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Who is involved? 

• Nigel Goldenfeld (theory; physics, CPLC, IGB) 

• Tom Kuhlman (experiment, physics, CPLC) 

• Seppe Kuehn (experiment, physics, CPLC) 

• James O’Dwyer (theory; plant biology, IGB) 



“Ask not what physics can do for 

biology;  ask what biology can do 

for physics” 

Stanislaw Ulam 



What is condensed matter physics? 

• Unifying theme of condensed matter physics is arguably collective 
phenomena 

• Superfluidity in He II as well as neutron stars 

• BCS pairing in superconductors and QCD 

• Bose-Einstein condensation in atomic gases 

• Turbulence in water and in quark-gluon plasma 

 

• Key difference between condensed matter and biological physics: importance 
of problem choice 
– Condensed matter: typically a few problems of over-riding importance at any one 

time 

– Biological matter: no clear consensus on a few hot topics 

– Implication: problem selection is a key “success factor” in biological physics 

 

• My perspective: look for biology problems dominated by collective effects 
– Generally overlooked by the biophysics community (focus more on single-

molecule biophysics) 

– Condensed matter physicists have something new to offer biologists  



• Traditional view of “biophysics” as the 
physics of molecular biology is too limited.   
 

• Hallmark of condensed matter physics is the 
study of collective phenomena: 

• Should look beyond the single-molecular and single-
cell level 

• Emergence, dynamics of spatially-extended systems 
and collective behaviour. 

– Examples: metabolic scaling laws, ecology 
(microbial ecology in particular) population 
biology, invasions and epidemics, genome 
dynamics, social organization, interaction of 
biological organisms with environment. 

What is “biological physics”? 



What can physics do for 

biology? 

 
Ask biologists … 

Ask the NSF … 

 



Biocomplexity 

• What is “complexity”? 

– Complexity = structure + large fluctuations 

 

• The big idea: research on the individual 
components of complex systems provides only 
limited information about the behavior of the 
systems themselves 
 

• Biocomplexity arises from interplay of complex 
biological, physical and even social systems 



What is biocomplexity?     

 

– “Biocomplexity arises from dynamics spanning several 
levels within a system, between systems, and/or across 
multiple spatial (microns to thousands of kilometers) and 
temporal (nanoseconds to eons) scales.  

– This special competition will specifically support Research 
Projects which directly explore nonlinearities, chaotic 
behavior, emergent phenomena or feedbacks within and 
between systems and/or integrate across multiple 
components or scales of time and space in order to better 
understand and predict the dynamic behavior of 
systems.” 

NSF Solicitation 00-22 



Why do we care? 
• Steven Jay Gould, New York Times, Feb 19, 2001 

• “Homo sapiens possesses between 30,000 and 40,000 
genes... In other words, our bodies develop under the 
directing influence of only half again as many genes as the 
tiny roundworm ....” 

• “The collapse of the doctrine of one gene for one protein, and 
one direction of causal flow from basic codes to elaborate 
totality, marks the failure of reductionism for the complex 
system that we call biology.” 

• “First, the key to complexity is not more genes, but more 
combinations and interactions generated by fewer units of 
code — and many of these interactions (as emergent 
properties, to use the technical jargon) must be explained at 
the level of their appearance, for they cannot be predicted 
from the separate underlying parts alone.” 



Seppe Kuehn 

Testing the foundations of ecology – 
the spatial structure of communities 



Kuehn lab for quantitative biology (#1) 

What is the structure of phenotypic variation? 
How is phenotypic variation related to genetic variation? 

1mm 

Microbial swimming 
 as a model : 

Microfluidics 
+  

Custom microscope 

Full-lifetime tracking of 
single cells (ciliates or bacteria) 

Details: 
PNAS August 20, 2013  
 vol. 110 no. 34 14018-14023 

New statistical method 
To construct a phenotypic 
“space” of behaviors 
 
Behavioral variation is 
low dimensional 

Previous work 

 Seppe Kuehn (seppe@illinois.edu) 
Lab opening January, 2014 



Kuehn lab for quantitative biology (#1 cont.) 

Contact: Seppe Kuehn (seppe@illinois.edu) 
Lab opening January, 2014 

50μm 

E. coli. Full-lifetime (1.2 hrs). 
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Planned experiments: E. coli 

experimental evolution +      single-cell tracking       +      DNA sequencing 

Genetic basis of the structure 
of behavioral variation. 

Planned experiments 

 Seppe Kuehn (seppe@illinois.edu) 
Lab opening January, 2014 



Kuehn lab for quantitative biology (#2) 

Are there statistical laws governing population dynamics in  
microbial ecosystems? 
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Long-term population dynamics in replicates 
3-species model communities are highly  
repeatable. [Kuehn, Frentz, Leibler (2013)] 
 
[Custom holographic microscopes measure 
abundences in time]  
Rev. Sci. Instrum. 81, 084301 (2010) 
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Plan to develop new method for sustaining/ 
measuring dynamics in replicate communities 

Suspect simple statistical laws 
govern response to perturbations in 
complex microbial ecosystems. 

Perturbation 
response 
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 Seppe Kuehn (seppe@illinois.edu) 
Lab opening January, 2014 



Tom Kuhlman 

Watching evolution happen in the 
laboratory, at the molecular level 



Transposons: 

• Mobile genetic elements - “Jumping genes”, present in all 
domains of life; make up ~45% of human genome, 85% of 
maize genome 

• Can be “cut and paste” or “copy and paste” 

• Thought to be a major source of mutations driving 
evolution 

transposase 

E. coli 

Chromosome Cell division 

“Vertical Transfer” 



Transposons: 

transposas

e 

E. coli 

Chromosome Cell division 

“Vertical Transfer” 

Problem: 
• Everything that’s known about dynamics of 

transposition is estimated by comparing the genomes of 

related species Goal: 
• To develop an experimental system that allows use to observe 

and quantitatively measure transposition events in real time 

• Use these measurements to model the intra-genome dynamics 

of transposons through populations 

Rate? 

Rate? 

Location? Fitness 

Effects? 



Older Cells 

Younger Cells 



Theory 
Model colony 

growth and 

population 

dynamics 

Experiment 
Measure single-cell 

transposition rates 

and effects 

Compare 

Does population 

model recapitulate 

experiment? 

Real time single cell 

measurements in 

microfluidic device 

Physical Model: 

Steric and elastic 

interactions, Transposition 

effects on growth rate 

Real time population level 

dynamics 
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Stress/Inducer 

Can we explain transposon stress response 

based on known regulatory mechanisms? 

[Goldenfeld and Golding, PRE Rapid Communications, 80, 030901 (R):1-4 (2009)] 

Is transposition rate a function of stress? 



James O’Dwyer 

Applying statistical mechanics to 
ecology 



James O’Dwyer 

I am a theoretical ecologist, and my research focus is on the connections between macroecological 
patterns and the processes that underly these patterns. I work with data ranging from tropical forest 
communities, to plant and human host-associated microbial communities, and marine microbial data. 
These systems all have their own unique features and biology, and a common thread throughout my 
research is to understand both what is universal across these different systems, and also what are 
the signatures of their differences. 
 
(1) Emergent phylogenetic patterns. I have identified highly consistent patterns across different 
bacterial communities, and related these patterns to a family of models known as coalescents much 
as with equilibrium phenomena in physics, many underlying processes coarse-grain to this same 
family of macroecological patterns. 
 
(2) Dynamics of complexity across multiple scales of organization. Many biological systems seem 
driven to higher complexity over long timescales for example, the major transitions in organismal 
complexity. I am proposing to investigate whether such transitions occur across multiple levels of 
biological organization. When and why does complexity increase at the level of populations, 
ecological communities or whole ecosystems, in contrast to the organismal level? And what are the 
appropriate range of metrics to quantify this complexity? I plan to address these questions both in 
terms of theoretical models, and in the longer term with empirical and experimental data. 



Nigel Goldenfeld 

Statistical mechanics of ecology and 
evolution, metagenomics, the origin of 

life 



Institute for Genomic Biology, University of Illinois at Urbana-
Champaign  

Collective phenomena in biology 

Nigel Goldenfeld’s group studies 
collective dynamics in biological 
systems.  The three main areas 
are evolution, ecology and 
systems biology.   
 
We especially work on statistical 
mechanics applied to genes, 
microbes and viruses in marine 
environments, biofilms and the 
evolution of complex biological 
structures, such as the genetic 
code. 

Microbial ecology 
 

How does the metabolism of 
microbes influence the dynamics of 
the environment?   
 
We study this at Yellowstone’s 
geothermal hot springs, by 
observation and computer simulation. 

Microbes engage in a global marketplace for genes.  Viruses and 
plasmids are the “brokers”. 

Microbes swap genes readily and acquire new characteristics without 
having to inherit them.  This is how bacteria have become immune 
to antibiotics after only 60 years. 

Gene-swapping collective phenomena profoundly influence evolution, 
speciation and the global biosphere. 



Cooperative effects in biology 

Example: horizontal gene transfer 



Horizontal gene transfer 

Microbes can do this … but what happens when 
they all do it? 



Gene transfer between host and virus 

 

Hill, PlosBiol (2006) 

Sullivan et al. , PlosBiol (2006) 

PsbA gene 
acquired by 
phage 

Phylogeny of psbA gene in cultured 
cyanobacteria and cyanophages 



Is there a benefit to microbes of viruses? 

“Therefore, mounting evidence indicates that host-like genes 
acquired by phages undergo a period of diversification in 
phage genomes and serve as a genetic reservoir for their 
hosts. Thus, a complex picture of overlapping phage and host 
gene pools emerges, where genetic exchange across these 
pools leads to evolutionary change for host and phage. Fully 
understanding the mechanisms of microbial and phage 
coevolution clearly requires an improvement in our ability to 
quantify horizontal gene transfer at the whole and partial gene 
level and in our ability to accurately estimate the relative fluxes 
into and out of these pools.”  (Sullivan et al. 2006) 

 
 
 
Yes: microbe-phage interactions create a global reservoir 

of photosynthetic genes, benefiting both microbes and 
phages. (E. Anderson (1966), N. Anderson (1970), S. Sonea 
(1988, 2001), M. Syvanen (1984) & many others, including L. 
Villareal, Weinbauer, Ochman, Lawrence, Groisman, Hatfull, 
Hendrix, Brussow …) 



• Virtually identical copies 
of resistance genes 
found in distantly 
related bacteria 

– Genes are being expressed 
 

• Genes cross species and 
phylum boundaries 

– Gram-positive/enteric 

– Bacteroides/enteric 
 

• Genes cross physical 
locations 

– Bacteroides spp. 
(colon)/Bacillus spp. (soil) 

Salyers & Amabile-Cuevas (1997) 

Spread of antibiotic resistance genes 





You are 

here 

Last Universal  
Common Ancestor ? 



If we rebooted life on Earth, would we 
have the same genetic code? 

Yes! (or very similar) 



U C A G 

U 

Phe 

Ser 

Tyr Cys 
U 

C 

Leu STOP 
STOP A 

Trp G 

C Leu Pro 

His 

Arg 

U 

C 

Gln 
A 

G 

A 
Ile 

Thr 

Asn Ser 
U 

C 

Lys Arg 
A 

Met G 

G Val Ala 

Asp 

Gly 

U 

C 

Glu 
A 

G 

The 
canonical 

genetic code 
is universal 
and nearly 
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minimising 

errors 



Mechanism for genetic code evolution 



Evolution of code quality 

random codes 

without HGT  

with HGT  
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HGT leads to optimality 

Distribution of code quality 

scores 

evolved code 



Evolution of code distances 

HGT leads to universality 

A
v
e

ra
g

e
 c

o
d

e
 d

is
ta

n
c

e
 

Time 

Distribution of code 

distances 

random 

codes 

evolved code 



The phase diagram of life … 

… as inferred from the collective dynamics 
of innovation-sharing protocols 



Eukaryotes 

Archaea 

Bacteria 

Last Universal 
Common Ancestor 
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Eukaryotes 
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Communal state: competing codes 

Ambiguity + multiple codes => no global HGT 



Eukaryotes 

Archaea 

Bacteria 
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Reticulate evolution, no notion 
of phylogeny 

Community varies in descent, 
not individual organismal 

lineages 





  

• One of two new research groups joining NASA Astrobiology Institute (NAI)  

 

BIG QUESTIONS:  

• Why does life exist?   

• How does it arise in different environments and planets?   

• How did life evolve before there were genes, species, individual organisms and 

cells?  Clearly not Darwinian! 

• What was the nature of evolution at this early time? 

 

BIG ANSWERS 

• Build a “Hubble telescope for genes”, exploring deep evolutionary time 

• Seek signatures of early collective states of life occurring before individual 

organisms on earth 

 

• Highly diverse research team includes fields of microbiology, geobiology, computational 

chemistry, genomics, physics and engineering.  This research could only be done at 

UIUC. 

• Significant outreach component - new middle school teacher partnership, web-based 

video series, massive online open astrobiology course (pending Coursera inclusion). 

 

Institute for Universal Biology 



Positions available 

• Nigel Goldenfeld (theory; physics, CPLC, IGB) 

• Tom Kuhlman (experiment, physics, CPLC) 

• Seppe Kuehn (experiment, physics, CPLC) 

• James O’Dwyer (theory; plant biology, IGB) 


