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Outline of Presentation
What is synthetic biology?

Is it possible to reengineer natural selection?

Can intro biology students do synthetic biology research?

Why do research as an undergraduate?
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What is Synthetic Biology?

Implementation of engineering principles 
and mathematical modeling to the design 
and construction of biological parts, 
devices, and systems with applications in 
energy, medicine, and technology.

www.bio.davidson.edu/projects/gcat/Synthetic/What_Is_SynBio.html
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Four Characteristics:

Synthetic Biology

• Standardization
• Modularity
• Abstraction
• Modeling of Designs

Genetic engineering on a new scale.
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http://openwetware.org/images/b/bd/BBFRFC9.pdf

Standardization
On a Uniform System of Screw Thread

William Sellers April 21, 1864

 “In this country, no organized attempt has as of yet been 
made to establish any system, each manufacturer having 
adopted whatever his judgment may have dictated as 
best, or as most convenient for himself.” 
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Standardization

On a Uniform System of Screw Thread
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Modularity

USB ports on computers
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Modularity
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Abstraction
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Abstraction
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Modeling of Designs
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Synthetic Biology
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partsregistry.org

Synthetic Biology
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Anderson et al. Mol Sys Bio. 2007.

Synthetic Biology
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UC Berkeley iGEM, 2007

Synthetic Biology
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Real World Applications
of

Synthetic Biology
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Land Mine Detection
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Land Mine Detection
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Synthetic Biology
Land Mine Detection
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Production of Medicines

$1 per pill
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Production of Medicines

10¢ per pill
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Biofuels from Algae

CO -neutral2

1,000,000 gallons in 2008
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Synthetic Biology

MathematicsSynthetic 
Biology

Biology

Computer
 Science

Engineering
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Intro Bio Students Conduct
Promoter Research 

Using
Synthetic Biology
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G     
CTTAA 
 AATTC
     G

Eco RI

type II

palindrome
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SPart A

origin antibiotic resistance

XE Part BX S PM

PSPart A

origin antibiotic resistance origin antibiotic resistance

EXE Part BX PS

Traditional Cloning (type II)

Wednesday, March 5, 2014



Gel Purification

origin antibiotic resistance

E X PSPart B
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Gel Purification

origin antibiotic resistance

E

X PSPart B
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Gel Purification

X PSPart B
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Gel Purification X PSPart B
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Part A

origin antibiotic resistance

XE S P

Gel Purification X PSPart B

PSS
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Gel Purification X PSPart B
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Part A
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Gel Purification X PSPart B
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Part A

origin antibiotic resistance
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Gel Purification

X PSPart B
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Ligation

Part A

origin antibiotic resistance

XE S P

X PSPart B
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Ligation

Part A

origin antibiotic resistance

XE S P

X PSPart B

SPart A

origin antibiotic resistance

XE Part BX S PM
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How can we clone DNA 
without all the hassle?

Todd Eckdahl
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Golden Gate Assembly Method

TT + RBS + RFP

plasmid backbone

origin antibiotic resistance

RBS RFPTT
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promoter + RBS + RFP

plasmid backbone

origin antibiotic resistance

RBS RFP

TT

Golden Gate Assembly Method
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Bsa I

GAGACC     
CTCTGG

type IIs

not a 
palindrome
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Bsa I

1234nGAGACC     
    nCTCTGG
                
----       

type IIs
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----       

Bsa I

1234nGAGACC     
    nCTCTGG

type IIs
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       ----
           

Bsa I

GGTCTCn
CCAGAGn1234

type IIs
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       ----
           

Bsa I

GGTCTCn
CCAGAGn1234

type IIs
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Bsa I

1234nGAGACC     
----nCTCTGG

GGTCTCn----
CCAGAGn1234

cuts 
left

cuts 
right
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GGA Ligation Method

TT + RBS + RFP

plasmid backbone

origin antibiotic resistance

RBS RFPTT

BsaI + Ligase
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GGA Ligation Method

TT + RBS + RFP

plasmid backbone

origin antibiotic resistance

RBS RFP

TT

BsaI + Ligase
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CGACtGAGACC(TT)GGTCTCa   
    aCTCTGG(TT)CCAGAGtCGCC

Bsa I

Bsa I
GCTG

GCGG

ligase ligase
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CGACtGAGACC(TT)GGTCTCa   
    aCTCTGG(TT)CCAGAGtCGCC

GCTG
GCGG

ligase ligase
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CGACtGAGACC(TT)GGTCTCa   
    aCTCTGG(TT)CCAGAGtCGCCGCTG

GCGG

ligase ligase

Bsa I

Bsa I
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CGACtGAGACC(TT)GGTCTCa   
    aCTCTGG(TT)CCAGAGtCGCC

GCTG
GCGG

CGAC(promoter)   
    (promoter)CGCC

ligase ligase
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GCTG
GCGGCGAC(promoter)   

    (promoter)CGCC

CGACtGAGACC(TT)GGTCTCa   
    aCTCTGG(TT)CCAGAGtCGCC

ligase ligase
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GGA Ligation Method

promoter + RBS + RFP

plasmid backbone

origin antibiotic resistance

RBS RFP

TT

BsaI + Ligase

Wednesday, March 5, 2014



GGA Ligation Method
TT
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GGA Ligation Method
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Student Sample, September 2012
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Student Sample, September 2012
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Student Sample, September 2012
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Registry of Functional Promoters (RFP)

gcat.davidson.edu/RFP/
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Registry of Functional Promoters (RFP)
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Registry of Functional Promoters (RFP)
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Testing Known Promoters: Ptac
             -35                   -10
5’ CGACGAGCTGTTGACAATTAATCATCGGCTCGTATAATGTGTGGA     3’
3‘     CTCGACAACTGTTAATTAGTAGCCGAGCATATTACACACCTCGCC 5’
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             -35                   -10
5’ CGACGAGCTGTTtACAATTAATCATCGGCTCGTATAATGTGTGGA     3’
3‘     CTCGACAAaTGTTAATTAGTAGCCGAGCATATTACACACCTCGCC 5’
               G
               C

Student Sample, November 2012
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             -35   ATAA (deleted)  -10
5’ CGACGAGCTGTTGACA----ATCATCGGCTCGTATAATGTGTGGA     3’
3‘     CTCGACAACTGT----TAGTAGCCGAGCATATTACACACCTCGCC 5’

Student Sample, November 2012
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+ control
- control
new 1
new 2

+ control
- control
new A
new B

Student Sample, September 2012
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pClone Red
J119137

Bsa I Bsa I

RBS RBSGFP RFP
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Remove Initial Promoter

RBS RBSGFP RFP

J119137

X
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Insert Non-functional Promoter

RBS RBSGFP RFP

J119137
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Insert Forward Promoter
J119137

RBS RBSGFP RFP
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Insert Bi-directional Promoter
J119137

RBS RBSGFP RFP
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pClone Red
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pClone Blue
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Without basic research, there can be no 
applications.... 

After all, electricity and the lightbulb were 
not invented by incremental improvements 
to the candle.

former French President Nicholas Sarkozy

Wednesday, March 5, 2014



Modular Programmed Evolution of E.coli 
for Optimization of Metabolic Pathways

(research in progress)
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Collaborative 2012 Research Team
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Collaborative 2013 Research Team
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Three Rules for Student Research
1. Everyone must learn.
2. Everyone must have fun.
3. We try to contribute to science.
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Three Rules for Student Research

25 undergraduate co-authors

Papers of the year 2008 &2009

1. Everyone must learn.
2. Everyone must have fun.
3. We try to contribute to science.
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Make E. coli Optimize Drug Production
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Make E. coli Optimize Drug Production
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Make E. coli Optimize Drug Production

E. coli cytoplasm
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Make E. coli Optimize Drug Production

caffeine

N N

N N

CH3

CH3
CH3

O

O
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Make E. coli Optimize Drug Production

caffeine

N N

N N

CH3

CH3
CH3

O

O

CDM
enzyme
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Make E. coli Optimize Drug Production

theophylline

N N

N N

CH3

CH3

O

O
caffeine

N N

N N

CH3

CH3
CH3

O

O

CDM

asthma medication
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What Makes Optimization Difficult?
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What Makes Optimization Difficult?
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What Makes Optimization Difficult?
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Natural Selection
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Synthetic Fitness
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Synthetic Fitness
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Engineering Programmed Evolution
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Programmed Evolution
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theophylline

N N

N N

CH3

CH3

O

O
caffeine

N N

N N

CH3

CH3
CH3

O

O

CDM

How to Build a Biosensor
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caffeine

N N
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CH3
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CDM

How to Build a Biosensor
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Biosensor Detects Theophylline
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Biosensor Detects Theophylline
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Fitness Module

$$
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Fitness Module

antibiotic
resistance

Wednesday, March 5, 2014



Fitness Module

alcohol 
dehydrogenase
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Develop New Fitness Module

thyA- mutant

thyA- mutant
+ thyA transgene

J100135

no DNA synthesis
no cell division

20 µm

Elizabeth Brunner ’16
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+ +- -

J100135 thyA- thyA-

strain +/- thymine
J100135

thyA Fitness Module

ce
ll 
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OD
59

5)
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Can We Make New Riboswitches?

theophylline aptamer

Catherine Doyle ’14
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Need New Riboswitches
Name Structure Aptamer? Riboswitch?

caffeine yes no

theophylline yes yes

xanthine yes no

theobromine no no

paraxanthine no no

1-methylxanthine no no

3-methylxanthine yes no

7-methylxanthine no no
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Make New Riboswitches
Name Structure Aptamer? Riboswitch?

caffeine yes no

theophylline yes yes

xanthine yes no

theobromine no no

paraxanthine no no

1-methylxanthine no no

3-methylxanthine yes no

7-methylxanthine no no
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Can we design new riboswitches?

theophylline riboswitch
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Can we design new riboswitches?

theophylline riboswitch
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Optimizing Riboswitches

N"
N"

C"C"C"
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G" G"

G"
G"

G"

20"

10"
30"
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Altered$
Start$
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Optimizing Riboswitches

N"
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C"C"C"
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30"
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3’"

50"

RBS$

Altered$
Start$
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49 = 262,144 
combinations
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Fold Candidate Riboswitches

calculate free energy
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aptamer sequence

generate 1st riboswitch

generate 262,144 riboswitches

confirm base pairing

fold, calculate    G, no ligand

select riboswitches    G difference

fold, calculate   G, + ligand

Python Scripts for in silico Screening
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aptamer sequence

generate 1st riboswitch

generate 262,144 riboswitches

confirm base pairing

fold, calculate    G, no ligand

select riboswitches    G difference

fold, calculate   G, + ligand

Python Scripts for in silico Screening

8 theophylline 17 caffeine
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test candidate riboswitches

incorporate thyA fitness module

optimize CDM production

What’s Next?

publish paper

make all 25 candidate riboswitches

buy beach house in Caribbean
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“Would you like me to give you a formula for success? It's 
quite simple, really. Double your rate of failure. You are 
thinking of failure as the enemy of success. But it isn’t at all. 
You can be discouraged by failure or you can learn from it, 
so go ahead and make mistakes. Make all you can. Because 
remember, that’s where you will find success.” 

Thomas J. Watson
Founder of IBM    

What is the secret to success?
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The scenery only changes for the lead dog. 
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The scenery only changes for the lead dog. 
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The End
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Math Modeling of Programmed Evolution

metabolic flux = f(promoter, RBSs, alleles, # plasmids)

metabolic flux = f(promoter, RBS, alleles, degradation tags)

humans

bacteria

searching multi-dimensional space
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Agent-Based Models of Programmed Evolution

metabolic flux = f(promoter, RBS, alleles, degradation tags)

NetLogo
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Stress Response Module
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$$

Engineering a Stress Module
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$$

fadB

Engineering a Stress Module
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AATTCGCGGCCGCTTCTAGAGATCGGCATTTCTTTAATCTTTTGTTTGCATATTTTTAACACAAAATACACACTTCGACTCATCTGGTACGACCAGATCACCTTGCTACTAGTAGCGGCCGCTGCA
    GCGCCGGCGAAGATCTCTAGCCGTAAAGAAATTAGAAAACAAACGTATAAAAATTGTGTTTTATGTGTGAAGCTGAGTAGACCATGCTGGTCTAGTGGAACGATGATCATCGCCGGCG

Engineering a Stress Module
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TGAAGCTGAGTAGACCATGCTGGTCTAGTGGAACGATGATCATCGCCGGCG

GCGCCGGCGAAGATCTCTAGCCGTAAAGAAATTAGAAAACAAACGTATAAAAATTGTGTTTTATGTG

ACGTCGCCGGCGATGATCATCGTTCCACTAGA

ATTTCTTTAATCTTTTGTTTGCATATTTTTAACACAAAATACACACTTCGACTCATCTGGTACGACC

AATTCGCGGCCGCTTCTAGAGATCGG

AATTCGCGGCCGCTTCTAGAGATCGGCATTTCTTTAATCTTTTGTTTGCATATTTTTAACACAAAATACACACTTCGACTCATCTGGTACGACCAGATCACCTTGCTACTAGTAGCGGCCGCTGCA
    GCGCCGGCGAAGATCTCTAGCCGTAAAGAAATTAGAAAACAAACGTATAAAAATTGTGTTTTATGTGTGAAGCTGAGTAGACCATGCTGGTCTAGTGGAACGATGATCATCGCCGGCG

Engineering a Stress Module
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negative
control

Testing Stress Module
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negative
control

Testing Stress Module

neutral
trigger

Wednesday, March 5, 2014



negative
control

stress
alone

Testing Stress Module

neutral
trigger
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negative
control

oleic acid
+ stress

Testing Stress Module

stress
alone

neutral
trigger
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negative
control

$$

oleic acid
+ stress

Testing Stress Module

stress
alone

neutral
trigger
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