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THE ROLES OF MUTATION, INBREEDING, CROSSBREEDING
AND SELECTION IN EVOLUTION

Sewall Wright, University of Chicago, Chicago, Illinois

The enormous importance of biparental reproduction as a factor in evo-
lution was brought out a good many years ago by East. The observed
properties of gene mutation—fortuitous in origin, infrequent in occurrence
and deleterious when not negligible in effect—seem about as unfavorable as
possible for an evolutionary process. Under biparental reproduction, how-
ever, a limited number of mutations which are not too injurious to be car-
ried by the species furnish an almost infinite field of possible variations
through which the species may work its way under natural selection.

Estimates of the total number of genes in the cells of higher organisms
range from 1000 up. Some 400 loci have been reported as having mutated
in Drosophila during a laboratory experience which is certainly very limited
compared with the history of the species in nature. Presumably, allelomorphs
of all type genes are present at all times in any reasonably numerous spe-
cies. Judging from the frequency of multiple allelomorphs in those or-
ganisms which have been studied most, it is reasonably certain that many
different allelomorphs of each gene are in existence at all times. With 10
allelomorphs in each of 1000 loci, the number of possible combinations is
10'*° which is a very large number. It has been estimated that the total
number of electrons and protons in the whole visible universe is much less
than 10,

However, not all of this field is easily available in an interbreeding popu-
lation. Suppose that each type gene is manifested in 99 percent of the indi-
viduals, and that most of the remaining 1 percent have the most favorable
of the other allelomorphs, which in general means one with only a slight
differential effect. The average individual will show the effects of 1 per-
cent of the 1000, or 10 deviations from the type, and since this average

has a standard deviation of V10 only a small proportion will exhibit more
than 20 deviations from type where 1000 are possible. The population is thus
confined to an infinitesimal portion of the field of possible gene combina-
tions, yet this portion includes some 10 homozygous combinations, on
the above extremely conservative basis, enough so that there is no reason-
able chance that any two individuals have exactly the same genetic con-
stitution in a species of millions of millions of individuals persisting over
millions of generations. There is no difficulty in accounting for the prob-
able genetic uniqueness of each individual human being or other organism
which is the product of biparental reproduction.
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If the entire field of possible gene combinations be graded with respect
to adaptive value under a particular set of conditions, what would be its
nature? Figure 1 shows the combinations in the cases of 2 to 5 paired al-
lelomorphs. In the last case, each of the 32 homozygous combinations is
at one remove from 5 others, at two removes from 10, etc. It would re-
quire 5 dimensions to represent these relations symmetrically; a sixth di-
mension is needed to represent level of adaptive value. The 32 combina-

Ficure 1.—The combinations of from 2 to 5 paired allelomorphs.

tions here compare with 10" in a species with 1000 loci each represented
by 10 allelomorphs, and the 5 dimensions required for adequate represen-
tation compare with 9000. The two dimensions of figure 2 are a very in-
adequate representation of such a field. The contour lines are intended to
represent the scale of adaptive value,

One possibility is that a particular combination gives maximum adapta-
tion and that the adaptiveness of the other combinations falls off more or
less regularly according to the number of removes. A species whose indi-
viduals are clustered about some combination other than the highest would
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" move up the steepest gradient toward the peak, having reached which it
would remain unchanged except for the rare occurrence of new favorable
mutations. ' ’

But even in the two factor case (figure 1) it is possible that there may
be two peaks, and the chance that this may be the case greatly increases
with each additional locus. With something like 10** possibilities (figure
2) it may be taken as certain that there will be an enormous number of
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Ficure 2.—Diagrammatic representation of the field of gene combinations in two dimen-
sions instead of many thousands. Dotted lines represent contours with respect to adap-
tiveness. :

widely separated harmonious combinations. The chance that a random com-
bination is as adaptive as those characteristic of the species may be as low
as 107 and still leave room for 10°* separate peaks, each surrounded by
10**° more or less similar combinations, In a rugged field of this character,
selection will easily carry the species to the nearest peak, but there may be
innumerable other peaks which are higher but which are separated by “val-
leys.” The problem of evolution as I see it is that of a mechanism by which
the species may continually find its way from lower to higher peaks in such
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a field. In order that this may occur, there must be some trial and error
mechanism on a grand scale by which the species may explore the region
surrounding the small portion of the field which it occupies. To evolve, the
species must not be under strict control of natural selection. Is there such a
trial and error mechanism?

At this point let us consider briefly the situation with respect to a single
locus. In each graph in figure 3 the abscissas represent a scale of gene fre-
quency, O percent of the type genes to the left, 100 percent to the right. The
elementary evolutionary process is, of course, change of gene frequency, a
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Ficure 3.—Random variability of a gene frequency under various specified conditions.

practically continuous process. Owing to the symmetry of the Mendelian
mechanism, any gene frequency tends to remain constant in the absence of
disturbing factors. If the type gene mutates at a certain rate, its frequency
tends to move to the left, but at a continually decreasing rate. The type
gene would ultimately be lost from the population if there were no oppos-
ing factor. But the type gene is in general favored by selection. Under selec-
tion, its frequency tends to move to the right. The rate is greatest at some"
point near the middle of the range. At a certain gene frequency the oppos-
ing pressures are equal and opposite, and at this point there is consequently
equilibrium. There are other mechanisms of equilibrium among evolutionary
factors which need not be discussed here. Note that we have here a theory
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of the stability of species in spite of continuing mutation pressure, a con-
tinuing field of variability so extensive that no two individuals are ever
genetically the same, and continuing selection.

If the population is not indefinitely large, another factor must be taken
into account: the effects of accidents of sampling among those that sur-
vive and become parents in each generation and among the germ cells of
these, in other words, the effects of inbreeding. Gene frequency in a given
generation is in general a little different one way or the other from that in
the preceding, merely by chance. In time, gene frequency may wander a
long way from the position of equilibrium, although the farther it wanders
the greater the pressure toward return. The result is a frequency distribu-
tion within which gene frequency moves at random. There is considerable
spread even with very slight inbreeding and the form of distribution be-
comes U-shaped with close inbreeding. The rate of movement of gene fre-
quency is very slow in the former case but is rapid in the latter (among
unfixed genes). In this case, however, the tendency toward complete fixa-
tion of genes, practically irrespective of selection, leads in the end to ex-
tinction.

In a local race, subject to a small amount of crossbreeding with the rest
of the species (figure 3, lower half), the tendency toward random fixation
is balanced by immigration pressure instead of by mutation and selection.
In a small sufficiently isolated group all gene frequencies can drift irregu-
lary back and forth about their mean values at a rapid rate, in terms of
geologic time, without reaching fixation and giving the effects of close in-
breeding. The resultant differentiation of races is of course increased by
any local differences in the conditions of selection.

Let us return to the field of gene combinations (figure 4). In an indefi-
nitely large but freely interbreeding species living under constant condi-
tions, each gene will reach ultimately a certain equilibrium. The species
will occupy a certain field of variation about a peak in our diagram (heavy
broken contour in upper left of each figure). The field occupied remains
constant although no two individuals are ever identical. Under the above
conditions further evolution can occur only by the appearance of wholly
new (instead of recurrent) mutations, and ones which happen to be favor-
able from the first. Such mutations would change the character of the field
itself, increasing the elevation of the peak occupied by the species. Evolu-
tionary progress through this mechanism is excessively slow since the chance
of occurrence of such mutations is very small and, after occurrence, the time
required for attainment of sufficient frequency to be subject to selection to
an appreciable extent is enormous.
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The general rate of mutation may conceivably increase for some reason.
For example, certain authors have suggested an increased incidence of
cosmic rays in this connection. The effect (figure 4A) will be as a rule a
spreading of the field occupied by the species until a new equilibrium is
reached. There will be an average lowering of the adaptive level of the
species. On the other hand, there will be a speeding up of the process dis-
cussed above, elevation of the peak itself through appearance of novel
favorable mutations. Another possibility of evolutionary advance is that
the spreading of the field occupied may go so far as to include another and
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Ficure 4.—Field of gene combinations occupied by a population within the general field
of possible combinations. Type of history under specified conditions indicated by relation
to initial field (heavy broken contour) and arrow.

higher peak, in which case the species will move over and occupy the region
about this. These mechanisms do not appear adequate to explain evolution
to an important extent.

The effects of reduced mutation rate (figure 4B) are of course the op-
posite: a rise in average level, but reduced variability, less chance of novel
favorable mutation, and less chance of capture of a neighboring peak.

The effect of increased severity of selection (also 4B) is, of course, to
increase the average level of adaptation until a new equilibrium is reached.
But again this is at the expense of the field of variation of the species and
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reduces the chance of capture of another adaptive peak. The only basis
for continuing advance is the appearance of novel favorable mutations
which are relatively rapidly utilized in this case. But at best the rate is
extremely slow even in terms of geologic time, judging from the observed
rates of mutation.

Relaxation of selection has of course the opposite effects and thus effects
somewhat like those of increased mutation rate (figure 4A).

The environment, living and non-living, of any species is actually in
continual change. In terms of our diagram this means that certain of the
high places are gradually being depressed and certain of the low places are
becoming higher (figure 4C). A species occupying a small field under in-
fluence of severe selection is likely to be left in a pit and become extinct, the
victim of extreme specialization to conditions which have ceased, but if
under sufficiently moderate selection to occupy a wide field, it will merely
be kept continually on the move. Here we undoubtedly have an important
evolutionary process and one which has been generally recognized. It con-
sists largely of change without advance in adaptation. The mechanism is,
however, one which shuffles the species about in the general field. Since the
species will be shuffled out of low peaks more easily than high ones, it should
gradually find its way to the higher general regions of the field as a whole.

Figure 4D illustrates the effect of reduction in size of population below
a certain relation to the rate of mutation and severity of selection. There
is fixation of one or another allelomorph in nearly every locus, largely ir-
respective of the direction favored by selection. The species moves down
from its peak in an erratic fashion and comes to occupy a much smaller
field. In other words there is the deterioration and homogeneity of a closely
inbred population. After equilibrium has been reached in variability, move-
ment becomes excessively slow, and, such as there is, is nonadaptive. The
end can only be extinction. Extreme inbreeding is not a factor which is
likely to give evolutionary advance.

With an intermediate relation between size of population and mutation
rate, gene frequencies drift at random without reaching the complete fixa-
tion of close inbreeding (figure 4E). The species moves down from the
extreme peak but continually wanders in the vicinity. There is some chance
that it may encounter a gradient leading to another peak and shift its al-
legiance to this. Since it will escape relatively easily from low peaks as com-
pared with high ones, there is here a trial and error mechanism by which
in time the species may work its way to the highest peaks in the general
field. The rate of progress, however, is extremely slow since change of gene
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frequency is of the order of the reciprocal of the effective population size
and this reciprocal must be of the order of the mutation rate in order to
meet the conditions for this case.

Finally (figure 4F), let us consider the case of a large species which is
subdivided into many small local races, each breeding largely within itself
but occasionally crossbreeding. The field of gene combinations occupied by
each of these local races shifts continually in a nonadaptive fashion (except
in so far as there are local differences in the conditions of selection). The
rate of movement may be enormously greater than in the preceding case
since the condition for such movement is that the reciprocal of the popu-
lation number be of the order of the proportion of crossbreeding instead
of the mutation rate. With many local races, each spreading over a con-
siderable field and moving relatively rapidly in the more general field about
the controlling peak, the chances are good that one at least will come under
the influence of another peak. If a higher peak, this race will expand in
numbers and by crossbreeding with the others will pull the whole species
toward the new position. The average adaptiveness of the species thus ad-
vances under intergroup selection, an enormously more effective process
than intragroup selection. The conclusion is that subdivision of a species into
local races provides the most effective mechanism for trial and error in the
field of gene combinations.

It need scarcely be pointed out that with such a mechanism complete
isolation of a portion of a species should result relatively rapidly in specific
differentiation, and one that is not necessarily adaptive. The effective inter-
group competition leading to adaptive advance may be between species
rather than races. Such isolation is doubtless usually geographic in charac-
ter at the outset but may be clinched by the development of hybrid sterility.
The usual difference of the chromosome complements of related species
puts the importance of chromosome aberration as an evolutionary process
beyond question, but, as I see it, this importance is not in the character dif-
ferences which they bring (slight in balanced types), but rather in lead-
ing to the sterility of hybrids and thus making permanent the isolation of
two groups.

How far do the observations of actual species and their subdivisions con-
form to this picture? This is naturally too large a subject for more than a
few suggestions.

That evolution involves nonadaptive differentiation to a large extent at
the subspecies and even the species level is indicated by the kinds of differ-
ences by which such groups are actually distinguished by systematists. It
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is only at the subfamily and family levels that clear-cut adaptive differences
become the rule (Rosson, Jacor). The principal evolutionary mechanism
in the origin of species must thus be an essentially nonadaptive one.

That natural species often are subdivided into numerous local races is
indicated by many studies. The case of the human species is most familiar.
Aside from the familiar racial differences recent studies indicate a distri-
bution of frequencies relative to an apparently nonadaptive series of al-
lelomorphs, that determining blood groups, of just the sort discussed above.
I scarcely need to labor the point that changes in the average of mankind in
the historic period have come about more by expansion of some types and
decrease and absorption of others than by uniform evolutionary advance.
During the recent period, no doubt, the phases of intergroup competition
and crossbreeding have tended to overbalance the process of local differ-
entiation, but it is probable that in the hundreds of thousands of years of
prehistory, human evolution was determined by a balance between these fac-
tors.

Subdivision into numerous local races whose differences are largely non-
adaptive has been recorded in other organisms wherever a sufficiently de-
tailed study has been made. Among the land snails of the Hawaiian Islands,
GuLick (sixty years ago) found that each mountain valley, often each
grove of trees, had its own characteristic type, differing from others in
“nonutilitarian” respects. GULICK attributed this differentiation to inbreed-
ing. More recently CRaMpPTON has found a similar situation in the land
snails of Tahiti and has followed over a period of years evolutionary
changes which seem to be of the type here discussed. I may also refer to
the studies of fishes by Davip STarRr JorpAN, garter snakes by RUTHVEN,
bird lice by KELLoGG, deer mice by Oscoop, and gall wasps by KiNsgy as
others which indicate the role of local isolation as a differentiating factor.
Many other cases are discussed by OsBorN and especially by RENSCH in
recent summaries. Many of these authors insist on the nonadaptive charac-
ter of most of the differences among local races. Others attribute all dif-
ferences to the environment, but this seems to be more an expression of
faith than a view based on tangible evidence.

An even more minute local differentiation has been revealed when the
methods of statistical analysis have been applied. ScHMIDT demonstrated
the existence of persistent mean differences at each collecting station in cer-
tain species of marine fish of the fjords of Denmark, and these differences
were not related in any close way to the environment. That the differences
were in part genetic was demonstrated in the laboratory. Davip THoOMPSON
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has found a correlation between water distance and degree of differentia-
tion within certain fresh water species of fish of the streams of Illinois.
SUMNER’s extensive studies of subspecies of Peromyscus (deer mice) re-
veal genetic differentiations, often apparently nonadaptive, among local
populations and demonstrate the genetic heterogeneity of each such group.

The modern breeds of livestock have come from selection among the
products of local inbreeding and of crossbreeding between these, followed
by renewed inbreeding, rather than from mass selection of species. The re-
cent studies of the geographical distribution of particular genes in livestock
and cultivated plants by SereBrovsky, PHILIPTSCHENKO and others are
especially instructive with respect to the composition of such species.

The paleontologists present a picture which has been interpreted by some
as irreconcilable with the Mendelian mechanism, but this seems to be due
more to a failure to appreciate statistical consequences of this mechanism
than to anything in the data. The horse has been the standard example
of an orthogenetic evolutionary sequence preserved for us with an abundance
of material. Yet MATHEW’s interpretation as one in which evolution has
proceeded by extensive differentiation of local races, intergroup selection,
and crossbreeding is as close as possible to that required under the Mendelian
theory.

Summing up: I have attempted to form a judgment as to the conditions
for evolution based on the statistical consequences of Mendelian heredity.
The most general conclusion is that evolution depends on a certain balance
among its factors. There must be gene mutation, but an excessive rate gives
an array of freaks, not evolution; there must be selection, but too severe
a process destroys the field of variability, and thus the basis for further ad-
vance; prevalence of local inbreeding within a species has extremely im-
portant evolutionary consequences, but too close inbreeding leads merely
to extinction. A certain amount of crossbreeding is favorable but not too
much. In this dependence on balance the species is like a living organism.
At all levels of organization life depends on the maintenance of a certain
balance among its factors.

More specifically, under biparental reproduction a very low rate of mu-
tation balanced by moderate selection is enough to maintain a practically
infinite field of possible gene combinations within the species. The field
actually occupied is relatively small though sufficiently extensive that no
two individuals have the same genetic constitution. The course of evolution
through the general field is not controlled by direction of mutation and not
directly by selection, except as conditions change, but by a trial and error
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mechanism consisting of a largely nonadaptive differentiation of local races
(due to inbreeding balanced by occasional crossbreeding) and a determina-
tion of long time trend by intergroup selection. The splitting of species de-
pends on the effects of more complete isolation, often made permanent by
the accumulation of chromosome aberrations, usually of the balanced type.
Studies of natural species indicate that the conditions for such an evolu-
tionary process are often present.
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