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1 intelligent Design as a Scientific Theory

1.4 How the word “theory” is used in the scientific community

1.1.1 *Theory” as a “well-substantiated explanation”

in both common parlance and scientific practice the word “theory” has several meanings'.
The word “theory” is sometimes used in science to indicate, in the words of the National
Academy of Sciences, “a well-substantiated explanation of some aspect of the natural
world that can incorporate facts, laws, inferences and tested hypotheses.” It is important
to remember, however, that even when used in the sense of “well-substantiated” a “theory”
is not necessarily either complete or correct. For example, Newton's theory of motion and
gravity was superseded by Einstein’s theory of relativity.® Newton’s theory had been “well-
substantiated” for centuries for bodies of medium size moving at medium speeds (such as
cannonballs flying through the air), but did not fit well with bodies moving at very fast
velocities, near the speed of light. Another example is the ether theory of the propagation
of light, which the eminent 19" century physicist James Clerk Maxwell confidently
supported because he thought his equations for electromagnetism required it. The theory
proved to be entirely wrong — physicists no longer believe there is such an entity as the
“ether”. Thus, as the history of science richly shows, even a “well-substantiated” theory
can later be shown to be incomplete or incorrect.

1.1.2 “Theory” as a word that applies to a limited area of science that may be wrong

The word “theory” is also used in scientific practice to apply to proposed explanations that
are neither broad in scope nor well-substantiated, which deal with quite limited phenomena
that have varying amounts of evidence in their favor, which sometimes are weak or even
counterindicated by the data. For example, a search of the online biological database
PubMed (which is maintained by the National Library of Medicine, a division of the United
States National Institutes of Health) for the word “theory” in abstracts of scientific articles
published during or after the year 2000 shows the word is used in varying ways. One article
in the Journal of Theoretical Biology states that “The membrane pacemaker theory of aging
is an extension of the oxidative stress theory of aging.”™ A paper in the Journal of Urology
states that “This study does not support the previous theory that urethral sphincter
overactivity ... leads to work hyperplasia.. "8 A paper in the journal Breast Cancer Research
states their results “do not support the estrogen hypothesis as a unifying theory for the
influence of this period.” The point is that the word “theory” is used to indicate a wide
range of ideas, some supported by results but limited in scope, some contradicted by
results.

Ten abstracts of articles found in the PubMed database are included as Exhibit 1. In each,
| have circled the word “theory” in red.

1.1.3 “Theory" applied to each of rival explanations

The word “theory” is also sometimes used in science for each of the opposing explanations
which seek to account for the same set of facts. For example, speaking of the continuing
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lack of an accepted Darwinian account of the origin of sexual reproduction (which | discuss
at more length in section 3.3) an article in'the journal Science remarked, “Biologists have
come up with a profusion of theories since first posing these questions a century ago.”
Notice that the word “theories” is used here to indicate competing explanations. Another,
more pertinent example is “complexity theory” in biology, which posits that some complex
systems can self-organize. Complexity theory has been proposed as an explanation forthe
origin of such disparate systems as cellular metabolic pathways and the number of
different cell types which an organism contains. A leading complexity theorist, Dr. Stuart
Kauffman of the University of Calgary, specifically sees aspects of complexity theory as
rival explanations to Darwinian theory. in his book Origins of Order: Self-Organization and
Selection in Evolution (Oxford University Press, 1993) Kauffman wrote:

Darwin and evolutionism stand astride us, whatever the mutterings of creation scientists. But is
the view right? Better, is it adequate? | befieve it is not. It is not that Darwin is wrong, but that he
got hold of only part of the truth. For Darwin’s answer to the sources of the order we see all

around us is overwhelmingly an appeal to a single singular force: natural selection. It is this
single-force view which | believe to be inadequate, for it fails to notice, fails to stress, fails to
incorporate the possibility that simple and complex systems exhibit order spontaneously.®

Kauffman and other complexity theorists defend their view against both intelligent design
theory and Darwinian theory in the recently published book Debating Design: From Darwin
to DNA (Cambridge University Press, 2004). Thus in scientific usage different “theories”
can be rival explanations for the same data.

1.1.4 “Theory” as a singular word applied to a body of multiple, distinct claims

It is critical to realize that in science the word “theory”, in the singular, may be applied to
a body of multiple, logically-separable claims, some of which may turn out to be true and
others false, which can vary widely in the strength of the evidence supporting them and the
ease with which they can be tested. in his book One Long Argument, in a chapter entitied
“Ideological Opposition to Darwin’s Five Theories”, the eminent, recently-deceased Harvard
biologist Emst Mayr, one of the founders of the “neo-Darwinian synthesis” in the middle of
the 20% century, stressed that what is commonly calied “Darwin’s Theory” actually contains
at least five distinct claims.

In both scholarly and popular literature one frequently finds references to “Darwin’s theory of
evolution,” as though it were a unitary entity. in reality, Darwin’s *theory” of evolution was a whole
bundle of theories, and it is impossible to discuss Darwin's evolutionary thought constructively
if one does not distinguish its various components. The current literature can easily leave one
perplexed over the disagreements and outright contradictions among Darwin specialists, untiione
realizes that to a large extent these differences of opinion are due to a failure of some of these
students of Darwin to appreciate the complexity of his paradigm.’®

Mayr lists those five separate claims as:

m Evolution as such. This is the theory that the world is not constant nor recently created
nor perpetually cycling but rather is steadily changing and that organisms are
transformed in time.

(2) Common descent. This is the theory that every group of organisms descended from a
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common ancestor and that all groups of organisms, including animals, plants, and
microorganisms, ultimately go back to a single origin of life on earth.

(3) Multiplication of species. This theory explains the origin of the enormous organic
diversity. It postulates that species multiply, either by splitting into daughter species or
by "budding," that s, by the establishment of geographically isolated founder populations
that evolve into new species.

(4) Gradualism. According to this theory, evolutionary change takes place through the
gradual change of populations and not by the sudden (saltational) production of new
individuals that represent a new type.

(5) Natural selection. According to this theory, evolutionary change comes about through
the abundant production of genetic variation in-every generation. The relatively few
individuais who survive, owing to a particularly well-adapted combination of inheritable
characters, give rise to the next generation.”

The strength of evidence showing that, say, “the world is not constant” (the first claim) is
disputed by virtually no one. On the other hand, the strength of evidence showing that
natural selection is the sole or principle mechanism of that change in all cases (the fifth
claim) is much weaker — necessarily so, since one has to recognize that change has
occurred before one attempts to explain what has caused the change. Mayr writes that in
the years after Darwin published his theory, although most scientists accepted change in
the world and common descent, few scientists thought that the mechanism of natural
selection was convincing, as shown in the table below reproduced from Mayr's book.

TABLE 1%
The composition of the evolutionary theories of various evolutionists. All these
authors accepted a fifth component, that of evolution as opposed to a constant,
unchanging world.

Common Multiplication Gradu- Natural
descent of species alism selection
Lamarck No No Yes No
Darwin Yes Yes Yes Yes
Haeckel Yes ? Yes in part
Neo-
Lamarckians Yes Yes Yes No
T. H. Huxiey Yes No No (No)®
de Vries Yes No No No
T. H. Morgan Yes No {No)? Unimportant

a. Parentheses indicate ambivalence or contradiction.

in terms of the various usages of the word “theory” discussed in section 1.1, the Darwinian
claim that change has occurred on the earth is “well-substantiated”. On the other hand, the
altogether separate Darwinian claim that natural selection drove all the major changes on
earth, or built all the complex biochemical and cellular systems, is a “theory” in the much
weaker sense of a “hypothesis” or “proposed explanation”, with much less hard evidence
in its favor.

1.2  How intelligent design theory fits the definition of a scientific theory
1.2.1 The basic claim of intelligent design theory
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Intelligent design (ID) theory proposes that the origin of some aspects of living organisms
is best explained as the result of deliberate intelligent design, rather than as the result of
such unintelligent processes as the self-organization proposed by complexity theory orthe
natural selection proposed by Darwinian theory. As such, it is crucial to keep in mind that,
much like complexity theory, intelligent design theory focuses exclusively on the
proposed mechanism of how complex biological structures arose. in other words, 1D
focuses exclusively on the fifth claim of Darwinism (Natural selection) in Ernst
Mayr’s list on the preceding page, and does not concern any of the other claims.

No matter what some peopie in the general public may say or hope, ID theory does not
concern the age of the earth or common descent or any other claims of Darwinian theory
except its proposed mechanism. Rather, ID theory exclusively focuses on the guestion of
whether the complex features of organisms are best explained as the result of intelligent
or unintelliigent causes.

1.2.2 Definition used here for “scientific theory”

Is intelligent design a “scientific theory”? As shown in section 1.1 the word “theory” has
multiple meanings. It is my opinion that the relevant dictionary definition for thattermin the
present context is “the analysis of a set of facts in their relation to one another”."® In other
words, a “theory” is a proposed explanation for a set of facts. | have argued in the
philosaphy of science journal Biology and Philosophy that a “scientific” theory is a theory
which is constructed solely on the foundation of empirical facts about the natural world and
logical inferences.’ Since it is supposed to be based solely on empirical facts and logical
inferences, a “scientific” theory should not tailor its claims to agree with authoritative .
sources, such as the scriptures of any religion or the statements of any religious or
governmental leaders, nor should it tailor its claims to disagree with them. Neither should
a “scientific” theory deliberately adjust its claims to agree with prevailing expectations
among scientists in general of what sorts of phenomena should exist in the universe, nor
should it adjust its claims to disagree with them. Rather, a scientific theory should be
developed in utter disregard of any factors other than the physical, empirical evidence.

1.2.3 Why ID is a scientific theory
1.2.3.1 The appearance of design in biology

ID is a “theory” because, as discussed above in 1.2.2, it is a proposed explanation for a set
of facts. It is a “scientific” theory because, as in 1.2.2, it is based entirely on empirical,
observable facts about biology plus logical inferences. The fact that design is indeed based
on empirical, observable facts about biology is evident in the writings of some biologists
who are not proponents of intelligent design. For example, Francis Crick, the recently
deceased Nobel laureate and co-discoverer of the shape of DNA, wrote that, “Biologists
must constantly keep in mind that what they see was not designed, but rather evolved”.™
Apparently they must strive so hard to do this because the appearance of design in life is
so strong. Brandeis University biologist David DeRosier, a scientist who does research on
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the bacterial flagellum, which is a structure that many bacteria use to swim through liquid,
remarked in the science journal Cell that “More so than other motors, the flagelium
resembles a machine designed by a human.”® (A copy of a drawing of the bacterial
flagellum which appears in the university textbook Biochemistry by Voet and Voet is
included as Exhibit 2.) In 1998 a special edition .of Cell was devoted to the topic of
“Macromolecular Machines” — that is, structures found in the cell which are literally
machines made out of molecules. Articles in the journal had titles such as: “The Cell as a
Collection of Protein Machines”; “Polymerases and the Replisome: Machines within
Machines”; and “Mechanical Devices of the Spliceosome: Motors, Clocks, Springs, and
Things”. Commentary on the page containing the Table of Contents effused:

Like the machines invented by humans to deal efficiently with the macroscopic world, protein
assemblies contain highly coordinated moving parts. Reviewed in this issue of Cell are the
protein machines that control replicaﬂon, transcription, splicing ... —the machines that underlie
the workings of all living things. 7

in other words the cell — the foundation of life — contains systems that function like
sophisticated, designed machinery. A copy of the cover of the issue of Cell, as well as a
copy of its table of contents, is included as Exhibit 3.

1.2.3.11 Richard Dawkins on the appearance of design in biology

That biology exudes the appearance of design is insisted upon by one of the foremost
proponents of Darwin’s theory, Oxford University biologist Richard Dawkins. On the first
page of his book The Blind Watchmaker Dawkins bluntly observes, “Biology is the study
of complicated things that give the appearance of having been designed for a purpose.”®
As a Darwinist, Dawkins thinks that in reality natural selection accounts for the appearance
of design. Nonetheless, he states strongly that the appearance of design in life is
overpowering: '

Natural selection is the blind watchmaker, blind because it does not see ahead, does not pian
consequences, has no purpose in view. Yet the living results of natural seiection overwheimingiy
impress us with the appearance of design as if by a master watchmaker, impress us with the
illusion of design and planning.*

Dawkins writes that design can easily be recognized from the physical attributes of a
system:

We may say that a living body or organ is well designed if it has attributes that an intelligent and
knowledgeable engineer might have built into it in order to achieve some sensible purpose, such
as flying, swimming, seeing ...%

Dawkins further points out that a system does not have to be perfect to have the marks of
design:

It is not necessary to suppose that the design of a body or organ is the best that an engineer
couid conceive of. ... But any engineer can recognize an object that has been designed, even

poorly designed, for a purpose, and he can usually work out what that purpose is just by looking
-at the structure of the object.”
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1.2.31.2 The tack of rigorous, detailed Darwinian explanations for the appearance of
design in biology

Proponents of Darwin's theory such as Richard Dawkins are convinced that natural
selection can account for the strong appearance of design in biology. However, like
proponents of complexity theory, proponents of intelligent design theory are skeptical of
the Darwinian claim, and deny that random mutation and natural selection have been
shown to account for some complex aspects of life.

Some scientists who are not proponents of intelligent design freely admit that Darwinian
theory has so far been unable to give rigorous, detailed explanations for the complex
biochemical machinery discovered in the cell by modern science. For example, in The Way
of the Cell, published by Oxford University Press in 2001, while considering the claims of
intelligent design proponents Colorado State University emeritus microbiologist Franklin
M. Harold wrote that:

[Wle must concede that there are presently no detailed Darwinian accounts of the evolution of
any biochemical system, only a variety of wishful speculations.?

When reviewing my book, Darwin’s Black Box: The Biochemical Challenge fo Evolution,
which argued that Darwinian explanations have not yet been given for complex biochemical
systems, for the science journal Nature, University of Chicago evolutionary biologist Jerry
Coyne wrote:

There is no doubt that the pathways described by Behe are dauntingly compiex, and their
avolution will be hard to unravel... We may forever be unable to envisage the first
proto-pathways. >

The point is that some scientists who are not at all sympathetic to ID nonetheless admit
that Darwinian theory has not given detailed, testable explanations for the Darwinian
evolution by random mutation and natural selection of complex biochemical systems inthe
cell. Thus the path is open to alternative explanations.

1.2.3.2 Inteliigent design reasoning

intelligent design proponents start from the same observabie facts as do other scientists
such as Richard Dawkins, and notice the same strong resemblance of some biological
systems, such as the molecular machinery of the cell, to systems we know to be designed.
ID advocates also notice that other theories, such as complexity theory or Darwinian
natural selection, have not yetgiven satisfactory accounts, as many scientists freely admit.
Thus, 1D proponents see a situation where science has discovered that life contains many
systems that strongly appear to have been designed and for which no non-design
explanation is in hand. ID then advances the plain, straightforward proposal that perhaps
the complex structures and molecular machinery ofthe cell appear designed because they
actually were designed by an intelligent agent. | summarized the intelligent design
argument in a recent New York Times op-ed, which is included as Exhibit 4.
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Although saying that parts of life were actually designed strikes many scientists and other
people as unexpected and unsettling, the logic of the design argument is a simple inductive
argument (inductive arguments are common and importantin science®): Whenever we see
functional systems of a certain degree and type of complexity in our everyday worid, we
have aiways found them to be designed. Now we have discovered such complex systems
in the cell. Since we currently have no other explanation for the origin of such systems, we
are justified in extending the induction to the cell, and concluding that there may have been
real design involved in its construction.

1.2.3.2.1 An analogy between intelligent design theory and the theory of the Big Bang

The logic of the argument for inteliigent design in biology is in some ways similar to that
used when the Big Bang theory was first proposed in the earlier 20" century. In the 19
and early 20" century many physicists thought that the universe was eternal and
unchanging. Then it was unexpectedly observed that the light from many galaxies was
shifted in wavelength toward the red end of the spectrum. This meant that the galaxies
were rapidly moving away from the earth and away from each other. Because this is the
pattern observed after an explosion in our common experience, by using inductive
reasoning the data could be interpreted to be pointing to the aftermath of a huge explosion
of the universe itself. This further suggested that the universe was not etemal and
unchanging, but may have had a beginning.?®

The Big Bang theory struck some scientists as having religious overtones — perhaps the
Big Bang was initiated from outside of nature, perhaps it was even a supernatural creation
event — and because of this some scientists disliked the theory.” But the Big Bang theory
was not justified by any religious text or dogma. Rather, it was justified by the strong
pattern of an explosion suggested by the data. | have written in the philosophy of science
journal ‘Biology and Philosophy that | think intelligent design theory is similar to the Big
Bang theory in the following respect.”” Some people may worry thatthe theory has religious
overtones, but science should ignore any extra-scientific overtones and-focus exclusively
on the data. Like the Big Bang, intelligent design is justified by the pattern of the physical
data.

1.2.3.3 Scientific theories, intelligent design, and falsifiability

Some philosophers of science have argued that one mark of a scientific theory is thatitis
salsifiable. On the other hand, other philosophers of science strongly disagree that
falsifiability is a necessary mark of a scientific theory, or that other simple criteria reliably
demarcate science from non-science.® Some scientists have claimed that a theory of
intelligent design is unfaisifiable and therefore is not scientific.*® On the other hand, other
scientists have actually advanced scientific claims intended to falsify |D, showing that they
think 1D is indeed falsifiable.” (I have rebutted their claims that ID had been shown to be
wrong, arguing instead that the science behind their claims was either mistaken or not
pertinent.)* | have argued in an article in the philosophy of science journal Biology and
Philosaphy that intelligent design theory is falsifiabie.® The point is that the necessity for
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a “scientific’ theory to be falsifiable is disputed, but that, in any event, ID is indeed
falsifiable.

2 intelligent Design is not “Creationism”
2.1  Definition of “creationism” :

Is ID “creationism”? To answer that question we must first decide what “creationism” is.
Some people use the word “creationism” very broadly to indicate any belief that a
supernatural being has affected nature in any way. For example, in 1987 John Maddox,
then the editor of the prominent science journal Nature, wrote an editorial in Nature entitled
“Down with the Big Bang” that argued that the Big Bang theory was “philosophically
unacceptable”, partly because it gave succor to “creationists”:

Creationists and those of similar persuasions seeking support for their opinions have ample
justification in the doctrine of the Big Bang. That, they might say, is when (and how) the Universe
was created.®

Nonetheless. the common usage of the word “creationism” indicates “the literal beliefinthe
account of creation given in the Book of Genesis”.*® Thus in popular usage a “creationist’
is a person who thinks the world is relatively young, on the order of ten thousand years,
and that the major categories of organisms were created ex nihilo by a supernatural being,
God.

2.2 1D requires none of the presumptions of creationism

Intelligent design theory is not creationism because inteliigent design theory does not
require belief in any tenet of creationism. As discussed in section 1.2.1, intelligent design
theory focuses exclusively on the question of whether biological systems, such as the
molecular machinery found in cells, exhibit features consistent with actual intelligent
design. As interesting as they may be, the topics of when such designing occurred, who
did the designing, why it was done, how it was done, and so forth, are further, additional
questions — beyond the basic question of whether there is design present — for which the
scientific evidence is yet insufficient to draw a firm conclusion.

interestingly, a “creationist” does not at all have to think that biology shows physical,
empirical signs of design. A “creationist” can simply believe in creation based on faith in
a religious text, private religious experience, or some other source, without consideration
of nature at all. Although he was not a “creationist” in our modern sense of the term, the
19" century Englishman Cardinal John Henry Newman exemplified that attitude. In his
| efters and Diaries he wrote, “| believe in design because | believe in God, not in a God
because | see design.” In other words, strong religious faith does not require that biology
show any physical evidence of design of the kind of which the Darwinian evolutionary
biologist Richard Dawkins writes (see section 1.2.3.1.1), or that Brandeis University
biologist David DeRosier sees in the bacterial flagellum (sections 1.2.3.1).
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One can be a “creationist” in the popular sense of that word and think biology does show
signs of design, but one certainly need not be. For example, as | discussed in my book
Darwin’s Black Box® and in an article in the philosophy of science journal Biology and
Philosophy,® one is free to suppose, based on nonscientific reasons, thatthe designer was
a natural being, such as a time traveler or space alien. (Francis Crick, the Nobel! laureate,
once proposed in an article entitled “Directed Panspermia” in the science joumnal /carus
that the origin of life on earth may have been the result of the deliberate seeding of life
here by spores sent by intelligent space aliens.* A copy of Crick’s article is included as
Exhibit 5.) Indeed, there is at least one group (the “Raelians”) who profess to believe that
humans were designed by space aliens.*’

One can also hold that the designer is some other, yet unexplained, natural entity. If one
decides, on the basis of nonscientific reasons, that the designer is a supernatural being,
then one can hold that the designer is a subordinate supernatural being such as the
“demiurge” of Plato.*' If one supposes that the designer is a supreme supernatural being,
God, then it may be the God of any religion, such as that of Christianity, Islam, Hinduism,
Native American religions, or others. Or one can simply keep an open mind, and think that
the question of the identity of the designer has yet to be resolved with any firmness.

One can also think, unlike a “creationist”, that a designer set up the universe to unfold in
a planned way over immense times, to give rise to the complex structures science has
discovered in life, without any discernible exception to natural laws. | discussed this view
in a letter to the editor published in the July 2001 edition of the NCSE Reports. The
newsletter is published by the National Center for Science Education, which vigorously
promotes the teaching of Darwinian evolution in schools. The letter is reproduced below:

in their article *Of Mousetraps and Men: Behe on Biochemistry” (Reports of the NCSE 20, 25-30,
2000), which has just come to my attention, Shanks and Joplin appear to mistakenly attribute to
me the contention that irreducibly complex biochemical systems must have been created ex
nihilo. | have never claimed that. | have no reason to think that a designer could not have used
suitably modified pre-existent material. My argument in Darwin’s Black Box is directed merely
toward the conclusion of design. How the design was effected is a separate and much more
difficult question to address. Although creation ex nihilo is a formal possibility, design might have
been produced by some other means which invoived no discontinuities in natural law, evenifthe
designer is a supernatural being. One possibility is directed mutations. As noted by Brown
University biologist Kenneth Milier in Finding Darwin’s God, "The indeterminate nature of
quantum events would aliow a clever and subtie God to influence events in ways that are
profound, but scientifically undetectabie to us. Those events could include the appearance of
mutations...." | have no reason to object to that as a route to irreducibly compiex systems. | wouid
just note further that such a process amounts to intelligent design, and that while we may be
unable to discemn the means by which the design is effected, the resuitant design itself may be
detected in the structure of the irreducibly complex system.

The core claim of intelligent design theory is quite limited. It says nothing directly about how
biological design was produced, who the designer was, common descent, or other such
guestions. Those can be argued separately. It says only that design can be empirically detected
in observable features of physical systems. As an important corollary, it also predicts that
mindless processes—such as natural selection or the self-organization scenarios favored by
Shanks and Joplin—will not be demonstrated to be able to produce irreducible systems of the
complexity found in celis. ¥
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None of the possibilities discussed above requires that the picture of the universe
developed by modern science be repudiated. The only assertion that intelligent design
theory itself properly makes is that some aspects of biology are indeed the product of
intelligent design. As discussed earlier in section 1.2.3, this assertion is actually quite
consistent with the evidence of biology, although at odds with the claims of Darwinism. The
point is that intelligent design theory does not require a persan to adhere to any tenet
usually associated with the word “creationism”. A “creationist” does not have to believe in
physically-discernible intelligent design, and an |D proponent does not have to believe in
“creationism”.

3 What are the gaps and problems with the Darwinian theory of evolution?
31  The problem of the origin of new, complex biological features

It is my scientific opinion that the primary problem with Darwin’s theory of evolution is the
lack of detailed, testable, rigorous explanations for the origin of new, complex, biological
features, as explained above in section 1.2.3.1.2. This problem was recognized in the 19"
century, shortly after Darwin published The Origin of Species, by biologists such as St.
George Mivart (“What is to be brought forward [against Darwin’s theory] may be summed
up as follows: That “Natural Selection” is incompetent to account for the incipient stages
of useful structures...”)**, and continues to be a probiem today. Although vague stories and
speculations are sometimes offered, rarely are such stories testable in a way that could
falsify the claim that the complex feature was produced in a Darwinian fashion. For
example, as stated above in section 1.2.3.1.2, in the case of the molecular machinery
found in cells Frankiin M. Harold wrote that: “[W]e must concede that there are presently
no detailed Darwinian accounts of the evolution of any biochemical system, only a variety
of wishful speculations.” And Jerry Coyne wrote “There is no doubt that the pathways
" described by Behe are dauntingly complex, and their evolution will be hard to unravel....
We may forever be unable to envisage the first proto-pathways.” It is extremely difficult or
impossible to test — or even meaningfully critique — “wishful speculations” or un-
envisaged proto-pathways.

It should be strongly emphasized that under this broad category of difficulties lies much of
the structure and development of life, including: the existence of the genetic code;
transcription of DNA; translation of mMRNA; the structure and function of the ribosome; the
structure of the cytoskeleton; nucleosome structure; the development of new protein-
protein interactions; the existence of the proteosome; the existence of the endoplasmic
reticulum: the existence of motility organelles such as the bacterial flagellum and the
eukaryotic cilium; the development of the pathways for the construction of the cilium and
flagelium; the existence of the defensive apparatus such as the immune system and blood
clotting system; and much else. The existence of such unresolved difficulties for Darwinian
theory atthe molecular level of life makes it reasonable to wonder if a Darwinian framework
is the right way to approach such questions. It also makes it reasonable fo wonder if
Darwinian processes explain major new features of life at higher levels, such as the level
of organs and organisms.
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3.2 The problem of falsification

There are other major difficulties and problems for Darwin's theory as well. One is the great
difficulty in falsifying it. Thatis, in finding a fact of nature that would be taken by Darwinists
as evidence against their theory. For example, for many years in biology textbooks
students were shown drawings of vertebrate embryos that looked remarkably similar. The
embryos were drawn by the 1 g™ century embryologist Emst Haeckel, an admirer of Darwin.
The striking similarity was thought to strongly support Darwin’s theory, that the different
classes of vertebrates descended by natural selection from a common ancestor. The
rationale for thinking so was given in the widely-used, college-level textbook Molecular
Biology of the Cell, where president of the National Academy of Sciences Bruce Alberts
and other co-authors wrote that:

Early developmental stages of animals whose adult forms appear radically different are often
surprisingly sirnilar... Such observations are not difficult to understand.... The early cells of an
embryo are like cards at the bottom of a house of cards—a great deal depends on them, and
even small changes in their properties are likely to resuft in disaster.*

In other words, evolution would be expected to conserve the structure of the early
embryos, inherited from a common ancestor. Natural selection would not be expected to
change such a “locked-in", fundamental structure.

However, in 1997 an international team led by the British embryologist Michael Richardson
showed that Haeckel's drawing were very misleading, and that there were significant
differences between the embryos. A story entitied “Haeckel's embryos: fraud rediscovered”
in the journal Science put it this way:

Not only did Haeckel add or omit features ... but he also fudges the scale to exaggerate
similarities among species, even when there were 10-fold differences in size. Haecke! further
blurred differences by neglecting to name the species in most cases, as if one representative was
accurate for an entire group of animals. In reality ... even closely related embryos such as those
of fish vary quite a bit.*°

Nonetheless, the discovery that the embryos iooked very different from what they were
pictured in textbooks did not at all cause Bruce Alberts or other scientists to question
Darwinian theory. Yet if a theory is equally compatibie with one result (nearly identical
embryos) and its opposite (variable embryos) than how can it be rigorously tested? Hf
Darwinian theory is compatible with faise data, such as the original drawings of Haeckel,
then how can we know if the theory is wrong? A story from the New York Times, “Biology
Text llustrations More Fiction Than Fact” (which is a sidebar in the longer story “Darwin
vs. Design: Evolutionists’ New Battle”), concerning the case of Haeckel's embryos is
included as Exhibit 6.%

3.3 The “crisis” of sex

Another major, longstanding difficulty of Darwinian theory that is little appreciated by the
general public is the problem of sexual reproduction. It was recognized as early as the late
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19™ century that Darwinian theory predicted sexual reproduction should be rare. The
reason is that in sexual reproduction a given organism only gets half of its genes
reproduced in any particular one of its offspring; its sexual partner contributes the other
half. However, if an organism reproducedasexually, then it could contribute all of its genes
to each of its offspring. The reason that, contrary to the straightforward expectation of
Darwinian theory, sex is common has been debated for over a hundred years. There are
so many competing ideas about why sexual reproduction should occur that A. S.
Kondrashov, in an articie in the Journal of Heredity in 1993, found it necessary fo try to
classify all the hypotheses into groups to keep better track of them!

After more than a century of debate, the major factors of the evolution of reproduction are still
obscure. During the past 25 years, hypotheses have become so numerous and diverse that their
classification is a necessity. The time is probably ripe for this: no fundamentally new hypothesis
has appeared in the last 5 years, and | would be surprised—and delighted—if some important
idea remains unpublished.*’

The debate continues, with various theories offered by various scientists, but with no
accepted resolution of the problem. For example in 1998 the journal Science devoted a
special section of one issue to the evolution of sex, with articles such as “Why Sex? Putting
Theorytothe Test" and “Why Sex and Recombination?” One introductory article remarked,

Yet how sex began and why it thrived remain a mystery. ... Why did sex overtake asexual
reproduction some billion or more years ago, and why does it continue to upstage asexuais? ...
Biologists have come up with a profusion of theories since first posing these guestions a century
ago. ... Sex s a paradox in part because if nature puts a premium on genetic fidelity, asexual
reproduction should come out ahead. It transmits, intact, a single parental genome that is by
definition successful. Sexual reproduction, on the other hand, involves extensive makeovers of
the genome. The production of gametes requires recombination, in which the two copies of each
chromosome pair up and exchange DNA. Fertilization, in which genes from different parents
fuse, creates yet more genetic combinations. All this shuffling is more likely to break up
combinations of good genes than to create them—yet nature keeps reshuffling the deck.®

(Notice again that the word “theories” is used above to mean competing, tentative ideas
— not “well-substantiated explanations”.) In his 1975 book Sex and Evolution the

prominent evolutionary biologist George C. Williams wrote:

This book is written from a conviction that the prevaience of sexual reproduction in higher plants
and animals is inconsistent with current evolutionary theory ... there is a kind of crisis at hand in
evolutionary biology ...**

While discussing Williams remarks on sex, in 2004 Richard Dawkins wrote:

Maynard Smith and Hamilton said similar things. Itis to resolve this crisis that all three Darwinian
heroes, along with others of the rising generation, laboured. | shall not attempt an account of their
efforts, and certainly | have no rival solution to offer myself.*

Yet if Darwinian theory has no good account for sexual reproduction, then the very heart
of the theory of evolution — the differential reproduction of organisms — is floating In
midair.

A theory of evolution that predicts most species should be asexual is like a theory of gravity
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that predicts that most objects will fail up. Either conundrum should make a reasonable
person wonder if the proposed theory might be missing some large piece of the puzzle.
Furthermore, if Darwinists have tolerated such a large, acknowiedged difficulty in the
center of their theory for over a hundred years, then one:might wonder if they are
unreasonably attached to it. Students should be aware of this.

It should be emphasized that the problem with sex is not simply the problem of how the
intricate machinery of meiosis, recombination, and other sexual processes could develop
in the gradual, undirected manner that Darwinian theory envisions. The theory encounters
that difficulty in the explanation of all complex biological systems. Rather, the difficulty in
explaining sex is the question of why, on Darwinian principles, it should exist at all, even
if there were a gradual way to develop it. On straightforward Darwinian principles, sex
appears detrimental to the interests of the organism.

4 The origin of life

A major problem for Darwin’s theory is the unsolved mystery of the origin of life. Darwin’s
theory doesn't itself deal with the origin of life; rather, it presupposes that life was present
on earth in a form that would be able to undergo evolution by random mutation and natural
selection. Even in principle, Darwin’s theory cannot account for the origin of life, because
the theory concerns the reproduction of already-living organisms. Thus before the
beginning of life the earth was missing a prerequisite ingredient for Darwinian evolution to
occur.

The problem that the origin of life poses for Darwin's theory is the following. If the
beginning of life required something extra, something in addition to the unintelligent
operation of natural processes that Darwin’s theory invokes, then it would be fair for a
curious inquirer to wonder if those other processes ended with the beginning of life, or if
they continued to operate throughout the history of life. The acknowiedgment of difficulties
with the origin of life would likely make it more urgent that Darwinists actually demonstrate
that random mutation and natural selection can do what they claim, rather than relying on
the presumption that they can.

The importance of the origin of life to Darwin’s theory is seen in the fact that high school
biology textbooks include a section dealing with the topic. This often leads into discussion
of the first celis and then into Darwinian evolution, so that it can appear to the student to
be a seamless process. Sometimes a text gives students littie warning (or the warning is
not emphasized so that students easily overiook it) that the origin of life is an unsolved
problem that has remained a mystery despite fifty years of active scientific investigation.

It is easy to find comments by knowledgeable scientists that attest to the lack of progress
in the field of origin of life studies. For example, in a recent interview with the PBS science
program Nova, the distinguished paleontologist Andrew Knoll, who is the Fisher Professor
of Natural History at Harvard University and a leading expert on early life on earth,
remarked: “The short answer is we don't really know how life originated on this planet.” In
response to the interviewer's question, “Will we ever solve the problem [of the origin of
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life]?”, Knoll responded, “l imagine my grandchildren will still be sitting around saying that
it's a great mystery...”’

The widely-used, university-level textbook “Biochemistry” by Voet and Voet introduces a
section on the origin of life with the following remarks:

In the remainder of this section, we describe the most widely favored scenario for the origin of
life. Keep in mind, however, that there are valid scientific objections to this scenario as well as
io the several others that have been seriously entertained, so that we are far from certain as to
how life arose * [italics in the original]

In other words, like with the probiem of sex, there is a profusion of theories, none of which
is satisfactory.

in its booklet Science and Creationism the National Academy of Sciences called the
problem of the origin of life “seemingly intractable.” Nonetheless, the National Academy
writes:

For those who are studying the origin of life, the question is no ionger whether life could have
originated by chemical processes involving nonbiological components. The question instead has
become which of many pathways might have been followed to produce the first cells.®

This statement subtly shifts the spotlight away from the actual scientific problem of the
origin of life and onto the subjective attifudes of workers in the field. In effect it encourages
teachers (to whom the bookiet is addressed) to inculcate in their students the presumption
that the problem of the origin of life must be addressed in the framework of unintelligent
“chemical processes involving nonbiological components”. This despite the fact that such
a framework has been unsuccessful over the course of half of a century: Students are not
encouraged to think, or given any reason to think, that such a framework might possibly
be wrong. Students are encouraged to follow in the footsteps of the failures of the past fifty
years.

One can also discern in another, quite remarkable passage in Science and Creationism
the desire to inculcate into students the presumption that “chemical processes involving
nonbiological components” simply must be responsible for the origin of life. There the
National Academy of Sciences speaks glowingly of a particular theological stance, called
“heistic evolution”, as if the Academy — an organization chartered by the federal
government — were expert on religious matters.

Many religious persons, including many scientists, hold that God created the universe and the
various processes driving physical and biological evoiution and that these processes then
resulted in the creation of galaxies, our solar system, and life on Earth. This belief, which
sometimes is termed "theistic evolution,” is not in disagreement with scientific-explanations of
evolution. indeed, it reflects the remarkable and inspiring character of the physical universe
revealed by cosmology, paleontology, molecular biology, and many other scientific disciplines.®

Ateacher reading that section could easily pick up the Academy’s apparent attitude toward
religion: theistic evolution, where laws operate continuously — good; religious ideas
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requiring interruption of natural laws — bad. A teacher influenced by the Academy’s
bookiet might possibly attempt to influence the religious beliefs of students in the same
way.

5 The scientific controversy over intelligent design

My book, Darwin’s Black Box: The Biochemical Challenge to Evolution, presented the
argument that Darwinian processes are unlikely explanations for the biochemical
complexity that modern science has found in the cell. Instead, the book argued, a more
likely explanation is deliberate intelligent design. Since shortly after the book was published
in 1996 scientists who support Darwin's theory of evolution by random mutation and natural
selection have offered arguments to try to refute the contention of intelligent design. In turn
| have offered counterarguments to show why the Darwinian arguments fail. | think it is safe
to say that so far neither side has been persuaded by the other's arguments. Below | will
list some of the articles that have been published on both sides.

1) In a symposium published by Boston Review in its Feb/March 1997 issue, a dozen
academics traded essays arguing the relative merits of intelligent design, Darwinism, and
other ideas for explaining the development of life. The essays are available on line.®®
Contributing authors include:®

Michael Behe, professor of biological sciences, Lehigh University

Philiip E. Johnson, professor of law, University of California, Berkeley,

David Berlinski, a writer and mathematician,

Jerry A. Coyne, professor of evolutionary biology, University of Chicago

Russell F. Doolittle, professor of biochemistry, University of California, San Diego

Douglas J. Futuyma, professor of evolutionary biology, State University of New
York, Stony Brook o

Robert DiSilvestro, professor of nutritional biochemistry, Ohio State University

Michael Ruse, professor of philosophy, University of Guelph

James A. Shapiro, professor of biochemistry, University of Chicago

Daniel Dennett, professor of philosophy, Tufts University

H. Alien Orr, professor of evolutionary biology, University of Rochester

2) In 1999 Kenneth Miller, a professor of biology at Brown University, published Finding
Darwin's Godf’ (HarperColiins). In the book he defended Darwinian evolution. One of the
chapters of the book, Chapter 5 “God the Mechanic’, criticizes my argument in Darwin’s
Black Box for intelligent design, and offers scientific arguments against it.

3} in 2001 Robert T. Pennock, professor of philosophy at Michigan State University, edited
a book entitied /ntelligent Design Creationism and lts Critics*, which was published by MIT
Press. The book collected dozens of essays. Each essay by a proponent of intelligent
design was subjected to several critical essays by opponents. Proponents usually were not
given space to respond to criticisms. Several of the essays concerned the scientific claims
of intelligent design.
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4) In 1999 Shanks and Joplin published a review of Darwin’s Black Box in the journal
Philosophy of Science®. They argued that the idea of irreducible complexity (which |
discussed in the book) was incorrect, and that complex biochemical systems could deveiop
through a means they called “redundant complexity.”

5) In 2000 | replied to Shanks and Joplin's criticisms in an article aiso published in
Philosophy of Science®™. | argued that their criticisms of irreducible complexity were
themselves flawed. A copy of the article is included as Exhibit 7.

6) in 2001 | published an article entitied “Reply to my critics: A response to reviews of
Darwin's Black Box: the biochemical challenge to evolution” in the journal Biology and
Philosophy?*. The article responds to many of the criticisms in books and articles listed
above, including those of scientists Kenneth Miller, Russell Doolittle, H. Allen Orr, Jerry
Coyne. A copy of the article is included as Exhibit 8.

7) in 2000 Thomhill and Ussery published an article in the Journal of Theoretical Biology
arguing against the concept of irreducible complexity.®”

8) in 2000 a conference organized by William Dembski was heid at Baylor University. It
was entitled “the Nature of Nature”, and brought together intelligent design proponents and
opponents, including many scientists, mathematicians, and philosophers, as well as
several Nobel laureates and members of the National Academy of Sciences.®

9) In 2003 Lenski et al published an article in the journal Nature entitled “The evolutionary
origin of complex features”.* The article concemned the ability of a computer program to
develop the ability to perform new functions. it was intended to be a model for how
biological features might develop in organisms and possibly get around the difficulty of
irreducible complexity.

10) In 2004 Young and Edis edited a volume entitied Why Intelligent Design Fails. A
Scientific Critique of the New Creationism®® (Rutgers University Press) which, as its title
suggests, offered scientific arguments against intelligent design.

11) In 2004 Dembski and Ruse edited Debating Design: From Darwin to DNAS®
(Cambridge University Press), which included contributions from proponents and
opponents of intelligent design, as well as contributions from complexity theorists, who
disagree with some of the claims of both intelligent design and Darwinian theory, as well
as theistic evolutionists. A copy of my chapter in the volume, which responds fo criticisms
of irreducible complexity and intelligent design, is included as Exhibit 9.

12) In 2004 Behe and Snoke published an article in the journal Protein Science entitied
“Simulating evolution by gene duplication of protein features that require multiple amino
‘acid residues™ . The article attempts to show the difficulty of evolving a new protein feature
by random mutation and natural selection when multiple changes are needed for a new
function. A copy of the article is included as Exhibit 10.

One point of this compilation is to show that some Darwinian scientists have responded to

23



intelligent design with scientific arguments that attempt to falsify it — to show ID to be
incorrect. Although | think their scientific arguments are incorrect, the fact that scientists
offer such arguments demonstrates that intelligent design is amenable to scientific
investigation and criticism. It is therefore a scientific claim.

6 The utility of design as a scientific theory
6.1 A scientific theory does not need to be utilitarian

A scientific theory does not have to have an immediately-obvious utilitarian application to
be correct. One of the purposes of science is simply to describe nature accurately. If a
theory does that, or at least is better than competing theories at describing nature, then it
is fulfiliing an important purpose of a scientific theory. In the view of proponents of
intelligent design theory, 1D more accurately describes what we observe in nature than do
competing theories. As explained earlier, some scientists admit that Darwinian theory does
not have detailed, rigorous explanations for some of the complex systems that have been
discovered in the cell. And some scientists such as Richard Dawkins readily admit that
aspects of biology strongly appear to have been designed. Thus it is reasonable to
conciude, as 1D proponents do, that intelligent design is a more accurate description of
aspects of nature than other theories.

6.2 Where is the border between design and unintelligent natural processes?

One use of a theory of intelligent design might be to prod scientists to look for limits to the
efficacy of the Darwinian processes of random mutation and natural selection, which might
lead to describing nature more accurately. if one has reason to believe, as proponents of
ID do, that not all of biology can be explained by natural selection, then one can begin to
look for the borders of Darwinian processes. A question such as, what are the limits of
Darwinian processes in explaining life on earth?, does not easily occurtoa Darwinist, who
takes it as an assumption that Darwinian processes explain most complex biological
systems. A small step toward addressing such questions was recently taken by myself and
David Snoke, a professor of physics at the University of Pittsburgh. We recently published
an article in the journal Protein Science entitied “Simulating evolution by gene duplication
of protein features that require multiple amino acid residues”. The article attempts to show
the difficulty of evolving a new protein feature by random mutation and natural selection
when multiple changes are needed for a new function. A copy of the article is included as
Exhibit 10.

8.3  Health implications for a limit to Darwinian evolution

Although a scientific theory does not have to have practical implications in order to be
correct atheory of intelligent design nonetheless might be importantin understanding such
things as the limits of the development of antibiotic resistance, which of course could have
great importance for public health. Here is why. It is well known that bacteria and other
microorganisms can develop resistance to some antibiotic drugs, and that this is a
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formidable public health threat. It is less well known that some bacteria have been unable
to develop resistance to some drugs. The reason is that some antibiotic resistance genes
do not have the “evolutionary potential” to develop resistance. This is exemplified in some
recent articles from the laboratory of Professor Barry G. Hall at the University of Rochester.
Although he is not an advocate of intelligent design, Professor Hall nonetheless does not
automatically assume that Darwinian processes can do everything. For example, he writes
in a paper in the journal Antimicrobial Agents and Chemotherapy: “Instead of assuming
that metallo-B-lactamases will evolve rapidly, it would be highly desirable to accurately
predict their evolution in response to carbapenem selection.” Using a method he
developed, he predicts that bacteria will be unable to develop resistance to an antibiotic
called imipinem. He writes in the abstract of his article: “The results predict, with >99.9%
confidence, that even under intense selection the IMP-1 B-lactamase will not evolve to
confer increased resistance to imipenem.” A copy of Hall's article is included as Exhibit 11.

If intelligent design theory is correct, and there are limits to what unaided nature can do,
then if we understand in more detail what those limits are, we may be able to design more
effective antibiotics, ones to which bacteria will be unable to develop resistance.

| should emphasize that this is just one possible appilication of intelligent design theory,
which may or may not be easily successful. The overarching point, however, is that
approaching the study of biclogy from an intelligent design perspective may afford insights
that do not come easily to workers who have a Darwinian perspective.

7 The age-appropriateness of discussing difficulties with Darwin's theory in 9™ grade

It is my opinion that discussing difficulties with Darwin’s theory is quite appropriate for
students in 9" grade, or in whichever grade a high school biology course is given. The
reason is that the problems with Darwin'’s theory are no more difficult to understand than -
the advantages of Darwin’s theory. Indeed, the difficulties are often just the reverse of the
advantages. Even molecular difficulties with the theory are appropriate for high school
students. In many high school biology texts, students are taught of the underlying chemical,
biochemical, genetic, and cellular bases of life. If the students can understand such topics,
then they can understand difficulties that arise for Darwinian theory at this level. My
opinions on this topic are summarized in a New York Times op-ed piece “Teach
Evolution—And Ask Hard Questions”, which is included as Exhibit 12.

Signed: M cx/(CcJ (\ M,__Date: 3/3“/%35'/
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Blrthwelght parental age, birth order and breast cancer risk in
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Hodgson ME, Newman B, Millikan RC.

Department of Epidemiology, School of Public Health, University of North
Carolina at Chapel Hill, Chapel Hill, North Carolina, USA.
ehodgson@email.unc.edu

INTRODUCTION: Much recent work has focused on hypotheses that very early
life exposures influence adult cancer risk. For breast cancer it has been
hypothesized that high in utero estrogen exposure may increase risk,. METHODS:
We used data from the Carolina Breast Cancer Study, a population-based
case-control study of incident breast cancer in North Carolina, to examine
associations for three possible surrogates of high prenatal estrogen exposure:
weight at birth, maternal age, and birth order. We also examined paternal age.
Birthweight analyses were conducted for white and African-American women
born in North Carolina on or after 1949 (196 cases, 167 controls). Maternal age
was analyzed for US born participants younger than 49 years of age (280 cases,
236 controls). RESULTS: There was a weak inverse association between
birthweight in the highest tertile and breast cancer overall (odds ratio [OR] 0.7,
95% confidence interval [CI] 0.4-1.2), although associations differed by race (OR
0.5, 95% CI 0.2-1.0, and OR 1.0, 95% CI 0.5-2.1 for African-American and white
women, respectively). For maternal age there was an approximately threefold
increase in risk in women whose mothers were older than 22 years of age, relative
to 19-22 years of age, when the women were born. After adjustment for maternal
age, older paternal age increased risk in the oldest and youngest age categories
(relative to 23-27 years of age at the woman's birth: OR 1.6, 95% C1 0.8-3.1 for
age 15-22 years; OR 1.2, 95% C1 0.7-2.2 for age 28-34 years; and OR 1.5, 95%
CI 0.7-3.2 for age 35-56 years). There was no association with older paternal age
for white women alone. After adjustment for maternal age (265 cases, 224
controls), a birth order of fifth or higher relative to first had an inverse association
with breast cancer for women younger than 49 years old (OR 0.6, 95% CI
0.3-1.3). CONCLUSION: Although the Cls are wide, these results lend support to
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Order Documents PURPOSE:: The pathophysiology of urinary retention in women is generally

- NLM Catalog unknown but a subgroup of women with urinary retention have been diagnosed as
_"‘%“Q&a;:eway having so-called primary disorder of sphincter relaxation on the basis of an
Consumer Health abnormal urethral sphincter electromyogram. It was suggested this sphincter
Clinical Alerts overactivity could lead to work hypertrophy of the urethral rhabdosphincter and in
ggmg’g;iﬁ:“’ this study we looked for any evidence of such muscle fiber hypertrophy.

MATERIALS AND METHODS:: In 9 women 18 to 45 years old (mean age 31 6)
with urinary retention and overactive urethral sphincter electromyogram, light and
electron microscopy were used to examine core needle biopsies of the urethral
rhabdosphincter taken under transvaginal ultrasound control. Of the 9 patients
only 5 biopsies processed for light microscopy and 4 processed for electron
microscopy contained striated urethral muscle fibers. The results of these biopsies
were compared to the morphology of a control specimen from a postmenopausal
woman without a history of urinary retention. RESULTS:: On light microscopy
the urethral rhabdosphincter fiber diameter did not differ among patients (mean
average 7.6 mum), was less than that reported in the literature (15 to 20), but did
not differ from that of the control (mean 9.9). In all patients electron microscopy
showed excessive peripheral sarcoplasm with lipid and glycogen deposition, and
sarcoplasmic accumulation of normal mitochondria. These ultrastructural
abnormalities were not seen in the control. CONCLUSIONS:: To our knowledge
this is the first morphological description of the urethral rhabdosphincter in a
subgroup of women with urinary retention. Mean rhabdosphincter fiber diameter
was approximgiely the same in patients and controls. This study does not support
the previouhat urethral sphincter overactivity in a subgroup of women
with urinary refention leads to work hyperplasia of urethral rhabdosphincter
fibers. An alternative hypothesis is suggested.
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On the importance of fatty acid composition of membranes for
aging.

Hulbert AJ.

Metabolic Research Centre, University of Wollongong, Wollongong, NSW 2522,

Australia; School of Biological Sciences, University of Wollongong,
Wollongong, NSW 2522 Australia.

The membrane pacemaker @of aging is an extension of the oxidative stress
<th§ory)of aging. It emphasises variation in the fatty acid composition of
ranes as an important influence on lipid peroxidation and consequently on
the rate of aging and determination of lifespan. The products of lipid peroxidation
are reactive molecules and thus potent damagers of other cellular molecules. It is
suggested that the feedback effects of these peroxidation products on the
oxidative stress experienced by cells is an important part of the aging process. The
large variation in the chemical susceptibility of individual fatty acids to
peroxidation coupled with the known differences in membrane composition
between species can explain the different lifespans of species, especially the
difference between mammals and birds as well as the body-size-related variation
in lifespan within mammals and birds. Lifespan extension by calorie-restriction
can also be explained by changes in membrane fatty acid composition which
result in membranes more resistant to peroxidation. It is suggested that lifespan
extension by reduced insulin/IGF signalling may also be mediated by changes in
membrane fatty acid composition.
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Antitubercular inhaled therapy: opportunities, progress and
challenges.

Pandey R, Khuller GK.

Department of Biochemistry, Postgraduate Institute of Medical Education &
Research, Chandigarh--160 012, India.

Pulmonary tuberculosis remains the commonest form of this disease and the
development of methods for delivering antitubercular drugs directly to the lungs
via the respiratory route is a rational therapeutic goal. The obvious advantages of
inhaled therapy include direct drug delivery to the diseased organ, targeting to
alveolar macrophages harbouring the mycobacteria, reduced risk of systemic
toxicity and improved patient compliance. Research efforts have demonstrated the
. feasibility of various drug delivery systems employing liposomes, polymeric
microparticles and nanoparticles to serve as inhalable antitubercular drug carriers.

" In particular, nanoparticles have emerged as a remarkably useful tool for this

purpose. While some researchers have preferred dry powder inhalers, others have
emphasized nebulization. Beginning with the respiratory delivery of a single
antitubercular drug, it is now possible to deliver multiple drugs simultaneously
with a greater therapeutic efficacy. More experience and expertise have been
observed with synthetic polymers, nevertheless, the possibility of using natural
polymers for inhaled therapy has vet to be explored. Several key issues such as
patient education, cost of treatment, stability and large scale production of drug

formulations, gtc, need to be addressed before antitubercular inhaled therapy finds
its way fro to clinical reality.
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My NCBI (Cubby) and Tropical Medicine, Keppel Street, London WCIE 7HT, UK.
. sari kovats(@lshtm.ac.uk
Order Dbcuments . . .

— NLM Catalog The world's climate appears now to be changing at an unprecedented rate. Shifts
NLM Gateway in the distribution and behaviour of insect and bird species indicate that biological
Eg::iir Health systems are already responding to this change. It is well established that climate is
Clinical Alerts an important determjnant of the spatial and temporal distribution of vectors and
ClinicalTrials.gov pathogens. In change in climate would be expected to cause changes in
PubMed Central the geographicattange, seasonality (intra-annual variability), and in the incidence

rate (with or without changes in geographical or seasonal patterns). The detection
and then attribution of such changes to climate change is an emerging task for
scientists. We discuss the evidence required to attribute changes in disease and
vectors to the early effects of anthropogenic climate change. The literature to date
indicates that there is a lack of strong evidence of the impact of climate change on
vector-borne diseases (i.e. malaria, dengue, leishmaniasis, tick-borne diseases).
New approaches to monitoring, such as frequent and long-term sampling along
transects to monitor the full latitudinal and altitudinal range of specific vector
species, are necessary in order to provide convincing direct evidence of climate
change effects. There is a need to reassess the appropriate levels of evidence,
including dealing with the uncertainties attached to detecting the health impacts
of global change.
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DNA vaccines for poultry: the jump fror @ o practice.

Haygreen L, Davison F, Kaiser P.
Institute for Animal Health, Compton, Berkshire RG20 7NN, UK.

DNA vaccines could offer a solution to a number of problems faced by the
poultry industry; they are relatively easy to manufacture, stable, potentially easy
to administer, can overcome neonatal tolerance and the deleterious effects of
maternal antibody, and do not cause disease pathology. Combined with this, in
ovo vaccination offers the advantage of reduced labor costs, mass administration
and the induction of an earlier immune response. Together, this list of advantages
is impressive. However, this combined technology is still in its infancy and
requires many improvements. The potential of CpG motifs, DNA vaccines and in
ovo vaccination, however, can be observed by the increasing number of recent
reports investigating their application in challenge experiments. CpG motifs have
been demonstrated to be stimulatory both invitro and invivo. In addition, DNA
vaccines have been successfully delivered via the in ovo route, albeit not yet
through the amniotic fluid. Lastly, a recent report has demonstrated that a DNA
vaccine against infectious bronchitis virus administered via in ovo vaccination,
followed by live virus boost, can slightly improve on the protective effect induced
by the live virus alone. Therefore, DNA vaccination via the in ovo route is
promising and offers potential as a poultry vaccine, however, efficacy needs to be
improved and the costs of production reduced before it is likely to be beneficial to
the poultry industry in the long term.
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Consumer Health assuming the local temperature reward. As a result, the planetary temperature is
Clinical Alerts automatically regulated by two species if the following conditions are met: (i) the
gggﬁ?g?:ﬁ;v species react equally to an environmental condition, but one can alter the

environmental condition in the opposite direction to the other. (ii) that one of the
two cannot have both a higher maximal growth rate (mu(max)) and lower
half-saturation constant (K) than those of the other. in other words, a pair of
phenotypes incorporates a trade-off between quality and number of seeds. We
found that the homeostatic regulation can also be reconciled with the adaptive
evolution of optimal temperature. The results of simulation imply that biotic
environmental feedback can also be maintained when the emergence of
polymorphisms (black and white daisies) is closely linked to such a trade-off.
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Effects of arousing emotional scenes on the distribution of
visuospatial attention: changes with aging and early subcortical
vascular dementia.

Rosler A, Ulrich C, Billino J, Sterzer P, Weidauer S, Bernhardt T, Steinmetz
H, Frolich L, Kleinschmidt A.

Department of Neurology, Johann Wolfgang Goethe-University, Frankfurt,
Germany.

BACKGROUND: The modulation of attention by emotionally arousing stimuli is
highly important for each individual's social function. Disturbances of emotional
processing are a supportive feature for the diagnosis of subcortical vascular
dementia (SVD). We address here whether these disturbances might be useful as
an early disease marker. METHODS: In order to examine the modulation of
visual attention by emotionally arousing stimuli of different valence, 12 elderly
patients with early SVD, 12 age-comparable healthy adults and 12 young healthy
subjects were studied while looking at pairs of pictures from the International
Affective Picture Battery that were either neutral-neutral, neutral-positive or
neutral-negative in terms of emotional content. Eye movements were recorded
with an infrared eye-tracking system. The direction of the first saccade and the
dwell time during the 10 s of presentation were measured and compared among
groups with parametric tests. RESULTS: All subjects showed a modulation of
initial attentional orienting as well as a higher percentage of dwell time towards
the pictures containing emotional material. Patients with SVD and old controls
did not differ in either experimental measure. Young patients showed a stronger
bias towards emotionally negative material than both groups of older individuals.
CONCLUSIONS: Modulation of visuospatial attention is preserved in early SVD.
This might have implications for therapeutic interventional approaches. A
weakened sustained attention towards negative but not positive emo onal pictures
in the elderly is in accordance with the socioemotional selecnv
describing a relative selection of positive stimuli with aging. S
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Exhibit 2

A drawing of the bacterial
flagellum from a biochemistry
textbook
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Like the machines invented by humans to deal effi-
ciently with the macroscopic worid, protein assem-
biies contain highly coordinated moving parts. Reviewed
in this issue of Cell are the protein machines that con-
trol replication, transcription, splicing, nucleocytoplas-
mic transport, protein synthesis, protein assembly,
protein degradation, and protein translocation—the
machines that underiie the workings of all living things.
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is a reproduction of the painting “Dilemma of the He-
lixes” by Rong Li, Ph.D., Department of Cell Bioiogy,
Harvard Medical School.
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SECTION: Section A; Column 1; Editorial Desk; Pg. 21
LENGTH: 965 words
HEADLINE: Design for Living

BYLINE: By Michael ]. Behe.

Michael J. Behe, a professor of biological sciences at Lehigh University and a senior feliow with the Discovery

Institute's Center for Science and Culture, is the author of "Darwin's Black Box: The Biochemical Challenge to
Evolution.”

DATELINE: BETHLEHEM, Pa.

BODY:

IN the wake of the recent lawsuits over the teaching of Darwinian evolution, there has been a rush to debate
the merits of the rival theory of intelligent design. As one of the scientists who have proposed design as an

explanation for biological systems, I have found widespread confusion about what intelligent design is and
what it is not. '

First, what it isn't: the theory of intelligent design is not a religiously based idea, even though devout peopie
opposed to the teaching of evolution cite it in their arguments, For example, a critic recently caricatured
intelligent design as the belief that if evolution occurred at all it could never be explained by Darwinian
natural selection and could only have been directed at every stage by an omniscient creator. That's
misieading. Intelligent design proponents do question whether random mutation and natura! selection
completely explain the deep structure of life. But they do not doubt that evolution occurred. And intelligent
design itself says nothing about the religious concept of a creator.

Rather, the contemporary argument for intelligent design is based on physical evidence and a straightforward
application of logic. The argument for it consists of four linked claims. The first claim is uncontroversial: we

can often recognize the effects of design in nature. For example, unintelligent physical forces like plate

tectonics and erosion seem quite sufficient to account for the origin of the Rocky Mountains. Yet they are not
enough to explain Mount Rushmore.

Of course, we know who is responsible for Mount Rushmore, but even someone who had never heard of the
monument could recognize it as designed. Which leads to the second claim of the intelligent design
argument: the physical marks of design are visible in aspects of biology. This is uncontroversial, too. The
18th-century clergyman William Paley likened living things to a watch, arguing that the workings of both
point to intelligent design. Modern Darwinists disagree with Paley that the perceived design is real, but they
do agree that life overwhelms us with the appearance of design.
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For example, Francis Crick, co-discoverer of the structure of DNA, once wrote that biologists must constantly

remind themselves that what they see was not designed but evolved. (Imagine a scientist repeating through
clenched teeth: "It wasn't really designed. Not really.")

The resemblance of parts of life to engineered mechanisms like a watch is enormously stronger than what
Reverend Paley imagined. In the past 50 years modern science has shown that the cell, the very foundation

of life, is run by machines made of molecules. There are little molecular trucks in the ceil to ferry supplies,
littie outboard motors to push a cell through liquid.

In 1998 an issue of the journal Cell was devoted to molecular machines, with articles like “The Cell as a
Coliection of Protein Machines" and ""Mechanical Devices of the Spliceosome: Mators, Clocks, Springs and
Things." Referring to his student days in the 1960's, Bruce Alberts, president of the National Academy of
Sciences, wrote that "the chemistry that makes life possible is much more elaborate and sophisticated than
anything we students had ever considered."” In fact, Dr. Aiberts remarked, the entire cell can be viewed as a
factory with an elaborate network of interlocking assembly lines, each of which is composed of a set of large
protein machines. He emphasized that the term machine was not some fuzzy analogy; it was meant literally.

The next claim in the argument for design is that we have no good explanation for the foundation of life that
doesn't invoive intelligence. Here is where thoughtful people part company. Darwinists assert that their
theory can explain the appearance of design in life as the resuit of random mutation and natural selection
acting over immense stretches of time. Some scientists, however, think the Darwinists' confidence is
unjustified. They note that although natural selection can explain some aspects of biology, there are no

research studies indicating that Darwinian processes can make molecular machines of the complexity we find
in the cell.

Scientists skeptical of Darwinian claims inciude many who have no truck with ideas of intelligent design, like
those who advocate an idea called complexity theory, which envisions life self-organizing in roughly the same
way that a hurricane does, and ones who think organisms in some sense can design themselves.

The fourth claim in the design argument is also controversial: in the absence of any convincing non-design
explanation, we are justified in thinking that real intelligent design was involved in life. To evaluate this
claim, it's important to keep in mind that it is the profound appearance of design in life that everyone is
taboring to explain, not the appearance of natural selection or the appearance of seif-organization.

The strong appearance of design aliows a disarmingly simple argument: if it looks, walks and quacks like a
duck, then, absent compelling evidence to the contrary, we have warrant to conclude it's a duck. Design
should not be overlooked simply because it's so obvious.

Still, some critics claim that science by definition can't accept design, while others argue that science should
keep looking for another explanation in case one is out there. But we can't settle questions about reality with
definitions, nor does it seem useful to search relentlessly for a non-design explanation of Mount Rushmore.

Besides, whatever special restrictions scientists adopt for themselves don't bind the public, which polls show,

overwhelmingly, and sensibly, thinks that life was designed. And so do many scientists who see roles for both
the messiness of evolution and the elegance of design.
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GRAPHIC: Drawing (Drawing by Leigh Wells)

LOAD-DATE: February 7, 2005

Document 1 of 1.

Terms & Conditions Privacy Copyright © 2005 LexisNexis, a division of Reed Elsevier Inc. All Rights Reserv:

3/19/2005 3:50 PM



Exhibit 5

“Directed Panspermia”, by
Francis Crick and Leslie Orgel



s 19, 341-346 (1973)

IXTRODUTCTION

1t was not until the middle of the nine-
 {eenth century that Pasteur and Tyndall
] completed the demonstration that spon-
taneous generation is not occurring on the
"4 Farth nowadays. Darwin and a number of
§ other biologists concluded that life must
have evolved here long ago when condi-
 tions were more favourable. A number of
£ scientists, however, drew a quite different
* eonclusion. They supposed that if life does
' mot evclve from terrestrial nonliving
i matter »owadays, it may never have done
F %0, Hence, they argued, life reached the
gearth as an “‘infection” from another
4 Planet (Oparin, 1957).

. Arrhenius (1908) proposed that spores
- had been driven here by the pressure of
. the light from the central star of another
- Planetary system. His theory is known as
3 Panspermia. Kelvin suggested that the
y -Itst organisms reached the Earth in a
E Meteorite. Neither of these theories 1is
‘absurd, : 1t both can be subjected to severe
‘Uiticigz:. Sagan (Shklovski and Sagan,
1966; Sagan and Whitehall, 1973) has
$hown that any known type of radiation-
- Copyright © 1973 v Academic Press. Inc. "

Directed Panspermia

F, H. C. CRICK
Medi,cal Research Council, Laboratory of Molecular Biology, Hills Road, Cambridge, England
| AND
L. E. ORGEL
The Salk Institute for Biological Studies, P.O. Box 1809,-San Diego, California 92112

Received June 22, 1872 ; revised December 20, 1972

Tt now seems unlikely that extraterrestrial living organisms could havereached
the éarth either as spores driven by the radiation pressure from another star or
as living organisms imbedded in & meteorite. As an alternative to these
nineteenth-century mechanisms, we have considered Directed Panspermia, the
theory that organisms were deliberately transmitted to the earth by intelligent
beings on another planet.JWe conclude that it is possible that life reached the
earth in this way, but that the scientific evidence is inadequate at the present
time to say anything about the probability. We draw attention to the kinds of
evidence that might throw additional light on the topic. )

/
resistant spore would receive so large a
dose of radiation during its journey to
the Earth from another Solar System
that it would be extremely unlikely to
remain viable. The probability that suf-

ficiently massive objects escape from a .

Solar System and arrive on the planet
of another one is considered to be so
small that it is unlikely that a single
meteorite of extrasolar origin has ever
reached the surface of the Earth (Sagan.
private communication). These arguments
may not be conclusive, but they argue
against the “infective” theories. of the
origins of life that were proposed in the
nineteenth century.

It has also been argued that “infective’”
theories of the origins of terrestrial life
should be rejected because they do no more
than transfer the problem of origins to
another planet. This view is mistaken ; the
historical facts are important in their own
right. For all we know there may be other
types of planet on which the origin of life
ab tnitio is greatly more probable than on
our own. For example, such a planet may
possess a mineral, or compound, of crucial
catalytic importance, which is rare on




%

P

NI AT s

U~ ——————— ————

" Earth. It is thus important to kmow

whether primitive organisms evolved here
or whether they arrived here from some-
where else. Here we reexamine this problem
in the light of more recent biological and
astronomical information.

OTr PrESEXNT KNOWLEDGE OF THE
GALAXY

The local galactic system is estimated to
be about 13 x 10°yr old (See Metz, 1972).
The first generation of stars, because they
were formed from light elements. are
unlikelr to have been accompanied by
planets. However, some second generation
stars not unlike the Sun must have formed
within 2 x 10° v of the origin of the galaxy
(Blaauw and Schmidt, 1965). Thus it is
quite probable that planets not unlike the
Farth existed as much as 6.5 x 10°yr
before the formation of our own Solar
System.

We know that not much more than 4 X
10°yr elapsed between the appearance of
life on the Earth (wherever it came from)
and the development of our own tech-
nological society. The time available
makes it possible, therefore, that tech-
nological societies existed elsewhere in the
galaxy even before the formation of -the
Earth. We should, therefore, consider a
new “infective” theory, namely that a

15—
ittt The Present
» 1041 _.-~----Origin of Terrestrial Life
by
:‘ it teede Formation of Solar System
o
£ Time Available for Primary Origin
.‘é b of Life, Development of Technalogy
£ 5T and Passage between Planets.
i~
i "=---- Formation of First Earthlike Planets
O__..

Fic. 1. An approximate time-scale for the

" events discussed in the paper. To simplify

illustration the age of the galaxy has been some-
what arbitrarily taken as 13 x 10°yr.

primitive form of life was deliberate}
planted on the Earth by a technologically
advanced society on another planet.

Are there many planets which <::id be
infected with some chance of success? It i
believed, though the evidence is weak ang
indirect, that in the galaxy many stars, of
a size not dissimilar to our Sun, have
planets, on a fair fraction of which
temperatures are suitable for a form of life
based on carbon chemistry and liquid
water, as ours is. Experimental studies of
the production of organic chemicals under
prebiotic conditions make it seem likely
that a rich prebiotic soup accumulates ona
high proportion of such Earthlilzs lanets.
Unfortunately, we know next to nothing
about the probability that life evolvez
within a few billion years in such a soup,
either on our own special Earth, or still less
on other Earthlike planets.

If the probability that life evolves in a
cuitable environment is low we may be
able to prove that we are likely to be alone
in the galaxy (Universe). If it is high the
galaxy may be pullulating with life of
many different forms. At the moment we
have no means at all of knowing =hich of
these alternatives is correct. We cxe thus
free to postulate that there have been (and
still are) many places in the galaxy where
life could exist but that, in at least a
fraction of them, after several billion years
the chemical systems had not evolved to
the point of self-replication and natural
selection. Such planets, if they do exist,
would form an excellent breeding ground
for external microorganisms. Note thab
because many if not all such planets would
have a reducing atmosphere tney would
not be very hospitable to the hizier forms
of life as we know them on Earth.

Our PrOPOSAL

The possibility that terrestrial life de-
rives from the deliberate activity of 4D
extraterrestrial society has often beer
considered in science fiction and more O
less light-heartedly in a number of s¢ier”
tific papers. For example, Gold (1960)
has suggested that we might hews e rolve
from the microorganisms inacrertently



oft behind by some previous visitors from
—other Dlanet (for. example,‘ in their
bage. flere we wish to examine a very
ecific form of Directed Panspermia.
Could life have started on ‘Ea;th as a
result of infection by microorganisms sent
ere deliberately by a technological society
n another planet, by means of a special
ong-range unmanned spaceship? To show

_shall use the theorem of detailed cosmic
reversibility ; if we are capable of infecting
:an as yet lifeless extrasolar planet, then,
; given that the time was available, another
ztechnol-: zical society might well have
' infected owr planet when it was still lifeless.

TeE PROPOSED SPACESHIP

The spaceship would carry large samples
of a number of microorganisms, each
having different but simple nutritional
requirements, for example blue-green
algae, which could grow on CO, and water
in “sunlight.” A payload of 1000kg might
be made up of 10 samples each containing
10'¢m::zzorganisms, or 100 samples each
of 10'° microorganisms.
It would not be necessary to accelerate
the spaceship to extremely high velocities,
Y since its time of arrival would not be
_important. The radius of our galaxy is
¢ about 10’ light years, so we counld infect
- most planets in the galaxy within 108y by
means of a spaceship traveling at only
one-thousandth of the velocity of light.
Several thousand stars are within a
§ hundred light vears of the Earth and could
* be reached within as little as a million
years 53 a spaceship travelling at only
; 60,000mph, or within 10,000yt if a speed
j of one-hundredth of that of light were
Possible.
- The technology required to carry out
_ Such an act of interstellar pollution is not
~ @vailable at the present time. However, it
' seems likely that the improvements in
astronomical techniques will permit the
location of extrasolar planets within the
i next few decades. Similarly, the problem of
} Sendinc spaceships to other stars, at
# Veloci.ss low compared with that of light,
- should not prove insoluble once workable

“that this is not totally implausible we

. DIRECTED PANSPERMIA 343

nuclear engines are available. This again is
likely to be within a few decades. The most
difficult problem would be presented by
the long flight times; it is not clear how long
it will be before we can build components
that would survive in space for periods of
thousands or millions of years.

Although there are some technological
problems associated with the distribution
of the microorganisms in viable form after
a long journey through space, none of
them seems insuperable. Some radiation
protection could be provided during
the journey. Suitable packaging should
guarantee that small samples, including
some viable organisms, would be widely
distributed. The question of how long
microorganisms, and in particular bacterial
spores, could survive in a spaceship has
been considered in a preliminary way by
Sneath (1962). He concludes “that life
could probably be preserved for periods of
more than a million years if suitably
protected and maintained at temperatures
close to absolute zero.” Sagan (1960) has
given a comparable estimate of the effects
of radiation damage. We conclude that
within the foreseeable future we could, if
we wished, infect another planet, and hence
that it is not out of the question that our

~ planet was infected. ‘

We can in fact go further than this. It
may be possible in the future to send either
mice or men or elaborate instruments to
the planets of other Solar Systems (as so
often described in science fiction) but a
rocket carrying microorganisms will always
have a much greater effective range and so
be advantageous if the sole aim is to
spread life. This is true for several reasons.
The conditions on many planets are likely
to favour microorganisms rather than

‘higher organisms. Because of their ex-

tremely small size vast numbers of micro-
organisms can be carried, so much more
wastage can be accepted. The ability of
microorganisms to survive, without special
equipment, both storage for very long
periods at low temperatures and also an
abrupt change back to room temperatures
is also a great advantage. Whatever the
potential range for infection by other
organisms, microorganisms can almost
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certainly be sent further and probably
much further.

It should be noted that most of the
earliest ‘“fossils” so” far recognized are
somewhat similar to our present bacteria or
blue-green algae. They occur in cherts of
various kinds and are estimated to be up to
3 x 10°yr old. This makes it improbable
that the Earth was ever infected merely by
higher organisms.

MoTIvaTION

Next we must ask what motive we might
have for polluting other planets. Since we
would not derive any direct advantage
from such a programme, presumably it
would be carried through either as a
demonstration of technological capability
or, more probably, through some form of
missionary zeal.

It seems unlikely that we would deliber-
ately send terrestrial organisms to planets

-that we believed might already be in-

habited. However, in view of the precarious
situation on Earth, we might well be
tempted to infect other planets if we be-
came convinced that we were alone in the
galaxy (Universe).! As we have already
explained we cannot at the moment
estimate the probability of this. The
hypothetical senders on another planet
may have been able to prove that they were
likely to be alone, and to remain so, or they
may have reached this conclusion mis-
takenly. In either case, if they resembled us
psychologically, their motivation for pol-
luting the galaxy would be strong, if they
believed that all or even the great majority
of inhabitable planets could be given life by
Directed Panspermia.

The psychology of extraterrestrial so-
cieties is mno better understood than
terrestrial psychology. It is entirely poss-
ible that extraterrestrial societies might
infect other planets for quite different
reasons than those we have suggested.
Alternatively, they might be less tempted
than we would be, even if they thought

1 In a somewhat different context the seeding
of Venus and other solar planets has been
suggested by C. Sagan (1961), and T. Gold,

Pl‘i vate communication.

that they were alone. The arguments givep
above, together with the princi:s of
cosmic reversibility, demonstrate th: poss.
ibility that we have been infected, but do

not enable us to estimate the probability.

PossreLE BIOLOGICAL EvVIDENCE

Infective theories of the origins of
terrestrial life could be taken more
seriously if they explained aspects of bio-
chemistry or biology that are otherwise
difficult to understand. We do not have
any strong arguments of this Izl bug
there are two weak facts that -zuld be
relevant.

The chemical composition of living
organisms must reflect to some extent the
composition of the environment in which
they evolved. Thus the presence in living
organisms of elements that are extremely
rare on the BEarth might indicate that life is
extraterrestrial in origin. Molybdenum is
an essential trace element that plays an

important role in many enzvmatic re-

actions, while chromium and nickel are
relatively unimportant in biczizmistry.
The abundance of chromium, nickel, and
molybdenum on the Earth are 0.20, 3.16,
and 0.02%, respectively. We cannot con-
clude anything.from this single example,
since molybdenum may be irreplaceable in
some essential reaction—nitrogen fixation,
for example. However, if it could be shown
that the elements represented in terrestrial
living organisms corelate closely with those
that are abundant in some class of star—
molybdenum stars, for example—we mjghf
look more sympathetically at “nfective’
theories.

Our second example is the genetic code.
Several orthodox explanations of the
universality of the genetic code can
suggested, but none is generally accepte®
to be completely convincing. It is & Jittde
surprising that organisms with somewhat
different codes do not coexist. The Ul
versality of the code follows natu_rﬂu.“,
from an “infective’ theory of the origins O
life. Life on Earth would represent & clo
derived from a single ex‘Taterrest:.
organism. Even if many codes “";’{z_z,
represented at the primary site- where 1 .




».‘begfm, only a single one might have oper-
| ated i the organisms used to infect the

(- Barth.
CONCLUSION

" Ip summary, there is adequate time for
jechnological society to have evolved
gwice in succession. The places in the galaxy
where life could start, if seeded, are
robably very numerous. We can foresee
. that we ourselves will be able to construct
_rockets with sufficient range, delivery
' ghility, and surviving payload if micro-
organizms are used. Thus the idea of Di-
rected Panspermia cannot at the moment
pe rejected by any simple argument. It is
radically different from the idea that life
: started here ab inito without infection
* from elsewhere. We have thus two sharply
different theories of the origin of life on
| Farth. Can we choose between them?
At the moment it seems that the experi-
. mental evidence is too feeble to make this
discrimination. It is difficult to avoid a
» personal prejudice, one way or the other,
| but such prejudices find no scientific
suppo:: of any weight. It is thus important
: that both theories should be followed up.
Work on the supposed terrestrial origin of
~life is in progress in many laboratories.
‘Asfar as Directed Panspermia is conicerned
" we can suggest several rather diverse lines
of research.

The arguments we have employed here
are, of necessity, somewhat sketchy. Thus
the detailed design of a long-range space-
ship would be worth a careful feasibility
study. The spaceship must clearly be able
to hor-= on a star, for an object with any
appreciable velocity, if dispatched in a
random direction, would in almost all
cases pass right through the galaxy and
out the other side. It must probably have

- 1o decelerate as it approached the star, in
. order to allow the safe delivery of the pay-
" load. The packets of microorganisms must
be made and dispersed in such a way that
they can survive the entry at high velocity
Into the atmosphere of the planet, and yet
be able to dissolve in the oceans. Many
vesful “:asibility studies could be carried
0ut or: ¢hie engineering points involved.

On the biological side we lack precise
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information concerning the life-time of
microorganisms held at very low tempera-
tures while traveling through space at

relatively high velocities. The rocket would

presumably be coasting most of the time
so the convenient temperature might
approximate to that of space. How serious
is radiation damage, given a certain degree
of shielding? How many distinct types of
organism should be sent and which should
they be? Should they collectively be
capable of nitrogen fixation, oxidative
phosphorylation and photosynthesis? Al-
though many “soups’ have been produced
artifically in the laboratory, following the
pioneer experiments of Miller, as far as we
know no careful study has been made to
determine which present-day organisms
would grow well in them under primitive
Earth conditions.

At the same time present-day organisms
should be carefully scrutinized to see if
they still bear any vestigial traces of extra-
terrestrial origin. We have already men-
tioned the uniformity of the genetic code
and the anomalous abundance of molyb-
denum. These facts amount to very little
by themselves but as already stated there

‘may be other as yet unsuspected features

which, taken together, might point to a
special type of planet as the home of our
ancestors.

These enquiries are not trivial, for if
successful they could lead to others which
would touch us more closely. Are the
senders or their descendants still alive? Or
have the hazards of 4 billion years been too
much for them! Has their star inexorably
warmed up and frizzled them, or were they
able to colonise a different Solar System
with a short-range spaceship? Have they
perhaps destroved themselves, either by
too much aggression or too little? The
difficulties of placing any form of life on
another planetary svstem are so great that
we are unlikely to be their sole descendants.
Presumably they would have made many
attempts to infect the galaxy. If the range
of their rockets were small this might
suggest that we have cousins on planets
which are not too distant. Perhaps the
galaxy is lifeless except for a local village,
of which we are one member.
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One further point deserves emphasis. We

feel strongly that under no circumstances

should we risk infecting other planets at
the present time. It would be wise to wait
until we know far more about the prob-
ability of the development of life on extra-
solar planets before causing terrestrial
organisms to escape from the solar system.
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Darwin vs.

By JAMES GLANZ

Wwhen Kansas school officials re-
stored the theory of evolution to
statewide education standards a few
weeks ago, biologists might have
been inclined to declare victory over
creationism.

Instead, some evolutionists say,
the latter stages of the battle in Kan-
sas, along with new efforts in Michi-
gan and Pennsylvania aswell asin a
number of universities and even in
Washington, suggest that the issue is
far trom settled.

This time, though, the evolutionists
find themselves arrayed not against
traditional creationism, with its
roots in biblical literalism, but
against a more sophisticated idea:
the intelligent design theory.

~ -nonents of this theory, led by a

1 of academics and intellectuals

anw wicluding some biblical creation-
ists, accept that the earth is billions
of years old, not the thousands of
vears suggested by a literal reading
of the Bible.

But they dispute the idea that natu-
ral selection, the force Darwin Sug-
gested drove evolution, is enough to
explain the complexity of the earth’s
plants and animats. That complexity,
they say, must be the work of an
intelligent designer.

‘This designer may be much like
the biblical God, proponents say, but
they are open 1o other explanations,
such as the proposition that life was
seeded by a meteorite from else-
where in the cosmos, possibly involv- .
ing extraterrestrial intelligence, or
the new age philosaphy that the uni-
verse is suffused with a mysterious
but inanimarte life force.

in recent months, the proponents
of intelligent design have advanced
their case on several fronts.

§In Kansas, after the backlash
against the traditional biblical crea-
tionism, proponents of the design the-
ory have become the dominant anti-
evolution force, though they lost an
effart to have theories like intelligent
design considered on an equal basis
wirh evolution in school curriculums.

Michigan, nine legislators in
ouse of Representatives have
inrroduced legislation to amend state

education standards to put mtelli-

gent design on an equa! basis with
“evolution.

Design:

Eleﬁtioﬂists’ New Batﬂe

_ Salvatore C. DiMareo Jr. for ‘The New Yark Times

An .origin.z-m'{r of a theory on lifc.that challenges Darwin's theory of evolution, Dr. Michael J. Behe argues that
various biochernical structures in cells could not have been built in a stepwise Darwinian fashion.

qin Pennsylvania, where biblical
creationists and design theorists
have operated in concert, state offi-
cials are ciose 10 adopting education-
al standards that would allow the
teaching of theories on the origin and
development of life other than evolu-
tion.

gRackers of intelligent design or-

ganized - university-sanctioned con-
ferences at Yale and Baylor last !

year, and the movement has
spawned at least one university stu-
dent organization — called lntelli-
gent Design and Evolution Aware-
ness, or the IDEA club — at the
University of California in San Die-
BO.
€The Discovery Institute, a re-
search institute in Seattle that pro-
moles conservative causes, organ-
ized a bnefing on intelligen: design
iast vear on Capito; Hili for promi-
nen: members of Congress.

- mined effort to attempt to present

“*They are skilied in analyzing evi-
dence and ideas,’’ said Representa-
tive Tom Petri, a Wisconsin Republi-
can and one of severai members of
Congress who was a host at the ses-
sion in a Congressional hearing
room. “They are making a deter-

the intelligent design theory, and ask
that it be judged Dy normal scientific
criteria.” )

Polls show that the percentage of
Americans who say they believe in
creationism is about 45 percent
George W. Bush took the position in
the presidentiai campaign that chil-
drer should be exposed to both crea-
tionism and evolution in school.

Supporters of Darwin see intelli-
gent design as more insidious than |
creationism, especially given that
many of its advocates have main-
stream scientific credentiais, which °
creationists often lack.

“*The most striking thing about the
intelligent design folks is their poten-
tial to really make anti-evolutionism
intellectually respectable,” said Dr.
Tugenie Scott, executive director of
the National Center for Science Edu-
cation in Oakland, Calif., which pro-
motes the teaching of evolution.

Dr. Adrian Melott, a professor of
physics and astronomy at the Uni-
versity of Kansas in Lawrence and a
member of Kansas Citizens for Sci-
ence, a group that heiped win the
restoration of evolution to the state
education standards, said the design
theory was finding adherents among
doctors, engineers and people with
degrees in the humanities.

Intelligent design is *‘the language
thar the creationists among the stu-
dent body tend 1o use now,”" Dr. Me-
lott said. '

One of the first arguments for the



design theory ‘was Set out in “Dar-
win’s Black Box: The Biochemical
Challenge to Evolution*” (Simon &
schuster, 1996), by Dr. Michael J.
Behe, a professor of biclogical sci-
anres at Lehigh University in Penn-

ania. Dr. Behe argued that vari-

biochemical structures in cells
could not have been built in a step-
wise Darwinian fashion.

Since then, the movement has
gained support among a few scien-
tists in other disciplines, most of
them conservative Christians.

“I'm very impressed with the level
of scientific work and the level of
scientific dialogue among the lead-
ers of the design mavement,” said
Dr. Guillermo Gonzalez, an astrono-
mer at the University of Washington
in Seattle. The theory '‘warrants fur-
ther research,” Dr. Gonzalez, said

Leaders of the design moverment
also look for flaws in evolutionist
thinking and its presentation, and
have scored heavily by publicizing
embarrassing mistakes in promi-
nent biology textbooks.

“There is a legitimate intellectual
project here,” said Dr. William
Dembski, a leading proponent of in-
telligent design who has a doctorate
in mathematics from the University
of Chicago and who is on the faculty
at Baylar, which receives a small
part of its financing from the Texas
Baptist Convention. *It is not crea-
tionism. There’s not a commitment
to Genesis literalism.”

Dr. Dembski conceded that his in-
terest in alternatives to Darwinian
theory was partly brought on by the

- that he is an evangelical Chris-

. but he said intelligent design

could withstand strict scientific scru-
tiny.
“The religious conviction played a
role,”* he said. But he added, **As far
as making e compromise in my
waork, that’s the last thing 1 want to
do.”

Evolutionary biologists maimtain
that the arguments of intelligent de-
sign do pot survive scrutiny, but they
.concede that a specialist’'s know}-
edge of particular mathematical or
biological disciplines is often needed
to clinch the point

1 would use the words ‘devilishiy
clever,” " said Dr. Jerty Coyne, a
protessor of ecology and evolution at
the University of Chicago, speaking
of the way the theory is constructed.
]t has an appeal to intellectuals who
don't know anything about evolution-
ary biology, tirst of all because the
proponents have Ph.D.’s and second
of all because it's not written in the
sort of populist, folksy, anti-inteliec-
tual style. It’s written in the argot of
academia.”

Despite that gloss, Dr. Leonard
Krishtalka, a biologist and director
of the University of Kansas Natural
History Museum and- Biodiversity
Research Center, said recently, “In-
telligent design is nothing more than
creationism dressed in a cheap tux-

ic.”

Dr. Dembski said his rather vague
doubts about Darwinism did not take
scientific shape until e attended an
academic conference in 1988, just
after finishing his doctoral thesis.
The conference explored the difficul-
ty of preparing perfectly random
arrinoae nf ntimbere whirh are imnar-

Variations on an Embryo

A cornerstone college textbook, “Malecular Biology of the Cell,”

~ reprints Ernst Haeckel's doctored 1874 illustration suggesting that

early embryonic stages of many animals, inciuding humans, were
virtually identical. But photographs of the embryos show great
variation in very early stages of development.
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adult form late embryo/ taifbud
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Biology Text Illustrations
More Fiction Than Fact

The anti-evolution movement
called intelligent design has
helped its cause by publicizing
some embarrassing mistakes in
leading biology textbooks.

Biologists attribute them to in-
atrention, but design proponents
say the errors show that Darwin-
ists are more than willing to ac-
cept shoddy evidence if it sup-
ports evolution.

In particular, design propo-
nents cite the 19th-century draw-
ings of the German biologist
Ernst Baeckel, wito asserted that
the early embryonic stages of
many animals, including humans,
were virmally identical and di-
verged only later. He said that the
resemblance proved that all ani-
mals had a common ancester.

The drawings were repreduced
in textbook after textbook for
more than z century.

Several years agg, though. bioi-
ogists discovered that many of
the drawings were fraudulent and

that the true resemblances were
not nearly sc striking. Neverthe-
less, some textbooks still contain
them.

One of the texts that includes
the faulty drawings is the third
edition of “Molecular Biology of
the Cell,”” the bedrock text of the
field. Its' authors include Dr.
Bruce Alberts, a biochemist who
is president of the National Acad-
emy of Sciences, and Dr. James
D. Watson, the geneticist who
shared a Nobel Prize for unravel-
ing the structuire of DNA.

In an interview, Dr. Alberts
said he believed Haeckel's draw-
ings were “overinterprered,’” or
highly idealized, rather than out-
right fakes. But he said they
would be removed from the
fourth edition of the textbook, to
appear at the end of this year.

Biologists say the findings de
not shake their confidence in the
theory of evatution.

JAMES GLANZ

tant In Cryplograpny, in computey
science and in statistics. !

Ore problem is that seerciigly
random Strings often contain’ pat-
terns discernible only with mathe-
matical tests. Dr. Dembski . vion-
dered whether he could devise 4 \%’ay
to find evidence of related patterns
in the randomness of nature.

Dr. Dembski eventually developed

" “what he called a mathematical “‘ex-

planatory filter” that he asserted
can distinguish randomness from
complexity designed by an intelli-
gent agent. He explained this idea in
“The Design Inference’” (Cambridge
University Press, 1988). .

Dr. Dembski bas applied his ex-
planatory filter to the biochemical
structures in cells — and conciuded
that blind natural selection could not
have created them.

But in a detailed critigue of Dr.
Dembski’s filter theory, published in
the current issue af the magazine
The Skeptical Inquirer, Dr. Taner
Edis. a physicist at Truman State
University in Kirksville, Mo., said
that while Dr. Dembski’s mathemat-’
ics were impressive, his analysis
was probably detecting only the com-
plexity that evolution itself would
normally produce.

The intelligent
design theory "
offers ideas about
the origin of life.

‘“They have come up with some-
thing genuinely interesting in the in-
formation-theory arguments,” Dr.
Edis said of intelligent design theo-
rists. “At least they make an effort to
get rid of some of the blatantly fun-
damentaiist elements of creation-
ism.”

Dr. Behe, whose book provided the
biochemical basis for Dr. Dembski’s
work, said he believed that certain
intricate structures in cells, involv-
ing the cooperative action of many
protein molecuies, were “‘irreducibly
complex,” because removing just
one of the proteins could teave those
structures unable to function. If the
structure serves no function without
all of its parts, Dr. Bene asks, then
how could evoiution have built it up
step by step over the ages?

“1 don’t think something like that
could have happened by simple natu-
ral laws,” he said.

Most biologists disagree.

“It’s fiat wrong,” said Dr. H. Allen
Orr, an evoiutionary geneticist and
professor at the University of Roch-
ester. Dr. Orr said thar cell struc-
tures might have been put together
in all sorts of unpredictable ways
over the course of evolution and that
a protein added¢ might not have been
indispensable at first. but only larter,
when many more proteins were wov-
en around it

““The fact that that system is irre-
ducibly complex doesn’:t mean you
can't get there by Darwiman evolu-
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tion,”' Dr. Orr said.

Exactly how a designer might
have assembled cell structures, say,
is a question seldom addressed by
design theorists. But they point out
that Darwinists cannot necessarily
offer detailed, step-by-step se-
quences of events for them either.

Dr. Behe, Dr. Dembski and Phillip
E. Johnson, a professor emeritus of
the law school at the University of
California at Berkeley, are regarded
as the intellectual fathers of the de-
sign theory movement. Mr. John-
son's book **Darwin on Trial” (Inter-
Varsity Press, 1891) bas become its
manifesto. The book focuses an what
Mr. Jonnson says are the difficulties

Darwinian theory has in explaining
the fossil record. o
Until tast fall, Dr. Dembski was
the director of a center at Baylor
that was dedicated to the study of
intelligent design theory. After com-
plaints from other Baylor faculty
members, the center's focus and
leadership were changed, and it'now
includes design theory as well as
other philosophical, theological and
scientific topics. )
Dr. Dembski and Dr. Behe are
fellows of the Discovery Institute,
the Seaftle research institute that

promotes intelligent design in its’

Center for the Renewal of Science
and Culture.

" v raE NEW YORK TiMBES NATIOMAL SUNDAY, APRIL 8, 2001 .

The center's $1.1 million annual
budget is supplied largely by Chris-
tan foundations that broadly en-
dorse the implications of the intelli-
gent design theary, said Bruce Chap-
man, Discovery’s president. MTr.
Johnson is an adviser to the institute,
he said.

The center, which reaches people

‘through books, articles, lectures and

local activism, “is going to be of
interest to academics,” Mr. Chap-
man said. “‘But it's aiso going to be of
interest to people in a more grass-
roots situation because they're

‘“teaching science or because they're

on a school board somewhere.”
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Self-Organization and Irreducibly
Complex Systems: A Reply to Shanks
and Jophn'

Michael J. Behet

Department of Biological Sciences, Lehigh University

Some biochemical systems require multiple, well-matched parts in order to function,
and the removal of any of the parts eliminates the function. I have previously labeled
such systems “irreducibly complex,” and argued that they are stumbling biocks for
Darwinian theory. Instead 1 proposed that they are best explained as the result of
deliberate intelligent design. In a recent article Shanks and Joplin analyze and find
wanting the use of irreducible complexity as a marker for intelligent design. Their pri-
mary counterexample is the Belousov-Zhabotinsky reaction, a self-organizing system
in which competing reaction pathways result in a chemical oscillator. In place of irre-
ducible complexity they offer the idea of “redundant complexity,” meaning that bio-
chemica] pathways overlap so that a loss of one or even several components can be
accommodated without complete loss of function. Here I note that complexity is a
quantitative property, so that conclusions we draw will be affected by how well-matched
the components of a system are. ] also show that not all biochemical systems are re-
dundant. The origin of non-redundant systems requires a different explanation than
redundant ones.

1. Introduction. In the past half-century biology has made astonishing’
progress in understanding the molecular and cellular basis of life. In light
of this progress it is fair to ask whether Darwin’s mechanism of natural
selection acting on random variation appears to be a good explanation
for the origin of all, or just some, of the molecular systems science has
discovered. In Darwin’s Black Box. The Biochemical Challenge to Evolu-
tion (Behe 1996) I argued that some biochemical systems, such as the blood
clotting cascade or bacterial flagellum, are resistant to Darwinian expla-

*Received August 1999; revised November 1999.

+Send requests for reprints to the author, Department of Biological Sciences, Lehigh
University,111 Research Drive, Bethlehem, PA 18015.

Philosophy of Science, 67 (March 2000) pp. 155-162. 0031-8248/2000/6701-000882.00
Copyright 2000 by the Philosophy of Science Association. All rights reserved.
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nation because they are irreducibly complex. I defined irreducible com-
plexity as

a single system which is composed of several well-matched, interacting
parts that contribute to the basic function, and where the removal of
any one of the parts causes the system to effectively cease functioning.
(1996, 39)

The difficulty for Darwinian theory is that

An irreducibly complex system cannot be produced directly (that is,
by continuously improving the initial function, which continues to
work by the same mechanism) by slight, successive modifications of
a precursor system, because any precursor to an irreducibly complex
system that is missing a part is by definition nonfunctional. (1996, 39)

To illustrate the concept with a familiar example for a general readership,
I pointed to a simple mechanical mousetrap, composed of several parts
such as the base, hammer, spring, and so on, and noted that the absence
of any of the parts destroys the mouse-catching ability of the trap. Dar-
win'’s vision of natural selection gradually improving function in “numer-
ous, successive, slight modifications” (Darwin 1859) appears not to fit well
with such systems. I went on to argue that, since intelligent agents are the
only entities known to be able to construct irreducibly complex systems,
the biochemical systems are better explained as the result. of deliberate
ntelligent design.

But are gradual Darwinian natural selection and intelligent design the
only potential explanations? Shanks and Joplin (1999) direct our attention
to complexity theory, which concerns the ability of systems to self-organize
abruptly, sometimes in surprising ways. They suggest that irreducibly
complex biochemical systems might in prnciple be explained by self-
organization, eliminating the need to invoke intelligence. They then go on
to argue that biochemical systems are “redundantly complex’—that is,
contain components that can be removed without entirely eliminating
function. :

After briefly describing the Belousov-Zhabotinsky reaction—Shanks
and Jopiin’s mam counterexample—I will first argue that the reaction does
not meet the definition of irreducibly complex, because the interacting
components are not “well-matched.” I will then agree that redundant com-
plexity exists, but show that not all of biochemistry is redundant.

2. A Closer Look At Chemical Self-Organization. The dissipation of energy
in nature can organize matter and produce reaction pathways. A simple
example is the clumping of matter into stars under the influence of gravity.
More complex examples are tornados and the stellar nuclear pathways
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that lead to the production of the heavy elements. These examples, how-
ever, have no direct relevance to the origin of biochemical systems. Shanks
and Joplin (1999) offer what they think is a more pertinent example—the
Belousov-Zhabotinsky reaction, a self-organizing chemical system discov-
ered in the 1950s by B. P. Belousov in an attempt to model the Krebs
cycle. The term “BZ reaction” is applied to a group of chemical reactions
in which an organic substrate is oxidized by bromate ions in the presence
of a transition metal ion and acid. Instead of proceeding monotonically
to equilibrium, the reaction oscillates between two pathways because of a
competition between bromide ion and bromous acid for reaction with
bromate ion. Bromate oxidizes the metal ions, which in turn are re-reduced
by reaction with organic substrate. When the reaction is well-stirred, the
visible result is a solution that switches from one color to another at con-
stant time intervals until the reaction materials are consumed. When the
same reaction is set up as a thin, unstirred layer, waves of color change
propagate through the layer. For details of the reaction pathways, see
Gray and Scott 1994 and references therein.

Shanks and Joplin write that the BZ reaction “satisfies Behe’s criteria for
irreducible chemical complexity” because if any of the chemical compo-
nents 1s removed “‘the characteristic behavior of the system is disrupted.”
Thus “Irreducible complexity in a self-organizing system” can be generated
“without the aid of a designing deus ex machina” (1999, 272-273).

I disagree that the BZ reaction “satisfies Behe’s criteria” for an irre-
ducibly complex system. Although it does have interacting parts that are
required for the reaction, the system lacks a crucial feature—the compo-
nents are not “well-matched.” The appearance of the modifier “well-
matched” in the definition I constructed (above) reflects the fact that com-
plexity is a quantitative property. A system can be more or less complex,
so the likelihood of coming up with any particular interactive system by
chance can be more or less probable. As an illustration, contrast the
greater complexity of a mechanical mousetrap (mentioned above) with the
much lesser complexity of a lever and fulcrum. Together a lever and ful-
crum form an interactive system which can be used to move weights.
Nonetheless, the parts of the system can have a wide variety of shapes and
sizes and still function. Because the system is not well-matched, it could
easily be formed by chance.

Systems requiring several parts to function that need not be well-
matched, we can call “simple interactive™ systems (designated ‘SI’). Ones
that require well-matched components are irreducibly complex (IC”). The
line dividing SI and IC systems is not sharp, because assignment to one
or the other category is based on probabilistic factors which often are hard
to calculate and generally have to be intuitively estimated based on always-
incomplete background knowledge. Moreover, no law of physics auto-
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matically rules out the chance origin of even the most intricate IC system.
As comnplexity increases, however, the odds become so abysmally low that
we reject chance as an explanation (Dembski 1998).

Just as I think that a gradual origin by natural selection is a good
explanation for some things, I agree that a discontinuous origin by self-
organization explains some things too. Nonetheless, I do not think either
explains irreducible complexity. I argue that Shanks and Joplin’s coun-
terexample—the BZ reaction—is not IC; it is SI, because the components
are not well-matched. To justify my position, let me first illustrate a well-
matched system using the blood clotting cascade (Stubbs and Bode 1994).
The active form of one protein of the cascade is called thrombin, which
cleaves the soluble protein fibrinogen to produce fibrin, the insoluble
meshwork of a blood clot. The chemistry catalyzed by thrombin is simply
the hydrolysis of a certain fibrinogen peptide bond. However, all proteins
are made of amino acid residues joined by peptide bonds. A typical protein
contains several hundred peptide bonds. There is nothing remarkable
about the bond in fibrinogen that is cleaved by thrombin. Yet thrombin
selects that particular bond for cleavage out of literally hundreds of thou-
sands of peptide bonds in its environment and ignores almost all others.
It can do this because the shape of thrombin is well-matched to the shape
of fibrinogen around the bond it cleaves. It “recognizes” not only the bond
it cuts, but also a number of other features of its target. The other proteins
of the clotting cascade (Stuart factor, proaccelerin, tissue factor, and so
on) have stmilar powers of discrimination. So do virtually all of the com-
ponents of the molecular machines I discussed in Darwin’s Black Box.

Let us contrast this biochemical specificity with a comparable chemical
reaction lacking such specificity. The peptide bonds of proteins can also
be cleaved by simple chemicals. A typical procedure calls for incubating
the protein in 6N hydrochloric acid at 110°C for twenty four hours. If
fibrinogen were incubated under those conditions, the peptide bond that
thrombin cleaves would be broken, but so would every other peptide bond
in the protein. It would be completely reduced to amino acids. If thrombin
were in the mix, it too would be completely destroyed. If the other proteins
of the clotting cascade were there, no clotting would take place, even
though the peptide bonds that are cleaved in the cascade would be cleaved,
because all other peptide bonds would be hydrolyzed too. There is virtu-
ally no specificity to the chemical hydrolysis beyond the type of bond that
is cleaved.

Similarly, the reactants of the BZ reaction are small organic or inor-
ganic chemicals that show little specificity for each other. One ingredient,
sodium bromate, is a general purpose oxidizing reagent and is capable of
degrading a very large spectrum of chemicals besides the ones used in BZ
reactions (thus its transport aboard airlines is forbidden). Another re-
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quirement of the reaction is simply for a transition metal that can change
its oxidation state, and a number of such metals are known, including
iron, cerium, and manganese ions (Field 1972). A third requirement is for
an organic molecule that can be oxidized. Many candidates could fulfill
this role (ones that have been used include malonic, citric, maleic, and
malic acids), and organic molecules can be oxidized by many reagents
other than bromate. The last ingredient is simply a high concentration of
sulfuric acid. As Field (1972, 308) noted, setting up BZ reactions ‘“is an
exceedingly easy task as they will occur over a wide range of concentra-
tions and conditions.”

The BZ class of self-organizing reactions—chemical oscillations—is
surprising and interesting. Nonetheless, its complexity can be likened to
other self-organizing systems found outside of biology, such as, say, tor-
nados, which, although they command our attention, do not approach the
specificity of well-matched, irreducibly complex biochemical systems.

3. Biochemical Self-Organization: Behavior vs. Origin. The dynamical be-
havior of the BZ reaction has been modeled by a set of two ordinary
differential equations (Tyson 1994, 577). Because some biological systems
can be modeled by similar mathematics, Shanks and Joplin (1999) con-
clude that self-organization can explain the behavior of the biological sys-
tems. There are several reasons to question the relevance of their point.
First, they also note that “the substrates and products in these systems
are very different from those in the BZ reaction” (1999, 273). In other
words, we have traveled far from cerium, sodium bromate, and the other
constituents of the chemical system. Second, and more importantly, the
behavior of a system must be distinguished from its origin. As an illustra-
tion, consider highway traffic flow. A number of mathematical models
have been used to describe traffic flow, some drawing on theories of self-
organization (Schreckenberg and Wolf 1998). The mathematics, however,
have not called the automobiles into being. The mathematics simply try
to describe the typical behavior of traffic when a certain density is reached
under conditions of restricted movement on a highway.

Examples of biological processes that show BZ dynamical behavior
include glycolysis and aggregation of dispersed cells of the slime mold
Dictyostelium discoideumn into a slug. But consider the sophisticated com-
ponents of the aggregation-signaling system of D. discoideum, which in-
clude: a cyclic AMP membrane receptor protein that can exist in an active
and inactive form; an adenylate cyclase that binds to the active form of
the receptor and itself becomes activated; a protein to export cyclic AMP
into the extracellular medium; and more (Goldbeter 1996, Part I). All of
that complicated machinery is ignored in BZ models—treated as a black
box. Oscillations in the cellular concentration of glycoiytic intermediates
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are due in large part to the multi-talented phosphofructokinase (PFK). a
tetrameric enzyme that can exist in two conformational states (an active
form and a less-active one) and which has binding sites for a dozen dif-
ferent activators and inhibitors (Goldbeter 1996, Part IIT). Mathematical
models of BZ behavior do not explain the origin of the impressive abilities
of PFK any more than models of traffic flow explain the origin of brakes
or gas pedals. Thus, even if a biological system displays self-organizing
behavior, the question of its origin remains.

4. Not All Biochemical Systems Are Redundant. In contrast to claims about
irreducible complexity, Shanks and Joplin write that “Real biochemical
systems, we argue, manifest redundant complexity—a characteristic result
of evolutionary processes” (1999, 268). By this they mean that biochemical
pathways overlap and are interconnected, so that removal of one or even
several components does not completely destroy the function. In support
of their position they cite a diverse array of biochemical examples: the
synthesis of an alternate pine tree lignin with increased content of dihy-
droconiferyl alcohol; viable mice in which the gene for the tumor sup-
pressor p53 was knocked out; and more. Their initial illustration is the
metabolic pathways for the synthesis of glucose-6-phosphate. They point
out that the molecule can be made by “several different isoforms or var-
iants of bexokinase, and all are present, as a result of gene duplication, in
varying proportions in different tissues.”-What's more, “Knock out one
enzyme isoform and the other isoforms in the tissue can take over its
function” (277). '

True enough. The observation that some biochemical systems are re-
dundant, however, does not entail that all are. And, in fact, some are not
redundant. Consider the following examples of nonredundant metabolic
pathways. Primates, including humans, cannot synthesize ascorbic acid
(vitamin C) because they lack a functional gene for L-gulono-gamma-
Jactone oxidase, although a pseudogene is present (Nishikimi and Yagi
1991). Vitamin C is made by no other pathway. Hexosaminidase A is
required to catabolize ganglioside G,y ; its loss results in Tay-Sachs disease
(Kolter and Sandhoff 1998). These enzymes are parts of “‘real biochemical
systems,” but they do not “manifest redundant complexity.” (For many,
many additional examples, see Scriver 1995 or other texts on inborn errors
of metabolism.} Therefore, arguments developed about the origin of re-
dundant systems do not necessarily apply to all biochemical systems.

Shanks and Joplin’s argument for redundant complexity has the same
strengths and weaknesses when the subject moves from metabolic path-
ways to other biochemical systems. That is, they are right to notice that
some systems or components are redundant, but wrong to extrapolate the
conclusion to all systems. For example, they point to mice in which the
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gene for the protein p53 has been knocked out. p33 is “involved mn a
number of fundamental cell processes, such as affecting gene transcription,
acting as control points in the cell cycle, initiating programmed cell death,”
and more. Shanks and Joplin write that “Looking at this case from the
standpoint of a ‘genetic mousetrap model’, one would naturally predict
that the removal of this gene . . . would lead to catastrophic collapse of
the developmental process. .. .. Such is not the case” (1999, 279). Yet
contrast this case with that of mice in which the gene for either fibrinogen
(Bugge et al. 1996a), tissue factor (Bugge et al. 1996b), or prothrombin
(Sun et al. 1998) has been knocked out. Those proteins are all components
of the blood clotting cascade, which I discussed prominently in Darwin's
Black Box (1996, Ch. 4), claiming it is irreducibly compiex. The loss of
any one of those proteins prevents clot formation—the clotting cascade is
broken. Thus Shanks and Joplin's concept of redundant complexity does
not apply to all biochemical systems.
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Abstract. In Darwin’s Black Box: The Biochemical Challenge ro Evolution | argued that
purposeful intelligent design, rather than Darwinian natural selection, better explains some
aspects of the comnplexity that modem science has discovered at the molecular foundation
of life. In the five years since its publication the book has been widely discussed and has
received considerable criticism. Here 1 respond to what 1 deem to be the most fundamental
objections. In the first part of the article I address empirical criticisms based on experimentai
studies alleging either that biochemical systems I discussed are not irreducibly complex or
that similar systems have been demonstrated to be able to evolve by Darwinian processes.
In the remainder of the article I address methodological concerns, including whether a claim
of intelligent design is falsifiable and whether intelligent design is a permissible scientific
conclusion.
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1. Empirical objections
1.1. Is the question open?

In Darwin’s Black Box (Behe 1996) I argued there are good reasons, based
on the physical structures and functional properties of some biochemical
systems, to think that they had been deliberately designed. (The focus of the
book was exclusively on the mechanism of evolution. I agreed that descent-
with-modification is well-supported.) The necessary starting point of the
book was to show that the question is open — that, contrary to common
assumption, the origins of many intricate cellular systems have not yet been
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adequately explained in Darwinian terms. This point has met with general
agreement. While most reviewers disagreed (often emphatically) with my
proposal of intelligent design, most did admit to a current lack of Darwinian
explanations. Here is a sampling of comments on the particular question of
whether successful Darwinian accounts have yet been offered for complex
biochemical systems:

Microbiologist James Shapiro of the University of Chicago wrote in
National Review that “There are no detailed Darwinian accounts for
the evolution of any fundamental biochemical or cellular system, only
a variety of wishful speculations” (Shapiro 1996). In Nature Univer-
sity of Chicago evolutionary biologist Jerry Coyne stated, “There is no
doubt that the pathways described by Behe are dauntingly complex,
and their evolution will be hard to unravel. ... [W]e may forever be
unable to envisage the first proto-pathways™ (Coyne 1996). In Trends in
Ecology and Evolution Tom Cavalier-Smith, an evolutionary biologist
at the University of British Columbia, commented, “For none of the
cases mentioned by Behe is there yet a comprehensive and detailed
explanation of the probable steps in the evolution of the observed
complexity. The problems have indeed been sorely neglected — though
Behe repeatedly exaggerates this neglect with such hyperboles as ‘an
eerie and complete silence”” (Cavalier-Smith 1997). University College,
London, evolutionary biologist Andrew Pomiankowski agreed in New
Scientist, “Pick up any biechemistry textbook, and you will find perhaps
two or three references to evolution. Turn to one of these and you
will be lucky to find anything better than ‘evolution selects the fittest
molecules for their biological function™ (Pomiankowski 1996). In
American Scientist Yale molecular biologist Robert Dorit averred, “In
a narrow sense, Behe is correct when he argues that we do not yet fully
understand the evolution of the flagellar motor or the blood clotting
cascade” (Dont 1997). '

Several scientists, on the other hand, have maintained that experimental
evidence is actually already in hand showing either that the systems I
described are not irreducibly compiex (“irreducibly complex” means roughly
that if one removes a component from a system, function is lost; much more
about this later) or that similar systems can be produced by natural selection.
In the next two sections 1 will address several such assertions. As I will briefly
demonstrate, the arguments rest on mistaken readings or faulty interpretations
of the data.
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1.2. Is an “irreducibly complex” biochemical system actually reducible’

In its Feb/March 1997 issue, the Massachusetts Institute of Technology
publication Boston Review featured a symposium discussing Darwin's Black
Box and Richard Dawkins’ Climbing Mount Improbable. -Among the dozen
essays was one by Russell Doolittle, an eminent biochemist at the Univer-
sity of California, San Diego, and member of the National Academy of
Sciences. Doolittle tock direct issue with my claims regarding the blood clot-
ting system. I had devoted a chapter of Darwin's Black Box to blood clotting,
asserting that it is an irreducibly complex system, does not fit well within a
Darwinian framework, and that “no one on earth has the vaguest idea how the
coagulation cascade came to be” (Behe 1996: 97; emphasis in the original).
Doolittle, an expert on blood clotting, disagreed.

Professor Doolittle cited a paper by Bugge et al. (1996a), entitied “Loss
of Fibrinogen Rescues Mice from the Pleiotropic Effects of Plasminogen
Deficiency.” Of the paper he wrote:

Recently the gene for plaminogen [sic] was knocked out of mice, and,
predictably, those mice had thrombotic complications because fibnin
clots could not be cleared away. Not long after that, the same workers
knocked out the gene for fibrinogen in another line of mice. Again,
predictably, these mice were ailing, although in this case hemorrhage
was the problem. And what do you think happened when these two lines
of mice were crossed? For all practical purposes, the mice lacking both
genes were normal! Contrary to claims about irreducible complexity, the
entire ensemble of proteins is not needed. Music and harmony can arise
from a smaller orchestra (Doolittle 1997).

A closer Jook at Bugge et al (1996a) shows Doolittle to have misread
" the paper.! Briefly, plasminogen is the precursor of plasmin, a protein that
_ degrades blood clots (Clots eventually have to be cleared away). Fibrinogen,
on the other hand, is the precursor of fibrin, the clot material which entraps
blood cells and blocks bleeding. The point of Bugge et al. (1996a) was
that if one crosses the two knock-out strains, producing plasminogen-plus-
fibrinogen deficiency in individual mice, the mice do not suffer the same
problems that afflict mice lacking plasminogen alone® (Bugge et al. 1993).
Since the title emphasized that mice are “rescued” from some ill-effects, one
might be misled into thinking that the double-knockout mice were normal.
They are not. Bugge et al. (1996a) state in their abstract, “Mice deficient
in plasminogen and fibrinogen are phenotypically indistinguishable from
fibrinogen-deficient mice.” In other words, the double-knockouts have all the
problems that mice lacking only fibrinogen were previously shown to have:
they do not form clots, they hemorrhage, and the females die if they become
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Table 1. Symptoms of gene knock-out mice

Lacking ,z)la.rrrrxinogen1 Lacking ﬁbrinogezrz2 Lacking both?
thrombosis " failure to clot failure to clot

ulcers hemorrhage hemorrhage

high mortality death during pregnancy  death during pregnancy

'Bugge et al. 1995;
2Suh et al. 1995;
“Bugge et al. 1996a.

pregnant (Suh et al. 1995) [Table 1]. They are definitely not “normal.” More to
the point, they have no functioning clotting system and clearly are not viable
candidates for evolutionary intermediates.

Although the knock-out mice in this study are not successful models for
Darwinian evolutionary development of the blood clotting system, I believe
the study is nonetheless quite relevant to the question of the possible step-by-
step Darwinian origin of the clotting system, for two reasons. First, because
it highlights the importance of the regulation of biochemical systems. As
Halkier (1992: 104) observed concerning the coagulation cascade: “A system
of this kind cannot just be allowed to free-wheel. ... Too little or too
much activity would be equally damaging for the organism. Regulation is
a central issue in blood coagulation.” In discussing the blood clotting system
in Darwin’s Black Box, even though I briefly noted its function of removing
clots, and though I highlighted the importance of regulation elsewhere in
the book, 1 did not count plasminogen as part of the irreducibly complex
clotting cascade, because it is not involved in the actual formation of the clot
(Behe 1996: 86). Nonetheless, the careful experimental work of Bugge et al
(1996a) reinforces Halkier’s point of the serious consequences of failure to
regulate a system such as the clotting cascade. Thus the study shows that
from its inception the clotting system would have to be tightly regulated. Any
Darwinian scheme purporting to account for clotting, therefore, would have
to demonstrate how an incipient cascade would be regulated. To the extent
this creates yet another impediment to a Darwinian explanation, it leaves the
field open to other possible explanations.

The second reason Bugge et al.’s results are relevant is that they confirm
my claim that the system is irreducibly complex. As expected, when
fibrinogen is deleted, the blood clotting cascade no longer functions. Further
work by the same authors in which other components of the clotting cascade
— prothrombin (Sun et al. 1998) and tissue factor (Bugge et al. 1996b) — were
knocked out shows that those components are also necessary for a functioning
cascade.
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1.3. Has the development of irreducible complexity by Darwinian means
already been experimentally demonstrated?

In his book Finding Darwin’s God Brown University cell biologist Kenneth
Miller claims that “a true acid test” of the ability of Darwinism to deal with
irreducible complexity would be to “[use] the tools of molecular genetics to
wipe out an existing multipart system and then see if evolution can come to
the rescue with a system to replace it” (Miller 1999: 145). I agree - a decisive
blow against the argument of Darwin’s Black Box would be to experimentally
demonstrate the production of an irreducibly complex biochemical system
under selective pressure in 2 model organism. Miller then claims it has already
been done. With that I completely disagree. I will show that the experimental
results Miller cites do not at all justify his claims.

In a section entitled “Parts is Parts,” in which he discusses the careful work
over the past quarter-century of Barry Hall of the University of Rochester
on the experimental evolution of a lactose-utilizing system in E. coli, Miller
excitedly remarks:

Think for a moment — if we were to happen upon the interlocking
biochemical complexity of the reevolved lactose system, wouldn’t we
be impressed by the intelligence of its design? Lactose triggers a regu-
latory sequence that switches on the synthesis of an enzyme that then
metabolizes lactose itself. The products of that successful lactose meta-
bolism then activate the gene for the lac permease, which ensures
a steady supply of lactose entering the cell. Irreducible complexity.
What good would the permease be without the galactosidase? ... No
good, of course. By the very same logic applied by Michael Behe to
other systems, therefore, we could conclude that the system had been
designed. Except we know that it was not designed. We know it evolved .
because we waiched it happen right in the laboratory (Miller 1999: 146;
Miller’s emphasis)!

When one examines Hall’s publications directly, however, without the inter-
vening lens of Miller's enthusiasm, one sees that the work is entirely
consistent with my claim that irreducibly complex biochemical systems
require intelligent design. Indeed, I could have used it as an example in
Darwin’s Black Box. ] stress three points which I will discuss only briefly
here. A more complete treatment can be found elsewhere (Behe et al. 2000).

1) Only one part of the pre-existing, multi-part, lactose-utilizing system Hall
studied was knocked out. Hall eliminated the gene for just the galactosidase
and clearly emphasized that:
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All of the other functions for lactose metabolism, including lactose
permease and the pathways for metabolism of glucose and galactose,
the products of lactose hydrolysis, remain intact, thus re-acquisition of
lactose utilization requires only the evolution of a new B-galactosidase
function (Hall 1999).

Thus, contrary to Miller’s own criterion for “a true acid test,” a multpart
system was not “wiped out” — only one component was deleted. Replacing
one component of a pre-existing system does not show that a system lacking
multiple components could be repaired by Darwinian means.

2) The changes required to recover activity are quite small and can be
classified as microevolution. The function of the deleted enzyme was even-
tually taken over by a previously unnoticed cellular enzyme - a homologous
galactosidase with an active site that was already nearly identical to that of
the deleted enzyme (Hall 1999). The unmutated replacement enzyme already
possessed a slight ability to bydrolyze lactose; selection of mutants simply
improved the pre-existing hydrolytic activity. Importantly, by phylogenetic
analysis Hall concluded that the mutations in the homologous protein he
studied are the only ones in E. coli that confer the ability to hydrolyze lactose.

The phylogenetic evidence indicates that either Asp-92 and Cys/Trp-977
are the only acceptable amino acids at those positions, or that all of the
single base substitutions that might be on the pathway to other amino
acid replacements at those sites are so deleterious that they constitute a
deep selective valley that has not been traversed in the 2 billion years
since those proteins diverged from a common ancestor (Hall 1999).

Such results hardly support extravagant claims for the creativeness of
Darwinian processes. They are microevolutionary changes on the order of the
development of antibiotic resistance in bacteria, and far from the development
of a new irreducibly complex system that Miller claimed.

3) The re-development of the system required intelligent intervention.
Although only one component of the muiti-part system was knocked out,
and only small changes were needed to restore it, yet the system still had
to be artificially supported by intelligent intervention through phases when
the bacteria would otherwise have been unable to utilize lactose. The inter-
vention was in the forn of the addition of isopropylthiogalactoside (IPTG),
a chemical which induces the gene coding for a pre-existing permease that
allows lactose to enter the cell. As Barry Hall forthrightly notes:

At this point it is important to discuss the use of IPTG in these
studies. Unless otherwise indicated, IPTG is always included in media
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containing lactose or other B-galactoside sugars. The sole function of
the IPTG is to induce synthesis of the lactose permease, and thus to
deliver lactose to the inside of the cell. Neither the constitutive nor the
inducible evolved strains grew on lactose in the absence of IPTG (Hall
1982; Hall’s emphasis).

This aspect of Hall’s results can be likened to an origin-of-life researcher
who, at a critical point in an experiment, buys a necessary chemical from
a laboratory supply house and adds it to her reaction. Whatever the results
of the experiment, interesting though they may be, they crucially reflect the
intelligence of the experimenter rather than the course of unaided natural
processes.

Miller’s writing notwithstanding, it certainly seems to me that Barry
Hall’s experiments actually count in favor of intelligent design, and against
Darwinian evolution, because: 1) despite extensive work over the course of
decades Darwinian processes were seen to produce only minor changes;
and 2) intelligent intervention was necessary to keep the bacterial cells
growing when the galactosidase was deleted. Such results are exactly what
an intelligent design proponent would expect, given the complexity of the
system.

In closing this section I would like to point out that two noted scientists,
Doolittle and Miller, who were intent on showcasing the power of Darwinian
processes specifically to rebut my argument for design, both cited work which
on closer inspection is at best unsupportive of their position, and at worst
antagonistic to it. I think this strongly confirms the view of the majority of
scientific reviewers of my-book who agreed that the origins of many intricate
cellular systems have not yet been explained in Darwinian terms. Thus [
conclude that, at the least, the question of whether Darwinian processes can
account for irreducibly complex systems remains open.

1.4. Defects in the definition of irreducible complexirv

The concept of irreducible complexity is central 1o my argument against
the sufficiency of Darwinian processes. Thus it requires careful scrutiny. In
Darwin’s Black Box 1 defined the term in the following way:

By irreducibly complex I mean a single system which is composed of
several well-matched, interacting parts that contribute to the basic func-
tion. and where the removal of any one of the parts causes the system to
effectively cease functioning (Behe 1996: 39).

As an illustration of the concept I showed a mousetrap built of a number of
pieces (spring, hammer, platform, and so on), all of which were necessary to
its function. It is now clear that, although the mousetrap paradigm remains
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" a good one, there is some ambiguity in the written definition, as discussed
below. Nonetheless, I think the definition can be repaired.

In his review of Darwin’s Black Box in Boston Review University of
Rochester evolutionary biologist H. Allen Orr agrees that many biological
systems are “irreducibly complex,” but argues that Darwinian evolution can,
at least in theory, directly account for them. As I will show, in critical respects
he has not followed my definition of irreducible complexity, which causes
confusion. Because others have followed Orr’s reasoning, I will go into detail
about where it goes wrong. Nonetheless, Orr has also helpfully put his finger
on an ambiguity in the definition, which I will discuss subsequently. Elimi-
nation of the ambiguity will aid in focusing attention on the difficuity for
Darwinian gradualism.

Attributing the following scenario to the early 20th-cenmury geneticist
H. J. Muller, Orr writes:

An irreducibly complex system can be built gradually by adding parts
that, while initially just advantageous, become — because of later
changes — essential. The logic is very simple. Some part (A) imually
does some job (and not very well, perhaps). Another part (B) later
gets added because it helps A. This new part isn’t essential, it merely
improves things. But later on, A (or something else) may change in
such a way that B now becomes indispensable. This process continues
as further parts get folded into the system. And at the end of the day,
many parts may all be required (Orr 1996-7).

Orr later gives a biological example of what he has in mind.

The transformation of air bladders into lungs that allowed animals to
breathe atmospheric oxygen was initially just advantageous: such beasts
could explore open niches — like dry land - that were unavailable to
their lung-less peers. But as evolution built on this adaptation (modi-
fying limbs for walking, for instance), we grew thoroughly terrestrial
and lungs, consequently, are no longer luxuries — they are essential.
The punch-line is, I think, obvious: although this process is thoroughly
Darwinian, we are often left with a system that is irreducibly complex
(Orr 1996-7).

In his example Orr has not adhered to the concept of irreducible complexity as
I defined it. First, my definition requires that one consider “a single system.”
Whole organs, such as lungs or swim bladders, are not “single systems.”
Indeed, lung tissue contains many of the separate, irreducibly complex
systems | described in Darwin’s Black Box: cilia; intracellular transport
systems; blood clotting proteins; and so on. If the origins of those molecular
systems are currently unexplained, then systems built on them (such as cells
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or organs) are unexplained as well. In my book I strongly emphasized that
one has to examine biological systems at the molecular level to determine
if they were likely produced by Darwinian processes or not. The reason is
that whole cells and organs contain so many active, unknown components —
a typical cell contains thousands of specific, separate macromolecules, most
acting, both separately and together, in unknown ways — that one is dealing
with a “black box” whose capacities are substantially obscure.>

A second confusion in Orr’s example is with regard to the specification of
the system and function under consideration. I consider the function to be the
activity that the system itself performs: triggered snapping for a mousetrap;
rotary propulsion for a flagellum; controlled formation of a barrier for the
blood clotting system; and so on. My definition is intended to mean that
removal of a part causes the system itself — the discrete system currently
under consideration — to cease functioning. Yet it is not at all clear from
Orr’s example what is the system he is considering, whether lungs, swim
bladders, or even the whole animal. If he is considering that the system is,
say, the lungs, then what are the parts of the lungs without which they will
not work? Orr does not list them, so perhaps that is not what he had in mind.
‘The only other part, besides swim bladders and lungs, that he mentions is
“limbs for walking.” But vertebrate limbs are certainly not part of an irredu-
cibly complex system that includes the lungs, at least not in my sense of the
term. For example, if one removes the spring from a mousetrap, or the drive
shaft from a bacterial flagellum, the systems themselves immediately cease
working. But if a limb is amputated from a terrestrial vertebrate, the lungs
can easily continue to function.

It seems likely that Orr had in mind that the “system” was the entire
animal, and that he was thinking of an alternate conception of irreducible
complexity that can perhaps be paraphrased as, “if you remove this part, the
organism will eventually die,” or “it will not compete successfully with other
organisms.™ And the “function” he seems to have in mind is to help the whole
animal or species prosper. So without lungs a terrestrial vertebrate would die
after a minute or so, and without limbs the animal couldn’t work well on land.
However, that is not the same concept as I discussed. In my thinking, if one
removes a part of a clearly defined, irreducibly complex system, the system
itself immediately and necessarily ceases to function.

Although T think Orr’s tung example is off the mark, and although
the scenario doesn’t help the problem of how Darwinian processes could
have put together molecular systems such as 1 discussed, Orr’s “part A,
part B” scenario does identify an ambiguity in my definition of irreducible
complexity. As I constructed it the definition is equivocal; jt doesn’t distin-
guish between systems that necessarily must have several parts because of the
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mechanism by which they perform the task at hand, and systems which use
a number of parts to do a task which could in theory be done with one. I had
intended the definition to cover only the former group.

Some systems necessarily require several parts to function as they do. A
simple mechanical example is a lever and fulerum. A molecular example
is the bacterial flagellum, of which I wrote: “The bacterial flagellum uses
a paddling mechanism. Therefore it must meet the same requirements as
other such swimming systems. Because the bacterial flagellum is necessarily
composed of at least three parts ~ a paddle, a rotor, and a motor - it is
irreducibly complex” (Behe 1996: 72). And of the intracellular transport
systern ] wrote “Because gated transport requires a minimurn of three separate
components to function, it is irreducibly complex.” The components were:
1) an identification mark; 2) a component to recognize the mark; and 3) a
gate that is activated when the mark is recognized. Thus systems such as the
flagellum and intraceliular transport must have several components to do their
jobs the way they do them. They do not fit Orr’s scenario — there is no single
part A that does the job, even poorly, so that a part B can come along later to
help it.

However, one can indeed imagine a different type of molecular system
where a task can be performed by one part. Perhaps some protein has a
weak activity by itself, and another protein comes along to act as Omr’s
part B, perhaps by binding to the first protein and stabilizing the active
conformation.* If that were to happen further mutations might change the
system such that, although it functioned when both components were present,
in the absence of part B, part A wouldn’t have even a weak activity. Nonethe-
less, as can be seen from the fact that the system started out with just one
component (Orr’s part A), there is nothing about the mechanism of the task
that makes it impossible for it to be carried out by a single component.
Thus we have two conceptually distinguishable categories: 1) one in which
a given task can theoretically be done by a given mechanism using a single
component, but in fact several components are used by the cell; and 2) one 1n
which more than one component is necessarily required to carry out a given
task by a given mechanism.

Although I only intended to include the second category, my definition of
irreducible complexity currently does not distinguish between the two. Fortu-
nately, however, the confusion does not affect the science and the defect can
be repaired easily enough by inserting a word to define irreducible complexity
as: a single system which is necessarily composed of several well-matched,
interacting parts that contribute to the basic function, and where the removal
of any one of the parts causes the system to effectively cease functioning.
1 think that, with the discussion above in mind. such a definition would
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include those systems I discussed (the flagellum, mousetrap, and others)
while excluding even molecular instances of the “part A, part B” situation
Orr had in mind.

After defining the term in Darwin’s Black Box, 1 went on to argue that
irreducibly complex systems are obstacles for Darwinian explanations.

An irreducibly complex system cannot be produced directly (that is, by
continuously improving the initial function, which continues to work by
the same mechanism) by slight, successive modifications of a precursor
system, because any precursor to an irreducibly complex system that is
missing a part is by definition nonfunctional (Behe 1996: 39).

However, commentary by Robert Pennock and others has made me realize
that there 1s a weakness in that view of irreducible complexity. The current
definition puts the focus on removing a part from an already-functioning
system. Thus, seeking a counterexample to irreducible complexity, in Tower
of Babel Pennock writes about a part in a sophisticated chronometer, whose
origin is simply assumed, which breaks to give a system that he posits can
nonetheless work in a simpler watch in a less demanding environment.’ The
difficult task facing Darwinian evolution, however, would not be to remove
parts from sophisticated pre-existing systerns; it would be to bring together
components to make a new system in the first place. Thus there is an asym-
metry between my current definition of irreducible complexity and the task
facing natural selection. I hope to repair this defect in future work.

2. Methodological objections

2.1. Is iruelligent design falsifiable?

In addition to empirical questions about the results of particular experiments
and their interpretation, concerns have been expressed about whether inte}-
ligent design is a scientific theory at all. In particular, it has been claimed
that intelligent design is not falsifiable or that it is tantamount to invoking a
miracle, which is no explanation. Either of these features, the argument goes,
disqualifies design as a scientific hypothesis. 1 will discuss these objections
in the following two sections.®

Some reviewers of Darwin's Black Box have objected that intelligent
design is not falsifiable. 1 will argue that it is. However, to decide whether,
or by what evidence, it is falsifiable, one first has to be sure what is meant
by “intelligent design.” By that phrase someone might mean that the laws
of nature themselves are designed to produce life and the complex systems
that undergird it. In fact, something like that position has been taken by the
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physicist Paul Davies and the geneticist Michael Denton in their recent books,
respectively, The Fifth Miracle: The Search for the Origin and Meaning
of Life (Davies 1999) and Natwre's Destimy: How the Laws of Biology
Reveal Purpose in the Universe (Denton 1998). That stance, although not
exactly endorsed, seems at least to be acceptable to the National Academy of
Sciences:

Many religious persons, including many scientists, hold that God created
the universe and the various processes driving physical and biological
evolution and that these processes then resulted in the creation of
galaxies, our solar system. and life on Earth. This belief, which some-
times is termed “theistic evolution,” is not in disagreement with scientific
explanations of evolution (National Academy of Sciences 1999: 7).

In such a view even if we observe new complex systems being produced by
selection pressure in the wild or in the laboratory, design would not be falsi-
fied because it is considered to be built into natural laws. Without commenting
on the merits of the position, let me just say that that is not the meaning
I assign to the phrase. By “intelligent design” (ID) I mean to imply design
beyond the simple laws of nature. That is, taking the laws of nature as given,
are there other reasons for concluding that life and its component systems
have been intentionally arranged, just as there are reasons beyond the laws
of nature for concluding a mousetrap was designed? In my book, and in this
article, whenever I refer to ID I mean this stronger sense of design-beyond-
laws. Virmally all academic critics of my book have taken the phrase in the
strong sense [ meant it.

In the strong sense ID is no longer condoned by the National Academy,
for a specific reason: “[Ijntelligent design . .. [is] not science because [it is]
not testable by the methods of science” (National Academy of Sciences 1999:
25). In his review of Darwin’s Black Box for Nature, University of Chicago
evolutionary biologist Jerry Coyne explains in some detail why he also thinks
intelligent design is unfalsifiable.

If one accepts Behe’s idea that both evolution and creation can operate
together, and that the Designer’s goals are unfathomable, then one
confronts an airtight theory that can’t be proved wrong. I can imagine
evidence that would falsifv evolution (a hominid fossil in the Precam-
brian would do nicely), but none that could falsify Behe's composite
theory. Even if, after immense effort, we are able to understand the
evolution of a complex biochemical pathway, Behe could simply claim
that evidence for design resides in the other unexplained pathways.
Because we will never explain everything, there will always be evidence
for design. This regressive ad hoc creationism may seem clever, but it is
certainly not science (Coyne 1996).
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Coyne’s and the National Academy’s conclusion that-design is unfalsifi-
able, however, seems to be at odds with the arguments of other reviewers
of my book. Clearly, Russell Doolittle, Kenneth Miller, and others have
advanced scientific arguments aimed at falsifying ID. Now, one can’t have it
both ways. One can’t say both that ID is unfalsifiable (or untestable) and that
there is evidence against it. Either it is unfalsifiable and floats serenely beyond
experimental reproach, or it can be criticized on the basis of our observations
and is therefore testable. The fact that critical reviewers advance scientific
arguments against ID (whether successfully or not) shows that intelligent
design is indeed falsifiable.

In fact, intelligent design is open 1o direct experimental rebuttal. Here is
a thought experiment that makes the point clear. In Darwin’s Black Box |
claimed that the bacterial flagellum was irreducibly complex and so required
deliberate intelligent design. The flip side of this claim is that the flagellum
can’t be produced by natural selection acting on random mutation, or any
other unintelligent process. To falsify such a claim, a scientist could go
into the laboratory, place a bacterial species lacking a flagellum under some
selective pressure (for mobility, say), grow it for ten thousand generations,
and see if a flagellum — or any equally complex system — was produced. If
that happened, my claims would be neatly disproven.

What about Professor Coyne’s concern that, if one system were shown to
be the result of natural selection, proponents of ID could just claim that some
other system was designed? I think the objection has little force. If natural
selection were shown to be capable of producing a system of a certain degree
of complexity, then the presumption would be that it could produce any other
system of an equal or lesser degree of complexity. If Coyne demonstrated that
the flagellum (which requires approximately forty gene products) could be
produced by selection, I would be rather foolish to then assert that the blood
clotting system (which consists of about twenty proteins) required intelligent
design. .

Let'’s tumn the tables and ask, how could one falsify a claim that
a particular biochemical system was produced by Darwinian processes?
(Coyne’s remarks about a Precambrian fossil hominid are beside the point
since I dispute the mechanism of nawral selection, not common descent.
I would no more expect to find a fossil hominid out of sequence than he
would.) Kenneth Miller announced an “acid test” for the ability of natural
selection to produce irreducible complexity. He then decided that the test had
been passed, and unhesitatingly proclaimed intelligent design to be falsified
(“Behe is wrong”; Miller 1999: 147). But if, as it certainly seems to me,
E. coli actually fails the lactose-system “acid test,” would Miller consider
Darwinism to be falsified? Almost certainly not. He would surely say that the
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experiment started with the wrong bacterial species, used the wrong selective
pressure, and so on. Leave aside the question of whether that is a legitimate
response or not. The point here is that ID could potentially be falsified by the
results of a single series of rather straightforward experiments, such as Barry
Hall conducted (Hall 1982, 1999). Darwinian evolution can’t.

Does the falsifiability of the argument to design change if the possibility
is left open that the designer is God or some other supernatural agent? No
— not if one understands the phrase “intelligent design” in the sense which
I used. Because I argue that unintelligent means cannot produce irreducibly
complex systems such as I described, an experimental demonstration of the
ability of natural selection to do just that would show my argument to be
false, no matter who one thought the designer might otherwise have been.
The only way around such a result would be to say that the designer was
acting furtively during the experiment itself — and during any subsequent
repetition of the experiment. In my opinion that is a defensible position if
one thinks the experimenters were consciously or unconsciously biasing the
results. However, 1 would not think it defensible to claim that supernatural
agents were controlling the experiment. Although someone somewhere might
conceivably be found who would take that position, I certainly would not. I
would understand the results as a definitive refutation of my position.

1 think Professor Coyne and the National Academy of Sciences have it
exactly backwards. A strong point of intelligent design is its vulnerability to
falsification.” A weak point of Darwinian theory is its resistance to falsifica-
ton, What experimental evidence could possibly be found that would falsify
the contention that complex molecular machines evolved by a Darwinian
mechapism? I can think of none.

2.2, Is intelligent design equivalent to invoking a miracle?

Intelligent design has been criticized as tantamount to invoking a miracle (For
example, see Futuyma 1997; Ruse 1997). Simply declaring “God did it”, the
argument goes, is not a scientific explanation. Furthermore, understanding is
not advanced by postulating a designer that is surely more complex than the
designed system one is trying to account for. Therefore intelligent design is
no explanation of any kind.

I will reply to such criticisms in this section. Although I will not give a
complete answer, I will strive to show that such objections do not currently
have enough force to constitute an obstacle to a theory of intelligent design.
Questions which I will address are the following: Is it possible that the
designer of terrestrial life is a natural entity? Is it plausible that the designer
1s a natural entity? If the designer is a supernatural entity, is intelligent
design an “explanation”? Would progress in science be stymied by a theory
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of intelligent design? Must a designer be more complex than the systems it
designs?

Is it possible that the designer is a natural entity? If the designer were a
natural entity then questions about God, the supernatural, and miracles would
be moot. Thus we can begin by asking whether it is even possible for the
designer to be a natural entity. This can be divided into two questions: 1) is
it logically possible? and, 2) is it physically possible? The key consideration
is that of irreducible complexity. If irreducible complexity requires intelli-
gent design, and if any natural designer must contain irreducibly complex
systems, and if the universe is not infinitely old allowing infinite regress,
then eventually one runs into the problem of “who designed the designer?”
Nonetheless, it is at least logically possible to have a nawral designer who
does not contain ureducibly complex systems, because there is nothing in
the concept of intelligent designer that entails irreducible complexity. “Not
irreducibly complex” and “natural intelligent designer” are not contradictory
terms, so the conjunction of the terms violates no logical tenet.

Logical possibility is perhaps the least demanding criterion. A more inter-
esting question is whether a non-irreducibly-complex natural designer is
physically possible. By “physically possible” I mean only that something is
not contradicted by known physical laws — not that we have any evidence
of it. In other words, by the phrase physically possible I intend to leave the -
door open to all speculative phenomena for which we do not have srong
positive evidence that they are directly contrary to well-established physical
principles. In this sense [ think a natural intelligent designer is physically
possible. As I wrote in Darwin’s Black Box, perhaps the designer could be
made of gas particles or self-organizing electromagnetic fields or something
else which would strike us as fantastic, but is physically possible and does not
involve irreducible complexity. It is noteworthy that serious scientists have
proposed that life could exist in such places as the atmosphere of Jupiter
(Shapiro1999) and that it could at least begin as clay crystals (Cairns-Smith
1985). ‘

-We may not need to resort to utterly alien life forms, however. A non-
irreducibly complex entity could conceivably be based on carbon chemis-
try not very much unlike our own. After all, although some terrestrial
biochemical systems are irreducibly complex, others aren’t (such as some
metabolic pathways, cell membranes, oxygen transport, etc.). Furthermore,
functions that are performed by irreducibly complex terrestrial systems may
be accomplished by simpler systems elsewhere. For example, the function
of a mechanical mousetrap can be performed by a glue trap, which is not
irreducibly complex. In speculating on the origin of life and the first cells
scientists often invoke relatively simple systems that can accomplish a known
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cellular function at least to a degree. Perhaps functions that are performed
by trreducibly complex biochemical systems in humans can be performed
by simpler systems, or somehow gotten around, while sticking with familiar
chemical principles. I must admit that I am not prepared to spell out how
that might be done. My purpose here is only to argue that we can’t currently
rigorously rule it out.

Is it plausible that the designer is a natural entity? While such designers
as discussed above may be possible in the sense that there is not positive
proof they cannot exist, we can ask further whether it is plausible that they
actually do or did exist. Plausibility, of course, is to a large extent in the
eye of the beholder. For example, while some scientists consider it highly
likely that the universe is teeming with intelligent life (Shapiro 1999), others
think it very probable ours is the only planet with intelligent life (Ward and
Brownlee 2000). And these convictions are held despite the absence of an
accepted theory for how life may originate or of much understanding of what
constitutes intelligence,

The problem is the following. Currently we have knowledge of only one
type of natural intelligent designer even remotely capable of conceiving such
structures as are found in the cell, and that is a human. Our intelligence
depends critically on physical structures in the brain which are irreducibly
complex. Extrapolating from this sample of one, it may be that all possible
natural designers require irreducibly complex structures which themselves
were designed. If so, then at some point a supernatural designer must get into
the picture.

I myself find this line of reasoning persuasive. In my estimation, although
possible in a broadly permissive sense, it is not plausible that the original
intelligent agent is a natural entity. The chemistry and physics that we do
know weigh heavily against it. If natural intelligence depends on physical
organization, then the organization seems likely to have to be enormousiy
complex and stable over reasonable periods of time. While simpler systems
may perform the tasks that irreducibly complex systems perform in terrestrial
life, they would likely perform them more siowly and less efficiently, so that
the complexity required for intelligence would not ultimately be achieved.
Thus in my judgment it is implausible that the designer is a natural entity.

I should add that there is nothing in the previous reasoning to rule out
the hypothesis that we terrestrials were designed by a natural designer which
was itself designed by a supernatural designer, or that there was a series of
designers between the supernatural one and us, or some variation of this. It
simply means that at the beginning of the chain, input from beyond nature
was required.
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If the designer is a supernatural entiry, is intelligent design an “explana-
tion”? Is it a “miracle”? Let me first acknowledge that, as there could have
been a series of natural designers, there could also have been a series of
supernatural ones, with one designing another which eventually designed an
intelligent natural being. Or several supernatural entities could have collabo-
rated to design natural beings, or some variation of this. I am not proposing
these scenanios seriously, but just to show that a bare hypothesis of intelli-
gent design leaves open many possibilities. For simplicity, in the following
discussion [ will speak of just one supernatural designer which, as Thomas
Aquinas might say, we will call God. In addressing the above questions I will
first assume that God exists. To justify the assumption I simply note that, in
addition to the majority of humankind, a number of prominent philosophers
and scientists profess to believe in God’s existence. Later I will consider the
situation where God’s existence is in dispute.

Assuming that God does exist, then, is the hypothesis of intelligent design
an “explanation”? To answer this question we must first pay some attention
to the limited nature of a claim of intelligent design for any designer. An
assertion that some device or system was intelligently designed is not an
explanation of the mechanism by which it was assembled. It is simply the
claim that intelligent input was involved at some point in its assembly. To
illustrate, a rag doll in a store might carry a tag saying ‘“hand-sewn”, but its
unscrupulous manufacturers actually nsed automated machinery to produce
it. Looking at the doll in the store we may not know how it was manufactured,
but we easily apprehend that it was purposely designed, whether directly by
hand, indirectly by machine, or some other means. Or consider a science
fiction example. Suppose we are shown two identical-appearing hand guns.
One was manufactured in a gun factory. The other is a duplicate of the first
where the original gun was put in a black box, a beam shone upon it, a few

. dials twirled and lights blinked, and out of the box came an exact replica.
Examining the two guns we may not be able to tell which was which, or we

" might be able to tell only after long and strenuous investigation. Yet we have
no trouble at all deciding they were both intelligently designed. Furthermore,
in the case of the duplicator, we may never be able to figure out the mecha-
nism for how the second gun was made, yet the conclusion of design remains
solid.

With the above examples in mind, it seems to me that a conclusion of
intelligent design in cases where the designer is likely to be God is as much an
explanation as a conclusion of intelligent design for cases where the designer
is a natural being. One is simply asserting that design is part of the causal
history of the system and that without design the system would not exist. But
one 1s not specifying the mechanism by which it was produced. The question
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of the mechanism by which the system was designed is separate from the
question of whether it was designed, and may be much more difficult w0
answer, If the designer was in fact God, then there is good reason to suppose
that the mechanism of design will forever remain beyond us. Yet, whether
progress on the mechanism of design is possible or not, the conciusion of
design does not absolutely require it.

Perhaps intelligent design in biochemistry is some sort of an explanation,
but is it a “scientific” explanation if the designer is likely to be -God? 1
contend that it is. Without getting into the difficult problem of trying to define
science, I will just say that I think any explanation which rests wholly on
empirical evidence and basic logic deserves the appellation “scientific”.® The
conclusion of intelligent design in biochemistry rests exclusively on empirical
evidence - the structures and functions of the biochemical systems — plus
principles of logic (for example, see Dembski’s (1998) The Design Inference
and Ratzsch’s (2001) Nature, Design, and Science). No particular tenet of
faith is involved.” Therefore, I consider design to be a scientific explanation
(whether ultimately correct or not).

Well, if one thinks that the most plausible designer of life is God, then
is the hypothesis of intelligent design tantamount to invoking a miracie?'”
I think there are actually two questions here: 1) does the hypothesis imply
a miracle probably happened? and 2) if so, does the hypothesis concemn the
miracle itself? Yes to the first, no to the second. Although a hypothesis of
the intelligent design of aspects of life may reasonably be taken to imply the
involvement of supernatural agency — a “miracle” — at some (perhaps quite
remote) point, it does not concern it directly. Rather, it reaches its conclu-
sion based on tangible, empirical features of a systemn and proceeds from
there. That, [ argue, is not unprecedented in science. To illustrate the point,
consider the Big Bang hypothesis. In the middie part of the 20th century the
observation of galactic red shifts led to the proposal of an expanding universe
and to the hypothesis that the universe had a beginning in the distant past
- the Big Bang. A number of scientists thought that the Big Bang hypo-
thesis had theistic implications.!! After all, what might cause the beginning
of nature if not something outside of nature? The actual coming-into-being of
the universe may have been a supernatural event, some thought — a miracle.
Nonetheless, the Big Bang hypothesis justified 1tself with empirical evidence.,
and scientific investigations started with the fact of the Big Bang itself and
proceeded to examine physical consequences which flowed from it. In other
words, the guestion of the {possibly miraculous) mechanism producing the
Big Bang was bracketed; the beginning of the universe was treated as a
boundary condition.
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The beginning of nature may indeed have been a miracle, but the Big
Bang hypothesis is a scientific one which does not concern miraculous
matters.'? 1 place the intelligent design hypothesis in the same category.
Although the process by which some structures of life were designed may
have involved supernatural agency, we can bracket that question, treat the
designed structures as akin to boundary conditions, and proceed from there.

Is science stymied if we hypothesize that aspects of life were designed?
Another objection to intelligent design theory is that it is a “science stopper”,
that it places some questions off-limits to scientific investigation and thus
discourages progress. I think much of that objection arises from a failure
to recognize that all scientific theories do the same. To the extent a theory
proposes to explain an aspect of nature, it simultaneously claims that other
explanations are incorrect, predicts that experiments that aren’t designed in
conformity with the theory will fail, and in that way discourages them. To
illustrate, among other things Einstein’s theory of relativity holds that no
object with mass can trave] faster than light. Certainly any person working
within the framework of the theory will be discouraged from conducting
extensive experiments to show that a massive object can travel faster than
light (except perhaps to confirm the expected failure to do so). Some
questions are just ill-formed. From the point of view of Einstein’s theory,
avoidance of the question of supraluminal travel is not a limitation. Rather, the
theory is simply helping an investigator avoid an ill-formed question, which
1s a positive feature of the theory. Similarly, for intelligent design theory a
question such as “How did random mutation and natural selection construct
the bacterial flagellum?” 1s ill-formed because the theory holds that in fact
the flagellum could not arise that way, and spending a lot of resources to
investigate it is likely to be a waste. Again, helping investigators avoid ill-
formed questions is a positive contribution which all theories seek to make.
Nonetheless, a number of other empirical questions (such as those listed by
Ratzsch 2001: 143) can open up to design theorists, which would not be asked
in the framework of other theories.

Those skeptical of ID, who worry that science would be stuck in a blind
alley if design became the majority view in biology, should relax. As a prac-
tical matter, no theory, including intelligent design, can stop scientists from
investigating alternatives. If a theory could do that, then theories would never
be overturned. Within the broad community of scientists there are always
some who question the dominant view. Even if intelligent design theory were
some day to be the majority position in biology, there is every reason to think
experiments would continue to be conducted by skeptical investigators 1o
challenge its postulates.
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Must a designer be more complex than the systems it designs? The evolu-
tionary biologist Richard Dawkins (Dawkins 1986: 141) has argued briefly
that we should not entertain the notion of a supernatural designer, because
such a designer would have to be more complex than the system being
explained. An appeal to the more complex to explain the less complex. the
argument goes, is no explanation at all. Thus we should prefer a hypothesis
of Darwinian evolution to intelligent design.

It seems to me that Professor Dawkins’ argument is open to question and
his conclusion is not obvious. First, is it true that an appeal to the more
complex cannot explain the less complex? It cannot be true in general since
we do it all the time. A smooth formation of igneous rock might be explained
as a lava flow from an ancient volcano, yet it is quite arguable that the
volcano is more complex than the rock formation. I might explain tracks
across my lawn as the result of my daughter’s erratic driving. By most meas-
ures, however, the car is probably more complex than the tracks explained
by reference to it. The presence of a wood-and-mud dam at a particular river
might bring the conclusion that it was likely built by a beaver. All of these
effects are less complex than their causes, yet most of us would be perfectly
satisfied with the explanations.

Perhaps Dawkins meant in particular that an ultimate explanation of life or
nature must be simple, where the chain of causation begins. Again, that is not
obvious to me — perhaps the beginning of the chain of causation is infinitely
complex in some sense. For purposes of argument, however, let us.assume
he’s right in this narrower sense. Yet is it indeed true that a designer must be
more complex than the systems it designs? It is not self-evidently true even
for natural designers. Consider computers. Is it possible for a human to build a
computer that 1s more complex than a human? It may be. In fact some people
n the field are quite confident that one day it will happen. Even if today’s
computers are not as compiex as human beings, given time there is no logical
reason to suppose a computer can’t be built that exceeded the complexity of
humans by some measure. :

If a natural designer can in principle be less complex than systems she
designs, then why should we think a supernatural designer must be more
complex than systems it designs? I can think of no reason. Like Dawkins, I am
no theologian and I am ill equipped to argue about the nature and attributes
of God. Nonetheless, one attribute assigned to God by theologians such as
Aguinas is simplicity. If those theologians are right, perhaps there is no basis
in fact for Dawkins’ objection. In any event, unless and until his argument is
much more fully developed I do not think it presents a barrier to a conclusion
of intelligent design in biochemistry.
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What if the existence of God is in dispute or is denied? So far 1 have
assumed the existence of God. But what if the existence of God is denied
at the outset, or is in dispute? Is the plausibility of the argument to design
affected? As a matter of my own experience the answer is clearly yes, the
argument is less plausible to those for whom God’s existence is in question,
and is much less plausible for those who deny God’s existence. People I speak
with who already believe in God generally agree with the idea of design in
biology (although there are certainly exceptions), those who are in doubt are
interested in the argument but often are skeptical, and as a rule those who
actively deny God’s existence are either very skeptical or wholly disbelieving
(Apparently, the idea of a natural intelligent designer of terrestrial life is not
entertained by a large percentage of people).

Without becoming entangled in philosophical or religious arguments
about the existence of God, what are we to make of these various reactions? 1
think that one can simply view them as arising from different estimations of
the strengths of competing hypotheses. As an analogy, imagine that a ship-
wreck marooned you on a desert island. If you see a few rocks strewn about,
you might think nothing of it. But if you see some rocks on the island 1n a
circle, then if you also think some other person may have escaped the wreck
and ended up on the island, you may surmise the rocks were arranged by that
other survivor, even if you have not yet encountered her face-to-face. On the
other hand, if no one else was on the sunken boat and you have no reason to
think another person is on the island, then you might shrug off the circle of
stones as a peculiar coincidence. However, as the example becomes more and
more insistent (say, instead of a circle of stones one sees a stone chimney,
or stones spelling out the message “hi” vs “hello” vs “welcome, survivor”)
then the hypothesis of intelligent design becomes more and more plausible.
It might even reach the point where, if a natural designer were nowhere to be.
seen, a person would judge it more likely that God was arranging the stones
than that it was a coincidence.'® :

To many theists such as myself, the state of the biological evidence 1s
such that the hypothesis of design is more compelling than that unintelligent
processes produced the irreducibly complex systems seen in the cell, like
the shipwreck survivor who thought someone else might be on the island.
However, like the survivor of the shipwreck who thinks no one else is on the
island, many (although not all) agnostics and nontheists draw the line differ-
ently, and reach the opposite conclusion. This is unsurprising; it is frequently
the case in science that when new theories are proposed people judge the
evidence differently. The only unusual (but not unprecedented) feature here
is that a person’s judgment on the existence of God enters into the balance.
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Nonetheless, the more common ~ and most important — feature is that

people’s judgments can be affected by the further development of the
evidence, just as in the shipwreck example an opinion might change if the
evidence became more compelling.'* If future work shows natural selection
capable of doing more than skeptics of Darwinism had thought, or if another
mechanism is discovered which can generate irreducible complexity without
intelligent input, then fewer people will deem intelligent design to be a sound
hypothesis. On the other hand, if further investigations exacerbate problems
for Darwinism and no plausible alternative explanation appears, or especially
if design is seen to have real empirical payoffs, then it is likely that more
people will be attracted to the idea of intelligent design as I have developed
it

Notes
! Doolittle’s point has been echoed by other critics of intelligent design. For example, in Free
Inguiry Michael Ruse, a prominent Darwinian scholar, wrote:

Behe is a real scientist, but this case for the impossibility of a small-step naturai origin of
biological complexity has been trampled upon contemptuously by the scientists working
in the field. They think his grasp of the pertinent science is weak and his knowledge of
the literature curiously (although conveniently) outdated.

For exampie, far from the evolution of clotting being a mystery, the past three
decades of work by Russell Doolittie and others has thrown significant light on the
ways in which clotting came into being. More than this, it can be shown that the clotting
mechanism does not have to be a one-step phenomenon with everything already in place
and functioning. One step in the cascade involves fibrinogen, required for clotting, and
another, plaminogen [sic}, required for clearing clots away (Ruse 1998).

And Ruse went on to quote Doolittle’s passage from Boston Review cited above.

2 The intent of Bugge et al. (1996a) was to determine if plasminogen had any other function
- in the organism besides its role in blood clotting. The fact that knocking out fibrinogen relieved
all the symptoms of plasminogen deficiency ied them to conclude that it did not.

3 As an aside, ordinary mechanical contraptions such as a mousetrap or a clock don’t have to
be examined at the molecular level because the parts are not themselves complex assembilages
of active components, as are cells. However, more sophisticated artificial devices, such us
computers, may indeed have to be examined at the molecular — or at least microscopic — level
to determine if they are irreducibly complex.

4 One example of this could be myoglobin/hemoglobin. The single-chain myoglobin binds
oxygen by itself, but several myoglobin-like chains in tetrameric hemoglobin bind oxygen
with greater flexibility. I discussed the potential evolution of hemoglobin from a myogiobin-
like precursor in a section entitled “Making Distinctions” (Behe 1996; 205-208).

3 In Tower af Babei: The Evidence Against the New Creationism philosopher Robert Pennock
protests that I have tried to get an empirical conclusion from a conceptual argument (Pennock
1999: 267-268) mostly, it seems, because of my unfortunate use of the phrase “by definition”
in describing the problem irreducible complexity poses to Darwinism. However, Pennock seri-
ously misunderstands my argument, which is a scientific/empirical one, not a phiiosophicalia
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priori one. The confusion may be partly my fault because, as a scientist, I was not sensitive
to how a professional philosopher might construe my words, that the phrase “by definition”
would be a red flag and become the unintended focus of scrutiny to the exclusion of the
real empirical difficulties of constructing irreducibly complex biochemical systems. In fact
I was not attempting to rule out Darwinian explanations a prion (nor did I say that | was)
or to “prove” in a logical sense that Darwinian processes could not possibly have produced
irreducibly complex systems. Such a heavy burden of logical proof, completely ruling out
alternative explanations, is rarely if ever borne in science, even by time-tested theories, and
1 do not feel the need to take it on either. For his part, Pennock focuses on the phrase “by
definiion™ to the point of overlooking important gualifications I made and examples I gave,
and he ignores or dismisses without engagement the empirical problems I concentrated on.
Pennock’s assertion notwithstanding, I did not claim that “there could never be any functional
intermediates that natural selection could have selected for on the way to any irreducibly
complex system” (Pennock 1999: 267-268). On the contrary, 1 forthrightly wrote that “Even
if a system is trreducibly complex (and thus cannot have been produced directly), however, one
cannot definitively rule out the possibility of an indirect, circuitous route,” continuing that “As
the complexity of an interacting system increases, though, the likelihood of such an indirect
route drops precipitously” (Behe 1996: 40). Thus the essence of my argument is probabilistic
rather than definitional.

These questions have recently been addressed at length by Ratzsch (2001) who concludes
that design can indeed be a legitimate scientific conclusion. For example, he writes: “However,
if one takes the second option - science as an atiempt to discover as much as possible
concerning the structure, operation, and history of actual reality, whatever that reality may be
or include - then the situation is very different. In particular, prohibition on the supernatural
does not even superficially appear to emerge out of the definition or primary aim of science. In
fact, under this second conception, science — aimed now at the truth, whatever the truth turns
out to be — might be required to think about the possibilities of supemnatural causation and
phenomena within even the empirical realm” (p. 95).

7 Indeed, some of my religious critics dislike intelligent design theory precisely because they
worry that it will be falsified, and thus religion will appear to suffer another blow from science.
See, for example, Flietstra 1998 and Oakes 2001.

8 On the other hand, if an explanation depends critically on specific tenets of a particular
faith, such as the Trinity or Incarnation, or on sacred texts, then that of course is not a scientific
explanation.

1 do not regard the existence of God as a tenet of faith, since it is a subject of philosophical
argument from first principles. Of course, different persons arrive at different conclusions
about God’s existence, but that only means the arguments persuade some people and not
others. It does not mean that the affirmation of God’s existence need be dogmatic.

0 Jam using the term miracle here to mean “the involvement at some point of supernatural
agency”. One should be careful to note, iowever, that the “some point” doesn’t have to be
during the course of the universe’s history, but could be at its inception. Thus, even if one does
think the designer is God, subscribing to a theory of intelligent design does not necessarily
commit one to miracles in the sense of “intervention” or the contravening of the laws of
nature — no more than thinking that the laws of nature were designed by God (2 view. as
we've seen, condoned by the National Academy of Sciences (National Academy of Sciences
1999)). In either case one could hold that the information for the subseguent unfolding of life
was present at the very start of the universe. In one case, the information is present just in
general laws. In the other case, in addition to general laws, much more information is present
n other factors too, such as inital conditions. The difference might boil down simply to the
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question of whether there was more or less expicit design information present at the beginning
— hardly a point of principle.

11 The question of the theistic implications of the Big Bang hypothesis has been weated
explicitly in, for example, Craig and Smith (1993). Furthermore, that scientists recognized
the Big Bang had theistic implications can sometimes be seen in statements by those who
didn’t welcome them. For example, in an article entitled “Down with the Big Bang,” whose
subtitle calls the theory “philosophically unacceptable,” former Nawre editor John Maddox
wrote “Creationists and those of similar persuasions seeking support for their opinions have
ample justification in the doctrine of the Big Bang. That, they might say, is when (and how)
the Universe was created” (Maddox 1989).

12 Of course, some scientists are now trying to explain the Big Bang itself (For example,
see Guth 1997). Nonetheless, the point remains that for decades there was no attempt at a
scientific explanation for the Big Bang. Thus for a time science quietly accepted a possibly
miraculous beginning to the universe.

13 Of course the preceding example is not directly parallel to biological examples because
there are claims that the apparently-designed biological systems can be explained by natural
processes, and are not sheer coincidence. However, if one examines those claims and becomes
convinced they are incorrect, then biological examples take on the same force as nonbiological
ones.

14 To be sure, people might not respond Jinearly to the evidence.
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Simulating evolution by gene duplication of protein
features that require multiple amino acid residues
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'Department of Biological Sciences, Lehigh University, Bethlehem, Pennsylvania 18015, USA
*Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA

(Recervep April 8. 2004; FinaL REvision June 17, 2004; ACCEFTED June 17, 2004)

Abstract

Gene duplication is thought to be a major source of evolutionary innovation because it allows one copy of
a gene to mutate and explore genetic space while the other copy continues to fulfill the original function.
Models of the process often implicitly assure that a single mutation to the duplicated gene can confer a new
selectable property. Yet some protein features, such as disuifide bonds or ligand binding sites, require the
participation of two or more amino acid residues, which could require several mutations. Here we model the
evolution of such protein features by what we consider to be the conceptually simplest route—point
mutation in duplicated genes. We show that for very large population sizes N, where at steady state in the
absence of selection the population would be expected to contain one or more duplicated alleles coding for
the feature, the time to fixation in the population hovers near the inverse of the point mutatiou rate, and
varies sluggishly with the A" root of 1/N, where A is the number of nucleotide positions that must be mutated
to produce the feature. At smaller population sizes, the time to fixation varies linearly with 1/N and exceeds
the inverse of the point mutation rate. We conclude that, in general, to be fixed n 10% generations, the
production of novel protein features that require the participation of two or more amino acid residues simply
by multiple point mutations in duplicated genes would entail population sizes of no less than 10°.

Keywords: gene duplication; point mutation; multiresidue feature; disulfide bonds; ligand binding sites

Although many scientists assume that Darwinian processes
account for the evolution of complex biochemical systems,
we are skeptical. Thus, rather than simply assuming the
general efficacy of random mutation and selection, we want
1o examine, to the extent possible, which changes are rea-
sonable to expect from a Darwinian process and which are
pot. We think the most tractable place to begin is with
questions of protein structure. Qur approach is to examine
pathways that are currently considered to be likely routes of
evolutionary development and see what types of changes
-Darwinian processes may be expected to promote along a
particular pathway.

Reprint requests to: Michael J. Behe, Department of Biolugical Sciences,
Lehigh University, 111 Research Drive, Bethlehem. PA 18015, USA;
e-maii: mjbl @lehigh.edu; fax: (610) 758-4004.

Abbreviation: MR, multiresidue

Anticle published online ahead of print. Asticle and publication date are at
hap:/fwww.protcinscience.orglegi/doi/10. 1 1 10/ps. 04802904,

A major route of evolutionary innovation is thought to
pass through gene duplication (Ohno 1970; Lynch and Con-
ery 2000; Wagner 2001; Chothia et al. 2003). Because one
copy of the gene can continue to fulfill the original function,
in this view a duplicate, redundant copy of a gene is sub-
stantially free from purifying selection, allowing it to freely
accumulate mutations. Although the great majority of non-
peutral mutations to duplicated genes are expected to result
in a null allele (Walsh 1995; Lynch and Walsh 1998), that
is, a gene that no longer codes for a fanctional protein,
occasionally one might confer a novel function on the in-
cipient paralog. If this occurs, then the duplicated gene can
be refined by mutation and positive selection, independent
of the parent gene.

In most models of the development of evolutionary nov-
elty by gene duplication, it is implicitly assumed that a
single, albeit rare, mutation to the duplicated gene can con-
fer a new selectable property (Ohta 1987, 1988a.b: Walsh
1995). However, we are particularly interested in the ques-

Protein Science (20043, 13:2651-2664. Published by Cold Spring Harbor Laboratory Press. Copyright © 2004 The Protein Society 2651
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tion of how novel protein suuctural features may develop
throughout evolution; not alt structural features of a protein
may be attainable by single mutations. In particular. some
protein feamures require the participation of muitiple amino
acid residues. Perhaps the simplest example of this is the
disulfide bond. In order to produce a novel disulfide bond,
a duplicated gene coding for a protein lacking unmatched
cysteines would require at least two mutations in separate
codons. and perhaps as many as six mutations, depending
on the starting codons. We call protein characteristics such
as disulfide bonds which require the participation of two or
more amino acid residues “multiresidue” (MR) features.

A more general example of an MR feature is that of a
protein binding site. A ligand bound to a protein interacts
with multiple amino acid residues (Janin and Chothia 1990:
Cunningham and Wells 1993; Braden and Poljak 1995; Lo
et al. 1999: Chakrabarti and Janin 2002). In general, there-
fore. in order to produce a binding site for a new ligand in
a protein originally lacking the ability to bind it. multiple
mutational events would be necessary. Li (1997) drew. at-
teption to this fact in his textbook Molecular Evolution.
Prefacing a discussion of the evolutionary development of
the 2.3-diphosphoglycerate binding site of hemoglobin, he
wrote. “‘acquiring a new function may require many muta-
tional steps. and a point that needs emphasis is that the early
steps might have been selectively neutral because the new
function might not be manifested until a certain number of
steps had already occurred” (Li 1997).

In this paper. we report the results of the stochastic simu-
lation of the time to fixation of new MR features by what we
consider to be the conceptually simplest route: point muta-
tion in the absence of recombination in a duplicated gene
that is free of purifying selection. It can be seen that, for
very large populations, the expected time to fixation resides
near the inverse of the mutation rate per nucleotide and
decreases only slowly with the A™ root of increasing popu-
lation size, where X is the number of nucleotide positions
that must be mutated to produce the feature. For smaller
populations. the time varies linearly with I/N.

Resuits

The mode!

The model presented here assumes that newly duplicated
genes encode a full-length protein with the signals neces-
sary for its proper expression. It is further assumed that all
duplicate genes are selectively neutral. (This postulate is
examined in the Discussion.) Any given organism in the
population may be thought to have anywhere from zero to
multiple extra copies of the gene: that is, duplicate copy
number is considersd to have no selective effect. However,
the model presupposes that there are a total of N duplicate
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copies of the gene, equal to the number of organisms in the
population. The model assumes that either copy of a newly
duplicated gene can be the one to undergo mutation and that
either copy can retain the original function. That is. the
original gene is not necessarily the one to retain the onginal
function. Because the model does not include recombina-
tion, all copies of the gene accumulate point mutations in-
dependently of each other. The basic “task” that the model
asks a duplicate gene to perform is to accumulate A muta-
tions at the correct nucleotide positions to code for a new
selectable feature before suffering 2 null mutation. Because
the model presented here does not include recombination,
the results can be considered to be most applicable to a
haploid. asexual population. However, as will be discussed,
implications can also be made for the evolution of diploid.
sexual species.

The process we envision for the production of a mul-
tiresidue (MR) feawre is illustrated in Figure 1, where a
duplicate gene coding for a protein is represented as an
array of squares that stand for nucleotide positions. A gene
coding for a duplicate, redundant protein would contain
many nucleotides. The majority. of nonneutral point muta-

T T

Figure 1. A freshly duplicated gene must accrue several compatible mu-
tations without suffering a null mutation in order 1o code for the multiresi-
due (MR) feature. Each box in an array tepresents a nucleotide position in
the duplicated gene. The three boxes outlined in btue are the positions that
must be changed in order to produce the new MR feature. (Although they
are contiguous in the drawing, they do not necessarily represent contiguous
positions in the gene.) A “+” labels a compatible mutation. A red “X”
labels a null mutation, The green-shaded box represents the gene coding for
the MR feature, where the several necessary changes have all been ac-
quircd. The forward mutation rate is v times the number of incompatible
laci A remaining to be changed. The null mutation rate s pv.
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tions to the gene will yield a null allele (again, by which we
mean a gene coding for a nonfunctional protein) because
most mutations that alter the amino acid sequence of a pro-
tein effectively eliminate function (Reidhaar-Olson and
Sauer 1988, 1990; Bowie and Sauer 1989; Lim and Saver
1989; Bawie et al. 1990; Rennell et al. 1991; Axe et al.
1996; Huang et al. 1996; Sauer et al. 1996 Suckow et al.
1996). However, if several point mutations {indicated by a
“4+” in the figure) accumulate at specific nucleotide posi-
tions (indicated by the three squares outlined in blue in the
figure) in the gene coding for the protein before a null
mutation occurs elsewhere in the gene (indicated by a red
“¥), then several amino acid residues will have been al-
tered and the new selectable MR feawre will have been
successfully built in the protein (indicated by the green-
shaded area). By hypothesis, the gene is not selectable for
the new feature when an intermediate number of mutations
has occuured, but only when all sites are in the correct state.

In our computer model of the process described above,
the nucleotide positions that must be changed from the se-
quence of the parent gene to be compatible with the devel-
oping MR featre (we call states of nucleotide positions
“‘compatible” if they are consistent with what is necessary to
code for the MR feature, and “incompatible” if they are oot)
are explicitly represented as elements of an array (see Ma-
terials and Methods for details). These correspond to the
squares outlined in blue in Figure 1. (Although the positions
are next to each other in the figure, they are not necessarily
contignous in the gene.) These may be considered to be
nucleotide positions in the same codon, separate codons, or
a combination. The pertinent feature of the model is that
muitiple changes are required in the gene before the new,
selectable feature appears. Changes in these nucleotide po-

sitions are assumed to be individually disruptive of the’
original function of the protein but are assumed either to

enhance the original function or to confer a new function
once all are in the compatible state. Thus, the mutations
would be strongly selected against in an unduplicated gene,
because its function would be disrupted and no duplicate
would be available to back up the function.

The other nucleotide positions in the gene, corresponding
to the black squares in Figure 1, which if they were changed

Table 1. Definitions of terms

would yield a null allele, are represented only implicitly in
our computer model by the constant p, which is the ratio of
the number of mutations of the original duplicated gene that
would produce a null allele to the number of mutations of
the original duplicated gene that would yield a compatible
residue. (Definitions of terms are given in Table 1.) As an
example, consider a gene of a thousand nucleotides. If a
total of 2400 point mutations of those positions would yield
a null allele. whereas three positions must be changed to
build a new MR feature such as a disulfide bond, then p
would be 240073, or 800. { Any possible mutations which are
neutral are ignored.) In each generation of the simulation,
each of the three positions that must be changed to yield the
MR feature is sequentially given a chance to mutate with a
probability governed by the mutation rate. However, al-
though a mutation may occur in a position needed for an
MR feature, it would nouetheless be unproductive if 2 null
mutation had first occurred at a separate position. To simu-
late this possibility in our model, when an explicitly repre-
sented position does mutate. then we take a further proba-
bilistic step to decide if a null mutation has in the meantime
occurred elsewhere in the gene, in positions not explicitly
represented. In the earlier example, if one of the three po-
sitions mutates, then a further siep decides with probability
p/ (1 +p) (which in the example would be 800/801) that
one or more null mutations have already occurred some-
where in the gene, and the gene is considered 1o be irrecov-
erably lost. (The likelihood of a null mutation reverting and
the gene then successfully developing an MR feature before
other null mutations occur is much lower than if the first- A
mutations to the duplicate gene yield compatible residues;
thus, we ignore that possibility.) With probability 1/ (1 + p)
(in the example this would be 1/801), the gene is considered
to be free of null mutations and continues in the simulation.

The starting point of the simulation (see Materials and
Methods for a more complete description) is a population of
organisms that already contains N exact duplicates of the
parent gene, which then begin to undergo mutation. For
simplicity, each position in an array, representing sites
which must be changed to yield an MR feature, can be in
cither of just two states—the original incompatible state or
the mutated, compatible state. Mutations can change a site

N Number of organisms/dupiicate genes in the population

A Number of initially incompatible nucieotide loci in a duplicate gene that must be changed to form the selectable, muitiresidue feature

v Point mutation rate per nucleotide per generation

p Ratio of the number of possible muations of the original duplicated gene thar would produce a null allele to the number of possible murations of the

original duplicated gene that would yield a compatible residue. Neutral mutatons, such as those that produce synonymous codons, are disregarded.

@ Fraction of a particular nucleotide position that is in the incompatible state. (1 - ¢} is the fraction in the compatble state.
! Time, in generations

T; Time in generations 1o the first occurrence of a particiiar muitiresidue, selectable feamres

7 Time in generations o fixation in the population of a particular multiresidue, selectable feature

g Setection coefficient
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either forward from incompatible to compatble or back-
ward from compatible to incompatible. (Unlike for null mu-
tations, reversions of compatible mutations back to incom-
patible ones must be explicitly considered because the prob-
ability of reversion in this case is significant.) These
transitions occur with equal intgnsic probabilities.

Starting from a uniform population in which all sites that
must be changed are in a state incompatible with the MR
feature, then there are three processes in our model which
affect the rate of approach of the population to steady state,
which in tum affect the time required to generate the new
MR feature:

1. Sites in the incompatible state can mutaie t0 the com-
pauble state before any null mutation has occurred. This
takes place at a rate equal to the mutation rate per site
times the fraction of sites that are in the incompatible
state (since only that fraction can mutate directly to the
compatible state) times the probability that no null mu-
tation has already occurred. That 1s, at a rate equal to

(1)

/

where v is the mutation rate per sile per generation, ¢ 1s
the fraction of nucleotide sites in the population that are
in the incompatible state, p (as mentioned above) is the
ratio of possible null to compatible mutations over the
entire protein, and 1 /(1 + p) is the probability that a
compatible mutation cccurs before a null mutation.
{Definitions of terms are given in Table 1.)

[5]

. A site in the compatible state can mutate back to the
incompatible state before a null mutation occurs. This
takes place at a'rate equal to

)

3. A mutation can occur in any one of the A sites, but a
stochastic check at this point decides with probability
p/ (1 + p) that one or more detrimental mutations have
already occurred somewhere else in the protein, render-
ing it nonfunctional. The gene is then considered to be
null, and it no longer counts in the model. However, the
mode] allows for the occurrence of new gene duplication
events. which recent estimates have shown to happen at
a rate comparable to that of point mutation (Lynch and
Conery 2000). Because the rates of point mutations and
gene duplication are similar, in the model a gene that is
determined to be null is replaced by a new gene dupli-
cation event, with a new copy of the original gene (which
is presumed to be still under selection) with all sites in
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the orginal. incompatible state. In the computer model,
this process effectively results in all X sites of a null gene
being reset to the original, incompatible state from what-
ever state they were in. This will happen at rate

v}\(l—tb)(l—f—_—;j).

The number of nucleotide positions N\ appears in this
expression because the more compatible positions that
were contained in a discarded null gene, the more that
are replaced with incompatible ones in a new gene du-
plication event. The protocol of checking for null muta-
tions in the model only when a mutation first occurs in
one of the A array sites has the intended effect of ensur-
ing that gene duplication occurs in the population at a
rate that is comparable to the rate of point mutation.

The overall net rate of change of the fraction ¢ of sites
from the incompatible state will be a sum of these three
processes:

do_ v

_A1=4) wrI =)
dt 1+p M

1+p I1+p

it

The first term of the right-hand side of the equation is
negative because it is a process in which incompatible sites
are removed. The second and third terms are positive be-
cause they describe processes where incompatible sites are
gained.

Integration yields:

(1-¢)= 5 @

The numerator of the right-hand term is the degree of
saturation of the population with compatible mutations—the
degree to which it has approached steady state. The value of
(1 — ) is the population-wide fraction of nucleotide posi-
tions that are in a state compatible with the MR feature.

Because of computing limitations, the values of 0.0~
0.0001 used for the mutation rate v in the simulations pre-
sented following are much higher than the biologically re-
alistic value of about 107* (Drake et al. 1998), and the
values of 1-100 used here for p are lower than the value of
a thousand or greater expected for biologically realistic situ-
ations (Walsh 1995). However, the fact that Figure 2 shows
that the fraction (1 — &) of compatible mutants in our simu-
lations follows equation 2 very closely over a wide range of
values for ) and p in populations that reproduce either de-
terministically or stochastically makes us more confident
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Figure 2. Fraction (I~¢) of a nucleotide position in a compatible state
versus ime {generations) normalized for the mutation rate (vi). In all cases.
the curves are determined from equation 2. (Top) N = 10,000, v = 0.001,
deterministic reproduction. Circles: p = [. A = 2; inverted tiangles:
p =2 A= 3 squares: p=4, A = 5; diamonds: p = 10, A = 10; ni-
angles: p = 100, X = {0. Each point is the average of 100 repetitions.
(Bottonty N = 100, v = 0.004, p = 1, A = 6. Circles are for deterministic
reproduction; each point is the average of 100 repetitions. Triangles are for
stochastic reproduction; each point is the average of 1024 rcpenitions.

when we extrapolate the model to biclogically reaiistic val-
ues of v and p.

In the following paragraphs, we develop from simple
considerations an equation which gives the same gquantita-
tive behavior as the numerical model. In Appendix 1, we
derive the same form of eguation more rigorousiy by con-
sidering coupled equations representing different segments
of the popuiation.

What is the probability that a duplicated gene will give
rise to a particular MR feature? Consider a gene with A sites
al} originally in the incompatible state. As discussed previ-
ously, the probability of one of those sites mutating to a
compatible state before the occurrence of a null mutation
elsewhere in the gene is

Because any one of the A sites can muiate first, we can
write this as

Al
A(1+p)

To mutate another residue to a compatible state, we must
choose among the remaining (A — 1) possibilities. Thus, the
probability for the second position is

=1 1
A (1+p)

The multiplied probability of all X sites mutating to com-
patible states before a null muiation occurs and before a
back mutation oceurs 18 thus

AL
AN (1)

(If a back mutation occurs at any point, the likelihood of
successfully developing an MR feature is much lower than
if the first X muiations to the duplicate gene yield compat-
ible residues: thus, we ignore that posSibility.)

If the probability of an event is P, then of course on
average 1/P opportunities will be required before the event
occurs, Thus, to produce an MR feature in our model will
require an average number of opportunities equal to the
inverse of the probability discussed earlier, or

s
(1+p) (;\‘,)

At steady state, the number of opportunities to produce an
MR function in a given time period in a population will be
equal to the number of point mutations that occur in the
potential MR site across the population—that is, to the time
multiplied by the mutation rate per nucleotide v, the number
of nucleotide positions A that must mutate o compatible
residues, and the population size N —that is, equal to NvAz
To produce a gene with A compatible mutations, the incom-
patible residue in a gene with A — 1 compatible mutations
has to be mutated, so that the time to produce an MR func-
tion with A compatible sites will be proportional to the
degree of satration of the system with genes containing
A — I compatible sites. However, as exemplified by Figure
2. our mode! does not start at steady state; it starts with all
sites in the incompatible state. Thus, the time required to
produce an event will also depend on the degree to which
the system has approached steady state, as follows. If the
degree of saturation for one compatible site is in general S,
then the degree of samration for n compatible sites is S
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Thus. the degree of saturation with A ~ 1 compatible sites at
any given time is equal to the degree of saturation given in
equation 2 raised to the A — | power. Because the degree of
saturation changes in time, to find the total number of op-
portunities for producing an MR feature, this value must be
integrated over time.

These considerations can be combined to yield a quanti-
tative description of the behavior of the model with time.
The expected average time 7 to the first occurrence of an
MR feature for a population of duplicate genes initially in a
uniform state, needing A\ positions mutated to acquire the
MR feature, and with a ratio p of null-to-compatible muta-
tions, can be evaluated by equation 3.

N )\[7-7<1 <—vt(2+p)\)\)>“‘")d deop (}\A)
v - exp| ———-"7" r=(1+ z
o AT PN
(3)

The right-hand side of equation 3 is the inverse of the
probability discussed earlier. The left-hand side gives the

number of apportunities for production of the MR feawre in
the nonequilibrium system starting with no nucleotide po-
sitions in compatible states. The preintegral term of the
left-hand side of the equation, Nvi, is the number of point
mutations occurring in the population per unit time at steady
state. The integrand of equation 3, which is the numerator
from the right-hand side of equation 2 raised 1o the power of
A — 1. is the degree of saturation of the system with “pre-
selectable” mutants—that is, mutants that are one step from
being selectable, with X ~ 1 sites in the compatible state.

Figure 3 shows the result of simulations in which the
pumber of sites A in an MR feature was varied along with
the ratio p of null-to-compatible mutations and the haploid
population size N. As can be seen, the curves generated by
equation 3 match the results of the simulations very closely
for a wide range of values of N, p, and \.

The effect of selection

The simulations shown in Figure 3 examined the number of
generations required to produce just the first occuurence of
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Figure 3. Normalized time (generations) io first appearance (vT)) versus number of Joci A required to be changed to yield the
multiresidue (MR) feature. In all cases, the cirves are determined from equation 3. v = 0.01. Reproduction was deterministic. Filled
circles. N = |; open circles, N = 10; filled inverted triangies, N = 100; open inverted triangles circles, N = 1000; filled squares,
N = 10.000; open squares, N = 100.000. (Upper left) p = 1; (upper right} p = 1; lower lefl) p = 4; {{pwer right) p = 10, Each poiat

is the average of 100 repetitions.
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an MR feawre in a population. However. beneficial muta-
tions are frequently lost from a population by stochastc
processes before fixation (Kimura 1983). In Figure 4. we
present the results of sinulations which determine the time
to fixation T, of the MR feature in the population as a
function of the strength of the selection coefficient s. The
simulation results are well fit by equation 4.

e -2+ VMY () ’)\‘\)
NU}\J: (1——¢xp< 1+p di= 2s (.‘)\!‘

Equation 4 is a minor modification of equauon 3. where
the right-hand side of the equation is divided by twice the
selection coefficient. This result follows from the depen-
dence of the fixation probability on the selection coefficient
(Li 1997).

VT

0.01 0.1
S

Figure 4. Normalized time (generations) to fixation (v7;) versus the se-
lection coefficient s. In all cases, the curves are determined from equation
4. Reproduction was stochastic. N = 1000; v = (.01-0.0001. Each point
is the average of 100 repetitions. (Top) p = 1. Filled circles, X = 1; open
circles, A = 2: filled inverted triangles, A = 3; open inverted riangles
circles, A = 4; filled squares. A = 5; open squares. A = 6; filled dia-
monds, A = 7; open diamonds. A = 8. (Bottem) p = 10. Filled circles,
X = 1; open circles. A = 2; filled inverted triangies. A = 3; open invertea
triangies. A = 4.

Pre-equilibration of the population

Thus far, the starting point for the model has been a uniform
population in which all genes are initially present as exact
duplicates of the parent gene. Mutations then begin to ac-
cumulate and the program immediately starts to check for
the presence of the MR feamre, simulating the presence of
selective pressure from the start. However, a different situ-
ation can also be considered, in which the duplicate gene
begins to undergo mutation, but selective pressure arises
only at a later time, perhaps as a result of environmental
changes. In that case, the population of duplicate genes will
be at least part of the way toward its steady-state frequency
before selection affects the population. This can be modeled
in the simulation by neglecting to check for the presence of
the MR feature, treating it as a neutral property, until a
predetermined number of generations have passed.

Figure 5 shows the result of simulations in which all
duplicate genes began in a uniform state, identical to the
parent gene. but the population was allowed to undergo
mutation and reproduction for varying periods of time be-
fore starting to check for the MR feature. Tt can be seen that
as the length of the pre-equilibration period increases, the
average time from the start of selection to observation of the
duplicate gene coding for the new MR feature decreases for
population sizes, where, at steady state in the absence of
selection, at least one duplicated gene with the feature is
expected to already be present in the population, that is,
where the population size is greater than the inverse of the
probability of producing the MR feature, N> (1 + p)*(\"/
Al). In Figure S, this occurs at A < 5. For the case where
N<(1+pAM\Y (at A =6 in Fig. 5), however, the ex-
pected time is essentially unaffected by pre-equilibration of
the population. Because it follows from equation 3 that
N < (1 + p)*AY\!), when v times the evaluated integral is
>1, then T, will be substantially unaffected by pre-equili-
bration when 7, = 1 /v.

Discussion

The model and its limits

Some features of proteins, such as disulfide bonds and L-
gand binding sites, which here we call MR features, are
composed of multiple amino acid residues. As Li (1997)
points out, the evolutionary origins of such features must
have involved multiple mutations that were initially neutral
with respect to the MR feature. We have auempted to model
such a process. In doing so, one might examine a number of
possible routes to an MR feature, for example, looking at a
unique gene that is under selective constraints, or looking at
mutations caused by insertions and deletions or recombina-
tion in a duplicate gene. Our model is restricted to the
development of MR features by point mutation in a dupli-
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Figure 5. Effect of pre-equilibration of the population on normalized time
(generations) to first appearance (vT)) versus number of loci A required Lo
be changed to yield the MR feature. N = 100{); v = 0.001; p = 1. Each
point is the average of 100 repetitions. The curve is determined from
equation 3. Reproduction was deterministic. The simulation was pre-equili-
braicd (that is. the population was subject 1o mutation and repreducton
without checking for the appearance of the multiresidue (MR) feature,
regarding it as neutral) for filied circles, O generations; open circles, 0.1 7
generations; filled inverted triangles, 0.3/7v gencrations; open inverted
triangles. 1 /v generations; filled squarcs, 3 / v generations.

cated gene. We strongly emphasize that results bearing on
the efficiency of this one pathway as a conduit for Darwin-
ian evolution say litle or nothing about the efficiency of
other possible pathways. Thus, for example, the present
study that examines the evolution of MR protein features by
point mutation in duplicate genes does not indicate whether
evolution of such features by other processes (such as re-
combination or insertion/deletion mutations) would be more
or less efficient. '

There are several reasons, both practical and theoretical,
for examining this limited model. First. as mentioned ear-
lier, gene duplication is considered to be a major rouie o
evolutionary novelty (Ohno 1970; Lynch and Conery 2000:
Wagner 2001; Chothia et al. 2003) and therefore it is im-
portant to explore its potential in regard to MR features.
Second. a duplicated gene can be considered to be largely
free of the effects of purifying selection (but see following)
and therefore selective effects, which are difficuit to esti-
mate. can be ignored, simplifying the task at hand. Third,
point mutations are well-defined events, where trapsitions
occur among a limited set of states. In contrast, insertions
and deletions vary in size and composition, making them
difficult to model for our purposes. Thus, we confine our
madel of the development of MR features to what we con-
sider to be the conceptually simplest and computationally
most tractable route, of point mutations in a duplicated gene
that is free of purifying selection.

[s the assumption of the selective neutrality of duplicated
genes either a realistic or a useful one? On the one hand. the
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agsumption appears not (o be correct in at least some situ-
ations. For example. althongh the vast majority of neutral
duplicated genes are expected to result in null alleles, stud-
ies of polyploid organisms showed that more duplicate
genes survived over long periods of time than expected
(Ferris and Whitt 1977, 1979; Hughes and Hughes 1993,
White and Doebley 1998). This has provoked the sugges-
tion that gene dosage effects in polyploids might slow the
decay of duplicate gene copies and that mare duplicates
may be preserved than expected by the process of subfunc-
tionalization, where a gene with two or more functions du-
plicates and each copy subsequently loses one of the func-
tions and then goes on to specialize in the preserved func-
tion (Force et al. 1999; Lynch et al. 2001). Although the
assumption of the selective neutrality of duplicated genes
does not fit data from some polyploid species (Ferns and
Whitt 1977, 1979; Hughes and Hughes 1993; White and
Doebley 1998), it may yet be a good model for individual
gene duplication events (Lynch and Conery 2000). In sup-
port of this view. recent smdies have shown that genes that
have been recently duplicated seem to be under relaxed
selection, as indicated by the similar number of synony-
mous and nonsynonymous mutations they have acquired
{Lynch and Conery 2000; Kondrashov et al. 2002).

On the other hand, it should be emphasized that the utility
of the idealized modei presented bere—where there is no
selective effect from duplicate genes or from intermediate
states of the gene until the MR feawre is completely in place
in a gene and where the only mutagenic process considered
is point mutations—is not dependent on a comprehensive
accounting for all relevant biological processes. Rather. its
usefulness lies in its ability to indicate when processes in
addition to those described in the model are required 10
account for a feature. If the development of an MR fcature
by means of point mutation in an ideal, neutral, duplicated
gene would require unrealistically large population sizes or
unrealistically long times, then one can conclude that other
factors (such as recombination, selection of intermediate
states, and/or other factors) must be examined (o account for
the feature. Because neuiral gene duplication and point mu-
tation is often invoked to account for complex features of
proteins, it would be useful to have a quantitative under-
standing for what such scenarios would entail in order to
assess their reasonableness.

In our simulations, the model starts in a uniform initial
state. with the population already in possession of N exact
duplicates of the parent gene. This, of course, is biclogically
unrealistic but can be considered to approximate the end
result of either of two processes: (1) the spread of a dupli-
cate gene through a population by random drift until it is
fixed or (2) the occurrence of a phylogenetic branching
point. where after the branch point, a small population that
is homogeneous with respect to the duplicate gene expands
to a population size N. Although mutations will occur in
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copies of the duplicate gene during the period of either drift
of the gene or expansion of the population, there will be
fewer mutations—and thus fewer opportunities to produce
the MR feature—:than in a population already at size N, each
with on average one copy of the duplicate gene, for the same
period of time. In cither case, the time to reach the initial
state is neglected, so the time obtained from the simulations
can be considered to be an underestimate of the time 1o
fixation T}, of the MR feature. Although we envision each
organism of the population as having one duplicate gene per
haploid genome, because recombination is disallowed and
each duplicate accumulates mutations independently, it
does not affect the model (as represented by equation 4) if
there is variation in copy number of the duplicate gene in
organisms, as long as the total number of duplicate gene
copies in the populaton is N.

Figure 3 shows that the resuits of the simulation closely
match those predicted from equation 3, which gives us con-
fidence to extrapolate to biologically realistic values of the
parameters of the equation. The curves in Figure 3 exhibit
two regions: (1) a nonlinear region at larger population sizes
and/or smaller numbers of sites and (2) a linear region at
smaller population sizes and/or higher numbers of loci.
These regions represent, respectivety, (1) the simation
where in the absence of selection for the MR feature the
steady-state population would be expected to contain one or
more copies of the duplicate gene with an MR feature {that
is, where N> (1 + p)*(A*AD] and (2) the situation where in
the absence of selection, the population on average at steady
state is not expected (o contain a copy with the MR feature
[that is, where N < (1 + p)*(WMAD].

The expected time for the nonlinear region largely re-
flects the amount of time necessary for the population to
approach steady state. This time is on the order of the in-
verse of the rate of point mutation and is relatively insen-
sitive io either the number of loci invoived in the MR fea-
ture ox the population size, varying inversely with only the
A root of N (see Appendix 2). Thus, the ability to decrease
the time required to produce an MR feature much below
| /v by increasing population size is greatly constrained by
the nonlinearity of the model, reflecting the slow equilibra-
tion of the population when muitiple mutations are required.

As shown in Figure 4, the effect of changes in the selec-
tion coefficient on the behavior of the modet are closely fit
by equation 4. It should be noted that the time calculated
from equation 4 refiects the average time required simply to
produce the MR mutant that will go on to become fixed in
the population; it does not explicitly include the time re-
quired for the mutation to spread and become fixed in the
population once it has been produced. The close fit of the
simulation results of Figure 4—which does include both the
time to produce the MR mutation that will be fixed plus the
time required for the mutation to spread through the popu-
lation to fixation—to the curve predicted from equanon 4

emphasizes the fact that the timescale for fixation of the
mutation is negligible compared with the timescale required
to produce the mutation that will go on to become fixed.

As shown in Figure 5 for the nonlinear region, if the
population has been accumulating mutations for a period of
time before selection for the MR feature is applied (perhaps
representing a population approaching steady state where
the environment then changes, making a feamre selectable
that previousty had been neutral), then the expected time.
measured from the start of selection to the appearance of the
MR feature, decreases. On the other hand, as also shown in
Figure 5. for situations where the population is not expected
to have a copy of the duplicate gene with the MR feature at
steady state (in Figure 5, for A = 6), then the expected dme
to its fixation is essentially unaffected by pre-equilibration
of the population. This is the case whenever T, = [/v. It
should be noted that pre-equilibration explicitly allows for
the occurrence of rare. “lucky” alleles whose sequence is
closer to that of the MR feature than is the sequence of the
starting, predominant gene. Such rare alleles couid thus be
poised to give rise 1o the MR feature in perhaps one or two
steps. The result shown in Figure 5—that, for \ = 6, pre-
equilibration has no effect on T—demonstrates that on av-
erage the opportunity for the serendipitous occurrence of
rare alieles does not alter the expected time.

Estimation of T, for several cases

Estimated values for parameters of our model can be gar-
nered from the literature. Drake et al. {1998) estimate the
deleterious mutation rate to be about 0.2-2.0 per generation
per effective genome size of 10® bp for a varety of multi-
cellular organisms, both vertebrate and invertebrate. We use
that number to approximate the effective nucieotide point
mutation rate per generation v in coding regions to be on the
order of 107%. Lynch and Conery (2000) calculate the rate of
duplication of a given gene to be 0.0l per million years—in
other words, 10”* per year, which for our purposes we con-
sider to be roughly equal to the estimated nucleotide point
mutation rate {Lynch and Conery 2000; see also the discus-
sion of that work [Long and Thornton 2001: Lynch and
Conery 2001, Zhang et al. 2001]). Although here we assign
single values to the parameters, one must keep in mind that
there is significant uncertainty in estimating them and that
the rates may vary with time, species, region of the genome,
and other factors.

An estimate of p can be inferred from studies of the
tolerance of proteins to amino acid substitution. Although
there is variation among different positions in a protein
sequence, with surface residues in general being more tol-
erant of substitution than buried residues, it can be caicu-
lated that on average a given position will tolerate about six
different amino acid residues and still maintain function
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{Reidhaar-Olson and Sauer 1988, [990. Bowie and Sauer
1989; Lim and Sauer 1989; Bowie et al. 1990; Rennell etal.
1991; Axe et al. 1996; Huang et al. 1996; Sauer et al. 1996;
Suckow et al. 1996). Conversely, mutations to an average of
14 residues per site will produce a null allele, that is, one
coding for a nonfunctional protein. Thus, in the coding se-
quence for an average-sized protein domain of 200 amino
acid residues, there are, on average, 2800 possible substi-
tutions that lead to 2 nonfunctional protein as a result of
direct effects on protein structure or function. If several
mutations are required to produce a new MR featre in a
protein, then p is roughly of the order of 1000. This value
for p is on the low end used by Waish (1995), who consid-
ered values for p up o 10°. (Walsh, however. defined p as
the ratio of advantageous-to-null mutations—the inverse of
our definition.}

1t should be emphasized that the value of p is not the ratio
of mutations to an organismal genome that would be lethal
to those that would be mildly deleterious. Rather, it is the
ratio of the number of mutations that would inactivate a
typical protein to the namber that would lead to a new MR
feature for that particular protein. Many genes can be si-
lenced with small or moderate ill effect on the orgamsm (for
example, the gene for myoglobin can be inactivated in mice
with little ill effect in adult mice [Garry et al. 1998, 2003;
Meeson et al. 2001]). However, if a mutation inactivaies a
protein, then it is counted in the model as a null mutation for
purposes of calculating p, whether or not it may have severe
phenotypic effects. The best estimate for this number comes
not from studies of mutations in organisms, but rather from
studies of the tolerance of specific proteins to mutation
(Reidhaar-Olson and Sauer 1988, 1990; Bowie and Sauer
1989: Lim and Sauer 1989; Bowie et al. 1990; Rennell et al.
1991; Axe et al. 1996, 1998; Huang et al. 1996; Sauer et al.
1996; Suckow et al. 1996).

The uncertainties involved in estimating p should be kept
in mind. On the one hand, although as just discussed, studies
selecting for activity of mutanti proteins show most subst-
tutions to reduce function below that required for a biclogi-
cal assay, a study searching for inactivating mutations to the
autotoxic ribonuclease barnase showed that comparatively
few substitutions reduced activity to that of uncatalyzed
reactions (Axe et al. 1998). This consideration may lower
the estimate of p. On the other hand. duplicate genes might
also be lost by processes other than point mutation, such as
deletion or recombination. Additionally, null mutations in
the coding sequence or flanking sequences might occur be-
cause of indirect effects such as, for example, altering the
stability of the mRNA. These considerations might effec-
tively increase the value of p.

Figure 6 uses equation 4 and the vaiues for v and p
estimated earlier to plot the expected time in generations to
the fixation of an MR protein feature for populations of
different sizes. In addition, we use a value of 0.01 for the
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Figure 6. Time o fixation 7), versus number of loci h required w0 be
changed to yield the muhiresidue (MR) feamre. v = 107% p = 1000;
s = 0.0}. Values for population sizes N arc given across the sop axis. In all
cases the carves are delermined from equation 4. A line is drawn across the
figure at T, = | /v, which is 10° generations. Above the line, values for T,
arc essentially unaffected by pre-equilibration of the population in the
absence of selection. ’

selection coefficient s. Figure 6 shows that the fixation of
specific MR features by point mutation in duplicated genes
is a long-term phenomenon that requires populations of con-
siderable size. For example, consider a case where three
nucleotide changes must be made to generate a novel fea-
ture such as a disulfide bond. In that instance, Figure 6
shows that a population size of approximately 10'' organ-
isms on average would be required to give rise to the feawre
over the course of 10® generations, and this calculation is
unaffected by pre-equilibration of the population in the ab-
sence of selection. To produce the feature in one million
generations would, on average, require an enomous popu-
lation of about 10'7 organisms, although this number would
change if the population had pre-equilibrated in the absence
of selection.

For features requiring more participating residues, the
expected population sizes are even larger. As Li (1997)
noted. the binding site for diphosphoglycerate in hemoglo-
bin requires three residues. The population size required to
produce an MR feature consisting of three interacting resi-
dues by point mutation in a duplicated gene initially lacking
those residues would depend on the number of nucleotides
that had to be changed—a minimum of three and a maxi-
roum of nine. If six mutations were required then, as indi-
cated by Figure 6, on average a population size of ~10%
organisms would be necessary to fix the MR feature in 10%
generations. and a population of ~10*” organisms would be
gxpected to fix the mutation in one million generations. In
a recent in vitro study intended to mimic evoiution, a re-
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combinant amphioxus insulin-like peptide was altered by
site-directed mutagenesis at seven nucleotide positions to
contain five altered amino acid residues that would allow
interaction with mammalian insulin receptor (Guo et al.
2002). In order for such a process to occur in vivo by gene
duplication and point mutation within a hundred million
generations would be expected on average to require >10%
organisms. :

Such numbers seem prohibitive. However, we must be
cautious in interpreting the calculations. On the one hand, as
discussed previously, these values can actually be consid-
ered underestimates because they neglect the time it would
take a duplicated gene initially to spread in 2 population. On
the other hand, because the simulation looks for the pro-
duction of a particular MR feature in a particular gene, the
values will be overestimates of the time necessary L0 pro-
duce some MR feature in some duplicated gene. In other
words. the simulation takes a prospective stance, asking for
a certain feature to be produced, but we fook at modem
proteins retrospectively. Although we see a particular disul-
fide bond or binding site in a particular protein, there may
have been several sites in the protwin that could have
evolved into disulfide bonds or binding sites, or other pro-
teins may have fulfilled the same role. For example, Mat-
thews’ group engineered several nonnative disulfide bonds
into lysozyme that permit function (Matsumura et al. 1989).
We see the modern product but not the historncal possibili-
ttes.

We should also notice which parameters the model is
particularly sensitive to and which not. The model is least
sensitive (o the point mutation rate v and the selection co-
efficient s because both of those appear only as linear terms
in equation 4. Thus, for example, if we consider an organ-
ism where the point mutation rate is increased by a factor of
10°. then the numbers calculated from equation 4 will de-
crease by only that factor. For the case discussed earlier in
which six nucleotide changes were required. the population
size needed to fix the feature in 10° generations would then
decrease from 10* to just 10'°,

The model is more sensitive to the value of p, because p
appears with an exponent in equation 4. If p were less by a
factor of 10 (100 instead of 1000), then the population size
needed to fix the feature in the preceding example in 108
generations would decrease from 10% 10 10'®. The number
of possible null mutations—the numerator of p—arises
from basic considerations of protein structure so that it is
unlikely to vary significantly. The number of possible com-
patible mutations A—the denominator of p—is more diffi-
cult to estimate, However, the value of one thousand that we
use for p in Figure 6 is conservative compared with the
range of values used by other workers (Walsh 1995). It
should be noted that as N becomes larger, the number of
possible null mutations—and thus implicitly the length of
the gene—must increase to maintain a constant value of p.

The model is most sensitive to the value of A—the num-
ber of loci that must mutate before a new MR function
occurs—which appears as an exponeni in equation 4. If in
the case just mentioned, because of the particular initial
sequence of the parent geoe, either three ot nine nucleotide
changes were necessary instead of six, then the population
sizes required to fix the feature in 10% generations would
vary from 10'' to 10°' organisms. The dependence on A
may encourage speculation that perhaps MR mutations
could develop by point mutation in duplicate genes if the
parent gene giving rise to the duplication were serendipi-
tously poised o lead to the new feature with only one mu-
tation in the precursor gene. Although this is certainly pos-
sible, it is unlikely to be the general case. As one example,
Li (1997) has argued that the precursor o modem hemo-
globins that can bind diphosphoglycerate did not have any
of the three amino acid residues involved in the interaction.
As shown in Figure 5, for the average case, pre-equilibra-
tion, which allows for the occurrence of rare. fortunate al-
leles, does not affect the expected time T in the linear
portion of the curve.

The lack of recombination in our model means it is most
directly applicable to haploid, asexual organisms. Nonethe-
less, the results also impinge on the evolution of diploid
sexual organisms. The fact that very large population
sizes—10° or greater—are required to build even a minimal
MR feature requiring two nucleotide alterations within 10
generations by the processes described in our model, and
that enormous population sizes are required for more com-
plex features or shorter times, seems to indicate that the
mechanism of gene duplication and point mutation alone
would be ineffective. at least for multicetlular diploid spe-
cies, because few multicellular species reach the required
population sizes. Thus, mechanisms in addition to gene du-
plication and point mutation may be necessary to explain
the development of MR features in multicellular organisms.

Although large uncertainties remain, it nonetheless seems
reasonable to conclude that, although gene duplication and
point mutation may be an effective mechanism for explor-
ing closely neighboring genetic space for novel functions,
where single mutations produce selectable effects, this con-
ceptually simple pathway for developing new functions is
problematic when muitiple mutations are required. Thus, as
a rule, we should look to more complicated pathways, per-
haps involving insertion, deletion, recombination, selection
of intermediate states, or other mechanisms, to account for
most MR protein features.

Materials and methods

A duplicated geue in a population was represented by an array of
integer elements that could take the values of either zero or one.
The nuraber of elements \ in the array corresponded to the number
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of nucleotide positions that would have to mutate in a partcular
gene 1o vield a hypothesized MR protein featre. In all cases, we
begin the simulation in a uniform initial state, with N duplicate
copies of the parent genc in the population. represented by N
identical arrays. This simplification of starting with the duplicate
gene already fixed in the population ignores the time needed for
the duplicate copy to initially spread in the population; thus the
average times we calculate from this model can be considered
underestimates of the time for fixation of a gene with a new MR
function. All elements of the array were initially set to a value of
one, which represented the initial, incompatible state of the posi-
tion, which could not contribute to the MR feature. Each position
in an array was then allowed to nutate sequentially with a prob-
ability set by the mutalion rate v. A vajue of zero represented the
state that could potentially comtribute 0 an MR feawre. Back
mutations were permitied, so that a position with a value of zero
could revert to a value of one. The equal rates of forward and
backward point mutations should not be confused with the very
different rates at which a gene will acquire null mutations versus
acquiring a new, selectabie MR feature.

After each step in which a mutation occurred at an array posi-
tion, a further probabilistic step was taken to simulate the possible
occurrence of one or more nult mutations elsewhere in the gene.
‘With probability 1 /(1 + p). where p is the ratio of null-to-com-
patible mucations in the gene (neutral mutations are ignored), the
gene was considered o be free of null mutations and continued in
the simulation. With probability p / (1 + p) the gene was deemed to
have suffered one or more null murations at positions not explicitty
represented in the array and consequently to have become a pseu-
dogene. In this case. the array was replaced in the population by a
new array in which all loci were again set to one. This is intended
to simulate replacement of the nonfunctional duplicate gene by a
new duplication of the original gene, whose sequence is considered
to remain constant under selection. Checking for null mutations
only when mutations occur at an array position has the intended
effect of making the gene duplication rate similar to the rate of
point mutation v. It has recently been shown that those two rates
are in fact similar (Lynch and Conery 2000). It should be noted
that the model purposely does not replace the duplicate gene im-
mediately whenever a null mutation would occur anywhere in the
gene, rather than waiting for one of the A array sites to mulate,
because that would have the effect of making the gene duplication
rate much faster than it is estimated to be.

After the mutation step, the popuiation was checked for the
number of selectable organisms-—those whose array elements all
had a value of zero. Amays in which some but not all elements
were in a compatible state had no advantage. (This models MR
features where, by hypothests, the selectable feature does not exist
until all contributing amino acids are in the correct state.) For most
simutations, the run was halted when the first selectable array was
discovered and the time in generations to the first occurrence of the
selectable MR mutant recorded. For other runs, the simulation was
continued and selection was applied at the reproduction step. In
these cases, the simulation was continued unti] >50% of the popu-
Jation carried the MR feature, which was then considered to be
“fixed” in the population, and the time to fixation recorded. The
time for the selectable MR mutation to spread is generally much
less than the time for it to be produced by the population.

After each amay was subjected o the mutation step, the next
generation was populated, either by deterministic reproduction or
by simulated stochastic reproduction. In deterministic reproduc-
tion, the next generation was taken clonally from the previous; that
is, the composition of the next generation was identical to the
previous generation after the mutation step. In stochastic repro-
duction, the subsequent generation was populated by copying ran-
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domly chosen arrays, with or without selection, from the previous
generation until the subsequent generation was fully populated.

In some simulations, the process was “prerun” for a selected
number of generations, undergoing mutation and reproduction but
not selection. This was done to model populatons that had to
varying degrees approached steady state with respect to the occur-
rence of the MR mutation in the population in the absence of
selection for it.

All equations were evaluated using Mathematica.
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Appendix 1

Consider a population in which the number of duplicated genes
that has none of the necessary mutations to produce an MR feaware
is ng, the number that has one required mutation is n,, the number
with two required mutations is n,, and so forth. As in the text. v is
the mutation rate per nucleotide per generation, p is the ratio of
possible null mutations to compatible mutations ina gene, and A i$
the number of initially incompatible nucleotide loci in a dupiicate
gene that must he changed to form the selectable, MR feature. Also
as in the text, genes suffering a nuil mutation are presumed to be
replaced by a new duplicate of the original gene, with all foci in the
incompatible state. Then we can write:

any
—O—IL:_)\VM(J+ van, +vBn, + vPny + ..+ vPn, (5}

on
-,)—[l= an, - van, — vRn, — (A—1)van, + Zvon, (6}
[t

an
—7: = (A~ljan, — 2van, — vRn, — (A = 2pvan, + Jvan,  (7)
U

a—n)-\ = va (8)
ar VoM
where
{
o= 1+p
and
pA
p= I +p
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Terms representing processes in which an additional compalible
mutation is gained without 2 null mutation first occurring are mul-
tiptied by the factor A —~ m. where m is the number of compatible
mutations a gene has already acquired, Lo account for the decreas-
ing number of sites that are available for potentially beneficial
mutation, and terms representing processes in which a compatible
mutation is Jost without a null mutation first oceurring are multi-
plied by m to account for the increasing number of sites that can
revert. Equation 8 represents the transition to an absorbing state
that is under selection. where all required mutations necessary for
the new MR fearure are present. Once in the selectable state, the
gene is presumed not o leave by mutation to another state. (This
is similar to the situation described by equation 3, where the time
1o just the first appearance of an MR feature is esumated, which
thus does not allow for back mutation of the gene with the MR
feature.}

Ifp > 1.then g > n » ny...and B > «. In this limit. equations
5-8 become simply:

any ;

e —Avang, + vpn, )]
an,

—— = Avong ~ vBn, (10)
It

an, .

= (A=l)van, - vPna (i

ot

an,

o7 = Yot (12)

These can be solved in sequence by successive approximations.
For equation L0, we approximate ng, = ¥ (the total population size},
which for initial condition n, = 0 gives:

in,
—E_}T=,\qu— vBn, (13)

which has the solution

A= (1= ¢80 (14)
n, = - —-¢ .
| B )

Using this solution for n, in the next equation, with iniual con-
dition n, = 0. we have

aly? ,
ny = NA(A - 1)(~) (1 -8y (15)
B/

Therefore. using the same approximation successively, we ob-
tain

N Al

n = N()\)!(\%) {1 = e "B (16)

Last, we integrate equation 16 to get nA. Setting nh = 1 (the
first appearance of the MR feature) yields

T a\A-! .
| = f ! ()\!)vcv.[\’(-j (L= By, (17
o B/

or

A+ p)(L + Ap)

r
Nv)\f [(l A A -
[§ Al

(18)

When p is small (<10}, the values of T, given by equation 18 do
not give a good match (o the results of the simulations, which are
nonetheless closely matched by equation 3 in the text. When p is
large (=10}, however, which will be the case in biologically re-
alistic situations, then equation 18 is approximately equal to equa-
tion 3 and both equations closely match the resuits of the simula-
tions because. for large p, for the exponent of the integrand on the
left-hand sides of the equations

and for the right-hand sides of the equations

=

)\}“) NI +p)NeY T ™
= N A

(1 +o)"(;\‘!/

Appendix 2

In the limit of T,<¢ | /vA, the lefi-hand sides of both equation 3
and equation 18 are proportional to (TpA. This is seen in the
following:

7r (A~ 7 ; -
fo (1 =™ "dr:fo’(1~(l—w))" R (19)

-

:"{‘X'”fo"' A gy (20)
(=1}

N

=I-n 1)

where ~ = vA for both equations in the limit p > 1. In this limit,
equations 3 and 18 therefore become

4 A—1 Y Ay h
N P
Nv.\( ~ Tf") =0 (22)
which implies
pkA}\ A2
vl = .—_)\!N) R 23)

where we have used the approximations of Appendix ) for the case
of p 3 1. The limit T, < 1 / vh therefore corresponds to the limit
N (1 +pOAAY, orp e NN

For p < N'/*, then, the lime required o produce a selectable
state is inversely proportional to the A" root of the population size.
that is, TN
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In vitro evolution was used to predict whether the IMP-1 metallo-B-lactamase has the potential to evolve an
increased ability to confer resistance to imipenem. Screening of eight libraries containing 9.8 X 10° = 1.4 x
10° (mean = standard error) variants per library, with an average of 1.2 mutations per variant, detected ne
increased resistance to imipenem. The results predict, with >99.9% confidence, that even under intense
selection the IMP-1 B-lactamase will not evolve to confer increased resistance to imipenem.

Carbapenems are among the most potent agents for treat-
ment of gram-negative bacterial infections (9, 12) and are hy-
drolyzed by a wide variety of metallo-B-lactamases (9). Wide-
spread clinical use of carbapenems (8, 12) has led to several
reports of resistance associated with the presence of metallo-
B-lactamases (7). The IMP family of metallo-B-lactamases is a
particular source of concern, because the IMP enzymes are
typically plasmid-borne and typically found m integron cas-
settes (5, 10). IMP genes are therefore easily transferred among
diverse bacterial species. A number of researchers have ad-
vised careful clinical use to prevent proliferation of carba-
penem-resistant strains that produce metallo-B-lactamases (7,
12). Yano et al. (12) recently reported that IMP-6, which
differs from IMP-1 by a single amino acid substitution, in-
creases the MIC of meropenem 128-fold but does not increase
the resistance to imipenem. If the rapid evolution of the class
A extended-spectrum B-lactamases is typical, then we should
indeed be concerned about the evolution of metalo-B-lacta-
mascs in response to the clinical use of imipenem and other
carbapenems. .

Instead of assuming that metallo-B-lactamases will evolve
rapidly, it would be highly desirable to accurately predict their
evolution in response to carbapenem selection.

The Barlow-Hall in vitro evolution mode! has been shown to
accurately mimic the natural evolution of the TEM @-lacta-
mases {4) and has been used to predict that both the class A
TEM and class C CMY-2 B-lactamases will soon evolve to
provide high levels of resistance to cefepime (2. 3). Here I have
used that method to predict the evolution of the IMP-1 B-lac-
tamase in response to clinical selection with imipenem.

The blagpyy., gene was amplified from genomic DNA of
Serratia marcescens strain AK9373 (7) and cloned into the
expression vector pACSE3 (4) where it is expressed from the
plasmid’s pTAC promoter upon induction with 100 uM IPTG
(isopropyl-B-D-thiogalactopyranoside). The sequence of the
blapgp., allele in the resulting plasmid, pIMP1, was determined
to be identical to the published sequence (1) {GenBank acces-
sion no. AF416297) except for a silent T-to-C mutation at bp
15 of the coding sequence. Sequencing of the original amplicon

* E-mail: drbh@mail.rochester.edu.
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confirmed that the polymorphism is present in S. marcescens
strain AK9373.

The IMP-1 gene of pIMP1 was mutagenized by amplifica-
tion with the highly error-prone polymerase Mutazyme (Strat-
agene). The mutagenesis reaction vielded 9.85 pg of amplicon,
or 1.2 X 10"? mutant molecules. The mutagenized amplicon
was digested with restriction endonucleases BspHI and Sacl,
and in eight separate reactions, the digested amplicons were
ligated to plasmid pACSES3 and transformed into Escherichia
coli strain DHSaE ([F~ $80diacZAM15 A(lacZYA-argF)U169
endAl recAl hsdRI7(r™ m™) deoR thi-1 phoA supE44 \~
2yrA96 rel4] Gal™) by selecting for tetracycline resistance to
produce eight libraries containing 9.8 X 10° £ 1.4 X 10° (mean
+ standard error) insert-bearing transformants per library.
Because each library contained <10™¢ molecules of the orig-
inal pool of mutant molecules, the libraries were essentially
independent samples of the pool of mutant molecules, and the
probability that sibling molecules were present in difierent
libraries is negligible. The bla,,p_, genes of plasmids extracted
from 10 randomly chosen transformants were sequenced.
There was an average of 1.2 mutations per gene.

In pIMP1, the blayy,., gene is expressed under control of
the inducible pTAC promoter that is regulated by the plasmid-
borne lacl® repressor. In the presence of 100 puM IPTG,
pIMP1 conferred an imipenem MIC of 2 ug/ml on the host
strain DH5«E compared with the imipenem MIC of 0.125
ug/ml for DHS«E carrying only the pACSE3 vector. That is
the same level of resistance that bas previously been reported
for IMP-1 in E. coli (12).

Each of the eight libraries was expanded by growth overnight
in L broth containing tetracycline (in 1 liter, 10 g of tryptone,
S g of veast extract, 10 g of NaCl, 1 g of glucose. 15 mg of
tetracycline). Bottles containing 50 ml of L broth with 100 pM
IPTG, with twofold serial dilutions of imipenem from 8 pg/ml
down to 0.0625 pg/ml, were inoculated with 1.1 X 107 cells (10
times the largest library size) of the libraries. For a control. a
similar imipenem dilution series was inoculated with 1.1 X 108
DHSaE carrying the unmutagenized plasmid pIMP1.

After 48 h of incubation at 37°C, the control series and each
of the library series grew at imipenem concentrations of 2
pg/ml and below, but none grew at concentrations in excess of
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2 pg/mi. Plasmid was prepared from each of the cultures grow-
ing in the presence of 2 ug of imipenem per mi and was
transformed imto E. coli strain DHS«E by selection for tetra-
cycline resistance. The resulting populations of transformants
and E. coli DHS«E/pIMP1 after imipenem selection were used
to measure the MIC of imipenem in Muller-Hinton broth
(Difco) containing 100 pM IPTG using an inoculum of 10°
cells per mi by broth serial dilution as previously described (4).
For seven of the eight mutant populations and for the control,
the imipenem MIC was 2 pg/iml, and for one mutant popula-
tion, the MIC was 1 pg/ml. Thus, neither the initial selections
nor the MIC measurements provided any evidence of mutants
that exhibited increased resistance to imipenemn.

Because MICs can detect only twofold increases in resis-
tance, a more sensitive disk diffusion test was used to detect
small improvements in resistance. Forty cultures were grown
overnight in L broth containing tetracycline. The cultures were
grown from individual colonies of transformed library 8 after
imipenem selection. For a control, 10 cultures were grown
from individual colonies of E. coli DH5«E/pIMPL. One hun-
dred microliters of each culture was spread on a Muller-
Hinton broth plate containing 100 pM IPTG, a BBL antibiotic
disk containing 10 pg of imipenem was placed onto the center
of each plate, and after 24 h of incubation at 37°C, the zone of
inhibition was measured. The diameters of the zones of inhi-
bition were 17.2 = 0.2 mm for pIMP1 and 17.1 = (.1 mm for
cells carrying plasmids from library 8 after imipenem selection.
The results of the disk diffusion test thus confirm that the
mutants failed to confer increased resistance to imipenem,
Jeading to the strong prediction that the IMP-1 metallo-B-
lactamase does not have the potential to evolve increased ac-
tivity against imipenem.

Confidence in that prediction is based on a simulation of the
in vitro evolution process using the program In vitro Evolution
Simulator (6, 11). The program simulates the random mutation
of the input sequence and determines the fraction of possible
single and double amino acid substitutions that are obtained in
a library of a given size. It is important to consider the effects
of only one or two independent amino acid substitution muta-
tions, because in nature mutations almost ajways arise one at a
time. and each mutation must be fixed into microbial popula-
tions by selection. The input sequence was the IMP-1 se-
quence. the mutation frequency was 1.2 mutations per mole-
cule, and the fraction of possible single and double amino acid
substitutions obtained was calculated separately for each li-
brary. The mean fractions per library were 0.897 = (.009 of the
single amino acid substitutions and 0.670 = 0.01 of the double
amino acid substitutions {mean * standard error). For the
eight libraries taken together, the probability of having failed
to screen any particular single amino acid substitution enzyme
is 1.0 X 107% and the probability of having failed to screen any
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particular double amino acid substitution enzyme is 1.3 %
107*. These results predict, with >99.9% confidence, that
bla;qp., will ot evolve to confer increased resistance to mmi-
penem. That prediction depends on the sensitivity with which
we can detect increased resistance in the laboratory. I cannot
eliminate the possibility that increased resistance, beiow the
level of laboratory detection. could be selected in nature.

It is clear from this study that the risks associated with the
presence of blapyp.; do not include the risk of evolving in-
creased activity against imipenem. This study, alone, is not
sufficient to justify reconsideration of policies concerning the
use of imipepem. In order to understand the risks posed by
metallo-B-lactamases, it will be necessary to conduct similar
studies on representative members of each of the three metal-
lo-B-lactamase subfamilies and to include all clinically relevant
carbapenems n those studies.

I am grateful to Fred Tenover for the gift of Serratia marcescens
strain AK9373.

This study was supported in part by grant GM60761 from the Na-
tional Institutes of Health.
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Teach Evolution —
And Ask Hard Questions

By Michael J. Behe

BETHLEHEM, Pa.
he debate leading the
Kansas Board of Edu-
cation to abolish the re-
quirement for teaching
evolution has about the
same connection 10 re-
ality as the play "Inherit the Wind"
had 1o the actual Scopes trial. In both
cases cempiex historical, scientific
and philosophical issues gave way 1o
the stmplifying demand§ of the moral-
\ty piay. lf the schoolchildren of Kan-
snms and other states are to receive a
science education, however, then
we'll have to forgo the fun of demontz-
ing each other, tale adeep breath and
start making a lew distinctians.
Regrettably, the action of the Kan-
sas board makes that much more dlf-
ticult, Not onty are teachers there now
discouraged {rom discussing evidence
in suppert of Darwin's theory, yesults
questioning it won't be heard either.
For example, let's look &t three
claims of evidence for Darwinian eveo-
lutign often cited by high school text-
books, First, as the use of antibiotics
has become COMmMOn, mutant strains
of resistant bacteria have become
more common, threatening public
heaith. Second, dark-colored variants
of a certain moth species evaded pre-
dation by birds because their color
matched (he sooty tree trunks of in-
dustrial England. Third, the embryos
- ——
Michae! J. Behe, professor of biologi-
cal sciences al Lehigh University, is
author o “Darwin’s Black Box: The
Btochemical Cholienge to Evolution.”

of {ish, amphibians, birds and mam-
mals look virtually identical In an
early stage of development, becoming
different only at later stages. .
A relevant distinction, howaver, 1s
that only the first exampie is true. The
second example Is unsupported .by
current evidence, while the third is
downright false. Although Bght- and
dark-colored moths did vary in ex-
pected ways in some regions of Eng-
jand, elsewhere they didn't. Further,
textbook photographs showing moths
resting on tree trunks in the day,
where birds supposediy ate them, run
afoul of the fact that the moths are
active at night and don't normally rest
on tree trunks. After learning about
the problems with this favorite Dar-
winian exampie, an evolutionary sci-
entist wrote in the journal Nature that
he leit the way he did as a boy when he
iearned there was no Santa Claus.
The story ol the embryos is an ob-
ject Jesson in seeing what you want to
see. Sketches of vertebrate embryos
were first made in the late 18th centu-
ry by Ernst Haeckel, an admirer of
Darwin. in the intervening years, ap-
parently nobody veritied the nccuracy
of Haeckel's drawings. Prominent sci-

entists declared in textbooks that the
theory of evolution predicted, ex-
plained and was supported by the
striking similarity of vertebrate em-
bryos. And that is what generations of
American students have learned.
Recently, however, an international
1eam of scientists decided to check the
drawlngs' rellabllity. They found that
Haecke! had, well, taken liberties: the
embryos are significartly dlfferent
{rom each other. In Nature, the head

Children need
facts, not soothing
simplifications.

of the research team observed that "it .

looks iike It's turning out to be one of
the most famous fakes In biology.”
What's more, the embiyonic stages
shown in the drawings are sctually not
the earllest ones. The earliest stages
show much greater variation.

1f [ were teaching a high schoa!
plology course, I certainly would want
my students to understand Darwin's
theory of evolution by natural selec-
tion, which explains antibiotic resist-
ance and a lot of other things. 1 would

want them to know the many similar-
ities among organisms that are inter-
preted In terma of common descent,
&s welt a3 to understand the Jaborato-
ry experiments that show organisms

hanging in resp to ive pres-

sure.

But | would also want them te learn
to make distinctions and ask tough
questions. Questions we might discuss
include these:

1it's so difficuit to demonstrate

that small changes in modern

moths are the result of nansral

selection, how conlident can we

be that Darwinian seiection

drove large changes in the dis-

. tant past? I{ supposed}y identical em-

bryos were touted as strong evidence

tor evolution, does the recent demon-

stration ol variation in embryos now

count as evidence against evolution?

If some scientists relied for a century

on an old, mistaken piece of data be-

cause they thought it supported the

sccepted theory, s It possible they

might even now give short shrift to

legitimate contrary data or interpre-
tations?

Discussing questions like these
would help students see that same-
times 2 theory actively shapes the
way we think, and aiso that thers are
stil) exciting, unanswered questions In
biology that may require fresh ideas.

Ity a shame that Kansas students
won't get Lo take part in such a discus-

‘sion. We should make sure that the
students of other states do.

Emotions run very desp an the sub-
Ject of evolution, and while the moral-
ity piay generally casts religious peo-
pie as the ones who want to limit
discussion, some scientlsts on the *“ra-
tional” side could fi2 thar role, teo. But
if we want our childrea to become
educated citizens, we have to broaden
discussion, not Bmit it.

Teach Darwin's elegant theory. But
also discuss where it has real prob-
lerns accounting tor the date, where
data are severely limited, where sci-
entists might be engaged in wishful
thinking and where alternative -~
even “‘heretical” ~ explanations are
possible. 0]




