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Contributions of R. A. Fisher to genetics

Partha P. Majumder

With J. B. S. Haldane and Sewall Wright, Fisher formed a troika, in whose differences of opinion

population genetics thrived.

Ronarp Aslmer Fisher, later Sir Ronald, was born on
17 February 1890, He was trained in mathematics and
physics at Cambridge, although he excelled in biology
in school. His interest in biology began early. He won
many pnzes n school and oiten chose books on
biology as his prizes. The most significant of these was
his choice of the thirteen-volume set of the complete
works of Charles Darwin as a prize in his last year in
school.

Fisher worked as an applied statistician at
Rothamsted Experimental Station, as Galton professor
of eugenics at the University College London, and as
Arthur Ballour prolessor of genetics at Cambridge
University. He moved to Adelaide in 1959,

Although Fisher’s first paper was published in 1912,
he read a paper on heredity, comparing methods of
biometry and Mendelism, in 1911 at the second
undergraduate meeting of the Cambridge University
Eugenics Society. This paper was never published in a
scientific journal, but is now available as a book!.
Many of the concepts and methods that later became
trademarks of R. A. Fisher, e.g. maximum likelihood,
synthesis of biometry and Mendelism, are contained in
their rudimentary forms in this paper. Fisher's
contributions to genetics are many and varied. In this
article, 1 briefly describe some of his contributions that
have had significant impacts in the field of genetics.
(Fisher also wrote a great deal on eugenics—the
framing of dehberate policies for the genetic improvement
of the human race. However, these writings have not
had a lasting influence in genetics, and, in fact, Fisher
did not write on eugenics in his later life).

Darwinism, biometry and Mendelism

Darwin was a believer in gradual and continuous
evolutionary change. He believed that variation was a
fundamental property of any species. He realized that
for evolution to occur by natural selection some of
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these variations had to be heritable. Under this
mechanism of evolution by natural selection, characters
are expected to change very rapidly over generations.
Therefore a mechanism for retaining uniformity of
characters was needed. Darwin propounded ‘blending
inheritance’ 1n 1842, under which characters of
offspring were supposed to be derived by a ‘blending’
of parental characters, €.g. the apparent blending of
skin colour in offspring of whites and blacks. In 1868,
although he modified this to the ‘provisional hypothesis
of pangenesis’, the concept of blending was retained.
Darwin’s view of gradual and continuous evolutionary
change was strongly criticized by his staunchest
supporters and admirers—Thomas Henry Huxley and
Darwin’s half-cousin Francis Galton. On the basis of
ceriain investigations into heredity, they thought that
evolution might proceed by discontinuous leaps. They
also claimed that their view of discontinuous evolution
fitted better with the fossil record, in which intermediate
forms between species were often not observed. Further,
Galton suggested that hereditary qualities were embedded
in the reproductive organs and the germ plasm, which
was passed on from one generation to the next with
little alteration. Thus, unlike Darwin, Galton empha-
sized that variation caused by environmental effects
were not heritable. These ideas were synthesized by him
in his book Natural Inheritance* published in 1889. In
this book and earlier, Galton had worked out
correlations of metrical characters for various pairs of
relatives-—parent—offspring, grandparent-grandchiid,
etc.—and formulated, in a preliminary form, a law that
later came to be known as ‘Galton’s law of ancestral
heredity’. |

Ideas on varniation and inheritance similar to those of
Galton, but more concretely framed and stated, were
published by Hugo de Vries in 1900 in his book
Mutationstheorie. In the same year de Vries, along with
Carl Correns and Erich von Tschermark, rediscovered
Mendelism. The rediscovery of Mendelism intensified
the conflict between the biometricians, who believed in
the Darwinian view of gradual and continuous
evolution, and those who concurred with Huxley's and
Galton’s view that evolution proceeded by disconti-
nuous leaps. Mendelism proposed particulate inheritance,
which was assumed to imply discontinuous evolution.
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Karl Pearson and W. F. R. Weldon led the biometrical
school, and William Bateson, and to a lesser extent
R. C. Punnett, were the most vocal proponents of
Mendehsm. Apart from the main conflict between the
two schools regarding graduality and continuity and
discontinuity in evolution, the biometricians also
criticized Mendelism because of its complete “neglect of
ancestry’. Mendelian laws imply that the genotypes of
oflspring are completely determined by the genotypes of
the parents; given the parental genotypes other
ancestral genotypes are irrelevant. Both biometricians
and Mendelians agreed that ‘Galton’s law of ancestral
heredity” (which takes mto account hereditary contri-
butions of all ancestors of an individual) and Mendel's
laws of heredity were incompatible. However, in 1902,
G. Udny Yule showed®* mathematically that under
certain conditions, viz. complete dominance, there was
no incompatibility. Soon Karl Pearson claimed® to
have shown mathematically that the phenotypic
correlations between various types of relatives expected
under Mendelian laws were well below those empirically
observed. Thus he claimed to have proven the
mconsistency between Mendelism and biometry. Yule®
rcbutted Pearson’s calculations, and showed that
Pearson made certain tacit assumplions that had led to
his incorrect inferences.

Thus, around the time when Fisher read his 1911
paper, the scenario was that Mendelians and biometri-
cians were engaged in a bitter conflict over (i) the
nature of evolution -discontinuity vs continuity,
(1) factors governing direction of evolution—mutation
vs natoral selection, and (iii) observed and expected
correlations between relatives for metrical characters. In
this paper Fisher described the reasons why he thought
that biometrical observations, especially those pertaining
to correlations between relauves, were not incompatible
with Mendelism. He quantified his ideas and provided
statistical results in his 1918 paper’, which remains a
landmark in the annals of genetics and actually gave
birth 10 ‘biometrical genetics’. The crux of Fisher's
paper’ was that inheritance of continuous variation
could be explained by Mendelian particulate inheritance.
Fisher postulated that a large pumber of Mendelian
‘Tactors’ jonily control the character under study,
and that each factor contributes a certain amount 10
the overall quantitative phenotypic value of that
character. Using this mode] he derived the correlations
for pairs of relatives that are expected for a quantitative
character, and showed that these agreed with empirical
observations. In particular, he pointed out that the
correlation for a pair of siblings may be higher than
that for a parent-offspring pair if there is dominance.
The idea of analysis of variance was alvo introduced
and greally developed in this paper. Fisher partitioned
the total phenotypic variance into its heritable and non-
herituble  components, and  further partiioned  the
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tungamental and far-reaching contnbutions to genehics

heritable component into components due to additive
gene achon, dominance effects and genic intcraction
(epistasis). He performed a detailed reamnalysis of the
data that were initially collected and analysed by
Pearson and Lee®. From their analyses Pearson and
Lee had claimed to have shown the inadequacy of
Mendel's laws in explaining continuous variation, e.g.
of stature. From his reanalysis Fisher, however,
concluded that stature was determined primarily by
many Mendehan factors and not by environmental
factors. The 1918 paper is also remarkable in terms of
the systematic exploration of the effects of the various
factors on the components of variation. Starting with a
set of simplilied assumptions—random mating, inde-
pendence of the Mendelian factors. etc.— Fisher relaxed
his assumptions one by onc and studicd the consequences
of assortative maung, linhage, and so on. The paper
Jaid 10 rest the apparent conflict between Mendehans
and biometnaans, and remaios as  Fishers  most
celebrated paper in genetics.

Two historeal facts concerning this paper are worth
mentioning. First, Fisher completed this paper in 1916
and subnutted it for publiciation to the Royal Society of
London. The paper was revicwed by Kl Pearson and
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R. C. Punnett, who were hitter opponents 1n the
biometry-Mendelism controversy. Both gave unfavou-
rable reviews, and ‘it has been said that this was the
only time that the two ever agreed™. Pearson wrote, ‘I
do not think in the present state of affairs that the
paper is wide enough to be of much interest from the
biometric standpeint...', while Punnett wrote, ‘..what-
ever its value from the standpoint of statistics and
population 1 do not feel that this kind of work affects
us biologists much at present’. Further details on the
review of this paper are given in Norton and Pearson'®.
The paper was finally published by the Royal Society of
Edinburgh, with financial help from Major Leonard
Darwin, Charles Darwin's son. Secondly, the paper
makes difficuit reading. Several attempts have been
made by others to explain the contents of various
sections of the paper more lucidly, The most successful
of these attempts is by Moran and Smith!!, who
comment on the paper section by section.

Having settled the conflict between Mendelians and
biometncians regarding the interpretation of observed
correlations between relatives for a continuous character,
Fisher turned his attention to evolutionary problems.
In 1922 he wrote a paper entitled ‘Darwinian evolution
by mutations’. Between 1922 and 1930 he wrote several
other papers on evolution of dominance, mimicry, etc.,
which culminated in the production of his book The
Genetical Theory of Natural Selection'? in 1930.

The Genetical Theory of Natural Selection

The central issue in the Mendelism—biometry conflict
concerned the process of evolution. In the first chapter
of The Genetical Theory of Natural Selection, Fisher
clearly outlined the problems with both the Darwinian
and the Mendelian views of evolution. He showed that,
in the absence of a high correlation between mates, the
Darwinian view implied that the heritable variance was
approximately halved in each generation. Therefore
mamntenance of variability over generations must imply
a steady input of variability in each generation, and,
therefore, impossibly high mutation rates. On the other
hand, the assertion of the Mendelian school that the
direction of evolutionary change was actually governed
by the direction of mutations was also impossible since
available data suggested that most new mutations were
disadvantageous or lethal. Thus Fisher concluded that,
while inheritance of characters was governed by
Mendelian laws, and mutations infrequently introduced
variation into the population, natural selection was the
only agency by which species could be modified to any
appreciable extent.

The object of chapter 11 of the book was “to state the
principle of natural selection in the form of a rigorous
mathematical theorem, by which the rate of improve-
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ment of any species of organisms in relation to its
environment is determined by its present condition’.
For this purpose, using actuarial techniques, Fisher
devised a measure of fitness, te. the extent to which
persons of a given age contribute to the ancestry of
future generations, of a population and of specific
genotypes, which he termed ‘the Malthusian parameter
of population increase’. He then derived that ‘the rate of
increase in fitness of any organism at any time is equal
to its genetic variance in fitness at that time’, and called
it the ‘fundamental theorem of natural selection’. Put
differently, the fundamental theorem states that the rate
of increase in fitness that is attributable to changes in
gene frequency under natural selection is equal to the
additive component of the total genetic variance. There
has been a lot of criticism and debate about the truth
and interpretation of this theorem, begun by Wrightt!®
in his review of the book, and continuing to this day!®.
Be that as it may, it is generally agreed that the
fundamental theorem captures the essence of the way
natural selection works!>. Having quantified the role of
natural selection, Fisher considered the nature of
adaptation. He wviewed adaptive impovement as a
process involving interaction between the genetic make-
up of the organism and its environment. He concluded
that adaptation involved a large number of small
evolutionary steps. Thus Fisher’s description of evolu-
tion 1s one of gradual change, in agreement with the
Darwinian view,

In the book, Fisher also consolidated his studies on
the evolution of dominance and mumicry. The bases of
his studies on these aspects were the existence of
modifier genes and the operation of weak selection
pressures on these genes. He therefore viewed the
genome not as a set of independent loci or groups of
loci, but as an interacting system. Fisher’s view of
evolution of dominance has, however, been criticized by
both Haldane and Wright.

Fisher devoted two chapters in the book to
quantitative assessment of the consequences of natural
selection, mutation and finite population size on genetic
variation in populations. In 1922 he had first derived!®
the probability that a favourable mutation would be
fixed in a population, ie. attain a frequency of 1. He
used a branching-process method for this purpose. In
this paper Fisher first introduced the idea of treating
gene {requencies as random variables. He viewed the
genes in generation f -+ 1 as having been derived by
sampling with replacement from the genes of generation
t. Thus the frequency of an allele was viewed not as the
result of a deterministic process but as the result of a
stochastic process over generations. Using diffusion
methods for the first time in genetics, he obtained
approximations to probability distributions of allcle
frequencies. He showed that asymptotically the gene-
frequency distribution becomes uniform and decays at
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the rate of 1/4N per generation in a randon-mating
population of size N with no mutation ot selection,
However, Wright later pointed out a discrepancy,
which led Fisher to discover an error in the diffusion
squation (n fus 1922 paper that had arisen owing to his
neglect of a small term, Fisher corrected {(he ¢f10T in the
book and showed that the asymptotic gene-frequency
distribution was stiil uniform but the rate of decay was
1/2N, instead of /4N, per generation. Using methods
introduced by Fisher'$, Haldane!” derived the simple
formula £ = Zs, where £ denotes the fixation probabifity
of a gene whose heterozypote selective advantage is
s. In the book Fisher extended this result to a finite
population of size N. He also made detailed examina-
tions of the equilibrium and stability properties of
various genetic models.

The remaining portion of the book is largely devated
to the application of his genetical jdeas to human
populations. Fisher asserted that a]l human traits,
including mental and moral traits, had evolved by
natural selection. Thus he isisted that genetic variation
must be seriously considered in studying the evolution
of man and human society.

Reception of the book at the time of its publication
was mixed. Punnett’®, in the opening paragraph of his
review In Nature, stated, ‘Probably most geneticists
today are somewhat skeptical as to the value of the
mathematical treatment of their problems.... However,
both Haldane and Wright hailed the book enormously,
In Eugepnics Review, Haldane'® wrote, ‘No serious
tutute discussion, either of evolution or ¢ugenics, can
possibly ignore it.., during the next generation any
discussions of the problem of gradual evolution which
are bikely 10 be of permanent value will take the form of
a development, discussion, and, perhaps in some cases,
a refutation of the arguments stated in the book....
Wright'* described the book in Journal of Heredity as
‘2 Pook whith 1 certain 10 rank as one of the major
contributions to the theory of evolution’.

Serology

Fishet’s interest in scrology is evident from 2 note he
orepared as early as in 1924 for Eugenics Review ‘to
bring to the attention of the Ministry of Health the
urgent desirability of establishing a Chair of Human
Heredity in relation to disease.’ (cited in Box?9). He
potited out in this note that the factorial basis of the
oagglutinins of human blood {the ARO blood-group
system) had recently been successlully clucidated (in
1900 by Landsteiner), and that similar Mendelian
analysis of the hereditary complex should be continued.
Later, o 1947, he clearly stated why hé& considored
blaod-group studics ta be of importance®®. His reasons
wéﬁ:: f1) they provide markers for linkage studies, (i)
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they are important in making blood transfusions, (iii)
they are useful for forensic recognition of individnads,
and {1v) they are useful in ethnographic studies because
of the frequency differences observed amaong different
human races.

Fisher set up a blood-grouping department in the
Galton Laboratory in 1935. Before the outbreak of
World War ]I, this department was engaged in trying
to detect bnkage of particular blood groups with
various diseases, but was without positive resulis?2.
After war broke out, the department moved to
Cambridge; in 1943, Fisher himself moved to Cambrid-
ge as professor ©f genetics.

Fisher's major contribution to serology was the
elucidation of the genetic system undeslying the thesus
(Rh} blood groups. His major paper’! on the Rh factor,
published in 1947, was titled *The rhesus factor A study
in scientific method”, Indeed, this paper clearly represents
Fisher's view of the ‘scientific method’~—the making of
theoretical deduttions from empirical data. The Rh
groups were discovered in 1940 in the United States.
Fisher hypothesized the genetics of the Rh system on
the basjs of data available towards the end of 1943 (see
table). Fisher observed that antiserum-1 and antiserum-4
gave antithetical reactions. He hypothesized that the
corresponding genes were allelic and called them C and
c. Since antiserum-2 and antiserum-3 did not produce
antithetical reactians, and their reactions also did not
bear any resemblance to the reactions produced by
antiserum-1 and antiserum-2, he hypothesized that the
corresponding g2nes were at separate Joci and calied
them D and E. He predicted that D and E would have
corresponding alleles d and e, With three Yoci (C, D, and
E} each with two aleles (C, ¢, B, d E, e, eight
chromosomal types are expected. However, at that time
the CdE type was not observed. This type and anti-¢

were found shortly afterwards; anti-d has pot yet been
found.

Dala on the rhbsus taclor avalable 19 Fisher it 1943

Antigera Anfigen and chromosomal type
Hl Hl r Hﬂ' =4 R* RI F:t?
Che cDE cde el odf COde COE Cgf
7. Anh-C ¥ - - ~ - + * +
2. Anti-D + P - + - - Y -
| 3 Anti-& - + - - + - -+ -+
4 Anting - + + oz + - - =
L " —_— e — -
5 Anl-gd — - 4 — + 4 —_ +
& Ani-e + — + + - + - -~
Approx %
frequencies 4361 1280 3790 305 908! 170 013 poos
ity the English
population
e et e

Note Only the porlion of the reaction data presented within (he box
were avadabie to FISher On tha buws of these data e drew infereaces
an lhe genelics on e Rh Syslem

“This chromosomal type was nol observed at that ime, Fisher e rad
thal iis trequency was propbably less than 0 Db
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Fisher then considered the frequencies of the
chromasomat types in the English population. These
arc presented in the last row of the table. Noting that
three of the chromosomal types were quite {requent,
and the others rare, he hy pothesized that the three loci
were hnhed, and the rarer types produced by
recombination. For example, types ¢De and Cde could
be produced by a recombination between € and D n
CDe’‘cde. As recombination probability is small, the
{requencies of the proposed recombinant types are
expected to be Jow. The puzzling absence of CdE was
also explained by Fisher. This type could be produced
by a recorubination between € and E loci in ¢DE/Cde.
But Cde 1s itsell a product of recombination, the
frequency of which is, therefore, low. Hence CdE would
predictably be extremely rare. By further detailed
consideration of the frequencies of various chromosomal
types, Fisher also deduced that the order of the three
loct on the chromosome was D-C-E. He applied his
maximum-bkelihocd method to obtain maximum-
[ikelihood estimates of the Rh chromosomal types. He
later commented?? that elucidation of the rhesus system
‘has been of service not only in making the medical
profession to some extent genotype-conscious but in
demonstraling the genetic compliexity of the regions of
the germplasm responsible for the biood-group poly-
morphisms’.

Although Fisher 1s remembered for making the Rh
system understandable, he also clarified a confusion
that persisted in respect of the P blood-group system.
The presence of weak reactors often led to a
misclassification of P* individuals as P~ unless a
powerful anti-P serum was available. There was
confusion over whether there were other alleles at this
locus or whether genes at other loci interacted with the
genes at this locus. Fisher?® made a very thorough
analysis of family data and showed that the difference
in reactivity was due to some P* individuals being of
the PP genotype and the others (the weak reactors)
being of the Pp genotype. This 1s now an accepted fact.
Fisher also devised statistical methods for anpalysing
blood-group data from families, and laid out standard
caleulations for doubtiul parentage, twin zygosity, etc,
using blood-group gene frequencies.

Detection of linkage, and chromosome mapping

By the uime Fisher turned his attention to the statistical
detection of linkage, 1.e. whether genes at a pair of loc
cosegregated in [amilies, Haldane had already published
papers in this areca. Fisher’s first paper on this topic®?
was written with Bhai Balmukand in 1928 (although he
had written a paper®® on gene Yocalization by means of
cross-over ratios in 1922), and dealt with estimation of
linkage from data on offspring of selled heterozygotes.
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In this paper, five methods of estimation, including
maximum lkelthood and minimum chi-square, were
compared, and the maximum-likelihood method was
shown to have distinct advantages over the other
methods. It may be mentioned that it was Haldane?’,
not Fisher, who in 1919 first applied the maximum-
likelihood method to estimation of linkage. In 1934
Haldane wrote a major paper®® on detection of linkage,
which seems to have prompted Fisher to study this
problem n great detaill In the same year Fisher
published two papers, in which he déveloped the
scoring method for linkage problems, and extensively
studied the relative information content of various
types of families. The next year (1935) he published two
major papers?”® dealing with detection of linkage
separately for dominant and recessive abnormalities. In
these papers, Fisher developed a simpler allernative
method of scoring, and, using the method of generating
functions, obtained the sampling distribution of the new
test statistic that he proposed. Now, with the increasing
realization that extended pedigrees are much more
mformative than nuclear families for detecting linkage,
and with the increasing availability of computers, the
simpler method suggested by Fisher is no longer used.
Linkage heterogeneity, Le. the possibility that a
disease may be linked to a genetic locus in some families
and unlinked in other families, indicating thereby that
the disecase may be aetiologically heterogeneous, 15 a
routine concept naw. Efforts are still being made to
devise eflicient statistical tests to detect linkage
heterogeneity, Fisher®! was perhaps the first to
introduce this concept and to devise a test for this
purpose m 1936. He apphed his test to detection of
linkage heterogeneity between Friedreich’s ataxia and
the ABO blood groups, and showed, in his data set of
12 families, that there was significant heterogenetty.
One of the famihies showed strong evidence of linkage;
the others did not. It is of interest to note that the ABO
blood-group locus has now been mapped to chromo-
some 9 at q34, while Friedreich’s ataxia has been
mapped to the same chromosome in region q13-21.1.
Fisher's interest in linkage prompted him to initiate
breeding experiments with mice. Between 1934 and
1936, at the Galton Laboratory, an extensive hinkage
test was carried out under Fisher's statistical supervision.
Fisher applied and further developed the statistical
methods that he had devised for detection of inkage on
the data thus generated. Although some linkage groups
were identified, little of profcund biological importance
came out of these experiments, except for an indication of
recombination values exceeding 50% between the loci for
dilute pigmentation (d} and wavy hair (we}?4, This was
evidence for chromatid interference, i.e. the nonrandom
assortmment of the four strands in crossing-over at
successive chiasmata. On the basis of this observation
Fisher>® developed a quantitative theory of genetic
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recombination and chiasma formation, which he read
at the First International Biometric Conference 1n 1947,
Fisher’s theory implied that genes near the ends of the
long chromosome arms would characteristically show
recombination values exceeding 50%. This, in wrn,
imphied that chromatid interference was a common
phenomenon, which was contrary to observations in
Drosophila. In the face of protests, Fisher curtly stated
that his model did not deal with the relation among the
four strands of the bivalent but was based on
consideration of only single strands. Knowledge of the
actual biological process of recombination and
chiasma formation s far from complete, but, as
Mather®? noted, “... there can be little doubt that the
assumptions in Fisher's mathematical treatment do
contain—and conceal —the postulate of chromatid
interference’.

Segregation analysis

Statistical modelling of inheritance patterns makes use
of a parameter called the segregation ratio, which is the
conditional probability of an offspring having a
particular phenotype/genotype given the parental
phenotypes/genotypes. The segregation ratio is estima-
ted from family data. However, for purposes of
enriching a data set for individuals possessing the
phenotype of interest, family data are often gathered
nonrandomly, e.g. by looking for the presence of at
least one affected offsping in the family. This procedure
of sampling obviously introduces a bias, called
ascertainment bias. At the esttimation stage this
sampling bias needs to be corrected for obtaining valid
parameter estimates. Haldane*® studied this problem,
and Fisher® reconsidered it in much greater detail and
obtained many general results and estimators. In
particular, Fisher emphasized that biases of ascertain-
ment could lead to incorrect inferences, and developed
methods of handling missing observations. These
methods were later used by him in analysing family
data.

The Theory of Inbreeding

In 1949 Fisher wrote a small book on inbreeding®” and
worked out 1n detail the loss of genctic vanation under
various systems of mating between biologically related
individuals. This book has been used very widely. In
this book Fisher applied the techniques of matrix
algebra extensively in his analyses of mating systems,
including sib mating in diploids and tetraploids, double-
first-cousin mating, and so on. (It may, however, be
mentioned that many of the mating systems considered by
Fisher had been studied carlier by Bartleit and
Haldane®®. Fisher evidenty was unaware of this paper
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Fisher speaking at a farewell 10 him at the Indian Statistical Institute in
Calcutta, 16 March 1959 Also in the picture are J B S Haldane
{centre), and C R Rag {left) and P C Mahalanchs, India’s best-
known statisticians

since he did not cite it in his book)) Fisher introduced, for
the first time, a method to compare a pair of mating
systems. He did this by studying how many gencrations
were required by the two systems to achieve the same
reduction in heterozygosity. He showed that this could
be done elegantly by considering a ratio of appropriate
eigenvalues corresponding to some matrices that arise
naturally in the analysis of mating systems. The book
also has one section (section 14, pages 49-61) in which
Fisher put forward what he called the ‘thcory of
junctions’. He later expanded on this theory in two
papers>®>4? published in 1954 and 1959. Not much
attention has been paid to this theory so far, but with
the increasing emphasis on tracing phylogenies of
genes, and on understanding identity by descent of
chromosomal regions rather than of individual loq, this
theory may turn out to be very important and useful.

Fisher, Haldane and Wright

The works of the three founders of population genetics
were complementary in a broad sense, but also differed
markedly. Throughout their lives they diffcred in their
views of the evolutionary process. Had the three
founders not differed in their opinions as strongly as
they did, perhaps population genetics would not have
advanced as rapidly as it has. Fisher and Haldane
agreed on thoar views regarding the tmportance of
natural sclection in the process of evolution. Although
they recognized —and n fact Fisher was the first to
bring this to hight—that stochastic factors play an
important role in the determination of the fate of genes
in populations, they e¢ssentially dealt with  large
population sizes and deterministic models because in
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large populations the effects of the stochastic factors are
relatively minor. Wright, on the other hand, placed
much greater emphasis on the role of stochastic factors
in the evolutionary process. Both Haldane and Wright
strongly criticized Fisher's theory on the evolution of
dominance; Haldane's and Wright's reasons for criti-
cism were, however, very different. Although Haldane
and Fisher agreed that natural sclection was the major
driving force of evolution, they disagreed on the
quantitative aspects. While Fisher considered weak
sclection pressures over long periods of time to be
important, Haldane considered that strong selection
pressure caused by a single-gene effect in a natural
population was more important. Further, in spite of
recognizing interactions among loci, Fisher essentially
developed his thcory by considering single alleles at
individual loci because he thought that interactions
between loci rapidly declined owing to recombination.
Haldane and Wright, on the other hand, emphasized
genic interaction. Another point on which Haldane and
Wright agreed, and Fisher differed, was the role of
migration and admixture in the evolution of natural
populations. These differences of opinion led to rapid
advancement of deterministic models by Fisher and
Haldane, and also to rapid advancement of stochastic
models by Wright. Population genetics thrived, but
personal relationships deteriorated. Haldane seems to
have remained more or less equidistant from both
Fisher and Wright, but, in their later years, the
relationship between Fisher and Wright ‘had deterio-
rated to the point that neither wanted to see the
other'*’,

Epilogue

Fisher’s contributions to genetics have been fundamental
and far-reaching. Whether he was primarily a statistician
OF & genelicist 1S a moot question. His daughter aptly
called him a ‘scientist'?®, Fisher was a strong supporter of
Mendel. Yet, in the true spint of a scientist, he reexamined
Mendel’s data and wrote a critical article entitled *Has
Mendel’'s work been rediscovered? in 1936. In this
article Fisher statistically analysed the results of
Mendel's different experiments —the monofactorial, the
bifactorial, the trifactorial and the gametic ratio— and
obtained an overall goodness-of-fit chi-square value,
which turned out to be highly improbable because the
corresponding P value was 0.99993; i.e. Mendel’s results
are expected to be realized only seven times in 100,000
trials. On the basis of this, and another, similar
observation, Fisher concluded that ‘the data of most, if
not all, of (Mendel’s) experiments have been falsified so
as to agree closely with Mendel’s expectations’. Fisher,

gk

of course, did not believe that Mendel himself had
adjusted the data but suggested that some assistant
who knew Mendel's expectation tried to please him.
Fisher's interpretation of Mendel’s results has been
criticized*™*%, but his accusation has mnot been
refuted®?. This example illustrates the true scientific
spirit of R. A. Fisher; on the basis of scientific evidence
he did not quiver to criticize even that individual whom
he regarded in the highest esteem.
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Voltage-gated sodium and potassium channels
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The existence of biological electricity has been known for
200 years. Descriptions of various excitable membranes,
and of numerous varieties of proteins involved in
membrase excitability, have become increasingly availa-
ble over the last 50 years. In the last decade, a ‘new’
molecular approach has been used with much success to
study voltage-gated ioa channels that form the basis of
electrical excitability of nerve and muscle membrane. It
IS hoped that these methods will help to provide a
molecular understanding of the wealth of physiolegical
data that have been accumulated over the past years.
This review attempts to summarize current knowledge
and progress towards such a goal.

Luici Galvani discovered in 1791 that current applied
to the sciatic nerve of a Ifrog caused reproducible
contracion of the innervated muscle. From this
experiment he hypothesized that ‘animal electricity’ was
involved In nerve activity. In about 1850 Matteucci and
Du Bois-Reymond first recorded electrical currents in
animal tissue—in injured muscle fibre-—using newly
developed galvanometers. The surface of the muscle
fibre was electropositive compared to the injured site;
current flowed in the external circuit from the electro-
positive surface to the injured site. This current
diminished during activity. Thus the active site on the
muscle fibre became negative relative to the resting
surface. Julius Bernstein observed that this electro-
negativity propagated like a wave down the fibre, with
a velocity approximately equal {o that determined by
Helmholtz for the rate of propagation of the nerve
impulse. Since then, nerve impulses have been associated
with propagating waves of membrane depolarization®.
It was apparent to nineteenth-century physiologists
that electric currents in peurons were probably carried
by 1ons. Several ideas and notions about membrane
potentials, most significantly those of Walter Nernst,
were synthesized 1n the *‘membrane theory® by Bernstein
in 1902. Tt was known that K¥ is at a higher
concentration jnside the cell than outside. The mem-
brane theory proposed that at rest the excitable
membrane is selectively permeable to potassium ions.
Thus, the resting potential of the cell is negative, close
to the potassium equilibrium potential. Bernstein went
on to propose that ncuronal stimulation causcs 4 large
local ncrease m membrane permeability to all ions, in a
process now referred to as ‘membranc breakdown’, The
resultant membrane depolarization stimulates adjacent
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points of the nerve cell where the same process occurs.
Thus a wave of depolarization propagates down the
length of the axon,

The conclusions above, on the nature of excitahle
membrane, were based on a large amount of plausible,
circumstantial evidence. Crucial techpical advances,
such as the use of cathode-ray oscilloscopes for electro-
physiological measurements by Erlanger and Gasser,
and the invention of the voltage-clamp apparatus by
Kenneth Cole and Howard Curtis, allowed ~more
accurate measurements of membrane potentials. Equally
crucial was the use of the squid giant axon: it allowed
intracellular recordings to be made for the first time,
and alsdé the chemical analysis of axoplasm to
accurately determine intracellular ionic concentrations.
These advances set the stage for decisive experiments
conducted between 1937 and 1932 by a small group of
researchers, including Alan Hodgkin, Andrew Huxley
and Bernard Katz in Great Britain, and Curtis Cole
and Howard Curtis in the United States, These
experiments transformed the main features of the
membrane theory, from plausible hypothesis, to estab-
lished fact. It became clear that nervous impulses are
propagated as electrical signals; that action potentials
and synaptic potentials result from changes in mem-
brane permeability to specific ions. The exact mecha-
nisms by which membrane permeability is regulated
remained unknown, until much later. These seminal
papers have been compiled into a single volume by
Cooke and Lipkin?, and are briefly reviewed here.

A major departure from the membrane theory
stemmed from the discovery that, during an action
potential, membrane potential not only ceased to be
negative but actualiy reversed in sign and became
positive. This positive ‘overshoot’ was explained by the
sodium theoty of Hodgkin and Katz’. Hodgkin er al.
clearly demonstrated that dunng the action potential,
the membrane became briclly selectively permeable to
sodium ions and (he membrane potential approached
the sodium equilibrium potential. Hodgkin and Huxley
showed that the permeability to sodium decayed with
time in a process they called inactivation. Both the
inactivation of sodium conductance and activanon of a
potassium conductance forced the membrane potential
back to the resting value. 1n the now-famons Hodghin
and NHualey mode), they suggested that sodium and
potussium permeabilities behave independently; that
independent swmbrane-bound  pacticles, seositive to
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