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EXECUTIVE SUMMARY

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, entrepre-
neurs, 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 environ-
ment, 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 applica-
tions, will require a detailed understanding of interactions 
among plants and their associated biota. To set the stage, 
we must accelerate activities to describe, catalogue, classi-
fy, 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 

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 cross-
roads. On the one hand, plant science research and tech-
nology 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 discover-
ies 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 applica-
tions, 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 
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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 sys-
tems 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 invest-
ment 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 appreci-
ation 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 sup-
ports 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 mas-
sive 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 knowl-
edge base for rapid-response problem solving to address 
challenges presented by new invasive species, pathogens, 
and other natural phenomena.

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 collec-
tions 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 tech-
nologies 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 phytobi-
omes—systems encompassing plants, their environments, 
and the microbes and other species they interact with—im-
pact crop production and human health. Data science and 
engineering breakthroughs will be major drivers of this 
goal, allowing us to better predict, measure, and under-
stand plant performance in the laboratory and field.

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

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 thera-
peutics. The effects on humans of interactions with plants 
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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 im-
prove the depth and rigor of plant systems knowledge. Al-
though plant scientists alone will develop some technolo-
gies, most technologies will arise and be perfected through 
alliances with technology developers, engineers, physi-
cists, 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 mi-
crobial activities, and on increasing the selection of plug-
and-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 pro-
cessing, and artificial intelligence–assisted data integration, 
pattern identification, and decision making.

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 incen-
tives 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 sys-
tems that support professional development through flexible 
and modular credentialed learning. This approach will bal-
ance emphasis on research productivity with development 
of pertinent transferable and cultural skills. In all organiza-
tional 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. Technolo-
gy 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 
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Impacts on Society
 
Implementation of this bold Decadal Vision will trans-
form 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 envi-
ronments, 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 entrepre-
neurship, leading to positive economic returns and other 
new opportunities. The spread of new technologies will 

only accelerate, increasing access to plant systems sci-
ence and expanding research possibilities.

We view people as the foundation and motivation for dis-
covery, research, and applications. Our recommendations 
therefore promote cultural changes that support the diver-
sification 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 foun-
dation 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 re-
port,8 which reached alarming conclusions for sustainabili-
ty 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 cov-
ers about 17% of the nation.10,11 The U.S. agricultural econ-
omy is remarkably productive, worth more than $1 trillion 
annually.12 It plays an important role in carbon sequestra-
tion13,14 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, real-
izing those increases in an environmentally and socially 
responsible manner presents a monumental challenge.16,17

Plant systems science goes far beyond food- and fiber-produc-
ing 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 mo-
lecular factories. For example, plants are involved in the 
production of the monoclonal antibodies that compose the 
ZMapp Ebola vaccine22,23 and development of a prospec-
tive vaccine for SARS-CoV-2.24 Plants, particularly algae, 
are also seen as a scalable source for hydrocarbons and 

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 conver-
sations 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 profes-
sional societies spanning agronomy, botany, biochemistry, 
cell biology, cell development, chemistry, crop science, 
ecology, education, evolution, genetics, genomics, horti-
culture, plant pathology, soil science, and taxonomy. The 
PSRN has facilitated workshops to imagine future scenar-
ios around plant science (2016), recommend new para-
digms 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 

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 mole-
cules, 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
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point for the development of the Plant Science Decadal 
Vision 2020–2030.

A community vision should be both informative and influ-
ential. 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-train-
ing, 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 gradu-
ate 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 pro-
gram (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 facilitat-
ing 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 com-
mon 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 nation-
alities 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 collabora-
tion 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 develop-
ment, 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.
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Box 3. Our Guiding Values

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 

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 ac-
ademic 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 adversi-
ty 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 di-
verse perspectives through all career stages and pathways; and 
increase and maintain its own diversity. In addition, intermin-
gling diverse fields of research serves to enrich and enhance our 

science and is an opportunity that must be embraced. Our values 
require creating a culture of mutual respect without regard to na-
tionality, 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 in-
spire, 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 environ-
mental 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 applica-
tions of knowledge and technologies.

The plant science community is connected by our shared 
values.

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 bioeco-
nomy, 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
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Recommendations

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 envi-
ronments to promote their success

Technology: Develop technology for more powerful and 
democratized data collection and analysis for knowledge 
generation and decision making

Scientists
Make

Discoveries 

Scientists
Make

Discoveries 

Discoveries
Generate
Knowlege

Knowledge
Changes 

Diversify thinking                              Integrate discoveries
Scientists

Make
Discoveries 

Society
Develops
Scientists 

Discoveries
Generate
Knowlege

Knowledge
Changes
Society 

Diversify thinking             Integrate discoveries

Communicate knowledge

Increase interest 

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.

Our overarching aspiration for the next decade of plant re-
search 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-

Research
Four broad goals for plant science research have the poten-
tial 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 sci-
ence, they are more likely to be met through the combined 
contributions of integrative hubs and constellations of small-
er 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.

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 develop-
ment, and with the support of funding bodies. 
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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 accu-
rate 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 pro-
cesses 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 discov-
ered 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 evolution-
ary 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 environ-
mental 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.

Goal 1 
Harness Plants for Planetary Resilience

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, eco-
systems (ecological systems), and evosystems (evolution-
ary 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 lev-
els of detail and accuracy, that can be used to explore and 
display the results of ecological and evolutionary chang-
es—in populations, lineages, and ecosystems—from deep 
time to the present. These models would help us visualize 
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current data and knowledge, but would also be predictive 
in service of aiding experimental design or forecasting 
ecosystem changes under specified conditions, for exam-
ple, 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 con-
servation 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 inter-
ventions, 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 aspi-
rational 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 explor-
ing 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 pheno-
typic 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 Observato-
ries, Long-Term Ecological Network research sites, and the 
National Ecological Observatory Network.40–42

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



12 PLANT SCIENCE DECADAL VISION 2020–2030

RECOMMENDATIONS

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, biogeogra-
phers, conservation biologists, and computational model-
ers. 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 miti-
gation 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 cat-
alogue that will be unprecedented in depth and value.45 
One valuable outcome of this effort will be a compara-
tive framework for detecting how genotype–phenotype 
associations vary across time scales, exploring how 
genes evolve along phylogenies and in turn affect phe-
notypes, and understanding the assembly of existing 
and novel biological communities.

2. Strategically select a broad set of phylogenetically and 
ecologically diverse plant lineages for in-depth analy-
sis of their morphology, anatomy, physiology, ecology, 
genomics, and genetics in their natural environments. 
Of key consideration should be their additional feasi-
bility 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 infor-
mation 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, pollina-
tors) 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. Ac-
curate 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 Ac-
tions 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 miti-
gate the effects of changing environments at all levels 
of biological organization from genes to the biosphere.



 PLANT SCIENCE DECADAL VISION 2020–2030     13

RECOMMENDATIONS

Box 5. Key Elements of Plant 
Production Systems
New crops are initiated through predictive modeling and selec-
tion 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. 

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

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, nutri-
ents, 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 calo-
ries 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 environ-
mental 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 innova-
tions in sustainable production systems (Boxes 6-7). 

Crop System Improvements

Farms collectively have an enormous physical and envi-
ronmental footprint. Therefore, they must balance their 
replacement of natural ecosystems and need for inputs with 
respect for ecosystem management principles such as har-
boring 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 
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Box 6. Moonshot 1 
Transforming Cropping Systems with New Perennials and Polycultures

Most of the crops cultivated for food, feed, and fiber pro-
duction rely on annual (growing for one year only) mono-
cultures.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 car-
bon 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 great-
er productivity, resilience, and diversity of associated microbes 
and invertebrates compared with monocultures.192,193 However, 

current grain and oilseed production systems—from seed and 
chemical supply chains, to planting and harvesting equip-
ment, 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 peren-
nial grains and to pave the way for agricultural polycultures 
through the development of robotics, imaging, and informa-
tion 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.

Perennial crops such as Kernza® (Thinopyrum intermedium) are in development. Image source: © The Land Institute (CC-BY-NC-ND).
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Box 7. Moonshot 2 
Breaking the Water Habit by Building Resilient Crops for the Future

The resurrection fern can dry to a crispy 
brown, yet fully recover in a few hours 
when water returns. The mangrove tree 
thrives in saltwater. What if our crops were 
that resilient? Nearly 40% of U.S. agricul-
ture currently relies on irrigated water, a 
resource that is being stretched beyond its 
limit in many places and additionally pres-
sured by climate change.194 To increase the 
efficiency and sustainability of agricultural 
water use, a deep and robust understanding 
of how plants deal with fluctuations in wa-
ter availability and quality is needed. This 
understanding corresponds to a module of 
the Transparent Plant (Goal 4)—assembly 
of evolutionary, phylogenetic, phenotypic, 
gene network, epigenomic, and metabolic 
data over time, centered on the plant–water 
interface in the soil, to learn how water is 
acquired, used, wasted, and preserved. This 
“interactome” could ultimately be implemented as a dynamic sim-
ulation, one that could be used to design resilient plants—perhaps 
perennials (Box 6).

Engineering plants to withstand water stress requires an under-
standing of their growth responses. In the past, plant phenotypes, 
or growth behaviors, have been characterized by identifiable 
single gene variation, the foundation of present-day plant and 
animal breeding. But that approach is inadequate to ameliorate 
the challenges imposed by water instability. Plant phenotypes 
are now appreciated as a totality of gene expression and meta-
bolic networks, modulated in real time by chromatin responses 
to environmental cues. This complex aggregate of phenotypic 

variation is also reflected in a dissectible 
series of competitive selections over evo-
lutionary time that are traceable through 
phylogenetic lineages. Biology, interfaced 
with computation and engineering, is 
now approaching a point at which these 
networks, both in real time and on an 
evolutionary scale, can begin to be fully 
defined, integrated, and, most important-
ly, adjusted to enhance water resilience. 
Understanding the 4D interactome would 
make that possible.

The approaches needed would encom-
pass the evolutionary and developmental 
diversity that underpins, for example, 
seed germination, root–soil interface, and 
transpiration, integrated with the modeling 
of gene, protein, metabolic, and epigenetic 
networks that produce plant responsive-

ness to flooding, drought, or saltwater conditions in real time. 
Developing the capability to scale data integration at the magni-
tude and dimensionality required to encompass the evolution of 
diversity with single-gene and metabolite-level resolution for the 
design of distinctly resilient plant forms is a massive challenge 
that requires a step change in plant science. Such a huge leap will 
require the recruitment of the best and brightest to all areas of 
biological, computational, and engineering science. If successful, 
implementing Moonshot 2 would enable the design of crops that 
can grow without yield penalty in water-stressed environments, 
such as those characterized by seasonal drought, general aridity, 
or salinity.

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 man-
agement. 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 fur-
ther advances. Targets will include productivity, pest and 
pathogen resistance, domestication of new crops with valu-
able 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.

New sensors applied directly to the 
plant take real-time measurements of 
crop water usage. Image source: Liang 
Dong (Iowa State University).
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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 fol-
lowing 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 indi-
vidual 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 predic-
tion—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 pheno-
types 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 

yet imagined. Leveraging these tools effectively, however, 
will require major improvements in the ability to identify 
target genes and desired modifications, along with a cultural-
ly, ethically attuned, and internationally coherent regulatory 
framework for release of genome-edited products. The 
whole-organism extension of editing is synthetic biolo-
gy, 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 introduc-
ing 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 con-
stantly face institutional barriers, which history shows are 
well worth surmounting.
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Goal 2

1. Identify and apply genetic mechanisms for crop resil-
ience and increased productivity, without increasing 
the carbon footprint on the same acreage, to meet the 
needs of projected population growth while main-
taining profitability and livelihoods for farmers and 
farmworkers.

2. Identify and develop alternative crops for domestication 
and production, including fiber-producing plants, assess-
ing benefits and drawbacks in partnership with nutrition-
ists, 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 tech-
nologies, 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

Goal 3. Plant science has the potential to improve human 
well-being through horticultural practices, nutrition, and 
therapeutic applications. 

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 over-
looked by scientists as we leverage the information, in-
sights, and tools driven by food production or large-scale 
environmental research. Indeed, as a chronically under-re-
sourced 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-im-
proved knowledge and modeling of metabolic pathways. 
For example, biochemical engineering has been used to 
enrich tomatoes for improved health benefits to consum-
ers.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 communi-
ties 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 understand-
ing of what therapeutics and other useful specialized me-
tabolites, plants, and their associated biota might provide; 

one example is synthetic biology production of artemis-
inin, 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-asso-
ciated 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 un-
derstanding 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 con-
cerns 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 biodi-
versity, provide habitat for endangered species, reduce storm-
water 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. Im-
age source: David Gang (Washington State University).
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3. Engage pharmacologists, medicinal botanists, indig-
enous peoples, and nutrition and food scientists to 
understand human metabolic processes and identify 
targets of plant-based medical compounds.84,85 Iden-
tify achievable health improvements that could come 
from enhanced plant systems through modification and 
breeding.

4. Develop technologies to improve health and well-be-
ing and reduce environmental impacts in densely popu-
lated environments through enhanced urban forestry, 
reforestation and greening opportunities, bioremedia-
tion, urban farming, and environmental conservation.

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 iden-
tify opportunities for future investment.

2. Develop a comprehensive understanding of the ge-
netic, evolutionary, and environmental components of 
how plant systems–derived molecules confer beneficial 
or disadvantageous traits. Partnerships with environ-
mental economists should be formed to develop met-
rics for quantifying ecosystem services, recreational 
benefits, and other environmental benefits.

Visitors enjoying the Malott Japanese Garden at the Chicago Botanic Garden. Image source: Chicago Botanic Garden photos.
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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 pop-
ulation level. The Transparent Plant has the potential to save re-
searchers 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.

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 inap-
propriate 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 impor-
tance of dissecting complex plant responses at scales from 
the individual to the population; Goal 4 addresses a 21st-cen-
tury computational approach to accomplish exactly that.

The Transparent Plant Tool

We envision the Transparent Plant as an interactive visual-
ization 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 informa-
tion 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 combina-
tion 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 de-
rived 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, allow-
ing iterative improvements in its predictive abilities.

Why is such a tool required to predict how plants will be-
have? 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 phytobi-
omes—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 trans-
port, 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, met-
abolic, 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

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 eukary-
otic species, made feasible by new technology and reduced 
cost. However, sequence information is only the beginning of 
biological insight: knowledge related to these genes, includ-
ing 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 Reli-
able 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 en-
vironmental changes at both the molecular and physiological 
levels (some of the required instrumentation, including sen-
sors, are described in Goal 7). Although the term “sensors” 
often implies devices that measure environmental param-

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 Diphyl-
leia grayi, also known as the skeleton flower, are translucent 
when wet. Image source unknown.

tectures, which are wonderfully diverse; from cacti to ma-
rine 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 mech-
anisms 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 Trans-
parent Plant might quickly suggest targets to mitigate the 
spread or severity of disease. Fully developing the Trans-
parent Plant will be a daunting challenge, extending well 
beyond the 10-year time frame of this document, but will 
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eters, plant size and shape, or processes such as photosyn-
thesis, genetically encoded biosensors can provide real-time 
tracking of molecular movement, report the concentrations 
of chemicals such as calcium or starch, and provide monitor-
able 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 in-
terface will require advancements in virtual reality technolo-
gy 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 Ensem-
bl 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.

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.

complements the sophisticated and data-intensive gene 
comparison tools used by researchers. Transparent Plant pre-
dictions 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.
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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 strate-
gically 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 vari-
ations, epigenomic marks and DNA modifications, 

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 inter-
est 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 op-
portunities 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.

Over the next decade, job openings are expected to 
increase in the life sciences and for postsecondary teach-
ers.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 dis-
crimination, 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 scien-
tists, conservationists, microbiologists, biochemists, and environmen-
tal scientists, among others, are expected to grow.108

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 approach-
es that offer trainees more control over their professional 
development through modular customization and a new 
mentoring model to help them with prioritization and fo-
cus. 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 work-
shops 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

Volunteering with a local botanic garden provides an opportu-
nity 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

Goal 5. In 2020, current events have thrust us into virtual 
workplaces and recast the research culture and environment 
surrounding plant science people.

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 di-
versity 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 discus-
sion. Plant science research touches on agriculture, plant-
based foods, climate change mitigation, biodiversity, ecosys-
tem services, technology, and human health and wellness. 
Attendees at the PSRN January 2019 workshop Inclusivity 
in the Plant Sciences called for renewed activity to glamor-
ize—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.

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 recruit-
ment 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 long-
term 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 sup-
port 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 habi-
tat (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 de-
centralize 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 contribu-
tions equitably, because culture change also requires that 
contributions including writing and running training grants, 
performing mentoring, and undertaking community engage-
ment also drive career advancement.125 These activities are 
often undervalued126,127 and therefore become the province 
of the good at heart, disproportionately members of under-
represented 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.

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 de-
crease carbon footprints associated with travel, for exam-
ple, 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 instantaneous-
ly, to video stream methods,132 and to incorporate virtual 
reality only hint at the possibilities. Indeed, the SARS-
CoV-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 

Box 10. What Does It Mean to 
“Democratize” Our Technologies?
To democratize means to make something accessi-
ble 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.
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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. Equi-
table 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 com-
puters, 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 activ-
ities that support increased EDI.

2. Ensure that the outsized role carried by underrepre-
sented 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 com-
munity science.

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). 
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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 com-
munication methods for social media, a major form of en-
gagement with the external world. Science communication 
also encompasses writing skills for presentations to various 
audiences, along with speaking and listening skills applica-
ble 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, partic-
ipate 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 sup-
port 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 tech-
nical and nontechnical science communication be ubiquitous 
for plant scientists. We encourage universities to require sci-
ence communication more frequently in undergraduate cur-
ricula,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.

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 suc-
cess 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 ex-
posure 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 incor-
porate 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 stan-
dardized testing is required, it should embed knowledge of 
plant systems and how society interacts with such systems.

Careers in Plant Systems Science

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 under-
graduate 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 post-
graduate 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, per-
suasion, 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 postbacca-
laureate, master’s, or doctoral training. Scientific societies 
must share information on the breadth and promise of plant 

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.
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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 men-
toring 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 empha-
sis on existing job opportunities will help improve out-
comes 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 impart-
ed 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 

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 week-
ends, 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 equita-
ble learning. As with efforts to democratize technologies 
(Box 10), underlying issues such as broadband availabil-
ity, logistics, and hidden financial burdens must also be 
addressed.

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 pur-
poses, 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 commu-
nity.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 lever-
age 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 under-
graduate 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 for-
mal 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), 
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often through weekend family visits to a science museum 
or botanical garden.

Scientists can increase access to and expand the availabil-
ity of free-choice informal science education by partici-
pating 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, preserv-
ing biodiversity, or creating better jobs. The research com-
munity 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 stan-
dardized testing and curricula for secondary and 
undergraduate coursework and leverage networks of 
scientific societies to distribute lesson plans and ampli-
fy 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, espe-
cially 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 vir-
tually 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 Inter-
net, confocal and cryo-electron microscopy, DNA and genome sequenc-
ing, 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 grow-
ing 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 exam-
ple, 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, simi-
lar 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 tem-
peratures 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). 

https://www.noble.org/news/publications/ag-news-and-views/2019/august/plants-in-the-spotlight-measuring-shoots-from-images
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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, imag-
ing, 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 com-
bined 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, iden-
tifying 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 inter-
ventions. 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.
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A toy replica of the tricorder device used in Star Trek. The 
series, which debuted in 1966, was set in the year 2260, where-
as 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

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

Portable Laboratories

Whereas portable DNA sequencing is a reality today, increas-
ing 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 geno-
typic 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 com-
puting 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 pro-
duction 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 Infor-
mation repository are growing nearly exponentially; image 
data streams, even for small experiments, are even more mas-
sive.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 asyn-
chronous data sets include the vast heterogeneity and poor an-
notation 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 cyberin-
frastructure and big data capabilities needed to advance our 
Decadal Vision agenda (see also Goals 1–4).

Data Communication for Field Applications

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 

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.

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.

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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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 coordi-
nate the transfer of data either to an off-site centralized 
system or directly to a researcher. In addition to coordina-
tion of data movements and preprocessing, additional soft-
ware 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 valida-
tion 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 

Box 13. Big Progress Relies on Big Data

Realizing each of the Decadal Vision goals will require tech-
nology 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 di-
versity, 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 

of numerous parameters of plant function at an even higher res-
olution 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.

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 accu-
racy of data collated from different platforms and users

Analysis: Building tools that meaningfully interpret data 
to reveal mechanisms, patterns, and significance.

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.
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Goal 8

1. Establish and expand resources that enable integration 
of multimodal data including ontologies, data stan-
dards, and reference data sets.

2. Expand repositories of broadly validated and well-doc-
umented tools, models, and services for analyzing mul-
timodal 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 multi-
modal 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 analyti-
cal 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, exten-
sion personnel, farmers, and ecosystems managers 
can all be integrated into the plant systems knowledge 
network.

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 computa-
tion 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 think-
ing patterns. ML is ripe for expansion in plant systems 
science and will be applied to infer patterns across multi-
ple data types, a goal that has evaded the best attempts for 
highly curated and integrated biological data sets.

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 permis sion of Noble Research Institute. Image 
originally featured in Plants in the Spotlight: Measuring Shoots 
From Images (http://bit.ly/plantsspotlight).

https://www.noble.org/news/publications/ag-news-and-views/2019/august/plants-in-the-spotlight-measuring-shoots-from-images
https://www.noble.org/news/publications/ag-news-and-views/2019/august/plants-in-the-spotlight-measuring-shoots-from-images
https://www.noble.org/news/publications/ag-news-and-views/2019/august/plants-in-the-spotlight-measuring-shoots-from-images
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Impacts

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 ex-
pected outcomes of the decadal vision research are positive economic impacts, enhanced human health, 
and improved environmental quality. 

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 

Impacts within the plant 
science community
● New discoveries and greater understanding of funda-

mental plant systems biology in many contexts.
● Greatly improved access to new and existing data, 

tools, and technologies.
● Breakdown of communication barriers and disciplinary 

silos.
● Changes to academic culture that support equity, service, 

and teamwork.
● Diversification of participants and training opportunities 

and a greater sense of belonging.

Impacts Beyond Plant 
Science
● Improved engagement with the public through commu-

nicatio and community science.
● Participation from communities that have not tradition-

ally been represented or included.
● Dividends in economic growth, human health, and 

environmental quality.
● Partnerships that accelerate the translation of discover-

ies to product development.

anticipated impacts can be included in efforts to communi-
cate our goals, seek financial support, and attract and retain 
participants.
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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 Agency- 
Defined 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 inef-
ficiencies 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 invest-
ments. 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 Integra-
tion 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 discov-
ery 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 capac-
ity 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 ac-
ademia 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, partic-
ularly 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 individu-
als 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 insti-
tutional 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 ulti-
mately reflect our mitigation of these risks.

Suboptimal Group Balance

The plant science community is an interdependent network 
of stakeholder institutions that include universities and 
scientific societies, individual researchers, federal fund-
ing 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 re-
sistant 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 strate-
gies. This vision will fail if we do not believe in our ability 
to work together and overcome intimidating challenges.
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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 sup-
port.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 criti-
cal 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.

https://plantae.org/education/psrn/
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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 meet-
ings 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 Da-
vid 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 coor-
dinate initiatives and activities. The PSRN has additionally 
and regularly engaged stakeholders such other Research 
Coordination Networks, representatives of federal agen-
cies, 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 per-
sonal circumstances in which members of our community 
operate. For example, generational divisions of opinion 
have been quite common, but also refreshing, as have par-
ticipants’ 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 contrib-
ute 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

ABOUT

https://plantae.org/education/psrn/


46 PLANT SCIENCE DECADAL VISION 2020–2030

Plant Summit 2019

Process

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 attend-
ees in which all PSRN member organizations were repre-
sented. 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 chal-
lenges, 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.

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. 

Supporters

Agronomic Science Foundation

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

Phytochemical Society of North America

Soil Science Society of America

United Soybean Board

ABOUT

https://plantae.org/education/psrn/


 PLANT SCIENCE DECADAL VISION 2020–2030     47

REFERENCES

References

16. Hunter, MC, Smith, RG, Schipanski, ME, Atwood, LW and 
Mortensen, DA (2017). Agriculture in 2050: Recalibrating 
targets for sustainable intensification. BioScience 67: 386–391.

17. Beynon, J, Coupland, G, Graham, I and Harter, K. 2020 Euro-
pean Vision for Plant Science <https://www.arabidopsis.org/
portals/masc/2020_European_Vision.pdf>.

18. McElroy, C and Jennewein, S (2018). Taxol® Biosynthesis and 
Production: From Forests to Fermenters. In: Schwab, W, Lange, 
BM and Wüst, M (eds.). Biotechnol. Nat. Prod., Springer Inter-
national Publishing, Cham: pp 145–185 doi:10.1007/978-3-319-
67903-7_7.

19. Rowinsky, EK and Donehower, RC (1995). Paclitaxel (Taxol). 
N. Engl. J. Med. 332: 1004–1014.

20. Wild, F, Czerny, M, Janssen, AM, Kole, AP, Zunabovic, M and 
Domig, KJ (2014). The evolution of a plant-based alternative to 
meat. From niche markets to widely accepted meat alternatives. 
Agro Food Ind. Hi-Tech 25: 45–49.

21. Simon, M (2019). U.S. Plant-Based Retail Market Worth $4.5 
Billion, Growing at 5X Total Food Sales. Plant Based Foods 
Assoc. <https://plantbasedfoods.org/2019-data-plant-based-mar-
ket/>.

22. Qiu, X, Wong, G, Audet, J, Bello, A, Fernando, L, Alimonti, 
JB, et al. (2014). Reversion of advanced Ebola virus disease in 
nonhuman primates with ZMapp. Nature 514: 47–53.

23. Zhang, Y, Li, D, Jin, X and Huang, Z (2014). Fighting Ebola 
with ZMapp: spotlight on plant-made antibody. Sci. China Life 
Sci. 57: 987.

24. Keown, A (2020). Medicago Develops Plant-Based Coronavi-
rus Vaccine Candidate. BioSpace <https://www.biospace.com/
article/medicago-successfully-produces-a-viable-vaccine-candi-
date-for-covid-19/>.

25. Plant Science Research Summit (2013). Unleashing a Decade 
of Innovation, American Society of Plant Biologists <https://
plantsummit.files.wordpress.com/2013/07/plantsciencedecadal-
vision10-18-13.pdf>.

26. Carroll, AA, Clarke, J, Fahlgren, N, Gehan, MA, Lawrence-Dill, 
CJ and Lorence, A (2019). NAPPN: Who We Are, Where We 
Are Going, and Why You Should Join Us! Plant Phenome J. 2.

27. NSTC (2014). National Plant Genome Initiative Five-Year 
Plan: 2014-2018, National Science and Technology Council 
<https://obamawhitehouse.archives.gov/sites/default/files/mi-
crosites/ostp/NSTC/npgi_five-year_plan_5-2014.pdf>.

28. Marder, E (2020). Words without meaning. eLife 9: e54867.

29. USDA (2020). USDA Casts Vision for Scientific Ini-

1. Plant Science Research Network. Plantae Community <https://
plantae.org/education/psrn/>.

2. Dundore-Arias, JP, Fletcher, J and Tyler, B (2019).   Plant Science 
Research Network Plant Summit 2019. Phytopathol. News 53.

3. Fu, W, Nelson, DR, Mystikou, A, Daakour, S and Salehi-Ash-
tiani, K (2019). Advances in microalgal research and engineer-
ing development. Curr. Opin. Biotechnol. 59: 157–164.

4. US EPA (2015). What is Green Infrastructure? US EPA <https://
www.epa.gov/green-infrastructure/what-green-infrastructure>.

5. Fisher, T (2020). 6G: What It Is & When to Expect It. Lifewire 
<https://www.lifewire.com/6g-wireless-4685524>.

6. Letaief, KB, Chen, W, Shi, Y, Zhang, J and Zhang, Y-JA (2019). 
The Roadmap to 6G: AI Empowered Wireless Networks. IEEE 
Commun. Mag. 57: 84–90.

7. Wilkinson, MD, Dumontier, M, Aalbersberg, IJJ, Appleton, G, 
Axton, M, Baak, A, et al. (2016). The FAIR Guiding Principles 
for scientific data management and stewardship. Sci. Data 3: 
160018.

8. Díaz, S, Settele, J, Brondízio, E, Ngo, H, Guèze, M, Agard, J, et 
al. (2020). Summary for policymakers of the global assessment 
report on biodiversity and ecosystem services of the Intergov-
ernmental Science-Policy Platform on Biodiversity and Ecosys-
tem Services.

9. The Intergovernmental Panel on Climate Change (IPCC), UN 
(2019). Land is a Critical Resource, IPCC report says — IPCC 
<https://www.ipcc.ch/2019/08/08/land-is-a-critical-resource_
srccl/>.

10. Ritchie, H and Roser, M (2020). Environmental impacts of food 
production. Our World Data <https://ourworldindata.org/envi-
ronmental-impacts-of-food>.

11. Bigelow, D (2017). A Primer on Land Use in the United States. 
USDA ERS - Amber Waves <https://www.ers.usda.gov/am-
ber-waves/2017/december/a-primer-on-land-use-in-the-united-
states/>.

12. Kassel, K and Morrison, RM (2020). Selected Charts from Ag 
and Food Statistics: Charting the Essentials, February 2020: 
28 <http://www.ers.usda.gov/publications/pub-details/?pu-
bid=96956>.

13. Lal, R (2004). Soil Carbon Sequestration Impacts on Global 
Climate Change and Food Security. Science 304: 1623–1627.

14. Harnessing Plants Initiative. Salk Inst. Biol. Stud. <https://www.
salk.edu/harnessing-plants-initiative/>.

15. WHO. Sustainable Development Goals. World Health Organ. 
<http://www.who.int/sdg/en/>.



48 PLANT SCIENCE DECADAL VISION 2020–2030

REFERENCES

tiatives Through 2025 <https://www.usda.gov/media/
press-releases/2020/02/06/usda-casts-vision-scientific-initia-
tives-through-2025>.

30. Vought, RT and Droegemeier, KK (2019). Fiscal Year 2021 
Administration Research and Development Budget Priorities 
<https://www.whitehouse.gov/wp-content/uploads/2019/08/
FY-21-RD-Budget-Priorities.pdf>.

31. National Research Council (2014). Convergence: Facilitating 
Transdisciplinary Integration of Life Sciences, Physical Scienc-
es, Engineering, and Beyond, The National Academies Press, 
Washington, DC doi:10.17226/18722.

32. IPCC (2018). Summary for Policymakers. In: Global Warming 
of 1.5°C. An IPCC Special Report on the impacts of global 
warming of 1.5°C above pre-industrial levels and related global 
greenhouse gas emission pathways, in the context of strengthen-
ing the global response to the threat of climate change, sustain-
able development, and efforts to eradicate poverty, Intergovern-
mental Panel on Climate Change, Geneva, Switzerland <https://
www.ipcc.ch/sr15/>.

33. Nullis, C (2018). IPCC issues Special Report on Global Warm-
ing of 1.5 °C. World Meteorol. Organ. <https://public.wmo.int/
en/resources/bulletin/ipcc-issues-special-report-global-warming-
of-15-%C2%B0c>.

34. Willis, KJ (2017). State of the World’s Plants 2017, Royal Bo-
tanic Gardens, 96pp <https://stateoftheworldsplants.org/2017/
report/SOTWP_2017.pdf>.

35. Kew Royal Botanic Gardens (2016). State of the world’s plants 
<https://stateoftheworldsplants.org/2016/>.

36. Schoelz, JE and Stewart, LR (2018). The Role of Viruses in the 
Phytobiome. Annu. Rev. Virol. 5: 93–111.

37. Schleper, S (2017). Conservation Compromises: The MAB and 
the Legacy of the International Biological Program, 1964–1974. 
J. Hist. Biol. 50: 133–167.

38. Peters, RH (1991). A critique for ecology, Cambridge Universi-
ty Press.

39. Lendemer, J, Thiers, B, Monfils, AK, Zaspel, J, Ellwood, ER, 
Bentley, A, et al. (2020). The Extended Specimen Network: 
A Strategy to Enhance US Biodiversity Collections, Promote 
Research and Education. BioScience 70: 23–30.

40. National Critical Zone Observatory <http://criticalzone.org/
national/>.

41. NSF Long Term Ecological Network <https://lternet.edu/>.

42. NSF NEON | Open Data to Understand our Ecosystems 
<https://www.neonscience.org/>.

43. Nogués-Bravo, D, Rodríguez-Sánchez, F, Orsini, L, de Boer, 
E, Jansson, R, Morlon, H, et al. (2018). Cracking the Code of 
Biodiversity Responses to Past Climate Change. Trends Ecol. 
Evol. 33: 765–776.

44. Martin-Luther-Universität Halle-Wittenberg (2019). We need 
more realistic experiments on the impact of climate change on 
ecosystems. ScienceDaily <https://www.sciencedaily.com/re-
leases/2019/09/190916081427.htm>.

45. NSF (2020). NSF 20-059: Dear Colleague Letter: Poorly Sam-
pled and Unknown Taxa (PurSUiT). Natl. Sci. Found. <https://
www.nsf.gov/pubs/2020/nsf20059/nsf20059.jsp>.

46. Ray, DK, West, PC, Clark, M, Gerber, JS, Prishchepov, AV and 
Chatterjee, S (2019). Climate change has likely already affected 
global food production. PLOS ONE 14: e0217148.

47. University of Minnesota (2019). Climate change is al-
ready affecting global food production -- unequally. 
ScienceDaily <https://www.sciencedaily.com/releas-
es/2019/05/190531152047.htm>.

48. Brummer, EC, Barber, WT, Collier, SM, Cox, TS, Johnson, R, 
Murray, SC, et al. (2011). Plant breeding for harmony between 
agriculture and the environment. Front. Ecol. Environ. 9: 
561–568.

49. Trillion Trees. Trillion Trees <https://www.trilliontrees.org/>.

50. Meola, A (2020). Agricultural Drones: Precision Agriculture, 
Mapping & Spraying - Business Insider. Bus. Insid. <https://
www.businessinsider.com/agricultural-drones-precision-map-
ping-spraying>.

51. Ekekwe, N (2017). How Digital Technology Is Changing Farm-
ing in Africa. Harv. Bus. Rev. <https://hbr.org/2017/05/how-dig-
ital-technology-is-changing-farming-in-africa>.

52. Padilla-Medina, JA, Contreras-Medina, LM, Gavilán, MU, 
Millan-Almaraz, JR and Alvaro, JE (2019). Sensors in Precision 
Agriculture for the Monitoring of Plant Development and Im-
provement of Food Production. J. Sens. 2019.

53. Blue River Technology. <http://www.bluerivertechnology.
com/>.

54. Voss-Fels, KP, Cooper, M and Hayes, BJ (2019). Accelerating 
crop genetic gains with genomic selection. TAG Theor. Appl. 
Genet. Theor. Angew. Genet. 132: 669–686.

55. Rincent, R, Charpentier, J-P, Faivre-Rampant, P, Paux, E, Le 
Gouis, J, Bastien, C, et al. (2018). Phenomic Selection Is a 
Low-Cost and High-Throughput Method Based on Indirect 
Predictions: Proof of Concept on Wheat and Poplar. G3 Genes 
Genomes Genet. 8: 3961–3972.

56. Kremen, C and Merenlender, AM (2018). Landscapes that work 
for biodiversity and people. Science 362: eaau6020.

57. Evenson, RE and Gollin, D (2003). Assessing the Impact of the 
Green Revolution, 1960 to 2000. Science 300: 758–762.

58. Genetic Literacy Project (2016). What does it take to bring a 
new GM product to market? GMO FAQs <https://gmo.geneti-
cliteracyproject.org/FAQ/what-does-it-take-to-bring-a-new-gm-
product-to-market/>.



 PLANT SCIENCE DECADAL VISION 2020–2030     49

REFERENCES

59. Heffner, EL, Sorrells, ME and Jannink, J-L (2009). Genomic 
Selection for Crop Improvement. Crop Sci. 49: 1–12.

60. Graff, GD and Zilberman, D (2019). Venture Capital and the 
Transformation of Private R&D for Agriculture and Food. Econ. 
Res. Innov. Agric., University of Chicago Press.

61. FFAR. Found. Food Agric. Res. <https://foundationfar.org/>.

62. NSF. Basic Research to Enable Agricultural Development 
(BREAD) <https://www.nsf.gov/funding/pgm_summ.jsp?pims_
id=503285>.

63. University of Bern. Tef Improvement Project <http://www.
tef-research.org/about.html>.

64. National Academies of Sciences, E, and Medicine (2019). 
Science Breakthroughs to Advance Food and Agricultural 
Research by 2030, The National Academies Press, Washington, 
DC doi:10.17226/25059.

65. Zhu, Q, Wang, B, Tan, J, Liu, T, Li, L and Liu, Y-G (2020). 
Plant Synthetic Metabolic Engineering for Enhancing Crop 
Nutritional Quality. Plant Commun. 1.

66. Chan, H-T and Daniell, H (2015). Plant-made oral vaccines 
against human infectious diseases—Are we there yet? Plant 
Biotechnol. J. 13: 1056–1070.

67. Rosales-Mendoza, S, Angulo, C and Meza, B (2016). Food-
Grade Organisms as Vaccine Biofactories and Oral Delivery 
Vehicles. Trends Biotechnol. 34: 124–136.

68. Haller, RL, Kennedy, KL and Capra, CL (2019). The Profession 
and Practice of Horticultural Therapy, CRC Press, 381pp.

69. Regis, E (2019). Golden rice could save children. Until now, 
governments have barred it. Wash. Post <https://www.wash-
ingtonpost.com/opinions/2019/11/11/golden-rice-long-an-anti-
gmo-target-may-finally-get-chance-help-children/>.

70. Dong, OX, Yu, S, Jain, R, Zhang, N, Duong, PQ, Butler, C, 
et al. (2020). Marker-free carotenoid-enriched rice generated 
through targeted gene insertion using CRISPR-Cas9. Nat. Com-
mun. 11: 1–10.

71. Zhang, Y, Butelli, E, Alseekh, S, Tohge, T, Rallapalli, G, Luo, J, 
et al. (2015). Multi-level engineering facilitates the production of 
phenylpropanoid compounds in tomato. Nat. Commun. 6: 1–11.

72. Butelli, E, Titta, L, Giorgio, M, Mock, H-P, Matros, A, Peterek, 
S, et al. (2008). Enrichment of tomato fruit with health-promot-
ing anthocyanins by expression of select transcription factors. 
Nat. Biotechnol. 26: 1301–1308.

73. Napier, JA, Haslam, RP, Tsalavouta, M and Sayanova, O (2019). 
The challenges of delivering genetically modified crops with 
nutritional enhancement traits. Nat. Plants 5: 563–567.

74. Ikram, NKBK and Simonsen, HT (2017). A Review of Biotech-
nological Artemisinin Production in Plants. Front. Plant Sci. 8.

75. Peplow, M (2016). Synthetic biology’s first malaria drug meets 
market resistance. Nat. News 530: 389.

76. Atanasov, AG, Waltenberger, B, Pferschy-Wenzig, E-M, Linder, 
T, Wawrosch, C, Uhrin, P, et al. (2015). Discovery and resupply 
of pharmacologically active plant-derived natural products: A 
review. Biotechnol. Adv. 33: 1582–1614.

77. Huang, W, Long, C and Lam, E (2018). Roles of Plant-Associat-
ed Microbiota in Traditional Herbal Medicine. Trends Plant Sci. 
23: 559–562.

78. Dettweiler, M, Lyles, JT, Nelson, K, Dale, B, Reddinger, RM, 
Zurawski, DV, et al. (2019). American Civil War plant medi-
cines inhibit growth, biofilm formation, and quorum sensing by 
multidrug-resistant bacteria. Sci. Rep. 9: 1–12.

79. Zhao, C, Sander, HA and Hendrix, SD (2019). Wild bees and ur-
ban agriculture: assessing pollinator supply and demand across 
urban landscapes. Urban Ecosyst. 22: 455–470.

80. Conway, TM, Almas, AD and Coore, D (2019). Ecosystem 
services, ecological integrity, and native species planting: How 
to balance these ideas in urban forest management? Urban For. 
Urban Green. 41: 1–5.

81. Suppakittpaisarn, P, Larsen, L and Sullivan, WC (2019). Prefer-
ences for green infrastructure and green stormwater infrastruc-
ture in urban landscapes: Differences between designers and 
laypeople. Urban For. Urban Green. 43: 126378.

82. Planchuelo, G, von Der Lippe, M and Kowarik, I (2019). Un-
tangling the role of urban ecosystems as habitats for endangered 
plant species. Landsc. Urban Plan. 189: 320–334.

83. Sanchez-Hernandez, JC (2019). Bioremediation of agricultural 
soils, CRC Press, 296pp.

84. Pan, S, Neeraj, A, Srivastava, KS, Kishore, P, Danquah, MK and 
Sarethy, IP (2013). A Proposal for a Quality System for Herbal 
Products. J. Pharm. Sci. 102: 4230–4241.

85. Brown, PN, Lund, JA and Murch, SJ (2017). A botanical, phy-
tochemical and ethnomedicinal review of the genus Mitragyna 
korth: Implications for products sold as kratom. J. Ethnophar-
macol. 202: 302–325.

86. Somerville, C and Dangl, J (2000). Plant Biology in 2010. 
Science 290: 2077–2078.

87. Exposito‐Alonso, M, Drost, H-G, Burbano, HA and Weigel, 
D (2019). The Earth BioGenome project: opportunities and 
challenges for plant genomics and conservation. Plant J. 
doi:10.1111/tpj.14631.

88. Valenzuela-Escárcega, MA, Babur, Ö, Hahn-Powell, G, Bell, D, 
Hicks, T, Noriega-Atala, E, et al. (2018). Large-scale automated 
machine reading discovers new cancer-driving mechanisms. 
Database J. Biol. Databases Curation 2018.

89. Boyle, EA, Li, YI and Pritchard, JK (2017). An Expanded View 
of Complex Traits: From Polygenic to Omnigenic. Cell 169: 
1177–1186.

90. Oren, S, Ceylan, H, Schnable, PS and Dong, L (2017). High-res-
olution patterning and transferring of graphene-based nanoma-



50 PLANT SCIENCE DECADAL VISION 2020–2030

REFERENCES

terials onto tape toward roll-to-roll production of tape-based 
wearable sensors. Adv. Mater. Technol. 2: 1700223.

91. Iwasa, JH (2016). The Scientist as Illustrator. Trends Immunol. 
37: 247–250.

92. Nayak, S and Iwasa, JH (2019). Preparing scientists for a visual 
future: Visualization is a powerful tool for research and com-
munication but requires training and support. EMBO Rep. 20: 
e49347–e49347.

93. Jiang, N, Floro, E, Bray, AL, Laws, B, Duncan, KE and Topp, 
CN (2018). High-resolution 4D spatiotemporal analysis reveals 
the contributions of local growth dynamics to contrasting maize 
root architectures. bioRxiv: 381046 doi:10.1101/381046.

94. Hartmann, A, Šimůnek, J, Aidoo, MK, Seidel, SJ and Laza-
rovitch, N (2018). Implementation and Application of a Root 
Growth Module in HYDRUS. Vadose Zone J. 17: 170040.

95. Bogart, E and Myers, CR (2016). Multiscale metabolic model-
ing of C4 plants: Connecting nonlinear genome-scale models to 
leaf-scale metabolism in developing maize leaves. PLOS ONE 
11: e0151722.

96. Pineda, A, Kaplan, I and Bezemer, TM (2017). Steering soil 
microbiomes to suppress aboveground insect pests. Trends Plant 
Sci. 22: 770–778.

97. Pearse, IS, Harris, DJ, Karban, R and Sih, A (2013). Predicting 
novel herbivore–plant interactions. Oikos 122: 1554–1564.

98. Fatichi, S, Pappas, C and Ivanov, VY (2016). Modeling plant–
water interactions: an ecohydrological overview from the cell to 
the global scale. WIREs Water 3: 327–368.

99. Martinez, P, Allsman, LA, Brakke, KA, Hoyt, C, Hayes, J and 
Rasmussen, CG (2017). Using the three dimensional shape of 
plant cells to predict probabilities of cell division orientation. 
bioRxiv: 199885 doi:10.1101/199885.

100. Bucksch, A, Atta-Boateng, A, Azihou, AF, Battogtokh, D, 
Baumgartner, A, Binder, BM, et al. (2017). Morphological Plant 
Modeling: Unleashing Geometric and Topological Potential 
within the Plant Sciences. Front. Plant Sci. 8.

101. DNA Subway. Fast Track to Gene Annotation and Genome 
Analysis <https://dnasubway.cyverse.org/>.

102. Lane, AK, Niederhuth, CE, Ji, L and Schmitz, RJ (2014). 
pENCODE: a plant encyclopedia of DNA elements. Annu. Rev. 
Genet. 48: 49–70.

103. Woolston, C (2018). Satisfaction in science. Nature 562: 
611–614.

104. Allen, W (2003). Plant Blindness. BioScience 53: 926–926.

105. Torpey, E (2019). New jobs by major occupational group, 
projected 2018–28 : Career Outlook: U.S. Bureau of Labor Sta-
tistics, U.S. Bureau of Labor Statistics, Career Outlook <https://
www.bls.gov/careeroutlook/2019/data-on-display/new_jobs_
major_occupational_group.htm>.

106. Bureau of Labor Statistics (2018). Postsecondary Teachers. Oc-
cup. Outlook Handb. <https://www.bls.gov/ooh/education-train-
ing-and-library/postsecondary-teachers.htm#tab-6>.

107. Flaherty, C (2018). About three-quarters of all faculty positions 
are off the tenure track, according to a new AAUP analysis. 
High. Ed <https://www.insidehighered.com/news/2018/10/12/
about-three-quarters-all-faculty-positions-are-tenure-track-ac-
cording-new-aaup>.

108. Bureau of Labor Statistics (2018). Life, Physical, and Social 
Science Occupations. Occup. Outlook Handb. <https://www.bls.
gov/ooh/life-physical-and-social-science/home.htm>.

109. Henkhaus, NA, Taylor, CB, Greenlee, VR, Sickler, DB and 
Stern, DB (2018). Reinventing postgraduate training in the plant 
sciences: T-training defined through modularity, customization, 
and distributed mentorship. Plant Direct 2: e00095.

110. Chamorro-Premuzic, T (2017). Does Diversity Actually 
Increase Creativity? Harv. Bus. Rev. <https://hbr.org/2017/06/
does-diversity-actually-increase-creativity>.

111. Dozier, DA and Meiksin, J (2019). No “finish line” for diversity 
in US STEM workforce. MRS Bull. 44: 528–529.

112. Phillips, KW (2014). How Diversity Makes Us Smarter. Sci. 
Am. doi:10.1038/scientificamerican1014-42.

113. Li, D and Koedel, C (2017). Representation and salary gaps by 
race-ethnicity and gender at selective public universities. Educ. 
Res. 46: 343–354.

114. U.S. Census Bureau (2017). 2017 National Population Projec-
tions Tables. U. S. Census Bur. <https://www.census.gov/data/
tables/2017/demo/popproj/2017-summary-tables.html>.

115. Tachibana, C (2019). Community science: Not just a hobby. Sci. 
AAAS <https://www.sciencemag.org/features/2019/08/commu-
nity-science-not-just-hobby>.

116. Johnson, A (2019). Careers in Community Science. Eos <https://
eos.org/opinions/careers-in-community-science>.

117. Gottlieb, AS and Travis, EL (2018). Rationale and Models for 
Career Advancement Sponsorship in Academic Medicine: The 
Time Is Here; the Time Is Now. Acad. Med. 93: 1620–1623.

118. Hobin, JA, Fuhrmann, CN, Lindstaedt, B, Clifford, PS, 2012 and 
Am, 8:00 (2012). You Need a Game Plan. Sci. AAAS <https://
www.sciencemag.org/careers/2012/09/you-need-game-plan>.

119. Little, MM, St Hill, CA, Ware, KB, Swanoski, MT, Chapman, 
SA, Lutfiyya, MN, et al. (2017). Team science as interprofes-
sional collaborative research practice: a systematic review of the 
science of team science literature. J. Investig. Med. 65: 15–22.

120. Read, EK, O’Rourke, M, Hong, GS, Hanson, PC, Winslow, LA, 
Crowley, S, et al. (2016). Building the team for team science. 
Ecosphere 7: e01291.

121. Carroll, AE (2018). Peer review: The worst way to judge 
research, except for all the others. N. Y. Times <https://www.



 PLANT SCIENCE DECADAL VISION 2020–2030     51

REFERENCES

nytimes.com/2018/11/05/upshot/peer-review-the-worst-way-to-
judge-research-except-for-all-the-others.html>.

122. Bendick, M and Nunes, AP (2012). Developing the Research 
Basis for Controlling Bias in Hiring. J. Soc. Issues 68: 238–262.

123. Janelia Research Campus. <https://www.janelia.org/about-us>.

124. Fiske, P (1999). Jobs in Industry vs. Jobs in National Labs. Sci. 
AAAS <https://www.sciencemag.org/careers/1999/07/jobs-in-
dustry-vs-jobs-national-labs>.

125. Morrison, JA, Barthell, JF, Boettcher, A, Bowne, D, Nixon, 
C, Resendes, KK, et al. (2019). Recognizing and valuing the 
mentoring of undergraduate research, scholarship, and creative 
activity by faculty members: Workload, tenure, promotion, 
and award systems. CUR White Paper No. 2. Online Submiss. 
<https://www.cur.org/cur_white_paper_no2/>.

126. Farrell, PV and Flowers, RA (2018). What is the value of 
faculty service? <https://www.insidehighered.com/advice/ 
2018/09/20/why-we-need-national-conversation-value-faculty- 
service-opinion>.

127. Meyers, H (2018). Faculty service and the difference between 
opportunity and exploitation. Chron. High. Educ. <https://www.
chronicle.com/article/Faculty-Servicethe/242822>.

128. Taylor, K (2020). Denying a professor tenure, Harvard sparks a 
debate over ethnic studies. N. Y. Times <https://www.nytimes.
com/2020/01/02/us/harvard-latinos-diversity-debate.html>.

129. Mervis, J (2016). NSF director unveils big ideas. Science 352: 
755–756.

130. Walker, S (2020). The untapped potential of ‘cluster hir-
ing’. Wall Str. J. <https://www.wsj.com/articles/a-busi-
ness-lesson-from-academia-great-teams-assemble-them-
selves-11578718805>.

131. Leeming, J (2019). Cluster hiring a ready-made collaboration. 
Nature doi:10.1038/d41586-019-02767-2.

132. Ather, SH (2019). Livestreaming science. Science 365: 
294–294.

133. Cornell Alliance for Science. <https://allianceforscience.cornell.
edu/>.

134. Hoffmann-Longtin, K (2019). SciComm at School: Science 
Communication in Undergraduate Education | PLOS SciComm. 
PLOS Blogs <https://blogs.plos.org/scicomm/2019/10/15/
scicomm-at-school/, http://blogs.plos.org/scicomm/?p=2957>.

135. Cirino, LA, Emberts, Z, Joseph, PN, Allen, PE, Lopatto, D and 
Miller, CW (2017). Broadening the voice of science: Promoting 
scientific communication in the undergraduate classroom. Ecol. 
Evol. 7: 10124–10130.

136. Balding, M and Williams, KJH (2016). Plant blindness and 
the implications for plant conservation. Conserv. Biol. 30: 
1192–1199.

137. Rozek, CS, Svoboda, RC, Harackiewicz, JM, Hulleman, CS 

and Hyde, JS (2017). Utility-value intervention with parents 
increases students’ STEM preparation and career pursuit. Proc. 
Natl. Acad. Sci. doi:10.1073/pnas.1607386114.

138. Uno, GE (2009). Botanical literacy: What and how should 
students learn about plants? Am. J. Bot. 96: 1753–1759.

139. Balas, B and Momsen, JL (2014). Attention “Blinks” Differently 
for Plants and Animals. CBE—Life Sci. Educ. 13: 437–443.

140. Frisch, JK, Unwin, MM and Saunders, GW (2010). Name That 
Plant! Overcoming Plant Blindness and Developing a Sense of 
Place Using Science and Environmental Education. In: Bodzin, 
AM, Shiner Klein, B and Weaver, S (eds.). Incl. Environ. Educ. 
Sci. Teach. Educ., Springer Netherlands, Dordrecht: pp 143–157 
doi:10.1007/978-90-481-9222-9_10.

141. Wilson, AE, Pollock, JL, Billick, I, Domingo, C, Fernan-
dez-Figueroa, EG, Nagy, ES, et al. (2018). Assessing Science 
Training Programs: Structured Undergraduate Research Pro-
grams Make a Difference. BioScience 68: 529–534.

142. González, C (2001). Undergraduate research, graduate mentor-
ing, and the university’s mission. Science 293: 1624–1626.

143. Xu, YJ (2017). Attrition of women in stem: examining job/
major congruence in the career choices of college graduates. J. 
Career Dev. 44: 3–19.

144. Melguizo, T and Wolniak, GC (2012). The earnings benefits of 
majoring in stem fields among high achieving minority students. 
Res. High. Educ. 53: 383–405.

145. Bureau of Labor Statistics (2018). Soil and Plant Scientists 
<https://www.bls.gov/oes/current/oes191013.htm>.

146. Connley, C (2017). The 25 highest-paying jobs in America. 
CNBC <https://www.cnbc.com/2017/09/19/the-25-highest-pay-
ing-jobs-in-america.html>.

147. Petrone, P (2019). The Skills Companies Need Most in 2019 – 
And How to Learn Them <https://learning.linkedin.com/blog/
top-skills/the-skills-companies-need-most-in-2019--and-how-to-
learn-them>.

148. Webb, C (2017). Plant Biology Overview. NASA <http://www.
nasa.gov/spacebio/plant>.

149. Dudenhoeffer, DD, Bruemmer, DJ, Anderson, MO and McKay, 
MD (2001). Development and implementation of large-scale 
micro-robotic forces using formation behaviors. Unmanned 
Ground Veh. Technol. III 4364, International Society for Optics 
and Photonics: pp 159–168.

150. Heilweil, R (2019). Green power: The quest to harness energy 
from leaves. Wall Str. J. <https://www.wsj.com/articles/green-
power-the-quest-to-harness-energy-from-leaves-11551366000>.

151. Lev-Tov, D (2019). The Rice Paddy at Ground Zero - The New 
York Times <https://www.nytimes.com/2019/08/09/nyregion/
rice-paddy-nyc.html>.

152. Dig Art! Cultivating Creativity in the Garden. Cornell Univ. 

https://www.insidehighered.com/advice/
2018/09/20/why-we-need-national-conversation-value-faculty-
service-opinion
https://www.insidehighered.com/advice/
2018/09/20/why-we-need-national-conversation-value-faculty-
service-opinion
https://www.insidehighered.com/advice/
2018/09/20/why-we-need-national-conversation-value-faculty-
service-opinion


52 PLANT SCIENCE DECADAL VISION 2020–2030

REFERENCES

<http://gardening.cals.cornell.edu/lessons/curricula/dig-art-culti-
vating-creativity-in-the-garden/>.

153. Rodgers, V and Krcmar, D (2018). Bridging the boundaries of 
science and art for business students: Integrating botany and 
artistic perspectives to teach environmental literacy. J. Sustain. 
Educ. <http://www.susted.com/wordpress/content/bridg-
ing-the-boundaries-of-science-and-art-for-business-students-in-
tegrating-botany-and-artistic-perspectives-to-teach-environmen-
tal-literacy_2018_01/>.

154. Khoury, CK, Kisel, Y, Kantar, M, Barber, E, Ricciardi, V, Klirs, 
C, et al. (2019). Science–graphic art partnerships to increase 
research impact. Commun. Biol. 2: 1–5.

155. Bonney, R, Phillips, TB, Ballard, HL and Enck, JW (2016). Can 
citizen science enhance public understanding of science? Public 
Underst. Sci. 25: 2–16.

156. Falk, JH and Needham, MD (2013). Factors Contributing to 
Adult Knowledge of Science and Technology. J. Res. Sci. Teach. 
50: 431–452.

157. Falk, JH and Dierking, LD (2018). Viewing science learning 
through an ecosystem lens: A story in two parts. Navig. Chang. 
Landsc. Form. Informal Sci. Learn. Oppor., Springer: pp 9–29.

158. NOVA Education (2016). Where We Learn Science May Be Dif-
ferent Than You Think <https://www.pbs.org/wgbh/nova/article/
where-we-learn-science-may-be-different-than-you-think/>.

159. Dunlop, L, Clarke, L and McKelvey-Martin, V (2019). Free-
choice learning in school science: a model for collaboration 
between formal and informal science educators. Int. J. Sci. 
Educ. Part B 9: 13–28.

160. Holland, R (2018). Top-down education policy should yield to 
free choice. RealClear Educ. <https://www.realcleareducation.
com/articles/2018/10/23/top-down_education_policy_should_
yield_to_free_choice_110299.html>.

161. Kodama, Y, Shumway, M and Leinonen, R (2012). The 
sequence read archive: explosive growth of sequencing data. 
Nucleic Acids Res. 40: D54–D56.

162. SRA Database Growth <https://www.ncbi.nlm.nih.gov/sra/docs/
sragrowth/>.

163. Kundu, M, Krishnan, P, Kotnala, RK and Sumana, G (2019). 
Recent developments in biosensors to combat agricultural chal-
lenges and their future prospects. Trends Food Sci. Technol. 88: 
157–178.

164. Zahid, A, Abbas, HT, Ren, A, Alomainy, A, Imran, MA and 
Abbasi, QH (2019). Application of Terahertz Sensing at 
Nano-Scale for Precision Agriculture. Wirel. Autom. En-
abler Ind. Revolut., John Wiley & Sons, Ltd: pp 241–257 
doi:10.1002/9781119552635.ch11.

165. Toju, H, Peay, KG, Yamamichi, M, Narisawa, K, Hiruma, K, 
Naito, K, et al. (2018). Core microbiomes for sustainable agro-
ecosystems. Nat. Plants 4: 247–257.

166. Fernandez, CR (2019). No Guts, No Glory: How Microbiome 
Research is Changing Medicine. Labiotech.eu <https://www.
labiotech.eu/features/gut-microbiome-research/>.

167. Ghosh, P (Guha) (2018). Internet of Things vs. Edge Comput-
ing: Processing Real-Time Data. DATAVERSITY <https://www.
dataversity.net/internet-things-vs-edge-computing-process-
ing-real-time-data/>.

168. Wikipedia (2020). Tricorder. Wikipedia <https://en.wikipedia.
org/wiki/Tricorder>.

169. Warmflash, D (2017). Star Trek-like ‘tricorders’ promise DNA 
analysis on the go. Genet. Lit. Proj. <https://geneticliteracyproj-
ect.org/2017/01/31/star-trek-like-tricorders-promise-dna-analy-
sis-go/>.

170. Kono, N and Arakawa, K (2019). Nanopore sequencing: Review 
of potential applications in functional genomics. Dev. Growth 
Differ. 61: 316–326.

171. O’Grady, MJ, Langton, D and O’Hare, GMP (2019). Edge 
computing: A tractable model for smart agriculture? Artif. Intell. 
Agric. 3: 42–51.

172. Brouder, S, Eagle, A, Fukagawa, N, McNamara, J, Murray, S, 
Parr, C, et al. (2019). Enabling Open-source Data Networks in 
Public Agricultural Research <https://www.cast-science.org/
publication/enabling-open-source-data-networks-in-public-agri-
cultural-research/>.

173. Reinsel, D, Gantz, J and Rydning, J (2018). The Digitization of 
the World From Edge to Core <https://www.seagate.com/files/
www-content/our-story/trends/files/idc-seagate-dataage-white-
paper.pdf>.

174. Maize Informatics Research Coordination Network (2019). 
Maize Informatics Research Coordination Network Workshop 
Outcomes <https://www.maizegdb.org/docs/2019_RCN_Infor-
matics.pdf>.

175. Tyler, B, Stern, D, Lyons, E, Henkhaus, N and Taylor, C (2019). 
Response 11225850329: NSF Data-Focused CI Request for 
Information. Natl. Sci. Found. <https://www.nsf.gov/cise/oac/
datacirfi/rfi_responses.jsp>.

176. Plant Science Research Network (2017). Plant Systems Cy-
berinfrastructure 10 Year Strategic Plan <https://plantae.org/
wp-content/uploads/2019/09/PlantSystemsCyberinfrastruc-
ture-10year.pdf>.

177. Cilfone, A, Davoli, L, Belli, L and Ferrari, G (2019). Wireless 
Mesh Networking: An IoT-Oriented Perspective Survey on 
Relevant Technologies. Future Internet 11: 99.

178. COCO - Common Objects in Context <http://cocodataset.
org/#home>.

179. Model Zoo - Deep learning code and pretrained models for 
transfer learning, educational purposes, and more <https://mod-
elzoo.co/>.

180. World Modelers <https://www.darpa.mil/program/world-modelers>.



 PLANT SCIENCE DECADAL VISION 2020–2030     53

REFERENCES

181. Virginia Tech (2018). Computational modeling may soon help 
researchers predict, and prevent, food insecurity. Va. Tech 
<https://www.vtnews.vt.edu/content/vtnews_vt_edu/en/arti-
cles/2018/05/cnre-darpacomputationalmodeling.html>.

182. Lowe, K, Wu, E, Wang, N, Hoerster, G, Hastings, C, Cho, 
M-J, et al. (2016). Morphogenic Regulators Baby boom and 
Wuschel Improve Monocot Transformation. Plant Cell 28: 
tpc.00124.2016.

183. Bayer. Grants4Traits - Novel solutions to increase crop produc-
tivity <https://grants4traits.bayer.com/home/>.

184. Masters, A, Kang, M, McCaw, M, Zobrist, JD, Gordon-Kamm, 
W, Jones, T, et al. (2020). Agrobacterium-Mediated Im-
mature Embryo Transformation of Recalcitrant Maize In-
bred Lines Using Morphogenic Genes. JoVE J. Vis. Exp.: 
e60782doi:10.3791/60782.

185. Mookkan, M, Nelson-Vasilchik, K, Hague, J, Zhang, ZJ and 
Kausch, AP (2017). Selectable marker independent transfor-
mation of recalcitrant maize inbred B73 and sorghum P898012 
mediated by morphogenic regulators BABY BOOM and WUS-
CHEL2. Plant Cell Rep. 36: 1477–1491.

186. Bartuska, A (2017). Statement by Dr. Ann Bartuska, US <https://
www.agriculture.senate.gov/imo/media/doc/Testimony_Bartuska.
pdf>.

187. Martinich, J and Crimmins, A (2019). Climate damages and 
adaptation potential across diverse sectors of the United States. 
Nat. Clim. Change 9: 397–404.

188. University of California, Berkeley (2013). Professor Isha Ray. 
Energy Resour. Group <https://erg.berkeley.edu/people/ray-isha/>.

189. NSF-1940791. Abstract: Award#1940791 - Reintegrating 
Biology Jumpstarts <https://www.nsf.gov/awardsearch/show-
Award?AWD_ID=1940791&HistoricalAwards=false>.

190. Wayman, S, Debray, V, Parry, S, David, C and Ryan, MR 
(2019). Perspectives on Perennial Grain Crop Production among 
Organic and Conventional Farmers in France and the United 
States. Agriculture 9: 244.

191. Batello, C, Wade, L, Cox, S, Pogna, N, Bozzini, A and Choptia-
ny, J (2014). Perennial Crops for Food Securitydoi:10.4060/4b1
269bb-1dbf-4c0c-986d-fcbf3388a792.

192. Crews, TE and Cattani, DJ (2018). Strategies, Advances, and 
Challenges in Breeding Perennial Grain Crops. Sustainability 
10: 2192.

193. Adamczewska-Sowińska, K and Sowiński, J (2020). Polyculture 
Management: A Crucial System for Sustainable Agriculture 
Development. In: Meena, RS (ed.). Soil Health Restor. Manag., 
Springer, Singapore: pp 279–319 doi:10.1007/978-981-13-
8570-4_8.

194. Schaible, G (2017). USDA ERS - Understanding Irrigated 
Agriculture <https://www.ers.usda.gov/amber-waves/2017/june/
understanding-irrigated-agriculture/>.

195. Bolser, D, Staines, DM, Pritchard, E and Kersey, P (2016). 
Ensembl Plants: Integrating Tools for Visualizing, Mining, and 
Analyzing Plant Genomics Data. In: Edwards, D (ed.). Plant 
Bioinforma. Methods Protoc., Springer, New York, NY: pp 
115–140 doi:10.1007/978-1-4939-3167-5_6.

196. Lyons, E and Freeling, M (2008). How to usefully compare 
homologous plant genes and chromosomes as DNA sequences. 
Plant J. Cell Mol. Biol. 53: 661–673.

197. Goff, SA, Vaughn, M, McKay, S, Lyons, E, Stapleton, AE, 
Gessler, D, et al. (2011). The iPlant Collaborative: Cyberinfra-
structure for Plant Biology. Front. Plant Sci. 2.

198. Merchant, N, Lyons, E, Goff, S, Vaughn, M, Ware, D, Micklos, 
D, et al. (2016). The iPlant Collaborative: Cyberinfrastructure 
for Enabling Data to Discovery for the Life Sciences. PLOS 
Biol. 14: e1002342.

199. Goodstein, D, Batra, S, Carlson, J, Hayes, R, Phillips, J, Shu, S, 
et al. (2014). Phytozome Comparative Plant Genomics Portal 
<https://escholarship.org/uc/item/22k9d6k9>.



54 PLANT SCIENCE DECADAL VISION 2020–2030
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	_yaz0q1tl6at1
	_qfoywdrkper7
	_u33qki47wv0k
	_vt24zw3hr3hk
	_foc3v36jte1s
	_s2kdysnnsmgt
	_aovoh3npxmrw
	_gq3a0gox4n6p
	_tfifejcyt45q
	_yaufusq2ggxq
	_kjdv63ls0axr
	_mtjvt2bf4sbu
	_jiazdpeu7do0
	_cru4flbepb6k
	_ibxugcqmy11y
	_qswosx1w0mjo
	_4a7odvqinrsq
	_3qx154hh4viy
	_fb42xkn14i0g
	_33w423djsazd
	_Hlk40178532
	_gp2nym5ik2v4
	_3hb7cn2pwy1b
	_n8008qkb6zo
	_ihkb4kqu53mb
	_kqt9z93olmm
	_i5tfignqa09e
	_7tc26tyhgps7
	_6k7ea17hayvt
	_7leowrrimecg
	_feovmavnkdsf
	_Hlk40176241
	_fnwa16n95l1f
	_l11fhpk9cev
	_c63dq4rnzy63
	_i6jkemqii7a6
	_69fy4ornznf0
	_szqnf1btx3wf
	_49pyg2bif3kj
	_ty2bo3g70cji
	_ic0wcc27p02a
	_2cwg3gr8cd66
	_8txgl85r3jv
	_8rtd58r3nk7q
	_uoewo1tvty03
	_Hlk42157756

