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Big Questions 

 What is life? 

 Can we digitize it? 

 How extensive is it? 

 Can we pare it down to its most basic 

components? 

 Can we regenerate life or generate new 

life out of the digital world? 



Digitizing biology 

 
(Reading the Genetic Code) 





Science 252:1651-1656 (1991) 



ESTs in GenBank 
 

June, 1991 

337 ESTs 

 

February, 2002:  

10,436,340 ESTs 

 

February, 2004:  

20,087,111 ESTs 

 

 

 



dbEST release 032808  
 

Number of public entries: 50,818,319 
 

 Homo sapiens (human) 8,136,592   Mus musculus (mouse) 4,850,246  

 Arabidopsis thaliana  1,526,133   Bos taurus (cattle) 1,517,053  

 Sus scrofa (pig) 1,475,897    Zea mays (maize) 1,462,607  

 Danio rerio (zebrafish) 1,379,829   Xenopus tropicalis (frog) 1,271,375  

 Oryza sativa (rice) 1,220,261   Triticum aestivum (wheat) 1,051,279  

 Rattus norvegicus (rat) 895,884   Ciona intestinalis 686,396  

 Xenopus laevis (frog) 677,784   Gallus gallus (chicken) 599,383  

 Drosophila melanogaster (fruit fly) 572,633  Brassica napus (oilseed rape) 567,177  

 Hordeum vulgare (barley) 478,682   Salmo salar (Atlantic salmon) 433,145  

 Glycine max (soybean) 394,370   Canis familiaris (dog) 365,909  

 Vitis vinifera (wine grape) 352,984   C elegans (nematode) 346,107  

 Oryzias latipes (Japanese medaka) 343,846  Branchiostoma floridae(lancelet) 

334,502  

 Pinus taeda (loblolly pine) 328,628   Physcomitrella patens  305,606  

 Aedes aegypti (yellow fever mosquito) 298,060  



 

25 thousand sequences 

 

6.25 x 108 pairwise comparisons 



1995 M. genitalium: Living Organism with 

the Smallest Genome 



Genomics Reveals Novel Solutions for 
Conversion of CO2 to Fuels 

 

 First autotroph to be sequenced  

 Isolated from an ocean floor thermal vent 

at a depth of 2600 meters under 200 

atmospheres of pressure 

 Optimum growth temperature of 85oC! 

 Metabolizes hydrogen and carbon dioxide 

to methane 

Methanococcus jannaschii 





Total Sequences by Center 

•Gold DB 



Sequencing Strategy Breakdown 



3 million sequences 

 

9 x 1012 pairwise comparisons 



Human Genome Sequence from 5 
Humans (3 females-2 males) completed 

 

 Human sequencing started 9/8/99 

 Over 39X coverage of the genome in 

paired plasmid reads 

 First Assembly announced June 26, 2000 

 Published in Science, February 16, 2001 



27 million sequences 

 

7.3 x 1014 pairwise comparisons 



PLoS Biology 2007 5:e254 



 

 Non-SNP variation account for >75% of 

bases that differ in an individual genome. 

 0.5% difference between haploid genomes. 

Between 1-3.0% difference between 

unrelated humans (10-30 x more than 

previously thought). 



Genes impacted – not just coding sequence  

    44% genes - ≥1 heterozygous variant  

 29% genes – ≥1 non-synonymous variant 

(6,721 genes in Ensembl ver 41) 

 15% gene - ≥1 non-coding, transcriptional 

variant. 



Building long range haplotypes using variants and 
assembly structure 

Using heterozygous variants on fragments AND their mate pairs 

Haplotype assembly: half the genome is contained in segments 

> 200 kb 
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Long range haplotype assembly enables comprehensive 
understanding of functional elements in the genome 



Individual human genomes 
that have been published and 

made publicly available 

http://jimwatsonsequence.cshl.edu 

 

Nature 452:872 (2008) 
 

http://huref.jcvi.org 

 

PLoS Biology 5:e254 

 (2007) 

http://jimwatsonsequence.cshl.edu
http://huref.jcvi.org


454 reads from James Watson mapped to chr 1 (p-arm) 

Few regions of zero read mapping 
coverage due to repeats or 
segmental duplications 

High coverage of the reference human genome via read mapping 

Wheeler et al 2008 Nature 452:872 



Now 4 Individual Human Genome Sequences 

2007 

2008 

2008 

2008 



Sequencing Technologies Under Development 

Integrated Nanofluidic-based Sanger Sequencing: 
•Microchip Biotechnologies  

•Network Biosystems 
 

Nanopore Sequencing:   
•Harvard  

•UCSC 

•Eagle Research and Development 
 

Single Molecule Sequencing:   
•Helicos BioSciences,  

•Life Technology  

•LI-COR Biosciences,  

•GE and  

•Pacific Biosciences 
 

And, there are sequencing by hybridization, by mass spectrometry, by AFM, by 

nanopipettes………………… 

 

 

 



Paving the Way to 
Personalized Medicine 

Clinical Pharmacology and Therapeutics 

84:306 



Genome Comparisons  

http://jimwatsonsequence.cshl.edu 

 

Nature 452:872 (2008) 
 

http://huref.jcvi.org 

 

PLoS Biology 5:e254 

 (2007) 

http://jimwatsonsequence.cshl.edu
http://huref.jcvi.org


Looks can be deceiving 

Gene Examples of Some 

Drugs 

James 

Watson 

Craig 

Venter 

Known 

Effects 

CYP2D6 Beta-blockers, 

Antiarrhythmics, 

Antipsychotics, 

Tricyclic 

antidepressants 

Mother: *10 

variant 

Father: *10 

variant 

Mother: 

Common 

variant 

Father: 

Common 

variant 

*10 has 

decreased 

activity 

 

*10 is really rare in Caucasians (<1% frequency) 

 

Dr. Watson and Dr. Venter respond differently to drugs 

 

A doctor probably would have never guessed this based on appearances 

                                                                              Clinical Pharmacology & Therapeutics 84:306 

       



More than two million 

adverse drug reactions 

(ADR) in United 

States/year  

  100,000 of these result in 

deaths  



  

 Americans take on average 14.3 

prescriptions per year 

  

 Knowing the genetic variation in drug-

metabolizing enzymes would provide 

us with a lifetime value in 

understanding our potentially fatal 

ADRs  

 



Caffeine Metabolism and Heart Attack 

   

 Slow metabolizers who drank more than two to three cups 

of coffee a day had a significant increase in their risk of 

non-fatal heart attack compared with fast metabolizers, 

who may have even reduced their risk when they drank 

coffee.  

 

 AA Fast caffeine metabolizer: 

 AC Slow caffeine metabolizer: drinking coffee increased 

subjects' heart attack risk.  

 CC Slow caffeine metabolizer: drinking coffee increased 

subjects' heart attack risk. 

 



Drug cuts risk of prostate cancer by 

30%, study shows 
NYTimes  June 15, 2008 

 Leading prostate cancer specialists say they have a 

drug that can reduce men's risk of developing the 

disease by 30 percent. 

 The drug, finasteride, is available as a generic for 

about $2 a day, and millions of men safely take it 

now to shrink their prostates, its approved use. 

 With finasteride, as many as 100,000 cases of 

prostate cancer a year could be prevented. 

 It makes sense to take the drug with an increased 

genetic risk 

 



 Cost of Health Care is one of the fastest growing 

expenses:  

 $2 Trillion in 2005   

 $4 Trillion in 2015 or 20% of GDP 

 WHO in 2000 ranked the US health care system as 

#1 in expenditure but only #72 on health 

 Cost of Diabetes to US society is $132 Billion/year 

 Annual cost of health care for some one with 

diabetes is 5X someone without disease 

 Many studies have shown that simple preventive 

measures such as healthier diet and moderate 

exercise can lead to dramatic reductions in rate of 

disease onset 

 



Drug cuts risk of prostate cancer by 

30%, study shows 
 NYTimes  June 15, 2008 

 For the first time, leading prostate cancer specialists say they 

have a drug that can significantly cut men's risk of developing 

the disease, dropping the incidence by 30 percent. 

 But the discovery, arising from a new analysis of a large 

federal study, comes with a debate: Should men take 

the drug? 

 The drug, finasteride, is available as a generic for about $2 a 

day, and millions of men safely take it now to shrink their 

prostates, its approved use. 

 With finasteride, as many as 100,000 cases of prostate cancer 

a year could be prevented. 



 

 Prostate cancer 

 You: 28% 

 Avg: 17% 

 Your estimated risk 

 We took the average risk for men and used your genetic 

markers to estimate your lifetime risk for prostate cancer: 

28 percent, or 280 out of 1,000. 

  



23andme 
Prostate Cancer Report 

 

 JC Venter 11.6 out of 100  

 people of European ethnicity who share J. Craig 

Venter's genotype will get Prostate Cancer between the 

ages of 50 and 69. 

 Average 9.1 out of 100  

 people of European ethnicity will get Prostate Cancer 

between the ages of 50 and 69. 

 



Genome Enabled Medicine 

 Not yet clear whether it will deliver 

better care for lower cost.   

 But it is clear that genomic medicine 

has the potential to significantly 

improve health care   

 



Health Care Reform Can Help 
Enable that Potential 

 Much of the promise of genomic medicine comes 

from insights about prevention  

 Our current health care system does a poor job paying for  

prevention 

 Turning genomics into genomic medicine requires 

access to very detailed medical records.  

 This is another area that we do not do that well in the U.S. 

 Not much will happen if physicians do not know what 

to do with the information 

 In times of such rapid change, continuing education is vital. 

 



Diploid Genome Sequencing and Medical Biology 

Approach: 

Phenotype individual and collective traits including medical 

records 

Sequence 10,000 complete diploid genomes 

Create database with statistical association of genetic 

variation with defined human traits  

Goal:  

Define and analyze comprehensive human genetic 

variation in well phenotyped human populations 

to discover a comprehensive genetic contribution 

to human disease  



Genes vs Environment 

 Within 10 years, millions of human genomes 

will be sequenced with 1-3% diversity 

  

 New databases and computational analysis 

will aid in deciphering what is genetic and 

what is environmental 

 



Human Microbiome 



The term “microbiome” is used to describe the 

collective microbial flora or microbial 

“metagenome” of the human body. 
 

 

Four environments on the human body are the most 

densely populated with microorganisms: 

 

 - gastrointestinal tract  

 - oral cavity 

 - vagina  

 - skin                                

 

 

  

Genomics of the Human Microbiome 



First human metagenomic paper 

Investigated the GIT of two healthy adults 



Four most densely populated sites within the human body: 

 
Assumptions: average microbial genome size = 5 million bp 4,000 genes per microbial genome 

 

Genomics of the Human Microbiome 

Site # of Species Base pairs # of Genes 

Oral Cavity ~ 1,000 5 billion 4 million 

Intestinal Tract ~ 1,000 5 billion 4 million 

Vagina ~ 500 2.5 billion 2 million 

Skin ~ 200 1 billion 0.8 million 



Metabolomics  

DNA 

RNA 

Protein 

Genomics   

23,000 Genes 

Transcriptomics   

100,000 Transcripts 

Metabolomics   

2,400 Compounds 

 

Proteomics   

300,000 Proteins 

Biochemicals 
(Metabolites) 
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Approximately- 

 
• 60% human 

 

•30% diet/(other species) 

 

•10% bacterial 

 
 

 

450-550 Chemicals in blood plasma 



Microbes make up roughly ½ of 
the Earth’s biomass 

 
 
 
 

 Each ml of sea water has one 
million bacteria and 10 million 

viruses  

How Extensive is Life? 



Sample Fractionation 



 



 



•Published •Published •Preliminary analysis 

underway 

•Preliminary analysis 

underway 

•Preliminary results 

discussed in report 

•Preliminary results 

discussed in report 

•No data 

Global Ocean Sampling Expedition Route 





Sorcerer II  Europe Expedition 

 San Diego Foundation will fund 50% of the cost 

of the sampling, sequencing and analysis.  

 Departed 3-21- 2009 from San Diego.   

 Repeat sampling at previous GOS sampling 

locations in coastal Mexico, Panama and U.S. 

Virgin Islands.   

 Sample in Baltic, Mediterranean and Black 

Seas. 





22 pages total 

97 GI proteins 

2350 VI proteins 

Proteorhodopsin Multiple Alignment 



Proteorhodopsins Vary by Region 





Abundant widespread organisms are highly variable 

Other strains are widespread 

Some strains are site specific (GS31, 

below thermocline off Fernandina 

Island, Galapagos) 
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Top Five Recruited Taxa 

2,256,385   Candidatus Pelagibacter (SAR11) 

 

663,548    Prochlorococcus 

 

359,858    SAR86 

 

203,534    Synechococcus 

 

116,279      Proteobacterium 

 

 37% of reads recruited (out of 21 million) 

 Comparable recruitment rates looking at 2.5 million 454 reads 
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Coal bed methane environmental 
genomics 



Microbes colonize coal particles & produce 
methane 



Buford metagenome read recruitment to reference genomes 
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Genome coordinates 

•X No recruitment to  

•Methanoregula genome 



GOS dataset is expanding the protein universe 
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Questions 

 Novelty added by GOS data 

 How many new protein families? 

 How many distant relatives of known families? 

 Rate of discovery of new families 

 Where are we on the discovery curve? 

 Are we close to saturation? 



Number of Protein Families on Earth 



Rate of family discovery for mammals 

compared to that for microbes  
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Can we pare life down to 

basic components? 



M. genitalium: Living Organism with the Smallest Genome 



Mycoplasma genitalium has the 
smallest known genome (580 Kb) 

of any bacterium capable of 
independent life  

 
482 protein-coding genes and 43 

RNA genes  
 
 

 

 
 

 

 

 



How many of these are essential? 
 

  What is the smallest number of 
genes to run the machinery of a 

cell?   
 

Can we design and construct a 
minimal M. genitalium 

genome/cell? 
 

 

 
 

 

 

 



Technical Questions 

 Can the chemistry permit 

synthesizing entire 

chromosomes? 

 

 If we make a synthetic 

chromosome can we boot it up? 



Rapid gene synthesis 
from oligonucleotides 

Hamilton Smith, Clyde Hutchison, 

Cindi Pfannkoch, Craig Venter 

 





Phi X-174 



This Software Builds  

Its Own Hardware 



Oligonucleotides 

Artificial Chromosome 

PCR Products 

~ 10 Kbp 

Taq Polymerase 

Assembled Gene 

Construction of an Artificial 
Chromosome 
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•With David Schwarz, University of Wisconsin, Madison 



   We can use yeast’s powerful homologous recombination system 

to assemble our overlapping pieces in vivo 

Solution:  Clone in Saccharomyces cerevisiae 

Size limit for cloning in yeast is 7X that of E. coli (~ 2Mb)   

•yeast 



Cloning vector 

1 2 3 4 

X 

1 

2 
3a 

4 

X 

E. coli E. coli E. coli E. coli 

3b 

BsmBI 

yeast 

Gwyn Benders 



Dan Gibson 

Gwyn Benders 



Synthetic DNA molecules 

M. genitalium (583 kb) 

fX174 (5.4 kb) 

Polyketide synthase gene cluster (31.7 kb) 

Poliovirus (7.5 kb) 

bat SARS-like coronavirus (29.7 kb) 



Can 25 pieces be assembled in yeast in one shot? 



How do we boot-up a synthetic 

chromosome? 



Genome Transplantation in Bacteria: Changing One Species 

to Another 
Carole Lartigue, John I. Glass,* Nina Alperovich, Rembert Pieper, Prashanth P. 

Parmar, Clyde A. Hutchison III, Hamilton O. Smith, J. Craig Venter 

The J. Craig Venter Institute, Rockville, MD 20850, USA. 

 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 DNA. 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. 

 



 

wt M. capricolum  
 

M. mycoides  

RECIPIENT 

CELLS 

gDNA 

DONOR  

tetM lacZ 

Transplantation of MLC whole chromosome 

into M. cap cells   



Hypothesis: What if a donor genome encoded 
restriction enzyme degrades the recipient cell 

genome 

RE 





Creating Bacteria from 
Prokaryotic Genomes 
Engineered in Yeast 



Synthetic Genomics 

20 Million genes discovered to 
date 

 

These genes are the design 
components of the future 

 
 

 

 

 



Design Codon Opt. Oligo Synthesis 

Synthetic Organism Designer 1.0 



Combinatorial Genomics 

 Genes can be rapidly screened via 

cassette based construction of 

thousands to millions of genomes/day 

 

 Selection through screening, for 

example:  

 Chemical production 

 Viability 

 Hydrogen production 



Designer Fuels 

Designing fuels with superior properties vs. 

traditional biofuels 

-1st Generation: Ethanol 

 

-2nd Generation: Advanced fuel molecule, made from sugar, requires blending 

 

-3rd Generation: Advanced fuel molecule, made from sugar, can be a neat fuel 

 

-4th Generation: Advanced fuel molecules made from CO2 

 

- SGI fuels are not miscible with water and have freezing points as low as -116 

degrees C 

 

- SGI fuels are undergoing extensive testing and will be ready for pilot plant scale up 

in 2009 

 



SGI 2nd Generation 
Biofuel vs #2 Diesel 

•#2 Diesel 

•SGI Fuel 



120,000 TW of Energy Arrives on the 
Earth’s Surface from the Sun 

3.86% of land, ~ 500M Ha 

Land 
28.0% 

Water 
70.9% 

Amount of land needed for 13 TW at 1% efficiency 



 

Complete genomes 

 - 1800 and 500 Mbp genome sizes 

 - 8-10x coverage shotgun sequencing 

 

ESTs 

 - EST library construction and sequencing 

 - four different tissues 

 - 600,000 EST clones per species 

 - at least 10,000 full length clones 

 

Microbiology, metagenomics 

 - soil, tissue, vegetation samples from plantations 

 - culture microorganisms 

 - molecular taxonomic inventories, phylogenetic analysis  

 - metagenome and microbial sequencing 

Oil palm and jatropha projects 
characterization of oil seed crops 





   Jatropha (Jatropha curcas) is a promising bioenergy crop 

     • high yield 

      • robust plant 

     • grows in variety of climates 

     • short generation time 

     • toxic seeds and oil, not part of food supply 

     • clonal propagation through cuttings 

Jatropha Genome Project 



•CONFIDENTIAL 

Plant feedstocks 

Current Yield (gal/acre) Challenges 

Oil Palm 

Jatropha 

Castor Beans 

Rapeseed 

Soy Bean 

Sugar cane 

Miscanthus 

Switchgrass 

Sweet sorghum 

635 

202 

151 

127 

48 

800 

700 

500 

450 

Corn 375 

Food crop / price / deforestation / geogr. range 

Toxicity / harvesting / yield 

Toxicity / harvesting / yield 

Food crop / price / yield 

Food crop / price / yield 

Climate / geographic range 

Cost / conversion 

Cost / conversion 

Food crop / price 

Food crop / price 

Variety of crops, but variety of challenges 

Sugar-producing crops have yield advantage vs. oil crops 

 



Microalgae 



4th Generation Designer Fuels 

Designing fuels based on Carbon Dioxide as the 

source of carbon 

Synthetic 

Cell 

CO2 

Methane 

CH4    

Biopolymers 

(CH2) n 

Protein 

Sugars 

Sunlight 



4th Generation Fuels Program 

C8:0 

C10:0 
 Wild-type control 
 Internal standards 
 Engineered strain 

Secreted Fatty Acids 



 

•control 

•CH4 

Functional methane producing microbial 
consortium 



Engineering Cell-based 

Bioreactors for  

Tumor Targeting 



•Science 314, 1308 (2006) 



Reverse Vaccinology:  From Genome Sequence 
to Vaccine Candidates 



Vaccines developed by Reverse Vaccinology (5CVMB) 

cover most MenB strains. Previous vaccines (OMV) 

cover only only 20% 



The Potential of Synthetic Genomics 

From reading to writing the genome code 

…and synthesizing cells that make useful products 

Pharmaceuticals 

Substitutes for 

Petrochemicals 

Bio-Energy 

T A 

G C 

Sunlight 

Plant Biomass 

CO2 

DNA Synthesizer 

Completely assembled 

Synthetic Chromosome 



Ethical Considerations 
 Stopped for Ethical Review in 1999 

 

 Review indicated acceptable to proceed with minimal genome 
efforts* 

 
 Good Steward Standard 

 

 Responsible lab precautions 

 Lab convertible to Bio Safety Level 3 when warranted 

 No human pathogens 

 No human genomes 

 Open communication with non-science communities 

 

 Tremendous Opportunity for Good 

 

 Carbon neutral energy sources 

 Environmental remediation 

 Carbon sequestration 

 Vaccine and other opportunities 

 

* “Genetics:  Ethical Considerations in Synthesizing a Minimal Genome”  Science, 286, p. 2087 



 


