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�� In the early 20In the early 20thth century biology emerged from natural history century biology emerged from natural history 

and physiology around the question: What is life?and physiology around the question: What is life?

�� Biologist Jacques Loeb (1859Biologist Jacques Loeb (1859--1924) helped to shape modern 1924) helped to shape modern 

biological research through his emphasis on reductionism, biological research through his emphasis on reductionism, 

experiments, and the engineering ideal. experiments, and the engineering ideal. 

The Arc of Biology: The Arc of Biology: 1919thth & 20& 20th th CenturiesCenturies

T.H. Huxley Jacques LoebCharles Darwin



The Arc of Biology: The Arc of Biology: Understanding Understanding 

and Controlling Lifeand Controlling Life

�� RNA Interference (RNA Interference (RNAiRNAi) ) -- An ancient An ancient evolutionary evolutionary 

mechanism for silencing gene expressionmechanism for silencing gene expression

�� An innate and adaptive response that protects a An innate and adaptive response that protects a 

cell from foreign genes by targeting invading gene cell from foreign genes by targeting invading gene 

messenger messenger RNAsRNAs

Addition of 
purple gene 

copies

Rich Jorgensen, University of Arizona



The Arc of Biology: The Arc of Biology: To Improve the To Improve the 

Quality of Human LifeQuality of Human Life

Resistance to papaya virusResistance to papaya virus Therapeutic Therapeutic RNAiRNAi macular macular 
degenerationdegeneration

2006 Nobel Prize in Physiology and Medicine to Fire and Mello

Practical application of Practical application of RNAiRNAi in agricultural and in agricultural and 

medical biotechnologymedical biotechnology



The Arc of Biology: The Arc of Biology: What is Life?What is Life?

Theoretical Constructs in BiologyTheoretical Constructs in Biology

�� All living things are made from cells, the chemical All living things are made from cells, the chemical 
factories of life: factories of life: CELL BIOLOGY CELL BIOLOGY 

�� All life is based on the same genetic code organized All life is based on the same genetic code organized 
as DNA or RNA: as DNA or RNA: GENETICS GENETICS 

�� All forms of life evolved by natural selection or All forms of life evolved by natural selection or 
genetic drift: genetic drift: EVOLUTION EVOLUTION 

�� All life is connected to form ecosystems: All life is connected to form ecosystems: ECOLOGYECOLOGY



Life in TransitionLife in Transition
Life put Earth under New ManagementLife put Earth under New Management

OriginsOrigins

Energy Energy 

AdaptationAdaptation

Anoxic World

Pu'u 'Ō'ō Crater, Hawaii 

Cyanobacteria

Photosynthesis

Whisk fern on lava 

Life on Land

O2 Rich World



Origins Origins 
When, Where, and How did Life on Earth begin?When, Where, and How did Life on Earth begin?

Open system chemistry

Self-replication

Basic elements

How did the biological complexity of How did the biological complexity of 

life emerge from prelife emerge from pre--biotic chemistry biotic chemistry 

and geochemistry?and geochemistry?

SelfSelf--contained contained –– The CellThe Cell

SelfSelf--sustaining sustaining -- EnergyEnergy

SelfSelf--replicating replicating –– RNA, DNA RNA, DNA 

Evolving Evolving -- BiodiversityBiodiversity

Self-sustaining 

biochemistry

RNA world

DNA world

H2 + CO2 => 

[ HCO ]n



What are:What are:

�� The physical rules for cell The physical rules for cell 

membrane assembly?membrane assembly?

�� The minimum gene set required to The minimum gene set required to 

sustain life? sustain life? 

�� The fundamental requirements for The fundamental requirements for 

genome stability?genome stability?

�� Chemical constraints?Chemical constraints?

Membrane

Encapsulation

Genome Stability

Are There 

Alternative Routes 

to Life?

New 

Chemical

Theories

Eric Smith, SFI

Systems & Synthetic BiologySystems & Synthetic Biology
What are the Indispensable Requirements for Life?What are the Indispensable Requirements for Life?



Applied Photosynthesis
Barry Bruce, U. Tennessee
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How can natural energy How can natural energy 

transduction systems inspire transduction systems inspire 

biologybiology--based technologies capable based technologies capable 

of delivering clean, sustainable, and of delivering clean, sustainable, and 

renewable energy?renewable energy?

Chloroplasts

Proteorhodopsins

Edward Delong, MIT

Light-Driven Energy Transduction

Rhodobacter sphaeroides

EnergyEnergy



New Energy SystemsNew Energy Systems

�� From the application of systems and synthetic From the application of systems and synthetic 

biology to:biology to:
�� Microbial fuel cellsMicrobial fuel cells

�� Microbial / algal production of hydrocarbonsMicrobial / algal production of hydrocarbons

�� From potential chemical sources of energy in the From potential chemical sources of energy in the 

living world: living world: 
�� Arsenate, Iron, Manganese, Nitrate, Arsenate, Iron, Manganese, Nitrate, SelenateSelenate, Sulfate, , Sulfate, UranylUranyl oxideoxide

Anna-Louise Reysenbach, Portand State U

Everett Schock, Washington U - St. Louis



AdaptationAdaptation
Life in a Time of Planetary ChangeLife in a Time of Planetary Change

EarthEarth’’s climate and life support systems are changing in s climate and life support systems are changing in 

novel and unexpected ways.novel and unexpected ways.



Life in a Time of Planetary ChangeLife in a Time of Planetary Change

We are only now beginning to explore the We are only now beginning to explore the biological biological 

driversdrivers of climate change.of climate change.

CO2

CH4



AdaptationAdaptation
Life in a Time of Planetary ChangeLife in a Time of Planetary Change

• Adaptation as a concept -

what can we learn?

• How do life forms adapt to 

planetary change?

• How does the living world 

change the planet?

Adaptation and 

survival

Extinction

Transformations



Making New ConnectionsMaking New Connections
in an Increasingly Connected Worldin an Increasingly Connected World

AtmosphereAtmosphere

++

GeosphereGeosphere

+ + 

BiosphereBiosphere

NEON



Making ConnectionsMaking Connections

EVOLVING

GENOMES

EVOLVING

POPULATIONS

CHANGING

ECOSYSTEMS

Community DNACommunity DNA EcophysiologyEcophysiology Ecosystem MetabolismEcosystem Metabolism

Connecting Genomes to EcosystemsConnecting Genomes to Ecosystems

Adaptation Science:Adaptation Science: How will living systems respond to How will living systems respond to 

rapidly changing environments?rapidly changing environments?
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Transdisciplinary

Interdisciplinary

Multi-
disciplinary

Disciplinary

Life Sciences in TransitionLife Sciences in Transition
Challenges for 21Challenges for 21stst Century BiologyCentury Biology

Is this the science that we are Is this the science that we are 

teaching right now?teaching right now?



Shifting Science PrioritiesShifting Science Priorities

Energy & EnvironmentEnergy & Environment

““Of all the challenges we face as Of all the challenges we face as 

a nation and as a planet, none a nation and as a planet, none 

is as pressing as the threeis as pressing as the three--

pronged challenge of climate pronged challenge of climate 

change, sustainable change, sustainable 

development and the need to development and the need to 

foster new and cleaner sources foster new and cleaner sources 

of energy.of energy.””

Office of Science Technology and PolicyOffice of Science Technology and Policy
John P. Holden

Barack H. Obama



National National 

Research Research 

Council of the Council of the 

National National 

Academies of Academies of 

Sciences Sciences 

Released 2009Released 2009



R
I
S
K

known

unknown

IMPACT

certain uncertain

actions to 
reduce known 

risks

precautionary actions 
to reduce potential 

risks

research to anticipate and 
reduce the impact of 

“surprises”

Based on: Late Lessons from Early Warnings, 
European Environment Agency (2001)



New Tools and ApproachesNew Tools and Approaches

National Ecological Observatory Network (NEON)



Science for a Sustainable PlanetScience for a Sustainable Planet

NEON enabled 
science 

provides the 
fundamental

scientific 
understanding 
needed for a 
sustainable 

planet



24

Spatial Dimensions: Biological Spatial Dimensions: Biological 

Feedbacks at Continental ScalesFeedbacks at Continental Scales

Potter et al. 2003



NEON Domains

• 20 Core sites

• 40 Relocatable sites

• 18 Mobile laboratories





Integrated Research ApproachIntegrated Research Approach

MODELING
of basic natural & 

human processes & 
their interactions

EXPERIMENTS 
at large scales

ENVIRONMENTAL
OBSERVATION
including changes 

from human 
activities, adaptation, 

and mitigation



NEON Data & Data ProductsNEON Data & Data Products

Data Generated Data Generated TB/YrTB/Yr

Sensors   (~18,000)Sensors   (~18,000)

RawRaw 7575

Processed Processed 1212

Sentinel Sentinel 11

Remote SensingRemote Sensing 124124

TotalTotal 212212





SCIENCE VOL 325 31 JULY 2009



SCIENCE VOL 325 31 JULY 2009



MultiscaleMultiscale ThinkingThinking

2008

Computational Computational 

ThinkingThinking

2005

Synthetic ThinkingSynthetic Thinking

Systems ThinkingSystems Thinking

2008

2007

Thinking beyond 

disciplines

2009



Life Sciences in TransitionLife Sciences in Transition
Challenge: Catalyzing Community Change Challenge: Catalyzing Community Change 

in Biology Educationin Biology Education

Prepare a new generation of scientists Prepare a new generation of scientists 

to communicate science as a precise, to communicate science as a precise, 

predictive, and reliable way of knowing predictive, and reliable way of knowing 

the world.the world.

Transforming Undergraduate Education in 

Biology: Mobilizing the Community for 

Change Conference (July 2009)
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Innovating in the Midst of Innovating in the Midst of 

ExcellenceExcellence

““The goal is an organization The goal is an organization 

that is constantly making its that is constantly making its 

future rather than future rather than 

defending its past.defending its past.””

Hamel & Hamel & ValiksngasValiksngas, 2003, 2003



““Improvement LandscapesImprovement Landscapes””

Where we are Where we want to be

Marginal change
Large-scale change

(incremental or radical)
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Stair Step ModelStair Step Model

•• IncrementalIncremental change may be change may be 
easy to achieve once there easy to achieve once there 
is a shared vision of is a shared vision of 
benefits. benefits. 

•• RevolutionaryRevolutionary change can change can 
support rapid gains. support rapid gains. 

•• A prediction: given the A prediction: given the 
structure of universities structure of universities 
and funding agencies, the and funding agencies, the 
pressures would be pressures would be 
towards incremental towards incremental 
change.change.

•• What are the costs of each What are the costs of each 
model? model? 

•• How can performance of How can performance of 
each model be assessed?each model be assessed?



Peak ModelPeak Model
•• IncrementalIncremental changechange

– Possible in institutions, but 
requires patience, leadership, 
and resources to offset possible 
erosion in quality.

– Institutional pressure to avoid 
troughs is often high, and could 
prevent progress.

•• RevolutionaryRevolutionary change change 

– May be difficult to achieve in 
institutions because of 
colleagues “left on a prior peak.”

– What are the costs of sustaining 
both peaks? In business this 
type of change is characterized 
as the “Innovator’s Dilemma.”
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Developmental 
Stage

A model of 
institutional change 
in which bottom-up, 
self-organized efforts 
can prevail. Progress 
is possible without 

significant costs, and 
achieving recognition 

of the merits of 
progress is relatively 

easy. 

A model of 
institutional change 
in which significant 

investments of 
leadership and 

resources need to be 
made to negotiate the 

“troughs.” The 
ordinate can be any of 

a number of 
measures a program 
might use to assess 

progress.



ChallengesChallenges

•• Which model applies? Does it matter? Does the Which model applies? Does it matter? Does the 
appropriate model differ for research, appropriate model differ for research, 
education, and outreach activities? For education, and outreach activities? For 
universities versus funding agencies?universities versus funding agencies?

•• What does this mean for the steps we take in What does this mean for the steps we take in 
creating the science units of the 21creating the science units of the 21stst Century? Century? 
What are the biggest potential gains and the What are the biggest potential gains and the 
largest potential pitfalls?largest potential pitfalls?



Some questions for Some questions for 

considerationconsideration……

� If only 
marginal 
change is 
needed, why is 
progress in 
causing change 
often so slow?

� Will incremental 
change be fast 
enough to meet 
institutional 
responsibilities?

� How do we  
foster radical 
change? How 
do we ensure 
we land on a 
peak? How 
do we know 
we’re on a 
peak?



The InnovatorThe Innovator’’s Dilemmas Dilemma

““Incumbents very Incumbents very 

seldom invent the seldom invent the 

future.future.””

Eric Schmidt, CEO, GoogleEric Schmidt, CEO, Google

New York Times, April 15, 2009New York Times, April 15, 2009



““In all affairs itIn all affairs it’’s a healthy thing s a healthy thing 

now and then to hang a now and then to hang a 

question mark on the things question mark on the things 

you have long taken for you have long taken for 

granted.granted.””

Bertrand RussellBertrand Russell



What really 
matters?

Whose view 
counts?

How do 
values vary?

Images redacted



Experiments in Innovation: Experiments in Innovation: 

The process of discoveryThe process of discovery

��Exploring novel processes for identifying Exploring novel processes for identifying 

frontier research:frontier research:

��Crowd sourcingCrowd sourcing

��Clean slateClean slate

��Creativity training for faculty membersCreativity training for faculty members

��Synthesis Synthesis centerscenters

��Prediction marketsPrediction markets

��SandpitsSandpits
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Sustainability, Innovation, and Sustainability, Innovation, and EPSCoREPSCoR


