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Abstract: Schism is the new normal for the bioeconomy concept. Since its proliferation in govern-
ments, the concept has been adapted to fit national or regional exigencies. Earlier this century the
knowledge-based bioeconomy (KBBE) in Europe was seen as a technical and knowledge fix in the
evolving sustainability landscape. At the OECD, the concept was further honed by imagining a
future where biotechnologies contribute significantly to economic growth and development. Coun-
tries started to make national bioeconomy strategies. Some countries have diverged and made the
bioeconomy both much larger and more general, involving a wide variety of sectors, such as industry,
energy, healthcare, agriculture, aquaculture, forestry and fishing. Whatever the approach, what
seems to be consistent is the need to reconcile environmental, social and economic sustainability. This
paper attempts to establish one schism that could have ramifications for the future development of
the bioeconomy. Some countries, including some of the largest economies but not exclusively so, are
clearly following a biotechnology model, whereas others are clearly not. In the wake of the COVID-19
pandemic, biotechnologies offer outstanding potential in healthcare, although this sector is by no
means included in all bioeconomy strategies. The paper also attempts to clarify how biotechnologies
can address the grand challenges and the United Nations Sustainable Development Goals. The
communities of scientists seem to have no difficulty with this, but citizens and governments find
it more difficult. In fact, some biotechnologies are already well established, whereas others are
emerging and more controversial.
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1. Introduction

The bioeconomy concept is decades old, but the story for this paper starts with
a landmark publication from the OECD [1], where the science and technology of the
bioeconomy was discussed in terms of public policy, thereby putting the bioeconomy on
a political and economic footing. It described the bioeconomy as “the set of economic
activities in which biotechnology contributes centrally to primary production and industry,
especially where the advanced life sciences are applied to the conversion of biomass into
materials, chemicals and fuels”. This cemented the idea that biotechnology is a separate
discipline from fundamental research in the life sciences that can generate economic activity
and added value. Added value is an important component as it can be also applied to
the circular economy concept [2], and there have been efforts to link the bioeconomy and
circular economy [3]. This is especially so if “waste” materials such as agricultural and
forestry residues and waste industrial gases can be converted through biotechnology into
useful products and services.

Another plank of biotechnology in the bioeconomy is the inextricable connection
to sustainability. All national bioeconomy strategies connect to sustainability, whether
they emphasise biotechnology or not. The European Knowledge-Based Bio-Economy
(KBBE) elaborated a bioeconomy view that reconciles the conundrum of environmental
and economic sustainability [4].

Running through this paper is the concept of ‘grand challenges’”: the major dilemmas
that humanity faces, some of such gravity that they are existential for our species. These in-
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clude food security, energy security, resource depletion, deforestation, biodiversity threats,
even soil security. Overarching all of these is, of course, climate change [5]. Not only are
these issues existential, but, troublingly, they are particularly difficult to address as they in-
teract with each other in what has been termed a “grand challenges ecosystem” [6]. In other
words, attempting to address one of these can create problems in another. For example, a
rising human population demands reducing food waste and growing more food. Land
intensification and extensification might result in increasing soil exhaustion. Such examples
are many, and for policymakers this creates unprecedented challenges. As grand challenges
interact and overlap, then policymakers have the unenviable task of attempting to design
policy that minimises the possibilities of unintended, and unwanted, consequences.

2. Typologies of the Bioeconomy

As the bioeconomy concept has burgeoned during the last decade, other interpreta-
tions have been described that are not necessarily independent of biotechnology, but at
least significantly de-emphasise it. Various authors have compared and contrasted the
increasing number of national bioeconomy strategies as the concept has gained acceptance
since the first elaborations in the second decade of this century. During the last decade,
many differing views on what constitutes a definition of a bioeconomy have arisen. A
single, harmonised definition has the simplistic beauty that it can then be used to measure
and compare the contributions of the bioeconomy to the economy overall. Its crystallisation
now seems evanescent, as definitions have often arisen in response to the priorities of an
individual country [7].

More interesting is to examine how bioeconomy narratives have developed. At
least three papers recognise similar extrapolations of the concept [8-10]. For clarity, the
extrapolation of three narratives described by Vivien et al. illustrates this development [10].
To précis: Type I considers the limits of the biosphere; Type Il is a science-based bioeconomy;
and Type III is a biomass-based bioeconomy. Type II does not hold all of the answers;
technology fixes never do [11].

The basis for the focus on a science-based bioeconomy is an argument that biotech-
nologies partially address all three of these narratives. Vivien et al. also noted that Type
II and Type III may merge, and the argument could be made that they already are. This
paper would like to take the argument further by positing that biotechnologies can also
partially address the limits of the biosphere (Type I) [10]. The justification for stating this
can be explained in unsustainability. It is entirely foreseeable that the increasing use of
biomass may lead to over-exploitation of natural resources and unintended consequences
such as increased illegal logging, soil degradation, decreased biodiversity and international
disputes. In this way, attempting to implement a Type I bioeconomy via the biomass
resource (Type III) could lead to an unsustainable bioeconomy. Rather, this paper argues
that biotechnologies and other technologies (Type II) have many and varied roles to play in
advancing the sustainable exploitation of biomass and waste materials (Type III) to stay
within planetary boundaries (Type I).

3. How Are Biotechnology and Synthetic Biology Captured in National Bioeconomy
Strategies?

A presumption at the start of this work was that the interpretation of bioeconomy had
changed since the OECD work that in 2009 emphasised biotechnology as an enabler of
economic activity. All bioeconomy strategies were written in terms of future sustainability.
Indeed, Marvik and Philp stated that the fundamental justification for public interven-
tion in the bioeconomy is increased sustainability [12]. However, few nations include
biotechnology and synthetic biology in the bioeconomy, which is likely to cause an uneven
economic impact of the bioeconomy. Moreover, this will lead to difficulties in comparing
and contrasting bioeconomies across different countries.

In Europe, a large number of biotechnology companies are in the human health
sector, but the European Union vision of the bioeconomy specifically excludes human
health or medicine [13,14]. There has been what looks like a significant retrenchment from
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biotechnology in the European Union between 2012 and 2018. In the main text, excluding
footnotes and bibliography, the word “biotechnology” appears only three times in the
updated EU bioeconomy strategy. Curiously, though, the 2018 update also states that
“biotechnology is at the heart of bio-based processes”, while specifically excluding “health
biotechnology and biological medicines” from the bioeconomy definition.

Some other countries also exclude the human health heartland of biotechnology from
their bioeconomy strategies. The Italian update (2019) refers to human health in terms
of agriculture and food, not through medicines [15]. The French 2018-2020 bioeconomy
Action Plan made no reference to medicine or pharmaceuticals [16].

However, other bioeconomy strategies make specific reference to human health in
terms of health biotechnologies. For example, an unofficial translation of the Japanese
bioeconomy strategy (2020) delineated “ ... industries related to biopharmaceuticals,
regenerative medicine, cell therapy, and gene therapy” [17]. The United Kingdom strategy
(2018) refers to manufacturing the “ ... medicines of the future and making existing
ones more efficiently” [18]. The United States Bioeconomy Blueprint (2012) made explicit
reference to the impacts of the bioeconomy in the biomedical sector: biomedical innovation
is a major strength of the US research enterprise. The US approach is reinforced by a more
recent report [19], where a recommended definition of bioeconomy placed biotechnology
and economic activity at the centre of its meaning, along with the convergence that has
been seen with digital technologies:

“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.”

Unsurprisingly, then, one of the six segments of the bioeconomy captured in this
report is “biopharmaceuticals and biologics and other pharmaceuticals”. Also of high
significance is that another segment is “genetically modified crops/products”, which is
absent from the scope of European bioeconomy strategies. Whereas genetically modified
(GM) crops account for approximately half of all crop sales in the United States, commercial
cultivation of GM crops is currently banned in a number of EU countries [7].

Germany is an interesting case. The national bioeconomy strategy of 2013 and the
update in 2020 were very broad-based. The 2020 summary document stated that the Federal
Government of Germany defines the bioeconomy as “the production, exploitation and use
of biological resources, processes and systems to provide products, processes and services
across all economic sectors within the framework of a future-oriented economy” [20]. This
six-page summary subsequently is somewhat sector neutral, and there is no mention of
biotechnology, medicine or pharmaceuticals. There is, however some emphasis on biogenic
resources and biogenic raw materials

The 2020 summary was published by the German Federal Ministry of Education
and Research (BMBF). The same Ministry appointed the High-Tech Forum in 2019, which
published a far-reaching discussion paper on the convergence of biotechnologies with
information technologies [21]. The paper referred to The High-Tech Strategy of 2025 (HTS),
which “pursues the overarching goal of contributing to sustainable solutions to major social
challenges”. Among others, the report stated that the SDG goal on health and wellbeing
is paramount. This apparent contradiction between the bioeconomy strategy and the
high-tech strategy in Germany is difficult to explain. However, it does show that Germany
values this convergence as a source of future economic activity. Moreover, it recognises it
in medicine, whereas the bioeconomy strategy does not.

This narrative could be continued by including other countries and their national
strategies. It might suffice to say that there is evidence of a significant schism in the ap-
proach to national bioeconomy strategies. It would seem that the world’s largest economies
are adopting a biotechnology-based approach. Another approach could be to examine a
word analysis in the small number of synthetic biology national roadmaps (Table 1).
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Table 1. Word analysis of synthetic biology roadmaps. The words are loosely grouped into three
groups, the first being bioeconomy and commerce-based, the second being engineering and industry-
based, and the third being science and research-based. The numbers represent the number of times
each keyword appears per page.

Keyword Australia France  Finland United Kingdom European Union
Sustainable 0.081 0.000 1.500 0.316 0.139
Bioeconomy 0.035 0.000 2.222 0.368 0.000

Business 0.064 0.250 0.639 1.263 0.070

Commercialisation 0.099 0.000 0.111 0.368 0.046
Investment(s) 0.186 0.458 0.305 1.947 0.209
Total 0.384 0.708 3.277 3.946 0.325
Biorefinery 0.023 0.000 0.111 0.000 0.000
Engineering 1.442 0.208 0.444 2.421 1.442
Industry 0.680 0.208 1.833 1.684 0.442
Manufacturing 0.157 0.042 0.139 0.421 0.046
Total 2.302 0.458 2.527 4.526 1.930
Innovation(s) 0.546 0.166 0.333 3.316 0.465
Education 0.302 0.042 0.389 0.632 0.419
Science 1.064 0.708 0.833 4.369 2.395
Research 2.140 1.750 2.166 7.210 3.930
Total 8.104 2.666 3.721 15.527 14.418

There may be various ways to interpret this table, but the interpretations could be
misguided. Only a few of the more obvious observations are made here. Firstly, the
synthetic biology roadmap for France does not make mention of the words sustainable or
bioeconomy. This seems surprising as France is home to a large proportion of European
biotechnology firms, with over 2000 in 2018 [22], but makes sense as the French bioeconomy
strategy excludes human health biotechnology.

Secondly, three of these synthetic biology roadmaps make no mention of biorefineries,
the physical embodiment of the bioeconomy. France has arguably the most successful
integrated biorefinery in the world, but biorefineries do not feature in its synthetic biology
roadmap [23].

Thirdly, some countries appear to be framing synthetic biology more in science and
research than in engineering and industry. Again, over-interpretation is to be avoided,
but too large an emphasis on the science and research may discourage private sector
investment, thus lowering the return on public investment for a country, with the danger of
commercialisation in a different country. This has been an argument in the past, at least at
the anecdotal level, about Europe generally, i.e., that the commercial benefits of European
R&D occur outside Europe.

For biotechnologies to take a major place in a sustainable future, there has to be
evidence of economic relevance. To many outside biotechnology, the findings of Carlson
would be surprising [24]. He estimated a substantial contribution of biotechnology to
the overall US economy—more than 2% to gross domestic product. This was likely to be
almost one trillion dollars [19].

Carlson revealed the difficulty to (economically) distinguish identical bio-based and
fossil-based chemicals due to the lack of a North American Industrial Classification Sys-
tem (NAICS) code for the former products. Ronzon et al. encountered similar problems
with the European NACE (Nomenclature Statistique des Activités Economiques dans
la Communauté Européenne) classification [25]. Little wonder, then, that Carlson con-
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cluded that: “It is well past time for governments around the world to collaborate in
developing a standardized and comprehensive understanding of the role of biology in
their economies” [24].

A study by the McKinsey Global Institute examined the economic contributions of

the “bio revolution” in some detail [26]. Figure 1 is an overarching chart from the report.
Figures are trillions of US dollars.
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Figure 1. Estimated economic impact of the bio revolution in the near, medium and long term. Sized

applications by technology platform (partial estimate). Adapted from [26].

Qualifying Comments

Interpretation of the word analyses should be viewed with caution beyond the very

obvious. Three general comments are made here.

1.

The taxonomy of bioeconomy is ongoing and is as yet incomplete. In particular
some countries and the European Union are not yet integrating biotechnology into
bioeconomy. The result could be a “two-speed” bioeconomy, with some countries
missing out on economic, environmental and social opportunities. At the extreme
end, the United Kingdom and the United States have placed great emphasis on
synthetic biology in the bioeconomy, and have established sophisticated publicly
funded infrastructures.

Such unaligned taxonomies will make difficulties for governments to compare and
contrast the impacts of the bioeconomy strategies. Theoretically, this could negatively
impact international trade. As Carlson discovered, even in the United States there is
no official mechanism to measure the economic impact of the biotechnology industry.
Undoubtedly this is the case in other countries [24].

The magnitude of the McKinsey Global Institute bio-revolution estimates suggests
that countries that exclude biotechnologies from their bioeconomy strategies will
see proportionately smaller impacts on their national economies than those that
do [26]. It is perhaps telling that the Canada’s unofficial strategy proposed to use
the European Union bioeconomy definition but will “rely on biotechnology as a
competitive advantage” [27]. If the economic impact of the McKinsey bio-revolution
is accurate, then over 70% of the annual potential direct economic impact in 2030-2040
will be distributed between “human health and performance”, and “agriculture,
aquaculture, and food”. As of today, there is a high risk that Europe will miss much
of this windfall.
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4. Biotechnology, Synthetic Biology and the Bioeconomy

“Advances in synthetic biology have the potential to develop new products, materials
and services that could contribute to the 2030 United Nations Sustainable Development
Goals. Support for synthetic biology initiatives in developing countries is needed to
ensure that these benefits are open to all.” [28]

This section constitutes the second half of the paper. It is not meant to be exhaustive in
its treatment of biotechnologies in the bioeconomy. A theme is how one action to address
grand challenges can have negative consequences elsewhere, and how biotechnologies
may help to solve these interacting puzzles. This is often evident at the level of SDGs:
addressing one SDG can affect another. This complexity is something that biotechnologies
should be good at addressing as the great variety of nature can be brought into play. This
variety is due to increase dramatically as a result of sequencing initiatives such as the Earth
Biogenome Project [29].

4.1. Enabling the Bioeconomy

It was less than three decades ago that Frost and Lievense discussed biotechnolog-
ical routes to aromatic compounds in reference to “environmental considerations and
the scarcity of petroleum” [30]. Metabolic engineering enabled biotechnological routes
to entirely unnatural chemicals [31]. Many of today’s petrochemicals do not exist in na-
ture. The first claimed success of making a wholly unnatural chemical biologically was
1,4-butanediol by Yim et al. [32].

There have been hundreds if not thousands of metabolic engineering research papers
where a bio-based chemical has been made in the research laboratory. Figure 2 illustrates
some of the possibilities for replacing the oil barrel. It should be stressed that most
of these successes have been in the laboratory. There has only been a tiny number of
commercialisations, mainly due to difficulty in scale up to market.

Aromatics

p-HBA Reticuline
p- Coumaric acid Opioids
Resveratrol Vanillin

Plastic intermediates
Muconic acid Terephthalic acid

Ethylene 1,5-Diaminopentane
Styrene 1,3-Diaminopropane
Adipic acid 5-Aminovalerate

Itaconicacid  3-Aminopropionic acid
Succinic acid  Gamma-aminobutyric
Lactic acid acid

Synthetic rubber
Isoprene

Bio-based plastics
Polyhydroxyalkanoates
Polylactic acid

PLGA

Figure 2. Replacing the oil barrel.

Olefins
Short-chain olefins
1,3-Butadiene

Diols
1,3-Propanediol
1,2-Propanediol
1,4-Butanediol
2,3-Butanediol

Biofuels

Hydrocarbon fuels
Ethanol

Butanol

Isobutanol

Branched chain higher alcohols
Alkanes

Fatty acids and derivatives
Monoterpenes
Isopropanol
3-Methyl-1-butanol
Hydrogen

Geraniol, geranyl acetate,
limonene, and farnesyl
hexanoate



Energies 2021, 14, 8393

7 of 19

Synthetic biology is considered to be the next phase that increases the success rate of
commercialisation of bio-based chemicals, materials, textiles, plastics, fuels and
biopharmaceuticals [33]. With the emergence of the biofoundry concept, it has become
clear that the number of successes at small scale has accelerated. There are at least two
lines of evidence for this.

1. To test the technology, the MIT-Broad Institute biofoundry was tasked to build organ-
isms to produce 10 molecules in 3 months. The biofoundry succeeded with 6 out of
10 targets [34].

2. Opver a period of 85 days, the Manchester (UK) biofoundry was able to produce
17 potential material monomers and key intermediates, in some cases with industrial-
scale titres for E. coli fermentations [35].

In the chain from idea to industrial production, it may be that the biofoundry is the
missing link (Figure 3) that at last improves reproducibility and reliability in biotechnology
and the life sciences [36]. Further digitalisation of biology will advance the field further
in the near future. Overcoming some of the limitations of biology in industrial processes
will require workflows that split biochemical conversion from chemical catalysis, allied
to the automation of synthetic chemistry [37,38]. Eventually, robotically built worklists
and machine learning algorithms will fully automate biomanufacturing in the absence of
human intervention [39].

Experimental

design

Biofoundry
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g% selection
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Bioprocesses e.g. biopharma,

biorefineries, breweries

Figure 3. The biofoundry and the design-build-test-learn (DBTL) concept as a platform for manufacturing across a range of

sectors. Adapted from [36].

4.1.1. Are Bio-Based Chemicals Sustainable?

The literature has sometimes found bio-based chemicals to be more sustainable than
their fossil equivalents. Figure 4 (adapted from [40]) below points to some issues. The
authors found that the bio-based materials make significant savings on average on non-
renewable energy and CO; emissions per kg material compared to fossil counterparts.
However, the error bars adumbrate uncertainties between different studies.
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Polytrimethylene terephthalate (27.5)
Polylacticacid (21.3)
Ethyl lactate (15.5)
Ethylene (6.1)

PHA (36.1)
Caprolactam (3.1)
Adipic acid (9.1)
Succinicacid (18.2)
Acrylicacid (3.1)
Acetic acid (18.1)
Allyl butyl ether (18.1)
1,5 Pentanediol (27.3)
Ethanol (14.2)
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Figure 4. Average non-renewable primary energy use and GHG emissions of bio-based chemicals in comparison to

conventional chemicals [4

chemicals, respectively.

0]. Numbers in parentheses indicate the sample size for the bio-based and conventional

LCA does not take account of economic and social sustainability, focusing on envi-
ronmental aspects. Many of the potential criteria are hard to measure. Social criteria, such
as land rights and labour conditions, are also controversial and make it difficult to reach
international consensus [41].

4.1.2. Waste Gas Fermentation: Relief for Land Use

The microbial fermentation of waste industrial gases to useful products is becoming
reality [42—44]. It remains for synthetic biology and metabolic engineering to expand
the product spectrum to fuels and commodity chemicals [45]. The rational design of the
synthetic biology approach is appropriate to such microbes.

There are various ways that fermenting waste gases of products contributes to sus-
tainability. It is one of the emerging technologies of carbon capture and utilisation (CCU),
effectively a value-adding strategy compared to carbon capture and storage (CCS) [46]. A
cradle-to-grave life cycle analysis (LCA) for the production of ethanol by gas fermentation
estimated a 67% GHG reduction using steelmaking off-gases compared to conventional
fossil gasoline [47]. Perhaps its greatest contribution will be that it relieves pressure on
land use, thus ameliorating concerns over indirect land use change (ILUC) [48]. When
deployable widely at scale, policymakers would have to include measures to prevent an
unintended consequence—using these waste gases to make value-added products could
easily disincentivise waste reduction.

4.2. Greening the Bioeconomy: Biotechnology in Agriculture for the Grand Challenges

COP26 demonstrated the need to phase out fossil resources. Thus, more chemicals,
fuels, materials, and electricity will be derived from biomass, increasing competition for
land [49]. Long overlooked by policymakers, soil is the ultimate resource: around 95% of all
food comes from cropland [50]. By 2050, 50-70% more food will need to be produced, often
during drought and with damaged soil [51,52]. This points to a major conundrum for the
bioeconomy—conflicting needs of agriculture and industry [53]. It is not known how much
industrial production can come from biomass. Moreover, marine and terrestrial biomass
play essential roles in biodiversity and conservation, and industrial needs must reflect this
necessity. Food is not just about quantity but quality and diversity. Biotechnology can also
offer benefits in terms of diversity of sources—as long as the fundamentals of quality and
quantity are also acted upon.
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4.2.1. Water Use Efficiency in Plants

Globally, 70% of all freshwater use is for agriculture [54]. Knowledge of the physiology
and genetics of plant processes and traits can improve the water use efficiency of crops, and
is expanding rapidly [55]. The Canadian company Performance Plants is the first company
to make use of native genetic technology that allows plants to grow normally and produce
high seed yields with significantly less water. Another high interest area of research is mi-
crobiomes in the bioeconomy and the circular economy. Understanding plant microbiomes
may lead to increasing crop yields under stressed environmental conditions [56].

4.2.2. Food Security Threats from Crop Diseases

Crop loss through pests and disease is a significant factor in food security. Banana
makes an interesting case. Over 100 million Africans rely on banana as a staple of their
diet. However, banana is attacked by many pests. For example, the bacterial disease
Xanthomonas wilt (BXW) is capable of destroying an entire plantation. Development
of improved varieties of banana is fundamental in order to tackle disease [57], whilst
maintaining or improving nutritional value. A transgenic banana has demonstrated total
resistance to BXW by introducing two resistance genes from sweet pepper [58].

4.2.3. Improving Yields of Oil Palms

Some 45 % of edible oil worldwide come from oil palm, but it competes for dwindling
rainforest reserves [6]. The oil palm genome sequence has been published [59]. It has
enabled the identification of genes for important commercial traits. Regulating the Shell
gene can increase palm oil yield by nearly one-third. Identifying a high-yielding oil palm
plantlet can take six years. However, the genetic marker for the Shell gene can recognise
highest oil yield forms as early as in the nursery [60].

4.2.4. Resolving Contradictions of Mineral Fertilizers

Supplying sufficient nitrogen to cereal crops is a major challenge in agriculture [61].
Wheat is the second-most consumed food crop in the developing world [62]. High yields
have been maintained using mineral fertilizers, but intensification has been unsustain-
able. They contribute to water eutrophication and account for high emissions. Fertilizer
production requires 3-5% of natural gas production [63].

Several long-term efforts are ongoing in a tantalising research area—creating cereal
crop plants that make their own fertilizer by atmospheric nitrogen fixation [64], holding
out hopes to decouple agriculture from fossil fuels. Using synthetic biology, full nitrogen
fixation in cereals is still in the future [65]. However, partial nitrogen fixation may be
available within the decade [66]. There is also potential for soil microbiomes to be used as
bio-based fertilizers to ameliorate nitrogen leaching [56].

4.2.5. Emissions from Animals as Food Sources

There are many tables that purport to measure the differences in the emissions gener-
ated by the rearing of different animals for human food. Caveats apply due to very high
variability in emission intensity resulting from different practices and inputs to production
around the world. The figures in Table 2 are a compilation from various sources.

Total emissions from global livestock represent about 14.5% of GHG emissions gener-
ated by human activity [70]. Fossil fuel claims about 20% of the sector’s emissions.
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Table 2. GHG emissions for various food products and different studies. Variations within the
same product category result from different farming methods, but also due to differences in LCA
calculations. (Source: adapted from [67-69]).

Product CO; (eq./kg) Comments
Beef 44.8 Mainly a result of methane and N, O, not CO,
Idaho and Nebraska beef 33.50 Farm-gate, quoted as 15.23 kg per pound of beef
(average)
Idaho lamb 44.96 Farm-gate, average of low and high productivity
Swedish pork 3.3-4.4
Michigan pork 10.16 Farm-gate
Farmed trout 4.5 Raised in ponds. Frozen, leaving retailer
Cod 3.2 Frozen fillet, leaving retailer
Chicken 2.0 (Round weight, US)
Poultry (US) 1.4
Chicken 4.6 (Round weight, UK)
Fsael;lrf‘lbea(iesda,hgcl)(r; 3.6 Including processing and transportation
(sez?{;:seeil,szlgzga) 42 Adjusted to fillet based on figures for live fish
Farmed salmon 3.0 Transportation to Paris
(sea-based, Norway)
Farmed salmon .
(global average) 2.15 Farm-gate estimates
Capture fish 17
(global average)

4.2.6. Genomics Has Revolutionised Dairy Farming

Genomic evaluation estimates the genetic merit of an animal based on the DNA
information. Its value depends on the traits of greatest utility, e.g., fat content, protein
content [71]. Identifying superior animals at a much earlier age has obvious economic
advantages [72]. A study overwhelmingly demonstrated improvement in significant traits
after genomic selection was introduced [73].

Regarding sustainability, dairy farms are a significant source of greenhouse gas (GHG)
emissions [74]. In 2015, dairy made up some 3.4% of global CO; emissions, close to the
contribution of aviation and shipping combined (https://www.bbc.com/future/article/2
0201208-climate-change-can-dairy-farming-become-sustainable (accessed on 8 December
2021)). Genomic techniques have reduced environmental impacts along the production
chain [75].

Nonetheless, challenges to further integration remain. For example, vigilance is
needed to prevent inbreeding [76]. Perhaps the bigger challenges are not technical. In-
centivising the collection of new phenotypes is a major challenge if the producer cannot
recover the investment costs for these new technologies [77].

4.2.7. Reducing Methane Emissions from Cows

Not long after the threat of methane emissions from ruminants was highlighted [78],
genetic selection was proposed as a mitigation solution. Through genomic selection, it is
possible to decrease the methane production from cows [79]. However, there is a classic
unintended consequences dilemma in using genomics to reduce CH, emissions from cows:
CHy4 production is related to milk production [80], highlighting that apparently simple
solutions have to be thoroughly investigated.
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4.2.8. Aquaculture and the UN SDGs

Aquaculture may come to the rescue of the world’s over-fished wild fisheries. Fish
farming now accounts for some 50% of total fish consumption. Fish and seafood con-
sumption may rise by 27% by 2030, mostly sustained by aquaculture [81]. Aquaculture
is also associated with lower GHG emissions than other forms of farmed meat [82]. Con-
sequentially, farmed fish aligns with more than one SDG, but there are consequences in
others [83].

Farmed fish are susceptible to many infectious diseases: as much as 10% of all cultured
aquatic animals are lost to infectious diseases, with an annual loss to the industry of over
USD 10 billion [84]. Excessive use of antibiotics is thought to contribute to the spread
of drug-resistant pathogens in wild fish. Worryingly, there seems to be a correlation
between multiple antibiotic resistance in aquaculture-related bacteria with those in human
clinical bacteria. This, say Reverter et al., implicates aquaculture in climate change and
antimicrobial resistance [85].

Vaccination provides an alternative to antibiotics. The Norwegian salmon industry
has all but eliminated antibiotics from production. Conventional vaccine production
technology has been the norm for fish vaccines. Like with human vaccines, fish vaccines
may be amenable to biotechnology and synthetic biology approaches [86,87].

4.3. Decontaminating the Bioeconomy
4.3.1. Biological Wastewater Treatment

Wastewater management will need to play a central role in achieving future water
security [88]. However, vast quantities of sewage and industrial wastes are still discharged
untreated to fresh water bodies. With over a century of experience with biological treatment
of wastewater, large problems could be addressed simply with greater implementation of
current biological wastewater treatment technologies [89].

However, wastewater biorefining would add value. For example, a pilot-scale biore-
finery has been operated at the Brussels North Wastewater Treatment Plant to evaluate
PHA production [90].

Aerobic biological wastewater treatment needs large quantities of energy to comply
with environmental regulations. In the United States, this amounts to over 20% of the
public energy use of a municipality [91,92]. For example, the aeration of the activated
sludge process can account for around 50-70% of the treatment plant energy costs [93].

Energy recovery in wastewater treatment plants could improve their energy
efficiency [94]. One biotechnology solution may be microbial fuel cells (MFCs), micro-
bial devices that generate electricity while breaking down organic material [95]. Despite
intense research, technical difficulties remain, such as poor electron transfer between the
microbial cells and the anode. This is another frontier for synthetic biology [96,97].

4.3.2. Bioremediation of Contaminated Land and Water

One of the greatest conundrums of environment policy concerns soil. Soil produces
95% of human food, be it crops or the grasses and other plants used to feed animals for
meat [98]. Yet, soil is ludicrously undervalued, and very little progress has been made in
valuing the ecosystem services provided by soils [99,100]. Soil captures some 20% of human
CO; emissions, but is very easily damaged, and very slow to renew [101]. Contamination
of soil through industrial activities is extremely widespread. In Europe alone, there are
around 342,000 sites identified as contaminated [102].

A variety of physical, chemical and thermal technologies are available for the reme-
diation of contaminated soils. In doing so, most of these technologies destroy or damage
the soil. Bioremediation is a more sustainable technology, and may even improve soil
quality [103,104]. However, barriers remain that limit its use in full-scale remediation
projects that mostly relate to a lack of process control due to a lack of reliability and pre-
dictability [105]. Diplock et al. highlighted the urgent need for devices and software to
demonstrate the genuine scientific basis that underpins the bioremediation process, and
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to improve the predictability of the process as an industrial practice [106]. The arrival of
genomics and the most modern tools of biotechnology are starting to answer that need.

Metagenomics is the sequence of a complete environmental sample, not of a single
pure species. It provides information on the microbial community composition based on
the gene sequences present in a given sample. Although metagenomic sequencing can
define the microbial and/or gene composition, it does not reveal details on the actual
microbial activity responsible for active bioremediation processes. In this regard, com-
munity metaproteomics provides the most direct snapshot of microbial activity at the
time of sampling and the best evidence available of active bioremediation. It is not yet
ready for routine use, relying as it does on mass spectrometry [107]. In addition, modern
technologies such as CRISPR will provide opportunities for the engineering of non-model
bioremediation organisms [108].

4.4. Curing in the Bioeconomy

“Human health and well-being” is the title of SDG 3, and medicine is the heartland of
biotechnology companies, having the most scientific advances and the clearest pipeline
from research to application. Biopharmaceuticals comprise about 40% of pharmaceuticals
in clinical development globally [109]. Several of the platforms, such as cell and gene
therapies and -omics technologies, are addressing diseases with unmet needs. The bio-
pharmaceuticals industry is considered to be on the cusp of an era of disease cure rather
than treating symptoms [110]. Market size estimates vary but all predict a high compound
annual growth rate (CAGR) over the next few years. Zhang and Liu have gone as far as
to suggest that the biopharmaceuticals industry will become the world’s largest indus-
try, largely driven by an ageing population [111]. For the period 2030 to 2040, the direct
economic potential of the sector could be USD 0.5 to 1.2 trillion [26].

Nucleic acid therapies are a pertinent case. They have a promising future in various
healthcare areas [112]. In particular, mRNA therapeutics hold the promise of personalised
cancer treatments [113]. There are many areas of human medicine where synthetic biology
will have impact, a topic reviewed recently by Tew [114].

RNA Vaccines: From Scepticism to Fanfare in a Matter of Months

The vaccines industry has been beleaguered for decades, and the technology has
changed only in detail. The nub of the problem is relatively poor profitability and the high
production and R&D costs [115]. For example, when huge numbers of eggs are needed,
the process is expensive and laborious, but replacing them has proven difficult [116].

A bio-designed mRNA sequence is specifically designed for production of the exact
antigens against the target virus. This has advantages; in particular, possessing the viral
genome enables the direct design of an RNA vaccine [86]. As the need to handle live
virus is removed, the mRNA vaccine production facilities can be greatly simplified, and
made much smaller and less expensive, allowing production in many more locations, and
potentially close to the point-of-care, such as in a hospital laboratory. Before the COVID-19
pandemic there were doubts regarding the efficacy of mRNA vaccines. Within a matter of
a few months from the onset of the pandemic, at least two of these vaccines (Moderna and
BioNtech) are actually in use with demonstrably very high efficacy.

4.5. Securing the Bioeconomy

An expansion of the bioeconomy also creates greater opportunities for crime. Biomass
is already traded internationally and increasing demands for sustainability of biomass
means that stakeholders such as port authorities will need improved technologies for
monitoring and vigilance. In addition, as digital biology advances, there will be more op-
portunities for malicious cyberattacks on bio-based production companies. Biotechnologies
have some of the answers.
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4.5.1. lllegal Logging

There are many negative economic, environmental and social consequences of illegal
logging, up to and including violence and warlordism [117]. Deforestation accounts for
around 17% of all anthropomorphic emissions. Between 15 and 30% of wood traded glob-
ally is obtained illegally, rising to 50-90% in key tropical countries, making deforestation
very difficult to control [118]. It can be highly selective, often involving endangered and
expensive species. Illegal laundered timber is exported, often to the United States and
Europe, further complicating traceability [119].

Wood species identification based on anatomical features alone is not always pos-
sible. It is possible to identify some woods from closely related species using DNA
barcoding [120,121]. This can be done routinely, more quickly and with higher taxonomic
resolution than by morphology methods [122]. This is one of the most promising tools for
forensic forestry [123].

4.5.2. lllegal Fishing, and Fish and Seafood Fraud

Seafood is one of the most traded food commodities in the world. Some 90% of
global fisheries are at or beyond their sustainable capacity [124]. Illegal, unreported and
unregulated (IUU) fishing is one of the greatest threats to the sustainability of global fishery
resources [125]. Large amounts of fresh/frozen finfish imports are in the form of products
such as fillets and fish sticks, rendering visual traceability and species authentication
impossible. Species substitution can be used for tax evasion, for laundering illegally
caught fish or for substituting for species of higher value [126]. Traceability is becoming
increasingly urgent.

DNA barcodes facilitate numerous related applications [127]. These include traceabil-
ity, and monitoring illegal fishing and fish fraud [128,129]. Non-experts can sample highly
processed material at low cost and with little effort. Combined with a universally accessible
species identification database, this addresses difficulties in species authentication [130].

4.5.3. Cyberbiosecurity, an Emerging Threat

There are various stages in bioproduction susceptible to cyberattack, representing
a “new threat landscape” [131,132], elevating cybersecurity to a “strategic imperative”
for some companies [133]. Blockchain technology may have some of the answers. It can
securely trace transactions between two parties. Public policy measures for cybersecurity
include voluntary standards, regulations and information-sharing frameworks [134].

4.6. Storing the Bioeconomy

Since 2010, global internet traffic has grown 12-fold [135], increasing the electric-
ity needs of the ICT sector. Already, ICT data centres use as much electricity as some
countries [136]. By 2040, storing all data for instant access would exceed the availability of
microchip-grade silicon by 10-100-fold [137]. A data crunch seems unavoidable without a
radical solution.

The data storage potential of DNA (Figure 5) is much greater than all other media.
The entire world’s data may be storable in 1 kg of DNA [138]. Another estimate proposes
that 215 petabytes (215 million gigabytes)—roughly all the information on the Internet—
could be stored in one gram of DNA [139]. Moreover, DNA storage would be a low
maintenance and low energy system [140]. Far-fetched as it may seem, this technology is
already becoming available. Although currently expensive, it is likely that costs will drop
as the customer base and capacity increases [141].
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5. Conclusions

The paper does not offer biotechnology and synthetic biology as the panacea for
sustainability. There is no single science or technology breakthrough to solve all of the grand
challenge problems that climate change brings to the surface [11]. What it does suggest is
that the whole suite of technologies that come under the umbrella of biotechnology has
been under-researched and de-emphasised in the global enterprise that constitutes the
search for carbon neutrality.

Another aspect of biology and biotechnology is that the complexity of life offers
huge flexibility in addressing these challenges. What is being faced can be regarded as a

“grand challenges ecosystem”; making a change somewhere has consequences elsewhere.

Chemical technology fixes have the inherent danger of being one dimensional. Synthetic
biology can offer a variety of fixes in a single technology, such as drought and heat tolerance
and pest resistance in a single plant species. A bacterium that degrades pollutants in
a wastewater treatment plant in future might also generate electricity, or synthesise a
biodegradable plastic. A yeast that can biodegrade a lignocellulosic feedstock and make a
valuable chemical would simplify the production bioprocess. Many such examples can be
imagined and many are as yet unforeseen. It is hard to imagine any other technology that
would have this flexibility.

Policymakers must face this future prepared to make trade-offs while making best
efforts to identify and model unintended (and unwanted) consequences. Another factor
that policymakers are currently facing, and will face in the future, is public acceptance of
biotechnology. According to the McKinsey Global Institute, up to 70% of the potential of
the “Bio Revolution” may depend on consumer, societal and regulatory acceptance [26].
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