


Early Synthetic Biology – Domestication of Maize 

Teosinte Maize 

Natural Variation 

Artificial Selection 



Early Synthetic Biology – World-Wide 

Domestication of Plants 



More Knowledge         Better Engineering Approach  



Human Insulin: Synthetic Biology’s 1st drug 

Recombinant bacteria manufacture insulin 



More Knowledge         Better Engineering Approach  



Gene Synthesis is Getting Easier, Cheaper 
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“Production of the antimalarial drug 

precursor artemisinic acid in engineered 

yeast “  

 

ZJ.D. Keasling et al. Nature 440, 940-

943 (13 April 2006)  

Production of Artemisinin Precursor in Yeast 



Strategy for reassigning all 314 TAG codons to TAA in E. coli. 

F J Isaacs et al. Science 2011;333:348-353 (Church Lab) 

Whole Genome Engineering 



Application of Engineering Principles to 

Synthetic Biology 

Tom Knight, Randy Rettberg, Drew Endy…. 

• Hierarchical Design  

• Modular Reusable Parts 

• Standard Interfaces 

• Isolation of Unrelated Functions 

Construct biological systems that have medical, 

industrial and scientific applications via 

engineering principles.  



BioBricks Foundation (http://partsregistry.org/Catalog) 

Registry of Standard Biological Parts 

Tom Knight, Randy Rettberg, Drew Endy 



Tabor et al. (2009) Cell 137, 1272-1281 

Synthetic Genetic Edge Detection  



More Knowledge         Better Engineering Approach  



DNA synthesis is getting easier, faster, and 

cheaper 

$0.01

$0.10

$1.00

$10.00

$100.00

1999 2004 2009 2014

D
o

ll
a
rs

 p
e
r 

b
a
s
e

p
a
ir

 

Year 

$0.20 / bp 



Moving Life into the Digital World and Back 

Synthetic Genomics 



Assemble cassettes by 

homologous recombination 

Assemble overlapping synthetic 

oligonucleotides (~60 mers) 

Completely assembled 

synthetic genome 

Cassettes (5-7 kb) 

Recipient cell Synthetic cell 

Genome 

Transplantation 

Genome Synthesis 

Approach Used to Create a Synthetic Cell 



fX174 (5.4 kb) 

Polyketide synthase gene cluster (31.7 kb) 

Poliovirus (7.5 kb) 

bat SARS-like coronavirus (29.7 kb) 

M. genitalium (583 kb) 

E. coli (4640 kb) 

It Makes Sense to Start with a Natural Genome 



M. genitalium  

580 kb 

Start 

101 cassettes 

Each ~6 kb 

Made commercially 

End 

Complete genome 

Assembly of a Synthetic M. genitalium Chromosome 

97 
98 

99 
100 101 1 2 3 

4 
5 

small pieces of DNA (50 nts)  genome (580 000 bp) 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 

17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 

33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 

49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 

65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 

81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 

97 98 99 100 101 



In Vitro Genomic Assembly 

One large target sequence 

Many short segments of DNA with overlapping ends 

Add:  

•T5 exonuclease 

•Phusion DNA polymerase 

•Taq Ligase 

•Phusion buffer + dNTPs + PEG 

Incubate 50 °C 30 minutes 



CAGAGAACAGTCTGATCTGCTACTGACTAGCAGTCACTTTGGATGCTTAGGC 

CAGTGAAACCTACGAATCCGTCAGAGAACAGTCTGATCTGCTACTGACTAGC 

3' 

5'                                         

                                              5' 

T5 Exonuclease Degrades 5' ends 

GTCACTTTGGATGCTTAGGCAGTCTCTTGTCAGACTAGACGATGACTGATCG 

GTCTCTTGTCAGACTAGACGATGACTGATCGTCAGTGAAACCTACGAATCCG 

3' 

In Vitro Genomic Assembly 



GTCACTTTGGATGCTTAGGCTCAGAGAACAGTCTGATCTGCTACTGACTAGC                                               5' 

single-stranded 3' ends can now anneal 

GTCTCTTGTCAGACTAGACGATGACTGATCGTCAGTGAAACCTACGAATCCG 3' 
CAGAGAACAGTCTGATCTGCTACTGACTAGCAGTCACTTTGGATGCTTAGGC 5'                                         

GTCACTTTGGATGCTTAGGCAGTCTCTTGTCAGACTAGACGATGACTGATCG 3' 

In Vitro Genomic Assembly 



GTCTCTTGTCAGACTAGACGATGACTGATCGTCAGTGAAACCTACGAATCCGTCAGAGAAC 

ACTAGCAGTCACTTTGGATGCTTAGGCAGTCTCTTGTCAGACTAGACGATGACTGATCG 3' CAGAGAACAGTCTGATCTGCTACTG 

3' 5' AGTCTGATCTGCTACTGACTAGC 
5' 

CAGAGAACAGTCTGATCTGCTACTGACTAGCAGTCACTTTGGATGCTTAGGCAGTCTCTTGTCAGACTAGACGATGACTGATCG 

 

 

GTCTCTTGTCAGACTAGACGATGACTGATCGTCAGTGAAACCTACGAATCCGTCAGAGAACAGTCTGATCTGCTACTGACTAGC 

Phusion DNA polymerase extends the 3' ends to fill 
in the single stranded region. 

Taq Ligase closes the remaining knicks. 

        "The Gibson Assembly Song" 
The Cambridge iGEM Team for 2010 
http://www.cambridgeigem.org 
http://www.gibthon.org 
http://www.youtube.com/watch?v=WCWjJFU1be8 

In Vitro Genomic Assembly 



In Vivo Genomic Assembly 

TAR Cloning in Yeast (Larionov, NIH) 



 Assembly of M.genitalium Genome 



Assemble cassettes by 

homologous recombination 

Assemble overlapping synthetic 

oligonucleotides (~60 mers) 

Completely assembled 

synthetic genome 

Cassettes (5-7 kb) 

Recipient cell Synthetic cell 

Genome 

Transplantation 

Genome Synthesis 

Approach Used to Create a Synthetic Cell 



Whole Genome Transplantation 

 816 KB 580 KB 

Mycoplasma genitalium Mycoplasma pneumoniae 



Whole Genome Transplantation 

Photo: F. Chris Minion 

Mycoplasma mycoides LC(capri) 

1007 KB 1001 KB 

Mycoplasma capricolum 

M. mycoides cells 

suspended agarose 

plug 

Naked M. mycoides 

genomes suspended 

agarose plug 

Proteinase  

K 

Melt plug, 

and incubate 

M. mycoides 

DNA with M. 

capricolum 

cells in PEG 

and Ca++ 

Cells with both M. 

mycoides and M. 

capricolum genomes 

Selection 

Cells with only an M. 

mycoides genome 



Putative Transplant Phenotype   

M. mycoides colonies? 

Successful transplants!! 

Transplant characterization 

Phenotypic Analysis               Genotypic Analysis  

 Blue tetR colonies         PCR 

 Colony-blot          Southern blots 

 2-Dimentionel gel electrophoresis       Genome sequencing 

colony tetR, blue, diameter ~1mm, after 3 to 5 days at 37ºC 



Assemble cassettes by 

homologous recombination 

Assemble overlapping synthetic 

oligonucleotides (~60 mers) 

Completely assembled 

synthetic genome 

Cassettes (5-7 kb) 

Recipient cell Synthetic cell 

Genome 

Transplantation 

Genome Synthesis 

Approach Used to Create a Synthetic Cell 



1.  M. genitalium 

2.  M. mycoides LC 

3. M. pneumoniae 

4. M. genitalium & M. mycoides LC 

M. genitalium 

M. genitalium 
6 pieces 

25 pieces 

Methods for Cloning Bacterial Genomes in Yeast 

Succesful Examples 



1007 

KB 

Whole Genome Transplantation 

Mycoplasma mycoides capri...    

IN YEAST 

1001 KB 

Mycoplasma capricolum 

M. mycoides cells 

suspended agarose 

plug 

Naked M. mycoides 

genomes suspended 

agarose plug 

Proteinase  

K 

    & 

Degrade 

Yeast 

DNA 

Melt plug, and 

incubate M. 

mycoides DNA 

with M. 

capricolum cells  

in PEG and Ca++ 

Cells with both M. 

mycoides and M. 

capricolum genomes 

Selection 

Cells with only an  

M. mycoides  

genome 

Methylate 

DNA  

In Plug 



Assemble cassettes by 

homologous recombination 

Assemble overlapping synthetic 

oligonucleotides (~60 mers) 

Completely assembled 

synthetic genome 

Cassettes (5-7 kb) 

Recipient cell Synthetic cell 

Genome 

Transplantation 

Genome Synthesis 

Approach Used to Create a Synthetic M.mycLC Cell 



Creation of Synthetic M.mycLC Cell 





Synthetic Biology/Synthetic Genomics Summary 

• Synthetic Biology is not really a new field 

• Several approaches for Synthetic Biology 

• More easy manipulation of whole genome 

• Has potential dual use 



Technologies Used/Developed for Synthetic Cell 

Assembly Tools 



Secondary Metabolite Clusters 



Orphan Clusters 



Genomic DNA 

gene cluster 

A B C D E 

A B C D E 

PCR ATG to stop 

Structural Genes 



Stock templates 

~400 synthetic terminator & promoter 

combinations (streptomyces) 

ATG to stop 

PCR 

Plasmid & A homology added 

A&B 

B&C 

… 

Transcription Promoters and Terminators  



Stock templates 

One/two Step Assembly 

(mate with S. lividans, insert at phage attachment site, induce expression) 

Yeast Seq E. coli Seq S. lividans Seq 



Evaluation of Product 



One/two Step Assembly 

(mate with S. lividans, insert at phage attachment site, induce expression) 

Yeast Seq E. coli Seq S. lividans Seq 

Initial attempts showed mis-assemblies 



Stock templates 

One/two Step Assembly 

(mate with S. lividans, insert at phage attachment site, induce expression) 

Yeast Seq 

E. coli Seq 

S. lividans Seq 

Yeast Seq 

Solution 



Evaluation of Product 



Technologies Used/Developed for Synthetic Cell 

Genome 

Transplantation 



Clinical symptoms of CBPP 

Animals depressed, painful and difficult 

breathing (dyspnea), fever, cough, nasal 

discharge and anorexia 

CBPP is a highly infectious disease that affects cattle. It is 

transmitted mostly by direct contact from droplets emitted by 

coughing animals, saliva and urine." 

http://www.fao.org/docrep/003/t0756e/T0756E03.htm 

Post-mortem lesions: 

 

(1) Fluid in the thorax, 

 

(2) Fibrinization of Lung 

 

(3) Marmorization of Lung 

  

(1) 

(2) (3) 

CBPP – Main Bacterial Cattle Disease in Africa 



Distribution of CBPP in Africa 



Control of CBPP 

•  On-farm quarantine of exposed animals 

•  Slaughter of infected and exposed animals 

•  Proper disposal of animals and contaminated material 

Method was effective for eliminating CBPP in 

developed countries but not really possible in 

developing countries 



Control of CBPP 

• Vaccination 

- Low efficacy, protection for short periods of time  

- Adverse reactions e.g. lesions, loss of tail 

- Possibility of reverting to pathogenic strain (T1/44) 



Mollicutes have evolved from gram positive bacteria. These fast-evolving 

organisms are mostly parasites of humans, animals and plants 

CBPP CAUSAL AGENT: Mycoplasma  mycoides subsp. mycoides 

(Mmm) (Mollicutes Class) 



BREAD: Toward Development of an Effective Vaccine 

for Contagious Bovine Pleuropneumonia (CBPP) 

Sanjay Vashee (PI)1, Carole Lartigue (Co-PI)2, Joerg Jores (Co-PI)3, Alain 

Blanchard2, Vishvanath Nene3, Pascal Sirand-Pugnet2, John Glass1 

1 J. Craig Venter Institute, Rockville, MD 20850 USA, 2 National Institute for 

Agronomical Research, Bordeaux, France, 3 International Livestock Research 

Institute, Nairobi, Kenya 

   



Aim 1. Characterize the pan genome of the mycoides cluster to 

identify target virulence genes. 

Mycoides Cluster: Species Infecting Ruminants 

Cattle 

Goats 

Sheep 

Goats 

Sheep 

Cattle 

a) ILRI (Kenya): 

Collect field 

isolates 

(Large Colony) 

(Small Colony) 



Aim 1. Characterize the pan genome of the mycoides cluster to 

identify target virulence genes. 

Genome sequencing using Next Generation technologies 

Illumina Sequencer 

Strain  
Year of 

isolation 
Country  Host Supplier Cloning gDNA isolation 

Mmm: 

V5 1936 Australia vaccine strain FLI filter cloning 12.06.12 

B66 2000 Kenya cattle KARI filter cloning 12.06.12 

95014 1995 Tanzania cattle FLI filter cloning 12.06.12 

Fatick 1968 Senegal cattle FLI filter cloning 12.06.12 

C11 1962 Chad cattle FLI filter cloning 12.06.12 

L2 1993 Italy cattle FLI filter cloning 12.06.12 

Matapi 2004 Namibia cattle FLI filter cloning 12.06.12 

Mmc: 

Capri L 1975 France goat FLI filter cloning ongoing  

Kombolcha 1975 Ethiopia goat FLI filter cloning ongoing 

Y-goat 1956 Australia goat FLI filter cloning ongoing 

G1313.94 1994 Germany Barbary sheep FLI filter cloning ongoing 

Virulence 

factors 

b) INRA (France): 

Sequence  

isolates 

c) JCVI (USA), 

INRA (France) & 

ILRI (Kenya): 

Bioinformatics – 

analyze isolates 

Understand  

Organism 

(host-

pathogen 

interaction) 

Host 

specificity 



Aim 2. Adapt the JCVI synthetic biology tools to Mmm at INRA 

 and transfer the technology to ILRI in Africa. 



Aim 2. Adapt the JCVI synthetic biology tools to Mmm at INRA 

 and transfer the technology to ILRI in Africa. 

Cloning Mmm Genome in Yeast 



Aim 2. Adapt the JCVI synthetic biology tools to Mmm at INRA 

 and transfer the technology to ILRI in Africa. 

Current Mmm Strains in Yeast 

Cloning Mmm Genome in Yeast 

Analysis of Yeast Clones by Multiplex PCR and PFGE 

PG1 T1/44 



Aim 2. Adapt the JCVI synthetic biology tools to Mmm at INRA 

 and transfer the technology to ILRI in Africa. 

Donor  DNA Recipient cell 

Mmc M. cap 

M. leachii M. cap 

M. putrefaciens M. cap 

Mmc M. leachii 

? 

Genome Transplantation 

Positive Results 



Aim 3. Establish a caprine model for pulmonary mycoplasma 

infections  using the closely related pathogen Mmc. 

→ Mutagenesis of Mmc virulence genes, characterization of Mmc mutants in vitro 

→ In vivo testing of Mmc mutants using a goat infection model 

 

Transformation  

SD-URA 

CORE3 
+ 

Gene(s) of Interest 

CORE3 

Pop-out of Core  

Mmc Use yeast genetic tools on  



Aim 3. Establish a caprine model for pulmonary mycoplasma 

infections  using the closely related pathogen Mmc. 

→ Mutagenesis of Mmc virulence genes, characterization of Mmc mutants in vitro 

→ In vivo testing of Mmc mutants using a goat infection model 

 

Current Status 

Mmc 

1.1Mb 

X 

X 

X 

• Over 40 genes removed 

so far from Mmc. 



Aim 3. Establish a caprine model for pulmonary mycoplasma 

infections  using the closely related pathogen Mmc. 

→ Mutagenesis of Mmc virulence genes, characterization of Mmc mutants in vitro 

→ In vivo testing of Mmc mutants using a goat infection model 

 



B.  Design an Mmc strain that has a defined life-span or a kill switch.  

12 : 00 00 : 00 

A.   Expression of heterologous genes in Mmc and Mmm to enhance 

 vaccine potential.  

Aim 4. Expand mycoplasma toolbox using Mmc as a model to 

enhance our capacity to produce modern Mmm vaccines. 



• Replace ligase, select cell division or molecular 

chaperone gene of target organism with counterpart 

gene from psychrophilic organism. 

Construction of TS Bacterial Vaccines 



Mmc Use yeast genetic tools on  

Construction of TS Bacterial Vaccines 



1R 2F 2R 1F 

Mmc 
dnaN rmpH SceI  

site 
Gal1  

promoter 

SceI 

enzyme 
Ura3 5’Kan 

SceI  

site 

Gal1  

promoter 
SceI 

enzyme 
Ura3 5’Kan 

CORE6 

dnaN Mmc dnaA rmpH 
Mmc 

Select on Ura 

Method: Modified TREC 

• Example: Replacement of Mmc dnaA gene with that of M.cap dnaA 

0.5kb 

Yeast colonies:  4    5   6   7        M    -c
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Mmc 
dnaN 3’Kan 

2F 4R 3F 2R 6F 5R 

Mcap dnaA rmpH 
SceI  

site 

Gal1  

promoter 

SceI 

enzyme 
Ura3 5’Kan 

Mmc/McapdnaA 
dnaN 

1F 5R 3

F 

2R 

Mcap dnaA rmpH 

Galactose 

Method: Modified TREC (cont’d) 

3’Kan Mcap dnaA 

Select on Kan 

Select on 5FOA against URA3 

0.5kb 
Yeast colonies:  M   1    2    3    4     5        

0.5kb 

 M   1    2    3    4     5        



Method: Modified TREC (cont’d) 

Mmc/McapdnaA 

Genome 

Transplantation 
12 : 00 

00 : 00 



B.  Design an Mmc strain that has a defined life-span or a kill switch.  

12 : 00 00 : 00 

A.   Expression of heterologous genes in Mmc and Mmm to enhance 

 vaccine potential.  

Aim 4. Expand mycoplasma toolbox using Mmc as a model to 

enhance our capacity to produce modern Mmm vaccines. 



100x 

BF + Light 

Rhod + UV 

M.mycLC + mCherry M.mycLC/mCherry + Cre 

Select with 

Tet+Puro 

M.mycLC with 

mCherry 

Transform with 

Cre-PuroM 

plasmid 

M.mycLC without 

mCherry 

Aim 4. Expand mycoplasma toolbox using Mmc as a model to 

enhance our capacity to produce modern Mmm vaccines. 

• Cre-Lox system: test in Mmc 



12 : 00 

• Rational approach 

using newly developed 

technologies to 

produce a number of 

candidate vaccine 

strains 

BREAD Recap 



Final Points 

 Synthetic Biology is a powerful approach against

 infectious diseases. 

 It can be used to identify new antimicrobials. 

 There are applications for vaccines, both animal and human 

 Work on computational tools for genome and pathway  

 design is urgently needed. 

 There has never been a more exciting time to be a biologist. 

 



Ham  

Smith 
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