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J.B.S. Haldane is one of the towering figures in the history of twentieth-century
thought. He had no peer in 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 [resh 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.

1%







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 himsell,
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 India late 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, ongin 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 tomany 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 1o 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 equilibnum between mutation and
selection and used it to measure for the first time the mutation rate ofthe 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, thisis in the heterogametic
sex. Thisis 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 Lo 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 ol 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 I 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. 1 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 I wish some adventurous publisher would reprint Haldane's entire output,
aswas done for his great contemporary R.A. Fisher! Perhapsthis 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 leamed genetics since Haldane's
death in 1964 have a chance Lo 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."*

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 leflt 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 Julianand 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 was interrupted by the outbreak of World War 1. After the war,
he resumed his scientific career, becoming a Fellow of New College in physiology.
However, he eamed 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 Prolessor ol Biometry. In 1957, Haldane wasinvited by Prol. P.C. Mahalanobis,
Director ol the Indian Statistical Institute in Calcutta, to become a Research Professor
at that institution. Promptly resigning [rom University College, London, Haldane
accepled 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, Onssa, 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 Calcutta and 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 (summanzed in 19329,
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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 pigmentsby 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 filty 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 alter 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 mice (at first in 1911, the
first known case in vertebrates), Haldane consulted Punnett, who advised him to
obtain his own experimental evidence for confirmation. This delayed the publication
ofhis 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
anthocyaninsat the John Innes Institution, with which Bateson was closely associated.
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Another instance 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 typilies what 1 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 [rom several different disciplines combining genetics with
immunology, biochemistry, statistics, and physics. See, [or 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, ].D. Bernal, and Lancelot Hoghen. Two articles
included inthiscollection, “In Defense of Beanbag Genetics” and “An Autobiography
in Briel,” 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 1 do

El
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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 ofanumber of aspects of hislife and work
aswell ascertain aspects of evolutionary biology. Inthese papers he dealt with awide-
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 toexamine Haldane’s genetic contributions.
The second one isan article written fora popular newsmagazine in India, The lllustrated
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 sell-evaluation of his life and work, this article is a fine example ol
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. Thefoundersof 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., 531: 95, 1952,







4 DEFENSE OF BEANBAG GENETICS

I o 5 HALDANE®

My friend Professor Ernst Mayr, of Harvard University, in his recent
book Animal Species and Evolution [1], which I find admirable, though I
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-
ceprualization has been referred to as “beanbag genetics.” Work in population and de-
v.:i}p:‘ﬂtl'llﬂ 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 | 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 Biomerry Laboratery, Gevernment of Orissa, Bhubaneswar-3. Qrissa,
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 gﬂntltsg
men I 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,

MNow, 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 cop.
trary, Wright, Fisher, and I all made simplifying assumptions which 4
lowed us to pose problems soluble by the elementary mathematics at gy
disposal, and even then did not always fully solve the simple problems
we set ourselves. Our mathematics may impress zoologists but do ney
greatly impress mathematicians. Let me give a simple example. We wan,
to know how the frequency of a gene in a population changes under na,.
ral selection. I made the following simplifying assumptions [3]:

1) The population is infinite, so the frequency in each generation js
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 fac, 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, is the
frequency of the recessive gene, and a fraction k of recessives is killed off
when the corresponding dominants survive, then

_ gn— kgt
et
! In spite of this incligibility | have, since writing this article, been granted an American visa, for
which I must thank the federal government. However, 1 am no permutted to lecture in Momth
Carolina, and perhaps in other states, without answering a question which I refuse to anower, Legisla-
tion to this effect does not, in my opinion, help Amercn 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 yield a simple
relation between g, and n; if not as simple as s = § g¢ 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
a5 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 genectics.
This was by the great Roman poet Titus Lucretius Carus just over two
thousand years ago (De rerum natura, IV, l. 1220):

Propterea quia multa modis primordia multis
Mixra suo thnt I COTpore f-:lEPf FI.':I.IEJHL'S
Quac patribus patres tradunt ab stirpe profecta,
Inde Venus varia producit sorte figuras
Majorumgue refert vultus vocesque comasque.

A frec 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. Lueretiys
elsewhere described genes as “genitalia corpora™ and claimed that the
were immutable. What is important is that whether he called them pri.
mordia or even seeds, he :II"-'-'E}'S thought of them as a set DfSt:parab]e 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 wag
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 mdividuals
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 is 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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