PART I I / THE FACTS

CHAPTER 2 / THE STRUGGLE
TO MEASURE VARIATION

I t is clear that descriptionsof the geneticvariation in populations arethe fundamental observationson which evolutionary
genetics depends. Such observations must be both dynamically and
empirically sufficient if they are toprovide the basis for evolutionary
explanations and predictions. Fromtheschemapresented
in
chapter I , we see that a sufficient description of variation is necessarily a description of the statistical distribution of genotypes in a
population, together with thephenotypic manifestation of those
genotypes over therange of environments encountered by the population. The description must be genotypic because the underlying
dynamical theory of evolution is based on Mendelian genetics. But
the description must also specify the relations between genotype
and phenotype, partly because it is the phenotype that determines
the breeding system and the action of natural selection, but also
because it is the evolution of the phenotype that interests us. Population geneticists, in their enthusiasm to deal with the changes in
genotype frequencies thatunderlie evolutionary changes, haveoften
forgotten that what are ultimately to be explained are themyriad and
subtle changes in size, shape, behavior, and interactions with other
speciesthatconstitutethe
real stuff of evolution. ThusDobzhansky’s dictum that “evolutionis a change in the geneticcomposition of populations” (1 95 1, p. 16) must not be understood as defin-

ing the evolutionary process, but only as describing its dynamical
basis. A description and explanation of genetic change in populations is a description and explanation of evolutionary change only
insofar as we can link those genetic changesto the manifest diversity
of livingorganisms in space and time, To concentrate only on genetic
change, without attempting to relate it to the kinds of physiological, morphogenetic, and behavioral evolution that are manifest in
the fossil record and in the diversity of extant organisms and communities, is to forget entirely what i t is we are trying to explain in the
first place.

AN EPISTEMOLOGICAL PARADOX

I f we bear in mind that evolutionary genetics must concern itself
with evolutionally significant genetic change, and that the first task
of such a science is a sufficient description of the genetic composition of populations, we encounter a paradoxical contradiction between what we wish to measure and what we can measure. I n order
to provide a description of the statistical distribution of genotypes
that will"dynamically su&ient. that will fit into a theory of genetic change, it is necessary to c w n t genotypes. That is, it must be
possible to say in what proportion each genotype is found in a population at each moment in time. With respect to any given locus, it
must be possible to state that at some
time I, for example,30 percent
of the population were homozygotesA ( A,, 12 percent heterozygotes
A , A , , 14 percent heterozygotes A,AL1,and so on through the catalogue of genotypes. Moreover, in order to predict changes at this
locus, it maybe necessary to know the genotypic frequencies at
many other loci whose gene products interact with the product of
the A locus in determining the organism's phenotype. In addition,
knowing the frequencies of genotypes separately for each locus may
be insufficient to specify the frequencies of their joint genotypes,
because the loci may be correlated in their distributions. Thus, the
frequency of A ] ArB2Bzindividuals may not be the simple product of
the frequency of A ,A 1 and B2Bz genotypes taken separately.
The consequences of such a lack of independence in the distribution of genotypes at separate loci are discussed in chapter 6 and are
not of direct concern here. But whether or not loci are correlated,
the basic observations about the genotypic compositionof the popu-

lation will be enumerations of genotypes. The necessity of enumerative description arises from the Mendelian nature of inheritance,
from its discrete nature,so that the laws of evolutionary transformation are of necessity laws of changing proportions of discrete
classes,
The possibility of enumeratingdiscrete genotypic classesdepends, as Mendel’s original work showed, on whether the substitution of one allele for another at a locus leads to a sufficiently large
change in phenotype. Mendel’s successdepended upon a very
careful choice of characters, characterswhich allowed individuals to
be unambiguously classified into a small number of classes. Even
Mendel’s work was not perfect in this respect since it was impossible to distinguish between the homozygous dominant and the heterozygote, but fortunately Mendel was able to see through this confusion. He would not, however, have been able to see through the
confusion of a virtually continuousdistribution
of phenotypic
classes had hechosentostudytheinheritance
of normal plant
height, rather than of a drastic dwarfing gene whose major morphogenetic effect completely obscured the small genetic and environmental differences between individual plants. Not only Mendel,
but all the twentieth-century developers of classical and molecular
genetics have depended on the availability of gene changes with
major and drastic morphogenetic and physiological effects. Imagine
the state of molecular genetics if the only difference between various
genotypes of bacteriophage were in whether an infected bacterium
produced an average of 247.3 or 246.1 progeny phage!
In contradistinction to thediscreteness of genotypic classes
demanded by Mendelian analysis lies the quasi-continuous natureof
the phenotypic differences that are the stuff of evolutionary change.
The evolution of species consists in the gradual accumulation of
very small changes in physiology, morphogenesis,andbehavior.
Closely related species may differ on the average in their temperature tolerance or preference, in their size and shape, but it is often
impossible to distinguish an individual of one species from another
on one or a combination of these characters because of the broad
phenotypicoverlap between thegroups.Even
when no closely
related species overlapsit, any specieswill show arange of variation
for most of its phenotypic characteristics, variation which has both a
genetic and an environmental component. Indeed, for most of the
characters whose changethe evolutionist wishes to explain, thevari-

ation between genetically identical individuals is likely to be of the
same or greater magnitude than the variation introduced by a single
allelic substitution at one of the loci affecting the character. Even if
the heritability of I Q in Caucasians is 80 percent, as is estimated by
some studies (Erlenmeyer-Kimling and Jarvik, 1963), the
effect of a
single gene substitution onIQ is small (except for drastic abnormalities giving rise to mental deficients) as compared with environmental
variations. I f this were not the case, the Mendelian inheritance of
IQ would have been worked out long ago. Evolutionarily significant
genetic variation is then, almost by definition, variation that is
manifest in subtle dif€erences between individuals, often so subtle as
to be completely overwhelmed by effects of other genes orof the environment.
The situation is clear when we consider natural selection itself.
Suppose that the difference between a Drosophila pseudoobsurra
genotype A I A , , at a certainlocus, and agenotype A , A 2 is that
females at the first kind lay an average of 27.3 eggs per day at their
peak of egg production at 25 C, whereas females of the second type
lay only 26.4 eggs. This 3 percent difference in fecundity is a large
one in evolutionary terms and would result, all other things being
equal, in a rapid loss of the allele A 2 from the population. But in
practice it is absolutely impossible to distinguish females of these
two genotypes from each other even in carefully controlled egg-laying trials. The fecundity of individual females is extremely sensitive
to both environmental and morphogenetic accidents. A female of either genotype may be totally sterile ormay lay 50 eggs per day at her
peak egg production. The difference between the averages is simply
too small, in view of the huge variance around these averages, to
allow individuals to be classified. With respect to such genotypes,
then, no enumeration of the population is possible. We cannot say
“this female is A IA I and that one is A ,A2.”
When we turn from fecundity to viability, the situation is even
worse. Can we distinguish an individual fly whose genotypic probability of survival from egg to newly hatched adult is 95 percent from
one whose probability is only, say, 45 percent‘? Here is a drastic
genetic difference indeed. But an individuul either does or does not
survive to a given age. Among adults all have survived and among
eggs nothing can be predicted. The probability of survival is an ensemble property, not an individual one, so that enumeration of indi-

viduals by their phenotype is, in this respect, impossible by definition. Survival and reproduction are the two components of fitness,
and genotypic differences with respect to these characters evolve
directly under the influence of natural selection. Yet it is impossible to
recognize and enumeratethe different genotypes in a population
with respect to those most basic of all characters.
We see here the fundamental contradiction inherent in the study
of the genetics of evolution. On the onehand the Mendelian genetic
systemdictatesthefrequencies
of genotypes as theappropriate
genetic description of a population. ‘Ihe enumeration of these genotypes requires that the effect of an allelic substitution be so large as
to make possible the unambiguous assignment of individuals to
genotypes. On the other hand, the substance
of evolutionary change
at the phenotypic level is precisely in those characters forwhich individual gene substitutionsmake only slight differences as compared
with variation produced by the genetic background and the environment. What we can measure is by definition uninteresting and what
we are interested in is by definition unmeasurable. This paradox in
one form or another has plagued population genetics since Chetverikov proposed in 1926 that the measurement of hidden genetic
variation and its mechanism of maintenancewerethecentral
problems of evolutionary genetics. The paradox is not yet resolved,
but recent advances in molecular biology and in population genetic
theory, which are the substance of this book, offer some hope of a
resolution.

THE “CLASSICAL” AND “BALANCE” HYPOTHESES

The problem of the characterization of variation can best be understood if it is formulated in the following manner: If we could examine thediploid genotype of a typical individual chosen from a sexually reproducing population, at what proportion of its loci would it
bc heterozygous? While this is obviously a more restricted problem
than the most general one of “characterizing the variation,” a correct answer to this more restricted question would go a long way
toward a general solution to the problem of variation. To see that
this is so, let us consider two polar predictions about the outcome
of
such a gedanken experiment. Dobzhansky (1955) has named these
predictions the ‘‘classical” and the “balanced” theoryof population

structure. No geneticist has with absoluteconsistencysupported
the classical or the balanced theory in the extreme forms in which I
shall juxtapose them, but most workers who have been concerned
with theissue have, atone time oranother in their writings,
polarized themselves sharply.
The classical theory assumes that at
nearly every locus every individual is homozygous for a “wild-type” gene. In addition, each individual is heterozygous for rare deleterious
alleles at a handful of loci,
on the order of a hundred out of tens of thousands of genes. Some
very small proportion of the population will be so unfortunate as to
be homozygous for a rare deleterious geneand thus be severely handicapped, and this proportion will be much increased in the offspring
of matings between close
relatives.
This hypothesis is fully
described and justified by Muller (1950) in his article descriptively
titled “Our load of mutations,” in which he estimates that a typical
person will be heterozygous for a severely deleterious gene at 8 to
80 loci, depending upon various assumptions about the number of
loci in the human genomes, mutation rates, and degrees of dominance. I n all cases this corresponds to about 0. I percent of loci heterozygous per individual.
In the classical view, the genetic description of two randomly
sampled individuals from a population would look as follows:
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+ + + + + + . . . +m+
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with + signs indicating wild-type alleles and m a deleterious mutant.
Each individual is heterozyous for an occasional locus, the particular gene being different in each case. Such a picture accords well
with a a priori assumption of biochemical genetics that there is one
functional or best form of an enzyme and that other forms,specified
by alternative alleles at the structural gene locus,would have defective enzyme activity. It has not always been obvious to biochemical
geneticists that, like other classical Mendlian geneticists, they were
forced to deal with drastic, usually lethal, gene substitutions in order
to carry out their experiments and would not recognize slight mutants if they saw them. Indeed biochemical genetics invented the
extraordinary classof “leaky” mutants to emphasize thata mutation
with partial enzyme activity, as opposed to complete loss of function, was an exceptional and somewhat annoying phenomenon.

The balance hypothesis in its most extreme form postulates, in
direct opposition to the classical hypothesis, that individuals from
sexually reproducing, crossbreeding populations are heterozygous
at nearly every one of their loci, and only rarely will a locus be
homozygous except in the offspring of closely related mates. This
extreme view is expressed by Wallace (1958b) as follows: “Subject
to the limitations imposed by chance elimination of alleles, by mating of close relatives, and by the finite number of alleles at a locus,
we feel that the proportion of heterozygosis among geneloci of representative individuals of a population tends toward. 100 percent.”
Such a view has two concomitants. First, there is no allele that can
properly be designated wild-type since normal individuals in the
population are heterozygotes.
Second, the number of alternative alleles segregating in the population must be large at each locus. Otherwise the ordinary laws of
Mendel would cause homozygosity from random segregation and
mating, the maximum proportion of heterozygosity at alocus with n
alleles being (11 - l ) / n . On the balance hypothesis, two randomly
chosen individuals from a sexually reproducing population would
have the following genetic representations:
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Not only are most loci in heterozygous condition, butdifferent individuals are homozygous for different alleles at different loci when
they are indeed homozygous. An occasional locus with only one
wild-type form like D is not excluded in the balance view, and an occasional allele, for exampleB,, may be very rare and extremely deleterious when homozygous so that, like the classical theory, the balance theory predicts deleterious consequences of close inbreeding.
Manifold consequences flow from the assumption of the classical
or balance hypothesis. If the classical hypothesis were correct, the
difference between populationswould be of far more profound significance than under the balance theory. Since there
would be so little
genetic variation between individuals within populations, most of
the genetic diversity within a polymorphic species would be interpopulational. I n man, the manifest genetic differences between geographical races would represent a much greater proportion of total
human variation than occurs within races, giving to race a consider-

able biological importance. A basis for racism may also flow from
theconcept of wild type,since if there is a genetictype of the !I,
species, those whofail to correspond to it must be less than perfect.
Platonic notions of type are likely to intrude themselves from one
domain into another, and Dobzhansky(1955) was clearly conscious
of this problem when he attacked the concept of wild type. “The
‘norm’ is, thus, neither a single genotype nor a single phenotype. It
is not a transcendental constant standing above or beyond the multiform reality. The ‘norm’ of Drosophilu melanogaster has as little
reality as the ‘Type’ of H o m o supiens.” The balance hypothesis,
conversely, presumes that a vast amount
of hidden genetic diversity
exists within any population, so that interpopulation differences are
less significant.
A second difference between the two views lies in the kind of natural selection that each implies. The classical hypothesis with its
picture of virtually complete homozygosity presumes that the chief
action of natural selection is to remove deleterious mutations from
the population and that thefittest genotypes are the homozygotes for
the wild type alleles at all loci. This view does not exclude the occurrence of an occasional favorable mutation, but such a mutation
quickly becomes fixed in the population as a new wild type. Moreover, the possibility of mutations without selective effect is also not
excluded,but
the overwhelming homozygosity of populations
demands that the rate of mutation per generation to such neutral
alleles must be severalorders of magnitude smaller than known
rates for drastic mutations. Specifically, the average heterozygosity
H per locus for neutral genes in a population of size N , with a neutral mutation rate of p per generation, is
H - l -

I
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(Kimura and Crow, 1964) so that a heterozygosity of 0.00 1 per
locus, which is generously high under the classical scheme (Muller,
1950) corresponds to
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For a population of even modest size, for instance
1000, this is a mutation rate of 2.5 X lop7as compared with mutation rate to lethal

genes in Drosophila of 10+ (Dobzhansky and Wright, 1941; Ives,
1945) or visible mutation, say in maize, of between 5 X lO-4 and
2 X lop6(Stadler, 1942). Indeed, unless mutation rates to neutral
genes were even smaller than lo”, there would be a considerable
difference in heterozygosity among species with radically different
population structures. All in all, then, the classical hypothesis
demands what we might call “purifying selection” as theoverwhelming rule.
The balance hypothesis, on the other hand, must account for the
large standing variation that it supposes in populations by assuming
that the diversity of alternative alleles is not selected against. This
view of heterozygosity draws its name from Dobzhansky’s view
( 1955) that the alternate alleles are actively maintained in the population be some form of balancing selection, probably selective superiority of heterozygotes, but not excluding other kinds of stabilizing
forces. But the hypothesis of high heterozygosity does not, in fact,
exclude thepossibility that most of the alleles are selectively neutral
and that the observed geneticvariation is simply the accumulation of
neutral mutations in large populations. Again applying Kimura and
Crow’s formula for heterozygosity, we need only suppose that most
species have apopulation size N that is about equal to the reciprocal
of the mutation rate in ordertopredict
80 to 100 percent heterozygosity. Nor does the balance hypothesis rule out the occurrence of deleteriousmutations,since
natural selection will keep
these in low frequency and they will have very little influence on the
observed heterozygosity. Indeed, the absolute amount of purifying
selection is the sameunder both the balancing andthe classical
theories, sinceit depends only on thefrequency of deleterious mutations. What is at issue is the proportionof selective processesof this
type. 1 shall go much more deeply into the contrasting rolesof natural selection and random processes in part I11 of this book. For the
moment it is only important to see that different assumptions about
the direction and intensity of natural selection do indeed lead to different predictions about heterozygosity in populations.
A third consequence of the different hypotheses about variation is
a difference in the view of speciation, If populations are almost entirely homozygous, then speciation must await the occurence
of new
mutations that may be advantageous in a new environment in which
an isolated population is found. Moreover, even advantageous mutations are usually lost in the first few generations becauseof genetic

segregation and random variation of offspring production, so that a
mutation whose fitness is I + s compared with a fitness of I for
theformer wild type has a probability of only 2s of eventually
becoming fixed (Haldane, 1927). Since it takes more than one gene
to make a species, speciation becomes a very difficult event. The
classical hypothesis comes closeto reintroducing the paradox about
speciation that Darwin thought he had solved. Darwin had resolved
the problem of passing from one type or mode to another, which is
what appears to occur in species formation, by fastening attention
on the variation within species and by postulating that this intragroup variation was converted into variation between groups by
isolation and natural selection. I t was the segregation into a few distinct modes of quasi-continuous variation among individuals that
Darwin saw in domesticated animals as the model for what happened in speciation. But if organisms are really very homozygous
and therefore genetically identical within species, where is that variation on which Darwin supposed natural selection to operate?
Unlike the hypothesis of homozygosity, the balance hypothesis
presumes that the geneticvariation for speciation is always present,
so that speciation awaits only the appropriate biogeographical and
ecological events. An isolated population is nearly certain to find itself in a different biotic environment than is its parental species,
since community compositions vary considerably from locality to
locality. Selective forcesare almost bound to be different as a result,
so that steps toward speciation would almost be the rule for any
isolated group. If the classical theory seems too conservative in its
prediction aboutspeciation,the
balance view seems to predict
speciation everywhere. Since, however, we cannotmake any quantitative predictionsof speciation rate from either theory (we haveno
quantitativegenetictheory of speciation at all), there is little to
choose on this basis.
1 have presented the balance and classical hypotheses of genetic
variation as a priori predictions about what would be observed if a
method could actually be found to describe the distributionof genotypes in a population, rather than first reviewing the evidence and
then presenting these hypotheses as alternative interpretations of
ambiguous observations. ltis a common myth of science that scientists collect evidence about some issue and then by logic and “intuition” form what seems to them the most reasonable interpretation
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of the facts1 As more facts accumulate, the logical and “intuitive”
value of different interpretations changes and finally a consensus is
reached about thetruth of the matter. But this textbook myth has no
congruence with reality. Long before there is any direct evidence,
scientific workers have brought to the issue deep-seated prejudices;
the more important the issue and the more ambiguous the evidence,
the more important are the prejudices, and the greater the
likelihood
that two diametrically opposed and irreconcilable schools will appear. Even when seemingly incontrovertibleevidenceappearsto
decide the matter, theconflict is not necessarily resolved, for a slight
redefinition of the issues results in a continuation of the struggle. I t
is part of the dialectic of science that the apparent
solution of a
problem usually reveals that we have not asked the right question in
the first place, or that a much more difficult and intractable problem
lies just below the surface that has been so triumphantly cleared
away. And in the process of redefinition of the issues, theold parties
remain, sometimes under new rubrics, but always with old points of
view. This must be thecasebecauseschools
of thought about
unresolved problems do not derive from idiosyncratic intuitions but
from deep ideological biases reflecting social and intellectual world
views. A priori assumptions about the truth of particular unresolved
questions are simply special cases of general prejudices.
Attitudes about thekind and amount of genetic variation in populations, like all attitudes about unresolved scientific issues, reflect
and are consistent with the intellectual histories of their proponents.
People see new problems mirrored in a glass that has been molded
by their solutions to old problems, A scientist’s present view of difficult questions is chiefly influenced by the history of his intellectual
and ideological development up to the present moment,and the resolution of current difficulties will in turn precondition his view of future problems.
The classical school derives from H . J. Muller and consists largely
of his students and their students. Muller’s experimental work, as is
well known, was centered on the induction and manipulation of
drastic mutations in Drosophila. He sawthe biologicalworld
through the medium of the classical genetics and cytogenetics of
well-behaved mutants of strong effect, localizable on the genetic or
cytological maps. These mutations are nearly always recessive, almight be
ways lower in fitness,andneverexhibitanythingthat

thought of as overdominance. Indeed, in the classical school of formal genetics, two mutations are by definition nonallelic if the heterozygous compound between them is closer to wild type than to eithermutant. The complementationtestfor
allelism rules out, a
priori, the possibility that the heterozygote between two alleles at a
locus may fall outside the physiological range of the homozygotes.
While the techniques that Muller devised for the study of induced
and spontaneous mutations werecarried over into the study of natural populations, his own point of view was completely colored by the
distinction between mutant and wild type that was integral to the
program of Morgan’s school of genetics, from which he sprang.
The balance school, consisting largely of Dobzhanskyand his
students in the Americas, and the British school of evolutionists,
derives independently in Britain and America from a preoccupation
with natural history and wild populations of organisms.Dobzhansky began his career collecting beetles in Central Asia, and the
British school, deriving in no little part from E. B. Ford, carries on
the genteel upper-middle-class tradition of fascination with snails
and butterflies. These workers see the world as Darwin saw it, rich
in diversity, and, as confirmed Darwinians, they have assumed that
there must be immense genetic variation available for adaptation
through natural selection.
The balance school is strongly influenced by nineteenth-century
optimism about evolution as being essentially progressive (see, for
example,HerbertSpencer’s
Progress: Its LUMJ
and CLIUSCJ)
and
ongoing, ForDobzhansky, natural selection usually “leadsto
increased harmony between living systems and the conditions
of
their existence” (1955, p. 12). Muller’s view is quite the opposite.
It is deeply pessimistic. For the classical school, evolution has already reached its pinnacle, certainly in “those great groups which
have long ceased undergoing importantevolutionarychanges”
(Muller, 1949, p. 465). Kimura and Ohta (1971a, p. 166), quoting
Muller, believe that “the gene through the long course of evolution
has finally found itself in man.” In such a world view, genetic
change can only be a change forthe worse, and the function of natural selection must be to prevent degeneration by maintaining the
tY Pe.
These points of view about geneticvariation are reflected in sociobiological theories as well. Muller believed in a genetic elite and

strongly advocated artificial insemination from human sperm banks,
the contributors towhich would be chosen on the basis of their superior genotypes as manifested in theirsuperlor behavioral phenotypes. The balance school is pluralistic, seeing human society as
dependent for its functioning on the existence of a variety of genotypes, no one of which is absolutely superior to any other. Both
schools are equally “biologistic” in that they believe the nature of
human society to be strongly influenced by the distribution of genotypes in the species. For Muller, human progress meant enriching
the species for a few superior genotypes while for Dobzhansky it
means increasing, or atleast maintaining, genetic diversity.!Neither
view admits the possibility that genetic variation is irrelevant to the
present and future structure of human institutions, that the unique
feature of man’s biological nature is that he is not constrained by it.:.
It is not the intention of this book to review exhaustively the experimental evidence that the classical and balance schools created
and used to support their views before the definitive experiments of
the last few years. It is necessary, however, to examinein some detail the kinds of evidencethat could be brought to bear on the
problem of genetic variation, before those definitive answers were
achieved.First,suchanexamination
will reveal the specifically
paradoxical features of the problem of measuring variation. Second,
the necessary structure of the definitive experiments can only be understood as an attempt to meet the shortcomings of various other
approaches. Finally, the “definitive” experiments solvethe problem
only in a restricted sense and must somehow be integrated with the
variety of information obtained from earlier approaches. Thatis, the
experiments that actually characterize the genetic
variation in populations turn out to be, in some sense, the right answer to the wrong
question and cannot be used alone to solve the problem, How much
in populations? in a nongenetic basis for evolutionary change exists
trivial way.

VISIBLE MUTATIONS

Direct evidence for the occurrence
of genetic variation affecting
important morphogenetic processes can be obtained by screening a
population for morphogenetic mutants of a classical Mendelian sort.
Directexamination
of organisms collected in naturedoesnot

usually reveal much single-gene variation. In one of the early studies of variation in natural populations,Dubininandco-workers
(1937) examined 129,582 individuals of Drosophila melanogaster,
collected in threesuccessiveyears
in I 1 separate localities. All
collections containeda high proportion of flies showing the so-called
trident pattern, a dark marking on the dorsal thorax that varies continuously in its expression, is known to be rather sensitive to temperature, and has acomplex inheritance including one major gene and
many modifiers. If we ignore this unanalyzable and widespread
variant, there were 2700 visible variants among the 129,582 flies, or
2.08 percent. In different collections in different years, the proportion varied from 0.49 to 6.84 percent. Three large collections taken
in successiveyears from Gelendzhikare shown in table 1 . The
change over the three years is much too large to be sampling error,
both for the total proportion of variants and for some of the more
frequent types, but the causes areunknown. The variations include
eye colors, wing variation, bristle changes, and othercommon variations known from classical mutants of Drosophila. Indeed, the familiarity of the workers with the mutants of Drosophila no doubt
influenced their perception and directed their attention. Most of the
variants, however, turned out not to be genetic, at least in the sense
of being the result of single allelic substitution. Of the 28 aberrant
and
phenotypes listed in table I , 17 were chosen for genetic test
multiple individuals showing these traits were bred. Thus 43 flies
with “small bristles,” 29 with “small eyes,” 1 1 with “divergent
wings,” and so on were tested to see whether their aberrant phenotypes were simple Mendelian traits. Of 289 flies tested, only 84
(29.4 percent) were homozygous for a recessive mutant (50 flies) or
heterozygous for a dominant mutant (34). The status of the most
frequent variant, extra bristle, is uncertain. It is reported as “semidominant,” but the kinds of genetic tests performed would not distinguish a character that was controlled by many genes, so it must
be discounted. The frequency of variant fliesowing their phenotype to single-gene substitutions is then between 0.08 percent in
1935 and 1.27 percent in 1933.
The frequency of manifest genetic variation is clearly not great,
but since more than half of the sample genetic variants observed in
the Gelendzhik study were homozygous for recessive genes, we are
observing only a fraction of the geneticvariation for such characters

unless we detect the heterozygous carriers of these mutations as
well. One of the largest attempts to assess thehidden genetic variation for recessive. visible mutants was Spencer’s (1957) study of
Drosophila mulleri from Texas. Families were derived from 736
females collected in nature. From these, 263 morphological mutant
genes were detected in 224 families. The genes, as expected, covered the full range of morphological abnormalities familiar to the

Drosophila geneticist. Spencer was unable to use the most efficient
method of detecting recessive genes because D. mulleri does not
produce well in single pair culture. From experiments with other
species, he estimated that the method used for D . mulleri would detect only one-sixth of the recessive visible mutants, so, if we make
this correction, there were approximately 6 X (263/736) = 1.92 mutants per family. Since each family, in turn, represents four haploid
genomes (two from each wild parent), there is approximately half a
mutant gene per genome or oneper individual in the natural population. This figure agrees well with several smaller studiesof a variety
of Drosophila species by Alexander (1949, 1952), in which the most
efficient method could be used and in which the number of mutants
per genome varied from 0.28 ( D . novamexicana) to 1.19 ( D . hydei).
As is to be expected, some mutations are represented only once,
others occur several times, but none is in a high frequency or accountsfor most of the variation. Among the 263 variants,a
“scarlet-like” eye color appeared 35 times. Of these occurrences,
21 were tested genetically and found to represent 5 different loci,
one locus being represented 9 times. Again assuming that 6 times as
many mutants were present aswere detected in the sample, the most
frequent variant allele can be estimated as having a frequency of
6 X 9 X (35/21) occurrences per 2944 genomes, or 3.4 percent. No
other gene had a variant in nearly this frequency, however. Of 1 17
different variants, 84 appeared only once and 14 twice.
We can estimate the average frequency per locus of visible mutants by using the fact that 50 years’ study of D . melanoguster has
essentially saturated the geneticmap of its X chromosome with mutations of the type detected by Spencer. Lindsley and Grell (1 967)
list 362 such loci on the X chromosome, which is equivalent to I800
for the entire genome. Taking 0.5 mutant per genome, we have an
average frequencyof O S / 1800 = 0.0028 as the average frequency
of
variant alleles per locus in a natural population of Drosophila. This
value is, of course, completely in agreement with the classical
hypothesis, although the high estimatedfrequency of one of the
scarlet genes is not. The detection of an occasional locus with high
variant frequencies is a common feature of Drosophila studies; for
example, Spencer (1946) found gene frequencies of 10 and 4 percent, respectively, fora bristle variant and an eye color variant
in D .
immigrans. Nevertheless, the average frequency over all loci is of

the order of lop3and only about one in a thousand loci controlling
morphological characters of an obviouskind ever has variantsin any
appreciable frequency.
The advantage of studying visible mutations is the obvious one
that they can be enumerated in a population by the simple expedient
of inbreeding the offspring of single females from nature. By means
of still further allelism tests on apparently identical variants, like
those Spencer performed, a complete enumeration, locus by locus,
is well within experimental limits. Rut the objections tousing visible
variants for assessing overall genetic variation
are overwhelming.
First, themethod is useless if organisms cannot be bred in captivity.
Even direct observation of organisms in the wild is useless without
tests to distinguish genetic variants from environmentally induced
variations, as the work on the Gelendzhik populations showed. This
objection applies tomost (but not all!) methods of assessing genetic
variation, and it is probable that a representative sample of organisms could finally be domesticated if this were important enough.
The far more serious objection to basing any general conclusions
on the study of visible variants is that a priori they are unlikely to
form a representative sample of gene effects. The number of loci at
which a genetic change will produce observable and unambiguous
morphogenetic effects must represent a small minority of all loci.
The number of cistrons in Drosophila must certainly not be less than
the approximately 15,162 salivary chromosome bands. Judd, Shen,
and Kaufman ( 1972) have found 16 lethal genes in a small region of
the X chromosome with 16 salivary bands. If we take the data of
Chovnick (1966) on the rosy locus in D . melanoguster, w.e find that
one cistron corresponds to 0.0086 centimorgans, giving a figure of
about 33,000 genes for the entire genome. I n either case the 1800
loci with sharp visible effects make up less than 10 percent of genes.
In addition, most mutations at a locus are unlikely to cause drastic
effects, even for the genes atwhich some mutation may cause them.
We must presume that the proteins specified by the loci at which
morphological mutants are known are, like other enzymes and proteins, capable of a large number of amino acid substitutions that
have only small effects on their function. General estimates of the
proportion of amino acid sites that would yield “drastic” mutations
are not presently possible, especially in view of the unknown relationship betweenthedegree
of enzymatic impairment andthe

degree of morphogeneticdisturbance. The one well-documented
case, which may be peculiar for some reason, is cytochrome c , in
which 35 out of 104 amino acids appear to be strictly conserved in
evolution. Alterations at the remaining 69 sites have very little effect on reaction kinetics, at least in vitro. The sites that have been
conserved are not randomly spread along the polypeptide chain, but
areclustered and are clearly functional in the three-dimensional
structure of the molecule and the attachment of the heme group to
the polypeptide (Dickerson, 197 1). So, we may provisionally adopt
a value of 1/3 for the proportion of amino acid sites that are potentially drastic in a protein that may have severe effects on physiology
or morphogenesis.
There is also evidence, which can only be described as impressionistic,that wild-type revertants of morphological mutants are
infrequent compared topseudo-wild-type revertants of single amino
acid substitution in known enzymaticproteins.
No quantitative
comparison exists, however, of relative forward and back mutation
rates of the two classes of mutants, and the experimental difficulties
would not be trivial in view of the immense heterogeneity in forward
and back mutation rates from locus to locus in the same organism.
For example, table 2 shows the forward and reverse mutations observed by Schlager and Dickie (107 1) in a hung experiment on visible mutations at five coat-color loci in mice. The table illustrates the
problem of characterizing these ratesfor mutations whosemolecular
nature is unknown. For the one case in which there were back mutations ( d -+ +) the forward and back rates were not greatly different, and for the other fourloci no reversions at all were obtained.
This result may simply mean that the particular mutations carried
by
the stocks at the u , h, c, and I n loci were base deletions or even
grosser deletions, while the mutant allele at the d locus, which did
revert, was by chance a base substitution. Reversion rates in excess
of mutant rates are also known, as in the case of thefiwked locus in
D . melunoguster reported by Patterson and Muller (1930), where
4/59,000 mutants from wild type to forked were induced by X-rays,
but the same dose induced 8/32,588 reversions fromfiwked to wild
type.
It might be thought that morphological mutants, because they are
severe in their effects, must ipsofucto be rare in populations and
therefore necessarily provide no information on the bulk of variation. But this is not certainly the case. It is true that most classical

mutants of Drosophila lower the viability or fecundity of their
homozygous carriers (see, for example,Polivanov, 1964) and many
are discriminated against in mating (Merrell, 1949). However,
lowered fitness of homozygotes for an alternative allele is not in itself any prediction of its frequency in the population, since the
fitness of heterozygotes is critical.
The chief mechanism postulated by the balance school for the
maintenance of genic variation is heterosis, so the demonstration of
the poor fitness of a homozygote for a drastic allele cannot be used
to predict the rarity of that allele. Both balance and classical views
are completely compatible with drastic loss of fitness of one
homozygote. The issue is the fitness of heterozygotes with respect
tothebetterhomozygote.The
only well-authenticated case of
single-gene balanced polymorphism is that of the sickling gene in
man. The homozygote Hb"H6" is virtually lethal, but theheterozygote Hbs/lHbA is more fit than the normal homozygote
Hb"/H6", apparentlybecauseheterozygosity
affords protection
against falciparum malaria (Allison, 1955). I n Spencer'ssurvey
(1957) of variation in D . mufferi,in which the frequencyof a variant
allele for scarlet eyes was estimated as 3.4 percent, it is significant
that two other loci had a variant allele causing a scarlet-like eye
color at a frequency of 1.6 percent each.
Thus one cannotdismiss the evidence of morphogenetically drastic variants as having no relevance to our problem simply because
they are drastic. Nor
can such variants be dismissed a priori as

belonging to adifferent class of mutational events than do small variations. Hemoglobin s differs from hemoglobin A only in the substitution of valine for glutamic acid at position 6 , and this amino acid
substitution is on the outer surface of the molecule, with no relation
to tertiary structure or attachment of the heme residue (Ingram,
1963). The substitution happens to lead, however,to crystallization
of the hemoglobin at low oxygen tensions, a result that never could
have been predicted from structural studies alone.
We are forced to conclude that visible variants, on the face of it,
could be more or less polymorphic as a class than are more subtle
gene variations, so that even though the visibles are not themselves
the “stuff of evolution” their frequencies might be typical of all variation. The very low degree of variation actually observed for this
class of alleles requires that supporters of the balance hypothesis
explain the lack of balancing selection for such mutations as contrasted with a postulated general balance for more subtle changes.
Moreover, this explanation must take into account the fact thatvisible mutations are not always rare.

LETHAL GENES

I have argued that visible changes must represent a minority (although not necessarilyan utypical minority) of geneticvariants,
perhaps as small as 1 percent. Clearly a much more solid foundation
for inferences about variation would be built if some quite different
class of variants could also be enumerated on a locus-by-locus basis.
Lethal alleles offer such an opportunity.
Genes that arelethal when homozygous are obviously a more restricted class in one sense than are genes with visible affects, but
they are not restricted to morphogenetic events and their detection
is completely mechanical and objective. The general schemefor
their detection is shown in figure 2; in essence it is due to Muller
( 1 928). Since this scheme illustrates important properties that arise
from the methodological paradoxthat
is fundamentaltoour
problem, and since it will be used to detect otherforms of variation,
it is worth looking at in some detail.
A single individual from the population to be studied is mated to a
stock carrying two different dominant visible marker genes, MI and
M z , on homologous chromosomes. These markers are usually
chosen to be lethal when homozygous, but this is not necessary if

FIGURE 2

Replication scheme for sampling a chromosome from a population
and providing a large n u m b e r of individuals homozygous for that
chromosome.

the homozygotes are distinguishable from heterozygotes. We will
assume they are homozygous lethal. In addition, either M I or M z or
both should be associated with a complex inversion that will reduce
crossing-over to a minimum (ideally to zero). In the F, generation a

single individual is chosen thathas the M , phenotype and thusis heterozygous for the MI chromosome and one randomly chosen
homologue from the gametic pool of his wild parent, for example+,.
Since M , is associated with a crossover suppressor, this individual’s
gametic output will consist entirely of replicates of the M1 chromosome and of the wild chromosome +,, with no recombinants between them. When this heterozygote is crossed back to the M J M ,
stock, a large number of males and females in the F, generation will
M , and will all be heterozygousforthe
havethephenotype
replicated chromosome +l. Again the gametic output will consist
only of M , or f l gametes with no recombinants; if they are bred
together, they will produce the three zygotic classes shown in the
last line of figure 2. The M I M I homozygotes die before scoring of
the progeny, the M 1 / + , heterozygotes are detectable as M I phenotypes, and the +,/+I are completely homozygous for all loci on the
chromosome that is being controlled and will show whatever phenotype results from homozygosity of those genes. If, for example, the
chromosome +, had carried a recessive visible mutant, all the
non-MI progeny would show that visible mutant phenotype, so this
method can be used to study visible variants although it is unnecessarily complicated for that purpose.
Let us suppose that +, carried a recessive lethal allele at some
locus, a lethal that acted uring development before the age of scor&&& ezygotes would die and the only obing. Then all the +1/+1
served class in the F, progeny would be M 1 phenotypes. We then
have a simple and objective system for the detectionof lethal recessives. If the scheme in figure 2 is carried out on many separate individuals from nature, a direct estimateof the frequency of recessive
lethal-bearing chromosomes in the wild population is obtained. The
scheme canbe carried out for each element
of the haploid set so that
a total picture o f lethal frequencies over the whole genome can be
obtained. provided only that appropriatemarkers and crossover
suppressors can be found for each chromosome in the set.
The scheme has several other advantages. Even
though homozygotes +J+,may not survive, the lethal is preserved in the heterozygotes MI/+, for further study. It is possible to determine how
many different lethal loci are represented in the enti1.e sample, and
how many times each locus is represented, by the simple expedient
if the cross
of crossing different lethal heterozygotes.Thus.

M,/+1 X MI/+, yields no wild-type offspring, the chromosomes +I
and +, must have carried lethals at the same locus. By making all
possible n(n - 1)/2 crosses among n lethal chromosomes, a complete enumeration can be made. The only information that cannot
be obtained ishow many different lethals any onechromosome
sampled from nature may possess, since the behavior of a lethalbearing chromosome is the same irrespectiveof how many lethals it
carries. I t is usually assumed that lethals are distributed independently at different loci so that the frequency of chromosomes bearing 0 , I , 2 , 3 , . . . lethal genes will be given by the successive termsin
a Poisson distribution with mean q , the average number of lethal
genes per chromosome. If Q is the proportion of lethal chromosomes in the sample, then 1 - (2 is the proportion of chromosomes
bearing no lethals and
1 - Q = e-*

so

q =-In

( I -Q)

The scheme in figure 2 is designed to circumvent a fundamental
problem of methodology. I have discussed atgreat length the
problem of distinguishing genotypes from phenotypes when environmental variation obscures genotypic boundaries. The problem is
especially acute when the character is an ensemble propertylike the
probability of survival. If a larva dies before reaching adulthood,
this fact does not mean that it is homozygous for a lethal gene. The
way around the problem is to create a large number of individuals
that have all the same genotype and to characterize the group by its
average. The phenotypecorrespondingtothatgenotype
can be
measured with arbitraryaccuracy simply by producing a large
enough identical group. That is what the mating scheme does. It is a
method for replicating a given chromosome and producing an arbitrarily large group that is identically homozygous or heterozygous
for the samegenes.
I f all the homozygotes +J+, die before
adulthood whereas the MI/+, survive, the lethality must be genotypic. The mating scheme is essentially a form of inbreeding
because it produces identical homozygotes from a single ancestral
genotype. In species that can be clonally propagated, an arbitrarily
large group of identical genotype could be produced without
recourse to inbreeding, by vegetative reproduction. For a sexually
reproducing species, however, some form of inbreeding is the only

way in which a genotype can be replicated in order to assess its
average performance.
The strength of the inbreeding scheme is also its weakness, for in
theprocess of replicating agenotype, an entirechromosome is
replicated and made homozygous. Schemes of inbreeding that
depend on mating between close relatives rather than on chromosome manipulation are even worse because the entire genome is
being made homozygous. Nor is clonal reproductionanybetter,
since again the whole genome is replicated. In fact, there is simply
j no way to make a /urge number o j individuals identically homo1 zygous o r heterozygous ut one locus while keeping the rest c?f the
\genome segregating ut ~ U F & M . Thus we must infer from homozygous chromosomes to homozygous genes. This problem isnot
serious for lethal genesbecause they have such extreme effects that
they can be mapped if necessary, and we can translate from lethal
chromosomes to lethal genes by assuming the Poisson distribution
of lethals. The difficulty will come back to haunt us, however, when
we try to apply the inbreeding method to genes of small effect.
Lethal frequencies have been estimated in many populations of
many species of Drosophila, too numerous to review exhaustively.
Table 3 is a representative sample taken from Dobzhanskyand
Spassky’s summary ( 1954). Because ‘‘lethal’’ chromosomes sometimes on retest produce a few wild type homozygotes, the data are a
lumping of lethals and so-called semilethals, the latter being a relatively small class of chromosomes that have a
low but non-zero
probability of survival as homozygotes.
Table 3 also gives theestimated number of lethal genesper
genome for eachpopulation, using the Poisson correction and taking
into account the proportion of the total genome accounted for by
eachchromosome.
Within a population there are discrepancies
becausechromosomes do not have lethals proportional totheir
length. Thus the second and third chromosomes of D . prosaltans
have lethal frequencies of 32.6 and 9.5 percent, respectively, but
their lengths are only in a proportion of 2 : I . Although there is considerable variation, about onelethal gene per genome is a fairly typi-),
cal value, and no case predicts more than 2.5 per genome. Lethals
are about twice as frequent as visibles, but still rather rare. It is
more difficult to know the total number of loci that may mutate to
recessive lethals, butminimum and maximum estimates exist. From
the frequency of allelism of unrelated lethals in Wallace’s (1950)

study of second chromosomes of D . mciunoguster, Lewontin and
Prout (1956) estimated there were 340 loci capable of mutating to
lethals for this chromosome, which gives 850 for the genome as a
whole as a minimum estimate. On the other hand, Hochman ( 1 97 1 )
calculated 36 separate lethal loci on the fourth chromosome of D .
melanogaster, which is only about 2.6 percent of the total euchromatic length of the genome. This gives 1301) as a probable upper
limit to such loci, so that the average frequency of lethal alleles per
locus at risk is about 0.00 I , three times as high as visibles. Considering the uncertaintiesof estimate, thereis really no differencebetween the two values. As for the visibles, there is no compelling
reason why recessive lethal genes should be in extremely low
frequency, since it is their fitness i n heterozygous conditions that
will chiefly control their abundance. This point has been clear to everyone and considerable attention has been paid to measuring the
heterozygous fitness of lethals, although the rarity of these alleles in
general has made it evident that heterosis forlethals could not possibly be the rule.
Many estimates agree that the average dominance
of lethals is between 2.5 and 5 percent (see, for example, Cordeiro, 1952; Prout,
1952; Stern et ai., 1952; Hiraizumi and Crow, 1960; Temin, 1966),
but this value seems to depend very much on the particular lethal
chromosome involved, the chromosome against which it is tested in
heterozygous condition, and the genetic background on which the
comparison is made. Thus Cordeiro (1952) found some lethals to be
slightly heterotic, and Dobzhansky and Spassky (1968) found that
lethals tested on the genetic background of the populations from
which they were sampled showed- no deleterious effects in heterozygous condition, whereas if tested on the background of genes
from distant localities they were as much as 2 percent less viable
than normals. Several studies of D . pseudoobscuru have failed to
show any dominance of lethal heterozygotes at all, or any evidence
that heterozygotes for one or two lethals differed in viability from
any otherheterozygotes(Dobzhansky,
Krimbas, and Krimbas,
1960; Dobzhansky and Spassky, 1960, 1963). The totality of the
data on this point is ambiguous because of the variety of variables.
Nevertheless, in retrospect it is a little difficult to understand why
so much attention has been given to the estimation of heterozygous
fitness of lethals. Their extreme rarity in general is completely incompatible with a usual heterosis, while the possibility that a lethal
could be heterotic is proved by the case of sickle-cell anemia.

We can go further, The frequency with which a lethal, heterotic
on the average over environments and genetic backgrounds, can
arise in nature must be extremely low. As Dobzhansky and Spassky
(1968) show, and as must be true from the simplest theory, those
lethals with the smallest deleterious effect in heterozygous condition
will stay in the population longest and tend to accumulate.If any are
heterotic on the average,they will be trapped in stable equilibrium in
the population. Then, as time goes on, more and more heterotic
lethals will be accumulated until the population is filled with lethal
alleles at frequencies of, for instance, 1 percent. Since this has not
happened in any population examined, the rate at which such heterotic alleles arise must be extremely low. Oneevidence of accumulation of such lethals would be a high allelism of lethals in separatecollections in variouspopulations.Dobzhansky
and Wright
( 1 94 I ) tested this possibility with 123 lethal-bearing third chromosomes of 19. pseudoobscuru collected in a variety of localities in the
Death Valley region. They tested allelism of lethals both within and
between localities. Most lethals were represented only once, but
twowere found four times. They summed up their results as
follows: “Lethals found repeatedly [i.e., twice] within a population
are not significantly commoner in the species at large than are apparently rare lethals while vice versu, the lethals recovered from
samples from two or three localities show no tendencytoaccumulate in any particular sample.”
The overall pictureof variation for lethal genes is then the sameas
for visibles. One ortwo loci are heterozygous per individual, but an
occasional variant may rise to a few percent in a particular population. These drastic genes appear to confirm the classical picture.
I havediscussed lethal chromosomes as if they owed their
homozygous lethality to one ormore lethal gene substitutions. That
is, except for multiple lethals (corrected for by the Poisson calculation), 1 haveequated lethal chromosomes with lethal genes. But
what is theevidencefor this widely held assumption? Is it not
equally likely thatchromosomes
are lethal when homozygous
because they carry a large number of gene substitutions, each of
which is slightly deleterioustodevelopment when homozygous?
This difference in interpretation of lethals is closely related to the
contrast between the classical and balance theories. The former obviously predicts that lethal chromosomes carry lethal genes, rare
mutants’on the order
of one or two pergenome. The balance theory,
on the other hand, although certainly allowing lethal genes, would

also predicta substantial numberof chromosomes that are “syntnetic lethals,” lethal chromosomes that are thesum of many small deleterious gene substitutions.Unfortunately, no quantitative prediction can be made of how many synthetic lethals would constitute a
“substantialnumber.”Moreover,
classical theoryalso allows for
some synthetic lethals made up of, for example, two semilethal mutations, so the distinction between the predictions is not entirely
clear cut.
Not unexpectedly, the issue of synthetic lethals has been hotly
debated, since the evidenceis equivocal. From allelism tests, some
lethal chromosomes are well behaved and clearly carry one or two
point lethals. However, the frequency of lethal chromosomes that
are allelic to each other is so small, a few percent, that this evidence
does not bear on the vast majority of lethal chromosomes.
Dobzhansky (1946). on the other hand, has shown that lethals can
the recombination of a
be created by recombination.
From
nonlethal chromosome with a temperature-sensitive lethal chromosome (lethal at 25.5 C but not at 16 C ) , 3 chromosomes out of 100
tested were lethal at both temperatures. In more extensive experiments, 19 out of 450 recombinants between nonlethal chromosomes
were homozygous lethal in D . pseudoobscura (Dobzhansky, 1955),
and 95 out of 4830 in D . mefunogaster (Wallace et al., 1953). Yet
Hildreth ( I 956) and Spiess and Allen ( I96 I ) found no such synthetic
lethals in extensive studies. In any event, the demonstration that
“synthetic” lethals cull be produced, or even the frequency with
which they can be produced, is not direct evidenceon the issue since
we do not know the rate at which they are destroyed by recombination. The question is, Of naturally occurring lethal chromosomes,
what proportion are carrying point lethal genes or two semilethal
genes, as opposed to a large array of slightly deleterious genes that
add up to a lethal when the chromosome is homozygous? That
question can only be answered in a completely clear-cut way by
mapping of lethals on lethal chromosomes from wild populations, a
tedious and difficult task that has not been undertaken on a large
scale. If the evidence of interaction between different chromosomes
of the genome is any indication, synthetic lethals will turn out to be
an infrequentclass(Spassky,Dobzhansky,
and Anderson, 1965;
Temin et al., 1969).
There is one piece of evidence which, although not direct, argues

rather strongly against synthetic lethalsmaking up a large fraction of
naturally occurring lethal chromosomes. This is theremarkable
agreement between the number of loci estimated to be capable of
mutating to lethals in D . mefanogaster from the map saturation experiments of Hochman, and the allelism of unrelated second chromosome lethals from the work of Wallace ( 1 950). Synthetic lethals i
from independent sources will never act as alleles, so that if many
lethals are synthetic, the frequencyof allelism of independent lethals
will be reduced and the apparent number of lethal-producing loci
willbe exaggerated. More precisely, if p is the proportion of all j
lethal chromosomes that are synthetic, then the number of loci es- timated by the reciprocal of thefrequency of allelism will be
upwardly biased by a factor of I /( 1 - P ) ~ .If 50 percent of all lethals
were synthetic, the allelism estimate from this source would be four a !
times too high. Wallace’s estimate from the reciprocal of allelism is
1070 loci, actually lower than Hochman’s figure of 1300, so only a
very small proportion of lethalscan be synthetic in his sample.
Other species of Drosophila, whose genome is closely related to D .
melanoguster, give even lower numbers for the allelism estimate of
lethal-producing loci (see, for example, Dobzhansky and
Wright,
1941, for natural populations of D . pseudoobscura).
The problem of distinguishing lethal loci from lethal chromosomes
foreshadows a much greater problem of the same sortwhen we deal
with fitness modifiers.

FITNESS MODIFIERS

Visible variants and lethal alleles have been studied extensively
because they satisfy one of the two conflicting requirements for the
evaluation of genetic variation in a population. They give unambiguous phenotypes so that individuals from nature can be classified
as homozygous or heterozygous for allelic substitution after appropriate genetictestshave been carried out on their progeny. But
precisely because visibles and lethals canbe used in Mendelian genetics, they are under suspicion. Their drastic gene effects may make
them totally unrepresentative of the variation characteristic of much
milder and subtler allelic variants. How can we study these more
subtle genetic variations?
The technique for replicating a chromosome from nature, dis-

1 ,

’

cussed in the preceding section, has as its purpose the productionof
a large ensemble of individuals that are identical with respect to a
particular chromosome element. Even though there is considerable
environmental and uncontrolled genetic variation influencing a
physiological character, for examde, development time, the mean
development time of such an ensemble will cancel out the uncontrolled variation and allow the effect of the controlled chromosome
element to be seen. In this way the difference in development time
between homozygotes for two different homologues sampled from
nature could be determined, and in fact the entire distribution of
chromosomal effects in the natural population could be characterized to any arbitrary degree of accuracy, The chromosomal replication scheme is then a powerful tool for the study of genetic variation
of all kinds andhas been widely applied forthispurpose,
with
remarkably uniform results.
In the replication scheme of figure 2, applied to Drosophilu, the
three classes of fertilized eggs in the F, generation are produced in
the ratio of 1 M J M , : 2 MI/+ : I +/+ according to Mendelian principles. The M J M , class dies in the egg stage. If the wild
homozygotes and the marker heterozygote have equal probabilities
of survival from fertilization to the time of scoring (usually of adults
that are nearly hatched from pupae), then we will observe 2/3marked
flies and 1/3 wild type. If. on the other hand. the wild chromosome
carries a gene thatwhen homozygous reduces the probability of survival below that of the MI/+ heterozygote (or increases it, for that
matter), there will be a smaller (or larger) proportion of wild type
among the scored adults. The detection of lethal genes is obviously
a special case o f this test.
The viability of wild type homozygotes relative to the marked heterozygotes, however, is not exactly of interestsincethemarker
gene may have a considerable effect on the survival of its carriers.
In order to correct
for this marker effect, heterozygotes from two independently derived lines arecrossed
so that wild type heterozygotes rather than wild type homozygotes are produced. Thus
M1/+1

x MJ+Z

will producetwo potentially viable classes: M I / + (a mixture of
M1/+1and MI/+,) and +1/+2 in the expected ratio of 2/3 : 1/3. If the
marker gene has any
effect on its carriers, this
will be observed by an
average deviation from the expected ratio when large numbers of

different heterozygouscombinations are made. In this way the
averageheterozygote +r/+f is taken as thestandard of viability
against which each homozygote +t/+i can be calibrated.
If a large number of chromosomes are sampled from a population
and the homozygotes are calibrated against the outcome of the heterozygous control crosses, the distribution of homozygous viabilities that will result is representative of the distributionof genomes in
the natural population.
I n this way Dobzhansky et al. (1963) extracted 208 second chromosomes from aBogoti,Colombia,
population of C. pseudoohscuru. The distribution of proportion ofwild type appearing in
homozygous crosses M / + i X M / + , andheterozygouscrosses
MI+, X M/+, is shown in table 4 and figure 3 . The viability scale is

also given. It is calculated by dividing the percentage of wild type
by the average figure for heterozygotes, 32.83 percent. Apparently
the marker has no deleterious effect in heterozygous condition.
The results shown are typical of the outcome of such experiments
for all species of Drosophila ever studied, all populations and all
chromosomeelements. The distribution of viabilities is bimodal,
with one mode at lethality and one somewhat below the mean
viability of heterozygotes, and with rather few chromosomes falling
in the so-called semilethal class between 10 and 50 percent viability.
The mean viability of all chromosome homozygotes in this study is
76.06 percent, while the mean of the “quasi-normal chromosomes,”
those above 50 percent viability and thus belonging chiefly to the
second mode, is 89.91 percent.One
must rememberthat the
viability values are relative to the average heterozygote +J+,taken
as 100 percent.
The variation in viabilities is not entirely a result of the true differences between chromosomal homozygotes. Some variance arises
from the sampling error involved in classifying only a couple of
hundred flies in each culture, some from small environmental differences between cultures and segregation of the background genotype. Table 5 shows the partition of the total variance of viability
(tff.) of homozygotes and heterozygotes into the environmentalsampling component (a:,) and the genetic component ascribable to
homozygosity or heterozygosity of the chromosome itself (a;). Figure 4 gives two normal curves representing the supposed real distributions of chromosomal viability of heterozygotesand quasinormal homozygotes,after the environmentalvariancehas been
removed. The real variance among heterozygotes is not negligible

TABLE 5

Components of variance of viability for second chromosome heterozygotes and
hornozvaotes of D . D S ~ I J ~ ~ D ~ S C from
I I J X RnnntR. Colombia

as compared to homozygotes, which means, presumably, that the
viability modifiers are not really recessive.
What dothe viability distributionsforhomozygotes
and heterozygotes in figure 4 tell us about our problem? It is essential to
bear in mind that the observations are on the viabilities of chromosonzul homozygotes, not genic homozygotes. The replication
scheme necessarily makes entire chromosomeshomozygous and no
method known can make only single loci homozygous while allowThus achromosomal
ing therest of thegenometosegregate.
homozygote with a viability of 50 percent and one with a viability of
90 percent may differ at 2 or 2000 loci. Can further analysisof the
observations clarify the issue?
A considerable variance in viability among heterozygotes, which
presumably represent the typical genotypes of individuals in the natural population, is consonant with both theories of genetic variation.
The balance theory necessarily predicts variance among heterozygotesbecause at each locus heterozygotes are superior in
fitness to homozygotes,whereasthe
classical theorydoes
not
demand complete recessivity ofdeleteriousgenes but allows that heterozygotes maybe intermediate in fitness between homozygous
wild type and homozygous mutant. Nor can one build an elaborate
quantitative theory of the relative variance of homozygotes and heterozygotes because, as is usual in population genetics, the actual
data have an immense range and so are quite ambiguous. Table 6

gives the relationship between the standard deviations for
homozygotes and heterozygotes for a set of experiments carried out simultaneously and therefore strictly comparable. The ratio for the
Bogoti population is not atypical, but the range is so great that almost any value is “reasonable.”
If the distribution of heterozygous viabilities in figure 4 is taken as
a standard, themean of homozygotes lies about I . 6 u below the standard viability, and about 42 percent of quasi-normal homozygotes
are more than 2rr below the average heterozygote. These latter are
generally referred to as “subvital” combinations, but the designation
is purely arbitrary. There are,in addition, chromosomesthat appear
to be “supervital,” that is, significantly higher than heterozygotes in
viability. Such homozygotes are rare. In the Bogoti sample, only
four homozygotes appeared to be more than 2v above the heterozygous mean. The normal curves in figure 4 predict about 2 percent of homozygotes to be in this class. Even though rare, theirexistence would appear to be an anomaly, especially under the balance
hypothesis,sinceadvantageous
genes should sweep through the
population and become fixed. It has been shown,however,that
suchsupervitalchromosomes
invariably lose their supervitality
when tested in other environments (Dobzhansky et al.. 1955).
Supervitality in natural conditions under a fluctuating environmental regime is probably an extremely rare event, and its appearance in controlled conditions in the laboratory is not informative.
The classical hypothesis predicts such supervitals, since
they are
presumably the chromosomes that are free of deleterious mutations
and are therefore the best, wild-type genotype. Nor is their rarity at
all unexpectedunderthe
classical view, sincethefrequency
of
homozygous chromosomes with a viability 2 a greater than the
average heterozygote will be very low if there are even a few deleterious genes per chromosome on the average.
The bimodality of viabilities in experiments on homozygous chromosomes might have either of two underlying causes, related to the
problem of the genetic nature of the variation. The lethal mode and
the quasi-normal mode might arise from quite different sources.
Lethal chromosomesare mostly single-gene effects, although we can
be less certain about the semilethals, which appear in rather larger
numbers in the synthetic-lethal experiments than do lethals. The
quasi-normal mode, however, might be a result of a large number of
small gene effects summed uponeachchromosome,
giving a

roughly normal distribution of homozygous viabilities. In this view,
the two modes are the result of two quite different phenomena-the
lethal mode reflecting raredeleterious “classical mutants,”the
quasi-normal mode reflecting an underlying distribution of common
allelic variation at the bulk of loci. This is the view of the balance
theory.
The classical view would be to assume that the entire distribution
results from rare single-gene substitution with a range of effects from
slight to severe, and that the apparent bimodality is an artifact of
the way in which gene effects are detected, i.e., viability. If one assumed, for example, that there
was a single skew distribution of
deleterious recessive geneeffects with a very long left tail, measured
as percentage of normal enzyme activity, any activity below a certain value would be lethal, so that therewould be an apparent pile-up
of chromosomes at the lethal point because of this threshold effect.
I f the lethals and semilethals are simply a pile-up of the distribution
at a threshold, there ought to be a negative correlation between the
average viability of quasi-normal chromosomes and the proportion
of lethals and semilethals, since the pile-up at the lethal threshold
will become greater as the curve
of gene effects is slid leftward along
the abscissa in figure 3. The proportion of lethals and semilethals
and the averageviability of quasi-normal chromosomes from several
populations of several species of Drosophila are shown in table 7,
and a scatter diagram of the values is given in figure 5 . The correlation between viability of quasi-normals and the proportionof lethals
is indeed negative ( r = - 0.2) but only weakly so and far from statistical significance. Note that although the lowest frequencyof lethals
(9.5 percent) is associated with a very high mean viability of quasinormals (96.6 percent) in the second chromosome of D . prusultans,
the other chromosome of that species shows a high frequency of
lethals and a high viability of quasi-normals. Thus the evidence is
ambiguous on the relation between lethals and quasi-normals.
The dataof table 7 are a fairly good sample of the results of chromosomal inbreeding experiments
for
major autosomes in
Drosop/plzifu. The viability of X chromosomes when homozygous is
much higher and X chromosome lethalsare rare, asis to be expected
X chromosome is exposed to selection in
from the fact that the
hemizygous condition in males in eachgeneration. Thus “recessive” genes are on the average, over both sexes, semidominant. An
extensive table given by Dobzhansky (195 1) for the X chromosome

FIGURE 5

Scatter diagram of the relationship between the frequency of lethal
and semilethal chromosome homozygotes and the average
viability of
"quasi-normal" homozygotes in a number of studies of Drosophila
populations. Data are from table 7.

of D . melanogaster from 27 populations over theworld shows lethal
chromosome frequencies ranging between 0.035 and 1.18 percent
but with the values strongly clustered between 0.1 and 0.3 percent,
and with a median of 0.19 percent.Most
of theseare newly
acquired lethals, of course.
One peculiarity of the data in table 7 is the weak correspondence
between chromosome size andthe viability distribution. All the
species in the table have five long euchromatic chromosome arms,
each comprising about 1/5 of the total genome. ChromosomeI1 of D .
willistoni, D . prosaltans, and D . melanogaster is meta-centric and
consists of two of these arms, so it represents 40 percent of the
genome in each species. The lethal frequencies fo,r the second chromosome of D . prosaltans and D . willistoni are indeed the highest in
the table, but their quasi-normal viabilities are close to the average.
The values for D . melanogaster, however, are unexceptional.
A more striking and informative size effect is observed if we con-

sider the micro-chromosome,which makes up only 2 to 3 percent of
the total genome in Drosophilu. The two theories of chromosomal
variation make quite different predictions
about
the
microchromosome. Both theories predict a very low frequency of lethal
genes since both assume that lethals are generally rare at any locus.
If the classical theory is true and viability modifiers are in general
rare at any locus, thena typical chromosomal homozygote fora long
autosome will have long stretches of homozygosity for the wild-type
gene, interrupted by an occasional homozygous mutant that causes,
by itself, a substantial reductionin viability. Indeed most of the loss
of viability in the quasi-normal distribution in figure 3 results, on this
theory, from one or two or three mutants at random along the chromosome. If small stretches of the chromosome could be assayed,
most of these small lengths would be found to be homozygous for
wild type and therefore would have no viability depression. An
occasional short stretch, however, would include one of the deleterious genes and show a marked viability reduction. The distribution of viability of these small lengths chosen from the long autosome ought, then, to be bimodal, with one mode indistinguishable
from theaverageheterozygous
fitness and the other mode with
lower mean viability.* That is, small random pieces of a long autosome ought to be heterogeneous in their viabilities. If the balance
theory is correct, however, all the small lengths will carry viability
modifiers to about the same extent, sincethis theory assumes variation at nearly all loci. Thenthe viability distribution wouldbe
unimodal, with a mean very slightly lower than the average heterozygote.
Using the micro-chromosome as a model for a random short
stretch of autosomal genomes requires extremelycareful work if the
real genetic variance is to be observed among such short chromosomal segments. Such a careful and highly replicated experiment
has been done by Kenyon ( I967), who compared secondwith fourth
(micro) chromosomes in a population of D . melurroguster. Appropriate data, transformed to the scale used in tables 5 and 6, are given
in table 8. The particular population of second chromosomes used
*The relative proportion of pieces in the two modes would depend upon the size of
the pieces examined and the number of deleterious mutants per chromosome. I f the
piecesare I/n of the chromosome length and the mutantsper chromosome are m, then
the proportion in the less viable mode is I - e - m 1 n .

as a base of comparison has only 12.7 percent lethals, and the quasinormals are only 8.4 percent below the heterozygotes in fitness.
Since the fourth chromosome is only 7 percent of the length of the
second, the absence of lethals is reasonable.Moreover,the
observed slight increase in fitness of fourth chromosome homozygotes
is neither statistically significant nor significantly different from the
expected
decrease
of 0.6 percent.
A histogram of fourthchromosome homozygous viabilities is given in figure 6, and there is
no trace of a second mode at a viability less than 100 percent or even
of a long tail of viabilities toward the lower values. If anything, the
distribution is skewed to the right. Apparently, quasi-normal fourth
chromosomes are homogeneous in their distribution but are not all
alike, since the genetic variance among fourth chromosomes given
in table 8 is highly significantly different from zero.
Although these results make it highly unlikely that quasi-normal
chromosomes of normal length owetheir viability variation to
one or two subvital mutations on each chromosome, the test hasno
power against the alternative that there are, say, 10 such substitutions per chromosome, For if there were, pieces of the size of chromosome IV either would carry none, in which case they would form
a mode at 100 percent, or would carry one such mutant, in which
case they would fall in a mode at 99.2 percent since their viability
loss of such a small homozygous piece would be 1/10 that of the
average second chromosome. But these two modes would be completely confounded, especially in view of the genetic variance of
viability. Thus we have ruled out a model in which viability variation results from one or two point mutations per chromosome, but
we cannot distinguish between the hypotheses of 10 substitutions

FIGURE 6

Observed distribution of viability of second and fourth chromosome
homozygotes andheterozygotes
in a population of Drosophila
m e h o g a s t e r . FromKenyon (1967). Reprinted with permission of
Genetics.

per chromosome or 1000. Once again actual experimental practice
does not have the power to distinguish between classical and balance hypotheses.
Viability is only one component of fitness. In Drosophila another
obvious component is fertility, but this is much more difficult to
characterize. There is tremendousenvironmentalanddevelopmental variance in fertility between femalescarryingthesame
homozygous chromosome. Since each female
must be character-

ized by several weeks of egg production, the characterization of the
genetic variation of the quasi-normal range of fertility is difficult but
not impossible. Table 9 shows the result of a study by Marinkovic
(1967) of fecundity in 2 1 I D . pseudoobscura chromosomal homozygotes and heterozygotes. The distribution of fecundities is obviously a good deal wider than for viability and at least part of that
breadth is the result of the greater environmental varianceof fecundity. As for viabilities, the mean of homozygotes is distinctly less
than for heterozygotes, in this case only 81 percent of the heterozygousmean.Curiouslyenough,
no completely sterile homozygoteswerefound, although four had extremely low fecundity.
This lack,of completesterility may be partly theresult of the optimal
conditionsunder which thetested females were raised. A more
usual result, when females develop under crowded conditions,
is
that about 10 percent of homozygotes are completely sterile. Table
I O shows the sterility frequencies from the experiment of Dobzhansky and Spassky (1953). Since male and female sterility were

generally independent in their study, thetotal sterility is about equal
to the lethality (see table 7). All in all, the loss in fitness from variation in fertility appears to be about the same as for viability.
A third physiological trait that has complex relations to fitness is
developmental rate. In a species with a fixed small number of generations per year and a synchronization of generations because of a
diapause or other cessation
in breeding activity, developmenttime is
not likely to be a critical variable; but in a continuously breeding
species, or one in which all stages of the life cycle are present at all
times, or in which development must be finished before a critical
temperature or rainfall is reached, developmental rate is positively
correlated with fitness. Marinkovic (1967) also studied the rate of
development from egg to adult in his population sample, and the data
are given in table 11 for homozygotes and heterozygotes. The data
are expressed as development time from egg to adult, relative to the
M / + class in the segregating F:, generation,and are arranged in
decreasing order, corresponding to increasing fitness. As compared
with the mean, the variance is rather small, a characteristic of genetic variation in developmental rates (Lewontin, 1965), while the
mean for homozygotes is 2 percent slower than for heterozygotes.
A clever and straightforward scheme has been used by Sved and
Ayala (1970) to look at the distribution of total net fitnesses among
chromosomal homozygotes. If F, individuals, M / + i , from the chromosome replication schemes are allowed to form a continuously
breeding population over a number of generations, two things may
happen. If the chromosomalhomozygote +i/+i is less fit than thehet-

erozygote M/+i, a stable equilibrium frequency of marker and wild
chromosome will result, since the homozygoteM / M is lethal. Moreover, the equilibrium frequency, @, of the wild type provides an estimate of net fitness of the homozygote relative to themarker
heterozygote, although some ambiguities arise since genotype frequencies cannot be estimated among fertilized eggs. If, on the other
hand, the homozygote +i/+iis more fit than M / + i , the markerwill be
lost and the rateof loss can be used to estimate fitnesses by a slightly
more complex procedure. As a standard of comparison, F, flies
M / + i from many different lines can be used to set up a population so
that nearly all wild-type individuals are +i/+,i. The average + i / + j
fitness relative to M/+i will then be estimated from the rate of loss of
the markerand will serve as a standard against which to compare the
chromosomal homozygotes.
This technique was applied by Sved (197 I ) to 24 second chromosomes from a population of D . r?lelanogaster. The populations with
heterozygotes +i/+,j gave an estimate of relative fitness of 0.5 for
M / + , which, it should be noted, is much less than the viability estimates for such markers,usually close to I .OO. Table 12 shows the
estimates of net fitness of each of the chromosomal homozygotes

compared with the viability values for the chromosome. They have
been arranged in increasing order of viability to emphasize the lack
of correlation between viability and total fitness. The negative
fitness valuesare artifacts of the estimation techniqueand the mean
net fitness has been calculated as 0.28 including them and 0.34 if the
negative values are set to zero. Since these net fitnesses are relative
to the marker heterozygote, they must be multiplied by 0.5 to standardize them against wild-type heterozygotes. Although the mean
viability of chromosomal heterozygotes is 0.73, the mean net fitness
is only 0.14 (or 0.17 if the negative values are set to zero). Thus the
loss of fitness from viability alone is only about one-third of the total
effect of homozgosity, and fertility variation is the more important
component of total fitness. This “fertility” variation must be
thought of in the broad sense as including male mating activity and
the age distribution of female fecundity. The kind of data given by
Marinkovic only provides for the total fecundities of live females. I t
does not take into account eitherfemale longevity or thedistribution
of fecundity through the female lifetime. In a continuously breeding
population like the populations used by Sved and Ayala, earlinessof
egg production counts for more than total egg production in determining fitness. At the total fecundities given by Marinkovic, a one-

day decrease in the age at which egg laying commences would be
worth thesame in fitness as a two-thirdsincrease in total egg
production (Lewontin, 1965).
From the data on fecundity and net fitness it would appear that a
truly “supervital” homozygote must be an extraordinary rarity
indeed, at least in Drosophila.
The revelation that a large fraction of fitness variation in
Drosophila is a result of variations in female fecundity andmale fertility seems to destroy any hope of dealing with fitness modifiers as
mappable and countable Mendelian entities. By recovering recombinants between wild and marked chromosomes, itis possible to
map, crudely, the distribution of viability effects along a chromosome, much as was done by Breese and Mather (1960). To do so
requires that from each wild chromosome a number of recombinant
chromosomes be derived,and each of those recombinants must then
have its viability in homozygous condition determined. Unless the
recombination breaks up the chromosome into a dozen or so segments, the mapping will be extremely crude. I n the study of Breese
and Mather, one parental chromosomehad a viability of 55 percent
and the other a viability of about 80 percent (no direct estimate of
the latter figure is available), yet the experiments could not distinguish between the hypothesis that one parental chromosome contained two deleterious genes and the other a single mutant, and the
hypothesis that there was a more or less continuous distribution of
viability modifiers over the length of the chromosome, the hypothesis Breese and Mather themselves favored. Attempts on their part
to further subdivide the chromosome into six regions gave results
that were uninterpretable because of inconsistencies and differences
that were too small for reliable analysis. To try to carry out such an
analysis on net fitness by the technique of Sved and Ayala formany
parental chromosomes on a sufficient scale to get unambiguous information on the distribution of fitness modifiers along the chromosome would require many thousands of times more effort than expended by Breese and Mather. And even then, the sensitivity of
fitness to environmental variables, the statistical complexitiesof estimating net fitnesses when observations cannot be made on the
phenotypes of newly formed zygotes (Prout 19651, and the large
standard errors of fitness estimates compared to the average
dif-

ferences between genotypes (Wilson, 1970; Prout, 197 la) make it
fairly certain that this immense effort would produce only ambiguous results.

THE GENERATION OF VARIATION

Oneremarkablefeature
of variation for fitness characters, and
indeed forotherquasi-continuouscharacters,
is the high rateat
which new variation is produced by mutation and recombination.
Mukai (1964) tested the viability of chromosomal homozygotes,
derived from a strain of D . rnelarzogaster that itself was initiated as a
chromosomal homozygote, at various numbers of generations after
the original establishment of the strain. Table I3 gives the average
homozygous viability of the rederived chromosomes and theestimated genetic variance among the homozygotes after generations
of accumulation of spontaneous mutations.
The loss in mean viability, althouph rather erratic, is sufficient to
produce a mean viability of quasi-normals close to that observed for
(see table 7), after only 25
natural populations of D . tnc~lmrzogas~rr
generations. The varianceaccumulatessomewhat
more slowly,
however. The genetic variances given in table 13 are in the same
units as those in tables 5,6, and 8, for natural populations. Although
the variances vary widely, they are on the orderof 100 units in natural populations as compared to the 40 units accumulatedin 25 generations of Mukai’s experiment. Yet only about 60 generations would
be required, at this rate, to approach the varianceof an equilibrium
population. The discrepancy between the rate of loss of mean
fitness and therate of accumulation of variance is not easily

explained, although it is no doubt partly due to the more rapid loss,
through natural selection, of the more deleterious mutations.
A strikingly similar estimate of the generation of new variance
comes from a consideration of two morphological characters, abdominal and sternopleural bristle number, in D . melanogaster.
From previously published data on the response to artificial selection in initially inbred lines,Clayton and Robertson (1955) estimated that between 0.1 and 0.2 percent of the equilibrium variance
for bristle number is produced in each generation by spontaneous
mutation, so that between 500 and 1000 generations would suffice to
bring a homozygous population to equilibrium.
The generation of geneticvariance by recombination is more
rapid by two orders of magnitude than generation from mutation
alone, as shown by aseries of coordinatedexperiments on four
species of Drosophila (table 14). Chromosomes that were essentially “nomal” in viability when homozygous were allowed to
recombine, and the homozygous viability of a sample of recombinant chromosomes was tested. There were two consistent effects,
shown in table 14. First, the recombinant chromosomeshad a lower
mean viability than the parental genomes from which they arose.
These parentalgenomeswerea
biased sample of high-viability
homozygotes; we see from a comparison of the first two columns

of table 14 that the recombinant chromosomes regressed considerably toward the mean Viability of a random sample of homozygotes
taken from nature. Except in D . wilfistoni, more than a third of the
excessive viability of theparental homozygote was lost among
the recombinants. Such a lossimplies that a considerable fractionof
the viability depression of homozygotes arises from epistatic effects
between loci. Second, a considerable fractionof the variance among
homozygotes sampled from a natural population can be produced by
a single generation of recombination between two chromosomes,
both of which are“normal”
in their viability. Moreover,the
variance produced by the recombination between particular chromosomes had no significant correlation with the viability difference
between those chromosomeswhen they were tested in homozygous
condition.
Unfortunately, the fact that around one-third of the total genetic
variance between homozygous chromosomes can be generated by a
single generation of recombination does not tell us very much about
theaverageamount of heterozygosity in a population. Whereas
these results make it fairly certain that chromosomes do
not differ by
one ortwomutations only, thereis nothing in the outcome of the experiments that is inconsistent with, for example, a dozen or a score
of mutations on each chromosome. It is an unhappy fact of genetics,
one that appears overand over in any attempt to interpret the outcome of experiments, that the segregation of a handful of loci on a
chromosome will produce a spectrum of genetic variation among
chromosomes that is indistinguishable from the spectrum produced
by the segregation of thousands of genes.

STANDING THE PROBLEM ON ITS HEAD

I have tried to emphasizethatthere
is aclose relation between
theories of the amount of genetic variation in natural populations
andtheories
of the way in which natural selectionoperates.
Because of the close connectionbetween the action of natural selection and the amount of allelic variation, the classical and balance
theories are theories about both variation and selection,dual aspects
of a single question. If selection operates almostentirely to “purify”
the genome, if there is a wild-type state for a locus and every mutation is deleterious in homozygous condition and veryslightly dele-

terious or even neutral in heterozygous condition, then geneticvariation will be rare at any locus. What geneticvariation there is will be
the as yet uneliminated deleterious mutations that have arisen relatively recently. Even under the most favorable conditions forvariation, complete recessivity of mutant genes, the heterozygosity at a
locus will be only
I

H = 2 J U I- - w
where u is the total mutation rate to deleterious alleles and w is the
fitness of the homozygous mutants. With mutation rates of the order
of 1O-s and with fitnesses of homozygotes between 90 and 95 percent of wild type, the heterozygosityat a locuswill be between 1 and
3 percent. Although this is a long way from the nearly 100 percent
heterozygosity expected under the balance hypothesis, it is rather
larger than the classical hypothesis predicts. If, however, we assume that deleterious mutants have a
slightly deleterious effect in
heterozygous condition, that is, if deleterious mutants show a very
slight dominance, the picture changes radically. If the fitnesses of
the three genotypes are

+I+

+/m
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1-hs

mlm
1-s

then the heterozygosity at equilibrium is very close to

H z -2u
hs
For example, if a deleterious mutant had a homozygous fitness of 90
percent ( s = 0. l), then even if the dominanceof the deleterious gene
was as little as 10 percent so that the fitness of the heterozygote was
99 percent of normal, the average heterozygosity would be only 0.2
percent, an orderof magnitude lower than for thecompletely recessive gene and more in line with Muller’s estimates. Thus, even if it is
not possible to enumerate heterozygotes directly in a population, it
necessarily follows that they are rare and that most individuals are
homozygotes for a wild-type allele at nearly all loci, if it can be
shown that geneswhich are deleterious when homozygous are either
recessive or, better, slightly dominant in heterozygous condition.
Alternatively, suppose that a heterozygote between two alleles

has a higher fitness than either homozygote. This is equivalent to
letting h be negative. Then at equilibrium both alleles are maintained in intermediate frequencies and the heterozygosity will be

H =

2h(h - 1 )

(2h - 1)2

For example, if s = 0.1 and H = -0. I , so that the heterozygotes are
1 percent more fit than the homozygote +/+rather than 1 percent
less fit as in the previous example, the heterozygosityis 16.3 percent
at the locus and the balance theory
is correct. In such a case it
becomes incorrect to label one allele the “wild-type,” and since the
heterozygote is the most fit, a more convenient parameterization of
the fitnesses is
AlAl

A 4 2
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At equilibrium, the frequency of the allele A I is
S

P(A 1) = X

and the heterozygosity is
H =“- 2st
( s + t)2

Translating the example just given, t = 0.0 1 , and s = 0. I I , so that
p(AJ

= 0.875

and
H = 0.163

as before.
An important consequenceof higher fitness of the heterozygote is
that it leads to a stableequilibrium of intermediate allele frequencies
with anaccompanying high heterozygosity. If mutations should
arise that have this property of overdominunce or single-gene heterosis, they will accumulate in the population at intermediate
frequencies, while the“classical”mutants
will be eliminated by
selection. Even if only a small minority of mutations were of this
overdominant sort, thepopulation genotype would come tobe dominated by them because of their preferential accumulation, and the

population would become highly heterozygous at everylocus. Even
a low frequency of overdominant mutations is incompatible with
classical theory because a low a priori frequency of overdominant
mutations becomes at equilibrium a high a posterioli frequency of
overdominant segregating alleles. If it could be shown that overdominant mutations arose with any frequency, then even though it
was not possible to enumerate heterozygosity in a population, it
would necessarily be the case that heterozygosity washigh and that
allele frequencies were intermediate.
To recapitulate, if virtually all heterozygotes between alleles lie
between the homozygotes in their fitness, or even if many are equal
to the better homozygote, heterozygosityin populations will be rare
and all individuals will be virtually identical genetically. If, on the
other hand, overdominant combinationsof alleles occur repeatedly,
even though not often, these overdominant
alleles will accumulate in
stable equilibrium at intermediate frequencies and heterozygosity
will be high. I have deliberately left vague, for the moment, the concepts of “virtually all” and “repeatedly, even though not often.”
There areclearly ranges of parameter values for which both theories
of selection would predict the same amounts of heterozygosity.
The possibility of distinguishing between the classical and balance
theories of population structure by looking at the fitness of heterozygotesratherthan
by countinggenes
has led toseveral
ingenious approaches to theanalysis of chromosome replication experiments.
CorrelationsBetweenHomozygotes
and Heterozygotes If the
dominance h of a deleterious gene is the same for all genes, or if it
varies in a way unrelated to the intensity of selection s against the
homozygote, then from the scale of fitnesses

+/+
1

+/m
1-hs

m/m
1”s

we canpredicta
positive correlationbetweenthe
fitness of
homozygotes and heterozygotes. Sinceh is constant orunrelated to
s in its value, the greater the loss of fitness of the homozygote, the
greaterthe loss of theheterozygote.
If wecarrythis
line of
argument to overdominant cases, however, thenwe would predict a
negative correlationbetween homozygous andheterozygous fit-

nesses since, on this hypothesis, h is negative so the greater the loss
of fitness of +/m relative to
of fitness of m/m,the greater the increase
+I+. On this scheme, the slope of the line relating homozygous to
heterozygous fitness is, in fact, a direct estimate of h , the negative
of the average dominance of deleterious genes.
This kindof
argument has led several investigators to look
carefully at the relation between the fitness (usually the viability) of
pairs of chromosomal homozygotes and the heterozygote between
already
them. The results
are
completely equivocal. I have
reviewed briefly on page 44 the question of the average dominance
of lethals. Part of the ambiguity of the data on the dominance of
lethals arises from the class of “normal” heterozygotes to which
they are compared. The notion of the dominance of lethals assumed
a comparison with homozygotes for a perfect wild type, but in fact
someheterozygoteshaveto
be used and sincethere is a real
variance in viability among heterozygotes, it may matter very much
which chromosomes are involved in the standard. When we turn to
general estimates of the fitness of heterozygotes between different
classes of chromosomes, there is considerable variation from study
to study. Dobzhansky, Krimbas, and Krimbas ( 1 960), for example,
in a study of nearly 600 chromosomes of D . psrudoohscura involving two different chromosome elements, two temperatures,and two
populations, found an overall positive, small correlation between the
homozygous fitness of achromosome and its fitness when heterozygous with a marker chromosome. The relationship between
homozygote and heterozygote was curvilinear, however, with heterozygous viabilities being minimum for chromosomes with intermediate homozygous viabilities. It is their claim that all the apparent regression is duetothesupervitalchromosomes,
which are
much more viable in heterozygous condition with the marker than is
the average chromosome. A much more sophisticated treatment of
these data and other results by Wallace and Dobzhansky (1962)
confirmed this claim. It should be noted, however, that these results
concern the performanceof chromosomes when heterozygous with
a dominant marker, rather than random heterozygotes between two
wild chromosomes.
Dobzhansky and Spassky (1963) found no significant regression
of heterozygotes or homozygotes when neither chronlosome carried
a marker andwhen the heterozygotewas compared with the average

of the two homozygotes. But Kenyon (1967) found a strong positive
correlation in her studiesof the fourth chromosome of D . melanogaster. Wills (1966) found lethals to be completely recessive in D .
pseudoobscura, but subvitals to be partly dominant, and Marinkovic’s study of fecundity (1967) showed a positive correlation between heterozygotes and homozygotes. To complete the confusion,
the study of Tobari (1966) showed that there was no dominance for
viability of D . melanogaster at 25 C , but at the stress temperatureof
29 C thecorrelation
between homozygous andheterozygous
viability was negative, apparently showing overdominance!
The unsatisfactory state of the experimental evidence arisesfrom
the fact that the effect being sought, even if it exists, must be of a
magnitude too small to observe consistently. Suppose we take the
value of 2.5 percent dominance of lethals as a reflection of reality
and assume this degree of dominanceto be general.Then
heterozygotes for lethals will have, on average, a viability of 97.5 percent of the best “heterozygote” (which will in fact turn out to be a
wild-type homozygote) so the entire range of mean heterozygous
viabilities from lethal to normal is only 2.5 percent. But we have already seenthatthegeneticstandarddeviationforheterozygous
viabilities averages about 5 percent (table 6). Even if all environmental variance could be eliminated, the regression could only account for 10 percent of the variance of heterozygous viabilities,
which means a correlation of about 0.3. Such a correlation is much
too small to be significant, in view of the small number of viability
classes (ten at the most) into which the homozygotes can be accurately sorted.
Putting aside the statistical problems, the theoretical relation between regression and dominance is very weak. l t assumes that h is
the same, on the average, for all classes of homozygous viabilities.
If this assumption falls, the entire analysis falls. Suppose we assume, as does Muller ( 1 950), that the average degree of dominance
increases with homozygous fitness so that mildly deleterious genes
are much more dominant than lethals. If h should be inversely
proportional to s, then the fitness of a heterozygote would be

I-hs=l-
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which is a constant, and there would be no regression at all. If the

dominance should decrease atany rate faster than proportional, say
as 1/s2,then the fitness of a heterozygote would be
l-hs=l-

-s=l--
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and would be negutively correlated with the homozygote if there
were partial dominance ( h > 0 ) and positively correlated if there
were overdominance. It appears from this consideration that the
correlation between homozygous and heterozygous viabilities is not
only unlikely to be consistent, but is uninterpretable anyway.
The BIA Ratio An interesting suggestion of Morton,Crow, and
Muller (1956) for the detection of heterosis depends upon the great
difference in inbreeding depression between a locus with several
alleles in intermediate frequency in the population and a locus with
only rare mutant alleles. To appreciate this point we need the concept of the gertetic load in a population, by which is meant theloss of
fitness in the population as the result of segregation of unfavorable
genotypes. In particular, we will define the genetic load as the difference in fitness between the population and a hypothetical population composed solely of the fittest genotype.
Suppose we consider a deleterious allele with a small deleterious
effect in heterozygous state. The fitnesses of the genotype can be
scaled as
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and if the population is random mating, the genotypes at zygote formation will be in the proportion
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where p = 1 -q is the frequency of the + allele. The genetic load in
a population as a result of this locus will be

L = hs(2pq) + q2s
But p will be very close to one and q close to zero since a deleterious, semidominant mutant will be in very low frequency. To a
very close order of approximation the genetic load in the random-

mating population LRwill come entirelyfrom heterozygotes and will
be

LR = 2hsq
a very small number.
If we should inbreed this population completely without changing
the frequency q, the result will be homozygotes +/+ and mlm in the
ratio p : q . The genetic load LI in this inbred population will derive
entirely from the homozygotes mlm and will be
LI

=Sq

L , is also a small number, but it is a good deal larger than LN,and the
ratio
LI
sq
-=-=LR 2hsq

I
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If the dominanceof a deleterious recessive were,for example, 2.5
percent, as estimated by some experiments for lethals, the ratio of
loads would be Il.05 = 20. An even larger ratio would result if the
deleteriousgenewere
completely recessive. By our previous
reasoning, for a completely recessive gene
L"
I- - sq - 1.
"
LR 4 sq2

For a large population, the frequency of a deleterious recessive gene
is unlikely to be greater than about 1 percent, so the ratio would be
of the order 100 or greater. In theory, a deleterious recessive gene
at equilibrium has a frequency d ( u / s )where u is the rate of mutation
to the deleterious allele. Then the load ratio will be v ( s l u ) which,
for u
1O-5 and s = 0.1 , will be 100.
A very different situation pertains for a heterotic gene. Again assuming random mating, the fitnesses and frequencies of the genotypes can be represented as
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Now the geneticload arises from both homozygotes, which are both
reasonably common unlesss and f are extremely different in size so

that one homozygote is very bad and the other almost as fit as the
heterozygote.In general
LR = p2t

+ 42s

a reasonably large number, of the order of s and t.
If we inbreed this population to complete homozygosity, the two
homozygotes will be in frequency p and 4 and the inbred load will be

LI = p t + q s
also a large number, but not a great deal larger than LR. The genetic
load in the random-mating population is already large because of the
segregation of two common alleles, and it is not made much larger
by getting rid of the heterozygotes, More precisely,if the alleles are
at equilibrium under selection,
p

=s
S + t

and
4:-

t
s+t

If these values are substituted into the expressions for Ln and L,,
we get the surprising result that

LI - (st + ts)/(s + 1 )
=2
LR
(s2t + t 2 S ) / ( S + t ) Z

"

The load ratio fora heterotic gene is precisely 2, at equilibrium, irrespective of the values of the parameters.
Morton, Crow, and Muller (1956) suggested that the genetic load
be estimated in a random-mating population and in a completely
inbred set of progenies from that population, the ratio between them
examined, and a judgment about partial dominance of deleterious
genes as opposed to heterosis be made from the size of that ratio.
They applied the method by comparing the pre-adult mortality in the
population at large for several human samples with the pre-adult
mortality in offspring of cousin marriages. By linear extrapolation
from the nonrelated marriages ( F = 0 ) and the cousin marriages
( F = 1/16) it was possible to estimate the mortality rate that would
obtain in a completely inbred group ( F = I ) . If B is the mortality in

the completely inbred group, and A the mortality in the outbred
population,* then
B - LI+E
A
L,+E

.
.
”
-

where E is the “environmental” mortality, the mortality that occurs
irrespective of genotype. The ratio BIA is an underestimate of the
mortality in both
load ratio LI/LR, becausetheaddedconstant
numerator and denominator causes the ratio to be spuriously close
to 1 . If E were very large compared with the genetic loads, the ratio
B / A would be nearly 1 , whatever the values of L, and L,. Morton,
Crow, and Muller found B / A ratios ranging from 7.9 to 24.4 and
concluded that since theseare underestimates of the true load ratio,
the evidence is strongly in favor of partial dominance of deleterious
genes, of theorder
of 10 percent and strongly against overdominance, which predicts a ratio of 2. Neel and Schull (1962),
including both mortality and nonlethal disease in their estimates of
genetic load, found BIA values of 4.48 and 4.63 for Nagasaki and
Horoshima.
Dobzhansky,
Spassky,
and
Tidwell (1963) used
unrelated ( F = 0), half-sib ( F = 0.125), and full-sib ( F = 0.250) matings in four populationsof D . pseudoobscura to estimateA and B by
least squares regression of the viabilities of the three classes. Their
estimates of B / A were 3.57, 3.63,4.60,and 5.82 for the fourpopulations.
The values estimated by Neel and Schull and by Dobzhansky and
co-workers are disconcerting, because, like so many estimates in
population genetics, they do not fall clearly into the range of one
prediction or the other. They are too high for the simple heterotic
prediction and too low for the simple dominance prediction, falling
precisely in the region where ambiguity is complete. The explanation of the ambiguity arises from a closer look at the assumptions of
the B / A argument.
First, the predicted ratio of 2 for the heteroticcase is restricted to
a locus with two alleles. If there are k alleles in heterotic equilibrium, the predicted ratio is L,/LR = k . An observed ratio of 4 is com-

*As given by Morton. Crow, and Muller. B is the d i e d mortality in the outbreds,
but the usage of these symbols in the literature is confused and I use a form that
simplifies the presentation.

patible with an average dominance of 12.5 percent but it is equally
compatible with the heterotic maintenance of four alleles. Whether
this latter possibility seems reasonable depends upon one’s initial
position on the balance and classical theories,
Second,there is a confusion between single loci and whole
genomes thatmay bias U / A ratios in either direction becauseof gene
interaction. The estimation of B by extrapolation from low levels of
inbreeding is correct for a single locus since it is a simple algebraic
result (with no assumptions hidden in it) of the load being proportional tothe inbreeding coefficient. The assumptionthat whole
genomes will have a load proportional to inbreeding depends upon
the additivity of loads at different loci. If loads were more than additive, the extrapolated load at F = 1 would overestimate the deleterious effect of making a single locus homozygous, while if epistatic
interactions between genes caused acanceling out of deleterious effects,theextrapolated
load would underestimate the effect of
homozygosity for each locus separately. As usual, the data on this
point are ambiguous.
Special experimentstotestinteractions
in viability were performed independently by Spassky,Dobzhansky, and Anderson
(1965) and Temin and co-workers (1969) with different results. The
Spassky group, working with simultaneous homozygosity of chromosomes I1 and I 1 1 in D. pseudoohscuru, found the average interaction of the two chromosomes to be about as large as the average
viability loss for each chromosome separately. Letting the viability
of a doubly homozygous line be ( 1 - s ) ( I - f ) ( I - i ) , where 1 - s
and 1 - f are the viabilities of the second and third chromosomes
separately, the average values in D . pseuduobscuru were

s = 0.103
f = 0.146
i = 0.094
The Temin group, performing the same experiment in D . mrlunogusfer, found no significant interaction, their values being

= 0.09
T =0.11
7 = 0.03
S

In both cases there is a great deal of variation around the mean

from chromosome combination to chromosome combination, but
the error varianceof these values is very great and notmuch can be
said about the real distribution of interactions.
Third, thereis the problem of averages. If we take the B / A ratio at
face value, the numerator and denominator will each be the sum of
many different effects. Each heterotic locus will make a large contribution to both numerator and denominator, while each semidominant locus makes a small one, so that the ratiowill be dominated
by a relatively small number of heterotic genes. For example, if 90
percent of the loci have a deleterious recessive with 2.5 percent
dominance, maintained by a recurrent mutation rate of lop5,
whereasthe remaining 10 percent ofloci are heterotic with the
homozygotes 95 percent as fit as the heterozygote, theload ratio will
be only 2.15, essentially indistinguishable from a completely balanced load.
Fourth, the B / A ratio based on viabilities is an overestimate rather
than an underestimate of L I / L R .The theory of load ratios depends
upon total fitness, of which viability is only a part. In Drosophila it
of Sved (197 1 )
seems to be only a minor part, if we accept the results
who, it will be recalled, found net fitness of homozygotes to be 0.14
while their viability was 0.73. On this basis alone the total genetic
load is 3.2 times as great as theviability load. The problem is deeper
than this. Genetic load is defined as the deviation of fitness from the
fitness of the optimum genotype in the population. Whereasan
absolute viability of 100 percent may be taken as the obvious maximum for the optimum genotype, no similar limit can be placed on
the fecundity of the optimum genotype. The fecundity of the
random-bred populations andof the inbreds derivedfrom them lie at
an unknown and unknowable distance below the fecundity of the
“best”genotype.
The fitness estimates of Svedare relative fitnesses, but the theory of load ratios demandsa measure of absolute
fitness, because it requires an estimate of the deviation of a random
load population from thatabsolute.
Thus, B / A ratios based on
viabilities really have the form
B

-

“

A

Ll + E “ I F
L-R + E - LRF

where LIF and LRF are the true absolute losses of fecundity in the
random andinbredgroups, relative tothe“optimum”genotype.

How large are LIFand LRF? We do not know in man, mouse, or
Drosophila, except to say that they
are larger than the viability component in Drosophila and in man. It is at least conceivable that a
more realistic load ratio could be estimated in species of birds that
havea rigorously determinedclutch size and more or less fixed
number of breeding years, so that the variancein fecundity would be
extremely low. In such cases load could be estimated entirely from
the probabilities of reaching adulthood and forming a stable nesting
pair that is fertile.
This last objection goes to the heart of methods that involve the
use of “genetic loads.” Let us contrast a completely recessive deleterious gene whose fitness, 1 - s, is 0.8 and whose mutation rate is
5 X lo+, with a slightly heterotic gene for which one homozygote
has a fitness of 0.8 and the other a fitness of 0.99. The equilibrium
frequency of the recessive deleterious gene will be
q=

G = 0.016

and the equilibrium frequency of the rarer of the two alleles for the
heterotic case will be
S

q = __ = 0.048
S + t

which is not very different. However, the load ratio will be 66 for
the recessive gene but exactly2 for the heterotic gene. We have the
peculiarity that the load ratio jumps discontinuously from 2 to 66
with only a minute change in the fitness of the heterozygote from
completely recessive to very slightly overdominant.Thisapparently absurd behavior of the load ratio results entirely from the
peculiarity of definition of genetic load as the loss of fitness relative
to the optimum genotype. In changing from a completely recessive
to a slightly dominant gene, nothing of any biological significance
has happened. The gene frequency has slightly increased and the
mean reproductive rate of the population has changed very little, but
the optimum genotype has changed by dejinition from the abundant
homozygote to the heterozygote which is rare, As a result, the load
ratio by deJinition has changed drastically, but nothing that is measurablehaschanged.
We must be specially wary in population
genetics of idealized quantities that owe their existence
to definitions or scaling properties but that cannot be measured or have no
biological significance to the population.

DIL Ratios Another suggestion for the use of genetic loads to distinguish heterotic from partly dominant genes comes out of the differing expectationsforthedistribution
of homozygous fitnesses
among newly arisen mutations and among mutations that havebeen
screened by natural selection. The distribution of homozygous
chromosomal viabilities that results from the usual chromosomal
replication experiment can be divided, as we have seen, into two
modes. Let us designate by L the total loss of fitness (again from
some optimum genotype) that results from the lethal and semilethal
homozygote in the array, and by D the loss of fitness of the “quasinormal” or “detrimental” homozygotes. Then the ratioDIL has different expectations for different degrees of dominance of the genes
when the chromosomes are taken from an equilibrium population,
since the equilibrium frequencies of genes with different degrees of
debility will be different. Moreover, DIL should be still different for
homozygotes of newly produced mutations, since selection has not
yet acted to change their frequencies,
and the ratio should be independent of dominance or overdominance, reflecting only the total
occurrence of the different types of mutations. Table 15 shows the
TABLE 15

Expected D / L ratios among homozygotes for newlyarisenmutationsand
genes at equilibrium

for

expected D / L ratios for different cases of dominance and for new
mutations. According to these results,it would bepossible to distinguish a constant partial dominance from a partial dominance that
grew greater as the selection grew lessintense, as suggested by
Muller. In the former case the D / L ratio for equilibrium mutations
would be many times greater than for new mutations, the more so
the less deterimental was the average quasi-normal,while in the latter case theD / L ratio would be the same in new and equilibrium mutations. Unfortunately, one cannot distinguish the latter case from
the caseof heterosis with k alleles, nor the constant dominance case
from the situations where there are two heterotic alleles with one
much more frequent than the other and only slight heterosis.
Greenberg and Crow (1960) calculate D / L ratios for a variety of
data on Drosophila and also provide fresh experimental evidence
themselves. The range of D / L in equilibrium populations is from
0.587 to 3.204, with a median value of 1.54, whereas for newly
arisen mutations it varies from 0.103 to 1.053, with a median of
about 0.30. The ratio of these ratios is about 5, which would favor
either constantbut very high dominance or two heteroticalleles with
the poorer homozygote having a fitness of about 0.8. Greenberg and
Crow give reasons for preferring one of the higher D / L ratios for
newly arisen mutations and one of the lower ones for equilibrium
mutations so that the ratio comes out closer to I , favoring the alternative hypotheses with hs a constant. This formulation does not
deal with the possibility that h is negative for deleterious genes (heterosis) but slightly positive for lethals, perhaps 2-3 percent. I n the
case of k heterotic alleles, this would produce a ratio somewhere between the two alternatives.
The method suffers from all the difficulties attendent on ratios of
genetic loads discussed in the preceding section. Since the optimum
genotype is not known, the genetic load is not estimable for total
fitness. There is, moreover, a great heterogeneity in D / L ratios so
that the ratio of these ratios, the diagnostic statistic, may vary from
30 down to 0.5, depending upon the choiceof data. It does not seem
that the D / L ratio offers any unambiguous evidence on the problem
at hand.

The Heterozygous Effect of N e w Mutations The most daring and
original suggestion for solving our problem by characterizing the in-

tensity and degree of natural selection at the typical locus was made
by Wallace (1957). The difficulty, as 1 have pointed out, is to distinguish the effect of single-locus substitution, since no method exists
for following segregation at a single locus withsmall
effects.
Wallace proposed reversing the direction of the experimental comparison by starting with a completely homozygous stock and inducing a few random mutations in one of the two homologous genomes.
One could then compare the original homozygote, the homozygote
for the newly mutated genome, and the heterozygote between them.
The daring of this proposal lies in two features. First, the numberof
mutations induced must be very small so that interaction between
loci does not become important. Therefore the effect to be expected
must be small. Second, the technique is a one-sided test for heterosis, and negative results would be meaningless. If the uveruge
heterozygote for a newly induced mutation were superior to the unmutated homozygote as well as the mutated homozygote, then heterosis would have to be very general in natural equilibrium populations. Natural selection, it must be remembered, will act asa screen
and enrich the population for heterotic mutants if they occur. If the
average heterozygote fornewly induced mutations were not heterotic, however, nothing would be proved because heterotic mutation
might make up a minority of new mutations and so be lost in the
average, but in equilibrium natural populations heterozygotes might
predominate because of enrichment by natural selection. Wallace
had hoped, in his original proposal, that even if the average of new
mutations were notsuperior in heterozygouscondition, that he
could, by suitable statistical analysis, estimate the proportion
of heterotic mutations induced. In view of the multiple assumptions in
such analyses and their evident lack of power, such an estimation
seems very unlikely to lead to clear-cut results.
The essence of the experimental technique is straightforward. In
the F, generation of the standard chromosome-replication scheme,
some males from a given line are irradiated with X rays at a dose
calculated to induce a few mutations per chromosome. These irradiated males are then crossedto their unirradiated sisters to
produce the usual F:,segregation, except that thewild-type offspring
are not completely homozygous for the chromosome under test but
are heterozygous at a few randomly mutated loci. At the same time
unirradiated males in the F, generation are mated to their sisters to

produce the usual F, segregation of homozygous wild types. These
wild types, the controls, arecompletely homozygous since there was
no irradiation of their fathers. A comparison of irradiated “homozygotes” with control homozygotes will show the effect of newly induced mutations in heterozygous condition.
Wallace’s actual experimental design was much more complex
since he arranged the crosses to avoid irradiating the marker chromosome, he made sure that the wild-type chromosome in the test
was a quasi-normal before irradiation, he transferred the chromosome used ontoa common genetic background with themarker
stock, and he had two markers segregating in the F,. The final generation, in which counts were made, segregated for four genotypes
Control:

M , / M , : MI/+[ : M*/+j : +J+i

Experimental: M J M , : M I / + ? : Mz/-tl : +J-tj*
where +i is a particular wild chromosome and +T is that chromosome with a few random mutations induced in it. The results of the
first large-scale experiment (Wallace, 1958a), using 500 K of X rays,
gave thefollowing weighted average viabilities relative to the doubly
marked class:
Control:

X ray:

MJM,
1.000

M,/+
1.094

MJM,
1.000

1 . 1 15

M,/+*

+/+

M,/+
1.146

1.008

M,/+
1.137

1.033

+I+*

The 2.5 percent increase in viability of +/+* relative to +/+ is remarkable. The amount of radiation (500 K) was enough to induce
detectable homozygous viability changes in only about 20 percent of
the irradiated chromosomes, so the heterosis would appear to be
very strong per mutation.
Although these results were striking, and statistically significant,
subsequent results were less satisfactory.
Muller and Falk (1961)
and Falk (196 l), in an experiment thatdiffered in some technical details from Wallace’s and in which much higher doses of X rays were
given, failed to find any increase in the mean fitness of the fractional
heterozygotes, but they failed to find any significant decrease either.
These results do not differ significantly from Wallace’s, but neither
do they give any support to average heterosis. The failure to find a

significant result with a much higher dose was in part matched by
Wallace’s own later results (1963), which showed a marked increase
in viability with 750 R irradiation,but no furtherincrease with
2250 R. However, the failureof Muller and Falk to find a significant
decrease in fitness after a verylarge dose of irradiation is at variance
with the usual claim of the classical school that most mutations are
semidominant and that most chromosomal heterozygotes in nature
are homozygous for only a few mutations, the rest of the loci being
wild-type homozygotes.
In 1963 Wallace summarized a very large series of experiments
involving 8 189 cultures and 2.5 million flies. The result was a small
(0.9 percent), nonsignificant increase in the viability of fractional heterozygotesover their unirradiated controls. Clearly the original
report of a 2 percent advantage was too strong, and at the present
time the issue is in doubt. The lack of any significant depression of
the viability of fractional heterozygotes would be as meaningful as
an actual positive result if we knew whether a significant number of
mutations had been induced in Wallace’s experiments, but we do
not.
An approach similar to Wallace’s, but using spontaneous mutations, was taken by Mukai, Chigusa, and Yoshikawa (1964, 1965).
Theycomparedhomozygotesforchromosomesthat
had accumulatedspontaneousmutationsfor
32 generations with heterozygotes between thesechromosomesand
a chromosome in
which homozygous viability had not changed during the 32 generations. When thiscomparison was carriedoutona
homozygous
genetic background, the heterozygotes
had a relative viability of
103.02 as compared with 99.92 for heterozygotes between the five
best homozygotes, 84.12 for the average of mutated homozygotes,
and 98.12 forthe“unmutated” homozygote. Spontaneous mutations thatproduced
bad homozygous effects wereapparently
beneficial in heterozygous condition. When the same comparison
was made on a heterozygous genetic background, however, the apparent heterosis disappeared. The phenomenon of heterosis of new
mutations on a homozygous background, but not on a heterozygous
background,appeared again when Mukai,Yoshikawa,andSano
(1966) looked at radiation-induced mutations. There was aheterosis of 3 percent after treatmentwith 500 R, and effect larger than
thatfound
by Wallace, provided the genetic background was

homozygous for chromosomes derived from the natural population.
The heterosis disappeared, indeed there was no significant effect of
any kind, when the background was heterozygous or when it was
homozygous for an arbitrary inbred line from the laboratory.
Mukai argues from his results that there is an “optimum” level of
heterozygosity, a hypothesis that Wallace (1958b), too, introduced
for the interpretationof his results. It would also appear that a considerable epistasis of yet another kind must be operating if Mukai’s
results are generalizable, sinceit is not only the Ic~vc.lof homozygosity that determines the overdominance
of new mutations, but its
identity as well.
What are we to make of these experiments on new mutation? The
results of Falk, Wallace, and Mukai are at variance with each other
in spirit, if not statistically, with the largest and most exhaustively
analyzed experiment (Wallace’s) leaving the whole matter in doubt.
If there is an optimun level of heterozygosity, whatis it? Do the few
mutations per chromosomeinduced by Wallace and Mukai bring the
genome close to that level? If so, the classical school is vindicated,
in Mukai’s spontaneous-mutation
experiment
the
since
even
average number of mutations accumulated per chromosome is between 4 and 5, using Mukai’s (1964) estimate of (3.14I l as the gross
mutation rate per chromosome per generation for viability modifiers. If there are specific epistatic interactions between particular
background homozygotes and the overdominanceof new mutations,
is there any chance that the optimum heterozygosity level could be
estimated? In view of the immense effort that these experiments
required, and the uncertain result they produced, such work is not
likely to be repeated and must remain suggestive but ambiguous in
its meaning for the problem of heterozygosity.

EVIDENCE FROM SELECTION

We wish to assess the genetic variation among organisms for both
retrospective and prospective reasons. To reconstruct the historical
processes that have led to the present differentiation among species
and populations,we need to know how different they are genetically
and how much variation exists from individual to individual within
populations. We need the same information if we are to make any
sensible prediction about the biological future of populations and

species,most especially if we are interested in their controlled
breeding in plant and animal improvement. It is the first rule (and
perhaps theonly rule) of plant and animal breeding that some kind of
assessment of genetic variation ought to be made before a tedious
and expensiveprogram of selection is undertaken. If the heritability
of a character in the population to be selected is very low, for instance 5 percent or less, then special forms of selection, say family
selection, must be used, or elsesome environmentalregime that will
causea major increase in heritability must be sought. Additive
genetic variation is, after all, the key to success in selection, at least
to success in selection on an individual basis, and some kind of genetic variance in appreciable amounts is needed for selection on any
scheme. If all the loci relevant to a trait are genetically invariant, or
nearly so, then no form of selection, no matter how sophisticated,
can succeed.
The argument about selectionand variation can be turned around,
Suppose artificial selection is practiced in a population and succeeds
in changing, in a heritabk way, the phenotypic distribution in the
population. Then it follows that there must have been nontrivial
amounts of genetic variation for that character in the population to
begin with. It might even be argued that success in selection is all
we really care about anyway, and that assessment of genetic variation is unimportant once a character has been demonstrated to be
selectable. Such anargument ignores the fact thatwe cannot predict
the eventual limits to selection or the way in which the heritability
will change over the courseof selection, so that any long-term view
of plant and animal improvement necessarily requires information
about allele frequencies and gene numbers.
Even though success in selection does not tell us everything we
need to know about genetic variation,it does prove that genetic
variation was present to be selected. What is remarkable about the history of experiments and of real practice of artificial selection is the
high frequency of success. It is well known, indeed part of the lore
of genetics, that selective breeding has been responsible for immensechanges in thequalitativeandquantitativecharacters
of
domesticated plants and animals. What is not so strongly stressed is
that a good deal of the major increases in yield ofagricultural organisms has been the result of startling changes in the technology of
husbandry, including the availability of fertilizers and the mechani-

zation and capitalization of agriculture. But even putting these
major environmental changes aside, organisms can
be selected for a
great diversity of characters. Table 16, taken from two tabulations,
shows a varietyof characters in domesticated species in which there
is sufficient heritability and variance for successful selection. It is
not meant to be exhaustive, but only exemplary.
What does such a tabulation prove? Where are all the characters
for which selection has been practiced unsuccessfully? As Gordon
Dickerson points out, “Published reports
of sluggish response to
selection in animals are rare indeed, possibly due to editorial frowning or authorreluctance concerningpublication of negative results!”
(1955). Dickerson was less reluctantthanmost, and his editor’s
brow remained unwrinkled as he reported negative results for selection on viability and egg production, equivocal progress in speeding

up sexual maturity, and unexciting progress in egg weight over a
period of 20 years in a closed flockof chickens.This
lack of
progress was not the result of the lack of additive genetic variance
for the characters, however, since estimates of heritability for different charactersranged from 8 to 59 percent, based on correlations
between relatives. It is probable that natural selection and negative
correlationsbetweencharacters,
as well as major environmental
changes (some years were poor forall characters) were responsible
for the overall lack of selection progress. We will never know how
many cases of failure in selection because of a lack of genetic variation have remained unreported. It is certain from Dickerson’s article
that he would not have reportedhis results if the causeof the failure
had been so straightforward.
We are on more‘certain ground if we turn to controlled model
selection experiments in Drosophila. It is acommonplace
of
Drosophila population genetics that “anything can be selected for”
in a non-inbred population. Indeed, the commonnessof this experience,therestrictedsize
of thegroup
of people working in
Drosophila population genetics, and themechanisms of informal but
efficient dissemination of nonpublishable information (Drosophila
Information Service and Drosophila Research Conferences)make it
likely that a failure to select for a characterwould receive some notice. Of course, some cases must go unreported, but what is most
important about the results in Drosophila is the enormous variety of
traits that can be selected for rather than the frequency of success
for any particular trait. The following list, which is far from exhaustive, is meant to provide an impression of the extraordinary variety
of physiological, behavioral, and morphogenetic processesfor which
there is geneticvariance in substantialquantities in outbreeding
Drosophila populations.
Size. Both body sizeand
wing size can be increasedand
decreased by selection, with the divergentlines differing by about 25
percent of the initial size after 15 generations of selection (Robertson andReeve, 1952). Moreover,thedivergence inwing length
may be due tochanges in either cell size or cell number (Robertson,
1959).
Bristle number. Both abdominal bristles (Mather and Harrison,
1949) and sternopleural bristles (Thoday and Boam, 196 1) can be
increasedanddecreased.
The divergencebetween high and low
lines reached two-thirdsof the original character valuein 25 genera-

tions for abdominals, and eventually the lines diverged by 100 percent of the original value.
Developmental rate. A divergence of 1.2 days was created between fast and slow lines of development from egg to adult as compared with the control development period of 17.4 days, after 1 1
generations of selection (Clarke, Smith, and Sondhi, 1961).
Fecundityand egg size. Bell, Moore,andWarren (1955) succeeded in selecting both increased and decreased fecundity, producing in 1 1 generations a divergence of 26 eggs per female per day as
compared with the original average of 88 eggs. They also produced
a 13 percent difference in egg size.
Behavior. Whereas D . pseudoobscura is normally somewhat
negatively geotactic and negatively phototactic atlow levels of nervous activity, strongly positiveand negative geo-andphototactic
lines have been produced by selection (Dobzhansky and Spassky,
1967). Selection for mating preference can be carried out by allowing free mating in a mixture of two mutant stocks and then destroying all hybrid progeny each generation. In this way, for example,
Knight, Robertson, and Waddington (1956) changed the mating pattern of ebony and vestigial mutants from a random one to one in
which theratio
of homogametic to heterogametic mating was
1.6 : 1.
Pattern. The normal pattern for Drosophila is one anterior and
two posteriorocelli, accompanied by two anteriorand four posterior
ocellar bristles, butlines can be selected with only the two posterior
ocelli and four posteriorbristles (Maynard Smith and Sondhi, 1960).
Wing venation pattern can be altered in a variety of ways by selection; for example, removal of the posterior cross vein (Milkman,
1964) occurred in up to 96 percent of individuals after 22 generations of selection.
“Invariunt” patterns. Many characters show no phenotypic variation at all under normal genetic and environmental conditions. If
normal morphogenesis is severely disrupted by an environmental
shock (Waddington, 1953) or by amutantgene(Rendel,
1959),
phenotypic variation is induced which can then be selected. In this
way Waddington produced populations with 80 percent of the halteres transformed into rudimentary wings (the so-called bithorax
phenotype)and Rendel selected lines with six or morescutellar
bristles in place of the normally constant four bristles.
Variance. Not only can the mean of a character be selected, but

the variance can be directly selected without significantly altering
the mean. In a remarkable series of selection experiments, Rendel
(1967) showedthattheentiredistribution
of phenotypicclasses
could be tailored to any arbitrary shape by selection. For example,
Rendel and Sheldon (1960) canalizeddevelopment of scutellar
bristles around the mean of 2, doubling the probit distance spanned
by that phenotype. Moreover,
both the genetic and the environmental components of variation maybe altered. Scharloo (1964)
selected the extremes of the distribution(disruptive selection) or the
mean of the distribution (stabilizing selection) of the length of the
fourth wing vein,-which had been shortened by the introduction of a
mutant gene. The results after
only six generations of selection were
as shown in the accompanying table.
Variance
Additive
Residual
Fly
genetic
Totul
Control
Stabilizing
Disruptive

157.4
9 1.2
5 10.9

91.3
45.6
449.6

28.2
29.7
26.8

37.9
15.9
34.5

After another seven generations of selection, the total variance of
the disruptive line was I100 and of the stabilizing line only 57.
Mutantexpression.
Theexperiments of Maynard Smith and
Sondhi, of Rendel, and of Scharloo, described asbeing selection on
pattern and on variance, also show thata major morphogenetic mutant can have both its average effect and its dominance altered by
the selection of modifier genes. It is the general experience that
morphogenetic mutants come moreand more to overlapwild type in
Drosophila in successive generationsof laboratory culture,but that
full expression canbe restored by outcrossing the mutant stock to an
unrelated line and then re-extracting the mutant.
Developmental sensitivity t o environment. The number of eye
facets in Drosophila is a decreasing function of temperature. This
effect is more pronounced in strains with the mutant Bar. Waddington (1960) selected lines in which the differencein eye-facet number
at high and low temperatures was considerably less ( 1 1 .O) than the
difference in controls (100.8).
Resistance. Resistance to D D T has been produced severaltimes

in Drosophila. In twice-replicated experiments,Bennett (1960)
produced, after 15 generations of selection, resistant lines that had a
median lethal dose 30 times that of the controls, and sensitive lines
that were 5 times as sensitive as controls.
The genetic system. Even the method of reproduction or thepattern of recombination can be radically altered by selection in
Drosophila. Although Drosophila is typically a sexually reproducing genus, Carson (1967) succeeded in selecting a self-sustaining
parthenogenetic line of D . mercatorum in which 6.4 percent of the
eggs developed successfully without fertilization, producing fertile
females. The frequency of parthenogenesis in unselected lines was
on the order of lo+.
Perhaps more remarkable is the success in selecting to increase
and decrease the total amount
of recombination in an arbitrarily
selected region of the third chromosome of Drosophila (Chinnici,
197 1 a, b). Whereas the normal map length of the segment is 15.4
units, selection increased it to 22.1 and decreased it to 8.5 yet had no
effect on recombination in regions outsidethe interval directly
selected for. Moreover, the genetic controlof the recombination appeared to be spread throughout the genome. A much more striking
increase in the same chromosomes was attained by Kidwell (1972),
who doubled the recombination rate in the centromere region after
only 12 generations.
There appears to be no character-morphogenetic, behavioral,
physiological, or cytological-that cannot be selected in Drosophila.
The only known failure is the attempt of Maynard Smith and Sondhi
in their pattern experiment to select for left-handed flies. They did
succeed, however, in increasing the asymmetry, although it was a
fluctuating asymmetry not biased toward the right or left.
The suggestion is very strong, from the extraordinary variety of
possible selection responses, that geneticvariation relevant toall aspects of the organism’s development and physiology exists in natural populations. Although it is not proven that genetic variation for
all characters is present in any single population, there has been no
special search for suitable populations in which to carry out each
selectionexperiment.Onthecontrary,investigatorshave
used
whichever material was convenient, so there is good reason to suppose that any outbred population or cross between unrelated lines
will contain enough variation with respect to almost any characterto
allow effective selection.

Moreover, the genetic variation with respect to different characters is probably at different sets of loci. That this is so is suggested
by an experiment on selection €or two different bristle characters in
the same population (Sen and Robertson, 1964). Sternopleural and
abdominal bristles were selected in the same line by tandem selection (charactersselected in alternatinggenerations),independent
selection (charactersselected
simultaneously in everygeneration), and index selection (the two character values were added to
give one index),and these were comparedwith the effect of separate
selection on the two bristle characters in separate lines. Table 17
shows the realized heritability for each character under thedifferent
schemes of selection. Apparently it makes no difference whether
thecharactersare selected separately or together.Moreexperiments of this sort would be most illuminating, as would experiments
in which the effect of a long history of selection of one character on
the response to selection for some other character was examined.
In general, the results of artificial selection experiments remain
the strongest evidence we have of widespread genetic variation for
genes thatare relevant to charactersof adaptive significance. These
results do nut prove,however,that large numbers of genes are
segregating relevanttoanyparticularcharacter.
It is sometimes
mistakenly assumed that a slow and steady selection response for a
quantitative character is evidence of the segregation of many genes
of small effect. But this is certainly not the case. It is impossible to
make any statement about the number of loci segregating from the
speed of selection response. Even onelocus will provide a slow and
steady response if heritability is low or if alternative alleles at the
locus are near fixation. Nevertheless, if nearly any character canbe

selected for rather easily in nearly any population, then it is certain
that a large number of genes of different function aresegregating in
natural populations, evenif these genes collectivelydo not represent
a large fraction of the total genome. Certainly the most extreme
form of the classical hypothesis,which allows only a handful of rare
mutations to be heterozygous in each individual, is contradicted by
the selection results. Some substantial number of loci contributing
to adaptive morphological and physiological charactersmust be
segregating at intermediate allelic frequencies.

