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General Introduction

Biological information, though still in its infancy as a field of study, is widely 
thought to be well understood in its broad outlines. The conventional, or “old,” 
perspective on biological information is this: biological information, in the first 
instance, originates through purely chemical processes. These processes produce 
the first replicators. Once replication is in place, the Darwinian process of  natural 
selection acting on random variation kicks in, continually increasing the informa-
tion content of these replicators. Eventually, the information generating power of 
chemical and Darwinian processes results in organisms as complex and sophisti-
cated as human beings. The origin, structure, and dynamics of biological informa-
tion is thus thought to reduce to a combination of stochastic chemistry and 
undirected evolutionary forces.

This perspective on biological information is the majority position in the scien-
tific community. Often it fails to be fully articulated because research on  chemical 
evolution (the chemical processes responsible for first life and thus for the first 
biological information) and biological evolution (the evolutionary mechanisms 
responsible for the subsequent history of life and thus for the increase of existing 
biological information) tend to be conducted by different sets of scientists with 
different areas of expertise. Nonetheless, one occasionally finds this perspective 
articulated not in pieces but fully. Nobel laureate and origin-of-life researcher 
Christian de Duve is a case in point. In his book Vital Dust, he lays out various 
“ages” in the history of life: The Age of Chemistry, The Age of Information, The 
Age of the Protocell, The Age of the Single Cell, etc. Note that chemistry starts 
the ball rolling and precedes information. De Duve elaborates:

History is a continuous process that we divide, in retrospect, into ages — the 

Stone Age, the Bronze Age, the Iron Age — each characterized by a major 

 innovation added to previous accomplishments. This is true also of the history of 

life. . . . First, there is the Age of Chemistry. It covers the formation of a number 

of major constituents of life, up to the first nucleic acids, and is ruled entirely by 

the universal principles that govern the behavior of atoms and molecules. Then 

comes the Age of Information, thanks to the development of special information-

bearing molecules that inaugurated the new processes of Darwinian evolution and 

natural selection particular to the living world. [1]

The conventional perspective on biological information tends more often to be 
articulated in pieces. Thus Harvard chemist George Whitesides, focusing on his 
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expertise in chemistry and setting aside the subsequent history of life, speaks to the 
 origin of life and thus to the origin of the first biological information: “This prob-
lem [of life’s origin] is one of the big ones in science. It begins to place life, and 
us, in the universe. Most chemists believe, as do I, that life emerged spontaneously 
from mixtures of molecules in the prebiotic Earth. How? I have no idea.” Though 
short on details, Whitesides is nonetheless confident that his perspective is correct: 
“I believe that understanding the cell is ultimately a question of chemistry and that 
chemists are, in principle, best qualified to solve it. The cell is a bag — a bag con-
taining smaller bags and helpfully organizing spaghetti — filled with a Jell-O of 
reacting chemicals and somehow able to replicate itself.” [2]

Once life has originated and biological information is on hand, the subsequent 
history of life displays massive increases in information content. To explain 
these increases, the conventional perspective on biological information takes a 
thoroughly Darwinian line, elevating  natural selection as the primary engine for 
information generation over the course of biological evolution. Richard Dawkins 
articulates this view as follows:

In every generation, natural selection removes the less successful genes from the 

gene pool, so the remaining gene pool is a narrower subset. The narrowing is 

nonrandom, in the direction of improvement, where improvement is defined, in 

the Darwinian way, as improvement in fitness to survive and reproduce. Of course 

the total range of variation is topped up again in every generation by new muta-

tion and other kinds of variation. But it still remains true that natural selection is 

a narrowing down from an initially wider field of possibilities, including mostly 

unsuccessful ones, to a narrower field of successful ones. This is analogous to the 

definition of information with which we began: information is what enables the 

narrowing down from prior uncertainty (the initial range of possibilities) to later 

certainty (the “successful” choice among the prior probabilities). According to 

this analogy, natural selection is by definition a process whereby information is 

fed into the gene pool of the next generation. [3]

This is the conventional, or old, perspective on the origin and evolution of bio-
logical information. All the contributors to this volume question this perspective. 
In its place, they propose various new perspectives — plural. Some take a clearly 
teleological approach, advocating intelligent agent causation as the ultimate 
source of biological information. Others view information as sui generis, as a 
fundamental entity not reducible to purely material factors such as chemical 
attraction and natural selection. And others still, while accepting a big chunk of 
the old perspective, think that it needs to be supplemented with self-organizational 
processes whose information generating powers transcend those of the old 
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perspective. The contributors, rather than presenting a united front, attempt to 
explore new ground and ask insightful new questions.

But if the old perspective is so well established, why question it? Is it not a sign 
of recalcitrance to contradict well settled verities of the scientific community? 
Certainly, this can be a danger. But it is a danger only when those raising the ques-
tions are ill-informed and unqualified in the relevant sciences, and have as their 
main motive to derail rather than foster genuine scientific inquiry. That is the not 
the case with any of the contributors to this volume. Science progresses not by 
acceding to consensus but by breaking with it. Moreover, even with well settled 
scientific theories, it is healthy for science periodically to question whether those 
theories really hold up.

In any case, there are good reasons, readily accessible to non-experts, for think-
ing that the old perspective on biological information bears closer scrutiny and 
may well be false. Take the origin of life, where all biological information begins. 
Origin-of-life researchers readily admit that they don’t know how life began. True, 
they entertain speculative ideas about life’s origin, with  RNA-worlds currently 
heading the pack. But no one in the field claims to have a precisely formulated 
theory with solid evidential support that explains life’s origin.

Thus, Stuart Kauffman, a contributor to this volume, writes, “Anyone who tells 
you that he or she knows how life started on the earth some 3.45 billion years ago 
is a fool or a knave. Nobody knows.” [4] Origin-of-life researcher Leslie Orgel 
similarly held that “anyone who thinks they know the solution to this problem is 
deluded.” [5] Or consider science writer Paul Davies: “We are a very long way 
from comprehending the how [of life’s origin]. This gulf in understanding is not 
merely ignorance about certain technical details, it is a major conceptual lacuna… 
My personal belief, for what it is worth, is that a fully satisfactory theory of the 
 origin of life demands some radically new ideas.” [6]

The origin of life is the most vexing problem facing contemporary science. It 
has fiercely resisted reductionist approaches to its resolution. All attempts to get 
life started solely through life’s underlying chemistry have come up short. Could 
it be that although chemistry provides the medium for biological information, the 
information itself constitutes a message capable of riding free from the underlying 
medium? Could such information be a real entity — as real as the chemical con-
stituents that embody it, and yet not reducible to them — and, dare we say, have 
an intelligent cause? Granted, this is itself a speculative possibility, but in a field 
so rife with speculation, why allow only one set of speculations (those that adhere 
to the old perspective) and disallow others (those that open up new possibilities)? 
The contributors to this volume are not offering final answers. Rather, they are 
raising penetrating questions precisely where the old perspective has failed to offer 
a promising starting point for understanding the origin of biological information.

b1567_FM.indd   xvb1567_FM.indd   xv 5/8/2013   2:25:57 PM5/8/2013   2:25:57 PM

 B
io

lo
gi

ca
l I

nf
or

m
at

io
n 

D
ow

nl
oa

de
d 

fr
om

 w
w

w
.w

or
ld

sc
ie

nt
if

ic
.c

om
by

 7
0.

16
6.

10
2.

11
6 

on
 0

7/
10

/1
4.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



xvi General Introduction 

b1567  Biological Information — New Perspectives b1567_FM 8 May 2013 2:34 PM

Even so, once biological information comes on the scene at the origin of first 
life, don’t we have a well supported theory for the increase of biological informa-
tion via the Darwinian mechanism of natural selection acting on random varia-
tion? In fact, even here the old perspective on biological information comes up 
short. The problem, as University of Chicago molecular biologist James Shapiro 
notes in Evolution: A View from the 21st Century, is that Darwinism constitutes an 
oversimplification: “Molecular evidence about  genome sequence changes tell us 
that the simplifying assumptions made in the 19th and early 20th Centuries are 
plainly wrong. They fail to account for the variety of cellular and genomic events 
we now know to have occurred.” [7] Shapiro continues:

Living cells and organisms are cognitive (sentient) entities that act and interact 

purposefully to ensure survival, growth, and proliferation. They possess corre-

sponding sensory, communication, information-processing, and decision-making 

capabilities. Cells are built to evolve; they have the ability to alter their hereditary 

characteristics rapidly through well-described natural genetic engineering and 

epigenetic processes as well as cell mergers. [8]

The picture of life and  evolution that Shapiro presents is radically at odds with 
the old perspective on biological information. Shapiro is not alone. Many biolo-
gists are now questioning whether conventional evolutionary theory needs to be 
rethought from the ground up, notably the “Altenberg 16,” who started out as 
mainstream biologists wedded to the old perspective, but now have jumped ship 
because the old perspective is no longer working, at least not for them. [9]

So too, notable outsiders are beginning to question whether the old perspective 
is disintegrating before their very eyes. Thus Robert Laughlin, a Nobel laureate 
physicist who studies the properties of matter that make life possible, remarks:

 Evolution by  natural selection, for instance, which Charles Darwin originally 

conceived as a great theory, has lately come to function more as an antitheory, 

called upon to cover up embarrassing experimental shortcomings and legitimize 

findings that are at best questionable and at worst not even wrong. Your protein 

defies the laws of mass action? Evolution did it! Your complicated mess of chemi-

cal reactions turns into a chicken? Evolution! The human brain works on logical 

principles no computer can emulate? Evolution is the cause! [10]

Note that Laughlin himself does not disavow evolution. His beef is with 
 ill-considered conceptions of evolution and the facile use of “evolution” as a 
magic word to conjure away hard scientific problems, when doing so in fact 
merely cloaks ignorance.
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Even Francisco Ayala, an otherwise staunch Neo-Darwinist (himself a protégé 
of Theodosius Dobzhansky, one of the key architects of the neo-Darwinian syn-
thesis), now questions whether evolutionary theory requires fundamentally new 
insights: “Unfortunately, there is a lot, lot, lot to be discovered still. To reconstruct 
evolutionary history, we have to know how the mechanisms operate in detail, and 
we have only the vaguest idea of how they operate at the genetic level, how genetic 
change relates to development and to function. I am implying that what would be 
discovered would be not only details, but some major principles.” [11]

In the spring of 2011 a diverse group of scientists gathered at Cornell University 
with an eye on the major new principles that might be required to unravel the 
problem of biological information. These scientists included experts in  informa-
tion theory, computer science,  numerical simulation,  thermodynamics, evolution-
ary theory, whole organism biology, developmental biology, molecular biology, 
genetics, physics, biophysics, mathematics, and linguistics. Original scientific 
research was presented and discussed at this symposium, which was then written 
up, and constitute most of the twenty-four peer-edited papers in this volume. 
These papers are presented in four sections: Information Theory and Biology, 
Biological Information and Genetic Theory, Theoretical Molecular Biology, and 
Self-Organizational Complexity Theory. Each of these sections begins with an 
introductory chapter laying out the themes and problems to be discussed there as 
well providing brief summaries of the papers appearing in that section.

Many of the papers in this volume speak of biological information in the limited 
context of the multi-dimensional array of information encoded within a cell’s 
 genome. Nevertheless, if we define information more broadly as “all that which is 
communicated,” the information within a living cell is much greater than its DNA 
sequence. All the components of the cell, including all the RNA and protein mol-
ecules, are continuously communicating with each other. It is recognized that there 
are hundreds of thousands of different types of interactions within the cell’s “ inter-
actome,” and most of these interactions in one way or another involve communica-
tion. In this sense, the amazing communication network within a cell can very 
reasonably be compared to the Internet.

If we extend the computer science analogy further, we can consider the genome 
as stored information (the “hard drive” of the cell), while the RNA, protein, and 
other structures can be considered the “active information” (the RAM of the cell). 
While many of the papers given at this symposium deal with the information 
within the genome, it is very important we do not forget that most biological infor-
mation in the cell is above and beyond the genome. On a level entirely above and 
beyond all this communicated information within the cell, information is also 
being communicated between cells, and between organisms. On a still higher level, 
we have the little-understood biological information that underlies the human 
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mind, our own intelligence, and human  consciousness. All of this is biological 
information! There exists an unknown number of symbolic languages (the genetic 
code being just one of many biological codes) underlying this astounding com-
munication labyrinth integrating all levels of biological information.

All this talk about information as a real object of study within the field of biol-
ogy, however, raises the question, What exactly is information in the first place? 
Is it a precisely defined measurable entity? Can the study of biological information 
be turned into an exact science? Does biological information connect meaning-
fully with  information theory as understood in the mathematical and engineering 
sciences? As University of Texas philosopher of biology Sahotra Sarkar rightly 
notes, “It is incumbent upon those who think that informational concepts have 
theoretical value in biology (that is, they explain things rather than being merely 
metaphors) to produce an appropriate technical concept of information for bio-
logical contexts.” [12] The first section of this volume is devoted to precisely this 
concern. Keying off of research on evolutionary search, No Free Lunch theorems, 
and Conservation of Information, this section attempts to provide the theoretical 
underpinnings for a full-fledged theory of biological information.

In the last decades, it has become clear that biological information is crucial to 
our understanding of life. On completion of the  Human Genome Project, former 
Caltech president and Nobel Prize-winning biologist David Baltimore remarked, 
“Modern biology is a science of information. The sequencing of the genome is a 
landmark of progress in specifying the information, decoding it into its many 
coded meanings and learning how it goes wrong in disease. While it is a moment 
worthy of the attention of every human, we should not mistake progress for a solu-
tion. There is yet much hard work to be done…” [13] The contributors to this 
volume agree and desire that their efforts here will inspire much hard work on the 
greater project of providing a full-fledged theory of biological information, one 
that is free of ideological bias and gets at the truth of the matter.

— The Editors
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