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While the research community continues to
develop novel proposals for intrinsic
biocontainment of genetically engineered
organisms, translation to real-world deployment
faces several challenges.

The environmental release of bioengineered organisms is increas-
ingly being suggested for a variety of applications, including
bioremediation', biosequestration’, bio-mining®, environmental
biosensing* and conservation’. The objectives of many environ-
mental release applications shift the goals of biocontainment from
preventing organism spread outside of closed spaces (e.g., labora-
tories or bioreactors) to managing the persistence of engineered
organisms and their genetic material in open, dynamic environ-
ments. In the scientific literature, discussions of environmental
release are often accompanied by calls for robust “intrinsic
biocontainment”, where containment mechanisms are genetically
engineered into the organism to limit and control its spread and
persistence. A number of intrinsic biocontainment approaches have
so far been proposed, and can be grouped into two overarching
strategies (see Fig. 1). First, gene-flow barriers attempt to limit the
spread of genetic material through lateral gene transfer, which refers
to the ability of cells to directly exchange DNA molecules with one
another or absorb DNA from external environmental sources. This
can be accomplished through conditional lethality strategies (such as
toxin anti-toxin systems’ or targeted DNA degradation®), or through
limiting plasmid replication’ or deleting natural competence genes
from target cells'®. Second, strain/host control strategies seek to
prevent survival and growth of engineered microbes outside specific
environmental conditions using growth restriction and fitness con-
trol strategies such as metabolic auxotrophy”, kill switches®?, and
conditional essentiality’. Over the past decade, researchers and
developers have expanded the technical toolkit of intrinsic bio-
containment techniques, with new approaches using orthogonal
sequences', synthetic auxotrophy™'®, CRISPR-based kill switches”,
sequence-entanglement’®, and “cell-free” systems™.

Yet in practice, very few biotechnology products deployed in real-
world settings have thus far incorporated intrinsic biocontainment
mechanisms. Here, we explore key challenges facing the imple-
mentation of engineered intrinsic biocontainment outside of closed
environments. In addition to identifying challenges around testing
capacity and regulatory uncertainty, we suggest expanding the fram-
ing of biocontainment to attend to issues beyond human and envir-
onmental safety risks. We offer some recommendations for action in
the US and beyond.

Laboratory research and testing challenges

The potential efficacy of intrinsic biocontainment technologies faces
several uncertainties. First, there are limited test data and metrics
available for evaluating efficacy in the laboratory. The most con-
sistently used measurement is escape frequency, which quantifies the
persistence of engineered microorganisms on non-permissive growth
media. However, variations in what is considered acceptable detection
limits, together with a lack of standardized test conditions for evalu-
ating escape frequency across different environments, decreases the
reliability of this metric>"’. The possibility of horizontal gene transfer
from engineered organisms to wild-type organisms has also not been
consistently tested in laboratory or field studies, therefore little is
known about its risk potential.

Second, limited testing of intrinsic biocontainment mechanisms
has been done under real-world conditions. The variety of possible
real-world contexts (soils, ponds, oceans, etc.) and application pur-
poses (bioremediation, biosensing, etc.) complicates the development
of simple, standardized tests. Models can be used to simulate efficacy
in real-world environments**%, but testing methods developed in the
laboratory are difficult and potentially costly to translate into complex,
real-world environments. This may reinforce academic incentives that
favor publishing high-profile, novel biocontainment proposals over
developing more resource-intensive field trials and longitudinal eva-
luation studies of possible ecological effects?.

Furthermore, there is little capacity within US universities and
their institutional biosafety committees (IBCs) to evaluate novel
intrinsic biocontainment mechanisms. The primary charge for IBCs is
to prevent accidental release of engineered organisms from contained
environments®. This has led to a focus on ensuring appropriate phy-
sical containment measures (e.g., physical infrastructure including
walls, floors and ceilings, biosafety cabinets, and personal protective
equipment) to prevent exposure to engineered biological materials
and hazards, and to control their spread in the case of accidental
escape. The NIH Guidelines for Research Involving Recombinant DNA or
Synthetic Nucleic Acid Molecules™ do include provisions for exempting
host-vector systems with engineered “biological barriers” from physi-
cal containment requirements, but in practice the list of exempted
systems is very limited and specific (Appendix E). Adding a new host-
vector system to this list requires petitioning the NIH and providing
comprehensive data justifying that the intrinsic biological contain-
ment mechanisms are sufficient (Appendix I-II-B). Importantly, the NIH
Guidelines do not permit experiments involving the deliberate release
of genetically engineered organisms into the environment without
approval from the appropriate Federal agency (e.g., EPA, FDA, USDA).
The administrative burdens involved in seeking exemption from phy-
sical biocontainment or securing approval for deliberate release dis-
courage academic researchers and their IBCs from developing a robust
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Fig. 1| Intrinsic biocontainment technologies. This schematic presents a variety
of intrinsic biocontainment technologies that have been proposed and/or devel-
oped, grouped according to different core strategies (e.g., preventing organism
growth or limiting gene transfer). References (indicated in square brackets on the

Synthetic auxotrophy [15,16] ’

Metabolic auxotrophy
[11,43]

Inherent
growth
restriction

Minimal genomes [41]

Conditional essentiality [13]
Conditional
fitness
control

Kill switches [12,42]

figure) offer illustrative examples of the indicated technology’****"*>, Note this
figure and associated references are not intended to convey an exhaustive list of
intrinsic biocontainment technologies; we anticipate them to evolve as additional
biocontainment strategies and technologies are developed.

knowledge base around the possibilities for intrinsic biocontainment
mechanisms to stand alone as containment strategies.

Designing biocontainment strategies for open environments
A broad and critically important challenge for researchers, developers
and policy makers is to define what effective biocontainment means in
different environmental contexts. There are currently no clear metrics
for evaluating biocontainment “success” in open environments. Does it
make sense to define successful biocontainment at zero unintentional
spread of organisms and genetic material throughout an environment?
Is some spread of genetic material tolerable up to a certain threshold,
based on either concentration or environmental effects? Defining
success is particularly challenging given the dearth of field research
measuring the spread of genetically engineered materials in the
environment and the lack of monitoring technologies and strategies

for detecting the spread of genetic material in different environmental
contexts'”?%, Without broad consensus regarding metrics or capacity
for long-term monitoring, the ability to demonstrate successful con-
tainment in field trials or environmental deployments will remain
elusive.

What is clear is that biocontainment is not a one-size-fits-all
approach to ensuring environmental biosafety. Researchers should
consider several factors when thinking through different environ-
mental applications of genetically engineered organisms®'. First, the
type of organism might influence the physical and genetic strategies
that are most effective for controlling the spread of genetic material.
For example, physical containment of an engineered rodent might be
difficult given its mobility, but strategies that subdue or control sexual
reproduction could be very effective at limiting the spread of genetic
material®. In contrast, engineered bacteria might be easier to contain
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in physical space but are more susceptible to spreading genetic
material through horizontal gene transfer. In the latter case,
researchers and developers may prioritize strategies that privilege
DNA degradation to limit horizontal gene transfer®®%.

Another ramification is that researchers and developers would
benefit from thinking carefully about persistence across different
dimensions—spatial, temporal, and ecological-and interactions
between the organism and the environment over time. The size of the
application area and desired time course of activity may vary across
different application types and contexts. Possible considerations for
future risk assessments could include weighing the level of exposure
to risks such as pathogenicity, toxicity, competition with native species
and/or horizontal gene transfer against the benefits of the proposed
application of an engineered organism®. Ecological relationships
might be minimally affected by the persistence of an engineered
organism in the short term but have unforeseen impacts over time”. It
is therefore important for researchers to consider how their proposed
application could affect broader ecological dynamics in the long term,
especially for proposals with larger effect areas and intended persis-
tence in the environment.

Challenges for industry adoption

Regulatory uncertainty. Relatively few products that incorporate
some form of engineered intrinsic biocontainment have to date
been approved for field testing or commercialization by US reg-
ulatory agencies. Physical and naturally occurring biocontainment
mechanisms—such as isolation distance, crop-topping, and self-
pollination for GM crops—are far more commonly used. US reg-
ulatory agencies have together set little precedent for how intrinsic
biocontainment fits into evaluations and assessments of bioengi-
neered organisms. This regulatory uncertainty might lead to
reluctance within industry to start incorporating elaborate intrinsic
biocontainment mechanisms into novel organisms®°, as opposed to
relying on previously used physical or naturally occurring bio-
containment approaches.

Public controversy. A history of public controversy around intrinsic
biocontainment technologies and genetically engineered crops may
also have sensitized industry against pursuing novel approaches. One
prominent example is the failure to commercialize genetic use
restriction technologies (GURTSs) in the late 1990s. GURTSs used genetic
modifications that restricted or eliminated the reproductive capacity
of a crop, rendering the propagation of seed from that crop
impossible®. While GURTSs held promise towards the containment of
transgenic materials in engineered crops, they were primarily pro-
moted to protect intellectual property in foreign agricultural markets.
This framing of GURTS contributed to a firestorm of public opposition.
Monsanto’s “terminator seed” technology became a particularly hot
target, with civil society organizations framing the technology as a
violation of farmer rights to “save seed” and a threat to the food
sovereignty of vulnerable populations®. A global moratorium on the
commercialization of GURTs-based crops was enacted through the
United Nations Convention on Biodiversity in 2000. This moratorium
did not restrict longer-term research and development activities with
GURT technology, but did halt any short-term commercial aspirations
for GURTSs-based crops at the time.

Value proposition. Developing commercially viable genetically engi-
neered organisms is a costly and time-intensive process for private

firms®. Incorporating intrinsic containment into novel biotechnology
products adds additional complexity and cost to the research and
development processes. Coupled with regulatory uncertainty and
concerns over potential social controversy, it is currently unclear
whether and how intrinsic biocontainment offers added value or fits
into industry development timelines for their product lines.

Narrow framings of biocontainment

Genetic biocontainment strategies date back to the 1970s and were
initially developed as a “technological fix”** for preventing the escape
and spread of engineered organisms and their biological materials
within closed laboratory systems. Harms to human and environmental
health were seen as the key risks to mitigate in this context, with
physical containment measures becoming the standard approach to
addressing exposure and escape.

Yet, what’s at stake for biocontainment changes into something
more complex when genetically engineered organisms are explicitly
designed to leave the lab and persist for longer periods of time and at
larger scales in the environment®. By looking across a variety of his-
torical containment ‘failures’ among environmentally released GMO
products, we can observe a much broader set of risks and complex
societal relationships emerge around biocontainment practices. For
example, the failure to commercialize GURT technology (mentioned
above) raises questions around the ownership and intellectual prop-
erty dimensions of biocontainment. The large-scale physical contain-
ment failure of genetically modified Starlink corn in the late 1990s
highlights important regulatory, economic and supply chain dimen-
sions of biocontainment: contamination of US food supplies with
Starlink (approved by US regulators as an animal feedstock but not for
human consumption) resulted in recall of over 300 different food
products and a 7% drop in the price of corn®. The regulatory and
economic risks of biocontainment failures can also be international in
scope, as when GM papaya seeds were found to have contaminated the
organic papaya market in Hawaii in the 1990s, and Japanese importers
began rejecting shipments®. None of these examples suggest wide-
spread harm to human or environmental health resulting from bio-
containment failure; rather, harm was realized in broader social,
economic, and geopolitical terms. Such cases prompt us to think about
a role for biocontainment in managing a much broader set of rela-
tionships outside the laboratory.

In keeping with these examples, public concerns around
biotechnologies often extend beyond questions of health and
safety. For example, questions relating to corporate concentra-
tion of economic and political power, inequalities in access and
ownership, trust in regulatory bodies, and ethical concerns
regarding the intrinsic value of life are routinely raised in public
discussions of genetically modified organisms. There is a ten-
dency within the research community to invoke biocontainment
as a way to promote public trust’7*, but addressing the kinds of
concerns raised in public debates about the control of engineered
organisms takes more than assurance of human health and
environmental safety.

Genetically engineered organisms introduced into the envir-
onment enter complex biological and social worlds. While it’s
tempting to think of biocontainment as a straightforward tech-
nological fix, we suggest that more holistic evaluation of bio-
containment proposals is needed. This would include attending
to their legal, economic, regulatory, and social dimensions in
addition to evaluating biosafety.
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Recommendations

We envision several opportunities to bolster capacity building and
deepen the conversation around evaluation and deployment of bio-
containment technologies in real-world settings. First, funders can
dedicate more resources to efforts to develop rigorous protocols and
standards for testing intrinsic biocontainment in laboratory and field
trial settings. A few programs—such as the USDA’s Biotechnology Risk
Assessment Grants program—are explicitly investing in biocontain-
ment efforts, but more is needed. Alongside increased investment in
developing biocontainment technologies, projects like the Depart-
ment of Energy’s Secure Engineered Ecosystem Design provide sup-
port for building environmental monitoring and biosensing
infrastructure that is crucial for tracing the spread of engineered
microbes. Such infrastructure should be funded, developed, and
maintained in tandem with biocontainment technologies. These pro-
jects could be strengthened by collaborations with researchers outside
the engineering biology community—for example, from soil ecology
and environmental toxicology—who have expertise assessing risk from
an environmental perspective.

Second, training on intrinsic biocontainment could be made a
requirement for institutional biosafety committees. This could provide
greater institutional support and supplemental guidance for
researchers developing synthetic organisms and testing different
biocontainment strategies on microbes, plants, and animals.

Third, while many within the research community frame intrinsic
biocontainment as desirable and important for future innovations,
perspectives from policy practitioners, industry representatives, and
members of the public are currently less visible. Initiatives that bring
together stakeholders from different sectors are needed to think
through the scientific challenges, regulatory uncertainties, and
broader societal dimensions of intrinsic biocontainment. Such cross-
sectoral dialogue and collaboration could build capacity around a suite
of interrelated questions including:

* What standards should apply to testing of biocontainment
strategies in laboratory and field settings? How should suc-
cessful biocontainment be defined in different environmental
contexts?

* How might regulatory agencies best evaluate intrinsic bio-
containment features in genetically modified organisms?

*  Would companies design intrinsic biocontainment features if
there were clear and accessible regulatory pathways?

* Is there a role for public engagement in the design, imple-
mentation and regulation of genetic biocontainment strategies?

Finally, local communities should have a say in the design and
management of environmental applications of genetically engineered
organisms. Public engagement can complement the design and
implementation of biocontainment strategies and help build trust
between scientists, developers, and local communities. Researchers
should be cautious about centering activities around promoting the
safety prospects of biocontainment without also attending to broader
social, economic, and legal dimensions of releasing engineered
organisms into the environment. Iterative dialogue, collaboration, and
practices to align values with local communities are more effective for
building public trust than outreach focused on exclusively on safety
and security®’. Models for public engagement are increasingly being
explored and implemented as part of environmental biotechnology
projects®*° but often struggle to secure sufficient funding and
resources compared with other research activities. Projects looking to

perform field releases of engineered organisms should create budgets
for parallel engagement activities to complement the experimental
research as far upstream as possible.

Until progress is made on the challenges we have described, the
existing gap between innovative biocontainment proposals and suc-
cessful real-world implementation of biocontainment strategies will
likely persist. We hope this article galvanizes a broader conversation
about how to concretely address that gap and approach the environ-
mental release of engineered organisms in a safe and socially respon-
sible manner.

Dalton R. George ®"2, Mark Danciu ®3, Peter W. Davenport ®*5,
Matthew R. Lakin ®*°%, James Chappell ®’ & Emma K. Frow ©®'2
School for the Future of Innovation in Society, Arizona State University,
Tempe, AZ 85287, USA. 2School of Biological & Health Systems
Engineering, Arizona State University, Tempe, AZ 85287, USA. 3School of
Life Sciences, Arizona State University, Tempe, AZ 85287, USA.
“Department of Computer Science, University of New Mexico,
Albuquerque, NM 87131, USA. 5Center for Biomedical Engineering,
University of New Mexico, Albuquerque, NM 87131, USA. ®Department of
Chemical & Biological Engineering, University of New Mexico,
Albuquerque, NM 87131, USA. "Department of Biosciences & Department
of Bioengineering, Rice University, Houston, TX 77005, USA.

e-mail: emma.frow@asu.edu

Received: 16 July 2023; Accepted: 18 December 2023;
Published online: 20 January 2024

References

1. Rylott, E. L. & Bruce, N. C. How synthetic biology can help bioremediation. Curr. Opin.
Chem. Biol. 58, 86-95 (2020).

2. Delisi, C. et al. The role of synthetic biology in atmospheric greenhouse gas reduction:
prospects and challenges. BioDesign Res. 2020, 1016207 (2020).

3. Chen, J., Liu, Y., Diep, P. & Mahadevan, R. Harnessing synthetic biology for sustainable
biomining with Fe/S-oxidizing microbes. Front. Bioeng. Biotechnol. 10, 920639 (2022).

4. Atkinson, J. T. et al. Real-time bioelectronic sensing of environmental contaminants. Nature
611, 548-553 (2022).

5. Piaggio, A. J. et al. Is it time for synthetic biodiversity conservation? Trends Ecol. Evol. 32,
97-107 (2017).

6. Cai, Y. et al. Intrinsic biocontainment: multiplex genome safeguards combine transcrip-
tional and recombinational control of essential yeast genes. Proc. Natl. Acad. Sci. 112,
1803-1808 (2015).

7. Kim, D. & Lee, J. W. Genetic biocontainment systems for the safe use of engineered
microorganisms. Biotechnol. Bioprocess Eng. 25, 974-984 (2020).

8. Caliando, B. J., Voigt, C. A. & Targeted, D. N. A. degradation using a CRISPR device stably
carried in the host genome. Nat. Commun. 6, 6989 (2015).

9. Wright, O., Delmans, M., Stan, G.-B. & Ellis, T. GeneGuard: a modular plasmid system
designed for biosafety. ACS Synth. Biol. 4, 307-316 (2015).

10. Clark, R. L. et al. High-CO requirement as a mechanism for the containment of genetically
modified cyanobacteria. ACS Synth. Biol. 7, 384-391 (2018).

1. Hirota, R. et al. A novel biocontainment strategy makes bacterial growth and survival
dependent on phosphite. Sci. Rep. 7, 44748 (2017).

12. Chan, C.T.Y., Lee, J. W., Cameron, D. E., Bashor, C. J. & Collins, J. J. ‘Deadman’ and
‘Passcode’ microbial kill switches for bacterial containment. Nat. Chem. Biol. 12,

82-86 (2016).

13. Agmon, N. et al. Low escape-rate genome safeguards with minimal molecular perturbation
of Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA. 114, E1470-E1479 (2017).

14. Lee, J.W., Chan, C.T.Y., Slomovic, S. & Collins, J. J. Next-generation biocontainment
systems for engineered organisms. Nat. Chem. Biol. 14, 530-537 (2018).

15. Mandell, D. J. et al. Biocontainment of genetically modified organisms by synthetic protein
design. Nature 518, 55-60 (2015).

16. Kunjapur, A. M. et al. Synthetic auxotrophy remains stable after continuous evolution and in
coculture with mammalian cells. Sci Adv. 7, eabf5851 (2021).

17. Rottinghaus, A. G., Ferreiro, A., Fishbein, S. R. S., Dantas, G. & Moon, T. S. Genetically stable
CRISPR-based kill switches for engineered microbes. Nat. Commun. 13, 672 (2022).

18. Blazejewski, T., Ho, H.-l. & Wang, H. H. Synthetic sequence entanglement augments stability
and containment of genetic information in cells. Science 365, 595-598 (2019).

nature communications

(2024)15:650 | 4


http://orcid.org/0000-0003-2885-7412
http://orcid.org/0000-0003-2885-7412
http://orcid.org/0000-0003-2885-7412
http://orcid.org/0000-0003-2885-7412
http://orcid.org/0000-0003-2885-7412
http://orcid.org/0009-0002-6045-4170
http://orcid.org/0009-0002-6045-4170
http://orcid.org/0009-0002-6045-4170
http://orcid.org/0009-0002-6045-4170
http://orcid.org/0009-0002-6045-4170
http://orcid.org/0000-0001-6455-5118
http://orcid.org/0000-0001-6455-5118
http://orcid.org/0000-0001-6455-5118
http://orcid.org/0000-0001-6455-5118
http://orcid.org/0000-0001-6455-5118
http://orcid.org/0000-0002-8516-4789
http://orcid.org/0000-0002-8516-4789
http://orcid.org/0000-0002-8516-4789
http://orcid.org/0000-0002-8516-4789
http://orcid.org/0000-0002-8516-4789
http://orcid.org/0000-0001-7367-1524
http://orcid.org/0000-0001-7367-1524
http://orcid.org/0000-0001-7367-1524
http://orcid.org/0000-0001-7367-1524
http://orcid.org/0000-0001-7367-1524
http://orcid.org/0000-0001-8067-7182
http://orcid.org/0000-0001-8067-7182
http://orcid.org/0000-0001-8067-7182
http://orcid.org/0000-0001-8067-7182
http://orcid.org/0000-0001-8067-7182
mailto:emma.frow@asu.edu

Comment

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

Schmidt, M. & de Lorenzo, V. Synthetic bugs on the loose: containment options for deeply
engineered (micro)organisms. Curr. Opin. Biotechnol. 38, 90-96 (2016).

Del Valle, I. et al. Translating new synthetic biology advances for biosensing into the earth
and environmental sciences. Front. Microbiol. 11, 618373 (2021).

Zengler, K. et al. ECOFABs: advancing microbiome science through standardized fabricated
ecosystems. Nat. Methods 16, 567-571 (2019).

Asin-Garcia, E., Kallergi, A., Landeweerd, L. & Martins dos Santos, V. A. P. Genetic safeguards
for safety-by-design: so close yet so far. Trends Biotechnol. 38, 1308-1312 (2020).
National Institutes of Health. NIH guidelines for research involving recombinant or synthetic
nucleic acid molecules (NIH Guidelines)—April 2019. (2019).

Kallergi, A., Asin-Garcia, E., Martins dos Santos, V. A. & Landeweerd, L. Context matters: on
the road to responsible biosafety technologies in synthetic biology. EMBO Rep. 22,
e51227 (2021).

Bunting, M. D. et al. Generation of gene drive mice for invasive pest population suppression.
Methods Mol. Biol. 2495, 203-230 (2022).

Sebesta, J., Xiong, W., Guarnieri, M. T. & Yu, J. Biocontainment of genetically engineered
algae. Front. Plant Sci. 13, 839446 (2022).

Arnolds, K. L. et al. Biotechnology for secure biocontainment designs in an emerging
bioeconomy. Curr. Opin. Biotechnol. 71, 25-31 (2021).

Wang, F. & Zhang, W. Synthetic biology: recent progress, biosafety and biosecurity con-
cerns, and possible solutions. J. Biosaf. Biosecurity 1, 22-30 (2019).

Liu, L., Bilal, M., Duan, X. & Igbal, H. M. N. Mitigation of environmental pollution by geneti-
cally engineered bacteria — current challenges and future perspectives. Sci Total Environ.
667, 444-454 (2019).

Maxon, M. E. Racing to be first to be second: a coordinated regulatory framework for the
bioeconomy. In: Issues in Science and Technology https://issues.org/coordinated-
regulatory-framework-bioeconomy-maxon/ (2023).

Lombardo, L. Genetic use restriction technologies: a review. Plant Biotechnol. J. 12,
995-1005 (2014).

Prado, J. R. et al. Genetically engineered crops: from idea to product. Annu. Rev. Plant Biol.
65, 769-790 (2014).

Sarewitz, D. & Nelson, R. Three rules for technological fixes. Nature 456, 871-872 (2008).
Moe-Behrens, G., Davis, R. & Haynes, K. Preparing synthetic biology for the world. Front.
Microbiol. 4, 5 (2013).

Carter, C. A. & Smith, A. Estimating the market effect of a food scare: the case of genetically
modified StarLink corn. Rev. Econ. Stat. 89, 522-533 (2007).

Gonsalves, D. Transgenic Papaya: development, release, impact and challenges. Adv. Virus
Res. 67, 317-354 (2006).

Wirz, C. D., Scheufele, D. A. & Brossard, D. Societal debates about emerging genetic
technologies: toward a science of public engagement. Environ. Commun. 14,

859-864 (2020).

Buchthal, J., Evans, S. W., Lunshof, J., Telford, S. R. & Esvelt, K. M. Mice against ticks: an
experimental community-guided effort to prevent tick-borne disease by altering the shared
environment. Philos. Tran. R. Soc. B: Biol. Sci. 374, 20180105 (2019).

Delborne, J. A. et al. Biotechnology, the American Chestnut tree, and public engagement.
Workshop Repor, Genetic Engineering and Society Center, North Carolina State University,
http://go.ncsu.edu/ges-chestnut-report (2018).

Subramaniam, T. S. S., Lee, H. L., Ahmad, N. W. & Murad, S. Genetically modified mosquito:
the Malaysian public engagement experience. Biotechnol. J. 7, 1323-1327 (2012).

41. Diwo, C. & Budisa, N. Alternative biochemistries for alien life: basic concepts and require-
ments for the design of a robust biocontainment system in genetic isolation. Genes 10,
17 (2019).

42. Stirling, F. et al. Synthetic cassettes for pH-mediated sensing, counting, and containment.
Cell Rep. 30, 3139-3148.e4 (2020).

43. Hosseini, S., Curilovs, A. & Cutting, S. M. Biological containment of genetically modified
bacillus subtilis. Appl. Environ. Microbiol. 84, e02334-17 (2018).

Acknowledgements

This work was supported by the National Science Foundation (Award #2124307). The authors
acknowledge Leon Dilly and Casey Isabelle for research that contributed helpful context to this
work. We also thank Baiyang Liu, David Gillum and members of the Environmental Health &
Safety team at Arizona State University for informative conversations.

Author contributions
E.K.F. conceptualized the study in conversation with all the authors. D.R.G. and M.D. collected
and analyzed data. D.R.G. and E.K.F. drafted and revised the manuscript, with contributions from
M.D., P.W.D., M.R.L. and J.C.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Emma K. Frow.

Peer review information Nature Communications thanks Minseob Koh, and Kenneth Oye for
their contribution to the peer review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were made. The images or other
third party material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the article’s
Creative Commons license and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

nature communications

(2024)15:650 | 5


https://issues.org/coordinated-regulatory-framework-bioeconomy-maxon/
https://issues.org/coordinated-regulatory-framework-bioeconomy-maxon/
http://go.ncsu.edu/ges-chestnut-report
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	A bumpy road ahead for genetic biocontainment
	Laboratory research and testing challenges
	Designing biocontainment strategies for open environments
	Challenges for industry adoption
	Regulatory uncertainty
	Public controversy
	Value proposition

	Narrow framings of biocontainment
	Recommendations
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




