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EXECUTIVE SUMMARY

Executive Summary
Impetus Behind the
Decadal Vision
Plants, and the biological systems around them, are key
to the future health of the planet and its inhabitants. Plant
science—and the life sciences in general—is at a crossroads. On the one hand, plant science research and technology breakthroughs have enormous potential to address
pressing global issues such as food insecurity, climate
change, species extinction, degraded water resources, and
increasing pollution. On the other hand, public engagement
is lagging, and severe funding limitations often discourage
risk-taking. Therefore, realizing the potential of discoveries will require an imaginative and robust combination of
communication, investment, and training.
In this spirit, the Plant Science Decadal Vision 2020–2030
describes a holistic vision for the next decade of plant
science that blends recommendations for research, people,
and technology. Going beyond discoveries and applications, we, the plant science community, must implement
bold, innovative changes to research cultures and training
paradigms in this era of automation, virtualization, and the
looming shadow of climate change. This document frames
our ability to perform vital and far-reaching research in
plant science as deeply interwoven with how we integrate
and value participants and emerging technologies. Our
vision and hopes for the next decade are encapsulated in
the phrase reimagining the potential of plants for a healthy
and sustainable future.
Behind the 2020 Decadal Vision is the Plant Science
Research Network (PSRN), composed of 15 scientific
and professional organizations. The PSRN was assembled
to develop an inclusive, common vision across the plant
science research community to promote interdisciplinary
integration of ideas and approaches. The Decadal Vision
culminates four years of community engagement that has
already led to reports on how different futures might shape
2
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science in 2035, how cyberinfrastructure must evolve, and
how a new vision for postgraduate training could change
science.1 The 2019 Plant Summit2 brought together a
diverse coalition of plant scientists to outline and conceive
the Decadal Vision.
The Decadal Vision recognizes the vital intersection of
human and scientific elements and demands an integrated
implementation of strategies for research (Goals 1–4), people
(Goals 5 and 6), and technology (Goals 7 and 8). This
report is intended to help inspire and guide the research
community, scientific societies, federal funding agencies,
private philanthropies, corporations, educators, entrepreneurs, and early career researchers over the next 10 years.

Recommendations
Harness Plants for Planetary
Resilience
Planetary resilience, including the resilience of our food
systems, is utterly dependent on plants, which have
evolved to survive and thrive in virtually every environment, including some of the most extreme conditions on
Earth. Unlocking the secrets of their success and putting
that knowledge to use, in agriculture and other applications, will require a detailed understanding of interactions
among plants and their associated biota. To set the stage,
we must accelerate activities to describe, catalogue, classify, and map the diversity and evolutionary history of plant
populations, communities, and ecosystems. These efforts
will lead to the necessary deeper insight into the intricate
web of interorganismal signaling that occurs among the
millions of largely unstudied plants and their associated
symbionts, from microorganisms to pollinators. Then, this
multifaceted information will be used to build and test
computational models that accurately reflect ecological
and evolutionary changes from deep time to the present,
and from genes to ecosystems, to predict organismal
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and ecosystem behaviors under novel conditions. These
models will have a dramatic societal impact by informing
decisions for developing species conservation strategies,
sustaining ecosystem services, and improving agricultural
systems and environmental health. Achieving this goal
by drawing heavily on natural history and living collections will afford a rich opportunity for public engagement
through community science.

Advance Technology for
Diversity-Driven Sustainable
Plant Production Systems
As needs for food, feed, and fiber continue to increase,
we must be able to meet these demands in a manner that
is both productive and sustainable.3 Sustainability will be
embodied in production systems that feature greater crop
diversity, efficiency, productivity, and resilience while
improving ecosystem health by integrating digital technologies into crop and livestock management. Priming
this paradigm shift will be emerging tools in gene editing,
synthetic biology, and advanced breeding used to target
a broad array of consumer, producer, and sustainability
traits. New knowledge will also underlie more effective
incorporation of ecological concepts, such as biodiverse
cropping systems (i.e., polycultures) and biosequestration
(e.g., carbon capture), into agriculture. We must also take
advantage of our emerging understanding of how phytobiomes—systems encompassing plants, their environments,
and the microbes and other species they interact with—impact crop production and human health. Data science and
engineering breakthroughs will be major drivers of this
goal, allowing us to better predict, measure, and understand plant performance in the laboratory and field.

Develop 21st-Century Applications
of Plant Science to Improve Nutrition, Health, and Well-Being

must also be explored: what influences our responses—and
those of our associated microbiomes—to plant-derived
products? We point to additional potential for plant systems in non-agricultural functions such as bioremediation,
urban farming, and many other managed landscapes.4 To
achieve the potential of these opportunities to improve
human nutrition, health, and well-being, we need investment in rapid assessment tools, enhanced knowledge of
the chemistry and physiology of plants and their associated
biota, and research into how plant products interact with
human genomes. We also need to increase public appreciation for how plants benefit humans and the environment
from the landscape to the global scale.

Launch the Transparent Plant,
an Interactive Tool to Discern
Mechanisms and Solve Urgent
and Vexing Problems
The Transparent Plant, an advanced computational tool, will
deliver a full understanding of the inner workings of plants,
breaking down the phytobiome into a “parts store” that supports tinkering and reveals the connections and signals that
underpin plant characters. The ability to convert simulation
rapidly into action would revolutionize how we think about
and utilize plant systems. The Transparent Plant tool will
be designed for both query and prediction. Its accuracy and
utility will be derived through automated integration of massive new data sets that scale from the behavior of individual
molecules to cells, organs, and ultimately whole plants. To
develop a user-friendly and enterprising data warehouse
will require a coordinated community data acquisition and
utilization effort in this era of ever-expanding computational
power. As it is progressively refined, Transparent Plant will
be a platform that both enables exploration of the unknown
through simulations and serves as an action-oriented knowledge base for rapid-response problem solving to address
challenges presented by new invasive species, pathogens,
and other natural phenomena.

Many new tools applicable to plant production systems
can also be harnessed to enhance human health through
advances in nutrition and the discovery and engineering of
plant-based medicines, including new classes of therapeutics. The effects on humans of interactions with plants
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Reimagine the Workplace to
Nurture Adaptive and Diverse
Scientists
Equity, diversity, and inclusion (EDI) are the cornerstones
of greater participation and richer perspectives and thus are
indispensable for fully realizing our vision for plant science.
Although there is much to admire about the plant science
research culture, it has resisted the major changes that we
believe are needed. For example, some of the same incentives that will foster EDI will also incentivize, support, and
reward collaborative and transdisciplinary research—the
research of the future—in lieu of rewarding individual
achievements. These incentives include direct funding and
team mentoring for early career researchers, along with systems that support professional development through flexible
and modular credentialed learning. This approach will balance emphasis on research productivity with development
of pertinent transferable and cultural skills. In all organizational settings, a balanced system of professional rewards
is recommended that recognizes and values both individual
and undissected collaborative achievements. Open-source
technologies can be used to support virtual workplaces and
facilitate global collaboration.

Build Capacity and Interest to
Engage with Plant Science
Plant life supports all life, yet people frequently take plants
for granted. Plant awareness is an essential antidote that
relies on effective engagement with the public by plant
scientists and robust communication training in various
forms. We must convey the excitement and relevance of
participating in plant science to as many audiences as
possible, and we need to stimulate imaginations with the
limitless potential of plant science to address their needs.
Using new technologies and media, community scientists—
that is, students, citizen scientists, and lifelong learners who
participate in research efforts—will increasingly contribute
to databases of living collections, identify species in natural
environments, and reinforce outreach activities. Technology development that enables virtual or distributed research
must be coupled with incentives for equitable distribution
and democratized access. Plant awareness activities should
target everyone, from young learners to policy makers and
4
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scientists across the many disciplines that will contribute to
our goals, creating societal momentum for support of plant
science research.

Develop New Technologies to
Revolutionize Research
Transformative technologies will overcome what today
might appear to be insurmountable obstacles as they improve the depth and rigor of plant systems knowledge. Although plant scientists alone will develop some technologies, most technologies will arise and be perfected through
alliances with technology developers, engineers, physicists, and other life scientists. Emerging technologies that
best support our research goals will focus on improving
noninvasive imaging, such as above- and below-ground
sensors for monitoring environmental, metabolic, and microbial activities, and on increasing the selection of plugand-play portable lab technologies. Some devices will rely
on automated image recognition that can be achieved only
with major advances in speed, sensitivity, resolution, and
portability, coupled with lower cost. In addition, advances
in field-based (edge) and quantum computing, 5G and 6G
wireless networks,5,6 and data processing algorithms based
on machine learning will help bring rapid computation to
remote and rural sites for data collection and analysis by
farmers, researchers, and community scientists.

Manage and Realize the Potential
of Big Data
Growing capabilities for massive data generation and analysis
must be balanced with oversight of data management and
quality. Although the prevalence of spotty, error-ridden, or
poorly annotated data and methods is sometimes overlooked,
these weaknesses can have huge negative consequences.
Data management in plant science must adhere to the FAIR
principles7: ensuring that data are Findable, Accessible,
Interoperable, and Reusable. This behind-the-scenes structure
is essential if plant scientists are to piece together complex
puzzles using ever-improving and increasingly automated
techniques such as machine learning, natural language processing, and artificial intelligence–assisted data integration,
pattern identification, and decision making.

EXECUTIVE SUMMARY

Impacts on Society
Implementation of this bold Decadal Vision will transform the immediate field of plant systems science and
ripple outward through society and across the globe. We
will deepen our understanding of plants and their environments, advance agricultural sustainability, and develop
entirely new uses of plant systems to promote nutrition,
health, and well-being. The research goals will also lead
to a far deeper holistic understanding of biodiversity and
ecosystem services, generating improved knowledge for
preserving the natural world and improving the human
condition. Discoveries will result in a surge of entrepreneurship, leading to positive economic returns and other
new opportunities. The spread of new technologies will

only accelerate, increasing access to plant systems science and expanding research possibilities.
We view people as the foundation and motivation for discovery, research, and applications. Our recommendations
therefore promote cultural changes that support the diversification and well-being of plant scientists and encourage
community engagement. One mechanism to stimulate
cultural change is the infusion of plant awareness across
society, which is urgently needed in the era of climate
change. Plant awareness efforts will play into people’s
natural curiosity about and desire to prepare for the future,
leading them to seek fuller information about food, health,
climate, and ecological systems and, in some cases, to join
the scientific community.
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Introduction
Humankind faces profound challenges related to food,
health, energy, and the environment, amplified by the
many effects of climate change. Plant systems (Box 1) are
integral to addressing these challenges; they are the foundation of healthy ecosystems and environments, sentinels
of climate change, and the primary producers of food, feed,
fiber, energy, and shelter. The intersection of biodiversity,
human activity, population growth, and climate change was
addressed systematically in a recent intergovernmental report,8 which reached alarming conclusions for sustainability that were echoed in a report from the Intergovernmental
Panel on Climate Change.9
In the United States, agricultural production accounts for
about 40% of freshwater withdrawals,10 and cropland covers about 17% of the nation.10,11 The U.S. agricultural economy is remarkably productive, worth more than $1 trillion
annually.12 It plays an important role in carbon sequestration13,14 and can reduce environmental pollutants, but it is
also responsible for most eutrophication and a quarter of
greenhouse gas emissions.10 Dramatic increases in food
production are required to alleviate food insecurity and
provide for anticipated population gains.15 However, realizing those increases in an environmentally and socially
responsible manner presents a monumental challenge.16,17
Plant systems science goes far beyond food- and fiber-producing crops. Plants have many other actual and potential uses,
including ornamental, recreational, and medical uses. Chief
among these are therapeutics derived from plant chemistry.
Paclitaxel (Taxol), which is used for cancer treatment, is one
recent example,18,19 but there are hundreds of other herbal
remedies in use, many of which have indigenous origins and
whose scientific basis remains little explored.
Plants are also being adapted in new ways to substitute for
meat and dairy20,21 and are being reprogrammed as molecular factories. For example, plants are involved in the
production of the monoclonal antibodies that compose the
ZMapp Ebola vaccine22,23 and development of a prospective vaccine for SARS-CoV-2.24 Plants, particularly algae,
are also seen as a scalable source for hydrocarbons and
6
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Box 1. What Are Plant Systems?
Plant systems comprise plants themselves; the microbes,
fungi, insects, and other organisms that live on, in, or
around plants; and the networks and interactions of molecules, cells, organisms, populations, and ecosystems that
give rise to the properties of plants and their collective
impact on the globe. Plant systems science therefore
spans many scientific disciplines, is highly collaborative,
embraces both reductionist and integrative thinking,
and encompasses discovery-driven, hypothesis-driven,
synthesis-driven, and technology-driven investigation.
Plant systems science is an example of convergence
research, defined as “an approach to problem solving that
cuts across disciplinary boundaries” and that “integrates
knowledge, tools, and ways of thinking.”31

specialty chemicals.3 Beneficial uses of plants are limited
only by available knowledge, scientific resources, and our
imaginations.

Developing a Collective
Vision Across Plant Science
Plant Summits held in 2011 and 2013 began to coalesce
the plant research community around a road map for the
future and led to the first Decadal Vision,25 published in
2013. At that time, it was recognized that future conversations and activities should involve a broader group of
stakeholders. This conclusion led to the establishment in
2015 of the Plant Science Research Network. This network
brings together representatives of 15 scientific and professional societies spanning agronomy, botany, biochemistry,
cell biology, cell development, chemistry, crop science,
ecology, education, evolution, genetics, genomics, horticulture, plant pathology, soil science, and taxonomy. The
PSRN has facilitated workshops to imagine future scenarios around plant science (2016), recommend new paradigms for cyberinfrastructure and big data (2017), urge the
reimagining of postgraduate training (2018), and discover
new approaches to broadening participation (2019).1 The
2019 Plant Summit used these earlier activities as a starting
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point for the development of the Plant Science Decadal
Vision 2020–2030.
A community vision should be both informative and influential. The 2013 document was successful in highlighting
the need to invest in plant phenomics, at that time still in
its infancy. Today, the plant phenomics community has an
annual meeting, a scientific journal, and its own community
network.26 A chapter of the 2013 Decadal Vision focused on
the need to provide training in transferable skills, or T-training, called attention to the need to complement disciplinary
research skills for early career scientists. Five years later,
many training opportunities, including technical internships
and leadership workshops, have been integrated into graduate programs and made available at scientific society annual
meetings. The National Science Foundation (NSF) Research
Traineeship program (2014) and the National Institutes of
Health Broadening Experiences in Scientific Training program (2013) incorporate similar concepts and promote broad
career exploration. In addition, the 2014–2018 National
Plant Genome Initiative27 drew on the 2013 Decadal Vision
as one of its sources to develop a strategic plan for facilitating and funding genomics research in plants.

Values and Language of
Plant Systems Science
We, the plant science community, believe that dissonance
in values and vocabulary is an impediment to progress that
must not be underestimated. Diverse perspectives give us
strength, but they also highlight the need to seek common ground. Values and vocabulary discussions28 (Box 2)
therefore became foundational for the development of the
2020 Decadal Vision. The values described in this report
were developed by the 2019 Plant Summit participants as
representatives of the larger community; plant scientists
constitute a global, borderless community in which nationalities and cultures mix freely and productively, yet one in
which there are differences that must be understood and
accepted in order to unite. Here we state and affirm four
Guiding Values for our community (Box 3) that both have
been historically evident and are aspirational in their full
expression: collaboration, diversity, integration, and equity.

Box 2. Our Community Is Reflected
in the Language It Uses
We believe that words matter: how we talk about the
culture of science has great consequences for collaboration and diversity.28 We recommend using the following
updated terms and phrases to reflect and shape the culture
of plant science.
Career development (rather than educational pipeline):
We encourage more flexible training pathways for plant
science career growth. Unlike pipelines, which are
subject to leaks and blockages, a subway transit map is
a more modern metaphor for describing career development, which may feature multiple routes, flexible on- and
off-ramps, and many interesting destinations.109
Diverse careers (rather than alternative careers): We
believe that the full range of career paths and changes of
path should be viewed and supported as positive career
choices.
Domains, methods, and convergence research (rather
than applied and basic science): Basic versus applied
research is a duality that fails to capture the potential of
discovery and societal impact. Instead, domains research
addresses broad research themes and adopts convergence
research approaches. Supporting domains research is
methods, or underlying technologies, which may have
been developed for other applications. The domains–
methods concept was proposed by Isha Ray,188 who
served as a provocateur to the 2016 PSRN Postgraduate
Training workshop.
Equity (rather than equality): Equal is not the same
as equitable. We promote equity by opening doors for
groups who have traditionally felt excluded from science
and developing policies for fairness that consider culture,
background, prior opportunities, and privilege.

PLANT SCIENCE DECADAL VISION 2020–2030
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Using This Report
This report is intended to help inspire and guide the
research community, scientific societies, federal funding
agencies, private philanthropies, corporations, educators,
entrepreneurs, and early career researchers over the next 10
years. The discrete and aspirational goals we propose here

are intended to ignite the next generation of participants,
technologies, and discoveries in plant systems science.
Many of our goals, including those relating to the bioeconomy, agriculture, big data, and workforce diversification,
are shared and aligned with the White House’s fiscal year
2021 research priorities and 2020–2025 priorities for the
U.S. Department of Agriculture.29,30

Box 3. Our Guiding Values
Plant scientists are a global, borderless community in which
nationalities and cultures can mix freely and productively, yet
one in which differences must be understood and accepted in
order to unite. Here we state and affirm four Guiding Values
for our community that both have been historically evident and
are aspirational in their full expression: collaboration, diversity,
integration, and justice.
Collaboration: Our community embraces its history of
successful collaboration among all stakeholders, whether in academic settings, government, or industry, to advance scientific
discovery by using new tools and techniques. Our community
is committed to collegiality and collaboration, striving to work
in a competitive marketplace of ideas without creating adversity for others. Together, we are bigger and more impactful than
the sum of our parts.
Diversity: Our community must insist on an equitable, diverse,
and inclusive research environment; support and nourish diverse perspectives through all career stages and pathways; and
increase and maintain its own diversity. In addition, intermingling diverse fields of research serves to enrich and enhance our

8
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science and is an opportunity that must be embraced. Our values
require creating a culture of mutual respect without regard to nationality, race, ethnicity, religion, career stage, position, gender,
or sexual orientation. Among and within disciplines, we take
interest in others’ contributions to the field of knowledge and
support other researchers to achieve success in their careers.
Integration: The full integration of research and education
from every perspective and of every type is necessary to inspire, motivate, and achieve our goals. This impetus is reflected
in one way in NSF’s current drive to “reintegrate biology”
which seeks to “integrate research methods and perspectives
from the different subdisciplines of biology.”189
Justice: Our commitment to equity embraces both environmental and social justice and respect for traditional uses of
plants. Furthermore, the plant science community commits
itself to being global, inclusive, and equitable in its training,
mentoring, hiring, and evaluation methods and in its applications of knowledge and technologies.
The plant science community is connected by our shared
values.

RECOMMENDATIONS

Recommendations
Our overarching aspiration for the next decade of plant research is reimagining the potential of plants for a healthy
and sustainable future, which connects transformative
thinking and discoveries in plant systems to environmental
and societal benefits. Our success relies on the integration of
strategic priorities related to research, people, and technol-

Scientists
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Discoveries

Knowledge
Knowledge
Changes
Changes
Society

e

Discoveries
Generate
Knowlege

Scientists
Society
Develops
Make
Discoveries
Scientists

Increase interest

Integrate discoveries
discoveries
Integrate

dg

Diversify thinking
Diversify
thinking

ogy (Box 4), embodied in cross-cutting goals and specific
recommendations. The associated action plans are intended
to be implemented through academic training, activities of
scientific and professional societies, research and development, and with the support of funding bodies.

Communicate k n o w

le

The virtuous cycle of science and society shows how each advances the other.
Diverse scientific perspectives drive creativity and societal impact around the
world. Diversity increases through deliberate actions and becomes self-catalyzing
as diverse scientists make diverse discoveries.

Research
Four broad goals for plant science research have the potential for significant societal impact, with advances in any one
area stimulating progress in another. Although these goals
could potentially be realized through large-scale team science, they are more likely to be met through the combined
contributions of integrative hubs and constellations of smaller scale researchers in a range of institutional environments.
The goals are bold and aspirational and are intended to
challenge and guide our community well beyond the 10-year
time frame of this Decadal Vision. Along this exciting path
lie numerous near-term discoveries and impacts that promise
to motivate and engage. All the goals require improved
transdisciplinary collaboration and increased participation in
convergence research31 and thus are linked to the people and
technology goals of our vision.

Box 4. Decadal Vision Strategic
Priorities
The Plant Summit identified three strategic priorities for
plant science:
Research: Integrate plant systems research to drive
discoveries and application
People: Foster the potential of people and improve environments to promote their success
Technology: Develop technology for more powerful and
democratized data collection and analysis for knowledge
generation and decision making
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Goal 1
Harness Plants for Planetary Resilience
In an era of unprecedented environmental upheaval,
including rapid anthropogenic climate change and its
contribution to biodiversity loss,8,32,33 the ability to predict
the reaction of Earth’s living systems and to mitigate, and
eventually reverse, the most detrimental consequences is
vital. The ultimate implications of the increasingly accurate yet dire atmospheric and oceanic predictions for the
intricate webs that tie organisms and ecosystems together
are still poorly understood, yet this insight is essential to
the preservation of these webs. Removing uncertainty from
these models requires precise spatiotemporal knowledge,
and in particular an understanding of the patterns and processes by which biodiversity evolves and adapts.
Just by asking the deceptively simple question “How much
diversity exists in plant systems?” the challenge becomes
evident: Some 400,000 plant species are currently known
to science, and 2,000 additional species are being discovered yearly.34,35 Each plant interacts with other organisms,
forming intricate relationships (e.g., herbivory, pollination,
dispersal, nutrient uptake) that determine plant health,
fitness, and survival. As an example, the study of plant
microbiomes is in its infancy, but metagenomic data have
already identified many thousands of bacterial and fungal
species, not to mention a plethora of viruses,36 that engage
in an entire spectrum of interactions with their host plants
from mutualistic to pathogenic.
The composition of plant–organismal interactions and their
influences on plant phenotypic diversity varies by evolutionary history, environment, and other biotic and abiotic factors.
Understanding the nature of biodiversity therefore requires
documenting and cataloguing the extant diversity of plants
and their associated organisms, along with relevant environmental data, and placing this information within the context
of anatomy, physiology, phylogeny, and genetics. This effort
is both a colossal challenge and a promising frontier, with
far-reaching implications for the livability of our planet.

10

PLANT SCIENCE DECADAL VISION 2020–2030

Goal 1. Biodiversity research and conservation science will
allow scientists to understand the patterns and processes by
which plants evolve and adapt in diverse ecosystems. Plant
systems scientists will use these “digital biospheres” to access
and apply the information in real time, from any place.

Aspirations for Digital Biospheres
The desired predictive ability regarding the structure,
function, and dynamics of biological communities, ecosystems (ecological systems), and evosystems (evolutionary systems) will necessarily combine deep and detailed
knowledge of organismal and functional diversity with an
understanding of how organisms are shaped by internal
and external forces. We should strive for the creation of a
series of digital biospheres, at progressively improving levels of detail and accuracy, that can be used to explore and
display the results of ecological and evolutionary changes—in populations, lineages, and ecosystems—from deep
time to the present. These models would help us visualize

RECOMMENDATIONS

Grassland-shrub savanna on ARS’s Jornada Experimental Range in New Mexico. Image source: Peggy Greb (USDA/ARS).

current data and knowledge, but would also be predictive
in service of aiding experimental design or forecasting
ecosystem changes under specified conditions, for example, as the climate changes or land use is modified. The
combination of fundamental understanding and predictive
tools would then help us develop new approaches for conservation and restoration, carbon capture, bioremediation,
agricultural resilience, and ecosystem sustainability for
wild and managed landscapes.
Although fully operative digital biospheres would provide
powerful new tools for exploring alternative scenarios of
ecosystem and evosystem change and appropriate interventions, the likelihood of our achieving the levels of
detail and accuracy that will eventually be needed is low
within the time frame of the Decadal Vision for 2020–
2030. Indeed, earlier efforts at comprehensive ecological
modeling during the International Biological Programme
(1964–1974) were unsuccessful.37 Although we have far
more data and massively more computational capacity
than we did in the 1960s and 1970s, the scope and inherent

complexity of the problem remain immense.38 Thus, we
view the concept of digital biospheres as a long-term aspirational goal that will build on the meaningful milestones
found in the Action Plan for Goal 1.
Progress toward developing robust and comprehensive
ecosystem and evosystem models must be achieved by
building forward from a historical context, by exploring and querying fossil records, herbaria, botanical and
germplasm collections, and seed banks. We recommend
maintaining and mobilizing these existing biodiversity
resources to amplify dramatically the content and use of
the Extended Specimen Network,39 which enables novel
discoveries arising from linking genotypic and phenotypic data on plants and their associated biota to detailed
ecosystems data. This information repository needs to be
supported by sustained investments in data sciences and
ecosystem research such as the Critical Zone Observatories, Long-Term Ecological Network research sites, and the
National Ecological Observatory Network.40–42
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Predicting Near-Term Vulnerabilities of
Plant Systems
Success in predicting and reacting to ecosystem change in
the face of the enormous challenges of changes in climate,
pollution of the environment, loss of biodiversity, and
wide-scale conversion and destruction of natural habitats
is the ultimate integrative challenge43,44: it requires us to
draw on the expertise not only of scientists in multiple
biological disciplines, but also of soil scientists, biogeographers, conservation biologists, and computational modelers. One of the most daunting yet exciting challenges of
cross-disciplinary research is the integration of data across
temporal and spatial scales and from genes to organisms to
communities to ecosystems, thereby building our ability to
impute and predict future scenarios across landscapes that
include interorganismal interactions (e.g., plant–pollinator
networks; plant–microbe associations, both beneficial and
harmful) and interspecies competition.
In a practical sense, plant systems scientists, whether in
academia, public service, or private contexts, will benefit
from efforts to develop more comprehensive ecological
and evolutionary models. Such models will yield mitigation strategies for specific environments, including the
adaptation or incorporation of previously unknown or
underutilized plants and their associated species. A digital
biosphere tool to predict how plants interact with the
environment will inform public policy to mitigate severe
environmental degradation from physical disturbances,
climate change, soil erosion, and reduced water quality.

Goal 1
1. Develop well-resolved phylogenetic trees for all plants,
including algae, and their associated biota; these
phylogenies will form the basis of an online global catalogue that will be unprecedented in depth and value.45
One valuable outcome of this effort will be a comparative framework for detecting how genotype–phenotype
associations vary across time scales, exploring how
genes evolve along phylogenies and in turn affect phenotypes, and understanding the assembly of existing
and novel biological communities.
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2. Strategically select a broad set of phylogenetically and
ecologically diverse plant lineages for in-depth analysis of their morphology, anatomy, physiology, ecology,
genomics, and genetics in their natural environments.
Of key consideration should be their additional feasibility as experimental systems for testing hypotheses
for mechanisms of diversification and adaptation under
controlled conditions.
3. Explore, identify, and characterize as-yet undiscovered
plant-associated biota, from mutualistic to pathogenic,
to understand through floristic and systematic studies
their contributions to biological diversity. Such information is invaluable in addressing problems arising
from emerging pests and diseases and unfavorable
interactions caused by introduced and invasive species.
Leveraging information about mutualists across scales
from microbes to macrobes (e.g., herbivores, pollinators) will better support efforts to mitigate, reverse, and
adapt to ecological and environmental changes.
4. Enhance global mapping of species distributions and
threats to elucidate trends and enable predictions of
near-term vulnerabilities. Similar efforts to classify,
map, and assess vulnerabilities of both natural and
cultural plant communities are also imperative. Accurate risk assessment will be critical in slowing and
perhaps reversing the impacts of human-mediated loss
of biodiversity.
5. Develop efficient ways to mine centuries of scientific
studies, biodiversity literature, and specimens and to
integrate old and new data to develop useful ecological
and evolutionary models that inform our understanding
of current environmental degradation and the steps
needed for successful mitigation and adaptation.
6. Although the accumulation of data stemming from Actions 1 through 5 will be invaluable, we must also use
and manage these data (Goal 8) to push the boundaries
of our knowledge of interspecies interactions, food
webs, ecosystems, and biomes to understand and mitigate the effects of changing environments at all levels
of biological organization from genes to the biosphere.
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Goal 2
Advance Technology for Diversity-Driven Sustainable Plant
Production Systems
Sustainable production to feed a growing global population
is increasingly challenged by the availability, unreliability,
and rising costs of associated inputs (e.g., water, nutrients, arable land), as well as by geopolitical factors. There
are no simple causes and solutions to these multifaceted
challenges. However, today’s predominance of relatively
few commodity-focused high-intensity systems needs to be
rethought to increase the functional diversity of cropping
systems as a whole; the world’s top 10 crops—barley,
cassava, maize, oil palm, rapeseed, rice, sorghum, soybean,
sugarcane, and wheat—supply a combined 83% of all calories produced on cropland.46,47
Likewise, past improvements to production have been very
successful but focused on increasing yield, mainly in a few
major crops. Novel production systems are needed that
combine high productivity with greater crop diversity and
enhanced resilience that does not stop at reduced environmental harm but actually improves ecosystem health (Box
5).48 Such a goal is in keeping with greater societal interest
in the origin of food and the impact of agriculture. We also
propose two “moonshots” to inspire far-reaching innovations in sustainable production systems (Boxes 6-7).

Crop System Improvements
Farms collectively have an enormous physical and environmental footprint. Therefore, they must balance their
replacement of natural ecosystems and need for inputs with
respect for ecosystem management principles such as harboring reservoirs of certain types of biodiversity, serving
as bulwarks against urbanization, and potentially acting as
vastly augmented carbon capture systems in concert with
other strategies such as the Trillion Trees initiative.49 The
predictive tools described in Goal 1 will enable farmers
and agricultural researchers to continue working toward

Goal 2. Using digital agriculture tools and technologies to enhance biological diversity and improve plant production systems.

Box 5. Key Elements of Plant
Production Systems
New crops are initiated through predictive modeling and selection of traits, enumeration of desired traits, and trait introduction
using complementary methods including transgenesis (synthetic
biology, gene editing) and advanced breeding.
Development of commercial lines occurs through breeding,
which joins fieldwork with advanced computational methods and
may incorporate remote sensing and automated data collection.
In some cases, planting mixtures composed of more than one
species may be favorable. Ultimately, plant production systems
must be scaled to increase capacity in many aspects of the
farm-to-table chain, including seed selection, harvesting, and
distribution.
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Perennial crops such as Kernza® (Thinopyrum intermedium) are in development. Image source: © The Land Institute (CC-BY-NC-ND).

Box 6. Moonshot 1
Transforming Cropping Systems with New Perennials and Polycultures
Most of the crops cultivated for food, feed, and fiber production rely on annual (growing for one year only) monocultures.190 The result of thousands of years of incremental
domestication and associated investments in farming practices,
monocultures do not deliver the optimal mix of productivity
and sustainability that is needed today and into the future.
Monocultures are not found in nature; they are not the crops
or systems we would design if we could design a system from
scratch. Perennial (growing for more than one year) plants
have many benefits, including less soil disturbance, more carbon capture, and potentially greater productivity.191 There are
many perennial wild relatives of common annual crops, as well
as perennials with novel characteristics. Although it is more
straightforward to make rapid genetic progress in annuals, and
each year offers an opportunity for introduction of superior
traits, novel methods are enabling faster improvements in
perennial species, too, even though their field cycling is less
frequent.
Polycultures (multiple crops growing together) can have greater productivity, resilience, and diversity of associated microbes
and invertebrates compared with monocultures.192,193 However,
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current grain and oilseed production systems—from seed and
chemical supply chains, to planting and harvesting equipment, to marketing and distribution channels—are designed to
support large-scale monocultures. System-wide change will be
needed to support the development of productive, profitable,
and sustainable polycultures.
The goals are to develop commercially competitive perennial grains and to pave the way for agricultural polycultures
through the development of robotics, imaging, and information infrastructure that allows the planting, management, and
harvest of individual plants of multiple species in the field.
Combinations of perenniality and polycultures may be viable
in the more distant future.
We will know when we’ve reached our goal when perennial
grains are commercially competitive with current annual grains
and polycultures of at least five species have been established
with the same annual carbohydrate, oil, and protein output of
a corn–soybean rotation. Strong farmer interest in perennial
grains190 augurs well for progressive implementation of these
new crops.
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better environmental stewardship and to prepare for future
economic opportunities. Digital agriculture tools ranging
from robots and drones to Internet of Things and sensors
(Goal 7) are examples of emerging technologies that are
already innervating the agricultural enterprise.50–53 These
initiatives will ultimately revolutionize land and crop management. Historically successful crossing-based breeding
methods, including genomics and artificial intelligence
(AI)-driven selection strategies,54 as well as responsible

exploration and application of emerging technologies such
as gene editing and phenomic selection,55 will provide further advances. Targets will include productivity, pest and
pathogen resistance, domestication of new crops with valuable traits (e.g., perenniality, extreme weather hardiness,
combinations of traits), and development of high-diversity
production systems that incorporate plant microbiomes
tailored for sustainably improved production.

Box 7. Moonshot 2
Breaking the Water Habit by Building Resilient Crops for the Future
The resurrection fern can dry to a crispy
variation is also reflected in a dissectible
brown, yet fully recover in a few hours
series of competitive selections over evowhen water returns. The mangrove tree
lutionary time that are traceable through
thrives in saltwater. What if our crops were
phylogenetic lineages. Biology, interfaced
that resilient? Nearly 40% of U.S. agriculwith computation and engineering, is
ture currently relies on irrigated water, a
now approaching a point at which these
resource that is being stretched beyond its
networks, both in real time and on an
limit in many places and additionally presevolutionary scale, can begin to be fully
sured by climate change.194 To increase the
defined, integrated, and, most importantefficiency and sustainability of agricultural
ly, adjusted to enhance water resilience.
water use, a deep and robust understanding
Understanding the 4D interactome would
of how plants deal with fluctuations in wamake that possible.
ter availability and quality is needed. This
The approaches needed would encomunderstanding corresponds to a module of
pass the evolutionary and developmental
the Transparent Plant (Goal 4)—assembly
diversity that underpins, for example,
of evolutionary, phylogenetic, phenotypic,
New sensors applied directly to the
seed germination, root–soil interface, and
gene network, epigenomic, and metabolic
plant take real-time measurements of
crop water usage. Image source: Liang
transpiration, integrated with the modeling
data over time, centered on the plant–water
Dong (Iowa State University).
of gene, protein, metabolic, and epigenetic
interface in the soil, to learn how water is
networks that produce plant responsiveacquired, used, wasted, and preserved. This
ness to flooding, drought, or saltwater conditions in real time.
“interactome” could ultimately be implemented as a dynamic simDeveloping the capability to scale data integration at the magniulation, one that could be used to design resilient plants—perhaps
tude and dimensionality required to encompass the evolution of
perennials (Box 6).
diversity with single-gene and metabolite-level resolution for the
Engineering plants to withstand water stress requires an underdesign of distinctly resilient plant forms is a massive challenge
standing of their growth responses. In the past, plant phenotypes,
that requires a step change in plant science. Such a huge leap will
or growth behaviors, have been characterized by identifiable
require the recruitment of the best and brightest to all areas of
single gene variation, the foundation of present-day plant and
biological, computational, and engineering science. If successful,
animal breeding. But that approach is inadequate to ameliorate
implementing Moonshot 2 would enable the design of crops that
the challenges imposed by water instability. Plant phenotypes
can grow without yield penalty in water-stressed environments,
are now appreciated as a totality of gene expression and metasuch as those characterized by seasonal drought, general aridity,
bolic networks, modulated in real time by chromatin responses
or salinity.
to environmental cues. This complex aggregate of phenotypic
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Research on and implementation of new crops and novel
sustainable plant production systems will begin as trials
and demonstrations, but we expect the first demonstration
of economically viable and improved sustainability by
2030, with rapid uptake across the market through the following decade. The science must be responsive to the input
of markets, farm providers, retailers, and exporters and,
of course, the farmers themselves. That said, alternatives
to current monoculture practices that enhance biological
diversity across the landscape56 and optimize production on
the basis of nutritional and environmental needs will meet
less resistance if they are economically and operationally
feasible and viewed as being in both producers’ and the
public’s interest. Such a dramatic shift could become part
of a revolution as transformative as the Green Revolution
of the 1950s and 1960s, which incorporated a bundle of
new technologies on a very broad scale.57

Technology for Crop Innovation
A second focus area is more rapid development of individual crops. Breeding of new varieties is slow and has
not been accelerated by genetic modification technology.58
Rather, tools that shift research from description to prediction—for example, moving from genome-wide association
studies to genomic selection54,59 or from phenotyping to
phenomic selection55—will be part of the innovation that
drives crop improvement. Important emerging methods in
this area include phenomics, crop physiological modeling,
and AI and the intersection of these through genomics.
These advances necessarily encompass crop plant phenotypes within diverse biotic environments. Another rapidly
growing research area, on understanding phytobiomes—
that is, systems encompassing plants, their environments,
and the microbes and other species they interact with—and
their influence on plant performance, could elucidate new
biology and influence breeding and production practices.
Although much is to be gained from using species and
germplasms more effectively, paradigm-shifting tools for
genomics, such as precision genome editing, are arriving in
waves. Genome editing has the potential to improve drought
tolerance, nutritional quality, appearance, shelf life, and
disease and pest resistance and to provide applications not
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yet imagined. Leveraging these tools effectively, however,
will require major improvements in the ability to identify
target genes and desired modifications, along with a culturally, ethically attuned, and internationally coherent regulatory
framework for release of genome-edited products. The
whole-organism extension of editing is synthetic biology, a growing toolbox for inventing and introducing new
pathways and even creating new chromosomes. The social,
legal, and ethical implications of such technologies must be
identified and tackled, and science-based risk assessment
mechanisms and safeguards must be developed for introducing these resources into our agricultural systems.

Broader Implications of Agroecology
Agroecology—the ecology of farming—has enormous
potential related to biodiversity, renewable energy, and
carbon markets. Investing in sustainable systems allows
farmers to diversify economically and could stimulate
rural economies given appropriate political and monetary
incentives. Deployment of research advances to farmers
across broad geographies will need to leverage cooperative
extensions, private sector training platforms, and numerous
commercial partnerships. Modeling, digital agriculture,
and genome editing are already sparking entrepreneurship,
and each has given rise to a burgeoning number of start-up
enterprises.60 Continuing improvement in collaboration
between the private and public sectors, whether in training
or sharing of data and methods, will accelerate progress
dramatically. These mutual interests are well recognized
and in some cases have been successful,61–63 but they constantly face institutional barriers, which history shows are
well worth surmounting.
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Goal 2
1. Identify and apply genetic mechanisms for crop resilience and increased productivity, without increasing
the carbon footprint on the same acreage, to meet the
needs of projected population growth while maintaining profitability and livelihoods for farmers and
farmworkers.
2. Identify and develop alternative crops for domestication
and production, including fiber-producing plants, assessing benefits and drawbacks in partnership with nutritionists, food scientists, and agricultural economists.
3. Diversify production in terms of crop rotation to
increase resilience and economic return while reducing
external energy inputs and securing nutritional output
of farms.

4. Understand and apply phytobiome research to reduce
plant disease, improve water efficiency and nutrient
utilization, maintain soil health, and improve plant
productivity.
5. Reduce use of agricultural water by 20% and fertilizer
by 15% through cultural and management practices
outlined in a recent National Academy of Sciences
report,64 as well as through genetic improvements.
6. Implement measures, including novel robotic technologies, to dramatically reduce use of fungicides and
pesticides in plant production.

The world’s top 10 crops—barley, cassava, maize, oil palm, rapeseed, rice, sorghum, soybean, sugarcane and wheat—supply a combined
83 percent of all calories produced on cropland and are susceptible to effects of climate change. Source: Ray, D. et al. (2019) https://doi.
org/10.1371/journal.pone.0217148. Image source: Pixabay (CC0).
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Goal 3
Develop 21st-Century Applications of Plant Science to
Improve Nutrition, Health, and Well-Being
Plants, associated microbes, and their products impact
human health; provide comfort through shelter, clothing,
and recreation; and bring aesthetic beauty and value to our
surroundings. These benefits of plants should not be overlooked by scientists as we leverage the information, insights, and tools driven by food production or large-scale
environmental research. Indeed, as a chronically under-resourced area of plant systems science, biofortification for
human nutrition,65 therapeutic applications,66,67 and use of
plants to improve well-being68 offer attractive risk/reward
targets and a high potential return on investment.

Plant Nutritional Value
Two areas with high potential are synergistic with Goal 2:
identifying new plant sources for nutritional improvement
and increasing the nutritional content of current crops. The
methods used to create golden rice represented a scientific
tour de force at the time,69 but present-day and emerging
tools are far more precise70 and can leverage much-improved knowledge and modeling of metabolic pathways.
For example, biochemical engineering has been used to
enrich tomatoes for improved health benefits to consumers.71,72 Nevertheless, a major lesson from golden rice is
that outstanding plant science alone does not suffice to
achieve positive societal impact: research achievements
also need to be coupled with efforts to improve prospects
for commercialization and consumer acceptance.73 These
efforts begin with tailoring such research to the communities and cultures of the intended beneficiaries and working
with in-country regulatory agencies to continually improve
science-based risk assessment.
Another high-potential area is to deepen our understanding of what therapeutics and other useful specialized metabolites, plants, and their associated biota might provide;
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Goal 3. Plant science has the potential to improve human
well-being through horticultural practices, nutrition, and
therapeutic applications.

one example is synthetic biology production of artemisinin, an ancient Chinese herbal remedy, as a malarial
therapeutic.74,75 High-throughput screening76 of plant
compounds produced paclitaxel (the cancer medication
Taxol),18,19 but development of screening tools with much
higher accuracy and throughput are needed for health
science and other applications. Novel developments may
also be expected from investigations of how plant-associated organisms, especially microbes, contribute to and
influence plant metabolic phenotypes. For example, the
efficacy of some herbal remedies may depend on host
plant–microbe associations.77
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To adopt these novel products successfully, a deeper understanding of the way in which genetic and environmental
factors influence the responses of humans to plant and
microbial products is needed. A further-off frontier concerns the factors affecting responses of individual humans
to particular plant products. This understanding could lead
to a form of precision natural medicine that improves lives
across the globe—for example, by providing medications
for multidrug-resistant bacteria.78
Finally, the potential to impact ecosystems positively through
landscaping in urban environments remains largely untapped.
Investments in green infrastructure can support insect biodiversity, provide habitat for endangered species, reduce stormwater runoff, and reduce water and nutrient inputs through
permaculture practices and managed landscapes.79–82 Plants
can also be used to improve human health through creation
of recreational spaces, bioremediation of urban land,83 and
improved nutrition and reduced food deserts through urban
farming (e.g., vertical plantings), which could expand with
attention to improving economics and energy use. Increasing
the exposure of urban dwellers to plants and their biology
in homes, schools, and after-school programs and across the
built environment will help improve plant awareness and
stoke interest in plant science careers (Goal 6).

Intersection with Other Sectors
For all these objectives, close partnerships with other
disciplines and end users will be integral to success. For
example, food and medical scientists will need to create
and implement new methods for evaluating and validating
the nutritional and therapeutic benefits of plant products,
including why such products might be targeted to specific
demographics versus the general population. Improved
methods for quantifying potential and actual environmental
bioremediation are also needed. Furthermore, if society
is to fully benefit from our discoveries, environmental
economists, landscape architects, urban planners, and social
scientists should be brought into the conversation to evaluate
benefits and promote adoption by producers and consumers.

Plant science careers have the potential to improve human
health and wellbeing through plant biochemistry and medicine.
Field trials of new crops and cultivars, such as this hemp plant,
involve new collaborations among growers and scientists. Image source: David Gang (Washington State University).
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Goal 3
1. Develop new high-throughput tools to evaluate plant
products for their potential in promoting human health,
nutrition, and well-being. Those tools will apply to
strategic screens of plants and associated biota to identify opportunities for future investment.
2. Develop a comprehensive understanding of the genetic, evolutionary, and environmental components of
how plant systems–derived molecules confer beneficial
or disadvantageous traits. Partnerships with environmental economists should be formed to develop metrics for quantifying ecosystem services, recreational
benefits, and other environmental benefits.

3. Engage pharmacologists, medicinal botanists, indigenous peoples, and nutrition and food scientists to
understand human metabolic processes and identify
targets of plant-based medical compounds.84,85 Identify achievable health improvements that could come
from enhanced plant systems through modification and
breeding.
4. Develop technologies to improve health and well-being and reduce environmental impacts in densely populated environments through enhanced urban forestry,
reforestation and greening opportunities, bioremediation, urban farming, and environmental conservation.

Visitors enjoying the Malott Japanese Garden at the Chicago Botanic Garden. Image source: Chicago Botanic Garden photos.
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Goal 4
Launch the Transparent Plant, an Interactive Tool to Discern
Mechanisms and Solve Urgent and Vexing Problems
Plant systems must sense and respond to moment-to-moment
internal and external stimuli, changes that can be as subtle as
the sun moving behind a cloud or as dramatic as unseasonal
snowfall. To survive and successfully reproduce in a given
environment, plants must constantly integrate multiple inputs
and produce rapid and appropriate responses that regulate
water flow, defense actions, and growth. Absent or inappropriate responses can result in extinction, whereas overly
successful responses can result in invasiveness. Climate
volatility adds another dimension to the importance of these
responses. Such dramatic outcomes underscore the importance of dissecting complex plant responses at scales from
the individual to the population; Goal 4 addresses a 21st-century computational approach to accomplish exactly that.

The Transparent Plant Tool
We envision the Transparent Plant as an interactive visualization and query tool, a digital way of describing a plant
and its components, eventually underpinning the creation
of designed, autonomous plants. Its abilities to model and
simulate are based on two components: extensive information on plant properties (a parts list) and software that, on
the basis of that information, can predict plant behavior as
individual parts are exchanged or modified. Designing an
airplane or car, for example, is also based on a combination of component knowledge and engineering principles.
In the case of plants, the parts list encompasses genomic,
transcriptomic, proteomic, biochemical, cell biological,
and phenomic data sets. The engineering principles are derived from empirical experimentation, using both existing
experimental systems and those established as part of Goal
1. Data generated as part of Goal 1 can, in turn, be used to
validate predictions made by the Transparent Plant, allowing iterative improvements in its predictive abilities.

Goal 4. The Transparent Plant will allow researchers to interact
with every part of a plant, from the molecular to the population
level. This interactive visualization and query tool will integrate
knowledge of the fundamental plant processes across scales to
understand evolutionary changes from the molecular to population level. The Transparent Plant has the potential to save researchers time and revolutionize our ability to understand plant
system interactions and to make predictions about how plants
will interact with their environment in response to stress.

Why is such a tool required to predict how plants will behave? One reason is that some long-standing questions are
too complex to develop machine-independent experimental
approaches. For example, what are the rules underlying
plant diversification? How do plants shape their phytobiomes—that is, their environment, including all microbes
and macro-organisms that interact with them—and how are
they shaped by the environment around them? There are
also mysterious, fundamental questions about plant archi-
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also strengthen the community by providing a platform for
deep and committed collaboration and cross-fertilization
among disciplines within and beyond plant science.
Transparent Plant parts lists can be built iteratively for
multifaceted processes such as photosynthesis, water transport, root navigation through soil, and immunity. These
modular systems and processes must one day be integrated
to a whole plant, ecosystem, and global scale. For the next
decade, the focus should be on integrating data from the
atomic level—including the nature of receptors, catalytic
sites, and nucleic acid interactions—to the molecular, metabolic, cellular, and organ level, including the microbiome.
The eventual result could be engineered plant autonomy:
the ability of a plant to flourish in conditions that otherwise
would have led to poor performance or its demise.

Transparent Plant Genome

Transparency means an unprecedented ability to understand
the inner workings of an organism. Because plant function is
not naturally transparent, we must create that transparency
through computational methods. The white flowers of Diphylleia grayi, also known as the skeleton flower, are translucent
when wet. Image source unknown.

tectures, which are wonderfully diverse; from cacti to marine plants to domesticated species to redwood trees, these
architectures presumably evolved to facilitate growth,
water and nutrient transport, and reproductive success.
The Transparent Plant will help us understand these mechanisms and inform our efforts to apply that knowledge. For
example, as the tool is refined, it could be used to make
predictions about how plants might behave when perturbed
under drought or specific nutrient stress, or how particular
genetic or biochemical interventions might promote plant
health. In the case of an emergent pathogen, the Transparent Plant might quickly suggest targets to mitigate the
spread or severity of disease. Fully developing the Transparent Plant will be a daunting challenge, extending well
beyond the 10-year time frame of this document, but will
22
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The framework of the Transparent Plant tool is an annotated
catalog of the tens of thousands of plant genes diversified
among all species, a modern-day expansion of the basic gene
function catalog originally envisioned in the Arabidopsis 2010
initiative.86 We support the Earth BioGenome Project,87 which
aims to sequence the genome of many or all extant eukaryotic species, made feasible by new technology and reduced
cost. However, sequence information is only the beginning of
biological insight: knowledge related to these genes, including their regulation, how they influence metabolism, and
how they interact, will need to be acquired. By merging data
collected through experimentation with metadata analysis
using machine learning tools,88 we will be able to develop the
“brain” of the Transparent Plant, which will underlie its query
and predictive functions (Goal 8). An underlying challenge
is to understand the roles of genes that have subtle individual
roles but collectively essential roles in creating traits.89 Reliable approaches to study such genes are still in their infancy.
The intelligence of the Transparent Plant will rely not just on
the scale of information, but also on its precision. We must
improve how we measure and analyze plant responses to environmental changes at both the molecular and physiological
levels (some of the required instrumentation, including sensors, are described in Goal 7). Although the term “sensors”
often implies devices that measure environmental param-
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eters, plant size and shape, or processes such as photosynthesis, genetically encoded biosensors can provide real-time
tracking of molecular movement, report the concentrations
of chemicals such as calcium or starch, and provide monitorable feedback on developmental events within the plant.90

Transparent Plant Simulations
The data warehouse for the Transparent Plant will build
on existing resources (Box 8) to facilitate interdisciplinary
discoveries through its comparative powers and set the
stage for the development of increasingly complex models
and simulations of specific plant processes. These would be
accessed via the most innovative aspect of the Transparent
Plant—a scalable and interactive simulation in which a
researcher could visualize and predict the consequences of
a stimulus such as light, a hormone, or a pathogen through
molecular, cellular, and whole-plant animations.91,92 This interface will require advancements in virtual reality technology and graphics processing capabilities that go well beyond
currently available predictive models of root biology,93,94 C4
leaf development,95 plant–insect interactions,96,97 and other
processes.98–100 Simplified versions of the interface could be
developed for learning purposes (Goal 6) in the same way
the high school–appropriate DNA Subway on CyVerse101

Box 8. The Transparent Plant:
Building on a Legacy of Plant
Genomics Databases
From the inception of the genomics era, storing and
providing access to genomic—and other –omic—data has
been a priority of funders and scientists in both the public
and private sectors. Aggregation sites such as Ensembl Plants,195 CoGe,196 CyVerse,197,198 and Phytozome199
offer or link to numerous resources for comparative
genomics, plant breeding, gene expression, annotation,
and others. The Transparent Plant will draw from these
existing warehouses when able, supplementing its needs
with new data generation. Both when fully realized and
as its various operating modules are formed and made
available, the Transparent Plant will be an interface that
is dynamically linked to other data resources.

complements the sophisticated and data-intensive gene
comparison tools used by researchers. Transparent Plant predictions would be validated using phylogenetically diverse
experimental systems, allowing for iterative improvement of
its predictive ability and for discernment of the fundamental
mechanisms governing plant systems.

The Transparent Plant tool promotes the integration of research from the molecular to the ecosystem level to make predictions about
how plants will respond to changes in their environment. Pictured here: new imaging tools and software allow scientists to visualize
complex features of plant morphology. Image source: Li et al. (2020) New Phytologist, 226: 1873-1885 doi: 10.1111/nph.16533. © 2020
The Authors. New Phytologist © 2020 New Phytologist Trust.
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Goal 4
1. Use community input to develop a menu of desired
traits to be predicted by the Transparent Plant, and
prioritize species (informed by Goal 1) and genotypes
for intensive experimentation.
2. Invest in the generation of extensive transcriptomic,
proteomic, biochemical, cell biological, microbiome,
and phenomic data sets from priority species strategically selected to span evolutionary and ecological
diversity (including both C3 and C4 plants), gathered at
multiple scales and from multiple genotypes under an
agreed set of environmental conditions.
3. Expand and standardize genomics databases to identify
DNA regulatory elements found in plant genomes102
and reference phenotyping databases for the priority
species. These databases will include genomic variations, epigenomic marks and DNA modifications,
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gene expression patterns, small RNAs, developmental
stages, environmental responses, and gene regulatory
and metabolic networks.
4. Invest in experimentation, data curation, and integration
to assign functions to as many protein-coding genes as
possible, together with a pathway or condition of interest for all non-coding genes in prioritized species.
5. Support development of new tools for dissecting,
modeling, and simulating plant processes, informed by
the collected data, that will allow multiscale analysis
and prediction of plant responses. Initially, individual
processes would be modeled. Then, after experimental
validation, individual models would be progressively
connected to create higher order models.
6. Develop a virtual reality module and visualization
tools to begin testing the Transparent Plant, focusing
on key aspects and capabilities such as interactions,
scalability, and predictive capacity.
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People
Assembling diverse teams is a challenge to plant scientists,
and teams formed in response to short-fused funding opportunities often arise within tightly knit circles. Over time,
this practice can result in the unproductive and dispiriting,
if unintentional, exclusion of young investigators and other
talented researchers. Moving forward, we urge scientists to
identify new collaborators with much more diverse research
and professional backgrounds across different institutional
types. The majority of new research initiatives will span
disciplinary boundaries and will greatly benefit from more
creative thinking and broader professional networks.
Our community must also embrace the pursuit of equity,
diversity, and inclusion (EDI) to make careers in science
accessible and attractive to people of all backgrounds. We
need to increase the availability and rigor of sensitivity
training to create more inclusive spaces. The research
community must be ready to reflect on effective actions
to support EDI and implement these recommendations to
improve job satisfaction and reduce discrimination.i We
must also build capacity and interest to engage with plant
science throughout diverse classrooms and communities.
An activist approach should be used to promote plant
awarenessii and the importance of recognizing the impacts
of plant systems in all aspects of people’s lives.

to retool training paradigms to prepare researchers for
careers beyond academia. The PSRN previously published
recommendations for postgraduate training using a subway
network metaphor to illustrate three main principles:
flexible pathways, multiple career destinations, and the
possibility of multiple on- and off-ramps.109 The PSRN
further emphasized the need for trainee-centric approaches that offer trainees more control over their professional
development through modular customization and a new
mentoring model to help them with prioritization and focus. These training recommendations were expanded on at
the PSRN Inclusivity in the Plant Sciences workshop with
an aim to broaden participation. Diverse workplaces are
more creative and productive,110–112 and the PSRN workshops have underscored the value of embracing diversity
to enrich and transform science. Faculty demographics
are almost universally out of step with demographic shifts
in the United States as a whole,v leaving the plant science
community woefully short of role models.
v

For example, a detailed 2017 survey of 40 public institutions found
biology faculty to be 83% White, 13% Asian, 3% Hispanic, and 0.7%
Black and 69% male.113 The Census Bureau has predicted that by
2035, the U.S. population will be 54% White (non-Hispanic), 7%
Asian, 22% Hispanic, and 14% Black.114

Over the next decade, job openings are expected to
increase in the life sciences and for postsecondary teachers.105 iii New opportunities in plant science–related jobsiv
underscore the need to rethink career expectations and
i

For example, in a survey on job satisfaction in science, although some
68% of academic scientists were satisfied in their job (compared with
79% in industry), 47% of respondents had experienced gender discrimination, and only half felt that their university was doing enough
to promote diversity and inclusion.103

ii As a matter of inclusion and sensitivity, the use of “plant blindness”
as an ableist metaphor will be discontinued in favor of a focus on
increasing “plant awareness.”104
iii The number of postsecondary teachers is expected to increase by 11%
over the next decade,106 whereas tenure track positions will likely
remain flat.107
iv Plant science–related jobs, including research technicians, food scientists, conservationists, microbiologists, biochemists, and environmental scientists, among others, are expected to grow.108

Volunteering with a local botanic garden provides an opportunity for early career scientists to engage with the public about
plant science and practice science communication skills. Image
source: Meet a Scientist Saturday (Phipps Conservancy).
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Goal 5
Reimagine the Workplace to Nurture Adaptive and
Diverse Scientists
The Decadal Vision research goals will not be achieved
unless we engage all the talent and diverse perspectives that
society offers. This engagement is absolutely dependent
upon transforming workplace culture: efforts to glamorize
plants (Box 9) and involve community scientistsvi (Goal 6)
as tools for recruitment and diversification will fail if we do
not. Goal 5 includes broad recommendations to recast the
research culture and environment surrounding plant science
people. We believe that the prevailing culture inhibits diversity because it rewards a narrow swath of backgrounds,
behaviors, and motivations. One of the main thrusts of our
recommendations is to implement mechanisms and policies
that diminish the prevalence of academic silos, which can
be reinforced by promotion policies. In some cases, training
vi Community scientists are students, citizen scientists, and lifelong
learners who support efforts to catalog living collections, identify
and characterize species in natural environments, reinforce outreach
activities, and participate remotely in monitoring or data analysis for
urban gardens and digital agriculture.115,116

Box 9. Bold Actions to Expand Plant
Science Awareness
For all their ubiquity and positive impacts, plants and plant
science are often taken for granted or left out of the discussion. Plant science research touches on agriculture, plantbased foods, climate change mitigation, biodiversity, ecosystem services, technology, and human health and wellness.
Attendees at the PSRN January 2019 workshop Inclusivity
in the Plant Sciences called for renewed activity to glamorize—not merely explain—plant science, such as by creating
captivating memes. In doing so, we intend not only to raise
awareness of the impacts of plant research, but also to capture
imaginations and excite individuals to get involved. In 10
years, we envision a world in which plant science champions
are prominent from politics to talk shows to local events.
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Goal 5. In 2020, current events have thrust us into virtual
workplaces and recast the research culture and environment
surrounding plant science people.

emphasizes the need to “own” a scientific niche, but in a
collaborative culture, the whole will always be greater than
the sum of its parts. We believe that plant scientists can lead
such a transformation but acknowledge that the issue is far
broader than plant science alone.

Nurturing Equity, Diversity, and Inclusion
Addressing the disparity between faculty composition and
U.S. demographic shifts requires a concerted effort by all
faculty and administrators. Historical criteria for recruitment and promotion need to be substantially rethought. For
example, diversity statements are commonly required of
faculty candidates, and, when such statements are used as an
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important criterion for recruitment, the stage is set for longterm and substantial advancement of EDI. The plant science
community must follow through on the plans embedded in
those statements and reward individuals who serve as role
models and develop supportive activities. In general, we
recommend that contributions by all faculty in support of
EDI be acknowledged and rewarded not as a bonus, but as
an expectation. These expectations and contributions are
most likely to be substantial among underrepresented faculty
themselves, meriting commensurate recognition.
Our institutions must foster more equitable, diverse,
and inclusive environments that support all individuals,
especially early career researchers, through formalized
policies and access to resources. For example, early career

scientists should have access to mentoring systems that
make available teams of mentors who reflect and support their personalized career goals and sponsorship by a
relevant role model.117 Scientists at all career stages should
be encouraged to use formalized individual development
plans as a tool to set goals and facilitate conversations
with their mentors.118 Implementing such support dovetails
with our previously published recommendations regarding
direct funding of early career scientists.109 Direct funding
will allow individuals to shop for institutions best suited to
their intended professional pathway rather than “following
the money.” Although some may feel that trainees at this
career stage are not sufficiently mature or responsible to
make such choices wisely, we believe they are, as long
as high-quality mentoring is available to support their

Supporting the wellbeing and professional development of plant scientists is a strategic priority of the Decadal Vision and we encourage
educational institutions and professional societies to offer trainees more control over their professional development. Improved scientific
training through modular training courses, mentoring programs, and exploration of diverse career pathways will promote better life-work
balance and wellbeing among scientists. Image source: Plant Summit 2019 participants explore the Biosphere 2 Tropical Rainforest habitat (PSRN photo).
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decision making without controlling it. Implementation
of direct funding, however, might call for progressive
uncoupling of research grant-funding training from various
forms of fellowships.

Recalibrating How Research Contributions
Are Valued
A fundamental paradox of the current work environment is
that metrics based on individual achievements are still, in
many cases, the primary guide for evaluation and promotion,
even though collaborative achievements deliver the most
important scientific insights.119,120 In particular, academic
organizations should develop more equitable policies to
recognize collaborative contributions and distribute credit
for successful teams, rather than mainly rewarding the most
visible participants in a project, often according to budgetary
or infrastructure control. Scientists may need to further decentralize authorship models beyond multiple first authors,
and alternatives to traditional peer review should continue
to be tested and implemented.121 As long as individual-based
metrics drive career advancement, laboratory management
styles and mentoring strategies tend to reinforce these goals,
leading similarly abled and like-minded scientists to land
the jobs and perpetuate the system.122 Understanding why
academia is organized this way, and whether it should be, is
beyond the scope of this report, but it is worth considering
how other models have thrived123 in national laboratories,
private industry, and private research institutions.124
It is necessary but not sufficient to value research contributions equitably, because culture change also requires that
contributions including writing and running training grants,
performing mentoring, and undertaking community engagement also drive career advancement.125 These activities are
often undervalued126,127 and therefore become the province
of the good at heart, disproportionately members of underrepresented groups.128 Adequately valuing team research and
community service would not only change research culture,
but also attract a currently self-excluded type of scientist
who does not seek individual credit but rather wishes to
participate without drama in a collaborative enterprise.129–131
Faculty hiring across broad themes is not unusual; however,
basing hiring decisions on candidates’ capacity to work in
teams will require alternative mechanisms.
28
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Box 10. What Does It Mean to
“Democratize” Our Technologies?
To democratize means to make something accessible to everyone. In the case of research technologies,
democratization is aided by reduced cost, ease of use,
and miniaturization. Already, phones are used to gather
and transmit medical data, identify species in the field,
and collect DNA sequence information from handheld
devices. The possibilities are virtually limitless and
create the potential for everyone to become a scientist. To
realize this possibility, however, other challenges must be
overcome, including broadband accessibility, availability
of training, and development of incentives such as formal
credentialing based on curricula that incorporate use of
such technologies. Software application developers will
be critical to democratization in plant science by creating
user-friendly and engaging interfaces.

Virtualizing the Workplace
Each of our four research goals encompasses integrated,
transdisciplinary research. For this purpose, science needs
to move rapidly beyond a predominant dependence on
physical collaborations by creating and supporting virtual
workplaces that span institutions and international borders.
Virtual workplaces are already used to save time and decrease carbon footprints associated with travel, for example, to participate in review panels. But as we consider the
practice of science with these optics, the abilities to operate
equipment remotely, to share data almost instantaneously, to video stream methods,132 and to incorporate virtual
reality only hint at the possibilities. Indeed, the SARSCoV-2 pandemic had accelerated adoption of many remote
technologies even as this report was being finalized. At
the same time, classroom instruction was moving online at
warp speed, which in the long term will benefit early career
researchers who wish to train remotely for both technical
skills and professional development.
We encourage universities and professional societies to
use their resources and networks to ensure equitable access
to these tools and opportunities. Virtual workplaces will
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Plant science institutions must foster equitable, diverse, and inclusive research environments to support and prepare trainees for
diverse career pathways. Image source: Delanie Sickler (Boyce Thompson Institute).

promote EDI by increasing participation of students and
faculty at primarily undergraduate universities, minority
serving institutions, and community colleges. In addition,
virtual workplaces will support increasingly broad and
sophisticated participation of community scientists. Equitable access to supporting technologies will be needed to
democratize their use (Box 10, Goal 7).
With all of its promise, the virtual environment will not erase
the need for direct human interactions. Not only are humans
inherently social, but spontaneous “coffee pot” interactions
and nuanced conversations can never be replaced by computers, nor should they be. The SARS-CoV-2 pandemic has
showcased the power, but also some limitations, of the virtual
world of science. The appropriate balance of virtual and
face-to-face interaction will vary enormously and evolve in
concert with available technology and societal norms.

Goal 5
1. Incentivize academic institutions to rethink criteria for
faculty hiring and promotion to place a premium on
interdisciplinary collaboration, team science, and activities that support increased EDI.
2. Ensure that the outsized role carried by underrepresented faculty in supporting EDI is fully acknowledged
and rewarded.
3. Fund postgraduates directly and provide multipoint
mentoring coupled with the use of individualized
development plans.
4. Provide customized T-training opportunities for diverse
career pathways,109 incorporating microcredentialing
for graduate and postdoctoral training that emphasizes
integration across disciplines.
5. Support infrastructure and computational resources
that underpin workplace virtualization and use this
capacity to accelerate collaborative research and community science.
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Goal 6
Build Capacity and Interest to Engage with Plant Science
Science Communication
Without effective communication, we cannot demonstrate
the relevance of plant science to society, cultivate the next
generation of researchers, understand the communities
around us, or forge new scientific relationships across
disciplinary boundaries (Box 11). We must optimize communication methods for social media, a major form of engagement with the external world. Science communication
also encompasses writing skills for presentations to various
audiences, along with speaking and listening skills applicable to a range of situations. Although many researchers are
skilled at answering technical questions, few are prepared
for media interviews or public forums that challenge broad
swaths of work or facts taken for granted in the scientific
community. Scientists might learn to prepare and deliver
a three-minute lightning talk and an elevator pitch, draft a
press release, dig deeper into communications tools for a
specific purpose,133 or, as is increasingly common, participate in outreach to schools, science museums, and other
community groups.
Practice makes perfect. To that end, communications
training needs to be available outside of formal academic
curricula. For example, outreach coordinators can support graduate students and postdocs who are conducting
extracurricular activities, often to implement the “broader
impacts” components of their research grants.
We recommend that opportunities for training in both technical and nontechnical science communication be ubiquitous
for plant scientists. We encourage universities to require science communication more frequently in undergraduate curricula,134,135 even when such communication might seem to be
a peripheral skill at that stage. If this training is successfully
implemented, budding scientists will become spokespeople
calling attention to the relevance of plant science to people’s
lives and its nearly limitless potential to improve them.
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Goal 6. Conveying the wonder of plants to the next generation
through community science, outreach efforts to improve plant
awareness, and public policy engagement will ensure the success of plant science beyond this decade.

Early Development of Plant Awareness
Although these recommendations have focused mainly on
the postgraduate and academic space, we are keenly aware
that appreciation of plant biology is more likely when exposure begins early in people’s lives. Many plant scientists
are raising children and are therefore aware—sometimes
painfully so—of how little attention plant science gets in
school. These parents are prime examples of individuals
who could engage with K–12 school systems to increase
plant awareness.136 This approach does not at all exclude
grassroots efforts by all parents,137 who collectively will
influence whether children will become plant aware and
therefore can be bearers of our message.
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“Awareness” connotes learning not only about plant science
in society and daily life, but also about the esteem in which
plant science, and its attendant career options, are held. We
support advocacy for standards in K–12 biology to incorporate more plant science138,139 and to avoid plant science
being subsumed into biology instruction with fleeting
references to plant systems.140 Relevant touch points include
how plant science contributes to human and ecosystem
health, ecosystem services, and agriculture and its impact
on sustainability and climate change. Likewise, where standardized testing is required, it should embed knowledge of
plant systems and how society interacts with such systems.

Careers in Plant Systems Science

Box 11. How Communication Can
Help Blur Disciplinary Boundaries
So-called basic research, applied research and methods
research and development are sometimes thought of as
mutually exclusive fields, but successful and influential
interdisciplinary research requires appreciation of their
coexistence and interdependence, and rejection of their
balkanization. One of the biggest barriers to doing so is a
lack of mutual understanding of their respective frontiers
and intended impacts — that is, their value systems.
To combat these tendencies, communicating the tenets
of a wide variety of disciplines early in careers should
be emphasized, along with muting the drive towards
self-definition of a narrow specialization. Blurring or
even erasing boundaries will lead to longer term and
more productive collaborations, more cross-training of
early career researchers, better experimental design, and
greater satisfaction on all sides.

Perception of plant science will not be improved solely
by communicating knowledge: we must also promote its
diverse, exciting, and satisfying career options. Hands-on
training through lab coursework and independent research
projects is highly effective in building awareness of
opportunities through research experiences, and undergraduate education plays an important role in providing
experiential training opportunities.141,142 Even with research
experiences, other factors such as financial potential,143,144
time to degree completion, and job prospects may impact
postsecondary students’ decision to pursue a plant science
career. Plant science jobs pay well, and generally postgraduate training generates little debt.145 The top-paying
jobs of today include several in computational science and
research and development management,146 both of which
are critical to the development and application of plant
systems science. Using another lens, among employers’
five most desired soft skills for 2019 were creativity, persuasion, collaboration, adaptability, and time management,
according to one source.147 All of these can be acquired and
practiced through training and experience in plant systems
science. These attributes of plant science careers must
become broadly appreciated.
Career opportunities should be introduced to students as
early as possible, with emphasis on the possibilities for
flexibility over time, including opportunities for postbaccalaureate, master’s, or doctoral training. Scientific societies
must share information on the breadth and promise of plant
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Image source: Chicago Botanic Gardens Photos.

Box 12. Free-Choice Science Is an
Ongoing Revolution
Some research on disparities in science literacy suggests
that inconsistent access to learning opportunities outside
the classroom—known as free-choice learning—is the
culprit. Free-choice learning occurs at home, on weekends, and on vacations, and plant scientists can provide a
raft of free-choice learning opportunities in collaboration
with museums, botanic gardens, libraries, public media,
and nontraditional schools. Free-choice learning, being
more accessible, has the potential to deliver more equitable learning. As with efforts to democratize technologies
(Box 10), underlying issues such as broadband availability, logistics, and hidden financial burdens must also be
addressed.

science careers with K–12 teachers and undergraduate
career counselors. A culture of active career planning for
scientists at every level of training should be promoted
through the development of specific lesson plans and mentoring systems.
Another mechanism is developing a centralized system to
track plant science jobs in the public and private sectors,
along with the associated career trajectories. An emphasis on existing job opportunities will help improve outcomes for women and other members of underrepresented
groups in science, who may disproportionately encounter
challenges at career or educational transition points. An
assessment of current jobs is also needed to determine
what training experiences are important for successful
preparation and to facilitate development of an interactive
tool to guide students toward desired careers.109 Critically,
this assessment should go beyond traditional academic
metrics to measure transferable skills and abilities imparted by experiences in public outreach, teaching, mentoring,
service, project management, and advocacy.

Direct Community Engagement in Science
The narrow perception of plant science as low-cachet (e.g.,
compared with biomedical fields) needs to be expanded
32
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through deliberate public engagement with farmers,
teachers, families, and policy makers. The reach of plant
science into space,148 the use of plants for medicinal purposes, and the emergence of inventions such as plantlike
robots149,150 may have great appeal for a broader audience.
The numerous recreational benefits of plants can also
be emphasized; for example, urban gardens educate,
provide aesthetic beauty, and literally nourish a community.151–154 Increasing public engagement through outreach
by scientific societies will encourage the next generation
of learners to appreciate the role of plants in their local
communities.
Public engagement through community science can leverage existing resources and outreach programs to expand
our understanding about the natural world. For example,
citizen science projects through natural history museums
and botanical gardens can supplement K–12 and undergraduate education programs.155 These programs allow
students to actively participate in gathering valuable data
about plant biodiversity (Goal 1) and play an active role
in raising awareness for scientific research and impacts
on society. A growing body of research suggests that formal K–12 or undergraduate education is not the primary
mechanism by which the public engages with science; in
fact, most science learning is free-choice156–159 (Box 12),

RECOMMENDATIONS

often through weekend family visits to a science museum
or botanical garden.
Scientists can increase access to and expand the availability of free-choice informal science education by participating in volunteer outreach activities and distribution of
learning resources.160 This outreach, in turn, may catalyze
community engagement with plant science–related issues
such as ameliorating environmental degradation, preserving biodiversity, or creating better jobs. The research community should establish collaborative projects to engage
community scientists in these local issues as adjuncts to
research projects, particularly in the context of centers or
institutes that are highly multidisciplinary.

Goal 6
1. Improve and universalize science communication
training for the current and next generation of plant
systems scientists.
2. Integrate modern plant science education into standardized testing and curricula for secondary and
undergraduate coursework and leverage networks of
scientific societies to distribute lesson plans and amplify synergistic activities among organizations.
3. Develop resources and training modules to prepare the
next generation of plant scientists for diverse career
pathways.
4. Increase public engagement by plant scientists, especially through support of free-choice learning.

Collaborative projects involving community scientists, natural resource managers, and researchers improve plant awareness in our
communities and promote conservation efforts for rare and threatened plant species. Image source: Plants of Concern, Chicago Botanic
Gardens Photos.
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Technology
Advances in technology can be found intertwined with virtually every transformative discovery in the life sciences.vii
Today, miniaturization, automation, and AI are radically
transforming data collection along a trajectory that, in 10
years’ time, will utterly dwarf our current data sets.161viii
We can already imagine technologies for synthesizing new
microorganisms or reconstructing extinct species, but it’s
what we can’t yet imagine that will amaze us and catalyze
new breakthroughs. The plant science community must
challenge itself to raise its sights, think differently, and
be unafraid of audacious research investments that may
become transformative.
vii Examples include X-ray crystallography, mass spectrometry, the Internet, confocal and cryo-electron microscopy, DNA and genome sequencing, polymerase chain reaction, CRISPR, LiDAR, and many others.
viii The federally supported Sequence Read Archive currently houses
more than 30 quadrillion bases of information, a number that is growing by some 2 trillion per day.162

Many of the technological challenges faced by plant
systems science are common to the environmental, health,
engineering, and data sciences and, most importantly, have
implications for activities of everyday life. For example, the development of self-driving cars is dramatically
advancing technologies for translating large-scale data
streams from sensors into real-time decision making via
portable, low-power computing systems. For plants, similar technologies, as they become more affordable, can help
farmers make decisions on when to plant, water, fertilize,
harvest, and treat disease.163,164 The area of a field is often
too great for a farmer to monitor without the aid of remote
sensing, and advanced imaging platforms enable the
identification of problems before they affect plant health,
productivity, and profitability. Similarly, the possibilities
for “microbiome therapy” are as alluring in agriculture165
as they are in human health; regarding the latter, more than
2,000 clinical trials were in progress in 2018.166

The Controlled Environment Imaging Booth allows plant scientists to monitor the growth and health of plants subjected to normal temperatures or heat stress in growth chambers using advanced imaging and software analysis. Image source: Larry York, photo used with
permission of Noble Research Institute. Image originally featured in Plants in the Spotlight: Measuring Shoots From Images (http://bit.ly/
plantsspotlight).
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Goal 7
Develop New Technologies to Revolutionize Research
High-Throughput Technologies
Sensor technology—already billion-dollar market in
agriculture alone—will see innovation in the form of both
new and improved sensors. New sensors include those
that can be applied directly to plants for monitoring in
planta processes and metabolic levels, including microbial
activity, and those developed to monitor below-ground
activities of plants and their associated biota (e.g., root
response and development) and nutrient fluxes. Existing
sensors will continue to improve in both sensitivity and
portability while integrating data analytics and wireless
networking options (described in Goal 8). Sensor costs are
rapidly decreasing, which will enable extensive networks
to be deployed over large areas to characterize microscale
environments and support crop management strategies.
Required engineering expertise will include optics, imaging, advanced electronics, and microelectronics, as well as
microfluidics.
Imaging will continue to be a large component of remote
sensing. Developments in imaging will include static and
video imaging of biological processes at all scales combined with automated image recognition. These data will
complement the genomic, chemical, physiological, and
environmental data that will populate tools for the digital
biosphere and its derivatives (Goal 1) and the Transparent
Plant (Goal 4). Examples include deciphering changes in
subcellular processes during abiotic or biotic stress, identifying crop diseases and pests, and assessing plant species
mortality in forests. Similarly, drones, ground vehicles, and
satellite imaging are being used to monitor ecosystems and
agricultural fields, but data must be quickly interpreted and
provided to growers in order to trigger necessary interventions. Current technologies remain labor intensive and
require specialized training, however. Major advances are
needed in the speed, sensitivity, resolution, and portability
of imaging devices from microscopes to satellite cameras.

Goal 7. In the future, researchers will be able to use handheld
and remote sensing devices to analyze planta processes in real
time, expanding our understanding of the phytobiome (systems
encompassing plants, their environments,and the microbes and
other species they interact with).

Plant sensors are becoming more easily accessible. This
Xiaomi (Beijing, China) smart plant monitor retails for about $30
and tracks temperature, light, nutrients, and water while making
species-specific recommendations for plant maintenance.

PLANT SCIENCE DECADAL VISION 2020–2030

35

RECOMMENDATIONS

These efforts will in turn require far more economical handling of the resulting massive data streams and advances in
image recognition, including edge (real-time) computing.167

A toy replica of the tricorder device used in Star Trek. The
series, which debuted in 1966, was set in the year 2260, whereas already in 2020 tricorder-like devices are edging closer to
reality. Such devices would be portable and take noninvasive
measurements of the world around us. For example, a device
could quickly measure an entire plant system and monitor
changes in the environment from the field for diagnostic
purposes or crop improvement. Image source: tricorderunbox4
(https://www.flickr.com/photos/bojo/4078685614) from Bobbie
Johnson, licensed under CC BY-SA 2.0

Portable Laboratories
Whereas portable DNA sequencing is a reality today, increasing portability of other analytical techniques is an emerging
opportunity. Mass spectrometry (chemistry) and proteomics
are among the frontiers, and eventually we foresee handheld
devices (e.g., “tricorders”168,169) for minimally destructive
and rapid analysis of specimens. Portable, lower power
instruments capable of collecting and preprocessing genotypic and phenotypic information will facilitate research in
remote locations with limited network connectivity. Low-cost
genomics tools such as nanopore sequencing technologies,170
will continue to be crucial for field research (e.g., ecological
studies) and are ideal for engaging diverse participants. As
for sensors, portable lab data should be analyzed in the field
initially (e.g., through edge analysis171), where possible using
widely available phone or tablet apps.

Goal 7
1. Invest in high-throughput imaging technologies from
the subcellular to the landscape level.
2. Improve sensor technologies to monitor in planta
processes, metabolomics, and interactions with the
environment.
3. Develop portable laboratory technologies using edge computing for real-time data capture and analysis in the field.

Engineering and robotics will improve vertical farming. Vertical farm is a solution to efficiently produce food year round, centralize production geographically, and reduce water by more than 90%. Image source: Jack Morris, Alireza Saeedi, Benjamin Miller (Valtra Design
Competition 2018). “Valtra Vertical Farming Tractor 001 (VVFT-001)” by Jack Donald Morris (CC BY-NC-ND 4.0).
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Goal 8
Manage and Realize the Potential of Big Data
The “big” in big data keeps growing: The 30 quadrillion DNA
bases in the public National Center for Biotechnology Information repository are growing nearly exponentially; image
data streams, even for small experiments, are even more massive.172 To put it another way, we are in the petabyte (1015) era
for storage but the zettabyte (one million-fold higher) era for
global data flow.173 Thus, long-term storage and real-time data
handling are significant but independent issues. Data must
also be integrated when possible, whether from multiple field
sites inventoried over a period of years174 or from comparison
of recent data sets with those created a generation ago. These
data must be made readily available to researchers for analysis
and discovery (Box 13). Major barriers to integrating asynchronous data sets include the vast heterogeneity and poor annotation of historical data and the need to create standardized
formats for newly created data types using often idiosyncratic
emerging technology platforms. Finally, deriving biological
meaning from data is a never-ending quest (Box 14).

Cyberinfrastructure
The PSRN has made detailed recommendations on the
cyberinfrastructure, big data capabilities, and training
needed to advance plant systems science in the Plant
Systems Cyberinfrastructure 10 Year Strategic Plan,
which had a theme of connections—among data sets, tool
sets, platforms including databases, plant and information
science researchers and educators, the private sector, and
the public.175,176 Below we highlight some specific cyberinfrastructure and big data capabilities needed to advance our
Decadal Vision agenda (see also Goals 1–4).

Goal 8. Deriving biological meaning from data is a never-ending
quest that plant scientists of the future must be trained and
ready for the challenge. This image is an artistic representation
of the ZMapp antibodies, a biopharmaceutical produced in
tobacco plants that is used to treat Ebola infections.

Data Communication for Field Applications

it may be impossible to store data at a remote site or to
transmit it to a central site for storage and processing. The
sensors may be measuring very different things, such as
below-ground chemistry, images of flowers, internal small
molecules, and pollinator visits; this is the multimodal
nature of the problem. To address the challenge, sensors
will need to connect to ad hoc mesh networks—a dynamic
way of interconnecting devices that avoids the need for a
permanently installed network177—to send their data and
results to an on-site multiaccess edge computing (MEC)
system to extract important features and signals.

Because single sites may deploy many hundreds or even
thousands of sensors and cameras, the capacity for on-site
data analysis and management will be required because

Field-deployable MEC systems—called “edge” systems
because they lie close to the site of data collection rather
than at a distant location—can coordinate and collect data
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Box 13. Big Progress Relies on Big Data
Realizing each of the Decadal Vision goals will require technology for data collection (hardware) and analysis (software)
on scales that dwarf what we can currently achieve.
Goal 1: Harness Plants for Planetary Resilience, will require
comprehensive assessments of species abundance, genetic diversity, and physiological health, together with environmental
data at high resolution over time and space.
Goal 2: Advance Technology for Diversity-Driven Sustainable
Plant Production Systems, will require in-depth measurements

packets from multiple data streams, performing further
processing that requires more computational resources
than can be provided on sensors but that does not require
sending all the data to the cloud or a centralized server for
initial analysis. Eventually, the MEC system can coordinate the transfer of data either to an off-site centralized
system or directly to a researcher. In addition to coordination of data movements and preprocessing, additional software and information technology (IT) systems need to be
developed for MECs that permit researchers to easily add
novel analysis tools for testing and deployment. Remote
monitoring of sensors and the health of the mesh network
will be needed for rapid identification of bottlenecks, faulty
behavior, or other IT problems that occur at a remote site
(e.g., power and hardware failure, vandalism of equipment,
runaway algorithms).

Machine Learning and Artificial Intelligence
Although a variety of approaches to improving machine
learning (ML) algorithms exist (Box 15), training and
testing data are important in the development and validation of new ML models. Advances are needed to generate
large training data sets (e.g., COCO Dataset,178 used to
train object recognition) and ML model repositories (e.g.,
Model Zoo,179 a collection of codes and trained models)
that are designed around the types of data and learning
desired for plant systems research. AI is a long-term goal
38
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of numerous parameters of plant function at an even higher resolution over time and space, along with (meta)genotyping.
Goal 3: Develop 21st-Century Applications of Plant Science
to Improve Nutrition, Health, and Well-Being, and Goal 4:
Develop the Transparent Plant, an Interactive Tool to Discern
Mechanisms and Solve Urgent and Vexing Problems, will
require yet more detailed measurements of plant function, in
particular the distribution of proteins and metabolites, often at
cellular or subcellular resolution, as well as high-throughput
technologies for genetic manipulation.

for plant systems scientists to enable a diminishing amount
of human intervention in pursuit of increasingly complex
systems biology queries, especially those anticipated for
Goals 1 and 4. It is expected that other disciplines will
drive AI advancements that can be incorporated into plant
science and opportunities far beyond ML. Deep learning,
machine reading, and explainable AI will be included in
plant science within 10 years; we can look to programs like
the Defense Advanced Research Projects Agency’s World
Modelers180,181 to understand how big data can be used
to identify underlying biological mechanisms. Quantum
computing has the potential to accelerate many of these
developments.

Box 14. The Three Big Data Challenge
Levels
Getting more out of big data for plant systems science
requires attention to three steps:
Collection: Compiling data sets from different platforms
whose outputs may not easily combine or compare
Integration: Increasing the throughput, reach, and accuracy of data collated from different platforms and users
Analysis: Building tools that meaningfully interpret data
to reveal mechanisms, patterns, and significance.
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Box 15. Machine Learning and
Artificial Intelligence
A key advance for identifying patterns in multimodal
data streams will be machine learning (ML) applications
developed for plant systems. ML is a branch of computation that relies on patterns and inferences to perform tasks
and is a subset of artificial intelligence (AI). AI embodies
computer cognition more closely modeling human thinking patterns. ML is ripe for expansion in plant systems
science and will be applied to infer patterns across multiple data types, a goal that has evaded the best attempts for
highly curated and integrated biological data sets.

Goal 8
1. Establish and expand resources that enable integration
of multimodal data including ontologies, data standards, and reference data sets.
2. Expand repositories of broadly validated and well-documented tools, models, and services for analyzing multimodal data including, but not limited to, ML models
and AI software.
3. Strengthen the interoperability and federation of major
existing repositories and analysis centers for multimodal data about plant systems, including expansion
of web services and semantic tools.
4. Improve algorithms and hardware to support on-site
processing for multimodal data streams and analytical intelligence in the field, including advanced MEC
systems.
5. Complete the implementation of high-speed (currently
5G) Internet connectivity for all rural communities so
that data analysis centers, research scientists, extension personnel, farmers, and ecosystems managers
can all be integrated into the plant systems knowledge
network.

Machine learning is used to measure plant growth; images are
captured by high resolution cameras and analyzed with computer
vision software. Image source: Anand Seethepalli and Larry York,
photo used with permission of Noble Research Institute. Image
originally featured in Plants in the Spotlight: Measuring Shoots
From Images (http://bit.ly/plantsspotlight).
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Impacts
By investing in the bold agenda outlined in this Decadal
Vision, the plant science community will realize impacts
both within our community and in society at large. These

anticipated impacts can be included in efforts to communicate our goals, seek financial support, and attract and retain
participants.

Economic Impacts
Exports

Human Health
Food

Environmental Quality
Enhanced Ecosystem Services

Jobs
Nutrition
Equity
and
Justice

Well-being

Agricultural
Innovations

Resource
Preservation

Realizing the Decadal Vision will have societal impacts. The activities described in this document will
have many layers of impact, both directly and indirectly related to the research agenda. Among the expected outcomes of the decadal vision research are positive economic impacts, enhanced human health,
and improved environmental quality.

Impacts within the plant
science community

Impacts Beyond Plant
Science

● New discoveries and greater understanding of fundamental plant systems biology in many contexts.

● Improved engagement with the public through communicatio and community science.

● Greatly improved access to new and existing data,
tools, and technologies.

● Participation from communities that have not traditionally been represented or included.

● Breakdown of communication barriers and disciplinary
silos.

● Dividends in economic growth, human health, and
environmental quality.

● Changes to academic culture that support equity, service,
and teamwork.

● Partnerships that accelerate the translation of discoveries to product development.

● Diversification of participants and training opportunities
and a greater sense of belonging.
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Investments
Research investments have a high return multiplier because
they lead to new technologies and increase productivity.
Such investments are often the most promising or only
path to addressing large-scale, science-related challenges
such as those described in this report. The agenda we have
laid out will require several types of investments, and the
impact will scale with their magnitude.

Foundation and AgencyDefined Research Grants
Investigator-initiated, federally funded awards will develop
many of the individual pieces of the large puzzles we
describe. Their often low, and sometimes abysmal, funding
rates leave many ideas on the table and result in great inefficiencies in terms of agency, peer reviewer, and applicant
time. We advocate a doubling of the funds available to
such programs, leading to award rates of 15% to 30%.
Some problems are best tackled with a team approach that
can be supported through targeted or thematic large investments. Examples of successful federal initiatives in plant
systems science include the NSF Plant Genome Research
Program, Arabidopsis 2010, and DOE Energy Research
Centers. Newer, cross-cutting examples include Rules of
Life, Dimensions of Biodiversity, and Biology Integration Institutes. Among private organizations, the Bill and
Melinda Gates Foundation and the Foundation for Food
and Agriculture Research, among others, have made their
mark through targeted investments in plant science linked
to society. The groundbreaking Basic Research to Enable
Agricultural Development (BREAD) partnership62 between
the Gates Foundation and NSF could be emulated in other
forms to leverage resources and meld interests of public
and private funders.
There are great opportunities for increased engagement
by some funding agencies in plant systems science. Some
examples are the Defense Advanced Research Projects

Agency for biosecurity, the United States Agency for
International Development for food security, the United
States Environmental Protection Agency for environmental
sustainability, the National Institutes of Health for discovery and applications of plant chemistry, and the National
Aeronautics and Space Administration for adaptation of
plant function to space flight. All of these funders currently
support plant science but have both the need and the capacity for much-increased investment. A healthy balance must
be maintained between “big” and “small” science because
“big” science is not always more efficient, and it also has
a higher bar to entry for investigators who cannot easily
identify and join relevant consortia or whose position or
institution is more amenable to individual grants.

Private Sector Investments
Industry is a great beneficiary of scientific training and
discovery, and we strongly encourage augmented support
for collaborative research, technology sharing (e.g., private
sector investments in plant transformation182–185), and direct
support of trainees as interns and in graduate programs.
Industry is part of our plant science community, but its
incentives, vision, and mission are distinct from those of
academia. Industry offers product development mechanisms,
advanced technologies, and a team mentality from which academia can benefit and learn, whereas industry relies on the
academic sector for staffing and discoveries that arise from
the exploratory bent of institutional science. Partnerships
between these two community sectors must build on and
benefit from the unique talents and attributes of the other.

Investments in People
We advocate direct funding of trainees, requiring the
availability of suitable competitive mechanisms. Training
grants such as NSF Research Traineeships are visionary but
have a very narrow reach because of their cost and com-
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plexity. NSF’s Graduate Research Fellowships Program,
by contrast, provides awards to individuals and can be an
excellent launch point for early career researchers, particularly for those pursuing academic positions. We advocate
additional mechanisms designed to support individuals at
any career stage who are seeking modular scientific training
but not necessarily positions in academia. Such individuals may be transitioning from undergraduate to graduate
education, returning to science after a hiatus, or switching
to plant science from another field. Such programs should
be linked to mentoring capacity that can help trainees with
application preparation, which most existing programs lack.
This approach will help immensely in creating equity in the
applicant pool without reliance on overstretched counselors
or family members who may not be familiar with the institutional training environment. Equity-linked fellowships of
this nature would be a major step toward diversifying plant
science and the life sciences more broadly.

Specific Investment Priorities
Whereas our goals describe endpoints of the Decadal
Vision efforts, it is important to outline specific resources
or investments that will lead to success. The Action Plans
under each goal are rich sources of concepts to develop
funding opportunities that may be suitable for federal,
foundation, or industry support or support by hybrids of
these entities.

Risks and Barriers
to Success
This Decadal Vision promotes a departure from the status
quo, not for the sake of change alone, but for the benefit
of our science and community. Here we consider the risks
and barriers to implementing such changes and the cost of
inaction.
We have identified four primary risks to the success of the
Decadal Vision. The success of our initiatives will ultimately reflect our mitigation of these risks.
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Suboptimal Group Balance
The plant science community is an interdependent network
of stakeholder institutions that include universities and
scientific societies, individual researchers, federal funding and regulatory agencies, industry, and farmers. All of
these stakeholders have developed norms within this larger
network, and any major changes can disrupt them all. In
populating the workshop’s participants, we attempted to
hit a sweet spot between a big tent approach and a more
focused group. We may have excluded certain stakeholders
unintentionally; if so, we hope to remediate this through
later engagement.

Disruption of the Status Quo
We may experience pushback from community members
who prosper under the status quo. Even researchers who
do not substantially benefit from the status quo may be resistant to changing the system and may fear unknown side
effects of such a change or loss of resources as priorities
are realigned.

Perception of Noninclusion
Some community members may perceive that their active
research area is absent from this report. This perception
is prone to arise more often in broad brush visions like
this one that describe large and multidisciplinary areas of
emphasis. We emphasize that this 2020 Decadal Vision
is not exclusive and points toward new opportunities; our
vision is not meant to exclude or devalue existing avenues
of inquiry.

Lack of Resources and Engagement
The Decadal Vision articulated in this report is audacious. It
will require an extensive commitment of resources and full
engagement of all stakeholders using sector-specific strategies. This vision will fail if we do not believe in our ability
to work together and overcome intimidating challenges.

INVESTMENTS

Risks of Inaction
The potential costs to society of inaction or insufficient
action (e.g., investment to support the Decadal Vision
goals by universities, government, and private sector) are
myriad. Food, water, and medicine may become more
expensive and harder to find and the scientific workforce
will be less equipped to address future needs. Costs will
potentially scale to climate change–driven starvation and
global political instability.
On the other hand, the return on investment for federal
funding of agricultural research is $20 for every $1 in support.186 Anticipated economic losses to agriculture because
of climate change187 could potentially be mitigated by new
research. The costs of inaction to our individual research
areas are less definitive, but a major one is irrelevance. If
we do not adjust our research to meet stakeholder needs by
addressing new themes and problems, there is less reason
to continue to hire researchers or for federal agencies or
philanthropists to provide funding. As discussed in Goal 6,
education of policy makers and the general public is critical to ensure long-term support for plant science research.

The return on investment for federal funding of agricultural research is $20 for every $1 in support.
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Get Involved
If you are inspired by the Plant Science Decadal Vision,
we invite you to share this report broadly. Presentation
materials are available at plantae.org/PSRN to help you

communicate the messages in the Plant Science Decadal
Vision with your government representatives, institutional
leadership, scientific societies, and students.

Plant Summit 2019 participants at the Biosphere 2 in Oracle, AZ. Image source: PSRN photo.
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About
Plant Science Research
Network
The Plant Science Research Network (PSRN) is a network
of research and education societies with involvement in
plant science research. The PSRN continues and amplifies a
successful effort to unite a broad spectrum of plant scientists
around the Decadal Vision strategic plans developed in 2013.
The PSRN has convened scientists through in-person meetings and virtually through Plantae, an online community and
knowledge hub for plant scientists. Extensive archives and
active initiatives are maintained at plantae.org/PSRN.
The PSRN was formed in 2015 with the support of NSF
Grant IOS 1514765 to the Boyce Thompson Institute. The
initial leadership team for the PSRN consisted of David Stern (PI), Crispin Taylor (co-PI), Natalie Henkhaus
(executive coordinator), Vanessa Greenlee (broadening
participation coordinator), and Machi Dilworth (external
adviser); Delanie Sickler succeeded Vanessa Greenlee in
2017. The PSRN has benefited since its inception from its
Steering Committee, composed of representatives of each
PSRN member organization. The network of 15 members
listed below grew from the original eight members as the
PSRN sought to broaden its scope and engagement.
The PSRN has worked as a consensus-driven organization
at the level of the Steering Committee, but its members
have also engaged actively at the executive level to coordinate initiatives and activities. The PSRN has additionally
and regularly engaged stakeholders such other Research
Coordination Networks, representatives of federal agencies, and campus groups and has held listening or visioning
sessions at scientific meetings. This extensive stakeholder
input has helped the PSRN shape its activities and its
products to represent the plant science community, in all its
diversity, to the best of its ability.
Future visioning is inherently uncertain, and the PSRN
has regularly heard a very broad range of opinions about

what could best prepare plant science for the future. These
opinions reflect not only philosophies and beliefs, but also
the enormous swath of scientific, institutional, and personal circumstances in which members of our community
operate. For example, generational divisions of opinion
have been quite common, but also refreshing, as have participants’ reflections on their diverse life stories.
The PSRN has been gratified by the willingness of our
community to engage in this format, by the openness to
new ideas, by the ability to reach consensus, and by the
mutual respect shown. Perhaps the most important thread
to link us, apart from the love of science, is the desire to be
a community in much more than name only and to contribute to the betterment of society.

Plant Science Research
Network Members
American Phytopathological Society
American Society for Horticultural Science
American Society of Agronomy
American Society of Plant Biologists
American Society of Plant Taxonomists
Association of Independent Plant Research Institutes
Botanical Society of America
Council on Undergraduate Research
Crop Science Society of America
Ecological Society of America
Genetics Society of America
Global Plant Council
North American Arabidopsis Steering Committee
Phytochemical Society of North America
Soil Science Society of America
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Plant Summit 2019
Process

Supporters

In gathering participants, the Plant Summit 2019 Planning
Committee used a combination of self-nomination and
targeted recruitment to ensure a disciplinarily inclusive and
demographically diverse group of approximately 50 attendees in which all PSRN member organizations were represented. The recruitment strategy reached into the private and
public sectors, including many types of institutions. Career
stage and geographic variation were also considered. The
overarching goal was to achieve a group composition that
would spark a rich conversation attuned to societal challenges, cultural considerations, and career building. Plant
Science Decadal Vision 2020–2030 was authored by the
summit participants, not the societies themselves. Therefore,
the opinions and recommendations in this document are not
necessarily those of PSRN member societies.

Agronomic Science Foundation

Among the disciplines represented were molecular, cellular,
and systems biology; ecosystem function and diversity; crop,
soil, and environmental sciences; collections-based research;
microbe–plant interactions; engineering; and data sciences.
The summit featured four speakers to stretch our thinking
and a professional facilitator to guide the process. The Plant
Summit 2019 agenda is provided online at plantae.org/PSRN.

Phytochemical Society of North America
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American Phytopathological Society
American Society of Plant Biologists
Botanical Society of America
Corteva Agriscience
Council on Undergraduate Research
Crop Science Society of America
U.S. Department of Energy
Michigan State University
National Science Foundation
North American Arabidopsis Steering Committee

Soil Science Society of America
United Soybean Board
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An artistic representation of the specific and interconnected goals described in the Plant Science Decadal
Vision 2020 - 2030. The recommendations address Research, People, and Technology over the next ten years.
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