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Maximino Aldana, a young man who is an old friend of the Consortium 
by now, having visited several times and interacted with us and others 
in several different areas of research, writes the guest article, the first in 
a series of two, in the current newsletter. On December 1, one of the 
last days of his stay, he participated in a Consortium event featuring 
research-related lectures, which hosted Per Arne Rikvold, the James 
G. Skofronick Professor of Physics at Florida State University as well. 

The event also had participants produce music. Singing and playing the guitar, Maximino entertained 
the attendees at the mini-event. He did this in collaboration with Victor Dossetti, whose expertise on the 
mandolin was better known to us. So we continue here at the Consortium, attempting to mix cultures, 
blend intellectual approaches, even bridge science and music.
 As this issue of the newsletter was being prepared, we heard the sad news of the passing of Terry 
Yates, Vice-President for Research and Economic Development at UNM. Terry was a personal collaborator 
of mine in interdisciplinary biology and a friend of the Consortium in addition. I will share more about him 
in the next issue of the newsletter.   
        - V.M. Kenkre
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Structure and Dynamics of Genetic Networks

òLiving organisms are compatible with the physical and chemical interaction laws of matter. However, they 
do not seem to be a consequence of such laws.ó Jacques Monod. Chance and Necessity (1970).

The level of complexity and organization of matter in living organisms is astonishing. Although we 
do not know how such a complex organization has emerged, we firmly believe in the paradigm stating 
that the information for this complexity is encoded in the genes. After the genetic code was unveiled in 
the 1960s, we learned that the information encoded in the genes determines the structure and function 
of most of the proteins involved in the cellõs metabolism. However, it soon became clear that the genes 
contain only the information to construct the pieces of the puzzle, but not the information to put these 
pieces together. Thus, even after the entire genomes of several organisms have been sequenced, we do 
not know yet how to put together the pieces of the puzzle of life, namely, how to explain the structure, 
the functioning, and the great complexity of living organisms in terms of the information contained in 
the DNA. 

Apparently, there is not enough space in the coding sequences of the genome to store the infor-
mation required to specify the phenotypic traits of living organisms. Consider, for instance, the basic 
biological functions carried out by a newborn baby, such as breathing, crying, eating and processing 
food, keeping the heart beating, moving the hands and feet, closing the eyes, responding to external 
stimuli, etc. These functions belong to the basic genetic program every baby is born with, and thus 
they must be somehow encoded in the 26 thousand genes of the human genome. Now, consider the 
following question: How many neurons and synaptic connections are necessary for the baby to carry 
out all the basic biological functions? We do not know the precise answer to this question, but only 
the sense of smell, which allows the baby to detect and recognize the smell of his motherõs breast, is 
controlled by over 40 million neurons, each with 10 thousand synaptic connections on average. It 
is indeed disconcerting that 26 thousand genes do not seem to be enough to store explicitly the in-
formation of the neural architecture of the babyõs brain. In other words, we do not know where the 
blueprint containing the information is, that determines the billions of synaptic connections required 
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3000. A larger number of transcription factors implies a larger network 
connectivity, which in turn is correlated with a higher organismal com-
plexity. (The average connectivity of the human genetic network is about 
1.5 times larger than the average connectivity of the flyõs network. M. 
Levine & R. Tjian. Nature, 424 (2003), pp. 147). The genetic network 
as a whole can host a much larger amount of information than the one 
explicitly contained in the coding sequences of the genes.  

Calin Guet, of the University of Chicago, has experimentally shown 
that the òrewiringó of some of the connections in the genetic network of 
E. coli  can drastically change the cellular functioning. His experiments 
show that it is possible to make E. coli synthetize a green-fluorescent 
protein (which in normal conditions is not produced) just by exchang-
ing the promotor regions of the lacR, tetR and lambda cI genes, with-
out changing the actual coding sequences of those genes (C. Guet et al. 
Science, 296 (2002) pp. 1466). Thus, the topology of the genetic net-
work contains important information about the organismõs phenotype. 
Because of this, several groups around the world are trying to determine 
the topology of the genetic networks of different organisms. Julio Col-
lado, current director of the Center of Genomic Sciences at UNAM in 
Mexico, and his group have put together the most complete genetic net-
work known to date, that of the bacterium E. coli K12 (www.ccg.unam.
mx).  

On the other hand, the dynamical properties of the genetic network 
are related with the  changes in time of the state of expression of the differ-
ent genes in the genome. It is recognized that the activation or inhibition 
of the expression of large sets of genes determine important phenotypic 
traits such as the cell type (liver, lung, skin, etc.), the cell fate (apopto-
sis, division, etc.), or more generally, the òfunctional stateó of the cell. 
Three main properties are involved in the gene expression dynamics 
that dictate which genes are active and which ones are inactive at a given 
point in time:  (a) the network topology, (b) the activatory or inhibitory 
nature of the transcription factors, and (c) the external signals that the 
cell receives from the environment.  One of the most interesting models 
that have been proposed to analyze the dynamical behavior of the genes, 
which incorporates the three properties listed above, was introduced by 
Stuart Kauffman about 40 years ago. The Kauffman model focuses on 
the state of expression of the different genes rather than on the concen-
tration of their products. 
Every gene is thus repre-
sented by a Boolean vari-
able  ògó that can acquire 
only two values: g =1 if the 
gene is expressed (active/
on) and g =0 if the gene is 
not expressed (inactive/
off). So, the genome of an 
organism is represented 
by a set of N discrete vari-
ables, g1, g2, g3,é, gN, 
which turn òonó and òoffó 
throughout time according to certain logical rules that take into account 
the activatory or inhibitory nature of the transcription factors of each 
gene.  

Arguably, the most remarkable result of the Kauffman model is the 
existence of dynamical attractors. Given an initial state of the genome 
in which some genes are active and some others inactive, the network 
evolves in time. Obeying at all times its logical rule, each gene goes 
through a transient series of on-off states until all the network enters 

for the survival of the baby, plus the information of the different 
cell types in the organism, plus the information of the thousands of 
metabolic processes that occur inside the cell, etc. And nonethe-
less, the experimental evidence seems to confirm over and over again 
the genetic paradigm: A huge fraction of the information about the 
structure and function of living organisms is encoded in the genes.     

    However, the para-
digm has changed 
throughout time. 
People had studied in-
dividual genes for de-
cades , trying to associ-
ate one gene, or a small 
group of genes, with 
specific phenotypic 
traits. This approach, 
based on reduction-
ism, has allowed us 
to understand certain 
important phenom-
ena, such as falciform 
anemia in humans, or 
the lytic and lisogenic 
metabolic routes of the 
lambda bacteriophage 
in E. coli. These and 
similar phenomena are 
regulated either by the 
expression of a single 
gene or by a genetic 
switch made of just a 
few genes.  Nonethe-
less, experimental and 
theoretical large-scale 

genetic analysis has revealed that the complexity of living organisms 
is not a direct consequence of the number of genes in the genome. 
Rather, it seems to be a consequence of the intricate mechanisms of 
gene expression regulation of the entire genome. Under this perspec-
tive, it is clear now that some phenotypic characteristics, like cancer, 
will only be understood by studying the structure and dynamics of the 
underlying genetic network hidden within the whole genome. 

What do we mean by ògenetic networkó? Genes interact with 
each other through the proteins (transcription factors) they pro-
duce. The transcription factor produced by the expression of one 
gene binds in a very specific way to the promoter regions of its target 
genes, activating or inhibiting their expression. This set of genetic in-
teractions, mediated by transcription factors, gives rise to a directed 
network in which two genes A and B are òconnectedó if the expres-
sion of A regulates (positively or negatively) the expression of B. The 
genetic paradigm has changed because now we know that the informa-
tion about the phenotype is encoded not only in the coding sequences 
of the genes themselves, but also in the topology of the underlying 
genetic network (how the genes are connected), and in its dynamics 
(how genes change their expression in time). Recent work shows that 
the higher the network connectivity, the more complex the organism 
encoded in that network is. For example, the genome of Drosophila 
melanogaster (the common fly) codifies for about 1000 different 
transcription factors, whereas the human genome codifies for about 

Figure 1. Dynamical attractor. Each little rectangle represents a 
gene, green if the gene is active and black if the gene is inactive. Each 
row represents the state of expression of the entire genome. Start-
ing out from an initial state (first row), the genome goes through 
a series of transient states until a periodic pattern of expression 
is reached. This periodic pattern is termed dynamical attractor.
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