
PART I I  / THE FACTS 



CHAPTER 2 / THE  STRUGGLE 
TO MEASURE VARIATION 

I t  is clear  that  descriptions of the  genetic variation in popu- 
lations are  the fundamental observations  on which evolutionary 
genetics depends.  Such  observations  must be both dynamically and 
empirically sufficient if they are  to provide  the  basis  for  evolutionary 
explanations and predictions. From  the  schema  presented in 
chapter I ,  we see that a sufficient description of variation is neces- 
sarily a  description of the  statistical  distribution of genotypes in a 
population, together with the  phenotypic manifestation of those 
genotypes  over  the range of environments  encountered by the popu- 
lation. 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 i t  is the evolution of the  phenotype  that  interests us. Popu- 
lation geneticists, in their  enthusiasm  to deal with the  changes in 
genotype  frequencies  that underlie evolutionary  changes,  have often 
forgotten that what are ultimately to be explained are  the myriad and 
subtle  changes in size,  shape,  behavior, and interactions with other 
species  that  constitute  the real stuff of evolution. Thus  Dob- 
zhansky’s dictum  that  “evolution is a change in the  genetic composi- 
tion  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 popula- 
tions is a  description  and  explanation of evolutionary  change only 
insofar as we can link those  genetic  changes to the manifest diversity 
of  living organisms in space and time, To concentrate only on genetic 
change, without attempting  to  relate it to the kinds of physiolog- 
ical, morphogenetic, and behavioral evolution that  are manifest in 
the fossil record and in the  diversity of extant organisms and com- 
munities, 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  composi- 
tion of populations, we encounter a paradoxical contradiction be- 
tween 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 ge- 
netic  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 popu- 
lation at each moment in time. With respect to any given locus, i t  
must be possible to  state  that  at  some time I, for  example, 30 percent 
of the population were  homozygotes A ( A  , ,  12 percent  heterozygotes 
A,A, ,  14 percent  heterozygotes A,AL1,  and so on through the  cata- 
logue of genotypes.  Moreover, in order to predict changes  at this 
locus, i t  may  be 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 ] A  rB2Bz individuals 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 distribu- 
tion 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  composition of the popu- 



lation will  be enumerations of genotypes. The necessity of enumera- 
tive description  arises from the Mendelian nature of inheritance, 
from its discrete  nature, so that the laws of evolutionary  transforma- 
tion are of necessity laws of changing proportions of discrete 
classes, 

The possibility of enumerating  discrete genotypic classes  de- 
pends, as Mendel’s original work  showed,  on  whether  the  substitu- 
tion of one allele for  another at a locus  leads to a sufficiently large 
change in phenotype. Mendel’s success  depended upon a very 
careful choice of characters,  characters which 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 impos- 
sible to distinguish between the homozygous dominant and the  het- 
erozygote, but fortunately Mendel was able to  see through this con- 
fusion. He would not,  however,  have been able  to  see through the 
confusion of a virtually continuous  distribution of phenotypic 
classes had he  chosen  to  study  the  inheritance of normal plant 
height, rather than of a  drastic dwarfing gene whose major mor- 
phogenetic effect completely  obscured the small genetic  and  envi- 
ronmental 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 the  discreteness of genotypic classes 
demanded by Mendelian analysis lies the  quasi-continuous  nature of 
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,  and  behavior. 
Closely related species may  differ on the  average in their tempera- 
ture  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 
phenotypic  overlap between the  groups.  Even when no closely 
related species  overlaps it, any  species will show  a range 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  change the evolutionist wishes to explain,  the vari- 



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  on IQ is small (except for drastic abnormali- 
ties 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  or of the  en- 
vironment. 

The situation is clear when we consider natural selection itself. 
Suppose  that the difference between a Drosophila pseudoobsurra 
genotype A I A , ,  at a certain  locus, and a  genotype A ,A2 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-lay- 
ing trials. The fecundity of individual females is extremely  sensitive 
to both environmental and  morphogenetic  accidents. A female of ei- 
ther  genotype may  be totally sterile  or may  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 proba- 
bility 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 en- 
semble  property, not an individual one, so that  enumeration of indi- 



viduals by their  phenotype is, in this respect, impossible by defini- 
tion. Survival and reproduction are the two components of fitness, 
and genotypic differences with respect  to  these  characters  evolve di- 
rectly under  the influence of natural selection.  Yet it  is impossible to 
recognize and enumerate  the 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  one hand the Mendelian genetic 
system  dictates  the  frequencies of genotypes as the  appropriate 
genetic  description of a population. ‘Ihe  enumeration of these  geno- 
types  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  for which in- 
dividual gene  substitutions make only slight differences as compared 
with variation produced by the  genetic background and  the  environ- 
ment. 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  Chet- 
verikov proposed in 1926 that  the  measurement of hidden genetic 
variation and its mechanism of maintenance  were  the  central 
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 un- 
derstood if it is formulated in the following manner: If  we could ex- 
amine  the diploid genotype of a typical individual chosen from a  sex- 
ually 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  cor- 
rect  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”  theory of population 



structure. No geneticist has with absolute  consistency  supported 
the classical or  the balanced theory in the  extreme  forms in which I 
shall juxtapose  them,  but most workers who have been concerned 
with the  issue have, at  one time or  another in their writings, 
polarized themselves  sharply. 

The classical theory  assumes  that  at nearly every locus every indi- 
vidual is homozygous for a “wild-type” gene. In addition,  each indi- 
vidual 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  gene and thus be severely han- 
dicapped, 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 domi- 
nance. In  all cases this corresponds to about 0. I percent of  loci het- 
erozygous  per individual. 

In  the classical view, the  genetic  description of two randomly 
sampled individuals from a population would look as follows: 

+ + + +  m +  . . . + + +  + + + + + + . . . +  m +  

+ + + + + + .  . . + + +  + + + + + + .  . . + + +  
with + signs indicating wild-type alleles and m a deleterious  mutant. 
Each individual is heterozyous  for  an  occasional  locus, the particu- 
lar 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  defec- 
tive 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 mu- 
tants if they saw  them. Indeed biochemical genetics invented the 
extraordinary  class of “leaky”  mutants to emphasize  that a mutation 
with partial enzyme  activity, as opposed  to  complete loss of func- 
tion, 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 mat- 
ing of close  relatives, and by the finite number of alleles at  a  locus, 
we feel that  the  proportion of heterozygosis  among  gene loci  of rep- 
resentative 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 popu- 
lation 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  a locus with n 
alleles being ( 1 1  - l ) / n .  On  the balance hypothesis,  two randomly 
chosen individuals from a sexually reproducing population would 
have  the following genetic  representations: 

A3 B z  Cz D E5 . . , 2 2  A ,  B4 C1 D E z  . . . Z1 

A ,  B ,  Cz D Ez . . . Z3 A3 B5 Cz D E3 . . . Z1 

Not only are most loci in heterozygous  condition,  but different indi- 
viduals 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 oc- 
casional allele, for  example B,, may be very rare  and  extremely  dele- 
terious when homozygous so that, like the classical theory,  the bal- 
ance  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  populations would  be of far more profound signi- 
ficance 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 inter- 
populational. In  man, the manifest genetic differences between geo- 
graphical 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 
the  concept of wild type,  since if there is a genetic  type of the !I, 

species,  those  who fail 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 mul- 
tiform 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 nat- 
ural 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  the fittest genotypes  are  the  homozygotes  for 
the wild type alleles at all loci. This view does not exclude  the  oc- 
currence of an occasional  favorable  mutation, but such  a mutation 
quickly becomes fixed in the population as a new wild type.  More- 
over, 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 several  orders 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 neu- 
tral mutation rate of p per  generation, is 

H - l -  I 
4 N p  + 1 

(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 

E.L = 2.5 X 1 0 - 4  - ( 3  
For a population of even  modest  size,  for  instance 1000, this is a mu- 
tation rate of 2.5 X lop7 as 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 the  over- 
whelming 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 popu- 
lation be some form of balancing selection, probably selective  supe- 
riority of heterozygotes, but not excluding other kinds of stabilizing 
forces. But the  hypothesis of high heterozygosity does not, in fact, 
exclude  the possibility that most of the alleles are selectively neutral 
and that  the  observed  genetic variation 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  a population size N that is about  equal to the reciprocal 
of the mutation rate in order  to  predict 80 to 100 percent het- 
erozygosity. Nor  does  the balance hypothesis rule out  the  occur- 
rence of deleterious  mutations,  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 same  under both the balancing and  the classical 
theories,  since it depends only on  the frequency of deleterious muta- 
tions. What is at issue is the  proportion of selective  processes of this 
type. 1 shall go much more deeply into the  contrasting  roles of natu- 
ral 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 dif- 
ferent  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  en- 
tirely 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 mu- 
tations are usually lost in the first few  generations  because of genetic 



segregation and random variation of offspring production, so that a 
mutation whose fitness is I + s compared with a fitness of I for J 

the  former 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  close to 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 intra- 
group variation was converted into variation between groups by 
isolation and natural selection. I t  was the segregation into a few dis- 
tinct modes of quasi-continuous variation among individuals that 
Darwin saw in domesticated animals as the model for what hap- 
pened in speciation. But if organisms are really very homozygous 
and therefore genetically identical within species, where is that vari- 
ation on which Darwin  supposed natural selection to operate? 

Unlike the  hypothesis of homozygosity, the balance hypothesis 
presumes  that  the  genetic variation for speciation is always  present, 
so that  speciation  awaits only the  appropriate biogeographical and 
ecological events.  An isolated population is nearly certain to find it- 
self in a different biotic environment  than is its parental  species, 
since  community  compositions vary considerably from locality to 
locality. Selective  forces are 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 about  speciation,  the balance view seems to predict 
speciation  everywhere.  Since,  however,  we  cannot make any quan- 
titative  predictions of speciation rate from either  theory  (we  have no 
quantitative  genetic  theory 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  distribution of geno- 
types in a population, rather than first reviewing the  evidence and 
then presenting these  hypotheses as alternative  interpretations of 
ambiguous observations.  lt is a common myth of science  that scien- 
tists collect evidence  about  some  issue  and  then by logic and  “intu- 
ition” form what  seems to them the  most  reasonable  interpretation 



of the facts1 As more facts  accumulate,  the logical and “intuitive” 
value of different interpretations  changes  and finally a  consensus is 
reached  about  the truth 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 ap- 
pear. Even when seemingly incontrovertible  evidence  appears  to 
decide  the  matter,  the conflict 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,  the old parties 
remain, sometimes  under new rubrics, but always with  old points of 
view. This must be the  case  because  schools 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  the kind and amount of genetic variation in pop- 
ulations, 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 dif- 
ficult questions is  chiefly influenced by the history of his intellectual 
and ideological development up to  the  present  moment, and the res- 
olution of current difficulties will in turn  precondition his view  of fu- 
ture 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 saw  the biological  world 
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, al- 
ways lower in fitness,  and  never  exhibit  anything  that might be 



thought of as overdominance.  Indeed, in the classical school of for- 
mal genetics,  two  mutations are by definition nonallelic if the het- 
erozygous compound between them is closer  to wild type than to ei- 
ther  mutant. The complementation  test  for 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  were carried over into  the study of natu- 
ral 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 Dobzhansky  and 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.  Dob- 
zhansky 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,  Herbert  Spencer’s Progress: Its LUMJ and CLIUSCJ) and 
ongoing, For  Dobzhansky, natural selection usually “leads  to 
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 al- 
ready reached its pinnacle, certainly in “those  great  groups which 
have long ceased undergoing important  evolutionary  changes” 
(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  for the worse, and the  function of natu- 
ral selection must be to prevent  degeneration by maintaining the 
tY Pe. 

These points of view about  genetic variation are reflected in socio- 
biological theories as well. Muller believed in a  genetic elite and 



strongly advocated artificial insemination from human sperm  banks, 
the  contributors  to which would be chosen on the basis of their supe- 
rior genotypes as manifested in their  superlor behavioral pheno- 
types. The balance school is pluralistic, seeing human society as 
dependent  for its functioning on the  existence of a variety of geno- 
types, 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 geno- 
types in the  species. For Muller, human progress meant enriching 
the species  for a few superior  genotypes while for  Dobzhansky it 
means increasing, or  at least 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.:. 

I t  is not the intention of this book to review exhaustively the  ex- 
perimental 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  examine in some  de- 
tail the kinds of evidence  that could be brought to bear on the 
problem of genetic  variation,  before  those definitive answers were 
achieved.  First,  such  an  examination will reveal the specifically 
paradoxical features of the problem of measuring variation.  Second, 
the necessary  structure of the definitive experiments  can only be un- 
derstood as an attempt  to  meet  the  shortcomings of various  other 
approaches. Finally, the  “definitive”  experiments  solve the problem 
only in a  restricted  sense and must somehow be integrated with the 
variety of information obtained from earlier  approaches.  That is, the 
experiments  that  actually  characterize  the  genetic variation in popu- 
lations  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 
genetic basis for  evolutionary  change  exists in populations? in a non- 
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. 
Direct  examination of organisms collected in nature  does  not 



usually reveal much single-gene variation. In one of the early  stud- 
ies of variation in natural populations,  Dubinin  and  co-workers 
(1937) examined 129,582 individuals of Drosophila melanogaster, 
collected in three  successive  years in I 1  separate localities. All 
collections  contained a high proportion of flies showing the so-called 
trident  pattern, a dark marking on the  dorsal thorax that varies con- 
tinuously in its expression, is known to be rather  sensitive to tem- 
perature, and has  a complex 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 propor- 
tion varied from 0.49 to 6.84 percent. Three large collections taken 
in successive  years from Gelendzhik  are 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  are unknown. The variations include 
eye colors, wing variation, bristle changes,  and  other common varia- 
tions known from classical mutants of Drosophila.  Indeed,  the  fa- 
miliarity 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 
phenotypes listed in table I ,  17 were  chosen  for  genetic  test and 
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 pheno- 
types  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. I t  is reported as “semi- 
dominant,”  but  the kinds of genetic  tests performed would not dis- 
tinguish a character  that was controlled by many genes, so i t  must 
be discounted. The frequency of variant flies  owing their pheno- 
type 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  genetic variation for  such  characters 



unless we detect  the  heterozygous  carriers of these  mutations as 
well. One of the largest attempts  to  assess  the hidden genetic varia- 
tion 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,  cov- 
ered  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 de- 
tect only one-sixth of the  recessive visible mutants, so, if we make 
this  correction,  there  were approximately 6 X (263/736) = 1.92 mu- 
tants 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  one per individual in the natural popula- 
tion. This figure agrees well with several  smaller  studies of 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  ac- 
counts  for 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  as were 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 mu- 
tants by using the  fact  that 50 years’ study of D .  melanoguster has 
essentially saturated  the  genetic map of its X chromosome with mu- 
tations 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  frequency of 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 estimated  frequency 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 per- 
cent,  respectively,  for a bristle variant and an  eye  color  variant in D .  
immigrans. Nevertheless, the average  frequency  over all loci is of 



the  order of lop3 and only about  one in a thousand loci controlling 
morphological characters of an  obvious kind ever  has  variants in 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  to using visible 
variants  for  assessing  overall  genetic  variation are overwhelming. 
First,  the method 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  to most (but not all!) methods of assessing genetic 
variation, and it is probable  that  a  representative sample of organ- 
isms 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. In  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  at which 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 pro- 
teins,  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 rela- 
tionship between  the  degree of enzymatic impairment and  the 



degree of morphogenetic  disturbance. 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 ef- 
fect on reaction kinetics, at  least in vitro. The sites  that have been 
conserved  are not randomly spread along the polypeptide chain, but 
are  clustered 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  poten- 
tially drastic in a  protein  that may have  severe effects on physiology 
or morphogenesis. 

There is also  evidence, which can only be described as impres- 
sionistic,  that wild-type revertants of morphological mutants are 
infrequent  compared  to pseudo-wild-type revertants of single amino 
acid substitution in known enzymatic  proteins. 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 ob- 
served by Schlager and Dickie (107 1) in a hung experiment on vis- 
ible mutations at five coat-color loci in mice. The table  illustrates  the 
problem of characterizing  these  rates for mutations  whose molecular 
nature is unknown. For  the one case in which there  were back mu- 
tations ( d  -+ +) the forward and back  rates were not greatly dif- 
ferent, and for  the  other  four loci 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 varia- 
tion. 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 it- 
self 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 
to  the  better  homozygote.  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 the  het- 
erozygote Hbs/lHbA is more fit than the normal homozygote 
Hb"/H6",  apparently  because  heterozygosity affords protection 
against falciparum malaria (Allison, 1955). In  Spencer's  survey 
(1957) of variation in D .  mufferi, in which the  frequency of 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  cannot dismiss the  evidence of morphogenetically dras- 
tic variants as having no relevance  to  our problem simply because 
they are  drastic.  Nor can such  variants be dismissed a priori as 



belonging to  a different class of mutational events than do small vari- 
ations. Hemoglobin s differs from hemoglobin A only in the  substi- 
tution 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 vari- 
ation. 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 con- 
trasted with a postulated general balance for more subtle  changes. 
Moreover, this explanation must take  into  account  the  fact  that visi- 
ble mutations  are not always  rare. 

LETHAL GENES 

I have argued that visible changes must represent  a minority (al- 
though not necessarily  an utypical minority) of genetic  variants, 
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  are lethal when homozygous are obviously a more re- 
stricted 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 scheme  for 
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 paradox  that is fundamental  to  our 
problem, and  since it will  be used to  detect  other forms 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  that has the M ,  phenotype  and  thus is het- 
erozygous 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 chromo- 
some and of the wild chromosome +,, with no recombinants be- 
tween  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 
have  the  phenotype M ,  and will all be heterozygous  for  the 
replicated chromosome +l. Again the gametic output will consist 
only of M ,  or fl 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 M1/+ ,  heterozygotes are  detectable as MI pheno- 
types,  and  the +,/+I are completely homozygous for all loci on the 
chromosome  that is being controlled and will show  whatever  pheno- 
type  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 unneces- 
sarily 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- 
ing. Then all the +1/+1 ezygotes would die and the only ob- 
served  class in the F, progeny would  be M 1  phenotypes. We then 
have a simple and objective  system  for  the  detection of lethal reces- 
sives. If the  scheme in figure 2 is carried out on many separate indi- 
viduals from nature,  a  direct  estimate of the  frequency of recessive 
lethal-bearing chromosomes in the wild population is obtained. The 
scheme  can be carried  out  for  each  element of the haploid set so that 
a total picture of  lethal frequencies  over  the whole genome can be 
obtained. provided only that appropriate  markers and crossover 
suppressors can be found for each chromosome in the set. 

The scheme has several  other  advantages.  Even though homo- 
zygotes +J+, may not survive,  the lethal is preserved in the het- 
erozygotes 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 
of crossing different lethal heterozygotes.  Thus. if the cross 
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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 com- 
plete enumeration  can be made. The only information that  cannot 
be obtained is  how many different lethals any one  chromosome 
sampled from nature may possess,  since  the  behavior of a lethal- 
bearing chromosome is the  same  irrespective of  how  many lethals it 
carries. I t  is usually assumed  that  lethals are distributed  indepen- 
dently  at different loci so that the  frequency of chromosomes bear- 
ing 0,  I ,  2,3 ,  . . . lethal genes will be given by the  successive  terms in 
a Poisson distribution with mean q, the  average  number of lethal 
genes per chromosome. If Q is the  proportion of lethal chromo- 
somes 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 at  great length the 
problem of distinguishing genotypes from phenotypes when envi- 
ronmental variation obscures  genotypic  boundaries. The problem is 
especially acute when the  character is an  ensemble  property like 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 phenotype  corresponding  to  that  genotype can be 
measured with arbitrary  accuracy 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 arbi- 
trarily large group  that is identically homozygous or  heterozygous 
for the same  genes. I f  all the homozygotes +J+, die before 
adulthood whereas  the MI/+, survive,  the lethality must be geno- 
typic. 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 
the  process of replicating a  genotype, an entire  chromosome is 
replicated and made homozygous. Schemes of inbreeding that 
depend on mating between close  relatives  rather than on chromo- 
some manipulation are even  worse  because the entire  genome is 
being made homozygous. Nor is clonal reproduction  any  better, 
since again the whole genome is replicated. In fact, there  is  simply 

j no way to make  a  /urge  number o j  individuals  identically homo- 
1 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 homo- 
zygous chromosomes to homozygous genes. This problem is  not 
serious  for  lethal  genes because 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 Dobzhansky  and 
Spassky’s summary ( 1954). Because ‘‘lethal’’ chromosomes  some- 
times on retest  produce a few wild type homozygotes,  the  data  are  a 
lumping of lethals and so-called semilethals, the latter being a rela- 
tively small class of chromosomes  that  have  a low but non-zero 
probability of survival as homozygotes. 

Table 3 also gives the  estimated number of lethal genes  per 
genome  for  each population, using the Poisson correction  and taking 
into  account  the  proportion of the  total  genome  accounted  for by 
each  chromosome. Within a population there are discrepancies 
because  chromosomes do not have lethals proportional to  their 
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 con- 
siderable variation, about  one lethal 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,  but minimum 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 euchro- 
matic 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. Con- 
sidering the  uncertainties of estimate,  there is really no  difference be- 
tween  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 ev- 
eryone  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  for lethals could not possi- 
bly be the rule. 

Many estimates  agree  that  the  average  dominance of lethals is be- 
tween 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 het- 
erozygous  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 other  heterozygotes  (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 in- 
compatible 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 het- 
erotic alleles arise must be extremely low. One  evidence of ac- 
cumulation of such lethals would  be a high allelism of lethals in sepa- 
rate  collections in various  populations.  Dobzhansky and Wright 
( 1  94 I )  tested this possibility with 123 lethal-bearing third chromo- 
somes 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 
two  were 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 ap- 
parently rare lethals while vice versu, the  lethals  recovered from 
samples from two or three localities show no tendency  to  ac- 
cumulate in any  particular sample.” 

The overall  picture of variation for lethal genes is then the  same as 
for visibles. One  or two loci are heterozygous per individual, but an 
occasional  variant may rise to  a few percent in a  particular popula- 
tion. These  drastic  genes  appear  to confirm the classical picture. 

I have  discussed lethal chromosomes as if they owed their 
homozygous lethality to one  or more lethal gene  substitutions. That 
is, except  for multiple lethals  (corrected  for by the Poisson calcula- 
tion), 1 have  equated lethal chromosomes with lethal genes. But 
what is the  evidence  for this widely held assumption? Is it not 
equally likely that  chromosomes are lethal when homozygous 
because they carry  a large number of gene  substitutions, each of 
which is slightly deleterious  to  development when homozygous? 
This difference in interpretation of lethals is closely related to the 
contrast between the classical and balance theories. The former  ob- 
viously predicts  that lethal chromosomes  carry lethal genes,  rare 
mutants’on  the  order of one or two  per genome. The balance theory, 
on the  other hand, although certainly allowing lethal genes, would 



also  predict a substantial  number of chromosomes that are “syntnet- 
ic lethals,” lethal chromosomes  that are  the sum of many small dele- 
terious gene substitutions.  Unfortunately, no quantitative predic- 
tion can be made of how many synthetic lethals would constitute  a 
“substantial  number.”  Moreover, classical theory  also allows for 
some  synthetic lethals made up  of, for example,  two semilethal mu- 
tations, so the  distinction between the  predictions is not  entirely 
clear  cut. 

Not unexpectedly,  the  issue of synthetic lethals has been hotly 
debated,  since  the  evidence is 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 
be created by recombination.  From the recombination of a 
nonlethal chromosome with a temperature-sensitive lethal chromo- 
some (lethal at 25.5 C but not at 16 C ) ,  3  chromosomes  out of 100 
tested  were lethal at both temperatures. In more extensive  experi- 
ments, 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  evidence on the issue since 
we do not know the  rate at which they are destroyed by recombina- 
tion. 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 infrequent  class  (Spassky,  Dobzhansky, and Anderson, 1965; 
Temin et al., 1969). 

There is one  piece of evidence which, although not  direct,  argues 



rather strongly against synthetic  lethals making up a large fraction of 
naturally occurring lethal chromosomes. This is the  remarkable 
agreement between the  number of loci estimated  to be capable of 
mutating to  lethals in D .  mefanogaster from the map saturation  ex- 
periments of Hochman,  and  the allelism of unrelated second chro- 
mosome 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  frequency of allelism of independent lethals 
will be reduced and  the  apparent  number of lethal-producing loci 
will  be 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 the  frequency of allelism will be 
upwardly biased by a  factor of I /( 1 - P ) ~ .  I f  50 percent of all lethals 
were synthetic,  the allelism estimate from this source would be four a !  1 , ’ 

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 lethals  can 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  sort when 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 unam- 
biguous phenotypes so that individuals from nature  can be classified 
as homozygous or heterozygous  for allelic substitution  after  appro- 
priate genetic  tests  have been carried out on their progeny. But 
precisely because visibles and  lethals  can be used in Mendelian gene- 
tics,  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- 



cussed in the preceding section, has as its purpose  the  production of 
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 uncon- 
trolled 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 character- 
ized to any arbitrary  degree of accuracy,  The chromosomal replica- 
tion scheme is then a powerful tool for  the study of genetic variation 
of all kinds and  has been widely applied for  this  purpose, 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 prin- 
ciples. The M J M ,  class dies in the egg stage. I f  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  2/3 marked 
flies and 1/3 wild type. If. on the other hand. the wild chromosome 
carries  a  gene  that when homozygous reduces  the probability of sur- 
vival 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 of  this test. 

The viability of wild type homozygotes relative to the marked het- 
erozygotes,  however, is not exactly of interest  since  the  marker 
gene may have  a  considerable effect on  the survival of its carriers. 
In  order  to  correct for this marker effect, heterozygotes from two in- 
dependently derived lines are  crossed so that wild type het- 
erozygotes rather than wild type homozygotes are produced. Thus 

M1/+1 x MJ+Z 

will produce  two potentially viable classes: M I / +  (a mixture of 
M1/+1 and MI/+,) and +1/+2 in the  expected  ratio of 2/3 : 1/3. I f  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 heterozygous  combinations are made. In this way the 
average  heterozygote +r/+f is taken as the  standard 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 het- 
erozygous  control  crosses,  the  distribution of homozygous viabili- 
ties that will result is representative of the  distribution of genomes in 
the  natural population. 

I n  this way Dobzhansky et al. (1963) extracted 208 second  chro- 
mosomes from a  Bogoti,  Colombia, population of C. pseudo- 
ohscuru. The distribution of proportion of  wild type  appearing in 
homozygous crosses M/+i  X M / + ,  and  heterozygous  crosses 
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 
chromosome  elements. 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 remember  that 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 dif- 
ferences 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 dif- 
ferences between cultures and segregation of the background geno- 
type.  Table 5 shows  the partition of the  total  variance of viability 
(tff.) of homozygotes and heterozygotes into the environmental- 
sampling component (a:,) and the  genetic  component  ascribable  to 
homozygosity or  heterozygosity of the  chromosome itself (a;). Fig- 
ure 4 gives two normal curves  representing  the  supposed real dis- 
tributions of chromosomal viability of heterozygotes  and quasi- 
normal homozygotes,  after the environmental  variance  has 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 I I J X  from RnnntR. Colombia 





as compared to homozygotes, which means,  presumably,  that  the 
viability modifiers are not really recessive. 

What do  the viability distributions  for  homozygotes and het- 
erozygotes in figure 4 tell us about  our  problem?  It is essential to 
bear in  mind that  the  observations are on the viabilities of chromo- 
sonzul homozygotes, not genic homozygotes. The replication 
scheme necessarily makes  entire  chromosomes homozygous and no 
method known can make only single loci homozygous while allow- 
ing the  rest of the  genome  to  segregate. Thus a  chromosomal 
homozygote with a viability of 50 percent and one with a viability of 
90 percent may differ at 2 or 2000 loci. Can  further  analysis of the 
observations clarify the  issue? 

A considerable  variance in viability among heterozygotes, which 
presumably represent  the typical genotypes of individuals in the nat- 
ural population, is consonant with both theories of genetic variation. 
The balance theory necessarily predicts variance among het- 
erozygotes  because at each locus heterozygotes are superior in 
fitness to homozygotes,  whereas  the classical theory  does not 
demand complete recessivity ofdeleteriousgenes but allows that het- 
erozygotes may  be 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 het- 
erozygotes  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 homo- 
zygotes  and  heterozygotes  for a set of experiments carried out si- 
multaneously and  therefore  strictly  comparable. The ratio  for the 
Bogoti population is not atypical, but the range is so great  that al- 
most any value is “reasonable.” 

If  the distribution of heterozygous viabilities in figure 4 is taken as 
a standard,  the mean of homozygotes lies about I . 6 u  below the  stan- 
dard 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,  chromosomes that 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 het- 
erozygous mean. The normal curves in figure 4 predict about 2 per- 
cent of homozygotes to be in this class. Even though rare,  their exis- 
tence would appear to be an  anomaly, especially under the balance 
hypothesis,  since  advantageous genes should sweep through the 
population and become fixed. It  has been shown,  however,  that 
such  supervital  chromosomes invariably lose their supervitality 
when tested in other  environments  (Dobzhansky et al . .  1955). 

Supervitality in natural conditions  under  a fluctuating environ- 
mental regime is probably an  extremely  rare  event, and its  appear- 
ance 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 unexpected  under  the classical view, since  the  frequency of 
homozygous chromosomes with a viability 2 a  greater than the 
average  heterozygote will  be very low if there  are  even  a few dele- 
terious  genes  per  chromosome on the  average. 

The bimodality of viabilities in experiments  on homozygous chro- 
mosomes 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  chromosomes are 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 up  on  each  chromosome, 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 rare  deleterious “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  as- 
sumed,  for  example,  that  there was a single skew distribution of 
deleterious  recessive  gene effects with a very long left tail, measured 
as percentage of normal enzyme  activity, any activity below a  cer- 
tain value would  be lethal, so that  there would 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  average viability 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 correla- 
tion between viability of quasi-normals  and  the  proportion of lethals 
is indeed negative ( r  = - 0.2) but only weakly so and far from statis- 
tical significance. Note that although the  lowest  frequency of lethals 
(9.5 percent) is associated with a very high mean viability of quasi- 
normals (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  data of table 7 are  a fairly good sample of the  results of chro- 
mosomal inbreeding experiments  for major autosomes in 
Drosop/plzifu. The viability of X chromosomes when homozygous is 
much higher and X chromosome  lethals are  rare,  as is to be expected 
from the  fact  that  the X chromosome is exposed to selection in 
hemizygous condition in males in each  generation. Thus “reces- 
sive” 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  the world 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 these  are newly 
acquired  lethals, of course. 

One peculiarity of the data in table 7 is the weak correspondence 
between chromosome size and  the viability distribution. All the 
species in the table have five  long euchromatic  chromosome  arms, 
each comprising about 1/5 of the total genome.  Chromosome I1 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  chro- 
mosome 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 micro- 
chromosome. 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,  then a typical chromosomal  homozygote  for a 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  reduction in 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 chro- 
mosome. 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 dele- 
terious  genes  and show a marked viability reduction. The distribu- 
tion of viability of these small lengths chosen from the long au- 
tosome  ought,  then,  to be bimodal, with one mode indistinguishable 
from the  average  heterozygous fitness and the other mode with 
lower mean viability.* That is, small random pieces of a long au- 
tosome 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,  since this theory  assumes varia- 
tion at nearly all loci. Then  the viability distribution would  be 
unimodal, with a mean very slightly lower than  the  average het- 
erozygote. 

Using the micro-chromosome as a model for a random short 
stretch of autosomal  genomes  requires  extremely careful work if the 
real genetic  variance is to be observed among such  short chromo- 
somal segments.  Such a careful and highly replicated experiment 
has been done by Kenyon ( I967), who  compared  second with fourth 
(micro) chromosomes in a population of D .  melurroguster. Appro- 
priate 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  mutants per 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  quasi- 
normals 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 ob- 
served 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 fourth- 
chromosome 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. I f  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 owe  their viability variation to 
one  or two subvital mutations  on  each  chromosome,  the  test  has no 
power against the  alternative  that  there  are,  say, 10 such substitu- 
tions per chromosome,  For if there  were, pieces of the size of chro- 
mosome 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 com- 
pletely confounded, especially in view of the  genetic  variance of 
viability. Thus we have ruled out  a model in which viability varia- 
tion 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 and  heterozygotes in a population of Drosophila 
mehogaster .  From  Kenyon (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 bal- 
ance  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 tremendous  environmental  and  develop- 
mental variance in fertility between females  carrying  the  same 
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 homo- 
zygotes and heterozygotes. The distribution of fecundities is ob- 
viously a good deal wider than  for viability and at least part of that 
breadth is the result of the  greater  environmental  variance of fecun- 
dity. As for viabilities, the mean of homozygotes is distinctly less 
than for heterozygotes, in this case only 81 percent of the het- 
erozygous  mean.  Curiously  enough, no completely sterile homo- 
zygotes  were  found, although four had extremely low fecundity. 
This  lack,of  complete sterility may be partly  the result of the optimal 
conditions  under which the  tested 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 Dob- 
zhansky  and  Spassky (1953). Since male and female sterility were 



generally independent in their  study,  the total sterility is about equal 
to  the lethality (see table 7). All in all, the loss in fitness from varia- 
tion 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 gener- 
ations per year and a  synchronization of generations  because of a 
diapause  or  other  cessation in breeding activity,  development time 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 ge- 
netic 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  chro- 
mosome replication schemes are allowed to form a  continuously 
breeding population over  a number of generations,  two things may 
happen. If the  chromosomal homozygote +i/+i is less fit than  the het- 



erozygote M/+i ,  a  stable equilibrium frequency of marker and wild 
chromosome will result,  since  the  homozygote M / M  is lethal. More- 
over, the equilibrium frequency, @, of the wild type  provides an es- 
timate of net fitness of the homozygote relative to the  marker 
heterozygote, although some ambiguities arise  since  genotype fre- 
quencies  cannot be estimated among fertilized eggs. If, on the  other 
hand,  the homozygote +i/+i is more fit than M/+i ,  the  marker will be 
lost and the  rate of 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  marker and will serve as a standard against which to compare the 
chromosomal homozygotes. 

This  technique was applied by Sved (197 I )  to 24 second  chromo- 
somes 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 es- 
timates  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  values are artifacts of the  estimation  technique and 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  stan- 
dardize  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  either female longevity or  the distribution 
of fecundity through the female lifetime. In  a continuously breeding 
population like the populations used  by Sved  and  Ayala,  earliness of 
egg production  counts  for more than total egg production in deter- 
mining fitness. At the total fecundities given by Marinkovic, a one- 



day  decrease in the age at which egg laying commences would be 
worth the  same in fitness as a two-thirds  increase 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  and male fer- 
tility seems  to  destroy any hope of dealing with fitness modifiers as 
mappable and countable Mendelian entities. By recovering recom- 
binants  between wild and marked chromosomes, it  is possible to 
map,  crudely,  the  distribution of viability effects along a chromo- 
some, 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 seg- 
ments,  the mapping will  be extremely  crude. In  the  study of Breese 
and Mather,  one  parental  chromosome had 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 distin- 
guish between the hypothesis  that  one parental chromosome  con- 
tained 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  hypoth- 
esis  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  for many 
parental chromosomes  on a sufficient scale  to get unambiguous in- 
formation on the  distribution of fitness modifiers along the chromo- 
some would require many thousands of times more effort than ex- 
pended by Breese and  Mather. And even  then,  the sensitivity of 
fitness to  environmental  variables,  the  statistical  complexities of es- 
timating 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 ambigu- 
ous results. 

THE GENERATION OF VARIATION 

One  remarkable  feature of variation for fitness characters, and 
indeed for  other  quasi-continuous  characters, is the high rate  at 
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 the  es- 
timated 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 
natural populations of D .  tnc~lmrzogas~rr (see table 7), after only 25 
generations. The variance  accumulates  somewhat 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  order of 100 units in natu- 
ral populations as compared to the 40 units  accumulated in 25 gener- 
ations of Mukai’s experiment.  Yet only about 60 generations would 
be  required, at this  rate,  to  approach  the  variance of an equilibrium 
population. The discrepancy between the rate of loss of mean 
fitness and the  rate 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,  ab- 
dominal and sternopleural bristle number, in D .  melanogaster. 
From previously published data on the response  to artificial selec- 
tion in initially inbred lines,  Clayton and Robertson (1955) es- 
timated 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 genetic  variance by recombination is more 
rapid by two  orders of magnitude than  generation from mutation 
alone, as shown by a  series of coordinated  experiments on four 
species of Drosophila  (table 14). Chromosomes  that  were  essen- 
tially “nomal” in viability when homozygous were allowed to 
recombine,  and  the homozygous viability of a sample of recom- 
binant  chromosomes  was  tested. There were  two  consistent effects, 
shown in table 14. First,  the  recombinant  chromosomes had a lower 
mean viability than  the  parental  genomes from which they arose. 
These parental  genomes  were  a biased sample of high-viability 
homozygotes; we see from a comparison of the first two  columns 



of table 14 that  the  recombinant  chromosomes regressed consider- 
ably 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 the  parental homozygote was lost among 
the  recombinants.  Such  a  loss implies that  a  considerable  fraction of 
the viability depression of homozygotes  arises from epistatic effects 
between loci. Second, a considerable  fraction of 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  chro- 
mosomes had no significant correlation with the viability difference 
between  those  chromosomes when 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 
the  average  amount of heterozygosity in a population. Whereas 
these  results make it fairly certain  that  chromosomes  do not differ by 
one  ortwo mutations  only,  there is nothing in the  outcome of the  ex- 
periments  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  over and over in any attempt to interpret  the  out- 
come 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 emphasize  that  there is a  close relation between 
theories of the  amount of genetic variation in natural populations 
and  theories of the way in which natural selection  operates. 
Because of the  close  connection between the action of natural selec- 
tion 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  almost entirely to “purify” 
the  genome, if there is a wild-type state  for a locus and  every mu- 
tation is deleterious in homozygous condition  and  very slightly dele- 



terious or even  neutral in heterozygous  condition,  then  genetic vari- 
ation will be rare at any  locus.  What  genetic variation there is will be 
the as yet uneliminated deleterious  mutations  that  have  arisen rela- 
tively recently.  Even  under  the  most  favorable  conditions  for varia- 
tion,  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 per- 
cent of  wild type,  the  heterozygosity at a  locus will  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  as- 
sume  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 mlm 

1 1 - h s  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  dominance of 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  order of magnitude lower  than  for  the completely reces- 
sive 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  genes which 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 main- 
tained 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  heterozygosity is 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 

A l A l  A 4 2  A d z  
I - t  1 I “s 

At equilibrium, the  frequency of the allele A I  is 

P(A 1) = X S 

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 ( A J  = 0.875 
and 

H = 0.163 

as before. 
An  important  consequence of higher fitness of the  heterozygote is 

that it leads to  a  stable equilibrium of intermediate allele frequencies 
with an  accompanying high heterozygosity. I f  mutations should 
arise  that  have this property of overdominunce or single-gene  het- 
erosis, 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,  the population genotype would come  to be domi- 
nated by them because of their preferential accumulation, and the 



population would become highly heterozygous at  every locus. 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  over- 
dominant  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  was high 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,  heterozygosity in populations will  be rare 
and all individuals will  be virtually identical genetically. I f ,  on the 
other  hand,  overdominant  combinations of 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  con- 
cepts of “virtually all” and  “repeatedly,  even though not  often.” 
There  are clearly 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 het- 
erozygotes  rather  than by counting  genes has led to  several 
ingenious approaches  to  the analysis of chromosome replication ex- 
periments. 

Correlations  Between  Homozygotes 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 

+/+ +/m m / m  
1 1 - h s  1 ” s  

we can  predict  a positive correlation  between  the fitness of 
homozygotes  and  heterozygotes.  Since h is constant  or unrelated to 
s in its value, the greater  the  loss of fitness of the  homozygote,  the 
greater  the loss of the  heterozygote. If we  carry  this line of 
argument  to  overdominant  cases,  however,  then we  would predict a 
negative correlation  between homozygous and  heterozygous fit- 



nesses  since, on this  hypothesis, h is negative so the  greater  the  loss 
of fitness of m/m, the  greater  the  increase of fitness of +/m relative  to 
+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 kind  of 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 
them. The results  are completely equivocal. I have  already 
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 
some  heterozygotes  have  to be used and since  there 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 involv- 
ing two different chromosome  elements,  two  temperatures, and two 
populations, found an overall positive, small correlation between the 
homozygous fitness of a  chromosome and its fitness when het- 
erozygous with a  marker  chromosome. The relationship between 
homozygote and heterozygote was curvilinear,  however, with het- 
erozygous viabilities being  minimum for  chromosomes with inter- 
mediate homozygous viabilities. It  is their claim that all the  appar- 
ent regression is due  to  the  supervital  chromosomes, 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  performance of 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  and when the  heterozygote was compared with the  average 



of the  two  homozygotes. But Kenyon (1967) found a strong positive 
correlation in her  studies of the fourth chromosome of D .  melanogas- 
ter. Wills (1966) found lethals to be completely recessive in D .  
pseudoobscura, but  subvitals to be partly dominant, and Marinko- 
vic’s study of fecundity (1967) showed a positive correlation be- 
tween 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  temperature of 
29 C the  correlation between homozygous and  heterozygous 
viability was negative, apparently showing overdominance! 

The unsatisfactory  state of the  experimental  evidence  arises from 
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 dominance  to be general.  Then het- 
erozygotes  for lethals will have, on average,  a viability of 97.5 per- 
cent 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 al- 
ready seen  that  the  genetic  standard  deviation  for  heterozygous 
viabilities averages  about 5 percent  (table 6). Even if all environ- 
mental variance could be eliminated,  the regression could only ac- 
count  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 accu- 
rately sorted. 

Putting aside  the  statistical  problems,  the  theoretical relation be- 
tween regression and  dominance is very weak. l t  assumes  that h is 
the  same, on the  average,  for all classes of homozygous viabilities. 
I f  this assumption falls, the  entire  analysis falls. Suppose we as- 
sume, 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 - h s = l -  - 8 z l - k  (a> 
which is a constant,  and  there would be no regression at all.  If the 



dominance should decrease  at any rate  faster than proportional,  say 
as 1/s2, then the fitness of a heterozygote would be 

( 3  s 
l - h s = l -  - s = l - -  k 

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  con- 
cept of the gertetic load in a population, by which is meant  the loss of 
fitness in the population as the result of segregation of unfavorable 
genotypes. In  particular, we will define the  genetic load as the dif- 
ference in fitness between the population and a hypothetical popula- 
tion 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 

+I+ +/In mlm 
1 1 - h s  I - s  

and if the population is random mating, the  genotypes at zygote for- 
mation will  be  in the  proportion 

+/+ +Im m l m  
P 2  2P9 q2 

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 dele- 
terious, semidominant mutant will be in very low frequency. To a 
very  close  order of approximation  the  genetic load in the random- 



mating population LR will come  entirely from 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 = S q  

L ,  is also a small number, but it is a good deal larger than LN, and the 
ratio 

LI sq I 
LR 2hsq 2h 
-=-=- 

I f  the  dominance of 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 
deleterious  gene  were completely recessive. By our previous 
reasoning, for a completely recessive  gene 

LI - sq - 1. 
LR sq2  4 
""- 

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 as- 
suming random mating, the  fitnesses  and  frequencies of the  geno- 
types  can be represented as 

A d 1  A d z  A d z  
1 - f .  1 1 "s 

P 2  2Pq  q2 

Now  the  genetic load arises from both homozygotes, which are both 
reasonably  common  unless s 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 )  

L R  (s2t + t 2 S ) / ( S  + t ) Z  
" = 2  

The load ratio  for a heterotic  gene is precisely 2, at equilibrium, irre- 
spective 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 L I + 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 
load ratio LI/LR, because  the  added  constant mortality in both 
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  these are underestimates of the  true load ratio, 
the  evidence is strongly in favor of partial dominance of deleterious 
genes, of the  order of 10 percent and strongly against over- 
dominance, 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) mat- 
ings in four  populations of D .  pseudoobscura to  estimate A 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  four popula- 
tions. 

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 explana- 
tion of the ambiguity arises from a  closer look at the  assumptions of 
the B/A argument. 

First,  the predicted ratio of 2 for  the  heterotic case is restricted  to 
a locus with two alleles. If there  are k alleles in heterotic equilibri- 
um, 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  that may bias U / A  ratios in either  direction  because of 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 propor- 
tional to  the inbreeding coefficient. The assumption  that whole 
genomes will have  a load proportional to inbreeding depends upon 
the additivity of loads at different loci. If loads were more than addi- 
tive, the  extrapolated load at F = 1 would overestimate  the dele- 
terious effect of making a single locus homozygous, while if epistatic 
interactions between genes  caused  a canceling out of deleterious ef- 
fects,  the  extrapolated load would underestimate the effect of 
homozygosity for  each locus separately. As usual, the data on this 
point are ambiguous. 

Special experiments  to  test  interactions in viability were per- 
formed independently by Spassky,  Dobzhansky, and Anderson 
(1965) and  Temin and co-workers (1969) with different results. The 
Spassky  group, working with simultaneous homozygosity of chro- 
mosomes I1 and I 1 1  in D. pseudoohscuru, found the  average  interac- 
tion 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 .  mrlunogus- 
fer ,  found no significant interaction, their values being 

S = 0.09 
T =0.11 
7 = 0.03 

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



from chromosome  combination to chromosome  combination,  but 
the  error  variance of these values is very  great  and  not much can be 
said about  the real distribution of interactions. 

Third,  there is 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 con- 
tribution to both numerator and denominator, while each semi- 
dominant locus makes a small one, so that  the  ratio will 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, 
whereas  the remaining 10 percent of  loci are heterotic with the 
homozygotes 95 percent as fit as the  heterozygote,  the load ratio will 
be only 2.15, essentially indistinguishable from a completely bal- 
anced load. 

Fourth, the B / A  ratio based on viabilities is an  overestimate  rather 
than an underestimate of LI /LR.  The theory of load ratios  depends 
upon total fitness, of which viability is only a part.  In  Drosophila it 
seems to be only a minor part, if we  accept  the  results of Sved (197 1 )  
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  the viability 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. Whereas  an 
absolute viability of 100 percent may  be taken as the  obvious max- 
imum for  the optimum genotype, no similar limit can be placed on 
the fecundity of the optimum genotype. The fecundity of the 
random-bred populations  and of the  inbreds  derived from them lie at 
an unknown and  unknowable  distance below the fecundity of the 
“best”  genotype. The fitness estimates of Sved  are relative fit- 
nesses, but the  theory of load ratios  demands a measure of absolute 
fitness, because it requires  an  estimate of the  deviation of a random 
load population from that  absolute. Thus, B / A  ratios based on 
viabilities really have  the form 

B Ll + E  “ I F  

A L-R + E - LRF 
“ - 

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



How large are LIF and LRF? We do  not know in man, mouse, or 
Drosophila,  except  to  say  that  they are larger than the viability com- 
ponent in Drosophila  and in man. It is at  least  conceivable  that a 
more realistic load ratio could be estimated in species of birds that 
have  a rigorously determined  clutch size and more or less fixed 
number of breeding years, so that  the  variance in 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 dele- 
terious 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 

q = __ = 0.048 S 

S + t  

which is not very different. However,  the load ratio will be 66 for 
the  recessive  gene  but  exactly 2 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.  This  ap- 
parently 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 mea- 
surable  has  changed. We must be specially wary in population 
genetics of idealized quantities  that  owe  their  existence to defini- 
tions 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 dis- 
tinguish heterotic from partly dominant  genes  comes  out of the dif- 
fering expectations  for  the  distribution of homozygous fitnesses 
among newly arisen  mutations and among  mutations  that  have been 
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  “quasi- 
normal” or  “detrimental”  homozygotes.  Then  the  ratio DIL has dif- 
ferent  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 in- 
dependent 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 newly  arisen  mutations  and for 
genes at equilibrium 



expected D / L  ratios  for different cases of dominance and for new 
mutations.  According  to  these  results, it  would  be possible to distin- 
guish a  constant partial dominance from a partial dominance  that 
grew greater as the selection grew less  intense, 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 lat- 
ter  case  the D / L  ratio would  be the  same in new and equilibrium mu- 
tations.  Unfortunately,  one  cannot distinguish the latter  case from 
the  case of 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  constant but very high dominance or two  heterotic alleles 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  alter- 
native  hypotheses with hs a  constant. This formulation does not 
deal with the possibility that h is negative for  deleterious  genes  (het- 
erosis) but slightly positive for lethals,  perhaps 2-3 percent. I n  the 
case of k heterotic alleles, this would produce  a ratio somewhere be- 
tween  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  choice of data. I t  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  distin- 
guish the effect of single-locus substitution,  since no method exists 
for following segregation at a single locus with  small effects. 
Wallace proposed reversing the  direction of the experimental com- 
parison by starting with a completely homozygous stock and induc- 
ing 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  number of 
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 het- 
erosis, and negative results would  be meaningless. If the uveruge 
heterozygote  for  a newly induced mutation were superior  to  the un- 
mutated homozygote as well as the mutated homozygote,  then het- 
erosis would have to be very general in natural equilibrium popula- 
tions. Natural  selection, it must be remembered, will act  as a  screen 
and enrich  the population for  heterotic  mutants if they occur. If the 
average  heterozygote  for newly induced mutations  were not hetero- 
tic, 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 not  superior in heterozygous  condition, that he 
could, by suitable statistical  analysis,  estimate  the  proportion of het- 
erotic  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 ir- 
radiated males are then crossed  to their unirradiated sisters to 
produce the usual F:, segregation, except  that  the wild-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,  are completely homozygous since  there was 
no irradiation of their fathers. A comparison of irradiated “homo- 
zygotes” with control  homozygotes will show  the effect of newly  in- 
duced mutations in heterozygous  condition. 

Wallace’s actual experimental design was much more complex 
since he arranged the  crosses to avoid irradiating the marker  chro- 
mosome, he made sure that the wild-type chromosome in the  test 
was  a quasi-normal before irradiation, he transferred  the  chromo- 
some used onto  a common genetic background with the  marker 
stock,  and he had two  markers segregating in the F,. The final gen- 
eration, in which counts were made, segregated for  four  genotypes 

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

Experimental: M J M ,  : MI/+?  : Mz/-t l  : +J-tj* 

where +i is a  particular wild chromosome and +T is that chromo- 
some 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  the following weighted average viabilities relative to the doubly 
marked class: 

Control: M J M ,  M , / +  M, /+  +/+ 
1.000 1.094 1.146 1.008 

X ray: M J M ,  M,/+* M,/+ +I+* 
1.000 1 . 1  15 1.137 1.033 

The 2.5 percent increase in viability of +/+* relative to +/+ is re- 
markable. 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  that differed in some technical de- 
tails 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 further  increase with 
2250 R. However,  the  failure of Muller and Falk to find a significant 
decrease in fitness after  a  very large 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 het- 
erozygotes  over 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 muta- 
tions,  was taken by Mukai, Chigusa,  and  Yoshikawa (1964, 1965). 
They  compared  homozygotes  for  chromosomes  that had ac- 
cumulated  spontaneous  mutations  for 32 generations with het- 
erozygotes between these  chromosomes  and a chromosome in 
which homozygous viability had not changed during the 32 genera- 
tions. When this  comparison was carried  out  on  a 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 for  the  “unmutated” homozygote. Spontaneous muta- 
tions that  produced bad homozygous effects were  apparently 
beneficial in heterozygous  condition. When the  same  comparison 
was made on a heterozygous  genetic  background,  however,  the ap- 
parent  heterosis  disappeared. The phenomenon of heterosis of new 
mutations on a homozygous background, but not on a  heterozygous 
background,  appeared again when Mukai,  Yoshikawa,  and  Sano 
(1966) looked at radiation-induced mutations. There was a  het- 
erosis of 3 percent  after  treatment with 500 R, and effect larger  than 
that  found 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  interpretation of his results. It would also appear  that  a  con- 
siderable  epistasis of yet  another kind must be operating if Mukai’s 
results are generalizable,  since it is not only the Ic~vc.l of homozygos- 
ity 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,  what is it? Do the few 
mutations  per  chromosome induced by Wallace and Mukai bring the 
genome  close  to  that level? If  so, the classical school is vindicated, 
since  even in Mukai’s spontaneous-mutation  experiment  the 
average number of mutations accumulated per  chromosome is  be- 
tween 4 and 5,  using Mukai’s (1964) estimate of (3.14 I l as the  gross 
mutation rate per chromosome  per  generation for viability modifi- 
ers. If there  are specific epistatic  interactions between particular 
background homozygotes and  the  overdominance of 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  the only rule) of plant and animal breeding that some kind of 
assessment of genetic variation ought  to be made before a  tedious 
and  expensive program of selection is undertaken. If the heritability 
of a  character in the population to be selected is very low,  for in- 
stance 5 percent or less, then special forms of selection,  say family 
selection, must be used, or  else some  environmental regime that will 
cause  a 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 ge- 
netic 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  selection and 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 varia- 
tion is unimportant  once  a  character  has been demonstrated to be 
selectable.  Such  an argument ignores the  fact  that we cannot  predict 
the  eventual limits to  selection or  the way in which the heritability 
will change  over  the  course of 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 vari- 
ation was  present to be selected.  What is remarkable  about  the his- 
tory 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 im- 
mense  changes in the  qualitative  and  quantitative  characters of 
domesticated  plants and animals. What is not so strongly stressed is 
that a good deal of the major increases in  yield  of agricultural organ- 
isms 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  variety of 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 frown- 
ing or  author reluctance  concerning publication of negative results!” 
(1955). Dickerson was less reluctant  than  most, and his editor’s 
brow remained unwrinkled as he reported negative results  for  selec- 
tion 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 flock  of 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 dif- 
ferent  characters ranged from 8 to 59 percent, based on correlations 
between relatives. It is  probable that natural selection and negative 
correlations  between  characters, as well as major environmental 
changes  (some  years  were  poor  for all 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 varia- 
tion have remained unreported. It  is certain from Dickerson’s  article 
that he would not  have  reported his results if the  cause of the failure 
had been so straightforward. 

We are on more‘certain ground if we turn to controlled model 
selection experiments in Drosophila. It is a  commonplace of 
Drosophila population genetics  that  “anything can be selected for” 
in a non-inbred population. Indeed,  the  commonness of this  experi- 
ence,  the  restricted  size of the  group of people working in 
Drosophila population genetics,  and  the mechanisms 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  character would receive  some no- 
tice. 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 exhaus- 
tive, is meant to provide an impression of the  extraordinary  variety 
of physiological, behavioral, and  morphogenetic  processes for which 
there is genetic  variance in substantial  quantities in outbreeding 
Drosophila populations. 

Size. Both body size  and wing size can be increased  and 
decreased by selection, with the  divergent lines differing by about 25 
percent of the initial size  after 15 generations of selection  (Robert- 
son and  Reeve, 1952). Moreover,  the  divergence in  wing length 
may be due  to changes 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 
increased  and  decreased. The divergence  between high and low 
lines reached  two-thirds of the original character  value in 25 genera- 



tions  for  abdominals, and eventually  the lines diverged by 100 per- 
cent of the original value. 

Developmental  rate. A divergence of 1.2 days was created be- 
tween fast  and slow lines of development  from egg to adult as com- 
pared with the  control  development period of 17.4 days,  after 1 1  
generations of selection  (Clarke,  Smith,  and  Sondhi, 1961). 

Fecundity  and egg size. Bell, Moore,  and  Warren (1955) suc- 
ceeded in selecting both increased and decreased  fecundity,  produc- 
ing  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  at low levels of nerv- 
ous activity, strongly positive  and negative geo-  and  phototactic 
lines have been produced by selection (Dobzhansky  and  Spassky, 
1967). Selection  for mating preference  can be carried out by allow- 
ing free mating in a mixture of two  mutant  stocks and then destroy- 
ing all hybrid progeny each generation. In this way, for  example, 
Knight, Robertson, and Waddington (1956) changed the mating pat- 
tern of ebony and vestigial mutants from a random one  to  one in 
which the  ratio of homogametic to heterogametic mating was 
1.6 : 1. 

Pattern. The normal pattern  for  Drosophila is one  anterior and 
two  posterior ocelli, accompanied by two  anterior and four posterior 
ocellar  bristles,  but lines can be selected with only the  two  posterior 
ocelli and  four  posterior bristles (Maynard Smith and  Sondhi, 1960). 
Wing venation  pattern  can be altered in a variety of ways by selec- 
tion;  for  example, removal of the posterior  cross vein (Milkman, 
1964) occurred in up to 96 percent of individuals after 22 genera- 
tions of selection. 

“Invariunt” patterns. Many characters  show no phenotypic vari- 
ation at all under normal genetic and environmental  conditions. I f  
normal morphogenesis is severely  disrupted by an environmental 
shock (Waddington, 1953) or by a  mutant  gene  (Rendel, 1959), 
phenotypic variation is induced which can then be selected. In this 
way Waddington produced populations with 80 percent of the hal- 
teres transformed into rudimentary wings (the so-called bithorax 
phenotype)  and Rendel selected lines with six or more  scutellar 
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) showed  that  the  entire  distribution of phenotypic  classes 
could be tailored  to any arbitrary  shape by selection.  For example, 
Rendel and Sheldon (1960) canalized  development of scutellar 
bristles  around  the mean of 2, doubling the  probit  distance  spanned 
by that  phenotype.  Moreover, both the  genetic and the  environ- 
mental components of variation may  be 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 
Totul  genetic  Fly  Residual 

Control 157.4 91.3 28.2 37.9 
Stabilizing 9  1.2 45.6 29.7 15.9 
Disruptive 5 10.9 449.6 26.8 34.5 

After  another  seven  generations of selection,  the  total  variance of 
the  disruptive line was I100 and of the stabilizing line only 57. 

Mutant  expression. The  experiments of Maynard Smith and 
Sondhi, of Rendel, and  of Scharloo,  described  as being selection on 
pattern and on  variance,  also  show  that a major morphogenetic mu- 
tant 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  more and more  to  overlap wild type in 
Drosophila in successive  generations of laboratory  culture, but that 
full expression  can be 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.  Wadding- 
ton (1960) selected lines in which the  difference in eye-facet  number 
at high and low temperatures was considerably  less ( 1  1 .O) than the 
difference in controls (100.8). 

Resistance. Resistance  to DDT has  been  produced  several times 



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  the pat- 
tern of recombination can be radically altered by selection in 
Drosophila. Although Drosophila is typically a sexually reproduc- 
ing 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 outside  the interval directly 
selected  for.  Moreover,  the  genetic  control of the recombination ap- 
peared 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  genetic variation relevant  to all as- 
pects of the organism’s development  and physiology exists in natu- 
ral 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 
selection  experiment.  On  the  contrary,  investigators  have used 
whichever material was convenient, so there is good reason  to  sup- 
pose  that any outbred population or  cross between unrelated lines 
will contain enough variation with respect to almost  any  character to 
allow effective selection. 



Moreover,  the  genetic variation with respect  to different charac- 
ters 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 selec- 
tion (characters  selected in alternating  generations),  independent 
selection (characters  selected simultaneously in every  genera- 
tion), and index selection  (the  two  character values were  added  to 
give one  index), and these  were  compared with the effect of separate 
selection on the  two bristle characters in separate lines. Table 17 
shows  the realized heritability for  each  character  under  the different 
schemes of selection.  Apparently it makes no difference whether 
the  characters  are selected separately or together.  More  experi- 
ments 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  that are relevant  to  characters of adaptive significance. These 
results do nut prove,  however,  that large numbers of genes are 
segregating relevant  to  any  particular  character. 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  one locus 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  can be 



selected  for  rather easily in nearly any population, then it is certain 
that  a large number of genes of different  function  are segregating in 
natural  populations,  even if these  genes  collectively do 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 characters  must be 
segregating at  intermediate allelic frequencies. 


