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From Genotype to Phenotype

Can the Genetic Code Predict
Present and Future Phenotypes?



CONVERTING THE ANALOG GENETIC CODE
INTO DIGITAL CODE

GENETIC CODE
TG ~TTCG CTT GT GG

COMPUTER BINARY CODE
01000001 01010100 01000111

01000001 01000001 01010100
‘ 01010100 01000011 01000111

e 01000001 01000011 01010100
01010100 01000001 01000011

01000011 01000111 01010100

backbone

01000001 01000111 01000111

U5, Mational Library of Medicine
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CONVERTING THE DIGITAL CODE
BACK INTO THE ANALOG GENETIC CODE

GENETIC CODE
TG ~TTCG CTT GT GG

COMPUTER BINARY CODE

01000001 01010100 01000111
01000001 01000001 01010100 & Base pairs (Lo cR—
01010100 01000011 01000111
01000001 01000011 01010100
01010100 01000001 01000011
01000011 01000111 01010100
01000001 01000111 01000111

Adenine  Thymine

—— |

Guanine  Cytosine

sugar phasphate
backbone

L5, Mational Library of Medicine



Does DNA contain all the
necessary information for cellular
life?

What is the smallest number of
genes needed to run the
machinery of a cell?

Can we design and construct a
minimal genome/cell?

J. Craig Venter
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Technical Questions

Can the chemistry permit
synthesizing entire cellular
chromosomes?

If we make a synthetic
chromosome can we boot it up
and create a new living cell?

J. Craig Venter
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Generating a synthetic genome by whole genome
assembly: &»X174 bacteriophage from synthetic

oligonucleotides

Hamilten Q. Smith, Clyde A. Hutchison IIY, Cynthia Ffannkech, and ). Craig Venter*

Irestitute for Bioksgical Ensrgy Alternatioes, 1901 Ressarch Bouleward, Suite 600, Rodesil

Contributed by 1. Craig Venter, Nowember 3, 2003

We have Improved upon the methodology and dramatically short-
ened the tme required for accurate assembly of 5- to 6-kb seg-
ments of DNA from synthetic oligonuclectides. As a test of this
methodology, we have established conditions for the rapld (13-
day) assambly of the complete Infectious genome of bacteriophags
X174 (5,386 bp) from a single pool of chemlcally synthestzed
ollgonucleotides. The procedure Imvolves three key steps: ) gel
purlfication of pooled oligonudleotides to reduce contaminaton
with moleculas of Incorrect chaln length, () ligation of the oligo-
nucleotides under stingent annealing condiions (55°C) to select
agalnst annsaling of molecules with Incorrect sequences, and (i)
assambly of llgation preducts Into full-length genomes by poly-
merase cycling assembly, a nenexponentlal reaction Inwhich each
terminal ollgonudeotide can be extendad only once to produce a
full-length molecule. 'We observed a discrate bard of full-length
assemblles upon gel analysis of the polymerase oyding assembly
product, without any PCR am plification. PCR amplification was
then used to obtalnlarger am ounts of pure full-length genomes for
circularization and Infectivity measuremeants. The synthetlc DA
had a low er Infacivity than natural DMA, Indlcating a pproximately
one lathal erar per 500 bp. However, fully Infectious #2174 virlons
were recogered after electroporation Into Eschelchia coll. Se-
quence analysls of several Infectlous lsolatas werlfled the accuracy
of these synthetic genomes. One such lsolate had exacty the
Intended sequence. We propose to assemble larger genomes by
Joining separately assembled 5- to &-kb segmants; ~60 such seqg-
ments would ba required for a minimal cellular genome.

hemical synthesis of life in the laboratory has been a standing

challenge to synthetic onganic chemistry since Wohler's syn-
thesizs of urea in 1528 (1), and the doctrine of spontaneous gener-
ation was put o rest by an address by Lonis Pasteur in 18648 With
an understanding of the genetic role of DNA, much work has
focused on the synthesis of oligonuclectides and genes. The symn-
thesis of the 207-bp gene for tyrosine suppressor tRMA in 1979 by
Khorana and 17 coworkers (2) was a monumental undertaking.
Since then, the amtomated DMA synthesizer has been developed
hased on fundamental advances in synthetic methods from the
laboratories of Letsinger (3, 4) and Caruthers (3, 6).

In 1949 we described a minimal prokaryotic genome based on
resulis from random whole genome transposon mutagenesis that
inactivated cne gene per cell (7). By using this approach, =300
essential genes for self-replicating cellular life were described,
and we proposed to make a sythetic chromosome to test the
viability of this hypothesis (7). Bafore attempting synthesis of a
microbial chromosome, we commissioned an independeant hio-
ethical review of our proposed scientific plan (8). After =1 wear
of deliberation, the reviewers concloded that we were taking a
reasonable scientific approach to an important biological ques-
tion. The broader implications of the creation of life in the
laboratory can now be comsidered a realistic possibility. Heow-
ever, there are several technical barriers to the synthesis of
microbial chromosome-sized stretches of DIMA that are hun-
dreds of thousands to milliore of nuclectides long, the most
notable being the contamination of the cligonucleotides by

15440-15445 | PHAS | December 23, 2003 | wol 100 | mo.28

Design oligos

Synthesize oligos

Purify top strand and bottom strand oligos

in separate pools by gel electrophoresis 2days

5'-phosphorylate the oligos

I'aq ligate the pooled top and bottom
—Se oligos overnight at 55°C

<<

in t i Polymerase cycling assemoly (PCA)
of ligation products into full-length
chromosomes, 35 to 70 cycles

12to 24 hrs

Abbreviaions: RF, raplcathee form of DHA: PCA, polynarass oyedrg Emmbly sinsl
symthutic 43174,

VPrazent address: Departmant of Mrcblolgy and mnunclogy, Unksrsty of Horth
Candling, Chapal HIIL NC 275907290

Fowham oof repon dencs should be addrased. E-malt pvenber@beg.org.
SPastaur, L., Sorbonne SdantiflcSelms, &pr. 7, 1854, Fark.

v

PCR amplification of assembled
full-length chromosomes

e
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Gel-purify amplified chromosomes

O Circularize the synthetic linear chremosomal

4 hrs

© © DNA so that itis infectious

Electroporate into £. coli and plate
for phage plaques

11 Sequence phage fromindividual
i plagues
NIV FR TG

Total time ~2 weeks

Hamilton Smith, Clyde Hutchison,
Cindi Pfannkoch, Craig Venter

& 03 by Tre Hallonal Academy of Sduncas of thi LEA
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Construction of an Artificial
Chromosome

Oligonucleotides — — e —

l Taq Polymerase
Assembled Gene

PCR Products Il > N I I BN S B B S_—

~ 10 Kbp 1 <

J. Craig Venter
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Elements for yeast propagation
and genome transplantation

*
*
,

Oligonucleotide
Synthesizer

Oligonucleotides

-
o9

1,080 bp cassettes (1,078)
(Assemble109X)

10,080 bp assemblies (109)
(Assemble 11X)

100,000 bp assemblies (11)
(Assemble 1X)

1,077,947 bp

BssH Il

BssH I

BssH Il



As a step toward propagation of synthetic genomes, we completely replaced the genome of a bacterial
cell with one from another species by transplanting a whole genome as naked DMA. Intact genomic
DNA from Mycoplasma mycoides large colony (LC), virtually free of protein, was transplanted into
Mycoplasma capricolum cells by polyethylene glycol-mediated transformation. Cells selected for
tetracycline resistance, carried by the M. mycoides LC chromosome, contain the complete donor
genome and are free of detectable recipient genomic sequences. These cells that result from

genome transplantation are phenotypically identical to the M. mycoides LC donor strain as judged
by several criteria.

Science, August 2007
Genome Transplantation in Bacteria:

Changing One Species to Another

Carole Lartigue, John I. Glass,* Nina Alperovich, Rembert Pieper, Prashanth P. Parmar,
Clyde A. Hutchison Ill, Hamilton O. Smith, ]. Craig Venter
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J. CraigVénter

from incompatibility between the two genomes
(). Transplantation of nuclei as intact organelles
into enucleated eggs is a well-established proce-
dure in vertebrates ( 7-%). Our choice of the term
“genome transplantation” comes from the sim-
ilarity to eukaryotic nuclear transplantation in
which one genome is cleanly replaced by
another.

Genome transplantation is a requirement for
the establishment of the new field of synthetic
genomics. It may facilitate construction of useful
microorganisms with the potential to solve
pressing societal problems in energy production,
environmental stewardship, and medicine.
Chemically synthesized chromosomes must
eventually be transplanted into a cellular milieu
where the encoded instructions can be expressed.
We have long been interested in defining a
minimal genome that is st sufficient for cellular
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The donor genome encoded restriction
enzyme degrades the recipient cell
genome

J. Craig Venter

I N 5 T 1T UTE









Watermarks

-1, 321 unencoded characters, 1246 base pairs

J. CRAIG VENTER INSTITUTE 2009
ABCDEFGH I JKLMNOPQRSTUVWXYZ
012345678940 () -+\=/:<;>$&}{*]"[%!" .,

SYNTHETIC GENOMICS, INC.
<IDOCTYPE HTML><HTML><HEAD><TITLE>GENOME TEAM</TITLE></HEAD><BODY><A HREF="HTTP://WWW.JCVI.ORG/*"'>THE JCVI</A><P>PROVE YOU"VE DECODED THIS

WATERMARK BY EMAILING US <A HREF="MAILTO:MROQSTIZ@JCVI .ORG">HERE!</A></P></BODY></HTML>

GTTCGAATATTTCTATAGCTGTACATATTGTAATGCTGATAACTAATACTGTGCGCTTGACTGTGATCCTGATAAATAACTTCTTCTGTAGGGTAGAGT TTTATTTAAGGCTACTCACTGGTTGCAAACCAATGCCGTACATTACTAGCTTGATCCTTGGTCGGTCATTGGGGGA
TATCTCTTACTAATAGAGCGGCCTATCGCGTATTCTCGCCGGACCCCCCTCTCCCACACCAGCGGTGTAGCAT CACCAAGAAAATGAGGGGAACGGATGAGGAACGAGTGGGGGCTCATTGCTGATCATAATGACTGTT TATATACTAATGCCGTCAACTGTTTGCTGTGATACTGTGCTTTCGAGGGCGGGAG
ATTCGTTTTTGACATACATAAATATCATGACAAAACAGCCGGTCATGACAAAACAGCCGGTCATAATAGATTAGCCGGTGACTGTGAAACTAAAGCTACTAATGCCGTCAATAAATATGATAATAGCAACGGCACTGACTGTGAAACTAAAGCCGGCACTCATAATAGATTAGCCGGAGTCGTATTCATAGCCG
GTAGATATCACTATAAGGCCCAGGATCATGATGAACACAGCACCACGTCGTCGTCCGAGTTTTT TTGCTGCGACGTCTATACCACGGAAGCTGATCATAAATAGTTTTTTTGCTGCGGCACTAGAGCCGGACAAGCACACTACGTTTGTAAATACATCGTTCCGAATTGTAAATAATTTAATTTCGTATTTAAA
TTATATGATCACTGGCTATAGTCTAGTGATAACTACAATAGCTAGCAATAAGTCATATATAACAATAGCTGAACCTGTGCTACATATCCGCTATACGGTAGATATCACTATAAGGCCCAGGACAATAGCTGAACTGACGTCAGCAACTACGTTTAGCT TGACTGTGGTCGGTTTTTT TGCTGCGACGTCTATAC
GGAAGCTCATAACTATAAGAGCGGCACTAGAGCCGGCACACAAGCCGGCACAGTCGTATTCATAGCCGGCACTCATGACAAAACAGCGECCCCCCTTARCTAGETAR

Watermark-2 326 unencoded characters, 1081 base pairs
MIKKEL ALGIRE, MICHAEL MONTAGUE, SANJAY VASHEE, CAROLE LARTIGUE, CHUCK MERRYMAN, NINA ALPEROVICH, NACYRA ASSAD-GARCIA, GWYN BENDERS, RAY-YUAN

CHUANG, EVGENIA DENISOVA, DANIEL GIBSON, JOHN GLASS, ZHI-QING QI.

~“TO LIVE, TO ERR, TO FALL, TO TRIUMPH, TO RECREATE LIFE OUT OF LIFE." - JAMES JOYCE

CAACTGGCAGCATAAAACATATAGAACTACCTGCTATAAGTGATACAACTGTTTTCATAGTAAAACATACAACGTTGCTGATAGTACTCCTAAGTGATAGCTTAGTGCGTTTAGCATATATTGTAGGCTTCATAATAAGTGATATTTTAGCTACGTAACTAAATAAACTAGCTAT
GACTGTACTCCTAAGTGATATTTTCATCCTTTGCAATACAATAACTACTACATCAATAGTGCGTGATATGCCTGTGCTAGATATAGAACACATAACTACGTTTGCTGTTTTCAGTGATATGCTAGTTTCATCTATAGATATAGGCTGCTTAGATTCCCTACTAGCTATTTCTGTAGGTGATATACGTCCATTGC
ATAAGTTAATGCATTTAACTAGCTGTGATACTATAGCATCCCCATTCCTAGTGCATATTTTCATCCTAGTGCTACGTGATATAATTGTACTAATGCCTGTAGATAATTTAATGCCTGGCTCGTTTGTAGGTGATAATTTAGTGCCTGTAAAACATATACCTGAGTGCTCGTTGCGTGATAGTTCGTTCATGCAT
ATACAACTAGGCTGCTGTGATATGGTCACTGCCCTTACTGTGCTACATATTACTGCGAGGGGGATGACGTATAAACCTGTTGTAAGTGATATGACGTATATAACTACTAGTGATATGACGTATAGGCTAGAACAACGTGATATGACGTATATGACTACTGTCCCAAACATCAGTGATATGACGTATACTATAAT
TTCTATAATAGTGATAAATAAACCTGGGCTAAATACGTTCCTGAATACGTGGCATAAACCTGGGCTAACGAGGAATACCCATAGTTTAGCAATAAGCTATAGTTCGTCATTTTTAAGGCCCCCCIIEAEIACEIAS

Watermark-3 335 unencoded characters, 1109 base pairs
CLYDE HUTCHISON, ADRIANA JIGA, RADHA KRISHNAKUMAR, JAN MOY, MONZIA MOODIE, MARVIN FRAZIER, HOLLY BADEN-TILSON, JASON MITCHELL, DANA BUSAM,
JUSTIN JOHNSON, LAKSHMI DEVI VISWANATHAN, JESSICA HOSTETLER, ROBERT FRIEDMAN, VLADIMIR NOSKOV, JAYSHREE ZAVERI.

"SEE THINGS NOT AS THEY ARE, BUT AS THEY MIGHT BE.™

TTAACCATATTTAAATATCATCCTGATTTTCACTGGCTCGTTGCGTGATATAGATTCTACTGTAGTGCTAGATAGTTCTGTACTAGGTGATACTATAGATTTCATAGATAGCACTACTGGCTTCATGCTAGGCATCCCAATAGCTAGTGATAGTTTAGTGCATACAACGTCATG
TGATACAACGTTGCTGGCTGTAGATACAACGTCGTATTCTGTAAGTGATACAATAGCTATTGCTGTGCATAGGCCTATAGTGGCTGTAACTAGTGATATCACGTAACAACCATATAAGTTAGATTTAATGCCCCTGACTGAACGCTCGTTGCGTGATAGTTTAGGCTCGTTGCATACAACTGTGATTTTCATAA
AACAACGTGATAATTTAGTGCTAGATAAGTTCCGCTTAGCAAGTGATAGTTTCCGCTTGACTGTGCATAGTTCGTTCATGCGCTCGTTGCGTGATAAACTAGGCAGCTTCACAACTGATAATTTAATTGCTGATATTGCTGGCTGTCTAGTGCTAGTGATCATAGTGCGTGATAGTTTAAGCTGCTCTGTTTTA
GATATCACGTGCTTGATAATGAAACTAACTAGTGATACTACGTAGTTAACTATGAATAGGCCTACTGTAAATTCAATAGTGCGTGATATTGAACTAGATTCTGCAACTGCTAATATGCCGTGCTGCACGTTTGGTGATAGTTTAGCATGCTTCACTATAATAAATATGGTAGTTGTAACTACTGCGAATAGGGG
GAGCTTAATAAATATGATCACTGTGCTACGCTATATGCCGTTGAATATAGGCTATATGATCATAACATATATAGCTATAAGTGATAAGTTCCTGAATATAGGCTATATGATCATAACATATACAACTGTACT CATGAATAAGTTAACGAGGA IIEEEIECEIER

Watermark-4 338 unencoded characters, 1222 base pairs
CYNTHIA ANDREWS-PFANNKOCH, QUANG PHAN, LI MA, HAMILTON SMITH, ADI RAMON, CHRISTIAN TAGWERKER, J CRAIG VENTER, EULA WILTURNER, LEIl YOUNG, SHIBU
YOOSEPH, PRABHA 1YER, TIM STOCKWELL, DIANA RADUNE, BRIDGET SZCZYPINSKI, SCOTT DURKIN, NADIA FEDOROVA, JAVIER QUINONES, HANNA TEKLEAB.

“WHAT 1 CANNOT BUILD, I CANNOT UNDERSTAND."™ - RICHARD FEYNMAN

TTCATTGCTGATCACTGTAGATATAGTGCATTCTATAAGTCGCTCCCACAGGCTAGTGCTGCGCACGTTTTTCAGTGATATTATCCTAGTGCTACATAACATCATAGTGCGTGATAAACCTGATACAATAGGTGATATCATAGCAACTGAACTGACGTTGCATAGCTCAACTGT
GATCAGTGATATAGATTCTGATACTATAGCAACGTTGCGTGATATTTTCACTACTGGCTTGACTGTAGTGCATATGATAGTACGTCTAACTAGCATAACTAGTGATAGTTATATTTCTATAGCTGTACATATTGTAATGCTGATAACTAGTGATATAATCCAACTAGATAGTCCTGAACTGATCCCTATGCTAA
CTAGTGATAAACTAACTGATACATCGTTCCTGCTACGTGATAGCTTCACTGAGTTCCATACATCGTCGTGCTTAAACATCAGTGATAACACTATAGAGT TCATAGATACTGCATTAACTAGTGATATGACTGCAAATAGCTTGACGTTTTGCAGTCTAAAACAACGTGATAATTCTGTAGTGCTAGATACTATA
GATTTCCTGCTAAGTGATAAGTCTACTGATTTACTAATGAATAGCTTGGTTTTGGCATACACTGTGCGCTGCACTGGTGATAGCTTTTCGTTGATGAATAATTTCCCTAGCACTGTGCGTGATATGCTAGATTCTGTAGATAGGCTAAATTCGTCTACGTTTGTAGGTGATAGTTTAGTTGCTGTAACTAATAT
TATCCCTGTGCCGTTGCTAAGCTGTGATATCATAGTGCTGCTAGATATGATAAGCAAACTAATAGAGTCGAGGGGGAGTCTCATAGTGAATACTGATATTTTAGTGCTGCCGTTGAATAAGTTCCCTGAACATTGTGATACTGATATTTTAGTGCTGCCGTTGAATATCCTGCATTTAACTAGCTTGATAGTGC
ATTCGAGGAATACCCATACTACTGTTTTCATAGCTAATTATAGGCTAACATTGCCAATAGTGCRREGEGCCTIAAGTACERAN

J. Craig Venter
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Life Is a DNA software system

J. Craig Venter
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Change the DNA software
change the species

J. Craig Venter
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Learning to build cells from scratch

@ QO Synthetic Organism Designer 1.0

/h\ Codon Opt. Oligo Synthesis

Organism Cell Membrane ‘ Division Type : Form of Metabolism Structural Genes Control & Safety
Archaea Gram+7 Meiosis Photasythesis ‘ Rubisco (‘30.000) _Ay.x.ctmphm Marker
B;.mterla Grarn-— Miosi Methanogenesis Ferredoxin (82,000) Suicide Gene
Single Cell Euk , Glycolysis Plastocyanin (9,000)

Virus Archaeal Cellular Septation ATP Svnthase (100000

, Calvin Cycle ynthase (100,000)
Multicellular Euk Euk

Pentose Phosphate

o

/:/"
r ]

-

Genome minimization and modularization




Progress on Genome Design
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i { Defragmented
ii Minimal

€ Synthesized eight functional 1/8t molecules
€ Combined 6 ¥ of these to produce a viable cell
= |dentified 25 genes that we need to add back
€ 1.1 Mbp = 0.65 Mbp reduction (59%)
@ |nitiated defragmentation experiments
€ Investigating genome design principles



Progress on Genome Design (modularization)

Syn1l genes and intergenics

Base excision repair
Transcription

Translation
Non-reduced Lipid salvage Reduced and organized
1/8% molecule Nucleotide salvage 1/8% molecule
Glycolysis

Everything else

Progress: Proof of concept successfully completed without
compromising growth rate




Synthetic Genomics to rewrite the Pig genome

Lung Transplantation Overview
« US Market size: $25B
- 250,000 deaths™ from end-stage lung disease
Current supply of allograft lungs satisfy only
<1% of demand (2000/yr)
2014 cost: S100K/lung

Xenolung production: Transformative
Increase transplants 100-fold

Xenotransplantion Opportunity
Other organs same demand/supply mismatch

Xenografts enable scheduled procedures
Scheduled procedures enable tolerance-induction
Tolerance induction can eliminate chronic

immunosuppression
Proven by UT SAB Member Thomas Starz|

SGI-UT Collaboration announced May 6, 2014
*does not include potential for
lung cancer at 150K/year

United
Th rapeutlcs

R ATION
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SGI-UT R&D Collaboration to Humanize Pigs
for Organ Transplants
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Electron micrograph
of an influenza virus

Expert Reviews in Molecular Medicine
© 2001 Cambndge University Press

J. Craig Venter
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Influenza Genome
Seqguencing Project Collections

@ Avian

@ Human A

O Influenza B

Collaborators

Mount Sinai New Zealand
NIAID/NIH CSIRO-Australia

CcDC Harvard MS M

OIE/FAO Int’l| Reference Lab UC Berkeley Air Force Institute (AFIOH) '
Wadsworth NYDOH Chang Gung University University of Siena-ltaly ,

Baylor College of Medicine University of Ottawa Universidad Autonoma de Yucatan

Canterbury Labs-NZ b NYMC USGS National Wildlife Center
Ohio State UPitt MC Canadian Wild Bird Survey
JCVI University of Hong Kong  National Influenza Lab., Argentina



Human Cases of Avian influenza A Virus H7N9

First human cases reported March 31
As of April 10 2013, 33 confirmed cases and 9 deaths

Unlike H5N1, H7N9 not causing serious illness in birds — complicating
detection and control

Closely monitoring for evidence of human-to-human transmission

©  7aM
@ __7o0M
. 88
Two die in China from bird flu strain not i @ __o7M s
previously seen in humans-Xinhua ©  062M #27

06aM 8 ! #22

® M e
e .
O C6aM® ; #10

SHANGHAI, March 31 (Reuters) - Two people in Shanghai, one of China's OSSA\D #23
largest cities, died this month after contracting a strain of avan influenza that _ r—g H
had never been passed to humans before, the official Xinhua News Agency n=33 48M : #11
reported on Sunday 03.671“ _ #20
: QO O66M #18
;F:m two mam’ aged 87 and 27 :\aca:wa sick late Frbmar\) and (i;i-c'i:n early O Sick [e] 55M #21
March Another woman in nearby Anhui province also contracted the virus in Hospitalized T : T
early March and is in a critical condition. Xinhua said. quoting the National . : P ¢ Q74M . . #17
Health and Family Planning Commission (NHFPC) @ Died Q 52F @ H #13
@ Recovered/Discharged © 50M © #9
The strain of the bird flu virus found in all three people was identified as HTN9 [] Contact with birds/market/food prep I5) 67M [5) 419
which had not been transmitted to humans before, the commission said B =
. o 79M O ] ) #16
© 6F O #15
HUMAN OUTBREAKS OF H7N9 o] O 67F #12
So far, 24 hi f the  H7N9 avian infl a strain h; H '
been reported i China since 31 March,Inclucing 8 deaths,with « b b ® ae
outbreaks centred in cities on the eastern seaboard. The source of the ] Q 35F o . #3
virus remains elusive. ¥ — AN
T : Q 45F O #4
*® Sugian o 32F O #7
T . 1
B QO O2M e © 83M 0O o] #6
Q © 87M e#n Q 48F [] #5
chuzhou *  TTTE !Zhenpang o S 2esaas _E‘.! H .DI J J J J ZJ J : J
Nanjing * / §  iiiiee o ' g I ] ) I s -8 a
CHINA (R 111 & P s s s b < < <
& wuxi® T T8 g ghanghai £ i S = £ £ = ] £ £
¢ . : = = = = ' =
. Suzhou 2 : m < : a ?Q ! (=] : n
Huzhou ¢ ' H g
H 69M son_@ 5 WHO
. Hangzhou % ) 535Mson @ rtPCR = =
¥ liiness cases *Deams L) : = /'
WHO o)
notified 3
http://www.nature.com/news/urgent-search-for-flu-source-1.12762 2013 l’mllll_"'.\‘ <
SOURCES: WHO/ECDC/XINHUA STATE MEDIA Niiing :

http://www.ug.edu.au/vdu/VDUInfluenza_H7N9.htm



Demonstrating Pandemic Preparedness in Real Time

March 31 April 1 April 2 April 3

Gene synthesis initiated

April 6

Initial vaccine seeds
successfully recovered

First reported H7N9
human cases

H7N9 HA and NA genes Vaccine seed virus
shipped to Novartis production initiated

Real time demonstration of pandemic preparedness with synthetic gene assembly
process

Initial vaccine seeds generated within 6 days of first reported cases
Genes provided to CDC on April 2 (2 days after first human cases reported)

Vaccine seeds undergoing characterization, testing and preparation for vaccine
production

= Synthetic process provides significant advantages for making diagnostic and testing
reagents, speed of vaccine production and overall vaccine yield



Novartis MDCK Cell Vaccine Facility

Can produce 300 million Flu vaccine doses




Novartis announces positive clinical
trial results for novel H7/N9 vaccine

November 14, 2013

 85% of subjects immunologically protected after
receiving second dose of investigational cell
culture vaccine when combined with proven
MF59® adjuvant

e Vaccine now in large scale production highlighting
rapid response capability of novel FDA licensed
cell culture technology

« 135 confirmed cases and 45 deaths from H7N9
Virus since emergence in March according to the
World Health Organization[1]

e

% EE SYNTHETIC GENOMICS®



Diologrea/ Teleportation

INTER-CONVERTING THE
GENETIC CODE
and the DIGITAL CODE

COMPUTER BINARY CODE \7 A
{

01000001 01010100 01000111 01000001 SasHinac e
01000001 01010100 01010100 01000011
01000111 01000001 01000011 01010100
01010100 01000001 01000011 01000011
S bt 01000111 01010100 01000001 01000111
peroere 01000111

Base pairs [

Adenine  Thymine

Guanine  Cytosine

Guanine  Cytosine

Sugar phosphate
backbone

LS. Mational Library of Medicine

LS. Mational Library of Medicine

J. Craig Venter
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Sample Collection Sites
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Bio-teleportation of Microbial Diversity in the Mojave

Sample DNA Library Start Data Data iigg:ersity
collection extraction construct sequence transfer analyses received in
- - — - 9 pm- Mojave camp
10 am 1-5 pm 7pm-7 Trﬁm 9 11p:34pm Tt o

I ?
T=0 hr T=39:34 hr

* Timeline significantly short for
biodiversity analyses

» Data consistent with other molecular-
based studies

 Technology needs to be miniaturized

* Visible differences at sequence level
between samples

percent sequences in dataset

fungi cyanobac actinobac acidobac proteobac sum
soil 2 5 41 4 18 70
quartz 9 25 22 7 9 72
crust 32 20 15 0.8 13 80.8

granite 2 25 23 .. 8 14 72
@/ iHlumina % SYNTHETIC GENOMICS'



Digital-Biological Converter (Receiving Unit)

A device that can receive digital genetic code as

electromagnetic waves and convert it into a biological entity
such as DNA, proteins, viruses, and microbial cells
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Potential Applications: Digital-Biological Converter

Vaccines (including DNA/RNA) « Genome engineering/transplantation
Peptide, protein or antibody therapies  Emergency response

Bacteriophage therapy » Diagnostics

* Product and Lead Discovery
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DBC: Progress to Date
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Made possible by our
advances in rapid,
robust, and accurate
DNA synthesis and

assembly methods

HA/NA Production
and Viral Rescue
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SGI-Gen/Genome- bot

gy

Will automatically
assemble DNA up
to 100kb from
input oligos or DNA
segments

First versions will
be available in 2014



Biological Teleportation

DNA sequence sent from
Mars as an electromagnetic
wave could arrive on Earth
in as little as 4.3 min



Reconstruction of Alien Life in
Secure Labs




Antibiotic Resistance

 Antibiotic resistant pathogens cause >2M infections and >100K
deaths per year

 Resistance to almost all available antibiotics has been developed
by multiple pathogens; some have mortality rates of 30-40%
* i.e. Recent spread of cefixime-resistant gonorrhea to North America — only one
drug left
» OQutbreaks are challenging to control once established
* i.e. Klebsiella outbreak in NIH hospital in 2011 — 19 seriously ill and 7 deaths
» Clear evidence that resistance genes are being shared between pathogens
* New antibiotic pipeline is very limited

REVIEW Open Access

The rising problem of antimicrobial resistance in
the intensive care unit

Antibiotic-Resistant Bugs in the 21st Century —
A Clinical Super-Challenge

Cesar A Arias, M.D., Ph.D., and Barbara E. Murray, M.D.

Bad Bugs, No Drugs: No ESKAPE! An Update

. . . ) n March 1942, a 33yeirold  ts ciused by vancomycln-resis- rha are champlons of evolution,
from the Infectious Diseases Society of America [vomen
. . . — cei NDM-1 — A Cause for Worldwide Concern
Holen W, Boucher.' George H. Talbot? John 5. Bradley™ John E. Edwards, J* David Gilbert” Louis B. Rice’ the best 1
™ medicals  Robert C. Moellering, Jr., M.D.
Medical oston, kot Adviors J——
i, S
 Rinmadienl fection. T
o he past several years have seen a number of re-  on novobiocin and tetracycline (see
Neisseria gonorrhoeae Treatment Failure T : Staphy. S0 dectied the overuse of ank.
and Susceptibility to Cefixime in Toronto, Canada : 1SS (a0 fsed combinations of antmicro
bials, which were widely manufac-

tured and prescribed by the phar-

Allen, MD. MPPH
pneumaniae, Adnetobacter baumannii,  Klebsiella obtained from a patient maceutical industry at that time.

e Although cephalosporins

study of culture- “There are few public health issues of

T e potentially greater importance for society than
antibiotic resistance..”- Dame Sally Davies,
National Institutes of Health via WikiMedia Commons England’s Chief Medical Officer
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Current Applications

Bacteriophage Therapy

Phages are most abundant biological entities on earth; they
are viruses that target and kill bacterial cell hosts with high
specificity

Resurgence of interest in phage therapy given increasing
antibiotic resistance and dearth of new antibiotics in
development

Potential advantages over antibiotics include targeting
specificity, self-producing and self-limiting, and few side
effects or adverse events

Staphylococcal bacteriophage lysate approved in US for human use in 1959
(later limited to veterinary use in 1990)

More recent approval of ListShield and EcoShield in US to reduce or
eliminate risk of foodborne listeria and E. coli O157:H7

Significant development activity today in areas such as agriculture,
industrial biofilms, veterinary, diagnostics and food safety

Multiple human therapeutic clinical programs in progress with natural
occurring phages for organisms including S. aureus, P. aeruginosa and E.

coli



Next Steps to Realizing the Complete Vision

Speed and accessibilitv in a Dandemic resnonsn vl ha fiilh: vamlisaA aihAan va1A ALiFArA~FA
Sec

Nidbilel ‘betedirggCanitsthat direet Ry Scaled-down ‘receiving’ units that receive the
seqiRiRGedtestly SERTPRIfraP b ASGIFdItAR sequence information and automatically make
world and automatically upload the corresponding vaccine seeds for local distribution
sequence information to the internet to manufacturers around the world



SGI Digital Biological Converter

Home Vaccine module (future)




The key to gaining control over Human biology
and disease depends on understanding our DNA
software

HUMAN
LONGEVITY,
INC.
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HUMAN

LONGEVITY, \ The Research Park at Torrey Pines

INC.
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. 10835 Road to the Cure, San Diego, CA
* 23,000 SQF
* 0.5 miles from UCSD Medical Center

. Planned for up to 70 FTE




HUMAN

# o, Future Corporate Headquarters

) INC. P

*  Leadership * Move-inon Feb 1, 2015

. Bioinformatics . 4570 Executive Drive, San Diego, CA
*  Technology 55,000 SQF

e  Direct Medical Services (Future Site) ¢  0.25 miles from UCSD Medical Center
*  Shared Services *  Planned for up to 120 FTE
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National Lambda Rail (NLR) and TeraGrid Provides
Cyberinfrastructure Backbone for U.S. Researchers

300+ teraflops; 300 terabytes
flash memory; top 50 fastest

computers in 2012 Amazon/Azure/Google Cloud

@ Service Regions




n‘ AMERICAN :'\.‘GSDL'I.-‘\.'I'IR}.\J\DR THEI%DVAN{'.I'M[NT OF SCIENCE




JTC Sequencer Lab

Capacity: 240,000 sequences/day or 80 million lanes/year at 24 runs per day
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J. Craig Venter
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Celera Computing Facility

Celera’s system was one of the most
powerful civilian computing facilities
in the world in 1999

Over 1.5 teraflop of computing power
In a virtual compute farm of Compaq
processors with 100 terabytes
storage: Cost over $50 million

e R




OPEN aACCESS Freely available online PLOS BIOLOGY

The Diploid Genome Sequence
of an Individual Human

Samuel Leuyﬁ, Granger Sutton’, Pauline C. Ng1, Lars Feuk?, Aaron L. Halpern1, Brian P. Walenz', Nelson Axelrod’,

Jiaqi Huang1, Ewen F. Kirkness', Gennady Denisov', Yuan Lin', Jeffrey R. MacDonald?, Andy Wing Chun Pangz,

Mary Shagoz, Timothy B. Stockwell!, Alexia Tsiamouri', Vineet Bafna®, Vikas Bansal®, Saul A. Kravitz', Dana A. Busam’,

Karen Y. Beeson', Tina C. McIntosh’, Karin A. Remington1, Josep F. Abril*®, John Gill', Jon Borman', Yu-Hui Rogers1,
Marvin E. Frazier', Stephen W. Scherer’, Robert L. Strausberg1, J. Craig Venter'

1 J. Craig Venter Institute, Rockville, Maryland, United States of America, 2 Program in Genetics and Genomic Biology, The Hospital for Sick Children, and Molecular and
Medical Genetics, University of Toronto, Toronto, Ontario, Canada, 3 Department of Computer Science and Engineering, University of California San Diego, La Jolla,
California, United States of America, 4 Genetics Department, Facultat de Biologia, Universitat de Barcelona, Barcelona, Spain

Presented here is a genome sequence of an individual human. It was produced from —32 million random DNA
fragments, sequenced by Sanger dideoxy technology and assembled into 4,528 scaffolds, comprising 2,810 million
bases (Mb) of contiguous sequence with approximately 7.5-fold coverage for any given region. We developed a
modified version of the Celera assembler to facilitate the identification and comparison of alternate alleles within this
individual diploid genome. Comparison of this genome and the National Center for Biotechnology Information human
reference assembly revealed more than 4.1 million DNA variants, encompassing 12.3 Mb. These variants (of which
1,288,319 were novel) included 3,213,401 single nucleotide polymorphisms (SNPs), 53,823 block substitutions (2-206
bp), 292,102 heterozygous insertion/deletion events (indels)(1-571 bp), 559,473 homozygous indels (1-82,711 bp), 920
inversions, as well as numerous segmental duplications and copy number variation regions. Non-SNP DNA variation
accounts for 22% of all events identified in the donor, however they involve 74% of all variant bases. This suggests an
important role for non-SNP genetic alterations in defining the diploid genome structure. Moreover, 44% of genes were
heterozygous for one or more variants. Using a novel haplotype assembly strategy, we were able to span 1.5 Gb of
genome sequence in segments >200 kb, providing further precision to the diploid nature of the genome. These data
depict a definitive molecular portrait of a diploid human genome that provides a starting point for future genome
comparisons and enables an era of individualized genomic information.

J. Craig Venter PLoS Biology 2007 5:e254
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HLI plans to sequence up to 80,000 human genomes
per year, with plans to rapidly scale beyond 100,000
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for Single Cell Genomics
Process for gene expression analysis
Roger Lasken, JCVI

High Throughput Pipeline

Funded by the
Sloan Foundation
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global transcription analysis of selected cells
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Genome Research 2013

Sequencing of isolated sperm cells
for direct haplotyping of a human
genome

Ewen F. Kirkness, Rashel V. Grindberg, Joyclyn Yee-Greenbaum,Christian R.
Marshall, Stephen W. Scherer, Roger S. Lasken, and J. Craig Venter

J. Craig Venter Institute, Rockville, Maryland 20850, USA; J. Craig Venter Institute, San Diego, California 92121, USA; University
of Toronto McLaughlin Centre and The Centre for Applied Genomics, The Hospital for Sick Children, Toronto, Ontario M5G 1L7,
Canada

There is increasing evidence that the phenotypic effects of genomic sequence variants are best
understood in terms of AUl variant haplotypes rather than as isolated polymorphisms.
Haplotype analysis is also critically important for uncovering 10 population histories and for
the study of evolutionary genetics. Although the sequencing of individual human genomes to
reveal personal collections of sequence variants is now well established, there has been
slower progress in the phasing of these variants into pairs of haplotypes along each pair of
chromosomes. Here, we have developed a distinct approach to haplotyping that can yield
chromosome-length haplotypes, including the vast majority of heterozygous single-nucleotide
AU2 polymorphisms (SNPs) in an individual human genome. This approach exploits the
haploid nature of sperm cells and 15 employs a combination of genotyping and low-coverage
sequencing on a short-read platform. In addition to generating chromosome-length haplotypes,
the approach can directly identify recombination events (averaging 1.1 per chromosome)with a
median resolution of <100 kb.

J. Craig Venter
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Haploid cells for genome haplotyping
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J. Craig Venter
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Heterozygous SNPs and multiple mutations that are
predicted to be damaging in the HuRef genome

# Het SNPs 1,948,924 Genes
# In cds 12,393

# Svn 6,280

# Non-svn 6,073

Genes with non-svn SNPs

With multiple non-svn SNPs

Multiple predicted damaging




Compound Mutations

With a majority of HuRef heterozygous SNPs phased
Into haplotypes, it was possible to identify genes
with potentially harmful mutations on both
chromosomal copies (compound mutations).

Among the 1.9 million heterozygous SNPs, 12,353
fall within protein-coding sequences, and 6,073

Involve nonsynonymous substitutions in 3,441
genes.

For genes that contain multiple nonsynonymous

mutations, predict multiple damaging mutations in
59 genes.

J. Craig Venter
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8 X UCSanDieso _ Collaboration

- MOORES CANCER CENTER

) GOAL: Champion the application of whole

genome sequencing (WGS) in cancer care.

Provide germline WGS for all consenting MCC patients,
via an ‘opt-out’ consent, for research purposes

Leverage HLI collaborations for the provision of
clinically-actionable tumor genomic profiling

Enable UCSD researchers to explore connections
between germline variants and phenotypic endpoints

—

N



Niche Blockbusters

Pfizer’'s Crizotinib

Treats Lung Cancer with a mutation in ALK gene

Rare genetic change in 2-3% of 200,000 Lung Cancer patents
Shrunk tumors in 60% of patients

$9,600/month or $1 billion in world wide sales

Roche’s Herceptin
Breast and Stomach Cancer patients with unique gene mutation
$50,400/treatment or $6.8 billion in 2010 sales

Roche and Daiichi Sankyo’s Zelboraf

Skin cancer with genetic mutation
$56,400 for 6 month treatment: Estimated 5000 patients

J. Craig Venter
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Enroliment Savings if Genetic Screening Had Been Pursued for Preventive Trials:
Lipid Lower Drug Trials and Cardiovascular Events, Leveraging 9p21 Genotype Data

Identifying individuals at genetic risk for CV events can increase event rates and thereby
increase power to detect an effect of an intervention relative to placebo or standard

Table 4 Projected sample sizes for genotype-based tnals

that test cholesterol lowenng treatments for

preventing myocardial infarction (MI)

Trial Drug Ref | Rate C Rate| N Int N Ctrl Pow M Gen N| Screen R Pow
HOPE Ramiprl 1 0,099 0123 4645 4652 2115 1554 [14134 £ 223 0.735
APTC Aspinn 2 0,024 0035 |48,736 48,882 12922 2012 18298 £ 254 (L.6EY
FTT* Thrombolyties 3 0096 0115 |29,315 29,285 |3228 | 2362 PR1475+£ 275 0.732
45% Simvastatin 4 0189 0.291 2275 2134 216 176 | 1604 75 (.E15
EPIC Abciximab 5 0057 006 1403 626 74 693 | 6306 = 149 0.711
CURE Clopidogrel 6 0052 0.067 6258 6303 3071 ] 2166 [19694 £ 264 0.705
14 Total Many statns 7  0.044 0062 [45,054 45002 |1913| 1342 [12201 £ 207 0.701

trials
Actual Number of Number of

People Enrolled

Enrollees if Genotype
Information Had

Been Used

Schork and Topol, J BioPharm Stat, 2010



Human Longevity Microbiome Efforts

Mouth, Pharynx,
Respiratory System

Urogenital Tract

Taxonomic Compaosition
of Microbiome

HUMAN

LONGEVITY,
INC.




Human microbiome — untapped component of

PC2 (4.4%)

the supraorganism

Skin — 100-200 species

Healthy people have different communities Gut — 500- 1,000 species

up to 3% of body mass Oral cavity - ~700 species

Vast majority uncultured A

Essential to immune development ﬂ%’*\g{ -

Need new approaches to modulate Gf Lff ) o
during disease W

G2 Gastrointestinal
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l‘ﬁi")- Stomach and Intestines
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Taxonomic Composition Urogenital Tract
of Microbiome

PC1(13%)



Changes in the Microbiome

Perturbations of the typical phylogenetic structure of a
microbiome can alter its ecological function leading to
numerous negative influences on health.

Causative links have been made between perturbed
microbiomes and numerous diseases and disorders that

include, but are not limited to:
Peptic ulcers Kidney stones
Cancer Osteoporosis
Cardiovascular disease Obesity
Pre-term birth Diabetes

Neurological disorders (including memory dysfunction, and obsessive compulsive
disorder).



A Synthetic Microbiome?

Creating a synthetic microbiome could have multiple healthcare
Implications

*Eliminate disease organisms which should eliminate future infections
and dental decay

*Eliminate methanogens

*Eliminate sulfur producers

*Eliminate organisms associated with body odor

*Add cells that produce specific nutrients and vitamins

*Add unigue metabolic systems eg. Cellulose degradation, Calcium
retention, etc.

Synthetic cells will create unique IP positions for companies in the
healthcare space



Metabolomics

DNA

RNA

!

Protein

!

Biochemicals
(Metabolites)

J. Craig Venter

glucose

adenine

L-threonine

Genomics
23,000 Genes

!

Transcriptomics
100,000 Transcripts

!

Proteomics
300,000 Proteins

!

Metabolomics
2,400 Compounds
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450-550 Chemicals in blood plasma

Approximately-

60% human
30% diet/(other species)

10% bacterial

J. Craig Venter
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IPS Cells

Adult Cell
iPs

-— * reprogramming
factors

0 iPs Cells
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J. Craig Venter
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Genetic and/or Epigenetic remodeling during
reprogramming
LETTE

Immunogenicity of induced pluripotent stem cells

" Tonghdao Zhao', Zhen-Ning Zhang', Zhill Rong' & Yang Xuo'

dol 101038 nature 10035

Rejection of reprogrammed tissue back into the host
(UCSD, Nature 2011)

ARTICLE

Fibroblast _';_'T

dai: 101030 malurelS805

Somatic coding mutations in human
induced pluripotent stem cells

Athurva Gore'®, Fhe Li', Ho- L|I'|'||J.I'||; Jessica E. Young’, Sun.c-:'r.-*.ga.r'.ml Jessica Antosiewlcz -Bourger®, Isabel Canto’,
ﬂlcqsanu:lm(‘lm;cnl Mason A. [srzel’, Evangelos Kiskinis®, le-Hyuk Lee’, Y¥iiln-Han Lok, Ihlhp D, Manos”, Nurla 'fmmwrm:
Athanasla [ Ian.cr:p.'mlm Sergio HJ.|1 Melissa L 1.'. ibest”, Junying M Ewen F. Ki rkm:ﬂ Juan Carlos [zpisna Belmonte™*,
Derrick ). Rossi™ J:1rr|:-1=; Thomson®, Kevin E Eggan®, {mn;cq Daley”, Lawrence 5. . Goldstein® & Xun Zhang'

? Estimated six protein-coding point mutations per
exome

Mutations were enriched in cancer-causing genes
(UCSD and JCVI, Nature 2011)




Fibroblasts
oY

ROUTEA ROUTE B

iPSC iPSC
897,680 879,935
neural
rosettes &
NSC NSC
906,218 917,524
(Nestin+) M e
Wy 5
Neurons Neurons Neurons
899,864 1,101,231 1,125,530
J. Craig Venter (Map2+)
PNSsTETUTE heurons Goldstein and Venter Lab



Stem Cell Error Correction With Synthetic DNA

(i) Identify Mutation @

(iii) Synthesize DNA fragment
to correct the mutation

(ii) Design and synthesize
a Zn finger nuclease to
specifically target the
mutation and create a DSB

(iv) Co-transfect cells with
synthetic DNA and nuclease

Restriction
domain

Recognition Recognition
domain domain

SYNTHETIC ZINC FINGER NUCLEASE




Human Phenotype

We are developing, in a digitized
format, a complete description
of the human phenotype on at
least 1,000,000 people by 2020

HUMAN
LONGEVITY,
INC.



Human Phenotype

Complete history and physical
examination

Whole genome sequencing
2400 blood metabolites

Oral, urinary and fecal
microbiome sequencing

Structural brain MRI for
volumetric assessments

Whole body MRI for visceral
adipose tissue, subcutaneous
adipose tissue, skeletal muscle
mass and intrahepatic
triglycerides.

Bone density

Ocular, visual and hearing acuity
Over 40 blood biomarkers
Urinalysis

Resting Energy Expenditure

Maximal oxygen consumption
(VO2Max)

Echocardiography
Electrocardiography

Carotid Intimal Media Thickness
(CIMT)

Full pulmonary spirometry

Sleep apnea testing with the
ApnealLink™ Air

Balance, gait and strength
assessment

Neurocognitive, mood and
behavior assessment

Sleep and activity for one-week

7-day environmental toxin
exposure with the MyExposome®
passive sampler wristband

HUMAN
LONGEVITY,

INC.




8?&’5&% ,X An Integrative Approach to Medicine

7_/_/
Clinical Information/Samples Microbiome
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MOoORES CANCER CENTER

Subject Database

Novel, Actionable Discoveries




HUMAN .
LONGEVITY The Premier Human Health Database
e Universities e Cancer and beyond

e Hospitals / Clinics
e Governments
e Pharmaceutical companies

Genentech %

Bipolar Disorder

Neck & Head Cancers Alzheimer’s

ns A Member of the Roche Group m ﬁE .
A N Vi A B . Schizophrenia ALS
Autism
CIeveIand Clinic Other CNS Disorders
UC San DlﬁgO Respiratory Pathogens
MOORES CANCER CENTER ~ Twins
11383"{9%\\7 Bone Related Diseases
Imperial College SCHOOL of Age & Older People
London Medicine
. Coronary Artery Disease
@ UCSanDicgo "y S 1M Integrated
L O% " SCTIpPS Fatty Liver Disease
Rady o Human Records
Cnl;}:.[lud I 61'1 S M) ::tfgr;:lglnsﬁmle by 2 O 2 O
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HUMAN

LONGEVITY Medical Services: “Health Hub”

Section 1.0 HUMAN LONGEVITY, INC.
Project No. 22412.20 FIRST FLOOR TENANT BUILD-OUT

EPISODIC CARE
Cad and Heart Fallure
General Surgery 24”1365 GARE
Hospital
Orthopedics
RESEARCH
CARE TEAM AND INCIDENT
Behaviorist X|4] _CoMMAMD
L Hurse’s Assstant X[4] Collect Information
PROPRI Registered Murse X[4] Coordinate Response
a re O e Physiclan X[4) Make Dedislon
Ressarch
H OF CLINICAL FLOATING CARE
e n O y p I n g RESEARCH Pharmacist
TEAM Nutritionkst
CARE POl B Midwife
. . CONDITIONS Enroliment Fitness Expert
Client Experience R
p Hospice Care Recards

Cancer Care

Informatics o HUB 117°W

Telemedicine

— ORGAN
TALKING
. . NOWAIT  ROOM X[14) I;rﬁ;l]u]m:
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Earliest Scrutiny of the

Technology:

December 1999
review:

Ethical and
religious concerns

Environment impact
Laboratory safety

Distribution of
benefits and risks

Biological warfare

J. Craig Venter
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Governance efforts: biosecurity and
biosafety

Synthetic Genomics:
Options for Governance

20 month study funded by the Alfred
P. Sloan Foundation

Organizations
Venter Institute

Center for Strateglc & |nternat|0na| SYNTHETIC GENOMICS | Options for Governance
Studies

MIT Synthetic Biology Group
Core Group

Additional 14 scientists, policy
analysts, etc.

1. Craig Veater G"s [y

J. Craig Venter

I N 5 T 1T UTE



i —

NEW DIRECTIONS

The Ethics of Synthetic Biology
and Emerging Technologies

Presidential Commission

for the Study of Bioethical Issues

December 2010
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