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Preface

The time seems ripe for a modern statement of the division of knowl-
edge we have called “behavior genetics.” During the last two decades
there have been chapter-length reviews of the area (Hall, 1951, Caspari,
1958), but no comprehensive treatment. This book is intended to fill
the gap. It is not presented as a definitive work, because that would be
impossible in a field of study which is in a dynamic stage of growth.

At present there are few courses labeled ‘“behavior genetics” in
American college and university curricula. Nevertheless, this book is
written for a readership of advanced undergraduates and graduate
students in biology and psychology. Teachers of courses in genetics
and in experimental, physiological, or comparative psychology may
find useful supplementary material here. We have also considered
matters of concern to psychiatrists, clinical psychologists, educators,
and others who must cope with individual differences among human
beings. Even animal breeders may find material pertaining to their
work, for selection for behavioral traits is often an important part of
a breed-improvement program.

We have divided our book into three sections. Chapters 1 through
4 provide a general introduction to the viewpoints and techniques of
behavior genetics. Chapters 5 through 9 are a survey of the literature
of behavior genetics. In the final chapter, behavior genetics is suc-
cessively considered as a division of population genetics and as a series
of physiological-developmental problems. An attempt is made to pre-
sent a theoretical framework which can serve as a guide to new areas
for research.

We have had some difficulty in limiting the study of behavior
genetics because of its wide range, which extends from biochemistry,
through various branches of biology, to psychology, psychiatry, social
science, and statistical methods. Since we could not hope to qualify
as experts in all of these fields, we trust we have not erred seriously
in relating our particular subject to other scientific disciplines.
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vi PREFACE

Another difficulty has been in selecting suitable materials for cita-
tion, especially when these fell short of exacting scientific standards.
This has been particularly true of studies dealing with human beings.
We considered omitting human studies completely, but did not do so
because of the primary interest of many readers in human problems.
Furthermore, there is increasing realization of the need for better
techniques in this area, and some excellent research has been done.
The juxtaposition of animal and human studies also has value, we
believe, in the search for general laws of behavior.

Certain studies have been reported with a statement of the original
author’s conclusions, even though we have reservations concerning
them. This procedure has been used when the investigator was obvi-
ously at grips with an important but difficult problem—one in which
it was impossible to achieve all desirable controls with the available
facilities and concepts. Pioneers must use the tools they have.

A word, perhaps, is needed concerning our choice of the term “be-
havior genetics.” Other designations are “psychological genetics” and
“psychogenetics” (Hall, 1951). The latter term has been used as a
synonym for “genetic psychology,” which has at times been rather
antagonistic to heredity. Since behavior is of interest to biologists
as well as to psychologists, “behavior genetics” seems to be the most
general and acceptable name, although a case can be made for “psy-
chological genetics” when the data analyzed are derived from psy-
chological tests.

We hope this book will stimulate increased interest in behavior ge-
netics research. The measure of its success will be the rapidity with
which it becomes outdated.

Jonn L. FULLER

W. ROBERT THOMPSON
May 24, 1960
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The scope

of behavior genetics

Behavior genetics is a science which has aroused more than its share
of controversy. Some disputation is inevitable in a developing field
of knowledge, for scholars in all honesty interpret the same facts in
different ways, but in the field of behavior genetics a more important
source of conflict arises from the social and political implications of
the subject. Pastore (1949a) has persuasively argued that the attitudes
of scientists on the issues are affected by their liberal or their conserva-
tive social views. It is not a coincidence that genetics has been the
biological science most prostituted in both Fascist and Communist
states. Men are different, but man has not always been open-minded
in seeking for the source of these differences.

The vigor of the nature-nurture controversy has declined in America
since the 1920’s; thus fewer scientists can be classified as “hereditarians”
or “environmentalists.” Exaltation of Nordic man (Grant, 1921),
violent anti-heredity positions (Kuo, 1924), arbitrary ratios in the
order of 5:1 for the relative importance of heredity to environment
(Hirsch, 1980); all these are now of historic significance only. Even
in midcentury, however, discourses on heredity and behavior between
men trained in different disciplines often uncover disagreements.
Several fairly recent series of polemics in the scientific press are
ample evidence that some biologists and social scientists still hold
unreconciled views (Dice, 1944; Herskovits, 1944; Strandskov, 1944a,b;
Ashley-Montagu, 1944; Pastore, 1949b, 1952; Hurst, 1951, 1952). A
beginning student of psychology might well be confused to read in one
journal that “. .. at the present time practically all responsible
workers in the field recognize that conclusive proof of the heritability
of mental ability is still lacking where no organic or metabolic
pathology is involved” (Sarason and Gladwin, 1958) and to find in the
same year an eminent psychologist publishing a table showing that
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2 BEHAVIOR GENETICS

more than half the variability in intelligence is attributable to
heredity (Burt, 1958).

The Nature-Nurture Problem. Perhaps at this time there is no one
who classifies behavior into two categories, innate and learned. The
dichotomy, carried to its logical conclusion, would define innate
behavior as that which appeared in the absence of environment, and
learned behavior as that which required no organism. Verplanck
(1955) has exposed the absurdities of slightly less extreme positions.
The dichotomy is not in the kind of behavior studied (the dependent
variable), but in the independent variables which are manipulated
or observed. Here a clear distinction can be made between genetic
factors which are transmitted from parents to offspring in the gametes
and non-genetic factors which are not. This distinction, of course,
limits the genetic contribution to extremely small packets of molecules
in the nucleus of sperm and ovum.

Three kinds of questions may be raised with respect to the nature-
nurture relationship (Anastasi, 19580). What are the effects of heredity
upon behavior? How large are these effects? What mechanisms are
involved? Answers to the last question span the fields of genetics,
physiology, and psychology. The purpose of this book is to present
current thought on these three problems.

The development of any trait always involves genetic and environ-
mental determinants. The variation between individuals is sometimes
almost entirely due to one or the other type of factors. In common
speech and in many genetic investigations a threefold classification of
the characteristics of an organism has been used (Dahlberg, 1953).

I. A trait is called hereditary if most of the variation within a
population is associated with differences in genetic endowment. As
an example the agglutinogens of red blood cells are directly controlled
by genes with which they have a one-to-one relationship. Even here
cattle twins have the same blood type more frequently than predicted
from genetic theory. The proffered explanation is the transfer of
blood-forming elements through a common circulation in the placenta
(Owen, 1945).

2. A non-hereditary or acquired trait has little or no genetically
determined variance. Customs and language are conventional ex-
amples.

8. Variation in a third group of traits is significantly affected by
both genetic and environmental factors. Skin color, body size, and
most characteristics which vary quantitatively over a wide range
belong in this “interaction” category.
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The use of the convenient terms “hereditary traits” and “acquired
traits” should not lead to the erroneous conclusion that they are
fundamentally different from ‘“‘interaction traits.” "An organism de-
velops from a deceptively simple-appearing cell containing complex
molecules in specific patterns. To produce a blood cell antigen a
gene requires a supply of nutrients, oxygen, and other essentials. The
point is that genetic determination of antigens is bound up so in-
timately with development that it cannot be modified without
abolishing the organism. The observable variation of cellular antigens
is wholly genetic. On the other hand, if one were to compare the
acquisition of language in a population of normal children and
microcephalics, one would find evidence for the inheritance of cultural
patterns. The mentally deficient child though exposed to usually
adequate stimulation fails to acquire the behavior which fits him for
ordinary social living. The greater the demands of his culture, the
greater is the extent of his incapacity.

Genes and Behavior Traits. Psychologists often object to such phrases
as “the inheritance of aggressiveness” or “the genetics of intelligence.”
‘Tt is not aggressiveness or intelligence which is inherited, say the
critics, but some structure which in turn affects behavior through
transactions with the environment (Kuo, 1929; Anastasi and Foley,
1948). The point is well made, but there is an inconsistency in the
critic’s mention of the inheritance of body size, skin color, or the shape
of the nose. These characters, too, are not transmitted in the genes
but arise from gene-environment transactions. “Inheritance of in-
telligence” implies no more than “inheritance of body size.” Both
terms signify acceptance of the evidence that genes do make a
difference in the development of the named trait. The effects of
lack of intellectual stimulation or malnutrition are not excluded.

A related criticism is that the evidence for heritability of behavior
cannot be considered conclusive until the physiological basis of the
effect has been demonstrated. Such a demonstration is certainly
desirable, but it is doubtful whether a complete physiological ex-
planation has been attained for any inherited physical trait of higher
organisms. Progress in this direction poses another set of questions at a
more sophisticated level. Failure to achieve a complete explanation
for gene action has not prevented genetics from moving forward on the
basis of statistical rather than mechanistic associations between genes
and traits. In a parallel fashion psychology has made great progress
in relating behavior to previous experience without much success
in explaining learning in physiological terms (Lashley, 1950). Be-
havioral techniques may well prove to be the most sensitive (perhaps
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the only) method for detecting certain genetic differences, just as they
are now the only way of determining whether a rat has learned a maze.

It is an interesting speculation that gene action and learning are
fundamentally similar. The gene-controlled pattern of body form
tends to remain constant throughout life in spite of the rapid over-
turn of the constituent atoms (Schoenheimer, 1942). In this constant
resynthesis of protoplasm the modifications which have been impressed
by learning are retained along with those determined by genes. We
remember our childhoods with molecules which were not in our bodies
when we experienced them. Learning may be something like mutation
(Davis, 1954), and it can be viewed as the process of completing the
differentiation of the nervous system in greater detail and more
adaptively than can be accomplished through gene encoding alone
(Katz and Halstead, 1950).

Problems in the Choice of Behavior Traits for Study. An infinite
number of measurements may be made upon the body of an organism
or upon his behavior. In a sense each of them may be considered as
a character whose inheritance may be studied. Since the number of
genes is finite, characters of this sort far outnumber genes. In
practice the geneticist selects characters which are convenient and will
provide maximum information concerning other characters. Such a
correlated set of characters defines a trait. The choice is often simpler
among physical characters than it is among behavioral characters. No
theoretical issues are raised when one studies the inheritance of body
length. The dimensions of temperament and personality, however,
have not been standardized. Many psychologists have dealt with this
question from a variety of viewpoints, and a book larger than this
would be required to deal adequately with the subject. (For sample
discussions see Anastasi, 1948, 1958b; Cattell, 1955; Murphy, 1947;
Thurstone, 1947.) In our review of the literature we have, for
practical reasons, followed the usage of each author. Traits which have
been utilized in behavior genetics range from specific motor com-
ponents of fish courtship to susceptibility to perceptual illusions and
scores on Stanford-Binet tests. Surprisingly, genetic effects have been
shown at both extremes of complexity. We shall return to this subject
in Chapter 10, where we consider whether genetics can assist in
defining behavioral traits which also make biological sense.

Subjects for Behavior Genetics. Success in biological research often
depends upon proper selection of material. Genetic studies require
a variable species, one which is prolific and easily maintained and
with a small number of large-sized chromosomes so that hereditary
factors can be manipulated and directly observed. The fruit flies,



THE SCOPE OF BEHAVIOR GENETICS 5

drosophilae, fit these specifications. Man fails on all counts except
variability. Yet because of the particular interest in the study of man,
human subjects have been much more commonly used in behavior
genetics than drosophila.

An advantage of Drosophila, other insects, fish, and, to a lesser
degree, birds is that the gene-behavior-trait relationship is more direct
than is typically true of mammals. The concepts of intelligence and
temperament are less applicable to species whose individuals are more
stereotyped in behavior. Hence the behavioral characters selected for
study in the “lower” phyla and orders are specific movements in
response to specific stimuli. The advantage from the biological side
is countered by the difficulty in generalizing to the kinds of individual
differences which are characteristic of man. Man is a mammal, and
there are many parallels between the development of behavior in
subhuman mammals and in human infants before the beginning
of speech. This probably explains the predilection of psychologists
for mammals as subjects for behavior genetics. Biologists, less con-
cerned with generalization to other species, have done most of the
experiments with the “lower” species.

Among mammals the house mouse, Mus musculus, is now the
favorite subject for genetics. Over two hundred named mutations are
known, many distinctive inbred strains are available, and the chromo-
somes are partially identified. The behavior of mice has been fairly
well studied, though not nearly so thoroughly as that of rats. Com-
pared with their larger cousins, mice are less convenient for some
psychological and physiological procedures. The formal genetics of
rats is less well known than that of mice, but it is questionable
whether knowledge of the mode of inheritance of coat color and de-
velopmental anomalies is as valuable for behavior genetics as informa-
tion on the physiological correlates of the behavior of a species. On
the whole, rats and mice each have advantages from a scientific point
of view. For experiments in which either species would be satisfactory,
mice may be favored for economic reasons.

Cats and dogs are man’s oldest domestic animals. The worldwide
distribution of these species and the existence of many specialized
breeds provide a ready-made source of material for behavior genetics.
These carnivores give an impression of greater individuality than
rodents, but this impression may reflect our greater intimacy with
them. Dogs have considerable use (Scott and Fuller, 1951) because of
their highly developed social behavior. Cats have not been used in
behavior genetics to our knowledge, although the extensive knowledge
of feline neurophysiology should make them useful for certain prob-
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lems. Scattered references will be found to behavior genetics research
on other species of mammals, but these reports are incidental to other
studies. Subhuman primates would seem to have advantages for
research on the inheritance of intelligence, but the difficulties of
laboratory rearing and the relatively low fecundity have discouraged
attempts in this direction.

To what extent is it possible to formulate general principles from
genetic experiments performed on diverse speciess The problem is
similar to that faced by Tolman (1932) in writing of “Purposive
Behavior in Animals and Men” and Beach (1947) in his cross-species
survey of sexual behavior. When a sufficiently large spectrum of
species is observed, principles emerge which would not be evident
in more limited studies. Fortunately the mechanisms of gene transmis-
sion are practically identical in all the organisms we shall consider.
The primary physiological action of genes is also believed to be
broadly similar in all species, though more complicated structures
involve more steps between primary gene action and the completed
character. There is no reason to expect that the specific gene systems
controlling courtship behavior will be the same in rats and dogs, but
the manner in which control is exerted is probably as similar as the
effects of hormones upon the behavior in the two species. It is safe
to conclude that the problems of generalizing from comparative
genetic studies are of the same order as those encountered in synthesiz-
ing results of experiments in different species on the effects of early
experience or brain lesions.

Some Methodological Problems. In this section we shall be con-
cerned with some of the broader methodological problems of behavior
genetics. In general, heredity as an independent variable can be in-
corporated into the design of a psychological experiment just as one
introduces physiological or experiential factors. The dependent
variable can be any form of behavior which interests the investigator.
The simplest experiment is to take two groups of different heredity,
treat them alike in all other respects, and administer a behavior test.
The results are compared against the prediction from the null
hypothesis, that the groups differ no more than two independent
samples drawn from the same population. If the null hypothesis is
not supported, evidence for heritability of the behavior variation has
been obtained.

But though logically identical with other experimental procedures
in psychology, behavior genetics has certain peculiarities. The dif-
ferential treatments (distribution of genes) precede the existence of
the subjects of the experiment. In fact genetic control may extend
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back many generations before the birth of the actual subjects of
an experiment. The need for long periods of treatment (selective
breeding) is inherent in this area. Another feature is the impossibility
of manipulating genes directly. The distribution of genes to subjects
is essentially random and is controlled by the experimenter only in
a statistical sense. Since genes are not observed directly, their presence
is deduced from their effects. At first thought the argument for their
existence may seem circular. Traits are ascribed to genes whose
presence is proved by the occurrence of the trait. Fortunately the
gene theory rests upon a more ample foundation, which is described
briefly in Chapter 2. The worker in behavior genetics must understand
chromosome behavior as well as organismic behavior in order to design
his experiments.

The heredity of an organism is fixed at the moment of fertilization.
This imposes a limitation upon experimental design. One can
present stimulus A before or after stimulus B and can train subjects
before or after a cortical ablation, but genes cannot be changed in
the middle of the life span. Thus there is no way of teasing apart
the effects produced by the genic control of contemporary metabolism
and the effects due to genic determination of growth and differentia-
tion. The latter effects are inevitably confounded with conditions
during development.

A special concern of behavior genetics is the avoidance of non- -
random association between environmental and hereditary factors.
The fact that families share experiences as well as genes makes the
human data in this area difficult to interpret. The problem also
occurs in experimental behavior genetics, at least in birds and
mammals, which give parental care. Uteri, compared with the external
world, may provide protection against many stimuli, though recent
experiments (Thompson, 1957) have reopened the question of effects
of prenatal experience upon later behavior. Differences in postnatal
family environment are of greater potential significance. Cross-foster-
ing of the young of one strain to the dam of another permits evaluation
of effects of different nutrition and type of maternal care. Ex-
perimental regulation of litter size can be used to control the nature
of early experience, degree of competition, and the like. Statistical
corrections can be applied to allow for the fact that members of a
litter share experiences unique to that litter. These techniques have
their parallels in human society, but they cannot be applied with the
same rigor.

Concern for the environment in behavior genetics research goes
beyond avoidance of heredity-environment correlations. Simply pro-
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viding the same conditions for all subjects is not enough for good
design. In the context of research a controlled environment is one in
which stimuli are introduced in the same systematic fashion to all
subjects. They must be not only uniform for all subjects but also
favorable to the development of the trait being studied. An un-
suitable rearing system may modify or even completely suppress the
manifestations of a genetic difference (Howells, 1946; Freedman, 1958).

Perhaps the most important conclusion to be drawn is that research
in behavior genetics cannot be isolated from research in the develop-
ment of behavior, the area traditionally known as genetic psychology.
Heredity-environment interactions are more than a statistical abstrac-
tion. They can be observed and analyzed in experiments in which
genetic and experiential factors are varied simultaneously in con-
trolled fashion.

Applications of Behavior Genetics. Behavior genetics has relation-
ships with both parent sciences. Behavioral characters, because they
are so environment-sensitive, are unsuitable for most research of
interest to formal genetics. Some application has been made of
behavioral tests to the detection of genetic differences not discernible
from morphology (Reed, Williams, and Chadwick, 1942). Considerable
effort has been expended upon mating behavior, particularly in
Drosophila, because of the importance of sexual selection in evolu-
tionary theory. Human geneticists have been concerned with the in-
heritance of mental deficiency and psychiatric disorders in order to
provide genetic counseling. To a minor degree behavior genetics
has found applications in applied animal breeding.

Undoubtedly, more research in this area has been motivated by
interest in behavior than by interest in genetics. Even investigators
who consider individual differences a nuisance use littermate con-
trols, cotwin controls, and pure-bred stocks to reduce genetic sources of
variability in their material. More significant for our purposes are
attempts to utilize genetics as a research tool (Scott, 1949). Such uses
go beyond the demonstration of heritability of a particular kind of
behavior.

The repetition of a procedure with different strains is a means of
extending or limiting generalizations based upon a single type of
experimental animal. Comparisons between domesticated and wild
rats, for example, have demonstrated important psycho-physiological
differences within the same species (Richter, 1952, 1954). General laws
in the behavioral sciences can be fully justified only when they are
based upon observations of numerous species and strains.

The use of mutant stocks or of strains selected for special behavioral
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characteristics provides material for physiological psychology which
cannot be duplicated by surgery, electrical stimulation, drugs, or other
techniques. Inherited factors are perhaps more likely to contribute to
our understanding of individual differences in intact organisms.
Sample studies of this type include Fuller and Smith’s (1953) study of
the kinetics of sound-induced convulsions in a number of mouse
strains and Fuller and Jacoby’s (1955) investigation of control of eating
in the obese mouse.

Finally, behavior genetics has a potential contribution to educa-
tion, psychiatry, clinical psychology, and other professions which
deal at first hand with a variety of human problems. Heritability of
a deleterious deviation does not mean that it cannot be ameliorated.
If heredity does play a role, recognition of the fact and understanding
of the intermediate physiological mechanisms may be the most direct
way to a satisfactory treatment. A behavioral disorder associated with
a correctable metabolic defect would call for a rational rather than a
symptomatic therapy.

Plan of the Book. In this chapter we have considered the special
problems and potentialities of behavior genetics. Chapter 2 is inserted
as a brief introduction for those who have not studied genetics or as a
review for the reader who has been out of contact with the subject. In
Chapters 3 and 4 the discussion of genetics is continued with special
emphasis on methods and concepts useful in the study of behavior.
The treatment is not extensive enough to serve as a handbook of
genetic techniques, but it does provide a background for reading
specialized papers. Chapters 5 through 9 are devoted to a review of
the literature of experimental and human behavior genetics. Chapter
10 surveys general problems of behavior genetics, including the re-
lationships between genes and characters and the importance of
genetic factors to variations in behavior within and between popula-
tions.



Some principles
of genetics

Although the application of hereditary principles to the develop-
ment of various varieties of domesticated plants and animals goes
back into prehistory, a comprehensive theory of inheritance is the
product of the twentieth century (Dunn, 1951). Present-day genetics
represents the fusion of two lines of investigation, one dealing with
the processes of cell division and fertilization, the other concerned
with crossing variant types and analyzing the characteristics of the
offspring by statistical methods.

The following pages contain an elementary account of selected
topics in genetics for individuals without formal training in this
area or for those who have lost contact with a science which is con-
stantly adding to its factual and theoretical foundations. Readers
who are acquainted with the science may omit this chapter and por-
tions of Chapters 8 and 4 without disrupting the continuity of the
discussion. Modern advances in such fields as physiological genetics,
selection theory, and the genetics of quantitative characters have
special significance for the student of the behavioral sciences. To a
great extent these concepts have been under-represented in elementary
biology courses. Perhaps the predilection of some investigators for
simple genetic models to explain complex behavioral characters is due
to unfamiliarity with more complex systems. And perhaps some anti-
heredity bias stems from the realization that single-gene models are
inadequate, as well as from a lack of acquaintance with other con-
cepts.

Major areas of genetics which have only a peripheral relationship to
behavior have been omitted in this brief summary. Obviously our
choice is arbitrary, and those who are stimulated to seek a more
complete account are advised to find it in one of several excellent
general or specialized textbooks. (For example, Stb and Owen, 1953;

10
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Sinnott, Dunn, and Dobzhansky, 1958; Waddington, 1950; Stern,
1949.)

ORGANIC PATTERNS AND LIFE CYCLES

The fertilized ova of different mammals appear much alike under
the microscope and can be identified only by a trained microscopist.
If it were possible to provide adequate nourishment and protection
so that development would proceed on the microscope stage, these
cells would be observed to divide, to increase in mass until a micro-
scope could no longer be used, and to diverge in form until their
identities as human, seal, horse, or rat would be apparent. The result
of the developmental process identifies the source of each ovum, for
it is a biological axiom that each species reproduces its own kind.

The regularity of development tempts the observer to compare it
with the unfolding of a predetermined form as exemplified in the
Chinese paper flowers which expand into intricate patterns when
placed in water. But the analogy is incorrect. The process is not an
unfolding, but the carrying out of a series of reactions which are
encoded in the genes and perhaps in other cellular elements. The
result is a structure which adheres to the characteristic pattern of its
species but varies in detail from other members of the species. Both
the constancy and the variability of the overall organization have
their basis in the functions of genes.

Patterns are observable in living organisms at many levels from size
factors expressed over the whole body down to the configuration of
protein molecules. It is convenient to begin a consideration of genetics
at the intermediate level of the cell. Every higher organism is an
aggregate of cells, some of which are highly specialized in structure
and function. The central, denser-appearing nucleus is more uniform
in different tissues than the outer portion, which is known as
cytoplasm (Figure 2-1). This cytoplasm may be stretched into a nerve
fiber several feet long specialized for conducting electrical pulses or
compressed into a cube in the thyroid gland where it is the site
of hormone synthesis. Experiments on separation of nucleus and
cytoplasm have shown that the nucleus is essential for the continued
existence of the cell as an organized system. Apparently it controls
the synthesis of molecules which are necessary for cytoplasm. The
nucleus also plays a unique part in the process of cell division known
as mitosis.

Chromosomes and Mitosis. At the time of cell division the nucleus
undergoes complete reorganization, and in this period it is possible
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FIGURE 2-1. Diagram of cell division and mitosis. C = centriole; N = nucleus;
CY = cytoplasm; CH — chromosome; K — kinetochore; § —spindle. (From Prin-
ciples of Human Genetics by Curt Stern. San Francisco: W. H. Freeman and Co.,

1949.)

to observe elongated bodies known as chromosomes (colored bodies)
because of their capacity to absorb certain dyes. Each species has a
characteristic number of chromosomes, for example, the mouse has
40; the rat, 42; dog, 78; corn, 20; Drosophila melanogaster, 8; potatoes,
48; and man, probably 46 (Tjio and Levan, 1956).

Careful examination reveals that in sexually reproducing species
the chromosomes occur in pairs, and that there are slight differences
between the chromosomes of males and females. For example, each
body cell of a woman contains 23 pairs. Each nucleus in a man
contains 22 pairs plus one mismatched doubleton known as the X- and
Y-chromosomes. Two X-chromosomes are found in the body cells
of women. The X- and Y-chromosomes are collectively known as the
sex chromosomes; the remaining pairs are called autosomes. The
complements of each sex may be summarized as:

Female: 44A 4+ 2X = 46 chromosomes
Male: 44A + X 4+ Y = 46 chromosomes

In the majority of animals sex determination is like that in man,
though in birds and butterflies females are found to have the
mismatched pair.
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In ordinary cell division, as in the growth of an embryo or the
replacement of worn-out skin, each chromosome duplicates itself as
the cell divides so that each daughter cell comes to possess a complete
set of 46 chromosomes. This process, known as mitosis, is illustrated in
Figure 2-1. This figure shows the successive events of chromosome
division and the formation of a new nucleus, starting with the resting
stage (not truly an inactive nucleus, but only one which is not
dividing). Not all the features of the diagram are seen in every cell,
but the onset of mitosis is usually indicated by division of the
centriole (Figure 2-1, ). The chromosomes first appear as elongated
bodies with a specialized region, the kinetochore, which serves as an
attachment point for spindle fibers (Figure 2-1, B). Later the chro-
mosomes become more condensed, the centrioles move to opposite
poles of the cell, and spindle fibers running from centrioles to
kinetochores are seen. The nuclear membrane breaks down in this
stage which is called metaphase (Figure 2-1, C). The remaining
diagrams (D, E, F) illustrate the separation of each chromosome from
its newly replicated partner, the re-establishment of the nuclear
boundaries, and the eventual separation of the daughter cells.

The significant result of mitosis is the duplication of chromosomes
to produce a series of pairs, followed by the separation of each pair.
It is probably significant that the nuclear membrane breaks down
during mitosis so that cytoplasmic constituents are available for the
synthesis of new chromosome material. Also important is the fact
that although each daughter cell receives the same chromosomes,*
hence the same genetic factors, the two cells may eventually be
markedly different. This simple fact demonstrates that development
is not an unfolding of an inner pattern, but an active process of
interaction between extracellular and intracellular forces.

Meiosis and Crossing Over. The cell divisions of the somatic cells
of organisms are mitotic, but the production of germ cells involves
a variation known as meiosis. In the course of meiosis two cell divi-
sions occur with only one duplication of chromosomes, hence the
chromosome number is exactly halved in sperm and ova as compared
with somatic cells. The essentials of the process are simple, and they
are diagrammed in the upper part of Figure 2-2. Homologous
chromosomes (members of the same pair, one of maternal and another
of paternal origin) approach each other and come to lie side by side
(Figure 22, 4). This pairing, known as synapsis, involves close contact

* Exceptions to the equality of chromosome numbers in somatic cells do occur,

but their significance is difficult to evaluate. Certainly these differences have not
been found to be related to cell function. (See Srb and Owen, 1953, pp. 108 ff.)
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FIGURE 2-2. Simplified diagram of meiosis, including the two meiotic divisions.
4, A’. The two alternative arrangements of the chromosome pairs on the first
meiotic spindle. B-D, and B’-D’. The second meiotic divisions and the different
types of reduced chromosome constitutions of the gametes. (From Principles of
Human Genetics by Curt Stern. San Francisco: W. H. Freeman and Co., 1949.)

of the corresponding parts of each chromosome. Centrioles and
spindle fibers are seen in meiosis as in mitosis. Before pairing, the
chromosomes have reduplicated so that a fourstrand structure is
formed. In the first meiotic division each set of four is reduced to a
group of two, and in the second meiotic division the pairs divide again
so that the original four chromosomes are distributed one each to four
germ cells.

The most important feature of meiosis is the reshuffling of chromo-
somes and the consequent appearance of combinations in the offspring
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which are unlike those in the parents. The redistribution is possible
because of different arrangements of the chromosome pairs as they
line up in the metaphase stage of the first meiotic division. Consider
Figure 2-2 again, this time comparing the upper and lower portions.
In a species with two pairs of chromosomes there are two alternative
arrangements, 4 and A4’. In this figure the chromosomes of maternal
origin are shown in outline, those from the father as solid areas.
Four types of daughter cells, B, B/, C, and (’, are produced in equal
numbers, and four corresponding types of gametes are found (D, I).
It can readily be shown that the number of possible types of gametes is
95, where n is the number of pairs of chromosomes. When n = 23, the
number of gametic types is 8,388,608. ‘
Expressed in another fashion, each human parent has the poten-
tiality of producing over 8 million distinct types of germ cells. The
probability of any particular combination’s occurring in a mating be-
tween two specified individuals is the product of 8,388,608 by itself.
It is probable that no human beings except identical twins have ever
been genetic duplicates. If complicating effects such as crossing over
(see below) are considered, the possibilities of recombination become
much greater. Stern (1949) has estimated that a single human pair
have the potentiality of producing 202¢ different types of children, a
number far greater than the total number of human beings who have
ever existed. Of course much of this genetic variability may have
little importance for behavior, but on purely logical grounds unique-
ness of heredity is as much a fact as uniqueness of experience.
Homologous chromosomes are not merely similar externally but are
comparable part by part. Thus during the intimate contact of synapsis
each section or locus within a chromosome of maternal origin is as-
sociated with the corresponding locus in a chromosome of paternal
origin. In Figure 2-3 a single pair of chromosomes is depicted, the
maternal by outline and the paternal by a solid bar. The chromo-
somes are different (heterozygous) at three loci; M, N, and O on one
chromosome, M’, N’, and O’ on the other. Synapsis is shown in (4)
and duplication in (B). Crossing over between M and N is dia-
grammed in (C) and between N and O in (D). When the intertwining
is followed by breakage and recombination of parts, the resultant
chromosomes are a composite of maternal and paternal contributions
(middle chromosomes of E). This process obviously increases the pos-
sibilities for recombinations of hereditary factors in meiosis. Were it
not for crossing over, the chromosome rather than the gene would be
the unit of heredity. Crossing over may be double, triple, or even
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FIGURE 2-3. Crossing over. 4. A pair of homologous chromosomes heterozygous
for three pairs of loci M, M’; N, N’; and O, O’. B. Four-strand stage. C. Crossing
over between two of the four strands in the region between M, M’ and N, N’. D.
Same in the region between N, N’ and O, O’. E. The four types of reduced
chromosome constitutions of the gametes resulting from crossing over in C. (From
Principles of Human Genetics by Curt Stern. San Francisco: W. W. Freeman and
Co., 1949.)

more complex, and this variation complicates calculations of cross-
over frequencies. This problem will not ordinarily arise in behavior
genetics, which is seldom concerned with the location of individual
genetic entities such as M, N, and O in Figure 2-3.

Gametogenesis. The process of gamete formation, gametogenesis,
is similar in male and female insofar as the nuclear processes in meiosis
are concerned, but the cytoplasmic events are modified in relation to
the different functions of sperm and ovum. The two processes are
diagrammed side by side in Figure 2-4. In spermatogenesis the ger-
minal cells which line the walls of tubules in the testis are known as
spermatogonia. The cells in which synapsis occurs (4 through E) are
primary spermatocytes, the cells containing dyads (F, G) are secondary
spermatocytes, and the final products of meiosis are four spermatids
which metamorphose into spermatozoa. The head of a spermatozoon
is composed almost entirely of chromosomes. Thus a male’s contribu-
tion to the substance of his offspring is compressed into a few cubic
micra (one micron = 14,4, millimeter).

In odgenesis the division of the cytoplasm at the two meiotic divi-
sions is unequal (Figure 2-4, E, F, G). Practically all the cytoplasm
is retained within one of the cells, the secondary odcyte. The smaller
cell, containing a full set of chromosomes (F, G), is known as a polar
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FIGURE 2-4. Diagram of meiosis and formation of gametes. Left, oogenesis; right,
spermatogenesis. A4-C. Chromosome pairing and crossing over. D-E. First meiotic
division. F. Products of first division. G. Second meiotic division. H. Egg with
polar bodies (left), sperm cells (right). (From Principles of Human Genetics by
Curt Stern. San Francisco: W. H. Freeman and Co., 1949.)

body. It may divide again. A second polar body is produced at the
second meiotic division (H). Both polar bodies normally degenerate,
as their one function is to serve as a repository for excess nuclear ma-
terial. Thus when the ovum is fertilized by a sperm the somatic
number of chromosomes is reconstituted.

The ovum contains a considerable amount of cytoplasm and some-
times much stored food in addition. Thus the possibility exists that
the maternal gamete may contribute more to the determination of
biological characteristics than does the sperm. Possibly the broad pat-
terns of development are encoded in the cytoplasm and variations on
the main theme in the genes. It is impossible to prove the point one
way or the other until cells are synthesized with nuclei of one species
and cytoplasm of another. The weight of the evidence is that each
parent contributes equally to genetic variation. In mammals maternal
influences operate through the health of the mother during pregnancy,
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the quality of her milk, the adequacy of her care for her helpless
young. These may be important sources of variation, but they are
classified as environmental rather than genetic factors.

Sex Determination. It is apparent from the previous sections on
chromosomes and gametogenesis that the formulae for human germ
cells may be written as:

Ovum: 22A + X
Sperm: 22A 4+ X;or22A +Y

Each type of sperm has an equal chance to fertilize an ovum and form
a zygote with the somatic number of chromosomes. Thus:

(22A + X) 4 (22A 4+ X) = 44A 4 2X = Female zygote
(22A +Y) 4+ (22A + X) = 44A 4+ X 4 Y = Male zygote

This system should produce equal numbers of male and female off-
spring, and this is approximately realized in nature. In man there is
a slight, but statistically significant, excess of male births over female.
The reasons for this are unknown (Stern, 1949, Chapter 20).

As stated above, the general principles of sex determination are
similar throughout the animal kingdom. However, sex is no excep-
tion to the principle that phenotype does not always precisely follow
genotype. Comprehensive discussions of the complexities of sex de-
termination and differentiation may be found in Srb and Owen (1953),
Danforth (1939), and Witschi (1939). Some of the variations, particu-
larly the intersexes in moths discovered by Goldschmidt, have signifi-
cance for behavior genetics.

Goldschmidt (1923) found that crosses between different geographi-
cal races of the gypsy moth, Lymantria dispar, produced large num-
bers of intersexual forms. In his most extreme crosses, he obtained
only morphological males, since all genetic females were transformed.

In this species, as in other Lepidoptera, males are homogametic,
77, and females heterogametic, ZW. Goldschmidt hypothesized that
the cytoplasm of the gypsy moth ovum was feminizing in its develop-
mental tendency; one Z-chromosome could not overbalance this, hence
ZW individuals were female. Two Z-chromosomes would push the
balance to the other side and produce maleness. Within each geo-
graphical race the “valences” of cytoplasm and chromosomes were
balanced, so that the mechanism yielded a normal sex ratio. In racial
crosses a single “strong” Z would nearly or completely overbalance
a “weak” cytoplasmic valence and produce an intersex or even a male
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who was actually a genetic female. This theory has enjoyed some
popularity as a possible explanation of human homosexuality (see
page 301).

A different effect of autosomal genes upon sex differentiation has
been reported by Sturtevant (1945) in D. melanogaster. The gene ira
transformed genetically female (XX) flies into morphologically nor-
mal, but sterile, males. Since the courtship behavior of the trans-
formed “females” was typically masculine, we may conclude that be-
havior follows structure rather than chromosomes.

GENES: UNIT FACTORS IN INHERITANCE

Perhaps the greatest difference between modern genetic concepts
and traditional folk ideas of heredity is that today we conceive of the
transmission of individual particles of hereditary material from par-
ents to offspring, whereas older ideas postulated a blending of the
hereditary elements of the two sexes. The name gene is applied to a
unit factor of heredity.

Some of the basic ideas of the gene theory are illustrated in a report
on the varitint-waddler mouse by Cloudman and Bunker (1945). This
rather exotically named mouse variety first appeared in a cross be-
tween a solid-colored black and a solid-colored brown strain which
had bred true for generations. These more lightly pigmented and
spotted mice also bred true. The change, therefore, was a mutation,
a persistent alteration of one of the hereditary units. Cloudman and
Bunker assigned the symbol Va to the mutant gene and the symbol
va to its unmutated normal counterpart. Va and va are alleles, genes
which differ in their physiological properties although they occupy
the same locus on a chromosome. Since every mouse has two complete
sets of chromosomes, its genetic formula with respect to the Va locus
can be, Va/Va, Va/va, or va/va. Each of these formulae symbolizes
a different genotype. Genotype in its most general sense is the com-
plete assemblage of genes which an individual possesses. Genotypic
formulae are never complete since it is impossible to identify all genes
present, and it is rare in mammals to specify more than five or six loci.

Individuals with identical genes at corresponding loci are homo-
zygous at this locus (for example, va/va and Va/Va). Heterozygous
individuals have unlike genes at corresponding loci (for example,
Va/va).

Each genotype in this series is identifiable from the physical char-
acteristics or phenotype of its possessor. A wva/va mouse may be of
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many colors and forms, depending upon the remainder of his geno-
type, but it is certain that he will not be a varitint-waddler. The
typical waddler (Va/va) shows piebald spotting, erratic ducklike loco-
motion, circling, and head shaking. Mice homozygous for Va are
practically all white, and are so hyperexcitable at 14 days of age that
jarring the cages in which they live may induce violent convulsions.
Most Va/Va animals are sterile, and the heterozygotes show reduced
fertility.

An alternative way of writing genotypic formulae is to use the
symbol + for the “wild-type” or “normal” allele present in the general
population. Ordinary mice are +/+, varitint-waddlers, Va/+, and
homozygous defectives Va/Va.

Testing Genetic Hypotheses. Genetic theory can be used to predict
the outcome of breeding heterozygous waddlers to normal mice. If
we assume, as is in fact true, that the gene is located on an auto-
some, it will make no difference whether the waddler parent is male
or female. This assumption must be checked by comparing the results
of reciprocal crosses in which the waddler gene is introduced through
the paternal and maternal sides. The model for prediction is shown
in Table 2-1.

TABLE 2-1

Prediction Model Based on the Single-Gene Hypothesis

(The ratio below is obtained if it is assumed that the varitint-waddler character
is produced by a single gene. Cross is between normal and varitint-waddler
mice.)
Genotype of V-W mouse = Va/-+
This will produce equal numbers
of gametes of the following types:

Va +
Genotype of This can produce
Normal Mouse only one type of 4+ Va/+ ’ +/+ I
+/+) gamete.

Types of Zygotes Formed
Predicted ratio of offspring (zygotes): ¥4 Va/+:%5 +/+

If the normal mice resulting from this cross are mated inter se, all
the offspring will be normal although each has a waddler grandparent.
If waddlers are mated with waddlers, the gametes and resultant zygotes
are shown in Table 2-2.
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TABLE 2-2
Prediction Model Based on the Single-Gene Hypothesis

(The ratio below is obtained if it is assumed that the varitint-waddler character
is produced by a single gene. Cross is between two varitint-waddler mice.
Each parent will produce equal numbers of Va and + gametes.)

Gametes of the First Parent

Va +
Gametes of the Second Parent Va Va/Va Va/+
+ | +/va +/+

Types of Zygotes Formed
Predicted ratio of offspring (zygotes): Y% Va/Va:Ys Va/+:% +/+

These two procedures, (4) crossing heterozygotes to homozygotes
and obtaining a 1:1 ratio in the offspring and (B) crossing heterozygote
with heterozygote and obtaining a 1:2:1 ratio, are the basic devices of
experimental genetics. More complicated designs are extensions of
the same principles.

Cloudman and Bunker carried out these procedures with the fol-
lowing results (Table 2-3).

TABLE 2-3

Results of Breeding Experiments on the Varitint-Waddler Mouse
(Cloudman and Bunker, 1945)

Phenotypic Classes

Type of White Varitint Wild
Mating Litters Individuals Defective Waddler  Type
Waddler 93 665 Pred. 0 332.5 332.5
X
Wild type Obs. 0 325 340
Wild type*
X
Wild type* 7 52  Pred. 0 0 52
Obs. 0 0 52
Waddler
X
Waddler 62 386 Pred. 96 192 96
Obs. 18 236 132

* These animals each had a waddler parent.



22 BEHAVIOR GENETICS

In two of the crosses agreement with prediction is good. The sig-
nificance of the difference between the 325 Va/+ obtained and the
332.5 predicted can be evaluated by the chi-square test. A text on
statistics should be consulted for a discussion of this procedure. The
formula used in computing chi-square is

(0 — P
2 = =
X P

where O = the observed number in each class of offspring and P = the
predicted number in each class. For the Va/+ by +/+ cross, the cal-
culation is as follows:

, (325 — 332.5)

(340 — 332.5)
X = 332.5 =

332.5

+ 339
with a p value of more than .5. Obviously the data agree satisfactorily

with the hypothesis.
The Va/+ X Va/+ cross produces far too few homozygous white
mice. Chi-square is calculated as follows:

(18 —96)2 | (236 — 192)* | (132 — 96)*
- 96 + 192 + 96

p < .001

X2

= 86.85

Since the discrepancy is too large to be attributed to random sam-
pling, an explanation must be given, or the hypothesis of single gene
inheritance must be rejected. It is known that the homozygous white
mice are biologically inferior. Thus it is reasonable to assume that
many Va/Va mice succumb before birth and never enter the statistics.
From the number of Va/+ and +/+ individuals produced we would
expect 123 homozygous whites (1/3 X (236 + 132)). Presumably all
but 18 of these failed to attain a stage of development permitting
their classification. Numerous examples are known of genes with lethal
or sporadically lethal effects which disrupt ratios calculated from sim-
ple assumptions. Statistical predictions must take biological realities
into account.

The contrast between the particulate or Mendelian theory of he-
redity and a blending theory is illustrated by the data in the second
row of Table 2-3. None of the 52 offspring of normal parents, but
with defective grandparents, were themselves defective. Thus the
progeny of a wild type by waddler mating are either defective and
capable of transmitting the waddler gene, or they are normal with no
such gene to pass on. None are intermediate-strength waddlers either
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in behavior or in genetic potentiality, as would be predicted if genetic
determiners were blended. We will see later that the Mendelian
mechanism operating on numerous independent genes can result in
intermediate individuals, but the principles illustrated by the varitint-
waddler trait still hold for the inheritance of each pair of genes.

Dominant and Recessive Genes. In the varitint-waddler mouse
there is a correlation between the number of Va genes and their
phenotypic expression. The disruption of normal function is more
extreme in Va/Va animals than in Va/4 mice. This seems very rea-
sonable and represents superficially a blending of genetic effects,
though, as the breeding results show, not a blending of genetic sub-
stance. The phenomenon of dominance upsets the one-to-one corre-
lation between phenotype and genotype. Consider another example
from mouse genetics, this time a coat-color character. When mice
from a pure-breeding black stock are bred to those from a pure-
breeding brown stock, the offspring are all black. Breeding the first
filial generation hybrids (F;) inter se yields a second filial generation
(Fg) comprised of approximately three-fourths black and one-fourth
brown animals. In situations of this type black (B) is said to be
dominant to brown (b), which is called recessive. The genetic situa-
tion is depicted in Table 2-4.

TABLE 2-4

Predicted Results of Crossing Black and Brown Mice:
Black is Dominant

Parental Generation Sex Male or Female Female or Male
Phenotype Black Brown
Genotype B/B b/b
Gametes produced B b

Combination of these gametes produces an F; generation.
Male or Female Female or Male

Phenotype Black Black
Genotype B/b B/b
Gametes produced Y B:Y b Y B:Y b
Combination of these gametes at random produces an F, generation.
Phenotype 34 Black Y4 Brown
f__—&_"_ﬁ
Genotype Y B/B:Y% B/b Y4 b/b

The 3:1 ratio is merely a variant of the 1:2:1 ratio previously de-
scribed. It is characteristic of the F, generation whenever dominant
inheritance is found. The distinction between dominance and non-
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dominance is not always clear-cut or fundamental. It depends in part
upon the state of knowledge of the effects of the gene, for if the
heterozygote can be distinguished phenotypically dominance is not
complete. The degree of dominance is very important whenever there
is natural or artificial selection. Suppose that it was desired to elimi-
nate the b gene from the F, population produced by crossing blacks
with browns. Removing the animals with a brown phenotype would
eliminate only one-half of the brown genes. Those in the heterozygotes
would be detected only when brown offspring turned up in the next
generation.

In general, the zygosity of an animal with a dominant phenotype
can be determined only from its ancestry or its progeny. A black
mouse coming from a long line of inbred ancestors who have bred
true for black is probably homozygous; one whose father or mother
was brown is certainly heterozygous. In any other circumstance the
diagnosis must be uncertain. The progeny test is most efficiently made
by breeding the animal whose genotype is in question to a homozygous
recessive (b/b). The prediction for a mating of the type B/b X b/b is
that one-half the offspring will show the dominant character, and the
probability that all (of a series of n) progeny will be of this type is
1/2n. When n =7, p = .0078, so that a series of seven offspring of the
dominant type is a strong indication that the tested individual is in
fact B/B, not the hypothesized B/b.

Because test matings are not possible with human beings, human
geneticists are on the lookout for small effects of genes in a heterozy-
gous state. In some cases it is possible to identify individuals carrying
“recessive” genes which produce anomalies when homozygous (Neel,
1949) and to provide information to prospective parents who come
from families with serious hereditary defects.

Multiple Alleles. If more than two alternative genes are known at
a locus, the system is said to be polyallelic. A well-known example
is the A, B, O red cell isoantigen system in man. If the symbols I4,
IB, and 19 are used to represent the genes corresponding to each of
these antigens, the possible genotypes are IA/IA, IA/IB, JA /[0, IB/IB,
IB/I°, and 1°/1°. A given individual can carry only two members of
a polyallelic system, but there is no fixed limit on the number of dif-
ferent alleles in a population. In this example /4 and /% are dominant
over /9, but not over each other. Thus four phenotypes, A, B, AB,
and O, correspond to six genotypes. In the dominant white spotting
series in the mouse, the mutant alleles produce effects upon hair
pigment and hemoglobin formation (Russell, 1955). The order of
strength of effect is different for each phenotypic character. The ex-
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istence of multiple alleles greatly increases the possibility of genetic
variation. With two alleles there are three possible genotypes; with
three alleles, six genotypes; and with four alleles, ten genotypes.

P generation AABB X aabb

P gametes AB ab

F; generation AaBb

F; gametes AB Ab aB ab

© |©® 6 ®

AB| AABB | AABb AaBB | AaBb

® ©® |®

Ab| AABb AAbb AaBb Aabb

® o @

aB| AaBB AaBb aaBB aaBb

© @®

ab| AaBb Aabb aaBb | aabb

F, generation

FIGURE 2-5. Combinations of two independently segregating genes in the F,
of a hybrid between pure strains. Both male and female in the F, can produce
four kinds of gametes; hence there are 16 combinations, though some of these are
identical. Actually there are nine different genotypes in the ratio 1:1:1:1:2:2:2:2:4.
The phenotypic ratios observed in the F, of a dihybrid cross vary according to the
type of physiological interaction between the genes. (See Table 2-5.)

Two or More Independent Alleles. Transmission of genes which lie
in separate chromosomes is independently determined during game-
togenesis. This is best illustrated by a diagram such as Figure 2-5,
the lower portion of which is known as a Punnett square. This ex-
ample shows a dihybrid (two-locus) system, but polyhybrid systems
require no additional concepts. The diagram represents the F, from
a cross between two genotypes, 44BB and aabb. Along the edges are
the expected proportions of male and female gametes from the F;.
Each cell in the diagram corresponds to an expected one-sixteenth of
the F, population and has been given a number which is used as a
reference in Table 2-5. It is also possible to compute the expected
genotypic proportions algebraically, as is generally more convenient
when complex polyhybrid systems are considered.
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TABLE 2-5
Some Phenotypic Possibilities in the F, of a Dihybrid Cross
Phenotypic Expectation Cells in Fig. 2-5

Type of Gene Interaction

and Specific Example Proportion Phenotype
1. Physiological independence, 9/16 Full black 1, 2, 3, 4, 5, 7,
complete dominance at both 9, 10, 13
loci.
Mice: Black pigment (B) 3/16 Dilute black 6, 8, 14
dominant over brown ()
Full color (D) dominant 3/16 Full brown 11, 12, 15
over dilute (d). 1/16 Dilute brown 16
2. Complementary physiologi- 9/16 Colored 1, 2, 3, 4, 5, 7,
cal action, complete domi- 9, 10, 13
nance at both loci.
Sweet peas: color depends 7/16 White 6, 8, 11, 12, 14,
upon simultaneous presence 15, 16

of two different dominant
genes, C and P.

3. Complementary physiologi- 9/16 Agouti 1, 2, 3, 4, 5, 7,
cal action, dominance at 9, 10, 13
both loci, but different epi- 3/16 Black 6, 8, 14
static effects for some com-
binations.
Mice: C needed for any 4/16 Albino 11, 12, 15, 16

color; A produces agouti
hair color, aa produces

black hair.

4. Additive gene action. Each 1/16 +4++++ 1
allele represented by 4 or B 4/16 ++++ 2,359
produces one unit of effect 6/16 +++ 4,6,7,10, 11, 13
on phenotype produced by 4/16 —++ 8, 12, 14, 15
aabb. Strength of trait meas- 1/16 + 1

ured on a 5+ scale.

Note. The first-named gene in each example corresponds to the (4, a) combina-
tion in Fig. 2-5; the second gene to the (B, b) combination.

The phenotypic results of a dihybrid cross depend upon the physi-
ological interaction between the non-allelic genes. Four of the many
possible outcomes are set forth in Table 2-5. The first example rep-
resents independence of physiological effect as well as independence
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of transmission. This is the Mendelian law of independent assort-
ment. The second and third portions of the table illustrate comple-
mentary gene action, as genes at two loci are necessary for a certain
phenotype to appear. In the sweet pea (example 2) two phenotypes
are distinguishable, red and white; in the mouse (example 3) three
coat-color phenotypes are produced by a dihybrid system. Interactions
between non-allelic genes are known as epistatic effects; thus in the
example of the mouse, gene C is essential for manifestation of B and
b. The fourth example is an idealized model for quantitative inher-
itance, which we shall consider in more detail later. Here the pheno-
typic effect of A equals that of B; the effects are cumulative in a
strictly additive fashion. These examples by no means exhaust the
possibilities of genetic interaction, but they illustrate the variety of
phenotypic ratios which are known to result from the same type of
genotypic ratios.

LINKAGE

The mechanics of meiotic cell division impose certain limitations
upon independent assortment of genes. Homologous chromosomes
synapse and separate as units, so that all genes of a single chromosome
tend to segregate together. This is a tendency rather than an absolute
law because of the crossing-over phenomenon described earlier.

Sex-linkage. It is convenient to introduce linkage in general with
a discussion of sex-linkage. The transmission of genes included in the
X- or Y-chromosome is inextricably bound up with the sex-determining
properties of these chromosomes. The consequences of sex-linkage dif-
fer depending upon whether the gene in question is on the X- or
Y-chromosome, whether it is dominant or recessive, and whether cross-
ing over from X to Y is ever possible. Sex-linkage is easy to detect,
and examples have been described from many species.

Y-linkage inheritance has been reported for the “porcupine men”
who lived in England during the eighteenth and nineteenth centuries.
There is, however, some question of the accuracy of the records on
which this famous pedigree is based (Stern, personal communication).
At any rate, Y-linked inheritance has no immediate application to
behavior genetics.

A gene located upon the X-chromosome of a mammal may be pres-
ent in single or double dose in females, but only in a single dose in
males. (The reverse is true in butterflies and birds where the female
is heterogametic.) Such a gene may behave as a recessive in females
and as a dominant in males where the normal allele cannot be simul-
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taneously present. One of the most thoroughly studied cases of this
type is “red-green” color blindness. Actually this is not a single defect,
but a composite of several distinct but related anomalies of color vi-
ston, whose individual attributes can be neglected in an elementary
account.

Color blindness is transmitted in a crisscross fashion from fathers
through daughters to grandsons. Non-affected males never pass the

XY XX XY XX
XX XY [ xx XY
NG
(a) (b)
XY XX
. XX XX XY XY
(c)
XY XX )
XX XX XYJ XY
(d)

FIGURE 2-6. The transmission of red-green color blindness in man. The gene is
carried on the X-chromosome and is expressed in females only when homozygous.
X-chromosomes containing the gene are shown in heavy letters; afflicted individuals
are shown in heavy outline. (a) Color-blind man x normal woman. (b) Normal
man X color-blind woman. (¢) Normal man X carrier. (d) Color-blind man x
carrier.
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gene on to children of either sex, but non-affected females who are
carriers of the gene show their heterozygosity by bearing on the aver-
age 509, of color-blind sons. Likewise, one-half the daughters of such
women prove to be carriers like their mothers. Color-blind women
have color-blind fathers and often color-blind brothers. If a color-
blind woman marries a normal-visioned man her sons are all color
blind, while her daughters have normal vision like their father. All
of these facts fall into place if we assume that the condition is brought
about through the intermediacy of a gene ¢ which is recessive. The
diagrams of Figure 2-6 represent the probabilities of different types
of offspring from individuals bearing the color-blindness gene.

Sex-linkage is probably not often significantly involved in behavior
genetics, although it has been strongly implicated in the inheritance
of broodiness in domestic fowl (page 180). Most behavioral traits de-
pend upon the interaction of many genes, which are probably dis-
tributed over a number of chromosomes. The effect of genes located
on the X-chromosome might be difficult to separate from the effects of
a much larger number of genes located on autosomes. Nevertheless,
appropriate tests for sex-linkage should be introduced into experimen-
tal designs whenever feasible.

This is an appropriate place to contrast sex-linked genes with sex-
limited characters. All that sex-linkage implies is that the genes in-
volved are located on the X- or the Y-chromosome. Sex-limited char-
acters are restricted in manifestation to only one sex, although genes
influencing the character may be carried in both sexes. It is well
known that bulls transmit genetic factors which affect the milk pro-
duction of their daughters, even though the bull has no active mam-
mary glands. This does not mean that the genes concerned have no
functions in males. The genes affect some process at the cellular level;
in a sense their effect on milk production is fortuitous.

Autosomal Linkage. Two genes which occupy loci close together on
a chromosome tend to go together in the process of gametogenesis.
In the account below, 4 and B are a pair of such genes. A cross be-
tween an animal homozygous for 4 and B, and one homozygous for
a and b is designated below. Bars are placed below the formulae to
show that the genes are on the same chromosome.

Parents:  AB/AB X ab/ab

Gametes: AB ab

A AB/ab
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To measure linkage, a test cross is made between the F; and a
double recessive stock. The F; produces four varieties of gametes in
unequal numbers. In the computation in Table 2-6 it is assumed that
crossing over between the 4 and B loci occurs in 209, of all meioses.

TABLE 2-6

Results of a Test Cross (F; X Double Recessive)
When Crossover Frequency Is 207,

F; Gametes Test Gametes Zygotes Frequency
Type Frequency
4B 0% a AB/ab  40%
b 0% b abfas 0%
0% b Abjab  10%
B 10% a <Blab  10%

The offspring of the test cross include a preponderance of the pa-
rental combinations, and the sum of the recombinants is approxi-
mately equal to the percentage of crossing over. This ratio differs
greatly from the 1:1:1:1 ratio which is expected under the assumption
of independent assortment.

In the example given, the genes 4 and B are said to be coupled
since they are associated in the same chromosome. Hence the pheno-
typic traits associated with each will tend to be correlated positively.
A different sort of association between the phenotypes will result if
the genes are in repulsion (in opposite homologous chromosomes) at
the beginning of the observation: thus; 4b/4b X aB/aB. Carrying
through the same operations as above we obtain from a test cross of
the Fy: 409, Ab/ab, 40%, aB/ab, 109, AB/ab, and 109, ab/ab. Now
there is a negative correlation between the phenotypes associated with
4 and B. The association between characters related through a com-
mon chromosome is inconsistent in the population at large, though
often significant in selected families.

Chromosome Maps. Linkage measurements have contributed greatly
to the science of genetics. If it is assumed that close linkage indicates
proximity on a chromosome, crossover frequencies can be used to con-
struct chromosome maps. In Drosophila it has long been possible to
confirm microscopically the validity of maps based upon this assump-
tion, and thus strengthen faith in results with other species where such
visual checking is technically more difficult. Chromosome mapping is
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a brilliant accomplishment, but its methods are not pertinent to be-
havior genetics except as the results substantiate the basic concept of
the gene.

One result of linkage studies has been a formal definition of a gene
as a factor in heredity which is not separable by crossing over. This
is clearly an operational definition, and the classification of any par-
ticular gene can be changed by new facts. The question of whether
certain blood cell antigens are determined by different alleles at a
single locus or by closely linked genes with very low crossover fre-
quency is indeed a matter of some dispute among geneticists. When
one is working close to the primary effects of the gene there is some
possibility of resolving such questions. With behavioral traits such
refined analysis is not practicable, and the issues need not be raised.

PHYSIOLOGICAL GENETICS

Physiology and genetics come into contact at many points in the
vast range of biological science. At one extreme is gene-centered re-
search in which chemical and physical techniques are applied to events
within the nucleus and even within chromosomes. Tools in these in-
vestigations are microspectroscopy and histochemistry, ultraviolet and
electron microscopy, serology and biochemistry. The phenotypic traits
selected for study are chemical differences which are close to the pri-
mary action of genes. Micro-organisms with a minimum of structural
differentiation are the most suitable subjects.

This type of physiological genetics is not directly applicable to be-
havior research, but it does provide guidance in the search for a path
between gene and behavioral character (Davis, 1954). Physiological
genetics can, however, start with any heritable variation in an organ-
ism and trace its origin backward in development nearer and nearer
to the gene. If the character chosen has behavioral significance, this
aspect of behavior genetics merges imperceptibly with developmental
or genetic psychology. In this section we shall consider genes as regu-
lators of function at various levels of organization, with occasional
reference to applications in behavior genetics.

Nature of the Gene. When the word “‘gene” was first employed as
the name for a unit hereditary factor, it was very much a hypothetical
construct. Since this time, in spite of intermittent criticism of the
gene theory, the hypothetical construct has become increasingly con-
crete. Much of our information is still indirect, and the details of
description may be revised, but the main elements of the picture are
well established.
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The size of genes appears to be somewhere between a sphere 6 milli-
microns in diameter, and a cylinder 20 millimicrons in diameter and
100 millimicrons long. The larger estimate is probably too high, but
even so it would be possible to lay 1,000 such bodies end to end in the
thickness of a single sheet of book paper. One method of estimation
is to count the number of detectable non-lethal mutations produced
when germ cells are bombarded by ionizing radiation. Each hit on
a gene is assumed to produce a mutation, but not all will be detectable.
A similar method might be used to estimate the size of windows in a
building. By throwing stones in a certain pattern and counting the
number of windows broken, some estimate could be made of window
size.

The chemical nature of individual genes is not, and may never be,
accessible to standard methods of chemical analysis. However, chro-
mosomes can be collected and analyzed en masse. ‘Wherever taken,
chromosomes are found to be nucleoproteins, a combination of pro-
teins and nucleic acids. It has been known for years that proteins can
exist in almost limitless variety. Each species has its own varieties of
protein, and those of species considered to be closely related on the
basis of structure are more alike than those of distantly related species.
Recently nucleic acids have been found to be extremely variable in
structure, and the specific functional properties of a gene may be at-
tributes of nucleic acid chemistry (Beadle, 1955). Two major types
are recognized, desoxyribosenucleic acid (DNA) and ribonucleic acid
(RNA). DNA contains the sugar, desoxyribose, and seems to be found
only in chromosomes. RNA contains ribose and is a constituent of
both nucleus and cytoplasm. Viruses, which are self-duplicating par-
ticles like genes, are also composed of nucleic acids. Most animal
viruses are of the DNA type, which seems to indicate that DNA is the
essential component for self-duplication. However, some plant viruses
contain RNA.

Gene Action and Metabolism. Wright (1954) distinguishes two types
of primary processes controlled by genes in addition to self-duplication.
Both involve the determination of macromolecular patterns, first of
enzymes, and second, of antigens. His diagram of the relationship of
physiological genetics to different levels of organization is shown in
Figure 2-7. The sum of the genetic material is here referred to as the
genome. The solid arrows represent the influence of the simpler levels
of organization upon the more complex; the dotted lines indicate
feedback. Note that the only one-way process is the genome to enzyme-
antigen pair relationship. In discussing the relationship of genes to
metabolism, we are already moving one step away from primary gene



SOME PRINCIPLES OF GENETICS 33
Extraorganic
Behavior structure
Homeostasis vs. disease
/ ST ~
/ '/ \
External Organic |V Moroh )
environment > P structure orphogenesis
/
\ ( Cell \\;
. . e
Histogenesis 2| constitution N
\
N ]
{ N
Genome Gene duplication > Cell Y4 Metabolism
7 product
i
\\
Genome Macromolecular pattern " Enzyme
Antigen

FIGURE 2-7. Diagram of relations of genome and external environment to observed
characters at various levels of organization. (Wright, 1954.)

action into an area influenced by environmental factors and intraor-
ganismic feedback.

The following discussion of genetics and metabolism is based largely
upon Wagner and Mitchell (1955). References to original sources may
be found in this work. As an example of the effect of specific gene
substitutions upon metabolic patterns, we have chosen the variations
in eye color of D. melanogaster. Ordinarily the eyes are reddish-brown
owing to a combination of a red and brown pigment. Four non-allelic
recessive genes are known which in the homozygous state produce a
bright red eye. One can infer that these genes interfere with the pro-
duction of brown pigment. The chemistry of the formation of the
brown pigment has been rather thoroughly worked out. Starting with
the amino-acid tryptophane, the series of reactions goes as follows:

Tryptophane 5 formylkynurenine ER kynurenine 2,

hydroxykynurenine 2, brown pigments

If one of these reactions is blocked because of a mutation, the re-
actant will accumulate. Thus D. melanogaster homozygous for ver-
milion (v) accumulate tryptophane, those homozygous for cinnabar
(cn) accumulate kynurenine, and flies homozygous for scarlet (st) or
cardinal (cd) accumulate hydroxykynurenine.
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Feeding formylkynurenine and kynurenine to v/v larvae permits the
formation of brown pigment, but this is ineffective in st/st or cd/cd
larvae. Transplanting eye primordia from a v/v larva to a wild-type
larva allows the v/v eye to form brown pigment, for the surrounding
tissues of the host larva provide the necessary substrate, and the v/v
eye is perfectly competent to proceed with the synthesis once it is
provided with the means of overcoming its particular metabolic de-
ficiency.

Experiments of this type provide the geneticist with a key for pair-
ing a mutation with a particular process, v with reaction 1, cn with
reaction 3, and c¢d and st with reaction 4. Similar results upon organ-
isms ranging from bacteria and poppies to man have provided a broad
base for the generalization that genes operate by controlling the rate
of specific chemical reactions.

Beadle (1945) proposed the theory that a given enzyme has its spe-
cificity set by one gene, and that in general each allelic type has a
unique specificity. This may be briefly characterized as the “one gene—
one enzyme” hypothesis. It has been critically reviewed by Horowitz
and Leupold (1951) and Wagner and Mitchell (1955). Possibly the
hypothesis can never be definitely proved or disproved. Even if it is
correct, the interactions between products of various genes soon pro-
duce a complexity which is not readily explained in terms of primary
gene action alone. In highly differentiated organisms, genes probably
always affect many traits. For example, many mutant genes in Droso-
phila which are known by their morphological effects also affect fre-
quency of wing vibration (Williams and Reed, 1944).

Although most mutant genes are still named for their morphologi-
cal effects, the number known to influence specific metabolic proc-
esses is increasing. Garrod (1909) pioneered in the study of “inborn
metabolic errors.” Examples of biochemical effects of genes are pre-
sented by Beadle (1949) and by Haldane (1954). Phenylketonuria, a
disease characterized by mental defect and a specific metabolic error,
is of particular psychological interest (Jervis, 1954; Bickel, Boscott, and
Gerrard, 1955). This syndrome is discussed more fully on page 312,
and it is sufficient to say here that an understanding of the genetics
and the biochemistry of the condition gives some hope of partial al-
leviation of the defect.

Currently there is considerable interest in the possibility that brain
enzymes may play a critical role in mental dysfunction (Ashby, 1950;
Gerard, 1955; Pope et al., 1952; Williams et al., 1949a). The hypothe-
sis is certainly worth testing to the utmost, but alternative paths of
gene action must be carefully explored at the same time (Kety, 1959).
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The peculiarities of nitrogen excretion in the Dalmatian dog will
serve to illustrate the point.

The Dalmatian breed excretes uric acid as the chief nitrogenous
waste, while other dogs primarily excrete allantoin (Benedict, 1916).
Trimble and Keeler (1938) summarized evidence that this “error” was
associated with a single pair of recessive genes. The metabolism of
uric acid is well known. An enzyme, uricase, in the liver converts it
into allantoin. It seemed reasonable to explain the facts by a de-
ficiency or absence of uricase in Dalmatians, but no such deficiency
was found in actual enzyme assays. The problem was reinvestigated
by Friedman and Byers (1948), who found that the difference was in
the kidney of the Dalmatian, not in his enzymes. For some reason
the kidney tubule cells of this breed do not reabsorb uric acid. It is
removed from the body of the Dalmatian about as fast as it is pro-
duced in metabolism and is never exposed to the action of uricase.
The point of this example is that genetic effects upon cell permeability
might be as important to behavior as effects upon enzyme systems.

Pleiotropy. Although each gene may have a single biochemical
function, its effects are not limited to a unit function at the structural,
physiological or behavioral level. Descriptions of the effects of identi-
fied genes in mammals are at present better phrased in terms of spe-
cific tissues affected and specific stages of development than in terms
of chemical reactions. When a tissue (cartilage, for example) enters
into the development of many structures, all will be affected by a
gene substitution affecting the tissue. The multiple effects are an ex-
ample of pleiotropy, in this case, secondary pleiotropy, since all stem
from one basic process.

Not all cases of pleiotropy have been traced back to a single common
origin. The dominant white spotting series of genes in the house
mouse (W and Wv) produce, in addition to their effects on pigment,
anemia and impaired gonadal function (Russell, 1955). Careful em-
bryological studies have traced the gene action backward in develop-
ment without convergence on a common process. Russell, however,
is not convinced that the genes at this locus show primary pleiotro-
pism, and suggests that they may act upon the three biological systems
through a single chemical reaction. Perhaps the contrast between
primary and secondary pleiotropism is a little forced, since one can
never prove that divergent but correlated phenomena are not related
by some undiscovered unitary process lying between them and their
genes. At any rate, the distinction is not important in behavior
genetics. The significant fact is that in complex organisms the conse-
quences of a gene substitution may be manifest in a number of ap-
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parently independent functions. Yet these deviations will be' corre-
lated because of dependence upon a common genetic mechanism.

Duplicate Phenotypes, Different Genotypes. The eye-color mutants
of Drosophila discussed above illustrate the principle that organisms
with the same phenotype may be different genotypically. A further
illustration, a behavior mutation in mice, illustrates some of the com-
plexities of such systems. Shaker mice have choreic head movements,
and some tendency to run in circles. Gates (1934) proved that there
were two distinct genetic forms, both inherited in a recessive fashion,
which were phenotypically alike. Shaker-1 has normal alleles at the
shaker-2 locus, and vice versa. The mating between the two is repre-
sented as follows:

Parents: sh-1/sh-1, +/4+ X +/+, sh-2/sh-2
Both are ‘“‘shakers.”

Fu: sh-1/+, +/sh-2

All are “non-shakers.”

In the F; each mutant gene is counteracted by its normal allele
obtained from the other side of the cross. The fact that the F, is
normal while the parents are not indicates that the two shaker genes
do not have the same function. It may be inferred that each locus
is concerned with a different step in morphogenesis of the nervous
system, and that blocking the process in either place produces the
same result.

In human genetics it is not feasible to make test crosses to determine
whether two similar phenotypes are also genotypically alike. Some-
times, however, genetic analysis of a series of pedigrees of clinically
similar cases leads to the discovery that inheritance of a particular
defect in one family follows a pattern of dominance, in another, re-
cessivity, and in still another, recessive sex-linkage. This appears to
be true of retinitis pigmentosa, a chronic progressive degenerative
disease of the retina (Sorsby, 1953). This type of evidence proves
genetic polymorphism, but does not indicate whether the several genes
have the same or different physiological effects.

Phenocopies. Treatments by physical agents can produce effects
upon phenotype comparable to those of a known mutant gene. Lan-
dauer (1945) injected insulin into developing hen’s eggs and produced
a large number of rumpless chicks phenotypically similar to the rump-
less birds produced by a pair of autosomal recessive genes. Gold-
schmidt (1938) produced aberrant types of Drosophila by exposing
developing larvae of wild-type stock to elevated temperature for vari-
ous periods of time at particular stages of development. The resultant
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anomalies were often faithful replicas of recognized inherited mutant
phenotypes. Rubella (German measles) in pregnant women leads to
a high proportion of malformed children who may be indistinguish-
able from those bearing genetically induced deformities.

The production of phenocopies experimentally seems to have some
promise as a means of elucidating the mode of action of mutant genes.
There must be something in common between two agents which pro-
duce the same result, and, if the copy is very precise, the point of
action may be the same. This approach is similar to the attack on the
physiology of psychoses through the use of psychotomimetic drugs.
The results may stimulate hypothesis formation, but it is difficult to
obtain conclusive evidence in this fashion.

The Statistical Nature of Genotypic Control. A living organism is a
dynamic system, whose range of adaptation is a function of its geno-
type as a whole. This concept is diagrammed in Figure 2-8. Genotype
A is the modal or “normal” form which has essentially the same
phenotype under a variety of environmental conditions. Genotype
A” is a variant which is always clearly distinguishable from the mode.
Genotype 4’ is extremely variable, and cannot be perfectly separated
from either 4 or A” on the basis of phenotype alone. The A4’ indi-
viduals falling far to the left are variants; those on the right are

A

A’
A”

Frequency

e

AN

“Variant phenotypes” “Normal phenotypes”
Range of phenotypic variation

FIGURE 2-8. The statistical nature of genotypic control of phenotype is depicted
in these three curves. Each represents the distribution of phenotypes in a related
genotype. The range of variation in A4’ is much greater than in the “normal” 4
genotype or “variant” 4” genotype, and overlaps both. Hence, phenotype is not an
absolute guide to genotype.
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“normal overlaps.” Genotypes control differentiation and develop-
ment in a statistical sense. Sometimes the choice between alternative
phenotypes is regulated with practically all-or-none precision. In other
situations non-genetic factors are more critical. This amounts to say-
ing that the heritability of a character is not necessarily one or zero,
but may take any intermediate value.

The terms penetrance and expressivity are often used with respect
to the action of genes. Penetrance is a measure of the probability that
a genotype can be identified by its phenotypic effects. Penetrance
values are provisional, since new effects may be discovered and indi-
viduals reclassified on the basis of obscure characters. The more gen-
eral term, expressivity, refers to the intensity of the phenotypic mani-
festation. For example, one form of jaundice is inherited as a domi-
nant autosomal character. All individuals with the gene show fragility
of their red blood corpuscles, but the amount of red-cell breakdown
in vivo and the severity of the resultant disease vary from apparently
none to a severe fatal disorder (Snyder and David, 1953).

The “environment” of a gene includes the effects of the other genes
present, although none of them may be identifiable as specific con-
tributors to the trait concerned. This is well exemplified in an ex-
periment reported by Runner (1954). The Fused (Fu) gene which
produces structural anomalies in the tail and other parts of the skele-
ton of mice was placed on two different genetic backgrounds by re-
peatedly crossing fused individuals into an inbred line. The results
are shown in Table 2-7. It is evident that the gene was more effective

TABLE 2-7

Effect of Genetic Background on Penetrance
of Fused in Heterozygotes
(Runner, 1954)

Source of Fu gene

Strain: Mother Father
BALB/c 729, 88%
C57BR/a 3497 659,

in modifying the BALB/c phenotype than the C57BR /a phenotype.
Furthermore, a remarkable difference between the reciprocal crosses
was found, particularly in the C57BR /a strain. The reciprocal cross
difference could be explained as due to cytoplasmic factors present in
the ova or by modifying genes in the Y-chromosome (Griineberg, 1952).
A more likely explanation is that the uterine environment of F u/+
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mothers is less favorable for the expression of the gene than that of
4+ /+ mothers.

Variations in expression of a gene are presumably caused by small -
forces acting at random. By manipulating the environment system-
atically, it is possible to shift the modal phenotype. The incidence of
skeletal anomalies in the mouse can be shifted by such procedures as:
(1) producing temporary anoxia in the mother at the 7th day of
gestation; (2) transferring ova of one strain to the uterus of another;
(8) simply allowing the mothers to grow older (Runner, 1954). Effects
such as these are functions of genotype, but the anomalies themselves
are not inherited in the usual sense of the word. What has been in-
herited is a reactive system which responds in a characteristic way to
stress.

We shall refer again and again to the relationship between gene and
character in our survey of behavior genetics. There is a great gap
between enzymes controlling phosphorylation reactions and a brain
capable of solving differential equations. Yet genes are concerned with
both, and both are problems for behavior genetics in the broadest
sense.

Summary of Physiological Genetics. Perhaps the most important
genetic principles for the student of behavior are those. concerned
with the nature of the genotype-phenotype relationship. The laws of
genetics relate to the transmission of genes and chromosomes from
parent to offspring. These laws have been quite precisely formulated,
and within the limits imposed by errors of sampling they can be used
to predict the outcome of breeding experiments.

The phenotype of an organism is the sum of its physical charac-
teristics, body size, form, color, and chemistry. Although these traits
are always related to genotype, they are not perfectly correlated. A
particular genotype determines the way an organism will respond in
a particular environment, and, since there are infinite numbers of
environments, this is equivalent to saying that a single genotype might
be associated with an infinite number of phenotypes. The potentialities
for phenotypic variation increase with distance from the primary
chemical functions of genes. For practical purposes blood-group
phenotypes are a reliable guide to genotype, but body size and form are
less so.

Behavior is still more remotely related to primary gene action. In
fact the definition of phenotype as the physical make-up of an in-
dividual must be modified for behavior genetics. By extension one
may decide to include actions in the list of an organism’s characteristics;
thus the number of pellets hoarded by a rat or the number of correct
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test responses by a college freshman can be considered as essentially
equivalent to physical measurements. The difficulty with this apprqach
lies in the generally lower repeatability of behavior measures, since
behavior is so greatly dependent upon past experience. Hence the
phenotypic description of behavior is often the slope of a learning
curve or the final level of performance attained after a period of
practice. Selecting appropriate phenotypic measures is one of the
most significant problems in behavior genetics. Whatever behavioral
measure is used, and however much it is affected by heredity, it is never
a genotypic character.

Although the method of family correlations is frequently used in
behavior genetics, similarity of phenotypes is not a proof of heredity,
nor is dissimilarity an argument against heredity. Evidence from
phenotypes is used as a proof of heritability, but only when the ap-
pearance of a trait can be predicted by the Mendelian laws (and their
extensions) and when the nature of the environment is adequately
specified. When such conditions are met, there need be no more
hesitation in using the techniques of genetics to study the heritability
of behavior than in using them to study the inheritance of physical
characters. There is logically no difference between manipulating
genes to observe the effects upon behavior and manipulating ex-
perience to modify later behavior. In the next chapter we shall con-
sider some genetic techniques which have been found useful in be-
havioral investigations. Before doing so, however, we shall discuss
some of the principles governing the distribution of genes within
populations.

POPULATION GENETICS

To draw inferences about genetic mechanisms from the distribution
of a trait among members of families requires knowledge of the
behavior of genes within populations. This in turn is a function of
mating systems and selection, the area known as population genetics.
We have illustrated the principles from human examples because of
their particular pertinence to behavior genetics.

Panmixis and the Hardy-Weinberg Law. Population genetics deals
with two sorts of questions: (1) What are the proportions of different
genotypes in a population? (2) How are these proportions related from
generation to generation? In experiments, the researcher controls the
flow of genes by regulating the mating system and by selecting
particular individuals for reproduction. Here we are concerned with
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situations in which the scientist must deduce what is happening
when he can do nothing to control gene flow.

It is convenient to start with an analogy to describe a panmictic or
random-mating system. Imagine a lake into which all the ova and all
the sperm of a population are thrown, thoroughly mixed, and allowed
to combine to form zygotes. 1f we consider any particular autosomal
locus (4, 4’), a gamete may contain either 4 or 4” but not both. We
now assume that the proportion of 4 is p, and the proportion of A4’
is ¢, that these proportions are equal in ova and sperm, and that
p + q = 1. The probability of an 4 sperm uniting with an 4 ovum
as well as the probabilities of all other combinations are summarized in
Table 2-8. Since the two heterozygotes are genetically equivalent, the

TABLE 2-8
Frequency of Zygote Types in Panmixia

Sperm Type Frequency Ovum Type Frequency Zygote Type Frequency

A4 b A b A4 Ve
A P A q A4’ rq
A q A p A'A pq
A/ q A/ q AIAI q2

proportions of the three genotypes may be expressed as p*(4d) +
2pq(AA’) + q2(A’A47). This is the familiar binomial expansion of
(p+ q)> When p =g = 0.5, as in the F, of two pure-breeding lines,
these proportions are .25(4A4) + .50(44") + .25(4’4"). It p = 0.9, and
g = 0.1, the proportions are .81(44) + .18(44’") + .01(4°4").

It is important to note that the attainment of these frequencies of
combination bears no relationship to the source of the genes, provided
they are thoroughly mixed before combining. The gametes could
come from two pure stocks, one 44 and the other A’A’, or they could
come from a single population already in panmictic equilibrium. If
complete random mating occurs, the amount of previous assortment of
the genes is inconsequential. This fact, discovered independently by
two geneticists, is known as the Hardy-Weinberg law.

Perhaps the fertilization of the ova of the starfish occurs in the
random manner assumed in our model, for the gametes of this animal
are shed into sea water where they combine. In higher animals mating
occurs between individuals, and in some species monogamous sexual
relations are the rule. This imposes certain restrictions upon the
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randomness of gene combination, but it can be shown that these are
of no practical importance in human populations provided mate selec-
tion is random with respect to genotype (Dahlberg, 1947). Even the
fact that marriages are generally contracted between individuals of
approximately the same age does not affect the essential randomness
of genetic combination, for genotypes do not change with age.

Deviations from Genetic Equilibrium. A population in panmixia
will not alter its genotypic composition, except for random variations
about a constant mean. There are five ways in which deviations from
genetic equilibrium may occur.

(1) Selection. Some combinations of gametes may produce zygotes
which are less likely to survive and contribute their genes to the gene
pool from which a new generation of zygotes must be produced. If
zygotes of the A’A’ type are non-viable (or non-fertile), successive
gene pools will contain fewer and fewer 4’ genes, and their only
chance for survival will be in combination with an 4 gene. This
situation, which results in complete selection against the homozygous
recessive, is exemplified in severe incapacitating syndromes such as
juvenile amaurotic idiocy. Selection may be partial rather than com-
plete. If any genotype fails on the average to contribute equal
numbers of offspring to the next generation, its contribution to the
gene pool will be reduced accordingly. Hemophiliacs, for example, are
not sterile, but their physical vigor and life expectancy are so reduced
that they leave fewer offspring than the average.

Selection, of course, acts on the phenotype, but its genetic con-
sequences depend upon changes in gene frequency. Hence the
relationship between phenotype and genotype is of fundamental im-
portance. A dominant gene of high penetrance is exposed to selection
in practically every individual who carries it, but a recessive gene is so
exposed only when it is in homozygous combination. The effective-
ness of selection for quantitative characters in a natural population
depends upon the heritability of the character just as is true of ex-
perimental populations. The long-term genetic effects of differential
birth rates correlated with LQ. can be predicted only if we know the
heritability of the 1.Q. And heritability, as we shall show, is an at-
tribute of a population and not of a trait.

Selection in the population-genetics sense should not be confused
with individual survival, which is a necessary but not a sufficient
condition for gene survival. Social factors such as attitudes towards
birth control, prevalent age of marriage, the relative prestige value
of children and expensive homes, all these become agents of selection
when translated into behavior. Whether they will have any genotypic
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effect depends upon the relationship between genes and reproductive
behavior.

(2) Mutation. Another way in which genes can be withdrawn from
the pool is through mutation, say from 4’ to A4”. Over long periods of
time mutations are believed to play an important role in adaptive
evolutionary change, and one reason for the continued survival of
severe genetic disabilities in the face of strong negative selection is
believed to be the occurrence of new mutations. The rate is so low,
however, that it can ordinarily be neglected in calculations involving a
few generations.

(3) Consanguineous Marriages. Since relatives are more likely to
have genes in common than are unrelated persons, marriages between
relatives cause deviations from random assortment of genes postulated
under the Hardy-Weinberg law. Close inbreeding seldom occurs in
man, and even marriages between first cousins are relatively un-
common. Consanguineous marriages are more likely in isolated
populations where the choice of mates is restricted. In general, the
breaking down of barriers to migration in the Western world has re-
duced the number of consanguineous marriages. (See Stern, 1949,
Chapter 18, for a concise discussion.) The effects of consanguinity,
particularly of a remote degree, are not very important when dealing
with common genes, for a relative may have little-greater likelihood
of carrying a particular gene than any person taken at random. The
situation is different when one deals with rare recessive genes. About
the only spouse who might have such a gene is one who acquired
it from a common ancestor. Consanguineous marriage does not of
itself influence gene frequency, but it may result in exposing more
deleterious recessive genes to the action of selection.

(4) Genetic Drift. Perfect mixing of the gametes in the hypothetical
gene pool of our model would be difficult to attain in practice.
Ova or sperm from one source might tend to stay together, so that a
small sample drawn from a particular region might not truly represent
the whole population. If this non-representative sample were now
used to seed a new pool, the gene frequencies of the old and new
pools would be different and would remain different. Successive
serial sampling might eventually result in other gene pools with very
wide differences in gene frequency compared with the original source.
Examples of this model in human affairs are small geographical or
religious isolates which remain reproductively isolated. Many of the
features which differentiate human racial groups probably arose by
genetic drift when man generally lived in small communities.

(5) Assortative Mating. Whenever individuals with a given trait
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marry other individuals with the same character more often (or less
often) than would be predicted by random association, assortative
mating is said to occur. Assortative mating is determined from
phenotypes, but it will obviously have genetic consequences if the
traits concerned are heritable. Assortative mating with respect to
physical type, height, skin color, and deafness has been demonstrated.
It is also found with reference to psychological characters such as
the 1.Q. (Conrad and Jones, 1940).

All five factors which produce deviations from genetic equilibrium
are continuously active in every human population. Only selection
and mutation directly affect gene frequency. Consanguineous mar-
riages, genetic drift, and assortative mating influence only the distribu-
tion of genes to individuals and do not of themselves change the
proportions of genes in the population as a whole. Indirectly, they
may facilitate selection and thus alter the rate of genetic change.
These three factors are alike in producing greater homozygosity than
would be found under panmixia, and thus their genetic consequences
are similar. The social milieu in which each operates is different,
and they may even operate antagonistically. Rules against marriage
to relatives may counteract, for example, a general tendency to marry
within one’s social class and to select mates of similar physical type.

Estimating Gene Frequency in Populations. The Hardy-Weinberg
law furnishes a basis for the estimation of gene frequency whenever
the phenotype permits recognition of gene-carriers and conditions of
random mating with respect to the trait can be reasonably assumed.
The greatest success with these methods has been obtained with
blood groups, since the phenotype is an accurate representation of
the genotype, and marriages are seldom contracted with any knowl-
edge of the blood groups of the prospective spouses. Only the simpler
situations are considered here. The reader is referred to such texts
as Hogben (1946), Neel and Schull (1954), and Li (1955) for deriva-
tions of formulae and for discussions of assumptions underlying the
analysis of complex cases.

We shall consider a single pair of genes, 4 and a, in a specified
population. The following terms will be used:

p = proportion of gene 4
g = proportion of gene a
pF+qg=1
N = total number of individuals in the population
NA4, Naa, Nea = number of individuals of the three possible genotypes,
indicated by the subscripts
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Three different types of inheritance will be described.

(1) Two Alleles without Dominance. This means that all three
genotypes can be identified by their phenotypes. According to the
Hardy-Weinberg law the population at equilibrium will be distributed
as follows: n,, = p2N; ny, = 2pgN; n,, = q2N. The best estimate of
p(p*) is a simple count of each type of gene divided by the total
number of genes, 2N. Each homozygote (4A4) has two genes, and must
be counted twice; each heterozygote has one 4 gene and must be
counted once. The final formulae are:

_ 2n44 + n4a
. NAa + Z”aa
1 —
(2_3) 0'1,,2 = p_(_ZT@

The MN blood groups are an example of a system which fits the
model. The genotype of an individual is determined by typing his
blood with M and N antisera according to the following scheme:

Genotype MmMm MM MrM®
Phenotype (Blood Group) M MN N
Table 2-9 is a small portion of a larger table (Wiener, 1943) giving

the percentage of each blood type found in three very distinct races.
The expected phenotypic proportions calculated from the estimated

TABLE 2-9

Frequencies of M-N Blood Types in Different Populations
(Wiener, 1943)

Percentages of Blood Types  Allele Freq.

Number of
Individuals Population M N MN Mm Mr
6129 Whites Obs.  29.16 49.58  21.26 0.540  0.460
U.S. Exp. 29.16 49.68  21.16 — —
569 Eskimos Obs.  83.48  15.64 0.88 0.913  0.087
E. Greenland Exp. 83.35  15.89 0.76 — —
730 Australian Obs. 3.00 29.6 67.4 0.178  0.882

aborigines Exp. 3.17 29.26 67.57 — —
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gene frequencies are also given. Agreement of observed and expected
values in Wiener’s table is excellent. The high degree of correspondence
indicates (a) that the hypothesis of allelism between M and N is
correct, and (b) there is no deviation from random mating with
respect to this particular trait. If the reader suspects that the argument
is circular and that agreement must always be obtained, since estimates
of M™ and M» frequency based on observed data are used to calculate
the “expected values,” he may try to solve the equations for
% M = 28; 9, N = 35; 9%, MN = 47. These sum to 1009, but do not
fit the conditions for genetic equilibrium.

(2) Two Alleles, A Dominant over a. We can distinguish only the aa
genotype, since the 44 and Aa phenotypes are the same. The best
estimate of the frequency of a is:

(2-4) ¢* = Via/ N
(2-5) of = (1 — ¢)/4N

The frequency of the non-taster gene () which induces inability to
taste phenyl-thio-carbazide (PTC) and related compounds may be
cited as an example. The gene ¢ is recessive to T, which permits
tasting PTC. The proportion of non-tasters ranges from about 309,
in north Europeans to about 4%, in west Africans. These correspond
to gene frequencies of .548 and .20 respectively. Estimates of gene
frequency in different races have played a major part in modern
anthropology.

(3) Sex-linked Alleles with Dominance. The derivation of the
formulae for this case is moderately complex, since the phenotypic
manifestation differs in the two sexes. The dominant trait is shown
by genotypes A4, Aa, and AY; the recessive trait by aa and a¥.

) % _ nay = niy + 4Q2N; + N,) Cnaa + nay)
(2-6) 7= 2@N; + N

(2-7) pr=1-¢*

A simple approximate solution can be obtained by using only the data
from males. Counting the phenotypes is actually a gene count.

No. males with recessive trait
(2-8) g = tay/ray + ney = Total number of males

Red-green color blindness is a classical example of this type of in-
heritance. Waaler’s data (1927) based upon a survey of Oslo school
children is given in Table 2-10. We calculate g* = 0.0772 using the
data from both sexes and g = 0.0801 from the males alone.
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TABLE 2-10

Color Blindness in 18,121 Oslo School Children
(After Waaler, 1927)

Vision Male Female Both Sexes
Color blind 725 40 765
Normal 8324 9032 17,356
Sum 9049 9072 18,121

Gene frequency analysis is an important tool of population genetics.
To some extent it permits reconstruction of the genetic history of
populations. The extent to which cultural barriers serve to prevent
intermarriage can be quantitatively estimated by comparing gene
frequencies between cultural groups inhabiting the same geographical
area (Glass and Li, 1953). Psychological factors can affect gene flow
just as genes may affect behavior. Some of the traits studied by
population geneticists pertain to the domain of sensory variability,
an area which has long been studied by psychologists. Equivalence
of all racial groups cannot safely be assumed, as is illustrated by the
data on the distribution of the non-taster gene. The consistent finding
that racial groups differ with respect to genes which can be reliably
identified probably indicates that there are many more differences at
loci which are not conveniently tagged. This means that racial groups
differ statistically with respect to genetic systems influencing most
functions, including behavior. The significance of such differences
with respect to so-called race psychology is probably slight, though
there is no way of really testing the matter. We shall return to the
problem in the final chapter.

To some extent gene frequency analysis can be applied to conditions
of psychiatric interest which have a known Mendelian basis. For
example, a defect inherited as a recessive which occurs once in every

10,000 births must have a gene frequency of 1/.0001 = .01. In other
words, 19, of all individuals would carry the gene for this trait.
Estimates of this type are useful in portraying the problem of genetic
disease. Difficulty is often encountered in ascertaining the true
frequency of the disorder in the general population. Comparing
populations with different standards of recording vital statistics is
particularly risky. Lumping together two or more disorders which are
clinically alike but genetically different is another source of error.



Experimental methods
in behavior genetics

This chapter is concerned with the details of certain genetical
procedures adapted to animal experimentation. Although not an ex-
haustive account of methods, it describes the procedures most used in
psychological genetics and suggests others of potential value which
have not yet been widely tested in behavior studies. Our objective is
not so much to provide a source for all possible procedures as to
facilitate communication between psychologists and geneticists. In
order to describe the rationale of some techniques used in the study of
the inheritance of quantitative characters, it has been necessary to
introduce additional theoretical material from time to time. Un-
fortunately, the need for conciseness has forced the introduction of
some topics before they have been properly discussed in detail. Inbred
strains, for example, are mentioned several times before the section
on inbreeding. The index has been arranged to facilitate the location
of definitions of genetic terms.

Methods have been divided into two classes: (1) those concerned
with specific loci; (2) those dealing with the combined effects of genes
at many loci. The latter will be referred to as polygenic systems.
Whether one deals with single genes or many, two general approaches
to psychological genetics are possible. The starting point may be
individual variability in behavior, and experiments can be designed
to determine whether or not the variations are heritable. If the answer
is positive, further breeding experiments are carried out to determine
whether the occurrence of the character fits a particular hypothesis of
genetic transmission, expressed either in terms of Mendelian units or
in the statistical form usual for quantitative characters under polygenic
control. The second type of approach starts with two groups of animals
known to be genetically unlike and looks for phenotypic behavioral
differences between them. Here there is again a choice between work-
ing with differences at one or a few named loci and working with

48
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multiple differences such as occur between a set of distantly related
inbred strains. Phenotypically and genotypically oriented research
plans tend to converge on the same problems, and in practice they
cannot be rigidly separated. The choice of approach depends upon
the problem of interest and the availability of animal material.

WORKING WITH iINDIVIDUAL GENES

Testing a Genetic Hypothesis. The type of problem considered here
deals with the occurrence of two classes of individuals who are
classified in terms of behavior as trait-bearers, D, or non-trait-bearers,
R. More than two phenotypic classes may be recognized, but the
essential requirement for the methods considered here is that the
classes be sharply distinguishable from each other.

All of the principles can be illustrated by considering the pos-
sibilities associated with substitutions at a single locus in which the
heterozygote Aa may or may not have a distinctive phenotype, H.

The general method for the study of unit characters is to start with
strains breeding true for A4 and aa, cross them, and count the classes
of offspring in the F, and backcrosses. These figures are then com-
pared with the proportions predicted on the basis of various genetic
hypotheses. The chisquare test described on page 22 is commonly
used to test the agreement of observed and predicted numbers. Devia-
tions from expected numbers can result from incomplete penetrance
or from differential viability of certain genotypes. Table 3-1 sum-
marizes the expected phenotypic results on the basis of some common
hypotheses. Each experiment starts with Py, which breeds true for one
phenotype, and P, which breeds true for another. The purpose of this
table is not so much to provide a ready reference for simple Mendelian
ratios, as to demonstrate that hypotheses about penetrance can take
care of deviations from the simple ratios given in lines 1 and 2 of the
table. If penetrance must be assumed to be below 709, in order to fit
observed and calculated figures, a conservative geneticist may suspect
the hypothesis. It should be remembered that agreement of the data
with a particular hypothesis does not prove that it is correct. Agree-
ment with a simple Mendelian ratio has been taken as evidence for
monofactorial inheritance, when more extensive observations would
have shown the insufficiency of the scheme (Wright, 1934).

The experiment of Fuller, Easler, and Smith (1950) on the in-
heritance of audiogenic-seizure susceptibility in the mouse illustrates
this point. Seizure susceptibility had been attributed to a single
dominant gene (Witt and Hall, 1949) on the basis of a statistically



50 BEHAVIOR GENETICS

TABLE 3-1

Predicted Phenotypic Ratios in Several Types of Hybrids
on the Basis of Various Genetic Hypotheses

(All experiments start with strain P; breeding true for A4 with a phenotype D,
and strain P; breeding true for aa with phenotype R.)

Hybrid Generations and Genotypes

F F, Fi X Py
Hypothesis 1.004a .2544:.504a:25aa .504a:.50aa
1. Trait inherited as auto- All D .75D:.25R .50D:.50R
somal dominant
2. Heterozygote has a dis- Al H .25D:.50H:.25R .50H:.50R
tinctive phenotype, H
3. Penetrance 1009, in ho- .50D .50D:.50R .25D:.75R
mozygote, 509 in heter- .50R
ozygote
4. Semilethal, 509, of ho- All D 71D:.29R .50D:.50R

mozygotes fail to develop

adequate number of observations on the F;, F,, and backcrosses
between a susceptible and non-susceptible strain. Critical evidence
against this interpretation was secured by repeatedly backcrossing
susceptible hybrids into the non-susceptible line for a series of
generations. These individuals, on the dominant gene hypothesis,
would always be Aa. Crossed with aa they would always produce one-
half Aa (susceptible) and one-half aa (non-susceptible). Actually the
proportion of susceptible animals fell in successive generations to
20%, 8%, 4%, and 2%, as the “susceptibility genes” were diluted.
The threshold model proposed to explain this result is described later
in this chapter. There are reasons for believing that such models
are inherently more plausible as explanations of behavioral variation
than one- or two-factor systems. When the more simple hypotheses are
proposed, it seems justifiable to require that they be confirmed either
by anchoring them to a morphological trait which segregates clearly
or by demonstrating that the trait follows a simple pattern of in-
heritance for a number of generations.

A major difficulty with the application of simple Mendelian hy-
potheses to behavioral data is the continuous nature of the phenotypic
distributions. Animals do not readily fit into categories: wild versus
not wild; strong sex drive versus weak sex drive. Unfortunately it is
all too easy to find examples of artificial divisions into high, medium,
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and low categories of some trait, the boundaries being selected in such
fashion as to produce the ratios demanded by the hypothesis being
tested. Even if a bimodal distribution of test scores is obtained, this
does not necessarily justify separation into two groups. Behavior is
a dynamic attribute, and it is possible to produce an apparently
dichotomous classification system by adopting a test technique which
gives a pass-fail result. One of the authors (see Fuller and Scott, 1954)
has studied differences in delayed response performance in several
breeds of dogs. Some animals never reached criterion within the
alloted number of training trials, but this should not be used as a
basis of separation into two psychological types any more than one
should distinguish only two sizes of dogs based upon their ability to
squeeze through a narrow opening. It is conceivable that some dogs
might have lacked a particular piece of neurological equipment which
was essential for delayed response, but it is also certain that a better
method of training or longer training would have changed the propor-
tion of successful animals. The techniques used for measuring be-
havioral traits determine the nature of the traits which will be
found. This is also true of physical characteristics, but the use of a
ruler to measure height has more self-evident validity than the use of
a particular type of apparatus and training method to test delayed-
response performance.

Testing Individual Gene Effects upon Behavior. Theoretically every
gene may contribute to some degree to behavioral variance. This
hypothesis must be tested by placing known genes or combinations
of known genes upon a uniform genetic background, for if results are
to be attributed to a single gene, it is necessary to eliminate all other
sources of genetic variation. Williams and Reed (1944) employed the
following mating system to compare the effects of a series of sex-linked
genes upon frequency of wing vibration in Drosophila melanogaster.

Generation 1. Mutant male X wild type female (from inbred stock).
Generation 2. Female heterozygote X male wild type (both from 1).
Generation 3. Male mutant from 2 X wild type female.

Generation 4. Female heterozygote X male wild type (both from 3).
Generation 5. 6, ..., N were alternately of the two types of mating.

Backcrossing for 24 generations was considered to have eliminated
all chromosomes of the original mutant stock except the X-chromosome
bearing the mutant gene. It was also assumed that most of this
chromosome had been exchanged with the X-chromosome from the
inbred line by means of crossovers during transfer through the female
heterozygotes. Crossing over does not occur in male Drosophila.
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Merrell (1949) used the same method starting with a set of four
mutant sex-linked genes. By selecting favorable crossovers he was
able to isolate stocks which possessed all possible combinations of the
four mutated genes and to test the effects of the combinations upon
mating behavior. This type of procedure is particularly interesting,
since it permits quantitative manipulation of the independent vari-
able. The nature of the system is illustrated in Figure 3-1.

Generations o”from multiple ¢ from inbred |
mutant strain wild-type strain |
y |
ct J
® S N e
f /N |
xXy 7 N X X |
/// \\\ =
/ | Inbred line
y y | maintained
ct ct | by
@) ras ras } sister-brother
) I\ f | mating
- Xf A e 7 I
:’ Sister x brother | Sister x brother |
PN | [ |
T s Bt ettt
| \ ( _
y Voo

y

. '
ct + ct
@ ras I\ ; I\ ‘ ras [\

+

@ and (5) repeat (2) and (3) respectively.

FIGURE 3-1. A method for obtaining various combinations of the sex-linked genes,
v, ct, ras and f on a constant genetic background, by continuous backcrossing of
the multiple mutant stock into an inbred strain, and isolation of the various
crossover classes as they occur. On the left, for example, is shown a crossover which
produces a y ct ras line, and an f line. (After Merrell, 1949.)

Scott (1943) compared in D. melanogaster the effects upon behavior
of an autosomal recessive gene bw with that of its normal allele. He
employed the following mating system.

Generation 1. +/4+ X bw/bw
Generation 2. ¢ + /bw X 3 bw/bw

Generation 3 and subsequent generations were repetitions of 2. The
heterozygous females were used to give an opportunity for crossovers
between bw and adjacent genes on the same chromosome. In this
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experiment the wild-type allele was introduced into the mutant stock,
so that when the experiment was conducted males of two types were
available, + /bw with normal red-eyed phenotype and bw/bw which
were brown-eyed. Scott made thirteen consecutive crosses, and con-
cluded that the difference between the two phenotypes at the end of
the experiment was due either to the bw gene or to a closely linked
gene.

Drosophila is particularly well suited for experiments of this sort
because of the large number of known genes and the ease of obtaining
many generations in a short time. However the same techniques are
applicable to mammals. It is not too difficult to introduce a dominant
gene into an inbred stock which bears a recessive allele by repeatedly
backcrossing trait bearers into the inbred line. If the gene is an
autosomal recessive, progress is slower. After each cross into the inbred
line, brother-sister matings must again be made to produce trait
bearers (R) which can be crossed into the inbred line. The plan is as
follows:

Generation 1: Trait bearers (R) X Inbred line (D)

a/a +/+
Generation 2: All D +/a X +/a (Brother-sister)
Generation 3: 4R (from 2) a/a X +/4 (Inbred strain)

Subsequent generations repeat this alternation.

Sometimes the bearers of a homozygous recessive gene are sterile
or almost so. In such cases the gene has to be transmitted through
heterozygous + /a individuals. It is still possible to put such a gene
onto a standard background although the process is laborious.

Generation 1:  Known gene bearer X Inbred line
+/a +/+
Generation 2: (a) Offspring will be ¥4 +/a, 14 +/-+. These must
be test-mated to known 4+ /a, in order to identify
the 4 /a genotype.
(b) Tested heterozygote X Inbred line
+/a +/+

Subsequent matings are repetitions of 2b.

The number of generations of crossing into an inbred line which
is necessary is a matter of judgment. Even after 50 crosses, genes with
a crossover value of 29, would fail to be separated in 36.49, of all
lines developed by this method. The degree of homogeneity of back-
ground needed before the effects of 2 alleles can be compared will
vary from case to case. The obese gene (0b) in the mouse produces
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essentially the same phenotype on all backgrounds where it has been
observed. It appears sufficient to carry this gene in a non-inbred stock
and compare the behavior of 0b/ob and ob/+ littermates. The need
for more elaborate procedures arises when an investigator tries to
measure the behavioral effects of mutant genes whose conspicuous
morphological effects have no obvious relationship to psychological
traits. The alleged fiery temper of red-heads, for example, finds no
explanation in terms of a common basis for pigment formation and
development of emotional centers in the brain. Proving that such
a hair-color gene has no effect upon behavior is very difficult, though
it may be shown that its effect cannot be very large.

Some genes known from their morphological action have been re-
ported to have non-specific effects upon behavior. Since many muta-
tions reduce vigor in a rather general fashion, the particular effects
reported may simply reflect the interest of the experimenter. It is
probable that the behavioral influence of many genes is small, and
that it can be isolated only when the control of the genetic environ-
ment of the gene is as precise as the physical control of the environ-
ment. For this reason the various species of Drosophila and the
domestic mouse are the materials of choice for experiments which seek
to measure the psychological effects of single genes.

WORKING WITH POLYGENIC SYSTEMS

Genetic models based upon the cumulative effects of genes at many
loci are better adapted to handle the inheritance of quantitative char-
acteristics. In one common type of experiment two pure-breeding races
are chosen on the basis of a phenotypic difference in average size,
weight or activity. The experimental breeding plan is similar to that
described for testing hypotheses of Mendelian inheritance, but the
various genetic groups (Py, Py, Fy, Fs, etc.) are described in terms of a
mean-trait value, x, and a variance o,2, rather than in terms of the
proportion of trait-bearers and non-trait bearers.

Another technique is to start with a phenotypically and geno-
typically diverse population and to breed selectively on the basis of a
behavioral characteristic. If selection results in a change in the
average value of a trait, proof of heritability is established, provided
there has been proper control for environmental sources of error.
Selection may also be used to reduce variability in experimental
material or to increase the rate of production of a phenotype which
occurs rarely under random mating. Whatever the objectives of a
selection program, its effectiveness depends upon the extent to which
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phenotype is a reliable guide to genotype. Permanent changes in a
population under a constant environment can be achieved only through
changes in gene frequency.

Before discussing the testing of genetic hypotheses and techniques
of selection, the basic principles of polygenic systems will be illustrated
by means of a simple model. Much of the theory of these systems has
been outlined by Wright (1921-1952) in a series of important papers.
Lush (1945) and Lerner (1950, 1958) have adapted Wright’s theories
to problems of animal breeding, and we have drawn heavily on these
sources in the following sections, adapting when necessary to the
special needs of behavior genetics. Reference should also be made to
Mather’s monograph (1949) on biometrical genetics and a series of
papers edited by Reeve and Waddington (1952). The reader should
be warned that the English system of notation differs from the Ameri-
can so that comparisons must be made with care.

A Simplified Model of Quantitative Inheritance. The concepts of
quantitative inheritance are conveniently discussed with reference to
a cross between two strains homozygous for different alleles at two
unlinked autosomal loci. The parental stocks and their F; hybrid
are represented thus:

P, = AABB (4); Py = aabb (0);  Fi = AaBb (2)

where the letters symbolize genes and the figures in parentheses
represent mean phenotypic values on an arbitrary scale. Each capital-
letter gene is assumed to produce one unit of change in a plus
direction from the zero-level phenotype produced by the small-letter
genes. The zero assigned to P, is, of course, purely formal and merely
represents a phenotypic base-line. If the gene effects are strictly addi-
tive and environmental sources of variation are absent, the measure-
ment of the phenotype gives a direct estimate of the number of “plus”
genes. In Table 8-2 we have set out the expected proportions of
each genotype in the usual types of interstrain crosses and assigned
phenotypic values to each, assuming additive gene effects and no
environmental contribution to variance.

The parental and F, generations differ from each other, but within
each group all members have identical genotypes and (under our ideal
assumptions) identical phenotypes. In the F, and backcrosses, segrega-
tion and recombination produce genetic variability which is best
measured by the variance, ¢2. This is defined as:

(3-1) o =1 /n%(xi — %)
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where x; stands for a measurement on the ith individual in a sample
of n, and % is the mean of the population. The genetic variances of
the backcrosses and F, are shown in Tables 3-8 and 3-4. Only the
computation for the backcross to Py is given, for the distribution of the
backcross to P, is identical even though its mean value is different.

TABLE 3-2

Predicted Genotypes and Phenotypes of the F; and Backcrosses
in a Two-Locus System with Additive Gene Effects

Proportion of Total Group

Genotype Phenotype Score F, Backcross to Py Backcross to P,
AABB 4 e U 0
AABb 3 14 % 0
AaBB 3 % W 0
AaBb 2 U } 7 7
AAbb 2 e 0 0
aaBB 2 e 0 0
Aabb 1 % 0 %
aaBb 1 % 0 1y
aabb 0 e 0 Y

Mean Phenotype Score 2 3 1
TABLE 3-3

Computation of Genetic Variance
in a Backcross Generation (F; X P;)

Frequency Deviation
Score F (x — %) (x — %)? F(x — x)?
4 .25 +1 1 .25
3 .50 0 0 .00
2 .25 -1 1 .25
Sum 1.00 0 .50

Variance = .50

Although these computations have been made for a two-locus system,
the relationships found for the additive genetic variance are generally
true for a larger number of genes. If all variation in a trait is caused
by genes acting additively, these computations apply to both phenotypic
and genotypic variance.
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TABLE 3-4
Computation of Genetic Variance in an F, Generation
Frequency, Deviation
Score F (x — %) (x — %) F(x — )2
4 L0625 +2 4 .25
3 .250 “+1 1 .25
2 375 0 0 .00
1 .250 —1 1 .25
0 .0625 -2 4 .25
Sum 1.00 1.00

Variance = 1.00

Effects of Dominance and Epistasis. Deviations from additivity may
occur because of interactions between genes at the same locus
(dominance) or at different loci (epistasis). To illustrate the effect
of dominance on our hypothetical model, we will make one change
in the assumptions. The phenotypic effect of Aa will be considered
equal to 44, though aa will still have the value of zero. In Table 3-5,
the dominance and additive models are compared in columns 3 and

TABLE 3-5

The Effect of Dominance and Epistasis in the F; of a Cross
between Two Pure Strains (Hypothetical Data)

Phenotype Score

Dominance
Proportion Additive Hypothesis Epistatic
of Hypothesis Aa = 44 = 2, Hypothesis
Geno- Total A=B=1 a=0,B=1 A=1a=0b=0,
type Group a=b=0 b=0 AB=2aB =0
AABB e 4 4 4
AABb % 3 3 3
AaBB 1% 3 4 3
AaBb Y 2 3 2
AAbb Y6 2 2 2
aaBB W 2 2 0
Aabb % 1 2 1
aaBb % 1 1 0
aabb e 0 0 0
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4. From this table following the procedures previously described, the
phenotypic mean, X, is computed to be 2.5 and the variance, 1.25.
If B is also dominant over b, ¥ = 3.0 and o2 = 1.50. The effect of
dominance is to produce non-symmetrical distributions, to shift the
mean from the midparental value towards the mean of the parent
with dominant genes, and to increase variance. In polygenic systems it
is possible only to measure average dominance, or potence, without
reference to specific pairs of alleles. In general the importance of
dominance deviations depends upon the relative frequency of the
alleles, the degree of dominance, and the cumulative effect of devia-
tions at different loci. Wright (1952, page 15) has discussed the subject
in some detail.

Epistatic interactions can be illustrated by a similar model. We shall
assume that B now has a plus effect only in the presence of 4. The
results of this assumption are shown in column 5 of Table 8-5. Again
computing as in Tables 3-3 and 34, we find a mean of 1.75 and
variance of 1.56. Quantitatively the effects of epistatic deviations from
additivity are similar to those produced by dominance, and dis-
tinguishing them requires complicated breeding experiments as yet
beyond the scope of behavior genetics. Theory testing, in this instance,
requires more precise measurement than is available to the psychologist.

Nevertheless, both phenomena are significant to the investigator
pursuing a selection program. Phenotypic gains based upon selection
from dominance and epistatic effects are not permanent if the mating
system permits breaking up the specific combinations of genes
responsible for the gains. Favorable combinations may become fixed
within families, however, and these will persist if outbreeding is
avoided. But in the ordinary procedure of selecting breeding stock
on the basis of performance and breeding like to like, gains based on
epistasis are unstable. The discriminatory power of the selector is re-
duced when he cannot distinguish between genes which produce a
plus effect under any conditions and those whose plus effect is
dependent upon the presence of other genes.

The principle can be illustrated from the material just considered.
In our epistatic model 44bb and AaBb have the same phenotype
score, 2.0. In Table 3-6 are set forth the results of breeding the two
genotypes inter se. The progeny of AAbb maintain their position
whereas those from the 4aBb lose ground. Because only gains based
on additive gene action can be readily maintained in selection, it
follows that the differences between selected strains, provided in-
breeding is minimal, will tend to be additive in nature.

Polygenic Systems in General. It is important to bear in mind that
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TABLE 3-6

Comparison of Heritability of Characters Dependent
upon Additive and Epistatic Gene Effects

Genotypes Parental Genotypes  Phenotypes Mean
of Pheno- of of Pheno-
Gene Effects Parents type Offspring Offspring type

Additive only  AA4bb X AAbb 2 All AA4bb
Additive plus  AaBb X AaBa 2 1{cAABB
epistatic 1444Bb
144aBB
Y4{AaBb
1{6A4A4bb
1{¢aa BB
14Aabb |
14aaBb |
1{ gaabb

2.00

OO R ODNDNWWIMDN

1.75

the transmission of polygenes follows the ordinary rules of Mendelian
genetics. The methods of quantitative genetics are statistical, but
the statistics are derived from the laws of segregation and recombina-
tion, dominance, epistasis, sex and autosomal linkage, just as in
classical genetics. The failure to isolate the effects of individual
polygenes stems from the fact that there are many of them affecting
each character; hence each has a small individual contribution to
variance. In a statistical sense at least, one plus allele can substitute
in some measure for any other plus allele. This apparent physiological
equivalence is probably spurious. Each gene may influence a different
metabolic pathway in a network arrangement, but if the critical point
is the number of open paths rather than their chemical nature, the
phenotypic effect would be simply a function of gene number. No
major physiological discontinuity is evident between major genes
and polygenes, and many major genes have been shown to have
quantitative effects in addition to their obvious qualitative action. Not
all polygenes are expected to have identical effects upon variance of
a trait, and just where the line should be drawn between major and
minor effects is somewhat arbitrary. When marked discontinuities are
found in the expression of a trait, an explanation should be sought
in terms of major segregating units. But even though much of the
variance can be explained by a single gene, some may be better
accounted for by polygenic modifiers.
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It is helpful in applying polygenic theory to the inheritance of a
trait to employ units which maximize the additive genetic effect. Often
this requires some type of scale transformation, since the cumulative
effects of added genes, though perfectly orderly, may be a multiplica-
tive or exponential rather than an addition function. It is also im-
portant that the variance attributed to environment be expressed so
that it is independent of genotype. To illustrate, one homogeneous
strain of rats might average 100 revolutions per day in an activity
cage with a standard deviation of 10 and variance of 100. Another
strain might average 1000 revolutions per day, with standard devia-
tion of 100 and variance of 10,000. In terms of variability relative
to the mean, the second strain is no less homogeneous than the first, yet
the variance is enormously greater. Transformation of activity scores
to logarithms of revolutions will give the strains means of 2.0 and 3.0
and equal variances of 1.0.

Scale transformations are familiar to experimental psychologists who
employ them to equalize variances as just described, to convert skewed
distributions to normal form, and to enable the relationship between
an independent and dependent variable to be expressed in linear
form. Their uses are exactly the same in behavior genetics. Conver-
sions to adjust for wide phenotypic differences are commonly needed,
and the type of transformation needed gives a rough idea of the
quantitative nature of the gene-character relationship. Care must be
used in normalizing a distribution by means of a scale transformation,
since non-normality is one way of recognizing genetic effects. When
skewness or kurtosis can be shown to be not dependent upon
genotypic differences, normalization is justifiable. If, for example,
skewness is found in the distribution of test scores from a highly
inbred, genetically homogeneous line, it is probably due to some
feature of the test, and a formula for normalization derived from these
data can be applied with caution to other populations.

Wright (1952) describes four criteria for scaling and gives examples
of their application. The best scale is one on which the effects of
both genetic and environmental factors are as additive as possible.
This desideratum may be sought by various methods. (1) A scale may
be derived on which the variances of the pure-breeding (homozygous,
if possible) strains and their F; are as uniform as possible. The
assumption is that a scale which works well with environmental
effects (the only ones operative if the strains are truly homozygous)
will also serve well for genetically produced variance. (2) A second
type of transformation uses Laplace’s principle that a variable com-
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pounded from the effects of many small factors acting independently
should be normally distributed irrespective of the frequency distribu-
tion of each individual component. This involves transforming a
scale of measurement in such a way that the relative rank of each
individual is maintained while the new distribution follows the
normal curve. (3) Scales may be developed which permit two major
factors to operate additively. (4) Scales may be based upon the
relationships of the means of the parental and F; groups and so
calculated that the means of the backcrosses and F, fit the following
scheme:

Xbx = Xpl - Xfl/z; sz = sz + Xfl/z
X/, = (midparent) + X;,/2

where X,, = mean of parent generation, strain 1
X, = mean of F; hybrid (P1 X P»)
X, = mean of backcross (F1 X Py)
X,. = mean of parent generation, strain 2
X, = mean of (Fy X Py)
sz = mean of (Fl X F1)

There is no simple rule which can be followed, and the various
criteria may conflict with each other. Procedures (1) and (2) have
been used in various investigations in behavior genetics (Tryon, 1940a;
Fuller, Easler, and Smith, 1950; Fuller and Scott, 1954; Thompson and
Fuller, 1957). Each situation must be evaluated separately and a
solution found which is genetically and psychologically defensible.
The important thing is that experimenters be aware of the problem,
for faulty scaling can lead to erroneous conclusions.

Polygenic systems may include few or many loci, and the properties
of the system may vary somewhat as the number increases. It is
possible to generalize from the dihybrid model used for purposes of
exposition (page 55) to a system of n loci with a plus and a zero allele
at each. There are 2n + 1 genotypes possible in terms of the number
of plus genes present. The proportions of each genotype are given
by the successive terms of the binomial expansion (p + ¢)*, where all
plus alleles have the same frequency, p, and ¢ = 1 — p. This distribu-
tion converges on the normal frequency distribution as n becomes
large (Figure 8-2). The effect of dominance is to produce marked
skewness at low values of n, but the distortion from normal is small
when n is 8 or more (right-hand side of Figure 3-2). If the gene
frequencies are unlike, the variability is somewhat reduced; if the
effects are unequal, variability is increased.
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FIGURE 3-2. Binomial distributions for n pairs of genes with equal effects and
superimposed normal curves with equal means, equal area, and equal variance.
Left: no dominance. Right: complete dominance in the same direction in all pairs
of genes. (After Lush, 1945.)
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HERITABILITY

Basic Theorems. Heritability is briefly defined as the proportion
of trait variance in a specified population which is determined by
genotypic variation in that population. The idealized model of
quantitative inheritance considered thus far included the unrealistic
assumption that all variation was due to genotype; in other words,
heritability was unity or 1009,. Introducing environmental variance
would create no difficulties if it were certain that environmental and
genetic effects combine additively, for the technique of variance
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analysis is well adapted to situations in which total variance is equal
to the sum of the component variances. The assumption of additivity
is not easily justified when a large array of genotypes is exposed to a
correspondingly great variety of environments. But one need not
throw away a useful technique because it does not answer every
problem, and the additive model may be useful as a first approxima-
tion. For purposes of exposition, we will consider heritability in a
hypothetical experiment on strain differences conducted in a specified
controlled environment. We shall credit the experimenter with suf-
ficient psychological competence to have developed a reliable test and
to have chosen an environment suitable for the development of the
trait of interest.

In the experimental situation, microenvironmental effects are
assumed to occur randomly within and between strains. Micro-
environmental effects are in a sense “error,” for they arise from the
failure of the experimenter to control all factors perfectly. If two
organisms of the same genotype have exactly the same life history, they
should respond identically when subjected to identical test pro-
cedures. We know, in fact, that exact duplication of conditions for
each subject is impossible, although the extent to which it can be
approached is greatly affected by the skill and resources of the ex-
perimenter.

The additive theorem for the relationship between genetic and
environmental factors can be formally stated:

(3-2) P; = G; + E; + f(G,, E))

The expected value of the phenotype of individual ¢ is P; which
is equal to the sum of an average value for its genotype in all en-
vironments (G;), plus a term associated with the effect of a particular
environment on all genotypes (E;), plus an interaction term to take
care of the possibility that a particular combination of G and E will
effect P in a way not predictable from their average effects. We shall
apply this theorem to a limited set of environments, represented by
uncontrolled variation from a generally constant set of conditions. In
terms of variances the total phenotypic variance, 0,2, is the sum of the
variance due to genotype, plus that due to microenvironmental
fluctuations, plus a term to take care of possible correlations between
G and E, plus a term to account for non-linear interactions.

(3-3) G'p2 = 0'g2 + 0'32 + Tge0g0e +f(GE)

The third term on the right-hand side can usually be reduced to a
negligible value in animal behavior experiments. Non-linear interac-



64 BEHAVIOR GENETICS

tions between G and E can never be ruled out completely since we
have postulated that microenvironmental variations are uncontrolled
and inaccessible to observation. Intuitively one expects that departures
from linearity over the range of microvariation permitted in a well-
conducted experiment will be small. Though this is not susceptible
of rigorous proof, it seems justifiable in such cases to include the third
and fourth terms of equation 3-3 under o/ without risk of serious
error.

We can then write a simplified version of the variance equation.

(3'4) 0'112 = Ug2 + o2
Heritability, symbolized by A2, is the ratio
(3-5) B = ol/of = o/(of + o)

It is also convenient to express the total variance as unity made up
of two components, one heritable, the other not.

(3-6) PH+e=1

The heritability of a trait is of primary importance in behavior
genetics, since it provides a measure of the expected rate of gain from
selection. We may write AP = AG/h2, from which we can see that
the amount of change in phenotype for a given gene substitution is
dependent upon the value of h2 Even small amounts of genetic
variability in a population provide a basis for successful selection
if heritability is high; conversely genetic variability per se does not
insure success when heritability is low. Another way of viewing
heritability is as a measure of the accuracy with which a genotype can
be identified by its own performance or those of its relatives. For
example, when h? =0, the phenotype offers no clue to the genetic
composition of an individual. For the practical breeder or the
psychologist trying to develop a strain characterized by particular
behavioral qualities, heritability determinations provide a guide to the
most efficient method of selection.

It is obvious that changing either ¢,2 or ¢,2 will change the value of
h2. Heritability is not an attribute of a trait with a fixed value which
more and more refined methods will define with greater and greater
precision, but a characteristic of a population with respect to a
particular trait. Some of the ways in which h? can be lowered are:
(1) inbreeding a single line which fixes the genotype and reduces o,
within the line; (2) selection which may involve discarding some
genes and thus reducing o,2 (this effect is most marked when we deal
with dominant genes with large effects—it is of less significance when
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polygenic systems are involved); (3) relaxing environmental controls
and increasing ¢,% (4) changing from an “expressive” to a “suppres-
sive” environment. Suppose, for example, that early experience in the
manipulation of objects is essential for inducing hoarding behavior.
Genetic differences in this form of behavior will not be detected in
animals reared without such experience.

Heritability can be increased by: (1) outcrossing, which brings in
new genes; (2) inbreeding several lines within a population (the
genetic variance within strains is reduced, but that of the population
as a whole is increased); (3) mutations which bring in new genes; (4)
selection for threshold characters which are originally rare (this is a
special effect discussed in a later section); (5) tightening environmental
controls and reducing ¢.2; and (6) changing from a suppressive to an
expressive environment. A parameter subject to so many influences is
likely to vary considerably. Nevertheless, it is probable that under
natural selection h2 varies only within limits and a sort of genetic
homeostasis exists within populations (Lerner, 1954).

Measuring Heritability. Various methods have been employed for
the measurement of heritability. One is to compare the variance
within isogenic lines (highly inbred lines are often considered to be
approximately isogenic) with the variance in a random-bred popula-
tion maintained under similar conditions. Since variance in the iso-
genic line is entirely environmental, the excess in the random-bred
population is attributed to genetic sources.

A simple approximation for heritability is obtained by dividing the
gain in selection in one generation by the applied selection differen-
tial. The principle is illustrated in Figure 3-3. The selection differ-
ential is the difference between the mean of the individuals taken as
parents and the mean of the population from which they are drawn.

Gy

FIGURE 3-3. The results of selection for a heritable trait. Symbols are x, mean
of original population (G,)); X, mean of selected group (shaded portion of G);
x;, mean of offspring of selected group, G,. The ratio of the selection differential
(¥s — %) to the gain (x; — X,) is an estimate of heritability.
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The gain is the increase in the mean from generation 1 to generation
2. A control population bred from a random selection of generation
1 should be maintained for comparison. An apparent gain might be
due to better environmental conditions for generation 2, or failure to
gain might be caused by some adverse condition. Often a low line is
selected at the same time, and the average of heritability in both
directions is taken as h2.

Perhaps the most generally useful method of estimating heritability
is based upon correlations between relatives. The genetic correlation,
that is, the average proportion of genes which relatives have in com-
mon over and above the communality of two individuals taken at
random, can be calculated from the principles of segregation and
recombination (page 80). The ratio of the observed correlation be-
tween individuals to their known genetic correlation provides a
straightforward estimate of heritability. A detailed description of the
various procedures which have been used, together with formal deri-
vations, is beyond the scope of this treatment, but it is important to
recognize the relationship between genetic methods and the experi-
mental designs employed in various areas of behavioral science. This
parallelism is emphasized in the following section.

Psychological and Genetic Experimental Design. A familiar design
in psychological experiments is to test several groups of k subjects
under 7 different treatments. The analysis of variance for the experi-
ment is then conducted as follows (Table 8-7):

TABLE 3-7
Analysis of Variance of a Psychological or Genetic Experiment
Source of Variation DF. M.S. Mean Square Components
Between treatments n—1 M, 0wt + koy?
Within treatments n(k — 1) M, 02

o = (My — My)/k

In the familiar F-test the ratio M,/M,, is used to estimate the sig-
nificance of the differences between the means of groups. Essentially
the F-ratio measures the relative importance of the variance intro-
duced by differences between group means (o,2) to the variance of
individuals within groups (c,%). Another way of expressing the rela-
tive importance of ¢,2 is the ratio of ¢;2/(s42 + ¢,,2), which is known
as the intraclass correlation coefficient, 7;. This denotes the proportion
of the variance due to differences in treatment in a sample drawn
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from the population without regard to subgroup boundaries. In the
extreme case of no intragroup variation, r; = 1.0; if the subgroup
means are identical, r; = 0.0.

In a genetic experiment genes are the treatments, and individuals
who receive the same genes, that is, families, are the treatment groups.
We cannot manipulate genes directly, but must work with them in-
directly by controlling matings. This is subject to considerable error,
for an individual receives only one-half his genetic endowment from
each parent, and the particular half which he receives is not under
experimental control. The average genetic correlation between either
parent and his offspring is .5, which is interpreted as signifying that
one-half their genes are the same. The genetic correlation between
ordinary siblings is also .5. On the average each member of a pair
of siblings shares one-fourth of the paternal genes and one-fourth of
the maternal genes with the other member of the pair, for a total
correlation of .5. Thus, the facts of biology limit our ability to con-
trol the genetic endowment of animals by providing them with com-
mon parents. Ordinarily the best that can be done is to control .5
of the genetic variance. Higher degrees of control can be obtained
if the parents themselves are related, or better, inbred. Common
ancestry in the parental lines increases the probability that the off-
spring will inherit the same genes. Identical twins formed by the
separation of cells in an early zygotic stage share all genes and have
a genetic correlation of,1.0. Well-established inbred lines may be
nearly as homogeneous as identical-twin pairs.

Consider now a group of n families of % full siblings each, who
have been measured on a scale of behavior. The assumption is made
that the environment is uniform for all families. The analysis of
variance is essentially the same as for the environmental treatment
considered above, but we can append a genetic interpretation of the
variance components (Table 3-8).

The within-families variance includes the environmental compo-
nent, 0% plus the half of the genetic component which is non-pre-

TABLE 3-8
Genetic Interpretation of Analysis of Variance
Source Variance Genetic
of Variation D.F. M.S. Components Interpretation
Between families  n — 1 My 0.+ kop? ot = 0.2/2
Within families n(k — 1) M, 0. 0.t = 0,//2 + 0
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dictable. The between-families component is interpreted as being
caused by the one-half of the genotype which siblings have in common
because of having the same parentage. Substituting we have o,* =
0,2 and 0,2 = 0,2 — o2 and the estimate of heritability is,

(3-7) 2= o2/(c?+ 02) = 2053/(0® + 03?) = 2r;

The same equation could be used to calculate heritability from
parent-offspring correlations, although the fact that the generations
must inevitably develop at different times, thus vitiating the assump-
tion of uniform conditions for all subjects, greatly reduces the reli-
ability of the method.

One weakness of the sibship correlation method is that non-genetic
factors common to families are confounded with the common portion
of their genotype and may produce an exaggerated estimate of h.
Factors operating in utero or during the period of parental care are
possible sources of confusion. As a rule these can be held to a mini-
mum in laboratory experiments. The use of halfsib families which
have a common sire but different mothers provides a method of de-
tecting such effects. Half-sibs have on the average only one-fourth of
their genotype in common, so that h? = 4r;,, where the subscript ks
indicates that the correlation is between half-sibs. Lerner (1950) gives
designs for heritability determinations when each sire is bred to sev-
eral females. These have been applied in modified form to experi-
mental behavior genetics by Broadhurst (1960) and have been shown
to have great potential value.

SELECTION

Systems of Mating. A selection program is an attempt to change
the phenotypic average of a population by changing gene frequencies
through preventing some animals from reproducing. The process
depends upon regulation of the mating system in relation to some
criterion established by the investigator. Logically there are only three
main systems of mating although variations and combinations of these
exist in infinite variety. (1) In random mating or panmixia every
sperm has an equal opportunity of fertilizing every ovum. Such a
condition actually could be achieved only by mixing both types of
gametes in some suspending fluid and allowing them to combine as
chance brought them together. In a large laboratory colony approxi-
mate panmixia can be attained by mating animals according to a
series of random numbers. (2) Genotypic-assortative mating involves
pairing males with females on the basis of relationship. Mating indi-
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viduals more closely related than the average is known as inbreeding;
mating individuals less closely related than the average is known as
outbreeding. (3) Phenotypic-assortative mating may be positive (like
mated to like) or negative (unlikes mated). In pure phenotypic-
assortative mating no attention is paid to degree of relationships in
setting up matings.

All of these mating systems can be maintained with or without se-
lection based upon phenotypic traits. None of them by itself has any
effect upon the gene frequency of the total population unless com-
bined with selection. Even selection has no effect upon the genotypic
composition of a population unless it is directed. If animals are culled
by drawing lots, the average genotype will remain the same except
for accidents of random sampling. A selection experiment involves
directed culling and the adoption of a system of mating. In the early
stages of such an experiment, positive phenotypic-assortative mating
is generally employed, and this may be continued indefinitely. Benefits
from this process are likely to be greater in large colonies. In small
populations, selection means using only a few individuals as parents.
Unless precautions are taken to avoid inbreeding, genetic variability
may be rapidly reduced with a corresponding reduction in the efficacy
of selection. In behavior genetics, selection based solely on phenotype
is seldom practiced. Usually more than one line is required, for ex-
ample, a high-scoring and a low-scoring line or two high lines, and
selection occurs only within lines. Such a system involves both geno-
typic and phenotypic-assortative mating. The same principle holds
when multiple lines are selected; progress depends upon maintenance
of genetic variation within the selected populations. This is more
difficult in a multiple-line program, for some inbreeding is inevitable.
The mating system itself does not directly produce changes in gene
frequency; it affects progress (1) through making certain genes more
accessible to selection by bringing about combinations in which they
are expressed in the phenotype, and (2) by increasing or decreasing
the amount of genetic variability which is essential for continued
progress.

Effects of Selection. The objective of most selection programs in
behavior genetics is the production of a phenotype which is adapted
to certain experimental procedures. The goal is a “timid” or “bold”
animal, a “maze-bright” or a “maze-dull” subject. Although economic
considerations do not rank as high with scientists as with cattle and
poultry breeders, they still like to achieve their purposes with maxi-
mum efficiency. It is clear from the discussion thus far that high
heritability is essential for progress in selection, for it enables accurate
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identification of the genotype from observations on the phenotype.
Selection is facilitated by any of the events which increase heritability
as listed on page 64 and affected deleteriously by any factor which
reduces heritability.

The principles of selection can be illustrated by considering a single
locus at which 4 is dominant over q, p = frequency of 4, and g = fre-
quency of a. In a randomly mating population the frequencies of the
three genotypes will be, p244, 2pq Aa, and q%aa. Suppose that we wish
to eliminate by selection the trait associated with the dominant gene A.
This can be done in one generation by breeding exclusively from the
aa genotype which is identifiable because of the absence of the domi-
nant trait. The only problem may be that if p is large, there may be
insufficient aa’s to provide enough parents. Several generations may
be required to build up the number of homozygous recessives to the
point that all 4a and 44 individuals can be discarded.

If the objective is to eliminate a trait inherited as a recessive, all
aa individuals will be rejected as breeders. However, the a genes in
the heterozygote are protected from selection, and matings between
such animals will continue to produce trait-bearers. The effectiveness
of selection is related to gene frequency. When p = g = .5, the elimi-
nation of all aa individuals is equivalent to removing one-half the
total @ genes. For example, there will be 100 4 and 100 a genes in a
sample of 100 individuals. The number in a homozygous condition
and thus accessible to selection will be: ¢2 x 100 x 2 = 50, or the
proportion of recessives (¢%) multiplied by the number of individuals
(100) multiplied by the number of a genes per individual (2). The
number in the heterozygotes protected from selection will be 2pq X
100 X 1 = 50. When p =.9 and g = .1 the situation is different. In
the same 100 individuals the number of a genes in homozygous com-
binations is g2 X 100 x 2 = 2. The number in heterozygous combi-
nation is 2pg X 100 x 1 = 18. Only one-tenth of the total a genes are
accessible to selection. As the frequency of a recessive gene is reduced
still more, the power of selection to change its frequency is likewise
reduced. Eventually, continued selection pressure results in an equi-
librium between the rate of gene elimination and the rate of muta-
tion of other alleles to the undesired form. Mutation rates are so low
(perhaps in the order of 10~5 to 10—7 per locus per generation) that
they are unimportant in experimental behavior genetics. However,
mutational changes must be considered when dealing with large pop-
ulations over a period of years.

Selection in favor of a dominant allele is logically equivalent to
selection against its recessive counterpart. Progress is rapid when the
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dominant allele is relatively rare, but eliminating all the recessives is
slow. Examples can be found in domestic breeds where non-standard
colors appear sporadically in spite of continued negative selection.

Selection for the heterozygote is a special case, for the 4a genotype
cannot be fixed. Breeding Aa X Aa will yield one-fourth 44, one-half
Aa, and one-fourth aa, in the familiar Mendelian ratio. When both
alleles are of equal frequency, the production of heterozygotes is
maximal, and random mating or selection of heterozygotes will pro-
duce the same proportions of offspring. To be sure, one generation
of all 4a could be reared by crossing only 44 X aa, but there would
be only Aa left to breed from to produce the next generation. If a is
originally rare, selection for the heterozygote will be quite effective
for a time in increasing its frequency, for most of the a genes will be
in heterozygous combination.

The most favorable situation for selection is one in which each of
the possible genotypes is identifiable from its phenotype. Selection
can then isolate pure-breeding 44 and aa strains in one generation.
The intermediate 4a genotype cannot be fixed, but it can be identified,
discarded, or used to produce a variable population.

Selection in Polygenic Systems. The psychologist selecting for a
quantitative behavioral trait deals with simultaneous effects of genes
at many loci. Under the simplest set of assumptions the outcome of
such selection can be predicted from the principles already described.
Consider a system of n pairs of genes, each plus allele producing one
unit of effect equal to every other plus allele and the trait being 1009,
heritable. Figure 3-4 represents such an idealized experiment starting
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FIGURE 3-4. The distribution of successive generations under intense selection
toward an extreme, with few mistakes from dominance or from environmental
causes and with no epistasis. (After Lush, 1945.)



72 BEHAVIOR GENETICS

from a population in which the frequency of each plus allele is 0.5.
It is interesting to note that this approximates the results of actual
experiments such as those of Tryon (1940a). As n increases, the effect
of selection upon the frequency of each individual gene is less, for
the selector does not know whether he is choosing +¢, 42, +°¢, or some
other plus allele. The rate of change of the population mean does not
depend upon n, but is proportional to n times the average effect at
each locus. However, genotypes will become fixed more slowly and
progress will continue over more generations when 7 is large. Actually
there may have been no individuals in the original population who
possessed the maximum number of plus genes. These appear after the
number of plus genes is increased in the general population. Only
in this statistical sense does selection create new types. It does not
add genetic material, but it frequently leads to combinations which
would be highly improbable under a system of random mating and
undirected culling.

Selection Experiments in Behavior Genetics. The investigator in
behavior genetics who employs selection has two variables under his
control, selection intensity and the nature of the mating system. The
need for retaining an adequate number of breeders to maintain the
experimental population places a limit upon intensity. If a series of
generations of 50 animals (254 & and 259 Q) are required and a fe-
male can be expected to produce 10 young, the five highest scoring
females of each generation must be set aside for one high line. Since
some high-scoring animals should be retained as part of a random-
bred control line and since some insurance must be provided against
losses, it is usually necessary to broaden the criterion to the upper 30
or 35%, of females. If more than one high line is selected, and this
is strongly recommended, the intensity of selection must be further
reduced. High fecundity facilitates a selection program since it per-
mits more intensive culling. By using polygamous matings, the in-
tensity of selection on the male side can be made more intense, and
the entire process accelerated.

Selection can be based upon individual performance, upon average
family performance, or upon some combination of these. Selection
on the basis of progeny performance is often practiced in farm ani-
mals, but has had little application in behavior genetics. When h?
is high, the phenotype of an individual is an accurate guide to his
genotype, and individual selection is effective. When k2 is low, selec-
tion of whole families on the basis of sibling averages will give faster
results. A consequence of family selection is increased inbreeding, for
more and more of the parents will eventually be closely related even
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though brother-sister matings are avoided. As a population becomes
more inbred, family selection becomes relatively more effective than
individual selection, and in an isogenic line, selection within the line
is totally useless. Lerner (1950) has published diagrams comparing the
efficiency of individual and family selection for various degrees of in-
breeding, family size, and heritability. If the most rapid possible
progress is of primary interest, all of these factors must be considered.

There are several ways in which a group of selected strains can be
developed. Two or more heterogeneous populations may be subjected
to selection in the same or opposite directions. After a period of se-
lection these strains may be alike phenotypically, but they will be
unlike genotypically since selection started with a different gene pool.
Another procedure is to assign individuals from a single foundation
stock randomly to separate groups and conduct a number of selection
programs. Comparisons between these lines with respect to charac-
teristics correlated with the selection criterion are particularly inter-
esting. Still another method is to select on an individual basis from
the population as a whole and establish family lines when heritability
seems to be reduced. Practical experience with selection has shown
that progress often ceases while genotypic variation is still present. In
fact, selection alone without inbreeding has been demonstrated to
have relatively little effect upon variability even though the mean
value for a trait is greatly shifted. The choice of design depends upon
the objective of the experiment and the material available.

Heritability has an effect upon the optimum intensity of selection.
When it is high, progress is more rapid with more intense culling. If
heritability is low, it is theoretically possible that intense culling may
impede progress, for many of the selected individuals will owe their
position to environmental rather than genetic factors. This is par-
ticularly likely if there are non-linear, genotype-environment inter-
actions. Suppose that the genotype giving the lowest average-trait
value is also the most environment-sensitive (most variable). Superior
phenotypes in this case might come from a genotype which is poorest
on the average, and intense selection might eliminate the less variable
genotypes which actually yield higher average-quality phenotypes.
These considerations may not be important in selection for behavioral
traits, but experimenters should be aware of such possibilities.

It is important to avoid inbreeding, particularly during the early
stages of selection in order to preserve as much genotypic variability
as possible. If for practical reasons only a small colony can be main-
tained, inbreeding can be minimized by the mating systems shown in
Figure 3-5. The foundation stock animals should be unrelated. In-
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1. Two-Pair System

Foundation animals

Selected generation 2

Ay By
Selected generation 1 Aq B,
A B,

I1. Four-Pair System

Foundation animals Ay By Co D,
Selected generation 1 A, B,y Cq D,

\/
XX
A

Selected generation 2 A, B, Ca Doy

X
X

Selected generation 3 A3>Bag§(33<l)s
Selected generation 4 A, B, Cy D,

FIGURE 3-5. Mating systems to retard inbreeding in selection experiments.
4,, Bo, Co, D, represent pairs of unrelated animals. A4, is a pair whose father came
from 4, and mother from B, Other symbols have similar meaning. Part I.
Two pairs are retained in each generation and males from one are mated to females
from the other. Part II. Four pairs are retained in each generation and alternate
generations mated in a similar pattern.

breeding increases at the rate of .0625 per generation under this sys-
tem with two pairs (Figure 3-5, part I), and at half the rate with four
pairs (part II).

An ingenious method for mass screening and selection has been de-
veloped by Hirsch and Tryon (1956). Essentially the technique con-
sists of a standard procedure for permitting observations of a large
number of subjects at one time while permitting separation of sub-
group classes based on total cumulative score on a series of tests. The
scheme can be illustrated by an apparatus designed by Hirsch to
separate Drosophila on the basis of their geotactic response (Figure
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3-6). The number of steps of selection can be extended without limit,
though in the diagram it is restricted to three. In this particular
device, separation is achieved automatically by the design of the ap-
paratus, but the same plan of screening can be used for any selection
based upon a two-point scoring system. Methods for computing the
reliability of the measurements are given in the original paper. Mass
screening procedures are particularly important in working with
Drosophila, as the small size of individuals makes them difficult to
handle. Furthermore, one of the advantages of such a species is the
production of large numbers of offspring. This advantage is negated
unless procedures are available for measuring individual differences
reliably and rapidly. Possibly modifications of this technique will
be suitable for mammalian work.

3 _5
2] Collecting
vials
1 2 .
\ \
Start 1
\ \
0 1
T o
[ o0

FIGURE 3-6. The diagram represents a set of pathways in a vertically oriented
sheet of plastic. Arrowheads represent devices for the discouragement of retracing.
Drosophila start at the left and move to the right. For each upward turning at a
choice point each individual receives a score of one; for each downward turn, a score
of zero. The pathways lead together in such a manner that individuals having the
same cumulative scores are grouped together at the end of each trial.

Natural and Artificial Selection. Selection may be defined as the
non-random differential reproduction of genotypes (Lerner, 1958), re-
gardless of the nature of the responsible factors. Artificial selection
in the laboratory or on the breeding farm is directed towards par-
ticular ends. Natural selection is unplanned, and its occurrence is
only detectable after the event when genotypes have been observed
to change. Mathematically, the same equations hold for each; but
there are important differences between the two as biological proc-
esses, and the extrapolation from laboratory experiments to natural
populations must be made with care. Since the purpose of a selection
experiment may be to find principles of wide application, it is fitting



76 BEHAVIOR GENETICS

to discuss here some of the differences between the two kinds of se-
lection.

One important distinction is that of rate. Natural selection in
rapidly evolving species changes the magnitude of metric characters
by 1 to 29, per million years (Haldane, 1949). The rates of change
of behavioral characters in such experiments as those of Tryon (1940a),
Hall (1938), and Frings and Frings (1953) are fantastically greater.
Part of this is certainly due to the greater intensity of artificial selec-
tion in which rejected animals are culled and leave no offspring, while
a particularly desirable sire may have hundreds of offspring. In na-
ture, selection may operate through a fertility differential of a frac-
tion of one percent. Given time enough, genes with even small selec-
tive advantages can spread through a whole species and modify its
genotype. The popular phrase “survival of the fittest” does no more
than define the fittest as those who produce the most offspring. In
this sense of maximizing fitness in its special technical meaning, natu-
ral selection does have a vague kind of directness, but the phenotypic
basis of the advantage may be obscure.

A number of consequences follow from these characteristics. Natu-
ral selection does not act upon a single attribute of the organism, but
upon the whole. Genotypes, not genes, are the real units which are
selected. The result is that the genotypic structure of a population
tends to be rather delicately balanced in a combination which pro-
duces the greatest average fitness. The process has been called co-
adaptation. Another feature of natural selection is that the fitness
value of particular genes and gene combinations is not uniform from
generation to generation. The fluctuating intensity of various selec-
tive forces leads to retention of considerable genetic variability rather
than fixation of one best genotype. The stable maintenance of a
number of alleles within a population is called polymorphism. An-
other cause of polymorphism is the greater fitness of heterozygotes
compared with either homozygote. At equilibrium the alternate alleles
(A and A’) exist in proportions dependent upon the selective disad-
vantages of each. A well-known example is sickle cell anemia com-
monly found in Africa. The homozygote §/S suffers from severe
anemia; hence § is subject to negative selection (Allison, 1955). On
the other hand, the homozygote s/s is more susceptible to malaria;
hence s is subject to negative selection. As a result the heterozygotes
S/s have some advantage, and both genes are maintained in the popu-
lation. Such a system is said to be in balanced polymorphism. It has
been suggested that the persistence of some inherited mental disorders
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in the face of negative selection is attributable to a similar mechanism
(Penrose, 1950; Allen, 1957).

Natural selection is as old as life and does not cease during the
course of artificial selection. The difficulties which some investigators
have encountered in maintaining the fertility of lines selected for ex-
treme forms of behavior may have been due to the disruption of co-
adapted genetic systems. It is common to find that too rapid selection
for extreme phenotypes does reduce fitness, and that progress in modi-
fying the phenotype in the desired direction ceases while there is still
abundant genetic variation within the population.

Correlated Characters. Selecting for one phenotypic trait often
brings about changes in other characters not entering into the selec-
tion criterion. Castle (1941), MacArthur (1949), and Lewis and War-
wick (1958) have described behavioral changes associated with selec-
tion for physical characters. Many psychologists have selected for one
behavioral character and found accompanying changes of quite a dif-
ferent sort. In interpreting these results, consideration must be given
to the genetic significance of phenotypic correlations (Thompson, 1957).
Four sources of correlation may be recognized. (See also Chapter 10.)

1. The correlated traits may derive from a common functional de-
pendence upon a particular gene (gene communality). In other words,
the gene has pleiotropic effects. The relationship may be lineal:

Gene — Selected trait — Correlated trait
or collateral:
Selected trait

Gene
Correlated trait

In the lineal relationship any environmental factor which sup-
presses the selected trait will also affect the correlated trait. This is
not necessarily true when the relationship is collateral.

2. Genetic linkage (chromosomal communality) results in pheno-
typic correlations within families. Indeed, phenotypic correlations are
the means by which linkages are detected. In large random-breeding
populations, chromosomes of type 4B, Ab, aB, and ab occur in num-
bers proportional to the products of the gene frequencies, and no cor-
relation is found. In more limited populations, as in most behavior
genetics experiments, the possibility of linkage must always be con-
sidered.

3. Phenotypic correlations may be generated whenever the mating
system is non-random. Such correlated characters may be said to have
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“gametic communality.” The mechanisms which bring this about are
as varied as the processes of assortative mating and selection. Many
examples are found in domestic animals in which a particular color
is selected as a sort of identification tag for the breed, along with a
variety of functionally unrelated traits. In human populations, a cor-
relation will be built up between two heritable traits if individuals
high in one tend to choose mates high in the other without regard to
standing on the first trait (Price, 1936; Bartlett, 1937). This phenome-
non, cross-homogamy, probably characterizes some human societies.

Under special conditions phenotypic correlations arise from certain
physiological properties of genetic systems. Most populations are ge-
netically variable; hence attempts to change the population mean by
selection are usually successful. But it is a mistake to consider the
original population as really unselected or to believe that selection
can actually deal with one criterion only. More vigorous and adapta-
ble individuals leave on the average more progeny, and their genes
increase in proportion. Over the generations, combinations of genes
have been built up which produce the maximum average fitness of
the species. This does not lead to genetic uniformity, for natural con-
ditions are so variable that the fitness value of a particular genotype
fluctuates from generation to generation. The great bulk of the pop-
ulation is intermediate genotypically and phenotypically with respect
to the possible range of variation. The most common genotypes are
balanced for maximum average fitness, while the extreme genotypes
are a safety factor in the event of environmental changes. If selection
for an extreme phenotype upsets the genic balance, a correlation may
be generated between the selected character and such attributes as
low fertility (Lerner, 1958, Chapter 6). Examples cited to illustrate
disturbed genic balance usually refer to selection for traits of eco-
nomic or esthetic significance to the breeder. Reduced fertility has
sometimes been observed in stocks selected for behavioral characters,
and this may represent a similar phenomenon.

4. A common response of two traits to environmental variation is
the final source of phenotypic intercorrelations. A vitamin deficiency
would affect both sensory functions and general activity; good home
environments favor both physical growth and intelligence. If envi-
ronmental factors were always recognized, these correlations would
not be confused with genetic correlations. Actual experiments must
be carefully scrutinized to insure against misinterpretations.

The stability of the various types of genetic correlations varies.
Gene communalities are generally very stable in a constant environ-
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ment under any mating system. Chromosomal communalities are un-
stable to an extent dependent upon crossover frequency. In a small-
scale experiment lasting only a few generations, it may be impossible
to distinguish these two forms of communality. Gametic communali-
ties are disrupted by a single generation of random mating, and are
thus readily identifiable in laboratory situations. Since human beings
do not mate randomly with respect to behavioral traits, gametic com-
munalities in this interesting species are less easily recognized.

The study of environmental communalities is, of course, the main
task of all behavioral science except behavior genetics. For this one
area it is desirable to minimize environmental variability while maxi-
mizing genetic variability. This procedure reduces the significance of
environmental communalities. Phenotypic correlations which persist
in a constant environment are probably genetic. Conversely, corre-
lations in a highly inbred strain are safely inferred to be of environ-
mental origin.

Phenotypic correlations are often used to analyze the organization
of behavior. Animals selected for timidity, maze learning, activity, and
the like are given various physiological and psychological tests. Posi-
tive correlations with the selected trait have been assumed to indicate
a functional relationship dependent upon gene communality or pleio-
tropy. It should be obvious from the above discussion that correlations
within small selected populations may be caused by any one type of
communality or by any combination of them. To use correlations to
prove a functional relationship based on common genes, one must
study randomly bred populations raised under uniform conditions or
demonstrate the particular association of characters in a number of
independently selected lines.

INBRED STRAINS

The technique of strain comparison is widely used in behavior
genetics. Sometimes the subjects come from strains selected with re-
spect to the same trait as is used in the comparison study. More fre-
quently the strains have been selected for quite different traits, often
non-behavioral, or have not been selected at all. Inbred strains are
maintained, not by selection, but by adherence to a particular mating
system. Comparisons between non-inbred strains are useful in be-
havior genetics. Wild rats are strikingly different from laboratory
albinos; pure breeds of dogs show reliable differences on almost all
tests given. Nevertheless, the genetic homogeneity achieved by in-
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breeding provides a research tool for which there is no substitute. In
the following section we shall consider some characteristics of inbred
strains with special reference to behavioral studies.

Inbreeding and lts Consequences. Inbreeding is the mating of ani-
mals more closely related than the average, and its quantitative ex-
pression is in relative terms which have reference only to a specified
foundation stock in genetic equilibrium. All of the individuals of a
species are related to some extent, but usually only the closer degrees
of relationship have significance for the problem of inbreeding. The
measurement of relationship (r,) between individuals has already been
derived for parent-offspring and sibling pairs (page 67). In general
r, is computed by counting the number of Mendelian segregations (n)
which have intervened in each line of descent connecting two indi-
viduals through a common ancestor. In the absence of previous in-
breeding, the coefficient of relationship or genetic correlation with
respect to this common ancestor is (1/2)". Figure 3-7 illustrates the

P
o PO

FIGURE 3-7. Diagram of some common relationships. Each line represents a
Mendelian segregation. The relationship, genetic correlation or r,, of I to other
individuals in the pedigree is computed by counting the number of segregations
between them (n) and substituting in the formula 7, = (0.5)*. If more than one
path exists, the r, values must be added.

Relationship IE or IF = .50 Relationship IJ = (.50)2 4- (.50)* = .50
Relationship IK = (.50)* = .25 Relationship 14 or IB = (.50)* = .25
Relationship IH = (.50)* 4 (.50)* = .125 Relationship ID = (.50)* 4- (.50)* = .25

calculations for simple situations such as parent-offspring (, E), sibling
(I, J), halfsibling (I, K), uncle-nephew (I, D), and first cousin (I, H)
relationships. If individuals are connected by more than one line,
it is necessary to add the coefficients for both paths. Other systems of
describing degrees of relationship include the canonical, common-law,
and civillaw arrangements. These have been used in investigations
of human inbreeding, but they are primarily legal and religious, and
they are not expressed in quantitative terms with genetic meaning.
The coefficient of relationship is actually the most probable propor-
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tion of genes which are derived from common ancestors. We may also
call this the genetic correlation coefficient.

Sex-linkage has the effect of increasing relationship between mother
and son, and father and daughter as compared with the reciprocal
relationship (see Hogben, 1932a). Computations are more complex if
an individual appears in both the lineal and the collateral lines,
although no new principles are involved (Lush, 1945).

Since inbreeding is a relative concept, its intensity varies over a wide
range. Brothersister and parent-offspring matings represent the most
intense form possible with animals incapable of self-fertilization.
Breeding to other families within a strain represents outbreeding with
relation to the family group, but inbreeding with respect to the species
as a whole. The primary effect of inbreeding is to increase the prob-
ability that offspring will inherit the same genes from both parents.
Thus it leads to decreased heterozygosis and the fixation of genotypes.
The rate of fixation is a function of inbreeding intensity, and Wright's
(1923) coefficient of inbreeding is designed to express the expected de-
crease of heterozygosis in relation to the original foundation stock.
There is no way of expressing the amount of heterozygosis of a ran-
dom-bred stock in terms of the number of loci involved, but knowl-
edge of the origin and phenotypic variability of a group may enable
the experimenter to judge it as relatively great or small. When par-
ents themselves are not inbred, the inbreeding coefficient of their off-
spring is one-half the degree of the relationship between the parents.
Thus the offspring of the first generation of brother-sister matings,
where no inbreeding has been previously practiced, are 0.25 inbred.
When one of the common ancestors is inbred, the inbreeding coeffi-
cient F of animal ¢ is:

(1 + Fo)
VAQ
where F, = inbreeding coefficient of the ancestor
n = number of segregations in path between parents of ani-
mal / through a common ancestor

Fi=1/2 -

If there are several such paths, F is computed separately for each,
and the results are summed. Examples of the calculations are given
in Figure 3-8.

In a small laboratory colony inbreeding cannot be avoided since the
choice of mates is limited and eventually all animals become related
to each other. The rate of inbreeding increase per generation in a
closed population mated at random is:

M + 4P
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1 1I (Line breeding)
A B C A B

)
o}
<D Q<

Fp=(9%=0125 Fp= 0%+ (2% + (9*=0377
FIGURE 3-8. Computation of inbreeding coefficients, F;. This is obtained by
counting the number of segregations linking the parents through a common
ancestor, n, and finding the value of (14)*. In I, there is one path DBE. In 1II,
there are three paths, EB, EDB, EDCB. The values for the three paths must be
added as they represent independent routes by which genes from B might have
been transmitted to E.

where M and F are the number of “effective” breeding males and fe-
males respectively. With a systematic mating scheme, taking equal
numbers of offspring from each mating and pairing them with the
least related available mates, inbreeding can be reduced to approxi-
mately half the value given by the above formula. Russell’s (1941)
discussion of the effects of various mating systems upon homozygosity
is useful to experimenters (Figure 3-9).

Inbred Lines in Behavior Genetics. Long-continued intense inbreed-
ing leads to the production of very homozygous stocks. Whether such
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FIGURE 3-9. The percentage of homozygosis in successive generations under three
different systems of inbreeding. (From Russell, 1941.)
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strains ever attain a completely isogenic state is unknown. As a rule
inbreeding is accompanied by a decrease in vigor and reproductive
capacity, although some strains are fertile and active after fifty or
more generations of brother-sister matings. Possibly the necessity of
selecting for viability results in the maintenance of some heterozy-
gosity, but it must be relatively small and can usually be neglected.
The investigator who employs these strains, however, must not assume
that removing genotypic variance necessarily eliminates phenotypic
variance. There is some evidence that homozygous individuals are
less well buffered against minor environmental agents and inbred ani-
mals may be no more uniform in response than random-bred subjects
(McLaren and Michie, 1956). The use of F; hybrids between inbred
strains retains the advantages of genetic uniformity while adding the
advantages of superior developmental and physiological homeostasis.
Most of the evidence to support this view is derived from physiological
and morphological studies (Lerner, 1954). There are some complica-
tions in applying the concept of developmental homeostasis to be-
havioral characters (Mordkoff and Fuller, 1959). Increased behavioral
variability may actually facilitate physiological homeostasis. An organ-
ism must develop in only one out of a variety of possible patterns; it
can behave successively in a multitude of ways. The phenomenon of
thresholds, treated in a later section, also complicates matters. The
hybrid between two inbred strains may actually be more variable than
either parent if the hybrid genotype happens to fall in a critical range
for determination of a trait. Thus almost all C57BL mice are re-
sistant to audiogenic seizures, and almost all DBA/2 mice are sus-
ceptible. Their F; hybrid is intermediate, hence much more variable
from individual to individual. In spite of these reservations, F; hy-
brids are highly recommended for general experimental purposes.

Once made homozygous, inbred lines retain their genetic characters
for long periods of time in the absence of outcrossing. Over many
generations mutations will occur, and the characteristics of the strain
will change. Experience in biological sciences suggests that the drift
will be small and unimportant over one investigator’s lifetime. How-
ever examples are known of mutational changes which drastically
altered the acceptability of transplanted tumors in an inbred mouse
strain (Borges and Kvedar, 1952). This mutation would have been
undetected had the mice not been challenged with a tumor. At least
one investigator has described a similar cryptic mutation which altered
the behavior of mice separated for thirty generations (Denenberg,
1959).

Certainly the prudent investigator in behavior genetics should take
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steps to prevent subline differentiation which is inevitable when
stocks are separated over a period of generations. Comparisons with
other workers will be facilitated if breeding stock is regularly replaced
from a mammalian genetics center. Workers employing the same
source will have genetically identical subjects. On a small scale a
controlled mating system may be used to prevent diversification within
a single colony. Figure 3-10 illustrates a suitable plan, which can be
adapted to colonies of various sizes.

Inbred lines are almost essential for experiments on the inheritance
of quantitative behavioral characters. The principles of such investi-
gations are the concern of the following section. However the value
of inbred lines in reducing experimental error variance in general is

Al
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B;ﬁ/\7< Cql 32
Bsi1 Bgpp B3s1  Bage Cin Caiz Gy Cso
A4 Collateral lines discontinued
A

FIGURE 3-10. A mating system for routine maintenance of an inbred line. 4,,
A,, B, etc., are brother-sister pairs. The strain is maintained by a single direct
line. 4,— A,. At A, collateral pairs are taken, bred for two generations to
produce experimental subjects, and then discontinued. The process is repeated as
needed.
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controversial, and their advantages, if any, may not be worth the
added cost. Employing a number of inbred strains for comparative
studies can be readily justified. Each strain may be considered, with
some reservations, as an individual who can be duplicated over and
over again. Members of the same strain are practically as alike ge-
netically as monozygotic twins. Comparing a number of strains under
a variety of treatments provides a striking demonstration of heredity-
environment interaction.

Cross-breeding and Quantitative Characters. Crossing lines devel-
oped by selection, inbreeding, or some combination of the two pro-
cedures is a standard procedure of genetics. By suitable analytical
techniques the inheritance of quantitative characters affected by many
genes can be described in terms of additive effects, dominance, and
epistasis. Estimates of the number of loci contributing to interstrain
variation may also be sought. A concise summary of the mathematical
methods and their underlying assumptions has been made by Wright
(1952). More elaborate treatments will be found in Mather (1949) and
Kempthorne (1957).

An example of biometrical analysis of a behavioral trait has been
given by Thompson and Fuller (1957). (See also Chapter 8.) Crosses
were made between an active strain of mouse (C57BR) and an inac-
tive strain (A). Scores were assigned on the basis of the number of
units entered in a Hebb-Williams (1946) type maze. Results are set
forth in Table 3-9. Inspection of the raw-score means showed that
these were arranged in an orderly fashion with respect to the contri-
butions of the parental strains to the genotypes. The raw scores were,

TABLE 3-9
Inheritance of Exploratory Activity in C57BR X A Hybrids

Raw Scores Transformed Scores

Strain or Cross Mean Variance Mean Variance
C57BR 532 22274 22.9 9.74
Fi X BR 396 22259 18.9 30.15
F 303 10420 17.0 12.23
F, 288 23613 16.1 29.60
Fi X A 148 11816 11.0 27.58

A 11 80 1.0* 16.48*

* A special adjustment was made in the transformed scores to allow for a large
number of zero scores.
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however, unsuitable for variance analysis, since variances of the three
genetically homogeneous groups, C57BR, A, and F, were positively
correlated with the means. The variances in these groups must be of
environmental origin. Hence a transformation of the scores was sought
which would equalize the variances in the three groups. The square
root of the raw scores was judged to be reasonably satisfactory. This
appears to overcompensate for the A strain, but the large number of
zero scores in this group makes any transformation unsuitable. The
square root scores clearly show increased variance in the genetically
heterogeneous groups. Agreement with the theoretical model is not
perfect, for the F, variance should exceed that of the backcrosses.
However, the data leave no doubt that genes affecting activity are
segregating. The interpretation of such a table follows the lines laid
down by Wright (1952) (Table 3-10). Because of the failure of the

TABLE 3-10

Variance Analysis of a Cross between Two Pure-Bred Lines
(Wright, 1952)

Mean Variance
Theoretical Theoretical

Population Symbol Value Symbol Value
P1 —pl g 21:1 g 5'2
P 2 Pz g %:2 ag. E2
P = %(Pl + PQ) ﬁM %(Fl + P2) 0'2PM %O'E2
Fi(Py X Py) ja %, og?
Fy(Fy X Fy) Fy V(Pu+F) o2y o2+ o+ ox?
Bi(Py X Fy) B (P + F) o4 Ysoe® + op* + 05 + ZGD
By(Py X Fy) B: 1%(P. + F) 0% Yoo¢? + op® + o — ZGD

Assumptions: Non-additive interactions removed by means of an appropriate
scale. The variances o¢? (additive) and op? (dominance) refer to F; even when
used for backcrosses. ZGD = non-linear dominance-genetic interaction.

oz? estimated from parents and Fi.
2 — g2 2 2 2 2
0¢® = opz — (01 + 0p) OF Oy — .
opt = 0'%-2 — o¢ — o
R2
Number of factors = Py where R = range between means of P, and Ps.
og

0'02

2 —_
0'(;2 + 0'1«72
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backcross data to follow the model, the results with the F; and F,
alone have been used to illustrate the calculations of heritability (h?)
and number of factors (n):

29.60 — 12.23
2 —_ ———— =
) K 5560 59
(22,9 —1.07 _
@) n= g 17a7 - o0

No estimate can be made for op2

The value of variance component analysis to behavior genetics re-
mains to be tested. Basic assumptions of the methods have been
challenged (Woolf, 1952) on the grounds that they take insufficient
account of environmental variation. (But read also Mather’s [1952]
reply to this paper.) We shall develop later the concept of a gene-
character relationship which emphasizes the non-congruence of the
genetic and behavioral elements. In this model the additive genetic
variance is a special rather than a general case. However, several sets
of data on activity (other examples are cited on page 267) are reason-
ably well accounted for under the assumptions used, though the dis-
crepancies should not be overlooked. At the present stage much more
experimentation is needed.

Another way of viewing cross-breeding is quite independent of for-
mal genetic analysis and interpretation. The method may be consid-
ered as a means of quantitatively varying the intensity of a treatment.
If we have been able to concentrate 2n plus-alleles in one line, and
the corresponding 2n neutral-alleles in another, we can regard the
phenotype of their F; hybrid as the product of n plus-genes. The two
backcrosses represent the effects of 1.5n and 0.5n plus-genes. This
is equivalent to studying the effects of an independent variable at
five levels of intensity in a classical psychological experiment. The
analogy is not perfect for the backcross generations are not homo-
geneous and the groups differ in heterozygosity as well as in gene
dosage, but this is inevitable with genetic techniques. This approach
is similar to the use of single genes as “‘treatments,” but the kinds of
variation obtained represent ranges within a series of “normal” phe-
notypes, rather than pathological deviants.

SPECIAL TOPICS

In the remainder of this chapter we shall consider a number of
topics which are often important in behavior genetics research. These
relate to special problems of threshold characters, to the effects of
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continued training on genetic differentiation of behavior traits, and
to the use of split-litters in general psychological experimentation.

Thresholds and Polygenic Systems. Sometimes the nature of meas-
urement in science produces dichotomous classifications when the un-
derlying phenomenon of genetic interest is a continuous variable. Fc?r
example, the differential resistance of two strains of mice to a toxic
drug could be measured by comparing the percentage of mice killed
at several dose levels. Actually there is little difference in physiologi-
cal efliciency between an animal which just survives and one which
dies after a long period of illness. Nevertheless, for quantitative meas-
urement we prefer the objectivity of the life-death dichotomy to sub-
jective appraisal of the degree of illness produced in the survivors or
estimation of the rate of dying in those who succumb.

Dichotomous classifications also occur in behavior genetics. An in-
vestigator may be interested in hereditary differences in an ability
which can be tested only in trained subjects. A proportion of indi-
viduals may fail to meet the criterion of training which is necessary
before a quantitative test can be given. Experimental psychologists
in similar situations discard the rats which do not run the maze, the
dogs which do not learn delayed response. The behavior geneticist
must use all the subjects in every genetic subgroup, provided they are
physically normal, if he is to secure a true estimate of the attributes
of the population. Thus a pass-fail classification may be employed,
even when it is obvious that the attribute of the animal which is being
measured is distributed continuously.

It is generally better for genetic analysis to change tests which give
pass-fail results so that all subjects receive a quantitative score, but
this is not always practicable. Sometimes, too, the reliability of ob-
servation is improved by using a dichotomous classification. Many
mice and rats exposed to high-pitched sounds of moderate intensity
go into seizures which can culminate in convulsions. Some animals
show minimal response to sound, others appear to be on the verge
of a convulsion without actually having one; those which convulse
may recover soon, suffer from prolonged postconvulsive ataxia, or
even die. Grading the severity of various responses on a linear scale
would be extremely difficult, but observers can agree perfectly on the
occurrence or non-occurrence of a convulsion, and populations can be
characterized in terms of convulsion risk. Fortunately, the polygenic
models described in this chapter can be applied to the inheritance of
such threshold characters as are considered to be dependent upon
underlying physiological factors which vary quantitatively.

An excellent explanation of the threshold hypothesis is found in
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Wright's (1934) study of polydactyly in guinea pigs. Fuller, Easler,
and Smith (1950) applied Wright’s concepts to the differences in au-
diogenic seizure susceptibility found in various inbred strains of mice.
Although the genotype in each strain is fixed so that it can be con-
sidered the same in all individuals, susceptibility to convulsions is
predictable only in a statistical sense. The various strains do not
“breed true” for susceptibility. When tested under standard condi-
tions about 99%, of DBA/2, 80%, of DBA/1, 85%, of A, and 0.5% of
CH7BL were classified as convulsers. There is nothing absolute about
these percentages. Changing the age of testing, the nature of the sound
stimulus, or the method of handling can shift the values up or down.
Under controlled conditions, however, each genotype is characterized
by a constant percentage of individuals who surpass the threshold for
convulsions.

The threshold hypothesis can be expressed in a somewhat more
formal fashion. We shall denote the unknown physiological basis for
susceptibility by the symbol, X, and assume that X varies continuously
over a wide range of values. When X < X, a non-convulser pheno-
type is produced; when X > X, a convulser phenotype results. The
value of X for a particular individual, i, of genotype g’ is:

(3'8) iX = Xg' + iXe

where X, = the average value of X for all individuals of genotype g
X, = the sum of all the environmental effects upon X in ¢

These may be positive or negative, and the mean value within
strain g’ is zero.

The requirement for a resistant phenotype may be completely ex-
pressed as

Xy + X, < Xi
and for a susceptible phenotype as
Xy + X > X,

When the value of X, is close to a threshold, fluctuations in ;X, are
extremely important in determining whether ;X will be above or be-
low the threshold. When the genotypic mean is far from a threshold,
environmental factors have less influence upon the observed pheno-
type.

Quantitative estimates of X, are possible provided certain assump-
tions are made. We assume that the ;X,/’s within a genotype are nor-
mally distributed with a mean of zero and standard deviation of 1.0.
Furthermore, we shall consider that genetic and environmental effects
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upon X are additive over the limited range of X which is near a
threshold. Referring back to equation 3-8, we can predict that when
the ;,X,’s are normally distributed, 68.29, of the X’s will lie between
X, + 1and X, — 1. Similarly, 95.49, will be in the range of X, = 2.0
and 4.6%, will be beyond this range. If X, is located 2.0 units below
the threshold, X,, it is apparent that one-half of the 4.69, will be over
the threshold and show a different phenotype. In practice this rea-
soning is reversed, and the values of X, are computed from the ob-
served percentages of the two phenotypes by means of the inverse
probability transformation (Wright, 1920, 1952).

Some of the features of polygenic-threshold systems are illustrated
in Figure 3-11 (Fuller, Easler, and Smith, 1950). Animals resistant to

Convulse Do not convulse
DBA Fy C57BL
100.0 742 09
DBA C57BL
100.0 8.8
DBA R C57BL
99.6 36.2 0.0
| (I

1 | |
-5—-4-3-2-1 0 1 2 3 4 5
Convulsion

FIGURE 3-11. Changes in convulsive risk on first trial (figures under curves)
associated with conditions shifting physiological susceptibility by one standard
deviation. The abscissa is a scale of physiological susceptibility. Each genotype is
assumed to vary normally about some point on this scale. The convulsive risk is
dependent upon the proportion of the curve to the left of an arbitrary threshold.

audiogenic convulsions in a standard test are considered to be above
the threshold. The three curves in each section of the figure repre-
sent the distribution of X in a highly susceptible strain, DBA, a re-
sistant strain, C57BL, and their F; hybrid. These curves have been
drawn so that the hybrid is exactly intermediate to the parent strains
if additive genetic effects are assumed. The top set of curves repre-
sents the results in the main experiment. The effects of changing the
testing conditions so that the threshold is raised by one unit are shown
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in the middle section of Figure 3-11. Reducing the threshold by one
unit produces the results shown in the bottom section of the figure.
A significant feature of the system is that a given amount of change
on the X scale has quite different effects on the phenotypic ratios of
genotypes lying near or far from X, Changes in the proportion of
convulsions in DBA’s are insignificant, but they are large in the
hybrids. In general, threshold characters are most sensitive both to
environmental and genetic effects when they are near threshold, i.e.,
their frequency is near 509,. This produces a complication in select-
ing for or against such characters, since their heritability decreases as
the selected populations move away from a midpoint (Dempster and
Lerner, 1950).

One further point should be emphasized. Crosses between strains
which are high and low with respect to a behavioral trait may yield
ratios in the F;, Fy, and backcrosses which closely approximate Men-
delian ratios for a single factor showing dominance (Witt and Hall,
1949). This similarity may lead to the adoption of a hypothesis of
single-factor determination. However, these results are much like
those which will be obtained in a polygenic threshold system if one
strain is more distant from the threshold than the other. The pre-
dictions are not exactly the same, but the precision of measurement
is usually not sufficient to decide between the two hypotheses in a
small-scale experiment. One property of the polygenic threshold sys-
tem is that the backcrosses tend to be somewhat closer to the parental
types than to the F;, so that an appearance of dominance in opposite
directions may be found. Repeated backcrossing to the strain which
appears to carry the recessive factors is one method of arriving at a
decision between the polygenic and single-gene hypotheses and should
always be employed before one or the other is adopted.

Effects of Practice on Genetic Differences. The genotyp