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Marine genetics play an essential role in biodiversity studies, ecosystem moni-
toring, and biotechnology, yet little is known about how marine genetic se-
quences are translated into commercial applications. Although international
frameworks such as the BBNJ Agreement and the Convention on Biological
Diversity address access and benefit sharing, effective implementation requires
empirical insight into how marine genes are used. Here we analyze the Marine
Bioprospecting Patent Database, a global catalog of marine-derived genes
appearing in patents, by combining structural topic modeling and large language
model-assisted classification of 1,676 patent texts to map technological themes
and actor contributions across healthcare, agriculture, industrial, and founda-
tional biotechnology. Private-sector filings prioritize industrial and agricultural
applications, whereas research institutes and governmental actors disproportion-
ately contribute foundational, cross-cutting tools that enable downstream inno-
vation. A curated subset of 221 patent claims mentioning marine enzymes
illustrates applications ranging from bioenergy and green chemistry feedstocks
to diagnostics and therapeutics. While many inventions align with sustainability
objectives, others deliver incremental gains or support applications with ambig-
uous, if not adverse, environmental implications. Targeted policy, funding, and
stewardship are needed to maximize net sustainability benefits and ensure
equitable benefit-sharing under international frameworks.

KEYWORDS
BBNJ agreement, digital sequence information, equity, gene patents, marine biotech,
marine biotechnology, marine biotechnology and natural products, marine genetic
resources

1 Introduction

The global push for sustainable development encourages a holistic vision that recognizes
and acts upon the inherent links between our economy, society, and the environment. The
environment and its biodiversity provide diverse benefits that underpin humanity’s societal
and economic well-being. These benefits are multifaceted, ranging from ecosystem func-
tions like climate regulation and food provision to the raw materials for innovation, which
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collectively contribute directly or indirectly to all 17 Sustainable
Development Goals (SDGs) (Blicharska et al., 2019). For instance,
the components of biodiversity - ecosystems, species, and genes -
deliver benefits that contribute to food security and improved
nutrition by providing crop pollination and pest control (SDG 2),
to improved health outcomes by serving as a source for medicines
and diluting disease reservoirs (SDG 3), and to economic growth by
providing cost-efficient solutions through bioprospecting (SDG 8).
Many novel and emerging benefits from biodiversity are associated
with the genetic resources of individual species, and often surprising
human innovation processes.

A powerful recent example is the development of the drug
semaglutide, marketed as Ozempic and Wegovy. This drug, used to
treat type 2 diabetes and obesity, is a synthetic version of a hormone
discovered in the saliva of Heloderma suspectum, a large lizard
endemic to arid regions of the United States and Mexico. The
hormone exendin-4, extracted from H. suspectum, was found to be
a long-lasting analog of the human hormone GLP-1, which regu-
lates blood sugar and appetite (Kolterman et al.,, 2003). This
discovery and subsequent bio-inspired innovation, originating
unexpectedly from a terrestrial reptile, exemplifies the immense,
often untapped, potential of the planet’s biodiversity to yield
revolutionary and more sustainable tools for human well-being.
The economic impact has been so profound that some commenta-
tors have noted its significant contribution to the GDP of Denmark,
home to the pharmaceutical company Novo Nordisk, highlighting
how a single genetic discovery can influence a national economy
(https://www.npr.org/sections/planet-money/2024/07/26/g-s1-
13534/ozempic-biggest-side-effect-denmark-pharmastate). Albeit
an exception rather than the rule in biotechnology, the Ozempic
case illustrates the commercial potential of terrestrial biodiversity.

All evidence points to the global ocean being a rich and largely
untapped repository of genetic resources with vast potential
(Sigwart et al, 2021). The role these marine genetic resources
(MGR) can play in biotechnological advances, however, remains
far less clear. This gap is reflected in the small number of FDA-
approved drugs directly linked to marine biomolecules (https://
www.marinepharmacology.org/approved; Francesch et al., 2024),
while non-medical applications are even rarer. Around a quarter of
all clinically approved drugs (n=1,881 as of September 2019) are
based on natural products (Newman and Cragg, 2020), yet fewer
than 10% of identified natural products derive from marine
organisms. Nevertheless, marine natural products show up to
fourfold higher success rates in discovery pipelines (Sigwart et al.,
2021). This disparity arises not from a lack of potential but from
complex barriers, including limited confidence that nature can
provide tractable solutions, slow and high-risk development pro-
cesses with low success rates and repeated rediscovery, and persis-
tent challenges in tracking and documenting genetic resources
through R&D and commercialization - complicating efforts to
link downstream innovations to their genetic origins and to
demonstrate compliance with ABS provisions under the CBD
(Ruiz Muller and Lapefia, 2007), which can be a necessary condition
for providers and users to enter equitable research partnerships and
commercialization pathways that support innovation and broaden
market participation. At the same time, structural problems in
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marine biodiscovery persist: chronic underfunding of taxonomy
and organismal biology, short grant cycles ill-suited to high-risk
efforts, and limited collaboration between academics and industry
in the early stages of the marine biodiscovery pipeline (Sigwart et al.,
2021). Large-scale production also remains a critical bottleneck.
Marine lead compounds are often present at extremely low abun-
dance in source organisms, often because highly potent metabolites
are metabolically expensive to produce, making it difficult to secure
a sustainable supply and to recreate complex structures at scale
(Donia and Hamann, 2003).

A further disconnect exists in understanding not only the
commercial benefits of marine biotechnology but also how it
contributes to sustainable development by delivering broader eco-
nomic and societal benefits (Deep-Ocean Stewardship Initiative
(DOSI), 2025). Marine biotechnology is frequently conceptualized
as a crucial component of the “blue economy” - an aspirational
ocean economy that is sustainable and equitable, but this potential
remains largely unrealized (Blasiak et al., 2023). This is particularly
relevant for the Global South, where endemic marine biodiversity
offers important opportunities for more equitable and sustainable
growth, though realizing these benefits depends on governance,
capacity, and fair benefit-sharing rather than guaranteed “resource
riches” (Cisneros-Montemayor et al., 2021; Bennett et al., 2019).

Here, we address these gaps by applying a novel mixed-methods
approach to analyze patent data, a recognized indicator of innovation
and technological progress (Straccamore et al., 2023; Pugliese et al.,
2019). We build on initial work using patent analyses to identify the
organizations and applications driving market-oriented solutions
(Chiarolla et al.,, 2025; Oldham et al, 2025; Hall et al, 2014;
Arrieta, 2010), and advance these efforts by conducting an exhaustive
analysis of the MArine Bioprospecting PATent database (MABPAT),
a publicly available catalogue of marine gene sequences referenced in
patent filings (Zhivkoplias et al., 2024), using recent advances in
computational text-mining and topic modeling approaches (Table 1)
(Heberling, 2021). Our findings offer new insights into the techno-
logical applications of MGRs and their potential contribution to
sustainable development. Specifically, we (1) map the semantic topics
involving marine genes and their temporal trends; (2) provide a
categorical analysis of the types of biotechnological innovation with
respect to applicants filing marine gene patents and their headquarter
locations; (3) provide predictive assessment of product types based on
semantic analysis; and (4) estimate the primary contribution of MGR
to sustainable development.

2 Methods
2.1 Data collection and wrangling

We extracted patent application numbers from the MABPAT
database, a publicly available catalogue of marine gene sequences
referenced in patent filings, focusing on patents written in English.
From MABPAT, we also gathered detailed information about the
patent applicants, including their type and country of origin, as well
as any genetic sequences attached to the patent applications.
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TABLE 1 Summary of methods used.

Method name  Method description

Structural topic
modeling

An unsupervised probabilistic topic-modeling method
that identifies latent topics by grouping words that co-
occur across documents and, unlike basic topic models,
allows document metadata to influence topic prevalence
and content

LLM categorization Supervised classification using prompted large language
model to identify keywords and assign documents to

predefined thematic categories

Potential product Semi-automated extraction using fuzzy string matching of

types estimation enzyme names followed by manual validation to infer

potential product or method types from claim language.

A patent may be filed in multiple jurisdictions, resulting in
multiple patent documents but with more or less the same content.
Such sets of related patents are considered to be patent families.
Accounting for such family ties is a common technique used to
avoid duplicates in datasets (e.g., Oldham et al., 2025). We used the
patent API of the database The Lens (https://www.lens.org/) to
gather the same information as mentioned above for all patent
documents within the families tied to the initial documents. Within
each of the families, we selected only the most relevant documents
by prioritizing 1) granted patents, 2) granted patents in English, and
3) the earliest granted patent in English. If a family had no granted
patent, we would run through the same ranking criteria for patent
applications (i.e. prioritizing language over date of publication).
This reduced our dataset to 1,676 family-checked patent documents
for which we then scraped full texts from Google Patents.

Different parts of this collection were then interrogated with
complementary methods to provide overviews at varying scales and
levels of granularity, summarized in Table 1. Data constraints also
prevented the use of a single method (e.g., potential product-type
estimation) across the entire corpus, so we applied each method
where it was most appropriate for data quality and scope (Table 1).

2.2 Structural topic modeling

We used Structural Topic Model (Roberts et al., 2019) to
identify prevalent topics within the patent texts. This approach
allowed us to test the influence of document metadata, such as the
country of patenting or the type of applicant, on topic distribution.
Prior to conducting the analysis, we transformed the complete text
of the patent data into a document-term matrix format, which
displays the frequency of each word for each document. We applied
common data-cleaning procedures (Birkholz et al., 2021; Uglanova
and Gius, 2020; Chen et al., 2016). Specifically, we removed words
that appeared in fewer than 1% of the patents, common stopwords
that do not carry significant meaning, and technical or academic
terms that simply describe invention outcomes. Finally, we identi-
fied and removed the 100 most frequently used words from the
corpus. These steps eliminated terms that are either too specific
(and thus unrepresentative of broader topics) or too general (and
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Data used Resulted in

Full text patent data
(1,676 patent
applications)

12 topics: Bioluminescence, Crop traits, Programmable
bacteria, Omega-3 production, Bio-based chemicals, Crop
engineering, Biopharmaceuticals, Solar microbes, Protein
engineering, Molecular engineering, DNA enzymes,
Unnatural amino acids

Abstracts and claims
(1,273 patent
applications)

4 biotechnological themes: Foundational, Industrial,
Healthcare, Agricultural

Claims section of 13 potential product or method types: Food, feed &

patents and enzyme nutraceuticals; Molecular biology toolbox; Green
names extracted from chemistry & environmental technologies; Therapeutics &
stitle column of

MABPAT (221 patent

applications)

treatments; Bioenergy & carbon utilization; Vaccines &
production support; GM crops; Blue biotechnology;
Clinical diagnostics; Biosensors; Nanotechnology &
advanced materials; Optimized microbial systems;
Unclear or unspecified

therefore uninformative), and improved the computational effi-
ciency of the model estimation step.

To estimate the optimal number of topics, we fit models with a
range of topic numbers (from 2 to 25) and evaluated them using
held-out likelihood, residuals, and semantic coherence scores
(Supplementary Figure 1). We selected a 12-topic model because
it provided the best balance between statistical metrics and the
semantic interpretability of the resulting topics. We then labeled the
topics based on their most unique keywords and the titles of the top
30 most representative patents for each topic (function
findThoughts in stm package (Roberts et al., 2019). Full topic
names, titles of most representative patents, and unique keywords
are available in Supplementary Table 1.

In some cases, topic labeling was easy to do solely based on the
most frequent keywords, e.g., “Bioluminescence” (‘gfp’, ‘fluorescent’,
‘enzyme’, ‘luciferase’) and “Biopharmaceuticals” (‘antibody’, ‘human’,
‘chain’, ‘cancer’). In other cases, we consulted the titles of the most
representative patents. For example, for the “Bio-based chemicals”
topig, titles such as ‘Carbon pathway optimized production hosts for
the production of isobutanol,” ‘Fermentative production of alcohols,’
and ‘Glycerol 3-phosphate dehydrogenase for butanol production’
were indicative that these inventions centered around green chem-
istry as an alternative to petrochemical processes.

We incorporated multiple parameters that could influence topic
distribution, including the type of applicant, as well as the inclusion
of genetic sequences from deep-sea species. Linear regression was
used to assess the significance of these covariates on topic preva-
lence, with the prevalence of each topic set as a dependent variable
and the covariates as independent variables.

2.3 LLM-assisted categorization

Our approach involves training and evaluating a LLM to
identify cases where patent applicants frame their invention as a
specific type of biotechnological innovation. This method is in-
spired by a previous study on public value expressions in patents
(Pelaez et al., 2024).

Patent abstracts provide a concise, standardized overview of an
invention’s purpose, core components, and applications, making
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them useful for rapid screening. Claims, in contrast, use precise
legal language to convey both explicit facts and implicit technical
knowledge about an invention’s scope and R&D context (Chen
et al, 2016). Together, abstracts enable initial screening, while
claims provide the granular detail needed for thorough seman-
tic analysis.

We used a locally installed LLM (DeepSeek-R1-7b) to extract

» « » <«

relevant keywords (e.g., “vaccine,” “enzyme,” “transgenic plant”)
from patent abstracts and claims. These keywords were mapped to
four biotechnological themes (Healthcare, Agriculture, Industrial,
and Foundational Biotechnology) using a predefined description of
each theme’s potential uses for product and method development
(Text S1). Prompts included a concise system role (“Acting as a very
knowledgeable biotechnology researcher...”), explicit task instruc-
tions (“Identify keywords indicative of potential product or method
development, and assign the most likely biotechnological theme”),
and a clear output format (JSON with fields “biotechnological
theme” and “keywords of support”). Where helpful, we used a
chain-of-thought style and iteratively refined prompts on a small
subset of the data, following recommendations in the literature
(Tornberg, 2024; Weber and Reichardt, 2023). To consolidate
variations, the 100 most frequent keywords were then mapped to
standardized categories (Text S2).

To confirm that the LLM-identified keywords were actually
present in the patent text, we used regular-expression checks. This
computational technique searches text for specific character se-
quences, allowing precise, automated verification of whether a word
or phrase appears in a document. For this step, we considered only
patents previously selected for topic-modeling analysis that also had
both claims and abstract sections completed, yielding 1,310 patents.

To ensure robustness, we ran the keyword extraction process
three times. A patent was only included for further analysis if a
keyword’s presence was confirmed in at least two of the three runs.
Similarly, the categorization into product types was repeated three
times, and we retained only the 1,273 patents that received the same
category label in two out of three iterations. This rigorous filtering
process led to the exclusion of 37 patents due to inconsistencies in
either keyword presence or category prediction.

Finally, we performed a manual validation on a random sample
of 200 patents that met these criteria. To ensure that the validation
set included all predicted categories, we randomly selected 50
patents for each category. By manually reading the title, abstract,
and claims, we assessed the accuracy of the LLM’s predictions and
found a good agreement with the model’s assigned category
(Weighted-F1 score = 0.9016; F1 scores for individual categories:
0.9515, Foundational biotechnology = 0.8387; Healthcare biotech-
nology = 0.9231; Industrial biotechnology = 0.8800). F1 scores were
calculated in Python with classification_report function imported
from sklearn library (Pedregosa et al., 2011).

2.4 Product type prediction and potential
contribution to sustainable development

Our analysis began by identifying patents where marine-derived

enzymes were central to the invention. First, we performed a regular
expression search to match enzyme names from the MABPAT
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database [originally sourced from UniProt (UniProt Consortium,
2023)] against patent titles, resulting in an initial set of 395
potential matches.

Next, we conducted a manual verification of these candidates to
confirm that the contribution of the marine-derived enzyme was
substantial to the core claims of the invention. This validation
process, which involved a detailed reading of each patent, narrowed
the set to 221 confirmed cases. To support this manual assessment,
we performed a sequence-similarity search for each confirmed
enzyme in the InterPro database (https://www.ebi.ac.uk/interpro/).
This allowed us to link the enzymes to specific protein families and
their associated functional descriptions, providing an independent
line of evidence for their role in the invention.

A patent was ultimately included if it met two criteria: (1) the
enzyme name or class was explicitly mentioned in the claims, and (2)
manual evaluation confirmed that the invention was substantively
reliant on that enzyme. For each confirmed patent, we also summarized
the invention’s potential use in developing specific methods or products.

To evaluate each invention’s potential contribution to sustain-
able development, we used the invention’s intended use from the
patent text and then contextualized it with scientific literature that
explains the relevance of the described products or methods to
sustainable development goals. We included these supporting
references to link the specific technological innovation to its
broader sustainability impact (Supplementary Table 4).

Our use of the SDG framework in this analysis is intentionally
indicative rather than evaluative. We use SDG alignment as a
reference point for mapping the intended applications of marine
genetic resources as expressed in patent texts, rather than as a
definitive measure of sustainability outcomes. We do not claim that
patenting activity or biotechnological innovation is inherently
sustainable, nor do we treat stated alignment with SDG objectives
as a sufficient condition for sustainability. Realizing any such
contribution in practice requires governance frameworks, equitable
benefit-sharing arrangements, and active policy choices that extend
well beyond the act of innovation itself.

3 Results

3.1 Significant abundance of deep-sea
sequences in enzyme development

By applying structural topic modeling to 1,676 patent texts, we
created a 12-topic model for enzyme development. The two most
abundant topics relate to biological enzymes: molecular tools that link
genes to measurable light signals (i.e., reporter assays) for studying
cellular processes (Bioluminescence, 19.31%) and tools for manipu-
lating molecular biology machinery (DNA enzymes, 12.39%)
(Figure 1). Inventions targeting crop improvement are next (Crop
traits, 12.22%), followed by Biopharmaceuticals (12.19%) and Bio-
based chemicals (9.06%). Interestingly, these topics also show differ-
ent temporal dynamics. Bioluminescence and DNA enzymes peaked
in the late 1990s, while Biopharmaceuticals have become the most
abundant topic post-2020 (Supplementary Figure 2).
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We also tested whether the presence of sequences from deep-sea
species was a co-factor affecting topic distribution (see Methods:
Topic identification). We found this influence to be significant for
four topics: DNA enzymes (p_adj_BH = 4.78e-10), Bio-based
chemicals (p_adj_BH = 3.25e-03), Protein engineering (p_adj_BH
= 8.66¢-05), and Unnatural amino acids (p_adj_BH = 5.29¢-04).
Deep sea sequences are thus more likely to get listed in patents
associated with these four topics.

While this analysis provides an overview of the semantic landscape,
its temporal dynamics, and the influence of deep-sea sequences, we
found that some topics were difficult to delineate from one another (e.g.,
Crop traits vs. Crop engineering; Protein engineering vs. Molecular
engineering). This inspired us to use large language model-assisted
categorization (see Methods: LLM-assisted categorization for details).

3.2 Sector-specific language and public—
private divergence in biotechnology
patenting

By applying an LLM-based extraction method to 1,273 patent
texts, we extracted keywords indicating the type of biotechnological
innovation and linked each patent to predefined biotechnological
themes, informed by our topic modeling results (healthcare, indus-
trial, agricultural applications, and foundational biotechnology; see
full description in Supplementary Table 2). We visualized relation-
ships between keywords and themes as a network, which illustrates
the degree to which keywords are exclusive to a theme (Figure 2).
From this network, we observed that patents belonging to the
healthcare and agriculture themes are more distinct, using exclusive
sets of words to frame their applications. For instance, healthcare
patents frequently use terms like ‘vaccine,” ‘antibody,” and

10.3389/fmars.2026.1833479

‘treatment,” while agriculture patents use ‘transgenic plant,” ‘yield,’
and ‘nitrogen use efficiency.” In contrast, patents within the indus-
trial and foundational biotechnology themes share more common
language (e.g., ‘enzyme,” ‘host cell’), making them harder to distin-
guish from one another based on keywords alone. Only two terms,
‘nucleic acid” and ‘polypeptide,” were used across all four themes.

Next, we aggregated the patents by biotechnological theme and
found that the foundational, cross-cutting theme was the largest,
while the agricultural theme was the smallest (Figure 3A). Using
patent applicant types from MABPAT, we then estimated the
relative contribution of public actors (government agencies, uni-
versities, and research centers) versus private actors (companies)
across these themes (Figure 3B). We found statistically significant
differences in focus between public and private actors: public actors
tend to prioritize foundational and healthcare biotechnology in
their patent applications, whereas private actors focus more on
industrial and agricultural biotechnology (Supplementary Table 3).

Finally, we evaluated country-level contributions for each actor
type and found a relatively similar distribution among the top
contributing nations, with one exception: Germany showed a
notably higher contribution from private actors (Figure 3C),
driven by a large number of agricultural biotechnology patents
filed by BASF, a German multinational company and one of the
largest chemical producers in the world.

3.3 Marine enzymes as enablers of
sustainability-relevant biotechnological
innovation

Although our initial computational analysis provided insight into
innovation priorities, it remained difficult to predict the specific

Bioluminescence
DNA enzymes

Crop traits
Biopharmaceuticals
Bio-based chemicals
Solar microbes
Programmable bacteria
Omega-3 production
Protein engineering
Unnatural amino acids
Crop engineering

Molecular engineering

I Not deep-sea enriched
B Deep-sea enriched

0.0 25 50

FIGURE 1

75

10.0 12.5 15.0 17.5 20.0

Topic prevalence (%)

Topic prevalence and deep-sea enrichment in marine gene patents. Bars show topic prevalence (%) from a 12-topic structural topic model. Topics
are colored by whether they are deep-sea enriched (dark blue) or not deep-sea enriched (blue) based on the estimated effect of deep-sea sequence

presence on topic prevalence; dark-blue topics indicate a significant effect.

Frontiers in Marine Science

05

frontiersin.org


https://protect.checkpoint.com/v2/r02/___https://doi.org/10.3389/fmars.2026.1833479___.YXAxZTplcmlubmlubm92YXRpb246YzpvZmZpY2UzNjVfZW1haWxzX2F0dGFjaG1lbnQ6NGI3OTc0OGJiNDM3ODY0ZDhmN2RmMjliZTA3ZGE3Y2M6NzphZGRmOjg3YjIyZjU4YTdhN2ViZTg2ODdjYmExYTA5N2E4ZDIwZTZkYzg3NGMyMjgxMzNkMzJlZTI3NWZiOWU4YmQ1Mjc6cDpUOkY
https://protect.checkpoint.com/v2/r02/___https://www.frontiersin.org/journals/marine-science___.YXAxZTplcmlubmlubm92YXRpb246YzpvZmZpY2UzNjVfZW1haWxzX2F0dGFjaG1lbnQ6NGI3OTc0OGJiNDM3ODY0ZDhmN2RmMjliZTA3ZGE3Y2M6Nzo2YTg5OmQzMTJlYjg4OWIxYjRlYzEyYTk5MjljNWU0NzY1MmRlZTE4YTI2YWYwNjBiODg2N2QyZDM3NzMyZGIxZDNhMDk6cDpUOkY
https://protect.checkpoint.com/v2/r02/___https://www.frontiersin.org___.YXAxZTplcmlubmlubm92YXRpb246YzpvZmZpY2UzNjVfZW1haWxzX2F0dGFjaG1lbnQ6NGI3OTc0OGJiNDM3ODY0ZDhmN2RmMjliZTA3ZGE3Y2M6NzoyMjg5OjA5ZDA5MDJkM2FmYjdiNzFmZmRhNzk4YzA5OWVhNmU2MWE1YTJkZjZlNGNjYzVkMDMwYmE1ZmZmYzM4YTUwMWY6cDpUOkY

Zhivkoplias et al.

10.3389/fmars.2026.1833479

. g
n1troen use efﬁc1enc

est
@,
___[fiber trait
plant transformation] (O

fluorescence

Ch—
luferase

promoter

(Iprotein

. (O [fluorescent protein
]

vector!

transgenic

%@ C P} " polynucleotide

-~

dna pol
[polyunsaturated fatty acid) [enzyme/{fatty acid).

)
_ o d ) _ml eptide
O e host cell AV

erase

(lnucleic acid

a

0 . 0
microorganism

e

bi —\genetic engineering \ ]
recombinant protein fusion protein

)
. [immunotherapy]
antig )
; lfr
=

)

pharmaceutical composition
o
adjuvant

diagnostic
I

en
the

FIGURE 2
Network of the top 50 biotechnology invention keywords (green) grouped in
reflects keyword co-occurrence strength. Network construction: for each th

to four emerging biotechnological themes (blue). Edge thickness
eme, the dataset was sorted by keyword frequency and the top 18

keywords were selected, these lists were combined (duplicates merged), a keyword co-occurrence matrix was computed from the merged set, and
the resulting co-occurrence weights were used to draw edges between keyword nodes and theme hubs.

products or methods resulting from these inventions using patent text
alone. To address this, we leveraged a unique feature of the MABPAT
dataset: the names of biological enzymes derived from marine species.
We created a subset of patents by selecting only those that mentioned
at least one marine enzyme by name within their claims section. The
claims section defines the legal scope of protection and explicitly states
the elements of the invention that the applicant seeks to secure
exclusive rights to. Enzymes can be mentioned elsewhere in a patent
(e.g., the background or detailed description) simply as context, prior
art, or illustrative examples, without being central to what is protected.
Focusing on enzymes mentioned in the claims yields patents in which
the marine enzyme is likely essential to the patented method or
product. This search yielded 395 patents, which we considered
candidates where the functionality of a marine enzyme was likely
substantial to the invention.

We then manually reviewed these candidates for additional
evidence of biological functionality to confirm their relevance (see
Methods: Product type prediction). This validation process resulted in
221 confirmed cases where marine enzymes were primary contributors
to the biotechnological innovation (Supplementary Table 4). For 129 of
these cases, a manual search of the scientific literature provided further
evidence that the innovation could contribute to one or more SDGs.

By examining patent semantics and descriptions of marine

enzyme functionality, we found that largest categories of product
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types where marine enzymes were primary contributors included
Food, feed & nutraceuticals (23.2%), Molecular biotechnology
toolbox (18.81%), Green chemistry & environmental technologies
(15.36%), and Bioenergy & carbon utilization (9.4%) (Figure 4A).
Healthcare-related categories - Therapeutics & treatments (9.72%),
Vaccines & production support (6.58%), and Clinical diagnostics
(4.08%) - were also abundant. With the exception of Molecular
biotechnology toolbox, most of these inventions can directly con-
tribute to sustainable development by providing improved
healthcare solutions, enriching crops and food, advancing the use
of microorganisms as enzyme factories, or offering bio-based
alternatives for converting feedstock into biofuel (Figure 4B;
Supplementary Table 4).

The connection between an invention and its aim to contribute
to sustainability often seemed explicit and clear (e.g., biofuel
development, biodegradable polymers, vaccines). In other cases,
the link was less direct, such as with green chemistry principles or
food technologies that serve multiple purposes (e.g., nutraceuticals
and animal feed). Furthermore, some inventions, particularly those
in the Molecular biotechnology toolbox, were not framed in terms
of sustainability at all. However, the importance of these founda-
tional tools should not be underestimated, as they underpin a wide
range of other biotechnological advances, whether sustainable

or not.
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Mapping the contribution of marine gene patents to different biotechnology types and actor groups. (A) Patent counts aggregated by
biotechnological theme. (B) Relative contribution of public actors (government agencies, universities, and research centers) versus private actors
(companies) across biotechnological themes. (C) Country-level contributions for public and private actors.

4 Discussion

Our semantic analysis of the MABPAT patent corpus demon-
strates that a systematic examination of patent data provides broad
insight into the specific applications of MGR that extends beyond
anecdotal examples. By combining topic models with LLM-assisted
categorization, we identified recurrent technology themes and their
relationships with different applicant types. The generalizability of this
methodological approach and its automated features means that it has
broad applicability in capturing historical and emerging trends in
biotechnology development through the assessment of patent filings
and claims. As demonstrated here with specific focus on deep-sea
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source organisms and sustainability framings of innovations, the
approach can also be adapted to provide insight into topics or
themes of particular relevance to specific policy or innovation pro-
cesses. There is also valuable explanatory potential in providing an
evidence-based foundation of the biotechnological sectors in which
marine genetic resources appear, and how and by whom they are used
in potential products, to policymakers, who frequently contend with
normative or selective narratives surrounding the past contributions
and future potential of biotechnology. Timely venues for patent-based
analytical evidence include the forthcoming first Conference of Parties
to the BBNJ Agreement, and ongoing efforts to specify and implement
the Cali Fund under the Convention on Biological Diversity.
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Contributions of marine enzymes to biotechnological innovations and sustainable development. (A) Potential product types (x-axis) and
“sustainability” framing derived based on the description of marine enzymes and patent claims, with the potential contributions to sustainable
development uses supported by literature. (B) Four examples of typical marine enzymes and their source species (top) and their biotechnological
applications with the greatest potential contributions to sustainable development (bottom). From left to right: Pullulanase (Thermococcus
hydrothermalis; hydrothermal-vent archaeon), used to optimize fermentation processes (Food, feed & nutraceuticals). Thermostable pullulanase
removes o-1,6 branch points in starch, operating efficiently at high temperatures and enabling other enzymes to depolymerize chains more
completely. When added during liquefaction or saccharification as part of an enzyme cocktail, it increases conversion of starch to sugars and raises
yields of fermentation products such as high dextrose syrups. Isopropylmalate dehydratase (Methanococcus maripaludis; salt-marsh bacterium),
applied to sustainable polymer production (Green chemistry & Environmental technology). It converts a-ketopimelic acid into monomers/
intermediates used as nylon feedstocks. Developing robust microbial processes for these conversions can lower carbon footprint and reduce
reliance on petrochemical feedstocks. Fatty acid cis/trans isomerase (Pseudoalteromonas translucida, strain TAC 125), used to optimize biofuel
production (Bioenergy & carbon utilization). The isomerase rapidly converts membrane cis-unsaturated fatty acids to trans isomers, decreasing
membrane fluidity without de novo lipid or protein synthesis. By increasing membrane rigidity in non-growing or growth-inhibited cells it preserves
cellular function, reduces cytotoxicity, and enables higher product titers and productivity, addressing a key bottleneck in microbial butanol
bioproduction. Sucker ring teeth proteins (Dosidicus gigas; Humboldt squid) used as nanocarriers for drug delivery (Therapeutics & treatments).
Isolated suckerin polypeptides combine toughness and stiffness with potential biocompatibility, are distinct from silks, and present a promising
protein-based nanocarrier for diverse drug-delivery applications. See the full list in Supplementary Table 3. Credit: organisms in B, Wikipedia.org.

4.1 Recognizing and supporting public
research as an engine of marine
biotechnology

Our results underscore that private and public sector actors play
distinct and perhaps complementary roles in advancing marine
biotechnology. Notably, public research organizations place significant
emphasis on patents focused on foundational biotechnology. These are
innovations that generate platform technologies, enabling tools, or
methods upon which many downstream applications build - for
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instance, thermostable polymerases and ligases from thermophilic
organisms that underpin PCR and molecular cloning workflows, or
luciferase reporter systems cloned from marine zooplankton that serve
as universal tools for imaging and assay development (Nikoomanzar
et al., 2020; Markova et al,, 2004). In this way, our analysis extends
previous research on how public science provides benefits for follow-up
academic and corporate research, including for private-sector product
development that uses MGR (Dunshirn and Zhivkoplias, 2024).

This observation carries clear policy and funding implications.
In the United States, which has largely dominated the MGR patent
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landscape (Figure 3C), reductions in public research funding (for
instance, cuts to biomedical research budgets - https://
www.biopharmadive.com/news/biotech-nih-funding-research-
trump-cuts-impact/740802/ - will likely have a global dampening
effect on advancements in biotechnology and, in turn, the spillover
effects to the private sector that benefits from those discoveries
(Becker et al., 2023; Bloom et al., 2013). Sustained public investment
- both in targeted biotechnological development and in marine
biodiscovery and observation programs - therefore remains crucial
for maintaining the long-term pipeline of innovations that can
advance healthcare and sustainable development.

4.2 Transparency gaps: linking collection,
sequence, funding and patents

Uneven norms of voluntary disclosure related to MGR prove-
nance, or the associated enabling funding represent a major challenge
in accurately attributing the technological value of MGR (Blasiak
et al, 2019). The WIPO Treaty on Intellectual Property, Genetic
Resources and Associated Traditional Knowledge (World Intellectual
Property Organization (WIPO), 2024a) requires patent applicants to
disclose the country of origin (or, if unknown/inapplicable, the
source) for genetic resources and to identify the Indigenous people
or local community (or, if unknown/inapplicable, the source) for any
traditional knowledge. This should allow more direct mapping back
to sampling events in practice by linking patented DNA sequences to
INSDC records under WIPO Standard ST.26 (World Intellectual
Property Organization (WIPO), 2023) and, given INSDC'’s strength-
ened spatiotemporal metadata requirements, should make the loca-
tion of the sampling underlying patented sequences more accessible.
These mandatory disclosure expectations, together with diverse
national regimes that already condition patent rights on genetic-
data provenance (for example, Brazil, China, and some European
countries (World Intellectual Property Organization (WIPO),
2024b)) create new legal and administrative pressures to tighten
links between sequence records, accession identifiers, expedition
metadata and patent claims. Patent filings, however, still rarely cite
accession identifiers (e.g., BioProject/BioSample/GenBank accession
numbers), and funding acknowledgements in patents are often absent
or ambiguous, complicating attribution of public versus private
investment across the biodiscovery pipeline. Initiatives such as
BBNJ Standardized Batch Identifier (BBNJ Identifier) and proposed
information systems under the BBNJ Agreement highlight the need
to balance stronger provenance and funding traceability (Lawson
et al., 2024) with the administrative burden on researchers so as not to
hamper biodiversity research (Prathapan et al., 2018). To achieve this
balance, the BBNJ Identifier should be designed in line with scientific
good practice and built around core features such as persistence,
discoverability, resolvability, and authority, so that it can be recog-
nized across databases, integrated into existing systems, and used to
trace later materials or data back to the original sampled material
(Langlet et al, 2025). Beyond BBNJ Agreement implementation,
science—policy cooperation should also prioritize developing tools
to trace grant support - building where possible on existing infra-
structure such as ORCID, which links researchers to funders - and to
track use of public biological databases, enabling reconstruction of the
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full innovation chain involving genetic material and ensuring equi-
table benefit-sharing. Although this would require sustained coordi-
nation across research communities, data infrastructures, and
governance frameworks, emerging initiatives such as the Global
Biodata Coalition, which maps key biological data resources -
https://globalbiodata.org/what-we-do/global-inventory/global-inven-
tory-list/ - provide a useful starting point for developing a more
automated and transparent global system for tracking genetic
data flows.

4.3 Distinguishing primary from secondary
contributions of marine sequences

To address the criticism that the functional role of MGR in
patented inventions is often unclear, we provide a differentiated
analysis of primary contributions (i.e., marine sequences that are
central to the claimed invention, typically appearing in the claims or
detailed mechanistic descriptions) and secondary contributions
(i.e., marine sequences listed without a specified functional mech-
anism, for instance as part of background information or compar-
ative data). This analysis was done by focusing on the claims
section, which legally defines the scope of an invention and where
mentions of specific marine enzymes are a stronger indicator that
the sequences materially contribute to the protected technology.
The subset of patents identified here provides the most direct
examples of MGR driving technological development. However,
our search strategy based on enzyme name detection in patent
claims likely undercounts primary contributions for cases in which
inventors describe functional roles without naming the enzymes
explicitly. This gap could be closed manually to some extent, or
become less of a challenge if standardized usage of Enzyme
Commission numbers in patent filings becomes a norm in the
future, particularly if filings reference enzyme functional data in
public databases (i.e. https://www.brenda-enzymes.org/
all_enzymes.php). For large-scale analysis, future semantic models
that are capable of parsing nested semantic relationships within
patent text could further automate and refine this identification,
offering a more comprehensive understanding of how genetic
resources contribute to sustainable technologies. This distinction
is valuable for better estimating the value of MGR to innovation for
benefit-sharing because accurately separating primary from sec-
ondary contributions clarifies which sequences materially drive
technological advances and therefore warrant prioritization in
benefit-sharing calculations, particularly given the uncertainty
over what group of digital sequence information will be
operationalized under the BBNJ Agreement (Convention on
Biological Diversity, Executive Secretary, 2020a; Convention on
Biological Diversity, Executive Secretary, 2020b; Deep-Ocean
Stewardship Initiative (DOSI), 2020).

4.4 Sustainability implications of primary-
use inventions

Marine sequences we classified as primary contributors to

patented innovations were sometimes associated with technologies
aimed at delivering on sustainability objectives such as
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bioremediation enzymes, salt-tolerant catalysts for low-waste chem-
ical processes, and enzymes that enable more efficient biomass
conversion. Such innovations can contribute to reduced environ-
mental footprints and optimized industrial processes. Thermostable
alginate lyases derived from marine microbes (e.g., patent application
JP2016192903A (https://patents.google.com/patent/JP2016192903A/
en), for instance, are being engineered to efficiently break down
seaweed into fermentable sugars, which has the potential to use
macroalgae as a viable feedstock for producing biofuels and chem-
icals, reducing pressure on terrestrial agriculture and fossil fuels. In
another example, the genes for key enzymes from the horseshoe
crab’s blood-clotting system have been cloned and expressed
recombinantly (e.g., patent application WO2018159771A1
(https://patents.google.com/patent/W02018159771A1/en), creat-
ing an animal-free method for detecting bacterial endotoxins in
pharmaceuticals. This innovation directly replaces the harvesting of
a vulnerable marine species, which has been central to biomedical
safety testing for decades, and could address ethical concerns
associated with “bleeding” of horseshoe crabs for medical purposes
(Krusberg et al., 2024). Nevertheless, not all primary-use cases yield
clear sustainability benefits; many are oriented toward incremental
performance improvements in existing industrial processes or new
product formulations whose net social and environmental impacts
require lifecycle assessment. Likewise, some improvements in
efficiency have a less obvious contribution to sustainability (e.g.
using biotechnology to enhance crude oil recovery), as they can be
argued to perpetuate inherently unsustainable practices, favoring
lock-in and diverting attention and resources from cleaner alterna-
tives (Sen, 2008). For example, cold-active enzymes can enable
lower-temperature processing that reduces energy use and associ-
ated emissions, but their wider industrial uptake can still be
constrained by cost and scale-up challenges (Kuddus et al., 2024).

Arriving at a clear answer to whether marine biotechnology is
part of a “blue economy” is therefore challenging, as it is a tool
rather than an outcome in and of itself. Marine-derived technolo-
gies are often pursued because marine organisms offer unique
enzymes and genes adapted to extreme conditions, which can
enable novel or more robust processes; and because access and
development are costly, research tends to concentrate on applica-
tions with higher expected value and impact. However, these
performance gains do not necessarily translate into more sustain-
able production cycles, and whether marine biotechnology innova-
tions fall under the blue economy depends not only on what the tool
is used for, but also how it is used - including alignment with CBD/
BBNJ requirements and responsible research and innovation
norms. Greater clarity about how some marine biotechnology
innovations contribute to sustainability can come from coupling
semantic patent analysis with additional evidence, such as product
lifecycle data and substitution effects. This could help to determine
whether a marine-derived technology displaces more harmful
alternatives or simply creates new demand. Innovations often
have both clear benefits and unintended consequences that com-
plicate their net impact on sustainability. The case of semaglutide is
illustrative: its profound benefits for patients with type 2 diabetes
represent a clear societal good, yet its widespread use for weight loss
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raises more ambiguous questions about systemic effects on appetite
regulation, taste perception, and metabolic pathways (Brindisi et al.,
2019). Some MGR-based innovations share these complex charac-
teristics. For instance, introducing genes from algae or
cyanobacteria into crops to boost photosynthetic efficiency (e.g.,
patent application JP2012110330A (https://patents.google.com/
patent/JP2012110330A/en)) or cloning archaeal genes for nitro-
gen-transfer enzymes to improve nitrogen utilization (e.g., patent
application WO2014135535A1 (https://patents.google.com/patent/
WO2014135535A1/en)) directly addresses food security, but could
also further entrench large-scale agricultural monocultures at the
expense of more resilient, biodiverse farming systems. Our curated
knowledge base of primary-use cases provides a starting point for
such integrative assessments, enabling a more holistic evaluation of
both intended benefits and potential downstream trade-offs.

Our mapping of the MGR patent landscape underscores both
the significant potential and the complex challenges of reconstruct-
ing how marine biodiversity is or can be used for sustainable
development. By clarifying the applications, actors, and mecha-
nisms of innovation, this study provides an evidence base to guide
the implementation of the BBNJ Agreement and support science-
informed policies that incentivize the conservation and sustainable
use of marine genetic diversity.
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Glossary

Marine biotechnology

Deep-sea species

As used in this paper, the term refers to the application of
scientific and engineering principles to the processing or
production of materials using marine biological agents,
including marine genetic resources, enzymes, and associated
molecular tools, for use in healthcare, agriculture, industrial
processes, and foundational research. This usage is broader
than the term “marine technology” as defined under the BBNJ
Agreement, which refers primarily to technology transfer and
capacity-building tools for ocean observation and data
collection. It is also distinct from “biotechnology” as used in
the BBNJ Agreement, which refers specifically to any
technological application that uses biological systems, living
organisms, or their derivatives to make or modify products or
processes for specific use. The authors use “marine
biotechnology” in a scientific and applied research context,
encompassing the full spectrum of innovation pathways in
which marine genetic material serves as an input, and do not
intend the term to carry the specific legal meaning assigned to
either “biotechnology” or “marine tech-nology” under the
BBN]J Agreement.

Following the definition used in the MABPAT database and
consistent with Zhivkoplias et al. (2024), deep-sea species in
this paper are defined as those for which biological material
was sampled at depths greater than 500 meters, in accordance
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with the inclusion criteria of the World Register of Deep-Sea
Species. It is important to note that this is a biological and
oceanographic definition, not a legal one. Deep-sea areas may
fall either within or beyond national jurisdiction. Deep-sea
areas within national jurisdiction are subject to the CBD
framework, while those in areas beyond national
jurisdiction fall under the governance of the BBN]J
Agreement. The paper does not uniformly attribute deep-
sea species to either framework, and readers should interpret
references to deep-sea genetic material with this jurisdictional
distinction in mind.

The paper uses “sustainable development” as a multidimensional
concept encompassing environmental, social, and economic
dimensions, as reflected in the SDGs. Where the paper
engages specifically with international governance frameworks,
the more legally precise concept of “sustainable use” under
Article 1(13) of the BBNJ Agreement is applicable - defined as
the use of components of biological diversity in a way and at a
rate that does not lead to a long-term decline of biological
diversity, thereby maintaining its potential to meet the needs and
aspirations of present and future generations. SDG alignment as
expressed in patent texts should be read as an indicative mapping
of intended use rather than a definitive sustainability assessment,
as set out in Methods (Section 2.4).
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