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Abstract 

This thesis examines the flow of marine genetic resources from the point of sample collection, through 

scientific research and the extraction of genetic sequence data, to their eventual use in patents. It 

presents three empirical studies that systematically explore global relationships between provider and 

user countries emerging from this process. Using a combination of social network, semantic, and 

regression analyses, the studies identify patterns across diverse data sources, including genetic sequence 

metadata and taxonomic, bibliometric, and patent data. These analyses offer a novel systems-level 

perspective on marine genetic resources, capturing how various stages of collection and use constitute 

an overarching resource system – here described as the ‘ocean genome commons’. The thesis evaluates 

this system using criteria from commons governance theory to assess its functioning and equity. While 

the findings indicate positive developments, including growing international scientific collaboration, 

they also highlight persistent global disparities in research and innovation capacities and a ‘freeriding 

problem’ in the provision and use of marine genetic research in patents. The thesis discusses how similar 

challenges have been addressed in other global commons and considers how emerging multilateral 

regimes – specifically the UN Treaty on Biodiversity Beyond National Jurisdiction (BBNJ Treaty) and 

the Convention on Biological Diversity (CBD) – can incorporate these lessons. By offering a holistic 

analysis of the ocean genome commons, it provides new impetus to multilateral and national policy 

efforts fostering equitable collection and use of marine genetic resources.  
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Zusammenfassung 

Diese Dissertation untersucht die globale Nutzung meeresgenetischer Ressourcen, ausgehend von der 

Entnahme genetischer Proben über deren wissenschaftliche Beforschung und die Gewinnung 

genetischer Sequenzdaten, bis hin zu ihrer Verwendung in Patenten. Sie stellt drei empirische Studien 

vor, welche systematisch Beziehungen zwischen Anbieter- und Nutzerländern in diesem Fluss an 

Information and Materialien nachverfolgen. Anhand einer methodologischen Kombination aus sozialer 

Netzwerkanalyse, semantischer Analyse und Regressionsanalyse identifizieren die Studien Muster über 

verschiedene Datenquellen hinweg, insbesondere Metainformation zu genetischen Sequenzdaten sowie 

taxonomische, bibliometrische und patentbezogene Daten. Diese Analysen zeigen auf, wie die 

verschiedenen Stufen der Sammlung und Nutzung meeresgenetischer Ressourcen ein übergreifendes 

System bilden, das hier als „Ocean Genome Commons“ beschrieben wird. Die Dissertation bezieht sich 

auf Kriterien aus der „Commons Governance Theory“, um zu beurteilen, wie funktional und gerecht 

dieses derzeitige System ist. Die Ergebnisse deuten zum einen auf eine positiv zu bewertende Zunahme 

an internationaler wissenschaftlicher Zusammenarbeit hin. Zum anderen stellen sie jedoch auch 

anhaltende globalen Ungleichheiten in Forschungs- und Innovationskapazitäten fest, in Kombination 

mit Mustern von „Freeriding“ bei der Bereitstellung und Nutzung meeresgenetischer Forschung in 

Patenten. Anhand dieser Resultate geht die Arbeit der Frage nach, wie ähnliche Herausforderungen im 

Kontext anderer globaler Gemeinschaftsgüter („Commons“) angegangen wurden. Schlussendlich 

bespricht die Arbeit wie entstehende multilaterale Verträge - insbesondere der neuen UN-

Hochseeabkommen (BBNJ-Vertrag) und das Übereinkommen über die biologische Vielfalt (CBD) - 

diese Erkenntnisse berücksichtigen können. 
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The Ocean Genome as a Global Commons: Empirical Foundations 

for Equitable Governance 

1. Introduction 

The evolution of life in the ocean dates back around 3.7 billion years, positioning marine biodiversity 

as a vibrant and diverse source of genetic information (Blasiak et al. 2020). Such genetic information 

encodes most of the attributes and behaviors of marine organisms, playing a crucial role in their ability 

to thrive in specific habitats or adapt to changing environmental conditions. Studying these genes thus 

becomes a highly valuable endeavor, enabling scientists to understand and ‘learn from’ nature to 

develop much-needed strategies and technologies to respond to the multiple crises nature and societies 

are currently facing (Richardson et al. 2023; Biermann and Kim 2020).  

Besides contributing to our understanding and preparing us for the consequences of continued 

biodiversity and genetic diversity loss (Richardson et al. 2023), genetic materials of marine organisms 

constitute valuable ‘marine genetic resources’1, which can be the source for natural product discovery 

or the development of biosynthetic products (Rotter et al. 2021). For instance, researchers discovered 

marine bacteria that degrade plastics (Wilkes and Aristilde 2017), identified candidate compounds for 

new antibiotics (Tortorella et al. 2018), and use marine genetic resources to develop bio-based 

chemicals to replace environmentally harmful products (Beygmoradi and Homaei 2017). Such research 

and innovation activities typically involve a complex chain of events, sometimes described as the 

‘marine biodiscovery pipeline’ (Jaspars et al. 2016a). This pipeline can span across the initial collection 

of genetic materials, their analysis and processing in scientific laboratories, the publication of research, 

the sharing of materials and sequence data, and their use in follow-up scientific and commercial 

activities. International research collaborations, for instance in international research expeditions, and 

cooperation between countries in the cross-border transfer of materials and data are crucial to the 

functioning of genetic research and biodiscovery pipelines (Jaspars, Humphries, and Rabone 2021).  

However, a range of politically contentious issues are entangled with these activities, which is why they 

have become subject to international negotiations and regulations in recent decades. First and foremost, 

scientists active in marine genetic research or marine biotechnological innovation are primarily located 

in developed countries, creating strong global imbalances between developed and developing countries 

in the ability to benefit from the wealth of knowledge and information (Blasiak et al. 2018; Tolochko 

 

1 Marine genetic resources are defined as ‘any material of marine plant, animal, microbial or other origin 

containing functional units of heredity of actual or potential value’ (United Nations General Assembly 2023). This 

definition is a specification of the older and broader definition of genetic resources under the CBD (Convention 

on Biological Diversity 1992). 
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and Vadrot 2021; Oldham et al. 2025). This status quo arguably runs counter to the objectives of the 

CBD – the UN’s central mechanism for biodiversity governance, which aims to facilitate equitable and 

sustainable conservation and use of biological diversity, including genetic resources and associated 

digital sequence information (DSI) (Klünker 2024). These imbalances also appear to conflict with the 

so-called ‘Common Heritage Principle’, a guiding principle under the ‘specialized’ multilateral Treaty 

on Plant Genetic Resources for Food and Agriculture (‘Seed Treaty’) and the newly adopted BBNJ 

Treaty (Gottlieb, Kachelriess, and Slobodian 2025; Halewood 2013). Even though its exact meaning 

has been contested (Vadrot, Langlet, and Tessnow-von Wysocki 2021), the Common Heritage Principle 

generally prescribes a degree of shared ownership and rights amongst all countries to benefit from 

genetic resources (see section 2.3). The capacity imbalances, the legal complexity, and the diversity of 

involved actors, including local communities, public institutions, scientists, and private companies, 

altogether pose challenges to the development of functional and equitable multilateral governance 

frameworks for marine and other types of genetic resources.  

The academic and policy-oriented literature informing the governance of marine genetic resources 

mainly consists of case studies, legal analyses, or perspective pieces focusing on one specific set of 

practices involved in the collection and use of ocean genes. For instance, Robert Blasiak et al.’s much 

cited work on ‘corporate control of marine genetic resources’ (Blasiak et al. 2018) identified a 

concentration of intellectual property in a handful of companies and countries; the work of Fran 

Humphries, Muriel Rabone, and Marcel Jaspars explored various examples of the collection and use of 

ocean genes they were able to derive from existing literature and data to analyze possibilities of ‘tracing’ 

such activities via a multilateral system (Humphries, Rabone, and Jaspars 2021; Jaspars, Humphries, 

and Rabone 2021); Miguel C. Leal at al. analyzed the impact of global capacity building on developing 

countries’ abilities to discover marine natural products (Leal et al. 2020); and Paul Oldham’s work 

provided large-scale overviews of implicated science, intellectual property, and commercial landscapes 

(Oldham et al. 2014; 2025). While highlighting different equity issues in an instructive and empirically 

grounded manner, these studies provide little insight into overarching system dynamics spanning across 

the various stages of the marine biodiscovery pipeline. This lack of a holistic understanding limits the 

literature’s ability to inform practitioners and policymakers interested in working towards more 

equitable collection and use of marine genetic resources.  

This thesis addresses this gap by providing a holistic, systematic, and empirically grounded analysis 

across various marine genetic resource collection and use stages. To do so, I introduce an analytical 

framework that, inspired by existing conceptions of genetic resource traceability (Humphries, Rabone, 

and Jaspars 2021), allowed me to trace global flows of genetic materials, research, and data across three 

key domains – countries of origin, science, and patenting. A core component of this framework is the 

idea to use scientific publication identifiers to establish connections across these three domains. The 
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three empirical papers at the core of the thesis operationalize this framework via large-scale data 

integration and computational analysis (including social network analysis, automated text analysis, and 

logistic regression) and a variety of publicly available datasets – including genetic sequence repositories 

GenBank and WiLDSI (Lange et al. 2021), bibliometric and patent data from The Lens, and taxonomic 

data from OBIS. This methodological approach fills key gaps in existing literature by providing a 

systematic and scalable way to analyze the collection and use of marine genetic resources not in terms 

of disparate domains but rather as a holistic resource system, here further conceptualized as the ‘ocean 

genome commons’. 

I introduce the notion of the ocean genome commons to connect my empirical observations on marine 

genetic resource provision and use to commons governance theory (Ostrom 1990; Hess and Ostrom 

2007). This theoretical embedding allows me to critically assess the resource system’s ability to deliver 

on ambitions voiced by involved stakeholders, particularly concerning equity, transparency, and the 

continued conduct and provisioning of scientific research. In proposing the specific notion of ocean 

genome commons, I am referring to the concept of the ‘ocean genome’, which is defined as ‘the 

ensemble of genetic material present in all marine biodiversity, including both the physical genes and 

the information they encode’ (Blasiak et al. 2020). This concept usefully captures the ‘hybridity’ 

(Wolter and Sievers-Glotzbach 2019) of marine genetic resources when treated as a governance issue, 

as their resource status varies substantially across contexts (from living organisms to samples, scientific 

articles, genetic sequence data, patents, and commercial products). The combined notion of the ocean 

genome commons thus allows me to critically assess the system of users, providers, governing 

institutions, and guiding rules around this hybrid resource, enriching my interpretation of the findings 

and providing directions for systematic policy interventions. 

The next sections are organized as follows: Section 2 reviews the literature on the political and social 

context of marine genetic resource governance (2.1 – 2.4) and the empirical research on marine genetic 

resource provisioning and use (2.5). Section 3 describes my use of commons governance theory, firstly 

by summarizing its basic logic and principles (3.1), its extension to knowledge commons and hybrid 

resources (3.2), and by conceptualizing marine genetic resource provisioning and use as a system of 

interactions between rule-guided actors that constitute the ocean genome commons (3.3). Section 4 

introduces my analytical framework (4.1), its operationalization following a multi-methods approach 

(4.2), and ethical considerations (4.3). Section 5 overviews the three empirical papers and their data 

sources, methods, scope, and theoretical embedding. Section 6 is Paper 1, which explores relationships 

between marine genetic resources' geographic origins and researchers’ affiliation countries. Section 7 

presents Paper 2 on the science-patent nexus in marine genetic research. Section 8 is the third paper 

providing an interdisciplinary analysis of the marine bioprospecting patent landscape. Section 9 

discusses how the thesis contributes to the literature on marine genetic resources and commons 
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governance (9.1), the findings’ policy implications (9.2), and limitations and future research needs (9.3). 

Section 10 concludes the thesis.  

2. The social and political context of marine genetic resource governance 

This literature review section contextualizes the thesis’ empirical contributions in broader societal 

themes and political processes. It first surveys the literature on marine genetic resources’ significance 

to nature, people, and innovation (2.1). It then turns to the historical emergence of genetic resources as 

a political issue in international politics (2.2) and discusses the specificity of governing the collection 

and use of marine genetic resources within and beyond national jurisdiction (2.3). This is followed by 

a more detailed discussion of the two contemporary political questions directly addressed by this thesis, 

namely which bureaucratic measures are needed to reach satisfactory levels of traceability and sharing 

of benefits derived from marine genetic resources and DSI (2.4.1), and how to maintain the openness 

of science while holding corporate users of such science and related data responsible (2.4.2). Finally, it 

surveys empirical research on the collection and use of marine genetic resources, critically reflecting 

on existing knowledge gaps that must be addressed to establish a holistic and systematic understanding 

to guide policy development (2.5).  

2.1. Marine genetic resources’ value to nature, society, and biotechnology 

Most characteristics of biological life are encoded in the genomes of organisms, whether it is the ability 

of crops to resist environmental pressures, the properties of viruses to attack other organisms, or an 

organism’s physical appearance. The ability to use and benefit from such natural genetic properties has 

played a central role in the emergence of human societies, as can be seen in the use of wild plants for 

early agricultural systems (Raustiala and Victor 2004) or traditional medicine (Vierros and Aalbersberg 

2010).  

The scientific discovery of the gene as a biological organizing principle in the 20th century triggered 

more purposeful exploration of genetics, positioning it as central to contemporary biological, health, 

and environmental research (Keller 2002). Since then, ‘bioprospecting’ practices have emerged and 

inspired many highly valuable biotechnologies. Bioprospecting describes the systemic search and 

analysis of genes responsible for an organism’s essential processes, such as intra- and interspecies 

communication, bacterial defense, and antifouling (Rotter et al. 2021; Puglisi et al. 2014), with an 

interest in re-using the gained knowledge to develop products for human application, including 

medicines, cosmetics, or foods.  

The Human Genome Project (1990-2003), which created a draft sequence of the entire human genome, 

not only revolutionized our understanding of genetics but also paved the way towards the establishment 

of large-scale open-access international genetic sequence databases. This development was partly 
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driven by the organizational need of involved scientists, who operated in a global network of 

laboratories, to regularly exchange and publicly share data (Maxson Jones, Ankeny, and Cook-Deegan 

2018). Nowadays, most journals require scientists to publish their data in the so-called International 

Nucleotide Sequence Database Collaboration (INSDC), a network of the three largest databases that 

regularly mirror their data. This information ecosystem has become the backbone of much of genetic 

research and biotechnological innovation, as it enables large-scale comparisons of functional patterns 

related to known genetic properties and processes (Contreras and Knoppers 2018). In this ‘data-driven’ 

age of biological research (Strasser 2012), the value of genetic resources no longer exists merely in 

physical materials but also in the globally shared information derived from them.  

The interest in specifically marine genetic resources arose only in recent decades. Marine biodiversity 

is nowadays seen as an up-and-coming source for bioprospecting due to its comparatively long 

evolutionary history, its genetic richness, and the fact that terrestrial genetic diversity has already been 

further explored (Eren and Delmont 2024; Chen et al. 2024; Blasiak et al. 2020). Genes found in 

extreme environments, such as deep sea and ecosystems around hydrothermal vents, attract particular 

interest due to the special conditions under which such ‘extremophile’ species manage to thrive (Zhang 

et al. 2024). Antibiotics, which have predominantly relied on terrestrial genetic sources, are a good 

example of this trend: as antibiotic resistance to established compounds increases, researchers 

increasingly search for novel antibiotic sources in the ocean, including the deep sea (Tortorella et al. 

2018). Overall, the market value for marine biotechnology was estimated to reach 6.4 billion US dollars 

by 2025 (Hurst et al. 2016). 

Marine genetic resources are not only of value to science, innovation, and bioprospecting activities, but 

also to ecosystem and planetary health, as genes and genetic diversity underpin critical ecosystem 

services (Stange, Barrett, and Hendry 2021). Genetic variability within species is fundamental to 

adaptive capacity and resilience in response to environmental stressors such as ocean warming, 

acidification, and reductions in salinity (Webster et al. 2017). Furthermore, genetic research and 

technologies have revolutionized the ability to monitor biological life, particularly in ecosystem 

monitoring, for instance, by identifying and monitoring invasive species via environmental DNA 

(Ardura et al. 2015).  

Finally, marine genetic resources play essential roles in socio-cultural traditions and practices, including 

those of Indigenous Peoples and Local Communities (IPLCs). For instance, they are crucial to 

traditional environmental management practices, ecological knowledge, and medicine (Vierros and 

Aalbersberg 2010; Drew 2005). IPLCs have played central roles in the exploration and cultivation of 

marine genetic resources, which in many cases inspired scientific research or biotechnological 
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innovation (Bhatia and Chugh 2015) – a link that often gets neglected or misrepresented (Golan et al. 

2022).  

2.2. The emergence of genetic resources as a global political issue  

The political concerns over genetic resources date back to the United Nations Educational, Scientific 

and Cultural Organization’s (UNESCO) International Biosphere Conference in 1968 and the Stockholm 

Conference on the Human environment in 1972, which formulated first recommendations to Parties and 

the United Nations Food and Agricultural Organization (FAO) to take measures to protect and preserve 

samples of increasingly threatened ecosystems and species (Sirakaya 2022). Combined with concerns 

over global food security, this led the FAO to build a worldwide network of gene banks to store crop 

genetic materials, conserve their genetic diversity, and invest in the development of new crop varieties 

and agricultural biotechnologies. The first voluntary international instrument to regulate access to 

genetic resources stored in these gene banks was adopted by the FAO in 1983. This process led to the 

adoption of the so-called Seed Treaty, which entered into force in 2004, ensuring global access to the 

genetic resources of 64 specific crop types (Sirakaya 2022).  

In parallel to the discussions at the FAO, developing countries pushed for measures that would extend 

sovereign rights over biological resources under the United Nations Environmental Program (UNEP). 

This development was driven by long-standing concerns over ‘bio-piracy’, which occurs when external 

scientists or companies (often from developed countries) extract genetic materials from developing 

countries and Indigenous communities without consent or appropriate recognition of rights (Wynberg 

2023). A well-documented historical example of biopiracy is the case of a British smuggler who 

transported thousands of rubber tree seeds out of Brazil, which, in turn, allowed the British Empire to 

produce rubber at an industrial scale in South-East Asia (Gollin 2008; Jackson 2008). Furthermore, 

developing countries perceived FAO’s conceptualization of genetic resources as Common Heritage of 

Humankind as further contributing to such inequities if applied to other genetic resources under their 

jurisdiction (Sirakaya 2022). 

UNEP negotiations on a new biodiversity Treaty started as Ad Hoc Working Groups in 1988 and 

concluded with the adoption of the CBD at the Rio Conference in 1992 and its entry into force one year 

later. The CBD granted sovereign rights to nation states over their biological resources and defined a 

mechanism for bilateral access and benefit-sharing on genetic resources, including marine genetic 

resources within their jurisdiction (Kamau and Winter 2013; Sirakaya 2022). This bilateral system 

constituted a departure from the Seed Treaty’s Common Heritage system towards stronger control over 

domestic resources (Raustiala and Victor 2004). The Nagoya Protocol to the CBD, which entered into 

force in 2014, imposed more concrete legal obligations in line with this bilateral system. This CBD 

mechanism relies on an implicit balancing act in which countries grant freedoms to research on ‘their’ 
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biodiversity under the condition that part of the created benefits will be shared with the host country 

(Broggiato et al. 2018).  

Since then, the World Health Organization (WHO) introduced the Pandemic Influenza Preparedness 

(PIP) framework in 2011. This framework was built upon WHO’s Global Influenza Surveillance 

Network (GISN), which has been operating since 1952 to ensure rapid global collection and circulation 

of influenza virus information. Responding to unsatisfactory access to vaccines and tensions over 

intellectual property rights under GISN, the PIP framework introduced an additional access and benefit-

sharing mechanism to balance the sharing of influenza virus information with regulation on the sharing 

of intellectual property and vaccines (Rabitz 2017). WHO Parties are currently negotiating a new 

‘Pathogen Access and Benefit-Sharing System’ (PABS) to cover a broader range of pathogens 

(Walckiers, Frison, and Aubry 2024), which is expected to be formulated as an annex to the WHO 

Pandemic Agreement, adopted in 2025.  

Together with the access and benefit-sharing mechanism on marine genetic resources under the recently 

adopted BBNJ Treaty (see next section), these frameworks constitute a regime complex with potentially 

overlapping provisions and scopes (Raustiala and Victor 2004; Morin 2014). Article 4 of the Nagoya 

Protocol enables Parties to recognize other regimes as specialized instruments, creating the possibility 

for diverging regulation on specific genetic resources under their scope (Lawson, Rourke, and 

Humphries 2020). However, no regimes have been formally recognized as such by the CBD until today, 

leaving the exact relationship between these regimes subject to further deliberation. Governments have 

introduced their own domestic rules in the meantime, such as the European Union regulation 511/2014 

that treats the PIP framework and the Seed Treaty as specialized instruments, exempting users from the 

Nagoya Protocol in applicable cases (Kachelriess et al. 2025).  

All of these fora are currently deliberating on how to extend their frameworks to cover not only physical 

genetic materials but also genetic sequence data, also known as DSI, derived from such materials 

(Aubry et al. 2022; Lawson, Rourke, and Humphries 2020). When the BBNJ Treaty was adopted in 

2023, it was the first legally binding instrument to explicitly include both material and DSI in its legal 

scope. The CBD’s 2024 decision on a multilateral mechanism on DSI (Convention on Biological 

Diversity 2024) constituted another step in extending genetic resource governance to the digital realm. 

The discussions on DSI are shaped by familiar issues, such as the concerns over bio-piracy  (Bond and 

Scott 2020), but also by new challenges, such as the increased use of artificial intelligence and the 

associated lack of data traceability (Sett et al. 2024).  
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2.3. Marine genetic resources as a new frontier in High Seas governance 

The High Seas have been a key site of struggle between global powers for centuries. In the 16th and 17th 

centuries, Europeans fought over control of trade routes, navigation, and resources in these vastly 

expanding parts of the ocean under no national jurisdiction. Contrasting ideas of how the High Seas 

should be governed have populated international debates since that time. Hugo Grotius’ ‘Mare Liberum’ 

(Grotius 1914) is often mentioned as one of the most influential publications from that time, proposing 

the ‘Freedom of the High Seas’, according to which no nation should have exclusive rights over the 

High Seas itself, nor over navigation or trade on them (Vieira 2003). This principle was partly 

formulated to support Dutch traders’ interests in Southeast Asia and challenged Portuguese sovereignty 

claims in these regions (Vieira 2003).  

While the Freedoms of the High Seas have since become formalized as guiding principles of modern 

Ocean governance under the United Nations Convention on the Law of the Sea (UNCLOS), they have 

not remained unchallenged. It has been pointed out that these principles were initially introduced to 

serve the interests of European colonial states (Eslava, Fakhri, and Nesiah 2017; Enyew 2022). Some 

argue that, while the Freedoms formally established equal rights amongst all states on Areas Beyond 

National Jurisdiction (the legal term designating the High Seas and the Seabed), they have in fact 

introduced a ‘first come – first serve’ regime that primarily benefits powerful states, which are free to 

exploit resources (such as fish stocks or minerals) at the disadvantage of states with less technological 

or scientific capacity (Enyew 2022).  

This skepticism towards the Freedoms of the High Seas has shaped developing countries’ positions in 

the third UNCLOS negotiations (1973-1982) as they aimed to neutralize them by pushing for the 

Common Heritage Principle to guide processes under UNCLOS. This principle was initially proposed 

by Maltese diplomat Arvid Pardo in 1967 to distribute revenues from mineral resources found beyond 

national jurisdiction to counteract global equity imbalances (Vadrot, Langlet, and Tessnow-von 

Wysocki 2021; Hannigan 2015). After over two decades of contentious negotiation, states finally agreed 

to include the Common Heritage Principle under UNCLOS Article 136 (Wolfrum 2023; Tuerk 2017).  

As already discussed above, the tensions between the Freedom of the High Seas and the Common 

Heritage Principle have since extended to the topic of this thesis, namely, marine genetic resources and 

their use in research, biotechnology, and nature conservation. Even though the collection and use of 

marine genetic resources within national jurisdiction had already been regulated under the CBD since 

1993, no such framework had existed for Areas Beyond National Jurisdiction. Considering the high 

scientific, ecological, and economic potential of marine genetic resources (Blasiak et al. 2020) and the 

regulatory uncertainty arising from the gap in regulation on Areas Beyond National Jurisdiction (Tiller 

et al. 2019), countries decided to integrate this issue into broader negotiations on a new UNCLOS 
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implementing agreement on the conservation and sustainable use of marine biodiversity beyond 

national jurisdiction, nowadays called the BBNJ Treaty. When the BBNJ negotiations formally started 

in 2018, marine genetic resources constituted one of the Treaty’s four package elements, alongside area-

based management tools, environmental impact assessments, and capacity-building. During 

negotiations, developed countries, and particularly those with advanced capacities in genetic research 

and biotechnology, wanted to see access and use of marine genetic resources governed in terms of the 

Freedoms of the High Seas (Vadrot, Langlet, and Tessnow-von Wysocki 2021; Marciniak 2020). In 

turn, developing countries argued that the Common Heritage Principle should be extended from mineral 

resources to such genetic resources. 

This underlying divergence of views on legal principles also structured the BBNJ negotiations on the 

Treaty’s more technical details. Advocates of the Common Heritage Principle tended to support 

obligatory forms of monetary benefit-sharing to developing countries as well as stricter types of 

traceability, sometimes described as ‘track-and-trace’ approaches (Humphries, Rabone, and Jaspars 

2021; Langlet and Dunshirn 2023). On the other hand, proponents of the Freedom of the High Seas 

favored more light-weight transparency measures and emphasized the significance of non-monetary 

benefit-sharing contributions (Broggiato et al. 2018).  

A compromise was eventually found that enabled the BBNJ Treaty to be adopted in June 2023. It 

included both the Freedoms of the High Seas and the Common Heritage Principle (Humphries, Berry, 

and Gottlieb 2025). At the technical level, the compromise combined monetary benefit-sharing with a 

‘smart’ traceability system based on a novel ‘BBNJ batch identifier’ linked to genetic resources and 

associated data originating from Areas Beyond National Jurisdiction (Oldham and Thambisetty 2023). 

Many questions on the traceability and benefit-sharing system still need to be resolved moving forward, 

including how monetary contributions for Parties will be assessed. While Parties are preparing for the 

Treaty’s entry into force, which will happen one hundred days after sixty ratifications are reached, there 

is a pressing need for a knowledge foundation supporting deliberations on the unclarified issues.  

2.4. Current political issues around genetic resources and DSI 

Multilateral versus bilateral access and benefit-sharing 

Discussions on the further development of the genetic resource regime complex are shaped by 

frustrations among scientific and corporate users with the CBD’s Nagoya Protocol (Prathapan et al. 

2018). The Protocol’s bilateral logic created a complex landscape of diverging national regulations that 

users need to abide by when accessing or using genetic resources from different provider countries 

(Salem and Kaltenpoth 2023). Evidence on whether introduced measures have led to the desired benefit-

sharing and capacity-building is lacking (Scholz et al. 2021), as bilateral agreements often remain 
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undisclosed to the public (Muñoz-García, Lago, and Scholz 2024; Robinson and Wright 2023). 

However, it should be mentioned that the question of whether the Protocol ‘works’ has turned into a 

political issue itself, as several developing countries keep defending its legacy and effectiveness. For 

instance, Brazil has invested substantially in developing and improving its national access and benefit-

sharing system to reduce bureaucracy while maintaining control over its ‘genetic heritage’ – Brazil’s 

legal concept for both domestic physical genetic resources and DSI (Relly 2024).  

In this context, stakeholders have started exploring new conceptualizations of access and benefit-

sharing to address existing problems. Both the BBNJ Treaty and the CBD’s recent decision on DSI 

(Convention on Biological Diversity 2024) introduced novel multilateral systems that do not rely on 

bilateral agreements but instead on a centralized logic that guides traceability, access, and benefit-

sharing between Parties. A multilateral solution was, to some extent, logical under the BBNJ Treaty, 

which by definition does not regulate genetic resources originating from a particular country. CBD 

negotiations on a new mechanism for DSI were more controversial. Some Parties advocated for a 

strictly multilateral system that, according to them, could even replace existing bilateral systems. Others 

have advocated for a hybrid system, which would allow countries to decide on their own whether they 

regulate DSI under their national access and benefit-sharing regulation or under the novel multilateral 

system. The CBD’s 2024 decision has not resolved these tensions, which means that further discussions 

and potential co-existence of multilateral and bilateral access and benefit-sharing on DSI will occur 

moving forward.  

Discussions on the relationship between traceability and benefit-sharing  

Another component of current debates is the extent to which traceability of genetic resources and DSI 

is needed to establish equitable benefit-sharing. Discussions on track-and-trace approaches versus light-

weight transparency were a controversial subject in the BBNJ negotiations, as described in the previous 

section. The negotiations on DSI under the CBD have mirrored this divide. The CBD’s initial COP15 

decision to establish a multilateral mechanism on DSI included a somewhat controversial clause stating 

that ‘tracking and tracing of all DSI is not practical’ (Convention on Biological Diversity 2022). Some 

interpreted this essentially as recognition that track-and-trace is impracticable, while others interpreted 

it as stating that it may be impracticable for all but not for some DSI (Oldham, Chiarolla, and 

Thambisetty 2023).  

During later stages of the BBNJ negotiations, the idea of an alternative ‘decoupled’ approach to access 

and benefit-sharing emerged. Decoupling is the idea to distribute benefits according to certain indicators 

that would not necessarily be informed by singular events of access or utilization of DSI (or genetic 

resources) (Langlet and Dunshirn 2023; Scholz et al. 2023). This idea led to more differentiated 

discussions on the extent of decoupling, where the option to ‘fully decouple’ was contrasted to a ‘light 
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decoupling’, which would maintain certain connections between access, use, and benefit-sharing 

calculations, albeit in terms of aggregate indicators rather than track-and-trace of individual sequences 

(Oldham, Chiarolla, and Thambisetty 2023; Langlet and Dunshirn 2023). BBNJ Treaty’s article 14  

ultimately installed a ‘two-phase’ benefit-sharing system in which developed countries will initially 

contribute 50% of their assessed annual contributions to the Agreement, with various options for the 

transformation of the mechanism to be considered at future BBNJ COP meetings, including various 

decoupled options (Broggiato et al. 2024).  

Political tensions around the science-business nexus 

A more specific issue underlying these debates is the relationship between science and commercial 

activities. This relationship has been a recurrent theme in the emergence of genetic research and its 

governance. One of the main motivations for scientists and funders to engage in the already mentioned 

Human Genome Project was an economic one, namely that a thorough understanding of the human 

genome would enable a range of follow-up innovation processes (Maxson Jones, Ankeny, and Cook-

Deegan 2018). At the same time, the leaders of the Human Genome Project adopted an explicit policy, 

the Bermuda Data Principles, for sequences to be published daily as prior art to prevent subsequent 

‘broad’ patenting of the human genome (Cook-Degan & Heaney 2010; Eisenberg 2000). Up until today, 

many genetic researchers perceive the possibility that their findings flow into patents or inspire valuable 

products not only as economically beneficial but also as a relatively central motivation behind their 

research activities (Jaspars et al. 2016a), often while promoting open science and data in parallel.  

The complicated relationship between public and private interests has shaped genetic resource 

governance before and after the Human Genome Project, as I already discussed above for the Seed 

Treaty and the PIP framework. It also shaped the BBNJ negotiations, which were still in progress when 

the COVID-19 pandemic broke out in 2020. Particularly at the start of the pandemic, developing 

countries struggled to get access to much-needed vaccines partly due to pharmaceutical companies’ 

insistence on intellectual property rights (Thambisetty et al. 2021). Developing countries explicitly 

referred to these global inequities when arguing for the Common Heritage Principle in relation to marine 

genetic resources (Thambisetty 2022). However, intellectual property rights remained largely excluded 

from the scope of the final Treaty, leaving it uncertain whether and, if so, how its provisions may address 

political tensions concerning the science-patent nexus.  

2.5. Empirical studies on the provision and use of genetic resources and DSI 

Different literature traditions have empirically explored the scientific and corporate activities addressed 

by the political debates on marine genetic resources. I distinguish between: 
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• ‘Landscape studies’ - research that identifies actors either providing or using genetic resources 

or DSI and assessing their rate of activity in a specific domain, such as marine genetic resource 

patenting;  

• ‘Case studies’, which provide highly detailed descriptions of how different domains are 

connected in practice, such as how scientific research flows into subsequent patenting 

activities;  

• ‘Relational studies’, which address the same connections between domains but on a larger 

scale. 

These different traditions provide valuable insights into aspects of marine genetic resource provision 

and use but also entail important gaps that this thesis addresses. 

2.5.1. Landscape studies 

Several studies provide systematic empirical insights into the scientific landscape of marine biology. 

Across the board, these studies point to strong global imbalances in the distribution of research 

capacities, which can, for instance, be observed in the number of vessels nationally available for 

scientific explorations (Sierra-Correa et al. 2020). Imbalances are also visible in international 

collaboration networks, in which researchers from developed countries maintain predominant positions 

(Tolochko and Vadrot 2021). Publication output continues to be driven by developed countries (Leal et 

al. 2020; Lara-Lopez et al. 2020). While developing countries’ capacities have increased over the past 

years, they are still comparatively low (Leal et al. 2020; Lara-Lopez et al. 2020). Similar trends in 

publication output were shown to exist specifically for research involving marine genetic resources in 

policy-oriented reports (Oldham et al. 2014; 2025), but such analysis has not yet made it into peer-

reviewed scientific literature, which Paper 2 accomplishes.  

Regarding corporate activities involving marine genetic resources, most research focuses on assessing 

patent data. Blasiak et al. (2018) have built on previous research by Arnaud-Haond et al. (2011) to show 

that 47% of all sequences included in marine genetic resource patents belong to one single German 

company (BASF), and that 98% of all actors that have patented marine sequences are associated with 

only ten countries worldwide. While providing important empirical and systematic insights into 

patenting activities, the findings of Blasiak et al. (2018) have been challenged by some academic peers 

and by corporate stakeholders involved in the BBNJ negotiations. Their critique questioned whether 

sequence or document counts constitute reasonable metrics to assess the concentration of patenting 

activities and whether the framing of the findings in terms of ‘corporate control’ of marine genetic 

resources is politically appropriate (own observations). Paper 3 addresses these concerns and provides 

an improved update of the study from 2018, largely confirming its original empirical findings.  
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Little research has been conducted on corporate activities involving marine genetic resources beyond 

patents. This is likely due to the absence of readily available methods or data to conduct such research 

beyond individual case studies (Humphries, Rabone, and Jaspars 2021). A recent report (Oldham et al. 

2025) introduced an innovative web scraping methodology to identify commercial products. 

For both the scientific and corporate landscape studies, it remains difficult to differentiate between 

marine genetic resources of Areas Beyond National Jurisdiction and those collected from within 

national jurisdiction. This has made it difficult to assess the economic potential of marine genetic 

resources of Areas Beyond National Jurisdiction (Oldham et al. 2014; 2025), which has been a recurring 

point of uncertainty in the BBNJ negotiations. Paper 3 introduces a methodological approach that 

addresses this question by identifying species exclusively present in Areas Beyond National 

Jurisdiction. 

2.5.2. Case studies 

A few case studies provide insights into the process that ties the collection, sequencing, scientific 

publishing, patenting, and commercialization of marine genetic resources together (Humphries, 

Rabone, and Jaspars 2021; Jaspars, Humphries, and Rabone 2021; Jaspars et al. 2016b; Broggiato et al. 

2018). Described cases include a bacterium isolated from a deep-sea worm, which French researchers 

collected and later used to develop a face cream (Humphries, Rabone, and Jaspars 2021; Cambon-

Bonavita et al. 2002), and the ‘bengamide’ molecule, which U.S. American scientists found in a sea 

sponge from Fiji and which inspired anticancer clinical trials by the company Novartis (Jaspars, 

Humphries, and Rabone 2021; White, Tenney, and Crews 2017). The case studies provide important 

insights into how particular marine biodiscovery pipelines operate. They indicate that publicly funded 

scientists can play a central role in marine bioprospecting (Blasiak et al. 2019), particularly during 

earlier stages of product discovery, namely in the collection and initial analysis of genetic materials, the 

publication of findings, and the sharing of genetic sequence data. However, it remains unclear how 

representative this is of all activities involved in the global collection and use of ocean genes. Central 

to the aim of this thesis is to explore the generalizability of these case studies.  

A comprehensive review of case studies involving non-marine genetic resources is beyond the scope of 

this thesis. However, it should be mentioned that many of the activities involved in the marine 

bioprospecting pipeline resemble biotechnological innovation practices more broadly. Particularly 

when it comes to the use of DSI, practitioners often do not distinguish between data of marine and 

terrestrial origins when conducting biotechnological research (Raposo et al. 2023).  
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2.5.3. User-provider relations 

Studies falling into the ‘user-provider relations’ tradition have addressed some of the limitations 

inherent in case study research by systematically studying patterns in the provisioning and use of genetic 

materials and data. These studies have explored the geographic origins of various types of DSI and 

found that most sequences are extracted from the same regions where the involved scientists are based 

(Rohden et al. 2020; Scholz et al. 2021). Similar research explored global user-provider balances 

specifically in the search for marine natural products and found an increase in developing countries’ 

capacities over the past 50 years (Leal et al. 2020). 

There is a lack of systematic research on the politically contentious nexus between genetic research, 

patenting, and commercialization. As discussed above, literature exists on the genetic resource patent 

landscapes (Oldham, Hall, and Forero 2013; Blasiak et al. 2018). However, the extent to which patent 

applicants draw on publicly available science and how such intellectual property translates into 

commercial products remains a black box. Economic and bibliometric research on science-patent 

interlinkages in other contexts indicates that corporations often rely on knowledge from publicly 

available basic research for their internal research and development processes (Arora, Belenzon, and 

Patacconi 2018; Cross et al. 2021; Marx and Fuegi 2020). Paper 2 draws on this external literature to 

address the specific knowledge gap on the science-patent nexus in the context of marine genetic 

resources. 

3. Conceptualizing the ocean genome commons 

This section introduces the theoretical framework underlying my research approach and analysis. I first 

survey the original themes that inspired Elinor Ostrom and colleagues in developing the commons 

governance theory (Ostrom 1990) (3.1). I then discuss more recent extensions of the framework to 

knowledge commons (Hess and Ostrom 2007; Frischmann, Madison, and Strandburg 2014) and hybrid 

commons (Wolter and Sievers-Glotzbach 2019) (3.2), before introducing the notion of the ocean 

genome commons (3.3).  

3.1. Commons governance theory 

Garrett Hardin’s influential work on the ‘tragedy of the commons’ (Hardin 1968) posited that rational 

actors are bound to exploit commonly shared resources to an extent that diminishes the common good 

(e.g., through over-grazing). The commons governance literature introduced a critique of this notion, 

showing for a multitude of cases that cooperation between actors can lead to equitable and sustainable 

outcomes (Ostrom 1990). Based on various case studies, cross-case analysis, and experimental studies, 

the literature highlights the value of self-regulation and stewardship in accomplishing such desirable 
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outcomes, alongside a range of other factors that contribute to successful resource management (Ostrom 

1990).  

Central to most commons governance research is a two-dimensional resource classification system, 

distinguishing levels of subtractability and exclusion. Within this classification, the commons literature 

originally focused on community-managed ‘common-pool resources’. For instance, coordination 

amongst community members to share grazing grounds would be considered as common-pool resource 

management. Common-pool resources are characterized by a low level of excludability (i.e., it is hard 

to exclude resource users) and a high level of subtractability (i.e., one person’s use diminishes the 

resource’s value for others) (Ostrom 1990). These resources are typically shaped by collective action 

problems related to overuse or freeriding, where users reap benefits from a shared resource without 

sufficiently contributing to it (Hess and Ostrom 2007). By studying such collective action problems 

across different resource systems, researchers can abstract generalizable governance principles likely 

to lead to certain outcomes.  

The commons governance literature typically relies on the so-called Institutional Analysis and 

Development (IAD) framework, which distinguishes three main variable clusters:  

• ‘Resource system characteristics’, which include: ‘biophysical characteristics’, describing 

resource size, location, boundaries, and abundance as determined by its nature and the 

available technologies to cultivate or harvest it (Hess and Ostrom 2007); ‘attributes of the 

community’, which indicate community organization, the roles of different members, and 

shared goals or objectives; ‘rules in use’, which are formal or informal rules that are known 

and, at least to a certain degree, enforced by community members or via implicated institutions 

(Wolter and Sievers-Glotzbach 2019);  

• ‘Action arenas’ – concrete situations in which actors engage with one another as mediated 

through the resource system and its components, thereby reproducing the resource system’s 

characteristics (Hess and Ostrom 2007). Behaviors observed in such action arenas can be 

indicative of so-called ‘patterns of interaction’, which are practices that emerge from repeated 

actions (Hess and Ostrom 2007); 

• ‘Outcomes’, which are produced by patterned interactions, such as the enclosure of scientific 

knowledge behind journal paywalls. ‘Evaluative criteria’ allow us to judge whether these 

outcomes are positive or negative in terms of maintaining or building a functional commons 

(Hess and Ostrom 2007).  

The core evaluative criteria of the original commons literature are efficiency and equity (Ostrom 1990; 

Keohane and Ostrom 1995). Efficiency describes, in essence, the extent to which resources invested in 

a commons are used or governed in a way to maximize returns for users (Ostrom 2009). Equity is often 
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differentiated into ‘fiscal equivalence’, describing whether those who benefit from a resource have also 

appropriately contributed to it, and ‘distributional equity’, which considers whether resources are shared 

in a manner that counteracts capacity or other imbalances amongst users (Ostrom 2009). Various other 

evaluative criteria have been employed in the commons literature, such as sustainability, accessibility 

of knowledge, or reciprocity (Hess and Ostrom 2007). 

3.2. Extension of the commons framework to hybrid resources 

Researchers have extended the commons framework to knowledge resources in recent years. Some 

knowledge resources may also constitute common-pool resources, but others may be better described 

as ‘public goods’, another category of the mentioned resource classification system (Hess and Ostrom 

2007; Frischmann, Madison, and Strandburg 2014). The difference between common-pools and public 

goods lies in their level of subtractability: public goods, such as the Internet, do not necessarily diminish 

in value through use. As such, other types of collective action problems relating to resource underuse 

can be observed for knowledge commons. Resource underuse problems may occur, for instance, if 

investments into a digitally shared library do not pay off due to low user engagement or if an information 

ecosystem gets polluted with useless information (Hess and Ostrom 2007). Nevertheless, themes of 

overuse or knowledge enclosure were also identified for knowledge commons, for instance concerning 

the effects of paywalled journals on science accessibility (Kranich in the knowledge commons book) 

or issues related to patent law (Adelman 2005; Heller 2013). 

Several researchers have pointed out that a clear distinction between public goods and common-pool 

resources seems difficult when applying this theory to genetic resources. For instance, Wolter and 

Sievers-Glotzbach (2019) describe how a collectively organized apple breeding initiative in Germany 

incorporates both common-pool and public good logics. The initiative clearly delineates a community 

of users and defines property and use rights over seeds and their scions, implying a common-pool 

resource logic. At the same time, the community considers its knowledge, for instance on breeding 

techniques, as a public good that it openly shares with external farmers through publications or personal 

contacts. Wolter and Sievers-Glotzbach (2019) have thus characterized this specific arrangement as a 

‘hybrid commons’. Other literature on seed genetic resources has equally embraced the fact that 

governance institutions need to account for the resource’s economic, informational, and cultural value, 

constituting commons that combine both material and knowledge components (Sievers-Glotzbach et al. 

2020; Girard 2018; Frison 2018; Halewood 2013).  

Hybridity has also been observed by several scholars working on marine genetic resources. As Siva 

Thambisetty pointed out, some actors in the BBNJ negotiations framed marine genetic resources as a 

public good, arguing that little to no value gets subtracted through the collection of genetic samples and 

subsequent use (Thambisetty 2023). However, the same ocean genes may transform into a common-
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pool resource once actors patent applications inscribed in the genes, diminishing the value of the 

resource to others through the enforcement of intellectual property rights (Thambisetty 2023). Blasiak 

et al. (2020) proposed the concept of the ‘ocean genome’ to capture such shifting conceptions of marine 

genetic resources and associated governance issues.  

3.3. Conceptualizing the ocean genome commons 

Combining the commons governance literature and the concept of the ocean genome, I now introduce 

the notion of the ‘ocean genome commons’. Similarly to the case of the German apple breeding 

initiative (Wolter and Sievers-Glotzbach 2019), the ocean genome commons is best characterized as a 

hybrid commons. It contains physical components, such as living marine organisms (eukaryotes, 

viruses, bacteria, and archaea), samples extracted from them, research vessels, laboratories, gene banks, 

and databases. The ocean genome commons’ digital components are, for instance, DSI extracted from 

marine organisms, research papers, and patent documents. The thesis explores several of these 

components across its three empirical papers, studying the provisioning of genetic materials for DSI-

related publications (Paper 1), the number of marine genetic research articles cited in patent documents 

(Paper 2), or the number of marine species whose sequences get cited in patents (Paper 3).  

The ocean genome commons involves a variety of members, which may be distinguished horizontally 

between domains, such as academia versus corporate domain, or vertically between world regions, 

countries, academic institutions, or companies, as well as individual scientists or inventors. Due to the 

thesis’ interest in contributing to policy development under multilateral agreements, the analytical focus 

lies on nation states, which mediate the activities of various sub-national actors that participate in the 

commons. While this is not a very typical level of analysis in the commons literature, previous work 

identified similarities between commons and institutionalist international relations theory as both 

consider institutions as key to cooperative interactions between actors (Keohane and Ostrom 1995). As 

discussed in more detail in Paper 2, nation states play crucial roles in regulating and incentivizing the 

collection and use of genetic resources, for instance, dispersing research funding or granting access to 

researchers, and designing rules governing the ocean genome via multilateral agreements. As such, I 

understand nation states as central actors within this resource system.  

The ocean genome commons’ constitutional rules are shaped by the CBD and the BBNJ Treaty, 

including their national implementing regulations. Furthermore, social practices constitute important 

rules-in-use that guide actors’ behaviors and day-to-day decision-making on the ground 

(Dedeurwaerdere 2010). These practices are influenced by social relations and discourses. For instance, 

Pálsson and Prainsack (2011) highlighted altruistic motivations and discourses guiding geneticists and 

biologists in making their data public. As highlighted throughout this thesis, the ocean genome 

commons’ relevant rules in use are not limited to the sharing or use of specific genetic information or 
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materials, but also include the reporting of metadata to establish traceability, transparency, and trust 

amongst community members (Golan et al. 2022; Blasiak et al. 2019).  

A widely recognized goal across genetic resource Treaties and involved stakeholders is equity, which, 

following the legal logic of the CBD’s Nagoya Protocol, is often understood to be achieved as soon as 

providers and users have entered a bilateral agreement (Klünker 2024). This is a very specific 

understanding of equity, focusing on communicative equity between user and provider countries 

(Klünker 2024), thereby neglecting other types of equity as elaborated in the commons literature (Frison 

2018). The thesis adopts a wider conceptualization of equity, assessing outcomes in terms of fiscal and 

distributional equity, but also in reference to reciprocity (Oldham 2009; Mauss 1956) (Paper 1), the 

provisioning of open access to scientific knowledge and data (Paper 2), and sustainability (Paper 3) (see 

Table 1). 

4. Research design and methodology 

This section describes the analytical framework that guided the research for this thesis (4.1), the 

employed research methods and datasets (4.2), as well as ethical considerations (4.3). It focuses on the 

overarching logic of the research approach – detailed discussions of methodological choices concerning 

individual studies can be found directly in the papers.  

4.1. Analytical framework for the systematic study of marine genetic resource collection 

and use 

My primary research aim was to establish a systematic and holistic understanding of various stages of 

marine genetic resource collection and use by studying involved actors, their interactions, and 

associated outcomes. I followed an abductive logic (Timmermans and Tavory 2012) to identify relevant 

units of analysis and data sources. On the one hand, I relied on established conceptions of the marine 

biodiscovery pipeline and of the flow of materials and data therein (Humphries, Rabone, and Jaspars 

2021; Rohden et al. 2020; Blasiak et al. 2018). On the other hand, the scarcity of generalizable research 

on involved practices and actors required me to combine this with my own exploration and 

experimentation with different data sources and methods.  

Humphries et al. (2021) was instructive in this process, providing a detailed analysis of how marine 

genetic resources and data could practically be traced across various stages from the departure of the 

research vessels to the potential commercialization of a product. The study entails an overview of 

marine bioprospecting stages and considered public data availability at each stage. A CBD-

commissioned study on the traceability of DSI (Rohden et al. 2020) provided similarly valuable insights 

into the possibility of tracing connections between different stages of genetic resource collection and 

use. This study showed that a vast amount of sequence metadata is stored in the INSDC information 
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ecosystem, albeit at varying levels of coverage (Rohden et al. 2020). This metadata provides 

considerable traceability across initial stages of genetic resource collection, sample and genetic 

sequence data deposition, and publication of research papers (see Fig. 1). However, the available 

literature provides little clarity on traceability across subsequent marine bioprospecting stages where 

the publicly available materials, data, and research flow into corporate activities. 

 

Fig. 1: Screenshot of an exemplary genetic sequence entry on GenBank 

(https://www.ncbi.nlm.nih.gov/nuccore/AB125610), displaying information on taxonomy, country of 

sample origin (‘geo_loc_name’), the scientific publication linked to the sequence, and involved scientists 

and their affiliations.  
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My experimentation with datasets and methods thus focused on finding a method to trace connections 

between scientific and corporate activities. I first explored the possibility of tracing mentions of genetic 

sequence unique identifiers (i.e., ‘accession numbers’) in patent texts, an idea mentioned but not further 

pursued in a report on technical aspects of DSI traceability (Oldham 2020). By following up on this 

idea, I discovered that patent applicants often mention accession numbers when reporting outputs of 

sequence similarity estimations or related bioinformatic procedures. This leaves it unclear whether a 

particular sequence or the genetic properties of underlying genetic resources contributed to an invention 

in a substantial manner. Distinguishing types of accession number mentions via automated text analysis 

seemed too complicated at that time, which is why I gave up on this approach. Large language models, 

which were not available to the same extent as they are now, could aid in future efforts along those 

lines.  

The CBD-commissioned study (Rohden et al. 2020) mentioned another option to trace connections 

between science and patents, which was to link patent genetic sequence identifiers, which patent offices 

report back to INSDC, back to original INSDC accession numbers using sequence similarity 

estimations. However, as a political scientist, this bioinformatic technique seemed too far out of the 

scope of my methodological capacities.  

As such, I turned to a third option, which involved tracing patent citations to research publications that 

are listed in genetic sequence metadata on INSDC. These publications are sometimes referred to as 

‘primary DSI publications’ (Scholz et al. 2021). As I discovered, patent-to-science citations are 

commonly analyzed in economic and bibliometric research on knowledge flow networks (Jaffe and de 

Rassenfosse 2017), where their analytical value has been tested and confirmed (Roach and Cohen 

2013). Integrating this approach into research on marine genetic resources and DSI thus appeared like 

an interesting methodological innovation that could enhance traceability and facilitate systematic 

research.  

Combined with direct feedback from many of the authors of the above discussed publications, this 

process led me to formulate an analytical framework that establishes three essential domains for the 

systematic study of the ocean genome commons, namely ‘countries of origin’ (i.e., countries of sample 

origin), ‘countries of science’ (affiliations of researchers that published DSI primary publications), and 

‘countries of patenting’ (headquarters of entities applying or owning related patents). Importantly, the 

connections between these domains can be studied through knowledge flows implicit in scientific 

publications (see Fig. 2).  
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Fig. 2: Analytical framework for the systematic study of marine genetic resource collection and use across 

countries of origin, science, and patenting. Edges represent knowledge flows, including their direction and 

weight. 

As visible in Fig. 2, I opted to trace knowledge flows from start to end – from geographic origins, to 

science, to corporate activities, even though it could have also made sense to apply the reverse approach, 

from endpoints back to origins (Humphries, Rabone, and Jaspars 2021). However, this would have 

made tracing linkages from publications back to the genetic sequence databases more difficult at that 

time – a step that could nowadays be done using the WiLDSI database (Lange et al. 2021).   

This framework can be understood as an adaptation of the IAD, focusing on key resource system 

characteristics, which could subsequently be linked to action arenas, patterned interactions, and 

outcomes. Even though other relevant domains of the ocean genome commons are not considered in 

my proposed framework, most importantly the commercialization of products, I argue that it still 

captures most of the resource system’s essential components and enables the systematic study of their 

interrelations through the connecting element of scientific publications – something that to my 

knowledge had not been done before. 

Country of 
origin 1 

Country of 
science 1 

patent references to science country of origin tags in GenBank 

connected via PubMed IDs (publications)  

Country of 
origin 2 

Country of 
origin 3 

Country of 
science 2 

Country of 
patenting 1 

Country of 
patenting 2 
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4.2. Methodological approach for the three empirical studies 

All three papers relied on the public genetic sequence databases GenBank and WiLDSI and on 

taxonomic data from OBIS. Papers 1 and 2 drew substantively on the specialized bibliometric and patent 

database The Lens.  

Methodologically, the papers relied on large-scale data integration and various computational 

procedures, which I carried out using the programming language Python. Essential components of each 

paper are descriptive statistics and visualizations of data distributions and bivariate relationships 

encountered in the constructed datasets. The thesis relied on automated text analysis of scientific 

publication titles to construct a variable of genetic research types (Paper 1) and to explore the relevance 

of research content to follow-up scientific or patenting activities (Paper 2). Paper 1 included a 

multivariate logistic regression analysis. Paper 3 relied on bioinformatic techniques, which my co-

author Erik Zhivkoplias employed. Social network analysis shaped many components of the three 

papers, not necessarily in terms of applying concrete network analytical measures, but primarily for 

structuring data and tracing knowledge flows across the various stages of the ocean genome commons. 

All used datasets and code are publicly shared together with the publications, or, for a few exceptions, 

available upon request. The code used for Papers 1 and 2 is available at https://github.com/pduns. 

4.3. Research ethics 

The presented research did not involve any primary data collection, nor did it include personal or 

otherwise sensitive data – it is exclusively based on publicly accessible secondary data sources, 

including genetic sequence data, taxonomic data, bibliometric data, and patent data. None of the 

findings or discussions reveal personal information or identities. The project development phase 

included several reflections on research ethics with colleagues and supervisors, which did not reveal 

any concerns to be addressed during my research. The Research Platform Governance of Digital 

Practices at the University of Vienna funded my dissertation project. 

5. Guide through the research papers 

The data curation and analysis process led me to distill three empirical studies on various aspects of the 

ocean genome commons (Table 1). Paper 1 addresses the relationships between countries of origin and 

countries of science. The scope of this study goes beyond the marine context. It covers DSI primary 

publications more broadly, a choice made to connect to similar research on global user-provider 

relationships that got published during my PhD (Scholz et al. 2021). Paper 2 analyzes patent-to-science 

citations to trace the flow of marine genetic research between countries of science and patenting. Paper 

3 is a collaborative paper with researchers from the Stockholm Resilience Center, following up previous 

29

https://www.ncbi.nlm.nih.gov/genbank/
https://apex.ipk-gatersleben.de/apex/wildsi/r/wildsi/home
https://obis.org/
https://www.lens.org/
https://github.com/pduns


 

studies on the patent landscape around marine genetic resources (Arnaud-Haond, Arrieta, and Duarte 

2011; Blasiak et al. 2018).  

Title Data sources Methods Scope Embedding in the 

commons framework  

Global Extractivism 

of Digital Sequence 

Information: 

Structural and 

Temporal Dynamics 

(Paper 1) 

WiLDSI database 

(DSI metadata and 

lists of species 

covered by 

multilateral 

regimes); The Lens 

(bibliometric and 

semantic data); 

OBIS (taxonomic 

data)  

Logistic 

regression; 

Word co-

occurrence 

network 

analysis; 

Leiden 

community 

detection 

Marine and 

other genetic 

resources; 

relations 

between  

countries of 

origin and 

countries of 

research 

Trends in international 

collaboration in the 

collection and 

scientific use of 

genetic resources; 

reciprocity and equity 

Conducting marine 

genetic research for 

whom? Mapping 

knowledge flows 

from science to 

patents 

(Paper 2) 

OBIS (taxonomic 

data); GenBank 

(DSI metadata); 

The Lens 

(bibliometric, 

patent, and 

semantic data) 

Quantitative 

descriptive data 

analysis; 

Semantic 

analysis of 

paper titles  

Marine genetic 

resources; 

relations 

between 

countries of 

research and 

countries of 

patenting 

Freeriding on the 

provisioning of 

scientific research;  

equity 

Growing 

prominence of 

deep-sea life in 

marine 

bioprospecting 

(Paper 3) 

GenBank’s patent 

division; Orbis 

Quantitative 

descriptive data 

analysis; 

taxonomic 

analysis; 

various 

bioinformatic 

techniques 

(e.g., BLAST) 

Marine genetic 

resources; 

landscape of 

patent applicants 

and countries of 

patenting 

Enclosure of 

knowledge and 

concentration of 

intellectual property 

rights; sustainability 

and equity 

Table 1: Overview of data sources, methods, scope, and embedding in commons governance theory for 

the three papers.  
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6. Paper 1: Global Extractivism of Digital Sequence Information: Structural 
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Abstract 

Do developed countries disproportionately extract digital sequence information (DSI) from developing 

countries? Existing research suggests that scientists are generally more likely to use genetic sequences 

from within their own geographic and economic context. This paper provides a differentiated empirical 

analysis, exploring whether and where certain forms of ‘DSI extractivism’ exist. We conceptualized DSI 

extractivism as a relationship in which some countries source economically or scientifically valuable 

genetic information from other countries without the involvement of local scientists. Using a bibliometric 

dataset of 94,598 publications, we found such relationships to be most prevalent when researchers 

from developed countries sourced DSI from developing countries. Basic research activities and the 

sourcing of DSI from marine organisms, threatened species, or mega-biodiverse countries were most 

indicative of extractivism, pointing to persistent problems related to funding schemes and international 

cooperation. The more applied research types of biotechnology and public health were less affected. 

Finally, we observed a decline of extractivism over time, which can be interpreted in terms of the impacts 

of access and benefit sharing regulations since the 1990’s as well as increases in developing countries’ 

scientific capacities. Our findings provide a nuanced assessment of global information extractivism in 

genetic research, highlighting positive developments as well as persistent equity issues to be 

considered under relevant UN fora, such as the United Nations Convention on Biological Diversity 

(CBD).  

Significance Statement 

The paper offers a detailed analysis of non-cooperative relationships between DSI provider and user 

countries, a phenomenon which we call ‘DSI extractivism’. Contrasting previous research that has 

questioned the prevalence of global imbalances in this context, it provides evidence that up to 40% of 

all international DSI research is extractive. However, it also shows that DSI extractivism has gradually 

decreased over time, giving rise to more collaborative forms of research. These insights are of high 

relevance to the emerging global regulatory framework on the collection and use of DSI under various 

multilateral UN fora, as well as to public institutions and scientific communities seeking to establish 

forms of international collaboration that have long-term capacity building effects.  
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Main Text 

Introduction 

Digital sequence information (DSI), or genetic sequence data, is essential to genetic research, 

biotechnology, and biodiversity or disease monitoring. Considered as a prime example of a global 

information commons (1), DSI is globally collected and made openly accessible through the 

International Nucleotide Sequence Data Collaboration (INSDC), a collaboration between the world’s 

largest genetic sequence databases. Regulatory intervention into this important information ecosystem 

is often met with suspicion, particularly by scientific and corporate DSI users who consider it as 

imperative that scientific openness and freedoms are maintained (2, 3).  

However, representatives of developing countries as well as Indigenous peoples and local communities 

have criticized the current state of this information commons for the lack of clarity on geographic DSI 

origins, associated sovereign rights, and benefit sharing from the use of DSI. Extending the long-

standing political debates over global access to and usage of ‘physical’ genetic resources, this ‘digital 

version’ in form of DSI has thus appeared as a central negotiation issue under the Convention on 

Biological Diversity (CBD), the World Health Organization (WHO), the UN Food and Agricultural 

Organization (FAO), the UN Convention on the Law of the Sea (UNCLOS), and the World Intellectual 

Property Organization (WIPO). Across these fora, Parties are currently struggling to develop and 

implement a new legal framework that, on the one hand, ensures sustained access to DSI and, on the 

other, creates equitable conditions for providers and users of different world regions.  

The concerns over access and equity regarding DSI need to be seen in the context of colonial and post-

colonial histories of resource extraction from the Global South to the Global North (4), and a 

fundamental normative shift from a common heritage system to the legalization of property rights (5). 

Especially since the early 1990s, negotiations in the CBD and the FAO underscored the value of genetic 

resources for industrialized countries and the desire of developing countries to control access to their 

plant genetic resources (6, 7). While addressing these inequities in the realm of physical genetic 

resources has been one of the main aims of the CBD since its entry into force in 1993 and its Nagoya 

Protocol, which entered into force in 2014, similar concerns shape current discussions about DSI. Some 

observers argue that the lack of regulation on DSI constitutes a loophole that encourages new forms of 

‘biopiracy’, allowing researchers and commercial users to bypass existing regulation on access and 

benefit sharing (8–10), or ‘helicopter-research’, describing the non-involvement of local researchers 

when sampling in developing countries (11–13). Furthermore, there are concerns over lacking 

recognition of the Indigenous origins of DSI and associated rights (14). 

To better understand the relationship between DSI origins and usages, the CBD commissioned several 

studies in 2018 to provide a clearer picture of the global DSI ecosystem and to explore options to 

increase transparency and equity (15, 16). These efforts led to the construction of the WiLDSI database 

(17), which entails structured DSI metadata on origins and user affiliations. The empirical studies 

building on this database indicate that, in fact, most users rely on DSI from within their own geographic 
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or economic context (15, 18), questioning the notion of a clear ‘global user-provider relationship’ in 

which DSI primarily flows from developing to developed countries. In a certain sense, these findings 

leave it unclear whether access and benefit sharing for DSI is necessary at all. 

While these studies provided a much-needed empirical assessment of global trends in the provision 

and usage of DSI, they did not scrutinize equity dimensions of cases where scientists sourced 

information from other countries. The fact that researchers are generally likely to source DSI 

domestically does, in our view, not preclude the parallel existence of unbalanced and extractive user-

provider relations. To evaluate this, we defined DSI extractivism as a relationship in which a country, 

through its scientists, sources economically or scientifically valuable genetic information from other 

countries without involvement of local researchers. This notion of DSI extractivism mirrors equity issues 

articulated in the literature on helicopter research (11), but it emphasizes the embeddedness of such 

practices in persistent global relationships between countries, or groups of countries, and across time 

(19). Our understanding of the concept thus builds on what (18) described as user-provider relations, 

but it focuses specifically on the quality and directionality of these exchanges.  

To empirically research the structural and temporal dynamics of global DSI extractivism, we used the 

WiLDSI database (17) to identify 94,598 publications for which DSI was collected and published 

together with one or, as in most cases, several ‘country of origin’ labels indicating the provenance of 

underlying samples. For each publication, we aggregated all countries of origin and author affiliations 

into economic groups, namely the Organization for Economic Cooperation and Development (OECD), 

the Group of 77 (G77), or the group of Brazil, Russia, India, China, and South Africa (BRICS). We 

considered a publication to be extractive if it was exclusively authored by scientists of one economic 

group but sourced DSI from another group. This allowed us to measure and compare shares of DSI 

extractivism across different group-group constellations, to trace developments over time, and to 

statistically explore the effects of contextual variables clustered under ‘research types’ (e.g. 

biotechnology or basic research), ‘regulatory contexts’ (e.g. marine genetic resources or pathogens), 

‘socio-ecological contexts’ (mega-biodiverse countries or IUCN threatened species), and ‘taxonomy’ 

(assessed at the superkingdom level).  

Results 

Who extracts DSI from where? 

We found 33,072 publications that rely on ‘internationally sourced’ DSI (i.e. DSI that was collected within 

a relationship between a provider group and a user group). The other 61,526 publications only sourced 

DSI from within the same group as their author affiliations. Amongst all group-group relationships, 

OECD researchers were the ones who sourced most DSI from others, namely for 18,870 publications 

from G77 countries and for 12,861 publications from BRICS countries (Fig. 1). In turn, BRICS 

researchers sourced 4,175 publications from the OECD and 3,619 from G77 countries. G77 

researchers registered 2,993 publications with OECD origins and 2,232 with BRICS origins.  
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Fig. 1. Directionality of international DSI sourcing between economic groups and associated shares of 

extractivism. Edge thickness corresponds to the number of publications sourcing DSI from a group and edge color 

to the share of extractive publications within the relationship. Node color shows a group’s extractivism share and 

node size reflects a group’s number of internationally sourced DSI publications. 

Out of the 18,870 publications in the G77-OECD relationship, we identified 45.7% to have been 

exclusively authored by OECD researchers and thus extractive, which marks the highest share in all 

group-group relationships (Fig. 1). This was followed by the BRICS-OECD relationship with an 

extractivism share of 38.3%. G77-BRICS had an extractivism share of 22.1%, OECD-BRICS a share 

of 21.4%, BRICS-G77 a share of 11.5%, and OECD-G77 a share of 8.7%. Overall, 39.7% of all 

internationally sourced DSI publications were linked to extractivism. 

Contextualizing DSI extractivism 

Figure 2 displays the distribution of DSI publications across taxonomic groups, research types, and 

socio-ecological or regulatory contexts. Scientists were most likely to internationally source DSI in the 

contexts of research on threatened species (72.1%), mega-biodiverse countries of origin (59.1%), basic 

research (56.5%), and eukaryotic species (52%). Within these distributions, shares of extractive 

publications were highest for threatened species (25.4%), basic research (18.5%), mega-biodiverse 

origins (17.5%), marine (16.6%), and eukaryotic species (16.4%) (Fig. 2).  
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Fig. 2. Distribution of DSI publications and sourcing types across variables. Extractive publications (red) 

sourced DSI internationally but without involvement of local researchers as authors while collaborative publications 

(blue) included at least one local researcher. Exclusively domestic publications (grey) only sourced DSI from within 

their own economic group. Each publication was linked to one unique research type (public health, biotechnology, 

basic research). The other variables of taxonomic groups (Eukaryota, Viruses, Bacteria, Archaea), regulatory 

contexts (pathogens, marine), and socio-ecological contexts (mega-biodiverse, IUCN threatened species) were 

assigned if a publication relied on at least one genetic sequence of that type.  

We used logistic regression to understand how these variables affected the statistical likelihood of DSI 

extractivism in the subset of internationally sourced publications. The probability of extractivism was 9.5 

percentage points higher for basic research compared to biotechnology, holding all other variables 

constant (Fig. 3). In turn, the probability decreased by 3.6 percentage points for public health-related 

research compared to biotechnology. Sourcing DSI from mega-biodiverse countries increased the 

probability of extractivism by 4.1, from threatened species by 7, and from marine species by 8.8 

percentage points. All effects were significant at a (p<0.001) significance level, apart from pathogens, 

which showed no significant effect.  
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Fig. 

3. Average marginal effects of contextual variables on the probability of DSI extractivism. Red markers 

indicate a significance level of (p<0.001). The effects for basic research and public health were both calculated in 

comparison to their baseline category, which was biotechnology. The other variables show the effects of a change 

from their non-condition (e.g. a publication that did not involve marine species) compared to that condition applying. 

For the underlying regression table, see SI Appendix, Table S2.  

Collaborative and extractive sourcing of DSI over time 

The share of extractive DSI publications decreased over time (Fig. 4). Out of the 902 publications 

published in the year 2000, 25% were extractive. In 2020, only 9% out of 3,024 publications were 

extractive. We found that the share of collaborative publications increased from 14% in 2000 to 29% in 

2020. Both international sourcing types account for an average of 35% of all DSI publications over time 

with some divergences but without any clear linear trends. 
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Fig. 4. Extractive (red), collaborative (blue), and total (grey) international DSI sourcing over time, measured 

in shares of all yearly DSI publications. Dotted lines show exact timelines while strong lines show projected 

linear trends.  

The Nagoya Protocol’s entry into force in 2014 did not have a large impact on overall international DSI 

sourcing nor on the sub-types. Even though the share of extractivism was, on average, lower after 2014 

than before, the relatively steady decline since 2000 indicates that factors other than the Protocol 

shaped this development. Similarly, rates of collaborative publications have steadily increased since 

2000 without any apparent impact of the Nagoya Protocol. Collaboration in international DSI sourcing 

dropped around the start of the Covid-19 pandemic in 2020 and has not recovered since then. 

Discussion 

Our study introduced a conceptual and empirical framework for studying global information extractivism 

in the DSI context. We identified publications that reflected extractive relationships and analyzed how 

these patterns evolved across contexts and time. The following section delves deeper into the observed 

structural and temporal dynamics and explores their policy implications. 

A large share of DSI originates in extractive research practices 

Previous studies demonstrated that scientists generally use DSI from within their economic groups, 

which led to questioning the hypothesis of an imbalanced global provider-user relationship (15, 18). We 

aimed to complement these observed ‘net provision-use balances’ by investigating the quality and 

directionality of cases where DSI was sourced internationally.  
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We found that around 35% of publications sourced DSI internationally, out of which 40% were 

extractive. Scientists affiliated with OECD countries were by far the most active in both sourcing DSI 

internationally and engaging in extractivism. 45% of studies that involved DSI from G77 countries and 

were conducted by OECD researchers did not include any local authors. These findings suggest that, 

while scientists generally tend to source DSI domestically, international sourcing remains an important 

yet potentially problematic aspect of the global DSI landscape.  

Basic research is the most international, but also the most extractive research field  

Tendencies to rely on international DSI origins differed considerably across scientific fields. While 

56.5% of basic research publications relied on international sources, only 40.1% of public health and 

32.3% of biotechnology publications did so. Amongst these international DSI publications, the statistical 

likelihood of extractivism was significantly higher for basic research compared to the more applied 

research types of biotechnology and public health. 

Two main factors likely shape how international a research field’s DSI sources are. Firstly, regulations 

for research of commercial or bio-safety relevance are stricter than for basic research in many countries, 

including Nagoya Protocol Parties (Brazil, Costa Rica, Ecuador, Peru, Namibia) and non-Parties (e.g. 

Chile, Colombia) (20, 21). Secondly, basic research often requires the collection of materials from a 

wide variety of domestic and foreign locations. For instance, this is the case for phylogeography, which 

seeks to understand species distributions across a variety of geographic contexts. In turn, 

biotechnological research tends to rely on genetic materials of microbial species that are often highly 

cosmopolitan, making it less of a necessity for researchers to enter specific (foreign) natural 

environments (22).  

If DSI gets sourced internationally, national funding priorities may play a big role in shaping the 

likelihood of extractivism across research fields. Investments into basic research are generally 

considered as ‘high risk’ in comparison to applied research, which contributes to significant 

underfunding and to fundamental gaps in our understanding of the planet’s biodiversity (23–25). This 

lack of basic research funding is even stronger in developing economies (26, 27). It might thus be the 

case that the little funding available in developing countries flows towards the applied research types 

of public health and biotechnology, positioning local scientists to collaborate more actively in those 

areas. A competing explanation is that the already mentioned regulatory differences across research 

fields also affect authorship constellations. Countries like Argentina, Brazil, and Peru put concrete 

obligations on foreign researchers to cooperate with local institutions and scientists when accessing 

genetic resources under their jurisdiction (21). However, further research is required to understand how 

exactly this shapes authorship constellations and, if so, if that affects basic research differently 

compared to applied research.  
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Increased likelihood of DSI extractivism in research involving threatened species and mega-

biodiverse countries of origin 

IUCN-assessed threatened species are a small but highly international source of DSI. We found that 

72.1% of publications involving threatened species were sourced internationally. This is not surprising, 

as most of them live in the Global South (28) while most scientists studying them are based in the 

Global North (26). The same pattern presumably applies for the publications that sourced materials 

from mega-biodiverse countries (59.1%). 

DSI publications that involved threatened species were significantly more likely to be extractive than 

publications that did not. This was not necessarily an anticipated finding; many countries have stricter 

regulations on research in protected areas or on endangered species (29). This could theoretically lead 

to more rather than less collaboration with local researchers (as is the case for applied research). But 

it appears that other mechanisms are at play. An explanation may be found in socially or culturally 

shaped research priorities, such as the known bias towards ‘charismatic’ and threatened species (30, 

31). This specific bias might be more prevalent for OECD-funded research, while funding for BRICS or 

G77 scientists might follow other trajectories, thereby reducing local involvement in research on 

threatened species.  

The significantly increased probability of extractivism for mega-biodiverse DSI origins fits into the often-

voiced narrative by these countries’ representatives according to which they provide a considerable 

amount of DSI to developed countries’ researchers without sufficient levels of cooperation. Previous 

research showed that developing countries often provide access to study sites and data while being 

dependent on researchers and institutions in the Global North for analysis and dissemination (29, 32). 

Such global dependencies are particularly strong for mega-biodiverse regions (26), which offers an 

explanation for these findings.  

Marine organisms 

47% of the publications related to marine organisms sourced DSI internationally. Their likelihood of 

extractivism was significantly higher compared to non-marine publications. This finding corresponds to 

our initial expectations – marine genetic research requires a higher level of research capacity than 

terrestrial research, such as funding and equipment (23). These capacities are highly concentrated in 

a small number of developed states (33, 34). It is thus reasonable to assume that economically less 

developed countries face greater challenges in collaborating in marine research.  

DSI extractivism declines over time 

Interestingly, and importantly, we observed that DSI extractivism has declined steadily over time. Rates 

of international research collaborations have simultaneously increased while the overall rate of 

international DSI sourcing remained relatively stable at 35% out of all DSI publications.  

The lack of concrete events that changed these trajectories, besides a dip in collaboration at the time 

of the Covid-19 pandemic, indicates that the Nagoya Protocol did not have an observable impact. 
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However, the decline in extractivism could be related to the adoption of the CBD in 1992. A recent study 

on capacity building in marine genetic research showed that several developing countries substantially 

increased their capacities after the CBD’s adoption in 1992 (35). Similar trends affect biological research 

more broadly (29), which likely contributed to the observed decline in DSI extractivism.  

Beyond regulatory measures, the trends are likely related to economic development, general increases 

in international scientific collaboration, as well as increased relevance of ethical standards within the 

scientific community. Economic capacity significantly impacts research capacity in developing countries 

(35), which, in turn, might shape extractivism and collaboration rates. Furthermore, international 

cooperation in biological research has generally become stronger in recent decades due to scientists 

recognizing that more collaboration is needed to improve the quality of scientific research (36, 37). This 

has made research funding schemes more international, contributed to the global pooling of research 

capacities, and led to an increase in interdisciplinary research (26), all of which likely contributed to the 

ratio between extractivism and collaboration in our data.  

Our measurement of collaboration applied to any publication that involved at least one local author, 

which results in higher observed collaboration rates than when applying stricter criteria, such as whether 

local researchers were involved as lead authors (29). To account for this difference, we took the 

additional step of contrasting ‘foreign lead authors’ and ‘strong collaboration’ types of international DSI 

publications (SI Appendix, Fig. 4). Although the slope for strong collaboration is lower compared to the 

collaboration slope in the main text’s Figure 4, the overall trajectories of declining extractivism and 

increasing collaboration remain the same even if using this stricter measurement.  

Policy implications 

The existence of imbalanced relationships in the international collection and use of DSI poses questions 

to scientists, funding bodies, and policymakers alike. There is a wide body of literature that stresses the 

importance of engaging local contexts when conducting research, including its people and 

infrastructures. Collaborating with local researchers can substantially improve the quality of research 

questions and increase research impact (11, 38). Relying on local infrastructure can ease sample 

storage, which is particularly relevant in the study of temperature-sensitive or protected species (11). 

Local-global partnerships can play a key role in expanding the scope of biodiversity data coverage to 

currently underrepresented regions (39, 40), particularly in terms of building up the required 

bioinformatics infrastructures and providing necessary training and technologies (41). 

Our findings of high levels of extractivism in basic research may be of particular concern to policymakers 

working in the nexus of conservation, science and innovation. Basic research activities, such as 

taxonomy and phylogeography are recognized as the foundations for effective conservation efforts (27). 

Lacking collaboration in these fields prevents the production and dissemination of essential knowledge 

to support such conservation efforts in developing countries (42). Additionally, taxonomic research 

provides essential organismal knowledge for novel biodiscoveries (23, 43). Lacking basic research 

funding and cooperation thus also hinders social and economic innovation in developing countries.  
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Policymakers may also need to consider how to not only encourage scientific collaboration as such but 

rather forms of collaboration that have positive long-term effects on developing countries’ scientific 

capacities and produce locally relevant knowledge (32). Funding bodies in OECD countries often 

require researchers to engage in collaboration with local researchers but do not necessarily allow funds 

to be spent on measures that would integrate local researchers and institutions in a co-productive 

manner (29). For instance, local researchers often help foreign researchers in accessing field sites and 

in data collection, but are not involved in the conceptualization, analysis, and dissemination phases of 

research. The research is thereby less likely to contribute to long-term knowledge and capacity building 

in local contexts (11, 29). This disconnect was visible in our data in the persistent share of exclusively 

foreign-led publications amongst collaborative publications (SI Appendix, Fig. 4). In this sense, the level 

of research leadership may be the next frontier in tackling imbalanced forms of global research.  

Finally, our study highlights both the political and scientific value of high quality DSI metadata. Studying 

global-provider relationships, as we did here, requires accurate country of origin as well as taxonomic 

information. Many future research directions require additional information. For instance, opening the 

black box of user-provider relations as it relates to the usage of DSI from Indigenous territories requires 

geo-coordinates and biocultural labelling within metadata (14). Increasing transparent and in-depth 

metadata is considered key in operationalizing the FAIR and CARE principles, which provide 

complimentary frameworks that ensure data is both scientifically useful and aligned with Indigenous 

rights and interests, allowing them to stay connected to data held about their lands, waters and 

territories (44, 45). Additionally, the recently adopted UNCLOS Treaty on Biodiversity Beyond National 

Jurisdiction (BBNJ Treaty) introduced obligations on researchers to report a ’BBNJ batch identifier’, 

which is expected to establish more transparency on the usage of marine genetic resources sourced 

from the High Seas. Beyond the socio-political relevance of metadata, poor metadata standards are 

harmful to biodiversity research and monitoring efforts (46–48), as effective biodiversity monitoring 

relies on robust, contextual and inclusive datasets (42). The INSDC has recognized this and is 

introducing new metadata standards, which are expected to strengthen scientific and regulatory efforts 

(49). 

Limitations and future research 

Future research may fruitfully extend our analysis of global DSI extractivism by extending it to a wider 

range of DSI users. For instance, researchers who cite already published DSI in follow-up scientific 

publications (‘secondary DSI publications’) or in patent applications might be integrated into the analysis 

to construct a more extensive analysis of user-provider relations (18). At the same time, moving from 

the global perspective to concrete case studies of countries to understand how different types of 

national regulation or other factors, including funding schemes or collaborative programs, have 

influenced user-provider relationships over time would be an important step to explore mechanisms for 

successful policymaking in a systematic manner, a point that was previously noted (35). Finally, building 

a methodology to analyze user-provider relations in the context of DSI of Indigenous origin would be an 
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important research endeavor, yet requiring a different ‘sub-national’ operationalization of the concept 

of DSI extractivism.  

Materials and methods 

DSI metadata and bibliometric information 

We used the continuously updated WiLDSI data portal (17) to download information on a total of 

36,770,689 unique genetic sequences (i.e. DSI entries) with given country of origin information 

(downloaded on July 27th, 2024). The dataset also linked sequences to taxonomic IDs (taxIDs), 

indicating the species the DSI was sourced from, and to publication IDs. We standardized country of 

origin names and, where possible, linked them to one of the following economic groups: OECD, BRICS 

(using their original membership list consisting of Brazil, Russia, India, China, and South Africa), or G77 

(SI Appendix, Supporting text 1). To reduce the complexity of the analysis, we prioritized BRICS over 

G77 and G77 over OECD membership for countries that were members of multiple groups. To 

subsequently merge this data with bibliometric information, we cut the dataset down to all sequences 

that were linked to at least one unique publication ID. This resulted in a dataset of 12,040,057 

sequences linked to a total of 101,111 unique publications, which can be accessed as SI Appendix, 

Dataset S1. 

We used the scholarly API of the database The Lens to collect detailed bibliometric information on 

paper titles, publication years, as well as author information, including their institutional affiliation and 

affiliation country (SI Appendix, Supporting text 2). We managed to download bibliometric information 

for 96,842 out of the 101,111 publications with varying levels of coverage for the different bibliometric 

indicators (downloaded on December 12th, 2024). For authors whose institutional affiliations but not 

their affiliation countries were known, we text-mined their institution names and linked them to countries 

using a rules-based approach (43). We then linked all affiliation countries to economic groups following 

the same procedure as described above for the countries of origin. These steps reduced the final 

scholarly dataset to 94,772 publications with at least one known author affiliation country and group, 

which can be accessed as SI Appendix, Dataset S2. 

Variables 

DSI sourcing type 

We merged the scholarly dataset with the DSI metadata and iterated through the list of publications to 

identify a) whether DSI was sourced from one or several economic groups, and b) whether authors 

were affiliated with one or several economic groups. If a publication’s authors were exclusively affiliated 

with one group and exclusively sourced DSI from the same group, the publication was labelled as 

having a ‘domestic’ DSI source (see Fig. 2). If the authors were exclusively from one group and sourced 

DSI from any other group, the publication was labelled as ‘extractive’. If author and origin groups did 

not match, but authors were not exclusively from one group, we labelled the publication source as 

‘international collaboration’. To contrast this ‘low threshold’ measurement of collaboration with a stricter 
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version, we further distinguished collaborative publications into an ‘exclusively foreign lead authors’ and 

‘strong collaboration’ type for SI Appendix, Fig. S4.  

Research types 

We used word co-occurrence analysis and network community detection (50) to classify publications in 

terms of research types, using semantic information contained in their titles (Appendix SI, Supporting 

text 3). We first pre-processed these titles to cut less meaningful words and to reduce computational 

run-times, which is a common procedure in computational text analysis (51, 52). This included word 

lemmatization, stop word removal, removal of country and region names, cutting words that occurred 

less than twice in the entire corpus, and cutting most generic words using frequency-inverse document 

frequency (tf-idf) weighting (53). We then constructed a word co-occurrence network by iterating 

through each processed title, counting all co-occurring terms and assigning a weight of 1 for each 

encountered connection. For instance, if a specific word-word connection occurred in five titles, the 

connection would have a weight of 5. Once the co-occurrence network was constructed, we further 

reduced it to its structurally most meaningful connections by applying network backboning, again to 

reduce noise and computational run-times (54). 

Next, we applied the Leiden community detection algorithm (55) to identify community structures in the 

word co-occurrence network, a common strategy for finding structures in semantic network data (50, 

56). We ran the algorithm at different resolution settings and analyzed the resulting partitions using a 

combination of modularity maximization and qualitative interpretation to find a statistically viable but 

also human-readable classification of DSI research types (57). We ultimately chose a partition of three 

communities, for which we inductively analyzed the highest inner-community weighted terms and 

determined the labels ‘basic research’, ‘biotechnology’, and ‘public health’ (SI Appendix, Fig. S2). We 

triangulated this labelling approach with a close reading of publication abstracts for those publication 

titles that were best matching a community’s words, thereby affirming the three labels. We used the 

same community-title matches to eventually link the research types back to the scholarly dataset in the 

form of separate binary variables to streamline calculations for the logistic regression analysis. We 

could not re-link 174 publications, which was due to their titles being left without any words to link to 

after the data cleaning steps. As such, we continued our analysis with a reduced corpus of 94,598 

publications.  

Control variables 

We linked all taxIDs present in the DSI metadata to taxonomy lineage data of the National Center for 

Biotechnology Information (NCBI) using NCBI’s command-line tool to understand which taxonomic 

groups a publication sourced DSI from. We managed to collect lineage data on 1,525,119 out of the 

1,532,757 unique taxIDs present in the WiLDSI data. 1,327,944 of these taxIDs had a taxonomic rank 

at the species level and had information filled in at the superkingdom level. We linked the identified 

categories back to the WilDSI data via the taxIDs. Around 54% of the 36,002,632 sequences under 

analysis were of eukaryotic, 30% of viral, 11% of bacterial, and 1% of archaeal origin. Finally, we 
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evaluated for each publication whether it sourced at least one sequence from any of these taxonomic 

categories and, if so, labelled a publication accordingly.  

We used a pre-defined list of taxIDs linked to pathogens that are likely to be included in a future WHO 

Pandemic Preparedness Framework, as defined by (2), to identify publications that involved pathogen 

DSI. We labelled each publication as ‘pathogen’ if it included at least one sequence of a matching taxID. 

Next, we searched for DSI that is linked to taxIDs of crop types that are covered by FAO’s Seed Treaty 

following the same approach as for pathogens (2). However, we decided to drop this variable as we 

found an unreasonably small associated share of crop DSI. This is likely related to a bias specific to 

crops in the WiLDSI data, as countries of origin rarely get reported for them (2).  

We identified marine genetic resources following a name matching approach described in previous work 

(43), which involves matching species names linked to DSI with the World Register of Marine Species 

(WoRMS) and, to achieve better coverage of microbial species, an additional list of patented marine 

genetic sequences (58). The name matching approach was more useful than working with taxIDs in the 

case of marine organisms, as we were not aware of any pre-defined list of marine genetic resource 

taxIDs. We also relied on name matching when evaluating whether a publication involved DSI of 

threatened species, as the IUCN Red List does not use NCBI taxIDs as their primary taxonomic 

identifiers. We searched for matches between the DSI species names and the IUCN Red List’s 

‘threatened’ meta-category, which resulted in 61,914 matched species and 938,325 matched 

sequences. We considered any of these labels to apply to a publication if it relied on at least one 

sequence from that category (e.g. if it relied on at least one sequence from a marine species). 

We further controlled whether DSI was extracted from a mega-biodiverse country, using the definition 

of the ‘likeminded’ mega-biodiverse countries to the CBD (59). This alliance includes Bolivia, Brazil, 

China, Colombia, Costa Rica, Democratic Republic of Congo, Ecuador, Ethiopia, Guatemala, India, 

Indonesia, Iran, Kenya, Madagascar, Malaysia, Mexico, Peru, Philippines, South Africa, and Venezuela. 

Most frequent sample origins were China (46%), Brazil (14%), and India (14%). From the sub-group of 

mega-biodiverse G77 countries, highest shares were Mexico (24%), Iran (15%), and Malaysia (13%). 

We assigned the label ‘mega-biodiverse origin’ if a publication sourced at least one sequence from any 

country on the list.  

The resulting dataset, which is based on the scholarly dataset but includes all variable labels can be 

accessed as SI Appendix, Dataset S3. SI Appendix, Table S1 provides an overview of the constructed 

variables.  

Logistic regression analysis 

We used logistic regression to calculate the effects of research types and control variables on the binary 

outcome of DSI extractivism for the subset of 33,072 internationally sourced DSI publications. We 

checked for potential multicollinearity issues, which led us to exclude the taxonomic categories due to 

their relatively high correlations with research types (SI Appendix, Fig. S3). We chose ‘biotechnology’ 
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as the baseline against which to calculate effects for public health and basic research. Changing the 

baseline category did not affect the results. For instance, if using public health as a baseline, 

biotechnology would show the same strength of effect as public health does, just in the opposite 

direction. We visualized the findings in terms of average marginal effects, keeping all other variables 

constant at 0 (Fig. 3). SI Appendix, Table S2 shows the regression results.  

Data and code availability 

All data used in this study is accessible as SI Appendix, Datasets S1-S3. All Python code used in this 

study is available at: https://github.com/pduns/global-dsi-extractivism.git.  
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Marine genetic resources hold great value for biotechnological innovation and sustainability-oriented
research. However, studies indicate that intellectual property rights pertaining to these resources are
concentrated in a handful of companies and countries, triggering contentious international debates.
This paper highlights an overlooked dimension: the flow of scientific knowledge in the provision and
use of marine genetic research. We identified 23,417 scientific studies that use marine genetic
sequences, traced patent references to these studies, and revealed provider and user countries. We
found thatmolecular biological research, oftentimesonbacterial species, attracted themostpatenting
interest. Some countries owned relatively more patents than they provided in science, with the U.S.
benefiting themost from available research. Science by developing countries’ researchers saw limited
uptake in patents. These findings aim to inform international biodiversity regimes, such as the UN
Treaty on Biodiversity Beyond National Jurisdiction (BBNJ), on how to more equitably distribute
marine genetic resources’ economic, socio-cultural, and ecological benefits.

Having evolved over 3.7 billion years, marine biodiversity constitutes a
highly rich yet understudied pool of genetic diversity1. Conceptualized as
‘marine genetic resources’, genetic materials from the ocean and the
sequence data derived thereof have attracted increased economic interest as
a source for biotechnological innovation in recent decades2. For instance,
scientists have turned to the deep sea to search for new antibiotics in the face
of emerging multidrug resistance3. Microorganisms of the genus Pseudo-
monas were found to degrade plastics, which has led scientists to consider
these properties in bioremediation strategies4. The market value for marine
biotechnology has been projected to reach $6.4 billion by 20255. Beyond
commercial value, genes and genetic diversity provide essential ecosystem
services6. This includes ecological benefits, as the genetic variability of a
species can play a crucial role in its adaptive capacity and resilience to
environmental pressures7,8, such as ocean warming9,10, acidification9, or
decreases in salinity levels11. As most attributes of organisms are encoded
within genes, marine genetic resources also bear value to humanity and to
Indigenous and local communities, more specifically as a source of
nutrition12 and an important element in socio-cultural practices13,14.

In light of their multiple benefits, marine genetic resources and related
biotechnological applications are considered an important pillar of the ‘blue
economy’, which aims to promote environmentally sustainable and equity-
focused economic activities in the ocean15. Due to the richness of marine
biodiversity in many places of the Global South, marine genetic resources

bear particularly great potential among various sectors of the blue economy
in supporting more equitable use of ocean resources16. However, achieving
benefits from marine genetic resources requires economic, scientific and
technical capacities to collect and use the necessary materials and data17. At
present, these capacities are highly unequally distributed at the global
level18–23. Capacities to conduct marine biological research, measured in
terms of publication output, are dominated by developed countries22–24.
Developing countries have increased their capacities over the past years, but
they are still comparatively low23,24. This can also be observed in the number
of vessels nationally available for scientific explorations25. Global imbalances
in capacity shape the distribution of intellectual property onmarine genetic
resources as well, as patent applications are highly concentrated in only a
handful of countries and companies18–20. New policies and practices of
resource management will be needed for marine genetic resources to reach
their full potential.

Capacity-building and benefit-sharing for developing countries have
thus been central issues for biodiversity governance in recent years. Fol-
lowing international frameworks on plant and viral genetic resources under
the Food and Agricultural Organization of the United Nations (FAO) and
the World Health Organization (WHO), the Nagoya Protocol26 to the
Convention on Biological Diversity (CBD) was the first step to regulate
marine genetic resources27. Having entered into force in 2014, this protocol
aims to prevent cases of inequitable extraction of terrestrial and marine
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genetic resources by obliging users to enter bilateral agreements with those
countries in which they collect materials. In the context of a recent decision
to develop access and benefit-sharing measures for genetic sequence data
(also called ‘digital sequence information’—DSI)28, Parties to the CBD are
now considering how to extend or transform these existing arrangements29.
These discussions have carried over to negotiations on a legally binding
treaty on the conservation and sustainable use of Biodiversity Beyond
National Jurisdiction (BBNJ), which was adopted in June 2023. States
contentiously negotiated for over five years on howbenefits arising from the
use of marine genetic resources should be shared multilaterally. While
developing countries aimed for a treaty that draws on the so-called ‘com-
mon heritage of humankind principle’ with substantive provisions to alter
inequities in access and abilities to conduct research on marine genetic
resources, developed countries aimed for provisions more in line with the
status quo, namely the ‘freedom of the High Seas’30–32. Parties eventually
agreed on a compromise that includes the sharing of scientific data, inter-
national research opportunities, and the regular redistribution of monetary
benefits arising from the use of marine genetic resources to capacity-
building and conservation projects through a purposed fund33.However, no
concrete provisions affecting intellectual property regimes were
introduced34 and heavy bureaucratic burdens on scientific researchers will
likely be avoided35. Many details of the capacity-building and benefit-
sharing schemes under the BBNJ treaty and the CBD still need to be
negotiated moving forward. In the meantime, there is an acute need for
research on how such international frameworksmay effectively increase the
equitability and inclusivity of marine genetic research and related innova-
tion practices.

The literature on genetic resource governance provides insights into
mechanisms that, on the one hand, contribute to inequities in the global
distribution of scientific and technical capacities and, on the other hand,
could be leveraged to create more equity. A frequently highlighted point is
the importance of infrastructure in enabling marine genetic research, such
as sequencing equipment and other scientific tools36, research vessels25,
funding37, and data-sharing38,39. Development of infrastructure can be
supported by the above-mentioned biodiversity treaties and their
mechanisms for capacity-building23,40 and benefit-sharing25,41–43, as well as
through other public or private investments. Another line of research
focuses on social relations betweenscientists, highlightinghow international
collaboration choices can re-produce global imbalances as they favor
countries that are already within the scientific elite21. Without concrete
interventions in existing social networks, there are little opportunities for
new relationships and practices to emerge that would strengthen the
capacities of developing countries and their scientists21,44,45. A third line of
argumentation points to the importance of creating interactions between
academic research and corporate activities to strengthen blue economies,
including in developing countries17,46–48. A few case studies49,50 provide
insights into how such interactionsmay develop at different stages of typical
marine bioprospecting pipelines51. Described cases include a bacteria iso-
lated from the deep sea worm Alvinella Pompejana, which was collected by
French researchers and later used to develop a face cream49,52, and the
‘bengamide’molecule, whichU.S. American scientists found in a sea sponge
from Fiji and which inspired anticancer clinical trials by Novartis50,53.
However, it remains unclear how insights from these studies generalize to
interactions between marine genetic research and corporate activities
beyond these cases. A separate body of literature in innovation studies has
researched relations between scientific and corporate activities in more
generalizable terms as knowledge flows between actors54–60. However, this
literature has not yet informed the discussions or the research on equity
related to marine genetic resources.

To address this lack of systematic researchon relations betweenmarine
genetic research and corporate activities, we identified 23,417 scientific
papers associated with genetic sequences from 31,578 marine species in
GenBank, the biggest repository of sequence data. By tracing knowledge
flows from these studies, we established connections to a set of 7170 patents
that cite these papers on their front page. Finally, we linked scientific papers

to provider countries and patents to user countries through a combination
of available metadata and manual curation. We focus on the nation-state
level as this has been theprimary level of analysis in studies of global capacity
in marine genetic research and innovation activities. Even though nation-
states arenot the immediate producers or users of knowledgeflows, they can
nevertheless be understood as actors themselves as they regulate, fund and
benefit from national science and innovation systems61. Furthermore, they
establish the conditions for accessing and using genetic resources within
their jurisdiction and are entangledwith the interests of affiliated companies
and scientists62,63.

Our analysis first reveals which countries contributed most to the
publication of marine genetic studies. Second, it estimates the relevance of
these studies for either follow-up scientific publications (from here on
‘secondary science’) or patents and compares this at the national level.
Third, it explores which research content was most relevant to either sec-
ondary science or patents. Fourth, it examines how science and patenting
activities balanced across countries, measured in terms of aggregate pub-
lication and patent counts, as well as via estimation of knowledge flow from
science provider to patenting countries.

Results
Global imbalances characterize scientific capacity to sequence
marine genetic resources
Figure 1 displays how many marine genetic studies researchers from
economic groups and countries contributed to, either as lead or co-
authors. Organisation for Economic Co-operation and Development
(OECD) countries were responsible for around 77% of all papers.
Brazil, Russia, India, China, and South Africa (BRICS) accounted for
16%, Group of 77 (G77) countries for 4%, and others for 2%.
Researchers from the U.S., China, and Japan alone covered almost
50% of all papers. The most active G77 country was Thailand with
1%, and the biggest provider outside of the economic blocs was
Taiwan with 2% of all publications (publication numbers for the top
20 countries are visible in Table S1).

To estimate the relevance of publications to follow-up scientific studies,
we contrasted publication numbers with average citations by secondary
science. The countries with the highest average citations by science among
the top 20 were the United States, Germany, and Switzerland (Table S1).
Countries like China and South Korea hadmany publications but relatively
small average citations by science. We found that the number of publica-
tionswasmoderately correlated (p < 0.05, r = 0.27)with average citations by
science, and not correlated with average citations by patents (Table S2). The
data used for national-level analysis are available in Supplementary
data file 3.

As relevant to science, as relevant to patents: comparingcitation
frequencies
We compared how often a country’s marine genetic research got cited by
secondary science and by patents. We found a moderate positive and sig-
nificant correlation (p < 0.01, r = 0.36), implying that if a country’s research
is relevant for secondary science, it is also likely to be of some interest for
patenting (Table S2; Fig. 2).

However, for some countries, the relevance of their research for
patenting lay below the linear prediction. For instance, research that
included authors from Panama (‘PA’) had many citations from secondary
science, but close tono citations frompatents.Countrieswhose researchwas
similarly relevant to science would receive, on average, about one more
patent citation per paper. This is a lot, considering that the country most
relevant to patenting displayed here, Russia, only received around four
citations by patents per scientific paper. Other countries with low relevance
to patents were Austria (‘AT’), Czech Republic (‘CZ’), and Ireland (‘IE’). At
the other end of the spectrum, countries above the trendwere Russia (‘RU’),
Iceland (‘IS’), and the Netherlands (‘NL’). These latter countries’ research
got more cited in patents than would be expected from their relevance to
secondary research.
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Semantic polarization between science and patenting
To explain why certain types of research may be more or less relevant to
science or patenting, we constructed an indicator that ranks terms found in
the titles ofmarine genetic studies basedon their average citations fromboth
scientific publications and patents (Fig. 3). The indicator weights the words
by their frequency to reveal semantic leaning of commonly used words64.

Many of the words with the highest relevance to patenting were based
on one or two specific outlier publications that had received many patent
references (see Fig. S1). The relevance of the term ‘fluoresc’ related to a
publication titled ‘Fluorescent proteins from nonbioluminescent Anthozoa
species’ by a teamof Russian scientists65, which had receivedover 300 patent
citations. The significance of ‘human’ to patentingwas based on ‘Generation
and initial analysis of more than 15,000 full-length human and mouse
cDNA sequences’66, published by Canadian andU.S. American researchers.
‘Desaturase’ is a typeof enzyme, and thewordwas linked to twopublications
of high relevance to patenting: one from a team of researchers from the
UniversityofHamburg and the companyBASF that together had exploreda
marine diatom for cloning genes encoding fatty acid desaturases67; the other
fromCanadian andU.S. American researchers that had also been interested
in fatty acids and biosynthesis68. Considering the words of high relevance to
science, ‘genom’ and ‘evolut’ often appeared together in publications, such
as the study ‘The genomic basis of adaptive evolution in threespine
sticklebacks’69, published by a multinational team.

Selection and analysis of exclusively relevant words for patenting
revealed that many of them refer to specific marine organisms (such as
‘rhodothermus’, ‘tricornutum’, ‘tertiolecta’—indications of bacterial species
names) or molecular biology terms (for instance, biomolecules like fatty

acids, serine, and desaturase). On the contrary, words that were exclusively
relevant to scientific literature tend to be broader. Based on our selection
criteria (see methods section), only 72 words were identified as more
exclusive to patents in contrast with 1475wordsmore relevant to secondary
science. For studieswhere at least one of the researchers was affiliated with a
G77 country, the differencewas similar: 10 and177, respectively. The full list
of publications used for this analysis is available in Supplementary datafile 1
and a list of words that weremost exclusively relevant to patents and science
in Supplementary data file 2.

National science-patent balances
Next, we contrasted countries’ number of marine genetic studies to the
number of granted patents citing those studies (Fig. 4a). The assignment of
patent holders to countries was based on headquarters location (for com-
panies) or institutional location (for universities or public institutions).
Publication andpatent counts for the top 20 countries can be found inTable
S1 and for the top 20 institutions in Tables S3 and S4.

Figure 4a shows a strong and significant positive correlation (p < 0.001,
r = 0.84) between the number of published studies and patents (Table S2).
Themore a country publishes themore likely it is to ownpatents that rely on
marine genetic research. At the same time, the varying distances of each
country to the linear prediction line show that some countries contributed
relativelymore in terms of science than they patented, and, vice versa, others
patented more than they provided. Countries like Portugal (‘PT’), Mexico
(‘MX’), and Italy (‘IT’) published a lot while not patenting a lot, while the
United States (‘US’), the Netherlands (‘NL’), Denmark (‘DK’), and Swit-
zerland (‘CH’) patented a lot compared to how much they published. The
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Fig. 1 | Marine genetic studies per country and economic group. Box sizes represent shares of total publications.
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BRICS countries China (‘CN’) and Brazil (‘BR’) also fell far below the
predicted number of granted patents, and countries like Thailand (‘TH’) or
Greece (‘GR’) did not own any patents citing marine genetic studies. G77
countries were generally underrepresented in this plot, but a few exceptions
included Singapore (‘SG’), Chile (‘CL’), and Saudi Arabia (‘SA’).

Finally, we illustrate the knowledge flow between science provider and
user countries,measured via patent references to science (Fig. 4b).All top 10
users and9outof 10biggest providers belonged to theOECDblock,whereas
the share of other coalitions was very modest. Among the two biggest
providers of knowledge, Japan provided 2.8 times as much scientific
knowledge to other countries as it used from them for patenting and the
United States only contributed 0.6 times the amount it used from other
countries (Table S1).

Discussion
This study established a relational perspective on the provision and use of
marine genetic research by tracing how it becomes relevant to future sci-
entific and corporate activities and by identifying actors involved in the
process. We found research that employed molecular biological terms and
bacterial species names to have attracted the most references from patents,
unlike research on other scientifically relevant species. Nationally, our
findings reveal the dominance of marine genetic research in OECD coun-
tries, while the G77 was largely absent. Yet, important differences existed
even among OECD countries. Being the largest provider of scientific
knowledge and owner of patents, the U.S. usedmore knowledge from other
countries’ science than it provided to them. These findings have important
implications for international capacity-building and benefit-sharing.

Our analysis of national capacities to conduct marine genetic research
resembles findings of previous studies on marine biological research
capacities21–24. Alongside publication counts, we considered how frequently
a country’s research received citations from either secondary science or
patents and found a significant correlation between these indicators. Thus, if
a country’s research is considered valuable by other researchers, it would
likely also be valuable for patenting. However, a few outliers like Russia and
Iceland existed. A closer look at those two countries revealed that the
deviation may have been caused by the work of two scientific groups that
later became founders of highly successful biotechnological startups,
Evrogen in Russia (https://evrogen.com/about/about.shtml) and Proka-
zyme in Iceland (https://prokazyme.com/about-us/). Other explanations
may be found in research content (such as applied versus basic research),
language70, types of sequencing techniques (e.g., whole-genome sequencing
papers may receive more scientific citations than from patents), or inter-
national collaboration patterns.

Our semantic analysis of marine genetic studies’ titles revealed words
polarized in their relevance either for patenting or for secondary science.
While some terms of high scientific relevance, such as genomic (‘genom’)
and evolutionary (‘evolut’), related to basic research contexts, others may
indicate potentials for future natural product discovery. This included terms
like ‘mykiss’ (The rainbow trout O. mykiss), ‘dinoflagel’ (Dinoflagellates, a
group ofmarine plankton), ‘diatom’ (large taxonomic group ofmicroalgae),
and ‘ciona’ (a genus of sea squirts), which referred to a specific taxonomic
groupofmarine organisms. These latter termswere highly used by scientific
articles that studied molecular adaptation or contributed with full genome
sequence data yet did not receive much attention from patents. As genome

Fig. 2 | Relationship between average citations by secondary science and average
citations by patents per country. Figure is based on countries with more than 5
publications (n = 70). Node size displays the number of publications and color
displays economic group. 95% confidence intervals are displayed. Countries: US
United States of America, AT Austria, PA Panama, DE Germany, CH Switzerland,
NL Netherlands, GB United Kingdom of Great Britain and Northern Ireland, SE

Sweden, FR France, CA Canada, BE Belgium, AU Australia, DK Denmark, FI Fin-
land, IL Israel, NO Norway, SG Singapore, IE Ireland, JP Japan, NZ New Zealand,
RURussian Federation, CZCzechia, ES Spain, IS Iceland, IT Italy, ARArgentina, ZA
SouthAfrica, PTPortugal, IR Iran, PRPuerto Rico, IN India, CNChina,MXMexico,
KR South Korea, MY Malaysia.
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mining has become a time and cost-efficient method for predicting novel
biological enzymes71, these organisms may become relevant to future
innovation efforts. Words that were mostly relevant to patenting related
most to bacterial organisms, such as ‘rhodothermus’ and ‘tricornutum’, and
molecular biology terms and applications. For instance, the term ‘fluoresc’
points to research on fluorescent proteins, which have been a major source
of marine biotechnological innovation1.

The method of categorizing marine genetic research based on its
relevance to different applications holds significance to international
capacity-building initiatives and the broader design of research and
innovation systems. By moving beyond abstract and unrefined con-
cepts of research capacity in policy-making, we can identify concrete
research content that is likely to lead to particular research or
innovation and invest in local collaboration networks around cor-
responding scientific fields21,57. This method could, for instance, be a
useful guide to identify environmental and capacity-building projects
that should be funded via the purposed multilateral fund under
Article 52 of the BBNJ treaty72. Subsequent research may further
refine these findings and employ a more differentiated scheme of
application than the simple distinction between patents and sec-
ondary science employed here. For example, it might be reasonable to
single out scientific research or technologies that demonstrate a high
potential in achieving the Sustainable Development Goals, such as
microbial73 or microalgal biotechnology74, and explore which
semantic content they are related to. While we are currently not

aware of any research that evaluates applications of marine genetic
resources in terms of sustainability, planned future research should
provide concrete ideas in this regard.

After examining citation frequencies at the publication and country
levels, we ‘followed’ knowledge flows from science to the actual patent
documents to understand howmuchmarine genetic research each country
‘contributed’ and ‘used’, in the sense of referencing it as prior art in patent
applications. We found that scientific capacity corresponded to more
intellectual property on the basis of this research. The link between national
science and patenting activities might, to some extent, be related to the
central role of universities in patenting and commercializing research
findings58,75,76. Another plausible explanation is knowledge flows from
research to corporate activities that are not directly channeled via university
researchers yet still geographically bounded57. Looking more concretely at
the role of countries in the provider-user relationship, countries such as the
U.S., the Netherlands, or Switzerland owned considerably more patents
than expected based on the number of published studies, and, vice versa,
other countries owned fewer than expected (Fig. 4a). Overall, OECD
countries were by far the biggest producers of marine genetic research and
owned the most patents referencing this science. The predominant role of
OECD countries was even stronger when looking at knowledge flows
between provider and user countries, in which the U.S. and Japan acted as
the biggest knowledge providers (Fig. 4b). However, when disregarding
inner-country knowledge flows, we discovered that the U.S., Australia,
Great Britain, and others provided less knowledge to other countries than

Fig. 3 | Relevance to science versus relevance to patents for words in paper titles.
Node size corresponds to how polarized a word was according to the relevance
indicator. The indicator ranges from−1, indicating exclusive relevance to science, to

+1, indicating exclusive relevance to patents; 0 indicates that a word was equally
relevant to both science and patents. Words above the 0.995 quantile and below the
0.005 quantile were labeled to highlight most polarized words.
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Fig. 4 | National science-patent relations. a Comparing counts of marine genetic
studies and patents for countries with more than 5 publications (N = 70). Counts
were transformed using log(x+ 1) and log(y+ 1) to avoid hiding countries without
patents. A 95% confidence interval is displayed. Countries: US United States of
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they used, while Japan, Russia, France, and Spain provided distinctively
more than they used (Table S1). Despite their high dependence on marine
ecosystems77, G77 countries were nearly absent in marine genetic research
that contributed to technological innovations, which urges the need for
broader and more inclusive scientific collaborations.

Considering the status of genetic research as a public good that, at least
in terms of the genetic sequence data, is openly accessible and usable to
anyone78,79, these divergences raise the question of whetherwe are observing
a freeriding problem: some countries ‘use’ a lot of research for their inno-
vationswithout contributingmuch to the availability of that knowledge. The
freeriding, in this case, does not necessarily occur via the subtractability of
the scientific knowledge resource due to overuse, as referencing a study in a
patent does not directly diminish another user’s ability to do the same.
However, inmere economic terms, patents can lead tomonetary benefits for
their owners, and science creates non-monetary value in the form of public
knowledge, arguably constituting a provider-user relationship. Such a per-
spective extends research on genetic resource user-provider balances, which
has focused on relations between countries of origin (i.e., countries where
genetic materials were collected) and scientific user countries80,81. In con-
trast, our research revealed user-provider relations in the later stages of the
marine genetic resource pipeline, namely in the flow of knowledge from
science to patenting. It might be important to consider this relationship in
benefit-sharing arrangements under the CBD and the BBNJ treaty. One of
the options for assessingmonetary contributions under the BBNJ treaty is to
rely on ‘indicators measuring the aggregate level of activities by a Party’, as
stated in paragraph 14.8., not necessarily requiring individual tracing of
activities29,32,82. Accounting for science-patent balances, aswedid here, could
be away to calculate contributions: countries that patent a lot, but contribute
little research would have to pay according to how much above the linear
trend they lie. The introduction of a ‘BBNJ standardized batch identifier’
(Article 12 of the BBNJ treaty) will likely allow future calculations to specify
whether used resources are of BBNJ origin. Similar discussions on benefit-
sharing modalities are currently taking place in response to the recent CBD
decision to develop a multilateral benefit-sharing system on DSI28.

In conclusion, our study hopes to provide new impetus to discussions
about how to make marine genetic research and related patenting activities
more equitable. While we found scientific capacities to be generally con-
centrated in developed countries, our perspective on science-patent rela-
tions revealed that, even among the OECD, countries may act either as net
providers or net users of marine genetic research. In order to build an
equitable scientific knowledge commons around marine genetic resources,
it may thus be important for international frameworks, such as the BBNJ
treaty or theCBD, to consider how to recognize scientists in their crucial role
as providers of knowledge, while putting responsibility on those patenting
actors who benefit more from such research than they provide. Benefit-
sharing schemes may be designed accordingly and, in connection with
capacity-building measures, may allow for gradually integrating a wider
community of users, making marine genetic resources an integral part of
sustainable and equitable ocean economies.

Methods
Identifying marine genetic studies
It is not a straightforward task to define marine genetic resources. While
certain organisms live exclusively in the sea, there are many cases of
organisms that traverse marine, freshwater, and terrestrial ecosystems. This
is often the case for bacteria but may also include animals like sea birds.
Various biological databases may be used to identify marine species,
including the World Register of Marine Species (WORMS), the Ocean
Biodiversity Information System (OBIS), and the Global Biodiversity
Information Facility (GBIF)22. For the purpose of identifyingmarine species
that receive patenting interest, OBIS is of limited value as it underrepresents
potential marine bacteria that attract a lot of interest22. We thus used a
combination of 130,973 marine species identified via OBIS and a manually
curated list of additional 1270 patented marine species from a recent study
onmarine bioprospecting20, which followed amethodology described in an

earlier study19. The hereby selected 132,243 marine species constituted the
starting point for the curation of the scientific publication and patent
datasets for our study. We did not distinguish between species from areas
beyond national jurisdiction and within national jurisdiction—our study
addresses both legal contexts.

We identified relevant marine genetic studies by querying the species
names in GenBank for corresponding genetic sequence data via Python
scripts. GenBank is the main U.S. American public genetic sequence data-
base. As it is part of the International Nucleotide Sequence Data Colla-
boration (INSCD), it mirrors the two other largest databases, the European
Molecular Biology Laboratory (EMBL) and the DNA Data Bank of Japan
(DDBJ), daily, constituting by far the biggest pool of genetic sequence data
available.We chose to work with sequence data rather than samples (which
are ‘closer’ to thenotionof geneticmaterial83), asGenBank’sBioSample data
are often not linked to readily identifiable publications81 and thus not as
useful to our approach. Within the broad term genetic sequence data, we
chose nucleotide sequences (DNA and RNA) as they lie at the core of the
definition of digital sequence data in relevant policy debates84. Previous
analyses on genetic sequence data user-provider relations in the CBD
context took the samemethodological choice80,81. Additionally, other forms
of genetic sequence data, like proteins, are usually derived from nucleotide
sequences, so nucleotide sequences are a useful starting point for analysis81.
When searchingGenBank, we identified 31,578 species that had at least one
sequence entry.Overall, we found 36,849,850 sequence entries, out of which
10,294,029 were linked to a total of 23,438 PubMed identifiers. Due to the
high volume of data, searches were performed for multiple weeks between
23rd of February and 8th of May 2023.

To get standardized and curated bibliometric data on those publica-
tions, we queried the PubMed identifiers via the scholarly API of the
database The Lens (www.lens.org). 15 out of 23,438 PubMed identifiers
turnedout to benon-existent after querying onTheLens, and5publications
did not list any authors. As such, the analysis proceeded with 23,417
publications.

Mappingscientificpublicationcounts andcitation frequencies to
countries
We mapped scientific publications onto countries based on The Lens’
country classification, which was usually the location of the university. In
somecases, no country classificationswere available, but institutional names
were, for which we tried re-constructing them using a set of manually
defined rules. For instance,we applied a rule that any given author affiliation
that entails the strings ‘univ’ and ‘harvard’ would be labeled as U.S.
American, or if it entails ‘tokyo’, it would be labeled as Japanese. We also
searched for country names entailed in the affiliation strings (e.g., ‘NRC-
Biotechnology Research Institute, 6100 Royalmount Ave., Montreal, Que.,
Canada’) to label the cases accordingly. We tested each rule and adjusted
them to prevent false positives. For cases where country labels were still
missing after applying these rules, we looked them up and added them
manually for all institutions that registered more than 5 publications.
Remaining unlabeled affiliations that were either unclear (e.g., ‘Marine
Science Institute’) or with less than 5 publications were not considered for
any analysis displaying country-level information. Out of the 23,417, we
connected 23,231 publications to at least one affiliation country via this
method.

While some studies on genetic resources limited their observations
either tofirst authors80 orfirst and last authors23 to assess country affiliations,
we followed a study that considered all authors85. This made sense as we
were interested in all providers of scientific knowledge, even if not listed as
lead authors. Including non-leading authors may matter in scenarios of
North-South collaboration, such as joint research cruises led by a country of
the Global North or when genetic materials were sourced by researchers
from the Global South but analyzed by researchers from the Global North.
In any case, we compared the distribution of national publication counts if
constructed either based on first, last, or all authors and found that they are
all strongly correlated across the authorship types. The samewas the case for
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citation frequencies. This means that the choice is unlikely to have a big
impact on country-level trends. However, working with all authors instead
of the first or last authors results in a much larger set of countries (149
instead of 104, which would be the case for first-author countries), though
none of these added countries registered more than 9 publications.

Working with all authors requires consideration of how much each
authorship ‘adds’ to the national affiliation counts. We adopted a fractional
scoring approach85 for this purpose. If a publication had one author from
France and one fromChina, 0.5would be added to the publication counts of
both countries. If it had two authors from France and one from China, the
same scores would apply. If a country had five authors from the U.S., it
would be counted as one publication. This way of counting prevented
overweighting publications that included authors from a very large number
of countries, which was not unlikely.

To identify instances of knowledgeflow frommarine genetic studies to
subsequent research and innovation activities, we retrieved citations to the
studies frombothpatents and secondary researchpublications viaTheLens’
scholarly API and mapped them onto the countries (single-country and
multi-country publications were treated according to the same logic as
described above).

For the correlation table (Table S2) and Figs. 2 and 4a, we further
reducedour sample to 70 countrieswithmore than5publications toprevent
outliers from skewing overall trends. Usingmedian values instead of means
was not a better solution, because therewas too little variation in the citation
rates from patents.

Semantic analysis
The semantic analysis was based on a set of all words present in the titles of
the marine genetic studies. The words were processed as lower cases. Using
the Python package NLTK’s stop word list for English, we removed words
with little semantic content, like ‘for’ or ‘that’. We also stemmed the words
using NLTK’s snowball stemmer, which reduced the heterogeneity of the
words, e.g., by joining ‘genome’ and ‘genomic’ to ‘genom’. This resulted in a
set of 29,000 uniquely occurring terms. After some testing, we also removed
words that occurred in less than five or more than 2500 publications, as it
wouldhavebeenhard to interpret citation rates for such infrequent oroverly
frequent words. This reduced the corpus to 5181 terms.

To construct the indicator that classifies the processed terms in their
relevance to science as compared to relevance for patents, we iterated
through each termand calculated howoften a publication entailing the term
got cited on average. We excluded words higher than the 0.995 quantile of
most frequently cited words for both scores to prevent outliers, which fur-
ther reduced the list of terms to 5154. We weighted the average scores by
multiplying values with the square root of the terms’ frequency, in order to
foreground terms that were polarized and occurred frequently64. We then
normalized the score for average citations by science to correspond to the
same scale as average citations by patents, as there were generally waymore
citations from science than from patents and calculated the difference
between the corresponding values of the two variables. This difference was
scaled and transformed into an orientation value within the range of −1
(exclusively relevant to science) to 1 (exclusively relevant to patents). For all
wordswith orientation values lower than zero (more relevant to science), we
selected words lower than the 0.3 quantile and for those with orientation
values greater than zero (more relevant to patents) those higher than the 0.7
quantile as themost exclusive words to science and patents respectively.We
analyzed the publications linked to the selected words in more detail to
interpret why they have achieved relevance for either of the domains. We
then repeated the same selection for scientific papers that were co-authored
by at least one researcher from a G77 country.

Tracing patents that cite marine genetic studies and mapping
patent owners to countries
To construct national science-patent balances, we used The Lens’ patent
API to collect data on the patents that had cited the identified publications.
We found that 3247 out of the overall 23,417 publications were referenced

by a total of 7170 granted patents. We also found 5243 patent applications
but did not analyze these further, as it was unclear whether they actually
resulted in ownership status.

Patent citations to science are a common indicator in economics to
study the sources andnature of innovation infirms54–56,86 or to study science-
patent linkages in countries24. Researchers have evaluated this method
through survey research86, concluding that it is useful for studying knowl-
edge flows from publicly available science while missing out on relevant
other sources of privately communicated scientific knowledge. Patent
citations to science achieve a degree of reliability as national patent laws
usually require some indication of the relevant prior art, which includes
previously published science. While applicants in the U.S. are required to
disclose prior art themselves, references to science in non-U.S. jurisdictions
are usually added by patent examiners56. Even though patent practices differ
across jurisdictions, we decided not to distinguish between them, as either
type indicates knowledge flow from science to patents.

Assigning patents to countries is more complicated than it is for sci-
entific publications. Corporate entities tend to be more dynamic than sci-
entific institutions, as companies maymerge with other companies, or they
may split off sections from a parent company, yet maintaining subsidiary
status87. Additionally, companies can be multinational and run multiple
subsidiary branches in various countries87. This is visible in patent data,
which usually shows the owner’s addresses: Not infrequently does a patent
link to addresses across several countries for one and the same company
withmultiple subsidiaries listed. For our purposes, it wasmost reasonable to
identify the country of a corporate actor’s headquarters, rather than con-
sidering multiple countries per company.

We thus applied the following rules for linking each corporate entity to
one country: First, we identified the parent company or university of a given
corporate entity detected as a patent owner. We did this via desk research.
Where we detected subsidiaries, we merged them into their parent entity.
Second, we checked which country affiliations The Lens returned for the
merged entities. In cases where all country affiliations matched, we con-
sidered these as a proxy for the headquarters location. If they did notmatch,
we manually looked up the location of the entity’s headquarters. We repe-
ated this process for each entity thatwe found toownmore thanfivepatents.
For entities below this number, we also applied the second set of rules for
country addresses but, due to time constraints, without first checking
whether they needed to be merged with another entity. We excluded indi-
viduals, uninterpretable entities, and entities where we could not find suf-
ficient information. This resulted in a reduced set of 7150 granted patents,
out of which 6434were connected to at least one country.We compared the
hereby assembled national patent counts with scientific publication counts
for Fig. 4a.

To measure knowledge provision and use patterns for Fig. 4b, we
configured our data in a manner that tied provider countries and patenting
countries together via each scientific publication cited by patents of the
respective country (Supplementary data file 4). The fractional counting
approach needed to be considered in the calculation. If a publication has
been published by exclusively Japan-based researchers and cited by five
exclusively Japanese-owned patents and one exclusively Swizz-owned
patent, it would result in a Japan-Japan knowledge flow of 5 and a Japan-
Switzerland flow of 1. If a publication was published by Dutch and German
researchers and cited by four exclusively U.S. American-owned patents and
four mixed U.S. American- and South Korean-owned patents, this would
result in the following flows:NL-US (3); DE-US (3); NL-KR (1); DE-KR (1).
Themeasuredflow total thus corresponds to the number of granted patents
per case.We repeated this countingprocedure for each citedpublicationand
aggregated the provider-user flows. Finally, we constructed external
provision-use balances for each country by dividing the amount of used
knowledge flow fromother countries by the amount of knowledge provided
to other countries. Self-loops (e.g., U.S. American research that got cited by
U.S. American companies) were thus not considered in this equation. The
resulting balances are visible for the top 20 countries in Table S1 and in
Supplementary data file 3.
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Data availability
All data needed to evaluate findings are present in the paper and/or the
Supplementary files. Data on identified genetic sequences and marine
species can be shared upon request. Analysis scripts are available at https://
github.com/pduns/Conducting_marine_genetic_research_for_whom.
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Growing prominence of deep-sea life in 
marine bioprospecting

Erik Zhivkoplias    1  , Jean-Baptiste Jouffray    1,2, Paul Dunshirn    3, 
Agnes Pranindita    1,4 & Robert Blasiak    1,5

Marine bioprospecting, which involves the exploration of genetic and 
biochemical material from marine organisms, can be used towards 
addressing a broad range of public and environmental health applications 
such as disease treatment, diagnostics and bioremediation. Marine genetic 
resources are important reservoirs for such bioprospecting efforts; 
however, the extent to which they are used commercially for natural product 
discovery and the marine sources from which they are derived are not well 
understood. Here we introduce a comprehensive database of marine genes 
referenced in patent filings, the Marine Bioprospecting Patent database. 
It includes 92,550 protein-coding sequences associated with 4,779 patent 
filings, identified by analysing all relevant records from genetic sequence 
databases. Three companies alone—BASF, IFF and DuPont—included 
sequences from 949 species (more than half of referenced species with 
identified marine origin). Microbial life in the deep sea, a vast and remote 
biome predominantly beyond national jurisdiction, is already attracting 
substantial economic interest; the top ten patent holders have all filed 
marine gene patents referencing sequences from deep-sea life. Our findings 
provide an updated understanding of the marine bioprospecting landscape, 
contribute to the sustainable use of marine biodiversity and underscore the 
need for policymakers to ensure stewardship of deep-sea ecosystems.

Biodiscovery—the exploration and use of genetic and biochemical 
properties of biological materials—has a long and rich history. For 
instance, centuries before the discovery of penicillin from mould in a 
laboratory, skin diseases were already being treated in the Kingdom 
of Jordan via red soils with potent antibacterial properties that have 
only recently been confirmed1. Other examples include traditional 
medicines extracted from evergreen shrubs for cancer treatment2, 
derivatives of the foxglove plant used to treat heart problems3, anti-
malarial quinine4 and fungi-extracted podophyllotoxin to treat sexu-
ally transmitted diseases5. However, recent advances in genetics and 
sequencing innovations have spurred an unprecedented growth in the 
scale of discoveries. Today, bioprospecting—the search for potential 
products with scientific and industrial value derived from biological 

resources such as animals, plants and microorganisms—often involves 
large-scale screening, analysis and prediction of prospective biological 
compounds through the exploration of databases with sequencing 
data, including DNA extracted directly from environmental samples6.

In this context, the ocean is considered a promising but largely 
untapped frontier for biodiscovery7. Marine organisms have evolved 
over millions of years to adapt to extreme conditions of temperature, 
salinity, light, pressure and water flow8. These conditions as well as 
a far longer evolutionary history have contributed to substantially 
greater taxonomic and functional diversity in marine habitats than in 
other biomes9. Nearly one million eukaryotic species are believed to 
inhabit the ocean10, and the number of archaea and bacteria may be 
ten thousand times higher11, yet most remain undescribed by science.
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Many patents referenced multiple sequences, with a majority includ-
ing both marine and non-marine sequences (Fig. 1a). Overall, marine 
sequences and species represented only 16% and 15%, respectively, of 
all sequences and species identified within the 3,636 patents (Fig. 1b,c). 
For comparison, approximately 242,000 marine species have been 
described to date (World Register of Marine Species (WoRMS), 2022), 
corresponding to roughly 10% of the 2.1 million species described by 
science31. This suggests considerable untapped potential of marine 
bioprospecting (Fig. 1b and Supplementary Table 1).

Types of sequence in marine gene patents
The patent applicants who referenced the highest number of unique 
genetic sequences included both protein-coding and non-coding 
sequences, with the former having a higher potential for natural 
product discovery (Fig. 2). Most of the companies with a large num-
ber of applications referenced protein-coding genes that originate 
from multiple species, with an average length between 500 and 2,000 
nucleotides. Some applicants specifically focused on MGR from a sin-
gle species and predominately referenced non-coding sequences. 
For instance, the Fisheries Research Agency of the National Research 
and Development Agency in Japan included 1,179 sequences in their 
patent applications, mostly originating from Japanese eel (Anguilla 
japonica), yet only 127 are protein-coding sequences. Similarly, the 
Japan Science and Technology Agency has referenced 5,190 sequences 
from the sea vase tunicate (Ciona intestinalis), only 150 of which are 
protein-coding genes.

Most short non-coding sequences of identical length, originat-
ing from the same species, exhibit a wide range of GC content (that is, 
the percentage of two DNA basic building blocks), which is typical for 
artificially modified sequences used in amplification or as probes for 
detecting specific sequences of DNA or RNA (Supplementary Fig. 1). 
Out of all the patents that include at least one sequence from disclosed 
marine species, 71% contain nucleotide sequences that are potentially 

Despite these knowledge gaps, marine biotechnology—the use of 
marine organisms and their compounds for a wide range of applica-
tions in industrial sectors—has managed to distinguish itself from the 
broader biotechnology landscape. For instance, while nearly half of the 
approved pharmaceuticals are based on biological compounds pro-
duced by living organisms, success rates are two to four times higher 
for compounds from marine organisms7,12. Annual sales and licensing 
revenues from marine drugs have exceeded US$1 billion annually since 
201113, and prospects for greater commercial growth are substantial: 
in 2020 alone, more than 1,400 new compounds were isolated from 
marine species14. Biomolecules extracted from marine bacteria and 
other products developed from sequences of larger marine organisms 
are widely used in food production, diagnostics, bioremediation and 
disease treatment15. Some notable examples include the discovery of 
a thermostable enzyme required for the production of lactose-free 
milk in Archaea Pyrococcus furiosus16, seawater cyanobacteria toxins 
developed into anticancer treatment products17 and the extensive 
use of green fluorescent protein found in jellyfish Aequorea victoria18 
as a molecular marker, both in medical and diagnostic contexts and 
fundamental research.

Establishing a regulatory landscape that keeps pace with rapid 
advances in biotechnology, while also promoting transparency, equita-
ble access and benefit-sharing mechanisms, has proven challenging19. 
The adoption of the Convention on Biological Diversity (CBD) in 1993 
was a crucial milestone, as it defined genetic resources as ‘any material 
of marine plant, animal, microbial or other origin containing functional 
units of heredity of actual or potential value’, and established the fair 
and equitable sharing of benefits from their use as one of the conven-
tion’s three core objectives20. In 2014, the convention’s Nagoya Protocol 
provided a framework to regulate the access and benefit sharing of 
marine genetic resources (MGR) sampled in national jurisdictions21. 
Yet, some two-thirds of the ocean lies beyond national jurisdiction, 
and it was not until 2023, following protracted negotiations, that the 
‘High Seas Treaty’ was agreed upon, including provisions to address 
MGR from areas beyond national jurisdiction (ABNJ)22.

Despite these encouraging developments, the actual and potential 
value of MGR for marine bioprospecting remains poorly understood. 
Studies have focused on counting referenced marine species in pat-
ents23 or GenBank24, examining sequences in international patent appli-
cations25–28 or exploring biological compounds for natural product 
discovery29,30. A common aspect to all these studies, however, is their 
lack of focus on the connection between the actors involved in the use 
of MGR and the potential sources for natural product discovery. They 
also suffer from limited information in patent and GenBank records 
about the geographical origin of gene sequences, which in many cases 
are referenced without naming the source species. The unevenness of 
these data presents a challenge for interpreting the true scale, scope 
and trajectory of marine bioprospecting.

Here we address these gaps by creating a comprehensive database 
of genetic sequences and related patent applications from 1989 to 
2022 in marine bioprospecting. In addition to systematically compil-
ing and presenting key data about the sequences, coded proteins, 
date of deposition and patent holders, we also address significant 
data gaps by developing and applying a BlastX sequence similarity 
model to consider sequences from unnamed species. We also assess 
the biodiversity data of species currently considered unique to ABNJ 
and highlight the special importance of deep-sea conservation for 
future biotechnology focused on the innovation and development of 
naturally derived products.

Results
Our analysis of patent filings revealed 29,065 nucleotide sequences 
from 1,474 disclosed marine species across 3,636 unique patents, 
representing approximately 1% of all gene patents submitted to the 
International Nucleotide Sequence Database Collaboration (INSDC). 
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Fig. 1 | Patent applications associated with marine species. a, Number of 
patents that contain sequences associated with species of marine origin only, and 
patents with species from both marine and mixed origins. b, Number of unique 
marine and non-marine species referenced in patent applications that include 
at least one sequence of marine origin. c, Sequence frequency aggregated 
by species they originate from. Only 16% of all sequences attached to patent 
applications originate from marine species. The top five species with the highest 
frequency in each class are indicated. Marine species: (1) C. intestinalis (2.96%), 
(2) Gadus morhua (1.76%), (3) Anguilla japonica (0.67%), (4) Salmo salar (0.34%) 
and (5) Oncorhynchus mykiss (0.26%). Non-marine species: (6) Arabidopsis 
thaliana (4.31%), (7) Zea mays (3.61%), (8) Glycine max (2.87%), (9) Homo sapiens 
(2.71%) and (10) Oryza sativa (2.60%).
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protein-coding genes. This suggests that most MGR are used in bio-
prospecting (Fig. 3a). For sequences of particular interest (that is, those 
submitted to all patent systems), we provide examples illustrating the 
conversion of DNA molecules into products of value (Box 1).

Marine Bioprospecting Patent database
While INSDC records provide considerable insight into the genes ref-
erenced in patents, only 37.3% of records include the name of source 
species, primarily filed under the World Intellectual Property Organi-
zation (WIPO), the European Patent Office, the Patent Office of Japan 
and the Korean Intellectual Property Office. Most of the remaining 
records are from the US Patent and Trademark Office, which does not 
share species names in its records (Supplementary Fig. 2).

To address this gap, we developed a sequence similarity model 
and BlastX search tool to query all genetic sequences with unknown 
origins against the UniProtKB protein sequence database. This model 
retrieved an additional 60,636 sequences, which can be said with a high 
degree of certainty to originate from marine organisms. Together with 
the 31,914 protein-coding sequences of confirmed marine species, 
this resulted in a comprehensive database of 92,550 sequences, which 
form the basis for all subsequent analysis in this paper and were used 
to construct the Marine Bioprospecting Patent (MABPAT) database 
(https://mabpat.shinyapps.io/main/).

Key actors in marine biotechnology
We found that 100 applicants accounted for 58% of all patents that 
contain protein-coding sequences with identified marine origin (that 
is, bioprospecting patents). The remaining 42% were associated with 
applicants who filed fewer than two patents on average. For companies 
in the top 100 (Supplementary Table 3), the total number of patent 
applications would have been underestimated by at least one-third if 
we had not applied the sequence similarity model. Transnational cor-
porations (1,675 applications) are the most frequent type of applicant, 

although roughly one-fifth of filings are from research institutes and 
their commercialization centres (634 applications) (Fig. 3b). In total, 
78% of all bioprospecting patents filed by the top 100 were submitted 
by actors headquartered in the USA, Germany or Japan (Fig. 3c).

The number of patents registered by each applicant is corre-
lated with the total count of unique species included in such patents 
(r = 0.8168, P = 2.17552 × 10−318). To illustrate how much biological diver-
sity each of these applicants is drawing upon, we connected patent 
holders and unique species included in patent claims and aggregated 
on the domain (Fig. 4a) and phylum level of biological taxonomy (Sup-
plementary Fig. 6). For each flow diagram, we also added information 
if the corresponding marine species had been observed in a deep-sea 
environment. The most active users of MGR are primarily depend-
ent on sequences from bacteria and archaea (Fig. 4a). The ten largest 
actors, including eight multinational corporations and two public 
research bodies (Fig. 4a), collectively registered more than one-third 
of all patents in the top 100. Deep-sea marine species have attracted 
interest from all ten of the largest users of MGR.

The opacity of marine bioprospecting in ABNJ
Issues of access and benefit sharing related to genetic material from 
ABNJ are of particular interest as they fall outside the scope of the 
Nagoya Protocol of the Convention on Biological Diversity and were at 
the core of negotiations for the High Seas Treaty adopted in June 2023. 
It is therefore notable that among 1,639 species of identified marine 
origin referenced in INSDC patent records, 281 species have been 
observed in ABNJ, with only 5 of them being exclusive. This contrasts 
with the 5,889 species found exclusively in ABNJ, predominantly from 
the Arthropoda, Foraminifera and Nematoda phyla, according to our 
analysis of species observation data available in the Ocean Biodiversity 
Information System (OBIS), a global open-access database on marine 
biodiversity (https://obis.org). The complete taxonomic distribution is 
given in Supplementary Fig. 7. According to the records from the World 
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Register of Deep-Sea Species (WoRDSS), 39% of marine species were 
exclusively found to inhabit deep-sea environments, in contrast to only 
15% of all species listed in WoRMS (Fig. 4b). The spatial distribution of 
ABNJ-specific species (Supplementary Table 4) is predominantly in the 
sub-Antarctic and Antarctic latitudes (Supplementary Fig. 8).

ABNJ account for 64% of the ocean surface area and 95% of its 
volume. Once thought to be largely devoid of life, the deep-sea habi-
tats and the water column have been found to harbour many marine 
species. While many of these species are thought to be considerably 
cosmopolitan, hotspots of endemism are found throughout the deep 
sea, perhaps most strikingly around hydrothermal vent systems32. 
According to geolocations of active hydrothermal vents (721 in total), 
more than half (363) are located in ABNJ.

Discussion
Marine biotechnology is mainly focused on species that serve as model 
organisms in basic research and as a backbone in genetic engineering, 
allowing the creation of new drugs and increasing the efficiency of 
biotechnological processes for food and energy production, plant 
agriculture or the invention of new materials33. Marine species cur-
rently represent a small, but important, share that is used as a source for 
natural product discovery7,30. Unravelling the global scope of economic 

interest in MGR is a crucial first step towards understanding the value 
that rests in the biological functions encoded in genetic sequences 
and pathways to fair and equitable sharing of benefits from its use.

Patent data are a valuable source of information in examining inno-
vation and technological advancements, which are widely acknowl-
edged as key drivers of firm performance and economic growth34,35. 
Aggregate patent application counts in particular are useful for study-
ing national patenting activity36. Patent data also provide insights 
into the scope of ‘pre-emptive patenting’ to block competitors, to 
increase the market price of existing products or to ensure operational 
freedom37—strategies that biotechnology corporations are known to 
use38. While estimating the market value of patents or establishing 
links to commercialization is challenging39, patent data are a useful 
indicator for gaining insights into the long-term economic interest 
of societal actors in MGR applications on a global level, in the form of 
either knowledge production or market control.

The MABPAT database offers a global catalogue of patent 
sequences derived from marine species over the past three decades. 
It includes in depth information on patent applications, the genetic 
sequences attached to them and the marine species from which the 
sequences were derived, effectively connecting the resources and users 
of marine bioprospecting. In doing so, the MABPAT database not only 
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fills an important research gap but also contributes to the transparency 
and interoperability of MGR use. By making it publicly available, we 
hope to enable further research efforts to inform improved policymak-
ing. The analysis that generated this database also resulted in three key 
insights that are addressed below.

Rapid technological advances and data governance
Scholars have suggested that the earliest form of a patent system can 
be traced back 2,500 years ago to ancient Greece and that the first 
modern patent law dates back to the year 147440. Little surprise then that 
the patent system has struggled to keep pace with the rapid advances 
in genetics and genomics research of the past decades, as seen, for 
instance, in the considerable variation in ground rules for patenting 
genetic sequences across jurisdictions27. Key developments over the 
past 30 years have focused on jurisdictional norms and compliance 
standards. In 1998, international applications introduced a manda-
tory data element for sequence description (‘organism’), which aimed 
to indicate biological origin41. Yet, current international standards42 
still allow the inclusion of custom organism names not listed in the 
Integrated Taxonomic Information System (https://www.itis.gov/), 
including ‘unknown’, ‘unidentified’ and ‘artificial sequence’. The new 
requirements of INSDC43, announced in November 2021, aim to ensure 

correct origin disclosure for all incoming sequences. But the effect on 
the 24.5 million patent sequences already stored in the databases as 
well as new depositions remains uncertain given that it is ultimately 
up to patent offices to define standards for the sequences attached 
to patent applications (https://www.ncbi.nlm.nih.gov/education/ 
patent_and_ip_faqs/).

The analysis of patents therefore often depends on either accept-
ing considerable data gaps or developing methods to reconstruct 
missing data. In this study, for instance, 17.2 million sequences would 
have been excluded from the analysis owing to the lack of species 
names (primarily from the US Patent and Trademark Office, the largest 
repository of biological sequences and patents). Instead, our sequence 
similarity model allowed us to reasonably and more comprehensively 
estimate the patent shares across national states and actor types. 
This reconstruction allowed us to identify marine origin, focusing 
on molecular similarities of biological molecules instead of relying 
on disclosed species names, and to confirm with higher confidence 
than previous work that Japan, the USA and Germany are the head-
quarters location for the world’s primary MGR patent applicants25,27. 
The disproportionate importance of these three states suggests a cor-
responding responsibility to work towards innovative benefit-sharing 
and capacity-building mechanisms. These could include, for instance, 
the establishment of a multilateral fund for the equitable sharing of 
benefits between providers and users of digital sequence information 
(DSI), which has been agreed to be finalized at CBD COP16 (ref. 44).

Importance of microorganisms and deep-sea life for 
bioprospecting
Marine viruses, although having been recognized as being highly preva-
lent in ocean ecosystems, contributing to the largest pool of genetic 
diversity45, have seen little commercial activity to date beyond a lim-
ited focus on those that affect commercial aquaculture production. 
However, the potential role of viruses in creating proteins of inter-
est for marine bioprospecting could be bigger than we think. Viruses 
have shaped the majority of the genomes of Archaea and Bacteria via 
horizontal gene transfer, the exchange of genetic material between 
organisms that do not form parent–offspring relationships46. Bacte-
rial and archaeal species often live in symbiosis and exchange genes 
with microbial eukaryotes, protists47, and together constitute the vast 
majority of organisms used in marine bioprospecting. Importantly, 
many archaeal and bacterial species used in bioprospecting live in 
deep-sea habitats, most of which are located in ABNJ. The diversity of 
microbial marine species is still highly underrepresented in databases 
that document the distribution and abundance of marine life (Box 2). 
This underrepresentation may account for the lack of patenting interest 
in species found exclusively in ABNJ. However, even with limited data, 
our findings show that ABNJ-specific species are 2.5 times more likely 
to inhabit the deep ocean compared with marine species in general.

Our analysis of the past three decades of global gene patents 
indicates that deep-sea species have become an important source 
for marine bioprospecting. All of the ten largest actors in marine bio-
prospecting are already using deep-sea species. As a result, there is a 
logic for benefit sharing from MGR utilization to flow into conservation 
projects aimed at protecting at-risk deep-sea habitats48, not least as a 
vital source for future biotechnology focused on innovation and devel-
opment of naturally derived products. More advanced biodiversity 
models that put emphasis on safeguarding entire communities with 
unique functional roles, including microbial species, should also be 
better integrated into conservation plans49.

With the successful conclusion of the High Seas Treaty and the 
recognition of DSI in the legally binding agreement, MGR used for bio-
prospecting and product discovery opens a new opportunity to protect 
biodiversity in deep-sea habitats. However, the INSDC database, the 
largest data repository of DSI, is currently missing from the biodiversity 
informatics landscape50; therefore, genetic diversity and information 

Box 1

Marine gene patents needing 
extra protection
Global actors often seek patent protection for their inventions in 
multiple countries. Filing fees for patent applications extend into 
the thousands of US dollars per application, and the inventor  
still has to pay additional fees for each filing. For instance, the 
average cost of filing in the USA, including attorney’s fees, has  
been estimated at around US$50,000 (ref. 78). Therefore, it is  
more likely that protection will be sought for highly promising 
products, methods or associated biotechnological processes.  
A review of patent filings that include identical nucleotide 
sequences submitted to all national patent bureaus (13 sequences 
in total) reveals that the scope of patented commercial 
biotechnological applications is wide and usually involves 
transferring specific enzymes to cell metabolic pathways to 
maximize the production of a specific compound. Examples 
include applications of biotechnology in medicine (enzymes used 
for skin care), the food industry (enzymes used in baking and dairy 
products), agriculture (production of herbicide-tolerant transgenic 
crops), industrial production (metal nanomaterials used in products 
such as creams, shampoos, clothing, footwear and plastic 
containers) and the production of biofuel (isobutanol production 
and hydrocarbon biosynthesis) (Supplementary Table 2).

One sequence originating from the methanogenic marine archaea 
species Methanococcus maripaludis has been the subject of a series 
of lawsuits between Butamax (now a subsidiary of International 
Flavors & Fragrances (IFF)) and Gevo, a transnational biofuels 
company. The enzyme found in M. maripaludis was essential for 
isobutanol production, and these companies fought over the 
production of isobutanol instead of ethanol using yeast. After 
many years of patent disputes, the issue was finally settled through 
the splitting of the parties’ licences in all fields of isobutanol 
production79. In 2021, all Butamax-owned patents were completely 
acquired by Gevo80.

68

http://www.nature.com/natsustain
https://www.itis.gov/
https://www.ncbi.nlm.nih.gov/education/patent_and_ip_faqs/
https://www.ncbi.nlm.nih.gov/education/patent_and_ip_faqs/


Nature Sustainability | Volume 7 | August 2024 | 1027–1037 1032

Article https://doi.org/10.1038/s41893-024-01392-w

on the spatial origin of genetic information are not available on a global 
level. Adoption of the principles of Open and Responsible Data Govern-
ance and the development of MGR data repositories51 will be a necessary 
step to overcome the lack of information on MGR in ABNJ.

Intellectual property questions are not discussed within the High 
Seas Treaty, yet commercial sensitivities and national patent regula-
tions are important for benefit sharing related to MGR sourced from 
the deep sea in ABNJ. While the agreed text of the treaty includes a vol-
untary mechanism to ensure traceability of MGR collected from ABNJ 
to end product, the treaty implementation will not affect sequences 
already used in marine bioprospecting up to date. As there are no legal 
requirements for patent holders to disclose commercialization of their 
patents, the scale of commercial products developed and marketed 
from deep-sea organisms will remain poorly understood. A continued 
increase in corporate interest along current trajectories would lead to 
unequal opportunities for new developments in biotechnology.

Multi-stakeholder collaboration in MGR protection
Analysis of bioprospecting patents yielded an asymmetrical distri-
bution of patent registrations, consistent with previous findings25,27.  

The sector is dominated by transnational corporations, which have a 
higher capacity to undertake genomic research. One-third of all patents 
were held by the ten largest actors, eight of which are large multinational 
corporations and none of which conduct marine research themselves 
but instead rely on public gene databases for sequences with potential 
commercial applications. While many multinational pharmaceutical 
companies have marine biology departments52, their total share of 
bioprospecting patents is modest (Supplementary Table 3). Still, a 
fair estimate of corporate engagement in marine species discovery is 
hard to calculate. Marine scientists who study microbial diversity often 
engage in collaboration with the oil and gas industry for the collection 
of samples in deep-sea oil wells53,54. With the rising popularity of using 
remotely operating vehicles for the inspection and maintenance of 
offshore oil and gas development sites, it is likely that more science–
industry partnerships will emerge to support collection of biological 
data in the deep sea55.

The disproportionate role of a small number of actors also sug-
gests the potential for science–industry collaboration in the spirit of 
previous efforts with so-called keystone actors, which consists in engag-
ing the largest companies in a given sector to enable transformative 
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Science and Technology; UC, The University of California. The interactive version 
of this plot is available at https://mabpat.shinyapps.io/main/. b, Percentage of 
deep-sea species present exclusively in ABNJ and all species living in the ocean 
according to WoRMS. Credit: flags in a, flagpedia.net; icons in a, FreePik.com.
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change56. Constructive efforts to promote sustainable management 
in ABNJ have also been undertaken by partnerships such as the Deep 
Seas Project (https://www.deep-seas.eu) and the Common Oceans ABNJ 
Project57, as well as regional bodies such as OSPAR Comission, the North 
East Atlantic Fisheries Comission and the Sargasso Sea Commission58,  
which have addressed challenges related to illegal, unreported and 
unregulated fishing, and pollution, based on integrated and holis-
tic approaches. The International Seabed Authority, empowered by  
UNCLOS (Supplementary Text 1) to manage the resources of the seabed 
in ABNJ, has begun to apply tools such as Regional Environmental Man-
agement Plans (REMPs) and designated associated Areas of Particular 
Ecological Interest (APEIs) aimed at conserving ecosystem function and 
biodiversity. The impact of such measures could be further amplified 
by seeking a coordinated approach in accordance with overarching 
environmental goals59. Such initiatives can foster cross-sectoral dia-
logue and capacity-building activities that improve the capacity of 
national governments and local communities to engage in sustainable 
resource use in ABNJ.

Corporate efforts to safeguard intellectual property rights, sig-
nificant data gaps and the heterogeneity of data standards have con-
tributed to the use of ambiguous terminology and a lack of precision 
in discussions concerning MGR and bioprospecting in ABNJ. This has 
shaped perceptions of the scale and nature of commercial interest in 
MGR from ABNJ, feeding expectations of a lucrative ‘deep-sea gold 
rush’ without adequate empirical support for such claims60,61. While the 
conclusion of the High Seas Treaty has laid the foundation for improved 
management in ABNJ, its entry into force and full implementation are a 
remote prospect and, in the meantime, voluntary collaborative efforts 
based on the best available science can help inform future binding 

mechanisms to ensure conservation and sustainable use. By filling 
the crucial knowledge gap in understanding the potential of MGR, the 
MABPAT database represents a first step in that direction.

Methods
Summary statistics of patents that include MGR
The GenBank patent division, the European Bioinformatics Institute 
database (EMBL-EBI) and the DNA DataBank of Japan (DDBJ) exchange 
their data daily and together form the INSDC. Genetic sequences 
associated with patents were retrieved from the Patent division of  
GenBank from the NCBI (GenBank database) on 10 November 2022; this 
included 24,600,503 annotated sequences. All files (from gbpat1.seq.
gz to gbpat254.seq.gz) were downloaded and processed following the 
methodology of ref. 25 to create database entries with information on 
the nucleotide sequence of DNA, species name, patent number, patent 
data and the party registering the patent. This was done by splitting 
each file into individual sequences and by extracting the data in the 
‘origin’ field (nucleotide sequence), ‘organism’ field (species name) and 
‘journal’ field (patent application number, year of application, patent 
system and patent applicant name) for each sequence. Unlike previous 
studies25,27 that restricted their analysis to sequences submitted in a 
given patent system, here we considered both patents submitted in 
national jurisdictions and those filed under the Patent Cooperation 
Treaty (‘international’ patents) of WIPO.

As of November 2022, sequences from a total of 14,708 different 
species were included in the GenBank database. To determine the 
subset of ‘marine species’ within the database, the taxon match tool 
of the WoRMS was used for all database entries, resulting in a filtered 
list of 4,000 species. Web searches were conducted for each of these 
species to verify the marine origin and to collect further information 
about the nature of each species. More than half of the matched species 
were subsequently excluded as non-unique to marine environments, 
resulting in the list of 1,474 marine species, which was used to select 
patent records associated with disclosed marine species. See ref. 27 
for details of marine origin determination and criteria for filtering.

The taxonomy (domain and phylum) of 879 marine species was 
retrieved from the WoRMS database. In cases in which such taxonomic 
levels were not available, we obtained species taxonomy from the 
NCBI taxonomy database (https://www.ncbi.nlm.nih.gov/taxonomy) 
and Wikipedia (https://en.wikipedia.org/wiki/) (220 and 356 species, 
respectively). We did not succeed in matching 19 of the marine spe-
cies (predominantly marine bacterial strains) into related taxonomic 
groups owing to lack of certainty in organism names. The complete 
list of marine species selected for this study is given in Supplementary 
Table 5a.

MABPAT construction
Marine biotechnology pipelines usually focus on the search for biologi-
cal compounds that encode a new functionality62. There are two types 
of nucleotide sequences encoded in DNA: protein-coding sequences 
and non-coding sequences. The latter could have either a functional 
or a non-functional role in genome regulation, including DNA frag-
ments that code for proteins involved in all cell functions. Except for 
short peptides like cone snail peptide toxins63, most natural products 
are derived from proteins, which are polypeptide chains of a certain 
length. While identifying the shortest polypeptide chain length to form 
a protein is still controversial, it is currently estimated at 50 (ref. 64) to 
100 (ref. 65) amino acids or 150 to 300 DNA base pairs, respectively.

Another important metric widely used to analyse genome compo-
sition variation in molecular biology and genomics is nucleotide usage, 
which is normally calculated as GC content—the percentage of certain 
nucleotide bases (guanine and cytosine) that form stronger chemical 
bonds in DNA strings. Modern genetic engineering techniques such 
as CRISPR66 have proven to be very useful at enhancing important 
functions of proteins by altering DNA makeup. This could involve 

Box 2

A vast sea of unknown 
microbial diversity in the ocean
Microbial species from all domains of life account for more 
than 95% of total marine biomass and play a pivotal role in the 
functioning of marine ecosystems, as a foundational level of food 
webs, climate regulation elements and the backbone of immense 
genetic diversity81. However, as of November 2022, the OBIS 
database contains only 499 bacterial (https://obis.org/taxon/6) and 
7 archaeal species (https://obis.org/taxon/8). The total diversity of 
microbial marine species, including those uniquely present in ABNJ, 
is highly underrepresented. Similarly, the WoRDSS list contains 
almost no bacteria (18 species) or archaea (3 species) as both 
databases use WoRMS taxonomy as a backbone, and INSDC and 
National Center for Biotechnology Information (NCBI) taxonomy is 
not supported as one of the data sources in OBIS.

Thanks to the continuous effort of TARA Oceans, Malaspina, 
BioGEOTRACES and other projects contributing towards a deeper 
understanding of microbial diversity, more data have become 
available to project world map microbial distribution in the global 
ocean82. Some regional diversity studies, including a study in the 
Clarion–Clipperton Fracture Zone, have already shown that the 
molecular diversity of deep-sea species is equivalent to levels found 
in coral reef ecosystems83. Ocean datasets are currently missing 
a global map of microbial functions84. As most marine species 
listed in patent claims are of microbial origin, our understanding 
of how many of them are uniquely present in ABNJ is far from 
complete20,21,31,42–44,57,58,70–76,78–80.
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changing individual nucleotides or introducing short sequences that 
control gene regulation and protein synthesis. Hence, GC content for 
modified proteins with similar functionality remains the same. Short 
DNA sequences, below the shortest DNA length required for protein 
formation, have various functions, including in the amplification of 
a specific gene sequence (as PCR primers), and usually have a wide 
range of GC content.

To predict whether genetic sequences are protein coding or not, 
we applied two filtering criteria: sequence length threshold and the 
presence of an open reading frame (ORF)—a gene region that has the 
potential to be transcribed into RNA and, after, translated into proteins. 
Sequences with an ORF longer than 150 base pairs have been considered 
protein-coding sequences. As most natural products are derived from 
proteins, we reason that at least one protein-coding sequence has to be 
included in a patent application, to be related to marine bioprospect-
ing. Following that, we selected 31,914 protein-coding sequences 
associated with 1,039 marine species together with 112,115 of other 
sequences that have been submitted as a part of the same application.

For all companies that have registered patents associated with 
MGR, we counted the total number of nucleotide sequences and cal-
culated the average sequence length (Fig. 2). Based on the shortest 
protein length estimation, the number of protein-coding or non-coding 
sequences for each company was identified. In each category, for the 
ten companies with the highest counts of genetic sequences attached 
to patent claims, we calculated the length and DNA composition (GC 
content) of each sequence, and coloured by distinct species origin 
(Supplementary Fig. 1).

For each sequence that was included in patent applications submit-
ted in national jurisdictions as well as ‘international’ patents (sequences 
of special patenting interest), we collected the description of the inven-
tion and the protein function, if a nucleotide sequence search (BlastX) 
resulted in a significant match to a protein with annotated function. 
Web searches were conducted for each of these proteins to collect 
further information about protein function and potential application. 
The resulting information about the sequences of special patenting 
interest is available in Supplementary Table 2.

Patents owned by subsidiaries were replaced with ultimate owner 
names of controlled subsidiaries as stated in the Orbis company data-
base, which contains information on around 400 million companies 
worldwide (Orbis; https://orbis.bvdinfo.com/). For jointly owned 
patents, the ownership was assigned to the first company on the list. 
After filtering and removing duplicate entity names and aggregating 
subsidiaries, we identified a total of 1,125 applicants and collected 
information about each through web searches, including the country 
where it is headquartered and the type of entity that it represents. Our 
classification resulted in five major entity types: multinational (pres-
ence in more than two countries) or national companies, universities 
and their commercialization centres, governmental agencies and 
‘other’ (predominantly applications submitted by private individuals). 
We also included patent applications from 201 entities that contained 
protein-coding sequences with identified marine origins, which we 
were unable to classify under any specific entity type (‘none’).

Each record in the MABPAT database includes the following: (1) 
patent applicant name, (2) type of applicant, (3) country where it is 
headquartered, (4) year of application, (5) patent application num-
ber, (6) patent system, (7) genetic sequence identification, (8) marine 
species name associated with the sequence, (9 and 10) species tax-
onomy, (11) taxonomic source, (12) whether species can be classified 
as ‘deep-sea’ species, (13) source of deep-sea presence, (14) whether 
species were observed in ABNJ, (15) genetic sequence, (16) GC content, 
(17) sequence length, (18) whether the sequence originated from a
marine organism, (19) whether the marine origin of the sequence 
was disclosed by the patent applicant or bioinformatically predicted, 
(20) whether the sequence contains protein-coding information and 
(21) sequence prediction source. If the marine origin was predicted,

the following information about the most similar protein entry in the 
reference database is provided: (22) protein entry header, (23) protein 
entry sequence identification, (24) protein entry title, (25) E-value, (26) 
hit identity and (27) query coverage.

Deep-sea presence of marine species
The search for presence of species in deep-sea habitats was conducted 
based on multiple sources. For species in the Eukarya domain of life, 
we used the WoRDSS, a taxonomic database of deep-sea species. As 
Bacteria and Archaea species are not present in WoRDSS, we used web 
search based on the PubMed (https://pubmed.ncbi.nlm.nih.gov/) and 
Integrated Microbial Genomes and Microbiomes (https://img.jgi.doe.
gov/) databases to establish their potential presence in deep-sea habi-
tats, whether within or beyond national jurisdiction. Samples of species 
collected from deep-sea environments that have already been found to 
be associated with international patent applications27 are also marked 
as ‘deep-sea’ species. For the definition of deep-sea marine species, we 
followed the inclusion criteria in WoRDSS, that is, that the biological 
material was sampled in depths greater than 500 m.

BlastX sequence similarity model and patent share estimation
Sequence similarity models are widely used to identify newly 
sequenced data or unknown species67. To conduct sequence similar-
ity BlastX searches (translated nucleotide versus protein) against the 
database of annotated protein sequences, we created the reference 
database of all proteins belonging to 627 genera of previously con-
firmed marine species in Supplementary Table 5a. A total of 24,024,531 
proteins from all species within those genera were selected from  
UniProt Knowledgebase (UniProtKB/Swiss-Prot; UniProt Consortium 
2023) which included Swiss-Prot (the expertly curated protein records) 
and TrEMBL (bioinformatically predicted proteins).

BlastX searches with a specific set of search parameters 
(E-value ≤ 10−5, query coverage ≥ 80%, hit identity ≥ 99%) were used to 
verify that marine sequences could be identified to a genus level with 
at least 95% confidence (correct hit) (Supplementary Fig. 3a). We also 
tested whether correct hits and searches with confidence below 95% 
tend to be included in certain patent applications, patented by certain 
actors or in certain patent systems, but did not find any preference 
(Supplementary Fig. 3b,c). Using the sequence search tool DIAMOND68, 
we queried 12,716 protein-coding sequences with disclosed marine 
origin against the selected records from UniProtKB, which resulted in 
10,514 correct hits (82.68% recovery rate).

We then queried 7,467,396 sequences with unknown taxonomic 
origin (‘unknown’, ‘unidentified’ and ‘synthetic construct’ species 
tag)—62.7% of all GenBank records—against the selected records from 
UniProtKB, and found 234,836 sequences originating from 1,368 
species not previously disclosed in patent records. All matched spe-
cies were subsequently verified to be exclusively present in marine 
habitats, resulting in a final list of 561 additional marine species (Sup-
plementary Table 5b). Overall, we have recovered 60,636 previously 
unknown protein-coding sequences with marine origin and 144,545 
other sequences that have been submitted as a part of the same patent 
application (2,257 patent applications in total).

Finally, we compared summary statistics (number of sequences, 
number of patents and median year of application) for the top 10 larg-
est patent applicants that referenced sequences with disclosed marine 
origin and top 10 applicants that referenced sequences with predicted 
marine origin (Supplementary Figs. 4 and 5, respectively), and found 
that both lists contained the two largest patent applicants (Bayer and 
BASF, respectively).

Hydrothermal vent presence and ABNJ-unique species counts
The geolocation of hydrothermal vents was collected from the Inter-
Ridge Vents Database. The maritime boundary map of World High Seas 
was downloaded from Marine Regions (https://marineregions.org/). 
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Each set of hydrothermal vent coordinates was checked for presence 
within any of the High Seas polygons. Spatial vector data were analysed 
with the R package sf version 1.0-9 (ref. 69).

To establish the list of species uniquely present in ABNJ, we used 
species geographical abundance data from OBIS. We first retrieved 
all 28,375 species with at least one occurrence record in ABNJ (https://
obis.org/area/1). For each ABNJ-present species, we checked if it was 
also observed in the territorial waters of any country. Species with at 
least one occurrence record were excluded. Data were obtained from 
the OBIS database (2022) using the R package robis version 2.11.0. 
(ref. 70) and parallel version 3.6.2. (ref. 71).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Data were collected from publicly available data sources: INSDC  
(ftp.ncbi.nih.gov/genbank/)72, UniProtKB73, WoRMS (https://www.
marinespecies.org)74, WoRDSS75, PubMed (https://pubmed.ncbi.nlm.
nih.gov) and the Integrated Microbial Genomes and Microbiomes 
database (https://img.jgi.doe.gov). Species observation records were 
obtained from OBIS (https://obis.org). The geolocations of hydrother-
mal vents were collected from the InterRidge Vents database (http://
vents-data.interridge.org)76. The maritime boundaries map of World 
High Seas was downloaded from Marine Regions (World EEZ v.11) 
(https://marineregions.org). The resulting MABPAT database is avail-
able at https://mabpat.shinyapps.io/main and via figshare at https://
doi.org/10.6084/m9.figshare.25289404.v3 (ref. 77).

Code availability
Analysis scripts are available via GitHub at https://github.com/
zhivkoplias/mabpat.

References
1.	 Falkinham, J. O. et al. Proliferation of antibiotic-producing 

bacteria and concomitant antibiotic production as the basis 
for the antibiotic activity of Jordan’s red soils. Appl. Environ. 
Microbiol. 75, 2735–2741 (2009).

2.	 Cragg, G. M. & Pezzuto, M. Natural products as a vital source for 
the discovery of cancer chemotherapeutic and chemopreventive 
agents. Med Princ. Pract. 25, 41–59 (2016).

3.	 Hournan, P. C. H., Hertog, M. G. L. & Katanc, M. B. Analysis and 
health effects of flavonoids. Food Chem. 57, 43–46 (1996).

4.	 Achan, J. et al. Quinine, an old anti-malarial drug in a modern 
world: role in the treatment of malaria. Malar. J. 10, 144 (2011).

5.	 Shah, Z. et al. Podophyllotoxin: history, recent advances and 
future prospects. Biomolecules 11, 603 (2021).

6.	 Atanasov, A. G. et al. Natural products in drug discovery: advances 
and opportunities. Nat. Rev. Drug Discov. 20, 200–216 (2021).

7.	 Sigwart, J. D. et al. Unlocking the potential of marine biodiscovery. 
Nat. Prod. Rep. 38, 1235–1242 (2021).

8.	 Beraldi-Campesi, H. Early life on land and the first terrestrial 
ecosystems. Ecol. Process. 2, 1 (2013).

9.	 Román-Palacios, C., Moraga-López, D. & Wiens, J. J. The origins 
of global biodiversity on land, sea and freshwater. Ecol. Lett. 25, 
1376–1386 (2022).

10.	 Appeltans, W. et al. The magnitude of global marine species 
diversity. Curr. Biol. 22, 2189–2202 (2012).

11.	 Eguíluz, V. M. et al. Scaling of species distribution explains  
the vast potential marine prokaryote diversity. Sci. Rep. 9,  
18710 (2019).

12.	 Gerwick, W. H. & Moore, B. S. Lessons from the past and charting 
the future of marine natural products drug discovery and 
chemical biology. Chem. Biol. 19, 85–98 (2012).

13.	 Blasiak, R. et al. A forgotten element of the blue economy: marine 
biomimetics and inspiration from the deep sea. PNAS Nexus 1, 
pgac196 (2022).

14.	 Carroll, A. R., Copp, B. R., Davis, R. A., Keyzers, R. A. & Prinsep, M. R. 
Marine natural products. Nat. Prod. Rep. 38, 362–413 (2021).

15.	 Blasiak, R. et al. Making marine biotechnology work for people 
and nature. Nat. Ecol. Evol. 7, 482–485 (2023).

16.	 Li, B. et al. Preparation of lactose-free pasteurized milk with 
a recombinant thermostable β-glucosidase from Pyrococcus 
furiosus. BMC Biotechnol. 13, 73 (2013).

17.	 Aesoy, R. & Herfindal, L. in Principles of Cancer Treatment and 
Anticancer Drug Development (ed. Link, W.) 137–139 (Springer 
International Publishing, 2022).

18.	 Chalfie, M., Tu, Y., Euskirchen, G., Ward, W. W. & Prasher, D. C. 
Green fluorescent protein as a marker for gene expression. 
Science 263, 802–805 (1994).

19.	 Wynberg, R. & Laird, S. A. Fast science and sluggish policy: the 
Herculean task of regulating biodiscovery. Trends Biotechnol. 36, 
1–3 (2018).

20.	 Convention on Biological Diversity (Secretariat of the CBD,  
UN Environment Programme, 2011); https://www.cbd.int/ 
convention/text

21.	 Nagoya Protocol on Access to Genetic Resources and the Fair and 
Equitable Sharing of Benefits Arising from their Utilization to the 
Convention on Biological Diversity (Secretariat of the CBD, UN 
Environment Programme, 2011); https://www.cbd.int/abs/text

22.	 UN General Assembly. Draft Agreement under the United Nations 
Convention on the Law of the Sea on the Conservation and Sustain­
able Use of Marine Biological Diversity of Areas Beyond National 
Jurisdiction; https://www.un.org/bbnj/sites/www.un.org.bbnj/files/
draft_agreement_advanced_unedited_for_posting_v1.pdf (2023).

23.	 Oldham, P., Hall, S. & Barnes, C. Patent Landscape Report 
on Animal Genetic Resources (World Intellectual Property 
Organization, 2014); https://www.wipo.int/edocs/pubdocs/en/
wipo_pub_947_3.pdf

24.	 Scholz, A. H. et al. Myth-busting the provider-user relationship for 
digital sequence information. Gigascience 10, giab085 (2021).

25.	 Arnaud-Haond, S., Arrieta, J. M. & Duarte, C. M. Marine biodiversity 
and gene patents. Science 331, 1521–1522 (2011).

26.	 Arrieta, J. M., Arnaud-Haond, S. & Duarte, C. M. What lies 
underneath: conserving the oceans’ genetic resources. Proc. Natl 
Acad. Sci. USA 107, 18318–18324 (2010).

27.	 Blasiak, R., Jouffray, J.-B., Wabnitz, C. C. C., Sundström, E. & 
Österblom, H. Corporate control and global governance of 
marine genetic resources. Sci. Adv. 4, eaar5237 (2018).

28.	 Blasiak, R., Jouffray, J.-B., Wabnitz, C. C. C. & Österblom, H. 
Scientists should disclose origin in marine gene patents. Trends 
Ecol. Evol. 34, 392–395 (2019).

29.	 Katz, L. & Baltz, R. H. Natural product discovery: past, present, and 
future. J. Ind. Microbiol. Biotechnol. 43, 155–176 (2016).

30.	 Jaspars, M. et al. The marine biodiscovery pipeline and ocean 
medicines of tomorrow. J. Mar. Biol. Assoc. 96, 151–158 (2016).

31.	 The IUCN Red List of Threatened Species Version 2024-1 (IUCN, 2022).
32.	 Van Dover, C. L. et al. Scientific rationale and international 

obligations for protection of active hydrothermal vent 
ecosystems from deep-sea mining. Mar. Policy 90, 20–28 (2018).

33.	 Khan, I., Akmal, K. F., Chong, W. S., Maran, B. A. V. & Shah, M. D. in 
Marine Biotechnology: Applications in Food, Drugs and Energy  
(eds Shah, M. D. et al.) Ch. 1 (Springer Nature, 2023).

34.	 Hasan, I. et al. The innovation–economic growth nexus: global 
evidence. Res. Policy 39, 1264–1276 (2010).

35.	 Lara-Lopez, A., Valdés, L., de Pinho, R. & Enevoldsen, H. In 
Global Ocean Science Report 2020: Charting Capacity for Ocean 
Sustainability (ed. Isensee, K.) 135–173 (UNESCO Publishing, 
2020).

72

http://www.nature.com/natsustain
https://obis.org/area/1
https://obis.org/area/1
http://ftp.ncbi.nih.gov/genbank/
https://www.marinespecies.org
https://www.marinespecies.org
https://pubmed.ncbi.nlm.nih.gov
https://pubmed.ncbi.nlm.nih.gov
https://img.jgi.doe.gov
https://obis.org
http://vents-data.interridge.org
http://vents-data.interridge.org
https://www.marineregions.org/downloads.php
https://mabpat.shinyapps.io/main
https://doi.org/10.6084/m9.figshare.25289404.v3
https://doi.org/10.6084/m9.figshare.25289404.v3
https://github.com/zhivkoplias/mabpat
https://github.com/zhivkoplias/mabpat
https://www.cbd.int/convention/text
https://www.cbd.int/convention/text
https://www.cbd.int/abs/text
https://www.un.org/bbnj/sites/www.un.org.bbnj/files/draft_agreement_advanced_unedited_for_posting_v1.pdf
https://www.un.org/bbnj/sites/www.un.org.bbnj/files/draft_agreement_advanced_unedited_for_posting_v1.pdf
https://www.wipo.int/edocs/pubdocs/en/wipo_pub_947_3.pdf
https://www.wipo.int/edocs/pubdocs/en/wipo_pub_947_3.pdf


Nature Sustainability | Volume 7 | August 2024 | 1027–1037 1036

Article https://doi.org/10.1038/s41893-024-01392-w

36.	 Haščič, I. et al. Public Interventions and Private Climate Finance 
Flows: Empirical Evidence from Renewable Energy Financing;
OECD Environment Working Papers no. 80 (2015).

37.	 Guellec, D., Martinez, C. & Zuniga, M. P. Pre-emptive patenting: 
securing market exclusion and freedom of operation. Econ. Innov. 
New Technol. 21, 1–29 (2012).

38.	 Gurgula, O. Strategic patenting by pharmaceutical companies—
should competition law intervene? IIC Int. Rev. Ind. Prop. Copyr. 
Law 51, 1062–1085 (2020).

39.	 Hall, B. H., Jaffe, A. & Trajtenberg, M. Market value and patent
citations. RAND J. Econ. 36, 16–38 (2005).

40.	 Adams, J. N. in Research Handbook on Patent Law and Theory
(ed. Takenaka, T.) Ch. 1, 2–26 (Edward Elgar Publishing, 2019).

41.	 Jefferson, O. A., Köllhofer, D., Ajjikuttira, P. & Jefferson, R. A. Public 
disclosure of biological sequences in global patent practice. 
World Pat. Inf. 43, 12–24 (2015).

42. Standard ST.26: Recommended Standard for the Presentation 
of Nucleotide and Amino Acid Sequence Listings Using XML 
(Extensible Markup Language) (WIPO, 2023); https://www.wipo.int/
export/sites/www/standards/en/pdf/03-26-01.pdf

43. Spatio-Temporal Annotation Policy (INSDC, 2021); https://www.
insdc.org/news/spatio-temporal-annotation-policy-18-11-2021/

44. COP15: Nations Adopt Four Goals, 23 Targets for 2030 in 
Landmark UN Biodiversity Agreement (Secretariat of the CBD, 
UN Environment Programme, 2022); https://www.cbd.int/article/
cop15-cbd-press-release-final-19dec2022

45.	 Suttle, C. Marine viruses—major players in the global ecosystem.
Nat. Rev. Microbiol. 5, 801–812 (2007).

46.	 Sobecky, P. A. & Hazen, T. H. Horizontal gene transfer and mobile 
genetic elements in marine systems. Methods Mol. Biol. 532,
435–53, (2009).

47.	 Husnik, F. et al. Bacterial and archaeal symbioses with protists.
Curr. Biol. 31, 862–877 (2021).

48.	 Cordes, E. E. & Levin, L. A. Exploration before exploitation. 
Science 359, 719 (2018).

49.	 Pollock, L. J. et al. Protecting biodiversity (in all its complexity): 
new models and methods. Trends Ecol. Evol. 35, 1119–1128
(2020).

50.	 Bingham, H. et al. The biodiversity informatics landscape: 
elements, connections and opportunities. Res. Ideas Outcomes 3,
e14059 (2017).

51.	 Oldham, P., Chiarolla, C. & Thambisetty, S. Digital Sequence 
Information in the UN High Seas Treaty: Insights from the Global 
Biodiversity Framework-related Decisions; LSE Law School Policy 
Briefing Series 53/2023. Available at SSRN https://doi.org/10.2139/
ssrn.4343130 (2023).

52.	 Trevisanut, S. & Bonfanti, A. Intellectual Property Rights Beyond 
National Jurisdiction: Outlining a Regime for Patenting Products 
Based on Marine Genetic Resources of the Deep-Sea Bed and 
High Sea. Available at SSRN https://doi.org/10.2139/ssrn.1861020
(2011).

53.	 Alexander, J. B. et al. Complementary molecular and visual 
sampling of fish on oil and gas platforms provides superior 
biodiversity characterisation. Mar. Environ. Res. 179, 105692 
(2022).

54.	 Franco, N. R. et al. Bacterial composition and diversity in deep-sea 
sediments from the southern Colombian Caribbean Sea. Diversity
13, 10 (2020).

55.	 McLean, D. L. et al. Enhancing the scientific value of industry 
remotely operated vehicles (ROVs) in our oceans. Front. Mar. Sci.
7, 00220 (2020).

56.	 Österblom, H. et al. Scientific mobilization of keystone actors for 
biosphere stewardship. Sci. Rep. 12, 3802 (2022).

57. The Common Oceans: ABNJ Deep Seas Project (FAO, 2018); 
https://www.fao.org/3/CA2245EN/ca2245en.pdf

58.	 Wright, G. & Rochette, J. Regional Ocean Governance of Areas 
Beyond National Jurisdiction: Lessons Learnt and Ways Forward
(STRONG High Seas Project, 2019); https://www.prog-ocean.org/
wp-content/uploads/2019/03/STRONG-HS_Lessons-Learnt-
Report.pdf

59.	 Amon, D. J. et al. Assessment of scientific gaps related to the 
effective environmental management of deep-seabed mining.
Mar. Policy 138, 105006 (2022).

60.	 Leary, D. & Juniper, S. K. in The Limits of Maritime Jurisdiction
(eds Schofield, C. et al.) Ch. 34, 769–785 (Martinus Nijhoff 
Publishers, 2014).

61.	 Leary, D. Marine genetic resources in areas beyond national 
jurisdiction: do we need to regulate them in a new agreement? 
Marit. Saf. Secur. Law J. 5, 22–47 (2018).

62.	 Rotter, A. et al. The essentials of marine biotechnology. Front. Mar. 
Sci. 8, 629629 (2021).

63.	 Terlau, H. & Olivera, B. M. Conus venoms: a rich source of novel 
ion channel-targeted peptides. Physiol. Rev. 84, 41–68 (2004).

64.	 Woolfson, D. N., Baker, E. G. & Bartlett, G. J. How do miniproteins 
fold? Science 357, 133–134 (2017).

65.	 Brunet, M. A., Leblanc, S. & Roucou, X. Reconsidering proteomic 
diversity with functional investigation of small ORFs and 
alternative ORFs. Exp. Cell Res. 393, 112057 (2020).

66.	 Zhang, F., Wen, Y. & Guo, X. CRISPR/Cas9 for genome editing:
progress, implications and challenges. Hum. Mol. Genet. 23,
40–46 (2014).

67.	 Pearson, W. R. An introduction to sequence similarity 
(“homology”) searching. Curr. Protoc. Bioinformatics Chapter 3,
3.1.1–3.1.8 (2013).

68.	 Buchfink, B., Xie, C. & Huson, D. Fast and sensitive protein 
alignment using DIAMOND. Nat. Methods 12, 59–60 (2015).

69.	 Pebesma, E. Simple features for R: standardized support for
spatial vector data. R J. 10, 439 (2018).

70.	 Provoost, P., Bosch, S. & Best, B. iobis/robis: robis 2.11.0. Zenodo
https://zenodo.org/doi/10.5281/zenodo.1489948 (2022).

71.	 parallel: support for Parallel computation in R. R version 3.6.2 
https://rdocumentation.org/packages/parallel/versions/3.6.2

72.	 Arita, M. et al. The international nucleotide sequence database
collaboration. Nucleic Acids Res. 49, D121–D124 (2021).

73.	 The Uniprot Consortium. UniProt: the Universal Protein 
Knowledgebase in 2023. Nucleic Acids Res. 51, D523–D531 
(2023).

74. World Register of Marine Species (WoRMS Editorial Board, 
accessed 15 November 2022); https://doi.org/10.14284/170

75.	 Glover, A. G., Higgs, N. & Horton, T. World Register of Deep-Sea 
Species (WoRDSS) (accessed 15 November 2022); https://doi.org/
10.14284/352

76.	 Beaulieu, S. E. & Szafranski, K. InterRidge Global Database 
of Active Submarine Hydrothermal Vent Fields Version 3.4 
(InterRidge, accessed 1 February 2023).

77.	 Zhivkoplias, E. MArine Bioprospecting PATent dataset. figshare
https://doi.org/10.6084/m9.figshare.25289404.v3 (2024).

78.	 How much does a patent cost? BlueIron (16 January 2022); 
https://blueironip.com/how-much-does-a-patent-cost

79.	 Butamax, Gevo settle patent dispute. Biomass Magazine
(24 August 2015); https://biomassmagazine.com/articles/
butamax-gevo-settle-patent-dispute-12339

80.	 Gevo acquires Butamax patent estate. Yahoo Finance
(23 September 2021); https://finance.yahoo.com/news/
gevo-acquires-butamax-patent-estate-130000249.html

81.	 Abida, H. et al. Bioprospecting marine plankton. Mar. Drugs 11,
4594–4611 (2013).

82.	 Delmont, T. O. et al. Functional repertoire convergence of 
distantly related eukaryotic plankton lineages abundant in the 
sunlit ocean. Cell Genom. 2, 100123 (2022).

73

http://www.nature.com/natsustain
https://www.wipo.int/export/sites/www/standards/en/pdf/03-26-01.pdf
https://www.wipo.int/export/sites/www/standards/en/pdf/03-26-01.pdf
https://www.insdc.org/news/spatio-temporal-annotation-policy-18-11-2021/
https://www.insdc.org/news/spatio-temporal-annotation-policy-18-11-2021/
https://www.cbd.int/article/cop15-cbd-press-release-final-19dec2022
https://www.cbd.int/article/cop15-cbd-press-release-final-19dec2022
https://doi.org/10.2139/ssrn.4343130
https://doi.org/10.2139/ssrn.4343130
https://doi.org/10.2139/ssrn.1861020
https://www.fao.org/3/CA2245EN/ca2245en.pdf
https://www.prog-ocean.org/wp-content/uploads/2019/03/STRONG-HS_Lessons-Learnt-Report.pdf
https://www.prog-ocean.org/wp-content/uploads/2019/03/STRONG-HS_Lessons-Learnt-Report.pdf
https://www.prog-ocean.org/wp-content/uploads/2019/03/STRONG-HS_Lessons-Learnt-Report.pdf
https://zenodo.org/doi/10.5281/zenodo.1489948
https://rdocumentation.org/packages/parallel/versions/3.6.2
https://doi.org/10.14284/170
https://doi.org/10.14284/352
https://doi.org/10.14284/352
https://doi.org/10.6084/m9.figshare.25289404.v3
https://blueironip.com/how-much-does-a-patent-cost
https://biomassmagazine.com/articles/butamax-gevo-settle-patent-dispute-12339
https://biomassmagazine.com/articles/butamax-gevo-settle-patent-dispute-12339
https://finance.yahoo.com/news/gevo-acquires-butamax-patent-estate-130000249.html
https://finance.yahoo.com/news/gevo-acquires-butamax-patent-estate-130000249.html


Nature Sustainability | Volume 7 | August 2024 | 1027–1037 1037

Article https://doi.org/10.1038/s41893-024-01392-w

83.	 Haward, M. G. & Rogers, A. D. Marine genetic resources in 
areas beyond national jurisdiction: promoting marine scientific 
research and enabling equitable benefit sharing. Front. Mar. Sci. 
8, 667274 (2021).

84.	 Tara Ocean Foundation, T. O. & Oceans, T. Priorities for ocean 
microbiome research. Nat. Microbiol. 7, 937–947 (2022).

Acknowledgements
We thank D. Khvostovetc for providing valuable consultancy in the 
Patent Cooperation Treaty and European Patent Convention. E.Z., A.P. 
and R.B. are funded by FORMAS, project number 2020-01048. A.P. is 
also funded by FORMAS, project number 2019-01220. P.D. is funded 
by the Research Platform Governance of Digital Practices at the 
University of Vienna. J.-B.J. is funded by the Knut and Alice Wallenberg 
Foundation (2021.0343).

Author contributions
E.Z. and A.P. collected the raw data. E.Z., J.-B.J. and R.B. designed the 
research and analysed the data. E.Z., P.D., J.-B.J. and R.B. wrote the paper.

Funding
Open access funding provided by Stockholm University.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary 
material available at https://doi.org/10.1038/s41893-024-01392-w.

Correspondence and requests for materials should be addressed to 
Erik Zhivkoplias.

Peer review information Nature Sustainability thanks Peter McGarvey 
and the other, anonymous, reviewer(s) for their contribution to the 
peer review of this work.

Reprints and permissions information is available at  
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with  
regard to jurisdictional claims in published maps and  
institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2024

74

http://www.nature.com/natsustain
https://doi.org/10.1038/s41893-024-01392-w
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


9. Discussion

This section synthesizes the contributions made in this thesis. It first discusses empirical contributions 

and reflects on how the underlying research approach extends the literature on marine genetic resources 

and commons governance (9.1). It then reflects on policy implications, discussing pathways for 

multilateral agreements, national governments, and local institutions to counteract persisting equity 

issues in the ocean genome commons (9.2). Finally, it discusses limitations and future research (9.3).  

9.1. Empirical and theoretical contributions 

Paper 1 presents evidence of imbalanced global relationships in the provision and use of DSI. It finds 

that OECD countries are the biggest users of foreign-sourced DSI and that a high share of their foreign-

sourced publications did not involve collaboration with local authors. While international collaboration 

has increased over time, certain types of genetic research, namely basic research, research in mega-

biodiverse countries, and marine genetic research, continue to be significantly more exclusive towards 

authors from countries of origin. In observing these nuances, the paper establishes an understanding of 

global user-provider relationships as shaped by historical inequities and dependent on specific research 

contexts. These insights establish important nuances to the previous research by Scholz et al. (2021) on 

DSI user-provider relationships.   

Paper 2 addresses the research gap on relationships between marine genetic research and patenting 

practices. While the paper reiterates evidence on global research and innovation capacity imbalances 

between developing and developed countries (Blasiak et al. 2018; P. Oldham et al. 2014; Tolochko and 

Vadrot 2021), its analysis of patent references to marine genetic research articles establishes a more 

nuanced view. It identified ‘net-providers’ and ‘net-users’ of marine genetic research, pointing to 

diverging provider-user balances even amongst developed countries: some countries benefit 

comparatively more from others’ provisioning of marine genetic research than they provide themselves. 

As such, the paper describes a typical freeriding problem in the science-patent nexus, a collective action 

problem identified in many other cases of commonly shared resources (Hess and Ostrom 2007).  

Paper 3 extends previous studies on marine genetic resource patents (Arnaud-Haond, Arrieta, and 

Duarte 2011; Blasiak et al. 2018). It introduces the Marine Bioprospecting Patent (MABPAT) database, 

a comprehensive dataset of 92,550 protein-coding sequences linked to 4,779 patent filings from 1989 

to 2022. Using a sequence similarity model to supplement incomplete patent records, the study offers 

the most extensive mapping to date of marine genetic resources in patents. It shows that microbial and 

deep-sea species, the latter being predominantly found in Areas Beyond National Jurisdiction, are 

central to marine bioprospecting. It identifies key corporate actors and geographic concentrations of 

patent activity in only a few countries, notably in the USA, Germany, and Japan. By quantifying the 
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extent and origins of marine genetic resource use in patents, the paper provides empirical evidence of 

corporate interest in marine genetic resources, including from the deep-sea. 

Beyond the individual papers, the thesis provides a holistic understanding of how marine genetic 

resources circulate through interconnected stages of scientific research and bioprospecting pipelines. 

The research reveals significant imbalances in capacities to use and benefit from marine genetic 

resources across these stages: a small number of developed countries and transnational corporations 

dominate downstream use, while several providers of genetic materials and research, both in developing 

and developed countries, remain relatively inactive in patenting activities. As argued in this thesis, these 

imbalances indicate the existence of a freeriding problem in the ocean genome commons and raise 

important equity concerns. Such systematic and holistic insights could not be drawn from previous 

research on marine genetic resource collection and use (Blasiak et al. 2018; Jaspars, Humphries, and 

Rabone 2021), which has either not considered interactions between actors across genetic sample 

collection, marine genetic research, and subsequent corporate activities or not generalized these beyond 

individual cases.  

The insights from the presented studies may prove beneficial to research on other knowledge or hybrid 

commons, as they potentially hint at generalizable practices or tendencies. The context of genetic 

resource governance appears particularly fruitful for holistic explorations of resource system dynamics, 

due to the high availability of metadata to study various provision and use activities. The thesis also 

provides an example of how the traditional commons literature may inform international relations and 

vice versa (Keohane and Ostrom 1995), due to its focus on nation states in their facilitating roles within 

the ocean genome commons. 

9.2. Policy implications and pathways towards improved equity 

The thesis points to a series of structural and institutional asymmetries in the global governance of 

marine genetic resources and DSI. These asymmetries have implications for ongoing international 

policy debates in the CBD and the BBNJ Treaty, as well as for more general considerations on data 

governance and research funding.  

The findings of Paper 1 suggest that current national research policies, international capacity-building, 

and access and benefit-sharing arrangements need to pay attention to the significantly higher likelihood 

of non-involvement of local researchers in basic, marine, and ecologically sensitive genetic research 

contexts. In the case of marine genetic research, this divergence may be due to the fact that it is more 

costly to collect and study marine genetic materials compared to terrestrial resources (Sigwart et al. 

2021), making it more difficult for universities and researchers in developing countries to participate. 

While the paper does not consider DSI sourced from Areas Beyond National Jurisdiction, the observed 
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lack of collaboration might equally shape research regulated under the BBNJ Treaty. Across legal 

contexts, policymakers and scientists may thus need to reassess international partnerships and the 

allocation of resources to establish more equitable and inclusive scientific practices involving marine 

genetic resources. 

Paper 2 highlights imbalances between the provision and use of marine genetic research in the patent 

system, revealing countries that act primarily as users rather than providers of scientific knowledge. 

These imbalances are not addressed by current benefit-sharing mechanisms, which typically focus 

either on scientific activities, patenting, or commercialization, but not on relationships between these 

domains. This raises questions about how benefit-sharing mechanisms might evolve to reflect the full 

lifecycle of scientific knowledge, particularly when that knowledge becomes relevant for corporate 

activities (Brown 2025). The paper advances the idea of incorporating indicators related to science-

patent balances into multilateral benefit-sharing frameworks. The BBNJ Treaty’s article 14.7 explicitly 

considers future monetary benefit-sharing rates to be calculated ‘based on a diversified set of indicators 

measuring the aggregate level of activities by a Party’ (United Nations General Assembly 2023). 

Science-patent balances could be part of these sets of indicators, which would provide incentives for 

the continued provisioning of scientific research. Additional quality checks would be necessary to avoid 

counting ‘non-valuable contributions’, for instance, in the form of articles published in predatory 

journals. The notification information system constructed under the BBNJ Treaty (Lawson et al. 2025) 

could more generally benefit from the inclusion of science-patent citations linkages to establish 

transparency.  

Paper 3’s findings on the high concentration of intellectual property in the United States, Germany, and 

Japan raise questions about the adequacy of existing governance frameworks to address global 

imbalances in corporate use of marine genetic resources. Besides this, it addresses discussions about 

the difficulty of tracing DSI (Raposo et al. 2023) and introduces the methodological idea of focusing 

on ‘most relevant’ DSI, such as protein-coding sequences. This line of thinking may be useful in the 

design of transparency or traceability mechanisms under the BBNJ Agreement and the CBD, which 

could focus on specific DSI to increase the efficiency of investments and efforts into such mechanisms. 

The paper also provides ideas of linking innovation outcomes with conservation financing (Blasiak et 

al. 2023), for example, through earmarked contributions to marine protection. 

All three papers point to the importance of improving current metadata reporting practices in 

administrative, scientific, and patent databases. Inaccurate or incomplete metadata, such as missing 

country of origin information, taxonomic identifiers, or biocultural labels, hinder efforts to monitor the 

movement and use of marine genetic resources and DSI and complicate compliance with international 

agreements (Rohden et al. 2020; Blasiak et al. 2019; Golan et al. 2022). The ongoing efforts by INSDC 
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to standardize metadata fields (International Nucleotide Sequence Database Collaboration 2023) could, 

in coordination with specific Treaty mechanisms such as the BBNJ standardized batch identifier 

(Lawson et al. 2025), significantly enhance traceability and facilitate effective implementation of access 

and benefit-sharing mechanisms. 

9.3. Limitations and future research 

The thesis relied on an analytical framework that considered countries of origin, science, and patenting 

as central stages of the marine bioprospecting pipeline. While this allowed for a holistic and systematic 

analysis, the approach was also constrained by several limitations, which I will turn to now.  

A key limitation relates to relevant activities of marine genetic resource collection and use that are not 

included in the analytical framework. Importantly, the framework and analyses have not extended to 

commercial products. As argued in Paper 3, patent practices provide a vantage point for the study of 

corporate interest, but there is a wide gap from there to commercialization, as products need to traverse 

many additional stages along the biodiscovery pipeline, such as clinical trials (Jaspars, Humphries, and 

Rabone 2021). Additionally, patents often fulfill primarily strategic or speculative functions such as 

gatekeeping (Heller 2013; Guellec, Martinez, and Zuniga 2012) and financial hedging (Kang 2020) 

rather than indicating actual commercial activities. Methodological innovation and improved 

transparency standards will be needed to achieve traceability to commercial products. Besides 

commercialization, researchers may also want to extend the research approach to include specific 

information on samples (Oldham 2020), secondary scientific activities (Scholz et al. 2021), or data from 

research cruise reports.  

Another limitation concerns the explicit focus on marine genetic resource provision and use at the nation 

state level. While this is desirable in terms of generalization and systematic understanding, it did not 

study relevant activities at smaller scales, as is typically the case in research on commons governance. 

It will thus be crucial to align the systematic findings with research on sub-national stakeholders and 

their interactions (Humphries, Rabone, and Jaspars 2021; Jaspars, Humphries, and Rabone 2021; 

Heinrich et al. 2020; Noreña – P et al. 2018; Geary and Bubela 2019; Nyika 2009; Rayne et al. 2022; 

Mc Cartney et al. 2023). Such case studies can provide valuable insights into causal mechanisms 

shaping global patterns and outcomes. This is a crucial step in the IAD framework’s action arena, where 

concrete scenarios can be analyzed to understand how patterned interactions emerge, thus providing 

more detailed insights into how particular equity issues could be addressed (Hess and Ostrom 2007). 

The large-scale analysis and framework presented in this thesis may indeed strengthen such smaller-

scale analyses, as it can provide criteria for case selection and a setup for cross-case comparison, for 

instance, by following established approaches for mixed methods research (Lieberman 2005). 
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10. Conclusion 

As marine genetic resources become increasingly central to research and innovation in public health, 

environmental monitoring, and biotechnology, they also emerge as a new frontier of global 

environmental governance. This frontier entails a complex landscape of actors involved in their 

collection and use, constituting a global resource system that I conceptualized as the ocean genome 

commons. By empirically studying this system, this thesis provides a unique perspective on 

contemporary challenges and opportunities arising from the governance of such globally shared 

resources.  

These challenges are manifold and, as this thesis shows, policy interventions must engage in difficult 

balancing acts between principles of open science and equity, environmental stewardship and corporate 

interest, and public control and bureaucratic efficiency. The ocean genome commons provides a unique 

space for developing, testing, and refining new models of traceability, benefit-sharing, and 

accountability to address these challenges. If these efforts are approached in a collaborative spirit and 

with foresight, the ocean genome commons has the potential to serve as a model for how humanity can 

equitably share Earth’s vital resources. 
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