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Locations of Kepler Planet Candidates !
as of January 7, 2013!
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Before the 
“aerospace era”!

1800s - 1950 !

The 
aerospace era!

1950-2000!

Now!

2000-2020! 21st century!

How do we think about the long future?!
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“By 1958, private investments in over 40 U.S. observatories totaled 
about $8 billion in 2012 dollars, and nationwide rocket clubs and test 
sites laid the first foundations of the American space community.” 1!

1 Source: MacDonald, Alexander, "The Long Space Age: An Economic Perspective on the History of American Space Exploration," (PhD 
dissertation, University of Oxford, 2012).!



Before the Aerospace Era!
Lick Observatory !
Private Endowment!
1876!
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Lick (1796-1876): $1.2B (current USD) to Lick Observatory!
Guggenheim (1856-1930) and family: $36M (current USD) for Robert Goddard !
Carnegie (1835-1919): $630M (current USD) to Mount Wilson Solar Observatory!

1 Sources: MacDonald, Alexander, "The Long Space Age: An Economic Perspective on the History of American Space Exploration," (PhD 
dissertation, University of Oxford, 2012). NASA, “Emerging Space: the Evolving Landscape of 21st Century American Spaceflight, 2014. !
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Creation of a Bacterial Cell Controlled
by a Chemically Synthesized Genome
Daniel G. Gibson,1 John I. Glass,1 Carole Lartigue,1 Vladimir N. Noskov,1 Ray-Yuan Chuang,1
Mikkel A. Algire,1 Gwynedd A. Benders,2 Michael G. Montague,1 Li Ma,1 Monzia M. Moodie,1
Chuck Merryman,1 Sanjay Vashee,1 Radha Krishnakumar,1 Nacyra Assad-Garcia,1
Cynthia Andrews-Pfannkoch,1 Evgeniya A. Denisova,1 Lei Young,1 Zhi-Qing Qi,1
Thomas H. Segall-Shapiro,1 Christopher H. Calvey,1 Prashanth P. Parmar,1 Clyde A. Hutchison III,2
Hamilton O. Smith,2 J. Craig Venter1,2*

We report the design, synthesis, and assembly of the 1.08–mega–base pair Mycoplasma mycoides
JCVI-syn1.0 genome starting from digitized genome sequence information and its transplantation
into a M. capricolum recipient cell to create new M. mycoides cells that are controlled only by the
synthetic chromosome. The only DNA in the cells is the designed synthetic DNA sequence,
including “watermark” sequences and other designed gene deletions and polymorphisms, and
mutations acquired during the building process. The new cells have expected phenotypic properties
and are capable of continuous self-replication.

In 1977, Sanger and colleagues determined
the complete genetic sequence of phage
ϕX174 (1), the first DNA genome to be

completely sequenced. Eighteen years later, in
1995, our teamwas able to read the first complete
genetic sequence of a self-replicating bacterium,
Haemophilus influenzae (2). Reading the genetic
sequence of a wide range of species has increased
exponentially from these early studies. The
ability to rapidly digitize genomic information
has increased by more than eight orders of mag-
nitude over the past 25 years (3). Efforts to un-
derstand all this new genomic information have
spawned numerous new computational and
experimental paradigms, yet our genomic knowl-
edge remains very limited. No single cellular
system has all of its genes understood in terms of
their biological roles. Even in simple bacterial
cells, do the chromosomes contain the entire ge-
netic repertoire? If so, can a complete genetic sys-
tem be reproduced by chemical synthesis starting
with only the digitized DNA sequence contained
in a computer?

Our interest in synthesis of large DNA mol-
ecules and chromosomes grew out of our efforts
over the past 15 years to build a minimal cell that
contains only essential genes. This work was
inaugurated in 1995 when we sequenced the
genome of Mycoplasma genitalium, a bacterium
with the smallest complement of genes of any
known organism capable of independent growth
in the laboratory. More than 100 of the 485
protein-coding genes of M. genitalium are
dispensable when disrupted one at a time (4–6).

We developed a strategy for assembling viral-
sized pieces to produce large DNAmolecules that
enabled us to assemble a synthetic M. genitalium
genome in four stages from chemically synthe-
sized DNA cassettes averaging about 6 kb in size.
This was accomplished through a combination of
in vitro enzymatic methods and in vivo recombi-
nation in Saccharomyces cerevisiae. The whole
synthetic genome [582,970 base pairs (bp)] was
stably grown as a yeast centromeric plasmid
(YCp) (7).

Several hurdleswere overcome in transplanting
and expressing a chemically synthesized chromo-
some in a recipient cell. We needed to improve
methods for extracting intact chromosomes from
yeast. We also needed to learn how to transplant
these genomes into a recipient bacterial cell to
establish a cell controlled only by a synthetic ge-
nome. Because M. genitalium has an extremely
slow growth rate, we turned to two faster-growing
mycoplasma species, M. mycoides subspecies
capri (GM12) as donor, and M. capricolum sub-
species capricolum (CK) as recipient.

To establish conditions and procedures for
transplanting the synthetic genome out of yeast,
we developedmethods for cloning entire bacterial
chromosomes as centromeric plasmids in yeast,
including a native M. mycoides genome (8, 9).
However, initial attempts to extract the M.
mycoides genome from yeast and transplant it
intoM. capricolum failed. We discovered that the
donor and recipient mycoplasmas share a com-
mon restriction system. The donor genome was
methylated in the native M. mycoides cells and
was therefore protected against restriction during
the transplantation from a native donor cell (10).
However, the bacterial genomes grown in yeast
are unmethylated and so are not protected from
the single restriction system of the recipient cell.
We overcame this restriction barrier by methylat-
ing the donor DNA with purified methylases or

crude M. mycoides or M. capricolum extracts, or
by simply disrupting the recipient cell’s restriction
system (8).

We now have combined all of our previously
established procedures and report the synthesis,
assembly, cloning, and successful transplantation
of the 1.08-Mbp M. mycoides JCVI-syn1.0
genome, to create a new cell controlled by this
synthetic genome.

Synthetic genome design. Design of the M.
mycoides JCVI-syn1.0 genome was based on the
highly accurate finished genome sequences of two
laboratory strains ofM.mycoides subspecies capri
GM12 (8, 9, 11). One was the genome donor used
by Lartigue et al. [GenBank accession CP001621]
(10). The other was a strain created by trans-
plantation of a genome that had been cloned and
engineered in yeast, YCpMmyc1.1-DtypeIIIres
[GenBank accession CP001668] (8). This project
was critically dependent on the accuracy of these
sequences. Although we believe that both fin-
ished M. mycoides genome sequences are reli-
able, there are 95 sites at which they differ. We
began to design the synthetic genome before both
sequences were finished. Consequently, most of
the cassettes were designed and synthesized based
on the CP001621 sequence (11). When it was
finished, we chose the sequence of the genome
successfully transplanted from yeast (CP001668)
as our design reference (except that we kept the
intact typeIIIres gene). All differences that ap-
peared biologically significant between CP001668
and previously synthesized cassettes were cor-
rected tomatch it exactly (11). Sequence differences
between our synthetic cassettes and CP001668
that occurred at 19 sites appeared harmless and so
were not corrected. These provide 19 polymorphic
differences between our synthetic genome
(JCVI-syn1.0) and the natural (nonsynthetic) ge-
nome (YCpMmyc1.1) that we have cloned in
yeast and use as a standard for genome trans-
plantation from yeast (8). To further differentiate
between the synthetic genome and the natural one,
we designed fourwatermark sequences (fig. S1) to
replace one or more cassettes in regions experi-
mentally demonstrated [watermarks 1 (1246 bp)
and 2 (1081 bp)] or predicted [watermarks 3
(1109 bp) and 4 (1222 bp)] to not interfere with
cell viability. These watermark sequences encode
unique identifiers while limiting their translation
into peptides. Table S1 lists the differences be-
tween the synthetic genome and this natural stan-
dard. Figure S2 shows a map of theM. mycoides
JCVI-syn1.0 genome. Cassette and assembly inter-
mediate boundaries, watermarks, deletions, inser-
tions, and genes of theM. mycoides JCVI syn1.0
are shown in fig. S2, and the sequence of the
transplanted mycoplasma clone sMmYCp235-1
has been submitted to GenBank (accession
CP002027).

Synthetic genome assembly strategy. The
designed cassettes were generally 1080 bp with
80-bp overlaps to adjacent cassettes (11). They
were all produced by assembly of chemically

RESEARCHARTICLE
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Quantum !
Artificial Intelligence 

Laboratory !











Europa 



Enceladus 



Water Jets From Enceladus as 
Observed by Cassini Probe 
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�Over the next 20 years, synthetic genomics is going to 
become the standard for making anything�  

- J. Craig Venter, 2007,  Gibson et. al, Science 2010 





Mars System: Phobos & Deimos Rendezvous 

Mars

Phobos' orbit

Deimos' orbit
Parking orbit

Transfer 1: Parking orbit to Phobos
ΔV = 0.54 km/s

Transfer 2: Phobos to Deimos
ΔV = 0.75 km/s

Transfer 3: Deimos to parking orbit
ΔV = 0.6 km/s

Transfer(1:(Staging(Orbit(to(Phobos(
ΔV(=(0.54(km/s(

Phobos(Orbit(

Deimos(Orbit(
Staging(Orbit(

Transfer(2:(Phobos(to(Deimos(
ΔV(=(0.75(km/s(

Transfer(3:(Deimos(to(Staging(Orbit(
ΔV(=(0.60(km/s(





Image:'Bryan'Versteeg/Spacehabs.com'



Image:'ESA'/'Foster'+'Partners'



Vision for Synthetic Biology: Moon 2.0 





EARTH and MOON
The ISS continued to serve as a venerable space research and development institution into the 2020s when the first commercial modular 
stations began to be deployed for microgravity applications and private-sector expeditions. Reductions in launch costs, the emergence 
of low-cost satellite development kits, and the introduction of commercial spaceflight opportunities allowed more people than ever before 
to have direct access to space—inspiring and training a resurgent generation of aerospace engineers, scientists, and technologists 
in the process. Space traffic management and active debris removal and mitigation were developed to address the greater amount of 
orbital activity. Propellant depots and spacecraft servicing systems located in GEO and Lagrangian Libration Points provided support for 
the growing interplanetary transportation system. Some of these facilities were established by governments as independent authorities 
that could operate independently and could raise their own funds and issue their own bonds, as do seaports on Earth. These served as 
gateways to points beyond as cargo and crew spacecraft launched from Earth prepared for journeys to the Moon, asteroids, and Mars.

The Moon and cis-lunar environment became a primary proving-ground for exploration systems and technology development, particularly 
for the development of robotic planetary surface systems. Surface operations were supported by a modest station, communications 
satellites, navigation satellites, and remote sensing satellites in lunar orbit. Prospecting, extraction, and processing of lunar volatiles and 
metals began to scale up to support activities on the Moon as well as to sell propellant for in-space transportation. The costs of working 
on the Moon fell due to the investments in space transportation infrastructure and local production. Exploration of the lunar surface was 
supplemented by privately financed expeditions with NASA partnerships enabling renewed American activities on the lunar surface.

NASA and private industry will together expand the American economic 
sphere into the solar system

34



NASA RESEARCH PARK  
MOFFETT FIELD, CA 

SEPT 6 & 7, 2014

Workshop Summary


