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In a recent talk here by Dan Stein:  
Order, Disorder, Symmetry and 

Complexity 
 

One of  the deepest scientific questions we can ask is “How 

might complexity arise?” That is, starting from simple, 

undirected processes subject to physical and chemical laws, 

how could structures with complex shapes 
and patterns arise, and even more perplexing, what 

processes could give rise to living cells, and how might they 

then organize themselves into complex organisms, leading 

ultimately to such things as brains, consciousness, and 

societies? 



… just an assemblage of  fairly 

simple molecules. 

The Astonishing Hypothesis enunciated by 

Francis Crick, that living organisms and all their 

actions, responses and even emotions are 

essentially the results of  the complex reactions 

and interactions in collections of  a vast number 

of  fairly simple molecules. 

 



A simple “definition” of  
complexity: 

The more complex an object, the 

more you can talk about...  

Attributed by M. Virasoro to Giorgio Parisi, 1996.  



The Kolmogorov-Chaitin complexity 

is a quantification of  this qualitative 

idea. 



The existence of  power-laws in systems 

has sometimes been seen as an indication 

of  complexity, particularly in the context 

of  self-organized criticality.  

 

However, power-laws could arise in 

simple ways as well…  



Biological systems are complex 

Indeed they need to be complex, given 

the multiplicity of  functions that they 

need to perform 

 



But there can also be instances of  

simplicity in biology, and in this talk, I 

would like to touch upon some 

instances of  both these aspects… 



1. It’s all in the genome 

 

 



The instructions to build living organisms are 

encoded in DNA… 

Watson & Crick, 

1953. 

 



DNA Double Helix 

Figure 4-5. The DNA double helix. (A) A space-filling model of 1.5 turns of the DNA double helix. Each turn of DNA is made up of 10.4 nucleotide pairs and the 

center-to-center distance between adjacent nucleotide pairs is 3.4 nm. The coiling of the two strands around each other creates two grooves in the double helix. As 

indicated in the figure, the wider groove is called the major groove, and the smaller the minr groove. (B) A short section of the double helix viewed from its side, showing 

four base pairs. The nucleotides are linked together covalently by phosphodiester bonds through the 3 -hydroxyl (-OH) group of one sugar and the 5 -phosphate (P) of the 

next. Thus, each polynucleotide strand has a chemical polarity; that is, its two ends are chemically different. The 3  end carries an unlinked -OH group attached to the 3  

position on the sugar ring; the 5  end carries a free phosphate group attached to the 5  position on the sugar ring.  



The central dogma 

DNA RNA PROTEIN 

transcription translation 



Life on earth has a single origin 

 The most recent common ancestor of  all currently living organisms lived about 3.9 
billion years ago. The earliest evidences for life on Earth date to about 3.7 billion-year-
old rocks discovered in Greenland and microbial mat fossils (stromatolites) found in 
3.48 billion-year-old sandstone discovered in Western Australia. 

D. L. Theobald, 2010. A formal test of  the theory of  universal common ancestry, Nature, 465: 219-223.  



    Details of  the sequence are important: genes code 

for proteins using symbolic information 

Gene sequences code for protein sequences via 
the genetic code. This near universal code  is one of  
the most ancient shared characteristics of  living 
things. The words of  the genetic code are 
nucleotide triplets called codons.  Each codon 
codes for at most one amino acid.  Codons also 
serve as punctuation, 

ATG signals a gene start and TAA/TGA/TAG 
signal stop.   



The Genetic Code 



A typical prokaryotic Genbank entry 



Deciphering eukaryotic DNA can be quite 

difficult. 



Long- and short-ranged correlations 

 The structural properties of  DNA start at the smallest 

scales 

 Local rigidity, stiffness, bendability, and similar properties 

depend on the arrangements of  small groups of  

nucleotides, and this determines the possible shape of  

structures on longer scales as well.  

 The chemical properties of  DNA – namely what goes 

into producing specific proteins – depends on the precise 

arrangements of  nucleotides. 



Ca b (k) = Ua ( j)U b ( j + k)

C(k) = Ca a (k)
a

å

Correlations between symbols 

 Consider the correlation functions 

 

 

 

 

 Which looks at bases k positions apart. This is a good probe of  DNA. 
Alternately one can look at the Fourier (or other) transform(s). 

 Short-range: Look at small k, ~ 1-100. Features that show up: genes, introns, 
repeats. 

 Long-range: Look at the “big picture”, k ~ 103 – 106.  Large-scale features 

show up 

 



Correlations in symbolic sequences  have been 
examined since early 1990’s 
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The power-spectrum of  a symbolic sequence of  length N can be defined 

as  

being an indicator function, equal to 1 if  the symbol at the jth 

position is a, and 0 otherwise. This is essentially a measure of  
the correlation between symbols at different positions along the 

sequence.  
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The average of  the entire spectrum is 

where ra is the frequency of  symbol a. 
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The power spectrum of  a typical coding portion of  

DNA 



And that of  a noncoding part 



This is an intrinsic property of  coding regions 

 Shuffle the codons or  

change the genetic 

code. The peak at f  

=1/3 remains, 

regardless… 

 Suggests that the origin lies 

in a codon bias and a 
triplet bias, with 
most certainly an 
evolutionary 
origin… 

Tiwari et al, 1996, Bioinformatics 



A very high proportion of  all known genes 

have the property that for f=1/3, 

S(f)/S > 2 
_ 

This (almost) suffices to detect almost all 

prokaryotic genes:  

• Find a portion of  DNA that is of  length 3N 

• Check if  it starts with ATG and ends with one 

of  the stop codons 

• See if  it satisfies the above bound.  

 



But there is complexity in gene production as 

well 



Origin of  the 1/3 peak…  

 Triplet nature of  the codon: triplet bias. 

 Constraint imposed by evolution: codon bias. 

 What is still elusive is the connexion between 
functionality of  the protein, their well-defined three-
dimensional structure, and the 3-base correlation in the 
corresponding DNA.  



Several  length scales of  organization 



There are significant 

long-range 

correlations in DNA 

sequences. Power-

spectra are of  1/f type 

over a wide range of  

frequencies. 

 

Evidence of  

complexity? 

 
Results shown here are for S. cerevisiae chromosome 4 

(W. Li, 1996).  



Another power (Zipf ’s) law in genomes? 

 The frequency Pn of  a word of  rank n is 

Pn ~ 1/na   

 with a approximately 1 



Genome size comparison 



Bacterial genomic size distribution  



Genomic DNA 

 Marked contrast between 
prokaryotic (red)  and eukaryotic 
species. 
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Genome complexity governed by Menzerath’s 
Law? 

 Increase of  a (linguistic) construct results in a 

decrease of  its constituents: For example, the 

longer a word, the shorter the syllables 

 The larger the number of  chromosomes, the 

smaller the chromosome size 

 

 More exons in a gene, the shorter the average 

exon size 

 



How big can a bacterial genome be? Or why are 

prokaryotes limited to10Mbps?  

 Is it a consequence of  the physical size of  a bacterium, the typical 
cell division time,  the life-times and/or numbers of  proteins and 
mRNAs in a prokaryotic cell or there are some other biophysical 
reasons for this limit? 

 If  the answer lies in the origin of  the eukaryotic cell,  the 
endosymbiont theory (Margulis, 1992): mitochondria and 
chloroplasts were formed in ancient bacteria and eventually 

absorbed into ancient proto-eukaryotic cells. 

 From purely genomics point of  view, is it the result of  the 
accumulation of  small retrotransposable elements in the prokaryotic 

genome? 

Donepudi et al, 2015 



 Why the transition between the prokaryotic 

genome and the eukaryotic?  

 The improved efficiency of  parallel processing 

versus serial?  

 This question remains very current, the most 

recent work that has attracted a lot of  attention is 

by Baum and Baum, An inside-out origin for the 

eukaryotic cell, BMC Biology 2014, 12:76  

 

 



2. Keeping time 

 

 



The cell is a warm, crowded, 

and noisy place 

Figure 2-49. The structure of the cytoplasm. The drawing is approximately to scale and emphasizes the crowding in the cytoplasm. Only the 

macromolecules are shown: RNAs are shown in blue, ribosomes in green, and proteins in red. Enzymes and other macromolecules diffuse relatively 

slowly in the cytoplasm, in part because they interact with many other macromolecules; small molecules, by contrast, diffuse nearly as rapidly as they do 

in water. (Adapted from D.S. Goodsell, Trends Biochem. Sci. 16:203 206, 1991  



Of  extreme importance in biological systems 
where timekeeping is crucial at various levels, 

and at different scales. 



Many biological rhythms are a consequence of  negative 
feedback. A familiar oscillation is the circadian 
rhythm that is governed by regulation of  gene 
expression.  



There is a form of  synchrony at the cellular or subcellular 

level: groups of  genes with distinct identities have largely 

similar periodic expression. 

Gene expression during metabolic cycle of  yeast (Science, 310, 1152 (2005)).  

 From Tavazoie et al.  

3000 genes in yeast  cluster in 30 expression 
patterns, with each group having about 100 

genes. 



Large numbers of  genes are expressed in the 
same time pattern. 

How do very different 

processes get entrained in 

this manner?  

 This is a form of  

“phase synchrony”, 
namely when the 

oscillations of  two 

systems differ in 

amplitude, but have 

identical (or correlated) 

phases.  

Phase synchrony in stochastic 

oscillators 

Nandi et al, 2007 



The Moran Effect in ecology 

 This “law” states that the time correlation of  two 

separate populations of  the same species is equal to the 

correlation between the environmental variabilities where 

they live. This result is used to understand the 

synchronization of  widely dispersed populations.  

 If  the noise is identical, then the populations will vary in an 

identical manner.  



§ Existence of  a unique functional relationship between drive 

and response:  

Y t( ) = F X t( )( )

In dynamical systems theory, this is termed 
Generalized Synchronization:  

Singh et al., 2008 



By changing the pattern of  coupling- namely the 

network motif- and with time-delay, different 

temporal patterns can emerge 

Nandi et al., 2007 



3. Networks and Systems  

 



Systems biology  integrates biological experiments with 

large-scale data analysis and quantitative computer 

modelling. The main feature of  systems biology is 

quantification. Integrating techniques from informatics 

and systems engineering, systems biology  brings a new 

conceptual framework for biology and draws together 

knowledge from many different disciplines, including 

molecular biology, biochemistry, informatics, control 

theory, biophysics, statistical mechanics, the physics of  

dynamical systems and soft matter. 



The System in Systems Biology 

What does it mean to understand at "system level"? 
The focus is on systems that are composed of  
molecular components. Although systems are 
composed of  matter, the essence of  system lies in 
dynamics and it cannot be described merely by 
enumerating components of  the system.  

The diversity and functionality of  the components are 
important, in addition to the connectivity. The 
structure of  the system as well as the nature of  the  
components play an indispensable role in determining 
the biology. 





The systems biology of  cancer. 

Complex diseases such as cancer are properly 
considered as “systemic” diseases rather than as being 
caused by single genes or by unique biochemical 
events. The fact that there is a complex and very 
individual response to the disease suggests that this is 

probably a useful paradigm within which to analyse it. 



To construct the disease network 

Cancer has different manifestations in different 

tissues. However, there is a shared network of  

genetic regulatory interactions.  

Activities of  thousands of  genes are observed in 

DNA microarray experiments to change in 

cancerous cells, but mutations in only four to six 

genes are sufficient to trigger the process of  

malignant transformation. 



A part of  the cancer genetic network 



There are, however, Multiple Networks. 

Within a cell there are protein networks, 

gene networks, RNA networks, miRNA 

networks, and so on.  

And all these dynamically interact and 

interfere. 

Protocol Overview 



Start with 

biomedical data 

Breast cancer data (Stanford & Norway) 

 cDNA gene expression data 

 122 breast cancer samples (112+10) 

 

Sorlie et al., PNAS 2003 

 

552 “intrinsic genes”  of  high variability 

Hierarchical clustering  

5 major subgroups of  samples / genes 

 

We use similar data from experiments of   

van ’t Veer, West 
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Protocol Overview 
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Incorporate Microarray Data 
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Determine Modularity  

Protocol Overview 
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Map Expressed Proteins Protocol Overview 
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The complexity of  the networks and the 
various layers of  interactions are responsible, 
eventually, for the complexity of  the response 

that is observed.   

 A key feature of  many biological 

networks is modularity, namely 

that there are groups of  genes or 
proteins that interact closely.  

 Affecting one of  them is 

sometimes akin to affecting the 

entire group- this is both the 
reason for complex diseases, and 

often for the efficacy of  the 

treatment.  

Alexe et al, 2006 and Srivastava et al, 2014 



To summarize 

 



Three themes 

 Simplicity and complexity in the organisation of  genomes 

shows up in short and long ranged correlations. The sharp 

size boundary between eukaryotes and prokaryotic 

genomes is further evidence ofcomplex organization. 

 Synchrony and temporal coherence in the presence of  

intrinsic noise- very much a case of  order out of  chaos- 

and  

 Complexity in interactions between the several networks 

that exist within the cell give rise to complex responses. 
Events at one level can affect and be affected by events at 

very different levels.    



Nature tinkers:  
if  it works, keep using it. 
 
 



Hence (?) the simplicity in complexity 

Genes are highly conserved across species. 

 So are network motifs, and also modules in networks. 

Reuse anything that works rather than re-invent. 
Robust timing mechanisms. 

Biological networks are modular. Nature tends to rely 

on this architecture to ensure the robustness of  

biological systems. 



    In closing, recall Frauenfelder (1996) 

How will the physics of  the future look? What will a 
student in the year 2096 learn in his physics 

course? It is a good bet that he will still learn 
classical and quantum mechanics, thermodynamics, 
electromagnetism, and so on. But which fields will 
be active in research? My guess is that the physics 
of  complex systems will occupy center stage, 

and that biological physics will dominate.  

 

 



 And a few years later, Laughlin and Pines (2000) 

The central task of  theoretical physics in our time is no longer 

to write down the ultimate equations but rather to catalogue 

and understand emergent behavior in its many guises, 

including potentially, life itself. We call this physics of  the 

next century the study of  complex adaptive matter. For 

better or worse we are now witnessing a transition from the 

science of  the past, so intimately linked to reductionism, to the 

study of  complex adaptive matter, firmly based in experiment, 

with its hope for providing a jumping-off  point for new 

discoveries, new concepts, and new wisdom.  

 



A Salaam to 

Salam 

 
January 29, 1926 -

November 21, 1996 



Simplicity in Biology 

“The opposite of  a correct statement is a 
false statement, but the opposite of  a 

profound truth may well be another profound 

truth.” --- Niels Bohr. 

Complexity in Biology 



Thank you 

 

 
And thanks also to several generations of  students and colleagues in JNU, UoH, 

and the IAS, and to DST, DBT. 



Figure 1-38. Genome sizes compared. Genome size is measured in nucleotide pairs of  DNA per haploid genome, that is, per 
single copy of  the genome. (The cells of  sexually reproducing organisms such as ourselves are generally diploid: they contain 
two copies of  the genome, one inherited from the mother, the other from the father.) Closely related organisms can vary widely 
in the quantity of  DNA in their genomes, even though they contain similar numbers of  functionally distinct genes. (Data from 
W.-H. Li, Molecular Evolution, pp. 380 383. Sunderland, MA: Sinauer, 1997.)  
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sizes 

Compared 



Alternate histories 


