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Systems Biology

¸ analysis and modeling of entire organisms to define functional 
inter-relationships between their diverse constituent parts at multiple 
hierarchical and spatio-temporal scales

¸ mapping the design “rules” that confer robustness, adaptability and 
evolvability

¸ deconstruction of the functions of natural systems to enable rational 
construction of designed systems to perform novel functions with 
predictable behaviors

¸ anticipated technology progression to construct completely synthetic 
cells/organisms with autonomous replicative, repair and adaptive 
evolutionary capabilities

Synthetic Biology

Systems and Synthetic Biology:
Blurred Boundaries and Shared Conceptual and 

Technological Horizons











Synthetic Biology and Predictive Biology

¸ is the analogy with engineering design and defined 

input:output relationships a vast over-simplification?

¸ non-linear relationship between genotype (code) and 

phenotype (expression, regulation, adaptation, selection)

¸ impact of stochastic events and noise on biological 

properties/stability of biological systems

¸ many biological „parts‟ and pathways exhibit probabilistic 

behavior depending on their pre-existing „state space‟

¸ anthropogenic engineered systems display robustness, 

but few exhibit adaptive evolvability

¸ biological systems possess emergent properties 

expressed only by the entire system and not by any 

isolated parts



The Development of End-to-End Systems
for Applications of Synthetic Biology

Code Standardized Parts
Ordered 

Genome Assembly
Recipient “Chassis”

Efficient Insertion
Pathway: Network 

Optimization

Scale Up and
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Regulation and 
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Chassis Specifications for Synthetic Biology

¸ design of a series of microbial chassis with tolerance for 

insertion of diverse operon networks and construction of 

novel pathways and network topologies

– “plug and play”, “cut and paste” genetics

– “booting up” increasingly complex 

synthetic genome constructs

¸ minimal or no „fitness penalty‟ for the engineered 

phenotype

¸ stability (non-excision) of the introduced construct

¸ „kill switch‟ for safety to prevent contamination of 

inappropriate environments











Synthetic M. mycoides Genome Assembled
from 1078 Overlapping DNA Cassettes in Three

Steps in Yeast and Subsequent Transfer to M. capricolum

From: D. G . Gibson et al. (2010) Science 329, 52





Protocells and Artificial (Chemical) Cells





Microbes: Uniquely Successful Organisms

and Adaptive Colonization of Myriad Eco-Niches 





Global Network of Coexisting 
Microbial Lineages 

Profiled by 16S RNA 
Sequences

From: S. Chaffron et al. (2010) 20, 947 

Sampling Sites: N. America, Caribbean, 

Africa and Middle East
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The Quest for Sustainable and 

Stable Alternative Energy Sources

Source: World Economic Forum and Burrill and Co.
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Synthetic Biology and Engineering Enhanced Traits

in Food, Feed and Fiber Products

http://www.medicalsheepskins.com/medicalsheepskins.htm
http://www.cas.vanderbilt.edu/bioimages/biohires/l/hlitu--wplrg-in-forest11447.JPG
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Microbial Genomics and Synthetic Biology:

New Technology Platforms for Bioremediation and

Improved Efficiency of Wastestream Management







Microbial Biofilms

¸ bioremediation of water 

sources and wastestreams

¸ bioreactor performance 

optimization with mixed 

microbial species

¸ microbial fuel cells

¸ biosensors and Bio-MEMS

¸ fouling and corrosion

¸ antibiotic-resistant infections 

in humans, animals and plants

¸ design of novel materials with 

derivatized surfaces/controlled 

release chemicals to perturb 

quorum-sensing and other 

microbial communal signaling 

pathways

¸ dominant form of microbial life

¸ estimated more than 90% of bacteria live in multi-species biofilm 
communities

¸ new insights into microbial communication pathways parameters for 
control of biofilm formation

Value of Biofilm Promotion

and Stabilization

Value of Biofilm

Disruption and Prevention



We Are Not Alone:
The Human Microbiome – A Barely Understood Factor

in Human Health and Disease

¸ human body contains 10x more 

bacterial cells than human cells

¸ complex meta-system

– host, microbes, viruses, other 

organisms, metabolites, 

xenobiotics

– is there a core microbiome?

– how do perturbations affect 

disease and vice-versa?

– modulating the microbiome for 

improved health/disease Rx





Modification of GI Microbiota for Enhanced

Food Conversion Efficiency in Livestock
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Engineered Microorganisms as Health Status 

Sentinels and Therapeutic Delivery Systems

Glass Microbiology Luke Jerram



Decorating Microbes:

Engineered Surface Display of Proteins

¸ optimized performance of bioreactor/ 

bioremediation microbes

¸ programmable systems for targeted drug delivery

¸ membrane insertion or C-or N- terminal domain 

coupling to OMPs, adhesins, virulence factors, 

autotransporters, ice nucleation proteins

¸ scaffolds for enzymes/antigens/other proteins that 

require specific orientation/presentation 

configuration (cf. solution interactions)

¸ display of variant molecules generated by directed 

evolution and substrate profiling of enzymes for 

biocatalysis

¸ epitope screening for improved vaccine design







Nano- and Meso-Scale Engineering and Directed
Molecular Assembly for Novel Materials, Sensors and 

Self-Assembling Devices

46







Cell Therapies and Regenerative Medicine:

Replacement, Repair and Regeneration

Reprogramming Rx with ESCs/iPSCs to Generate Specific Cell Lineages

as Committed Precursors or End-Stage Differentiated Cells 

(Re)Building Complex Histiotypic Structures with Full Homeostatic Controls





http://www.phe.gov/Preparedness/legal/guidance/syndna/Documents/syndna-guidance.pdf




Oversight of Synthetic Biology:

Risk, Regulation and Responsibility

Biosafety:

Risk from Legitimate

R&D/Industrialization

Biosecurity:

Deliberate Use

to Cause Harm

Biohackers and

Democratization

of New Technology

Screening of Purchases/ 

Supply Transactions

Regulation, Legislation

and 

Codes of Conduct

International 

Harmonization

http://diybio.org/wp-content/uploads/2010/08/diybio_poster1.jpg


Next Era in the Intellectual Transition of the Life Sciences

from Phenomenology to the Elucidation of the Design Principles

for Complex Biological Systems

Foundation for the Emergence of a New Industrial Ecology 

with Myriad Applications in Diverse Industrial Sectors 

and National Security

Synthetic Biology



Synthetic Biology:

The Emergence of a New Industrial Ecology
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Projected Trajectories for Biosystems Engineering Using Synthetic Biology

reprogrammed human cells/

lineages for regenerative Rx
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Mapping the Information Content and Design Rules for 
Biological Organization and Future Designer „Biospace‟

Design Space

systems and synthetic biology

chemical biology 
orthogonal components 

xenosystems

Unexplored Biospace

Diversity SpaceCoding Space

metagenomics
phylogenomics

ecosystems
biogeochemistry

astrobiology/
exobiology



Reframing the Challenge of “Managing the (Global) Commons”

The Imperative to Understand Complex Adaptive Systems

• infocosm

•„synthetic‟ 

diversity

– materials

– genetic

• access

• allocation

• utilization

• biodiversity
• non-renewable 
resources
• unconstrained 
costs

Resources

Drivers 

Finite/Contracting
Resources

Distribution/Control
of Resources

Expanding
Resources

· technology 

acceleration/

convergence

· systems and 

synthetic biology

· de novo design 

of unique 

structures and 

functions 

(exploring biospace)

· economics

· sociology

· politics

· security

· equity

· risk and 

regulation

· governance 

and public 

policy

· sustainability

­health

­environment

· designing a 

new industrial 

ecology (“lightness”)




