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J.B.S. Haldane is one of the towering figures in the history of twentieth-century
thought. He had no peerin his foresight about the looming developmentsin genetics,
biochemistry, and their intersection. His interests spanned the mathematical theory
of populations and revolution; the genetic control and kinetics of enzymes; and the
prospects of space travel and life on other worlds. His foresight was such that his
writings of a half-century ago still have fresh and exciting portents. Above all, he was
an unremitting optimist about the human uses of reason and science, a belief that has
been confounded by ill-informed cartoon images of the evil wizard.

His papers will continue to be used and cited for many decades—a prospect
assured by this readily accessible compilation.

Joshua Lederberg

Nobel Laureate

President, The Rockefeller University
New York, N.Y.
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Foreword

We are all unique; but for Haldane the word seems pallid. A grizzly bear of a
man, he seemed larger than life. He was a multidimensional outlier. Physically
courageous to the point of foolhardiness, he did dangerous experiments on himself,
and paid for it with permanent injuries. He could speak while inhaling, so he didn’t
have to pause for breath in a conversation. He had a near-perfect memory, and not
just in English; he could recite long passages from Shakespeare, Virgil, Dante, or the
Koran. He was one of the best popular science writers; somehow he could strip off
unessential details without distorting the subject. He showed his contempt for things
British by emigrating to Indialate in life. He was a prodigious writer. He contributed
345 articles to the Daily Worker, many of them written on the commuter train (with
his memory he didn’t need references). He wrote 23 books, including science fiction
and children’s stories, and more than 400 scientific papers. Here, alphabetized, are
some of the topics: air raid protection, animal behavior, anthropology, astronomy,
biochemistry, blood groups, chemical warfare, dialectics, economics, embryology,
enzyme kinetics, eugenics, evolution, genetics, Hindu religion, Marxist philosophy,
mathematics, mechanics, non-violent animal research, nuclear radiation, origin of
life, origin of the solar system, origins of language, philosophy of science, physiology,
popular science writing, probability, quantum mechanics, relativity, respiration,
statistics, technology, underwater survival, zoology.

Haldane enjoyed being a “character.” Stories about him abound, and improve
with age. Don't let his astonishing breadth of interest, adventurous life, popular
writing, politicking, and eccentricity delude you into thinking that he was superficial.
But he was eclectic. In contrast to many well known, lesser scientists, Haldane’s name
is not associated with a single great discovery. He did too many things; he was his
own dilution factor. His work on regulation of blood alkalinity is basic textbook
material. He wasa pioneer in the theory of enzyme kinetics, and wrote a classic book.
He unified human biochemical genetics, and was the first to use the words “cis” and
“trans” in a genetic context. He discovered the first case of linkage in a mammal. He
derived the first gene mapping function. He instigated pioneer work on the
biochemistry of flower pigments. He derived the equilibrium between mutation and
selection and used it to measure for the first time the mutation rate of the gene causing
hemophilia. He even showed that the mutation rate is an order of magnitude higher
in males than in females, recently confirmed by others. He was the first to suggest
malaria as the cause of hemoglobin polymorphisms. He pointed out that the Rhesus
factor was not in stable equilibrium, and that this implied that the European
population is of hybrid origin. He was the first to measure the selective advantage of
a gene in a natural population, the evolution of black color in the peppered moth
following industrialization. He was the first to compute the probability of fixation of
anew, selectively-favored mutant gene, a finding fundamental to current discussions
of molecularevolution. He found the remarkable generalization, now called “Haldane’s
rule,” that when there is lethality or sterility in hybrids, this is in the heterogametic
sex. This s far from his greatest discovery, but the only one that is routinely referred
to by his name. His most famous papers, both showing the Haldane touch, are those
on the mutation load (“The Effect of Variation on Fitness,” 1937) and the substitution
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load (“The Cost of Natural Selection,” 1957). In the first he showed that the fitness
impact of recurrent mutation depends on the mutation rate and not on the severity
ofthe individual mutations. In the second, he showed that the amount of reproductive
excess required to carry out a gene substitution depends mainly on its initial
frequency and not on the magnitude of its effect.

Haldane’s best known work is in evolutionary genetics. He wrote more than one
hundred papers on this subject. From 1924 to 1934 he published a series of ten
papers on “The mathematical theory of natural and artificial selection,” a remarkably
comprehensive investigation. This work was summarized in his book, The Causes of
Evolution, a paradigm of simple clarity (in contrast to Fisher’s elegant opacity).

Haldane shares with R.A. Fisher and Sewall Wright the credit for originating the
field of population genetics. There are three great mathematical theories of evolution.
Fisher quantified the change of fitness in a large, panmictic population in his
fundamental theorem of natural selection. Wright emphasized population structure
and the effects of chance in bringing about favorable gene interactions. Kimura
developed the mathematical theory of molecular evolution by mutation and random
drift. The name of Haldane is not associated with any specific theory; he was too
eclectic, too open-minded to push any particular view.

Haldane’s popular and expository writings are remarkable for their clarity. The
first article in this book, “A Defense of Beanbag Genetics,” shows him at his best—
spirited, sprightly, witty, and erudite. His more mathematical papers are difficult for
contemporary geneticists, mainly because of his notation. Fisher and Wright used
allele frequency as the basic quantity, and this has become accepted. Therefore,
Haldane’s use of frequency ratios seems unfamiliar and awkward. A second reason
is that Haldane used an inelegant, brute-force approach; he didn’t mind heavy
calculations—he was a speedy calculator and 1 think he enjoyed them. So his
mathematical papers, although not intrinsically difficult, appear daunting and
require more patience than most readers will want to exercise. Nevertheless, the
Haldane prose is usually clear and a lot can be learned while skipping the
cumbersome mathematics.

Haldane repeatedly had new ideas. I can’t think of anyone so creative in so
many diverse areas. His papers abound in speculations. Naturally, many of these
have turned out to be wrong. But much more remarkable are the ones that have
turned out to be on target and path-breaking.

How [ wish some adventurous publisher would reprint Haldane’s entire output,
aswas done for his great contemporary R.A. Fisher! Perhaps this will happen one day.
Meanwhile, this book provides a start. Herein are reprinted forty-six of Haldane’s
genetics papers. Dr. Dronamraju has wisely refrained from long introductions and
explanations. Haldane is too well known to need an introduction, and no one can
explain his writing better than himself. Those who learned genetics since Haldane’s
death in 1964 have a chance to encounter one of biology’s most remarkable minds
and one of its most remarkable characters. There is a feast ahead. Bon appétit!

James F. Crow
Genetics Department
University of Wisconsin, Madison
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Introduction

John Burdon Sanderson Haldane made important contributions to physiology,
biochemistry, genetics, statistics, and biometry as well as to a number of other
scientific and non-scientific disciplines. Of these, his contributions to genetics are
the most significant. Although he never conducted genetic experiments to any great
extent, Haldane was one of the few leaders in that field who deeply influenced the
steady growth of genetics from about 1920 until 1965.!3

It is desirable to understand something about his background and career before
one can fully appreciate Haldane’s papers in genetics in the context of his social
environment and total scientific output. Haldane was born in Oxford, England, on
November 5, 1892. He was the son of Dr. John Scott Haldane, eminent respiratory
physiologist at Oxford, who kindled and nourished his son’s scientific talent from a
very youngage.* The younger Haldane assisted in his father’s physiological experiments
from the age of four onwards and was rewarded with scientific training and
encouragement that left a lasting impression for the rest of his life. Haldane’s
intellectual outlook was shaped in the pre-World War years of Oxford. His closest
companionsincluded Julian and Aldous Huxley and his own sister Naomi (later Lady
Mitchison). He was educated at Eton and Oxford, graduating with honorsin 1914.
At Oxford, he took up mathematics at first but later switched to the study of classics.
His further education wasinterrupted by the outbreak of World War I. After the war,
he resumed his scientific career, becoming a Fellow of New College in physiology.
However, he earned no degree in science. In 1923, he moved to Cambridge to accept
the William Dunn Readership in Biochemistry under F. Gowland Hopkins (later
President of the Royal Society) and remained there until 1933. He left Cambridge to
join University College, London, at first as Professor of Genetics and later as the
Weldon Professor of Biometry. In 1957, Haldane wasinvited by Prof. P.C. Mahalanobis,
Director of the Indian Statistical Institute in Calcutta, to become a Research Professor
at that institution. Promptly resigning from University College, London, Haldane
accepted that position and continued his research and teaching in India. Although
at first Haldane immensely enjoyed his work at the Indian Statistical Institute, soon
differences with Prof. Mahalanobis forced him to resign in 1961 and seek a position
elsewhere.> Haldane trained several young scientists in India, and wrote a number
of popular articles on genetics and other sciences for the popular press. After serving
a brief period with the Council of Scientific and Industrial Research, he finally found
peace in Bhubaneswar, Orissa, where he founded the Genetics and Biometry
Laboratory with the support of Biju Patnaik, the Chief Minister of that State. I was
closely associated with Haldane both at Calcuttaand Bhubaneswar. He died of cancer
on December 1, 1964, at Bhubaneswar.

Haldane’s Scientific Work

Haldane was noted for his versatility of scientific interests and talent. Starting in
1912, he published a number of papers in respiratory physiology. Almost
simultaneously, he continued to publish a number of papers in genetics, especially
on linkage and the mathematical theory of natural selection (summarized in 19329),



which later became one of the foundations of population genetics along with the
contributions of R.A. Fisher” and Sewall Wright.® While he was Dunn Reader in
Biochemistry at Cambridge, Haldane also held the part-time position of officer in
charge of genetical investigations at the John Innes Horticultural Institution (now the
John Innes Institute at Norwich), where he directed pioneering research on the
biochemical genetics of plant pigments by Scott-MoncrieffPand others. After he joined
University College, London, his genetical studies continued but his physiological
and biochemical interests were largely replaced by statistics and biometry. He wrote
twenty-four books, more than four hundred scientific papers, and numerous
popular articles in his lifetime. About half his scientific papers dealt with genetics,
and over one hundred dealt with population genetics. Up to the age of forty, he was
professionally identified as a “biochemist.” His genetical work never occupied more
than fifty percent of his time at any given period during the successive phases of his
life. His early scientific work was deeply influenced by his father’s physiological
interests. From the inception, Haldane was accustomed to view genetics from a
physiological point of view. It was this outlook that led him early to discuss gene
action in terms of biochemical structure as well as enzyme reactions. On the other
hand, he recognized the necessity of making simplifying assumptions to conduct
mathematical investigations of selection, mutation, and other aspects of genetics. In
order to fully appreciate Haldane’s dilemma between these two aspects, the reader
must start with his combative and elegant essay, “A Defense of Beanbag Genetics,”
which was written during the last year of his life. Starting with this self-evaluation
by Haldane, we must then work backwards to examine his early papers to form our
own opinions. Some twenty-six years after his death and many more years after their
publication, it should not be surprising if our outlook tends to be quite different from
his. Although primarily of interest to geneticists, this collection should interest any
biologist who is curious about how certain biological sciences evolved in the earlier
decades of this century.

The Influence of William Bateson and R.C. Punnett

As noted in his Bateson lecture, Haldane knew Bateson well, from 1919 until
Bateson’s death in 1926. His early work in genetics, which was concerned with the
estimation of linkage, was deeply influenced by Bateson and Punnett. When he
discovered linkage as an exception in Darbishire’s data on miice (at firstin 1911, the
first known case in vertebrates), Haldane consulted Punnett, who advised him to
obtain hisown experimental evidence for confirmation. This delayed the publication
of his finding until 1915. When formulating his rule concerning sex-ratio in hybrid
animals (Haldane’s rule, expressed in “Sex-ratio and Unisexual Sterility in Hybrid
Animals,” 1922), Haldane consulted Bateson and later wrote that Bateson was the
first person to believe in that rule, suggesting additional supportive data. In 1924,
Haldane’s first paper on the mathematical theory of natural selection appeared while
he was under Bateson’s influence. It was, in fact, stimulated by H. T J. Norton’s early
calculations on the intensity of selection, which appeared in Punnett’s1° book on
mimicry. In the following years, Haldane initiated biochemical genetic research on
anthocyanins at the John Innes Institution, with which Bateson was closely associated.
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Anotherinstance of Bateson-Haldane connection was the Journal of Genetics, founded
by Bateson in 1911 and continued under Punnett’s editorship until 1946, when
Haldane took over as its editor. During his last years in India, several of the research
projects that were pursued under Haldane’s direction dealt with meristic variation
in nature, which was one of Bateson’s major evolutionary interests.

The papers are arranged into sections, the largest of which are concerned with
selection and mutation. The classification is often arbitrary. Papers on mutation and
human genetics are combined into one section because of Haldane’s great interest in
human mutation rates and his extensive work on the estimation of the impact of
mutation in human populations. Several of these papers fall under more than one
category. The study of dysgenic effects of radiation (1947) could be under human
genetics or mutation or radiation genetics. Finally, everyone has their own favorite
Haldane papers. The criterion applied in this instance is to include papers that have
had a major impact on the development of several aspects of genetics and some that
have suggested lines of research still unresolved. A complete bibliography of
Haldane’s scientific work is also included.

Haldane’s scientific approach typifies what [ have called “intellectual
hybridization,”! which appears to have played a vital role in the development of
biological sciences. In numerous papers, he displayed a great talent for synthesizing
concepts and methods from several different disciplines combining genetics with
immunology, biochemistry, statistics, and physics. See, for instance, his discussion
of meristic variation in the Bateson lecture (p. 25), where he draws analogy between
the process of vertebrae formation in the tail and Turing’s principle of surface
tension. His early influence on the development of biochemical genetics,
immunogenetics, mathematical genetics, behavior genetics, and other branches was
clearly due to his ability to “cross-fertilize” on the intellectual plane. Much of the
rapid expansion and evolution of biological sciences in the twentieth century has
been due to his interdisciplinary synthesis. The phenomenon of so-called paradigm
displacement (suggested by Kuhn'?) does not appear to be valid in this context.

Very few scientists are outstanding writers. Haldane was an exception. He
belonged to that generation of outstanding popular science writers that included
Julian Huxley,"® Bertrand Russell, J.D. Bernal, and Lancelot Hogben. Two articles
included in thiscollection, “In Defense of Beanbag Genetics” and “An Autobiography
in Brief,” give us glimpses of his style. Elsewhere writing about his scientific
contributions, Haldane!* wrote: “lam a part of nature, and, like other natural objects,
from a lightning flash to a mountain range, I shall last out my time and then finish.
This prospect does not worry me, because some of my work will not die when I do

”»

SO.
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Perspectives in Biology

The collection of papers included in this section have a common theme:
Haldane’s view of the historical perspective of anumber of aspects of hislife and work
aswell as certain aspects of evolutionary biology. In these papers he dealt with a wide-
ranging series of subjects in evolutionary biology and biometry. The first one,
appropriately, sums up his contributions (and those of his co-founders, Sewall
Wright and R.A. Fisher) to the foundations of population genetics (see Crow"). This
seemsto provide an appropriate rationale to examine Haldane’s genetic contributions.
The second oneisanarticle written fora popularnewsmagazine in India, The Illlustrated
Weekly of India from Bombay, at the time of his resignation from the Indian Statistical
Institute in Calcuttain 1961. He refersto his falling out with Prof. P.C. Mahalanobis,
director of that Institute, in the penultimate paragraph of this article. Besides being
an excellent self-evaluation of his life and work, this article is a fine example of
Haldane’s lucid style of popular writing for which he was well-known. In the third
paper, Haldane examines the validity of Bateson’s evolutionary contributions to later
developments in biology. Of special interest is the role of “meristic” variation in
producing such discontinuities as what were later called “quasicontinuous” variants
by Gruneberg.? Haldane emphasized Bateson’s lapidary phrase “Treasure your
exceptions,” which subsequently became the foundation for the development of
medical genetics as well as several other sciences. Finally, in the fourth paper, he
examines the status of natural selection in his presidential address delivered at the
Centenary and Bicentenary Congress, which was held at the University of Malaya in
Singapore in 1958.

1. Crow,].F., The foundersof population genetics. In Chakravarti, A. (Ed.): Human
Population Genetics: The Pittsburgh Symposium, New York: Van Nostrand, 1984,
pp. 177-194.

2. Gruneberg, H., Genetical studies on the skeleton of the mouse. 1V. Quasi-
continuous variations. J. Genet., 51: 95, 1952.



A DEFENSE OF BEANBAG GENETICS

J. B. S. HALDANE*

My friend Professor Ernst Mayr, of Harvard University, in his recent
book Animal Species and Evolution [1], which I find admirable, though 1
disagree with quite a lot of it, has the following sentences on page 263.

The Mendelian was apt to compare the genetic contents of a population to a bag full
of colored beans. Mutation was the exchange of one kind of bean for another. This con-
ceptualization has been referred to as “‘beanbag genetics.” Work in population and de-
velopmental genetics has shown, however, that the thinking of beanbag genetics is in
many ways quite misleading. To consider genes as independent units is meaningless from
the physiological as well as the evolutionary viewpoint.

Any kind of thinking whatever is misleading out of its context. Thus
ethical thinking involves the concept of duty, or some equivalent, such
as righteousness or dharma. Without such a concept one is lost in the pres-
ent world, and, according to the religions, in the next also. Joule, in his
classical papers on the mechanical equivalent of heat, wrote of the duty
of a steam engine. We now write of its horsepower. It is of course possible
that ethical conceptions will in future be applied to electronic calculators,
which may be given built-in consciences!

In another place [2] Mayr made a more specific challenge. He stated
that Fisher, Wright, and I “have worked out an impressive mathematical
theory of genetical variation and evolutionary change. But what, precise-
ly, has been the contribution of this mathematical school to evolutionary
theory, if I may be permitted to ask such a provocative question?” “How-
ever,” he continued in the next paragraph, “I should perhaps leave it to
Fisher, Wright, and Haldane to point out what they consider their major
contributions.” While Mayr may certainly ask this question, I may not

answer it at Cold Spring Harbor, as I have been officially informed that

* Address: Genetics and Biometry Laboratory, Government of Orissa, Bhubaneswar-3, Orissa,
India.
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I am ineligible for a visa for entering the United States.” Fisher is dead,
but when alive preferred attack to defense. Wright is one of the gentles
men | have ever met, and if he defends himself, will not counterattack.
This leaves me to hold the fort, and that by writing rather than speech.

Now, in the first place I deny that the mathematical theory of popula-
tion genetics is at all impressive, at least to a mathematician. On the con.
trary, Wright, Fisher, and I all made simplifying assumptions which ,].
lowed us to pose problems soluble by the elementary mathematics at oy,
disposal, and even then did not always fully solve the simple problemg
we set ourselves. Our mathematics may impress zoologists but do not
greatly impress mathematicians. Let me give a simple example. We wan,
to know how the frequency of a gene in a population changes under naty-
ral selection. I made the following simplifying assumptions [3]:

1) The population is infinite, so the frequency in each generation is
exactly that calculated, not just somewhere near it.

2) Generations are separate. This is true for a minority only of anima]
and plant species. Thus even in so-called annual plants a few seeds can sur-
vive for several years.

3) Mating is at random. In fact, it was not hard to allow for inbreeding
once Wright had given a quantitative measure of it.

4) The gene is completely recessive as regards fitness. Again it is not
hard to allow for incomplete dominance. Only two alleles at one locus
are considered.

5) Mendelian segregation is perfect. There is no mutation, non-disjunc-
tion, gametic selection, or similar complications.

6) Selection acts so that the fraction of recessives breeding per dominant
is constant from one generation to another. This fraction is the same in
the two sexes.

With all these assumptions, we get a fairly simple equation. If g. 1s the
frequency of the recessive gene, and a fraction k of recessives is killed off
when the corresponding dominants survive, then

o

guir =32 kgn’
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! In spite of this ineligibility I have, since writing this article, been granted an American visa, for
which I must thank the federal government. However, I am not permitted to lecture in North
Carolina, and perhaps in other states, without answering a question which I refuse to answer. Legisla-
tion to this effect does not, in my opinion, help Amencan science.
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Norton gave an equation equivalent to this in 1910, and in 1924 I gave
, rough solution when sclection is slow, that is to say k small. But one
might hope that such a simple-looking equation would yicld a simple
relation between g, and n; if not as simple as s = § gr* for fall in a uni-
form gravitational field, then as simple as Kepler’s laws of planetary mo-
rion. Haldane and Jayakar [4] have solved this equation in terms of what
are called automorphic functions of a kind which were fashionable in
Paris around 1920, but have never been studied in detail, like sines, loga-
rithms, Gamma and Polygamma functions, and so on. Until the requisite
functions have been tabulated, geneticists will be faced with as much work
as if a surveyor, after measuring an angle, had to calculate its cosine or
whatever trigonometrical function he needed. The mathematics are not
much worse when we allow for inbreeding and incomplete dominance.
But they are very much stiffer when selection is of variable intensity from
year to year and from place to place (as it always is) or when its intensity
changes gradually with time. If we had solved such problems, our work
would be impressive.

Let me add that the few professional mathematicians who have inter-
ested themselves in such matters have been singularly unhelpful. They are
apt to devote themselves to what are called existence theorems, showing
that problems have solutions. If they hadn’t, we shouldn’t be here, for
evolution would not have occurred.

Now let me try to show that what little we have done is of some use,
even if we have done a good deal less serious mathematics than Mayr be-
lieves. It may be well to cite the first formulation of beanbag genetics.
This was by the great Roman poet Titus Lucretius Carus just over two
thousand years ago (Dc rerum natura, 1V, 1. 1220):

Propterea quia multa modis primordia multis
Mixta suo celant in corpore saepe parentes
Quae patribus patres tradunt ab stirpe profecta,

Inde Venus varia producit sorte figuras
Maiorumque refert vultus vocesque comasque.

A free rendering is: “Since parents often hide in their bodies many genes
mixed in many ways, which fathers hand down to fathers from their an-
cestry; from them Venus produces patterns by varying chance, and brings
back the faces, voices, and hair of ancestors.” Very probably the great
materialistic (but not atheistic) philosopher Epicurus had expressed the
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theory more exactly, if less poetically, in one of his lost books. Lucretiug
elsewhere described genes as *“genitalia corpora” and claimed that they
were immutable. What is important is that whether he called them pri-
mordia or even seeds, he always thought of them as a set of separable ma-
terial bodies. When Mendel discovered most of the laws according to
which Venus picks out the hidden genes from the mixture, and Bateson
and Punnett further discovered linkage, we could get going; and it was
Punnett [5] who first calculated the long-term effect of a very simple
program of selection.

Now let me begin boasting. So competent a biologist as Professor L. T.
Hogben [6] has recently written, “The mutation of chromosomes or of
single genes is admittedly the pace-maker of evolution.” A strong verbal
argument could be made out for this statement. In racing, a “pacemaker”
runs particularly fast, but I suppose Hogben means that mutation deter-
mines the rate of evolution, which would be faster if mutation were more
frequent. The verbal argument might run as follows: “Evolution is the
resultant of a number of processes, including adaptation of individuals
during their development, migration, segregation, natural selection, and
mutation. Now in this list the slowest process is mutation. The probability
that a gene will mutate in one generation rarely exceeds one hundred
thousandth, and may be much less than a millionth. Whereas selective ad-
vantages of one in ten are quite common, a species may spread over a conti-
nent in a few centuries, and so on. Since mutation 1s the slowest process,
it must set the pace, or be the ‘rate-determining process,” for the remain-
der.” This is quite as good an argument as those on which most human
ethical and political decisions are based. When Muller had determined a
few mutation rates, Wright and I, around 1930, began to calculate the
evolutionary effects of mutation. We showed that in a species with several
hundred thousand members mutations could not be a pacemaker. Almost
all mutations occurred several times in a generation in one member or
another of a species. But this again is a verbal argument. Only algebraical
argument can be decisive in such a case. No doubt Wright’s original
“model” or hypothesis was too simple, but it was, I believe, near enough
to the truth. I put in some rather ugly algebra to show that it made no
appreciable difference whether selection occurred before or after mutation
in a life cycle. I do not regret this effort. It is necessary to test all sorts of
possibilities in such a case. I was trying to build a mathematical theory of
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natural selection. In doing so I calculated the equilibria between mutation of
various types of genes and selection against them. As soon as this was done
it became possible to estimate human mutation rates, and I did so [7].
Later on I improved this estimate, and since then many others have done
it better. The estimation of human mutation rates, which is a by-product
of my mathematical work, has since assumed some political importance.
Had I devoted my life to research and propaganda in this field, rather than
to expanding the bounds of human knowledge, I should doubtless be a
world-famous “expert.” I believe that the estimation of the rate at which
X-rays, gamma rays, neutrons, and so on, produce mutations in animals
could be vastly improved. But what I believe to be the most accurate
method [8, 9] has not been given a serious trial, probably because it in-
volves a good deal of mathematics. However, the work of Carter [10]
and of Muramutsu, Sugahara, and Okazawa [11] shows that it is practi-
cable, but expensive.

Now, Professor Mayr might say, ““We must thank Haldane for the first
estimate of a human mutation rate, but his argument is very simple in-
deed; in his own words, ‘the rates of production by mutation and elimina-
tion by natural selection [of a harmful gene] must about balance.” So if
we can find out how many people die of hemophilia or sex-linked muscu-
lar dystrophy per year, we can find out how many genes for these condi-
tions arise by mutation.” Anyone can understand this argument, and it
has been used to estimate many human mutation rates, even though one
estimate, based on years of careful work, is out by a factor of 2 through
an elementary mathematical error. But as it stands it is no better than most
political arguments. Selection and mutation must balance in the long run,
but how long is that? In two rather complicated mathematical papers
[12, 13] I showed that while harmful dominants and sex-linked recessives
reach equilibrium fairly quickly, the time needed for the frequency of an
autosomal recessive to get halfway to equilibrium after a change in the
mutation rate, the selective disadvantage, or the mating system, may be
several thousand generations. In fact, the verbal argument is Liable to be
fallacious. As few people have read my papers on the spread or diminution
of autosomal recessives, and still fewer understood them, the “‘balance”
method, which I invented, is applied to situations where I claim that 1t

leads to false conclusions.
Iam in substantial agreement with David Hume when he wrote (A trea-
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tise of human nature, Book 1, Part 3, Section 1): “There remain therefore
algebra and arithmetic as the only sciences, in which we can carry on 4
chain of reasoning to any degree of intricacy, and yet preserve a perfect
exactness and certainty.” Not only is algebraic reasoning exact; it imposes
an exactness on the verbal postulates made before algebra can start which
is usually lacking in the first verbal formulations of scientitic principles.

Let me take another example from my own work. From the records
of the spread of the autosomal gene for melanism in the moth Biston bety-
laria in English industrial districts, I calculated [3] that it conferred a selec-
tive advantage of about 5o per cent on its carriers. Few or no biologists ac-
cepted this conclusion. They were accustomed to think, if they thought
quantitatively at all, of advantages of the order of 1 per cent or less. Kettle-
well [14] has now made it probable that, in one particular wood, the
melanics have at least double the fitness of the original type. As Kettlewell
very properly chose a highly smoke-blackened wood where selection was
likely to be intense, I do not think his result contradicts mine. The mathe-
matics on which my conclusion was based are not difhicult, but they are
clearly beyond the grasp of some biologists. In a recent book [15] it was
stated that this melanism must originally have been recessive, in which
case even the large advantage found by Kettlewell would have taken some
thousands of years to produce the changes observed in fifty years. I suspect
this curious mistake is due to the fact that in an elementary exposition one
may produce an argument which ignores dominance and gives a result
of the right order of magnitude. But such an exposition may not stress
that the argument breaks down when applied to rare recessives. I think
that in this particular instance Professor Mayr may have unwittingly been
a little less than fair to us beanbaggers. On his page 191 [1] he says that
my “classical”” calculations in a book published in 1932 were deliberately
based on very small selective intensities and implies that I only reached
the same conclusion for industrial melanism in 1957. In fact, it was not
till 1957 that biologists took my calculation of 1924 seriously. I did not
stress it in 1932 because I thought such intense selection was so unusual as
to be unimportant for evolution. If biologists had had a little more respect
for algebra and arithmetic, they would have accepted the existence of such
intense selection thirty years before they actually did so.

When Landsteiner and Wiener discovered the genetical basis of human
fetal erythroblastosis, I pointed out [16] that the death of Rh-positive
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babies born to Rh-negative mothers could not yield a stable equilibrium
and suggested that the modern populations of Europe were the result of
crossing between peoples who, like all peoples then known, possessed a
majority of Rh-positive genes and peoples who had a majority of Rh-nega-
tive genes. A distinguished colleague had calculated an equilibrium but
had not dipped far enough into the bag to notice that it was unstable. Since
then two relict populations have been discovered, in northern Spain and
in one canton of Switzerland, with a majority of Rh-negative genes. If
the mortality of the babies were higher, such differences would constitute
a barrier to crossing, and I do not doubt that differences of this sort play
a part in preventing hybridization between mammalian species. They can,
for example, kill baby mules. I therefore regard the above paper as a con-
tribution both to anthropology and to general evolution theory.

Once one has developed a set of mathematical tools, one looks for quan-
titative data on which to try them out. There are perhaps three main lines
of such machine tool design, which may be called the Tectonic (from
Greek 7ékrwr, a Wright), the Halieutic (from Greek aXwebrns, a Fisher),
and my own. Morton and C. A. B. Smith are developing a fourth, for
use in human genetics. P. A. P. Moran [17] may be starting a fifth, or
he may merely have made a hard road into an impassable swamp. A work-
er looks for numerical data on which his own favorite tools will bite.
Thus Wright has collected data on small more or less isolated populations
to which his theory of genetic drift is applicable. Fisher was probably at
his best with samples from somewhat larger populations, for example his
brilliant demonstration [18] of natural selection in Nabours’ samples of
wild Paratettix texanus, which is still perhaps the best evidence tor heterosis
in wild populations. Perhaps I am at my best with still larger populations.
Thus I was, I think, the first to estimate quantitatively the rate of morpho-
logical change in evolving species [19]. My estimates are of the right order
of magnitude, but based on estimates of geological time less reliable than
those of Simpson [20]. I therefore fully accept Simpson’s emendations (his
pp. 10-17) of my figures. The question was the rate at which the mean of
a morphological character changes. For one tooth measurement on fossil
Equidae, paracone height, the rate of increase of the mean per million
years ranged from 2.4 per cent to 7.9 per cent; for another, ectoloph length,
from 0.6 per cent to 3.4 per cent. The rate of increase of the ratio of these
lengths, which is of greater evolutionary importance, ranged from o.9
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per cent to 5.5 per cent. The total time covered was about 5o million years.
On the other hand, I suggested that human skull height had increased by
over so per cent per million years during the Pleistocene. The fossil dat,
could have been so analyzed earlier. If I was the first to do so it was because,
as the result of my mathematical work, such numbers had come to have
more meaning for me than for others.

We can now come back to the justification of mathematical genetics. |
leave out the body of mathematics which has grown up around human
genetics. Here we cannot experiment and must squeeze all the information
out of available figures, whereas where experiment is possible, not only
is experiment often easier than calculation, but its results are more certain,
In the consideration of evolution, a mathematical theory may be regarded
as a kind of scaffolding within which a reasonably secure theory expressible
in words may be built up. I have given examples to show that without
such a scaffolding verbal arguments are insecure. Let me take an example
from astronomy. I do not doubt that when Newton enunciated his gravi-
tational theory of planetary movement many people said that if the sun
attracted the planets they would fall into it. This is not so naive as might
be supposed. Cotes, of whose early death Newton wrote, “If Mr. Cotes
had lived, we might have known something,” showed that if the system
“of planets, struggling fierce towards heaven’s free wilderness,” as Shelley
put it, were attracted by the sun with a force varying as the inverse cube
of the distance, they would move in spirals, and either fall into the sun
or freeze in the free wilderness. Newton felt that he had to show not only
that the inverse-square law led to stable elliptic motion, but that spheres,
whose density at any point was a function of distance from their center,
attracted one another as if they were particles. If he had not done so, he
was aware that someone might readily disprove his highly ambitious the-
ory. This does not mean that in explaining Newtonian gravitational theory
to students one need go into these or many other details.

It is, in my opinion, worth while devoting some energy to proving the
obvious. Thus, suppose a population consists of two genotypes A and B,
of which B is fitter than A so long as it is rare. For example, B could be a
mimic only advantageous when rare compared with its model, or a self-
sterile but interfertile genotype of a plant species. It is intuitively obvious
that B will spread through a population till its mean fitness falls to equal
that of A, and a stable equilibrium will result. But 1s 1t sure that this equi-
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librium will be stable? Every physicist and cybernetician knows that if
regulation is too intense a system may overshoot its equilibrium and go
into oscillations of increasing amplitude. Haldane and Jayakar [21] found
that in several cases investigated by them there was no danger of such
instability. In a microfilm on population genetics circulated in A.D. 2000
we may either find the statement, “Haldane and Jayakar showed that such
equilibria are almost always stable,” or, “Haldane and Jayakar believed
that they had demonstrated the stability of such equilibria. They over-
looked the investigations of X on termites, where, as Y later showed, the
equilibrium is unstable.” But even if we have given the wrong answer, we
deserve a modicum of credit for asking the right question.

I could give many more examples. Thus, posterity may or may not
think that my concept of the cost of natural selection—that is to say, the
number of genetic deaths required to bring about an evolutionary change
[22]—is important. I think it defines one of the factors, perhaps the main
one, determining the speed of evolution. It has been accepted by some
and criticized by others. If it is shown to be false, the demonstration of its
falsity will probably reveal the truth, or at least a closer approximation
to the truth. And so I could continue on a large scale. If I were on trial
for wasting my life, my defense would at least be prolonged, even if un-
successful; for I have published over 9o papers on beanbag genetics, of
which over 50 contained some original statements, whether or not they
were important or true, besides 200 papers on other scientific topics.

The existing theories of population genetics will no doubt be simplified
and systematized. Many of them will have no more final importance than
a good deal of nineteenth-century dynamical theory. This does not mean
that they have been a useless exercise of algebraical ingenuity. One must
try many possibilities before one reaches even partial truth. There is, how-
ever, a danger that when a mathematical investigation shows a possible
cause of a phenomenon, it is assumed to be the only possible cause. Thus
Fisher [23] showed that if heterozygotes for a pair of autosomal alleles are
fitter than either homozygote, there will be stable polymorphism, and
later work has extended this theorem to multiple alleles. Numerous cases
have been discovered where such heterosis, both at single loci and for
chromosomal segments, has been observed in nature. It has therefore been
assumed that, except where rarity confers an obvious advantage, the
Halieutic mechanism is at work. Now Haldane and Jayakar [24] have
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shown that, without any superiority of heterozygotes, selection of fluctu-
ating direction will sometimes preserve polymorphism. There 1s no reason
to think that this often happens, but it may sometimes do so. However, if
I had made this calculation in 1920, as I might have done, while Fisher
had published his work somewhat later, my explanation, which I do not
doubt is more rarely true than Fisher’s, might have been accepted as the
usual explanation of stable polymorphism. It seems likely that this has
happened in other cases, though naturally I do not know what these are.
The best way to avoid such contingencies is to investigate mathematically
the consequences following from a number of hypotheses which may seem
rather farfetched and, if they would lead to observed results, looking in
nature or the laboratory for evidence of their truth or falsehood.

One such possibility is the origin of “new’ genes in higher animals or
plants by viral transduction from species with which hybridization is im-
possible, conceivably even from members of a different phylum. While
no doubt exaggerated claims have been made by the Michurinist school,
some of its claims, such as the facilitation of hybridization by grafting,
have been verified outside the Soviet Union. Transduction could account
for some grafting effects which could not be regularly repeated. In terms
of orthodox American genetics, such transduction would be described as
a mutation leading to a neomorph. It is obvious that transduction could
help to explain some cases of parallel evolution.

Let me be clear that I think the above hypothesis is improbable. But
it serves to underline a fundamental point. Let us suppose that it had been
proved that all evolutionary events observed in the fossil record and de-
duced from comparative morphology, embryology, and biochemustry
could be explained on the basis of the generally accepted “synthetic the-
ory”’; this would not demonstrate that other causes were not operating. |
think we have come near to showing that the synthetic theory will ac-
count for observed evolution and that a number of other superficially
plausible theories, such as those of Lamarck, Osborn, and de Vries, will not
do so. This does not exclude the possibility that other agencies are at work
too. To take an example from astronomy, it was believed until recently
that celestial mechanics were almost wholly dominated by gravitational
forces. It is now believed that cosmic magnetic fields are also important.

Of course, Mayr is correct in stating that beanbag genetics do not ex-
plain the physiological interaction of genes and the interaction of genotype
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and environment. If they did so they would not be a branch of biology.
They would be biology. The beanbag geneticist nced not know how a
particular gene determines resistance of wheat to a particular type of rust,
or hydrocephalus in mice, or how it blocks the growth of certain pollen
tubes in tobacco, still less why various genotypes are fitter, in a particular
environment, than others. If he is a good geneticist he may try to find out,
but in so doing he will become a physiological geneticist. If the beanbag
geneticist knows that, in a given environment, genotype P produces 10
per cent more seeds than Q, though their capacity for germination is only
95 per cent of those of Q, he can deduce the evolutionary consequence of
these facts, given further numbers as to the mating system, seed dispersal,
and so on. Similarly, the paleontologist can describe evolution even if he
does not know why the skulls of labyrinthodonts got progressively flatter.
He 1s perhaps likely to describe the flattening more objectively if he has
no theory as to why it happened.

The next probable development of beanbag genetics is of interest. Sakai
[25] described competition between rice plants. A plant of genotype P
planted in the neighborhood of plants of genotype Q may produce more
seeds than when planted in pure stand, while its neighbors of genotype Q
produce less. Roy [26] has described cases of this kind but also cases where,
when P and Q are grown in mixture, both P and Q produce more seed.
In such a case, if the mixed seed is harvested and sown, P may supplant Q,
or a balanced polymorphism may result. Of course if P and Q interbreed,
the results will be very complicated. But I have no doubt that such cases
occur in nature, and are of evolutionary importance. Given quantitative
data on yields of mixed crops, a beanbag geneticist can work out the consc-
quences of such interaction, even if he does not know its causes.

Another probable development is this. It is likely [27] that as the result
of duplications one locus in an ancestor can be represented by several in
descendants. If so, this is one of the important evolutionary processes, and
its precise ‘beanbag” genetics will require investigation, even though the
relative fitnesses of the various types, and the reasons for them, besides
the causes of duplication, are matters of physiological genetics.

I would like to make one more claim for beanbag genetics. It has been
of some value to philosophy. I consider that the theory of path coeficients
invented by Sewall Wright may replace our old notions of causation. A
path coefficient answers the question, “To what extent is a set of events
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B determined by another set A?"" Path coefficients were invented to dea]
with problems such as the determination of piebaldness and otocephaly in
guinea pigs, which are beyond the present scope of beanbag genetics. But
Wright showed how to calculate them exactly in the case of inbreeding,
which he treated on “beanbag” principles. Again Haldane [28] discussed
how to argue back from a handful of beans to the composition of the bag.
Jeffreys [29] made this paper the basis of his theory of inverse probability.
Jeffreys is generally regarded as a heresiarch and takes my theory more
seriously than I do myself. Nevertheless, there is presumably some measure
of truth in it, and even if Birnbaum [30] has shown how to do without it,
I may take some credit for stimulating him to lay a stronger foundation
than my own for the theory of inverse probability.

The dichotomy between physiological and beanbag genetics is one of
the clearest examples of the contrast between what my wife, Spurway [31],
calls Vaisnava and Saiva? biology. Modern Hindus can, on the whole, be
divided into Vaisnavas—that is to say, worshippers of Visnu, usually in
one or other of his most important incarnations, Rama and Krisna—and
Saivas, or worshippers of Siva. Visnu has, on the whole, been concerned
with preservation and Siva with change by destruction and generation,
This is a very superficial account. Spurway may be consulted for further
details. Devotees of Visnu do not deny the existence of Siva, nor converse-
ly are they necessarily exclusive in their worship, and many state that
both deities are aspects of the same Being. Neither sect has actively perse-
cuted the other. Roughly speaking, Darwin was a Saiva when he wrote on
natural selection and a Vaisnava when he wrote on the adaptations of
plants for cross-pollination, climbing, and so on. A biologist who 1s always
a Saiva, and does not worry about how living organisms achieve internal
harmony and adaptation to their environment, 1s as narrow as a Vaisnava
who takes an organism as given and does not interest himself in its evolu-
tionary past or its success in competition with other members of its species.
It is very difficult to combine the two approaches in one’s thought at the
same moment. It may be easier a century hence. Thus, we know that hu-
man sugar metabolism depends on the antagonistic action of pancreatic
insulin and one or more diabetogenic hormones from the anterior pitui-
tary. Insulin production and anterior pituitary function are both under
genetic control, but we do not know enough about this even to speculate

1 § and § are both near to the English sh.
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fruitfully on the level of beanbag genetics, except to say that several differ-
ent genotypes may achieve good homeostasis, while other combinations
of the genes concerned are less well adapted for homeostasis, though they
may have other advantages. Even this is a mere speculation. There may be
only one adaptive peak in Wright's sense.

As T happen to be responsible for some of the mathematical groundwork
of enzyme chemistry [32], I can say that the mathematical basis of physio-
logical genetics is about fifty years behind that of beanbag genetics. If a
metabolic process depends on four enzymes acting on the same substrate
in succession, one can calculate what will happen if the amount of one of
them is halved, provided that one is working with enzymes in solutior. in
a bottle. We know far too little of the structural organization of living
cells at the molecular level to predict what will happen if the amount is
halved in a cell, as it is in some heterozygotes. If the enzyme molecules
are arranged in organelles containing just one of each kind, the rate of the
metabolic process will probably be halved. But if they are in a random or
a more complicated arrangement, it may be diminished to a slight extent,
or even increased; for the activities of some enzymes are inhibited by an
excess of their substrate. This is a conceivable cause of heterosis, though I
do not think it is likely to be common.

Now let me pass over to a counterattack. One of the central theses of
Mayr’s book is that speciation is rarely if ever sympatric. One species can
only split into two as the result of isolation by a geographic barrier, save
perhaps in very rare cases. Let me say at once that Mayr’s arguments have
convinced me that sympatric speciation is much rarer than some authors
have believed, and a few still believe. But when, in his chapter 15, he dis-
cusses other authors’ hypotheses as to how sympatric speciation might oc-
cur, his arguments are always verbal rather than algebraic. And sometimes
I find his verbal arguments very hard to follow. Thus, on page 473 he
makes seven assumptions, of which (1) is “Let A live only on plant species
1,” and (4) 1s “Let A be ill adapted to plant species 2.” These two assump-
tions seem to me to be almost contradictory. If A4 lives only on species 1,
the fact that it is ill adapted to species 2 is irrelevant. If emus only live in
Australia, the fact that they are ill adapted to the Antarctic has no influence
on their evolution. If the assumptions had been “(1) Let A females only
lay eggs on species 1,” and “(4) Let A larvae (not all produced by A
mothers) be ill adapted to species 2,” I could have applied mathematical
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analysis to the resulting model. I propose to do so in the next few years,
But I hope I have given enough examples to justify my complete mistrust
of verbal arguments where algebraic arguments are possible, and my skep-
ticism when not enough facts are known to permit of algebraic arguments,

In earlier chapters Mayr seems to show a considerable ignorance of the
earlier literature of beanbag genetics. Thus, on page 215 he writes that
“the classical theory of genetics took it for granted that superior muta-
tions would be incorporated into the genotype of the species while the
inferior ones would be eliminated.” The earliest post-Mendelian geneti-
cists, such as Bateson and Correns, wrote very little about this matter,
Fisher [23] pointed out that if a heterozygote for two alleles was fitter
than either homozygote, neither allele would be eliminated. He may well
have been anticipated by Wright or some other geneticists, but at least
since 1922 this has been a well established conclusion of beanbag genetics,
In my first paper on the mathematical theory of natural selection (3], I ig-
nored Fisher’s result as I was dealing with complete dominance; in my
second [33] I referred to it and, as I think, extended it slightly. As Mayr
cites neither of these papers of mine, he can hardly mean that the first was
classical and the second post-classical! I agree with him that when I first
read Fisher’s 1922 paper I probably did not think this conclusion as impor-
tant as I now do, and that many writers on beanbag genetics ignored it
for some years. But were they classical?

Mayr devotes a good deal of space to such notions as “genetic cohesion,”
“the coadapted harmony of the gene pool,” and so on. These apparently
became explicable “once the genetics of integrated gene complexes had
replaced the old beanbag genetics.”” So far as I can see, Mayr attempts to
describe this replacement in his chapter 10, on the unity of the genotype.
This does not mention Fisher’s fundamental paper [34] on “The correla-
tion between relatives on the supposition of Mendelian inheritance,” in
which, for example, epistatic interaction between different loci concerned
in determining a continuously variable character was discussed. This chap-
ter contains a large number of enthusiastic statements about the biological
advantages of large populations which, in my opinion, are unproved and
not very probable. The plain fact is that small human isolates, whether de-
rived from one “race,” like the Hutterites, or two, like the Pitcairn Is-
landers, can be quite successful. I have no doubt that some of the statements
in Mayr’s chapter 10 are true. If so, they can be proved by the methods of

. B. S. Haldane « A Defense of Beanbag Genetics

350 Perspectives in Biology and Medicine « Spring 1964

14



beanbag genetics, though the needed mathematics will be exceedingly
stiff. Fisher and Wright have both gone further than Mayr believes toward
proving some of them. The genetic structure of a species depends largely
on local selective intensities, on the one hand, and migration between dif-
ferent areas, on the other. If there is much dispersal, local races cannot de-
velop; if there is less, there may be clines; if still less, local races. The “suc-
cess” of a species can be judged both from its present geographical distri-
bution and numerical frequency and from its assumed capacity for surviv-
ing environmental changes and for further evolution. I do not think that
in any species we have enough knowledge to say whether it would be
benefited by more or less “cohesion” or gene flow from one area to an-
other. We certainly have not such knowledge for our own species. If
inter-caste marriages in India become common, various undesirable re-
cessive characters will become rarer; but so may some desirable ones, and
the frequency of the undesirable recessive genes, though not of the homo-
zygous genotypes, will increase. Since there is little doubt that extinction
is the usual fate of every species, even if it has evolved into one or more
new species, the optimism of chapter 10 does not seem justified. Sewall
Wright has been the main mathematical worker in this field, and I do not
think Mayr has followed his arguments. Here Wright is perhaps to blame.
So far as I know, he has never given an exposition of his views which did
not require some mathematical knowledge to follow. His defense could
be that any such exposition would be misleading. I have given examples
above to illustrate this possibility.

I am reviewing Mayr’s book in the Journal of Genetics, and my review
will, on the whole, be favorable. But if challenged, I am liable to defend
myself, and have done so in this article. If T have not defended Sewall
Wright, this is largely because I should like to read his defense. In my opin-
ion, beanbag genetics, so far from being obsolete, has hardly begun its
triumphant career. It has at least proved certain far from obvious facts.
But it needs an arsenal of mathematical tools like the numerous functions
discovered or invented to supply the needs of mathematical physics. Of
course, it also needs accurate numerical data, and these do not yet exist,
except in a very few cases. The reason is simple enough. Suppose we
expect equal numbers of two genotypes, say, normal males and color-
blind males, from a set of matings and find §1 per cent and 49 per cent;
then if we are sure that this difference is meaningful, it will have evolu-
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tionary effects which are very rapid on a geological time scale. But to
make sure that the difference exceeded twice its standard error (which it
would do by chance once in twenty-two trials), we should have to ex-
amine 10,000 males. To achieve reasonable certainty, we should have to
examine 25,000. We often base our notions of the selective advantage of
a gene on mortality from some special cause. Thus babies differing from
their mothers in respect of certain antigens are liable to die around the
time of their birth. But this may well be balanced wholly or in part by
greater fitness in some other part of their life cycle. If it were found that
color-blind males had a 10 per cent higher mortality than normals from
traffic accidents, this could be balanced by a very slightly greater fertility
or frequency of implantation as blastocysts. One of the important func-
tions of beanbag genetics is to show what kind of numerical data are need-
ed. Their collection will be expensive. Insofar as Professor Mayr succeeds
in convincing the politicians and business executives who control research
grants that beanbag genetics are misleading, we shall not get the data,
Perhaps a future historian may write, “If Fisher, Wright, Kimura, and
Haldane had devoted more energy to exposition and less to algebraical
acrobatics, American, British, and Japanese genetics would not have been
eclipsed by those of Cambodia and Nigeria about A.p. 2000."” I have tried
in this essay to ward off such a verdict.

Meanwhile, I have retired to a one-storied “ivory tower” provided for
me by the Government of Orissa in this earthly paradise of Bhubaneswar
and hope to devote my remaining years largely to beanbag genetics.
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AN AUTOBIOGRAPHY IN BRIEF

J. B. S. HALDANE*

A number of inaccurate statements have been published about me in
the press—quite as many in articles favoring me as in hostile statements.
So I propose to give a brief account of my scientific career. I was born
in 1892. I owe my success very largely to my father, J. S. Haldane. He
was perhaps best known as a physiologist, but he was so far from being
a specialist that in later life he was elected president of the Institution of
Mining Engineers and delivered the Gifford lectures on the “Existence
and Attributes of God.” I suppose my scientific career began at the age
of about two, when I used to play on the floor of his laboratory and
watch him playing a complicated game called “experiments’’—the rules
I did not understand, but he clearly enjoyed it.

At the age of eight or so I was allowed to take down numbers which
I called out when reading the burette of a gas-analysis apparatus and
later to calculate from these numbers the amounts of various gases in a
sample. After this I was promoted to making up simple mixtures for his
use and, still later, to cleaning apparatus. Before 1 was fourteen, he had
taken me down a number of mines, and I had spent some time under
water both in a submarine and in a diving dress. He had also used me
as the subject in many experiments. In fact I spent a good deal of my
holidays from school in learning my father’s trade. Most Indian boys do
this, but not the sons of scientists. After I was twelve, he discussed with
me all his research before publication, and sometimes tried out a lecture
course on me before delivering it to students.

At school I deserted “classics,” that is to say, the study of Latin and
Greek, at the age of fourteen and studied chemistry, physics, history,
and biology, with my father’s full backing but to the annoyance of the
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headmaster, who said I was becoming “a mere smatterer.”” The teaching
of chemistry was good, and by the age of sixteen I had learned some
facts discovered since my father had studied that subject, so that I could
help him and C. G. Douglas; and my first scientific paper was a joint
one with them, read to the Physiological Society when I was seventeen.

I went to Oxford on a mathematical scholarship in 1911 and took first-
class honors in mathematical moderations (roughly the Indian B.Sc.
level). But as nobody can study mathematics intensively for more than
about § hours daily and retain sanity, I also attended the final honors
course in zoblogy in my first year. One of my fellow students was the
late Professor Narayan K. Bahl, who later did so much for the teaching
of zodlogy in India. At a seminar for zodlogy students in 1911, I announced
the discovery, from data published by others, of the first case of what is
now called linkage between genes in vertebrates. My evidence was con-
sidered inadequate, and I began breeding mice with A. D. Sprunt, who
was killed in 1915. In 1912 I switched over to literate humaniores, a course
based on Latin and Greek classics, but including the study of a good deal
of modern philosophy and ancient history. I took first-class honors in
this subject in 1914 and had intended to go on to study physiology. But
in 1914 I joined the British army and have, therefore, no scientific degree.
In 1916 my mouse work with Sprunt and my sister, Mrs. Mitchison,
was published.

During World War I, I was wounded twice, in France and in Iraq,
after which I spent 16 months in India. I determined to come back as
soon as I could associate with Indians on a footing of equality.

On returning to Oxford after the war, I was elected a Fellow of New
College and began teaching physiology while myself attending Sher-
rington’s advanced practical course in that science. Indian readers who
find it incredible that I was appointed without a degree in physiology,
or any other science, would do well to remember that Srinivasa Rama-
nujan, India’s greatest mathematician since Aryabhatta, had no degree and
would thus be disqualified from teaching in an Indian University were
he alive today. I may not have been a good teacher, but I was a successful
one. In 1922 there were about sixty candidates for honors in physiology,
three from New College. These three were one-half of the six who
secured first-class honors. I had 20-30 hours a week of teaching and other
university duties. However, I managed to get 10 hours of private tuition
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done at night after 8:00 P.M. and to concentrate 9 hours on Wednesday,
so I got some time for research and reading.

I worked on human chemical physiology and on genetics. Perhaps my
most important discovery in physiology was that when I drank ammo-
nium chloride solution I developed various symptoms of severe acid
poisoning, including breathlessness. My main genetic discovery was the
rule as to the sex of hybrid animals. In 1921 I put in a term as biochemist
in the Edinburgh Royal Infirmary and learned a little medicine in the
wards.

In 1922 Professor Hopkins (later president of the Royal Society, Nobel
laureate, etc.) invited me to Cambridge as reader in biochemistry. I was
his second-in~command for 10 years and supervised the work of about
twenty graduate students—much of which was first rate. Perhaps my
own most important discovery was that a substance for which carbon
monoxide competes with oxygen, now called cytochrome oxidase, was
found in plant seedlings, moths, and rats. The most remarkable thing
about this discovery was that I was able to find out a good deal about a
substance in the brains of moths without cutting them up or killing them.
However, my enunciation of some of the general laws of enzyme chem-
istry may have been more important.

In 1924 I published what my colleagues generally think my most im-
portant paper, the first of a series on the mathematical theory of natural
and artificial selection. Five of these papers have been reprinted in the
United States and are available to libraries which do not possess the
Proceedings of the Cambridge Philosophical Society. They contained calcula-
tions showing great intensity of natural selection in favor of dark color
in a British moth species. This was regarded as ridiculously high, but
30 years later Kettlewell found a slightly higher figure in field studies.
In 1930, in my book The Causes of Evolution, 1 published the first estimate
of a human-mutation rate. Since then, this has become a matter of inter-
national politics in connection with atom-bomb tests.

Toward the end of my period at Cambridge I spent some time at the
John Innes Horticultural Institution in a London suburb, directing re-
search on plant breeding, and continued to do so after I became part-
time professor of genetics in University College, London, in 1933. My
most important work was with Miss de Winton on an ornamental plant,
Primula sinensis. We were the first, for example, to study linkage in a
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plant with double the usual number of chromosomes. I also showed that
one of the genes responsible for its color acted by changing the acidity
of the petal sap.

I have always been of some use to my colleagues because I knew what
was going on in several different branches of science, and it was, I think,
in the autumn of 1933 that I did what posterity may regard as the best
and most important action of my life. I found posts for several Jewish
refugees from Germany, and I did my best to help others. One evening
Dr. Boris Chain dined in my house. We talked about the work he had
done in Germany, and I said, “There is a man named Florey at Oxford
who is interested in that sort of thing. I advise you to visit him.” Later
Florey and Chain isolated penicillin, which has saved hundreds of times
more lives than atomic bombs have caused deaths, a fact often forgotten
by critics of science. Florey and Chain have been rewarded for this work.
They shared a Nobel prize, and Florey is now president of the Royal
Society. Perhaps all my discoveries will be forgotten and I shall be re-
membered only in the words of the ancient Greek poet Pindar: “He
once nourished the contriver of painlessness, the gentle limb-guardian
Asklepios (Dhanvantari), the heroic conqueror of manifold diseases.”
Bacteriologists, by the way, are heroic: bacteria are much more dangerous
than tigers. For such activities I had the honor of figuring on the list of
persons to be arrested if German armies conquered England in 1940.

In 1936 I became professor of biometry in London but never got a
building for my own use. Some of my colleagues in this department did
very fine work, and two became Fellows of the Royal Society, as I had
in 1932. I participated in a little of their work and made some contribu-
tions to mathematical statistics, of which perhaps the most labor-saving
is my calculation of the cumulants of the binomial distribution.

In 1939 the British submarine “Thetis’’ sank on her trials with the loss
of over one hundred lives. About one-half the dead were civilians; two
unions asked me to investigate the disaster. I did some experiments on
myself and friends, no more drastic than I had done at Cambridge, and
shed enough light on what had happened to convince the British Ad-
miralty that their “experts” knew very little. They asked me to continue
the experiments, and when war broke out I was given various assign-
ments. E. M. Case and I, for example, were the first people to pass 48
hours shut up in a miniature submarine with apparatus which we had
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correctly calculated would renew the air for that time. My wife and |
worked out methods for the rapid ascent of divers, and so on. During
this work I made a curious discovery. Oxygen, when breathed at a pres-
sure over about 6 atm., has quite a taste. Nevertheless, since textbooks
have priority over truth, students of chemistry are well advised, when
examined, to state that “oxygen is a colorless, inodorous, and tasteless
gas.” I advise even M.Sc. students against stating that Case and Haldane
reported to the contrary in a letter to Nature in 1941. After breathing
oxygen for five minutes or so at such pressures, one has violent convul-
sions; and my frequent demand for a soft chair or a cushion is due to the
fact that I fractured my backbone in such convulsions.

Among the papers I wrote during the 12 years between the end
of the war and my departure to India is one published in 1956 on a method
for estimating the number of lethal mutations produced in mice by
gamma rays and other agents causing mutation. A clear answer to this
question would allow us to give a partial answer to the question, “How
many human babies in future generations will die as the result of atomic-
bomb tests?”’ I was not, of course, offered facilities for such work. G. §.
Carter at Harwell began to use my method. He then resigned his post,
for an undisclosed reason, and took a job with a poultry-breeding firm.
However, Sugahara, Okazawa, Tutikawa, and Muramatsu have used
heavy doses, like those absorbed by the survivors of Hiroshima and
Nagasaki. The Japanese workers have used much smaller doses, such as
might be given to workers in atomic-energy establishments or to radiolo-
gists who took precautions. They naturally got rather few mutations and
cannot yet estimate the rate very accurately. According to my method,
about 00 rs are needed to produce a lethal mutation, while two other
methods give a somewhat lower figure of about 300, which was what I
guessed in 1956. If the Japanese workers are right, the damage done to
future generations by the tests so far carried out is a bit less than Pauling
and Russell have stated but very much more than American official
spokesmen have claimed.

In 1957 I came to India to work at the Indian Statistical Institute, and
I have to thank Professor P. C. Mahalanobis for making this possible.
My most important work there was, beyond doubt, starting S. K. Roy,
K. R. Dronamraju, T. A. Davis, and S. D. Jayakar on their scientific
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careers, which are likely, in my opinion, to be illustrious. At least twenty
of my pupils have become Fellows of the Royal Society, so I can prob-
ably judge fairly well. At the Indian Statistical Institute I personally pub-
lished two pieces of theoretical work which may be of lasting value,
besides many which are unlikely to be so. Since leaving it, and while
employed by the Council of Scientific and Industrial Research, 1 have
published jointly with Jayakar one paper on human relationships. I am
grateful to Mahalanobis for giving me the opportunity of working in
the Indian Statistical Institute, where I learned a great deal about what
can and cannot be done in India, even though it gradually became clear
that I could not carry out the kind of work I had wanted to in that in-
stitute.

I have of course done a good deal more than appears in this summary.
I have taken part in politics, written a book of stories for children, and
put my Latin and Greek learning to some use by commenting on bio-
logical passages in ancient writings. I may have been the first to ask the
cosmological question, “Is space-time simply connected?”’—though only
a man of the stature of Einstein is likely to answer it. And I have made
several bad mistakes. But I think this article gives some notion of my
contributions to scientific knowledge.
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THE THEORY OF EVOLUTION, BEFORE AND AFTER
BATESON

The Bateson Lecture, delivered on Fuly 18th, 1957, at the
Fohn Innes Horticultural Institution

By J. B. S. HALDANE
Indian Statistical Institute

(Recetved July 20, 1957)

William Bateson, as his widow emphasized, was a naturalist. He was therefore
interested in the grardest of all natural processes which a biologist can contemplate,
namely evolution. His work on Balanoglossus was an important contribution to its study.
But he was then led to the study of variation, and interested himself particularly in what
he called meristic variation, that is to say variation in the numbers of similar parts in like
organisms. It became clear to him that much variation occurs in definite steps without
intermediates, or with very rare intermediates. And he saw that this kind of variation
must have been very important in evolution. In fact it was even more important than
he knew. Two very similar species, all of whose taxonomic differences are, in his phrase,
substantive rather than meristic, may vet differ sharply in their chromosome number,
and this latter difference may account for the sterility of their hybrids.

Now many of the differences between domestic races of plant and animal species do
not blend in the hybrids or in their progeny. A study of differences of this kind led
inevitably to the discovery of Mendelian inheritance. But Bateson was far too honest
a man not to see at a fairly early stage that his discoveries did not solve the problem of
evolution. The differences between different domestic breeds are often far more strik-
ing than those between related species; but they usually only affect a limited number of
organs or functions, and they do not hinder hybridization. Thus a white silkie fowl
differs far more from the wild Gallus gallus as regards its feathers than do Gallus sonnerat:
or Gallus varius. But it does not differ in many other important respects, particularly
in crossability. Thus Mendelism appeared to have.no immediate bearing on the
problem of evolution, except to show that the explanations given sixty years ago of how
evolution had occurred were almost certainly false.

Bateson was almost unique among great men of science in being able to formulate his
major contribution to scientific method in the lapidary phrase “Treasure your excep-
tions”’. It was this which led him to be more interested in one polydactylous cat than
in ninety and nine with rather large feet. It was this which led him, though a staunch
Mendelian, to investigate the exceptions to Mendel’s laws which provided their explana-
tion. The first of these exceptions was linkage, or a failure of the independent assortment
of factors which Mendel had discovered. But Bateson was particularly interested in the
exceptions which he classed under the heading of anisogamy. It is generally found that
reciprocal crosses between two hermaphrodites give indistinguishable results. When
they do not, after transient effects due to differences in the nutrition of seeds after
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fertilization have passed off, the female and male gametes of one or both must differ in
some way as regards their genotype. In fact anisogamy can be due to at least five
different causes.

I. Plastids or plasmagenes may be transmitted wholly or mainly on the female side.

2. A virus may be wholly or mainly so transmitted. No sharp line can be drawn
between these first two causes. It may or may not be possible to do so in future.

3. The chromosome number may be different on the two sides, as in the caninae group
of roses.

4. Selection may act in a different way on male and female gametes or haploid cells
of different genotype. This covers such cases as pollen lethals and the Renner pheno-
menon in Oenothera. Extra chromosomes are often transmitted by nearly half the ovules
and by few or no functional pollen tubes.

5. Linkage intensity between a pair of loci may differ in female and male gameto-
genesis.

In fact Miss Saunders hit on the genetics of double stocks (Matthiola incana) which
involves both anisogamy due to a pollen lethal, and linkage, at a very early stage; and
this was not fully elucidated during Bateson’s lifetime. I want to emphasize how broad
is the field opened up, once one starts systematically studving what was at first sight a
single type of exception.

Besides treasuring his exceptions, Bateson was very sceptical of explanations of many
facts which he accepted without question. And in particular he never accepted the
word ““gene’’ with its rather wide connotations. Mendel had used the phrase
“differendierendes Merkmal’’; or differentiating character, for his genetical units. Here
he was probably influenced by his Thomism. It is much easier for a Thomist than for
adherents of most other philosophies to think of a quality being transmitted. Had
Mendelism been discovered and accepted in mediaeval Europe an atomistic theory of
substantial forms might have been developed. Bateson used the neutral word “factor’’.
This word has been dropped, partly because it was used in a number of different ways.
I think it could and should be revived, with a more precise definition. Later I shall try
to show why it is needed for an adequate account of evolution.

Genetics is the study of a class of differences between related organisms, namely
those differences which turn out to be determined genetically, that is to say not by the
environments of the individuals showing them. It is however a postulate of
physiological genetics that any difference which is usually determined genetically can
also be determined by non-genetical causes. If that were not the case, genetics would
be an inscrutable mystery. We could never know the causal path between a gene and
the scorable character.

I suggest that the word factor be used for the cause of an observable difference which
shows Mendelian segregation. This is often, but not always, a difference between two
allelomorphic genes. Thus, a round pea differs from a wrinkled one in the following
way. Both contain much the same amount of carbohydrate at corresponding stages.
In their early stages both contain stachyose, a sugar composed of two glucose and two
galactose residues, In a round pea this is converted into starch in the final stage, in a
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wrinkled pea it is not; so the pea contains a lot of soluble sugar, and collapses on drying.
Very likely the wrinkled pea, like a galactosuric baby, lacks an enzyme concerned in
transforming galactose into glucose. The synthesis of this enzyme in round peas is
controlled by a gene at a locus in a certain chromosome, though there may be several
steps between the gene and the enzyme. The wrinkled pea at the same locus contains
a gene which does not make this enzyme, though it may make a similar but inactive
protein. The wrinkled character is therefore recessive. It may be found, as has been
found in similar cases in animals, that the homozygous round pea contains twice as
much of this enzyme as the heterozygous. fso the factor would be detectable at various
different levels, though it is a difference between two allelomorphic genes.

Now a gene is a material structure, and is roughly localized: but it is not exactly
definable. If what seem to be the most active parts of it are transferred to a different
part of a chromosome, it may alter its functions. Even if we had a precise knowledge
of the chemical structure of a nucleus we could not say that changes in some parts would
affect one gene and one only, and thus draw sharp boundaries between genes. The
situation is quite comparable to that regarding cerebral localization. On the other
hand we could define a factor exactly. We could say that because in a particular
chromosome an adenine residue has been substituted for a guanine, in, say, the 25473 —
rd nucleotide counting from the free end of the longest chromosome, the plant makes a
polyphenoloxidase with rather different properties. A factor, I suggest, can be any-
thing from a difference of a few atoms in a single nucleotide, to an inversion or the
presence of an extra chromosome; for these too are inherited in a Mendelian manner.
If this is so, and a similar analysis of extranuclear factors is possible, all evolution is the
accumulation or loss of factors. I think the early Mendelians perhaps went astray in
taking too materialistic a view of the nature of a factor. Suppose that, as in Suskind,
Yanovsky, and Bonner’s (1955) work, a mutation causes the replacement of an enzyme
by another protein no longer enzymatically active, but like enough to the enzyme to
unite with the same antibodies. The new protein may be larger or smaller than the
enzyme. The factor, which is the difference between the genes producing them, must

[

be given a conventional sign, but is probably rarely a mere addition or substraction. It
could be example be the substitution of N for G, O and H, which converts thymine into
cytosine.

While, then, factors are units, though not necessarily or even usually material units,
genes are not necessarily units. I do not go as far as Goldschmidt, and say that a gene
can only be detected because it has mutated, and that therefore an unmutated gene is
in principle unobservable, and so an hypothesis which should be eliminated from
biology. On the contrary, I think that if we could isolate a normal human X chromo-
some and keep it in a suitable medium, we could observe the synthesis by it or under its
influence of the globulin which is lacking in haemophilics. If we could do the same
with a rabbit X chromosome we should be entitled to say that this chromosome, like
those of men and dogs, carried a locus which, if it mutated, might be responsible for
haemophilia.

The pre-Batesonian theories of evolution were, as wc now see, excessively vague.
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Darwin’s theory was substantially correct, so far as it went. But he did not distinguish
between phenotype and genotype; and we now know that within a pure line, or within
what Bateson called an eversporting variety and we now call a balanced lethal system,
such as double-throwing stocks, selection can continue indefinitely without evolutionary
effect. What was worse, Darwin (1878, p. 10) stated that ‘“if strange and rare deviations
of structure are really inherited, less strange and commoner deviations may be freely
admitted to be inheritable”’. The opposite is the case. If I find a Drosophila in an
inbred line with many bristles lacking, it probably carries a mutant gene. If T find one
with a rather smaller number than the average, it is probably due to an environmental
effect which is not inherited. Bateson’s principle of trcasuring the exceptions is fully
justified. Darwin also realised that heritable variations must have a cause; but he
sought for this in the direct effects of use and disuse, which are rarely, if ever, so operative
in the case of nuclear factors, though disuse can certainly produce extranuclear factors,
such as absence of chloroplasts in algae, and adaptations due to use can be transmitted
by bacteria at least for hundreds of generations.

Galton and Weismann helped to make the distinction between genotype and pheno-
type, but they did not achieve it, as they were unawarc of the facts of dominance and
epistasv. And Galton, with his emphasis on measurable characters, actually deflected
genetics from its most immediately fruitful subject-matter. Karl Pearson exaggerated
this emphasis, but fortunately forged mathematical tools which have been of immense
value to geneticists. Bateson never used them, and it was left to Fisher and Wright to
incorporate them into genetical methodology.

Let us now see how the theory of natural or artificial selection looks in its new guise.
If we consider one of the simplest possible cases, the change which may take place in a
single generation of sexually propagated annual higher plants or animals, we shall find
that we have to consider five distinct populations. Where generations overlap matters
are more complicated. I shall further assume hermaphroditism or equality in the
numbers of the sexes, and that the populations studied are large. And I shall consider
a closed area, into which there is no immigration. In three of these five populations
we shall distinguish phenotypes and genotypes. The first of them, §, consists of all the
organisms of the species in the area considered. Ideally we should like to score them
at the moment of fertilization. I assume that they are actually described as early in
the life cycle as is possible with the characters under consideration. They are classified
by their phenotypes, and, ideally, by their genotypes. The last of our five populations,
S, consists of the progeny of S, counted and classified at the same stage 1n their life cycle
as was S.

The second population, which I call the parental population P, is fictitious. It consists
only of those members of § which are parents of one or more members of §. But each
is represented as many times as it has offspring in §. So its total number is twice the
number in §. Thus a hermaphrodite plant which had two offspring in § as.a seed
parent and three as a pollen parent would be represented five times in P. Where
generations overlap, Fisher’s (1930) notion of reproductive value can be used.

Now P may differ from § in the frequency of phenotypes, genotypes, or both. These
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differences may be so small as to be explicable by random sampling, that is to say
chance. If not they are attributable to selection. If a particular genotype or pheno-
type is significantly commoner in P than in § this can be due to three different kinds of
selection. This type may have survived better than the average in the interval between
the time when S was scored and the time when P produced progeny. It may have been
better represented in P because cach individual in it was, on the average. more fertile
than other types. Or it may have been so because its progeny, on the whole, survived
better between the moment when they were formed as zygotes and that when they were
scored as members of §. If we could score S and § at once after fertilization we could
eliminate this last kind of selection. We can sometimes, as with the characters round
and wrinkled, yellow and green cotyledons, in the pea, get rather close to doing so.

The parents P produce a population G of gametes. We cannot score them except occa-
sionally on the basis of their carbohydrates, but we can often estimate the frequencies of
various genotypes among them with considerable precision. There is probably little selec-
tion among gametes in higher animals. but there is a great deal in higher plants, espe-
cially among pollen tubes, and in them we should consider a selected gametic population
H. G will contain a few gametes of types not expected from the parental genotypes,
due to mutation in the widest sense of that word, including such accidents as primary
non-disjunction. Mutation can occur at any stage of the life cycle, but it is most
convenient to consider it as concentrated in gametogenesis. The genotypic composition
of G is so much simpler than that of § or P that it is desirable, where possible, to use it
as a measure of evolutionary change. The genotypic composition of the next generation
S depends not only on H but on the mating system. A large change in this, for example
mating between two previously separate populations, or the introduction of inbreeding
in a previously outbred population, can produce great changes in §. I assume that the
mating system 1s not, in fact, changed.

Now if S and § could be classified at once after fertilization, then any differences in
gene frequencies between them could only be due to selection, that is to say to differences
between § and P, or G and H, apart from the very small differences due to mutation and
random sampling, provided Mendelian inheritance occurs. Genotype frequencies can
change through some generations towards whatever equilibria are given by the mating
system. For example genes which werc originally in coupling may gradually
separate. Such secondary effects are rarely important. The effects of selection arc
hardly ever reversed except by counter-selection. Now this is not obviously truc. Itis a
deduction from Mendelism, as I think Fisher (1930) first clearly pointed out. Karl
Pearson showed that if, as he believed, Galton’s law of ancestral heredity were correct,
there would be a very considerable swing back after selection ceased. And in the rare
cases where Mendelian segregation does not occur, for example in rye plants carrying
a chromosome fragment whose descendants get into more than half the gametes, it is
not true.

Unfortunately in practice there has always been some natural zygotic selection
before S and S are scorable. However, all artificial selection is concerned in creating
differences between P and §. It is also clear that only indirect methods based on
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genetics can reveal the nature of the selection of H from G, or that acting bhetween
fertilization and the scoring of S.

It is hard enough to compare phenotype and genotype frequencies in S and P, except
in animals and plants whose breeding is artificially controlled. Even if we could find
how many eggs each female moth in a natural population laid, we could not estimate
the relative success of different phenotypes as fathers. Only in men can we get data,
still very rough, on this important question.

Darwin inevitably considered selection on the basis of phenotypes. It is, I think,
important to distinguish between selection and evolution based on phenotypes and on
genotypes, and my wife has suggested that, so far as possible, a different terminology
should be used in the four fields. I shall therefore use Simpson’s (1953) terminology
for phenotype selection. Selection which alters the mean of any character between
S and P he called linear. (I should prefer a word which expressed his meaning more
clearly). If it reduces the variance of a character, weeding out extremes, he called
centripetal. 1f it increases the variance he called it centrifugal. Centripetal selection is
very common. (¢f. Haldane, 1953). It is often to some extent also linear. Karn and
Penrose (1951) found that the mean human birth weight was about 19, higher in
children who survived the hazards of birth and of the first month of life than in thc
population originally at risk, while the variance was reduced by about 10°,. Centri-
fugal selection is much rarer. It occurs, however, when any polymorphism is being
established. If, for example, black moths are rare in a population, and owing to
selection there are more blacks in P than in §, the variance of any index of colour or
brightness is increased, so selection is centrifugal as well as linear.

Genotypic selection requires little special terminology. We must, however, dis-
tinguish between selection which alters gene frequencies and that which does not. 1
call the former effective, and the latter ineffective, even though is often strong. Selection
hased on heterosis, that is to say favouring heterozygotes for a pair of allelomorphic gencs
or chromosomal arrangements, may be effective for a while, but leads to a stable equili-
brium where it is ineffective, even if, as in structurally heterozygous Drosophila species,
it is very intense. Selection based on negative heterosis is always effective, since one
allel or the other is eliminated. It is perhaps legitimate to describe selection against
mutants as ineffective when it just balances mutation.

For the phenotypic evolutionary effects of selection we may use the terminology of
Mather (1953) and Waddington (1953). If the mean of S differs from that of § and
we think this is not due to environmental change, we may speak of directional evolution.
If the variance of § is reduced, because there are fewer members of genotypes whose
mean differs widely from the population mean, we speak of normalizing evolution. If it
is reduced because genotypes which vary greatly in different environments érc
eliminated, we speak of stabilizing evolution. If it is increased, for whatever reason,
we speak of disruptive evolution. I am not quite happy about this word, for the establish-
ment of a stable polymorphism is not, in my opinion, a disruption, though it may
sometimes precede one. It must also be remembered that, as Thoday (1953) has
pointed out, evolution which stabilizes one character necessarily destabilizes another,
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To attain uniformity in different environments organisms must react differently. If
some human genotypes have a stabler temperature in a variety of environments than
do others, it may be because their sweating is more increased by high temperatures and
therefore more variable in a range of climates.

Finally, we have to consider genotypic cvolution. And here the essential 1s very
simple. Either gene frequencies change, or they do not. Changes in relative
frequencies of genotypes without change of gene frequency are of little importance.  The
unit process of evolution is the substitution of a Batesonian factor.

I have used the word evolution for the difference between S and S. Of course a
major evolutionary change is the resultant of millions of such differences. But it is the
resultant of nothing clse. I think that what Waddington calls normalizing selection is
better called normalizing evolution. The weeding out of phenotypically extreme
genotypes, for example homozygotes at a locus, can be wholly ineffective. If so it does
not normalize.

I do not wish my terminology to be adopted without full discussion. I can only
hope to contribute to the terminology which will be adopted ten years hence, and
perhaps be useful for another thirty years, after which it may become a menace to
original thinking.

Without a knowledge of genetics we can never say that selection will be effective. Thus
in all plant species the number of seeds produced is very variable, as Salisbury (1943)
has shown. There must alwavs be linear selection in favour of the plants producing
most seeds. But the main cause of high seed production is a favourable environment.
And evolution is probably as often directional towards the production of fewer seeds as
towards the production of more. Further, selection is usually centripetal. Extremes
for most characters are generally eliminated. But it may be ineffective for three
reasons. Most of the variation may be due to the environment, as in a pure line or a
clonal population. Or selection may favour heterozygotes or merely eliminate mutants.
If so an equilibrium is reached, and evolution is neither stabilizing nor normalizing.
We can, however, say with confidence that in all species selection against most mutants
is occurring. If there were no selection against them the mutations would produce
disruptive evolution. The selection against them is always centripetal and may be
linear.

Natural selection, then, may or may not change gene frequencies. But nothing else
can do so anything like as fast. Chance effects may be important in small populations,
but will rarely matter to a whole species, though they may be important when one or
two individuals cross a geographical barrier such as the sea between a continent and an
island, and may found a new species. And they may allow for the simultaneous
establishment of several factors which are harmful singly, but adaptive in combination.
Mutation is at best slow, and could not usually overcome a selective disadvantage of
one in ten thousand.

We are left, I think, with no alternative but to believe that natural selection has been
the main evolutionary agency, and also with surprisingly little evidence for effective
selection. Fortunately we have such evidence, particularly as to effective selection of

3
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insccts for resistance to insecticides, and for cryptic coloration where human industrialism
has changed the colour of a landscape. But in man, the best observed specics, the
observed sclection is usually if not always at least largely ineffective, preserving an
existing equilibrium either by the climination of mutants or by favouring mediocrity,
whether in intelligence, stature, or blood pressure.

It natural selection is effective, one can calculate the rate of change of gence frequencies.
If an autosomal gene A is being favoured by selection, and the relative fitnesses and
frequencies of the three genotvpes are :—

AA Aa aa
Fitness 1 - A : 1 : 1 -
Frequency uw : 2u : 1

then if A" and 4 are positive, the number of generations n. needed to change the ratio u

from u, to u, is
-, k+ Au, _ K —ku, !
n= [\ [Il <m> —:ls. t lll < X;-Tkuu_-l )

ncarly, provided A" and & are small.*

If u, is very small and «, very large, sav 10-* and 10!, which are frequencies such as
would be kept in being by mutation, this becomes

n=~Rh="1Inu,—k=t In u, +{ K-t —k-1) [n(Ak1)

nearly, which if u,=u,~'=10%, i1s about 9.2 (K-1+44-1), or about 5000 generations if
K and £ are each .001. If, however, K or k is zero, that is say a or A is fully recessive,
the time needed is very much longer, even if there is some inbreeding. 5000 generations
is a short time on a geological scale.

However, another consideration limits the rate at which natural selection can act
(Haldane, 1957). Consider Kettlewell’s (1956) data on the spread by natural selection
of the dominant gene for melanism in Biston betularia. On releasing equal numbers of
dark and light moths in a smoke-polluted wood in the morning, and trapping on the
following night, he found about two dark moths to each light one. This was due to
predation of the conspicuous light form by birds. The reproductive capacity of the
light moths was reduced to about a half of what it would have been in an unpolluted
wood. This must have happened about 1800 A.D., in a few areas where the melanics
were then very rare. So effectively the reproductive capacity of the species was halved.
The species did not become extinct. But if selection of the same intensity had been
going on for nine other genes it would certainly have done so, for only one moth in a
thousand would have survived for a day. |

If selection is by death (or relative sterility which comes to the same thing) we can
calculate the total number of deaths needed to replace one gene by another, or to
change the species by one Batesonian factor, or, to use his earlier phrase, one dis-
continuity (Haldane, 1957). This is independent of the intensity of selection when
this is small, and is about equal to the population number multiplied by {n p and by a

* [n means natural logarithm, or decimal logarithm multiplied by 2.3.
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further factor varying from about 1 to 10 or so with the amount of dominance and
inbreeding, where p is the factor by which the frequency of the originally rare gene 1s

increased.  If this is 10" as in the example given, the number of deaths is about 10 to

100 times the population number. I suggest 30 as a fair average. I repeat that about

as many deaths are nceded to establish, by Darwinian selection, a factor with very slight
selective value or phenotypic effect, such as the difference between the A4, and .l
agglutinogens in man, as a factor with a striking effect and high selective value, such as
the difference between winged and apterous forms in an insect. The deaths are spread
over more generations, but their number is, in fact, slightly larger. The factor is the
unit of evolution by natural selection.

If selection were such as to reduce the mean reproductive value of the population
109, below that of the fittest genotypes, this would mean that an evolving species could
incorporate, on the average, about one new factor in every 300 generations. This
figure is, of course, a guess at the rate of evolution. But such a rate as one factor in
thirty gencrations would only be likely when conditions were changing very rapidly
(as of course, they are at present through human interference with nature) or when an
organism had recently colonised a new environment. In both thesc cases the original
type would be in fairly serious danger of extinction.

The next step in an account of natural selection would perhaps be a guess at the
number of factors by which two fairly closely related species differ. This number is
probably not very different from the number by which each of them differs from their
latest common ancestor, perhaps in the Pliocene. I have guessed that this number may
be of the order of a thousand for two closely related mammalian species. This would
accord well with the time, of the order of half a million years, which seems to be needed
to form such a species. I suspect the number may be less in higher plants. Even so,
Blake (1793) was nearly correct in his statement that “To create a little flower is the
labour of ages”’, though he should perhaps have added “except by allopolyploidy”.

I think that by the year 2050 or so we may be able to estimate these numbers, and
I wish to suggest how it may be done. There is a strong suggestion that some proteins
in living cells are very closely causally related to genes, that is to say that a change in
the gene will cause a change in the protein without changes in more than a few inter-
mediate molecules at the most, even if ribonucleic acid always acts as such an inter-
mediate. Whether other large molecules such as antigenic polysaccharides are equally
close to genes, or whether the genes control their synthesis by making special enzymes
we do not yet know. The latter hypothesis seems to me a little more likely.

We know that some factors, or gene substitutions, produce quite small changes in
protein molecules, even when they alter their properties a great deal. Thus, Ingram
finds that normal haemoglobin and the insoluble haemoglobin of sickle cell anaemia
only differ in one of the thirty peptides into which he can break both up with trypsin.
The difference may be of a single amino-acid*. The work of Harris, Sanger, and
Naught (1956) gives us an idea of what we may expect. Insulin is a fairly simple

* Since the lecture was delivered, Ingram (1957) has confirmed this guess.
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protein consisting of 48 amino-acid residues. The homologous insulins from five
mammalian species have been completely characterised. Those of the pig and whale
(species not stated) are identical. The others differ from them in respect of one or morc
of three adjacent amino-acid residues. In one threonine is an alternative to alanine,
in the second serine to glycine, in the third isoleucine to valine. At this level the factor,
or difference between two residues, is a carbon atom either with two hydrogens, or
with two hydrogens and an oxygen. If, as is at least possible, they are formed by
different but very similar genes, the chemical differences between these genes may also
consist of a few atoms.

I suggest that about the year 2000 biochemistry and genetics may have progressed
so far as to make the following programme possible. Two species will be chosen
sufficiently close to give fertile hybrids, but yet undoubtedly differing according to the
usual criteria. All the proteins, and perhaps other large molecules, of each will be
isolated and examined in detail. Some will be found to be identical while others differ.
The genetics of thesc differences will be determined by similar examinations of the
F,, F,, and back-crosses. We shall then know at least most of the factors by which
these species differ, and at least roughly what effects they have on the chemical makeup
of the species. I suggest that a hundred or so workers could carry out such a pro-
gramme in thirty years. Whether such a programme will be carried out depends on
the interests of future generations. I can at least imagine a society, perhaps in Africa,
sufficiently interested in biology as such to carry it through. It would be as interesting
to bet on the results of such an investigation as on those of the investigation of the
relative speeds attained by the members of a group of perissodactyls.

Bateson would, I am sure, have endorsed Blake’s (1820) statement “For Art and
Science cannot exist but in minutely organized Particulars, And not in generalizing
Demonstrations of the Rational Power’’. Some of Bateson’s adversaries, such as Karl
Pearson, held the opposite view, and Bateson was a little too sceptical about generalizing
demonstrations for my own taste. His references to Blake in letters, by the way, are
enough to show that he would not have objected to a citation of his opinions on scientific
method. Bateson’s (1894, p. 17) own formulation concerning the processes of evolution
was as follows :—“We know much of what these processes may be; the deductive method
has been tried, with what success we know. It is time now to try if these things cannot
be seen as they are, and this is what variation may show us”’.

I doubt whether, even a hundred years hence, we shall be in a position to describe all
the factors by which two species differ in exact biochemical terms as differences between
gigantic molecules of desoxyribonucleic acid. But some of them, at least, should be so
describable. And the mere discovery of how many factors there are, and how they are
related to the factors which differentiate the members of a species from one another, will
tell us a very great deal about the detail of evolution.

I believe, then, that a precise and complete answer to the main problem with which
Bateson was concerned can be given, and I hope will be given at least in some cases. It
can be precise and complete because a gamete contains a finite number of atoms, of
which only a fraction are arranged in self-replicating patterns. Such an answer would
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not necessarily imply that an account of life had been given in chemical terms. If I
can stacc the precise differences between two texts of the same poem I have not described
the poein completely, much less elucidated its full meaning. But I may have elucidated
the history of its transmission.

But supposing this problem had been solved, we should be a very long way from
having solved the problem of evolution. One cannot see all the questions which
posterity will ask. But already we can ask two kinds of question. What advantage,
if any, did this factor confer 2 And why did this factor arise; or if you prefer a different
phrasing, why did this gene change in this particular way ? I shall try to show that
these questions are not quite separate.

In Bateson’s day Darwinism, as generally taught, showed signs of degenerating into
Paleyism or Panglossism. Darwin (1878, p. 428) himself was not quite guiltless.
““And as natural selection works solely by and for the good of each being, all corporeal
and mental endowments will tend to progress towards perfection’, he wrote in the
penultimate paragraph of the Origin. Bateson was by no means convinced that all
was for the best in the best of all possible worlds.

I will mention one piece of recent work which supports Bateson’s scepticism as to the
efficiency of natural selection. Sakai (1957) studied the competition between two
varieties of rice, Red and Upland. The former is a weed, the latter an agricultural
variety. A pure crop of Upland gives a much higher yield, by several different criteria,
than one of Red. But Red is highly competitive. A Red plant lowers the yield of
its neighbours, whether they are Upland or Red, but if surrounded by Upland, gives
a higher yield than Upland in pure stand. It follows from Sakai’s data that if we had
a mixed crop and selected the highest yielding plants, we would usually select Red, and
the end result of the selection would be a crop with a lower yield than that of the original
mixed crop, or of pure Upland. The same result would occur if natural selection were
based on the yields. I do not think that results of this kind are likely to be so common
in competition within a species as in competition between species, but they can and do
occur. The ecology of competition should be an important subject of genetical research
in the future.

The second question is, I think, more fundamental. Darwin (1878, p. 125) quoted,
though without reference, Walsh’s (1863) “Law of equable variability”’. Vavilov and
others have shown in more detail that comparable variations occur in related species.
It was thought that, at least when their genetical determination was similar, they were
usually due to mutations at homologous loci. Harland played the main part in dis-
proving this unduly simple hypothesis, which is nevertheless, I think, fairly often true.
Homologous organs may however depend on genes at different loci in closely related
species. Spurway (1949) discussed this question in some detail. She pointed out that
though mutations with similar phenotypic effects may, and often do, occur in related
species, they may be rare or absent in one such species, and common in anether. The
simplest explanation of this fact is that the disturbance of a particular developmental
process is more or less harmless in one species, but lethal or sublethal in another closely
related one. Thus in Drosophila subobscura three recessives on different chromosomes
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give white bristles between the ommatidia, usually with some slowing down of larval
development. In the very similar species  Drosophila pseudoobscura no such mutation
has been reported. Perhaps the interruption of this particular developmental process
slows down development in Drosophila pseudvobscura so much as to be effectively lethal.
If so one species but not the other has the possibility of evolving a form with bristles of
this type. Again although millions of mice have been observed, no recessive yellows
have been found (if we discount an ancient account by Hagedoorn) like those which
are well known in guineapigs, rabbits, dogs, and so on. The dominant yellow is lethal
when homozygous and gravely upsets metabolism even in heterozygotes. It scems
possible that the locus which gives yellow mutants in the guineapig and Rattus rattus also
mutates in mice but gives lethal recessives.

If an organism were completely integrated developmentally in one sense of that very
vague word, any mutation would be grossly harmful or even lethal. It is not in the
least obvious why, for example, two genes at different loci which block the development
of yellow pigment in mouse hairs also block the reabsorption of bone by osteoclasts.  If
development were more integrated, such cases would be commoner. In tetrapod verte-
brates polydactyly is a common variation. But only once, in the ichthyosaurs, has it
been used in evolution, though one might expect to find it in other swimming groups.
It is presumably harmful, perhaps because, for the reason given later, it is very hard to
stabilize phenotypically. Digits and even entire limbs, can, on the other hand, be lost.
Similarly the number of limbs in insect imagines is extremely constant, though Drosophila
mutants with extra legs are known, and in mylaboratory Mrs. Trent has recently found
one which occasionally has only four, though such animals have not yet lived to
breed.

It seems that in the course of evolution capacities for further evolution are constantly
being lost. But they may be gained. For example the birds have a remarkable
capacity for the evolution of combs, ceres, wattles, and such-like structures, the
Orchidaceae for fantastic changes in floral morphology. I need not here repeat
other examples which Spurway gave, nor her suggestions for research on this
problem:.

The vast majority of mammalian species have seven cervical vertebrae. Some sloth
species have more or less than seven, and what is more, as Bateson (1894) pointed out,
the number can vary within such a species. Here it would seem likely that the capacity
for variation has been gained in evolution. It is unfortunate that the giraffe and camel,
for example, did not possess this capacity.

The capacity for genetic variation of which I have spoken is very similar to what
Thoday (1953) meant by genetic flexibility. I have not previously used this phrase
because I am not sure that he and I are discussing quite the same fact. And a species
may be very flexible as regards one group of variations, and very inflexible as regards
another, so one must be careful of stating that one species is more genetically flexible
than another.

Until comparative genetics have been studied from this point of view, genetics will
be able to make very little contribution to the understanding of the broad outlines of
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evolution. The fossil record, like the human historical record, appears at first sight
as a story of missed opportunities. I think this appearance is probably deceptive in
both cases. We can probably see why the ancient Greeks could not develop a pan-
Hellenic federal government, or the ancient Romans a democratic system for their
empire, if it is less obvious why the Chinese did not develop science from their magni-
ficent technology.  We cannot yet see why the bipedal Dinosaurs failed to develop
brains which would have made their hands as useful as our own or even those of a
monkey, while the Svnapsids did so after a hundred million years of eclipse and another
hundred million of progressive evolution. We cannot guess why a number of groups
in at least three different animal phyla, and a very few dioecious plants, have inde-
pendently evolved morphologically differentiated sex chromosomes, while other groups
have not.  One can point to the advantages of this system of sex determination, and
onc can guess with some plausibility as to how it was evolved. But if the advantages
arc as great as has been suggested, and the evolutionary steps as simple, why is it absent,
for example, in fish and in most Nematocera ?

My own guess is that in a few thousand years our successors may know enough
genctics to be able to say that many of the major features of evolution were due to the
fact that some groups kept possibilities open which others did not.  This is fairly obvious
at the morphological level. Tortoises and snakes have obviously fewer evolutionary
possibilities than the less specialized reptilian groups, horses and whales than the less
specialized mammalian groups. Sexuality seems to be an advantage because it allows
for greater possibility of variation, and perhaps for no other reason. But even so I have
no idea why in the vertebrates and arthropods self-sterile hermaphrodites are wholly
exceptional, whereas they are the rule in the higher plants and some molluscan groups.

We have got to ask, at a higher level, the questions which Bateson asked in “Materials
for the study of variation”. We cannot even frame our questions correctly as yet.
The suggestion which I have made here that the possibilities of genetically determined
variation, and of evolution based on it, are much wider in some groups than in others,
may turn out to be false. It is conceivable, say, that a single mutation perhaps with
little effect by itself, could unlock the developmental processes in a lily flower, and make
it as plastic under further mutations as an orchid. It is quite characteristic of genetics
that the study of a single individual and its progeny may open up entirely new prospects.
I think particularly of Bridges’ X X Y Drosophila females which he used to prove the
chromosome theory of heredity.

One at least, of the questions which Bateson (1894, p. 27) put in the introduction to
“Materials for the study of variation’ has been definitely answered. “The question’’
he wrote “which the Study of Variation may be expected to answer, relates to the origin
of that Discontinuity of which species is the objective expression. Such Discontinuity
is not in the environment; may it not, then, be in the living thing itself”’. Thanks to
the work of Bateson and others, we can now answer this question, at least in part.
There are two reasons (and perhaps more than two) for this discontinuity between
species and varieties.  Living things are made up of small and large molecules. Many
of the small ones are common to all living things, others to most of them. But the large
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ones, such as proteins and polysaccharides, ure characteristic of species or of genotypes
within a species, though some may be found in several, or even many, different species.
And their formation is controlled by large molecules or sections of large molecules,
which we call genes. These are built up from the ubiquitous types of small molecule,
and can only vary discontinuously.  Many of the discontinuities observed by naturalists
depend on discontinuities in the possible patterns of genes.  We do not yet know why
the number of these possible patterns is restricted, as it is; why, for example, nucleic
acids do not appear to include xanthine residues. But even if they did, the atomic
structure of matter forbids continuous variation at the genic level. Bateson’s question
has therefore been answered in principle.

There is, however, a second answer, which often applies to meristic variation. When
the number of like parts, for example, teeth, vertebrae or petals, can vary, it is usual
to find a whole number of such parts and unusual to find a miniature or incomplete
member of the meristic series. Bateson (1894, pp. 270-272) discussed the problem of
*“The least size of particular teeth’’; but came to no very firm conclusion, though he
foreshadowed the conclusion of Griineberg. Griineberg (1952) has studied this pheno-
menon in the third upper molars of a particular pure line of mice. These teeth arc
sometimes missing. But when they are present they are variable in size and can be
decidedly smaller than the normal, though in no way rudimentary or incomplete. He
concluded that the mean size of the tooth rudiment in this line was small and some-
what variable. When, at a certain critical stage, the rudiment fell below a threshold,
it regressed or did not develop further. Similarly we may suppose that when a rudiment
is too large at a critical stage of development it may divide into two or even more parts,
giving an extra limb, for example.

The physical principle at work may in some cases be surface tension, though this
theory has been heavily criticized. The mechanism may often be that propounded by
Turing (1952). However that may be, the formal physical principles, and therefore
the mathematical analysis, of the formation of vertebrae in a tail may be not unlike
that of drops in a liquid filament, even if the forces concerned are of quite a different
nature. There may be yet other physical causes of discontinuity, but they are to be
looked for, I think, in the minute particulars of the chemistry and physics of living
matter. This was, I think, Bateson’s view. He took the comparison of a zebra’s
markings with ripple marks quite seriously.

From a broad philosophical point of view these two causes of discontinuity are not
different. Matter consists of atom: not because electrons and atomic nuclei are the only
possible forms into which it can aggregate, but because the other forms, such as mesons,
are unstable and short-lived. The forces which hold an atomic nucleus together or
disrupt it are like enough to those operative in a drop of water to allow érgument from
the latter to the former. So, I suggest, are those operative in a tooth or petal rudiment.

It is interesting that these two causes of discontinuity are independent. Genes
producing meristic variation are not usually constant in penetrance and expression.
This is so for example for most genes causing polydactyly and ectrodactyly. And it
is to be expected. Mandeville’s (1950) gene for absence of upper lateral incisors in
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man mayv reduce their size or cause their disappearance. Presumably the normal
genotype produces a rudiment which hardly ever disappears or splits, and gives a tooth
of a fairly uniform size. Mandeville’s gene, in heterozygotes, gives a rudiment near
the critical size, which may either disappear or give a small though not always obviously
abnormal tooth. If) to take a possible cause, as the result of the formation of an
abnormal protein, the average time between cell divisions in the rudiment is increased
by five per cent, it is not to be expected that this will just be enough to bring down the
size of the rudiment in question below its critical level in all cases, without any effect
on the neighbouring teeth. The evolution of a human species, all of whom lacked this
particular tooth and nothing else, would presumably require a particular combination
of factors, Meristic variation is seldom strictly Mendelian just because these two
different causes of discontinuity are c;perating. Bateson’s (1894) generalizations about
symmetry in meristic variation are a contribution to biology which is independent of
his genetical work, and deserves further study and development.

To sum up, a few of Bateson’s questions about evolution have been answered in some
detail. The general question of the efficacy of natural selection has, I believe, been
answered, though my answer involves more mathematics than Bateson would have liked,
if less than Karl Pearson would have liked. But we can now begin to formulate further
questions. Some of these questions can be answered on the biochemical level. For
example to the question “Why are most desert beetles black, instead of being cryptically
coloured ?”” Kalmus (1941) after a study of Drosophila mutants, answered that the
blackening process is a tanning of the cuticular proteins which prevents the beetles from
losing water through their cuticles. It may be that our successors will be able to give
equally satisfactory answers at this level to questions which still elude us, such as “Why
was there a trend to reduce the formation of cartilage bones in the evolution of the
Stegocephalia ?”’, or “Why are the morphological characters of the Solanaceae
correlated with low resistance to virus infections ?”’

However, as I have said, the explanation of the major features of evolution will be
much more complicated, even if] as I think it will, it involves a great deal of biochemistry.
It will also involve palaeogeography and palaeoclimatology. It is difficult to think
that the emergence of our ancestors from the water in the Devonian was unrelated to
the frequency of lagoons in that period, if in fact they were as frequent as is commonly
stated. On the other hand it is not yet possible to correlate the extinction of the
dinosaurs in the upper Cretaceous with any geological events. As we begin to learn
about the genetics and evolution of behaviour we shall begin to ask meaningful questions
on the psychological level as well as on the morphological and physiological levels.
And these questions will be as important to botanists as to zoologists. The flowering
plants are, on the whole, symbiotic with insects, especially Hymenoptera and
Lepidoptera, and with mammals and birds. The insects mainly assist them in pollina-
tion, the mammals and birds in seed dispersal. It is, therefore, advantageous to plants
to produce brightly coloured and characteristically smelling flowers and fruits, parts
of which can be eaten or drunk. The origin of these structures however depended on
the possibility of simultaneous morphological and biochemical evolution in plants, and
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psvchological evolution in animals. Were the Carboniferous insects incapable of

developing an instinct to visit the same kind of lower, and the Jurassic dinosaurs incap-
able of developing an instinct to pluck sweet fruits > Or did the limited variability of
plants limit the possibility of such evolution > We may have to ask questions on still
higher levels. But there is little chance of asking them correctly, let alone of answering
them, before we have answered some of the simpler ones.

No doubt in a few thousand years, when all the questions which have yet been put
have either been answered or shown to be meaningless, the theory of evolution will be
as unlike Darwin’s formulation of it as relativistic quantum mechanics are unlike the
mechanics of Galileo and Newton. Bateson’s discontinuities in evolution may be
capable of description in other terms, as Newtonian particles can be described as wave
packets. But I think that Bateson’s fundamental notion of discontinuity in the evolu-
tionary process, which he enunciated scven years before the rediscovery of Mendel’s
work, will remain, though doubtless with some modifications, a component of any
theory of evolution.

I wish that time had been given me to describe Bateson as [ knew him from 1919 ull
his death. He could be described as an angry and obstinate old man. But his anger
was largely reserved for inaccuracy and loose thinking, and for certain types of injustice.
His obstinacy made it difficult to convince him of the truth of theories which had
previously been asserted without adequate evidence and were now being substantiated.
Correns (1902) in a brilliant guess embodied in a diagram without adequate explana-
tion, had put forward the theory of the linear arrangement of genes on chromosomes.
Bateson, quite rightly, had not accepted the hypothesis. When Bridges and Sturtevant
proved it, he was hard to.convince, though he was finally convinced of the fact that
genes were associated with chromosomes. On the other hand he instantly accepted
new generalisations provided they were statements of fact not involving theoretical
superstructures. Thus, he was, I think, the first person to believe my own generalisation
about sex ratio and unisexual sterility in hybrid animals, though not, of course, the
rather incoherent explanation of it which I gave. He then displayed a characteristic
combination of anger at my ignorance with great generosity in helping me with his
immense knowledge of the by-ways of entomological literature. To me, at least, he
showed no signs whatever of a senile failure of original thought. On the contrary his
last posthumously published paper on the genetics of bolting in root crops initiated a
line of research which was later developed by Waddington in his studies on genetic
assimilation.

It would be stupid to suggest that all geneticists should model themselves on Bateson.
Edward Lear’s autobiographical line “His mind is concrete and fastidious’’ applies very
well to him. This made him, I think, unduly suspicious of generalizations. But it
gave him an eye for detail such as perhaps only Calvin B. Bridges among his con-
temporary geneticists possessed. Genetics need workers of very different temperaments.
But we could all benefit from imitating Bateson’s good points, and above all his respect

for facts, although they told, and even because they told, against the theories which he
had adopted.
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THE THEORY OF NATURAL

SELECTION TO-DAY®
By Pror. J. B. S. HALDANE, F.R.S.

Indian Statistical Institute, Calcutta

E constantly hear that Linnzus is out-of-date,

that his ideas are a danger to clear thinking,
and so on. Why, then, do we not relegate them to a
place in the history of science, like those of his
contemporary Scheele on phlogiston ? The answer is
quite clear. Whatever we may think of Linnsus’s
theories, we continue to use his methods. In science,
methods are much more important than theories,
because a theory is an attempt to describe reality in
terms of symbols made by the human vocal apparatus
or on paper. If we think that the properties even of
an electron are inexhaustible, theories can never be
adequate. But a method, that is to say, a way of
dealing with reality, may be adequate for the purpose
for which it was designed, even if it is based on a
false theory. The transition from a fluid to a particle
theory of electric conduction in metals, and the
partial return to a degenerate gas theory, had no
offect on the design of galvanometers.

Linneus invented the method of describing every
animal or plant in terms of two, and only two, words.
A group sharing the same two names is called a
species. A group sharing the first only is called a
genus. Genera are grouped together in higher
categories, such as families, orders, classes and, more
recently, phyla.

It is worth comparing this with some other methods
of classification. To identify a particular star we
give its right ascension and declination. In order to
group stars which are judged to be similar, we use
another two-dimensional classification. One co-
ordinate is the surface temperature or a character
highly correlated with it, such as the spectral type
or coleur. The other is the absolute luminosity. We
then find that stars which agree in both these respects
usually agree in others, for example, their period if
they pulsate, their probable age, and so on. Linnaus
tried such a two-dimensional classification of flowering
plants, and it was one of his least-valuable contribu-
tions to biology.

The Linnzan system of classification is much more
valuable in the tropics than in temperate or arctic

¢ Substance of the presidential address delivered at the Centenary

and Bicentenary Congress, University of Malaya, Singapore, on
December 2, 1958. (See also p. 723.)

43



climes, for the simple reason that there are many
more different species of animals and plants. Lin-
nxus's flora of Lapland was probably fairly complete.
I am sure that nobody supposes that we have yet a
complete list even of the flowering plants, let alone
the ferns, mosses and liverworts, of Malaya. So it is
no reproach to tropical biologists that they are still
at the Linnzan stage when those of temperate
climates have gone beyond Linnzus. One might as
well reproach students of proteins because they
cannot yet describe the structure of proteins with
the accuracy possible for sodium chloride. It is
therefore entirely fitting that we should be com-
memorating Linnzus on the equator.

If Linneus's method of assigning every living
organism to a species is so useful, why do we attack
his species concept ? The species concept, like the
concept of a molecule, is not always true ; but even
where not true, both can be useful. Sodium chloride
does not exist as molecules either in crystals or in
golution. But it is convenient to use the same
terminology to describe sodium chloride and carbon
tetrachloride, though the latter is a true moleoule.
Similarly, we can describe a silicate the anion of
which is a lattice of indefinite extent in terms appro-
priate to a small molecule. By the end of this century
I expect that our chemical vocabulary will be brought
up to date. I do not think the Linnzan terminology
will be abandoned for several centuries.

The Linnzan species concept often breaks down
when we extend our studies over a large enough
space. Classical cases are the circum-Tibetan dis-
tribution of Parus and the circumpolar distribution
of Larus. Here differences, which are at best sub-
specific, add up to a specific difference.  The
principal postulate of evolutionary theory is that all,
or almost all, specific differences disappear if we
trace the ancestry of two species far enough back.
Thus, the horse and ass are bel_oved to be descended
from one ancestral species in the Pliocene, the horse
and any bird from a common ancestral species in the
Carboniferous. Finally, recent work on the transfer
of substances (perhaps always deoxyribonucleic acid)
responsible for hereditary differences, between bac-
teria not only of the same but also of different species,
suggests that the species concept is only roughly
applicable to bacteria.

But most biologists, and particularly experimental
biologists, are dealing with organisms living in the
present and obtained in a particular locality. The
determination of their Linnszan species is a pre-
requisite to description of other observations. It
may be said that the Linnzan system is merely a
convenience of human communication. This is
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perhaps true, but it raises the question whether any
scientific theory, or for that matter any philosophical
theory, is anything more than such a convenience.

It is not a trivial fact that Linnszus worked on the
periphery of the area where science was studied in
his time. This meant that rather few of the plants
and animals of his native country had been described
either by the scientists of the ancient Mediterranean
culture such as Aristotle and Theophrastus, or by
such men as Aldrovandus and Gessner. Two cen-
turies earlier, when Britain was similarly peripheral,
Turner had realized that the plants and animals of
his country required special study and special names.

It is not trivial that Darwin and WWallace were
stimulated to formulate the theory of evolution as
they did by observing the plants and animals of
countries very distant from their own. A four-year
voyage around the world gave Darwin enough facts
inexplicable without a theory of evolution to last
him a life-time, but in his case the theory germinated
slowly. Wallace had spent much longer in the tropics,
and produced a theory equivalent to Darwin’s in a
shorter time. It is not impossible that some resident
in a scientifically peripheral area such as Singapore
or (Calcutta may to-day be making observations
which will form the basis of an advance in biology
comparable to those made by Linnzus two centuries
ago, and by Darwin and \Vallace a hundred years
since. [ shall later suggest reason to hope that
Calcutta mayx be the locus of such a discovery.

Darwin and Wallace not only championed the
notion of evolution, but also produced a coherent
theory as to how it had occurred. To-day almost
all biologists believe in evolution, that is to say,
they believe that the plants and animals alive to-day,
including men, are descended from ancestors very
unlike themselves, and that many very different
living forms are descended from one ancestral species.
However, by no means all living biologists believe
that the main agency of evolution has been natural
selection. Indeed, Wallace in his old age concluded
that a decisive step in the evolution of man could
not be so explained.

Darwin thought that evolution occurred by imper-
ceptibly small steps. To-day we know that some of
the steps have been fairly abrupt; and this is the
main modification to which the account of evolution
given a century ago must be subjected. These steps
are of three main kinds. Mendel showed that on
crossing races of peas certain characters showed no
blending. Even when a character disappeared in the
first generation it might reappear in a fraction of
the next. e know that some evolutionary steps
are due to the selection of characters inherited
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according to Mendel’s law. About seventy species of
British Lepidoptera have evolved black varieties
since the industrial revolution, and some have almost
completely replaced the original light form in the
smokiest areas. In the best-studied case, Biston
betularia, the dark form differs from the light by a
single dominant gene. I shall later describe why the
population evolved as it did. At present I merely wish
to point out that the evolutionary process was not
gradual, in the sense that the population did not
pass through a phase of intermediate colour.

Secondly, the chromosomes., on which the genes
responsible for Mendelian inheritance are carried,
change abruptly. The number in a species is usually
constant, and must be an integer, usually an even one.
Not only does the number change, but also when a
new species evolves, parts of two different chromo-
somes can be exchanged, so that in the hybrid the
normal process of gamete production by meiosis is
disturbed. This is not the only cause of hybrid
sterility, perhaps not the main one, but it is one
cause of this important biological fact.

Thirdly, and most important, we now know that
a new species can arise in one step by the formation
of a sterile or nearly sterile hybrid followed by a
doubling of the chromosomes which renders it fertile
but still vigorous. Such hybrids, which are called
allopolyploids, breed very nearly true. While Winge
and others must take much credit for this discovery,
the most decisive steps were probably taken by the
Japanese botanist Kihara, who recently crowned his
life’'s work by discovering growing as a weed in
wheat fields in Afghanistan the grass which, by
crossing with a wheat like the macaroni wheats of
to-day, gave rise to the bread wheats in or near
Afghanistan about 6,000 years ago. It is probable
that Kihara has made the most important amend-
ment to Darwin and Wallace's account of evolution
as & historical fact.

Finally, Garstang, Bolk, de Beer, and others have
pointed out an evolutionary process at which Darwin
and his immediate successors had not guessed. Many
animals pass through a larval stage, and this may be
highly specialized for its own kind of life. You have
only to think of such familiar larvae as a caterpillar
and a tadpole. If the timing of development is
ghifted so that reproduction occurs when some or
most of the non-reproductive organs are still in the
larval stage, this may lead to the evolution of a
wholly new adult type. Such are, for example, the
Larvacea, or swimming tunicates, which resemble the
larvee of the sessile forms, but never attach them-
selves to rocks. It is probable that the Copepod
Crustacea, a very successful order, are essentially
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larve of prawns or crabs which never grow up. A
similar process has played a great part in human
evolution. The development of our nearest relatives
is very slow. A chimpanzee is not mature until
about eight years. A human being is not mature
until about sixteen, and never develops many of the
characters of adult apes, let alone adults of other
mammalian groups. In particular, we have kept the
embryonic character of cranial flexure, so that our
eves are directed forwards and not upwards or even
backwards. A change in the timing of sexual
maturity may occur quite suddenly, as it does in
the axolotl, and have very great evolutionary effects.

Nevertheless, pal®ontological research has, on the
whole, fully confirmed Darwin and Wallace. Among
the more spectacular ‘missing links’ which must have
lived if their account of evolution is substantially
correct, and are no longer missing, though they were
so iIn Darwin’s time, are amphibians with four legs
but a fish-like tail with bone-supported fins, birds
with long tails, teeth, and many other primitive
features, and later short-tailed but still toothed
birds. Our picture of vertebrate evolution is now so
complete that one can make a list of dozens of dis-
coveries, any one of which would go far to disprove
the theory of evolution. For example, if the skeleton
of a man or a horse were discovered in the Cretaceous,
or that of a reptile or a bird in the Devonian, I, for
one, would regard most of my life’s work as having
been as futile as that of an astrologer. Every year in
which such discoveries are not made strengthens the
evidence for the theory of evolution, and makes it
less possible for biologists to accept any other theory.

Although both Darwin and Wallace made major
contributions to the study of variation (and Darwin
did some very important genetical work), we now
know so much more than they did on these matters
that their account of how evolution occurs must be
restated. In my opinion, most of what they wrote
is true ;: but the fact that they reached the truth on
the meagre evidence before them is a proof of their
genius.

Let me try to state the theory of natural selection
as I hold it in language which thev would have under-
stood. ‘‘All species vary. But not all variation is
inherited. Natural selection discourages most varia-
tions from the structures and functions normal in a
species. It encourages a few variations ; and if these
are inherited, evolution will take place.”

The main objection to this formulation is to the
word ‘inherit’. which is applied to property and to
characters.  For example, I have inherited my
father's watch. his baldness, and a growth of bristles
on the nose. We could not both possess the watch

5

47



simultaneously, but we were simultaneously bald. It
may be incorrect to speak of possessing baldness,
but we certainly possessed the nasal bristles simul-
taneously. A character is not an object like a watch,
and it is misleading to use the same word about it.
The physical basis of heredity is now fairly well
understood. Certain patterns in cells are copied with
great fidelity when a cell divides. The most important
are the molecular patterns which we call genes, and
which determine what kinds of proteins will be built
in the new cells, and thus may have a great effect on
the structure and function of descendant cells and
organisms. However, a character, such as tallness,
hairiness, or capacity for distinguishing between
green and grey, can only be said to be inherited if it
depends in a fairly simple way, either on genes In
the nucleus, or on the rarer copiable molecular
patterns outside the nucleus. A change in one of
these copied patterns, whether it is due to copying
error or alteration between copyings, is called
mutation.

Heredity can be defined statisticallv as a positive
correlation between characters in a group of ancestors
and their descendants, which is not due to a positive
correlation between the environments of ancestors
and descendants. My skin colour is hereditary in
the biological sense, my linguistic habits are not.
My mother taught me to speak English; but if I
had been handed over to a Malay foster-mother as
an infant, I could just as easily have learned to speak
Malay.

An example of a biological and genetically de-
termined character which is not inherited is the
complete sterility of some so-called double-flowered
plants such as the double AMatthiola incana. Other
characters, such as size within a pure line, are not
inherited, because they are not genetically determined
any more than are human languages.

Natural selection may be defined as a statistical
difference between the parents of the next generation
and the population from which they are drawn, each
parent being counted once for each of its progeny.
Darwin and Wallace thought mainly in terms of
selection by survival, but fully recognized selection
by fertility, parental care, and other means. Ve
now see that selection, whether natural or artificial,
is not always effective. For example, roan cattle
(which, by the way, are common in England and
very rare in India, though they exist, but may be
unknown in Singapore) do not breed true, and
selection in favour of roan may increase the frequency
of roan to about 50 per cent, but cannot raise it
above this level.

But as soon as biologists began to study natural
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selection they found something much more sur-
prising. Natural selection is generally centripetal,
that is to say, it favours individuals near the norm
of the population in question, at the expense of those
which deviate from it. In other words, the parents of
the next generation are usually less variable than the
generation of which they form a part. This is difficult
to prove formally, because one cannot often determine
parenthood in animals or plants under natural con-
ditions, but it has been abundantly proved for many
episocles of selection by killing. Perhaps the first
case was Bumpus’s observation in the late nineteenth
century that of a number of sparrows picked up
immobile with cold after a blizzard, those which did
not recover were more variable in several measurable
characters, such as wing-span, than those which did.

In the human species, centripetal selection occurs
at all stages. For example, babies which are lighter
or heavier than the average have a higher death-rate
than the average. So have adults with very high or
low weight or systolic pressure. When it comes to
intelligence, the veryv stupid, who are classed as
mental defectives, have a much higher death-rate
than the average, and the survivors are less fertile
than others. as thev are largely confined in special
institutions or in prisons. The very intelligent are
probably longer-lived than the average, but are less
fertile.

Centripetal selection acts partly by eliminating
mutant genes, and partly by eliminating homo-
zygotes, that is to say, organisms which have a like
pair of genes, instead of an unlike pair, in a par-
ticular region of a chromosome. Thus, the first
observations certainly confirmed Darwin and Wallace
that natural selection occurs, but showed, contrary
to their belief, that its main effect was to prevent
species from changing. Only much later was natural
selection with an evolutionary effect discovered.

The reason for this is clear enough. Evolution is a
very slow process, how slow only Darwin guessed.
He estimated the age of the Wealden, or upper
Jurassie, at about 300 million years. His contem-
poraries, if they believed the theologians, put it at
6.000 vears ; it they believed the physicists, at about
a million. The correct figure is about 130 million.
In a fairly ~teadily evolving line such as the ancestors
of horsex. the average rate of change of a character,
such asx length of tooth, is about 4 per cent per
million vears. In 1924 I calculated the intensity of
selection needed to make such changes. An advantage
of onc-thousandth for one type over another would
be much more than enough ; and this could only be
detected on o sample of several millions, whereas a
10 per cent awdvantage could be detected on a sample

of a few hundred.
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In fact, natural selection with evolutionary con-
sequences has only been observed where men have
created drastically new conditions which impose a
heavy selection pressure. The most striking is the
use of insecticides such as DDT. This causes intense
selection in favour of resistance to it, and relatively
resistant races of mosquitoes arise in a few years.
The best-studied case is that of the moth Buston
betularia. In the smoke-polluted parts of Britain the
original light form is conspicuous when resting on
tree trunks, as these moths do during the day. In
the unpolluted areas the dark form is equally con-
spicuous. Kettlewell found that birds ate the form
which is conspicuous to human eyves at such a rate
that if equal numbers of the two forms are released
at dawn, the ratio of inconspicuous to conspicuous
moths caught in flight the next night is 2: 1. Thirty
vears earlier I had calculated, from the rate at which
the numbers of the black form had increased, that
the fitness of the light form in smoke-polluted areas
was about 70 per cent of that of the black. This
may well be true on an average, for Kettlewell ohose
a highlv blackened wood near Birmingham for his
experiment.

I have no doubt that natural selection of much
less intensity, but vet with an intensity far greater
than that which has been usual in the past, is going
on in many species. But it would be difficult for a
single worker to collect the data.

Can natural selection explain evolution ? If
Darwin thought that it could, this was perhaps
because he thought that members of a species varied
in all possible directions, and natural selection could
favour any kind of variation. This is probably not
so. Only certain kinds of heritable variations seem
to be possible in any particular species. The course
of evolution is not (except perhaps in very rare
cases) determined by the frequency with which a
particular type of mutation occurs; and the vast
majority of mutations are rejected as useless, the
process of rejection being called centripetal selection.
No important event has only one cause. Houses
would not be burned down if they were all made of
ferroconcrete, or if the air only contained 17 per cent
of oxyvegen. If there were no mutation, natural selec-
tion would be ineffective ; if there were no natural
selectien, every species would become a collection of
freaks. Only in this rather restricted sense can it be
claimed that natural selection explains evolution.

However. it does not follow that the claim is true.
In contradistinction to Wallace, I think it probably
1s true. Let us take such an organ as the eye of a
man or a hird. It has been argued that it could not
have evolved by natural selection, because it would

8
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seem that any improvement, in the later stages at
least, would require simultaneous changes in several
of its measurable magnitudes. I think a careful study
of the eves of living molluscs greatly weakens this
argument, as we can find among them a dozen or so
stages from a mere light-sensitive spot to an eye with
a lens and retina much like our own. WTright has
shown how, in small animal or plant communities,
several changes, each slightly harmful, but beneficial
in combination, may occur together.

Wallace regarded the origin oi certain characters
which he considered to be specifically human as in-
explicable by natural selection. Many such charac-
ters, including a disposition to monogamy and a
respect for property, both of which human moralists
might envy, have since been found in animals. I
have also shown, or at least suggested, how a mode
of behaviour originated by the initiative of a single
individual, and then converted, by imitation, into a
tradition, may become instinctive as the result of
natural selection. TUntil it has been shown that my
arguments are worthless, it may be rash to say that
natural selection cannot account for such changes.
It is equally rash to assert dogmatically that it can.

If this celebration were merely concerned with
eulogies of three great men, it would be worse than
useless. If it helps us to imitate them, it is of the
greatest value. Linnaus, Darwin and Wallace had
this in common, that they did not use complicated
apparatus. Any student to-dayv would turn up his
nose at Darwin’s microscope. Now we in India find
it difficult to get apparatus. This discourages us
from some lines of biological research. We cannot
get electron microscopes, highly purified amino-acids,
and so forth. But we can get land and labour to
grow plants or keep animals, we can collect them on
a large scale, and we can at least travel all over
India. T want to tell vou what I am trving to do in
these circumstances.

I have alreadv acted as a catalvst in getting one
of the world’s leading pal®ontologists (Dr. Pamela
L. Robinson, University College, London) over here ;
and, with Indian colleagues, she has, in about ten
weeks work, obtained reptilian and fish fossils, some
of which are new to science, while others date some
mesozoic faermations with considerable precision
(Nature, 182, 1722: 1958). Similarly, I hope
shortly to catalvse the visit of one of the world's
leading syvstematists to attack a group of animals
the Indian representatives of which are practically
unknown. My own junior colleagues are at last con-
tinuing the study of variation where Karl Pearson
and Bateson left it fiftv vears ago.

Perhaps T may begin with a discovery made by a

9
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colleague, Mr. K. Dronamraju. Darwin directed
attention to hetefostylism in Primula and other
genera. In many species there are two types of
plant, in one of which the flowers have long styles,
in the other short. The position of the anthers also
differs. The phenomenon is called heterostylism.
Darwin found that crosses between flowers of the
different types gave far more seed than the so-called
illegitimate unions between plants of the same
morphological type. As no work of this kind has
been done in the tropics, I asked Mr. Dronamraju to
look for a suitable plant near the Indian Statistical
Institute ; for the assessments of fertility and of the
viabilities of seeds in such cases raise some inter-
esting statistical problems. Mr. Dronamraju dis-
covered something much more important. He found
both long-styled and short-styled flowers growing
together on each of five trees of Bauhinia acuminata.
So far, his results are merely statistical. In a year
or two I hope that he will have physiological results
also. This observation would most certainly have
excited Darwin, who did not attempt to hide his
emotions, so that his books are full of such adjectives
as ‘wonderful’ and ‘beautiful’. It is at least possible
that heterostylism started as a variation between
Howers on the same plant, and that, later, genes
which controlled it were evolved.

Another colleague, Mr. S. K. Roy, is also almost
slavishly imitating Darwin’s interests. He has
measured the amount of earth brought up by earth-
worms in Bengal and Bihar, and his measurements
are the first to be made in Asia. A proper under-
standing of Asian soils demands that they be repeated
in a thousand different places. I hope that some will
be in Ningapore or Malaya. He is now working,
among other things. on variation in the like parts of
the samme plant. In a number of individuals of three
different species he has reached the startling con-
clusions that while the mean number of petals per
flower does not alter much during a season, the
variance usually increases, and may be doubled. If
the size of pots made by a potter became more
variable at the end of a day, we should say that he
was getting tired. I do not know what we are to say
about a plant. To reach this conclusion, Mr. Roy
has examined about 200,000 flowers. It is an inter-
esting coincidence that Dr. A. K. Sharma, with his
wife and other colleagues in the University of Cal-
cutta. are working on differences in chromosome
number in different organs of the same plant.

The point which I want to make is this. Apart
from geneties, which can scarcely be understood
without <ome =special knowledge, no work is going on
under my supervision which Darwin or Wallace
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would not have readilv understood, and which is not,
in fact, a continuation of a line of work started by
one of them. Nevertheless, most of it is original in
the sense that it is not an attempt to extend to
tropical animals and plants principles which have
already been established as holding in Europe, North
America or Japan. It was Wallace, above all, who
saw that certain biological problems are forced on
one by a study of tropical life, which are by no
means so obvious in temperate climates. The con-
verse is, of course, true. Many ecological questions
are fairly simple in the arctic regions, where a biotic
community may consist of only twenty or thirty
species ; more difficult in the temperate zone, where
a hundred or more species must be considered ; and
extremely complicated in a tropical rain forest, where
it might be necessary to consider thousands of species,
many as vet undescribed.

Printed in Great Britain by Fisher. Knight & Co.. Ltd.. St. Albans.
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Selection

Haldane’s early papers in population genetics typified what has been called
“beanbag” genetics. In his first paper on the mathematical theory of natural selection,
Haldane (1924) derived formulae for measuring the intensity of selection operating
in a population under various biological situations. Prior to Haldane’s work, H.T J.
Norton'! conducted some simpler studies of this nature but Haldane, through a series
of systematic studies of the intensity of selection, established an elaborate selection
theory. From 1924 to 1934, he published a series of papers on different aspects of
this subject. Four of these papers, which were published in 1924 (part 1), 192 7a (part
IV), 1927b (part V), and 1931 (part VIII) are included in this section. In part 1V, he
analysed the effects of selection when generations overlap, stating that Norton had
independently arrived at similar results. This paper’s importance lies in the fact that
Haldane was the first to integrate mode of selection into demographic structures. He
considered the problem of selection in the context of population growth, showing
that the oscillations of the population number around an exponential function of the
time. The significance of this paper has been recognized by those working in
demographic genetics.?

In part V he showed that the probability that a single mutation with selective
advantage k will not be lost by accidents of sampling but will ultimately become
established is only about 2k, if more or less dominant, and only of the order k/N if
completely recessive, where N is the population size. In part VIII Haldane (1931)
investigated situations where mutant genes are disadvantageous singly but become
advantageous in combinations. This paper, dealing with “metastable” populations,
anticipated Wright's shifting balance theory.?

Among a number of diverse evolutionary studies, Haldane dealt with both the
statics and the dynamics of natural selection. In one interesting paper (1932), he
considered the evolutionary implications of the time of action of genes, citing several
examples where the time of action of a gene may be distributed over more than one
life-cycle. He made the interesting suggestion that selection tends to make life-cycles
more and more variegated, thus increasing the possibility of fixing the time of action
of genes, as in the case of parasites that live in widely different hosts. Throughout his
life, Haldane continued to make suggestions for quantitative studies of evolution,
and suggested the unit darwin (1949) for measuring evolutionary rates. Papers
written during the last two decades of his life include an update of his early
calculation in the light of Kettlewell’s work on melanism and the conflict between
inbreeding and selection. The most noteworthy paper of that period was that dealing
with the cost of natural selection, in which he showed that, in horotelic evolution,
the mean time taken for each gene substitution is about 300 generations, the number
of deaths needed to secure the substitution being about 30 times the number of
organismsin a generation. Haldane’s cost estimate provided a rationale for Kimura’s
neutral theory of evolution.*

1. Norton, H.T]., in Punnett, R.C.: Mimicry in Butterflies, Cambridge: Cambridge
University Press, 1915.



Sutter, J., Haldane and demographic genetics. In: Dronamraju, K.R. (Ed),
Haldane and Modern Biology, Baltimore: Johns Hopkins University Press, 1968.

Wright, S., Evolution in Mendelian populations. Genetics, 16: 97-159, 1931,
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II. 4 Mathematical Theory of Natural and Artificeal Selection.
PART I

By J. B. S. HaLpang, M.A.
Trimaty College, Cambridge.

A SATISFACTORY theory of natural selection must be quantitative. In order to establish the
view that natural selection i1s capable of accounting for the known facts of evolution we must
show not only that it can cause a species to change, but that it can cause it to change at a rate
which will account for present and past transmutations. In any given case we must specify:

(1) The mode of inheritance of the character considered,

(2) The system of breeding in the group of organisms studied,

(3) The intensity of selection,

(4) Its incidence (e.g. on both sexes or only one), and

(5) The rate at which the proportion of organisms showing the character increases or
diminishes.

It should then be possible to obtain an equation connecting (3) and (5).

The principal work on the subject so far 1s that of Pearson (1), Warren (2), and Norton.
Pearson’s work was based on a pre-Mendelian theory of variation and heredity, which 1s certainly
inapplicable to many, and perhaps to all characters. Warren has only considered selection of an
extremely stringent character, whilst Norton’s work is as yet only available in the table quoted
by Punnett (3).

In this paper we shall only deal with the simplest possible cases. - The character dealt with
will be the effect of a single completely dominant Mendelian factor or its absence. The system
of breeding considered will be random mating on the one hand or self-fertilization, budding, etc.
on the other. Moreover we shall confine ourselves to organisms such as annual plants, and many
insects and fish in which different generations do not interbreed. Even so it will be found that
in most cases we can only obtain rigorous solutions when selection is very rapid or very slow.
At intermediate rates we should require to use functions of a hitherto unexplored type. Indeed
the mathematical problems raised in the more complicated cases to be dealt with in subsequent
papers seem to be as formidable as any in mathematical physics. The approximate solutions
given in this paper are however of as great an order of accuracy as that of the data hitherto
available.

It is not of course intended to suggest that all heredity is Mendelian, or all evolution by
natural selection. On the other hand we know that besides non-Mendelian differences between
species (e.g. in chromosome number) there are often Mendelian factor-differences. The former
are important because they often lead to total or partial sterility in crosses, but their somatic
expression is commonly less striking than that of a single factor-difference. Their behavieur in
crosses is far from clear, but where crossing does not occur evolution takes place according to
equations (1-0)—(12).

Vou. XXIII. No. II. 3
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20 Mr HALDANE, A MATHEMATICAL THEORY

SPECIFICATION OF THE INTENSITY OF SELECTION.

If a generation of zygotes immediately after fertilization consists of two phenotypes 4 and B
in the ratio pA :1B, and the proportion which form fertile unions is p4 :(1 —k) B, we shall
describe k as the coefficient of selection. Thus if k=01, a population of equal numbers of 4 and
B would survive to form fertile unions in the proportion 1004 : 99B, the A’s thus having a slight
advantage. k& may be positive or negative. When it is small selection is slow. When & =1 no
B’s reproduce, when k£ = — oc no A4’s reproduce. It will be convenient to refer to these two cases
as “complete selection.” They occur in artificial selection if the character is well marked.

If the character concerned affects fertility, or kills off during the breeding period, we can use
just the same notation. In this case each B on the average leaves as many offspring as (1 — k) 4’s,
e.g. if k=01 then 100 B’s leave as many as 99 A’s. The effect is clearly just the same as if one
of the B’s had died before breeding. It will be observed that no assumption is made as to the
total number of the population. If thisislimited by the environment, natural selection may cause
it to increase or diminish. It will for example tend to increase if selection renders the organism
smaller or fitter to cope with its environument in general. If on the other hand selection increases
its size, or merely arms 1t in the struggle with other members of its species for food or mates, the
population will tend to diminish or even to disappear.

Warren (2) considered the case where the total population is fixed. He supposes that the
parents produce ! times their number of offspring, and that type 4 1s p times as numerous as

type B, but % as likely to die. In this case it can be shown that

k_(l—l)('m—l)(p+l)
B Im—1l+p+1 )

Hence the advantage of one type over the other as measured by % is not independent of the
composition of the population unless m —1 1s very small, when k =({ — 1) (m — 1) approximately.
Hence when selection is slow—the most interesting case—the two schemes of selection lead to
similar results. On the other hand the mathematical treatment of selection on our scheme 1s

decidedly simpler.

FAMILIAL SELECTION.

The above notation may easily be applied to the cases, such as Darwinian sexual selection,
where one sex only is selected. There 1s however another type of selection which so far as I know
has not been considered in any detail by former authors, but which nust have been of con-
siderable importance in evolution. So far we have assumed that the field of struggle for existence
is the species as a whole, or at least those members of it living within a given area. But we have
also to consider those cases where the struggle occurs between members of the same family. Such
cases occur in many maminals, seed-plants, and nematodes, to mention no other groups. Here
the size of the family is strictly imited by the food or space available for it, and more embryos
are produced than can survive to enter into the struggle with members of other families. Thus
in the mouse Ibsen and Steigleder (4) have shown that some embryos of any litter perish in
utero. Their deaths are certainly sometimes selective. In litters from the mating yellow x yellow
one-quarter of the embryos die in the blastula stage, yet as Durham (5) has shown, such litters

are no smaller than the normal, because the death of the Y'Y embryos allows others to survive
which would normally have perished.
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OF NATURAL AND ARTIFICIAL SELECTION. 21

The above is a case of complete selection. Where the less viable type of embryo, instead of
perishing inevitably, is merely at a slight disadvantage, 1t is clear that selection will only be
effective, or at any rate will be much more effective, in the mixed litters. Thus let us consider
3 litters of 20 embryos each, the first consisting wholly of the stronger type, the second con-.
taining 10 strong and 10 weak, the third wholly of the weaker type. Suppose that in each case
there is only enough food or space for 10 embryos, and that the strong tvpe has an advantage
over the weak such that, out of equal numbers, 50 °/, more of the strong will survive, 1.e. k= 1.
Then the survivors will be 10 strong from the first litter, 6 strong and 4 weak from the second,
and 10 weak from the third, or 16 strong and 14 weak. If the competition had been free, as with
pelagic larvae, the numbers would have been 18 strong and 12 weak. Clearly with familial
selection the same advantage acts more slowly than with normal selection, since it is only effective
in mixed families.

The “family” within which selection aets may have both parents in common, as in most
maminals, or many different male parents, as in those plants whose pollen, but not seeds, 1s spread
by the wind. In this case the seeds from any one plant will fall into the same area, and unless
the plants are very closely packed, will compete with one another in the main. In rare cases
familial sexual selection may occur. Thus in Dinophilus the rudimentary males fertilize their
sisters before leaving the cocoon. Clearly so long as every female gets fertilized before hatching
selection can only occur in the male sex between brothers, and must tend to make the males
copulate at as early a date as possible.

The survival of many of the embryonic characters of viviparous animals and seed-plants must
have been due to familal selection.

SELECTION IN THE ABSENCE OF AMPHIMIXIS.

The simplest form of selection is uncomplicated either by amphimixis or dominance. It
occurs 1n the following cases:

(1) Organisms which do not reproduce sexually, or are self-fertilizing.

(2) Species which-do not cross, but compete for the same means of support.

(3) Organisms in which mating is always between brother and sister.

(4) Organisms like Bryophyta which are haploid during part of the life cycle, provided that
selection of the character considered only occurs during the haploid phase.

(5) Heterogamous organisms in which the factor determining the character selected occurs
in the gametes of one sex only. For example Renner(6) has shown that Oenothera muricata
transmits certain characters by the pollen only, others by the ovules only. Schmidt (7) has
found a character in Lebistes transmitted by males to males only, and Goldschmidt (8) has postu-
lated sex-factors in Lymantria transmitted only by females to females. As far as the characters
in question are concerned there is no amphimixis, and these organisms behave as if they were
asexual. Other species of Oenothera which are permanently heterozygous for other reasons would
probably be selected in much the same way.

Let the nth generation consist of types A and B in the ratio u,, 4 : 1 B, and let the coefficient
of selection be k, i.e. (1 — &) B’s survive for every A. Then the survivors of the nth generation,
and hence the first numbers of the (n + 1)th, will be u, 4 : (1 — k) B.

Un

Upp = It—k‘, ....................................... (10)

and 1if v, be the original ratio u, = (1 — k)™ u,.

3—9

59



22 Mr HALDANE, A MATHEMATICAL THEORY

Now if we write y, for the proportion of B’s in the total population of the nth generation,
1 1 _ Yo
= lqu, 1+ A=k)"uy, yo+Q =k =)’
or if we start with equal numbers of 4 and B, y, =1, and
=17 (11_ e, (11)
If & is very small, 1.e. selection slow, then approximately

1
SRR SR (1-2)
1 _ y—n\ W eecscescssessacecces
) b= toge (1)

Hence the proportion of B’s falls slowly at first, then rapidly for a short time, then slowly
again, the rate being greatest when y=1. Before y=1, n is of course taken as negative. So
long as k is small the time taken for any given change in the proportions varies inversely as k.
The curve representing graphically the change of the population is symmetrical about its middle
point, and is shown in Fig. 1 for the case where &'=-001, 1.e. 999 B’s survive for every 1000 A4’s.
9,184 generations are needed for the proportion of A’s to increase from 1°/, to 99°/,. Equation
(12) gives an error of only 4 in this number.

100°/,
/f
/
/
50°/,
/
/
/
v
- 5000 0 + 5000

Fig. 1. Effect of selection on a non-amphimictic character. k=-001.
Abscissa =generations.
Ordinate =percentage of population with the favoured character.

As will be shown below, selection proceeds more slowly with all other systems of inheritance.
In this case the speed must compensate to some extent for the failure to combine advantageous
factors by amphimixis. Where occasional amphimixis occurs, as for example in wheat,-conditions
are very favourable for the evolution of advantageous combinations of variations.

SELECTION OF A SIMPLE MENDELIAN CHARACTER.

Consider the case of a population which consists of zygotes containing two, one, or no “doses”
of a completely dominant Mendelian factor 4, mating is at random, and selection acts to an equal
degree 1n both sexes upon the character produced by the factor. Pearson (9) and Hardy (10)
have shown that in'a population mating at random the square of the number of heterozygotes 1is
equal to four times the product of the numbers of the two homozygous classes. Let u, 4 : 1a be
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OF NATURAL AND ARTIFICIAL SELECTION. 23

the proportion of the two types of gametes produced by the (n — 1)th generation. Then in the
nth generation the initial proportions of the three classes of zygotes are :

u A4 :2u,Aa: laa.
The proportion of recessives to the whole population is:

Yn=(14 )% (2°0)
Now only (1 —k) of the recessives survive to breed, so that the survivors are in the pro-
portions: unlA4 :2u,da : (1 - k) aa.

The numbers of the next generation can be most easily calculated from the new gametic
ratio u,4,. This is immediately obvious in the case of aquatic organisms which shed their gametes
into the water. If each zygote produces NV gametes which conjugate, the numbers are clearly :

(Nuy?+ Nuwy) 4, and (Nu, + N1 — k) a.
wy (1 + uy)
1 +u,—k

It can easily be shown that this result follows from random mating, for matings will occur in
the following proportions:

So the ratio L (2°1)

AAx AA w,’ x u,* or u,}
AAx Aa and reciprocally, 2 x u,?x 2u, » 4w’
Adxaa , 2xulx(1—k) , 2(1—k)ug
Aa x Aa 2u, x 2u, ,y  dun?
Aa x aa and reciprocally, 2 x 2u, x (1 —k%) w 4 (1—=k)u,,
aa x aa (1-k)x(1-k) »w (1 —EK)
Hence zygotes are formed 1n the following proportions :
AA  w+ 2u,® + u,’ or u,? (1 + u,)?
da 2w+ 2(1—k)w2+ 202 +2(1 -k, 0 2uy(l+u,) (1 +u, - k),
aa w2+ 2 (1~ k)u, + (1 — k) o (14 uy — k)2
These ratios may be written :
[————un A+ un):r AA : 2un (14 ) Aa:laa,
1+u,—- k 1 4+u,—*%
or Wy A4 : 2u,y, da: laa,
where Upyr = z;"_f_——%‘—%), ....................................... (21)

as above. It is however simpler to obtain wu,4, directly from the ratio of 4 to @ among the
gametes of the population as a whole, and this will be done in our future calculations.
Now if we know the original proportion of recessives y,, we start with a population:

ulAAd :2u,Aa: laa,

where Up=1y, >—1,
U (1 + w

and we can at once calculate U, = ——°(——°—) ,
1+ u,—k

and thence u, and so on, obtalning ¥, ¥,, etc. from equation (2:0). Thus if we start with 25°/_ of
recessives, and k =5, 1.e. the recessives are only half as viable as the dominants, then »,=1, and

1(1+1)
={:+1-3
y=(1+472=2%="184, or 184°/ .

u’l =%’
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24 Mr HALDANE, A MATHEMATICAL THEORY

Similaﬂy Y, =1375 / ¥,=109 °/,, and so on. Starting from the same population, but with
k =—1, so that the recessives are twice as viable as the dominants, we have y, =36°/,, 7.= 498"/,
Ys=64'6°/,, y,=T75°/,,ys=870°/,, and so on. If k is small this method becomes very tedious,

but we can find a fairly accurate formula connecting y, with n.
The case of complete selection is simple. If all the dominants are killed off or prevented

from breeding we shall see the last of them in one generation, and y,=1. Punnett (11) and
Hardy have solved the case where the recessives all die. Here k=1, and
| Up (1 + up)
14u,—1
Up =N + Uy,
Yn=Mm+1+u)™?
=(n+y, Jj)‘2
= o (L 0YE) ™ creeee et (22)
Thus if we start with a population containing } recessives the second generation will contain

Upyy = =1+ u,.

1, the third {%, the nth Thus 999 generations will be needed to reduce the proportion

1
(n+1)
to one in a million, and we need not wonder that recessive sports still occur in most of our
domestic breeds of animals.

When selection is not very intense, we can proceed as follows:
Un (1 +up)
1 +u,—k’
ku,
l1+u,—k°

Upr1 =

AU E Uy — Uy =

When £ 1s small we can neglect 1t in comparison with unity, and suppose that u, increases

continuously and not by steps, i.e. take Au,, = %%‘ .
duy _ kun approximately;
dn 1+ u, PP ¥
3 kn=]“"1 LCEN
Un
= Un - uo + loge (_> ¢ s e es s e s ees s seses s st esssessenses e (2‘3)
Uy

If we start from or work towards a standard population containing 25 °/_ of recessives, and

hence u, =1, we have
kno=u,+log,u,— 1. oo, (2-4)

This equation is accurate enough for any practical problem when |k | is small, and as long as
k lies between + 01, 1.e. neither phenotype has an advantage of more than 10 °/_, it may be safely
used. When | k| is large the equation

kn=u,+ (1 —Ic)loge Un—1 (2'5)

1s fairly accurate for positive values of n. Thus when k=4, the error is always under 4°/_. For
large values of | k| and negative values of n the equation

fn = up + (1 - %“) 0G0 ttn =1 voeeeeeeeeeeeeeeeeeeeees ) (26)

gives results with a very small error. But for every case so far observed equation (2'4) gives
results within the limits of observational error.
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OF NATURAL AND ARTIFICIAL SELECTION. 25

In the above equations we have only to make k negative to calculate the effects of a selection
which favours recessives at the expense of dominants. For the same small intensity of selection
the same time is clearly needed to produce a given change in the percentage of recessives
whether dominants or recessives are favoured. Fig. 2 shows graphically the rate of increase of
dominants and recessives respectively when k= + 001, i.e. the favoured type has an advantage
of one 1n a thousand, as in Fig. 1. In each case 16,582 generations are required to increase the
proportion of the favoured type from 1°/, to 99 °/,, but dominants increase more rapidly than
recessives when they are few, more slowly when they are numerous. The change occurs most
rapidly when y,, the proportion of recessives, is 56:25 °/,. When selection is ten times as intense,
the population will clearly change ten times as fast, and so on.

100°/,
T | ]
/// //
/ ,/
//
50°/,
/
7
____,/
0°/
— 5000 0 +5000 +10000

Fig. 2. Effect of selection on an autosomal Mendelian character. k=-001.
Upper curve, dominants favoured; lower curve, recessives favoured.
Abscissa = generations. Ordinate =percentage of population with the favoured character.

TABLE 1.

Efect of slow selectron on an autosomal Mendelvian character.

kn (number of generations x k) o i - 1000 | — 100 l -50 ! - 20 -15 -10

°/. of recessives when dominants are fd\omed i O R 99-9998 | 99-975
. . ., recessives . 1 0001 | 0105 | 0427 | 2773 | 4215 | 1036
-9 s | -7 | -6 | -5 |_4-5 ¢ 35| -3 a9 ' -2 ‘_1-5
99-933 1 99-82 19950 | 98:68 | 96:50 | 9438 | 9114 . 86:36 | 7971 | 71-24 | 61:53 | 5068
1254 | 1545 | 1940 | 2497 | 3308 | +537 | | 6528 | 9718 | 1211
-1 ' —o5 1 o0 ’ 05 1 15 2 ! 25 3 35 ! 4 } 45
4098 3205 . 250 | 1953 5 12-11 | 9718 6-528 . 4537

1530 1953  25:0  32:05 | 4098 | 5068 | 6133 | 71-24 | 7971 | 8636 | 9114 . 9438

5 6 | T i 8 9 | 10 . 15 20 50 100 1000
3308 | 2497 | 1940 1545 1354 1 1-036 = -4215| -2773 | 0427 | ‘0105 | -0001
9650 | 9868 | 9950  99-82  99:933 ' 99975 1 99:9998 | ... | .. :

In Table I the values of y, calculated from equations (2°4) and (20) are given in terms of kn.
In Table II kn is given in terms of y,. The number of generations (forwards or backwards) is
reckoned from a standard population containing 75°/ of dominants and 25°/  of recessives. A
few examples will make the use of these tables clear.
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26 Mr HALDANE, A MATHEMATICAL THEORY

1. Detlefsen (12) has shown that in a mixed population of mice about 959 without the
factor @, causing light bellies and yellow- tlpped hair, survive for every 100 with it. Hence
k=-041. It is required to find how many recessives will be left after 100 generations, starting
from a population with-90 ¢/, of recessives, and assuming that different generations do not
interbreed.

From Table I, when y="9, kn=— 3863, .". n = —94°2. So 94°2 generations of selection will
bring the recessives down to 25°/,. The remaining 5'8 generations give kn =238, and from
Table I by interpolation we find y =224, i.e. only 224 °/_ of recessives remain.

2. In the same case how many generations are needed to reduce the number of recessives to

1°/,? y, =01, hence, from Table II, kn=10"197, .-. n =2487. So 2487 generations after 25°/,
1s reached, or 343 in all, will be required.

3. The dominant melanic form doubledayaria of the peppered moth Amphidasys betularia
first appeared at Manchester in 1848. Some time before 1901 when Barrett (13) described the
case, it had completely ousted the recessive variety in Manchester. It is required to find the
least intensity of natural selection which will account for this fact.

TABLE IIL
Effect of slow selection on an autosomal Mendelian character.
' |
°/ of tavoured type ... ... . ‘0001 | -001 o 05 | - 5
kn when dominants are favoured —15-51 |- 13:21|~ 1090 |- 9-294|— 8600 |- 7 905 6996
kn ,, recessives ’ -1005,-3200 i -102-60 I 4550 ‘ 3304 |—23-42 . 14:72
. |
1 9 3 | 5 | 10 o 15 | 20 25 30 35 | 40
— 6286 | — 5580 | —5-161 | — 4624 | -3-863 ' —3-290 | —2-979 | - 2712 | —2-439 | - 2-180 )— 1964
—-10-197 | - 6-875 —4 976 ’ 3717 -1-933 ' - 1041 | - '448/' 0 + 366 | + -681 1+ ‘962
| | !
!
15 50 55 . 60 | 65 70 75 80 85 9 | 95
-~ 1708 | — 1467 | —1-220 ‘ — 9621 — -681]— -366 0 + 448 | +1:041 | +1-933 i+3‘717
+1°220! + 1467 | +1:708 | + 1964 I +2°180 | +2439 | +2-712 | +2-979 1 +3-290 | + 3-863 '+ 4620
97 . 98 99 1 995 | 998 99-9 9995 | 99-99 | 99-999 | 99-9999
+4-976 | | +6-875 © +10°197 - +14 2 ' +2342 |+3304 |+4550 [+102:60|+ 3200 | +1005
+5-161 + +5-580 | + 6-286 |+ 6:996 | + 7-905 |+ 8600 |+ 92941+ 1090 |+ 1321} + 1551

Assuming that there were not more than 1°/_ of dominants in Manchester in 1848, nor less
than 99°/, in 1898, we have, from Table II, £n=1658 as a minimum. But n= 50, since this
moth usually has one brood per year. .-. k=-332 at least, 1.e. at least 3 dominants must survive
for every 2 recessives, and probably more; or the fertility of the dominants must be 50 °/, greater
than that of the recessives. Direct calculation step by step from equation (2:1) shows that 48
generations are needed for the change if £=-3. Hence the table is sufficiently accurate. After
only 13 generations the dominants would be in a majority. It is perhaps instructive, in view of
the fact that attempts have been made to explain such cases by epidemics of mutation due either
to the environment or to unknown causes, to note that in such a case one recessive in every five
would have to mutate to a dominant. Hence it would be impossible to obtain true breeding
recessives as was done by Bate (14). Another possible explanation would be a large excess of
dominants begotten in mixed families, as occurs in human night-blindness according to Bateson
(15). But this again does not agree with the facts, and the only probable explanation is the not
very intense degree of natural selection postulated above.
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OF NATURAL AND ARTIFICIAL SELECTION. 27

FAMILIAL SELECTION OF A SIMPLE MENDELIAN CHARACTER.

Consider the case of a factor 4 whose presence gives any embryo possessing it an advantage
measured by k£ over those members of the same family which do not possess it. In this case the
Pearson-Hardy law does not hold in the population. Each family may have both parents in
common, as in mammals, or only the mother, as in cross-pollinated seed-plants. In the first case
let the population consist of

pndA :2q,4a :r,aa, where p, + 2q, + 7, = 1.

Then in a mixed family where equality was to be expected the ratio of dominants to recessives
will be 1:1 — k. But since the total is unaltered, the actual number of dominants will be to the
expected as 2 : 2 —k, of recessives as 2 — 2k : 2 — k, and similarly for a family where a 3:1 ratio
was to be expected. The nth generation mating at random will therefore produce surviving
offspring in the following proportions:

44 da : aa
|
From mating 44 x 44 ... Pn’ 0 | 0
b2 3 AA X Aa s 2pnqn 2pngu 0
) ’ AA xaa ... 0 2para 0
4qn2 Sqn'2 (4 - 4k) qn2
”» ” Aa x Aa 4 — k 4 — £k 41—k
9 9 _ 9L .
“@uTy (-‘ - -’k) qn" n
” y Aaxaa ... 0 3% I 2 %
’ ’ aa x aa ... 0 ! 0 ' 7,2
! |
. AA — _ o kqn2
.. [ ]—pn+l—(pn+Qn)"+4‘__-k'
? 7") .
3[40]= Guir=(Pa+9a) @ + 1) + bgn (7227 + 520 Lo (30)
3 2r,
[aa] = rnpy = (qu + 7n)* — kgn (4. Enk + 9 _ lk) J

With complete selection, when & =1, we have r,,, = r,? so the proportion of recessives, starting
from }, will be &, &4, etc., in successive generations, provided of course that all-recessive families
survive, as in Oenothera. So recessives are eliminated far more quickly than in the ordinary type
of selection. Clearly however dominants are not eliminated at once when k =— co (provided that
they survive in all-dominant families), for

DPrn+1= Pn (1 —Th)= Pn Pn— (2 —pn—l)-

Starting from the standard population, successive proportions of recessives are 25 °/_, 56:25 °/_,
6602 °/_, 8425 °/_, etc.

In the more interesting case when & is small we can solve approximately, as follows. From
equation (3'0) we see that %, — Pat17n+: and hence g, — p,7, 1s a small quantity of the order

kq,?, 1.e. is less than k. Hence if we write un=§:{%, then g, only differs from (1—_:_%:)-5 by a
small quantity of the order of 