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Abstract
The patenting of biotechnology innovations in plant breeding occupies one of the most contested intersections of intellectual property law, agricultural science, and global ethics. Over the past five decades, the expansion of utility patents, plant variety rights, and related forms of intellectual property protection to encompass seeds, genetic traits, gene-editing tools, and biological processes has reshaped the landscape of crop improvement worldwide. This review critically examines the scope of patent protection currently afforded to plant biotechnology innovations, surveys the principal limitations that constrain both patentees and those who seek freedom to operate, and engages systematically with the ethical concerns that have accumulated around these developments. Literature for this review was identified through systematic searches of the following databases: Web of Science, Scopus, Google Scholar, PubMed, AGRIS (FAO Global Index of Agricultural Research), CAB Abstracts, the JSTOR Global Plant Science Collection, WIPO PATENTSCOPE (for regulatory and legislative background), and the Social Science Research Network (SSRN) for pre-publication working papers in law and economics. The article traces the evolution of the international legal framework from the foundational TRIPS Agreement and the UPOV Convention through to the 2024 WIPO Treaty on Intellectual Property, Genetic Resources and Associated Traditional Knowledge. It examines how recent genomic technologies, particularly CRISPR-Cas genome editing, are generating unprecedented patent complexity, and considers how regulatory debates in the European Union illustrate the broader tensions between innovation incentives and public interest imperatives. The concentration of patent portfolios within a small number of transnational agrochemical corporations is analysed in relation to seed market consolidation, rising seed prices, and narrowing access to genetic resources for public-sector breeders and smallholder farmers. Ethical concerns addressed include biopiracy, the erosion of farmers' seed-saving rights, the threat to agrobiodiversity, and the inequitable distribution of biotechnological benefits between the Global North and Global South. The review also considers emerging alternative models, including open-source licensing and digital sequence information governance frameworks, and reflects on the contested future of intellectual property in plant breeding.
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1. Introduction
1.1 Background and Context
Patenting biotechnological inventions poses unique requirements due to the complex nature of biological molecules and processes. Additionally, biotechnological inventions often intersect with ethical, environmental, and public health considerations, which further increases the hurdles in the patenting process (Sinhmar & Purohit, 2025). The capacity of human societies to feed themselves has always depended, in part, on the ability of farmers and plant breeders to develop improved crop varieties. For the greater part of agricultural history, this process was a diffuse, collective, and largely open enterprise; seeds were saved, shared, adapted, and exchanged across generations and communities without formal restriction. The emergence of commercial plant breeding in the late nineteenth century, and the subsequent industrialisation of seed markets in the twentieth, progressively altered this relationship, introducing legal instruments designed to secure proprietary returns on breeding investments. Intellectual property rights (IPRs) for plant innovations emerged in stages, beginning with the United States Plant Patent Act of 1930 and culminating in the broadening, through successive national and international instruments, of patent protection to encompass the genetic sequences, biological processes, and genomic tools that underpin contemporary agricultural biotechnology. The intellectual property protection of biotechnology-related subject matter is undergoing significant change and several countries have revised their legislation and/or patent practice as a result of challenges from industry and members of the public. Plant-related subject matter can be protected using plant variety protection, utility patents or, in the USA, by plant patent. Although easier to obtain than a utility patent, plant variety protection does not provide the same scope of protection. Protecting a plant using a utility patent is permitted only in countries that allow the patenting of higher life forms and requires a higher degree of experimental support than is required for plant variety protection, although the scope of protection is being steadily reduced (Sechley & Schroeder, 2002).
The current system rests on several interlocking frameworks. The Agreement on Trade-Related Aspects of Intellectual Property Rights (TRIPS), adopted in 1994 as part of the establishment of the World Trade Organisation, obliged all member states to provide effective protection for plant varieties, either through patents or a sui generis system, and prohibited the wholesale exclusion of plant-related inventions from patent protection (Wu, 2024). The International Convention for the Protection of New Varieties of Plants (UPOV Convention), now in its 1991 revision, provides the dominant multilateral model for plant variety rights (PVRs), sometimes called plant breeders' rights (PBRs), offering an alternative or complementary system to utility patents (Yu & Chung, 2021). Layered atop these instruments are national patent regimes, the European Patent Convention, and a growing body of bilateral agreements, administrative decisions, and court rulings that together determine what can and cannot be patented in the realm of plant biology.
The advent of modern biotechnology dramatically expanded the scope of what was patentable. The landmark US Supreme Court ruling in Diamond v. Chakrabarty (1980) established that living organisms produced by human ingenuity could constitute patentable subject matter, opening the door to the patenting of transgenic plants and eventually their component genetic sequences (Clancy & Moschini, 2017). The commercialisation of genetically modified (GM) crops in the 1990s brought the first wave of broad agricultural biotechnology patents, many held by large agrochemical firms, and catalysed a period of rapid consolidation in the global seed industry (Howard, 2015). More recently, the development of CRISPR-Cas genome editing systems has added a further layer of complexity, with two rival patent estates — one originating at the University of California, Berkeley, and another at the Broad Institute of MIT and Harvard — contesting priority rights over fundamental technologies with enormous agricultural application (Chang, 2023).
The social and ethical consequences of this system have attracted sustained critical attention. Concerns include the appropriation of genetic resources and traditional knowledge from developing countries without fair compensation (biopiracy), the curtailment of farmers' rights to save and replant seed, the concentration of market and innovation power in the hands of a small number of transnational corporations, the threat that uniform commercial varieties and private seed systems pose to agrobiodiversity, and the differential access to the products of publicly funded genomic research (Qaim, 2020; Khoury et al., 2022; Bartkowski et al., 2018). These concerns are no longer confined to academic debate; they are actively shaping regulatory negotiations at the international level, including the recently concluded 2024 WIPO Treaty on Intellectual Property, Genetic Resources and Associated Traditional Knowledge, and the ongoing European Union legislative process concerning new genomic techniques (Perron-Welch, 2025; Jiang et al., 2025).

1.2 Scope and Objectives
This review has five principal objectives. First, it provides a structured account of the legal landscape governing the patenting of plant biotechnology innovations, with attention to both the opportunities and the structural limitations of current frameworks. Second, it examines how emerging technologies — particularly CRISPR-based genome editing — are intensifying tensions within existing intellectual property systems. Third, it critically analyses the economic and competitive consequences of IP concentration in the global seed industry. Fourth, it surveys the ethical dimensions of plant biotechnology patenting across a range of issues from biopiracy and traditional knowledge to food security and biodiversity. Fifth, it considers emerging alternative models and governance proposals. The review does not address medical biotechnology except where patent law principles apply equally to plant and human applications. Policy recommendations are discussed analytically rather than prescriptively, in keeping with the critical review format.

2. Methods for Literature Selection
2.1 Databases and Search Strategy
Literature for this review was identified through systematic searches of the following databases: Web of Science, Scopus, Google Scholar, PubMed, AGRIS (FAO Global Index of Agricultural Research), CAB Abstracts, the JSTOR Global Plant Science Collection, WIPO PATENTSCOPE (for regulatory and legislative background), and the Social Science Research Network (SSRN) for pre-publication working papers in law and economics. For legal and policy documents, the EUR-Lex database of European Union legislation and the WIPO Legal Database were additionally consulted.
Search queries employed combinations of the following terms: plant patents; plant variety rights; plant breeders' rights; biotechnology patents; UPOV Convention; TRIPS Article 27.3(b); CRISPR-Cas patents; gene editing intellectual property; new genomic techniques regulation; new plant breeding techniques; biopiracy; traditional knowledge; farmers' rights; seed saving; agrobiodiversity; digital sequence information; access and benefit sharing; Nagoya Protocol; ITPGRFA; seed industry consolidation; open source seed; patent thickets; essentially biological processes; European Patent Office. Searches were conducted without date restriction for foundational and historical papers, but primary inclusion priority was given to papers published between 2001 and 2026. All searches were last performed in the first week of May 2026.
2.2 Inclusion and Exclusion Criteria
Inclusion criteria required that sources be: (a) published in peer-reviewed academic journals, or, in the case of institutional reports, emanating from authoritative international organisations such as the FAO, WHO, WIPO, the World Bank, or equivalent government bodies with a verifiable URL; (b) directly relevant to intellectual property, patenting, plant breeding, or the ethics thereof; and (c) available in English. Grey literature, conference papers, trade publications, patents themselves, and non-peer-reviewed opinion pieces were excluded. Book chapters were excluded except where they provided critical methodological or legal context not available in journal form. Classic older papers supplementing the minimum of 35 peer-reviewed references are included without upper limit, provided their DOIs could be confirmed as live.
2.3 Screening Workflow and Duplicate Handling
An initial title and abstract screening was conducted to eliminate irrelevant material; full-text review followed for all records passing this stage. Duplicate records retrieved across multiple databases were de-duplicated by DOI cross-referencing. Every reference included in this review was verified through direct access to its DOI landing page to confirm the accuracy of author names, journal title, volume, pages, year of publication, and DOI string. References whose DOI could not be confirmed as resolving to a live page, or whose metadata could not be independently verified, were discarded regardless of topical relevance.
2.4 Rationale for Narrative Review Approach
A systematic review with meta-analysis was judged inappropriate for this topic on methodological grounds. The body of literature under consideration spans legal scholarship, agricultural economics, moral philosophy, molecular plant biology, and policy analysis — disciplines that employ incommensurable research methodologies and forms of evidence that cannot meaningfully be pooled quantitatively. As Greenhalgh et al. (2018) have argued, narrative reviews serve a complementary and distinct purpose from systematic reviews, providing interpretive synthesis and critical engagement with heterogeneous literatures that resist the constraints of narrow, pre-specified review questions. The breadth of the topic — spanning international treaty law, agronomic science, ethical theory, and political economy — makes a narrative critical review the most appropriate format for generating scholarly insight and identifying cross-disciplinary tensions.

3. Historical Context and Legal Framework
3.1 The Evolution of Plant-Related Intellectual Property
The legal history of plant intellectual property begins in earnest with the United States Plant Patent Act of 1930, which extended patent protection to asexually reproduced plant varieties. This was followed by the Plant Variety Protection Act of 1970, which provided patent-like protection for sexually reproduced varieties through a sui generis system. The conceptual watershed came with Diamond v. Chakrabarty (1980), in which the US Supreme Court ruled that a human-made, genetically engineered bacterium was patentable as a "manufacture or composition of matter." Although this case concerned a microorganism rather than a plant, its logic rapidly extended to higher plants, culminating in the ruling in J.E.M. Ag Supply, Inc. v. Pioneer Hi-Bred International, Inc. (2001), which confirmed that utility patents could be obtained for sexually reproduced seed-bearing plants (Clancy & Moschini, 2017).
In Europe, a different and more contested path was taken. The European Patent Convention (EPC) explicitly excludes plant varieties and essentially biological processes for producing plants from patentability under Article 53(b), while EU Directive 98/44/EC on the legal protection of biotechnological inventions sought to clarify that plants characterised by a specific gene insertion could be patented as inventions even if individual plant varieties remained excluded. The resulting legal uncertainty generated a series of high-profile disputes before the Enlarged Board of Appeal of the European Patent Office (EPO), most notably the Broccoli and Tomato cases, whose successive rulings between 2010 and 2020 progressively clarified — though did not fully resolve — the extent of the essentially biological process exclusion (Jiang et al., 2025). The 2020 opinion in G 3/19 (Pepper) finally established that plants produced exclusively by essentially biological processes are not patentable under the EPC, aligning EPO practice with the position long maintained by the European Commission.
At the international level, the TRIPS Agreement marked a decisive turning point. Its Article 27.3(b) required WTO member states to protect plant varieties through patents, an effective sui generis system, or some combination of both. Crucially, the Agreement permitted but did not require the exclusion of plants from patentability, leaving states with a degree of flexibility that has been exercised very differently across the world (Wu, 2024; Batur & Dedeurwaerdere, 2014).
3.2 The International Legal Architecture
The architecture governing plant intellectual property is characterised by productive tension among several overlapping international instruments. Table 1 summarizes the principal international instruments governing plant intellectual property. The UPOV Convention, now in its 1991 revision, underpins plant breeders' rights in over 75 member states (Yu & Chung, 2021). Under UPOV 1991, a new variety must be distinct, uniform, and stable (DUS) to qualify for protection, and protection lasts a minimum of 20 years (25 for trees and vines). The 1991 Act strengthened breeders' rights compared with the 1978 Act, extending them to harvested material and essentially derived varieties, and significantly restricting the traditional farmer's privilege to save seed for subsequent planting (Lawson, 2023; Yu & Chung, 2021). 
Alongside UPOV sits the International Treaty on Plant Genetic Resources for Food and Agriculture (ITPGRFA), also known as the Plant Treaty or Seed Treaty, which entered into force in 2004. The ITPGRFA establishes a Multilateral System (MLS) for facilitated access to genetic resources of 64 listed food and forage crops, with benefit-sharing obligations for commercial users. It also recognises Farmers' Rights — including the right to save, use, exchange, and sell farm-saved seed — though the operationalisation of these rights is left to national legislation (Ebert et al., 2023). The relationship between UPOV's increasingly restrictive protection of breeders' rights and the ITPGRFA's recognition of farmers' rights represents one of the central structural tensions in contemporary international plant IP governance.
The Convention on Biological Diversity (CBD) and the Nagoya Protocol on Access and Benefit Sharing (2010) add a further layer, recognising state sovereignty over genetic resources and requiring that users of genetic resources obtain prior informed consent and share benefits equitably with provider countries. As Ebert et al. (2023) document, the complexity of navigating these overlapping access and benefit-sharing (ABS) obligations has increased substantially in recent years, sometimes discouraging the very exchanges of plant genetic material that both conservation and plant breeding require. The 2024 WIPO Treaty on Intellectual Property, Genetic Resources and Associated Traditional Knowledge (GRATK Treaty) represents the most recent attempt to integrate these frameworks, introducing mandatory disclosure requirements for patent applicants who rely on genetic resources or traditional knowledge (Perron-Welch, 2025).
Table 1: Principal International Instruments Governing Plant Intellectual Property
	Instrument
	Adoption Year
	Principal Provisions
	Administering Body

	UPOV Convention (1991 Act)
	1991
	Plant breeders' rights, DUS criteria, essentially derived variety protection
	UPOV (Geneva)

	TRIPS Agreement, Art. 27.3(b)
	1994
	Obligation to protect plant varieties by patents, sui generis, or both
	WTO

	Convention on Biological Diversity
	1992
	State sovereignty over genetic resources; access and benefit sharing
	CBD Secretariat/UNEP

	ITPGRFA (Plant Treaty)
	2001 (in force 2004)
	Multilateral system for facilitated access; Farmers' Rights recognition
	FAO

	Nagoya Protocol
	2010 (in force 2014)
	Prior informed consent; equitable benefit sharing; compliance mechanisms
	CBD Secretariat

	WIPO GRATK Treaty
	2024
	Mandatory disclosure of genetic resource and traditional knowledge origin in patent applications
	WIPO


Sources: Lawson (2023); Wu (2024); Ebert et al. (2023); Perron-Welch (2025); Wynberg et al. (2021).

4. Patentability of Plant Biotechnology Innovations
4.1 Patentable Subject Matter in Plant Biotechnology
The scope of patentable subject matter in plant biotechnology has expanded considerably over the past four decades. In most jurisdictions, patents may be obtained for: isolated gene sequences and their functional applications; transgenic plants containing foreign DNA constructs; biological vectors used in plant transformation; methods of plant transformation; molecular markers and marker-assisted selection tools; herbicide-tolerance and insect-resistance traits; and, in many countries, plant varieties themselves where utility patent regimes apply (Smulders et al., 2021; Clancy & Moschini, 2017). The result is a dense and layered system of overlapping protections in which any given commercial seed product may be covered by numerous patents, each requiring licensing agreements and freedom-to-operate analyses before use.
The coexistence of patents and PVRs on the same plant material has been a persistent source of complexity. In principle, PVRs provide the primary form of protection for new varieties, while patents protect the underlying technical innovations — genetic traits, transformation methods, marker systems — that may be incorporated into many varieties simultaneously. In practice, however, this division is not cleanly maintained. The US Supreme Court's ruling in J.E.M. Ag Supply confirmed that the same corn hybrid could be simultaneously protected by a utility patent and a Plant Variety Protection certificate, creating what critics have characterised as layered proprietary protection that can make it extremely difficult for third parties to breed independently (Howard, 2015; Lukasiewicz et al., 2024).
The patent system interacts with PVRs through the breeder's exemption and the research exemption, both of which allow some use of protected material for non-commercial purposes. Under UPOV PVRs, the breeder's exemption is broad: a variety protected by PVR may be freely used as germplasm to develop a new variety, and the new variety may be commercialised without payment to the original holder, unless it constitutes an essentially derived variety (EDV) of the original (Bostyn, 2021). Under patent law, however, the research exemption is considerably narrower in most jurisdictions — permitting use of patented material for experimental purposes but not for commercial breeding or variety development (Lukasiewicz et al., 2024). The practical implication is that the shift from PVR to patent protection as the dominant form of seed IP simultaneously curtails the breeder's freedom to use protected materials as inputs for further innovation.
4.2 Novel Breeding Technologies and Patent Complexity
The emergence of site-directed nuclease technologies, and particularly CRISPR-Cas systems, has introduced a new dimension of patent complexity in plant biotechnology. CRISPR-Cas9 genome editing enables precise, targeted modifications to plant DNA with unprecedented ease and efficiency, substantially reducing the cost of developing novel trait combinations and accelerating the timeline from research to commercial variety (Yin et al., 2017; Bartkowski et al., 2018). The technology's scientific power has been matched, however, by an intense contest for foundational IP rights.
The patent landscape for CRISPR in plant applications is characterised by what commentators have called a "patent thicket" — a dense web of overlapping claims that complicates freedom to operate for both public-sector researchers and smaller private breeders (Kock, 2021; Glenna, 2023). Idris (2023) identifies CRISPR-related intellectual property restrictions as among the most significant legal barriers to the adoption of gene editing in plant improvement, particularly in developing countries where licensing fees may be prohibitive. Glenna (2023), drawing on interviews with German plant scientists, found that many researchers perceived existing IP policies as impeding collaboration, restricting access to foundational technologies, and creating uncertainty about whether their gene-edited materials would be eligible for commercialisation. This concern is particularly acute for public-sector breeders whose mandate is to serve smallholder farmers and low-income consumers who are not attractive markets for the transnational corporations that hold the most valuable patents.
The question of how gene-edited plants should be classified for regulatory purposes has become entangled with patent questions in ways that differ markedly across jurisdictions. In the United States, CRISPR edits that do not introduce foreign DNA may escape GMO regulation while still being subject to patent protection. In the European Union, the 2018 Court of Justice ruling in Confédération paysanne v. Premier ministre (Case C-528/16) placed gene-edited organisms under the existing GMO Directive, but the European Commission's 2023 Proposal for a Regulation on New Genomic Techniques (NGTs) reflected growing pressure to establish a differentiated regulatory framework — one in which the patentability of NGT plants has become one of the most contested political questions (Lukasiewicz et al., 2024; Jiang et al., 2025).
4.3 The Essentially Biological Processes Exclusion in Europe
Europe's approach to plant patents has been heavily shaped by the EPC's exclusion of essentially biological processes and its application in the high-profile Broccoli and Tomato case series. The history of these rulings is instructive about the difficulty of maintaining coherent patent law in a field where the boundary between natural processes and technical invention is intrinsically blurred. As Jiang et al. (2025) summarise, the Enlarged Board of Appeal rulings G 2/12 (Tomato II) and G 2/13 (Broccoli II) in 2015 held that plant products obtained by essentially biological processes could themselves be patented even if the process was excluded, a conclusion that was subsequently overturned by the EPO's Administrative Council through an amendment to Rule 28 and eventually settled by the Enlarged Board of Appeal in G 3/19 (Pepper) in 2020, which confirmed that plants produced exclusively by essentially biological processes are not patentable.
What these cases demonstrate is that the contours of plant patent protection are not determined purely by statutory text but are continuously reconstructed through institutional contest and strategic litigation. The ongoing NGT regulation debate in the European Union illustrates the same dynamic in a new register. The European Parliament's first-reading position, adopted in February 2024, proposed a complete ban on patents for NGT plants, while the compromise text agreed in late 2025 took a more nuanced approach, permitting patents on NGT plants but excluding those whose traits occur naturally or are derived by biological means — an approach intended to prevent patents on conventional traits whilst preserving incentives for technological innovation (Jiang et al., 2025; Lukasiewicz et al., 2024). Table 2 summarizes different categories of plant biotechnology innovation and their patentability status across key jurisdictions.
Table 2: Categories of Plant Biotechnology Innovation and Their Patentability Status Across Key Jurisdictions
	Innovation Category
	USA
	EU (EPC)
	Developing Countries (TRIPS-Compliant)

	Transgenic plants (novel trait insertion)
	Patentable (utility patent)
	Patentable (not "variety")
	Variable; many exclude plants

	Plant varieties per se
	Patentable (utility patent); PVP also available
	Excluded from patents; PVR available
	Sui generis PVP generally required

	Essentially biological processes (crossing, selection)
	Patentable
	Excluded (EPC Art. 53(b))
	Variable

	CRISPR-edited plants (no foreign DNA)
	Patentable; no GMO regulation
	Contested; under GMO Directive pending NGT Regulation
	Variable; many treat as GM

	Isolated gene sequences / DNA
	Patentable (post-AIA limits)
	Patentable if technical function shown
	Variable

	Molecular markers and breeding methods
	Patentable
	Patentable if technical contribution
	Variable


Sources: Smulders et al. (2021); Lukasiewicz et al. (2024); Jiang et al. (2025); Wu (2024).

5. Plant Variety Rights and Their Relationship to Patents
5.1 The UPOV System
The UPOV system provides a model of IPR for plant varieties that is deliberately calibrated to the biological realities of plant breeding — specifically the fact that plant varieties, unlike chemical compounds or mechanical devices, reproduce themselves and can be reverse-engineered by observing phenotypic characteristics. To qualify for protection under UPOV 1991, a variety must be distinct from existing varieties, sufficiently uniform across its constituent plants, and stable across reproductive cycles. Protection lasts at least 20 years (25 for trees and vines), and the holder obtains exclusive rights over the production, offering for sale, selling, exporting, importing, and stocking of reproductive material of the protected variety (Yu & Chung, 2021; Lawson, 2023).
The UPOV system incorporates two fundamental exceptions that distinguish PVRs from patents. The breeder's exemption allows any breeder to freely use a protected variety as crossing material to develop a new variety, and to commercialise that variety, provided it is sufficiently distinct from the protected original. The farmer's privilege allows farmers to save seed of a protected variety from their own harvest for replanting on their own holding, subject to certain conditions and possible royalty obligations under UPOV 1991 (Lawson, 2023). Both exemptions reflect recognition that plant breeding is an inherently cumulative enterprise in which any restriction on access to existing germplasm risks creating an "anti-commons" that impedes follow-on innovation (Kock, 2021).
Yang et al. (2021) have highlighted a growing tension between the DUS testing system and the realities of modern molecular plant breeding, noting that the distinctness criterion, which relies primarily on observable morphological characteristics, may be inadequate for reliably distinguishing varieties that differ principally at the molecular level. As NGTs enable the introduction of precise, individually imperceptible genetic changes, the adequacy of conventional DUS testing becomes increasingly uncertain. Yang et al. (2021) propose integrating genomic marker data into distinctness assessments, a reform that would require amendments to UPOV guidelines and national implementing regulations.
5.2 The Breeder's Exemption and Essentially Derived Varieties
The concept of essentially derived varieties (EDVs), introduced in UPOV 1991, was designed to prevent free-riding on the original breeder's investment by making it impermissible to commercialise a variety that is predominantly derived from a protected original without a licence from that original holder. Under Article 14(5) of UPOV 1991, an EDV must be predominantly derived from the initial variety, clearly distinguishable from it, and conform to the initial variety in essential characteristics. The concept was controversial from the outset, because determining what constitutes "predominantly derived" is inherently complex, particularly in the context of marker-assisted backcrossing and gene editing, which can introduce minute changes while retaining the overwhelming genomic background of an existing variety (Bostyn, 2021).
Bostyn (2021) has argued persuasively that the current EDV framework is inadequate for the era of NGTs, because a single nucleotide change introduced by CRISPR could, in principle, render an existing variety essentially derived from a protected original, significantly undermining the breeder's exemption that has historically been central to cumulative plant breeding. Bostyn proposes a quantitative genomic similarity threshold for determining EDV status, a solution that would require revision of the UPOV 1991 Act — a politically complex undertaking given the diverse interests of UPOV member states. The tension between protecting the investments of original breeders and preserving the cumulative innovation that has historically characterised plant breeding is thus sharpened rather than resolved by the advent of precision editing technologies.
5.3 TRIPS Article 27.3(b) and Developing Countries
The flexibility afforded to developing countries by TRIPS Article 27.3(b) has been extensively debated since the Agreement's adoption. The provision requires member states to provide effective protection for plant varieties but leaves open whether this protection takes the form of patents, an effective sui generis system, or both. This flexibility was understood, at the time of negotiation, to permit developing countries to adopt regimes that balance breeders' rights against farmers' rights and food security objectives. In practice, however, the flexibility has been constrained by two forces: the pressure of TRIPS-plus bilateral trade agreements, which frequently require signatory developing countries to adopt UPOV 1991; and the lack of institutional capacity in many developing countries to design and implement truly differentiated sui generis regimes.
India's Protection of Plant Varieties and Farmers' Rights (PPVFR) Act of 2001 represents the most developed attempt to create an alternative sui generis model that explicitly recognises and protects farmers' rights alongside breeders' rights. Wu (2024) has conducted a comparative textual analysis demonstrating that, when assessed against the Sustainable Development Goals, India's model scores considerably more favourably than UPOV 1991, particularly on dimensions of food security, biodiversity conservation, and equitable benefit sharing. The UPOV model, Wu argues, prioritises commercial breeding interests over broader social objectives in ways that may be particularly disadvantageous for the farming communities of the Global South, where smallholder agriculture remains economically and culturally central.

6. Corporate Concentration, Patent Thickets, and Market Power
6.1 The Seed Industry Consolidation
The relationship between the expansion of intellectual property protections for plant innovations and the consolidation of the commercial seed industry is one of the most thoroughly documented and contested aspects of contemporary agricultural political economy. Howard (2015) traced how the introduction of patent-like protections for certain seed types in 1970 and the subsequent commercialisation of fully patent-protected transgenic seeds in the 1990s catalysed successive waves of merger and acquisition activity, transforming a sector that had comprised thousands of competing independent firms in the mid-twentieth century into one dominated by a handful of transnational corporations. Clancy and Moschini (2017) demonstrate that the strengthening of IPRs over the same period was associated with a shift of agricultural innovation from the public to the private sector, and with a concentration of research and development expenditure in proprietary crop varieties designed for commercial, mechanised farming systems.
The most dramatic phase of consolidation occurred between 2015 and 2018, when a series of mega-mergers reduced the "Big Six" global agrochemical and seed corporations to a "Big Four": Bayer (which acquired Monsanto), Corteva Agriscience (formed from the merger of Dow Chemical and DuPont's agricultural divisions), Syngenta (acquired by ChemChina), and BASF. The United States Department of Agriculture's Economic Research Service subsequently reported that by 2018–2020, Bayer and Corteva together controlled 72 per cent of planted corn acres and 66 per cent of planted soybean acres in the United States, with the top four firms controlling approximately 84 per cent and 78 per cent of those markets respectively (USDA ERS, 2023). These figures represent a marked intensification of the concentration trends that Howard (2015) and Clancy and Moschini (2017) had documented in earlier periods.
6.2 Patent Thickets, Licensing Costs, and Freedom to Operate
The concentration of patent portfolios in a small number of firms has created what competition economists call "patent thickets" — dense webs of overlapping intellectual property rights that impose substantial transaction costs on anyone seeking to develop new varieties using protected traits or technologies. Kock (2021) examines the dimensions of this problem in the context of new breeding technologies, arguing that the convergence of multiple patent estates covering CRISPR tools, target genes, trait improvements, and specific variety backgrounds creates an environment of acute legal uncertainty that disproportionately disadvantages public-sector breeders, small and medium-sized seed companies, and researchers in developing countries who lack the legal expertise and financial resources to navigate freedom-to-operate analyses.
Smulders et al. (2021) note that intellectual property systems in plant breeding, originally designed to incentivise innovation, have increasingly been used by dominant market actors as instruments of market foreclosure — preventing competitors from accessing enabling technologies and consolidating control over germplasm development pipelines. The problem is compounded by the fact that patents, unlike PVRs, do not contain a full breeder's exemption; commercial plant breeders who wish to use a patented trait in their varieties must obtain a licence from the patent holder, who may decline to grant it or impose onerous conditions (Lukasiewicz et al., 2024; Rüdelsheim et al., 2018). Rüdelsheim et al. (2018) have also noted that when patents on first-generation transgenic events expire, regulatory data requirements for demonstrating the safety of genetically modified plants effectively recreate barriers to generic competition, because no generic seed developer can afford to replicate the extensive safety dossier compiled by the original patent holder.
Glenna (2023) provides qualitative evidence from public plant scientists in Germany that these systemic pressures have begun to redirect public research investment away from applied plant improvement towards basic genomic science, where freedom to operate is less constrained — a reorientation that may ultimately serve the interests of the private sector, which can draw on publicly funded genomic knowledge as a basis for proprietary product development. Table 3 provides information of market share concentration in the global seed industry.

Table 3: Market Share Concentration in the Global Seed Industry (2018–2020)
	Indicator
	Value
	Source

	Share of US corn seed market controlled by Bayer and Corteva
	~72% of planted acres
	USDA ERS (2023)

	Share of US soybean seed market controlled by Bayer and Corteva
	~66% of planted acres
	USDA ERS (2023)

	Top-4 firm share (CR4) of US corn seed market
	~84% of planted acres
	USDA ERS (2023)

	Top-4 firm share (CR4) of US soybean seed market
	~78% of planted acres
	USDA ERS (2023)

	Nature of CRISPR patent landscape in plant applications
	Growing number of overlapping patents constituting a "patent thicket" impairing public-sector freedom to operate
	Kock (2021); Idris (2023)


Sources: USDA ERS (2023); Kock (2021); Idris (2023); Howard (2015); Clancy & Moschini (2017).

7. Ethical Concerns
7.1 Biopiracy and the Appropriation of Traditional Knowledge
Biopiracy — the unauthorised appropriation of genetic resources or traditional knowledge from communities, typically in the Global South, for commercial exploitation without fair benefit-sharing — has been one of the most persistently debated ethical issues in plant biotechnology patenting since the 1990s. Numerous documented cases — including the attempted patenting of the pesticidal properties of neem, the anti-inflammatory properties of turmeric, and the distinctive fragrance of basmati rice — illustrated how patent systems based on novelty and inventive step might allow firms to commercialise indigenous knowledge with minor modifications while depriving originating communities of any share in the benefits (Perron-Welch, 2025; Wu, 2024).
The international community's principal responses — the CBD, the Nagoya Protocol, and now the 2024 WIPO GRATK Treaty — represent progressive attempts to close the gap between the incentive logic of patent law, which rewards documented human invention, and the ethical imperative of equitable benefit sharing with traditional custodians of biological diversity. Perron-Welch (2025) analyses the GRATK Treaty's mandatory disclosure of origin requirements as a meaningful step forward, noting that they create the first binding international obligation for patent applicants to disclose the genetic resources and associated traditional knowledge on which their inventions draw. However, the Treaty's enforcement mechanisms remain relatively weak — disclosure failures do not automatically invalidate patents under the agreed text — and the extent to which the Treaty will practically deter biopiracy remains to be seen.
Ebert et al. (2023) document the growing practical barriers that complex ABS requirements impose on genebank curators and plant breeders who wish to access genetic resources held in international collections. When every access transaction requires negotiation of bilateral ABS agreements, the transaction costs of germplasm exchange increase substantially, discouraging the scientific collaboration that is essential for sustainable agricultural development. The ITPGRFA's Multilateral System offers a partial solution for listed crops, but its coverage remains limited and its benefit-sharing mechanisms have not generated the financial flows that were originally anticipated (Ebert et al., 2023; Brink & van Hintum, 2022).
7.2 Farmers' Rights and Seed Saving
The right of farmers to save seed from their harvest for replanting in the following season is arguably the oldest and most fundamental practice in the history of agriculture. Over the past four decades, this right has been progressively constrained by the combined effect of plant variety protection, utility patents, technology use agreements, and the biological properties of hybrid seeds, which do not breed true and therefore provide no practical benefit to farmers who save them. The ethical dimension of this trend is acute: seed saving is not merely an economic strategy for resource-constrained farmers; it is also a practice of agronomic adaptation, cultural identity, and collective stewardship of genetic diversity that has underpinned food systems for millennia (Kotschi & Horneburg, 2018; Louwaars, 2019).
The legal position of farmers' seed saving differs markedly across jurisdictions. Under UPOV 1991, the farmer's privilege has become optional and conditional, subject to equitable remuneration to breeders and confined to propagation on the farmer's own holding. Under utility patent regimes, there is no farmer's privilege at all: a farmer who replants patented seed commits patent infringement regardless of the circumstances (Wu, 2024; Lawson, 2023). These legal frameworks have been criticised as reproducing, through legal mechanisms, the structural dependency that Green Revolution agricultural development created through agronomy — transforming farmers from agents of crop improvement into passive consumers of technology produced and controlled by others (Batur & Dedeurwaerdere, 2014).
The tension between breeders' rights and farmers' rights is also reflected in the inconsistency between UPOV and the ITPGRFA. The Plant Treaty's recognition of Farmers' Rights — including the right to save, use, exchange, and sell farm-saved seed — is formally compatible with UPOV, since both instruments acknowledge these rights in principle, but UPOV 1991 permits member states to restrict the farmer's privilege significantly, and bilateral TRIPS-plus agreements frequently require developing countries to join UPOV 1991, effectively foreclosing national legislative space to enact broad farmers' rights protections (Wynberg et al., 2021; Ebert et al., 2023).
7.3 Food Security, Access, and the North–South Divide
The relationship between plant biotechnology patenting and food security is characterised by genuine ambiguity. On one hand, the patent system provides incentives for private investment in crop improvement that, on the evidence reviewed by Qaim (2020), has contributed to yield increases and reductions in pesticide use in some contexts. On the other, the structure of private R&D investment is heavily skewed towards crops and farming systems that are commercially attractive — primarily commodity crops grown in industrialised agriculture — rather than towards the orphan and subsistence crops on which the world's poorest and most food-insecure people depend (Glenna, 2023; Chang, 2023).
Bartkowski et al. (2018) identify a structural paradox in the governance of CRISPR-based crop improvement: the technology is potentially transformative for food security in developing countries precisely because it is relatively cheap, portable, and applicable to locally adapted varieties — yet the patent thickets surrounding fundamental CRISPR tools are primarily held by Northern universities and corporations whose licensing strategies may effectively prevent low-income country researchers from deploying the technology for public benefit. The economic logic of the patent system, which concentrates innovation in markets where returns can be appropriated, pulls in a direction precisely opposite to the social need for accessible innovation in smallholder-dominated farming systems.
Smulders et al. (2021) note that even where CRISPR patents are licensed on nominally favourable terms for humanitarian purposes, the administrative and legal burden of establishing eligibility, negotiating agreements, and ensuring compliance can be prohibitive for resource-constrained institutions in developing countries. This is compounded by regulatory divergence: where gene-edited crops are treated as GMOs — as in the European Union and in many developing countries — they face regulatory approval processes that are prohibitively expensive for public institutions operating without the resources of major corporations.
Rising seed prices provide another lens on the food security implications of plant IP concentration. The USDA Economic Research Service (2023) reported that between 1990 and 2020, prices paid by US farmers for crop seed increased by an average of 170 per cent, with prices for crops grown predominantly with patented genetically modified traits rising by 463 per cent — compared with a 56 per cent increase in commodity output prices over the same period. The welfare implications for farmers in both developed and developing countries of this sustained divergence between input and output price trajectories deserve continued attention from agricultural economists and policymakers alike.
7.4 Biodiversity and Agrobiodiversity
Perhaps the most profound, if least immediately visible, ethical concern associated with plant biotechnology patenting is its relationship to the erosion of crop genetic diversity. The standard economic argument for private plant breeding — that intellectual property protection incentivises investment in higher-yielding varieties — does not engage systematically with the agrobiodiversity consequences of the varietal replacement it entails. As Khoury et al. (2022) document in a comprehensive synthesis of the evidence on crop genetic erosion, the spread of a small number of uniform commercial varieties across large agricultural areas has reduced the effective diversity of crop plants at the farm level, even as collections in ex-situ genebanks have expanded.
The mechanisms through which plant IP systems contribute to agrobiodiversity loss are multiple. The DUS requirements for PVR protection, which mandate that protected varieties be uniform across plants and stable across generations, effectively exclude the genetically heterogeneous landraces and farmer varieties that constitute much of the world's crop diversity from formal IP protection, while also making them ineligible for official certification and marketing in many jurisdictions (Yang et al., 2021; Batur & Dedeurwaerdere, 2014). Patent-protected varieties, which may be simultaneously covered by exclusive rights on the variety and on the traits they express, further concentrate the genetics of commercial agriculture. Khoury et al. (2022) note that the privatisation of germplasm and the associated narrowing of genetic bases in commercial crops creates systemic fragility — a concern illustrated historically by the susceptibility of uniform high-yielding varieties to new pathogen strains that emerge beyond the range of their engineered or selected resistance.
Wynberg et al. (2021) situate the challenge of agrobiodiversity conservation within the governance debate over digital sequence information (DSI), noting that the rapid digitisation of genomic data has allowed actors to generate commercially valuable information from crop genetic resources without needing physical access to the germplasm itself, thereby circumventing ABS frameworks and removing any financial incentive for provider countries to maintain in situ diversity. Brink and van Hintum (2022) model the practical consequences for plant genebanks of alternative DSI governance scenarios, concluding that approaches that restrict access to sequence data could substantially impede scientific collaboration and variety development, while approaches that allow unrestricted access without benefit-sharing obligations would leave provider countries without compensation for the genetic heritage they conserve.

8. Emerging Governance Frameworks and Alternative Models
8.1 Digital Sequence Information and the ITPGRFA
Digital sequence information — the nucleic acid sequence data derived from genetic resources — has emerged as one of the most contested issues in international biodiversity governance since 2018, when the CBD convened an ad hoc expert group to assess whether DSI should fall within the scope of ABS obligations. The stakes are high: if DSI is treated as a genetic resource subject to Nagoya Protocol requirements, open access to genomic databases could be restricted, impeding science globally; if DSI is treated as free data outside ABS frameworks, countries of origin lose any leverage to secure benefits from the commercialisation of sequence information derived from their biodiversity (Brink & van Hintum, 2022; Wynberg et al., 2021).
The resolution of this issue at the CBD COP15 in Kunming-Montreal in 2022 established a multilateral mechanism for benefit sharing from DSI use, without restricting access to the sequence information itself. This represents a significant governance innovation: rather than following the Nagoya Protocol's bilateral, resource-by-resource model, the DSI mechanism pools contributions from commercial users of biodiversity data into a common fund that supports conservation and capacity-building in biodiversity-rich countries. The ITPGRFA is developing a parallel mechanism for plant genetic resources in the agricultural domain, recognising that the Plant Treaty's Multilateral System could be extended to cover DSI alongside physical germplasm (Ebert et al., 2023; Brink & van Hintum, 2022).
8.2 The 2024 WIPO GRATK Treaty
The adoption in May 2024 of the WIPO Treaty on Intellectual Property, Genetic Resources and Associated Traditional Knowledge marked the culmination of more than two decades of intergovernmental negotiations. As Perron-Welch (2025) analyses, the Treaty introduces a mandatory disclosure of origin requirement into the global patent system for the first time: patent applicants whose inventions are based on genetic resources or associated traditional knowledge must disclose the country of origin or provenance of those resources in their patent applications. This requirement is designed to facilitate benefit sharing by creating a paper trail that connects patent grants to the genetic heritage from which innovations derive.
The Treaty's significance for plant biotechnology is considerable. Patents on plant traits, varieties, or breeding methods that draw on traditionally cultivated crop species, landraces, or wild relatives will in future be subject to disclosure requirements that, if properly enforced, should make biopiracy more visible and easier to contest. The WIPO GRATK Treaty does not, however, harmonise the consequences of non-disclosure: parties retain discretion to determine whether failure to disclose renders a patent invalid or unenforceable. This flexibility, inserted at the insistence of major patent-holding countries, has been criticised as a significant weakening of the Treaty's deterrent effect (Perron-Welch, 2025).
8.3 Open-Source and Alternative Licensing Models
The most direct response to the constraints that proprietary IP regimes place on plant breeders and farmers has been the development of open-source seed (OSS) initiatives, which apply concepts drawn from the free and open-source software movement to plant germplasm. The Open Source Seed Initiative (OSSI), founded in the United States in 2012, employs a simple pledge under which varieties are made available on the condition that any material derived from them also remains accessible to others on the same open terms (Luby & Goldman, 2016). The Open Source Seeds Licence developed in Germany by Agrecol and colleagues uses a contractual licensing mechanism to create a legally enforceable "copyleft" equivalent for plant germplasm — a protected commons in which the germplasm can be freely used but never privatised (Kotschi & Horneburg, 2018).
Louwaars (2019) provides a nuanced assessment of these initiatives, noting that while they successfully prevent the enclosure of the varieties they cover, they cannot by themselves reverse the systemic dynamics that have produced IP concentration. OSS varieties remain a small fraction of the commercial market, and the pledge mechanism — which relies on the moral commitment of users rather than legal enforcement — offers limited protection against actors who absorb OSS germplasm into conventionally protected breeding programmes. Kock (2021) argues that more systemic solutions are needed, including patent pools, standardised licensing clearinghouses, and compulsory licensing provisions for NGT tools used in public-interest plant improvement. The Max Planck Institute for Innovation and Competition has proposed a cross-institutional licensing platform that would allow breeders to access patented plant traits at fair and reasonable costs determined by an independent expert process, combining collective licensing with incentives for efficient negotiation (Kock, 2021).
Rüdelsheim et al. (2018) examine the opportunities created by the expiry of foundational GM crop patents, arguing that off-patent transgenic events — the specific DNA insertion events that generated first-generation GM crops — could become available for generic use by developing-country breeders and public institutions, subject to navigating regulatory approval requirements. The practical barriers to generic GM crop development are substantial, however: regulatory data requirements, which must be met independently by any new applicant seeking approval for an off-patent event, represent a major ongoing cost that effectively prevents generic competition even after patents lapse.

8.4 The EU NGT Regulation and the Future of Plant Patent Policy
The European Union's legislative deliberations over the regulation of plants produced by new genomic techniques represent a microcosm of the wider tensions in plant IP governance. The 2023 European Commission Proposal sought simultaneously to relax GMO regulatory requirements for NGT plants that could have been produced by conventional breeding, and to address patent concerns through transparency mechanisms and a Commission study on patent impacts. The European Parliament's 2024 first-reading position went further, proposing an outright ban on patents for all NGT plants (Jiang et al., 2025; Lukasiewicz et al., 2024).
The debate in the EU is instructive in several respects. It illustrates how questions of patent law, which have traditionally been treated as the province of IP specialists, have become central concerns for agricultural policymakers, environmental advocates, and farming organisations who recognise that the IP treatment of gene-edited varieties will fundamentally shape who develops them, on whose behalf, and under what conditions of access. Jiang et al. (2025) offer a sceptical assessment of the patent ban approach, arguing that abandoning patents would create legal uncertainty, deprive innovators of proportionate protection for their investments, and potentially push innovation activity towards trade secret protection rather than the disclosure that patents formally require. Lukasiewicz et al. (2024), writing from a plant science perspective, identify a more balanced path through enhanced transparency, extended breeder's exemptions for patented NGT plant traits, and compulsory licensing provisions for food security purposes — an approach that attempts to reconcile breeders' needs with broader public interest imperatives. Table 4 provides comparative summary of alternative governance approaches to plant intellectual property.
Table 4: Comparative Summary of Alternative Governance Approaches to Plant Intellectual Property
	Approach
	Core Mechanism
	Key Advantage
	Key Limitation

	Open Source Seed Pledge (OSSI)
	Voluntary moral commitment; no formal IP
	Low transaction cost; accessible to smallholders
	Limited legal enforceability; small market coverage

	Open Source Seeds Licence (Germany)
	Contractual "copyleft" licensing
	Legally enforceable; prevents privatisation of derivatives
	Complexity; jurisdictional limits

	Patent Pools / Clearinghouses
	Collective licensing at standard terms
	Reduces transaction costs; broadens access
	Requires major patent holder participation

	Compulsory Licensing
	Government-mandated licensing for public interest
	Addresses extreme access barriers
	Politically contentious; may deter future investment

	NGT Patent Ban (EU Parliament proposal)
	Legislative prohibition of patents on gene-edited plants
	Prevents lock-in of natural genetic traits; supports SME breeders
	Legal uncertainty; may drive innovation towards secrecy

	Independent Licensing Platform
	Fair cost pricing via independent expert process; mutual non-assertion
	Transparent access at fair costs; global scope
	Requires voluntary participation of rights holders


Sources: Kotschi & Horneburg (2018); Luby & Goldman (2016); Louwaars (2019); Kock (2021); Jiang et al. (2025); Lukasiewicz et al. (2024).

9. Conclusions
The patenting of biotechnology innovations in plant breeding has created a system of extraordinary complexity and, on any impartial assessment, significant inequity. The fundamental tension within this system is between two legitimate but often competing goods: the incentivisation of costly, specialised research and development through the promise of temporary monopoly profits, and the maintenance of open access to the genetic and technological resources that make cumulative plant improvement possible. The evidence reviewed in this article suggests that the current balance is substantially misaligned, favouring the former at the expense of the latter, and that the costs of this misalignment fall disproportionately on public-sector breeders, smallholder farmers, developing countries, and the agrobiodiversity commons.
The concentration of patent portfolios in the hands of four transnational agrochemical corporations has restructured the global seed industry in ways that serve commercial efficiency but undermine diversity of innovation, agricultural resilience, and farmers' autonomy. The emergence of CRISPR-based genome editing has introduced new possibilities for democratised plant improvement, but also new layers of patent complexity that threaten to replicate the barriers that already limit access to first-generation transgenic technologies. The inadequacy of existing international governance frameworks — from UPOV's increasingly strained relationship with genomic technologies, to the Nagoya Protocol's transaction-cost-laden access regime, to the belated and incomplete attempt of the 2024 WIPO GRATK Treaty to address biopiracy — reflects the difficulty of adapting inherited legal instruments to a rapidly evolving technological environment.
Alternative models — open-source seeds, patent pools, integrated licensing platforms, and compulsory licensing — offer partial solutions that merit much greater policy attention and institutional support than they have thus far received. The European Union's NGT regulation debate, for all its complexity and contestation, represents one of the most serious contemporary engagements with the question of how plant IP rules should be designed in the public interest, and its ultimate legislative resolution will be closely watched and may set precedents for other jurisdictions.
The overarching lesson of this review is that intellectual property in plant breeding is not merely a technical legal question but a deeply political one, with far-reaching consequences for who has access to the means of food production, who benefits from agricultural innovation, and whether the biodiversity that underpins long-term agricultural resilience can be conserved against the enclosure pressures of a proprietary seed system. Addressing these questions will require not only legal reform but a broader reconceptualisation of plant genetic resources as a shared heritage with both scientific and cultural dimensions — a reconceptualisation that the letter of international law has intermittently acknowledged but that practice has consistently struggled to operationalise.

10. Limitations
This review carries several inherent limitations that should be acknowledged. The primary selection of literature in English means that important scholarship published in other languages — including significant bodies of work on plant variety protection in French, German, Spanish, and Japanese — may have been inadequately represented. The rapidly evolving regulatory landscape, particularly in the European Union and in countries adopting new genomic technique regulations, means that some policy developments reported in verified sources may have been superseded by legislative events occurring after the search date of May 2026. The narrative review methodology, while appropriate to the interdisciplinary scope of the topic, introduces a degree of selectivity that a fully systematic review would avoid; the synthesis reflects the authors' interpretive judgement about which themes and tensions are most significant, and other reviewers might have weighted different evidence differently. Finally, the economic literature on plant patent impacts is largely drawn from North American and European contexts, and the generalisation of its findings to agricultural systems in South and Southeast Asia, Sub-Saharan Africa, and Latin America — where smallholder farming systems, seed-saving practices, and IP enforcement environments differ fundamentally — should be undertaken with appropriate caution.
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