingual AI chatbot, has
handled over 93 lakh queries as of December 2025,
supporting 8,000+ daily interactions in 11 regional
languages for farmer advisories.

Kharif 2025 AI monsoon pilot: This Al pilot
delivered local monsoon onset forecasts via SMS to
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3.88 crore farmers across 13 states, influencing 31—
52% to adjust sowing and land preparation.

PMFBY WhatsApp Chatbot: The PMFBY chatbot
streamlines crop insurance claims through
WhatsApp, making processes faster and more
transparent for farmers under the Pradhan Mantri
Fasal Bima Yojana.

CROPIC AI Tool: CROPIC uses Al for real-time
crop monitoring via drones and image analytics,
enhancing pest detection, yield prediction, and
insurance assessments in Indian fields. Similarly
YES-TECH, PMFBY bots enhance insurance.

Bharat-VISTAAR Al Initiative: Proposed in Union
Budget 2026-27, Bharat-VISTAAR is a multilingual
Al platform integrating AgriStack portals with ICAR
systems for unified farm data and advisories

Telangana’s Al-Driven Agricultural Advisory
System;

Saagu Baagu

e 2021 Khammam Chilli Pilot: 21% yield
increase, 11% higher prices, 9% lower inputs,
5% less fertilizer, 366,000/acre/cycle income
boost

e Oct 2023 Scale-up: 500K farmers across 10
districts, 5 crops (7K+ chilli farmers)

e Partnerships: World Economic Forum
(AI4AT/C4IR India), Bill & Melinda Gates
Foundation, executed by Digital Green

¢ Solutions: CRISPR seeds, bioinputs, precision
irrigation, Al credit tools, drone-satellite data

e Addresses: 40% post-harvest losses, climate
risks for smallholder farmers

Telangana Drone Paddy Plantation Pilot

e Objective: Tackle severe labor shortages &
rising cultivation costs

e Technology: Drones with seed boxes + 3-5
dispensing tubes for direct row sowing

Agriculturebulletin.in
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Partners: PJTSAU + Marut Drones via KVKs
(Karimnagar, Adilabad, Kothagudem,
Nalgonda)

Efficiency: 1 acre in 15-20 minutes vs 12-14
laborers traditionally

Benefits: No nursery needed,
manual transplanting, major cost/time savings

eliminates

Telangana Soil Tech

Revolution

Partnership: Telangana Govt + Krishitantra
Technology: Portable automated device tests
12 soil parameters in 30 minutes

ISSN: 3049-2289

ALU: Revolutionizing Telangana LLand Planning

Technology: Agricultural Land

Understanding (ALU) + AMED APIs with

AI/ML

Data Integration:

e Digitized cadastral maps (Telangana
Remote Sensing Agency)

e Delivery: Instant soil health reports + e Record of Rights (RoR) from Revenue
fertilizer recommendations via mobile app Dept.

(secure login) e Farmer data: land area, sowing

o Benefits:  Higher input efficiency & schedules, crop history (Agriculture
productivity Dept.)

e Increased farmer income o Capabilities: Precise identification of

e Reduced fertilizer/water use

e Less soil degradation
Goal: Climate-resilient agriculture through
intelligent nutrient management

farmers' operational landholdings
Benefits: Data-driven decisions, effective
monitoring, enhanced agricultural

governance.
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Farmer Producer Organisations (FPOs): The Future
Cooperatives of Indian Agriculture

Sreelakshmi Vinodan
MSc student Punjab Agricultural University

Indian agriculture is largely dominated by small and marginal farmers who face numerous structural and
market-related challenges. Farmer Producer Organisations (FPOs) have emerged as a transformative
institutional mechanism to empower producers through collective action, aggregation, and professional
management. By combining cooperative principles with corporate governance structures, FPOs aim to
improve productivity, reduce transaction costs, enhance price realization, and strengthen rural livelihoods.
This article explores the concept, structure, policy framework, benefits, challenges, and future potential of

FPOs, positioning them as modern cooperatives capable of reshaping Indian agriculture.

Introduction

Agriculture remains the backbone of India’s rural
economy. However, nearly 86 percent of farmers in
the country are small and marginal, cultivating less
than 1.1 hectare of land. These farmers face persistent
challenges such as high input costs, lack of access to
technology, inadequate
limited bargaining power in markets. A long chain of
intermediaries in agricultural marketing often
reduces the producer’s share in the final consumer
price.

institutional credit, and

Collective organization offers a viable solution
to these issues. Farmer Producer Organisations
(FPOs) provide a structured platform through which
producers can aggregate their resources and operate
as business entities. The Small Farmers' Agribusiness
Consortium was mandated by the Government of
India to support state governments in promoting
FPOs. Today, FPOs are widely recognized as the
future cooperatives of Indian agriculture.

Concept and Structure of FPOs

A Farmer Producer Organisation is a legally
registered entity formed by primary producers for
undertaking business activities related to agricultural
and allied sectors. It may be registered under the
Companies Act as a Producer Company or under the
Cooperative Societies Act of respective states.
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Key features include:

e Formation by producers for farm or non-farm
activities

Legal registration and corporate identity

Producers as shareholders

Democratic governance through elected boards

Profit-sharing with members and reinvestment
of surplus

The ownership and control remain entirely with the
farmer members. While external agencies may assist
in formation and initial operations, management
decisions are taken by representatives elected by
members.

The economic foundation of FPOs lies in
aggregation. By pooling produce and inputs, farmers
achieve economies of scale, reduce transaction costs,
and improve bargaining power in both input and
output markets.

From Traditional Cooperatives to Modern FPOs

India has a rich cooperative history. Institutions such
as Amul transformed the dairy sector through
collective marketing and value addition. Similarly,
Indian Farmers Fertiliser Cooperative Limited has
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played a vital role in ensuring input security for

farmers.

However, traditional cooperatives faced
limitations  including  political interference,
bureaucratic  control, and weak financial
management. FPOs evolved to address these

concerns by incorporating professional management

practices and operating under company law
frameworks. They retain cooperative principles
while ensuring transparency, accountability, and

competitiveness.
Policy Framework: The 10,000 FPO Scheme

To strengthen farmer collectives, the Government of
India launched the Central Sector Scheme for the
formation and promotion of 10,000 FPOs. The
scheme was inaugurated by Narendra Modi in
February 2020 under the guidance of the Ministry of
Agriculture and Farmers Welfare.

The scheme aims to:
e Enhance productivity and income
e Provide five-year handholding support
o Facilitate credit and market linkages
e Develop entrepreneurial skills

Major implementing agencies include the National
Bank for Agriculture and Rural Development,
National Cooperative Development Corporation, and
National Agricultural Cooperative Marketing
Federation of India.

Financial provisions include assistance up to 18
lakh per FPO, matching equity grants, and credit
guarantee facilities up to 22 crore to ensure
institutional credit accessibility.

Benefits of FPOs
Economic Benefits

FPOs enhance price realization and reduce input
costs through collective bargaining. Studies indicate
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increased price realization by approximately 2022
percent for members marketing through Producer
Companies. Marketing significantly
reduced due to elimination of intermediaries.

costs are

Social Empowerment

FPOs promote inclusive participation, strengthen
rural leadership, and encourage women and youth
engagement in agribusiness activities.

Financial Inclusion and Technology Access

Through institutional linkages, FPOs improve access
to credit, insurance, quality inputs, and modern
technologies. Capacity-building initiatives
strengthen managerial and entrepreneurial skills
among members.

Challenges

Despite strong policy backing, FPOs face challenges
such as:

o Limited professional management capacity
o Insufficient working capital

e Weak branding and value addition

e Member coordination issues

o Competition from established agribusiness
firms

Continuous training, governance reforms, and

stronger market integration are essential to overcome
these constraints.

Future Prospects

For FPOs to become truly sustainable future
cooperatives, the following steps are necessary:

o Digital marketing integration
o Strengthened value chains and branding
e Youth-led leadership models

o Climate-resilient agriculture adoption

Agriculturebulletin.in
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I
o Export market linkages

A robust ecosystem involving government, financial
institutions, academia, and private stakeholders will
ensure long-term sustainability.

Conclusion
Farmer Producer Organisations represent a
significant institutional innovation in Indian

agriculture. By combining collective ownership with
professional management, FPOs offer an effective
mechanism to enhance farmers’
strengthen rural economies. With sustained policy

income and

support and member-driven governance, FPOs have
the potential to redefine the cooperative movement
and lead Indian agriculture toward a more resilient
and prosperous future.
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Increasing food demands, water scarcity, and climate change are among the challenges facing modern
vegetable farming. Precise irrigation, fertigation, remote sensing, loT, Unmanned aerial vehicle (UAV) and
artificial intelligence are examples of cutting-edge techniques that improve production's resilience, efficiency
and sustainability. Sensor data increases water efficiency by more than 200%, reduces irrigation by 63.8%,
and enhances quality through fertilizer optimization. Mulching, rotation, and integrated pest management are
examples of practices that improve both biodiversity and profitability. Precise monitoring, stress detection,
and focused interventions are made possible by UAV imaging and Al analytics, which maximise yields and

reduce waste, ensuring long-term viability in the face of global limits.

Introduction

A new age in vegetable farming is about to begin, one
that will be influenced by creativity, science and
technology in addition to hard work and tradition.
Growers can no longer rely just on traditional
methods due to the unpredictable effects of climate
change, decreasing water resources and growing food
demands. Rather, the cultivation of vegetables is
being revolutionised by sophisticated agronomic
interventions, such as drones, sensors, artificial
intelligence, and precise irrigation and fertigation.
These techniques provide more robust -crops,
healthier soils, and more intelligent resource usage in
addition to increased yields. Modern agronomy is
changing vegetable production into a system that can
prosper in the difficult environment of today while
protecting the future by fusing sustainability with
profitability.

Volume -2 Issue -3

The Need for Advanced Agronomy in Modern
Vegetable Farming

Modern vegetable farming needs sophisticated
agronomic tactics to combat growing food demands,
diminishing water supplies and intensifying climate
This calls for precise, effective and
environmentally  friendly growth techniques.
Precision technology, such as IoT sensors, remote
sensing, artificial intelligence and big data analysis,
is utilised in digital farming to facilitate ongoing
monitoring and evidence-based crop management
decisions. Drone-driven energy balance models
produce correlations of r=0.98 for net radiation and

0.85-0.92 for latent heat flow, confirming their

change.

superiority for agricultural water evaluation. Remote
sensing techniques actual
evapotranspiration with less than 10% error rates
(RMSE 0.3 mm day™'). Soil moisture sensors show
R2=0.70 and r = 0.84, confirming their usefulness in

measure

irrigation planning, whereas IoT systems achieve r?
values of 1.0 (inside settings) and 0.9994 (outdoor)
for tracking evapotranspiration. Big data initiatives
improve pest management, watering, and nutrient
application, increasing farm yield by 10-15%. While
UAVs give precise, timely images for targeted
reactions, platforms such as Landsat and Sentinel-2
satellites provide multispectral insights for extensive
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vegetation  surveillance.  These  cutting-edge
agronomic techniques increase water -efficiency,
reduce resource abuse, guarantee yield stability,
reduce costs, and prevent ecological harm,
establishing technical advancement as essential for
long-lasting, flexible vegetable systems that must
contend with the current climate and resource

constraints. (Fuentes et al.,2024).

Smart Water and Nutrient

Techniques

Management

In greenhouse vegetables, drip irrigation with
automated fertigation maximises the use of water and
nutrients by using sensors to keep soil moisture at 80-
95% or 80-85% field capacity. This reduces irrigation
by 24.3-63.8% (from 375-425 mm to 154-284 mm
during 46-118 frequent applications), increases water
productivity by 56.3-225.4%, and increases yields by
11.1-17.4%. Fertigation with 300 kg N, 50 kg P, and
550 kg K ha'! increases efficiency (N: 43-55% to 62-
78%; comparable for P/K), improves fruit quality
(vitamin C +35.2-64.3%; sugars +21.7-37.8%),
increases fine root growth (0-2 mm), and increases
dry matter (8.9-21.1%). In general,
conservation, nutrient efficiency, improved roots, and
higher yield/quality are guaranteed by sensor-
integrated precision systems. (Wang ef al., 2024).

water

Climate-Resilient and Field

Practices

Eco-Friendly

Sophisticated agronomic strategies, like mulching,
crop rotation, and integrated pest management
(IPM)-combined with drip irrigation and fertigation,
foster resilient, environmentally friendly vegetable
farming systems. Studies across various crops reveal
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that drip fertigation elevates water use efficiency
(e.g., 268.26 kg ha! mm™ in onions, fivefold rise in
cauliflower, 52% yield boost in eggplant) and cuts
fertilizer waste (15-30% reduction in okra), while
driving yield gains (149.36 g/ha in broccoli, 73.2 t/ha
in cabbage, greater curd mass in cauliflower, 58.7%
increase in tomatoes). These methods also curb
disease outbreaks and nutrient runoff, evident in
chillies and tomatoes, where fertigation lessened
weed issues and leaching. Mulching retains soil
moisture, rotation sustains fertility and disrupts pest
lifecycles, and IPM lowers reliance on chemicals, all
synergising with fertigation's accuracy. Collectively,
they amplify profitability (benefit-cost ratios
reaching 4.57 in broccoli and 2.99 in okra) and
promote ecological balance, rendering vegetable
production more efficient, productive,
sustainable. (Giram et al.,2023).

and

Digital Tools and Precision Technologies in
Vegetable Production

Vegetable cultivation is undergoing significant
transformation with the adoption of precision
technologies such as sensors, drones, and artificial
intelligence (AI), which enhance crop monitoring
and optimize the efficient use of resources.
Unmanned aerial vehicles (UAVs) equipped with
advanced  sensors—including  red-green—blue
(RGB), multispectral, hyperspectral, thermal, and
light detection and ranging (LiDAR) cameras collect
detailed information on crop growth, health status,
and stress conditions. To evaluate plant vitality,
nutrient health and water deficits in vegetable crops,
these tools generate important vegetation indices,
such as normalised difference vegetation index
(NDVI), green normalised difference vegetation
index (GNDVI), soil-adjusted vegetation index
(SAVI), and normalised difference red edge index
(NDRE). Weed mapping, plant counting, and
accurate crop identification are all made possible by
Al-driven image processed by deep learning and
machine learning. Al systems achieved 96.46%
location precision for chilli seedlings, convolutional
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neural networks achieved about 95% accuracy for
detecting spinach plants, and semi-supervised
methods achieved about 90% for weed identification.
Beyond detection, these improvements support
timely corrective actions by identifying pests,
illnesses, and abiotic challenges early. In the end,
integrating sensors, UAVs, and Al analytics improves
yields, resource utilisation, and ecological
sustainability in vegetable production by optimising
the use of fertilisers, pesticides, herbicides, and

water. (Canicatti et al.,2024).

Economic Benefits and the Future of Vegetable
Farming

Vegetable growers are seeing significant financial
advantages and promising futures because of
innovative agronomic techniques that make use of
digital and precision technologies. UAVs, sensors, Al
and IoTs are examples of innovations that enable
farmers to make accurate, timely decisions by
providing real-time data on crop growth, soil
moisture, nutrient levels, and weather patterns. These
systems save costs while maintaining or increasing
yields by streamlining the application of inputs such
as fertilisers, insecticides, herbicides, and irrigation.
Growers prevent production declines and improve
produce quality via early detection of crop stress,
pests, diseases, and nutrient shortage. Transplanting,
weed control, irrigation, and harvesting are examples
of labour-intensive processes that can be automated
to reduce labour requirements and increase
productivity. As a result, operations see less waste,
improved labour allocation, more accurate yield
projections and increased profits. In vegetable
systems, reduced chemical and more
intelligent resource management also promote

inputs

environmental health. Adopting these technologies
opens up important avenues for increased
productivity, revenue, and long-term viability in
modern vegetable agriculture in the face of growing
global food demands due to population growth and
limited farmland. (Samadi et al.,2025).
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Conclusion

Precision, sustainability, and innovation are key
components of the future of vegetable farming. From
sensor-driven irrigation that conserves water to Al-
powered crop monitoring that prevents losses,
advanced agronomic practices are proving to be both
economically rewarding and environmentally
responsible. Farmers who adopt these technologies
are not only increasing yields and profits but also
contributing to ecological balance and long-term
food security. As global demand for vegetables
continues to rise, adopting these clever, climate-
resilient strategies will be crucial.
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Plant diseases cause huge economical losses emphasizing the need for accurate identification and assessment
of plant diseases to enable timely management as well as to minimize crop damage. Plant disease
identification and understanding key concepts such as Disease Incidence, Disease Severity, Percent Disease
Index and various disease assessment or infection scoring scales is the first and foremost step in managing
diseases. Quantification of diseases is important for estimating yield losses, understanding epidemiological

studies and evaluation of treatment.
Introduction

Plant diseases which stem from abnormal plant
functions or structural changes affect agricultural
systems by decreasing yield and product quality. The
economic losses caused by plant diseases annually
are enormous, estimated at about $220 billion,
emphasizing the need for better identification
strategies and scoring scales for timely diagnosis and
management. (Albattah et al., 2022). Precise and
timely identification of plant diseases and assessment
of disease severity is crucial for implementing
appropriate control measures,
losses, and preventing the further spread of
pathogens.

minimizing crop

Disease quantification serves multiple critical
purposes in plant pathology. Standardized disease
assessment methods facilitate comparison of results
across different studies, locations, and time periods,
thereby contributing to a more comprehensive
understanding of plant-pathogen interactions and
epidemiology (Bock et al., 2010). The quantification
of plant diseases requires systematic assessment
approaches that can accurately capture the extent and
intensity of disease occurrence.

Understanding Plant Diseases

Julius Kuhn, in 1858, defined plant disease as
abnormal changes in the physiological processes
which disturb the normal activity of plant organs.

Volume -2 Issue -3

According to American Phytopathological Society,
disease is a deviation from normal functioning of
physiological processes of sufficient duration or
intensity to cause disturbance or variation or intensity
to cause disturbance or cessation of vital activities.
From a modern molecular perspective, plant disease
can be defined as 'a dynamic interaction between
plant host and pathogen, mediated by molecular
signaling pathways, where the pathogen successfully
overcomes plant defense mechanisms, leading to
altered gene expression, cellular dysfunction, and
symptom development (Dangl and Jones, 2001).

The Disease Triangle: Factors Influencing Disease
Development

The development and severity of plant diseases are
influenced by the interaction of three basic factors,
viz., a virulent pathogen, a host plant and the
environment. Knowledge of these factors is
important for the interpretation of disease assessment
results.

e Virulent pathogen: The pathogenicity genes
code for proteins that help in attachment to the
host, penetration, cell wall degradation, toxin
production that facilitate
suppress host defenses, and promote disease
development. The pathogenicity genes also

tissue invasion,

produce defense inhibiting proteins that inhibit
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the defense reactions of the host, including the
detoxification of phytoalexins.

Host plant: The host plant must be susceptible
to the pathogen. Levels of resistance can affect
disease development. The resistance may be
non-specific, in which, the plant is resistant to all
the races of the pathogen, or specific resistance,
where resistance is limited to a specific
resistance (race specific), a particular host (host
specific), or both (race cultivar specific), also
known as gene for gene resistance.

The Environment:

» Temperature: Every pathogen has specific
optimal,  minimum, and  maximum
temperatures for infection and colonization.
For example, Fusarium is found in warmer
regions and Verticillium is confined to cooler
regions.

» Moisture: Free water or high relative
humidity is required by many pathogens.
Fungal spore germination and bacterial
growth require leaf wetness. The duration of
leaf wetness is directly related to infection
efficiency for many foliar diseases.

» Light: Light intensity and duration influence
both host susceptibility and pathogen growth.
Some pathogens produce spores under
specific light conditions, while host defence
responses may be light-regulated.

» Soil factors: Soil pH, texture, organic matter
content, and water-holding capacity affect
soilborne diseases. Wind: Wind currents
promote spore dispersal, which influences
disease spread and secondary infection
cycles. On the other hand, wind may shorten
leaf wetness duration, which could limit
infection.
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Figure 1: Disease triangle
The Disease Tetrahedron: Adding Time

Modern plant pathologists tend to extend the disease
triangle to the disease tetrahedron by incorporating
time as the fourth component. The inclusion of time
acknowledges the fact that:

» Disease progression is a process that takes time
for pathogen establishment, colonization, and
manifestation.

» The duration of the critical infection period may
be restricted to certain growth stages of the
Crop or seasons.

» Several infection cycles (polycyclic diseases)
require a long favourable period, while
monocyclic diseases involve a single infection
event per crop season.

» The timing of infection in relation to crop growth
stages affects yield loss.

Susceptible Host

Time 7\

o // DISEASE
-

Pathogen

Figure 2: Disease tetrahedron
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Disease Quantification Parameters
Disease Incidence

Disease incidence is the proportion or percentage of
diseased plants or plant units in a given population. It
is a binary index that depends on the presence or
absence of disease symptoms, irrespective of the
level of infection (Campbell and Madden, 1990).
Disease incidence is most appropriate for diseases in
which early detection and disease spread are more
important than the level of infection. The ease of
incidence measurement makes it less prone to
observer bias than that of severity measurement. But
the data from incidence measurement are of little
value in estimating the level of disease, as it may not
give an accurate estimate of the disease impact on
plant health or yield when the severity of disease is
highly variable among the diseased individuals.

Disease incidence is typically expressed as:

Disease Incidence (%) = (Number of diseased

plants / Total number of plants assessed) x 100
Disease Severity

Disease severity is the measure of the level of disease
symptoms, either on plant parts or on the whole plant.
Disease severity is the measure of the percentage of

plant tissue showing disease symptoms (Bock et al.,
2010).

When assessing individual plants or plant parts, the
severity of disease is generally expressed as a
percentage:

Disease Severity (%) = (Diseased area / Total area
assessed) x 100

Percent Disease Index (PDI)

The Percent Disease Index (PDI), also referred to as
Disease Severity Index (DSI), is a comprehensive
index that combines both the percentage of diseased
plants and the level of disease on each plant. PDI is
most useful when rating scales are employed to rate
the level of disease on various plants. This index is
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standardized and enables comparison among various
studies conducted on disease assessment (McKinney,
1923).

Using categorical scales of severity, the formula for
PDI calculation is as follows:

PDI = [X (Disease rating X Number of plants in that
rating category) / (Total number of plants X
Maximum disease rating)] x 100

Disease Assessment Scales
Types of Assessment Scales

Disease assessment scales are standardized methods
of disease intensity classification or measurement.
The type of scale to be used depends on the nature of
the disease, the purpose of assessment, and the level
of accuracy required. The main types are:

e Categorical Scales: These are ordinal scales
that measure disease intensity by classifying
it into discrete categories. They are easy to
apply and save time but lack accuracy
(Horsfall and Barratt, 1945).

e Continuous Percentage Scales: These
scales enable the rater to estimate the disease
intensity to any percentage between 0 and
100%, which is highly accurate. However,
they are more difficult to apply and may be
less reliable when used by untrained
measurers (Nutter and Esker, 2006).

e Diagrammatic Scales: These scales are
graphical representations of typical disease
severities to enable the rater to standardize the
assessment. They are more accurate and less
subjective (James, 1971).

Scale of Different Diseases for Calculation of
Disease Incidence and Disease Severity

Disease evaluation and calculation of Brown spot
index:
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Brown spot severity on the grains of each panicle per
plant is scored using a 0-7 scale, modified from IRRI
(1996) as follows:

Table 1: Severity scale of Brown spot

Scale Observation

0 No disease symptoms
1 Less than 1%
2 From 1.1 to 5%
3 From 5.1 to 10%
4 From 10.1 to 25%
5 From 25.1 to 50% D
6 50.1to 75% T
. More than 75% of the grains i
surface with disease symptoms T
Data for brown spot severity are used to calculate the |
BSI based on the formula proposed by McKinney
(1923) where: -
BSI = [X (rate of the disease scale X number of -
grains receiving that rate)/(total number of grains X
the highest rate of the disease scale)] < 100.
Disease scoring scale for brown spot of rice can be
done as per the method of Shreshta ef al., 2017. B
Table 2: Scoring scaling of Brown spot
1 No incidence
2 Less than 1% n
3 1-3%
4 4-5%
5 11-15% B
6 16-25%
| Volume -2 Issue -3 Agriculturebulleti
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7 26-50%
8 51-75%
9 76-100%
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Figure 3: Scoring of infected leaves of Brown
spot of rice (Shrestha et al., 2017)
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infecting less than 4% of
leaf area.

5 Typical susceptible blast
lesions, infecting 4-10% of
leaf area.

Moderately
Resistant

6 Typical susceptible blast
lesions, infecting 11-25% of
leaf area.

Susceptible

7 Typical susceptible leaf
blast lesions infecting 26-
50% of the leaf area.

Susceptible

8 Typical susceptible leaf
blast lesions infecting 51-
75% of the leaf area, and
many dead leaves as well.

Susceptible

9 More than 75% leaf area
affected.

Susceptible

J 3

resistant susceplible

Figure 3: Infection scale of Blast of rice

Quantitative assessment for Fusarium wilt of
Banana disease

Disease development of Fusarium wilt of Banana can
be monitored based on quantitative assessment of
foliar associated symptoms at intervals of 8 days and
expressed as percentage disease severity (DS%)
using a scale of 0 to 4.
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Table 6: Infection scoring scale for Fusarium wilt
of banana

Leaf Description
Area
Affected
(%)
0 0 No  symptoms;  apparently
healthy leaves
1 <1 <1% of leaf area affected by
disease
2 1-5 1-5% of leaf area affected by
disease
3 6-15 6-15% of leaf area affected by
disease
4 16-33 16-33% of leaf area affected by
disease
5 34-50 34-50% of leaf area affected by
disease
6 >51 >51% of leaf area affected by
disease

Disease severity (%) for both external and internal
symptoms of Fusarium wilt can be calculated based
on the following formula:

¥ (No of diseased plantlets in each rating category» Severity Rating)

DS (%) = < 100%

(Total number of plantlet assessed * Highest Scale)

A reduction in the DS compared with control would
be a measure of the treatment effectiveness in sup-
pressing Fusarium wilt disease. This was assessed by
plotting the data as disease progress curves calculated
using the formula (Campbell and Madden 1990).

n-1
AUDPC=% [ Yi+Y, /2] [+ -6]
Where, Y = and
n=number of assessment times.

disease incidence, t=weeks,

The slopes of the curves can be obtained by
transforming the DS data using the monomolecular
model (Monit) (Campbell and Madden 1990).
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Disease scoring of leaf spot of turmeric caused by
Colletotrichum capsici

The disease scale for measuring the disease severity
of leaf spot of turmeric can be done using the 0-6
scale as proposed by Palarpawar and Ghurde (1989).

Table 8: Disease rating scale of leaf spot of
turmeric

Rating | Severity observation

No infection.

0.1 to 10% leaf area infected.
10.1 to 20% leaf area infected.
20.1 to 30% leaf area infected.
30.1 to 40% leaf area infected.
40.1 to 50% leaf area infected.
More than 50% leaf area infected.
Root knot index to score the infestation of

QAN Bh W N =D

Meloidogyne incognita

The infestation of M. incognita is scored using the
scale developed by Arnon, 1993, which is given
below:

Table 9: Scale for scoring infestation caused by M.
incognita

Number Scale Reaction
of galls (based on
number of
root-knot
galls/root)
0 1 HR (Highly
Resistant)
1-10 2 R (Resistant)
11-30 3 MR (Moderately
Resistant)
31-100 4 S (Susceptible)
101 and |5 HS (Highly
above Susceptible)
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Lesion index scale (0-4 scale) for burrowing
nematode, Radopholus similis

The lesion index for burrowing nematode was
proposed by Ravichandra and Krishnappa in 1985
and is mentioned below.

Table 10: Lesion index scale for R. similis

Scale Description

0 No lesion
1 Few up to 1 mm diameter (1-20
lesions)
2 Many up to I mm diameter (21-50
lesions)
3 Many up to 1 mm diameter (51-100
lesions)
4 Very severe 1 cm diameter (>100
lesions)
Conclusion

Precision in disease estimation is still the essence of
plant pathology and crop protection. The variety of
disease estimation techniques, ranging from simple
incidence estimation to complex image analysis,
indicates  the of  plant-pathogen
interactions and the diverse goals of disease
estimation. Continuous percentage estimation has

complexity

greater precision and statistical power and is,
therefore, more suitable for research work where
small differences between treatments need to be
detected. Rating scales have advantages in terms of
efficiency and consistency and are, therefore, more
suitable for large-scale disease estimation and rapid
assessment of numerous samples.
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Role of Extension Education in Dissemination of System of
Millet Intensification Technology
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Millets are widely acknowledged as climate-resilient crops that are rich in nutrients and possess considerable
potential to strengthen food and nutritional security, particularly within rainfed and marginal agricultural
systems. The System of Millet Intensification (SMI), which draws inspiration from the System of Rice
Intensification (SRI), has recently gained attention as an improved crop management approach aimed at
increasing millet productivity and improving efficiency in the use of available resources. Despite these
advantages, the adoption of SMI is still uneven and relatively limited in many regions. This paper presents a
theoretical and review-oriented examination of SMI adoption from the viewpoint of agricultural extension
education. Through a synthesis of available literature, the study discusses the conceptual basis of SMI,
relevant theoretical frameworks of technology adoption, the role played by extension services, and the major
constraints influencing farmers’ adoption behaviour. The review highlights the need for effective extension
approaches, capacity-building initiatives, and enabling policy support to encourage broader adoption of SMI
among millet-growing farmers.

Introduction several millet-producing regions. However, farmers’
Millets are among the oldest cultivated crops in India adoption of SMI h.as nqt yet reacl‘led the level
expected considering its potential benefits.
Therefore, gaining a clear understanding of the SMI
adoption process through theoretical perspectives

and the framework of extension education is

and play a significant role in supporting food
security, nutrition, and rural livelihoods, particularly
in arid and semi-arid regions. These crops are well
adapted to low-input agricultural systems, show
strong tolerance to drought conditions, and can grow
successfully in soils with poor fertility, making them  Importance of Millets in Indian Agriculture
highly suitable for small and marginal farmers. With
increasing concerns about climate change, rising

essential.

Millets play an important role in strengthening
nutritional security because they contain high levels
of dietary fibre, essential micronutrients, and
minerals. They are particularly significant in rainfed
and tribal regions where farmers often face resource

agricultural input costs, and the need for sustainable
farming practices, millets are now increasingly
recognized as climate-smart crops that can contribute
to building more resilient agricultural systems.
Nevertheless, millet productivity in India remains
comparatively low due to the continued use of
traditional cultivation practices, inadequate access to
improved technologies, and limited extension
services. To address these challenges, innovative

constraints that limit the cultivation of high-input
crops. Moreover, millets generally require less water
and fewer chemical inputs compared with major
cereals, which helps reduce production risks as well
as environmental damage. Although India is among
the leading producers of millets globally, noticeable
productivity gaps continue to exist due to weak
market linkages and the limited adoption of improved

crop management practices such as the System of
Millet Intensification (SMI) have been introduced in

Volume -2 Issue -3 Agriculturebulletin.in




AGRICULTURE
—] suLLeTIN F—

agronomic practices. These challenges underline the
importance of promoting efficient production
technologies along with stronger marketing and
distribution systems.

Concept and Principles of System of Millet
Intensification

The System of Millet Intensification (SMI) is an
agronomic approach derived from the principles of
the System of Rice Intensification (SRI). This
method focuses on practices such as using healthy
seedlings, maintaining wider plant spacing, reducing
seed rates, carrying out timely
operations, and applying improved soil and water
management techniques to promote better crop
growth and productivity. Evidence from research
studies and field experiences indicates that SMI
practices can tiller formation, root
development, and nutrient-use efficiency in millet

intercultural

improve

crops, ultimately leading to higher yields while
lowering input costs. However, the successful
adoption of SMI depends largely on effective
knowledge transfer and behavioural change among
farmers, since it requires adjustments in traditional
cultivation practices.

Theoretical Perspectives and Role of Extension in
Technology Adoption

The adoption of agricultural innovations is
essentially a behavioural process influenced by
psychological, and institutional
factors. Rogers’ Diffusion of Innovations theory
explains adoption as a gradual process involving
stages such as knowledge, persuasion, decision,
implementation, and confirmation. According to this
framework, farmers’ awareness and perceptions
regarding the benefits of SMI play a crucial role in
shaping their adoption decisions. Extension
approaches such as farmer field schools, on-farm

socioeconomic,

demonstrations, and capacity-building programmes
help farmers understand the practical benefits of new
agricultural  technologies. Furthermore, well-
functioning extension systems act as a bridge
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between research organizations and farming
communities by ensuring that locally relevant
information and recommendations are effectively
communicated. Strengthening participatory learning
methods and enhancing the technical capacity of
extension personnel in SMI can significantly
improve adoption outcomes. In this context,
agricultural extension education becomes essential in
knowledge, skills, and

improved practices.

enhancing  farmers’

confidence to implement
Extension activities such as training programmes,
demonstrations, and farmer-to-farmer learning have
been influence adoption

behaviour.

shown to positively

Adoption of SMI:
Literature

Evidence from Existing

Empirical studies on millet cultivation indicate that
awareness and adoption of improved millet
production practices remain moderate to low in many
regions. Bhakar et al. (2024) reported that farmers’
adoption of improved millet production technologies
was significantly constrained by limited technical
knowledge and inadequate contact with extension
services. In a similar context, researchers have
identified  considerable  gaps in  farmers’
understanding of recommended millet cultivation
practices. Although specific adoption studies
focusing exclusively on SMI are relatively limited,
the available literature suggests that factors such as
labour requirements, availability of suitable
implements, and farmers’ perception of risk influence
their willingness to adopt intensive crop management
practices. These findings highlight the critical role of
extension support in addressing farmers’ concerns
and reducing the perceived complexity associated
with SMI practices.

Policy and Institutional Perspectives

Government initiatives promoting millets, including
mission-mode programmes and policy incentives,
have created favourable opportunities for expanding
millet-based innovations. Policy support in the form
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of training programmes, input subsidies, and
improved market linkages can strengthen farmers’
confidence in adopting practices such as SMI. In
addition, effective institutional coordination among
research organizations, extension agencies, and
development programmes is essential to ensure
consistent communication and continuous support

for the adoption of SMI technologies.
Conclusion

Intensification holds
both
productivity and sustainability of millet cultivation in

The System of Millet

considerable  promise for improving
rainfed farming systems. However, its adoption
depends not only on technical feasibility but also on
strong institutional support, enabling policy
environments, and effective extension education.
This review emphasizes the importance of targeted
extension strategies, continuous capacity-building

efforts, and the adaptation of SMI practices to local
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efforts should focus on
linkages research
and documenting farmers’

conditions. Future

strengthening between and
extension systems
experiences to facilitate the wider dissemination of

SMI practices.
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The biotechnological approaches to combat root-knot nematodes, particularly in brinjal (Solanum melongena
L.), a vital vegetable crop susceptible to significant yield losses due to these pests. Root-knot nematodes,
mainly Meloidogyne incognita and Meloidogyne javanica, disrupt root function, resulting in stunted growth
and reduced fruit yield. Traditional reliance on chemical nematicides poses environmental and economic
challenges, thus, this article advocates for sustainable and eco-friendly alternatives. Key biotechnological
strategies discussed include the utilization of nematode-resistant brinjal varieties, beneficial fungi and bacteria
as bio-control agents, RNA interference technology and various bioproducts derived from natural sources.
These methods not only enhance crop resilience and productivity but also promote soil health. It emphasizes
the integration of the various biotechnological practices with sound agricultural methods for effective
nematode management and aiming to ensure long-term sustainable brinjal farming. Future advancements in

biotechnology may further enhance these strategies, offering promising solutions for nematode control.

Introduction

Brinjal (Solanum melongena L.), commonly called
eggplant, is one of the most widely grown vegetable
crops in India and many tropical countries. It is
valued for its high nutritional content, adaptability to
different climatic conditions and continuous fruit
production. However, brinjal cultivation is frequently
affected by several pests and diseases, among which
root-knot nematodes are one of the most damaging
soil-borne pests. Root-knot nematodes mainly belong
to the genus Meloidogyne and dominant species are
Meloidogyne incognita and Meloidogyne javanica.
These microscopic worms infect the roots of plants
and form galls or knots, which disturb the normal
uptake of water and nutrients. As a result, plants show
symptoms such as stunted growth, yellowing of
leaves, poor flowering and low fruit yield. In severe
infestations, yield losses may reach 30-60%.

Traditionally, farmers have relied on chemical
nematicides to control nematodes. However, these
chemicals are expensive, harmful to beneficial soil
organisms and may cause environmental pollution.
Therefore, biotechnological approaches provide
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safer, eco-friendly and sustainable methods for
managing root-knot nematodes in brinjal fields.

Root-Knot Nematode Damage: The nematodes live
in the soil and attack plant roots. The second-stage
juvenile (J2) enters the roots and establishes feeding
sites known as ‘giant cells’. These cells supply
nutrients to the nematode and cause the formation of
root galls.

Brinjal root heavily infested Microscopic view of heavily

with Meloidogyne incognita infested  Brinjal root  with

Meloidogyne incognita

Symptoms produced in Brinjal: Farmers may
notice the following symptoms in affected fields-

e Swollen galls or knots on roots

e Yellowing of leaves
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I
e Stunted plant growth

e Wilting even with

(generally day wilting)

adequate irrigation

e Reduced fruit size and yield

If infected roots are uprooted and examined, they
appear distorted and swollen which is a typical sign
of nematode infestation.

Importance of Biotechnological Approaches

Biotechnology uses beneficial microorganisms, plant
genetics and molecular tools to improve crop
protection. These approaches help farmers manage
nematodes effectively while maintaining soil health.
These approaches help the farmers for reduced use of
chemical nematicides, eco-friendly management,
improved soil fertility and microbial activity, long-
term effect and finally increased crop productivity.

Major  Biotechnological  Approaches for
Nematode Management
1. Use of Nematode-Resistant Brinjal

Varieties: One of the most effective methods
to control root-knot nematodes is the use of
resistant or tolerant brinjal varieties. Farmers
are encouraged to select nematode-tolerant
hybrids recommended by agricultural
universities or extension agencies.

2. Use of Beneficial Fungi (Bio-Control
Agents): Certain beneficial fungi naturally
attack nematodes and reduce their population
in the soil. Mechanism of these fungi against
nematodes includes parasitize nematode
eggs, destroy juvenile nematodes, improve
plant root growth and increase plant

resistance.

Important Fungal Bio-Agents: Trichoderma viride,
T harzianum, Purpureocillium lilacinum (formerly
Paecilomyces lilacinus), Pochonia chlamydosporia
etc.
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Method of Application: Farmers can apply fungal
bio-agents through seed treatment, soil application
with farmyard manure, dipping before
transplanting etc.

root

Example: Mix 2-5 kg of Trichoderma formulation
with 100 kg FYM and apply it to the field before
transplanting brinjal seedlings.

3. Use of Plant Growth-Promoting
Rhizobacteria (PGPR): Certain beneficial
bacteria live around plant roots and help
control nematodes while improving plant
growth.

Important Bacterial Bio-Agents: Pseudomonas

fluorescens,  Bacillus  subtilis,  Azotobacter

chroococcum, Azospirillum brasilense etc.
Mechanism of these bacteria against nematodes:
e Produce substances toxic to nematodes
e Stimulate plant immune responses
e Promote root development
e Improve nutrient uptake

Method of Application: Seed treatment with
bacterial culture, Root dipping of seedlings and soil
application mixed with organic manure.

4. RNA Interference (RNAi) Technology:
RNA interference is an  advanced
biotechnology technique that can block
important genes in nematodes, preventing
them from growing or reproducing. Scientists
develop plants capable of producing specific
molecules that silence nematode genes,
reducing their ability to infect plant roots.
Although still under research in many crops,
RNAI technology shows great promise for
future nematode-resistant brinjal varieties.

5. Induced Systemic Resistance (ISR):
Certain beneficial microorganisms stimulate

natural defense mechanisms in plants. This
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process is called Induced Systemic
Resistance. Bio-agents such as Trichoderma
and Pseudomonas are known to trigger ISR in
vegetable crops. Plants produce defensive
enzymes, root tissues become stronger and

nematodes fail to establish feeding sites.

6. Use of Biotechnological Bio-Products:
Several eco-friendly bio-products derived
from natural sources help manage nematodes.
Many commercial bio-nematicides are now
available for farmer use.

Examples include:

e Chitosan-based formulations: Chitosan
oligosaccharide (COS) formulations, Nano-

chitosan formulations, Chitosan
nanoparticles, Chitosan-based
nanocomposites, Sulfonamide-modified

chitosan oligosaccharides

¢ Microbial metabolites:

R/

< From Bacteria:

v Avermectins - produced by Streptomyces
avermitilis

(DAPG) -
produced by Pseudomonas fluorescens

v 2,4-diacetylphloroglucinol

v' Hydrogen cyanide (HCN) - produced by
Pseudomonas spp.

v Bacillomycin and surfactin - produced by
Bacillus subtilis

% From Fungi:

v Paecilotoxin - from  Purpureocillium

lilacinum
v Destruxins - from Metarhizium anisopliae
from

v Trichodermin and gliotoxin -

Trichoderma species

e Enzyme inhibitors:
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< Plant-Derived Proteinase Inhibitors:
Soybean trypsin inhibitor, Cowpea trypsin

inhibitor, Potato proteinase inhibitors etc.

% Other Enzyme-Targeting Compounds:
Chitinase inhibitors, Acetylcholinesterase
inhibitors, Protease inhibitors etc.

+ Botanical extracts:

% Neem (Azadirachta indica): Azadirachtin-
Reduces egg hatching and juvenile survival

< GQGarlic (Allium sativum): Allicin- Toxic to
nematodes

< Marigold spp.):
Suppresses Meloidogyne species

(Tagetes Thiophenes-

< Castor (Ricinus communis): Ricin and fatty
acids- Nematicidal activity

< Mustard (Brassica spp.): Glucosinolates-
Produce toxic isothiocyanates

< Papaya (Carica papaya) leaves: Papain
enzyme- Nematode suppression
Mechanism of these substances against

nematodes: Reduce nematode egg hatching, Inhibit
juvenile development and Improve plant immunity.

Integrated nematode management practices for
better effectivity: For effective control, farmers
should combine biotechnological methods with good
agricultural practices. These may be use nematode-
free seedlings, application of Trichoderma or
Pseudomonas in nursery beds, mixing of bio-agents
practice crop rotation,
maintaining proper soil fertility and avoid continuous
monocropping of brinjal etc.

with organic manure,

Conclusion

Root-knot nematodes pose a serious challenge to
brinjal cultivation leading to significant yield losses
if not properly managed. Biotechnological
approaches including resistant varieties, microbial
bio-agents, plant growth-promoting bacteria, RNA
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interference technology and bio-based products, Future Prospects
offer safe and sustainable solutions for controlling
these pests. By adopting these eco-friendly practices,
farmers can effectively manage nematode problems,
improve soil health and ensure profitable and
sustainable brinjal production.

Recent advances in biotechnology such as genome
editing, molecular breeding and improved microbial
bio-formulations are expected to provide even more
effective solutions for nematode management.
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A quiet yet profound transformation is emerging within the field of food packaging, driven not by distant
futuristic inventions but by materials engineered at scales invisible to the naked eye. Amid rising global
demands for food that is safer, fresher and environmentally responsible, researchers are increasingly applying
nanotechnology to redesign the microscopic structures that enclose everyday products. Nano-enabled
packaging, positioned between materials science and food engineering is reshaping methods of preservation,
surveillance and distribution across the supply network. By tailoring matter at the nanoscale level, scientists
develop films with greater strength, improved functionality and responsive characteristics beyond
conventional plastics. These advanced systems can suppress microbial growth, limit the penetration of oxygen
and moisture and even signal the onset of spoilage. Thus, packaging is no longer merely a passive container
but is becoming an active guardian of food quality, integrity and consumer safety worldwide today, ensuring
longer shelf life and reduced waste throughout complex global distribution channels and retail environments

alike for modern food systems everywhere.
The Technology Behind Nano-Packaging

Nano-packaging is founded on the principles of
nanotechnology, which involves the study and
manipulation of matter at the atomic and molecular
scale, typically ranging from 1 to 100 nanometers.
For comparison, a single strand of human hair
measures approximately 80,000 nanometers in
diameter. Working at such an extremely small scale
allows scientists to engineer packaging materials
with exceptional characteristics, making them
stronger, lighter and significantly more functional
than traditional alternatives. To improve the
performance of packaging substances such as
plastics, biopolymers or surface coatings,
nanoparticles are incorporated to strengthen barrier
efficiency, enhance antimicrobial activity and extend
product shelf life. These nano-enhanced materials
can actively interact with food and its surrounding
environment, contributing to the development of
advanced “smart” and active packaging technologies.

ﬂ Volume -2 Issue -3
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Active Packaging: Extending Freshness and
Protection

Conventional packaging primarily serves as a
protective covering for food products. In contrast,
active nano-packaging plays a dynamic role by
interacting with both the food and the surrounding
environment to preserve quality. Antimicrobial
surfaces are developed through the incorporation of
nanoparticles such as silver, zinc oxide, titanium
dioxide and chitosan-based nanocomposites, which
inhibit bacterial growth on contact surfaces. For
instance, silver nanoparticles release ions that
interfere with microbial cell membranes, leading to
the destruction of bacteria and fungi. In addition to
eliminating microorganisms, zinc oxide and titanium
dioxide nanoparticles shield food from light-induced
spoilage by absorbing or blocking harmful ultraviolet
radiation. Nanoclays further enhance packaging
performance by strengthening barrier properties and
minimizing the transmission of oxygen and moisture,
two major contributors to food degradation.
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Smart Packaging: Intelligent Monitoring Systems

Smart nano-packaging goes beyond basic protection
by continuously observing the condition of food
products. Embedded nanosensors are extremely
small yet capable of detecting variations in pH levels,
temperature fluctuations and gas concentrations,
thereby indicating whether the product remains safe
for consumption. For example, certain packaging
systems are engineered to change color when
spoilage begins, providing a clear visual warning to
consumers. Sensors based on gold nanoparticles,
carbon nanotubes or quantum dots can deliver real-
time data regarding freshness, contamination or even
of pesticide Such
technological advancements enable retailers and
consumers to make informed decisions, ultimately
reducing food waste while improving overall safety
standards.

trace amounts residues.

Sustainable Innovations in Biodegradable Nano-
Materials

One of the most promising dimensions of nano-
packaging lies in its potential to advance
environmental sustainability. Scientists are actively
designing biodegradable packaging solutions derived
from renewable polymers such as starch, cellulose,
polylactic acid (PLA) and chitosan. The
incorporation of nanoparticles, including nanoclay
and nano-silica, reinforces these bio-based materials,
enhancing their mechanical strength, flexibility and
barrier performance. As a result, they can achieve
functionality comparable to conventional plastics
while significantly reducing ecological impact. Such
developments respond to the growing global demand
for environmentally responsible packaging and
support the principles of a circular economy. In the
near future, food wrappers may not only preserve
freshness effectively but also decompose safely after
disposal, returning harmlessly to the natural
environment.

Volume -2 Issue -3

ISSN: 3049-2289

Applications Already Creating Industry Impact

The commercial food sector has already begun
integrating nano-packaging technologies in several
practical applications. For example, fresh fruits and
vegetables are now treated with nanosilver-based
coatings to slow microbial deterioration and extend
shelf life. Packaging films used for meat products are
infused with zinc oxide (ZnO) nanoparticles to
minimize oxidation and delay spoilage. Similarly,
dairy and beverage containers incorporate nanoclay
particles to enhance gas barrier properties, preventing
the entry of oxygen and maintaining product
freshness. In addition, smart labeling systems
equipped with nanosensors are employed to monitor
temperature fluctuations during transportation and
storage.

Collectively, these advancements are reshaping
quality control throughout the farm-to-fork supply
chain, delivering safer food products, prolonged shelf
stability and reduced dependence on chemical
preservatives.

Challenges and Safety Considerations

Despite its considerable promise, nano-packaging
raises important safety and regulatory concerns.
Scientists and international authorities-including the
FAO, WHO, EFSA, and FSSAl-are -carefully
evaluating potential risks such as nanoparticle
migration from packaging into food, possible
contamination and long-term health or environmental
effects. Comprehensive toxicological assessments,
ecological compatibility studies and transparent
communication are essential before large-scale
commercialization can occur. Bridging the gap
between technological and public
acceptance requires clear labeling practices and
rigorous risk evaluation
confidence and regulatory compliance.

innovation

to ensure consumer

The Road Ahead

The future of food packaging is expected to become
more intelligent, interactive and environmentally
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responsible. Nano-packaging stands at the crossroads
of scientific innovation and sustainability, offering
solutions to major industry challenges such as
spoilage, contamination, and excessive waste. As
research continues to advance, it is likely that
packaging systems will soon not only indicate
whether food remains safe for consumption but may
also possess the ability to self-repair when damaged
or eliminate harmful pathogens upon contact. In
essence, nano-packaging is not merely a gradual
improvement; it represents a transformative leap in
safeguarding both food quality and environmental
health.

Conclusion

Nano-packaging signifies a progressive movement
toward a future in which food retains freshness for
extended periods, supply networks operate with
greater efficiency and consumers gain access to real-
time product information. By utilizing the distinctive
characteristics of nanoparticles, researchers are
engineering packaging materials capable of actively
protecting food, continuously monitoring its
condition and minimizing the ecological impact
associated with conventional plastics. Although
significant challenges remain-particularly in areas of
safety evaluation, regulatory approval and public
acceptance-the promise of nano-packaging remains
substantial. As technological developments continue,
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packaging may soon demonstrate self-healing
properties, instantly neutralize pathogens or
decompose safely after disposal. Ultimately, nano-
packaging extends beyond scientific advancement; it
represents a transformative strategy aligned with
global objectives for food safety, waste reduction and

sustainable living.
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Artificial Intelligence as the farmer’s new decision

companion

Shubha Bisotra (Manager Research)
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Will Artificial Intelligence replace farmers, or will it help them farm smarter? This question is increasingly
shaping discussions around the future of agriculture as digital technologies enter fields across the world.
Farming has always depended on experience, observation, and timely decisions - from choosing the right crop
to managing water, pests, and harvest timing. However, modern agriculture faces growing uncertainty due to
changing climate patterns, fluctuating markets, and rising input costs. In this environment, Artificial
Intelligence (Al) is emerging not as a substitute to traditional methods, but as a decision-support system that
helps them interpret complex information and act with greater confidence. By analysing data from weather
forecasts, soil conditions, crop health, and market trends, Al provides recommendations that support better
planning and risk reduction. The farmer remains at the center of the process, while Al functions as an
intelligent partner that strengthens decision-making in everyday farming operations.

(I) Changing nature of farming decisions Global Al trends and opportunities

e 2
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Modern agriculture is increasingly influenced by
unpredictable weather, market fluctuations, and
rising input costs. Farmers must make multiple
decisions related to crop selection, irrigation, and
pest management under uncertain conditions. As
farming becomes more complex, the need for data- Etemated e start g% 0
supported decision-making is growing rapidly.
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1. Climate variability and weather uncertainty August 2025: Future Farming in India

One of the biggest challenges facing farmers is the These forecasts accurately —anticipated an

unusual monsoon pattern, helping farmers make
better planting and crop decisions before the rains
arrived. This demonstrates how Al-driven weather

increasing unpredictability of weather patterns.
Irregular rainfall, unexpected dry spells, heat waves,
and unseasonal storms can significantly affect crop

growth and yield. Traditional seasonal patterns that
farmers once relied upon are becoming less
predictable, making it difficult to decide the right
sowing time or irrigation schedule. Even a small
change in weather conditions can lead to substantial
losses, particularly for small and marginal farmers.

In 2025, Al-based monsoon forecasts distributed
by the Indian Ministry of Agriculture in collaboration
with University of Chicago Institute for Climate &
Sustainable growth reached about 3.8 crore farmers,
providing predictions up to 30 days in advance.
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intelligence can reduce climate-related uncertainty
and support climate-resilient farming decisions.

2. Rising Input Costs and Resource Management

The cost of essential agricultural inputs such as seeds,
fertilizers, pesticides, fuel, and labour continues to
rise. Farmers must carefully balance productivity
with affordability, deciding how much input to apply
without increasing financial risk. Overuse of
fertilizers or water not only raises costs but can also
reduce soil health and long-term sustainability.
Efficient decision-making has therefore become
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essential to maintain profitability while conserving
resources.

Several Al-supported precision agriculture
projects are already focusing on reducing input costs
through data-driven recommendations. For example,
an Al-based precision farming pilot in Jharkhand by
Centre for Development of Advanced Computing
(CDAC), uses satellite imagery, weather data, and
soil information to provide farmers with tailored
irrigation and fertilizer advisories through digital
platforms. Similar precision nutrient management
initiatives have demonstrated yield improvements of
6—15% and nitrogen savings of 5-25 kg per hectare,
showing how Al can help farmers optimise input use
while maintaining productivity. These initiatives
highlight how data-driven decision support can
reduce costs and improve sustainability in modern
agriculture.

3. Pest and Disease Pressure

Changing climate conditions and intensive farming
practices have increased the frequency of pest and
disease outbreaks. Farmers often face difficulty
identifying early signs of crop stress or disease,
which leads to delayed action and higher losses. In
many cases, decisions regarding pesticide application
are based on visual observation rather than early
detection, resulting in either excessive use or
insufficient protection.

Al-supported pest monitoring projects are
already being used to improve early detection and
reduce crop losses. For example, Wadhwani AI’s
agriculture initiatives in India use image-based
analysis and digital monitoring tools to help identify
pest outbreaks earlier, addressing a major challenge
where manual detection is often delayed. Studies
indicate that pests and diseases can cause 20-40%
annual crop losses, highlighting the importance of
early warning systems and data-driven intervention.
By enabling timely identification and targeted
pesticide use, Al-based pest surveillance supports
more efficient and sustainable crop protection.
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4. Market Uncertainty and Price Volatility

Even when crop production is successful, farmers
face uncertainty in market prices. Sudden price
drops, changing demand, and lack of timely market
information make it difficult to decide the best time
to sell produce. As a result, many farmers are forced
to sell under unfavorable conditions, reducing
income despite good yields.

Several initiatives are working to address these
challenges through technology-driven solutions.
DeHaat, a full-stack agritech platform, integrates Al-
based crop advisory with input supply and market
linkage services for farmers. By providing digital
recommendations on crop planning, pest
management, and farm operations, the platform helps
reduce uncertainty in decision-making. It is estimated
to support nearly 18 lac farmers across multiple states
in India.

5. Information Overload and Decision

Complexity

Modern farming requires managing information from
multiple sources including weather forecasts, market
trends, soil health data, and crop management
practices. Processing all this information and
translating it into practical decisions can be
challenging, especially for farmers with limited
access to advisory This increasing
complexity highlights the need for tools that can
simplify data and support decision-making at the

services.

farm level.

Al-based digital advisory platforms are helping
farmers manage complex information by combining
multiple data sources into simple recommendations.
For example, platforms such as Cropin (an Indian
Agritech company) integrate weather forecasts,
satellite imagery, soil data, and field observations to
generate clear guidance on crop health, irrigation,
and farm operations. Instead of analysing separate
sources independently, farmers receive actionable
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insights in a simplified format, helping them make
faster and more informed decisions at the farm level.

(IT) AI as a decision support system in agriculture

Artificial Intelligence helps farmers convert complex
agricultural  data simple,
recommendations. By analysing information from
weather forecasts, soil conditions, crop health, and
market trends, Al supports better planning and
reduces uncertainty. Instead of replacing traditional
knowledge, Al strengthens farmers’ ability to make

into actionable

timely and informed decisions.
1. Crop Planning and Selection

Choosing the right crop is one of the most important
farming decisions, influenced by soil suitability,
climate, and market demand. Al systems can analyse
historical weather patterns and soil data to suggest
crops that are more likely to perform well under
specific conditions. This helps farmers reduce risk
and improve yield stability.

2. Irrigation and Water Management

Water availability is becoming a critical challenge in
agriculture, making efficient irrigation decisions
essential. Al tools combined with soil moisture
sensors and weather forecasts help farmers decide
when and how much water to apply. This improves
water efficiency, reduces wastage, and supports
sustainable farming practices.Smart irrigation
systems supported by AI have shown potential to
reduce water use by 20-30% while maintaining crop
productivity in several pilot projects.

3. Pest and Disease Early Warning

Al-based monitoring systems can identify early signs
of crop stress and disease through image analysis and
data patterns. Early detection enables farmers to take
preventive action rather than responding after
damage occurs. This reduces crop losses and supports
more targeted use of pesticides.
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4. Fertilizer and Input Optimization

Applying the right quantity of fertilizer at the right
time is crucial for both productivity and soil health.
Al helps analyse crop requirements and soil
conditions to recommend optimal input usage. This
reduces unnecessary expenses while improving long-
term soil sustainability.

5. Market Intelligence and Selling Decisions

Al-supported digital platforms can analyse market
trends and price movements to help farmers make
better selling decisions. Access to timely market
insights reduces uncertainty and allows farmers to
plan harvest and sales more strategically. This
improves income stability and reduces distress
selling.

(IIT) Data, Digital Platforms and Smart Farming

The growth of digital platforms and mobile-based
advisory services is making agricultural intelligence
more accessible to farmers. Data collected from
satellites, and weather systems is
increasingly used to guide farm-level decisions. This
shift toward data-driven agriculture helps farmers

move from guesswork to informed planning.

S€nsors,

1. Mobile-based advisory services

Smartphones have become an important channel for
delivering agricultural advice to farmers. Al-powered
advisory platforms provide recommendations related
to crop care, irrigation, and weather risks. These
services help bridge knowledge gaps, especially for
small and marginal farmers.

2. Integration of multiple data sources

Modern agriculture generates data from many
sources including weather systems, remote sensing,
and field-level monitoring. Al integrates these
datasets and converts them into simple insights that
farmers can act upon. This reduces complexity and
supports faster decision-making.
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3. Supporting agricultural finance and risk
assessment

Agriculture involves financial decisions related to
credit, investment, and risk management. Al-driven
data analysis can support better assessment of crop
conditions and production risks, helping improve
confidence in agricultural lending. This creates a
stronger link between farming decisions
financial sustainability.

and

(IV) Al in Indian Agriculture: Data, Digital
Platforms and Government initiatives

India is integrating  Artificial
Intelligence into agriculture through digital platforms
and government-supported initiatives aimed at
improving farm productivity and decision-making.

increasingly

Al-based tools are being used to convert data from
weather systems, imagery, and field
observations into practical recommendations for
farmers. This shift reflects a broader movement

satellite

toward data-driven agriculture where technology
supports farmers in managing risks.

1. Digital Agriculture Mission and Data-driven
farming

The Government of India has launched the Digital
Agriculture Mission (2021-2025) to promote the
use of emerging technologies such as Al, remote
sensing, and data analytics in agriculture. The
initiative focuses on creating digital infrastructure
that enables farmers to access advisory services,
improve planning, and make informed decisions
based on real-time information. Al-supported
platforms developed under this vision aim to simplify
complex agricultural data for everyday farm use.

2. AgriStack
ecosystem

and Farmer-centric digital

The concept of AgriStack is designed to build a
unified digital ecosystem for agriculture by
integrating farmer data, land records, and crop

information. This framework enables Al-based
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advisory systems to deliver more personalized
recommendations related to crop planning, irrigation,
and risk management. By improving data
availability, AgriStack supports better decision-
making at both farmer and institutional levels.

3. PM-KISAN and digital integration

While PM-KISAN (Pradhan Mantri Kisan
Samman Nidhi) primarily provides direct income
support to farmers, it has also contributed to building
a verified digital database of farmers across the
country. This digital foundation creates opportunities
for integrating Al-based advisory services and
financial support systems in the future. Reliable
farmer data strengthens the ability of digital
platforms to provide targeted recommendations.

4. e-NAM and market decision support

The National Agriculture Market (e-NAM)
platform supports farmers by improving access to
market information and transparent price discovery.
Al and data analytics can further strengthen such
platforms by helping farmers understand price trends
and make better selling decisions. Improved market
intelligence reduces uncertainty and supports income
stability.

5. Al for climate resilience and risk reduction

Government-supported digital agriculture initiatives
increasingly focus on climate resilience by using Al
to analyse weather patterns and provide early
warnings related to pest outbreaks and extreme
climate events. These systems help farmers plan
preventive actions, reducing crop losses and
improving overall farm sustainability.

(V)The human experience & Al:
together

Working

Despite technological advancements, farming
remains deeply dependent on human judgment and
local knowledge. Al provides analysis and
recommendations, but farmers interpret these

insights based on their experience and field realities.
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The combination of technology and human expertise
creates stronger and more resilient decision-making.

1. Al as an Advisor, not a replacement

Al supports decision-making but does not replace a
farmer’s practical understanding of his land and
crops. Farmers remain responsible for final decisions
related to farming operations. This partnership
approach ensures that technology enhances rather
than disrupts traditional farming practices.

2. Building confidence through better information

Access to accurate and timely information helps
farmers reduce uncertainty and plan with greater
confidence. Al simplifies complex data and presents
it in a usable form, allowing farmers to act
proactively. Better information leads to better risk
management and improved outcomes.

3. Future of farming decisions

The future of agriculture is likely to involve closer
integration between digital technologies
traditional farming knowledge. As Al tools become
more accessible, farmers will increasingly rely on
data-supported decision-making. This partnership
between intelligence and experience will shape more
sustainable and efficient agriculture.

and

Can AI actually lift farmer income in India?

Al can contribute to improving farmer income when
three critical systems work together - data, access,
and markets.

First, a strong data pipeline is needed, where
reliable farm-level information such as geo-tagged
crop data, weather updates, and pest or disease
signals helps generate timely advisory alerts and
more precise input use. Accurate data allows farmers
to make decisions that reduce risk and avoid
unnecessary expenditure.

Second, an effective access pipeline ensures that
technology is usable and affordable. Rental-based
drone services, local-language mobile applications,
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village-level service providers, and simple digital
advisory tools help farmers adopt AI solutions
without requiring high upfront
advanced technical skills. This improves inclusion,
especially for small and marginal farmers.

investment or

Third, a strong market pipeline connects
production decisions to better income outcomes. Al-
enabled quality testing, traceability systems, buyer
discovery platforms, and logistics support help
farmers reach better markets and secure improved
prices. Evidence from pilot projects and field studies
indicates that when these three elements work
together, often supported by Farmer Producer
Organizations (FPOs) or Custom Hiring Centres
(CHC:s), farmers experience reduced input wastage
and higher realised income.

Al as a Farmer’s decision partner: Key impact
areas

o Better weather forecasting and climate risk
planning

e Optimized input use and reduced production
costs

o Early pest and disease detection for timely
action

e Improved market intelligence and price
decision-making

o Stronger financial confidence through data-
driven agriculture

Conclusion

Agriculture is entering a new phase where decisions
are supported not only by experience but also by data
and technology. Artificial Intelligence is emerging as
a reliable decision partner that helps farmers manage
risks, improve efficiency, and make more informed
choices. However, the real impact on farmer income
will depend on how effectively data systems, access
mechanisms, and market linkages work together to
support everyday farming decisions. As agriculture
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becomes increasingly data-driven, the most
successful farming systems will be those where
human experience and artificial intelligence function
as partners, creating more resilient, sustainable, and

economically viable agricultural ecosystems.
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Introduction

Pollinators are essential to agricultural systems and
natural ecosystems because they help flowering
plants reproduce. According to estimates, insects are
the primary source of animal-mediated pollination,
which is required for at least 75% of the world's food
crops. Butterflies, solitary bees,
(Bombus spp.), western honey bees (Apis mellifera),
and other wild insects are crucial for preserving
biodiversity and agricultural output.

bumblebees

However, extensive decreases in pollinator
populations have been reported in North America,
Europe, and certain regions of Asia in recent decades.
Numerous interrelated stressors have been identified,
including as pesticide exposure, infections, habitat
loss, and climate change. Neonicotinoids, a family of
systemic insecticides that were first used in the
1990s, have drawn special attention. Neonicotinoids
are now the most frequently used insecticides in the
world due to their high effectiveness against crop
pests and ease of application, particularly when used
as seed treatments.

Neonicotinoids are specialized to insect pests,
but there is mounting evidence that they can also
negatively impact pollinators who are not targets.
The processes which neonicotinoids affect
pollinators are examined in this paper, together with
the empirical data from field and lab investigations
and the ecological and regulatory ramifications.

Overview of Neonicotinoids

In the central nervous system of insects,
neonicotinoids such as imidacloprid, clothianidin,
thiamethoxam, and acetamiprid function as agonists
of nicotinic acetylcholine receptors (nAChRs). They
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cause overstimulation, paralysis, and death by
attaching to these receptors in an irreversible manner.
Neonicotinoids are systemic like contact insecticides.
When used as soil drenches or seed coatings, they are
taken up by plant tissues and distributed throughout
the plant, including pollen and nectar. As a result,
even when pesticides are used before to flowering,
pollinators may be exposed over time through
foraging.

The possibility of  environmental
contamination and exposure through non-crop plants,
surface water, and dust during planting is further
increased by their water solubility and
persistence.

soil

Routes of Exposure in Non-Target Pollinators

Neonicotinoids can reach non-target pollinators in a
number of ways:

1. Consumption of pollen and nectar from
treated crops.

2. Dust drift when treated seeds are being
planted.

3. Contaminated wildflowers growing near

agricultural fields.
4. Water sources with traces of pesticides.
5. Exposure of the soil to ground-nesting bees.

These various exposure pathways lead to both acute
and long-term exposure situations, frequently at
levels below the lethal threshold.

Lethal Effects

In pollinators, high neonicotinoid doses can result in

acute death. According to lab tests, some
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neonicotinoids are very hazardous to honey bees both
orally and by touch. Under regulated circumstances,
even small dosages can be fatal, according to LD50
values.

However, compared to laboratory toxicity tests,
field-realistic concentrations are frequently lower.
Thus, although there have been reports of acute death
events (especially during planting seasons as a result
of polluted dust), sublethal and chronic impacts are
of greater concern.

Sublethal Effects

One of the most important factors in assessing
neonicotinoid risk is sublethal exposure. These
pesticides has the ability to disrupt important
activities that are essential for colony survival and
successful reproduction, even at low concentrations.

1. Impaired Navigation and Foraging

Neural circuits implicated in memory and
learning are impacted by neonicotinoids. Foraging
bees' decreased homing ability has been linked in
studies to higher mortality rates outside of the hive.
Colony resource intake and foraging efficiency are
decreased by impaired navigation.

2. Reduced Reproductive Success

Chronic exposure has been associated with
smaller colony growth and decreased queen
production in bumblebees. Under exposure
conditions, solitary bees show reduced nesting
success and young survival.

3. Altered Immune Function

Neonicotinoids may reduce immunological
responses, making people more vulnerable to viral
infections and organisms like Nosema spp. Pathogens
and insecticides may work in concert to increase the
effects at the colony level.

4. Behavioral and Cognitive Disruption

Exposure might hinder the growth of larvae,
change communication behaviors (such as honey
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bees' ability to precisely waggle dance), and decrease
the efficiency of pollen collecting.

Field Studies and Ecological Context

Compared to laboratory experiments, field-
based research yields more variable results. While
some large-scale studies reveal low impact under
specific environmental conditions, others report
quantifiable detrimental effects on wild bee
abundance and reproductive performance in treated
settings.

Differences in the outcomes may derive from
differences in:

e Crop type and application technique
e The landscape's complexity

e Species-specific sensitivity

e The length of exposure

Additionally, while they are less researched, wild
pollinators frequently show more sensitivity than
controlled honey bees.

Population-Level and Ecosystem Implications

Pollinators have a major impact on crop production
and environmental stability. Although they might not
result in immediate die-offs, sublethal impacts that
impair colony performance can contribute to long-
term population decreases.

Decreased variety of pollinators could:

e Reduced effectiveness of pollination

e Reduced yields of crops

e Disrupt networks of pollinators and plants

e Make ecosystems less resilient to
environmental change

Synergistic losses could result from the combined
effects of insecticides, habitat loss, and climate stress.

Regulatory Responses

In a number of areas, regulatory action has been
motivated by worries about pollinator health. Certain
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neonicotinoids used outdoors are subject to
limitations and partial prohibitions imposed by the
European Union. Sublethal and chronic exposure
measurements have become more and more

integrated into risk assessment systems.

Global regulatory measures vary, though, and
discussions about pest resistance, alternative pest
control methods, and agricultural trade-offs are still
ongoing.

Conclusion

One of the pesticide classification that has been
investigated the most in relation to pollinator health
is neonicotinoids. Although they are useful tools for
controlling pests, there is growing evidence that they
can harm non-target pollinators through both lethal
and sublethal methods.  Colony development,
immunity, reproduction, and navigation can all be
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negatively impacted by long-term exposure at field-
realistic concentrations. Precautionary management
is necessary due to the possibility of population-level
consequences, even though the severity of effects
differs depending on thespecies and environmental
setting.

Ecological sustainability and agricultural
productivity must be balanced in future policy
decisions. Strategies for habitat
decreased reliance on preventative seed treatments,
and integrated pest management (IPM) may offer

approaches to mitigate threats to vital pollinator

improvement,

communities.
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Uses of Honey Bee Pollen
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As medicine

In order to desensitize allergic patients, pollen is
usually collected directly from the plants, to allow
proper identification and purity. A pollen extract is
then injected subcutaneously.
through ingestion of pollen is claimed, but has not
received any scientific confirmation. For treatment of
prostate problems, pollen is usually
prescribed in its dry pellet form as collected by the
bees. Pollen from different countries or regions
seems to work equally well. However, pollen has not

Desensitization

various

been officially recognized as a medicinal drug. Since
the consumption of pollen appears to improve the
general condition and food conversion rate in animals
as well as people, its support in accompanying other
cures should be solicited more frequently. There may
be other medicinal uses in traditional medicine
which, however, have not been published in readily
accessible journals.

As food

The major use of pollen today is as a food or,
more correctly, as a food supplement. As stated
earlier its likely value as a food for humans is
frequently overstated and has never been proven in
controlled experiments. That it is not a perfect food,
as stated on many advertisements, food packages and
even in various non-scientific publications should be
obvious. Its low content or absence of the fat soluble
vitamins should be sufficient scientific evidence.
This does not mean that its consumption may not be
beneficial, as has been shown scientifically with
various animal diets.

Pollen has been added to diets for domestic
animals and laboratory insects resulting in
improvements of health, growth and food conversion
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rates. Chickens exhibited improved food conversion
efficiency with the addition of only 2.5% pollen to a
balanced diet. Beekeepers too, feed their colonies
with pure pollen, pollen supplements or pollen
substitutes during periods with limited natural pollen
sources. The relatively high cost of pollen suggests
the need for a detailed feasibility analysis of pollen
as food additive or supplement.

Only a good mixture of different species of
pollen can provide the average values mentioned in
the tables describing the composition of pollen. The
real value of diversity of pollen content, however, lies
in the balance of these nutrients and the synergistic
effect of the diversity as well as more subtle effects
or characteristics related to their origin rather than
their quantitative presence. Those very subtle
characteristics and sensitive compounds are easily
lost with improper storage and processing, something
to carefully watch when making or buying quality
products containing "bee" pollen.

Beebread

Traditional beekeeping cultures with honeybees
or stingless bees, usually appreciate the stored pollen,
i.e. beebread. Its characteristic sour taste together
with brood and honey is a delicacy consumed directly
during harvesting. The pollen stored by honeybees
undergoes a lactic acid fermentation and is thus
preserved. This final storage product is called
beebread. This improves the nutritional value of
pollen and avoids the need for freezing. Natural and
homemade beebread will keep for a considerable
time and can easily be transported to the market and
served - even in small quantities - as an excellent
source of otherwise scarcely available nutrients. It
can be sold clean and by itself or immersed in honey
to make it more attractive in taste. Small pieces of
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comb can thus be sold or given away as candy. The
nutritional value of beebread is much higher in places
where limited food variety or quantity create nutrient
imbalances. It is particularly children who might
benefit the most from regular pollen supplements in
their diets.

In cosmetics

Pollen has only recently been included in some
cosmetic preparations with claims of rejuvenating
and nourishing effects for the skin. The effectiveness
has not been proven, but there is a considerable
allergy risk for a large percentage of the population.
Therefore this practice is not very advisable since it
excludes a large proportion of potential customers
and puts others at risk of having or developing very
unpleasant allergic reactions. Including alcoholic or
aqueous pollen extracts in cosmetic formulations
appears to cause no or only rare allergic reactions.
While little is known about the effectiveness of such
extracts, they are still the preferred method of
preparation for formulations
industry.

For pollination

in the cosmetic

Hand and bee-collected pollen have been used
for mechanical or hand pollination. The viability of
hand-collected pollen can be maintained for a few
weeks or months by frozen storage. Bee-collected
pollen however, starts losing its viability after a few
hours and increasingly with age. It is believed that
some of the enzymes added by bees during foraging
inhibit the pollen's ability to germinate on the flower
stigma. Large-scale applications with mechanical
dusters or by using dusted honeybees for dispersion
were only moderately successful.

For pollution monitoring

Since the 1980's, experiments have shown that
pollen collected by honeybees reflects environmental
pollution levels when examined for metals, heavy
metals and radioactivity. Contaminants can be
quantified and sampling may be cheaper than most
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standard methods currently in use. Attempts have
also been made to use pollen-collecting honeybees
for the identification of potential mining area. The
same effect of accumulating aerial deposits and
selective plant secretions of minerals beneficial when
used to monitor pollution control becomes a hazard
if pollen from heavily polluted areas is used for
human or animal consumption.

Pollen collection

Extreme care should be taken that pollen is not
contaminated by bees collecting from flowers treated
with pesticides. During, and for several days or
weeks after treatment of fields or forests in an area of
several square kilometres (in a circle of at least 3-4 2
km diametre) around the apiary, no pollen should be
collected. This is independent of the method of
pesticide application. Even systemic pesticides have
been shown to concentrate in pollen of, for example
coconut (Rai et al., 1977). Since a pollen pellet is
collected from many flowers, even small quantities
of pesticides per flower can be accumulated rapidly
to reach significant concentrations. Though pollen
pellets are collected before they enter the hive,
treatment of colonies for bee diseases, can
contaminate the pollen pellets. Though, for example,
cleaning of debris from the hive and bees
regurgitating syrup, nectar or honey during collection
of the pellets.

Pollen pellets are removed from the bees before
they enter the hive. There are many designs of pollen
traps some easier to clean and harvest, others more
efficient or easier to install. The efficiency rarely
exceeds 50%, i.e. less than 50% of the returning
foragers loose their pollen pellets. Bees are ingenious
in finding ways to avoid losing their pellets, like
small holes or uneven screens and may even rob
pollen from the collecting trays, if access is possible.
Under some pollen collection
methods and regimes may interfere with normal
colony growth or honey production. Therefore,

circumstances,
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standard beekeeping manuals should be consulted for
the timing of collections (Dadant, 1992).

Pollen should be collected daily in humid
climates but less frequently in drier climates. To
avoid deterioration of the pollen and growth of
bacteria, moulds and insect larvae, pollen should be
dried quickly. Ants can remove considerable amounts
from pollen traps. Krell (personal observations)
reports that losses can be up to 30% in temperate
climates.

Pollen needs to be dried to less than 10%
moisture content (preferably 5 % or 8% according to
some laws) as soon as possible after harvesting. A
simple method uses a regular light bulb suspended
high enough above a pollen carton or tray so that the
pollen does not heat to more than 40 or 45 °C. For
solar drying, the pollen itself should be covered to
avoid direct sunlight and overheating.

After drying, the pollen needs to be cleaned of
all foreign matter. A tubular tumbler made out of a
wire mash with a fan can clean considerable
quantities of pollen pellets. Simpler winning methods
can be used too. Benson (1984) give very good
accounts on trapping and subsequent processing of
pollen. Most types of pollen traps are currently only
fitted to standard frame hives. are fitted to traditional
log, clay or straw hives, small modifications are
necessary.

Beebread is usually found on brood combs or
combs near the brood nest. Available quantities are
normally very small and inadvertently the brood
comb and sometimes the whole colony are destroyed
during harvest. A team of Russian scientists
described a nondestructive means of extracting
beebread from combs, harvesting 300-600 kg per
year from 1500 colonies. Some races of bees will
store large quantities of beebread when colonies have
become queenless, or the brood nest and/or plenty
super space, are above an empty box with combs.
Such manipulations will be more difficult or
impossible with most traditional bee hives but

Volume -2 Issue -3

ISSN: 3049-2289

modifications may be worthwhile. As mentioned
earlier, beebread can also be made at home from bee-
collected pollen.

S —

Close up of a lily flower with pollen
Pollen buying

Quality control of pollen is difficult and under
most circumstances impossible. It is therefore very
important that the buyer knows the supplier well and
can trust him. A reliable supplier should have all
necessary storage and processing facilities and use
them. Furthermore the production area, not only the
residence or processing centre, should be free of
agrochemicals and industrial pollution (and chemical
treatments of the colonies). There are less and less of
these regions in industrialized countries and a vast
array and quantity of agrochemicals are now being
used even in developing countries. More remote
zones have problems with proper storage and
transport and may require special collection and
storage centres.

Buying processed products requires similar
caution. The processor has to use gentle processing
procedures to maintain those subtle qualities of
pollen, which earned it its collected during four days.
This type of trap is placed between bottom board and
brood reputation. The buyer, whether consumer,
retailer or processor has to be very careful and pay
considerable attention to all handling and processing
from the field collection to the final product. A
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truthful label could describe all the essential steps
taken in order to guarantee the quality of the product.
The need for highly ethical behaviour and knowledge
at all levels is a requirement to be considered
seriously, by anyone starting in this business, be it
producer, processor or distributor. Forming a self-
controlling organization, which certifies and controls
producers and manufacturers may be useful or
necessary to minimise fraud or avoid unreliable
quality.

Storage

Pollen, like other protein rich foods, loses its
nutritional value rapidly when stored incorrectly.
Fresh pollen stored at room temperature loses its
quality within a few days. Fresh pollen stored in a
freezer loses much of its nutritive value after one
year. Longer, improper storage leads to the loss of a
few particular amino acids, which cause deficiencies
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in brood rearing (Dietz, 1975). When dried to less
than 10% (preferably 5%) moisture content at less
than 45°C and stored out of direct sunlight, pollen
can be kept at room temperature for a several months.
The same pollen may be refrigerated at 5°C for at
least a year or frozen to—15°C for many years
without quality loss as tested by feeding to honeybee
colonies and recording brood rearing rate (Dietz and
Stephenson 1975 and 1980). Since sunlight, i.e. UV
radiation, destroys the nutrient value of pollen, other
more subtle characteristics probably suffer worse
damage. Storage of dry pollen in dark glass
containers, or in dark cool places, is therefore a
requirement.
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For generations, the agricultural marketplace
revolved around physical mandis, local traders, and
word-of-mouth networks. Today, that landscape is
rapidly evolving. Farmers are stepping into a
digitally connected ecosystem where smartphones
trading desks, advisory hubs, and

networking tools. The transformation goes far

S€rve as

beyond social media promotion—it reflects a
shift toward digital networking,
transparency, and entrepreneurship in agriculture.

structural

Across India and globally, specialized platforms
are enabling farmers to move closer to buyers, access
real-time information, and reduce reliance on
This  process of
disintermediation is reshaping bargaining power in
favor of producers, offering greater price discovery
and direct engagement with markets.

traditional  intermediaries.

One major space where farmers are building
professional visibility is LinkedIn. Once considered
a corporate platform, it now hosts agribusiness
leaders, agri-tech innovators, exporters, and
policymakers. Progressive farmers use it to showcase
sustainable practices, explore export partnerships,
and connect with startups offering digital solutions.
Agriculture is increasingly being positioned not
merely as cultivation, but as enterprise.

At the marketplace level, platforms such as
Kisan Network are directly linking farmers with
verified buyers. By cutting out multiple layers of
commission agents, such platforms
transparency and help farmers negotiate better rates.
The digital interface simplifies transactions while

improve

preserving traceability—an essential feature in
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modern supply chains where consumers demand
accountability.

Similarly, eNAM, the National Agriculture
Market, integrates mandis across states into a unified
online trading portal. Farmers gain access to a
broader pool of traders, which enhances competitive
bidding and price realization. Instead of being
confined to local buyers, producers can participate in
a national digital marketplace.

Knowledge equally wvital.
Platforms like AgriFarming provide practical guides
on crop selection, pest management, livestock care,
and agribusiness planning. In a sector where
extension services may not always reach remote
regions, digital advisory resources bridge crucial
information gaps. Farmers learn from shared
experiences and adapt techniques suited to their soil
and climate.

networking is

Technology-driven advisory and input services
are expanding through companies such as AgroStar
and DeHaat. These platforms combine agronomy
expertise, input supply chains, and output market
linkages within integrated ecosystems. A farmer can
receive crop-specific advice, purchase inputs, and
secure buyers—often within a single digital
framework. This integrated model reflects a new
form of rural entrepreneurship supported by data and
connectivity.

For commodity producers, AgriBazaar offers
digital grain trading with quality testing and
warehousing linkages. Such systems strengthen trust
between sellers and buyers while improving
efficiency in bulk transactions. On a global scale,
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Farmers Business Network demonstrates how data-
sharing and collective purchasing can empower
farmers through price transparency and collaborative
negotiation.

What unites these platforms is their emphasis on
networks rather than isolated transactions. Farmers
are no longer passive price takers operating at the end
of a long supply chain. They are becoming informed
decision-makers—tracking market trends, exploring
diversified revenue streams, and engaging in
strategic partnerships.

Beyond trade and advisory services, digital
networking is also fostering financial inclusion.
Access to online transaction histories and digital
records strengthens farmers’ credibility when
applying for loans or crop insurance. Fintech
integrations within agri-platforms are gradually
reducing paperwork barriers, enabling quicker access

to credit and risk management tools.

Moreover, data analytics is emerging as a silent
ally. Platforms analyze weather forecasts, soil data,
and market demand patterns to generate predictive
insights. Farmers can adjust sowing schedules,
diversify crops, or plan storage strategies based on
real-time intelligence. This shift from reactive to
proactive decision-making represents a profound
cultural change within rural economies.

Youth participation in agriculture is also

receiving a boost. Digitally literate young farmers are
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blending traditional knowledge with technological
agility. They manage online listings, negotiate with
buyers, and promote farm produce while elders focus
on cultivation expertise. This intergenerational
collaboration is redefining the image of farming as
innovative and aspirational.

Of course, challenges remain. Digital literacy
gaps, connectivity issues, and trust in online
transactions must be addressed. Infrastructure
investment, training initiatives, and cybersecurity
awareness are essential to ensure inclusive growth.
Yet the direction is clear: agriculture is integrating
with the digital economy. The farm gate is no longer
the boundary of opportunity.

In this emerging landscape, success depends not
only on rainfall and soil quality but also on
connectivity and adaptability. Farmers who cultivate
digital networks alongside their crops are positioning
themselves at the forefront of a new agri-
marketplace—one  defined by transparency,

entrepreneurship, and empowered participation.

The marketplace has expanded beyond the
mandi. It now thrives in digital networks where
farmers connect, collaborate, and compete on their
own terms—harvesting not just but

opportunity in a connected world.

crops,
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1. Introduction

Nutrient use efficiency (NUE) is a fundamental
component of sustainable agricultural systems, as it
determines how effectively crops utilize applied
nutrients for growth and productivity. Efficient
nutrient management not only enhances crop yield
but also minimizes environmental degradation
associated with nutrient losses. Among the essential
plant nutrients, nitrogen (N), phosphorus (P), and
potassium (K) play a crucial role in crop
development; however, their utilization efficiency in
agricultural systems remains relatively low. The
average use efficiency of applied nutrients is
estimated to be approximately 30—40% for nitrogen,
15-20% for phosphorus, and 50-60% for potassium.
A significant proportion of these nutrients is lost
through processes such as leaching, surface runoff,
volatilization, and gaseous emissions, resulting in
reduced fertilizer efficiency and increased
environmental pollution.

The
physiology,
management practices greatly influence NUE in
cropping systems. Conventional mineral fertilizers,
although effective in supplying nutrients, often fail to
contribute organic carbon to the soil and are highly
susceptible to nutrient losses. Consequently,
improving nutrient retention and nutrient availability
in soils has become a major challenge for researchers
and agricultural practitioners.

interactions among
availability,

soil properties, plant

water and nutrient
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In recent years, biochar has emerged as a promising
soil amendment for improving soil health and
enhancing nutrient use efficiency. Biochar is a stable,
carbon-rich material produced through the pyrolysis
of biomass under limited oxygen conditions. Due to
its high surface area, porous structure, and strong
adsorption capacity, biochar can improve soil
physical, chemical, and biological properties. These
characteristics help increase nutrient retention,
reduce nutrient leaching, enhance microbial activity,
and improve overall soil fertility. Therefore, the
application of biochar has gained considerable
attention as a sustainable strategy to enhance nutrient
use efficiency and promote environmentally sound
agricultural production systems.

What is biochar?

Biochar is a carbon rich, fine grained and porous
product remain after plant biomass has undergone a
thermochemical conversion process (pyrolysis) at
higher temperatures (350-600°C) in an oxygen-poor
or oxygen-deficient atmosphere. A stable and
resistant organic carbon-rich amendment to enhance
the physical, chemical, and biological qualities of
soil, it is a byproduct of the pyrolysis of organic
materials such wood, rice husk, rice straw, leaves,
grasses, crop residues, and manure. Table 1 shows the
relative nutritional content of biochar made from
various feedstocks. According to Table 1, when used
exclusively as a fertilizer source in the crop field,
biochar does not contain enough nutrients to satisfy
all of the nutrient demands of plants.
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Table-1: Different feedstock used for biochar
preparation and Total C, N, P and K content

Total N Total P Total K

Feedstock

(gkg) (gkg) (g/kg)
Rice husk 437.3 1.0 0.64 1.7
Rice straw | 499.2 1.22 0.85 2.1
Wheat 690 1.55 0.72 1.7
straw
Corn cob 811 6.4 0.92 0.4
Sugarcane | - 3.0 2.65 ;
bagasse
Wood 708 10.9 6.8 0.9
Pine chip 770 1.7 0.58 2.8
Poultry 380 20 25 22.1
litter

This article explores the mechanisms through which
biochar enhances NUE and evaluates its practical
applications across different agroecosystems.

2. Properties of biochar relevant to nutrient use
efficiency

» Surface area and porosity

Nutrient retention is greatly aided by the porous
structure of biochar, which varies according to the
feedstock and pyrolysis conditions. The biochar's
ability to absorb nutrients, especially cations like
potassium (K*) and ammonium (NH4"), is increased
by higher surface areas and porosity, which lowers
nutrient leaching and improves plant availability.

According to studies, biochar produced at
temperatures between 500 and 700 degrees Celsius
tends to have more surface areas and porosity, which
is associated with superior nutrient retention
qualities, which improved NUE.

» Cation exchange capacity (CEC)

Biochar’s ability to improve CEC is crucial for
nutrient retention and availability. Soils with higher
CEC can hold more cations like potassium (KY),
magnesium (Mg?"), and calcium (Ca?"), making these
nutrients more accessible to plants. Biochar enhances
the CEC of soils, especially in sandy or degraded
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soils with low natural CEC (Glaser et al., 2002). Data
from research done by Major et al. (2010)
demonstrated that biochar applications raised CEC
by up to 20%, resulting in greater retention of key
nutrients in tropical soils. This increase in nitrogen
retention can minimize fertilizer inputs and enhance
NUE.

» pH modification

Particularly in acidic soils, biochar can serve as a
liming agent, raising the pH of the soil and enhancing
nutrient availability. This can help lower the toxicity
of aluminum (AI**) and increase the availability of
phosphorous (P) and other nutrients. A study by
Novak et al. (2009) demonstrated how biochar-
induced pH changes can contribute to improved NUE
by showing that applying biochar increased the pH of
acidic soils by 1-2 units, significantly improving P
availability and increasing crop yields by 15-25% in
P-deficient soils.

3. Mechanism of biochar in improving nutrient
use efficiency (NUE)

Biochar improves nutrient use efficiency (NUE)
through several physical, chemical, and biological
mechanisms that enhance nutrient retention,
availability, and uptake by plants. These mechanisms
collectively reduce nutrient losses and improve soil
fertility, thereby increasing the effectiveness of
applied fertilizers.

» Improvement in soil physical properties

Biochar has a highly porous structure and large
surface area, which significantly improves soil
physical characteristics such as soil structure,
aeration, and water-holding capacity. Improved soil
aggregation enhances root growth and facilitates
better nutrient uptake by plants. Additionally,
increased water retention helps maintain soil
moisture for longer periods, which supports nutrient

dissolution and availability to crops.
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> Enhanced nutrient retention and reduced
leaching

Biochar contains a high cation exchange capacity
(CEC), enabling it to adsorb and retain positively
charged nutrient ions such as ammonium (NH4+"),
potassium (K*), calcium (Ca*'), and magnesium
(Mg?). By holding these nutrients on its surface,
biochar reduces nutrient losses through leaching and
runoff. This retention ensures a gradual release of
nutrients into the soil solution, making them
available to plants over a longer duration.

> Reduction of nitrogen losses

Nitrogen losses from agricultural soils commonly
through leaching of nitrate (NOs"),
volatilization of ammonia (NHs), and denitrification.

occur

Biochar helps reduce these losses by adsorbing
ammonium and nitrate ions and improving soil
aeration, which can limit denitrification processes.
As a result, more nitrogen remains available in the
root zone for plant uptake, thereby improving
nitrogen use efficiency.

> Influence on soil microbial activity

Biochar provides a suitable habitat for beneficial soil
microorganisms due to its porous structure and large
surface area. These microorganisms play an essential
role in nutrient cycling processes such as nitrogen
fixation, nitrification, mineralization, and
phosphorus  solubilization. Enhanced microbial
activity promotes the conversion of nutrients into
plant-available forms, thereby improving nutrient
uptake and NUE.

» Improved phosphorus availability

In many soils, phosphorus becomes fixed by calcium,
iron, or aluminum compounds, making it unavailable
to plants. Biochar can reduce phosphorus fixation by
altering soil pH and interacting with soil minerals. It
also increases the availability of phosphorus by
adsorbing phosphate ions and releasing them slowly
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into the soil solution, thereby enhancing phosphorus
use efficiency.

> Soil pH modification

Biochar generally has an alkaline nature, which can
help neutralize acidic soils. By increasing soil pH,
biochar improves nutrient availability and reduces
toxicity of certain elements such as aluminium and
manganese. A balanced soil pH promotes better
nutrient uptake by plants and contributes to improved
NUE.

> Slow nutrient release and fertilizer

efficiency

Biochar can act as a nutrient reservoir by absorbing
nutrients from fertilizers and gradually releasing
them according to plant demand. This slow-release
behavior increases fertilizer efficiency and reduces
the need for frequent fertilizer applications.

» Increased root growth and nutrient uptake

Improved soil conditions created by biochar, such as
better aeration, moisture retention, and nutrient
availability, promote root development. A well-
developed root system can explore a larger soil
volume, enabling plants to absorb nutrients more
efficiently.

4. Biochar and nutrient cycling
» Nitrogen cycling

A major obstacle to increasing NUE is nitrogen
losses from agricultural systems, mostly from
leaching and volatilization. By lowering nitrate
(NOs") leaching, adsorbing ammonium (NH4"), and
perhaps slowing down nitrification processes,
biochar has been demonstrated to affect nitrogen
dynamics in soils. Singh et al. (2010) showed in a
long-term research that adding biochar increased
plant nitrogen absorption by 12-20% while
decreasing nitrogen leaching by 30-50%. The
requirement for frequent nitrogen fertilization is
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decreased by biochar's strong affinity for NHa*,
which helps maintain nitrogen in the root zone.

> Phosphorus cycling

Because phosphorus tends to form insoluble
compounds with calcium, iron, or aluminum, it is
frequently trapped in soils. By lessening these
interactions, biochar can increase P availability. The
alkaline pH of soils treated with biochar aids in the
solubilization of phosphate ions, increasing their

availability for plant uptake.
Conclusion

Biochar has emerged as a promising soil amendment
for improving nutrient use efficiency in agricultural
systems. Its unique physicochemical properties,
including high surface area, porous structure, and
significant adsorption capacity,
improvements in soil physical condition, nutrient
retention, and overall soil fertility. By reducing
nutrient losses through leaching, volatilization, and
runoff, biochar enhances the availability of essential
nutrients to plants and supports more efficient

contribute to

utilization of applied fertilizers. Consequently, the
integration of biochar into soil management practices
can potentially lower fertilizer requirements while
maintaining or improving crop productivity.

Despite its considerable potential, the effectiveness
of biochar can vary depending on factors such as
feedstock  type, pyrolysis conditions, soil
characteristics, and crop management practices.
Therefore, continued research is required to better
understand its long-term effects, optimize application
rates, and develop standardized production methods.
With appropriate management and site-specific
application strategies, biochar can serve as an
important tool for enhancing soil health, improving
nutrient use  efficiency, and

environmentally sustainable agriculture.

promoting
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Challenges and future directions

Despite its potential, several challenges remain in the
widespread adoption of biochar for improving NUE.
The wvariability in biochar properties due to
differences in feedstock and pyrolysis conditions can
lead to in field trials.
Furthermore, long-term effects of biochar on soil
health and nutrient dynamics are still not fully
understood.

inconsistent results

Future research should focus on optimizing biochar
formulations for specific soil types and crop systems.
Studies on biochar's interaction with microbial
communities, its impact on greenhouse gas
emissions, and its economic feasibility in different
regions will also be critical in determining its broader

applicability.
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Introduction

Agriculture today faces a major challenge: producing
enough food for a rapidly growing population while
conserving natural resources. Continuous intensive
cultivation, excessive tillage, residue burning, and
monocropping have resulted in soil degradation,
declining soil organic matter, water scarcity, and
increased production costs. These problems threaten
the sustainability of agricultural systems and the
livelihoods of farmers.
In this context, Conservation Agriculture (CA) has
emerged as an innovative and sustainable farming
approach. Conservation agriculture focuses on
improving soil health, conserving resources, and
maintaining crop productivity while reducing
environmental damage. It is increasingly recognized
worldwide as a pathway to sustainable agriculture
and climate-resilient farming systems (Biplab et al.,
2023).
What is Conservation Agriculture?
Conservation Agriculture is based on three
interlinked principles promoted globally by the Food
and Agriculture Organization (Fig 1). (FAO, 2011;
2017):

1. Minimum soil disturbance (zero or reduced

tillage)
2. Permanent soil cover (crop residues or cover
crops)
3. Crop diversification (crop rotation or
intercropping)
According to FAO (2011), CA enhances soil
biological processes and improves long-term
sustainability by reducing mechanical soil
disturbance.
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CONSERVATION AGRICULTURE

Increased Lowser Input ~ Climate
Costs Resilience

Fig 1. Conservation agriculture principles and benefits
Global Scenario of Conservation Agriculture
Conservation agriculture has expanded rapidly across
the world. Currently, it is practiced on about 124.8
million hectares of land globally, representing nearly
8% of the world’s arable land (Kassam et al., 2019).
Countries such as the United States, Brazil,
Argentina, Australia, and Canada are among the
major adopters of conservation agriculture.
Conservation Agriculture in India: Area and
Distribution
Conservation Agriculture is gradually expanding in
India. Recent estimates suggest that nearly 2.5
million hectares in South Asia are under partial CA
systems, where at least one crop is grown using no-
till practices with or without residue retention. About
80-90% of this area lies in India, which means
roughly 2 million hectares are currently under CA-
based practices. CA adoption is more common
among large-scale farmers, mainly because the
required machinery is better suited to larger
landholdings and is more accessible to them.
Although government subsidies and custom-hiring
services are available for CA equipment, smallholder
farmers have not fully utilized these opportunities.
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Based on the estimated CA area and the average
landholding size in Punjab (3.62 ha) and Haryana
(2.20 ha), it is estimated that around 700,000 farmers
in India practice conservation
Geographically, CA adoption is largely concentrated
in the Indo-Gangetic Plains (IGP), especially in

Punjab and Haryana, where rice-wheat cropping

agriculture.

systems dominate. It is also practiced to some extent
in the Eastern Gangetic Plains, including Bihar, West
Bengal, eastern Uttar Pradesh, and Odisha, and in
limited areas of southern India. However, CA
adoption remains low in rainfed, semi-arid, arid, and
mountainous regions (Gupta et al., 2021).

In India, conservation agriculture is mainly practiced
in rice, wheat, maize, and sugarcane-based cropping
systems. It is also used in several other crops such as
cotton, mustard, soybean, pigeon pea, groundnut,
pulses, vegetables, chickpea, barley, sorghum, and
jute.

Table 1. Comparison of Conventional Agriculture
and Conservation Agriculture (Source: Bhan et
al., 2014).

Conventional Conservation

Agriculture Agriculture (CA)
Minimum or  zero
tillage with least soil

disturbance

Intensive tillage and
frequent soil disturbance

Higher risk of soil and soil

wind erosion

Greatly reduced
and wind erosion

Crop residues often

removed or burned

Crop residues retained
on soil surface as mulch

water
and

Low water infiltration
and higher runoff

Improved
infiltration
moisture conservation

Dependence on external | Greater emphasis on

inputs such as | in-situ organic matter
FYM/compost applied | recycling

ex-situ

Green manure | Use of cover crops and
incorporated  through | surface retention of
ploughing biomass
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weed
initial

Weed control mainly

through repeated tillage

Integrated
management,
weed pressure
occur
Controlled traffic to
reduce soil compaction

may

Unrestricted machinery
movement leading to
soil compaction

Diverse and efficient
crop rotations

Mono-cropping or poor
crop rotation

High dependence on
manual labour with
operational delays

Mechanized and timely
field operations

Better stress resilience
with lower yield losses

Lower stress tolerance
and higher yield losses
under stress

Long-term productivity | Long-term productivity

may decline due to soil | improves gradually
degradation with soil health
restoration

Why Conservation Agriculture is Needed?

Soil Degradation

Frequent ploughing breaks soil aggregates and
accelerates erosion. India loses significant amounts
of fertile topsoil annually. Conservation agriculture
reduces erosion and improves soil structure (Lal,
2015).

Water Scarcity

In the Indo-Gangetic Plains, intensive rice cultivation
has resulted in declining groundwater levels. Studies
by CIMMYT (2016) show that zero tillage and
residue retention improve water infiltration and
reduce evaporation losses.

Climate Change

Conventional tillage exposes soil organic carbon to
oxidation, releasing CO: into the atmosphere.
Conservation  agriculture  enhances  carbon
sequestration and reduces greenhouse gas emissions
(Lal, 2015). FAO (2017) highlights CA as a climate-
smart agricultural practice.

Rising Cost of Cultivation

Zero tillage reduces fuel and labour requirements,
lowering production costs (Jat et al., 2014).
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The Three Pillars in Practice
1. Minimum Soil Disturbance
Zero-till wheat in the rice—wheat system has shown
cost savings and yield stability in North-West India
(Jat et al., 2014). Research supported by the Indian
Council of Agricultural Research (ICAR, 2018)
confirms improved soil health under reduced tillage.
2. Permanent Soil Cover
Residue retention acts as a protective layer, reducing
temperature and conserving
moisture. FAO (2017) emphasizes that permanent
soil cover is critical for maintaining soil organic
matter. Technologies such as the Happy Seeder allow
direct drilling of wheat without burning rice residues,
helping reduce air pollution in Punjab and Haryana
(ICAR, 2018).
3. Crop Diversification
Crop rotation with legumes improves nitrogen
availability and breaks pest cycles. Diversified
systems in the Indo-Gangetic Plains have
demonstrated improved sustainability and resilience
(CIMMYT, 2016).
Benefits of Conservation Agriculture
> Improved Soil Health: Increased
organic carbon and enhanced microbial
activity (Lal, 2015).
> Better Water Management: Higher
infiltration and reduced runoff (FAO, 2017).
> Reduced Costs: Lower fuel consumption and
fewer field operations (Jat et al., 2014).
> Climate Mitigation: Enhanced carbon
sequestration potential (Lal, 2015).
> Yield Stability: Greater resilience under
climatic stress (ICAR, 2018).
Challenges in Adoption
o Lack of suitable machinery for small farmers
e Competing uses of crop residues for livestock
feed and fuel
o Traditional belief that tillage is essential for
crop production

soil fluctuations

soil

o Limited awareness and technical knowledge
among farmers
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o Shortage of trained manpower and extension
support

Addressing these challenges through policy support,
training, and research is essential for wider adoption
of conservation agriculture.
Conclusion
Conservation agriculture is a sustainable farming
approach that enhances soil health, conserves water
and nutrients, and maintains crop productivity.
Practices such as reduced tillage, crop residue
retention, and diversified crop rotations help improve
resource use efficiency while reducing production
costs and environmental degradation. With
increasing challenges like soil degradation, climate
change, and rising costs, conservation
resilient

input
agriculture provides a solution for
sustainable crop production. Therefore, it represents
“farming for the future”, ensuring long-term
agricultural productivity while protecting natural
resources for future generations.
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Introduction

India’s agricultural sector is witnessing a historic
transformation with the launch of Bharat Vistaar, an
Artificial  Intelligence  (Al)-powered  digital
agriculture platform introduced on 17 February 2026.
This initiative represents a strategic move toward
integrating advanced digital technologies into
farming practices, ensuring that real-time, reliable
and localized advisory services reach farmers across

the nation.

The full form of Bharat-VISTAAR is Virtually
Integrated System to Access Agricultural
Resources. Bharat Vistaar is designed to bridge the
gap between scientific research, government
schemes, and field-level agricultural practices. It
aims to empower farmers with timely knowledge,
reduce risk and improve farm profitability through
data-driven decision-making.

Vision and Objectives of Bharat Vistaar

The primary objective of Bharat Vistaar is to create a
unified digital ecosystem that integrates weather
data, market intelligence, pest surveillance, soil
health information, and policy updates into one
accessible platform. The initiative focuses on
inclusivity, ensuring that small and marginal farmers
can access high-quality advisory services without
requiring advanced digital literacy.

e Enhancing farmer incomes through informed
decision-making.

e Improving climate resilience using predictive
analytics.

e Reducing crop losses through early pest and
disease warnings.
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e Providing transparent market  price
information.
e Strengthening access to  government

agricultural schemes.
Role of Artificial Intelligence in Bharat Vistaar

Artificial Intelligence forms the backbone of Bharat

Vistaar. The system uses machine learning
algorithms, natural language processing, and
predictive analytics to provide personalized

recommendations to farmers.

e Voice-based advisory system accessible via
helpline number 155261.

e Al assistant providing responses in simple
and understandable language.

e Real-time weather forecasting and rainfall
prediction integration.

e Crop-specific fertilizer and

recommendations.

irrigation

e Market trend analysis to guide selling
decisions.

e Risk alerts for pest outbreaks and climate
anomalies.

How the Platform Works

Farmers can call the helpline using basic mobile
phones. The Al system processes the farmer’s query
based on locat