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Summary

1. INTRODUCTION

For nearly a century, scientific advances haveefliglrogress in U.S. agriculture to enable Ameri-
can producers to deliver safe and abundant foodedtically and provide a trade surplus in bulk and
high-value agricultural commodities and foods. Todég U.S. food and agricultural enterprise faces
formidable challenges that will test its long-termstsinability, competitiveness, and resilience. On its
current path, future productivity in the U.S. agricultwgstem is likely to comwvith trade-offs. The suc-
cess of agriculture is tied to natural systems, and thegems are showing signs of stress, even more so
with the change in climate. Water scarcity, increagedther variability, floods, and droughts are exam-
ples of stresses on food and agricultural production. More than a third of the food produced is uncon-
sumed, an unacceptable loss of food and nutrients at a time of heightened global food demand. Increased
food animal production to meet greater demand gélierate more greenhouse gas emissions and excess
animal waste. The U.S. fo@lipply is generally secure, but is nofmune to the costly and deadly shocks
of continuing outbreaks of food-borne illness or te tonstant threat of pests and pathogens to crops,
livestock, and poultry. U.S. farmers and producersaatie front lines and will need more tools to man-
age the pressures they face.

In the coming decade, stresses on the U.S. foddagricultural enterprise are unlikely to be re-
solved by farmers, the market, input suppliers, ocimyent public and private sector research efforts, if
business as usual prevails. Approaches focused naintyaking incremental fixes to problems that arise
from complex influences—some biological and physisame man-made—are resistant to simple solu-
tions. The food system is vast, complex, dnterconnected. The so-called “wicked” problems—
intractable problems with many interdependent fadioas make them difficult to define or solve—uwiill
require a radically different approach to understand uncover solutions that can only be found when
explored beyond the traditional boundaries of fond agricultural disciplines. Broader perspectives are
needed to provide a better view faptimizing the food and agricultural system. Acquiring this perspec-
tive means reframing problems and employing emertiots to identify and address key points of inter-
vention in the system.

This report identifies innovative, emerging scigotédvances for making the U.S. food and agricul-
tural system more efficient, resilient, and sustali®aAn ad hoc study committee appointed by the Na-
tional Academies of Sciences, Engineering) Bfedicine was guided by a Statement of Faskexplore
the availability of relatively new scientific developnts across all disciplines that could accelerate pro-
gress toward those goals. The committee identified thet promising scientific breakthroughs that could
have the greatest positive impact on food and agricukune that are possible to achieve in the next dec-
ade (by 2030). The opportunities summarized in®rt highlight novel approaches for food and agri-
cultural sciences in innovating for the future.

2. RESEARCH STRATEGY FOR 2030
2.1 Major Goals and Key Research Challenges

Over the course of its study, the committee lddussions with members of the scientific commu-
nity to identify the most challenging issues facing feod agriculture and the best research opportunities

The Statement of Task is provided in Chapter 1, Box 1-2.
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to address them. In the next decade, the major doafod and agricultural research include: (1) im-
proving the efficiency of food and agricultural sysgen?) increasing the sustainability of agriculture,
and (3) increasing the resiliency of agricultural systémadapt to rapid changes and extreme conditions.
These goals derive from the common nature of kegarch challenges identifibgl food and agricultural
scientists, which include the following:

X increasing nutrient use efficiency in crop production systems;

x reducing soil loss and degradation;

x mobilizing genetic diversity for crop improvement;

X optimizing water use in agriculture;

x improving food animal genetics;

x developing precision livestock production systems;

x early and rapid detection and prevention of plant and animal diseases;
x early and rapid detection &dodborne pathogens; and

x reducing food loss and waste throughout the supply chain.

2.2 Convergence

In the past, it has been more common to exarpmoblems in a defined space or discipline for rea-
sons related to practicality and greater ease of mamage and that approach has been effective at ad-
dressing distinct issues that require specific knowdddga domain. The urgent progress needed today to
address the most challenging problems requiresrdging capabilities across the scientific and techno-
logical enterprise in a convergent reseangpraach. The 2014 National Research Council reporiver-
gence: Facilitating Transdisciplinary Integration of Life Sciendescribes convergence as:

“an approach to problem solving that cuasross disciplinary boundaries [and] integrates
knowledge, tools, and ways of thinking from ld@d health sciences, physical, mathematical, and
computational sciences, engineering disciplireasd beyond to form a comprehensive synthetic
framework for tackling scientific and societal bages that exist at the interfaces of multiple

fields.”

This means that merging diverse expertise areéamilsites innovation in both basic science discoveries

and translational applications. Foadd agricultural research needb®broadened to harness advances

in data science, materials scienard information technology. Furthermgiintegrating the social scienc-

es (such as behavioral and economics sciences) to correctly frame problems and their solution space is
essential, as the food and agricultural system is as much a human system as a biophysical one.

2.3 Science Breakthroughs and Recommendations

The committee identified five breakthrough oppaoities that could dramatically increase the capa-
bilities of food and agricultural sciea. The recommendations that fellavill require a shift in how the
research community approaches its work, and inigatier each of the breakthroughs will require robust
support.

Transdisciplinary Research and Systems Approach

Breakthrough 1: A systems approach to understand the nature of interactions among the dif-
ferent elements of the food and agricultural systernan be leveraged to increase overall system effi-
ciency, resilience, and sustainabilityProgress in meeting major goals can occur only when the scien-

tific community begins to more methodically igtate science, technology, human behavior, economics,
and policy into biophysical and empirical models. Faragle, there is the need to integrate the rate and
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determinants of adopting new technologies, practigesjucts, and processing innovations into food and
agricultural system models. This approach is requgatoperly quantify the shifts in resource use, mar-
ket effects, and response, and to determine benlefitsare achievable from scientific and technological
breakthroughs. Consideration of these system interecis critical for finding holistic solutions to the
food and agricultural challenges thatg&iten our security and competitiveness.

Recommendation 1: Transdisciplinary science and systems approaches should be prioritized
to solve agriculture’s most vexing problemsSolving the most challenging problems in agriculture will
require convergence and systems thinking to addresssihes; in the absence of both, enduring solutions
may not be achievable. Transdisciplinary problerseldacollaboration (team science) will need to be fa-
cilitated because for some, it is difficult to professiongligvitate to scientific fields outside of one’s ex-
pertise. Such transitions will require learning torkvon transdisciplinary teams. Enticing and enabling
researchers from disparate disciplines to work é&ffely together on foodrad agricultural issues will
require incentives in support of the collaboratione Tise of convergent ap@hes will also facilitate
new collaborations that may not have occurred wdqgroached by researchers operating in disciplines
in separate silos. Transdiscipliggsroblem-based collaborations willarie engagement of a new or di-
verse set of stakeholders and partners and behefitood and agriculture sector. Leadership is key to
making team science successful, as scientific directes a unique set of i8k that includes openness
to different perspectives, the ability to conceptuatlimebig picture, and perhaps most importantly, a tal-
ent for uniting people around a common mission. Thesktigaaare not always natural for scientists, so
providing professional development opportunities to foktadership in the transdisciplinary model is
critical.

There are many examples of programs that dyreaquire transdisciplary work: for example,
grants provided by the National Science Foundatibmisvations at the Nexus of Food, Energy, and Wa-
ter Systems (INFEWS) and the request for proosatlined in the 2018 Sustainable Agricultural Sys-
tems competitive grants program administereduph the U.S. Department of Agriculture’'s (USDA'S)
Agricultural and Food Research Initiative. The NSIFEWS and most recent USDA grants on Sustaina-
ble Agricultural Systems have relatively larger buddletd can support convergent team science. How-
ever, many of the standard grants requiring “@éwplinary” approaches do not provide enough funding
to support team science so thedntives for transdisciplary science are still lacking. For convergence to
truly be productive, financial incentives are neede@rioourage grant applicants to step outside their
comfort zones and to establish deep connections asdjgct matter experts from a variety of arenas.

Sensing Technologies

Breakthrough 2: The development and validatiorof precise, accurate, field-deployable sensors
and biosensors will enable rapid detection and moturing capabilities across various food and ag-
ricultural disciplines. Historically, sensors and sensing technology have been used in food and agricul-
ture to provide point measurements for certain chaiatitarof interest (e.g., temperature), but the ability
to continuously monitor several characteristics aedaadhe key to understamgj both what and how it is
happening in the target system. Scientific antrietogical advances in materials science, microelectron-
ics, and nanotechnology are poised to enable the ameatinovel nano- and biosensors to continuously
monitor conditions of environmentatimuli and biotic and abiotic &tsses. The next generation of sen-
sors may also revolutionize the ability to detect disgagr to the onset of symptoms in plants and ani-
mals, to identify human pathogens before they d@htefood distribution chain, and to monitor and make
decisions in near real time.

Recommendation 2: Create an initiative to mpe effectively employ existing sensing technolo-
gies and to develop new sensing technologi@sross all areas of food and agricultureThis initiative
would lead to transdisciplinary research, developnaerd,application across the food system. The attrib-
utes of the sensor (e.g., shape, size, material, iomsituplanta, mobile, wired or wireless, biodegradable)
would depend on the purpose, application, duratiod, location of the sensors. For example, in sgil
and crop sensors may provide continuous data feddreay alert the farmer when moisture content in

Prepublication Copy 3

Copyright National Academy of Sciences. All rights reserved.



Science Breakthroughs to Advance Food and Agricultural Research by 2030

Science Breakthroughs to Advance Faod Agricultural Research by 2030

soil and turgor pressure in plants fall below a criticaéldo initiate site-specifiirrigation to a group of
plants, eliminating the need to irrigate the entieddfi Likewise, in planta sensors may quantify biochem-
ical changes in plants caused byiasect pest or a pathogen, alerting and enabling the producer to plan
and deploy immediate site-specific control strategidarbanfestation occurs or damage is visible. Bio-
sensors for food products could indicate product adtiberar spoilage and could alert distributors and
consumers to take necessary action.

Data Science and Agri-Food Informatics

Breakthrough 3: The application and integration of data sciences, software tools, and systems
models will enable advanced analytics for managing the food and agricultural systeffihe food and
agricultural system collects an enormous amount of Batehas not had the right tools to use it effective-
ly. Data generated in research laboratories and ifiglitehave been maintained in an unconnected man-
ner, preventing the ability to generatsights from its integration. Adwaes and applications of data sci-
ence and analytics have been highlighted as an important breakthrough opportunity to elevate food and
agricultural research and the application of knowledge. ability to more quickly collect, analyze, store,
share, and integrate highly heterogeneous datagletsreate opportunities to vastly improve our under-
standing of the complex problems, and ultimatelythi® widespread use okar-real-time, data-driven
management approaches.

Recommendation 3: Establish initiatives to nuture the emerging area of agri-food informatics
and to facilitate the adoption and development oinformation technology, data science, and artifi-
cial intelligence in food and agricultural research.Maximizing the knowledge and utility that can be
gained from large research datasets requires stragfgits to provide better data access, data harmoni-
zation, and data analytics in food and agricultgyatems. The challenges of handling massive datasets
that are highly heterogeneous across space and @eteto be addressed. Data standards need to be es-
tablished and the vast array of data need to bee riledable, interoperable, and re-useable. There is a
need to increase data processing speeds, develiypdaelo quickly assess data veracity, and provide
support for the development and dissemination offagd informatics capabilities, including tools for
modeling real-time applications @ynamically changing conditions.

Blockchain and artificial intelligence, including otane learning algorithms, are promising tech-
nologies for the unique needs of the food and agricultural system that have yet to be fully developed. De-
velopment of advanced analytic approaches, siscimachine learning algorithms for automated rapid
phenotyping, will require better platforms for studymgw various components in the food system inter-
act. Application of these approaches will require inwesit in infrastructure to house massive numbers
of records, and a means by whittose records can be integratod effectively used for decision-
making purposes. A convergence of expertise from naisgiplines will be needed to realize the poten-
tial of these opportunities.

Genomics and Precision Breeding

Breakthrough 4: The ability to carry out routin e gene editing of agriculturally important or-
ganisms will allow for precise and rapid improvenent of traits important for productivity and
quality. Gene editing—aided by recent advances in genomics, transcriptomics, proteomics, and metabo-
lomics—is poised to accelerate breeding to generate traits in plants, microbes, and animals that improve
efficiency, resilience, and sustainability. Conipgrhundreds of genotypes using omics technologies can
speed the selection of alleles to enhance produgtilisease or drought resistance, nutritional value, and
palatability. For instance, the tomato metabolome Vifasterely modified for enhanced taste, nutritional
value, and disease resistance, and the swine genameffectively targeted with the successful introduc-
tion of resistance to porcine reproductive and respiyadyndrome virus. This capability opens the door
to domesticating new crops and soil microbes, lbgieg disease-resistant livestock, controlling organ-
isms’ response to stress, and mining biodiversity for useful genes.
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Recommendation 4: Establish an initiative taexploit the use of genomics and precision breed-
ing to genetically improve traits of agriculturally important organisms. Genetic improvement pro-
grams in crops and animals are an essential component of agricultural sustainability. With the advent of
gene-editing technologies, targeted genetic improwtsnean be applied to plant and animal improve-
ment in a way that traditional methods of modificatare unable to achieve. There are opportunities to
accelerate genetic improvement by incorporating gémdamormation, advanced breeding technologies,
and precision breeding methods into conventional breeding and selection programs. Encouraging the ac-
ceptance and adoption of some of these breakthrtagafimologies requires insights gained from social
science and related education and communicafifmmt® with producers and the public. Gene editing
could be used to both expand allelic variation ithiced from wild relatives into crops and remove unde-
sirable linked traits, thereby increasing the value oktje variation available in breeding programs. Sim-
ilarly, incorporating essential micronutrients or otheality-related traits ircrops through gene-editing
tools offers an opportunity to increase food qualitg ahelf life, enhance nutrition, and decrease food
loss and food waste. These technologies are similpplicable to food animals, and possible targets of
genetic improvements include enhanced fertility, eah of allergens, improved feed conversion, disease
resistance, and animal welfare.

Microbiome

Breakthrough 5: Understanding the relevanceof the microbiome to agriculture and harness-
ing this knowledge to improve crop production, tansform feed efficiency, and increase resilience to
stress and diseasé&emerging accounts of research on the human microbiome provide tantalizing reports
of the effect of resident microbes on our body’sltie In comparison, a detailed understanding of the
microbiomes in agriculture—animals, plants, and soilmwékedly more rudimentary, even as their func-
tional and critical roles have been recognized for edch fundamental level. A better understanding of
molecular-level interactions between the soil, plan animal microbiomes could revolutionize agricul-
ture by improving soil structure, increasing feedaosfiicy and nutrient availability, and boosting resili-
ence to stress and disease. With increasingly sogdtisti tools to probe agricultural microbiomes, the
next decade of research promises to bring increasinigydeartheir role in agricultural productivity and
resiliency.

Recommendation 5: Establish an initiative toincrease the understanding of the animal, soll,
and plant microbiomes and their broaderapplications across the food systemA transdisciplinary
effort focused on obtaining a better understandinth@fvarious agriculturally relevant microbiomes and
the complex interactions among them would cregportunities to modify and improve numerous as-
pects of the food and agricultural continuum. Esample, understanding the microbiome in animals
could help to more precisely tailor nutrient rati@msl increase feed efficiency. Knowing which microbes
or consortia of organisms might be protective agfinfections could decrease disease incidence and/or
severity and therefore lower losses. Research effoetalready under way to characterize the food mi-
crobiome in an effort to produce a reference lolda for microbes upon which rapid identification of
human pathogens can be based. In plant scieres=arch priorities are being established that focus on
engineering various microbiomes to promote bedisease control, drought resistance, and yield en-
hancement. Characterization of interactions betwhersoil and plant microbiomes is critical. The soll
microbiome is responsible for cycling of carbon, nigngand many other key nutrients that are required
for crop productivity, and carries out several other &eosystem functions impacted in largely unknown
ways by a changing climate. Enhanced understarafitige basic microbiome components and the roles
they play in nutrient cycling is likely to be critical for ensuring continuing and sustainable crop produc-
tion globally.
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2.4 Promising Research Directions

The committee explored important research dives to address key research challenges by disci-
plines or categories. Among the most promising reledirections are those described in Box S-1. These
are noted as important opportunities because of gmeéntial for transforming food and agriculture and
because new scientific developments make themlgessithe near term. Although these research direc-
tions have focused targets, their broader objectivis n@spect to the research challenges are intercon-
nected and can be pursued synergistically. TleaBhrough initiatives recommended earlier would cata-

lyze the success of the Research Directions in Box S-1.

2.

BOX S-1 Recommended Research Directions by Discipline or Category

Crops
1.

Continue to genetically dissect and then introduce desirable traits and remove undesirable traits
from crop plants through the use of both traditional genetic approaches and targeted gene edit-

ing.

. Enable routine genetic modification of all crop plants through the development of facile transfor-

mation and regeneration technologies.

. Monitor plant stress and nutrients through the development of novel sensing technologies, and al-

low plants to better respond to environmental challenges (heat, cold, drought, flood, pests, nutri-
ent requirements) by exploring the use of nanotechnology, synthetic biology, and the plant micro-
biome to develop dynamic crops that can turn certain functions on or off only when needed.

Animal Agriculture
1.

Enable better disease detection and management using a data-driven approach through the de-
velopment and use of sensing technologies and predictive algorithms.

Accelerate genetic improvement in sustainability traits (such as fertility, improved feed efficiency,
welfare, and disease resistance) in livestock, poultry, and aquaculture populations through the
use of big genotypic and sequence datasets linked to field phenotypes and combined with ge-
nomics, advanced reproductive technologies, and precision breeding techniques.

. Determine objective measures of sustainability and animal welfare, how those can be incorpo-

rated into precision livestock systems, and how the social sciences can inform and translate
these scientific findings to promote consumer understanding of trade-offs and enable them to
make informed purchasing decisions.

Food Science and Technology
1.

Profile and/or alter food traits for desirability (such as chemical composition, nutritional value, in-
tentional and unintentional contamination, and quality and sensory attributes) via improvements
in processing and packaging technologies, the design and functionality of sensors, and the appli-
cation of “foodomic” technologies (including genomics, transcriptomics, proteomics, and metabo-
lomics).
Provide enhanced product quality, nutrient retention, safety, and consumer appeal in a cost-
effective and efficient manner that also reduces environmental impact and food waste by devel-
oping, optimizing, and validating advanced food processing and packaging technologies.
Support improved decision making to maximize food integrity, quality, safety, and traceability, as
well as reduce food loss and waste by capitalizing on new data analytics, data integration, and
the development of advanced decision support tools.
Enhance consumer understanding and acceptance of innovations in food production, processing,
and safe handling of foods through expanded knowledge about consumer behavior and risk-
related decisions and practices.

(Continued)
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BOX S-1 Continued

Soils

1. Maintain depth and quality of existing fertile soils, and restore degraded soils through adoption of
best agronomic practices combined with the use of new sensing technologies, biological strate-
gies, and integrated systems approaches.

2. Significantly increase and optimize nutrient-use efficiency (especially nitrogen) through the inte-
gration of novel sensing technologies, data analytics, precision plant breeding, and land man-
agement practices.

3. Create more productive and sustainable crop production systems by identifying and harnessing
the soil microbiome’s capability to produce nutrients, increase nutrient bioavailability, and improve
plant resilience to environmental stress and disease.

4. Improve the transfer of technology and practices to farmers to reduce soil loss through converg-
ing research in soil sciences, technology adoption, and community engagement.

Water-Use Efficiency and Productivity

1. Increase water-use efficiency by implementing multiple water-saving technologies across inte-
grated systems.

2. Lower water use through applications of prescriptive analytics for water management.

3. Lower water demands by improving plant and soil properties to increase water-use efficiency.

4. Increase water productivity by use of controlled environments and alternative water sources.

Data Science

1. Accelerate innovation by building a robust digital infrastructure that houses and provides FAIR
(findable, accessible, interoperable, and reuseable) and open access to agri-food datasets.

2. Develop a strategy for data science in food and agriculture research, and nurture the emerging
area of agri-food informatics by adopting and influencing new developments in data science and
information technology in food and agricultural research.

3. Address privacy concerns and incentivize sharing of public, private, and syndicated data across
the food and agricultural enterprise by investing in anonymization, value attribution and related
technologies.

Systems Approach

1. Identify opportunities to improve the performance and adoption of integrated systems models of
the food system and decision support tools.

2. Incorporate elements of systems thinking and sustainability into all aspects of the food system
(from education to research to policy).

3. FURTHER CONSIDERATIONS
The science breakthroughs alone cannot transfoou &nd agricultural research, as there are other
factors that contribute to the success of food andaltwial research. Such facs include the research
infrastructure, funding, and the scientific workfor€&her considerations include the social, economic,
and political outcomes of various approaches.
3.1 Research Infrastructure Considerations
Conclusion 1: Investments are needed for toolgquipment, facilities, and human capital to

conduct cutting-edge researclin food and agriculture. Addressing agriculture’s most vexing problems
in a coherent manner will require investments inasdeinfrastructure that éditate convergence of dis-
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ciplines on food and agricultural research. These dogldde physical infrastructure for experimentation
as well as cyber infrastructure that enable sharindess, data, models, and knowledge. Investments in
our knowledge infrastructure are needed to develaprforce capable of workg in transdisciplinary
teams and in a convergent manner. Mechanisms areedsied to facilitate building private-public part-
nerships and engaging the publidaoed and agricultural research.

Conclusion 2: The Agricultural Experiment Station Network and the Cooperative Extension
System deserve continued support because thaye vital for basic and applied research and are
needed to effectively translate research to achiewmpactful results in the food and agricultural sec-
tors. The agricultural sciences are grounded in the basiccegdiut have an eye toward the applied; this
has historically been facilitated lsgate agricultural experiment stations, as well as by extension and out-
reach efforts. Personnel and facilities with these fonstiallow scientists to translate laboratory-based
findings into real-world products and processes that are most relevant, ultimately reaching key stakehold-
ers and end users. Those stakeholders include igdtegulatory agencies, faers and ranchers, and the
general public. The recognition that scientists needottaborate with stakeholders and translate basic
research into useful and applicable results for thel @dsociety is a fundamental value of the agricultur-
al sciences. Recognizing and reinforcing that valveutjh the provision of resources is essential for in-
tegrating agricultural scientific breakthroughs into the fabric of everyday life.

3.2 Funding Considerations

Conclusion 3: Current public and private funding for food and agricultural research is inade-
guate to address critical breakthiough areas over the next decadd&here is a rapidly emerging neces-
sity for food security and health to merit nationdbpty and receive the furidg needed to address the
complex challenges in the next decade. If a robust $gstem is critical for smiring the nation’s health
and well-being, then funding in both the public and private sectors ought to reflect this as a priority.

In the past century, public funding for food aagticultural research hagén essential for enabling
talented U.S. scientists to conduct basic sciengfearch and provide innovative solutions for improving
food and agriculture. However, inglpast decade, the United States has lost its status as the top global
performer of public agricultural research and depsient (R&D). Unless the United States reverses this
trend and invests, the United States will fall behirfteotountries in terms of agricultural growth. In fis-
cal year (FY) 2017, the National Institutes of HegNIH) allocated $18.2 billion for competitive re-
search grants compared to USDA which was @ppated only $325 million for competitive research
grants (less than 2 percent of the NIH amounBua@get that was less than half the congressionally au-
thorized amount. The current level of federal fundimgfood and agricultural research has thus been in-
adequate. Breakthrough science needed to assist tharidafyricultural enterprise tbrive in the future
will require a significant investment. More will begréred to sustain the level of coordination and col-
laboration needed to address the increasingly irtiggraexpansive, and visionary research required to
ensure future security and competitiveness.

Although private R&D is not a substitute for pigbR&D funding, private foundations and industry
can provide some research funding that is compleangtd public funding in the U.S. agricultural inno-
vation system. Innovative business models can be minlely employed for engaging researchers. For
example, venture capital funding for start-up companies, which are well known in the tech industry, are
providing record sources of investment in food agdcultural research. Theege new institutions and
mechanisms of financing research and of implemgninnovations induced by research that offer the
potential to expand funding (e.g., the FoundationHood and Agriculture Research). However, these
sources alone are insufficient to achieve the goals laithdbts report. In order for the U.S. agricultural
enterprise to capitalize on the integrative, expangwe, visionary tools ofesearch now being actively
pursued by many other industries (e.g., sensirfgntdogies, wireless communication, machine learning),
a commitment to a major investment is needed noansure their relevant apgation to food and agri-
culture.
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3.3 Education and Scientific Workforce

Conclusion 4: Efforts to renew interest in foodand agriculture will need to be taken to engage
non-agricultural professionals and to excite the next generation of student¥.ast opportunities are
available for nontraditional agricultural professionaldb®involved in food and agriculture. However,
there may be barriers to their involvement, such apenceptions about the sophistication of agricultural
technology and the lack of sustained funding foitding transdisciplinary agricultural research teams
that include non-agricultural professionals and scienftista other disciplines to work in food and agri-
cultural sciences.

A robust workforce for food and agricultural reseandh require talented individuals who are pro-
ficient in the challenges facing the food system along with an understanding of the opportunities to think
outside the box for innovative approaches. Recruitifentad individuals into food and agricultural re-
search will require a demonstration and shift in pdroaghat food and agriculture can be innovative.

3.4 Socioeconomic Contributios and Other Considerations

Conclusion 5: A better understanding of linkages between biophysidasciences and socioeco-
nomic sciences is needed to suppanore effective policy designproducer adoption, and consumer
acceptance of innovation in the food and agricultural sectorslhe successful application of scientific
innovation in the field depends on the willingness ahiity of stakeholders to successfully apply and
use new products and processes; it also dependseathevtthey view high-tech, site-specific approaches
as economically or ecologically beneficial. There esiical need to better understand the best means and
methods for effective technology development aridgration in production processes, with input from
both the public and private sectors. Better understgnof the political economy, behavioral and choice
processes related both to adoption and use oétimological innovation, and acceptance and perception
of new products will be required to support the dffecdesign of policies and application of the research
innovation. For example, digital information from raesensing devices may be inputs into a new deci-
sion support system to assist agricultural workenmaking choices about field practices or animal han-
dling. However, workers will need sufficient traigi and motivation to respond to expected and unex-
pected outcomes and uncertainty (e.g. animal resgortseatment or extreme weather events). Lessons
from behavioral sciences may help suppohaworal change anwaining requirements.

The successful implementation of scientific advaradss requires other important considerations to
be taken into account. Policies on land or input es®jronmental impact, anal welfare, and food-
handling practices can have significant near- and leng-impacts on agricultural and food sustainabil-
ity. Some policy or technology changes may hametended consequences in the system and require
closer examination of system interactions, includioghan behaviors related to adoption and use of new
inputs, products, and processes. Insights from bela\doiences can help inform the policy designs and
reduce the costs of change, inform technological aolofi the field (e.g., design of conservation or till-
age applications, or provision of product inforioatto consumers), and address issues of product ac-
ceptance and consumer trust in the food system.

4. CLOSING REMARKS

At this pivotal time in history with an expamgdj global population requiring more from an increas-
ingly fragile natural resource base, science breautits are needed now more than ever for food and
agriculture. As the world’s greatest agriculturabgwcer, the United States bears the tremendous respon-
sibility of implementing scientific advances to suppaur nation’s well-being and security, and perhaps
even global stability. The U.S. scidit enterprise is willing to rise taddress such challenges; the tools
and resources identified in this report can ensure its success.
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Introduction

1. BACKGROUND

For nearly a century, scientific advances have fupledress in U.S. agriculture. As one of the
most productive sectors of the U.S. economy, producess dchieved dramatic increases in output with
simultaneously reduced inputs (such as land, larat,chemicals) (Wang et al., 2018). Today’s farmers
produce food for far more people using less land thammaxious generations due to yield gains from ad-
vances in plant and animal breeding, mechanizatigricultural chemicals, and irrigation, among other
improvements to agricultural production (Clancy et2016). These advances have been the direct result
of sustained historical investments in food and adjtical research, providing sulasitial social return on
public investment with an estimated marginal pay#f632.1 per dollar invested (Alston et al., 2011).
Food and agricultural innovations have enabledd@lvery of safe and abundant food domestically and
supported a trade surplus in bulk and high-valgecultural commodities (USDA-ERS, 2018).

In the near future, the strength and responsivenetgedf.S. food and agricultural system will be
tested. Recent analyses have warned that as agcemee of the growing world population, agricultural
production worldwide will have collective difficulty imeeting global demandrfdood and fiber, which
is estimated to increase by 59-98 percent by 2050n(\¢é al., 2014). Achieving the higher level of
productivity needed—itself a formidable task—will no¢ sustainable without innovative solutions to
challenges posed by shortages of arable land and,wlaedegradation of ecosystems, and the negative
impacts of climate change.

Several scientific groups have issued reportsdiatribe these challengestlire context of the U.S.
food and agricultural system and have identifipgpartunities to address them relative to the potential
contributions of specific disciplinary or agency miss (see Box 1-1). This report builds on the opportu-
nities identified in those reports and many others, including the White House reph&.ofsgricultural
Preparedness and the Agritwral Research EnterprisPCAST, 2012) and the National Research Coun-
cil reportsA New Biology for the 21st CentufdRC, 2009);Toward Sustainable Aigultural Systems in
the 21st CenturyNRC, 2010);Convergence: Facilitating Transdisciplry Integration of Life Sciences,
Physical Sciences, Engineering, and Bey(RC, 2014) and The Critical Role of Animal Science Re-
search in Food Security and Sustainabili§RC, 2015). From the perspective of addressing the biggest
problems facing the U.S. food and agricultural systiis, report explores the availability of relatively
new scientific tools emerging across all disciplines that could benefit the food and agricultural disciplines.
This report identifies the most promising scientifieditthroughs with the poteal to have the greatest
impact on food and agriculture and tha possible to achieve in the next decade.

2. CHALLENGES TO THE U.S. FOOD AND AGRICULTURAL SYSTEM
2.1 Global Food System
The United States is a critical player in the gldioad system and is expected to be competitive in

the global marketplace. A major challenge for theure is the increasing worldwide demand for food,
fuel, and fiber that comes with a global populatiapexted to reach 8.6 billion by 2030 and to exceed
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BOX 1-1 Highlights from Selected Recent Reports on Challenges in U.S. Food and Agriculture

USDA-ARS National Program 301 Action Plan 2018-2022 (ARS, 2017)

This report lays out a national program that addresses critical needs for providing crop plants with
higher inherent genetic potential. The report notes the ultimate goal is in improving production efficiency,
yield, sustainability, resilience, healthfulness, product quality, and value of U.S. crops. This would require
continuous crop genetic improvement through more efficient and effective plant breeding. To do so includes
the use of new genes and traits from the nation’s gene banks, leading-edge breeding methods, data-
mining, bioinformatic tools, and incisive knowledge of crop molecular and biological processes.

The Challenge of Change: Harnessing University ~ Discovery, Engagement, and Learning to Achieve
Food and Nutrition Security  (APLU, 2017)

This report from the Association of Public & Land-Grant Universities identifies grand challenges and
“pathways” in meeting food security challenges and recommends actions to meet global food needs by
2050. Themes include increasing yields while maintaining profitability and environmental sustainability; de-
creasing food waste; ensuring equitable food systems; and addressing the dual burdens of undernutrition
and obesity. The report concludes by stating that food security should be a top priority for the nation and
that transdisciplinary approaches will be needed to find solutions.

Agriculture and Applied Economics: Priorities and Solutions (C-FARE and AAEA, 2017)

The report identifies 10 priorities for agricultural and applied economics research and education over
the next decade. Working across disciplinary boundaries, economic science related to human behavior,
markets, and institution and business structures can result in new ways of using or managing plants, ani-
mals, and even the environment, transforming risks into opportunities.

Framework for a Federal Strategic Plan for Soil Science (NSTC, 2016)

This report from the Soil Science Interagency Working Group (SSIWG) identifies the pressures caus-
ing soil degradation, which include population growth and movement, an increasing urban footprint, and
changing demands on water and land. The report concludes that lack of a full understanding of soil ecosys-
tem services makes it difficult to establish targets and metrics for addressing those pressures. The report
calls for research to advance fundamental knowledge of soil ecosystem services and to develop ways to
track soil function under changing land-use scenarios.

Phytobiomes: A Roadmap for Research and Translation (APS, 2016)

This report concludes that the slowing of annual yield growths for essential food crops has put the na-
tion at a critical juncture. The report envisions that crop management would be based on systems-level
knowledge of interacting components rather than management of individual components. An examination of
the phytobiome would include plants, their environments, and associated organisms within the community.
Examination of the phytobiome could inform plant and agroecosystem health, soil fertility, crop yields, and
food quality and safety.

American Society of Animal Sc ience (ASAS) Grand Challenges (ASAS, 2015)

Predicting that increases in efficiency of animal production will need to be greater during the next 40
years in order to meet the increased global demand for animal-based products, the ASAS put out five
Grand Challenges in animal science. Themes include protection of human health, environmental sustaina-
bility, climate change, control of food contaminants, animal well-being, and sustainable use of water.

Unleashing a Decade of Innovation in Plant Science: A Vision for 2015-2025 (ASPB, 2013)

The report notes the stagnation of investment in plant-related research in the United States and the
need to leverage new technologies to transform biology and accelerate the pace of discovery. The report
calls for an effort to improve the ability of plant scientists to understand, predict, and alter plant behavior.

Grand Challenges for Engineering  (NAE, 2008)

This report lays out the biggest challenges that engineers need to solve over the 21st century. The list
features two challenges that apply to the U.S. agriculture and the food system: managing the nitrogen sys-
tem and providing access to clean water. The report highlights the need for clever methods for remediating
the nitrogen cycle. Agricultural irrigation consumes enormous quantities of water, often exceeding 80 per-
cent of total water use in developing countries. This calls for improved efficiency in water use.
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more than 9.8 billion people by 2050 (UN DESA, 20M/prld food production will have to at least dou-

ble by 2050 to meet that demand (Ray et al., 2013; Valin, 2014), and total production of meat products
will need to increase worldwide 30 percent to meet the needsaajrowing global middle class with an
increasing desire for animal-source foods (Robiresoth Pozzi, 2011). The United States has expanded
agricultural and food production and exports téphmeet the demand for increased food production.
Many U.S. farmers depend on export marketsxjpand the demand for prodsi@nd support production

at scales sufficient to cover costs. Similarly, th#itglio export animal products, which requires freedom

from reportable diseases, opens markets for U.S. production. Expanded markets for plant and animal
products allow for increased scale and specializatidgaki® advantage of new market opportunities, both

of which can have a positive effect for agricultumad food producers and consumers and the overall
economy. At the same time, the expanding globahemy calls for increased preparation to address pos-
sible threats from abroad, including foreign animaledses, plant pathogens, invasive pests, and trade
disruptions. Increased trade andmfes in the agricultural and food sechoe likely to have winners and
losers. It will be essential to understand the increasijiglyal markets, account for costs of transitions to
markets and new technologies, and develop appropriatdhanisms to accouftar changes to support a
sustainable and resilient food and agricultural system.

2.2 Plateau in Productivity

Worldwide demand for agricultural products withrdinue to increase, but it will become increas-
ingly more difficult to meet those demands in the future due to an impending U.S. productivity plateau
(Andersen et al., 2018). Improvements in yield potential for grain are already near their theoretical upper
limit (Ort et al., 2015). Yield curves (particularly oéreal crops) are beginning to level off in some re-
gions: approximately 30 percent of global rice,eat) and maize production might have reached their
maximum possible yields in farmers’ fields (Gras&nal., 2013), and yields for rice, wheat, maize, and
soybeans across 24-39 percent of the world show yietdsiever improve, stagnate, or collapse (Ray et
al., 2012): For example, yield stagnation is occurimthe main cereal-growingreas across China, with
rice yields stagnating in 53.9 percent of the courti@sked in the study, fallved by 42.4 percent for
maize, and 41.9 percent for wheat (Wei et al., 201%).stagnation of productivity growth of the world’s
major crops (Ray et al., 2012; Grassini et al., 2013; Ort et al., 2015) serves as a warning sign that current
methods for increasing crop productivity can only kpl@ted to a certain point, and new methods will
be required to address the need for increased productivity.

2.3 Food Waste and Food Safety

On the flip side of productivity concerns is thmblem of food waste. Refrigeration is considered
one of the most important historical breakthroughsgriculture because it reduces food spoilage and
waste and it enhances food safety. However, fuiith@ovation to reduce and repurpose food waste is
needed because the Unitedt8s wastes approximately $278 billiannually, which is enough to feed
nearly 260 million people (Buzby et al., 2014; Bellre et al., 2017). Accounting for resource use and
efficiencies within a systems context can helpdentify opportunities for optimal waste management.
Producers also need to focus on food safety,ngitiat the Centers for Béase Control and Prevention
estimates that foodborne diseases cause approkmat& million illnesses, more than 125,000 hospital-
izations, and about 3,000 deaths in the United States each year (Scallan et al., 2011a,b).

2.4 Resource and Environmental Constraints
Avalilable land, water, and fertile soil are increagy limited resources that will constrain the ability
to improve productivity using toglags production methods. Pushing resources past their limits risks per-

manent damage to the resourced o the surrounding ecosystem. The use of resource-intensive, high-
input farming across the world has caused soil depletvater scarcities, widespread deforestation, and
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high levels of greenhouse gas emissions (FAO, 2@rHundwater pumping for agriculture in California
has caused land sinkage, aquifer compaction, andgeattes (Sneed and Brandt, 2015; Kraner et al.,
2018). If current water use continues, the Ogalladmifer, which serves 30 percent of U.S. irrigation
needs, will be 60 percent depleted by 2060 (Steward et al., 2013).

Although some farm practices, such as conservétlage and no-till cropping, have been partly ef-
fective at reducing erosion (Nearing et al., 2017),lees continues. In 2012, an estimated 6 tons per acre
of saoil (roughly 1 percent of soil per acre) werstlfrom lowa cropland alone, polluting rivers and
streams with sediments and fertilizers. Sedimemiokal from waterways alone costs more than $40 bil-
lion dollars per year (ASPB, 2013). Bimnatural resources are alsaigk. The loss of native pollinators
for reasons not entirely understood, together with the problems facing managed colonies of European
honeybees, is estimated to cost $24 billion in lost yields annually (White House, 2014).

Global climate change adds to the challengesherU.S. food and agricultural system. For most
crops and livestock, the effects of climate chamgd).S. agriculture will be increasingly negative as var-
iable and extreme weather events, elevated tempesathifting rainfall patterns, prolonged dry periods,
and other climate changes affect yields, with impaetying depending on location and crop (Hatfield et
al., 2014). In 2017, climate-related disasters inhéed States included droughts, floods, freezes, wild-
fires, and hurricanes, which resulted in more th&rbillion in agricultural losses (NCEI, 2018). Climate
stresses along with the recent emergence of rests @mnd diseases—such as citrus greening and new
strains of viruses affecting swine and poultry—are imposing new demands on the nation’s scientific ca-
pacities.

2.5 Changing Consumer Needs

Domestically, consumer food preferences arenghlmy. Consumers are more acutely aware of food
choices impacting their health and the environmend large retailers are responding by distinguishing
their products in the marketplace and emphasizirigegasuch as sustainability, animal welfare, and
treatment of labor in their supply chains. Thera isational interest in creating market opportunities for
producers to increase healthful, diverse, andra#fiole food choices. Consumer advocates in public
health seek healthier food, citing the poor diets ofefioans as one of the peable causes of chronic
disease that accounts for hundreds of billiondadfars in annual health care costs (CDC, 2017).

2.6 Declining Public Funding

The success of U.S. agriculture to date is in lgygd attributable to a foundation of basic and
applied knowledge built in the past century by ldred grant university system, USDA, and other federal
agencies. Publicly funded research, which has mediumany significant advances in agriculture, has
diminished in the past 10 years dwesharp declines in the sharepaobblic investments in food and agri-
cultural research. From 2003 to 2013, U.S. agricalttesearch and development (R&D) fell from $6.0
billion to $4.5 billion (Clancy et al., 2016). Duringettsame period, private sector funding increased by
64 percent, overtaking publicly funded research ih02@ollars (see Figure 1-1). Both public and private
funding would show even slower growth since 2009 (and even a decline for public investment) when dol-
lars are indexed to account for the real costeséarch (Heisey and Fuglie, 2018). Historically, public
funding to the agricultural sector has tended to $amu advances in science and innovation, while private
sector funding has aimed at commercially usefalpction processes and products (Clancy et al., 2016;
Heisey and Fuglie, 2018). Evidence today indicates that the two funding streams are to be viewed as
complementary in the U.S. agricultural innovation sgsiand private sector investment does not crowd
out public investment, especially in the United Stéd#®ang et al., 2013; Fuglie and Toole, 2014; Clancy
et al., 2016; Heisey and Fuglie, 2018). There isawed, however, that public and private investments
tend to go toward different sectors in research.d®ivesearch and developrhepending has leveraged
the public research and focused on areas of commerasgiyl technologies that are easy to patent and
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FIGURE 1-1 Annual spending on public and paite sector research, with dolladjusted for inflation. NOTE:
R&D = research and developmeS8OURCE: Clancy et al., 2016.

protect with intellectual property protection and offer greater profit opportunities for investors. Sectors
with relatively high private investment in research include food and feed manufacturing, plant systems
and crop protection (especially genetically modifeedps, agricultural chemicals), farm machinery and
engineering, and animal health (especially veterinary pharmaceuticals) (Clancy et al., 2016).

Interest in growing consumer demand for new diveérse products, in applications of biotechnolo-
gy and information sciences, and in intellectual propright protection has spred more rapid increases
in private investment (Heisey and Fuglie, 2018). Howengrent mergers in some agricultural industries
(e.g., seed and agricultural chemicals) have lecbtwerns about the potential for placing farmers at a
disadvantage through higher input prices, reliance @stileg supply networks or technical ties to related
products from the input suppliers, and for dampeimogntives for the private firms to innovate (Wang
et al., 2013; MacDonald, 2017). The trend of deotinpublic research funding is concerning because it
has negative implications for gea@ng foundational research thatigtical for science breakthroughs.

3. OPPORTUNITIES FOR THE FUTURE

Major scientific advances in the past decade lpaxeed the way for new opportunities in food and
agriculture. For instance, molecular biology has predidubstantial advances over the past two decades
that enable more precise and diverse changesojps. These capabilities allow for the development of
new food sources and traits that increase resistanaebtoader array of insect pests and diseases; in-
crease Yyields, nutrient-use, and water-use efficgsncand the ability to withstand weather extremes.
Knowledge of plants and their associated microbethetecosystem level (the phytobiome) also holds
promise for innovation. New technologies, innovaticasg insights from fields outside of mainstream
agricultural disciplines are also empowering produder2016, farmers accounted for approximately 19
percent of commercially used unmanned aerialalesi(also known as drones), because they are seeking
cost-effective ways to identify disease and weadd determine field conditions (Hogan et al., 2017;
Hunt and Daughtry, 2017). Nanotechnology offienproved capabilities to (1) sense and monitor physi-
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cal, chemical, or biological properties and processesl{imately improve the sustainability of food pro-
duction); (2) control microbes (to improve food safety and minimize food waste); and (3) create new ma-
terials (to monitor and improve animal health) (Rodrigues et al., 2017). Poultry producers are implement-
ing computerized approaches such as artificislligence to fine-tune their strategies for feeding
chickens and monitoring their Heeawhile reducing labor and feedj cost (Ahmed, 2011; Hepworth et
al., 2012). Certified-organic lettuce is being growrsdil-free systems in urban and peri-urban environ-
ments (Dewey, 2017), and the numbers of local farrmeaskets across the nation continue to grow (Low
et al., 2015). Food and agricultural research advanitlesegd to integrate innovations to simultaneously
address water scarcity, soil health, food waste, pestsliaeases, climate variability, and overall system
sustainability.

The research directions described in this redepend on assimilating tting-edge developments
from allied fields—such as computing, informatiomesce, machine learning, materials science and elec-
tronics, genomics and gene editing, and behavanmdl cognitive science—to achieve solutions to over-
arching and complex problems faced by agriculture. Leveraging the advances from other disciplines im-
plies a need for the food and agitawal sciences to attract and tragsearch talent in those areas. Some
of the research approazhidentified focus on systems-level disagvthat will require regional or na-
tional cooperation and plamg, in addition to a multidisciplingreffort. If successful, these systems ap-
proaches will produce essential information that willthe basis for new knowledge to inform decision
making at different scales and tools to implement those decisions.

4. PURPOSE OF THIS STUDY

The trends described in the foregoing section sestdge for the interest of the Supporters of Agri-
cultural Research (S0OAR) Foundation, in partnerstith the Foundation for Food and Agriculture Re-
search (FFAR), along with professional societies, codity groups, and farmerganizations to propose
the need for a strategic vision from the agricultg¢nce community that articulates the greatest oppor-
tunities within the field, and the potential pathwalgat will lead to a new generation of scientific ad-
vancement. The USDA’s National Institute for Foamadd Agriculture, the National Science Foundation,
and the U.S. Department of Energy all agreed to stigpoendeavor of this nature in conjunction with
the SoAR Foundation, FFAR, and their other partnererd has been a collectivaénest in an exercise
that might begin a tradition of a “decadal survey”ffwwd and agriculture in laying out research priorities,
a long-standing practice used in some fields ofrsm to guide the programmatic focus of federal re-
search agencies in 10-year incremelth decadal surveys being instrantal to fields such as space
studies in prioritizing research needs for the next 10 ydagsntent is that a study such as this would be
useful in informing strategic planning adidcussions on food and agricultural research.

Responding to the call for such a study, the Natidiwademies of Sciences, Engineering, and Med-
icine (the National Academies) convened an addiody committee to provide a broad new vision for
food and agricultural research by outlining the most promising science breakthroughs over the next dec-
ade (see the Statement of Task in Box 1-2).

5. APPROACH TO THE TASK
5.1 Committee and Information-Gathering Meetings

The National Academies convened a committee ofxXjerts with collective expertise and experi-
ence in various disciplines. Thelleative expertise of the committee allowed it to address plants, ani-
mals, microbes, food science, food safety, human nutrgah,water, climate, ecology, pests, pathogens,
as well as landscape and/or watershed systems, lagratweconomics, and transdisciplinary fields (sus-
tainability, biodiversity) and emerging technological lgggiions at the frontiers of agriculture (nanotech-
nology, biotechnology, remote sensing, data mining¢hine learning, modeling, robotics) (see Appen-
dix A for the committee biographical sketches).
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BOX 1-2 Statement of Task

An executive committee, assisted by science panels, will be appointed to lead the development of
an innovative strategy for the future of food and agricultural research, answering the following ques-
tions:

1. What are the greatest challenges that food and agriculture are likely to face in the coming dec-
ades?
2. What are the greatest foreseeable opportunities for advances in food and agricultural science?
3. What fundamental knowledge gaps exist that limit the ability of scientists to respond to these chal-
lenges as well as take advantage of the opportunities?
4. What general areas of research should be advanced and supported to fill these knowledge gaps?

In the process of addressing these questions, the committee will gather insights from scientists
and engineers in the traditional fields of science in food and agriculture, seek ideas from scientists in
other disciplines whose knowledge, tools, and techniques might be applied to food and agricultural
challenges, and organize interdisciplinary dialogues to uncover novel, potentially transformational, ap-
proaches to advancing food and agricultural science.

At the end of its exploration, the executive committee will produce a consensus report recom-
mending future research directions in food and agriculture. The committee will frame its recommenda-
tions in the context of the importance and relevance of the science to the public’s interest in the bene-
fits of catalyzing knowledge creation—a sustainable food and fiber supply, better public health, a
strengthened natural resource base, and the creation of new economic opportunities and jobs. Prior to
its finalization, the report will be anonymously peer-reviewed, and revised by the executive committee
before release to the sponsors and the public.

The committee held several meetings and webinars as part of the information-gathering process (see
Appendix B for the Open Session Meeting Agendashroad solicitation was initially sent to scientific
societies and stakeholder groups asking individtaisglentify research that would advance science and
promote solutions and opportunities in food and adjtioe, with the responses viewable on Ideabuzz, an
interactive online discussion platform (see Apper@ifor the Ideabuzz submission contributors and a
summary of the ideas submitted). Based on sontieosk responses, the comeittidentified focal areas
of research and invited a large panel of expertsssist the committee at a 3-day public meeting in de-
scribing major opportunities to advance science, iflektiowledge gaps, prioritize research barriers to
overcome, and articulate a strategy for moving fodvsee Appendix B for the “Jamboree” agenda and
meeting participants). It was recognized early on ahimansdisciplinary approach was needed to address
the complexities and interdependencies of the fawbamricultural system; thus a diverse community of
scientists were invited from both the traditibagricultural disciplines and allied fields.

As part of its charge from the sponsors, the foihey criteria were provided to assist the committee
in identifying the most promising scientific breakthroughs in food and agriculture:

1. An emphasis on identifying transformational resbBawpportunities to address key challenges in
food and agriculture;

2. Recognition that the complexity of most foadd agriculture challemg requires transdiscipli-
nary and integrated approaches to the development of lasting solutions;

3. The value of harnessing insights from the front@frscientific disciplines and communities not
traditionally associated with food and agriculture;

4. The importance of involving stakeholders of ahds in the process and of raising public aware-
ness of the meaning and significardehis scientific discussion; and
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5. A compressed time frame (relative to typical decadaveys) to draw together diverse communi-
ties, explore ideas, analyze proposed goais, produce consensus recommendations for the
strategy.

5.2 Scope of the Charge

The committee recognized early on that it had sx@llimitations on the scope of its study. The
food and agricultural system encompasses everything from production through processing and distribu-
tion, and it would have been impossible to exansind address all aspects of the system in this report.
Instead, the committee focused its efforts on partseofyistem that require attention and are challenging
yet hold the most promising opportunities for scientifieakthroughs in the near future. This report is not
intended to provide a roadmap taephe entire spectrum of food aagricultural research, but rather to
suggest a strategy to capitalize on several key pakescience breakthroughs for transformational
change.

By identifying the most challenging issues@od and agriculture, the committee delineated bound-
aries for the study and determined that certaiasaveere outside the scope of consideration for science
breakthroughs. These include topicstsas biodiversity, biofuels, foadistribution and equity, food ac-
cess and insecurity, and fundamental human nutistitence. For areas such as human nutrition and obe-
sity, the committee did not attempt to address thogiEs because other groups have already described
strategies and roadmaps for nutrition resedt€iINR, 2016); however, the committee acknowledges
that a diverse, nutritious food supply is an inségjoal of the food and agricultural system. Also, the
committee recognizes that the U.S. faaydtem exists in a global context, but limited its focus to U.S.
issues for determining priority areas and targetinget®mmendations to U.S. researchers, policymakers,
and stakeholders.

6. GOALS FOR 2030

In the next decade, the committigentified major goals for foodna agricultural research to in-
clude (1) improving the efficiency of food and agtiatal systems, (2) increasing the resiliency of agri-
cultural systems to adapt to rapid changes an@émxticonditions, and (3) increasing the sustainability of
agriculture. Efficiency (specifically, technical and altive efficiency) refers to the ability to obtain a
maximum level of output from available inputs (res@s such as energy, water, labor, and capital) and at
lowest possible cost (Wang et al., 2015; Shumwasl.et2016). Resilience is defined as “the ability to
prepare and plan for, absorb, recover from, artessfully adapt to adversevents” (NRC, 2012). It
may refer to the viability and adaptability of indivial plant and animal spesi that are cultivated and
consumed by human populations, and it may akscribe certain properties of the food system as a
whole. Sustainability refers to the ability to meetisty’s need for food without compromising the abil-
ity of future generations to meet their need€ (Davis, 2018). More specifically, USDA defines sustain-
able agriculture as

“an integrated system of plant and animal production practices having a site-specific appli-

cation that will over the long-term: (1) satisfy haimfood and fiber needs; (2) enhance envi-

ronmental quality and the natural resource base upon which the agriculture economy de-
pends; (3) make the most efficient use of eoemwable resources and on-farm resources and
integrate, where appropriate, natural biologmalles and controls; (4) sustain the economic

viability of farm operations; and (5) enhance tjuality of life for farmers and society as a

whole” (U.S. Code Title 7, Section 3103).

Integrating approaches and technologies across vatisciplines is essential, with the ultimate goal of
improving the quality and increase the quantityoofd to sustainably meet our needs.

To achieve the major goals of efficiency, resilignend sustainability, improvements are needed to
address the most challenging issues across the fabensyThe most challenging issues were derived

Prepublication Copy 17

Copyright National Academy of Sciences. All rights reserved.



Science Breakthroughs to Advance Food and Agricultural Research by 2030

Science Breakthroughs to Advance Faod Agricultural Research by 2030

from the common nature of important research chadleridentified by food and agricultural scientists
and reiterated by the committee, and include the following:

X increasing nutrient use efficiency in crop production systems;

x reducing soil loss and degradation;

x mobilizing genetic diversity for crop improvement;

X optimizing water use in agriculture;

x improving food animal genetics;

x developing precision livestock production systems;

x early and rapid detection and prevention of plant and animal diseases;
x early and rapid detection &dodborne pathogens; and

x reducing food loss and waste throughout the supply chain.

7. ORGANIZATION OF THE REPORT

This report identifies opportunities to boost the performance of the U.S. food and agricultural sys-
tem, reduce its impact on the environment, hegxjtand in new directions, and increase its resilience in
the face of environmental uncertainty. Based on tegipusly noted challengareas, the committee ex-
plores seven specific areas in which such advances could be made:

1. Crops (Chapter 2)—The advent of more precggne-editing technologies opens new avenues
for achieving the goals of increasing cropguctivity while decreasing inputs and improving
resilience. The chapter discusses the need fortrats, facile transformation technology, and
dynamic crops where responses to environnehellenges can be turned on or off.

2. Animal Agriculture (Chapter 3)—Decades of R&D have dramatically improved the efficiency
of animal production over the past century, bulithhal investment igritical to sustainably
address the expected twofold increase in anin@dymts. The chapter also examines issues re-
lated to animal health well-beirand animal-source food alternatives.

3. Food Science and TechnologgChapter 4)—The postharvest food sector ensures that raw agri-
cultural products are converted to a safe, nutritisustainable, and affordable food supply that
is readily available to all. This chapter exaas issues related to protecting and enhancing food
quality, safety, and appeal while sitaneously reducing food loss and waste.

4. Soils (Chapter 5Maintaining and properly managing fertile soils is a critical need to ensure
agricultural productivity. This chapter discusse# sastainability, soil quality, nutrient availa-
bility, and the soil microbiome.

5. Water-Use Efficiency and Productivity in Agriculture (Chapter 6)—Fresh water is a finite
resource. Meeting increasing demands for foodl, fand fiber can only be accomplished with
increased water efficiency. Thitiapter examines opportunities to improve the use of data ana-
Iytics, improve plant and soil properties, anditajze on the use of controlled environments for
agriculture.

6. Data SciencgChapter 7)—Data science can be better harnessed to improve aspects of the food
system. This chapter examines the opportundies advancements in data science and infor-
mation technologies on the horizon for the food and agricultural sectors.

7. Systems(Chapter 8)—The food system operates in the context of a complex system with many
actors and components. This chapter examinesi¢éed for better understanding of the various
systems and components as they relageftmctional food and agricultural enterprise.

The final chapter (Chapter 9) presents theetiafor 2030 along with the five breakthrough are-
as and the overarching study recommendations.t€hflso discusses crosscutting issues for future
consideration, including research infrastructure, saktgtnamics, and education and workforce needs.
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1. INTRODUCTION

Crop agriculture is one of America’'s successistorU.S. farmers produce 34.1 percent of the
world’'s soybeans, 35.5 percent of the world’s corn4 pgrcent of the world’s cotton, and 7.6 percent of
the world’'s wheat (USDA-FAS, 2018b). Crop duztion accounts for approximately $194 billion per
year in agricultural cash receipts. (USDA-ERS, 2018)2016, agricultural doestic exports of crops
reached $108 billion ($21 billion in soybeans along) ereated an estimated $171.3 billion in additional
economic activity (USTR, 2017; USDA-FAS, 2018a).

Yields of major staple crops grown in the United States are the highest or near to the highest in the
world. Since the 1930s, yields of corn have increaseck than eightfold, while soybean and cotton yields
have increased more than fourfold, due primarily to ades in plant breeding, as well as fertilizer use and
equipment efficiency, among other innovations f@edez-Cornejo, 2004; Nielsen, 2017). Despite succes-
sive years of weather disasters theld performance of America’sgmier crops are a remarkable testa-
ment to the resilience and success of the varieties commercially available today (see Figure 2-1).

FIGURE 2-1 Yield trends for corn in the United States from 1866-2015. SOURCE: Nielsen, 2017.
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With increased support for public sector agricultueslearch and public-private partnerships, it will
be possible to bring the breeding success in commatwy other crops (such as cover crops, fruits and veg-
etables, and bioenergy crops) at a much fastertpaces currently possible. Moreover, these efforts can
be used to “harden” crops against the effectsxtfeme weather and increased pest and disease pressure
while maximizing yield and increasing nutritional corntand flavor. These efforts can also be used to
enhance other crop characteristics, such as those ithegduce the need for costly inputs. As stationary
organisms, plants exhibit enormous plasticitythia face of adverse and extreme environmdrisough
the process of natural selection, plant communitiestadapcal conditions and provide for their suste-
nance by interacting with their envimments both below- and above-grouRthnts have evolved to grow
and thrive in almost all environments on this plarbm lands with virtually no water to lands that
flood routinely, and in all temperate extremes. This evolutionaryggsure has given rise to the incredi-
ble genetic diversity of plant life that, when couplsgith new gene-editing technologies, offers exciting
new avenues for solving some of the big challenges facing crop production today.

Other chapters in this report will address soililfieer use (Chapter 5), and water (Chapter 6), prop-
er management of which are critical for sustainabtejronmentally responsible crop production. There
is a pressing need for changesagronomic practices that improveeststewardship of natural resources
and decrease the environmental impacts of crop ptoeducThe focus of this chapter is on the crop
toolbox and how crop germplasm caa developed over the next two decades—efforts that can be pur-
sued in conjunction with agronomy and crop sciendadiitate increased diversity and greater flexibility
in cropping systems. The domestication of wild plant species suited to different environments, has com-
mercial value in crop rotations, and can serve as halita beneficial insects, with the potential to ex-
pand options for crop management. Similarly, the tieneols are rapidly becoming available to endow
current cultivars with traits that mimize the need for inputs (e.g., ¥®g nitrogen, phosphate, pesticides,
and fungicides), maximize yield in changing enviremis/climatic extremesesist diseases and pests,
and provide improved nutrition, among other characteristics.

2.CHALLENGES

It is no longer safe to assume that U.S. crop production is in a self-sustaining, steady state. First and
foremost, the natural resource base for U.8caljure is recognized as increasingly fragBoundwater
and fertile soil are finite resources, and their uset raisuse define the boundaries of sustainable produc-
tion in the long term (Rockstrém et al., 2017). Aqts supporting the majority of U.S. production are
being drained (Konikow, 2013; Steward et al., 2013), sodquality in some parts of the country is de-
grading (Baumhardt et al., 2019)hese developments set the stageldaver productivity and the need
for crops that can perform well in less than optimal environments.

Second, crop systems are also stressed by cliamggather patterns and extreme weather events
(Walthall et al., 2012)Prolonged drought over the last decade (Diffenbaugh et al., 2015; Howitt et al.,
2015) and flooding more recently (Mallakpour and Vil&r2015) have been responsible for the largest
proportion of U.S. crop disaster payments from abiotic and biotic stresses (Figure 2-2). The need for
crops that are resilient to multiple abiotic stressesh as drought and @ding, will be a challenging
problem for breeders over the next decade. Thersuaeess stories in addressing some of the challenges,
such as the development of flood-tolerant varieties of rice via introduction 8iB&Agene into mod-
ern cultivars (Bailey-Serres et al., 2012; see Box 2-1).

Third, biotic challenges to crops including pemtsl diseases are an increasing threat due to agricul-
tural intensification, expanding global trade, andreme weather. A recent example is Huanglongbing
(HLB), also known as citrus greening disease. HLB deiected in Asia more than 100 years ago and
was first seen in the United StatedHllorida orchards in 2005. Withi® years the vector-transmitted bac-
terial pathogen spread to the majority of citrus ordfiam Florida, leading to losses of more than a billion
dollars annually (Court et al., 2017). There is no kmaure for HLB, which kills trees in 3-5 years and
has now spread to California, Georgia, Hawadiyisiana, South Carolina, and Texas (NASEM, 2018).
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FIGURE 2-2 Percentage of total annual crop losses dueffiereint environmental stresses. SOURCE: USDA Risk
Management Agency Cause of Loss Historical Data.

BOX 2-1 All Major Crops Except Rice Are Flooding Intolerant

The introduction of a gene called SUB1A from an Indian farmer’s rice variety into modern rice cul-
tivars proved sufficient to increase tolerance of full submergence to 2 weeks or more. SUB1A rice va-
rieties bred using selection with molecular markers are now grown by millions of farmers. Rice sur-
vives root waterlogging because of traits that enable gases to be exchanged between the root and
shoot. In the United States, extreme rains cause prolonged waterlogging of the root systems of soy-
bean, maize, wheat, and other crops, resulting in over a billion dollars in crop loss per year. The im-
provement of crop flooding resilience might be accomplished through breeding, genetic engineering,
or other strategies. The genetic loci of crops or their relatives that enhance waterlogging tolerance can
be recognized through advanced phenotyping and mapping of diverse germplasm. But because a
plant may experience both flooding and drought during its life cycle, it is critical to combine resilience
to both extremes of water availability in a single seed (Bailey-Serres et al., 2012).

In another example, rising temperatures are leading to migrations of insect pests to higher elevations,
while greater intensification is leading to more ragidlution and spread of desses (Katsaruware-Chapoto
et al., 2017). Direct yield lossesusd by pathogens and pests areipied to lower global agricultural
productivity in the future by 20 to 40 percent (Savarglget2012; Baltes et aR017). Some natural threats
to crop production have been made worse by management practices, such as the emergence of herbicide
resistant weeds following overuse afsingle herbicide (e.g., glyphosate) to control weeds. Improved
resistance managemenagptices can reduce input costs, improwadg, and increase returns (Livingston et
al., 2015).

There is a deep sense of urgency and of opporttmispeed up and expand the power of crop im-
provement to address these challenges. As previoushtioned, global food production will need to in-
crease by at least 50 percent by 2030 to fegbaing global population (N DESA, 2017). However,
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the current pace of yield growth worldwide may noshbéicient to meet the predicted need for 2030 and
beyond (Ray et al., 2012), and there are even signthihaate of yield increase in many crops is begin-
ning to plateau (Wei et al., 2015; Andersen et2811,8). The question of why yield growth is slowing has
yet to be answered, with speculation ranging froendbcline in agriculturalesearch for basic crop im-
provement (Pardey and Beddow, 20A8dersen, 2015); temperature antesteffects of climate change
(Lobell and Field, 2007); or that some crops are ngaheir biological yield potential (Evans and Fisch-
er, 1999; Alston et al., 2009; Ort et al., 2015).

3. OPPORTUNITIES
3.1 Gene-Editing Systems

The discovery of gene-editing systems (such asSBRFCas9) has revolutionized our ability to both
understand and genetically modify bagilants and animals (Yin et al., 2017). For crops, new alleles can
be generated and introduced directly into a cultdfazhoice, leaping over the time-consuming process of
making multiple crosses to combine desirable traithéprogeny. Gene editing creates the potential to
identify and implement new traits in the field omaich faster timescale. Traditional plant breeding is
slow and tedious as it can only exploit the limitedrgifative trait alleles found in wild relatives, and
then it can take between 7-12 years to utilize cotiweal methods to develop a new cultivar (Baenziger
et al., 2006). The ability to fine-tune the expressioa gluantitative trait locus rather than utilizing only
what is available in wild relatives has already shgwomise as a way to increase yield. For example,
researchers edited genes in three pathways thailzdetto productivity in tomato—plant architecture,
fruit size, and inflorescence—to rapidly produce alleled #iter their promoters. The resultant plants
displayed a series of previously unobserved nphges, including several with increased vyield
(Rodriguez-Leal et al., 2017).

Gene editing has now opened the door for quickhlaring additional changes. Box 2-2 describes a
success story of a transgenic approaséd in the quest to turn a @lant (such as rice) into as @lant
(such as maize). Gene editing also offers the abiliglitinate linkage drag, a problem that has plagued
crop breeding since its inception. Linkage drag ocadmsn undesirable traits are linked to, and therefore
inherited with, desirable traits (Giovannoni, 2018u al., 2018b). Using a variety of genomic and as-
sociated approaches toathcterize a large tomato diversity population, Zhu and colleagues (2018b) were
able to “see” the genomic outcomes of tomato domretitin, many of which are undesirable. Knowledge
of these so-called “hitchhiking genes” is a necessarydfiegt toward their eventual modification or elim-
ination by gene editing methodologies.

BOX 2-2 Successful Engineering of Photosynthesis

Photosynthesis is the engine for life on Earth, yet the efficiency of solar energy conversion is rela-
tively low. As such, it has high engineering potential (Schuler et al., 2016). There is a large interna-
tional effort taking many different approaches to improve photosynthetic efficiency, including optimiz-
ing canopies, relaxing photoprotection and bypassing photorespiration (Ort et al., 2015). Converting a
Cs plant into a C4 plant that is much more efficient at converting sunlight is another effort underway to
increase photosynthetic efficiency (Long, 2015; Ort et al., 2015). Using constitutive expression of the
maize GOLDEN2-LIKE gene, researchers have now shown that they can confer a set of C4-like traits
on C3 rice (Wang et al., 2017). These traits include the accumulation of photosynthetic enzymes and
more interconnections between cells. Another exciting direction for increasing photosynthetic efficien-
cy is to expand the spectral range for photosynthesis by allowing plants to absorb far-red light
(Blakenship and Chen, 2013). The “first” Green Revolution improved yield potential but did so without
improving solar energy conversion, making improvement of photosynthesis the basis for a second
green revolution.
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3.2 Development of Dynamic Crops

Agriculture could benefit from crops that proviffemers with the flexibility to change their crop’s
physiology in response to unexpected environmepask and colleagues (2015) designed such a crop
whose water use can be controlled by chemicaliegmn (see Box 2-3). An even greater advancement
would involve developing crops that can respondeial time to environmental changes (e.g., drought,
floods, temperature extremes) as well as to the appeanf disease organisms and pests. Given the ina-
bility to reliably predict the coritions that any particular crop may face over the growing season com-
bined with more extreme weather events prediciest the long term (Walthall et al., 2012), dynamic
crops could better respond to such eventsb@aedme an asset for emiting food security.

3.3 Mining Plant Diversity

Traditionally, the traits to overcome the manwldnges previously noted have come from wild rel-
atives. Although gene editing can eliminate the laboridntsogression of traits (at least for crops for
which those traits can be successfully introduced; ssmiskion of transformation later in this chapter),
there is a vast array of plant species whosealtural potential remains untapped (see Box Z¥here
are more than 50,000 edible plartsit only 15 crops are used to m86tpercent of the world's energy
demands, and three commodity crops (rice, maizé,veheat) account for two-thirds of human caloric
intake (Gruver, 2017)Additionally, more than 70 percent ofild/ relatives of domesticated crops are in
urgent need of conservation, and are ironically tleresd by the expansion of agriculture into natural
ecosystems (Castafieda Alvarez et al., 2086)und the world, gene banks and botanical gardens hold
more than 7.4 million seeds or plant issues from thousands of species (GruberTB8%&)collections
need to be maintained, curated, and explored.

BOX 2-3 Synthetic Biology for Dynamic Crops

An ongoing focus of plant breeding is to create drought-tolerant plants, but the drought protective
response in plants is often associated with “yield drag” (Yang et al., 2010). Recent work has demon-
strated that it may be possible to alter a plant's use of water dynamically, essentially turning the de-
mand for water on or off when needed. By genetically engineering the abscisic acid (ABA) protein re-
ceptor that naturally plays a role in controlling plant water use to bind to a synthetic agrochemical, it
was possible to control the plant’s drought protection response (Park et al., 2015). When tomato plants
containing the engineered ABA were sprayed with the chemical, they used less water. The system is
ready for real-world testing, suggesting that uses of synthetic biology of this type could be a near-term
goal. Many aspects of plant physiology should be amenable to this approach, which could help usher
in a more responsive agriculture.

BOX 2-4 Pichuberry: A Crop for Rapid Domestication

Cape gooseberry or pichuberry (Physalis peruviana) is native to the Andean region of South Ameri-
ca. It is highly nutritious and can be eaten as fresh fruit or can be used to make juice or jam. It is gain-
ing in popularity but it has a number of “wild” characteristics that prevent it from being easily cultivated.
Knowledge of the genes related to the improvement and domestication of the tomato, a distant relative
of P. peruviana, is motivating scientists to identify similar genes in the undomesticated pichuberry that
could be targeted for domestication. Gene editing of P. peruviana's genetic ortholog of the tomato
gene CLAVATAL (SICLV1)—which controls meristem proliferation gave rise to plants with narrow
leaves and flowers with more organs—offers proof of principle of rapid, targeted domestication using
gene editing (Van Eck et al., 2017).
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3.4 Taking Advantage of Plant—Microbe Interactions

Billions of microorganisms and macroorganism®ifirviruses to nematodes) live on, inside, and
near plants, both above- and below-ground (Leacdl.e®017). Beneficial plant—-microbe interactions
include direct stimulation of plant growth, pratiea of plants from pathogens and insect pests through
direct production of toxins, or through induced resise in the plant, and, improvement of resilience
to environmental stress (e.g., drought, salinity) iBket al., 2016; Finkel et al., 2017). Beneficial inter-
actions can occur in the root zone (rhizosphere)eahsurfaces (phyllosphere), and in internal tissues
(endosphere) (APS, 2016).

The greatest density and diversity of microbial life aeged with plants ocea in the soail, in the
rhizosphere. In leguminous plants, some species of bacRimiaopiun induce the formation of root
nodules in a symbiotic relationship that converts atmospheric and largely inietioNimmonia (Nk)
and other molecular precursors that the plant usdle biosynthesis of nucleotides, coenzymes, and
amino acids. In many more species of plants, fusgalbionts (called arbuscular mycorrhizal fungi) form
hyphae that increase the ability of plant rootsateess minerals (particularly phosphorus) and water
(Leach et al., 2017). It has been proposed that poramity lies in domesticating or improving specific
plant-associated microbial communities to use themo#sor seed inoculants to improve plant growth
(Parnell et al., 2016).

The characterization of microbial communitiescioncert with plants, which often cannot be cul-
tured outside the plant environment, has beenleddy high-throughput gersequencing of community
DNA (metagenomics) and RNA (metatranscriptomicgh(&ter et al., 2015; Nesme et al., 2016). In ad-
dition, progress has been made at the intersection of miniaturized microfluidics and imaging that permits
real-time monitoring of root interactions with microbial species (Massalha et al., 2017).

Based on knowledge gained from these technologieguige opportunity is using synthetic biology
tools to design plant—microbe associations that agwgrcrop productivity. Such associations can be ap-
proached by using gene editing in plants, microbesoth. For example, plant genes controlling nodule
formation by nitrogen-fixing rhizobacteria might egpanded to non-legume crops to reduce the need for
fertilizer application, and microbial consortia presenthe root zonecould be engineered to produce
novel plant growth promoters or protectants (Ahkami et al., 2017).

3.5 Making Food More Nutritious

Relatively little breeding effort has gone into kimey staple crops as better sources of vitamins and
minerals. More than 2 billion people suffer from moigutrient deficiencies becas their plant-based di-
ets do not provide sufficient nutrition. Factors thaie the modern food system include consistency,
predictability, low cost, and high-edible yield; but the nutritional value of food produced for direct human
consumption has not been a priority of the market (Dwivedi et al., 2017). There have been concerted ef-
forts to survey cultivars for natural variation in levefsselect nutrients. For example, a recent study ex-
amined vitamin E levels in maize grain and determited only two loci are responsible for most of the
variation (Diepenbrock et al., 2017). This discovanggests that targeting these loci in any number of
crops may increase vitamin E content. There hask@so some success usingnsgenic approaches to
increase nutritional content. For example, biofortifiex ihat meets dietary targets for iron and zinc and
has no yield penalty in the field is a major breakthrough in this area (Trijatmiko et al., 2016). There are
also opportunities to increase levels of important giwtrients that have health benefits, such as poly-
phenols and carotenoids (Martin and Li, 2017; Yu and Tian, 2017).

Unfortunately, breeding almost exclusively focieased yield has made some crops less nutritious.
For example, the concentrations of iron, zinc ael@nium in wheat have dropped by 28 percent, 25 per-
cent, and 18 percent respectively, all in theqeelietween 1920 and 2000 (Gruber, 2016). Such decreases
are thought to be a dilution effect as improvementheramount of fixed carbon have been made without
a proportional increase in mineral content (Marles, 20Tf)s results in lower mineral concentrations
when expressed on a dry weight basis. Furthermeoent studies are projecting that levels of levels of
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zinc and iron in grains and legeswill continue to decline as G@@vels continue to rise (Myers et al.,

2014; Zhu et al., 2018a). Because most of the world relies on plants as their dietary source of these mi-
cronutrients, such decreases areuwsedor concern. A key scientific gstion is whether these declines in
micronutrients can be reversed with changes in plaiistfTherefore, more attention needs to be paid to

the unintended consequences @&daling exclusively for yield.

3.6 Optimizing Crop Production Systems

The gap between actual yield and yield potentiallmaccounted for by several sources of variance
including genetics (G), environment (E), managenpractices (M), and socioeconomic factors (8)-
merous enabling technologies can be implementaxdp production systems to achieve both resilience
and sustainability and to enable craplds to reach their full potentialhese include the use of precision
agriculture to manage water and fertilizer use, aedutte of data science to integrate information from
field- and plant-based sensors and weather prediction parameters (for a more complete discussion, see
Chapter 5, section 3!Leveraging Advances in Microelectronics, Sensing, and Modeling” and Chapter 6
“Water-Use Efficiency and Productivity in AgricultureBreakthroughs in genomics, nanotechnology,
and robotics along with improvements in computatiostatistical, and modeling capabilities will make it
possible for scientists and producers tkenwell informed, data-driven decisiorior example, as dis-
cussed in Chapter 7, developrhenf high-throughput aemated phenotyping capabilities can speed the
process of breeding via the use of artificial intelligence and machine leaHungver, in order to suc-
cessfully model, manage, and predict crop productioanin given location, betténformation is also
needed on how different cropping management systemgs use of cover crops, crop rotation) influence
soil properties such as water storage capacity and nutrient availability.

The emerging field of plant nanobiotechnologgmises transformative solutions for nondestructive
monitoring of plant signaling pathwagsid metabolism (Kwak et al., 2017his can increase plant toler-
ance (e.g., drought, disease, and sditient deficiencies [Elmr and White, 2016; Wu et al., 2017]), alter
photosynthesis (Giraldo et al., 2014), and enable ptantemmunicate their bchemical status (Wong et
al.,, 2017). These discoveries will lead to the creatiofsifart” plants that arenore resilient to climate-
induced stresses. Bettenderstanding of the fundamental biopbgsiprocesses controlling nanomaterial-
plant interactions will enable deliveof nanomaterials to precise locatiangplants where they are needed
to be active. The continuous real-time monitoring ahpheat status and the ability to combine these nano-
enabled technologies with wireless soil sensorsaamoimated water and nutriegielivery systems can lead
to more precise delivery of nutriergad water, leading to more effictamse of inputs and greater yields.

To ensure that all aspects of GEMS are addrasse@¢omprehensive manner, there is an opportuni-
ty to assemble teams (including geneticists, soil sctepntigronomists, plant pathologists, and entomolo-
gists) to work together to evaluate the responddiftérent crop genotypes to environmental stresses and
crop management practices (Hatfialdd Walthall, 2015), and to factor in socioeconomic issues such as
costs, access to small growers, and technology adoftimt a systems approacdin help to identify the
optimum combination of GHM HS for current and anticipated E.

3.8 Controlled Environment Agriculture (CEA)

Controlled environment agriculturéCEA) offers systems-level opportunities to increase the sus-
tainability of some crops (e.qg., fruits, vegetablesbleby providing resource-efficient farming systems

IControlled environment agriculture includes indoor production systems that range from low-technology covers
for field crops to highly automated greenhouses, vertical farms, and recirculating aquaculture systems (RASs). The
latter use the latest advances in hydroponics or aquaptoniccrease productivity and improve water- and nutrient-
use efficiencies. For example, RAS is coupled with hydroponic plant production by using waste derived from fish
production as fertilizer for plant growth #Biola et al., 2018; Palm et al., 2018).
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with respect to water and nutrient use. CEA caselthe loop on nitrogen and phosphorus use (Thomaier

et al., 2015), reduce food miles (Weber and Matth@@88; Cleveland et al., 2011; Nicholson et al.,
2015), and lower water exports from water-poor regiongater-rich regions. Locating food production

in urban areas could also help to lower food waste by decreasing the amount of time from harvest to con-
sumption. CEA can also address intpat food safety issues such Bscoli outbreaks (CDC, 2018).

CEA can provide year-long growing seasons andeptimn against pests and diseases. Genetic approach-

es described in this chapter can lsedito provide traits to plants take them suitable for growth in

CEA. The importance of CEA for improving watese efficiency is discussed in Chapter 6.

4. GAPS

There is growing excitement in the plant scieraned breeding communities that we are on the cusp
of a second green revolution. While the first greeiolgion was facilitated byhe introduction of genes
from other varieties and wild relatives, this second naiah will be fueled by asic research discoveries
with model organisms and analyses of massive sktathat will combine to identify genes and regulato-
ry sequences for targeted editing. However, thieviang gaps in knowledgena capabilities will have to
be addressed before these technologiebeapplied to a diversity of crops.

1. Knowledge of the genetic basis ofetphenotypes and of allelic variantélthough the func-
tions of many plant genes are known from studies in the major model plants, frabidsp-
sis there is a lack of basic knowledge of the genetic basis of many traits in crop species. It logi-
cally follows that understandingene function is necessary for the use of gene editing to create
desirable traits. However, a gene-editing appraachbe used as a discovery tool to knock out
genes in crop plants to better understand flieictional roles. Additionally, because the preci-
sion of gene editing permits the modificationasf little as a single base pair in the genome, it
can be used to create allelic variants, essentially producing a library of diverse forms of the
same gene, with which &xplore function and phenotype

2. Phenotyping: Connecting genomic variation with phenotypic impddentification of agricul-
turally desirable traits will require the designd construction of above- and below-ground phe-
notyping facilities and the development of datasce that can correlate phenotype to genotype
from vast visual, physiological, and “omics” resoes. There is a need to increase the speed to
characterize phenotype, to use new technologies that include overhead imaging (e.g., photo from
a drone) and underground imaging to detectpmologies and traits, including chemical exu-
dates (Das et al., 2015; Shi et al., 2016).

3. Ability to improve transformationefficiency of more plant specie€ene editing requires an
ability to introduce DNA into plant tissue (calledngdic transformation) and, in most cases, re-
generate the tissues into transformed plddtdortunately, despite substantial progress in se-
guencing, assembling, and annotating genomes &orast array of plant species, significant
bottlenecks exist in the successfignetic transformation of most crops. Research is needed to
improve plant cell and tissue culture, identifyttbe methods of introdueg genetic material,
and modulate the plant development pathway frave the receptivity, stability, and regrowth
of the transformed tissue (Altpeter et al., 2018udies of how plants regenerate themselves
from cuttings or after injury, for example, halegun to provide insight into the genetic net-
work that controls cellular proliferation andoregramming. Such insights could lead to better
methods to increase the chances of growing aviptdnts from transformed cells and tissues
(Ikeuchi et al., 2018). A second green revolution powered by gene editing will not be possible
unless facile transformation protosare developed for use on atyain of any crop in any la-
boratory. Similarly, the inability to transformilel plant species will prevent the use of gene ed-
iting to accelerate their domestication.

4. Workforce, education, and training (and funding). Advances arising out of basic science and
technology remain relatively new and underexpld for germplasm improvement for most
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crops. This is due in part to the relatively dncammunity of plant scientists educated to use
science and technology, and the limited public jaridate investments for plant trait discovery
and for translating such knowledge to enatbstep discoveries. Investment would be necessary
to maintain a pipeline of investigators who canhptiee limits of scientific inquiry and train the
next generation of advanced plant scientists (USDA, 2015).

5. RECOMMENDATIONS FOR NEXT STEPS

Despite steady decreases in the funding of bottc lzeel applied crop science research, U.S. scien-
tists have continued to innovadaed make cutting edge discoveriesweéwer, without sufficient support,
U.S. plant scientists are likely to fall behind their counterparts in other countries in fully realizing gene
editing as both a basic discovery and crop improvement tool. Since 2009, plant science funding in China
has quadrupled and is supported with infrastruceckpsing the U.S. investment. Notable advancements
in all aspects of plant science have been fortting from the Chinese (Chong and Xu, 2014). Recogniz-
ing that food security and international compegitiess are critical components of national security, the
following steps are recommended to secure U.S. leadership in crop improvement:

1. Continue to genetically dissect and then intsduce desirable traits (increased photosynthet-
ic efficiency; drought and flood tolerance;temperature extremes tolerance; disease and
pest resistance; improved taste, aroma, andutrition) and remove undesirable traits from
crop plants through the use of both traditiond genetic approaches and targeted gene edit-
ing. The goal will be to:

a. expand the number of alleles of known breedimgrovement genes from what have been in-
trogressed from wild relatives;

b. engineer belowground and aboveground plantigciure, by obtaining and applying basic
knowledge of plant root, shoot, and influorescence development;

c. modify the plant microbiome to enhance desirable crop traits, including resistance to disease
and increased nutrient-use efficiency; and

d. remove undesirable traits (due to negative ep®taisat are tightly linked to alleles selected
during domestication.

2. Enable routine genome modification of all crg plants through the development of facile
transformation and regeneration technologiesAchieving this goal will require research into
improved plant cell and tissue culture, betterhods of introducing genetic material, and the
ability to modulate plant development to imprdiie regeneration of the transformed tissue into
whole plants. It will also require developmeftfacilities for more rapid phenotype detection
and analysis under different environmental (sdimate, moisture) conditions and management
regimes.

3. Monitor plant stress and nutrients through the development of novel sensing technologies,
and allow plants to better respond to environmetal challenges (heat, drought, flood, pests,
nutrient requirements) by exploring the use ofnanotechnology, synthetic biology, and the
plant microbiome to develop dynamic crops thatan turn certain functions on or off only
when neededDeveloping dynamic crops will requicemmplementary approaches to gene edit-
ing, including harnessing beneficial plant-roottsmicrobe interactions to enhance desirable
crop traits (such as drought resistance, diseasstaace, and nutrient-use efficiency), using
novel sensing technologies to sense plant nutsietitis and stress, and using nanotechnologies
for delivering nutrients and managing plant stress.

Using the genetic diversity of plant and microlife available together with new molecular and
other tools are key for unlocking many opportunifi@scrop improvement. The process of prioritizing

the most important opportunity to pursue would kstbnformed by thoughtfudnalyses of the targeted
crops and their prospective new traits from a systemsppetive, as described @hapter 9. This includes
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envisioning their performance and impact in the erhbf the agro-ecological system interfacing with
humans and socio-economic comsations that play a role.
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Animal Agriculture

1. INTRODUCTION

Animal products are a primary source of protamd key nutrients in Werican diets (Bentley,
2017). In addition, livestock and pitry production account for apprawately $100 billion per year in
agricultural cash receipts (USDA-ERS, 2018a)thie United States, most food animal production (meat,
fish, milk, eggs) is accomplished through an intemsiwaring system that reflects decades of improve-
ments in production efficiencies made possible dgearch and development. Genetic improvement and
adoption of optimized nutritional programs, alongghwinnovations to maintain and improve animal
health status, have reduced the costs of produdberered prices for consumers, decreased resources
used (resulting in lower greenhouse gas [GHG] emisgitensities per unit of production), and increased
the competitiveness of American products intéamally, benefiting both local and national economies
(Havenstein et al., 2003; Capper et al., 2009; Capper, 2011; Gerber et al., 2011; Tokach et al., 2016). For
example, the GHG emissions associated with the ptiuof a glass of milk in the United States in
1977 were one-third of what they were in 1944 (Cappeal., 2009); and today, livestock sources (includ-
ing enteric fermentation and manure) account for aB@ipercent of U.S. anthropogenic GHG emissions
expressed as carbon dioxide equivalents (EPA, 2016). tDegrast 15 years, the U.S. livestock industry
has gained greater access to international mark#tsavgrowing share of its production destined for for-
eign markets. In 2016, exports accounted for 28euerof pork produced, nearly 20 percent for broiler
meat, 14 percent for turkey, and 11 percent for tsef Figure 3-1). This brings in more than $25 billion
annually in export sales (USDA-ERS, 2018b) to the national economy.

FIGURE 3-1 U.S. meat exports (beef and veabrk, and poultry) as a share of domestic production from 1976-
2018. NOTE: 1/ Carcass-weight equivalent. SOURCE: USDA, Foreign Agricultural Service, Production, Supply,
and Distribution database.
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2. CHALLENGES

The science that produced advanoesnimal agricultural productiwitand efficiency in the past
will need to be accelerated and expanded in scoffeeidecade ahead. Recentlgges have warned that
the agricultural production worldwide will have coliee difficulty in meeting global demand for food in
2050 as a consequence of the growing world populatidh,demands increasing in the range of 59-98
percent (Ingram et al., 2010; Valin et al, 2014; UN, 2015). The production required to meet that demand
will occur within the United States and across @bgl landscape, including places with different envi-
ronments, production systems, and animal breeds. As d lgader in efficient animal production, it is in
the best interests of the United States to contiasearch in approaches to eintly address the world’s
demand for animal products.

There are several compelling reasons for investiranimal agricultural research to meet this chal-
lenge. First, the increasing global demand for angoarce food will impact domestic prices, and there-
fore continuing to augment efficiencies is essenti&ietep food affordable for U.S. consumers. Although
it is beyond the scope of this report to comment on the American landscape of chronic diseases related to
dietary choices, hunger and hidden hunger remain gmuddic in the developing world. Cognitive stunt-
ing due to lack of micronutrients, which are biotkde predominantly in animal-source foods, is a ma-
jor problem that results in whole generationschildren who cannot reach their cerebral potential and
consequently a corresponding drop in country gomssestic product potential (Galasso and Wagstaff,
2018). Despite western-centric concerns that overconsum@f meat is detrimental to health in the de-
veloped world, the situation is the reverse far World’s poorest as the underconsumption of animal-
source food is detrimental to health (James and PaR0&5; Beal et al., 2017). It is this latter population
that, once given the economic liberty to choose tloeidstuffs, will select more animal-source foods and
create a larger global demand. Second, with increadiigiencies and intensity of production, animals
need to be reared in systems that promote aniveldare, minimize GHG emissions and pollution, and
decrease the potential of foodborne illness. Third, ahéiseases continue to move throughout the world
which at a minimum decrease productivity, while staoundary animal diseases (which are high conse-
guence contagious animal diseases) can bankrupabimidustries in the United States and globally.

2.1 Increased Demand for Animal Protein

Population growth combined with rising incomestie developing world will result in the need to
increase animal production to meet domestic and exparket demands. Animal protein production has
made impressive advances in the past 50 yearsndmg will be required to meet the projected demands
of a growing global population (Ingram et al., 20y DESA, 2015). On a per capita basis, consump-
tion of animal-source foods (defined as meat, eggsy,dand fish) has steadilyncreased in the United
States and is projected to continue to eéase globally (NOAA, 2015; USDA-ERS, 2018a). As low-
income countries become emerging economies, cortgumyf animal-source foods will increase, and so
the “bottom billion” will begin to get a share of nigtnts that promotes better health by supplying ade-
guate protein and nutrients through animal-source fdeidsire 3-2 shows the levels of animal products
produced globally from 1970 to present, with numipeggected to 2030. Predictions are that demand for
animal-derived food in 2050 could be 70 percent ésighan 2005 levels, with the demand for beef and
pork increasing by as much as 66 percent and 4&pk respectively (Alexandratos and Bruinsma,
2012). The highest growth is expected for poultiyatmat 121 percent growth, especially in developing
countries, with demand for eggs potentially incnegddy 65 percent (Mottet and Tempio, 2017). As a
result, livestock numbers are expected to continuecit@ase significantly, although at lower rates than in
past years (Alexandratos and Bruinsma, 2012).
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FIGURE 3-2 Global milk, fish, broiler, pork, beef, and egg production since 1970 and projected to 2030. SOURCE:
Alexandratos and Bruinsma, 2012.

With respect to the contribution of fish to 2030 aaliprotein demands, the capture fisheries supply is
unlikely to increase as stocks of key species are glifedig harvested, and oceaidification from cumu-
lative GHG emissions over several decades is leadibgtiiversity loss and threatening single-cell phyto-
plankton—the base of marine food chains that adcfminmore than 50 percenf the photosynthesis and
oxygen production on earth. Eutrophicatiand algal blooms resulting from the widespread use and run-off
of nitrogen and phosphorous-bddertilizers into lakes, rivers, armbastal estuaries erfurther depleting
aquatic plant and animalegies, many of which provide food for hursgi€anfield et al., 2010; Carpenter,
1998).

Aquaculture is therefore expected to dominataghn in the fish sector. Fishery production is ex-
pected to expand by more than 30 Mt by 2030, 96guet of which will come from developing countries.
China is likely to have a significant influence on glbfish markets, accounting for 37 percent of total
fish production in 2030. Assumptions suggest thaady improvements in feed and feeding efficiency
within the aquaculture sector will contribute to itegth (The World Bank, 2013), and recirculating ag-
uaculture systems could contribute to more efficieater and nutrient use (see Chapter 6 for further dis-
cussion of Controlled Environments). Food securitjuiture years will surely depend on increasing the
food-provisioning capacity of aquatic as well as terrestrial ecosystems.

2.2 Animal Diseases

Animal diseases are responsible &m average loss of more than 20 percent of animal production
worldwide and can have major economic impacts (QIEL8). Export partners can justifiably block im-
ports and issue trade sanctions if zoonotic angboundary animal diseases, such as highly pathogenic
avian influenza, occur in the United States. Black&ports can cause a glut of the commaodity for do-
mestic consumption, resulting in ripple effects in the economy, from decreased prices for consumers to
very negative farm-level impacts in the rurabeomy. Introduction of foot-and-mouth disease into the
United States remains a constant threat, with eséisnof the economic burden ranging from $37 billion
to $228 billion (Oladosu et al., 2013). Box Pflovides two examples in which recent cases of high-
consequence animal diseases had major economacimpfven endemic diseases, such as bovine respir-
atory disease—the leading cause of morbidity and mgrialitattle that is caused by a variety of viruses
and bacteria—can greatly hamper an animal’s prodtictimay result in deathand is estimated to cost
the cattle industry approximately $3 billion annually (Griffin, 1997).
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BOX 3-1 Recent Cases of Animal Diseases and Their Economic Impact

Highly pathogenic avian influenza  entered the United States through migratory birds and caused an
extensive outbreak in the Midwest that extended through mid-2015. USDA undertook the most ag-
gressive foreign animal disease control efforts ever by depopulating 7.5 million turkeys and 42 million
chickens in an effort that cost U.S. taxpayers $879 million. The decision to eradicate was made be-
cause of the costs associated with not controlling the disease, which, through simulations, would have
averaged $1.53 billion.

Bovine spongiform encephalopathy (BSE)  was found in late 2003 in one cow for the first time in the
United States. This single case of “mad cow disease” prompted massive closure of major U.S. beef
export markets, with 80 percent of exports blocked for the following year, costing the industry between
$3.2 billion and $4.7 billion.

SOURCES: Coffey et al., 2005; USDA-APHIS, 2016.

2.3 Sustainability in Animal Agriculture

There is increased public interest in environtakneconomic, and animal welfare sustainability
guestions related to animal agriculture. Unfortulyathere are no clearly defined objective measures for
all of the sustainability questions related to aniagiculture, which in itself represents a notable area for
investigation. Sustainability goals are sometimesoinflict, and managing a system for optimal environ-
mental stewardship may clash with economic @mahwelfare objectives (LIonch et al., 2017). Although
extensive systems might appear to be less taxintp@m®nvironment in relation to resource use, waste
treatment, and GHG emissions, scientific analysisshasvn that intensive systems can actually reduce
these outputs (Gerber et al., 2011; Capper, 2014).

Conversion of animal feed into edible animal prodigtways an efficiency concern in animal ag-
riculture. And this is a particular concern in caspere animal feed may contain human-edible products,
or animal feed is grown on land suitable foowging human food (Mottet et al., 2017). Approximately
one-third of total cereal production is used to feeihals, and this is expected to rise further by 2030
(Makkar, 2017; Mottet et al., 2017). Currently 86 petagfnglobal livestock feed is made of materials
that are not consumed by humans, and ruminants play an important role in this in that they are uniquely
able to convert human-inedible forages (e.g., leangsgrass) into high-quality protein and a variety of
micronutrients (Mottet et al., 2017). Opportunitedst to increase this human-inedible proportion fur-
ther, thereby decreasing the use of food-grade grains in both monogastric and ruminant diets.

Sustainability also encompasses aaliwelfare, and this is also a key component regarding con-
sumer concerns. Unfortunately, there are few rigommsessment criteria in use for scoring of animal
welfare (Llonch et al., 2016). One definition states #mmal welfare is “[when] animals are healthy and
they have what they want” (Dawkins, 2017), whaleother definition from the World Organisation for
Animal Health states that animal welfare is “[WhenJasimal is in a good state of welfare if (as indicat-
ed by scientific evidence) it is healthy, comfortalbe]l nourished, safe, able to express innate behavior,
and if it is not suffering from unpleasant states such ias fe@r, and distress” (Terrestrial Animal Health
Code, OIE, Article 7.1.1). The Terrestrial Animal HeaCode (the international standard for animal pro-
duction) further outlines aspectsarimal welfare for all of the njar livestock species and includes ob-
jective assessments of behavior, morbidity, mortaétyd reproductive performe®, which can be used
for taking into account animal well-being, thereby segvas the “scientific evider” stated in the defini-
tion. However, there are few objective standardasteess many aspects of animal welfare, making quan-
titative evaluations problematic.

To leave sustainability goal evaluations to thetjgal process or public apion potentially exposes
the process to subjective interpretation and politicesgure from special-interest groups. There is a need
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to objectively evaluate the full sustainability implicms of different agricultural systems. This would
give the scientific community an opportunity tovdep measures of product- and system-level perfor-
mance to assess and compare the ability of differesteisis to sustainably meet the needs of both human
and animal populations (Siegford et al., 2008). hilse the holistic implications of utilizing mixed popu-
lations of animals that feed upon wild grasses nedxktobjectively compared to the metrics associated
with existing US production systems to understare fiod safety, environmental, animal health and
well-being, worker safety and health, ranch vi&piland food affordability &deoffs associated with
these differing production systems.

An example of such rigorous assessment is aorelucted by the Coalition for Sustainable Egg
Supply (CSES), which formed to evaluate the a@nsability of several laying-hen housing systems
(CSES, 2018). The goal of the CSES is to provide sdieditif based information on trade-offs related to
varying housing systems by conducting holistic camative research. CSES members represented vari-
ous stakeholders, includinigod retailer companies, egg suppliers, animal welfare scientists, academic
institutions, and government (USDA Agriculturagé$earch Service) and nongovernment organizations.
This $6 million study examined “various layingrheousing systems and potential impacts on food safe-
ty, the environment, hen health and well-being, wohealth and safety and food affordability, providing
food system stakeholders with science-based infoomatn sustainability factors to guide informed pro-
duction and purchasing decisions” (Mench et al., 2016).

The study results demonstrated the complexitadifressing sustainability problems, as there were
positive and negative aspects associated with eachnigosisstem that resulted in numerous trade-offs.
Although the study was largely undertaken dueublip pressure for cage-free hens because of animal
welfare concerns, the cage-free systatually resulted in the highest rates of hen mortality and the worst
indoor air quality, thus creating unexpectedsif both the animals and the workers.

Assessing the efficiency of livestock productiepstems likewise requires a holistic approach
(Makkar, 2017). For example, Schader and colleag@015) explored the possibility of feeding animals
only on human-inedible feedstuffs and found that drel@ased the availability of livestock products glob-
ally by 53 percent, with a 91 percent decrease iatrftem poultry and swine, and a 90 percent decrease
in egg production compared with current levelscofisumption. This underscores the important role of
ruminants as consumers of human-ibéslifeedstuffs. However, the treaff associated with removing
high-energy concentrate feed from animal diethag it increases the emission intensity of GHG produc-
tion per unit of animal product.

Effective science communication of the results aaderoffs revealed in sh studies will be essen-
tial to provide a factual basis for tackling sustainabibues in animal agriculte. Public opinion is not
necessarily formed in responsedbjective scientific evidence, arebpecially when the issue involves
ethical aspects, such as humane treatment of anitmalissue becomes much more complex, and simply
reading or hearing the facts is not enough to sway majority outlook (Croney et al., 2012).

3.RESEARCH OPPORTUNITIES

Significant knowledge gaps and research opporamikist in each of the sections below. Address-
ing increased animal protein demand sustainably refluire advancing basic knowledge in core disci-
plines of animal science and will also entaihsiderable cross-disciplinary contributions.

3.1 Animal Genetics

There are new, hitherto unforeseen opportunitiesctelerate genetic improvement of livestock by
incorporating genomic information, advancegdrogluctive technologies, and precision breeding methods
into conventional breeding and selection programs. Genomic selection alone has doubled the rate of ge-

netic gain in the U.S. dairy industry since its introdon in 2009. The past decade has seen an explosion
of genotyping and resequencing data that are clyréeing used to develop genomically-enhanced
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breeding approaches in several industries (Weller et al., 2017). A large of number of omics datasets (e.qg.,
genomics, proteomics, metabolomics, transcriptomics) have been and are being produced by researchers.
The challenge now is to combine and analyze thegeldtia to produce basiad applied knowledge on

how best to genetically improve livestock populationstfaits of interest. Hickey and colleagues (2017)
propose that genomic selection presents a unifying apprto bring plant and animal breeders together

to deliver innovative “step changes” teethate of genetic gain (see Figure 3-3).

Sequence data from thousands of phenotyped ammay help uncover impi@ant quantitative trait
polymorphisms that can be used to improve genongdigtions (VanRaden et al., 2017) or that can be
introduced into breeds using genome-editing tools (Proudfoot and Burkard, 2017; Ruan et al., 2017). Us-
ing biological information on key single nuctete polymorphism (SNP) loci obtained from sequencing
projects, single base modifications can be precisely introduced into animal genomes to obtain a genotype
with desired traits.

Novel breeding schemes involving multiple in gitounds of genomic selection, gene editing, gam-
ete production, and fertilization could reduce by ordénnagnitude both the generation interval and the
genetic lag between nucleus and commercial popuasitiSuch schemes can be envisioned based on ex-
citing developments in embryonic stem cell techn@sgBogliotti et al., 2018) and surrogate sire/dam
technology (Park et al., 2017; Taylor et al., 2017). Tdafinology is poised to enable the development of
a population of commercial animals that lack theinayermline cells, but which carry transplanted goni-
al stem cells delivering the genetics from etitmor seedstock animals (Gottardo et al., 2017).

FIGURE 3-3 Capturing new opportunities to accelerate the pagewétic gain based onfiefent and targeted ac-
cess to genetic diversity, coordinated phenotyping across environments, cost-effective sequencing, genomic predic-
tion, and genome editing. NOTE: GEBV = genomic estimated breeding value. SOURCE: Hickey et al., 2017.
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The main scientific challenge remains in how liesharmonize, combine, analyze, and utilize phe-
notypes, environmental, and omiagormation in conjunction with ge editing and advanced reproduc-
tive technologies. The goal would be a 10-fold increadbe rate of genetic improvement in livestock,
poultry, and aquaculture populations by 2030. Additignaliere is a need to develop objective selection
criteria to enable the incorporation of importantnponents of sustainability, such as increased fertility,
improved feed efficiency, functionality, and deased susceptibility to diseas#o breeding objectives
and animal breeding programs.

3.2 Animal Nutrition

Opportunities for research and progress abound for animal nutrition through the growing field of
precision feeding and exploration of the microbiome, as well as through examination and implementation
of novel feedstuffs. Precision feeding entails offeriagdf to each animal that is exactly tailored to the
animal’s needs. Currently, rationedormulated to be the least-cost ration that provides essential dietary
requirements, which may result in overfeeding certaimponents such as protein. A recent paper exam-
ined the use of precision feeding stations to inerdawiler flock uniformity by sequentially feeding
chickens according to their individual body weigimd needs (Zuidhof et al., 2017). Future innovations
might address how feed rations can be more precisatyulated to maximize utilization efficiency and
minimize negative environmental impact, and howhtetogy could be used to more precisely deliver
feed to animals on an individualized basis (Gerbet.e2013). Also, the microbiome of animals is just
beginning to be explored (O’Caflhan et al., 2016). Nutrient formulattis could be combined with more
information about the microbiome and its interaes with nutrients. As the human microbiome and as-
sociated research reveal cestions between microbes and disease susceptibility, similar understandings
will undoubtedly emerge concerning animals.

Finding novel feedstuffs for livestock could markeénhance sustainability, as 14 percent of the
global feedstock feed ration consisfshuman-edible feed materials (Mottet et al., 2017). Use of human-
inedible resources—such as slaughterhouse and i@sties, by-products of dfuel production, leaf
meals, seaweeds, and insect meals—could replacarhadible components of livestock diets (Rumpold
and Schluter, 2013Makkar, 2017. Diverting food loss and waste to animal feed represents an obvious
opportunity to replace grain-based feed with humaadiie resources. Plant breeding could also increase
livestock production efficiency by (1) raising theefl crop yield per hectare (e.g., improved drought tol-
erance or nitrogen-use efficiency) and (2) improvingrtdie of feed conversioefficiency of vegetable
calories into animal calories (e.g., altered digestybdit crop composition) such as reduced-lignin alfalfa
(Van Eenennaam and YourZ)14). This will involve collaborationsetween plant breeders and animal
nutritionists (see Chapter 2).

New electronic and digital tools may also enablgdbenanagement of and feed conversion in ru-
minants grazing on grasslands and range. Virtuaeemre a new foray into this area and could improve
grassland productivity and protect sensitive areas from overgrazing (Umstatter, 2011).

3.3 Animal Health

There are multiple knowledge gaps in animal heaitti thus many research areas in need of explo-
ration. Decreased production and tlefitom disease are currently hugefiiciencies in the system, be-
cause nutrients and resources put into animal grandhwell-being are minimized or completely lost.

Vaccine research to date has ity focused on finding the right protein or engineered surrogate that
will prompt a protective immune response when thenahencounters the specific pathogen in the field.
Reverse vaccinology offers an exciting opportunityse advances in genomics to predict good antigens for
vaccine development and is currently being investigated by many researchers. For example, researchers
have used reverse vaccinologypieedict immunoprotective proteins fartick vaccine (Andreotti et al.,
2018) and leptospirosis vaccine cantikdaDellagostin et al., 2017). Trapproach was also used to identi-
fy vaccine candidates for@ampylobactewraccine for broilers, an important food safety concern (Meunier
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et al., 2017). More targeted and individual-specifimume interventions based on multiple omics data may
be the next breakthrough.

When a pathogen enters the bdihgre is a suite of upregulated host genes which informs the corre-
sponding immune response, in a kind of signaturporese as part of the innate immune system. In this
constellation of cascading cytokinesisinow known that some of these signaling molecules serve to pro-
tect the host and others may be triggered specifitgilynicrobial genes to aid the organism'’s invasion
(Davidson et al., 2015). Knowledgedadissection of this full complement of mediators in the innate im-
mune response could serve to effectively informdvetaccine development that would be tailored for
each invading agent. Such a schema could allow féieeabrogation of the invading agent, rather than
waiting for the acquired immune response to kgksuch as is induced by conventional vaccines.

If an infection cannot be prevented in an animal-efiner words, there is no vaccine or it is not
economically feasible to vaccinate—the next best tégtio detect the illness at first blush. In most ani-
mal production facilities, animals are viewed every bayarmworkers and/or owners and are only seen
by health professionals during periodic checks oenvballed to a farm for an assessment. When animals
become visibly ill, they are already in the disepbsase and are actively shedding the culpable microbes
to their herd- or flock-mates. It would be ideal todixe to detect animals at first infection when they are
in the incubation or prodromic stage (the stage of infection when symptoms begin to emerge but prior to
full-blown disease becoming evident). Animals recogniaethis stage could be removed from their co-
horts and potential transmission drastically reduced.

An additional problem with animal health isagnosing the disease so that appropriate intervention
strategies can be introduced. In most cases, thisviewdirst actually realizing that the animal is sick,
then perhaps contacting an animal health professionah visit, taking appropriate samples that will
prove useful for diagnosing theesgfic disease occurring, and then retyion the local laboratory to run
the appropriate tests. Current technologies, suctestsgeneration sequencing and MinlON (a hand-held
DNA sequencer) are currently expensive and requirelbigiis of expertise. With further research, these
technologies could be converted into use at the penaitler than the laboratory. It is now possible to
purify DNA from plants, animals, and microbesunder 30 seconds under field conditions (Zou et al.,
2017). There is also ongoing work in the use aof-piele sensitive and specific biosensing systems for
detecting animal diseases at the earliest moment, lesteme clinical signs are obvious (Vidic et al.,
2017). The possibility of diagnosing a wide arraydideases while standing beside the animal could re-
move many time-consuming steps to diagnosis, atiguior much earlier and targeted therapies or con-
trol measures, thereby minimizing loses, animdfering, and therapeutic antibiotic usage.

3.4 Animal Facility Design and Managemenfor Sustainability and Animal Welfare

There are major research opportunities to stadjlify design and management for improving ani-
mal welfare and decreasing negative environmental consequences. Landmark studies by Dr. Temple
Grandin (2012) provided insight infrocessing-facility design to reduagimal stress while at the same
time improving worker safety. As a result of Grandiwark, more than half of cattle slaughtered in the
United States are processed through a curved, sitglehtite, using nonsliffiooring and adaptive light-
ing, resulting in more relaxed and calmer cattéking to the slaughter site (Economizd15). Opportu-
nities exist to improve animal facility design by igttating sensors and electronic monitoring of animal
health and well-being.

For layer hens, extensive research compariffgrdnt housing systems was conducted by CSES
(previously described in this apter). The study examined multipparameters, including behavior,
productivity, food safety, efficiency, and worker saféitkiis type of large holistic study provides the evi-
dence base for system comparisons. Such researdbectae impetus for research on how modification
of facility design can improve welfare outcomes (Stratmann et al., 2015).

Rigorous, objective assessments of animal welfasgirio be developed aagplied. To date, few
studies have examined animals’ stress levelsoars#inses of comfort and security. While the OIE has
developed a robust set of parametensst involve subjective behavabror whole-animal observations.
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In some parts of the world, there has been progneswasuring internal biomarkers as a proxy for ani-
mal well-being. For example, cortisol can be dilated noninvasively through saliva, milk, or hair
(Casal et al., 2017; Tallo-Parra et al., 2017). The ugel@ble biomarkers could help determine what
types of housing facilities are best suited for the afgpfacility design professionals could combine this
information with their understanding of efficienof operations, disinfection procedures, and worker
safety and health.

Animal waste needs to be handled regardleghefanimal housing system. Urine, feces, bedding
material, and wash water, are products of animataljuire and are often destined for the waste stream.
Designing programs that utilize or transform the wastie useful products are big opportunities for the
research community. Some limited examples of successfearch in this fidl include turning manure
into solid paving materials, and it is becoming @agingly frequent to capture methane from manure for
generating electricity (Fini et a001; MacDonald et al., 2009). Camiing to find sustainable uses for
animal wastes is a huge area of opportunity.

3.5 Precision Livestock Farming

Precision livestock farming (PLF3 a novel and growing technology with the aim of enhancing ani-
mal health and productivity by applying sensor andate technologies. The use of PLF can enable indi-
vidual-animal-targeted nutrition, Héaand welfare (Rutter, 2012). Danigerckmans states that the objec-
tive of PLF is “to create a management systemdasecontinuous automatic real-time monitoring and
control of production/reproduction, arainhealth and welfare, and thav@onmental impact of livestock
production” (Berckmans, 2014, p. 190). It is markediyltidisciplinary, requiring coordination among
farmers, animal scientistgeterinarians, molecular ddbgists, immunologists, biogineers, datacientists,
and information technologists. Monitoring can be daraotely through sounds, sights, animal movements,
and estimations of envinonental parameters such as tempeeatuimidity, or air particulates.

Recent publications outline how PLF might be uselivestock systems to assess and control many
aspects of animal lives (Rutter, 2012; Berckmans, 2014; Bocquier et al., 2014; Mottram, 2016). In the
dairy cattle industry, the development of rumen waglelemetry has enhanced metabolic disorder moni-
toring, and mastitis can be detected by combininglaotivity and behavioral analysis with somatic cell
scores that are predictive of disease (Mottram, 2@5h technologies might offer an approach to rec-
oncile the conflict that sometimes exists between animal welfare and efficiency.

Investigation of specific sounds using continuowusnitoring has been examined in a preliminary
way in two different livestock systems. Recordingsotind emitted by broilers at various growth stages
allowed for a correlation of sounds with optimal growtlis information could be used to investigate
flocks when positive growth sounds are not heard,aswl to modify the environment and feed to max-
imize the periods of these growth sounds being em(fedtana et al., 2015). In the cattle industry, re-
cording of sounds in calves and labeling those naigesific for respiratory problems as a trigger for ex-
amination allowed for early identification of bowi respiratory disease (Vandermeulen et al., 2016).

Biosensors that detect physiological changes—ascincreased lactate (indication of developing
low milk yield in dairy cattle) or cortisol (inditiag stress level)—have been developed that work on
sweat, saliva, and tears (Weng et al., 2015). Appliehtanimal, biosensors can serve as color-changing
biotattoos to readily inform workers of impendipgoblems. Information can be transferred via cell
phone to create a timestamp as well as geographic oatedithat could be utilized for more effective
local, regional, and national coondition of overall stress or developing disease. Prompt reaction to
changes could facilitate isolation of infected ansmal prevent spread, increase amount of weight gain,
and decrease the number of sick animals that retherapeutic antibiotics. For PLF to reach its full po-
tential, additional research into relevant bioresporssaseded. Currently, most of the point-of-care diag-
nostic development is focused on detection of smep#dihogens (e.g., avian influenza). Although useful
in monitoring flocks during outbregseriods, a more robust system would be able to detect early stress in
an animal during the prodromic period. This will reglintensive examination of the innate immune re-
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sponse and examination into which biomarkers are thst rebable for detection in blood, saliva, tears,
or sweat. It will be necessary to deteatdfic algorithms and intervention points.

Phenotypes from sensors and PLF will also be itapbinputs to global efforts for collecting phe-
notypic and genomic data for bréegl and genomic discovery programs. Combining large-scale sequence
and varying phenotypic information from sensors wdtabases will be requisite to enable biology to in-
form breeding and feeding programs.

The biggest obstacle for PLF is the data scienedlerige of transforming multiple types of data
from various sensors and sources ikbowledge. This knowledge couldeth be used to accurately pre-
dict a genetically superior animal, an animal in distress or presenting disease symptoms, or an abnormal
state that requires farmer intervention. There arehwrdles in this regard: (1) the data science problem
associated with developing data-driven methods (@egp learning) that can create predictions based on
a variety of measurements coming from different sources, and (2) a translational issue of interpreting the
data-driven predictions to produce prescriptive leegélsnderstanding (see Chapter 6). This might range
from developing a breeding value of an animal throweghow and when a famer should be notified that
the intervention is required. Developing farmer+idly, cost-effective plug-and-play PLF applications
will require collaboration among animal scientists, adtical engineers, and data scientists focused on a
shared vision of animal-centered care.

3.6 Systems Analysis

In examining various production systems, or eamaimal-source foods versus plant-based or syn-
thetic alternatives, it will be imptant to conduct comprehensive lifeety analysis (LCA) of advantages,
disadvantages, and trade-offs. For instance, numstod&s have examined organic versus conventional
production systems, but none have looked simultaneatiglil relevant parameters involving an LCA to
include environmental impact, animal welfare, gniblic health. To date, the most thorough studies in
this arena have shown that there are evidently distilvantages and disadvantages to each in the various
categories of carbon footprint, water usage, and miteficiency (van Wagenberg et al., 2017). For in-
stance, although many consumers might choose tgdsiseef over cattle receiving conventional feed
because of environmental concerns about the efi@srof feeding grain to ruminants, the carbon foot-
print per unit of grass-fed beef can actually be conaldghigher than cattle that are finished on concen-
trates (Capper, 2012).

There is a need to objectively evate the sustainability implications of different animal agricultural
systems and protein source alternatives using isticobvidence-based reselrapproach. There are
many questions that have been posed that desig®us scientific analysis. Such questions include:
“What are LCA and nutritional implications of meaibstitutes such as edible biomass grown from ani-
mal stem cells in culture, or plant-based meataition products?” Reducing animal agriculture may re-
duce GHG, but there are other direct and indirect impacts on other aspects of the food and agricultural
system. A recent paper analyzed the environmamilnutritional implications of removing animals from
U.S. agriculture and found a minimal overall retitut in GHG (2.6 percent), but significant potential
impacts to human health through essential entrileficiencies (White and Hall, 2017).

Insects have been suggested as a future soupretefn (Payne and Van ltterbeeck, 2017; Williams
and Williams, 2017), and it will be worthwhile to empt the possibilities and implications of this protein
source. A recent review by van Huis and Ooni(®317) examined the LCA and environmental impacts
of insect farming compared to livestock productionafT$tudy concluded thét) less land and water is
required, (2) GHG emissions are lower, (3) insects Ihigle feed conversion efficiencies, (4) insects can
transform low-value organic by-prochs into high-qualit food or feed, and (5) certain insect species can
be used as animal feed or aqua feed (van HuiOamihcx, 2017). For instance, insects might be able to
partially replace fish meal feed, which is becognincreasingly scarce and expensive and is important
because of projected increases in aquaaifiroduction (Williams and Williams, 2017).
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Perhaps as important is communication of theserfgalito the broader plbl The sustainability
trade-offs associated with agricultural productiosteyns are often not obvious. Marketers may focus on
a single sustainability component of a productionesyswithout holistically addressing the trade-offs
accompanying issues such as food safety and afforgalsititmal health and well-being, worker safety
and health, and the environment.

In the United States, the Morrill Act of 1862 provided the basis for strong land-grant university re-
search programs, and the subsequent Smith LevieofAt917 formed the extension infrastructure that
would extend those research breakthroughs to fari@kach et al., 2016). Extension programs could be
better engaged in communicating agricultural sustdlinaresearch information to the general public as
their target audience, using the findings of soci@rgists on the science of effective science communi-
cation, given the importance of the public being dblappreciate the nuancasd trade-offs associated
with different systems to sustainably meet the needs of both human and animal populations.

4. GAPS

There are scientific knowledge gaps that remaan tfave prevented us from meeting the challenges
so far and would need to be addressed in ordesdlize the opportunities. These are stated as defined
basic or applied research questions below and adtiresseas of animal genetics, animal nutrition, ani-
mal health, animal facility design and managemensistainability and animalelfare, precision live-
stock farming, and systems analysis.

For animal genetics, research questions inclddeCan genetic and reproductive technologies be
advanced and successfully combiedesult in breeding schemes tla@hieve a 10-fold increase in the
rate of genetic improvement in livestock, poulaypd aquaculture populations by 20307? (2) How can col-
laborative work with researchers in various fields .(eggnetics, animal science, animal health) help to
develop reliable, objective selection criteria to enabletie improvement in sustainability traits such as
fertility, improved feed efficiency, welfare, andaleased susceptibility to disease in animal breeding
programs?

For animal nutrition, research questions inclugeHdw can precision nutrition be utilized to ensure
that each animal gets exactly whiaheeds? Would it be possible tombine nutrient information with
growing data about animals’ microbiomes to furttiee incorporation of exactness and efficiency? (2)
Through collaborations between animal nutritionistd plant/food scientists, would it be possible to dis-
cover novel, nutritious, and suitafeEedstuffs that are not human-consinte in order to decrease animal
agriculture’s resource footprint?

For animal health, research questions include (1atwan be done to induce or amplify an animal’s
innate immune response to pathogens? What nogeéption and intervention therapeutics can be devel-
oped to interfere with the initial eaunter and manipulate the innate response so that earlier protection is
developed? Would it be possible to breed animalsateathemselves resistant to specific pathogens? (2)
What methods can be developed to more easily detdofessted animal prior to visual onset of clinical
disease? What would be the role of biosensors\aedrable” technologies as inexpensive indicators? (3)
To facilitate rapid response and cainment, what penside tests candegeloped to decrease the lag time
between sample collection and laboratory dasis for transboundary animal diseases?

For animal facility design and management for austbility and animal welfare, research questions
include (1) How can animal housing and managemesmebeined in a multidisciplinary way that would
allow for high efficiency and productivity, combinadth animal welfare and worker safety, while mini-
mizing negative environmental impacts? (2) To aseisibjective assessments of animal welfare, what
parameters should be used to address welfare coriceamémal production systems? What are the ap-
propriate objective modalities for measurement thatkmrincorporated (e.g., sound, sight, and move-
ment) to help explore this area, particularly indicatof animals’ subjective states? How can the social
sciences help inform and translate scientifidiings for consumers to make informed decisions?
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For precision livestock farming, research questionkide: (1) How can sensors and data be used to
transform the traditional systems of livestock farminig ione that is more closely tailored to each ani-
mal’s specific neesP (2) How should a “pilot farm” be designeddemonstrate the utility and efficiency
of such a system that would provide continuous automatic real-time monitoring of production, animal
health, welfare, and environmental impacts?

For systems analysis with regard to animal adfuce, research questionsclade: (1) As the nation
evaluates new systems to improve the efficiencfoofl production, how can life cycle assessments be
used to holistically examine and coanp the trade-offs of proposedatiyes? Parameters for sustainabil-
ity and acceptability shoulohclude food safety and nutrient comjtims, nutritional, environmental, an-
imal health and well-being, workeafety and health, and affordability.

5. EXAMPLES

Some possible applications of combining various breakthrough strategies to provide a systems ap-
proach are detailed below in futuristic examples.

5.1 Beef Cattle Biotattoo

A farmer raising beef cattle has a new group ofesl Cattle are housed together, and a monitoring
system allows the farmer to visually detect, via adtiob in the ear, if the anahhas ingested colostrum
from the dam. A visual inspection shows the farmer #flathe biotattoos are pink, indicating that this
important antibody-laden milk has been successfulysamed, helping to protect the animal for the first
few weeks of life. A biotattoo in the other ear irates stress level, and a certain color indicates fever
and/or production of acute-phase proteins, such asdwamilgenerated early in an infection. The farmer
notes that two of the calves have a faint blue tingbédiotattoo, so thosmlves and dams are brought
in to an area for closer observation.

Before heading back to the housiee farmer activates the sound monitoring system, which records
all sounds made by this group of calves and damsthemnd are certain algorithms incorporated that will
alert the farmer to the first coughs experienceoovine respiratory disease and/or maternal distress. Any
relevant sound algorithm that is activated alerts thedaon a cell phone and, even in the middle of the
night, the farmer is able to administer the appraopriemedy to the affected animals, saving lives and
minimizing antibiotic use.

5.2 “Smart” Hog Facility

A state-of-the-art facility in the Midwest spedzals in feeder hogs. Recently weaned pigs are
brought in and given a thorough assessment bycdmsulting veterinarian. Sensors in all the animal
rooms are tied to the air handling and lighting systems to ensure optimal temperature, humidity, and am-
bient light. A small number of workers monitor the aaisnremotely and are attuned to behavioral cues
that the animals need to exert itenaehaviors such as rooting or cliregy the workers can insert the req-
uisite materials and/or activate access to an outgkror so that the animals can be fulfilled.

Weight gain and back fat are also measured rdya@tad environmental parameters are modified to
maximize lean muscle development. Fecal samples are periodically tested using inexpensive rapid assays
for Salmonella Because the microbiome of each pig is knoamy, carrier pig can quickly be identified,
removed, and treated. Removalsefvage is conducted by robotics, and the manure is deposited in a me-
thane transfer device that converts the energy amengothe entire facility. Transport to the slaughter
plant is achieved through chutes and into trucksrttiatic the pigs’ environment for all of their senses.

Prepublication Copy 47

Copyright National Academy of Sciences. All rights reserved.



Science Breakthroughs to Advance Food and Agricultural Research by 2030

Science Breakthroughs to Advance Faod Agricultural Research by 2030

5.3 Aquaponics in Elementary School

Elementary schools throughout a poor urban area, where fewer than 1 percent of children have ever

been to a farm, are each equipped with an ampiep unit, which sustainably combines fish production

and vegetable growth, that has been incorporatedthe science curriculum. Students are selected, on a
rotating basis, to attend to the fish and the védaesa and through their sgice classes learn about sus-
tainable agriculture and the value of recyclingeTitsh and vegetables are periodically harvested and
served in the school lunch program, with students hglpi the preparation. After 2 years of this pro-
gram, there is a noticeable increase in student interésbd science as a career, and several of the hous-

ing projects nearby have requested similar aquaponics units.

6. BARRIERS TO SUCCESS

Breakthroughs can only be accomplished if varigagernmental, societal, and funding concerns
are also addressed, as currently there are obsta@ebitving what is ensioned through this report.

1. Public research funding levels have remained stagioa many years, and are disproportionate to
the economic contributions of animal amture. The National Research Council reporitical
Role of Animal Science ReseaiohFood Security and Sustainabilif]dRC, 2015) recognized the
underfunding of animal sciences and called ifmreased investments. Funding initiatives often
omit research on food animals, focusing solatythe genetic improvement of agricultural crops.
The National Association of State Department#\gficulture has noted that “[t]his imbalance in
support for animal science puts U.S. animal adjticel at a major disadvantage at a critical time
when livestock, fish, and poultry producers aresstg to improve sustainability and address glob-
al animal protein demands” (NASDA, 2014)edent disease outbreaks such as porcine reproduc-
tive and respiratory syndrome and avian influeinzéhe United States underscore the need to de-
velop science-based tools to prevent aitibate the impacts of such outbreaks.

2. Big datasets are currently not stored or sharednayathat is useful for research or data scientists.

3. Many novel technologies are too expensive for commercial livestock producers and lack a user-
friendly interface to facilitate their adoption.

4. There is little consumer understanding of the draffs associated with different production sys-
tems and agricultural innovations.

5. There is insufficient focus in current funding cadis bringing together the disparate disciplines
needed to address complex problems using data science.

7. RECOMMENDATIONS FOR NEXT STEPS

Emerging technologies (such as genomics, genotitiaggdand biosensors) have transformative po-
tential to advance knowledge in animal geneticanahnutrition, and animal health. Funding mecha-
nisms must entice and encourage data scientistsyemrgi computer scientists, synthetic biologists, so-
cial scientists, and other nonagricultural disciplinesapply this biological knowledge to focus on
developing innovative solutions to animal agricultsineressing problems in a way that comports with
societal expectations. A research strategy to lentle implementation of precision livestock farming
using these technologies will require incentivizing tv@vergence of these disparate disciplines. Some
high-priority research areas include:

1. Enable better disease detection and managemiagt aislata-driven approach through the devel-
opment and use of sensing technologies and predictive algorithms.

2. Accelerate genetic improvement in sustainabilitytér (such as fertility, improved feed efficien-
cy, welfare, and disease resistance) in livestpolaltry, and aquacultungopulations through the
use of big genotypic and sequence datasetsdimiefield phenotypes and combined with ge-
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nomics, advanced reproductive technologiesl precision breeding techniques. The goal would
be to enable a 10-fold increase in the rate okge improvement in livestk, poultry, and aqua-
culture populations by 2030.

3. Determine objective measures of sustainabilitd animal welfare, how those can be incorpo-
rated into precision livestock systems, and howstiwal sciences can inform and translate these
scientific findings to promote consumers understandirtgade-offs and enable them to make in-
formed decisions.
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Food Science and Technology

1. INTRODUCTION

As the U.S. food system has evolved, advancesignce and technology have helped to provide a
huge variety of foods that are safenvenient, inexpensive, distributeddely, and available year-round.
Individuals representing many disciplines—microbiologyemistry, engineering, processing, packaging,
sensory science, nutrition, among others—work undeurtiierella of food science to support the integri-
ty of the food supply (Floros et al., 2010). In addition, food scientists collaborate with other disciplines
(e.g., agronomists, biotechnologists, material sciesptesconomists, and social/behavioral scientists) to
address problems in the broader “food system,” with the ultimate purpose of transforming raw, frequently
inedible, and in some cases, unsafeicultural commodities into safeutritious, high-quality foods that
are accepted and valued by consumers (see examBes i-1). Much of this is accomplished by food
processing, defined as any intentional change t@d é@curring between the point of origin and availa-
bility for consumption (Floros et al., 2010). Foodbiecessed for many different purposes and, overall,
processing results in improved product characteristics asiclafety, shelf life, quality, sensory attributes,
and nutritional value. In more recent years, coresgrhave demanded additional product features such as
convenience and variety to their food choices, and éx@gct greater transparency about the origins of
their food and the type of processgtilized in manufacturing a product. New trends such as online food
shopping and the use of food-on-derd services allow for even greater individualization in consumer
choice, preference, and demand.

Attaining a food supply that provides safe, healtippealing, and affordable foods is the shared re-
sponsibility of food and allied industries, local, etand federal governments, and researchers and edu-
cators in academic institutions, along with conswnthrough their food choices and practices. Most of
the necessary research and depelent (R&D) work to launch newommercial products is naturally
initiated and conducted by the private sector. Howewgstigating overarching concepts in the food
sciences, and solving universal, crosscutting problenigequently tackled with basic and applied scien-
tific research that is conductedmatblic and private universities and in government laboratories. Although
different stakeholder groups contribute to the fagdand intellectual enterprise of the agricultural and
food-related activities, historically the research effdrave been largely supped by both public and
private funds. Between 1970 and 2008, the public conivibuvas relatively stable at about 50 percent of
the total private sector and public sector R&hding (Clancy et al., 2016). Recently, however, the
source of funding has shifted. During the period 2008013, real private investment in R&D in the ag-
ricultural and food sector rose sharply (up by 64 peycarmile real public investment fell by 20 percent.
Private funding has dominated R&D in food manufacturing (Clancy et al., 2016). Public support for hu-
man nutrition research has increased over the lastadelecades. The nutritiaesearch includes nutri-
tion through the life cycle; health (disease, metsboland metabolic mechanisms); and food science
(monitoring, education, and policy; and supplemertigwever, the portfolio of research has changed
with increased funding from the U.S. Departmenteflth and Human Services and decreased support
from the U.S. Department of Agrilture. The shift has affected thepty of problems addressed through
federal support as well as mechanism (shifting frooméda funds to nonformula extramural support).
From 1985 to 2009, the federal share of reseangtiifig for food sciences (food processing, preservation,
and other food-related technologies) decreased from 4(ptrcent of the total funding for nutrition re-
search (Toole and Kuchler, 2015).
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BOX 4-1 Examples of the Contribution of Food Science
and Technology to Improving the Food Systems

Frozen Foods

For centuries, inhabitants of cold climates have used the natural winter frosts as a preservation
approach to protect foods from microbial or enzymatic deterioration. Following early experience with
ice making in the 19th century, technology developed rapidly and by the end of the 19th century, cold
air freezing plants were being used to produce frozen poultry in Europe, which was being traded be-
tween countries. In the 1920's, Clarence Birdseye developed flash freezing of food, which produced a
product of much higher quality; this technology was investigated by the military during World War Il. As
an evolving society embraced convenience and variety, and the food industry recognized financial
benefits such as enhanced capacity and extended shelf life, freezing technologies were increasingly
embraced in the decades that followed. This has led to innovations such as frozen meals available in
groceries to the recent emergence of the food-on-demand businesses that provide door-to-door deliv-
ery of ingredients and products by overnight shipment.

Food Fortification

Food fortification or enrichment can be defined as the intentional process of adding micronutrients
to food. A historical example is the addition of iodine to salt, which began in the 1920s because the
lack of natural iodine was resulting in a high prevalence of goiter in the population. Among the many
examples of improving health via fortification is the U.S. mandatory fortification of all enriched grain
products with folic acid, which has prevented thousands of neural tube defect incidences per year.
Developments in nanotechnology, specifically nanoencapsulation, is providing a means by which to
improve our fortification capabilities by, for instance, protecting sensitive bioactive compounds from
acidic environments, exogenous enzymes, or thermal degradation; enhancing solubility; and/or
improving release or bioavailability (Singh et al., 2017). New investigations are focusing on biofortifica-
tion, the use of agronomic practices, conventional plant breeding, and modern biotechnology to in-
crease nutrient levels in crops during plant growth (e.g., iron-biofortification of rice, beans, or sweet
potatoes; zinc-biofortification of wheat; provitamin A carotenoid-biofortification of sweet potatoes or
maize) (WHO, 2016).

Upcycling: Reuse of By-Products from Food Processing

A classic example of early upcycling was the utilization of sweet whey, a by-product of cheese
making, as an ingredient in various food products. Considered a waste by early cheese producers,
whey was pumped into rivers and streams, which created dead zones in the ecosystem because of
overgrowth of algae (Marwaha and Kennedy, 1988). When this practice was banned, whey began to
be used in various capacities, first as animal feed, then as a filler, and eventually as an ingredient of
“health food” products. In addition, cream skimmed from whey was used to make whey butter, an in-
gredient in butter-flavored food.

Other historical successes of upcycling include the use of fishing bycatch to produce value-added
products such as surimi. Upcycling has gained significance among food manufacturers not only as a
lucrative process but more importantly as a part of their resource efficiency and sustainability man-
agement plans. A modern example of the need for upcycling is the mounting quantities of acid whey
being produced as a result of the recent popularity of Greek-style yogurt. Researchers are investigat-
ing ways to upcycle this new food processing by-product.

This chapter identifies important challenges falogdhe postharvest food sector in making progress
toward meeting future demands for a safe, nutritioustagwable, and affordabfeod supply for all. It
also identifies emerging opportunities, largely amasequence of scientific and technological develop-
ments, to address these challenges, along with ayap$arriers. Concrete illustrative examples of these
emerging opportunities are provided. The chapter dotsaddress the cost and social implications of
these technological advances, including factors that limdt access to new products or processes (e.g.,
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production scale, location, or consumer resourcdough it is recognized that these factors are im-
portant drivers of their ultimate adoption. Chaptexof@isiders some of the socioeconomic considerations
related to the scientific innovations.

2. CHALLENGES

Factors such as population growth, more varia@ather cycles, and globalization, among others,
have and continue to dramaticatifange our food system. Supply netis now offer greater consumer
choice over a wide variety of products through lamgterconnected marketslowever, many challenges
to the system have emerged. The committee idemtifi® general challenge areas that need to be ad-
dressed over the next 20 years using the nesegsttific and technological breakthroughs.

2.1 Challenge 1Develop High-Guality, Nutritious Foods Produced and Distributed in a Sustaina-
ble Manner to Meet the Needs and Denmals of a Diverse Consumer Population

The essential role of food is maintaining hunlié® and health. Food promotes health because it
contains nutrients that are necessary to provideggnareet physiological needs and functions, and pre-
vent chronic diseases. As mentioned in Chapterid réiport does not address research efforts devoted to
understanding the association between human nutatiohhealth, although it should be noted that this
continues to be an important area of future resedndeed, the increased recognition of the complex,
and often personalized, interactions between agri@llfuroduction, food, nutrients, and human health
begs for research to improve aunderstanding of food and nutrient tadeolism and their relationship to
diet and health. Findings from this type of reseammhld lead to more healthful foods and better diets in
general, and those in accordance withrtbeds of specific consumer subpopulations.

It is important to recognize that humans eat foodd nutrients, and so foods must be both nutri-
tiousand appealing. Sensory attributes are among the imeirtant drivers of food consumption prefer-
ences (Lusk and Briggeman, 2009). The holistic sensxpgrience is complex, and there is an implicit
causal chain of events from sensation, to experngnpleasure, to food intake. Sensory is not only im-
pacted by the complexity of food components from m@oiecules to ingredients to formulation; there is
emerging science indicating that human genetic variglglitys a major role in the way individuals expe-
rience foods. Understanding the interactions betwkerfood chemical composition and the consuming
human is critical to developing products that neetsumer preferences for flavor and appearance while
delivering nutrition and health benefits.

In addition to consumer appeal and healthfulnesssumers’ eating preferences are driven by many
social, behavioral, and psychological factors (Lus#é &cCluskey, 2018). For some consumers, ethical
and environmental concerns may dominate their prates (e.g., vegetarian protein substitutes for ani-
mal products; insects used as a source of protein); for others, place of origin and local sourcing are pre-
dominant considerations; and irhet cases, perceived risks weigh heavily in food choice (e.g., choice of
organic options, avoidance of genetically engineéoeds or other new technologies). Improved under-
standing of the influence of social, behavioral, pagchological factors on the development and role of
these influences is necessary, particularly as coasuare faced with choiseabout products developed
with new technologies for some of which there isfticting evidence on risks and benefits. One relevant
ethical issue is that of consumer behavior arolod loss and waste, given that 30-40 percent of the
food produced in the United States is wasted, lgrgethe retail and consumer stages (Gunders, 2012;
Buzby et al., 2014; Bellemare et,&017). Food-supply chain participed have joined forces in initia-
tives to reduce waste (e.g., changing product labgloiigies) but important technological innovations
can be added to these efforts, including developwfenays to increase product quality, shelf life, and/or
safety. Other challenges are best addressed throagh fm a systems approach and behavioral changes
(see Conrad et al., 2018, for an example of the aigdl®f improved diet quality being associated with
increased food waste and greater amounts of water and pesticide use).
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2.2 Challenge 2: Protect the Integrity and Safety of the Global Food Supply Chain

An increasingly globalized and highhetworked food supply chain has made it more challenging to
protect food from intentional and unintentional midedland chemical contamination. Although regulato-
ry and surveillance systems are arguably better theyhwere 25 years ago, in many ways our current
food safety system still lacks sophistication and ismiwible enough to respond swiftly when a critical
issue arises.

Assurance of food safety relies on preventing contamination or removing/inactivating the contami-
nant if it occurs along the chain. Large amounts of food safety data are currently being collected from
farm-to-fork, but those data can be somewhatler(e.g., visual inspection of poultry carcasses along a
processing conveyor rather than instrumentation ureasents) and when measurements are made, they
are simple (i.e., non-quantitative) and delayed; certaihBy most often provide only a snapshot in time.
New technologies are making it possible to obtain nsoghisticated data, sometimes collected continu-
ously and/or in real time. If more precise, accuratgter, and less expensive technologies were applied to
food protection, testing could occur more oftenfdoilitate the detection of infrequent contamination
events, and to more rapidly manage and respornabtb $afety incidents. For example, the availability of
very rapid and sensitive ways to detect harmful bicklgagents or chemical contaminants would result
in a safer food supply, especially if detection occutrefibre the contaminants were widely dispersed as
ingredients or through products entering the retail ®@tem. This would be particularly the case if the
methods were easy to apply and inexpensive. ldemgifihe most relevant data and points of collection
and intervention are key to effective and integratath systems. Field deployability would allow detec-
tion technologies to touch every phase of the farm-to-fork continuum.

When a contaminated product does enter the maokein outbreak occurs, we currently rely on
piecemeal systems to perform epidemiological stigations, trace back, and trace forward, meaning
public health risk remains elevated for extendedogksriof time, until the right information has been ob-
tained and synthesized. A thorougihd integrated data communication and management system that in-
cludes all steps in the supply chavould greatly aid traceability and reduce the public health impact of
food safety events, particularly in the case of largecgssors, distributors, and retailers. As stated above,
technological advances over the last few decades hanedgiee door to faster, more accurate, and more
relevant data collection in food safety. When marriedlgorithms that assess risk and costs and benefits,
it is possible to prevent contaminated products frotererg the food chain or if they do, prevent their
further distribution and consumption in a matter of minutes or hours, not days or weeks.

There is also a need to ensure that besttipescto maintain food quality are being adhered to
throughout the food supply and distribution channels.ifisiance, data from biochemical analysis can be
used to ensure that product tratech as appearance, flavor, or itiginal value are maintained. An inte-
grated system that mapped the flow of productsiagaedients, and transferred information about food
quality throughout food distribution, would improvéigency and integrity by contractors all through
the supply chain and increase consumer trust. Baswrrance of food quality will also aid in optimizing
resource efficiencies in the system and ultimatetiuce food loss and waste through improved ingredient
flow and increased product shelf life.

3. SCIENTIFIC OPPORTUNITIES
3.1 Opportunity 1: Omics Technologies

The recently coined term foodomics refers the usewics” technologies and data as they relate to
the discipline of food science (Capozzi and Bordoni, 2013; Andjelkovic et al., Zadr7g¢xample, inte-
grated analytical approaches in food chemistry amalysis can be used to increase our understanding of
food composition at the molecular and even atomic leViels. now possible to produce food “finger-
prints” of chemical composition, information that isesant to safety, quality, authenticity, security, and
nutritional value (Gallo and Rerrtin2016). Beyond food fingerprimtg, omics technologies provide a
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means to detect, quantify, and charactenimividual metabolites or combinations therebis is open-

ing doors to development of improved bioactive apson and delivery systems, and better colors and
flavors, to name just a few of the applicati¢@allo and Ferranti, 2016). These technologies are also par-
ticularly useful in identifying relevant volatile compnds that may serve as markers of product freshness
(Wojnowski et al., 2017), for improving food qualignd ultimately reducing food loss and waste. They
may also identify molecular targets (analytes) dutiregdevelopment of advanced detection methods for
harmful microbes, chemicals, and toxins, and tteeesfurther improve food safety. Identification of nov-

el biorecognition molecules used to capture andaldtey analytes will make it easier to perform anal-
yses on very complex sample matrices, a long-timeaolesto the application of advanced analytical
methods to food€?roduction of increasingly miniaturized anadgl equipment (i.e., infrared, ultraviolet,
mass spectrometry and nuclear magnetic resonand®]dpectroscopy), some of which can automate
sampling and analysis for real-time biochemical measent, offers opportunities for exquisitely sophis-
ticated chemical analysis thaitay become field deployable.

The combined use of omics technologies, bioinformatics, and advanced analytical methods provides
innovative means by which scientists can explore act@ns between systems. In nutrition, for instance,
applying omics techniques to human genetics, physiological status, the gut microbiome, and food compo-
sition can lead us closer to integrated perseadlinutrition (Grimaldi et al., 2017; Kaput et al., 2017)
(see Box 4-2). In sensory science, where we knowthtigaflavor experience is multimodal, omics tech-
niques can be used to characterize genetic andboletalifferences in consuen perception of flavor,
allowing for a better understanding of what drives fobhdice. When this information is used along with
food fingerprinting, it becomes possible to desigwl @roduce food having ideal health benefits with
greater consumer appeal.

BOX 4-2 Examples of Precision Nutrition

Personalized (or precision) nutrition is a customizable approach to dietary management, providing
tailored nutrition advice that is relevant to the varied needs of a specific individual or group of individu-
als. While this has more or less been the approach of nutritionists for decades, the availability of ad-
vanced omics techniques has allowed for better understanding of the relationship between food, ge-
netics, physiology, lifestyle, and other factors. When these data are integrated and appropriately
analyzed for an individual person or a group, it is possible to predict physiological responses; manage
or even prevent disease states; and balance physical with emotional needs, among others.

An example of using omics and nanotechnology for precision nutrition is a measurement of vita-
min Bi2 levels in blood. Vitamin B2 is an essential nutrient, and low serum levels have been associat-
ed with adverse metabolic health profiles, such as insulin resistance and cardiovascular disorders.
Genome-wide association studies have identified more than 12 genetic variants associated with serum
vitamin Bi2 levels. One variant of the human gene FUT2, encoding a protein involved in the attach-
ment of the bacterium Helicobacter pylori to the gastric mucosa, is associated with low vitamin Bi2 lev-
els in the blood. A variant of the human gene TCNZ2 is associated with both low serum vitamin B12 and
high homocysteine levels. Mutations in several other genes, for example, TCN3, GIF, CUBN, and
AMN, have been identified as causes of various vitamin Biz absorption deficiency syndromes. A
mobile platform for the rapid analysis of blood vitamin Biz levels has been recently developed. The
NutriPhone technology, which is composed of a smartphone accessory along with an app, is a proto-
type that quantifies vitamin Bi2 at very low physiological levels using an innovative test strip that was
built using nanotechnology based on silver amplification technology. Its utility has recently been
demonstrated in a small study on human subjects (Lee et al., 2016) and it is a good illustration of the
ability to harness advanced technology toward the ultimate goal of personalized nutrition.
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3.1.1 Gaps

Individual omics technologies focus on one aspect or component of a much larger system. In a
health care setting, genomics can be used for gefirgierprinting, metabolomics for metabolic profil-
ing, sequencing and bioinformatics for elucidatingreleteristics of the microbiome. For a particular
food, various omics techniques can be used to deterits nutrient compositiorsensory characteristics,
and microbiological profile. Each of these individaalalyses provides characterization of what is going
on in a patient or a product and constitutes ayatbs1. However, to understand the entire person or
product, there is also the need to elucidate how th#sgystem interact with one another, forming a sys-
tem of systems. For instance, most chronic dise@sgs diabetes and cardiovascular disease) are com-
plex, with diet being only one contributing factdfor such diseases, there are significant gaps in
knowledge about interactions betweggnes, diet, other behaviors (e.g., exercise and stress), and social
and cultural factors, among others. Having the dalentific capabilities to understand the interactions
and identify the key determinantsanfy particular illness or trait has yet to be realized (see Box 4-3).

3.2 Opportunity 2: Sensor Technologies

According to a recent study, the most commeasons given by consumers for discarding food were
concerns about its safety and the willingnessawsame only the freshest product (Neff et al., 2015).
Having a technology that can “sense” product safety, guarid/or freshness, preferably in real time,
will deliver critical information to processors, distribtg, and consumers, potetly resulting in better
decisions about safety and food waste. Such technologies ideally would have features such as high sensi-
tivity and specificity of analyte detection, low cost,afiootprint, reliability, short time to result, and be
field deployable and adaptable, among others.

Sensors are devices that detect or measure physical, chemical, or biological properties and then rec-
ord, indicate, or respond to those results. Bioserigopgrticular are analytical devices that combine a
biological component with a physicochemical detecidre biologically derived component is a material
or biomimetic compound that interacts, binds, or otherwise recognizes the analyte to be detected. Increas-
ingly, these are being identified using various @meethods (see section above). The interaction be-
tween the biological element and the analyte results in a signal; a detector element physico-chemically
transforms (transduces) that signal, and frequentiifiespit into a form that is readily measurable and
sometimes quantifiable. There are many types osthacers, such as electrochemical, optical/visual, and
mass based (Vigneshvar et al., 20ABhi and Mukhopadhyay, 2017). Table 4-1 provides a summary of
some common biosensor technologies.

Nanomaterials are increasingly used as components of biosensors and can serve a variety of func-
tions, including as immobilization supports, for sigmaahplification, as alternatives to enzyme labels
(“nanozymes”), and to aid in signal generatiow @uenching (Rhouati et al., 2017). In most cases, the
choice to use nanomaterials is founded upon t@wr& to produce assays with greater sensitivity and
specificity. Noble metals (e.g., gold and silver) &mxjuently used for signal amplification because of
their unique physicochemical properties; howewarbon, magnetic, metal oxide—based, and quantum
dot nanoparticles have also been used (Rhouati, &l7). Incorporation of a nucleic acid amplification
step into the biosensor design, particularlysthdahat do not require temperature cycling (e.g., loop-
mediated isothermal amplification, recombinaseyp@rase amplification, and rolling circle amplifica-
tion) can also increase analytical sensitivity (Giuffratad Spoto, 2017). Examples of nanosensors in
developing specific food safety applications ar&ifled in Wang and Dunca2017) and in Vigneshvar
et al. (2016) (see some examples in Table 4-2).

Sensor technologies are also highly applicablenémitoring product freshness, such as detecting
biochemical parameters that are correlated with ptosfugilage and shelf life, particularly near product
life end (Xiaobo et al., 2016). These types of senacgsusually noninvasive in nature. Examples of
product attributes that can be measured are colmpréssence of surface defects, and chemical composi-
tion. Technological platforms include optical, acoustical, NMR, and electrical. For example, light in the
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visible/near-infrared spectra can penetrate readilybidhngical systems, and when applied to a food can
provide a “fingerprint” to assess parameters such as freshness, firmness, and texture. Biomimetic devices
such as electronic noses, which ameady used for personalized medicine (Fitzgerald et al., 2017), are
being piloted for evaluating spoilage and shelf life of meats (Wojnowski et al., 2017).

BOX 4-3 Gaps in Understanding a System of Systems: Determinants of Chronic Diseases

The gap in understanding systems within systems is clearly illustrated in the area of diet, food, and
nutrition where one can think of various systems—genetic, epigenetic, and nutrient—gene interac-
tions—driving the variation in risk of diseases and resulting in individual nutritional requirements. The
figure below shows the relationships among various systems as they drive the phenotypic variation in
cardiovascular disease (CVD), an example of a complex chronic disease (NASEM, 2018). Although
dozens of single-nucleotide polymorphisms (SNPs) and combinations of genes (genetic risk scores
[GRS]) have been associated with higher risk of CVD phenotypes in several genome-wide association
studies, the role of diet in these associations is poorly understood. The figure shows how a variety of
nutrient components (e.g., a food, a nutrient, or a food group) can modify the genetic risk of a disease
by interacting with a genetic component (SNP, GRS, or whole-genome next-generation sequencing
[GNS]). Although, we can expect enhancements to the predictive value of SNPs and GRSs for CVD
events and the identification of patients at increased genetic risk, there are gaps in the evidence for
designing personalized diets for optimizing the prevention of CVD.

Understanding such a complex system and the number of parameters to be estimated within it—
complex interactions and nonlinear dose-response relationships among all the nutrients in the food
supply, all the microbes in the human gut, all the polymorphisms in the human genome (Grimaldi et
al., 2017; Kaput et al., 2017), and additional environmental factors—necessitates not only the genera-
tion of data but also the data science technologies to store, curate, analyze and share the large vol-
umes of data.

FIGURE 4.1 Complexities of nutrigenomics, using cardiovascular disease (CVD) phenotypes as the endpoints.
NOTE: GRS = genetic risk score; NGS = next-generation sequencing; SNP = single-nucleotide polymorphism.
SOURCE: Corella et al., 2017.
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TABLE 4-1 Summary of Various Biosensors with Their Advantages and Limitations

Method of Detection Advantages Limitations Cost References
Optical methods Sensitivity is high, can detectCost is very high High Mandal et al., 2011;
almost in real time, and Zhang, 2013
detection system is label-free
Electrochemical methods Requires large quantity of Specificity is low, not suitable Low Mandal et al., 2011;
sample numbers, might be for low sensitivity, and needs a Zhang, 2013
automatic, and detection lot of washing steps
system is label-free
Mass-based methods Cheaper than other methodsspecificity and sensitivity are Low Mandal et al., 2011;
easy operation, able to detect low, requires long incubation Zhang, 2013
in real time, and detection is time, and regenerating crystal
label-free surface is problematic
Nanomaterial-based sensors User-friendly measurementConcerns regarding toxicity = Medium  Pérez-Lépez and
and measurement can be doneof the nanomaterial and may Merkogi, 2011
in real time not be possible to regenerate
the sensor

SOURCE: Alahi and Mukhopadhyay, 2017.

TABLE 4-2 Selected Applications of Nanosensors in Food Safety

Type Principle Application References
Acetylcholinesterase Electrochemistry Understanding Pundir and Chauhan, 2012
inhibition—based biosensors pesticidal impact

Piezoelectric biosensors Electrochemistry Detecting organophosphate Marraza, 2014

and carbamate

Quartz-crystal biosensor Electromagnetic For developing ultra-high-  Ogi, 2013
sensitive detection of
proteins and liquid

Microbial fuel cell-based biosensors Optical To monitor biochemical oxyg&utierrez et al., 2015;
demand and toxicity Sun et al., 2015
in the environment and heavy
metal and pesticidal toxicity

Based on cellulose nanocrystals Nanomaterials To detect norovirus Rosilo et al., 2014
Based on aptamers, single-stranded Nanomaterials To monitor mycotoxins Pak et al., 2014;
oligonucleotides (DNA or RNA) in various foods (e.g., wine, Xiao et al., 2015

that interact withanalytes with ground corn)

antibody-like ability
aFrom Vigneshvar et al., 2016.
SOURCES: Vigneshvar et a2016; Rhouati et al., 2017.

At the end of the sensing phase, an electronic redlibevs signal processing so that results are dis-
played in a user-friendly manner. Mobile diagnostie thse internet of things technologies to link sen-
sor output to smartphones and cameras, and are eupled with data entry on servers or the cloud, have
been reported, particularly for detection of foodimpathogens, food allergens, antibiotic residues, and
shellfish toxins, in relevant sample matrices (Ra¢tral., 2017). Although haineld mobile readouts are
still in development with significant need for improvent (e.g., reducing signal-to-noise ratios, miniatur-
ization, sample preparation, data interpretation,, ce$ibility), their future is bright because they pro-
vide options for portability and real-time resulisportant features for managing an already complex
food chain.
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3.2.1 Gaps

There are a number of practical impediments txassful, routine use of biosensor technologies in
foods and environmental samples. Many diffet@nsensors for detecting pathogens sucBamonella
in foods have been reported, but they vary widelperformance, particularly analytical sensitivity (de-
tection limit), frequently ranging from a low of onengie cell to a high of millions (Cinti et al., 2017,
Silva et al., 2018). While of lesser importance in clinical settings where samples come from ill individuals
and pathogen concentrations arghhithis is not the case for food, water, and environmental samples.
These sample types may be infrequently contaminaeldwhen the contaminant is present, concentra-
tions are low. Hence, for sensors to be of the greaddse in food safety, analytical sensitivity (detection
limits) must be low (10 cells) and specificity needs to be higghaddition, sample size should be large
and testing done frequently in orderaitcount for low contaminant prevalence.

In short, assay sensitivity and specificity (detactimits, low propensity for false positive and false
negative results) must be improved for sensor techreddgigain more widespread use in food and agri-
culture. In addition, there is a pressing need ekt sample preparation methods and protocols that
will efficiently concentrate and purify an analytleom the matrix prior to use in the sensing device
(Brehm-Stecher et al., 2009). This includes validatieqgsor performance in relevant natural sample ma-
trices (i.e., various waters, foods and environmentapsss). Other factors related to conditions and ease
of use, robustness, and cost are critical for ssc8olving these practical scientific problems—along
with assuring that sensors are “fit for purpose”™—walijuire extensive, multidisciplinary effort.

3.3 Opportunity 3: Integrated Data Management Systems

The development of omics and sensor technekgiill augment the capiities to collect increas-
ing amounts of data in the food processing, safety, and quality realms (e.g., process validation, optimiza-
tion and control, environmental, apdblic health data). Ultimately, ¢hvalue of data to the food supply
chain is to provide more and betteformation upon which to basestgm optimization and management
decisions regarding food processing, safety, quabtytrol (e.g., preservation of product traits), food
waste reduction, and system monitoring, among otfidrat means there must be an infrastructure to
house massive amounts of records, and a means bk Whioise records can be integrated and effectively
used for decision-making purposes. Associated witdalthanges is the need to identify and understand
the design and behaviors in emerging food supply chains.

In the area of food safety, there are a numbéargle, publicly accessiblonline databases used by
the public health sector (inventoried in Marvinagt 2017). Examples are the National Outbreak Report-
ing System, the Genome Trakr Network (whole-genseguences of pathogens), and others used by in-
dustry, such as Combase (data for quantitative mickaipy and models predict growth and inactivation
of microorganisms). The availability of online selzable databases (e.g., JIFSAN’'s FoodRisk.org, a
metadatabase for tools and modeisyl of social media and crowdsougi(e.g., iwaspoisoned.com) plat-
forms provide other capabilities. These and other datdhave clear utility forfierent types of appli-
cations. However, that utility would be enhancedafa and databases were gntged with one another,
particularly with less publicly accessible data sashindustry process monitoring and product tracking
systems (e.g., GPS and RFID; Mejia et al., 2010), quedityrol systems, or public food safety monitor-
ing efforts (see also Chapter 7 on data). Theresamge early examples (see Box 4-4), but a much more
concerted effort is needed toward data integnatm support food-safety decision making. Hill et al.
(2017) provided a proof-of-concept for the use ofareic and epidemiological metadata integration
along with sophisticated data analytics and moddimgearly detection of human infection with food-
borne pathogens. The model allowed this groupnd &issociations between DNA sequence, location of
the food animal across the production chain, and hulimess. With technologies that collect, transmit,
store and analyze data obtained from real-time serelorgy with a centralized system of databases with
sampling and processing data, their approach holamipe and would theoretically allow the tracking
and tracing of individual food units.
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BOX 4-4 Early Examples of Data Integration

An example of successful data integration to help prioritize public response and health planning is
the WHO global platform for food safety data and information, FOSCOLLABO. This platform is de-
signed to integrate data and information on food, hazard, country, and year through user interfaces, or
“dashboards” that can be customized by need and data format.

A quite different example is the Consortium for Managing the Food Supply chain, a joint effort by
IBM and Mars, Inc. that involves sequencing the microbiomes of foods along the supply chain to pro-
duce a genome sequence reference database for microbial pathogens. By comparing genome se-
quences from a test food to the reference, low levels of pathogens in an unknown sample can be iden-
tified very rapidly. With the proper analytics, this method could also be applicable to identification of
product adulteration or the presence of specific traits for product verification.

SOURCES: Beans, 2017; WHO, 2018.

Integrated data and data management systemalsarbe applied with the goal of improving re-
source efficiencies in the food system. Implementatibsuch a data management system in food net-
works supports efforts to optimize food processekracycle and reduce waste during and after manufac-
turing as an operational concept in order to achige@reular economy” that makes best use of the range
of waste streams in the agricultural and food syqtss, for instance, the North American Initiative on
Food Waste Reduction and Recovery [CEC, 2018] and the European Union’s AgroCycle [UCD, 2018]).
A more integrated and holistic data managemenesystpproach to thinking about minimizing product
and food waste may focus on identifying food wagiaversion methods for e and non-edible pur-
poses. In such a distribution system, a seamless safpgily of foods and ingredients with a leaner, sim-
pler, and transparent data management system vibeuldtal. Considerations of system design and sci-
ence are discussed in Chapter 8 on systems.

An example of an innovative exchange system ageal to facilitate the diversion of surplus retalil
food products to distribution sites is the one recemélyeloped with food banks. Efficiencies are gained
through the development of networks and excharfgeslistribution of surplus foods from retailers to
food banks and distribution centers. Integrationeafl-time data on available foods and existing needs
provides a mechanism for redirecting food to Hekpd the hungry and reduce food waste (Prendergast,
2017). Within the industry itself, goals for reduciiogd waste can be accomplished by setting standards
for ordering, receiving, preparing, processinachaging, serving, and tracking food production.

One technology that has enormous potential Wlttionize the management and storing of data
and to facilitate the integration of food distributigystems, among other applicas, is blockchain (see
Chapter 7 on data). Blockchain @lsalled open, distributed ledgers) is a system in which a continuously
growing list of decentralized and egpted records (blocks) are linked that it can be securely distribut-
ed across peer-to-peer networks. Blockchain allfmwshighly transparent and instantaneous transfer of
product data associated with many attributes, including the safety and quality of food, as well as environ-
mental stewardship, all arising from activities sashroutine monitoring, inggtion and audit, accredita-
tion, and laboratory analyses. The improvements firmplementation of blockmin technology will also
benefit consumers as they demandre detailed information about product sourcing, origin, processes,
and production methods. For example, offering verifiemuct sourcing, non-GM (genetically modified)
or “organic” products to the consumer requirestags to preserve and track segregation through the
supply chain. Consumers and otheryers are able to access inforroaton the product via smartphone
applications and other data platfarf\lthough in its infancy, blockcirais an important emerging tech-
nology (although it has its detractors) that may aliotegration of detailed information across different
platforms and ownership structures and providefiabie information that consumers seek from manu-
facturers’ claims. Although some applications tlwak purchases to specific retail outlets or consumers
have benefits at the consumer level (e.g., & ¢hse of food safety or other product recalls), little is
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known about consumer response ttadsystems extended to the retahsumer level. See Box 4-5 for
more concrete examples of the Bggtion of blockchain technology to the management of data on the
food supply chain.

3.3.1 Gaps

As companies are increasingly exploring the useblafkchain technology in the agriculture and
food arena, both challenges and solutions arengrigi recent report aimed at better understanding the
implications and needs of the bloblain technology to stakeholders (e.g., producers, manufacturers, trad-
ers, and product standard organizations) idedtifiee following key challenges: access and implementa-
tion of the technology; the need for a workforce et adapt and learn new competencies; privacy con-
cerns; considerations related to regulatory framesyarkeroperability; and compatibility with existing
systems (Ge et al., 2017). Specific stakeholder grbaps identified cost and knowledge of the technol-
ogy as main challenges (IFIC Foundation, 2018).

3.4 Opportunity 4: Materials Sciences and Engineering

Food scientists apply engineggiprinciples to design novel messing and packaging technologies
that result in profound improvements to the quakgfety, acceptability, and shelf life of foods. Depend-
ing on the technology (e.g., thermal, aseptic, ovi@ve, pulsed light, ohmic heating, high pressure,
freezing, and refrigeration), these processes offeamages such as improved product quality (organo-
leptic characteristics that resembitee fresh product), reduced energy usage, smaller footprint (better
portability), and lower environmental impact (IFT, 2000; Neetoo and Chen, 2014). Some of these tech-
nologies may be particularly well-suited for certainde or venues, especially those in which large capi-
tal outlay for food processing is not possible or economically feasible.

BOX 4-5 Example 2: Making Risk Management Decisions by Using
Blockchain and Associated Data Analytics (Recall, Outbreaks)

During an outbreak investigation or a product recall, a reliable traceability system is essential. In a
comprehensive study, Mejia et al. (2010) reported that food companies have many different traceabil-
ity methods, from as simple as manual records to as sophisticated as electronic &mased systems, alt-
hough paper records are used by almost all parts of the supply chain to some degree (Mejia et al.,
2010). Traceability is enforceable according to the 2011 Food Safety Modernization Act (FSMA, P.L.
111-353), meaning that food establishments are required to keep detailed records but it is far from
seamless. There is inconsistency in both the types of data collected and the way the data are recorded
(i.e., from manual pen and paper to bar codes, radio frequency identification [RFID] and, electronic
systems). These all impact the speed at which information can be accessed and processed, an im-
portant consideration in the case of recalls and outbreaks. Although there have been initiatives to
streamline product tracing, they are difficult to integrate into existing processes.

Walmart, Unilever, Dole, and others have recently collaborated with IBM to investigate potential
roles for blockchain technology. Using the Hyperledger Fabric platform, companies are reporting that
the increased transparency of blockchain would likely facilitate greater responsiveness in the case of
foodborne illness outbreaks and recalls, including greater timeliness and accuracy. In fact, Walmart
has already demonstrated the utility of blockchain to improve food safety by testing its efficacy in a
mock trace-back of a fresh fruit product, which took 7 days using conventional methods but only 2.2
seconds by accessing blockchain records. Blockchain identified the farm from which the product was
harvested and its path to the retail shelves.
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Advances in materials science and nanotechnolgygpplied to production of packaging materials,
holds great promise for advancing quality and safefpad products. Active packaging, of which modi-
fied atmosphere packaging (MAP) is an early exanipla, system in which the food, the material, and
the environment interact dynamically by incorporgtoxygen scavengers, antimabials, and/or mois-
ture adsorbents into the foodgkaging materials (Mlalila et al., 2016). These active compounds may or
may not be released into the food, or prevent uteeagubstances from entering the package, and in so
doing, they can improve product quality, ensure gafmtd/or extend shelf life. For example, nanocom-
posite materials (i.e., polymers in combination witthopatrticles) provide botbarrier and chemical pro-
tection to foods (Pradhan et al., 2015). “Smart” food packaging refers to a system that undergoes automat-
ic changes in micro- or nanostructures as a consegqua’ dynamic changes to the environment (Mlalila
et al., 2016). The materials that have smart propertiethase able to control their interfacial properties.
These largely consist of self-cleaning, self-cooliagd self-heating technologies, already designed for
the health care sector, that are now being appliédob systems. Intelligent packaging systems are able
to monitor the conditions, quality, and/or safety obad, particularly during distribution and storage, and
provide the consumer some evidence of product s(ktladila et al., 2016). In some ways, this technolo-
gy relates back to the biosensdiscussed above in Opportunity 2. The output of intelligent packaging
can be expressed in the form of data (e.g., at thet td specific product or lot using barcodes, RFID, or
digital watermark) or as light (e,dight-emitting diodes or holograms)ll of these provide information
that can then be included as a basis for decisidtinm@and management systems. While monitoring food
quality and freshness with indicatorg@itine in the foodndustry sector, intelliget packaging technolo-
gies are extremely well suited for detecting metabsldccurring as a consequence of food spoilage, and
thus may have relevance for reducing food loss amstevat both the industryzé consumer levels (see
example in Box 4-6). From the consumer persgectommunicative packaging has emerged as a poten-
tial tool to address concerns about product quaagety, and the consumer demand for specific product
information as they make purchasing decisions.

3.4.1 Gaps

Although alternative food processing and packagaotriologies have the potential to deliver better
quality, nutrition, safety, and acceptability to foodgucts, some questions related to the need to de-
crease the energetic footprint (e.g., energy and satengs, reliability) and environmental impacts (e.qg.,
emissions or environmental degradation due toute of plastic packaging materials) are unresolved.
Likewise, acceptability of these relatively new teclogids by the consumer still poses questions. Rela-
tive to nanomaterials, consideration of potential terided consequences of their use is critical. Safety
concerns focus on the potential interactions betwegromaterials and the foadatrix, particularly po-
tential toxicity to consumers armahvironmental impacts. Because these materials are very recent in their
introduction to the market, there are relatively little datailable to systematically assess health or envi-
ronmental risks, and legislators err on the sideanftion when it comes to regulatory decision-making.
Similarly, consumer acceptance of new technologiesmaan issue and depend ultimately on the degree
of trust consumers place on the products themselves (Roosen et al., 2015).

4. BARRIERS TO SUCCESS
4.1 Barrier 1: Consumer Acceptance
One important barrier to the implementationexftinological advances in the food science and tech-
nology area is the need to better understand andpatécconsumers’ food-reéked behaviors and choic-
es, including the role of social and environmémdators, and underlyingeceptiveness to and under-
standing of information about gaucts and processes. Identifyingctiors that determine consumer

acceptance and choices over product attributes and gsdsitiessential information to determining the
success in producing foods that will be purchassdlconsumed (e.g., Lusk et al., 2014).
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BOX 4-6 Example 3: Advanced Food Packaging Technologies

The combination of emerging technologies such as nanotechnology and materials science and
engineering are propelling the production of advanced food packaging technologies. A long-
recognized way to keep food fresh is to reduce oxygen exposure, which prevents microbial growth and
enzymatic reactions, both of which contribute to food spoilage. Modified atmosphere packaging has
been used for decades to reduce oxygen content in packages, but it is possible to make this technolo-
gy “intelligent” by designing packages to include sensor technologies that measure oxygen levels. In
2007, a sensor such as this was used to specifically develop a food package. The UV light-activated
sensor had an irreversible response and was reusable. The nanoparticulate crystalline titania was se-
lected for its design because it had greater photoactivity. These materials were incorporated in a pol-
ymer to create an oxygen-sensitive, UV-activated film that could be printed directly onto food packag-
ing material (Mills and Hazafy, 2008)—hence, intelligent packaging.

These early prototypes eventually led to a commercial product. In 2017, the smart indicator
FRESHCODE was commercialized as an innovation to indicate degree of “freshness” of packaged
chicken. The indicator contains an ink that captures the emission of volatile gases released during mi-
crobial growth and changes color as more gases are produced, indicative of a lower degree of product
freshness. The visual readout can be accessed throughout the handling, storage, distribution, and sale
of the product. It is particularly valuable for distribution chains, poultry product processors, and pack-
ers. In addition to serving as a freshness indicator for manufacturers, retailers, and consumers, this
approach has the potential to reduce food waste by allowing for timely diversion of food product to
food rescue and recovery channels.

Traditionally, consumers respond to market prigas$ @her monetary signals in their product selec-
tion. However, there is increaseddance that financial incentives (suab taxes and subsidies applied to
products), social factors and context of food choices, as well as other behavioral motivators or nudges can
encourage or discourage food-related behavior. iggdhe need to better understand and anticipate con-
sumer food behaviors, drivers and trade-offs ttirajt consumer acceptance of new products, technolo-
gies, and market innovations. The need to bettesuaddor consumers’ perceptions of risk around new
technologies also underpins the need for educatiorst@atkgies to best communicate the nature of food
production, processing technologies, and the scienadvied so that consumers can make thoughtful and
informed decisions in food selection, handling, and g&jon. This applies to the need for effective food
labeling approaches as well as basic communicabontsscientific and technological advances. A 2017
National Academies report (NASEM, 2017) highligtite need to understand the optimal communication
approaches for use under differenicaimstances, and to recognize that many people do not make food
selection and choice decisions based solely on scientific evidence.

4.2 Barrier 2: Regulatory Context

Scientific advancements in tawlogies related to food processing and product design, packaging,
and handling may be limited by isking regulations, such as foodWand product identity standards. A
few examples are provided here. Many of the emerépod processing technologies (i.e., ohmic heating,
ultrasound, or pulsed light) have not been validébedheir ability to meet the mandated microbial inac-
tivation standards for protection of public healthmay not be prudent from food safety and liability
standpoints to use these processes commerciallysuietil validations areooducted and reviewed. The
inclusion of nanotechnology-based puots (e.g., in packaging materials, for microencapsulation) may be
met with regulatory scrutiny because these are noposad of materials that are Generally Recognized
as Safe (GRAS). There is also the possibility s&tsor devices or novel packaging materials may be
prohibited based on current food adulteration regarati The replacement of pathogen culture methods
with whole-genome sequencing isiftig questioned because historicaltypof of produciadulteration in
recall or outbreak situations relies on having a putei®iof the implicated organism, not simply evi-
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dence of the presence of its DNA. The practical usedfrtologies intended to collect data at a faster rate
may be hindered if they have negative effects dreroaspects of the process that fall under regulatory
scrutiny, such as adhering to maximum line speedsedat processing plants. Integrated and blockchain
data systems offer the opportunity to digitize redardping, some of which mde relevant for regulato-

ry purposes (e.g., data from HACCP or other prevemtrégrols plans). However, relevant agencies may
not yet be able to accommodate transfer of inféionausing their current data management systems.

4.3 Barrier 3: Economics and Other Considerations

A relatively large share of investment in innovation and technologies for foods is done through the
private sector where private returns to investmestath technology choice with less emphasis placed on
the public benefit. However, there remains a critiesdfor basic sciences angpéications in which the
payoffs advance science more broadly to benefiptiigic’s and the private sector’s interests. Further-
more, some basic research requires significant investineunderlying infrastructure. As an example,
system-wide innovation and data networks often regairge, upfront expenditures to develop and sup-
port data infrastructures. However, interoperabilitgydtems and data netwotistween the various par-
ticipants in the supply chain is required to effeciivelonitor and maintain the safety and integrity of the
food system, and to support efforts to integrateasnability opportunities. With funding predominantly
from private sources, the allocation of resourcesesearch and research infrastructure may not address
the highest-priority public needs.

Several of the scientific advances discussed aldV@rovide more improved instrumentation and
allow for collection of more sophisticated data. fiag will be necessary to ensure that the existing and
emerging workforce has the scientific skills to usesthinstruments, analyze the data, and make appro-
priate decisions that capitalize on the value of these new technologies.

Ultimately, consumer practices and food choidét determine the ability of product and process
development to successfully improve product safetylityuand design. Advances in behavioral sciences
and effective communication about science, teamgl risk, and decision-making communication are
required to underpin successful adoption in the market.

5. RECOMMENDATIONS

Emerging technologies (e.g., omics, biosensamg, nanotechnology) haveetipotential to advance
or transform the production of high-quality, safe, itigins, and sustainable food products that meet the
needs and demands of a diverse consumer popul&mwning the fundamental and applied scientific
problems necessary to use these technologies morkywidlerequire multidisciplinary collaboration and
funding mechanisms. Research efforé®d to be trans-disciplinary, involving not only food scientists but
also those in other disciplines ranging from data and computer science, engineering, synthetic biology,
and the social sciences, and many more. The dtiearidentified the following high-priority research
areas:

x Profile and/or alter food traits for desirabilifguch as chemical composition, nutritional value,
intentional and unintentional camination, and quality and ssory attributes) via improve-
ments in processing and packaging technologiesdésign and functionality of sensors, and the
application of “foodomic” technologies.

x Provide enhanced product quality, nutrient retemtigafety, and consumer appeal in a cost-
effective and efficient manner that also reesl environmental impact and food waste by devel-
oping, optimizing, and validating advandesd processing and packaging technologies.

X Support improved decision making to maximined integrity, quality, safety, and traceability,
as well as to reduce food loss and waste by capitglian data analytics, integration, and the
development of advanced decision support tools.
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x Enhance consumer understanding acceptance of innovationsfood production, processing,
and safe handling through expaddenowledge about consumerhawior and risk-related deci-
sions and practices.
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Soils

1. INTRODUCTION

Fertile soils are among the greatest natural assetiseoll.S. agricultural system. These include
highly productive types of soils (e.g., mollisols andsalf$) that cover more than 30 percent of the coun-
try (USDA, 1999; see Figure 5-1). The importancenaintaining the nation’s agricultural soils cannot be
overstated: Soils are the basis of the nation’s ¢gptproduce unparalleled crop yields and bountiful
pasturelands, and for all practical purposes, areite fiasource. Soil formation is a slow, primarily geo-
logical process augmented by activity of biota livingsail, with formation rates in the productive U.S.
heartland averaging a little over one-tenth of a milten@er year (Cruse et al., 2013). Many agricultural
and other land-use practices cause physical, biologindlchemical degradation of soil that weakens its
ability to support plant life and to provide ecosysiesarvices. These conditions exacerbate the negative
effects of weather and climate on soil stability andliggiand contribute to water and air pollution (NRC,
2010; ITPS, 2015; NSTC, 2016). Future agriculturadpaivity to meet the needs of a growing world
population can be possible only if the nation’s fersitdls are maintained, which mandates protecting
soils from erosion and degradation andogfitly managing vital crop nutrients.

FIGURE 5-1 Dominant Soil Orders of the United States. SOURCE: USDA NRCS, 1999.
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