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I t is not possible for me to represent the high tradition of Josiah 
Willard Gibbs by offering you a mathematical treatment. Neverthe­
less, the subject of biological evolution and its mechanism must be 
of great interest to yourselves, as the most exemplary products of its 
operation. Perhaps, then, our reconnaissance flight over these bio­
logical jungles, and our attempts to measure certain aspects of them, 
may serve to entice some of you or, through you, some of those with 
whom your influence counts, into bringing your higher powered men­
tal tools to bear in the more effective and more elegant mapping and 
analysis of this territory. If so, my intention to inveigle you into it 
will have been successfully accomplished. 

To those philosophers who declare "I think, therefore I am," 
their own existence seems the one complete certainty. To others, it 
does not seem so certain that they do think, nor even that they pro­
duce a significant imprint on reality in general. I t is, however, evident 
that they, along with all things living, if they do exist, are utter im­
probabilities, far less plausible than any other phenomena that have 
been encountered. 

Herein we shall at tempt to assess how fantastically unlikely we 
and our fellow creatures are, and by what means such preposterous 
anomalies could have come about. The old-time philosopher still 
insists that such extravagances of organization could have arisen 
only by design, inasmuch as accident cannot be expected to convert 
itself into order. However, a dispassionate examination of the rules 
of this game of life should throw some light on the question of how 
such a massive compounding of improbabilities may have taken place. 

1. The genetic alphabet. Studies in Mendelian heredity, supple­
mented by microscopic observations, gave evidence some half cen­
tury ago that at the core of our being, and of that of every living 
thing, there is a remarkable material, that is particulate, exceedingly 
constant in its parts, subject to orderly mosaic rearrangements, and 
in a sense self-multiplying. All this was shown by the kaleidoscopic, 
yet statistically predictable effects it gave on being transmitted and 

The thirty-first Josiah Willard Gibbs Lecture, delivered at Cincinnati, Ohio, 
on January 28, 1958, under the auspices of the American Mathematical Society; 
received by the editors March 14, 1958. 

1 This article is Contribution No. 649 of the Department of Zoology, Indiana Uni­
versity. 

137 



138 H. J. MULLER [July 

multiplied from generation to generation in the form of diverse com­
binations. The term "genes" was applied to the regularly recombining 
parts of this mosaic. Moreover, the fact was established on the basis 
of the quantitative relations which were observed in the recombina­
tions of these genes, that they are strung together in a single-file 
arrangement, like the links in a chain, so as to form the microscopi­
cally visible filaments called chromosomes [ l ] . 

It further became clear that despite the constancy of the individual 
genes they are separately subject to rare, sudden changes, or "muta­
tions," from one stable state to another. This is proved by the changed 
effects on the descendants that inherit them after such an occurrence. 
For these descendants then constitute exceptions to the original pre­
dictions. They are, potentially, the seed of new, although usually 
only slightly new, forms of life. 

The most unique characteristic of these genes has long been realized 
to lie in the fact that, after a mutation has occurred, the gene in its 
changed form, on reproducing, gives rise to daughter genes that in­
corporate its new feature. That is, the mechanism of the gene's self-
reproduction is such as to result in the perpetuation and, if circum­
stances permit, the multiplication of the deviant type. As has been 
pointed out elsewhere [2], it is the possession by the gene of this 
faculty of self-copying, of a kind that is capable of being retained 
despite changes in that gene's own composition, that causes the gene 
to serve as the basis of evolution. And the enormous complications 
to which evolution may go are made possible by the fact that these 
changes in genes and in groups of genes can become accumulated to a 
virtually unlimited extent, without entailing the loss of the genes' 
self-copying faculty. Moreover, it has become clear that, as had been 
surmised, the self-copying involves an attachment, next to each char­
acteristic component of the gene, of a particle of corresponding2 type 
that had been floating about in the medium surrounding the gene. 
In this way there becomes pieced together next to each gene a replica 
of itself, that is, a structure having the same internal pattern. A 
mutation consists of a permutation in this pattern. 

Through the brilliant recent theory of Watson and Crick [3], 
backed by strong evidence from work of Benzer, Hershey, Stanley 
and many others, it has been virtually proved that the components 
in question are nucleotides, combinations of phosphoric acid, a simple 

2 As will be seen in what follows, however, the "corresponding" type here turns 
out to be a complementary one, rather than an identical one as had been first assumed. 
But since the gene contains pairs of complements to begin with this process works 
out to give a product that is identical with its producer after all. 
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sugar, and a nitrogenous base, the whole having a molecular weight 
of about 300. In the gene there are only 4 types of these nucleotides, 
that we may here call A> B, C and D. The gene consists basically of 
these nucleotides polymerized into the form (termed DNA) of a 
pair of relatively long parallel but coiled chains, of which the nucleo­
tides form the links. In any such pair of chains A is always comple­
mentary to B and C to D, in such a way that A in one chain regu­
larly has B lying opposite to it in the other chain, and C has D oppo­
site to it. These opposite, or rather, complementary components 
form effective cross-unions with one another, and not with the other 
types of nucleotides, by means of hydrogen bonds. I t is this fact 
that explains their selectivity in attaching to themselves only ap­
propriate (complementary) particles derived from the medium, dur­
ing the process of gene reproduction. 

Now, although there are only two types of n\xz\eo\Xàe-pairs, these 
amount to four types so far as the gene is concerned. For their ar­
rangement within the gene is different according to which of the two 
members of a pair of nucleotides lies in a given member of the pair 
of chains. Hence, unless there are additional features that we do not 
yet know about, we could specify the entire composition of a gene 
through the use of four letters, A to Z>, setting them down in line, 
as in a word, in the order in which they occur in either one of the two 
members of the double chain. As yet, we are far from knowing this 
order in any case. But there is reason to infer that a gene-word is 
composed of thousands, even tens of thousands, of "letters." 

A mutation, on this scheme of representation, consists in the sub­
stitution, loss, or insertion, of one or more of these same letters. 
Benzer's work [4] may be taken as indicating that only one letter, 
or nucleotide pair, is usually involved, but that at times a whole 
block of them may be inverted in situ, lost, or inserted. This same 
principle of what may be called point and line mutation has long 
been known to hold,«on a far larger scale of magnitude, in the case of 
those greater chains, the chromosomes, the links of which are whole 
genes, some hundreds or thousands of them per chromosome. 

2. A measure of our own improbability. We are now in a position 
to make some first estimates of the degree of improbability repre­
sented by our own genetic material. The total mass of nucleotide 
material, or DNA, contained in one set of human chromosomes, such 
as would be found in a human sperm or egg nucleus just before 
they united in fertilization, is approximately 4X 10~12 of a gram. Since 
the mass of one pair of nucleotides is about 10~21 of a gram there 
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must therefore be about 4X109 nucleotide pairs in the chromosome 
set. 

I t is not certain that in higher animals the gene string, as we call it, 
contains only one double chain of nucleotides, but there is morpho­
logical as well as autoradiographic evidence that this is the case in 
bacterial viruses, and autoradiographic evidence in some higher plant 
material also. Moreover, the way that mutant genes have been ob­
served to express themselves in some higher forms after a mutation 
has occurred, that is, the fact that in some cases all, in some cases 
about half of the cells descended from the cell in which the mutation 
has occurred may receive a replica of the mutant gene, indicates that 
this gene had not been in the form of more than two parallel threads. 
I t therefore appears highly probable that even in man the genetic 
material of the sperm cell is in the form of unreplicated, merely 
double, chains of nucleotides. 

This would lead us to conclude that all human gene strings of one 
chromosome set taken together contain some 4X109 nucleotide pairs 
arranged in one double line. I t is possible some of the nucleotides are 
not in this line and are nongenetic, as Levinthal's preliminary results 
on bacterial viruses [5] had indicated to be the case in them. How­
ever, certain more recent findings have raised questions concerning 
this interpretation in the viruses, and the higher plant studies by 
Taylor et al. [ó] have given grounds for considering virtually all the 
chromosomal DNA in them to be genetic.3 This is a matter that the 
application of autoradiography to higher forms should soon give 
definite information about. Meanwhile, it will here be assumed that 
the number of genetic nucleotide pairs arranged linearly in a human 
chromosome set is the full number, 4X109 , present in a human sperm 
cell. 

Inasmuch as for each nucleotide pair there is a choice of 4 possible 
forms (representable as A, B, C or D) in a given member of the 
double chain, it is evident that the number of possible permutations of 
these four forms, in a line containing four billion of them, is four to the 
four billionth power or approximately lO2»400-000»000. I t is true that 
this number should be reduced by dividing it by the number of 
permutations that would be possible among the 23 chromosomes 
and, more important, among all (some 10,000 to 40,000) entire genes, 
on the dubious supposition that most of these permutations would 
leave the genes' effects substantially unchanged. Nevertheless, on 

8 At the time of the lecture the reports giving the most recent evidence had not 
yet come to hand and the conservative assumption was therefore made that in man 
only 40% of the chromosomal DNA is genetic. Thus, in the text that follows, the 
figures are correspondingly higher than those that were presented orally. 
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making the maximum possible estimate for the magnitude of this 
divisor, a "mere" 10270'000 at most, we find the size of our exponent 
reduced by an amount that is entirely insignificant, in terms relative 
to its own size, and we may therefore feel justified in settling on the 
above approximation. Now, since any given individual chromosome 
set represents but one combination we may say that the "chance" of 
its occurrence is the reciprocal of this number, or 10~2'400»000'000. 

I t should be recognized that this figure may give an exaggerated 
impression of our uniqueness, since we do not know whether many 
nucleotide substitutions might be made that would have no effect, 
or virtually none, on the resulting organism. Moreover, many of 
them have such relatively slight effects as we see differentiating the 
persons about us. As against this consideration, however, there are 
grounds for inferring that losses of nucleotides, or of blocks of them, 
from the chain, occur as much more frequent accidents than do gains 
(that is, insertions) of them, so that there is a tendency for unneces­
sary elements to be eliminated eventually. Let us then take our ap­
proximation at its face value and try to arrive at a working idea of 
its magnitude by comparison with something familiar to us in every­
day life. I t can be estimated that a large, finely printed edition of 
Webster's Unabridged Dictionary contains about thirty million let­
ters. If, then, we used only the letters A, B, C and Z>, to represent 
the four nucleotide pairs, we could represent the entire arrangement 
of them in a single human sperm or (pre-fertilization) egg nucleus 
by the use of about 133 volumes, each of the size and fineness of 
print of this dictionary. 

Here, presumably, we should have the entire genetic specification 
for a man, a t least so far as his inheritance from one of his parents 
was concerned, and another 133 volumes would give that from his 
other parent. With the know-how (as yet not in sight) of how to 
string nucleotides together indefinitely as desired, and to give them 
the right wrappings, we should then be able to insert them into an 
egg from which its own nucleus had previously been removed and 
thus, after enormous labor, helped perhaps by automation, to produce 
a man as much like the one who had furnished the specifications as if 
he were an identical twin. Or we might incorporate alterations in him 
to order. 

If instead of representing each nucleotide-pair separately by A, B, 
C or D, we utilized the entire English alphabet of 26 letters, plus half 
a dozen distinctive Cyrillic letters to make 32, and if we then allowed 
the letters to be either in lower case or capitalized, either in the slant­
ing italic or vertical roman style, and either heavy faced or fine, thus 
gaining 256 distinguishable characters, we could allow each character 


