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Executive summary
Advances in engineering biology, together with growing interest and investment in supporting a bio-based 
economy in the US, are fueling research and development efforts into genetically engineering organisms for all 
kinds of different applications. While many of these applications involve using genetically engineered 
microorganisms in contained, bioreactor-like environments, there is also increasing interest in designing 
organisms (microbes, plants, insects, animals) for release and deployment in the open environments. This 
includes genetically modified crops, as well as direct-to-consumer probiotics and organisms designed for 
environmental remediation.

Historically, examples of genetically engineered organisms released in open environments in the US remain 
limited, aside from GM crops. Industry enthusiasm for releasing genetically engineered microorganisms in 
particular waned at least partly in response to public controversy surrounding the field testing of Frostban “ice-
minus” bacteria on strawberry crops in 1987. Development of living engineered products, together with publicly 
funded research on environmental transport and fate of engineered microorganisms in open environments, 
stalled. 

As a result, our approach to managing engineered microorganisms over the past 40 years has largely defaulted to 
the biosafety framework for genetic engineering in laboratory contexts, which emerged from the storied 1975 
Asilomar meeting. This biosafety framework focuses on technological containment, a framing that prioritizes 
separation between genetically engineered organisms and the wider world.

In this report, we argue that technological containment is insufficient for robust discussion and evaluation of 
genetically engineered organisms in open, complex environments. We introduce and make the case for a broader 
lens—which we call social containment—to be included alongside discussions of technological containment. 
Social containment directs our attention to how the cultural, environmental and political context around a 
genetically engineered organism (the sociotechnical system) is held together or challenged through its 
development and commercialization process. 

In this report, we use the lens of social containment to tell the stories of 11 genetically engineered 
organisms designed for deliberate release in the US. The cases cover historical and contemporary examples, 
genetically engineered microbes, plants and animals, and different application contexts. Through these stories, 
we show how technological, social, economic, legal, spatiotemporal and environmental considerations interact to 
smooth or disrupt the development process. We argue that this more holistic approach to understanding the 
relationships between genetically engineered organisms and the world is important in the context of recent, 
renewed interest in pursuing deliberate release applications.

High-level findings emerging across the case studies include:

1) Development and commercialization pathways can look very different across genetically engineered 
organisms. There isn’t one, single factor that systematically emerges as the most important in determining 
the fate of a product. Some products have faced significant disruption in their developmental trajectories from 
different combinations of factors, while others have been more smoothly managed. Across the case studies, 
we identify factors that can work together to enable or constrain product trajectories.

2) The presence or absence of explicit, technological biocontainment strategies is not a reliable 
indicator of a successful product. Arguably, the absence of engineered biocontainment has resulted in 
more successful commercializations across our case studies than products with genetic biocontainment 
strategies engineered into them.

3) Public and stakeholder views on genetically engineered organisms are highly context-specific. We 
observe that public trust varies substantially across the case studies in this report, and should not necessarily 
be seen as a disruptive factor. Sensitivity to existing cultural norms and power dynamics is a key part of 
successful product development.

Through this set of stories, we hope to open up ways for researchers and policy practitioners to think about 
containment as more than a simple technological concern. We encourage others to use our proposed framework 
to study their own genetically engineered organisms of interest—historical or contemporary, US-based or 
international—and we invite reflection on the variety of technological AND social processes by which genetically 
engineered organisms are controlled and managed in our society. 
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Introduction and study rationale
The majority of genetically engineered (GE) organisms released in the US to date have been commodity crop 

plants, including corn, soybean, cotton and canola; very few other types of GE organisms have been approved 

and deployed for commercial purposes.1 However, advances in genetic engineering capabilities, coupled with 

increasing policy attention and investment into the US bioeconomy,2,3 are resulting in a recent uptick in proposals 

being advanced for genetically engineered microbes, insects, trees, agricultural crops and animals designed for 

deliberate release in open environments.4–7 

How to appropriately evaluate and manage these organisms in diverse, real-world application contexts remain 

longstanding and thorny questions for researchers and policy makers.8–11 Aside from GE crops, there are limited 

examples of GE organisms released in open environments in the US. In the 1980s, there was substantial interest 

in the development of GE organisms for commercial applications12, and federally funded research programs and 

facilities were established to conduct predictive assessment and research on biotechnology products intended for 

deployment.13 But industry enthusiasm for releasing GE microorganisms dried up in the late 1980s, in response to 

a variety of factors.3 Development of living engineered products, together with publicly funded research on 

environmental transport and fate of engineered microorganisms in open environments, waned over the next 20 

years. 

As a result of this lacuna, the dominant approach to managing engineered microorganisms has largely defaulted 

to the biosafety framework established for genetic engineering in contained, laboratory contexts, which emerged 

from the storied 1975 Asilomar meeting. This biosafety framework focuses on technological containment, a 

framing that prioritizes separation between GE organisms and the wider world.14 Yet strategies for physically 

containing and controlling GE organisms become less feasible as their context of use shifts from inside to outside 

the lab. Recognizing this challenge, the scientific community is pursuing the development of increasingly complex, 

“intrinsic” biocontainment mechanisms that can be engineered into the organisms themselves, to control their 

spread and persistence in response to different environmental signals.15,16

The current study was sparked by the authors’ collective curiosity about how we might understand the landscape 

for deliberate release of GE organisms in open environments. Is technological containment a useful and / or 

sufficient response to management? What can we learn from the history of GE organisms that have been 

released into open environments? How might this inform our approach to risk assessment, containment and 

commercialization of GE organisms moving forward?

We approached these questions through a set of 11 case studies of GE organisms, most of which have been or 

are being designed for deliberate release in the US. Some of these cases might be thought of as commercial 

“successes”, while others never reached commercialization stage, were pulled from the market after 

commercialization, or are still in the development phase. We have explored the stories behind these organisms 

through a broad lens of “containment,” to see what we could learn, and how this might inform our ways of thinking 

about possible futures for GE organisms in open environments. We hope our findings will spark productive 

conversations among the wide range of stakeholder groups who are shaping—and all of us who stand to be 

affected by—the 21st-century bioeconomy.

The challenge of managing GE organisms 
Achieving control over the spread and persistence of genetically engineered organisms has been a concern since 

the advent of molecular biology. Strategies for controlling and managing GE organisms were initially developed in 

the context of closed systems, such as laboratories and industrial bioreactors. In this section, we briefly trace the 

history of laboratory-based containment strategies, and highlight the challenges that arise when moving beyond 

the laboratory towards deliberate release of GE organisms into open environments.
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Managing GE organisms inside the lab

Since the early days of molecular biology, the scientific community has attended to possible biosafety and 

biosecurity risks associated with GE organisms. The famous 1975 Asilomar meeting developed an approach to 

managing said risks within laboratories through prioritizing physical containment. This strategy relied on physical 

isolation and separation of GE organisms from (1) researchers and staff working on engineered organisms, and 

(2) the broader natural environment and human society.12 The NIH Guidelines for Research Involving 

Recombinant DNA that emerged from these initial recommendations established a tiered suite of physical 

containment strategies for GE organisms in laboratory settings (Figure 1 left), along with local Institutional 

Biosafety Committees for approving research activities involving GE organisms.17 

In addition to physical containment strategies, researchers have developed a variety of molecular approaches to 

restrict organism survival outside the laboratory or other closed systems. Over the past 50 years, genetic 

engineering techniques have continued to expand possibilities for the types of control mechanisms that could be 

used to manage organism proliferation and the spread of genetic material (Figure 1 right). There continues to be 

significant interest within the research community to engineer such containment mechanisms directly into an 

organism—often referred to as genetic “safeguards” or intrinsic biocontainment.15–18 An early example of 

engineered intrinsic biocontainment is nutrient-dependent auxotrophy.19,20 More contemporary and complex 

strategies under development include approaches such as toxin-antitoxin gene circuits,21,22 synthetic 

auxotrophy,23,24 and “suicide vectors”25 or genetic “kill switches.”26,27 

Figure 1: (Left) Examples of physical containment strategies used to manage GE organisms in closed systems (e.g. the lab). (Right) 

Examples of intrinsic containment strategies used for GE organisms in both closed and open systems. See ref. 29 for further details.

Managing GE organisms outside the lab

The story changes when engineered organisms are designed to exist outside the lab. Organisms enter a much 

more complex world when they leave the relatively confined environment of a laboratory or bioreactor. In open 

environments, GE organisms interact with a wider range of human and non-human entities, and are subject to a 

much wider set of environmental conditions than more controlled laboratory environments typically involve. This 

changes the stakes for risk, regulation, and social acceptability.8,28,29 In broad terms, maintaining complete 

physical separation between GE organisms, environment and society becomes a less viable (perhaps impossible) 

proposition.30 One might ask whether such separation is necessary in all cases, and whether the presence of a 

GE organism in an open environment is inherently problematic. These questions call for a nuanced approach to 

risk assessment, and a better understanding of how organisms interact not just with their physical environments 

but also the broader social and political context. 
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The 1980s saw substantial industry interest in developing GE microorganisms, plants and animals for widespread 
uses outside the lab.12 Indeed, the first patent granted for a living organism was for a Pseudomonas bacteria 
genetically engineered to degrade crude oil.31 US regulatory agencies were gearing up to build the knowledge 
base for risk assessment. For example, the US Environmental Protection Agency (EPA) initiated a Biotechnology 
Research Program in 1984 focused specifically on advancing regulatory science around engineered 
microorganisms.13 

But industry enthusiasm for releasing GE microorganisms in particular dried up in the late 1980s, likely in 
response to technical underperformance, uncertainties regarding intellectual property and navigating regulatory 
frameworks, as well as public controversy surrounding the field testing of Frostban “ice-minus” bacteria on 
strawberry crops in 1987.32–36 Development of living engineered products, together with publicly funded research 
on environmental transport and fate of engineered microorganisms in open environments, waned over the next 20 
years.

One scientific response to the challenge of deliberate release has been to design increasingly sophisticated 
intrinsic genetic safeguards (Figure 1 right). This “technological fix” approach37 is often invoked by the scientific 
community as a key feature for promoting safety in the deployment of GE organisms as well as to promote public 
trust in biotechnology. However, in practice, many intrinsic biocontainment mechanisms remain at proof-of-
principle stage, as very little testing in real-world conditions has taken place.30,34,38 Furthermore, the idea that 
containment strategies will result in buy-in from communities or society at large is an unproven assumption.39 
Studies suggest that scientific framings of responsibility and safety might not necessarily reflect societal values 
and priorities,40–42 and there is a history of social controversy surrounding relatively “safe” biotechnologies.43–45 In 
short, relying on intrinsic biocontainment strategies might warrant some caution when it comes to managing GE 
organisms outside the lab.17,29 

A complementary way to think about “containment”

In a 2022 research article, science and technology studies researchers Schoot and Mather revive a now-outdated 
dictionary definition of containment as “holding together” (in contrast to the more common “holding inside” or 
“within limits”).46 Instead of focusing on containment as a technological barrier that keeps organisms (in Schoot 
and Mather’s case study, salmon) physically constrained within open environments, they suggest that effective 

containment technologies and practices hold together a bigger sociotechnical system by reinforcing its 
community norms, governance frameworks, ownership models, ecosystem services, and economic practices. 
With this framing, we can think of the role of containment as not just about limiting the spread of GE organisms in 
open environments, but simultaneously a process of keeping or holding together social, economic, environmental 
and political factors that accompany an organism’s development and deployment in the world. The practice of 

containment can thus be seen as having both technological dimensions as well as social ones. 

To date, the scientific community has primarily focused on the technological dimensions of containment—which 
makes sense within the highly structured and governed world of laboratory science. Physical containment 
technologies fit within—indeed, they have been designed for—the existing social, economic and political 
infrastructure that has been established to keep the daily practice of scientific research largely separate from 
society. But when technologies like GE organisms are designed to exist and proliferate outside of laboratory 
contexts, they must contend with a very different sociopolitical landscape from the world of science. We argue 
that any “technological containment” mechanisms proposed need to be discussed and evaluated with this bigger 
picture in mind—with how they interact with the environmental, social, political facets of the world outside the 
laboratory. We can’t assume a given containment technology will have the same role and efficacy as it does 
within the laboratory.

For this report, we adopt this broader lens of social containment to tell the stories of 11 GE organisms designed 
for deliberate release. Across a set of case studies, we explore the technological strategies used (or in some 
cases, not used) to try and contain or manage the spread of the organism in question. We also explore the ways 
in which parts of the broader “sociotechnical system”40 interact with the GE organism, influencing its overall 
development trajectory—in some cases, successfully holding the system together (containing it), and in other 
instances, challenging its viability. Through this set of stories, we hope to open up ways for researchers and 
policy officials to think about containment as more than a simple technological concern, and invite reflection on 
the variety of technological AND social processes by which GE organisms are controlled and managed in society. 
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Case study overview
We present 11 case studies showcasing a variety of historical and contemporary examples of GE organisms 
developed over the past 35 years (1990–2024) (Figure 2). Almost all of these GE organisms were initially 
envisioned for applications that required some degree of deliberate release into open environments. The chosen 
case studies include plants, animals, insects and microorganisms, as well as a variety of application areas, 
including food production, environmental management and supplements.

Figure 2: Case study 

timeline, 1990-present. Each 

starting point indicates early 

stages of product 

development. Dot endpoints 

indicate when that product or 

development process was 

discontinued; arrowheads 

indicate a product still in 

development and/or use. 

Solid lines indicate the 

portion of the timeline before 

a product was approved by 

regulatory agencies, while 

dotted lines indicate roughly 

when a product was 

approved and/or 

commercialized. 

Each case is summarized in the form of a short briefing; together, these briefings form the bulk of the report. 

-
Case #1: “Terminator Seed” technology: A historical and charged example of a proposed application 

of intrinsic biocontainment in commercial corn crops.

-
Case #2: Pseudomonas fluorescens HK44: A historical example of a field trial involving GE bacteria 

for soil bioremediation.

-
Case #3: StarLink™ corn: A historical example of physical containment failure and removal of a GE 

organism from the market.

-
Case #4: AquAdvantage salmon: This GE fish was not designed for release as a live organism, but is 

included as an example of a product that raises complex containment-related questions.

-
Case #5: Ringspot virus-resistant GE papaya: An example of a GE crop that remains commercially 

viable despite containment failures. 

-
Case #6: Pivot Bio’s PROVEN40® soil amendment: GE bacteria optimized to fix nitrogen in soils, 

intended to serve as a substitute for synthetic fertilizers. 

-
Case #7: ZBiotics® Pre-Alcohol probiotic drink: The first direct-to-consumer GE probiotic, designed 

to prevent alcohol-induced hangovers.

-
Case #8: The direct-to-consumer GE Purple Tomato: The first GM seed to be sold directly to 

individuals in the US for growing at home.

-
Case #9: Oxitec Friendly™ mosquitoes: A contemporary example of a GE insect intended for 

release in open environments, to combat vector-borne diseases. 

-
Case #10: The transgenic American Chestnut tree: A GE tree being proposed for conservation and 

landscape restoration. 

-
Case #11: Gene-drive rodents: A contemporary but more speculative example of gene drives in 

mammals for invasive species management.
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The cases can be read in any order, based on reader interest. At the end of each case we offer suggestions for 

where a reader might jump to next, based on possible connections or contrasts. This collection is not intended to 

represent an exhaustive or fully representative list of GE organisms designed for deployment. For example, there 

are many GE commodity crops currently grown in the US that are not included in this report. We also note a 

recent growing trend in direct-to-consumer GE organisms, dating back to the GE aquarium GloFish,47 and more 

recently including Light Bio’s Firefly petunia,48 and ZBiotics’ sugar-to-fiber probiotic.49 We include two direct-to-

consumer case studies in this report: ZBiotics’ direct-to-consumer Pre-Alcohol Probiotic drink, and the Purple 

Tomato being sold through Norfolk Healthy Produce.50 Our set of case studies is intended to serve as proof-

of-principle for the value of exploring containment through both technological and social lenses. We 

encourage readers to use our approach to perform their own analyses of GE organisms of particular interest, in 

their own national or local sociopolitical contexts.

Case study analysis 
We analyzed each case study according to nine dimensions (Table 1), each focusing on a particular aspect of the 
relationship between a GE organism and the broader sociotechnical system surrounding it (often shortened 
simply to “the system”). These nine dimensions are neither exhaustive nor mutually exclusive, but they serve as 
different entry points for mapping key groups, governance frameworks, cultural norms, infrastructure and natural 
environments implicated in the design and deployment of a given GE organism. By considering this suite of 
dimensions and how they interact around a particular GE organism, we can begin to identify which factors 
contribute to holding the system together for a given case, and which ones challenge its viability. We are also able 
to ask explicitly about the role of technological containment strategies in the context of broader sociotechnical 
system viability—that is, does the presence of a technological or intrinsic containment mechanism help to hold the 
broader system together?

Technological 
Whether technological containment strategies feature in the design of the GE organism, 
and how those containment strategies influence its development

Temporal 
How a GE organism’s development, function, and containment strategies relate to time-
based processes and cycles within society (e.g. growing seasons, fiscal years, shipping 
schedules, supply chain dynamics, etc.) 

Spatial 
How a GE organism's development, function, and containment strategies relate to the 
spatial organization of social and natural worlds (e.g. community locations, supply chain 
nodes, geographical and geopolitical boundaries, etc.)

Ecological 
How a GE organism’s development, function, and containment strategies relate to 
ecosystem stability, ecosystem services, health, productivity, etc.

Cultural 
How a GE organism’s development, function, and containment strategies relate to the 
social order, norms and cultural and historical values of particular communities

Regulatory 
How a GE organism’s development, function, and containment strategies relate to legal 
and regulatory systems

Public Trust 
How a GE organism’s development, function, and containment strategies relate to public 
trust in biotechnology

Ownership 
How a GE organism’s development, function, and containment strategies relate to aspects 
of legal ownership (e.g. intellectual property rights) and the physical possession of 
biotechnologies

Economic 
How a GE organism’s development, function, and containment strategies relate to 
economic infrastructure and processes within society (e.g. sustaining economic 
livelihoods, corporate revenue generation, commercial investment, international trade)

Table 1: Descriptions of the nine dimensions analyzed for each case study.
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For each case, we gathered source materials from peer-reviewed literature, legal documents (e.g. patent 
applications, regulatory review materials), media reports, blogs, and online marketing materials to analyze the 
nine different dimensions of containment. We then rated each dimension in terms of its influence on the 
development and deployment of the GE organism in question. This qualitative judgment of influence was based 
on whether and how that dimension served to disrupt or limit the trajectory of the product. A “high” rating of 3 
indicates that the dimension was highly disruptive of development and commercialization, with lower ratings 
indicating that the dimension was moderately disruptive (2) or was not or only very mildly disruptive (1). For visual 
clarity on the radar charts, we did not use ratings of 0. 

To visualize how the different dimensions influenced the trajectory of the GE organism, we generated a radar 
chart for each case study. The surface area contained within the lines serves as a heuristic representation of how 
smooth or disrupted the development trajectory of the GE organism was. A small surface area indicates relatively 
little disruption (the system is held together), while larger surface areas are suggestive of greater disruption. The 
shape of each “footprint” offers a visual indication of which dimensions have been most or least disruptive. Each 
case study footprint is internally calibrated to reflect the specific context and scale of that product, and which 
dimensions have been most or least disruptive to its development (rather than implying an absolute scale of 
comparison across case studies).

Figure 3 presents radar charts for all 11 case studies, grouped into 4 categories: organisms that never made it to 
market (a), organisms that were commercialized but subsequently removed from the market (b), organisms that 
currently exist as a commercial product (c), and organisms that are still in development (d). Together, these 
charts offer an at-a-glance summary of our findings. Additionally, we summarize each case study in an individual 
briefing, providing a more detailed and narrative account of its unique footprint.

a  b 

c  d

Figure 3: Radar charts showing the influence of the nine sociotechnical dimensions for each of the 11 case studies in this report. (a) GE 

organisms that were developed but not commercialized, (b) GE organisms that were commercialized but subsequently removed from the 

market, (c) GE organisms that have been commercialized and are currently in production, (d) GE organisms that are still in development. A 

“high” rating of 3 indicates that the dimension was highly disruptive of development and commercialization. A rating of 2 indicates moderate 

disruption, and 1 indicates that the dimension was not or was only very mildly disruptive. For visual clarity on the radar charts, we did not use 

ratings of “0”. 
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Case study findings
Our case studies trace the development of 11 GE organisms, the role that technological containment has played 

in their stories, and the influence of different social dimensions on their development trajectories (Table 1). One 

immediate observation is that each GE organism has its own, unique “footprint” (Figure 3). Some have faced 

significant disruption, from different combinations of factors, while others have been more successfully 

“contained” (even if not through technological means). While perhaps an obvious point, from this set of case 

studies we suggest that development and commercialization pathways can look very different across GE 

organisms.

In what follows, we organize our findings around two core themes intended to open up conversation around 

containment and development strategies for GE organisms in the 21st century. 

Theme 1: Expanding the meanings and purposes of “technological containment”

Across the case studies presented here, we identify an expanded set of meanings for “technological containment” 

as growing numbers of engineered organisms are being designed for deployment and release into open systems. 

By technological containment, we refer to specific applied techniques and approaches intended to physically 

control organism spread and propagation. Across the case studies, we identify at least three different approaches 

to technological containment. These include:

1) Efforts to isolate and contain an organism once it enters the real world, similar to a lab-based 

mindset of separation. Examples from the case studies include: 

-
Making GE crop seeds sterile so they cannot spread or be deliberately propagated (Case #1). 

-
Trying to keep GE corn physically separated in human and animal food supply chains (Case #3).

-
Isolating GE salmon in land-based aquaculture systems to separate them from natural ecosystems 

(Case #4).

2) The use of one GE organism to “contain” other organisms, usually socially problematic ones. 

Examples from the case studies include: 

-
Using GE papaya to contain the spread of ringspot virus and prevent the death of (GE and non-GE) 

papaya crops (Case #5). 

-
Releasing GE Aedes Aegypti mosquitoes to contain the wild-type Aedes Aegypti mosquito population 

and limit the proliferation of vector-borne diseases like dengue fever (Case #9).

-
Re-introducing GE American chestnut into Appalachian forests to contain the chestnut blight virus 

(Case #10).

-
Considering release of GE rodents to contain the spread of invasive rodents, to protect biodiversity in 

island ecosystems (Case #11).

3) The use of a GE organism to “contain” specific chemicals in particular environments. Examples 

from the case studies include:

-
Field experiments with Pseudomonas HK44 to contain polycyclic aromatic hydrocarbons in soil (Case 

#2). 

-
Applying Pivot Bio’s PROVEN® 40 GE rhizobacteria to fix and contain nitrogen in soil (Case #6).

-
Consuming the ZBiotics ZB183 probiotic to contain the effects of acetaldehyde in the human body 

(Case #7).
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Theme 2: “Social Containment” as a productive and more holistic lens 

Through the case studies, we developed growing awareness and appreciation for the idea that containment of GE 

organisms happens as both a technological and social process. We began to see containment less as a 

mechanism for erecting clear barriers between organisms and the wider world, and more of a process by which a 

set of specific physical, social and political relations coalesce around a given GE organism. Depending on how 

these relationships come together, the broader sociotechnical system involving the GE organism might be 

successfully held together (contained), or its viability might be threatened.46 Specifically, this lens of social 

containment allowed us to explore the relationship between GE organisms and different elements of the 

sociotechnical systems they are in. 

Each individual case study briefing describes how different facets of the broader sociotechnical system have 

contributed to uphold or challenge the viability of the GE organism in development. While each story is unique, 

here we extract some key themes that emerge from comparing across the cases: 

1) “Success” of a GE organism does not hinge exclusively on technological containment. Our case 

studies show that developing a commercially viable GE organism involves much more than outfitting it 

with an effective technological containment strategy. For example, the AquAdvantage Salmon case 

shows that even with rigorous, layered technical biocontainment strategies, a product can struggle to 

achieve regulatory approval and gain a foothold in the market (Case #4). With Terminator seeds, we 

observe how a seemingly effective transgene containment technology sparked fierce public debate on the 

grounds of disrupting cultural farming practices (Case #1). In contrast, some of the GE products we 

examined have carved out viable markets in the absence of any complex technological containment 

mechanisms. The ZBiotics probiotic and Purple Tomato, for example, both appeal to opt-in, niche 

markets, and don’t significantly disrupt existing practices (Cases #7 and #8). 

2) Technological containment failures have been observed, with varying consequences. In the case 

of StarLink corn (Case #3), failure to keep the human and animal food supply chains separate led to 

StarLink-corn-containing products entering grocery stores when it had only been approved for animal 

feed. This containment failure resulted in product recalls, and StarLink seeds were removed from the 

market. In contrast, contamination of organic papaya plants with Rainbow papaya has been observed 

(Case #5), but has not resulted in GE papaya recalls. Organic papaya growers have taken on additional 

monitoring burdens, but the very existence of their business is in part connected to the success of GE 

papaya in containing ringspot virus on Hawaii.

3) Classification ambiguity around GE organisms can pose a challenge for regulators. The Oxitec 

Friendly™ mosquito (Case #9) and AquAdvantage salmon (Case #4) each spent the better part of a 

decade moving through the US regulatory system. A key challenge in both cases involved determining 

which agency had regulatory authority, and how best that agency should proceed to review said 

organism. In contrast, companies like ZBiotics and Pivot Bio have managed to avoid drawn-out federal 

approval processes in part by designing and aligning their products with existing regulatory classifications 

such as the FDA’s “generally recognized as safe” list (ZBiotics Pre-Alcohol probiotic, Case #7), or 

performing genetic modifications that do not count as “intergeneric” (Pivot Bio’s PROVEN 40) (Case #6). 

For GE papaya, negotiations between developers and regulators resulted in a re-classification of the 

product that substantially reduced the number of regulatory steps (Case #5). Novelty itself has not 

emerged across our case studies as an inherent problem for regulatory agencies, as long as the product 

can be clearly classified.

4) There are both ecological hopes and concerns around GE organisms designed for environmental 

release. While there has been longstanding concern around the possibility of GE organisms having 

potentially negative impacts on local ecosystems, some GE organisms are designed with the aim of 

having positive ecological impacts: bioremediation has been of interest as far back as the 1980s (Case 

#2); more recently, the GE American chestnut (Case #10) and gene drive rodent (Case #11) initiatives 
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reflect a desire to use GE organisms for environmental benefit. In such cases, ecological disruption is an 

explicit goal of introducing the GE organism, but this disruption is intended to result in longer-term 

ecological restoration or benefit. For such disruption to occur, long-term persistence of the GE organism 

in the environment is required.

5) There is a complex relationship between public trust and deployment of GE organisms. While it’s 

easy to assume that public trust is inherently lacking for new biotechnologies, our analyses show a recent 

wave of products, like ZBiotics’ Pre-Alcohol probiotic (Case #7), the Purple Tomato (Case #8) and Pivot 

Bio’s PROVEN 40 (Case #6) that have come to market without sparking notable controversy or sowing 

visible, widespread distrust. In the case of HK44-mediated bioremediation, public trust doesn't feature 

strongly in the reasons why the application didn’t move beyond field trial (Case #2). While public trust 

does feature more strongly in other cases (e.g. Cases #1, #3, and #4), it emerges as part of a complex 

convergence of factors affecting their development stories. 

6) Cultural alignment / disruption is important to attend to. The potential threat of a GE organism to 

destabilize cultural norms and practices is a powerful disruptive force in our case studies. Terminator 

seeds raised fierce international debates about the rights of farmers to save seeds across planting 

seasons (Case #1). The development and commercialization of AquAdvantage salmon (Case #4) faced 

opposition on the basis of threatening the salmon fishing industry and ecological stewardship in 

Indigenous communities. In contrast, some successful GE organism development stories have 

complemented or enhanced cultural practices, or provided some degree of “welcome disruption.” For 

example, the GE papaya helped to preserve a threatened papaya industry in Hawaii, and was accepted 

into Hawaiian agriculture despite broad local resistance towards GE crops (Case #5). Pivot Bio’s 

PROVEN 40 soil bacteria supports specific farming practices and goals relating to fertilizer use, 

sustainability, and managing agricultural inputs by subverting aspects of the conventional synthetic 

fertilizer industry (Case #6). 
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Organism 

(and type)
Application 

Is intrinsic 

containment 

built into the 

GE organism?

Is the GE 

organism 

itself a 

containment 

technology?

Commercial and regulatory 

outcomes

Physical 

containment 

breach?

Social containment: 

Holding the system 

together

Social containment: 

Challenges to the system

GE corn 

“Terminator 

Seeds” 

(plant)

Crop production 

for food supply 

and animal feed

Yes (sterile)
Yes (designed 

to limit re-use)

Never made it to field trials or 

commercialization
n/a 

Value proposition was for 

agribusiness to have more 

control over their seeds, 

especially in international 

markets

Widespread distrust of 

large agricultural 

corporations; restricting 

farmer seed-saving 

practices

HK44 GE 

Bacteria 

(microbe)

Soil 

bioremediation
No

Yes (designed 

to contain 

harmful soil 

chemicals)

Field trials not (yet) translated into 

commercial applications

Yes—minor escape of 

GE bacteria during 

inoculation phase of 

experimental studies 

Regulatory and spatial 

factors that enable small-

scale field trial on 

government land

Regulatory and economic 

considerations inhibiting 

commercialization

StarLink GE 

Corn 

(plant)

Crop production 

for animal feed 
No No

Split use approval granted by 

EPA. Sold to growers in 1999–

2000; taken off the market in 

2001

Yes—failure to keep 

human and animal 

food supply chains 

physically separated

n/a

Regulatory dysfunction in 

risk assessment; public 

health concerns; failure to 

keep human and animal 

food supply chains 

separate

AquAdvantage 

GE salmon 

(animal)

Aquaculture for 

food supply 
Yes (sterile) No

Extended regulatory review 

process (8 years); approved in 

2015; first US sales in 2021

None reported 

Technological containment 

practices are central to 

production and business 

model

Regulatory delays, cultural 

and economic concerns as 

leading to minimal 

commercial success 

GE “Rainbow” 

Papaya 

(plant)

Crop production 

for food supply
No

Yes (designed 

to limit ringspot 

virus)

Substantial equivalence bypasses 

regulatory scrutiny; enters US 

market in 1997 and remains on 

the market in 2024. 

Yes—physical 

containment failure 

resulting in spread of 

transgenes to organic 

crop fields. 

Intentions of academic 

developers and licensing 

negotiations as helping to 

foster buy-in by local 

growers 

International trade 

restrictions owing to GE 

status of papaya

Pivot Bio 

PROVEN® 40 

(microbe)

Biofertilization for 

cereal crop 

production

No 

Yes (designed 

to fix and 

contain 

nitrogen in 

soils)

Classified as a soil amendment 

by EPA; enters US market in 

2022; state-level approvals 

obtained for 45+ states as of 2024

None reported 

Extensive farmer 

engagement to align 

product with customer 

needs; product 

classification as a soil 

amendment does not 

trigger extensive regulatory 

review

n/a 
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Organism 

(and type)
Application 

Is intrinsic 

containment 

built into the 

GE organism?

Is the GE 

organism 

itself a 

containment 

technology?

Commercial and regulatory 

outcomes

Physical 

containment 

breach?

Social containment: 

Holding the system 

together

Social containment: 

Challenges to the system

Zbiotics® 

ZB183 

(microbe)

Direct-to- 

consumer 

probiotic 

No 

Yes (designed 

to contain the 

effects of 

acetaldehyde in 

the gut)

Bypasses FDA regulatory review 

(GRAS status); enters US market 

in 2019

None reported 

Effective niche marketing 

for probiotic product; GRAS 

designation bypasses 

extended regulatory 

reviews 

n/a

Purple Tomato

(plant)

Direct-to- 

consumer GM 

seed

No No

Receives approval through the 

revised USDA Regulatory Status 

Review (RSR) process

Yes—evidence that 

Purple Tomato seeds 

are being sold in 

Europe outside of 

formal distribution 

channels

Opt-in purchase by home 

gardeners; product 

marketed as a designer 

superfood

Challenging to restrict the 

international distribution of 

seeds when in the hands of 

individuals

Oxitec 

Friendly™ GE 

Mosquito 

(insect)

Pest 

management for 

disease vector 

control 

Yes 

(engineered 

auxotrophy)

Yes (designed 

to limit disease 

vectors)

Extended regulatory review 

process (still under review); US 

field trials started in 2021; no US 

commercial applications yet (but 

commercialized in Brazil)

None reported; but 

<5% of engineered 

mosquitoes could 

potentially survive in 

absence of 

tetracycline 

Business model and 

technological design allow 

for ongoing monitoring and 

adjustment; minimal 

ecological impacts 

predicted 

Delays in deciding which 

regulatory agency should 

oversee; public controversy 

over testing in the US

GE American 

Chestnut 

(plant) 

Forest 

conservation and 

restoration 

No

Yes (designed 

to limit chestnut 

blight)

Under regulatory review; US field 

trials started in 2007; no 

commercial applications have 

been proposed 

None reported

Development aligned with 

cultural aspirations around 

forest restoration 

Technological difficulties; 

questions around what 

success looks like 

Gene drive 

rodents 

(animal)

Invasive species 

management for 

local biodiversity 

conservation 

Yes (locally 

fixed alleles) 

Yes (designed 

to limit rodent 

population)

Pre-commercial phase

No releases to date; 

modeling studies 

suggest low-levels of 

off-target effects are 

possible 

n/a

Technological, regulatory, 

and legal uncertainties to 

solve before deployment; 

public skepticism around 

intended applications of 

gene drives

Table 2: Summary of case study findings.
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Takeaways and recommendations
We propose “technological containment” and “social containment” as a useful pair of lenses for researchers, 
technology developers and policy makers to adopt when considering engineered organisms meant for deliberate 
release into open environments. In looking at both historical and contemporary case studies, our goal has been to 
explore and expand conventional notions of containment, and to provide a framework for analyzing and mapping 
what is at stake in managing GE organisms in real-world contexts. 

We offer two, broad takeaways from this report:

 First, the goals and mechanisms for technological containment are becoming increasingly complex. This 
includes conceptualizing GE organisms themselves as containment technologies, and wrestling with 
questions of not just how to maintain separation between GE organisms and real-world environments, but 
to evaluate intended persistence and desired ecological impacts of GE organisms in open environments 
(not just minimizing ecological impacts and persistence). 

 Second, the lens of social containment is helpful for analyzing the trajectories and outcomes of GE 
organisms designed for deliberate release. The case studies presented here do not identify one, single 
sociotechnical dimension as being systematically most important in determining the fate of all GE 
organisms. Rather, they alert us to the variety of issues to consider, and highlight ways in which 
combinations of factors can work together to enable or constrain development trajectories.

We suggest this study has implications for (1) development strategies for GE organisms designed for deliberate 
release, (2) identifying meaningful metrics of containment success or failure, and (3) evaluating the risks and 
benefits of deploying GE organisms in open environments. 

We offer the following takeaways for researchers and policy makers to consider in the context of GE organisms 
intended for use in open systems: 

Building in intrinsic biocontainment does not necessarily pave the way for smooth commercialization and 
adoption of a GE organism. Researchers and developers should not take the presence or absence of explicit 
containment strategies as indicators of a potential successful GE organism. Arguably, the absence of intrinsic 
biocontainment has resulted in more successful commercializations across our case studies than products with 
intrinsic biocontainment. For example, Terminator seeds were explicitly designed with a containment mechanism 
that would yield sterile seeds, and the AquAdvantage salmon was cultivated using a tiered system of genetic and 
physical containment methods. Neither of these products has proven commercially successful. In contrast, the 
absence of engineered biocontainment mechanisms has not prevented commercialization or user/consumer 
adoption of ZBbiotics’ probiotic, the Purple Tomato, or Pivot Bio’s genetically engineered soil microbe. Notably, 
the two engineered microbes avoided lengthy regulatory processes, in part by working with naturally occurring 
species found in the intended deployment contexts and adopting technical engineering strategies that did not 
trigger long and costly federal regulatory procedures. 

“Successful” technological containment is becoming increasingly complex to define. For products like the 
GE papaya, GE American chestnut tree, HK44 bacteria, and Oxitec mosquito, the engineered organisms 
themselves are being used as a containment technology. In these cases, “successful” containment of the target 
virus or chemical compound might require the spread and/or persistence of the GE organism in question. In such 
cases, should “successful” technological containment be viewed as how well the GE organism performs its 
intended containment function, how well the GE organism itself is spatially and temporally contained, or some 
combination of the two?

Persistence is an important, challenging characteristic to define. Some of the more speculative cases in this 
study, like the Oxitec mosquito, the GE American chestnut, and gene drive rodents, raise questions around 
desired levels and timescales of persistence in open environments—and what the boundary between 
“acceptable” and “problematic” levels of persistence might be. Conventional metrics for measuring containment in 
laboratory settings, such as escape frequency,34,40 don’t seem to map neatly onto organisms designed as 
containment technologies (Case #5), or organisms whose function requires long-term persistence in the natural 
environment (e.g. Cases #2 and #10). Identifying “permissible” or “acceptable” levels of persistence across a 
variety of organism types and application contexts may prove challenging. Researchers, developers and 
regulators may wish to consider 1) whether there are instances that might call for a no-tolerance policy for 
persistence of engineered organisms, and 2) what methods and metrics could be used to determine tolerable 
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levels of persistence. Cross-sector engagement could help generate insights and potentially guidelines for 
managing persistence under different circumstances of environmental release. 

Monitoring existing GE products already being deployed in open systems could be a valuable source of 
information. Aside from GE crop plants, there is little public data on effects of (the admittedly small number of) 
other GE organisms deployed in open environments. For instance, there is no publicly available data on whether 
or how ZBiotics’ engineered probiotic affects the gut microbiome of its consumers, nor has data been made 
available about the persistence and possible ecological effects of PROVEN 40 in soil outside of the crop growing 
season (Cases #6 and #7). The HK44 field trials did involve follow-up studies showing longer-term soil 
persistence both inside and outside the experimental apparatus used to test bioremediation, but this was a small-
scale and highly controlled experiment (Case #2). Identifying what kinds of data and monitoring practices can 
assist with addressing regulatory uncertainties and developing responsive governance practices is an important 
challenge. 

Public and stakeholder views on GE organisms are highly context-specific. We observe that public trust 
varies substantially across the case studies in this report, and should not necessarily be seen as a disruptive factor. 
Products seen to prioritize the interests of the seller over the end consumer (Case #1) have been viewed with more 
public skepticism than those designed explicitly with the interests of the purchaser in mind, such as the hangover-
averse ZBiotics customer (Case #7), the home gardener (Case #8) or the farmer considering Pivot Bio’s 
engineered bacteria as a way of stabilizing specific volatilities in their farming practice (Case #6). Consumer choice 
is also an important factor to attend to, with the ability for individuals to opt-in as a criterion to consider. 
Environmental releases of the GE chestnut tree, GE mosquitoes or gene drive rodents do not allow for individual 
choice, and raise the stakes for public trust and support (Cases #9–11). One effective way to approach the 
question of public trust is for developers to prioritize engaging with key consumer, user and stakeholder groups 
early on in the development process, to understand how they might interpret the value proposition of the proposed 
product. 

Effective social containment of GE organisms requires sensitivity to cultural norms. Discussions about 
how a GE organism and its proposed application potentially aligns with or disrupts existing value systems, 
practices, social relationships, traditions, and livelihoods should be part of an R&D strategy, ideally from as early 
in the process as possible. Developers who don’t consider their product’s relationships to different cultural norms 
could face extended development delays and disruption, even with effective technological containment strategies 
in place. This can be observed in the Terminator seeds case (Case #1) and, to some extent, with AquAdvantage 
salmon (Case #4). Products that explicitly respect and align with cultural norms and practices may find smoother 
pathways to commercialization, as seen with GE papaya (Case #5), Pivot Bio (Case #6), ZBiotics (Case #7), and 
Purple Tomato (Case #8). 

Researchers and developers could benefit by looking at early stage and emerging GE organisms through 
the lens of social containment. The framework presented in this report can yield useful insights about 
technological and social containment for historical and existing case studies. We suggest that researchers and 
developers working on early-stage projects can also use this framework in a semi-speculative mode, to identify 
potentially emerging issues to attend to. We have explored projects at field-trial stage, including Oxitec’s GE 
mosquitoes (Case #9) and the GE American chestnut (Case #10), as well as the earlier-stage project of gene 
drive rodents (Case #11). We encourage researchers and developers to freely apply this framework to their own 
development projects—in the US and internationally—as a tool to better understand how their prospective GE 
organisms could find their place in the world.



16

Concluding remarks 
If investment in the bioeconomy and engineering biology continues over the coming years, we anticipate that 
growing numbers of proposals for deliberately released GE organisms will be advanced. In this report, we present 
a concept—that of “social containment”—along with a structured approach to analyzing it. Adopting this social 
containment framework to (re-)tell the stories of 11 GE organisms, we test its applicability across different 
organisms, timescales and deployment contexts. We hope this contribution promotes holistic discussions and 
evaluations of GE organisms moving forward, as we collectively negotiate the terms of a future bioeconomy. We 
invite comments and feedback about the applicability of this approach. We also invite others to test this 
framework and use it to analyze their own GE (and non-GE) organisms of interest, in the US and beyond.

We conclude with a short reflection about interpreting this report: whether social containment is desirable may 
depend on the perspective of a given stakeholder. While we have presented social containment as successfully 
holding the system together, this need not itself be a desired outcome. For technology developers, navigating the 
sociotechnical system such that it “holds together” and supports a viable market for their product is likely to be 
worthwhile. For individuals or groups concerned about the release of a particular GE organism for whatever 
reasons, finding ways to challenge the system such that the product fails to gain traction may be more desirable. 
As analysts, we have largely refrained from discussing whether or not it is a ‘good’, ‘bad’ or other development 
that Terminator seeds failed, or that Pivot Bio’s GE microbes are being used in farms across the US. Instead, we 
have sought to ask why and how certain products have made it through the development and commercialization 
process relatively smoothly, while others have struggled or failed. Through this process, we have refined a set of 
variables to consider, and identified key themes and practices that cut across several cases. We hope the insights 
from this kind of analysis will prompt constructive discussions about how to design and govern living 
biotechnologies for the 21st century bioeconomy.
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List of abbreviations

ASU Arizona State University 

BT Bacillus thuringiensis

CBD United Nations (UN) Convention on Biological Diversity

CRISPR Clustered regularly interspaced palindromic repeats 

EPA US Environmental Protection Agency

DARPA Defense Advanced Research Projects Agency 

DOE Department of Energy

DPL Delta & Pine Land company

EUP Experimental use permit 

FDA US Food and Drug Administration

FFDCA Federal Food, Drug, and Cosmetic Act

FIFRA Federal Insecticide, Fungicide, and Rodenticide Act 

GE Genetically engineered 

GEAC Genetically engineered American chestnut 

GMO Genetically modified organism

GRAS Generally Recognized as Safe

GURT Genetic use restriction technology 

NIH National Institutes of Health

NGO Non-governmental organization

PAH Polycyclic aromatic hydrocarbons

PRSV Papaya ringspot virus

RAFI Rural Advancement Foundation International 

RSR Regulatory Status Review (USDA)

SUNY-ESF State University of New York–Environmental Science and Forestry 

TACF The American Chestnut Foundation

TERA TSCA Environmental Release Application

TSCA Toxic Substances Control Act

USDA US Department of Agriculture

WIPO World Intellectual Property Organization
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Genetic use restriction technology (GURT) emerged in the mid-to-late 1990s. Several large agricultural 

corporations, including DuPont (now Corteva), Monsanto (now Bayer) and Zeneca Agrochemicals (now 

Syngenta), pursued GURT as a method for engineering seed sterility into commodity crops. Although the product 

was a potentially effective transgene containment mechanism, commercialization stalled owing to public backlash 

over the developers’ technology protection agenda and concerns regarding farmers’ rights to save seeds, 

particularly in the Global South. Environmental advocacy groups labeled it “terminator technology”. A de facto 

moratorium was instituted by the United Nations in the late 1990s, effectively ending short-term commercial 

aspirations for GURT. 

The potential transgene containment benefits of GURT were far outweighed by public concerns over technology 

protection, food sovereignty, and corporate control over global agricultural systems. This case is a powerful 

example of how containment technologies for genetically engineered organisms can serve multiple purposes, and 

that transgene containment potential does not inherently build public trust or acceptance of new biotechnologies. 

Technology Overview and Context of Use

In the early-to-mid 1990s, several large agricultural corporations began filing separate patent applications for a 

novel type of genetic switch mechanism to be applied in crop engineering. This switch relied on chemical controls 

regulated by external inducers to regulate gene expression in different types of plant tissues. Called genetic use 

restriction technology or GURT within the scientific community, this mechanism was intended for genetically 

engineered crops to induce seed sterilization.1 

Initial patents for GURTs were aimed at applications in self-pollinating commodity crops such as cotton, rice and 

soy.2 DuPont and Zeneca (now Syngenta) were some of the first companies to file and receive GURT patents, but 

the product that would eventually garner international attention under the NGO-anointed moniker of “terminator 

technology” was developed through a partnership between the United States Department of Agriculture (USDA) 

and the Delta & Pine Land Company (DPL), a cotton company.3,4 The USDA/DPL product was a three-transgene 

mechanism activated in late-stage embryogenesis, resulting in the termination of viable seed embryos in the 

plant.1,5 Growers would be able to cultivate and harvest a first generation of crops, but any attempted re-planting 

of saved seed would fail. 

Case #1:
“Terminator Seeds” and Technology Protection

Lead Author: Dalton George

Figure 1.1: GURTs 
“terminator technology”

Non-GURTs field crop
Plants produce 

fertile seed
Farmer saves viable 
seed during harvest

GURTs field crop
Plants produce 
infertile seed

Farmer must buy more 
seed from dealers
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Key Events and Stakeholders 

Figure 1.2: Timeline of key events in Terminator seed development story.

Key stakeholders in the GURT development story include: 

• Agribusiness: Large agrochemical and seed companies including DuPont, Zeneca and Monsanto 
pioneered the development of GURT technology.

• US Government: The USDA worked with the cotton company Delta & Pine Land on the key patent that 
became publicized by the non-governmental organization RAFI and sparked public controversy on 
terminator technology. 

• Commodity crop farmers: Growers planting staple crops like corn and soybean around the world were 
the intended users for GURT-containing products.

• Non-governmental organizations: Several anti-GMO and farmers’ rights organizations opposed the 
development and implementation of GURTs. The Canadian-based Rural Advancement Foundation 
International (RAFI) led the charge, coining the names “Terminator seed” and “traitor” technology.

• National and international regulatory bodies: The United Nations (UN) Convention on Biological 
Diversity (CBD) held key debates and passed a global moratorium for GURT crop applications. After the 
UN decisions, countries including India and Brazil implemented their own national bans on GURT 
applications.

Value Proposition and Critiques 

Proponents of GURT claimed that the seed sterility trait made it both an effective intellectual property protection 
system and transgene containment mechanism. Technology protection through biological means was presented 
as valuable for multinational seed companies conducting business in countries with lax intellectual property 
protection mechanisms. Proponents argued that this enhanced technology protection in the field would motivate 
more private firms to invest in research and development on genetically engineered crops because they would 
have increased assurance that their products would be protected from intellectual theft.6–8 Some proponents also 
suggested that GURTs could be applied as an intrinsic safety mechanism to prevent the spread of transgenes 
from agricultural field to local environments.9 Ecological impacts over the spread of transgenes were a prevalent 
environmental risk concern surrounding genetically engineered crops at the time. GURT technology presented a 
genetic solution to this problem.

However, opponents framed GURT technology as a threat to local communities of growers by preventing their 
ability to save seed post-harvest. Anti-GMO and farmers’ rights coalitions (e.g. RAFI, Greenpeace) argued that 
terminator seed technology would exacerbate global issues with food sovereignty and food security due to 
increased farmer dependency on multinational seed companies.1,10,11 Opponents largely did not acknowledge the 
potential environmental benefits of transgene containment as a reason to support terminator and other GURT 
technologies. Disruption of the cultural practices of seed saving took center stage and fueled concerns about 
increasing corporate control over global cropping systems. 
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Technological Containment: Forms of organism control

The seed sterilization trait engineered into terminator seeds served in principle as an intrinsic containment 
mechanism. Two main outcomes were meant to result from this containment mechanism. First, this trait enabled 
a form of technology protection in the field, in that seeds from GURT crops could not be saved, studied, bred, or 
re-planted.4,12,13 Second, some researchers in industry and academia suggested that sterile seeds offered a 
solution to ecological concerns over the spread of novel transgenes into natural ecosystems with genetically 
engineered crops.9,14 However, these features of technological containment did not result in widespread public 
trust or farmer acceptance of GURTs. 

Social Containment: Holding the system together or challenging its viability?

Challenging system viability: distrust of agricultural 
corporations

Intense public backlash was a driving force behind the failed 
commercialization of Terminator Seed Technology and other GURT 
applications in crops. Public trust was primarily anchored in concerns 
over corporate control of global agriculture. Concern over the power 
dynamic between large multinational corporations and local agricultural 
communities led to opposition - on moral grounds - to the use of GURT 
technology and the prevention of seed saving. Opposition persisted 
despite arguments that terminator technology did not infringe on the 
autonomy of growers and was instead aimed at preventing “seed piracy” 
and enticing increased investment in agricultural research and 
innovation.15,16 

The debate reached fever pitch in the late 1990s and made it to the 
United Nations conference of the parties. The UN debates were informed 
by scientific perspectives on efficacy and safety, and heavily influenced 
by rights-based arguments for local farming communities. There were 
some important scientific uncertainties raised in the UN debates, such as 
whether the GURT transgene mechanisms themselves could transfer to 
local plant populations.1 However, the main opposition came from NGOs 
and farmers’ rights groups who questioned the intent and morality behind 
genetic seed sterilization, which they saw as a method to grant global 
seed companies even greater control over global agricultural production. 

Technology x 
Ownership x 
Public Trust

ownership x 
public trust

ownership x 
technology

technology x 
ownership x 
public trust

Figure 1.3: Radar chart illustrating the 
influence of different sociotechnical 
dimensions on the development and 
commercialization of Terminator Seed 
technology. A rating of 3 indicates that 
the dimension was highly disruptive of 
development and commercialization. A 
rating of 2 indicates moderate 
disruption, and 1 indicates that the 
dimension was not or was only very 
mildly disruptive. 
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Takeaways 

1) Containment technologies can serve multiple purposes and goals. With Terminator seed technology, 
there was very strong alignment between intellectual property protection and ecological protection, 
solutions that would address key concerns for private firms in holding the systems of commodity crop 
production together.

2) Terminator seeds threatened to disrupt longstanding cultural practices and generated public 
resistance. Despite strong alignment between ownership and ecological dimensions of GURT 
technology, the threat of excluding local farmer participation from seed-saving practices led to significant 
public distrust and resentment towards the use of terminator seeds. 

Connections 

• For a comparison: AquAdvantage salmon (Case #4) also faced challenges relating to public trust and 
the disruption of longstanding cultural practices. 

• For a contrast: The GE Purple Tomato (Case #8) has a very different, consumer-centered ownership 
model than Terminator's corporate strategy. 

Challenging system viability: inhibiting farmer practices 
and threatening livelihoods

In public debates over terminator technology, social values ascribed to 
the preservation of cultural and economic autonomy were powerful 
narratives that framed discussions about merits and risks of transgene 
containment and genetically engineered crops. The application of 
GURTs threatened to sever cultural connections between farmers and 
their local cropping systems by taking away their ability to save, breed, 
and reproduce viable seed, and instead would create an enduring 
reliance on companies to supply and sell viable seed at affordable 
prices. It was not clear that such a system would work out best for 
farmers, as some studies suggested that the economic benefits for 
terminator technologies were greater for corporations than growers, 
especially for growers operating in smaller-scale farming systems.11,17 
For these growers, increased productivity, efficiency, yield, or profitability 
are important, but so is preserving their cultural autonomy and the 
capacity for their community to coevolve with the cropland. From this 
perspective, taking away the capacity to save seeds through the 
promotion and adoption of GURTs put the socio-cultural practices and 
economic livelihoods of local agricultural communities at risk.18,19 

Cultural x 
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economic

cultural x 
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Pseudomonas fluorescens strain HK44 (HK44) was the first approved US field release of a genetically engineered 
microorganism for bioremediation purposes. HK44 was developed by researchers at University of Tennessee in 
partnership with Oak Ridge National Laboratory to simultaneously degrade polycyclic aromatic hydrocarbons 
(PAHs), which are present in petroleum, and produce a luminescent signal in the presence of PAH degradation. 
The field release experiment ran from October 1996 to August 1998. Researchers used lysimeters to conduct the 
experiments, which created a controlled soil environment housed in a container underground (Figure 2.1). 
Although HK44 was developed with both bioremediation and biosensing in mind, and multiple patents were filed 
for the use of HK44 as a biosensor in 2001 and 20051–3, the organism has not to date been commercialized for 
either purpose. 

The field release was conducted under intense regulatory scrutiny, after the completion of robust characterization 
of the microbe’s potential for pathogenicity or to spread in the soil, and with little attention from the public. HK44 
does not contain any intrinsic biocontainment mechanisms, and although precautions were taken to minimize 
escape, small numbers of HK44 were detected outside of the lysimeters following inoculation. However, this 
unintentional persistence did not have major ecological, regulatory or social consequences. This case provides 
perspective on academic, pre-commercial testing of GE microbes and highlights complexities that arise when 
containment technologies require containment of their own.

Technology Overview and Context of Use

HK44 was developed by researchers at the University of Tennessee in partnership with Oak Ridge National 
Laboratory to remediate PAHs in soil and produce a light signal in response to PAH degradation, thus functioning 
both as a bioremediating agent and a biosensor. The host microbe and naphthalene degradation pathway used in 
the construction of HK44 were both recovered from a PAH-contaminated site and the light-producing lux gene 
was isolated from a naturally luminescent microbe. In releasing HK44, the researchers sought to answer two 
questions: 1) whether a GE microbe can be successfully introduced and maintained in a soil ecosystem, and 2) 
whether bioreporter organisms can detect and monitor the 
overall bioavailability and biodegradation of an 
environmental contaminant.4 

In 1996, researchers at University of Tennessee partnered 
with the Oak Ridge National Laboratory to conduct field trials 
on HK44 bioremediation. The field release took place in 
semi-sealed steel lysimeters, which were filled with layers of 
soil that had been weathered and packed to form a 
representative core. The lysimeter’s function was to provide 
HK44 with biological requirements such as air and water 
while containing both the PAH contaminants and HK44. The 
lysimeters were equipped with an irrigation system, air 
distribution system, sensing apparatus, inlets for the 
biosensors, and fiber optic cables. HK44 had two functions 
within the lysimeter: 1) as a remediator of soil in the 
“contamination zone” and 2) as a biosensor encased in an 
alginate gel, inserted into the biosensor inlets to detect 
napthalene. The field release of HK44 underwent a stringent 
approval process as regulated by the Toxic Substances 
Control Act (TSCA) under the US Environmental Protection 
Agency (EPA). This included a risk assessment of potential 
human and plant pathogenicity, possible exposure 
scenarios, the potential for deleterious ecological impacts, 
and an assessment not only of HK44 but also taxonomically 
similar organisms. The EPA ultimately approved the field 
release of HK44 at the Oak Ridge National Lab site, but 
imposed a requirement of further testing before HK44 could 
be released at other sites or commercialized.5,6

Case #2:
HK44 for Soil Bioremediation

Lead Author: Avery Brewer

Figure 2.1: Schematic depicting the lysimeters in 
which the field release was conducted. (Source: ref. 6)
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Key Events and Stakeholders 

Figure 2.2: Timeline of key events in HK44 development.

Key stakeholders in the HK44 development story include: 

• Oak Ridge National Laboratory: Researchers from Oak Ridge National Laboratory co-designed and 
executed the experimental field release of HK44. 

• University of Tennessee: HK44 was developed by researchers at the University of Tennessee, who 
worked with Oak Ridge National Laboratory on field release. 

• The Department of Energy (DOE): The field release took place on a DOE site within Oak Ridge National 
Laboratory, and DOE researchers collaborated on the development of HK44. 

• Petroleum companies: Since the field release, petroleum companies have collaborated with the 
researcher team to further investigate HK44.7 These companies may be interested in biosensing and 
bioremediation technologies as a means of ensuring regulatory compliance or to explore clean-up 
methods in the advent of oil spills. 

• Environmental Protection Agency: The EPA was heavily involved in the approval and supervision of 
the HK44 field release. Within the EPA, the Office of Pollution Prevention and Toxics oversaw the 
process.

Value Proposition and Critiques 

PAH contamination can result from gas and oil spills, car exhaust, and burning fossil fuels, among other 
anthropogenic and natural sources.8 This contamination can render land unusable and result in deleterious effects 
on human and environmental health. Exposure to PAHs has been associated with increased risk of cancer as well 
as damaged lung, renal, and gastrointestinal function.9 Bioremediation is often presented as an effective, cost-
competitive, and comparatively non-invasive way to clean up naphthalene—a common PAH contaminant—
relative to other remediation approaches such as excavation.10 In the case of the HK44 experiments, researchers 
found that the bacteria proved effective at breaking down naphthalene in soils, and presented other promising 
potential to be used as a biosensor in addition to a soil remediator.4 

HK44 represents the first US field release of a GE microbe for the purpose of bioremediation. The most prevalent 
concerns for widespread release of HK44 included the potential for HK44 to transfer the tetracycline resistance 
gene — which had been inserted into the HK44 bacteria as a selection marker—to other microbes. Other 
concerns included the potential for pathogenicity to humans or plants and the potential for unpredicted ecological 
effects.5,11 In addition, the prevalent challenge for HK44 at the time—and more generally speaking, GE microbe-
based bioremediation — was not that HK44 was ineffective at remediation nor that it presented prohibitive risk in 
the field, but rather that the barriers to commercialization were substantial. In particular, the US regulatory system 
was not prepared to properly assess or authorize the large-scale commercial use of a product like HK44, which 
likely waned commercial interest and investment.12,13 

The big challenge for regulation was how the EPA should assess the risks of HK44. On the one hand, HK44 was 
constructed from an indigenous soil microbe P. fluorescens, which the EPA noted is found nearly ubiquitously in 
soil and water. On the other hand, the inclusion of the tetracycline resistance gene could result in undesired 
transfer of antibiotic resistance to other microbes, which was flagged as a major concern by the EPA. In addition, 
HK44 must be able to persist in the environment to remediate PAH contamination, but it was unclear what 
additional impacts persistence would have on soil communities over time. Spatial-temporal investigations carried 
out by the researchers suggested that HK44 can remain detectable in the soil for over a decade and is not directly 
recoverable, but unlikely to migrate significantly.4,14,15 The line between positive and negative ecological effects 
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was also ambiguous, creating a challenge for weighing the known remediation benefits against uncertain risk (in 
addition to the concern over tetracycline resistance). 

Technological Containment: Forms of organism control

HK44 was designed to contain hazardous PAHs via biodegradation. Specifically, the field experiments using 
HK44 targeted naphthalene, a PAH often found contaminating soils as a result of industrial pollution. A core 
attribute of the engineered HK44 is its ability to persist in soils long enough to fully remediate the naphthalene 
contamination. This meant that researchers needed to find a way to enable persistence of HK44 in target soil 
environments while preventing the spread to non-target environments during the experiments. 

For the HK44 itself, no explicit intrinsic containment mechanism was built into the microorganism. Instead, the 
experiments were contained in steel lysimeters, which functioned as a kind of physical containment. Concerns 
from researchers and regulators involved in the field release approval process revolved around the potential for 
HK44 to escape and persist in non-target soil environments. Precautions to prevent escape and persistence 
included that all equipment must be sterilized, only highly trained personnel could participate in the HK44 
application, and the site would be regularly monitored during the field experiments with quarterly reports 
submitted to the EPA. The EPA also conducted thorough risk assessments to ensure that even if HK44 did 
escape the lysimeter, the impacts on the soil community would be minimal.5

The results of the experiment demonstrated a few results relevant for technological containment. First, after the 
immediate field release experiments, the researchers found that HK44 was effective at degrading naphthalene in 
the contaminated soil within the lysimeter, and within the lysimeter the HK44 stayed within the soil layer within 
which it had been inserted. However, some HK44 was discovered outside of the lysimeter on agar plates that had 
been placed on the surface of the ground a few feet away from the lysimeter. It was deemed likely that the small 
numbers of bacteria captured on these plates were a result of inoculation error, and did not escape from the 
lysimeter’s soil contamination zone. Second, after a follow-up assessment over a decade after the field release, 
the researchers recovered genetic elements similar to HK44 sequences using polymerase chain reaction, but did 
not report detection of any active HK44 bacteria.14,16 In addition, it was concluded that the persistence of the HK44 
bacteria and its genetic elements in the lysimeter soil did not significantly alter the characteristics of the microbial 
soil community compared to lysimeters where HK44 had not been added, aside from the reduction in PAH 
levels.14 

Social Containment: Holding the system together or challenging its viability?

Holding the system together: Confluence of factors 

enabling field trials

A set of congruent factors enabled the relatively straightforward field 

testing of HK44. Notably, this field trial was conducted with relatively little 

opposition or public resistance at a time when other GE organisms—like 

StarLink corn and Terminator seed technology—were encountering 

significant public backlash. First, the partnership with Oak Ridge National 

Laboratory and convening of the field trial on Department of Energy 

Property meant that the research was positioned out of the public eye 

(but not intentionally kept secret). 

Cultural x 

Spatial x 
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cultural x 
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Second, the fact that bioremediation was the goal could have tempered 

any public conflict, given that most fervent social controversy at the time 

was aimed at GE crops that benefited industrial agriculture. Researchers 

at University of Tennessee and Oak Ridge also worked closely with EPA 

to set up the field trials. This regulatory engagement could have 

mitigated difficulties in de-risking a novel organism in preparation for a 

small field release.

regulatory

Challenging system viability: Factors inhibiting HK44 

commercialization

To date, HK44 represents one of only a few field release trials ever 

performed with a GE microbe. Despite successful experimental 

outcomes, HK44 has not been commercialized, nor have any other GE 

microbes for bioremediation. Academic researchers repeatedly articulate 

the inhibitory effect of strict regulations on the commercialization of GE 

microbes for bioremediation, while purporting that technical limitations 

can be overcome.12,13  As of 2024, no GE microbes have been 

commercialized at scale for bioremediation.

While it is hard to pinpoint a single reason why HK44 didn’t move 

forward, a combination of factors are discernable. First, it was clear at 

the time that while regulators were willing to approve a small-scale field 

release, more data and time were needed to properly adapt risk 

assessment procedures. Absent a discernible pathway through the 

regulatory system, researchers’ motivation to push towards 

commercialization waned.17 In fact, HK44 was not patented as a 

proprietary bioremediation agent, but instead was patented as a potential 

biosensor.18 Second, in addition to regulatory hurdles, industry seemed 

to lack incentive to develop HK44 and other GE microbes for 

bioremediation owing to a lack of economic incentives and motivation for 

scaling up this technology. One reason might be because there are 

other, established methods to perform bioremediation tasks.19 Given that 

methods such as excavation have proved effective, the business risk for 

investing in HK44 scale-up might not be desirable, especially given the 

uncertainties around the unintentional spread of genetic elements in the 

environment as a result of field release of GE microbes. 

Regulatory x 
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Figure 2.3: Radar chart illustrating the 

influence of different sociotechnical 

dimensions on the development and 

commercialization of HK-44. A “high” 

rating of 3 indicates that the dimension 

was highly disruptive of development 

and commercialization. A rating of 2 

indicates moderate disruption, and 1 

indicates that the dimension was not or 

was only very mildly disruptive.
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Takeaways 

1) Regulatory and economic factors hinder commercialization of GE microbes for bioremediation. 
Despite sustained academic interest, no GE microbes to date have been commercialized at scale for 
bioremediation. Stringent regulatory requirements, a lack of existing market, and deference to established 
remediation practices contribute to a market landscape which is unfavorable for GE microbes. 

2) Persistence is not an inherently problematic aspect of field release. HK44 is one of the most 
thoroughly characterized GE microbes for environmental applications, and it was found to pose low risks 
regarding movement in the soil, ecological interactions, and potential for pathogenicity. When researchers 
returned to the field release site over a decade later and found that genetic elements similar to those of 
HK44 had persisted, it was not presented as cause for concern. Furthermore, the follow-up study 
revealed no significant impacts to soil ecology or quality. Although the persistence of HK44 was not 
anticipated, it did not result in negative ecological or social outcomes.

Connections 

• For a comparison: Read about GE American chestnut (Case #10) for an example of a GE organism that 
was promoted for its potential environmental benefits, and has also encountered challenges making it 
past the field trial phase. 

• For a contrast: Read about Pivot Bio (Case #6) for an example of a GE soil bacteria that has been 
commercialized. 
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StarLink™ was a corn crop engineered with insecticidal traits as a pest management strategy that was brought to 
commercial markets by the company Aventis (now Bayer) in the late 1990s to early 2000s. StarLink was initially 
not approved for human consumption owing to concerns over its potential allergenicity. Instead, in 1998, the US 
Environmental Protection Agency granted a split-use authorization for the Cry9C protein in StarLink corn, allowing 
for commercial applications in animal feed, but not human food production. This meant that grain from StarLink 
had to be kept separate from other corn grains all the way through the supply chain.

Separation proved to be extremely challenging and ultimately failed. In the year 2000, a civil society consortium 
led by Friends of the Earth discovered traces of StarLink’s Cry9C protein in taco shells purchased from 
supermarkets. This discovery led to recalls of around 300 different food products for fear they contained StarLink 
corn. Although no significant health disasters were linked to this contamination, the bad publicity and enduring 
uncertainties surrounding the allergenicity of Cry9C led to significant market disruption. The split use authorization 
granted by EPA distributed the burden to separate StarLink grain to different actors up and down the supply 
chain. The failure to sufficiently isolate and contain StarLink as it moved through the supply chain led to 
commercial failure of the product, with ramifications for US corn exports more broadly. 

Technology Overview and Context of Use

StarLink corn was developed to have both insecticidal and herbicide-tolerant properties. Like many insecticidal 
GE crop varieties at the time, StarLink was engineered to express a gene from a common soil microbe called 
Bacillus thuringiensis (Bt) that produced the protein Cry9C. The Bt protein Cry9C proved to be an effective 
deterrent for crop pests such as the European corn borer, which at the time was a devastating pest for US corn 
agriculture.1 StarLink was also engineered to express a gene from the bacteria Streptomyces hygroscopicus, 
which conferred broad-spectrum herbicide tolerance.2

StarLink corn was approved exclusively 
for industrial livestock production. The 
United States Environmental Protection 
Agency (EPA) granted a “split approval” 
authorization allowing StarLink to be used 
for animal feed but not for human 
consumption due to concerns over 
allergenicity of the Cry9C protein.1,3 

Aventis repeatedly requested approval for 
human consumption, but that 
authorization never materialized despite 
EPA and the National Research Council 
convening multiple review panels to 
determine a safe level of Cry9C in human 
food.1 In 1999 and 2000, an estimated 
500,000 acres of feed corn were planted 
with the StarLink variety, or about 0.3–
0.5% of the total corn acreage in the 
United States.1,4

Case #3:
StarLink™ Corn and Food Supply Chain Contamination

Lead Author: Dalton George

Figure 3.1: Description of how Bt gene works for insect control in corn 
crops (based on an illustration by the American Phytopathological Society) 

Bt gene is 
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Key Events and Stakeholders 

Figure 3.2: Key events in the development and deployment of StarLink corn.

Key stakeholders in the StarLink development story include: 

• AgrEvo/Aventis: AgrEvo acquires the company Plant Genetic Systems which held the patent for 
StarLink corn and first issued a registration for Cry9C through the EPA in 1997. In 1998–1999 AgrEvo 
(which became Aventis in 1999) modified that application to request that StarLink be approved for use in 
animal feed. 

• US Federal Agencies (USDA, EPA, FDA): EPA was instrumental in developing the split-approval 
concept for StarLink corn and continued to play a major role in reviews and approvals for StarLink under 
FIFRA and FFDCA legislation. USDA played a key role in implementing buy-back programs with Aventis 
and negotiating with foreign agricultural ministries to preserve foreign corn markets throughout the 
controversy. FDA’s authority to recall products came into play once Cry9C was detected in human food 
products.

• Friends of the Earth: Played a lead role in the coalition of anti-GMO advocacy groups that discovered 
the presence of StarLink genetic material in Kraft taco shells.

• US corn industry: Stakeholders up and down the supply chain felt the economic repercussions of the 
StarLink recalls via reduced sales in both domestic and foreign markets.

• US food industry: Recalls had negative economic ramifications for businesses that relied on corn 
derivatives to manufacture their food products.

Value Proposition & Critiques 

The value proposition for StarLink corn was two-fold. First, the Bt insecticidal properties granted resilience 
towards some of the most devastating corn crop pests of the time, including the European corn borer. Proponents 
of Bt crops argued that Bt genes granted enhanced protection from insect pests, and could also lessen grower 
use of chemical pesticides.5,6 Second, the StarLink product was also engineered with herbicide tolerance, allowing 
growers to spray broad-spectrum herbicides—like Monsanto’s RoundUp—without damaging their corn crops.7,8 
This stacked trait approach was—and remains—a common approach in GE crop development.9,10

The concern around StarLink was the Cry9C Bt protein that was expressed in the corn plant. Other Bt proteins 
used in prior products had been approved for human consumption because they had demonstrated a history of 
safe use as biopesticides. However, Cry9C presented a new chemical mode of action that presented with a 
suspected risk of allergenicity and inability to break down in the human digestive system.11 Critics argued that, for 
these reasons, the product was not safe for human consumption and should not be authorized for human use 
until the allergenicity concerns were fully addressed.12

Technological Containment: Forms of organism control

No specific biocontainment mechanism was incorporated into the StarLink seed. The split authorization granted 
by the EPA limited the sales and distribution of StarLink to animal feed products, and set a zero-tolerance policy 
for StarLink in human food products. In practice, this translated to a requirement for harvested StarLink corn grain 
to be properly labeled and separated from other grains. This put the containment burden on growers, grain silo 
operators, and distributors to ensure that StarLink did not get mixed in with other corn varieties.11,13,14 Actors 
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throughout the supply chain collectively failed to enact these containment measures, and StarLink found its way 
into the human food system. 

Contamination was first reported by an anti-GMO advocacy coalition led by Friends of the Earth.2,15 This group ran 
a series of chemical analyses on Kraft brand corn taco shells that revealed traces of the StarLink Cry9C protein. 
Recalls ensued as companies did not want to risk the discovery of StarLink in their food product, leading to over 
300 products recalled from supermarket shelves across the United States, in addition to a 7% decrease in US 
corn prices in 2000–2001.16,17

Social Containment: Holding the system together or challenging its viability?

Challenging system viability: Failure to contain spread 
of StarLink in the supply chain

The spread of StarLink corn is best characterized as a spatial-temporal 

failure, where StarLink grains ended up in human food products as a 

function of supply chain failure. Supply chains are complex systems 

whereby a raw material like corn grains undergo multiple transferences 

and transformations as it moves from the field into the consumer market. 

The expectation was that StarLink corn would be kept separated from 

grains harvested for human consumption. New segregation practices 

had to be incorporated at multiple points in the corn supply chain to 

facilitate this isolation, some of which bore extra costs (time and money) 

to corn grain suppliers. Corn grain is especially tricky, as grain meant for 

animal feed and human consumption often overlap within corn supply 

chains and suppliers are not necessarily equipped or trained to 

implement segregation protocols.18–20  At the time StarLink was put on 

the market, it was not a norm within the supply chain to implement 

segregation protocols based on specific traits of individual varieties. 

Although no official sources pinpointed where in the supply chain 

StarLink contamination first occurred, it would not require egregious 

oversight for StarLink grains to become mislabeled or incorrectly shipped 

to end up in the wrong place within a supply chain that did not typically 

incorporate such specific segregation practices.

Spatial x Temporal x 
Economic x 

Cultural

spatial x 
temporal

cultural

economic

Figure 3.3: Radar chart illustrating the 
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Takeaways 

1) Physical containment of harvested StarLink within the supply chain was not realistic. Livestock 
and food production are closely related systems whose supply chains overlap at the sale and distribution 
of corn crops. Neither Aventis nor the US federal agencies implemented any monitoring to prevent 
StarLink contamination of the human food supply, instead putting the requirement for separation and 
monitoring on different actors up and down the supply chain, who potentially had neither the training nor 
incentive to monitor for StarLink contamination.

2) GE crops cannot be regulated under uncertainty about human use risk. StarLink shows that it is 
challenging to govern an engineered organism in agriculture if it is not approved for human use. In 
hindsight, the scientific uncertainty around allergenicity should have been resolved before commercial 
approval was granted. No split use authorizations for crops have been granted since. 

Connections 

• For a comparison: For an example of another GE organism that failed to stay on the market once 
commercialized, read about the AquAdvantage salmon (Case #4). 

• For a contrast: Both GE papaya (Case #5) and StarLink corn have experienced supply chain 
containment failures, but GE papaya was not pulled from the market.

Challenging system viability: Regulatory uncertainty, 
dysfunction, and public distrust of genetically 
engineered organisms

Part of the enduring challenge for StarLink was the uncertainty 
surrounding the toxicity status of the Cry9C protein. Studies suggested it 
was possible for Cry9C to act as a human allergen if consumed, but 
researchers encountered technical challenges for determining 
allergenicity risk that lead to uncertainty around the seriousness of this 
threat.2,21 Instead of waiting for the uncertainty to resolve, Aventis and 
EPA pursued split use authorization while continuing to work through the 
uncertainty related to human consumption.4  Once StarLink was found in 
the food system, the exposure level was potentially substantial and the 
uncertainty around allergenicity created a rush for companies to issue 
blanket recalls before confirming if any of their products were even 
contaminated by StarLink. No company wanted to take the risk of being 
ground zero for any case of severe allergic reaction, and issuing recalls 
allowed them to minimize their liability. 

The EPA’s inability to make a final determination on allergenicity risk and 
decision to offer a split use authorization were heavily critiqued in public 
debates, as the compliance mechanisms designed to guide separation 
practices in corn supply chains set forth by the EPA did not work to 
contain StarLink.13–15  In addition, it is not the government nor industry 
players that discover the contamination, but an anti-gmo coalition led by 
Friends of the Earth, which bolsters a risk narrative of malfeasance and 
irresponsibility associated with development and implementation of 
genetically engineered crops. The StarLink case serves as an example 
of how public controversy over new GE organisms can shape 
regulations, as EPA discarded the “split approval” mechanism as an 
option for future GE products.22

Regulatory x 
Public Trust

public trust

regulatory

regulatory



34

References

1. Segarra, A.E. & Rawson, J.M. (2001) StarLink™ Corn Controversy: Background Congressional Research Service, Jan 

10.

2. Bucchini, L. & Goldman, L.R. (2002) Starlink corn: a risk analysis. Environmental Health Perspectives 110: 5–13. 

3. United States Environmental Protection Service (2008) Starlink  ™   Corn Regulatory Information  .

4. Harl, N.E., Ginder, R.G., Hurburgh, C.E. & Moline, S. (2003) The StarLink Situation. Iowa State Extension Service, Nov 

18.

5. Tian, J.-C., Yao, J., Long, L.-P., Romeis, J. & Shelton, A.M. (2015) Bt crops benefit natural enemies to control non-target 

pests. Scientific Reports 5: 16636.

6. Gassmann, A.J. & Hutchison, W.D. (2012) Bt crops and insect pests: Past successes, future challenges and 

opportunities. GM Crops & Food 3: 139.

7. Saroha, M.K., Sridhar, P. & Malik, V.S. (1998) Glyphosate-tolerant crops: genes and enzymes. Journal of Plant 

Biochemistry and Biotechnology 7: 65–72.

8. Dill, G.M. (2005) Glyphosate-resistant crops: history, status and future. Pest Management Science 61: 219–224.

9. Que, Q. et al. (2010) Trait stacking in transgenic crops: Challenges and opportunities. GM Crops 1: 220–229.

10. Halpin, C. (2005) Gene stacking in transgenic plants – the challenge for 21st century plant biotechnology. Plant 

Biotechnology Journal 3: 141–155.

11. Maurer, A. (2020) Lessons from the Aventis StarLink corn recall. North Carolina Biotechnology Center, Nov 17.

12. Bernstein, J.A., Bernstein, I.L. & Bernstein, D.I. (2001) Allergenicity of cry9c: An unresolved issue. Journal of Allergy and 

Clinical Immunology 108: 655–656.

13. Lin, W., Price, G.K. & Allen, E. (2001) Where no Cry9C corn should have gone before. Choices Magazine, Winter 2001-

2002.

14. Bratspies, R.M. (2002) Myths of voluntary compliance: lessons from the StarLink corn fiasco. William and Mary 

Environmental Law and Policy Review 27: 593.

15. Taylor, M.R. & Tick, J.S. (2001) The StarLink Case: Issues for the Future. PEW Initiative on Food and Biotechnology.

16. Lin, W., Price, G.K. & Allen, E.W. (2003) StarLink: Impacts on the U.S. corn market and world trade. Agribusiness 19: 

473–488.

17. Carter, C.A. & Smith, A. (2007) Estimating the market effect of a food scare: the case of genetically modified StarLink 

corn. The Review of Economics and Statistics 89: 522–533.

18. Nielsen, R.L. (2003) Corn segregation: a necessary evil in today’s Biotech Age? Purdue Agricultural Extension Service, 

April 23.

19. Nielsen, R.L. & Maier, D. (2001) Transgenic corn harvest reminders. Purdue Agricultural Extension Service, Oct 10.

20. USDA Economic Research Service (2024) Feed Grains Sector at a Glance. 

21. Environmental Protection Agency (2001) Assessment of additional scientific information concerning StarLink  ™   corn.   

FIFRA Scientific Advisory Panel Open Meeting 

22. Nelkin, D. & Marden, E. (2004) The StarLink controversy: the competing frames of risk disputes. International Journal of 

Biotechnology 6: 20–42.



35

AquAdvantage salmon is the first genetically engineered (GE) fish approved for human consumption in the United 
States. Developed by AquaBounty Technologies starting in the late 1990s, and approved for commercial use by 
the FDA in 2015, the GE salmon is grown in land-based production facilities, and reaches full adult size much 
faster than conventionally farmed Atlantic salmon. Stringent containment measures have been implemented in 
AquaBounty’s production facilities to prevent any accidental releases. Despite these technical precautions, the 
product has struggled to secure a viable market, in part owing to public concerns around this economically and 
culturally significant organism. In December 2024, AquaBounty announced that it was closing its last remaining 
AquAdvantage production facility. This case study underscores how technically sound containment measures 
don’t necessarily pave the way for smooth commercialization or address concerns regarding the social 
acceptability of a technology. 

Technology Overview and Context of Use

Development of AquAdvantage began in 1989, and the technology was patented in 1996 by Choy L. Hew and 
Garth L. Fletcher of Memorial University in Newfoundland, Canada. The AquAdvantage salmon is engineered 
with an accelerated growth trait conferred by an inserted growth hormone-regulating gene from Pacific Chinook 
salmon under the control of a promoter sequence from ocean pout.1 This modification allows the fish to produce 
higher levels of growth hormone and grow to full adult size in 16–20 months, compared to the 28–32 months 
required for conventionally farmed Atlantic salmon.2 AquAdvantage salmon is designed specifically for industrial-
scale commercial salmon farming in land-based farming facilities owned by the company AquaBounty 
Technologies, the commercial entity that owns and has overseen the commercialization of AquAdvantage salmon 
since the late 1990s.3

AquAdvantage began its journey to 
commercialization in the US in the mid-1990s. At 
the time there was no officially established 
regulatory pathway for a commercial GE fish. 
From 1996–2009, AquaBounty Technologies 
worked with FDA officials to evaluate the GE 
salmon. Key issues included how exactly to 
classify GE fish, and how to assess whether the 
inserted transgenic construct posed a safety risk 
for human consumption or to the animal itself. 
The transgenic construct was classified as a 
“new animal drug” and in 2010, the FDA ruled 
that the construct posed no potential harm to 
humans or the animal itself.4 However, the FDA 
had to conduct an environmental assessment of 
AquAdvantage salmon in 2012, in part due to 
pressures from environmental non-governmental 
organizations (NGOs). Full FDA approval for 
commercial use did not come until 2015. 
Commercial distribution was further delayed by 
rider legislation introduced by Alaska senator 
Lisa Murkowski to the 2016 “Consolidated 
Appropriations Act” signed by President Barack 
Obama in December 2015. This blocked the 
import and sales of GE salmon until appropriate labelling procedures could be implemented for consumers could 
distinguish the GE salmon from non-GE.5–7 AquaBounty technologies took a further four years to establish a 
production facility in the US, with US sales starting in 2021.

Case #4:
Land-based Salmon Farming with AquAdvantage

Lead Author: Anna Dale

Figure 4.1: AquAdvantage salmon reared by AquaBounty 

Technologies (rear), compared with a conventionally farm-raised 

salmon of about the same age. (Source: Paul Darrow / New York 

Times / Redux)
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Key Events and Stakeholders 

Figure 4.2: Key events in the development and deployment of AquAdvantage salmon.

Key stakeholders in the AquAdvantage development story include: 

• AquaBounty Technologies: The company (headquartered in Massachusetts) overseeing regulatory 
approval and land-based production of AquAdvantage salmon. 

• FDA: The US federal agency responsible for regulatory approval of AquAdvantage. 

• Anti-GE advocacy groups: Coalitions of organizations including Friends of the Earth and the Center for 
Food Safety have opposed the approval and sale of AquAdvantage. They sued the FDA in 2015 to 
reverse its approval of the GE salmon, and led a successful campaign that led 80 grocery retailers, food 
service companies and restaurant chains to refuse to sell GE salmon.

• Indigenous communities: Owing to the cultural importance of salmon, Indigenous communities have 
protested the distribution and production of GE salmon through lawsuits and tribal bans.8 The National 
Congress of American Indians requested tribal consultation from the FDA during the approval process 
prior to 2015, but this request was not acknowledged. 

Value Proposition and Critiques 

AquaBounty Technologies aims to address some of the sustainability and economic challenges of aquaculture 
through land-based production. The faster growth rate of AquAdvantage salmon compared with traditionally 
farmed salmon increases salmon production efficiency while lowering input costs, as AquAdvantage can grow to 
the size of wild salmon with 25% less feed.9 In addition, land-based aquaculture is being advanced as a strategy 
that mitigates concerns of overfishing, reduces the carbon footprint of aquaculture, and lowers transportation 
costs by allowing facilities to be located closer to the consumer.10

This said, concerns have been raised regarding potential environmental impacts if AquAdvantage salmon were to 
escape. Escapes from ocean-based aquaculture in North America have been well documented, and in some 
cases have caused significant ecological concern. A significant containment breach from a commercial fish farm 
in Puget Sound in 2017 resulted in Washington State banning on fish farming in open waters,11,12 and have 
shaped public concerns for other large-scale aquaculture operations in the United States.13–16 Additionally, 
concerns regarding water consumption and water contamination associated with land-based salmon rearing have 
led to local opposition of AquaBounty facilities.17,18 

There has also been public resistance to the genetic engineering of salmon, demonstrated through community-
led petitions, comics about "Frankenfish,"14 and an anti-GE coalition-led lawsuit against the FDA.19 AquAdvantage 
salmon has raised particular concern among Indigenous communities, who understand salmon as an integral 
member of their local ecologies and express deep cultural kinship with this species. Some have argued that 
altering the salmon’s genetics is a threat to Indigenous food sovereignty. Some Indigenous communities have 
requested tribal consultation before any approval action by the FDA (which was not fulfilled), while others, 
including the Quinault Nation in Washington state, joined a coalition to sue the FDA for its approval of 
AquAdvantage salmon.8

Technological Containment: Forms of organism control

AquAdvantage salmon production makes use of multiple, redundant containment strategies: physical barriers, 
geographic isolation, and genetic methods. Together, these are intended to prevent the escape of GE salmon into 
the environment as well as their possible breeding with native salmon populations. The salmon are physically 
contained in large, land-based tanks equipped with nets, screens, and filters to prevent escapes, and are 
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reinforced by catch basins and drainage systems. As a biological method of containment, the fertilized 
AquAdvantage salmon eggs are pressure-shocked to induce sterility, making the fish produced from these eggs 
unable to reproduce.20,21 If physical containment methods were to fail, the fish themselves should in principle not 
be able to reproduce outside the production facility.22 The main US-based production facility was located inland in 
northeast Indiana, and construction of a second facility in Northern Ohio began in 2022 (but was paused in June 
2023).23,24

Social Containment: Holding the system together or challenging its viability?

Holding the system together (or does it?): Containment is central to 

the AquaBounty business model

The use of land-based aquaculture for AquAdvantage salmon involves 

multiple levels of physical containment, together with close monitoring 

and oversight of the salmon's production. Land-based salmon farming 

represents a relatively new approach to commercial salmon production. 

Production facilities have to date been sited in the US Midwest, far away 

from coastal salmon breeding regions. AquaBounty Technologies 

emphasizes sustainability benefits alongside the decreased probability of 

environmental escape and breeding with native salmon populations.9 

They contrast their practices with open-water salmon farming, which is 

increasingly being scrutinized for being unsanitary and potentially 

environmentally harmful.16,25–27  

Notably, AquaBounty’s business model of physically separating salmon 

from its natural environment has itself become a source of cultural 

conflict around GE salmon. The well-being of salmon is an important 

element of Indigenous nations’ stewardship responsibility to preserve 

land and culture. To grow GE salmon in land-locked facilities has been 

presented as a threat to the right of self-determination for Indigenous 

communities.28,29 Further, AquaBounty’s business model has been 

interpreted as a threat to established domestic commercial salmon 

fishing; the 2015 legislation introduced by Alaska Senator Murkowski 

was meant to prevent the import of GE salmon from Canada. This likely 

influenced AquaBounty to build a domestic production facility in the US. 

The main US production facility was located inland in northeast Indiana; 

it was opened in 2021 and sold in July 2024.30 Construction of a second 

facility in northern Ohio was paused in June 2023,24 and in December 

2024 AquaBounty announced that it was ceasing all of its fish farming 

operations.31
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Takeaways 

1) Robust biocontainment practices don't guarantee public trust in biotechnology. Despite a suite of 
biological and physical containment methods around AquAdvantage salmon and its production facilities, 
public support for this GE product has faced challenges owing to ecological, economic and cultural 
concerns.

2) Regulatory frameworks can (slowly) adapt to novel technologies, but market entry can still be 
delayed. It took from 1996 to 2010 for FDA to classify and assess the AquAdvantage salmon, and 
another 5 years to officially approve the product for commercial markets in the US. Lawsuits and 
legislation resulted in additional delays, but AquAdvantage did eventually make it to the market.

Challenging the System: Public trust and lack of 
transparency as major barriers to commercial success 
of AquAdvantage salmon

Regulatory delays between the initial FDA ruling in 2010, the subsequent 
environmental assessment and approval in 2015, together with further 
delays attributed to the Murkowski legislation, were costly for 
AquaBounty Technologies.4 Furthermore, these delays arguably gave 
opportunity for opponents of GE salmon to coalesce and build their 
arguments. After the FDA classified AquAdvantage salmon as an animal 
drug, environmental NGOs were quick to claim that the FDA had not 
adequately assessed the potential environmental harms of 
AquAdvantage salmon, prompting the FDA to conduct an environmental 
assessment.32 Following this assessment and FDA market approval in 
2015, advocacy coalitions and Indigenous nations sued the FDA on the 
basis of violating the approval procedure for the GE salmon. The US 
District Court ruled in favor of the coalitions and required the FDA to 
revisit its environmental assessment, but did not rescind the FDA’s 
approval.19 The publicity of this suit continued to advance a narrative that 
the approval process for this GE organism was not transparent, and that 
AquaBounty’s commercial ambitions were putting ecosystems and 
communities at risk.32,33 Coalition groups led a successful public 
campaign that culminated in 2014 with 80 grocery retailers (including 
Kroger and Safeway), food service companies and restaurant chains 
committing not to sell GE salmon.34 Enduring public opposition has made 
it difficult for AquaBounty to build a viable market for its product.
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Connections 

• For a comparison: For another example of a novel GE animal/insect technology that encountered a long 
regulatory review process and faced public opposition, read about the Oxitec mosquito (Case #9). 

• For a contrast: The ZBiotics probiotic (Case #7) has been successfully commercialized in the absence of 
any physical biocontainment mechanisms, in contrast with AquAdvantage salmon. 
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For decades, papaya has been one of the more profitable crops grown on the Hawaiian islands. The papaya 

ringspot virus (PRSV) is the primary pathogen affecting papayas. It is present almost everywhere that papaya is 

grown, but for many years it was not present in Hawaii. In 1992, PRSV began decimating plantations in Puna, on 

the East side of the Big Island. Anticipating the arrival of PRSV, academic researchers had developed a PRSV-

resistant papaya strain, dubbed “Rainbow”. From the late 1990s through the mid-2000s, this genetically 

engineered papaya became—and remains—the most cultivated strain in Hawaii, and is often credited with saving 

the Hawaiian papaya industry from ruin. 

The GE papaya was rapidly cleared for commercialization by the FDA, EPA, and USDA, being deemed 

“substantially equivalent” to non-GE papaya. No stringent biocontainment measures were required. The GE 

papaya was largely shielded from Hawaii’s burgeoning anti-GMO movement, owing in part to its non-native status 

and the widespread support it received from papaya growers. The Rainbow variety was a success domestically, 

but owing to Japan’s strict laws concerning GE food, Rainbow papaya were deemed ineligible for import. Japan 

and the Hawaiian Department of Agriculture negotiated an Identity Preservation Protocol to allow continued 

import of organic papaya to Japan. Although Japan did approve GE papaya in 2011, this export market has never 

fully recovered. Despite this, GE papaya continues to be grown on Hawaii.

Technology Overview and Context of Use

Anticipating a PRSV outbreak in Hawaii, a team of academic researchers from Cornell and the University of 

Hawaii partnered with funding and support from the United States Department of Agriculture (USDA) to develop a 

GE papaya that would be resistant to PRSV. Researchers used gene gun technology (biolistics) to bombard 

embryogenic papaya tissue with metal particles that had been coated with the PRSV viral coat protein HA-51.1 

The initial variety that demonstrated resistance was dubbed 55-1, later known as “SunUp”. It was then bred with a 

non-transgenic yellow-fleshed “Kapoho” papaya to produce the hemizygous PRSV-resistant “Rainbow” strain.1 

Figure 5.1: Papaya tree and papaya fruit (left). Papaya tree (middle) and papaya fruit (right) impacted by papaya ringspot virus (Images: 

Wikimedia Commons).

Case #5:
Containing Ringspot Virus with GE Papaya

Lead Author: Mark Danciu
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Both SunUp and Rainbow varieties were approved by the USDA, FDA and EPA. The use of gene gun technology 

as opposed to Agrobacterium transformation reduced the regulatory burden on the product, as USDA considers 

Agrobacterium a potential plant pest. As part of their assessment, the USDA did evaluate transgene flow to wild 

relatives and the weediness of the GE papaya, publishing a “finding of no significant impact”. The EPA initially 

categorized the transgene conferring PRSV resistance as a pesticide, which would have subjected the GE 

papaya to further testing. However, the researchers contended the viral transgene was already present in many 

non-GE papayas consumed by the public, given the prevalence of PRSV in papaya crops. The EPA accepted this 

explanation and granted an exemption. Finally, the FDA deemed the GE-papaya to be “substantially equivalent” 

in composition to non-GE papaya and also granted regulatory approval. The entire regulatory process was 

completed in 1996–1997 (less than 2 years).2–4

The Rainbow papaya was introduced commercially in 1998, after a process of negotiating licenses from the 

patent holders. The licensing agreements mandated that GE papaya only be grown in Hawaii. By 2000, Rainbow 

constituted 42% of the total papaya acreage, increasing to approximately 70% of Hawaii’s papaya acreage by 

2011.5 The research team intended to expand the transgenic approach for controlling PRSV to the developing 

world by creating a partnership program with scientists from other countries to help them develop their own GE 

papaya strains, but this initiative never succeeded.6 Other independent efforts to develop transgenic papaya 

continued in other countries as the threat of PRSV continued to grow.7

Key Events and Stakeholders 

Figure 5.2: Key events in the development and deployment of GE papaya. 

Key stakeholders in the GE papaya development story include: 

• Hawaiian papaya farmers: GE papaya was developed for papaya farmers, who are the principal 

beneficiaries of this technology. 

• Organic papaya farmers: Since the introduction of GE papaya, organic papaya farmers must take extra 

steps (at their own expense) to prevent contamination with GE varieties. 

• Asgrow, Monsanto, MIT, Cambia Biosystems: These institutions are the main patent holders for the 

components and technologies used in creating the GE papaya. The academic developers of SunUp and 

Rainbow papaya negotiated licensing agreements with this group. 

• Hawaiian Papaya Industry Association (HPIA): The HPIA holds the rights to propagate and distribute 

GE papaya seeds under the licensing agreements negotiated with patent holders. 

• University of Hawaii and Hawaii Tropical Plant and Soil Sciences Papaya Project: These 

organizations produce GE seeds for HPIA, which then distributes them to farmers. 
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Value Proposition and Critiques 

The main reason for the creation of a PRSV-resistant papaya was to prevent collapse of the Hawaiian papaya 

industry. Researchers had long been convinced that PRSV would invade the Puna region, and starting in the 

1970s, they had attempted to produce resistance unsuccessfully using non-GE methods.8 They started using 

genetic engineering tools in 1986, six years before PRSV took hold in Puna. Between the start of the outbreak in 

1992 and the introduction of GE papaya in 1998, papaya output decreased by half (53,010 lbs to 26,750 lbs). 

Within three years of its introduction, papaya output nearly doubled and began to approach pre-outbreak levels 

(40,000 lbs).8 Proponents of the technology point to this rapid rebound in papaya production in Hawaii as proof of 

the technology's success.3,7 

The main critique of GE papaya is that gene flow to non-GE papaya is not contained. US federal regulators 

deemed the GE papaya safe and non-threatening to the local ecosystem, and field trials indicated very low rates 

of gene flow from GE to non-GE varieties.2 However, a 2006 study published by the anti-GMO group Hawaii Seed 

claimed that they had discovered widespread contamination of organic papaya with transgenic material, 

specifically on Oahu and the Big Island.9 Others suggested that the GE papaya threatened the integrity of export 

markets, as other countries would allow import of GE crops. For example, Japan, Hawaii’s primary export market 

for papaya, refused to import the GE varieties. The Japanese government imposed a testing process for organic 

papaya to ensure they were not contaminated, which hurt the export of organic papaya. GE papaya was 

eventually approved for import to Japan in 2011.8,10

Technological Containment: Forms of organism control

The principal object of containment in this case is the papaya ringspot virus. Rainbow papaya are genetically 

engineered to be resistant to PRSV, and thus to contain its spread. No additional genetic biocontainment 

mechanisms were engineered into the GE papaya strains, and there was little emphasis on using physical 

containment mechanisms to control the spread of GE papaya. For containment of PRSV to be successful, GE 

papaya needed to proliferate and make up a significant portion of total papaya planting acreage.1,8 However, 

absent containment mechanisms to limit the spread of pollen, there is a risk that GE papayas could cross-

pollinate with non-GE papayas and result in the spread of transgenic material. In this way, the viral containment 

strategy is effective at controlling the ringspot virus in both GE and non-GE fields but also creates a risk of 

transgenic contamination to non-GE growers.51 

Social Containment: Holding the system together or challenging its viability?

Despite the absence of genetic biocontainment measures in the GE papaya, the product was approved and 

brought to market in the US with little delay or resistance. Social containment proved successful domestically, but 

differences in international stances towards GE crops challenged the market for Rainbow papaya.

Holding the system together: Developer intent and 
licensing status 

The GE papaya demonstrates that researchers working to support local 

communities can successfully bring a GE product to market. Rather than 

being a reactive invention, the team behind “Rainbow” had been seeking 

to develop a virus-resistant strain for over a decade prior to the PRSV 

outbreak. When the outbreak arrived, they were prepared to rapidly 

commercialize their invention. The patent holders were swayed by the 

“philanthropic” intentions of the developers, and negotiated a licensing 

agreement.53 Rainbow papaya was distributed to farmers for free as soon 

as it was licensed.43 In this way, papaya growers were the principal 

stakeholders to profit from GE papaya. The licensing agreements for GE 

papaya only allow it to be grown on Hawaii, acting as a mechanism that 

kept the GE papaya plants confined to the islands.
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Challenging the system: Few international markets for 
buying or growing GE crops 
While GE papaya established a firm foothold in domestic and North 

American markets, these GE varieties struggled in international markets. 

The primary export market for Hawaiian papaya in the late 1990s was 

Japan, and a lack of regulatory approval for GE papaya stalled Japanese 

imports for nearly a decade. After Japan’s approval of Rainbow in 2011, 

Hawaiian papaya shipments struggled to generate the same export 

revenue as before due to increased competition from the Philippines and 

Japanese retailers’ unwillingness to trade in GE papaya for fear of losing 

customers.52,58 As of 2024, Rainbow papayas are still only sold to Japan 

and Canada. The ecological, economic and cultural considerations that 

made GE papaya a success domestically did not transpose neatly to the 

international context.

The non-native status of papaya and developers’ intent to help save a 
profitable industry in Hawaii also smoothed its commercialization. Much 
of the Hawaiian opposition to GE crops revolved around protecting the 
integrity and identity native crops.54 For example, there was significant 
backlash against the creation of GE taro, a crop that indigenous 
Hawaiians consider sacred – the result of which was a moratorium on 
field testing and growing GE taro.55 As the papaya is not native to Hawaii, 
these qualms were not raised regarding its cultivation. In addition, 
growing GE papaya did not significantly disrupt Hawaii’s agricultural 
industry – it arguably saved papaya farming.

The contamination of organic papaya with GE transgenic material and 
ensuing impacts on organic growers notwithstanding, the GE papaya 
firmly established itself in Hawaii’s agricultural landscape. When bills 
were introduced at the state level in 2013 to ban growing GE crops on 
the Island of Hawaii, GE papaya were given an exception and continued 
cultivation was permitted, in part owing to pressure from papaya 
growers.56,57
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Takeaways 

1) GE papaya has had physical containment failures, yet has continued to receive farmer support in 
Hawaii. The contamination of non-GE papaya groves did not lead to the discontinuation of GE papaya. 
Rather, the benefits of containing PRSV and the strong partnerships between industrial growers, 
university researchers, and the US government held up the market for GE Papaya despite physical 
containment failure. 

2) Licensing terms and international reluctance have served as de facto containment mechanisms 
for GE papaya. Licensing agreements developed for “Rainbow” and “Sunup” varieties restricted their 
cultivation exclusively to Hawaii, which effectively contained the spatial distribution of these crops. 
Reluctance by papaya import markets to bring in GE varieties has largely contained the GE papaya to 
North American (and eventually, Japanese) markets.

Connections 

• For a comparison: GE American chestnut trees (Case #10) offer another case study of a public 
partnership geared towards genetic engineering for virus containment.

• For a contrast: GE papaya is an example of an engineered crop aligned with local agricultural priorities 
and practices, in contrast to the threat to local agricultural practices posed by Terminator seed technology 
(Case #1). 

References

1. Gonsalves, D. (1998) Control of papaya ringspot virus in papaya: a case study. Annual Review of Phytopathology 36: 
415–437.

2. Gonsalves, D. (2006) Transgenic papaya: development, release, impact and challenges. Advances in Virus Research 67: 
317–354.

3. Smyth, S. (2015) How GM Papaya saved Hawaii’s papaya industry. SAIFood (June 2nd, 2015). 
4. James, C. (2006) Brief 35: Global Status of Commercialized Biotech/GM Crops: 2006. International Service for the 

Acquisition of Agri-biotech Applications.
5. Tripathi, S. et al. (2011) Nutritional composition of Rainbow papaya, the first commercialized transgenic fruit crop. Journal 

of Food Composition and Analysis 24: 140–147.
6. Davidson, S. N. (2008) Forbidden fruit: transgenic papaya in Thailand. Plant Physiology 147: 487–493 (2008).
7. Tecson Mendoza, E.M., Laurena, A.C. & Botella, J.R. (2008) Recent advances in the development of transgenic papaya 

technology. Biotechnology Annual Review 14: 423–462.
8. Gonsalves, D. & Ferreira, S. (2003) Transgenic Papaya: a case for managing risks of Papaya ringspot virus in Hawaii. 

Plant Health Progress 4: 17.
9. Bondera, M. & Query, M. (2006) Hawaiian Papaya: GMO Contaminated. Hawaii SEED 

10. Autry, E. & Sato, S. (2015) Japan’s regulatory system for GE crops continues to improve. Global Agricultural Information 
Network (GAIN) Report, USDA Foreign Agricultural Service.

11. Goldman, M. (2007) The IP management of the PRSV-resistant papayas developed by Cornell University and the 
University of Hawaii and commercialized in Hawaii. In Intellectual Property Management in Health and Agricultural 

Innovation: A Handbook of Best Practices, Volume 2 (eds. Krattiger. A. et al) pp. 1837-1844. Oxford: MIHR, and Davis, 
CA: PIPRA.

12. Kanaka Maoli of Ka Pae ‘Aina Hawai’i. (2003) Paoakalani Declaration, Oct 3.
13. Hamilton, C. (2009) GMO taro ban passes with amendments. Institute for Agriculture and Trade Policy, April 21.
14. HuffPost. (2013) Hawaii’s Big Island bans biotech companies & GMO crops, Nov 19.
15. Entine, J. (2013) Hawaii GMO investigation: follow the anti-crop biotech money trail. Forbes, Sept 13. 
16. Wieczorek, A. (2014) Biotech goes local: GM Papaya in Hawaii. Biotech in Focus 21: 1-2.
17. Ghimire, B.K. et al. (2023) Assessment of benefits and risk of genetically modified plants and products: current 

controversies and perspective. Sustainability 15(2): 1722.

The GE papaya research team had initially hoped to share PRSV 

resistance technology with other papaya-growing nations. However, no 

other countries have taken up their technology (China developed their 

own variety independently), and moratoria on GE papaya have been 

implemented in countries including Thailand.48 International reluctance to 

both grow and sell GE papaya, along with long regulatory delays have 

served as a de facto containment mechanism.59 
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Nitrogen fixation and availability in soil has been a challenge for industrial agriculture for decades. Conventional 
fertilizers added to crop fields are expensive and inefficient owing to consistent challenges with water runoff and 
use-efficiency. Founded in 2011, the company Pivot Bio has taken a Klebsiella rhizobacterium species that 
naturally lives on the roots of corn and wheat plants, and engineered it to optimize nitrogen fixation into the soils 
surrounding the crop roots throughout the growing season. When used as an input in cereal crop fields, the 
engineered bacteria fixes atmospheric nitrogen at a greater rate than its natural rhizobacterial counterparts, which 
could allow growers to replace some—if not all—synthetic fertilizer. 

Pivot Bio began selling this bacterial treatment under the product name PROVEN® 40 in 2019. Their technical 
genetic engineering strategy and strategic classification of PROVEN 40 within the US regulatory framework 
positions the product such that it is not subject to federal regulation. However, the product is subject to state-level 
approvals for commercial use as a soil amendment. In addition to going state-by-state to obtain approvals for 
commercial use, Pivot Bio has dedicated time and resource to engaging with independent researchers, 
universities, and growers to test the efficacy and safety of their products. Coupled with consistent public 
messaging that reinforces Pivot Bio as a sustainability-driven company working to mitigate the environmental 
impacts and economic volatility of synthetic fertilizers, this end-user engagement has built a pathway to 
successful deployment of this GE bacterium.

Technology Overview and Context of Use

Pivot Bio’s PROVEN 40 product comprises Klebsiella variicola rhizobacteria engineered to fix atmospheric 
nitrogen at higher rates than naturally occurring soil bacteria, and make it available through to the roots of high-
value cereal crops such as corn, wheat, and rice. To date, PROVEN 40 has been primarily used with corn crops. 
The engineered Klebsiella bacteria’s genome has been edited to optimize its nitrogen-fixing traits while attached 
to the root system of the crop plant.1 Importantly, the technical strategy involved engineering Klebsiella by editing 
sequences within the bacterial genome to produce an intrageneric organism (an organism engineered without 
using sequences from other species). This is different from an intergeneric organism (which contains DNA 
sequences from one or more other organisms), a classification with important implications for product regulation 
(see below). PROVEN 40 is marketed for direct spray applications in row crops or on-seed treatments that 
growers can deploy each growing season to enhance nitrogen fixation and nitrogen conservation in their 
commercial fields. The company officially launched their product in 2019, and since then has reported increasing 
revenue totals, including over $100 million in revenue in 2023.2,3

Key Events and Stakeholders 

Figure 6.1: Key events in the development and deployment of Pivot Bio’s PROVEN 40 product.

Case #6:
Pivot Bio and Nitrogen-Fixing GE Soil Bacteria

Lead Author: Dalton George

First patent 
filed for 

developing 
Pivot Bio’s 

nitrogen-fixing 
GE bacteria 

PROVEN 404,5 

Pivot Bio rolls 
out first version 

of PROVEN 
product for sale 

directly to 
farmers

Pivot Bio hits $50 
million revenue, 
receives $430 

million in Series D 
funding to expand 

production and 
distribution capacity

Pivot Bio 
founded

Pivot Bio 
expands product 

base with 
deployment of 

RETURNTM 6, and 
expands sales 

into almost all 50 
states

2018 2019 20212011 2024



46

Key stakeholders in the PROVEN 40 development story include: 

• Pivot Bio: the company that created PROVEN 40. The company was a university spinout from research 
labs based at University of California, Berkeley. 

• US corn growers: US corn growers are currently the main customer base for PROVEN 40, which is 
specifically designed for use in corn crops. 

• University extension services: Pivot Bio has partnered with university-based extension programs 
across the US to test the efficacy of their products. 

• Private investment and venture capital firms: have invested over $430 million in Pivot Bio from 2021 
onward to scale up production and distribution.7 

• Conventional fertilizer companies: Pivot Bio’s competitors, whose market share is potentially disrupted 
by PROVEN 40. 

Value Proposition and Critiques 

Pivot Bio and their proponents cite PROVEN 40 as a novel and effective means of improving nitrogen availability 
in crop fields. A central claim is that this product achieves greater nitrogen efficiency than conventional fertilizers. 
Research studies have shown that plants don’t make use of the majority of applied nitrogen from conventional 
fertilizer, and often soils lose a hefty share of nitrogen to the atmosphere and water runoff during a growing 
season.8 Pivot Bio’s GE rhizobacterium fixes and retains nitrogen close to the plant’s roots, making nitrogen more 
readily available to the plant throughout the entire growing season. The proposition is that growers can replace 
some of their conventional fertilizer usage with PROVEN 40 and still retain crop yields.9 As of 2024, Pivot Bio 
claims their product has replaced conventional fertilizers on over 5 million acres in the US.10 

A key goal of Pivot Bio is to reduce variability for farmers. By continually fixing nitrogen at the site of the plant root 
itself, Pivot Bio proposes a product that is protected against environmental variability and the price fluctuations of 
conventional, synthetic fertilizers. When it comes to crop yield, questions remain about whether Pivot Bio’s 
products improve crop yields. Field trials have not conclusively shown increases in yield for crops grown with 
PROVEN 40 compared with conventional fertilizers.11 However, there is evidence of reduced costs for 
growers.12,13 

Technological Containment: Forms of organism control

Pivot Bio’s PROVEN 40 product is not engineered with any specific genetic biocontainment strategies. Instead, 
the engineered Klebsiella lives on the roots of cereal crops, a relationship that is integral to its survival.14 This is a 
kind of “natural” physical containment mechanism that limits the bacteria's ability to survive after crops are 
harvested. Pivot Bio claims this symbiotic relationship prevents persistence, as the bacteria do not survive after 
crop harvest. However, to date, Pivot Bio has not made publicly available any data related to persistence of their 
GE bacteria in soils (unlike safety data1 and performance trials15). 

Social Containment: Holding the system together or challenging its viability?

Holding the system together: Stakeholder engagement 
around sustainability and economic narratives supports 
commercialization

Pivot Bio has actively forged long-term partnerships with farming 

communities, building narratives about sustainability and economic 

stability around PROVEN 40. The company has worked extensively with 

university extension research partners to conduct performance trials at 

different sites across the country, a practice that has helped them build 

trust with farmer stakeholders.13
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Pivot Bio advertises PROVEN 40 as a more sustainable approach to 

synthetic fertilizers. Media outlets have commended Pivot Bio on their 

innovation and sustainability merits, including the company on accolade 

lists such as Time’s “Best Inventions” list of 2023,16 CNBC’s “Disruptor 

50”17 and Fast Company’s “Most Innovative Companies” of 2024.18 This 

kind of coverage in national media helps reinforce the social value of 

their products. Global conflicts that have contributed to price volatility in 

the synthetic fertilizer market in recent years have also created an 

opportunity for Pivot Bio to position itself as a company that helps to 

stabilize input costs and increase revenue for farmers.19 This economic 

narrative is important for a customer base that has to maintain 

operations under ever-changing conditions.20

public trust

cultural x economic

Holding the system together: Pivot Bio’s positioning 
within the regulatory system

With PROVEN 40, Pivot Bio has designed a technology that does not 

receive the same regulatory scrutiny as many other agricultural 

engineered organisms. There are two important contributing factors. 

First, PROVEN 40 product is designed as a soil amendment, and is not 

considered a pesticide product. This means it is not regulated by EPA 

under the Federal Insecticide, Fungicide, and Rodenticide Act (FIFRA). 

Second, Pivot Bio’s technical genetic engineering strategy did not involve 

insertion of DNA sequences from different species, which means the 

engineered bacteria are classified as intrageneric rather than 

intergeneric.5 An intergeneric microorganism would be regulated by the 

EPA under the Toxic Substances and Control Act (TSCA). Moreover, 

USDA does not consider the engineered bacterium to be a plant pest 

risk, and therefore does not subject it to regulation under the Plant 

Protection Act (PPA).21–23
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Takeaways 

1) Pivot Bio demonstrates a successful path to commercialization by using GE microbes to respond 
to stakeholder concerns. PROVEN 40 is a disruptive technology that challenges conventional crop 
fertilization practices, but this disruption offers sustainability and economic benefits to its customer base.

2) Technological containment is of little consequence to successful commercialization in this case. 
Pivot Bio’s case shows that a GE microbe can be successfully commercialized without the need for 
intrinsic technological containment mechanisms, if the technical strategy makes use of a well-
characterized organism and aligns with specific regulatory classifications. 

Connections 

• For a contrast: The ZBiotics GE probiotic (Case #7) is another example of a GE microorganism that has 
navigated the regulatory process and met with some commercial success without any intrinsic 
biocontainment mechanisms. 

• For a contrast: As an agricultural product, StarLink corn (Case #3) encountered significant regulatory 
and containment challenges. 
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In 2019, ZBiotics® began selling the first genetically engineered probiotic in the US: the Pre-Alcohol Probiotic drink 
(ZB183), which is intended to prevent hangovers. This product has faced little debate or disruption through the 
commercialization process. This situation seems to be the result of several factors, including the relatively simple 
technology at the heart of ZB183, the “nutritional supplement” status of their probiotic within the US regulatory 
system, and the small, niche market that ZBiotics is pursuing. Together, these factors have resulted in successful 
commercialization of ZB183, in the absence of any specific biocontainment mechanisms. 

Technology Overview and Context of Use

ZB183 is intended to act as a hangover preventative when ingested as a probiotic prior to consuming alcoholic 
beverages. More specifically, ZB183 is a Bacillus subtilis engineered to contain a gene that produces the enzyme 
ALDH (acetaldehyde dehydrogenase), which breaks down acetaldehyde, a byproduct of alcohol metabolism. 
ZBiotics scientists used homologous recombination to insert the target DNA sequences.1,2 Acetaldehyde is toxic to 
the human body and is usually broken down by ALDH in the liver, into the non-toxic compound acetate. However, 
some alcohol is also broken down in the gut, where there is no natural source of ALDH, meaning that alcohol 
metabolized in the gut remains as acetaldehyde. ZB183 is meant to address this issue by producing ALDH in the 
gut. Theoretically, if one consumes alcohol after ZB183 consumption, whatever alcohol ends up in the gut instead 
of the liver will be broken down into non-toxic compounds, thus avoiding a hangover.3–6

Currently, ZB183 probiotic is sold directly to 
consumers in the US. The engineered Bacillus 

subtilis in ZB183 is subject to FDA regulation and 
is classified as a “food ingredient,” like high-
fructose corn syrup or food dyes. Furthermore, 
Bacillus subtilis is “generally recognized as safe” 
(GRAS) by FDA and does not require an 
extensive regulatory review process.7 

Importantly, ZBiotics is more similar to a vitamin 
supplement or probiotic than a therapeutic drug. 
The company avoids making clear medical 
claims about treating hangovers. As a point of 
procedure before requesting GRAS status from 
the FDA, ZBiotics has performed and reported on 
toxicity studies in rodent models to demonstrate 
the safety of its product,8 although no clinical 
trials have been necessitated by any regulatory 
bodies. Bottles of the product can be purchased 
online through the ZBiotics website, as well as 
shopping websites like Amazon and at some 
high-end supplement stores. 

Case #7:
Containing Hangovers with Zbiotics® Probiotic

Lead Author: Casey Isabelle

Figure 7.1: Diagram showing mechanism of ZB183 

and how it facilitates acetaldehyde breakdown in the 

body (based on illustration from ZBiotics, 2024).
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Key Events and Stakeholders 

Figure 7.2: Key events in the development and deployment of ZBiotics GE probiotic.

Key stakeholders in the Pre-Alcohol probiotic drink development story include: 

• ZBiotics®: ZBiotics is the startup company that developed and sells the ZB183 probiotic.

• ZBiotics consumers: individuals who purchase and consume ZBiotics. ZBiotics online marketing 
materials indicate that ZBiotics caters to healthy, young professionals whose active social lives include 
alcohol consumption.

• Retailers: ZBiotics does not have its own stores. ZB183 can be purchased from their company website 
as well as online retailers including Amazon, and as of 2024 is sold in a few high-end supplement stores 
in 9 US states. It is not available for purchase outside the US.

• US Food and Drug Administration (FDA): As a dietary supplement, ZB183 falls under the regulatory 
purview of the FDA. It is classified as a “food ingredient,” and within food ingredients B. subtilis has GRAS 
classification. This limits the need for detailed regulatory review and approval.

Value Proposition and Critiques 

ZB183 is marketed and sold in the US for hangover prevention. The product is sold in single-dose bottles, 
available in packs of 3, 6 or 12 bottles for either one-off or subscription purchase. In their marketing materials, 
ZBiotics often focuses on how avoiding hangovers can lead to success in other areas, such as in the workplace 
(particularly in tech-related careers). For example, they suggest that ZB183 allows one to spend time socializing 
and building connections with coworkers without compromising on the ability to work the next day.3,4 Another 
common theme is the idea of being able to drink the night before engaging in recreational activities like skiing or 
yoga. Notably, there are very few critical voices in the public domain, and the product has not been subject to 
much scrutiny or discussion in mainstream media. This is perhaps owing to the small and relatively niche market 
occupied by ZBiotics, and that the ZB183 product is not directly displacing any longstanding products or powerful 
companies.

Technological Containment: Forms of organism control

ZB183 consists of two primary components: a naturally occurring bacterium that is not known to have negative 
effects on humans when consumed, and gene sequences integrated through homologous recombination that 
results in the production of an enzyme already present in the human body as well as in many other organisms.2 
The FDA recognizes the B. subtilis in ZB183 as GRAS, which means there are no added safety considerations or 
containment requirements for the product to be sold as a supplement or probiotic. This GRAS designation is the 
result of well-documented safety studies of B.subtilis consumption by humans, and an additional study sponsored 
by ZBiotics showing that the ZB183 product was not toxic to rats.8 Intrinsic biocontainment approaches for B. 

subtilis have been proposed in the scientific literature,11,12 but no intrinsic biocontainment strategy has been 
incorporated into ZB183. After the product is consumed, it is purported to work in the body for 8–12 hours before 
being excreted. It is unclear what becomes of the B. subtilis once it enters wastewater systems or open 
environments, although the environmental impacts are suggested to be minimal.9,12 The absence of any explicit 
biocontainment strategy does not seem to have disrupted the commercialization or distribution of ZB183 in the 
US.
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ZBiotics states over 4 
million units of pre-alcohol 
probiotic drink have been 

sold; ZBiotics team 
publishes engineering 

details of their probiotic in 
a peer-reviewed journal10
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Social Containment: Holding the system together or challenging its viability?

Holding the system together: Staying out of the spotlight 
of regulation and public scrutiny 

ZBiotics occupies a small niche, even within the market of probiotics and 

lifestyle products. Hangover cures in the US, often herbal remedies or 

vitamins, are generally not regarded as very scientifically grounded. Such 

products have been targeted by the FDA in the past for false or misleading 

advertising.13

Economic x 
Technological x 

Cultural x 
Public Trust

economic x cultural

Holding the system together: Advantages of marketing a 
probiotic

ZBiotics probiotic is a product designed for consumers to opt-in to, and it 

seems to be aimed at a very specific target audience. It portrays its 

consumer base as scientifically curious, health-focused, and career-

oriented while still wanting to have fun. It is possible that this particular 

audience might be broadly supportive of innovative biotech products and 

potentially want to see low regulatory barriers to market entry.13 In this 

way, the market and regulatory standards for ZBiotics might be well-

matched.14 Since the FDA classifies ZB183 as a “food ingredient,” 

ZBiotics does not need to prove the efficacy of the technology as a 

hangover preventative. Instead, they can brand the product as a lifestyle 

enhancement while also communicating about product safety.3,9 The 

company is careful in its marketing not to claim any therapeutic effects. 

FDA has pursued other, similar supplements and probiotics in the past 

for misbranding and making claims to medical efficacy without 

substantiation.13

Figure 7.3: Radar chart illustrating the 

influence of different sociotechnical 

dimensions on the development and 

commercialization of ZBiotics ZB183. A 

rating of 3 indicates that the dimension 

was highly disruptive of development 

and commercialization. A rating of 2 

indicates moderate disruption, and 1 

indicates that the dimension was not or 

was only very mildly disruptive.

Cultural x 
Regulatory

cultural x regulatory

regulatory
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Takeaways 

1) A lack of designed containment strategies does not necessarily lead to commercial disruption. In 
the absence of any intrinsic biocontainment mechanisms, ZBiotics has faced few regulatory obstacles or 
public concerns to date.

2) Identifying a specific user base can be important for the commercial success of a GE product. 
ZBiotics seems to have carefully curated their image to appeal to a niche consumer base that will 
appreciate and choose to opt-in to the product without being overly concerned by little availability of 
testing data related to efficacy.

Connections 

• For a comparison: The Norfolk Purple Tomato (Case #8) is another GE organism that is marketed and 
sold directly to consumers. 

• For a contrast: Terminator seeds (Case #1) were not marketed effectively and sparked significant 
cultural and public trust concerns. 

References

1. Abbott, Z. (2020) Gene expression system for probiotic microorganisms. US Patent No. 10,849,938. Washington, DC: US 
Patent and Trademark Office.

2. ZBiotics (n.d.) The science behind Pre-Alcohol.
3. ZBiotics (n.d.) ZBiotics Pre-Alcohol Probiotic Drink.
4. Cross, R. (2019) The world’s first GMO probiotic is for sale; it’s designed to prevent hangovers. Chemical & Engineering 

News, August 19. 
5. Zbiotics (n.d.) The science behind Sugar-to-Fiber. 
6. Merlo, A. et al. (2020) Proceedings of the 10th Alcohol Hangover Research Group Meeting in Utrecht, The Netherlands. 

Proceedings 43(1): 4.
7. FDA Center for Food Safety and Applied Nutrition (2023) Generally Recognized as Safe (GRAS).
8. Appala Naidu, B., Kannan, K., Santhosh Kumar, D.P., Oliver, J.W.K. & Abbott, Z.D. (2019) Lyophilized B. subtilis ZB183 

spores: 90-day repeat dose oral (gavage) toxicity study in Wistar rats. Journal of Toxicology 2019: e3042108.
9. ZBiotics (2019) Our story: Product safety. ZBiotics blog, July 8. 
10. Hassan-Casarez, C., Ryan, V., Shuster, B.M., Oliver, J.W.K. & Abbott, Z.D. (2024) Engineering a probiotic Bacillus 

subtilis for acetaldehyde removal: A hag locus integration to robustly express acetaldehyde dehydrogenase. PLoS One 

19:, e0312457.
11. Hosseini, S., Curilovs, A. & Cutting, S.M. (2018) Biological containment of genetically modified Bacillus subtilis. Applied 

and Environmental Microbiology 84: e02334-17.
12. Lensch, A. et al. (2024) Safety aspects of microorganisms deliberately released into the environment. EFB Bioeconomy 

Journal 4: 100061.
13. FDA Center for Drug Evaluation and Research (2019) Warning Letter: EPH Technologies, Inc. MARCS-CEM 590707. 

November 18.
14. Broockman, D.E., Ferenstein, G. & Malhotra, N. (2019) Predispositions and the political behavior of American economic 

elites: evidence from technology entrepreneurs. American Journal of Political Science 63: 212–233.

ZBiotics has thus far avoided regulatory hangups with the FDA and public 
scrutiny by carefully crafting its efficacy claims regarding the anti-hangover 
effects of ZB183, and instead emphasizing the lifestyle-enabling aspects 
of its product. ZBiotics also does not shy away from its status as a “GMO” 
product, with an explicit label on the bottle indicating it is a product of 
genetic engineering. As such, ZB183 stands out as a high-tech, more 
scientifically grounded option in a probiotic/supplement market where 
there are not many reputable competitors or large and powerful 
companies. 
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The Purple Tomato—an anthocyanin-rich, purple-fleshed tomato—was developed by a small, UK-based company 
called Norfolk Plant Sciences. It is the first genetically engineered product to clear the USDA’s new 2021 
SECURE rule, which streamlined regulations for plant biotechnology, and it is also the first GE plant to be 
marketed directly to individual growers and consumers. The technology was first developed in 2008, received a 
US patent in 2014, and began to be sold on the US market by Norfolk Healthy Produce in 2023.1 In 2024, NHP 
sold over 13,000 seed packets in four weeks and partnered with a small number of market growers to grow and 
sell the Purple Tomato at local farmers markets.2 With its direct-to-consumer model, the Purple Tomato raises 
questions about individual responsibility over the distribution and stewardship of GE organisms in the 
environment. 

Technology Overview and Context of Use

The transgenic Purple Tomato was originally developed in 
the UK by Professor Cathie Martin.3 The aim was to 
create a GE tomato that expressed high levels of 
anthocyanins, a group of bioactive antioxidants that have 
been widely studied for their potential health benefits.4 

Anthocyanins are known for giving certain plants distinct 
purple-blue hues. The fruit of the tomato plant (Solanum 
lycopersicum) does not naturally express high levels of 
anthocyanins. Initial attempts to create anthocyanin-rich 
tomatoes focused on overexpressing or deleting native 
tomato genes that regulate anthocyanin production. These 
early experiments led to increased anthocyanins in the 
peel but not the flesh of the fruit.3 Researchers then 
turned to a transgenic approach, isolating two transcription factors from the snapdragon (Antirrhinum majus), an 
edible flower, to induce anthocyanin biosynthesis. These sequences were introduced into tomato plants via 
transformation with Agrobacterium tumefaciens. The most productive strains were selectively bred to create the 
current GE Purple Tomato line.3 

A US patent was granted in 2014, and the GE tomato became the first product to pass the USDA’s regulatory 
status review (RSR) under the new SECURE rule. In 2023, the tomato cleared a voluntary FDA review that 
determined it was not subject to premarket review or approval. The Purple Tomato became the first transgenic 
plant marketed directly to individual gardeners.5 The transgenic seeds are sold by Norfolk Healthy Produce, a US-
based subsidiary of Norfolk Plant Sciences. As of 2024, they can only be legally distributed in the United States, 
but Norfolk Plant Sciences is actively seeking regulatory approvals outside the US, particularly in Canada.6

Key Events and Stakeholders 

Figure 8.2: Key events in the development and deployment of the GE Purple Tomato.
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Figure 8.1. The GE Purple Tomato. (Source: Martin & Butelli, 2024)
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Key stakeholders in the Purple Tomato development story include: 

• Norfolk Plant Sciences: a UK-based GM crop company, established by Professors Cathie Martin and 

Jonathan Jones, as a spinout company from the John Innes Research Centre.

• Norfolk Healthy Produce: the US-based company distributing GE Purple Tomato seeds developed by 

Norfolk Plant Sciences.

• US federal regulatory agencies: the Purple Tomato passed RSR review through the USDA and cleared 

voluntary FDA review.

• Home gardeners: the Purple Tomato is intended to be sold to individual home gardeners in the US (not 

to large agricultural companies).

• Heirloom growers and activist groups: some anti-GMO groups are expressing concern regarding the 

accessibility of GE tomato plants by home growers.

Value Proposition and Critiques 

The GE Purple Tomato is presented as a “designer superfruit” available to home gardeners. Core selling points 

are its aesthetically pleasing deep purple color and the purported health benefits of anthocyanins.7 Although 

neither the FDA nor the EFSA (European Food Safety Authority) has to date authorized any health claims 

regarding anthocyanins, some human and animal studies have demonstrated effects including protection against 

cardiovascular disease, decreases in cholesterol, and potential improvements in cognitive function.4 The article 

published in Nature in 2008 first describing the Purple Tomato documented an average 40-day (25%) increase in 

lifespan in mice fed these anthocyanin-rich tomatoes compared to those that were not fed the tomatoes.3 

In an interview with Fast Company, Cathie Martin pitched the GE tomato as a more cost-effective and accessible 

way for Americans to consume beneficial doses of anthocyanins compared with more seasonal and expensive 

options like blueberries.7 Furthermore, she sees the Purple Tomato as a way to begin redefining the relationship 

of consumers with GE food. Rather than marketing it to agricultural companies or large-scale farmers, Dr. Martin 

“isn’t protective with her product” and is willing to grant access to individual consumers and the market “however 

the market wants to consume them.”7

Little has so far been raised in terms of critique. Some anti-GMO websites and blogs argue that making GE plants 

more accessible will further risk contaminating non-GE supply chains and that the Purple Tomato is a purely 

aesthetic product rather than offering any health benefit.8,9 

Technological Containment: Forms of organism control

The Purple Tomato seeds have no engineered biocontainment strategies, nor has the USDA stipulated any 

guidelines for physical containment. The USDA evaluation determined that it is very unlikely the GE tomatoes 

pose a plant pest risk, and thus exempted them from regulation.10 Anthocyanins have been identified as 

conferring a survival advantage to organisms that produce them by attracting animals and pollinators that 

disperse seeds, but this factor does not seem to have been considered in the USDA evaluation.11

Legally, Norfolk Healthy Produce controls the sale of GE tomato seeds, which as of 2024 can only be grown and 

sold in the US. However, this direct-to-consumer distribution model has resulted in containment failures in their 

first year on the market. For example, illegal sale of Purple Tomato seeds on Facebook in Europe was identified 

in Aug 2024.12 The Purple Tomato also mistakenly appeared on the front cover of the Baker Creek Heirloom 

Seeds 2024 Rare Seeds catalog; the company mistakenly marketed the GE Purple Tomato seeds as organic 

after procuring them from a French hobby breeder who claimed to have created them himself through non-GE 

methods.13 Testing conducted by Baker Creek was unable to rule out the possibility that the “Purple Galaxy” 

tomato was not the GE Purple Tomato, and the seeds were pulled from their catalog.13 
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Social Containment: Holding the system together or challenging its viability?

Holding the system together: A new face for GMOs

GE crops have typically targeted large agricultural companies or farmers 
with the aim of increasing yields. In contrast, the Purple Tomato has 
been engineered and marketed with the individual gardener and 
consumer in mind. Its engineered trait offers aesthetic quality and 
potential health benefit to the consumer, and it is specifically marketed to 
home gardeners. In their market research, Norfolk Plant Sciences 
identified that 80% of Americans they surveyed would be interested in 
growing and eating the Purple Tomato, knowing that it was 
bioengineered.14 Initial sales figures reported that over 13,000 packets of 
seeds were sold in the first month (at $20/pack).15

While Norfolk Healthy Produce holds exclusive distribution rights to the 
Purple Tomato, Dr. Martin states little interest in controlling the brand 
and does not mind if home gardeners save seeds or cross-breed with 
other varieties – as long as they don’t sell the seeds.7 In a press release, 
Norfolk Healthy Produce states their willingness to support not-for-profit 
community sharing, comparing their “sharealike” intellectual property 
ethos to the distribution of Grateful Dead concert tapes.12 Researchers 
point out that the current model gives consumers clear choice about 
whether or not they wish to consume the Purple Tomato.14 Consumer 
choice coupled with a relaxed ownership model and transparency 
regarding the origins and nature of the product seems to be promoting 
trust in the Purple Tomato.

Public Trust x 
Economic x 
Ownership

public trust x 
economic

public trust x 
ownership

Figure 8.3: Radar chart illustrating the 

influence of different sociotechnical 

dimensions on the development and 

commercialization of the Norfolk 

Purple Tomato. A rating of 3 indicates 

that the dimension was highly 

disruptive of development and 

commercialization. A rating of 2 

indicates moderate disruption, and 1 

indicates that the dimension was not 

or was only very mildly disruptive. 



57

Takeaways 

1) Norfolk Plant Sciences has successfully commercialized the first direct-to-consumer GE food 
crop in the US. Through a decentralized and transparent approach to ownership, together with offering a 
product with aesthetic and nutritional value, the company is establishing a viable consumer base among 
home gardeners.

2) The Purple Tomato represents a shift in responsibility and stewardship over GE organisms from 
large companies to individuals. Direct-to-consumer GE organisms rely on individuals to develop and 
abide by cultural norms concerning the lawful and responsible distribution and containment of GE 
organisms. 

Challenging the system: Public stewardship of GE 
organisms? 

The direct-to-consumer distribution model of Purple Tomato seeds puts 
the onus of proper use and stewardship of GE organisms on individual 
consumers. This has resulted in some containment challenges in its first 
year on the market. As of 2024, the Purple Tomato can only be 
distributed and grown in the US. Making individual growers the stewards 
of bioengineered seeds calls for cultural norms to avoid regular 
containment breaches. 

The unauthorized sale of Purple Tomato seeds in Europe, together with 
the Baker Creek catalog mixup, demonstrate how challenging it is to 
prevent small-scale cross-border transfer of these readily accessible 
seeds. Norfolk Healthy Produce points out that selling Purple Tomato 
seeds in Europe “breaks laws covering plant variety registration, 
phytosanitary controls, and rules governing cultivation of bioengineered 
crops.”12 Yet in practice there is little they seem able to do about this 
situation, other than reporting it to the relevant regulatory authorities in 
the US and Europe, and sending cease and desist letters to the seller. 

Regardless of whether such breaches prove to be problematic from an 
ecological perspective, they highlight differences in national regulation 
and the cultural status of GE crops in different parts of the world. Should 
they continue, they also risk compromising the ability of consumers to 
choose between GE and non-GE produce, with possible consequences 
for public trust, and for the robust separation of GE, non-GE and organic 
seed stocks. 

To date, companies and farmers have been largely responsible for the 
containment and control of GE crops and their supply chains. The Purple 
Tomato promotes the decentralization of such control, away from larger 
actors who have more accountability for maintaining supply chain 
integrity. If and when more direct-to-consumer GE organisms enter the 
market, the importance of creating a culture of responsible use becomes 
crucial. Failure of individuals to practice responsible stewardship risks 
being a roadbump for direct-to-consumer GE products both domestically 
and internationally.

Cultural x 
Regulatory x 

Spatial

cultural x spatial

regulatory x spatial

cultural x regulatory
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Connections 

• For a comparison: For another case where individual consumers are imagined to play a role in the 
deployment and distribution of a GE organism, read about the GE American chestnut tree (Case #10).

• For a contrast: StarLink corn (Case #3) is also a GE food crop that broke containment within the supply 
chain and appeared where it wasn’t supposed to, but with more immediately severe consequences than 
the Purple Tomato has so far faced. 
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Oxitec started field testing genetically engineered Aedes aegypti mosquitoes in 2009, as a potential biological 
solution to suppress invasive Aedes aegypti mosquito populations. Invasive Aedes aegypti mosquitoes are a 
public health concern for communities living in tropical climates as they are disease vectors for dengue, zika, 
yellow fever, and chinkungunya. In 2010, Oxitec made their first submission to conduct a test in Florida. After 
about a decade of moving between US federal agencies requesting this approval and facing numerous public 
attempts to disallow such testing, the EPA granted Oxitec an Experimental Use Permit (EUP) allowing field testing 
in a particular neighborhood in the Florida Keys. After state-level entities granted approval for field trial releases, 
Oxitec began field testing in the US in 2021, and it has continued these field tests. Oxitec’s technology has not 
progressed beyond the testing phase in the US, even as it has been fully commercialized in other countries, such 
as Brazil. This can be partially attributed to the unusually long regulatory process the product has gone through 
and the public debate around the technology. 

Technology Overview and Context of Use

The Oxitec Friendly™ mosquito has been field tested as population-suppression mechanism for Aedes aegypti 
since 2009.1 Suppression works via the engineered mosquitoes being released into natural environments, mating 
with the wild population, and passing along the inserted, self-limiting lethality gene to the resulting offspring. The 
gene works by producing a protein which suppresses the production of proteins necessary for survival. This 
means that Friendly™ mosquitoes can be released en masse into the wild, and any offspring produced will die 
before being able to breed or bite.2 The trigger for lethality in the larval stage is controlled by tetracycline 
dependence, which is engineered in the laboratory by raising mosquitos in tetracycline-rich conditions. In the lab, 
tetracycline represses the lethality gene, but in open environments without tetracycline, mosquito offspring will not 
survive.3,4 Field trial studies in other countries have suggested that the Oxitec mosquito can effectively reduce 
Aedes aegypti populations.5 This would ideally decrease the risk of humans contracting the diseases that this 
invasive mosquito is a vector for, including 
dengue fever, zika, malaria, West Nile 
virus, and yellow fever.6,7 

Oxitec received approval from the EPA for 
field release and testing after a long 
regulatory journey (see below section on 
social containment).8 A secondary level of 
state approval to conduct field trials was 
also required, which Oxitec pursued in 
Florida, California, and Texas. Approval 
was achieved in Florida—with some 
caveats (see Social Containment section), 
but was held up in the California and 
Texas state governments.9 As of 2024, 
field testing is only being conducted in 
Florida.

Figure 9.1: Population-suppression mechanism of Oxitec 

Friendly™ mosquitoes

Case #9:
Suppressing Disease Vectors with Oxitec Friendly™ Mosquitoes

Lead Author: Casey Isabelle

Male Friendly™ 
mosquitoes released into 

the wild

Male Friendly™ mosquitoes mate with 
wild-type female mosquitoes

Female offspring do not survive
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Key Events and Stakeholders 

Figure 9.2: Key events in the development and deployment of Oxitec GE mosquitoes.

Key stakeholders in the Friendly™ mosquito development story include: 

• Oxitec: the UK-based company developing and selling GE Friendly mosquito technology.

• Communities of the Florida Keys: the communities first proposed as sites for Friendly mosquito field 

testing in the United States

• Federal regulatory agencies: Oxitec needs approval at the federal level to conduct field trials in the US; 

currently, the EPA is considered to have jurisdiction over Oxitec’s Friendly™ mosquitoes.

• State regulatory agencies: to perform field trials, Oxitec needed to obtain authorization from and 

coordinate with state-level environmental agencies, such as the Florida department of environmental 

protection and the Florida Keys Mosquito Control District (FKMCD).

• International communities and governments: Oxitec tested out their engineered Aedes Aegypti in both 

Brazil and Grand Cayman before testing in the United States. Field testing and commercialization in 

Grand Cayman was halted in 2018.10

Value Proposition and Critiques 

Oxitec and other proponents mention two main advantages for Friendly™ mosquitoes. Oxitec’s primary claim is 

that yearly releases of the Friendly™ mosquitoes could prevent the spread of diseases like dengue and zika in 

areas such as the Florida Keys. Some proponents also suggest that this control method could reduce the usage 

of mosquito-control pesticides.11 Some scientific literature has supported the notion that reducing this mosquito 

population would not have significant environmental consequences, which aligns with Oxitec’s claims that this is a 

proportionally small, invasive mosquito population in the Florida Keys.12,13 

However, critiques of the Oxitec approach question the overall efficacy and impact of the proposed application. 

Environmental NGO groups have also been vocally critical of the Oxitec project. Groups such as Friends of the 

Earth claim a lack of transparency from Oxitec, specifically that they have “concealed” survival rates of the 

engineered mosquitoes in their field trials.14 Others argue that comprehensive environmental studies looking at 

the potential ecological impacts of GE mosquito release have not been done, and therefore the Oxitec project 

should not continue. Notable concerns include potential off-target gene spread, impacts on non-invasive mosquito 

populations, as well as a lack of overall efficacy.10,12,15 Public discomfort for the Oxitec solution was expressed 

explicitly in a 2016 referendum that voted down a proposed field trial of Oxitec mosquitoes in Key Haven, a small 

community in the Florida Keys.16 Rejection of this initial proposal resulted in plans for field trials in the Florida 

Keys to shift towards a different field site, which are now underway as of 2022 in a different Monroe county 

community despite some ongoing protests.17

Technological Containment: Forms of organism control

At a general level, Oxitec technology works to contain the invasive Aedes aegypti population in a geographical 

area. Containment works to limit the spread of both the invasive wild mosquito population and therefore the viral 
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diseases they potentially carry. The lethality-gene mechanism ensures that Mosquitoes born after the initial 

matings between wild and released mosquitos with the gene perish before reaching reproductive maturity, so the 

lethality gene cannot be passed on to any further offspring.4,18,19 However, the containment mechanism may not be 

one hundred percent effective. According to the environmental assessment conducted by the FDA, it's possible 

that less than 5% of the mosquito progeny survive in the absence of tetracycline. It’s possible this 5% figure 

observed in laboratory studies could translate to survival in open environments.20

There are also a few physical containment procedures that are important for minimizing the spread of engineered 

mosquitoes during deployment. First, the Friendly Mosquitoes are stored in secure facilities with limited personnel 

access until they are ready for release. Second, as a precaution, the EPA requires that Friendly™ mosquitoes not 

be released within 500 meters of possible sources of tetracycline to prevent the possibility of survival.8 From a 

temporal standpoint, EPA has suggested that Friendly™ mosquitoes not be released during seasons in which 

probability for hurricanes and other natural disasters are high, as these events might end up carrying released 

mosquitoes further than the intended (and approved) range of application.21

Social Containment: Holding the system together or challenging its viability?

Challenging the viability of the system: Regulatory 
Delay and Public Concern in the United States

Oxitec’s novel mosquito product challenged existing regulatory 

classifications in the US and triggered public concerns around ecological 

and health impacts. Together, these have created obstacles and delays 

for initiating field trials in the US. Oxitec’s initial field trial application took 

over a decade to be approved and lead to the commencement of a field 

trial. Oxitec initially submitted a field trial request to the USDA’s office of 

Veterinary Services in 2010. After approximately 18 months, the agency 

determined that it did not have jurisdiction over mosquitoes. The request 

was next submitted to the FDA’s center for Veterinary Medicine in 2011, 

where it underwent a 5-year environmental assessment process before 

approval in 2016.22 However, field trials were further delayed by public 

opposition and another change in regulatory oversight. A county-wide 

vote in Monroe County, Florida – where Oxitec trials were proposed to 

occur - showed that a majority of county voters were in favor of releasing 

Oxitec mosquitoes. However, in the local suburb that was meant to act 

as the site of the field trials, 65% of residents voted against the trials.16 

Around the same time in 2016-2017, regulatory jurisdiction for 

mosquitoes changed from the FDA to the EPA as a result of legal 

changes to regulatory authority.20 Oxitec removed its prior application 

that was submitted to FDA and re-submitted a new application to the 

EPA, which granted Oxitec an experimental use permit to field test the 

Friendly mosquitoes in 2020.

However, barriers to field trials remained as Oxitec still needed to 

acquire state-level approvals. These efforts have not gone smoothly in 

California and Texas.23 Public concerns over ecological impacts could be 

at the center of some of this pushback, as is observed in a letter from 

eight members of the California Legislature requesting that the possible 

ecological impacts of the proposition be reviewed much more thoroughly 

before being tested in the field.8 Ultimately, Oxitec ended up withdrawing 

their California submission, claiming that the timing was not working well 

but the matter would be pursued further.24

Public Trust x 
Regulatory x 
Ecological

ecological
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Takeaways 

As a more speculative case, we have framed this section's takeaways as prospective conclusions:

1) Regulatory uncertainty and public concern combine to create approval challenges at multiple 
scales. The novelty of Oxitec’s Friendly mosquito created uncertainty for regulatory jurisdiction at the 
federal level, while public skepticism regarding the merits of the technology created obstacles at the state 
level, effectively containing Oxitec field trials to a single site in Florida.

2) Aiming a novel technology at a minor problem does not guarantee smooth commercialization. 
Oxitec Friendly mosquitoes are intended to target relatively small populations of invasive mosquitoes in 
the United States and have encountered public and regulatory challenges to commercialization. This may 

Holding the system together: A socially and ecologically 
prudent business model

Oxitec mosquitoes are not a one-off, permanent solution for long-term 
reductions of mosquito populations. Instead, they must be released 
periodically to remain effective at decreasing the relatively small Aedes 

aegypti population that exists in the Florida Keys. This model provides 
several potential benefits for Oxitec. First, it supports a repeat business 
model, rather than a “one-and-done” application. Second, the target 
species, Aedes aegypti, is responsible for spreading several vector-
borne diseases such as dengue, zika, and yellow fever. Local 
communities and public health officials are keen to prevent outbreaks of 
these diseases in places like the Florida Keys, especially given the 
recent surge in cases of dengue in the Americas.6 Third, the scale of 
Oxitec’s population suppression goals is small compared to the total 
population of mosquito species in the Florida keys. The fact that Aedes 

aegypti are only a small part of the mosquito population—and are 
invasive—in Florida means that a decrease in their population is less 
likely to have disruptive ecosystem effects.12 Finally, because it is 
specific to this mosquito species, Oxitec’s product at this time is not a 
general replacement for insecticides and so should not significantly 
disrupt the pesticide market
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in part be because the disease vector problems in the United States are not quite as pressing as other 
countries where field trials have occurred, such as Panama and Brazil. 

Connections

• For a comparison: Read about the GE American chestnut (Case #10) for another organism whose 
deployment will require buy-in of several local communities to have positive impacts. 

• For a contrast: Pivot Bio’s GE bacteria (Case #6) navigated the regulatory system and 
commercialization process much faster than the Oxitec mosquito.
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American chestnut trees are a hardwood species native to the Appalachian region of the United States. In the late 
19th century, a chestnut blight pathogen native to southeast Asia devastated the American chestnut population. 
Scientists developed a transgenic line to confer blight resistance to American chestnut trees, and began field 
testing this approach in 2006. The long-term goal is to introduce a transgenic tree that can withstand blight 
impacts long enough to reach reproductive maturity, and to use this tree to re-populate US Eastern forests with 
mature American chestnut trees. Research has had some success in demonstrating blight-resistant transgenic 
trees in laboratory and greenhouse settings, but field trials have suffered setbacks and challenges. Regulatory 
agencies are currently evaluating whether GE chestnut trees will be non-regulated and available for widespread 
planting.

The GE chestnut represents one of the first efforts in the US to use biotechnology for environmental conservation 
and restoration. The complex challenge of controlling and managing a transgenic tree that is meant to spread and 
persist in the environment sits at the center of this case. In addition to technical challenges, researchers, policy 
makers and publics wrestle with competing social, ethical, and political priorities of forest restoration. As a result, 
decisions about whether and where a transgenic chestnut tree might be planted remain contested. 

Technology Overview and Context of Use

Cryphonecteria parasitica, an invasive fungal pathogen known 
as chestnut blight, was first detected in North America in New 
York in the late 19th century, and quickly spread within the native 
American chestnut tree population, which demonstrated little-to-
no natural resistance.1 By some estimates, over 3.5 billion 
chestnut trees were wiped out by this pathogen from 1880–1950, 
rendering the American chestnut population functionally extinct.2 

To combat this disaster, The American Chestnut Foundation 
(TACF) was established in 1983 with the mission of restoring the 
American chestnut tree to its native range.3,4 Early efforts 
focused on hybridizing American chestnuts with Chinese 
chestnuts that had evolved resistance to the blight. In the late 
1990s, researchers at the State University of New York 
Environmental Science and Forestry college (SUNY ESF) began 
developing a transgenic chestnut tree. The design of this GE 
American chestnut centers on the insertion of an oxalate oxidase 
gene (OxO) derived from the wheat genome. When expressed in 
these “Darling” lines of engineered trees, the OxO gene induces 
production of the enzyme oxalate oxidase, which limits the 
spread of Cryphonectria Parasitica. The blight fungus is not 
eradicated from tree tissues, but rather contained to a small area. This prevents the formation of the deadly 
“canker” spots that kill trees susceptible to blight.5,6 Initial laboratory and small-scale field trials have shown these 
GE lines to have elevated levels of blight resistance compared to wild-type counterparts.7,8 TACF partnered with 
SUNY ESF in 2015 to support further research. 

In 2019, researchers from SUNY ESF submitted field trial data for “Darling 58” as part of a petition for 
deregulation through the USDA. The USDA has authority to determine whether or not the transgenic chestnut 
poses a significant plant pest risk.11,12 Researchers also had to work with FDA and EPA to determine whether 
Darling 58 was considered a regulated article under these agencies.9 FDA’s authority pertains to consumer safety 
and consumption of transgenic chestnuts sold commercially, while EPA’s authority covers the possible pesticide 

Case #10:
Forest Restoration Using the GE American Chestnut Tree

Lead Author: Dalton George

Figure 10.1: Chestnut blight canker. 

(Source: William Powell, 2016)



65

classification of OxO gene expression in natural environments because it inhibits the lifecycle of chestnut blight.10 
Researchers elected to pursue optional review by FDA to ensure transgenic chestnuts are safe for human 
consumption, and submitted to EPA a request for exemption from the pesticide registration process. 

In 2022, APHIS released a draft environmental impact statement recommending that the Darling 58 line of 
transgenic American chestnut be approved by USDA.12 As of 2024, neither FDA nor EPA has determined the 
transgenic tree to be a regulated article. 

In late 2023, field trial data and genetic analysis revealed a laboratory mix-up that led to the testing of a different 
transgenic event than Darling 58, called Darling 54. Subsequently, TACF determined that blight resistance and 
fitness levels of the Darling lines were not high enough for it to work as a reliable restoration tree, and withdrew 
their support for federal deregulation.13 However, SUNY ESF remains supportive of the USDA petition, and TACF 
plans to continue research on other transgenic varieties.14 As of 2024, the Darling lines remain on the USDA 
docket for deregulation. If determined not to pose a significant plant pest risk, Darling seeds could still be 
deregulated and made publicly available for planting.

Key Events and Stakeholders 

Figure 10.2: Key events in the development of GE American chestnut.

Key stakeholders in the GE American chestnut development story include: 

• Public universities: GE American chestnut lines have been developed at SUNY ESF in partial 
collaboration with TACF and other American universities, such as Oregon State. Subsequent field trial 
research has been conducted under USDA permits for several sites in upstate New York managed by 
SUNY ESF and collaborators.

• The American Chestnut Foundation (TACF): Founded in 1983, this non-profit foundation assembles 
donors, researchers, and enthusiasts to support a restoration program for the American chestnut tree 
across several states in the Appalachian region. TACF supports both a transgenic and hybrid breeding 
approach to developing blight resistant lines. 

• US regulatory agencies: In preparation for a submission for deregulation, researchers worked with FDA, 
EPA, and USDA to determine the scope of potential environmental and human health hazards associated 
with the GE American chestnut.

• NGOs: the anti-GE campaign “STOP GE TREES” is facilitated by the Global Justice Ecology Project and 
partners. 

• Indigenous Nations: Restoration of the American chestnut tree would invariably come into contact with 
tribal nations’ land up and down the Appalachian region. Certain tribes—like the Haudenosaunee and 
Eastern Band of Cherokee Nation—have expressed varying degrees of interest, indifference or 
opposition to the transgenic and hybrid breeding approach.15
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Value Proposition and Critiques 

Ecological restoration is the main goal guiding GE American chestnut research and development. Proponents 
from SUNY ESF and TACF argue that restoring a historical keystone species like the American chestnut will bring 
benefits to Appalachian forest ecosystems, including enhanced ecological stability through positive impacts on 
local food webs and soil communities, as well as providing habitat for native species. Proponents of the GE 
American chestnut program argue that the transgenic approach shows great promise to instill blight resistance 
traits to the American chestnut and might be the most promising avenue to developing a tree that can withstand 
the blight into adulthood.6,16 

However, multiple NGO groups have spoken out against the prospect of genetically engineered trees broadly, 
with the Global Justice Ecology Project in particular speaking out against the GE American chestnut. Arguments 
against GE trees are often anchored in appeals to the environmental risks of genetic engineering and a deep 
distrust of corporate agendas.17–19 While the GE American chestnut is not explicitly a commercial object, 
opponents suggest that commercial interests influence its production the same as other trees, such as the GE 
poplar.20 Anti-GMO advocacy groups have also capitalized on the scientific setbacks of the Darling lines, claiming 
that the setbacks indicate that the GE approach is inherently flawed, and that TACF should cease pursuing this 
strategy.21,22 Others have pointed to the potential violation of indigenous rights should GE American chestnut be 
planted in wild environments that intersect with tribal lands. Indigenous groups’ right to self-governance could be 
violated if the GE American chestnut were planted in or spread to lands under their management authority without 
their consent.23

Technological Containment: Forms of 
organism control

Containment works in two different ways for the case of 
GE American chestnut. First, fungal resistance 
engineered into the tree acts as a containment 
mechanism for Cryphonecteria parasitica within the tree 
itself. The blight fungus is able to infect the transgenic 
tree, but the oxalate oxidase produced in the tree’s 
tissues limits its ability to spread beyond a specific 
region of the tree bark.8 Second, the tree itself is also 
an object of containment. There is no intrinsic 
containment used in this case, as the GE American 
chestnut is intended to propagate and proliferate. 
However, given that trees grow and spread relatively 
slowly, physical methods of monitoring and 
management could suffice to keep the tree out of 
environments where it is considered undesirable. For 
example, if a transgenic chestnut was detected outside 
its native range—or in a community of people who did 
not want it—the unwanted tree could be cut down and 
removed from the area.24 Importantly, if Darling lines or 
other transgenic American chestnut lines were to be 
approved in the future, it's not yet clear what kind of 
physical containment requirements—if any—would be 
implemented. 

Figure 10.3: Lab trials of Darling lines (right) 

compared to wild-type American chestnut (left) after 

inoculation with blight (source: Newhouse, 2017).
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Social Containment: Holding the system together or challenging its viability?

Both holding and challenging: Managing the GE 
American chestnut’s persistence and proliferation

For GE American chestnut to be a successful in forest restoration, it must 

persist and spread in the Appalachian environment. On the other hand, 

monitoring the spread of the GE tree and its transgenic material is an 

important task for preventing unintended spread or ecological 

consequences. Where to draw the line between beneficial restoration 

and potentially harmful, uncontained spread remains an open question.24 

The GE American chestnut case brings questions of persistence to the 

forefront of conversations around containment. To wrestle with the 

challenge of persistence requires answering questions related to spatial 

and ecological dimensions of the GE American chestnut. For example, 

as the Appalachian environment has changed significantly since the 

disappearance of the chestnut tree, is it ecologically beneficial and 

morally responsible to re-introduce the species to this environment? If 

so, in which areas? Could there be negative outcomes for other native 

species? How might the boundaries of restoration be determined, and 

who is responsible for policing them?24 How do issues associated with 

indigenous land rights affect these decisions?23 Answers to these 

questions are yet undecided, and could require negotiation of cultural 

complexities related to community rights, land management, ecological 

risks and benefits, and indigenous sovereignty. 
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Takeaways 

As a speculative case, we have framed this section's takeaways as prospective conclusions, given the upstream 
nature of the transgenic American chestnut. 

1) Successful GE Chestnut containment is complex to define. Successful containment is about 
managing both the spread of blight and the spread of the chestnut tree. Persistence and spread of the GE 
chestnut tree is likely required to restrict and contain the spread of chestnut blight. 

2) Public trust and social expectations can act to contain technological deployment. TACF rescinded 
their endorsement of the Darling lines, a decision driven partly by scientific reasoning but also by public 
trust concerns.

Connections 

• For a comparison: Gene drive mice (Case #11) are also designed to survive and persist where they are 
released, providing another challenging case for understanding the relationship between containment and 
environmental impacts. 

• For a contrast: Terminator seeds (Case #1) had a different ownership model from the GE chestnut.

Holding the system together: Responding to cultural 
expectations and public trust in decision making

The cultural legacy of the American chestnut tree is a powerful motivator 
for those supporting research and restoration efforts through TACF, 
which has received public support for the hybrid breeding program. 
However, the transgenic approach has been prone to controversy both 
within TACF and broader environmentalist circles.25 TACF appears to be 
keenly aware of the balancing act needed to support promising lines of 
research while respecting public views. This is reflected in the 
discontinuation of the Darling lines. Regarding this decision, TACF 
researchers have stressed the importance of putting a reliable tree onto 
the frontlines of restoration and building public trust in biotechnology.21 

The Darling trials have produced some viable individuals that survive into 
adulthood, so it is not completely ineffective at resisting the chestnut 
blight. It is possible that the Darling lines could still be used to plant 
individuals or small pockets of growth if they are deregulated and 
members of the public accept their lack of efficacy in exchange for the 
possibility to see any American chestnut back on the land.  However, 
TACF is displaying caution with the biotech approach, and will not use a 
transgenic tree for its flagship restoration program that does not 
demonstrate high levels of efficacy.26 This shows that the frame of what 
is considered technologically viable for chestnut restoration is at least 
partially influenced by socio-cultural expectations and public trust 
considerations. 
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Invasive rodents are a threat to native species and biodiversity on islands, and have been a target for invasive 
species management for decades. Recently, gene drive technology has been proposed as a potentially effective 
method for invasive rodent management. Specifically, a gene drive using a sex-biasing approach could instigate a 
population-suppression effect that would eventually result in the decline and full eradication of invasive rodents on 
islands.

Partial application of gene drives in mice has been demonstrated in the lab, but scientists have not yet created a 
population suppression gene drive in mice. Many challenges and uncertainties for controlling and managing GE 
mice remain, including research and testing on proposed containment mechanisms, logistics of deploying the GE 
mice, and monitoring overall efficacy of deploying engineered mice to control invasive populations and preventing 
their spread to non-target populations. Questions about the legal, economic, and cultural impacts of this 
technology remain only partially answered at best. This briefing provides an overview of current developments 
around the gene drive mouse and a snapshot of the upstream value propositions, critiques, challenges and 
uncertainties associated with this technology. 

Technology Overview and Context of Use

Invasive rodents have damaged native island habitats and species for decades. Island bird populations are 
particularly vulnerable, as invasive mice and rats have been reported to destroy bird nests and in some cases 
feed on their young. Gene drives have been proposed as a technological strategy for mitigating this ecological 
damage where conventional eradications have failed or are impossible to implement.1 

A gene drive biases the inheritance of certain genes through multiple generations of invasive rodents (see 
image).2 While multiple different gene/trait targets have been suggested for mice, the most prominent proposals 
are aimed at controlling their reproduction through a sex-bias gene.3,4 This gene, when expressed during 
embryonic development, ensures that all offspring born are of a single sex. As gene-drive-carrying mice mate with 
wild-type mice, the island population will become biased towards a single sex, eventually causing a population 
crash. 

Proof-of-concept application of gene drives in mice has begun in the lab,5 but so far no field trials for a gene drive 
mouse have been reported. Invasive species management therefore remains a theoretical application space for 
this technology. 

Case #11:
Managing Invasive Rodents with Gene Drives

Lead Author: Dalton George

Figure 11.1: Under conditions of conventional mendelian inheritance, dominant wild type genes (represented by 

the darker mice) are inherited in a standard ratio of 1:1 or better depending on the level of dominance. Under 

conditions of gene drive inheritance, dominant genes can be bypassed each generation via gene drive system in 

favor of other gene-traits selected for with the gene drive system. (Source: McFarlane, Whiteclaw, & Lillico, 2023)
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Key Events and Stakeholders 

Figure 11.2: Key events in the development of gene drive rodents.

Key stakeholders in the gene drive rodent development story include: 

• University scientists: research and laboratory-based testing for rodent-based gene drives is primarily 
taking place at North Carolina State University and Texas A&M in the US, and the University of Adelaide 
in Australia.

• GBIRd Consortium: a multi-stakeholder partnership between universities, NGOs, and governmental 
entities across the United States, Australia, and New Zealand. The United States side includes North 
Carolina State University and Texas A&M, USDA, and the nonprofit Island Conservation. Partners in 
Australia and New Zealand include the University of Adelaide, the Commonwealth Scientific and 
Industrial Research Organization (CSIRO), and the Center for Invasive Species Solutions. 

• DARPA: funding body for proof-of-concept research on gene drive rodents through the “Safe Genes” 
Program.

• Island Conservation: a non-profit organization with the mission to conserve native island species and 
habitats. They have partnered with the GBIRd consortium to explore the promise and possibilities of gene 
drive approaches to invasive rodent management. 

• Local island communities: people living on inhabited tropical islands would likely encounter GE rodents 
in a deployment scenario. However, no such scenario has yet occurred, and perspectives of local island 
communities—especially First Nations or other Indigenous groups—have yet to enter the conversation in 
meaningful ways.9

Value Proposition and Critiques 

In the invasive rodent management space, gene drives are framed as a potentially more effective and 
environmentally safe means of control. Current rodent control practices on islands rely on chemical-based 
strategies (rodenticides). While rodenticides can be an effective means of controlling target species, they can be 
financially costly and damage native species who ingest or come into contact with the chemicals. In addition, they 
are challenging to deploy on islands with topographically variable landscapes. Gene drives are proposed to avoid 
the problems of harming native species and deployment/distribution challenges, as rodents would themselves 
spread the suppression mechanism across the island.4,10,11

Gene drives are the subject of research and debate regarding their efficacy, potential off-target effects, and socio-
ethical acceptability.12,13 Without field testing, gene drive efficacy remains theoretical. Of particular concern is 
whether the gene drive construct can pass down through enough generations to achieve effective suppression, or 
whether populations could develop resistance to the drive. There are also concerns that a gene drive mouse 
could escape an island and spread to mainland populations. This could potentially cause unintentional 
suppression of mainland populations and upset local ecological relationships.10,14,15

Some environmental advocacy groups and academic researchers have also questioned gene drive research 
more broadly on the basis that it has been funded by defense-focused federal agencies.16,17 More broadly, gene 
drives as a class of technology are subject to significant scrutiny and opposition on environmental and ethical 
grounds, which have informed discussions at the United Nations on whether or not to declare a global moratorium 
on gene drives.18 
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Technological Containment: Forms of organism control

The gene drive mouse is itself a containment technology whose target is the containment (via suppression) of 
invasive rodent populations. Gene drives are intended to spread through a target population to achieve 
suppression. However, the timescale and range needed to properly suppress populations of rodents are 
significant, which raises the risk for gene drives to spread into non-target populations of mice. Therefore, an 
approach to contain the unintentional spread of the gene drive is also required. Islands have been proposed as an 
ideal trial site for gene drives, as they are commonly—and problematically—thought of as isolated geographic 
spaces.9 Researchers have to be careful what island they choose for future field trials, as islands experiencing 
high levels of commuter or commercial traffic from the mainland provide the opportunity for gene drive mice to 
travel to the mainland.8,19

Scientists have also proposed that off-target effects can be minimized by incorporating allele sequences from 
local target populations into the gene drive construct. This would ensure the gender-bias gene would only be 
expressed in the presence of those specific allele sequences—that is, within the target population of invasive 
mice.20 If a gene drive mouse were to escape the target application area, its off-target impacts would therefore be 
contained. Ecological modeling has been used to estimate the potential impacts of off-target gene spread, with 
some studies suggest could occur at rates of 3–5% in mainland populations.3,21 Given this risk, most scientists 
agree that a robust monitoring strategy would need to be implemented as part of any small or larger scale field 
trial to ensure the containment of gene sequences and the engineered mice.19 

Social Containment: Holding the system together or challenging its viability?

Challenges to system viability: Multiple uncertainties 
facing deployment of gene drive rodents

Release of a gene drive rodent would require different containment and 
management strategies compared to plants and microbes given their 
mobility and reproductive capacity. A common assumption is that rodents 
can be more easily contained on islands given their natural geographic 
isolation. However, mice and rats have demonstrated an exceptional 
ability to follow humans into new environments and cohabitate by 
adapting to human activity and new natural surroundings. Ocean waters 
provide conduits for rodents to travel between islands whether as 
stowaways on human ships, on pieces of debris or even by swimming. 
Therefore, human activity and natural occurrences (e.g. storms) ensure 
that islands are not inherently a contained space from which rodent 
populations cannot escape. This point merits discussion around what 
type of island is best for field trials, and what strategies will work best to 
monitor and contain the engineered rodents based on specific islands 
characteristics.8,19

Next, for a gene drive strategy to work, engineered rodents will need to 
survive (persist) and reproduce in the wild. If developed in a domestic 
experimental space, engineered rodents might not develop the skills 
needed to survive in the wild. Furthermore, there is no guarantee that 
individuals from established populations would choose to mate with 
them.10 How to promote integration of lab-raised rodents with wild 
populations is key to the success of any field trial. Finally, it remains 
unclear yet who would be responsible if engineered organisms were to 
cross sovereign borders or into communities opposed to engineered 
mice in their local environment.22

Technological x 
Ecological x Spatial

technological x 
ecological

spatial x regulatory
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Takeaways 

As a speculative case, we have framed this section's takeaways as prospective conclusions, given the upstream 
nature of gene drive technology. 

1) Containment of gene drive mice will require technological, geographic, and social elements to 
work together: Localized alleles and island geography could be helpful measures to mitigate spread, but 
careful consideration of the human activities on islands that could disrupt containment are also important.

2) Public skepticism could derail rodent applications before they even get started. While the UN 
debates on moratoriums were defeated, the call has not disappeared from international rhetoric, nor has 

Challenging system viability: Skepticism around 
intended applications for gene drives

Gene drives are presented as a conservation strategy, in principle 
aligned with public concerns around invasive species management. If 
gene drives prove a more effective and less ecologically damaging 
approach than rodenticides it might make sense to adopt them in certain 
contexts. On the other hand, rodent eradication strategies that feature 
rodenticides, physical traps and capture strategies have proven effective 
in the past,23,24 and gene drives are still yet an unproven technology. 
What adds to this skepticism are reactions to some of the funding 
sources for gene drive rodent research. For example, in 2017 DARPA 
approved funding dedicated specifically to gene drive-based research 
projects at multiple institutions.25,26 This has led some in civil society to 
question the motivations behind research even if it is directed explicitly at 
applications in invasive species management.17 Some in the public 
sphere could be skeptical that such projects are aimed at a proof-of-
concept goal to then be deployed in defense-related applications. 

 These questions run up against questions of who owns the technology 

and who is accountable for possible unintended ecological 

consequences. These questions remain unresolved, and therefore their 

impact on the development, deployment, and containment of gene drive 

mice is largely uncertain.
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Figure 11.3: Radar chart illustrating 

the influence of different 

sociotechnical dimensions on the 

development and commercialization of 

gene drive rodents. A “high” rating of 3 

indicates that the dimension was 

highly disruptive of development and 

commercialization. A rating of 2 

indicates moderate disruption, and 1 

indicates that the dimension was not 

or was only very mildly disruptive.
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the concern for defense-related applications of gene drive technology. If these situations result in future 
limitations on research, rodent gene drive systems might never scale to applications in invasive species 
management.

Connections 

• For a comparison: Read about HK44 soil bacteria (Case #2) for another example of a GE organism 
promoted for its applications in environmental management and conservation. 

• For a contrast: Similar to gene drive mice, Oxitec mosquitoes (Case #9) are designed to crash the 
surrounding mosquito population, but they are grounded in a different technological approach and 
economic model. 
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