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Executive Summary: Environmental synthetic biology promises to tackle complex
environmental issues and critical ecological challenges. By harnessing genetically modified
microbes, the field offers sustainable, biodegradable solutions for issues with few
technological alternatives, such as contaminant degradation, critical metal recovery, and
crop resilience to extreme weather. As such, the use of genetically modified microbes has
great potential in the bioeconomy to tackle these issues. However, the safe and effective use
of genetically modified microbes must prioritize ecological and social responsibility. This
piece highlights two key areas for responsible development. First, we emphasize the need
for interdisciplinary research and integration of ecological concepts when studying and
deploying genetically modified microbes. Second, we call for the integration of academic and
non-academic communities into environmental synthetic biology research and governance.
By fostering interdisciplinary research and incorporating environmental justice principles,
the field can ensure that its innovations are both safe and equitable.

L. Introduction

Climate change, pollution, and extreme weather are
environmental problems that biotechnology and
synthetic biology are especially well-positioned to
address (Marken, Maxon, and Murray 2024;
Aminian-Dehkordi et al. 2023; Del Valle et al. 2021;
Chemla et al. 2025). Unlike conventional materials,
synthetic biology promises solutions that are
biodegradable and may decrease our reliance on
highly polluting technologies. One proposed
approach is to use genetically modified microbes.
Genetically modified microbes can extract carbon
dioxide from the atmosphere, help degrade
environmental contaminants like oil spills,
sustainably degrade plastic, and increase crop

resilience (Zahed et al. 2021; Nguyen et al. 2023;
Skariyachan et al. 2022; Yeom, Le, and Yun 2022;
Kozaeva et al. 2024).

While these emerging technologies hold great
promise for supporting a circular bioeconomy,
consideration of the ecological and social context of
emerging biotechnologies is necessary to mitigate
risk (Parker and Kunjapur 2020). Failing to consider
the effect of biotechnologies on ecological
communities could pose a risk to the environment,
for example, by altering local microbiomes or
introducing “invasive genes” (Ricciardi et al. 2017).
Similarly, failing to consider the implications of
biotechnology on human communities may result in
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ineffective or harmful technologies that exacerbate
inequality and break public trust.

An increasing percentage of genetically engineered
biotechnology products are microbial (Nielsen,
Tillegreen, and Petranovic 2022). To ensure that
these genetically modified microbes support -
instead of hinder - an environmentally sustainable
future, we call for (1) increased environmental
research on potential ecological effects of genetically
modified microbes, and (2) an environmental justice
approach that centers affected human communities
in the production and evaluation of emerging
biotechnologies (Figure 1). We also provide policy
recommendations to ensure that genetically
modified microbes are synergistic with local
communities, both human and ecological.
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Figure 1: Integrating ecological and human
communities is necessary to ensure the effective and
ethical deployment of genetically modified microbes.
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II. Integrating environmental, evolutionary, and
ecological research into synthetic biology

To evaluate potential biosafety risks of genetically
modified microbes, research is needed on their
environmental effects (Reichman et al. 2022).
However, the research community developing these
emerging biotechnologies (bioengineers, synthetic
biologists) is often detached from researchers who
are best equipped to evaluate their impacts on the
environment (ecologists, evolutionary biologists,
conservationists). Research that spans these fields is
necessary to develop informed policies that

maximize societal and environmental benefits while
minimizing risk (Power 2021).

Existing research on biological invasions provides a
cautionary tale. Invasive alien species are species
that, due to human activities, expand beyond their
native range and have negative local impacts (Roy et
al. 2024). Whether introduced intentionally or
inadvertently, these species can have unexpected
effects on their new environments (David et al
2017). For example, cane toads (Rhinella marinag,
formerly known as Bufo marinus) were introduced to
Australia in 1929 as a biocontrol agent to reduce the
population of two native pest beetle species that
preyed on sugarcane crops. This solution was
rationalized by studies indicating that beetles were
important components of the South American toads’
native diet. However, cane toads were ineffective
biocontrol agents, failing to control populations of
these beetle species. Moreover, they became pests
themselves by attaining a much higher population
density than in their native habitats and threatening
other native Australian species by eating non-pest
insects and killing predators lacking defenses
against the toad’s poison (Lampo and De Leo 1998).
Biotechnologists should avoid making similar
mistakes with the introduction of genetically
modified microbes to the environment. Without
understanding their ecological context, microbial
biotechnologies that are meant to positively benefit
the planet may have unexpected negative outcomes
(Ricciardi et al. 2017).

We have identified two interdisciplinary research
directions that can assist policymakers and
regulatory bodies in evaluating the environmental
effects of genetically modified microbes:

i. Quantify the persistence of genetically modified
microbes and their genes in the environment

The persistence - or lack thereof - of genetically
modified microbes 1is crucial to assess their
ecological impacts. For example, a genetically
modified microbe engineered from an isolate in its
target environment(s) may be more likely to persist
than one that is not adapted to its target
environment (Chemla et al. 2025). In contrast, a gene
that provides a competitive advantage may also be
more likely to persist in an environment (Bottery
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2022). Ideally, genetically modified microbes would
persist in the environment only as long as they are
needed and no longer persist in the environment
after that. One example of this “engineered
persistence” comes from microbes engineered to
remove contaminants. If decontamination by an
engineered microbe is successful and contaminant
concentration dips below a critical level, there may
simply not be enough of that contaminant chemical
to support the microbe consuming it. In this way, the
organism and the trait should only persist when the
contaminant is still present above a critical level, a
remarkable advantage of using genetically modified
microbes over chemical methods for bioremediation

Genes are not only passed down from parent to
offspring — they can also be exchanged between
unrelated species through horizontal gene transfer
(HGT). HGT allows organisms to adapt to
environmental stress by rapidly acquiring new traits
from non-parent organisms, and is a main
biocontainment concern when introducing new
species into an environment. While most
mechanisms of HGT are well understood,
researchers are currently working to elucidate the
movement of individual genes within communities,
and the impact of that movement on complex
microbial communities (Kalvapalle et al. 2025; Rubin
et al. 2022; Munck et al. 2020). Although synthetic
constructs are not inherently more likely to be
transferred than natural ones, HGT is still a key
consideration when assessing the potential impact of
an introduced gene into the environment. Thus,
research is needed on the environmental persistence
and impact of genetically modified microbes and
their genes, as well as the factors driving gene
transfer in complex microbial communities, and
methods for studying these phenomena (Corich et al.
2007; Szyjka et al. 2017, Saak, Dinh, and Dutton
2020).

ii. Identify and predict the environmental and
ecological impacts of genetically modified microbes

Genetic engineering is often meant to affect the traits
of the engineered microbe in a particular system
(e.g. a bacterium that is engineered to improve the
uptake of nutrients by crop plants) (van Dillewijn,
Villadas, and Toro 2002). However, these engineered
traits may also alter how genetically modified

microbes interact with other organisms in the
environment, such as native microbes, plants, and
animals  (Power 2021). Furthermore, the
introduction of genes generated outside of the local
evolutionary context could alter evolutionary
processes through eco-evolutionary dynamics,
where ecological processes such as resource
competition can drive rapid evolutionary change
(Ellner, Geber, and Hairston Jr 2011; Post and
Palkovacs 2009). Studies that evaluate the effects of
genetically modified microbes on ecological
communities and ecosystems are necessary to
ensure that emerging technologies avoid off-target
effects such as outcompeting a native microbe in a
similar niche.

In summary, we call for more research on the
environmental implications of synthetic biology
products, especially on horizontal gene transfer, the
persistence of genetically modified microbes, and
their interactions with other species within
ecological communities. Expert convenings can
identify specific research activities and best
practices. These efforts could be convened through a
National Academies study, scientific advisory panel
by a government agency such as the EPA, or
non-profit research entity such as the Engineering
Biology Research Consortium (EBRC). In order to
ensure that the diverse array of potential impacts are
considered, these expert convenings should include
different perspectives, especially rural farmers,
Indigenous communities, climate activists, youth,
and others who are historically excluded from the
development and assessment of emerging
technologies (Wolf 2021).

III. Considering human communities in the
development of microbial biotechnologies

For emerging biotechnologies to be broadly safe and
beneficial, we must consider their social context. The
environmental justice movement highlights the
intersectional nature of environmental sustainability
and social justice, with emerging implications for
genetic engineering (George et al. 2025). Genetically
modified microbes have great promise for
ameliorating harm. Engineered microbes can
decrease the environmental impact of mining critical
metals, detoxify soil from Superfund sites, and
reduce reliance on chemical fertilizers that can cause
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groundwater contamination, which
disproportionately harms marginalized communities
(Pakostova, Falagan, and Zhang 2024; Yaashikaa,
Devi, and Kumar 2022; Wen et al. 2021). However,
these promising solutions are rarely developed by
the communities that are affected by environmental
injustices (Clark and Hurd 2020). This can result in
ineffective, harmful, or misapplied technologies that
may fail to achieve their intended purpose. Further,
ways of knowing that have historically been
excluded from academic research may offer more
sustainable  and  synergistic  solutions to
environmental challenges (Parsons, Fisher, and
Nalau 2016). To ensure that biotechnologies are
truly sustainable, their development and assessment
must center on voices and knowledge systems that
have historically been excluded (Edwards 2011).
These communities should be the leaders and
power-holders to create a truly sustainable future
with biotechnology.

To enable this vision, we propose recommendations
that engage two communities: academic researchers
at universities and scientists in local communities.
These non-academic scientists and practitioners

may include community scientists, nature
enthusiasts, conservationists, gardeners, and
hunters.

i. Educate academic biotechnology researchers on
ecology, environmental justice, and equitable research
practices

Current training for synthetic biologists and
bioengineers should include consideration of the
environment, as well as social and historical context
for their work (Higgins, Wallace, and Bazzul 2018).
Academic training and research in bioengineering
must center the needs of local communities (Kofler
etal. 2018).

Undergraduate and graduate training in the life
sciences should incorporate courses that situate
biotechnologies in their environmental, ecological,
and social context (Sacchi, Lotti, and Branduardi
2021). This can include formal and informal learning
experiences in the fields of ecology and evolution,
science and technology studies, history of science,
and environmental justice. Graduate programs
should require seminars on microbial ecology,

community-engaged research, and biosecurity
(Lloyd 2022b). These can be supplemented with
hands-on  educational experiences such as
internships with environmental justice groups,
policymakers, and cultural centers (Mercer 2015).
Departments should also offer biosafety training that
emphasizes best practices to reduce the risk of
accidental HGT and particularly the spread of
antibiotic resistance genes. These practices include
using non-clinically relevant antibiotic resistance
genes whenever possible, not using antibiotic
selection for microbes intended for environmental
release, and taking steps to reduce the likelihood of
HGT such as incorporating engineered functions into
the microbe’s genome instead of a plasmid.

ii. Encourage academics to participate in
community-led science and partnerships

Academic research on biotechnology products
should be co-led by communities and academics.
Academic researchers can build equitable
relationships  with non-academic = community
members that guide collective research questions
and  collaborative  technology = development
(Reynolds-Cuéllar and Delgado Ramos 2020). This
approach stands in opposition to the status quo,
where academic researchers are often
“hammers-looking-for-a-nail”- innovators looking
for an application of their technology without
building relationships before development. Because
equitable partnerships with communities are not yet
standard in academic settings, universities and
departments must incentivize researchers to take a
community-centered approach. This could involve
revising tenure requirements, offering funding for
community-centered research, and rewarding
collaborations with non-academic entities, such as
policymakers, nonprofits, or cultural and arts
groups.

iii. Enable broad and democratic participation in the
life sciences

While the majority of research and development in
emerging biotechnologies occurs in academic
institutions and companies, the public also can
contribute to innovation in emerging
biotechnologies (Schoenberg 2022). However, many
communities are distrustful of biotechnology ( Liu et
al. 2024). This distrust stems from a history of
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environmental harm, structural racism, and
economic disempowerment that often originate
from new technologies (Weinreb and Sun 2023).
Simultaneously, many people have significant
relationships  with  microbes and microbial
biotechnology. These are often deeply rooted in
culture and history, such as garden composting and
fermented foods like sourdough bread, kimchi, and
wine (Hendy et al. 2021). Building trust in
biotechnology requires broadening what we
conceive of as biotechnologies to include cultural
and land-based knowledge. In addition,
communities, especially those that have been
historically marginalized, must have ownership and
power over the technologies they originate and
develop (Astolfi et al. 2025). Changing the flow of
power in the development of emerging microbial
biotechnologies may require new or different
innovation spaces (Lloyd 2022a). These can include
community gardens, cultural groups, and amateur
biology spaces like community biology labs.

These spaces can be hubs for the public to explore
and innovate with microbial biotechnologies
(Chappell, Perez, and Takara 2023). For example, a
group of amateur biologists, from children to elders,
are working together in public biology labs in the
Bay Area of California (USA) to create a new vegan
cheese (“Real Vegan Cheese”). Spaces like these can
reinvent the public perception of science, centering
values like community, collaboration, and care in the
production of biotechnologies (Chappell 2024).
Expanding “what counts as science” can broaden
participation and help ensure that emerging
biotechnologies are broadly beneficial to local
communities (Wong, Gishen, and Lokugamage 2021;
Guibrunet et al. 2024).

We call for universities and research institutions to
integrate ecological and social concepts in their
curricula. These should be especially targeted to
programs in biotechnology, synthetic biology, and
bioengineering. Universities should also set aside
funding for initiatives that promote community-led
science. Grassroots spaces for bio-innovation can be
supported by federal and state programs,
philanthropic support, and local organizations
(Kuldell and Aurand 2022). This can involve creating
and supporting public community labs, local
biotechnology cooperatives, land-based learning,
and community gardens.

IV. Conclusion

Environmental synthetic biology has the potential to
be a transformative force in addressing many
environmental problems and contributing to a
circular bioeconomy. But there is much work to be
done to ensure that genetically modified microbes
are safe for ecological and human communities and
have broad, public benefits. Here, we argue that
research and development of genetically modified
microbes must be situated within their
social-ecological context. Without considering effects
on the environment and human communities,
environmental synthetic biology projects have the
propensity to cause significant harm. We call for
interdisciplinary research that incorporates ecology
and evolution to quantify potential risks of
genetically modified microbes on the environment.
Engaging both the scientific community of academic
researchers and the public in considering the social
and ethical implications of emerging biotechnologies
is crucial to ensure broad benefits. In order to enable
a bioeconomy that benefits all, consideration of both
people and the planet is essential.
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