2

Con ten ts

Preface - The King has few clothes 5

1 If Darwinism is the answ er, what w as the question? 1

2 Imp ossible Things Usually Don’t Happ en 11

3 Getting Started 17

4 Y ou Can’t Get There from Here 23

4.0.1 App endix: T uring’s Pro of of G¨ odel’s Theorem. . . . . . . 35

5 Darwin w as not an Engineer 37

6 The Successes of Darwin’s Computer 51

7 In v erse Problems 55

8 P ardon me, but y our slip is sho wing 67

9 P aradigms 79

10 This Chapter is on Purp ose 85

3

10 CONTENTS

22 CONTENTS

Y G m

H

Chapter 4

ou Can’t et There fro

ere

In 1930, Kurt G¨ odel announced the pro of of a theorem of logic that sho c k ed

the mathematical comm unit y b ecause of its profound implications.

1

He pro v ed

that in an y consisten t system of logic, there are true statemen ts that can b e

prop erly stated within the constrain ts of the system but whic h cannot b e sho wn

to b e true without going outside the system.

A conceptual w a y to understand G¨ odel’s theorem is to imagine all the true

statemen ts that can b e made as p oin ts on a graph (or lo cations on a road

map), and logical inferences as connections b et w een the no des (or roads b e-

t w een to wns). The inferences are one-wa y connections b et ween no des, allowing

mo v emen t from one to another, but not necessarily in the rev erse direction.

G¨ odel’s theorem is a statement that on such a graph (or on such a road map)

there are places y ou can b e that y ou can’t get to from an ywhere else. Some

statemen ts are true but cannot b e pro v en to b e true. It is the opp osite of the

statemen t that all roads lead to Rome, namely

, there is alw a ys a p oin t a w a y

from whic h all roads lead.

The implications of the incompleteness theorem are profound for sev eral

reasons. P erhaps most striking, the hop e of the rationalist, to accept as true only

things that can b e pro v en, cannot b e achiev ed. In more practical terms, there

are things that y ou and I think are true but whic h can nev er b e conclusiv ely

pro v en as true. This is certainly the case with man y features of Darwinism.

There are some things ab out Darwin’s Computer that are true or false but

whic h can nev er b e pro v en as suc h. Some questions cannot b e resolv ed; some

con tro v ersies cannot b e settled.

The incompleteness theorem of G¨ odel to ok on ev en greater significance with

1

K. G¨ odel, Ub er formal unentsc heidbare Satze p er Principia Mathematica und v erwandter

Systeme I. Monatshefte fur Mathematik und Physik, 38, 173-98 (1931). See also K. G¨ odel,

Collected W orks, V ol. I (publications 1929-1936) (ed. b y S. F eferman et al.) Oxford Univ ersit y

Press (1986).

23

24 Chapter 4

the w ork of Alan T uring. T uring w as in terested in, among other things, what

w e no w call computational complexit y . In the app endix to this c hapter, I’v e in-

cluded T uring’s pro of of G¨ odel’s theorem, b ecause it is elegan t and demonstrates

some issues related to computational complexit y .

One in teresting feature of computational complexit y is that, ev en when prob-

lems are solv able, it is often easier to v erify that y ou ha v e a solution to a problem

than it is to find the solution. Supp ose it is Saturda y ev ening and y ou arriv e

at a big part y . F eeling sh y , y ou w onder whether you already kno w an y one in

the ro om? Y our host prop oses that y ou m ust certainly kno w the lady in the

corner next to the dessert tra y . In a fraction of a second you are able to cast

a glance and v erify that y our host is correct. Ho w ev er, in the absence of suc h

a suggestion, y ou are obliged to mak e a tour of the whole ro om, c hec king eac h

p erson one b y one, to see if there is an y one y ou recognize.

A more complicated v ersion of this problem is to determine the shortest

c hain of p ersonal acquain tances (defined b y handshak es) that links an y t w o

p eople in the w orld. Similarly

, mathematicians ha v e defined the Erd¨ os n um b er

to b e the smallest n um b er of published collab orations (coauthors) that connect

to the famed n um b er theorist P aul Erd¨ os (1913-1996).

Think for a min ute ab out computing m y Erd¨ os n um b er. First, y ou m ust

mak e a list of all m y collab orators

2

, then y ou m ust add to the list all of their

collab orators, and then all of their collab orators, and so on. The computation

ends when Erd¨ os sho ws up on the list or the list ceases to gro w. A t eac h lev el

the computation increases in complexit y exp onen tially

, and although an Erd¨ os

n um b er is not to o large, the computation of it is difficult.

3

The computation to link t w o p eople in the w orld b y handshak es is muc h

more difficult, since the n um b er of p eople in the w orld is roughly 5 billion, and

there are man y more p ossible connecting routes to c hec k, ev en though the length

of the shortest connecting path is b eliev ed to b e fairly small, less than ten.

There are other problems whic h, although solv able in a finite amoun t of

time, this time is larger than the computational resources of the univ erse, and

so from a h uman p oin t of view, i.e., within the constrain ts of our abilit y to

compute, cannot b e solv ed. F or example, there are prime n umb ers whic h are so

large that they cannot b e v erified as prime, since the algorithm to c hec k that

they are prime requires more computational resources than is or can ev er b e

a v ailable.

Other algorithms fail b ecause they can solv e problems within a certain class,

but are useless for problems outside of that class. Th us, a bisection algorithm

(sometimes also called “divide and conquer”) is not appropriate to determine

tomorro w’s w eather, b ecause the go v erning equations cannot b e form ulated in

a w a y that the bisection algorithm applies.

Since the Darwinian mec hanism is an algorithm, there are some things that

2

of whic h there are 27.

3

It is kno wn that the median Erd¨ os n um b er is 5, and the largest is 15. There are 208,201

p eople with an Erd¨ os n um b er, and 45,142 mathematicians who hav e co-authored a pap er but

do not ha v e an Erd¨ os n um b er. F or more information ab out the Erd¨ os n um b er and some data

see h ttp://www.oakland.edu/ grossman/erdoshp.h tml.

There are t w o inheren t difficulties with this space. A difficulty of crush-

ing prop ortions is the size of the space ab out whic h Darwin’s Computer m ust

randomly roam. In fact, this space is so large that it cannot b e explored - ev er.

T o illustrate, supp ose w e w an ted to determine the shortest genome that can

sustain a living organism. Unfortunately

, there is no efficien t w a y to search for

the simplest organism.

8

Tw o strategies migh t b e considered. W e migh t start with the simplest kno wn

living organism, and mak e random m utations that shorten its genome, to see if

a shorter viable genome can b e found. If a shorter one is found, w e then try

another random m utation to see if it can b e shortened again. In this w a y w e

follo w the m utational paths un til a dead end is reac hed. Ho w ev er, after w e ha v e

surv ey ed all of the dead end paths w e still do not know if a still shorter viable

genome that is not connected b y a con tin uous m utational path might exist. In

other w ords, this algorithm cannot solv e the problem.

The only w a y to b e certain that the shortest viable genome has b een found

is to c hec k all p ossible configurations of that length and shorter.

Where should w e start? The simplest kno wn bacterium is myc oplasma gen-

italium, with 500,000 base pairs in its genome and ab out 470 genes.

9

A genome

with 500,000 base pairs has 4

500;000

= 10

300;000

p ossible arrangemen ts. That

is a lot of p ossibilities to c hec k, so mayb e w e could start b y c hec king strands

with a few base pairs and build up from there un til w e find the shortest viable

one. T o c hec k all sequences with n or less base pairs requires that w e c hec k

4 + 4

2

+ 4

3

::: + 4 n

= (4 n+1

Γ 1)=3, whic h is ab out (4= 3) Θ 10

:6n

p ossible ar-

rangemen ts. W e kno w (actually , w e b eliev e, but do not kno w in the strict sense)

ahead of time that most of these are not viable, but w e m ust c hec k all of them

to b e sure that w e ha v en’t missed something.

T o c hec k all the genomes of length, sa y , 10,000, (not ev en close to 500,000,

but w e ha v e to start somewhere) and to make the computation go as fast as

p ossible, supp ose w e tak e all of the atoms in the univ erse and turned them in to

p ossible genomes of length 10,000. (Recall that is estimated that there are no

more than 10

87

elemen tary particles in the univ erse.) If we use eac h elemen tary

particle as a t w o-state device, w e need t w o elemen tary particles to represen t the

four p ossible states of a single base pair. W e need 20,000 elementary particles to

build a ”genomic pro cessor” to represen t the state of the genome. T o build the

genome with real organic molecules requires man y more elemen tary particles,

since a base pair uses ab out 70 molecules of carb on, o xygen, h ydrogen, nitrogen

and phosphate. But ignoring this detail, w e can build no more than 10

83

genomic

pro cessors. No w let us supp ose that for eac h of these pro cessors w e can make

genomes and c hec k them for viabilit y at the rate of the Planck time, the smallest

8

According to the “No free lunc h” Theorem, there is no algorithm that is more efficien t at

optimization of a random function than blind searc h. See D. H. W olp ert and W. G. McCready ,

No free lunc h theorems for optimization, IEEE T rans. on Ev olutionary Computation, 1, 67-82

(1997), and J. C. Culb erson, On the futilit y of blind searc h: An algorithmic view of “No F ree

Lunc h”, Ev olutionary Computation, 6, 109-127 (199?)

9

C. M. F raser, The minimal gene complemen t of m ycoplasma genitalium, Science, 270,

397-403 (1993).

Y ou Can’t Get There from Here 29

ph ysically meaningful time in the univ erse, 10

Γ45

, so that eac h computational

genome can c hec k 10

45

com binations (or c hemical arrangemen ts) p er second.

The fastest mo dern computers ha v e clo ck sp eeds which are significan tly slo w er,

at 10

16

cycles p er second, and the shortestlifetime of an elemen tary particle is

10

Γ33

seconds. The univ erse has existed for 10-20 billion y ears, no more than

10

18

seconds. So, in all the time pro vided b y the existence of the univ erse,

with all the elemen tary particles turned in to genomic pro cessors ha ving 10,000

base pairs, eac h c hec king one combination p er Planck time, the total n um b er

of genomes c hec k ed cannot exceed 10

146

. A t most one in 10

5861

of the 10

6000

p ossibilities of length 10,000 can b e c hec k ed for viabilit y . In other w ords, a

finite state mac hine (our h yp othetical collection of genomic pro cessors) cannot

determine with certain t y that life cannot b e sustained with a genome of less

than 10,000 base pairs.

Of course, in the history of life on earth, far few er genomes ha v e b een tested.

Supp ose instead that w e use a more realistic test facilit y and actually test the

viabilit y of a genome b y making a cell with that genome. So, supp ose that the

earth w ere co v ered one kilometer thic k with bacteria that each repro duction

cycle created and tested a new genome for viabilit y . The repro ductiv e cycle of

a bacterium (the clo c k sp eed) is t ypically b et w een 20 and 60 minutes. In the

4 billion y ears of life history on earth, that allo ws a total of 10

14

cell cycles. If

the crust of the earth’s surface (5 :1 Θ 10

8

km

2

) w ere co v ered 1 km thic k with

nothing but bacterial cells (with v olume ab out 2 Θ 10

Γ12

cm

3

), there w ould b e

ab out 10

35

bacterial cells. If with eac h cycle a differen t genome w ere made and

c hec k ed for viabilit y , then no more than 10

41

= 4

81

differen t genomes could b e

c hec k ed in the en tire history of life on earth.

10

After four billion y ears of testing,

the b est that could b e confiden tly asserted is that genomes of less than 81 base

pairs do not supp ort life.

What this means is that, if it is to b e explored b y any finite state computer

in our univ erse, whic h Darwin’s computer is, then the range of p ossibilities of a

genome, or of an y mo dest sized protein, is unkno w able.

Problems of this nature are in tractable. The solution exists (there is, after

all, a shortest genome that can supp ort life), and an algorithm that w ould solv e

it is kno wn to exist, but the solution cannot b e realized using the computational

resources of the kno wn univ erse. There are true statemen ts ab out genomes that

are not pro v able using an y finite state mac hine that could b e constructed in the

univ erse. There are facts ab out genomes that can b e known only b y en tities that

can p erform computational functions b ey ond that of an y finite state mac hine in

the univ erse and whose access to kno wledge therefore transcends the ph ysical

univ erse.

11

Biology is replete with in tractable problems. The difficult y arises from the

fact that the dimension of the DNA searc h space is incomprehensibly large. In

our to y problem to find a simple bacterium, the searc h space w as 4

10;000

=

10

Argumen ts of this sort are used to examine the ev olution of computer viruses in M. Lud-

wig, Computer Viruses, Artificial Life, and Ev olution, American Eagle Publications, T ucson,

AZ, 1993.

11

R. P enrose, Shado ws of the Mind, Oxford Univ ersit y Press, 1994.

10

6;000

sequences. But in real life, genomes are m uc h larger. The w ell-kno wn

bacterium E. c oli has 5 Θ 10

6

base pairs and the h uman genome has 3 Θ 10

9

base pairs, making the size of these searc h spaces incomprehensibly large. The

n um b er of p ossible bacterial genomes is on the order of 10

840;000

sequences, and

far few er than 10

41

of these p ossibilities ha v e b een tested in the en tire history

of the earth.

The abilit y of a random searc h algorithm to find things dep ends b oth on ho w

big the searc h space is and on ho w man y things there are that can b e found. In

more prosaic terms, the searc h for a needle in a ha ystac k dep ends b oth on the

size of the ha ystac k and on the size and n um b er of needles.

The size of the viable part of the genomic space is sim ultaneously unkno w able

and hotly debated. If the densit y of viable genomes is small, then it is not

reasonable to b eliev e that Darwin’s algorithm found them. Con v ersely

, those

who b eliev e that Darwin’s algorithm w as resp onsible for finding all of the life

forms that curren tly exist are forced to conclude that the densit y of viable

genomes is quite large.

T o get some idea of ho w densit y argumen ts w ork, let’s consider the ques-

tion of ho w hard it w ould b e for a bio c hemist to syn thesize cyto c hrome c from

scratc h. Cyto c hrome c is a simple protein that is found in man y organisms and

is of fundamen tal imp ortance in the con v ersion of glucose to A TP , an imp ortant

energy transaction vital to cell surviv al. Wherev er it is found, cyto c hrome c has

the same c hemical function, although with sligh tly differen t c hemical arrange-

men ts. These arrangemen ts, whic h are called homologous, are p ossible b ecause

only the activ e sites are highly sp ecific and m uc h of the remaining structure is

comp osed of amino acid ”filler”, and is readily replaced b y differen t amino acids.

By comparing the structure of a v ariet y of homologous cyto c hrome c proteins,

Y o c k ey estimated that there are ab out 10

94

p ossible w a ys to arrange the amino

acid sequence for cyto c hrome c.

12

There is, of course, no w a y to ever chec k if

all of these v ariations actually function correctly as cyto c hrome c, or that these

are the only p ossibilities.

Cyto c hrome c is constructed from 110 amino acids. There are 20 amino acids

that can b e used at an y of the p ositions, so that there are 10

143

p ossible amino

acid arrangemen ts with the same length as cyto c hrome c. No w w e can estimate

the densit y of cyto c hrome c molecules among all amino acid c hains of length

110 to b e 1 in 10

49

. Th us, w e estimate that the probabilit y of a bio c hemist

syn thesizing amino acid c hains of length 110 finding a protein that functions

lik e cyto c hrome c is 1 in 10

49

.

But the Darwinian algorithm is only required to find connecting, viable

paths, from one organism to another. So the prop er question to ask is ho w hard

it is to find connecting paths b et w een the needles in our ha ystac k.

This problem has b een studied in some detail for one sp ecific transformation

in the early history of life

13

, that b eing the transformation from an anaerobic

12

H. P . Y o c k ey , Information Theory and Molecular Biology

, Cambridge Universit y Press,

1992.

13

S. Sc herer, Basic functional states in the evolution of ligh t-driv en cyclic electron transp ort,

J. Theor. Biol. 104, 289-299 (1983).

Y ou Can’t Get There from Here 31

heterotrophic micro organism lac king mem brane-asso ciated electron transp ort

to a micro organism with a ligh t-driv en cyclic electron transp ort pro cess. This

particular system w as c hosen for study b ecause the electron transp ort pro cess

is a w ell-studied biological system, and b ecause its dev elopmen t is one of the

most fundamen tal in the history of bio energetic pro cesses.

In this study

, Sherer presen ts a p ossible scenario for this transformation

in whic h the new organism is b oth functional and sligh tly more efficien t at

eac h step, in order to ac hiev e some selectiv e adv an tage. He prop oses fiv e steps

b et w een basic functional states and discusses the nature of the mutations re-

quired to ac hiev e these transformations. A sample of his analysis for the first

step in whic h an indirect proton transp ort is formed is summarized as follo ws:

A TP h ydrolase (whic h is assumed to already exist) b ecomes rev ersible, p er-

mitting A

TP syn thesis, and fumarate reductase b ecomes mem brane-asso ciated.

F umarate reductase then c hanges in its sp ecificit y , accepting electrons from for-

mate deh ydrogenase and not from NAD(H). Gene duplication of a gene co ding

for a mem brane b ound protein and creation of a new catalytic site, binding and

clea ving formate are necesary to form formate deh ydrogenase. F ormation of a

second new catalytic site at formate h ydrogenase, transducing electrons to fu-

marate reductase, is needed. This first step is estimated to require a minim um

of 14 p oin t m utations.

The other four steps are sub jected to a similar analysis, and the minimal

n um b er of necessary p oin t m utations and gene duplications estimated. F rom

this it is p ossible to estimate the probabilit y that these basic functional states

arose and then to estimate the probabilit y that they can b e found using random

m utations in 10

9

y ears in a lab oratory the size of the earth. A t a m utation

rate of 10

Γ4

p er gene p er generation, whic h is extremely high, he found the

probabilit y of step one to b e ab out 10

Γ16

. Three of the 4 other steps had

probabilities b et w een 10

Γ32

and 10

Γ64

. Only one step had a probabilit y close

to one. Ho w ev er, at the more realistic m utation rate of 10

Γ6

, the probabilities

for eac h of the steps ranged b et w een 10

Γ20

and 10

Γ116

.

The p oin t of this example is to illustrate that pathfinding using the Dar-

winian algorithm is extremely slo w, partly b ecause of the size of the searc h

space and partly b ecause of the narro w sp ecifications on the connecting path.

But if this is not enough of a difficult y for Darwin’s Computer, I con tend

that there is an ev en greater obstacle for it to o v ercome, and that is that that

life as w e kno w it o ccupies sev eral isolated mesas and that there is not a smo oth

genetic connection, with bio c hemically viable organisms at eac h step, b etw een

all living organisms.

Supp ose that p ossible life forms are segregated on to sev eral isolated bio-

c hemical fitness mesas, eac h separated b y a fitness desert. There are only t w o

w a ys to attempt to cross a fitness desert, with small steps or with big steps.

Small steps, corresp onding to a few m utations p er generation, fail b ecause all

offspring sta y on the same mesa or land in the desert and cannot surviv e. Big

steps, corresp onding to man y m utations p er generation, w ould w ork if an or-

ganism could, lik e Neil Armstrong, tak e ”a gian t leap for mankind”, or lik e

sup erman, ”leap tall buildings with a single b ound”. But with random leaping,

there m ust b e lots of h uge catastrophes. A trial and error metho d requires (on

a v erage) lots of errors, and in the case of crossing a fitness desert, the num b er of

required trials is astronomical. Luc ky guesses are not a sufficien t explanation.

This leads us to t w o observ ations ab out organisms that p ermit a large n um-

b er of m utations p er repro duction cycle. First, they necessarily ha v e a large

n um b er of genetic stillb orn or miscarriages. In fact, this is a necessary feature

of an ev olving p opulation for whic h p ossible c hanges are more than minor. Said

another w a y , to accomplish a big c hange with a random w alk, a p opulation

m ust tak e risks, and with risk there will b e mostly failure. Evidence of failure is

pro duction of a seemingly limitless n um b er of ”hop eful monsters”, hop eful p er-

haps, but v ery dead. Without repro ductiv e infidelit y , grand disco v eries cannot

b e made, and for a random pro cess, a grand disco v ery requires an enormous

n um b er of hop eful, but unsuccessful, m utations.

The large n um b er of eggs or seeds pro duced b y an organism that fail to hatc h

or germinate do not qualify as genetic stillb orn, b ecause they are not genetic

m utan ts. Th us, ev en though the maple tree in my yard pro duces thousands

of seeds and h undreds of seedlings ev ery y ear, they are all genetically faithful

offspring, with no evidence whatev er of attempting to mo v e to a differen t fitness

island.

14

The second problem, ho w ev er, with genetic infidelit y is that it is a harmful

inherited trait. An organism that pro duces failed offspring is at a serious disad-

v an tage compared to one that can repro duce faithfully

. If an organism mak es

enough mistak es in its repro duction pro cess to create hop eful monsters, then

it rarely

, if ev er, pro duces offspring that are iden tical to itself.

15

An organism

that exp ends energy to pro duce man y stillb orns is certain to b e selected against

and b ecome extinct, in fa v or of an organism that repro duces faithfully .

In the w ords of m y friendly car mec hanic, ”if it ain’t brok e, don’t fix it”,

and in the w orld of genetics, if it w orks, don’t c hange it. The dual goals of

surviv al via faithful repro duction and exploration of the genetic top ograph y are

incompatible. Bio c hemical viabilit y is a v aluable commo dit y , easily lost, hard to

find, and therefore m ust b e preserv ed, if p ossible. Genetic faithfulness is v astly

preferred to unfaithful repro duction. In fact, there are a n um b er of remark able

bio c hemical repair mec hanisms to prev en t m utations. Hop eful monsters are

selected against, but without hop eful monsters, new fitness islands cannot b e

found.

Y et a third problem with genetic infidelit y is that if a new viable organism

is found, and if it surviv es to repro duce, then its c hance of establishing a com-

m unit y of similar organisms is imp ossibly small. This is not only b ecause it

is the sole example of this particular genetic organism, but also b ecause it is

14

Repro duction is not error-free, but the n umb er of errors is small. In higher organisms

the usually quoted m utation rate is 10

Γ6

/gene/generation, whic h for humans with 10

5

genes,

is on the order of ten m utations p er generation. See J. W. Drak e, The Molecular Basis of

Mutation, Holden-Da y , Inc., San F rancisco, T able 5-3.

15

Here I am assuming that replication errors are pro duced b y some standard random pro cess,

suc h as a P oisson pro cess. If a large n umb er of replication errors is p ossible for one progen y ,

then it is lik ely for all.

Y ou Can’t Get There from Here 33

the offspring of an unfaithful repro ducer, a tendency whic h it surely inherited.

Because it is unlik ely to faithfully replicate itself, its con tin ued surviv al is ev en

more unlik ely . The organism will b e killed b y the v ery feature that enabled it

to find the new mesa in the first place.

This feature that m utation rates cannot b e to o large is w ell kno wn in ev o-

lutionary theory as a genot ypic error threshold. A t m utation rates ab o v e this

threshold, inheritance breaks do wn since the n um b er of correct copies of ev en

the fittest genot yp e is steadily decreasing un til it is ev en tually lost.

16

I conclude that isolated fitness mesas cannot b e disco v ered and p opulated

b y the Darwinian algorithm. The searc h space is far to o large to find an ything

significan t b y a random w alk, and an y organism that tries to explore this space

is eliminated from the p opulation.

But clearly

, this argumen t has force only if there are, in fact, different isolated

fitness mesas that are curren tly , or ha v e b een, p opulated b y life forms.

There are man y con tenders for isolated fitness islands. Differences b et w een

cell t yp es (bacterial vs. animal, plan t and fungal), differences in metab olism

(plan ts vs. animals), differences in organization (single cell vs. multicellular),

differences in repro duction mec hanism (asexual vs. sexual), differences in organ

structure (birds vs. fish vs. mammals), are all features that app ear to ha v e

ha v e v ast genetic separation.

There are sev eral features to lo ok for in trying to decide if organisms inhabit

separate fitness mesas. One is an y function that dep ends in some crucial w a y on

an in teger. The c hallenge with in tegers is mathematically ob vious. There is no

w a y to gradually c hange b et w een t w o in tegers. But if viabilit y and repro duction

dep end in some w a y on those in tegers, then there is no smo oth connecting path

(with gradual m utational steps) along whic h all organisms are viable.

An y complex structure that cannot b e built up in an incremen tal fashion,

with functionalit y at eac h step, cannot b e found b y Darwin’s Computer. Here

w e men tion some examples, but in the next c hapter w e describ e other examples

of “irreducible complexit y”.

The t w o ob vious con tenders for in teger relatedness are sexual repro duction

and c hromosomal n um b ers. In asexual repro duction, an organism replicates

its DNA and the replicated DNA is separated in to separate compartmen ts,

whic h are then split apart in to t w o iden tical copies of the cell. With sexual

repro duction, the organism mak es a cop y of half of its DNA and separates

that p ortion in to a sp ecial capsule, (an o vum or a sp erm cell). Repro duction is

completed when a sp erm cell con tacts an o vum and the t w o recom bine to pro vide

the full genome of the offspring. I suggest that sexual and asexual organisms are

separated b y a v ast bio c hemical fitness desert; the minimal n um b er of m utations

16

The threshold m utation rate is that n um b er ¯ whic h satisfies 2(1 Γ ¯)

N

= 1, where N

is the n um b er of base pairs in the genomic sequence, and ¯ is the m utation rate p er base

pair p er generation, calculated in T. B. Kepler and A. S. Perelson, Somatic Hyp erm utation

in B cells: An optimal con trol treatmen t, preprin t, San ta F e Institute, 1992. See also P .

Sc h uster, Landscap es and molecular ev olution, Ph ysica D 107, 351-365 (1997). Mutation

rates on the order of 10

Γ5

p er base pair are fatal to the organism, although high m utation

rates of 10 Γ4/gene/generation ma y ha ve b een p ossible for protobion ts with primitive, non-

fixed genetic co des, cf. R. W. Kaplan, Der Ursprung des Leb ens, Stuttgart, Thieme.

b et w een the t w o is quite large; there is no gradual genetic transition b et w een

the t w o.

In higher organisms, the genome is separated in to smaller subunits called

c hromosomes. Humans ha v e 46 chromosomes; all other mammals ha v e a dif-

feren t in teger ev en n um b er of c hromosomes; gorillas and c himpanzees ha v e 48,

mice ha v e 40. F rogs ha v e 26 and p eas ha v e 14 c hromosomes. In sexual repro-

duction with c hromosomes, the c hromosomes are replicated and pac k aged, half

b y the male in the sp erm cell and half b y the female in the o vum. Ho w ev er,

the c hromosomes are tagged so that after sp erm and o vum share their DNA,

the c hromosomes are appropriately re-paired. This is wh y it is imp ossible for

organisms with differen t n um b ers of c hromosomes to form a mating pair and

pro duce offspring; there is alw a ys an unmatc hed c hromosome and all the genetic

information carried thereb y is una v ailable so that the offspring is not viable.

It is easy to b eliev e that organisms with differen t c hromosomal n um b ers re-

side on separate fitness mesas, since the minimal n um b er of m utations b et w een

the t w o w ould seem to b e quite large. Consider, for example, the problem of

one organism with one n um b er of c hromosomes establishing a p opulation with

a differen t n um b er of c hromosome pairs.

17

A t a minim um, there must b e a par-

en t organism that mistak enly (and randomly) pro duces a differen t n um b er of

c hromosomes. This new c hromosome set m ust con tain meaningful information,

and lea v e the organism viable.

18

Sim ultaneously in space and time, there m ust

b e another paren t donor of the opp osite sex that also mistak enly pro duces a

mo dified set of c hromosomes. This chromosomal set m ust also contain mean-

ingful information, and b e compatible with (i.e., co de for the same genes as)

the c hromosomal set pro duced b y the partner, so that the offspring is viable,

not stillb orn. That is, the t w o sets must b e sufficiently similar so that they

can pair up prop erly . F urther, there m ust b e y et another happ y coincidence

that pro duces a viable offspring of the opp osite sex. The t w o luc ky c hildren

m ust meet, mate and b e fortunate enough to b e genetically compatible.

19

Keep

in mind that for ev ery successful formation of a new c hromosomal set b y an

undirected random pro cess, there m ust b e un told billions of genetic stillb orns

and miscarriages. (A trial and error metho d requires, on a v erage, lots of errors

for eac h success. Evidence of randomness is a large n um b er of errors.) F or

organisms with small p opulation n um b ers and small litter sizes and long repro-

duction cycles (lik e mammals), this is not merely improbable, it is imp ossible.

17

The discussion that follo ws do es not apply to plan ts capable of self-fertilization, whic h

c hanges the repro ductiv e mec hanism. In plan ts, a change of c hromosomal n um b ers (via dou-

bling) can o ccur in tw o w ays: 1) autopolyploidy

, which applies to hermaphro dite sp ecies

capable of self-fertilization and 2) allop olyploidy

, whic h ma y o ccur as the result of h ybridiza-

tion of tw o sligh tly differen t plan t species.

18

There are disorders that yield differing n um b ers of c hromosomes. F or example, h umans

with Do wn’s syndrome ha ve an extra single (unpaired) copy of c hromosome 21 resulting from

an error during meiosis (cell division) in whic h one cell receiv ed t w o copies of c hromosome 21

and its sister receiv ed none. The sister cell without c hromosome 21 w as not viable and died

b efore fertilization; the Down’s syndrome individual cannot repro duce.

19

P erhaps these could b e fraternal t wins, but this do es not mak e their individual births and

bio c hemical viabilities any more lik ely .