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Mark W. Kirschner and John C. Gerhart, The Plausibility of Life:  Resolving Darwin’s Dilemma 
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Catalog Description   

The ultimate origins of novelty in evolution are genetic mutations. But how—exactly—have 
undirected, random DNA copying errors produced the vast and improbable variety of living 
things found in the world today? A comprehensive theory to answer to this question has now 
emerged. This theory is built on recent advances in our understanding of biological systems and 
processes ranging from the biochemistry of the cell through developmental biology to the major 
stages in the evolution of life. Although the material is technical, we will approach it mainly by 
discussions. Each member of the group will independently research selected biological topics, 
not to make a report but to assist the group in understanding those aspects of the material. While 
dense in information, the required readings will average only 25 pages per week. Before 
enrolling, consult eeyahkee.com for the background knowledge expected, a list of available 
research topics, and a fuller description of the course.  

Additional Information 

This is a course for which some background in biology will be advantageous, but in-depth 
expertise is not necessary.  If you don’t have much background but are able to put in some extra 
effort, additional materials will be available on each important topic to help you get up to speed.  
The assigned readings, while dense in information, will be short, averaging about 25 pages per 
week.  In addition to the assigned readings, each member will research one or more biological 
topics and serve as an informational resource for the group in discussions of that material in 
class.  A list of available topics—with links to resources for your research—may be found on the 
course website:  https://canvas.harvard.edu/courses/26051. Topics will be chosen by members 
shortly after study group membership is announced.  There will be no class sessions the first two 
weeks of the normal HILR term, and that time can be used by members to work on their research. 

To evolve by natural selection, a population of reproducing organisms must meet three 
requirements: 

1. Variation:  the individuals in the population must vary in their traits 

2. Heritability:  these traits must be heritable by their offspring 

3. Selection:  their traits must affect the offsprings’ chances of surviving and reproducing. 
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We have good theories of the second and third requirements:  heritability is explained by 
genomics and genetics, and selection is explained by population genetics.  There is no equivalent 
theory of variation.  An adequate theory of variation would complete our understanding of 
evolution by natural selection. 

It is clear that variation originates in random genetic mutation, which is the ultimate origin of 
novelty in evolution.  Over time natural selection destroys the variation on which it feeds, as all 
the members of a population come to inherit the most favorable genes.  So a constant supply of 
new mutations is needed to keep the process going.  This is not a problem:  with so much 
copying going on, there are plenty of errors to work with.  Selection, however, does not act 
directly on genetic variation; it acts on variation between phenotypes (the bodies and behaviors 
of individuals).  The problem is understanding how to get from a random genetic mutation to a 
viable novel phenotype.   

Recent advances in a range of fields have provided pieces of the puzzle.  Developmental biology, 
which used to be called embryology, has advanced significantly.  The new field of evolutionary 
developmental biology (evo-devo) has begun to yield significant insights.  Studies of 
developmental plasticity, going back a century, have been revived.  And studies of phenotypic 
plasticity have made great progress in recent decades.  

Building on these foundations, Marc W. Kirschner of Harvard and John C. Gerhart of Berkeley 
proposed a wide-ranging theory of variation.  The theory is called “facilitated variation”.  (If this 
sounds like Lamarkianism to you, please be assured that it is no such thing.)  They elaborated the 
theory at book length in The Plausibility of Life, published in 2005, which will be the basis for 
this course. 

On the interpretation of Kirschner and Gerhart, the key to the evolution of novelty is a 
combination of constraint and flexibility.  The constraint is imposed on “core processes”, 
processes which are so fundamental to the living things that depend upon them that mutations are 
always harmful and are eliminated by natural selection.  The flexibility comes from changes in 
the way these core processes are used and combined, like modular building blocks. 

The core processes arose in evolutionary episodes of explosive innovation.  In each episode, 
novel forms became so essential that they were quickly locked down and constrained not to 
change any more.  The principal episodes witnessed the invention of: 

1. The basic biochemical processes shared by all current living species, which were present 
in their last common ancestor more than 3 billion years ago:  structural and enzymatic 
proteins assembled and folded by a large suite of RNA molecules using information 
stored in DNA. 

2. The eukaryotic cell, which arose sometime between 2 and 1.5 billion years ago:  its 
internal organization into organelles with specialized functions, its cell wall with ion 
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pumps, its cytoskeleton of filaments used for controlling cell shape and transporting 
materials, and its sexual reproduction. 

3. Multicellularity, which arose about 1.2 billion years ago:  mechanisms for cell-to-cell 
adhesion, structure and function of the epithelium, specialization of cell types, signaling 
systems for communication between cells, and the origin of the kingdoms of plants, 
fungi, and animals. 

4. Basic body plans of bilateral animals, which diversified around 600 million years ago:  
about 30 different designs that have been conserved ever since, including annelids 
(worms), mollusks, arthropods (including insects), and chordates (including vertebrates). 

5. Specialization of appendages at about 400 million years ago:  vertebrate fins, legs, wings, 
and arms, and insect legs, wings, antennae, and highly specialized mouth parts. 

So where do the breakthroughs come from?  When the core processes become so highly 
constrained, they can be manipulated like modular building blocks, easily shuffled and 
recombined.  Characteristics that make it easy for novel combinations to succeed include: 

1. Weak regulatory linkage, so that a whole complex process that had been triggered at one 
time in development or place in the body can easily be called upon at other times or 
places 

2. Exploratory processes, trial-and-error systems which are guided to the right final state by 
certain internal or external conditions, and thus can be guided to a new final state by a 
change in those conditions 

3. Compartmentation, which segregates different parts of the body and types of cells so that 
specific genes can be activated only in certain places or times, thus allowing a gene’s 
function to be changed in one compartment without disastrous consequences for other 
parts of the body. 

The consequence of this structure is evolutionary freedom built upon constraint.  Mutation 
acquires greater leverage:  the amount of change in the phenotype that can result from a single 
mutation affecting the regulatory mechanisms (and not the core processes) is increased.  The 
risks caused by mutation are reduced by the isolation of genetic action in space and time.  And 
more genetic variation can thus be harbored by the population, hidden under current conditions 
but, when conditions change, available to produce new phenotypes subject to new selective 
forces. 

This is a very abstract argument.  But in explaining it, our authors will take us on a tour of many 
fascinating biological systems.  We will learn: 

1. How a highly conserved and very complex system for growing either a female or male 
body can be triggered by 
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• the temperature of the egg after it is laid (warmer makes females in turtles but males in 
alligators) 

• chromosomes:  in birds (a W from the mother produces a female; males are ZZ) and  in 
mammals (a Y from the father produces a male; females are XX) 

• the social environment:  in some fish, when a dominant male dies the females compete 
to turn into a male and takes his place 

2. How a single set of genes can produce 

• either a queen bee or a worker (depending on what it is fed) 

• both a caterpillar and a butterfly (at different stages of development) 

3. How hemoglobin, which is designed to change shape when the organism is out of breath 
in order to deliver more oxygen to the tissues, can be permanently locked in the high-
oxygen state by many different mutations in populations or species living at high 
altitudes 

4. How nerves and blood vessels can precisely hook up to the cells in a muscle, and muscle 
tissue can develop around bones, without any detailed instructions from the genes, which 
allows limbs to be dramatically reconfigured by genes controlling deposition of bone 
without worrying about how the muscles, nerves, and vessels will cope with the change. 

The account in the text is self-contained, but the more we understand about the structures and 
processes involved, the better we will appreciate the conclusions that are based on that evidence.  
With this in mind, each member of the study group will select one or several topics to research in 
more depth.  Members will not present reports on their special topics, but rather will be available 
to help the group understand them when the topics come up in the readings.  A list of research 
topics—with links to research resources—may be found at eeyahkee.com/novelty. 

Come join us.  Let’s learn some stuff and have some fun together. 
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