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Preface

The U.S. bioeconomy comprises exciting science- and technology-
driven economic activity that is expanding and advancing on many
fronts. Americans’ everyday lives benefit from the U.S. bioeconomy in
terms of the food they eat; the health care they receive; the quality of
their environment; and the fuels, materials, and products they consume,
and the bioeconomy is poised to make even larger contributions in all of
these sectors and possibly some additional areas as well. U.S. science and
technology are the source of all of these benefits. Fueled by public and
private investment, the nation has maintained a considerable technologi-
cal lead in the bioeconomy domain, and for an extended period of time.

At the same time, the powerful technologies encompassed by the bio-
economy can also lead to national security and economic vulnerabilities.
For example, biotechnology can be misused to create virulent pathogens
that can target our food supply (crops and animals) or even the human
population. Engineering biology can be used to eliminate invasive spe-
cies, yet such actions can have unintended environmental consequences.
Genomic technology can be used to design disease therapies that are tai-
lored to an individual, yet this same technology can be used to identify
genetic vulnerabilities in a population or subpopulation. Large genetic
databases allow people’s ancestry to be revealed and crimes to be solved,
but such data can also be misused. And while genetic and other large
datasets contribute to medical progress, they also represent potential
security and privacy concerns.
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During the past decade, moreover, competition in the global bio-
economy has intensified. Although economic competition has always
been part of global commerce, global competition has in some respects
moved beyond the usual economic rivalry among nations. Outright theft
of intellectual property and know-how has occurred in some cases. Cross-
border cyber intrusion has led to exfiltration of proprietary information
and data from U.S. organizations by individuals and entities in other
countries. More subtle loss of competitiveness can also occur. As a result
of some countries” policies, an asymmetry exists in the way information
is shared, whereby the ability of U.S.-based researchers to access and use
such information is denied. While one response is retaliation with similar
policies, this response would be counter to the system that gave rise to
the global bioeconomy and the broader scientific enterprise. The entire
world has benefited from the exchange of scientific information built on
collaborative efforts of scientists around the world.

These security and economic concerns provided the impetus for the
study documented in this report, which was requested by the Office of
the Director of National Intelligence. To carry out the study, the National
Academies of Sciences, Engineering, and Medicine convened the Com-
mittee on Safeguarding the Bioeconomy: Finding Strategies for Under-
standing, Evaluating, and Protecting the Bioeconomy While Sustaining
Innovation and Growth. Convened in December 2018, the 17-member
committee was charged with investigating strategies for understanding,
evaluating, and protecting the bioeconomy while sustaining innovation
and growth. Given the breadth of this task, the committee’s membership
represents a broad range of expertise, including life sciences, engineering,
computer science, economics, law, strategic planning, and national secu-
rity. The committee members have current or past experience in academia,
federal agencies, national laboratories, nongovernmental organizations,
and industry (large and entrepreneurial companies), and have worked
in many bioeconomy sectors, including human health, pharmaceuticals,
agriculture, and industrial bioscience.

The committee met four times in face-to-face meetings between Janu-
ary and June 2019. Three of these meetings included open workshop ses-
sions. An additional three webinars were held to which the public was
also invited. During these meetings and webinars, the committee heard
from a total of 36 speakers (see Appendix B) on every facet of the U.S. bio-
economy. In addition, the committee members met privately in numerous
conference calls, both as a full committee and in small groups.

The work of this committee was ably assisted by the essential sup-
port of the staff of the National Academies. Given the breadth of our
task, significant contributions were made by staff from the Board on Life
Sciences; the Board on Agriculture and Natural Resources; the Board
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on Science, Technology, and Economic Policy; the Board on Health Sci-
ences Policy; and the Forum on Cyber Resilience. This study could not
have been completed without their outstanding efforts. The committee
especially wishes to acknowledge the guidance and leadership of study
director Andrea Hodgson.

The committee’s task was daunting in scope. As noted above, it was
charged with developing strategies for understanding and evaluating the
U.S. bioeconomy, as well as recommending strategies for protecting the
bioeconomy while sustaining innovation and growth. Central to our work
were the somewhat opposed notions of safeguarding and growth, of secu-
rity and openness. Science and innovation thrive when ideas, information,
products, services, and data are freely exchanged. The United States has
an open and welcoming culture. As a nation, it is open by intent and by
preference, and it has benefited enormously from this openness. In all
aspects of the committee’s deliberations, as it strove for consensus in its
recommendations, the need to address security concerns while preserv-
ing the benefits of openness was a primary consideration. The committee
recognizes that international collaborations are essential to the continued
success of the U.S. bioeconomy.

While the choices are not always easy, prudent decisions can be made.
The committee does believe in the nation’s ability both to safeguard the
bioeconomy and to further its growth. In our view, the recommendations
presented in this report can serve as important steps toward fully real-
izing the promise and potential of the U.S. bioeconomy.

Thomas M. Connelly, Jr., Chair
Committee on Safeguarding the
Bioeconomy: Finding Strategies for
Understanding, Evaluating, and
Protecting the Bioeconomy While
Sustaining Innovation and Growth
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SUMMARY

Over the past 50 years, the integration of engineering principles and
advances in computing and information sciences has transformed the life
sciences and biotechnology. The ability to read genetic code, edit an organ-
ism’s genome, and create organisms with entirely synthetic genomes are
just a few of the breakthroughs that have changed the way research is
done and the types of products that can be created. The economic activity
related to the life sciences research enterprise is referred to conceptually
as the bioeconomy. Examples of bioeconomy products include chemicals
made though biosynthetic pathways rather than solely chemical synthe-
sis (such as 1,3-propanediol), microorganisms that act as environmental
biosensors, fabrics made from biosynthetic spider silk, and novel foods
and food additives made from yeast or bacteria. The U.S. bioeconomy
provides a means of developing new and innovative products and achiev-
ing such benefits as lower carbon consumption and improved health care
solutions. It also has opened new avenues for innovation, job creation,
and economic growth. Along with its promise, however, the bioeconomy
brings vulnerabilities and concerns.

Given the speed and importance of advances in the bioeconomy, the
Office of the Director of National Intelligence asked the National Acad-
emies of Sciences, Engineering, and Medicine to convene a committee of
experts to assess the scope of the U.S. bioeconomy and determine how
to assess its economic value. The committee was also asked to identify

IThis summary does not include reference citations. References for the information herein
are provided in the full report.
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2 SAFEGUARDING THE BIOECONOMY

potential economic and national security risks facing the bioeconomy and
associated policy gaps, consider cybersecurity solutions for protecting
data and other outputs of the bioeconomy, and determine mechanisms
for tracking future advances and developments (see Box S-1 for the com-
mittee’s complete Statement of Task). In responding to this request, this
report provides an estimate for the value of the bioeconomy based on the
committee’s analysis. Additionally, the committee was tasked not with
conducting a horizon scan of the bioeconomy, but with presenting and
discussing methodologies that could be used to accomplish that task.

DEFINING THE U.S. BIOECONOMY

The U.S. bioeconomy is a broad and diverse enterprise that spans
many scientific disciplines and sectors and includes a wide and dynamic
range of stakeholders. Basic life sciences research often begins with public
investment in research and training of scientists working in academic and
federal research settings or within the research and development (R&D)
departments of corporations. In addition to these traditional stakeholders,
many large research institutions have spurred the development of local
innovation ecosystems bringing in a wider range of stakeholders, includ-
ing citizen science laboratories, incubator spaces, start-up companies,
small businesses, and partnerships with larger industrial companies, as
well as the network of providers of materials, tools, and expertise. The
computing and information sciences, including machine learning, are dra-
matically accelerating the reach of the bioeconomy by making it possible
to analyze and use biological data in new ways. Engineering principles
and approaches are enabling automation and high-throughput experi-
mentation, further accelerating the growth of the bioeconomy. Box S-2
provides further detail on how life sciences, biotechnology, engineering,
and computing and information sciences serve as drivers of the bioecon-
omy. Currently, there is no consensus definition of a bioeconomy, result-
ing in differing interpretations of what activities are within the scope of a
bioeconomy. A fundamental challenge is that bioeconomy activities span
many sectors and scientific disciplines, are typically focused around a
country’s economic priorities, and combine subsets of traditional sectors
measured in systems of national income accounts. Therefore, attempts
to define and develop performance metrics for the bioeconomy and bio-
economy strategies invariably start with decisions about which economic
activities to include as direct bioeconomy components.

Given the significant advances that have occurred since the National
Bioeconomy Blueprint first articulated a U.S. definition in 2012, a new,
comprehensive definition of the U.S. bioeconomy would enable the U.S.
government to better assess the bioeconomy’s current state and develop
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strategies for supporting and safeguarding its continued growth. Such a
definition could also guide the metrics and data collection efforts needed
to track the bioeconomy’s growth, conduct economic assessments, and
enable policy makers to keep abreast of advances with the potential to
pose new national or economic security challenges. Recognizing that a
definition needs to be flexible enough to allow for the future inclusion of
new developments, the committee developed a definition that does not
limit the scope of the bioeconomy to particular sectors, technologies, or
processes.

Recommendation 1: For purposes of demarcating the scope and reach of
the U.S. bioeconomy and establishing a uniform framework for valuing
the bioeconomy and its assets, the U.S. government should adopt the
following definition of the U.S. bioeconomy:

The U.S. bioeconomy is economic activity that is driven by research
and innovation in the life sciences and biotechnology, and that is
enabled by technological advances in engineering and in computing
and information sciences.

This definition encompasses all products, processes, and services that
interact with or are built specifically for “research and innovation in the
life sciences and biotechnology.” It is intended to be flexible to anticipate
the inclusion of new advances and applications within the life sciences
and all of biotechnology. Additionally, the committee’s definition refer-
ences the impacts other disciplines have had on the life sciences. This
definition thus fully embraces the convergence of many different scientific
and engineering principles and domains with the life sciences. The trans-
disciplinary nature of the bioeconomy is key to its success and growth,
enabling it to spread into economic sectors traditionally considered inde-
pendent of the life sciences. Figure S-1 serves as a conceptual map of the
U.S. bioeconomy.

MEASURING THE U.S. BIOECONOMY

Being able to adequately assess the economic contribution of the bio-
economy to the larger U.S. economy would raise awareness of the impor-
tance of the bioeconomy and the need to monitor and safeguard it. A full
assessment of the inputs and outputs of the bioeconomy could also enable
future analysis of how investment in basic research is tied to productivity,
thus enabling better tracking of the outcomes of public investments. This
enhanced tracking could also provide a means of understanding growing
areas of the bioeconomy and potentially setting growth targets. Thus, bet-
ter metrics for bioeconomy growth could serve as indicators of the health
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BOX S-1
Statement of Task

An ad hoc committee of the National Academies of Sciences, Engineering,
and Medicine will be convened to consider strategies for safeguarding and sustain-
ing the economic activity driven by research and innovation in the life sciences,
collectively known as the bioeconomy. In completing its task, the committee will
outline the landscape of the U.S. bioeconomy, as well as:

»  Outline existing approaches for assessing the value of the bioeconomy
and identify intangible assets not sufficiently captured or that are missing
from U.S. assessments, such as the value of generating and aggregating
datasets.

+ Provide a framework to measure the value of intangible assets, such as
datasets.

»  Outline metrics commonly used to identify strategic leadership positions
in the global economy and identify areas in which the United States cur-
rently maintains leadership positions and is most competitive.

»  Outline potential economic and national security risks and identify policy
gaps pertaining to the collection, aggregation, analysis, and sharing of
data and other outputs of the bioeconomy.

»  Consider whether there are unique features of the bioeconomy that may
require innovative cybersecurity solutions. In addition, determine if data
or other intellectual property from the varied sectors of the bioeconomy
(biomedical, agricultural, energy, etc.) require different safeguards or
whether the same measures could be effective for all sectors. Also, de-
termine if basic research requires different safeguarding mechanisms or
whether practices effective for industry and manufacturing are applicable
and sufficient for basic research.

+  Develop ideas for horizon scanning mechanisms to identify new technol-
ogies, markets, and data sources that have the potential to drive future
development of the bioeconomy. Consider whether additional strategies
(beyond those identified for the existing components of the bioeconomy)
might be needed to safeguard these new technologies and data, and as-
sess their implications for innovation and biosecurity.

The committee will prepare a Consensus Study Report that identifies op-
tions for strategies to safeguard the bioeconomy and will provide its analyses of
the pros and cons of each option. It will then recommend which option or options
it believes will address the above issues and protect the technologies, data, and
other intellectual property of the bioeconomy most effectively while sustaining
innovation and growth.
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BOX S-2
Four Drivers of the U.S. Bioeconomy

Life sciences: The subdisciplines of biology that make it possible to understand
all life in the world are at the core of the bioeconomy. They specifically include the
biological, biomedical, environmental biology, and agricultural sciences.

Biotechnology: Advances in technology that both apply and enable the life sci-
ences, such as advanced sequencing, metabolic engineering, epigenetic modula-
tion of gene expression, and gene editing, are all enabling the bioeconomy. They
are being applied for a range of purposes, including curing disease, improving crop
yields, and creating new products.

Engineering: Advances in biotechnology can require literally millions of experi-
ments to bring a single new product to market. Robotics, microfluidics, tissue
engineering, and cell culture are among the engineering processes used to aid in
the production of bioeconomy products. Moreover, the application of engineering
principles, such as design—build—test, to biology has greatly accelerated the field
of synthetic biology.

Computing and information sciences: Computation allows mathematical mod-
eling of experiments that can predict outcomes. Advanced computing techniques,
such as machine learning, dramatically accelerate the ability to observe nonobvi-
ous patterns in large, complex datasets and to make “wise guesses,” eliminating
improbable experiments and pointing the way to the most promising leads.

of the sector, allow for an assessment of the impact of policy changes on
the economic potential of the bioeconomy (or its subsectors), and help
identify areas worth protecting from a security standpoint.

Based on the committee’s calculations and available data, in 2016 the
bioeconomy accounted for about 5.1 percent of U.S. gross domestic prod-
uct (GDP). In dollar terms, this represents $959.2 billion.

In conducting this analysis, however, the committee found that many
factors make it difficult to measure the contribution of the bioeconomy to
the overall economy. As noted above, definitions of the bioeconomy that
specify what it encompasses vary substantially; the bioeconomy is tied to
both science and commercialization, which leads to divergent approaches
for assessing its value; and data on the bioeconomy have substantial gaps.

Concepts used to value the bioeconomy present additional challenges.
Social welfare analysis, which attempts to quantify benefits to producers
and consumers, is a particularly demanding approach for valuing a sector
as diffuse as the bioeconomy. In theory, one could value the bioeconomy
as the sum of the private values or value added of all firms active in the
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U.S. BIOECONOMY

Economic activity that is driven by research and innovation in the life sciences and bictechnology, and that is enabled by _
technological advances in engineering and in computing and information sciences.

|

BIOMEDICAL

Criteria for inclusion include any medical products
er services resulting from research and
development, or innovation, in the life sciences.

AGRICULTURAL Examples
Criteria for inclusion include the use of (1) +Pharmaceutical products

genetic engineering when creating a strain sLab-grown organaids

or seed; (2) advanced molecular biology sMedical devices

technique for marker-assisted breeding

programs; (3) large informatics databases
and computational techniques for either
breeding applications or enhanced land
use capabilities; or (4) plant biomass in a
downstream bioprocessing and/or

fermentation process utilizing recombinant BIOINDUSTRIAL
DNA technoloagy. This set of criteria is also Criteria for inclusion include praducts or chemicals produced
applied to agricultural animals (with the using a biosy nthetic or semi-biosynthetic route utilizing =
exclusion of point 4). recombinant DNA technology.
Examples  Examples
+Genetically modified crops/animals (e.g., _gf‘}bﬂ::d chemicals

genetically engineered salmon, heat-resistant
cows)
*Precision agriculture

*Bio-based plastics

TOOLS, KITS, AND SERVICES
Criteria for inclusion include tools, kits, and services that suppart or enable the ach 't of
biotechnology or life science research.

Examples
+Life sciences or bi related software and
~Spedialized equipment or instruments for use in the
bioeconomy (e.g., pipetting robots, mass rometers, DNA 3R
sequencing, and synthesizers) T
*Bioscience patent lawyers

FIGURE S-1 Examples and explanations of highlighted sectors of the bioecono-
my landscape that fall under the definition put forth in this report. The commit-
tee grouped the activities within the bioeconomy intro three primary domains:
agricultural, biomedical, and bioindustrial. Additionally, the committee identified
a cross-cutting category of tools, kits, and services.
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sector. In practice, however, this is difficult, as many of the firms that
operate in this sector are diversified, meaning their activities span a num-
ber of different areas, and it is difficult to isolate the bioeconomy-specific
aspects of such firms.

In addition, existing data collection mechanisms for measuring eco-
nomic activity are insufficient to monitor the bioeconomy holistically. This
is due in part to the use of new biobased pathways to create products
previously manufactured in sectors completely dissociated from biology.

In light of these impediments, the committee determined that a tar-
geted and specialized framework for analyzing the value of the bioecon-
omy is needed (see Box S-3). The primary domains, or segments, of the

BOX S-3
Framework for Valuing the Bioeconomy

1. Set boundaries for the definition of the bioeconomy to identify primary seg-
ments of interest (see Chapter 2).

2. Identify subsets of the primary segments to be included, encompassing rel-
evant bioeconomy-specific equipment investments (e.g., sequencing ma-
chines) and services (e.g., biotechnology patent and legal services) and in-
tangible assets produced and/or curated for use by the sector (e.g., genomic
databases).

3. Identify the relevant production data that map to the delineated bioeconomy
segments.

a. Table 3-2 (in Chapter 3) provides a mapping based on the North Ameri-
can Industry Classification System (NAICS) codes currently used by the
U.S. Census Bureau to collect detailed data on the value of production.
— Certain bioeconomy activities are inherently narrower than existing

NAICS codes, and measuring those activities requires developing
estimates based on auxiliary sources (or new NAICS codes), or
building new aggregates from establishment-level survey or admin-
istrative microdata.

— For each biobased production activity, determine the portion that
is currently versus potentially (under existing technology) biobased
(e.g., determine what percentage of plastics are made through a
biobased process).

b. Obtain estimates for value added for each relevant bioeconomy activity
based on the same methods and data used in national accounts (“GDP
by industry”).

c. Determine appropriate interindustry linkages and sources of supply (i.e.,
domestic versus foreign) and estimate relevant input-output “multipliers”
based on these linkages.

4. The sum of value added estimates is the direct impact of bioeconomy produc-
tion on the U.S. economy; the additional value added implied by input-output
multipliers estimates the total contribution of the bioeconomy to the U.S.
economy.
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bioeconomy—agricultural, bioindustrial, and biomedical—are considered
first as the major categories of activity encompassed by the bioeconomy
definition presented above. However, when moving from a conceptual
map based on scientific domains toward an economic mapping of the
activities included in the bioeconomy, the groupings change to account for
the current economic classification system. Thus, the committee needed to
determine the subset of the primary segments for which economic activity
data are captured. The following six segments are taken as an approxima-
tion of the bioeconomy, as best as can be determined from the available
data, and recognizing that they incompletely capture the bioeconomy as
the committee has defined it:

e genetically modified crops/products;

® biobased industrial materials (e.g., biobased chemicals and plas-
tics, biofuels, agricultural feedstocks);

® biopharmaceuticals and biologics and other pharmaceuticals;

® biotechnology consumer products (e.g., genetic testing services);

® biotechnology R&D business services, including laboratory test-
ing (kits), and purchased equipment services (e.g., sequencing
services); and

e design of biological data-driven patient health care solutions, that
is, precision medicine inputs (exclusive of patient care services
per se and drugs counted elsewhere).

The committee offers the following recommendations to help expand
and enhance data collection efforts so as to facilitate future valuations of
the bioeconomy.

Recommendation 2: The U.S. Department of Commerce and the U.S.
National Science Board should expand and enhance data collection
efforts relevant to the economic contribution of the U.S. bioeconomy
as defined by this committee.

Recommendation 2-1: The U.S. Department of Commerce and other
relevant agencies and entities involved in the collection of U.S.
economic data should expand their collection and analysis of bio-
economic data. The U.S. Department of Commerce should obtain
input from partners in science agencies and from nongovernmental
bioeconomy stakeholders to supplement and guide these efforts.

Recommendation 2-2: The existing North American Industry Clas-

sification System (NAICS) and North American Product Classifica-
tion System (NAPCS) codes should be revised to more accurately
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capture and track commercial activity and investments related to
the biological sciences and track the growth of individual segments
of the bioeconomy (e.g., biological production of chemicals and
materials). In addition, the U.S. Department of Commerce’s Office
of Technology Evaluation should undertake a study aimed at richer
characterization of the permeation of biologically based products,
processes, and services in the U.S. economy. Such a study would
greatly inform revisions of the NAICS and NAPCS codes. Addi-
tionally, the U.S. Census Bureau should refine and regularly collect
comprehensive statistics on bioeconomic activities.

Recommendation 2-3: The Bureau of Economic Analysis of the U.S.
Department of Commerce should lead the development of bioecon-
omy satellite accounts linked to central national accounts. These
satellite accounts should include databases of biological informa-
tion as assets and over time be expanded to include environmental
and health benefits attributable to the bioeconomy.

Recommendation 2-4: The U.S. National Science Board should
direct the U.S. National Science Foundation to undertake new data
collection efforts and analyses of innovation in the bioeconomy for
the Science and Engineering Indicators report so as to better charac-
terize and capture the depth and breadth of the bioeconomy, with
an emphasis on identifying indicators that provide insight into U.S.
leadership and competitiveness.

STRATEGIES FOR SAFEGUARDING THE U.S. BIOECONOMY

A history of strong and sustained U.S. government investment in the
life sciences, in computing and information sciences, and in engineering
has powered the development of today’s bioeconomy. Current U.S. lead-
ership in this area will be challenged, however, as other countries invest
in their bioeconomies at increasing rates. Falling behind in the application
of computing and information sciences in the life sciences, in particular,
could disrupt U.S. leadership in the increasingly global, data-driven bio-
economy. To retain the United States’ world leadership position, strategies
will be needed both to address risks to and from the U.S. bioeconomy and
to ensure that it is supported and optimized for growth.

Risks to and from the U.S. bioeconomy identified by the committee
in response to its Statement of Task include (1) risks that would harm
the bioeconomy’s continued growth or hamper the innovative ecosystem
within which it currently operates; (2) risks from theft of, corruption of,
asymmetries in, or constraints on access to intellectual property or key

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25525

Safeguarding the Bioeconomy

10 SAFEGUARDING THE BIOECONOMY

bioeconomy information that would harm the U.S. bioeconomy, such as
by conferring a competitive advantage on another party; and (3) risks
from the misuse of bioeconomy outputs or entities.

Establishing Leadership and a Strategy
for the U.S. Bioeconomy

While the committee recognizes that all of the stakeholders within
the bioeconomy have a role to play, leadership and strategic direction are
needed. Given the breadth of the bioeconomy across the many sectors
discussed throughout this report, it is not surprising that life sciences
research is distributed across many agencies and departments of the
U.S. government. Moreover, no single agency has primary responsibil-
ity for the vitality of the biotechnology industry, or that of the greater
bioeconomy. This disaggregated distribution poses a significant chal-
lenge for large-scale coordination, particularly when there is no clear
candidate agency to take leadership. Each agency and department has a
defined mission and associated scientific domain; therefore, no govern-
ment agency has the mandate to monitor and assess the U.S. bioeconomy
holistically, let alone determine a strategy for promoting and protecting
it. In addition to hindering coordination, this distributed network of
science agencies poses a challenge for comprehensively measuring the
bioeconomy, as well as establishing a holistic horizon-scanning process
to identify emerging developments in science and technology that could
raise new issues or require new policy related to the bioeconomy. Given
the lack of an obvious lead government agency for the bioeconomy, the
committee concluded that a mechanism through which science, economic,
and security agencies can bridge the current gaps in communication and
coordination is needed.

Recommendation 3: The Executive Office of the President should estab-
lish a government-wide strategic coordinating body tasked with safe-
guarding and realizing the potential of the U.S. bioeconomy. To be
successful, this coordinating body should be presided over by senior
White House leadership, with representation from science, economic,
regulatory, and security agencies. It should be responsible for relevant
foresight activities and informed by input from a diverse range of rel-
evant external stakeholders.

Recommendation 3-1: The coordinating body should develop,
adopt, and then regularly update a living strategy with goals for
sustaining and growing the U.S. bioeconomy. This strategy should
be informed by an ongoing, formal horizon-scanning process within
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each of the relevant science agencies, as well as by input from
industry, nongovernmental organizations, and academia. Addition-
ally, through this strategy, the coordinating body should identify
and raise awareness of means through which the U.S. government
can advance the bioeconomy, including such existing means as
government procurement of biobased products.

Elements of a strategy for safeguarding and meeting the challenges
that face the U.S. bioeconomy are detailed below.

Funding and Sustaining the Bioeconomy Research Enterprise

The U.S. bioeconomy relies on a robust and well-funded research
enterprise that seeds innovation and supports a technically skilled and
diverse workforce. Insufficient support for fundamental research will
erode the United States’ ability to produce breakthrough scientific results
or achieve incremental learning that can also have direct economic appli-
cation. Ultimately, this inadequate support will also erode the nation’s
ability to develop and recruit the world’s best research talent, including
domestic talent, particularly in competition with other countries that are
investing heavily in their own bioeconomies.

Public investments in science and engineering research have played a
foundational role in driving America’s research enterprise. These invest-
ments have built the university research and education system that con-
tinually produces more doctoral graduates relative to any other country.
Currently, the United States remains among the world’s leaders in public
investment in the biological sciences, but erosion in support for govern-
ment investment is a concern that needs to be addressed. Analysis of past
and current investments suggests that the rate of federal investment in
this realm has become stagnant, while other countries are increasing their
investments.

Recommendation 4: To maintain U.S. competitiveness and leadership
within the global bioeconomy, the U.S. government should prioritize
investment in basic biological science, engineering, and computing and
information sciences. In addition, talent development, at all levels, to
support these research areas should be a high priority for future public
investment.

Building and Sustaining a Skilled Workforce

Insufficient federal funding for U.S. universities and bioeconomy
training programs has the potential to diminish the ability to produce and
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retain a skilled technical workforce. Increased federal support for science,
technology, engineering, and mathematics (STEM) education and partner-
ships between community colleges and industry aimed at growing a tech-
nically skilled workforce could create employment opportunities in U.S.
regions whose traditional employment opportunities may have changed.
The development of biotechnology capabilities in rural areas and invest-
ments in training programs and facilities in those areas could enable new
opportunities for those communities while growing the bioeconomy:.

In addition to the importance of training a domestic bioeconomy
workforce, the United States has historically benefited from the ability to
attract students and scientists from around the world to its universities.
International students constitute a significant fraction of the enrollments
at U.S. colleges and universities, particularly in STEM disciplines at the
graduate level, and foreign-born employees form a substantial component
of the U.S. STEM research workforce. These researchers have contributed
immensely to the vibrant research enterprise on which the nation cur-
rently depends. However, recent changes in visa policy and investigations
into and new policies regarding researchers with potential ties to foreign
governments, talent programs, and funding also have the potential to
discourage talented researchers from around the world from coming to
the United States or even collaborating with U.S.-based scientists.

Recommendation 4-1: The U.S. government should continue to sup-
port policies that attract and retain scientists from around the world
who can contribute to the U.S. bioeconomy, recognizing that open
academic engagement has been strongly beneficial to the U.S. scien-
tific and technological enterprise, even as it inherently offers poten-
tial benefits to other countries as well. Policies intended to mitigate
any economic and security risks posed by foreign researchers in
U.S. research institutions should be formulated by U.S. security, sci-
ence, and mission agencies working closely together, and through
ongoing engagement with a group of recognized scientific leaders.
Having this group able to be fully briefed on the threat environ-
ment will greatly facilitate these discussions, since access to clas-
sified, proprietary, or other nonpublic information may be needed.

Addressing Intellectual Property Threats

In addition to harms done to the U.S. bioeconomy by the nation’s fail-
ure to take action to promote and support it, the bioeconomy is vulnerable
to harm as a result of unfair or illegitimate actions of others, such as the
theft of intellectual property. The U.S. bioeconomy has historically ben-
efited from participation in an open, global, and collaborative scientific
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environment that relies on the academic integrity of individuals and the
willingness to adhere to research norms and values. Some federal officials
have become increasingly concerned that the openness of the U.S. scien-
tific enterprise puts its integrity and competitiveness at risk.

Safeguarding the U.S. bioeconomy while protecting innovation and
growth could be facilitated by developing a more thorough understand-
ing of the mechanisms by which the open conduct of and participation in
fundamental scientific research drives proprietary innovation by entrepre-
neurs, both within the United States and among scientific and economic
competitors, and conversely, of how restrictions on openness may affect
the scientific research environment. Policy makers will have to strive for
a balance that maximizes the benefits of scientific openness while protect-
ing U.S. economic and security interests from countries that would exploit
that openness unfairly.

Securing Value Chains and Examining Foreign Investments

The U.S. bioeconomy needs to be able to sustain itself by securing the
value chains that fuel it. The continued development of biological routes
to the production of previously non-biobased products will continue to
disrupt existing value chains as the bioeconomy continues to perme-
ate into new sectors. However, disruption of or risks to critical parts
of bioeconomy value chains, such as supply shortages, interruptions in
transport, or reliance on single sources, represent important risks to the
nation. Reliance on single sources is particularly important if the source
is based overseas and thus subject to changes in political relationships or
other factors beyond U.S. control. Key components of bioeconomy value
chains, key capabilities, and key sources of supply that are critical to the
U.S. bioeconomy remain to be identified, as do mechanisms by which
access to these assets can be ensured.

The transitional space where research is too applied for university-
level development and yet still too risky to justify investment by
commercial application represents an opportunity for venture capital to
help start-up companies thrive. However, the source of venture capital
funding for these early- to midstage developers may require more
scrutiny, particularly given the increased trend of foreign investment in
U.S. bioeconomy companies and start-ups. Examples exist of investments
by nondomestic parties, either private capital or state backed, in U.S.
bioeconomy businesses—both large, successful companies and smaller
companies and start-ups—that were made with the goal of acquiring
intellectual property.

The Committee on Foreign Investment in the United States (CFIUS) is
responsible for reviewing potential foreign investments in and purchases
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of U.S. companies. In August 2018, the Foreign Investment Risk Review
and Modernization Act was signed into law, expanding CFIUS’s purview.
Given the specialized nature of the bioeconomy, the committee deter-
mined that CFIUS will likely require additional subject-matter expertise
to adequately assess the implications of foreign investments in U.S. bio-
economy entities.

Recommendation 5: The U.S. government should convene representa-
tives from its science and economic agencies who can access relevant
classified information to provide security agencies with subject-matter
expertise so as to (1) identify aspects of bioeconomy global value chains
that are vital to U.S. interests and to which access must be ensured, and
(2) assist the Committee on Foreign Investment in the United States
in assessing the national security implications of foreign transactions
involving the U.S. bioeconomy.

Prioritizing Cybersecurity and Information Sharing

Life sciences research is driven by the collection and analysis of large
amounts of data that are often generated through the use of automated
and network-connected instruments. The ability to process such data
is increasingly enabled by high-throughput computational processing
power and information exchange and storage capacity. Inadequate cyber-
security practices and protections expose the bioeconomy to significant
new risks associated with these vast stores of data and networked auto-
mated instruments.

While large companies tend to be aware of traditional cyber concerns
and have information technology infrastructures that provide protection,
smaller companies and academic institutions may not always be aware
that they are targets for cyber intrusions. Therefore, the committee con-
cludes that all stakeholders (companies of all sizes, academic institutions,
government agencies, and others) need to adopt best practices in cyberse-
curity in order to create an organizational culture that promotes and val-
ues cybersecurity. Adoption of these best practices could be accomplished
in a number of different ways, such as with training for all researchers
within the bioeconomy to increase awareness of cybersecurity threats
and vulnerabilities; adoption of the National Institute of Standards and
Technology’s Cybersecurity Framework (which can be adapted for a wide
range of organization sizes and types); and for some organizations, the
appointment of chief information security officers.

Researchers receiving federal funding are often mandated to share
their data in public databases, thereby expanding these vital databases
rapidly. However, the potential for redundancy, inaccuracy, and even
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conflicting entries poses a significant problem that is growing with the
continued deluge of data. Attempts to merge, curate, and validate data-
bases and redundant entries have demonstrated the considerable effort
required; however, the potential net benefit for research is immense.

The bioeconomy relies on the use of open-source software, which
means the software and its source code are openly available to anyone.
However, the software industry has learned that making code open-
source does little or nothing to guarantee its quality, robustness, and
security. Open-source software introduces the potential for misuse, for
example, if a malicious actor were to purposefully introduce a vulner-
ability into source code that enabled unauthorized access by third parties.
These concerns could potentially be mitigated by establishing a more
formal repository of open-source software for the bioeconomy, a formal
regime for controlling changes to source code, a testing regimen for any
changes to the code, and restrictions on who can make changes. Pro-
grams and incentives could be established to improve relevant software.
Participation in an information-sharing group could additionally enable
bioeconomy stakeholders to share experiences in detecting, mitigating,
and preventing cyber intrusions, as they have done for many infrastruc-
ture sectors.

The following recommendations could help improve cybersecurity
and information-sharing practices.

Recommendation 6: All bioeconomy stakeholders should adopt best
practices for securing information systems (including those storing
information, intellectual property, private-proprietary information, and
public and private databases) from digital intrusion, exfiltration, or
manipulation.

Recommendation 7: To protect the value and utility of databases of
biological information, U.S. science funding agencies should invest in
the modernization, curation, and integrity of such databases.

Recommendation 8: Bioeconomy stakeholders should pursue mem-
bership in one or more relevant Information Sharing and Analysis
Centers or Information Sharing and Analysis Organizations, or con-
sider creating a new sector-based information sharing organization
for members of the bioeconomy. The Cybersecurity and Infrastructure
Security Agency within the U.S. Department of Homeland Security
should convene bioeconomy stakeholders to build awareness about
relevant models for sharing information on cyberthreats. Those con-
vened should consider whether an active repository is needed to host
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and maintain key bioeconomy-related open-source software, algorithm
components, and datasets.

OPPORTUNITIES FOR INTERNATIONAL ENGAGEMENT

The U.S. bioeconomy exists in the broader context of a global bio-
economy. Science is a global enterprise, and there is immense value to
be gained from participating in a scientific enterprise that enables and
embraces the free flow of ideas and discussion, the wide dissemination of
published results, and collaboration across disciplines and borders. The
benefits of such a system are available to all of the participants. More-
over, future challenges are going to be global in nature and will require a
coordinated, global response. This will entail partnering with others who
are actively growing and investing in their own bioeconomies, especially
those who are likewise committed to open science, open economic devel-
opment, and responsible research and innovation. However, while it is
essential that the United States continue its role in international collabora-
tions and play an active role in the global bioeconomy, uneven trade prac-
tices, a lack of reciprocity regarding sample- and data-sharing practices,
and even regulatory regimes that make it more difficult for companies to
bring their products to nondomestic markets still exist within this global
enterprise. These practices, and others like them, have the potential to
hinder the progress of research, the spread of innovative methods and
ideas, and realization of the social and economic benefits of new products
by undermining trust between collaborators.

Recommendation 9: Through such entities as the World Trade Organi-
zation and the Organisation for Economic Co-operation and Develop-
ment, as well as through other bilateral and multilateral engagements,
the U.S. government should work with other countries that are part of
the global bioeconomy to foster communication and collaboration. The
goals of such international cooperation would be to (1) drive economic
growth, (2) reinforce governance mechanisms within a framework that
respects international law and national sovereignty and security, and
(3) create a level playing field.
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INTRODUCTION

Advances in data sciences and applied mathematics that facilitate
deep learning and machine learning for computational biology, along
with advances in engineering that have enabled automation and high-
throughput experimentation, are accelerating discovery within the life
sciences.! The collective progress in these fields and the application of
engineering principles to biology have in turn made possible the creation
of new products based on biological processes, materials, and informa-
tion. These products, and the research and development (R&D) that has
created them, are changing the face of many industries and stimulating
economic activity.? The term “bioeconomy,” which has emerged over the
past two decades as a way to conceptualize this economic activity, has
differing attributions, and its meaning is continually evolving. Given
that the term links biology and economic activity, moreover, its meaning
differs across contexts and countries, reflecting the vast range of natural
resources and technological strengths around the world. Despite these
variations, more than 40 countries have recognized the potential of a
bioeconomy to address a number of societal needs, and have articulated
their intent to boost their own bioeconomies by incorporating the concept

IFor the purposes of this report, the term “life sciences” is intended to encompass the biologi-
cal, biomedical, environmental biology, and agricultural sciences.

Disclaimer: Mention of examples of commercial companies or products made in the re-
port are for illustrative purposes only and are not meant to imply endorsement by the com-
mittee; the National Academies of Sciences, Engineering, and Medicine; or any organizations
providing funding for this study.
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into their policy strategies (El-Chichakli et al., 2016), with the aim of lever-
aging the power of biology to enable new paths of creation and product
development.

The United States has a long history of supporting and growing a
vibrant life science research enterprise that is increasingly contributing
to the growth of many economic sectors and has provided the nation
with many benefits, such as improved health and environment and new
and innovative products, generally leading to a better quality of life. The
nation currently leads in many biotechnology® arenas, and also has tre-
mendous natural and agricultural resources and sources of bio-derived
feedstocks, both actual and potential, as well as technological capabilities.

The future of the U.S. bioeconomy offers promise of growth and
prosperity, and improved quality of life through health and environmen-
tal benefits. For example, the bioeconomy offers potential new biobased
pathways for creating chemicals, energy sources, and materials, enabling
the replacement of traditional inputs such as petroleum feedstocks. There-
fore, the bioeconomy can also contribute to climate change mitigation.
However, this promise does not come without vulnerabilities and con-
cerns. The many aspects of the bioeconomy rely heavily on a healthy
and strong agricultural sector as both a consumer of and a contributing
producer of bioeconomy goods and services. Moreover, the nation’s clear
leadership in biotechnology will be challenged as other countries make
biotechnology investments at increasing rates (enabling them to advance
their research and innovation base), reflecting a normal aspect of rivalry
in the global economy, and recognizing that U.S. citizens will benefit
from bioeconomy advances elsewhere even as the world benefits from
U.S. advances. In light of these crucial benefits and the challenges they
bring, the Office of the Director of National Intelligence (ODNI) requested
that the National Academies of Sciences, Engineering, and Medicine (the
National Academies) convene an ad hoc committee to consider how the
U.S. bioeconomy can be safeguarded and sustained. This report presents
the results of that study:.

HISTORY OF THE U.S. BIOECONOMY

Several events led the United States to define and consider areas of
structural importance to its own bioeconomy. The Great Recession, a
period of significant general economic decline in world markets in the late
2000s and early 2010s, nucleated a series of efforts in the United States to
stimulate economic recovery. During this time, the 2009 National Research

3Any technological application that uses biological systems, living organisms, biological
processes, or derivatives thereof, to make or modify products or processes for specific use.
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Council (NRC) report A New Biology for the 21st Century (NRC, 2009) was
issued. This report describes the growing power of biology, and explains
how biotechnology advances and has critical intersections with a number
of scientific disciplines, including computing and engineering, addressing
a broad range of human needs in such diverse areas as human health,
food and nutrition, energy, and the environment (NRC, 2009). While that
report is focused on social benefits, it also points to the deep ties between
research innovation and economic benefits.

The following year, the U.S. government first acknowledged the
need for strategic planning for the nation’s bioeconomy. In their joint
guidance memorandum on science and technology priorities for the
fiscal year 2012 budget, the White House Office of Management and
Budget and the Office of Science and Technology Policy (OSTP)* directed
agencies to prioritize efforts to promote sustainable economic growth
and job creation. Specifically, agencies were advised to “support research
to establish the foundations for a 21st century bio-economy” in areas
in which “advances in biotechnology and improvements in our abil-
ity to design biological systems have the potential to address critical
national needs in agriculture, energy, health and the environment.”
This specific reference to biotechnology as a key feature of the future
U.S. bioeconomy was aligned with the strengths of the nation’s public
and private research sectors in cutting-edge engineering biology and
big data approaches to harness the potential of biological research for
addressing national-scale challenges.

In addition to developing specific guidance for science and technology
priorities in federal research to drive the U.S. bioeconomy, considerable
effort was focused on reforming the patent system, stimulating economic
growth, and enabling entrepreneurs to create new companies and new
jobs. The resulting America Invents Act of 2011 (P.L. 112-29) addressed bar-
riers that hindered the key industries of biotechnology, medical devices,
and advanced manufacturing. The act was intended to accelerate innova-
tion by providing a fast-track patent application process that would allow
applicants to obtain a decision within 12 months, reducing the then-current
patent backlog and, importantly, moving the U.S. patent system from a
“first-to-invent” to a “first-inventor-to-file” system, thereby aligning U.S.
patent policies with those of other patent systems around the world.

In 2012, the National Bioeconomy Blueprint® laid out strategic
objectives that included strengthening relevant R&D efforts, advancing

4Gee https:/ /www.whitehouse.gov/sites/whitehouse.gov /files/omb /memoranda/2010/
m10-30.pdf.

5See https:/ /obamawhitehouse.archives.gov /sites/default/files/microsites/ostp /national_
bioeconomy_blueprint_april_2012.pdf.
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discoveries from laboratory to market, reducing regulatory barriers,
developing a 21st-century bioeconomy workforce, and fostering key pub-
lic-private partnerships. It also highlighted the need to include biotech-
nology as a key driver of the U.S. bioeconomy strategy. Since its release,
a number of major advances have accelerated the growth of the U.S.
bioeconomy:

The U.S. Department of Agriculture (USDA) expanded efforts to
enable the procurement of biobased products through the Bio-
Preferred Program,® and the BioRefinery Assistance Program
(rebranded as the Biorefinery, Renewable Chemical, and Biobased
Product Manufacturing Assistance Program’), and the Biomass
Crop Assistance Program.?

Major advances have occurred in engineering biology, including
gene-editing approaches involving meganucleases, zinc fingers,
transcription activator-like nucleases (TALENSs), and clustered
regularly interspaced short palindromic repeats (CRISPR).

The launch of the Precision Medicine Initiative’ occurred in 2016.
It aims to use biological data and new analytics tools to derive
inferences that can be applied to understand disease and develop
diagnostics and treatments.

In 2016, The Billion Ton Biomass report (USDA and the U.S. Depart-
ment of Energy [DOE]) provided evidence and data on the poten-
tial for 1 billion tons of renewable biomass in the United States
to give rise to 50 billion gallons of biofuels/25 percent of liquid
transportation fuels, 50 billion pounds of biobased chemicals/
products, reductions of 450 million tons of carbon dioxide (CO,)
emissions, and 1.1 million direct jobs/$250 million kept in the
United States by 2030 (DOE, 2016; Rogers et al., 2017).

In 2016, DOE established the first open, public biofoundry, the
Agile BioFoundry,! to address precompetitive research chal-
lenges identified by industry.

In 2016, the U.S. National Science Foundation launched its Big
Idea initiative, including the Rules of Life Program.!!

6See https:/ /www.biopreferred.gov/BioPreferred /faces/pages/ AboutBioPreferred.xhtml.
"Seehttps:/ /www.rd.usda.gov/programs-services/biorefinery-renewable-chemical-and-
biobased-product-manufacturing-assistance.
8See https:/ /www.fsa.usda.gov/programs-and-services/ energy-programs/BCAP/index.
“See https:/ /obamawhitehouse.archives.gov/ precision-medicine.
10Gee https:/ /agilebiofoundry.org/how-we-got-here.
HGee https:/ /www.nsf.gov/news/special_reports/big_ideas/life.jsp.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25525

Safeguarding the Bioeconomy

INTRODUCTION 21

The release of the “2017 Update to the Coordinated Framework
for the Regulation of Biotechnology” was aimed at increasing
transparency, ensuring safety, streamlining regulatory processes,
and accelerating the translation of bioinventions to market (EOP,
2017).

In 2017, USDA released an interagency task force report outlining
the need to increase public acceptance of biotechnology prod-
ucts, modernize and streamline the federal regulatory system for
such products, and expedite their commercialization, all of which
would improve the bioeconomy through biotechnology (USDA,
2017).

In 2018, LanzaTech partnered with Pacific Northwest National
Laboratory and Virgin Atlantic to develop and test new biojet fuel
(Bauer and Burton, 2018).

In 2019, the Biomass Research and Development Board of DOE
and USDA issued The Bioeconomy Initiative: Implementation Frame-
work (BRDB, 2019).

In 2019, the Engineering Biology Research Consortium (EBRC)
released its technical research roadmap, Engineering Biology: A
Research Roadmap for the Next-Generation Bioeconomy,'? which out-
lines technical themes and application sectors for engineering
biology.

In addition to the previously mentioned 2009 NRC report A New
Biology for the 21st Century, a number of more recent National Academies
reports have elaborated specific sectors of biotechnology. Among them
are the following:

Industrialization of Biology: A Roadmap to Accelerate the Advanced
Manufacturing of Chemicals (NRC, 2015) also speaks to specific
aspects of chemical and fuel production via microbial biotech-
nology. It provides a roadmap for expanding the application of
engineering biology in the production of chemicals.

Genetically Engineered Crops: Experiences and Prospects (NASEM,
2016) showcases progress in the development and use of geneti-
cally engineered crops.

Preparing for the Future Products of Biotechnology (NASEM, 2017)
imagines possible developments on a 5- to 10-year horizon and
considers regulatory frameworks needed to support them.

12Gee https:/ /roadmap.ebrc.org.
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e Biodefense in the Age of Synthetic Biology (NASEM, 2018) considers
possible misuse of the powerful tools of synthetic biology.

o Gaseous Carbon Waste Streams (NASEM, 2019) identifies a number
of feedstocks (CO,, carbon monoxide [CO], methane [CH,]) with
the potential to drive the U.S. bioeconomy.

Beyond these publications, the NRC and the National Academies have
worked with the science academies in the United Kingdom and China since
2013 to conduct a series of symposia titled Positioning Synthetic Biology
to Meet the Challenges of the 21st Century. Additionally, the NRC and the
National Academies convened three workshops in 2014, 2015, and 2016
exploring the bioeconomy, emerging technologies, and security concerns
related to life sciences data.

The United States is not alone in seeing the economic advantages
that can be derived from having a bioeconomy or from focusing invest-
ments in biotechnology. The Organisation for Economic Co-operation and
Development, the European Commission, and several European coun-
tries individually have written their own related position papers and
roadmaps. In 2012, the United Kingdom launched its Synthetic Biology
Leadership Council, co-chaired by government and private-sector repre-
sentatives. And China sees synthetic biology as having potential to accel-
erate economic growth, having developed its own long-term (20-year)
plans and objectives. A detailed discussion of other nations” approaches to
defining their bioeconomies and organizing their bioeconomy strategies
can be found in Chapter 2.

The global bioeconomy, then, involves economic rivalry and coop-
eration among nations, in addition to significant scientific collaboration.
Leadership in biotechnology has the potential to lead to economic advan-
tage, whereas falling behind in biotechnology could have a cost, or at a
minimum, the cost of lost opportunity.

ADVANCES IN BIOTECHNOLOGY
AND THE LIFE SCIENCES

For the U.S. bioeconomy, the innovation process often begins with
fundamental research. Fundamental discoveries in basic biology are cross-
cutting and often agnostic to potential application areas. A revolution
in life sciences is accelerating, powered by technologies for reading and
writing genomes, facile gene and genome editing, and the leveraging of
natural diversity through genome-wide association studies (GWASs) to
identify the genes underlying desirable traits. Breakthroughs in systems
biology and synthetic biology then provide an unprecedented capacity
for engineering plants, animals, and microbes. This cycle of discovery
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leading to technology that then amplifies discovery can be illustrated
by the four examples described below. These are but a few examples of
how the basic research enterprise of discovery science is now fueled by
enabling technologies to such an extent that the rate of production of new
knowledge continues to accelerate. Although the timescale for translation
and advancement is different for different application areas, an important
question is how the benefits of these knowledge gains can be translated
most effectively into the bioeconomy and into positive impacts on society.
The components of the innovation ecosystem that need to be in place to
realize the potential of these scientific breakthroughs are discussed later
in this chapter.

Example 1: Next-Generation Sequencing

In the last decade of the 20th century, conventional Sanger sequencing
and then shotgun sequencing were used to generate the publicly funded
sequences of the human genome and those of genetic model species, a
painstaking labor involving international research consortia (Shendure
et al., 2017). Over the first two decades of this century, next-generation
deep-sequencing technologies have built on this foundation, using the
previous era’s sequences as definitive libraries against which to match
short sequences produced by more modern instruments. Next-generation
sequencing reduces the scale (size) of the sample, enabling massively
parallel sequencing reactions—the simultaneous sequencing and analysis
of millions of oligonucleotides (short strings of DNA bases). Thus, minia-
turization of sequencing reactions allowed multiplexing of the number of
reactions that can be run in a single experiment, dramatically increasing
the speed of data acquisition (Shendure et al., 2017). It became possible to
obtain complete genome sequences of prokaryotic organisms and the pro-
tein-coding regions of complex eukaryotic organisms on a routine basis
and at a cost within the reach of a single investigator in a university. Gene
and genome sequences and RNA transcripts can be compared between
species, within a species, and within selected populations. Miniaturized
equipment for DNA and RNA sequencing is available to further advance
field work. And on the near horizon is instrumentation that can read the
sequences of single molecules of DNA at the speed of DNA polymeriza-
tion and in devices about the size of a thumb drive (Jupe et al., 2019).

Geneticists have used association mapping for more than a century
to identify causative genes underlying a mutant phenotype. For such
diseases as Huntington’s disease and cystic fibrosis for which mutations
in a single gene are causative, this is a reasonable approach. However,
many human diseases, or desired traits in crops and animals, have a poly-
genic basis, meaning that more than one gene is likely responsible for the
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disease or trait. The availability of thousands of genome sequences from
a diseased population versus a healthy population of humans, plants, or
animals has allowed identification of the suites of mutations that contrib-
ute to the risk of a particular disease. The more sequences are available,
the greater is the statistical power in the association of genetic differences
between the diseased and healthy populations with disease risk. These
GWASs have identified tens or hundreds of new candidate genes!® and
biochemical pathways involved in autism, schizophrenia, obesity, and
heart disease (Hall et al., 2016). Thus, the research community is begin-
ning to understand the complex molecular bases of these diseases and
to provide new therapeutic targets for drug development and diagnosis.
Similarly, the application of GWASs to plant and animal populations is
contributing to fundamental understanding of growth and development,
resistance to stresses, and desired traits such as increased yield (Rai et al.,
2019; Sun and Guan, 2018). The first GWAS study was published in 2005,
and there are now about 4,000 curated studies with more than 130,000
associations (GWAS catalog!*). Companies such as 23andMe and Ances-
try DNA utilize GWAS predictions to provide reports to their individual
consumers on genetic disease risks or other characteristics with a genetic
basis. They can also use the data contributed by consumers in the aggre-
gate to provide pharmaceutical companies with a rich dataset for their
own GWAS analyses.

Example 2: Analytical Chemistry

New analytical methods have been developed that can identify the
structures and concentrations of chemical species in complex mixtures in
plant and microbial cells and in fermentation media, and those generated
during the processing of lignocellulosic biomass. These complex mixtures
can contain previously unknown compounds of a variety of character-
istics (e.g., size, volatility, solubility, polarity, acidity, basicity, ionization
energy, reactivity, and concentration). Both high-throughput and highly
specialized analyses are now available, including methods based on high-
resolution separations, novel ionization and dissociation methods, high-
resolution mass spectrometry, and multistage tandem mass spectrometry
(Aksenov et al., 2017).

The capability to inventory amounts and types of molecules beyond
nucleic acids in living cells has had two major impacts. First, in basic

13GWASs have grown in the complexity of the gene networks they can connect. For ex-
ample, a study examining the genetic basis for height recognizes the potential contributions
of roughly 700 genes (Yengo et al., 2018).

1See https:/ /www.ebi.ac.uk/gwas.
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research, the accurate characterization of the protein and metabolite con-
tents of living cells revealed the lack of correlation between transcript
levels and their translated products, and then the primary and second-
ary metabolites synthesized by enzymes and enzyme complexes. Using
proteomics and metabolomics data, computational modeling of biochemi-
cal pathways and their metabolic fluxes provides a systems-level view
whereby hypotheses about the effects of perturbation of a component
within the system can be tested in silico and then validated experimen-
tally (Ideker et al., 2001). Second, as understanding of living systems
increases, it becomes possible to move beyond a description of the system
and its parts to the design of new parts and pathways and their genetic
control. This mechanistic understanding is used to control native or syn-
thetic pathways at the cell, tissue, and organismal levels. For example,
the production of the antimalarial drug artemisinin by an engineered
pathway in yeast rather than its native pathway in the plant Artemisia
annua'® was one of the first proofs of this concept (Paddon and Keasling,
2014), and was extended to the production of jet fuel precursors in E. coli
(Liu et al., 2018).

Metabolic engineering and engineering biology, enabled by new ana-
lytical capabilities, are poised to enable use of a national resource of more
than a billion tons of lignocellulosic biomass (DOE, 2011, 2016). Beyond
ethanol produced from fermentation of biomass-derived sugars, early-
stage research is mapping chemical, biochemical, and fast-pyrolytic con-
version pathways to liquid hydrocarbon fuels similar to jet fuel, gasoline,
or their components (McCann and Carpita, 2015). Lignin in intact woody
biomass can be converted efficiently by chemical catalysts to methoxyphe-
nols and then deoxygenated to propylcyclohexane (Parsell et al., 2015),
and cellulose can be converted to 5-hydroxymethylfurfural (Yang et al.,
2012). Plant species accumulate large amounts of carbon in the form of
soluble phenylalanine-derived products and polyketides. Many of these
compounds are conjugates of highly reduced aromatic molecules, and
together with sugars and aromatics derived from plant cell walls, have the
potential to be converted to next-generation fuels or co-products. In one
example, Gevo Inc. has blended its renewable jet fuel, derived from wood
waste, in test flights, but the current excitement about green (sustainable)
chemistry has yet to translate to commercial application.

The bio-derived monomers, although abundant, in these examples
represent a tiny proportion of the more than 400,000 kinds of molecules
synthesized by living plant cells (Hur et al., 2013). Some natural plant

5The penultimate molecule in the reaction, artemisinic acid, can be produced using an en-
gineered pathway in yeast. This molecule undergoes one final chemical reaction to produce
the drug.
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products have nutritional or pharmaceutical value and form the basis of
foods, nutritional supplements (e.g., vitamins), and drugs, while others
govern interactions of the plant with its environment (Farré et al., 2014;
Fitzpatrick et al., 2012; Martin, 2013). The diversity of plant metabo-
lism thus provides a foundation for metabolic engineering and engi-
neering biology to meet societal goals in biofuels and bioproducts, as
well as in food and feed production, biomedicine, and sustainability.
Efficient production of target compounds requires systems-level under-
standing of metabolism and constraints, including trade-offs between
carbon fluxes and cellular energy balances. Distributed network control,
genetic redundancy, compartmentation of metabolic activities, and mul-
ticellularity together increase metabolic complexity in plants, making the
design-build-test-improve engineering cycle more challenging than is
the case for microbial systems. However, the ability to generate haploids
and induce genome duplication such that plants are homozygous for all
genomic loci is a breakthrough technology that significantly shortens the
timeline for crop breeding (Kalinowska et al., 2019). Future technologies
will facilitate both plant metabolic engineering itself and implementation
strategies for engineering crops or plant cell cultures as bioproduction
systems.

Example 3: Epigenetics

The cloning of Dolly the sheep by reproductive cloning was a tech-
nology landmark because it demonstrated that the nucleus of a differ-
entiated cell could be reset to an undifferentiated state from which all
cell lineages could be derived (Campbell et al., 1996). Since that land-
mark was achieved, it has become clear that development and disease in
eukaryotic organisms are a function of both mutations in DNA and the
modifications to the structure of chromatin that are made during a cell’s
or organism’s lifetime, affecting the expression of the gene or genes in
that area (epigenetics). The three pillars of epigenetics are methylation of
cytosine in DNA; methylation, acetylation, and phosphorylation of the
histone proteins around which the DNA is wound on nucleosomes; and
RNA-mediated gene-silencing mechanisms that promote heterochromatin
formation (Allis and Jenuwein, 2016). These DNA structures and modi-
fications modulate gene expression to maintain the differentiated state
of somatic cells. Some epigenetic marks on genomes are now known to
occur as a result of chemical exposure, and some chemicals, including
morphine, alcohol, and nicotine, show transgenerational effects (Boskovi
and Rando, 2018).

In fundamental studies leading to a Nobel Prize, the transcription
factors that maintain the pluripotent state of embryonic stem cells were
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identified, and shown to be necessary and sufficient to reset fully dif-
ferentiated somatic cells to a pluripotent state (Takahashi and Yamanaka,
2006). The resulting cells are referred to as induced pluripotent stem
cells (iPSCs). These iPSCs can then be induced to differentiate and form
organoids, three-dimensional tissue cultures that recapitulate some of the
complexity of animal or human organs (Franchini and Pollard, 2015). A
patient’s own skin cells, for example, can be reset to iPSCs and then trig-
gered with a specific cocktail of transcription factors to form liver cells.
This technology could eventually give rise to organ replacements fully
compatible with a patient’s own immune system (Kimbrel and Lanza,
2016). In combination with gene-editing technology, iPSCs and derived
organoids have the potential to become patient-specific testbeds for drug
responses.

Example 4: Gene and Genome Editing

Basic research investigating the mechanisms by which bacteria pro-
tect themselves from viral infections has led to a gene- and genome-edit-
ing technology for routine laboratory use (Sander and Joung, 2014). The
CRISPR/Cas system uses noncoding RNAs to guide the Cas9 nuclease
to induce site-specific double-stranded DNA cleavage. This DNA dam-
age is repaired by cellular DNA repair mechanisms. A single guide RNA
is generated to direct the Cas9 nuclease to the specific genomic loca-
tion. Homologous recombination at the target site allows replacement
of endogenous gene sequences with sequence variants encoded in DNA
vectors (Lander et al., 2016). Careful genotyping is still required to iden-
tify the desired transformants and eliminate transformants resulting from
off-target genetic modifications.

The ubiquity of gene editing using CRISPR/Cas9 in public and pri-
vate research has arisen as the result of a noteworthy conjunction of cir-
cumstances. Other methods for creating changes to DNA, such as mega-
nucleases, zinc-finger nucleases, and TALENSs, were laborious because the
protein recognition domain for each target sequence had to be designed
and correctly expressed. Shifting from a system that depended on pro-
tein recognition of target DNA sequences to a system that depends on
complementary DNA recognition of target DNA sequences simplified
and resolved many of the underlying issues of molecular engineering.
The rapidity of adoption of CRISPR/Cas9 by the research community is a
function of the ease with which the technology can be used for the design
of genetic modifications, the affordability of oligonucleotide synthesis,
and the low cost of sequencing modified organisms.

One of the first human clinical trials using CRISPR/Cas9 gene editing
is now ongoing in the United States for sickle cell disease, led by CRISPR
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Therapeutics/ Vertex Pharmaceuticals and Sangamo Therapeutics/Sanofi
(Collins, 2019). The advantage of blood as an organ for gene editing is that
it can be removed from a patient and reintroduced after the treatment. Red
blood cells are short-lived and are continuously replaced by hematopoietic
stem cells. Sickle cell disease is caused by a single base pair mutation in the
beta-hemoglobin protein that reversibly binds oxygen in red blood cells.
Unlike normal hemoglobin, the mutated hemoglobin polymerizes inside
cells when deoxygenated, injuring the membrane of the cell and causing
its rupture, and also distorting the shape of cells in a manner that leads to
vaso-occlusion. Two strategies are being explored for efficient editing of
induced hematopoietic stem cells (Sugimura et al., 2017) initially derived
from sickle cell patients: the single nucleotide polymorphism in the beta-
hemoglobin gene itself can be edited to the wild-type sequence, or a
repressor of fetal hemoglobin can itself be mutated, leading to expression
of normal fetal hemoglobin in adult patients (Bourzac, 2017). The U.S.
Food and Drug Administration granted fast-track designation for the
CRISPR-based treatment called CTX001 for this latter strategy.'®

The convergence of the technologies described in the previous four
examples for animal and human disease studies is now easy to imagine:
the availability of DNA sequences permits GWAS analyses of healthy and
diseased populations, from which candidate genes are inferred by genetic
association. Expression of each of the tens or hundreds of candidate genes
can be modulated using CRISPR/Cas9 technology in iPSCs and their
derived organoids to test hypotheses of development and disease or to
provide a testbed for evaluating therapeutic drugs.

FOUR DRIVERS OF THE U.S. BIOECONOMY

As noted earlier, definitions of the term “bioeconomy” vary across
different contexts and countries. The focus of this study was on the U.S.
bioeconomy, and so it is important before reporting the study’s results to
define what the term means in the U.S. context and for the purposes of
this report. To this end, the committee identified four defining drivers of
the U.S. bioeconomy (see Figure 1-1).

The first is the life sciences—the subdisciplines of biology that
yield understanding of all forms of life on Earth. These subdisciplines
include botany and agronomy, which focus on plants and agriculture,
respectively; microbiology, which studies single-cell organisms; and

1Gee http:/ /ir.crisprtx.com/news-releases/news-release-details/ crispr-therapeutics-and-
vertex-announce-fda-fast-track.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25525

Safeguarding the Bioeconomy

INTRODUCTION 29

¥ o

Computing §
Informalion
Sciences 4

Engineering

%)

Life
Sciences

),

FIGURE 1-1 Four drivers of the U.S. bioeconomy.

environmental biology, the study of how plants and animals interact
with their environment.

Second is biotechnology, which enables understanding biology at the
level of genetics, the code for all living organisms. Advances in biotech-
nology have now made it possible not just to read the genetic code but to
write it, and to engineer it to such purposes as curing a disease, improv-
ing a crop yield, or addressing an environmental need. Biotechnology
advances have also enabled new methods for growing and analyzing cells
and tissues, as well as for purifying enzymes for use in driving chemical
reactions outside of their native cellular context. The four examples pre-
sented in the preceding section—next-generation sequencing, analytical
chemistry, epigenetics, and gene and genome editing—are all powerful
biotechnology tools that have accelerated the development of applications
for the bioeconomy.

Advances in biotechnology require experimentation: to bring a bio-
technology drug to market requires millions of experiments, and the same
is true for a biotechnology crop or a new detergent enzyme. Engineer-
ing has made it possible to automate and miniaturize the experimental
process, which enables high-throughput experimentation. Engineering
advances in robotics and microfluidics support high-throughput tech-
niques for product development, while advances in analytical techniques
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enable use of smaller samples to derive results. In addition to robotics
and microfluidics, examples of the use of engineering in the development
and production of bioeconomy products include tissue engineering and
cell culture, and advanced fermentation. Moreover, the application of
engineering principles, such as design-build—test, to biology has greatly
accelerated the field of synthetic biology.

Finally, computing and information sciences have made it possible
to model experiments mathematically before they are run, as well as to
predict outcomes. Experimentation results in large datasets—the “omics”
(genomics, proteomics, metabolomics) data from humans, animals, plants,
and microorganisms—along with the massive datasets associated with
digital imaging. Today, advanced computing techniques such as machine
learning are dramatically accelerating the ability to observe nonobvious
patterns in large, complex datasets; to make “wise guesses,” eliminating
improbable experiments; and to continue to pursue the most promising
leads. Biological datasets can also be paired with data from disparate
sources, such as medical clinical observations, plant-breeding records,
workplace exposure data, family histories, and lifestyle information from
social media. Applications of artificial intelligence to these datasets will
deepen and accelerate understanding of the interrelation between cause
and effect, and between genotype and phenotype. It is this dimension
that holds particular promise for the future of the U.S. bioeconomy, and
it is also an area in which U.S. leadership in the increasingly global bio-
economy could be disrupted.

The committee’s definition of the U.S. bioeconomy derives from its
identification of the above four drivers:

The U.S. bioeconomy is economic activity that is driven by research
and innovation in the life sciences and biotechnology, and that is
enabled by technological advances in engineering and in computing
and information sciences.

The U.S. bioeconomy thus defined rests on both the nation’s natu-
ral resources and American ingenuity. It encompasses the products of
biological processes and those based on biological feedstocks. It also
includes the value chains that have formed to support these research and
production activities, such as DNA sequencing services; “foundries” that
produce domesticated “host” production organisms and DNA constructs;
and consumables that are specific to biotechnology research, such as the
ubiquitous 96-well plates and polymerase chain reaction kits. Perhaps
most significant, this definition (and thus the bioeconomy) fully embraces
the convergence of many different scientific and engineering principles
and domains with the life sciences. The transdisciplinary nature of the
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bioeconomy is key to its success and growth. It is this aspect that has
enabled the bioeconomy to spread to sectors that have traditionally been
completely independent of the life sciences.

CONSIDERATIONS IN SAFEGUARDING
THE U.S. BIOECONOMY

In studying the overarching question of how to safeguard the U.S.
bioeconomy, the committee identified a number of issues that need to
be considered. For example, countries around the world rely on goods
produced in the United States. Would the United States be comfortable
relying on non-U.S. sources of therapies for treatment of U.S. citizens? Or
non-U.S. sources for agricultural inputs needed to grow the nation’s food
supply? Or foreign biotechnology solutions to critical U.S. environmental
concerns? The answers, of course, depend. What are the circumstances in
each instance? What is the need? What are the potential consequences in
human, environmental, economic, and security terms? On whom would
the United States be dependent? What alternatives exist? While addressing
all of these questions was beyond the scope of this study, many of the topics
and concerns explored in this report feed into those discussions.

Even the process through which the U.S. bioeconomy develops is
worthy of examination. The scientific process is collaborative by nature.
Scientific processes in the United States are open by intent and by design;
openness in science is always preferred. The science and technology
enterprise of the U.S. bioeconomy advances through the sharing of data
and information and through collaboration among scientists around
the world. Sharing works to build scientific expertise while also saving
resources, enabling many researchers (in academia or industry, within or
outside of the United States) to benefit from initial investments and to
validate discoveries made by others. For example, through the use and
continued growth of public datasets, researchers can access information
without needing to fund the re-creation of those datasets.

While sharing of data and information is desired, certain types of data
associated with the U.S. bioeconomy pose privacy and security concerns.
In medical research, for example, the privacy of patients” data, whether
their electronic health records or their genomic sequence data, must be
assured. This requirement limits what data can be shared and the manner
in which it is shared. For instance, genetic data on the U.S. population and
subpopulations may reveal vulnerabilities to specific diseases. Similarly,
in the agricultural arena, genetic information on vital food crops could
reveal vulnerability to disease or heightened susceptibility to genetically
enhanced pathogens. Thus, the central issue arises of how to balance the
intent to share openly with the legitimate privacy and security concerns
involved.
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Moreover, openness in science is extended with an expectation of
reciprocity. A growing number of countries are restricting the sharing of
genetic data or samples that can yield genetic information (conversely,
others are sharing even more of these data and samples than is the United
States). What is the appropriate response to this growing asymmetry and
imbalance in openness in science?

These considerations represent the central impetus for this study.

STUDY CHARGE, SCOPE, AND APPROACH

As mentioned previously, in 2012 OSTP released the National Bio-
economy Blueprint, which laid the groundwork for characterizing and
stimulating the U.S. bioeconomy. While the activity that followed focused
on the scientific capabilities and potential for societal benefit, and there
was some effort to characterize economic contributions in particular
domains, little was done to holistically examine the value of the U.S.
bioeconomy or assess the risks that relate to the bioeconomy. As a result,
questions around the scope and scale of the bioeconomy persisted, a
process by which to measure its value was never created, and concerns
about the national strategic thinking and the ability to secure and protect
the U.S. bioeconomy remained. The committee convened to conduct this
study was tasked with delineating the scope of the U.S. bioeconomy,
determining how to assess its economic value, identifying potential eco-
nomic and national security risks related to the bioeconomy and associ-
ated policy gaps, considering cybersecurity solutions for protecting bio-
economy data and other outputs of the bioeconomy, and determining a
mechanism for tracking future advances and developments within the
bioeconomy. The committee’s full Statement of Task is presented in Box
1-1. Importantly, the committee was not asked to determine the value
of the bioeconomy; however, in the course of its information gathering,
the committee did collect enough data to present a pilot experiment for
bioeconomy valuation. The committee was also not tasked to conduct a
horizon scan of future innovations in the bioeconomy; rather, this report
describes methodologies that could be used to conduct and establish a
process for horizon scanning and foresight to enable policy makers to stay
abreast of developments in the bioeconomy.

To address its Statement of Task, the committee held three informa-
tion-gathering workshops in Washington, DC, and three online webinars.
Speakers at the workshops and webinars were selected to complement
the broad expertise of the committee members and to represent various
stakeholder groups within the U.S. bioeconomy. The speaker list for the
workshops and webinars can be found in Appendix B. The discussions
covered the breadth of the bioeconomy; various perspectives on how to
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BOX 1-1
Statement of Task

An ad hoc committee of the National Academies of Sciences, Engineering,
and Medicine will be convened to consider strategies for safeguarding and sustain-
ing the economic activity driven by research and innovation in the life sciences,
collectively known as the bioeconomy. In completing its task, the committee will
outline the landscape of the U.S. bioeconomy, as well as:

+  Outline existing approaches for assessing the value of the bioeconomy
and identify intangible assets not sufficiently captured or that are missing
from U.S. assessments, such as the value of generating and aggregating
datasets.

»  Provide a framework to measure the value of intangible assets, such as
datasets.

»  Outline metrics commonly used to identify strategic leadership positions
in the global economy and identify areas in which the United States cur-
rently maintains leadership positions and is most competitive.

+  Outline potential economic and national security risks and identify policy
gaps pertaining to the collection, aggregation, analysis, and sharing of
data and other outputs of the bioeconomy.

«  Consider whether there are unique features of the bioeconomy that may
require innovative cybersecurity solutions. In addition, determine if data
or other intellectual property from the varied sectors of the bioeconomy
(biomedical, agricultural, energy, etc.) require different safeguards or
whether the same measures could be effective for all sectors. Also, de-
termine if basic research requires different safeguarding mechanisms or
whether practices effective for industry and manufacturing are applicable
and sufficient for basic research.

« Develop ideas for horizon scanning mechanisms to identify new technol-
ogies, markets, and data sources that have the potential to drive future
development of the bioeconomy. Consider whether additional strategies
(beyond those identified for the existing components of the bioeconomy)
might be needed to safeguard these new technologies and data, and as-
sess their implications for innovation and biosecurity.

The committee will prepare a Consensus Study Report that identifies op-
tions for strategies to safeguard the bioeconomy and will provide its analyses of
the pros and cons of each option. It will then recommend which option or options
it believes will address the above issues and protect the technologies, data, and
other intellectual property of the bioeconomy most effectively while sustaining
innovation and growth.
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define the bioeconomy, as well as measure the bioeconomy and assess
the value of its various components; and the risks and benefits of the bio-
economy’s various facets. These discussions served as the initial basis for
the committee’s deliberations, which were further informed by a review
of the relevant literature.

ORGANIZATION OF THE REPORT

This report is organized into four parts addressing the key elements
of the committee’s Statement of Task: “Defining and Measuring the U.S.
Bioeconomy” (Part I), “Understanding the Ecosystem and Identifying
New Trends in the U.S. Bioeconomy” (Part II), “Understanding the Risks
Associated with the U.S. Bioeconomy” (Part III), and “Strategies for Safe-
guarding the U.S. Bioeconomy” (Part IV).

In Part I, the committee presents its perspectives on how to define
and measure the bioeconomy. Chapter 2, on defining the U.S. bioeconomy,
details the various approaches used by countries around the world to
define their bioeconomies and organize their bioeconomy strategies. That
chapter also explores the committee’s definition, presented earlier in this
chapter, and its interpretation of how that definition sets the param-
eters of what is included in the U.S. bioeconomy. Chapter 3, on frame-
works to measure the value of the U.S. bioeconomy, reviews the various
approaches that can be used to assess the value of an economic sector
and how those approaches can be applied to the U.S. bioeconomy. In
light of its definition of the U.S. bioeconomy, the committee analyzes the
data available for conducting such an assessment, undertaking a pilot
experiment and examining the robustness of currently available data. In
the process, steps were taken to identify data that are missing, not well
characterized, or collected in such a way that it is difficult to incorporate
them into an assessment of the value of the bioeconomy. The chapter
presents a simplified framework for the process the committee undertook
in this pilot experiment. Chapter 3 ends with a data-rich discussion of the
current direction and status of the U.S. bioeconomy, examining national
and private investments and indicators of innovation outcomes (e.g.,
patents, product approvals, sales). These U.S.-based data are examined
in this chapter to prepare the reader for the global comparisons made in
the subsequent chapter.

Chapter 4, on areas of leadership in the global economy, presents a
detailed examination of the metrics commonly used to determine scien-
tific and economic leadership within a domain. The metrics compared
here include government investment in R&D, scientific output (captured
in publications and patents), training indicators for students (degrees
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granted), investments by private entities (corporations and venture capi-
tal firms), and the number of bioeconomy-relevant firms.

In Part II, the committee examines the innovation occurring within
the bioeconomy and how new trends and developments can be tracked.
Chapter 5, on the ecosystem of the U.S. bioeconomy, explores the nature
of the life sciences research enterprise and the associated processes and
structures that support and sustain it. This chapter includes examples of
how advances in engineering and in computing and information sciences
have created new opportunities for growth and development in life sci-
ences research. Chapter 6, on horizon-scanning and foresight methods,
assesses the various methodologies for bioeconomy-related horizon scan-
ning and forecasting, providing examples of approaches relevant to the
life sciences. The chapter also offers the committee’s assessment of desir-
able elements for a future-thinking and horizon-scanning mechanism for
the bioeconomy.

In Part IIT of the report, the committee explores the potential risks
associated with the bioeconomy and provides its conclusions and recom-
mendations for safeguarding the bioeconomy. Chapter 7, on economic
and national security risks pertaining to the bioeconomy, outlines the vari-
ous risks related to the U.S. bioeconomy, although the committee notes
that much of this discussion does not differentiate economic from national
security risks, which often cannot be decoupled. Within this chapter, the
committee also examines policy mechanisms that can be used to address
these risks, pointing out how these policies can be used to mitigate some
risks but also may raise additional concerns through the potential for
unintended consequences of particular actions.

In Part IV, Chapter 8, the committee presents its overall conclusions
and recommendations, explaining their underlying logic and intent, and
in some cases discussing different approaches for fulfilling the respective
goals. The committee avoided being prescriptive and identified the rel-
evant players when necessary. The committee’s conclusions and recom-
mendations encompass many of the subjects covered in this report, as the
committee attempted to take a holistic approach when considering what
elements to elevate to the top of its priority list. However, the recommen-
dations are not presented in an order indicating priority, but rather in a
manner designed to present a logical and holistic view of the bioeconomy.

REFERENCES

Aksenov, A. A, R. da Silva, R. Knight, N. P. Lopes, and P. C. Dorrestein. 2017. Global chemi-
cal analysis of biology by mass spectrometry. Nature Reviews Chemistry 1:0054.

Allis, C. D., and T. Jenuwein. 2016. The molecular hallmarks of epigenetic control. Nature
Reviews Genetics 17(8):487-500.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25525

Safeguarding the Bioeconomy

36 SAFEGUARDING THE BIOECONOMY

Boskovi¢, A., and O. J. Rando. 2018. Transgenerational epigenetic inheritance. Annual Review
of Genetics 52:21-41.

Bourzac, K. 2017. Gene therapy: Erasing sickle-cell disease. Nature 549(7673):528-S30.

BRDB (Biomass Research and Development Board). 2019. The bioeconomy initiative:
Implementation framework. https://biomassboard.gov/pdfs/Bioeconomy_Initiative_
Implementation_Framework_FINAL.pdf (accessed October 21, 2019).

Campbell, K. H. S, J. McWhir, W. A. Ritchie, and I. Wilmut. 1996. Sheep cloned by nuclear
transfer from a cultured cell line. Nature 380:64-66.

Collins, F. 2019. A CRISPR approach to treating sickle cell. NIH Director’s Blog, April 2.
https:/ /directorsblog.nih.gov/2019/04/02/a-crispr-approach-to-treating-sickle-cell
(accessed August 30, 2019).

DOE (U.S. Department of Energy). 2011. U.S. Billion-Ton Update: Biomass Supply for a Bioener-
gy and Bioproducts Industry. R. D. Perlack and B. J. Stokes (Leads). ORNL/TM-2011/224.
Oak Ridge, TN: Oak Ridge National Laboratory. https:/ /www.energy.gov/sites /prod /
files/2015/01/£19 /billion_ton_update_0.pdf (accessed October 21, 2019).

DOE. 2016. 2016 billion-ton report: Advancing domestic resources for a thriving bioeconomy, Vol.
1: Economic availability of feedstocks. http:/ /energy.gov/eere/bioenergy/2016-billion-
ton-report (accessed October 21, 2019).

El-Chichakli, B., ]. von Braun, C. Lang, D. Barben, and J. Philp. 2016. Policy: Five corner-
stones of a global bioeconomy. Nature 535(7611):221-223. doi: 10.1038/535221a.

EOP (Executive Office of the President). 2017. Modernizing the regulatory system for
biotechnology products: An update to the coordinated framework for the regulation of
biotechnology. https:/ /obamawhitehouse.archives.gov /sites/default/files/microsites /
ostp/2017_coordinated_framework_update.pdf (accessed August 30, 2019).

Farré, G., D. Blancquaert, T. Capell, D. Van Der Straeten, P. Christou, and C. Zhu. 2014.
Engineering complex metabolic pathways in plants. Annual Review of Plant Biology
65:187-223.

Fitzpatrick, T. B., G. J. Basset, P. Borel, F. Carrari, D. DellaPenna, P. D. Fraser, H. Hellmann,
S. Osorio, C. Rothan, V. Valpuesta, C. Caris-Veyrat, and A. R. Fernie. 2012. Vitamin
deficiencies in humans: Can plant science help? Plant Cell 24:395-414.

Franchini, L. E, and K. S. Pollard. 2015. Genomic approaches to studying human-specific
developmental traits. Development 142(18):3100-3112.

Hall, M. A., J. H. Moore, and M. D. Ritchie. 2016. Embracing complex associations in com-
mon traits: Critical considerations for precision medicine. Trends in Genetics 32(8):470—
484. doi: 10.1016/j.tig.2016.06.001.

Hur, S. J., S. Yuan Lee, Y.-C. Kim, I. Choi, and G.-B. Kim. 2013. Effect of fermentation on the
antioxidant activity in plant-based foods. Food Chemistry 160:346-356.

Ideker T., V. Thorsson, J. A. Ranish, R. Christmas, J. Buhler, ]. K. Eng, R. Bumgarner, D. R.
Goodlett, R. Aebersold, and L. Hood. 2001. Integrated genomic and proteomic analyses
of a systematically perturbed metabolic network. Science 292(5518):929-934.

Jupe, F, A. C. Rivkin, T. P. Michael, M. Zander, S. T. Motley, J. P. Sandoval, R. K. Slotkin,
H. Chen, R. Castanon, J. R. Nery, and J. R. Ecker. 2019. The complex architecture
and epigenomic impact of plant T-DNA insertions. PLoS Genetics 15(1):e1007819. doi:
10.1371/journal.pgen.1007819.

Kalinowska, K., P. Lenartowicz, . Namiesnik, and M. Mar¢. 2019. Analytical procedures for
short chain chlorinated paraffins determination—How to make them greener? Science
of the Total Environment 671:309-323.

Kimbrel, E. A., and R. Lanza. 2016. Pluripotent stem cells: The last 10 years. Regenerative
Medicine 11(8):831-847.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25525

Safeguarding the Bioeconomy

INTRODUCTION 37

Lander, N., M. A. Chiurillo, and R. Docampo. 2016. Genome editing by CRISPR/Cas9: A
game change in the genetic manipulation of protists. Journal of Eukaryotic Microbiology
63(5):679-690. doi: 10.1111/jeu.12338.

Liu, C.-L., T. Tian, J. Alonso-Gutierrez, B. Garabedian, S. Wang, E. E. K. Baidoo, V. Benites,
Y. Chen, C. J. Petzold, P. D. Adams, J. D. Keasling, T. Tan, and T. S. Lee. 2018. Renew-
able production of high density jet fuel precursor sesquiterpenes from Escherichia coli.
Biotechnology for Biofuels 11(1):285.

Martin, C. 2013. The interface between plant metabolic engineering and human health. Cur-
rent Opinion in Biotechnology 24:344-353.

McCann, M. C., and N. C. Carpita. 2015. Biomass recalcitrance: A multi-scale, multi-factor,
and conversion-specific property. Journal of Experimental Botany 66(14):4109-4118.
NASEM (National Academies of Sciences, Engineering, and Medicine). 2016. Genetically
engineered crops: Experiences and prospects. Washington, DC: The National Academies

Press. https:/ /doi.org/10.17226/23395.

NASEM. 2017. Preparing for future products of biotechnology. Washington, DC: The National
Academies Press. https://doi.org/10.17226/24605.

NASEM. 2018. Biodefense in the age of synthetic biology. Washington, DC: The National Acad-
emies Press. https:/ /doi.org/10.17226/24890.

NASEM. 2019. Gaseous carbon waste streams utilization: Status and research needs. Washington,
DC: The National Academies Press. https://doi.org/10.17226/25232.

NRC (National Research Council). 2009. A new biology for the 21st century. Washington, DC:
The National Academies Press. https://doi.org/10.17226/12764.

NRC. 2015. Industrialization of biology: A roadmap to accelerate the advanced manufacturing of chem-
icals. Washington, DC: The National Academies Press. https:/ /doi.org/10.17226 /19001.

Paddon, C. J., and ]. D. Keasling. 2014. Semi-synthetic artemisinin: A model for the use
of synthetic biology in pharmaceutical development. Nature Reviews Microbiology
12(5):355-367.

Parsell, T., S. Yohe, J. Degenstein, T. Jarrell, I. Klein, E. Gencer, B. Hewetson, M. Hurt, J. L.
Kim, H. Choudhari, B. Saha, R. Meilan, N. Mosier, E. Ribeiro, W. N. Delgass, C. Chap-
ple, H. I. Kenttdmaa, R. Agrawal, and M. M. Abu-Omar. 2015. A synergistic biorefinery
based on catalytic conversion of lignin prior to cellulose starting from lignocellulosic
biomass. Green Chemistry 17(3):1492-1499.

Rai, A., M. Yamazaki, and K. Saito. 2019. A new era in plant functional genomics. Current
Opinion in Systems Biology 15:58-67.

Rogers, J. N., B. Stokes, J. Dunn, H. Cai, M. Wu, Z. Haq, and H. Baumes. 2017. An assessment
of the potential products and economic and environmental impacts resulting from a
billion ton bioeconomy. Biofuels, Bioproducts and Biorefining 11:110-128. doi: 10.1002/
bbb.1728.

Sander, ]. D., and J. K. Joung. 2014. CRISPR-Cas systems for editing, regulating and targeting
genomes. Nature Biotechnology 32(4):347-355.

Shendure, J., S. Balasubramanian, G. M. Church, W. Gilbert, J. Rogers, J. A. Schloss, and R. H.
Waterston. 2017. DNA sequencing at 40: Past, present and future. Nature 550(7676):345—
353.

Sugimura, R., D. K. Jha, A. Han, C. Soria-Valles, E. L. da Rocha, Y. F. Lu, J. A. Goettel, E.
Serrao, R. G. Rowe, M. Malleshaiah, I. Wong, P. Sousa, T. N. Zhu, A. Ditadi, G. Keller,
A. N. Engelman, S. B. Snapper, S. Doulatov, and C. Q. Daley. 2017. Haematopoietic
stem and progenitor cells from human pluripotent stem cells. Nature 545(7655):432—438.

Sun, H.-Z., and L. L. Guan. 2018. Feedomics: Promises for food security with sustainable
food animal production. TrAC Trends in Analytical Chemistry 107:130-141.

Takahashi, K., and S. Yamanaka. 2006. Induction of pluripotent stem cells from mouse em-
bryonic and adult fibroblast cultures by defined factors. Cell 126(4):663-676.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25525

Safeguarding the Bioeconomy

38 SAFEGUARDING THE BIOECONOMY

USDA (U.S. Department of Agriculture). 2017. Report to the President of the United States from
the Task Force on Agriculture and Rural Prosperity. https:/ /www.usda.gov/sites/default/
files/documents/rural-prosperity-report.pdf (accessed October 21, 2019).

Yang, Y., C. W. Hu, and M. M. Abu-Omar. 2012. Conversion of carbohydrates and lignocel-
lulosic biomass into 5-hydroxymethylfurfural using AlCl,-6H,O catalyst in a biphasic
solvent system. Green Chemistry 14(2):509-513.

Yengo, L., ]. Sidorenko, K. E. Kemper, Z. Zheng, A. R. Wood, M. N. Weedon, T. M. Frayling,
J. Hirschhorn, J. Yang, and P. M. Visscher. 2018. Meta-analysis of genome-wide as-
sociation studies for height and body mass index in ~700000 individuals of European
ancestry. Human Molecular Genetics 27(20):3641-3649. doi: 10.1093/hmg/ddy271.

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25525

Safeguarding the Bioeconomy

PART |

DEFINING AND MEASURING
THE U.S. BIOECONOMY

The first part of this report is focused on defining the U.S. bioecon-
omy; exploring the methods, data, and analysis needed to measure its
value; and understanding how to determine the U.S. leadership position
within the global bioeconomy.

Chapter 2 examines the various conceptual approaches used around
the world to understand and define the term “bioeconomy.” The commit-
tee characterizes the various bioeconomy definitions into three different
visions: a biotechnology vision, a bioresource vision, and a bioecology
vision. With this context, the chapter then refocuses on the committee’s
new definition, a comprehensive and flexible one that allows for future
developments, and uses it to articulate the bounds of the U.S. bioeconomy.
This discussion directly addresses the element of the committee’s State-
ment of Task requesting that the committee “outline the landscape of the
U.S. bioeconomy.”

Chapter 3 undertakes a detailed discussion of how to measure the
value of the U.S. bioeconomy, responding directly to the first two bullets
of the Statement of Task. First, the chapter examines the characteristics
of the bioeconomy that set it apart from other sectors. Then, the chapter
considers approaches for both identifying intangible assets and determin-
ing the value of the U.S. bioeconomy, in accordance with the committee’s
definition. This discussion culminates in a pilot valuation experiment
that applies the valuation framework set forth in this chapter using the
available data, while pointing out the data elements that are missing or
difficult to parse out in a way that is specific to the bioeconomy. This
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discussion demonstrates a need for new data collection and analysis
capabilities. Lastly, the chapter examines the trends and direction of the
bioeconomy by analyzing national and private investments in research
and development, as well as innovation outcomes from the bioeconomy:.

Chapter 4 then examines areas of U.S. leadership in the context of
the global bioeconomy. To this end, the committee compares govern-
ment investments, scientific output metrics, scientific training, and private
innovation inputs.

These three chapters set the foundation for the remainder of the
report by articulating the scope, size, and value of the U.S. bioeconomy,
while providing a rationale for how to determine those endpoints.
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DEFINING THE US.
BIOECONOMY

Summary of Key Findings

Currently, there is no consensus on the definition of a bioeconomy,
although many definitions share key common elements (such as
substituting biological resources for fossil fuels to produce electric-
ity, fuels, and manufactured goods).

Definitions of a bioeconomy are evolving and will continue to
change over time.

A fundamental challenge in defining a bioeconomy is that it is not
a single economic sector or grouping of sectors. Rather, its activities
span sectors and are combinations of subsets of traditional sectors
measured in systems of national income accounts.

Attempts to define a bioeconomy and develop performance metrics
and strategies for that bioeconomy invariably lead to decisions about
which economic activities to include and exclude as direct bioecono-
my components.

More than 40 countries have created formal strategies for promoting
their bioeconomies.

National bioeconomy definitions and strategies vary with countries’
technological capacity, natural resource base, and economic com-
parative advantage.

In taking steps to monitor the performance of their bioeconomies, coun-
tries have turned from general characterizations of the bioeconomy
toward quantitative measurement of the bioeconomy’s economic con-
tribution and growth. The topic of measuring a bioeconomy and under-
standing its performance metrics is discussed in detail in Chapter 3.
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Interest in the concept of a bioeconomy—as a research topic and as
a focus of economic, technology, and security policy—has grown rapidly
over the past 20 years. The number of research publications referring to
the bioeconomy (or closely related terms) began to grow in the mid-
2000s (Birner, 2018; Bugge et al., 2016, Golembiewski et al., 2015; Nobre
and Tavares, 2017) (see Figure 2-1). To date, more than 40 countries have
developed formal strategies for promoting their bioeconomies (Dietz et al.,
2018), in addition to efforts to harmonize national measurements of the
bioeconomy and its contribution to the overall economy (Bracco et al., 2018;
EC, 2018; Parisi and Ronzon, 2016).

What accounts for this recent surge in interest and activity? After
all, humans have been growing crops, raising livestock, brewing beer,
burning wood for fuel, and using timber for building for millennia. And
humans have been gathering biological materials to test their nutritional
and medicinal potential for even longer. Economic activity surrounding
the use of biological resources remains a fundamental part of modern
economies. Indeed, agriculture, forestry, and fisheries (along with mining)
are referred to as “primary sectors” of national economies.

Three factors have contributed to this recent interest in the bioecon-
omy. First, advances in biological sciences and biotechnology hold the
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FIGURE 2-1 Number of publications listed in Scopus with “bio-based economy,”
“biobased economy,” “bioeconomy,” or “bio-economy” in their titles, abstracts, or
keywords. SOURCE: Birner, 2018.
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promise of valuable, new commercial applications, as well as new paths
toward existing product types. Three developments in particular—genetic
engineering, DNA sequencing, and high-throughput molecular opera-
tions facilitated by robotic technologies—“transformed the practice and
potential of biological research” (U.S. OSTP, 2012, p. 7). Thus, biotechnol-
ogy has become a new area of international technological and economic
competition (Gronvall, 2017; Langeveld, 2015; Li et al., 2006; Meyer, 2017;
U.S. OSTP, 2012). Second, substitution of exhaustible fossil fuels with
renewable biological resources to produce electricity, fuel, and chemical-
based manufactured products became a priority to serve a variety of
policy objectives in many countries (de Besi and McCormick, 2015; Dietz
et al., 2018; McCormick and Kautto, 2013; Staffas et al., 2013). These objec-
tives included rural economic development, energy self-reliance, and
climate change mitigation. Third, genetic materials and biodiversity have
increasingly been viewed as inputs to the discovery and production of
new pharmaceuticals and other biobased products (Barbier and Aylward,
1996; Ivshina and Kuyukina, 2018; Perrings et al., 2009; Sasson and Mal-
pica, 2018; Sedjo, 2016; Simpson et al., 1996; Trigo et al., 2013; Valli et al.,,
2018). Genetic resources serve both as a source of materials and as blue-
prints for the design of new commercial compounds (Mateo et al., 2001).

Dr. Bernadine Healy, then director of the National Institutes of Health,
used the specific term “the bioeconomy” in speeches dating back to 1992
(Healy, 1992a,b; Nerlich, 2015). In her 1994 commencement address at
Vassar College, Healy (1994, p. 13) observed:

A revolution in the life sciences will also go way beyond medicine into
agriculture, chemical production, environmental sciences, micro-elec-
tronics. Biotechnology will be creating jobs that we don’t even have
names for yet. And they will be high-paying, high-demand jobs—and
intellectually satisfying ones. New industries will emerge that will be
a growing source of national economic strength and world leadership.
Some have gone so far as to suggest that the twenty-first century will be
based on a bioeconomy:.

Juan Enriquez and Rodrigo Martinez are credited with later using the
term “bioeconomy” at a 1997 scientific conference (Birner, 2018; Maciejc-
zak and Hofreiter, 2013; Petersen and Krisjansen, 2015; von Braun, 2015;
von Hauff et al., 2016). These sources also cite a 1998 article in Science by
Enriquez, “Genomics and the World’s Economy,” that, although not using
the term “bioeconomy” specifically, emphasizes the scientific, technologi-
cal, and economic implications of innovations in genomics that allowed for
the study, design, and construction of economically important molecules
(Enriquez, 1998).
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The article by Enriquez (1998) emphasizes key economic implications
of advances in genomics. Boundaries between the agribusiness, pharma-
ceutical, and chemical industries were blurring as the potential for comple-
mentary technological applications spurred a wave of corporate mergers
and acquisitions. According to Enriquez, “The objective of the life science
company is no longer to generate breakthroughs in a single area such as
medicine, chemicals, or food, but to become a dominant player in all of
these.” Indeed, companies with histories in agricultural, chemical, and phar-
maceutical production merged, reorganized, and acquired seed companies
(and their stocks of crop germplasm) to expand into the development and
sale of genetically modified (GM) crop varieties (Bonny, 2014; Deconinck,
2019; Howard, 2015; Maisashvili et al., 2016; Schimmelpfennig et al., 2004).
These changes in scientific and business models would transform the energy
sector, as plant-based energy sources would begin to substitute for fossil
fuels. Enriquez heralds the rise “of a new economic sector, the life sciences.”

Over the past 25 years, U.S. agriculture has illustrated the transforma-
tions that Enriquez envisioned, with significant changes in both how new
crop varieties are developed and how crops are used. Sales of GM crops
now account for roughly half of total U.S. crop sales (see Chapter 3 for more
detail). The U.S. energy sector has also seen the shift toward plant-based
fuels that Enriquez envisioned. Today, more than one-third of the corn and
soybean crops produced in the United States is used for fuel (see Chapter 3).
The United States is now the world’s leading producer of biofuels, followed
by Brazil and the European Union (EU) (Le Feuvre, 2019).

The remainder of this chapter explores different definitions of the
bioeconomy used by governments and academics, which can be charac-
terized according to three different visions of a bioeconomy’s purpose: a
biotechnology vision, a bioresource vision, and a bioecology vision. The
chapter then reviews the approaches taken to define a landscape of what
is included in the bioeconomy. Next, the committee reiterates from Chap-
ter 1 its definition of the U.S. bioeconomy and presents a high-level review
of what the U.S. bioeconomy landscape looks like based on this definition.
The chapter ends with the committee’s conclusions with respect to defin-
ing the U.S. bioeconomy.

THE BIOECONOMY: ALTERNATIVE DEFINITIONS

Around the world, government bodies, scholars, and private business
organizations continue to develop new definitions of the term “bioeconomy”
to communicate which life sciences-related economic activity they are refer-
ring to. As noted in Chapter 1, there currently is no globally accepted con-
sensus definition of the term. The wording some entities use is vague, with
the bioeconomy being referred to as “a notion” (Bugge et al., 2016), “an

Copyright National Academy of Sciences. All rights reserved.


http://www.nap.edu/25525

Safeguarding the Bioeconomy

DEFINING THE U.S. BIOECONOMY 45

emerging concept” (Wesseler and von Braun, 2017), and a “policy concept”
(Birner, 2018), while “the definitions have shown to evolve in a relatively
short period of time” (McCormick and Kautto, 2013), with different defini-
tions being classified in terms of different “visions” (discussed below) (Bugge
et al., 2016; Pfau et al., 2014). Yet, “it remains unclear what the bioeconomy
is” (Scordato et al., 2017), and “there seems to be little consensus concerning
what bioeconomy actually implies” (Bugge et al., 2016).

Some earlier studies discuss or provide tables and lists of alternative
definitions of the bioeconomy (e.g., Bugge et al., 2016; Maciejczak and Hof-
reither, 2013; Meyer, 2017; Staffas et al., 2013). Box 2-1 provides a sample of
bioeconomy definitions from publications of national governments and
international organizations. This set is not exhaustive, but representative
of the variety of definitions employed. A common theme is the use of
biological resources. Definitions vary in terms of the emphasis they place
on new uses of these resources (e.g., energy, material production) and
whether traditional activities (e.g., food production) are considered. They
also vary in the explicit use of the term “biotechnology,” but that term is
usually included.

Many countries have developed separate strategies for promoting
biotechnology and biobased production, which relies on the substitution
of biological resources for fossil fuels. Over time, these separate strategies
have been combined under an overarching concept of the bioeconomy
(Staffas et al., 2013). As the number of definitions of the bioeconomy
grows, the value of cataloguing definitions diminishes. There has been a
shift in emphasis from simply listing definitions to studying the variation in
definitions themselves to understand common and divergent components
(Bracco et al., 2018; Bugge et al., 2016; Pfau et al., 2014; Staffas et al., 2013).
Some of this research has included bibliometric analysis of publications on
the bioeconomy (Birner, 2018; Bugge et al., 2016; D’Amato et al., 2017; Golem-
biewski et al., 2015; Nobre and Tavares, 2017). Bibliometric studies provide
detailed analyses regarding which fields of science, regions, and institutions
are conducting research defining the bioeconomy:.

The committee chose to characterize different definitions based on
an approach adopted from Bugge and colleagues (2016), who catalog the
definitions in terms of three different visions of a bioeconomy’s purpose:
(1) a biotechnology vision, (2) a bioresource vision, and (3) a bioecology
vision (Devaney and Henchion, 2018; Scordato et al., 2017; Wreford et al.,
2019):

e Under the biotechnology vision, activities in the bioeconomy
center around generating scientific knowledge enabled by the
purposeful manipulation of DNA, with production processes
operating at the molecular level, the commercialization of such
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BOX 2-1
Global Examples of Definitions of the Bioeconomy

Argentina
“Sustainable production of goods and services through the use or transformation of
biological resources” (Bracco et al., 2018; MINAGRO, 2016).

Australia

“The emerging concept of sustainable production and conversion of biomass (organic
matter) for a range of food, health, fiber, and other industrial products as well as energy”
(Bracco et al., 2018).

Brazil

“The term bioeconomy refers to ‘the generation of innovative products and services
based on the country’s natural resources and ecosystem services.” While the ‘expanded
bioeconomy’ is defined ‘as a set of economic activities related to the invention, develop-
ment, production and use of biological products and/or processes for the production
of renewable energy, materials and chemicals™ (German Bioeconomy Council, 2018).

China

In China, political interest in the bioeconomy relates strongly to the promotion of bio-
technology development. For example, biotechnology development was a prominent
topic in the 11th, 12th, and 13th Five-Year Plan for Economic and Social Development
(German Bioeconomy Council, 2018).

European Commission

“The bioeconomy encompasses the production of renewable biological resources and
their conversion into food, feed, bio-based products and bioenergy. It includes agricul-
ture, forestry, fisheries, food, and pulp and paper production, as well as parts of the
chemical, biotechnological, and energy industries. Its sectors have a strong innovation
potential due to their use of a wide range of sciences (life sciences, agronomy, ecology,
food science, and social sciences), enabling and industrial technologies (biotechnology,
nanotechnology, information and communication technologies, and engineering), and
local and tacit knowledge” (Haarich et al., 2017).

Finland

“The bioeconomy is an economy that relies on renewable natural resources to produce
food, energy, products, and services. The bioeconomy strives to reduce dependence on
fossil natural resources, to prevent biodiversity loss, and to create new economic growth
and jobs in line with the principles of sustainable development” (Natural Resources
Institute Finland, 2019).

Food and Agriculture Organization of the United Nations

The bioeconomy can be defined as “the knowledge-based production and utilization of
biological resources, biological processes and principles to sustainably provide goods
and services across all economic sectors.” It involves three elements: (1) Utilization
of renewable biomass and efficient bioprocesses to achieve a sustainable production;
(2) Utilization of enabling and converging technologies, including biotechnology; and
(3) Integration across applications such as agriculture, health, and industry (Bracco et
al., 2018).
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Germany?

“Bioeconomy is the knowledge-based production and use of regenerative resources—
to supply products, processes, and services in all sectors of the economy, within the
context of a future-capable economic system. To achieve sustainable economic growth,
bioeconomy resorts to two fundamental principles: it is based on sustainably produced,
renewable natural resources and on bio-based innovations” (German Bioeconomy
Council, 2018).

Japan?
Bioindustry in Japan refers to the health and medical sector, environmental technolo-
gies, agriculture, fisheries, and food processing (German Bioeconomy Council, 2018).

Malaysia

“Bioeconomy refers to all economic activity that is derived from the continued commer-
cial application of biotechnology. It encompasses the production of renewable biological
resources and their conversion into food, feed, chemicals, energy, and health care well-
ness products via innovative and efficient technologies” (Arujanan and Singaram, 2018).

Organisation for Economic Co-operation and Development (OECD)

“Bioeconomy is the set of economic activities in which biotechnology contributes cen-
trally to primary production and industry, especially where the advanced life sciences
are applied to the conversion of biomass into materials, chemicals, and fuels” (OECD,
2018).

South Africa

“The term ‘bioeconomy’ encompasses biotechnological activities and processes that
translate into economic outputs, particularly those with industrial application. Within
the South African context, these may include, but are not limited to, technological and
nontechnological exploitation of natural resources such as animals, plant biodiversity,
micro-organisms, and minerals to improve human health, address food security, and
subsequently contribute to economic growth and improved quality of life” (Bracco et
al., 2018).

United Kingdom

“The bioeconomy encompasses all economic activity derived from bio-based products
and processes which contributes to sustainable and resource-efficient solutions to the
challenges faced in food, chemicals, materials, energy production, health, and environ-
mental protection. The bioeconomy is not about just one industry sector or looking at a
particular scientific innovation, but encompasses the economic process” (BBSRC, n.d.).

United States
“A bioeconomy is one based on the use of research and innovation in the biological
sciences to create economic activity and public benefit” (U.S. OSTP, 2012).

“The bioeconomy represents the infrastructure, innovation, products, technology, and
data derived from biologically-related processes and science that drive economic
growth, improve public health, agricultural, and security benefits” (U.S. OSTP, 2019).

aNew bioeconomy strategies have been released in the native languages of these countries. The
English translation is currently unavailable.
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processes, and the development of new commercial products
through biomanufacturing.

e The bioresource vision involves the conversion of biomass and
biological materials (e.g., crops, trees) into sources of power and/
or new products, such as bioplastics or biofuels.

e The bioecology vision “highlights the importance of ecological
processes that optimize the use of energy and nutrients, pro-
mote biodiversity, and avoid monocultures and soil degradation”
(Bugge et al., 2016, p. 1). Among biodiversity-rich countries, the
bioecology vision emphasizes conservation of biological diversity
and promotion of ecosystem services. Here, a country’s natural
endowments of biological diversity may provide raw materials or
blueprint