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FROM THE

FOUNDER &

CEQO’s DESK

Dear Readers,

Welcome to the latest issue of Just
Agriculture—a publication dedicated to
empowering, informing and inspiring the
agricultural community. The landscape
of agriculture continues to evolve, we are
witnessing significant advancements in
technology, sustainability practices, and
global trends that are reshaping the way we
produce, consume, and think about food,
from precision farming to the integration
of Al in crop management, innovation is
at the heart of the agricultural revolution.
However, alongside these opportunities,
challenges like climate change, supply
chain disruptions and labor shortages
remain pressing concerns that require our
collective action and resilience.

At Just Agriculture, we are committed
these
emerging technologies and the farmers,

to being a bridge between
agribusinesses and stakeholders who will
shape the future of agriculture. In this
issue, we delve into topics that matter most:
sustainable farming practices, the rise of
agri-tech and the crucial role of policy in
ensuringa thriving agricultural ecosystem.
We also highlight success stories from

across the globe, demonstrating how

Publisher & Editor:

adaptability and innovation are driving
positive change.

I believe that the future of agriculture
is bright, but it requires all of us—
farmers, scientists, policymakers and
consumers—to work together toward a
common goal: ensuring food security,
environmental sustainability and the
well-being of future generations.

Thank you for your continued support
and for being a part of this incredible
journey. I hope this issue inspires you as
much as it has inspired us to bring it to
you.

Dr. D.P.S. BADWAL

Founder & CEO,
Just Agriculture-the Magazine

Dr. D.P.S. Badwal on behalf of Just Agriculture Communications Group &

printed at Just Agriculture Publications, Jalandhar.



FROM THE

CHIEF EDITOR’s pESK

Dear Readers,

The journey of agriculture is a story of resilience,
innovation, and enduring hope. As we present
this issue of Just Agriculture, we reaffirm our
commitment to strengthening the backbone of our
nation, our farmers, researchers, and agricultural
entrepreneurs.

This edition brings forward timely insights on key
themes shaping Indian agriculture. We begin with
“Budget 2026: Sowing Seeds of Resilience in Indian
Agriculture,” highlighting how fiscal strategies,
rural investments, and technological incentives can
enhance productivity and build resilience against
climate and market uncertainties. The Union
Budget is more than a financial statement. It is a
roadmap for sustainable agricultural growth.

Complementing this is “Agriculture Supply-Chain
Challenges & Mitigation,” which examines post-
harvest losses, logistics gaps, and digital integration
issues, while proposing strategic solutions to
strengthen farm-to-market linkages.

Plant health remains central to productivity. “Plant
Pathogen Detection: Exploring Modern Techniques
and Future Directions” discusses advanced
diagnostic tools and emerging technologies that
enable early disease detection and sustainable crop
protection.

The issue also explores innovation-driven themes
such as “Electroculture: Future Gardening for
Sustainable Agriculture,” presenting alternative
approaches to eco-friendly farming, and “Internet

of Things (IoT) in Agriculture,” showcasing
how precision farming, real-time monitoring,
and data-driven systems are transforming
agricultural practices.

Together, these contributions reflect an
integrated agricultural ecosystem where
policy, science, sustainability, and digital
transformation converge.

At Just Agriculture, we remain committed to
providing a credible platform for knowledge
exchange that translates into meaningful
action. I extend my gratitude to our authors,
reviewers, editorial team, and above all,
the farming community whose dedication
inspires our work.

Let us continue sowing innovation and
cultivating sustainable growth.

Dr. Sushila Hooda

C hief Editor,
Just Agriculture-The Magazine

No part of this magazine can be reproduced, imitated or transmitted in any form, including electronic, mechanical,
photocopying, recording or any information stage retrieval system or extracted in any way without permission
from the publishers. Views expressed in the magazine need not necessarily be those of the Editor/Publisher.

www.justagriculture.in
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BUDGET 2026:

SOWING SEEDS OF RESILIENCE
ININDIAN AGRICULTURE

Team Just Agriculture




As India strides towards its vision of a
Viksit Bharat, the Union Budget 2026-
27, presented by Finance Minister
Nirmala Sitharaman on February 1, 2026,
positions agriculture as the "foremost
engine” of national development. With
an allocation of approximately 1.52
lakh crore for agriculture and allied
sectors—marking a significant increase
from previous years—the budget aims
to address longstanding challenges like
low productivity, climate vulnerability,
and rural underemployment. This comes
amid a sector that contributes about 18%
to India's GDP and employs nearly half
the workforce, yet grapples with stagnant
incomes and inflationary pressures on
essentials like pulses and oilseeds.

The budget's agri-centric thrust reflects
a multi-pronged strategy: enhancing
productivity through technology and
research,

promoting  self-sufficiency

in key commodities, and fostering
sustainable practices to build resilience
against climate change. However, while
industry leaders hail it as transformative,
some farmer groups express skepticism
over implementation gaps and insufficient
direct support. In this cover story for Just
Agri's February 2026 issue, we delve into
the key provisions, provide a detailed
analysis of their potential impacts, and
share insights from prominent agri-
business leaders on how this fiscal
blueprint could reshape rural India.

KEY PROVISIONS: A BLUEPRINT

FOR AGRI TRANSFORMATION

The budget allocates around 1.75
trillion (about $20 billion) to agriculture
and allied activities, a 15% jump from
the X1.52 trillion in 2024-25—the largest
increase in six years. This funding is
targeted
designed to boost output, diversify crops,
and integrate digital tools.

channeled into initiatives

The February issue of Just Agri magazine
spotlights the Union Budget 2026-27,
presented by Finance Minister Nirmala
Sitharaman on February 1, 2026. This
fiscal plan reinforces agriculture as a
cornerstone of India's growth toward
Viksit Bharat, with a total allocation of
approximately %1.63 lakh crore (31,62,671
crore) for agriculture and allied sectors—a

7% increase from the revised estimates of
%1.51 lakh crore in 2025-26. This marks
a continued commitment to productivity
enhancement, diversification, technology
integration, and rural livelihoods, amid
allied sectors like livestock and fisheries
driving much of the sector's 4.4-4.6%
average annual growth in recent years.

The budget emphasizes high-value
agriculture, allied sectors (animal
husbandry, dairy, fisheries), climate-

resilient practices, and digital tools like
the multilingual Al-enabled Bharat
VISTAAR platform for customized farm
advisory. While overall allocations rise,
some areas like agricultural research see
modest adjustments, and critics note
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gaps in direct farmer support or scheme
underfunding. Below, we provide a
detailed, accurate analysis based on
official highlights, incorporating key
provisions across sub-sectors.

Overall Agriculture Allocation and

Strategic Focus

» Total agriculture and  allied
expenditure: X1,62,671 crore, up ~7%
from 2025-26 revised estimates.

+ This supports diversification beyond
traditional crops, tech-led resilience
(e.g., Bharat VISTAAR integrating
AgriStack and ICAR practices), and
value chains in horticulture, livestock,
and fisheries.

» Keythemes: Boosting farmer incomes,
rural jobs, exports, and self-reliance
in high-value commodities.

Animal Husbandry and
Dairying

The Ministry of Fisheries, Animal
Husbandry and Dairying receives

%8,915.26 crore, with the Department
of Animal Husbandry and Dairying at
%6,153.46 crore (a ~16-27% increase from
prior years, reflecting strong growth in
allied sectors).

|UNION BUDGET 2026-27
OUTL

Key Highlights:

+ Credit-linked subsidy program for
entrepreneurship development.

+ Scaling up and modernization of
livestock enterprises.

+ Enhanced creation of integrated value
chains for livestock, dairy, and poultry.

+ Encouragement for Livestock Farmer
Producer Organizations (FPOs).

+ Specific schemes: Livestock Health
and Disease Control at 32,010 crore;
Rashtriya Gokul Mission at 800
crore.

These measures address rural job creation
and productivity in a sector growing faster
than crops. With livestock contributing
significantly to rural incomes, the focus
on value chains and FPOs could improve
market access and reduce middlemen
exploitation. However, implementation
through private sector partnerships will
be crucial to avoid past delays.

Fisheries Sector

The Department of Fisheries gets its
allocation of 32,761.80
crore (with 32,530 crore for schemes), up

highest-ever

notably from previous years.

Key Highlights:

+ Integrated development of 500
reservoirs and Amrit Sarovars to
strengthen value chains.

+ Coastal market linkages via startups,
women-led groups, and Fish Farmer
Producer Organisations (FFPOs).

+ Aim to boost exports and reduce post-
harvest losses.

+ Pradhan Mantri Matsya Sampada
Yojana (PMMSY): 2,500 crore.

Fisheries and aquaculture are emerging

growth drivers, with potential to benefit
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~50 lakh individuals. The
emphasis on integrated water bodies

coastal

and women/startup involvement aligns
with inclusive growth, potentially cutting
losses (often 20-30%) and enhancing
export competitiveness. Success depends
on effective coastal linkages and climate
resilience.

Crop Sector and Farmers'
Welfare

The Department of Agriculture and

Farmers Welfare receives ~%1.30 lakh

crore overall (up from 1.27 lakh

crore in 2025-26 BE), with flagship
schemes focusing on productivity and
infrastructure.

Key Highlights:

+ Pradhan Mantri Rashtriya Krishi
Vikas  Yojana (PM-RKVV) for
integrated development, pre- and
post-harvest infrastructure, and agri-
entrepreneurship: ~X8,550 crore.

+ Emphasis on enhancing productivity,

farmer incomes, and diversification.

This supports core crop farming amid
challenges like stagnant yields in some
areas. PM-RKVV's focus on infrastructure
and  boost
entrepreneurship, but critics highlight

could reduce losses
limited increases in direct support (e.g.,
PM-KISAN remains a major chunk).
Fertilizer subsidies at X1.70 lakh crore

help control input costs.

High-Value Crops
(Horticulture & Plantation)

A targeted push for diversification into

high-value crops.

Key Highlights:

+ Support for coconut, cashew, cocoa,
sandalwood in coastal areas; agar in
Northeast; almonds, walnuts, pine
nuts in hills.

+ Coconut Promotion Scheme to replace
non-productive trees.

+ Dedicated programs for cashew/cocoa
self-reliance and exports by 2030.

> "Support for High Value Agriculture":
X350 crore.
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+ Integrated Horticulture Development:
~X1,189
Horticulture Board.

crore under National
High-value crops offer higher per-acre
returns than staples, promoting income
growth and jobs. The X350 crore allocation
is dedicated but modest; success hinges
on replacing old orchards and market
linkages. This aligns with export goals and
reduces import dependency (e.g., cocoa/

cashew).

Agricultural Research and
Education

Department of Agricultural Research
and Education (ICAR focus): 29,967.40
crore (slight decline from prior revised
estimates).

Key Highlights:

+ Focus on climate-resilient varieties,
innovation, extension services, high-
yielding crops, and seed quality.

+ Integration with Bharat VISTAAR for
Al-driven advisory.

Voices from Agri Leaders

Industry experts praise the tech and

diversification focus:

+ Pawan Gupta (Farmlandbazaar): The
budget solidifies agriculture's role
with high-value crop emphasis and
rural upliftment.

+ Leaders from EY and others highlight
the 31.63 lakh crore as a commitment
to tech-led resilience and value
addition.

Mr. M.K. Dhanuka

Chairman, Dhanuka Agritech Limited

CCwe highly appreciate the government’s initiative to

focus on farmer-centric growth and modernising

Indian agriculture.

The emphasis on high-

value crops, crop diversification, post-harvest processing, and region-specific
programmes for coconut, sandalwood, and nut crops is a positive step towards
improving farmer incomes and reducing production risks. The announcement of
Al-based platforms like Bharat Vistaar, which will provide customised advisories

in local languages, is particularly encouraging. These initiatives can empower

farmers to make better and more timely decisions at the field level, supporting

productivity and efficient farm management. From the industry perspective, there

was hope for stronger support towards agri-innovation through enhanced R&D
incentives and rationalisation of GST on essential crop-protection products, which
are vital for safeguarding crop productivity.”
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Mr. Vidur Varma

CEO of Agri Wings

1 ¥ We commend the Union Budget presented by Finance Minister
Nirmala Sitharaman for its comprehensive focus on empowering
farmers and enhancing the agricultural sector. The emphasis on
increasing MSP for all major crops and prioritizing productivity and resilience in agriculture is a
significant step towards securing farmers' livelihoods. The introduction of 109 climate-resilient crop
varieties and the mission for self-sufficiency in pulses and oilseeds will greatly benefit farmers.
The initiative to engage one crore farmers in natural farming over the next two years, supported
by branding and certification, is a visionary move that aligns with sustainable farming practices.
Additionally, the development of large vegetable production clusters and the promotion of farmer
producer centers, cooperatives, and startups will strengthen the supply chain and boost rural economies.
With a substantial allocation of %1.52 lakh crore for agriculture and allied sectors, this budget sets a
strong foundation for achieving 'Viksit Bharat' by 2047. We look forward to contributing to this mission
by integrating advanced drone technologies and efficient farming practices, ensuring a prosperous
tuture for our farmers."

Mr. Sunil Kataria
MD & CEO, Godrej Agrovet Ltd.

YV Placing a strong emphasis on productivity, resilience and
inclusive growth, the proposals tabled in today’s Union Budget
once again reinforce agriculture as a key pillar in India’s journey

towards Viksit Bharat. The targeted attention on livestock, fisheries and allied sectors showcases a
clear shift towards diversified and income-resilient farm systems. In this context, the new loan linked
capital support for veterinary education, hospitals, diagnostics and breeding infrastructure will expand
capacity and high quality services across rural India. Additionally, future science-led interventions
in the areas of cattle genetics and breeding would help accelerate livestock productivity and farm
incomes. It is also encouraging to see the Government’s focus on leveraging technology-driven
agriculture through the introduction of multilingual Al advisory platform. Amidst evolving climate
and market conditions, delivering customized and risk-aware advisory at a scale is the need of the hour
to empower farmers to make informed decisions and adapt better. We also appreciate the extension of
tax deduction to primary co-operatives supplying cattle feed and cotton seed to federal co-operatives
and government organisations, which will strengthen formal input supply chains and improve farmer
realisation. Together, through a calibrated approach that integrates productivity, innovation, inclusion,
and institutional support, this year’s Budget once again lays a strong foundation for a future-ready
agricultural ecosystem and reinforces agriculture’s role as a long-term contributor to India’s economic
growth."
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Mr. Ajai Rana

Chairman, Federation of Seed Industry of India (FSII)
CEO & MD, Savannah Seeds

' The Federation of Seed Industry of India (FSII) views Union
Budget 2026 as an enabling and complementary Budget to the
previous year's that brings together the essential ingredients
for agricultural growth, while strengthening the institutional
and digital architecture needed to professionally implement/enforce measures announced in
previous Budgets. From a seed sector perspective, the Budget reinforces the schemes launched
last year on pulses, oilseeds, high quality seeds and planting material in driving productivity,
diversification and farmer incomes. Measures supporting cooperatives and input supply chains
announced in this budget will complement and improve overall agricultural scenario. FSII also
sees Bharat-VISTAAR as an important enabler that can amplify the impact of science-based seed
technologies through better, data-driven farm advisories. At the same time, the industry had
expected measures such as the restoration of the 200% weighted tax deduction on R&D, GST
rationalisation for seeds, and a PLI-type incentive framework to further strengthen innovation
and domestic seed development. FSII believes these remain important enablers for long-term
competitiveness and looks forward to continued engagement with policymakers on these aspects.
Overall, the Budget provides a stable and execution-focused framework, creating confidence that
past and present policy measures can translate into tangible outcomes for farmers and the seed
ecosystem."

Mr. Susheel Kumar

Country Head & Managing Director, Syngenta India

11 Syngenta India welcomes Union Budget 2026 for its
emphasis on Al-led agriculture, particularly through
initiatives such as Bharat-VISTAAR, which recognise the role of digital advisory in
improving farm-level decision-making, productivity and resilience. The Budget’s focus
on self-help-led entrepreneurship and rural enterprise development is a positive step
towards creating local capability and employment across the agricultural value chain.
Together with digital tools and advisory platforms, such measures can help strengthen
last-mile delivery and adoption of improved farming practices. At the same time, the
industry had expected measures such as the restoration of the 200% weighted tax
deduction on R&D, the introduction of a PLI-type incentive scheme, and reduction
of customs duty on agrochemical exports, which were not part of this Budget.
Syngenta India believes these remain important enablers for innovation and export
competitiveness and looks forward to continued engagement with policymakers."
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Dr. P.S. Gahlaut

Managing Director, Indian Potash Limited

11'The budget has placed targeted attention on agriculture and its allied sectors,

including dairy, providing a clear direction toward diversification and income
enhancement. To increase crop production, the country must significantly scale
farm mechanization and adopt modern farming techniques. In this regard,
the announcement of Bharat-VISTAAR—a multilingual Al tool designed to
integrate AgriStack portals with ICAR’s best practices—is a timely move. It is
expected to promote the deployment of precision farming technologies across
diverse geographies and crops. This will empower farmers to make informed
decisions, ultimately enhancing crop yields and nutritional quality by ensuring
the optimum utilization of resources such as water, fertilizers, and other agro-
chemicals. Equally significant is the announcement of a Credit-Linked Subsidy
Programme for the animal husbandry sector. This decision is expected to
empower the next generation of rural livestock owners, fostering a sustainable
source of employment in both rural and semi-urban areas."

Mr. Simon Wiebubusch

Country Divisional Head, Crop Science Division
of Bayer in India, Bangladesh & Sri Lanka

11 The Union Budget 2026 reinforces the shift towards high-value, climate-resilient
agriculture anchored in productivity, technology and value chains. This aligns
strongly with Bayer’s focus on science-based innovation, sustainable farming
practices and integrated solutions that help small and marginal farmers build
resilient and profitable farm systems."
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Mr. SV V Dora Reddy

Co-founder, Abhi Eggs

C C 1his Budget sends a strong and reassuring signal for the food, poultry, and

agriculture ecosystem. The focus on modernising livestock enterprises,

building integrated value chains, and using Al-led platforms like Bharat-
VISTAAR reflects a practical approach to improving productivity, efficiency,
and on-ground decision-making for farmers and producers. Encouraging the
creation of livestock farmer producer organisations, and promoting high-
value agriculture to diversify farm outputs also adds to improving productivity,
increasing farmer incomes, and creating new employment opportunities.
The emphasis on entrepreneurship development in animal-husbandry sector
and structured support mechanisms is especially encouraging for long-term
sectoral growth. Overall, the Budget creates a stable, forward-looking policy
environment for the food industry, supporting sustainable expansion, stronger
supply chains, and long-term value creation across the sector."
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In an era where climate change causes unpredictable monsoons and heatwaves, research
is indispensable for developing drought-tolerant seeds and precision agriculture.
ICAR's work on varieties like flood-resistant rice has already saved crores in losses. The
budget's digital linkage via Bharat VISTAAR could disseminate innovations to remote
farmers, potentially raising productivity by 10-15%. Yet, the funding decline—amid
rising R&D costs—raises alarms; experts warn it could hinder breakthroughs in biotech
and nanotechnology for pest control. Historical data shows that every rupee invested in
agri-research yields %13 in returns, underscoring the need for stability. Dr. Himanshu
Pathak, ICAR Director-General, states, "While the allocation supports ongoing efforts,
augmented funding for emerging areas like gene editing would accelerate resilience."
Critics advocate reallocating from subsidies to R&D, arguing it's essential for long-term
food security in a population projected to peak at 1.5 billion.

In conclusion, the Union Budget 2026-27 plants the seeds for a resilient, tech-savvy,

and inclusive agricultural landscape. By balancing immediate relief with visionary
reforms, it could uplift millions from poverty and position India as a global leader in
sustainable farming. However, the true harvest will depend on efficient implementation,
stakeholder collaboration, and adaptive monitoring. As Just Agri continues to track
these developments, we remain optimistic that this fiscal sowing will yield bountiful
resilience for rural India.




A COMPREHENSIVE OVERVIEW

Koushik Ghosh

General Manager & Head CCF — NSL Group, ex-PepsiCo, ex-RPG Group




The agriculture supply chain is an intricate
and multifaceted process that spans from
farm to table, involving farmers, suppliers,
processors, distributors, retailers, and
consumers. It is heavily influenced by
a myriad of factors, including weather
patterns, market fluctuations, geopolitical
events, and technological advancements.
Disruptions are commonplace in this
sector—think of natural disasters like

floods or droughts, pandemics that halt

labor movement, or trade wars thatimpose
tariffs. While it's virtually impossible to
render the supply chain 100% impervious
to these impacts, strategic forecasting and
proactive preparedness can significantly
enhance its resilience, sustainability, and
ability to absorb external shocks. This
means building systems that not only
withstand disruptions but also recover
quickly, minimizinglosses in productivity,
revenue, and environmental impact.
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To understand the complexities, it's
essential to map out the primary risks
that plague agricultural supply chains.
These can be visualized in a circular
framework, highlighting interconnected
vulnerabilities:

+ Environmental Risks: Extreme
weather events, such as droughts,
floods, or heatwaves, can devastate
crop yields and quality. Resource
depletion, including soil erosion or
water scarcity, exacerbates long-term

sustainability issues.
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+» Supplier Risks: Failures in delivery
timelines, quality
financial  instability, or
dependence on a limited number of
suppliers can create bottlenecks. For
instance, if a key seed supplier faces
bankruptcy, it could delay planting

inconsistencies,
over-

seasons across regions.

» Geopolitical Risks: International
turmoil, trade disputes, or regulatory
changes (e.g.,
fertilizers) disrupt global flows. Events
like the Russia-Ukraine conflict have
historically spiked grain prices and
availability.

+ Cybersecurity Risks: Digital
threats, such as hacking into farm
management systems or supply chain

export bans on

software, can lead to data breaches,
operational halts, or even physical
damage through IoT-connected
machinery.

+ Operational Risks: Logistics issues,
like perishable goods spoiling due to
improper visibility or storage, or labor
shortages in warehouses, add layers of
inefficiency.

+ Financial Risks: Volatile markets
demand fluctuations,
instability, or supply chain partner
insolvency can erode profit margins.

currency

These risks are not isolated; they often
cascade, amplifying each other. For
example, a geopolitical event might
trigger environmental shortages, leading
to financial strain.

HOW TO BRING CLARITY
AMONG THESE COMPLEXITIES?

Addressing disruptions requires tailored
responses, as there's no one-size-fits-
all solution. However, focusing on core
strategic areas can enable quicker, more

effective reactions. The following key
focus areas serve as foundational pillars
for building a robust agricultural supply
chain:
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+ Forecasting: The backbone of supply
chain resilience lies in anticipating
changes early enough to pivot. This
involves using predictive models to
forecast demand, supply shortages, or
external shocks. For agriculture, this
could mean integrating weather data
from satellites to predict crop failures
and adjust sourcing from alternative
regions. Tools like AI-driven analytics
can simulate scenarios, allowing
businesses to stockpile buffers or
diversify ~ suppliers in advance.
Effective forecasting reduces waste—
such as overproduction leading to
spoilage—and ensures continuity,
ultimately safeguarding food security.

N
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+ Visibility: Once alternative plans are
in place, understanding their ripple
effects is crucial. How will rerouting
shipments affect gross margins, carbon

emissions, inventory levels, delivery
timelines, warehouse capacities, or
the need for new partners? Enhanced
visibility through digital dashboards
provides real-time insights. In
agriculture, this might involve
blockchain for tracing produce from
farm to shelf, ensuring compliance
with sustainability standards and
quickly identifying contamination

sources. Greater transparency not only
mitigates risks but also builds trust
with stakeholders, from regulators to
consumers.

Agility: At the heart of any resilient
system is the ability to adapt swiftly.
This core value empowers supply chain
teams to analyze evolving scenarios,
evaluate options, and implement
changeswithout paralyzingoperations.
In practice, agility could mean cross-
training staff for multiple roles or
maintaining flexible contracts with
transporters. For an agricultural firm,
agility shines during a sudden pest
outbreak: quickly shifting to organic
alternatives or rerouting exports to
unaffected markets. Cultivating an
agile culture involves regular drills and
empowering decentralized decision-
making to avoid bottlenecks in crisis
modes.

Cost & Market: Disruptions often
threaten profitability and market
position, so strategies must prioritize
cost control while maintaining
relevance. This includes negotiating
hedging contracts for commodity
prices or optimizing routes to cut
fuel costs. In agriculture, where
margins are thin, retaining market
share might involve value-added
processing (e.g., turning surplus crops
into packaged goods) or entering new
markets during shortages. The goal
is to emerge from disruptions not
just intact but potentially stronger,
perhaps by capturing competitors' lost
share through reliable supply.
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+ Data-Driven Approach: Supply
chains thrive on data; the more
comprehensive and scenario-based
the dataset, the better the decision-
making. Collecting historical data
on past disruptions—such as yield
impacts from climate events—allows
for pattern recognition and predictive
execution. In modern agriculture,

IoT sensors on farms gather real-time

data on soil moisture and crop health,
feeding into centralized platforms.
This approach minimizes guesswork,
enabling evidence-based strategies
that evolve with new information.

By  emphasizing these  areas,
agricultural businesses can transform
vulnerabilities into opportunities for
innovation and growth.

To go beyond reactive measures,
organizations must adopt forward-
thinking strategies that embed resilience
into daily operations. Here are expanded
steps to achieve this:

Robust Risk  Management
Protocols Implementation: All
companies in the agriculture sector
must establish systematic processes
to identify, assess, and monitor
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disruptions. This starts with regular
supplier audits to evaluate financial
health and compliance. Mapping
the entire supply network— from
seed providers to end distributors—
helps pinpoint critical failure points,
such as single-source dependencies.
Leveraging data analytics, including
machine learning, predicts emerging
risks like supply shortages from
climate trends. These protocols not
only quantify exposure but also
guide targeted remediations, such as
diversifying suppliers or investing in
insurance. In essence, they create a
proactive shield against uncertainties.
Develop Contingency Plans for
Supply Chain Disruptions: A well-
crafted risk management plan reviews
probable events, their likelihood,
and impacts. Planning ahead avoids
chaotic "firefighting" during crises.
For agriculture, scenarios might
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include supplier bankruptcy, port
closures due to strikes, or natural
disasters halting harvests. Plans
should detail step-by-step responses:
activating backup suppliers (e.g.,
switching from imported fertilizers
to local alternatives), prioritizing
high-value customers, and triggering
business continuity measures like
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temporary storage solutions. Regular
testing through simulations ensures
these plans are executable, reducing
downtime and preserving stakeholder
confidence.

+ Technology Support for Risk

Monitoring:
companies are investing in artificial
intelligence (AI), advanced analytics,
and  real-time

Forward-looking

simulations  to
anticipate and respond to threats.
These tools model "what-if" scenarios,
such as the impact of a drought
on global wheat supplies, enabling
rapid adjustments. The upfront cost
pales against potential losses from
unmitigated disruptions. Key to
resilience is timely visibility, provided
by Supply Chain Risk Management
Software that integrates data from
across the ecosystem. Additionally,
cybersecurity is paramount; with

Crop Management Practices,

rising cyber attacks, protecting digital
assets—like cloud-based inventory
systems—is critical. Even a vendor's
breach can cascade, halting operations,
so protocols must include third-party
audits and encryption.

Supplier Relationship Management
— Key Focus Area: Suppliers are
not mere vendors but vital partners
in risk mitigation. Strengthen ties
through collaborative planning, such
as joint continuity exercises where
you simulate disruptions together.
Implement transparency initiatives,
like shared data platforms for real-time
inventorytracking,and offer incentives
(e.g., premium payments) for meeting
risk standards. In agriculture, this
could mean co-developing sustainable
farming practices with growers to
reduce environmental risks. Strong
relationships foster mutual support,

) Procurement and
'_h-i Product Transfer

% Warehouse
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S ;)
: o ? Certification
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ensuring suppliers alert you to issues
early and collaborate on solutions,
ultimately fortifying the entire chain.
Continuously Improve Your
Supply Chain Risk Management
Program: Risk management isn't
static; it demands ongoing refinement.
Leading agricultural firms conduct
regular benchmarking
against industry best practices (e.g.,
ISO standards for supply chain
security). Analyze post-disruption
lessons—such as how a flood exposed
weak logistics—to plug gaps. Update
programs to address emerging trends
like climate change or Al-driven
threats. Utilize tools to track Key

reviews,

Performance Indicators (KPIs), such
as on-time delivery rates, inventory
turnover, or carbon footprint metrics.
This data-driven oversight identifies
targeted

inefficiencies,  enabling

improvements and ensuring the
supply chain evolves with the business
landscape.

+ By these strategies,
agricultural supply chains can not

only survive disruptions but thrive in

integrating

an increasingly unpredictable world.

In summary, while agriculture supply
chains face inherent complexities, a
blend of strategic focus areas and future-
proofing measures can build unparalleled
resilience. From leveraging data for
forecasting to fostering agile, tech-
supported operations, the path forward
emphasizes preparation over reaction.
As global challenges like climate change
intensify, adopting these practices will be
key to sustainable profitability and food

system stability.
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Phytopathogens are major constraints
to crop production, causing severe
yield losses and threatening global food
security. Early and accurate diagnosis of
plant diseases at initial stages is essential
for effective field-level management
and timely control measures. In recent
years, plant disease diagnosis has become
more precise due to the development of
rapid, sensitive, and reliable detection
technologies. This need has become
more critical under changing climatic
conditions, which may allow pathogens to
emerge in new and previously unaffected
regions. Traditional diagnostic methods
mainly depend on visual assessment
of disease symptoms, observation of
pathogen signs, and culturing techniques.
Although useful, these methods are time-
consuming, require skilled personnel,
and often lack sensitivity at early infection
stages. Recent advancements in plant
pathogen detection include DNA-based

diagnostics, isothermal amplification
methods, probe-based assays, post-
amplification detection techniques, next-
generation sequencing, immunoassays,
and spectroscopic approaches. These
modern tools provide high specificity,
sensitivity, and faster results compared
to conventional methods. Techniques
such as lateral flow assays enable rapid
on-site detection, while non-invasive
methods like spectroscopy allow disease
monitoring without damaging plant
tissues. Isothermal amplification methods,
such as loop-mediated amplification,
offer simple, rapid, and field-friendly
alternatives to conventional PCR, with
higher sensitivity and minimal equipment
requirements. The integration of portable
and field-deployable diagnostic devices
has opened new possibilities for real-
time disease monitoring directly at
the farm level. Such technologies can
empower farmers, extension workers, and
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researchers to detect diseases early, reduce
chemical inputs, and minimize economic
losses. Continued innovation, along
with improved data sharing and global
collaboration, will further strengthen
plant disease surveillance systems. The
selection of an appropriate diagnostic
method depends on factors such as the
target pathogen, available infrastructure,
cost, and local technological accessibility.
Overall, ongoing advancements in plant
pathogen detection are transforming
modern agriculture and contributing
to sustainable disease management and
long-term food security.

Keywords:  Phytopathogen, Early
disease diagnosis, Molecular diagnostics,
Plant disease management

INTRODUCTION

Crop productivity is expected to need
to expand by sixty to hundred per cent
from present levels to meet the demand
for food and energy from an increasing
human population by 2050. Various biotic
and abiotic stress during crop growth
significantly reduce crop yield across the
globe. It is estimated that nearly seventy
per cent yield loss occur globally due to
pest attack among which disease itself
contributes twenty to twenty per cent.

2- 74% vyield loss has been reported
globally in case of rice due to various
fungal diseases. Wheat diseases cause 90%
and more loss globally and rust disease
itself affect 94.4 per cent of production
area and contribute to $5.6 billion loss
annually.

Seed-borne fungal diseases cause fifty per
cent yield loss in the case of maize and
five to fifty per cent yield reduction in

sugarcane due to Colletotrichum falcatum.
Biotic stress leads to 31- 42% yield loss
in pulse crops globally due to various
plant pathogens and 31-42% post-harvest
losses.

More than eighty per cent yield loss has
been reported in oil seeds due to various
seed infections. The perishable nature of
vegetable crops causes fifteen to twenty
per cent loss under field conditions,
30- 40% loss during packaging, storage,
transit and nearly forty to sixty per cent
loss due to various post-harvest diseases
every year.

Recent epidemic events highlight the
urgency of search for efficient diagnostic
tools for phytopathogen detection,
diagnosis and management in an era
marked by climate change and intensified
global trade. In addition to people
and goods, a large number of harmful
organisms, such as viruses, phytoplasmas,
bacteria, fungi, insects, nematodes, and
weeds, travel undisturbed through space
and time. These organisms spread widely
throughout the world and pose serious
challenges to agriculture. Thus, to manage
disease infections at various stages of
development, decrease the hazard of
disease spread, and avoid the introduction
of new ones, detection of plant pathogen
at the earliest is becoming increasingly
vital in plant health monitoring.
According to FAO estimates, twenty
per cent to more than forty per cent of
global crop productivity is mislaid as
a result of pests, which also negatively
impact the major food crops (rice, wheat,
corn, potatoes, soy, and cotton) at the
national and regional levels in the various
continents.

Crop losses are correlated with production
conditions, with higher losses in areas of
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high food insecurity (with newly and re-
emerging pests and diseases) and lower
losses in areas of high food surplus.
According to estimates, historical diseases
like the Irish famine in Ireland, the great
Bengal famine in India, and the coftee rust
endemic in Sri Lanka had a significant
negative social and economic impact on
human life. Despite all precautions and
sophisticated management techniques,
plant diseases result in approximately
sixteen to twenty per cent of global crop
losses.

Disease-related crop yield losses ranged
from twentyto forty per cent. Additionally,
it is estimated that post-harvest losses
from poor quality will range between
thirty and forty per cent. To increase
productivity and ensure the sustainability
of agricultural production, it is crucial to
reduce the enormouslosses that have been

observed during crop growth, harvest,
and postharvest processing. Pests are
being controlled internationally through
efforts like phytosanitary measures and
meticulous phytosanitary surveillance.
However, there is still a lot that can be done
on the diagnostic front to halt the spread
of pathogenic organisms globally in its
tracks. One solution might be the creation
of portable devices that can simultaneously
detect multiple phytopathogen while
meeting requirements for quick response,
heterogeneity, complexity of analysis, and
user-friendliness. Decision times would
be drastically shortened by the advance
of various on-field molecular techniques,
reducing the spread of phytopathogen to
additional plants or their introduction
into new regions.




DIAGNOSTIC METHODS FOR

PHYTOPATHOGENS

Traditional methods:

Pathogens |Traditional detection techniques References

Fungi Microscopy, Histology, Serology, Incubation Ray et al., 2017
Method, Seedling Symptoms Test

Bacteria Microscopy, Culture Methods, Biochemical Tests, | Buja et al., 2021
Gram staining

Viruses Cell Culture, Serological Tests, Microscopy, Devi et al.,, 2024

Complement Fixation
Phytoplasma |Symptom Profiling, DAPI Staining, Serological | Nair and

Tests, Dodder Transmission Studies Manimekalai, 2021
Nematodes | Light Microscopy, Staining Techniques, Shao et al., 2023
Extraction from Soil and Plant Samples,
Morphometric Analysis

MODERN METHODS:

Immunological or serological methods- Lateral flow immunoassays (LFIA)

Nucleic acid amplification method- LAMP, RCA, HDA

Nucleic acid hybridization method- CRISPR-Cas, Micro-arrays

Nucleic acid sequencing methods- Next generation sequencing, Metagenomics
sequencing

Biosensors

6. Non-invasive detection methods
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IMMUNOLOGICAL OR

SEROLOGICAL METHODS

Lateral flow immunoassays (LFIA)

>

LFIA or simply a "strip test," is a widely
used diagnostic technique that is based
on the principle of immunology.

A rapid and simple method for
detecting the presence or absence of
specific analytes, such as antigens or
antibodies in a sample.

A device that use capillary action to
detect the presence or absence of a
target substance.

Components of lateral flow
immunoassay

>

>

Sample pad: Distribute the sample
and direct it to the conjugate pad.
Conjugate pad: Hold the detector
particles and keep them functionally
stable until the test is performed.
Nitrocellulose membrane:

Display the test result and determine
parameters like speed, sensitivity, and
specificity of the test.

Test line: Indicates the presence or
absence of the target molecule in the
sample.

>

>

Control line: Indicates that the test
has returned a valid test result.
Absorption pad: Wick the fluid
through the membrane and to collect
the processed liquid.

Testline  Controlling

JN

Sample padiiood separator  —  Conjugaterelease  —  Nitrocellulosemembrane  —  Absorption pad

Workflow of LFIA

>

The sample is applied on the adsorbent
sample pad, which fuse with buffer salts
and surfactants that make the sample
suitable for interaction with the detection
system.

The sample pad ensures that the analyte
present in the sample will be capable
of binding to the capture reagents of
conjugates and on the membrane.

The sample migrates through the
conjugate release pad, which contains
antibodies that are specific to the target
analyte and are conjugated to coloured
or fluorescent particles—most commonly
colloidal gold and latex microsphere.
The sample, together with the conjugated
antibody bound to the target analyte,
migrates along the strip into the detection
zone. This is a porous membrane (usually
composed of nitrocellulose) with specific
biological components immobilized in
lines. Their role is to react with the analyte
bound to the conjugated antibody.
Recognition of the sample analyte results
in an appropriate response on the test
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line, while a response on the control line
indicates the proper liquid flow through
the strip.

» Liquid flows across the device because
of the capillary force of the strip material
and, to maintain this movement, an
absorbent pad is attached at the end of
the strip. The role of the absorbent pad is
to wick the excess reagents and prevent
backflow of the liquid.

Commercially available LFIA devices

Applications of LFIA

» Detection of Xanthomonas campestris
pv. musacearum by Hodgetts et al., 2015.

» Development of a lateral flow
immunoassay for rapid diagnosis of
potato blackleg caused by Dickeya spp.
by Safenkova et al., 2017.

»> Detection of Xanthomonas arboricola pv.
pruni by Lopez-Soriano et al., 2017.

» On-site detection of Banana bract mosaic
virus in banana plants.

Device/ Product Company

Target application

AgriStrip

BIOREBA, Switzerland

Pathogens of ornamental crops

Rapid plant disease tests

Pocket Diagnostic, UK

Erwinia

Alert Test Kits

Neogen Corporation

Pythium, Phytophthora, Rhizoctonia

ImmunoStrip Agdia, Elkhart

Plant virus

NUCLEIC ACID

AMPLIFICATION METHOD

Loop Mediated Isothermal
Amplification (LAMP)

» LAMP is a nucleic acid amplification
method initially designed and developed
by Notomi and coworkers to amplify a
specific DNA region of hepatitis B virus
(HBV) under isothermal conditions.

» There is no need for heat denaturation of
double stranded DNA, DNA polymerase
possess the strand displacement activity.

» Amplification takes place at single
temperature between 60-65°C.

» It is based on auto cycling and DNA
strand displacement activity mediated
by Bst polymerase from Geobacillus

stearothermophilus.
Design of primers and workflow of
LAMP

Two sets of internal primers such as forward

inner primer, backward inner primer, and
backward loop primer, and another set of
two outer primers (F3 and B3) are used to
identify six unique sequences on the nucleic
acid. Forward inner primer and backward
inner primer cover double distinct sequences
matching to sense and anti-sense strands of
the targeted DNA of an organism.
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» The combination of primers and strand-
displacing polymerase activity leads
to the formation of a piece of single
stranded DNA, which at both ends forms
a dumb bell-like structure, due to the
intramolecular complementarity of the
inner primers. These dumb bell structures
are target for binding of the inner primers
and outer primers. Due to this self-
priming ability in combination with
the stranddisplacing polymerase, new
amplified DNA is generated continuously.

Rolling Circle Amplification (RCA)

» It is also an isothermal amplification.

» It specifically amplifies circular ssDNA.

» The techniques mainly requirea
circular  template, homologous buffer,
deoxynucleotide triphosphates, DNA
polymerase, and DNA primers.

» Amplification is carried out by using
phi29 DNA polymerase with specific
strand displacement activity.

» The strand displacement activity allows
the newly synthesized DNA to displace
the previously generated DNA releasing
ssDNA.

» The enzymatic process of primer
extension combined with  strand
displacement generates a long single
stranded DNA.

Workflow of RCA

a. A primer complementary to a region of
a circular probe anneals to the circular
template.

v

A B c D
O h Q N OV B
g

DNA polymerase

b. DNA polymerase along with strand
displacement activity initiates the DNA
synthesis.

¢. Strand  displacement  allows  the
continuation of DNA synthesis along the
circular template.

d. DNA synthesis continues to generate a
long ssDNA product.

Helicase Dependent Amplification

(HDA)

» It is an alternative isothermal technique
developed by New England Biolabs in
2004.

» Similar to the standard PCR but it does
not require heat denaturation to separate
the double stranded DNA

» Helicase helps in unwinding DNA
double-strands and the technique does
not rely on thermocycling

» HDA uses DNA helicase to generate

single stranded DNA for primer

annealing followed by primer extension
at isothermal conditions

Single stranded binding protein (SSB)

and MutL endonuclease are added to the

reaction to prevent rehybridization of
complementary ssDNA strands to reform
the dsDNA.

Detectable amounts of PCR amplicons

for downstream analysis are generally

generated within 60 min by the HDA
method

v

v
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Workflow of HDA

» Helicase opens the dsDNA.
» The primers anneal to the target sequences.
» Primer extension by DNA polymerase
» The newly formed dsDNAs are opened by helicase and the process starts again.

Applications of nucleic acid amplifications methods

Methods Applications
LAMP » Detection of potato leaf roll virus and Fusarium oxysporum methods
» LAMP assay for the detection of /ndian Citrus Ringspot Virus
RCA » RCA technique has been used for pathogenic Fusarium identification
» Used for the detection of various pathogens such as Neofabraea spp.
causing apple bull’s-eye rot
HDA » Identifcation of the tomato spotted wilt virus

NUCLEIC ACID

HYBRIDIZATION METHOD

The ability of DNA strands to hybridize

with the respective complementary
DNA strands which is a useful means of
detection.

The use of labeled sequence-specific
probes that hybridize to a specific genetic
sequence of a particular pathogen, which
enables detection of that pathogen.

CRISPR-Cas-based
detection systems

>

v

CRISPR/Cas:  Clustered  Regularly
Interspaced Short Palindromic Repeats
and

CRISPR-associated nucleases

It is evolved in archaea and bacteria as an
adaptive immune system against invading
foreign nucleic acids originating from
viral or plasmid pathogens.

The technology usually rely on DNA
extraction and subsequent binding of the
Cas protein to a pathogen-specific DNA
motif.

The system primarily comprises two
components: guide RNA (gRNA) and
Cas nuclease

The Cas protein, which possesses nuclease
activity, identifies the target DNA through
guide RNA— DNA pairing.

Workflow of CRISPER - Cas

technology

» Isolation of nucleic acids from the
infected plant samples/vectors

» Isothermal amplification of target nucleic
acid through a recombinase polymerase
amplification (RPA) reaction

» Cas nuclease detection

» Recognition of amplified target

» Cas 12a and Cas 13a are activated

with (ss)Dnase and ssRNase activity
respectively to degrade fluorescent
reporter for qualitative or quantitative
detection of pathogen

Micro-array technology

>

>

Orderly arrangement of thousands of
identified sequenced genes printed on an
impermeable solid support usually, glass
silicon chip or nylon membrane.

Thousands of spots each representing a
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single gene and collectively the entire
genome

>

There are four major steps involved in
microarray experiment

» It measures the gene expression
» Principle and working of micro-array  Work flow of Micro-array
technology . . technology
» The principle of DNA microarrays lies » Extraction: DNA or RNA is extracted
on the hybridization between the nucleic from the cells or tissues of interest.
acid strands. » Labeling: The extracted nucleic
acids are labeled with fluorescent dyes.
. » Hybridization: The labeled nucleic acids
) are then applied to the microarray. They
hybridize or bind, to the complementary
DNA probes on the array.
» Detection: The microarray is scanned to
T ._/] ——; - —”—<“—||— / ‘,, | ; detect the fluorescent signals.
Applications in plant pathogen detection
Methods Applications
CRISPER/CAS » Application of CRISPR/Cas for diagnosis and management of
viral diseases of banana.
» Base editors for citrus gene editing.
» Exploring CRISPR/Cas9 Gene Editing Applications for Enhancing
Disease Resistance in Sugar Beet
Micro - array » Detection of various sugar beet root rot pathogens, Aphanomyces
cochilioides, Botrytis cinerea and Penicillium expansum

NUCLEIC ACID
SEQUENCING METHODS

DNA/RNA sequencing has emerged
as a useful tool for the identification of
microorganisms.

By sequencing specific genetic markers
and comparing the resulting sequence(s)
to a reference database, the identity of a
microorganism can be determined.

Nucleic acid sequencing methods

includes:
» Next generation sequencing
» Metagenomics sequencing

Next generation sequencing
» Technologies developed after Sanger

(first generation) sequencing are known
as next generation sequencing.

It determine the order of nucleotides and
amino acids in DNA and polypeptide
that doesn't require prior knowledge of
the target pathogens but still provides
species-specific results.
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Principle

» NGS platforms can simultaneously
process millions to billions of DNA
fragments. This parallel processing
dramatically reduces the time required
to sequence entire genomes oOr
transcriptomes.

Metagenomics sequencing

Genomic

(Related to gene)

It is the study of metagenomes, genetic
material recovered directly from
environmental samples

Principle

It is the study of the genome of microbial
communities in bulk environmental samples
directly without culturing individual species.
This allows detailed analysis of microbial
communities and overcomes the limitations
of traditional laboratory culture methods

Workflow of NGS

step 1 step
DNA extraction Library preparation
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Applications in Plant Pathogen Detections

Methods Applications
Next generation » NGS platforms has been used for identification of cotton
sequencing leafroll dwarf virus, citrus yellow vein clearing virus, cassava
brown streak virus, grapevine leaf roll associated virus-3, maize
chlorotic mottle virus.
» Illumina Hi Seq 2000, a NGS platform used to fully sequence
the garlic virus A genome, comprising of 8793 nucleotides.
Metagenomics » Metagenomic sequencing for identification of Xylella fastidiosa
sequencing from leaf samples
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» It is an analytical device used for the
detection of a chemical substance, that
combines a biological component with a
physiochemical detector.

» Leland C. Clark is known to the father of

biosensors.
Components of biosensor ‘
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Types of biosensors
Types Principle Applications

Measures electrical signals generated

Used for detecting pathogens

1.Electrochemical |by the interaction between the target |like bacteria, viruses, and
Biosensors analyte and the biological recognition | fungi in plants.

element (e.g.,enzyme, antibody).

Use light to detect changes in the | Gold nanoparticle-based
2. Optical optical properties of the biological [ optical immunosensors have
Biosensors recognition element upon interaction | been developed for detecting

with the target analyte

Karnal bunt in wheat.

3. Piezoelectric

Detect changes in mass or mechanical
properties on a piezoelectric crystal

Effective for detecting various
plant pathogens, including

] surface when the target analyte binds [ fungi and  bacteria, by
Biosensors to the biological recognition element | measuring frequency changes
in the crystal.

Measure the heat changes associated | Used for detecting metabolic
4.Thermal with biochemical reactions between | changes in plants infected by
Biosensors: the target analyte and the biological | pathogens, providing insights

recognition element. into the disease state

Use magnetic particles as labels for | Detecting plant pathogens in

. the detection of target analytes. The | complex samples, such as soil
5.Magnetic interaction between the target and the | or plant tissues
Biosensors

magnetic particles is measured using
magnetic fields.
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NON-INVASIVE

DETECTION METHODS

Non-invasive detection methods means it does not require any sample manipulations.

» This diagnostic technique is based on the identification of biotic or abiotic modifications
in the structure and chemical composition of plant molecules. Each biotic or a biotic stress
causes unique changes in the plant

» These stressed or diseased plants produce a different spectral signature compared to that of
healthy plants. These signatures can be identified by the spectrum of the material.

Advantages and Limitations

METHODS ADVANTAGES DISADVANTAGES
Easy to use, portable, low cost Limited to liquid sample only
LFIA . . . ..
Provide results in 10 minutes Cross reactivity
More robust in the presence of Complex primer design process
LAMP PCR inhibitors minimal sample Non optimal primers may lead to
preparation is required false positive results
Less prone to non-specific Primer is complex to design RNA
amplification than PCR easy amplification is complex work
RCA . . . i L
exponential amplification only with the circular nucleic acid
template.
Primer design is simple robust to | Enzymes are expensive
HDA . . . o
biological substances complicate buffer optimization
Do not require high-tech Require tedious sample
CRISPR-Cas Equipment Provide results in a preparation steps costly and
timely fashion analysis time is more.
Provides data for thousands Expensive to create Tthe DNA
Microarray of genes in real time Single C.hlpS do not have very long shelf
experiment generates many results | life
easily
Nucleic acid High sensitivity and specificity Costly and time-consuming
sequencing Early and broad detection Robust data is not easy to manage
Low cost and easy to use Highly | Temperature and pH parameter
Biosensors specific for analyte Fast, reliable | influence the performance Tedious
and repeatable measurement conditions
Non-destructive diagnostic Algorithm need to develop
. . sampling Capabilities of detecting | for each plant disease Cost of
Non-invasive . . . . . .
multiple diseases in real time instrument and complexity

methods Need of fast computers for

handling large amount of data
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Advantages and Limitations

» Continued integration of high-throughput sequencing technologies into routine diagnostic
practices will enable more rapid and comprehensive identification of plant pathogens,
including emerging and previously unknown threats.

» The development of portable and field-
deployable  diagnostic  devices  will
empower farmers and researchers to
conduct real-time monitoring and early
disease detection directly in the field.

» Efforts to improve data sharing and
collaboration among researchers and
institutions worldwide will foster a global
network for plant pathogen surveillance
and knowledge sharing.

In conclusion, it is clear that the ideal detection method is not yet available, and the choice
of which detection method should be used is widely dependent on the target pathogen, the
available budget, the sample matrix, as well as the technological availability of that area.
However, continuous efforts are made to develop new technologies that will be adopted in
modern plant disease monitoring.
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INTRODUCTION

Electricity is widely recognized as a
driving force behind modern civilization,
powering  homes, industries and
communication systems. Electroculture
refersto the practice of applying controlled
electromagnetic
to soil, seeds, or plants with the aim of

improving growth and productivity. The

electrical or energy

term originates from the French word
“Electrokultur;” combiningelectricity with
cultivation and reflects the fundamental
idea that plant life can respond positively
to electrical stimulation.

Electroculture is a sustainable agricultural
approach that explores the use of electric
and magnetic fields to enhance plant
growth, productivity and resilience.
Unlike conventional farming systems
that rely heavily on chemical fertilizers
and pesticides, electroculture works by
stimulating the plant’s natural electrical
and physiological processes using low-
intensity electrical energy.

Electroculture is the practice of using
atmospheric electricity and magnetism
to stimulate plant growth. By installing
copper antennas in the soil, gardeners
can harness the Earths energy field—
creating an environment that encourages
healthier, faster-growing plants. This
concept isn't new. Electroculture dates
back to the 1800s and was studied in the
1920s and 1930s by researchers like Justin
Christofleau, who discovered that certain
antenna setups significantly increased
crop vyields. Although the concept
originated centuries ago, electroculture

has regained attention in recent years
due to increasing concerns over soil
degradation, climate change, rising input
costs and the demand for eco-friendly
farming practices.

Electroculture builds upon this natural
electrical framework by supplying low
levels of external electrical energy to
the plant-soil system. When applied
appropriately, this energy

ionic movement in the soil, increases

enhances

membrane permeability and activates
voltage-sensitive channels within plant
cells. As a result, physiological processes
such as nutrient uptake, photosynthesis
and cellular metabolism become more
efficient. Unlike chemical inputs that alter
soil composition or plant metabolism
artificially, electroculture supports and
amplifies processes that already exist
within the plant system.
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While electroculture may appear to be a
modern innovation, its roots trace back
to early scientific observations made
several centuries ago. Researchers noted
that atmospheric electricity, present
even during calm weather, influenced
vegetation growth. These early insights
laid the foundation for experimental work
demonstrating that exposure to electric
fields could stimulate plant development.
However, due to technological limitations
and inconsistent results, the practice
remained largely experimental for many
decades.

In recent years, growing concerns over
declining soil fertility, excessive use
of agrochemicals, water scarcity and
climate-induced stresses have revived
interest in electroculture. Advances in
electrical engineering, renewable energy
and precision farming have made it
possible to apply electrical stimulation
in a controlled, safe and energy-eflicient
manner. As a result, electroculture is

now being explored as a complementary
strategy alongside
hydroponics and regenerative agriculture.

organic farming,
By reducing dependence on chemical
fertilizers and enhancing natural plant
vigor, electroculture offers a unique
opportunity to improve agricultural
sustainability. It does not seek to

replace conventional farming practices

overnight, but rather to strengthen them
by introducing a non-chemical, eco-
friendly tool that works in harmony with
plant physiology and soil biology.
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PRINCIPLES OF

ELECTROCULTURE

Electroculture gardening is based on the
principle that plants can be stimulated by
the flow of an electric charge. The charge
can be generated by a variety of sources,
including copper and iron electrodes, or
by exposing plants to a magnetic field.
Studies have shown that plants do indeed
respond to electricity. The most obvious
result is an increase in plant growth and
an overall more successful yield. However,
the exact mechanism by which electricity
stimulates plant growth is not fully
understood.

HOW ELECTROCULTURE

WORKS

Electroculture works by applying electrical
or magnetic energy to plants, soil, or the
surrounding air. This energy stimulates
plant growth by influencing several
physiological processes:

+ Enhanced Photosynthesis: Some
studies suggest that electrical fields
can stimulate photosynthesis, allowing
plants to produce more energy.

+ Improved Nutrient Uptake: Electrical
fields can enhance nutrient mobility in
the soil, making it easier for plant roots
to absorb essential minerals.
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+ Increased Microbial Activity: Soil
microbes that aid in decomposition
and nutrient cycling may be positively
affected by weak electrical currents,
leading to better soil health.

+ Enhanced Root Growth: Electrical
stimulation can promote root growth,
which leads to stronger and more
resilient plants.

+ Pest
Electroculture can strengthen plants’
natural defenses, making them less

and Disease Resistance:

susceptible to common garden pests
and diseases.

Electroculture vs.
Traditional Gardening
Electroculture gardening differs from
traditional gardening in several ways. In
traditional gardening, plants are grown
in soil and are nourished with water and
fertilizer. In electroculture gardening,
plants are stimulated by electricity.

METHODS OF

ELECTROCULTURE GARDENING

Thereare several electroculture techniques
that gardeners can use to introduce
electrical energy into the soil and plants.
Here are some popular methods:

1. Copper Wire Method

The copper wire method is one of the most

common and easiest ways to experiment

with electroculture. In this approach,

copper wire is used to harness the Earth’s

natural electric fields.

» How to Do It: Simply wrap copper
wire around a wooden or metal stake

and place it into the soil near your

plants. The copper acts as a conductor,
channeling ambient energy from the
atmosphere into the ground.

> Benefits: This method is low-cost
and easy to set up, making it ideal
for beginners. It helps plants access
natural atmospheric energy, which
can stimulate growth.

2. Atmospheric Antennas

Atmospheric antennas, sometimes

referred to as “plant antennas,” capture
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and direct natural atmospheric electrical

fields to the plants.

» How to Do It: Place a metal or
wooden rod in the soil and attach a
length of copper wire to it. Raise the
wire several feet above the ground by
attaching it to a stake, allowing it to
“capture” atmospheric electricity.

> Benefits: This technique can enhance
plant growth over larger areas, making
it suitable for garden beds and small
farms.

3. Magnetism and Magnetic
Fields

Magnets or magnetic coils can also be used
in electroculture gardening. Magnetic
fields affect ions in the soil, which may
improve nutrient uptake and root growth.
» How to Do It: Place magnets or

magnetic rods in the soil near plant

roots. You can also use magnetic plates

AN AT B

under pots for indoor plants.

> Benefits: Magnetic fields have been
shown to positively affect seed
germination and plant growth,
making this a valuable tool for early-
stage gardening.

4. Electrodes and Battery-
Operated Electroculture
Some gardeners use low-voltage batteries
or electrodes to create small, controlled

electric fields directly in the soil.

» How to Do It: Insert electrodes
connected to a low-voltage battery
into the soil at opposite ends of a
garden bed. Adjust the voltage to very
low levels, as too much electricity can
harm plants.

> Benefits: This method requires more
technical knowledge but allows

for precise control of the electrical

stimulation provided to plants.

JUST AGRICULTURE | FEBRUARY 2026 43



Best Fruitsfor Electroculture
Tomatoes: Tomatoes respond well to
electroculture, producing larger and
sweeter fruits with extended shelf life.
Strawberries:  Electroculture  can
enhancetheflavorandsize of strawberries,
making them juicier and more flavourful
Peppers:  Peppers grown using
electroculture techniques tend to be
more vibrant in color and have a higher
concentration of beneficial compounds.

Best Vegetables for
Electroculture

Lettuce: Electroculture can accelerate
growth, producing crisp and tender
leaves.

Cucumbers: Cucumbers grown with
electroculture techniques tend to be more
uniform in shape and have a higher water
content.

Spinach: Electroculture promotes the
growth of nutrient-dense spinach leaves,
making them an excellent choice for
health-conscious gardeners.

Advantages of

Electroculture

» Reduces dependency on chemical
fertilizers and pesticides

» Improves nutrient and water-use
efficiency

> Enhances soil microbial activity and
structure

» Environment-friendly and energy-
efficient

» Supports sustainable and regenerative
agriculture
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LIMITATIONS AND

CHALLENGES

Despite its potential, electroculture
faces certain challenges. The absence
of standardized protocols for voltage,
duration and crop specificity limits
large-scale adoption. Initial setup costs
and the need for technical knowledge
also pose barriers. Moreover, broader
scientific validation through long-term
field trials is required to ensure consistent
performance across diverse agro-climatic

conditions.

FUTURE

PROSPECTS

in electroculture is

Future research
expected to focus on integrating electrical
stimulation with precision farming,
hydroponics and vertical agriculture.
Developing affordable, solar-powered
systems for small and marginal farmers
will be crucial. Additionally, exploring
the role of electroculture in improving
nutritional  quality and  bioactive
compounds in crops offers exciting
possibilities. While the exact mechanism
by which electricity stimulates plant
growth is not fully understood, studies
have shown that plants do indeed respond
to electrical stimuli. Electroculture
gardening can be a more environmentally
friendly and effective way to grow crops,
and it is definitely worth exploring

further.

Electroculture represents a promising

blend of biology, physics and sustainable
agriculture. By harnessing electricity
to support natural plant processes,
it provides an
toward higher productivity with lower
environmental impact. Althoughitisnota

innovative pathway

standalone replacement for conventional
farming, electroculture has the potential
to become a valuable complementary tool
in future agricultural systems. As research
advances and practical challenges are
addressed, electroculture may well play a
significant role in shaping resilient, eco-
friendly food production for the future.
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IoT-based smart agriculture solutions are
transforming the way farms are managed.
These systems use sensors to monitor crop
fields and automate irrigation, enabling
farmers and agribusinesses to track field
conditions remotely and effortlessly.
The agricultural sector is experiencing
a remarkable wave of technological
adoption, with several innovative tools
shaping the future of farming. Once
considered a developing concept, the
Internet of Things (IoT) has now become
an integral part of modern agriculture.
In simple terms, IoT in farming refers to
the use of internet-connected devices to
operate and control agricultural processes
efficiently.

DIFFERENT USES OF
|OT IN AGRICULTURE

Robotics in Agriculture:

Since the Industrial Revolution of the 19th century, automation has steadily evolved to
perform complex tasks with greater efficiency and increased productivity. In response to
growing global labor shortages and rising food demands, agricultural robots—commonly
referred to as agribots—are drawing significant interest from farmers and agri-tech
companies. Labor scarcity has had a major impact on crop yields; for instance, the
United States alone faces an estimated annual loss of around 2213 crores (approximately
$3.1 billion) due to workforce shortages. Recent innovations in artificial intelligence
and sensor technologies have enabled machines to better perceive and adapt to their

JUST AGRICULTURE | FEBRUARY 2026 47



environment, enhancing the capabilities
of agribots. Although still in the early
stages, agricultural robotics represent a
fast-emerging frontier, with most systems
currently undergoing testing and research
before widespread adoption.

Drones in Agriculture:

Drones have become an integral tool in
modern farming, helping to improve and
streamline several operations such as
crop monitoring, spraying, soil analysis,
and field mapping. Agriculture is among
the leading industries to adopt drone
technology for enhancing efficiency
and precision. Equipped with advanced
cameras and sensors, drones capture
images, generate maps, and conduct
detailed surveys of farmlands.

There are primarily two types of
agricultural ~ drones:  ground-based
drones that move across fields on wheels
and aerial drones, commonly referred to
as unmanned aerial vehicles (UAVs) or
unmanned aircraft systems (UAS), which
operate in the air. These drones can be
manually controlled or programmed
for autonomous flight using on board
systems integrated with sensors and GPS
navigation.

Data collected from these drones provides

valuable insights into various aspects of
farm management, including crop health,
irrigation needs, spraying efficiency,
planting patterns, soil conditions, plant
population, and yield predictions. Drones
can either be deployed as part of drone-
as-a-service models—scheduled farm
surveys conducted by service providers—
or operated directly by farmers who
maintain and recharge them locally. Once
the survey data is gathered, it is typically
analysed in nearby research or analytics
labs to extract actionable information,
thereby strengthening the integration of
IoT within agriculture.

Remote Sensing in Agriculture:

Remote  sensing is  transforming
agricultural data collection and farm
management practices. In IoT-enabled
systems, remote sensing involves the
use of various sensors installed across
farmlands—such as those integrated
with weather stations—to gather real-
time information on environmental and
crop conditions. The collected data is
transmitted to analytical platforms for
processing and interpretation. These
sensors are designed to detect and
respond to even minor variations or
anomaliesin field conditions. By accessing
the analytical dashboard, farmers can
continuously monitor crop performance,
assess environmental parameters, and
make timely, data-driven decisions to
enhance productivity and sustainability.

Smart Agriculture System Using
IoT:

The Internet of Things (IoT) in agriculture
helps modernize traditional farming
practices to increase productivity and
reduce losses. It uses tools like robots,
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drones, remote sensors, and computer-
based imaging along with advanced data
analysis and machine learning. These
technologies work together to monitor
crops, map and survey fields, and provide
farmers with useful information for better
decision-making. As a result, farmers
can manage their farms more efficiently,
saving both time and resources.

Data Collection:

Cloud-based platforms play a major rolein
modern agriculture by enabling efficient
data collection, storage, and access. They
handle large volumes of information
related to weather conditions, crop growth
patterns, soil health, harvesting data, and
satellite imagery to generate accurate and
timely insights. Since all farm-related
data is stored in the cloud, it can be easily
retrieved whenever needed. For instance,
if crops exhibit issues similar to those
observed years earlier, historical data can
be quickly analysed to identify effective
solutions, helping farmers minimize
losses and respond faster.

Data Processing and Analysis:

Cloud-based database management
systems integrate various types of farm-
related data to support informed and
precise decision-making. They compile
information from multiple sources—
such as meteorological records, market

trends, on-farm data, GIS inputs, and
water resource availability. Both historical
and real-time datasets are thoroughly
analyzed to provide recommendations
on the optimal use of seeds, water, and
pesticides for each farm. These systems
also feature alert mechanisms that identify
irregularities in crop growth. In cases of
pest infestations or other anomalies, they
promptly notify farmers, enabling quick,
data-driven responses to protect yields.

Data Storage and Dissemination:
Efficient data storage forms the foundation
of accurate predictive analysis in modern
agriculture. In the past, data was stored
on physical hardware, requiring constant
maintenance and risking permanent
loss if the equipment failed. Today, most
agricultural technology systems rely on
cloud-based storage, eliminating the
need for expensive infrastructure upkeep.
This cloud approach ensures continuous
data availability, allowing access from
computers, smartphones, or other
connected devices.

Cloud storage also enables seamless
data sharing across various analytical
tools and platforms. As more farm-
related data is collected and integrated,
the accuracy of insights improves
significantly—enhancing predictions
for crop production, pest and disease
identification, yield estimation, and
overall farm management.
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