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Seed quality assurance is a critical component of the seed supply chain, ensuring the delivery of 
superior and viable seeds to farmers. Proper quality control measures at key stages of production, 
storage, and distribution are essential to meet the consistent standards expected by the end-users to 
ensure sustainable production. Blockchain technology, a decentralized and immutable ledger 
system, is transforming the agricultural supply chain by boosting traceability. Blockchain o�ers a 
strong foundation for traceability by guaranteeing the validity and integrity of product-related data, 
from seed sources to end consumers. Improved food safety, better accountability throughout the 
supply chain, and easier access to information are just a few of the bene�ts that make traceability so 
crucial. The article addresses the fundamental ideas of blockchain technology and how it may be 
used in seed traceability, emphasizing how it can revolutionize conventional methods and satisfy 
contemporary expectations for transparency. Our con�ned Meta-analysis compares blockchain 
solutions for seed traceability across various crops, using published research from Google Scholar, 
Scopus, and PubMed indicating its successful implementation possibilities for seed quality assurance. 
Furthermore, the reliability of blockchain as a digital ledger is explored, along with the implications of 
consensus protocols and smart contracts. The synergy of these technologies promises increased 
transparency, e�ciency, and accountability, ultimately empowering stakeholders in the agricultural 
ecosystem. 
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Seed quality assurance is a cornerstone of a robust and 
sustainable seed supply chain. High-quality seeds are essential 
for achieving optimal crop yields, ensuring food security, and 
protecting the environment [1,2]. �rough maintaining strict 
quality standards, seed producers can ensure that farmers 
receive seeds that are genetically pure, free from diseases and 
pests, and have a high germination percentage. In addition to 
improving crop performance, this also reduces the risk of crop 
failures due to poor seed quality. Additionally, ensuring seed 
quality helps preserve genetic diversity, which is crucial for 
adapting crops to changing environmental conditions and 
developing new varieties with desirable traits. Ultimately, 
investing in seed quality assurance is an investment in the future 
of agriculture and food production [3].

 Blockchain is a decentralized and distributed ledger 
technology that securely records and veri�es transactions across a 
network of computers [4]. �e groundwork of our current 
understanding of “blockchain” was laid by Haber and Scott 
Stornetta in 1991 in their article “How to Time-Stamp a Digital 
Document” [5]. Satoshi Nakamoto’s paper in 2008 introduced the 
�rst blockchain database [6].  One de�nes blockchain as a 
distributed ledger that maintains a consistently extending list of 
data records, wherein each participating node veri�es [7]. It 
ensures transparency, immutability, distributed information, and 
tamper-resistant data storage. A blockchain comprises a sequence 

of interconnected blocks, with each block containing a hash of 
the preceding one. �e initial block, known as the genesis block, 
marks the beginning of the blockchain and subsequent blocks 
extend the chain to the latest one. Each block encompasses a set 
of transactions executed by network participants. Valid 
transactions create an interconnected series of blocks within a 
public ledger. Miners consolidate transactions into a block 
before incorporating it into the blockchain. �is cryptographic 
hash links the current block to the preceding one, forming a 
chain. If data is tampered with, the hash changes, invalidating 
the chain due to the one-way function of hashing. �e hash acts 
as a unique identi�er for each block, a fundamental principle in 
blockchain architecture. �e SHA256 hash algorithm, created 
and introduced by the National Security Agency "NSA" is 
commonly used for cryptography, o�ering a high level of 
security with 256 bits of memory. �e SHA256 algorithm 
satis�es �ve basic requirements presented in (Table 1) [8].

 Internet of �ings "IoT" refers to the network of 
interconnected devices that communicate and share data. 
When combined, Blockchain and IoT create a powerful 
synergy, enabling secure and transparent data exchange 
between devices, ensuring integrity and trust in the digital 
ecosystem such as TraceX solution, BCI SeedTrack, 
AgriBlockIoT, Agri-ICT, Consortium blockchain approach, 
Blockchain SDSS scheme, etc. [9-13].  

 Quality seed is one of the most important inputs for 
enhancing crop productivity. As seed is the carrier of any novel 
technology, the quality of the seed should be ascertained for the 
end users and farmers. Quality assurance is of utmost 
importance at all stages like seed production, seed processing, 
seed packaging, seed storage, and distribution stages. Seed 
traceability through modern technologies enables seed quality 
assurance at all the seed production stages and may be recti�ed 
easily if any mistake happens. �e published manuscripts 
available on available on Google Scholar, PubMed, and Scopus 
libraries were used to represent the results in the present review 
paper.

Introduction to Traceability and Its Importance in 
Agricultural Supply Chain
According to the International Organization for Standardization 
"ISO", traceability is the ability to trace the path of a product 
through the supply value system, beginning from the 

production, processing, and validating to the �nal distribution 
phases [14]. �is idea makes it easier to obtain in-depth details of 
a product (Figure 1). Traceability is frequently stated as the “one 
step back, one step forward” approach [15]. However, the 
capacity to access the product details over the course of its whole 
supply cycle through documented identi�cations is the formal 
de�nition of traceability [16]. In a similar manner, seed 
traceability is referred to as the capacity to trace the seed from 
the production, sticking to several classes (nucleus, breeder, 
foundation, certi�ed) and encompassing all details from origin 
(seed material, variety) to �nal distribution. A comprehensive 
traceability system should combine both quantitative and 
qualitative details considering the supply chain system. 
Moreover, this system provides a complete track record of seed 
variety, its origin, seed purity, viability, vigorousity, and 
appearance assisting end-users. Information and 
Communication Technology "ICT" can provide a signi�cant 
contribution to digitization for easy �ow of information.

participants face, Tripoli and Schmidhuber investigate 
Distributed Ledger Technologies "DLTs" [36]. �ey address 
institutional and technical adoption barriers as well as the role 
DLTs play in achieving Sustainable Development Goals "SDGs". 
In order to improve product supply chains, Hua et al. 2018, 
suggest a blockchain-based agricultural provenance system that 
combines dependable data management with decentralization 
[37]. Designed for food provenance, Malik et al. 2018, present 
Product Chain, a permissioned blockchain framework with a 
three-tiered architecture to control data access and ensure 
guarantee [38]. Arsyad et al. 2019, propose a two-factor 
blockchain system that links documentation and watermarking 
to trace cocoa and chocolate manufacture [39]. Awan et al. 2020, 
combine blockchain technology with IoT to maximize energy 
e�ciency and routing in dispersed networks, while Zhang et al. 
2020, describe an architecture for storing agricultural breeding 
data via the blockchain [40,41]. Traceability is the most 
important component of blockchain adoption in agriculture 
[42]. Various research demonstrates the applicability of 
blockchain in supply networks, assuring safety and quality, and 
proposed new frameworks for improving transparency in supply 
chains. Overall, blockchain is presented as a transformative tool 
for enhancing traceability, security, and e�ciency across 
agricultural supply chains.

Introduction To Seed Supply Chain and Role of 
Traceability in Seed Supply Chain
Seed supply chain is an organized and sometimes informal 
system of seed production, processing, distribution, marketing, 
and li�ing the lots in concern of related management units and 
agencies. �is system of supply chain has con�gured the quality 
assurance of produced seeds and products for a long time 
(Figure 3). However, the era has changed in recent years; the 
degradation in the quality, nutritional value, and purity of 
supplied seeds and products has become the main concern to the 
managing authorities. �e reasons are many including the vast 
and sophisticated structure of the supply chain, mishandling 
during the quality testing and allocation of seed lots, imbalanced 
chemical use, fraudulence and spurious seed mixing, incomplete 
information �ow and access to the data, etc. In the context of 
seed quality assurance and safety, there is a need of transparency 
and authenticity in the supply chain. Traceability with digital 
interventions is the solution to all these limitations [43].

 �e reliability of any digital ledger, including blockchain, is 
contingent upon the organization responsible for its 
maintenance. Issues can arise if the cryptographic link is 
compromised due to malicious alterations or system errors. 
Blockchain operates on peer-to-peer "P2P" networks where 
blocks are replicated across interconnected computers through 
the utilization of cryptographic keys, thereby enhancing security 
and resilience [20]. Each block in the blockchain encompasses 
the block number, stored data, and hash of the preceding and 
current block. Additionally, the “nonce” �eld, which stands for 
“number used only once”, plays a crucial role in the mining 
process and creation of new blocks. Moreover, the di�culty 
adjustment mechanism ensures that the mining process remains 
consistent over time, irrespective of �uctuations in the number 
of users or the speed of their hardware. 

 Decentralized applications "Dapps" are programs that 
operate and can be kept on the peers’ computers inside a 
blockchain network instead of a centralized server. Using 
distributed blockchain technology, the fundamentally 
innovative idea is to create a global supercomputer where all 
data, including programs and transactions, is permanently 
recorded, tracked, and saved. Ethereum introduced the concept 
of smart contracts to address limitations in the visibility of 
network peers within certi�cation access mechanisms. Smart 
contracts envision a distributed ledger for contract storage. 
Contracts are digital agreements stored on the blockchain with 
tamper-proof code. �ese contracts execute automatically based 
on prede�ned rules, providing transparency and security 
beyond traditional contract methods. Various consensus 
protocols such as Proof of Work "PoW" and Proof of Stake "PoS" 
address blockchain network security and chain resolution. PoW 
incentivizes individuals with superior equipment by o�ering 
higher rewards, leading to mining pools and potential 
centralization, making it susceptible to a 51% Attack, wherein a 
single entity controls the majority of hashing power [21]. In 
contrast, PoS fosters decentralization by encouraging node setup 
instead of mining. 

 Public blockchain networks are speci�ed as permissionless, 
allowing anybody to access, update data, and create smart 
contracts, assuring complete transparency and a high degree of 
privacy [13]. On the other hand, private networks create a closed 

accessible to all stakeholders. �is transparent supply chain has 
the capability to enhance productivity and lower production 
costs. Within this system, the blockchain ledger dynamically 
updates by analyzing and evaluating data as objects progress 
through the facility. Upon product acceptance at its destination, 
an electronic noti�cation triggers a blockchain smart contract, 
facilitating a pay agreement for the products.

Data collection methods and data processing
In the realm of supply chain traceability, gathering a substantial 
volume of data is imperative.  Previously, manual data recording 
by �eld workers was the norm, but this method posed risks of 
inaccuracies and ine�cient resource utilization during data 
transfer. However, in recent decades, the advent of automated 
processes and communication technologies, epitomized by the 
IoT, has revolutionized traceability. Technologies like barcodes, 
Quick Response "QR" codes, Radio Frequency Identi�cation 
"RFID" and Wireless Sensor Networks "WSNs" have become 
ubiquitous in supply chains [24]. For instance, RFID facilitates 
the swi� identi�cation of the source of food safety issues. WSNs, 
an alternative or complement to RFID, employ sensors and 
actuators to communicate wirelessly with an external system, 
providing data in real-time on variables such as temperature, 
humidity, and plant diseases while conserving energy [25]. 
Augmenting WSNs with advanced technologies like the Global 
Positioning System "GPS" enhances their functionality. 
Traceability systems leveraging these technologies o�er 
numerous advantages, including expedited product recalls for 
public health safety, heightened consumer con�dence, and the 
promotion of transparency and reliability in the intricate 
modern food supply chain. Data processing entails the analysis 
and interpretation of collected data to derive meaningful 
conclusions. Subsequently, this processed information is 
recorded on the blockchain, creating an immutable and 
transparent record.

Application of Block Chain and IoT in Agricultural 
Traceability System
Blockchain technology o�ers a clear and reliable traceable record 
of the tracked products in real-time, enabling the creation of a 
more e�cient and robust supply chain. �rough a collaborative 
blockchain network, associated members can create and exchange 
traceability information. �is information must be maintained 
safely and immutably. Blockchain and IoT revolutionize 

agricultural traceability by ensuring data accuracy, transparency, 
and security. In this system, sensors and devices collect real-time 
data from farms, processing units, and distribution channels 
(Table 2). �is data is then recorded on a blockchain, creating a 
decentralized and tamper-proof ledger. Below are some highlights 
of the key advantages of this integration:

• Enhanced Transparency
• Improved Data Integrity
• Real-time Monitoring
• Secure and Immutable Records
• Increased Trust in the Supply Chain

Importance of Seed Traceability in Seed Quality 
Assurance
Spurious seed identification
Digitization and traceability have become essential in the seed 
industry due to the requirement to identify and exclude 
low-quality and spurious seeds from the quality seed lot for 
promising seed quality assurance. �e low quality is due to 
mishandling, manual record keeping, inappropriate information 
during seed production, and malicious mixing of faulty seeds 
into a lot of quality seeds. �ese factors also have an impact on 
the farmer's income, the cost of processing, the grading and 
sorting process, the seed value chain, and other related factors. 
Digitization and traceability provide complete transparency of 
the operational process (i.e., seed treatment, grading, sorting, 
packaging) and assure a full proof veri�cation of the quality in 
the seed industry that will raise the seed prices and improve 
end-user bene�ts [2].

Digital identification of breeder foundation certified 
seeds
Tracing the production process of nucleus seed (parental 
source), breeder seed, foundation seed, registered seed, certi�ed 
seed, and labeled seed ensures authentic and quality seed 
production leading to high-yielding cultivars. �is can be 
achieved by digitally indicating the seed classes. Seed 
traceability provides a more convenient solution to this tracking 
system. �e primary step is to indent the seed generation unit 
(for di�erent seed classes) and register these seed production 
centre. �e secondary step is allocation for seed production, 
veri�cation of seed class, and issuing the labels to the seed lots 
for identi�cation. Maintenance of the samplings, proper 
inspection, testing, and registering the tags or QR coding are the 
further steps (SATHI portal).

Visibility of seed chain
Seed traceability systems can provide complete transparency of 
seed supply and value chain. In order to make the seed supply 
chain more transparent and reliable, seed traceability systems 
assist with data at each level and make the process responsive. 
�is also assists the relevant agencies to collect pro�ts and 
ensure a good quality product to robust the national and 
international seed market. Promoting transparency in the seed 
chain through the digitalization of traceability solutions makes it 
possible to minimize waste, ensure timely distribution, and 
permit e�ective management of inventory. Furthermore, 
blockchain technology for the seed supply and value chain 
empowers a single platform to obtain validated information that 
promotes traceability and transparency at all times [13].

Management of Seed Value Chain Through Seed 
Traceability
�e seed value chain is a broad, intricate system that includes 
several stages of execution, including seed development, 
multiplication, processing, distribution units, farmers and 
consumers [44]. �e broad and problematic supply chain 
extending from the raw materials to the �nal customer makes it 
very di�cult and time-consuming to trace the source of a 
product. �erefore, a secure framework must be designed to 
track information about the product’s origin, production 
methods, and safety throughout its supply chain cycle restricting 

Categorization of Traceability
A traceability system enables users to track a product across 
various stages, including manufacturing, processing, 
distribution, and handling. When designing such a traceability 
system, collection of data type, information for ownership, tools 
(sensors and networks), and management strategies are the 
crucial key factors to consider [17]. �e agriculture system 
includes product traceability (tracking the origin and movement 
of agricultural products), process traceability (monitoring 
various production stages), and supply chain traceability 
(tracing at each step, the entire product journey from farm to 
consumer) (Figure 2). Internal-level traceability is performed by 
a single entity, such as a company or organization, utilizing 

internal protocols. Intra-company traceability focuses on 
identifying the origins of a product’s ingredients, packaging, etc 
when queried from within the supply chain. Whereas, external 
traceability combines intra-company processes with a 
reconstructive process to outline the comprehensive history of a 
particular product [18]. Traceability levels are further 
categorized into mandatory and voluntary classi�cations. 
Mandatory traceability is o�en driven by �nancial 
considerations and may lack detailed information about product 
quality. In contrast, voluntary traceability allows supply chain 
factors to choose the data they collect independently.  However, 
voluntary systems can be challenging due to their complexity, as 
varying standards and methods employed by each factor result 
in a wide range of data for tracking and tracing products [19]. 

ecosystem through access restriction.  
Businesses o�en opt for private blockchain 
networks to leverage technology bene�ts 
without compromising autonomy [22]. 
Private blockchains o�en employ consensus 
mechanisms other than Proof of Work 
"PoW". In short, public blockchain networks 
prioritize decentralization, while private 
ones emphasize con�gurational �exibility. 
Hybrid approaches, known as permissioned 
blockchain systems, also exist [23].

 In the agricultural supply chain, 
integrating blockchain-distributed ledgers 
and IoT technology enhances information 
exchange e�ciency among network 
participants, o�ering a reliable data source 

 IoTs and blockchain devices and protocols revolutionized 
the agricultural tracking and tracing system with the utilization 
of smart sensors for continuous monitoring of prevailing 
conditions to ensure quality standards and GPS trackers, and 
tags for precise tracking. Various Blockchain and IoT solutions 
have been implemented in supply chain and seed tracing 
systems globally [9-11,13,34]. 

General agricultural supply chain and implementation 
of blockchain 
Blockchain projects aim to increase accountability, e�ciency, 
and safety from farm to fork are highlighted by Kim and 
Laskowski in their analysis of the supply chain for agriculture 
[35]. In order to address the issues marginalized supply chain 

third-party and centralized control [45]. Integration of digital 
solutions throughout the seed value chain has con�gured a 
smooth system of traceability process with complete 
transparency of the information. �is also ensures a quality 
assurance of seeds and enhanced productivity. �e value-chain 
analysis paradigm has been used to design better alternatives 
where the contribution of the private sector is fruitful in 
reducing poverty, enhancing human nutrition, and considering 
gender equity [46]. �e traceability process comprises the steps 
as per design by PJTSAU-TraceX, IoT, BCI seedtrack, and 
several adopted solutions. �e information of every step is 
recorded within linked traceability and web design. �e process 
begins by determining the seed quantity to be produced, 
following the farmer’s registration, and allotting classes of seed 
to them for cultivation. �ese allotted farms are geo tagged and 
surveyed for the �eld conditions. Guidelines as indicated in the 
solutions are provided regarding the package of practices to be 
followed. Scienti�c assistance, crop mapping, progress, and data 
recording are simultaneously done during the crop period. 
Individually harvested seed batches are dispatched for 
germination and quality testing. Following treating, grading, 
and sorting, high quality seeds meeting the standards of the 
certi�cation agency are selected and stamped. Certi�ed seeds 
are distributed for multiplication as per the requirement. Using 
Trace X, each certi�ed sample is bagged, stamped, labeled, and 
sealed with a unique QR-coded tag. Scanning the QR code 
provides all the details of seeds in the bag from source to 
certi�cation. 

Different Technologies Applied for Seed Traceability
Some related work has been discovered by researchers in their 
�ndings, analysis and designing of traceability solution to 

combat the limitation of supply chain systems. Using blockchain 
technology and the IoT, Tian et al., 2017 propose a system for 
food supply tracking based on Hazard Analysis and Critical 
Control Points (HACCP) [34]. Tian et al., 2016 already 
addressed the bene�ts and drawbacks of RFID and blockchain 
technology for agricultural supply chain traceability [47]. 
AgriBlockIoT, a blockchain-based traceability system that 
incorporates information obtained from IoT devices across the 
agricultural supply chain is described by Caro et al., 2018 [9]. 
�ey designed an application model that compared 
implementations using Ethereum and Hyperledger, tracing food 
from farm to fork. In their discussion of using blockchain 
technology in the food supply chain, they contrasted traditional 
solutions with blockchain-based ones and additionally 
emphasized signi�cant aspects of reliability, transparency, and 
security [48]. In order to improve productivity and give 
traceability in the agricultural sector, a study has explored the use 
of distributed ledger technology "DLT" and smart contracts [36].

Blockchain Enabled System for Seed Traceability
According to researchers, blockchain technology facilitates the 
tracking process and guarantees reliable proof of an item's 
source and subsequent alterations. In addition, product 
ownership speci�es the process of management for being 
capable of recognizing fake once and the supply chain is made 
safer by recognizing potential locations [49,50]. It improvises 
the structure of the agricultural supply line by functioning as an 
intermediary [51]. �ese reviews state that blockchain based 
traceability provides an authentic value addition to the supply 
chain system. Startups such as AgriBlockIoT, SATHI, TraceX, 
AgriICT, etc. have successfully implemented the characteristics 
of blockchain technology to the seed supply chain (Table 3). 

 �is entails being trustworthy in the seed market units 
tracing all classes of seed produce from the nucleus to the 
certi�ed one (Figure 4). In Table 4, we presented a comparative 
analysis of various blockchain-based solutions for agricultural 
grain/seed supply chain management across di�erent crops 
through a con�ned meta-analysis covering the available 
published manuscripts using the keywords ‘Seed Traceability 

[60]. Oats (Avena sativa), utilizing a public blockchain with smart 
contracts, o�er high transparency and e�ciency. Sorghum 
(Sorghum bicolour) bene�ts from a blockchain system integrated 
with IoT and UAVs, enabling e�ective monitoring of conditions 
[61]. Finally, rye leverages a hybrid blockchain system 
incorporating RFID and GPS, ensuring e�cient traceability and 
environmental data management (Table 4).

and Blockchain technology’, and ‘Seed Traceability’ or 
‘Seed Quality assurance through seed traceability’ 
from ‘Google Scholar, Scopus, and PubMed libraries. 
However, we could �nd very few numbers of published 
manuscripts particularly on seed traceability. For 
instance, wheat (Triticum aestivum) is managed using 
a blockchain with IoT integration, ensuring e�cient 
data handling [56]. Corn (Zea mays), on the other 
hand, leverages smart contracts on Ethereum to 
e�ectively verify seed origins [57]. Soybean (Glycine 
max) utilizes Hyperledger Fabric with RFID tracking, 
achieving good accuracy and e�ciency for large-scale 
tracking [58]. Rice (Oryza sativa), equipped with 
blockchain technology integrating GPS and WSN, 
boasts a high accuracy of 96% and real-time 
environmental monitoring capabilities [59]. Cotton 
(Gossypium hirsutum), is managed by a blockchain 
network, and is e�cient in low-resource settings. 
Barley, employing a private blockchain with QR codes, 
demonstrates moderate e�ciency in seed traceability 

SATHI Portal: An Initiative on Seed Traceability, 
Authentication and Holistic Inventory (SATHI)
Agricultural infrastructure, including public irrigation, cold 
chains, rural marketplaces, warehouses, and agricultural 
machinery hubs, has to be upgraded, according to an inquiry by 
NITI Aayog in the year 2020. In this concern, the government of 
India planned to introduce an information technology system. 
Finally, on April 19, 2023, the Union Minister of Agriculture and 
Farmers Welfare, Govt. of India o�cially launched the SATHI 
Portal and Mobile App (Figure 5). �is centralized online 
system for seed tracking, authentication, and inventory was 
created to address the issues associated with producing 
high-quality seeds, recognizing and certifying them. �e NIC 

and the Union Ministry of Agriculture and Farmers Welfare 
created it with the concept “Uttam Beej - Samriddh Kisan” in 
view. From nucleus to breeder seed, breeder to foundation seed, 
foundation to certi�ed seed, and �nally distributing the seeds to 
farmers through authorized dealers, it will o�er a 
comprehensive method covering the whole seed life cycle 
comprising several generations of seeds (Figure 6). SATHI 
intends to provide consistent seed quality and purity while 
enhancing the e�ciency, accessibility, time and resource savings, 
and traceability of the seed supply chain. It simpli�es the 
procedure for all parties involved in the seed manufacturing 
chain. Its objective is to improve, guarantee the seed’s integrity 
and purity by providing a comprehensive digital platform. It 
covers the whole seed life cycle and enhance accountability 

through several modules to facilitate seed traceability and 
maximize SCI’s on-�eld performance by minimizing error rates 
and incorporating technology into the system. Furthermore, it 
aims to compile MIS reports using GIS and the Bharat Map 
Interface to shorten the time it takes to register, and to get 
approved from lab tests, �eld inspections and certi�cation. �e 
SATHI portal veri�es the seed production chain’s source and 
determines the quality assurance system. Research 
Organization, Seed Certi�cation, Seed Licensing, Seed 
Catalogue, Dealer to Farmer Sales, Farmer Registration, and 
Seed DBT are the seven interconnected verticals of the seed 
chain constitute the system. SATHI consists of various modules 
such as Nucleus to breeder seed management; Breeder to 
certi�ed seed certi�cation etc. �ese modules assist the user in 

easing the administration and management work. In the module 
of nucleus to breeder seed management, seeds are indented to 
agricultural organizations and registered production units, then 
a�er allocation of seed, labeling of tags is carried out, and 
allocated seeds are li�ed from indenters. In the Breeder to 
certi�ed seed certi�cation module, seed growers and agencies 
are registered, samples and seed sources are veri�ed and a�er 
inspection and proper testing, labeling of seed lots for 
distribution is done. Further, seed inventory manages the seed 
lots and supervises the stock management and the depository 
unit keeps all the records. Only duly certi�ed seeds are permitted 
to be sold to centrally registered farmers by authorized dealers 
and these farmers would receive subsidies by direct bank 
transfer "DBT" into their pre-validated bank accounts.

Challenges Associated and Future Opportunity
�e problems of transparency, fraud in dealing with 
fake/spurious seeds, and illegal planting of GMOs have been 
resolved with the interventions of digital solutions in the seed 
value chain. Despite these solutions, there are still some 
limitations in the implementation of traceability solutions. �e 
�rst issue is restrictions created by vindictive customers to 
create a monopoly and control system for personal bene�ts. 
High consumption of energy, time, and cost create more 
complications for the application of blockchain solutions [65]. 
A centralized system of traceability also leads to tampering, data 
integrity, and failure at single points. Asymmetrical information 
�ow and negligence of transparency impede seed traceability by 
compromising quality assurance, supply chain integrity, market 
compliance, consumer trust, risk management, and innovation 
in the agricultural sector [66]. �e major issue is that the 

platform provides access to all information in a single web space 
which can lead to a leak of con�dential information [67]. 
Untruthfulness of data recorded and entered into the system 
undermines the reliability and accuracy of information, 
compromising decision-making and operational e�ectiveness. 
In addition, standard data format is not available in the protocol 
and can vary with the provided solution [68]. �ese limitations 
can be minimized with limited accessibility of records at the 
ministry level and checking the �ow of information between the 
supply chain units and public consumers. 

 In context with future prospects of seed traceability for 
quality assurance, the implementation of traceability solutions 
such as blockchain-based, IoT-based, BCI seed track, TraceX, 
SATHI and upcoming designs in the seed value chain is 
considerable and gaining interest. �ese solutions are 
promising means to minimize fraud, and errors in the supply 
chain and to enhance quality assurance and safety. In addition, 
arti�cial intelligence and the sensor-based traceability system 
can be remarkable changes in the management of the seed value 
chain by detecting the agro-climatic changes and minor 
alterations at di�erent stages of seed production, processing, 
and distribution that assist in the complete understanding of the 
system from source to end-user.

Conclusions
In conclusion, the fusion of blockchain and IoT technologies 
o�ers a transformative approach to enhancing traceability in 
the agricultural supply chain. By providing an immutable 
record of a product's journey from seed to consumer, these 
technologies ensure transparency and trust among 
stakeholders. �e capacity to access comprehensive information 
about agricultural products not only improves food safety and 
quality assurance but also empowers consumers and farmers 
alike. As the agricultural sector increasingly adopts these 
innovations, the implications for e�ciency, accountability, and 
sustainability are profound, paving the way for a more resilient 
food system. Future research and development in this area will 
be crucial in maximizing the potential bene�ts of blockchain 
technology in agriculture.
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Seed quality assurance is a cornerstone of a robust and 
sustainable seed supply chain. High-quality seeds are essential 
for achieving optimal crop yields, ensuring food security, and 
protecting the environment [1,2]. �rough maintaining strict 
quality standards, seed producers can ensure that farmers 
receive seeds that are genetically pure, free from diseases and 
pests, and have a high germination percentage. In addition to 
improving crop performance, this also reduces the risk of crop 
failures due to poor seed quality. Additionally, ensuring seed 
quality helps preserve genetic diversity, which is crucial for 
adapting crops to changing environmental conditions and 
developing new varieties with desirable traits. Ultimately, 
investing in seed quality assurance is an investment in the future 
of agriculture and food production [3].

 Blockchain is a decentralized and distributed ledger 
technology that securely records and veri�es transactions across a 
network of computers [4]. �e groundwork of our current 
understanding of “blockchain” was laid by Haber and Scott 
Stornetta in 1991 in their article “How to Time-Stamp a Digital 
Document” [5]. Satoshi Nakamoto’s paper in 2008 introduced the 
�rst blockchain database [6].  One de�nes blockchain as a 
distributed ledger that maintains a consistently extending list of 
data records, wherein each participating node veri�es [7]. It 
ensures transparency, immutability, distributed information, and 
tamper-resistant data storage. A blockchain comprises a sequence 

of interconnected blocks, with each block containing a hash of 
the preceding one. �e initial block, known as the genesis block, 
marks the beginning of the blockchain and subsequent blocks 
extend the chain to the latest one. Each block encompasses a set 
of transactions executed by network participants. Valid 
transactions create an interconnected series of blocks within a 
public ledger. Miners consolidate transactions into a block 
before incorporating it into the blockchain. �is cryptographic 
hash links the current block to the preceding one, forming a 
chain. If data is tampered with, the hash changes, invalidating 
the chain due to the one-way function of hashing. �e hash acts 
as a unique identi�er for each block, a fundamental principle in 
blockchain architecture. �e SHA256 hash algorithm, created 
and introduced by the National Security Agency "NSA" is 
commonly used for cryptography, o�ering a high level of 
security with 256 bits of memory. �e SHA256 algorithm 
satis�es �ve basic requirements presented in (Table 1) [8].

 Internet of �ings "IoT" refers to the network of 
interconnected devices that communicate and share data. 
When combined, Blockchain and IoT create a powerful 
synergy, enabling secure and transparent data exchange 
between devices, ensuring integrity and trust in the digital 
ecosystem such as TraceX solution, BCI SeedTrack, 
AgriBlockIoT, Agri-ICT, Consortium blockchain approach, 
Blockchain SDSS scheme, etc. [9-13].  

 Quality seed is one of the most important inputs for 
enhancing crop productivity. As seed is the carrier of any novel 
technology, the quality of the seed should be ascertained for the 
end users and farmers. Quality assurance is of utmost 
importance at all stages like seed production, seed processing, 
seed packaging, seed storage, and distribution stages. Seed 
traceability through modern technologies enables seed quality 
assurance at all the seed production stages and may be recti�ed 
easily if any mistake happens. �e published manuscripts 
available on available on Google Scholar, PubMed, and Scopus 
libraries were used to represent the results in the present review 
paper.

Introduction to Traceability and Its Importance in 
Agricultural Supply Chain
According to the International Organization for Standardization 
"ISO", traceability is the ability to trace the path of a product 
through the supply value system, beginning from the 

production, processing, and validating to the �nal distribution 
phases [14]. �is idea makes it easier to obtain in-depth details of 
a product (Figure 1). Traceability is frequently stated as the “one 
step back, one step forward” approach [15]. However, the 
capacity to access the product details over the course of its whole 
supply cycle through documented identi�cations is the formal 
de�nition of traceability [16]. In a similar manner, seed 
traceability is referred to as the capacity to trace the seed from 
the production, sticking to several classes (nucleus, breeder, 
foundation, certi�ed) and encompassing all details from origin 
(seed material, variety) to �nal distribution. A comprehensive 
traceability system should combine both quantitative and 
qualitative details considering the supply chain system. 
Moreover, this system provides a complete track record of seed 
variety, its origin, seed purity, viability, vigorousity, and 
appearance assisting end-users. Information and 
Communication Technology "ICT" can provide a signi�cant 
contribution to digitization for easy �ow of information.

participants face, Tripoli and Schmidhuber investigate 
Distributed Ledger Technologies "DLTs" [36]. �ey address 
institutional and technical adoption barriers as well as the role 
DLTs play in achieving Sustainable Development Goals "SDGs". 
In order to improve product supply chains, Hua et al. 2018, 
suggest a blockchain-based agricultural provenance system that 
combines dependable data management with decentralization 
[37]. Designed for food provenance, Malik et al. 2018, present 
Product Chain, a permissioned blockchain framework with a 
three-tiered architecture to control data access and ensure 
guarantee [38]. Arsyad et al. 2019, propose a two-factor 
blockchain system that links documentation and watermarking 
to trace cocoa and chocolate manufacture [39]. Awan et al. 2020, 
combine blockchain technology with IoT to maximize energy 
e�ciency and routing in dispersed networks, while Zhang et al. 
2020, describe an architecture for storing agricultural breeding 
data via the blockchain [40,41]. Traceability is the most 
important component of blockchain adoption in agriculture 
[42]. Various research demonstrates the applicability of 
blockchain in supply networks, assuring safety and quality, and 
proposed new frameworks for improving transparency in supply 
chains. Overall, blockchain is presented as a transformative tool 
for enhancing traceability, security, and e�ciency across 
agricultural supply chains.

Introduction To Seed Supply Chain and Role of 
Traceability in Seed Supply Chain
Seed supply chain is an organized and sometimes informal 
system of seed production, processing, distribution, marketing, 
and li�ing the lots in concern of related management units and 
agencies. �is system of supply chain has con�gured the quality 
assurance of produced seeds and products for a long time 
(Figure 3). However, the era has changed in recent years; the 
degradation in the quality, nutritional value, and purity of 
supplied seeds and products has become the main concern to the 
managing authorities. �e reasons are many including the vast 
and sophisticated structure of the supply chain, mishandling 
during the quality testing and allocation of seed lots, imbalanced 
chemical use, fraudulence and spurious seed mixing, incomplete 
information �ow and access to the data, etc. In the context of 
seed quality assurance and safety, there is a need of transparency 
and authenticity in the supply chain. Traceability with digital 
interventions is the solution to all these limitations [43].

 �e reliability of any digital ledger, including blockchain, is 
contingent upon the organization responsible for its 
maintenance. Issues can arise if the cryptographic link is 
compromised due to malicious alterations or system errors. 
Blockchain operates on peer-to-peer "P2P" networks where 
blocks are replicated across interconnected computers through 
the utilization of cryptographic keys, thereby enhancing security 
and resilience [20]. Each block in the blockchain encompasses 
the block number, stored data, and hash of the preceding and 
current block. Additionally, the “nonce” �eld, which stands for 
“number used only once”, plays a crucial role in the mining 
process and creation of new blocks. Moreover, the di�culty 
adjustment mechanism ensures that the mining process remains 
consistent over time, irrespective of �uctuations in the number 
of users or the speed of their hardware. 

 Decentralized applications "Dapps" are programs that 
operate and can be kept on the peers’ computers inside a 
blockchain network instead of a centralized server. Using 
distributed blockchain technology, the fundamentally 
innovative idea is to create a global supercomputer where all 
data, including programs and transactions, is permanently 
recorded, tracked, and saved. Ethereum introduced the concept 
of smart contracts to address limitations in the visibility of 
network peers within certi�cation access mechanisms. Smart 
contracts envision a distributed ledger for contract storage. 
Contracts are digital agreements stored on the blockchain with 
tamper-proof code. �ese contracts execute automatically based 
on prede�ned rules, providing transparency and security 
beyond traditional contract methods. Various consensus 
protocols such as Proof of Work "PoW" and Proof of Stake "PoS" 
address blockchain network security and chain resolution. PoW 
incentivizes individuals with superior equipment by o�ering 
higher rewards, leading to mining pools and potential 
centralization, making it susceptible to a 51% Attack, wherein a 
single entity controls the majority of hashing power [21]. In 
contrast, PoS fosters decentralization by encouraging node setup 
instead of mining. 

 Public blockchain networks are speci�ed as permissionless, 
allowing anybody to access, update data, and create smart 
contracts, assuring complete transparency and a high degree of 
privacy [13]. On the other hand, private networks create a closed 

accessible to all stakeholders. �is transparent supply chain has 
the capability to enhance productivity and lower production 
costs. Within this system, the blockchain ledger dynamically 
updates by analyzing and evaluating data as objects progress 
through the facility. Upon product acceptance at its destination, 
an electronic noti�cation triggers a blockchain smart contract, 
facilitating a pay agreement for the products.

Data collection methods and data processing
In the realm of supply chain traceability, gathering a substantial 
volume of data is imperative.  Previously, manual data recording 
by �eld workers was the norm, but this method posed risks of 
inaccuracies and ine�cient resource utilization during data 
transfer. However, in recent decades, the advent of automated 
processes and communication technologies, epitomized by the 
IoT, has revolutionized traceability. Technologies like barcodes, 
Quick Response "QR" codes, Radio Frequency Identi�cation 
"RFID" and Wireless Sensor Networks "WSNs" have become 
ubiquitous in supply chains [24]. For instance, RFID facilitates 
the swi� identi�cation of the source of food safety issues. WSNs, 
an alternative or complement to RFID, employ sensors and 
actuators to communicate wirelessly with an external system, 
providing data in real-time on variables such as temperature, 
humidity, and plant diseases while conserving energy [25]. 
Augmenting WSNs with advanced technologies like the Global 
Positioning System "GPS" enhances their functionality. 
Traceability systems leveraging these technologies o�er 
numerous advantages, including expedited product recalls for 
public health safety, heightened consumer con�dence, and the 
promotion of transparency and reliability in the intricate 
modern food supply chain. Data processing entails the analysis 
and interpretation of collected data to derive meaningful 
conclusions. Subsequently, this processed information is 
recorded on the blockchain, creating an immutable and 
transparent record.

Application of Block Chain and IoT in Agricultural 
Traceability System
Blockchain technology o�ers a clear and reliable traceable record 
of the tracked products in real-time, enabling the creation of a 
more e�cient and robust supply chain. �rough a collaborative 
blockchain network, associated members can create and exchange 
traceability information. �is information must be maintained 
safely and immutably. Blockchain and IoT revolutionize 

agricultural traceability by ensuring data accuracy, transparency, 
and security. In this system, sensors and devices collect real-time 
data from farms, processing units, and distribution channels 
(Table 2). �is data is then recorded on a blockchain, creating a 
decentralized and tamper-proof ledger. Below are some highlights 
of the key advantages of this integration:

• Enhanced Transparency
• Improved Data Integrity
• Real-time Monitoring
• Secure and Immutable Records
• Increased Trust in the Supply Chain

Table 1. Five basic requirements in cryptography. Importance of Seed Traceability in Seed Quality 
Assurance
Spurious seed identification
Digitization and traceability have become essential in the seed 
industry due to the requirement to identify and exclude 
low-quality and spurious seeds from the quality seed lot for 
promising seed quality assurance. �e low quality is due to 
mishandling, manual record keeping, inappropriate information 
during seed production, and malicious mixing of faulty seeds 
into a lot of quality seeds. �ese factors also have an impact on 
the farmer's income, the cost of processing, the grading and 
sorting process, the seed value chain, and other related factors. 
Digitization and traceability provide complete transparency of 
the operational process (i.e., seed treatment, grading, sorting, 
packaging) and assure a full proof veri�cation of the quality in 
the seed industry that will raise the seed prices and improve 
end-user bene�ts [2].

Digital identification of breeder foundation certified 
seeds
Tracing the production process of nucleus seed (parental 
source), breeder seed, foundation seed, registered seed, certi�ed 
seed, and labeled seed ensures authentic and quality seed 
production leading to high-yielding cultivars. �is can be 
achieved by digitally indicating the seed classes. Seed 
traceability provides a more convenient solution to this tracking 
system. �e primary step is to indent the seed generation unit 
(for di�erent seed classes) and register these seed production 
centre. �e secondary step is allocation for seed production, 
veri�cation of seed class, and issuing the labels to the seed lots 
for identi�cation. Maintenance of the samplings, proper 
inspection, testing, and registering the tags or QR coding are the 
further steps (SATHI portal).

Visibility of seed chain
Seed traceability systems can provide complete transparency of 
seed supply and value chain. In order to make the seed supply 
chain more transparent and reliable, seed traceability systems 
assist with data at each level and make the process responsive. 
�is also assists the relevant agencies to collect pro�ts and 
ensure a good quality product to robust the national and 
international seed market. Promoting transparency in the seed 
chain through the digitalization of traceability solutions makes it 
possible to minimize waste, ensure timely distribution, and 
permit e�ective management of inventory. Furthermore, 
blockchain technology for the seed supply and value chain 
empowers a single platform to obtain validated information that 
promotes traceability and transparency at all times [13].

Management of Seed Value Chain Through Seed 
Traceability
�e seed value chain is a broad, intricate system that includes 
several stages of execution, including seed development, 
multiplication, processing, distribution units, farmers and 
consumers [44]. �e broad and problematic supply chain 
extending from the raw materials to the �nal customer makes it 
very di�cult and time-consuming to trace the source of a 
product. �erefore, a secure framework must be designed to 
track information about the product’s origin, production 
methods, and safety throughout its supply chain cycle restricting 

S.N. Key properties Discussion

1 One-Way Decryption 
Algorithm

It is computationally infeasible to reverse the hashing process and retrieve the 
original input from the hash value

2 Deterministic �e algorithm produces the same hash output for the same input every time, 
ensuring consistency

3 Fast Computation �e hashing process is e�cient and can be performed quickly, making it suitable 
for various applications

4 Avalanche E�ect A small change in the input results in a signi�cantly di�erent hash output, making 
it challenging to predict or manipulate

5 Withstanding Collisions It is highly improbable for two di�erent inputs to produce the same hash output, 
ensuring the integrity of the hashing process

Figure 1. Farm to fork product supply chain system. Source: (https://cicr.org.in/wpcontent/uploads/CI-2024-2.pdf).

Categorization of Traceability
A traceability system enables users to track a product across 
various stages, including manufacturing, processing, 
distribution, and handling. When designing such a traceability 
system, collection of data type, information for ownership, tools 
(sensors and networks), and management strategies are the 
crucial key factors to consider [17]. �e agriculture system 
includes product traceability (tracking the origin and movement 
of agricultural products), process traceability (monitoring 
various production stages), and supply chain traceability 
(tracing at each step, the entire product journey from farm to 
consumer) (Figure 2). Internal-level traceability is performed by 
a single entity, such as a company or organization, utilizing 

internal protocols. Intra-company traceability focuses on 
identifying the origins of a product’s ingredients, packaging, etc 
when queried from within the supply chain. Whereas, external 
traceability combines intra-company processes with a 
reconstructive process to outline the comprehensive history of a 
particular product [18]. Traceability levels are further 
categorized into mandatory and voluntary classi�cations. 
Mandatory traceability is o�en driven by �nancial 
considerations and may lack detailed information about product 
quality. In contrast, voluntary traceability allows supply chain 
factors to choose the data they collect independently.  However, 
voluntary systems can be challenging due to their complexity, as 
varying standards and methods employed by each factor result 
in a wide range of data for tracking and tracing products [19]. 

ecosystem through access restriction.  
Businesses o�en opt for private blockchain 
networks to leverage technology bene�ts 
without compromising autonomy [22]. 
Private blockchains o�en employ consensus 
mechanisms other than Proof of Work 
"PoW". In short, public blockchain networks 
prioritize decentralization, while private 
ones emphasize con�gurational �exibility. 
Hybrid approaches, known as permissioned 
blockchain systems, also exist [23].

 In the agricultural supply chain, 
integrating blockchain-distributed ledgers 
and IoT technology enhances information 
exchange e�ciency among network 
participants, o�ering a reliable data source 

 IoTs and blockchain devices and protocols revolutionized 
the agricultural tracking and tracing system with the utilization 
of smart sensors for continuous monitoring of prevailing 
conditions to ensure quality standards and GPS trackers, and 
tags for precise tracking. Various Blockchain and IoT solutions 
have been implemented in supply chain and seed tracing 
systems globally [9-11,13,34]. 

General agricultural supply chain and implementation 
of blockchain 
Blockchain projects aim to increase accountability, e�ciency, 
and safety from farm to fork are highlighted by Kim and 
Laskowski in their analysis of the supply chain for agriculture 
[35]. In order to address the issues marginalized supply chain 

third-party and centralized control [45]. Integration of digital 
solutions throughout the seed value chain has con�gured a 
smooth system of traceability process with complete 
transparency of the information. �is also ensures a quality 
assurance of seeds and enhanced productivity. �e value-chain 
analysis paradigm has been used to design better alternatives 
where the contribution of the private sector is fruitful in 
reducing poverty, enhancing human nutrition, and considering 
gender equity [46]. �e traceability process comprises the steps 
as per design by PJTSAU-TraceX, IoT, BCI seedtrack, and 
several adopted solutions. �e information of every step is 
recorded within linked traceability and web design. �e process 
begins by determining the seed quantity to be produced, 
following the farmer’s registration, and allotting classes of seed 
to them for cultivation. �ese allotted farms are geo tagged and 
surveyed for the �eld conditions. Guidelines as indicated in the 
solutions are provided regarding the package of practices to be 
followed. Scienti�c assistance, crop mapping, progress, and data 
recording are simultaneously done during the crop period. 
Individually harvested seed batches are dispatched for 
germination and quality testing. Following treating, grading, 
and sorting, high quality seeds meeting the standards of the 
certi�cation agency are selected and stamped. Certi�ed seeds 
are distributed for multiplication as per the requirement. Using 
Trace X, each certi�ed sample is bagged, stamped, labeled, and 
sealed with a unique QR-coded tag. Scanning the QR code 
provides all the details of seeds in the bag from source to 
certi�cation. 

Different Technologies Applied for Seed Traceability
Some related work has been discovered by researchers in their 
�ndings, analysis and designing of traceability solution to 

combat the limitation of supply chain systems. Using blockchain 
technology and the IoT, Tian et al., 2017 propose a system for 
food supply tracking based on Hazard Analysis and Critical 
Control Points (HACCP) [34]. Tian et al., 2016 already 
addressed the bene�ts and drawbacks of RFID and blockchain 
technology for agricultural supply chain traceability [47]. 
AgriBlockIoT, a blockchain-based traceability system that 
incorporates information obtained from IoT devices across the 
agricultural supply chain is described by Caro et al., 2018 [9]. 
�ey designed an application model that compared 
implementations using Ethereum and Hyperledger, tracing food 
from farm to fork. In their discussion of using blockchain 
technology in the food supply chain, they contrasted traditional 
solutions with blockchain-based ones and additionally 
emphasized signi�cant aspects of reliability, transparency, and 
security [48]. In order to improve productivity and give 
traceability in the agricultural sector, a study has explored the use 
of distributed ledger technology "DLT" and smart contracts [36].

Blockchain Enabled System for Seed Traceability
According to researchers, blockchain technology facilitates the 
tracking process and guarantees reliable proof of an item's 
source and subsequent alterations. In addition, product 
ownership speci�es the process of management for being 
capable of recognizing fake once and the supply chain is made 
safer by recognizing potential locations [49,50]. It improvises 
the structure of the agricultural supply line by functioning as an 
intermediary [51]. �ese reviews state that blockchain based 
traceability provides an authentic value addition to the supply 
chain system. Startups such as AgriBlockIoT, SATHI, TraceX, 
AgriICT, etc. have successfully implemented the characteristics 
of blockchain technology to the seed supply chain (Table 3). 

 �is entails being trustworthy in the seed market units 
tracing all classes of seed produce from the nucleus to the 
certi�ed one (Figure 4). In Table 4, we presented a comparative 
analysis of various blockchain-based solutions for agricultural 
grain/seed supply chain management across di�erent crops 
through a con�ned meta-analysis covering the available 
published manuscripts using the keywords ‘Seed Traceability 

[60]. Oats (Avena sativa), utilizing a public blockchain with smart 
contracts, o�er high transparency and e�ciency. Sorghum 
(Sorghum bicolour) bene�ts from a blockchain system integrated 
with IoT and UAVs, enabling e�ective monitoring of conditions 
[61]. Finally, rye leverages a hybrid blockchain system 
incorporating RFID and GPS, ensuring e�cient traceability and 
environmental data management (Table 4).

and Blockchain technology’, and ‘Seed Traceability’ or 
‘Seed Quality assurance through seed traceability’ 
from ‘Google Scholar, Scopus, and PubMed libraries. 
However, we could �nd very few numbers of published 
manuscripts particularly on seed traceability. For 
instance, wheat (Triticum aestivum) is managed using 
a blockchain with IoT integration, ensuring e�cient 
data handling [56]. Corn (Zea mays), on the other 
hand, leverages smart contracts on Ethereum to 
e�ectively verify seed origins [57]. Soybean (Glycine 
max) utilizes Hyperledger Fabric with RFID tracking, 
achieving good accuracy and e�ciency for large-scale 
tracking [58]. Rice (Oryza sativa), equipped with 
blockchain technology integrating GPS and WSN, 
boasts a high accuracy of 96% and real-time 
environmental monitoring capabilities [59]. Cotton 
(Gossypium hirsutum), is managed by a blockchain 
network, and is e�cient in low-resource settings. 
Barley, employing a private blockchain with QR codes, 
demonstrates moderate e�ciency in seed traceability 

SATHI Portal: An Initiative on Seed Traceability, 
Authentication and Holistic Inventory (SATHI)
Agricultural infrastructure, including public irrigation, cold 
chains, rural marketplaces, warehouses, and agricultural 
machinery hubs, has to be upgraded, according to an inquiry by 
NITI Aayog in the year 2020. In this concern, the government of 
India planned to introduce an information technology system. 
Finally, on April 19, 2023, the Union Minister of Agriculture and 
Farmers Welfare, Govt. of India o�cially launched the SATHI 
Portal and Mobile App (Figure 5). �is centralized online 
system for seed tracking, authentication, and inventory was 
created to address the issues associated with producing 
high-quality seeds, recognizing and certifying them. �e NIC 

and the Union Ministry of Agriculture and Farmers Welfare 
created it with the concept “Uttam Beej - Samriddh Kisan” in 
view. From nucleus to breeder seed, breeder to foundation seed, 
foundation to certi�ed seed, and �nally distributing the seeds to 
farmers through authorized dealers, it will o�er a 
comprehensive method covering the whole seed life cycle 
comprising several generations of seeds (Figure 6). SATHI 
intends to provide consistent seed quality and purity while 
enhancing the e�ciency, accessibility, time and resource savings, 
and traceability of the seed supply chain. It simpli�es the 
procedure for all parties involved in the seed manufacturing 
chain. Its objective is to improve, guarantee the seed’s integrity 
and purity by providing a comprehensive digital platform. It 
covers the whole seed life cycle and enhance accountability 

through several modules to facilitate seed traceability and 
maximize SCI’s on-�eld performance by minimizing error rates 
and incorporating technology into the system. Furthermore, it 
aims to compile MIS reports using GIS and the Bharat Map 
Interface to shorten the time it takes to register, and to get 
approved from lab tests, �eld inspections and certi�cation. �e 
SATHI portal veri�es the seed production chain’s source and 
determines the quality assurance system. Research 
Organization, Seed Certi�cation, Seed Licensing, Seed 
Catalogue, Dealer to Farmer Sales, Farmer Registration, and 
Seed DBT are the seven interconnected verticals of the seed 
chain constitute the system. SATHI consists of various modules 
such as Nucleus to breeder seed management; Breeder to 
certi�ed seed certi�cation etc. �ese modules assist the user in 

easing the administration and management work. In the module 
of nucleus to breeder seed management, seeds are indented to 
agricultural organizations and registered production units, then 
a�er allocation of seed, labeling of tags is carried out, and 
allocated seeds are li�ed from indenters. In the Breeder to 
certi�ed seed certi�cation module, seed growers and agencies 
are registered, samples and seed sources are veri�ed and a�er 
inspection and proper testing, labeling of seed lots for 
distribution is done. Further, seed inventory manages the seed 
lots and supervises the stock management and the depository 
unit keeps all the records. Only duly certi�ed seeds are permitted 
to be sold to centrally registered farmers by authorized dealers 
and these farmers would receive subsidies by direct bank 
transfer "DBT" into their pre-validated bank accounts.

Challenges Associated and Future Opportunity
�e problems of transparency, fraud in dealing with 
fake/spurious seeds, and illegal planting of GMOs have been 
resolved with the interventions of digital solutions in the seed 
value chain. Despite these solutions, there are still some 
limitations in the implementation of traceability solutions. �e 
�rst issue is restrictions created by vindictive customers to 
create a monopoly and control system for personal bene�ts. 
High consumption of energy, time, and cost create more 
complications for the application of blockchain solutions [65]. 
A centralized system of traceability also leads to tampering, data 
integrity, and failure at single points. Asymmetrical information 
�ow and negligence of transparency impede seed traceability by 
compromising quality assurance, supply chain integrity, market 
compliance, consumer trust, risk management, and innovation 
in the agricultural sector [66]. �e major issue is that the 

platform provides access to all information in a single web space 
which can lead to a leak of con�dential information [67]. 
Untruthfulness of data recorded and entered into the system 
undermines the reliability and accuracy of information, 
compromising decision-making and operational e�ectiveness. 
In addition, standard data format is not available in the protocol 
and can vary with the provided solution [68]. �ese limitations 
can be minimized with limited accessibility of records at the 
ministry level and checking the �ow of information between the 
supply chain units and public consumers. 

 In context with future prospects of seed traceability for 
quality assurance, the implementation of traceability solutions 
such as blockchain-based, IoT-based, BCI seed track, TraceX, 
SATHI and upcoming designs in the seed value chain is 
considerable and gaining interest. �ese solutions are 
promising means to minimize fraud, and errors in the supply 
chain and to enhance quality assurance and safety. In addition, 
arti�cial intelligence and the sensor-based traceability system 
can be remarkable changes in the management of the seed value 
chain by detecting the agro-climatic changes and minor 
alterations at di�erent stages of seed production, processing, 
and distribution that assist in the complete understanding of the 
system from source to end-user.

Conclusions
In conclusion, the fusion of blockchain and IoT technologies 
o�ers a transformative approach to enhancing traceability in 
the agricultural supply chain. By providing an immutable 
record of a product's journey from seed to consumer, these 
technologies ensure transparency and trust among 
stakeholders. �e capacity to access comprehensive information 
about agricultural products not only improves food safety and 
quality assurance but also empowers consumers and farmers 
alike. As the agricultural sector increasingly adopts these 
innovations, the implications for e�ciency, accountability, and 
sustainability are profound, paving the way for a more resilient 
food system. Future research and development in this area will 
be crucial in maximizing the potential bene�ts of blockchain 
technology in agriculture.

Acknowledgment
�e authors extend their sincere gratitude to colleagues for their 
guidance and support throughout this research.

Disclosure Statement
No potential con�ict of interest was reported by the author.

References
1. Misra MK, Harries A, Dadlani M. Role of seed certi�cation 

in quality assurance. Seed science and technology. 
Singapore: Springer. 2023;267-298.                . 
https://doi.org/10.1007/978-981-19-5888-5. 

2. Srinivasarao C, Srinivas T, Rao RV, Rao NS, Vinayagam SS, 
Krishnan P. Climate change and Indian agriculture: 
challenges and adaptation strategies. ICAR-National 
Academy of Agricultural Research Management, 
Hyderabad, Telangana, India. 2020;584.

3. Gough RE. Seed quality: basic mechanisms and 
agricultural implications. CRC Press; 2020.

4. Xiong H, Dalhaus T, Wang P, Huang J. Blockchain 

technology for agriculture: applications and rationale. 
Front Blockchain. 2020;3:7.                    .  
https://doi.org/10.3389/�loc.2020.00007. 

5. Tommerdahl J. Introduction to the blockchain, Bitcoin, 
and other cryptocurrencies for educators. Neural Comput 
and Applic. 2024;36(32):20527-20536.           .  
https://doi.org/10.1007/s00521-024-10209-y. 

6. Nakamoto S. Bitcoin: A peer-to-peer electronic cash 
system. 2008. https://dx.doi.org/10.2139/ssrn.3440802. 

7. Raikwar M, Gligoroski D, Kralevska K. SoK of used 
cryptography in blockchain. IEEE Access. 2019;7:148550- 
148575. https://dx.doi.org/10.1109/ACCESS.2019.2946983. 

8. Penard W, Van Werkhoven T. On the secure hash 
algorithm family. Cryptography in context. 2008:1-8.

9. Caro MP, Ali MS, Vecchio M, Gia�reda R. 
Blockchain-based traceability in Agri-Food supply chain 
management: A practical implementation. In2018 IoT 
Vertical and Topical Summit on Agriculture-Tuscany (IOT 
Tuscany) 2018;1-4.                     .   
https://dx.doi.org/10.1109/IOT-TUSCANY.2018.8373021. 

10. Lin YP, Petway JR, Anthony J, Mukhtar H, Liao SW, Chou 
CF, et al. Blockchain: �e evolutionary next step for ICT 
e-agriculture. Environments. 2017;4(3):50.               .  
https://doi.org/10.3390/environments4030050. 

11. Mao D, Hao Z, Wang F, Li H. Innovative blockchain-based 
approach for sustainable and credible environment in food 
trade: A case study in Shandong Province, China. 
Sustainability. 2018;10(9):3149.               .  
https://doi.org/10.3390/su10093149. 

12. González-Amarillo CA, Corrales-Muñoz JC, 
Mendoza-Moreno MÁ, Hussein AF, Arunkumar N, 
Ramirez-González G. An IoT-based traceability system for 
greenhouse seedling crops. IEEE Access. 2018;6:67528- 
67535. https://doi.org/10.1109/ACCESS.2018.2877293.

13. Salah K, Nizamuddin N, Jayaraman R, Omar M. 
Blockchain-based soybean traceability in agricultural 
supply chain. IEEE Access. 2019;7:73295-73305. 
https://doi.org/10.1109/ACCESS.2019.2918000. 

14. Manikas I, Manos B. Design of an integrated supply chain 
model for supporting traceability of dairy products. Int J 
Dairy Technol. 2009;62(1):126-138.           .  
https://doi.org/10.1111/j.1471-0307.2008.00444.x. 

15. Banerjee R and Menon H. Impact, trade. Traceability in 
food and agricultural products. 2015.

16. Olsen P, Borit M. How to de�ne traceability. Trends Food 
Sci Technol. 2013;29(2):142-150.            . 
https://doi.org/10.1016/j.tifs.2012.10.003. 

17. Corallo A, Latino ME, Menegoli M, Pontrandolfo P. A 
systematic literature review to explore traceability and 
lifecycle relationship. Int J Prod Res. 2020;58(15):4789- 
4807. https://doi.org/10.1080/00207543.2020.1771455. 

18. Aung MM, Chang YS. Traceability in a food supply chain: 
Safety and quality perspectives. Food control. 2014;39: 
172-184. https://doi.org/10.1016/j.foodcont.2013.11.007. 

19. Pappa IC, Iliopoulos C, Massouras T. What determines the 
acceptance and use of electronic traceability systems in 
agri-food supply chains? J Rural Stud. 2018;58:123-135. 
https://doi.org/10.1016/j.jrurstud.2018.01.001. 

20. Davidson S, Potts J. Institutional cryptoeconomics. In�e 
Economics of Blockchain and Cryptocurrency. 2022;1-12. 

https://doi.org/10.4337/9781800882348.00008.
21. Castor A. A (short) guide to blockchain consensus 

protocols. Coindesk. 2017.
22. Casino F, Kanakaris V, Dasaklis TK, Moschuris S, Rachaniotis 

NP. Modeling food supply chain traceability based on 
blockchain technology. Ifac-Papersonline. 2019;52(13): 
2728-2733. https://doi.org/10.1016/j.ifacol.2019.11.620.

23. Mondal S, Wijewardena KP, Karuppuswami S, Kriti N, 
Kumar D, Chahal P. Blockchain inspired RFID-based 
information architecture for food supply chain. IEEE 
Internet �ings J. 2019;6(3):5803-5813.           .  
https://doi.org/10.1109/JIOT.2019.2907658.

24. Costa C, Antonucci F, Pallottino F, Aguzzi J, Sarriá D, 
Menesatti P. A review on agri-food supply chain 
traceability by means of RFID technology. Food Bioprocess 
Technol. 2013;6:353-366.           .  
https://doi.org/10.1007/s11947-012-0958-7. 

25. Shi X, An X, Zhao Q, Liu H, Xia L, Sun X, et al. 
State-of-the-art internet of things in protected agriculture. 
Sensors. 2019;19(8):1833.                .  
https://doi.org/10.3390/s19081833. 

26. Lei M, Liu S, Luo N, Yang X, Sun C. Trusted-auditing 
chain: A security blockchain prototype used in agriculture 
traceability. Heliyon. 2022;8(11).            . 
https://doi.org/10.1016/j.heliyon.2022.e11477. 

27. Khan HH, Malik MN, Konečná Z, Chofreh AG, Goni FA, 
Klemeš JJ. Blockchain technology for agricultural supply 
chains during the COVID-19 pandemic: Bene�ts and 
cleaner solutions. J Clean Prod. 2022;347:131268. 
https://doi.org/10.1016/j.jclepro.2022.131268. 

28. Ashraf M, Heavey C. A Prototype of supply chain 
traceability using solana as blockchain and IoT. Procedia 
Comput Sci. 2023;217:948-959.           .  
https://doi.org/10.1016/j.procs.2022.12.292. 

29. Cao S, Johnson H, Tulloch A. Exploring blockchain-based 
traceability for food supply chain sustainability: Towards a 
better way of sustainability communication with 
consumers. Procedia Comput Sci. 2023;217:1437-1445. 
https://doi.org/10.1016/j.procs.2022.12.342. 

30. Hasan AT, Sabah S, Daria A, Haque RU. A peer-to-peer 
blockchain-based architecture for trusted and reliable 
agricultural product traceability. Decis Anal. 2023;9: 
100363. https://doi.org/10.1016/j.dajour.2023.100363. 

31. Liu S, Yu Z. Modeling and e�ciency analysis of blockchain 
agriculture products E-commerce cold chain traceability 
system based on Petri net. Heliyon. 2023;9(11):e21302. 
https://doi.org/10.1016/j.heliyon.2023.e21302. 

32. Jahanbin P, Wingreen SC, Sharma R, Ijadi B, Reis MM. 
Enabling a�ordances of blockchain in agri-food supply 
chains: A value-driver framework using Q-methodology. 
Int J Innov Stud. 2023;7(4):307-325.       .  
https://doi.org/10.1016/j.ijis.2023.08.001. 

33. Yang X, Liu M, Wei J, Liu Y. Research on investment 
optimization and coordination of fresh supply chain 
considering misreporting behavior under blockchain 
technology. Heliyon. 2024;10(5):e26749.       .  
https://doi.org/10.1016/j.heliyon.2024.e26749. 

34. Tian F. A supply chain traceability system for food safety 
based on HACCP, blockchain and Internet of things. 
In2017 International conference on service systems and 

service management 2017;1-6. IEEE.       .  
https://doi.org/10.1109/ICSSSM.2017.7996119. 

35. Kim HM, Laskowski M. Agriculture on the blockchain: 
Sustainable solutions for food, farmers, and �nancing. 
Supply Chain Revolution, Barrow Books. 2018. 
https://dx.doi.org/10.2139/ssrn.3028164. 

36. Tripoli M, Schmidhuber J. Emerging opportunities for the 
application of blockchain in the agri-food industry. 2018. 
Available at https://coilink.org/20.500.12592/k14kkb 

37. Hua J, Wang X, Kang M, Wang H, Wang FY. Blockchain 
based provenance for agricultural products: A distributed 
platform with duplicated and shared bookkeeping. In2018 
IEEE intelligent vehicles symposium (IV). 2018;97-101. 
IEEE. https://dx.doi.org/10.1109/IVS.2018.8500647.

38. Malik S, Kanhere SS, Jurdak R. Productchain: Scalable 
blockchain framework to support provenance in supply 
chains. In 2018 IEEE 17th International Symposium on 
Network Computing and Applications (NCA). 2018;1-10. 
IEEE. https://dx.doi.org/10.1109/NCA.2018.8548322. 

39. Arsyad AA, Dadkhah S, Köppen M. Two-factor blockchain 
for traceability cacao supply chain. InAdvances in 
Intelligent Networking and Collaborative Systems: �e 
10th International Conference on Intelligent Networking 
and Collaborative Systems (INCoS-2018). 2019; 332-339. 
https://doi.org/10.1007/978-3-319-98557-2_30. 

40. Awan SH, Ahmed S, Nawaz A, Sulaiman S, Zaman K, Ali 
MY, et al. Blockchain with IoT, an emergent routing scheme 
for smart agriculture. Int J Adv Comput Sci Appl. 2020;11(4): 
420-429. http://dx.doi.org/10.14569/IJACSA.2020.0110457. 

41. Zhang Q, Han YY, Su ZB, Fang JL, Liu ZQ, Wang KY. A 
storage architecture for high-throughput crop breeding 
data based on improved blockchain technology. Comput 
Electron Agric. 2020;173:105395.             .  
https://doi.org/10.1016/j.compag.2020.105395. 

42. Kamble SS, Gunasekaran A, Sharma R. Modeling the 
blockchain enabled traceability in agriculture supply chain. 
Int J Inf Manag. 2020;52:101967.             .  
https://doi.org/10.1016/j.ijinfomgt.2019.05.023. 

43. 13 J, Shen Z, Zhang A, Chai Y. Blockchain and IoT based 
food traceability for smart agriculture. InProceedings of 
the 3rd international conference on crowd science and 
engineering. 2018;1-6.                     . 
https://doi.org/10.1145/3265689.3265692.

44. AlTawy R, Gong G. Mesh: A supply chain solution with 
locally private blockchain transactions. Proc Priv Enh 
Technol. 2019. https://doi.org/10.2478/popets-2019-0041. 

45. Lucas L. From farm to plate, blockchain dishes up simple 
food tracking. Financial Times. 2018.        . 
https://www.�.com/content/225d3 2bc-4dfa-11e8-97e4-13afc 
22d86d4.

46. Donovan J, Rutsaert P, Spielman D, Shikuku KM, Demont 
M. Seed value chain development in the Global South: Key 
issues and new directions for public breeding programs. 
Outlook Agric. 2021;50(4):366-377.       .  
https://doi.org/10.1177/00307270211059551. 

47. Tian F. An agri-food supply chain traceability system for 
China based on RFID & blockchain technology. In2016 
13th international conference on service systems and 
service management (ICSSSM). 2016;1-6. IEEE. 
https://doi.org/10.1109/ICSSSM.2016.7538424.  

48. Tse D, Zhang B, Yang Y, Cheng C, Mu H. Blockchain 
application in food supply information security. In2017 
IEEE international conference on industrial engineering 
and engineering management (IEEM). 2017;1357-1361. 
IEEE.  https://doi.org/10.1109/IEEM.2017.8290114.

49. Toyoda K, Mathiopoulos PT, Sasase I, Ohtsuki T. A novel 
blockchain-based product ownership management system 
(POMS) for anti-counterfeits in the post supply chain. 
IEEE access. 2017;5:17465-17477.           .  
https://doi.org/10.1109/ACCESS.2017.2720760.

50. Kshetri N. Blockchain's roles in strengthening cybersecurity 
and protecting privacy. Telecommun Policy. 2017;41(10): 
1027-1038.  https://doi.org/10.1016/j.telpol.2017.09.003. 

51. Lamberti F, Gatteschi V, Demartini C, Pranteda C, 
Santamaria V. Blockchain or not blockchain, that is the 
question of the insurance and other sectors. IT 
Professional. 2017;(2):62-74.        .  
http://dx.doi.org/10.1109/MITP.2018.021921652. 

52. Abdulhussein AB, Hadi AK, Ilyas M. Design a tracing 
system for a seed supply chain based on blockchain. In2020 
3rd International Conference on Engineering Technology 
and its Applications (IICETA). 2020;209-214. 
https://doi.org/10.1109/IICETA50496.2020.9318792.

53. Ji H, Xiaofei F, Jingfa Y, Lei S, Xudong L, Xuesong S. Design 
and research of the information traceability and credit 
enhancement of the seed supply chain based on the 
blockchain. J Chin Agric Mech. 2022;43(7):145.

54. Rajalakshmi NR, Usha V, Krishnan S. Application of 
blockchain in automotive industry, waste management, 
and seed traceability. InBlockchain for Smart Cities 
Elsevier.  2021;245-258.                         .  
https://doi.org/10.1016/B978-0-12-824446-3.00012-0. 

55. Xie C, Sun Y, Luo H. Secured data storage scheme based on 
block chain for agricultural products tracking. In2017 3rd 
International Conference on Big Data Computing and 
Communications (BIGCOM). 2017;45-50.       .  
https://doi.org/10.1109/BIGCOM.2017.43. 

56. Zhang Y, Wu X, Ge H, Jiang Y, Sun Z, Ji X, et al. A 
blockchain-based traceability model for grain and oil food 
supply chain. Foods. 2023;12(17):3235.       .  
https://doi.org/10.3390/foods12173235. 

57. Sahayaraj RP, Sannasy M. Decentralised and Predictive 
System for E�cient Agri-Transactions �rough 
Blockchain Technology. Stud Inform Control. 2022;31(3): 
125-140. https://doi.org/10.24846/v31i3y202212.

58. Zhang L, Zeng W, Jin Z, Su Y, Chen H. A research on 
traceability technology of agricultural products supply 

chain based on blockchain and IPFS. Secur Commun 
Netw. 2021;(1):3298514.           .  
https://doi.org/10.1155/2021/3298514.

59. Mowla MN, Mowla N, Shah AS, Rabie K, Shongwe T. 
Internet of things and wireless sensor networks for smart 
agriculture applications-a survey. IEEE Access. 2023. 
https://doi.org/10.1109/ACCESS.2023.3346299.   

60. Wang L, Lu C, Sun W, Chang S. Research on Cotton Supply 
Chain Quality Tracing Scheme Based on Blockchain Smart 
Contracts. In2023 5th International Conference on 
Frontiers Technology of Information and Computer 
(ICFTIC). 2023;894-901. IEEE.       .  
https://doi.org/10.1109/ICFTIC59930.2023.10455785. 

61. Shvets V, KIETZMANN R. Development of a prototype of 
a centralised supply chain track and trace system for the 
food and agriculture industry. 2023.

62. �inakaran J, Paul S, Beulah Christalin Latha C, Jacob G. 
Blockchain in Big Data for Agriculture Supply Chain. 
InBlockchain and its Applications in Industry 4.0. 2023; 
257-291. https://doi.org/10.1007/978-981-19-8730-4_9. 

63. Boursianis AD, Papadopoulou MS, Diamantoulakis P, 
Liopa-Tsakalidi A, Barouchas P, Salahas G, et al. Internet of 
things (IoT) and agricultural unmanned aerial vehicles 
(UAVs) in smart farming: A comprehensive review. 
Internet of �ings. 2022;18:100187.       .  
https://doi.org/10.1016/j.iot.2020.100187. 

64. Bersani C, Ruggiero C, Sacile R, Soussi A, Zero E. Internet 
of �ings approaches for monitoring and control of smart 
greenhouses in Industry 4.0. Energies. 2022;15(10):3834. 
https://doi.org/10.3390/en15103834 

65. Team D. Advantages and disadvantages of Blockchain 
Technology. Data �air. 2018;1-6.       .  
https://doi.org/10.1109/AIEEE.2018.8592253. 

66. Liao Y, Xu K. Traceability system of agricultural product 
based on block-chain and application in tea quality safety 
management.  J Phys Conf Ser. 2019;1288(1):012062. 
https://doi.org/10.1088/1742-6596/1288/1/012062.

67. Mirabelli G, Solina V. Blockchain and agricultural supply 
chains traceability: Research trends and future challenges. 
Procedia Manuf. 2020;42:414-421.         .  
https://doi.org/10.1016/j.promfg.2020.02.054. 

68. Kim M, Hilton B, Burks Z, Reyes J. Integrating blockchain, 
smart contract-tokens, and IoT to design a food 
traceability solution. In2018 IEEE 9th annual information 
technology, electronics and mobile communication 
conference (IEMCON). 2018;335-340. IEEE.       .   
https://doi.org/10.1109/IEMCON.2018.8615007. 

J. Agric. Livest. Farming., 2024, 1, 10-20 © Reseapro Journals 2024
https://doi.org/10.61577/jalf.2024.1000018

JOURNAL OF AGRICULTURE AND LIVESTOCK FARMING   
2024, VOL. 1, ISSUE 4

11



Seed quality assurance is a cornerstone of a robust and 
sustainable seed supply chain. High-quality seeds are essential 
for achieving optimal crop yields, ensuring food security, and 
protecting the environment [1,2]. �rough maintaining strict 
quality standards, seed producers can ensure that farmers 
receive seeds that are genetically pure, free from diseases and 
pests, and have a high germination percentage. In addition to 
improving crop performance, this also reduces the risk of crop 
failures due to poor seed quality. Additionally, ensuring seed 
quality helps preserve genetic diversity, which is crucial for 
adapting crops to changing environmental conditions and 
developing new varieties with desirable traits. Ultimately, 
investing in seed quality assurance is an investment in the future 
of agriculture and food production [3].

 Blockchain is a decentralized and distributed ledger 
technology that securely records and veri�es transactions across a 
network of computers [4]. �e groundwork of our current 
understanding of “blockchain” was laid by Haber and Scott 
Stornetta in 1991 in their article “How to Time-Stamp a Digital 
Document” [5]. Satoshi Nakamoto’s paper in 2008 introduced the 
�rst blockchain database [6].  One de�nes blockchain as a 
distributed ledger that maintains a consistently extending list of 
data records, wherein each participating node veri�es [7]. It 
ensures transparency, immutability, distributed information, and 
tamper-resistant data storage. A blockchain comprises a sequence 

of interconnected blocks, with each block containing a hash of 
the preceding one. �e initial block, known as the genesis block, 
marks the beginning of the blockchain and subsequent blocks 
extend the chain to the latest one. Each block encompasses a set 
of transactions executed by network participants. Valid 
transactions create an interconnected series of blocks within a 
public ledger. Miners consolidate transactions into a block 
before incorporating it into the blockchain. �is cryptographic 
hash links the current block to the preceding one, forming a 
chain. If data is tampered with, the hash changes, invalidating 
the chain due to the one-way function of hashing. �e hash acts 
as a unique identi�er for each block, a fundamental principle in 
blockchain architecture. �e SHA256 hash algorithm, created 
and introduced by the National Security Agency "NSA" is 
commonly used for cryptography, o�ering a high level of 
security with 256 bits of memory. �e SHA256 algorithm 
satis�es �ve basic requirements presented in (Table 1) [8].

 Internet of �ings "IoT" refers to the network of 
interconnected devices that communicate and share data. 
When combined, Blockchain and IoT create a powerful 
synergy, enabling secure and transparent data exchange 
between devices, ensuring integrity and trust in the digital 
ecosystem such as TraceX solution, BCI SeedTrack, 
AgriBlockIoT, Agri-ICT, Consortium blockchain approach, 
Blockchain SDSS scheme, etc. [9-13].  

 Quality seed is one of the most important inputs for 
enhancing crop productivity. As seed is the carrier of any novel 
technology, the quality of the seed should be ascertained for the 
end users and farmers. Quality assurance is of utmost 
importance at all stages like seed production, seed processing, 
seed packaging, seed storage, and distribution stages. Seed 
traceability through modern technologies enables seed quality 
assurance at all the seed production stages and may be recti�ed 
easily if any mistake happens. �e published manuscripts 
available on available on Google Scholar, PubMed, and Scopus 
libraries were used to represent the results in the present review 
paper.

Introduction to Traceability and Its Importance in 
Agricultural Supply Chain
According to the International Organization for Standardization 
"ISO", traceability is the ability to trace the path of a product 
through the supply value system, beginning from the 

production, processing, and validating to the �nal distribution 
phases [14]. �is idea makes it easier to obtain in-depth details of 
a product (Figure 1). Traceability is frequently stated as the “one 
step back, one step forward” approach [15]. However, the 
capacity to access the product details over the course of its whole 
supply cycle through documented identi�cations is the formal 
de�nition of traceability [16]. In a similar manner, seed 
traceability is referred to as the capacity to trace the seed from 
the production, sticking to several classes (nucleus, breeder, 
foundation, certi�ed) and encompassing all details from origin 
(seed material, variety) to �nal distribution. A comprehensive 
traceability system should combine both quantitative and 
qualitative details considering the supply chain system. 
Moreover, this system provides a complete track record of seed 
variety, its origin, seed purity, viability, vigorousity, and 
appearance assisting end-users. Information and 
Communication Technology "ICT" can provide a signi�cant 
contribution to digitization for easy �ow of information.

participants face, Tripoli and Schmidhuber investigate 
Distributed Ledger Technologies "DLTs" [36]. �ey address 
institutional and technical adoption barriers as well as the role 
DLTs play in achieving Sustainable Development Goals "SDGs". 
In order to improve product supply chains, Hua et al. 2018, 
suggest a blockchain-based agricultural provenance system that 
combines dependable data management with decentralization 
[37]. Designed for food provenance, Malik et al. 2018, present 
Product Chain, a permissioned blockchain framework with a 
three-tiered architecture to control data access and ensure 
guarantee [38]. Arsyad et al. 2019, propose a two-factor 
blockchain system that links documentation and watermarking 
to trace cocoa and chocolate manufacture [39]. Awan et al. 2020, 
combine blockchain technology with IoT to maximize energy 
e�ciency and routing in dispersed networks, while Zhang et al. 
2020, describe an architecture for storing agricultural breeding 
data via the blockchain [40,41]. Traceability is the most 
important component of blockchain adoption in agriculture 
[42]. Various research demonstrates the applicability of 
blockchain in supply networks, assuring safety and quality, and 
proposed new frameworks for improving transparency in supply 
chains. Overall, blockchain is presented as a transformative tool 
for enhancing traceability, security, and e�ciency across 
agricultural supply chains.

Introduction To Seed Supply Chain and Role of 
Traceability in Seed Supply Chain
Seed supply chain is an organized and sometimes informal 
system of seed production, processing, distribution, marketing, 
and li�ing the lots in concern of related management units and 
agencies. �is system of supply chain has con�gured the quality 
assurance of produced seeds and products for a long time 
(Figure 3). However, the era has changed in recent years; the 
degradation in the quality, nutritional value, and purity of 
supplied seeds and products has become the main concern to the 
managing authorities. �e reasons are many including the vast 
and sophisticated structure of the supply chain, mishandling 
during the quality testing and allocation of seed lots, imbalanced 
chemical use, fraudulence and spurious seed mixing, incomplete 
information �ow and access to the data, etc. In the context of 
seed quality assurance and safety, there is a need of transparency 
and authenticity in the supply chain. Traceability with digital 
interventions is the solution to all these limitations [43].

 �e reliability of any digital ledger, including blockchain, is 
contingent upon the organization responsible for its 
maintenance. Issues can arise if the cryptographic link is 
compromised due to malicious alterations or system errors. 
Blockchain operates on peer-to-peer "P2P" networks where 
blocks are replicated across interconnected computers through 
the utilization of cryptographic keys, thereby enhancing security 
and resilience [20]. Each block in the blockchain encompasses 
the block number, stored data, and hash of the preceding and 
current block. Additionally, the “nonce” �eld, which stands for 
“number used only once”, plays a crucial role in the mining 
process and creation of new blocks. Moreover, the di�culty 
adjustment mechanism ensures that the mining process remains 
consistent over time, irrespective of �uctuations in the number 
of users or the speed of their hardware. 

 Decentralized applications "Dapps" are programs that 
operate and can be kept on the peers’ computers inside a 
blockchain network instead of a centralized server. Using 
distributed blockchain technology, the fundamentally 
innovative idea is to create a global supercomputer where all 
data, including programs and transactions, is permanently 
recorded, tracked, and saved. Ethereum introduced the concept 
of smart contracts to address limitations in the visibility of 
network peers within certi�cation access mechanisms. Smart 
contracts envision a distributed ledger for contract storage. 
Contracts are digital agreements stored on the blockchain with 
tamper-proof code. �ese contracts execute automatically based 
on prede�ned rules, providing transparency and security 
beyond traditional contract methods. Various consensus 
protocols such as Proof of Work "PoW" and Proof of Stake "PoS" 
address blockchain network security and chain resolution. PoW 
incentivizes individuals with superior equipment by o�ering 
higher rewards, leading to mining pools and potential 
centralization, making it susceptible to a 51% Attack, wherein a 
single entity controls the majority of hashing power [21]. In 
contrast, PoS fosters decentralization by encouraging node setup 
instead of mining. 

 Public blockchain networks are speci�ed as permissionless, 
allowing anybody to access, update data, and create smart 
contracts, assuring complete transparency and a high degree of 
privacy [13]. On the other hand, private networks create a closed 

accessible to all stakeholders. �is transparent supply chain has 
the capability to enhance productivity and lower production 
costs. Within this system, the blockchain ledger dynamically 
updates by analyzing and evaluating data as objects progress 
through the facility. Upon product acceptance at its destination, 
an electronic noti�cation triggers a blockchain smart contract, 
facilitating a pay agreement for the products.

Data collection methods and data processing
In the realm of supply chain traceability, gathering a substantial 
volume of data is imperative.  Previously, manual data recording 
by �eld workers was the norm, but this method posed risks of 
inaccuracies and ine�cient resource utilization during data 
transfer. However, in recent decades, the advent of automated 
processes and communication technologies, epitomized by the 
IoT, has revolutionized traceability. Technologies like barcodes, 
Quick Response "QR" codes, Radio Frequency Identi�cation 
"RFID" and Wireless Sensor Networks "WSNs" have become 
ubiquitous in supply chains [24]. For instance, RFID facilitates 
the swi� identi�cation of the source of food safety issues. WSNs, 
an alternative or complement to RFID, employ sensors and 
actuators to communicate wirelessly with an external system, 
providing data in real-time on variables such as temperature, 
humidity, and plant diseases while conserving energy [25]. 
Augmenting WSNs with advanced technologies like the Global 
Positioning System "GPS" enhances their functionality. 
Traceability systems leveraging these technologies o�er 
numerous advantages, including expedited product recalls for 
public health safety, heightened consumer con�dence, and the 
promotion of transparency and reliability in the intricate 
modern food supply chain. Data processing entails the analysis 
and interpretation of collected data to derive meaningful 
conclusions. Subsequently, this processed information is 
recorded on the blockchain, creating an immutable and 
transparent record.

Application of Block Chain and IoT in Agricultural 
Traceability System
Blockchain technology o�ers a clear and reliable traceable record 
of the tracked products in real-time, enabling the creation of a 
more e�cient and robust supply chain. �rough a collaborative 
blockchain network, associated members can create and exchange 
traceability information. �is information must be maintained 
safely and immutably. Blockchain and IoT revolutionize 

agricultural traceability by ensuring data accuracy, transparency, 
and security. In this system, sensors and devices collect real-time 
data from farms, processing units, and distribution channels 
(Table 2). �is data is then recorded on a blockchain, creating a 
decentralized and tamper-proof ledger. Below are some highlights 
of the key advantages of this integration:

• Enhanced Transparency
• Improved Data Integrity
• Real-time Monitoring
• Secure and Immutable Records
• Increased Trust in the Supply Chain

Importance of Seed Traceability in Seed Quality 
Assurance
Spurious seed identification
Digitization and traceability have become essential in the seed 
industry due to the requirement to identify and exclude 
low-quality and spurious seeds from the quality seed lot for 
promising seed quality assurance. �e low quality is due to 
mishandling, manual record keeping, inappropriate information 
during seed production, and malicious mixing of faulty seeds 
into a lot of quality seeds. �ese factors also have an impact on 
the farmer's income, the cost of processing, the grading and 
sorting process, the seed value chain, and other related factors. 
Digitization and traceability provide complete transparency of 
the operational process (i.e., seed treatment, grading, sorting, 
packaging) and assure a full proof veri�cation of the quality in 
the seed industry that will raise the seed prices and improve 
end-user bene�ts [2].

Digital identification of breeder foundation certified 
seeds
Tracing the production process of nucleus seed (parental 
source), breeder seed, foundation seed, registered seed, certi�ed 
seed, and labeled seed ensures authentic and quality seed 
production leading to high-yielding cultivars. �is can be 
achieved by digitally indicating the seed classes. Seed 
traceability provides a more convenient solution to this tracking 
system. �e primary step is to indent the seed generation unit 
(for di�erent seed classes) and register these seed production 
centre. �e secondary step is allocation for seed production, 
veri�cation of seed class, and issuing the labels to the seed lots 
for identi�cation. Maintenance of the samplings, proper 
inspection, testing, and registering the tags or QR coding are the 
further steps (SATHI portal).

Visibility of seed chain
Seed traceability systems can provide complete transparency of 
seed supply and value chain. In order to make the seed supply 
chain more transparent and reliable, seed traceability systems 
assist with data at each level and make the process responsive. 
�is also assists the relevant agencies to collect pro�ts and 
ensure a good quality product to robust the national and 
international seed market. Promoting transparency in the seed 
chain through the digitalization of traceability solutions makes it 
possible to minimize waste, ensure timely distribution, and 
permit e�ective management of inventory. Furthermore, 
blockchain technology for the seed supply and value chain 
empowers a single platform to obtain validated information that 
promotes traceability and transparency at all times [13].

Management of Seed Value Chain Through Seed 
Traceability
�e seed value chain is a broad, intricate system that includes 
several stages of execution, including seed development, 
multiplication, processing, distribution units, farmers and 
consumers [44]. �e broad and problematic supply chain 
extending from the raw materials to the �nal customer makes it 
very di�cult and time-consuming to trace the source of a 
product. �erefore, a secure framework must be designed to 
track information about the product’s origin, production 
methods, and safety throughout its supply chain cycle restricting 

Categorization of Traceability
A traceability system enables users to track a product across 
various stages, including manufacturing, processing, 
distribution, and handling. When designing such a traceability 
system, collection of data type, information for ownership, tools 
(sensors and networks), and management strategies are the 
crucial key factors to consider [17]. �e agriculture system 
includes product traceability (tracking the origin and movement 
of agricultural products), process traceability (monitoring 
various production stages), and supply chain traceability 
(tracing at each step, the entire product journey from farm to 
consumer) (Figure 2). Internal-level traceability is performed by 
a single entity, such as a company or organization, utilizing 

internal protocols. Intra-company traceability focuses on 
identifying the origins of a product’s ingredients, packaging, etc 
when queried from within the supply chain. Whereas, external 
traceability combines intra-company processes with a 
reconstructive process to outline the comprehensive history of a 
particular product [18]. Traceability levels are further 
categorized into mandatory and voluntary classi�cations. 
Mandatory traceability is o�en driven by �nancial 
considerations and may lack detailed information about product 
quality. In contrast, voluntary traceability allows supply chain 
factors to choose the data they collect independently.  However, 
voluntary systems can be challenging due to their complexity, as 
varying standards and methods employed by each factor result 
in a wide range of data for tracking and tracing products [19]. 

Figure 2. Categorization of traceability on different aspects.

ecosystem through access restriction.  
Businesses o�en opt for private blockchain 
networks to leverage technology bene�ts 
without compromising autonomy [22]. 
Private blockchains o�en employ consensus 
mechanisms other than Proof of Work 
"PoW". In short, public blockchain networks 
prioritize decentralization, while private 
ones emphasize con�gurational �exibility. 
Hybrid approaches, known as permissioned 
blockchain systems, also exist [23].

 In the agricultural supply chain, 
integrating blockchain-distributed ledgers 
and IoT technology enhances information 
exchange e�ciency among network 
participants, o�ering a reliable data source 

 IoTs and blockchain devices and protocols revolutionized 
the agricultural tracking and tracing system with the utilization 
of smart sensors for continuous monitoring of prevailing 
conditions to ensure quality standards and GPS trackers, and 
tags for precise tracking. Various Blockchain and IoT solutions 
have been implemented in supply chain and seed tracing 
systems globally [9-11,13,34]. 

General agricultural supply chain and implementation 
of blockchain 
Blockchain projects aim to increase accountability, e�ciency, 
and safety from farm to fork are highlighted by Kim and 
Laskowski in their analysis of the supply chain for agriculture 
[35]. In order to address the issues marginalized supply chain 

third-party and centralized control [45]. Integration of digital 
solutions throughout the seed value chain has con�gured a 
smooth system of traceability process with complete 
transparency of the information. �is also ensures a quality 
assurance of seeds and enhanced productivity. �e value-chain 
analysis paradigm has been used to design better alternatives 
where the contribution of the private sector is fruitful in 
reducing poverty, enhancing human nutrition, and considering 
gender equity [46]. �e traceability process comprises the steps 
as per design by PJTSAU-TraceX, IoT, BCI seedtrack, and 
several adopted solutions. �e information of every step is 
recorded within linked traceability and web design. �e process 
begins by determining the seed quantity to be produced, 
following the farmer’s registration, and allotting classes of seed 
to them for cultivation. �ese allotted farms are geo tagged and 
surveyed for the �eld conditions. Guidelines as indicated in the 
solutions are provided regarding the package of practices to be 
followed. Scienti�c assistance, crop mapping, progress, and data 
recording are simultaneously done during the crop period. 
Individually harvested seed batches are dispatched for 
germination and quality testing. Following treating, grading, 
and sorting, high quality seeds meeting the standards of the 
certi�cation agency are selected and stamped. Certi�ed seeds 
are distributed for multiplication as per the requirement. Using 
Trace X, each certi�ed sample is bagged, stamped, labeled, and 
sealed with a unique QR-coded tag. Scanning the QR code 
provides all the details of seeds in the bag from source to 
certi�cation. 

Different Technologies Applied for Seed Traceability
Some related work has been discovered by researchers in their 
�ndings, analysis and designing of traceability solution to 

combat the limitation of supply chain systems. Using blockchain 
technology and the IoT, Tian et al., 2017 propose a system for 
food supply tracking based on Hazard Analysis and Critical 
Control Points (HACCP) [34]. Tian et al., 2016 already 
addressed the bene�ts and drawbacks of RFID and blockchain 
technology for agricultural supply chain traceability [47]. 
AgriBlockIoT, a blockchain-based traceability system that 
incorporates information obtained from IoT devices across the 
agricultural supply chain is described by Caro et al., 2018 [9]. 
�ey designed an application model that compared 
implementations using Ethereum and Hyperledger, tracing food 
from farm to fork. In their discussion of using blockchain 
technology in the food supply chain, they contrasted traditional 
solutions with blockchain-based ones and additionally 
emphasized signi�cant aspects of reliability, transparency, and 
security [48]. In order to improve productivity and give 
traceability in the agricultural sector, a study has explored the use 
of distributed ledger technology "DLT" and smart contracts [36].

Blockchain Enabled System for Seed Traceability
According to researchers, blockchain technology facilitates the 
tracking process and guarantees reliable proof of an item's 
source and subsequent alterations. In addition, product 
ownership speci�es the process of management for being 
capable of recognizing fake once and the supply chain is made 
safer by recognizing potential locations [49,50]. It improvises 
the structure of the agricultural supply line by functioning as an 
intermediary [51]. �ese reviews state that blockchain based 
traceability provides an authentic value addition to the supply 
chain system. Startups such as AgriBlockIoT, SATHI, TraceX, 
AgriICT, etc. have successfully implemented the characteristics 
of blockchain technology to the seed supply chain (Table 3). 

 �is entails being trustworthy in the seed market units 
tracing all classes of seed produce from the nucleus to the 
certi�ed one (Figure 4). In Table 4, we presented a comparative 
analysis of various blockchain-based solutions for agricultural 
grain/seed supply chain management across di�erent crops 
through a con�ned meta-analysis covering the available 
published manuscripts using the keywords ‘Seed Traceability 

[60]. Oats (Avena sativa), utilizing a public blockchain with smart 
contracts, o�er high transparency and e�ciency. Sorghum 
(Sorghum bicolour) bene�ts from a blockchain system integrated 
with IoT and UAVs, enabling e�ective monitoring of conditions 
[61]. Finally, rye leverages a hybrid blockchain system 
incorporating RFID and GPS, ensuring e�cient traceability and 
environmental data management (Table 4).

and Blockchain technology’, and ‘Seed Traceability’ or 
‘Seed Quality assurance through seed traceability’ 
from ‘Google Scholar, Scopus, and PubMed libraries. 
However, we could �nd very few numbers of published 
manuscripts particularly on seed traceability. For 
instance, wheat (Triticum aestivum) is managed using 
a blockchain with IoT integration, ensuring e�cient 
data handling [56]. Corn (Zea mays), on the other 
hand, leverages smart contracts on Ethereum to 
e�ectively verify seed origins [57]. Soybean (Glycine 
max) utilizes Hyperledger Fabric with RFID tracking, 
achieving good accuracy and e�ciency for large-scale 
tracking [58]. Rice (Oryza sativa), equipped with 
blockchain technology integrating GPS and WSN, 
boasts a high accuracy of 96% and real-time 
environmental monitoring capabilities [59]. Cotton 
(Gossypium hirsutum), is managed by a blockchain 
network, and is e�cient in low-resource settings. 
Barley, employing a private blockchain with QR codes, 
demonstrates moderate e�ciency in seed traceability 

SATHI Portal: An Initiative on Seed Traceability, 
Authentication and Holistic Inventory (SATHI)
Agricultural infrastructure, including public irrigation, cold 
chains, rural marketplaces, warehouses, and agricultural 
machinery hubs, has to be upgraded, according to an inquiry by 
NITI Aayog in the year 2020. In this concern, the government of 
India planned to introduce an information technology system. 
Finally, on April 19, 2023, the Union Minister of Agriculture and 
Farmers Welfare, Govt. of India o�cially launched the SATHI 
Portal and Mobile App (Figure 5). �is centralized online 
system for seed tracking, authentication, and inventory was 
created to address the issues associated with producing 
high-quality seeds, recognizing and certifying them. �e NIC 

and the Union Ministry of Agriculture and Farmers Welfare 
created it with the concept “Uttam Beej - Samriddh Kisan” in 
view. From nucleus to breeder seed, breeder to foundation seed, 
foundation to certi�ed seed, and �nally distributing the seeds to 
farmers through authorized dealers, it will o�er a 
comprehensive method covering the whole seed life cycle 
comprising several generations of seeds (Figure 6). SATHI 
intends to provide consistent seed quality and purity while 
enhancing the e�ciency, accessibility, time and resource savings, 
and traceability of the seed supply chain. It simpli�es the 
procedure for all parties involved in the seed manufacturing 
chain. Its objective is to improve, guarantee the seed’s integrity 
and purity by providing a comprehensive digital platform. It 
covers the whole seed life cycle and enhance accountability 

through several modules to facilitate seed traceability and 
maximize SCI’s on-�eld performance by minimizing error rates 
and incorporating technology into the system. Furthermore, it 
aims to compile MIS reports using GIS and the Bharat Map 
Interface to shorten the time it takes to register, and to get 
approved from lab tests, �eld inspections and certi�cation. �e 
SATHI portal veri�es the seed production chain’s source and 
determines the quality assurance system. Research 
Organization, Seed Certi�cation, Seed Licensing, Seed 
Catalogue, Dealer to Farmer Sales, Farmer Registration, and 
Seed DBT are the seven interconnected verticals of the seed 
chain constitute the system. SATHI consists of various modules 
such as Nucleus to breeder seed management; Breeder to 
certi�ed seed certi�cation etc. �ese modules assist the user in 

easing the administration and management work. In the module 
of nucleus to breeder seed management, seeds are indented to 
agricultural organizations and registered production units, then 
a�er allocation of seed, labeling of tags is carried out, and 
allocated seeds are li�ed from indenters. In the Breeder to 
certi�ed seed certi�cation module, seed growers and agencies 
are registered, samples and seed sources are veri�ed and a�er 
inspection and proper testing, labeling of seed lots for 
distribution is done. Further, seed inventory manages the seed 
lots and supervises the stock management and the depository 
unit keeps all the records. Only duly certi�ed seeds are permitted 
to be sold to centrally registered farmers by authorized dealers 
and these farmers would receive subsidies by direct bank 
transfer "DBT" into their pre-validated bank accounts.

Challenges Associated and Future Opportunity
�e problems of transparency, fraud in dealing with 
fake/spurious seeds, and illegal planting of GMOs have been 
resolved with the interventions of digital solutions in the seed 
value chain. Despite these solutions, there are still some 
limitations in the implementation of traceability solutions. �e 
�rst issue is restrictions created by vindictive customers to 
create a monopoly and control system for personal bene�ts. 
High consumption of energy, time, and cost create more 
complications for the application of blockchain solutions [65]. 
A centralized system of traceability also leads to tampering, data 
integrity, and failure at single points. Asymmetrical information 
�ow and negligence of transparency impede seed traceability by 
compromising quality assurance, supply chain integrity, market 
compliance, consumer trust, risk management, and innovation 
in the agricultural sector [66]. �e major issue is that the 

platform provides access to all information in a single web space 
which can lead to a leak of con�dential information [67]. 
Untruthfulness of data recorded and entered into the system 
undermines the reliability and accuracy of information, 
compromising decision-making and operational e�ectiveness. 
In addition, standard data format is not available in the protocol 
and can vary with the provided solution [68]. �ese limitations 
can be minimized with limited accessibility of records at the 
ministry level and checking the �ow of information between the 
supply chain units and public consumers. 

 In context with future prospects of seed traceability for 
quality assurance, the implementation of traceability solutions 
such as blockchain-based, IoT-based, BCI seed track, TraceX, 
SATHI and upcoming designs in the seed value chain is 
considerable and gaining interest. �ese solutions are 
promising means to minimize fraud, and errors in the supply 
chain and to enhance quality assurance and safety. In addition, 
arti�cial intelligence and the sensor-based traceability system 
can be remarkable changes in the management of the seed value 
chain by detecting the agro-climatic changes and minor 
alterations at di�erent stages of seed production, processing, 
and distribution that assist in the complete understanding of the 
system from source to end-user.

Conclusions
In conclusion, the fusion of blockchain and IoT technologies 
o�ers a transformative approach to enhancing traceability in 
the agricultural supply chain. By providing an immutable 
record of a product's journey from seed to consumer, these 
technologies ensure transparency and trust among 
stakeholders. �e capacity to access comprehensive information 
about agricultural products not only improves food safety and 
quality assurance but also empowers consumers and farmers 
alike. As the agricultural sector increasingly adopts these 
innovations, the implications for e�ciency, accountability, and 
sustainability are profound, paving the way for a more resilient 
food system. Future research and development in this area will 
be crucial in maximizing the potential bene�ts of blockchain 
technology in agriculture.
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Seed quality assurance is a cornerstone of a robust and 
sustainable seed supply chain. High-quality seeds are essential 
for achieving optimal crop yields, ensuring food security, and 
protecting the environment [1,2]. �rough maintaining strict 
quality standards, seed producers can ensure that farmers 
receive seeds that are genetically pure, free from diseases and 
pests, and have a high germination percentage. In addition to 
improving crop performance, this also reduces the risk of crop 
failures due to poor seed quality. Additionally, ensuring seed 
quality helps preserve genetic diversity, which is crucial for 
adapting crops to changing environmental conditions and 
developing new varieties with desirable traits. Ultimately, 
investing in seed quality assurance is an investment in the future 
of agriculture and food production [3].

 Blockchain is a decentralized and distributed ledger 
technology that securely records and veri�es transactions across a 
network of computers [4]. �e groundwork of our current 
understanding of “blockchain” was laid by Haber and Scott 
Stornetta in 1991 in their article “How to Time-Stamp a Digital 
Document” [5]. Satoshi Nakamoto’s paper in 2008 introduced the 
�rst blockchain database [6].  One de�nes blockchain as a 
distributed ledger that maintains a consistently extending list of 
data records, wherein each participating node veri�es [7]. It 
ensures transparency, immutability, distributed information, and 
tamper-resistant data storage. A blockchain comprises a sequence 

of interconnected blocks, with each block containing a hash of 
the preceding one. �e initial block, known as the genesis block, 
marks the beginning of the blockchain and subsequent blocks 
extend the chain to the latest one. Each block encompasses a set 
of transactions executed by network participants. Valid 
transactions create an interconnected series of blocks within a 
public ledger. Miners consolidate transactions into a block 
before incorporating it into the blockchain. �is cryptographic 
hash links the current block to the preceding one, forming a 
chain. If data is tampered with, the hash changes, invalidating 
the chain due to the one-way function of hashing. �e hash acts 
as a unique identi�er for each block, a fundamental principle in 
blockchain architecture. �e SHA256 hash algorithm, created 
and introduced by the National Security Agency "NSA" is 
commonly used for cryptography, o�ering a high level of 
security with 256 bits of memory. �e SHA256 algorithm 
satis�es �ve basic requirements presented in (Table 1) [8].

 Internet of �ings "IoT" refers to the network of 
interconnected devices that communicate and share data. 
When combined, Blockchain and IoT create a powerful 
synergy, enabling secure and transparent data exchange 
between devices, ensuring integrity and trust in the digital 
ecosystem such as TraceX solution, BCI SeedTrack, 
AgriBlockIoT, Agri-ICT, Consortium blockchain approach, 
Blockchain SDSS scheme, etc. [9-13].  

 Quality seed is one of the most important inputs for 
enhancing crop productivity. As seed is the carrier of any novel 
technology, the quality of the seed should be ascertained for the 
end users and farmers. Quality assurance is of utmost 
importance at all stages like seed production, seed processing, 
seed packaging, seed storage, and distribution stages. Seed 
traceability through modern technologies enables seed quality 
assurance at all the seed production stages and may be recti�ed 
easily if any mistake happens. �e published manuscripts 
available on available on Google Scholar, PubMed, and Scopus 
libraries were used to represent the results in the present review 
paper.

Introduction to Traceability and Its Importance in 
Agricultural Supply Chain
According to the International Organization for Standardization 
"ISO", traceability is the ability to trace the path of a product 
through the supply value system, beginning from the 

production, processing, and validating to the �nal distribution 
phases [14]. �is idea makes it easier to obtain in-depth details of 
a product (Figure 1). Traceability is frequently stated as the “one 
step back, one step forward” approach [15]. However, the 
capacity to access the product details over the course of its whole 
supply cycle through documented identi�cations is the formal 
de�nition of traceability [16]. In a similar manner, seed 
traceability is referred to as the capacity to trace the seed from 
the production, sticking to several classes (nucleus, breeder, 
foundation, certi�ed) and encompassing all details from origin 
(seed material, variety) to �nal distribution. A comprehensive 
traceability system should combine both quantitative and 
qualitative details considering the supply chain system. 
Moreover, this system provides a complete track record of seed 
variety, its origin, seed purity, viability, vigorousity, and 
appearance assisting end-users. Information and 
Communication Technology "ICT" can provide a signi�cant 
contribution to digitization for easy �ow of information.

participants face, Tripoli and Schmidhuber investigate 
Distributed Ledger Technologies "DLTs" [36]. �ey address 
institutional and technical adoption barriers as well as the role 
DLTs play in achieving Sustainable Development Goals "SDGs". 
In order to improve product supply chains, Hua et al. 2018, 
suggest a blockchain-based agricultural provenance system that 
combines dependable data management with decentralization 
[37]. Designed for food provenance, Malik et al. 2018, present 
Product Chain, a permissioned blockchain framework with a 
three-tiered architecture to control data access and ensure 
guarantee [38]. Arsyad et al. 2019, propose a two-factor 
blockchain system that links documentation and watermarking 
to trace cocoa and chocolate manufacture [39]. Awan et al. 2020, 
combine blockchain technology with IoT to maximize energy 
e�ciency and routing in dispersed networks, while Zhang et al. 
2020, describe an architecture for storing agricultural breeding 
data via the blockchain [40,41]. Traceability is the most 
important component of blockchain adoption in agriculture 
[42]. Various research demonstrates the applicability of 
blockchain in supply networks, assuring safety and quality, and 
proposed new frameworks for improving transparency in supply 
chains. Overall, blockchain is presented as a transformative tool 
for enhancing traceability, security, and e�ciency across 
agricultural supply chains.

Introduction To Seed Supply Chain and Role of 
Traceability in Seed Supply Chain
Seed supply chain is an organized and sometimes informal 
system of seed production, processing, distribution, marketing, 
and li�ing the lots in concern of related management units and 
agencies. �is system of supply chain has con�gured the quality 
assurance of produced seeds and products for a long time 
(Figure 3). However, the era has changed in recent years; the 
degradation in the quality, nutritional value, and purity of 
supplied seeds and products has become the main concern to the 
managing authorities. �e reasons are many including the vast 
and sophisticated structure of the supply chain, mishandling 
during the quality testing and allocation of seed lots, imbalanced 
chemical use, fraudulence and spurious seed mixing, incomplete 
information �ow and access to the data, etc. In the context of 
seed quality assurance and safety, there is a need of transparency 
and authenticity in the supply chain. Traceability with digital 
interventions is the solution to all these limitations [43].

 �e reliability of any digital ledger, including blockchain, is 
contingent upon the organization responsible for its 
maintenance. Issues can arise if the cryptographic link is 
compromised due to malicious alterations or system errors. 
Blockchain operates on peer-to-peer "P2P" networks where 
blocks are replicated across interconnected computers through 
the utilization of cryptographic keys, thereby enhancing security 
and resilience [20]. Each block in the blockchain encompasses 
the block number, stored data, and hash of the preceding and 
current block. Additionally, the “nonce” �eld, which stands for 
“number used only once”, plays a crucial role in the mining 
process and creation of new blocks. Moreover, the di�culty 
adjustment mechanism ensures that the mining process remains 
consistent over time, irrespective of �uctuations in the number 
of users or the speed of their hardware. 

 Decentralized applications "Dapps" are programs that 
operate and can be kept on the peers’ computers inside a 
blockchain network instead of a centralized server. Using 
distributed blockchain technology, the fundamentally 
innovative idea is to create a global supercomputer where all 
data, including programs and transactions, is permanently 
recorded, tracked, and saved. Ethereum introduced the concept 
of smart contracts to address limitations in the visibility of 
network peers within certi�cation access mechanisms. Smart 
contracts envision a distributed ledger for contract storage. 
Contracts are digital agreements stored on the blockchain with 
tamper-proof code. �ese contracts execute automatically based 
on prede�ned rules, providing transparency and security 
beyond traditional contract methods. Various consensus 
protocols such as Proof of Work "PoW" and Proof of Stake "PoS" 
address blockchain network security and chain resolution. PoW 
incentivizes individuals with superior equipment by o�ering 
higher rewards, leading to mining pools and potential 
centralization, making it susceptible to a 51% Attack, wherein a 
single entity controls the majority of hashing power [21]. In 
contrast, PoS fosters decentralization by encouraging node setup 
instead of mining. 

 Public blockchain networks are speci�ed as permissionless, 
allowing anybody to access, update data, and create smart 
contracts, assuring complete transparency and a high degree of 
privacy [13]. On the other hand, private networks create a closed 

accessible to all stakeholders. �is transparent supply chain has 
the capability to enhance productivity and lower production 
costs. Within this system, the blockchain ledger dynamically 
updates by analyzing and evaluating data as objects progress 
through the facility. Upon product acceptance at its destination, 
an electronic noti�cation triggers a blockchain smart contract, 
facilitating a pay agreement for the products.

Data collection methods and data processing
In the realm of supply chain traceability, gathering a substantial 
volume of data is imperative.  Previously, manual data recording 
by �eld workers was the norm, but this method posed risks of 
inaccuracies and ine�cient resource utilization during data 
transfer. However, in recent decades, the advent of automated 
processes and communication technologies, epitomized by the 
IoT, has revolutionized traceability. Technologies like barcodes, 
Quick Response "QR" codes, Radio Frequency Identi�cation 
"RFID" and Wireless Sensor Networks "WSNs" have become 
ubiquitous in supply chains [24]. For instance, RFID facilitates 
the swi� identi�cation of the source of food safety issues. WSNs, 
an alternative or complement to RFID, employ sensors and 
actuators to communicate wirelessly with an external system, 
providing data in real-time on variables such as temperature, 
humidity, and plant diseases while conserving energy [25]. 
Augmenting WSNs with advanced technologies like the Global 
Positioning System "GPS" enhances their functionality. 
Traceability systems leveraging these technologies o�er 
numerous advantages, including expedited product recalls for 
public health safety, heightened consumer con�dence, and the 
promotion of transparency and reliability in the intricate 
modern food supply chain. Data processing entails the analysis 
and interpretation of collected data to derive meaningful 
conclusions. Subsequently, this processed information is 
recorded on the blockchain, creating an immutable and 
transparent record.

Application of Block Chain and IoT in Agricultural 
Traceability System
Blockchain technology o�ers a clear and reliable traceable record 
of the tracked products in real-time, enabling the creation of a 
more e�cient and robust supply chain. �rough a collaborative 
blockchain network, associated members can create and exchange 
traceability information. �is information must be maintained 
safely and immutably. Blockchain and IoT revolutionize 

agricultural traceability by ensuring data accuracy, transparency, 
and security. In this system, sensors and devices collect real-time 
data from farms, processing units, and distribution channels 
(Table 2). �is data is then recorded on a blockchain, creating a 
decentralized and tamper-proof ledger. Below are some highlights 
of the key advantages of this integration:

• Enhanced Transparency
• Improved Data Integrity
• Real-time Monitoring
• Secure and Immutable Records
• Increased Trust in the Supply Chain

Importance of Seed Traceability in Seed Quality 
Assurance
Spurious seed identification
Digitization and traceability have become essential in the seed 
industry due to the requirement to identify and exclude 
low-quality and spurious seeds from the quality seed lot for 
promising seed quality assurance. �e low quality is due to 
mishandling, manual record keeping, inappropriate information 
during seed production, and malicious mixing of faulty seeds 
into a lot of quality seeds. �ese factors also have an impact on 
the farmer's income, the cost of processing, the grading and 
sorting process, the seed value chain, and other related factors. 
Digitization and traceability provide complete transparency of 
the operational process (i.e., seed treatment, grading, sorting, 
packaging) and assure a full proof veri�cation of the quality in 
the seed industry that will raise the seed prices and improve 
end-user bene�ts [2].

Digital identification of breeder foundation certified 
seeds
Tracing the production process of nucleus seed (parental 
source), breeder seed, foundation seed, registered seed, certi�ed 
seed, and labeled seed ensures authentic and quality seed 
production leading to high-yielding cultivars. �is can be 
achieved by digitally indicating the seed classes. Seed 
traceability provides a more convenient solution to this tracking 
system. �e primary step is to indent the seed generation unit 
(for di�erent seed classes) and register these seed production 
centre. �e secondary step is allocation for seed production, 
veri�cation of seed class, and issuing the labels to the seed lots 
for identi�cation. Maintenance of the samplings, proper 
inspection, testing, and registering the tags or QR coding are the 
further steps (SATHI portal).

Visibility of seed chain
Seed traceability systems can provide complete transparency of 
seed supply and value chain. In order to make the seed supply 
chain more transparent and reliable, seed traceability systems 
assist with data at each level and make the process responsive. 
�is also assists the relevant agencies to collect pro�ts and 
ensure a good quality product to robust the national and 
international seed market. Promoting transparency in the seed 
chain through the digitalization of traceability solutions makes it 
possible to minimize waste, ensure timely distribution, and 
permit e�ective management of inventory. Furthermore, 
blockchain technology for the seed supply and value chain 
empowers a single platform to obtain validated information that 
promotes traceability and transparency at all times [13].

Management of Seed Value Chain Through Seed 
Traceability
�e seed value chain is a broad, intricate system that includes 
several stages of execution, including seed development, 
multiplication, processing, distribution units, farmers and 
consumers [44]. �e broad and problematic supply chain 
extending from the raw materials to the �nal customer makes it 
very di�cult and time-consuming to trace the source of a 
product. �erefore, a secure framework must be designed to 
track information about the product’s origin, production 
methods, and safety throughout its supply chain cycle restricting 

Categorization of Traceability
A traceability system enables users to track a product across 
various stages, including manufacturing, processing, 
distribution, and handling. When designing such a traceability 
system, collection of data type, information for ownership, tools 
(sensors and networks), and management strategies are the 
crucial key factors to consider [17]. �e agriculture system 
includes product traceability (tracking the origin and movement 
of agricultural products), process traceability (monitoring 
various production stages), and supply chain traceability 
(tracing at each step, the entire product journey from farm to 
consumer) (Figure 2). Internal-level traceability is performed by 
a single entity, such as a company or organization, utilizing 

internal protocols. Intra-company traceability focuses on 
identifying the origins of a product’s ingredients, packaging, etc 
when queried from within the supply chain. Whereas, external 
traceability combines intra-company processes with a 
reconstructive process to outline the comprehensive history of a 
particular product [18]. Traceability levels are further 
categorized into mandatory and voluntary classi�cations. 
Mandatory traceability is o�en driven by �nancial 
considerations and may lack detailed information about product 
quality. In contrast, voluntary traceability allows supply chain 
factors to choose the data they collect independently.  However, 
voluntary systems can be challenging due to their complexity, as 
varying standards and methods employed by each factor result 
in a wide range of data for tracking and tracing products [19]. 

ecosystem through access restriction.  
Businesses o�en opt for private blockchain 
networks to leverage technology bene�ts 
without compromising autonomy [22]. 
Private blockchains o�en employ consensus 
mechanisms other than Proof of Work 
"PoW". In short, public blockchain networks 
prioritize decentralization, while private 
ones emphasize con�gurational �exibility. 
Hybrid approaches, known as permissioned 
blockchain systems, also exist [23].

 In the agricultural supply chain, 
integrating blockchain-distributed ledgers 
and IoT technology enhances information 
exchange e�ciency among network 
participants, o�ering a reliable data source 

Topic Description Reference

TA chain and 
Zero-Knowledge 
proof

�e study presents the Trusted Auditing Chain (TA chain), a blockchain-based prototype 
designed for secure and comprehensive traceability data storage. It tackles scalability and 
privacy issues using Schnorr-style Zero-knowledge proofs for enhanced security. Capable of 
auditing over 1000 transactions in under 1ms with minimal error, the TA chain ensures 
reliable and fair traceability. �e study also proposes a framework for incorporating 
blockchain technology into supply chain management.

[26]

Pandemic and 
blockchain

�is study explores how blockchain technology can enhance agricultural supply chains 
during the COVID-19 pandemic. It highlights blockchain's role in improving shipment 
tracking, data management, fraud prevention, and addressing supply chain in�exibility. 
Interviews with agricultural companies in Pakistan show unanimous support for blockchain 
as a solution to these challenges.

[27]

Solana blockchain �e proposed so�ware architecture utilizes the Solana blockchain, a prototype combined 
with an IoT device to execute supply chain processes and manage business logic through 
digitization.

[28]

Sustainability 
within the food 
supply chain

�is study suggests a blockchain-enabled architectural framework to enhance the 
sustainability in the supply chain by ensuring reliable communication of food product 
characteristics.

[29]

Fantom network �is paper presents a peer-to-peer blockchain architecture that incorporates self-sovereign 
identity (SSI) and a decentralized key management system (DKMS) to establish a reliable 
traceability service for agricultural products. Built on the Fantom network, it demonstrates 
superior transaction and veri�cation speeds than the Ethereum network.

[30]

Petri net theory �is study developed a blockchain-based e-commerce cold chain traceability model using 
stochastic Petri net theory to improve the reliability and validity of logistics traceability 
systems.

[31]

Q-methodology �is study utilized Q-methodology to assess the agri-food supply chain and improve 
organizational infrastructure, facilitating successful blockchain implementation across the 
agri-food supply chain. It proposes the 3T’s (Traceability, Transparency and Trust) 
framework to highlight blockchain's bene�ts for enhancing stakeholder value.

[32]

Two-level fresh 
supply chain

�is article examines how blockchain technology can address false freshness reporting in a 
two-level fresh supply chain involving a rural cooperative and a supermarket. It analyzes the 
impact of product freshness and blockchain investment levels on market demand and 
identi�es thresholds where blockchain adoption might lead to reduced cooperation or 
contract e�ectiveness.

[33]

Table 2. Application of blockchain technology in agriculture supply chain management.

 IoTs and blockchain devices and protocols revolutionized 
the agricultural tracking and tracing system with the utilization 
of smart sensors for continuous monitoring of prevailing 
conditions to ensure quality standards and GPS trackers, and 
tags for precise tracking. Various Blockchain and IoT solutions 
have been implemented in supply chain and seed tracing 
systems globally [9-11,13,34]. 

General agricultural supply chain and implementation 
of blockchain 
Blockchain projects aim to increase accountability, e�ciency, 
and safety from farm to fork are highlighted by Kim and 
Laskowski in their analysis of the supply chain for agriculture 
[35]. In order to address the issues marginalized supply chain 

third-party and centralized control [45]. Integration of digital 
solutions throughout the seed value chain has con�gured a 
smooth system of traceability process with complete 
transparency of the information. �is also ensures a quality 
assurance of seeds and enhanced productivity. �e value-chain 
analysis paradigm has been used to design better alternatives 
where the contribution of the private sector is fruitful in 
reducing poverty, enhancing human nutrition, and considering 
gender equity [46]. �e traceability process comprises the steps 
as per design by PJTSAU-TraceX, IoT, BCI seedtrack, and 
several adopted solutions. �e information of every step is 
recorded within linked traceability and web design. �e process 
begins by determining the seed quantity to be produced, 
following the farmer’s registration, and allotting classes of seed 
to them for cultivation. �ese allotted farms are geo tagged and 
surveyed for the �eld conditions. Guidelines as indicated in the 
solutions are provided regarding the package of practices to be 
followed. Scienti�c assistance, crop mapping, progress, and data 
recording are simultaneously done during the crop period. 
Individually harvested seed batches are dispatched for 
germination and quality testing. Following treating, grading, 
and sorting, high quality seeds meeting the standards of the 
certi�cation agency are selected and stamped. Certi�ed seeds 
are distributed for multiplication as per the requirement. Using 
Trace X, each certi�ed sample is bagged, stamped, labeled, and 
sealed with a unique QR-coded tag. Scanning the QR code 
provides all the details of seeds in the bag from source to 
certi�cation. 

Different Technologies Applied for Seed Traceability
Some related work has been discovered by researchers in their 
�ndings, analysis and designing of traceability solution to 

combat the limitation of supply chain systems. Using blockchain 
technology and the IoT, Tian et al., 2017 propose a system for 
food supply tracking based on Hazard Analysis and Critical 
Control Points (HACCP) [34]. Tian et al., 2016 already 
addressed the bene�ts and drawbacks of RFID and blockchain 
technology for agricultural supply chain traceability [47]. 
AgriBlockIoT, a blockchain-based traceability system that 
incorporates information obtained from IoT devices across the 
agricultural supply chain is described by Caro et al., 2018 [9]. 
�ey designed an application model that compared 
implementations using Ethereum and Hyperledger, tracing food 
from farm to fork. In their discussion of using blockchain 
technology in the food supply chain, they contrasted traditional 
solutions with blockchain-based ones and additionally 
emphasized signi�cant aspects of reliability, transparency, and 
security [48]. In order to improve productivity and give 
traceability in the agricultural sector, a study has explored the use 
of distributed ledger technology "DLT" and smart contracts [36].

Blockchain Enabled System for Seed Traceability
According to researchers, blockchain technology facilitates the 
tracking process and guarantees reliable proof of an item's 
source and subsequent alterations. In addition, product 
ownership speci�es the process of management for being 
capable of recognizing fake once and the supply chain is made 
safer by recognizing potential locations [49,50]. It improvises 
the structure of the agricultural supply line by functioning as an 
intermediary [51]. �ese reviews state that blockchain based 
traceability provides an authentic value addition to the supply 
chain system. Startups such as AgriBlockIoT, SATHI, TraceX, 
AgriICT, etc. have successfully implemented the characteristics 
of blockchain technology to the seed supply chain (Table 3). 

 �is entails being trustworthy in the seed market units 
tracing all classes of seed produce from the nucleus to the 
certi�ed one (Figure 4). In Table 4, we presented a comparative 
analysis of various blockchain-based solutions for agricultural 
grain/seed supply chain management across di�erent crops 
through a con�ned meta-analysis covering the available 
published manuscripts using the keywords ‘Seed Traceability 

[60]. Oats (Avena sativa), utilizing a public blockchain with smart 
contracts, o�er high transparency and e�ciency. Sorghum 
(Sorghum bicolour) bene�ts from a blockchain system integrated 
with IoT and UAVs, enabling e�ective monitoring of conditions 
[61]. Finally, rye leverages a hybrid blockchain system 
incorporating RFID and GPS, ensuring e�cient traceability and 
environmental data management (Table 4).

and Blockchain technology’, and ‘Seed Traceability’ or 
‘Seed Quality assurance through seed traceability’ 
from ‘Google Scholar, Scopus, and PubMed libraries. 
However, we could �nd very few numbers of published 
manuscripts particularly on seed traceability. For 
instance, wheat (Triticum aestivum) is managed using 
a blockchain with IoT integration, ensuring e�cient 
data handling [56]. Corn (Zea mays), on the other 
hand, leverages smart contracts on Ethereum to 
e�ectively verify seed origins [57]. Soybean (Glycine 
max) utilizes Hyperledger Fabric with RFID tracking, 
achieving good accuracy and e�ciency for large-scale 
tracking [58]. Rice (Oryza sativa), equipped with 
blockchain technology integrating GPS and WSN, 
boasts a high accuracy of 96% and real-time 
environmental monitoring capabilities [59]. Cotton 
(Gossypium hirsutum), is managed by a blockchain 
network, and is e�cient in low-resource settings. 
Barley, employing a private blockchain with QR codes, 
demonstrates moderate e�ciency in seed traceability 

SATHI Portal: An Initiative on Seed Traceability, 
Authentication and Holistic Inventory (SATHI)
Agricultural infrastructure, including public irrigation, cold 
chains, rural marketplaces, warehouses, and agricultural 
machinery hubs, has to be upgraded, according to an inquiry by 
NITI Aayog in the year 2020. In this concern, the government of 
India planned to introduce an information technology system. 
Finally, on April 19, 2023, the Union Minister of Agriculture and 
Farmers Welfare, Govt. of India o�cially launched the SATHI 
Portal and Mobile App (Figure 5). �is centralized online 
system for seed tracking, authentication, and inventory was 
created to address the issues associated with producing 
high-quality seeds, recognizing and certifying them. �e NIC 

and the Union Ministry of Agriculture and Farmers Welfare 
created it with the concept “Uttam Beej - Samriddh Kisan” in 
view. From nucleus to breeder seed, breeder to foundation seed, 
foundation to certi�ed seed, and �nally distributing the seeds to 
farmers through authorized dealers, it will o�er a 
comprehensive method covering the whole seed life cycle 
comprising several generations of seeds (Figure 6). SATHI 
intends to provide consistent seed quality and purity while 
enhancing the e�ciency, accessibility, time and resource savings, 
and traceability of the seed supply chain. It simpli�es the 
procedure for all parties involved in the seed manufacturing 
chain. Its objective is to improve, guarantee the seed’s integrity 
and purity by providing a comprehensive digital platform. It 
covers the whole seed life cycle and enhance accountability 

through several modules to facilitate seed traceability and 
maximize SCI’s on-�eld performance by minimizing error rates 
and incorporating technology into the system. Furthermore, it 
aims to compile MIS reports using GIS and the Bharat Map 
Interface to shorten the time it takes to register, and to get 
approved from lab tests, �eld inspections and certi�cation. �e 
SATHI portal veri�es the seed production chain’s source and 
determines the quality assurance system. Research 
Organization, Seed Certi�cation, Seed Licensing, Seed 
Catalogue, Dealer to Farmer Sales, Farmer Registration, and 
Seed DBT are the seven interconnected verticals of the seed 
chain constitute the system. SATHI consists of various modules 
such as Nucleus to breeder seed management; Breeder to 
certi�ed seed certi�cation etc. �ese modules assist the user in 

easing the administration and management work. In the module 
of nucleus to breeder seed management, seeds are indented to 
agricultural organizations and registered production units, then 
a�er allocation of seed, labeling of tags is carried out, and 
allocated seeds are li�ed from indenters. In the Breeder to 
certi�ed seed certi�cation module, seed growers and agencies 
are registered, samples and seed sources are veri�ed and a�er 
inspection and proper testing, labeling of seed lots for 
distribution is done. Further, seed inventory manages the seed 
lots and supervises the stock management and the depository 
unit keeps all the records. Only duly certi�ed seeds are permitted 
to be sold to centrally registered farmers by authorized dealers 
and these farmers would receive subsidies by direct bank 
transfer "DBT" into their pre-validated bank accounts.

Challenges Associated and Future Opportunity
�e problems of transparency, fraud in dealing with 
fake/spurious seeds, and illegal planting of GMOs have been 
resolved with the interventions of digital solutions in the seed 
value chain. Despite these solutions, there are still some 
limitations in the implementation of traceability solutions. �e 
�rst issue is restrictions created by vindictive customers to 
create a monopoly and control system for personal bene�ts. 
High consumption of energy, time, and cost create more 
complications for the application of blockchain solutions [65]. 
A centralized system of traceability also leads to tampering, data 
integrity, and failure at single points. Asymmetrical information 
�ow and negligence of transparency impede seed traceability by 
compromising quality assurance, supply chain integrity, market 
compliance, consumer trust, risk management, and innovation 
in the agricultural sector [66]. �e major issue is that the 

platform provides access to all information in a single web space 
which can lead to a leak of con�dential information [67]. 
Untruthfulness of data recorded and entered into the system 
undermines the reliability and accuracy of information, 
compromising decision-making and operational e�ectiveness. 
In addition, standard data format is not available in the protocol 
and can vary with the provided solution [68]. �ese limitations 
can be minimized with limited accessibility of records at the 
ministry level and checking the �ow of information between the 
supply chain units and public consumers. 

 In context with future prospects of seed traceability for 
quality assurance, the implementation of traceability solutions 
such as blockchain-based, IoT-based, BCI seed track, TraceX, 
SATHI and upcoming designs in the seed value chain is 
considerable and gaining interest. �ese solutions are 
promising means to minimize fraud, and errors in the supply 
chain and to enhance quality assurance and safety. In addition, 
arti�cial intelligence and the sensor-based traceability system 
can be remarkable changes in the management of the seed value 
chain by detecting the agro-climatic changes and minor 
alterations at di�erent stages of seed production, processing, 
and distribution that assist in the complete understanding of the 
system from source to end-user.

Conclusions
In conclusion, the fusion of blockchain and IoT technologies 
o�ers a transformative approach to enhancing traceability in 
the agricultural supply chain. By providing an immutable 
record of a product's journey from seed to consumer, these 
technologies ensure transparency and trust among 
stakeholders. �e capacity to access comprehensive information 
about agricultural products not only improves food safety and 
quality assurance but also empowers consumers and farmers 
alike. As the agricultural sector increasingly adopts these 
innovations, the implications for e�ciency, accountability, and 
sustainability are profound, paving the way for a more resilient 
food system. Future research and development in this area will 
be crucial in maximizing the potential bene�ts of blockchain 
technology in agriculture.
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Seed quality assurance is a cornerstone of a robust and 
sustainable seed supply chain. High-quality seeds are essential 
for achieving optimal crop yields, ensuring food security, and 
protecting the environment [1,2]. �rough maintaining strict 
quality standards, seed producers can ensure that farmers 
receive seeds that are genetically pure, free from diseases and 
pests, and have a high germination percentage. In addition to 
improving crop performance, this also reduces the risk of crop 
failures due to poor seed quality. Additionally, ensuring seed 
quality helps preserve genetic diversity, which is crucial for 
adapting crops to changing environmental conditions and 
developing new varieties with desirable traits. Ultimately, 
investing in seed quality assurance is an investment in the future 
of agriculture and food production [3].

 Blockchain is a decentralized and distributed ledger 
technology that securely records and veri�es transactions across a 
network of computers [4]. �e groundwork of our current 
understanding of “blockchain” was laid by Haber and Scott 
Stornetta in 1991 in their article “How to Time-Stamp a Digital 
Document” [5]. Satoshi Nakamoto’s paper in 2008 introduced the 
�rst blockchain database [6].  One de�nes blockchain as a 
distributed ledger that maintains a consistently extending list of 
data records, wherein each participating node veri�es [7]. It 
ensures transparency, immutability, distributed information, and 
tamper-resistant data storage. A blockchain comprises a sequence 

of interconnected blocks, with each block containing a hash of 
the preceding one. �e initial block, known as the genesis block, 
marks the beginning of the blockchain and subsequent blocks 
extend the chain to the latest one. Each block encompasses a set 
of transactions executed by network participants. Valid 
transactions create an interconnected series of blocks within a 
public ledger. Miners consolidate transactions into a block 
before incorporating it into the blockchain. �is cryptographic 
hash links the current block to the preceding one, forming a 
chain. If data is tampered with, the hash changes, invalidating 
the chain due to the one-way function of hashing. �e hash acts 
as a unique identi�er for each block, a fundamental principle in 
blockchain architecture. �e SHA256 hash algorithm, created 
and introduced by the National Security Agency "NSA" is 
commonly used for cryptography, o�ering a high level of 
security with 256 bits of memory. �e SHA256 algorithm 
satis�es �ve basic requirements presented in (Table 1) [8].

 Internet of �ings "IoT" refers to the network of 
interconnected devices that communicate and share data. 
When combined, Blockchain and IoT create a powerful 
synergy, enabling secure and transparent data exchange 
between devices, ensuring integrity and trust in the digital 
ecosystem such as TraceX solution, BCI SeedTrack, 
AgriBlockIoT, Agri-ICT, Consortium blockchain approach, 
Blockchain SDSS scheme, etc. [9-13].  

 Quality seed is one of the most important inputs for 
enhancing crop productivity. As seed is the carrier of any novel 
technology, the quality of the seed should be ascertained for the 
end users and farmers. Quality assurance is of utmost 
importance at all stages like seed production, seed processing, 
seed packaging, seed storage, and distribution stages. Seed 
traceability through modern technologies enables seed quality 
assurance at all the seed production stages and may be recti�ed 
easily if any mistake happens. �e published manuscripts 
available on available on Google Scholar, PubMed, and Scopus 
libraries were used to represent the results in the present review 
paper.

Introduction to Traceability and Its Importance in 
Agricultural Supply Chain
According to the International Organization for Standardization 
"ISO", traceability is the ability to trace the path of a product 
through the supply value system, beginning from the 

production, processing, and validating to the �nal distribution 
phases [14]. �is idea makes it easier to obtain in-depth details of 
a product (Figure 1). Traceability is frequently stated as the “one 
step back, one step forward” approach [15]. However, the 
capacity to access the product details over the course of its whole 
supply cycle through documented identi�cations is the formal 
de�nition of traceability [16]. In a similar manner, seed 
traceability is referred to as the capacity to trace the seed from 
the production, sticking to several classes (nucleus, breeder, 
foundation, certi�ed) and encompassing all details from origin 
(seed material, variety) to �nal distribution. A comprehensive 
traceability system should combine both quantitative and 
qualitative details considering the supply chain system. 
Moreover, this system provides a complete track record of seed 
variety, its origin, seed purity, viability, vigorousity, and 
appearance assisting end-users. Information and 
Communication Technology "ICT" can provide a signi�cant 
contribution to digitization for easy �ow of information.

participants face, Tripoli and Schmidhuber investigate 
Distributed Ledger Technologies "DLTs" [36]. �ey address 
institutional and technical adoption barriers as well as the role 
DLTs play in achieving Sustainable Development Goals "SDGs". 
In order to improve product supply chains, Hua et al. 2018, 
suggest a blockchain-based agricultural provenance system that 
combines dependable data management with decentralization 
[37]. Designed for food provenance, Malik et al. 2018, present 
Product Chain, a permissioned blockchain framework with a 
three-tiered architecture to control data access and ensure 
guarantee [38]. Arsyad et al. 2019, propose a two-factor 
blockchain system that links documentation and watermarking 
to trace cocoa and chocolate manufacture [39]. Awan et al. 2020, 
combine blockchain technology with IoT to maximize energy 
e�ciency and routing in dispersed networks, while Zhang et al. 
2020, describe an architecture for storing agricultural breeding 
data via the blockchain [40,41]. Traceability is the most 
important component of blockchain adoption in agriculture 
[42]. Various research demonstrates the applicability of 
blockchain in supply networks, assuring safety and quality, and 
proposed new frameworks for improving transparency in supply 
chains. Overall, blockchain is presented as a transformative tool 
for enhancing traceability, security, and e�ciency across 
agricultural supply chains.

Introduction To Seed Supply Chain and Role of 
Traceability in Seed Supply Chain
Seed supply chain is an organized and sometimes informal 
system of seed production, processing, distribution, marketing, 
and li�ing the lots in concern of related management units and 
agencies. �is system of supply chain has con�gured the quality 
assurance of produced seeds and products for a long time 
(Figure 3). However, the era has changed in recent years; the 
degradation in the quality, nutritional value, and purity of 
supplied seeds and products has become the main concern to the 
managing authorities. �e reasons are many including the vast 
and sophisticated structure of the supply chain, mishandling 
during the quality testing and allocation of seed lots, imbalanced 
chemical use, fraudulence and spurious seed mixing, incomplete 
information �ow and access to the data, etc. In the context of 
seed quality assurance and safety, there is a need of transparency 
and authenticity in the supply chain. Traceability with digital 
interventions is the solution to all these limitations [43].

 �e reliability of any digital ledger, including blockchain, is 
contingent upon the organization responsible for its 
maintenance. Issues can arise if the cryptographic link is 
compromised due to malicious alterations or system errors. 
Blockchain operates on peer-to-peer "P2P" networks where 
blocks are replicated across interconnected computers through 
the utilization of cryptographic keys, thereby enhancing security 
and resilience [20]. Each block in the blockchain encompasses 
the block number, stored data, and hash of the preceding and 
current block. Additionally, the “nonce” �eld, which stands for 
“number used only once”, plays a crucial role in the mining 
process and creation of new blocks. Moreover, the di�culty 
adjustment mechanism ensures that the mining process remains 
consistent over time, irrespective of �uctuations in the number 
of users or the speed of their hardware. 

 Decentralized applications "Dapps" are programs that 
operate and can be kept on the peers’ computers inside a 
blockchain network instead of a centralized server. Using 
distributed blockchain technology, the fundamentally 
innovative idea is to create a global supercomputer where all 
data, including programs and transactions, is permanently 
recorded, tracked, and saved. Ethereum introduced the concept 
of smart contracts to address limitations in the visibility of 
network peers within certi�cation access mechanisms. Smart 
contracts envision a distributed ledger for contract storage. 
Contracts are digital agreements stored on the blockchain with 
tamper-proof code. �ese contracts execute automatically based 
on prede�ned rules, providing transparency and security 
beyond traditional contract methods. Various consensus 
protocols such as Proof of Work "PoW" and Proof of Stake "PoS" 
address blockchain network security and chain resolution. PoW 
incentivizes individuals with superior equipment by o�ering 
higher rewards, leading to mining pools and potential 
centralization, making it susceptible to a 51% Attack, wherein a 
single entity controls the majority of hashing power [21]. In 
contrast, PoS fosters decentralization by encouraging node setup 
instead of mining. 

 Public blockchain networks are speci�ed as permissionless, 
allowing anybody to access, update data, and create smart 
contracts, assuring complete transparency and a high degree of 
privacy [13]. On the other hand, private networks create a closed 

accessible to all stakeholders. �is transparent supply chain has 
the capability to enhance productivity and lower production 
costs. Within this system, the blockchain ledger dynamically 
updates by analyzing and evaluating data as objects progress 
through the facility. Upon product acceptance at its destination, 
an electronic noti�cation triggers a blockchain smart contract, 
facilitating a pay agreement for the products.

Data collection methods and data processing
In the realm of supply chain traceability, gathering a substantial 
volume of data is imperative.  Previously, manual data recording 
by �eld workers was the norm, but this method posed risks of 
inaccuracies and ine�cient resource utilization during data 
transfer. However, in recent decades, the advent of automated 
processes and communication technologies, epitomized by the 
IoT, has revolutionized traceability. Technologies like barcodes, 
Quick Response "QR" codes, Radio Frequency Identi�cation 
"RFID" and Wireless Sensor Networks "WSNs" have become 
ubiquitous in supply chains [24]. For instance, RFID facilitates 
the swi� identi�cation of the source of food safety issues. WSNs, 
an alternative or complement to RFID, employ sensors and 
actuators to communicate wirelessly with an external system, 
providing data in real-time on variables such as temperature, 
humidity, and plant diseases while conserving energy [25]. 
Augmenting WSNs with advanced technologies like the Global 
Positioning System "GPS" enhances their functionality. 
Traceability systems leveraging these technologies o�er 
numerous advantages, including expedited product recalls for 
public health safety, heightened consumer con�dence, and the 
promotion of transparency and reliability in the intricate 
modern food supply chain. Data processing entails the analysis 
and interpretation of collected data to derive meaningful 
conclusions. Subsequently, this processed information is 
recorded on the blockchain, creating an immutable and 
transparent record.

Application of Block Chain and IoT in Agricultural 
Traceability System
Blockchain technology o�ers a clear and reliable traceable record 
of the tracked products in real-time, enabling the creation of a 
more e�cient and robust supply chain. �rough a collaborative 
blockchain network, associated members can create and exchange 
traceability information. �is information must be maintained 
safely and immutably. Blockchain and IoT revolutionize 

agricultural traceability by ensuring data accuracy, transparency, 
and security. In this system, sensors and devices collect real-time 
data from farms, processing units, and distribution channels 
(Table 2). �is data is then recorded on a blockchain, creating a 
decentralized and tamper-proof ledger. Below are some highlights 
of the key advantages of this integration:

• Enhanced Transparency
• Improved Data Integrity
• Real-time Monitoring
• Secure and Immutable Records
• Increased Trust in the Supply Chain

Importance of Seed Traceability in Seed Quality 
Assurance
Spurious seed identification
Digitization and traceability have become essential in the seed 
industry due to the requirement to identify and exclude 
low-quality and spurious seeds from the quality seed lot for 
promising seed quality assurance. �e low quality is due to 
mishandling, manual record keeping, inappropriate information 
during seed production, and malicious mixing of faulty seeds 
into a lot of quality seeds. �ese factors also have an impact on 
the farmer's income, the cost of processing, the grading and 
sorting process, the seed value chain, and other related factors. 
Digitization and traceability provide complete transparency of 
the operational process (i.e., seed treatment, grading, sorting, 
packaging) and assure a full proof veri�cation of the quality in 
the seed industry that will raise the seed prices and improve 
end-user bene�ts [2].

Digital identification of breeder foundation certified 
seeds
Tracing the production process of nucleus seed (parental 
source), breeder seed, foundation seed, registered seed, certi�ed 
seed, and labeled seed ensures authentic and quality seed 
production leading to high-yielding cultivars. �is can be 
achieved by digitally indicating the seed classes. Seed 
traceability provides a more convenient solution to this tracking 
system. �e primary step is to indent the seed generation unit 
(for di�erent seed classes) and register these seed production 
centre. �e secondary step is allocation for seed production, 
veri�cation of seed class, and issuing the labels to the seed lots 
for identi�cation. Maintenance of the samplings, proper 
inspection, testing, and registering the tags or QR coding are the 
further steps (SATHI portal).

Visibility of seed chain
Seed traceability systems can provide complete transparency of 
seed supply and value chain. In order to make the seed supply 
chain more transparent and reliable, seed traceability systems 
assist with data at each level and make the process responsive. 
�is also assists the relevant agencies to collect pro�ts and 
ensure a good quality product to robust the national and 
international seed market. Promoting transparency in the seed 
chain through the digitalization of traceability solutions makes it 
possible to minimize waste, ensure timely distribution, and 
permit e�ective management of inventory. Furthermore, 
blockchain technology for the seed supply and value chain 
empowers a single platform to obtain validated information that 
promotes traceability and transparency at all times [13].

Management of Seed Value Chain Through Seed 
Traceability
�e seed value chain is a broad, intricate system that includes 
several stages of execution, including seed development, 
multiplication, processing, distribution units, farmers and 
consumers [44]. �e broad and problematic supply chain 
extending from the raw materials to the �nal customer makes it 
very di�cult and time-consuming to trace the source of a 
product. �erefore, a secure framework must be designed to 
track information about the product’s origin, production 
methods, and safety throughout its supply chain cycle restricting 

Categorization of Traceability
A traceability system enables users to track a product across 
various stages, including manufacturing, processing, 
distribution, and handling. When designing such a traceability 
system, collection of data type, information for ownership, tools 
(sensors and networks), and management strategies are the 
crucial key factors to consider [17]. �e agriculture system 
includes product traceability (tracking the origin and movement 
of agricultural products), process traceability (monitoring 
various production stages), and supply chain traceability 
(tracing at each step, the entire product journey from farm to 
consumer) (Figure 2). Internal-level traceability is performed by 
a single entity, such as a company or organization, utilizing 

internal protocols. Intra-company traceability focuses on 
identifying the origins of a product’s ingredients, packaging, etc 
when queried from within the supply chain. Whereas, external 
traceability combines intra-company processes with a 
reconstructive process to outline the comprehensive history of a 
particular product [18]. Traceability levels are further 
categorized into mandatory and voluntary classi�cations. 
Mandatory traceability is o�en driven by �nancial 
considerations and may lack detailed information about product 
quality. In contrast, voluntary traceability allows supply chain 
factors to choose the data they collect independently.  However, 
voluntary systems can be challenging due to their complexity, as 
varying standards and methods employed by each factor result 
in a wide range of data for tracking and tracing products [19]. 

ecosystem through access restriction.  
Businesses o�en opt for private blockchain 
networks to leverage technology bene�ts 
without compromising autonomy [22]. 
Private blockchains o�en employ consensus 
mechanisms other than Proof of Work 
"PoW". In short, public blockchain networks 
prioritize decentralization, while private 
ones emphasize con�gurational �exibility. 
Hybrid approaches, known as permissioned 
blockchain systems, also exist [23].

 In the agricultural supply chain, 
integrating blockchain-distributed ledgers 
and IoT technology enhances information 
exchange e�ciency among network 
participants, o�ering a reliable data source 

 IoTs and blockchain devices and protocols revolutionized 
the agricultural tracking and tracing system with the utilization 
of smart sensors for continuous monitoring of prevailing 
conditions to ensure quality standards and GPS trackers, and 
tags for precise tracking. Various Blockchain and IoT solutions 
have been implemented in supply chain and seed tracing 
systems globally [9-11,13,34]. 

General agricultural supply chain and implementation 
of blockchain 
Blockchain projects aim to increase accountability, e�ciency, 
and safety from farm to fork are highlighted by Kim and 
Laskowski in their analysis of the supply chain for agriculture 
[35]. In order to address the issues marginalized supply chain 

Figure 3. Protocol design of seed supply chain and its executing authorities 
in India. Source: (SeedNet India portal; 
https://vikaspedia.in/agriculture/agri-inputs/seeds/classes-of-seeds)

third-party and centralized control [45]. Integration of digital 
solutions throughout the seed value chain has con�gured a 
smooth system of traceability process with complete 
transparency of the information. �is also ensures a quality 
assurance of seeds and enhanced productivity. �e value-chain 
analysis paradigm has been used to design better alternatives 
where the contribution of the private sector is fruitful in 
reducing poverty, enhancing human nutrition, and considering 
gender equity [46]. �e traceability process comprises the steps 
as per design by PJTSAU-TraceX, IoT, BCI seedtrack, and 
several adopted solutions. �e information of every step is 
recorded within linked traceability and web design. �e process 
begins by determining the seed quantity to be produced, 
following the farmer’s registration, and allotting classes of seed 
to them for cultivation. �ese allotted farms are geo tagged and 
surveyed for the �eld conditions. Guidelines as indicated in the 
solutions are provided regarding the package of practices to be 
followed. Scienti�c assistance, crop mapping, progress, and data 
recording are simultaneously done during the crop period. 
Individually harvested seed batches are dispatched for 
germination and quality testing. Following treating, grading, 
and sorting, high quality seeds meeting the standards of the 
certi�cation agency are selected and stamped. Certi�ed seeds 
are distributed for multiplication as per the requirement. Using 
Trace X, each certi�ed sample is bagged, stamped, labeled, and 
sealed with a unique QR-coded tag. Scanning the QR code 
provides all the details of seeds in the bag from source to 
certi�cation. 

Different Technologies Applied for Seed Traceability
Some related work has been discovered by researchers in their 
�ndings, analysis and designing of traceability solution to 

combat the limitation of supply chain systems. Using blockchain 
technology and the IoT, Tian et al., 2017 propose a system for 
food supply tracking based on Hazard Analysis and Critical 
Control Points (HACCP) [34]. Tian et al., 2016 already 
addressed the bene�ts and drawbacks of RFID and blockchain 
technology for agricultural supply chain traceability [47]. 
AgriBlockIoT, a blockchain-based traceability system that 
incorporates information obtained from IoT devices across the 
agricultural supply chain is described by Caro et al., 2018 [9]. 
�ey designed an application model that compared 
implementations using Ethereum and Hyperledger, tracing food 
from farm to fork. In their discussion of using blockchain 
technology in the food supply chain, they contrasted traditional 
solutions with blockchain-based ones and additionally 
emphasized signi�cant aspects of reliability, transparency, and 
security [48]. In order to improve productivity and give 
traceability in the agricultural sector, a study has explored the use 
of distributed ledger technology "DLT" and smart contracts [36].

Blockchain Enabled System for Seed Traceability
According to researchers, blockchain technology facilitates the 
tracking process and guarantees reliable proof of an item's 
source and subsequent alterations. In addition, product 
ownership speci�es the process of management for being 
capable of recognizing fake once and the supply chain is made 
safer by recognizing potential locations [49,50]. It improvises 
the structure of the agricultural supply line by functioning as an 
intermediary [51]. �ese reviews state that blockchain based 
traceability provides an authentic value addition to the supply 
chain system. Startups such as AgriBlockIoT, SATHI, TraceX, 
AgriICT, etc. have successfully implemented the characteristics 
of blockchain technology to the seed supply chain (Table 3). 

 �is entails being trustworthy in the seed market units 
tracing all classes of seed produce from the nucleus to the 
certi�ed one (Figure 4). In Table 4, we presented a comparative 
analysis of various blockchain-based solutions for agricultural 
grain/seed supply chain management across di�erent crops 
through a con�ned meta-analysis covering the available 
published manuscripts using the keywords ‘Seed Traceability 

[60]. Oats (Avena sativa), utilizing a public blockchain with smart 
contracts, o�er high transparency and e�ciency. Sorghum 
(Sorghum bicolour) bene�ts from a blockchain system integrated 
with IoT and UAVs, enabling e�ective monitoring of conditions 
[61]. Finally, rye leverages a hybrid blockchain system 
incorporating RFID and GPS, ensuring e�cient traceability and 
environmental data management (Table 4).

and Blockchain technology’, and ‘Seed Traceability’ or 
‘Seed Quality assurance through seed traceability’ 
from ‘Google Scholar, Scopus, and PubMed libraries. 
However, we could �nd very few numbers of published 
manuscripts particularly on seed traceability. For 
instance, wheat (Triticum aestivum) is managed using 
a blockchain with IoT integration, ensuring e�cient 
data handling [56]. Corn (Zea mays), on the other 
hand, leverages smart contracts on Ethereum to 
e�ectively verify seed origins [57]. Soybean (Glycine 
max) utilizes Hyperledger Fabric with RFID tracking, 
achieving good accuracy and e�ciency for large-scale 
tracking [58]. Rice (Oryza sativa), equipped with 
blockchain technology integrating GPS and WSN, 
boasts a high accuracy of 96% and real-time 
environmental monitoring capabilities [59]. Cotton 
(Gossypium hirsutum), is managed by a blockchain 
network, and is e�cient in low-resource settings. 
Barley, employing a private blockchain with QR codes, 
demonstrates moderate e�ciency in seed traceability 

SATHI Portal: An Initiative on Seed Traceability, 
Authentication and Holistic Inventory (SATHI)
Agricultural infrastructure, including public irrigation, cold 
chains, rural marketplaces, warehouses, and agricultural 
machinery hubs, has to be upgraded, according to an inquiry by 
NITI Aayog in the year 2020. In this concern, the government of 
India planned to introduce an information technology system. 
Finally, on April 19, 2023, the Union Minister of Agriculture and 
Farmers Welfare, Govt. of India o�cially launched the SATHI 
Portal and Mobile App (Figure 5). �is centralized online 
system for seed tracking, authentication, and inventory was 
created to address the issues associated with producing 
high-quality seeds, recognizing and certifying them. �e NIC 

and the Union Ministry of Agriculture and Farmers Welfare 
created it with the concept “Uttam Beej - Samriddh Kisan” in 
view. From nucleus to breeder seed, breeder to foundation seed, 
foundation to certi�ed seed, and �nally distributing the seeds to 
farmers through authorized dealers, it will o�er a 
comprehensive method covering the whole seed life cycle 
comprising several generations of seeds (Figure 6). SATHI 
intends to provide consistent seed quality and purity while 
enhancing the e�ciency, accessibility, time and resource savings, 
and traceability of the seed supply chain. It simpli�es the 
procedure for all parties involved in the seed manufacturing 
chain. Its objective is to improve, guarantee the seed’s integrity 
and purity by providing a comprehensive digital platform. It 
covers the whole seed life cycle and enhance accountability 

through several modules to facilitate seed traceability and 
maximize SCI’s on-�eld performance by minimizing error rates 
and incorporating technology into the system. Furthermore, it 
aims to compile MIS reports using GIS and the Bharat Map 
Interface to shorten the time it takes to register, and to get 
approved from lab tests, �eld inspections and certi�cation. �e 
SATHI portal veri�es the seed production chain’s source and 
determines the quality assurance system. Research 
Organization, Seed Certi�cation, Seed Licensing, Seed 
Catalogue, Dealer to Farmer Sales, Farmer Registration, and 
Seed DBT are the seven interconnected verticals of the seed 
chain constitute the system. SATHI consists of various modules 
such as Nucleus to breeder seed management; Breeder to 
certi�ed seed certi�cation etc. �ese modules assist the user in 

easing the administration and management work. In the module 
of nucleus to breeder seed management, seeds are indented to 
agricultural organizations and registered production units, then 
a�er allocation of seed, labeling of tags is carried out, and 
allocated seeds are li�ed from indenters. In the Breeder to 
certi�ed seed certi�cation module, seed growers and agencies 
are registered, samples and seed sources are veri�ed and a�er 
inspection and proper testing, labeling of seed lots for 
distribution is done. Further, seed inventory manages the seed 
lots and supervises the stock management and the depository 
unit keeps all the records. Only duly certi�ed seeds are permitted 
to be sold to centrally registered farmers by authorized dealers 
and these farmers would receive subsidies by direct bank 
transfer "DBT" into their pre-validated bank accounts.

Challenges Associated and Future Opportunity
�e problems of transparency, fraud in dealing with 
fake/spurious seeds, and illegal planting of GMOs have been 
resolved with the interventions of digital solutions in the seed 
value chain. Despite these solutions, there are still some 
limitations in the implementation of traceability solutions. �e 
�rst issue is restrictions created by vindictive customers to 
create a monopoly and control system for personal bene�ts. 
High consumption of energy, time, and cost create more 
complications for the application of blockchain solutions [65]. 
A centralized system of traceability also leads to tampering, data 
integrity, and failure at single points. Asymmetrical information 
�ow and negligence of transparency impede seed traceability by 
compromising quality assurance, supply chain integrity, market 
compliance, consumer trust, risk management, and innovation 
in the agricultural sector [66]. �e major issue is that the 

platform provides access to all information in a single web space 
which can lead to a leak of con�dential information [67]. 
Untruthfulness of data recorded and entered into the system 
undermines the reliability and accuracy of information, 
compromising decision-making and operational e�ectiveness. 
In addition, standard data format is not available in the protocol 
and can vary with the provided solution [68]. �ese limitations 
can be minimized with limited accessibility of records at the 
ministry level and checking the �ow of information between the 
supply chain units and public consumers. 

 In context with future prospects of seed traceability for 
quality assurance, the implementation of traceability solutions 
such as blockchain-based, IoT-based, BCI seed track, TraceX, 
SATHI and upcoming designs in the seed value chain is 
considerable and gaining interest. �ese solutions are 
promising means to minimize fraud, and errors in the supply 
chain and to enhance quality assurance and safety. In addition, 
arti�cial intelligence and the sensor-based traceability system 
can be remarkable changes in the management of the seed value 
chain by detecting the agro-climatic changes and minor 
alterations at di�erent stages of seed production, processing, 
and distribution that assist in the complete understanding of the 
system from source to end-user.

Conclusions
In conclusion, the fusion of blockchain and IoT technologies 
o�ers a transformative approach to enhancing traceability in 
the agricultural supply chain. By providing an immutable 
record of a product's journey from seed to consumer, these 
technologies ensure transparency and trust among 
stakeholders. �e capacity to access comprehensive information 
about agricultural products not only improves food safety and 
quality assurance but also empowers consumers and farmers 
alike. As the agricultural sector increasingly adopts these 
innovations, the implications for e�ciency, accountability, and 
sustainability are profound, paving the way for a more resilient 
food system. Future research and development in this area will 
be crucial in maximizing the potential bene�ts of blockchain 
technology in agriculture.
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Seed quality assurance is a cornerstone of a robust and 
sustainable seed supply chain. High-quality seeds are essential 
for achieving optimal crop yields, ensuring food security, and 
protecting the environment [1,2]. �rough maintaining strict 
quality standards, seed producers can ensure that farmers 
receive seeds that are genetically pure, free from diseases and 
pests, and have a high germination percentage. In addition to 
improving crop performance, this also reduces the risk of crop 
failures due to poor seed quality. Additionally, ensuring seed 
quality helps preserve genetic diversity, which is crucial for 
adapting crops to changing environmental conditions and 
developing new varieties with desirable traits. Ultimately, 
investing in seed quality assurance is an investment in the future 
of agriculture and food production [3].

 Blockchain is a decentralized and distributed ledger 
technology that securely records and veri�es transactions across a 
network of computers [4]. �e groundwork of our current 
understanding of “blockchain” was laid by Haber and Scott 
Stornetta in 1991 in their article “How to Time-Stamp a Digital 
Document” [5]. Satoshi Nakamoto’s paper in 2008 introduced the 
�rst blockchain database [6].  One de�nes blockchain as a 
distributed ledger that maintains a consistently extending list of 
data records, wherein each participating node veri�es [7]. It 
ensures transparency, immutability, distributed information, and 
tamper-resistant data storage. A blockchain comprises a sequence 

of interconnected blocks, with each block containing a hash of 
the preceding one. �e initial block, known as the genesis block, 
marks the beginning of the blockchain and subsequent blocks 
extend the chain to the latest one. Each block encompasses a set 
of transactions executed by network participants. Valid 
transactions create an interconnected series of blocks within a 
public ledger. Miners consolidate transactions into a block 
before incorporating it into the blockchain. �is cryptographic 
hash links the current block to the preceding one, forming a 
chain. If data is tampered with, the hash changes, invalidating 
the chain due to the one-way function of hashing. �e hash acts 
as a unique identi�er for each block, a fundamental principle in 
blockchain architecture. �e SHA256 hash algorithm, created 
and introduced by the National Security Agency "NSA" is 
commonly used for cryptography, o�ering a high level of 
security with 256 bits of memory. �e SHA256 algorithm 
satis�es �ve basic requirements presented in (Table 1) [8].

 Internet of �ings "IoT" refers to the network of 
interconnected devices that communicate and share data. 
When combined, Blockchain and IoT create a powerful 
synergy, enabling secure and transparent data exchange 
between devices, ensuring integrity and trust in the digital 
ecosystem such as TraceX solution, BCI SeedTrack, 
AgriBlockIoT, Agri-ICT, Consortium blockchain approach, 
Blockchain SDSS scheme, etc. [9-13].  

 Quality seed is one of the most important inputs for 
enhancing crop productivity. As seed is the carrier of any novel 
technology, the quality of the seed should be ascertained for the 
end users and farmers. Quality assurance is of utmost 
importance at all stages like seed production, seed processing, 
seed packaging, seed storage, and distribution stages. Seed 
traceability through modern technologies enables seed quality 
assurance at all the seed production stages and may be recti�ed 
easily if any mistake happens. �e published manuscripts 
available on available on Google Scholar, PubMed, and Scopus 
libraries were used to represent the results in the present review 
paper.

Introduction to Traceability and Its Importance in 
Agricultural Supply Chain
According to the International Organization for Standardization 
"ISO", traceability is the ability to trace the path of a product 
through the supply value system, beginning from the 

production, processing, and validating to the �nal distribution 
phases [14]. �is idea makes it easier to obtain in-depth details of 
a product (Figure 1). Traceability is frequently stated as the “one 
step back, one step forward” approach [15]. However, the 
capacity to access the product details over the course of its whole 
supply cycle through documented identi�cations is the formal 
de�nition of traceability [16]. In a similar manner, seed 
traceability is referred to as the capacity to trace the seed from 
the production, sticking to several classes (nucleus, breeder, 
foundation, certi�ed) and encompassing all details from origin 
(seed material, variety) to �nal distribution. A comprehensive 
traceability system should combine both quantitative and 
qualitative details considering the supply chain system. 
Moreover, this system provides a complete track record of seed 
variety, its origin, seed purity, viability, vigorousity, and 
appearance assisting end-users. Information and 
Communication Technology "ICT" can provide a signi�cant 
contribution to digitization for easy �ow of information.

participants face, Tripoli and Schmidhuber investigate 
Distributed Ledger Technologies "DLTs" [36]. �ey address 
institutional and technical adoption barriers as well as the role 
DLTs play in achieving Sustainable Development Goals "SDGs". 
In order to improve product supply chains, Hua et al. 2018, 
suggest a blockchain-based agricultural provenance system that 
combines dependable data management with decentralization 
[37]. Designed for food provenance, Malik et al. 2018, present 
Product Chain, a permissioned blockchain framework with a 
three-tiered architecture to control data access and ensure 
guarantee [38]. Arsyad et al. 2019, propose a two-factor 
blockchain system that links documentation and watermarking 
to trace cocoa and chocolate manufacture [39]. Awan et al. 2020, 
combine blockchain technology with IoT to maximize energy 
e�ciency and routing in dispersed networks, while Zhang et al. 
2020, describe an architecture for storing agricultural breeding 
data via the blockchain [40,41]. Traceability is the most 
important component of blockchain adoption in agriculture 
[42]. Various research demonstrates the applicability of 
blockchain in supply networks, assuring safety and quality, and 
proposed new frameworks for improving transparency in supply 
chains. Overall, blockchain is presented as a transformative tool 
for enhancing traceability, security, and e�ciency across 
agricultural supply chains.

Introduction To Seed Supply Chain and Role of 
Traceability in Seed Supply Chain
Seed supply chain is an organized and sometimes informal 
system of seed production, processing, distribution, marketing, 
and li�ing the lots in concern of related management units and 
agencies. �is system of supply chain has con�gured the quality 
assurance of produced seeds and products for a long time 
(Figure 3). However, the era has changed in recent years; the 
degradation in the quality, nutritional value, and purity of 
supplied seeds and products has become the main concern to the 
managing authorities. �e reasons are many including the vast 
and sophisticated structure of the supply chain, mishandling 
during the quality testing and allocation of seed lots, imbalanced 
chemical use, fraudulence and spurious seed mixing, incomplete 
information �ow and access to the data, etc. In the context of 
seed quality assurance and safety, there is a need of transparency 
and authenticity in the supply chain. Traceability with digital 
interventions is the solution to all these limitations [43].

 �e reliability of any digital ledger, including blockchain, is 
contingent upon the organization responsible for its 
maintenance. Issues can arise if the cryptographic link is 
compromised due to malicious alterations or system errors. 
Blockchain operates on peer-to-peer "P2P" networks where 
blocks are replicated across interconnected computers through 
the utilization of cryptographic keys, thereby enhancing security 
and resilience [20]. Each block in the blockchain encompasses 
the block number, stored data, and hash of the preceding and 
current block. Additionally, the “nonce” �eld, which stands for 
“number used only once”, plays a crucial role in the mining 
process and creation of new blocks. Moreover, the di�culty 
adjustment mechanism ensures that the mining process remains 
consistent over time, irrespective of �uctuations in the number 
of users or the speed of their hardware. 

 Decentralized applications "Dapps" are programs that 
operate and can be kept on the peers’ computers inside a 
blockchain network instead of a centralized server. Using 
distributed blockchain technology, the fundamentally 
innovative idea is to create a global supercomputer where all 
data, including programs and transactions, is permanently 
recorded, tracked, and saved. Ethereum introduced the concept 
of smart contracts to address limitations in the visibility of 
network peers within certi�cation access mechanisms. Smart 
contracts envision a distributed ledger for contract storage. 
Contracts are digital agreements stored on the blockchain with 
tamper-proof code. �ese contracts execute automatically based 
on prede�ned rules, providing transparency and security 
beyond traditional contract methods. Various consensus 
protocols such as Proof of Work "PoW" and Proof of Stake "PoS" 
address blockchain network security and chain resolution. PoW 
incentivizes individuals with superior equipment by o�ering 
higher rewards, leading to mining pools and potential 
centralization, making it susceptible to a 51% Attack, wherein a 
single entity controls the majority of hashing power [21]. In 
contrast, PoS fosters decentralization by encouraging node setup 
instead of mining. 

 Public blockchain networks are speci�ed as permissionless, 
allowing anybody to access, update data, and create smart 
contracts, assuring complete transparency and a high degree of 
privacy [13]. On the other hand, private networks create a closed 

accessible to all stakeholders. �is transparent supply chain has 
the capability to enhance productivity and lower production 
costs. Within this system, the blockchain ledger dynamically 
updates by analyzing and evaluating data as objects progress 
through the facility. Upon product acceptance at its destination, 
an electronic noti�cation triggers a blockchain smart contract, 
facilitating a pay agreement for the products.

Data collection methods and data processing
In the realm of supply chain traceability, gathering a substantial 
volume of data is imperative.  Previously, manual data recording 
by �eld workers was the norm, but this method posed risks of 
inaccuracies and ine�cient resource utilization during data 
transfer. However, in recent decades, the advent of automated 
processes and communication technologies, epitomized by the 
IoT, has revolutionized traceability. Technologies like barcodes, 
Quick Response "QR" codes, Radio Frequency Identi�cation 
"RFID" and Wireless Sensor Networks "WSNs" have become 
ubiquitous in supply chains [24]. For instance, RFID facilitates 
the swi� identi�cation of the source of food safety issues. WSNs, 
an alternative or complement to RFID, employ sensors and 
actuators to communicate wirelessly with an external system, 
providing data in real-time on variables such as temperature, 
humidity, and plant diseases while conserving energy [25]. 
Augmenting WSNs with advanced technologies like the Global 
Positioning System "GPS" enhances their functionality. 
Traceability systems leveraging these technologies o�er 
numerous advantages, including expedited product recalls for 
public health safety, heightened consumer con�dence, and the 
promotion of transparency and reliability in the intricate 
modern food supply chain. Data processing entails the analysis 
and interpretation of collected data to derive meaningful 
conclusions. Subsequently, this processed information is 
recorded on the blockchain, creating an immutable and 
transparent record.

Application of Block Chain and IoT in Agricultural 
Traceability System
Blockchain technology o�ers a clear and reliable traceable record 
of the tracked products in real-time, enabling the creation of a 
more e�cient and robust supply chain. �rough a collaborative 
blockchain network, associated members can create and exchange 
traceability information. �is information must be maintained 
safely and immutably. Blockchain and IoT revolutionize 

agricultural traceability by ensuring data accuracy, transparency, 
and security. In this system, sensors and devices collect real-time 
data from farms, processing units, and distribution channels 
(Table 2). �is data is then recorded on a blockchain, creating a 
decentralized and tamper-proof ledger. Below are some highlights 
of the key advantages of this integration:

• Enhanced Transparency
• Improved Data Integrity
• Real-time Monitoring
• Secure and Immutable Records
• Increased Trust in the Supply Chain

Importance of Seed Traceability in Seed Quality 
Assurance
Spurious seed identification
Digitization and traceability have become essential in the seed 
industry due to the requirement to identify and exclude 
low-quality and spurious seeds from the quality seed lot for 
promising seed quality assurance. �e low quality is due to 
mishandling, manual record keeping, inappropriate information 
during seed production, and malicious mixing of faulty seeds 
into a lot of quality seeds. �ese factors also have an impact on 
the farmer's income, the cost of processing, the grading and 
sorting process, the seed value chain, and other related factors. 
Digitization and traceability provide complete transparency of 
the operational process (i.e., seed treatment, grading, sorting, 
packaging) and assure a full proof veri�cation of the quality in 
the seed industry that will raise the seed prices and improve 
end-user bene�ts [2].

Digital identification of breeder foundation certified 
seeds
Tracing the production process of nucleus seed (parental 
source), breeder seed, foundation seed, registered seed, certi�ed 
seed, and labeled seed ensures authentic and quality seed 
production leading to high-yielding cultivars. �is can be 
achieved by digitally indicating the seed classes. Seed 
traceability provides a more convenient solution to this tracking 
system. �e primary step is to indent the seed generation unit 
(for di�erent seed classes) and register these seed production 
centre. �e secondary step is allocation for seed production, 
veri�cation of seed class, and issuing the labels to the seed lots 
for identi�cation. Maintenance of the samplings, proper 
inspection, testing, and registering the tags or QR coding are the 
further steps (SATHI portal).

Visibility of seed chain
Seed traceability systems can provide complete transparency of 
seed supply and value chain. In order to make the seed supply 
chain more transparent and reliable, seed traceability systems 
assist with data at each level and make the process responsive. 
�is also assists the relevant agencies to collect pro�ts and 
ensure a good quality product to robust the national and 
international seed market. Promoting transparency in the seed 
chain through the digitalization of traceability solutions makes it 
possible to minimize waste, ensure timely distribution, and 
permit e�ective management of inventory. Furthermore, 
blockchain technology for the seed supply and value chain 
empowers a single platform to obtain validated information that 
promotes traceability and transparency at all times [13].

Management of Seed Value Chain Through Seed 
Traceability
�e seed value chain is a broad, intricate system that includes 
several stages of execution, including seed development, 
multiplication, processing, distribution units, farmers and 
consumers [44]. �e broad and problematic supply chain 
extending from the raw materials to the �nal customer makes it 
very di�cult and time-consuming to trace the source of a 
product. �erefore, a secure framework must be designed to 
track information about the product’s origin, production 
methods, and safety throughout its supply chain cycle restricting 

Categorization of Traceability
A traceability system enables users to track a product across 
various stages, including manufacturing, processing, 
distribution, and handling. When designing such a traceability 
system, collection of data type, information for ownership, tools 
(sensors and networks), and management strategies are the 
crucial key factors to consider [17]. �e agriculture system 
includes product traceability (tracking the origin and movement 
of agricultural products), process traceability (monitoring 
various production stages), and supply chain traceability 
(tracing at each step, the entire product journey from farm to 
consumer) (Figure 2). Internal-level traceability is performed by 
a single entity, such as a company or organization, utilizing 

internal protocols. Intra-company traceability focuses on 
identifying the origins of a product’s ingredients, packaging, etc 
when queried from within the supply chain. Whereas, external 
traceability combines intra-company processes with a 
reconstructive process to outline the comprehensive history of a 
particular product [18]. Traceability levels are further 
categorized into mandatory and voluntary classi�cations. 
Mandatory traceability is o�en driven by �nancial 
considerations and may lack detailed information about product 
quality. In contrast, voluntary traceability allows supply chain 
factors to choose the data they collect independently.  However, 
voluntary systems can be challenging due to their complexity, as 
varying standards and methods employed by each factor result 
in a wide range of data for tracking and tracing products [19]. 

ecosystem through access restriction.  
Businesses o�en opt for private blockchain 
networks to leverage technology bene�ts 
without compromising autonomy [22]. 
Private blockchains o�en employ consensus 
mechanisms other than Proof of Work 
"PoW". In short, public blockchain networks 
prioritize decentralization, while private 
ones emphasize con�gurational �exibility. 
Hybrid approaches, known as permissioned 
blockchain systems, also exist [23].

 In the agricultural supply chain, 
integrating blockchain-distributed ledgers 
and IoT technology enhances information 
exchange e�ciency among network 
participants, o�ering a reliable data source 

 IoTs and blockchain devices and protocols revolutionized 
the agricultural tracking and tracing system with the utilization 
of smart sensors for continuous monitoring of prevailing 
conditions to ensure quality standards and GPS trackers, and 
tags for precise tracking. Various Blockchain and IoT solutions 
have been implemented in supply chain and seed tracing 
systems globally [9-11,13,34]. 

General agricultural supply chain and implementation 
of blockchain 
Blockchain projects aim to increase accountability, e�ciency, 
and safety from farm to fork are highlighted by Kim and 
Laskowski in their analysis of the supply chain for agriculture 
[35]. In order to address the issues marginalized supply chain 

third-party and centralized control [45]. Integration of digital 
solutions throughout the seed value chain has con�gured a 
smooth system of traceability process with complete 
transparency of the information. �is also ensures a quality 
assurance of seeds and enhanced productivity. �e value-chain 
analysis paradigm has been used to design better alternatives 
where the contribution of the private sector is fruitful in 
reducing poverty, enhancing human nutrition, and considering 
gender equity [46]. �e traceability process comprises the steps 
as per design by PJTSAU-TraceX, IoT, BCI seedtrack, and 
several adopted solutions. �e information of every step is 
recorded within linked traceability and web design. �e process 
begins by determining the seed quantity to be produced, 
following the farmer’s registration, and allotting classes of seed 
to them for cultivation. �ese allotted farms are geo tagged and 
surveyed for the �eld conditions. Guidelines as indicated in the 
solutions are provided regarding the package of practices to be 
followed. Scienti�c assistance, crop mapping, progress, and data 
recording are simultaneously done during the crop period. 
Individually harvested seed batches are dispatched for 
germination and quality testing. Following treating, grading, 
and sorting, high quality seeds meeting the standards of the 
certi�cation agency are selected and stamped. Certi�ed seeds 
are distributed for multiplication as per the requirement. Using 
Trace X, each certi�ed sample is bagged, stamped, labeled, and 
sealed with a unique QR-coded tag. Scanning the QR code 
provides all the details of seeds in the bag from source to 
certi�cation. 

Different Technologies Applied for Seed Traceability
Some related work has been discovered by researchers in their 
�ndings, analysis and designing of traceability solution to 

combat the limitation of supply chain systems. Using blockchain 
technology and the IoT, Tian et al., 2017 propose a system for 
food supply tracking based on Hazard Analysis and Critical 
Control Points (HACCP) [34]. Tian et al., 2016 already 
addressed the bene�ts and drawbacks of RFID and blockchain 
technology for agricultural supply chain traceability [47]. 
AgriBlockIoT, a blockchain-based traceability system that 
incorporates information obtained from IoT devices across the 
agricultural supply chain is described by Caro et al., 2018 [9]. 
�ey designed an application model that compared 
implementations using Ethereum and Hyperledger, tracing food 
from farm to fork. In their discussion of using blockchain 
technology in the food supply chain, they contrasted traditional 
solutions with blockchain-based ones and additionally 
emphasized signi�cant aspects of reliability, transparency, and 
security [48]. In order to improve productivity and give 
traceability in the agricultural sector, a study has explored the use 
of distributed ledger technology "DLT" and smart contracts [36].

Blockchain Enabled System for Seed Traceability
According to researchers, blockchain technology facilitates the 
tracking process and guarantees reliable proof of an item's 
source and subsequent alterations. In addition, product 
ownership speci�es the process of management for being 
capable of recognizing fake once and the supply chain is made 
safer by recognizing potential locations [49,50]. It improvises 
the structure of the agricultural supply line by functioning as an 
intermediary [51]. �ese reviews state that blockchain based 
traceability provides an authentic value addition to the supply 
chain system. Startups such as AgriBlockIoT, SATHI, TraceX, 
AgriICT, etc. have successfully implemented the characteristics 
of blockchain technology to the seed supply chain (Table 3). 

S.No. Traceability solutions Utilization References
1 Blockchain Seed supply chain tracing [52]
2 Blockchain Seed supply chain information traceability and credit enhancement [53]
3 Blockchain In automotive industry; waste management; seed traceability [54]

4 Blockchain platform 
(TRST01)/ TraceX solution

Tracingthe classes of seed (Nucleus seed to Certi�ed seed) https://trst01.com/blockchain-and-
seed-traceability/

5 BCI SeedTrack Providing unique UID (unique identity) of seeds https://www.barcodeindia.com/

6 Blockchain and IoT For food supply chain traceability based on Hazard 
Analysis and Critical Control Points (HACCP)

[34]

7 AgriBlockIoT Tracking producefrom farm to fork [9]

8 Agri-ICT ICT system plus blockchain for agriculture [10]

9 Consortium blockchain 
approach

In food supply chain, using improved practical byzantine 
fault tolerance (iPBFT) algorithm to trace trading portfolio

[11]

10 IoT Greenhouse based traceability of seedlings and other 
agricultural products

[12]

11 Blockchain SDSS scheme Secured Data Storage Scheme (SDSS) for Agricultural Products Tracking [55]

12 Blockchain and IoT Traceability for smart agriculture [43]

13 Blockchain SoybeanTraceability in Agricultural Supply Chain [13]

14 SATHI (Seed Traceability, 
Authentication and Holistic 
Inventory) Portal

Centralized Online System for seed traceability, 
authentication and inventory

https://seedtrace.gov.in/ms014/english

Table 3. Utilization of various blockchain platforms and traceability solutions.

 �is entails being trustworthy in the seed market units 
tracing all classes of seed produce from the nucleus to the 
certi�ed one (Figure 4). In Table 4, we presented a comparative 
analysis of various blockchain-based solutions for agricultural 
grain/seed supply chain management across di�erent crops 
through a con�ned meta-analysis covering the available 
published manuscripts using the keywords ‘Seed Traceability 

[60]. Oats (Avena sativa), utilizing a public blockchain with smart 
contracts, o�er high transparency and e�ciency. Sorghum 
(Sorghum bicolour) bene�ts from a blockchain system integrated 
with IoT and UAVs, enabling e�ective monitoring of conditions 
[61]. Finally, rye leverages a hybrid blockchain system 
incorporating RFID and GPS, ensuring e�cient traceability and 
environmental data management (Table 4).

and Blockchain technology’, and ‘Seed Traceability’ or 
‘Seed Quality assurance through seed traceability’ 
from ‘Google Scholar, Scopus, and PubMed libraries. 
However, we could �nd very few numbers of published 
manuscripts particularly on seed traceability. For 
instance, wheat (Triticum aestivum) is managed using 
a blockchain with IoT integration, ensuring e�cient 
data handling [56]. Corn (Zea mays), on the other 
hand, leverages smart contracts on Ethereum to 
e�ectively verify seed origins [57]. Soybean (Glycine 
max) utilizes Hyperledger Fabric with RFID tracking, 
achieving good accuracy and e�ciency for large-scale 
tracking [58]. Rice (Oryza sativa), equipped with 
blockchain technology integrating GPS and WSN, 
boasts a high accuracy of 96% and real-time 
environmental monitoring capabilities [59]. Cotton 
(Gossypium hirsutum), is managed by a blockchain 
network, and is e�cient in low-resource settings. 
Barley, employing a private blockchain with QR codes, 
demonstrates moderate e�ciency in seed traceability 

SATHI Portal: An Initiative on Seed Traceability, 
Authentication and Holistic Inventory (SATHI)
Agricultural infrastructure, including public irrigation, cold 
chains, rural marketplaces, warehouses, and agricultural 
machinery hubs, has to be upgraded, according to an inquiry by 
NITI Aayog in the year 2020. In this concern, the government of 
India planned to introduce an information technology system. 
Finally, on April 19, 2023, the Union Minister of Agriculture and 
Farmers Welfare, Govt. of India o�cially launched the SATHI 
Portal and Mobile App (Figure 5). �is centralized online 
system for seed tracking, authentication, and inventory was 
created to address the issues associated with producing 
high-quality seeds, recognizing and certifying them. �e NIC 

and the Union Ministry of Agriculture and Farmers Welfare 
created it with the concept “Uttam Beej - Samriddh Kisan” in 
view. From nucleus to breeder seed, breeder to foundation seed, 
foundation to certi�ed seed, and �nally distributing the seeds to 
farmers through authorized dealers, it will o�er a 
comprehensive method covering the whole seed life cycle 
comprising several generations of seeds (Figure 6). SATHI 
intends to provide consistent seed quality and purity while 
enhancing the e�ciency, accessibility, time and resource savings, 
and traceability of the seed supply chain. It simpli�es the 
procedure for all parties involved in the seed manufacturing 
chain. Its objective is to improve, guarantee the seed’s integrity 
and purity by providing a comprehensive digital platform. It 
covers the whole seed life cycle and enhance accountability 

through several modules to facilitate seed traceability and 
maximize SCI’s on-�eld performance by minimizing error rates 
and incorporating technology into the system. Furthermore, it 
aims to compile MIS reports using GIS and the Bharat Map 
Interface to shorten the time it takes to register, and to get 
approved from lab tests, �eld inspections and certi�cation. �e 
SATHI portal veri�es the seed production chain’s source and 
determines the quality assurance system. Research 
Organization, Seed Certi�cation, Seed Licensing, Seed 
Catalogue, Dealer to Farmer Sales, Farmer Registration, and 
Seed DBT are the seven interconnected verticals of the seed 
chain constitute the system. SATHI consists of various modules 
such as Nucleus to breeder seed management; Breeder to 
certi�ed seed certi�cation etc. �ese modules assist the user in 

easing the administration and management work. In the module 
of nucleus to breeder seed management, seeds are indented to 
agricultural organizations and registered production units, then 
a�er allocation of seed, labeling of tags is carried out, and 
allocated seeds are li�ed from indenters. In the Breeder to 
certi�ed seed certi�cation module, seed growers and agencies 
are registered, samples and seed sources are veri�ed and a�er 
inspection and proper testing, labeling of seed lots for 
distribution is done. Further, seed inventory manages the seed 
lots and supervises the stock management and the depository 
unit keeps all the records. Only duly certi�ed seeds are permitted 
to be sold to centrally registered farmers by authorized dealers 
and these farmers would receive subsidies by direct bank 
transfer "DBT" into their pre-validated bank accounts.

Challenges Associated and Future Opportunity
�e problems of transparency, fraud in dealing with 
fake/spurious seeds, and illegal planting of GMOs have been 
resolved with the interventions of digital solutions in the seed 
value chain. Despite these solutions, there are still some 
limitations in the implementation of traceability solutions. �e 
�rst issue is restrictions created by vindictive customers to 
create a monopoly and control system for personal bene�ts. 
High consumption of energy, time, and cost create more 
complications for the application of blockchain solutions [65]. 
A centralized system of traceability also leads to tampering, data 
integrity, and failure at single points. Asymmetrical information 
�ow and negligence of transparency impede seed traceability by 
compromising quality assurance, supply chain integrity, market 
compliance, consumer trust, risk management, and innovation 
in the agricultural sector [66]. �e major issue is that the 

platform provides access to all information in a single web space 
which can lead to a leak of con�dential information [67]. 
Untruthfulness of data recorded and entered into the system 
undermines the reliability and accuracy of information, 
compromising decision-making and operational e�ectiveness. 
In addition, standard data format is not available in the protocol 
and can vary with the provided solution [68]. �ese limitations 
can be minimized with limited accessibility of records at the 
ministry level and checking the �ow of information between the 
supply chain units and public consumers. 

 In context with future prospects of seed traceability for 
quality assurance, the implementation of traceability solutions 
such as blockchain-based, IoT-based, BCI seed track, TraceX, 
SATHI and upcoming designs in the seed value chain is 
considerable and gaining interest. �ese solutions are 
promising means to minimize fraud, and errors in the supply 
chain and to enhance quality assurance and safety. In addition, 
arti�cial intelligence and the sensor-based traceability system 
can be remarkable changes in the management of the seed value 
chain by detecting the agro-climatic changes and minor 
alterations at di�erent stages of seed production, processing, 
and distribution that assist in the complete understanding of the 
system from source to end-user.

Conclusions
In conclusion, the fusion of blockchain and IoT technologies 
o�ers a transformative approach to enhancing traceability in 
the agricultural supply chain. By providing an immutable 
record of a product's journey from seed to consumer, these 
technologies ensure transparency and trust among 
stakeholders. �e capacity to access comprehensive information 
about agricultural products not only improves food safety and 
quality assurance but also empowers consumers and farmers 
alike. As the agricultural sector increasingly adopts these 
innovations, the implications for e�ciency, accountability, and 
sustainability are profound, paving the way for a more resilient 
food system. Future research and development in this area will 
be crucial in maximizing the potential bene�ts of blockchain 
technology in agriculture.
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Seed quality assurance is a cornerstone of a robust and 
sustainable seed supply chain. High-quality seeds are essential 
for achieving optimal crop yields, ensuring food security, and 
protecting the environment [1,2]. �rough maintaining strict 
quality standards, seed producers can ensure that farmers 
receive seeds that are genetically pure, free from diseases and 
pests, and have a high germination percentage. In addition to 
improving crop performance, this also reduces the risk of crop 
failures due to poor seed quality. Additionally, ensuring seed 
quality helps preserve genetic diversity, which is crucial for 
adapting crops to changing environmental conditions and 
developing new varieties with desirable traits. Ultimately, 
investing in seed quality assurance is an investment in the future 
of agriculture and food production [3].

 Blockchain is a decentralized and distributed ledger 
technology that securely records and veri�es transactions across a 
network of computers [4]. �e groundwork of our current 
understanding of “blockchain” was laid by Haber and Scott 
Stornetta in 1991 in their article “How to Time-Stamp a Digital 
Document” [5]. Satoshi Nakamoto’s paper in 2008 introduced the 
�rst blockchain database [6].  One de�nes blockchain as a 
distributed ledger that maintains a consistently extending list of 
data records, wherein each participating node veri�es [7]. It 
ensures transparency, immutability, distributed information, and 
tamper-resistant data storage. A blockchain comprises a sequence 

of interconnected blocks, with each block containing a hash of 
the preceding one. �e initial block, known as the genesis block, 
marks the beginning of the blockchain and subsequent blocks 
extend the chain to the latest one. Each block encompasses a set 
of transactions executed by network participants. Valid 
transactions create an interconnected series of blocks within a 
public ledger. Miners consolidate transactions into a block 
before incorporating it into the blockchain. �is cryptographic 
hash links the current block to the preceding one, forming a 
chain. If data is tampered with, the hash changes, invalidating 
the chain due to the one-way function of hashing. �e hash acts 
as a unique identi�er for each block, a fundamental principle in 
blockchain architecture. �e SHA256 hash algorithm, created 
and introduced by the National Security Agency "NSA" is 
commonly used for cryptography, o�ering a high level of 
security with 256 bits of memory. �e SHA256 algorithm 
satis�es �ve basic requirements presented in (Table 1) [8].

 Internet of �ings "IoT" refers to the network of 
interconnected devices that communicate and share data. 
When combined, Blockchain and IoT create a powerful 
synergy, enabling secure and transparent data exchange 
between devices, ensuring integrity and trust in the digital 
ecosystem such as TraceX solution, BCI SeedTrack, 
AgriBlockIoT, Agri-ICT, Consortium blockchain approach, 
Blockchain SDSS scheme, etc. [9-13].  

 Quality seed is one of the most important inputs for 
enhancing crop productivity. As seed is the carrier of any novel 
technology, the quality of the seed should be ascertained for the 
end users and farmers. Quality assurance is of utmost 
importance at all stages like seed production, seed processing, 
seed packaging, seed storage, and distribution stages. Seed 
traceability through modern technologies enables seed quality 
assurance at all the seed production stages and may be recti�ed 
easily if any mistake happens. �e published manuscripts 
available on available on Google Scholar, PubMed, and Scopus 
libraries were used to represent the results in the present review 
paper.

Introduction to Traceability and Its Importance in 
Agricultural Supply Chain
According to the International Organization for Standardization 
"ISO", traceability is the ability to trace the path of a product 
through the supply value system, beginning from the 

production, processing, and validating to the �nal distribution 
phases [14]. �is idea makes it easier to obtain in-depth details of 
a product (Figure 1). Traceability is frequently stated as the “one 
step back, one step forward” approach [15]. However, the 
capacity to access the product details over the course of its whole 
supply cycle through documented identi�cations is the formal 
de�nition of traceability [16]. In a similar manner, seed 
traceability is referred to as the capacity to trace the seed from 
the production, sticking to several classes (nucleus, breeder, 
foundation, certi�ed) and encompassing all details from origin 
(seed material, variety) to �nal distribution. A comprehensive 
traceability system should combine both quantitative and 
qualitative details considering the supply chain system. 
Moreover, this system provides a complete track record of seed 
variety, its origin, seed purity, viability, vigorousity, and 
appearance assisting end-users. Information and 
Communication Technology "ICT" can provide a signi�cant 
contribution to digitization for easy �ow of information.

participants face, Tripoli and Schmidhuber investigate 
Distributed Ledger Technologies "DLTs" [36]. �ey address 
institutional and technical adoption barriers as well as the role 
DLTs play in achieving Sustainable Development Goals "SDGs". 
In order to improve product supply chains, Hua et al. 2018, 
suggest a blockchain-based agricultural provenance system that 
combines dependable data management with decentralization 
[37]. Designed for food provenance, Malik et al. 2018, present 
Product Chain, a permissioned blockchain framework with a 
three-tiered architecture to control data access and ensure 
guarantee [38]. Arsyad et al. 2019, propose a two-factor 
blockchain system that links documentation and watermarking 
to trace cocoa and chocolate manufacture [39]. Awan et al. 2020, 
combine blockchain technology with IoT to maximize energy 
e�ciency and routing in dispersed networks, while Zhang et al. 
2020, describe an architecture for storing agricultural breeding 
data via the blockchain [40,41]. Traceability is the most 
important component of blockchain adoption in agriculture 
[42]. Various research demonstrates the applicability of 
blockchain in supply networks, assuring safety and quality, and 
proposed new frameworks for improving transparency in supply 
chains. Overall, blockchain is presented as a transformative tool 
for enhancing traceability, security, and e�ciency across 
agricultural supply chains.

Introduction To Seed Supply Chain and Role of 
Traceability in Seed Supply Chain
Seed supply chain is an organized and sometimes informal 
system of seed production, processing, distribution, marketing, 
and li�ing the lots in concern of related management units and 
agencies. �is system of supply chain has con�gured the quality 
assurance of produced seeds and products for a long time 
(Figure 3). However, the era has changed in recent years; the 
degradation in the quality, nutritional value, and purity of 
supplied seeds and products has become the main concern to the 
managing authorities. �e reasons are many including the vast 
and sophisticated structure of the supply chain, mishandling 
during the quality testing and allocation of seed lots, imbalanced 
chemical use, fraudulence and spurious seed mixing, incomplete 
information �ow and access to the data, etc. In the context of 
seed quality assurance and safety, there is a need of transparency 
and authenticity in the supply chain. Traceability with digital 
interventions is the solution to all these limitations [43].

 �e reliability of any digital ledger, including blockchain, is 
contingent upon the organization responsible for its 
maintenance. Issues can arise if the cryptographic link is 
compromised due to malicious alterations or system errors. 
Blockchain operates on peer-to-peer "P2P" networks where 
blocks are replicated across interconnected computers through 
the utilization of cryptographic keys, thereby enhancing security 
and resilience [20]. Each block in the blockchain encompasses 
the block number, stored data, and hash of the preceding and 
current block. Additionally, the “nonce” �eld, which stands for 
“number used only once”, plays a crucial role in the mining 
process and creation of new blocks. Moreover, the di�culty 
adjustment mechanism ensures that the mining process remains 
consistent over time, irrespective of �uctuations in the number 
of users or the speed of their hardware. 

 Decentralized applications "Dapps" are programs that 
operate and can be kept on the peers’ computers inside a 
blockchain network instead of a centralized server. Using 
distributed blockchain technology, the fundamentally 
innovative idea is to create a global supercomputer where all 
data, including programs and transactions, is permanently 
recorded, tracked, and saved. Ethereum introduced the concept 
of smart contracts to address limitations in the visibility of 
network peers within certi�cation access mechanisms. Smart 
contracts envision a distributed ledger for contract storage. 
Contracts are digital agreements stored on the blockchain with 
tamper-proof code. �ese contracts execute automatically based 
on prede�ned rules, providing transparency and security 
beyond traditional contract methods. Various consensus 
protocols such as Proof of Work "PoW" and Proof of Stake "PoS" 
address blockchain network security and chain resolution. PoW 
incentivizes individuals with superior equipment by o�ering 
higher rewards, leading to mining pools and potential 
centralization, making it susceptible to a 51% Attack, wherein a 
single entity controls the majority of hashing power [21]. In 
contrast, PoS fosters decentralization by encouraging node setup 
instead of mining. 

 Public blockchain networks are speci�ed as permissionless, 
allowing anybody to access, update data, and create smart 
contracts, assuring complete transparency and a high degree of 
privacy [13]. On the other hand, private networks create a closed 

accessible to all stakeholders. �is transparent supply chain has 
the capability to enhance productivity and lower production 
costs. Within this system, the blockchain ledger dynamically 
updates by analyzing and evaluating data as objects progress 
through the facility. Upon product acceptance at its destination, 
an electronic noti�cation triggers a blockchain smart contract, 
facilitating a pay agreement for the products.

Data collection methods and data processing
In the realm of supply chain traceability, gathering a substantial 
volume of data is imperative.  Previously, manual data recording 
by �eld workers was the norm, but this method posed risks of 
inaccuracies and ine�cient resource utilization during data 
transfer. However, in recent decades, the advent of automated 
processes and communication technologies, epitomized by the 
IoT, has revolutionized traceability. Technologies like barcodes, 
Quick Response "QR" codes, Radio Frequency Identi�cation 
"RFID" and Wireless Sensor Networks "WSNs" have become 
ubiquitous in supply chains [24]. For instance, RFID facilitates 
the swi� identi�cation of the source of food safety issues. WSNs, 
an alternative or complement to RFID, employ sensors and 
actuators to communicate wirelessly with an external system, 
providing data in real-time on variables such as temperature, 
humidity, and plant diseases while conserving energy [25]. 
Augmenting WSNs with advanced technologies like the Global 
Positioning System "GPS" enhances their functionality. 
Traceability systems leveraging these technologies o�er 
numerous advantages, including expedited product recalls for 
public health safety, heightened consumer con�dence, and the 
promotion of transparency and reliability in the intricate 
modern food supply chain. Data processing entails the analysis 
and interpretation of collected data to derive meaningful 
conclusions. Subsequently, this processed information is 
recorded on the blockchain, creating an immutable and 
transparent record.

Application of Block Chain and IoT in Agricultural 
Traceability System
Blockchain technology o�ers a clear and reliable traceable record 
of the tracked products in real-time, enabling the creation of a 
more e�cient and robust supply chain. �rough a collaborative 
blockchain network, associated members can create and exchange 
traceability information. �is information must be maintained 
safely and immutably. Blockchain and IoT revolutionize 

agricultural traceability by ensuring data accuracy, transparency, 
and security. In this system, sensors and devices collect real-time 
data from farms, processing units, and distribution channels 
(Table 2). �is data is then recorded on a blockchain, creating a 
decentralized and tamper-proof ledger. Below are some highlights 
of the key advantages of this integration:

• Enhanced Transparency
• Improved Data Integrity
• Real-time Monitoring
• Secure and Immutable Records
• Increased Trust in the Supply Chain

Importance of Seed Traceability in Seed Quality 
Assurance
Spurious seed identification
Digitization and traceability have become essential in the seed 
industry due to the requirement to identify and exclude 
low-quality and spurious seeds from the quality seed lot for 
promising seed quality assurance. �e low quality is due to 
mishandling, manual record keeping, inappropriate information 
during seed production, and malicious mixing of faulty seeds 
into a lot of quality seeds. �ese factors also have an impact on 
the farmer's income, the cost of processing, the grading and 
sorting process, the seed value chain, and other related factors. 
Digitization and traceability provide complete transparency of 
the operational process (i.e., seed treatment, grading, sorting, 
packaging) and assure a full proof veri�cation of the quality in 
the seed industry that will raise the seed prices and improve 
end-user bene�ts [2].

Digital identification of breeder foundation certified 
seeds
Tracing the production process of nucleus seed (parental 
source), breeder seed, foundation seed, registered seed, certi�ed 
seed, and labeled seed ensures authentic and quality seed 
production leading to high-yielding cultivars. �is can be 
achieved by digitally indicating the seed classes. Seed 
traceability provides a more convenient solution to this tracking 
system. �e primary step is to indent the seed generation unit 
(for di�erent seed classes) and register these seed production 
centre. �e secondary step is allocation for seed production, 
veri�cation of seed class, and issuing the labels to the seed lots 
for identi�cation. Maintenance of the samplings, proper 
inspection, testing, and registering the tags or QR coding are the 
further steps (SATHI portal).

Visibility of seed chain
Seed traceability systems can provide complete transparency of 
seed supply and value chain. In order to make the seed supply 
chain more transparent and reliable, seed traceability systems 
assist with data at each level and make the process responsive. 
�is also assists the relevant agencies to collect pro�ts and 
ensure a good quality product to robust the national and 
international seed market. Promoting transparency in the seed 
chain through the digitalization of traceability solutions makes it 
possible to minimize waste, ensure timely distribution, and 
permit e�ective management of inventory. Furthermore, 
blockchain technology for the seed supply and value chain 
empowers a single platform to obtain validated information that 
promotes traceability and transparency at all times [13].

Management of Seed Value Chain Through Seed 
Traceability
�e seed value chain is a broad, intricate system that includes 
several stages of execution, including seed development, 
multiplication, processing, distribution units, farmers and 
consumers [44]. �e broad and problematic supply chain 
extending from the raw materials to the �nal customer makes it 
very di�cult and time-consuming to trace the source of a 
product. �erefore, a secure framework must be designed to 
track information about the product’s origin, production 
methods, and safety throughout its supply chain cycle restricting 

Categorization of Traceability
A traceability system enables users to track a product across 
various stages, including manufacturing, processing, 
distribution, and handling. When designing such a traceability 
system, collection of data type, information for ownership, tools 
(sensors and networks), and management strategies are the 
crucial key factors to consider [17]. �e agriculture system 
includes product traceability (tracking the origin and movement 
of agricultural products), process traceability (monitoring 
various production stages), and supply chain traceability 
(tracing at each step, the entire product journey from farm to 
consumer) (Figure 2). Internal-level traceability is performed by 
a single entity, such as a company or organization, utilizing 

internal protocols. Intra-company traceability focuses on 
identifying the origins of a product’s ingredients, packaging, etc 
when queried from within the supply chain. Whereas, external 
traceability combines intra-company processes with a 
reconstructive process to outline the comprehensive history of a 
particular product [18]. Traceability levels are further 
categorized into mandatory and voluntary classi�cations. 
Mandatory traceability is o�en driven by �nancial 
considerations and may lack detailed information about product 
quality. In contrast, voluntary traceability allows supply chain 
factors to choose the data they collect independently.  However, 
voluntary systems can be challenging due to their complexity, as 
varying standards and methods employed by each factor result 
in a wide range of data for tracking and tracing products [19]. 

ecosystem through access restriction.  
Businesses o�en opt for private blockchain 
networks to leverage technology bene�ts 
without compromising autonomy [22]. 
Private blockchains o�en employ consensus 
mechanisms other than Proof of Work 
"PoW". In short, public blockchain networks 
prioritize decentralization, while private 
ones emphasize con�gurational �exibility. 
Hybrid approaches, known as permissioned 
blockchain systems, also exist [23].

 In the agricultural supply chain, 
integrating blockchain-distributed ledgers 
and IoT technology enhances information 
exchange e�ciency among network 
participants, o�ering a reliable data source 

 IoTs and blockchain devices and protocols revolutionized 
the agricultural tracking and tracing system with the utilization 
of smart sensors for continuous monitoring of prevailing 
conditions to ensure quality standards and GPS trackers, and 
tags for precise tracking. Various Blockchain and IoT solutions 
have been implemented in supply chain and seed tracing 
systems globally [9-11,13,34]. 

General agricultural supply chain and implementation 
of blockchain 
Blockchain projects aim to increase accountability, e�ciency, 
and safety from farm to fork are highlighted by Kim and 
Laskowski in their analysis of the supply chain for agriculture 
[35]. In order to address the issues marginalized supply chain 

third-party and centralized control [45]. Integration of digital 
solutions throughout the seed value chain has con�gured a 
smooth system of traceability process with complete 
transparency of the information. �is also ensures a quality 
assurance of seeds and enhanced productivity. �e value-chain 
analysis paradigm has been used to design better alternatives 
where the contribution of the private sector is fruitful in 
reducing poverty, enhancing human nutrition, and considering 
gender equity [46]. �e traceability process comprises the steps 
as per design by PJTSAU-TraceX, IoT, BCI seedtrack, and 
several adopted solutions. �e information of every step is 
recorded within linked traceability and web design. �e process 
begins by determining the seed quantity to be produced, 
following the farmer’s registration, and allotting classes of seed 
to them for cultivation. �ese allotted farms are geo tagged and 
surveyed for the �eld conditions. Guidelines as indicated in the 
solutions are provided regarding the package of practices to be 
followed. Scienti�c assistance, crop mapping, progress, and data 
recording are simultaneously done during the crop period. 
Individually harvested seed batches are dispatched for 
germination and quality testing. Following treating, grading, 
and sorting, high quality seeds meeting the standards of the 
certi�cation agency are selected and stamped. Certi�ed seeds 
are distributed for multiplication as per the requirement. Using 
Trace X, each certi�ed sample is bagged, stamped, labeled, and 
sealed with a unique QR-coded tag. Scanning the QR code 
provides all the details of seeds in the bag from source to 
certi�cation. 

Different Technologies Applied for Seed Traceability
Some related work has been discovered by researchers in their 
�ndings, analysis and designing of traceability solution to 

combat the limitation of supply chain systems. Using blockchain 
technology and the IoT, Tian et al., 2017 propose a system for 
food supply tracking based on Hazard Analysis and Critical 
Control Points (HACCP) [34]. Tian et al., 2016 already 
addressed the bene�ts and drawbacks of RFID and blockchain 
technology for agricultural supply chain traceability [47]. 
AgriBlockIoT, a blockchain-based traceability system that 
incorporates information obtained from IoT devices across the 
agricultural supply chain is described by Caro et al., 2018 [9]. 
�ey designed an application model that compared 
implementations using Ethereum and Hyperledger, tracing food 
from farm to fork. In their discussion of using blockchain 
technology in the food supply chain, they contrasted traditional 
solutions with blockchain-based ones and additionally 
emphasized signi�cant aspects of reliability, transparency, and 
security [48]. In order to improve productivity and give 
traceability in the agricultural sector, a study has explored the use 
of distributed ledger technology "DLT" and smart contracts [36].

Blockchain Enabled System for Seed Traceability
According to researchers, blockchain technology facilitates the 
tracking process and guarantees reliable proof of an item's 
source and subsequent alterations. In addition, product 
ownership speci�es the process of management for being 
capable of recognizing fake once and the supply chain is made 
safer by recognizing potential locations [49,50]. It improvises 
the structure of the agricultural supply line by functioning as an 
intermediary [51]. �ese reviews state that blockchain based 
traceability provides an authentic value addition to the supply 
chain system. Startups such as AgriBlockIoT, SATHI, TraceX, 
AgriICT, etc. have successfully implemented the characteristics 
of blockchain technology to the seed supply chain (Table 3). 

 �is entails being trustworthy in the seed market units 
tracing all classes of seed produce from the nucleus to the 
certi�ed one (Figure 4). In Table 4, we presented a comparative 
analysis of various blockchain-based solutions for agricultural 
grain/seed supply chain management across di�erent crops 
through a con�ned meta-analysis covering the available 
published manuscripts using the keywords ‘Seed Traceability 

[60]. Oats (Avena sativa), utilizing a public blockchain with smart 
contracts, o�er high transparency and e�ciency. Sorghum 
(Sorghum bicolour) bene�ts from a blockchain system integrated 
with IoT and UAVs, enabling e�ective monitoring of conditions 
[61]. Finally, rye leverages a hybrid blockchain system 
incorporating RFID and GPS, ensuring e�cient traceability and 
environmental data management (Table 4).

Figure 3. Schematic representation of seed traceability system. Source: 
(https://cicr.org.in/wp-content/uploads/CI-2024-2.pdf)

Crop Algorithm used/ Design/ Programme Accuracy/ E�ciency Reference

Wheat Blockchain with IoT Integration E�cient data handling [56]

Corn Smart Contracts on Ethereum E�cient for verifying seed origins [57]

Soybean Hyperledger Fabric with RFID Tracking Accuracy: good; E�cient for large-scale tracking [58]

Rice Blockchain with GPS and WSN Integration
Higher accuracy: 96%; E�cient for real-time 
environmental monitoring

[59]

Cotton Blockchain Network E�cient in low-resource settings [60]

Barley Private Blockchain with QR Codes Moderate e�ciency in seed traceability [61]

Oats Public Blockchain with Smart Contracts High transparency and e�ciency [62]

Sorghum Blockchain with IoT and UAVs E�ective for monitoring conditions [63]

Rye Hybrid Blockchain System with RFID and GPS E�cient for traceability and environmental data [64]

Table 3. Utilization of various blockchain platforms and traceability solutions.

and Blockchain technology’, and ‘Seed Traceability’ or 
‘Seed Quality assurance through seed traceability’ 
from ‘Google Scholar, Scopus, and PubMed libraries. 
However, we could �nd very few numbers of published 
manuscripts particularly on seed traceability. For 
instance, wheat (Triticum aestivum) is managed using 
a blockchain with IoT integration, ensuring e�cient 
data handling [56]. Corn (Zea mays), on the other 
hand, leverages smart contracts on Ethereum to 
e�ectively verify seed origins [57]. Soybean (Glycine 
max) utilizes Hyperledger Fabric with RFID tracking, 
achieving good accuracy and e�ciency for large-scale 
tracking [58]. Rice (Oryza sativa), equipped with 
blockchain technology integrating GPS and WSN, 
boasts a high accuracy of 96% and real-time 
environmental monitoring capabilities [59]. Cotton 
(Gossypium hirsutum), is managed by a blockchain 
network, and is e�cient in low-resource settings. 
Barley, employing a private blockchain with QR codes, 
demonstrates moderate e�ciency in seed traceability 

SATHI Portal: An Initiative on Seed Traceability, 
Authentication and Holistic Inventory (SATHI)
Agricultural infrastructure, including public irrigation, cold 
chains, rural marketplaces, warehouses, and agricultural 
machinery hubs, has to be upgraded, according to an inquiry by 
NITI Aayog in the year 2020. In this concern, the government of 
India planned to introduce an information technology system. 
Finally, on April 19, 2023, the Union Minister of Agriculture and 
Farmers Welfare, Govt. of India o�cially launched the SATHI 
Portal and Mobile App (Figure 5). �is centralized online 
system for seed tracking, authentication, and inventory was 
created to address the issues associated with producing 
high-quality seeds, recognizing and certifying them. �e NIC 

and the Union Ministry of Agriculture and Farmers Welfare 
created it with the concept “Uttam Beej - Samriddh Kisan” in 
view. From nucleus to breeder seed, breeder to foundation seed, 
foundation to certi�ed seed, and �nally distributing the seeds to 
farmers through authorized dealers, it will o�er a 
comprehensive method covering the whole seed life cycle 
comprising several generations of seeds (Figure 6). SATHI 
intends to provide consistent seed quality and purity while 
enhancing the e�ciency, accessibility, time and resource savings, 
and traceability of the seed supply chain. It simpli�es the 
procedure for all parties involved in the seed manufacturing 
chain. Its objective is to improve, guarantee the seed’s integrity 
and purity by providing a comprehensive digital platform. It 
covers the whole seed life cycle and enhance accountability 

through several modules to facilitate seed traceability and 
maximize SCI’s on-�eld performance by minimizing error rates 
and incorporating technology into the system. Furthermore, it 
aims to compile MIS reports using GIS and the Bharat Map 
Interface to shorten the time it takes to register, and to get 
approved from lab tests, �eld inspections and certi�cation. �e 
SATHI portal veri�es the seed production chain’s source and 
determines the quality assurance system. Research 
Organization, Seed Certi�cation, Seed Licensing, Seed 
Catalogue, Dealer to Farmer Sales, Farmer Registration, and 
Seed DBT are the seven interconnected verticals of the seed 
chain constitute the system. SATHI consists of various modules 
such as Nucleus to breeder seed management; Breeder to 
certi�ed seed certi�cation etc. �ese modules assist the user in 

easing the administration and management work. In the module 
of nucleus to breeder seed management, seeds are indented to 
agricultural organizations and registered production units, then 
a�er allocation of seed, labeling of tags is carried out, and 
allocated seeds are li�ed from indenters. In the Breeder to 
certi�ed seed certi�cation module, seed growers and agencies 
are registered, samples and seed sources are veri�ed and a�er 
inspection and proper testing, labeling of seed lots for 
distribution is done. Further, seed inventory manages the seed 
lots and supervises the stock management and the depository 
unit keeps all the records. Only duly certi�ed seeds are permitted 
to be sold to centrally registered farmers by authorized dealers 
and these farmers would receive subsidies by direct bank 
transfer "DBT" into their pre-validated bank accounts.

Challenges Associated and Future Opportunity
�e problems of transparency, fraud in dealing with 
fake/spurious seeds, and illegal planting of GMOs have been 
resolved with the interventions of digital solutions in the seed 
value chain. Despite these solutions, there are still some 
limitations in the implementation of traceability solutions. �e 
�rst issue is restrictions created by vindictive customers to 
create a monopoly and control system for personal bene�ts. 
High consumption of energy, time, and cost create more 
complications for the application of blockchain solutions [65]. 
A centralized system of traceability also leads to tampering, data 
integrity, and failure at single points. Asymmetrical information 
�ow and negligence of transparency impede seed traceability by 
compromising quality assurance, supply chain integrity, market 
compliance, consumer trust, risk management, and innovation 
in the agricultural sector [66]. �e major issue is that the 

platform provides access to all information in a single web space 
which can lead to a leak of con�dential information [67]. 
Untruthfulness of data recorded and entered into the system 
undermines the reliability and accuracy of information, 
compromising decision-making and operational e�ectiveness. 
In addition, standard data format is not available in the protocol 
and can vary with the provided solution [68]. �ese limitations 
can be minimized with limited accessibility of records at the 
ministry level and checking the �ow of information between the 
supply chain units and public consumers. 

 In context with future prospects of seed traceability for 
quality assurance, the implementation of traceability solutions 
such as blockchain-based, IoT-based, BCI seed track, TraceX, 
SATHI and upcoming designs in the seed value chain is 
considerable and gaining interest. �ese solutions are 
promising means to minimize fraud, and errors in the supply 
chain and to enhance quality assurance and safety. In addition, 
arti�cial intelligence and the sensor-based traceability system 
can be remarkable changes in the management of the seed value 
chain by detecting the agro-climatic changes and minor 
alterations at di�erent stages of seed production, processing, 
and distribution that assist in the complete understanding of the 
system from source to end-user.

Conclusions
In conclusion, the fusion of blockchain and IoT technologies 
o�ers a transformative approach to enhancing traceability in 
the agricultural supply chain. By providing an immutable 
record of a product's journey from seed to consumer, these 
technologies ensure transparency and trust among 
stakeholders. �e capacity to access comprehensive information 
about agricultural products not only improves food safety and 
quality assurance but also empowers consumers and farmers 
alike. As the agricultural sector increasingly adopts these 
innovations, the implications for e�ciency, accountability, and 
sustainability are profound, paving the way for a more resilient 
food system. Future research and development in this area will 
be crucial in maximizing the potential bene�ts of blockchain 
technology in agriculture.
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Seed quality assurance is a cornerstone of a robust and 
sustainable seed supply chain. High-quality seeds are essential 
for achieving optimal crop yields, ensuring food security, and 
protecting the environment [1,2]. �rough maintaining strict 
quality standards, seed producers can ensure that farmers 
receive seeds that are genetically pure, free from diseases and 
pests, and have a high germination percentage. In addition to 
improving crop performance, this also reduces the risk of crop 
failures due to poor seed quality. Additionally, ensuring seed 
quality helps preserve genetic diversity, which is crucial for 
adapting crops to changing environmental conditions and 
developing new varieties with desirable traits. Ultimately, 
investing in seed quality assurance is an investment in the future 
of agriculture and food production [3].

 Blockchain is a decentralized and distributed ledger 
technology that securely records and veri�es transactions across a 
network of computers [4]. �e groundwork of our current 
understanding of “blockchain” was laid by Haber and Scott 
Stornetta in 1991 in their article “How to Time-Stamp a Digital 
Document” [5]. Satoshi Nakamoto’s paper in 2008 introduced the 
�rst blockchain database [6].  One de�nes blockchain as a 
distributed ledger that maintains a consistently extending list of 
data records, wherein each participating node veri�es [7]. It 
ensures transparency, immutability, distributed information, and 
tamper-resistant data storage. A blockchain comprises a sequence 

of interconnected blocks, with each block containing a hash of 
the preceding one. �e initial block, known as the genesis block, 
marks the beginning of the blockchain and subsequent blocks 
extend the chain to the latest one. Each block encompasses a set 
of transactions executed by network participants. Valid 
transactions create an interconnected series of blocks within a 
public ledger. Miners consolidate transactions into a block 
before incorporating it into the blockchain. �is cryptographic 
hash links the current block to the preceding one, forming a 
chain. If data is tampered with, the hash changes, invalidating 
the chain due to the one-way function of hashing. �e hash acts 
as a unique identi�er for each block, a fundamental principle in 
blockchain architecture. �e SHA256 hash algorithm, created 
and introduced by the National Security Agency "NSA" is 
commonly used for cryptography, o�ering a high level of 
security with 256 bits of memory. �e SHA256 algorithm 
satis�es �ve basic requirements presented in (Table 1) [8].

 Internet of �ings "IoT" refers to the network of 
interconnected devices that communicate and share data. 
When combined, Blockchain and IoT create a powerful 
synergy, enabling secure and transparent data exchange 
between devices, ensuring integrity and trust in the digital 
ecosystem such as TraceX solution, BCI SeedTrack, 
AgriBlockIoT, Agri-ICT, Consortium blockchain approach, 
Blockchain SDSS scheme, etc. [9-13].  

 Quality seed is one of the most important inputs for 
enhancing crop productivity. As seed is the carrier of any novel 
technology, the quality of the seed should be ascertained for the 
end users and farmers. Quality assurance is of utmost 
importance at all stages like seed production, seed processing, 
seed packaging, seed storage, and distribution stages. Seed 
traceability through modern technologies enables seed quality 
assurance at all the seed production stages and may be recti�ed 
easily if any mistake happens. �e published manuscripts 
available on available on Google Scholar, PubMed, and Scopus 
libraries were used to represent the results in the present review 
paper.

Introduction to Traceability and Its Importance in 
Agricultural Supply Chain
According to the International Organization for Standardization 
"ISO", traceability is the ability to trace the path of a product 
through the supply value system, beginning from the 

production, processing, and validating to the �nal distribution 
phases [14]. �is idea makes it easier to obtain in-depth details of 
a product (Figure 1). Traceability is frequently stated as the “one 
step back, one step forward” approach [15]. However, the 
capacity to access the product details over the course of its whole 
supply cycle through documented identi�cations is the formal 
de�nition of traceability [16]. In a similar manner, seed 
traceability is referred to as the capacity to trace the seed from 
the production, sticking to several classes (nucleus, breeder, 
foundation, certi�ed) and encompassing all details from origin 
(seed material, variety) to �nal distribution. A comprehensive 
traceability system should combine both quantitative and 
qualitative details considering the supply chain system. 
Moreover, this system provides a complete track record of seed 
variety, its origin, seed purity, viability, vigorousity, and 
appearance assisting end-users. Information and 
Communication Technology "ICT" can provide a signi�cant 
contribution to digitization for easy �ow of information.

participants face, Tripoli and Schmidhuber investigate 
Distributed Ledger Technologies "DLTs" [36]. �ey address 
institutional and technical adoption barriers as well as the role 
DLTs play in achieving Sustainable Development Goals "SDGs". 
In order to improve product supply chains, Hua et al. 2018, 
suggest a blockchain-based agricultural provenance system that 
combines dependable data management with decentralization 
[37]. Designed for food provenance, Malik et al. 2018, present 
Product Chain, a permissioned blockchain framework with a 
three-tiered architecture to control data access and ensure 
guarantee [38]. Arsyad et al. 2019, propose a two-factor 
blockchain system that links documentation and watermarking 
to trace cocoa and chocolate manufacture [39]. Awan et al. 2020, 
combine blockchain technology with IoT to maximize energy 
e�ciency and routing in dispersed networks, while Zhang et al. 
2020, describe an architecture for storing agricultural breeding 
data via the blockchain [40,41]. Traceability is the most 
important component of blockchain adoption in agriculture 
[42]. Various research demonstrates the applicability of 
blockchain in supply networks, assuring safety and quality, and 
proposed new frameworks for improving transparency in supply 
chains. Overall, blockchain is presented as a transformative tool 
for enhancing traceability, security, and e�ciency across 
agricultural supply chains.

Introduction To Seed Supply Chain and Role of 
Traceability in Seed Supply Chain
Seed supply chain is an organized and sometimes informal 
system of seed production, processing, distribution, marketing, 
and li�ing the lots in concern of related management units and 
agencies. �is system of supply chain has con�gured the quality 
assurance of produced seeds and products for a long time 
(Figure 3). However, the era has changed in recent years; the 
degradation in the quality, nutritional value, and purity of 
supplied seeds and products has become the main concern to the 
managing authorities. �e reasons are many including the vast 
and sophisticated structure of the supply chain, mishandling 
during the quality testing and allocation of seed lots, imbalanced 
chemical use, fraudulence and spurious seed mixing, incomplete 
information �ow and access to the data, etc. In the context of 
seed quality assurance and safety, there is a need of transparency 
and authenticity in the supply chain. Traceability with digital 
interventions is the solution to all these limitations [43].

 �e reliability of any digital ledger, including blockchain, is 
contingent upon the organization responsible for its 
maintenance. Issues can arise if the cryptographic link is 
compromised due to malicious alterations or system errors. 
Blockchain operates on peer-to-peer "P2P" networks where 
blocks are replicated across interconnected computers through 
the utilization of cryptographic keys, thereby enhancing security 
and resilience [20]. Each block in the blockchain encompasses 
the block number, stored data, and hash of the preceding and 
current block. Additionally, the “nonce” �eld, which stands for 
“number used only once”, plays a crucial role in the mining 
process and creation of new blocks. Moreover, the di�culty 
adjustment mechanism ensures that the mining process remains 
consistent over time, irrespective of �uctuations in the number 
of users or the speed of their hardware. 

 Decentralized applications "Dapps" are programs that 
operate and can be kept on the peers’ computers inside a 
blockchain network instead of a centralized server. Using 
distributed blockchain technology, the fundamentally 
innovative idea is to create a global supercomputer where all 
data, including programs and transactions, is permanently 
recorded, tracked, and saved. Ethereum introduced the concept 
of smart contracts to address limitations in the visibility of 
network peers within certi�cation access mechanisms. Smart 
contracts envision a distributed ledger for contract storage. 
Contracts are digital agreements stored on the blockchain with 
tamper-proof code. �ese contracts execute automatically based 
on prede�ned rules, providing transparency and security 
beyond traditional contract methods. Various consensus 
protocols such as Proof of Work "PoW" and Proof of Stake "PoS" 
address blockchain network security and chain resolution. PoW 
incentivizes individuals with superior equipment by o�ering 
higher rewards, leading to mining pools and potential 
centralization, making it susceptible to a 51% Attack, wherein a 
single entity controls the majority of hashing power [21]. In 
contrast, PoS fosters decentralization by encouraging node setup 
instead of mining. 

 Public blockchain networks are speci�ed as permissionless, 
allowing anybody to access, update data, and create smart 
contracts, assuring complete transparency and a high degree of 
privacy [13]. On the other hand, private networks create a closed 

accessible to all stakeholders. �is transparent supply chain has 
the capability to enhance productivity and lower production 
costs. Within this system, the blockchain ledger dynamically 
updates by analyzing and evaluating data as objects progress 
through the facility. Upon product acceptance at its destination, 
an electronic noti�cation triggers a blockchain smart contract, 
facilitating a pay agreement for the products.

Data collection methods and data processing
In the realm of supply chain traceability, gathering a substantial 
volume of data is imperative.  Previously, manual data recording 
by �eld workers was the norm, but this method posed risks of 
inaccuracies and ine�cient resource utilization during data 
transfer. However, in recent decades, the advent of automated 
processes and communication technologies, epitomized by the 
IoT, has revolutionized traceability. Technologies like barcodes, 
Quick Response "QR" codes, Radio Frequency Identi�cation 
"RFID" and Wireless Sensor Networks "WSNs" have become 
ubiquitous in supply chains [24]. For instance, RFID facilitates 
the swi� identi�cation of the source of food safety issues. WSNs, 
an alternative or complement to RFID, employ sensors and 
actuators to communicate wirelessly with an external system, 
providing data in real-time on variables such as temperature, 
humidity, and plant diseases while conserving energy [25]. 
Augmenting WSNs with advanced technologies like the Global 
Positioning System "GPS" enhances their functionality. 
Traceability systems leveraging these technologies o�er 
numerous advantages, including expedited product recalls for 
public health safety, heightened consumer con�dence, and the 
promotion of transparency and reliability in the intricate 
modern food supply chain. Data processing entails the analysis 
and interpretation of collected data to derive meaningful 
conclusions. Subsequently, this processed information is 
recorded on the blockchain, creating an immutable and 
transparent record.

Application of Block Chain and IoT in Agricultural 
Traceability System
Blockchain technology o�ers a clear and reliable traceable record 
of the tracked products in real-time, enabling the creation of a 
more e�cient and robust supply chain. �rough a collaborative 
blockchain network, associated members can create and exchange 
traceability information. �is information must be maintained 
safely and immutably. Blockchain and IoT revolutionize 

agricultural traceability by ensuring data accuracy, transparency, 
and security. In this system, sensors and devices collect real-time 
data from farms, processing units, and distribution channels 
(Table 2). �is data is then recorded on a blockchain, creating a 
decentralized and tamper-proof ledger. Below are some highlights 
of the key advantages of this integration:

• Enhanced Transparency
• Improved Data Integrity
• Real-time Monitoring
• Secure and Immutable Records
• Increased Trust in the Supply Chain

Importance of Seed Traceability in Seed Quality 
Assurance
Spurious seed identification
Digitization and traceability have become essential in the seed 
industry due to the requirement to identify and exclude 
low-quality and spurious seeds from the quality seed lot for 
promising seed quality assurance. �e low quality is due to 
mishandling, manual record keeping, inappropriate information 
during seed production, and malicious mixing of faulty seeds 
into a lot of quality seeds. �ese factors also have an impact on 
the farmer's income, the cost of processing, the grading and 
sorting process, the seed value chain, and other related factors. 
Digitization and traceability provide complete transparency of 
the operational process (i.e., seed treatment, grading, sorting, 
packaging) and assure a full proof veri�cation of the quality in 
the seed industry that will raise the seed prices and improve 
end-user bene�ts [2].

Digital identification of breeder foundation certified 
seeds
Tracing the production process of nucleus seed (parental 
source), breeder seed, foundation seed, registered seed, certi�ed 
seed, and labeled seed ensures authentic and quality seed 
production leading to high-yielding cultivars. �is can be 
achieved by digitally indicating the seed classes. Seed 
traceability provides a more convenient solution to this tracking 
system. �e primary step is to indent the seed generation unit 
(for di�erent seed classes) and register these seed production 
centre. �e secondary step is allocation for seed production, 
veri�cation of seed class, and issuing the labels to the seed lots 
for identi�cation. Maintenance of the samplings, proper 
inspection, testing, and registering the tags or QR coding are the 
further steps (SATHI portal).

Visibility of seed chain
Seed traceability systems can provide complete transparency of 
seed supply and value chain. In order to make the seed supply 
chain more transparent and reliable, seed traceability systems 
assist with data at each level and make the process responsive. 
�is also assists the relevant agencies to collect pro�ts and 
ensure a good quality product to robust the national and 
international seed market. Promoting transparency in the seed 
chain through the digitalization of traceability solutions makes it 
possible to minimize waste, ensure timely distribution, and 
permit e�ective management of inventory. Furthermore, 
blockchain technology for the seed supply and value chain 
empowers a single platform to obtain validated information that 
promotes traceability and transparency at all times [13].

Management of Seed Value Chain Through Seed 
Traceability
�e seed value chain is a broad, intricate system that includes 
several stages of execution, including seed development, 
multiplication, processing, distribution units, farmers and 
consumers [44]. �e broad and problematic supply chain 
extending from the raw materials to the �nal customer makes it 
very di�cult and time-consuming to trace the source of a 
product. �erefore, a secure framework must be designed to 
track information about the product’s origin, production 
methods, and safety throughout its supply chain cycle restricting 

Categorization of Traceability
A traceability system enables users to track a product across 
various stages, including manufacturing, processing, 
distribution, and handling. When designing such a traceability 
system, collection of data type, information for ownership, tools 
(sensors and networks), and management strategies are the 
crucial key factors to consider [17]. �e agriculture system 
includes product traceability (tracking the origin and movement 
of agricultural products), process traceability (monitoring 
various production stages), and supply chain traceability 
(tracing at each step, the entire product journey from farm to 
consumer) (Figure 2). Internal-level traceability is performed by 
a single entity, such as a company or organization, utilizing 

internal protocols. Intra-company traceability focuses on 
identifying the origins of a product’s ingredients, packaging, etc 
when queried from within the supply chain. Whereas, external 
traceability combines intra-company processes with a 
reconstructive process to outline the comprehensive history of a 
particular product [18]. Traceability levels are further 
categorized into mandatory and voluntary classi�cations. 
Mandatory traceability is o�en driven by �nancial 
considerations and may lack detailed information about product 
quality. In contrast, voluntary traceability allows supply chain 
factors to choose the data they collect independently.  However, 
voluntary systems can be challenging due to their complexity, as 
varying standards and methods employed by each factor result 
in a wide range of data for tracking and tracing products [19]. 

ecosystem through access restriction.  
Businesses o�en opt for private blockchain 
networks to leverage technology bene�ts 
without compromising autonomy [22]. 
Private blockchains o�en employ consensus 
mechanisms other than Proof of Work 
"PoW". In short, public blockchain networks 
prioritize decentralization, while private 
ones emphasize con�gurational �exibility. 
Hybrid approaches, known as permissioned 
blockchain systems, also exist [23].

 In the agricultural supply chain, 
integrating blockchain-distributed ledgers 
and IoT technology enhances information 
exchange e�ciency among network 
participants, o�ering a reliable data source 

 IoTs and blockchain devices and protocols revolutionized 
the agricultural tracking and tracing system with the utilization 
of smart sensors for continuous monitoring of prevailing 
conditions to ensure quality standards and GPS trackers, and 
tags for precise tracking. Various Blockchain and IoT solutions 
have been implemented in supply chain and seed tracing 
systems globally [9-11,13,34]. 

General agricultural supply chain and implementation 
of blockchain 
Blockchain projects aim to increase accountability, e�ciency, 
and safety from farm to fork are highlighted by Kim and 
Laskowski in their analysis of the supply chain for agriculture 
[35]. In order to address the issues marginalized supply chain 

third-party and centralized control [45]. Integration of digital 
solutions throughout the seed value chain has con�gured a 
smooth system of traceability process with complete 
transparency of the information. �is also ensures a quality 
assurance of seeds and enhanced productivity. �e value-chain 
analysis paradigm has been used to design better alternatives 
where the contribution of the private sector is fruitful in 
reducing poverty, enhancing human nutrition, and considering 
gender equity [46]. �e traceability process comprises the steps 
as per design by PJTSAU-TraceX, IoT, BCI seedtrack, and 
several adopted solutions. �e information of every step is 
recorded within linked traceability and web design. �e process 
begins by determining the seed quantity to be produced, 
following the farmer’s registration, and allotting classes of seed 
to them for cultivation. �ese allotted farms are geo tagged and 
surveyed for the �eld conditions. Guidelines as indicated in the 
solutions are provided regarding the package of practices to be 
followed. Scienti�c assistance, crop mapping, progress, and data 
recording are simultaneously done during the crop period. 
Individually harvested seed batches are dispatched for 
germination and quality testing. Following treating, grading, 
and sorting, high quality seeds meeting the standards of the 
certi�cation agency are selected and stamped. Certi�ed seeds 
are distributed for multiplication as per the requirement. Using 
Trace X, each certi�ed sample is bagged, stamped, labeled, and 
sealed with a unique QR-coded tag. Scanning the QR code 
provides all the details of seeds in the bag from source to 
certi�cation. 

Different Technologies Applied for Seed Traceability
Some related work has been discovered by researchers in their 
�ndings, analysis and designing of traceability solution to 

combat the limitation of supply chain systems. Using blockchain 
technology and the IoT, Tian et al., 2017 propose a system for 
food supply tracking based on Hazard Analysis and Critical 
Control Points (HACCP) [34]. Tian et al., 2016 already 
addressed the bene�ts and drawbacks of RFID and blockchain 
technology for agricultural supply chain traceability [47]. 
AgriBlockIoT, a blockchain-based traceability system that 
incorporates information obtained from IoT devices across the 
agricultural supply chain is described by Caro et al., 2018 [9]. 
�ey designed an application model that compared 
implementations using Ethereum and Hyperledger, tracing food 
from farm to fork. In their discussion of using blockchain 
technology in the food supply chain, they contrasted traditional 
solutions with blockchain-based ones and additionally 
emphasized signi�cant aspects of reliability, transparency, and 
security [48]. In order to improve productivity and give 
traceability in the agricultural sector, a study has explored the use 
of distributed ledger technology "DLT" and smart contracts [36].

Blockchain Enabled System for Seed Traceability
According to researchers, blockchain technology facilitates the 
tracking process and guarantees reliable proof of an item's 
source and subsequent alterations. In addition, product 
ownership speci�es the process of management for being 
capable of recognizing fake once and the supply chain is made 
safer by recognizing potential locations [49,50]. It improvises 
the structure of the agricultural supply line by functioning as an 
intermediary [51]. �ese reviews state that blockchain based 
traceability provides an authentic value addition to the supply 
chain system. Startups such as AgriBlockIoT, SATHI, TraceX, 
AgriICT, etc. have successfully implemented the characteristics 
of blockchain technology to the seed supply chain (Table 3). 

 �is entails being trustworthy in the seed market units 
tracing all classes of seed produce from the nucleus to the 
certi�ed one (Figure 4). In Table 4, we presented a comparative 
analysis of various blockchain-based solutions for agricultural 
grain/seed supply chain management across di�erent crops 
through a con�ned meta-analysis covering the available 
published manuscripts using the keywords ‘Seed Traceability 

[60]. Oats (Avena sativa), utilizing a public blockchain with smart 
contracts, o�er high transparency and e�ciency. Sorghum 
(Sorghum bicolour) bene�ts from a blockchain system integrated 
with IoT and UAVs, enabling e�ective monitoring of conditions 
[61]. Finally, rye leverages a hybrid blockchain system 
incorporating RFID and GPS, ensuring e�cient traceability and 
environmental data management (Table 4).

and Blockchain technology’, and ‘Seed Traceability’ or 
‘Seed Quality assurance through seed traceability’ 
from ‘Google Scholar, Scopus, and PubMed libraries. 
However, we could �nd very few numbers of published 
manuscripts particularly on seed traceability. For 
instance, wheat (Triticum aestivum) is managed using 
a blockchain with IoT integration, ensuring e�cient 
data handling [56]. Corn (Zea mays), on the other 
hand, leverages smart contracts on Ethereum to 
e�ectively verify seed origins [57]. Soybean (Glycine 
max) utilizes Hyperledger Fabric with RFID tracking, 
achieving good accuracy and e�ciency for large-scale 
tracking [58]. Rice (Oryza sativa), equipped with 
blockchain technology integrating GPS and WSN, 
boasts a high accuracy of 96% and real-time 
environmental monitoring capabilities [59]. Cotton 
(Gossypium hirsutum), is managed by a blockchain 
network, and is e�cient in low-resource settings. 
Barley, employing a private blockchain with QR codes, 
demonstrates moderate e�ciency in seed traceability 

SATHI Portal: An Initiative on Seed Traceability, 
Authentication and Holistic Inventory (SATHI)
Agricultural infrastructure, including public irrigation, cold 
chains, rural marketplaces, warehouses, and agricultural 
machinery hubs, has to be upgraded, according to an inquiry by 
NITI Aayog in the year 2020. In this concern, the government of 
India planned to introduce an information technology system. 
Finally, on April 19, 2023, the Union Minister of Agriculture and 
Farmers Welfare, Govt. of India o�cially launched the SATHI 
Portal and Mobile App (Figure 5). �is centralized online 
system for seed tracking, authentication, and inventory was 
created to address the issues associated with producing 
high-quality seeds, recognizing and certifying them. �e NIC 

and the Union Ministry of Agriculture and Farmers Welfare 
created it with the concept “Uttam Beej - Samriddh Kisan” in 
view. From nucleus to breeder seed, breeder to foundation seed, 
foundation to certi�ed seed, and �nally distributing the seeds to 
farmers through authorized dealers, it will o�er a 
comprehensive method covering the whole seed life cycle 
comprising several generations of seeds (Figure 6). SATHI 
intends to provide consistent seed quality and purity while 
enhancing the e�ciency, accessibility, time and resource savings, 
and traceability of the seed supply chain. It simpli�es the 
procedure for all parties involved in the seed manufacturing 
chain. Its objective is to improve, guarantee the seed’s integrity 
and purity by providing a comprehensive digital platform. It 
covers the whole seed life cycle and enhance accountability 

through several modules to facilitate seed traceability and 
maximize SCI’s on-�eld performance by minimizing error rates 
and incorporating technology into the system. Furthermore, it 
aims to compile MIS reports using GIS and the Bharat Map 
Interface to shorten the time it takes to register, and to get 
approved from lab tests, �eld inspections and certi�cation. �e 
SATHI portal veri�es the seed production chain’s source and 
determines the quality assurance system. Research 
Organization, Seed Certi�cation, Seed Licensing, Seed 
Catalogue, Dealer to Farmer Sales, Farmer Registration, and 
Seed DBT are the seven interconnected verticals of the seed 
chain constitute the system. SATHI consists of various modules 
such as Nucleus to breeder seed management; Breeder to 
certi�ed seed certi�cation etc. �ese modules assist the user in 

easing the administration and management work. In the module 
of nucleus to breeder seed management, seeds are indented to 
agricultural organizations and registered production units, then 
a�er allocation of seed, labeling of tags is carried out, and 
allocated seeds are li�ed from indenters. In the Breeder to 
certi�ed seed certi�cation module, seed growers and agencies 
are registered, samples and seed sources are veri�ed and a�er 
inspection and proper testing, labeling of seed lots for 
distribution is done. Further, seed inventory manages the seed 
lots and supervises the stock management and the depository 
unit keeps all the records. Only duly certi�ed seeds are permitted 
to be sold to centrally registered farmers by authorized dealers 
and these farmers would receive subsidies by direct bank 
transfer "DBT" into their pre-validated bank accounts.

Figure 5. SATHI portal interface: A Government of India initiative on seed traceability. Source: (https://seedtrace.gov.in/ms014/english).

Figure 5. Various Modules of seed multiplication chain (A. Nucleus to 
Breeder seed, B. Breeder to certified seed) of SATHI; Source: 
https://seedtrace.gov.in/ms014/aboutUs

Challenges Associated and Future Opportunity
�e problems of transparency, fraud in dealing with 
fake/spurious seeds, and illegal planting of GMOs have been 
resolved with the interventions of digital solutions in the seed 
value chain. Despite these solutions, there are still some 
limitations in the implementation of traceability solutions. �e 
�rst issue is restrictions created by vindictive customers to 
create a monopoly and control system for personal bene�ts. 
High consumption of energy, time, and cost create more 
complications for the application of blockchain solutions [65]. 
A centralized system of traceability also leads to tampering, data 
integrity, and failure at single points. Asymmetrical information 
�ow and negligence of transparency impede seed traceability by 
compromising quality assurance, supply chain integrity, market 
compliance, consumer trust, risk management, and innovation 
in the agricultural sector [66]. �e major issue is that the 

platform provides access to all information in a single web space 
which can lead to a leak of con�dential information [67]. 
Untruthfulness of data recorded and entered into the system 
undermines the reliability and accuracy of information, 
compromising decision-making and operational e�ectiveness. 
In addition, standard data format is not available in the protocol 
and can vary with the provided solution [68]. �ese limitations 
can be minimized with limited accessibility of records at the 
ministry level and checking the �ow of information between the 
supply chain units and public consumers. 

 In context with future prospects of seed traceability for 
quality assurance, the implementation of traceability solutions 
such as blockchain-based, IoT-based, BCI seed track, TraceX, 
SATHI and upcoming designs in the seed value chain is 
considerable and gaining interest. �ese solutions are 
promising means to minimize fraud, and errors in the supply 
chain and to enhance quality assurance and safety. In addition, 
arti�cial intelligence and the sensor-based traceability system 
can be remarkable changes in the management of the seed value 
chain by detecting the agro-climatic changes and minor 
alterations at di�erent stages of seed production, processing, 
and distribution that assist in the complete understanding of the 
system from source to end-user.

Conclusions
In conclusion, the fusion of blockchain and IoT technologies 
o�ers a transformative approach to enhancing traceability in 
the agricultural supply chain. By providing an immutable 
record of a product's journey from seed to consumer, these 
technologies ensure transparency and trust among 
stakeholders. �e capacity to access comprehensive information 
about agricultural products not only improves food safety and 
quality assurance but also empowers consumers and farmers 
alike. As the agricultural sector increasingly adopts these 
innovations, the implications for e�ciency, accountability, and 
sustainability are profound, paving the way for a more resilient 
food system. Future research and development in this area will 
be crucial in maximizing the potential bene�ts of blockchain 
technology in agriculture.
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Seed quality assurance is a cornerstone of a robust and 
sustainable seed supply chain. High-quality seeds are essential 
for achieving optimal crop yields, ensuring food security, and 
protecting the environment [1,2]. �rough maintaining strict 
quality standards, seed producers can ensure that farmers 
receive seeds that are genetically pure, free from diseases and 
pests, and have a high germination percentage. In addition to 
improving crop performance, this also reduces the risk of crop 
failures due to poor seed quality. Additionally, ensuring seed 
quality helps preserve genetic diversity, which is crucial for 
adapting crops to changing environmental conditions and 
developing new varieties with desirable traits. Ultimately, 
investing in seed quality assurance is an investment in the future 
of agriculture and food production [3].

 Blockchain is a decentralized and distributed ledger 
technology that securely records and veri�es transactions across a 
network of computers [4]. �e groundwork of our current 
understanding of “blockchain” was laid by Haber and Scott 
Stornetta in 1991 in their article “How to Time-Stamp a Digital 
Document” [5]. Satoshi Nakamoto’s paper in 2008 introduced the 
�rst blockchain database [6].  One de�nes blockchain as a 
distributed ledger that maintains a consistently extending list of 
data records, wherein each participating node veri�es [7]. It 
ensures transparency, immutability, distributed information, and 
tamper-resistant data storage. A blockchain comprises a sequence 

of interconnected blocks, with each block containing a hash of 
the preceding one. �e initial block, known as the genesis block, 
marks the beginning of the blockchain and subsequent blocks 
extend the chain to the latest one. Each block encompasses a set 
of transactions executed by network participants. Valid 
transactions create an interconnected series of blocks within a 
public ledger. Miners consolidate transactions into a block 
before incorporating it into the blockchain. �is cryptographic 
hash links the current block to the preceding one, forming a 
chain. If data is tampered with, the hash changes, invalidating 
the chain due to the one-way function of hashing. �e hash acts 
as a unique identi�er for each block, a fundamental principle in 
blockchain architecture. �e SHA256 hash algorithm, created 
and introduced by the National Security Agency "NSA" is 
commonly used for cryptography, o�ering a high level of 
security with 256 bits of memory. �e SHA256 algorithm 
satis�es �ve basic requirements presented in (Table 1) [8].

 Internet of �ings "IoT" refers to the network of 
interconnected devices that communicate and share data. 
When combined, Blockchain and IoT create a powerful 
synergy, enabling secure and transparent data exchange 
between devices, ensuring integrity and trust in the digital 
ecosystem such as TraceX solution, BCI SeedTrack, 
AgriBlockIoT, Agri-ICT, Consortium blockchain approach, 
Blockchain SDSS scheme, etc. [9-13].  

 Quality seed is one of the most important inputs for 
enhancing crop productivity. As seed is the carrier of any novel 
technology, the quality of the seed should be ascertained for the 
end users and farmers. Quality assurance is of utmost 
importance at all stages like seed production, seed processing, 
seed packaging, seed storage, and distribution stages. Seed 
traceability through modern technologies enables seed quality 
assurance at all the seed production stages and may be recti�ed 
easily if any mistake happens. �e published manuscripts 
available on available on Google Scholar, PubMed, and Scopus 
libraries were used to represent the results in the present review 
paper.

Introduction to Traceability and Its Importance in 
Agricultural Supply Chain
According to the International Organization for Standardization 
"ISO", traceability is the ability to trace the path of a product 
through the supply value system, beginning from the 

production, processing, and validating to the �nal distribution 
phases [14]. �is idea makes it easier to obtain in-depth details of 
a product (Figure 1). Traceability is frequently stated as the “one 
step back, one step forward” approach [15]. However, the 
capacity to access the product details over the course of its whole 
supply cycle through documented identi�cations is the formal 
de�nition of traceability [16]. In a similar manner, seed 
traceability is referred to as the capacity to trace the seed from 
the production, sticking to several classes (nucleus, breeder, 
foundation, certi�ed) and encompassing all details from origin 
(seed material, variety) to �nal distribution. A comprehensive 
traceability system should combine both quantitative and 
qualitative details considering the supply chain system. 
Moreover, this system provides a complete track record of seed 
variety, its origin, seed purity, viability, vigorousity, and 
appearance assisting end-users. Information and 
Communication Technology "ICT" can provide a signi�cant 
contribution to digitization for easy �ow of information.

participants face, Tripoli and Schmidhuber investigate 
Distributed Ledger Technologies "DLTs" [36]. �ey address 
institutional and technical adoption barriers as well as the role 
DLTs play in achieving Sustainable Development Goals "SDGs". 
In order to improve product supply chains, Hua et al. 2018, 
suggest a blockchain-based agricultural provenance system that 
combines dependable data management with decentralization 
[37]. Designed for food provenance, Malik et al. 2018, present 
Product Chain, a permissioned blockchain framework with a 
three-tiered architecture to control data access and ensure 
guarantee [38]. Arsyad et al. 2019, propose a two-factor 
blockchain system that links documentation and watermarking 
to trace cocoa and chocolate manufacture [39]. Awan et al. 2020, 
combine blockchain technology with IoT to maximize energy 
e�ciency and routing in dispersed networks, while Zhang et al. 
2020, describe an architecture for storing agricultural breeding 
data via the blockchain [40,41]. Traceability is the most 
important component of blockchain adoption in agriculture 
[42]. Various research demonstrates the applicability of 
blockchain in supply networks, assuring safety and quality, and 
proposed new frameworks for improving transparency in supply 
chains. Overall, blockchain is presented as a transformative tool 
for enhancing traceability, security, and e�ciency across 
agricultural supply chains.

Introduction To Seed Supply Chain and Role of 
Traceability in Seed Supply Chain
Seed supply chain is an organized and sometimes informal 
system of seed production, processing, distribution, marketing, 
and li�ing the lots in concern of related management units and 
agencies. �is system of supply chain has con�gured the quality 
assurance of produced seeds and products for a long time 
(Figure 3). However, the era has changed in recent years; the 
degradation in the quality, nutritional value, and purity of 
supplied seeds and products has become the main concern to the 
managing authorities. �e reasons are many including the vast 
and sophisticated structure of the supply chain, mishandling 
during the quality testing and allocation of seed lots, imbalanced 
chemical use, fraudulence and spurious seed mixing, incomplete 
information �ow and access to the data, etc. In the context of 
seed quality assurance and safety, there is a need of transparency 
and authenticity in the supply chain. Traceability with digital 
interventions is the solution to all these limitations [43].

 �e reliability of any digital ledger, including blockchain, is 
contingent upon the organization responsible for its 
maintenance. Issues can arise if the cryptographic link is 
compromised due to malicious alterations or system errors. 
Blockchain operates on peer-to-peer "P2P" networks where 
blocks are replicated across interconnected computers through 
the utilization of cryptographic keys, thereby enhancing security 
and resilience [20]. Each block in the blockchain encompasses 
the block number, stored data, and hash of the preceding and 
current block. Additionally, the “nonce” �eld, which stands for 
“number used only once”, plays a crucial role in the mining 
process and creation of new blocks. Moreover, the di�culty 
adjustment mechanism ensures that the mining process remains 
consistent over time, irrespective of �uctuations in the number 
of users or the speed of their hardware. 

 Decentralized applications "Dapps" are programs that 
operate and can be kept on the peers’ computers inside a 
blockchain network instead of a centralized server. Using 
distributed blockchain technology, the fundamentally 
innovative idea is to create a global supercomputer where all 
data, including programs and transactions, is permanently 
recorded, tracked, and saved. Ethereum introduced the concept 
of smart contracts to address limitations in the visibility of 
network peers within certi�cation access mechanisms. Smart 
contracts envision a distributed ledger for contract storage. 
Contracts are digital agreements stored on the blockchain with 
tamper-proof code. �ese contracts execute automatically based 
on prede�ned rules, providing transparency and security 
beyond traditional contract methods. Various consensus 
protocols such as Proof of Work "PoW" and Proof of Stake "PoS" 
address blockchain network security and chain resolution. PoW 
incentivizes individuals with superior equipment by o�ering 
higher rewards, leading to mining pools and potential 
centralization, making it susceptible to a 51% Attack, wherein a 
single entity controls the majority of hashing power [21]. In 
contrast, PoS fosters decentralization by encouraging node setup 
instead of mining. 

 Public blockchain networks are speci�ed as permissionless, 
allowing anybody to access, update data, and create smart 
contracts, assuring complete transparency and a high degree of 
privacy [13]. On the other hand, private networks create a closed 

accessible to all stakeholders. �is transparent supply chain has 
the capability to enhance productivity and lower production 
costs. Within this system, the blockchain ledger dynamically 
updates by analyzing and evaluating data as objects progress 
through the facility. Upon product acceptance at its destination, 
an electronic noti�cation triggers a blockchain smart contract, 
facilitating a pay agreement for the products.

Data collection methods and data processing
In the realm of supply chain traceability, gathering a substantial 
volume of data is imperative.  Previously, manual data recording 
by �eld workers was the norm, but this method posed risks of 
inaccuracies and ine�cient resource utilization during data 
transfer. However, in recent decades, the advent of automated 
processes and communication technologies, epitomized by the 
IoT, has revolutionized traceability. Technologies like barcodes, 
Quick Response "QR" codes, Radio Frequency Identi�cation 
"RFID" and Wireless Sensor Networks "WSNs" have become 
ubiquitous in supply chains [24]. For instance, RFID facilitates 
the swi� identi�cation of the source of food safety issues. WSNs, 
an alternative or complement to RFID, employ sensors and 
actuators to communicate wirelessly with an external system, 
providing data in real-time on variables such as temperature, 
humidity, and plant diseases while conserving energy [25]. 
Augmenting WSNs with advanced technologies like the Global 
Positioning System "GPS" enhances their functionality. 
Traceability systems leveraging these technologies o�er 
numerous advantages, including expedited product recalls for 
public health safety, heightened consumer con�dence, and the 
promotion of transparency and reliability in the intricate 
modern food supply chain. Data processing entails the analysis 
and interpretation of collected data to derive meaningful 
conclusions. Subsequently, this processed information is 
recorded on the blockchain, creating an immutable and 
transparent record.

Application of Block Chain and IoT in Agricultural 
Traceability System
Blockchain technology o�ers a clear and reliable traceable record 
of the tracked products in real-time, enabling the creation of a 
more e�cient and robust supply chain. �rough a collaborative 
blockchain network, associated members can create and exchange 
traceability information. �is information must be maintained 
safely and immutably. Blockchain and IoT revolutionize 

agricultural traceability by ensuring data accuracy, transparency, 
and security. In this system, sensors and devices collect real-time 
data from farms, processing units, and distribution channels 
(Table 2). �is data is then recorded on a blockchain, creating a 
decentralized and tamper-proof ledger. Below are some highlights 
of the key advantages of this integration:

• Enhanced Transparency
• Improved Data Integrity
• Real-time Monitoring
• Secure and Immutable Records
• Increased Trust in the Supply Chain

Importance of Seed Traceability in Seed Quality 
Assurance
Spurious seed identification
Digitization and traceability have become essential in the seed 
industry due to the requirement to identify and exclude 
low-quality and spurious seeds from the quality seed lot for 
promising seed quality assurance. �e low quality is due to 
mishandling, manual record keeping, inappropriate information 
during seed production, and malicious mixing of faulty seeds 
into a lot of quality seeds. �ese factors also have an impact on 
the farmer's income, the cost of processing, the grading and 
sorting process, the seed value chain, and other related factors. 
Digitization and traceability provide complete transparency of 
the operational process (i.e., seed treatment, grading, sorting, 
packaging) and assure a full proof veri�cation of the quality in 
the seed industry that will raise the seed prices and improve 
end-user bene�ts [2].

Digital identification of breeder foundation certified 
seeds
Tracing the production process of nucleus seed (parental 
source), breeder seed, foundation seed, registered seed, certi�ed 
seed, and labeled seed ensures authentic and quality seed 
production leading to high-yielding cultivars. �is can be 
achieved by digitally indicating the seed classes. Seed 
traceability provides a more convenient solution to this tracking 
system. �e primary step is to indent the seed generation unit 
(for di�erent seed classes) and register these seed production 
centre. �e secondary step is allocation for seed production, 
veri�cation of seed class, and issuing the labels to the seed lots 
for identi�cation. Maintenance of the samplings, proper 
inspection, testing, and registering the tags or QR coding are the 
further steps (SATHI portal).

Visibility of seed chain
Seed traceability systems can provide complete transparency of 
seed supply and value chain. In order to make the seed supply 
chain more transparent and reliable, seed traceability systems 
assist with data at each level and make the process responsive. 
�is also assists the relevant agencies to collect pro�ts and 
ensure a good quality product to robust the national and 
international seed market. Promoting transparency in the seed 
chain through the digitalization of traceability solutions makes it 
possible to minimize waste, ensure timely distribution, and 
permit e�ective management of inventory. Furthermore, 
blockchain technology for the seed supply and value chain 
empowers a single platform to obtain validated information that 
promotes traceability and transparency at all times [13].

Management of Seed Value Chain Through Seed 
Traceability
�e seed value chain is a broad, intricate system that includes 
several stages of execution, including seed development, 
multiplication, processing, distribution units, farmers and 
consumers [44]. �e broad and problematic supply chain 
extending from the raw materials to the �nal customer makes it 
very di�cult and time-consuming to trace the source of a 
product. �erefore, a secure framework must be designed to 
track information about the product’s origin, production 
methods, and safety throughout its supply chain cycle restricting 

Categorization of Traceability
A traceability system enables users to track a product across 
various stages, including manufacturing, processing, 
distribution, and handling. When designing such a traceability 
system, collection of data type, information for ownership, tools 
(sensors and networks), and management strategies are the 
crucial key factors to consider [17]. �e agriculture system 
includes product traceability (tracking the origin and movement 
of agricultural products), process traceability (monitoring 
various production stages), and supply chain traceability 
(tracing at each step, the entire product journey from farm to 
consumer) (Figure 2). Internal-level traceability is performed by 
a single entity, such as a company or organization, utilizing 

internal protocols. Intra-company traceability focuses on 
identifying the origins of a product’s ingredients, packaging, etc 
when queried from within the supply chain. Whereas, external 
traceability combines intra-company processes with a 
reconstructive process to outline the comprehensive history of a 
particular product [18]. Traceability levels are further 
categorized into mandatory and voluntary classi�cations. 
Mandatory traceability is o�en driven by �nancial 
considerations and may lack detailed information about product 
quality. In contrast, voluntary traceability allows supply chain 
factors to choose the data they collect independently.  However, 
voluntary systems can be challenging due to their complexity, as 
varying standards and methods employed by each factor result 
in a wide range of data for tracking and tracing products [19]. 

ecosystem through access restriction.  
Businesses o�en opt for private blockchain 
networks to leverage technology bene�ts 
without compromising autonomy [22]. 
Private blockchains o�en employ consensus 
mechanisms other than Proof of Work 
"PoW". In short, public blockchain networks 
prioritize decentralization, while private 
ones emphasize con�gurational �exibility. 
Hybrid approaches, known as permissioned 
blockchain systems, also exist [23].

 In the agricultural supply chain, 
integrating blockchain-distributed ledgers 
and IoT technology enhances information 
exchange e�ciency among network 
participants, o�ering a reliable data source 

 IoTs and blockchain devices and protocols revolutionized 
the agricultural tracking and tracing system with the utilization 
of smart sensors for continuous monitoring of prevailing 
conditions to ensure quality standards and GPS trackers, and 
tags for precise tracking. Various Blockchain and IoT solutions 
have been implemented in supply chain and seed tracing 
systems globally [9-11,13,34]. 

General agricultural supply chain and implementation 
of blockchain 
Blockchain projects aim to increase accountability, e�ciency, 
and safety from farm to fork are highlighted by Kim and 
Laskowski in their analysis of the supply chain for agriculture 
[35]. In order to address the issues marginalized supply chain 

third-party and centralized control [45]. Integration of digital 
solutions throughout the seed value chain has con�gured a 
smooth system of traceability process with complete 
transparency of the information. �is also ensures a quality 
assurance of seeds and enhanced productivity. �e value-chain 
analysis paradigm has been used to design better alternatives 
where the contribution of the private sector is fruitful in 
reducing poverty, enhancing human nutrition, and considering 
gender equity [46]. �e traceability process comprises the steps 
as per design by PJTSAU-TraceX, IoT, BCI seedtrack, and 
several adopted solutions. �e information of every step is 
recorded within linked traceability and web design. �e process 
begins by determining the seed quantity to be produced, 
following the farmer’s registration, and allotting classes of seed 
to them for cultivation. �ese allotted farms are geo tagged and 
surveyed for the �eld conditions. Guidelines as indicated in the 
solutions are provided regarding the package of practices to be 
followed. Scienti�c assistance, crop mapping, progress, and data 
recording are simultaneously done during the crop period. 
Individually harvested seed batches are dispatched for 
germination and quality testing. Following treating, grading, 
and sorting, high quality seeds meeting the standards of the 
certi�cation agency are selected and stamped. Certi�ed seeds 
are distributed for multiplication as per the requirement. Using 
Trace X, each certi�ed sample is bagged, stamped, labeled, and 
sealed with a unique QR-coded tag. Scanning the QR code 
provides all the details of seeds in the bag from source to 
certi�cation. 

Different Technologies Applied for Seed Traceability
Some related work has been discovered by researchers in their 
�ndings, analysis and designing of traceability solution to 

combat the limitation of supply chain systems. Using blockchain 
technology and the IoT, Tian et al., 2017 propose a system for 
food supply tracking based on Hazard Analysis and Critical 
Control Points (HACCP) [34]. Tian et al., 2016 already 
addressed the bene�ts and drawbacks of RFID and blockchain 
technology for agricultural supply chain traceability [47]. 
AgriBlockIoT, a blockchain-based traceability system that 
incorporates information obtained from IoT devices across the 
agricultural supply chain is described by Caro et al., 2018 [9]. 
�ey designed an application model that compared 
implementations using Ethereum and Hyperledger, tracing food 
from farm to fork. In their discussion of using blockchain 
technology in the food supply chain, they contrasted traditional 
solutions with blockchain-based ones and additionally 
emphasized signi�cant aspects of reliability, transparency, and 
security [48]. In order to improve productivity and give 
traceability in the agricultural sector, a study has explored the use 
of distributed ledger technology "DLT" and smart contracts [36].

Blockchain Enabled System for Seed Traceability
According to researchers, blockchain technology facilitates the 
tracking process and guarantees reliable proof of an item's 
source and subsequent alterations. In addition, product 
ownership speci�es the process of management for being 
capable of recognizing fake once and the supply chain is made 
safer by recognizing potential locations [49,50]. It improvises 
the structure of the agricultural supply line by functioning as an 
intermediary [51]. �ese reviews state that blockchain based 
traceability provides an authentic value addition to the supply 
chain system. Startups such as AgriBlockIoT, SATHI, TraceX, 
AgriICT, etc. have successfully implemented the characteristics 
of blockchain technology to the seed supply chain (Table 3). 

 �is entails being trustworthy in the seed market units 
tracing all classes of seed produce from the nucleus to the 
certi�ed one (Figure 4). In Table 4, we presented a comparative 
analysis of various blockchain-based solutions for agricultural 
grain/seed supply chain management across di�erent crops 
through a con�ned meta-analysis covering the available 
published manuscripts using the keywords ‘Seed Traceability 

[60]. Oats (Avena sativa), utilizing a public blockchain with smart 
contracts, o�er high transparency and e�ciency. Sorghum 
(Sorghum bicolour) bene�ts from a blockchain system integrated 
with IoT and UAVs, enabling e�ective monitoring of conditions 
[61]. Finally, rye leverages a hybrid blockchain system 
incorporating RFID and GPS, ensuring e�cient traceability and 
environmental data management (Table 4).

and Blockchain technology’, and ‘Seed Traceability’ or 
‘Seed Quality assurance through seed traceability’ 
from ‘Google Scholar, Scopus, and PubMed libraries. 
However, we could �nd very few numbers of published 
manuscripts particularly on seed traceability. For 
instance, wheat (Triticum aestivum) is managed using 
a blockchain with IoT integration, ensuring e�cient 
data handling [56]. Corn (Zea mays), on the other 
hand, leverages smart contracts on Ethereum to 
e�ectively verify seed origins [57]. Soybean (Glycine 
max) utilizes Hyperledger Fabric with RFID tracking, 
achieving good accuracy and e�ciency for large-scale 
tracking [58]. Rice (Oryza sativa), equipped with 
blockchain technology integrating GPS and WSN, 
boasts a high accuracy of 96% and real-time 
environmental monitoring capabilities [59]. Cotton 
(Gossypium hirsutum), is managed by a blockchain 
network, and is e�cient in low-resource settings. 
Barley, employing a private blockchain with QR codes, 
demonstrates moderate e�ciency in seed traceability 

SATHI Portal: An Initiative on Seed Traceability, 
Authentication and Holistic Inventory (SATHI)
Agricultural infrastructure, including public irrigation, cold 
chains, rural marketplaces, warehouses, and agricultural 
machinery hubs, has to be upgraded, according to an inquiry by 
NITI Aayog in the year 2020. In this concern, the government of 
India planned to introduce an information technology system. 
Finally, on April 19, 2023, the Union Minister of Agriculture and 
Farmers Welfare, Govt. of India o�cially launched the SATHI 
Portal and Mobile App (Figure 5). �is centralized online 
system for seed tracking, authentication, and inventory was 
created to address the issues associated with producing 
high-quality seeds, recognizing and certifying them. �e NIC 

and the Union Ministry of Agriculture and Farmers Welfare 
created it with the concept “Uttam Beej - Samriddh Kisan” in 
view. From nucleus to breeder seed, breeder to foundation seed, 
foundation to certi�ed seed, and �nally distributing the seeds to 
farmers through authorized dealers, it will o�er a 
comprehensive method covering the whole seed life cycle 
comprising several generations of seeds (Figure 6). SATHI 
intends to provide consistent seed quality and purity while 
enhancing the e�ciency, accessibility, time and resource savings, 
and traceability of the seed supply chain. It simpli�es the 
procedure for all parties involved in the seed manufacturing 
chain. Its objective is to improve, guarantee the seed’s integrity 
and purity by providing a comprehensive digital platform. It 
covers the whole seed life cycle and enhance accountability 

through several modules to facilitate seed traceability and 
maximize SCI’s on-�eld performance by minimizing error rates 
and incorporating technology into the system. Furthermore, it 
aims to compile MIS reports using GIS and the Bharat Map 
Interface to shorten the time it takes to register, and to get 
approved from lab tests, �eld inspections and certi�cation. �e 
SATHI portal veri�es the seed production chain’s source and 
determines the quality assurance system. Research 
Organization, Seed Certi�cation, Seed Licensing, Seed 
Catalogue, Dealer to Farmer Sales, Farmer Registration, and 
Seed DBT are the seven interconnected verticals of the seed 
chain constitute the system. SATHI consists of various modules 
such as Nucleus to breeder seed management; Breeder to 
certi�ed seed certi�cation etc. �ese modules assist the user in 

easing the administration and management work. In the module 
of nucleus to breeder seed management, seeds are indented to 
agricultural organizations and registered production units, then 
a�er allocation of seed, labeling of tags is carried out, and 
allocated seeds are li�ed from indenters. In the Breeder to 
certi�ed seed certi�cation module, seed growers and agencies 
are registered, samples and seed sources are veri�ed and a�er 
inspection and proper testing, labeling of seed lots for 
distribution is done. Further, seed inventory manages the seed 
lots and supervises the stock management and the depository 
unit keeps all the records. Only duly certi�ed seeds are permitted 
to be sold to centrally registered farmers by authorized dealers 
and these farmers would receive subsidies by direct bank 
transfer "DBT" into their pre-validated bank accounts.

Challenges Associated and Future Opportunity
�e problems of transparency, fraud in dealing with 
fake/spurious seeds, and illegal planting of GMOs have been 
resolved with the interventions of digital solutions in the seed 
value chain. Despite these solutions, there are still some 
limitations in the implementation of traceability solutions. �e 
�rst issue is restrictions created by vindictive customers to 
create a monopoly and control system for personal bene�ts. 
High consumption of energy, time, and cost create more 
complications for the application of blockchain solutions [65]. 
A centralized system of traceability also leads to tampering, data 
integrity, and failure at single points. Asymmetrical information 
�ow and negligence of transparency impede seed traceability by 
compromising quality assurance, supply chain integrity, market 
compliance, consumer trust, risk management, and innovation 
in the agricultural sector [66]. �e major issue is that the 

platform provides access to all information in a single web space 
which can lead to a leak of con�dential information [67]. 
Untruthfulness of data recorded and entered into the system 
undermines the reliability and accuracy of information, 
compromising decision-making and operational e�ectiveness. 
In addition, standard data format is not available in the protocol 
and can vary with the provided solution [68]. �ese limitations 
can be minimized with limited accessibility of records at the 
ministry level and checking the �ow of information between the 
supply chain units and public consumers. 

 In context with future prospects of seed traceability for 
quality assurance, the implementation of traceability solutions 
such as blockchain-based, IoT-based, BCI seed track, TraceX, 
SATHI and upcoming designs in the seed value chain is 
considerable and gaining interest. �ese solutions are 
promising means to minimize fraud, and errors in the supply 
chain and to enhance quality assurance and safety. In addition, 
arti�cial intelligence and the sensor-based traceability system 
can be remarkable changes in the management of the seed value 
chain by detecting the agro-climatic changes and minor 
alterations at di�erent stages of seed production, processing, 
and distribution that assist in the complete understanding of the 
system from source to end-user.

Conclusions
In conclusion, the fusion of blockchain and IoT technologies 
o�ers a transformative approach to enhancing traceability in 
the agricultural supply chain. By providing an immutable 
record of a product's journey from seed to consumer, these 
technologies ensure transparency and trust among 
stakeholders. �e capacity to access comprehensive information 
about agricultural products not only improves food safety and 
quality assurance but also empowers consumers and farmers 
alike. As the agricultural sector increasingly adopts these 
innovations, the implications for e�ciency, accountability, and 
sustainability are profound, paving the way for a more resilient 
food system. Future research and development in this area will 
be crucial in maximizing the potential bene�ts of blockchain 
technology in agriculture.
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Seed quality assurance is a cornerstone of a robust and 
sustainable seed supply chain. High-quality seeds are essential 
for achieving optimal crop yields, ensuring food security, and 
protecting the environment [1,2]. �rough maintaining strict 
quality standards, seed producers can ensure that farmers 
receive seeds that are genetically pure, free from diseases and 
pests, and have a high germination percentage. In addition to 
improving crop performance, this also reduces the risk of crop 
failures due to poor seed quality. Additionally, ensuring seed 
quality helps preserve genetic diversity, which is crucial for 
adapting crops to changing environmental conditions and 
developing new varieties with desirable traits. Ultimately, 
investing in seed quality assurance is an investment in the future 
of agriculture and food production [3].

 Blockchain is a decentralized and distributed ledger 
technology that securely records and veri�es transactions across a 
network of computers [4]. �e groundwork of our current 
understanding of “blockchain” was laid by Haber and Scott 
Stornetta in 1991 in their article “How to Time-Stamp a Digital 
Document” [5]. Satoshi Nakamoto’s paper in 2008 introduced the 
�rst blockchain database [6].  One de�nes blockchain as a 
distributed ledger that maintains a consistently extending list of 
data records, wherein each participating node veri�es [7]. It 
ensures transparency, immutability, distributed information, and 
tamper-resistant data storage. A blockchain comprises a sequence 

of interconnected blocks, with each block containing a hash of 
the preceding one. �e initial block, known as the genesis block, 
marks the beginning of the blockchain and subsequent blocks 
extend the chain to the latest one. Each block encompasses a set 
of transactions executed by network participants. Valid 
transactions create an interconnected series of blocks within a 
public ledger. Miners consolidate transactions into a block 
before incorporating it into the blockchain. �is cryptographic 
hash links the current block to the preceding one, forming a 
chain. If data is tampered with, the hash changes, invalidating 
the chain due to the one-way function of hashing. �e hash acts 
as a unique identi�er for each block, a fundamental principle in 
blockchain architecture. �e SHA256 hash algorithm, created 
and introduced by the National Security Agency "NSA" is 
commonly used for cryptography, o�ering a high level of 
security with 256 bits of memory. �e SHA256 algorithm 
satis�es �ve basic requirements presented in (Table 1) [8].

 Internet of �ings "IoT" refers to the network of 
interconnected devices that communicate and share data. 
When combined, Blockchain and IoT create a powerful 
synergy, enabling secure and transparent data exchange 
between devices, ensuring integrity and trust in the digital 
ecosystem such as TraceX solution, BCI SeedTrack, 
AgriBlockIoT, Agri-ICT, Consortium blockchain approach, 
Blockchain SDSS scheme, etc. [9-13].  

 Quality seed is one of the most important inputs for 
enhancing crop productivity. As seed is the carrier of any novel 
technology, the quality of the seed should be ascertained for the 
end users and farmers. Quality assurance is of utmost 
importance at all stages like seed production, seed processing, 
seed packaging, seed storage, and distribution stages. Seed 
traceability through modern technologies enables seed quality 
assurance at all the seed production stages and may be recti�ed 
easily if any mistake happens. �e published manuscripts 
available on available on Google Scholar, PubMed, and Scopus 
libraries were used to represent the results in the present review 
paper.

Introduction to Traceability and Its Importance in 
Agricultural Supply Chain
According to the International Organization for Standardization 
"ISO", traceability is the ability to trace the path of a product 
through the supply value system, beginning from the 

production, processing, and validating to the �nal distribution 
phases [14]. �is idea makes it easier to obtain in-depth details of 
a product (Figure 1). Traceability is frequently stated as the “one 
step back, one step forward” approach [15]. However, the 
capacity to access the product details over the course of its whole 
supply cycle through documented identi�cations is the formal 
de�nition of traceability [16]. In a similar manner, seed 
traceability is referred to as the capacity to trace the seed from 
the production, sticking to several classes (nucleus, breeder, 
foundation, certi�ed) and encompassing all details from origin 
(seed material, variety) to �nal distribution. A comprehensive 
traceability system should combine both quantitative and 
qualitative details considering the supply chain system. 
Moreover, this system provides a complete track record of seed 
variety, its origin, seed purity, viability, vigorousity, and 
appearance assisting end-users. Information and 
Communication Technology "ICT" can provide a signi�cant 
contribution to digitization for easy �ow of information.

participants face, Tripoli and Schmidhuber investigate 
Distributed Ledger Technologies "DLTs" [36]. �ey address 
institutional and technical adoption barriers as well as the role 
DLTs play in achieving Sustainable Development Goals "SDGs". 
In order to improve product supply chains, Hua et al. 2018, 
suggest a blockchain-based agricultural provenance system that 
combines dependable data management with decentralization 
[37]. Designed for food provenance, Malik et al. 2018, present 
Product Chain, a permissioned blockchain framework with a 
three-tiered architecture to control data access and ensure 
guarantee [38]. Arsyad et al. 2019, propose a two-factor 
blockchain system that links documentation and watermarking 
to trace cocoa and chocolate manufacture [39]. Awan et al. 2020, 
combine blockchain technology with IoT to maximize energy 
e�ciency and routing in dispersed networks, while Zhang et al. 
2020, describe an architecture for storing agricultural breeding 
data via the blockchain [40,41]. Traceability is the most 
important component of blockchain adoption in agriculture 
[42]. Various research demonstrates the applicability of 
blockchain in supply networks, assuring safety and quality, and 
proposed new frameworks for improving transparency in supply 
chains. Overall, blockchain is presented as a transformative tool 
for enhancing traceability, security, and e�ciency across 
agricultural supply chains.

Introduction To Seed Supply Chain and Role of 
Traceability in Seed Supply Chain
Seed supply chain is an organized and sometimes informal 
system of seed production, processing, distribution, marketing, 
and li�ing the lots in concern of related management units and 
agencies. �is system of supply chain has con�gured the quality 
assurance of produced seeds and products for a long time 
(Figure 3). However, the era has changed in recent years; the 
degradation in the quality, nutritional value, and purity of 
supplied seeds and products has become the main concern to the 
managing authorities. �e reasons are many including the vast 
and sophisticated structure of the supply chain, mishandling 
during the quality testing and allocation of seed lots, imbalanced 
chemical use, fraudulence and spurious seed mixing, incomplete 
information �ow and access to the data, etc. In the context of 
seed quality assurance and safety, there is a need of transparency 
and authenticity in the supply chain. Traceability with digital 
interventions is the solution to all these limitations [43].

 �e reliability of any digital ledger, including blockchain, is 
contingent upon the organization responsible for its 
maintenance. Issues can arise if the cryptographic link is 
compromised due to malicious alterations or system errors. 
Blockchain operates on peer-to-peer "P2P" networks where 
blocks are replicated across interconnected computers through 
the utilization of cryptographic keys, thereby enhancing security 
and resilience [20]. Each block in the blockchain encompasses 
the block number, stored data, and hash of the preceding and 
current block. Additionally, the “nonce” �eld, which stands for 
“number used only once”, plays a crucial role in the mining 
process and creation of new blocks. Moreover, the di�culty 
adjustment mechanism ensures that the mining process remains 
consistent over time, irrespective of �uctuations in the number 
of users or the speed of their hardware. 

 Decentralized applications "Dapps" are programs that 
operate and can be kept on the peers’ computers inside a 
blockchain network instead of a centralized server. Using 
distributed blockchain technology, the fundamentally 
innovative idea is to create a global supercomputer where all 
data, including programs and transactions, is permanently 
recorded, tracked, and saved. Ethereum introduced the concept 
of smart contracts to address limitations in the visibility of 
network peers within certi�cation access mechanisms. Smart 
contracts envision a distributed ledger for contract storage. 
Contracts are digital agreements stored on the blockchain with 
tamper-proof code. �ese contracts execute automatically based 
on prede�ned rules, providing transparency and security 
beyond traditional contract methods. Various consensus 
protocols such as Proof of Work "PoW" and Proof of Stake "PoS" 
address blockchain network security and chain resolution. PoW 
incentivizes individuals with superior equipment by o�ering 
higher rewards, leading to mining pools and potential 
centralization, making it susceptible to a 51% Attack, wherein a 
single entity controls the majority of hashing power [21]. In 
contrast, PoS fosters decentralization by encouraging node setup 
instead of mining. 

 Public blockchain networks are speci�ed as permissionless, 
allowing anybody to access, update data, and create smart 
contracts, assuring complete transparency and a high degree of 
privacy [13]. On the other hand, private networks create a closed 

accessible to all stakeholders. �is transparent supply chain has 
the capability to enhance productivity and lower production 
costs. Within this system, the blockchain ledger dynamically 
updates by analyzing and evaluating data as objects progress 
through the facility. Upon product acceptance at its destination, 
an electronic noti�cation triggers a blockchain smart contract, 
facilitating a pay agreement for the products.

Data collection methods and data processing
In the realm of supply chain traceability, gathering a substantial 
volume of data is imperative.  Previously, manual data recording 
by �eld workers was the norm, but this method posed risks of 
inaccuracies and ine�cient resource utilization during data 
transfer. However, in recent decades, the advent of automated 
processes and communication technologies, epitomized by the 
IoT, has revolutionized traceability. Technologies like barcodes, 
Quick Response "QR" codes, Radio Frequency Identi�cation 
"RFID" and Wireless Sensor Networks "WSNs" have become 
ubiquitous in supply chains [24]. For instance, RFID facilitates 
the swi� identi�cation of the source of food safety issues. WSNs, 
an alternative or complement to RFID, employ sensors and 
actuators to communicate wirelessly with an external system, 
providing data in real-time on variables such as temperature, 
humidity, and plant diseases while conserving energy [25]. 
Augmenting WSNs with advanced technologies like the Global 
Positioning System "GPS" enhances their functionality. 
Traceability systems leveraging these technologies o�er 
numerous advantages, including expedited product recalls for 
public health safety, heightened consumer con�dence, and the 
promotion of transparency and reliability in the intricate 
modern food supply chain. Data processing entails the analysis 
and interpretation of collected data to derive meaningful 
conclusions. Subsequently, this processed information is 
recorded on the blockchain, creating an immutable and 
transparent record.

Application of Block Chain and IoT in Agricultural 
Traceability System
Blockchain technology o�ers a clear and reliable traceable record 
of the tracked products in real-time, enabling the creation of a 
more e�cient and robust supply chain. �rough a collaborative 
blockchain network, associated members can create and exchange 
traceability information. �is information must be maintained 
safely and immutably. Blockchain and IoT revolutionize 

agricultural traceability by ensuring data accuracy, transparency, 
and security. In this system, sensors and devices collect real-time 
data from farms, processing units, and distribution channels 
(Table 2). �is data is then recorded on a blockchain, creating a 
decentralized and tamper-proof ledger. Below are some highlights 
of the key advantages of this integration:

• Enhanced Transparency
• Improved Data Integrity
• Real-time Monitoring
• Secure and Immutable Records
• Increased Trust in the Supply Chain

Importance of Seed Traceability in Seed Quality 
Assurance
Spurious seed identification
Digitization and traceability have become essential in the seed 
industry due to the requirement to identify and exclude 
low-quality and spurious seeds from the quality seed lot for 
promising seed quality assurance. �e low quality is due to 
mishandling, manual record keeping, inappropriate information 
during seed production, and malicious mixing of faulty seeds 
into a lot of quality seeds. �ese factors also have an impact on 
the farmer's income, the cost of processing, the grading and 
sorting process, the seed value chain, and other related factors. 
Digitization and traceability provide complete transparency of 
the operational process (i.e., seed treatment, grading, sorting, 
packaging) and assure a full proof veri�cation of the quality in 
the seed industry that will raise the seed prices and improve 
end-user bene�ts [2].

Digital identification of breeder foundation certified 
seeds
Tracing the production process of nucleus seed (parental 
source), breeder seed, foundation seed, registered seed, certi�ed 
seed, and labeled seed ensures authentic and quality seed 
production leading to high-yielding cultivars. �is can be 
achieved by digitally indicating the seed classes. Seed 
traceability provides a more convenient solution to this tracking 
system. �e primary step is to indent the seed generation unit 
(for di�erent seed classes) and register these seed production 
centre. �e secondary step is allocation for seed production, 
veri�cation of seed class, and issuing the labels to the seed lots 
for identi�cation. Maintenance of the samplings, proper 
inspection, testing, and registering the tags or QR coding are the 
further steps (SATHI portal).

Visibility of seed chain
Seed traceability systems can provide complete transparency of 
seed supply and value chain. In order to make the seed supply 
chain more transparent and reliable, seed traceability systems 
assist with data at each level and make the process responsive. 
�is also assists the relevant agencies to collect pro�ts and 
ensure a good quality product to robust the national and 
international seed market. Promoting transparency in the seed 
chain through the digitalization of traceability solutions makes it 
possible to minimize waste, ensure timely distribution, and 
permit e�ective management of inventory. Furthermore, 
blockchain technology for the seed supply and value chain 
empowers a single platform to obtain validated information that 
promotes traceability and transparency at all times [13].

Management of Seed Value Chain Through Seed 
Traceability
�e seed value chain is a broad, intricate system that includes 
several stages of execution, including seed development, 
multiplication, processing, distribution units, farmers and 
consumers [44]. �e broad and problematic supply chain 
extending from the raw materials to the �nal customer makes it 
very di�cult and time-consuming to trace the source of a 
product. �erefore, a secure framework must be designed to 
track information about the product’s origin, production 
methods, and safety throughout its supply chain cycle restricting 

Categorization of Traceability
A traceability system enables users to track a product across 
various stages, including manufacturing, processing, 
distribution, and handling. When designing such a traceability 
system, collection of data type, information for ownership, tools 
(sensors and networks), and management strategies are the 
crucial key factors to consider [17]. �e agriculture system 
includes product traceability (tracking the origin and movement 
of agricultural products), process traceability (monitoring 
various production stages), and supply chain traceability 
(tracing at each step, the entire product journey from farm to 
consumer) (Figure 2). Internal-level traceability is performed by 
a single entity, such as a company or organization, utilizing 

internal protocols. Intra-company traceability focuses on 
identifying the origins of a product’s ingredients, packaging, etc 
when queried from within the supply chain. Whereas, external 
traceability combines intra-company processes with a 
reconstructive process to outline the comprehensive history of a 
particular product [18]. Traceability levels are further 
categorized into mandatory and voluntary classi�cations. 
Mandatory traceability is o�en driven by �nancial 
considerations and may lack detailed information about product 
quality. In contrast, voluntary traceability allows supply chain 
factors to choose the data they collect independently.  However, 
voluntary systems can be challenging due to their complexity, as 
varying standards and methods employed by each factor result 
in a wide range of data for tracking and tracing products [19]. 

ecosystem through access restriction.  
Businesses o�en opt for private blockchain 
networks to leverage technology bene�ts 
without compromising autonomy [22]. 
Private blockchains o�en employ consensus 
mechanisms other than Proof of Work 
"PoW". In short, public blockchain networks 
prioritize decentralization, while private 
ones emphasize con�gurational �exibility. 
Hybrid approaches, known as permissioned 
blockchain systems, also exist [23].

 In the agricultural supply chain, 
integrating blockchain-distributed ledgers 
and IoT technology enhances information 
exchange e�ciency among network 
participants, o�ering a reliable data source 

 IoTs and blockchain devices and protocols revolutionized 
the agricultural tracking and tracing system with the utilization 
of smart sensors for continuous monitoring of prevailing 
conditions to ensure quality standards and GPS trackers, and 
tags for precise tracking. Various Blockchain and IoT solutions 
have been implemented in supply chain and seed tracing 
systems globally [9-11,13,34]. 

General agricultural supply chain and implementation 
of blockchain 
Blockchain projects aim to increase accountability, e�ciency, 
and safety from farm to fork are highlighted by Kim and 
Laskowski in their analysis of the supply chain for agriculture 
[35]. In order to address the issues marginalized supply chain 

third-party and centralized control [45]. Integration of digital 
solutions throughout the seed value chain has con�gured a 
smooth system of traceability process with complete 
transparency of the information. �is also ensures a quality 
assurance of seeds and enhanced productivity. �e value-chain 
analysis paradigm has been used to design better alternatives 
where the contribution of the private sector is fruitful in 
reducing poverty, enhancing human nutrition, and considering 
gender equity [46]. �e traceability process comprises the steps 
as per design by PJTSAU-TraceX, IoT, BCI seedtrack, and 
several adopted solutions. �e information of every step is 
recorded within linked traceability and web design. �e process 
begins by determining the seed quantity to be produced, 
following the farmer’s registration, and allotting classes of seed 
to them for cultivation. �ese allotted farms are geo tagged and 
surveyed for the �eld conditions. Guidelines as indicated in the 
solutions are provided regarding the package of practices to be 
followed. Scienti�c assistance, crop mapping, progress, and data 
recording are simultaneously done during the crop period. 
Individually harvested seed batches are dispatched for 
germination and quality testing. Following treating, grading, 
and sorting, high quality seeds meeting the standards of the 
certi�cation agency are selected and stamped. Certi�ed seeds 
are distributed for multiplication as per the requirement. Using 
Trace X, each certi�ed sample is bagged, stamped, labeled, and 
sealed with a unique QR-coded tag. Scanning the QR code 
provides all the details of seeds in the bag from source to 
certi�cation. 

Different Technologies Applied for Seed Traceability
Some related work has been discovered by researchers in their 
�ndings, analysis and designing of traceability solution to 

combat the limitation of supply chain systems. Using blockchain 
technology and the IoT, Tian et al., 2017 propose a system for 
food supply tracking based on Hazard Analysis and Critical 
Control Points (HACCP) [34]. Tian et al., 2016 already 
addressed the bene�ts and drawbacks of RFID and blockchain 
technology for agricultural supply chain traceability [47]. 
AgriBlockIoT, a blockchain-based traceability system that 
incorporates information obtained from IoT devices across the 
agricultural supply chain is described by Caro et al., 2018 [9]. 
�ey designed an application model that compared 
implementations using Ethereum and Hyperledger, tracing food 
from farm to fork. In their discussion of using blockchain 
technology in the food supply chain, they contrasted traditional 
solutions with blockchain-based ones and additionally 
emphasized signi�cant aspects of reliability, transparency, and 
security [48]. In order to improve productivity and give 
traceability in the agricultural sector, a study has explored the use 
of distributed ledger technology "DLT" and smart contracts [36].

Blockchain Enabled System for Seed Traceability
According to researchers, blockchain technology facilitates the 
tracking process and guarantees reliable proof of an item's 
source and subsequent alterations. In addition, product 
ownership speci�es the process of management for being 
capable of recognizing fake once and the supply chain is made 
safer by recognizing potential locations [49,50]. It improvises 
the structure of the agricultural supply line by functioning as an 
intermediary [51]. �ese reviews state that blockchain based 
traceability provides an authentic value addition to the supply 
chain system. Startups such as AgriBlockIoT, SATHI, TraceX, 
AgriICT, etc. have successfully implemented the characteristics 
of blockchain technology to the seed supply chain (Table 3). 

 �is entails being trustworthy in the seed market units 
tracing all classes of seed produce from the nucleus to the 
certi�ed one (Figure 4). In Table 4, we presented a comparative 
analysis of various blockchain-based solutions for agricultural 
grain/seed supply chain management across di�erent crops 
through a con�ned meta-analysis covering the available 
published manuscripts using the keywords ‘Seed Traceability 

[60]. Oats (Avena sativa), utilizing a public blockchain with smart 
contracts, o�er high transparency and e�ciency. Sorghum 
(Sorghum bicolour) bene�ts from a blockchain system integrated 
with IoT and UAVs, enabling e�ective monitoring of conditions 
[61]. Finally, rye leverages a hybrid blockchain system 
incorporating RFID and GPS, ensuring e�cient traceability and 
environmental data management (Table 4).

and Blockchain technology’, and ‘Seed Traceability’ or 
‘Seed Quality assurance through seed traceability’ 
from ‘Google Scholar, Scopus, and PubMed libraries. 
However, we could �nd very few numbers of published 
manuscripts particularly on seed traceability. For 
instance, wheat (Triticum aestivum) is managed using 
a blockchain with IoT integration, ensuring e�cient 
data handling [56]. Corn (Zea mays), on the other 
hand, leverages smart contracts on Ethereum to 
e�ectively verify seed origins [57]. Soybean (Glycine 
max) utilizes Hyperledger Fabric with RFID tracking, 
achieving good accuracy and e�ciency for large-scale 
tracking [58]. Rice (Oryza sativa), equipped with 
blockchain technology integrating GPS and WSN, 
boasts a high accuracy of 96% and real-time 
environmental monitoring capabilities [59]. Cotton 
(Gossypium hirsutum), is managed by a blockchain 
network, and is e�cient in low-resource settings. 
Barley, employing a private blockchain with QR codes, 
demonstrates moderate e�ciency in seed traceability 

SATHI Portal: An Initiative on Seed Traceability, 
Authentication and Holistic Inventory (SATHI)
Agricultural infrastructure, including public irrigation, cold 
chains, rural marketplaces, warehouses, and agricultural 
machinery hubs, has to be upgraded, according to an inquiry by 
NITI Aayog in the year 2020. In this concern, the government of 
India planned to introduce an information technology system. 
Finally, on April 19, 2023, the Union Minister of Agriculture and 
Farmers Welfare, Govt. of India o�cially launched the SATHI 
Portal and Mobile App (Figure 5). �is centralized online 
system for seed tracking, authentication, and inventory was 
created to address the issues associated with producing 
high-quality seeds, recognizing and certifying them. �e NIC 

and the Union Ministry of Agriculture and Farmers Welfare 
created it with the concept “Uttam Beej - Samriddh Kisan” in 
view. From nucleus to breeder seed, breeder to foundation seed, 
foundation to certi�ed seed, and �nally distributing the seeds to 
farmers through authorized dealers, it will o�er a 
comprehensive method covering the whole seed life cycle 
comprising several generations of seeds (Figure 6). SATHI 
intends to provide consistent seed quality and purity while 
enhancing the e�ciency, accessibility, time and resource savings, 
and traceability of the seed supply chain. It simpli�es the 
procedure for all parties involved in the seed manufacturing 
chain. Its objective is to improve, guarantee the seed’s integrity 
and purity by providing a comprehensive digital platform. It 
covers the whole seed life cycle and enhance accountability 

through several modules to facilitate seed traceability and 
maximize SCI’s on-�eld performance by minimizing error rates 
and incorporating technology into the system. Furthermore, it 
aims to compile MIS reports using GIS and the Bharat Map 
Interface to shorten the time it takes to register, and to get 
approved from lab tests, �eld inspections and certi�cation. �e 
SATHI portal veri�es the seed production chain’s source and 
determines the quality assurance system. Research 
Organization, Seed Certi�cation, Seed Licensing, Seed 
Catalogue, Dealer to Farmer Sales, Farmer Registration, and 
Seed DBT are the seven interconnected verticals of the seed 
chain constitute the system. SATHI consists of various modules 
such as Nucleus to breeder seed management; Breeder to 
certi�ed seed certi�cation etc. �ese modules assist the user in 

easing the administration and management work. In the module 
of nucleus to breeder seed management, seeds are indented to 
agricultural organizations and registered production units, then 
a�er allocation of seed, labeling of tags is carried out, and 
allocated seeds are li�ed from indenters. In the Breeder to 
certi�ed seed certi�cation module, seed growers and agencies 
are registered, samples and seed sources are veri�ed and a�er 
inspection and proper testing, labeling of seed lots for 
distribution is done. Further, seed inventory manages the seed 
lots and supervises the stock management and the depository 
unit keeps all the records. Only duly certi�ed seeds are permitted 
to be sold to centrally registered farmers by authorized dealers 
and these farmers would receive subsidies by direct bank 
transfer "DBT" into their pre-validated bank accounts.

Challenges Associated and Future Opportunity
�e problems of transparency, fraud in dealing with 
fake/spurious seeds, and illegal planting of GMOs have been 
resolved with the interventions of digital solutions in the seed 
value chain. Despite these solutions, there are still some 
limitations in the implementation of traceability solutions. �e 
�rst issue is restrictions created by vindictive customers to 
create a monopoly and control system for personal bene�ts. 
High consumption of energy, time, and cost create more 
complications for the application of blockchain solutions [65]. 
A centralized system of traceability also leads to tampering, data 
integrity, and failure at single points. Asymmetrical information 
�ow and negligence of transparency impede seed traceability by 
compromising quality assurance, supply chain integrity, market 
compliance, consumer trust, risk management, and innovation 
in the agricultural sector [66]. �e major issue is that the 

platform provides access to all information in a single web space 
which can lead to a leak of con�dential information [67]. 
Untruthfulness of data recorded and entered into the system 
undermines the reliability and accuracy of information, 
compromising decision-making and operational e�ectiveness. 
In addition, standard data format is not available in the protocol 
and can vary with the provided solution [68]. �ese limitations 
can be minimized with limited accessibility of records at the 
ministry level and checking the �ow of information between the 
supply chain units and public consumers. 

 In context with future prospects of seed traceability for 
quality assurance, the implementation of traceability solutions 
such as blockchain-based, IoT-based, BCI seed track, TraceX, 
SATHI and upcoming designs in the seed value chain is 
considerable and gaining interest. �ese solutions are 
promising means to minimize fraud, and errors in the supply 
chain and to enhance quality assurance and safety. In addition, 
arti�cial intelligence and the sensor-based traceability system 
can be remarkable changes in the management of the seed value 
chain by detecting the agro-climatic changes and minor 
alterations at di�erent stages of seed production, processing, 
and distribution that assist in the complete understanding of the 
system from source to end-user.

Conclusions
In conclusion, the fusion of blockchain and IoT technologies 
o�ers a transformative approach to enhancing traceability in 
the agricultural supply chain. By providing an immutable 
record of a product's journey from seed to consumer, these 
technologies ensure transparency and trust among 
stakeholders. �e capacity to access comprehensive information 
about agricultural products not only improves food safety and 
quality assurance but also empowers consumers and farmers 
alike. As the agricultural sector increasingly adopts these 
innovations, the implications for e�ciency, accountability, and 
sustainability are profound, paving the way for a more resilient 
food system. Future research and development in this area will 
be crucial in maximizing the potential bene�ts of blockchain 
technology in agriculture.
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Seed quality assurance is a cornerstone of a robust and 
sustainable seed supply chain. High-quality seeds are essential 
for achieving optimal crop yields, ensuring food security, and 
protecting the environment [1,2]. �rough maintaining strict 
quality standards, seed producers can ensure that farmers 
receive seeds that are genetically pure, free from diseases and 
pests, and have a high germination percentage. In addition to 
improving crop performance, this also reduces the risk of crop 
failures due to poor seed quality. Additionally, ensuring seed 
quality helps preserve genetic diversity, which is crucial for 
adapting crops to changing environmental conditions and 
developing new varieties with desirable traits. Ultimately, 
investing in seed quality assurance is an investment in the future 
of agriculture and food production [3].

 Blockchain is a decentralized and distributed ledger 
technology that securely records and veri�es transactions across a 
network of computers [4]. �e groundwork of our current 
understanding of “blockchain” was laid by Haber and Scott 
Stornetta in 1991 in their article “How to Time-Stamp a Digital 
Document” [5]. Satoshi Nakamoto’s paper in 2008 introduced the 
�rst blockchain database [6].  One de�nes blockchain as a 
distributed ledger that maintains a consistently extending list of 
data records, wherein each participating node veri�es [7]. It 
ensures transparency, immutability, distributed information, and 
tamper-resistant data storage. A blockchain comprises a sequence 

of interconnected blocks, with each block containing a hash of 
the preceding one. �e initial block, known as the genesis block, 
marks the beginning of the blockchain and subsequent blocks 
extend the chain to the latest one. Each block encompasses a set 
of transactions executed by network participants. Valid 
transactions create an interconnected series of blocks within a 
public ledger. Miners consolidate transactions into a block 
before incorporating it into the blockchain. �is cryptographic 
hash links the current block to the preceding one, forming a 
chain. If data is tampered with, the hash changes, invalidating 
the chain due to the one-way function of hashing. �e hash acts 
as a unique identi�er for each block, a fundamental principle in 
blockchain architecture. �e SHA256 hash algorithm, created 
and introduced by the National Security Agency "NSA" is 
commonly used for cryptography, o�ering a high level of 
security with 256 bits of memory. �e SHA256 algorithm 
satis�es �ve basic requirements presented in (Table 1) [8].

 Internet of �ings "IoT" refers to the network of 
interconnected devices that communicate and share data. 
When combined, Blockchain and IoT create a powerful 
synergy, enabling secure and transparent data exchange 
between devices, ensuring integrity and trust in the digital 
ecosystem such as TraceX solution, BCI SeedTrack, 
AgriBlockIoT, Agri-ICT, Consortium blockchain approach, 
Blockchain SDSS scheme, etc. [9-13].  

 Quality seed is one of the most important inputs for 
enhancing crop productivity. As seed is the carrier of any novel 
technology, the quality of the seed should be ascertained for the 
end users and farmers. Quality assurance is of utmost 
importance at all stages like seed production, seed processing, 
seed packaging, seed storage, and distribution stages. Seed 
traceability through modern technologies enables seed quality 
assurance at all the seed production stages and may be recti�ed 
easily if any mistake happens. �e published manuscripts 
available on available on Google Scholar, PubMed, and Scopus 
libraries were used to represent the results in the present review 
paper.

Introduction to Traceability and Its Importance in 
Agricultural Supply Chain
According to the International Organization for Standardization 
"ISO", traceability is the ability to trace the path of a product 
through the supply value system, beginning from the 

production, processing, and validating to the �nal distribution 
phases [14]. �is idea makes it easier to obtain in-depth details of 
a product (Figure 1). Traceability is frequently stated as the “one 
step back, one step forward” approach [15]. However, the 
capacity to access the product details over the course of its whole 
supply cycle through documented identi�cations is the formal 
de�nition of traceability [16]. In a similar manner, seed 
traceability is referred to as the capacity to trace the seed from 
the production, sticking to several classes (nucleus, breeder, 
foundation, certi�ed) and encompassing all details from origin 
(seed material, variety) to �nal distribution. A comprehensive 
traceability system should combine both quantitative and 
qualitative details considering the supply chain system. 
Moreover, this system provides a complete track record of seed 
variety, its origin, seed purity, viability, vigorousity, and 
appearance assisting end-users. Information and 
Communication Technology "ICT" can provide a signi�cant 
contribution to digitization for easy �ow of information.

participants face, Tripoli and Schmidhuber investigate 
Distributed Ledger Technologies "DLTs" [36]. �ey address 
institutional and technical adoption barriers as well as the role 
DLTs play in achieving Sustainable Development Goals "SDGs". 
In order to improve product supply chains, Hua et al. 2018, 
suggest a blockchain-based agricultural provenance system that 
combines dependable data management with decentralization 
[37]. Designed for food provenance, Malik et al. 2018, present 
Product Chain, a permissioned blockchain framework with a 
three-tiered architecture to control data access and ensure 
guarantee [38]. Arsyad et al. 2019, propose a two-factor 
blockchain system that links documentation and watermarking 
to trace cocoa and chocolate manufacture [39]. Awan et al. 2020, 
combine blockchain technology with IoT to maximize energy 
e�ciency and routing in dispersed networks, while Zhang et al. 
2020, describe an architecture for storing agricultural breeding 
data via the blockchain [40,41]. Traceability is the most 
important component of blockchain adoption in agriculture 
[42]. Various research demonstrates the applicability of 
blockchain in supply networks, assuring safety and quality, and 
proposed new frameworks for improving transparency in supply 
chains. Overall, blockchain is presented as a transformative tool 
for enhancing traceability, security, and e�ciency across 
agricultural supply chains.

Introduction To Seed Supply Chain and Role of 
Traceability in Seed Supply Chain
Seed supply chain is an organized and sometimes informal 
system of seed production, processing, distribution, marketing, 
and li�ing the lots in concern of related management units and 
agencies. �is system of supply chain has con�gured the quality 
assurance of produced seeds and products for a long time 
(Figure 3). However, the era has changed in recent years; the 
degradation in the quality, nutritional value, and purity of 
supplied seeds and products has become the main concern to the 
managing authorities. �e reasons are many including the vast 
and sophisticated structure of the supply chain, mishandling 
during the quality testing and allocation of seed lots, imbalanced 
chemical use, fraudulence and spurious seed mixing, incomplete 
information �ow and access to the data, etc. In the context of 
seed quality assurance and safety, there is a need of transparency 
and authenticity in the supply chain. Traceability with digital 
interventions is the solution to all these limitations [43].

 �e reliability of any digital ledger, including blockchain, is 
contingent upon the organization responsible for its 
maintenance. Issues can arise if the cryptographic link is 
compromised due to malicious alterations or system errors. 
Blockchain operates on peer-to-peer "P2P" networks where 
blocks are replicated across interconnected computers through 
the utilization of cryptographic keys, thereby enhancing security 
and resilience [20]. Each block in the blockchain encompasses 
the block number, stored data, and hash of the preceding and 
current block. Additionally, the “nonce” �eld, which stands for 
“number used only once”, plays a crucial role in the mining 
process and creation of new blocks. Moreover, the di�culty 
adjustment mechanism ensures that the mining process remains 
consistent over time, irrespective of �uctuations in the number 
of users or the speed of their hardware. 

 Decentralized applications "Dapps" are programs that 
operate and can be kept on the peers’ computers inside a 
blockchain network instead of a centralized server. Using 
distributed blockchain technology, the fundamentally 
innovative idea is to create a global supercomputer where all 
data, including programs and transactions, is permanently 
recorded, tracked, and saved. Ethereum introduced the concept 
of smart contracts to address limitations in the visibility of 
network peers within certi�cation access mechanisms. Smart 
contracts envision a distributed ledger for contract storage. 
Contracts are digital agreements stored on the blockchain with 
tamper-proof code. �ese contracts execute automatically based 
on prede�ned rules, providing transparency and security 
beyond traditional contract methods. Various consensus 
protocols such as Proof of Work "PoW" and Proof of Stake "PoS" 
address blockchain network security and chain resolution. PoW 
incentivizes individuals with superior equipment by o�ering 
higher rewards, leading to mining pools and potential 
centralization, making it susceptible to a 51% Attack, wherein a 
single entity controls the majority of hashing power [21]. In 
contrast, PoS fosters decentralization by encouraging node setup 
instead of mining. 

 Public blockchain networks are speci�ed as permissionless, 
allowing anybody to access, update data, and create smart 
contracts, assuring complete transparency and a high degree of 
privacy [13]. On the other hand, private networks create a closed 

accessible to all stakeholders. �is transparent supply chain has 
the capability to enhance productivity and lower production 
costs. Within this system, the blockchain ledger dynamically 
updates by analyzing and evaluating data as objects progress 
through the facility. Upon product acceptance at its destination, 
an electronic noti�cation triggers a blockchain smart contract, 
facilitating a pay agreement for the products.

Data collection methods and data processing
In the realm of supply chain traceability, gathering a substantial 
volume of data is imperative.  Previously, manual data recording 
by �eld workers was the norm, but this method posed risks of 
inaccuracies and ine�cient resource utilization during data 
transfer. However, in recent decades, the advent of automated 
processes and communication technologies, epitomized by the 
IoT, has revolutionized traceability. Technologies like barcodes, 
Quick Response "QR" codes, Radio Frequency Identi�cation 
"RFID" and Wireless Sensor Networks "WSNs" have become 
ubiquitous in supply chains [24]. For instance, RFID facilitates 
the swi� identi�cation of the source of food safety issues. WSNs, 
an alternative or complement to RFID, employ sensors and 
actuators to communicate wirelessly with an external system, 
providing data in real-time on variables such as temperature, 
humidity, and plant diseases while conserving energy [25]. 
Augmenting WSNs with advanced technologies like the Global 
Positioning System "GPS" enhances their functionality. 
Traceability systems leveraging these technologies o�er 
numerous advantages, including expedited product recalls for 
public health safety, heightened consumer con�dence, and the 
promotion of transparency and reliability in the intricate 
modern food supply chain. Data processing entails the analysis 
and interpretation of collected data to derive meaningful 
conclusions. Subsequently, this processed information is 
recorded on the blockchain, creating an immutable and 
transparent record.

Application of Block Chain and IoT in Agricultural 
Traceability System
Blockchain technology o�ers a clear and reliable traceable record 
of the tracked products in real-time, enabling the creation of a 
more e�cient and robust supply chain. �rough a collaborative 
blockchain network, associated members can create and exchange 
traceability information. �is information must be maintained 
safely and immutably. Blockchain and IoT revolutionize 

agricultural traceability by ensuring data accuracy, transparency, 
and security. In this system, sensors and devices collect real-time 
data from farms, processing units, and distribution channels 
(Table 2). �is data is then recorded on a blockchain, creating a 
decentralized and tamper-proof ledger. Below are some highlights 
of the key advantages of this integration:

• Enhanced Transparency
• Improved Data Integrity
• Real-time Monitoring
• Secure and Immutable Records
• Increased Trust in the Supply Chain

Importance of Seed Traceability in Seed Quality 
Assurance
Spurious seed identification
Digitization and traceability have become essential in the seed 
industry due to the requirement to identify and exclude 
low-quality and spurious seeds from the quality seed lot for 
promising seed quality assurance. �e low quality is due to 
mishandling, manual record keeping, inappropriate information 
during seed production, and malicious mixing of faulty seeds 
into a lot of quality seeds. �ese factors also have an impact on 
the farmer's income, the cost of processing, the grading and 
sorting process, the seed value chain, and other related factors. 
Digitization and traceability provide complete transparency of 
the operational process (i.e., seed treatment, grading, sorting, 
packaging) and assure a full proof veri�cation of the quality in 
the seed industry that will raise the seed prices and improve 
end-user bene�ts [2].

Digital identification of breeder foundation certified 
seeds
Tracing the production process of nucleus seed (parental 
source), breeder seed, foundation seed, registered seed, certi�ed 
seed, and labeled seed ensures authentic and quality seed 
production leading to high-yielding cultivars. �is can be 
achieved by digitally indicating the seed classes. Seed 
traceability provides a more convenient solution to this tracking 
system. �e primary step is to indent the seed generation unit 
(for di�erent seed classes) and register these seed production 
centre. �e secondary step is allocation for seed production, 
veri�cation of seed class, and issuing the labels to the seed lots 
for identi�cation. Maintenance of the samplings, proper 
inspection, testing, and registering the tags or QR coding are the 
further steps (SATHI portal).

Visibility of seed chain
Seed traceability systems can provide complete transparency of 
seed supply and value chain. In order to make the seed supply 
chain more transparent and reliable, seed traceability systems 
assist with data at each level and make the process responsive. 
�is also assists the relevant agencies to collect pro�ts and 
ensure a good quality product to robust the national and 
international seed market. Promoting transparency in the seed 
chain through the digitalization of traceability solutions makes it 
possible to minimize waste, ensure timely distribution, and 
permit e�ective management of inventory. Furthermore, 
blockchain technology for the seed supply and value chain 
empowers a single platform to obtain validated information that 
promotes traceability and transparency at all times [13].

Management of Seed Value Chain Through Seed 
Traceability
�e seed value chain is a broad, intricate system that includes 
several stages of execution, including seed development, 
multiplication, processing, distribution units, farmers and 
consumers [44]. �e broad and problematic supply chain 
extending from the raw materials to the �nal customer makes it 
very di�cult and time-consuming to trace the source of a 
product. �erefore, a secure framework must be designed to 
track information about the product’s origin, production 
methods, and safety throughout its supply chain cycle restricting 

Categorization of Traceability
A traceability system enables users to track a product across 
various stages, including manufacturing, processing, 
distribution, and handling. When designing such a traceability 
system, collection of data type, information for ownership, tools 
(sensors and networks), and management strategies are the 
crucial key factors to consider [17]. �e agriculture system 
includes product traceability (tracking the origin and movement 
of agricultural products), process traceability (monitoring 
various production stages), and supply chain traceability 
(tracing at each step, the entire product journey from farm to 
consumer) (Figure 2). Internal-level traceability is performed by 
a single entity, such as a company or organization, utilizing 

internal protocols. Intra-company traceability focuses on 
identifying the origins of a product’s ingredients, packaging, etc 
when queried from within the supply chain. Whereas, external 
traceability combines intra-company processes with a 
reconstructive process to outline the comprehensive history of a 
particular product [18]. Traceability levels are further 
categorized into mandatory and voluntary classi�cations. 
Mandatory traceability is o�en driven by �nancial 
considerations and may lack detailed information about product 
quality. In contrast, voluntary traceability allows supply chain 
factors to choose the data they collect independently.  However, 
voluntary systems can be challenging due to their complexity, as 
varying standards and methods employed by each factor result 
in a wide range of data for tracking and tracing products [19]. 

ecosystem through access restriction.  
Businesses o�en opt for private blockchain 
networks to leverage technology bene�ts 
without compromising autonomy [22]. 
Private blockchains o�en employ consensus 
mechanisms other than Proof of Work 
"PoW". In short, public blockchain networks 
prioritize decentralization, while private 
ones emphasize con�gurational �exibility. 
Hybrid approaches, known as permissioned 
blockchain systems, also exist [23].

 In the agricultural supply chain, 
integrating blockchain-distributed ledgers 
and IoT technology enhances information 
exchange e�ciency among network 
participants, o�ering a reliable data source 

 IoTs and blockchain devices and protocols revolutionized 
the agricultural tracking and tracing system with the utilization 
of smart sensors for continuous monitoring of prevailing 
conditions to ensure quality standards and GPS trackers, and 
tags for precise tracking. Various Blockchain and IoT solutions 
have been implemented in supply chain and seed tracing 
systems globally [9-11,13,34]. 

General agricultural supply chain and implementation 
of blockchain 
Blockchain projects aim to increase accountability, e�ciency, 
and safety from farm to fork are highlighted by Kim and 
Laskowski in their analysis of the supply chain for agriculture 
[35]. In order to address the issues marginalized supply chain 

third-party and centralized control [45]. Integration of digital 
solutions throughout the seed value chain has con�gured a 
smooth system of traceability process with complete 
transparency of the information. �is also ensures a quality 
assurance of seeds and enhanced productivity. �e value-chain 
analysis paradigm has been used to design better alternatives 
where the contribution of the private sector is fruitful in 
reducing poverty, enhancing human nutrition, and considering 
gender equity [46]. �e traceability process comprises the steps 
as per design by PJTSAU-TraceX, IoT, BCI seedtrack, and 
several adopted solutions. �e information of every step is 
recorded within linked traceability and web design. �e process 
begins by determining the seed quantity to be produced, 
following the farmer’s registration, and allotting classes of seed 
to them for cultivation. �ese allotted farms are geo tagged and 
surveyed for the �eld conditions. Guidelines as indicated in the 
solutions are provided regarding the package of practices to be 
followed. Scienti�c assistance, crop mapping, progress, and data 
recording are simultaneously done during the crop period. 
Individually harvested seed batches are dispatched for 
germination and quality testing. Following treating, grading, 
and sorting, high quality seeds meeting the standards of the 
certi�cation agency are selected and stamped. Certi�ed seeds 
are distributed for multiplication as per the requirement. Using 
Trace X, each certi�ed sample is bagged, stamped, labeled, and 
sealed with a unique QR-coded tag. Scanning the QR code 
provides all the details of seeds in the bag from source to 
certi�cation. 

Different Technologies Applied for Seed Traceability
Some related work has been discovered by researchers in their 
�ndings, analysis and designing of traceability solution to 

combat the limitation of supply chain systems. Using blockchain 
technology and the IoT, Tian et al., 2017 propose a system for 
food supply tracking based on Hazard Analysis and Critical 
Control Points (HACCP) [34]. Tian et al., 2016 already 
addressed the bene�ts and drawbacks of RFID and blockchain 
technology for agricultural supply chain traceability [47]. 
AgriBlockIoT, a blockchain-based traceability system that 
incorporates information obtained from IoT devices across the 
agricultural supply chain is described by Caro et al., 2018 [9]. 
�ey designed an application model that compared 
implementations using Ethereum and Hyperledger, tracing food 
from farm to fork. In their discussion of using blockchain 
technology in the food supply chain, they contrasted traditional 
solutions with blockchain-based ones and additionally 
emphasized signi�cant aspects of reliability, transparency, and 
security [48]. In order to improve productivity and give 
traceability in the agricultural sector, a study has explored the use 
of distributed ledger technology "DLT" and smart contracts [36].

Blockchain Enabled System for Seed Traceability
According to researchers, blockchain technology facilitates the 
tracking process and guarantees reliable proof of an item's 
source and subsequent alterations. In addition, product 
ownership speci�es the process of management for being 
capable of recognizing fake once and the supply chain is made 
safer by recognizing potential locations [49,50]. It improvises 
the structure of the agricultural supply line by functioning as an 
intermediary [51]. �ese reviews state that blockchain based 
traceability provides an authentic value addition to the supply 
chain system. Startups such as AgriBlockIoT, SATHI, TraceX, 
AgriICT, etc. have successfully implemented the characteristics 
of blockchain technology to the seed supply chain (Table 3). 

 �is entails being trustworthy in the seed market units 
tracing all classes of seed produce from the nucleus to the 
certi�ed one (Figure 4). In Table 4, we presented a comparative 
analysis of various blockchain-based solutions for agricultural 
grain/seed supply chain management across di�erent crops 
through a con�ned meta-analysis covering the available 
published manuscripts using the keywords ‘Seed Traceability 

[60]. Oats (Avena sativa), utilizing a public blockchain with smart 
contracts, o�er high transparency and e�ciency. Sorghum 
(Sorghum bicolour) bene�ts from a blockchain system integrated 
with IoT and UAVs, enabling e�ective monitoring of conditions 
[61]. Finally, rye leverages a hybrid blockchain system 
incorporating RFID and GPS, ensuring e�cient traceability and 
environmental data management (Table 4).

and Blockchain technology’, and ‘Seed Traceability’ or 
‘Seed Quality assurance through seed traceability’ 
from ‘Google Scholar, Scopus, and PubMed libraries. 
However, we could �nd very few numbers of published 
manuscripts particularly on seed traceability. For 
instance, wheat (Triticum aestivum) is managed using 
a blockchain with IoT integration, ensuring e�cient 
data handling [56]. Corn (Zea mays), on the other 
hand, leverages smart contracts on Ethereum to 
e�ectively verify seed origins [57]. Soybean (Glycine 
max) utilizes Hyperledger Fabric with RFID tracking, 
achieving good accuracy and e�ciency for large-scale 
tracking [58]. Rice (Oryza sativa), equipped with 
blockchain technology integrating GPS and WSN, 
boasts a high accuracy of 96% and real-time 
environmental monitoring capabilities [59]. Cotton 
(Gossypium hirsutum), is managed by a blockchain 
network, and is e�cient in low-resource settings. 
Barley, employing a private blockchain with QR codes, 
demonstrates moderate e�ciency in seed traceability 

SATHI Portal: An Initiative on Seed Traceability, 
Authentication and Holistic Inventory (SATHI)
Agricultural infrastructure, including public irrigation, cold 
chains, rural marketplaces, warehouses, and agricultural 
machinery hubs, has to be upgraded, according to an inquiry by 
NITI Aayog in the year 2020. In this concern, the government of 
India planned to introduce an information technology system. 
Finally, on April 19, 2023, the Union Minister of Agriculture and 
Farmers Welfare, Govt. of India o�cially launched the SATHI 
Portal and Mobile App (Figure 5). �is centralized online 
system for seed tracking, authentication, and inventory was 
created to address the issues associated with producing 
high-quality seeds, recognizing and certifying them. �e NIC 

and the Union Ministry of Agriculture and Farmers Welfare 
created it with the concept “Uttam Beej - Samriddh Kisan” in 
view. From nucleus to breeder seed, breeder to foundation seed, 
foundation to certi�ed seed, and �nally distributing the seeds to 
farmers through authorized dealers, it will o�er a 
comprehensive method covering the whole seed life cycle 
comprising several generations of seeds (Figure 6). SATHI 
intends to provide consistent seed quality and purity while 
enhancing the e�ciency, accessibility, time and resource savings, 
and traceability of the seed supply chain. It simpli�es the 
procedure for all parties involved in the seed manufacturing 
chain. Its objective is to improve, guarantee the seed’s integrity 
and purity by providing a comprehensive digital platform. It 
covers the whole seed life cycle and enhance accountability 

through several modules to facilitate seed traceability and 
maximize SCI’s on-�eld performance by minimizing error rates 
and incorporating technology into the system. Furthermore, it 
aims to compile MIS reports using GIS and the Bharat Map 
Interface to shorten the time it takes to register, and to get 
approved from lab tests, �eld inspections and certi�cation. �e 
SATHI portal veri�es the seed production chain’s source and 
determines the quality assurance system. Research 
Organization, Seed Certi�cation, Seed Licensing, Seed 
Catalogue, Dealer to Farmer Sales, Farmer Registration, and 
Seed DBT are the seven interconnected verticals of the seed 
chain constitute the system. SATHI consists of various modules 
such as Nucleus to breeder seed management; Breeder to 
certi�ed seed certi�cation etc. �ese modules assist the user in 

easing the administration and management work. In the module 
of nucleus to breeder seed management, seeds are indented to 
agricultural organizations and registered production units, then 
a�er allocation of seed, labeling of tags is carried out, and 
allocated seeds are li�ed from indenters. In the Breeder to 
certi�ed seed certi�cation module, seed growers and agencies 
are registered, samples and seed sources are veri�ed and a�er 
inspection and proper testing, labeling of seed lots for 
distribution is done. Further, seed inventory manages the seed 
lots and supervises the stock management and the depository 
unit keeps all the records. Only duly certi�ed seeds are permitted 
to be sold to centrally registered farmers by authorized dealers 
and these farmers would receive subsidies by direct bank 
transfer "DBT" into their pre-validated bank accounts.

Challenges Associated and Future Opportunity
�e problems of transparency, fraud in dealing with 
fake/spurious seeds, and illegal planting of GMOs have been 
resolved with the interventions of digital solutions in the seed 
value chain. Despite these solutions, there are still some 
limitations in the implementation of traceability solutions. �e 
�rst issue is restrictions created by vindictive customers to 
create a monopoly and control system for personal bene�ts. 
High consumption of energy, time, and cost create more 
complications for the application of blockchain solutions [65]. 
A centralized system of traceability also leads to tampering, data 
integrity, and failure at single points. Asymmetrical information 
�ow and negligence of transparency impede seed traceability by 
compromising quality assurance, supply chain integrity, market 
compliance, consumer trust, risk management, and innovation 
in the agricultural sector [66]. �e major issue is that the 

platform provides access to all information in a single web space 
which can lead to a leak of con�dential information [67]. 
Untruthfulness of data recorded and entered into the system 
undermines the reliability and accuracy of information, 
compromising decision-making and operational e�ectiveness. 
In addition, standard data format is not available in the protocol 
and can vary with the provided solution [68]. �ese limitations 
can be minimized with limited accessibility of records at the 
ministry level and checking the �ow of information between the 
supply chain units and public consumers. 

 In context with future prospects of seed traceability for 
quality assurance, the implementation of traceability solutions 
such as blockchain-based, IoT-based, BCI seed track, TraceX, 
SATHI and upcoming designs in the seed value chain is 
considerable and gaining interest. �ese solutions are 
promising means to minimize fraud, and errors in the supply 
chain and to enhance quality assurance and safety. In addition, 
arti�cial intelligence and the sensor-based traceability system 
can be remarkable changes in the management of the seed value 
chain by detecting the agro-climatic changes and minor 
alterations at di�erent stages of seed production, processing, 
and distribution that assist in the complete understanding of the 
system from source to end-user.

Conclusions
In conclusion, the fusion of blockchain and IoT technologies 
o�ers a transformative approach to enhancing traceability in 
the agricultural supply chain. By providing an immutable 
record of a product's journey from seed to consumer, these 
technologies ensure transparency and trust among 
stakeholders. �e capacity to access comprehensive information 
about agricultural products not only improves food safety and 
quality assurance but also empowers consumers and farmers 
alike. As the agricultural sector increasingly adopts these 
innovations, the implications for e�ciency, accountability, and 
sustainability are profound, paving the way for a more resilient 
food system. Future research and development in this area will 
be crucial in maximizing the potential bene�ts of blockchain 
technology in agriculture.
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