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FOREWORD

This presentation and roadmap for Finland was born from a need to inform the industry,
policymakers and the general public of the rapid change in industrial operations made
possible by synthetic biology. Finland's bioeconomy strategy emphasises the develop-
ment of sustainable industrial applications based on renewable raw materials. In these
plans, the possibilities of industrial biotechnology are not always sufficiently taken into
account. Boosted by synthetic biology, in particular, biotechnology can play a major role
as a diversifier and value adder of Finland's bioeconomy.

The work has been done within the Finnish Funding Agency for Innovation (Tekes)
funded strategic initiative, "Living factories: Synthetic biology for a sustainable bioecon-
omy" (LiF). This presentation does not examine the possibilities of plant biotechnology
or medical biotechnology, but focuses specifically on the important role of synthetic bi-
ology in industrial biotechnology.

We are grateful to Tekes for funding and would like to thank the project's research sci-
entists, management team and the industry representatives who participated in the cre-
ation of the roadmap. Their enthusiasm and the support we have received have been
invaluable.

15 February 2017

Merja Penttila

Coordinator of the LiF project

Research Professor in biotechnology, VTT Oy
Professor in synthetic biology, Aalto University
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INTRODUCTION

SYNTHETIC BIOLOGY WILL
REVOLUTIONISE BIOECONOMY

Over the last couple of decades, the bio-
sciences have undergone explosive ad-
vances in knowledge and the develop-
ment of new methods, which in turn has
opened up new research areas and led to
new kinds of commercial operations.

Synthetic biology — a new, but extremely
rapidly progressing field of research —is
one of the results of this development.
Synthetic biology is based on the re-
cently developed quick and affordable
methods used to analyse the genomes of
organisms, or sequence the nucleotides
of DNA, and to manipulate the genome.
Of particular value is the vastly cheaper
and faster DNA synthesis, which allows
the manufacturing of long, synthetic
DNA pieces. Biological systems are in-
creasingly designed and constructed us-
ing computers. This technological leap
brought by biological programming can
be compared to the change brought by
information technology over the last 40
to 50 years, or industrialisation made
possible by mechanical technology 200
years ago.

In particular, synthetic biology will revo-
lutionise industrial biotechnology by uti-
lising living cells or their parts, such as
enzymes. Traditional examples of bio-
technology are the production of alcohol
using yeast and the production of antibi-
otics using mould. As the methods of ge-
netic technology improved in the 1980s,
it became possible to produce, for exam-
ple, human insulin using yeast and the
creation of effective microbe strains pro-
ducing industrial enzymes. However, the
development of biotechnical production
strains has been time-consuming and ex-
pensive, and the work has largely in-
volved trial and error.

Lego bricks can be used as a simple analogy to
synthetic biology. Biological bricks (such as genes)
can also be combined to build functional entities
of different types

With synthetic biology techniques, de-
velopment work will become more accu-
rate and an estimated ten times faster by
the year 2020. The number of new, bio-
industrial

technically manufactured

products will increase rapidly.

The EU has included biotechnology as
one of the six most important technolo-
gies for our sustainable future®. The ap-
proaches made possible by synthetic bi-
ology will significantly increase the im-
pact of the field and, in particular, the
opportunities brought about by biotech-
nology. Biotechnology — boosted by syn-
thetic biology — is an enabler technology
as its applications are not limited to only
a few, specific fields. It is a technological
platform that can be utilised in almost all
fields of industry. The chemical, energy,
food, medical and forestry industries as
well as the IT sector can all benefit from
synthetic biology.

According to Craig Venter, a leading fig-
ure in the field, the greatest break-
throughs in synthetic biology will not
take place in the academic world but in
industry. For example, many companies
in the chemical and energy sectors
around the world are already developing
processes based on synthetic biology, as
they offer new product opportunities
and can also save raw materials and en-
ergy as well as be cost-effective.

Biotechnology is suitable for both small-
and large-scale production. Biofuels are
produced in production plants with ca-
pacities in the hundreds of millions of li-
tres, while just a couple of hundred litres
may be enough for the annual produc-
tion of valuable medicinal substances.
The interest attracted by synthetic biol-
ogy among young people also raises
hopes for the establishment of new
start-up companies in the sector.

Biotechnology and synthetic biology are
a natural fit with bioeconomy, and their
utilisation is a condition for the realisa-
tion of the greatest opportunities of the
future bioeconomy. Microbial produc-
tion hosts can use basically any organic
materials as raw material, such as wood,
fats or straw. Or, just like plants, single-
cell microbes can use carbon dioxide as
the source of carbon, and sunlight or hy-
drogen as the source of energy.

Synthesis power of nature
Evolutionin a laboratory
Specificity of reactions

Raw
materials

SYNTHETIC BIOLOGY
Cell factory design using mathematical cell models
Automated building and high-efficiency screening of production strains
New reactions, new products, more efficient production processes

1http://ec.europa.eu/growth/industry/key—enabIing—technologies/index_en.htm
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What is synthetic biology?

Synthetic biology refers to biological systems desighed and built by man; cells,
cell parts or organisms not found in nature.

The creation of synthetic systems is made possible by the greatly advanced
knowledge of cellular functions defined by the genes and the cheap and quick
techniques that can be used to synthesise and modify the DNA code and
genome that controls the structure and functioning of the organisms.

Biological knowledge and engineering sciences come together in synthetic
hiology. Genetic code (DNA) matching the desired biological functions are
designed on a computer. These new functions are combined in the manner
proposed by mathematical computer models in a living cell. Numerous new
kinds of cells can be created rapidly and their functioning tested utilising
automation and robotics. Biology becomes programmable and the cell
functions can be predicted better.

Richard Feynman, the physicist, said: "What | cannot build, | cannot
understand”. This is a good description of the new view opened by synthetic
biology on biological research and biotechnology. Instead of studying how
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nature works, we can now start building it based on our own designs.

Synthetic biology will revolutionise biotechnology, and it already has a
multitude of foreseeable applications in, for example, medicine, plant
hiotechnology, nanobiotechnology and industrial biotechnology.

Nature is a skillful engineer. Biology of-
fers an astounding number of fascinating
mechanisms of action which humans can
learn from and utilise for many different
purposes. Unlike any other technology,
biotechnology naturally offers synthesis
power: guided by their genetic DNA
code, cells build complex chemical com-
pounds, materials and motorised molec-
ular machines from simple nutrients
such as sugar or carbon dioxide. Biotech-
nology has the added benefit of evolu-
tion of the cell properties that humans
can speed up and steer in the desired di-
rection. With the help of synthetic biol-
ogy methods — design and controlled
programming — natural functionalities
and fundamental biological rules can be
utilised better than before. It is very
likely that we are on the threshold of a
real bio-era.

Synthetic biology is a technology that
cannot be disregarded by any know-how
and technology based country. The
Growth Paths of Industrial Biotechnol-
ogy for Finland roadmap (2015), com-
missioned by the Ministry of Employ-
ment and the Economy, mentions syn-
thetic biology as one of the most im-
portant factors for the future of the field.

This presentation and its roadmap pre-
pared for Finland focuses on the oppor-
tunities offered by synthetic biology as a
diversifier and value adder of Finland's
bioeconomy mostly in the field of indus-
trial biotechnology (as distinct from
medicine or plant biotechnology).

SYNTHETIC BIOLOGY AND
TECHNOLOGICAL

TRANSITION

MINIMALISTIC CELLS AND
BIOLOGICAL REGULATORY
CIRCUITS

Just like science and technology in gen-
eral, also synthetic biology builds upon
the achievements of previous decades.
The border between gene technology
and synthetic biology is not always clear.
Genes were transferred from one organ-
ism to another already in the 1980s, and
gene technology laid the foundation for
modern biotechnology. Particularly in
Europe, production facilities and the in-
dustry started developing production
strains for the manufacture of chemicals
based on modifying the metabolism of
microbes. This approach is often called
metabolic engineering.

Computer software can be used to design a genetic
code that gives new, desirable characteristics to a
production organism, such as makingit produce a
new chemical compound.

This genetic code describes the chemical composition
of the DNA (the order of the bases A, C, T and G)

The genetic code is synthesised into a chemically
equivalent DNA. The synthetic DNA pieces can
comprise, for example, a sequence of 10,000 bases
and contain 10 genes.

The synthetic DNA is inserted into a cell, where it
becomes part of the organism's own genome. Natural
DNA can also be replaced by synthetic DNA. Several
synthetic DNA pieces can be inserted into a cell either
at the same time or consecutively with the help of
robaotics. The synthetic genes become active in the
cell, and the cell expresses the new, desired
characteristics.

Once the cell has divided, all of its descendants will
express the characteristics defined by the synthetic
code. In an industrial-scale production process, there
can be billions of synthetic cells (e.g. 10 cells).

Genetic technologies enabling the modi-
fication of proteins were used in the de-
velopment of new industrial enzymes.
One example is so-called directed evolu-
tion, where a large number of enzyme
variants are created by inducing muta-
tions in the gene that encodes the pro-
tein. The desired kinds of enzymes —such
as enzymes with improved thermal re-
sistance for the needs of the detergent
industry — are screened out of the pro-

teins generated by the mutated genes.

In 2016, President of Finland, Sauli Niinisté
awarded Professor Frances Arnold (California
Institute of Technology, USA) with the Millen-
nium Technology Prize for her work in the de-
velopment of directed evolution. Photograph
M. Penttild
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At the turn of the millennium, the se-
quencing of the human genome and
other organisms lead to significant tech-
nological advances. The first sequencing
of the human genome cost USD 2.7 bil-
lion and took 13 years of global coopera-
tion!. Today, resequencing the human
genome costs around USD 1,000 USD?,
and a previously unknown bacterial ge-
nome can be sequenced by companies
selling these services in a couple of
weeks at roughly the same price.

DNA synthesis, building genes in a test
tube, is another equally significant tech-
nology. Today, long synthetic DNA pieces
can be built and transferred into living
cells. Unlike in the era of the earlier ge-
netic technologies, it is now possible to
design and synthesise entirely new kinds
of genes and their combinations for
which there are no counterparts in na-
ture. We have transitioned from merely
"reading the code of life to writing it".

The early 2000s saw the beginning of vig-
orous development of the concepts and
technologies of synthetic biology, partic-
ularly in the USA. The J. Craig Venter In-
stitute announced that it will aim to
manufacture a minimalistic, synthetic
cell, built using a living bacterium as a
model, but with DNA created in a test
tube with all genes not needed for the
survival of the cell removed. This goal
was achieved after years of work and
published in March 20163. The new or-
ganism, Mpycoplasma mycoides JCVI-
syn3.0, contains 473 protein-encoding
genes and reproduces well in laboratory
conditions. This kind of a cell can act as a
chassis to which genes encoding desired
characteristics can be added, for exam-
ple for the purpose of producing a spe-
cific chemical compound. Because the
DNA of the organism is thoroughly
known, control of the cell's functioning
can also be pursued, for example by
building genetic regulatory switches in-
side the cell that work analogously with
circuits.

electronic regulatory

Modules

Logical
circuits

Basic components

As in electronics, new functional systems can be built by combining different
components in biology?

Reaction networks

Tissues,
cell
colonies

Cells

Biochemical
reactions

Proteins,
genes
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Indeed, analogies from the electronics
industry are often used to describe the
concepts of synthetic biology.

SYNTHETIC BIOLOGY
REVOLUTIONISES RESEARCH
AND EDUCATION

Founded in 2006 and funded by the Na-
tional Science Foundation (NSF), the US
research consortium SynBERC (Synthetic
Biology Engineering Research Center)
played an important role in the global
development of synthetic biology con-
cepts, technologies and applications.
The consortium members included MIT,
Harvard, Stanford, University of Califor-
nia San Francisco and Berkeley. A strong
research and innovation ecosystem has
grown around SynBERC, in which the
steering group comprising nearly 50 in-
ternational companies plays an im-
portant role. The members include ma-
jor international industrial giants as well
as start-up companies founded by stu-
dents in the SynBERC consortium. The
steering group as a whole widely repre-
sents different fields of industry. After a
ten-year period, the consortium has ex-
panded and continue as the Engineering
Biology Research Consortium (EBRC).

Like its predecessor, the new consortium
will, in addition to research, be actively
involved in public engagement, ethics
and safety questions, fostering coopera-
tion in the research industry, and offer-
ing strong support to education in the
field from high school level all the way to
entrepreneurship.

Achievements of synthetic biology

= A new quadruple (instead of triplet)
reading system for gene to protein
translation

=  Proteins with non-natural amino acids

= Synthetic yeast chromosomes forming
the basis of synthetic yeast to be com-
pleted in 2017 (Yeast 2.0)

= Synthetic living organism with a mini-
mal genome (JCVI-syn3.0)

=  Modified stem cells that will enable
new forms of treatment for human
diseases in the future

*https://www.genome.gov/11006943/human-genome-project-completion-frequently-asked-questions/
2http://www.popsci.com/cost-full-genome-sequencing-drops-to-1000
3Hutchison, C. A. et al. Design and synthesis of a minimal bacterial genome. Science 351, aad6253 (2016).



Education in synthetic biology has in-
creased worldwide, and synthetic biol-
ogy institutes have been established,
particularly in connection with engineer-
ing sciences universities. In the USA, the
NSF has channelled over USD 70 million
into research in synthetic biology, and it
is also heavily funded by the U.S. Depart-
ment of Energy (DOE) and, in particular,
the Defence Advanced Research Projects
Agency (DARPA). In 2013 alone, the DOE
invested over USD 10 million in the de-
velopment of methods for the utilisation
of biomass in the production of fuels,
chemicals and plastics. Research in syn-
thetic biology in the USA is estimated to
have received a total of USD 820 million
in funding in 2008-2014. China? has also
started to invest heavily in synthetic bi-
ology?. The EU has funded research via,
for example, the ERASynBio programme
(around EUR 17 million).

Of individual EU countries, the UK has
made a clear strategic decision to invest
in synthetic biology. In the UK, funding
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for different research organisations in
synthetic biology education and re-
search and for commercialisation of the
synthetic biology products of companies
has to date totalled around GBP 60 mil-
lion3, and in 2016 a further GBP 500 mil-
lion was pledged for the field.

Synthetic biology attracts students
around the world. Arranged for the first
time ten years ago at MIT in Boston, the
International Genetically Engineered
Machines (iGEM) competition has grown
into an event where in 2015 student
teams from 230 different countries com-
peted with their synthetic biology ideas.
The design work is based on biological
components with standardised function-
ality (BioBricks) which the students can
combine to build new organisms that of-
ten possess beneficial characteristics.
That said, ever since a student team
from India participated in the 2009 com-
petition with a bacteria that generated
the scent of a monsoon rain, the number
of competition entries that are artistic

Wa _
The 2014 iGEM Jamboree in Boston. Finland's Aalto-Helsinki team in their turquoise shirts in the middle
row, right of centre. (Photo: Justin Knight, iGEM Foundation)

instead of practical has increased. Fin-
land joined the competition in 2014. Stu-
dents from Aalto University and the Uni-
versity of Helsinki founded a joint iGEM
team, and new Aalto-Helsinki teams
have since participated in the competi-
tion each year. A unique international
and open community of enthusiastic re-
searchers and entrepreneurs will grow
from the iGEM participants.

Interest in synthetic biology has also
been spurred among researchers in
other branches of science, such as phys-
icists, chemists and information pro-
cessing scientists as well as philosophers
and social scientists. Combining different
engineering sciences and biology, syn-
thetic biology is a very attractive field for
young researchers interested in the nat-
ural sciences. The basic idea of synthetic
biology — the creative, novel combining
of biological modules — makes it concep-
tually very approachable.

\

L http://www.synbioproject.org/publications/u.s-trends-in-synthetic-biology-research-funding/

2"Front Matter." National Academy of Engineering and National Research Council. 2013. Positioning Synthetic Biology to Meet the Challenges of the 21t Century:

Summary Report of a Six Academies Symposium Series. Washington, DC: The National Academies Press

3 https://www.gov.uk/government/news/over-60-million-for-synthetic-biology
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The rapid development of sciences and
technologies will open up unprece-
dented possibilities for the development
of new biological systems and produc-
tion processes. In the opinion of many
scientists, we have already moved to the
Anthropocene epoch, where the world
and nature are moulded by man instead
of natural selection. Thus, on one hand,
synthetic biology aims to study and
break the limits of biology, while on the
other hand, it is considered to be essen-
tial for the development of sustainable
industrial processes and the preserva-
tion of our environment?,

PPP (Public-private partnership) consor-
tiums in biotechnology are increasingly
focusing on synthetic biology and the in-
frastructure supporting it. New consorti-
ums are being established in coopera-
tion between public financiers and the
industry. In Europe, these include the
French Toulouse White Biotechnology
(TWB), the Austrian ACIB, the German
CLIB, the Danish Biosustainability Center
funded by the Novo Nordisk foundation,
and the Dutch BE-Basic that already has
an annual budget of EUR 45 million and
a cumulative budget exceeding EUR 250
million. In 2014, Scotland established a
biotechnology cluster with an initial
budget of GBP 10 million, intended to
grow to GBP 520 million by 2025. The
goal is to increase the number of bio-
technology companies to 200. Imperial
College London received significant
funding from the British Government to
establish its Centre for Synthetic Biology
and Innovation (CsynBIl). The CsynBl is
one of the most important global con-
centrations in synthetic biology.

The USA is continuing its significant in-
vestments in synthetic biology. In spring
2016, the SynBio Foundry project? re-
ceived initial funding. Its goal is to com-
bine the resources of ten national labor-
atories in development work particularly
benefiting bioeconomy and the industry.
The project involves the construction of
new infrastructure and the development
of technologies from genome synthesis
to production piloting.

SYNTHETIC BIOLOGY AS AN
ENABLER OF SUSTAINABLE
DEVELOPMENT

One of the most significant benefits of
synthetic biology is considered to be the
development of new methods and pro-
cesses that enable industrial production
in accordance with sustainable develop-
ment and the replacement of fossil fuels.
Synthetic biology allows the production
of many chemicals, fuels and material
components from renewable raw mate-
rials such as plant waste or CO>. By utilis-
ing the diverse chemistry of the cell — bi-
ochemistry — essentially almost any
chemical can be produced, including
basic chemicals currently produced us-
ing petrochemical processes. In the fu-
ture, entirely new compounds will be
produced that cannot currently be man-
ufactured chemically (or biotechnically).

Today, synthetic biology has already
made it possible to modify the metabo-
lism of cells in such a manner that the
cell requires less oxygen and carbon for
producing the desired product than is
possible with the natural metabolism of
the microbe. Several examples of excel-
lent polymer structures can also be
found in nature (such as cellulose, silk,
natural polyesters) that inspire research-
ers to develop new, strong or electrically
conducting materials. We can also learn
from nature's energy- or light-generating
mechanisms.

It has been said that the economic role
of the adoption of synthetic biology
could be as great — or even greater —
than the birth of synthetic chemistry
more than a century ago. In 2016, the
World Economic Forum selected the
field as one of the ten most significant
emerging technologies.

The development work of production or-
ganisms is well described by the "Design-
Build-Test-Learn" cycle. Instead of the
research scientists performing labora-
tory tests, they are increasingly using

computer-aided design (Bio-CAD) to de-
sign the characteristics of production mi-
crobes, order the synthetic DNA bricks
from a store, and build the living produc-
tion organisms using automation and ro-
botics. New genome editing methods —
such as CRISPR — make the building of
new microbe strains significantly faster.
In just one week, hundreds of new pro-
duction microbe candidates can be
screened and new function-improving
changes for the best of them designed.
Synthetic biology boosts biotechnology,
even if its extreme forms, such as mini-
mal cells, are not yet used.

DESIGN BUILD

Hundreds of
microbial strains
an be tested in a
week ,

LEARN TEST

In industrial biotechnology, syn-
thetic biology enables for example:

] Faster and cheaper develop-
ment of production strains

= Production of compounds un-
precedented in nature but use-
ful to humans

] Design and creation of minimal
microbes performing only de-
sired reactions

= Production microbes that need
less carbon and energy than
natural organisms to generate
the product

= Replacement of fossil raw mate-
rials with renewables

'HS 31.4.2016, p. C6. Kukkamaalareiden uusi aika.

2http://syncti.org/research/synthetic-biology-foundry/



MARKET POTENTIAL OF
SYNTHETIC BIOLOGY AND
NEW ECOSYSTEMS

The global market for synthetic biology
has been estimated to grow at around 25
per cent annually, and this growth is ex-
pected to accelerate to even above 30
per cent as methods continue to de-
velop. The market is currently domi-
nated mainly by companies selling ge-
nome technologies and DNA synthesis,
but the share of core products, such as
synthetic microbes and integrated pro-
duction systems, is expected to grow
rapidly in the next two to five years.

Amyris and Gingko Bioworks in the US
are true pioneer companies in synthetic
biology, developing new microbe strains
producing fuels and chemicals based on
computer-aided design and automation.
However, the biotechnology industry is
not alone in developing synthetic biology
applications; they are also being devel-
oped very widely by the chemical, en-
ergy, medicine and diagnostics, and food
industries. The most significant global
companies already utilising synthetic bi-
ology include DuPont, Thermo Fisher Sci-
entific, Royal DSM, Novozymes and New
England Biolabs.

Enabling
technologies/products:

Core technologies/
products:

Synthetic biology as an enabler of sustainable bioeconomy - A roadmap for Finland | 9

Examples of industrial applications of
synthetic biology:

= Biofuel Biofene (Amyris, Total)

= Biofuel isobutanol (Butamax, Gevo)

= Basic chemical acrylic acid (DoW,
OPX)

= Malaria medicine artemisinin (Amyris,
Sanofi Aventis)

= Cosmetics component alguronic acid
(Solazyme)

= Synthetic vanillin (Evolva)

Dedicated business ecosystems are rap-
idly developing around synthetic biology
in different parts of the world. These
ecosystems can be described as value
chains typical to the biotechnology in-
dustry, functioning as a network where
the business risk is divided between the
different actors of the ecosystem.
Ginkgo Bioworks! is a good example of
this: in 2016, it received USD 100 million
from investors for the purchase of syn-
thetic DNA for building new production
organisms. Companies specialising in
DNA synthesis, Twist Biosciences and
Gen9, deliver the DNA.

Global major companies covering sev-
eral links in the value chain also operate
in the value network alongside others;
on the one hand, they are customers and
partners of virtual companies, on the
other hand, they can be seen as prospec-
tive exit strategies for financiers.

Production:

- Process development

Large companies, particularly those pro-
ducing high-volume products such as
biofuels, seek to get close to the source
of raw materials. The Port of Rotterdam
in the Netherlands is an interesting cen-
tre for companies refining imported bio-
mass (including wood pellets). Even
though the Netherlands is not itself a
huge biomass producer, it has invested
in large-scale biorefinery infrastructure.
Its biorefinery companies are also estab-
lishing joint ventures to develop technol-
ogies and divide risk. Some of the biore-
fineries use modified microorganisms as
their production organisms. In the fu-
ture, synthetic biology will play an in-
creasingly important role in these bioe-
conomy ecosystems.

These ecosystems are still in their early
days, and various national and interna-
tional initiatives, such as the EBRC, Syn-
BioBeta (an international organisation of
synthetic biology companies) and the
iGEM competition giving birth to start-
up companies, continue to play an im-
portant role in their establishment and
fostering and and boosting their devel-
opment. Established companies are also
interested in these forums bringing dif-
ferent actors and researchers together,
as they enable networking and provide a
first-row seat for monitoring the latest
science and technology advances.

Enabled products:
- Biochemicals

- DNA sequencing B - Synthetic biology 3 - Piloting - - Biomaterials

- DNA synthesis r - Production microbes F - Commercial 4 - Biofuels

- Bioinformatics - Protein modification production

- Automation - Integrated systems
b
”

VALUE ADDING

‘ Analytics companies ‘ ‘ End product manufacturers ‘
Automation companies Research institutes Contract Sales organisations
manufacturers

‘ BiolT companies

‘ Equipment manufacturers

‘ Biotech start-ups ‘

Vertically integrated major companies

Value chains and actors in synthetic biology

thttp://techcrunch.com/2016/06/08/ginkgo-bioworks-grabs-100-million-in-financing-to-buy-a-whole-lot-of-synthetic-dna/
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EXTREMELY HIGH

GLOBAL MARKET FOR SYNTHETIC BIOLOGY

Value of the global market in synthetic biology

according to Markets and markets (2016):
$5.246 billion in 2015

$14.768 billion in 2020

Value of the global market in synthetic biology
according to BCC Research (2014):

$2.700 billion in 2013
$11.821billion in 2018

SHORT-TERM 23% (CAGR) annual growth forecast
GROWTH 34% (CAGR) annual growth forecast
EXPECTATIONS
SYNBIO HAS SIGNIFICANT MARKET POTENTIAL
LARGE GLOBAL ENTERPRISES GLOBAL SMEs START-UPS AND MICROCOMPANIES
GLOBAL Chemical, IT, agriculture, national Metabolic engineering, synthetic biology "Born global companies in their initial phases”
COMPANIES IN defence, medicine, for example: equipment, for example: that produce synthetic biology equipment and
SYNTHETIC AMYRIS, DUPONT, ROYAL DSM, BIOMAX INFORMATICS, CONAGEN, high-risk solutions, for example:
BIOLOGY BRASKEM, NOVOZYMES, THERMO EVOLVA, INTREXON, GENOMATICA, BENCHLING, ENEVOLV, GINKGO BIOWORKS,
FISHER, AUTODESK, BP, DOW, GSK, SYNTHETIC GENOMICS, DNA 2.0, BLUE LYGOS, KALION INC, LANZATECH, PIVOT BIO,
MONSANTO, RAYTHEON, LOCKHEED HERON BIOTECHNOLOGY, GENEART BENTHIC LABS, REVOLUTION BIOENGINEERING
MARTIN
[
| SYNBIO AFFECTS ALL ACTORS IN THE VALUE CHAIN, FROM SMALL FIRMS TO MAJOR GLOBAL ENTERPRISES
FUNDING ACCELERATING ENTREPRENEURSHIP
S;‘:El:':lJ:':l(!N - Crowdfunding, e.g. the Kickstarter- - Accelerator programmes - From researchers to biohackers
T funded Glowing plant (Synbio AxIr8r / Indie Bio)
- Early-stage seed funding - Company incubators
- Capitalinvestment funds - Education (iGEM, Lean launch pad)
| IN ADDITION TO TRADITIONAL SOURCES, GROWTH COMES FROM NEW KINDS OF NETWORKED ENVIRONMENTS, E.G.
| LABORATORIES SHARED BY MULTIPLE COMPANIES AND WITH THE HELP OF CROWDFUNDING"
Putrescin Fum.arlc Glut:airlc Isobl{tyrlc Acetone Styrene
. acid acid acid
Lactic
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Synthetic biology as enabler of development

Research (TRL 1-4)

Several basic chemicals can be produced with biotech. Research is very strong and the production of many new chemicals has already shown
to be possible. Synthetic biology will speed up development work and new chemicals can be taken into production at a quicker pace.
The figure does not include fine chemicals or medicines that can also be produced biotechnically.




DO-IT-YOURSELF BIOLOGY
AND ART

One fascinating feature of synthetic biol-
ogy is the hobbyist culture that has
arisen from it based on bioediting and
resembling the "garage culture" that
sprang to life in the 1970s in the IT sector
and enriched it. Several of these DIY
communities with their own laboratory
facilities have been founded, such as Bi-
oCurious in San Francisco in 2009, Gen-
Space in New York in 2011, and La Pail-
lasse in Paris in 2011. In spring 2016, the
first "Swedish Bio-Makers Conference"
for biohackers was held in Sweden.

The DIYBio movement practising syn-
thetic biology is strongly communal and
has a variety of goals, but as a rule, oper-
ates under the so-called hacker ethos ac-
cording to which information is shared
freely with a common focus on doing and
problem-solving®.

In addition to scientific curiosity and a
desire for experimentation, the DIYBio
movement is based on a desire to pro-
vide solutions to socially significant prob-
lems not tackled by research institutes or
companies. DIY biology can play an im-
portant role as a breeding ground for
new business ideas and SMEs.

These DIY activities are not only highly
practical, they create new visions of the
future. It is unsurprising, then, that the
art community has also discovered syn-
thetic biology — both as a subject and a
tool. Art's approach to synthetic biology
provides a counterbalance to research,
which so often emphasises utility, and
may also criticise the role of technology.
One of the most famous bioart laborato-
ries is SymbioticA, established in 2000 in
Australia (University of Western Aus-
tralia). Its founding artists Oron Catts
and lonat Zurr were also instrumental in
the founding of the Biofilia laboratory at
the Aalto University School of Arts, De-
sign and Architecture in Finland. Biofilia
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and the artists of the Finnish Bioart Soci-
ety are actively interested in synthetic bi-
ology.

Many bioediting-based DIY communities
around the world work in a symbiotic re-
lationship with universities. They are
more akin to open incubators or work-
shops, often comprising, in addition to
hobbyists, artists, designers, researchers
in different fields of natural sciences and
engineering, and social scientists. The
prospective role of these communities in
perceiving and formulating the society of
tomorrow is an interesting one.

/

In 2008, bioartists Oron Catts and lonat Zurr
(University of Western Australia) displayed
their work "Victimless leather" in the New
York Museum of Modern Art. The work was a
leather jacket growing from skin cells. Source:
1. Zurr

ETHICS AND SAFETY

The foreseeable revolutionary possibili-
ties of synthetic biology in, for example,
medicine, plant breeding, environmental
technologies and industrial biotechnol-

ogy, and its spread outside the actual sci-
entific community and industry raise a

need for a dialogue on ethical and
safety-related concerns. The importance
of this dialogue is commonly accepted,
and the scientific community remains ac-
tive in highlighting and addressing these
issues. Methods have been developed
for preventing genetically modified or-
ganisms from spreading into nature. Ex-
amples of this are bacteria that require
artificial amino acids that are not found
in nature in order to grow, or cells that
have been forced to repair undesired
changes to the genome'?. Guidelines on
addressing the possible consequences of
synthetic biology have already been
drawn up®*“. The DIY community has also
organised itself, ensuring that its mem-
bers operate in accordance with good re-
search ethics and informing the general
public on synthetic biology, among other
things.

Synthetic biology is typically based on
gene technology, and its practice has
been considered to be subject to gene
technology legislation. With regard to
new technologies intended for genome
editing, the coverage of the current pro-
visions is currently being reviewed both
in Finland and throughout the EU. It is
important to note that in industrial bio-
technology, production takes place in
enclosed bioreactors (so-called closed
operation), and the modified production
organisms are not released into the en-
vironment but destroyed after use. It is
also important, however, to make sure
that legislation and supervision keep a
close eye on the rapid technological de-
velopment. European science academies
(EASAC) together with international or-
ganisations (IAP) act as advisers to the
EU Commission and Parliament on the
development of legislation on synthetic
biology®.

1Delgado, A. DIYbio: Making things and making futures. Futures 48, 65—73 (2013).
2Mandell, D. J. et al. Biocontainment of genetically modified organisms by synthetic protein design. Nature 518, 55-60 (2015).

3DiCarlo, J. E., Chavez, A., Dietz, S. L., Esvelt, K. M. & Church, G. M. Safeguarding CRISPR-Cas9 gene drives in yeast. Nat. Biotechnol. 33, 1250-1255 (2015).
4 Mazerik, J. & Rejeski, D. A Guide for Communicating Synthetic Biology | Wilson Center. (2014).

Shttp://www.interacademies.net/File.aspx?id=23974
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INTERNATIONAL ROADMAPS
FOR SYNTHETIC BIOLOGY

Several roadmaps and reports on syn-

thetic biology and its role in bioeconomy

have been published in recent years. The

reports comprehensively describe the

opportunities offered by synthetic biol-

ogy and the measures required to lever-

age the potential of the technology as ef-

ficiently and responsibly as possible.

= The EU's strategic vision on synthetic
biology?!

= USA's bioeconomy plan?

= Roadmap on the bioproduction of
chemicals®

= UK synthetic biology strategic plan
2016*

= Joint report on synthetic biology by
six science academies’.

Synthetic biology and its base technolo-
gies, such as modern gene technology,
DNA sequencing and automated high-ef-
ficiency screening of biomolecules, and
the industrial biotechnology enabled by
these technologies, are seen as playing
an important role in, for example, the
implementation of the national bioecon-
omy plan of the United States. As early
as in 2012, revenue from industrial bio-
technology in the USA alone exceeded
USD 105 billion, and the annual growth
of the market was around 10%°.

The reports and roadmaps state that
synthetic biology plays a key role in and
significantly benefits the development of
industrial biotechnology and its impact
on the formation of bioeconomy, devel-
opment of circular economy and our
ability to meet current and upcoming

challenges, such as climate change, and
to transition away from fossil raw mate-
rials. The roadmaps highlight the poten-
tial of synthetic biology in the creation of
commercial applications and the need to
create both new commercialisation pos-
sibilities and the operating environ-
ments that enable them. The reports
also emphasise the need to develop ed-
ucation systems to match the multidisci-
plinary approach required by synthetic
biology. Open dialogue between re-
searchers, companies, authorities and
the general public should be initiated
and maintained.

The European Academies Science Advi-
sory Council (EASAC) prepared its first re-
ports on synthetic biology in 2010 and
2011. It proposes’ that it is more im-
portant to make long-term investments
in the research and development infra-
structure and culture of synthetic biol-
ogy than to focus on forecasting short-
term results. Long-term investment also
lays the groundwork for the birth of ap-
plications that are entirely unanticipated
and currently difficult to foresee.

The recent Roadmap for European Re-
search Infrastructures proposes that Eu-
rope should create centres enabling
standardised research and development
of bioproducts based on robotics®. These
centres would allow the distribution of
expensive infrastructure costs and the
establishment of knowledge centres.
Shortening the time required in the de-
velopment of bioprocesses and reducing
costs should be key objectives.

EASAC's report presents a task list to Eu-
ropean decision-makers:

1. Establish a competitive research in-
frastructure;

2. Develop multidisciplinary study pro-
grammes required by synthetic biol-
ogy at universities;

3. Prepare IPR guidelines for matters
concerning the protection and open
use of inventions;

4. Engage in a public dialogue based on
scientific data on the possibilities and
risks of synthetic biology;

5. Emphasise the safety issues; and

6. Organise the administration and or-
gans in the field.

INTERESTING READS

George Church and Ed Regis. How
Synthetic Biology Will Reinvent Na-
ture and Ourselves. Basic Books
2012.284 pp.

Ginsberg, A.D., Calvert, J., Schyfter,
P., Elfick, A. and Endy, D. (Eds.). Syn-
thetic Aesthetics. Investigating Syn-
thetic Biology’s Designs on Nature.
The MIT Press 2014. 349 pp.

thttps://www.erasynbio.eu/lw_resource/datapool/_items/item_58/erasynbiostrategicvision.pdf

2https://www.whitehouse.gov/sites/default/files/microsites/ostp/national_bioeconomy_blueprint_april_2012.pdf

3http://www.nap.edu/catalog/19001/industrialization-of-biology-a-roadmap-to-accelerate-the-advanced-manufacturing
“https://connect.innovateuk.org/documents/2826135/31405930/BioDesign+for+the+Bioeconomy+2016+DIGITAL+updated+21_03_2016.pdf/d0409f15-bad3-4f55-be03-430bc7abde7e

Shttp://www.nap.edu/catalog/13316/positioning-synthetic-biology-to-meet-the-challenges-of-the-21st-century
6Carlson, R. Estimating the biotech sector’s contribution to the US economy. Nat. Biotechnol. 34, 247-55 (2016).

7EASAC policy report 13, Dec 2010: Realising European potential in synthetic biology: scientific opportunities and good governan