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Abstract:  In evolutionary theory, mutations are thought to be haphazard events, with the primary direction of change being provided by natural selection.  Recent discoveries in molecular biology are showing that organisms actually have internal mechanisms which generate mutations in a surprisingly directed manner. 


Introduction: Mutations and Evolutionary Theory

Evolution by natural selection is currently the most popular scientific explanation for the origin of biological adaptations.  Natural selection is a two-part process.  The first part of the process is the generation of new variations, and the second part is the weeding out of less-fit members of the population, so that only the variations which are more fit in the current environment are left.


Notice, however, that in the theory there are two parts, but only one part is named.  It is "evolution by natural selection", not "evolution by natural selection of variations".  The reason for this is that it is believed that the variations produced in the first part of the process are produced essentially randomly.  The specific mechanism for producing variations is purely haphazard, and doesn't need any special attention, because the part of the process which truly shapes the direction of evolution is natural selection.  Therefore, it is "evolution by natural selection" because natural selection is the only part of the mechanism providing the direction for the change - everything else is essentially haphazard.


All of this was before the discovery of genes and DNA.  DNA is a class of chemicals that provides a storehouse of information within each cell of an organism.  It works by taking for different kinds of DNA, known as A, T, C, and G, and strings them together in a sequence which stores the information the cell needs to create and regulate the production of proteins for the cell's functioning.  DNA provides information about how to create proteins from their building blocks called amino acids.  DNA regulates the production of proteins through a series of promoters and inhibitors which make sure that proteins are produced in the right conditions, and even information on different adjustments which can be made on the proteins being made.  Each segment of DNA is called a gene, and the entirety of the information encoded by DNA in a cell is called the genome.


Every generation of organisms receives a copy of the genome, but not exactly the same one as its parents.  The genome is organized into sections called chromosomes.  Most organisms have two copies of each chromosome - one from each parent.  However, the organisms do not inherit exact copies of the chromosomes of its parents.  The DNA it receives contains many changes from the parent chromosomes, which it then passes on to its children.  These changes are known as mutations.


The modern theory of evolution, then, focuses on changes which occur within the genome, because these changes can be passed on through the generations.  Evolution by natural selection, then, focuses on generating variations in the genome, and then keeping the beneficial ones in the population through natural selection.  Therefore, in modern evolutionary theory, the sources of new variations for natural selection to act on (to keep or throw away) are the mutations which occur in the genome.


The current theory of natural selection says that the mutations which occur within the genome are random, and are often termed as "copying errors."  Therefore, for the evolution of new types of organisms, natural selection is the primary directing force.  For proponents of natural selection, the mechanisms by which mutations occur may be interesting, but they are evolutionarily insignificant - it is natural selection which provides the direction, not the mechanisms of mutation.  However, recent data from molecular biology is turning this notion on its head.  It turns out that mutation is not the haphazard process it was formerly thought to be.  In fact, it turns out that organisms have very tightly controlled mechanisms for producing mutations.  Thus, as we will see, in many cases the direction of change for a population of organisms may be directed more by the organism's own internal mutational mechanisms than by natural selection.  This gives us a dramatically different picture of the character, causes, and possibilities within natural history.

What is meant by random, and why is it important?


There are several different types of randomness, and each of them has slightly different meanings and sometimes drastically different implications.  All of them involve some sense of unpredictability, but that is as far as they are similar.  We will look at three different kinds of randomness.


Probably the simplest form of randomness is non-correlation.  Think of your favorite type of food.  Now think of your favorite book.  Now, there are a lot of reasons for someone to have a favorite food, and a lot of reasons for someone to have a favorite book, but there is rarely a relationship between the two.  Knowing someone's favorite book doesn't tell us anything about what they are likely to have as a favorite food, and vice-versa.  This is non-correlation.  It simply means that, given two quantities, while they are each likely to have a perfectly good cause on their own, they have no relationship between each other.


Another form of randomness is statistical randomness.  Statistical randomness is like a slot machine.  Slot machines are designed so that each possible outcome will be achieved at a very steady pace, but the outcome of each individual pull of the lever will not be knowable.  So the percentage chances of each possibility are essentially fixed (at least over the long term), but the specific sequence cannot be determined ahead-of-time.


The final form of randomness I will discuss is philosophical randomness.  Philosophical randomness is an event which occurs outside the control of a system.  When you think about a slot machine, even though the outcomes are statistically random, the system is built so that the owners of the slot machine have a guaranteed amount of money they will earn.  Because the chances are fixed, the long-term behavior of the system is very reliable.  In fact, for certain processes, statistical randomness can be utilized so that the long-term behavior of a system is actually _more_ reliable than if deterministic (non-random) means were used.  So, using our slot machine example, if statistical randomness describes its normal operation, philosophical randomness would describe what happens if an angry customer beat on it with a baseball bat.


In evolutionary theory, all of these come into play at some point or another.  The problem is that, often, evidence for one type of randomness will be used as proof for another type randomness.  As you can see, non-correlation does not imply statistical randomness, and statistical randomness does not imply philosophical randomness.  These are each very different, even though they are often confused.

There are several common claims made by evolutionists about the general nature of mutations:
1) Mutations are copying errors made by the cell when it replicates DNA 

2) Mutations are not correlated with the fitness of the organism or the population

3) Mutations are not correlated with the future needs of the organism

4) Mutations occur with a fairly reliable (though very small) frequency

Claim #1 is one of the more common descriptions of mutation given by biologists.  By calling them "copying errors" it is clear that the type of randomness being referred to is philosophical randomness.  Claims #2 and #3 are claims of non-correlation.  Claim #4 is a claim of statistical randomness.


Now, as mentioned earlier, evolution by natural selection asserts that natural selection is the main director for the path of evolution, and that the mechanisms of variation are essentially haphazard.  If the mechanisms of variation were not haphazard, then natural selection would no longer be the director of evolution - it would be the mechanism which produced the variations.  Therefore, claims of philosophical randomness are essential to the theory of natural selection.  In fact, of the claims above, even though #2 and #3 are technically claims of non-correlation, they are used as claims of philosophical randomness because survivability is the variable they are not correlated with.  Claim #4 has almost no bearing on the question of philosophical randomness, because, as we have shown with the example of the slot machine, some systems not only use randomness to achieve their goals, they rely on them.

Therefore, the remainder of the essay will focus on current evidence that contradicts the first three claims of randomness for mutations.  Obviously, some mutations are in fact philosophically random.  Exposure to radiation, or chemicals, or honest-to-goodness copying errors actually do occur within the genome, and they are genuinely philosophically random events.  However, as the evidence from molecular biology is teaching us, the mutations which are interesting for evolution have turned out to be parts of an exquisite mutational machinery, not haphazard changes.

Generating diversity in the immune system


One of the many awe-inspiring systems within the cell is the immune response system.  One part of the system are immunoglobulin proteins.  Immunoglobulins attach to the outside of B Cells in the immune system, and they are used to attach to foreign invaders within the body.  Your body has millions of different immunoglobulins, but they are all coded from a relatively small set of genes.  The way this works is that the genome has several different batches of interlocking parts.  As the B Cells mature, the cells take one piece from each batch and put them together.  In at least some cases, if the pieces don't fit right to make a functioning immunoglobulin, the cell can actually patch them slightly to make them function.  


By having an assortment of pieces, the immune system can have millions or even billions of immunoglobulins, just based on choosing different pieces from each batch.  This allows the immunoglobulins to attach to a wide variety of differently-shaped invaders.  The part of the immunoglobulin that undergoes this batch assembly is called the variable region.  At the base of the immunoglobulin is the constant region, which determines the class of immunoglobulin, and attaches to the B cell.  It is a very interesting pattern - the part of the protein which interacts with the cells internal systems is very regular and static, which allows the cell to function predictably.  However, the part of the protein which interfaces with foreign substances has a huge, dynamic variety.  


In any case, this is not the whole story.  When the immune system undergoes a challenge, not only does it have millions of immunoglobulins available to make a fit onto the foreign antigen, it then refines the fit of the variable region of the immunoglobulin so that it has a higher affinity towards the antigen.  The process which does this is called somatic hyper-mutation, often abbreviated SMH.  "Somatic" means that the process is happening in cells other than sperm or egg cells.  "hyper-mutation" means that the cell's DNA is undergoing rapid changes.  And this is where it gets interesting.


Out of all the genes in the cell, the gene which undergoes hyper-mutation is precisely the gene which needs refinement - namely, the immunoglobulin gene.  Within the immunoglobulin gene, nearly all of the mutations take place in the variable region of the gene (which affects antigen binding) and nearly none of them take place in the constant region (which affects overall cell functioning).  So the mutations are not only targeted at the correct gene, but they are targeted at the correct locations of the correct gene.  These are all controlled by promoters which are in the proper spot for all of this to occur.


Now, the cell does not know _exactly_ which parts of the DNA it needs to modify, nor should we expect it to.  However, it is clear that the cell does know which areas of the genome is likely to produce beneficial changes, and mutations are focused on those points.  Therefore, it seems that the likelihood of mutations in given regions are in fact correlated with the fitness of the cell.  The cell is concentrating its mutations in the areas which are likely to produce benefits.  As such, the claim that such mutations are "copying errors" seems to be a nearly laughable category error.  Clearly, in the case of the immune system, the direction that the mutations are taking are primarily directed by the cells mutational machinery, and natural selection, while it is operating, is taking a far more subordinate role.

What does evolution in action look like?

Single-celled organisms are interesting creatures to study.  Many single-celled organisms, such as E. coli, reproduce quickly, take up a small amount of space, and everything that there is to see happens within one cell.  The generation time for bacteria is 20 minutes (compared with 20 years for humans) and you can have trillions of them in a tiny space.  Therefore, for watching evolution happen, they are quite ideal.  In 57 years, you can have the same number of generations for evolution that you would have if you watched the evolution of humans for three million years.  

Because of these properties, many experiments have been done on single-celled organisms to discover the character of evolution.  What we are finding over and over again is that the most interesting changes we observe are primarily based on one of two types of evolutionary mechanisms: 

 * Mechanisms which produce diversity ahead-of-time

 * Mechanisms which produce diversity in response to stress


In the early days of genetics, two experiments were developed which demonstrated that many mutations took place _in advance_ of the selection event.  If you took a bacteria like E. coli and subjected it to a lethal stress (simulating natural selection), you can determine, using the methods of either Lederberg or Luria-Delbrück, whether or not the surviving bacteria had the gene required to survive ahead-of-time (by a mutation) or if it developed it in response to the stress.  For numerous cases, it was found that the organisms which survived already had the gene _before_ the selection event took place.  In addition, the mutations usually followed a fairly steady statistical distribution.


It is understandable why many biologists used this to assume that the mutations were therefore the results of haphazard copying errors.  They were, in fact, not correlated with fitness (since the mutations pre-existed the selection event), and therefore fit the first type of randomness – non-correlation.  In addition, since the mutations seemed to reliably follow a statistical pattern, they also fit the second type of randomness - statistical randomness.  It was (incorrectly) assumed that these two types of randomness imply that the mutations are haphazard.  However, there is another, better, way of looking at the data, and that is to think like a financial advisor.


Financial advisors cannot see the future.  Therefore, for a large portfolio, the portfolio is usually divided up between different types of investments.  The type of investment that the financial advisor thinks will make the highest dividends will get the largest amount of capital.  However, additional capital will be invested in other investments which are not ideal in the current climate, but will keep their clients from losing everything if the market changes drastically.  Now, these investments are just as carefully chosen as the primary investments, but the goal is to keep the client financially healthy in case of a drastic change in the market.  Likewise, it seems that these mutations that exist in the population before the selection event are there as a similar type of hedge.  If the environment changes drastically, there will be a certain percentage of the population which has an alternate metabolic configuration which may be able to survive.  By having the mutations be statistically random, it guarantees, without the overhead of any communication between organisms, that a specific percentage of the population will have the different mutations.


So how do we know if these are haphazard changes or part of a future risk reduction system within the cell?  One way is that environmental stress, rather than magnifying the deleterious effects of mutations, often alleviates them.  This indicates that rather than being errors, they are alternate configurations which are adaptive to non-standard situations.  Another interesting fact is that many of the mutations are reversible.  If mutations are haphazard, then there it would not be likely that a mutation would eventually be able to reverse itself - we would expect instead that a genome would simply accumulate mutations because the chances for the exact reverse mutation to occur would be small enough that it would not be of any significance.  But in fact mutational reversions are common.  This is accomplished through several mechanisms in the cell.  


One mechanism for producing reversible mutations is turning a promoter on or off by reversing a small segment of DNA.  Another mechanism is through adjusting the length of repeatable segments of DNA, where different repeat lengths cause different functions to occur.  Another mechanism is by inserting and removing transposable elements into a gene or promoter, though this is much rarer.  It is evident, then, that many mutations which occur in the absence of selection are not due to mistakes by the cell, but rather good planning. 


But organisms are not restricted to only mutating ahead-of-time.  Many mutations are the direct result of the stresses being applied.  Barry Hall showed that E. coli possessed the genes to metabolize a certain set of sugars, but could not use them normally.  However, if the cell was subject to starvation, _and in the presence of those sugars_, it would insert a promoter into the genome to activate those genes.  If the sugars were not there, the insertion would not happen.  Only with both the starvation and the presence of the sugars would the insertion occur.  Thus, the cell was able to modify its genome in direct response to its environment.


Most environmentally-directed mutations are not quite so specific, and nor should we expect them to be.  The environment provides an unpredictable source of stresses, and it is unreasonable for the cell to know precisely which response will work best for which stress.  However, what is often seen is that, like the example from our own immune system, the cell has marked the locations and types of mutations which are likely to help out under different types of stresses, and the cells try different ones hoping to achieve a workable result.


Environmentally-directed mutations can operate on a number of different principles.  One of them is the mobilization of a fragment of DNA either into or out of a gene or its promoter region.  Another one is the initiation of breakage in DNA at specific locations, which are then repaired by a mutagenic repair mechanism.  In E. coli, for instance, when DNA breaks, what happens next depends on whether or not the organism is undergoing a crisis.  If the organism is doing fine generally, then it repairs the breakage without inducing mutations.  If the organism is under stress (starvation or other problems), then it attempts to repair the breakage with a mutagenic repair mechanism.  Thus, if the presence of a substance causes DNA breaks to occur at or near favorable sites, mutations can be generated which are likely to help the cell process the substance.  The exact pathways linking foreign substances to the location of DNA breakage has not been elucidated, but the evidence so far points to a correlation between the foreign substance needing processing and fortuitous DNA breaks which induce beneficial mutations.


So, when we look at evolution in action, what we see is a highly controlled process, not a haphazard one.  We see a system geared to produce hedging (potentially beneficial) mutations ahead-of-time, coupled with a system that can generate adaptive mutations when needed.  When we first discovered mutations, they seemed haphazard at the time, precisely because we did not adequately understand them.  But as we dig deeper into the mechanics of what is happening, we are seeing that evolution, at least as far as we can observe it, seems to be a controlled process.

Applying the Results to Multicellular Organisms


In the last section, I focus entirely on single-celled organisms, because so many of their generations of evolution can be easily observed in a short timeframe.  However, one major additional problem comes up when applying these ideas to multicellular organisms.  


In multicellular organisms, there is a difference between reproductive cells (called the germ cells or germ line) and the non-reproductive cells (called somatic cells).  All reproduction is done through germ line cells.  Therefore, changes to somatic cells do not automatically result in the changes being passed on to the next generation, since they are not part of the germ line.  In single-celled organisms, there was not a difference between germ line and somatic cells, so this was not an issue.  


The separation of the germ and somatic tissue was proposed in what was called the Weismann barrier, which said that changes to somatic tissue could not be passed on to the germ tissue.  While the Weismann barrier is still applicable for the majority of changes which happen to organisms, current research is pointing to some systems and mechanisms which can penetrate that barrier.


For instance, in the case of the immune system described above, there is evidence that the mutated V regions of immunoglobulins find their way back to germ line cells.  The specifics of how this works is still unknown, though the ones investigating it currently think it is likely occurring through retroviruses which move the transcripts from the B cells to the germ line.


Another system which may be able to communicate stresses to the germ line cells for directed mutation is the epigenetic methylation system.  Cells can mark parts of the genome for different functions (as well as different amounts of mutagenesis) by applying different patterns of methyl groups onto DNA.  By selectively marking the parts of the genome which need changing, the organism may be able to determine which parts of the germline need changing and which ones do not.


These and many other possibilities are under active investigation.  What we know is that mechanisms are available to direct mutations to the locations that are most likely to need them.  There is also evidence that at least some of these mutations are making their way back to the germ line cells.  Given how fascinating the mechanisms of mutation are that have been discovered over the past decades, I am eager to watch and see what mechanisms for transmission back to the germ line are discovered.

Conclusions


It should be reiterated that not all mutations are part of a planned system of mutation.  It is certain that there exist mutations which are, in fact, haphazard.  The important point, however, is that the mutations which tend to be the most interesting evolutionarily also tend to be the ones with the most interesting mutational machinery, and are much less arbitrary than has been historically supposed.

 


It is quite amazing, then, how much the notion of "random mutations" is still being pushed, even by professional biologists.  In the book The Plausibility of Life, Kirschner and Gerhart glibly dismiss the whole notion of directed mutation, saying "there is in fact no evidence for facilitated genetic variation [their term for directed mutation] and there is conclusive evidence that it does not exist."  This is coming from professors at Harvard and Berkeley.  It is difficult to tell if they are unaware of the evidence, dismissive of the evidence, or are simply not philosophically adept enough to understand the implications of the molecular biology research.  Given my interaction with other biologists, I would lean towards the latter option.  For instance, the mutational machinery that we have discussed regarding immunoglobulins is touted by immunologist Edward Max as evidence of the power of random mutation!  How such a targetted mutational system could be described as random mutation is totally beyond comprehension.  


A similar theme comes in the writings of University of Chicago professor Jerry Coyne, who writes that "On the basis of much evidence, scientists have concluded that mutations occur randomly. The term "random" here has a specific meaning that is often misunderstood, even by biologists. What we mean is that mutations occur irrespective of whether they would be useful to the organism. Mutations are simply errors in DNA replication."  Unfortunately for Coyne, the problem is not that the term is being misunderstood.  The problem is that terms like "random" (except, possibly, for its statistical meaning), "indifferent", "haphazard", and "copying errors" are not only inadequate to describe the mechanisms discussed, they are simply irreconcilable to the evidence.


The technical literature is also replete with the same types of remarks.  In Templeton's Population Genetics and Microevolutionary Theory, Templeton writes "Although many environmental agents can influence the rate and type of mutation, one of the central tenets of Darwinian evolution is that mutations are random with respect to the needs of the organism in coping with its environment."


It is expected that within a field there will be a diversity of opinion.  However, it is completely surprising that a whole branch of discovery with such amazing implications would be so blithely disregarded by other biologists.  Those who are dismissing the idea of directed mutation do so not by engaging the ideas of biologists who disagree and showing where they are wrong, but rather by simply ignoring them and pretending that neither they nor their evidence exist.


After the dust settles, I think that the existance of directed mutational mechanisms will change the way that we think about evolution.  Rather than wondering where evolution is going to go next, perhaps we will be able to look inside the cells and see the direction that the cell is taking itself.  Rather than endlessly trying to find the origins of novelty in random mutations, we can see the beauty of directed diversity in parameterized ones.  If we are looking for a way to generate endless forms most beautiful, perhaps looking at the way in which organisms are built to produce such forms is a better method of investigation than merely hoping and waiting for them to appear.
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