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A farmer in India sprays a harvested paddy field with a solution of fungi that breaks down plant stems, avoiding the need for stubble burning.

Microbes could help address climate
change —why aren’t we using them?
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Interventions involving
bacteria or fungi could help
to sequester greenhouse
gases, create more
sustainable products and
clean up pollution —in ways
that are economically viable
and safe.
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icroorganisms have shaped Earth
for almost four billion years. At
least a trillion microbial spe-
cies sustain the biosphere — for
instance, by producing oxygen
or sequestering carbon’. Microbes thrive
in extreme environments and use diverse
energy sources, from methane to metals. And
they can catalyse complex reactions under
ambient temperatures and pressures with
remarkable efficiency.

The potential to exploit these microbial
abilities to substantially reduce the impact

of human activities on the planet has been
recognized by many?. And bacteria or fungi
are already being used to produce materials,
fuelsand fertilizersinways that reduce energy
consumption and the use of fossil-fuel feed-
stocks, as well as to clean up waste water and
contaminants®.

Despite their wide-ranging potential, how-
ever, microbe-based technologies remain
largely overlooked in international plans to
combat climate change or reduce the loss
of biodiversity*. For example, discussions
about the role of microbial technologies in
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achieving fossil-free alternatives to current
products and processes were minimal or
absentat the United Nations conferences of
the parties (COPs) in 2023 and 2024 on cli-
mate change, and on biodiversityin2022 and
2024 (see Nature 636,17-18; 2024).

Tobetter leverage microbiology in address-
ing climate change and other sustainability
challenges, the International Union of Micro-
biological Societies and the American Soci-
ety for Microbiology brought us (the authors)
together in December 2023 — as a group of
microbiologists, public-health scientists and
economists with expertise in health, energy,
greenhouse gases, agriculture, soil and water.
In a series of meetings, we have assessed
whether certain microbe-based technologies
that are already on the market could contrib-
ute to sustainable solutions that are scalable,
ethical and economically viable. We haveiden-
tified cases in which the technical feasibility of
an approach has already been demonstrated
andinwhich solutions could become compet-
itive with today’s fossil-based approaches in
5-15years.

This work has convinced us that microbe-
based interventions offer considerable prom-
ise as technological solutions for addressing
climate change and — by reducing pollution
and global warming — biodiversity loss. Here,
we explain why they could be so important®
and highlight some of the issues that we think
microbiologists, climate scientists, ecologists
and public-health scientists, along with cor-
porations, economists and policymakers, will
need to consider to deploy such solutions at
scale®.

Microbial possibilities

The use of genomics, bioengineering tools
and advances in artificial intelligence are
greatly enhancing researchers’ abilities to
design proteins, microbes or microbial com-
munities. Using these and other approaches,
microbiologists could help to tackle three key
problems.

First, many products manufactured from
fossil fuels (energy, other fuels and chemicals)
could be produced by ‘feeding’ microbes with
waste plastics, carbon dioxide, methane or
organic matter such as sugar cane or wood
chips.

Among the many companies applying
microbe-based solutions to address climate
change, LanzaTech, acarbon-upcycling com-
pany in Skokie, Illinois, is working on produc-
ing aviation fuel on a commercial scale from
the ethanol produced when microbes metabo-
lizeindustrial waste gases or sugar cane. Mean-
while, the firm NatureWorks in Plymouth,
Minnesota, is producing polymers, fibres and
bioplastics using the microbial fermentation
of feedstocks, suchas cassava, sugar cane and
beets.

Second, microbes could be used to cleanup

pollution — from greenhouse gases, crude oil,
plastics and pesticides to pharmaceuticals.

For instance, a start-up firm called
Carbios, based in Clermont-Ferrand, France,
has developed a modified bacterial enzyme
that breaks down and recycles polyethylene
terephthalate (PET), one of the most com-
mon single-use plastics. Another company
— Qil Spill Eater International in Dallas,
Texas — uses microbes to clean up oil spills,
and large waste-management corporations
in North America are using bacteria called
methanotrophsto convert the methane pro-
duced from landfill (a more potent green-
house gas than CO,) into ethanol, biofuels,
polymers, biodegradable plastics and indus-
trial chemicals.

The company FloatingIsland International
in Shepherd, Montana, is even building arti-
ficial floating islands on lakes and reservoirs
that have been polluted by excessive nutri-
ent run-off, so that methane-metabolizing
microbes (which colonize the underside of
theislands) can remove methane originating
from lake sediments. The goalin this caseis to
transforminland lakes and reservoirs fromnet
methane sources into carbon sinks.

Finally, microbes could be used to make
food production less reliant on chemical
fertilizers and so more sustainable.

“Whatis clearisthat

the economicgains of
microbe-based solutions
arerising rapidly.”

The chemical process needed to produce
ammonia for fertilizer involves burning
fossil fuels to obtain the high temperatures
and pressures needed (up to 500 °C and
200 atmospheric pressures), releasing
450 megatonnes of CO, into the atmosphere
eachyear (1.5% of all CO, emissions)’. Further-
more, excess chemical fertilizers that flow into
rivers, lakes and oceans cause algal blooms,
which enhance the emission of nitrous oxide, a
greenhouse gas thatis more potent than either
CO, or methane.

Many bacteria and archaea can be used to
produce nitrogen fertilizer with much lower
greenhouse-gas emissions than synthetic
fertilizers. This is because the microbes fix
nitrogenatroom temperature and at sea-level
atmospheric pressure using enzymes known
as nitrogenases that convert atmospheric
nitrogen (N,) into ammonia (NH,).

Several companies are now selling biofer-
tilizers, which are formulations containing
bacteria called rhizobia or other microbes
that canincrease the availability of nutrients
to plants (see “Towards a bioeconomy’ and
go.nature.com/3fs2xqf). Agrowing number of
microbial biopesticides are also offering food

producers away to control crop pests without
harming human or animal health or releasing
greenhouse gases into the atmosphere®.

Keeping it safe

As more microbe-based solutions enter the
market — whether bioengineered or natu-
rally existing — biosafety considerations will
become increasingly important.

Many solutions, such as using bacteria to
degrade crude oil or plastics, have been shown
tobeeffective andsafeinalaboratory setting®.
Yet scaling up their use to the levelsneeded to
reduce global emissions or global biodiversity
loss could lead to unforeseen complications.

Certain safeguards — designing bacteria
that can persist in an ecosystem for only a
shorttime or that canexist under only specific
environmental conditions —are already being
developed and applied*. And, in a similar way
to phased clinical trialsinbiomedical research,
laboratory experiments could be followed by
contained tests in the outdoor environment,
which could then be followed by larger-scale
field testing. Investigators will also need to
monitor systems over time, which could involve
the sequencing of environmental DNA from
waste water and other approachesthat are used
ininfectious-disease surveillance.

Ultimately, the effective deployment,
containment and monitoring of large-scale
microbe-based solutions will require scientific
communities, governments and corporations
to collaboratively develop evidence-based
policies and engage in clear and transparent
communication about the enormous oppor-
tunities and the potential risks.

Making it pay

Microbial solutions and biomanufacturing
could mitigate the economic losses associated
with ecosystem degradation and biodiversity
loss, such as flooding, storms, disease out-
breaks and climate-driven displacement. They
couldberolled outinadecentralized manner,
in ways that are appropriate for each region.
They could also lead to the growth of busi-
nessesandjobs. Thus, itis crucial to convince
policymakers, corporations and governments
of the viability and desirability of microbial
approaches at both commercial and societal
levels.

Atthe commerciallevel, the calculations are
relatively straightforward. For solutions tobe
economically feasible, the revenue a corpora-
tion generates from selling a microbe-based
biofuel or other intervention must equal or
exceed the costs of producing it.

For solutions to be economically feasible
at the societal level, however, the ‘total mon-
etized value’ must equal or exceed the costs
of development and implementation. Total
monetized value encompasses a broad array
of economic, social and environmental bene-
fits, and calculating it requires considering the
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economic losses associated with the climate
change or biodiversity loss that would have
happened without theintervention. According
toa 2024 Lancetreport, the global economy
ison track for areduction in total income of
11-29% by 2050, because of the impacts of
extreme weather events, heat and air pollu-
tion on people’s health and ability to work™.

Economic assessments of microbe-based
solutions must consider risks, including
financial uncertainties as well as biosafety
concerns, and account for the fact that peo-
ple value future benefits that will emerge in
years or decades differently from how they
would value those benefits were they to mate-
rialize today. Assessments must also recognize
that such interventions are likely to enhance
health, social and economic equity.

What is clear is that the economic gains of
microbe-based solutions are rising rapidly.
The global biofertilizer market, for instance,
is anticipated to grow from US$1.59 billion in
2025 to $4.71 billion by 2034, with an annual
growth of12.9% (see go.nature.com/4tbgxsy).
The microbe-based aviation fuel market
is projected to grow from $0.9 billion in
2024 to $64.1billion by 2034, representing
an annual growth rate of around 53% (see
go.nature.com/3dshrwx). Meanwhile, the
expected annual growth rate of the landfill
gas market — valued at $3.8 billion in 2024 —
isestimated tobe 6.1% per year until 2034 (see
go.nature.com/3dtgpvx). (Methane released
from landfill can be converted to ethanol by
microbes and used as a biofuel.)

No panacea

More work is needed — including an analysis
of the probable impact of producing and col-
lecting feedstock to fuel the production of
microbe-based fertilizers, pesticidesand soon
at scale. Similarly, although we are confident
that the biosafety issues can be addressed,
concepts and schemes for dealing with biolog-
icalinterventions, particularly bioengineered

organisms, inthe broader environmentarein
their infancy.

Furthermore, we are not proposing that
microbe-based solutions are a silver bullet
for solving the interconnected climate and
biodiversity crises. They could be key con-
tributors to a robust bioeconomy — but only
inconjunctionwith renewable energy sources,
such as solar, wind, geothermal, nuclear and
hydropower.

“Costs could be reduced with
support for microbe-based
solutions fromthe public
and private sector.”

Today, microbe-based solutions for fuel,
energy, fertilizers, pesticides and other use-
ful chemicals are growing rapidly, despite
their current development and production
costs being slightly higher thanthose for tech-
nologies based on fossil fuels. In an October
2024 report by the US Department of Energy,
the cost of B99 biodiesel was 10% higher than
the cost of diesel™. But such costs could be
reduced quickly with support for microbe-
based solutions from the public and private
sector. In fact, with sufficient investment,
microbe-based technologies could meet the
needs of the entire fertilizer market by 2050.

We and other microbiologists are ready to
partner with those focused on chemical and
physical solutions to the climate crisis.
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