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Climate change caused by human activity will have devastating effects 
on the biosphere, increasing the frequency of natural disasters, dis-

placing communities, and destroying habitats. Global efforts to reduce 
dependance on fossil fuels and curb greenhouse gas emissions may not be 
sufficient to avert catastrophe. We must therefore consider approaches 
that actively sequester carbon from the atmosphere alongside a switch to 
clean energy and changes in lifestyle. 

The authors of this volume present a series of proposals for tackling cli-
mate change using synthetic biology approaches with the potential to work 
at scale. These include genetic engineering of crops and forest plants, the 
use of bacteria to capture methane and accelerate mineral weathering 
to draw down carbon dioxide, and development of biological nitrification 
inhibitors to reduce nitrate production and ozone depletion. They also dis-
cuss the regulatory challenges and policy obstacles to implementation of 
these technologies, arguing that bold corrective action is needed to avoid 
irreversible and insufferable planetary warming.
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Foreword

Nothing in biology makes sense except in the light of evolution.

—T. Dobzhansky

SINCE OUR PLANET REACHED CONDITIONS SUITABLE FOR LIFE, nothing on Earth makes sense except in the
context of evolution. A combination of physical environments and biological innovations have

continuously influenced each other, transforming the geochemical cycles of the planet and life itself.
A critical change in the evolution of the web of life was the Great Oxygenation Event. Cyanobacterial
photosynthesis provoked mass extinction of the dominant anaerobic microorganisms, priming com-
plex life and triggering a new terrestrial biogeochemical cycle. The ecological network is continuously
threatened. Dramatic extinctions have occurred several times.

Another evolutionary branch relevant to our present time is the appearance of Hominini some
million years ago, fromwhichwe evolved to become the dominant species on Earth.We excel in all the
abilities of our ancestors: self-reflection, tool-making, conscious use of plants and other animals, and
developing cooperative group actions on a large scale. By the beginning of the nineteenth century, our
species’ growth rate had increased exponentially. We Homo sapiens are such numerous and efficient
consumers that we have seizedmost of the primary products of the planet, causing habitat destruction
on a worldwide scale.

Human actions have affected the biogeochemical cycles of the planet, resulting in global warming
with severe collateral effects, including ecological catastrophes. Recent natural disasters that have af-
fected thewholeworld arewarning us that we need to act now, using our scientific and social knowledge.
Otherwise, such natural disasters will persist and escalate. Plant, microbial, and environmental sciences
should be at the forefront of our attention when it comes to technological advancements.

I am confident that human endeavor can find a solution. We can rapidly curb global warming to
prevent near-term tipping points while working on long-term strategies. Moving swiftly toward clean
energy while changing lifestyle and investing in active greenhouse gases (GHG)-removal technologies
are two directions that need to be explored simultaneously. I will first focus on speeding up negative
emissions because, even if we move quickly to a low-carbon society, the current level of atmospheric
carbon exceeds the capacity of absorption by the Earth’s biogeochemical cycles. I will wrap up by
highlighting the principles, practices, and behavioral adjustments that mankind as a whole needs to
keep our ecosystem healthy.

Without considering plants, it is impossible to think about significant near-term emission reduc-
tion and negative emissions technology (NET). Agriculture and other plant-related land uses are a
significant source of greenhouse gas emissions, but they are also a source of creative ways to sequester
carbon. A sizable portion of the low-cost mitigation for the next 10 years may come from various
land-based mitigation strategies. Which strategies are the most appropriate and cost-effective is a
topic of discussion. Reducing the conversion and deterioration of natural ecosystems is, in my
opinion, the easiest action to take. The protection of forests must be a major concern on a worldwide
scale. High-biodiversity forests offer enormous ecological benefits in addition to having a huge
storage capacity per unit area. Evaluations of the potential of different land-use strategies based on
reforestation or afforestationmust work toward not only the long-term security of carbon storage, but
also the economic returns and food security. The options will probably be in line with regional

vii



requirements and priorities, as well as with countries’ capacity to act effectively without jeopardizing
other important policy objectives.

I am certain of one thing: we cannotmanage land usewith the plants we have right now, whether it
be for agriculture, afforestation/reforestation, or other purposes. Agricultural and forestry plants have
improved agronomic features primarily aimed at high production yields, whereas native plants were
designed to survive and thrive in their habitat. Although many commercial trees and crops have
genetic variation for these characteristics, selection for low or negative GHG emissions was not on the
agenda. Yet, to quickly transfer these features into forestry and agriculture and prevent subsequent
ecological catastrophes, plant biotechnology is the only viable option.

Fortunately,more people are finally coming to understand the importance of genetic and genomic
technologies to advance nature-based mitigation and adaptation of climate change. Plant biotechnol-
ogy is ready to offer a variety of tools that will enable a big leap in the rate of discoveries and advances
in new traits to reduce global warming and lessen its effects while providing food, feed, fiber, and fuel
chains.

The field of plant science is investigating several options to reach zero emissions of greenhouse
gases. The most efficient method of storing carbon in terms of time, cost, and scalability is probably
carbon sequestration in biomass or soil. Interesting NET techniques include the use of genetic
engineering to quickly domesticate perennial crops that have large root systems and to redesign
annual crops that have increased root biomass, which reach deeper soil layers and are resistant to
degradation.

There are many other viable options, and the best way to discover them is to take the advice of
genuine experts. I invite you to read this book with an open mind. It is the outcome of two
workshops that brought together a select group of scientists from around the globe to talk about
NET-based plants and microbes. This volume serves as proof that we are prepared on a technological
level. If the proposed strategies are deployed globally over the next few decades, they could pave the
way toward our climate change mitigation goals with co-benefits for human health and a sustainable
economy.

There are still gaps in knowledge to be filled. It is in the nature of scientific research that what is
known uncovers a vast array of unknowns. Regrettably, the unfavorable perception of plant biotech-
nology by many people has hindered the advancement of fundamental plant science that is essential
today. Specifically, there is only limited knowledge on the pathways utilized by plants to interact with
the environment. The physical environment has a significant impact on how plants and microor-
ganisms grow and function, as well as how they interact with each other. The influence of plant–
microbe interactions on tolerance to biotic stress, adaptation to drought and temperature, carbon
sequestration, and the production of bioactive chemicals and biomaterials has been greatly underes-
timated. Future crop improvement will require optimized phyllosphere, ectomycorrhizal, and mi-
crobiological conditions. For this, interdisciplinary collaboration is required.

Although the obstacles are formidable, there are also good reasons to be hopeful. We have
resources, entrepreneurs, and inventors as well as technology. The Bill andMelinda Gates Foundation
has taken the lead in promoting agrigenomic initiatives to achieve net-zero greenhouse gas emissions.

How knowledge and the benefits it brings are perceived by the community is as important as the
knowledge itself. Technological advances always trigger reactions from some people, and it is impor-
tant to pay attention to how these reactions can influence the acceptance of an innovative product.
But there are also good reasons to be positive about this. I thinkmany people have become aware of the
value of biotechnology-based solutions because the effects of climate change are so dire.

I see the Covid-19 crisis as an illustration.We responded to a genuine threat to humanity.Without
bypassing any quality- or safety-related controls, the vaccines were produced in record time. I hope
that decision-makers will act appropriately to lessen the regulatory barriers associated with agrige-
nomics to tackle global warming.

Foreword
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On a less positive note, in the absence of substantial socioeconomic reforms, technology solutions
are destined to fall short. To change the game, we must address issues that are currently barely on the
public policy radar, such as overpopulation, excessive consumption, and socioeconomic inequality.
These are mutually reinforcing threats that greatly contribute to socioeconomic disparity, environ-
mental degradation, and instability. These challenges must be addressed simultaneously, and scien-
tists also have something to say about this.

MARC VAN MONTAGU
1

Institute of Plant Biotechnology Outreach

1Correspondence: Marc.Vanmontagu@UGENT.BE

Foreword
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Preface

FOR800,000YEARS,ATMOSPHERICCO2CYCLED between roughly 130 and 275 ppm. Then came the industrial
revolution, and in only 150 years, an instant of geological time, CO2 spiked to 418 ppm, higher

than at any time in the last 3 million years. Moreover, isotopic analysis indicates that the increase is
due predominantly to fossil fuels. Similarly, methane and nitrous oxide have spiked to levels that
hadn’t been seen in millions of years.

Considering these facts, that are just the tip of the iceberg, one can’t help being struck by the results
of a 2021 Gallup poll indicating that only 57% of U.S. adults believe global warming has an anthro-
pogenic origin. And more than 40% believe its importance is greatly exaggerated, in spite of the
increasing number of extreme weather events and other phenomena that have strong anthropogenic
footprints. With statistics like those, it’s not surprising that large numbers of congressional repre-
sentatives find legislative proposals easy to ignore or oppose for partisan financial interests.

The good news is that economically viable technologies, which can control and exploit greenhouse
gas (GHG) emissions, or even pull GHGs from the atmosphere, are on the horizon. We believe both
prevention and pulling will be important if the global temperature is to be kept low enough to avoid
serious climatic damage, but current R&D is badly out of balance, with a strong weight on prevention.
Prevention is certainly needed, but even if completely successful we would still face a substantial
atmospheric surplus of GHGs. In addition, almost all the efforts to draw down atmospheric carbon
are focused on traditional engineering and traditional land management. In fact, until 4 years ago,
when we held our first conference on the subject, there wasn’t much thought, let alone research, on
the possibility of applying the emerging and powerful tools of systems and synthetic biology (SSB) to
agriculture. Since then, a lot has begun to happen.

This volume follows up two workshops sponsored by the Bill and Melinda Gates Foundation on
cutting edge SSB research, which could facilitate mitigation and adaptation through quantum leaps in
photosynthesis, fertilization,methane control, anddrought anddisease resistance, and thereby substantially
increase crop yield and soil carbon. The technologies are at various stages of development—some are ready
for field testing while others are still in the laboratory, but those that pass proof-of-principle should be
available and implementable within a decade. A corollary benefit might also be the activation of economic
incentives to regard CO2 and CH4 as potential resources rather than wastes; this could lower the volume
of unproductive arguments over “whose fault it is” that GHGs have increased rapidly in recent times.

Societal acceptance of new technologies, including often inappropriately applied regulatorymeasures,
is of course another matter, and may well be rate limiting and more difficult to overcome than technical
and scientific obstacles. It is important, however, to keep in mind that the known and convincingly
terminal consequences of doing nothingmay be substantially worse than the risks of thoughtful deploy-
ment of new technologies. Although it is impossible to predict what the future will bring, we expect the
increasing frequency of severe climate-related events, including heat waves, drought, category 5 hurri-
canes, and the movement of infectious disease agents to urban environments, will become serious
enough threats to health and finance to drive the actions necessary to implement the revolutionary
technologies that are sure to develop in the coming decade. We can certainly guide the world toward a
better future, but we—and especially the West, where the crisis started—must act now!

DANIEL DRELL, L. VAL GIDDINGS, ARISTIDES PATRINOS
RICHARD J. ROBERTS, CHARLES DELISI
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Introduction: Innovations like These Will Help
Solve the Climate Crisis

L. Val Giddings

Senior Fellow, Information Technology & Innovation Foundation, Washington, D.C. 20001, USA

Correspondence: vgiddings@itif.org

Hardly a day goes by without another piece
praising the potential for gene editing to

help solve climate change.1Nevertheless, the pos-
sible contributions of biology and biotechnology
have been conspicuously underplayed inmost of
the Intergovernmental Panel onClimate Change
analyses (IPCC Sixth Assessment Report, www
.ipcc.ch/assessment-report/ar6). This is, perhaps,
at least partly because it is no small thing to carry
an idea from inception todelivery, tonavigate the
valley of death (between discovery and commer-
cialization), and deliver a functioning solution
to a specific problem (Skillicorn 2022, www
.ideatovalue.com/inno/nickskillicorn/2021/05/the-
innovation-valley-of-death). But thismaybe start-
ing to change.

In February 2020, an eclectic group of scholars
published an important paper examining the
range of possible contributions from synthetic bi-
ology to climate change solutions (DeLisi et al.
2020). Shortly afterward, the world’s leading sci-
ence policy think tank, the Information Technol-
ogy and Innovation Foundation (itif.org/publica
tions/2020/01/29/itif-ranked-worlds-top-think-
tank-science-and-technology-policy-third), pub-
lished a report discussing possible gene-edited
solutions to climate change challenges (Giddings
et al. 2020). Together, these papers paint a hopeful
landscape rich with opportunities for solutions to
many of the challenges of climate change. Taken
together, they beg the obvious question: Which
should be pursued first, and how can they best
be galvanized? A subset of the authors of these

two papers coalesced around this challenge. This
volume is one result.

The challenges are not trivial. Since the dawn
of the industrial revolution, global atmospheric
CO2 levels have risen from ∼280 to 420 ppm
(Global Carbon Budget 2022, www.globalcarbon
project.org/carbonbudget/22/files/GCP_Carbon
Budget_2022.pdf; The NOAA Annual Green-
house Gas Index, AGGI, gml.noaa.gov/aggi/aggi.
html; Data on CO2 and greenhouse gas emissions
by Our World in Data, github.com/owid/co2-
data). This translates to an excess mass of atmo-
spheric CO2e of approximately 1000 Gt (DeLisi,
this volume). So the challenge is twofold—first to
reduce emissions to zero; and second, to apply
means of rapidly reducing the atmospheric excess
below the levels causing major, deleterious cli-
mate disruptions. Given the myriad of different
anthropogenic and natural sources of greenhouse
gases, and themanifold complexities of the global
carbon cycle, the challenge is not one problembut
many.

This volume follows a series of three inter-
national meetings made possible through sup-
port from the Bill and Melinda Gates Founda-
tion and theAlfred P. Sloan Foundation, focused
on methods for drawing down atmospheric car-
bon. The first surveyed available methods and
included substantial discussion of ethical and
regulatory issues (DeLisi et al. 2020). The next
twowere held in November 2021 at Boston Uni-
versity and February 7–8, 2022, at the U.S.
National Academy of Sciences (NAS). Contrib-

1Portions of this article are reprinted with permission from a piece previously published by the author on the ITIF website: itif.
org/publications/2022/08/22/how-agrigenomics-can-help-address-climate-change.

Cold Spring Harbor Laboratory Press gratefully acknowledges the support of the Bill & Melinda
Gates Foundation that made possible the development and free distribution of this eBook, and
open access to its content. 1
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utors to this volume are a subset of the attendees
at the last two meetings. The intent of the meet-
ings was to discuss how best to demonstrate
proof-of-concept for selected applications and
start to flesh out plans to reduce them to practice
at scale.

Each of the concepts described has consid-
erable potential, within the foreseeable future, to
reduce the amount of greenhouse gases entering
the atmosphere, or to reduce the excess carbon
now there. Cutting emissions is important but
reducing atmospheric carbon concentrations is
essential.

Even if humanity succeeds in eliminating
carbon emissions altogether—difficult to do
while keeping the population fed, housed, and
clothed—there is still a large amount of carbon
in the atmosphere beyond the capacity of earth’s
natural ecosystem processes to absorb.

To remove such large amounts of CO2 from
the atmosphere, we need technologies that will
deliver at scale—very large scale—and econom-
ically. With applications like those described
herein, and many more, this is tractable. But to
do so, we need to do more than just innovate
technologies. As emphasized by Marc Van
Montagu in the Foreword (and in the chapter
in this volume), we need to remove obstacles to
such innovations in policies, law, and regulation.
It’s time for countries around the world, includ-
ing theUnited States, and especially themember
states of the European Union, to set aside laws
and regulations left over from the early days of
the biotechnology revolution. They were driven
by fears that have long been shown unfounded
and a lack of understanding now thoroughly
remedied by experience and must be replaced
by policies that will enhance and enable innova-
tions rather than impede them. The world waits.

The contributions in this volume describe
specific projects with the potential to sequester
or reduce emissions of greenhouse gases consid-
erably and estimate the costs involved and the
impact were the project deployed at scale. It is
important to note that there are multiple oppor-
tunities for the projects to synergize with each
other and other initiatives.

Charles DeLisi analyzes the expected impact
of the $390 billion climate change component of

the U.S. Congress’ Inflation Reduction Act
H.R. 5376 (www.democrats.senate.gov/imo/me
dia/doc/inflation_reduction_act_of_2022.pdf ).
Straightforward projections indicate that even if
scaled toworldwide participation, the impact on
atmospheric CO2 by the end of the decade will
be inconsequential. This result highlights the
need to include CO2 drawdown in any cli-
mate-mitigation/adaptation strategy, and to
provide substantially greater support for creative
solutions to energy generation.

Julie Gray describes research in her lab-
oratory, which has successfully produced rice
strains with fewer stomata and thus a decreased
need for water. This is important for both adap-
tation and mitigation. With respect to the latter,
water-intensive cultivation of rice leads to deg-
radation of soil organic matter by methanogens
and other fermenting bacteria, a process that
releases methane and accounts for some 2.5%
of anthropogenic CO2 equivalent emissions
(Mboyerwa et al. 2022).

These emissions could be substantially alle-
viated by optimizing crops to reduce water loss
and speed the much-needed shift from paddy
rice toward dry seeded systems (Harlan and Pi-
trelli 2022; Caine et al. 2023). In collaboration
with the International Rice Research Institute
in the Philippines, novel rice varieties with re-
duced stomatal density have already been pro-
duced through gene editing and trait selection
that could be field tested rapidly and adopted
by farmers in the near future. The combined
impact of enhanced rice drought tolerance, to-
gether with reduced methane emissions and en-
ergy savings from irrigation could reduce CO2

emissions by more than a Gt per year, with fur-
ther reductions possible by application to other
major food crops including maize, soybean, and
rice as well as biomass crops like poplar and
switchgrass.

Mary Lidstrom describes a plan for methane
capture from air using aerobic methanotrophs.
Methane has a warming impact 34 times greater
than CO2 (on a 100-year timescale; 86 times
greater on a 20-year timescale) and a relatively
short half-life in the atmosphere (∼10 years).
This makes it a key short-term target for slowing
global warming by 2050. Lidstrom’s team is de-

L.V. Giddings
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veloping biofilter technology using bacteria that
metabolize methane to remove methane from
the air over emission sites, including agricultural
areas, where methane is enriched compared to
the atmosphere as a whole. This technology will
be designed also to reduce production of anoth-
er greenhouse gas, N2O, by limiting nitrate
availability. By targeting tens of thousands of
such sites, enhancing the current capacity of
such technology, and envisioning a 20-year de-
ployment, it would be possible to remove a
total of 0.3 Gt methane (10 Gt CO2e) by 2050
(0.5 Gt CO2e/yr), resulting in 0.2oC less global
warming.

Lisa Stein is working with biological nitrifi-
cation inhibitors and soil-free systems. While
the Haber–Bosch process for N-fixation has en-
abled a stable food supply for half of humanity,
the heavy use of synthetic fertilizers has caused a
radical imbalance in the global N-cycle (Smil
1999). The resulting increases in nitrate produc-
tion and GHG emissions have contributed to
eutrophication of ground and surface waters,
growth of oxygen-depleted zones in coastal re-
gions, ozone depletion, and has exacerbated ris-
ing global temperatures. According to the Food
and Agriculture Organization of the United Na-
tions, agriculture releases approximately 9.3 Gt
CO2 equivalents per year, of whichmethane and
nitrous oxide account for 5.3 Gt CO2e, ∼10% of
the total. N-pollution and slowing the runaway
N-cycle requires a combined effort to replace
chemical fertilizers with nitrification inhibitors
based on biological formulations, which could
significantly reduce agriculture-related GHG
emissions, protect waterways from nitrate pol-
lution, and soils from further deterioration.
Stein’s team aims to bring biological nitrifica-
tion inhibitors (BNIs) to the market to curb
the microbial conversion of fertilizer nitrogen
into greenhouse gases and other toxic interme-
diates. Worldwide adoption of these plant-de-
rived BNI molecules in combination with bio-
logical fertilizers would substantially elevate
nitrogen use efficiency (NUE) by crops while
blocking the dominant source of nitrous oxide
to the atmosphere. In addition to biological fer-
tilizers and BNIs, a second project to curtail N-
pollution, soil erosion, and deterioration of

freshwater supplies pursues the development
of improved microbial inocula to increase
NUE without GHG production in soil-free hy-
dro- and aquaponics operations. The carbon cy-
cle in these systems can be closed by including
anaerobic digestion of solid waste followed by
microbial conversion ofmethane into single-cell
protein for fish feed.

Ken Nealson describes a project involving
microbial acceleration of the natural process of
silicate-carbonatemineral weathering as ameth-
od of atmospheric CO2 drawdown. There is ge-
neral agreement that rock weathering via the
conversion of basaltic (silicate) rocks to lime-
stone-like carbonates offers an excellent (and
irreversible) way to reduce atmospheric CO2 lev-
els. The natural rates of such weathering reac-
tions are slow, but Project Vesta is developing
living microbial catalysts that greatly enhance
the rate of this weathering. Preliminary work
has shown major rate enhancement(s), and the
project is now ready to begin screening and ge-
netically engineering microbes to maximize the
rate(s) at which they accelerate silicate weather-
ing. The next step will be to scale up to 3000-liter
batches, followed by medium and then large-
scale reactors. Vesta anticipates about 5 million
tons of carbon removal per year with current
supplypartners, andafter that there are sufficient
mineral reserves and mine tailings to scale be-
yond the gigaton level in less than adecade. Their
approach will encompass coastal, terrestrial
(soil), and freshwater mineral enhancement,
and include both reactor-based and in situ sys-
tems. ProjectVesta has the capability to bring the
described approach(es) to scale rapidly, using
several laboratories and field stations where re-
search is ongoing, together with an outstanding
scientific, engineering, and administrative staff,
already working on permitting and other busi-
ness issues.

Tobias Erb leads a large team looking for
ways to improve photosynthesis beyond its nat-
ural limits. Plants generally use only about 1% of
the sunlight that falls on them to make carbo-
hydrates, consuming or “fixing” atmospheric
carbon in the process. Research teams around
the world are exploring ways to improve natural
photosynthesis and have made considerable
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progress to date. But Erb and his colleagues are
poised to make a quantum leap by radically re-
inventing photosynthesis using synthetic biol-
ogy, enzyme engineering and machine learning
to create innovative crops featuring a new-to-
nature CO2-fixationmetabolismwith photosyn-
thetic yields increased by 20% to 60% (poten-
tially up to 200%). They have already demon-
strated several synthetic pathways for improved
CO2 fixation that are up to 20× faster than nat-
ural photosynthesis and require 20% less energy
in the laboratory. Erb’s team is working to im-
plement these new-to-nature solutions in mi-
croorganisms and plants to improve their CO2

uptake efficiency. Models suggest that their ap-
proach could lead to the ability to sequester up-
ward of 3 Gt of CO2e annually, if applied to
crops alone.

Xiaohan Yang proposes a three-pronged
mutually reinforcing approach to carbon se-
questration and climate change adaptation.
This would involve increased photosynthesis,
increased translocation of captured carbon,
and increased soil capacity—and would, if suc-
cessful, have a major impact.

The three objectives are (1) integrative engi-
neering of CO2 capture, storage, and utilization
in fast-growing poplar (which can be used as a
feedstock for biofuels, biomaterials, and engi-
neered for deeper roots and root architectures
for increased carbon storage), (2) genetically en-
hanced agave-mediated carbon sequestration
and utilization in dry and hot regions, and (3)
the development of “care-free/climate-friendly”
lawn grasses. It is noteworthy that increased
production of agave would not only contribute
to amelioration of malnutrition, which will be-
come increasingly serious as the climate chang-
es, but it would enable utilization of the planet’s
500 million acres of marginal land (arid and
semi-arid) for production of agave and poplar,
and for the sequestration of 18 Gt CO2e per year
of atmospheric carbon. In addition, the crassu-
lacean acid metabolism (CAM) photosynthesis
pathway, which would be utilized, has the
unique feature of high water-use efficiency due
to daytime closure of stomata for reducing water
loss mediated by transpiration, and night-time
opening of stomata for CO2 uptake. More gen-

erally, CAM genes could also be engineered into
C3 plant species to increase drought tolerance.

Applying “care-free/climate-friendly” varie-
ties of perennial ryegrass, tall fescue, Kentucky
bluegrass, and fine fescue that are used in lawns,
athletic fields, golf courses, etc., will lead to sig-
nificant reductions in mowing frequency, fertil-
izer inputs, and water use, and could result in a
greater than 90% reduction in emission of CO2,
nitrous oxide, and methane associated with
lawn care. Several studies have shown that
greenhouse gas emission from lawn care, which
includes fertilizer and pesticide production, wa-
tering, mowing, and other lawn care practices, is
much greater than the amount of carbon stored
by lawn grasses. Yang estimates that in the
United States alone, lawn-care practices contrib-
ute at least of 41.3 million metric tons of CO2e.

Forest Biotech company FuturaGene (par-
ent company Suzano SA, Brazil) is focused on
the sustainable enhancement of renewable plan-
tation forest species. Plantation forests constitute
only 7% of global forest area, but they provide
∼50% of industrial wood. Shortfalls of 1–4 bil-
lionm3 in industrial roundwood supply are pro-
jected by 2050, and the productivity of planted
forests must triple by 2050 if global climate mit-
igation and adaptation targets are to be support-
ed and destruction of natural forests prevented.
FuturaGene proposes within the next 10 years to
deploy genetic modification (GM) technologies
(including direct yield enhancement and photo-
respiratory bypass) to plantation forestry across
the subtropics to address those targets and they
have the ability through parent company Suzano
SA to do so at scale. FuturaGene has developed
andobtained regulatoryapproval (inBrazil) fora
direct yield-enhanced eucalyptus variety, which
is ready for landscape-level testing (Riquelme
2015). Current carbon sequestration is estimated
to be around240 tons per hectare during a 7-year
growth cycle (a 2015 desk study). A 12% increase
in yield by either route would deliver 270 tons/
ha/7 years. If yield enhanced lines were planted
over the entire 1.2 million ha estate of Suzano,
this would correspond to 324 million tons of
CO2e per cycle. Across the entire Brazilian estate
of 9 million hectares, this would be 2.4 GtCO2e
per cycle.
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In my own contribution, I point out that
while projects like these hold considerable
GHG mitigation potential, the rate-limiting
factor in their ability to sequester carbon is im-
plementation, which is contingent on public ac-
ceptance. Policies, regulations, and business
practices such as industry certification all create
considerable barriers to development and de-
ployment of innovative solutions developed
with gene editing and genetic engineering. This
is the case around the world despite the lack of
scientific justification for such discrimination
and in the face of massive experience demon-
strating superior safety and sustainability of
such technologies, and the lackof commensurate
benefit from impeding policies and regulations.
If the acceptance climate is not improved, these
solutions will not be deployed. Pushing back
against the concerted disinformation campaigns
from special interests that have driven such dis-
criminatory policies is difficult, particularly for
governments, but independent, science-based
voices are uniquely suited for the task. There
are several entities with proven track records in
this space, a handful of which are listed below.

• The Genetic Literacy Project (GLP), geneti-
cliteracyproject.org;

• The Institute for Food Agricultural Literacy
(IFAL), ifal.ucdavis.edu;

• The International Service for the Acquisition
of Agri Biotech Applications (ISAAA), www
.isaaa.org/kc/default.asp;

• PG Economics, pgeconomics.co.uk/publica-
tions; and the

• Information Technology and Innovation
Foundation (ITIF), itif.org/issues/agricultur-
al-biotech.

There is agreement across several proposals
that the optimal way to reduce CO2 is to improve
biological productivity through crop engineer-
ing and increasing carbon fixation rates. There
is also recognition that nitrogen use efficiency, as
mediated by the soil microbiome, is essential to
achieving this goal. To further decrease GHGs
outside of crop systems, microbial processes in-
cluding atmospheric methane oxidation and

siderophore-mediated silicate weathering have
beenproposed.Organization to leverage the out-
puts of the projects described could center
around the plant–microbe–geology axis with
feedback between the atmosphere and hydro-
sphere. The idea would be to integrate imple-
mentation and monitoring of the proposed
technologies to incorporate and include synergis-
tic (and unintentional) effects across other eco-
spheres (e.g., biosphere, atmosphere, geosphere,
hydrosphere). An organizational strategy that in-
terconnects across systemswould allowadditional
projectstobe incorporatedso longasthe intention
isto remainconsciousof the interconnectionsand
feedback. This strategywill also force us to keep in
mind that systems necessarily work together and
affect one another. We cannot afford to continue
the age-old practice of changing one component
of a system with the belief that nothing else will
change in response!

Together, the total carbon sequestration ca-
pabilityof theprojects described in this volume is
estimated to begin at∼18GtCO2e. Given poten-
tial synergies and cooperation between them,
supporting them as a group would yield greater
benefits than selecting individual projects from a
menu of discrete offerings, and sustained sup-
port over time with minimal bureaucratic bur-
den would lead to the greatest returns on invest-
ment. None appears to be unduly hazardous. To
quantify and evaluate their riskswith precision is
not easily done. It is important to remember,
however, that the decisions that must be taken
to develop and deploy such measures do not
require understanding the absolute risks they
may entail. These decisions depend instead on
ascertaining the relative risks compared with the
alternatives, including inaction. In medicine,
high-risk experimental therapies can be justified
when the alternative is terminal; we need to con-
sider that we are on a road to irreversible and
insufferable planetary warming unless we rapid-
ly undertake bold and aggressive corrective
actions.

We are grateful to all the contributors to this
volume, which is made freely available electron-
ically by generous financial support from the Bill
and Melinda Gates Foundation. We also partic-
ularly want to acknowledge the support and
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encouragement of Rodger Voorhies, president,
Global Growth and Opportunity Fund.
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An Agrigenomics Trifecta: Greenhouse Gas
Drawdown, Food Security, and New Drugs
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An abundance of data, including decades of greenhouse gas (GHG) emission rates, atmo-
spheric concentrations, and global average temperatures, is sufficient to allow a strictly
empirical evaluation of the U.S. plan for controlling GHGs. This article presents an analysis,
based solely on such data, that shows that the difference between atmospheric GHG levels
that will be reached if current trends continue, and levels that would be achieved if the goals
of the plan are met—even with worldwide implementation—is inconsequential. Further, the
expected globally averaged temperature differences are well within measurement error. The
results lend additional support to the argument that any mitigation strategy must include
drawdown of atmospheric GHGs. Equally important, a particular drawdown strategy, agri-
genomics, offers the opportunity for a revolutionary trifecta: climate change mitigation, food
security, and medical advances.

Global warming is incontrovertible, and con-
fidence is very high that the extreme events

witnessed in recent decades are mainly anthro-
pogenic in origin (IPCC 2021). The confident
linkage of a changing climate to human activity,
rather than to natural and unknown causes, is
crucially important since it means that we can in
principle reduce warming by limiting human-
generated greenhouse gases (GHGs). Unfortu-
nately, although the world has witnessed three
decades of multinational meetings and agree-
ments, the average global temperature continues
to increase, as do its many and increasingly dis-
ruptive correlates.

One might take heart that in 2022, the Unit-
ed States Senate passed the Inflation Reduction
Act (Science for Impacts, Resilience and Adap-

tation [SIRA]), which included some $391 bil-
lion for climate change mitigation and adapta-
tion. It has been described as themost ambitious
climate action ever taken byCongress and, sadly,
it no doubt is.

EMISSION REDUCTION ALONE WILL NOT
CONTROL GLOBALWARMING

Current Policy

Recent estimates indicate that SIRA might re-
duce GHG emissions to a level that is 32%–
40% below 2005 levels by the end of the decade
(Jenkins et al. 2022). Before commenting on
the consequences of such a reduction, it is im-
portant to note that the warming potential of
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GHGs emitted by the United States in 2005 was
equivalent to that of ∼6.4 billion metric tonnes
(Gt) of carbon dioxide (CO2e), whereas by the
end of 2019 emissions had declined to ∼5.8 Gt
(Ritchie and Roser 2020).

A 40% goal, to be optimistic, would require
reducing emissions by 0.36 Gt/yr over a 7-yr pe-
riod. Since the United States currently accounts
foronly∼12%ofglobal emissionsofCO2e,much
of thepotential impact of the legislation, even if it
proved effective, would be lost. I will, therefore,
assume, with unwarranted optimism, that the
rest of theworld adopts an SIRA-like policy, and
comment on the impact under that condition.
The target for the average annual global emission
reduction in CO2e would then be ∼3 Gt/yr =
0.43 ppm/yr.1

The SIRA-based plan immediately suggests
three questions: What will the atmospheric con-
centration be if it is globally successful; How
much of an impact will the reduction in CO2e
have, relative to business as usual (BAU), on the
average global temperature; and What will the
cost be per ppm of CO2e reduction? The first
question has been addressed, at least in terms
of the U.S. contribution, by detailed and careful
analysis of different decarbonization scenarios
(REPEAT Project, repeatproject.org/policies/
net-zero). The philosophy adopted here is not
to forecast the reduction, but to ask for the im-
plications of a prespecified reduction, as embod-
ied in these questions. I believe informative ap-
proximate answers can be obtained based on
reasonable assumptions and on purely empirical
data (i.e., no theory).

The results presented here suggest that the
impact of SIRA on climate change mitigation
is essentially inconsequential and add urgen-
cy to introducing the kinds of action needed
to mitigate climate change. Specifically, the
final section of this article includes a discus-
sion of agrigenomics as an additional and im-
portant component of a global policy that
could, if well organized and funded at scale,

substantially mitigate a problem that all avail-
able data indicate continues to grow worse at
an alarming rate. Moreover, agrigenomics of-
fers the possibility of a multiwin strategy, in-
cluding major benefits to multiple economic
sectors.

Analysis

There are several auxiliary quantities that are re-
quired to obtain answers: the annual BAU rate of
increase in global CO2e emission, defined as ξ1;
the annual rate of reduction, ξ2, required by a
specified reduction in CO2e emission; an empir-
ical relation based on historical data between
atmospheric CO2e and average global tempera-
ture, and the fraction of CO2e emission that re-
mains in the atmosphere, also basedonhistorical
data.

Useful estimates of ξ1 and f, the fraction of
CO2e that remains in the atmosphere, can be
made if changes in concentration vary linearly
with time.As shown inFigure 1, the rate atwhich
atmospheric CO2e is increasing has satisfied that
condition for at least the last four decades. The
linear increase implicitly averages over a rate of
accumulationminus a rate of loss for the various
GHGs. Although the averaging time is small
compared to the atmospheric residence time of
mostGHGs, especially CO2, theGHG increase is
more or less in a steady state for the relevant
period.

In contrast to the implicitly averaged atmo-
spheric concentration increase, annual emission
prior to 2007 changes erratically and nonlinearly
(Fig. 2; Ritchie and Roser 2020). Consequently,
emission data prior to 2007 are not useful.
For the 13-yr period from2007 to 2019 inclusive,
the slope of CO2e emission versus year is rea-
sonably linear, and a least-squares fit gives ξ1 =
0.085 ppm/yr. As indicated above, ξ2 =−0.43
ppm/yr.

The fraction, f, of emitted CO2e that remains
in the atmosphere was estimated by dividing
the change in atmospheric concentration dur-
ing the 2007–2019 period (40 ppm) by the sum
of the annual emissions during that period
(93 ppm) to obtain f = 0.43.

1The conversion 6.9 GtCO2eq=1 ppm was obtained by sum-
ming the conversion factors for CO2, CH4, and N2O, and F gases,
weighted by their concentrations normalized to 1. It, therefore,
omits ∼4% of GHGs.
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The Atmospheric Concentration Difference
between SIRA and BAU Is Roughly 1%

Let cn denote the carbon dioxide equivalent con-
centration n years after year 0 (see Box 1),

cn ¼ c0 þ nfDþ nf (nþ 1)jj
2

; j ¼ 1, 2, (1)

and δ, the difference between concentrations for
SIRA and BAU,

d ¼ fn(nþ 1)(j1 � j2)
2

, (2)

where Δ is the emission rate, and c0 atmospheric
concentration, in year 0.

From Equation 2, we find that SIRA, if glob-
ally applied, will decrease the atmospheric con-
centration relative to BAU by 6.2 ppm. To place
this in perspective, it is∼1.2% of the 2019 atmo-
spheric CO2e (500 ppm).
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Figure 1.Carbon dioxide equivalent (CO2e) atmospheric concentration from 1980 to 2019 has increased linearly
at a rate of 2.84 ppm/yr. (From the National Oceanic and Atmospheric Administration [NOAA] annual green-
house gas index, gml.noaa.gov/aggi/aggi.html.)
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Figure 2. (A) Carbon dioxide equivalent (CO2e) emitted annually, 2007–2019 inclusive. The slope ξ1 = 0.085
ppm/yr. The fraction f, of CO2e emitted that remains in the atmosphere, was estimated by dividing the total
emitted CO2e during the period shown by the increase in atmospheric concentration (Fig. 1) during the same
period. (B) CO2e emitted annually, 1990–2019 inclusive (Ritchie and Roser 2020).
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The importance of CO2 to the total GHG
concentration cannot be overstated. CO2 not
only consists of some 72% of annual GHG emis-
sions, it does not react chemically, has no natural
sinks, and therefore has a long and complicated
atmospheric residence (Fig. 3; Ritchie and Roser
2020).Under SIRA,CO2would reach∼431ppm,
or ∼3.4 trillion tonnes (Tt)—that is, an excess of
about (431− 280) × 7.8= 1.2 TtCO2 above prein-
dustrial levels. Even if emission stopped immedi-
ately, the excess atmospheric CO2 in 500 years
would be in the neighborhood of 330 Gt.

TemperatureDifferences Are Inconsequential

A linear least-squares fit of temperature to con-
centration (Fig. 4) has a slope of 0.0068C·CO2e

−1

(read 0.0068°C/ppm of CO2e). This gives a tem-
perature deviation between BAU and SIRA of
∼0.04°C, which is within measurement uncer-
tainty. There should be no need to emphasize,
but I will nevertheless remark, that if the United
States acts alone, ξ2 would have to be multiplied
by 0.12 used for estimating the share of U.S.
CO2e, and the temperature deviation from
BAU would be essentially meaningless.

Costs

An estimate of cost does not involve a complex
economic analysis: consistency requires that it
be obtained by multiplying the SIRA budget us-
ing the CO2e scaling factor. In particular, $391
billion/0.12 gives $3.26 × 1012 or (dividing by
6.2 ppm) $526 billion/ppm of CO2e emission
reduction relative to BOA. That translates to
∼$76/tonne of CO2e, which is within the range
of estimates of carbon abatement costs. It is im-
portant to be clear about what this money is
buying—it is providing jobs in an important
economic sector, and it is appropriately part of
the Economic Recovery Act; it is not, however,
doing anything to mitigate global warming.

We can hope that other wealthy nations will
do their part in reducing GHGs, but hope is not
policy, and for a plan such as SIRA, the impact
would be far too small even if the world coop-
erated.Moreover, although SIRA sounds bold, it
is not—and if, as some say, it is a step in the right
direction, it is a political step, not a technological

step. In fact, to the extent that it gives false hope
and thereby reduces pressure for consequential
action, it may be worse than doing nothing.

The reasons for the disappointing lack of
consequence are not difficult to identify. One
is that, unlike the majority of nations for which
GHG emissions have increased since 2003, the
U.S. GHG emissions have declined. Conse-
quently, using 2003 as a point of reference can
be misleading; it would seem more straightfor-
ward to speak in terms of a reduction below
current levels. In addition, exuberance over an
apparitional reduction in emission rate can blur
what should be a clear vision of a planetary re-
ality, that is, the continued rapid emission and
accumulation of CO2e.

THE PATH FORWARD MUST INCLUDE
ATMOSPHERIC GHG REMOVAL

Tobeclear, I amnot saying that current strategies
using alternative energy sources, green indus-
tries, economic stimuli, andemission constraints
shouldbe abandoned.On the contrary, as argued
previously (DeLisi 2019; DeLisi et al. 2020), they
must be included as part of an integrated strat-
egy, but one that includes a strong GHG draw-
down component. In particular, the results indi-
cate that under a reasonable set of circumstances,
neither strategy alone effectively reduces atmo-
spheric GHGs, but together the impact is sub-
stantial. They also indicate an unusually strong
effect of a decadal delay in the start of an effective
strategy (details are in DeLisi 2019).

A Strategy that Includes Agrigenomics Offers
the Possibility of a Revolutionary Trifecta

GHG drawdown is an engineering problem and
numerous solutions have been proposed, some
of which have been under consideration for de-
cades (National Academies of Sciences, Engi-
neering and Medicine 2019). Until recently,
however, the approach that we believe has the
greatest potential, agrigenomics, has received
very little attention. To a first approximation,
agrigenomics can be thought of as traditional
land management on steroids. But as the con-
tributions to this collection demonstrate, its ad-
vantages are more than just quantitative: it en-
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ables possibilities that were previously difficult
even to imagine. Perhaps most importantly, it
offers the possibility of a triple win, including
new approaches to food security in response to
a changing climate, and the possibility of dis-
covering new generations of promising com-
pounds for pharmaceutical development. And,
of course, substantial economic benefits derive
from all three.

The biological approach that has received
themost attention is bioenergy with carbon cap-
ture and sequestration (BECCS). The idea is to
plant and then remove trees after a period of
rapid growth, followed by burning to provide
energy, capturing and sequestering the released
carbon, and then continuing the sequence with
another round of seedlings. Trees of course re-
quire land, and, unfortunately, the land require-

BOX 1. DERIVATION OF EQUATION 1

The simplest way to obtain Equation 1 is to write out expressions for the concentration in the first few
years.

The atmospheric concentration at the end of 2020 for BAU ( j=1) and SIRA ( j=2) is

c1 ¼ c0 þ f (Dþ jj) j ¼ 1, 2,

where f (Δ+ ξj) is the concentration increase in year 2020.
The amount emitted in 2021 is the amount emitted in 2020+ the change in emission in 2021,

(Dþ jj)þ jj ¼ Dþ 2jj:

Therefore,

c2 ¼ c1 þ f (Dþ 2jj) ¼ c0 þ f (Dþ jj)þ f (Dþ 2jj) ¼ c0 þ 2fDþ 3fjj:

The emission in 2022 is the emission in 2021+ the change in emission in 2021,

Dþ 2jj þ jj ¼ Dþ 3jj ,

c3 ¼ c2 þ f (Dþ 3jj) ¼ c0 þ 2fDþ 3fjj þ f (Dþ 3jj) ¼ c0 þ f (3Dþ 6jj):

The relation between cn and c0 can now be seen to have the form,
cn ¼ c0 þ nfDþ frnjj ,

where rn=1, 3, 6, 10,… for n=1, 2, 3, 4,… rn will be recognized as the sum of the first n integers:

rn ¼
Xn

k¼1

k:

Therefore, rn=n(n+1)/2,

cn ¼ c0 þ nfDþ fn(nþ 1)jj
2

,

and the atmospheric concentration difference, δ, between BAO and SIRA after n years follows im-
mediately:

d ¼ fn(nþ 1)(j1 � j2)
2

:

GHG Drawdown, Food Security, and New Drugs
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ment for even amoderate reduction in emission,
let alone a reduction in the concentration of
atmospheric GHGs, is essentially unattainable.
Other biomass energy/carbon removal methods
are also being explored (DeLisi et al. 2020), but
they all face serious scaling difficulties.

I mention BECCS even though it is not ge-
nomically based, because of its visibility and
because agrigenomic advances can lower the
threshold for its use by substantially improving

land use. Efficient land use, of course, has num-
erous benefits beyond just boosting bioenergy
and carbon removal efforts. For instance, agrige-
nomic advances can enable the cultivation of
crops in difficult environments through genetic
modification to increasedroughtandsalinity tol-
erance (Caine et al. 2019). And of course, an in-
crease inphotosynthetic efficiency, suchasby the
creation of photorespiration pathways that are
new to nature (Scheffen et al. 2021; Erb et al.
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2023), could have an enormous impact. Futura-
Gene has already engineered eucalyptus trees
with a 30% increase in yield (May et al. 2022).
Here again, the ideawouldbe to growand replace
high-yield trees, and to thereby increase CO2 re-
moval. Moreover, the possibility of moving be-
yond eucalyptus to tress whose wood is high on
the Janka scale,2 for example, at or above the
hardness of Brazilian ebony, could provide a
source of building material that would substan-
tially reduce the carbon footprint of cement pro-
duction.

Another promising area of research is the
use of mitochondrial editing to modify the
active site of rubisco in C3 plants, potentially
increasing the photosynthetic efficiency and
carbon-to-oxygen ratio. Finally, toxicity and
other damage that accompanies the use of excess
fertilizer can be reduced by increasing the effi-
ciency with which microbes fix atmospheric
nitrogen.

The third arm of the trifecta is medical.
Until the relatively recent ascendency of struc-
tural chemistry, living organisms, and especially
plants, were themain source of drugs. Currently,
some 11% of the drugs classified as essential by
the World Health Organization originated in
plants (Veeresham 2012) including digitalis, er-
gotamine, quinine, and salicylates (Sen and Sa-
manta 2015).

Indeed chemical methods have not so much
displaced natural products as the source of
drugs, as they have accelerated the opportunities
for exploiting plants in the search for new med-
icines. Thus, sequencing enables rapid, inexpen-
sive elucidation of structure and the structures of
enzymes involved in their synthesis, design en-
ables increased potency, and low-cost synthesis
enables amplification of availability. An exam-
ple is the vinca alkaloids that are widely used to
treat various cancers (Sears and Boger 2015).

Considering the diversity and magnitude of
the plant kingdom, it would be surprising if

there were not a treasure trove of untapped op-
portunities that could be realized with acceler-
ated efforts in agrigenomics. These include the
potential for the discovery of enzymes crucial to
metabolism, of new pathways for secondaryme-
tabolites, and transgenic plants with specified
traits of medical benefit.

It should be evident from these remarks and
from the other articles in this collection that
scientific and technological opportunities for
climate modulation abound. There are also, of
course, multiple possible roadblocks. Most are
too complex to be discussed here, but two in
particular must bementioned if this monograph
is to have even the semblance of completeness.
Regulatory and other related social issues were
discussed in depth at our 2020 conference on
Climate Change and Systems Biology and are
summarized inDeLisi et al. (2020) andGiddings
(2023).

With respect to organization, although there
is plenty going on scientifically, a challenge as
substantial as climate change is not likely to be
met by scattered efforts here and there; it is best
met by a well-thought-through cohesive plan.
Highly complex challenges encountered in the
past—theManhattan Project, themoonshot, the
Human Genome Project—were all met because
science and technology were supported by
superb large-scale organizational leadership.
Climate change, with its mix of politics, eco-
nomics, ethics, cultural diversity, and technolo-
gy, is, in my opinion, considerably more com-
plicated than any technological challenge faced
by previous generations. It is past the time that
some nation, or group of billionaires willing to
pool resources, step forward with a plan to kick-
start a historic effort. If that happens a parade
will follow, if for no other reason than fear of
being left behind economically.
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Plants take up carbon dioxide, and lose water, through pores on their leaf surfaces called
stomata. We have a good understanding of the biochemical signals that control the produc-
tion of stomata, and over the past decade, these have beenmanipulated to produce cropswith
fewer stomata. Cropswith abnormally low stomatal densities require lesswater to produce the
same yield and have enhanced drought tolerance. These “water-saver” crops also have
improved salinity tolerance and are expected to have increased resistance to some diseases.
We calculate that the widespread adoption of water-saver crops could lead to reductions in
greenhouse gas emissions equivalent to a maximum of 0.5 GtCO2/yr and thus could help to
mitigate the impacts of climate change on agriculture and food security through protecting
yields in stressful environments and requiring fewer inputs.

GREENHOUSE GAS EMISSIONS AND
CLIMATE CHANGE

Climate change models suggest that we face a
warmer future with insufficient water for ag-

riculture (World Bank Group, documents1.world
bank.org/curated/en/875921614166983369/pdf/
Water-in-Agriculture-Towards-Sustainable-Ag-
riculture.pdf). Increases in greenhouse gas (GHG)
emissions have already been linked to a rise in
average global temperatures of ∼1.1°C, and it
appears unlikely that humanity will be able to
meet the target of limiting warming to 1.5°C
above preindustrial levels set in the COP21
Paris Agreement of 2015 (WorldMeteorological
Organization, public.wmo.int/en/our-mandate/

climate/wmo-statement-state-of-global-climate).
It is likely that we shall exceed the 1.5°C target,
and this could cause an amplification of global
warming and make a return to preindustrialized
temperatures far more challenging (Intergovern-
mental Panel on Climate Change [IPCC] 2022).
Because agriculture represents one of the major
sources of anthropogenic GHG emissions, hu-
manity urgently needs to develop agricultural sys-
tems that produce lower levels of GHG emissions
by using our precious water, nutrient, and land
resources more efficiently. We must also protect
against the wasteful GHG emissions associated
with yield losses, by adapting crops to be more
resilient to the additional stresses imposed by the
changing climate.
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CLIMATE CHANGE DIMINISHES WATER
AVAILABILITY FOR AGRICULTURE

The warmer climate holds more water vapor in
the atmosphere, and this is causing the drying of
our lakes and rivers, reducing moisture in our
soils, and making rainfall less predictable. In
combination with altered water flows, this lack
of water availability is already affecting produc-
tivity in many agricultural areas (FAO 2021a).
Indeed, drought causes the single greatest loss
of agricultural production accounting for >34%
of the losses of crop and livestock production in
low-andmiddle-incomecountries (FAO2021b).
This problem is expected to get worse in many
crop-growing areas of the world, with more fre-
quent and severe drought and heat periods being
predicted (IPCC 2022). Although global heating
and increasing climate instabilityarepredicted to
cause some areas to become wetter (because of
severe rainfall events and rising sea levels), most
experts predict that the global climate will con-
tinue tobecomehotteranddrier.This is expected
to intensify land desertification and precipitate
morewidespread famines andfires (FAO2021b).
When we also consider the requirement to in-
crease agricultural outputs to feed our growing
population, theneed tocreate cropsthat aremore
resilient to environmental stresses becomes ever
more critical (Beddington 2010).

We will not be able to rely on increased levels
of irrigation tomaintain cropproductivity aswater
availability for crops becomes more limited. Al-
ready perhaps 70% of freshwater is used for agri-
culture, and irrigation pumping uses 6% of global
electricity (World Bank Group, documents1
.worldbank.org/curated/en/875921614166983369/
pdf/Water-in-Agriculture-Towards-Sustainable-
Agriculture.pdf). As water resources diminish
under climate change, we will not be able to irri-
gate crops to the same extent, and wewill need to
grow crops that require less water. The use of
crops that require less water could provide addi-
tional benefits, as irrigation can create further
problems that impact negatively on long-term
productivity, such as increased soil salinity and
toxicity.

The current challenge is to produce crops
that are both resilient to periods of water scarcity

and able to use the available water more effi-
ciently. These are known as drought resilience
and water use efficiency, respectively.

STOMATA CONTROL PLANT WATER LOSS

Several biotechnological routes have been pro-
posed to create crops that are more resilient to
drought, including up-regulating stress-related
gene transcription or improving root architec-
ture. Such manipulations could help to mitigate
yield reductions under climate change (Mar-
tignago et al. 2020). One potential route to both
increasing drought tolerance and reducing crop
water requirements that we have recently pro-
posed lies in reducing the number of water-per-
meable pores known as stomata (Bertolino et al.
2019; Buckley et al. 2020). Stomata are micro-
scopic adjustable pores on the surface of leaves
that allow plants to take up carbon dioxide (Fig.
1). The primary role of stomata is to facilitate
photosynthesis, which underpins all crop yields.
However, for eachCO2moleculefixed, hundreds
of water molecules are lost through the open
pores, and below we discuss how this ratio of
CO2 uptake to water loss could be better opti-
mized for current and future climate conditions.
Thewater that istakenupbyrootsmovesthrough
the plant in the transpiration stream and is rap-
idly, and almost completely, lost through the sto-
mata on the leaves. This water is not entirely
wasted, though, as the transpiration stream pulls
vitalnutrientswith it toward thegrowing tips and
seeds, as well as cooling the plant tissues. How-
ever, any toxins or salts in the soil may alsomove
with the transpiration stream and accumulate in
the resulting crops, causing a drop in yields or
compromising food safety. In addition, stomata
can be exploited by many fungal and bacterial
crop pathogens that use these pores as conve-
nient entry points into the interior of the plant.
Thus, although stomata are vital for crop photo-
synthesis, there are costs to the plant of having
excessive stomatal capacity includinga reduction
in water use efficiency (WUE) (i.e., the ratio of
carbon gained to water lost) and potentially an
increased susceptibility to drought, salinity, and
disease. To ensure that these negative attributes
of stomata do not outweigh the benefits, plants
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have evolved the ability to close their stomata at
night when there is no light for photosynthesis
and also to shut in response to drought or path-
ogens. Efficient stomatal closure mechanisms
allow plants to conservewater and improve their
WUE (Lawson and Vialet-Chabrand 2019).
However, stomata cannot completely close, and
water loss continues at a lower level even in the
dark or under drought conditions. Thus, the
number and size of stomatal pores is a major
determinant of the achievable minimum (and
maximum) level of cropWUE.

PLANTS WITH FEWER STOMATA COULD BE
BETTER SUITED TO FUTURE CLIMATES AND
CO2 LEVELS

Recent improvements in our understanding of
how stomata are produced have enabled novel
ways to generate crops that both use water more
efficiently and are drought-tolerant. In brief,
studies using the model plant Arabidopsis
show that early in leaf development, biochemi-
cal signals are secreted from stomatal precursor
cells. These signals activate receptors on the sur-
face of surrounding epidermal cells, preventing
them from entering the stomatal development
program (by promoting degradation of the tran-
scriptional regulator that is responsible for ini-
tiating stomatal development). At the same

time, antagonizing signals are secreted from
the mesophyll cells of the leaf interior, and these
promote stomatal development in the epidermis
by competing for and blocking the same recep-
tors (Zoulias et al. 2018; Lee and Bergmann
2019; Torii 2021). Thus, an intricate balance of
activating and inhibiting developmental signals
determines the density of stomata that result on
the mature leaf. These secreted peptide signals
are encoded by members of the epidermal pat-
terning factor (EPF) gene family, which includes
EPF and EPF-like (EPFL)members. This family
includes several members that have directly op-
posing effects, acting to either inhibit or pro-
mote the number of stomata that eventually
form on the leaves (e.g., Hara et al. 2007; Hunt
and Gray 2009; Sugano et al. 2010).

Plants lacking a particular EPF (called EPF2
in Arabidopsis) produce more stomata, whereas
those genetically engineered to overexpress this
signal produce very low densities of stomata
(Hunt and Gray 2009). Remarkably, EPF-over-
expressing Arabidopsis plants with only 20% of
the normal number of stomata appear to grow
normally and have enhanced soil water conser-
vation and WUE (i.e., an increased proportion
of CO2molecules fixed per watermolecules lost)
and increased levels of drought tolerance. We
have called these plants with reduced stomatal
density “water-saver” plants because of their

CO2 H2O

Figure 1.Diagram of awheat plant showing a cross section through a leaf to reveal the cellular patterning. Stomata
are present in the epidermal layers and consist of pairs of guard cells and subsidiary cells (purple and blue). These
minute adjustable pores regulate the flow of gases between the atmosphere and the interior of the leaf. When the
pores are open in the light, carbon dioxide enters the leaf and is fixed by photosynthesis. At the same time, water
vapor is lost to the atmosphere through the transpiration stream.

Water-Saver Crops and Reduction in GHG
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ability to conserve soil water and avoid drought
stress, without showing any significant reduc-
tion in photosynthesis or nutrient uptake (Do-
heny-Adams et al. 2012; Hepworth et al. 2015;
Harrison et al. 2020). As described below, the
water-saver plants also show a degree of patho-
gen tolerance because of the reduced number of
stomatal entry points (Dutton et al. 2019). We
have also discovered that similar EPFs and
EPFLs exist across remarkably diverse groups of
land plants, including important cereal crop
species (Hepworth et al. 2015). In an effort to
create crops that require less water, water-saver
crops have also recently been created through
reducing stomatal density by overexpressing
similar crop EPFs.

The discovery of these biochemical signals
has allowed us to test whether crop plants really
need so many stomata, and what would happen
if we reduced the density of stomata on crop
leaves (Harrison et al. 2020). It is timely to ask
these questions because carbon dioxide levels
are currently rising so rapidly that plants are
living at much higher levels of CO2 than they
evolved to grow at. About 100 years ago, CO2

levels were ∼280 ppm. They have now passed
400 ppm and are still rising (National Oceanic
and Atmospheric Administration, www.noaa
.gov/news-release/carbon-dioxide-now-more-
than-50-higher-than-pre-industrial-levels). Plants
should need a much lower capacity for CO2 up-
take when CO2 levels are so high. However, the
increases in CO2 emissions have happened too
quickly for evolutionary change to occur, and it
is calculated that most plants are currently oper-
ating at about only 10%–20% of their stomatal
capacity (Franks et al. 2015). Many plant species
can make some developmental adaptions to high
CO2 levels, and these often include making small
reductions in stomatal development. Unfortu-
nately,manydomesticatedcropspecies, including
rice, are unable to reduce the number of stomata
that they produce at high CO2 (Rowland-Bam-
ford et al. 1990). This suggests that at current
CO2 levels, if crops could be produced that have
fewer stomata, these should still produce the same
yield but require much less water to do so. They
should also accumulate lower levels of toxins such
as salt and arsenic in their tissues when grown in

contaminated soils and be less susceptible to dis-
eases caused by pathogens that infect through
stomata. Crop species that can reduce their num-
bers of stomata at high CO2 can only make small
adjustments. We, therefore, require a biotechno-
logical approach that can substantially reduce sto-
matal numbers to realize the improvements in
drought resilience,WUE, and salinity and patho-
gen tolerances discussed below.

CROPS WITH FEWER STOMATA REQUIRE
LESS WATER AND ARE MORE DROUGHT-
TOLERANT

Some of our most important crops are cereals,
and their cultivation is particularly water-inten-
sive, with some rice and wheat agricultural sys-
tems requiring thousands of liters of water to
produce a single kilogram of grain. Homologs
of EPFs have now been identified in barley,
wheat, and rice genomes, and have been overex-
pressed in these crops (Hughes et al. 2017; Caine
et al. 2019; Dunn et al. 2019; Lu et al. 2019; Mo-
hammed et al. 2019). In all three crops, as in
Arabidopsis, EPFoverexpression resulted in sub-
stantial reductions in stomatal density (Fig. 2). It
has now been demonstrated for each of these
three cereal species, that the EPF-engineered
crops with approximately half of the normal
number of stomata on their leaves have enhanc-
ed WUE with little or no detriment to photo-
synthesis and, most importantly, no significant
yield penalty. For example, when rice plantswith
low stomatal density were cultivated under well-
watered conditions, they conserved more water
in the soil and required 42% less water, yet they
still produced the same amount of grain as the
control plants (Fig. 3).When thewater-saver rice
plantswere subjected toadrought treatment they
weremore able tomaintain their photosynthesis
and growth and went on to produce∼27%more
grain yield than their controls in the same con-
ditions (Fig. 3; Caine et al. 2019). Their conser-
vative use of water when it was plentiful allowed
thewater-saver rice to preservemoisture levels in
the soil, enabling drought stress avoidance when
water became scarce.

Rice cultivation probably produces the larg-
est human-caused emissions of methane, which
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is a much more potent but shorter-lived GHG
than carbon dioxide. Anoxic soil conditions of
paddy fields in Asia encourage methanogenesis
(Kumar and Ladha 2011). Altering rice agricul-
tural practices to move toward aerobic direct or
dry seeded rice or alternate wetting and drying
would be preferable, and, where appropriate,
this could reduce methane emissions by up to
75% and facilitate more intensive rice produc-
tion (Pathak 2023). However, flooding helps to
manage weed problems and yields of direct-
seeded rice have been variable. Growers are,
therefore, reluctant to change their agricultural
practices. The availability of drought-tolerant
water-saver cultivars could help to encourage
the much-needed move away from flooded pad-
dy fields as direct-seeded rice is so much more
vulnerable to drought stress.

PLANTS WITH FEWER STOMATA HAVE
ENHANCED PATHOGEN AND SALINITY
TOLERANCE

Experiments with Arabidopsis mutants and
Pseudomonas syringae, a bacterium that gains
access to the plant through stomata and causes
bacterial speck disease (Fig. 4), have shown that
plantswith reduced stomatal density have signif-
icantly reduced pathogen loads following infec-
tion. Disease-related symptoms were less severe
for several days after inoculation and photosyn-
thetic efficiency was maintained at higher levels
in the Arabidopsis plants with fewer stomata
(Dutton et al. 2019). This suggests that a decrease
in stomatal pathogen entry points could give

A

B

Control Low stomatal density

50 g per plant 64 g per plant

Figure 3. Water-saver rice uses less water and seed
yields are more resilient to drought conditions. (A)
When plants are well supplied with water, the volume
of water taken up by an epidermal patterning factor
(EPF)-overexpressing rice plant (right) with 49% of
the normal stomatal density on the first true leaf is
42% less than the volume of water taken up by a
control plant (left) with the normal complement of
stomata over the same 1-wk period (28–35 d postger-
mination). (B) The grain yield from an EPF-overex-
pressing rice plant is 27% higher than in a control
plant following the imposition of a 3-d severe drought
period during the flowering period. (Figure created
from data in Caine et al. 2019.)

A B

Figure 2.The overexpression of an epidermal pattern-
ing factor (EPF) in genetically modified wheat, barley,
or rice plants leads to a reduction in the density of
stomata that form in the leaf epidermis. These EPF-
overexpressing plants with fewer stomata lose less wa-
ter and they have, therefore, been named water-saver.
Low stomatal density plants have enhanced water use
efficiency, are drought-tolerant, and are better able to
survive in saline conditions. The figure shows cell
patterning of the leaf epidermis of (A) control plants
with the normal complement of stomata, and (B)
EPF-overexpressing plants with fewer stomata.
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plants additional time to mount an appropriate
defense response; this could slow the spreadof an
infection and help to protect yields. Thus, low
stomatal water-saver barley and wheat plants
could have significant tolerance to fungal patho-
gens that enter through stomata and cause dis-
eases suchasbrownandyellowrust.Ricedoesnot
havea rust-causingpathogenbut is susceptible to
several bacterial pathogens that gain entry via
stomata. The most important of these are Xan-
thomonas oryzae pv. oryzae and Xanthomonas
oryzae pv. oryzicola, which cause leaf blight and
leaf streak diseases, which both constrain rice
productivity (Niño-Liu et al. 2006). Because
many important fungal and bacterial crop path-
ogens cause substantial losses by infection
through stomatal pores, it might be expected
that water-saver crops manipulated to have low
stomatal density would show a degree of disease
resistance that could help to protect against yield
losses and reduce the levels of pesticide applica-
tion required. Again, this research area has excit-
ing potential but requires more attention.

The growth and survival of most plants, and
particularly crop species, are severely affected by
high levelsof salts insoils.Theareaofagricultural
land affected by salinity, and therefore lost to
food production, is continually expandingmost-
ly because of rising sea levels (which accompany
global warming) and water extraction and un-
sustainable irrigation practices. A World Bank
working grouphas calculated that the agricultur-

al losses to salinity each year are equivalent to the
amount of food required to feed 170million peo-
ple (Russ et al. 2020). This means that year on
year salinity causes the loss of enough farming
land to feed half of the population of the United
States. We urgently need to slow this loss in ag-
ricultural capacity by developing crops that re-
quire less irrigation and are better able to tolerate
saline conditions. Recently, in addition to having
increased drought and pathogen tolerances as
describedabove,water-saver ricehasbeen shown
to be able to survive periods of salinity (Caine
et al. 2023). Perhaps because of its reduced levels
of water loss, this rice takes up and accumulates
less salt and has an enhanced survival rate when
exposed to salinity treatments that are normally
lethal to rice plants (20 mM or 50 mMNaCl ap-
plied over several weeks). The water-saver rice
accumulates less than half the amount of sodium
in its leaves and outperforms traditionally bred
stress-tolerant cultivars when grown in saline
conditions (Caine et al. 2023).

WATER-SAVING RICE DOES NOT
SHOW ENHANCED SUSCEPTIBILITY
TO HEAT STRESS

As our climate warms, it is predicted that in the
near future heat stress will cause a more se-
vere challenge to agricultural production than
drought stress (Semenov and Shewry 2011). Ce-
real yields are susceptible to heat stress, particu-
larly during reproductive and grain-filling
stages. Over the next 25 years, it is expected that
one-quarter of the rice-growing areas will experi-
ence yield losses fromhigh temperatures (Jagadish
et al. 2015). Perhaps worryingly, the water-saver
ricewith reduced stomatal density showed slight-
ly increased leaf surface temperatures when well
supplied with water (Caine et al. 2019). This is
presumed to be due to a reduction in their tran-
spirational water loss and an associated lower
level of evaporative cooling. As rising tempera-
tures are expected to be detrimental to rice pro-
ductivity, it is important to ascertain whether
the water-saver plants have increased suscepti-
bility to heat stress.

To investigate this, the temperature of water-
saver rice leaves was monitored while they were

Figure 4. Disease-causing pathogens can enter
through stomata. A scanning electronmicroscope im-
age of Pseudomonas syringae cells on the epidermal
surface of Arabidopsis thaliana. Scale bar, 5 µm. (Fig-
ure provided by L. Hunt and C. Dutton.)
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exposed to heat conditions known to be damag-
ing to rice (35°C or 40°C). Surprisingly, the low
stomatal density leaves were able tomaintain the
same temperature as the control plants (which
had the normal complement of stomata). This
indicates that water-saver rice has sufficient
evaporative cooling capacity to cope with air
temperatures up to at least 40°C. Although the
plants have fewer stomata, the stomata that they
have are functional and they are able to open and
close normally. Rather than succumb to over-
heating, the low-stomatal-densityplants stopped
saving water. At high temperatures, they opened
their stomata wider and were able to cool them-
selves as efficiently as the control plants (Caine
et al. 2019). It, therefore, appears thatwater-saver
crops are not particularly susceptible to rising
temperatures, possibly because, as mentioned
above, most plants are operating at only a small
proportion of their stomatal capacity. Although
promising, yields under heat stress are yet to be
reported.

MANIPULATING STOMATAL DENSITY
COULD REDUCE GHG EMISSIONS

Together, the above results demonstrate that
reducing the stomatal density of crops could
give several advantages. These crops should be
less susceptible to yield loss when exposed to
drought, salinity, disease-causing microbes that
enter throughstomata, or severalof these in com-
bination. Furthermore, they should not show a
yielddeficitwhenwell suppliedwithwaternoran
enhanced susceptibility to heat stress. Thus, wa-

ter-saver crops should beparticularlywell-suited
to the multistress environments that are occur-
ring more frequently in agricultural areas under
climate warming. Hence, it is possible that their
adoption could help us to adapt to, and reduce,
the damaging effects of climate change on agri-
culture (Bertolinoet al. 2019;Buckleyet al. 2020).
Below we outline calculations to quantify the
maximum level of GHG reductions that could
be achieved by the adoption ofwater-saver crops.

Global agriculture and related land use were
estimated to cause 9.8 billion tonnes of carbon
dioxide equivalent (GtCO2e) emissions in 2018,
of which∼10% came from rice cultivation alone
(FAO 2020). Above, we outlined how producing
crops with reduced stomatal densities could en-
hance stress tolerances and protect yields and
these, combined with improved agricultural
practices, could lead to adrop inGHGemissions.
Our calculations shown in Table 1 suggest that if
(in an optimistic scenario) low-stomatal-density
traits were to be fully adopted by growers, the
drought-resilient and WUE properties of wa-
ter-saver rice have the potential tomake substan-
tial reductions in agricultural GHG emissions,
up to 417.7 million tonnes of carbon dioxide
equivalent per year (MtCO2e/yr). Additional re-
ductions of 67.5 MtCO2e/yr could be achieved
from moderate reductions in wider agricultural
losses to salinity and to pathogens that enter
through stomata (Table 2). Thus, the combined
potential reductions from this technology could
reach 485.2 MtCO2e/yr, equating to 1.3% of the
36.2 GtCO2e/yr of total anthropogenic emis-
sions or 4.4% of the 11 GtCO2e/yr emission re-

Table 1. Maximum potential greenhouse gas emission savings from the adoption of low-stomatal-density rice

Yield protected from drought loss 147.7a

Energy use reduction from decreased irrigation 12.5b

Shift from paddy to dry/direct-seeded rice 257.5c

Total potential reductions 417.7 MtCO2e/yr

Data sources: aRice cultivation accounts for 1.5%–2.5% of the estimated 36.2 GtCO2e/yr human-induced GHG emissions
(LeQuéré et al. 2018). Drought reduces agricultural yields by 34% (FAO 2021b) and low stomatal density rice reduces the im-
pact of drought on yield by 60% (Caine et al. 2019).

bDifference between energy inputs for irrigated and rainfed rice in Myanmar is 8139.4 MJ/ha (Soni and Soe 2016). On
average, 818.3 lb CO2 emitted per MWh energy generated or 0.13 kg/MJ (U.S. Environmental Protection Agency, eGRID
Power Profiler). Global area of irrigated rice estimated at 118 Mha (75% of total rice area of 158 Mha).

cPaddy rice produces an estimated 20–100 Tg CH4/yr. Better management could reduce methane emissions by 270
MtCO2e/yr (Working Group III IPCC, Smith et al. 2007). To avoid double accounting, 12.5 Mt savings from reduced
irrigation have been deducted.
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ductions that are predicted to be required to stay
within the 1.5°C global warming target. Whole-
saleadoptionofnewagricultural technology is,of
course, an overoptimistic scenario, and the po-
tential benefits derived from the application of
this technology would vary between agricultural
systems, climatic regions, and crop species.
Nonetheless, field trials combined with further
assessment of these calculations could enable fu-
ture targeting of research and development in
which the maximum GHG reductions could be
achieved. Seed-based technologies are relatively
low-cost to implement and the impact on re-
ducedGHGemissions,whichhasbeenestimated
here based on a range of existing evidence, is
potentially substantial.

ROUTES TO THE FIELD

Genetic tools are currently available that could
rapidly produce crop varieties that are better able
to cope with abiotic and biotic stresses and that
we calculate should have reduced GHG emis-
sions associated with their production. Through
simplyoverexpressing anEPF,we can reduce sto-
matal density, decrease crop water use, conserve
soil water, and improve resilience to drought and
salinityandperhaps somepathogens. The exper-
iments to date have focused on making substan-
tial reductions in crop stomatal density (i.e., 50%
or greater) to provide “proof of principle” that a
reduction in stomatal density can improve stress
tolerances (Hughes et al. 2017; Caine et al. 2019;
Dunn et al. 2019). Further work now needs to be
carried out to determine the particular stomatal
densities required to protect yields and to opti-
mize the reductions in GHG emissions that

might be achievable for different crop species in
differing agricultural systems and environments
—in particular, for direct-seeded rice systems.

Existing legislation and public opposition
currently ensure that crops overexpressing an
EPF would be expensive and slow to implement.
There is still substantial opposition to genetically
engineered crops and, because of the urgency of
the climate crisis, it is critical that other potential
routes are explored so that we can create similar
water-saver varieties in perhaps more publicly
acceptable ways, as soon as possible. Consider-
able efforts have already begun to achieve this via
different methodologies. For example, rice with
substantially reduced stomatal density has been
produced using gene editing to target and knock
out an antagonistic EPFLbiochemical signal that
normally promotes stomatal development (Yin
et al. 2017). Furthermore, through the screening
of a fast-neutron mutagenized rice population,
several stomatal density and size traits have re-
cently been identified that are readily accessible
for theconventionalbreedingof improvedwater-
saver crops (Pitaloka et al. 2022).

Most of the results discussed in the above
sections have been taken from trials carried
out in greenhouses or controlled environment
chambers (because of the complications and
costs arising from current restrictions on the re-
lease of genetically modified [GM] crops). Al-
though these results are encouraging in terms
of stress tolerances andyields, it isnowimportant
that low-stomatal-density water-saver crops are
properly assessed in the field under different
climatic conditions. We also need to investi-
gate how this trait will perform in combination
with other known genetic traits associated with

Table 2. Potential greenhouse gas reductions from improved tolerance to pathogens and salinity through
adoption of low-stomatal-density crops

10% Reduction in loss to fungal diseases 56a

10% Reduction in fungicide production 0.5b

10% Reduction in loss of land to salinity 11c

Potential reductions 67.5 MtCO2e/yr

Data sources: aFungal diseases cause an estimated 11% loss in crop yields and agriculture accounts for estimated emissions of
5.1–6.1 GtCO2e/yr (Working Group III of IPCC, Smith et al. 2007).

bPesticide energy input of 1364 MJ/ha corresponds to weighted average GHG emission of 94 kg CO2e/ha arable crop, 27 kg
CO2e/ha of which is fungicide (Audsley et al. 2009). Global area of cropland is ∼166 Mha (FAO 2021a).

cSalinity causes the loss of ∼0.02% of global agricultural yield each year (World Bank Policy research working paper, Russ
et al. 2020).
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drought and disease resistance and whether
stacking of multiple crop improvement traits
could further protect crop yields and enhance
GHG emission savings. The recent availability
of non-GM varieties with low stomatal density
should allow field trials in the near future.

In conclusion, research across several major
cereal species has demonstrated that stomatal
development can be substantially reduced, and
this could bring about major savings in crop wa-
ter use without impacting on seed yield. Indeed,
water-saver crops have the potential to yield bet-
ter thanconventionalvarietiesunderchallenging
environments. They could also bring about a re-
duction inwater pumping for irrigation andmay
help to facilitate a move away from highly meth-
anogenic paddy field agriculture. Thus, crops
with low stomatal densities have the potential
to improve the resilience of crops to the ongoing
effects of climate changewhile perhaps reducing
the level of GHG emissions produced by agricul-
ture, thereby helping humanity to both adapt to
and mitigate future climate change.
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The rapid pace of climate change has created great urgency for short-term mitigation strate-
gies. Appropriately, the long-term target for intervening in global warming is CO2, but experts
suggest that methane should be a key short-term target. Methane has a warming impact 34
times greater than CO2 on a 100-year timescale, and 86 times greater on a 20-year timescale,
and its short half-life in the atmosphere provides the opportunity for near-term positive
climate impacts. One approach to removing methane is the use of bacteria for which
methane is their sole carbon and energy source (methanotrophs). Such bacteria convert
methane to CO2 and biomass, a potentially value-added product and co-benefit. If air
above emissions sites with elevated methane is targeted, technology harnessing the
aerobic methanotrophs has the potential to become economically viable and environmen-
tally sound. This article discusses challenges and opportunities for using aerobic methano-
trophs for methane removal from air, including the avoidance of increased N2O emissions.

METHANE AND CLIMATE CHANGE

The rapid pace of climate change has created
great urgency formitigationmeasures (Inter-

governmental Panel on Climate Change [IPCC]
2021).CO2continuestobeamajor target, but it is
now broadly accepted that a second prime target
for slowing global warming by 2050 is the green-
house gas methane (Smith et al. 2020; Intergov-
ernmental Panel on Climate Change [IPCC]
2021; Jackson et al. 2021; Ocko et al. 2021; Sun
et al. 2021; Dreyfus et al. 2022). Methane has a
warming impact 34 times greater than CO2 on a
100-yr timescale, and 86 times greater on a 20-yr
timescale (Abernethy et al. 2021; Intergovern-
mental Panel on Climate Change [IPCC] 2021).

In addition, its relatively short half-life in the
atmosphere (∼10 yr) provides the opportunity
for near-term climate mitigation (Smith et al.
2020; Abernethy et al. 2021; Intergovernmental
Panel on Climate Change [IPCC] 2021; Ocko
et al. 2021; Sun et al. 2021). The United States
has recently joined more than 100 countries in
the Global Methane Pledge to reduce methane
emissions by 2030 (U.S. Department of State
2021). Recent projections predict that a signifi-
cant impact can be made by 2050. In one mod-
eling study, 0.3 petagrams (gigatonnes [Gt]) of
methane removed by 2050 is predicted to slow
global warming by 0.22°C (Ocko et al. 2021),
whereas in a second study, 1 petagram (Gt) of
methane removal is predicted to slow global
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warming by 0.21°C (Abernethy et al. 2021). De-
creases of this magnitude are predicted to have
a major positive impact on our climate future
(Abernethy et al. 2021; Ocko et al. 2021), espe-
cially when combined with other mitigation
strategies (Sun et al. 2021).

EMISSION STRATEGIES FOR DECREASING
METHANE: NEED FOR METHANE REMOVAL
APPROACHES

Most solutions being proposed for decreasing
methane in the atmosphere are focused on de-
creasing emissions (Ocko et al. 2021), and these
are important goals. However, not all methane
emissions are amenable to reduction, and it has
been argued that emission-reduction strategies
must be augmented by methane removal from
air to slow global warming by 2050 (Jackson
et al. 2021; Warszawski et al. 2021; Nisbet-Jones
et al. 2022). In addition, many emission sources
will leak significant methane, even after mitiga-
tion efforts, because most emission mitigations
are only partially effective. For example, Swedish
landfills in which methane is harvested still emit
more thanhalfof theproducedmethane to theair
(Börjesson et al. 2009). One advantage of meth-
ane removal technology is that it can be deployed
at anyemission site anddoesnot require custom-
ization depending on the emission type (e.g.,
landfills vs. sewage treatment plants vs. rice pad-
dies), which will streamline development and
implementation. Finally, it is now becoming
clear that many methane emission reduction
strategies have the potential to result in increased
nitrous oxide (N2O) emissions because of the
complex interplay in microbial communities
between methane consumption, denitrification
(use of oxidized nitrogen compounds as an elec-
tronacceptor), andnitrification (useof ammonia
asanenergysource) and thegenerationofN2Oas
a by-product of the latter two processes (Stein
2020; Chang et al. 2021; Kang et al. 2021; Nis-
bet-Jones et al. 2022). Because N2O is 10 times
more potent than methane on a 100-year time-
scale, if N2O increases at a rate of only 10% of the
methane reduction, they cancel each other out in
terms of impact. A recent study with rice paddy
soil has shown that N2O increases in response to

increased methane consumption as a result of
competition for copper (Chang et al. 2021).Anal-
ysis of the results in that study suggests that the
N2O produced is roughly 10% of the methane
consumed. In studies of methane and N2O gen-
eration from landfills in which aeration was used
to stimulatemethane consumption and other de-
gradation rates, N2O production increased (Nag
et al. 2016) andN2Oemissions greater thanmeth-
ane were noted from the working face of a Ger-
man landfill (Harborth et al. 2013). Because N2O
is rarely measured in methane emission mitiga-
tion studies, the extent of N2O increase is uncer-
tain, but it is possible thatmanymeasures taken to
reduce methane emissions have the potential to
simultaneously increaseN2Oemissions. Itmaybe
possible to mitigate some of this increase—for
instance with nitrification inhibitors (Ocko et al.
2021)—but significantN2Oemissions result from
denitrification(Stein2020;Changetal. 2021),and
denitrification inhibitorshave so far shownmixed
results (Ye et al. 2022).

METHANE REMOVAL CHALLENGES

Twomajorchallenges formethane removal from
air are concentration and scale. Both must be
addressed when considering a specific methane
mitigation technology to understand potential
feasibility and impact.

Concentration

The current concentration of methane in air is
very low, at 1.9 ppm, which is ∼2 nM dissolved
methane in water at 25°C. Certain types of bac-
teria, calledmethanotrophs, are known that sub-
sist onmethane (see below), and a subset of these
strains can consume methane at ambient levels.
However, the rates at 1.9 ppm are extremely slow
(on the order of μg CH4 (g cells)

−1 h−1) and not
predicted tosustaingrowth long-term(Kneif and
Dunfield2005;Yoonetal. 2009;Tveit et al. 2019).
Alternatively, many methanotrophs consume
methane at significant rates at 100–1000 ppm
(0.01%–0.1%) (Kneif and Dunfield 2005), and
many types of methane emission sites have
been shown to have methane in the air directly
above or beside the sites at concentrations of 100
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ppmorgreater (Table1;Nisbet-Joneset al. 2022).
There aremany thousandsof these emission sites
in theUnitedStates alone, andexamplesofmeth-
ane measurements suggest that a subset of such
sites are candidates formethanotrophicmethane
removal (Table 1). It has been suggested that
methane removal from the air at such sites using
methanotroph-basedtechnologyisfeasible(Yoon
et al. 2009; Nisbet-Jones et al. 2022).

Methanotrophs have been used to remove
methanefromairusingabiofilm-basedbioreactor
technology known as biofilters, but those systems
are designed for methane in the 1%–5% (10,000–
50,000 ppm) range (La et al. 2018) and do not
contain methanotrophs adapted to the lower
methane levels noted above (0.01%–0.1%). Biofil-
ters consist of a solid support on which biofilms
develop,oftenwithcountercurrenthumidifiedgas
streams and nutrient supply (La et al. 2018). A
modeling study has predicted that a biofilter unit
on the order of 100 m3 treatment volume should
have a capacity of∼6 tonnesmethane/year at 500
ppm assuming 300 d operation/year (Yoon et al.
2009).More recentmeasurements (Ferdowsi et al.
2016) at 1000 ppm showed a capacity of 0.32
tonnes/m3 treatment volume/year, which trans-
lates to 32 tonnes methane/year for a 100 m3

unit. Assuming that methane removal is linear
with concentration between 500 and 1000 ppm,
we can predict half that amount (0.16 tonnes/

m3/year; 16 tonnes/year/unit) at 500 ppm. The
average of these studies for 500 ppm methane is
∼0.1 tonnes/m3/year, or for a unit of 100 m3, 10
tonnes/year.Thism3-basedcapacityvalue(tonnes
methane consumed/m3 treatment volume/year)
will be referred to in this paper as methane re-
moval capacity and is related to the often-used
term of elimination capacity (EC), which is g me-
thane consumed/m3/h, by a factor of 140.

Scale

Asnoted above, an impactful target for 2050 is 0.3
Gt cumulativemethane removal, predicted tomit-
igate 0.07°C–0.22°C. Removing 15 Mt methane/
year for 20 years would reach this goal. Assuming
a20-yeardeploymentandanaverageof10 tonnes/
treatment unit/year capacity, such technology
would require 1.5 million treatment units, and
this may be more than the number of such emis-
sion sites worldwide. However, as noted above,
current biofilter technology is not optimized for
low methane levels, providing an opportunity for
enhancement (seebelow). Increasing themethane
removal capacity by 10-fold would drop the num-
berrequiredto150,000unitsworldwide,agoalthat
would be challenging but potentially feasible.

This analysis of concentration and scale is
encouraging, suggesting that methane removal
technology based on methanotrophs optimized

Table 1. Examples of documented methane concentrations in air at emission sites

Emission site type
Examples of measured concentration

in air (ppm) References

Landfills active 4000–8000
100–800

Carmen and Vincent 1998; Börjesson et al.
2009

Landfills inactive 1000–3000 Carmen and Vincent 1998
Coal mines active 10,000–50,000 Limbri et al. 2014
Coal mines

inactive
10,000–50,000 Kholod et al. 2020

Sewage treatment Up to 50,000 in sewers Liu et al. 2015
Hydroelectric

dams
Not available, but high dissolved concentrations Kikuchi and Bingre doAmaral 2008; Reis et al.

2020
Dairy farms Not available, but anaerobic digestors release

methane
Wu et al. 2019; Centeno-Mora et al. 2020

Feedlots Not available, but anaerobic digestors release
methane

Wu et al. 2019; Centeno-Mora et al. 2020

Oil and gas wells 500–10,000
Up to 3000

Williams et al. 2019; Cho et al. 2020
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for removing methane from air at 100–500 ppm
or higher could theoretically be feasible at a
globally meaningful scale.

METHANOTROPHIC BACTERIA

The organisms that consumemethane are known
as methanotrophs, and they comprise a group of
bacteria and archaeawith the ability to use meth-
ane as their sole carbon and energy source. The
archaeal methanotrophs carry out reverse meth-
anogenesis with electron acceptors of nitrate, sul-
fate, or metals (Evans et al. 2019), whereas the
bacterialmethanotrophsoxidizemethanewithO2

via a methane monooxygenase (Fig. 1; Koo and
Rosenzweig 2021). These aerobicmethanotrophs
are amenable to genetic and genomic manipula-
tion (Puri et al. 2015), andmetabolic engineering
has been carried out for a variety of value-added
products from methane (Chistoserdova and Ka-
lyuzhnaya 2018; Nguyen and Lee 2021).

One important parameter for removing
methane at 100–500 ppm concentrations is the
whole-cell affinity for methane (apparentKm, or
Km(app)), in which low Km(app) correlates with
higher ability to consume lowmethane. Two un-
related methane monooxygenases are known,
the soluble Fe enzyme (sMMO), which has a
Km(app) of 30–50 μM, and themembrane-bound
Cu enzyme (pMMO), which has a much lower

Km(app) of 1–7 μM (Kneif and Dunfield 2005;
Tveit et al. 2019). As noted above, aerobic meth-
anotrophs expressing the pMMO have been
shown to consumemethane at atmospheric con-
centrations (albeit at rates orders of magnitude
lower than at 500 ppm), and an alternative
whole-cell kinetic parameter, the specific affinity
(a°s) has been suggested as appropriate for such
low methane concentrations (Kneif and Dun-
field 2005; Tveit et al. 2019). Specific affinity is
the slope of theMichaelis–Mentenplot (reaction
velocity vs. substrate concentration) in the linear
range (at low concentrations), with high a°s de-
noting highmethane consumption at lowmeth-
ane. In this case, high a°s correlates with the abil-
ity to consume lowmethane concentrations and
is highest in methanotrophs expressing pMMO
(Kneif and Dunfield 2005; Tveit et al. 2019). Re-
verse methanogenesis in the methanotrophic
archaea requires much higher methane, with
Km(app) values on the order of mM (Lu et al.
2019). For the purposes of removing methane at
100–500 ppminair, aerobicmethanotrophicbac-
teria using the pMMO are the targets of interest.

PROCESS SIMULATION AND
SUSTAINABILITY ASSESSMENT

Early-stage research and development work into
the technical feasibility of climate change miti-

�-proteobacteria: serine cycle
� -proteobacteria: RuMP cycle
Others: Calvin–Benson–Bassham cycle

Biomass

Methanol
dehydrogenase

Methane
monooxygenase

pMMO
  membrane-bound
  low Km(app) (1–7 �M)
sMMO
  cytoplasmic
  high Km(app) (30–50 �M)

CO2

HCHO

CH3OH

CH4

O2

cytred

cytox

Figure 1. Methane metabolism in aerobic methanotrophs. (sMMO) soluble (cytoplasmic) methane monoox-
ygenase, (pMMO) particulate (membrane-bound) methane monooxygenase, (RuMP) ribulosemonophosphate,
(cyt) cytochrome.
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gation technologies should include an assess-
ment of the likely environmental impacts and
economic costs, to ensure that the mitigation
system has a high likelihood of improving the
net greenhouse gas situation, and achieving
cost parity with competing reduction options
(Nisbet-Jones et al. 2022). With technology
such as methanotroph-based methane removal,
estimates of environmental and economic im-
pact must come from detailed process models
that characterize the fullmaterial and energy bal-
ances of the entire system, together with capital
and operational cost factors for all unit opera-
tions (e.g., Handler and Shonnard 2018). These
studies should include the economic and en-
vironmental value of a sustainable single-cell
protein product (methane-derived bacterial bio-
mass), which is used as a feed supplement for
aquaculture and potentially for livestock. Meth-
ane-derived single-cell protein has an estimated
value of $1600/tonne (El Abbadi et al. 2022).
Such effort is needed as part of a holistic assess-
ment of methanotroph-based methane removal
technology.

OPPORTUNITIES

The looming climate crisis creates a sense of ur-
gency to develop mitigation options quickly, so
deployment can begin and continue for a suffi-
cient amount of time to slow global warming
over the next few decades. Although multiple
strategies exist for methane mitigation (Jackson
et al. 2021; Nisbet-Jones et al. 2022), none of
them are ready to deploy at scale. An attractive
feature ofmethanotroph-basedmethane removal
is the history of commercial biofilter-basedmeth-
ane removal technology.Thisprovides anexisting
platform of success on which to build enhanced
systems, perhaps with a modified bioreactor con-
figuration (see below). In addition, a methano-
troph-based bioreactor strategy creates the possi-
bility that a single technology could be deployed
anywhere in the world. This situation creates op-
timism that methanotroph-based bioreactors for
methaneremovalcouldbecomeareality intimeto
be a part of the solution to slow global warming.

Finally, the concern that enhancing metha-
notroph-based methane consumption in the

field in natural microbial communities will in-
crease N2O emissions adds impetus to create a
closed system technology that can control both
the microorganisms and their ancillary metab-
olism.

Costs

For methanotroph-based bioreactor technology
tobecomefeasible, itmustbeeconomically viable.
A 2009 study (Yoon et al. 2009) assessed standard
biofilter technology using methanotrophs to re-
movemethaneat500 ppmbasedon literatureval-
ues. They projected a financial cost for capital and
operating of ∼$500/tonne CO2 equivalents (CO2e)
andCO2 generation foroperations equal to∼10%
of the total CO2e removed (assuming no heat-
ing). This analysis suggests improvements must
bemadeinthemethaneconsumed/treatmentvol-
ume/year for such a biofilter approach to become
economically feasible.

Conceptual Design

Figure 2 shows a conceptual design of a possible
methane bioreactor technology. In this scheme,
the air overlying or downwind of emission sites
would be blown into a modular thin film–based
bioreactor system containing a methane-utilizing
bacterial community. Themethanewould be con-
vertedtoCO2andbiomass,andthebiomasswould
be periodically harvested for use as a protein feed-
stock. Alternatively, methanotrophs could be en-
gineered toexcreteavalue-addedproduct suchasa
biofuelorotherchemical feedstock(Chistoserdova
and Kalyuzhnaya 2018; Nguyen and Lee 2021). If
the blowers and bioreactor were low power and
efficient and thewater useminimized, such a tech-
nology could become both economically feasible
and environmentally sound.

Potential Improvements

Both microbial and bioreactor improvements
are possible for methanotroph-based bioreactor
methane removal schemes. So far, published
methane biofilter approaches have not utilized
methanotrophsspecificallychosenfortheirability
toconsumemethaneat low levels. In theLidstrom
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group,we have screened strains inour culture col-
lection and discovered a subset with superior
growth and methane oxidation rates at 100 and
500 ppm methane (He et al. 2023) compared to
results in the literature (Kneif andDunfield 2005).
Further screens will undoubtedly identify even
better strains for this purpose. It may also be pos-
sible to utilize both targeted and untargeted syn-
thetic biology approaches to enhance methane
consumption at 100–500 ppmmethane by either
altering the methane oxidation system (the
pMMO), redirectingmetabolicflux, or increasing
metabolic efficiency.

For bioreactor improvements, approaches us-
ing thin film technology have been applied tomi-
crobial conversions (Padhi and Gokhale 2017;
Ekins-Coward et al. 2019), and these have the ad-
vantage of high methane mass transfer and low
water usage. Both are important parameters for a
future deployable technology andhave the poten-
tial to both increase methane removal capacity
and decrease costs. Finally, advances that would
result in low power consumption or utilization of
solar panels and allow efficient harvesting of sin-
gle-cell proteinwould alsobe expected toenhance

the performance and financial feasibility. Based
on the analysis described above (Yoon et al.
2009), it would appear that a 10-fold methane
removal capacity improvement would generate
an economically feasible system achieving signifi-
cant net CO2e removal and targeting methane at
500 ppm, but as noted above, a complete assess-
ment is necessary to test this prediction.

Risks

Because methanotroph-based biofilter technol-
ogy is commercially viable at higher methane
concentrations (La et al. 2018), the main risks
involved in the approach described here are the
inability to achieve a 10-fold increase in meth-
ane consumption and issues that might arise
with scale-up of a modified bioreactor design.

NEEDS

For a methanotroph-based bioreactor methane
removal technology to be achieved and commer-
cialized, a set of stepsmust be taken. First, labora-
tory-scale studies are needed to carry out the en-

Emission;
high local

concentrations
Blower

Methane-utilizing
bacterial community

in modules

Simple low-power
bioreactor

Anaerobic digester effluent

release points

Rice paddies

Landfills

Oil and gas wells

Hydroelectric dams

CO2, value-added product
     (sustainable protein,
     excreted high value product)

CH4

Figure 2. Schematic of a possible methanotroph-based bioreactor system for removing methane.
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hancements noted above, and full-scale life cycle
assessments and technoeconomicmodels need to
be established. Several laboratories around the
world have the needed expertise for the range of
this required work, and potential strains and bio-
reactor technologies are alreadyavailable, increas-
ing the feasibility of such studies. Umbrella fund-
ing that brings multiple groups together under a
shared technology goal would be necessary to
achieve these goals in a 5-yr time frame. Based
on this work, pilot systems would need to be de-
veloped, and once evaluated, a community-based
program involving collaboration with thosemost
affected by methane release could then result in
deployment in the field, with further rounds of
optimization.At thatpoint, thetechnologyshould
be ready to be commercialized and deployed
at scale. Working together with communities
strongly affected by methane release, such an ap-
proach has the potential to make a difference in
global warming by 2050.

SUMMARY

Methane is a prime target for addressing the in-
creasing urgency of climate change and global
warming, through acombination of emissions re-
duction andmethane removal fromair.Although
multiple approaches exist for methane removal,
methanotroph-based bioreactormethane remov-
al is potentially feasible in a relatively short time
frame if funding becomes available to support the
necessarywork. In addition, it has the advantages
of beingmodular, deployable at large numbers of
sites globally, and potentially economically and
environmentally viable. It will be important to
develop technology in concert with communities
affectedbymethane emissions to achievemutual-
ly beneficial outcomes.
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While the Haber–Bosch process for N-fixation has enabled a steady food supply for half of
humanity, substantial use of synthetic fertilizers has caused a radical unevenness in the global
N-cycle. The resulting increases in nitrate production and greenhouse gas (GHG) emissions
have contributed to eutrophication of both ground and surface waters, the growth of oxygen
minimumzones in coastal regions, ozone depletion, and rising global temperatures. As stated
by the Food and Agriculture Organization of theUnited Nations, agriculture releases∼9.3 Gt
CO2 equivalents per year, of which methane (CH4) and nitrous oxide (N2O) account for 5.3
GtCO2 equivalents.N-pollution and slowing the runawayN-cycle requires acombined effort
to replace chemical fertilizers with biological alternatives, which after a 10-yr span of usage
could eliminate a minimum of 30% of ag-related GHG emissions (∼1.59 Gt), protect water-
ways from nitrate pollution, and protect soils from further deterioration. Agritech solutions
include bringing biological fertilizers andbiological nitrification inhibitors to themarketplace
to reduce the microbial conversion of fertilizer nitrogen into GHGs and other toxic interme-
diates. Worldwide adoption of these plant-derived molecules will substantially elevate ni-
trogen use efficiency by crops while blocking the dominant source of N2O to the atmosphere
and simultaneously protecting the biological CH4 sink. Additional agritech solutions to
curtail N-pollution, soil erosion, and deterioration of freshwater supplies include soil-free
aquaponics systems that utilize improvedmicrobial inocula to enhance nitrogen use efficien-
cy without GHG production. With adequate and timely investment and scale-up, microbe-
based agritech solutions emphasizing N-cycling processes can dramatically reduce GHG
emissions on short time lines.

CURRENT STATE OF THE GLOBAL N-CYCLE

Humanity is quickly approaching the mo-
ment where decisions on how we manage

land use, distribution of planetary resources, and
foodsupplieswill determineour fate in the faceof
rapid climate change. It is clear that global in-
equality, wherein the wealthiest 10% of individ-
uals are responsible for as much usage of re-
sources and ecological damage as the bottom

80%, must be addressed if we are to avoid (or
minimize) the more dire consequences to the
human population and habitability of the planet
(Rammelt et al. 2023). Without adjustments to
our global food systems, negative environmental
effects are expected to increase by 50%–90%
from 2010 to 2050 due to further additions to
the human population and a concomitant rise
in global income (Springmann et al. 2018). The
greatest environmental effect will be increased
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greenhouse gas (GHG) emissions followed by
demands for arable land, water usage, and appli-
cation of nitrogen and phosphorous fertilizers.
Planetary boundaries that have already been
crossed due to our current food systems include
climate change, biosphere integrity, and N-cycle
and phosphorous cycle thresholds (Rockstrom
et al. 2009; Springmann et al. 2018). Additional
boundaries that will be crossed soon include
freshwater use, ocean acidification, land-use
change, and destabilization of ecosystem func-
tions that support human life.

Global food production is at the heart of our
survival, which relies on delivering nutrients
(e.g., nitrogen and phosphorous) to crops across
diverse geographical regions. Prior to industrial-
ized society, nitrogen delivery to plants was ac-
complished by microbial N2-fixation and other
natural processes. However, our relationship to
the N-cycle changed when we discovered how to
chemicallyfixatmosphericN2 intoreactive-Nvia
the Haber–Bosch process (Galloway et al. 2014).
Between 1850 and 1950, human-derived reac-
tive-N (HdRn) was proportional to the popula-
tion. From 1950 to 1980, the Green Revolution
resulted in amarked uptick inHdRn, fromabout
12 to30 kgNyr−1 capita−1.Thiswasalsoaperiod
of rapid population growth, peaking at around a
2% growth rate in the 1960s (Ritchie et al. 2023).
From 1980 to the present day, HdRn has stabi-
lized toaround30 kgNyr−1 capita−1, butdue toa
population of 8 billion and rising, this level of
HdRN exceeds the planetary boundaries of sus-
tainability, causing increased ecosystem degra-
dationandunmitigatedGHGproduction (Rock-
strom et al. 2009; Galloway et al. 2014).

Some practical solutions to slow the crossing
of planetary sustainability boundaries include
shifting food choices toward plant-based diets,
reducing food waste, and improving technology
and management of food systems (Springmann
etal. 2018). Inaddition, there is increasing interest
in agritech solutions aimed toward direct reduc-
tion of GHG emissions while alleviating other
environmental stresses (e.g., water and land de-
mands). For instance, seaweed-based feed ingre-
dients are under development to control CH4

emissions from enteric fermentation in food ani-
mals (Vijn et al. 2020). Several companies are

marketingmicrobial solutions to replace synthet-
ic nitrogen and phosphorus fertilizers. Scaled-up
soil-free systems that minimize water, chemical,
land, and energy usage are emerging in urban
centers. However, globalizing agritech requires
overcoming substantial hurdles, including global
social inequality, diversity of regional needs, geo-
graphical variations in ecosystems, and availabil-
ity of investment and scale-up opportunities.

There are threemain thresholds thatmust be
consideredfor taming theglobalN-cycle:N-dep-
osition rate, N-concentration in surface waters,
and N-concentration in groundwaters (Schulte-
Uebbinget al. 2022).However, extensive regional
variation for these thresholds complicates miti-
gation strategies as Europe, China, India, and the
United States experience N-excess, while N-de-
ficiency is widespread in sub-Saharan Africa,
Central and South America, and Southeast
Asia. In N-deficient locations, none of the N-cy-
cle thresholds have yet been crossed (Schulte-
Uebbing et al. 2022). Biologically, there are also
vast differences in how soils, plants, and micro-
organisms interact to manage nitrogen use effi-
ciency depending on the health status of the soil.
For instance, in nutrient-poor soils, plants have
a strong dependence on fertilizer-N, whereas
richer soils have ecologically complex networks
of microbiota, plants, and minerals that sup-
port elaborate cycling and uptake of organic-N
(Grandy et al. 2022). Thus, re-engineering of
agroecosystems depends on regional differences
in soil nutrition, management, and climate that
can be partially addressed using a systems-biol-
ogy understanding of plant-microbe-mineral
interactions that impact regional nutrient cycles
(Grandy et al. 2022).

MICROBIOLOGY OF THE N-CYCLE

Over the past several decades, researchers have
made great strides in understanding the mecha-
nisms, pathways, and ecologyof themicrobialN-
cycle and the processes that generate N2O (Stein
2019, 2020; Prosser et al. 2020). Chemolithotro-
phic ammonia oxidizers and denitrifiers are pre-
dominant and direct producers of N2O in agro-
ecosystems, although microbes encoding “clade
II nitrous oxide reductase (NosZ)” enzymes can
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act as N2O sinks as these microbes can use N2O
as their sole terminal electron acceptor (Fig. 1).
Synthetic fertilizer usage has the strongest posi-
tive effect on the activity of ammonia-oxidizing
bacteria (AOB), as thesemicroorganisms tend to
prefer inorganic over organic ammonia as their
sole energy source (Hinket al. 2018a,b). Further-
more, AOB, unlike their archaeal counterparts
(AOA), can reduce nitrite to N2O enzymatically
and are thus relatively efficient at producingN2O
as a terminal product; ca. up to 10%of ammonia-
N can be transformed to N2O-N by AOB given
ample substrate and with low oxygen conditions
(Stein 2019).

The product of ammonia oxidation by AOB
and AOA is nitrite, which is further oxidized to
nitrate by nitrite-oxidizing bacteria to complete
the process of nitrification. Comammox bacteria

oxidize ammonia to nitrate in one step, earn-
ing their title as “complete ammonia oxidizers”
(Stein 2019). Nitrate is a primary pollutant and
marker of N-saturation, contributing to eutro-
phication and contamination of surface and
groundwaters that leads to oxygen minimum
zone formation in coastal regions. Nitrate is
also the first terminal electron acceptor for deni-
trification, which is the other major microbial
source of N2O (Fig. 1). As nitrification is both a
direct and indirect source ofN2O, and a compet-
itor for fixed nitrogen by plants, inhibitors of the
nitrification process are essential for regions suf-
fering from N-saturation effects (Norton and
Ouyang 2019). While several options for nitrifi-
cation inhibition have been explored, the use of
biological nitrification inhibitors (BNIs) seems
to hold promise for mitigating N2O emissions
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Figure 1.N-cycle processes and feedbacks in soil that contribute toN2O. Biological nitrification inhibitors (BNIs)
block the activity of AMO or HAO enzyme complexes (and can also block methane monooxygenases). Nitri-
fication is the main nitrous oxide (N2O)-producing process under oxic conditions. Nitrifier denitrification,
performed by ammonia-oxidizing bacteria (AOB), produces N2O under hypoxic conditions. Respiratory deni-
trification is the main N2O-producing process under anoxic conditions and is driven by microbes that consume
organic carbon. The process of “clade II N2O reduction” removes N2O to N2 under anoxic conditions by
microorganisms that consume organic carbon. (AMO)Ammonia monooxygenase, (HAO) hydroxylamine de-
hydrogenase, (NOO) nitric oxide oxidase, (NIR) nitrite reductase, (NXR) nitrite oxidoreductase, (NOR) nitric
oxide reductase, (NAR) nitrate reductase, (NosZ) nitrous oxide reductase.
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and causing the least harm to soil health (Nardi
et al. 2020).

AGRITECH TO MITIGATE N2O FROM
AGRICULTURE

Biofertilizer is a rapidly growing, microbe-based,
agritech venture, with profitable companies
emerging worldwide. Biofertilizers make use of
microorganisms that are natural members of the
plant microbiome to augment seed germination
and growth, resistance to pathogens, and overall
yields and crop quality (Satish Kumar et al. 2022).
Thesuccessofbiofertilizers reliesonthesystematic
evaluation of plant–microbe relationships and the
compositionof the rhizospheremicrobiome.Ben-
eficial microorganisms targeted for biofertilizers
possess traits including the ability to degrade or-
ganic matter, enhancement of nutrient accessibil-
ity, suchasphosphorousandnitrogen,production
of phytohormones, and increased resistance to
pathogen infection along with protection from
other stresses. Once beneficial microorganisms
are identified, they can be further engineered or
used as natural products to apply directly to crops.

Some commercialized classes of biofertil-
izers include microbes that increase nitrogen
fixation as free-living, associative, or symbiotic
partners; microbes that solubilize phosphate,
zinc, or potassium; sulfur-oxidizing microbes;
and rhizobacteria that promote plant growth
through secreted growth factors (Satish Kumar
et al. 2022). Successful applicationof biofertilizer
microbes into soils requires close attention to
their quality, longevity, activity, purity, and asso-
ciated carrier material to ensure their survival
and adequate stimulation of crop growth and
improved health (Satish Kumar et al. 2022). Al-
though biofertilizers have been successfully pro-
duced anddeployed as a general soil amendment
foravarietyof crop and soil types, thediversityof
plant–microbe relationships across agroecosys-
temsmayneed to be reconfigured fromone farm
to the next. In other words, a biofertilizer that
works well for corn farmers in the United States
might not work for rice farmers in the Philip-
pines, thus requiring further research into the
microbiome that naturally associates with target
crops across diverse geographic regions.

A related crop amendment to biofertilizers
is a group of compounds known as BNIs. Nitri-
fication is the primary competitor with crops for
fertilizer nitrogen, which has led to the applica-
tion of synthetic nitrification inhibitors (SNIs),
mainly nitrapyrin, dicyandiamide (DCD), and
3,4-dimethylpyrazole phosphate (DMPP) (Sub-
barao and Searchinger 2021).While these chem-
icals are effective in increasing nitrogen use effi-
ciencyand reducingN2Oemissions, theyare also
unstable and mainly affect the activity of AOB,
and not AOA, which are often more dominant
and active than AOB in soils (Leininger et al.
2006). Furthermore, SNIs can have deleterious
effects on nontarget microbes in soils (Nardi
et al. 2020), causing unintended alterations to
soil functions. Contrary to SNIs, BNIs are natu-
rally produced molecules exuded by plant roots
into the rhizosphere to enable them to compete
with nitrifiers for available ammonium (Nardi
et al. 2020). BNIs target a variety of enzymes
and structures in the microbial cell including
the enzymes of nitrification (ammoniamonoox-
ygenase and hydroxylamine dehydrogenase),
membranes, central metabolites (e.g., nitric ox-
ide), andquorum-sensingmolecules (Nardi et al.
2020).

Agritech ventures aim to identify BNIs pro-
duced naturally by target crops that inhibit both
AOB and AOA. For application, BNI production
in situ by crops can be enhanced using genetic
engineering tools, orbydirect amendmentof soils
with industrially producedBNIs. Key research re-
quired to bring BNIs to the marketplace includes
(1) ensuring their efficacy, either alone or in cock-
tails, in both improving nitrogen use efficiency
and in preventing N2O production, (2) ensuring
that they do not impair other soil services by
affecting nontarget microbiota, and (3) ensuring
that they do not target methane oxidizers that
act as the sole biological CH4 sink (Stein and
Klotz 2011). To this last point, BNIsmay dramat-
ically reduce N2O emissions while stimulating
CH4 emissions due to inhibition of the homolo-
gous enzyme complexes, ammonia and methane
monooxygenase (Klotz and Norton 1998).

Soil-free cropping systems are another agri-
tech solution that addressesmultiple sustainabil-
ityboundaries, includingnitrogenandphospho-
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rous cycles and freshwater use, among others.
Themost promising emergent soil-free technolo-
gy is aquaponics, which integrates fish with crop
production (Goddek et al. 2019). In recirculating
aquaponics systems, fish waste is converted by
microorganisms to vital plant nutrients, mainly
nitrate, and the plants regenerate clean water for
the fish. These enclosed systems can operate at
lowenergy, lowwaterusage, andoccupyminimal
land space while producing substantial amounts
of leafy green crops and fish protein (Goddek
et al. 2019). Although aquaponics technology is
immature, it is clear that further developments to
improve nitrogen use efficiency andmicrobiome
function to avoidN2Oproduction and pathogen
infection is needed, along with consideration of
socioeconomic aspects for integrating soil-free
farmingin thecontextof regional andgeographic
diversity (Junge et al. 2017). There is also a need
to better explore plant-microbe interactions and
improvements to microbial inocula to expand
the variety of crops that can be produced at high
efficiency while improving nitrogen use efficien-
cy and reducing N2O emissions.

SYNERGIES BETWEEN N-CYCLE AGRITECH
WITH OTHER APPLICATIONS

Many other agritech solutions, including crop
engineering for enhanced photosynthesis, syn-
thetic biology solutions to improve rates of car-
bon fixation, reduction of stomata in food crops,
and increasing carbon-efficient tree plantations,
are vital to slow the crossing of planetary sustain-
ability boundaries in food production systems.
However, keenattention to themicrobialN-cycle
in all agritech has the capacity to mitigate N2O
emissions and improve overall nitrogen use effi-
ciency by crops, thus bringing the N-cycle back
toward sustainability. The N-cycle is intimately
connected to the carbon cycle, such that impacts
or interference with one cycle will necessarily
impact theother. For instance, themicrobial pro-
cesses responsible for N2O and CH4 emissions
are both sensitive to redox and nutrient balance
and are also heavily influenced by the availability
of tracemetals like copper and iron (Stein 2020).
As an example, methanotrophic bacteria pro-
duce the copper-chelating chalkophore, metha-

nobactin, that prevents access to copper for the
expression of nitrous oxide reductase enzymes
(NosZ) by denitrifiers (Chang et al. 2021). Thus,
when copper is at low availability, CH4 oxida-
tion will proceed at the expense of N2O reduc-
tion, leading to higherN2Oemissionswith lower
CH4 emissions. Similarly, somemethane oxidiz-
ers use nitrate as a terminal electron acceptor,
leading to N2O as a final product (Kits et al.
2015); the result is a reduction in CH4 emission
with a proportional increase in N2O emission
when nitrate is readily available and low redox
conditions promote its usage. Therefore, tech-
nologies aimed at reducing CH4 emissions
must consider how nutrient amendments, like
copper and nitrate, effect microbial processes
leading to N2O emissions, and vice versa.

Microbial agritech ventures are undergoing a
revolution that aims to bring the N-cycle back
toward sustainability. The success of the technol-
ogies discussed above rely heavily on investment
and scale-up, specific regional and geographic
needs, and attention to global socioeconomic in-
equalities. Research focused on systems biology,
the integration of plant-microbe-mineral inter-
actions, andmicrobiome function is necessary to
achieve widespread development, optimization,
and deployment of microbial agritech. Specific
attention to the microbial N-cycle and its inter-
relationships to other nutrient cycles, including
carbon, is essential for disrupting our current
food production systems and replacing them
with highly efficient, biology-based systems
that work within the boundaries of planetary
sustainability.
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One of the greatest threats facing the planet is the continued increase in excess greenhouse
gasses, with CO2 being the primary driver due to its rapid increase in only a century. Excess
CO2 is exacerbating known climate tipping points that will have cascading local and global
effects including loss of biodiversity, global warming, and climate migration. However,
global reduction of CO2 emissions is not enough. Carbon dioxide removal (CDR) will also
be needed to avoid the catastrophic effects of global warming. Although the drawdown and
storage of CO2 occur naturally via the coupling of the silicate and carbonate cycles, they
operate over geological timescales (thousands of years). Here, we suggest that microbes can
be used to accelerate this process, perhaps by orders of magnitude, while simultaneously
producing potentially valuable by-products. This could provide both a sustainable pathway
for global drawdown of CO2 and an environmentally benign biosynthesis of materials. We
discuss several different approaches, all of which involve enhancing the rate of silicate
weathering. We use the silicate mineral olivine as a case study because of its favorable
weathering properties, global abundance, and growing interest in CDR applications.
Extensive research is needed to determine both the upper limit of the rate of silicate dissolu-
tion and its potential to economically scale to draw down significant amounts (Mt/Gt) of CO2.
Other industrial processes have successfully cultivated microbial consortia to provide valu-
able services at scale (e.g., wastewater treatment, anaerobic digestion, fermentation), and we
argue that similar economies of scale could be achieved from this research.
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GLOBAL CLIMATE CHANGE

Human-driven global climate change is in-
creasingly apparent, with global impacts

accelerating during the last decade (Dreyfus
et al. 2022). Over geological time, the global
carbon cycle has regulated Earth’s climate via
silicate chemical weathering and carbonate for-
mation (Fig. 1; Renforth and Henderson 2017).
Weathering of silicate minerals causes uptake
and storage of excess atmospheric CO2 in vari-
ous forms, including soluble dissolved inorganic
carbon (DIC) and insolubleminerals like calcite.
Today, the release of anthropogenic greenhouse
gas (GHG) emissions derives from diverse hu-
man activities such as the burning of fossil fuels,
deforestation, land use, cement production, etc.
The rate of release of GHGs like carbon dioxide
(CO2) and methane are currently far too high to
be buffered by both short-term (e.g., biological
processes) and long-term (e.g., mineral weath-
ering) carbon cycles, thereby pushing the Earth
to multiple climate tipping points (Lenton et al.
2019).

Mitigating global climate change requires the
cessation of the use of fossil fuels, which will slow
the accumulation of GHGs in the atmosphere.

Despite some incremental progress, this has prov-
en to be a difficult social and political task (Arora
andMishra 2021). Further, cessation of fossil fuel
use is not enough to curb global warming. It is
estimated that the concentration of CO2 in the
atmospherewill not decline for centuries (Cawley
2011), thereby leading to continuous, severe im-
pacts even if emissions cease. Additionally, the
transition toagreeneconomywill requireburning
fossil fuels for some time into the future. Thus,
major carbon dioxide removal (CDR) and storage
(sequestration)efforts arenecessary to limitglobal
warming to 1.5°C–2°C more than preindustrial
levels (NationalAcademies of Sciences, Engineer-
ing, and Medicine 2022). To avoid the worst im-
pacts of climate change, CDR methods must ex-
tract >1000 gigatonnes of CO2 (GtCO2) by 2100
(Campbell et al. 2022). To this end, a number of
solutions have been suggested and modeled to
be economically and operationally sustainable
(Dreyfus et al. 2022).

GEOCHEMICAL CDR AND ENHANCED
WEATHERING

In parallel to other CDR methods, we suggest
that a global effort to accelerate the removal of
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ocean floor and buried
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concentration of CO2
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Carbonate precipitation

Ca2+ + 2HCO–
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Figure 1. The carbonate–silicate cycle. CO2 is sequestered in the form of HCO3
− by rock weathering, transported

to oceans, and eventually precipitated as CaCO3 by marine organisms.
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CO2 via enhanced silicate weathering should be
initiated. Silicate weathering is widely recog-
nized as one of the primary natural processes
that regulates long-term atmospheric CO2 con-
centrations (Renforth andHenderson 2017). In-
creasing the rate of weathering of silicate min-
erals (in this case, focusing on olivine) would
accelerate naturally occurring geologic draw-
down and storage of atmospheric CO2. Col-
lectively, terrestrial and marine silicate weather-
ing are estimated to have the potential to
sequester tens of billions of tonnes of CO2/year
(Renforth 2019; Campbell et al. 2022; National
Academies of Sciences, Engineering and Medi-
cine 2022). Both terrestrial and marine applica-
tions can have the potential to be more perma-
nent and scalable carbon removal solutions than
other widespread carbon removal approaches
(e.g., afforestation) (Campbell et al. 2022), par-
ticularly because of the long residence time of
DIC in the oceans (>10,000 yr) (Middelburg
et al. 2020). Accordingly, ocean DIC is the larg-
est DIC pool on Earth. In its 2021–2022 ocean-
based CDR report, The National Academies of
Sciences, Engineering and Medicine (2022)
called for a rapid increase in research on ocean
alkalinity enhancement (OAE) methods, inclu-
sive of silicate-based CO2 removal to help se-
quester >1000 GtCO2 by 2100.

CO2 drawdown from silicate weathering is
principally controlled by the generation of alka-
linity. Anions released into solution fromminer-
al dissolution act as a proton sink (Eq. 1), neu-
tralizing acidity present in an environment. In
most natural aqueous environments, carbonic
acid, resulting from the presence of atmospheric
CO2, is the dominant form of acidity. Hence, the
generation of alkalinity in the marine environ-
ment induces thedrawdownof atmosphericCO2

following air–sea equilibration (He and Tyka
2022) to form DIC, principally as bicarbonate
and carbonate ions:

Mg2�xFexSiO4þ4CO2þ4H2O!
2�xMg2þþxFe2þþ4HCO�

3 þH4SiO4:

(1)

Bicarbonate ions (HCO3
−) in seawater can

have residence times in excess of 10,000 yr (Mid-

delburg et al. 2020), therefore qualifying as a
highly permanent method for CO2 removal and
storage. Subsequently, marine calcification pro-
cesses can convert DIC and alkalinity into solid
carbonate species, such as calcite, aragonite, and
vaterite. Although these secondary carbonate re-
actions decrease CO2 removal efficiencies, they
represent another permanent form of CO2 se-
questration as solid carbonate. Thus, both sea-
water DIC and carbonate precipitates ultimately
offer an effective form of permanent storage.

Although various highly reactive hydroxide
salts such as brucite also generate alkalinity and
capture carbon effectively, they are not widely
available in large enoughquantities to contribute
to gigatonne-scale CDR (Power et al. 2013). The
most useful silicates are those that canboth effec-
tively capture the most protons per mole of sili-
cate dissolution and dissolve the fastest. These
include mafic–ultramafic neso-, soro-, and ino-
silicates minerals such as olivine and pyroxenes,
as well as some hydrated clays.Of these, themin-
erals that have some of the highest dissolution
rates are olivine, serpentine, and wollastonite
(Hartmann et al. 2013; Bullock et al. 2022).
They are globally abundant and occur in areas
easily accessible to humans. Combined, the
CDRpotential of their knownreserves is estimat-
ed to be in the tens of thousands ofGtCO2 (Lack-
ner 2002; Power et al. 2013), orders ofmagnitude
greater than what is needed to permanently se-
questeranthropogenicCO2emissions.Theques-
tions surroundingmethodsof carboncapturevia
ultramafic minerals therefore relate to the scien-
tific, engineering, political, and economic logis-
tics of implementation at large scales, which we
explore below.

Olivine

Olivine is considered to be one of themost favor-
able silicate minerals for CDR, as it weathers
quicklyunderEarthsurfaceconditions (Rimstidt
et al. 2012;Hartmann et al. 2013). This reactivity,
along with its structure of silicate tetrahedra iso-
lated by only two cations (Mg2+, Fe2+), makes
olivine dissolution both relatively simple and
highlyenergetically favorable.Additionally, oliv-
ine dissolution generates more alkalinity (prin-

Microbial Catalysis for CO2 Sequestration
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cipally HCO3
−) than other common silicatemin-

erals, with up to 4 mol of CO2 sequestered per
mol of olivine, equivalent to ∼1 tonne CO2 per
tonne of olivine dissolved (Eq. 1). Hence, olivine
(Mg2−xFexSiO4) has been proposed as a scalable
mineral for CDR applications, as it is a globally
abundant, naturally occurring ultramafic silicate
mineral (Beerling et al. 2021).

Microbial Catalysis of Olivine Dissolution

The rate of alkalinity generation during en-
hanced weathering is, in part, determined by
the rate of silicate mineral dissolution (Rimstidt
et al. 2012; Oelkers et al. 2018). Many studies of
olivine (orother silicateminerals) conductedun-
der laboratory conditions clearly indicate that
weathering rates can be increased by grinding
minerals to small particle sizes to increase the
surface-to-volume ratio (Rosso and Rimstidt
2000). However, accelerated dissolution rates are
difficult to sustain in abiotic closed laboratory
systems, as demonstrated by us (Fig. 2) and oth-
ers (Oelkers et al. 2015,2018); and for reasonsnot
yet clear, rates slowed significantlyover time. Pri-
or research showed that a nanometer-thick layer
of ferric oxyhydroxide can form around the oliv-
ine as it weathers, acting as an impediment to
further weathering (Schott and Berner 1983;
Oelkers et al. 2018). Utilizing catalysts or imple-

menting open-system applications like coastal
enhanced weathering (Meysman and Montser-
rat 2017; Montserrat et al. 2017) may be able to
accelerate the dissolution of olivine and other
silicate minerals, thereby improving the feasibil-
ity and potential scale of CDR efforts based on
enhanced weathering.

Despite the tremendous potential of silicate
weathering for CDR, natural silicate dissolution
needs to be greatly accelerated to limit global
warming to 2°C more than preindustrial levels
by the end of this century. Current estimates of
natural, abiotic olivine dissolutionplace the half-
life of a sand-sized olivine grain in the range of
decades, nearing an asymptotic 100% dissolu-
tion of more than two centuries (Montserrat
et al. 2017). Alternatively, using microbes as cat-
alystshasthepotential to reduce themineralhalf-
life to a few years, nearing an asymptotic 100%
dissolution of ∼50 yr (Berghe et al. 2021). A
handful of studies tested the biological enhance-
ment of weathering, and preliminary evidence
demonstrates both fungi and bacteria can accel-
erate silicate dissolution via several mechanisms
(Campbell et al. 2022 and references therein).
Our experiments (Fig. 3) and those of others
(e.g., Torres et al. 2014, 2019; Lunstrom et al.
2023) point to significant catalysis by Fe-binding
organic ligandsknownassiderophoresproduced
byseveral different bacterial groups.Whereasus-
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ing microbes as catalysts offers a promising path
forward, mineral dissolution rates must be char-
acterizedandmeasuredagainstmicrobial carbon
cycling andnet carbonfluxesto fully characterize
CDR potential. Here, we suggest a path for a sus-
tainable CO2 sequestration program using side-
rophoresasacase study foronepotentiallyprom-
ising mechanism to facilitate microbial catalysis
of silicate weathering.

Siderophores are organic ligands with ex-
tremely high binding affinity for Fe3+ and inter-
mediate affinities forFe2+,Mn3+, andmanyother
transition metals (Hider and Kong 2010). There
is a wide variety of structures produced by many
different bacteria and fungi as a component of
theirhigh-affinityFeuptakesystems,particularly
in aerobic marine environments, where the sol-
ubility of iron is calculated to be 10−16 M.

Given that the formation constants formany
siderophores are 1030 andhigher, it is amicrobial
mechanism that is very prevalent in the ocean, in
soils, and in at least a significant fraction of the
microbes in the human (Manck et al. 2022). In
the ocean, iron availability has a clear and direct
impact on primary productivity (Hutchins and
Boyd2016), despite being absolutely insoluble in
oxic environments (Ksp = 10

−37–10−44;Guerinot
and Yi 1994). This points to evolutionary mech-
anisms of microbial nutrient acquisition from
insoluble mineral phases (Manck et al. 2022).
In fact, this is what led to previous experimental
efforts to apply ocean iron fertilization as a
means for CDR (Williamson et al. 2012), where-
by particulate Fe-containing materials can act
as sources of scarce micronutrients, promoting
primary productivity and microbial growth.

Experiments by us and others have shown
that the addition of siderophores to olivine par-
ticles enhances the rate of the reaction (Torres
et al. 2014, 2019; Berghe et al. 2021). Although
thisworkwas encouraging, the concentrationsof
siderophores required to sustain the reaction
were high and likely prohibitively expensive for
any large-scale CDR operations. Subsequent
studies (Berghe et al. 2021; Lunstrum et al.
2023), however, showed that microbes that pro-
duce siderophores can obtain nutrients from ol-
ivine, resulting in sustained growth as a function
of olivine weathering (Fig. 3A). Specifically, She-

wanella oneidensisobtainednutrients for growth
fromolivineparticles onlyduring theproduction
of its siderophore,putrebactin (LedyardandBut-
ler 1997). This live system resulted in signifi-
cantly higher rates of olivine dissolution relative
to those previously seen with the addition of ex-
ogenous siderophores alone (Fig. 3B).

FUTURE DIRECTIONS

Prior experiments demonstrated increases in ol-
ivine dissolution rates by more than an order of
magnitude via siderophore synthesis, but several
key biological and engineering questions remain
before CDR by microbially mediated mineral
dissolution can be implemented at scale. Below,
we outline important areas of research necessary
to understand the full potential of microbially
enhanced weathering.

The Biological Underpinnings of Mineral
Dissolution

The precise mechanisms involved in the micro-
bial acquisition of particulate-bound nutrients
are not yet fully understood. Siderophores can
playacrucial role in transformingmineral-phase
iron (esp. oxidized iron) into a bioavailable form,
whichcan removeathin (nanometer-thick) layer
of oxidized iron deposited along the surface of
olivine grains. This process enabled microbial
exponential growth for siderophore-producing
bacteria, whereas bacteria incapable of produc-
ing siderophores proved to be unable to grow in
the same conditions (Berghe et al. 2021). This
accelerated dissolution seemed to be most pro-
nounced during microbial exponential growth,
which would be the period of maximal demand
for new iron entering the biological pool.

Siderophore activity can be augmented by
other, complementarymicrobial processes relat-
ed to the formation of biofilms along mineral
surfaces. Bacteria can form thick, redox-active
biofilms along mineral surfaces (Fig. 4) that can
support abundant and dense growth (Hall-
Stoodley et al. 2004). Although some studies
have suggested that biofilms can inhibit mineral
dissolution (Oelkers et al. 2015), the success of
these biofilms in sustaining growth in environ-
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mentswheredissolvednutrientsare limitingsug-
gests active mechanisms of nutrient acquisition
directly frommineral phases. Biofilms can host a
wide range of metabolic activities. If this activity
canbe channeled towardmineral-phase nutrient
acquisition, the sheer density and intimate prox-
imity of biofilms to mineral surfaces can have a
profound effect on mineral dissolution rates, as
observed in prior studies (Berghe et al. 2021;
Campbell et al. 2022). In addition to siderophore
activity, respiration can significantly lower the
pH along themineral surface, further enhancing
mineral dissolution rates. Bacteria can also pro-
duce significant amounts of organic acids within
the confines of biofilms (e.g., lactate, pyruvate,
citrate; Rogers et al. 2013), which can have sig-
nificant effects on localized pH and are often
excellent cation sorbents that can further help
promote mineral dissolution (Pokrovsky et al.
2009).

Here, we propose that a genetic and physio-
logical understanding of mineral dissolution
mechanisms would critically inform the utiliza-
tion and application of microbially enhanced
dissolution reactions. Identification of genetic
synthesis pathways and their regulators would
inform engineering efforts to improve dissolu-
tion. Particularly, a mechanistic understanding
would drive the selection of promising organ-
isms for large-scale dissolution systems, the ap-

plicationof genetic engineering tomaximizedis-
solution, and the design of culture environments
and reactor systems.

The Upper Limit of Microbially Mediated
Dissolution and Biosynthetic Production

Sustaining microbially accelerated mineral dis-
solution requires the continuous maintenance
of an environment that favors both a specific
metabolic activity from a microbiome and the
kinetics and thermodynamics of mineral disso-
lution and carbon drawdown. Scientific and
technological advancements have transformed
these challenges into engineeringquestions rath-
er than scientific barriers. For example, main-
taining an environment in a steady geochemical
state to promote a specific reaction is done
routinely (and at scale)—for example, in water
treatment plants and breweries. Similarly with
microbes, impressive advances in thefieldof syn-
thetic biology now allow us tomore easily genet-
ically engineer non-model strains, although the
future goals are to control entire microbiomes
(Brophy et al. 2018; Lawson et al. 2019; Lee
et al. 2020).

Microorganisms may also add separate eco-
nomic value beyond the generation of alkalinity
frommineral dissolution. These can include the
biosynthesis of lipids, vitamins, and other bio-

40 �m

Figure 4. Scanning electron microscope (SEM) secondary electron imagery showing Pseudomonas aeruginosa
biofilm growth atop olivine grains in an iron-deplete medium. Accelerated weathering features are clearly visible
on the mineral surface (middle of the image) after only 48 h. Scale bar, 40 µm.
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molecules that have societal and economic value
in industries such as pharmaceuticals or agricul-
ture and aquaculture (Włodarczyk et al. 2020).
Alternatively, certain substrates introduced into
the reactors can promote the growth of a specific
strain or metabolism, such as certain degradable
plastics (e.g., polyhydroxyalkanoates [PHAs]
and polyhydroxybutyrates [PHBs]) as a carbon
source forbiofilm-formingheterotrophs (Suzuki
et al. 2021). Not only would such specific sub-
strates select for specific, desiredmicrobial activ-
ity, they can offer a sustainablemeans tomanage
plastic wastes while replacing the costs of adding
a carbon source to the reactor. Last, the dis-
solution of large quantities (i.e., gigatonnes) of
minerals will release significant amounts of trace
metals associatedwithultramaficmaterials,most
notably nickel, cobalt, and chromium. These
metals are particularly valuable, as they play a
critical role in the transitionawayfromfossil fuels
and towardan electricity-based economy (Diallo
et al. 2015).

We propose that microorganisms can be ge-
netically engineered for large-scale mineral dis-
solution processes, specifically for production of
siderophores, formation of biofilms, production
of valuable biomolecules, and growth on renew-
able substrates. Identification of the genetic net-
works responsible for these phenotypes repre-
sents the enabling technology to enhance or
tune strain performance.

Siderophore synthesis pathways have been
identified in many organisms through both ex-
periments and bioinformatics (Hider and Kong
2010; Garber et al. 2020, 2021). Several pathways
have been expressed and further engineered in
the model organism Escherichia coli, with the
goal of producing siderophores as therapeutic
antibiotics (Fujita and Sakai 2013; Fujita et al.
2018).Toourknowledge, therehavebeen limited
efforts to enhance the production of endogenous
siderophores, to date. Siderophores are typically
produced in bacteria by nonribosomal peptide
synthesis and secretion,which areboth resource-
and energy-intensive processes (Hider andKong
2010). Enhanced production may require the
constitutive expression of siderophore biosyn-
thesis systems both endogenously and heter-
ologously, metabolic engineering for increased

availability of siderophore precursors, or alter-
ations of the bacterial secretion complex. Al-
though transcriptomic studies have been per-
formed on siderophore-producing organisms
under iron-limiting conditions (Manck et al.
2020), the biological bottleneck for the produc-
tionof siderophores is sparinglyknownandoften
complex.Forexample,Staphylococcusaureuscan
produce both staphyloferrin A (SA) or B (SB),
both of which are citrate-based siderophores;
down-regulation of the tricarboxylic acid (TCA)
during Fe limitation limits the production of SA
because of decreased citrate synthase activity. An
alternate citrate synthase up-regulated by Fe lim-
itationsupportsthesynthesisofSB,however.This
systemprovidesanatural inspirationtotranscrip-
tionally and metabolically maintain enhanced
siderophore synthesis (Sheldon et al. 2014). En-
hanced or constitutive secretion of siderophores
could shed light on the possible upper limit of
siderophore-mediated silicate dissolution and
contribute to the broader understanding of engi-
neered synthesis and production of complex nat-
ural products. There is also the point that side-
rophoresarenotachemicalmonolith,butrathera
functional category composed of highly diverse
chemical structures and backbones, which influ-
ences their bioavailability, chemical behavior in
water, and photoreactivity (Barbeau et al. 2003).
Exploring the specific interactions between side-
rophores and olivine will better inform possible
designer siderophores that are bothmetabolically
cheap to produce and optimized for catalyzing
dissolution.

Genetic engineering may also enhance other
mechanisms of mineral dissolution, such as bio-
film formation, citrate production, and local acid-
ification. Biofilm formation in the context of path-
ogenesis, forexample,hasbeenstudiedextensively
both genetically and physiologically, resulting in a
range of therapeutics and drugs that disrupt bio-
filmformation(Jiangetal.2020).Biofilmscouldbe
used industrially for olivine dissolution and other
applications such as microbe–electrode interac-
tions, but engineering and controls of film forma-
tion and architecture remain difficult (Angela-
alincy et al. 2018; Mukherjee et al. 2020).

Many of the phenotypes described here,
such as siderophore production and biofilm for-
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mation, are difficult to engineer rationally be-
cause of their complex genetics. In the system
proposed here, however, microbial growth is
coupled to the harvesting of iron from olivine
and other silicate minerals. It may be possible,
therefore, to perform large-scale selection of
mutants for enhanced harvesting of nutrients
from minerals. High-throughput selections or
screens could reveal key targets for rational ge-
netic engineering and identify high-performing
gain-of-function mutations that have immedi-
ate industrial utility.

Bottom-up genetic engineering and syn-
thetic biology can improve the performance
of coculture or consortia systems (Lawson
et al. 2019). For operation at large scales, the
stability of a multicomponent living system is
challenging, especially in complex, nonsterile
mediums. Mutual dependencies between mi-
crobial organisms have been extensively de-
scribed in natural systems and applied to syn-
thetic systems at laboratory scale (Schink 2002;
Goers et al. 2014; Chen et al. 2019). To date,
synthetic microbial consortia have not been
implemented at industrial scale, however. The
olivine dissolution system described here, spe-
cifically, offers a novel solution for synthetic
mutual dependency.

Finally, metabolic engineering and synthetic
biology have been extensively applied to synthe-
size valuable biomolecules at high titers in engi-
neered hosts. These include biomass compo-
nents such as lipids, complex natural products,
biofuels, and medicines (Chemler and Koffas
2008; Courchesne et al. 2009; Adrio andDemain
2010; Choi et al. 2020). Similar techniques are
applied to enhance the growth of microorgan-
isms on renewable feedstocks, such as lignocel-
lulose, or plastic polymers as discussed earlier
(Huang et al. 2014). One additional microbial
application of olivine dissolution is the uptake
andconcentrationofvaluable tracemetals.Metal
uptakebybacteriahasbeen studied in thecontext
of heavy metal remediation (Gadd 1990; Valls
and Lorenzo 2002) and plant–microbe interac-
tions (Kidd et al. 2017). A system for microbial
dissolution of minerals provides a uniquely use-
ful platform with which to study the uptake and
harvesting of valuable metals.

Utilization of genetically engineered organ-
isms for large-scale mineral dissolution requires
consideration of the ethical and ecological im-
pacts. One advantage of the proposed system is
the potential for physical containment on top of
genetic controls. Furthermore, engineering con-
trols may protect against unwanted mutation or
ecosystem proliferation. Recently reported or-
ganisms with a reduced genetic code may be
less likely to acquire natural genetic material
thatcouldconfernewphenotypesandcontribute
synthetic genetic material to the natural gene
pool (Lauet al. 2017;Robertson et al. 2021).Nov-
el kill switches and synthetic auxotrophy may
also restrict the activity and replication of engi-
neered organisms to controlled environments
(Stirling et al. 2018, 2020; Whitford et al. 2018;
Stirling and Silver 2020). In 2022, the Engineer-
ingBiologyResearchConsortiumreleased a road
map for the application of synthetic biology to
climate and sustainability that urges the identifi-
cation, assessment, and open communication of
benefits and risks associatedwith research efforts
(Chenet al. 2022). Earlyexamples ofdeployment
of engineered organisms such as engineered
crops with resistance to pests or drought provide
a frameworkwithinwhichnew technologiesmay
be evaluated (Scheben andEdwards 2017; Smyth
2020).

In short, physical, chemical, andgenetic con-
ditionsmay be engineered to optimizemetabolic
functions, as well as the thermodynamics and
kinetics of mineral dissolution and carbon cap-
ture. Such cultivation systems can be operated
within a broader existing economic and industri-
al infrastructure, inwhich theycanactnotonlyas
systems of large-scale carbon capture, but also
offer sustainable means of waste management
and/or production of valuable by-products.

Considerations for Mineral Feedstocks and
Industrial Cultivation

Large-scale (Mt/Gt) CDR reactors will require
large inputsofwater,nutrients, andmineral feed-
stock and will require downstream processing to
recover valuable added products. Industrial in-
frastructure and scientific knowledge already ex-
ist to implement such reactors at scale. Com-
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bined, the mining and construction sectors pro-
duce >8 Gt/yr of mineral waste materials with
CDRpotential >8 Gt/yr (Renforth 2019; Bullock
et al. 2022). The remaining questions then relate
to finding the upper limits of dissolution and
carbon capture rates that such reactors can offer,
while identifying the operating conditions that
will sustain these at scale.

Some of the key questions that remain in-
clude identifying the conditions for maximal
mineral dissolution and carbon capture rates.
Reaching thesemaximawill involve experiment-
ing with a wide range of physical and chemical
constraints, as these help manage the baseline
thermodynamic environment of mineral disso-
lution.As discussed, silicate dissolution rates can
be difficult to constrain over periods of years.
There is a significant bias in the literature, within
which quantified measures of dissolution have
focused on short time periods of hours to days
(Fig. 2; Oelkers et al. 2018), which may not be
representative of long-term steady state dissolu-
tion rates. Figure 2 shows a modeled dissolution
rate derived from the first 300 h of dissolution
versus empirical dissolution data over several
weeks. Moreover, characterizing mineral disso-
lutionovermonths can, however, be challenging,
as dissolution canbenonstoichiometric, anddif-
ferent proxies (i.e., dissolved silicon vs. nickel)
can give different quantified estimates of disso-
lution rates (Montserrat et al. 2017).

Additionally, a comprehensive characteriza-
tionofmineral substrates and their geochemistry
is key. As discussed, a mineral’s dissolution rate
and potential to generate alkalinity are critical
characteristics in determining the carbon cap-
ture potential. In this respect, ultramafic miner-
als such as olivine and serpentine are of great
interest (Bullock et al. 2022). However, associat-
ed reactions can negatively impact carbon cap-
ture efficiency, such as the oxidation of iron. As
a major component of olivine and many ultra-
mafic minerals, ferrous iron will oxidize readily
duringmineraldissolution,areaction that releas-
es free protons andneutralizes the alkalinity gen-
eration congruent to silicate dissolution. Choos-
ing ultramafic minerals with low iron content
would be important in abiotic conditions. How-
ever, in the context of bioreactors that promote

microbial iron acquisition, it is unclear what
iron concentration will maximize dissolution
rates. Furthermore, the processes involved in
the microbial acquisition of iron (i.e., ligand ex-
change reactions between siderophores and fer-
ric iron, ferric reduction involved in iron cellular
absorption, along with photoreduction of li-
gand-bound iron) are all proton-sensitive reac-
tions and can impact pHand thus alkalinity gen-
eration to some extent (Barbeau et al. 2002;
Dhungana andCrumbliss 2005). Characterizing
this process will help constrain system design for
maximal carbon capture.

Another critical component in estimating
net CO2 fluxes relates to the fate of carbon held
in theorganicpool.Characterizing thefluxes and
fate of carbon across processes like biological
assimilation, biofilms, mineral dissolution, and
secondary precipitation in a dense environment
is a challenging yet exciting and meaningful sci-
entific endeavor. Although the single most im-
portant metric for a bioreactor might be net car-
bonfluxes and associated carbon capture rates, it
will be important to characterize the fate of car-
bon and all its forms. This implies steep geo-
chemical and metabolic gradients, forcing a
wide range of reactions that can impact the
form and fate of carbon. The main forms of car-
bonflowingoutofbioreactorswill bedissolvedas
well as particulate organic and inorganic phases.
Being able to account for all their relative abun-
dances will be valuable, not only as an additional
means tomeasure carbon capture and potential-
ly useful biomolecule production, but also to in-
form on strategies around reactor design, engi-
neering, and permanent carbon storage.

Inorganic carbon fluxes are highly depen-
dent on a system’s carbonate saturation and pre-
cipitation as secondary mineral phases (Fuhr
et al. 2022). As per Equation 1, themost efficient
form of carbon capture is in the form of bicar-
bonate (also referred to as dissolution trapping).
An ideal bioreactor system should therefore
maintainconditionsbelowcarbonateandsilicate
saturation to limit the precipitation of secondary
minerals. Although the precipitation of carbon-
ates stillproduces anet sinkof storedcarbon(also
referred to as mineral trapping or carbonation),
the acidity simultaneously generated in this reac-
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tion decreases the efficacy of the process signifi-
cantly (Fuhr et al. 2022). The flexibility of an
engineered system offers the possibility to pro-
mote and effectively manage carbonate precipi-
tation as a form of long-term storage.

Hence, a comprehensive characterization of
accelerated mineral dissolution geochemistry
under a wide range of conditions will be critical
to maximize carbon capture, and the forms of
carbon must be fully characterized to best man-
age its permanent storage. Carbonate precipi-
tates can be easy to store permanently because
they are relatively unreactive in the natural envi-
ronment.BicarbonateandDIC,however,need to
be stored in vast, well-buffered basins such as the
world’s oceans to remain stable and not outgas
CO2 back into the atmosphere. Organic forms of
carbon(particulateanddissolved)willneed tobe
stored in an environment where it will avoid re-
oxidation, whichmight involve specific contain-
ment strategies.

Techno-Economic Viability

The total CDR potential of known, global re-
serves of ultramafic minerals lies in the range of
several tens of thousands of GtCO2, orders of
magnitude greater than what is required to se-
quester anthropogenic CO2 emissions (Lackner
2002; Power et al. 2013). Although geochemical
CDR thus offers tremendous potential, imple-
menting it at scale carries economic constraints
that must be taken into account. Techno-eco-
nomic analyses of large-scale reactors are critical
in guiding research and development, highlight-
ing constraints that are not always obvious in a
laboratory or small-scale setting.

By estimating the dimensions and require-
ments of a reactor at scale, one can infer the costs
and logistical constraints of such an operation.
Namely, these will include the costs of building
the reactors, excavating and grinding the ultra-
mafic minerals, the costs of fertilizers and other
substrates, accessing and treating the water used
in reactors, and total energy requirements. The
economic potential of carbon capture also offers
a unique opportunity for industries that use mi-
crobial catalysis as a process of chemical engi-
neering. Some industries have been extremely

successful (i.e., fermentation and the alcoholic
beverages industry), and some have struggled to
remaincompetitive (i.e., algae farmsandbiofuels
industry) (Hoffman et al. 2017). Carbon capture
reactors, however, sell, at their core, carbon cred-
its. The recoveryof additional, valuable by-prod-
ucts like metals could serve to subsidize the cost
of carbon capture and will further help integrate
CDR efforts into the broader economy, by pro-
viding a source of valuable commodities to other
sectors including agriculture and aquaculture,
pharmaceuticals, and other industries. This rep-
resents an unprecedented opportunity to con-
nect the accelerated weathering of the ultramafic
minerals to rapidly growing carbonmarkets pro-
jected to surpass $1 trillion in 2050, as net-zero
pledges from countries and companies continue
to skyrocket (Liu et al. 2022).

Thus far, our techno-economic analyses
show that industrial-scale bioreactor systems
forenhancedweatheringare comparable tocom-
monwater treatment facilities and can thus ben-
efit from existing infrastructure and engineering
capabilities. With the scientific proof of concept
alreadyestablished (Berghe et al. 2021), ouranal-
yses indicate thatmethodological andtechnolog-
ical improvements to scale bioreactors as de-
scribed above have the potential to achieve net
cost of carbon capture (including capex, opex,
energy and carbon costs, substrate inputs) of
∼$100/tonne. Because of these valuable, addi-
tional products, this process not only has the po-
tential to be inherently profitable, but could be
considered a simultaneous carbon capture and
mining and resource extraction process.

CONCLUSION

Because of inaction for broad decarbonization
coupled to continuous anthropogenic GHG
emissions, there is a global consensus that
large-scale CDR will be needed to remove
GtCO2 over the next several decades. CDR will
also be necessary to remove further CO2 emis-
sions required for the transition to a decarbon-
ized, green economy. Accelerating Earth’s inor-
ganic carbon cycle through the weathering of
silicate minerals like olivine offers a promising
path to removing and storing gigatonnes of at-
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mospheric CO2. Because of the sheer amount of
CO2 that needs to be sequestered, however, mul-
tiple weathering approaches must be pursued si-
multaneously. Although grinding minerals into
sand-sized particles can accelerate weathering
rates of olivineminerals in coastal environments
(i.e., coastal enhanced weathering), half-lives of
olivine grains are on the orderof decades.Hence,
we suggest that microbial catalysis to accelerate
mineral dissolution rates must be explored
alongside other CDR methods. We have shown
that microbes have the potential to significantly
increaseweathering rates leading to olivine grain
half-lives of several years. By using micronutri-
ents like Fe in olivine, microbes can use these
mineral substrates forexponential growth, there-
by offering a path to scale the cultivation of mi-
crobiomes growing on silicate minerals. Indeed,
other industries have successfully cultivated mi-
crobes to perform specific, valuable functions in-
cludingwastewater treatment and fermentation.
Further research to examine the biological
mechanisms of microbial–mineral interactions,
biofilm formation, and large-scale cultivation
will provide critical insights that can galvanize
global efforts in silicate dissolution for CDR. It
will also create a step change in our understand-
ing of fundamental microbial processes partic-
ularly in biofilm formation and the synthesis of
complex natural products, while also opening
the door to novel approaches to engineermicro-
biomes. These research endeavors naturally in-
tegrate the fields of CDR, synthetic biology, geo-
chemistry, climate science, engineering, and
economics and will provide new models that
can yield various outputs from the sustainable
biosynthesis of valuable products to the removal
and long-term storage of excess atmospheric
CO2. Althoughmany of these fundamental pro-
cesses have been happening worldwide for bil-
lions of years, we are only taking the initial steps
along the pathway toward understanding how
these mechanisms can help turn the tide on the
climate crisis.
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Synthetic biology provides opportunities to realize new-to-nature CO2-fixation metabolisms
to overcome the limitations of natural photosynthesis. Two different strategies are currently
being pursued: One is to realize engineered plants that feature carbon-neutral or carbon-
negative (i.e., CO2-fixing) photorespiration metabolism, such as the tatronyl-CoA (TaCo)
pathway, to boost CO2-uptake rates of photosynthesis between 20% and 60%. Another
(arguably more radical) is to create engineered plants in which natural photosynthesis is
fully replaced by an alternative CO2-fixation metabolism, such as the CETCH cycle, which
carries the potential to improve CO2 uptake rates between 20% and 200%. These efforts
could revolutionize plant engineering by expanding the capabilities of plant metabolism
beyond the constraints of natural evolution to create highly improved crops addressing the
challenges of climate change in the future.

Global warming, caused by anthropogenic
emissions of greenhouse gases (inparticular

CO2),has increasedglobal temperaturesby1.1°C
compared to preindustrial records, and the glob-
al average temperature is expected to rise a fur-
ther 2.5°C to 4°C by the end of the century. This
increase in global warming causes more extreme
weather events, such as droughts, heat waves,
fires, and flooding.

Agriculturewill need tocopemoreeffectively
with these events, while it also needs to feed an
ever-growing world population that is projected
to reach9.7billion in2050.Takingall this togeth-
er, future cropswill need tobeofhigher resilience

andproductivity, plus serve asmore efficient car-
bon sinks to help mitigate climate change on a
global scale (World Population Prospects 2019).
However, photosynthetic CO2-fixation has its
natural limits, which cannot be overcome simply
through state-of-the art plant engineering or
breeding methods (Erb and Zarzycki 2016;
Wurtzel et al. 2019).

In contrast, the emerging field of synthetic
biology provides completely new and exciting
opportunities to fundamentally re-think, re-de-
sign, and re-constructphotosynthesis to improve
the CO2-uptake capabilities of plants. Some of
these new-to-nature solutions have the potential
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to increaseCO2uptake incropsbetween20%and
as much as 200%, which would translate to an
increased uptake of 2 to 19 Gt C per year on a
global scale.

RUBISCO IS A BOTTLENECK IN
PHOTOSYNTHETIC CO2 FIXATION

Climate change has become one of the key chal-
lengesof the twenty-first century.Whiledifferent
technical carbon-capturing solutions are cur-
rently being explored, Nature itself already pro-
vides the blueprint for sustainable capture and
conversion at a global scale: photosynthesis.
Photosynthesis captures and converts 100 Gt C
(equivalent to 400 Gt CO2) per year, which is
almost ten times more than the annual anthro-
pogenic CO2 emissions of about 10 Gt C (40 Gt
CO2) per year. Yet, natural photosynthesis is un-
able to compensate for these human-made CO2

emissions andwill increasinglysuffer froma rap-
idly changing environment, whichwill negative-
ly impact agricultural productivity.

Thus, new approaches are required to over-
come the natural limits of photosynthesis. In-
creasing photosynthetic efficiency will directly
improve plant productivity and CO2-uptake,
thereby not only leading to increased plant bio-
mass productivity, but also helping to mitigate
the effects of climate change due to an improved
carbon uptake.

Unfortunately, classical and new breeding
technologies are not able to address this funda-
mental challenge, because they are still bound to
the naturally existing solution space and its nat-
ural limits. This relates especially to the “dark
reaction”of photosynthesis, theprocess inwhich
CO2 is capturedandconverted, alsoknownasthe
Calvin–Benson–Bassham (CBB) cycle, and its
key enzyme, the CO2-fixing enzyme ribulose-
1,5-bisphosphatecarboxylase/oxygenase(rubisco)
(Bassham et al. 1954).

Even though rubisco is at the very core of the
CBB cycle, the enzyme has a very low turnover
rate. In an average plant, rubisco turns over only
5–10 CO2 molecules per second, which is more
than an order of magnitude slower than most
enzymes in central carbon metabolism. This
makes carbon capture through rubisco one of

the (if not the) limiting steps in photosynthesis.
In addition, rubisco also shows a side reaction
with oxygen (O2), which leads to an oxygenation
(instead of a carboxylation) of ribulose-1,5-
bisphosphate. This O2-fixing activity causes the
process of photorespiration, which releases up to
almost 30% of the fixed carbon in photosynthe-
sis, directly lowering photosynthetic yield (Erb
and Zarzycki 2016; Walker et al. 2016).

Several studies have focused on improving
eithercatalytic activityof rubiscoor the enzyme’s
CO2 specificity (e.g., by suppressing the oxygen-
ase reaction). Yet, all these efforts have shown
that catalytic activity and specificity in rubisco
are most likely inversely linked with each other,
suggesting that the enzyme has evolved along a
Pareto front, in which one parameter (activity)
cannot be changed without negatively affecting
the other (specificity). Recent evolutionary stud-
ies also seem to support this view (Schulz et al.
2022). In summary, even though rubisco is re-
sponsible for more than 90% of CO2-fixation in
the global carbon cycle, it is a limiting factor in
photosynthesis that cannot be easily engineered
for improved carbon capture.

SYNTHETIC BIOLOGY TO REALIZE HIGHLY
EFFICIENT CO2-FIXATION PATHWAYS
THAT NATURE HAS NOT INVENTED

Notably, the CBB cycle is not the only CO2-fixa-
tion pathway and rubisco is not the only CO2-
fixing enzyme that nature has invented during
evolution.Over the last fewyears, eight addition-
al, so-called, “alternative”CO2-fixationpathways
have been discovered in different microbes. Not
allof thesepathways relyonrubisco, someexploit
other CO2-fixing enzymes (Berg 2011; Könneke
et al. 2014; Bierbaumer et al. 2023). Although
these pathways (still) lag behind the productivity
of photosynthetic CO2 fixation, together they fix
several Gt CO2 per year, which shows that other
solutions beyond the CBB cycle and rubisco are
in principle possible.

However, while these eight “alternative”
CO2-fixation pathways are a great example for
the creativityof evolution, theyactually represent
only a fraction of the possible “solution space”
(Erb et al. 2017; Wurtzel et al. 2019). In fact,
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through different approaches, it has been shown
that thousands of other CO2-fixation pathways
could theoreticallyexist, someof themwithprob-
ably much higher efficiencies compared to the
naturally evolved solutions. Yet, none of these
pathways has apparently been realized by nature
(Fig. 1; Bar-Even et al. 2010; Schwander et al.
2016; Trudeau et al. 2019; Löwe and Kremling
2021).

The expandingfield of synthetic biology pro-
vides the exciting opportunity to realize these
theoretical solutions fromfirst principles.Unlike
in evolution, where the emergence of novel CO2-
fixing pathways depends on the serendipitous
recombination and integration of (existing) en-
zymes into preexistingmetabolic networks, syn-
thetic biology aims at constructing entirely new
CO2-converting pathways in a defined manner
from the bottom up (Erb et al. 2017). This engi-
neering approach of synthetic biology allows us
to explore completely new-to-nature solutions
that are of improved kinetic and thermodynamic
efficiency, allowing higher fluxes (e.g., improved
CO2 capture) at lower energetic demand (e.g.,
ATP and NAD(P)H consumption) and also
including completely new enzyme chemistries
(Bar-Evenet al. 2010; Schwanderet al. 2016;Tru-
deau et al. 2019; Löwe and Kremling 2021). This
radical approach of finding completely novel so-
lutions (and thus a global optimum) separates
synthetic biology from metabolic engineer-
ing approaches that typically aim at improving
an existing solution (and thus finding a local
optimum).

In summary, compared to classical and new
breeding technologies, synthetic biology ap-
proaches have a disruptive potential allowing ex-
pansion of the existing metabolic solution space
andopening thepossibility to enhanceplantpro-
ductivity by developing amore efficient and pro-
ductive photosynthesis compared to native plant
metabolism (Erb et al. 2017;Wurtzel et al. 2019).
Current efforts in the field have focused on two
main challenges: (1) to boost natural photosyn-
thesis by realizing new-to-nature photorespira-
tionpathways (Trudeau et al. 2019; Scheffen et al.
2021), and (2) to entirely replace theCBBcycle of
photosynthesis by synthetic CO2-fixation path-
ways (Fig. 2; Schwander et al. 2016).

BOOSTING PHOTOSYNTHESIS THROUGH
SYNTHETIC PHOTORESPIRATION
PATHWAYS

As mentioned before, one of the biggest bottle-
necks in photosynthesis is the wasteful process
of photorespiration. This process uses more
than a dozen enzymes, takes place in three differ-
ent compartments, and consumes substantial
amounts of energy (minimum of eight ATP and
six reducing equivalents) to convert two mole-
cules of 2-phosphoglycolate (2PG) back into one
molecule or 3-phosphoglycerate (3PGA). Most
importantly, however, up to 30%of thepreviously
fixed carbon in photosynthesis is lost again to the
environment through photorespiration, which
actually limits carbon capture (Erb and Zarzycki
2016; Walker et al. 2016).

To increase photosynthetic yield, many pre-
vious (and current) efforts in plant engineering
focus on improving the existing photorespi-
ration pathway and/or realizing carbon concen-
trating mechanisms. These approaches include
the implementation and transplantation of CO2-
transporters, carboxysomes, or metabolic car-
bon pumps, such as C4-metabolism into crops
(Ort et al. 2015; Erb and Zarzycki 2016).

In contrast to these efforts, which treat the
symptom rather than curing the root of the “dis-
ease,” synthetic biology provides the opportuni-
ty to implement completely novel, synthetic
photorespiration pathways with improved effi-
ciency. In a recent study, several potential pho-
torespiration pathways were designed that aim
at converting 2PG, the product of photorespira-
tion, back into a CBB or central carbon interme-
diate at minimal bioenergetic cost and without
losing any CO2 that had been fixed before (Tru-
deau et al. 2019). Following this initial theoret-
ical phase, some of the most promising designs
were explored recently both in vitro and in vivo.

Earlier efforts have already indicated that
transplanting new metabolic traits into plants
can indeed improve carbon capture andmitigate
the effects of photorespiration (Kebeish et al.
2007; South et al. 2019). The most prominent
example is an energeticallymore efficient photo-
respiration pathway that converts twomolecules
of glyoxylate into acetyl-CoA (and two CO2).
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Transplanted into different crops, this pathway
has resulted in biomass increases in the field
(South et al. 2019). Although these pathways still
are carbon-positive (i.e., release CO2 during
photorespiration), they demonstrate the proof-
of-concept and lay the basis for more radical
designs that are carbon-neutral or even carbon-
negative (i.e., capture CO2 during photorespira-
tion instead of releasing it).

One example of a carbon-neutral pathway
that was realized in a first effort is the β-hydrox-
yaspartate cycle (BHAC) (Schada von Borzy-
skowski et al. 2019; Roell et al. 2021). This path-
way converts glyoxylate, a metabolite derived
from plant photorespiration, into oxaloacetate
in a highly efficient carbon-, nitrogen-, and en-
ergy-conserving manner. A functional BHAC
was engineered in Arabidopsis thaliana peroxi-
somes to create a photorespiratory bypass that
is independent of 3PGA or decarboxylation
of photorespiratory precursors. Currently, effi-
cient and diverse oxaloacetate conversion in
A. thaliana still seems to mask the full potential
of the BHAC (Roell et al. 2021). However, nitro-
gen conservation and accumulation of signature

metabolites demonstrate the proof-of-principle,
which opens the door to further integration of
this photorespiration-dependent synthetic car-
bon-concentrating mechanism in plants. In a
complementary effort, the BHAC was recently
also transferred into cyanobacteria, where it
shows similar effects (Fig. 3; L Schada von Bor-
zyskowksi, pers. comm.).

THE TaCo PATHWAY: A CO2-FIXING
PHOTORESPIRATION PATHWAY

Another particularly promising example is the
TaCo pathway. The TaCo pathway was devel-
oped recently through computationally guided
pathway design in combination with state-of-
the art enzyme engineering, including micro-
fluidics-based high-throughput screening (Tru-
deau et al. 2019; Scheffen et al. 2021). Notably,
this new-to-nature photorespiration pathway al-
lows additional capture of CO2 instead of releas-
ing it, whichmakes photorespiration for the first
time a carbon-positive (i.e., CO2-fixing) process,
turning the “Achilles’ heel” of photosynthesis
into an asset. In other words, the TaCo pathway

A B C

CO2

CO2

CO2

Photosynthesis

Photorespiration

Natural photosynthesis
including CO2-negative photorespiration

with release of 30% pre-fixed CO2

New-to-nature, CO2-positive
photorespiration

20%–60% increased CO2 uptake

New-to-nature, rubisco-independent
CO2-fixation

20%–200% increased CO2 uptake

Photosynthesis

Photorespiration
Synthetic

photosynthesis
(CETCH cycle)

Synthetic
photorespiration
(TaCo pathway)

O2 O2 O2

CO2

CO2

CO2

CO2

Figure 2. Two strategies to increase photosynthetic yield with synthetic biology. (A) Natural photosynthesis
suffers from photorespiration caused by the oxygenation of rubisco that releases up to 30% of the pre-fixed
carbon. (B) New-to-nature photorespiration pathways (such as the tatronyl-CoA [TaCo] pathway) capture CO2

during photorespiration instead of releasing carbon, thus boosting photosynthetic yield. (C) New-to-nature
synthetic photosynthetic pathways (such as the CETCH cycle) do not use rubisco as a CO2-fixing enzyme,
thus circumventing photorespiration. They are kinetically favored, as they use enzymes that fix CO2 faster
compared to rubisco and they require less energy, leading to an increased photosynthetic yield.
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would allow formation of biomass independent
of whether rubisco has performed a carboxyla-
tion or oxygenation reaction, and thus overcome
the most fundamental challenge that plants face
during photosynthesis (Fig. 4).

The core reaction sequence of the TaCo
pathway consists of three new-to-nature en-
zymes, including a novel CO2-fixing enzyme,
glycolyl-CoA carboxylase (GCC). GCC was de-
veloped in the scaffold of a biotin-dependent
propionyl-CoA carboxylase through rational
design, as well as randommutagenesis (Scheffen
et al. 2021). During this process, the catalytic
efficiency of GCC improved by three orders of
magnitude to match the properties of natural
CO2-fixing enzymes, which has been key to re-
alizing the TaCo pathway. Very recently, GCC
was improved even further through machine
learning approaches, giving rise to a highly effi-
cient carboxylase (D Marchal, pers. comm.).

Modeling shows that the TaCo pathway dra-
matically reduces energetic demands of photo-
respiration by ∼30% (ATP) and 20% (NAD(P)
H), respectively, while at the same time increas-
ing carbon efficiency between 40% to 150%,
independent of rubisco’s oxygenation activity

(Fig. 5; Trudeau et al. 2019; Scheffen et al.
2021). This was further confirmed through bio-
chemical experiments in which the TaCo was
coupled with photorespiration and showed a
40% improvement of photosynthetic yield in
vitro. Experiments to transfer the TaCo into
plants have shown similar phenotypic effects.

REPLACING PHOTOSYNTHESIS THROUGH
SYNTHETIC CO2-FIXATION PATHWAYS

An even more radical approach is to entirely
replace the CBB cycle by realizing a completely
new-to-nature CO2-fixation cycle that is not
centered on rubisco (Erb and Zarzycki 2016;
Schwander et al. 2016). As mentioned earlier,
natural photosynthesis is limited by the ineffi-
ciency of its key enzyme, rubisco, which shows a
very slow turnover rate of 5–10 CO2 molecules
per second andmakes the enzyme aweak link in
(any) CO2-fixing metabolism.

Recently, a new class of CO2-fixing enzymes,
so-called enoyl-CoA carboxylases/reductases
(ECRs), were discovered in alphaproteobacteria,
where they serve in central acetate metabolism.
These ECRs catalyze the NADPH-dependent
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Figure 4. The tatronyl-CoA (TaCo) pathway, a carbon-positive photorespiration pathway. (A) Scheme of the
TaCo pathway. The TaCo pathway requires four steps to convert glycolate to glycolyl-CoA (1, glycolyl CoA
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pathway. The TaCo pathway is by far the most energy and reducing-equivalent efficient solution. (Figure based
on data in Scheffen et al. 2021.)
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reductive carboxylation of enoyl-CoA thioester
into their corresponding alkyl-malonyl-CoA es-
ters (Erb et al. 2007). ECRs are particularly in-
teresting, because they capture CO2 at up to 10-
fold higher rates compared to rubisco (i.e., up to
100 CO2 molecules per second). Moreover, they
do not show any oxygenase side reaction (Erb
et al. 2007, 2009; DeMirci et al. 2022). Overall,
this makes ECRs an interesting alternative to
rubisco-based CO2-fixation.

Building on these ECRs, several new-to-na-
ture CO2-fixation pathways have been recently
designed from the bottom up. A prime example
of such efforts is the CETCH cycle. This cycle
was designed around the carboxylation of cro-
tonyl-CoA and acrylyl-CoA by ECRs (Schwan-
der et al. 2016). The CETCH cycle is a network
of 17 enzymes that is thermodynamically and
kinetically favored compared to the Calvin cycle

of natural photosynthesis. The CETCH cycle
requires 20% less energy and the carboxylation
rates of crotonyl-CoA and acrylyl-CoA by ECR
outcompete rubisco by almost one order of
magnitude with respect to CO2-fixation rates
(Erb et al. 2007; Schwander et al. 2016; DeMirci
et al. 2022).

The CETCH cycle was constructed by meta-
bolic retrosynthesis and subsequently estab-
lished with enzymes originating from nine dif-
ferent organisms of all three domains of life.
Having established a first version of the cycle,
the performance of the system was further opti-
mized in several rounds including enzyme engi-
neering and metabolic proofreading. An opti-
mized version of the CETCH cycle (version 5.4)
converts CO2 into organic molecules faster than
the natural CO2-fixation pathway of photosyn-
thesis and notably at 20% less energy per CO2
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Figure 5.Engineering glycolyl-CoA carboxylase (GCC), the key enzyme of the tatronyl-CoA (TaCo) pathway. (A)
GCCwas developed in the scaffold of propionyl-CoA carboxylase (wild-type [WT]) through rational engineering
(variants M2 and M3), as well as nontargeted directed evolution (M4 and M5). Final variant M5 contained five
mutations. (B) Catalytic activity of the five different variants. While the WT showed almost no activity for
gylcolyl-CoA carboxylation, variant M5 showed catalytic activities comparable to other CoA-carboxylases.
(C) ATP consumption per CO2 fixed for the five different variants. While theWT showed futile ATP hydrolysis,
unfruitful ATP hydrolysis was strongly reduced in variant M5. (D) Catalytic efficiency shows that the M5 groups
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fixed, reaching activities comparable to those of
natural photosynthesis in vitro (Schwander et al.
2016).

To further optimize the CETCH cycle,
a machine-learning-guided, high-throughput
screening strategy, named METIS (named after
the ancient goddess of wisdom and craftsΜη̃τις,
literally, “wise counsel”) has been developed and
applied recently (Pandi et al. 2022). This strategy
used iterative design-build-learn cycles to search
the combinatorial space of a complex in vitro
system over several rounds for a (local) opti-
mum. To find such optima, the workflow relies
on automated experimentation for prototyping
different combinations, which is followed by
subsequent analysis and machine learning–
guided prediction of an improved set of combi-
nations (Fig. 6; Pandi et al. 2022).

The CETCH cycle features 26 different com-
ponents, including 17 enzymes, several cofactors
and salts, which span a theoretical space of∼1025

combinations in the chosen setup. Exploring this
theoretical space over only eight rounds of active
learningwith∼1000 different variants improved
CO2-fixation productivity 10-fold compared to
the initial described CETCH cycle version 5.4
(Schwander et al. 2016). These efforts resulted
in the most efficient CO2-fixation system de-
scribed to date, demonstrating how machine
learning can be combined with laboratory auto-
mation to systematically optimize synthetic bio-
logical networks in a data-driven fashion, before
implementation in vivo.

With respect to the latter, it has already been
demonstrated that the CETCH cycle can be cou-
pled to chloroplast extracts forming an artificial
chloroplast (Miller et al. 2020). Current efforts
focus on the transplantation of the CETCH
cycle into different microorganisms (Sánchez-
Pascuala, unpubl.), which provides an excellent
starting point for the further experimental evo-
lution and implementation of the CETCH cycle
in photosynthetic organisms and plants.

HOW DOES THE TECHNOLOGY SCALE?

Today, 450 Gt C are contained in plant biomass
(60% above, 40% below ground) (Bar-On et al.
2018). However, the amount of plant biomass

has declined about twofold since the beginning
of human civilization, so that the actual global
potential for photosynthesis is about 916 Gt C
(Erb et al. 2018). This means that there is an
additional pool of almost 470 GtC for photosyn-
thetic carbon capture. This additional pool ex-
ceeds the total amount of anthropogenic carbon
released into the atmosphere over the last 150 yr
(300 Gt C), thereby providing an enormous po-
tential for photosynthetic carbon drawdown.

To avoid competition with food supplies,
agriculturally used land cannot be simply repur-
posed for photosynthetic carbon drawdown. At
the same time, given the need to maintain bio-
diversity and global ecosystems, the develop-
ment of new arable land is limited. Consequent-
ly, more efficient carbon drawdown can only be
realized when plant biomass productivity per
land unit is increased.

Currently, about 18.6 million km2 of crop-
land are globally available, which assimilate
about 9.4 Gt y−1 (Jansson et al. 2021). How
(much) can carbon assimilation be increased?
Total photosynthetic yield (Wh) is defined as a
fraction of the total incident solar energy during
a growing season (S), light interception efficien-
cy (1i), conversion efficiency (1c), and partition-
ing efficiency (η) through the following equation
(Monteith 1977): Wh ¼ S � 1i � 1c � h.

While in modern crops, incident and parti-
tioning efficiency have already been optimized,
the current bottleneck in photosynthesis is con-
version efficiency (1c), which strongly limits
capture and conversion of carbon into biomass.
Thus, any efforts to improve carbon fixation
efficiency will directly increase photosynthetic
yield (Wh). However, natural carbon fixation
already runs at its limits (30%–50% of the total
leaf proteome is rubisco and photorespiration
results in carbon losses of up to 30%), which
will require the introduction of new-to-nature
solutions to overcome the limits of natural pho-
tosynthesis, as discussed above.

Based on photosynthetic models, it is pre-
dicted that a new-to-nature, CO2-positive pho-
torespiration through the TaCo mechanism will
improve the carbon fixation rate between 20%
and 60% (Trudeau et al. 2019), and photosyn-
thetic carbon uptake in crops would increase by
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1.9 to 6.2 Gt C y−1. For the CETCH cycle, ther-
modynamic calculations consistently predict a
20% increased efficiency (Schwander et al. 2016;
Löwe and Kremling 2021), while kinetic benefits
on the level of the carbon fixation step could be
as high as 10-fold (Erb et al. 2007; DeMirci et al.
2022). Thus, estimates are that the carbon fixa-
tion rate could increase between 20% and 200%
upon implementation of CETCH, which trans-
lates to an increased photosynthetic productiv-
ity in crops of 1.9 to 19 Gt C y−1.

Although these calculations currently are
based on rough estimates, they generally high-
light the potential of synthetic biology to in-
crease photosynthetic efficiency and have a real-
world impact that could potentially scale.

WHAT IS REQUIRED TO MOVE FORWARD?

One challenge is our limited capability to engi-
neer plantmetabolism through the introduction
of multigene constructs. Thus, shorter designs
will very likely be implemented first (such as
TaCo), before more radical designs (such as
CETCH) can be realized. These efforts will be
further supported and complemented by in vi-
tro optimization of the different pathways, as
well as the use of organisms with fast generation
times as intermediate hosts to test and optimize
the different designs in vivo (e.g., bacteria or
photosynthetic microorganisms). Building up
a pipeline that will allow swiftly moving from
the theoretical design to the actual implementa-
tion in vivo could speed up the design and im-
plementation cycle in the future.

In addition to the scientific challenges, there is
also a great need to engage early on in a dialogue
with society, stakeholders, and important policy-
makers about the risks and benefits of synthetic
biology. Synthetic biology hasmet withmixed ac-
ceptance in different parts of the world. The un-
folding of the climate crisis, however, has created a
momentum for technology openness and a more
balanced view on risks and benefits of organisms
with new-to-nature CO2-fixation pathways.

ACKNOWLEDGMENTS

This article has been made freely available on-
line by generous financial support from the Bill

andMelinda Gates Foundation. We particularly
want to acknowledge the support and encour-
agement of Rodger Voorhies, president, Global
Growth and Opportunity Fund.

REFERENCES

Bar-Even A, Noor E, Lewis NE, Milo R. 2010. Design and
analysis of synthetic carbon fixation pathways. Proc Natl
Acad Sci 107: 8889–8894. doi:10.1073/pnas.0907176107

Bar-On YM, Phillips R, Milo R. 2018. The biomass distribu-
tion on Earth. Proc Natl Acad Sci 115: 6506–6511. doi:10
.1073/pnas.1711842115

Bassham JA, Benson AA, Kay LD, Harris AZ, Wilson
AT, Calvin M. 1954. The path of carbon in photosyn-
thesis. XXI: The cyclic regeneration of carbon dioxide
acceptor. J Am Chem Soc 76: 1760–1770. doi:10.1021/
ja01636a012

Berg IA. 2011. Ecological aspects of the distribution of dif-
ferent autotrophic CO2 fixation pathways. App Environ
Microbiol 77: 1925–1936. doi:10.1128/AEM.02473-10

Bierbaumer S, NattermannM, Schulz L, Zschoche R, Erb TJ,
Winkler CK, Tinzl M, Glueck SM. 2023. Enzymatic con-
version of CO2: fromnatural to artificial utilization.Chem
Rev 123: 5702–5754. doi:10.1021/acs.chemrev.2c00581

DeMirci H, Rao Y, Stoffel GM, Vögeli B, Schell K, Gomez A,
Batyuk A, Gati C, Sierra RG, Hunter MS, et al. 2022.
Intersubunit coupling enables fast CO2-fixation by reduc-
tive carboxylases. ACS Cent Sci 8: 1091–1101. doi:10
.1021/acscentsci.2c00057

Erb TJ, Zarzycki J. 2016. Biochemical and synthetic biology
approaches to improve photosynthetic CO2-fixation.
Curr Opin Chem Biol 34: 72–79. doi:10.1016/j.cbpa
.2016.06.026

Erb TJ, Berg IA, Brecht V, Müller M, Fuchs G, Alber BE.
2007. Synthesis of C5-dicarboxylic acids from C2-units
involving crotonyl-CoA carboxylase/reductase: the ethyl-
malonyl-CoA pathway. Proc Natl Acad Sci 104: 10631–
10636. doi:10.1073/pnas.0702791104

Erb TJ, Brecht V, Fuchs G, Müller M, Alber BE. 2009. Car-
boxylation mechanism and stereochemistry of crotonyl-
CoA carboxylase/reductase, a carboxylating enoyl-thio-
ester reductase. Proc Natl Acad Sci 106: 8871–8876.
doi:10.1073/pnas.0903939106

Erb TJ, Jones PR, Bar-Even A. 2017. Synthetic metabolism:
metabolic engineering meets enzyme design. Curr Opin
Chem Biol 37: 56–62. doi:10.1016/j.cbpa.2016.12.023

Erb KH, Kastner T, Plutzar C, Bais ALS, Carvalhais N, Fetzel
T, Gingrich S, Haberl H, Lauk C, NiedertscheiderM, et al.
2018. Unexpectedly large impact of forest management
and grazing on global vegetation biomass. Nature 553:
73–76. doi:10.1038/nature25138

Jansson C, Faiola C, Wingler A, Zhu XG, Kravchenko A, de
Graff MA, Ogden AJ, Handakumbura PP, Werner C,
Beckles DM. 2021. Crops for carbon farming. Front Plant
Sci 12: 636709. doi:10.3389/fpls.2021.636709

Kebeish R, Niessen M, Thiruveedhi K, Bari R, Hirsch HJ,
Rosenkranz R, Stäbler N, Schönfeld B, Kreuzaler F, Peter-
hänsel C. 2007. Chloroplastic photorespiratory bypass
increases photosynthesis and biomass production in

CO2-Fixation Metabolism

Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a041669 67

http://dx.doi.org/10.3389/fpls.2021.636709
http://dx.doi.org/10.3389/fpls.2021.636709
http://dx.doi.org/10.1038/nature25138
http://dx.doi.org/10.1016/j.cbpa.2016.12.023
http://dx.doi.org/10.1016/j.cbpa.2016.12.023
http://dx.doi.org/10.1073/pnas.0903939106
http://dx.doi.org/10.1073/pnas.0702791104
http://dx.doi.org/10.1016/j.cbpa.2016.06.026
http://dx.doi.org/10.1021/acscentsci.2c00057
http://dx.doi.org/10.1021/acs.chemrev.2c00581
http://dx.doi.org/10.1021/acs.chemrev.2c00581
http://dx.doi.org/10.1128/AEM.02473-10
http://dx.doi.org/10.1128/AEM.02473-10
http://dx.doi.org/10.1021/ja01636a012
http://dx.doi.org/10.1073/pnas.1711842115
http://dx.doi.org/10.1073/pnas.0907176107
http://dx.doi.org/10.1073/pnas.0907176107


Arabidopsis thaliana. Nat Biotechnol 25: 593–599. doi:10
.1038/nbt1299

Könneke M, Schubert DM, Brown PC, Hügler M, Standfest
S, Schwander T, von Borzyskowski L S, Erb TJ, Stahl
DA, Berg IA. 2014. Ammonia-oxidizing archaea use the
most energy-efficient aerobic pathway for CO2 fixation.
Proc Natl Acad Sci 111: 8239–8244. doi:10.1073/pnas
.1402028111

LöweH, Kremling A. 2021. In-depth computational analysis
of natural and artificial carbon fixation pathways. BioDe-
sign Res 2021: 9898316.

Miller TE, Beneyton T, Schwander T, Diehl C, Girault M,
McLeanR, Chotel T, Claus P, SocorroCortinaN, Baret JC,
et al. 2020. Bottom-up construction of a chloroplast mim-
ic capable of light-driven synthetic CO2 fixation. Science
368: 649–654. doi:10.1126/science.aaz6802

Monteith JL. 1977. Climate and the efficiency of crop pro-
duction in Britain. Phil Trans R Soc Lond B Biol Sci 281:
277–294.

Ort DR, Merchant SS, Alric J, Blankenship RE, Bock R,
Croce R, Hanson MR, Hibberd JM, Long SP, Moore
TA, et al. 2015. Redesigning photosynthesis to sustainably
meet global food and bioenergy demand. Proc Natl Acad
Sci 112: 8529–8536. doi:10.1073/pnas.1424031112

Pandi A, Diehl C, Yazdizadeh Kharrazi A, Scholz SA, Bob-
kova E, Faure L, Nattermann M, Adam D, Chapin N,
Foroughijabbari Y, et al. 2022. A versatile active learning
workflow for optimization of genetic and metabolic net-
works. Nat Commun 13: 1–15. doi:10.1038/s41467-022-
31245-z

Roell MS, Schada von Borzykowski L, Westhoff P, Plett A,
Paczia N, Claus P, Urte S, Erb TJ, Weber APM. 2021. A
synthetic C4 shuttle via the β-hydroxyaspartate cycle in
C3 plants. Proc Natl Acad Sci 118: e2022307118. doi:10
.1073/pnas.2022307118

Schada von Borzyskowski L, Severi F, Krüger K, Hermann L,
Gilardet A, Sippel F, Pommerenke B, Claus P, CortinaNS,
Glatter T, et al. 2019. Marine proteobacteria metabolize

glycolate via the β-hydroxyaspartate cycle. Nature 575:
500–504. doi:10.1038/s41586-019-1748-4

ScheffenM,Marchal DG, Beneyton T, Schuller SK, KloseM,
Diehl C, Lehmann J, Pfister P, Carrillo M, He H, et al.
2021. A new-to-nature carboxylation module to improve
natural and synthetic CO2 fixation.Nat Catal 4: 105–115.
doi:10.1038/s41929-020-00557-y

Schulz L, Guo Z, Zarzycki J, SteinchenW, Schuller JM, Hei-
merl T, Prinz S,Mueller-Cajar O, Erb TJ, Hochberg GKA.
2022. Evolution of increased complexity and specificity at
the dawn of form I Rubiscos. Science 378: 155–160. doi:10
.1126/science.abq1416

Schwander T, Schada von Borzyskowski L, Burgener S, Cor-
tinaNS, Erb TJ. 2016. A synthetic pathway for the fixation
of carbon dioxide in vitro. Science 354: 900–904. doi:10
.1126/science.aah5237

South PF, Cavanagh AP, Liu HW, Ort DR. 2019. Synthetic
glycolatemetabolismpathways stimulate crop growth and
productivity in the field. Science 363: eaat9077. doi:10
.1126/science.aat9077

Trudeau DL, Edlich-Muth C, Zarzycki J, Scheffen M, Gold-
smith M, Khersonsky O, Avizemer Z, Fleishman SJ, Cot-
ton CAR, Erb TJ, et al. 2019. Design and in vitro realiza-
tion of carbon-conserving photorespiration. Proc Natl
Acad Sci 115: E11455–E11464.

Walker BJ, VanLoocke A, Bernacchi CJ, Ort DR. 2016. The
costs of photorespiration to food production now and in
the future.Annu Rev Plant Biol 67: 107–129. doi:10.1146/
annurev-arplant-043015-111709

World Population Prospects. 2019. World population pros-
pects 2019: highlights. Department of Economic and So-
cial Affairs, United Nations, New York. https://popula
tion.un.org/wpp/publications/files/wpp2019_highlights
.pdf

Wurtzel ET, Vickers CE, HansonAD,Millar AH, CooperM,
Voss-Fels KP, Nikel PL, Erb TJ. 2019. Revolutionizing
agriculture with synthetic biology. Nat Plants 5: 1207–
1210. doi:10.1038/s41477-019-0539-0

T.J. Erb

68 Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a041669

http://dx.doi.org/10.1038/s41477-019-0539-0
https://population.un.org/wpp/publications/files/wpp2019_highlights.pdf
https://population.un.org/wpp/publications/files/wpp2019_highlights.pdf
https://population.un.org/wpp/publications/files/wpp2019_highlights.pdf
http://dx.doi.org/10.1146/annurev-arplant-043015-111709
http://dx.doi.org/10.1126/science.aat9077
http://dx.doi.org/10.1126/science.aah5237
http://dx.doi.org/10.1126/science.abq1416
http://dx.doi.org/10.1038/s41929-020-00557-y
http://dx.doi.org/10.1038/s41586-019-1748-4
http://dx.doi.org/10.1073/pnas.2022307118
http://dx.doi.org/10.1038/s41467-022-31245-z
http://dx.doi.org/10.1073/pnas.1424031112
http://dx.doi.org/10.1073/pnas.1424031112
http://dx.doi.org/10.1126/science.aaz6802
http://dx.doi.org/10.1073/pnas.1402028111
http://dx.doi.org/10.1038/nbt1299


Engineering Crassulacean Acid Metabolism
in C3 and C4 Plants

Xiaohan Yang,1,2 Yang Liu,1 Guoliang Yuan,3 David J. Weston,1,2 and Gerald A. Tuskan1,2

1Biosciences Division; 2The Center for Bioenergy Innovation, Oak Ridge National Laboratory, Oak Ridge,
Tennessee 37831, USA; 3Chemical and Biological Process Development Group, Pacific Northwest
National Laboratory, Richland, Washington 99352, USA

Correspondence: yangx@ornl.gov

Carbon dioxide (CO2) is a major greenhouse gas contributing to changing climatic condi-
tions, which is a grand challenge affecting the security of food, energy, and environment.
Photosynthesis plays the central role in plant-based CO2 reduction. Plants performing CAM
(crassulacean acid metabolism) photosynthesis have a much higher water use efficiency than
those performing C3 or C4 photosynthesis. Therefore, there is a great potential for engineering
CAM in C3 or C4 crops to enhance food/biomass production and carbon sequestration on arid,
semiarid, abandoned, ormarginal lands. Recent progresses in CAMplant genomics and evolu-
tion research, along with new advances in plant biotechnology, have provided a solid founda-
tion for bioengineering to convert C3/C4 plants into CAM plants. Here, we first discuss the
potential strategies forCAMengineering basedonourcurrent understandingofCAMevolution.
ThenwedescribethetechnicalapproachesforengineeringCAMinC3andC4plants,withafocus
onaniterative four-steppipeline: (1)designinggenemodules, (2)building thegenemodulesand
transforming them into target plants, (3) testing the engineered plants through an integration of
molecular biology, biochemistry, metabolism, and physiological approaches, and (4) learning
to inform the next round of CAM engineering. Finally, we discuss the challenges and future
opportunities for fully realizing the potential of CAM engineering.

The ever-increasing human population and
changing climatic conditions together create

a grand challenge that encompasses engineering
secure supplies of food, feed, biomaterials, and
fuels (Yang et al. 2015).Onepotential solution to
this challenge is to enhance plant-based carbon
dioxide (CO2) reduction and ultimately the sus-
tainable productionof food and biomass on arid,
semiarid, abandoned, ormarginal lands through
the engineering of crassulacean acidmetabolism
(CAM) (Yang et al. 2015, 2021). CAM is a special

type of photosynthesis with a temporal separa-
tion of CO2 fixation, in which (1) during the
night, atmospheric CO2 is captured through
open stomata and fixed, via phosphoenolpy-
ruvate carboxylase (PEPC), intomalate, which is
imported into thevacuole andconverted tomalic
acid for storage, and(2)during the followingday-
time, the nocturnally accumulated malic acid is
released from the vacuole and decarboxylated to
release CO2, which accumulates to high internal
concentrations behind closed stomata and is re-
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fixed by ribulose-1,5-bisphosphate carboxylase/
oxygenase (rubisco) in the Calvin–Benson–Bas-
sham (CBB) cycle (Black and Osmond 2003;
Yang et al. 2017; Winter and Smith 2022).
CAM plants feature much higher water use effi-
ciency (WUE) than plants performing either C3

or C4 photosynthesis because of the daytime clo-
sure of stomata (the pores on the leaf surface) for
reducing water loss mediated by transpiration
and the nighttime opening of stomata for CO2

uptake in CAM plants (Borland et al. 2009). In
arid conditions of the Sonoran Desert, greater
CAM WUE results in increased biomass yield
potential of 345% and 147% greater than that of
C3 andC4plants, respectively (Davis et al. 2014).
Multiple previous reviews have discussed CAM
engineering with a focus on the engineering
principles and strategies of converting C3 to
CAM (Borland et al. 2014; Yang et al. 2015;
Yuan et al. 2020; Schiller and Bräutigam 2021).
Here, we provide an update on the CAM engi-
neering strategies informed by the molecular
evolution of CAM, describe how to engineer
CAM in C3 and C4 plants using a design–
build–test–learn (DBTL) approach, and discuss
the challenges and opportunities for CAM en-
gineering.

STRATEGIES FOR CAM ENGINEERING

Efforts for CAM engineering have been inspired
by twoaspects ofCAMevolution: (1) convergent
evolution of CAM from diverse C3 plants (Yang
et al. 2017, 2019; Heyduk et al. 2019), and (2)
natural emergence of facultative CAM, which is
environmentally triggered inareversiblemanner
in response to water-deficit or salinity stress in
plants that, under well-watered conditions, per-
form C3 photosynthesis (e.g., Clusia pratensis,
Mesembryanthemum crystallinum) or C4 photo-
synthesis (e.g., Portulaca) (Cushman et al. 2008;
Winter and Holtum 2014; Winter 2019).

The core metabolic CAM machinery pre-
dates the divergence of C3, CAM, and C4 (Yin
et al. 2018). Comparative genomics analysis re-
veals that the evolution from C3 to CAM has
mainly involveddiel (diurnal cycle) rescheduling
of gene expression relevant to stomatal move-
ment,heat stress response, andcarbohydrateme-

tabolism, alongwith sequence changes in a small
number of genes (Yang et al. 2017). This is con-
sistent with the hypothesis that the C3-to-CAM
transition involves the switch ofmalic acid accu-
mulation from daytime to nighttime, which is
driven by a fundamental metabolic reprogram-
ming (Winter and Smith 2022). Indeed, C3 and
CAM plants share the same carboxylation and
decarboxylation processes, but they differ in
temporal patterns of activity: Carboxylation
and decarboxylation occur during the nighttime
anddaytime, respectively, inCAMplants,where-
as these two processes occur during the daytime
and the nighttime, respectively, in C3 plants
(Santelia and Lawson 2016; Shameer et al.
2018). Therefore, engineering of CAM into C3

plants should focus on temporal reprogramming
(e.g., diel-cycle shift) of the expression of genes
shared between the C3 and CAM pathways (e.g.,
carboxylation, decarboxylation, stomatal move-
ment), along with some other genetic modifica-
tions, including transferring a small number of
CAM-specific genes, repressing or silencing en-
dogenous C3 plant genes not compatible with
CAM, and engineering of leaf anatomical traits
(e.g., succulence, cell size) (Yanget al. 2015;Yuan
et al. 2020). The strategies for CAM engineering
in C3 plants are shown in Figure 1.

CAM and C4 are similar in biochemistry in-
cluding the primary CO2 fixation mediated by
PEPC and the secondary CO2 fixation mediated
by rubisco, but they feature temporal (i.e., dayand
night) and spatial (i.e., mesophyll and bundle
sheath cells) separation of primaryand secondary
CO2 fixation, respectively (Edwards 2019). It has
been considered that CAM and C4 plants have
evolved independently from C3 plants. Because
CAM and C4 photosynthesis are not found in
identical cells of a plant, it has been hypothesized
that there is incompatibility between these two
photosyntheticpathways (Sage2002).This is con-
sistent with the lack of orthologous genes shared
specifically by obligate CAM and C4 species (Yin
et al. 2018), suggesting that obligate CAM plants
have not followed the evolutionary path from C3

to C4 to CAM. However, weak CAM can be in-
duced in the C4 plant Portulaca oleracea under
drought stress (Winter and Holtum 2014), and it
was recently reported that endogenous transcrip-
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dashed black (or white) lines indicate multistep metabolic processes. (AcCoA) Acetyl coenzyme A, (CBB)
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Smith 2022.)
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tion factor (TF) genes could play a critical role in
the induction of CAM gene expression in
drought-stressed leaves of P. oleracea (Ferrari
et al. 2022), indicating that there is great potential
for engineering CAM inC4 plants through rewir-
ing of diel gene expression. Because the carboxyl-
ation process, including the PEPC-mediatedCO2

fixation and the regenerationof phosphoenolpyr-
uvate (PEP), operates in the mesophyll cells dur-
ing thedaytime inC4plants, itwouldbenecessary
to switch this process to the nighttime, alongwith
one additional step (i.e., malic acid storage in the
vacuole at night). Because decarboxylation oper-
ates during the daytime in both C4 and CAM
plants, therewould be noneed to change this pro-
cess except adding one step for the efflux of malic
acid from the vacuole during the daytime. Also,
the changes in stomatal movement and leaf ana-
tomical traits (e.g., succulence, cell size) for CAM
engineering in C4 plants can be the same as those
for CAM engineering in C3 plants. The strategies
for CAM engineering in C4 plants are shown in
Figure 2.

Because seasonal drought stress has a broad
impact on crop production, it would also be
useful to engineer drought-inducible CAM or
CAM-on-demand systems (Yuan et al. 2020).
In natural facultative CAM plants, the transition
from C3/C4 to CAM under drought stress is me-
diated by transcriptional regulation. For exam-
ple, previous studies on drought-inducible gene
expression have identified TF genes as candidate
regulators of CAM induction in the facultative
CAM species M. crystallinum (in TF families
AP2/ERF, MYB, WRKY, NAC, NF-Y, and
bZIP) (Amin et al. 2019) andP. oleracea (includ-
ing TF genes HB7, NFYA7, NFYC9, TT8, and
ARR12) (Ferrari et al. 2022). However, the roles
of these candidate TF genes in drought-induc-
ible CAM have not been experimentally validat-
ed yet; therefore, strategies for the engineering of
synthetic facultative CAM based on TF engi-
neering are currently not feasible. A more real-
istic strategy for creating facultative CAMwould
be to add the components for drought-respon-
sive gene expression on top of the synthetic ob-
ligate CAM engineered in C3 or C4 plants (see
more details in the Designing Synthetic CAM
Pathways section).

Although the strategies for CAM engineer-
ing in C3 or C4 plants seem relatively straight-
forward, it may require multiple cycles of DBTL
to optimize the design of synthetic CAM path-
ways in C3 or C4 plants (Yang et al. 2020). In the
following, we will discuss how to implement the
CAM engineering strategies using a DBTL ap-
proach.

DESIGNING SYNTHETIC CAM PATHWAYS

Modularity is one important principle of plant
biosystems design (Yang et al. 2020). Based on
the strategies described above, the design of
CAMengineering inC3 orC4 plants can be divid-
ed into four modules: carboxylation module, de-
carboxylationmodule, stomatalmovementmod-
ule, and leaf succulence module. These modules
for CAM engineering will be discussed separately
forC3 andC4 plants because of amajor difference
inbiochemistrybetweenC3andC4photosynthet-
ic pathways.

Synthetic Obligate CAM in C3 Plants

Carboxylation Module

The carboxylation module for CAM engineering
inC3plants canbedesigned in twodifferentways.
The first is to express all the carboxylation genes
derived from CAM plants, including genes for
converting CO2 and PEP to malate, importing
malate from the cytoplasm into the vacuole, and
recovering PEP from stored carbohydrates (e.g.,
starch) during the nighttime while repressing the
expression of endogenous genes orthologous to
theCAMcarboxylation genes during the daytime
using CRISPR interference (CRISPRi) (Fig. 3A).
The second approach is to activate the expression
of endogenous genes orthologous to the CAM
carboxylation genes during the nighttime using
CRISPR activation (CRISPRa) while repressing
the expression of these endogenous genes dur-
ing the daytime using RNA interference (RNAi)
(Fig. 3B).

Decarboxylation Module

The decarboxylation module for CAM engineer-
ing in C3 plants can also be designed in two dif-
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ferentways.Thefirst is to express all thedecarbox-
ylationgenesderivedfromCAMplants, including
genes forexportingmalate from thevacuole to the
cytoplasm and releasing CO2 frommalate during
the daytimewhile repressing the expression of en-
dogenous genes orthologous to the CAM decar-
boxylation genes during the nighttime using
CRISPRi (Fig. 3A). The second is to activate the
expression of endogenous genes orthologous to
the CAM decarboxylation genes during the day-
time using CRISPRa while repressing the expres-
sion of these endogenous genes during the night-
time using RNAi (Fig. 3B).

Stomatal Movement Module

The design of the stomatal movement module
can be informed by themolecularmechanism of
stomatal movement in response to light and
darkness in C3 or C4 plants. Stomatal opening
and closing are driven by the reversible swelling
and shrinking of guard cells, respectively, which
are controlled by the ion channels and ion trans-
porters in the plasma membrane and vacuolar
membrane of guard cells (Pandey et al. 2007).
Specifically, the hydroactive stomatal closure in-
volves (1) the efflux of anions (e.g., Cl− and
NO3

−), predominantly via slow (S)-type chan-
nels from the SLOW ANION CHANNEL1
(SLAC1)/SLAC1 HOMOLOG (SLAH) family
(e.g., SLAC1 and its homolog SLAH3), (2) ex-
trusion of organic acids (e.g., malate) mediated
by rapid (R)-type channels from the aluminum-
activated malate transporter (ALMT) family
such as ALMT12, which is also referred to as
QUAC1 (quick-activating anion channel 1),
and (3) release of K+ by outward-rectifying
Shaker K+ channels, such as GORK (Sussmilch
et al. 2019; Kashtoh and Baek 2021). Recently, it
was reported that expressing the algae Guillar-
dia theta anion channelrhodopsin 1 (GtACR1)
in tobacco plants could provoke stomatal closure
at conditions that induce stomatal opening in
wild-type plants (Huang et al. 2021a; Jones
et al. 2022). On the other hand, the hydroactive
stomatal opening is mainly driven by the uptake
of K+ via inward-rectifying Shaker channels,
such as KAT1, KAT2, AKT1, AKT2, and
AtKC1 (Sussmilch et al. 2019; Kashtoh and

Baek 2021). Also, TFs AtMyb60 and AtMyb61
are involved in light-induced stomatal opening
and dark-induced stomatal closing, respectively,
in C3 plants (Cominelli et al. 2010).

The stomatalmovementmodule forCAMen-
gineering in C3 plants can be further divided into
two submodules: the stomatal closing submodule
and the stomatal opening submodule. The stoma-
tal closing submodule activates the endogenous
genes responsible for stomatal closing while re-
pressing the expression of the endogenous genes
responsible for stomatal opening during the
daytime (Fig. 4A). Also, overexpression of the
GtACR1 from algae (Huang et al. 2021a; Jones
et al. 2022) can be included in the design of the
stomatal closing submodule. The stomatal open-
ing submodule activates the endogenous genes re-
sponsible for stomatal opening while repressing
the expression of endogenous genes responsible
for stomatalclosingduring thenighttime(Fig.4B).

Leaf Succulence Module

It has been reported that overexpression of a co-
don-optimized Vitis vinifera helix–loop–helix
transcription factor (VvCEB1) intheC3plantAra-
bidopsis thaliana increased leaf cell size and tissue
succulence (i.e., ratioof tissuewater/leafareaordry
mass) (Lim et al. 2018, 2020). Also, it has been
demonstrated that overexpression of a tobacco
tonoplast intrinsic protein gene (NtTIP1;1) in to-
bacco BY-2 cells (Nicotiana tobacum L. cv. Bright
Yellow 2) increased vacuolar volume and cell size
(Okubo-Kurihara et al. 2009). Overexpression of
these genes (i.e.,VvCEB1,NtTIP1;1) underconsti-
tutivepromotersshould increase leafsucculence in
C3 plants.

Synthetic Obligate CAM in C4 Plants

Carboxylation Module

Because C4 and CAM are nearly identical in
biochemistry, the design of the carboxylation
module for CAMengineering inC4 plants should
be simpler than that in C3 plants. One option for
engineering the carboxylation module in C4

plants is to (1) activate the expression of endoge-
nous genes for convertingCO2 andPEP tomalate
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using CRISPRa and overexpress the genes for
importing malate from the cytoplasm into the
vacuole and recoveringPEP from stored carbohy-
drates (e.g., starch) during the nighttime, and (2)
repress the expression of these genes during the
daytime using RNAi (Fig. 5).

Decarboxylation Module

The decarboxylation module for CAM engi-
neering in C4 plants is straightforward because
the endogenous genes for releasing CO2 from
malate are active during the daytime. One op-
tion for engineering the decarboxylation mod-
ule in C4 plants is to overexpress the gene for
exporting malate from the vacuole to the cyto-
plasm during the daytime while repressing the
expression of the same gene during the night-
time using CRISPRi (Fig. 5).

Stomatal Movement Module

The design of the stomatal movementmodule in
C4 plants can follow the same design in C3

plants as described above (Fig. 4).

Leaf Succulence Module

The design of a leaf succulence module in C4

plants can also follow the same design in C3

plants as described above.

Synthetic Facultative CAM in C3 or C4 Plants

As mentioned in the Strategies for CAM Engi-
neering section, a potential strategy for creating
synthetic inducible CAM is to modify the design
of synthetic obligate CAM by adding the compo-
nents for drought-responsive gene expression. To

(KAT1, KAT2, AKT1, AKT2
AtKC1)

(SLAC1, SLAH3)

(QUAC1)

(AtMYB60)
(AtMYB61)

(AtMYB60)
(AtMYB61)

NO3–/Cl– NO3–/Cl–

Malate2–

Malate2–

K+

K+ K+

K+

Inward-rectifying
Shaker K+ channels

(KAT1, KAT2, AKT1,
AKT2, AtKC1)

Inward-rectifying
Shaker K+ channels

Outward-rectifying
Shaker K+ channels

(GORK)

Outward-rectifying
Shaker K+ channels

(GORK)

Slow (S)-type
channels

(SLAC1, SLAH3)

Slow (S)-type 
channels 

Rapid (R)-type
channels
(QUAC1)

Rapid (R)-type 
channels 

(GtACR1)
(ectopic expression)

Day Night

Guard cell anion 
channels

Anion

TF

TF

A B

Figure 4. Design of crassulacean acid metabolism (CAM) stomatal movement module in C4 host plants. (A)
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implement this strategy, a “Boolean logic AND
gate” can be designed to integrate two types of
signal inputs—that is, the drought stress signal
and the light/dark signal (Yuan et al. 2020). For
example, a drought-inducible temporal activation
system can be designed for CRISPRa-mediated
regulation of genes in the carboxylation, decar-
boxylation, and stomatal movement modules by
combining drought-inducible expression of the
dCas9 gene and light/dark-inducible expression
of guide RNA (gRNA) transcription units.

BUILDING SYNTHETIC CAM PATHWAYS

The “Build” stage of a DBTL cycle for CAMengi-
neering involves two steps: (1) creating the gene
constructs corresponding to the gene modules
described in the Designing Synthetic CAM Path-

ways section, and (2) transforming the gene con-
structs into target C3 or C4 species.

Creating the Gene Constructs

The genes in each module can be cloned into a
single plasmid vector, with each gene driven via
a constitutive promoter or light/dark-inducible
promoter depending on the temporal design of
gene expression described in the Designing Syn-
thetic CAM Pathways section. A recent quantita-
tive analysis of plant-based promoters by Tian
et al. (2022) provides useful information for the
selection of different constitutive promoters to
achieve optimal control of gene expression in
plants. Based on this approach, multigene con-
structs for CAM engineering, designed to avoid
repeated use of the same promoter, which may
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cause gene silencing in the transgenic plants, can
beachieved. Inaddition, theselectionoftranscrip-
tion terminators, paired with constitutive pro-
moters, will be crucial for optimizing transgene
expression in plants (Wang et al. 2020). As such,
different combinations of constitutive promoters
and terminators need to be tested for CAM engi-
neering to optimize the metabolic flux.

Regarding the gene constructs for daytime-
specific modules (e.g., decarboxylation module,
stomatal closure submodule), promoters respon-
sive to ambient white light are needed to enable
daytime-specific gene expression. However, pre-
viously identified light-inducible promoters are
largely responsive to blue light, red light, or green
light because ambient white light leads to unde-
sired system activation (Ochoa-Fernandez et al.
2020; Omelina et al. 2022). Recently, a white
light–inducible bidirectional promoter (PBn265)
was identified in Brassica napus (Zhu et al.
2022). Additional white light–inducible promot-
ers will be needed to facilitate future engineering
of daytime-specific modules.

To create the gene constructs for night-specif-
ic modules (e.g., carboxylation module, stomatal
opening submodule), dark-inducible promoters
are needed to enable nighttime-specific gene ex-
pression. Known dark-inducible promoters in-
clude sen1, din6, and din10 (Fujiki et al. 2001).
Additional dark-inducible promoters will need
to be identified through transcriptome-sequenc-
ing (RNA-seq) analysis of leaf gene expression
induced by dark treatment.

Besides the direct use of promoters to drive
CAM-related genes for CAM engineering,
CRISPRa tools, such as CRISPR–Act3.0 (Pan et al.
2021b), can be used to activate the expression of
endogenous genes in the C3 or C4 plants, with
gRNAs targeting the promoter regions of endoge-
nous genes. Furthermore, CRISPRi (Pan et al.
2021a) can be used to repress the expression of en-
dogenous genes, which show inverted day/night
expressionpattern incomparisonwith theirorthol-
ogousgenes inCAMplants.gRNAarrayswithmul-
tiple gRNAs driven by a single promoter (Hassan
et al. 2021) can be integrated with CRISPRa or
CRISPRi to regulate the expression ofmultiple tar-
get genes. Recently, a new platform, called PARA,
was developed for the rapid construction of gRNA

arrays (Yuan et al. 2022b). This new cloning system
can be used to create multiplex CRISPRa or
CRISPRi constructs for CAM engineering.

Transforming the Gene Constructs
into Target C3 or C4 Species

Using gene constructs for CAM engineering for
the transformation of C3 or C4 plants via Agro-
bacterium-mediated plant transformation sys-
tems, which have been established for most of
the crop plant species, such as rice (Jain et al.
2022), sorghum (Aregawi et al. 2022; Nelson-Va-
silchik et al. 2022), maize (Anand et al. 2018; Pe-
terson et al. 2021), pennycress (McGinn et al.
2019), switchgrass (Prías-Blanco et al. 2022; Xu
et al. 2022), and poplar (Song et al. 2019; Yuan
et al. 2021; Wen et al. 2022), is a promising and
credible approach. Recently, a UV-visible report-
er, called eYGFPuv, was used to achieve stable
plant transformation, allowing for early and effi-
cient selection of transformants as well as nonin-
vasive visualizationand easy tracking of transgen-
ic events after transformation (Yuan et al. 2021).
This eYGFPuv-based selection and visualization
method can be used to facilitate the transforma-
tion of CAM genemodules into C3 or C4 plants.

TESTING SYNTHETIC CAM PATHWAYS

The transgenic plants created from CAM engi-
neering should be tested across all levels of mo-
lecular biology, biochemistry, metabolism, and
physiology.

Testing Engineered Plants at the Level
of Molecular Biology

Transcriptome sequencing (RNA-seq) has been
widely used for profiling the diel changes in tran-
script abundance inobligateCAMspecies, such as
Ananas comosus (Ming et al. 2015),Agave ameri-
cana (Abraham et al. 2016), and Kalanchoë fedt-
schenkoi (Yang et al. 2017), as well as inducible
CAM species, such asM. crystallinum (Cushman
et al. 2008) and P. oleracea (Ferrari et al. 2022).
Similar RNA-seq approaches should be used to
test whether the expression profiles of CAM-
related genes are changed by CAM engineering
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in the transgenic plants. Single-cell RNA-seq
(scRNA-seq), which enables the comprehensive
analysis of gene expression in both common and
rare cell types in plants (Bawa et al. 2022), can be
used for studying gene expression in different cell
typesrelevant toCAM,suchasmesophyllcellsand
guard cells.

Because the temporal dynamics of protein
abundance is not always consistent with that of
the corresponding transcript abundance during
a diel cycle, as demonstrated in the obligate
CAM plant A. americana (Abraham et al. 2016),
it will be necessary to perform proteomics analy-
sis of the transgenic plants generated from CAM
engineering.

Testing Engineered Plants at the Level
of Biochemistry

For testing the impact of CAM engineering, it is
critical to determine the kinetic parameters of key
enzymes and the activities of transporters in the
syntheticCAMpathways, suchasPEPCandmalic
acid transporters. The kinetic properties of en-
zymes, such asMichaelis constant (Km),maximal
velocity (Vmax),andturnovernumber(kcat) canbe
determined for their substrates using spectropho-
tometry (Bläsing et al. 2000; Bertea et al. 2001).
In addition, the activities of transporters can be
measured using electrophysiological approaches
(Hafke et al. 2003; Kovermann et al. 2007; Li et al.
2022). These data would be used for modeling
analysis in the “Learn” stage of the DBTL cycle.

Testing Engineered Plants at the Level
of Metabolism

For testing themetabolic changes,metabolites re-
lated to theCAMpathway canbeanalyzedusing a
metabolomics approach (Abraham et al. 2016).
Furthermore, 13C metabolic flux analysis (13C-
MFA) should be used for determining intracellu-
lar fluxes (Long and Antoniewicz 2019).

Testing Engineered Plants at the Level
of Physiology

In CAM plants, stomata open and CO2 is metab-
olized into malic acid and stored within vacuoles

at night. During the day when stomata remain
closed, themalic acid derivativemalate is excreted
from the vacuoles and transported to chloroplasts
where it is cleaved into pyruvate and CO2. The
CO2 is then available for rubisco-mediated pho-
tosynthesis. This concomitant change in leaf tis-
sue acidity throughout the day andnight cycle is a
hallmark feature of CAM and easily detectable
with acid titration (Zhang et al. 2020) or metab-
olomic approaches (Abrahametal. 2016).Anoth-
erkeyphysiological featureofCAMisdielchanges
in stomatal conductance and photosynthesis. As
notedabove, inCAMplants stomataopenatnight
thereby increasing water and CO2 conductance
relative to daytime values. By using readily avail-
able infrared gas analyzers, the rates of both CO2

and water vapor can be measured. When per-
formed across a diel day/night cycle, measure-
ments of pH, CO2, and water vapor flux can
provide key physiology data for determining and
evaluating CAM engineering efforts. The level of
CAM physiology expression can be indicated by
the relative proportion of CO2 uptake in the dark
over a 24-h period, with nighttime CO2 fixation
contributing >70% and <1/3 to total carbon gain
considered as strong andweakCAM, respectively
(Nelson and Sage 2008).

LEARNING FROM ENGINEERED CAM
PATHWAYS

The last stage of aDBTL cycle for CAMengineer-
ing is to learn from the experimental data gener-
ated from the “Test” stage through metabolic
modeling and system dynamics (SD) modeling.

Metabolic Modeling

Agenome-scalemetabolicmodel(GSM),whichis
an insilicometabolicmodelcomprisinghundreds
or thousands of chemical reactions in the meta-
bolic inventory of an organism, is useful formap-
ping carbon flux through metabolic pathways
(Simons et al. 2014; Beilsmith et al. 2022). A
GSM can be integrated with flux balance analysis
to predict cellular metabolic flux distributions
(Simons et al. 2014).GSMshavebeen constructed
in multiple plant species, including C3 species
(e.g., A. thaliana, B. napus, Oryza sativa) and C4
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species (e.g., Setaria italica, Sorghum bicolor, Zea
mays) (Clarket al. 2020).Fluxomicdatagenerated
from 13C-MFA analysis have been successfully
used to develop a genome-scale kinetic model of
Escherichiacoli (Khodayari andMaranas2016).A
similar approach should be applied to develop
genome-scale kinetic models of the genetically
modified plants generated through CAM engi-
neering. Specifically, the GSMs of target C3 or C4

plants can be modified to include the synthetic
CAM pathways described in the Designing Syn-
thetic CAM Pathways section. Then, genome-
scale kinetic models can be generated through
anintegrationofthemodifiedGSMsandfluxomic
data generated from 13C-MFA analysis. Recently,
a two-cell, two-phasefluxbalancemodelwasbuilt
for modeling the efficiency of possible C4 and
CAM configurations in the facultative CAM spe-
ciesP. oleracea, which includes allmajormetabol-
ic enzymes and reactions highly conserved across
a wide array of plant genomes (Moreno-Villena
et al. 2022).Ananalogous approach canbe adapt-
ed for the metabolic modeling of synthetic CAM
in C4 plants. Also, a large-scale constraint-based
modeling ofmetabolism and energetics inC3 and
CAM plants suggests that there are incremental
changes in metabolic fluxes during the evolution
of CAM from C3 (Tay et al. 2021). A similar ap-
proach can be used for modeling the C3-to-CAM
transition in the transgenic plants.

System Dynamics Modeling

In addition toGSMs, SDmodels havebeenused to
model CAM expression (i.e., diel pattern of gas
exchangeandmalicacidaccumulation) frommea-
sured biochemical constants (e.g., enzyme kinetic
parameters) and physiological constants (e.g., sto-
matal and mesophyll conductance, rate of malic
acid decarboxylation, rate of mitochondrial respi-
ration, vacuole capacity) (Owen and Griffiths
2013). The SD modeling approach should be ex-
tendedto includethespatial andtemporalconcen-
tration of RNAs and proteins (Borland and Yang
2013). The causal relationship between the input
(e.g., biochemical and physiological constants,
RNA, and protein expression) and output (CAM
expression) can be established through SDmodel-
ing analysis of data generated in the “Test” stage

(see Testing Synthetic CAM Pathways section) of
the DBTL cycle.

CHALLENGES AND OPPORTUNITIES

Although significant progress has been made in
the identification of the design principles and
building blocks necessary for CAM engineering,
there are still considerable knowledge gaps and
technical challenges that need to be addressed be-
fore the potential of CAMengineering inC3 orC4

crops canbe realized. Someof theknowledgegaps
include the following.

1. Theminimumnumber of genes that are need-
ed for CAM engineering has not been deter-
mined yet. However, it was recently reported
that overexpressing a CAM-specific A. ameri-
cana PEPC gene (AaPEPC1) in tobacco up-
regulated multiple orthologs of CAM path-
way genes, such as the genes encoding carbon-
ic anhydrase (CA), malate dehydrogenase
(MDH), aluminum-activated malate trans-
porter (ALMT), tonoplastdicarboxylate trans-
porter (tDT), and malic enzyme (ME) (Liu
et al. 2021). Based on this information, it ap-
pears that CA,MDH, andALMTcan be omit-
ted from the carboxylation module for CAM
engineering. It ispossible that therearekeyTFs
acting as master regulators of CAM pathway
genes. Thus, the number of genes for CAM
engineering could be significantly reduced by
shifting the focus fromrewiring the expression
of the genes encoding the CAM pathway en-
zymes and transporters to themanipulation of
these master transcriptional regulators.

2. There is a lack of understanding of the evo-
lutionary conservation and diversification of
enzymes and transporters among C3, C4, and
CAM plants. There is a need for systemically
comparing the activities of carboxylation and
decarboxylation enzymes among C3, C4, and
CAM plants to identify the best isoform of
each enzyme to maximize metabolic flux in
synthetic CAM pathways.

3. The vacuolar transporters for malic acid
import and export have not been fully char-
acterized (Huang et al. 2021b). Further inves-
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tigation will be needed to gain a deeper un-
derstanding of themolecular mechanism un-
derlying malate transport in relation to CAM
engineering.

4. There is a lack of information about the prop-
erties (kinetic parameters) of enzymes in-
volved in the synthetic CAMpathway. Future
efforts will be needed to generate quantitative
information about the activity of each en-
zyme to be used for CAM engineering. This
type of quantitative information will be very
important for optimizing the design of the
synthetic CAM pathway.

The technical challenges for CAM engineer-
ing include the following.

1. CAM engineering, based on the above design
of the synthetic CAM pathway, will require
transformations of 20 to 30 or even more
genes in the C3 or C4 plants. This represents
a current challenge based on the widely
used Agrobacterium-mediated transforma-
tion. This challenge could be mitigated by
using a newly developed dual-vector system
based on a split selectable marker (Yuan et al.
2022a), which allows for transforming twice
the number of genes as the traditional single-
vector systems could handle.

2. Currently, it is challenging to rewire the diel
expression patterns of a relatively large num-
ber of genes for C3/C4-to-CAM transition.
To address this challenge, new capabilities
based on homologous recombination-medi-
ated precision genome editing (Hassan et al.
2022) need to be developed for promoter en-
gineering.

3. Finally, CAM engineering may generate un-
intended impacts on plant metabolisms. To
address this problem, the expression of syn-
thetic CAM pathway genes needs to be tis-
sue-/cell-type-specific, such as mesophyll
cell–specificexpressionofcarboxylationgenes
and guard cell–specific expression of stomatal
movement genes. It is likely that cell-type-spe-
cific genes can be identified through scRNA-
seq analysis of leaf gene expression (Liu et al.
2022; Xia et al. 2022).

With the rapid advancement of new plant
functional genomics and synthetic biology tech-
nologies, the knowledge gaps and technical chal-
lenges related toengineering syntheticCAMinC3

or C4 crops are not insurmountable, suggesting
that engineered C3 or C4 plants viably expressing
CAM machinery could be feasible soon. It is ex-
pected that CAM engineering would be able to
make a significant contribution to climate change
mitigation through the enhancement of plant-
based CO2 capture and storage. Approximately
40%of theworld’s land surface is arid or semiarid
(Jia et al. 2021). Engineering of synthetic CAM
pathways would enable sustainable produc-
tion of crops on most of these arid and semiarid
lands, with great potential for increasing plant-
based carbon sequestration. Some candidate tar-
get plants for CAM engineering include food
crops (e.g., rice, sorghum,maize, soybean), bioen-
ergy crops (e.g., poplar, pennycress, switchgrass),
horticultural crops (e.g., apples, peaches, pecans),
vegetable crops (tomatoes, onions, cauliflower),
and landscape crops (e.g., turfgrasses, woody or-
namental plants).
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The protection of natural forests as the major land-based biotic sink of carbon is regarded
as a priority for climate action, and zero deforestation is an accepted global imperative.
Sustainable intensification of plantation forestry will be essential to meet escalating, shifting,
and diversifying demand for forest products if logging pressure on natural forests is to be
decreased. Substitution strategies involves enhanced offtake from plantation forestry into
long life-cycle products, opening up new options for medium- to long-term carbon draw-
down, downstream decarbonization, and fossil fuel displacement in the construction and
chemicals sectors. However, under current plantation productivity levels, it has been pro-
jected that by 2050, supply could provide as little as 35% of demand. This could be further
exacerbated by climate change. To mitigate this shortfall, to avoid ensuing catastrophic
logging pressure on natural forests, and to ensure that downstream decarbonization and
fossil fuel substitution strategies are feasible, a dramatic step change in plantation produc-
tivity is required. This is particularly necessary in developing countries where increases in
per capita demand and pressure on natural forests will be the most acute.

Over the last 20 years, gene modification,
gene editing, and genomics approaches for

yield enhancement and yield protection have
been developed for eucalyptus, one of the most
significant plantation species globally. Thiswork
delivers positive insights for carbon drawdown
and for driving climate changemitigation, adap-
tation, and resilience strategies. We present here
a snapshot of our experience to date in Brazil of
genetically modified eucalyptus enhanced for
greater yield (carbon drawdown), and photores-
piratory bypass (climate adaptation). In parallel,
we have developed a robust governance frame-

workbasedonanumberof ethical principles and
practical precautionary steps, including glob-
al dialogue and technology sharing. Here we
describe possible ways forward to explore car-
bon drawdown at scale and climate resilience
through field experimentation and discuss the
potential future impact of these approaches.
One of our primary objectives is to use land-
scape-level experimentation as a platform for
global dialogue to create a new narrative around
biotech plantations on the governance required
to unlock technologies for the benefit of climate
change mitigation, biodiversity, and equality.
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While many of the technologies under develop-
ment hold considerable greenhouse gas (GHG)
mitigation potential, the rate-limiting factor
in their ability to sequester carbon is public
acceptance.

THE PRODUCTIVITY GAP

As demand for food, fiber, and fuel increases,
woodharvestingwill triple by2050 to∼10billion
m3 per annum, which would require a dou-
bling of the existing plantation area: roughly 250
million ha of new plantations under existing
productivity levels (World Wildlife Federation
2011). More recent estimates indicate that tim-
ber consumption for construction alone is pre-
dicted to triple from 2.2 billion m3 to 5.8 billion
m3 in 2050, driven by urbanization and polit-
ical commitments to decarbonization (Gresham
House, greshamhouse.com/global-timber-out-
look). Furthermore, over the last 20 years, the
source of demand has changed radically. The
developing world has overtaken the developed
world, growing from 770 million m3 in 1998 to
1.2 billion m3 in 2018, with China leading this
shift as a result of population growth and urban-
ization. Wood consumption is tightly linked to
population growth; with a further 800 million
people expected by 2050—two-thirds of which
will be inAfrica—this trendwill accelerate.How-
ever, today, the vast majority of timber (74%) is
produced in the global North (United States,
Canada, Europe, Russia). The only solution to
avert massive deforestation in the global South
is therefore significant upscaling of local produc-
tion capacity. For some countries, this means
starting organized forestry operations from an
almost zero base. This was recently underlined
by SirDavidAttenborough, describing the use of
more wood as “an extraordinary renewable re-
source” for growing populations—“On their
own, natural forests cannot provide all the
wood we need so we also have to farm trees like
any other crop and create a new generation of
plantations” (Attenborough 2020).

However, this forecasted rise in timber de-
mand is set against a constrained supply fixed
by the long-term growth rate of the trees, limited
land area, climate change, and an uncertain in-

vestment scenario. Current forecasts for long-
term timber supply between nowand 2050 range
between 3.7 billion m3 and 4.7 billion m3, repre-
sentingaconsiderable shortfall.TheInternation-
al Tropical Timber Organisation (ITTO, www
.itto.int) estimates even greater shortfall caused
by inadequate plantation expansion globally.
The total area of industrial fast-growing forest
plantations in 2012 was 54.3 million ha and this
area will increase to 91 million ha by 2050, satis-
fying only 35% of total industrial wood require-
ments (ITTO 2020).

Addressing this projected deficit places con-
siderable pressure on the global forest sector
to dramatically increase productivity while re-
ducing logging pressure on natural forests and
also scaling up landscape restoration activities
(IUCN 2009). Global momentum to decarbon-
ize economies is expected to further accelerate
timber consumption, as wood is increasingly
seen as a clean and low carbon alternative to
fossil fuel and carbon intensive inputs (Europe-
an Commission 2020). Furthermore, increased
fire risk, increased amplitude, and duration of
pest and disease cycles, water constraints, and
impaired photosynthesis as a result of climate
changewill require thedevelopment anddeploy-
ment of new and effective mitigation strategies
that increase productivity at scale and on time.

FIXING THE SUPPLY–DEMAND GAP BY
2050—INCREASING THE PRODUCTIVITY
OF PLANTATIONS

Plantationshave formanyyears been seenaspart
of the solution (Indufor 2012) for reducing log-
ging pressure on natural forests, while meeting
growing, diversifying, and shifting demand. Un-
der appropriate landscape-level zoning, local
community consultation, and the appropriate
genetics, plantations can produce more wood
on less land than natural forest, and could thus
spare land for other uses (newgenerationplanta
tions.org). Estimates underline that while tree
plantations comprise only 7% of total forest
area, they provide 50% of industrial roundwood
(Jagels 2006).Of these, themostproductiveplan-
tations—intensively managed planted forests
(IMPFs)—cover only 0.2% of global land area
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or 1.25% of global forest cover, but provide 30%
of global roundwood production (Kanowski and
Murray 2008). Further intensification is, howev-
er, needed to mitigate projected supply deficits,
and is entirely feasible since in many regions,
plantationsarenotmanagedat theiroptimalpro-
ductivity. Tripling the yield and harvest of plant-
ed forests from 800 million m3 from 7% of the
world’s forests to 2.7 billion m3 from 11% of the
world’s forests would create savings of 2.35 Gt
CO2/yr and a net gain of 1.5 Gt CO2/yr (Flores
Carreño et al. 2012). Improving and protecting
yields of planted forests would be achieved
“through genetic improvements that emphasize
a mix of plant traits (drought tolerance, insect
resistance, product characteristics) and adapta-
tion to different forest types and locations” (Flo-
res Carreño et al. 2012).

Fast-growing eucalyptus plantations have
many of the characteristics required to meet
part of this supply gap. While the eucalyp-
tus commercial plantation area represents only
∼0.5% of the world’s forest cover (25 million ha
globally [FAO2020]), it accounts for∼10%of the
global roundwood demand. Brazil is the world’s
largest eucalyptus grower (22%) (followed by
China [20%] and India [17%]) (Wen et al.
2018), with 7.6 million ha, constituting ∼7% of
Brazil’s GDP (IBÁ 2022).

Brazil, more importantly, is by far the leader
in productivity, with an average mass accu-
mulation of 40 m3ha−1yr−1, resulting from a de-
cades-long history of investment in breeding
and improvements in silvicultural practices.
This has created a diverse clonal base of varieties
that are adaptable tomany biomes and relatively
tolerant to biotic and abiotic stress (da Silva et
al. 2013; Ramantswana et al. 2020). Long-term
studies have demonstrated that the eucalyptus
plantations are sustainable, and very efficient
at capturing CO2 (240 tons of CO2 per ha over
a 7-year rotation (IBÁ 2022). Furthermore, un-
der the norms of the Brazilian Forest Code,
landowners may only establish plantations on
degraded land and must commit between 20%
and 50% of their land to native forest renewal,
making this industry one of the global leaders
in degraded land restoration (Grossberg 2009;
Sembiring et al. 2020; Coelho et al. 2022).

CREATING STEP CHANGES IN BRAZILIAN
PLANTATION FORESTRY

Since the 1970s, eucalyptus productivity in Brazil
has more than doubled from 17 m3 to 40 m³ha−1

yr−1 through access to improved germplasm, bet-
ter breeding techniques, clonal propagation, im-
provedsilviculture,andimprovedplantationman-
agement practices. Breeding for better performing
treevarietiesprovides continuous improvement in
quality and supply while maintaining genetic di-
versity and continues todrive down the amount of
landneeded to produce a given amount of pulp: to
produce500,000 tonsofpulpperyear in the1980s,
a pulp mill needed ∼67 k ha of land,∼51% more
than that needed today (∼45 k ha), to supply the
same amount of pulp annually.

However, yield improvements through con-
ventional approaches are nearing a ceiling. In ad-
dition, some traits cannotbe created throughcon-
ventional breeding (such as insect resistance or
modified wood properties), and for some traits,
such as climate resilience, conventional breeding
time lines are too long. If enhancing plantation
productivity requires a continued emphasis on
raising technical efficiency, then genetic modifi-
cation (GM) could be part of this solution. Since
2006,FuturaGenehasbeenintegratingGMwithin
conventional breeding programs, affording the
potential to enhance and protect yield, to modify
wood properties for diverse offtakes, and to pre-
pare for climate change while using less land and
resources and reduce chemical loads. This ap-
proachholdsgreatpromise forenabling theessen-
tial stepchange inproductivityandintensification
of existing practices for closing the supply gap. As
of March 2023, FuturaGene has received seven
approvals for the commercial deployment of bio-
tech traits in eucalyptus from the Brazilian Tech-
nical Biosafety Commission (CTNBio). The ap-
provals include a yield enhancement trait, five for
herbicide resistance and an insect resistance trait.
All these traits are aimed at enhancing and pro-
tecting plantation productivity with lower inputs
and reduced fossil fuel demand for operations.

Underpinning our scientific and regulatory
capabilities, FuturaGeneandourparent company
Suzano have developed a robust governance sys-
tem to enable the implementation of relevant tree
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biotechnology approaches as part of the solution
to mitigating global existential crises of climate
change, food security, biome loss, and equal-
ity. A central part of this governance system is a
detailed corporate GM tree policy accessible here:
storage.googleapis.com/stateless-site-suzano-en/
2021/06/a7bf592a-suzano-gm-tree-policy-_-final_
17.06.21-reviewed.pdf. This policy is based on
principles and commitments that govern Suza-
no’s GM tree program and relationships with
stakeholders. These include:

1. A scientific and operational framework to
ensure all projects provide solutions that en-
able not only the transformation of the eco-
nomic values of forestry but also create social
shared values and environmental renewal
and resilience; and

2. A bioethical framework to ensure decisions
shall be based on dialogue with stakeholders,
on the principle of shared values, and on
an understanding of direct and indirect envi-
ronmental impacts and dependencies. This
framework would be implemented through
commitments to ensure transparency, stew-
ardship, and traceable good practices within
all operations; stimulate long-term, outcome-
oriented, local and global, inclusive dia-
logues on tree biotechnology; promote
technology transfer for humanitarian or
environmental purposes; align all initiatives
withopportunities to sharebenefitswithout-
growers (contracted small-holder farmers);
and implement abioethics advisory commit-
tee to identify anddefine technical, scientific,
and bioethical questions about the social, en-
vironmental, economic, and legal aspects of
biotechnology and its applications.

These commitments create the potential for
community empowerment, resilience, and en-
trepreneurism at a local level, and globally
through sharing our technologies free of charge
to public sector research institutes working on
the improvement of subsistence crops for food
security or institutes developing strategies for
safeguarding forest health. To date, we have
shared our technologies with the Donald Dan-
forth Center to improve subsistence crops (Ven-

kata et al. 2020); we have provided a eucalyptus
research clone and genetic transformation pro-
tocols to a research consortium based at Oregon
State University; and we have put the most
advanced eucalyptus genome data into the
public domain to advance public research (Fu-
turaGene, www.futuragene.com/shared-value).
Furthermore, during in-licensing of key technol-
ogies, we ensure that smallholder outgrowers of
Suzano have access to technologies free of any
royalty charges.

We describe here three approaches to scale-
up and expand our programs to reframe global
thinking on carbon drawdown, closing the sup-
ply gap, climate resilience, and to reframe criti-
cal questions regarding the relevance of tree bio-
technology for society and the environment.

LANDSCAPE-LEVEL EXPERIMENTATION
AND GLOBAL DIALOGUE TO CHANGE THE
NARRATIVE ON TREE BIOTECHNOLOGY

Assessing Carbon Assimilation in Yield-
Enhanced, GM Eucalyptus Plantations at a
Landscape Level in Brazil

FuturaGene has developed a genetically modi-
fied yield-enhanced eucalyptus event generated
by the transgenic expression of a cell wall-modi-
fying gene (1,4-β-endoglucanase) from Arabi-
dopsis that allows enhanced cell elongation
(Shani et al. 2004; Abramson et al. 2013). The
event was approved for commercial use by the
CTNBio in April 2015 (Nature Biotechnology
2015).

Our field experiments to date have yielded a
large body of evidence on biosafety and per-
formance criteria that demonstrates that our
transgenic approach delivers substantial yield en-
hancement in different genetic (G) backgrounds
in different environments (E). In fact, extended
field trials with over 500 different clones, involv-
ing over 300,000 trees in different growing areas
aroundBrazil since2006,haveshownconclusively
that this technology affords significantly higher
productivity of wood per planted area over the
best available commercial clones in specific bi-
omes (G×E effect). Although linear incremental
improvements in yield of Brazilian eucalyptus
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have been achieved since the onset of breeding
programs in the 1970s, increments achieved
through conventional breeding are stagnating.
The gains from the genetically modified yield en-
hanced eucalyptus event in specific biomes can
represent up to almost half of the entire yield
gain achieved over the last 40 years of conven-
tional breeding. Thus, our yield-enhancing tech-
nologyoffersthepotential tochangetheparadigm
of yield enhancement and directly address the
yield gap.

Currently,more than 6million ha are planted
with eucalyptus inBrazil alone.Newplantings are
only permitted ondegradedpastureland,which is
a very poor carbon sink. Data from the IBÁ (the
BrazilianTreeAssociation) indicates that conven-
tional eucalyptus may sequester 240 tons of CO2

per ha over a 7-year rotation (IBÁ 2022). An av-
erage increase of 12% in yield would potentially
push this to 270 tons of CO2 per ha. Furthermore,
it is estimated that∼30%of thebiomass generated
during a 7-year growth cycle remains in the land,
through thinnings, root mass, which is not re-
moved, and debarking in the field, which is also
amajor sourceof remineralizationof the landand
soil carbon regeneration.

What is needed now to better understand the
carbon drawdown potential of these trees is land-
scape-level experimentation in different biomes,
including microbial assimilation and soil organic
carbon dynamics. Here, we propose to evaluate
carbon assimilation of the yield-enhanced event
over the next 6 years (a typical rotation) at land-
scape scale (1000 to 3000 ha) to create a quantita-
tivebaseline fordecisionmakingandgainaglobal
understanding of the impact of landscape-level
planting of modified eucalyptus on atmospheric
carbon drawdown prior to harvest.

Landscape-level analyses will deliver solid
baseline data for assessing carbon drawdown in
different G×E combinations for the first time
and would provide detailed landscape-level data
on thepotential to enhance the carbondrawdown
capability of this crop. Data derived from such
experimentation could be of major significance
for decisionmakingwith respect to carbon draw-
down implications in Brazil in particular, with a
planted eucalyptus base of 6 million ha, as well as
with respect to plantation forestry globally. This

approachcouldalsoserveasablueprint forsimilar
studies in other parts of the eucalyptus-growing
regions in the tropics and subtropics.

Metabolic Engineering of Photorespiration
Bypass in Transgenic Eucalyptus: Implications
for Sustainability under Climate Change

Even with significant advances in the form of
clonal adaptations, improved management prac-
tices, soil preparation and fertilization, and pest
and disease control, eucalyptus productivity in
Brazil is strongly affected by climate variability
(Binkley et al. 2017; Martins et al. 2022). Water
deficits (Scolforo et al. 2019; Martins et al. 2022)
and extreme temperatures outside of appropriate
thresholds (from 8.5°C to∼40°C) (de Freitas and
Bolzan Martins 2019) are the main causes of re-
duced eucalyptusproductivity inBrazil, and these
impacts are expected to become more prevalent
with climate change (Elli et al. 2020; Florencio
et al. 2022). A series of approaches allow us to
prepare for such an impact to provide varieties
that will be able to performwell evenunder future
adverse climate scenarios.

One approach that has already shown prom-
ise in other species (see Erb 2023) is to investigate
ways to bypass photorespiration (Betti et al. 2016;
South et al. 2018). During photosynthesis, the
enzyme rubisco incorporates carbon dioxide
into an organic molecule during carbon fixation,
but rubisco has a flaw: instead of using carbon
dioxide as a sole substrate, it sometimes con-
sumes oxygen, particularly under conditions of
high light and high temperature. This side reac-
tion triggers a process called photorespiration,
which causes carbon dioxide to be lost rather
than fixed. Photorespiration (also known as the
oxidative photosynthetic carbon cycle, photores-
piratory cycle or C2 cycle) is a complex and
energy-consuming set of reactions required to
recycle 2-phosphoglycolate generated by the oxy-
genase reaction of rubisco (Betti et al. 2016). Pho-
torespiration wastes energy, hampers primary
metabolism and carbon fixation, and produces
toxic byproducts that can impair crop productiv-
ity by as much as 50% under severe conditions
such as elevated temperatures. Increased temper-
atures enhance photorespiration, and with the
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current global warming, the negative impact
of photorespiration on yield loss will increase.
Recent studies indicate that plant yield can be
substantially improvedby the alteration of photo-
respiratory fluxes or by engineering artificial
bypasses to photorespiration. To address these
challenges and improve the sustainability of eu-
calyptus growth and cultivation, FuturaGene has
developed a transgenic eucalyptus variety ex-
pressing a photorespiration bypass. The engi-
neered photorespiration bypass would allow the
transgenic eucalyptus to bemore effective in cap-
turing CO2 and water, thus reducing the negative
impact of photorespiration. Throughmonitoring
gas-exchange parameters in the youngest fully
expanded leaves, ourfindings show that the trans-
genic eucalyptus plants exhibit a significant in-
crease in leaf photosynthetic capacity (measured
as Amax under ambient conditions), ranging
from 15% to 25% higher than nontransgenic
plants.Moreover, we sought to investigatewheth-
er the enhanced photosynthetic performance of
the transgenic plants resulted in any phenotypic
differences. Our experiments with eucalyptus
trees grown in greenhouse conditions revealed
that the transgenic lines had an increased growth
rate and demonstrated an increased height of up
to 15% compared to nontransgenic trees, with no
change in stem diameter. Although our experi-
ments are limited to greenhouse studies at this
stage, we have demonstrated that eucalyptus en-
gineered with photorespiration bypass results in
enhanced growth and increased carbon assimila-
tion compared with nontransgenic controls. To
gain a more comprehensive understanding of
the effects of photorespiratory bypass on plant
metabolism and performance, we plan further
studies to investigate the impact of this GM on
eucalyptus primary metabolites, specifically car-
bohydrates and amino acid composition. In
addition, we plan to evaluate the performance
of the transgenic eucalyptus trees under drought
conditions.

This research emphasizes the potential for
transgenicmetabolic engineering to improve the
sustainability and resilience of eucalyptus in the
face of future climate change and to permit bet-
ter strategies for forestry planning, silvicultural
practices, and guiding effective adaptive mea-

sures to cope with climate change threats, espe-
cially in regions facing water scarcity and high
temperatures. Further research is required to
fully understand the potential implications of
this technology and its feasibility for commer-
cial use. The next step is to take these experi-
ments to the field to assess the impact of the
bypass under different genetic and environ-
mental combinations in different biomes in
Brazil.

Global Dialogue to Unlock the Potential of
Biotechnology

Global development is on a trajectory of ecolog-
ical deficit, inequality, and food insecurity, af-
fecting the lives of billions and the prospects of
future generations. Credible pathways to redi-
rect global development are flawed by the dis-
connect between science and global develop-
ment policy. Paradoxically, it is clear that the
rate of scientific and technological innovation
can keep pace with global developmental chal-
lenges—but only if it is allowed to do so.

A new narrative is needed that unlocks tech-
nology—global discourse needs to change from
“how do you construct social processes to regulate
biotechnology” to “how do you unlock the inno-
vation required to take global development to an
inclusive, low-carbon, and just trajectory?” Dia-
logue is essential to create a favorable operating
environment that allows the implementation of
science-based strategies to deliver the step change
needed in the way land is used to achieve greater
efficiencies of forest commodity production. It is
clear that to achieve greater intensification of pro-
ductivity, existing performance standards, de-
signed to manage linear incremental change, will
not suffice.Globaldialoguemust focusontheways
in which future standards and governance frame-
works can be designed to manage the complexity
of systemic transformational changes.

Leadership is needed in the formulation of
these frameworks that will master production
efficiency in transformative ways and manage
the highly disruptive and controversial process
of further intensification and that stimulates pref-
erential procurement and increased consumer
awareness.
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For more than 10 years, FuturaGene has
linked their scientific and regulatory program to
a strong presence in global dialogue at all levels to
reframecritical questions (MayandHirsch 2015).
The approach has been to urge a discourse and
collective reasoning ongovernance, andbreak the
deadlock caused by decades of exchanges around
risk.With a perspective of governance, it is possi-
ble to reframe what is essentially a “wicked prob-
lem” in terms of broader value for society and the
environment. Our narrative has been framed on
the premise that with limited scope for sustain-
able throughput of resources, ensuringwell-being
within planetary boundaries, will require en-
hanced resource use efficiency while meeting
growing and shifting demand. In practical terms,
this requires step changes inproductivityandpro-
cess efficiency and an expansion of the quality,
scope, and scale of products and services, and
that in turn means an increased dependence on
scientific andtechnological innovation.Theques-
tion we have posed is: “If the only way to achieve
natural resource use efficiency and producemore
from less is to improve technical efficiency—how
can inclusive frameworks of governance for the
development and deployment of scientific and
technological innovation be established and im-
plemented down to the local level?”

Inpractical terms: “Howcanresearchbeguid-
ed toward productivity challenges, how can its
impact reach smallholders, and how can they
use it to access newmarkets?”

OurGM tree policy is designed specifically to
operationalize this ethic through sharing technol-
ogy with small producers in Brazil, sharing tech-
nology free of charge to public sector research
institutes for humanitarian and environmental
objectives (Venkata et al.2020;FuturaGene2023),
and the establishment of a bioethics advisory
committee to oversee the entire program.

We have made some progress in creating
awareness around positive narratives, but further
progress at scale and on time is essential. The
large-scale field experiments we propose to assess
carbon drawdown and yield enhancement pro-
vide a unique opportunity to expand and enrich
thisdialogue.Because of the scale of this approach
and its novelty and relevance to the global debate
on different approaches to carbon drawdown, we

plan toopen thefield experiments as a global plat-
form for dialoguewith the participation of the key
institutions leading the global carbon drawdown
and decarbonization discussions and key down-
stream industries through a series of workshops,
trainings, and debates in situ. Such interactions
would allow decision makers to see first-hand
how carbon drawdown would work in practice.
This would fill an important gap in the global
“carbon drawdown” debate framed in the context
of “what do real-life solutions actually look like?”
Theprogramwouldalso involvefieldvisits topro-
tected forests, visits with local communities and
social programs—andwouldbuild awareness that
high-techplantation forestry is a necessaryoption
for development.

Workshops based on real-life experiences
framed around critical discussion themes in situ
would help bridge many current gaps in thought
leadership andwould provide a fact-based vehicle
for introducing the role of tree biotechnology into
global thinking. A critical objective will be to es-
tablish key facts on plantation management, to
create awareness that well-placed and well-man-
aged plantations can be an asset for local commu-
nitywell-being,biodiversityconservation,ecolog-
ical health, and commercial benefit.

The Brazilian context in which our work
evolves is unique in the world and offers a vision
of how plantation forestry can provide a strong
vehicle for rural development, biodiversity con-
servation,economicgrowth,andecologicalregen-
eration (IBÁ 2022). By changing the content and
direction of debate around the role of biotech for-
estry in carbon drawdown and the potential to
narrow the supply gap at scale and on time, a
new vision for plantation-based solutions for
sustainability and developmental issues could
emerge. Until there is a better understanding
that plantations are part of the solution, not the
problem,theinvestmentsneededtoboostproduc-
tivityinthesubtropics(andenhancecarbondraw-
down and social values) will not be made.

Wewould use the sameworkshop-based ap-
proach to showcase the value of yield-enhanced,
GM eucalyptus on narrowing the global supply–
demand deficit and stimulate debate on the pos-
sible future impacts of the existing and future
supply–demand crisis by direct experience in
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situ. Debate is urgently needed, particularly on
the humanitarian aspect of this issue, and our
project could provide a unique convening plat-
form for deliberation of practical solutions.

DISCUSSION

There is growing consensus that a considerable
shortfall between supply and demand for forest
productswill develop incomingdecades (Indufor
2012; ITTO2020). Planted trees alreadyprovide a
significant proportion of supply, but at current
planting and productivity levels, this cannot suf-
fice tofill thegap.Planted trees alsoprovidebotha
meansforcarbondrawdown(IBÁ2022),avoiding
deforestation (New Generation Plantations, new
generationplantations.org), and a valuable feed-
stock fordecarbonization andreducing emissions
from downstream carbon and energy-intensive
industries. If the global imperative of zero defor-
estation as a priority for climate action is to be
achieved, the supply gap urgently needs technical
solutions in the groundnowand appropriate gov-
ernance frameworks to guide their development
and deployment. The need to intensify the pro-
ductivity of plantations becomes a significant pri-
ority, because it is here that innovationwillmake a
difference. The potential for positive cascading
effects of decarbonizing the construction sector
or substituting fossil fuels in the chemicals indus-
try will not be possible if the supply of alternative
sources—biomass—are not reliable or priced
competitively against incumbent feedstocks.

Our research has shown that GM for yield
enhancement and yield protection traits in eu-
calyptus can deliver step changes in productivity
and climate resilience and are a first step toward
radically improving plantation productivity.
Nevertheless, there remains a significant lag be-
tween scientific advances and enabling policy
that directs research toward sustainability objec-
tives and ensures that ensuing products are dis-
seminated widely and equitably. Access to and
widespread use of such technologies can be en-
abled when appropriate policies that drive tech-
nology transfer, local capacity building, and
preferential procurement are in place. Under-
pinning all of this will be greater public accep-

tance of the technologies involved and planta-
tions themselves.

Such technologies and governance frame-
works are urgently needed since the world is
in ecological deficit and GDP growth remains
tightly linked to environmental degradation, bi-
odiversity loss, inequality, and carbon emissions
(www.overshootday.org). Current patterns of
land and resource use and the scale and intensity
of land-use change are already radically altering
the ecological infrastructure of the planet: 82%
of 94 core ecological processes recognized by
biologists, from genetic diversity to ecosystem
function, are impaired (Scheffers et al. 2016).

Goals to deliver solutions for climate change,
biodiversity loss, food security, and equality are
imperativessincetheyareatorneartippingpoints.
To date, however, the institutional arrangements
established since the Earth Summit in 1992 have
struggled to manage the complexity of these de-
mands: overshoot of natural resource consump-
tion, inequality, anddegradationcontinuedespite
global commitments to create a low-carbon, in-
clusive,andjust trajectoryforglobaldevelopment.
The UN 2030 Agenda of Sustainable Develop-
mentGoals (SDGs), adopted in 2015, was already
off-target across many indicators within years of
its inception (World Economic Forum 2021);
most indicators for preventing excessivewarming
areoff-target (WorldResources Institute2021). In
the interim, the escalating imbalance betweenhu-
man activity and natural resource capacities will
continue. There is an obvious and disconcerting
mismatch between the urgency with which the
objectivesof ensuringwell-beingwithinplanetary
boundaries and the time frames inwhichpractical
transformative forest solutions can be delivered.
Radical, systemic action is required and applies to
all sectorsandcountriesatallscalessincetheprob-
lems addressed are tightly interlinked, evolving
unpredictably and are systemic. Actions for cli-
mate change mitigation must be taken in parallel
with actions to provide for biodiversity regenera-
tion, foodsecurity, andequality.Aboveall, actions
that targetsolutionstotransformcurrent land-use
practice—agriculture and forestry—must be pri-
oritized because they cut across all four crises.

To resolve this, bottom-up approaches are re-
quiredtodeliver thestepchangeneeded intheway
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land is used and greater efficiencies of forest com-
modity production. We know, however, that to
achieve greater intensification of productivity, ex-
istingperformance standardsdesigned tomanage
linear incremental change will not suffice. Future
standards must be designed to manage the com-
plexity of systemic transformational changes.

As proposed by Rockström et al. (2017):

… an explicit carbon roadmap for halving an-
thropogenic emissions every decade, codesigned
by and for all industry sectors, could help pro-
mote disruptive, nonlinear technological ad-
vances toward a zero-emissions world. The key
to such a roadmap will be a dual strategy that
pushes innovative strategies up the creation and
dissemination trajectory, while simultaneously
pulling fossil-based value propositions from the
market. Thus, the transformation unfolds at a
pace governed by innovation rather than by in-
ertia imposed by incumbent technologies.

While the forestry sector could clearly play a piv-
otalrole inclimatechangemitigationandinsucha
carbonroadmap, thereality isthat the forest sector
has little influence inglobal thought leadership. In
thecontextof theUNSDGs, forestsare incorrectly
framed inanarrowandrestrictedperspective lim-
ited to biodiversity (sustainable forest manage-
ment is mentioned only once in SDG 13). The
globaldiscourse cannotbe limitedto thebiodiver-
sity area alone, otherwise the active management
or restoration of forests will simply be invisible. A
narrow interpretation of forestswithmost of their
social and economic benefits and functions disre-
gardedorunrecognizedgreatly limitsoptionsfora
bioeconomy, climate resilience, decarbonization,
and fossil fuel substitution and appropriate inte-
gration of their true socioeconomic value.

Part of the underlying hesitancy to political
endorsement of forestry in the climate agenda
could lie in the fact that such an endorsement
would require massive adoption of plantation
forestry and, in particular, IMPFs. Given the
fact that genetically engineered (GM) trees will
play a growing role in yield enhancement and
protection and in modification of feedstock
chemistry (Indufor 2012), it has been our expe-
rience that it becomes very problematic to even
convene appropriate stakeholders for debate.

Nevertheless, a new narrative is needed that
reframes global environmental change from an
exclusive focus on physical processes of nature
to the interlinkages with social processes. This
new insight would provide an incentive to see
the environment in terms of use and distribu-
tion of natural resources rather than scarcity.
This subtle switch could have powerful conse-
quences to enable a more rapid and inclusive
uptake of practical measures to tackle produc-
tion and consumption and internalize them into
mainstream economic strategy.

Our view is that part of this narrative, based
on our experience to date, must be the moral
imperative of unlocking the potential of tree
plantation biotechnology at scale, on time, and
in the right location.

We believe that the landscape level experi-
mentation we propose will contribute signifi-
cantly to this new narrative, both through provid-
ing robust scientific evidence fordecisionmaking,
but also by providing a platform for objective de-
bate on the reality of what is possible.

The availability of a landscape level experi-
ential platform for debate could help build a pos-
itive, mobilizing vision for the ways in which
communities and biodiversity can benefit from
the technologies that will underpin intensifica-
tion and insights for appropriate governance
frameworks. For both civil society and business,
this means developing a cooperative model that
favors a diffusion of advanced technologies to
the benefit ofmore, not fewer, people under con-
ditions that are acceptable. This would be un-
precedented but necessary since we live in a
world in which the only thing we can be certain
of is change. Change challenges everything. It
challenges most of all the tools we employ to
achieve our objectives—if our objectives are to
remain relevant and have impact at scale. The
speed of change is the most difficult facet of
this challenge because it requires us to act in
ways and in contexts in which we are unfamiliar.
Exponential change is inevitable, and the risks of
not mounting an effective systemic response are
profound. Collective response in developing
transformative solutions will start with trust
building to enable the collusion required for im-
plementation. Governance will provide the co-
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hesion required to create the resilience necessary
for meaningful impact.

This demands an enormous upheaval in our
institutional and personal behavior toward col-
lusion on an unprecedented level. If joint inter-
ests can be agreed upon up front under appro-
priate governance frameworks, there is a more
mobilizing potential for development and de-
ployment of innovations that could enhance
carbon drawdown and climate mitigation. Our
interests are therefore roughly aligned and op-
position to such technologies could actually do
more harm than good to local communities.

OurGM tree policy was drafted from the per-
spective that it is inour interest toshare innovation
broadly with our outgrowers and tomake it freely
available for humanitarian and forest protection
purposes. It neednot be the case that the onlyway
of balancing more with less through improving
technical efficiency (“intensification”) is seen
only as an interim solution for resolving the im-
balance between the activities of society and the
capacities of the natural world. This could in fact
be the start of a trajectory toward renewal.

We are also confident that the dialogue plat-
form we propose could address the evident hes-
itancy in considering high-tech plantations as
an option for development. Dialogue of such a
nature could provide the reassurances and evi-
dence of safeguards and shared benefits that
managing transformational change is practically
possible and that disruption need not necessar-
ily be a threat.

For business this is a major challenge; it will
involvemore intimatelyworkingwithnongovern-
mental organizations (NGOs), integrating “social
license to operate” into strategy, diffusion rather
than consolidation of innovation, and internaliz-
ing environmental externalities. Themost funda-
mental change required would be the building of
trust, to deconstruct ideological barriers that
thwart collective action, and enable the identifica-
tion of a common ground to achieve a common
objective of sustainable forest management.

A recent publication describing a set of prin-
ciples forgovernanceof cropbiotechnology (Gor-
don et al. 2021), significantly shifts the debate to-
ward collective action and the question of shared
value. This offers a novel path toward defining

common ground on which such principles could
be implemented. “Risks and benefits should be
weighedagainst thecounterfactuals of continuing
with business as usual against the backdrop of a
changing climate and growing human popula-
tion” (Gordon et al. 2021). In January 2022, in
collaboration with members of the steering com-
mittee of this publication, we published a com-
mentary on this article (May et al. 2022), because
manyof thekey featuresof theseprinciplesconcur
broadlywith theGMtreepolicywehadpublished
earlier. We welcome a pathway for engagement
and exploration of narratives toward further pos-
itiveunderstandingoftherelevanceofbiotechnol-
ogy to climate change food security and related
challenges.

The moral imperative should be to embrace
newer methods, allowing advances to leave the
laboratory and be tested in the field unhindered.
This isof special importance fordevelopingcoun-
tries, where modern plant-breedingmethods can
allow local scientists to innovate and improve the
crops needed to feed their citizens (May et al.
2022).

Ultimately, success lies not only in the science
available, but in parallel, the co-creation of an en-
vironment in which science is embraced and ca-
pacity building and technology transferflow from
that. Science, without public acceptance, will in
theendbe irrelevant, andahuge, existential global
imperative will be sidelined through misunder-
standing, causing irreparable planetary damage.

The fundamental challenge and opportunity
of our time is therefore to develop leadership
in the formulation of a governance framework
that will master natural resource productivity
efficiency in transformative and socially relevant
ways. Within this, the physical challenge is to
develop and deploy the science and technology
for the sustainable intensification of agrofor-
estry commodity production. The socioeco-
nomicchallengewill be to ensure that technology
reaches those who need it the most and that re-
sponsibleprocurementpolicies are systemic.The
environmental challenge is to uncouple solu-
tions for meeting productivity challenges from
persistent cycles of ecosystem degradation and
carbon emissions. Overarching all of this will
be a behavioral challenge at all levels to under-
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stand and embrace scientific and technological
innovationasameans for reducingcomplexity to
practice via a meaningful global dialogue and
convergence between the private sector, the sci-
entific community, civil society, and govern-
ments.

If the challenges we face collectively are
complex, then so are the solutions. The way for-
ward is enhanced and informed dialogue on
technology, enabling policies that stimulate the
flows of technology and investment required
and international cooperation in technology de-
velopment and deployment. Well managed, and
appropriately located GM plantations can be a
key feature of healthy, diverse, and multifunc-
tional forest landscapes, and can thus provide
conditions that are compatible with climate, bi-
odiversity conservation, and human well-being
needs.

Current thoughtleadershipidentifiestheneed
for positive exponentials tobreak the existing par-
adigm of economic, ecological, and social dys-
function (Elkington 2020). Many of the technol-
ogies and ideas already exist. The fundamental
shift required to unleash that potential and drive
a regenerative, distributive economic order is the
creation of hitherto unimaginable coalitions that
can transcendcurrent ideological and institution-
al barriers and disrupt dysfunction. More specif-
ically, the scale and pace of breakthrough will be
determined by the speed with which the technol-
ogiesandideasof the futurecangainsocial license.
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Gene editing and genetic modification hold enormous potential to deliver solutions to mul-
tiple climate change challenges. The most important rate-limiting obstacles impeding their
development and deployment are not technical, but rather counterproductive policies and
regulations. These are driven in part by the mistaken apprehension of widespread public
opposition. These obstacles are described and solutions to overcoming them are presented.

Jared Diamond observed that,

Any society goes through social movements or
fads, in which economically useless things be-
come valued or useful things devalued temporar-
ily. Nowadays, when almost all societies on Earth
are connected to each other, we cannot imagine a
fad’s going so far that an important technology
would actually be discarded. A society that tem-
porarily turned against a powerful technology
would continue to see it being used by neighbor-
ing societies and would have the opportunity to
reacquire it by diffusion (or would be conquered
by neighbors if it failed to do so).

—Diamond (1997)

Crops improved through biotechnology, often
called genetically modified organisms (GMOs),1

have made major contributions to improved ag-
ricultural productivity and sustainability, increas-
ing farmer incomes, improving environmental
health, food safety, and benefitting consumers
worldwide (Klümper and Qaim 2014; Nicolia
et al. 2014; ISAAA 2020; Brookes 2022a,b).

Gene editing has already accelerated the rate at
which such benefits are being imagined, devel-
oped, and delivered and holds the potential to
help rapidly address some of the critical chal-
lenges associated with reducing greenhouse gas
(GHG) emissions, as others have shown (Asa-
numa and Ozaki 2020; DeLisi et al. 2020; Gid-
dings et al. 2020; Ito 2021; Houser 2022; Ro-
senzweig 2022; Zahoor 2022). Yet, despite these
considerable benefits and the urgent need for
these solutions, opposition and obstacles threaten
to delay or block such beneficial applications.
This paper describes the most important obsta-
cles and shows how they can be overcome.

RATE-LIMITING FACTORS

Other papers have described several gene-edited
innovations that hold significant promise for re-
ducing GHG emissions and/or drawing down
atmospheric levels of carbon dioxide. Technical

Copyright © 2024 Cold Spring Harbor Laboratory Press; all rights reserved
Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a041677

1Some have tried to draw a distinction between “genetic engineering” by which they mean the use of recombinant DNA techniques to
insert exogenous DNA into a genome, and “gene editing” defined as limited to tweaking extant DNA sequences in a genome. But as
technology advances, gene-editing techniques are increasingly being used to achieve similar or identical results as genetic engineering
(Irving 2022; Yarnall et al. 2022) so we use the terms as more or less synonymous.
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obstacles remain to be conquered before these
and other related innovations can be reduced to
practice anddeployedat scale but thepromise for
sizable and rapid impacts is high. The primary
rate-limiting factor is not technical challenges,
but regulatory and policy burdens based on the
perception of problems with public acceptance
(Lee 2022).

Public acceptance is difficult to measure.
Opinion surveys of widely differing quality have
delivered varying results over the past four de-
cades. The common wisdom suggests there is
considerable public hesitation, if not downright
resistance, at least to foods improved through
biotechnology. But while there are some regions
in which this may be true—e.g., Austria—the
reality is more complicated (Keller 2021), and
the data tell a very different story.

There is often a gap, sometimes dramatic,
between what people self-report about their at-
titudes in a public opinion survey, and their at-
titudes as manifest in actions. People often say
one thing and do another. Indeed, it has been
known for decades that many people simulta-
neously hold mutually contradictory views, par-
ticularly when it comes to genetic technologies
(Office of Technology Assessment [OTA] Unit-
ed States Congress 1987). This is particularly so
with regard to survey responses versus point-of-
purchase decisions on whether or not to buy a
product. But consumer data from around the
world show consumers consistently base food
purchase decisions on three factors: cost, taste,
and quality. This holds true even among popu-
lations where a significant number claims oth-
erwise (International Food Information Council
[IFIC] 1921; Office of Technology Assessment
[OTA] United States Congress 1987).

The reality is that every bushel of genetically
engineered corn or soy that has been grown has
been sold, and the market has not delivered a
consistent premium for non-genetically engi-
neered varieties. (Some soy varieties have consis-
tently commanded premium prices for specialty
varieties such as those used for tofu; but the mar-
ket size for such varieties is too small to support
the regulatory costs for approval of genetically
modified [GM] varieties at present) (McDougall
2011; Lassoued et al. 2019; Whelan et al. 2020).

The agronomic and commercial success of
crops improved through biotechnology has led
directly to the explosive adoption of biotechnol-
ogy-improved seed by farmers around theworld
(ISAAA 2020). This holds true not only for
countries where biotech-improved seeds have
been approved by governments, but also where
farmers have been denied access by govern-
ments that have been slow to recognize the re-
ality of their safety and superior sustainability
(Giddings 2019). But the mistaken perception
of broad consumer reluctance has been both a
cause and effect of policies and practices that
needlessly discriminate against biotechnology
innovations in agriculture.

The result is policies, regulations, and busi-
ness practices such as “non-GMO” certification,
all of which create disincentives and barriers to
the development and deployment of innovative
solutions developed with gene editing and genet-
ic engineering. This is the case around the world
despite the lack of scientific justification for such
discrimination, and in the face of massive expe-
rience demonstrating the superior safety and sus-
tainability of such technologies (Smyth 2022).

The barriers created by these regulations,
policies, and practicesmust be overcome if prod-
ucts of gene editing/genetic engineering are to be
developed and deployed in a timely manner.

WHAT IS TO BE DONE? 1—REDUCING
REGULATORY BURDENS

There is no doubt that well-designed regulations
have contributed to enormous societal benefits
by improving the safety of foods, devices, and
tools, and reducing theunintendednegative con-
sequences of innovations (Havens 1978; Guasch
and Hahn 1999; O’Toole 2014). But regulations
that are not well designed and impose compli-
ance burdens disproportionate to the benefits
they aspire to deliver are counterproductive,
and not “fit for purpose.”

In the name of safety, regulatory regimes
around the world impose burdens on the intro-
duction and use in food and agriculture of inno-
vations developed through biotechnology. These
burdens are disproportionate to the actual haz-
ards the innovations embody. The sanitary and
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phytosanitary (SPS) agreement of the World
Trade Organization (WTO), and the Interna-
tional Plant Protection Convention (IPPC) cod-
ify standards that safety regulations must meet
to ensure regulations actually advance safety
rather than provide a cover for surreptitious
goals, such as protectionism. Distilled to their
essence, these standards stipulate that regulatory
measures must address an actual threat (i.e.,
exposure to an identified hazard), not a hypo-
thetical fear; they must be proportional to that
threat; and they must not be excessive, more re-
strictive thannecessary tomanageormitigate the
threat. These standards form the foundation of
the rules-based system of international trade in
food commodities, on which food security for
much of the world depends. But regulations ap-
plied to crops and foods improved through bio-
technology around the world fall short of com-
plying with these standards.

Governments generally take one or the other
of two different approaches to safety assurance
for crops and foods improved through biotech-
nology: one aims to ground regulations and ap-
proval decisions in data and build on experience;
the other, despite claiming otherwise, elevates
other criteria, such as “precaution” or political
concerns. The United States, Australia, Canada,
Japan, Argentina, Brazil, and some others fall
into the first category, although not perfectly.
The European Union and countries that follow
the EU example, particularly in tropical lati-
tudes, fall into the latter category.

The United States first promulgated a major
biotechnology policy statement in 1986, pub-
lishing an approach to regulation known as the
Coordinated Framework (CF) (Office of Science
and Technology Policy [OSTP] Executive Office
of the President 1986). The CF is based on the
recognition that no novel risks of GMOs have
been identified (i.e., no potential for exposure to
novel hazards) compared to those familiar with
crops and foods developed with traditional
methods of genetic improvement (e.g., classical
breeding, wide crosses, tissue culture) (National
Academy of Sciences 1987, 1989; Kuiper et al.
2001; European Commission 2010). The OSTP,
therefore, posited that existing legislation assign-
ing authority tomanage andmitigate such famil-

iar hazards to avoid unreasonable risks should
be adequate to the task. Public comment was
solicited and received confirming these facts.
Regulatory agencies within the U.S. Department
of Agriculture, Animal and PlantHealth Inspec-
tion Service (USDA), Environmental Protection
Agency (EPA), and Food and Drug Administra-
tion (FDA) were tasked with developing regula-
tions, as necessary, to implement the CF, which
they did in accord with their own authorities.

The FDA determined that existing methods
for ensuring food safety were sufficient—sellers
are responsible for the safety of the food they sell,
and if a food had a history of safe consumption,
it would avoid major premarket regulatory scru-
tiny. If the food was novel in some potentially
hazardous way and lacked a history of safe use,
the FDA laid out a consultation mechanism in
which the agency asked questions to test the
basis for a seller’s claim of its safety.

The EPA developed a series of policies to
confirm the safety of new pesticidal sub-
stances developed through biotechnology, but
the USDA was the first agency to promulgate
new regulations to deal with “GMOs.” In accor-
dance with the standards laid out in the CF,
the U.S. Department of Agriculture, Animal
and Plant Health Inspection Service (USDA)
(1987) defined the regulatory trigger capturing
“GMOs” for review according to the charac-
teristics of the product—whether or not it pre-
sented a potential plant pest risk. This was
established by the presence or absence of DNA
sequences from a listed plant pest—themere use
of recombinant DNA technologies is/was in-
sufficient to trigger regulatory oversight. Expe-
rience soon showed this criterion was not, in
fact, a reliable marker for hazard (National
Academy of Sciences 1989, 2000, 2002; Organi-
zation for Economic Cooperation and Develop-
ment [OECD] 1992, 1993), and the Animal and
Plant Health Inspection Service (APHIS) re-
vised its application of the trigger to narrow the
scope of items captured for premarket review
and streamline the process (U.S. Department
of Agriculture, Animal and PlantHealth Inspec-
tion Service [USDA] 1992).

According to theCF, this approachofgaining
experience with classes of new products (e.g.,
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herbicide-tolerant maize, insect-resistant cot-
ton, confirming safety, and reducing regulatory
burdens while refocusing attention on areas of
remaining uncertainty) should have become a
regular pattern.Despite some encouragingmoves
in recent years, this has not happened (U.S. De-
partment of Agriculture 2018). And over the past
four decades, all U.S. regulatory agencies have
drifted from the path envisioned in the CF, al-
though none have wandered farther than the
FDA. In its most recent proposals to ensure the
safety of plants and animals improved through
gene editing, the FDA has adopted a “guilty until
proven innocent” approach that flies in the face
of reason and experience (Van Eenennaam and
Young 2014; Giddings 2017a,b). Not only is this
approachnotwhat is requiredunder the law,but it
is also scientificallynonsensical (VanEenennaam
et al. 2019; Van Eenennaam 2022).

Asbadas the situationhasbeen in theUnited
States, it is far worse elsewhere in the world. The
European Union adopted a “precautionary ap-
proach” that presumes biotech-improved seeds
present novel hazards and unreasonable risks
despite the absence of supporting data or expe-
rience (European Commission 1990; Paarlberg
2001; Entine 2006). The EU instituted a process
so burdensome andpolitical as to blocknearly all
farmer adoption of seeds improved through bio-
technology and causing the world leading seed
innovation industry, once found in Europe,
largely to relocate to the United States (Torry
2012). Innovation in European agriculture has
thus lagged behind the rest of the industrial
world, as has also been the case for other coun-
tries that have followed the European example
(ISAAA 2020).

The global situation today is that in virtually
every jurisdiction, the disharmony between the
degree of regulatory scrutiny applied to biotech-
nology-derived innovations in food and agricul-
ture, and the level that would be proportional to
the actual hazards and risks, has grown from a
gap to a chasm. This degree of regulatory scru-
tiny does nothing to add to citizen safety,
and such regulations are not “fit for purpose”
(United Kingdom Advisory Committee on Re-
leases to the Environment [UKACRE] 2013a,b,
c; Gould et al. 2022). They serve only to prolong

reliance on older, if not obsolete, technologies,
the products of which are generally less safe and
less efficient than more recent innovations.

Thismeans that theuse of themost advanced
seed-improvement technologies, with a remark-
able record of safety and improvements in sus-
tainability and productivity, are disincentivized
and discriminated against despite such policies
being contradicted by vast amounts of data and
experience. Inasmuch as genomes throughout
nature are salted with sequences imported from
other lineages (Ridley 1999; Giddings 2015) to
the extent that everything that appears on a din-
ner plate throughout most of the world is natu-
rally transgenic, the irony is palpable. This rep-
resents a massive failure of policies in countries
around the world that is especially egregious in
the face of present challenges and needs. The
opportunity costs of such retrograde policies
are considerable (Gouse et al. 2016; McFadden
et al. 2021; Usla 2022; Paarlberg and Smyth
2023).

The solution is as simple as it is obvious:
regulations lacking justification in data and ex-
perience must be set aside as rapidly as possi-
ble. Detailed accounts of how this can/should
be accomplished are not lacking (United King-
dom Advisory Committee on Releases to the
Environment [UKACRE] 2013a,b,c; European
Academies Science Advisory Council [EASAC]
2013; Conko et al. 2016; Giddings 2017a, 2021,
2022; Eriksson 2018; Gould et al. 2022). Their
recommendations should be taken up and acted
upon as amatter of urgency in the United States,
Europe, and other countries around the world.

WHAT IS TO BE DONE? 2—ELIMINATING
MISLEADING AND FRAUDULENT LABELS

Unduly burdensome regulations and innova-
tion-hostile policies are the major impediments
to the development and deployment of biotech-
nology-derived solutions to climate change
problems and other societal challenges. But oth-
er forces also play an inimical role, including ill-
founded labeling requirements or standards.

Some governments, particularly those in the
European Union and its emulators, under the
rubric of informing consumers, have mandated
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labels on foods containing “GMO”-derived in-
gredients above a certain threshold. The criteria
triggering the EU “GMO” labeling requirements
use the following language (European Commis-
sion 1997):

• Foods and food ingredients containing or
consisting of GMorganismswithin themean-
ing of Directive 90/220/EEC;

• Foods and food ingredients producted [sic]
from, but not containing, geneticallymodified
organisms.

The definition of “GMO” found in Direc-
tive 90/220 is “genetically modified organism
(GMO) means an organism in which the
genetic material has been altered in a way that
does not occur naturally by mating and/or nat-
ural recombination” (European Commission
1990).

The problems with this approach are mani-
fold. First, the triggering content threshold of
0.9% is purely arbitrary, and bears no relation-
ship to anymeaningfulmeasure of health, safety,
nutrition, quality, etc. Second, the class of foods
and food ingredients captured for labeling con-
tains multiple exceptions, also arbitrary and un-
related to any meaningful criterion related to
health, safety, nutrition, or otherwise (European
Parliament 2003). And finally, and fatally, the
definition of GMO as “an organism in which
the genetic material has been altered in a way
that does not occur naturally by mating and/or
natural recombination” is purely nonsensical.
Every “genetic modification” made in the pro-
duction of any GMO or gene-edited product is
made with enzymes scientists first found in na-
ture; they are used to effect the same kinds of
genetic changes observed widely throughout na-
ture. Examples of discovery of gene transfer
found in nature that are directly analogous, if
not entirely indistinguishable fromgeneticmod-
ifications effected by scientists using naturally
occurring enzymes to effect naturally occurring
mechanisms of genetic change in the laboratory,
are abundant (Wang et al. 2006; Schneider and
Thomas 2014; Yong 2014, 2017; Gasmi et al.
2015; Jones 2015; Kyndt et al. 2015; Matveeva
and Otten 2019; Chen et al. 2022). Far from de-

fining any meaningful class, this definition of
“GMO” does littlemore than signal the biologic-
al illiteracy of those who conjured it (Johnson
2015; Tagliabue 2015, 2016, 2020; Wood 2022).
Together with requirements for traceability, la-
beling, and testing, theEuropeanUnionhas con-
structed a compliance nightmare forwhich there
is no shred of scientific justification, in gross vi-
olation of its obligations and responsibilities un-
der the SPS/WTO and the IPPC (World Trade
Organization 1994; IPPC 1997).

The argument that consumers want and
have a “right to know” is equally unsound. Con-
sumers fed a steady diet of propaganda and lies
for years by vested interests (Academics Review
2014; Wetaya 2022b) without meaningful push-
back from the governments supposedly safe-
guarding their interests will, of course, say they
want labels to tell them whether or not they are
buying GMOs, even though nobody can give
them a definition of GMO that is not nonsense.
But experience shows consumers reliably re-
spond in the affirmativewhenever they are asked
if they want to have information on a label or
otherwise available, because they are rightly
skepticalof thosewhowouldpropose towithhold
meaningful information (Hackleman 1981). But
when presented with a blank slate asking them
what information they want on a label, very few
indicate they want information on “GMOs.”
Consumer demand for GMO labels, in this case,
is an artifact of inept opinion polls and ongoing
propaganda campaigns by vested interests (Aca-
demics Review 2014; English 2019; Food Insight
2021; Lynas et al. 2022).

Perhaps the most egregiously false and mis-
leading GMO label is not mandated by the gov-
ernment, but results from a business plan that
appears to be based on fomenting unfounded
fears about competing products and misleading
consumers. The Non-GMO Project, a company
created by a coalition of organic marketers will,
for a fee, license the use of their label (a butterfly
logo) to deceive consumers through false and
misleading claims about foods, food ingredients,
and their health and safety characteristics (Sa-
vage 2016; Giddings and Atkinson 2018; Miller
2018). Their marketing uses the label as a
symbol to reassure consumers that a product is
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free of GMOs, even though they admit on their
own website that it in fact provides no such
guarantee. Such misleading labels defy both
FDA and Canadian guidance on the topic and
are in clear violation of the law (Campbell 2018;
English 2019; FDA 2019; Canadian General
Standards Board 2021). Such propaganda cam-
paigns from vested interests contribute to the
demonization of safe, more sustainable products
and valuable technologies. Tolerating them im-
poses significant societal costs (Gelski 2016; En-
glish 2022).

WHAT IS TO BE DONE? 3—ACCELERATING
PUBLIC ACCEPTANCE IS THE ESSENTIAL
PREREQUISITE

Improving the acceptance climate among policy-
makers and regulators is essential if solutions de-
veloped through genetic engineering and gene
editing are to be deployed.Manydifferent actions
can help improve the acceptance climate, from
increased participation by scientists and in-
formed citizens in science communication and
policymaking, to sustained programs by credible
independent entities including NGOs and think
tanks.

Pushing back against the concerted disinfor-
mation campaigns from special interests that
have driven such discriminatory policies is dif-
ficult, particularly for governments, but inde-
pendent, science-based voices are well suited
for the task. There are several entities with prov-
en track records in this space, and publications
from several are cited in the references below:

• The Genetic Literacy Project (GLP): https://
geneticliteracyproject.org;

• The Institute for Food and Agricultural Liter-
acy (IFAL): https://ifal.ucdavis.edu;

• The International Service for the Acquisition
of Agri-Biotech Applications (ISAAA): https://
www.isaaa.org/kc/default.asp;

• PG Economics: https://pgeconomics.co.uk/
publications; and the

• InformationTechnology and Innovation Foun-
dation (ITIF): https://itif.org/issues/agricultur
al-biotech.

These groups are critically important con-
tributors to enabling future innovations built on
genetic technologies.

There are reasons to be hopeful that these
obstacles to gene-edited and genetically engi-
neered solutions will be overcome (Baksi 2022;
Bayer 2022; Bounds and Terazono 2022). As
noted above, the existing regulatory regimes
have been harshly criticized, particularly in re-
cent years. And decades of empty alarms of
health and environmental calamities from the
use of GMOs have corroded the credibility of
opposition groups (Brown 2022; Gelski 2022),
even as some of them have changed course
(Morgan 2021; RePlanet 2022). Governments,
particularly those in developing countries,
have noticed the considerable benefits deliv-
ered by crops improved through biotechnology
and are moving to avail themselves of the same
rewards (Awal 2022; Das 2022; Maina 2022;
Mong’ina 2022; NatureNews 2022; Wetaya
2022a; Zongo 2022). The perception of con-
sumer opposition also seems to be declining
(Food Insight 2021; Baksi 2022; Bayer 2022).
But the need for climate change solutions these
technologies can deliver is urgent, and it would
be imprudent to rely on the natural corrections
Diamond (1997) identified to remove the re-
maining obstacles (Bayer 2022; Doudna 2022;
The Economist 2022). Philanthropic support
for the independent advocates identified above
can make a critical impact and provide a rapid
return on investment. Such support should be
provided as rapidly as possible. The risks of
action need to be compared not to a presumed
no-risk-if-we-don’t-act path, but to the very
real, well understood, scientifically grounded,
and truly dire risks of staying the current
course.
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