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The Human Genome Project (HGP) was one of the great feats of exploration in
history - an inward voyage of discovery through an international research effort to
sequence and map all of the genes of human beings - together known as the
genome.
Completed in April 2003, the HGP gave us the ability, for the first time, to read
nature's complete genetic blueprint for building a human individual. Those genetic
instructions were contained in a molecule called DNA. There are four basic
building blocks called nucleotide bases that are found in DNA: adenine
(abbreviated A), cytosine (C), guanine (G) and thymine (T). It is the sequence of
these nucleobases that encodes biological information.
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The cost of sequencing that one human genome was about $3 billion. It took
thirteen years to accomplish. Today, just over ten years later, that cost sits at about
$1,000 and can be accomplished in less than a day.

Note: Log Scale
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Due to the advances in the cost and speed of sequencing DNA, we’ve learned how
to read the genetic alphabet (A,C,G,T) and see how those nucleotides code for
functions within cells. This has resulted in tremendous insight in using genetic
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information in for improved healthcare delivery, where patients today get genetic
screenings and personalized treatment for a number of diseases.

Now we can read, but we’re just learning how to write. The next century will be
about how we write DNA using those nucleobases or basic building blocks to
design and build bespoke organisms that can provide solutions to many of the
planet’s most pressing global problems.

You might be tempted to think this already exists as biotechnology.
Biotechnology harnesses cellular and biomolecular processes to develop
technologies and products that help improve our lives and the health of our planet.
We have used the biological processes of microorganisms for more than 6,000
years to make useful food products, such as bread and cheese, and to preserve
dairy products.
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So what has our ability to read and write DNA allowed us to do that is
fundamentally different now?

Scientists now envision using the four basic

building blocks of DNA to design entire biological systems from the ground up
with as much precision as an engineer designs a bridge.
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Think about it. DNA and its basic building blocks (A,G,C,T) hold the genetic code
for every function within an organism.

Just like infinite permutations of zeroes

and ones form the basis for designing and writing software code that drive all
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functions of technology, these nucleobases can be used to write the genetic code
for and build entirely new biological systems from the ground up. The practice is
called Synthetic Biology, or Engineering Biology in the most recent vernacular.

The coming revolution in Engineering Biology will transform the industries of
energy, agriculture, healthcare, chemicals, and bioremediation to name just a few.
And it will raise social and ethical questions, including what constitutes life and
what it means to be human as well as important security concerns about biosafety
and bioterrorism.

Synthetic Biology bridges a number of scientific disciplines such as metabolic
engineering, molecular biology, microbiology, systems biology, synthetic
chemistry, chemical engineering, and genetic engineering.

It also relies on a

constellation of supporting technologies, including DNA sequencing and synthesis,
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laboratory automation, design/modeling software, bioinformatics, and big data and
computing.

In theory, how does all this work together?

CORE ELEMENTS
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To make biology engineerable, scientists must construct predictable systems and
standardized parts. To do this, they use computer software to write the code that
will design organisms in abstract and predict their production. Ideally, you want to
design, build, test, and scale-up your organism in a predictable, modifiable way.
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The first part, constructing predictable systems, is done by understanding how
complex organisms like E.coli or yeast work and strip away as much DNA as
possible, leaving only the most rudimentary functions. The organism is now just a
foundation, a platform for new DNA. The goal is to create a platform with wellknown characteristics and functions so new genes perform their intended role
without being disrupted by other cellular functions.

Once these platform organisms have been built, scientists import standardized
parts, readily understood sequences of DNA. These well-known sequences code
for certain functions – say color or smell. These pieces are stackable or additive,
like Lego’s, so an organism could take two blocks of DNA to fluoresce green and
smell like a banana. The idea is to build microbes and systems capable of
performing multi-step processes based on different situations. These are simple
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examples and, like software, the downstream applications are much further
reaching.

Meanwhile, the design and assembly is being done from a computer, using
specialized software and DNA synthesis. Previously, DNA design and assembly
was done by hand. But advances in DNA construction and computer software
allow scientists to design their organisms on a computer and get their DNA madeto-order. Ideally, these functions could be accomplished by machines in an
automated laboratory, eliminating human error in the design and assembly process,
and allowing large numbers of genetic permutations to be tried.

The engineering of predictable host organisms, standardized DNA parts, and
computer aided design software has made biology far more deliberate, predictable,
reproducible, scalable, and iterative.
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The picture I have painted for you represents the vision for this science, yet we are
several breakthroughs away from having truly robust biological systems. Unlike
machines, living things have unpredictable processes. They evolve over time and
evade our complete understanding.

Along the path to developing the new future, there are innumerable tools, assembly
methods, standards, and devices that must be built. Many are in early stages. Often
times these tools have new applications of their own, like CRISPR/Cas9, which is
an Engineering Biology tool that allows for very precise in vivo gene editing, but
has applications in many areas, including the development of new therapeutics.

9	
  
	
  

Applications

MALARIA
1.2 million deaths in 2010
95% of deaths in Sub-Saharan Africa
Majority of cases in children under 5
years old
Engineered artemisinin for 150m
people by 2014
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While these systems may be difficult to understand in abstract, the applications are
quite powerful in reality. One popular example is the production of artemisinin, an
anti-malarial drug. With more than one million people dying from malaria each
year – most of them under the age of five and in sub-Saharan Africa – both access
to and the cost of treatment remains an enormous challenge.
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Normally, artemisinic acid is produced by the wormwood plant, which has volatile
supply and comes almost exclusively from local farmers in Vietnam and Thailand
that cultivate the plant. One of the leading scientists in this field, Jay Keasling,
engineered a new strain of yeast that creates the chemical precursor needed to
produce artemisinin cheaply and predictably. By taking genes from the wormwood
plant that code for a series of enzymes, and tuning the multi-enzyme pathway for
efficiency, Keasling was able to get the yeast to secrete artemisinic acid, which is
then turned into the drug artemisinin with a final chemical step.

The Bill & Melinda Gates Foundation put $50 million into scaling up this product
and worked in partnership with Sanofi Aventis to produce the drug on a zero-costzero-profit model. Sanofi has plans to distribute the drug to 150 million people this
year.
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Artemisinin is a perfect demonstration of the power of this science. Yet, as I
mentioned earlier, there are many other applications beyond healthcare, such as in
energy, agriculture, chemicals and bioremediation.

Innumerable products, from clothing to plastics to perfumes, are all made with
petroleum-derived chemicals or with specialty chemicals with environmentally
destructive ramifications, such as palm oil. Companies like Ecover are using
modified strains of algae to produce palm oil, which will help reduce the pressure
on the rainforests in Indonesia. Ginkgo Bioworks is working with traditional
perfumers to design a cultured rose extract based on numerous molecular attributes
that control for fragrance. Other companies, such as Genencore are working to
create a Bioisoprene monomer, which will produce high quality synthetic rubber
without dependence on petroleum based materials that cause adverse
environmental consequences.
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Due to their high price/volume ratio, renewable chemicals are likely to see a large
share of the near-term commercial activity in engineering biology. Today, you are
seeing price-competitive products derived from sustainable, synbio chemicals in
creams, flavors, soaps, and fragrances.

BIOREMEDIATION
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Applications in bioremediation are topic of popular interest, as organisms can be
designed to clean up oil spills or consume environmental contaminants. Modular
Genetics, in partnership with several academic universities, engineered a
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microorganism

that

produced

soy-based

biodispersants

for

oil-pollution

management, which could be used to assist in cleaning up environmental disasters
like the 2010 Deepwater Horizon oil spill in the Gulf, rather than oils from trees
grown in the rainforest.

DE-EXTINCTION
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Some scientists are also chasing the idea of reintroducing extinct species as a longterm project, either by reengineering nearby relatives, or by cloning: replacing the
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embryonic DNA of a nearby relative with the DNA of the extinct species. Like in
Jurassic Park, fiction turns into reality. As long as you have the sequence of DNA
for an extinct species, it is theoretically possible to bring it back to life.

You might ask why we should be concerned with reintroducing the carrier pigeon
or the wooly mammoth when so many current species are threatened. With one in
six species facing extinction as a result of climate change since the industrial
revolution, these efforts may help to save species that might otherwise disappear.
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GLOBAL IMPACT
Bioremediation
Energy
Agriculture
Chemicals
Healthcare
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In agriculture, we’re facing multiple challenges, particularly the exponential
increase in the human population pegged against a linear increase in food
production. Some early companies are targeting ways to cultivate a better and
safer food system. Clara Foods, for example, has produced egg whites in the
laboratory using yeast, that does not require the cost and time spent raising
chickens. Muufri is working on synthetic milk made from yeast cultures. Modern
Meadow is developing cultured food products that do not rely on animals in
collaboration with renowned chefs.
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There are also near term applications for Engineering Biology in pest management
to control deadly diseases and protect food crops. Dengue fever, a mosquito-borne
disease, affects over 50 million people in tropical areas of the each year globally,
and is estimated to cost the global economy $5 billion/ year.

There is no

medication nor vaccine for dengue. The only way to control the disease is to
control the mosquito that carries the virus.

A company called Oxitec has created modified versions of “sterile” male
mosquitoes which seek out and mate with females to produce offspring that will
not survive to adulthood, thereby controlling the mosquito population without
pesticides. Recently, it announced that releases of the genetically modified
mosquito in a tropical area of Brazil reduced the dengue mosquito population by
95%, well below the threshold for epidemic disease transmission.
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And finally, renewable energy from non-petroleum based sources remains the
largest promise, and to date, the most elusive to achieve. Numerous companies
such as Amyris and Solazyme raised a lot of money on the promise of leveraging
advances in biology that would drive renewable energy. So far they have had to
scale back their efforts because yields on renewable sources like algae or biomass
are still not scalable or really price competitive. Nevertheless, Amyris is currently
selling renewable diesel in metropolitan areas like Brazil and renewable jet fuel
with its partner, TOTAL, around the world.
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BEYOND OUR WORLD
Bioremediation
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Even beyond these applications which are about global sustainability, synthetic
biology is also vital for endeavors beyond our planet, NASA, as well as space
companies. Relevant applications in these areas include re-designing plants to
create ecosystems in space, engineering to reduce the effects of radiation and zerogravity in space, detecting life elsewhere, reducing weight or creating new types of
fuels, and eventually colonizing other planets.
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Challenges

Cost and Technological Development. As we have just explored, the
applications of Engineering Biology are enormous, and our mastery over writing
DNA will continue to increase rapidly. Today, the cost sits at $.20-.30 cents/base
pair depending on the length of the sequence. But I expect to see another ten-fold
decrease in the cost of DNA synthesis, as companies like Twist Bioscience and
Gen9 enter the market.

In fact, that rapidity of development is a challenge in itself. New ways of working
are straining old methods.

As legal frameworks become outdated quickly,

regulatory bodies are slow to adapt, and the public is viscerally uncomfortable with
having so much control over the ‘natural’ world.

Ownership of Intellectual Property. On the intellectual property side, a
tug-of-war exists between an open-source culture that wishes to democratize
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science and those who understand that patent protection is necessary to commercial
development and the acceleration of scientific development. Consider again, the
various parts of Engineered Biology: the host organism and the standardized DNA
parts. Many existing standardized parts have been filed under open-source licenses
that makes commercializing products derived from these tools difficult but
necessary if the benefits are to be realized.

Regulation. Many of our nation’s regulatory bodies are ill-equipped to
handle such advances, as are many international bodies. For example, in regard to
the release of modified mosquitos discussed earlier, there were questions about
which body should regulate the release of such organisms. Ultimately, the FDA
approved their release, but the example highlights the fact that agencies lack the
expertise to evaluate some of these new applications. Additionally, new
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applications may span the purview of multiple agencies; in this case, the USDA
could have regulated this, or the NIH, or the EPA.

The speed of development alone is one of the underlying forces that drive some of
the hurdles to this field’s smooth development. The regulatory landscape is ill
equipped to adapt to this changing environment, especially considering the
expertise required to properly understand and evaluate these new technologies.
Meanwhile, the democratization of science and funding is allowing new
entrepreneurs to enter the market.
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GLOWING PLANTS
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Take the example of Glowing Plant, a project based in a community lab in San
Francisco that, as their name suggests, wants to makes plants that glow in the dark.
Their long-term vision is to replace street lights with glowing trees thereby
reducing CO2 emissions by not requiring electricity, but for now they’ll make
small glow-in-the-dark ornamental plants.

Glowing Plant funded themselves through Kickstarter, in part by promising their
7,000 funders that they would receive free seeds to growth their own glowing
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plants as compensation. This sounds fine, until you consider the millions of dollars
of testing and trials large companies must go through before releasing modified
organisms into the environment.

These trials are designed to prevent the release of potentially harmful, non-native
species into an environment. Yet the regulatory infrastructure is designed to work
with large Agrotech companies, not unknown projects in San Francisco. And
Glowing Plants fell between the cracks.

Global Competition.

Because Engineering Biology is a discipline of

science built upon a different fundamental premise – designing biological parts and
systems from the ground up – and the applications are so far-reaching, the
continued development of the field will have a profound impact on the economies
of nations who pursue this technology. Being able to engineer the building blocks
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of life with such control has enormous implications for future leadership and the
nature of employment over the next century.

One of the risks facing the U.S. is a decline in funding while competing nations
such as the UK and China have pursued long term, coordinated funding
mechanisms aimed at advancing the infrastructure that accelerates fundamental and
translational research. England, for example, named Synthetic Biology as one of
the eight great technologies along with familiar others such as Big Data and
Robotics & Automation Systems, and has developed interagency funding
mechanisms with leading universities and companies for research as well as
programs to address ethical, legal, and public concerns.

The U.S. risks falling behind economically if it does not dedicate the resources to
the advancement of this science.
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PUBLIC PERCEPTION
WHAT
THE SYNBIO
COMMUNITY
SAYS

We finally got all the parts we need to reconstruct our second hand gene
gun, and this video shows our first firing. In the video you can see us
replicating the first ever gene gun experiment, firing tungsten coated nanoparticles coated in DNA at onion cells. Approximately 1% of the onion
cells should absorb the DNA and start creating green fluorescent protein.
- Glowing Plant,
27 September 2013

WHAT
THE PUBLIC
THINKS
THEY HEARD
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Sure glad I found a
second-hand gene gun
on CraigsList!
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Risks and Ethical Implications. Grappling with the implications of such

Sources: Glowing Plants project; The Gambler’s Fallacy, CoolRisk.com; mycutegraphics.com; kidskat.com.

advances can be quite daunting, and this technology raises concerns, both old and
new. The old fears have been around as long as science itself, namely safe
handling and preventing maleficent use.

Since the discovery of recombinant DNA in the 1970’s – which essentially marks
the beginning of the modern biotech revolution – scientists have generally been at
the forefront of addressing issues of safety. Starting with the Asilomar Conference
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in 1975, scientists convened with regulators to develop safety guidelines and
processes for institutional oversight. To date, there have been no accidental
releases of genetically-engineered microorganisms (GEMs) from laboratories.

Today, with Engineering Biology, scientists have worked to update standards of
safety, especially around preventing the synthesis of pathogenic sequences. In
addition, safety precautions are designed within the organisms themselves, as I
discussed earlier with the safety switches.

For the foreseeable future, the threats posed are relatively small as the majority of
experiments involve transferring well-known parts into well-known bacterial hosts
for use within a lab. While this industry has been generally good about safety,
there are a number of modern concerns that have arisen around DNA ownership,
safe release of new organisms, and the public’s visceral uncomfortableness with
having so much control over the ‘natural’ world.
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These questions of ownership will not be resolved today, and will continue to
evolve as these questions become more complex.

While there are many open ethical questions, the reality is that the technology itself
is ethically neutral. Like almost anything, it can be used for good or ill. The onus is
on the community and the public to ensure that the field develops with these
considerations in mind.

One of the most important synthetic biology technologies to appear is called
CRISPR/Cas9, which allows for gene editing within living cells. The western
world issued a moratorium on using this science for germline editing, which would
make traits heritable. Yet just recently, a team of Chinese researchers – of which
there are other teams –

submitted a paper in which they tried to edit out a

potentially fatal genetic blood disorder in nonviable embryonic stem cells.
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The breach of the moratorium brings up a host of ethical issues related to germline
editing such as the possibility for unpredictable outcomes and non-medical
enhancements of human beings.

As the technology develops, a focus on preemptive ethical discussions will become
more and more essential to ensure that these advances are used responsibly.

Wrap Up

PLANETARY SUSTAINABILITY

BIOLOGICALLY ENGINEERED SOLUTIONS
FOR A SUSTAINABLE FUTURE
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If this presentation has explained anything, I hope it has shown that advances in
Engineering Biology hold much promise for the world. Engineering Biology will,
in our lifetimes, have the technological power to remediate many of the world’s
imminent and intractable problems. It is not without challenges and risks, however,
and improvements in the modern world brought about by technological change
often carry unexpected consequences.

The challenges of our time still far surpass our capabilities of solving them, and
those challenges are not solely technical. If we are to create the world we truly
wish to live in, we must work to change culture and consciousness in ways that
cannot be engineered in a lab.
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