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Preface

dents taking their first course in behavioral genetics. However, it quickly
became apparent that the ‘“‘little green book’’ was not truly an introductory
text. Therefore, as more undergraduates becameattracted to the course, we
felt a need for a text that assumed less previous exposure to genetics and
Statistics. As a new memberof the faculty of the Institute for Behavioral
Genetics, Robert Plomin undertookthis task, in collaboration with McClearn
and DeFries. The result is the present text, which includes some sections
from the earlier book, butis largely new.

Although behavioral geneticsis a complex field, we have written a book
that is as simple as possible without sacrificing honesty of presentation. Most
importantly, we have written a bookthatis fundamentally for students, not
for our colleagues. Although our coverage 1S representative, it is by no
means exhaustive or encyclopedic; for those who seek more comprehensive
coverage, there are other books (for example, Dworkin and Haber, 1980:
Fuller and Thompson, 1978: Ehrman and Parsons, 1976; Van Abeelen, 1974).
On the basis of comments made bythe students who used an earlier draft of
this text in an undergraduate class at the University of Colorado, we expect
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that you will find it challenging but readable. We hope that it will stimulate

you to learn more about behavioral genetics and to begin thinking about

behavior from the behavioral genetics perspective.

We could not have written a book of this kind if we were notclosely

associated with an interdisciplinary group of researchers from many aca-

demic disciplines. Much of our thinking1s shaped by daily interactions with

our colleaguesat the Institute for Behavioral Genetics. We cannot even begin

to enumerate their influences, let alone express proper thanks. Rebecca G.

Miles, with her excellent editorial skills, transformed our scrawls and scraps

into readable prose. Kimberly A. Myers took the transformed scraps and

turned them into a beautifully typed manuscript. Agnes A. Conley, adminis-

trative officer of the institute, helped to oversee the project, read the manu-

script, and assisted in the bibliographic work.

In addition to acknowledging our associates at the Institute for Behav-

ioral Genetics, we thank Glayde Whitney of Florida State University and

Joseph Horn of the University of Texas at Austin for reviewing an earlier

draft of the manuscript and for making many useful suggestions. Finally, we

appreciate the professionalism of the staff at W. H. Freeman and Company.

November 1979 Robert Plomin

J. C. DeFries

G. E. McClearn
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Overview

In his introduction to Hereditary Genius: An Inquiry into Its Laws and
Consequences, Francis Galton begins:

I propose to showin this book that a man’s natural abilities are derived by
inheritance, under exactly the same limitations as are the form and physical
features of the whole organic world. (Galton, 1869, p. 45)

However, more than a century later, in his introduction to The Science and
Politics of I.Q., Leon J. Kamin states:

The present workarrives at two conclusions. Thefirst stems from a detailed
examination of the empirical evidence which has been adduced in support of
the idea of heritability, and it can be stated simply. There exist no data which
Should lead a prudent man to accept the hypothesis that I.Q. test scores are in
any degree heritable. That conclusion is so muchat odds with prevailing wis-
dom that it is necessary to ask, how can so many psychologists believe the
Opposite?

The answer,I believe, is related to the second major conclusion of this work.
The I.Q. test in America, and the way in which wethink about it, has been
fostered by men committed to a particular social view. (Kamin, 1974, pp. 1-2)
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Have the hundred years of research since the publication of Hereditary

Genius yielded incontrovertible evidence that mental ability is not heritable?

We recently reviewed adoption studies concerning the genetics of mental

ability and concluded that ‘‘a prudent person has no alternative but to reject

the hypothesis of zero heritability”’ (DeFries and Plomin, 1978, p. 501).

Later in this text we shall review this evidence, and you may draw your own

conclusions. We ask only that you consider the evidence on its own merits

and avoid being unduly influenced by your own particular social view. We

have no ax to grind on this or any other controversial issue in behavioral

genetics and will strive to remain apolitical. As John L. Fuller and W. Robert

Thompson have warned:

_ , , human behaviorgenetics,ofall disciplines in science, is always in dangerof

edging into the political domain. To the extent this happens, it becomesless of a

science. Consequently, there is a real onus on all workers in the area to avoid,

as far as possible, any political biases that may erode their impartiality as

scientists and to follow closely the dictates of facts and logic. (Fuller and

Thompson, 1978, p. 225)

We shall make every effort to heed this cogent warning.

Although studies related to IQ are probably most familiar to students,

behavioral genetics research has extended into many otherareas. For exam-

ple, in a review of the genetics of specific cognitive abilities, J. C. DeFries,

S. G. Vandenberg, and G. E. McClearnstated that ‘‘cognitive ability is far too

complex to be assessed by a univariate number such as IQ” (1976, p. 180).

Psychopathology and personality have also been studied extensively from a

behavioral genetics perspective. Furthermore, it often surprises students to

learn that more research in behavioral genetics has been devoted to under-

standing the behavior of nonhuman animals than the behavior of our own

species. The primary reason for this emphasis on nonhumanbehavioris the

experimental control possible in the laboratory.

Behavioral genetics is most controversial whenit considers human be-

havior, particularly when it focuses on socially relevant aspects of human

behavior, such as IQ. Weshall discuss these controversies. However, our

major objective is to communicate the principle that both heredity and envi-

ronment can be responsible for individual behavioral differences. Weshall

demonstrate that neither heredity nor environment alone is sufficient for

understanding behavior.

This unique perspective, combining genetics and the behavioral sci-

ences, makes behavioral genetics an exciting interdisciplinary area. (See

Figure 1.1.) Although researchin behavioral genetics has been conductedfor

many years,the field has only recently emerged as a distinct discipline. The

field-defining monograph Behavior Genetics, by John L. Fuller and W. Robert

Thompson, was published in 1960. Since that date, research in behavioral

genetics has undergone exponential growth.
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FIGURE 1.1

Behavioral genetics as the intersection between genetics
and the behavioral sciences. (From Introduction to
Behavioral Genetics by G. E. McClearn and J. C.
DeFries, W. H. Freeman and Company. Copyright ©
1973.)

PLAN OF THE BOOK

Webegin with a historical perspective on evolution and genetics, followed by
three chapters on basic principles. Behavioris a phenotype—that is, an ob-
servable characteristic that we can measure. Thebasic principles of heredity
are the same, regardless of the phenotypes we choose to study. Thus, much
of this book is devoted to genetic concepts that are not unique to behavioral
characters. On the other hand, this book is not simply anothergenetics text:
its focus is on the complexity of behavioral phenotypes. Although behavioral
genetics is relevant to the perspectives of anthropologists, economists,
educators, political scientists, sociologists, and others, the behavioral
phenotypes that we discuss necessarily reflect the fact that most behavioral
genetics research currently centers on topics traditionally defined within the
domain of psychology.

The historical perspective of Chapter 2 describes the work of Charles
Darwin and his cousin Francis Galton. Chapter 3 continues the discussion of
Darwin’s theory of evolution and relates it to behavioral genetics and
sociobiology. The next two chapters provide the basic principles of genetics.
Chapter 4 focuses on Gregor Mendel’s classic experiments and on single-
gene influences on behavior. In Chapter 5 we present a basic description of
genes and how they work,with particular reference to the heredity of behav-
ior. Chromosomesandtheir influence on behaviorare dealt with in Chapters
6 and 7. The next two chapters focus on population genetics and quantitative
genetics, two topics that tend to be difficult for students who are not Statisti-
cally inclined. For this reason, we have attempted to discuss these concepts
rather than to present them algebraically. Population genetics (Chapter 8)
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considers the transmission of genes from the population perspective rather

than from the individual perspective. Quantitative genetics (Chapter 9) gen-

eralizes the single-gene, Mendelian modelto a multifactorial model that con-

siders the effects of many genes and many environmental factors. The mul-

tifactorial model is most relevant to the study of behaviors that interest

- behavioral scientists.

In Chapters 10 to 13, we look at the methods and findings of behavioral

genetics in greater detail. In Chapter 10, we shall consider methods specific

to the analysis of nonhumanbehavior. Chapters 11, 12, and 13 are devotedto

the three major human behavioral genetics methods—family studies, twin

studies, and adoption studies. In writing a text on behavioral genetics, it 1S

possible to choose a content-oriented or a method-oriented approach. We

have chosen a method-oriented presentation. That is because ourgoal is to

present the methods of behavioral genetics, rather than to provide an

exhaustive review of the applications of these methodsto various behavioral

domains. (For such reviews ofthe literature, see Fuller and Thompson,

1978.) In Chapter 10, we shall refer to various behaviors in providing exam-

ples of nonhuman quantitative genetics methods. In Chapters 11 through 13,

we will focus on two major domains of behavior, cognition (IQ and specific

cognitive abilities) and psychopathology (primarily the psychoses), although

we will provide references to other behavioral domains.

In the last chapter, we recapitulate some of the major issues raised in

the preceding chapters, and then address some of the controversial issues in

behavioral genetics. These include the origin of group differences (ethnic,

class, and sex differences) and the societal implications of behavioral genet-

ics studies. It is likely that you are familiar with some of the controversies

surrounding behavioral genetics and you may have some preconceptions

about them. Thus, here are a few words about the origin of some of the

controversial issues.

NATURE AND NURTURE

Some controversy can be expected surrounding any new approach that ques-

tions prevAiling views, and behavioral genetics is certainly no exception.

Much ofthe controversy concerning behavioral genetics stems from a mis-

understanding of what it means to say that genes influence behavior. For

example, behavioral genetics is often mistakenly viewed as pitting nature

(genes) against nurture (environment), as if behavior were influenced solely

by one or the other. The story behind this view is an interesting bit of

history, and it helps to explain the frequent appearance of this view even

today.

Historically, the controversy began at the turn of the century with the

developmentof the behavioristic point of view, which assumed a dominant

role in the developing discipline of psychology, particularly in the United
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States. Behaviorism arose as a protest against all forms of ‘introspectivepsychology,’’ which was concerned with mental states such as conscious-ness and will. The term behaviorism refers to a strict focus on observable
behavioral responses. Becauseits emphasis on observable responsesled to
an emphasis on observable environmental stimuli, behaviorism came to
imply environmentalism. Stimulus-response chains eventually became the
only acceptable explanation of behavior. Behaviorism also moved in the
direction of environmentalism with its rejection of the instinct doctrine of
W. McDougall (1908). At that time, instincts were thought of as inherited
patterns of behavior, and the behaviorists attacked this position as redun-
dant and circular. However, in rejecting this naive view of instincts, the
behaviorists also discarded the notion that heredity can influence behavior.
Thus, the behaviorists explained individual differences completely by envi-
ronmental factors.

J. B. Watson, the founder of behaviorism, said:

So let us hasten to admit—yes, there are heritable differences in form, in
structure.... These differences are in the germ plasm and are handed down
from parentto child.... But do not let these undoubted facts of inheritance lead
us astray as they have some of the biologists. The mere presence of these
Structures tells us not a thing about function.... Our hereditary structure lies
ready to be shaped in a thousand different ways—the same

_

structure—
depending on the way in which this child is brought up....

Objectors will probably say that the behaviorist is flying in the face of the
knownfacts of eugenics and experimental evolution—that the geneticists have
proven that many of the behavior characteristics of the parents are handed
downto the offspring. ... Our reply is that the geneticists are working underthe
bannerof the old ‘‘faculty”’ psychology. One need not give very much weight
to any of their present conclusions. We no longer believe in faculties norin any
stereotyped patterns of behavior which go under the namesof‘‘talent’’ and
inherited capacities....
Our conclusion, then, is that we have noreal evidence of the inheritance of

traits. I would feel perfectly confident in the ultimately favorable outcome of
careful upbringing of a healthy, well-formed baby born of a long line of crooks,
murderers and thieves, and prostitutes. Who has any evidence to the contrary?
(Watson, 1930, pp. 97-103)

Watson followed this with the familiar and frequently quoted challenge:

I should like to go one step further now and say, ““Give me a dozen healthy
infants, well-formed, and my own specified world to bring them upin and I'll
guarantee to take any one at random and train him to become any type of
specialist I might select—doctor, lawyer, artist, merchant-chief and, yes, even
beggar-man andthief, regardless ofhis talents, penchants, tendencies, abilities,
vocations, and race of his ancestors.’’ Iam going beyond myfacts and I admit
it, but so have the advocates of the contrary and they have been doingit for
many thousandsof years. (Watson, 1930, p. 104)
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R. S. Woodworth (1948) pointed out that this extreme environmen-

talism was not a necessary consequence of the behavioristic position. He

suggested that Watson's stand was taken, in part, ‘‘to shake people out of

their complacent acceptance of traditional views’? (p. 92). For whatever

reason, Watson sought to exorcise genetics from psychology, and he suc-

ceeded to a remarkable degree. His position in his book Behaviorism soon

becamethetraditional view that was complacently accepted by the majority

of psychologists.

But this majority view was not without opposition. In fact, since Wat-

son’s pronouncement, not a single year has passed without publication of

some evidence showing it to be wrong. Collectively, these researches have

demonstrated the important role of heredity in many varieties of behavior

and in many kinds of organisms.

INTERACTIONISM

During the last decade, there have been clear signs that the behavioral sci-

ences are beginning to accept the theory and methodology of genetics.

Rarely does anyone concur with Watson's conclusion that genes are unim-

portantin behavior. Instead, it is now generally agreed that both nurture and

nature play arole in determining behavior. However, the mistaken notions of

the nature-nurture argument have too often been replaced with the equally

mistaken view that the effects of heredity and environment cannot be ana-

lyzed separately, a view called ‘“‘interactionism’’ (Plomin, DeFries, and

Loehlin, 1977). This topic will be discussed in detail in the last chapter, but

we shall say a few words aboutit here.

Obviously, there can be no behavior without both an organism and an

environment. Thescientifically useful question is: For a particular behavior,

what causes differences among individuals? For example, what causes indi-

vidual differences in cognitive ability? Various environmental hypotheses

leap to mind: Families differ in the stimulation they offer for cognitive

growth; environments differ in motivating people towardintellectual goals;

educational experiences differ. However, genetic hypotheses should also be

considered.

Research in behavioral genetics is directed toward understanding dif-

ferences in behavior. Methods are employed that consider both genetic and

environmental influences, rather than assuming that one or the otheris solely

important. As a first step, behavioral genetics research studies whether indi-

vidual behavioral differences are influenced by hereditary differences, and

estimates the relative influences of genetic and environmental factors. Al-

though this first step includes most human behavioral genetics research to

date, it is only

a

first step. If there are genetic effects, we can then ask how

many genes are involved and on what chromosomesthey are located. We

can also begin to study the evolutionary significance of these genes, their

developmental course, their interaction with the environment, and the path-
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ways between the primaryeffect of genes on protein production and regula-
tion and their ultimate effect on behavior.

GENES AND BEHAVIOR

Some people are disturbed by the idea that genes can influence behavior.
They don’t understand the workings of genes and probably picture them as
master puppeteers within us, pulling our strings. To the contrary, genes are
merely chemical structures. However, encodedin these structures are the
messages that enable genes to do their marvelous job of reliably replicating
themselves and controlling development. In Chapter 5, we shall see that
there is no such thing as a gene for behavior; noris there a gene for the length
of one’s nose. Genesare blueprints for the assembly and regulation of pro-
teins, which are the building blocks of our bodies, including the nervous
system. Each gene codesfor a specific sequence of amino acids that the body
assembles to form a protein. If even the smallest part of this chain is altered,
the entire protein can malfunction. We shall discuss this in much greater
detail in Chapter 5.

Here, we want to emphasizethat genesare not mystical entities. Genes
do not magically blossom into behavior or anything else. They are stretches
of chemical bondsthat code for protein production or regulate the activity of
other genes. In this sense, all aspects of human beings—behavior as well as
our bones—arepart ofthis process. Asillustrated in Figure 1.2, proteins do
not directly cause behavior. For example, one gene (G,) codes for a particu-

Environment,

NON
Gene, ————> Protein, ————> Intermediary, ———> Behavior,

\
G, ——> Pp, ——~>1,—~]1,——>.,

ZaG,——_>- P —> [I,—~> I,—~B,

LPT
E, E, E;

Gene-centered _, «— Physiology-centered _. 4

>

Behavior-centered
approaches approaches approaches

FIGURE 1.2

Genes do notdirectly cause behavior; they work indirectly via
physiological systems.
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lar protein (P,). However, that protein does not cause a particular type of

behavior. There is no gene orprotein, for example, that repeatedly causes a

person tolift shot glasses and perhaps becomeanalcoholic. Proteins interact

with other physiological intermediaries (such as I,), which may be other

proteins, such as hormonesor neurotransmitters, or may be structural prop-

erties of the nervous system. Environmental factors (such as E,, which

might represent nutrition) may also be involved. These influences can ulti-

mately and indirectly influence behaviorin a certain direction. For example,

differences in neural sensitivity to ethanol may tip the scale in the direction

of alcoholism for an individual who imbibes frequently. Various genes, chem-

ical and structural brain differences, and environmental factors may beat the

root of such differences in neural sensitivity.

So, when wetalk about genetic influences on behavior, we do not mean

robotlike, hard-wired circuits. We are referring to indirect and complex

paths between genes and behavior via proteins and physiological systems.

Ernst Mayr (1974) distinguished closed behavioral programs from open behav-

ioral systems to replace the hopelessly entangled arguments concerning 1n-

stinct and learning. Closed behavioral programsare relatively impervious to

individual experiences. Even so, there is no implication that a gene directly

producesa particular behavior; genes always work by controlling the pro-

duction of proteins. Open behavioral systems are more susceptible to individ-

ual experience. Closed and open systemsdiffer only in the degree offlexibility.

Behavioral systems of higher organisms tend toward the ‘‘open’’ end of this

continuum.

Figure 1.2 also points out different approaches to the study of behav-

ioral genetics. Researchers using these different approaches tend to have

different goals. The gene-centered approach starts with a simple genetic effect

and studies its effect on behavior. For example, we can study a single-gene

mutation and observeits behavioral effect. Another approach, which charac-

terizes the field of biopsychology, can be called physiology-centered. This

focuses on the physiological intermediaries between genes and behavior.

The physiology-centered approachideally works back to genes and forward

to behavior. (See Figure 1.2.) In both the gene-centered and physiology-

centered approaches, behavior is really only a tool for understanding the

workings of both genes and various physiological systems. The third ap-

proach begins with behavior. The behaviorsare not selected for their genetic

or physiological simplicity, but rather because of their intrinsic interest or

social relevance. A first step in understanding the etiology of such behavior

is to ask the extent to which genetic and environmental influences make a

difference for a particular behavior. Once in a great while, we find relatively

simple genetic and physiological systems. This is what happened for one

type of mental retardation, phenylketonuria, which is caused by a single-

gene defect. More often, particularly for the complex behaviorsthat interest

behavioral scientists, we find that both genetic and environmental differences

are important. Usually, many genes are involved, and we cannotidentify the



DO GENES DETERMINE ONE'S DESTINY?

This text will demonstrate that genetic differences can account for a substan-
tial portion of individual variation in many important behaviors. Some
people do not look favorably on such findings. These people believe thatif
genes are shownto influence behavior,there is nothing that can be done to
alter that behavior short of eugenic (breeding) intervention or genetic en-
gineering. Thus, if a certain form of psychopathology was shown to be
caused primarily by genes, it might be mistakenly assumed that psychother-
apy and other environmental intervention would be useless.

This pessimistic view is simply wrong. Genes do not determine one’s
destiny. A genetically determined behavioral problem may be bypassed,
ameliorated, or remediated by environmental interventions. The best exam-
ple is phenylketonuria (PKU), a single-gene defect, which formerly resulted
in severe retardation and was responsible for about 1 percent of in-
stitutionalized retarded individuals. Biochemical studies of the gene-
behavior pathwayindicated that the ultimate cause ofthe retardation was the
inability to break downa particular chemical, phenylalanine, whichled toits
accumulation at high levels in the blood. This caused severe damageto the
developing brain. As we will discuss in Chapter 5, PKU individuals do not
Suffer retardation if a diet low in phenylalanineis provided during the devel-
oping years. Thus, an environmental intervention was successful in by-
passing a genetic problem. This important discovery was madepossible by
recognition of the genetic basis for this particular type of retardation.

DISCERNING ‘“‘WHATIS” FROM ‘‘WHAT COULD BE”

Most research in human behavioral genetics has involved analyzing behav-
ioral differences among individuals and estimating the relative extent to
whichthese differences are due to heredity and environment, given the mix
of genetic and environmental influences at a particular time. If either the
genetic or environmental influences change,the relative impact of genes and
environment will change. Thus, if a new environmental treatment werein-
troduced, a behavior strongly influenced by heredity could nonetheless be
altered.

Confusion between what is and what could be caused some of the heat in
reaction to a well-known monograph by Arthur Jensen (1969), entitled ‘‘How
much can weboost I.Q. and scholastic achievement?’ Behavioral genetics
research, as reviewed in Chapters 11 to 13, Suggests that genes have a sub-
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stantial influence on IQ scores. In other words, genetic differences among

people account for a substantial portion of variation in IQ, given the genetic

and environmental differences in the samples studied. However, this does

not mean that we cannot boost IQ. The same behavioral genetics research

also provides the best evidence for environmental influence on IQ scores.

However,even if the environmental differences that currently exist do not

significantly affect IQ scores, we should not conclude that untried environ-

mental interventions will not make a difference.

Behavioral genetics data concerning whatis should not dampenresearch

efforts aimed at determining what could be. The two should be viewed as

complementary. Knowledge about what is can help to guide research con-

cerning what could be. For example, if currently existing environmental

differences did not make muchofa difference for a particular behavior, then

it would not seem reasonable to tinker with these environmental factors if

one wanted to change this behavior. It would make more sense to go outside

of the traditional environmentalfactors to find novel environmental interven-

tions.

INDIVIDUAL DIFFERENCES AND EQUALITY

Another reason somepeople havedifficulty in accepting the role of genesin

influencing behavioris that they do not recognize the wide rangeofindividual

differences for most behaviors. One mouseis not like every other mouse; nor

is every human like every other. In fact, as we shall see, the principles of

genetics demonstrate that there has never been nor will ever be another human

being whois genetically exactly like you. Variability is the key to understand-

ing evolution and genetics, andit provides a neededperspective for behavioral

scientists.

J. Hirsch (1963) outlined three different approachesthat have been used

to study behavior. The three approachesdiffer in the extent to which they

recognize variability. The first view recognizes no important differences be-

tween or within species. This is a position suggested by much of the older

research in learning, which assumedthatthe lawsof learning for one species

would generalize to all other species. This approachis typified bytitles such

as The Behavior of Organisms (Skinner, 1938). This view has largely given

way to a form of typological thinking (Mayr, 1965), which recognizes differ-

ences between, but not within, species. It characterizes comparative psychol-

ogy and, indirectly, much current research on human behavior. Researchers

interested in human behavior may study humansrather than other animals

because they assumethat important species differences exist, but they do not

study differences within the human species. The third approach, which con-

siders variability between and within species,is characteristic of behavioral

genetics.

To some extent, these three views are like the different powers of a
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telescope. To a visitor from another planet, peering at us from their orbiting
space capsule, we humans might not appearall that different from squirrels.
Humansare bigger and have somewhatless fur, but both humansand squir-
rels have two eyes, a nose, and fourlimbs. If the two species were examined
with a more powerful lens, the differences between humans and Squirrels
would readily emerge. At this powersetting, however, all humans would
seem essentially identical. Somescientists choosethis powersetting to study
behavior—clearly, there are some commonfeatures among all humansin the
way weperceive stimuli and learn. However,it is our belief that a powerful
science of behavior will not emerge until we switch to a higher resolving
powerthat reveals differences within, as well as between, species. The ques-
tions that most often confront scientists studying human behavior are those
dealing with differences among people. And genetics, the study of variation
of organisms, is uniquely qualified to aid us in analyzing these individual
differences.

This focus on individual differences may be difficult for some of you to
accept philosophically. Are not all men created equal? This was a self-evident
truth to the signers of the Declaration of Independence. Arguments that some
men are inherently more able to learn than others may appearto be at odds
with the democratic ideal and to imply the principle of rule by the elite (even
thoughit is obviousthat there are inherentdifferencesin height, Strength, and
other characteristics). A more thorough understanding of behavioral genetics
Suggests a very different philosophical conclusion.

If there is a central message from behavioral genetics, it involves indi-
vidual differences. With the trivial exception of membersof identical multi-
ple births, each one of us is a unique genetic experiment, never to be re-
peated again. Here is the conceptualization on which to build a philosophy of
the dignity of the individual! Humanvariability is not simply imprecision in a
process that, if perfect, would generate unvarying representatives of a
Platonic ideal. Individuality is the quintessence oflife; it is the product and
the agency of the grand sweep of evolution.

It is important not to confuse biological identity with the political con-
cept of equality. The two concepts are very different, though the problem is
to an extent a semantic one. The Greeks had not one, but many wordsfor
equality, distinguishing, for example (Hutchins and Adler, 1968, p. 305):

isonomia: equality before the law

isotimia: equality of honor

isopoliteia: equality of political rights

isokratia: equality of political power

isopsephia: equality of votes or suffrage

isegoria: equality in right to speak

isoteleia: equality of tax or tribute
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isomoiria: equality of shares or partnership

isokleria: equality of property

isodaimonia: equality of fortune

Perhaps we confuse ourselves by using only the word equality.

SUMMARY

Behavioral genetics lies at the interface between genetics and the behavioral

sciences. In this book, we present basic genetic concepts, including evolu-

tion, transmission genetics, chromosomes, population genetics, and quantita-

tive genetic theory and methods, but always with an eye toward behavior.

The last chapter focuses on controversial issues in behavioral genetics. But

because some of you have heard about these controversies and have won-

dered about them, we have discussed someorigins of these controversies in

this introductory chapter:

1. Controversy arises when nature (genes) is pitted against nurture (envi-

ronment). One of the oldest schools of thought in psychology is behav-

iorism. It led to an environmentalism that rejected the possibility of

genetic influences on behavior.

2. Although genetic and environmental influences interact, this does not

imply that the separate effects of genes and environment cannot be

untangled.

3. Genes do not act as master puppeteers within us. They are chemical

structures that control the production of proteins, thereby indirectly

affecting behavior.

4. Genes do not determine one’s destiny. A genetically determined behav-

ioral problem can sometimes bealleviated environmentally.

5. Behavioral genetics research usually describes what is—the relative im-

pact of genes and environment at a particular time for a particular

population—although it may provide us with knowledge about what

could be.

6. Finally, recognition of individual differences—regardless of their envi-

ronmental or genetic etiology—is independent of acknowledgment of

the values of political equality.



 

Historical

Perspective

To illustrate a point concerning the inheritance of gestures, Darwin
quoted an interesting case that had been broughtto his attention by Galton.

A gentleman of considerable position was found by his wife to have the
curioustrick, when he lay fast asleep on his back in bed, of raising his right arm
slowly in front of his face, up to his forehead, and then dropping it with a jerk so
that the wrist fell heavily on the bridge of his nose. Thetrick did not occur
every night, but occasionally.

Nevertheless, the gentleman’s nose suffered considerable damage, and it was
necessary to removethe buttons from his nightgown cuff in order to minimize
the hazard.

Manyyearsafter his death, his son married a lady who had never heard of
the family incident. She, however, observed precisely the samepeculiarity in
her husband;but his nose, from not being particularly prominent, has never as
yet suffered from the blows.... One ofhis children, a girl, has inherited the
same trick. (Darwin, 1872, p. 34)

Probably everyone could cite some examples, perhaps less quaint than
Galton’s, in which some peculiarity of gait, quality of temper, degree of
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tiveness of the Renaissance scholars. Less well known is a family incident
that reveals a deep conviction aboutthe workingsof heredity. Leonardo was
an illegitimate child resulting from a liaison between Piero, a notary from the
village of Vinci, and a peasant girl named Caterina. As a modern biographer
of Leonardo putsit:

There was an interesting and deliberate attempt to repeat the experiment.
Leonardo had a step-brother, Bartolommeo, by his father’s third wife. The
Step-brother was forty-five years younger than Leonardo, who wasalready a
legend when the boy was growing up and wasdead whenthe following experi-
ment took place. Bartolommeo examined every detail of his father’s associa-
tion with Caterina and he, a notary in the family tradition, went back to Vinci.
He sought out another peasant wench who corresponded to what he knew of
Caterina and, in this case, married her. She bore him a son but so great washis
veneration for his brother that he regarded it as profanity to use his name. He
called the child Piero. Bartolommeo had scarcely known his brother whose
spiritual heir he had wanted thus to produce and, by all accounts, he almost
did. The boy looked like Leonardo, and was brought up with all the encour-
agement to follow his footsteps. Pierino da Vinci, this experiment in heredity,
became anartist and, especially, a sculptor of some talent. He died young.
(Ritchie-Calder, 1970, pp. 39-40)

THE ERA OF DARWIN

ever, there were other concurrent developments that did. Andreas Vesalius’s
exhaustive work on human anatomy, published in 1543, was based on de-
tailed and painstaking dissection of human bodies. In 1628, William Harvey
made his momentous discovery of the circulation of the blood. These find-
ings wereof far-reaching importance, for they opened the way to experimen-
tation on the phenomenaoflife. |

After Harvey’s discovery, the pace of biological research quickened,
and many fundamental developments in technique and theory ensuedin the
following century. One of the cornerstones of biology waslaid by the Swede
Karl von Linné (better known as Linnaeus), who,in 1735, published Systema
Naturae, in which he established a system of taxonomicclassification ofall
knownliving things. In so doing, Linnaeus emphasized the separateness and
distinctness of species. As a result, the view that Species were fixed and
unchanging becamethe prevailing one. This notion, of course, fit the biblical
account of creation. However, not everyone waspersuadedthat species are
unchangeable. For example, the Englishman Erasmus Darwin Suggested, in
the latter part of the eighteenth century, that plant and animal species appear
capable of improvement, as well as degeneration. A moreinfluential view on
this subject was promoted by the Frenchman Jean Baptiste Lamarck, who
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argued that the deliberate efforts of an animal could result in modifications of

the body parts involved, and that the modification so acquired could be

transmitted to the animal’s offspring. For example:

We perceive that the shore bird, which does not care to swim, but which,

however, is obliged ... to approach the water to obtain its prey, will be con-

tinually in danger of sinking in the mud, but wishing to act so that its body shall

not fall into the liquid, it will contract the habit of extending and lengtheningits

feet. Henceit will result in the generations of these birds which continueto live

in this manner, that the individuals will find themselvesraised asif on stilts, on

long naked feet: namely, denuded of feathers up to and often abovethe thighs.

(in Packard, 1901, p. 234)

Changes of this sort were presumedto accumulate, so that eventually the

characteristics of the species would change. Lamarck was not the first to

assume that changes acquiredin this mannercould be transmitted to the next

generation, but he crystallized and popularized the notion. Thus,it has come

to be called Lamarckism, or the law of use and disuse. As weshall see, this

is an incorrect view of evolution. But it was significant, in that it questioned

the prevailing view that species do not change.

The strict and literal interpretation of the account in Genesis of the

creation of the earth and its inhabitants was being challenged mostseriously

on the basis of geological evidence. The discovery of fossilized animal bones

deep in strata beneath the earth’s surface proveddifficult to accommodate to

Bishop Ussher’s calculations that the earth had been created in 4004 B.c. A

theory of ‘‘catastrophism’’ was put forward to account for these fossils. The

Deity was regardedto have created and extinguished life on many successive

occasions, with catastrophes such as floods and violent upheavals, which

caused the bones to be buried at various depths. Many geologists ques-

tioned, however, whether catastrophic events were responsible for the

geological record. A school of ‘‘uniformitarians’’ argued that the processes

at work in the past were the same asthose of the present, and thus that the

accumulation of strata required millions of years rather than the S1X

thousand-oddyears attributable to Bishop Ussher’s postulated date of crea-

tion. A leader of this uniformitarian school of thought, and one of the domi-

nant intellects of the time, was Charles Lyell (see Eiseley, 1959). Lyell

publishedthe first volume ofhis Principles ofGeology in 1830, and one of the

early copies found its way into the baggage of a young man about to embark

on what wasprobably the most important voyage in the history of biological

thought.

Erasmus Darwin’s grandson Charles (Figure 2.1) had been a student of

medicine at Edinburgh, but was so unnerved by the sight of blood during

surgery that he gave up further medical study. He then went to Cambridge,

where,although a student of mediocre accomplishment, he received a degree

in 1831. Darwin appeared to be destined for a career as a clergyman, when
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FIGURE 2.1

Charles Darwin as a young man.
(Courtesy of Trustees of the
British Museum [Natural
History].) 

suddenly and unexpectedly, through the recommendation of one ofhis old
professors, he was nominated for the unpaid post of naturalist aboard the
H.M.S. Beagle, a survey ship of the Royal Navy about to embark on a long
voyage. It was not uncommonfor a naturalist to be taken on trips of this
kind, and the young and devoutcaptain of the Beagle, Captain Robert Fitz-
Roy, was pleased at the prospect, for he expected a naturalist to be able to
produce yet more data in supportof ‘‘natural theology.’’ A central theme of
natural theology was the so-called argument from design, which viewed the
adaptation of animals and plants to the circumstancesof their lives as evi-
dence of the Creator’s wisdom. Such exquisite design, so the argument went,
implied a *‘Designer.’’ As exploration opened up hitherto unexplored parts
of the world, new evidence of the Designer’s works was uncovered. It was
with this end in mind that Captain Fitz-Roy welcomed the young Darwin.

During the next five years, Darwin experienced chronic seasickness,
tropical fever, volcanic eruptions, earthquakes, tidal waves, and the high
adventure of encounters with rebels and life with Argentine gauchos. He
filled many notebooks with observations on fossils, primitive men, and vari-
ous species of animals—and their remarkable and specific adaptation to their
environments. He madeparticularly compelling observations about the 14
species of finch found in a small area on the GalapagosIslands. Theprincipal
differences among these finches were in their beaks, and each was exactly
appropriate for the particular eating habits of the species (see Figure 2.2).
Somehow, thought Darwin, these birds derived from a common ancestral
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FIGURE 2.2

The 14 species of Galapagos and CocosIsland finches. (a) A woodpeckerlike finch

that uses a twig or cactus spine instead of its tongue to dislodge insects from tree-bark

crevices. (c, d, e) Insect-eaters. (f, g) Vegetarians. (h) The CocosIsland finch. The

birds on the ground eat mostly seeds. Note the powerful beak of (i), which lives on

hard seeds. (From ‘‘Darwin’s finches’’ by D. Lack. Copyright © 1953 by Scientific

American, Inc. All rights reserved.)
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group. “‘Seeing this gradation and diversity of structure in one small, inti-
mately related group of birds, one might really fancy that from an original
paucity ofbirdsin this archipelago, one species had been taken and modified
for different ends’’ (Darwin, 1896, p. 380). However,influenced by Lyell’s
book, and his own observations on geology and biology, Darwin was not
inclined to make the argumentin favorof the “argument from design.’’ On
his return to England, Darwin began work on several reports summarizing
his observations on coral reefs, barnacles, and other matters. Meanwhile, he
gradually and systematically marshaled evidence that species evolve one
from another, and pondered the possible mechanisms through whichthis
evolution could occur. He sharedhis developing theory with a few friends,
including Lyell himself, an eminent botanist namedJ. D. Hooker, and T. H.
Huxley. He gradually convinced some but notall of them of the merit of his
theory.

Realizing the kind of opposition that a theory contradicting the biblical
account of creation would encounter, Darwin hesitated. He planned a
monumental work in which he would present an overwhelming mass of
evidence. Though his friends warned him that he should publish a brief
version immediately, lest someone anticipate him, he continued to work
slowly and carefully on amassing the evidence and anticipating the objec-
tions. He did, however, take time to write out short sketches in correspon-
dence with his friends and confidants. Finally, in 1858, a blow fell. A young
man named Alfred Wallace sent Darwin a manuscript for his comments. In
it, with much less evidence in hand than Darwin had, Wallace arrived at
essentially the same theory that Darwin had been developing for more than
two decades. Darwin was greatly concerned over the course of action he
should take. As hesaid in a letter to Lyell:

I should be extremely glad now to publish a sketch of my general views in
about a dozen pages or so; but I cannot persuade myself that I can do so
honourably. Wallace says nothing about publication, and I enclosehis letter.
But as I had not intended to publish any sketch, can I do so honourably,
because Wallace has sent me an outline of his doctrine? I would far rather burn
my whole book, than that he or any other man should think that I had behaved
in a paltry spirit. (Darwin, 1858, p. 117)

Lyell and Hookertook theinitiative and resolved the issue by arranging for
the simultaneouspresentation,at a meeting of the Linnean Society in 1858, of
a sketch Darwin had prepared in 1844 and Wallace’s paper.

With the theory now outin the open, Darwin began work on what he
called an abstract. This abstract, published in 1859 underthe title On the
Origin of Species by Means of Natural Selection, or the Preservation of
Favoured Racesin the Strugglefor Life, proved to be oneof the most influen-
tial books ever written. A contemporaneous London Times review of his
book, which sold out on the first day, is excerpted in Box 2.1.



  
The Origin of Species made an immediate impact on the scientific world. The follow-

ing is a short excerpt from a long review (over 5,000 words) of Darwin’s book that

appeared on December 26, 1859, in the Times (London).

  

There is a growing immensity in the speculations of science to which no

humanthing or thoughtat this day is comparable.... Hence it is that from time

to time weare startled and perplexed by theories which have no parallel in the

contracted moral world.... The hypothesisto which wepoint, and of which the

present work of Mr. Darwinis but the preliminary outline, may be stated in his

own language as follows: ‘‘Species originated by meansof natural selection, or

through the preservation of the favored races in the struggle for life.”’ ... When

we know that living things are formed of the same elements as the inorganic

world, that they act and react uponit, bound by a thousandtiesof natural piety,

is it probable, nayis it possible, that they, and they alone, should have no order

in their seeming disorder, no unity in their seeming multiplicity, should suffer

no explanation by the discovery of some central and sublime law of mutual

connexion?

Questions of this kind have assuredly often arisen, but it might have been

long before they received such expression as would have commanded the

respect and attention of the scientific world, had it not been for the publication

of the work which promptedthis article. Its author, Mr. Darwin, inheritor of a

once celebrated name, wonhis spurs in science when most of those now distin-

guished were young men,and has for the last 20 years held a place in the front

ranks of British philosophers. After a circumnavigatory voyage, undertaken

solely for the love of his science, Mr. Darwin published a series of researches

which at once arrested the attention of naturalists and geologists; his gener-

alizations have since received ample confirmation, and now command univer-

sal assent, nor is it questionable that they have had the most important influ-

ence on the progress of science. More recently Mr. Darwin, with a versatility

which is among the rarest of gifts, turned his attention to a most difficult

question of zoology and minute anatomy; and no living naturalist and anatomist

has published a better monograph than that which resulted from his labours.

Such a man, atall events, has not entered the sanctuary with unwashed hands,

and whenhelays before us the results of 20 years’ investigation and reflection

we must listen even though webe disposedto strike. But, in reading his workit

must be confessed that the attention which might at first be dutifully, soon

becomes willingly given, so clear is the author’s thought, so outspoken his

conviction, so honest and fair the candid expression of his doubts.

                    

  
  
  
  
  
  
  
  
  
 

 

Darwin's Theory of Evolution

Darwin was honored by being buried near Sir Issac Newton in

Westminster Abbey primarily because he convinced the world of the rea-

sonableness of evolution. As weshall see, however, his theory of the evolu-
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tion of species had some serious gaps, mainly because the mechanism forheredity, the gene, was not yet understood.
The elements of Darwin’s theory can bestated as follows. Within anySpecies, many more individuals are born each generation than survive tomaturity. Great variation exists amongthe individuals of a population. Theseindividual differences are due, at leastin part, to heredity. If the likelihood ofsurviving to maturity and reproducingis influenced, even to a slight extent,by a particulartrait, offspring of the survivors and reproducers should man-ifest slightly more ofthe trait than their parents’ generation. Thus, bit bybit,

the characteristics of a population can change. Over a sufficiently long pe-riod, the cumulative changesaresogreat that in retrospectthe latter and theearlier populations are, in effect, different.
Darwin’s theory of evolution thus has three components, as indicated

in Table 2.1. Some mechanism causes and maintains variation (as discussed
later in this chapter), and natural selection uses this variability to Shape a
species. We shall see that Darwin and his contemporaries knew little about
the source of variability or the process by whichit is maintained andtrans-
mitted from one generation to another. However, Darwin did discover the
process of natural selection, and we shall discuss this first.

The Principle of Natural Selection

Darwin’s most notable contribution to the theory of evolution washis
principle of natural selection. He used the phrase ‘‘survivalof the fittest’ to
characterize the principle, but it could more appropriately be called ‘‘differ-
ential reproduction of the fittest’’—or, more simply, ‘reproductivefitness.”’
Mere survival is necessary, but this is not sufficient. As Darwin himself put
it:

Owingto this struggle [forlife], variations, howeverslight and from whatever
cause proceeding, if they be in any degree profitable to the individuals of a
Species, in their infinitely complexrelations to other organic beings andto their

TABLE 2.1

Model of evolution: what Darwin knew and what we know nowOEE
Darwin Now

Induction of Environmental modification Mutation of DNAvariation and ‘‘use and disuse’’
Maintenance of Pangenesis Segregation andvariation

genetic transmissionSelection of Natural selection— Natural selection—variation “survival of the fittest’’ “reproductive fitness’’and *‘reproductive fitness’’a
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physical conditions of life, will tend to the preservation of such individuals, and

will generally be inherited by the offspring. The offspring, also, will thus have a

better chance of surviving, for, of the many individuals of any species which are

(Darwin, 1859, pp. 51-52)
periodically born, but a small number can survive.

It is clear that Darwin considered behavioral characteristics to be just

as subject to natural selection as physicaltraits. In The Origin of Species an

entire chapter is devoted to discussion of instinctive behavior patterns. A

later book, The Descent ofMan and Selection in Relation to Sex, gave detailed

consideration to comparisons of mental powers and moral senses of animals

and man, as well as to the development of intellectual and moral faculties in

man. In these discussions Darwin was satisfied that he had demonstrated

that the difference between the mind of man and the mind of animals “‘is

certainly one of degree and not of kind’’ (1871, p. 101). This is an essential

point, since one of the strongest objections to the theory of evolution was the

qualitative gulf that was supposed to exist between the mental capacities of

man and of lower animals.

In an explicit summary statement, based largely on observations of

‘family resemblance,’ Darwin said:

So in regard to mental qualities, their transmission is manifest in our dogs,

horses, and other domestic animals. Besides special tastes and habits, general

intelligence, courage, bad and good temper, etc., are certainly transmitted.

With man weseesimilar facts in almost every family; and we now know,through

the admirable labours of Mr. Galton, that genius which implies a wonderfully

complex combination of high faculties, tends to be inherited; and, on the other

hand, it is too certain that insanity and deteriorated mental powerslikewise run

in families. (Darwin, 1871, p. 414)

Darwin’s writings focused on selection of individuals and their charac-

teristics. A different perspective has been emphasized by researchers in an

area called sociobiology, which applies evolutionary theory to the study of

social behavior. Sociobiologists look at evolution from the standpoint of the

gene rather than the individual. Just as the chicken may only be the egg’ s

way of producing other eggs, sociobiology suggests that the individual may

only be the gene’s way of producing more genes. This way of thinking

suggests an interesting analysis of certain social behaviors, such as altruism,

as well as the importance of selection for genetically similar individuals, a

theory called kinship selection. This view of evolution will be discussed in the

next chapter.

Reaction to the Theory of Evolution

The Origin of Species caused a violent reaction. Fierce denunciation

came from those whosesensibilities were shocked by this contradiction of

the biblical account of creation. There was opposition, too, from other
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statute found unconstitutional. But his attempted appeal wasnot considered.

The trial provided a grandstand confrontation between William Jennings

Bryan,as prosecutor, and Clarence Darrow, Scopes’s defenseattorney. This

debate served to popularize the concept of evolution. The Tennessee statute

was eventually repealed in 1967. But in 1973 the Tennessee Senate (by a vote

of 28 to 1) and the House (54 to 14) passed a new antievolution measure

requiring that equal time in teaching and equal space in texts be given to

biblical and Darwinian accounts of evolution. Although this Tennessee stat-

ute was ruled unconstitutional in 1975, several states continue to pressure

publishers to impede the teaching of evolution (Grabiner and Miller, 1974).

For example, in 1974, the Texas State Board of Education adopted

a

state-

ment requiring the presentation of evolutionary theory as only one of several

theories and that it be ‘‘clearly presented as theory rather than verified.’’ In

1975, evolution was mentionedin less than 20 percent of the biology texts in

Texas (Fox, 1975).

Darwin anticipated the major reason for reticence to accept his theory

of the origin of species: ‘““The chief cause of our natural unwillingness to

admit that one species has givenbirth to clear and distinct species, is that we

are alwaysslow in admitting great changes of which we do notsee the steps”’

(1859, p. 368). In some cases, we can see the steps by which populations of

the samespecies drift apart and select different niches. This results in genetic

changes that can eventually lead to reproductive infertility when animals

from the different populations (now different species) are mated. Sometimes

Pavlovsky, 1971). However, because of the great gulfs of time involved in

the evolution of higher animals,it is difficult to demonstrate conclusively that

one species evolves from another. Nonetheless, the logical appeal of the

theory of evolution is strong, as Darwin noted:

If then, animals and plants do vary, let it be ever so slightly or slowly, why

should not variations or individual differences, whichare in any way beneficial,

be preserved and accumulated through natural selection, or the survival of the

fittest? If man can by patience select variations useful to him, why, under

changing and complex conditions of life, should not variations useful to na-

ture’s living products often arise, and be preservedor selected? Whatlimit can

be put to this power, acting during long ages andrigidly scrutinising the whole

constitution, structure, and habits of each creature,—favouring the good and

rejecting the bad? I can see no limit to this power, in slowly and beautifully

adapting each form to the most complexrelations of life. The theory of natural

selection, even if we look no farther than this, seemsto be in the highest degree

probable. (Darwin, 1859, p. 360)
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GALTON’S CONTRIBUTIONS

Amongthe supporters and admirers of Darwin at this time was another one
of Erasmus Darwin’s grandsons, Francis Galton (Figure 2.3). Galton had
already established something of a reputation as a geograph
inventor. By the time The Origin ofSpecies was published, he had invented a
printing electric telegraph, a type of periscope, and a nautical signaling de-
vice. The effect on him of Darwin’s workis revealedin

a

letter he later wrote
to Darwin:

I alwaysthink of you in the same Way as converts from barbarism think of the
teacher whofirst relieved them from the intolerable burdenoftheir superstition.
I used to be wretched under the weight of the old-fashioned arguments from

FIGURE 2.3

Francis Galton, in 1840, from a
portrait by O. Oakley. (Courtesy
of the Galton Laboratory.) 
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FIGURE 2.4

Percentage of eminent men amongrelatives of the 100 most distinguished men
in Galton’s study. (From Hereditary Genius by Francis Galton, 1869.)

high when comparedto the overall incidence of only 1 in 4,000 (0.025 per-
cent).

environmental factors. To demonstrate that reputation is an indication of
natural ability, and not the product of environmental advantages, three ar-
guments were presented. First, Galton stressed the fact that many men had
risen to high rank from humble family backgrounds. Second, it was noted
that the proportion of eminent writers, philosophers, and artists in England
was not less than that in the United States, where education of the middle
and lower socioeconomicclasses was more advanced.Hefelt that the educa-
tional advantages in America had spread culture more widely without pro-
ducing more persons of eminence. Finally, Galton compared the success of
adopted kinsmen of Roman Catholic popes, who were given great social
advantages, with the sons of eminent men, and the latter were judged to be
more distinguished.

Pioneering Research
in Psychology and Statistics

In order to further his researches, it was necessary for Galton to find
ways of assessing mental characteristics. In a prodigious program ofre-
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search, he developed apparatus and procedures for measuring auditory

thresholds, visual acuity, color vision, touch, smell, judgmentof the vertical,

judgment of length, weight discrimination, reaction time, and memory span.

In addition, he employed a questionnaire technique to investigate mental

imagery.

Oneparticularly intriguing, although not especially successful, investi-

gation involved the use of composite portraiture. Photographs of a number of

individuals were superimposedto yield their common features. Figure 2.5,

which showsfront and profile composite photographsof three sisters, taken

by Galton, illustrates his notion that a composite photographis usually better-

looking than the individual photographs. Galton developed this technique in

an effort to determine what relationship, if any, existed between the facial

characteristics of certain groups and variousattributes of their personality,

morality, and health. Since there did not seem to be a good way of measuring

facial configurations, Galton used composite portraiture to produce an ar-

chetype of certain groups. For example, Galton’s contemporaries were in-

terested in facial features as they might relate to criminality. When Galton

used composite portraiture to investigate this possibility, he found no dis-

tinctive facial features in composite photographs of three groups of crimi-

nals: those convicted of murder and manslaughter, felons such as forgerers,

and sexual offenders.

The problems of properly expressing and evaluating the data obtained

from such researches were formidable, and Galton also turned his remarka-

ble energies to statistics. He pioneered the development of the concepts of

the median, percentiles, and correlation.

Since it was, of course, desirable to have data from large numbers of

individuals, Galton employed various stratagems to this end. For example,

he arranged for an ‘‘Anthropometric Laboratory for the measurement in

various ways of HumanForm and Faculty”’ to be located at an International

Health Exhibition during 1884 and 1885. Some 9,337 people paid threepence

or fourpence eachfor the privilege of being measured for various bodily and

sensory characteristics. (See Figure 2.6.) After the International Health Ex-

hibition closed, a permanent Anthropometric Laboratory was established.

During the next seven years, another 7,500 individuals were tested (at the

bargain rate of one penny each), including Galton himself. His data are

reproduced in Figure 2.7. On another occasion a contest was sponsored in

which awards of £7 were given to those submitting the most careful and

complete ‘‘Extracts from their own Family Records.’’ In this way, Galton

was able to obtain a large number of pedigrees that he could examine for

evidence of human inheritance.

Twins and the Nature—Nurture Problem

Galton introduced (1883) the twin-study method to assess the roles of

nature (inheritance) and nurture (environment). The essential question in his
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FIGURE 2.5

Galton’s composite portraiture of three sisters. (Courtesy of the Galton
Laboratory.)

examination of twins was whether twins who werealike at birth became
more dissimilar as a consequence of any dissimilarities in their nurture.
Conversely, did twins who were unlike at birth become more similar as a
consequence of similar nurture? Galton acknowledged two types of twins—
those arising from separate eggs, and those arising from the same egg. Yet he
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byMr. Francis Galton

desire to be accur
ither to obtaintime];

1register of§
person, ofwhic
nacopy under!

 
FIGURE2.6

Handbill of 1884 announcing Galton’s Anthropometric

Laboratory. (Courtesy of Cedric A. B. Smith, the Galton

Laboratory, University College, London.)

did not distinguish between the two types in his discussion, except as they

fell into his categories, ‘‘alike at birth” or ‘unlike at birth.”’

Galton gathered his evidence from answers to questionnaires and bio-

graphical and autobiographical material. He observed that, among 35 pairs

who had beenalike at birth, and who had been reared underhighly similar

conditions, the similarities within the twinship persisted after the members

had grownto adulthood and gone more-or-less separate ways. From 20 pairs

of originally dissimilar twins, there was no compelling evidence that any had
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1855 (Boring, 1950, p. 240). But it was Galton who championedthe idea of
inheritance of behavior, and vigorously consolidated and extended it. In
effect, we may regard Galton’s inspired efforts as the beginning of behavioral
genetics.

PRE-MENDELIAN CONCEPTS
OF HEREDITY AND VARIATION

Neither Darwin nor Galton understood the mechanism by which heredity
works or how heritable variation is maintained. The answers were being
worked out by a contemporary scientist working in what is now Czecho-
slovakia. But since this research was not known to Darwinorto Galton, they
had to work within the prevailing views of heredity and heritable variation.

Heredity

Long before Darwin and Galton, there had been substantial evidence of
the importance of heredity, although its laws had proved extremely resistant
to analysis. In particular, a vast amount of data had been accumulated from
plant and animal breeding. Manyoffspring bore a closer resemblanceto one

erably later, the first rule of breedingis that ‘‘like produceslike,’’ while the
second rule is that ‘‘like does not always producelike’’ (1951, p. 496).

In Darwin’s time, the theory of heredity that seemed to explain most
adequately the confusionoffacts at the time wasthe “‘ provisional hypothesis
of pangenesis.’’ In this view, the cells of the body, “‘besides having the
power, as is generally admitted, of growing by self-division, throw off free
and minute atoms of their contents, that is gemmules. These multiply and
aggregate themselves into buds and the sexual elements”’ (Darwin, 1868, p.
481). Gemmules were presumably thrown off by each cell throughout its
course of development. In embryogenesis andlater development, gemmules
from the parents, originally thrown off during various developmental pe-
riods, would comeinto play at the propertimes, thus directing the develop-
ment of a new organlike that of the parents. The theory of pangenesis was
quite reasonable (although it was wrong). It was particularly compelling
because it was compatible with Lamarck’s notion of ‘‘use and disuse’’ as the
source of variability in evolution (see Table 2.1).

Variation

The source of heritable variation was the mostdifficult component of
the model of evolution for Darwin to explain. Without heritable variation in
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each generation, evolution could not continue. Because children often ex-

hibit some of the characteristics of each of their parents, it was commonly

accepted that characteristics of parents merged or blendedin their offspring.

The troublesomeimplication of such a ‘‘blending’’ hypothesis is that varia-

bility would be greatly reduced(in fact, roughly halved) each generation. For

example, if one parent weretall and the othershort,the offspring would be of

average height. Thus, the blending hypothesis implies that variability would

rapidly diminish to a trivial level if it were not replenished in some manner.

Although Darwin worried about the problem, he neverresolved it. He sug-

gested two ways in which variability might be induced, but both of them

assumed that environmental factors altered the stuff of heredity. The theory

of pangenesis suggested that gemmules (miniature replicas of the parents’

cells) could reflect changes in environment. Darwin vaguely concluded that

changes in the conditions of life in some way altered gemmules in the re-

productive systemsof animalsso that their offspring were more variable than

they would have been understable conditions. Ordinarily, this increased

variability would be random. Natural selection would then preserve those

deviants that by chance happenedto be better adapted as a consequenceof

their deviation.

Sometimes, however, an environmental condition might induce system-

atic change. Darwin hesitatingly accepted the Lamarckian theory of use and

disuse to suggest that acquired characteristics can be inherited. In The De-

scent of Man, Darwin speculated about the alleged longer legs and shorter

arms of sailors as compared to soldiers: ‘‘Whether the several foregoing

modifications would becomehereditary, if the same habits of life were fol-

lowed during many generations, is not known, but it is probable”’ (1871, p.

418). In some of his writings, Darwin seemed sure that variations in life

experiences can increase genetic variability: “‘there can be no doubt that use

in our domestic animals has strengthened and enlarged certain parts, and

disuse diminished them; and that such modifications are inherited”’ (1859,p.

102). Likewise, he stated, with respect to behavioral characteristics, that

‘someintelligent actions, after being performed during several generations,

becomeconverted into instincts and are inherited’’ (1871, p. 447). However,

for the most part, Darwin was unsure of the source of variability: “‘Our

ignoranceofthe lawsofvariation is profound. Notin one case out of a hundred

can wepretendto assign any reason whythisor that part has varied.... Habit

in producing constitutional peculiarities and usein strengthening anddisuse in

weakening and diminishing organs, appear in manycasesto have been potent

in their effects’’ (1859, p. 122).

THE WORK OF GREGOR MENDEL

Although Darwin struggled with these issues, in his files was an unopened

manuscript by an Augustinian monk, Gregor Mendel (Allen, 1975). Through
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FIGURE 2.8

Gregor Johann Mendel, 1822-1884. A
photograph taken at the time of his
research. (Courtesy of V. Orel, Mendel
Museum, Brno, Czechoslovakia.) 

his research on peaplants in the garden of a monastery at Brunn, Moravia,
Mendel had provided the answerto the riddle of inheritance and variability.

As wewill discuss in detail in Chapter 4, Mendel summarizedhis many
experiments with two laws. The law of segregation states that there are two
elements of heredity for a single character. These two elements segregate, or
Separate, “‘cleanly’’ during inheritance so that offspring receive one of the
two elements from each parent. The important implication of this law is that
the hereditary elements are discrete and do not blend. Because the elements
do not blend, the reduction in inherited variation that concerned Darwin does
not occur. Mendel’s second law, the law of independent assortment, con-
cerns the inheritance of two traits, each with two elements. When we look at
the inheritance of two traits at the same time, the elements for eachtrait
assort independently of the elements for the othertrait. In other words, the
inheritance of one trait does not affect the inheritance of the other.

We can translate Mendel’s theory into more modern terms. As wewill
discuss in Chapter 5, a gene is a coded stretch of DNA (deoxyribonucleic
acid). Genes are located on chromosomesin the nucleus of a cell, and
chromosomesoccurin pairs—one from the mother, and one from thefather.
Alternate forms of genes(alleles) are at the same place (/ocus) on the match-
ing chromosomes. Most humans have 23 pairs of chromosomes.

the chromosomesis the allele (e.g., A) from the mother; on the matching
chromosome is the allele (e.g., O) from the father. In this example, the
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offspring would have blood group AO. Genesdo not blend in inheritance, and

genetic variation is maintained. But what initially causes the genetic varia-

tion? The major source of genetic variability is mutation, or changes in the

genetic code of DNA.

Mendel’s results and his theory were read to the Brunn Society of

Natural Science in 1865, and were later published in the proceedings of the

society. The crucial experiments had, thus, been done and reported prior to

Darwin’s statement of pangenesis. But Darwin wasnot alone in overlooking

Mendel’s ideas. For 34 years, the ‘‘Versuche Ueber Pflanzenhybriden”’

(Mendel, 1866) remained almost completely unacknowledged.

In 1900, three investigators—C. Correns, Hugo de Vries, and Erich von

Tschermak—almost simultaneously ‘‘rediscovered’’ Mendel’s work. Thus, a

period of intensive research was inaugurated, in which the Mendelian theory

was confirmed and extended. The vigorously developing area of research

was given the name genetics by William Bateson in 1905, and in 1909 the

name gene was proposedfor the Mendelian elements by Wilhelm Johannsen.

At the same time, Johannsen made a fundamental distinction between

genotype, which is the genetic composition of the individual, and pheno-

type, which is the apparent, visible, measurable characteristic. The impor-

tanceof this distinction is that it makes clear that the observable trait is not a

perfect index of the individual’s genetic properties. Given a numberof indi-

viduals of the same genotype, we might nonetheless expect differences among

them—those caused by environmental agents. Thus, two beans might be from

the same ‘‘pure line,’’ and have identical genotypesforsize; yet one might be

larger than the other becauseofdifferencesin nurture, such as soil conditions.

Nevertheless, their genotypes would remain unaffected, and the beansofthe

plants grown from these two beans would be of the same average size. The

inheritance of acquired characteristics obviously has no place in this scheme.

The fundamental message of Mendelian genetics is variability. The law

of segregation meansthat genesare discrete units that do not blend in inheri-

tance and thus maintain genetic variability. The law of independent assort-

ment meansthat considerable variability can be expected becausetraits vary

independently of each other. By considering the variability caused by

Mendelian segregation and assortment, it is obvious that each individual is

truly unique. Mendel happened to study characters in the pea plant that

involved only two forms(alleles) of the gene. When only two alleles are

considered for a particular gene, an individual must be one of three possible

genotypes: A,A,, AiA2, AsAy. However, if more than one geneis involved,

the number of possible genotypes increases exponentially (3 raised to the

power of the numberof loci). Moreover, many genes have more than two

alleles. With only 4 alleles for each of 10 genes, the numberof different

possible genotypesis 10 billion!

Thus, even whenrelatively few alleles for only 10 genes are considered,

the number of possible genotypes is considerably larger than the present

human population of the earth. However, complex genes have been studied
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in which the numberofalleles is greater than 200. Research has begun to
Suggest that multiple alleles—perhapsas many as a dozen to three dozen—
tend to be the rule rather than the exception (Coyne, 1976; Singh, Lewontin,
and Felton, 1976). Although the exact numberof genes in manis not known,
it is conservatively estimated (Stern, 1973) to be between 10,000 and
100,000, and one-third or more of these loci may be segregating for two or
more alleles (Hopkinson and Harris, 1971). Thus, segregation and indepen-
dent assortment provide mechanismsfor generating astronomical numbers of
different genotypes.

Before considering Mendel’s experiments in detail in Chapter 4, we
Shall in the next chapter discuss modern evolutionary theory.

SUMMARY

Although ancient concepts of heredity are interesting, the history of behav-
ioral genetics really began with Darwin, Galton, and Mendel. Darwin’s
theory of natural selection as an explanation for the origin of species made
a major impact on scientific thinking. Galton wasthefirst to study the in-
heritance of mental characteristics and to Suggest using twins to study
nature-nurture problems. Mendel solved the riddle of inheritance with his
experiments on garden peas. He demonstrated that heredity involves dis-
crete elements, now called genes, and he formulated two laws of inheri-
tance—segregation and independent assortment. We now know that
heritable variability is caused by mutations of DNA,the genetic material,
and is maintained and transmitted according to the laws discovered by
Mendel.



 

Evolution

Darwin’s formulation of evolutionary theory caused great furor and

vigorous contention. During the ensuing years, however, his principal

themes became well substantiated for behavioral, as well as physical,

characteristics. Because evolution is the primary shaper of genetic variabil-

ity, it is appropriate to begin the story of genetic influences on behavior by

discussing evolutionary origins.

It is clear from Darwin’s writings that he viewed evolution as a gener-

ally slow process, involving minute changes over many generations. How-

ever, it is difficult to grasp the expanses of evolutionary time without an

analogy. A comparison with a football field will be useful. If we take the

beginning of the earth some 4.5 billion years ago to be one goal line (the

zero-yard line) and take the other goal line to be the present, life began at the

20-yard line. Homo sapiens has been aroundfor the last 0.024 inch. We shall

begin the story at the 20-yard line.

THE EVOLUTIONARY RECORD:

GENETIC VARIABILITY OVER TIME

The Replicators

Life began some 3.5 billion years ago, about a billion years after the

formation of the earth, according to our current understanding (Dickerson,
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1978). It began in the oceans, when a particular set of atmospheric ingre-
dients was exposed to high temperatures and lightning, producing the
forerunners of amino acids. Amino acids, which are the building blocks of
protein, accumulatedin the oceans.In this ‘‘organic soup,’’ combinations of
amino acids and other organic material formed and yielded complex mole-
cules. The most importantstep in evolution was the formation of a particular
molecule that could replicate itself. Richard Dawkins (1976) has called this
molecule the replicator:

At somepoint a particularly remarkable molecule was formed by accident.
Wewill call it the Replicator. It may not necessarily have been the biggest or the
most complex molecule around, but it had the extraordinary property of being
able to create copiesofitself. This may seem a very unlikely sort of accident to
happen....

Actually a molecule which makescopiesofitself is not as difficult to imagine
as it seemsat first, and it only had to arise once. Think of the replicator as a
mould or template. Imagineit as a large molecule consisting of a complex chain
of various sorts of building block molecules. The small building blocks were
abundantly available in the soup surrounding the replicator. Now supposethat
each building block has anaffinity for its own kind. Then whenevera building
block from out in the soup lands up next to a part of the replicator for whichit
has an affinity, it will tend to stick there. The building blocks which attach
themselves in this way will automatically be arranged in a sequence which
mimicsthat of the replicatoritself. It is easy then to think of them joining up to
form a stable chain just as in the formation of the original replicator. This
process could continue as a progressive stacking up, layer upon layer. This is
howcrystals are formed. On the other hand, the two chains might split apart, in
which case we have tworeplicators, each of which can go on to make further
copies.* (Dawkins, 1976, pp. 16-17)

The replicator was the ancestor of DNA,the double coils of genetic informa-
tion in the nucleus of each ofthe cells in all living things.

Beginnings of Life

Once genetic material could be replicated, life was off and running.
Figure 3.1 provides an overview of the unfolding oflife. For 2 billion years,
life consisted of single-celled organisms (Schopf, 1978). The early cells,
called prokaryotic cells, resembled modern bacteria, which have no nucleus
(Dickerson, 1978). The step from single-celled to multicelled organisms,
whosecells are eukaryotic (have a nucleus), was apparently more complex,
and there were manyfalse starts (Valentine, 1978). Photosynthesis was a

* Reproduced by permission of the Oxford University Press from The Selfish Gene by Richard
Dawkins. Copyright © 1976 Oxford University Press.
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FIGURE 3.1

Overview of the evolution oflife.

fundamental new development during this early period of single-celled or-

ganisms. This enabled these primitive life forms to acquire a new set of

attributes that prepared them to survive in a particular ecological niche.

Photosynthesis permitted the building up of food (carbohydrates) from the

carbon dioxide that was accumulating in the atmosphere. The energy of light

plus carbon dioxide and chlorophyll not only generated carbohydrates, but

also produced oxygen as a waste product.

A long time passed before the first aquatic oxygen-breathing animals

appeared, a little less than a billion years ago (at the 80-yard line in our

football field analogy). The ability to breathe oxygen was a successful devel-
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are part of this trend, with few behavioral patterns that are fixed and many

that are generalized.

The rapid divergence of our mammalian ancestors testifies to the ap-

parent success of their adaptations. The class Mammalia includes 19 orders

as diverse aS monotremes (such as anteaters and platypuses), marsupials

(opossums and kangaroos), insectivores (shrews and moles), chiroptera

(bats), endentata (sloths and armadillos), rodents, cetacea (whales), carni-

vores, elephants, and ungulates. Eventually a mammal developed with fea-

tures that characterize the primate order: mobile digits on hands andfeet, a

shortened snout, frontally placed eyes, a tendency toward an upright posture,

usually singleton offspring, and a brain (the cerebral cortex, in particular) that

is large relative to body size.

Primates and Hominids

There are now approximately 193 primate species,of which 53arelittle

animals (such as the tree shrews,lemurs, and tarsiers) that do not look much

like primates. The Pongidae family of gibbons, orangutans, chimpanzees,

and gorillas began to diverge about 50 million years ago from the Cer-

copithecidae family, which includes Old World monkeys and baboons. About

9 million years ago (at the 99.8-yard line), Australopithecus roamed Africa.

thecus was only about4 feet tall, was a hunter, and lived in small

groups. ThenHomoerectus appeared—aprimatethat was a memberofHomo,

our genus (the taxonomic category between family and species), although he

cheological finds.

There is much uncertainty concerning the evolutionary record of the

human species. The basic question has to do with intraspecific variability.

That is, are the observed differences among the various skulls merely differ-

ences among members of the same species or do they represent different

species? It has been estimated that the representativeness of the current

skeleton samples from archeological digs may be comparable to picking two

individuals at random from the population of the United States (Walker and

Leakey, 1978). These two individuals, of course, may be quite different in

skull shape and would by no means represent the entire population of the

country. Thus, archeological data for the humanspeciesis quite limited.

Mostof the skulls that have been found may now be classified into one

of two genera (plural of genus): Australopithecus and Homo. Until the 1970s,

the standard story was quite simple. Australopithecus robustus was the name

given to the most commonfossil representatives found decades ago. These

fossils were characterized by a large face and massive jaws. Although the

face was large, the brain case was small, about 500 cubic centimeters (as

compared to the contemporary human average of 1,360 cc.). Another type of

skull, found by Louis Leakey in the Olduvai Gorge of East Africa (see

Figure 3.2), was given the name Zinjanthropus boisei, but was later changed
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The Olduvai and Koobi Fora (Lake Turkana) fossil areas in East Africa. (From ‘‘The

hominids of East Turkana’’ by A. Walker and R. E. F. Leakey. Copyright © 1978 by

Scientific American, Inc. All rights reserved.)

to Australopithecus boisei. (See Box 3.1 for a discussion of names of hominid

skulls.) Then another type of skull (Australopithecus africanus) was found

that was smaller andless ‘‘robust.’’ This type was thought by manyto be the

female version ofA. robustus. However, in 1972, this simple picture changed

considerably with the discovery of several specimens at Lake Turkana in

Kenya (see Figure 3.2). One very old skull had a large but lightly built brain

case with a capacity of about 775 cc. There is no general agreement as to

whether this specimen and otherslike it belong to the genus Homo or Au-

stralopithecus; Richard Leakey prefers to call it Homo habilis. Another type
of skull with a lightly built but small brain case was also found. R. Leakey

suggests that this type may represent a different species—perhaps the same
as the A. africanus specimens formerly considered to be the female version of
A. robustus. Figure 3.3 indicates the vast differences amongthese three types
of skulls.

Various hypotheses have been made concerning these three types of
skulls, from those who arguethat all three forms are diverse membersof the



 

  

  

  

 

Box 3.1

What's in a Name?

Oneof the advantages of having studied Latin or Greekis that it helps in understand-
ing the origin of some of the namesgiven to the hominids. The genus Australopithecus
has nothing to do with Australia. The prefix, Australo, comes from the Latin au-
stralis, meaning ‘‘south,’’ and the suffix, pithecus, is from the Greek pithek, which
means “‘ape.’’ A. robustus, of course, refers to the heavy features of this type of
Australopithecine. A. africanus also has an obvious interpretation, although Richard
Leakey prefers to call it A. gracilis in order to contrast its smaller size and lighter

build with A. robustus. Boisei refers to ‘‘forest,’’ soA. boisei means ‘the southern ape

from the forests.’’ Louis Leakey originally called the A. boisei skulls Zinjanthropus
because Zinj is an Arabic word for ‘“‘eastern Africa’’ and anthrop is a Greek word
meaning *““human.”’

The names of Homo erectus (‘‘erect’> man) skulls can be even more easily ex-

plained. For the most part, the early skulls were named after the place where they

were found. Java man (also called Pithecanthropus, which means ‘‘ape-man’’) was

found on the Indonesianisland of Java. Similarly, there are Homo erectus skulls that
were said to represent Peking man and Rhodesian man. Neanderthal man wasfirst

found in the Neander valley near Dusseldorf, Germany, and is referred to as Homo

sapiens neanderthalensis. Cro-magnon man was namedafter a cave in France where

the first skulls were found. Cro-magnon, like modern humans,is referred to as Homo

sapiens sapiens, a dubious tithe meaning *“‘wise, wise man.”’

Aninteresting sidelight is the story of the Piltdown hoax. In 1912, near the small

town of Piltdown, England, a skull was found with a humanlike cranium and an

apelike jaw. Piltdown man,as the skull cameto be identified, was thought to be the

missing link between apes and humans. In 1953, the skull was shownto be a fraud

consisting of fragments of modern human skulls and modern ape jaws. The bone

fragments had been doctored to make them appear very old. No one thoughtthat the

prankster would be found. However, in a recent posthumous statement (Halstead,

1978), British geologist J. A. Douglas accused his predecessor at Oxford, W. J.

Sollas. Douglas, who workedin Sollas’s laboratory, said that Sollas wanted to dam-

age the reputation of a rival by tricking him into accepting a fake skull as authentic.

The trick backfired, however. Because the skull was accepted as authentic, not only

by Sollas’s rival, but by the entire scientific establishment, Sollas could not expose

the fraud without injuring many others besides his rival.

same species to those who argue that each represents a different species. A.

Walker and R. Leakey (1978), for example, argue that the variability of these

three types is greater than that found amongliving anthropoid apes. They,

therefore, suggest that each represents a different species—A. robustus, A.

africanus, and H. habilis.

Most surprising of all, a skull found in East Africa in 1975 is very

similar to the Homo erectus skulls found near Peking in the 1930s. Like that

of ‘‘Peking man,’’ this skull is thick-boned with a large brain case (about 850

   



 
FIGURE3.3

Three forms of hominid skull from the Turkana fossils. Although there is consider-

able speculation about these skulls, one possibility is that the skull on the left is A.

robustus, the one in the middle is A. africanus, and the one on the right is Homo

habilis. (From ‘‘The hominids of East Turkana’ by A. Walker and R. E. F. Leakey.

Copyright © 1978 by Scientific American, Inc. All rights reserved.)

cc.) and the characteristic brow ridges. However, the African specimenis

about a million years older than the specimens from northern China. This

exciting evidence suggests that the genus Homo was remarkably stable over

a million years of evolution, and that it coexisted with some of the more

primitive Australopithecenes. The latter, therefore, may be only collateral

ancestors, rather than direct ancestors, of modern mankind. What is the

origin ofHomo erectus? While any of the hominids represented in Figure 3.3

are a possibility, one current theory is that the Australopithecenes (robustus

and africanus), although quite humanlike, eventually became extinct without

successors and that Homo habilis evolved into Homo erectus (Walker and

Leakey, 1978).

Figure 3.4 depicts the evolutionary scene from about 10 million years

ago to the present. Australopithecus was dying out, and Homo erectus was

45



. Anthropoids  

   
  

   

 

Years ago

10,000,000

Monkeys .,

Hominoids

 

  
   

1,000,000 Hominids

Homo

L
o
w
e
r

P
a
l
e
o
l
i
t
h
i
c
—
+
»

100,000

    
2 L
= 0)
= 4
_ fo)

o °

os E |

c 2 Homo sapiens

2 E g
& 10,000 = =
_ 3 c

| Y s
Z. O

FIGURE 3.4

Pedigree of Homo sapiens and his relatives on an exponential time

scale. (After ‘‘Tools and human evolution’ by S. L. Washburn.

Copyright © 1960 by Scientific American, Inc. All rights reserved.)



The Evolutionary Record: Genetic Variability over Time 477

well established; Homo neanderthalensis, the Neanderthal man, appeared.

The remains of Neanderthal have been found throughout Europe and west-

ern Asia. The finds include evidence of religious beliefs and burial cere-
monies, and some would like to consider him as belonging to the same

species as modern man. Anywhere from 40,000 to 300,000 years ago, Homo

erectus began to dwindle and the Neanderthal man became dominant. With

the eventual appearance of Homo sapiens, modern man, Neanderthal man

soon becameextinct. The skulls of these human progenitorsare illustrated in

Figure 3.5. The cave paintings, bows and arrows, and pottery of Homo

sapiens are 30,000 years old.

Behavior and Evolution

Although we are accustomedto thinking about evolution in terms of

anatomical records, biologists have cometo realize the importance of behav-
ior in the process of speciation. Mayr (1978), for example, suggests that

behavior may bethecritical factor in the creation of species:

. . . behavior often—perhapsinvariably—servesas a pacemakerin evolution. A

change in behavior, such asthe selection of a new habitat or food source, sets

up new selective pressures and maylead to important adaptive shifts. There is

little doubt that some of the most important events in the history oflife, such as
the conquest of land or of the air, were initiated by shifts in behavior. (Mayr,

1978, pp. 54-55)

The role of behavior as a mechanism for isolating incipient species can
be clearly seen in the fruit fly, Drosophila. Drosophila are often used in
genetic research because their generation interval is only two weeks from
egg to adult, they are easily reared, and they provide several unique advan-
tages for genetic analysis, as we shall see in Chapter 5. Drosophila have also
been studied extensively to understand the evolutionary significance of be-
havior. There are thousands of species ofDrosophila, which rarely mate with
each other in nature. Somespecies (called allopatric) are isolated simply by
geographic separation. However, many species (called sympatric) live in
overlapping regions; mating behavior that restricts intercrossing serves as
the primary isolating mechanism (Ehrman and Parsons, 1976). In Chapter8,
we shall discuss other evolutionary implications ofDrosophila mating behav-
ior.

Since behavior does not fossilize, the behavior of our evolutionary
forebears cannotbe studied directly. Fortunately, some products of behavior
can be studied from the fossil record. Behavior of human progenitors can be
inferred from burial remains, tools, and other cultural artifacts. For example,
many of the known Homoerectus skulls have been found to havelarge holes
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Five hominid skulls, as well as an anthropoid ape skull for

comparison. (From Evolution and Genetics: The Modern Theory

of Evolution by D. J. Merrell. Copyright © 1962 by Holt,

Rinehart and Winston, Inc. Reprinted by permission of Holt,

Rinehart and Winston, Inc.)

bashed in, suggesting a violent demise. Andit is clear from the remains of

animal bones aroundHomo neanderthalensis sites that the Neanderthals were

superb hunters. The behavioral consequencesof hunting are extensive.It is

possible that ‘‘our intellect, interest, emotions, and basic sociallife ... are

evolutionary products of the success of the hunting adaptation’’ (Washburn

and Lancaster, 1968, p. 213). The hunting of large animals requires not only

the efficient use of tools, but also a high degree of coordination and coopera-

tion. Men capable of cooperating to kill large animals were also able to wage
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effective war on othermen. A more comprehensive treatment of the behav-
ioral consequences that followed from the hunting-gathering wayoflife can
be found in R. B. Lee and Irven DeVore (1968).

In the case of a few species, there are some behavioral records that are
less inferential. Carl J. Berg (1978) has provided an interesting example of a
fossilized record of behavior in predatory marine snails. Some snails prey on
clams andothersnails by grabbing them with their large foot, moving their
prey to a certain position, and drilling a hole through the shell (Figure 3.6).
Berg found that each species of predatory snail bores into its prey in a
distinct area near the center of the shell. In addition to the position of the
hole, Berg wasinterested in the consistency of hole-drilling behavior within
species. Because the hard shells of the ‘‘bored’’ snails fossilize, they can be
used to study the evolutionary history of this predatory behavior. Berg found
that snail shells from 100 million years ago show essentially no systematic
patterning of boreholes. Beginning about 60 million years ago, some pattern-
ing can be observed. Because the holesin the fossils could have been made
by different species of predatory snails, Berg focused on morerecent ones, in
which the holes could be attributed to one particular predatory species.
These data, spanning the past 20 million years, show nosignificant change in
positioning anda slight increase in consistency of behavior during that time.

In addition to studying the fossil record, someinsight into the evolution
of human behavior can be gained by studying contemporary human popula-
tions that exist under conditions similar to those in which early man evolved.

FIGURE 3.6

Scanning electron
photomicrographof a predatory
borehole made by a young
snail. The diameter of the
borehole is approximately
125. (Courtesy of Carl J.
Berg.) 
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Most human evolution occurred prior to the appearance ofagriculture about

10,000 years ago—at the 99.9998-yard line of our football field analogy. The

life style of these early humansrevolved around hunting and gathering. Of

several populations in the world today that are hunter-gatherers, the best

knownis the San (formerly called Bushmen) of the Kalahari Desert in south-

ern Africa. They do not cultivate crops; most of their foodstuffs come from

gathering nuts, occasionally supplemented by meat obtained on hunting ex-

peditions. Studies of the San havefilled in some of the lines in our evolu-

tionary story (Konner, 1977). For example, children are spaced fourto five

years apart. Infants are completely indulged by their mothers. A baby is

carried in a sling in a vertical position so that the head, arms, and legs are

free and the baby has continual accessto the breast andto a string of beads

hanging around the mother’s neck (see Figure 3.7). As in most primate

species, San fathers clearly have a secondaryrole in child rearing. Although

such studies are informative, you should keep in mindthat these populations

 
FIGURE 3.7

Hunter-gatherer San mother with child in the Kalahari Desert.

(Courtesy of Melvin J. Konner.)
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Box 3.2

Methods for Determining Genetic Differences

Among Species

Four major methods have been used to investigate genetic differences between

species, or between populations within a species: (1) amino acid sequencing, (2)

immunological techniques, (3) electrophoresis, and (4) DNA hybridization.

AMINO ACID SEQUENCING

Amino acids are the building blocks of proteins, and the sequence in which

amino acidsare linked to form proteins is coded by genes, as described in Chapter5.

We can thus compare the sequence of amino acids in similar proteins in different

species in order to determine how similar they are genetically.

IMMUNOLOGICAL TECHNIQUES

Before biochemists discovered a technique for determining the sequence of

amino acids, various immunological techniques were used to compare proteinsin

different species. Immunology is the study of antibodies formed in the serum of blood

when a foreign substance, called an antigen (a protein or carbohydrate), is intro-

duced. The ABO blood-typing system is an example of an immunological system.

When antibodies against a particular protein are formed, they link with the protein,

creating a clump,or precipitate. In 1904, G. H. Nuttall used the immune responseto

study differences between species. Consider three species: chimps, rabbits, and

human beings. When chimp serum is injected into rabbits, the rabbits will form

antibodies to proteins in the chimp serum. Then serum from the rabbit (with the

‘‘anti-chimp’’ antibodies) is mixed with human blood. The anti-chimp antibodies in

the rabbit serum will link with humanproteins that are similar to the chimp proteins.

The great similarity between the chimp and human proteins will create a strong

precipitation, or clumping reaction. This method has been shownto agree with the

more recent amino acid sequencing results (Goodman,et al., 1971), and has been

used much more extensively in primate studies.

ELECTROPHORESIS

Another technique, called electrophoresis (literally, ‘‘carried by electricity’),

compares the overall charges of amino acids in an electrical field rather than actually

analyzing their sequences in proteins. This technique, which has been used exten-

sively in population genetics (Chapter 8), is shown in the figure on the facing page.
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Electrophoresis. Protein differences can be detected by placing various
proteins on a gel madeofstarch, agar, or polyacrylamide. Thegel with the
protein samplesis subjected to an electric current, usually for a few hours.
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solution is applied, which reacts with the protein to producea colored band
at those spots to which the protein has migrated. Differences between
proteins can be assessed by the number and position of the electrophoretic
bands. (Adapted from ‘‘The mechanism of evolution’ by F. J. Ayala.
Copyright © 1978 by Scientific American, Inc. All rights reserved.)
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Amino acid sequencing data Suggest that those proteins that show electrophoretic
differences are likely to differ in only one amino acid out of the hundreds in each
protein.

DNA HYBRIDIZATION

Another method combines DNA from different species. It compares the tem-
perature at which the combined DNA for two Species separates to the temperatureat
which recombined DNA from the same species separates.

    



 

Box 3.3

Genetic Differences Between Humans and Chimps

The methods described in Box 3.2 have been applied extensively to primates. To-

gether, the data suggest that Homo sapiens is closer genetically to the chimpanzee

and the other African apes than to any other extant primate species.

Amino acid sequence differences between humansand chimps have beenstudied

for 8 proteins, with a total of more than 1.000 amino acid sites. For these proteins,

only 2 amino acid differences were found between humans and chimps (King and

Wilson, 1975). The figure opposite shows immunological differences(in arbitrary units)

between selected mammals. Human beings are clearly more similar to the African

apes than to other primates, and differ relatively little from chimpanzees andgorillas

(Bruce and Ayala, 1978). When electrophoresis was used to compare 44 different

proteins in chimps and humans, about half were identical (King and Wilson, 1975).

We know that mostofthe proteinsthatdiffer are likely to differ in only one amino acid

out of the hundreds in each protein. DNA hybridization techniques show similar

results: chimp-human DNA combinations lead to an estimate of only a | percent

difference in DNA between the two species.

All of these methods demonstrate considerable genetic similarity between man

and chimp.In fact, the genetic distance between them is about that found for closely

related sibling species of other mammals. However, these data are commonly misin-

terpreted to mean that chimps and humansare about 99 percent genetically similar.

Some people (e.g., Washburn, 1978b) even go on to argue that humans must, there-

fore, be more than 99 percent genetically similar to each other. Note that we have

said that human and chimp DNAdiffers by only | percent. This is not the same as

saying that only | percent of their genes differ. As we shall see in Chapter 5, about 300

amino acids, on the average, are linked to form a protein. If a single one of these

amino acids is missing or in the wrong sequence, the resulting protein can be com-

pletely different. For example, sickle-cell anemia is caused by a single amino acid

substitution in a polypeptide, called the beta chain, of hemoglobin. There are 146

amino acids in the beta chain, but a single substitution causes the protein to malfunc-

tion. Thus, the difference between normal hemoglobin and the mutant form is less

than the 1 percent difference in DNA between chimps and humans(a difference in

only 1 out of 146 amino acids). However, the proteins are functionally very different.

Most mutations are of this type.

In other words, even though chimp DNA and human DNAarevery similar, their

protein products can be quite different. If the average protein has 300 aminoacids,

and if 1 in every 100 amino acidsdiffers between humans and chimps,every protein in

the human body could conceivably be different from every protein in the chimp body.

In fact, the probability that humans and chimpsare identical for a particular gene

product is only 52 percent, as computed from the electrophoretic data cited above

(Plomin and Kuse, 1979).

In summary, although humansare certainly more similar genetically to the African

apes than to other primates, considerable caution is required in answering questions

about absolute genetic differences between the species. One mustbe clear about the

meaning of the word genetic, and one must face the difficult issue, ‘How different is

different?’

 

a

Immunological differences. Immunological distances between selected mammalsare indicated

by the separation, as measured along the horizontal axis, between the branches of this ‘‘di-

vergencetree.”’ For example, the monotremes (primitive egg-laying mammals) are removed

 



  

     

Chimpanzee
Gorilla

Man

Gibbon

Rhesus

NEW WORLD MONKEYS

Spider monkey

ANTHROPOIDS

Tarsier

PROSIMIANS Bushbaby

Philippine tree shrew
Flying lemur

Elephant shrews
Marsupials
Monotremes

16 14 12 10 8 6 4 2 0

Antigenic distance (arbitrary units)
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Scientific American, Inc. All rights reserved.)
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man. The examples show genetic diversity growing over a long period of

time. In this section, we shall consider contemporary genetic variability

between species.

WhenLinnaeus defined the word species in 1735, he thought that each

species was an immutable unit specially created by God. We now knowthat

no system of taxonomy can perfectly capture genetic variability in unchang-

ing discrete units (species), because there is sizable genetic variability within

each species. Before discussing such intraspecies variability, we shall first

consider genetic variability between species.

Although the genetic variability of organisms closest to man in an evo-

lutionary sense is most interesting to us, it needs to be placed in a larger

context. The primate order belongs to the mammalian class, which includes

18 other orders, some of which were listed earlier. There are about 4,300

species in the mammalian class alone, but this great variability represents

only a small part of the phylum Chordata, which consists primarily of verte-

brates. There are about 3,000 amphibian species, 6,000 reptile species,

11,000 species of birds, and 28,000 species of bony fish. All told, there are

about 55,000 species of vertebrates. This genetic diversity, although impres-

sive, is minute when comparedto the invertebrates. There are an estimated

1,055,000 species in the phylum Chordata.

A microscopic view of single-celled organisms also adds to our

perspective on variability. It has been estimated that there are about

100 octillion living cells in the world today—that is, 100,000,000,000,-

000,000 ,000,000,000,000 (Hockett, 1973). Of these 100 octillion living cells,

perhaps as manyas 99 octillion (at least 90 octillion) are tied up in single-

celled organisms such as bacteria. We, the metazoan (multicellular) or-

ganisms, are in a decided minority. It should also be pointed out that this

variability includes only the survivors of the process of natural selection.

Many more species are extinct than extant.

EVOLUTION AND VARIABILITY

As discussed in Chapter 1, comparisons between species tend to be typologi-

cal, assuming invariant behavior among membersof each species. Although

comparisons among contemporary species can provide clues concerning evo-

lution, we must also study variation within species. Until recently, evolu-

tionary thinking has focused on differences between species and has scarcely

considered intraspecies differences. There is a common, but mistaken, ten-

dency to considerselection as a force that creates an ideal match between a

species and its environment, and to assumethatall membersof the species

conform to this ideal and show no important variations. Because of the

prevalence of this view, we shall discussit briefly at this time, and in more

detail in Chapter 8.

Asindicated in the previous chapter, Darwin recognized that variabil-

ity is the key to natural selection. He was uncomfortable with the prevalent
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blending notion of inheritance because it would halve variability each gener-
ation. We now knowthat inheritance does not involve blending, but rather
the discrete hereditary elements discovered by Mendel.

Natural selection is often equated with directional selection—selection
for an extreme of a character. Perhaps we are accustomedto thinking this
way becauseartificial selection is most often directional. We select for hens
that lay the most eggs, cows that produce the most or richest milk, and
horses that run the fastest. If selection is directional, genetic variability is
diminished because alleles favoring the selected characteristic tend to be-
come “‘locked into’’ the species. (See Chapter 8 for details.) Because direc-
tional selection squeezes out genetic variability, it leads to typological think-
ing. It has even been argued that traits that show genetic variability within
species are ‘‘genetic junk,’’ that is, unimportant evolutionarily.

However,stabilizing selection is another important selection strategy,
and it can maintain genetic variability. Even with artificial selection, stabiliz-
ing selection operates to keep the organism in balance. For example, as hens
are selected for extreme egg production,their fertility and general viability
usually diminish, thus counterbalancing the effects of extreme artificial
selection. Stabilizing selection is not nearly as dramatic as directional selec-
tion, but it is very commonin nature. Edward O. Wilson notes that ‘‘exam-
ples of counteracting (stabilizing) selection forces are easy to find in nature”’
and cites aggressive behavior, dominance systems, and sexual behavior as
examples (1975, p. 132).

Francis Galton, who wasresponsible for so manyfirsts, was one of the
first to consider stabilizing selection. During his travels in Africa, Galton
noticed the strong herding behavior of his pack-oxen. He considered the
survival value of this behavior in a paper published in 1871, and concluded
that stabilizing selection, rather than directional selection, was the best evo-
lutionary bet. A moderate amountof gregariousness appeared optimal for
both grazing and protection. Toolittle gregariousness would leave the oxen
in a vulnerable position for predators, and too much gregariousness would be
inefficient for grazing.

In their book on population genetics, J. F. Crow and M. Kimura con-
clude: ‘‘Several times in this book we have notedthat for almost any metri-
cal trait (except fitness itself) the most fit individuals are likely to have an
intermediate valuefor thetrait. If size is the trait, the species typically has a
characteristic size and individuals that are too large or too small are less
viable or fertile, and similarly for other quantitative traits’ (1970, p. 293).

Thus, stabilizing selection maintains the mean of a population. It also
can maintain genetic variability—as, for example, when heterozygotes have
a selective advantage. When many genesare involved, there may be some
reduction in variability, but this is a complex issue (Crow and Kimura, 1970).
These issues are discussed at greater length in Chapter8.

During the last decade, population geneticists have come to consider
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(that is, have two or more alleles—alternate forms of genes) in most species.

Although population geneticists agree that genetic variability within species

is ubiquitous, they disagree asto its evolutionary cause. *‘Neutralists’’ argue

that most of the variability is selectively neutral: it remains because it

doesn’t make a difference in terms of reproductive fitness. ‘‘Selectionists,’’

however, argue that variability is actively maintained by somesort of selec-

tional balance. While both positions are probably correct to some extent for

certain characteristics, several interesting examples of stabilizing selection

have been discovered in recent years (see Chapter 8).

For completeness, we should mention a third type of selection. Disrup-

tive selection favors both extremesof a characteristic, thus leaving the mean

unchanged but greatly increasing genetic variation.

In summary, because natural selection may actively maintain genetic

variability, we must consider genetic differences within species as well as

average differences between species. These issues concerning evolution and

genetic variability help in understanding the new field of sociobiology, and in

recognizing its relationship to behavioral genetics.

SOCIOBIOLOGY

Although behavioral scientists have long been interested in evolutionary

differences between species, one evolutionary theory has recently received

considerable attention (Campbell, 1975; Gregory, Silvers, and Sutch, 1978;

Wispé and Thompson, 1976). Sociobiology: The New Synthesis is thetitle of a

book by E. O. Wilson (1975) that capped a new waveof research on an old

problem. The old problem that sociobiologists have addressedis *‘altruism,”’

self-sacrificing behavior. How can such behaviorbe explained in Darwinian

terms? Darwin himself worried about this problem:

I will not here enter on these several cases, but will confine myself to one

special difficulty, which at first appeared to me insuperable, and actually fatal

to the whole theory. I allude to the neuters or sterile females in insect-

communities; for these neuters often differ widely in instinct and in structure

from both the males and fertile females, and yet, from being sterile, they cannot

propagate their kind. (Darwin, 1859, pp. 203-204)

Darwin’s answerto the problem involved group selection:

_ . if such insects had been social, and it had been profitable to the community

that a number should have been annually born capable of work, but incapable of

procreation, I can see no especial difficulty in this having been affected through

natural selection. (Darwin, 1859, p. 204)

In other words,if individual members of a group sacrifice themselves for the

good of the group, then that group is more likely to survive. The group
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selection hypothesis was brought into prominence by a book in which V. C,
Wynne-Edwards (1962) used group selection to explain why many animals
seem to reduce their reproduction altruistically.

However,group selection is difficult to reconcile with individual selec-
tion. In an altruistic group, one might expect selfish individuals to have a
selective edge overthe altruists. If the altruists are selected against because
some do not reproduce, andif the selfish individuals are favored in selection,
then the offspring of the selfish individuals might be expected to take over.

In Sociobiology, Wilson Suggests a different answer to the old problem
of altruism: ‘‘The answeris kinship: if the genes causing the altruism are
Shared by two organisms because of common descent, andif the altruistic
act by one organism increases the joint contribution of these genes to the
next generation, the propensity to altruism will spread through the gene
pool” (1975, pp. 3-4). Sociobiologists argue that the notion of individual
fitness should be extendedto inclusive fitness. Inclusive fitness is the fitness
of an individualplus thatpart ofthe fitness of kin that is genetically shared by
the individual (Hamilton, 1964). J. B. S. Haldane reportedly anticipated this
view when hejokingly announcedthat he would lay downhislife for two full
siblings or eight first cousins. Either two siblings (each sharing approxi-
mately 2 of his genes) or eight cousins (each sharing ¥s) would be his genetic
equivalent.

Inclusive fitness and kinship selection suggest that the unit of selection
is not the group or the individual, but the gene. This is the premise of
Dawkins’s (1976) book, The Selfish Gene. The title of the book implies that
genetic selfishness can explain seemingly altruistic acts of an individualif thenet result of the altruistic act helps more ofthat individual’s genes survive
and helps transmit them to future generations. This is the point of consider-ing inclusive fitness rather than individual fitness. Wilson (1975) summarizes
the sociobiological view of altruism: ‘‘A genetically based act of altruism,selfishness, or spite will evolve if the average inclusivefitness of individuals
within networks displaying it is greater than the inclusive fitness of individ-uals in otherwise comparable networks that do not display it’’ (p. 118).

Between-Species Examples of Sociobiology

Kinship selection theory makes the prediction that altruism shouldoccur more frequently as genetic similarity increases. Nearly all of the testsof this hypothesis have come from comparisons between species. That iS,why do somespecies show

a

certain kind of altruism while others do not?For example, in one of the papers forming the foundation for sociobiology,W. D. Hamilton (1964) used kinship selection theory to explain why someSpecies, such as honey bees,ants, and wasps,have a caste of female workers
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their genes with their young. Males, however, cannot be so sure. According
to sociobiology, the greateraltruistic attention of mothers to their offspring is
no less selfish from a genetic point of view than that of fathers.

Sociobiology has taken the first step in explaining some broad facts
about human behavior. However, in orderto pass beyondthese broad evolu-
tionary comparisons betweenspecies, we need to considerdifferences within
species. Why do some mothers neglect or even abuse their children? Whyis
there more parent-offspring conflict in some families than in others?

Sociobiology and Genetic Differences Within species

Sociobiology has focused on differences between rather than within
species. This focus is surprising in view of the fact that the foundation of
sociobiology rests on genetic differences within species. Kinship selection
theory begins with degrees of genetic relationship: full siblings share roughly
half of their segregating genes, half-siblings share one-quarter, cousins share
one-eighth, and so on. This important concept will be discussed in Chapter9,
but the word segregating needs to be emphasized now. As discussed in
Chapter 2, segregation refers to genes that have alternate forms (alleles)
that separate according to the laws discovered by Mendel. If all genes had
only oneallele (that is, if there were no genetic variation within a species),
then all members of that species would be identical genetically. In other
words, kinship would not matter becauseall members of the species would
be the same genetically. Thus, sociobiological theory implicitly requires ge-
netic variability within a species.

There have been a few attempts to apply kinship selection predictions
to the study of behavioral differences within species in order to explain why
some membersof a species are morealtruistic than others. Kinship selection
theory predicts that the answeris genetic selfishness; we are morealtruistic
to those who share more genes with us.

One study (Sherman, 1977) considered alarm calls in response to pred-
ators within a species of ground squirrels. (See Figure 3.8.) During more
than 3,000 hours of observation, researchers recorded 102 predator encoun-
ters that led to the death of 9 squirrels. Because squirrels who call out in
warning are morelikely to be stalked or chased by predators, alarm calls
qualify as altruism. Kinship selection predicts that alarm calls will be more
prevalent among individuals with morerelatives. This prediction is sup-
ported by the observation that females with kin gave more alarm calls than
females without kin. Females who were pregnant, lactating, or living with
postweaning young gavealarm calls 14 of the 19 times that they were present
when a predator appeared. Females with no known kin gave alarm calls
when a predator appeared on only 2 of 14 occasions. The data for the males
did not support kinship selection theory. For example, frequency of copula-



 
FIGURE 3.8

Groundsquirrel in position for alarm call. (Photograph by George D. Lepp;

courtesy of Paul W. Sherman.)

tion by males wasnotrelated to the frequency of their alarm calls. However,

it is difficult to interpret the data for the males because their total numberof

alarm calls was low and because ground squirrel society is decidedly ma-

trilineal.

In this study, variation was observed in alarm calls within a species.

The kinship selection theory prediction that such altruism will be more

common among individuals who have more relatives was confirmed for

females. However, this does not prove that altruism has a genetic base,

because relatives share environments as well as genes. For example,it is

possible that females who rear young learn to protect them as they were

themselvesprotected. If kinship selection theory is to be accurately applied,

it is necessary to determine the extent to which observed variability is

genetic in origin.

Sociobiology and Behavioral Genetics

Sociobiology and behavioral genetics are both concerned, in part, with

the inheritance of social behavior. Part of the difficulty in defining the rela-

tionship between sociobiology and any other field of study is that the term

sociobiology has been defined to include all of evolution, genetics, and behav-
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ioral science. Wilson defined sociobiology as the ‘‘systematic study of the
biological basis of all social behavior’’ (p. 595). There is no apparentjustifica-
tion for such an all-encompassing definition.

The definitive contribution of sociobiology to evolutionary theory in-
volves only the extension of individual fitness to inclusive fitness. When this
definition is used, behavioral genetics differs from sociobiology in several
important ways. First, behavioral genetics includes many genetic perspec-
tives on behavior: Mendelian single-gene approaches, molecular genetics,
quantitative genetics, population genetics, and evolutionary genetics.
Sociobiology is concerned primarily with the last two, although an evolu-
tionary approach to behavior can incorporate the other perspectives
(Broadhurst, 1979). Second, behavioral genetics is not limited to studying
social behavior. For example, in studies of human beings, individual behav-
ior such as specific cognitive abilities and psychopathology have been the
focus of many behavioral genetic investigations. Third, behavioral genetics
focuses on differences within species, while sociobiology emphasizesdiffer-
ences between species. Although both perspectives are useful, the distinc-
tion between them is important. The causes of average differences between
species may be unrelated to the causes of individual differences within
species. For example, similarities between humans and chimps may be due
to their genetic similarity, but either genetic or environmental factors may be
primarily responsible for differences within either species. Similarly, differ-
ences within either species could be largely genetic in origin, yet average
differences in behavior between the species could be caused by the influence
of culture on humanbehavior. Finally, behavioral genetics has developed
methods to assess the extent to which observed behavioral variation can be
ascribed to genetic or environmental influences.It is important to note that
most human and nonhuman behaviors studied by behavioral geneticists are
found to be influenced by both heredity and environment. In contrast,
sociobiological discussions of human behaviortend to rely on averagediffer-
ences and similarities between the human species and other contemporane-
ous Species, average differences and similarities among contemporaneous
humancultures, and speculations concerning the adaptive value of behaviors
in hunter-gatherer societies. E. O. Wilson’s (1978) book, On Human Nature,
exemplifies a sociobiological approach to human behavior.

For example, here is how a behavioral geneticist would approach the
issue of parental care in humans. Rather than taking a typological approach
by asking how paternal care differs on the average from maternal care, a
behavioral geneticist would study the variability in parental care. Parents
vary from smothering protectiveness of their children to neglect, rejection,
and even abuse. After describing such variations in human parental care, the
next question concernsthe extent to which genetic and environmental influ-
ences are involved in causing such variation. Environmental causes seem
likely at the outset. For example, a common hypothesisis that child abusers
were themselves abused as children and thus learned to react to the frustra-
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tions of rearing a child in this destructive manner. However,it is also possi-

ble that genetic factors are involved. For example, child abuse may run in

families because of an inherited propensity to be emotionally labile, or

short-tempered. However, such armchair speculation will not answer the

question. In families in which parents rear their own children, both genes and

environment are shared, so we cannot separate their effects. Behavioral

geneticists, therefore, use special designs, such as the adoption study, in

which either genes are shared or environments are shared, but not both. In

this way, a behavioral geneticist can study differences in parental care and

determine the extent to which that variation is genetic or environmental in

origin.

GENETIC VARIABILITY WITHIN SPECIES

An important lesson to be learned from evolution is the pervasiveness of

genetic variability. Most evolutionary theorists focus on genetic variability

from one species to another. However, as described in Chapter 2, genetic

variation within species is the basis of the evolutionary process. Humans

have at least 100,000 genetic loci, and at least a third of these may have two

or morealleles. The potential variability within the human speciesis so great

that it is next to impossible to imagine that there have ever been twoindivid-

uals with the same combination of genes. In fact, each of us has the capacity

to generate 103°different eggs or sperm. The numberof sperm ofall men

who have everlived is only 1024. If we consider 10°possible eggs being

generated by an individual woman and the same numberof sperm being

generated by an individual man, the likelihood of anyone else with your

genotype in the past or in the future becomesinfinitesimal (Bodmer and

Cavalli-Sforza, 1976).

It might be said of the behavioral sciences that they havefinally become

aware of Darwin, but have not yet taken note of Mendel. This exaggerated

statement means that behavioral scientists have begun to recognize the evo-

lutionary origins of differences between species, but have notyet understood

the variability inherent in the genetic reshuffling of sexual reproduction. It

creates a different picture of variability. Our biological system is not merely

tolerant of differences. The system generates differences, and depends on

them. They are the sine qua non of evolution, the quintessence of life. This

subject is the topic of the next chapter.

SUMMARY

Genetic varibility is the key to understanding evolution. We can look at it

dynamically as it varies over timein the evolutionary record, or we can take

a contemporary cross section of the evolutionary process by considering
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genetic variability between species and genetic variability within species. Lifebegan about 3.5 billion years ago with ‘“‘the replicators.’’ Green plants andinvertebrates led the invasion of the land, and reptiles and mammals fol-lowed in a relatively short time. Primates and the hominid lines are veryrecent. Although behavior does not fossilize, there are methods to narrowdownthe possibilities concerning behavioral evolution. One method is tostudy current species and attempt to piece together the puzzle of the evolu-
gy makessuchinterspecies predictions based onkinship selection theory. Although sociobiologists tend to focus on in-terspecies genetic variability, behavioral geneticists concentrate on geneticvariability within a species.



Although genetics teachers can dream up very complicated problems,

the basic principles of Mendelian genetics are elegantly simple. This is not to

say, of course, that the field of genetics is without its complexities. The

search for detailed understanding of the transmission of hereditary factors

and their mode of action has led investigators to look into cytology, em-

bryology, physiology, biochemistry, biophysics, and mathematics. How-

ever, the fundamentals of Mendelian genetics were established without

knowledge of the physical or chemical nature of the hereditary material.It is

still convenient to introducethe principles of genetics by treating the heredi-

tary determinants as hypothetical factors.

MENDEL’S EXPERIMENTS AND LAWS

To understand the logic of Mendel’s experiments, it is helpful to remember

that in the 1800s no one knew about genes, and that the prevailing theory of

inheritance was pangenesis (as discussed in Chapter 2). Much of the research

on heredity involved crossing plants of different species. A critical drawback

to this approach is that the offspring are usually sterile, meaning that suc-

ceeding generations cannot be studied. Also, the features of the plants that

were investigated were too complex for clear analysis. Mendel’s success can

be attributed in large part to circumventing these problems. He crossed
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different varieties of pea plants of the same species, and thus obtainedfertileoffspring that could be crossed to study subsequentgenerations. In addition,he picked simple qualitative (“either-or’’) traits that happened to have anumber of fortunate characteristics that we shall] consider in a moment.Mendel also countedall the Progeny rather than being content, as his pre-decessors had, with a verbal summary ofthe typical result.Mendel’s research involved two kinds of experiments. The first which

States that there are two ‘“‘elements”’ of heredity for each character, and thatthese two elements Separate, or segregate, during inheritance. Offspring re-ceive one of the two elements from each parent. These elements do not blendin inheritance, as the theory of pangenesis Suggested. The second type ofexperimentutilized dihybrid and trihybrid crosses, and traced the inheritanceof characters considered two or three at a time. The dihybrid and trihybridexperiments led Mendel to conclude that the hereditary elements for onecharacter assort independently of the elements for other characters. In otherwords,the inheritanceofonetrait in no wayinfluencesthe inheritance of theother. This conclusion is now known as Mendel’s second law, the law ofindependent assortment.

Monohybrid Experiments

Mendel looked at seven qualitative traits of the pea plant. Three ofthese included: whether the seed was green or yellowinside (the cotyledon)

that the traditional view of blending inheritance was not correct. The F, didnot have seeds that were moderately wrinkled. Because these F, offspringwere fertile, Mendel was able to take the next step of self-fertilizing plantsfrom the F, generation to Study their offspring, known as F,. The resultswerestriking: 34 of the offspring had round seeds, and 4 had wrinkled seeds.Of the 7,324 seeds from the F,, 5,474 were round and 1,850 were wrinkled.This result suggests that the factor responsible for wrinkled seeds had not



   

  

  

 

  

  

  

  

  

  

 

  
  

    
    

 

Box 4.1

Mendel’s Classic Paper: Monohybrid Results

ht years of research on the pea plant ata meeting

in 1865, and his paper was published in 1866.

one of genetics, we have excerpted the following

s.* Box 4.2 describes his dihybrid

Mendelpresented the results of eig

of naturalists in Brunn, Moravia,

Because this paper is the cornerst

sections, which focus on his monohybrid result

results.

EXPERIMENTS IN PLANT-HYBRIDIZATION

Experience of artificial fertilisation, such as 1s effected with ornamental

plants in order to obtain new variations in colour, has led to the experiments

which will here be discussed. The striking regularity with which the same

hybrid forms always reappeared whenever fertilisation took place between the

same species induced further experiments to be undertaken, the object of

which was to follow up the developments of the hybrids in their progeny....

The paper now presented records the results of such a detailed experiment.

This experiment was practically confined to a small plant group, and is now,

after eight years’ pursuit, concludedin all essentials. Whether the plan upon

which the separate experiments were conducted and carried out wasthe best

suited to attain the desired end is left to the friendly decision of the reader....

The Forms of the Hybrids (Fi)

_, ,in this paper those characters whichare transmitted entire, or almost un-

changedin the hybridisation, and therefore in themselves constitute the charac-

ters of the hybrid, are termed the dominant, and those which become latent in

the process recessive. The expression ‘‘recessive’’ has been chosen because the

characters thereby designated withdraw or entirely disappear in the hybrids,

but nevertheless reappear unchanged in their progeny, as will be demonstrated

later on.... Of the differentiating characters which were used in the experi-

ments the following are dominant:

1. The round or roundish form of the seed with or without shallow de-

pressions.

2. The yellow colouring of the seed albumen [cotyledons].

  

rticultural Society of London. The original

Abhandlungen, 1866.* Translated by William Bateson and the Royal Ho

paper was published in Verh. naturf. Ver. in Brunn,

Given these facts, Mendel deduced a simple explanation involving two

hypotheses, summarized in Figure 4.1. First, each individual has two heredi-

tary factors, now called alleles (alternate forms of a gene), that determine

whether the seed is wrinkled or smooth. Thus, each parent has two alleles,

but passes only one of those to its offspring. The second hypothesis wasthat
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3. The grey, grey-brown, or leather-brown colour of

sociation with violet-red blossoms an i
4. The simply inflated form of the pod.
5. The green colouring of the unripe podin association with the same colourin the stems, the leaf-veins and the calyx.
6. The distribution of the flowers along the stem.
7. The greater length of stem....

The Generation From the Hybrids [F,]

The relative numbers which were obtained for each pair of differentiatingcharacters are as follows:

Expt. 1. Form of seed.—From 253 hybrids 7,324 seeds were obtained inthe secondtrial year. Among them were 5,474 round or roundish onesand 1,850 angular wrinkled ones. Therefrom the ratio 2.96 to 1 is de-duced.

Expt. 3. Colour of the seed-coats.—Among929 plants 705 bore violet-red
flowers and grey-brown Seed-coats; 224 had white flowers and white
seed-coats, g ‘ing the proportion 3.15 to 1.

Expt. 4. Form of pods.—Of 1,181 plants 882 had them simply inflated,
and in 299 they were constricted. Resulting ratio, 2.95 to 1.

 
Expt. 5. Colour of the unripe pods.—The numberoftrial plants was 580,
of which 428 had green pods and 152 yellow ones. Consequently theseStand in the ratio 2.82 to 1.

 

Expt. 6. Position of flowers.—Among 858 cases 651 had inflorescences
axial and 207 terminal. Ratio, 3.14 to 1.

Expt. 7. Length of stem.—Outof 1,064 plants, in 787 cases the stem was
long, and 277 short. Hence a mutual ratio of 2.84 to J....

 

plant with round seeds has two alleles forround seeds (A,A,). The truebreeding parent plant with wrinkled seeds isA,Ag. Thus,the F, offspring will have oneallele from each parent (A,A,). IfA,dominates A,, the F, will have round seeds. Th
Mendel’s theory would predict that when F
with other F, individuals (A,A, with A,A,),

€ real test is the F, population.
1 S are self-fertilized or crossed
’4 of the F,’s should be A,A,,%
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¥, round, '4 wrinkled

FIGURE4.1

Summary of Mendel’s monohybrid experiments.

ates Ao, then AiA2 should
A,Ae, and 4 AzApz. However, assuming A, domin

have roundseeds and
have round seedslike theA,A1. Thus, %4 of the F, should

14 wrinkled, which is exactly what

pleted many experiments with otherc

plants, and they all confirmed this theory.

At this point, we need to introduce several terms in addition to genes

and alleles. Individuals with the same alleles for a particular gene are called

with different alleles are heterozygotes. The truebreeding

otes (A,A, or A2A,) and the F, wereall

heterozygotes (A ,A2). Genotype refers to the genetic constitution of an indi-

vidual. With two alleles for a gene, three possible genotypes exist for that

particular gene: A,A1, AA, and A,A,. We observe the phenotype, not the

genotype. For example, in the F, population, the genotypes were distributed

inal:2:1ratio(4A,A1, 2A1A2, and 4A,A,), while the phenotypes were in

a 3:1 ratio (4 round, 4 wrinkled). In other words, the phenotype does not

necessarily reflect the genotype, since the A,A> genotype has the same ap-

pearance as the A,A, genotype. It was fortunate for Mendel’s theory that

dominanceof the A, allele over the A, allele was complete. If there had been

no dominance, the A,A2 phenotype would have been in between the AA,

and the A.A» phenotypes, and it would have appeared as if blending had

occurred in the F,. Different types of gene expression are represented in

Figure 4.2. For Mendel’s seven pea plant characteristics, there was complete

dominance in the sense that the phenotypic value (appearance) of the

heterozygote genotype was the same as that of one of the homozygote

genotypes. The other side of the coin is recessiveness. Rather than saying that

the A, allele dominates the A, allele, we could say that the A, allele is

recessive to the A, allele. If, on the other hand, A; were completely recessive

to A>, then the A,A, genotype would look the same as the A,A» genotype.

These examples consider only complete dominance and recessiveness, but

both could be partial. That is, the A,A>2 heterozygote can lie anywhere in

between the observed value for one homozygote and that of the other.

Mendel summarized his theory with the law of segregation: Inheritance

is particulate; that is, there are discrete an

parental varieties were all homozyg
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FIGURE 4.2

Graphical representation of four different types of gene expression.

that are transmitted so that offspring have two units, one from each
parent. In other words,alleles of a gene pair separate cleanly, with no re-
sidual effects on each other. An A, allele transmitted from an A,A, parent is
no different from one transmitted by an A,Ay, parent. The ratios in the F,
population are called monohybrid segregation ratios: ‘‘mono’’ because they
consider only onetrait, such as the roundnessof the seed; ‘“‘hybrid’’ because
they are the result of a cross between two truebreeding populations: and
‘"segregation’’ because they showthatthealleles separate out, or segregate,
in the F, generation. The 1:2: 1 ratio is the monohybrid genotypic segrega-
tion ratio, and the 3: 1 ratio is the monohybrid phenotypic segregation ratio.

Another way of looking at the law of segregation is described in Table
4.1. Each gamete (sperm or egg) contains one allele from each gene pair
carried by the parent who produced the gamete. F, individuals are all
heterozygous, A,A». When they are crossed to breed the F, generation, half
of the sperm will carry the A, allele and the otherhalf will carry the A, allele.

TABLE 4.1

F, offspring from a monohybrid F, cross

 

Sperm

WY A, YA,
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This is also true for the female gametes. If sperm and eggs unite at random,

the offspring produced are those described in Table 4.1. There are three

different genotypesin the Fy». Their relative frequencies are: 44A,A,, 2AAo,

and 4 AjAg. If dominanceis complete, no difference will be observed be-

tween the A,A, and A,A, genotypes, thus yielding a phenotypic segregation

ratio of 3: 1.

Dihybrid Experiments

Mendelalso experimented with crosses between varieties of plants dif-

fering with respect to twotraits, resulting in dihybrid segregation ratios in the

F, population. Box 4.2 contains a short excerpt from Mendel’s paper detail-

ing some of these results. As described in Box 4.2, Mendel crossed true-

breedingplants that had beth yellow cotyledons(theinside of the seed, which

Mendelcalls ‘‘albumen’’) and round seeds with truebreeding plants that had

green cotyledons and wrinkled seeds. The F, seeds were all round with

yellow cotyledons, because roundness and yellowness dominate. The excit-

ing question concerned the Fy. Would yellowness and roundness be transmit-

ted as a package, or would they be inherited independently? When he opened

the pods of the F,, he found that about 3/16 of the seeds were yellow and

wrinkled, and a similar number were green and round. Thus, Mendel con-

cluded that the two traits were inherited independently. The observed ratio

was 9:3:3:1. (See Box 4.2.) That is, °/16 were dominant for both traits

(yellow and round), 3/46 were dominant for color and recessive for texture,

3/16 were recessive for color and dominant for texture, and '/1e were reces-

sive for both traits. This ratio is now knownasthe dihybrid phenotypic segre-

gation ratio.

These findings are summarized by Mendel’s second law, the law of

independent assortment: When two traits are inherited, the alleles for each

gene assort independently of the other gene. In other words, the alleles of

each of the genes segregate as they would have in a monohybrid cross. For

example, !?/16 of the seeds were yellow and 4/16 were green, whichis the 3: 1

monohybrid segregation ratio for color of the cotyledon.

If we generalize the dihybrid cross to eggs and sperm, we see in Table

4.2 that the dihybrid individuals (for traits A and B) of the F; generation

producefourdifferent kinds of gametesin equal frequencies: 4A1B,,V4A,Bo,

4 AB,, and 4 A2,B.. Because the two genes, A and B, are transmitted

independently, we can determine their joint frequency by multiplying their

separate probabilities. For example, the probability of having an A, allele in

the sperm of anA,Az individual of the F, generation is 2. (See Table 4.1.) For

theB gene, the probability of having aB, allele is also 2. Thus, the probability

that F, sex cells contain both A, and B, is the product of their respective

probabilities: 42 x 2 = 4, as indicated in Table 4.2.

Because the F, generation results from crosses or self-pollination of F,
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Box 4.2

Mendel’s Classic Paper: Dihybrid Results

Box 4.1 contains quotations from Mendel’s presentation of his monohybrid results.
The following is an excerpt from his discussion of the results when two traits were
investigated simultaneously.* The concluding sentence is his statement of the law of
independent assortment:

THE OFFSPRING OF HYBRIDS IN WHICH SEVERAL
DIFFERENTIATING CHARACTERS ARE ASSOCIATED

one essential character. The next task consisted in ascertaining whetherthe law
of development discovered in these applied to each pair of differentiating
characters when several diverse characters are united in the hybrid by cross-
ing....

In orderto facilitate the study of the data in these experiments, the different
characters of the seed plant will be indicated by A, B, C, those of the pollen
plant by a, b, c, and the hybrid forms of the characters by Aa, Bb, and Cc.

 
Expt. 1.—AB, seed parents:

A, form round;

B, albumen yellow.

ab, pollen parents;

a, form wrinkled;

b, albumen green.

Thefertilised seeds appeared round and yellow like those of the seed parents.
The plants raised therefrom yielded seeds of four sorts, which frequently pre-
sented themselvesin one pod.In all, 556 seeds were yielded by 15 plants, and
of these there were:

 

315 round and yellow,

101 wrinkled and yellow,

108 round and green,

32 wrinkled and green....

. . the relation of each pair of different characters in hybrid unionis indepen-
dent of the other differences in the two original parental stocks. 

  



TABLE 4.2

F, offspring from a dihybrid F, cross

i

Sperm

 

4 A,B, 14 A,B, 4 AB, 4 A,B,

ye A\A,B,B, "16 A,A,B,B, lo AyA,B,B, ‘he A,A,B,B,

ye AyA,B,B,  */16 A,A,B,B,  ‘/16 A,A,B,B,  ‘/16 A,A,B,B,

Eggs

16 AjA,B,B, ‘16 A,A,B,B, 16 AgA2B,B, "16 A,A,B,B,

6 A,A2B,B, 16 A,A,B,B, 6 AA,B,B, ‘V6 A,A,B,B,

 

individuals, we can determine the kinds and expected frequencies of F,

offspring from a consideration of the sex cell combinations illustrated in

Table 4.2. This results in a table with 16 cells, with some of the same

genotypes appearing in more than one cell. For example, there are two cells

that each contain !/16 A,A,B,B>. Notice that the genotypes add up to the

9:3:3:1 dihybrid phenotypic segregation ratio.

Mendel waslucky in his studies of monohybrid ratios to find single-

gene, two-allele traits that operate with complete dominance. There are

many othertraits, such as the size of the seed, that are influenced by more

than one gene. And there are many genes with more than two possible

alleles. These complications would have made Mendel’s search for laws of

inheritance much moredifficult. His luck held when he considered dihybrid

segregation ratios. We know that genes are notjust floating around in eggs

and sperm. They are carried on chromosomes, which literally means ‘*col-

ored bodies’ because they stain differently from the rest of the nucleus of

the cell. Genes are located at places called /oci (singular: locus) on chromo-

somes. Eggs contain one chromosome from each pair of the mother’s

chromosomes and sperm contain one from eachpair of the father’s. An egg

fertilized by a sperm thus hasthe full chromosome complement—in humans,

23 pairs of chromosomes. If Mendel had studied two genes that were close

together on the same chromosome, the results would have surprised him.

The twotraits would not have been inherited independently. In fact, if they

had been very close together on the same chromosome, Mendel would not

have found yellow, wrinkled seeds nor round, green seeds. We will discuss

this issue in more detail in Chapter6.

When Mendel read the paper about his theory of inheritance in 1865,

reprints were sent to scientists and libraries in Europe and the United States,

and one even landed in Darwin’s office. However, Mendel’s findings on the

pea plant were ignored by most biologists, who were moreinterested in the

evolution of higher animals. Mendel died in 1884, without knowing the pro-

found impact that his experiments would have during the twentieth century.
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and audiogenic seizures in mice, or mental retardation in humans, seem farremoved from pea seeds, thelaws of heredity discovered by Mendelapply tobehavioras well as to peas. Weshall now consider single-gene influences fora few behaviors in human and nonhuman animals.

DISTRIBUTIONS

If a particular behavior is primarily influenced by a single gene, it can beexpected to display an ‘‘either-or’’ expression. For example, Mendel consid-ered his peasto be either round or wrinkled. This sort of distribution is calledqualitative, or discontinuous. However, most behaviors are not distributedin this either-or fashion. Instead, they show smooth, continuousdistributions.This may be because these behaviors are influenced by many genes, eachhaving small effects, as well as by many environmental factors. For suchbehaviors, simple Mendelian crosses that assumea single gene are not ap-propriate. Instead, we need to use the methods of quantitative genetics, asdiscussed in Chapters 9 to 13. However, some behaviors show an either-ordistribution, thus Suggesting the influence of a single major gene.
One example of an approximateeither-or distribution in humansis the

Unlike most behavioral characters, PTC tasting is not normally distrib-uted with most people scoring at the average. Instead, the distributions,particularly for the English, have two humps (called a bimodaldistribution)—onefor high thresholds, and one for low thresholds. Variationwithin the taster and nontaster categories could be due to segregation atother loci that have relatively small effects on taste sensitivity to PTC, toenvironmental variation, or to error of measurement. This bimodalitysuggests that a single major gene may underlie PTCtasting. Simple Mende-
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Distributions of taste thresholds for PTC in 155 English males, 74 Africans, and 66

Chinese. The strongest solution (1) had a concentration of 0.13 percent in water, the

next (2) half this strength, and so on through 13. (From **Taste deficiency for

phenylthiourea in African Negroes and Chinese”’ by N. A. Barnicot. Annals of

Eugenics, 1950, 15, 148-254. Reprinted by permission of Cambridge University

Press.)

lian crosses, as described in the next section, support the hypothesis that it is

a single-locus, two-allele character, with theallele for tasting PTC dominant.

Other examples of discontinuous distributions include genetic diseases with

behavioral effects. For example, PKU is a single-gene, recessive condition

that causes severe retardationif untreated, as discussedlater in this chapter.

Although most behavioral characters show smooth, quantitative varia-

tion, rather than qualitative variation, this does not rule out the possibility

of single major genes. A major gene may be at work, althoughits role may be

diminished by genetic and environmental effects that cause quantitative vari-

ation. A related factor is that genotypes do not always express themselves in

the same wayin all individuals, due to the complexity of the developmental

pathways by which genes are expressed in the phenotypes. Characters that

are not expressedin all individuals with the appropriate genotype are said to

be incompletely penetrant. Those genotypes that are expressed to varying

degrees are said to display variable expressivity. Although not fully under-

stood, incomplete penetrance and variable expressivity are presumably due to

the effects of either environment or other genes. In any case, these phenomena

can cloud the effects of single genes.

However, the major difficulty in ascertaining single-gene influences in

behavior may be a measurement problem. The phenotypes that behavioral

scientists study are often heterogeneous collections of diverse and compli-

cated behaviors. For example, it is unlikely that a single gene can be found

for complex behavioral problems such as reading disability or hyperactivity.

With cancer research, we no longer talk about the cause or the cure of

cancer, but rather the causes and cures of cancers, because we know that
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chromosome.

MENDELIAN CROSSESIN MICE

With experimental animals, we can conduct behavioral] Studies parallel toMendel’s studies of pea plant characteristics. Crosses between truebreedingparental populations yield an F, generation, and the members of the F,generation can be crossed to produce an F,. Oneofthe favorite subjects ofbehavioral genetics research is the mouse.

The Genetics of Waltzer Mice

Manystudies have been made concerning the effects of a single-genemutation on mouse behavior. For example, one of the earliest behavioralconditions studied in mammals wasthat of *‘waltzing’’ in mice. In Spite ofthe name, animals exhibiting this behaviorare quite ungraceful. They shaketheir heads, circle rapidly, and are very irritable. Waltzer mice were prizedby mouse fanciers and imported to Europe and North America from Asiaaround 1890 (Gruneberg, 1952). Several different waltzer conditions areknown. For example, the Nijmegen waltzer (Van Abeelen and van der Kroon,1967) runsin tight circles in both directions with both horizontal and verticalhead shaking. Researchers wondered whetherthis wasthe result of a singlegene. When waltzer males were crossed with waltzer females, all offspring

Waltzers were then crossed with a nonwaltzing population to produce an F1generation. Of the 254 offspring, all were nonwaltzing. This suggests that, ifasingle gene is operating, the allele for waltzing is recessive to the normalallele.
If a single recessive allele causes waltzing, the F, generation shouldyield the typical Mendelian segregation ratio of 34 nonwaltzer and 14 waltzer.As shown in Table 4.3, the data from the F, are very close to the expected



TABLE 4.3

Data observed and expected on the basis

of a single-locus autosomal-recessive model

for F, Nijmegen waltzer mice
FSS

Normal Mutant

ee

Observed 124 47

Expected 128.25 42.75

nn

ee

sourcE: After van Abeelen and von der Kroon, 1967.

There are many other examples of inherited neurological defects in

mice. Most appear to be due to single-locus, recessive genes. However,

some are caused by dominant genes, and a few appear to be due to the

combined effects of genes at several loci. A partial list of some of these

conditions is presented in Table 4.4. The highly descriptive names convey

some of the diversity of behavioral anomalies that have been described.

However, the study of behavioral mutants in mice has been eclipsed in

invertebrate organisms, such as round wormsandfruit flies. These will be

discussed in the next chapter because they illustrate the chemical nature of

genes as it affects behavior. We shall now consider a couple of additional

examplesof effects of single-gene mutations on mouse behavior in order to

introduce other concepts of Mendelian analysis.

The Genetics of Twirler Mice

Exact Mendelian ratios are not always observed, even for single-locus

characters. For example, the ‘“‘twirler’’ mouse wasfirst described by Mary

Lyon (1958) as shaking its head frequently ina horizontal plane and circling.

Evidence indicated that this condition was probably due toa single dominant

allele.One test of this hypothesis is to cross twirler males and twirler fe-

males. If a single dominant allele is at work, twirlers (born to twirler, crossed

with nontwirler, parents) are heterozygotes, and this cross should be like an

TABLE 4.4

Partial list of inherited neurological defects in mice

Name
Class of Syndrome

Waltzer-shaker Shaker (1 and 2), pirouette, jerker, waltzer,

varitint-waddler, fidget, twirler, zigzag

Trembler, spastic, tottering

Quaking, jimpy, reeler, agitans, staggerer
Incoordination

Convulsive
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F, cross. Their offspring should show the typical 3:1 F, segregation ratio.
However,the results of the cross yielded 84 twirler offspring and 58 normal
offspring. Since a 3: 1 segregation ratio would produce 106.5 twirlers and
35.5 normal offspring, the observed ratio departs significantly from these
expectations.

However, dominant mutant genes are often lethal in the homozygous
condition. If individuals having the homozygous genotype die before inves-
tigators observe their behavior, the expected ratio among offspring of a
monohybrid cross would be 2 twirlers to 1 normal instead of 3: 1. Whenthis
hypothesisis tested, a slight deficiency of twirler offspringis still noted, but
the departure from expectation is not sufficient to be statistically significant.
Subsequent research supportsthis hypothesis. About 25 percent of newborn
offspring resulting from twirler crosses have a cleft palate or cleft lip and
palate. These pups die within 24 hours of birth and consequently would not
be observed for behavioral abnormalities. These mice are believed to be the
missing homozygotes, accounting for the 2: 1, rather than the 3: 1, ratio.

The Genetics of Audiogenic Seizures in Mice

Twoother points about single-gene analyses can be made based on the
example of sound-induced seizures in mice. Some mice respond to high-
frequency sound with wild running, convulsions, and even death; others are
apparently unaffected byit. The first point is that behavioral genetics analy-
Sis is Only as reliable as the behavioral measurements on Which it is based.
The second point is that Mendelian crosses need not be limited to an analysis
of the F, and F, generations. Predictions can be made to test the hypothesis
of a single gene using other crosses, such as a cross between the F,
generation and the parental population.

Earlier work suggested various modesof inheritance for seizure sus-
ceptibility. Researchers suggested dominance (Witt and Hall, 1949), a two-
gene model (Ginsburg and Miller, 1963), and a polygenic model (Fuller,
Easler, and Smith, 1950). However, a measurement problem, dueto the fact
that subjects were tested repeatedly, may have obscured someofthe earlier
results. Animals from a seizure-resistant mousestrain becomesusceptible to
seizures if exposed to a loud sound at an early age (Henry, 1967). Thus,
repeated testing of animals may have confounded the response to thefirst
noise and the responseto later noises.

When the effects of initial exposure to a loud noise are measured, the
situation is greatly clarified (Collins, 1970; Collins and Fuller, 1968). Mice of
the CS7BL/6J strain, a strain whose members rarely convulse on initial
exposure to a loud noise, were crossed with mice of the DBA/2J strain,
whose membersalmost always convulse oninitial exposure. Asillustrated in
Figure 4.4, several additional crosses were conducted in order to provide
more extensive analyses. The F, animals were crossed back to the parental



C57BL/6J DBA/2J
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Backcross, F, Backcross,
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FIGURE 4.4

Various crosses used to testa

single-gene model for

audiogenic seizures in mice.

 

BB, Percentages in parentheses

(17%) refer to the data in Table 4.5.

lines. These crosses are appropriately called backcrosses. B, is the

backcross to one parentalline (P,, for example, the C57BL strain) and B, is

the backcross to P, (DBA). An F, generation was also obtained, as well as

crosses between the two backcross generations and the F, generation, yield-

ing generations symbolized as B,F, and B,F,. The two backcross generations

were also crossed (B,Bz).

Mice from these 9 groups were individually tested for initial seizure

susceptibility at 3 weeks of age. Each subject was placed in a box and

exposed to an electric bell that was rung until the onset of a convulsion or for

4 maximum of 1 minute. The proportions of seizures observed and expected,

assuming a single-locus model, are presented in Table 4.5. As indicated in

this table, CS7BL mice had noseizures, almost no F, mice had seizures, but

almost all DBA mice had seizures. These results suggest that susceptibility

to audiogenic seizure oninitial exposure to the loud noise may be determined

at a single locus by a recessive allele.

In order to test the adequacyof this single-locus, recessive model, it

may be hypothesized that: (1) DBA mice are homozygousrecessive, and

thus prone to audiogenic seizures; (2) C57BL mice are homozygous domi-

nant; and (3) F, mice are heterozygous. The observed proportion of seizures

by these genotypes can be used to predict the proportion having seizures in

each of the 6 segregating generations. For example, in the F, generation, the

genotypic segregation ratio should be 4 homozygous dominant (with a sei-

zure frequency of 0.000) to 2 heterozygous (with a seizure frequency of

0.011) to 4 homozygousrecessive (with a seizure frequency of 0.983). Thus,

the expected proportion having seizures in the F, generation can be calcu-

lated as follows: 14(0.000) + 12(0.011) + 14(0.983) = 0.251. It may be seen in

Table 4.5 that the results conform closely to those expected on the basis of

the model. These results are consistent with the hypothesis that the differ-

ence between these two strains in their susceptibility to audiogenic seizures
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TABLE 4.5

Summary of data and genetic analysis for the incidenceofinitial
audiogenic seizures in miceOe

 

Proportion
Proportion ExpectedGeneration Number of Observed to Have

Subjects to Have Seizures
Seizures (Single-Locus

Autosomal Model)E
E

ree’)

P, (C57BL/6J) 45 0.000
P, (DBA/2J) 58 0.983
F, 89 0.011
B, 115 0.035 0.006
By 119 0.513 0.497
F, 105 0.247 0.251
B,F, 128 0.070 0.128
BoF, 96 0.344 0.374
B,B, 185 0.168 0.191oo

EE

SOURCE: From Collins and Fuller, ‘‘ Audiogenic seizure prone(asp): a gene affecting behaviorinlinkage group VIII of the mouse,” Science, 162, 1137-1139, 1968. Copyright © 1968 by theAmerican Association for the Advancement of Science.

is due to a single gene, and that seizure susceptibility is a recessive trait.
Althoughtheseresults are consistent witha single-gene hypothesis, they

are also consistent with other models such as a two-gene model. A two-gene
model would also predict these results if the effects ofthe alleles at the twoloci
simply added to producethe effect. A two-gene model would hypothesize that
the C57BL mice are of genotype A,A,B,B, and the DBA are A,A,B,B,. The
predictions for this two-gene model wouldbe identical to those for the single-
gene model. Thus, although the data are compatible with a single-gene model,
they also fit other models. One wayto provide moredefinitive support for the
single-gene modelis to study the prevalence of the behaviorin various inbred
strains or in recombinantinbred strains. These methods are discussed in the
following sections. As discussedin the section on recombinantinbredstrains,
recent evidence from a study usingthis technique suggeststhat the difference
between the C57BL and DBAstrainsin susceptibility to audiogenic seizuresis
due to more than one gene.

Inheritance of the tendency of some miceto squeak whenlifted by their
tails was investigated in anothertest of a single-gene hypothesis. Glayde
Whitney (1969) found that CS57BL mice rarely vocalize whenlifted by their
tails, but about two-thirds of the JK strain vocalize. Table 4.6 summarizes



TABLE 4.6

Genetic analysis of handler-induced vocalization in mice

eneoe

eee

Proportion Proportion
, Numberof P Expected

Generation Observed ;
Subjects to Vocalize

to Vocalize (Single-Locus Model)EEE

ees

P, (CS7BL) 70 0.03

P, (JK) 71 0.68

F, 99 0.56

B, 47 0.26 0.29

Bs 45 0.62 0.62

F, 80 0.46 0.46

To
a

souRcE: After Whitney, 1969.

the results of the various crosses. F; mice from the cross between C57BL

and JK strains vocalize somewhatless than JK mice, but considerably more

than C57BL mice. Thus, if the single-gene hypothesis is correct, partial

dominanceis suggested.In fact, the observed proportions in Table 4.6 agree

closely with the expected results.

In discussing susceptibility to audiogenic seizures, we mentioned that

one way to provide more definitive support for the single-gene modelis to

study the prevalence of squeaking in various inbredstrains. Iftwo or more loci

influence squeaking, somestrains of mice should show intermediate frequen-

cies of squeaking. When Whitney tested seven different inbred strains of mice,

he obtained the results shown in Table 4.7. Inbred strains of mice are like

truebreedingplants in that they have identical (homozygous) allelesat all loci.

(See Chapter 8 for details.) Whitneys results support the single-gene hypoth-

TABLE 4.7

Observed vocalization on handling in seven

inbred mouse strains
a

Proportion

Strain StS. Voealizing

When Handled

A 134 0.00

BALB 179 0.02

DBA 109 0.04

CS57BL 126 0.02

C3H 32 0.00

CBA 10 0.00

Is/Bi 27 0.48
OO

source: After Whitney, 1969.
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esis, since the distribution of squeaking amongthelines is bimodal. Six of the
seven strains vocalized to about the same extent as the CS57BL. Onestrain
(I*/Bi) vocalized almost as frequently as the JK mice in the previous experi-
ment. Thus, there appears to be a qualitative, rather than quantitative, differ-
ence in the incidence of vocalization on handling. Whentheorigin of these
strains was considered, it was found that several of the low-vocalizing strains
wererelated, and that the two high-vocalizing strains (IS and JK) wererelated
to each other, but not to the low-vocalizing strains. Together, these data
support the hypothesis of a single dominant gene.

Behavioral Pleiotropism

1915, the first study of behavioral pleiotropism was provided by the genet-icist A. H. Sturtevant, inventor of the chromosome map. Hefoundthat a
single-gene mutation that alters eye color or body colorin Drosophila alsoaffects their mating behavior.

One of the most often studied examples of behavioral pleiotropism
concerns the relationship between albinism in mice and their activity in an
open field. The open-field test wasfirst employed by Calvin Hall (1934) toprovide an objective index of emotionality. The test involves placing an

whenplacedin this presumably stressful situation, whereas others actively
explore it. Animals that have relatively low activity and high defecation
scores are called ‘‘emotional’’ or ‘“reactive,’’ and those with relatively high
activity and low defecation scores are considered ‘‘nonemotional’’ or ‘‘non-
reactive.’’ The evidence for the validity of this measure has been discussed
in somedetail (Broadhurst, 1960; Eysenck and Broadhurst, 1964).

It had been known for some time that several albino strains of mice

not causal.

An extensive genetic analysis of open-field behavior initiated by De-Fries determined that the greater emotionality of the albino mice was. in factdue in part to the gene for albinism. In other words, the single gene that



 
FIGURE 4.5

Mousein an open field employed by DeFrieset al. (1966). The holes near the floor

transmit light beams that electronically record an animal’s activity. (Courtesy of

E. A. Thomas.)

determines coat color (called the c locus) has a pleiotropic effect on open-

field behavior. But how do we knowthatthe c locus itself, rather than some

other locus closely linked to the c locus,is responsible for greater emotional-

ity? One answeris to break up any possible linkages. As weshall see in

Chapter6, nature doesthis for us through a processcalled recombination,in

which chromosomepairs exchangeparts. Aswill be explained in Chapter 10,

an inbred strain is homozygousatall loci. That is, the two alleles at each

locus on each pair of chromosomesare identical for all membersofthe strain.

Because an inbred strain is homozygous at all loci, recombination of

chromosomeswill usually result in the same chromosomal arrangement, so

that linked loci will not be altered. However, inbred strains differ from one

another at manyloci, and crosses between them will tend to break up linkage

by means of recombination. In other words, when recombination occurs for

crosses between inbred strains, their chromosomesexchangeparts with dif-

ferent alleles, and linkages are severed. DeFries (1969) crossed a highly

‘“emotional’’ albino inbred strain (BALB/cJ) and a ‘‘nonemotional’’ pig-

mented inbred strain (C57BL/6J) and bred them for many generations. He

found that mice with the gene for albinism were just as ‘‘emotional’’ in later

generations as albino animals in the F, generation, even though the loci
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linked to the c locus were likely to have been broken up by the process of
recombination.

Rather than crossing only twoinbredstrains, a better method to ensure
that linkages are broken up involves using heterogeneous animals (HS) de-
rived from, for example, an eight-way cross of inbred strains (McClearn,
Wilson, and Meredith, 1970). Even using HSanimals, itis still possible that
certain linkages might not be separated by recombination. The strongest
evidence for behavioral pleiotropism is provided by comparisonsofindivid-
uals with exactly the same genotype except for a newly arisen mutation.
When a new mutation arises and is maintained within an inbred strain, mu-
tant and nonmutant subjects within the strain are called coisogenic (Green,
1966). An albino mutant from the pigmented C57BL strain was bred to
produce a coisogenic albino strain. The two strains have the same genotype
except for the single locus determining coat color. If the greater ‘‘emotional-
ity’’ of albino mice is a pleiotropic effect of the c locus itself, then these
coisogenic albino mutants should differ from the pigmented C57BL mice.
The answeris in favor of the pleiotropism hypothesis: The albino mutants
were less active in the openfield than the pigmented coisogenic C57BL mice
(Henry and Schlesinger, 1967).

Additional analyses suggest that the pleiotropic effect of the c locus on
open-field behavior is mediated by the visual system. McClearn (1960) ob-
served that the difference in open-field behavior between an albino strain and
a pigmented strain was less undera red light, which reducesvisual stimula-
tion. This led to the hypothesis that the albinos are actually afraid of the light
in the openfield; they may be photophobic. Data from albino and pigmented
mice from the samelitters support the hypothesis. (See Figure 4.6.) Under
the red light there is no significant difference between albino and pigmented
mice in open-field activity or defecation (DeFries et al., 1966).

Theresults of this study demonstrate that albino mice have loweractiv-
ity and higher defecation scores than pigmented mice when tested under
white light, and that this difference largely disappears when these subjects
are tested underred illumination. It may be concluded that this single-gene
pleiotropic effect is mediated through the visual system. If we accept the
interpretation that a pattern of low activity and high defecation indicates
heightened ‘‘emotionality,’’ albinos may be regarded as being more photo-
phobic than pigmented animals. Of course, many other genes influence a
behavior as complex as open-field behavior, as discussed in Chapter 10.

RECOMBINANT INBRED STRAINS

A new strategy to uncover single-gene effects in behavioris called the re-
combinant inbred strain method (Bailey, 1971: Eleftheriou, 1975). Asillus-
trated in Figure 4.7, it begins with a classical Mendelian cross between two
inbred strains. An F, generation is produced, followed by F,. In the F,, genes
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FIGURE 4.6

Open-field (a) activity and (b) defecation scores of mice tested underdifferent

illuminations. (From DeFrieset al., 1966.)

assort according to Mendel’s laws. Recombinantinbred (RI) strains are dif-

ferent inbred strains that were derived from the same F, generation. They are

called recombinantinbred strains because they are derived from the same F,

generation, after there has been recombination of parts of chromosomes

from the parental strains. Like all inbred strains (as described in Chapter 10),

RI strains are made homozygous at almost all loci by inbreeding using

brother-sister matings over many generations.

How do RIstrains derived from the same F, generation differ? For

those loci with different alleles in the two parental strains, RI strains will

show different combinations of alleles. For example, suppose the parental

strains had different alleles at the A locus. (See Figure 4.7.) The F, will have

one allele from each parent, but the F, will show segregation. The F, consists

of homozygous and heterozygousindividuals. However, the process of in-

breeding increases homozygosity. Thus, each RI strain derived from the F;

will be either A,A, or A,A2. The same will be true for other loci. When we

consider twoloci at a time (the A and B loci), only 4 of the RI strains will be

A,A,B,B,, “4 will be A,AiB,B2, 4A2A.B,B;, and 14A,A.B.B.. In other

words, although the RI strains are homozygousat all loci, they represent new

combinations of genesat different loci. While each RI strain carries half the
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The derivation of recombinant inbred (RD strains by Bailey (1971). In parenthesesis
an example of a locus, A, for which the parentalstrains differ. This example illustrates
the results presented in Table 4.8, and is explained in the text.

genes of each parentalstrain, thereis little chance that the genotype of an RI
strain will be the sameas that of either parental strain.

These RI strains can be used to determine whether any behavioral
differences between the two parentalstrains are due to single major genes. If
a single gene is responsible, each of the RI strains should be just like one
parent or the other. In other words, there should be no intermediate
phenotypes if just one locus is involved, because each RIstrain will be
homozygousfor the allele of one of the two parental strains. However, if
more than one locus is involved in a behavioral difference between two
parentalstrains, more than two kindsofRI strains will be found. Furthermore,
if there is just one gene responsible for the behavioral difference, then about
half of the RI strains should be like one parent and half like the other because
each RI has an even chance of receiving the allele from either parent.

D. W. Bailey (1971) crossed the BALB/cBy and CS7BL/6By inbred
strains, which differ for many behavioraltraits. Seven highly inbred recom-
binant strains produced from the F, generation of this cross (see Figure 4.7)
have since been used in many experiments. One behavioral example con-
cers a major gene effect for learning to avoid shock in a shuttle box
(Oliverio, Eleftheriou, and Bailey, 1973). Mice can be trained to avoid a
shock by changing compartments as soon as a light is turned on. C57BL mice
perform this task poorly, avoiding the shock only 14 percentof the time. The
seven RI strains are either low performers like the C57BL mice or high



TABLE 4.8

Percent avoidance over 250 trials (50 trials per day for 5 days) for

BALB and C57BL mice and 7 recombinant inbred strains
a

 

Low Performers High Performers
Cc _

Strain Avoidance (%) Strain Avoidance (%)

nn

CS7BL 14 BALB/c 46

RI-2 13 RI-1 60

RI-4 17 RI-3 36

RI-5 7 RI-7 58

RI-6 8

 —

souRCE: After Oliverio et al., 1973.

performers like the BALB mice, as indicated in Table 4.8. These results

suggest that a single gene may underlie the marked difference in avoidance

learning between BALB and C57BL mice. If the RI strains had been inter-

mediate to the two progenitor strains, polygenic (multi-gene) influences

would have been implicated. For example, this was the result found in an RI

study of susceptibility to audiogenic seizures (Seyfried, Yu, and Glaser,

1979). Using 21 RI strains derived from C57BL and DBAprogenitors, 13 ofthe

71 RI strains were intermediate to the CS7BL and DBAprogenitor strains.

This finding suggests that susceptibility to audiogenic seizures for these two

strains is due to polygenic influences, even though the classical Mendelian

crosses were consistent with a single-gene model.

Although there are other ways to search for single-gene effects, the RI

methodis useful in screening behavioral differences between two progenitor

strains. In addition to the RI strains, congenic strains have been created that

are the same as one of the progenitor strains except for a small segment of

chromosomederived from the other. The use of congenic strains and other

comparisons using RI strains facilitate locating single-gene influences on

specific chromosomes (Eleftheriou and Elias, 1975). For example, the major

gene difference between the two progenitor strains for learning to avoid

shock appears to be on chromosome number9 (Oliverio et al., 1973). How-

ever, as we might expect, most of the behaviors submitted to RI analysis

suggest polygenic effects (Broadhurst, 1978).

MENDELIAN ANALYSIS IN HUMANS

In manyrespects, the human species is an unfavorable population for genetic

analysis: experimental crosses cannot be performed; environmental control

cannot be imposed; the generation intervalis relatively long; and the number

of offspring per family is relatively small. However, these problems are not

insurmountable. Because the human population is large, a rich store of ge-

netic information is potentially available. Although planned Mendelian

crossesare not feasible, data can be collected from families in which particu-
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lar types of mating have occurred. Although environmental control cannot be
imposed,it is possible to study membersofdifferent families who have been
reared in moreorless similar environments. Although the human generation
interval is long, data from several generations can nonetheless be obtained.
Finally, although the number of children in human families is relatively
small, data from many families can be pooled to provide adequate samples
for statistical analysis. The fact that many important advances have occurred
in human genetics within the last two decades demonstrates that human
populations—like that of mice, fruit flies, bread mold, and colon bacteria—
can also be subjected to genetic analysis.

Single-gene analyses of human behaviorare principally concerned with
testing the adequacyofsingle-locus hypotheses. Researchersfirst note famil-
ial transmission of some character of interest, and then determine whether
the observed pattern of transmission conformsto that expected on the basis
of a simple Mendelian model. Pedigrees, or family trees, are frequently used
to depict hereditary information. An example of a pedigree is given in Box
4.3.

A pedigree analysis of many families can be used to determine whether
a particular behavioral character conforms to Mendelian expectations. As in
the examples of mouse behavior, we can test for the adequacyofa single-
gene model, as well as the mode of transmission. The following sections
consider the basic expectations for certain crosses for dominant and reces-
Sive transmission. The expectations are different for genes on the sex
chromosomes, as comparedto those on the other 22 pairs of human chromo-
somes, called autosomes. We shall first discuss autosomal dominant and
recessive expectations and then consider transmission of single genes on the
sex chromosomes. Becausespecific predictions can be madeabout single-
gene characters, these expectations are of practical use in genetic counsel-
ing. (See Box 4.4.)

Dominant Transmission

Testing particular hypotheses about the transmission of single genes is
really a matter of logic. Table 4.9 lists the expected outcomes of certain
crossesif a characteris influenced by a single dominant gene. By definition,
only oneallele (A) will cause an individual to be affected. Thus, the only way
an offspring can beaffected is if at least one of the parents is affected. In
Other words, we should not find affected offspring with unaffected parents
(Table 4.9 [1]). Also, about half of the offspring of an affected parent should
be affected, because each offspring has a 50-50 chance of inheriting that
allele from the affected parent. We can determine whetheranaffected parent
is a heterozygote or a homozygote by studying the parent’s parents. If an
affected individual has only one affected parent, then the individual must be
heterozygous. As indicated in Table 4.9 (2), half of the offspring of matings
between affected heterozygotes and unaffected individuals are likely to be



 

Box 4.3

Pedigree Analysis

 

A sample pedigree (from pié de grue, ‘crane’s foot,’ a three-line mark denoting

succession) is illustrated below. Affected individuals—those manifesting the

condition under study—are designated by solid symbols. Individuals who were prob-

ably affected are shown by

a

cross. Nonaffected individuals are indicated by open

symbols. Females are represented by circles and males by squares. A diamond is

used to represent an individual whose sex is unknown. Parents are joined by a

horizontal marriage line, and offspring are listed below. Members of a sibship are

connected to a horizontal line that is joined by a perpendicular line to their parents’

marriage line. The siblings (brothers andsisters) are listed from left to right in order of

birth.

In this hypothetical pedigree each generation is designated by a Roman numeral,

and each individual within a generation is denoted by an Arabic numeral. For exam-

ple, individuals H-5 and II-6 were siblings, but information concerning their parents

was not included in the pedigree. The marriage of individuals II-2 and II-3 resulted in

no children. In order to save space, a number enclosed in a large symbol can be used

to indicate the numberofsiblings of like condition. Thus, III-1, I[J-2, and III-3 were

unaffected males in a family of seven children. Twins are indicated by two sym-

bols that are connected either at or just belowthe sibship line. Individuals IJJ-4 and

Ill-5 were monozygotic (identical) twins, indicated by the short vertical line that

descends from the sibship. Individuals IJ-6 and III-7 were dizygotic (fraternal) twins.

The finding of a family of interest frequently comes only after the discovery of a

particular affected individual. This specific individual whofirst comesto the attention

of the investigator is referred to as the index case (or the propositus or proband). The

index case, individual III-6, is indicated by an arrow.

    

  

  

 

  

 

  
affected. Three-quarters of the offspring will be affected in matings between

two affected heterozygotes. All the offspring of an affected homozygote

parent will be affected. In order to determine the modeof inheritance, pedi-

grees such as the simple ones in Figure 4.8 must be analyzed.

Manygenetic defects are single-gene, recessive characters, but domi-

nant ones are rare. They are quickly eliminated by natural selection, as

discussed in Chapter 8. However, one well-known neural disorder, Hunt-

ington’s chorea, is caused by a single dominantgene. Huntington’s disease is

characterized by loss of motor control and progressive deterioration of the





TABLE 4.9

Offspring expected from various crosses for a completely dominantsingle autosomal

gene (A refers to the dominant allele; thus, Aa and AA individuals are affected.)

 

1. Matings Between Two Unaffected Individuals

Unaffected

Unaffected

a a

oe

2. Matings Between a Heterozygote and an Unaffected Individual

(Shaded area indicates affected offspring.)

Affected

Unaffected

 

3. Matings Between Two Heterozygotes

Affected

Affected
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TABLE 4.9 (continued)
eee
4. Matings Between an Affected Homozygote and an Unaffected Individual

Affected

Unaffected

 

eee

central nervous system. Whenthis condition was traced through manygen-
erations of pedigrees, a consistent pattern of transmission was observed.
Mostafflicted individuals had a parent who wasalso afflicted, and approxi-
mately half of the children of an affected parent eventually develop the
disease. The persistence of this insidicus dominantlethal gene in the popula-
tion is due to the fact that the diseaseis not usually expressed until after the
childbearing years. This late age of onsetillustrates the principle that heredi-
tary conditions are not always manifested at birth.

Huntington’s disease also illustrates the fact that the age of onset of a
given condition may differ among individuals. The distribution of age of
onset of Huntington’s chorea in 762 patients is plotted in Figure 4.9. The
usual age of onset is between thirty and fifty years. Data of this type are very
useful for obtaining age-corrected incidence data. As an oversimplified ex-
ample, assume that only one-half of individuals genetically predisposed to
develop a disease actually express the disease by age forty. In such a case,
the observed incidence of the disease among individuals at age forty should
be doubled to obtain age-corrected incidence data. Another condition with
variable age of onset is schizophrenia, discussed in Chapters 11 to 13.

Recessive Transmission

In the case of single-gene, recessive conditions, affected individuals are
homozygousrecessive. Carriers are heterozygotes, and thus have only one

FIGURE 4.8

Hypothetical pedigrees. The condition
indicated in (a) could be dueto a recessive
autosomal gene, but not a dominant: whereas
that in (b) could be due to a dominant, but not a

(a) (b) recessive.
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FIGURE 4.9

Huntington’s chorea. Distribution of age of onset in 762 patients.

(From Principles ofHuman Genetics, 3rd ed., by Curt Stern. W. H.

Freeman and Company. Copyright © 1973.)

allele of that type. Table 4.10 presents the expectations for offspring of

different types of matings. The catch is that we often cannottell whether an

individual is an unaffected homozygoteor a carrier. Natural selection cannot

distinguish them either, which is the reason whyrecessively inherited prob-

lems persist. Sometimes pedigree information can distinguish carriers. At a

biochemical level, carriers sometimes differ from unaffected dominant

TABLE 4.10

Offspring expected from various crosses for a completely recessive, single autosomal

gene (a refers to the recessive allele: thus, aa individuals are affected.)

 

1. Matings Between Two Carriers

(Shaded area indicates affected offspring.)

Carrier

Carrier
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TABLE 4.10 (continued)

 

2. Matings Between an Affected Individual and an Unaffected Homozygote

Affected

a a

°Unaffected

°

3. Matings Between an Affected Individual and a Carrier

Affected

Carrier

 

4. Matings Between Two Affected Individuals

Affected

Affected

 

ee

homozygotes and can be discriminated throughthe useof ‘‘carrier tests,’’ as
described in the next chapter.

For recessive characters, one commonly finds affected offspring with
unaffected (carrier) parents (Table 4.10 [1]). One-quarterof the offspring of
two carriers are affected. Also, as indicated in Table 4.10, none of the off-
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spring of an affected parent is affected unless the spouse is affected oris at

least a carrier. All the offspring of two affected individuals are affected.

Another mark of a recessive character is that it occurs more frequently in

offspring of matings between related individuals—thatis, children of consan-

guineous marriages. This is called inbreeding, and is discussed in Chapter8.

Marriages between related individuals, such as cousins, are more likely to

result in offspring with a double dose of recessive alleles that had been

carried in the heterozygous state by the parents.

As mentioned previously, phenylketonuria (PKU)is a type of severe

mental retardation caused by a single, recessive gene. A pedigree for PKUis

shown in Figure 4.10. Individuals marked with a cross were probably af-

fected, but their condition was not known for certain because they died

young. A cousin marriageis indicated in the middle of the pedigree. As these

individuals all lived in an isolated group of small islands in Norway, there

may actually have been more inbreeding than indicated by this pedigree.

Although PKU may manifest incomplete penetrance, the pattern of trans-

mission indicated in Figure 4.10 nonetheless conformsto that expected of an

autosomal recessive gene because affected subjects have normal parents,

and an increased incidence accompanies inbreeding. Of the 18 children in

generation IV, 4 were definitely affected and 2 were probably affected. If

both unaffected parents of each sibship were carriers, as must be the case for

a recessive condition, then only one-fourth of the children would be expected

to be affected. Although this departure from expectation (6 versus 4.5) is not

significant, an excess of affected individuals is frequently observed in pedi-

gree data becauseof a bias called truncate selection. Couples whoareatrisk of

producing affected offspring but who havenot actually done so are excluded

from pedigree data. This results in more affected individuals than would be

Il

Wi @

 

Vv JO@@UL LITO OU @UHKOUEBO

FIGURE 4.10

Pedigree of phenylketonuria and associated mental deficiency. For key to symbols,

see Box 4.3. (From Principles of Human Genetics, 3rd ed., by Curt Stern. W. H.

Freeman and Company. Copyright © 1973. After Felling, Mohr, and Ruud, 1945.)
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expected from Mendelian calculations. PKU will be discussed in greater
detail in the next chapter.

sex-Linked Transmission

Pedigrees are also useful in detecting single genes located on the sex
chromosomes. As discussed in Chapter 6, females have two large X chromo-
somes, whereas males have only one X and a small chromosomecalled Y.
Recessive genes on the X chromosome express themselves in males when
they have one suchallele on their single X chromosome. Females, however,
Show the condition only when they havethe allele on both of their X chromo-
somes. Thus, one of the first indications of sex-linked (meaning X-linked)
recessive transmission is a greater incidence in males.

The transmission of the sex chromosomes from one generation to the
next 1s portrayed in Figure 4.11. The figure showsthat daughtersinherit their
father’s X chromosome, but sons do not. Thus, sons cannot inherit sex-
linked conditions from their father. Daughters inherit sex-linked genes from

Mother Father

/ ae
| / oe

Daughter Son

FIGURE 4.11

Transmission of the X chromosomes from one
generation to the next. (From Principles of Human
Genetics, 3rd ed., by Curt Stern. W. H. Freeman
and Company. Copyright © 1973.)
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their father, but they do not express a recessive condition unless they receive

another such allele on the X chromosome from their mother.

Table 4.11 presents the expectations for offspring of certain matings

involving a single recessive gene on the X chromosome. Affected fathers

producenoaffected offspring unless the motheris a carrier. However,all the

daughters of an affected male are carriers (1). Half the sons of a carrier

motherwill be affected (2 and 3). Half of her daughters will be carriers if the

spouse is a normal male (2) and half will be affected if the spouseis affected

(3). Finally, all the sons of an affected womanwill be affected, and all of her

TABLE 4.11

Expected frequencies of offspring for a sex-linked recessive character (X, represents

the X chromosomewith the particular recessive allele; thus, X,Y males and X,Xq

females are affected.)

 

1. Matings Between an Affected Father and a Homozygous Normal Mother

Affected Father

Y Xa

X XY XXq

Normal
Mother

(Sons) (Daughters)

2. Matings Between a Normal Father and a Carrier Mother

(Shaded area indicates affected offspring.)

Normal Father

Y xX

Carrier

Mother

 

(Sons) (Daughters)



TABLE 4.11 (continued)me

3. Matings Between an Affected Father and a Carrier Mother

Affected Father

Y Xa

Carrier

Mother

 

(Sons) (Daughters)

4. Matings Between a Normal Father and an Affected Mother

Normal Father

Y x

Affected

Mother

 

(Sons) (Daughters)

 

daughters will be carriers if the father is normal (4). Another peculiarity of
recessive, sex-linked inheritance is the alternate-generation phenomenon,in
which the maternal grandfather and his grandsons are affected, but none of
those in the intermediate generation. However, half of the grandfather’ s
daughters’ sons are affected. Because the affected grandfather’s daughters
are all carriers, their sons have a 50-50 chance of being affected.

Five pedigrees depicting the transmission of color blindness are pre-
sented in Figure 4.12. Although a numberof different forms of color blind-
ness are known (Stern, 1973), the more common types have a similar genetic
basis, and thus will not be differentiated here. The pattern of transmission
evident in Figure 4.12 conforms closely to that expected of a sex-linked,
recessive gene.

In the 1960s, some data pointed to the possibility that a major gene on
the X chromosomeinfluencesa specific cognitive trait called spatial ability.
Tests of spatial ability involve tasks such as deciding what a two-dimensional
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FIGURE 4.12

Pedigrees of color blindness. (a) Part of pedigree no. 406, Nettleship. (b) Pedigree no.

584. (c) Part of Horner’s pedigree. (d) Pedigree, Whisson, 1778, the first known

pedigree of color blindness. (e) Pedigree, Vogt. (From Principles ofHuman Genetics,

3rd ed., by Curt Stern. W. H. Freeman and Company. Copyright © 1973.)

form will look like in three dimensions, and mentally rotating two- or three-

dimensional objects to determine whetherthey are the sameordifferent from

a standard shape.Ofall the specific cognitive abilities, spatial ability shows

the most consistent sex difference. Males tend to score higher on tests of

spatial ability.

One possible explanation for sex differences is sex linkage. Suppose

that a major recessive gene enhancing spatial ability is on the X chromo-

some. Males would express such an allele more frequently than females, and

would thus have higher scores. Moreover, because sons never receive their

father’s X chromosome,fathers and sons should beless similar than mothers

and daughters, mothers and sons, or fathers and daughters if X-linked genes

are involved. Earlier data suggested that fathers and sonsare less similar

than otherrelatives, and revealed other expected patterns of familial similar-

ity for spatial scores. These data seemed to support the hypothesis of a major

X-linked genefor spatial ability. However, recent data from largerstudies do

not confirm the hypothesis of sex-linkage (Bouchard and McGee, 1977; De-

Fries et al., 1976; DeFries et al., 1979; Guttman, 1974; Loehlin, Sharan, and

Jacoby, 1978). For example, in the study by DeFries and associates (1979),

the correlation for spatial ability scores between 672 father-son pairs was

0.33 in a Caucasian group and 0.26 between 241 father-son pairs in an Orien-

tal sample. The average correlation for other family relationships was 0.33

for the Caucasian sample and 0.25 for the Oriental sample. Thus, these

results do not support the hypothesis that spatial ability 1s influenced by a

sex-linked, recessive gene.
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scope of Single-Gene Effects
in Human Behavior

Only a few of the many knownsingle-gene behavioral effects in humans
have been discussed in this chapter. An excellent reference for single-gene
effects is Victor McKusick’s Mendelian Inheritance in Man (1975). This book
discusses 583 established autosomal dominant, 466 autosomal recessive, and
93 X-linked characteristics of human beings. In addition, there are over a
thousand tentatively identified single-gene effects. Mental retardation is
listed as a clinical symptom of 117 of the autosomalrecessive characters, 19
of the dozen autosomal dominant characters, and 21 of the X-linked charac-
ters. It is interesting to note that nearly all single-gene influences on behavior
seem to be deleterious in terms of mental ability. However, mental ability is
only one of a large number of human behavioral characters that can be
subjected to single-gene analysis. Thus, although we recognize a large num-
ber of human behavioraleffects that are due to a single gene, the search for
such effects has just begun.

SUMMARY

In each bodycell of higher organisms, there are pairs of chromosomesthat
carry hereditary factors, now called genes. A gene may exist in two or more
different forms(alleles). One allele can dominate the other. Genotyperefers
to alleles considered two at a time as they exist in individuals. Mendel’s
monohybrid experiments showed that alleles are not contaminated by the
presence of an alternate allele in the genotype, and that the two alleles
separate (segregate) completely during hereditary transmission. Mendel’s
dihybrid and trihybrid experiments demonstratedthat the alleles for onetrait
assort independently of the alleles for other traits. In this way, Mendelian
genetics provides a mechanism for the maintenance of vast amounts of ge-
netic variability.

Mendelian crosses can be used to determine the modeofinheritancefor
behavioral characters in nonhuman animals. There are many examples of
single-gene abnormalities in mice. Genes with well-known morphological
effects, such as albinism, may also affect behavior (pleiotropism). The use of
recombinant inbred strains provides a new strategy to uncover single-gene
effects in animals.

Although humans were once thought to be poor subjects for genetic
analysis, great advances in human genetics have occurred during the last
twenty years. Pedigrees can provide information concerning naturally occur-
ring Mendelian crosses in order to understand the mode of transmission of
single-gene influences. Dominant, recessive, and sex-linked modes of inheri-
tance are discussed in the chapter.



 

Mechanisms

of Heredity

and Behavior

Mendel wasconvincedthat his ‘‘elements’’ were material units located

in the gametes. The state of knowledgeat the time, however, madeit impos-

sible for him to specify their physical nature in any greater detail. It was

fortunate that the basic Mendelian laws could be established by treating the

‘“elements,”” or genes, as hypothetical constructs, without precise knowl-

edge of their location or structure.

In this chapter, the story will be made more complete by describing the

chemical structure and function of genes. In the second part of the chapter

we will consider examples of the mechanisms by which genes influence

behavior and how mutations can be used to ‘“‘dissect’’ behavior.

MECHANISMS OF GENE ACTION

In Chapter 3, we discussed the evolution of the replicators, the living mate-

rial that has the critical ability to reproduce itself. These replicators are

genes on chromosomesin the nucleus of each cell in our bodies. The function

of genes was determined before their chemical nature was known.
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In 1902, A. E. Garrod discussed a rare human condition, called alkap-
tonuria, in which affected individuals display the remarkable symptom of
excreting urine that turns black when exposedto air. Garrod concludedthat
the condition was inherited, and that it obeyed the newly rediscovered
Mendelian laws. Assignificant as it was then to have an example of Mende-
lian inheritance in man, the conclusion Garrod drew about the physiological
basis of the disorder was of even greater importance. Analysis revealed that
the urine of the affected individual contained large quantities of homogentisic
acid instead of the usual compound, urea. Garrod knew that homogentisic
acid is normally converted into urea. He thus suggested that the usual meta-
bolic route that converts the acid into urea had been blocked, and called it an
‘inborn error of metabolism.’’ Garrod (1908) also proposed that other de-
fects in man, such as albinism, may be due to similar metabolic blocks.
William Bateson (1909) suggested that inborn errors of metabolism might be
due to the failure of the enzymesthat control the normal reactions.

Other work distributed over the next twenty years on the inheritance of
pigmentation in plants and animals (see Sturtevant, 1965, for a review) sup-
ported the hypothesis that genes produce some sort of biochemical sub-
stance. Anotherline of investigation lent support to this general proposition.
The existence of human blood groups was described in 1900, and their
Mendelian inheritance was shownin 1929, establishing anotherlink between
genetics and a biochemical process. While these results showed that genes
could influence the physiological functioning of an organism,it was not clear
whether these were typical or unusual situations.

In the 1930s, the commonbread mold, Neurospora, was introducedinto
genetic research. This organism has extremely simple nutritional require-
ments and normally can survive on a simple medium containing salts, glu-
cose, and a compoundcalled biotin. From this simple diet, the organism is
capable of metabolizing all the complex chemicals required forlife. George
Beadle and E. L. Tatum (1941) X-rayed sporesof the fungus, and foundthat
some of the organisms had undergone mutation and were no longer able to
survive on this simple medium.By analyzing the nutritional requirements of
these mutants, they were then able to describe the normal metabolic se-
quence and show that each enzymatic step in the sequence is underthe
control of a single gene. These results gave rise to the ‘“one-gene, one-
enzyme hypothesis.’’ And it becameincreasingly reasonable to assumethat
the basic mechanism of gene action operates through the production of
enzymes.

Later in this chapter we shall describe behaviorally relevant single
genes. The main pointis that the basic function of genes was understood by
the 1940s. It was known that genes control the production of enzymes.
However, the chemical structure of genes was not understood until the
1950s. Knowledge of the chemicalstructure of genesled to an understanding
of how genes faithfully replicate themselves and how they control enzyme
production.
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THE CHEMICAL NATURE OF GENES

A great deal of research has been done in an attempt to understand the

chemical nature of the gene itself. The chemical hereditary substance would

have to meet several requirements:

1. It would haveto be found in the nucleus of the cell, because chromo-

somes, which are the carriers of the genes, are found within nuclei.

1. The substance would have to be capable of self-duplication, because

the genes havethis ability.

3. The chemical would have to be capable of existing in various forms,

because it was known that there are a large numberof genes and that

they occurin differentallelic forms. In other words, it would have to be

able to carry a variety of genetic information.

The correct answerhad actually been correctly guessed about the same time

that Galton wrote Hereditary Genius. But considerable work and many de-

cades were required before the supporting evidence was conclusive and the

detailed mechanism could be outlined.

The successful synthesis of all of the available data was accomplished

by James Watson and Francis Crick (1953a, 1953b). They hypothesized that

deoxyribonucleic acid (DNA) is the fundamental component of the heredi-

tary material, and proposed a molecular structure that could accountforits

biological properties. This structure was confirmed by subsequent research,

and its confirmation signaled the explosive growth and development of mo-

lecular biology. Briefly, and in necessarily oversimplified form, the basic
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FIGURE 5.1

Flat representation of a DNA molecule. A = adenine; T = thymine; C = cytosine;

G = guanine. (From Heredity, Evolution, and Society by I. M. Lerner.

W. H. Freeman and Company. Copyright © 1968.)
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FIGURE 5.2

A three-dimensional view of a segment of DNA. (From Heredity,
Evolution, and Society by I. M. Lerner. W. H. Freeman and
Company. Copyright © 1968.)

features of the molecular structure of the gene and its action are as follows.
A DNA molecule consists of two strands, each composed of phosphate and
deoxyribose sugar groups. The strands are held a fixed distance apart by
pairs of bases (nitrogenous compounds). There are four bases involved:
adenine, thymine, guanine, and cytosine. Dueto the structural properties of
these bases, adenine always pairs with thymine and guanine always pairs
with cytosine (Figure 5.1). The strands coil around each other to form a
double helix (Figure 5.2).

The double nature of the helix and the restrictions on base pairing make
possible the self-duplication of the DNA molecule. In the process of cell
division, the helices of the DNA molecule unwind, the base pairs separate,
and one of each pair remainsattached to eachstrand (Figure 5.3). Within the
nucleus of the cell, the raw materials necessary for the construction of new
DNAarein the form of nucleotides, which consist of one of the four bases, a
deoxyribose sugar, and a phosphate. Nucleotides pair with the exposed
bases of the unwoundstrands, and ultimately form a complementary strand
paired with eachof the originals. By this process, two molecules of DNA are
produced where there was previously but one.

GENES AND PROTEIN SYNTHESIS

One function of DNAis self-duplication. In fact, the process just described
maybe very similar to the waytheoriginal replicating cells duplicated them-
selves billions of years ago. The other major function of DNAis translation
from the genetic code to enzyme production.

Although much of the biochemical functioning of the cell takes place in
the cytoplasm, the chromosomeswith their DNA content are located in the
nucleusof the cell. Therefore, the information in the DNA molecule must be
transmitted to the cytoplasm. This occurs in several steps, illustrated
schematically in Figure 5.4. First, the information of the DNA molecule is
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FIGURE 5.3

Replication of DNA. (After Molecular Biology of Bacterial Viruses by G. S. Stent.

W. H. Freeman and Company. Copyright © 1963.)

transcribed onto a different sort of nucleic-acid molecule. This single-

stranded molecule, ribonucleic acid (RNA), is composed of a ribose sugar, a

phosphate, and the same bases as DNA, with the exception that uracil sub-

stitutes for thymine. By a process of base pairing similar to that of the

duplication of DNA, a complementary RNAstrand is formed using the DNA

strand as a template. (In Figure 5.4, the dark DNAstrand is being trans-

cribed.) This RNA molecule, called messenger RNA,enters the cytoplasm
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FIGURE 5.4

The ‘‘central dogma’’ of molecular genetics states that genetic information flows from

DNAto messenger RNAto protein. Genesare relatively short segments of the long

DNA molecules in cells. The DNA molecule comprises a linear code madeup of four

types of nucleotide base: adenine (A), cytosine (C), guanine (G), and thymine (7).

The code is expressed in two steps: first the sequence of nucleotide bases in one

strand of the DNA double helix is transcribed onto a single complementary strand of

messenger RNA (which has the same bases as DNA except that thymineis replaced

by the closely related uracil, or U). The messenger RNAis then translated into

protein by means of complementary transfer-RNA molecules, which add aminoacids

one by one to the growing chain as the ribosome movesalong the messenger-RNA

strand. Each of the 20 amino acids found in proteinsis specified by a ‘‘codon’’ made

up of three sequential RNA bases. (From ‘*The mechanism of evolution’’ by F. J.

Ayala. Copyright © 1978 by Scientific American, Inc. All rights reserved.)

where it connects with ribosomes,the sites of protein synthesis. Within the
cytoplasm is another form of RNA, transfer RNA. This RNA, which has a

helical structure, exists in a variety of forms, each of which attaches to a

specific amino acid. The transfer RNA molecules, with their attached amino
acids pair up with the messenger RNAsin a sequencedictated by the rules of
base pairing. The amino acids join to form polypeptide chains, which, in
turn, constitute enzymes and otherproteins. In this way, the genetic infor-
mation of DNA becomes expressed in the production of specific enzymes.

The basic unit of the genetic code has been shownto betriplet se-
quencesof bases, with each succeedingtriplet specifying an aminoacid. (See
Table 5.1.) For example, three adenines in a row on the DNA molecule



TABLE 5.1

The genetic code

Second Letter

First Third
Letter A G q C Letter

Phe Ser Tyr Cys A

A Phe Ser Tyr Cys G

Leu Ser chain end chain end T

Leu Ser chain end Try C

Leu Pro His Arg A

G Leu Pro His Arg G

Leu Pro Gln Arg T

Leu Pro Gln Arg C

Ile Thr Asn Ser A

Ile Thr Asn Ser G

Ile Thr Lys Arg T

Met Thr Lys Arg C

Val Ala Asp Gly A

Val Ala Asp Gly G

Val Ala Glu Gly T

Val Ala Glu Gly C

NOTE: Each amino acid is coded by a triplet of three bases, as shown
in the table, which is a compact wayof setting out the 64 possible triplets.

The four bases are denoted bythe letters A, G, T, and C. In DNAthe four

bases are: A = Adenine; G = Guanine; T = Thymine; C = Cytosine.

The 20 amino acids are identified as follows:
Ala = Alanine Leu = Leucine

Arg = Arginine Lys = Lysine

Asn = Asparagine Met = Methionine

Asp = Aspartic acid Phe = Phenylalanine

Cys = Cysteine Pro = Proline

Glu = Glutamic acid Ser = Serine

Gln = Glutamine Thr = Threonine

Gly = Glycine Try = Tryptophan

His = Histidine Tyr = Tyrosine

Ile = Isoleucine Val = Valine

sourRcE: After Cavalli-Sforza and Bodmer, The Genetics of Human Popula-

tions. W. H. Freeman and Company. Copyright © 1971. Data from Crick,

1966.

(AAA) will be transcribed in the messenger RNA asthree uracils (UUU).

Whenonthe ribosome, this messenger RNAtriplet will attract transfer RNA

with the triplet sequence AAA.This particular transfer RNAis the onethat

‘‘carries’’ the amino acid phenylalanine. Although there are 64 possible

triplet codes, there are only 20 amino acids; some aminoacids are coded by

as manyas 6 triplet codes. Since the same genetic code appliestoall living

108





110 Mechanisms of Heredity and Behavior

39

organisms, ‘“‘breaking’’ this code has been one of the great triumphs of

molecular biology. This information has led to the artificial synthesis of

genes (Box 5.1).

A NEW VIEW OF MENDEL'S “ELEMENTS”

These developments have provided a dramatically new view of Mendel’s

hypothetical ‘‘elements.’’ A gene is a functional unit that codesfor a particu-

lar polypeptide. Structurally, it is composed of a stretch of nucleotide bases

of DNA. The average numberof nucleotide base pairs in a gene is about 900

to 1,500. Thus, we would expect that the average number of amino acids ina

polypeptide is 300 to 500, because a sequence ofthree nucleotide base pairs

codes for a particular amino acid. However, “‘nonsense’’ stretches of DNA

are interspersed within many genes (Crick, 1979). RNA transcribes the

DNA,nonsense andall, and then splices out the nonsense codes before the

RNAreachesthe cytoplasm.

Enzymesare proteins (sequences of amino acid) that serve as organic

catalysts. They speed biochemical reactions that would otherwise be slug-

gish or would not occur at all under the conditions of temperature and

pressure prevailing within an organism’s body. These reactions and their

timing are fundamental to the developmentofall the systems of an organism

and to the functioning of the various organs. The influence of genes, there-

fore, is not exerted through some mysterious mechanism. The pathways

from genes to behavior run through the skeletal system; the muscles; the

endocrine glands; the digestive, respiratory, and excretory systems; and the

autonomic, peripheral, and central nervous systems. Investigations of these

pathways, therefore, involve studies in molecular biology and biopsychol-

ogy.

Although the connection between genes and behavior can be under-

stood as a general theoretical proposition, the specific details have been

elucidated in only a limited numberof cases. However, this area of research

is becoming increasingly popular, and we can predict that increased knowl-

edge of the biochemical, physiological, and anatomical mechanismsof ge-

netic influence on behaviorwill be very rapid in the near future.

PHENYLKETONURIA

Phenylketonuria (PKU)illustrates the way in which a single gene can influ-

ence behavior. It is the earliest and best-understood condition of genetic

involvement in mental retardation. The trail of research that led to our cur-

rent understanding of PKU had its beginning in Norway in 1934. A dentist

with two retarded children was distressed because they exuded a peculiar

odor that so aggravated his asthmatic condition that he was unable to stay
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with them in a closed room. He had them examined by Asbjorn Folling, who

began the search for the cause of the peculiar odor by analyzing the urine of

the children. His search quickly paid off in the isolation of phenylpyruvic

acid. Folling postulated that the disease was inherited, and that phenyl-

pyruvic acid was present in the urine because of a disturbance in the

metabolism of phenylalanine, an essential amino acid. Somehowthe excess

of phenylpyruvic acid was related to mental retardation.
The disease came to be known asFolling’s disease, or phenylketonuria,

and it became the subject of research in a numberof laboratories around the

world. This research revealed that the metabolic problem is caused by the

absence or inactivity of a particular enzyme, phenylalanine hydroxylase.
This enzymeconverts phenylalanineto tyrosine. If this conversion is blocked,
phenylalanine levels increase in the blood and phenylpyruvic acid accumu-
lates in the urine. Apparently, the high level of phenylalanine in the blood
depresses the level of other amino acids, depriving the developing nervous
system of needed nutrients.

This knowledge concerning the biochemical origin of PKU madepossi-
ble a search for rational therapies. If a particular enzymeis deficient, it might
be possible to provide the necessary amountsof that enzyme. Although that
approach may soon be technically feasible (Ambrus et al., 1978), an ap-
proach that has been used successfully involves minimizing the need for the
enzyme. If the mental retardation of PKU is caused by a buildup of
phenylalanine, the amount of phenylalanine in the diet can be reduced.
Phenylalanine is found in a wide variety of foods, particularly meats. In
1953, a special diet was prepared that was very low in phenylalanine. Al-
though it normalized levels of phenylalanine, it did not improveintelligence
of older PKU children. However, when the diet was administered to very
young PKU children, retardation apparently was prevented (Hsia et al.,
1958). As a result of this work, routine screening programs have been estab-
lished to identify PKU infants at birth.

Through these programsand related programsto test relatives of af-
fected persons, it became possible to assay the intelligence of individuals
identified on the basis of the chemical defect. Previously, most research had
been conducted on individuals biochemically identified as phenylketonurics
from a population of individuals already determined to be mentally retarded.
The assumption had been that all phenylketonurics were probably in-
stitutionalized for mental retardation. On this assumption, calculations had
been made that the mean IQ of phenylketonurics was approximately 30.
With the new screening procedure,a surprising numberof individuals were
discovered who were biochemically phenylketonurics, but whose intelli-
gence wasin the normalrange. This discovery necessitated a reevaluation of
the efficacy of dietary treatment. If some of the individuals treated with the
special diet would have developed normalintelligence in any case, then the
report of IQs of treated subjects in the range of 80 to 90 could hardly be taken
as evidence that the diet prevented retardation.
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A great deal of research has subsequently been devoted to the problem
of the efficacy of the low phenylalanine diet, and it remains somewhat con-

troversial. A straightforward experiment comparing the outcomesfortreated
and untreated groups, both identified at birth, would provide critical test.
However, this would involve withholding a potentially effective treatment
from a group of patients, whichis ethically dubious, and is unlikely everto
be done. An approachto this type of comparison can be made, however, by
comparing the IQs of treated patients with those of older siblings, who were

untreated because the dietary therapy had not yet been invented. The results

of such a comparison by Hsia (1970) are given in Figure 5.5. With late

treatment or no treatmentatall, the distribution of IQs ranges from 10 to 110;
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FIGURE 5.5

Frequency histograms of IQ or DQ scoresof early-treated index cases versus

late-treated or untreated siblings. (From ‘‘Phenylketonuria and its variants’’ by

D. Y.-Y. Hsia. In A. G. Steinberg and A. G. Bearn, eds., Progress in Medical

Genetics. Grune & Stratton, Inc., 1970. Used with permission.)
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siblings treated from an early age have IQs ranging from 65 to 120. Further-

more, the distribution of IQs in this latter group indicates that most cases are

at the higher end of the distribution. These results constitute reasonable

evidence that the diet is in fact a useful therapy.

This discovery of normal IQs in untreated phenylketonuricsalso raises

the issue of the possible heterogeneity of the condition. A numberof variant

forms have now beendescribed. Hsia (1970) recommends as a working defi-

nition that patients with persistent blood phenylalanine levels in excess of 25

milligrams percent be diagnosed as ‘“‘classical’’ phenylketonurics. Of these,

approximately one-fourth may achieve normal intellectual functioning with-

out dietary treatment.It is difficult to be sure of the diagnosis of patients with

levels between 15 and 25 milligrams percent, but those with levels between 2

and 15 milligrams percent probably exhibit one of the variants of phenyl-

ketonuria that do not cause retardation. In fact, data from the newborn

screening programsindicate that for every two PKUcases,there is one case

of elevated phenylalanine levels not caused by PKU.

Important new information concerning PKU continuesto be reported.

For example,it has long been known that PKU heterozygotesareless able to

convert phenylalanine to tyrosine than normal homozygotes. But only re-

cently have researchers discovered that heterozygotes may have lower IQs

than normal homozygotes (Bessman, Williamson, and Koch, 1978). This

same study and others also suggest that the retardation effect of PKU may

occur to some extent prenatally, rather than solely after birth.

The considerable success in elucidating the biochemical mechanismsof

PKU hasinspired an intensive research effort directed toward identifying

and analyzing other conditions of mental retardation associated with abnor-

mal metabolism of amino acids. At least a dozen have now been identified,

but most are much more rare than PKU and noneis understood nearly as

well.

OTHER RECESSIVE METABOLIC ERRORS

In addition to amino acidurias such as PKU, there are single-gene metabolic

errors involving carbohydrates andlipids (fats). Galactosemia is an example

of a carbohydrate metabolic defect. Individuals homozygous for the au-

tosomal recessive allele lack an enzyme to convert galactose to glucose. In

many cases, early death results, and affected individuals who do survive are

severely mentally retarded. However, as in the case of PKU, a rational

therapy has been developed. Early identification of affected infants, coupled

with replacementof milk with galactose-free substances, is quite successful.

Heterozygotes have half the normal enzyme activity, which is apparently

sufficient to metabolize galactose.

Tay-Sachs disease (infantile amaurotic idiocy) is a recessive condition

caused by the absence of an enzymethat breaks downa lipid. Such individ-
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uals are apparently normalat birth, but begin to show symptomsofnystag-
mus (Spasmodic movement of the eyes) and paralysis when a few months
old. The condition steadily worsensto a state of profoundidiocy, paralysis,
and blindness. Death usually intervenes before two years of age. Autopsy
has shownthat nervecells of the brains of affected individuals contain ab-
normal amounts of a lipoid substance and the neurons show degenerative
Changes. A carrier test has been developed, and it is also possible to
diagnose affected fetuses prenatally by sampling the amniotic fluid. (See
Box 7.1.)

The point of these examplesis to indicate that genesaffect behavior the
same waythat they affect other phenotypes. When wetalk about single-gene
influences on behavior,it is simply a convenient wayto indicate that we are
considering the effects of DNA production and regulation of proteins as
describedearlier in this chapter. Sometimesstudents react to these examples
of single-gene influences by saying, ‘‘But genes didn’t really cause these
behavioral disturbances. The genes caused metabolic problemsand the be-
havioral effect was only a by-product of the enzyme deficiency.’’ However,
that is just the point. Genes are not magical elements that somehow blossom
into behavior patterns, as when the puppeteer pulls a puppet’s strings. Genes
are segments of DNA that code for protein production. In that sense, all
aspects of ourselves—ourbonesas well as our behavior—are by-products of
this process.

REGULATOR GENES

Until now, we have considered the physical basis for genes that code for
particular proteins, knownasstructural genes. However,it is clear that genes
are not completely active from the moment of conception. Since genes turn
on and off throughout development, after birth as well as before, some
mechanism must be responsible for regulating the timing and quantity of
protein production. The hypothesized mechanism, suggested by Jacob and
Monod(1961), is called the operon model. In addition to structural genesthat
serve as templates for protein production, there are operator genes and reg-
ulator genes. The operator gene is a short segment of DNA next to the
structural gene that serves as an on-off switch, determining whether the
structural gene will be transcribed for protein production. Together, the
operator gene and structural gene are called an operon. Regulator genes
switch the operator gene on and off by producing a repressorthat binds with
the segment of DNAreferred to as the operator gene. This model suggests a
mechanism for the regulation of genes. (See Figure 5.6.) The repressor pro-
duced by the regulator gene will bind with the operator gene, shutting down
the structural gene. If this were the end of the story, all such structural genes
would be permanently turned off. However, the repressor can also bind with
a regulatory metabolite, a product of other operons or substances from out-
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FIGURE 5.6

The operon model. When the regulatory metabolite binds with the repressor

(produced by the regulator gene), the repressor does not bind with the operator. The

structural gene will then be switched on and transcribe RNA, thus producing its

enzyme. (From *‘The control of biochemical reactions’ by J.-P. Changeux. Copyright

© 1965 by Scientific American, Inc. All rights reserved.)

side the cell. When this happens, the repressor is, in a sense, inactivated,

because it will bind with the regulatory metabolite rather than with the

operator gene. The result is that the operator gene, no longer bound to the

repressor, will permit transcription of messenger RNAso that the structural

gene is, in effect, turned on.

Supposethat this structural gene produces an enzyme that breaks down

a regulatory metabolite, and that the metabolite binds with the gene’s re-

pressor. When a structural gene is shut down by its repressor, a regulatory

metabolite builds up. As the metabolite builds up, it begins to bind with the

repressor until the repressor is inactivated and the structural gene turns on.

The structural gene produces an enzyme that metabolizes the regulatory

metabolite. As the metabolite is broken down,the repressor again begins to

bind with the operator gene and eventually shuts down the operon. In effect,

presence of the regulatory metabolite turns on an operon, and its absence

turns an operon off.

The operon model has been demonstrated with the single-celled bac-

terium E. coli. Discussion of the details of the operon in bacteria will make

the concept of regulatory genes clearer. (See Figure 5.7.) E. coli produces

about 700 different enzymes. The enzyme that we know the most aboutis

G-galactosidase, which metabolizes lactose into glucose and galactose. Ina
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The operon model for 8-galactosidase in E. coli. (Adapted from description by J. D.Watson, 1976.)

y 2 to 3 minutes, and variationin its
related to protein production. For example, in a lactose-richenvironment, an average cell will have 35 to 50 B-galactosidase messengerRNA molecules at any given time. In the absenceof lactose, the same cellswill have less than one messenger RNA molecule on the average. Thus, thepresence of the short-lived messenger RNA thatis translated into the en-Zyme is dependent on the need forthat enzyme. Synthesis of messenger

RNAis controlled by the Operon system.
The regulator gene for 8-galactosidase involves 1,040 nucleotide bases,

and the repressor that it codes for is a sequence of 347 amino acids. This
repressor binds to another segment of DNA (the operator gene), which is
only 21 nucleotide bases long. When the repressor binds to the operator,it
blocks transcription of messenger RNA for the structural gene (3,510 bases)
that codes for the 6-galactosidase enzyme. In this way, the operon for the
enzymets switchedoff. However,the repressoris inactivated when lactose
binds with it. Whenlactose builds up, the repressor no longer shuts down the
operon, and the @-galactosidase enzymeis again produced. This enzyme
metabolizes lactose and, when its job is done, it is again repressed. As a
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FIGURE 5.8

An operon circuit that would switch the production of one enzymeoff
and another on. (From General Genetics, 2nd ed., by A. M. Srb, R. D.
Owen, and R. S. Edgar. W. H. Freeman and Company. Copyright ©
1965.)

sidelight, it is known that the repressor for B-galactosidase also represses
two neighboring structural genes that produce enzymescrucial to the metab-
olism of lactose.

Interactions among operons can provide mechanismsfor relatively
permanent changes in gene functioning. Figure 5.8 shows two operonsthat
each contain one structural gene that is, in fact, a regulatory gene (RG) for
the other operon. Thus, if operon 1 is active, the product ofRG, will turn off
operon 2. If some inducer from outside the system, I,, a regulatory metabo-
lite for the repressor coded by RG,, appears even briefly, operon 2 can be
switched on. G, will produce enzyme 2 and RG, will produce its repressor,
which switches off operon 1. Operon 2 is now locked on and operon | is
locked off until such time as an inducer for operon 2 appears. Far more
complex typesof interactions could be postulated. But the foregoing should
make it clear that operon-type systems could be responsible for most of the
sequential regulation of genes andthe selective workings of genesin different
tissues that accompany developmental processes.

Since the operon modelis based on research with microorganisms, the
extent to which it applies to more complex organisms remains to be estab-
lished. Nevertheless, it would seem to be a reasonable working hypothesis
that this or a similar mechanism functions in higher organisms. Because gene
regulationis a relatively new concept, it has not been systematically incorpo-
rated into evolutionary theory or behavioral genetics. Conceptually, the im-
pact of gene regulation will be considerable.

MUTATION

Although DNA replication is highly reliable, mistakes sometimes occur.
Some ofthe early work in genetics concerned mutations induced by X-rays, a
procedure used by Hermann J. Muller in 1927 with Drosophila. Since this
discovery of the mutagenic effect of X-rays, other agents have been discov-
ered for experimentally inducing mutations, including some chemical com-
pounds and extreme temperatures. Thus, certain environments can produce
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FIGURE 5.9

Bacteria on the move in normal and mutantstrains. (a) Normal bacteria placed in the

center of a plate with galactose radiate outward, forming a ring. (b) This plate has

both galactose and ribose, and two mutant strains—one that cannot metabolize

galactose and one that cannot metabolizeribose. Each strain moves independently of

the other, forming two separate rings. (Courtesy of Julius Adler.)

   FIGURE 5.10
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Annual Reviews, Inc. All rights

reserved.)
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disrupt the behavior. An automobile, which requires thousands of parts for

its normal functioning, makes a good analogy. If any one part breaks down,

the car may not run properly. In the same way, single genes can drastically

affect behavior that is normally influenced by many genes.

Paramecia

Paramecia, like bacteria, are one-celled organisms, but they are larger

and their movement is more obvious. They are covered by cilia, which

propel the cell forward or backward. Paramecia avoid certain chemical and
thermal stimuli by backing up and then swimming forward in a new direc-
tion. Parameciaare also interesting because of their unusual mode of repro-
duction. They are diploid (that is, they have a pair of chromosomes), unlike
bacteria, which have only one chromosome. Diploidy would complicate mo-
lecular genetic analysis in paramecia, exceptforthe fact that they can repro-
duce by a processcalled autogamy. Autogamyis self-sexual reproduction, in
which identical gametes are produced and fertilize each other, producing
completely homozygous organismsin just a few hours.

A mutagenic agent is fed to paramecia and they are allowedto repro-
duce by autogamy, thus passing on mutations to their offspring. Behavioral
mutants are screened from thousands of such organisms. Over three hundred
behavioral mutants have been isolated, and 20 genes have been implicated in
the avoidance behavior of paramecia (Kunget al., 1975). For example, in
some solutions, wild paramecia show repeated avoidance reactions. Some
mutants, however, cannot swim backward; they are called pawn mutants
(after the chess piece that can only move forward). Over 150 different pawn
mutants have been identified, involving 62 different mutants at only three
loci. Other mutants include: paranoiac (prolonged backward movement),
which involves mutationsat any offive different loci; spinner (spins in place
in a certain solution), involving one locus; and sluggish (very slow mover)
involving one locus. Figure 5.11 shows tracks of the movements of these
strains during periods of about 10 seconds.

Analyses of avoidance behavior in paramecia have focused on the
membraneandits electrical properties. For example, the pawn mutants have
a defect in the permeability of the membrane for a particular chemical in-
volved in the electrical response. Although researchers have done some
molecular analyses of specific gene products (enzymes) underlying these
behavioral mutants, such studies have not advanced asfar as those of bac-
teria.

Round Worms

The Nematode round worm is intermediate in complexity between
single-celled organisms and complex metazoans, suchasfruit flies, mice, or
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FIGURE 5.11

Movements of various paramecia strains. (a) Wild-type:

spontaneous avoidance reactions, which cause turns. (b) Pawn:

forward motion with no avoidance reactions. (c) Paranoiac:

sustained, rapid backward motion. (d) Sluggish: very slow

movement. (Adapted from ‘‘Genetic dissection of behavior in

Paramecium’’ by C. Kung et al. Science, 188, 898-904. Copyright

© 1975 by the American Association for the Advancement of

Science.)

human beings. It is about | millimeter long, and it has about six hundred

cells, half of which are nerve cells. Most are self-fertilizing, and about

100,000 descendants can be produced in one week. Genetic dissection of the

Nematode’s nervous system has given this lowly worm thedistinction of

being the only organism for whom weknowtheentire design of the nervous

system. Behaviorally, about forty chemotaxis mutants have beenisolated,

involving about fifteen loci (Ward, 1977). About half of these behavioral

mutants have observable differences in the anatomy of their nervous sys-

tems. As in paramecia, the gene products underlying these behavioral mu-

tants are beginning to be identified.

Drosophila

Benzer studied behavioral mutants in Drosophila because of the great

store of available genetic information. Long lists of Drosophila behavioral

mutants have been compiled (e.g., Grossfield, 1975). They include: sluggish

and hyperkinetic mutants; wings-up cannot fly because of a defect in the

muscle; easily shocked, in which jarring produces behavior similar to an

epileptic seizure; paralyzed collapses whenever the temperature goes above

28° C; drop dead walks and flies normally for a couple of days and then

suddenly falls on its back and dies in just a few hours. More complex behav-

iors are also being studied. One such group involves courtship behavior in

male Drosophila. Males follow otherflies and then vibrate their wingsprior to

mounting for copulation. Behavioral mutants for aspects of courtship have

been found. One male mutant, called fruitless, courts males as well as fe-

males and does not copulate with the females. Another male mutant cannot

disengage from the female after copulation andis given the dubious title stuck

(Hall, 1977a).
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Benzer used an ingenioustrick to narrow the search for mutant genes
to the X chromosome.His trick also made possible the use of the important
tool referred to as genetic mosaics, which wewill discuss in the next section.
Although the method is somewhat complicated, the goal is simply to create
Drosophila with mutant genes on the X chromosome. Like human beings,
male Drosophila have one X and one Y chromosome, and females have two
X chromosomes. However, unlike the human situation, flies with two X
chromosomes and one Y chromosomeare fertile females. We will consider
the special case of two attached X chromosomesthatare inherited as a pair.

Suppose that we induce mutations among male Drosophila and cross
them with nonmutated females with a double-X chromosome and a Y
chromosome.Table 5.2 showsthe types of offspring from such a cross. Two
kinds of offspring do not survive—ones that receive the double-X from the
mother and an X from the father, and offspring that receive the Y from the
mother and the Y from the father. This leaves only two kinds of offspring.
One type includes XY males with the X chromosomefrom the father, which
thus show any recessive mutations induced on the X chromosomeoftheir
father. Note that this particular male receives the Y from his nonmutated
mother. The other type of offspring is a female like her mother (double-X and
Y). She received the double-X from her mother, and cannot express muta-
tions on the X chromosomebecauseshehasnot received an X chromosome
from her father. However, such a female can express mutations on the other
chromosomesfrom herfather. But these characters will be expressed onlyif
they are dominant becauseshe receives only one autosome of each pair from
her mutated father. In summary, the males from such a cross expressall of
the recessive mutations on the X chromosomeandthe females express only
the dominant mutations on the autosomal chromosomes.

In his early work, Benzer (1967) screened these offspring for their
responseto light. Normal, wild-type Drosophila are positively phototactic—
that is, they move towardlight. Two mutant male offspring from the above
cross were found to be nonphototactic (did not move toward light). Analyses
indicated that a single gene on the X chromosome was responsible for this
Strange behavior. For example, when these males were mated to double-X
and Y females, all of their sons exhibited the same behavior. The mechanism
here is the sameasthat illustrated in Table 5.2. The only viable male off-

TABLE 5.2

Offspring from mating of normal male and attached-X female Drosophila
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spring from such a cross received the X chromosome from their father, and

express the recessive mutated gene on the X chromosome. Females do not

receive the X chromosome from their father. These results indicated that

nonphototaxis was due to a gene mutation on the X chromosome. Benzer and

Y. Hotta (1970) extended this work by describing a series of nonphototactic

mutants with problemsof the retina. All of the mutant genes were located at

five loci on the X chromosome. Mutantanalysis has now revealed more than

one hundred different genes involved in the structure of the Drosophila eye

(Ready, Hansen, and Benzer, 1976). Other behavioral mutants have also

been studied. For example, 48 mutants defective in flight behavior have been

found (Homyk and Sheppard, 1977). The mutations were mapped to 34

different sites on the X chromosome.

Genetic Mosaics

Another method developed by Benzer to dissect behavior more pre-

cisely is the analysis ofgenetic mosaics. Genetic mosaics are individuals with

different genes in various cells of the body. Normally, of course, life begins

as a Single cell, and the genetic material in that cel! is replicated in every

other cell of the body. In addition to the female with double-X and Y

chromosomes, Drosophila have anothergenetic curiosity that permits mosaic

analysis. There is an unstable, ring-shaped X chromosomethatis frequently

lost soon after fertilization. (See Figure 5.12.) Females with one normal X

and one unstable X become mosaics because somecells lose the unstable X,

and thus have only one X chromosome, comparedto other cells with two X

chromosomes. The cells with a single X chromosome will express all the

genes on that chromosome. Moreover, in Drosophila, individuals with a

single X chromosome are male and those with two X chromosomes are

female. Thus, these mosaics are composites of male and female cells, and are

called gynandromorphs (from the Greek, meaning “‘characteristics of both

sexes’), or XX-XO mosaics.

The XX and XOcells of gynandromorphs are not randomly intermin-

gled; large continuous areas with many cells are of the same genotype. By

comparing many such XX-XO mosaics,it is possible to isolate the parts of

the body responsible for certain behaviors. For example, work by Hotta and

Benzer(1976) with 477 mosaicsindicates that if the head is male, courtship

behavior is male. A mosaic with a male head will follow other flies and

vibrate its wings regardless of the sex of other parts of its body. Subsequent

work indicates that only half of the brain must be male to produce male

courtship behavior (Hall, 1977b). Hotta and Benzer also examined 130

mosaics that were successful in following and vibrating their wings and in

copulation. The mosaic analysis suggested that successful copulation re-

quires a male thorax (the part of an insect’s body between the head and

abdomen), as well as a male head. Of course, sex isn’t all in the head; male

genitals are also required for successful copulation.



Step one: Establish males with mutagenized X chromosome. (See Table 5.2.)

Step two: Establish female mosaics from females with unstable X(X,) chromosome.

e Females with one normal X and one

unstable X(X,) chromosome.

e During development, unstable X(X,)
chromosome “disappears” in some
cells.

“Male” cell (expresses all genes on
the X chromosome).

 

“Female”cell.

Step three: Mate males with mutagenized X and females with unstable X (X,)-

X (mutagenized) Y mated with XxX, (unstable X)

e Female offspring.

© During development, unstable X (X,)
“disappears” in somecells.

@ “Male”cell expresses all mutations
on X chromosome.

 

e “Female”cell.

FIGURE 5.12

Mosaic analysis using Drosophila.

The final step is to mate the females with the ring-shaped X chromo-
some to the mutant males described above. (See Figure 5.12.) These males
pass on their X chromosome, with its mutant gene, to the female offspring.
Half of the time, these female offspring also receive one of the ‘‘disappear-
ing’’ X chromosomesfrom their mother. In this way, the mosaicsare notjust
male-female mosaics. They are also mosaic for the recessive mutated genes
on the X chromosome. ‘‘Marker’’ genes for body color, for example, can
also be inserted on the X chromosometo permit easy identification of the
particular ‘‘male’’ and ‘‘female’’ cells.

This method has been applied to many behavioral mutants to analyze
which body parts must be mutant for the mutant behavior to occur. In an
early study, mosaics were created using a gene that causes a defective visual
responseto light. Although there is considerable variability amongflies, they
normally move away from gravity (negative geotaxis) and towardlight (posi-
tive phototaxis). Thus, in a dark tube, most normalflies will climb straight up
the tube whether or not there is a light at the top. A certain mutant gene
producesa diminished responseto light. When this mutant geneis present in
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mosaics, someflies will have one mutant eye and one normal eye. When

these mosaics are put in a dark tube, they also climb straight to the top

because their geotaxis is not affected. (See Figure 5.13a.)

However, whena light is placed at the top of the tube, the mosaicflies

attempt to equalize the light coming into the two eyes, and thus keep their

defective eyes toward the light. As a result, the mosaic flies climb up the

tube in a spiral, keeping their mutant eyes closer to the light (Figure 5.13b).

Spiral climbing occurs regardless of the amount of normal female tissue

present, as long as one eye is normal and the other is mutant. Thus, the

mutation is specific and isolates the defective visual response to the eye

itself. As Benzer has indicated, phototaxis is a complex behavioral response:

‘‘Light is absorbed by a pigmentin the receptorcell, producing neural exci-

tation, transmission at synaptic junctions, integration in the central nervous

system involving comparison with other inputs, and generation of appropri-

ate motor signals such that the fly walks in a particular direction”’ (1967, p.

1118). A mutation resulting in a defect in any of these structures or processes

could lead to a change in phototaxis. As indicated earlier, mutants for more

Darkness Light source

Wy

 
(a) (b)

FIGURE 5.13

(a) Behavior in darkness displayed by a mosaic fly with normalvision in one eye and

defective vision in the other. Since the fly is negatively geotactic, it climbs straight

up. (b) Whenlight is shining from above, the samefly turns its defective eye toward

the light and climbs in a helical path. (From Hotta and Benzer, 1970.)
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than one hundred different genes affecting the eye have been isolated. These
are now used in mosaic analyses to dissect the visual system and to provide
information about the normal sequence of events.

Mutant and mosaic analysis has also been applied to learning. A
Drosophila mutant defective in avoidancelearning has been isolated (Dudai,et
al., 1976). Flies were taught to avoid a particular odor that had been coupled
with shock. Although flies avoided the odor only 30 percent of the time, the
learning lasted a day (Quinn, Harris, and Benzer, 1974). After screening
about five hundred lines of flies with mutagenized X chromosomes, one
mutant line was found that could not learn to avoid the odor associated with
shock even though it had normal sensor and motor behavior. The mutant,
called dunce, is now being subjected to mosaic analysis in order to pinpoint
the source of the learning problem.

Genetic Dissection and Development (Fate Mapping)

The methodof genetic dissection of behavior promises to assume even
greater importance in behavioral genetics. Although mice are much slower
breeders than bacteria, paramecia, round worms, and Drosophila, genetic
dissection of the nervous system of mice has also begun (Caviness and
Rakic, 1978). The morefine-grained mosaic analysis has been limited primar-
ily to Drosophila, however, because it is easy to generate XX-XO mosaics
(Hall, 1977a).

A recent review of genetic dissection research concludesthat the next
phase of research will begin to unravel the developmental interaction be-
tween genes and behavior: *‘Manyof the mutants that have been selected for
behavioral alterations are altered in the developmentof parts of the nervous
system. This meansthat eventual understanding of the effects of these mu-
tants must be sought by understanding the gene control of development. This
is the most challenging problem confronting the analysis of neurological
mutants’’ (Ward, 1977, p. 444).

Onestep in this direction is mosaic fate mapping. In 1929, Alfred Stur-
tevant (see Benzer, 1973) proposed that mosaics could be used to ‘“map”’
what happensto the cells of the blastoderm—the surface of the blastula that
is a hollow ball consisting of a single layerofcells surrounding the yolk in the
young embryo. In XX-XO mosaic blastoderms, there is a dividing line be-
tween the areas of XX and XO cells. The orientation of this boundary is
random, which meansthat the likelihood that this boundary will pass be-
tween two cells is proportional to the distance between them. We also know
from histological (tissue) analysis that the location ofa cell in the blastoderm
determinesits fate throughout development(Baker, 1978). Thus, in the adult
mosaic, body parts that are usually of different genotypes (XX versus XO)
are likely to be farther apart in the blastoderm. Sturtevant scored pairs of
body parts in 379 mosaicsfor the frequency with which one part was XX and
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the other XO. The more often this happened, the farther apart were the

ancestor cells in the blastoderm, as determined by histological analysis

(Gehring, 1976). Although much remains to be learned about the genetic

changes involved in such differentiation of tissue, one recent model suggests

that the genetic mechanism involves irreversible repression of previously

active genes, rather than selective gene activation (Caplan and Ordahl,

1978).

Benzer and Hotta extended this approach to behavior (Benzer, 1973).

First, using 703 mosaics, they constructed an anatomical fate map, as shown

in Figure 5.14. The distances betweenthe origins of various parts are scored

in sturts, in honor of Sturtevant. One sturt represents a 1-percent probability

that the two structures will be of different genotypes. For example, legs 1 and

2 were of different genotypes 10 percent of the time; legs 2 and 3 differed 10

percent of the time; and legs | and 3 differed 20 percent of the time.

Benzer and Hotta then began to relate behavioral characteristics to this

fate map. For example, the hyperkinetic mutant shakesall six of its legs

when anesthetized. They showedthat each leg’s shaking was independentof

that of the other legs. When they mapped the shaking of the legs in the

 
FIGURE 5.14

A blastoderm fate map of the external body parts of Drosophila, based on the

probability that two parts of the body are of different genotypes in mosaic

individuals. (From ‘‘Genetic dissection of behavior’’ by S. Benzer. Copyright

© 1973 by Scientific American, Inc. All rights reserved.)
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FIGURE 5.15

A fate map showing the sites on the blastoderm at which mutant genes(A)
affect leg shaking in the hyperactive mutant. A similar map exists for the
other side of the blastoderm, which affects shaking of the three legs on the
other side of the body. The blastodermalsite of the (B) drop-dead and (C)
wings-up mutant genes are also shown. (From ‘‘Genetic dissection of
behavior’ by S. Benzer. Copyright © 1973 by Scientific American, Inc.
All rights reserved.)

hyperkinetic flies, they found that the location of the original cells in the
blastoderm is near the location for the appropriate leg, but always belowit,
in a region thatis the origin of part of the nervous system. (See Figure 5.15.)
The embryonic locations of the drop-dead and the wings-up mutant genes
mentionedearlier are also shownin Figure 5.15. Mutant and mosaic analyses
have been conducted for other behaviors, such as flying (Homyk, 1977), and
we can expect many more applications of these important techniques in the
future (Flanagan, 1977).

Benzer has summarized this approach as follows:

In tackling the complex problems of behavior the gene provides, in effect, a
microsurgical tool with which to produce very specific blocks in a behavioral
pathway. With temperature-dependent mutations the blocks can be turned on
and off at will. Individual cells of the nervous system can be labeled genetically
and their lineage can be followed during development. Genetic mosaics offer
the equivalent of exquisitely fine grafting of normal and mutant parts, with the
entire structure remaining intact. What we are doing in mosaic Mappingis in
effect “‘unrolling’’ the fantastically complex adult fly, in which sense organs,
nerve cells and muscles are completely interwoven, backwardin development,
back in time to the blastoderm, a stage at which the different structures have
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not yet come together. Filling the gaps between the one-dimensional gene, the

two-dimensional blastoderm, the three-dimensional organism and its mul-

tidimensional behavior is a challenge for the future. (Benzer, 1973, p. 15)

GENES AND INDIVIDUAL DIFFERENCES

In the previous chapters on evolution and Mendelian genetics, a basic mes-

sage has beengenetic variability. The knowledge that genes are sequencesof

DNA nucleotide bases also adds to our understanding of variability. The

ultimate source of genetic variability is mutation, random changes in nu-

cleotide base sequences. Although most mutations are harmful, they are the

price paid for genetic variability and the possibility of evolutionary change.

Wealso knowthat all genes are not simply templates of protein production.

Regulator genes control the production of proteins, and mutations of these

genes can result in additional genetic variability.

As mentioned in the previous chapter, over one-third of human struc-

tural genes have two or morealleles. We know this because these genes

produce detectably different enzymes. Moreover, we are learning that even

more genetic variation exists for structural genes that do not detectably alter

the function of enzymes, at least given existing environmental demands.

Harry Harris and his coworkers frequently discover variation in amino acid

sequences for functionally equivalent enzymes. For example, in one early

series of observations, 3 of 12 enzymes that were examined were

polymorphic—that is, several different alleles code for variants of these

enzymes. In summarizing results from his work and the work of others,

Harris concluded:

Thus quite a high degree of individual differentiation in enzymic makeup can

already be demonstrated from this limited series of examples, and it is of

interest that most of this is attributable to variation in molecular structure of

the enzymes. This must surely be only the tip of the iceberg, and one may

plausibly imagine that in the last analysis every individual will be found to have

a unique enzymic constitution. (Harris, 1967, p. 211)

SUMMARY

Perhaps the most exciting advance in biology in this century has been in

understanding Mendel’s elements. Early in the century, inborn errors of

metabolism suggested the ‘‘one-gene, one-enzyme hypothesis.’’ Knowledge

of the double-stranded DNA molecule followed. The structure of DNAre-

lates to its dual functions of self-replication and protein synthesis. Genes are

sequences of nucleotide pairs long enough to code for a specific sequence of

amino acidsin a particular polypeptide. In addition to structural genes that
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serve as templates for protein production, there are also regulator genes that

control the transcription of structural genes.

Mutations are changes in the nucleotide bases of DNA. Muchof our
early knowledge of genes was the result of experimentally induced muta-
tions. Mutations are now being used to dissect behavioral sequences in many
organisms, such as bacteria, paramecia, round worms, and Drosophila. The
combination of mutants and mosaics in Drosophila permits powerful analy-
ses of the fine structure of behavioral development.



 

Chromosomes

Advances in the field of cytology—the study of the cell and its

contents—led to a major breakthrough in understanding the physical nature

of heredity. In the mid-nineteenth century, it was generally accepted that

cells are the basic units of living organisms. Aided by new knowledge about

the chemistry of dyes, cytologists were able to stain the contents of cells to

make them morevisible for study. It was soon foundthat a portion ofthecell,

the nucleus, contains a number of small rod-shaped bodies called chromo-

somes (‘‘colored bodies’) because they can be stained by particular dyes.

The number of chromosomesis the samein all cells of an organism, except

for the sex cells (the sperm and eggs, which are called gametes). In the

non-sex cells (called somatic cells), chromosomes comein pairs. The total

number of chromosomesin each somatic cell is called the diploid number. In

sex cells, only half of the chromosomes—one memberof each pair—are

represented. The number of chromosomesin each sex cell is referred to as

the haploid number. All individuals of a species have the same number of

chromosomes in each cell, although the number varies widely from one

species to another. For example, the pea plant has 7 pairs of chromosomes,

wheat has 21, mosquitoes have 3, fruitflies have 4, carp have 52, mice have

20, dogs have 39, and humans have 23. It gradually became clear that

chromosomes were involved in heredity.
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MENDEL AND CHROMOSOMES

Mendeldid not know that his elements were parts of chromosomes. His law
of independent assortmentstates that the elements, or alleles, for two differ-
ent traits are inherited independently. However, in Chapter 4 we noted that
Mendel would have beenin for a surprise if he had happened to study two
traits affected by genes located close together on the same chromosome.In
this case, the traits would have been inherited together, and he would not
have found independent assortment. The dihybrid segregation ratio of
9:3:3:1 would have been closer to a 3: 1ratio. As indicated in Figure 6.1,
the ratio would be 3:1 if the two loci are so closely linked that no recom-
bination occurs. If the A and B loci wereless tightly linked, some recombi-
nants (such as A,A,B,B,) would occur in the F, progeny.

It is now knownthat the peaplant has sevenpairs of chromosomes. So
given that Mendel studied seventraits, the probability is very small (0.006

A 1 A 1

Truebreeding B, B,
parents

   
F,

F,

¥% dominant for both A and B 4 recessive for

both A and B

FIGURE6.1

Dihybrid segregation ratio if genes are very closely linked on the same
chromosome. (A, and B, are dominant.)



 

Box 6.1

Why Didn't Mendel Find Linkage?

Mendel studied seven single-gene traits of the pea plant. The pea plant has only seven

chromosomes. The probability that each of the seven genes selected at random would

be on a different chromosome is only 6 in 1,000. Therefore, why didn’t Mendel

observe any dihybrid segregation ratios other than 9:3:3: 1?

The answerto the paradox is not that the seven genes that Mendel studied are on

seven different chromosomes(Blixt, 1975). All seven genes have now been mappedto

specific chromosomes, and we knowthat two of them are linked closely on chromo-

some 4. These loci are linked sufficiently close to yield a significant departure from a

9:3:3:1 ratio. However, given seven traits, there are twenty-one possible dihybrid

crosses. Only one of these would have shown this departure from the expected

9:3:3:1 dihybrid segregation ratio. Mendel apparently did not perform that particu-

lar dihybrid cross.

In addition to the two tightly linked genes, Mendel reported dihybrid ratios for

some other genes that were on the same chromosome. However, unless genes are

close together on the same chromosome, they will recombine due to the process of

crossing over, in which chromosomes exchange parts (as discussed in detail later in

this chapter). The greater the distance between loci, the greater the frequency of

recombination. The genes that Mendel happenedto studyare,in fact, so far apart on

their chromosomesthat they would not have showna significant departure from the

expected dihybrid segregation ratios for unlinked genes.

As a sidelight and prelude to Box 6.3, we should note that departures from ex-

pected dihybrid segregation ratios are not just a nuisance in Mendelian genetics. They

provide an important tool for determining whether genesare, in fact, located on the

same chromosome. Departures from expected segregation ratios suggest that the

genes are linked. The less recombination that occurs, the closer together are the

genes on the chromosome.

 

that all seven genes were located on different chromosomepairs. Why, then,

didn’t Mendelfind dihybrid segregation ratios that indicated linkage? The

answerto that question may be found in Box6.1.

CELL DIVISION

Cell division involves two processes. Thefirst involves duplication of cells.

Webegin life as a single cell and end up with about 10% cells in our adult

bodies. Second, a sample of half of our genesis transmitted from one genera-

tion to the next in our sex cells (sperm and eggs). The two types of cell

division involved in these processes are mitosis and meiosis, respectively.

(See Figure 6.2.)
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Mitosis

In the process of growth, cells divide into two *‘daughtercells,’ each of

which then later divides into two more, and so forth. Many cells in our

bodies go through a typical cell cycle lasting about a day. (See Box 6.2.) On

the other hand, some cells, such as nervecells, rarely divide. Others (e.g.,

liver cells) divide only when injured; cancercells divide extremely rapidly.

Study of the chromosomesrevealed that a remarkable series of changes

takes place during cell division. The major features of this process of mitosis

are illustrated in the left half of Figure 6.2. Prior to the splitting of the cell,
the chromosomal material is replicated, and spindle fibers become attached
to the centromere of each chromosome(a genetically inactive chromosome
region). During cell division, half of the material goes into one daughtercell,
and half into the other. Since different chromosomes are somewhatdistinc-
tive in shape and size, researchers were able to determine that each daughter
cell receives an equivalent chromosomal complement. This distinctiveness
of chromosomesalso resulted in the conclusion that chromosomesexist in
pairs. In Figure 6.2, one chromosomeof eachpair is of paternal origin; the
other is of maternal origin. Thus, two pairs of homologous chromosomes, or
matched sets, are shown in thefigure.

Meiosis

The process by which one set of chromosomesis contributed by each
parent is called meiosis. Meiosis essentially consists of the splitting of a cell
into two, without the prior doubling of chromosomal numberthat occurs in
mitosis. (See Figure 6.2.) More precisely, meiosis begins with doubled
chromosomes. Each cell divides twice, so that each original diploid cell
yields four gametes, each with a haploid number of chromosomes. One
memberof each pair of homologous chromosomesis drawn into each hap-
loid daughter cell before the division is complete.

The haploid set of chromosomesincluded in any one gamete, however,
is not necessarily the same haploid set that the individual received from its
mother or father. A reshuffling occurs, so that an individual transmits to its
offspring some of the chromosomes received from its mother and father.
This reshuffling of chromosomescan create considerable genetic variability.
For example, your gametes (sperm or eggs) can have any of over 8 million
possible haploid combinations(2?) of your 23 pairs of chromosomes. Any of
these haploid combinations can fertilize, or be fertilized by, the 8 million
possible combinations of gametes of your mate. This means that you and
your matecan potentially create 64 trillion chromosomally different zygotes.
Meiosis results in even more genetic variability by means of the process of
crossing over, discussed in the following section.
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Box 6.2

Typical Cell Cycle

G, is a period ofinitial cell growth, lasting about 8 hours.

S is a period (about 6 hours) in which chromosomereplication occurs. Since
genes are carried on chromosomes, and since DNAis the genetic material,
this is a period of active DNA synthesis.

Gz is a second period of growth, which lasts about 5 hours.

M is the final phase, in which cell division occurs. This is the shortest phase
(about | hour) and yields two identical daughter cells that begin the cycle
over again. During this phase, the chromosomes becomevisible under the
light microscope and various stages of mitosis may be observed. 

In short, mitosis occurs in almostall cells of the body. Its function is to
duplicate cells. Meiosis occurs only in the ovaries and testes, which produce
the sex cells. Its function is to shuffle chromosomesand produce gametes
with single chromosomesrather than chromosomepairs.

CROSSING OVER

Understanding of the chromosomal basis of heredity helped to delineate
exceptionsto the law of independent assortment, as mentioned in Box 6.1. It
was evident long ago that there must be more genesthan there are chromo-

a

FIGURE 6.2

A comparison of mitosis and meiosis. N is the numberof chromosomesof each type.
(From James D. Watson, Molecular Biology ofthe Gene, 3d ed., Benjamin/Cummings
Publishing Company, Menlo Park, CA. Copyright 1976.)
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FIGURE 6.3

Diagrammatic illustration of crossing over—the mutual exchange of
material by homologous chromosomes. (After ‘‘The inheritance of
behavior’ by G. E. McClearn. In L. G. Postman, ed. Psychologyin
the Making, Copyright © 1963. Used with permission of Alfred A.
Knopf, Inc.)
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and B are on different chromosomes, the map distance (percent recombination) is

50—meaning that 50 percent of the offspring are recombinant types. This suggests

that there is no linkage, and thus independent assortment. However, suppose the

percentage of the two recombinant genotypes was 40 percent instead of 50 percent.

The map distance between the A and B genes would be 40 mapunits. If there is less

recombination, the map distance is smaller, and the genes are closer together on the

chromosome.

In 1906, Bateson found two genes in the sweet pea that did not assort indepen-

dently. By 1915, T. H. Morgan et al. summarized results for 85 genes in the fruit fly

(Drosophila), and showedthat they fall into four linkage groups. We now knowthat

Drosophila has four chromosomes.

For humans, the problem is more difficult because naturally occurring test crosses

must be found. Expectations for recombination must be estimated for a given set of

family data. Linkage for the sex chromosomeis more easily studied because males

have an X and a Y chromosome and females have two X chromosomes. Recessive

traits on the X chromosome showa greater incidence in males. Because the gene is

recessive, a womanwill show thetrait only if she is homozygousfor thosealleles. In

males, however, there is no corresponding locus on the Y chromosome,so that a

single recessive gene on the X chromosomeis expressed. If a gene is on the X

chromosome, we would expect to find no father-to-son inheritance because fathers

give their sons only the Y chromosome. Other predictions can be made concerning

familial resemblances for an X-linked trait. (See Chapter 4.)

Once sex linkage is demonstrated, map distance can be determined bythe **grand-

father method.’’ Females who are doubly heterozygous for two genes on the X

chromosome can be detected because their fathers will show the alleles present on

one of their X chromosomes. Recombination can then be studied for the sons of the

doubly heterozygous females, and map distance can be determined.

In 1936, Haldane established the distance between the genes for color blindness

and hemophilia on the X chromosome. Nearly one hundred genes have now been

identified as being located on the human X chromosome.In 1954, J. Mohr demon-

strated the first linkage between two human autosomal genes (located on a chromo-

some other than the sex chromosomes, X and Y), and M. C. Weiss and H. Green

localized the first human geneto a specific chromosome. Linkage and mapping re-

search continues to progress rapidly, particularly because of a new mapping technique

called somatic cell hybridization. This technique is discussed in Box 6.4.

 

not affected the relationship between the A locus and the C locus. All ga-

metes are eitherA,C, or A.Cy, as in the grandparents, since the crossoverdid

not occur between these loci. Crossing over could occur between the A and

C loci, but that would be less frequent than between A and B. Because of

this, the crossover gametes occur less often than the noncrossover. Genes

located on different chromosomes do, of course, assort at random. These

facts have been used as a tool to map genes on chromosomes; see Box 6.3.
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HUMAN CHROMOSOMES

Although the chromosomes of Drosophila and other organisms were sub-
jected to detailed analyses as early as the 1930s, human cytogenetics lagged
far behind. About twenty-five years ago, students were taught that the num-
ber of chromosomes in man was 48 (24 pairs). However, after using im-

proved techniques, it was reported in 1956 that the normal diploid chromo-
some numberin manis 46, not 48 (Tjio and Levan, 1956). Since that date,

important developments in human cytogenetics have occurred with great
rapidity.

Karyotypes

In order to study the chromosomal complement, or karyotype, of an

individual, a sample of white blood cells (leukocytes) is usually obtained

and cultured in the laboratory for two or three days. A chemical

(phytohemagglutinin) is added to the culture to stimulate growth and cell

division. Dividing cells are then exposed to colchicine, a chemicalthat inhib-

its the separation of doubled chromosomes. This results in the accumulation

of cells at the stage of mitosis, illustrated in Figure 6.2, in which the dupli-

cated chromosomes have shortened and thickened andare still attached at

the centromeres. Thecells are then washed with a saline solution, resulting

in swelling of the cells and spreading out of the chromosomes. When these

cells are squashed or air dried, the chromosomestend to lie in the same

optical plane. The cells are then stained and photographed under high-power

magnification. The chromosomesin the photograph maythen be cut out and

rearranged according to their size and the location of the centromeres. The

karyotype of a normal male is shown in Figure 6.4.

An international conference was held in Denver, Colorado, in 1960 for

the purpose of standardizing the classification of human chromosomes. The

resulting ‘‘Denverclassification’’ is based on both chromosomelength and

location of the centromere. If the centromere divides a chromosome into

arms of approximately equal length, the chromosomeis said to be metacen-

tric. If the centromere is very close to one end of the chromosome, the

chromosomeis referred to as being acrocentric. If the centromereis located

somewhere between the middle and one end, the chromosomeis described

as being submetacentric.

As indicated in Figure 6.4, the 23 pairs of human chromosomesare

classified into seven distinct groups. Group A includes chromosomepairs |,

2, and 3. These are large chromosomes that can be distinguished from

others on the basis of their size and the central location of the centromere.

Group includes chromosomepairs 4 and 5, which are large submetacentric

chromosomes. Group C, the largest group, includes chromosome pairs 6

through 12 and the X chromosome, all of which are medium sized and
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A (1-3)

    
C (6-12) X  

D (13-15) E (16-18)

    
F (19-20) G (21-22) Y

FIGURE 6.4

Male karyotype. (Courtesy of Dr. Margery Shaw.)

submetacentric. Group D includes the medium-sized acrocentric chromo-
some pairs 13, 14, and 15. Group E chromosomepairs (16, 17, and 18) are

relatively short and metacentric or submetacentric, and those in Group F (19

and 20) are metacentric and shorter. Group G chromosomesare very short
and acrocentric. This group includes chromosomes 21 and 22, as well as the
Y chromosome.

A symbolic system has also been devised for describing the
chromosomal complementof an individual. The total chromosome numberis
indicated first, followed by the sex-chromosome constitution and any au-
tosomal abnormality. A plus or minus sign before a chromosome numberor
letter indicates that an entire autosome is represented an extra time oris
missing, and a question mark indicates uncertainty. This system of nomen-
clature is illustrated in Table 6.1.

Banding

In 1968, another significant advance was made in the technology of
human chromosome identification. In that year, T. Casperson and co-



TABLE 6.1

Nomenclature for human chromosome complements,
including aberrant ones

  

Abbreviation Description

46, XY Normal male

46, XX Normal female

45, xX 22 pairs of autosomes, one X chromosome; one sex
chromosome missing

47, XXY 22 pairs of autosomes: one extra sex chromosome

45, XY, -—C Male; one chromosome missing in group C

47, XX, +21 Female; one extra chromosome number21

45, XX, —?C Female; one autosome missing, probably in group C

45, X/46, XX A mosaic, some cells like those of a normal
female and some missing an X chromosome

 

SOURCE: After Hsia, Human Developmental Genetics. Year Book Medical Pub-
lishers. Copyright © 1968. Adapted from Chicago Conference, Standardization in
Human Cytogenetics, Birth defects, Original Article Series II: 2. New York: The
National Foundation, 1966.

workers reported that metaphase (middle stage of mitosis) chromosomes can
be stained by fluorescent DNA-binding agents to yield a pattern of up to 320
light and dark bands when viewed with a fluorescent microscope. Other
banding techniques have since been found that yield generally similar re-
sults. The most widely used techniquesare those that do not require special
equipment such as fluorescent microscopes. In 1977, it was discovered that
many more bands can be detected when chromosomesare stained during

earlier stages of mitotic division than in metaphase (Sanchez and Yunis,

1977). Figure 6.5 compares the patterns of human chromosomesat meta-
phase and prophase.In the left half of each chromosome(the left chromatid),

we see the banding picture as of 1972. The chromatids at right depict the

banding pattern using techniques available in 1977.
It is not clear what the bands represent. At first, they were thought to

be active genes, but it is now known that the average band has 30,000

nucleotide bases, which is over twenty times more than necessary to code

for most proteins. It was then suggested that the bands represent related

proteins, but this view is now considered unlikely. Thus, weare left with no

good explanation. Nonetheless, the bands are extremely useful in identifying

chromosomes. Previous techniques often resulted in no more than the as-

signment of individual chromosomesto groupson the basis of their size and

the location of the centromere. Nowit is possible to identify each chromo-

some on the basis of its characteristic banding pattern. In addition, the

improvement of chromosomalidentification hasfacilitated analyses, such as

a gene mapping technique knownas somatic cell hybridization (see Box 6.4)

and the identification of minor chromosomal abnormalities.

Banding has progressed to the point that it is possible to compare

human chromosomes to those of other species. The chromosomes of the
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FIGURE 6.5

Representation of human chromosome bands. For each chromosome,

the left chromatid is the banding pattern (320 bands) observed at

metaphase. The right chromatid is the banding pattern (1,256 bands)

in prophase. (From J. J. Yunis, ‘“‘High resolution of human chromo-

somes,’ Science, 191, 1268. Copyright © 1976 by the American As-

sociation for the Advancement of Science.)



  

Box 6.4

somatic Cell Hybridization

A completely different method—one that sounds like science fiction—has greatly
increased our knowledge of human chromosomes. The technique is called somatic
cell hybridization because it fuses human cells with the cells of other mammals.
Somatic refers to cells of the body, as opposedto sex cells. The resulting hybrid cells
have different assortments of human chromosomes and chromosomesfrom the other
mammals. Thefigure on the facing page shows(a) the 40 chromosomesof a mousecell,
(b) the 46 chromosomesofa humancell, and (c) aman—mousehybrid cell of 73 chromo-
somes, only 8 of which are human chromosomes.All of the mouse and human chromo-
somes are active in these hybrid cells. By comparing enzymes from replicates, or
clones, of such hybrid cells, we are able to determine which chromosomesare respon-
sible for specific enzymes. The last panel of the figure (d) shows hypothetical results
for four human enzymesand three human chromosomesinfive hybrid clones. Linkage
is determined by noting which human enzymes and chromosomes appear simulta-
neously in the different hybrids. For example, in the figure, enzymesI and III appear
togetherin all five clones and they are correlated with the presence of chromosome2.
Thus, genes for these two enzymes must be linked on chromosome2.

Somatic cell hybridization has rapidly increased our knowledge of gene maps. The
number of mapped genes increases monthly. Over one hundred autosomal loci and
about one hundred sex chromosomalloci have currently been mapped for humans.
Mostof the genes involve proteins in the blood. These mapped genes maybeusefulin
conjunction with mapping techniques other than somatic cell hybridization (see Box

6.3) to locate major genes responsible for behavioral characteristics.

Somatic cell hybridization. (a) The 40 chromosomes of a mouse

cell. (b) The 46 chromosomes of a humancell. (c) Mouse and

human chromosomesare both presentin a hybrid cell formed by

the fusion of two cells like those whose chromosomesare pic-

tured here. There are 73 chromosomesin this cell, only 8 of

which are human. (Courtesy of F. H. Ruddle and R. S. Kucher-

lapati.) (d) Hypothetical results for somatic cell hybridization.

(From ‘‘Hybrid cells and human genes’’ by F. H. Ruddle and

R. S. Kucherlapati. Copyright © 1974 by Scientific American,

Inc. All rights reserved.)
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great apes (chimpanzee, gorilla, and orangutan) and humansare very similar

(deGrouchy, Turleau, and Finaz, 1978). Although the great apes have 48

chromosomes and humans have 46, banding analyses have shownthat the

difference in chromosome numberis due to the fact that two short chromo-

some pairs in the great apes fused to form a large chromosome pair (number

2) in the human species. Banded chromosomesfor humansand chimpanzees

are compared in Figure 6.6. This comparison indicates that humansare not

very different chromosomally from chimpanzees.In fact, in both species the

banding patterns are similar for chromosomepairs 3, 6, 7, 8, 10, 11, 19, 20,

21, and 22, and for the X chromosome. The other chromosomes usually

differ by a single inversion.

CHROMOSOMAL ABNORMALITIES

Although meiosis is usually a very orderly process, irregularities occasion-

ally occur. Chromosomes can break and result in a deletion of part of a

chromosome. Loose, broken pieces of chromosomestend to stick to other

chromosomes. A deleted segment of chromosome canstick onto the end of

the homologous chromosome, creating a duplication of that chromosome.

Sometimes the pieces end up on the same chromosome,but in an inverted

position. Inversions can change the location of the centromere. In other

cases, the pieces may stick to a nonhomologous chromosome, which is

knownas afranslocation. These types of chromosomal anomalies are illus-

trated in Figure 6.7.

Sometimes the chromatids of duplicated chromosomesdo not separate

properly during meiosis (nondisjunction), so that some gametes end up with

extra, or missing, chromosomes. This results in two abnormalcells, one with

an extra chromosomeand one missing a chromosome,as indicated in Figure

6.8. These conditions are referred to as aneuploidy. When a gamete with an

extra chromosome unitesin fertilization with a normal gamete, the resulting

zygote will have three of that particular chromosome.Thisis called a trisomy

(‘‘three bodies’’). When a gamete missing a particular chromosome unites

with a normal gamete, the result is a monosomy (‘single body’’).

Chromosomal abnormalities involve gross genetic imbalance, and usu-

ally result in multiple defects, including behavioral problems such as mental

retardation. J. G. Boué (1974) presented some surprising statistics concern-

ing chromosomal abnormalities. Half of all fertilized human eggs have a

chromosomal abnormality, and most of these result in early spontaneous

abortions (miscarriages). At birth, about | in 200 babies has an obvious

chromosomal abnormality. About half of these are abnormalities of the sex

chromosome.

The newer banding techniques have led to the discovery that deleteri-

ous chromosomal abnormalities may occur for each of the 23 human

chromosomes(Sanchez and Yunis, 1977). In addition, there are many minor
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Common types of chromosomal rearrangements. (a) Inversions.
(b) Deletion. (c) Duplication. (d) Translocation between
nonhomologous chromosomes.

chromosomal anomalies with no apparent manifestations. Partial trisomies
and minor deletions are most common and have been discovered in nearly
every chromosome. Most complete trisomies are found only in spontaneous
abortions, although cases of trisomy in live births have been discovered for
chromosomepairs 8, 9, 13, 18, 20, 21, and 22, and for the sex chromosomes.
Monosomies are found only in early spontaneous abortions, except for
chromosome pair 21 and the X chromosome. For humans as well as
Drosophila, the excess or missing chromosomal material in live births is
almost always less than 5 percent of the total DNA. More severe abnor-
malities are presumablylethal.

SEX CHROMOSOMES AND THE LYON HYPOTHESIS

In 1949, it was observed that normal males and females havea striking
difference in the nuclei of their cells (Barr and Bertram, 1949). In normal
females, a small body, called a chromatin (or Barr) body, lies near the inner
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Diagrammatic representation of (a) normal cell division and

(b) nondisjunction. (After Nadler and Borges, 1966.)

surface of the membrane of the nucleus. Staining indicates that the chroma-

tin consists of DNA.In normal males, however, there is no Barr body. It was

subsequently found that the number of these chromatin bodies is one less

than the number of X chromosomes,as indicated in Figure 6.9. A male with

an extra X (XXY) would thus stain positively for one chromatin body.

Later research showedthat the chromatin bodyis a single condensed X

chromosome.In 1961, Lyon hypothesized that this X chromosomeIs genet-

ically inactive. Inactivation of an X chromosomein females compensates in

part for the different amount of genetic material in the sex chromosomes of

normal males and females. Males have only one large X and the Y chromo-

some, which is very small, while females have two large X chromosomes.

Lyon also hypothesized that the inactive X chromosomecould be either

maternal or paternalin origin, even in different cells of the same individual.

If the X chromosomethat inactivates is of maternal origin, all daughter

cells in the cell line resulting from subsequent mitotic divisions will also have

an inactivated maternal X chromosome. Thus, females are mosaics for the X

chromosome:in someoftheir cells, the X chromosomefrom theirfathers ts

active: in other cells, the active X chromosomeis from their mothers. This
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XY, XXY, XXXY,
XYY XXYY XXXYY

No sex chromatin Single sex chromatin mass Two massesof sex chromatin
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FIGURE 6.9

Correspondence between sex-chromatin patterns and sex-chromosome
complements. (After Hsia, 1968.)

inactivation of the X chromosomeoccursin the embryobythe third week of
life. Considerable evidence has accumulated in support of Lyon’s hypothesis.

The sex-chromatin test has greatly facilitated the determination of indi-
viduals with X-chromosome anomalies. This test is much simpler and less
expensive than karyotype analysis. Cells may be easily obtained for exam-
ination by lightly scraping the inside of the cheek. These cells are then
spread on a slide, stained, and examined microscopically for the presence of
sex-chromatin masses. Because of the economyofthis test, large-scale sur-
veys have been undertaken. For example, among 8,621 mentally defective,
institutionalized males and mentally handicapped schoolboys, about 0.8 per-
cent were found to have sex-chromatin anomalies (Hsia, 1968). This is ap-
proximately twice the incidence observed in the general population.

Abnormalities of the sex chromosomes and autosomes, and their effect

on human behaviorare the topic of the next chapter.

CHROMOSOMES AND GENETIC VARIABILITY

We now know that Mendel’s elements of inheritance are carried on chromo-

somes and they assort independently through the shuffling process of
meiosis. Crossing over contributes even moreto genetic variability by pro-

viding for recombination of genes at different loci on the same chromosome.
Meiosis is responsible for the fact that we are somewhat like our parents in
that we receive one chromosome of each homologous pair from each of

them. However, meiosis and crossing over guarantee that we are genetically

unique. Our particular combination of chromosomes and genes has never

occurred before and never will occur again.
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SUMMARY

Genes do not assort in a completely independent manner because they are

associated on chromosomes. Crossing over breaks up linkages between al-

leles on chromosomes, and the rate at which this occurs has been used to

locate different genes on the same chromosomes. Chromosomes replicate

during the process of mitosis, creating duplicate cells. Meiosis shuffles

chromosomepairs and results in haploid gametes. The 23 pairs of human

chromosomescan be identified because of unique banding patterns. Abnor-

mal karyotypes, occurring as frequently as in 1 of 200 births, are caused by

deletions, translocations, inversions, nondisjunction, and other chromo-

somal anomalies.



 

Chromosomal

Abnormalities and

Human Behavior

As noted in the previous chapter, human chromosomal abnormalities
are quite common. As manyashalf of all humanfertilizations involve such
abnormalities, and most of these result in early spontaneousabortion. About
1 in 200 fetuses with chromosomal anomalies survive until birth. However,
some of these babies die soon after they are born. For example, only 10
percent of trisomy-18 individuals (incidence: about 1 in 5,000 births; see
Figure 7.1) live for more than one year (Gorlin, 1977). Death ensues in the
first month of life for 50 percent of the individuals with trisomy-13 (inci-
dence: about 1 in 6,000 births; see Figure 7.2). Other chromosomal abnor-
malities are such that the individuals survive, but result in behavioral as well
as physical manifestations. One of these involves the deletion of 15 to 80
percent of the short arm of chromosome4 or 5 (Figure 7.3). The syndromeis
called cri du chat (cry of the cat) because of a monotone cry nearly one
octave higher than usual during the first month or two of life. This
chromosomal abnormality usually results in severe retardation, and accounts
for about | percent of institutionalized retardates with IQs less than 35.
However, an even more important cause of mental retardation is trisomy-21,

which will be discussed along with other behaviorally related chromosomal
abnormalities later in this chapter.

Although behavioral effects of chromosomal abnormalities have been

studied in species other than Homo sapiens, most research has focused on
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FIGURE 7.1

Patient with trisomy-18 syndrome.

(Courtesy of George F. Smith,

M.D.) 
humanbeings (Borgaonkar, 1977). This research has shown that the effects

of most abnormalities are broad and general. This should not be surprising

considering that many genesare involved in a major chromosomal anomaly.

Because the effect is general, we typically find no specific biochemical or

morphological abnormalities to characterize a particular chromosomal ab-

normality (Smith, 1977). Behaviorally, the result of this general effect is that

nearly all major chromosome abnormalities influence cognitive ability, which

would be expected if cognitive ability is affected by many genes (Lewan-

dowski and Yunis, 1977).

Recent improvements in banding techniques haveled to the identifica-

tion of many new chromosomal anomalies. Most of these are unique dele-

tions and insertions of bits of chromosomalmaterial. However, in this chap-

ter, we shall focus on the classical chromosomal syndromes in man involving

entire additional or deleted chromosomes. Down’s syndrome, which is

caused by the presence of an extra autosomal chromosome, was discovered

FIGURE 7.2

Patient with D-trisomy (trisomy-13)

syndrome. (Courtesy of George F.

Smith, M.D.) 
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first. A disproportionate number of chromosomal abnormalities involve the

sex chromosomesrather than autosomes. Abouthalf of all surviving individ-

uals with chromosomal abnormalities have a problem with the sex chromo-

some. Weshall discuss four of the best-known sex chromosomal anomalies:

Turner's females with only one X chromosome, females with one or more

extra X chromosomes, Klinefelter’s males with one or more extra X

chromosomes, and males with one or more extra Y chromosomes.

DOWN'S SYNDROME

Thefirst human autosomal abnormality was discovered in 1959. Patients

with Down's syndrome, or mongolism, were found to have 47 chromosomes

instead of the normal 46. One of the small chromosomes in group G is

presentin triplicate, rather than duplicate, yielding the karyotype shown in

Figure 7.4. Another name for this condition 1s trisomy-21, because the

trisomy wasthoughtto involve the next to the smallest autosome (number21

by the Denver system of enumeration). We now know that the smallest

autosomeis the one in triplicate. Thus, trisomy-21! should really be called

trisomy-22, but it has becometoofirmly entrenchedin theliterature for us to

change the numbering system. We shall also continue to refer to the condi-

tion as if it involved chromosome21.

Down's syndrome is so common (an incidence of about | in 700 new-

borns) that its general features are probably familiar to everyone. Infants

affected with Down’s syndromeare often quiet and uncrying during the early

weeks of life. Their characteristic physical traits include upward and out-

ward slanting eyelids and small folds of skin over the inner corners of the

eyes. (See Figure 7.5.) As with other chromosomal abnormalities, however,

there are many other effects. For example, the iris of the eye is speckled in

about 85 percent of Down’s syndromeindividuals. Hearing problems are

also common,as are general skeletal problemsthat occur in about 80 percent

of Down’s individuals. Instances of respiratory infections, heart problems,

and leukemia are more frequent among individuals with trisomy-21. In the

past, these problems have resulted in high mortality during the first few

months of life and an average life span of only 20 years, although modern

medical intervention has decreased the mortality rate. The pervasive effects

of trisomy-21 makeit unlikely that we will discover any single drug treatment

to intervene in the development of Down’s syndrome.

 

FIGURE 7.3

(a) Patient with cri du chat. (Courtesy of George F. Smith, M.D.) (b) Karyotype of a

patient affected with cri du chat, showing partial deletion of the short arm of number

5. (Courtesy of Arthur Robinson, M.D.)
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FIGURE 7.4

Karyotype of a Down’s (trisomy-21) female. (From Slide Guide for Human Genetics
by R. A. Boolootian. Copyright © 1971 John Wiley & Sons, Inc. Reprinted by
permission of John Wiley & Sons, Inc.)

One of the moststriking features of Down’s syndromeis the severity of
mental defects. The average IQ among institutionalized Down’s syndrome
patients is below 50, and 95 percent have IQs between 20 to 80 (Connolly,
1978). The traditional cutoff criterion for retardation is an IQ of 70, and the
average IQ in the population as a whole is 100.

For 95 percent of individuals with Down’s syndrome, the trisomy is a
result of nondisjunction during meiosis, as described in the previous chapter.
(See Figure 6.8.) Essentially, the chromatids fail to separate, so that one
gamete ends up with both chromatids, while another is missing one. In the
case of Down’s nondisjunction, the gamete with an extra chromosome 21
frequently unites with a normal gamete containing one chromosome21, thus
producing the trisomy. No individuals have been found with only one
chromosome 21, which would occurif the gamete with no chromosome 21
united with a normal gamete. Therefore we can assumethat this monsomyis
lethal. Toolittle genetic material is usually more damaging than extra mate-
rial.

15/21 Translocation Down's Syndrome

Sometimes the extra chromosome 21, or a large part of it, attaches to

one of the chromosomesin the D group. This particular translocation (see
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FIGURE 7.5

Patient with Down’s syndrome.

(Courtesy of George F. Smith,

M.D.) 
Figure 6.7) is called 15/21 translocation, even though we now know that

chromosome 14 is more frequently involved in the translocation. It will also

lead to trisomy-21 if the individual has the normal pair of chromosome 21 in

addition to the translocated chromosome 21. Such Down’s syndromeindi-

viduals appear to have 46 rather than 47 chromosomes. The 15/21 transloca-

tion version of Down’s is different from that originally described,in that it is

often inherited. Nondisjunction trisomy-21 is rarely inherited because few

Down’s individuals reproduce. In fact, in almost all cases, nondisjunction

Down’s individuals have normal parents. In contrast, Down’s individuals

with the 15/21 translocation usually have a parent with the same condition.

Asillustrated in Figure 7.6, the parent’s translocation is balanced in the sense

that there is a normal amount of chromosomal material, and the individualis

phenotypically normal. However, the gametes produced by this parent in-

clude balanced and unbalanced translocations, as well as normal gametes.

Whenthese gametesarefertilized by normal gametes, the zygotes may be of

four types: inviable, normal, balanced translocation, and 15/21 translocation.

For genetic counseling purposes, it is important to determine whether the

siblings of a child with 15/21 translocation Down's syndromecarry a balanced

translocation. Those who do would have a substantial risk of bearing a

child with this syndrome.
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FIGURE 7.6

Diagram showing suggested origin of 15/21 translocation andits genetic
consequences. (After Polani et al., 1960.)

Relation to Maternal Age

Down's syndrome, first described by Langdon Downin 1866, the same
year that Mendel published his classic paper, defied explanation for many
years. Although it was occasionally found to be familial, it was clearly not
due to a simple dominant or recessive gene. Anotherfactor that confounded
researchers was that Down’s syndromeis related to the age of the mother.
Its higher incidence among children of older mothers gave rise to environ-
mental explanations such as reproductive exhaustion. However, we now
know that children of older mothers have more chromosomal anomalies in
general, including trisomy-21.

All the immature eggs of a female mammal are present at birth. These
have a diploid number of chromosomes, and the meiotic process that pro-
duces haploid gametes occurs periodically throughout the female’s fertile
years. Nondisjunction during this meiotic process is more likely to occur as
the female growsolder.

The prevalence of Down’s syndromeincreasessignificantly in children
born to mothers 35 years of age and older. In Table 7.1, the percentage of
Down’s infants (9,441 cases) born to mothers of various ages is compared
with the percentage of normal babies born to womenin the same age-groups.
The columnon the far right is the ratio of Down’s births to normal births for
each age-group. Up to 30 years of age, the ratio does not change much. From
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Distribution of Down’s syndrome by mothers’ ages
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Mother’s Down’s of %Down'sDown's Births

Age Infants Normal % Normal Births

Born Births

—19 1.9 4.9 0.39

20—24 10.5 26.1 0.40

25-29 14.5 30.9 0.47

30-34 16.6 22.1 0.75

35-39 27.0 12.0 2.25

40-44 25.2 3.7 6.81

45+ 4.3 0.3 14.33

Total 100.0 100.0 1.00

Mean age 34.43 28.17

 

souRCcE: After Penrose and Smith, 1966.

30 to 34 years of age, the ratio increasesslightly. After 35, it rises abruptly.

For example, women from 35 to 39 years of age produce only 12 percent of

all normal births, but 27 percent of Down’s infants. Even more striking,

women from 40 to 44 produce only 4 percent of all normal births, but 25

percent of Down’s infants.

The percentages in columns 2 and 3 of Table 7.1 may also be thought of

as probabilities. For example, the probability that the mother of a child with

Down’s syndrome was between the ages of 35 and 39 when that child was

born is 27.0 percent. The probability that the mother of that child was 35 or

older is equal to 27.0% + 25.2% + 4.3% = 56.5%. In contrast, the probabil-

ity that the mother of a normal child was 35 or older at the time of birth is

only 12.0% + 3.7% + 0.3% = 16%. Thus, more than 56 percent of Down's

infants are born to mothers 35 or older, although only 16 percent of normal

children are born to mothersin this age range. This indicates that the number

of Down’s infants born would be reduced by more than half if all women

completed their childbearing before the age of 35.

This is an important social problem. As many as 10 percent of all

institutionalized mentally retarded individuals have Down’s syndrome, mak-

ing it the single most important cause of retardation. In terms of expense, the

societal cost is at least $10,000 per year for institutional care for the average

lifespan of 20 years, or about $200,000 for each Down’s individual. In 1971,

there were 44,000 Down’s individuals in the United States. The lifetime cost

of the care of these Down’s syndromepatients now alive will thus be about

$8.8 billion. However, the financial cost is minor compared with the emo-

tional cost to parents.

The risk for Down's is about | in 300 for women 35 to 39 years old, | in

100 for women 40 to 44, and 1 in 50 for women over 44. In the 1960s and

1970s, many womendelayed childbearing, andit is likely that the 1980s will



 

Box 7.1

Amniocentesis

As mentioned in Box 4.4, chromosomal anomalies and certain single-gene problems
can be detected before birth. Amniocentesis is the procedure by which fluid with
cast-off fetal cells is obtained from the amniotic cavity. (See the figure opposite.) After
these fetal cells are grown in culture, they can be karyotyped to detect chromosomal
abnormalities and analyzed for enzymedeficiencies characteristic of about 75 single-
gene disorders (Epstein and Golbus, 1977). Unfortunately, sufficient amniotic fluid
for the test does not exist until after thirteen weeks of pregnancy, andit then takes
two weeksto grow the cells in culture. Thus, pregnancywill progress to four months
before a diagnosis can be made. However,thisis still early enough for an abortion if
the parents so choose.

There were fears that the fetus might be injured by the hypodermic needle that
extracts the amniotic fluid. But these early fears have been quelled by research
indicating that fetuses are not injured, nor is there increased spontaneous abortion
following amniocentesis. A four-year study of more than one thousand amniocentesis
cases and a control group of pregnant women who did not undergo amniocentesis
indicates that the technique is safe (Culliton, 1975). Only 3,000 amniocenteses were
performed in 1974, but the numberis likely to increase as the medical profession
becomesaware of this important tool for diagnosing chromosomal anomalies prena-
tally.

The positive effects of amniocentesis cannot be denied. In one survey of 10,754
amniocenteses on womenofall ages, a total of 209 chromosomal abnormalities were
found. Many of these could have produced mental retardation. Also diagnosed were
199 X-linked diseases, 106 biochemical defects, and 86 neural-tube defects (Epstein
and Golbus, 1977).

 

see an increase in reproduction by womenin the higherrisk age categories.
Many women worry about reproducing later in life because of such

chromosomal abnormalities as Down’s syndrome. Much of the worry of
pregnancies later in life can be reduced by amniocentesis, a procedure that

permits karyotyping of the fetal chromosomes, as described in Box 7.1. In

one study of amniocenteses performed on 3,012 pregnant women 35 years of

age and older, 79 (2.6 percent) had fetuses with chromosomal abnormalities
(Epstein and Golbus, 1977). The other 2,933 women (97.4 percent) no longer

had to worry aboutthe possibility that the pregnancy might result ina child with

a chromosomal anomaly.

TURNER'S SYNDROME(XO)

The degree of mental defect in individuals with an extra small autosomein

group G (trisomy-21) is more severe than that of individuals with X chromo-

some anomalies, assuming they haveat least one X chromosome.This lesser
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Cell culture:

Biochemical studies

Chromosomalanalysis

Amniocentesis. (From ‘‘Prenatal diagnosis of genetic disease”’ by T. Fried-

mann. Copyright © 1971 by Scientific American, Inc. All rights reserved.)

deficit in individuals with X chromosome anomalies is apparently due to the

inactivation of all but one of the X chromosomesin each cell, which was

described as the Lyon hypothesis in the previous chapter. Thus, although

individuals with trisomy-21 have a less deviant total amount of DNA than

individuals with sex chromosome abnormalities, their genetic imbalance is

actually greater. This is also the reason why so few autosomal trisomies

involving the larger chromosomes have been found; they are presumably

lethal.

Turner’s syndromeis a particularly interesting exception to the rule

that chromosomal abnormalities cause general retardation. Turner’s syn-

drome occurs only in females and nearly always involvessterility and limited

secondary sexual development. (For example, fewer than 10 percent

menstruate.) There are also other physical stigmata, such as short stature

and a webbed neck. (See Figure 7.7.)

The incidence of Turner’s syndromeis about 1 in 2,500 births, andit 1s

also frequently found among spontaneous abortions. About 60 percent of

women with Turner’s syndrome have only 45 chromosomes, and their cells
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FIGURE 7.7

Patient with Turner’s syndrome.

(Courtesy of John Money.) 
have no Barr bodies (see Chapter 6), even though they are females. Their
karyotypes indicate that they have only one X and no Y chromosome,as
shown in Figure 7.8. Classical Turner’s syndrome is caused by nondisjunc-
tion, but shows no increase with parental age. Another type of Turner’s is
caused by the loss of an X chromosomeearly in embryonic development, so
that some cells have two X chromosomesand others have only one. These
are called XO/XX mosaics. Another cause of the syndromeis deletion of
part of one X chromosome.

Although it was once thought that Turner’s females were below average
in IQ, we now knowthat this is not so. For example, there are no more
Turner’s females in institutions for the mentally retarded than we would

expect on the basis of the frequency of these females in the population at

large. In fact, most of the problems faced by Turner’s females are cosmetic
ones caused bytheir short stature and failure to develop sexually (for which

they can now receive hormonal therapy), and problems causedbysterility.

However, Turner's females are likely to have a highly specific cognitive

defect. In 1962, it wasfirst reported that Turner’s females have low ‘‘percep-

tual organization’’ scores, although they have nearly normal overall IQ
scores (Shaffer, 1962). Their average scores on verbal sections of IQ tests are
about 20 points higher than their scores on nonverbal, performancetests.
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A (1-3) B (4-5)  

C (6-12) X

     
D (13-15) E (16-18)

       
F (19-20) G (21-22) Y

FIGURE 7.8

Karyotype of a Turner’s female, 45, X. (From Slide Guide for Human Genetics by

R. A. Boolootian. Copyright © 1971 John Wiley & Sons, Inc. Reprinted by permis-

sion of John Wiley & Sons, Inc.)

Subsequent research by John Money (1964, 1968) has shown that the most

serious deficiency in Turner’s females is in spatial ability and directional

sense. For example, many havedifficulty in copying a geometric design or

following a road map.

Turner’s females also display X-linked recessive characteristics just as

males do. In Chapter 4, we discussed the hypothesis that spatial ability was

influenced by a majorrecessive allele on the X chromosome. This hypothesis

was developed to explain the greater spatial ability of males. We concluded

that the evidence to date is against this hypothesis, and we can now addto

this negative conclusion the data from the Turner’s females. If the hypothesis

were correct, Turner’s females should have higher spatial ability scores than

other females because they have only one X chromosome,just like normal

males. The fact that their spatial ability scores are lower negates this hy-

pothesis.

FEMALES WITH EXTRA X CHROMOSOMES

One of the X chromosomesis partially inactivated in each somatic cell of

normal females, and additional X chromosomesin the nucleusare apparently
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also inactivated. Those females with extra X chromosomesoften show more
than one Barr body. (See Figure 6.9.) Although the partial inactivation
greatly decreases the imbalance due to the extra genetic material, some
problems do occur, which worsen with increasing numbers of additional X
chromosomes.

Most females with an extra X chromosome have 47,XXX karyotypes,
as in Figure 7.9. However, 48,XXXX karyotypes and 49,XxXXXX
karyotypes have been found. Theincidenceoftrisomy-X is about 1 per 1,000
births. The characteristics of trisomy-X females are not distinctive. Earlier
studies had sampledindividuals from institutionalized populations, and thus
tended to find retardation. More recent studies (Tennes et al., 1975; Gorlin,
1977), however, have found that about one-fourth are essentially normal,
one-fourth have mild developmental lags, one-fourth have some type of con-
genital problem, and one-fourth have possible cognitive or emotional prob-
lems. Overall, some tendency toward retardation is suggested by the finding
that the incidence of trisomy-X is about 4 per 1,000 in institutions, whereasit
is about 1 per 1,000 in the general population.

 
D (13-15) E (16-18)

      

F (19-20) G (21-22)

FIGURE 7.9

Karyotype of an XXX female. (From Slide Guide for Human Genetics by R. A.

Boolootian. Copyright © 1971 John Wiley & Sons, Inc. Reprinted by permission of

John Wiley & Sons, Inc.)
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FIGURE 7.10

An XXXXX female. (From

“The 49, XXXXX

chromosome constitution:

Similarities to the 49, XXXXY

condition’ by F. Sergovich

et al., Journal of Pediatrics,

1971, 78, 285-290.) 
Problems tend to multiply as additional X chromosomesare found. For

example, Figure 7.10 is a photograph of a rare case of pentasomy X (that is,
49,XXXXX). This individual has a host of problems, including severe retar-

dation, uncoordinated eye movements, undeveloped uterus and breasts, and

many skeletal defects. Among about two dozen individuals who have been
found to haveat least four X chromosomes, mental retardation was a com-

mon feature.

KLINEFELTER’S SYNDROME

Individuals with Klinefelter’s syndrome (see Figure 7.11) are phenotypic

males with extra X chromosomes. They represent nearly 1 percent of males

institutionalized for retardation, epilepsy, or mental illness, although their
incidence in the general population is about 2 per 1,000 newborn males.
Clinical features include the presence of abnormally small testes after pu-

berty, low levels of the male hormone, testosterone, andsterility. Some of
these individuals are mentally retarded (although three-quarters have IQs



FIGURE 7.11

The XXY Klinefelter’s syn-

drome. (Courtesy ofR. J. Gor-

lin, M.D.) 
within the normal range), and seem to have a variety of personality prob-
lems, such as passiveness and reclusiveness (Moneyet al., 1974). Like XYY

males discussed in the next section, Klinefelter’s males are somewhattaller

than average.

Even though individuals with this condition are phenotypic males, they
usually test positively for the presence of a Barr body.In about two-thirds of
the cases, the karyotype is 47,XXY, as shown in Figure 7.12. However,
AS,XXXY; 49,XXXXY; 48,XXYY; 49,XXXYY; and various other arrange-

ments, including mosaicisms, have been described. As in other chromosomal
abnormalities, the symptoms become more severe as more genetic material
is added. For example, in over 90 cases of 49,XXXXY males that have been

described, nearly all were severely retarded, and had severe sexual defor-
mities, as well as other anatomical problems.

Like most chromosomal abnormalities, except Turner’s syndrome,
there is an increased risk of Klinefelter’s syndrome amongchildren of older

mothers, although this association is less marked than that of Down’s syn-
drome. Klinefelter’s syndrome is generally thought to be caused by nondis-

junction during meiosis, resulting in a gamete that has an extra X chromo-
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B (4-5)  
C (6-12)   

D (13-15) E (16-18)

    
F (19-20) G (21-22) Y

FIGURE 7.12

e-~eKaryotype of the XXY Klinefelter’s syndrome. (From Slide Guide for Human Genet-

ics by R. A. Boolootian. Copyright © 1971 John Wiley & Sons, Inc. Reprinted by

permission of John Wiley & Sons, Inc.)

some. Fertilization of a normal X-bearing egg by an XY-bearing sperm, or

fertilization of an XX-bearing egg by a normal Y-bearing sperm results in

offspring with Klinefelter’s syndrome. It is possible, however, that errors

during early cell division in a normal zygote may also occasionally produce

this syndrome.

Klinefelter’s syndromeis not usually detected until after puberty, when

some of the effects may be irreversible. Most of the problems are secondary

to the low levels of hormonesessential to proper development at puberty.

Thus, there is a need for early identification so that hormonal therapy can

begin soon enough to alleviate the condition.

MALES WITH EXTRA Y CHROMOSOMES

The XYY chromosomal anomaly, first described in 1961, has received con-

siderable publicity since 1965, when it was suggested that XYY males may

be predisposed to commit violent acts of crime. It seems that fantasies were

triggered by the notion of a ‘‘supermale’’ with exaggerated masculine

characteristics.

An XYY karyotype is shownin Figure 7.13. Extra Y chromosomesare

the consequence of nondisjunction during meiosis in the father. Nearly 1



 
D (13-15) E (16-18)

  
F (19-20) G (21-22) Y

FIGURE 7.13

Karyotype of an XYY male. (From Slide Guidefor Human Genetics by R. A. Booloo-
tian. Copyright © 1971 John Wiley & Sons, Inc. Reprinted by permission of John
Wiley & Sons, Inc.)

percent of the sperm of normal males have two Y chromosomes (Sumneret
al., 1971), but the incidence at birth of XYY males is closer to 1 in 1,000.
This suggests considerable selection against sperm or zygotes with two Y
chromosomes. A few cases of XYYY, and even XYYYY havebeen re-
ported. Research on the Y chromosome abnormality is more difficult than
investigation of X anomalies, because the simple Barr body test that reveals
an inactivated X chromosome will not reveal Y chromosome anomalies.
Until recently, the much more costly karyotype analysis was necessary to
detect Y chromosomes. Forthis reason, prevalence of the XYY condition in
the general population has been difficult to estimate, and muchof the early
research focused on institutionalized males.

In 1965, Jacobs and co-workers reported that the incidence of
chromosomal anomalies among individuals institutionalized because of
“dangerous, violent, or criminal propensities’? was higher than that in the
population at large. Of 197 institutionalized volunteers who were
karyotyped, 12 were found to have a chromosomal anomaly of some kind.
One was a 46,XY/47,XXY mosaic, one was 48,XXYY, and seven were

47,XYY. Three had no sex-chromosome anomalies, but minor autosomal
defects. The average height of the 47,XYY males was 73 inches, in contrast
to an average height of 67 inches for the males of normal karyotypes in the
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institution. We now know that XYY boysare taller than 90 percent of their

peers as early as six years of age.

Becauseof the importanceofthisinitial discovery of a possible associa-

tion between the presence of an extra Y chromosome and violent aggressive

behavior, a numberof related studies have been undertaken. These surveys

have usually been oftall prisoners confined to special security sections be-

cause oftheir violent behavior. Thus, the possibility of sampling biasis clear.

Nevertheless, a fairly consistent pattern of results has been obtained. Data

from eighteen studies of 5,342 institutionalized males have been summarized

(Shah, 1970). Of these, 103 (1.9 percent) possessed an extra Y chromosome.

This outcome must be interpreted in the context of the prevalence of the

condition in the general population. In a sample of 9,327 “‘normal”’ adult

males, nine XYY karyotypes were identified (Price and Jacobs, 1970). This

suggests a prevalence of about | in 1,000. Most reviews(e.g., Hook, 1973)

concurin suggesting that the prevalenceat birth in Caucasiansis about | per

1,000, although it may be lowerin other populations (e.g., Makino, 1975).

Thus, even though it cannot be stated that the base rate in the general

population has been firmly established, it is clear that the rate among in-

stitutionalized males is higher.

The possible association between antisocial behavior and XYY con-

stitution has been widely debated. Many doubtthat an important association

exists (e.g., Noel et al., 1974). Most XYY males lead normallives: less than

1 percent of XYY malesare institutionalized (Kessler, 1975). Also, behav-

iors other than aggressiveness may be responsible for the increased rate of

institutionalization of XYY males. For example, their greater-than-average

height might make adjustment moredifficult (Kessler and Moos, 1970). Also,

poor coordination has been frequently noted. Sexual development, however,

appears to be normal.

Our discussion of other chromosomal anomalies suggests another be-

havior as a likely source of greater institutionalization of XYY males. Be-

cause nearly every chromosomal anomaly results in some cognitive defi-

ciency, we might expectto find similar deficiencies associated with the XYY

abnormality. In fact, the results of a study by Witkin and Mednick and a

large group of co-investigators (Witkin et al., 1976) in Denmarkled to that

conclusion. Their study had several unique controls. First, they used a nor-

mal sample selected for height, but not for institutionalization. Second, they

evaluated the characteristics of males with normal and abnormal karyotypes.

Third, they included a comparison group of XXY males.

All males born between 1944 and 1947 andstill living in Denmark were

scored for height from draft board records. Thetallest 16 percent of these

28,884 men were selected for chromosomal analysis. Karyotypes were ob-

tained for 4,139 men. Intellectual functioning was estimated by scores on an

army selection test and by educational attainment tests routinely adminis-

tered in Denmark. Criminal records of all subjects were detailed in terms of

types of offenses.
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Twelve XYYs and 16 XXYswereidentified. The frequency of XYYsis
higher (about 3 per 1,000) than the usual estimate of 1 per 1,000. However,
these males were selected for height. Five of the XYYs (42 percent) had
criminal records, as compared to three of the XXYs (19 percent) and 9
percent of all of the XY men. This indicates that the XYY males were, in
fact, more likely to be incarcerated. But were they more violent? The answer
is no. The nature of their crimes was no moreviolent than that of the control
samples. Only 1 of the 12 XYY men had been convicted of a crime of
violence against another person. In fact, the XYYs had been convicted of
rather minor crimes and had received mild penalties.

Of the five XYYs with criminal records, four had armyselection scores
well below average and that of the fifth was somewhat below. It should be
noted that criminality was also inversely related to intellectual functioning in
the control sample of XY men. For both the armyselection test and the
educational index, men with criminal records had substantially lower scores.
Also, the study found no support for the hypothesis that the greater inci-
dence of criminality in XYY males is caused by adjustment problems due to
their height. In the control sample, the noncriminal males were actually
slightly taller than the criminal ones.

The authors conclude: ‘‘The elevated crime rate of XYY males is not
related to aggression. It may be related to low intelligence’’ (Witkin etal.,
1976, p. 547). They also caution that ‘‘The elevated crime rate found in our
XYY group may therefore reflect a higher detection rate rather than simply a
higher rate of commission of crimes” (p. 553). However, these conclusions
must be tempered by the fact that, although the 47,XXY Klinefelter males
had average test scores almost identical to those of the XYY males, their rate
of criminality was considerably lower (19 percent versus 42 percent). In
addition, other studies—although less well controlled—have found greater
antisocial behavior in XYYs than in XXYs(e.g., Moneyet al., 1974) and no
intellectual deficit among XYYs.

The discovery of these anomalies, particularly the finding that Down’s
syndromeis due to the presence of an extra chromosome, must be regarded
as an extremely important breakthrough in the genetic analysis of behavior.
Although several other chromosomal anomalies have since been described,
it would seem that human chromosomeanalysis is still in its infancy. The
new banding-pattern techniquesare particularly well suited for the applica-
tion of automatic computer recognition and classification of chromosomes
(Caspersson, Lomakka, and Moller, 1971). The banding patterns can be

measured photoelectrically and subjected to computer analysis, which may
someday make karyotype analysis as routine as blood typing. Finally, it may

be possible to identify the paternal, maternal, and even grandparentalorigin
of each chromosomeofan individual. In addition to greatly facilitating link-

age studies, such a capability would have enormouspotential for genetic
counseling.
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SUMMARY

Almost all chromosomal abnormalities influence general cognitive ability and
growth. Trisomy-21 is the most common autosomal problem,andit leads to
severe mental retardation. Its strong relationship to maternal age suggests an
important role for genetic counseling. Sex chromosomal abnormalities in-
clude Turner’s syndrome, females with extra X chromosomes, males with
extra X chromosomes, and males with extra Y chromosomes. These
chromosomal anomalies are summarized in Table 7.2.



 

Population

Genetics

Manyof the early approachesto the study of evolution, as described in

Chapters 2 and 3, were more art than science. However, the theories and

methods of population genetics have now provided evolutionary biology with

a quantitative basis. In Chapter 3, we considered evolution as resulting from

changes produced by genetic variability across the vast expanses of evolu-

tionary time. We also mentioned that evolution can be analyzed from the

viewpoint of genetic differences between species, as well as from that of

genetic variability among individuals of a given species. Population genetics

encompasses both perspectives. Its unique contribution is to assess allelic

and genotypic frequencies in groups of breeding organismsandto study the

forces that change these frequencies. In this chapter, we shall consider
characters influenced by single genes. In the next chapter, our focus will

shift to polygenic characters—thatis, those influenced by many genes.

ALLELIC AND GENOTYPIC FREQUENCIES

Whenmice from a purebreedingalbinostrain are crossed to a blackstrain,all
F, offspring are black. Thus, albinism is completely recessive to black coat
color. In the F, generation, as expected, a classical Mendelian ratio of 3
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black to 1 albino is observed. (See Chapter 4.) Now,if several mice from the
F, generation are mated without regard to coat color, the ratio observed in
the F; generation is again 3: 1. In fact, as long as the samplesizeis large and
mating occurs at random, this ratio will recur generation after generation,
l.e., in the Fy, Fs, Fy, . . . F,. How is this possible?

First, recall that 3:1 is a phenotypic ratio. The ratio of genotypes is
actually 1A,A,;:2A,A,:1A,Ay. Therefore, the genotypic frequencies are
Q.25A,A,, 0.50A;Ao, and 0.25A,A,. What are the allelic frequencies? All of
the alleles carried by A,A, animals and half of those carried by A,A, animals
are A,. Therefore, the frequency of the A, allele in an F, generation is 0.50
[i.e., 0.25 + ¥2(0.50) = 0.50]. Becausethere are only twoalleles at this locus,
the frequency of the otherallele, A,, is also 0.50; and the proportional fre-
quencies of the two alleles add up to 1.00. In summary,in the F, population,
the frequency of each allele is 0.50.

Now, what would be the frequencies of these two alleles and the three
genotypes in the next (F;) generation created by randomly mating F, individ-
uals with one another? Commonsensetells us that, if Mendel was right in
suggesting that genes are discrete units, the alleles ought to show upin the F,
population just as they did in the F,. We can check this by studying the
results of random crosses between F, individuals. Because the frequency of
eachallele is 0.50 in the F,, eggs and sperm have an equal chanceof carrying
an A, allele or an A, allele. Table 8.1 describes the genotypic results of such a
cross. For example, the frequency ofA,A, genotypes will be 0.25, whichis
the probability that an A, sperm (frequency = 0.50) will fertilize an A, egg
(frequency = 0.50). We multiply the frequencies because A, sperm are just
as likely to fertilize A, eggs as A, eggs (which is another way of saying that
the F, individuals are mated at random). Thus, as in the F, population, the

genotypic segregation ratio for the F; population is 1:2: 1. Of course, the
allelic frequencies (0.50A, and 0.50A,) do not change.

TABLE 8.1

Genotypic frequencies in the F, population

Allelic Frequencies of Sperm

Produced by F, Males

0.50A, 0.50A,

Allelic Frequencies 0.504,
in Eggs Produced

by F, Females
0.50A,
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and nonrandom mating.
Figure 8.1 summarizes the results of random mating in more generalterms. The symbolp is often used to refer to the frequency of one allele,while g symbolizes the frequencyof the other. If there are only twoallelesfor a particular locus, p + g = 1. When gametes with p A, andq A, frequen-cies randomly unite, the probability of producing offspring homozygous for

lity of homozygotesfor the Ay, allele is g?. The
Pq + @p, or 2pq. Allp? of the A,A, genotypes
he alleles for the A,A 2 genotypes [!2(2pq)] areA,. Using a bit of algebra, we can see that the frequency ofA, is still p atterone generation of random mating:

Becausep + q = 1, this expression reducestop meaning that the value ofphas not changed after one generation of rando

This law of equilibrium for genetic variability was apparently so obvi-ousto early geneticists that no one really wanted to take credit for discover-ing it. In 1908, an English mathematician, G. H. Hardy, and a Germanobstetrician, W. Weinberg, independently published papers describing the

Allelic frequencies in sperm

FIGURE 8.1

Genotypic frequencies after one
generation of random mating.
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Genotypic frequencies after one

when allelic frequencies are not equal

generation of random mating
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equilibrium. Hardy began his note in Science almost apologetically: “1 am

reluctant to intrude in a discussion concerning matters of whichI have no

expert knowledge,and I should have expectedthe very simple point which |

wish to make to have been familiar to biologists’? (1908, Pp. 49). More re-

cently, it has been pointed out that W. E. Castle, an American geneticist,

utilized and even extendedthis relationship in a paper published in 1903. For

this reason, it has been suggested that we place in our textbooks a belated

recognition of ‘‘Castle’s law’’ (Keeler, 1968). Although, with hindsight, the

genetics, and has many uses.

Uses of the Hardy—Weinberg— Castle Equilibrium

The Hardy—Weinberg-Castle relationship can be used to determine

whether a population is in equilibrium, as well as to estimate allelic and

genotypic frequencies. If a population is in equilibrium, the genotypic fre-

quencies should correspond to p® + 2pq + q? for a single-locus, two-allele

character. The easiest exampleis a codominant system in which both alleles

are expressed. The MN antigens carried on the surface of red blood cells

provide an example of a codominant system. Individuals with only the M

antigen are MM homozygotes; individuals with only the N antigen are NN

homozygotes; and individuals with both antigens are MN heterozygotes. In

the United States, the frequencies of the MM, MN,and NNgenotypes are

0.30, 0.50 and 0.20, respectively. What is the frequency of the M allele that

produces the M antigen? It includesall of the alleles for the MM genotypes

and half ofthe alleles for the MN genotypes. Therefore, p = 0.30 + 42(0.50)

— 0.55. Ifp =0.55,q =1—- 0.55, or 0.45.

Now we can ask whether the MN blood system is in genetic

equilibrium—thatis, whether systems of mating, mutation, migration, or

selection cause significant departures from the expected genotypic frequen-

cies of p? + 2pq + q’. If

p

is 0.55 andq is 0.45, then p* = 0.30, 2pq = 0.50,

and g? = 0.20. Thus, this character is in equilibrium in this population



observed (MM = 0.30, MN = 0.50, and NN
the system would not have been in equilibrium
MN, and NN genotypes were, for example, 0.3

= 0.20). Satisfy yourself that
if the frequencies for the MM,

estimated if the populationis in equilibrium. Let us assumethat a populationis in equilibrium for a particular single-locus, two-allele trait. Then, thefrequency of the homozygous dominant genotype (A,A),) is p?, the frequencyof the homozygous recessive genotype (A,A,) is g?, and the frequency of theheterozygous genotype (A,A,) is 2pg. The heterozygotesare called carriersbecause they Carry only one
We can estimate the frequency of the recessive al]

» Suppose that 16 percent of the population show a reces-

negative). Because theallele is recessive, these individuals are of the A.A,genotype, and have a frequency in the population of g?. Because the fre-quencyofthe recessiveallele is q, all we haveto dois to take the Square rootof qg’ to find the frequency of g. The Square root of 0.16 is 0.40. Thus,although only 16 percent of the population have the homozygous recessivegenotype, the frequency of the recessive allele j
Given this information, one can determine the numberof carriersthis recessive allele. If q 18 40 percent, the fre

pter 4, about 70 percent of the Caucasians in theUnited States experience a very bitter taste when a solution of phenyI-thiocarbamide (PTC)is applied to the tongue, whereas about 30 percentfindit virtually tasteless at the same concentration. If there is random mating fortasting PTC, which seems likely, then the Hardy—Weinberg—Castle equilib-rium can be used totest hypotheses concerning the modeof transmission.
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for the family data in Table 8.3 involves two alleles at one autosomal locus,

with oneallele (the one for tasting PTC) completely dominant over the other.

If the population described aboveis in equilibrium, the frequency of the

homozygousrecessive genotype isq? (i.e., 29.8 percent). The frequency of g

is thus the square root of (0.298, which is 0.546. The frequency (p) of the

dominant allele for tasting PTC is 1 — 0.546 = 0.454. ‘Tasters can be

he dominant allele. The frequency of the

hich is 0.206, and the frequency of the

(.496. Thus, 70.2 percent of the individuals

— (0.702 = 70.2 percent). Of these tasters,

r the PTC tasting allele (0.206 = 0.702 =

t, are heterozygous

heterozygous tasters is 2pq, oF

are tasters (that is, 0.206 + 0.496

29.3 percent are homozygous fo

0.293 = 29.3 percent). The rest of the tasters, 70.7 percen

(0.496 + 0.702 = 0.707 = 70.7 percent).

We can check this hypothesis by comparin

offspring from certain mating combinations with the actual data for PTC

tasting presented in Table 8 3. One aspect of the table conforms to the

hypothesis that nontasters of PTC are homozygous for a recessive allele at

one autosomal locus: matings between two nontasters almost always pro-

duce nontaster offspring. The 5 taster children out of 233 could be due to

variable gene expression, misclassification, or illegitimacy.

However, the rest of the data are not as straightforward, since the

tasters could either be homozygous or heterozygous, which affects the ex-

pectations for the offspring. For example, if all of the tasters in the taster/

nontaster matings were homozygous, then all of their offspring would be

tasters. If all the tasters were heterozygous, then half of their offspring

should be nontasters: they have a 50 percent chanceof receiving the domt-

nantallele from the heterozygoustaster parents. However, the taster parents

can actually be either homozygous OF heterozygous. Thus, as expected,

Table 8.3 indicates that the fraction of nontasters for this type of mating 1s

neither 0 nor 50 percent, but rather, 36.6 percent.

g the numbersof expected

TABLE 8.3

Data on the inheritance of ability to taste phenylthiocarbamide

Offsprin Fraction of

, Numberof Spring Nontasters

Mating
va: ee

Families
Among

Tasters Nontasters Offspring

Taster x taster 425 929 130 0.123

Taster x nontaster 289 483 278 0.366

86 5 218 0.978

Nontaster x nontaster

SOURCE: From Stern, Principles of Human Genetics, 3rd Ed. W. H. Freeman and Company.

Copyright © 1973; after Snyder.



Forces That Change Allelic Frequency

om matings between heterozygoustasters and nontasters. For these matings, half of the offspring, 269, should

ing allelic and genotypic frequencies, its most important use in populationgenetics is as a standard,like standard temperature and pressure in chemis-try and physics. Forces that changeallelic and genotypic frequencies aremeasured inrelation to this standard.

that the frequency of someallele iS q in a certain population. We will desig-nate the frequencyof that allele in this original population as do. If individ-uals from another population immigrate into this population, the resultingfrequencywill depend on the frequencyoftheallele in the immigrant popula-tion (gm) and the rate of immigration. In fact, the frequencyofthe allele afterone generation of immigration (q,) will be the frequency of g, Weighted bythe proportion of immigrants plus qo Weighted by the proportion of natives. If
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nts and | — 71is the rest of the population (the
m is the proportion of immigra

ffect of migration algebraically:
natives), we can express the e€

gy = Mdm + (1 — 1) do

This expression can be simplified by multiplying and then factoring out m:

gy = Mdm + do ~ "Go = 1 (dm ~ Wo) + Ao

The changein allelic frequency (Aq) is simply the difference between

the frequency after immigration (q,) and the original frequency (q,). If we

take the above expression for q and subtract g,,. we areleft with:

Ag = ( ~ do = Mdm ~ 4o)

is a function of the rate of immigration
Thus, the change in allelic frequency

the immigrant and native
(m) and the difference between the frequencies in

populations.

For example, assume a rate of migration of 10 percent, where the

frequency of someallele is 0.20 in the natives and 0.30 in the immigrants.

The changein allelic frequency will be 0.01:

Ag = 0.10(0.30 — 0.20) = 0.01

coin is emigration. Allelic frequencies will
The opposite side of the

lation is different from that of
change if the frequency in the emigrant popu

the remaining population. Like immigration, emigration will effect allelic

frequencies in the population of individuals who remain (q,) as a function of

the rate of emigration (7) and the difference between frequencies in the

emigrant (q,) and remaining populations (q;):

Aq = dr ~ 4n)

Random Genetic Drift

‘oration are systematic migrational influences that

lso an importantfactor. Ifa population

is small, the random sampling of genotypes may lead, purely by chance, to

changes in allelic frequency. This type of unsystematic change in allelic

frequency from one generation to the next +s called random drift (Wallace,

1968). In a large population, random drift will not be an important source of

allelic frequency change.
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Mutation

In Chapter 3, we indicated that mutation is the ultimate source ofgenetic variability. However, our major concern hereis mutation as a forceaffecting the frequencyof a specific allele. Because the Spontaneous muta-tion rate is low, the random event of mutation is not an important source of
, €xcept when considered on an evolutionary time

We can be morespecific about expected changes
Assumethat there are twoalleles at an autosomal locus and that A, mutatesto A» with frequency wu per generation. We also need to consider the possibil-ity that A, can mutate back to A,; let’s call that rate v. The change in
frequency ofthe A,allele is the extent to which A, mutates to A, minus the
extent to which A, mutates back to A1

due to mutation.

Aq = up - vq

No one knowsthe exact Spontaneous mutation rate (uw), and it can be differ-
ent for various alleles. But let us assume that A, mutates
million DNAreplications. If u is 10-6 (1.e., 0.000001) and v is 10-7, mutation
will not be a major source of gene frequency change. Supposethat p is 0.90
and q is 0.10, then Ag = (0.000001)(0.90) — (0.0000001)(0.10) = 0.00000089
per generation.

to A, once in a

Selection

Selection occurs when there are differences in reproductive rates
among individuals in a population, and it can be a powerful force in changing
allelic frequencies. Of course, individuals, not genes, are the targets of selec-
tion. With complete dominance of A 1 Over A», individuals with an A,A,
genotype could not be distinguished from individuals with an A,A, genotype.
If neither of these genotypes reproduced at all, the frequency of the A, allele
would be zero afterjust one generation of such severe selection. There are so
few lethal dominantalleles because individuals with such alleles are quickly
selected out of the population. However, recessive alleles are a different
story. If recessive homozygotes (A.A .) did not reproduce for one generation,
the A, allele would not be eliminated from the population since A,A,
heterozygotes would continue to reproduce.

Selection can also operate against both the A,A, homozygote and the
AA, homozygote, thus favoring the A,A, heterozygote. This heterozygote
advantage leads to a balanced polymorphism. When A,A, heterozygotes
mate, they continue to produce both A iA; and A.A» homozygotes. Balanced
polymorphismsensure genotypic variability within the population. They will
be considered in greater detail after we discuss other types of selection.



TABLE 8.4

Relative fitness of genotypes for three different cases of selection

Genotype

Item a

AJA, AiA AAs

Frequency
p? +  2pq + q =]

Relative fitness:

A, completely dominant,

selection against A,A>» 1 1 l-s

A, completely dominant, selection

against A,A, and A,Ae l-—s l-s 1

Overdominance, selection against

A,A, and AsgA2
1- sy 1 1 — So

ArArand

AvA
g

We can estimate the changein allelic frequencies caused by selection

by starting with the Hardy—Weinberg-Castle equilibrium. The first row of

Table 8.4 lists the frequencies of the three genotypes for a single-locus,

two-allele character. The frequencies are p? + 2pq + q’?. Now we shall

consider the effect of selection against one or more of these genotypes.

However, rather than focusing on selection against a certain genotype, we

will concentrate on the relative fitness of the genotype. This is the reproduc-

tive rate of that genotype compared with the genotype having the highest

reproductive rate. Thus, if A,A, and A,A2 genotypes average 20 offspring,

while A.A. genotypes produce only 5, the relative fitnesses of these three

genotypes would be 1, 1, and 14 (i.e., 5/20 = 4), respectively. Selection

against the A2Azis 3% (i.e., 1 — 4). We shall label this selection coefficients,

and the relative fitness as 1 — S. When s = 0, the relative fitness of all

genotypesis 1, and individuals of all genotypes will contribute equally to the

next generation. However, when the relative fitness of a certain genotypeis

less than 1, individuals of that genotype will contribute relatively less to the

next generation.

Therelative contribution of each genotype to the next generation is the

genotypic frequency weighted by the relative fitness value. Table 8.4 de-

scribes three examples of selection. The first case involves complete domi-

nanceoftheA, allele and selection against A,A2. The frequencies of the three

genotypes after selection are p? + 2pq + (1 — s)q’. The frequency of the A,

allele after one generation of selection will be determined by the A2Azindi-

viduals who reproduce [(1 — s)q?] and half of the alleles from the A,A>2

heterozygotes (42 x 2pq = pq). Because we express allelic frequencies as

proportions, this frequency must be divided by the genotypic frequencies

after selection [p? + 2pq + ( — s)q?|. Thus, after one generation of selec-

tion, the A, frequency will be:

q = (1 —s)q* + pd

1 p? + 2pq + (1 — 8)q?
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The term [(1 — s)g?]is equivalent tog? — sq?. If we makethis substitu-tion in the denominator, it becomes p* + 2pq + q? — sq?. Because p? +2pq + q® = 1, the denominator simplifies to 1 — sq?:

_ U —s)q? + pq
1 — sq?

 

q\

For example, if g = 0.10 (frequency of the A, allele) and the relativefitness of the A,A, genotype is zero, the frequency of q after one generationwill be 0.09:

_ (L= 190.01 + 0.9(0.10) _ 0.09 _
1 T= (0.0) 0.99 = 9-99

The changein the frequency of the A, allele is simply q, — g. Forthis ex-
ample, the change in frequency is —0.01.

However, the effects of selection must be considered for intervals
longer than one generation. After n generations of complete selection against
A»,Apg, if gq, is the frequency in the Original generation, the frequency of A,
will be:

_

_

Go
dn 1+ nq,

As an example, consider some deleterious condition determined by an auto-
somal recessive allele (A,). How much could the frequency of this recessive
allele be lowered ifA,A, individuals did not reproduce for a numberof gen-
erations? Because alleles with detrimental effects tend to havea relatively
low frequency, let us assumethat do = 0.02. If no A,A, individuals repro-
duced for 50 generations, the frequency of this undesirable allele would
become:

0.02
450 ~ TF 5000.02) — 2-9!

In other words, after some 1,500 years of intense selection against A,A,
(assuming a generation interval of about 30 years, as is the case for human
populations), the frequency of this allele would only change from 0.02 to
0.01. This demonstrates the relative ineffectiveness of this form of selection
if the frequency of a recessiveallele is initially low.

The second example in Table 8.4 involves selection against the A 1A,
homozygote and A,A, heterozygote. Obviously, the frequency of the A,
allele will increase, because the relative fitness of the A,A, genotype is
greater than that of the other two genotypes. In fact, if selection is complete
(s = 1) against bothA,A, and A,Ag, only individuals with the A,A,y genotype
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will reproduce. Thus, after one generation of such selection, no more A,

alleles will be produced, and the frequency of the A, allele will become 1.00.

However,selection is not likely to be complete. The more general case

can be determined similarly to the first example of selection against the

A.A» genotype. The frequency of the A, allele will come from the A.A, geno-

types (q?), and half of the alleles from the A,A2 heterozygous individuals

who reproduce [/2(1 — s)2pq = (1 — s)pq). In order to express this aS a

proportion of the total genotypic frequency after selection, we will divide

this by the total genotypic frequencies weighted by their relative fitnesses

(4 —s)p? + A —s)2pq + q?|, as in the previous example.

Thus. after one generation of selection, the frequency of the A» allele

gq? + (1 — 8)pq

SNUnnen
ae?

Seuemepenn
nnnnoeis

rpms

OEee

N=—s)p? +d —-s)2pq+@

We can simplify the denominator by multiplying through and reducing,

remembering that p? + 2pq + g? = 1. This leaves the denominator as

1 — s(p? + 2pq). This can be further simplified because p? + 2pq = 1 — q’.

Thus,
g _@g@+ U —Ss)pq

| 1—s(1 — q’)

This represents the more general case, in which selection may not be com-

plete against the dominant homozygote and the heterozygote. However, to

get a feeling for this equation, consider the case in which selection is com-

plete (s = 1.0) against both A,A, and A,Ag. As expected, the new frequency

of the A, allele is 1.00 because the genotypes with the A, allele do not

reproduce.
2

 @g@tUd— pq _ q _
n=a—q07q) ~To1re

In a similar manner, one generation of complete selection against the

A,A» genotype and the carriers (A,;A.) would result in the elimination of the

recessive A,» allele. As in the first example, the frequency of a recessive

allele is slowly changed when only the recessive homozygote is selected

against. When the frequency ofA, is low, most of the Az alleles will remain

undetected in heterozygouscarriers. However,if carriers could be detected

and if they did not reproduce, it would be possible to eliminate the undesir-

able allele in one generation.

The third type of selection in Table 8.4 results in a balanced poly-

morphism, such that selection maintains different alleles rather than favoring

just one. Heterozygotes can be distinguished from homozygotes in the case

of overdominance. (See Figure 4.2.) Suppose that selection operated against

both homozygous genotypes. The A,A» genotypes would reproduce rela-

tively more than the two homozygous genotypes, but they would continue to
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produce both homozygotes alon
ability would be maintained.

The frequency ofthe Ao
in this case, we need to allow for the possibilit
the two homozygotesdiffer. For this reason, Table 8.4 indicates s, for theA,A, genotype and Sy for the A,A, genotype. Once again, the frequency ofthe A, allele after one generation of balancedselection will be determined bythe surviving A»,A» genotypes [(1 — S2)q*] and half of the alleles from theheterozygotes \(“2(2pq) = pq)]. The denominator is the sum of the geno-typic frequencies weighted by their relative fitnesses. Thus,

g with heterozygotes, Thus, genetic vari-

q, = C1 — s9)q? + pq
(1 — sp? + 2pqg + 1 — 3.)

Given that p? + 2ng + q°’ = 1, the den
multiplying through and reducing:

 

qf

If p = q = % andselection is equal against both homozygotes, the fre-quencies ofp and

g

will remain equal. For example, substitute in the aboveequation: s; = 1, s, = 1, andp =qg = ¥,

quency of the A, allele is simply a func-tion of the two selection coefficients:

 

a+ 85

For example,if the relative fitness of the A
that of the A.A, genotype (1 — 55) is 0.50, t
0.60. (Check this by substituting s; = 0.75 ands, = 0.50 in the above equa-tion.) Heterozygote advantageis one of several types of selection resulting ina balanced polymorphism or selectional balance. Bec
of balanced polymorphisms in maintaining genetic
sider this topic in moredetail.

1A, genotype (1 — s,) is 0.25 and
he frequency ofg will stabilize at

BALANCED POLYMORPHISMS

In the past, selection has often been regarded simply as a force that moldedindividuals to a particular environment. If this were the case, then we would
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little genetic variability within a local group. To the

hat at least a third ofall loci are polymorphic.

Although everyone now agrees that there is considerable genetic variability ,

there are differing opinions concerning the importance of selection in main-

taining variability. Neutralists argue that most genetic variability has no

selective value. They suggest thatit is maintained simply by an equilibrium

of backward and forward mutations. Selectionists, however, argue that the

variability is maintained by selection. Although both positions are correct in

some instances, in recent years several interesting examples of balanced

polymorphisms have been discovered.

expect to find very

contrary, however,it appearst

Heterozygote Advantage

Sickle-cell anemia in humansis a classic example of a balanced

polymorphism. Although few individuals afflicted with this most serious dis-

ease (recessive homozygotes) survive to reproduce, theallele is nonetheless

maintained in relatively high frequency in some African populations and

among Afro-Americans. This high frequency of an essentially lethal reces-

sive allele is apparently due to the high relative fitness of heterozygotes.

Carriers seem to be more resistant than normal homozygotes to a form of

malaria prevalent in certain parts of Africa. Although sickle-cell anemia is one

excellent example of heterozygote advantage, other examplesof this source

of balanced polymorphismsare speculative.

Frequency-Dependent Selection

Predator-prey relationships may also help to maintain genetic diversity.

For example, minnows will prey on the more commontype of water bug,

leaving the rarer forms at a reproductive advantage. Clarke (1975) has sug-

gested that this is a general mechanism for maintaining genetic variability.

Predatory birds and mammals also tend to attack more common types of

prey. (See Box 8.1.)

Frequency-Dependent Sexual Selection

Another type of balanced polymorphism results from mating prefer-

ence. In Drosophila, it has been shown that rarer males are relatively more

likely to reproduce. As the rare type of male reproduces more and thus

becomes more common, the reproductive edge vanishes. This rare-male

advantage may be a general process for maintaining genetic variability in a

population. The greater relative reproductive success of rare males was



tion. K is the ratio of the reproductive success of one type of male to thereproductive success of the other type. In Petit’s experiment,

K — —n0.of females mated by mutants/no. of mutant males=

eeeee

ait

S/NO.OFmutantmales_

no. of females mated by wild types/no. of wild-type males

Thus, K is the ratio of the numberof females mated per mutant male to that
of females mated per wild-type male. If the two types of males have equal
reproductive success, K will equal 1.00. If K is less than 1.00, the mutant
males are at a disadvantage. Conversely,ifK is greater than 1.00, the mutant
males mate more females than would be expected simply on the basis of their
frequency.

1.00 throughout the experiment, the reproductive success of bar-eyed males
was frequency-dependent,i.e., their mating success increased as they be-
camerarer.

The results of more recent work by Ehrman have been even more
striking in suggesting frequency-dependentsexualselection. Rather than re-lying on progeny-testing as an index of mating succes, Ehrman has employeddirect behavioral observation in her studies of the rare-male advantage inDrosophila. (See Figure 8.3.) Females and males are placed into a matingchamber in which they are observed for several hours. Males and females

advantage in a numberofdifferent test situations. For example, they havethe advantage when the twostrains possess different chromosome arrange-ments, are mutant versus wild-type, and are positively versus negatively
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Box 8.1

Maintaining Genetic Variability in Snails

reat variation. (See the figure

of the shell are controlled by

thus possible. Such

tens of thousands of

Shell markings of a single species of land snail display g

on the facing page.) The pattern of stripes and the color

different genes. Many combinations of stripes and colors are

genetic variability has been around for a long time; fossil snails

years old have similar varieties of shells.

In this case, genetic variability is maintained by selection. When snails are found

in woodlands, their shells are likely to be without bands. However,snails in grass-

lands are likely to have bandedshells. The fact that shell banding is correlated with

habitat suggests that selection is at work.

Direct evidence for selection comes from an examination of the shells of snails

captured by thrushes, who then smash the snails on stones to break them open

(Clarke, 1975). The most conspicuoussnails in a particular habitat (banded snails in

woodlands, unbandedsnails in grasslands) are most often preyed on by the thrushes.

Given that this species of land snail occupies both woodlands and grasslands, genetic

ability for shell banding will continue as the result of such selection.
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ee

Variation in the shell markings of a single species of land snail, Cepaea nemoralis. (From ‘‘The

causes ofbiological diversity’’ by B. Clarke. Copyright © 1975 by Scientific American,Inc. All

rights reserved.)

geotactic (that is, fly down rather than up). The rare-male advantage has now

been demonstrated in seven species of Drosophila, as well as in a species of

beetle and a species of wasp (Ehrman and Parsons, 1976).

As an example of Ehrman’s research, we shall describe a simulated

selection study that demonstrated that the rare-male advantage can result in

a balanced polymorphism (Ehrman, 1970b). One hundredpairs ofDrosophila

pseudoobscura (80 pairs of orange-eyed flies and 20pairs of purple-eyedflies

in experiment 1; 20 orange and 80 purple in experiment 2) were placed in

bottles for 24 hours and allowed to mate. Males were then discarded, and

each female was placed in an individual vial where she laid her eggs. Eye

color of resulting offspring permitted identification of the type of male with
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 females mated with 60 Orange-eyed males and 20 purple-eyed malesin gen-eration n, generation n + 1 would begin with (60/80)(100) = 75 orange-eyedpairs and 25 purple-eyed pairs. The results of ten generations of such simu-lated selection are summarized in Table 8.5. These data indicate that therare-male advantage occurred in both experimental populations, and con-

Frequency-dependent sexual selection—at least in Drosophila—is lim-ited to males. Rare females have no mating advantage. Although female
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Frequency of bar-eyed males

FIGURE 8.2

tion. (From Petit and Ehrman, 1969.)

 
(a)

(b)

FIGURE 8.3

(a) The female Drosophila pseudoobscura, her abdomen distended with eggs, preens

with both forelegs, apparently unaffected by (b) the mating couple sharing the obser-

vation chamber with her. Both females are orange-eyed mutants. The male has the

dark red, nonmutant eye color of the wild-type Drosophila. The wings of the copulat-

ing female provide a base of support for her mate; she may even fly while carrying

him. (Photograph by A. Heder. Reprinted by permission from American Scientist,

journal of Sigma Xi, The Scientific Research Society of North America.)
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Eye Color of Parental PairsSe

  

Generation Experiment 1 Experiment 2

Orange Purple Orange Purpleaoa

el

1 80 20 20 80
2 60 40 29 71
3 68 32 38 62
4 56 44 35 65
5 31 69 4] 59
6 63 37 50 50
7 62 38 52 48
8 60 40 50 50
9 50 50 44 56
10 46 54 47 53

SOURCE: After Ehrman, 1970b.

Drosophila appear to be passive during courtship, they clearly exercise dis-
crimination. Males, on the other hand, are indiscriminately active and at-
tempt to mate with anything resembling anotherDrosophila—including other
males, females of other Drosophila species, dead or etherized flies, and even
inanimate objects. An examination of the cuesthat may be involved when a
female chooses one male over another points to olfactory cuesasthecritical
factor (Ehrman and Probber, 1978).

FORCES THAT CHANGE GENOTYPIC FREQUENCIES

Migration, mutation, and selection change both allelic and genotypic fre-
quencies. Certain systems of mating, however, change only genotypic fre-
quencies. We shall consider inbreeding andassortative mating, both of which
differ from random mating.

Inbreeding

Inbreeding is a nonrandom system of mating betweengenetically re-
lated individuals.If inbreeding occurs, offspring are more likely than average
to have the samealleles at any locus.In this sense, inbreedingis not specific
to any particular character. We shall see in the next section that the other
major system of nonrandom mating, assortative mating, is character- specific.
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Sewall Wright (1921) defined the coefficient of inbreeding as the correla-

tion between uniting gametes. Another way of looking at the coefficient of

inbreeding involves the probability that both alleles at a locus carried by an

individual are identical by descent, 1.e., are replicates of those carried by a

commonancestor. An easier way of thinking about inbreedingis to consider

the coefficient of inbreeding as the percentage decrease in heterozygosity.

Inbreeding will change genotypic frequencies by reducing the frequency of

heterozygotes, but in the absence of selection, it will not change allelic

frequencies. Consider a self-fertilizing type of plant such as Mendel’s garden

peas, and a single locus with A,A,, A;Ao, and A2A» genotypes. If the plants

fertilize themselves, the homozygotes will produce only homozygotes.

However,half of the offspring of the heterozygotes will be homozygotes, as

illustrated in Figure 8.4. Each generation of self-fertilization reduces

heterozygosity by half. Coefficients of inbreeding for self-fertilization are

indicated in Figure 8.4. Heterozygosity is reduced by 4 in matings between

full siblings, by “% in matings between half-siblings, and by '/16 in matings

between cousins.

Because inbreeding operates equally across all loci to decrease

heterozygosity, it can significantly increase homozygosity in a population.

The increase in homozygosity has important implications. Recessive alleles

are more likely to be expressed. Because most harmful genetic traits are

attributable to recessive alleles, offspring of matings between genetically

related individuals are more likely to exhibit recessive genetic problems. For

this reason, tradition and law have prohibited matings between closely re-

lated individuals in most populations. However, low levels of inbreeding
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ican Amish).

The fact that inbreeding reduces heterozygosity can be used to createStrains of animals that are essentially genetically identical. For example,each generation of brother-sister matings reduces heterozygosity in the suc-ceeding generation by one-fourth. After twenty generations of such inbreed-ing, at least 98 percentofall loci are fixed—i.e., all individuals have the samealleles at 98 percent of their loci. Such homozygosity meansthat regardlessof which chromosomes are passed on from parent to offspring, the same
alleles will be on each chromosome. This method has been used to create
inbred strains of mice orrats. In mice, the term ‘‘inbred strain’ is reserved
for strains that are products of at least twenty generations offull-sibling
matings. In fact, most commercially available pedigreed inbred mice have
been mated brother-to-sister for fifty to one hundred or more generations.
Inbred strains of mice are used in much behavioral genetic research and will
be described in moredetail in Chapter 10.

Manyattempts to create inbred strainsfail because harmful recessive
alleles become incorporatedinto the strain by chance,and the reproductive
ability of the strain drops. Even those inbred strains that survive usually
have some problems. The term inbreeding depression has been used to de-
scribe the general malaise of inbred individuals caused by the increase in
homozygosity. The other side of the coin is hybrid vigor, or heterosis, which
is the increase in viability and performance when inbred Strains are crossed
to produce an F, generation. Crossing inbred strains reintroduces
heterozygosity at all loci for which the twostrains differ, thus masking the
effects of deleterious recessive alleles (Wright, 1977).

In addition to changing genotypic frequencies, inbreeding can alter the
average phenotype of a population. This occurs when there is dominance.
Complete dominance meansthat the heterozygote(A ,A,) will have the same
phenotypic value as the dominant homozygote (A,A,). If inbreeding occurs,
the alleles of these heterozygoteswill gradually be distributed into homozy-
gotes, as shownin Figure 8.4. Thus, the frequencyof a phenotype influenced
by a dominantallele will diminish over the generations because someof the
heterozygotes will produce recessive homozygotes (A.A). As a result, the
average phenotypic value in the population will be lowered. However, if
there were no dominance,the heterozygote would havea value intermediate
to the two homozygotes. Because inbreeding causes the alleles of
heterozygousindividuals to be distributed evenly among the two homozy-
gous types, the resulting average value in a population will not change when
the alleles operate in an additive (nondominant) mode.

We can use this fact to determine whether a particular character is
influenced by a dominantallele. We have already noted that inbreeding de-
pression frequently occurs with inbred strains of mice. Inbreeding depres-
sion is a change in the average value of sometrait in a population. Although
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we are focusing on single-gene characteristics in this chapter, there is some

evidence that even a complexly determined trait (such as IQ) is somewhat

affected by inbreeding depression, due to the expression of dominant alleles.

In other words, inbreeding tends to result in lower IQ scores (Vandenberg,

1971). For example, the risk of mental retardation is more than 3.5 times as

high among children of marriages betweenfirst cousins as among unrelated

controls (B66k, 1957). In addition, children of such cousin marriages gener-

ally perform worse on subtests of the Wechslerintelligence test than children

of unrelated spouses (Cohenetal., 1963: Schull and Neel, 1965). Someof

these results are summarized in Figure 8.5.

A recent study (Bashi, 1977) included a representative sample of Arabs

living in Israel, a group in which the frequency of marriages amongrelatives

is about 34 percent. Because such consanguineous marriages are encour-

aged, even marriages between ‘‘double-first cousins’’ are fairly common

(about 4 percent). Double-first cousins are children of siblings who are mar-

ried to another pair of siblings. Raven's Progressive Matrices, a test of

general reasoning, was administered to large samples of children of bothfirst

cousins and double-first cousins, as well as to fourth- and sixth-grade chil-

dren of unrelated marriages. The results in Table 8.6 indicate a slight depres-

sion for children of cousin marriages, and a greater depression for children of

double-first-cousin marriages. This demonstration of inbreeding depression

again suggests that dominantalleles at some loci affect 1Q scores.
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FIGURE 8.5

Scores on seven subtests of the WAIS achieved by 38 children of first cousins,

plotted on the solid line. Those of 47 matched controls are plotted on the

broken line. (After ‘‘School attainment in an immigrantvillage’? by R. Cohen

et al. In E. Goldschmidt, ed., The Genetics of Migrant and Isolate Populations.

Copyright © 1963. Used with permission of Foundation for Child Develop-

ment.)
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TABLE 8.6

Effect of consanguinity on Raven’s progressive matricesOO

Grade 4 Grade 6
Degree of Consanguinity

Number Mean Number Mean

Children of unrelated marriages 1,054 8.8 1,054 13.1
Children of first-cousin marriages 503 8.6 467 12.3
Children of double-first-cousin marriages 71 7.9 54 10.6

Os

aE
SOURCE: After Bashi, 1977.

Inbreeding can changethe variability as well as the mean of a popula-
tion. However, even thoughtheeffects of inbreeding are severein individual
cases, inbreeding probably does not have an appreciable effect on the means
or variances of humantraits in the population as a whole. In present-day
human populations, the inbreeding coefficient is almost always less than
0.04, even for very small breeding isolates. Thus, changes in population
means and variances resulting from inbreeding should be negligible.

Assortative Mating

Old adages are sometimes contradictory. Do ‘‘birds of a feather flock
together,”’ or do ‘‘opposites attract’’? Studies of assortative mating, or
phenotypic similarity between mates, seek answersto this question. It turns
out that assortative mating is almost always ina positive direction. ‘‘Birds of
a feather’ do ‘flock together,’’ in the sense that individuals who mate tend
to be similar in certain characteristics. In contrast to inbreeding, assortative
mating is much more commonandit is character-specific. Thus, individuals
sort themselves into mating couples on the basis of certain phenotypic
characteristics.

Like inbreeding, assortative mating affects only genotypic frequencies,
not frequenciesofalleles. If we think about the influence of a single locus on
a trait for which positive assortative mating occurs, assortative mating,like
inbreeding, reduces heterozygosity. Homozygotes tend to mate with
homozygotes, and some heterozygous individuals in each generation have
homozygous offspring. However, for characters influenced by genes at
many loci, assortative mating will not greatly reduce heterozygosity. On the
other hand, assortative mating for such characters may substantially
increase genotypic variability. For example, differences in height are mostly
the result of genetic differences. If random mating were to prevail for height,
tall women would bejust as likely to mate with short men astall men. Off-
spring of the matings of tall women and short men would be of moderate
Stature. If, however, there is positive assortative mating for height (as we
knowthereis), children with tall mothers are also likely to havetall fathers,
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and the offspring themselves are likely to be taller than average. Positive

assortative mating thus increases the variance, in the sense that the offspring

differ more from the average than they would if mating were random.

In human populations, assortative mating is common. The highest

correlation between husband and wife—about 0.75—is for age. Approxi-

mately one-third of the 290 correlations for physical characters summarized

by James Spuhler (1968) were in the range 0.10 to 0.20. For example, the

correlation for height is about 0.25 and for weight it is about 0.20. Few

correlations are negative. Thus, it appears that in general there is some

positive assortative mating for physical characters; however, the correla-

tions are relatively low.

Among behavioral characters, most personality-rating correlations be-

tween matesare found to be in the 0.10 to 0.20 range, comparable to values

observed for the physical characters (Vandenberg, 1972). Correlations for

cognitive measures, most notably [Q, have been thought to be muchhigher.

However, IQ and age, for which there is much assortative mating, are re-

lated to some extent. It has recently been shownthat correlations for specific

cognitive abilities, as well as for overall cognitive ability, are also in the 0.10

to 0.20 range, when scores are adjusted for age. Of the specific cognitive

abilities (such as memory, spatial ability, verbal ability, and perceptual

speed), verbal ability seems to show the most assortative mating (Johnson et

al., 1976). Although the correlations are not large, assortative mating can

still greatly increase genotypic variability in a population becauseits effects

accumulate generation after generation.

GENETIC VARIABILITY

Population genetics provides another perspective for understanding genetic

variability. The point of the Hardy-Weinberg—Castle equilibrium is that ge-

netic variability will be maintained generation after generation in the absence

of forces that change the frequencyofalleles. The forces that change allelic

frequencies can also enhance genetic variability. New alleles can be intro-

duced into a population through migration and mutation. Selection can also

maintain genetic variation in a population. Selection can be considered a

dynamic flux that maintains genetic variability, rather than an orderly pro-

cess that proceedsin a single direction to make organismstightly mesh with

their environment. Balanced polymorphisms provide a reservoir of genetic

variation for future selection, in the face of changing environmental circum-

stances. Thus, they may have considerable evolutionary significance.

Equilibrium genotypic frequencies can also be changed by certain sys-

tems of mating. Even hereit seemsthat the deckis stacked in the direction of

genetic variability. While inbreeding can reduce the frequency of heterozy-

gotes, its rarity in the human species makesits effects quite negligible. As-

sortative mating, on the other hand, increases genotypic variability for many

polygenic characters.
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SUMMARY

ic frequencies in a population in equilibriumShould correspond to p? + 2pq + qfor a single-locus, two-allele character.Population genetics is also concerned with the forces
cies, such as migration, mutation, and selection. Balanced polymorphismscan be caused by heterozygote advantage and frequency-dependent selec-tion. Inbreeding and assortative mating change genotypic frequencies with-
out affecting frequenciesofalleles.



 

Quantitative

Genetic Theory

Until now, we have focused on single-gene influences. Characters in-

fluenced by only one geneare often called Mendelian because they show the

classical segregation ratios described by Mendel. Although there are many

examplesof the effects of single genes on behavior (see Chapter 4), most of

these interrupt the organism’s normalcourse of development. For example,

manyof the single-gene influences on human behavior cause mental retarda-

tion. These examples demonstrate the powerof a single gene to throw the

organism out of kilter. However, the normal range of behavior variation is

morelikely to be orchestrated by a system of many genes.

Because behavioral genetics considers polygenic as well as single-gene

influences on behavior, we need to study the theory underlying quantitative

inheritance. Since quantitative genetic theory is somewhat abstract, some

people erroneously believe that a characteris really influenced by genes only

‘f the character showsclassical Mendelian inheritance. In this chapter, we

will show that one can generalize from single-gene, Mendelian theory to the

quantitative effects of multiple genes.

Quantitative genetics is more abstract in that it considers variance in a

population, rather than specific genotypes. If we just have two or three types

of individuals in a population, as is the case for most Mendelian characters,

we can simply count the different types. Figure 9.1a illustrates the distribu-

tion in a population of a character determined by a single gene with two
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Number of Increasing Alleles: 2 ] ) 0

(a)

 

(b)

 
(d)

FIGURE 9.1
Single-gene and polygenic distributions for characters with additive gene effects.
(a) Distribution of genotypes for a single locus with twoalleles. (b) Distribution of
genotypes for two loci, each with two alleles. (c) Distribution of genotypes for
three loci, each with two alleles. (d) Continuous variation.

alleles. There are three distinct types of individuals. However, there are
many characters that show continuousvariability similar to the normalbell-
Shaped curve illustrated in Figure 9.1d. A normal distribution would be
approximated if you tossed a handful of 20 coins hundredsof times and each
time recorded the numberof headsandtails. The average numberof heads
per toss would be 10, and the other numbers would be evenly distributed
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around 10, with 0 and 20 being extremely rare. For example, the size of the

pea seed is continuously distributed, as Galton discovered when he con-

ducted his early studies of quantitative inheritance. In fact, continuous varia-

tion is the rule rather than the exception for behavioral characters. The

genetic foundation for such variability has been a recurrent theme in the

previous chapters.

Figure 9.1b and c suggest how the qualitative distribution of a single-

gene character becomes a quantitative distribution as more loci become

involved. For example, whena trait is influenced by twoalleles at each of

three loci (A, B, C), there are 27 different genotypes. Even if we assume that

the alleles at the different loci equally affect the trait and that there is no

environmental variation, there are still seven different phenotypes, as indi-

cated in Figure 9. Ic.

The pointis that, even with just three loci and twoalleles at each locus,

the genotypes begin to approach a normal distribution in the population.

When weconsider environmental sources of variability and the fact that the

effects of alleles at different loci may not be equal (as we assumed in our

oversimplified example), it is easy to see that the effects of even a few genes

will lead to an approximately normal distribution. Moreover, the complex

characters that interest behavioral scientists may be influenced by hundreds

of genes. Thus, we should not be surprised to find continuousvariation at the

phenotypic level.

Because variance is the core concept of quantitative genetic theory, a

brief digression is in order.

BRIEF OVERVIEW OF STATISTICS

Statistics Describing Distributions

Figure 9.2 describes the results of testing a small sample of two inbred

strains of mice for activity in an open field. The open-field apparatus (see

Figure 4.5) is a brightly lit enclosure in which an animal’s activity is mea-

sured. The activity scores in Table 9.1 were obtained by placing mice oneat

a time in the open field for 5 minutes. The numberof squares entered during

this observation period was recorded as each subject’s score. How can we

describe these two distributions? We first calculate an average score (or

some measure of central tendency), and then describe the variability of the

scores. The average score is not very usefulin itself, because it adequately

represents the scores only if there is little variability. The distributions in

Figure 9.2 show substantial variability, as do distributions for most behav-

ioral characteristics. The average, or mean, is simply the sum of scores

divided by the numberof scores:

x — 2x
x= N
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FIGURE 9.2

Frequency histogramsof the activity scores of two inbred strains
of mice: A (shaded) and C57BL. The meansareindicated by ar-
rows.

where X refers to mean, =X is the sum of scores, and N is the number of
scores. The sum of the scores obtained from the six A subjects is 306. Thus,

Vv 306

a= =!

The mean score of C57BL subjects in the sample is:

Xo ee. 182

These meansare indicated by the arrowsin Figure 9.2, which divide each of

the distributions in half.

As the name implies, variance is a measure of variability or dispersion.

The more spread out the distribution, the greater the variance. Varianceis

described relative to the mean of the sample. The difference between each

subject’s score and the mean is computed (i.e., X — X). Some of these

deviations are above the mean andare thus positive numbers; those below

the mean are negative numbers. We would like to obtain an average devia-

TABLE 9.1

Activity scores of two

inbred strains of mice

A CS57BL

29 155

29 157

44 161

58 199

63 202

83 218
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tion from the mean in order to describe the variability in the distribution.

However, if we simply summedthe deviations from the mean, the positive

deviations would balance the negative deviations and the sum would always

be zero. The solution is to square the deviations from the mean and then

calculate an average squared deviation. This is the definition of variance.

However, the sum of the squared deviations from the mean is divided by

N — 1 for technical reasons (in order to obtain an unbiased estimate of the

variance). In short, the variance of a sample (V) 1s:

X(X — X)

v= N - 1

To illustrate the calculation of V, the data of Table 9.1 are presented again in

Table 9.2, along with corresponding deviations from means and squared

deviations. As you can see, the variance of activity scores in the C57BL

sample is somewhatlarger than that in the A sample.

Since variance is the average of the squared deviations from the mean,

the values obtained are expressed in squared units, rather than in the actual

units of measure. In spite of this, as you will see later in this chapter,

variance has many important applications in genetics. Nevertheless, a mea-

sure of variability expressed in actual units, rather than squared units,is

useful. Such a measure is provided by the square root of the variance, the

so-called standard deviation. If our sample has been drawn at random from a

population with a normaldistribution of a trait (see Figure 9.3), the sample

standard deviation (s) provides a precise estimate of dispersion ofthetrait

within that population.

Approximately two-thirds of the population (68 percent) fall within one

standard deviation above and below the mean, and about 96 percent of the

observationsfall within two standard deviations. Thus, we can predictthat in

a large population of mice of the A strain (for which we would expect a

normal distribution), approximately two-thirds of their activity scores would

fall within the range of 51 + 21.14, i.e., between 29.86 and 72.14. The preci-

sion of such estimates increases along with the sample size.

Statistics Describing the Relationship

Between Two Variables

When twovariables are measured for each subject, or when the same

variable is measured on pairs of subjects (for example, pairs of twins, or

parents andtheir offspring), we can analyze the relationship between the two

measures. The question is usually phrased in terms of covariance, which

literally means ‘‘shared variance.’’ It tells us the extent to which the mea-

sures relate to one another. If there is substantial covariance between two

variables (X and Y), then a subject above the mean on X will also likely be

above the mean on Y. Like variance, the covariance statistic is based on
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Examples of variance estimation from activity scores of two
inbred strains of mice

   

A
a

xX, X,- X (X, — X)?aN

29 —~22 A84
29 —22 484
44 —~ 7 49
58 + 7 49
63 +12 144

83 +32 1024
>X, = 306 +(X, — X) = 0 X(X, — X) = 2234

X, = 51 V, = “s = 446.8
S,= VV, = V446.8 = 21.14

C57BL

xX, XxX, — X (X; — X)?

155 ~27 729
157 ~25 625
161 —21 44]
199 +17 289
202 +20 400
218 +36 1296

>xX; = 1092 x(X; — X) = 0 X(X; — X)? = 3780

X. = 182 Vo = nt = 756.0

Sa = VVco = V756.0 = 27.50

 

deviations from the mean of each variable. It is computed by multiplying
each subject’s deviation from the mean of X by the subject’s deviation from
the mean of Y. Cross products of these deviations are summedacross sub-
jects and divided by the size of the sample (actually, N — 1). In short, the
sample covariance between two variables (Covyy)is:

_ SK — XY - Y)]
COVxy=

Consider the hypothetical data presented in Table 9.3 and plotted in Figure
9.4. Note that Y tends to increase as X increases. The variance of X is 2.5,
and the variance of Y is 10. The covariance between X andY is 3.

Covariancesare easier to interpret if we divide them by an appropriate
variance or a product of standard deviations. The two major statistics are
correlation and regression. Sometimes one of these methods is more appro-



99.7% of area

96% of area

 
 
FIGURE 9.3

The normal distribution curve.

priate for certain quantitative genetic analyses, and sometimes the other is

more suitable. A correlation coefficient standardizes the covarianceby divid-

ing it by the product of the standard deviations of X and Y. This is known as

standardization because it results in equal units of X and Y. The regression

coefficient divides the covariance by the variance ofjust one of the variables.

FIGURE 9.4

Plot of hypothetical data presented in Table

9.3. 
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For example, if we are predicting offspring scores (Y) from parental scores
(X), the regression of Y on X (byx) is the covariance divided by the variance
of X. Thus, the regression coefficient is not standardized.It is expressed in
terms of observed units of measure. It expresses the numberof units, on the
average, that Y changes corresponding to eachunit change of X.

In summary, the formulas for a correlation coefficient (Txyy) and a re-
gression coefficient (b,,) are:

 

Covyy Covyy
lyy =a and by =
VVVy) mS

Note that if the standard deviations of X and Y are equal, then the correla-
tion coefficient and the regression coefficient are the same. If VVy = VVy,
then V(Vx)(Vy) = Vx, so that both the denominator and the numeratorare
identical for the correlation and the regression.

Table 9.3 illustrates the computation of a correlation. The covariance
(3) divided by the product of the standard deviations is 0.6. A correlation of
zero (or near zero) indicates that the two variables are independent: scores
on one variable tell us nothing about scores on the other. A high positive or
negative correlation (close to +1 or —1) indicates a close relationship. Be-
cause correlations are standardized, they are easily related to variances.
Squaring the correlations yields the percent of variance in one variable re-
lated to the variance of the other. The correlation of 0.6 in Table 9.3 indicates
that 36 percent of the variance in Y is related to the variance of X (and vice
versa). The variance of Y is 10.0. We can expressthis in terms of variance
rather than percent by stating that 0.36 x 10 = 3.6 is the variance of Y

TABLE 9.3

Sample calculation of a correlation coefficient, ryy

 

XXX  (&-xXP YY  Y-Y (Y-Yye (xX-xXyy-¥

AATAAN

YY

IKXY~YY

I ~2 4 2 -4 16 +8
2 —| 1 8 +2 4 ~2
3 0 0 6 0 0 0

= +2 4 410 +4 16 +8

2: 15 0 10 30 0 40 12
a

Vy = + = 2.5 Vy = - = 10 Covyy _— 2 — 3

3yy = ——-— = 0.6
“*  \/(2.5)(10)

eee
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related to the variance of Y. This means that the rest of the variance of Y,

6.4, is not related to the variance of X.

We have beenusing the phrase ‘‘related to’’ rather than ‘‘caused by”’

because correlations do not in themselves prove the existence of a causal

relationship. In genetics, however, there are clear causal associations be-

tween genotype and phenotype. When a causal relationship between two

variables (X and Y) has been established, the correlation coefficient can be

used to estimate the variance in Y caused by the variation in X. In the

previous example, this would meanthat, if X is held constant, 64 percent of

the variance in Y will remain.

The regression of Y on X for the same data (Table 9.3) is 1.2:

Thus, on the average, for every unit of change in X, Y changes 1.2 units.

This regression coefficient can be used to show howthe variance of Y may be

partitioned into two parts—onedue to variation in X, and one that is inde-

pendent of X. In overview, we will use an equation to predict scores on Y,

given scores on X. Then wewill obtain the variance of the Y scores as they

were predicted by X scores. The deviation of the actual Y scores from the

predicted Y scores can be squared and averaged to produce the variance of

Y, independent of X.

The regression coefficient describes the change in Y predicted by a unit

changein X. Such a prediction may seem unnecessary, given that we already

have information regarding both variables. However, from the sample re-

gression, we may estimate Y for other membersof the population for whom

we have information only regarding variable X. More importantly, for our

present purpose, the regression can be usedto drawa straight line through

the observed points, as in Figure 9.5. This line is called a ‘‘least squares”

regression line because the sum of the squared deviations from the predicted

points is at a minimum. This prediction equationis:

where Y is the predicted value of Y, given information on X. Thus, the

predicted value of Y is derived from the deviation of the X score from its

mean, weighted by the regression coefficient. From the data of Table 9.3,

Y=64 1.2(X — 3) =64 1.2K — 3.6 = 2.44 1.2X

Using this equation, we can calculate the expected value of Y corresponding

to each observed value of X in Table 9.3. These observed and expected

values are presented in Table 9.4 and graphed in Figure 9.5. For example, the

X score of 2 predicts a Y score of 4.8 because 2.4 + 1.2 (2) = 4.8. This

predicted value has been entered as a point on the straight line in Figure 9.5.
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 tion, Y = 2.44 1.2X.

TABLE 9.4

Observed and

expected values of Y

xX Y Y

2 3.6

2 8 4.8

3 6 6.0

4 4 7.2

5 10 8.4

TABLE 9.5

Calculation of the variance in Y due to both regression
and deviations from regression
eee

A A A

Y Y Y-Y w-Yy y-Y (v-vee
2 3.6 2.4 5.76 ~1.6 2.56
8 4.8 ~1.2 1.44 43.2 10.24
6 6.0 0.0 0.00 0.0 0.00
4 7.2 +1.2 1.44 ~3.2 10.24
10 8.4 42.4 5.76 +1.6 2.56

>: 30 30.0 0.0 14.40 0.0 25.60Se

SEE00

14.4 25.6

—_——

eS
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Plot of observed values (opencircles) and ex-
pected values (small black dots) of Y, corre-
sponding to observed values of X. Expected
values are obtained from the regression equa-
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The variance of these predicted scores of Y is the variance of Y due to

variation in X. As calculated in column 4 of Table 9.5, the variance of the

predicted Y scores is 3.6, the same answer obtained using the correlation

coefficient (r?V y). Of course, the variance of Y not predicted by X is the rest

of the variance of Y (that is, 10 — 3.6 = 6.4). However, we can directly

calculate the variance of Y not predicted by X by obtaining the deviation of

each Y value from its predicted value, and then deriving the variance of

these deviations as incolumn 6 of Table 9.5.

HISTORICAL NOTE

In 1877, the first regression line was drawn by Galton, the father of behav-

ioral genetics, to describe quantitative inheritance. As an example, he chose

the size of the seed in the pea plant. He knew that parental plants with large

seeds werelikely to have offspring with larger than average seeds. Heplot-

ted parent and offspring seed sizes, and drew the regression line, reproduced

as in Figure 9.6. Galton noticed that the slope of the line described the

following relationship: As parental size increases one unit, the offspring size

increases one-third unit. Thus, the regression of offspring on parent was 0.33,

which is the covariance divided by the variance of the parents. This similar-

ity could be ascribed to inheritance because all plants were raised in similar

environments.
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FIGURE 9.6

First regression line. Drawn by Galton in 1877 to describe the

quantitative relationship between pea seed size in parents and

offspring. (Courtesy of the Galton Laboratory.)
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character instead of discrete categories such as those featuredin the typicalMendelian researches. This was quite different from the blending hypothesis.In this multiple-factor hypothesis, it was not presumed that the hereditarydeterminers vary continuously in nature from one individual to another,creating a continuousdistribution in the population. Rather, the genes wereacknowledged to occurin discrete alternate states (typically two,
more). But when a numberofsuchdiscrete units bear on the same character,the final outcome approximates a continuousdistribution, as discussed in thebeginning of this chapter. Elaborate Statistical developmentofthi
was provided by R. A. Fisher (1918) and by Sewall Wright (1921). Theirwork presented convincing demonstrations that the biometrica
fact, follow logically from a multiple-factor extension of Mende

SOmetimes

Il results, in

l’s theory.

THE SINGLE-GENE MODEL
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Genotypic Value

Genotypic values are expressed as deviations from the mid-

homozygote point, as indicated in Figure 9.7. The homozygote with the

highervalue will be referred to as A,A,. The genotypic value for A,A, will be

+a. The genotypic value of other homozygote, AgAg, is —a. The values +a

and —a are equidistant from the mid-homozygote point. However, the

genotypic value of the heterozygote, A,A_ (symbolized by d), is dependent

on the gene action at the locus. If there is no dominance, d will equal zero

and will fall at the mid-homozygote point. If A, is partially dominantto Ag, d

will be closer to A,A,, as in the example in Figure 9.7. If dominance is

complete, that is, if the observed value for A,Az equals that of A,A;, then

d = +a.

Additive Genetic Value

The additive effect of genes is merely the extent to which they

‘‘add up’’ or sum according to gene dosage. Morespecifically, the additive

genetic value is the genotypic value expected from gene dosage, as illus-

trated in Figure 9.8. Gene dosageis the numberofa particularallele (say the

A, allele) present in a genotype. As gene dosage increases by one (for exam-

ple, from the A,A, genotype to A,A,), the expected genotypic value in-

creases by a constant unit. If the frequencies of the two alleles were not

equal, we would need to weight each allele according to their respective

frequencies in the population. But this will not affect our example.If there is

no dominance, these expected genotypic values will be the same as the

actual genotypic values. However, dominance can cause the actual

genotypic values to deviate from expected values.

Another way of thinking about additive genetic values is to consider

that every allele in the genotype has some average effect. In this sense, the

additive genetic value is the sum of these average effects of alleles across the

genotype. Additive genetic value is a fundamental component of genetic

influence because it represents the extent to which genotypes ‘‘breed true”’

from parents to offspring. If a parent has one ‘‘dose’’ of a particular allele,

Genotype: A,QAy, A,Ay, A,A,

GenotypicSp

value: —a 0 d +a

FIGURE 9.7

Assigned genotypic values. (After Introduction to Quantitative Genetics by

D. S. Falconer. Copyright © D. S. Falconer, 1960, p. 113, Longman

Group, Ltd., London and New York.)
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FIGURE 9.8

Additive genetic values predicted by gene dosage, when
d = 0. Becausethereis no dominance,the genotypic val-
ues are the same as the additive genetic values.

the offspring of that parent each have a 50 percent chance of receiving thatallele. If the offspring receive that allele, its effect will be added in to theSame extent it was addedin the total genotype of the parent. It does notmatter how manyalleles are involved at a locus (or, as we shall see in thenext section, how manyloci are involved). Additive genetic values are sim-ply the extent to which the effects of the alleles add up according to genedosage.

Dominance Deviation
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FIGURE 9.9

Genotypic values (black dots) when dominance is com-

plete. Regression line predicts additive genetic values

(crosses) based on gene dosage. Dominance deviations

(D) are the difference between the additive genetic values

and the actual genotypic values.

predicted by gene dosage. This, of course, is our definition of additive ge-

netic values. Thus, the crosses on the regression line in Figure 9.9 are addi-

tive genetic values. If there is dominance,this prediction of genotypic values

from gene dosage will be slightly off. Dominance,as represented by the Dsin

Figure 9.9, is thus the deviation of the genotypic value from the regression

line, which represents the predicted genotypic values based on gene dosage.

Dominance is important because it represents genetic influence that

does not ‘‘breed true.’’ If dominance occurs, a parent’s genotypic value iS

due to someparticular combination of alleles at a locus. Offspring cannot

ically different from the parent to some extentif alleles do not add upin their

effect. In summary, we have partitioned the genotypic value into two

parts—onepredicted by gene dosage, and one that is not. Additive genetic

values are the extent to which genotypic values add up or sum according to

gene dosage; dominance is the extent to which they do not add up.

THE POLYGENIC MODEL

Not only can weconsider the additive and nonadditive effects ofalleles at a

single locus, we can also sum these effects across loci. This is the essence of
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the polygenic extension of the single-gene model. Just as additive genetic
values are the summation of the average effects of two alleles at a single
locus, they may also be summedacrossthe many loci that mayinfluence a
particular phenotypic character. Similarly, dominance deviations from addi-
tive genetic values may also be summedforall the loci influencing a charac-
ter. Thus, it is relatively easy to generalize the single-gene model to a
polygenic one with manyloci, each with its own additive and nonadditive
effects. However, we needtointroduce one more concept, epistatic interac-
tion.

Epistatic Interaction Deviation

Dominance is the nonadditive interaction of alleles at a single locus.
When weconsider several loci, we need to consider the possibility that a
particular allele interacts not only with the allele at the same locus on the
homologous chromosome,but also with alleles at other loci. This type of
interaction is called epistasis. In other words, dominanceis intralocus interac-
tion, and epistasis is interlocus interaction. For example, consider twoloci (A
and B) that affect a phenotypic character. Both the additive genetic values
and the dominance deviations are summedacross the two loci. However, a
particular combination of a certain allele at locus A and anotherallele at
locus B mayinfluence the phenotype in ways not explainable by the additive
and dominanceeffects. Epistasis refers to this sort of effect.

In summary, we maypartition genetic effects into three components:
additive, dominance, and epistatic. At a single locus, the genotypic value
includes additive and dominance effects. When we consider the effects
across two or more loci, the additive and dominanceeffects are summed, but
may not yield the joint genotypic value, due to epistatic interaction among
alleles at different loci. In symbolic terms,

G=A+D+¢I

whereG is the genotypic value dueto all loci, A is the sum of the additive
genetic values across all loci, D is the sum of the dominance deviations
acrossall loci, and I symbolizes the deviations due to epistatic interactions.
Fpistatic interactions may be of several types. They may involve interac-
tions between additive genetic values at different loci, between dominance
deviations at different loci, between additive genetic values at one locus and
dominance deviations at another locus, and so on.

Variance

Up to this point, we have considered only genetic influences on a
phenotype. Although that is a workable approachfor traits such as those that
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Mendel studied in pea plants in a controlled environment, environmental

influences are so important for other traits that analyses must consider both

the genetic and environmental factors. The basic model of quantitative ge-

netic theory simply says that the phenotype of an individual is due to a

genotypic value (including A, D, and J), and an environmental effect due to

all nongenetic causes. However, science seldom studies a single individual.

Our focus is on phenotypic differences in a population and on the genetic and

environmental differences that create those differences. So, instead of think-

ing of P as an individual’s phenotypic value, we will consider it as the

individual’s deviation from the population mean.

Thus, quantitative genetic theory begins with a model in which ob-

served (phenotypic) deviations from the mean for some character in a popu-

lation are a function of environmental (E) and genetic (G) deviations, which

combine in an additive (linear) manner. However, this model may also in-

clude a nonadditive, or interaction, term (G x E) to deal with possible

nonadditive combinations of genetic and environmentaleffects, just as domi-

nance and epistasis allow for the possibility of nonadditive effects for single

and multiple loci. Symbolically,

P=G+E+(G x E)

The symbol G x E doesnot necessarily refer to multiplication of G and E. It

designates the contribution of some nonadditive function of G and to the

phenotype, independentof the main effects of G and E. Thatis, an environ-

mental factor may have a greater effect on some genotypes than on others,

and a genotype may be expressed differently in some environments than

others. We shall consider G x E interactions in greater detail in Chapter 14.

Each of the componentsis expressed as a deviation from the mean,but

we want to express them in terms of variance. As described earlier in this

chapter, variance is the sum of individuals’ squared deviations from the

mean, divided by the numberofindividuals. Let us take the G deviation and

express it as variance. The variance of G simply involves squaring the ge-

netic deviations, summing the squared deviations, and dividing by the sam-

ple size. Let us also obtain the variance of each of the components of

G=A+D+4+ I. Thevariance of G (V,,) can be expressed as the covariance

of G with itself. (The covariance of a variable with itself is the sameasits

variance.) Therefore,

V, = Cov(G)(G)

= CoviA + D+])(A + D+1I)

V, + Vy + V; + 2Cov(A)(D) + 2Cov(A)) + 2Cov(D)(1)

Because A, D, and I are not correlated, we are left with:

Ve = Va + Vp + Vi
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In other words, genetic variance is due to additive genetic variance, domi-
hance variance, and variance resulting from epistatic interactions. Additive

age. Thus, additive genetic variance may be thought of as genetic variance
due to variation in gene dosage. In the same way, dominanceandepistatic
variance (or nonadditive genetic variance)is the genetic variancethatis not
predicted by gene dosage. It should be noted that, even if dominance is
complete (that is, d = +a), genetic variance may still have a substantial
component due to additive genetic variance.

In a similar manner, we can determine the variance for the general
model P = G + E + (G x E). The symbol G x E is defined as being uncor-
related with either G or E; however, G and E may themselvesbe correlated.
The variance of the phenotypic deviations (V,) is a function of the Squared
deviations for the other components, as follows:

Vp | Cov(P)(P)

CoviG +E+(Gx E)][G + E+ (Gx E)]
= Vo + Va + 2Cov(G\(E) + Vexe

|

In other words, observed variance in a population includes components due
to genetic variance (V,) and those due to environmental variance (Vie).
Phenotypic variance also contains components addedbythe correlation be-
tween genetic and environmental effects [2Cov(GE)], as well as by the in-
teraction between G and E. Although error of measurementis also likely in
the variance of a phenotype, we will ignore it for now.

An Example of the Polygenic Model

An example illustrating this model may be helpful. The example is
hypothetical because we cannot often measure genotypic values, and we do
not know the environmental values. We measure the phenotypes. Behavioral
genetics employs methods to estimate genetic and environmental variance
from observed phenotypic values, as discussed in the next section. For now,
we will use a hypothetical example to clarify the underlying model.

Suppose that we knew the genetic, environmental, and phenotypic de-
viations from the mean for a numberofindividuals, as indicated in Table 9.6.
Because these values are expressed as deviations from the mean, the mean
in all cases is zero. In this example, the genetic variance is 2.0, the environ-
mental variance is 2.0, and the phenotypic variance is 4.0. Thus, Vp =
Voq + Vy. There is no variance added by the covariance between G and E
because there is no covariance between G and

E

in this example. (Satisfy
yourself that this is true by multiplying the deviations of G by the deviations
of E and then summing the cross products.)



TABLE 9.6

Hypothetical genetic, environmental, and phenotypic deviations

from the mean for five individuals

 

Individual G + E = P

1 —2 +] —]

2 —] —?2 —3

3 0 0 0)

4 +] +2 +3

5 +2 —] +]

Voc = 2.0 Ve = 2.0 Vp = 4.0

 

NOTE: To keep the example as simple as possible, we will consider

these individuals as constituting a population rather than a sample, thus

ignoring problems of sampling. As a result, variances are obtained by

dividing by N, rather than N — 1.

souRCcE: After Plomin, DeFries, and Loehlin, 1977.

Now let us suppose that genes and environment are perfectly corre-

lated, as in Table 9.7. The genetic and environmental variances remain the

same (2.0), but the phenotypic variance is now 8.0 instead of 4.0. The added

variance is due to the correlation between genetic and environmental devia-

tions: Vp = Vg + Ve + 2Cov(G)(E) = 2 + 2 + 4 = 8. Although weshall

consider the genotype-environmental correlation in greater detail in Chapter

14, it should be noted that even if we somehow removedvariance dueto the

correlation between G and E, V, and V; would remain unchanged. In fact,

correlation between G and E will contribute substantially to Vp only when

both V, and V, are substantial (Jensen, 1974). Our example illustrates a

positive correlation between G and E, in that large deviations in G corre-

spond to large deviations in the same direction in E. Negative correlation

between G and E would decrease rather than increase V >».

TABLE 9.7

Hypothetical genetic, environmental, and phenotypic deviations

from the mean for five individuals when genetic and

environmental deviations are perfectly correlated

Individual G + E = P

l —2 —2 —4

2 —] —| —2

3 0 0 0

4 +] +] +2

5 +2 +2 +4

 

souRCE: After Plomin, DeFries, and Loehlin, 1977.
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Hypothetical genetic and environmental deviations from the mean and phenotypic
values for five individuals when genetic and environmental deviations are perfectly
correlated and when there is an interaction between G and E
eee

 

Individual G + E + GxE = P

—2 —2 +4 0

2 —] —] +1 — 1
3 0 0 0 0
4 +] +] +1 +3
5 +2 +2 +4 +8

Vc = 2.0 Ve = 2.0 Vexr = 6.8 Vp = 14.8

 

SOURCE: After Plomin, DeFries, and Loehlin, 1977.

Let us now add the G x E interaction to the example, retaining the
positive correlation between G and E. We said that G x E refers to any

nonadditive effect of G and E. In our example, however, we will assumethat

the nonadditive function is, in fact, G multiplied by E. (See Table 9.8.) The

variance of the G x E values around their mean of 2.0 is 6.8. Genetic vari-

ance, environmental variance, and variance due to the correlation between G

and E [2Cov(G)(E)] remain 2.0, 2.0, and 4.0, respectively. Adding the Vey;

term yields 14.8, which is the phenotypic variance.

Although we cannot often measure genetic variance, environmental

variance, or genotype-environmentinteraction directly, this hypothetical ex-

ample indicates that all four components can contribute to phenotypic vari-

ance for a character. Because we cannot measure these componentsdirectly,

we estimate them indirectly from the resemblanceof relatives.

COVARIANCE OF RELATIVES

If we could measure genetic and environmental effects for individual sub-

jects, we could directly estimate V, and V, in populations. Instead, our

analyses proceedindirectly, estimating the various genetic and environmen-

tal components of variance from relationships that differ in genetic or envi-

ronmental relatedness. For example, full siblings who have both parents in

commonare twice as similar genetically as half-siblings with only one parent
in common.If genes influence a particular behavior, then the double genetic

similarity of full siblings should make them more similar for that behavior
than half-siblings. Quantitative behavioral genetic methods involve compari-

sons of several such relationships, in which genetic similarity is varied while
environmental similarity is held constant or vice versa. The purposeofthis

section is to provide the theoretical background for behavioral genetics stud-
ies of familial resemblance.
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Covariance

Earlier in this chapter, we discussed covariance, correlation, and re-

gression. Covariance between X and

Y

is the sum of the cross products of

the deviations from the mean of X and the corresponding deviations from the

mean of Y, divided by N — 1. Correlation and regression express covariance

as a proportion of variance. For now, we will focus on covariance. Previ-

ously, we considered the covariance between two variables, X and Y, for

many individuals—that is, the extent to which individuals’ scores on 4

covaried with scores on Y. Now, we will consider covariance betweenrela-

tives rather than between variables. For example, instead of considering the

covariance between the two traits, X and Y, for many individuals measured

on both traits, we will consider the covariance between twins or between

parents and their offspring for a single variable. If members of a family are

more similar than individuals picked at random from the population(i.e., if

their deviations from the mean are in the same direction), there is

covariance.

Both genetic and environmental hypotheses predict similarities be-

tween relatives. Relatives share genes to some extent, and thus should be

similar if genes affect the particular behavior under study. Environmental

hypotheses also predict that members of the same family should be similar

because they are subject to much the same environmental influences. For

example, if certain child-rearing practices in human families are thought to

be important influences on the development of personality, then children in

the same family subjected to similar child-rearing practices should be similar

in those aspects of personality. Later, we shall see how the knowledgethat

certain family relationships are not as similar genetically or environmentally

as others provides the basis for untangling genetic and environmentalinflu-

ences. However, the point here is that both genetic and environmental hy-

potheses predict covariance amongrelatives living together.

There is zero covariance betweenpairs of unrelated individuals picked

at random. Because such individuals share neither genes nor environment,

their scores do not covary. Otherrelationships, however, share both genes

and environment. We can describe covariance between relatives as

Cov(P,)(P.), where P, is the phenotype of one relative and P, is the

phenotypeof the other. In the previous section, we noted that P= G + E,

and we can substitute that for Cov(P,)(P2):

Cov(P,)(P2) = Cov(G, + E,)(G2g + Ez)

Shared and Independent Influences

Notall genetic, nor environmental, influences for a particular behavior

make family members similar to one another. Identical twinsare, of course,
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identical genetically, and thus share all genetic influences. However, for
other family relationships there are both shared genetic influences and those
that are not shared (due to segregation). Genetic theory predicts differences
between genetically related individuals other than identical twins. In con-
trast, environmental theories rarely predict differences for members of the
same family.

Although V,, Vp, and V, contribute in various waysto different familial
relationships, for the moment weshall consider only genetic variance that
the relatives have in common (V,.). Parents and offspring are first-degree
relatives, as are full siblings. Consider a single locus with two alleles. An
offspring hasa fifty-fifty chance ofinheriting one particular allele rather than
the other from the parent. For this reason, first-degree relatives are 50 per-
cent similar genetically; in other words,half of the genetic variance is shared
between them. The other half of the genetic variance does not covary be-
tween them,so, it makes them different from one another. Such reshuffling of
genes is the consequence of meiosis and the source of genetic variability.
Thus, we can divide the genetic contribution to the phenotypeof an individ-
ual into two parts—that part which the individual shares, or has in common,
with the relative (G.); and the part that is not shared with therelative (G,,).
Influences not shared by family members have traditionally been labeled
with a w to indicate differences within families.

Similarly, some environmental influences are shared by relatives, while
other aspects of the environment make family members different from one
another. Someparents are physically punitive toward their children. If puni-
tiveness affects some aspect of personality development (such as aggres-
sion), then it will make the children in the family more similar to each other
in aggressiveness. There are very few known examples of systematic envi-
ronmental factors that make family members different from one another,
although such influences can be important. For example, the orderof birth
may well cause behavioral differences among full siblings. If earlier-born
children are different from later-born children in the same family, some
environmental factor (perhapsprenatal influences, child-rearing practices, or
interactions with siblings) operating within the family makes them different
from one another.It is clearly not a genetic factor because full siblings are
equally similar genetically to each other and to their parents. Other environ-
mental influences of this type include those factors that are independent of
the family relationship, such as interactions in school and with peers, not
Shared by family members. Thus, we can also divide the environmental
contribution to the phenotype into influences shared with the relative (E,)
and those independentof the relative (E,,). In the previous equation, by
definition, only G, and E, can contribute to the phenotypic covariance be-
tween relatives:

Cov(P,)(P2) = Cov(G, + E.)\(G. + E,)
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The covariance of G, with G, is equivalent to the variance of G, (that is,

Vc). AS we indicated earlier, a variable completely covaries with itself,

meaning that the covariance of a variable with itself is the same asits vari-

ance. In the same way, Cov(E,)(E..) = Vx.

Now we can express the phenotypic covariance between relatives in

terms of components of variance:

Cov(P,)(P2) = Va. + Ve.

In other words, for a particular character, the covariance between relatives

includes the genetic variance and the environmental variance resulting from

shared genetic and environmental influences.

Genotype-Environment Correlation and Interaction

The model we haveusedupto this point is oversimplified. Earlier, we

mentioned the correlation and interaction between genetic and environmen-

tal factors. These components of variance also enter the picture when we

consider the covariance among relatives. Cov(G, + E.)(G, + E,) also in-

cludes the covariance between G, and E,. Covariance between genetic and

environmental deviations can add to phenotypic variance. It can also add to

the covariance between relatives. In addition, when we substituted G + E

for P, we did not consider the G x E interaction. The G x E interaction

shared by relatives will also contribute to their phenotypic covariance. In

Chapter 14, we shall consider the genotype-environmentcorrelation and in-

teraction in more detail, as well as their effects on behavioral genetic

analyses.

Genetic Covariance Among Relatives

Our general model for the covariance of relatives is also too simple

because it treats only shared genetic variance, rather than distinguishing

between V,, Vp, and V,. These components of genetic variance contribute

variously to different types of family relationships. (See Table 9.9). Parents

and their offspring share one-half of their additive genetic variance, as dis-

cussed in the previous section. (For this reason, additive genetic variance

provides a measure of the extent to which characters ‘‘breed true.’’) How-

ever, parents and offspring do not share genetic variance due to dominance.

Remember that dominance is the result of nonadditive combinations ofal-

leles at loci. Offspring cannot obtain a chromosomepair from one parent.

Thus, although dominance may contribute to the phenotypes of parent and

offspring, this genetic factor will not be shared by them.
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TABLE 9.9

Contribution of additive genetic (V,), dominance (Vp), and common environmental
(V;.) influences to the phenotypic covariance of relativesere
Phenotypic Covariance Between: Va Vp Ve,

Half-siblings (HS) 4 + 0 + Veas)
Full siblings (FS) WY + 4 + Vevcesy
Fraternal twins (DZ) 2) + 4 + Ven
Identical twins (MZ) I + I + Ve

assortative mating (discussed in Chapter 8). Assortative mating adds to the
genetic similarity between parents and their offspring, as well as between
siblings (Jensen, 1978). For example, if assortative mating exists, a correla-
tion between mothers and their children will include not only the genetic
similarity between the mothers and their children, but also somepart of the
genetic similarity between the children and their fathers. However, we can
get aroundthis problem by using regressions of the offspring on the average
parental score (called midparent score), which is mathematically indepen-
dent of assortative mating, as discussed in the next chapter (Plomin,
DeFries, and Roberts, 1977).

Siblings, like parents and their offspring, share half of the additive
genetic variance that influences a character. However, siblings also share
one-fourth of the dominancevariance, sincefull siblings can be expected to
receive the samealleles from both parents one-fourth of the time, and thus
have the same dominance deviation.

Fraternal twins are just siblings who happen to be born at the same
time. Two eggsare fertilized by different sperm. For this reason they are
sometimesreferred to as dizygotic (two-zygote) twins. Like other siblings,
dizygotic (DZ) twins can be the same sex or of Opposite sexes, and they
share half of the additive genetic variance and one-fourth of the variance due
to dominance. Twinsare born about once in every 83 births, and two-thirds
of these are fraternal twins. The other third of twin births are identical twins.
They are called monozygotic (MZ) twins because they begin life as a single
zygote that splits sometime during the first few weeks oflife. Because they
are genetically identical, identical twins are always of the same sex. They
share all genetic variance—V,, V,, and V,.

Finally, half-siblings who share only one parent thus share only one-
fourth of the additive genetic variance (half as much asfull siblings). How-
ever, unlike full siblings, half-siblings do not share any dominancevariance.
Because half-siblings have only one parent in common, they cannot inherit
the same chromosomepairs, and thus cannotsharein allelic interactions at a
given locus.
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Sometimes we need to consider the covariance of behavioral measures

for one relative with the average measures for a numberof other relatives.

For example, we might consider the covariance between offspring and the

average parental scores, rather than scoresfor a single parent. Or, we could

turn it around and look at the covariance between a single parent and the

average ofall of that parent’s offspring. In general, the expectations for such

averaged relationships are the same as those discussed abovefor relatives

considered one at a time. However, some preconditions must be met (Fal-

coner, 1960).

What about epistasis? We noted earlier that, in addition to additive

effects of alleles across loci (V,), there is also nonadditive genetic variance.

Although some ofthis nonadditive variance is due to interactions between

alleles at a locus (V,), the rest is due to nonadditive interactions between

alleles at different loci (V,). Because identical twins are genetically identical,

their phenotypic covariance includes all additive and nonadditive genetic

variance. However, phenotypic covariance for other familial relationships

(particularly those; such asfull siblings and fraternal twins, that share vari-

ance due to dominance) includes only someofthe variance due to epistatic and

dominanceinteractions (Falconer, 1960). Fortunately, this complexity turns

out empirically to be less important than it might seem. We shall see that

additive genetic variance accounts for the majority of genetic variance in

most behavioral characters for which such information is available.

Table 9.9 summarizes the genetic and environmental components of

variance responsible for the phenotypic covariance of relatives. For exam-

ple, the phenotypic covariance between fraternal twins includeshalf of the

additive genetic variance (42V,), one-fourth of the nonadditive genetic vari-

ance due to dominance (4V,), and environmental influences common to

members of fraternal twin pairs (Vz,,,,,). In contrast, identical twins’

covariance includesall additive and nonadditive genetic variance, as well as

environmental influences common to members of identical twin pairs

(Vea) In Chapter 10, such differences in the components of covariance

will be used to estimate the various components of genetic and environmen-

tal variance.

HERITABILITY

Because the concept tends to be misunderstood, heritability has become

something of a bad wordin recent years. However,if properly defined and

employed, heritability is a useful concept. It is simply a Statistic that de-

scribes the ratio of genetic to phenotypic variance—the proportion of ob-

served variance in a population that can be explained by genetic variance. In

other words, heritability describes the extent to which genetic differences

among individuals in a population make a difference phenotypically. The

environmental contribution to phenotypic variance is directly analogous to
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heritability. Unfortunately, there is no generally accepted word to express
the proportion of individual differences unexplained by genetic factors. Of
the various terms that have been proposed, weshall use a word suggested by
Fuller and Thompson (1978): environmentality.

For any behavior, weare likely to observe a wide range of individual
differences. These phenotypic differences may be caused by environmental
experiences, as well as genetic differences. One important aspect of behav-
ioral genetics involves partitioning phenotypic variability into parts due to
genetic and environmental differences.

What Heritability Is Not

Heritability Is Neither Constant Nor Immutable

Heritability describes a situation involving a particular phenotypein a
population with a certain array of genetic and environmental factors at a
given time. Heritability does not indicate an eternal truth concerning the
phenotype, for it can vary from population to population and from time to
time. It is a population parameter, a true character of a population, analo-
gous to the population mean and variance. If the population changes, you
can expect its parameters to change accordingly.

If genetic variance or environmental variance change, heritability (and
environmentality) can change. A relatively unexplored benefit of the concept
of heritability is that it can describe changes in the mix of genetic and envi-
ronmental factors in various populations, times, or developmental stages.

Heritability Does Not Refer to One Individual

Heritability is a descriptive statistic that applies to a population. If we
say that height has a heritability of 0.80, that means that 80 percent of the
variation in height observed in this population at this time is due to genetic
differences. It obviously does not mean that an individual who is 5 feet tall
grew to the height of 4 feet as the result of genes andthat the other 12 inches
were addedby the environment. However,if an individual from this popula-
tion were 10 inchestaller than average, one could estimate (rather impre-
cisely) that 80 percent of this deviation was dueto genetic effects and that 20
percent was due to environmentalinfluence. The same reasoning, of course,
applies to behavioral traits.

Heritability Is Not Absolutely Precise

Some people object that heritability implies a high degree ofprecision.
Heritability, as we havesaid, is a descriptive statistic; like all descriptive
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statistics, it involves error. Correlations, for example, involve a range of

error that is partially a function of the size of the sample from which the

estimate is made. Asin the case of other descriptive statistics, however, we

can estimate the extent of error involved in heritability estimates (Klein et

al., 1973).

What Heritability Is

In 1940, Lush defined heritability as ‘‘the fraction of the observed

variance which was caused bydifferences in heredity,”’ a useful alternative

to the old nature-nurture dichotomy:

Furthermore, it gradually came to be recognized that the question whether

the nature or the nurture, the genotype or the environment, is more important

in shaping man’s physique andhis personality is simply fallacious and mislead-

ing. The genotype and the environmentare equally important, because both are

indispensible. . . . The nature-nurture problem is nevertheless far from mean-

ingless. Asking right questionsis, in science, often a large step toward obtain-

ing right answers. The question about the roles of the genotype and the envi-

ronment in human development must be posed thus: To what extent are the

differences observed among people conditioned by the differences of their

genotypes and by the differences between the environments in which people

were born, grew and were brought up? (Dobzhansky, 1964, p. 55)

Or, as R. C. Roberts has stated: "*We need to know how muchofthe total

variation (in a population) is due to various genetic causes, for it is axiomatic

that the importance of a source of variation1s proportional to the contribu-

tion it makes to the total variation’ (1967a).

Heritability is the proportion of phenotypic variance that is attributable

to genotypic variance:

heritability = V.
P

In the numerical example presented in Table 9.6, both the genetic and envi-

ronmental variances are equal to 2.0. In the simplest case, when there 1s no

correlation or interaction between genetic and environmental factors, the

phenotypic variance is 4.0. In this case, heritability is 0.5, meaning that 50

percent of the phenotypic variance is explained by genetic variance. The

other 50 percent of the phenotypic variance is caused by environmental

variance. Thus,

environmentality = = 0.5

A
L
NVE _

Vp

Tables 9.7 and 9.8 indicate that correlations or interactions between genetic

and environmental factors will increase phenotypic variance. These effects

will be discussed in Chapter 14.
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Lush (1949) later distinguished between two types of heritability.
Broad-sense heritability (h2) is the type of heritability that we have been dis-
cussing. It is the proportion of phenotypic differences due to all sources of
genetic variance, regardless of whether the genes operate in an additive or
nonadditive manner. Narrow-sense heritability (h?), on the other hand, is the
proportion of phenotypic variance duesolely to additive genetic variance.If
Vq refers to all genetic variance and V,refers to additive genetic variance,

Narrow-senseheritability is particularly interesting in the context of selec-
tive breeding studies, where the important question is the extent to which
offspring will resemble their parents. As we noted earlier, additive genetic
variance involves the extent to which characters ‘‘breed true.’’ On the other
hand, broad-senseheritability is important in many other contexts. The most
important situation involves the relative extent to which individual differ-
ences are due to genetic differences and to environmental differences. We
can obtain the appropriate answer by assessing broad-sense heritability. In
addition to these descriptive functions, broad-sense and narrow-sense
heritability can be used in a predictive way. Heritability predicts genotypic
values of individuals, given the mix of genetic and environmental variance in
a population at a particular time.

Path Analysis

The concept of heritability can also be presented by the analysis of
paths—the statistical effect of one variable on another independent of other
variables. For some, it is easier to understand the concept of heritability
visually in a path modelrather thanstrictly in algebraic terms.

We can construct a path modelofthe effects of genetic and environmen-
tal factors on a behavioral phenotype, as in Figure 9.10. This is the same as
the statement P = G + E. The ‘‘paths’’ in this case express the extent to
which genetic and environmental deviations cause phenotypic deviations.
Thus, hg is the path by which genetic deviations from the population mean

P ‘FIGURE 9.10

e Path modelof the genetic and environmental compo-
nents of the phenotypic value (P). See text for expla-

E nation.



228 Quantitative Genetic Theory

(G) cause phenotypic deviations. In fact, the hg path is the proportion of the

phenotypic standard deviation (s,) caused by the genetic standard deviation

(Sg):

Sh, = —

Sp

Rememberingthat the standard deviation is the square root of variance,

you can see that the hg path is, in fact, the square root of broad-sense

heritability. Similarly, e is the square root of environmentality. Path analy-

sis, which was introduced by the geneticist Sewall Wright (1921) overfifty

years ago, has recently become popular for describing complexities of mul-

tifactorial models (Li, 1975) in both the social and biological sciences.

Multivariate Analyses

We have been focusing on the genetic-environmental analysis of only

one behavior of each individual—a univariate (one variable) approach.

However, several behaviors can be measured for each individual and sub-

jected to multivariate quantitative genetic analysis (e.g., Plomin and De-

Fries, 1980b). If two characters (X and Y) are measured for each individual in

a population and a correlation is observed, this phenotypic correlation may

be due to either genetic or environmental factors. Among the genetic causes,

pleiotropy is the most interesting, since it results in permanent correlations

between characters. Genetic correlations can also result from temporary

linkages due to recent admixtures of populations or nonrandom mating.

However,these linkages are soon broken up by recombination. Thus,pleio-

tropy is the most useful way of conceptualizing the genetic correlation be-

tween behaviors.

It is easy to visualize how environmentaleffects may give rise to corre-

lations between characters such as height and weight. A favorable diet, for

example, may result in higher height and weight, whereas an unfavorable

diet may be accompanied by depressed values for both characters. At the

psychological level, the phenotypic correlations among measures of specific

cognitive abilities may be due to environmental influences, such as the intel-

lectual environment of the home or the quality of schooling, which affect

various specific cognitive abilities in a similar way.

Why would we wantto know the extent to which genetic and environ-

mental factors contribute to the phenotypic correlation between two behav-

iors? When westudy behaviors one at a time, many show genetic influence,

but it is highly unlikely that each of these is influenced by a completely

different set of genes. If the same genesaffect different behaviors, we can

observe a correlation among the behaviors. The same reasoning applies to

environmental influences: they may affect several behaviors, producing cor-
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relations among them. Thus, the importance of multivariate genetic-
environmental analysis lies in its potential for revealing the genetic and envi-
ronmental bases of phenotypic covariance.

Using the example of specific cognitive abilities again, the studies dis-
cussed in Chapters 11, 12, and 13 suggest substantial genetic influence for
each of the specific cognitive abilities. However, it is possible that one set of
genes influences all of these mental abilities. The phenotypic correlation
among specific cognitive abilities may be largely due either to their genetic
correlation or to a single set of environmental influences. Of course, there
may also be several independentsets of genetic or environmental influences.

In summary, multivariate genetic-environmental analysis asks some
important questions: Are independent gene systems involved, or do genetic
influences overlap for someorall of the behaviors? Do various environmen-
tal factors make independent contributions, or are broad environmental
influences responsible for the behaviors? Although there have been few mul-
tivariate behavioral genetic analyses, they suggest that genetic and environ-
mental factors are neither very broad nor very narrow. More surprisingly,
genetic and environmental correlations are correlated—that is, the structure
of genetic influences seems to be similar to the structure of environmental
influences (DeFries, Kuse, and Vandenberg, 1979; Fulker, 1979: Loehlin and
Nichols, 1976; Martin and Eaves, 1977). Although most of us would probably
predict different patterns of genetic and environmental influence, the possi-
bility of similar genetic and environmental structures is reasonable.

Just as quantitative genetics can be applied to the variance ofa single
behavior, it can also be applied to the correlation between two behaviors
(DeFries, Kuse, and Vandenberg, 1979). In fact, any behavioral genetic
method that can partition the variance of a single behavior can also be
applied to the partitioning of the covariance between two behaviors. Path
analysis provides an easy wayto visualize this analysis. Figure 9.11 extends
the path analysis of a single behavior (see Figure 9.10) to the analysis of the
correlation between two phenotypic characters, P, and P,. Just as the vari-
ance of a single character (P,) is due to an environmental path (e,) and a

FIGURE 9.11

Path diagram of the phenotypic corre-
lation between two characters (P, and
P,) measured on an individual as a
function of the genetic correlation (r,)
and the environmental correlation

(rE).
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genetic path (h,), the phenotypic correlation between X and Y (fp,p,) may be

caused by an environmental chain of paths (e,e,Tg) and a genetic chain of

paths (h,h,r,), where rg and rg are environmental and genetic correlations,

respectively. These chains of paths are phenotypically standardized, and

thus add up to the phenotypic correlation (Tp,p,):

rpp, = byAytg + €x€yTp

Genetic and environmentalchains are especially useful for investigating

the causes of phenotypic correlations between characters. These chains pro-

vide standardized measures of the genetic and environmental contributions

to phenotypic resemblance. However, both genetic or environmental corre-

lations (i.e., r, and r; by themselves)are also informative. The genetic corre-

lation provides a measure of the extent to which two characters are influ-

enced by the same genes. Likewise, the environmental correlation measures

the extent that two characters are affected by the same environmentalinflu-

ences. Whether one estimates genetic chains, genetic correlations, or both,

depends on the purpose of the investigator (Plomin and DeFries, 1980b).

This merely sums up in more precise terms that the phenotypic correla-

tion between two behaviors may be due to genetic or environmental influ-

ences. The phenotypic correlation by itself, however, does not provide a

useful index of the importanceofthe genetic and environmental chains. Even

when the phenotypic correlation between two behaviorsis negligible, there

may be substantial genetic and environmental chains of influence between

the two behaviors if the genetic and environmental chains work in opposite

directions—thatis, if one is positive and the other negative. For example, the

same genes may affect specific cognitive abilities, leading to a positive ge-

netic correlation. However, environmentally, one might develop a few

abilities to the exclusion of the others, leading to a negative environmental

correlation. Moreover, even if two behaviors are both substantially herita-

ble, the phenotypic correlation between them may be environmental in ori-

gin. For example, verbal ability and spatial ability are phenotypically corre-

lated, and both show substantial heritability. However, it is possible that

completely different sets of genes influence the twoabilities. In other words,

their genetic correlation could be zero. If this were the case, the environmen-

tal chain would be solely responsible for the phenotypic correlation.

Genetic and environmental chains can be estimated by methodsanalo-

gous to those used to estimate heritability. In Table 9.9, we presented the

genetic and environmental components of variance that contribute to the

phenotypic covariance between relatives for a single character. When we

consider the phenotypic covariance between two characters rather than for

one, we need to introduce a new concept, cross-covariance. Rather than

studying the covariance of character X in parents and character X in off-

spring, we consider the cross-covariance of character X in parents and

character Y in offspring. Phenotypic cross-covariance between parents and
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offspring may be due to their genetic and environmental similarity. In fact,
the components of cross-covariance betweenrelatives are the same as those
listed in Table 9.9. This should not be surprising in view of the relationship
between the univariate and multivariate analyses as just described. Thus, the
phenotypic cross-covariance for characters X and Y, for parents and off-
spring, involves half of the additive genetic covariance, as well as common
environmental influences. Phenotypic cross-covariances for identical twins
includeall genetic sources of covariance in addition to shared environmental
influences.

RESEMBLANCE OF RELATIVES REVISITED

In Table 9.9, we described the genetic and environmental components of
covariance for different family relationships. These relationships include
both genetic and environmental components of variance. If we could find a
relationship or combination of relationships that included only genetic vari-
ance, we could easily obtain the heritability statistic by dividing the genetic
variance by the phenotypic variance. Determining such relationships is the
essence of quantitative genetic methods, which will be discussed in the fol-
lowing chapters.

Univariate Analysis

Regressions and correlations are useful because they are merely
covariances divided by variances. If the covariance consists solely of the
genetic component of variance, then the correlation between relatives esti-
mates heritability. In this case, the correlation is found by dividing the ge-
netic variance by the phenotypic variance. This is the definition of heritabil-
ity.

Consider identical twins who have been separated from birth. As shown
in Table 9.9, identical twins share all genetic variance, plus commonenvi-
ronmental influences. However,if they have been separated from birth, they
do not have a common postnatal environment. Thus, their phenotypic
covariance estimates V,, and the correlation between them directly esti-
mates heritability, V,/Vp. The important thing to rememberis that identical
twins are genetically identical, whether or not they share environments. If
they do not share environments, their correlation estimates heritability. Path
analysis presents a picture of this idea.

Each identical co-twin’s phenotype is caused by genetic and environ-
mental influences, as shown in Figure 9.12. However, identical co-twins
have the same genotype. A useful feature of path analysis is the ability to
trace the components of a correlation by following the paths. Foridentical
twins reared together, one chain of paths from the phenotypeofoneidentical
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FIGURE 9.12

Path diagram for identical twins reared (a) together and (b) apart in uncorrelated

environments.

twin to the phenotype of the co-twin is (hg)(hg), or hg. Another chain is (e)

(re,,,)(e) or e*(re,,,). The correlation between two phenotypes, given an ap-

propriate path model, is the sum of the chainsof paths. Thus, the correlation

between identical twins reared together is hZ + e? (rg,,,), which means that

the correlation includes broad-sense heritability and environmental influ-

ences shared by MZ twins. This statement merely reiterates that identical

twins reared together have genetic and environmental factors in common.

However, as shown onthe right side of Figure 9.12, identical twins who do

not share environmental influences (that is, where rg,,, = 0) share only the

genetic paths. Thus, their correlation directly estimates h2 (broad-sense

heritability).

Multivariate Analysis

We havejust seen in Figure 9.12 that the univariate correlation for pairs

of identical twins reared in uncorrelated environments estimates hg. Figure

9.13 extendsthis relationship to two characters, X and Y. Weindicated earlier

that the cross-covariance for trait X in one relative and trait Y in another has

the same components of covariance as the univariate situation summarized

in Table 9.9. Similarly, cross-correlations for two characters for relatives

have the same relationship to univariate familial correlations. Thus, as

MZtwin

1

FIGURE 9.13

Te Path diagram of the phenotypic correla-

tion between two characters (P,) and (P,)

5 measured on a pair of identical twins

reared apart in uncorrelated environ-

ments.
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shownin Figure 9.13, the cross-correlation for X and Y for separated identi-
cal twins is equivalent to the genetic chain discussed earlier:

Tp.Py — hyhye

In other words, if the phenotypic correlation between twotraits is due en-
tirely to their genetic correlation, then the cross-correlation for pairs of sepa-
rated identical twins should be similar to the phenotypic correlation between
X and Y observed within individuals. Of course, we do not need to find
separated identical twins in order to conduct multivariate quantitative ge-
netic analyses. As we havesaid, any behavioral genetic analysis of the vari-
ance of a single character can be applied to the correlation among characters.

SUMMARY

After a brief overview of statistics (mean, variance, standard deviation,
covariance, correlation, and regression), the single-gene model of quantita-
tive genetics is described. Genotypic value, additive genetic value, and
dominance deviation are defined. The full quantitative genetic model is a
polygenic extension of the single-gene model, which includes additive,
dominance, and environmental deviations. We provide a hypothetical exam-
ple, which also includes genotype-environment correlation and interaction.

Quantitative genetic methods estimate genetic and environmental com-
ponents of variance from the phenotypic covariance of various types of
relatives that differ in genetic relatedness or in environmental relatedness.
The covariance of relatives can be used to estimate within-family and
between-family environmental influences, as well as heritability. Heritabil-
ity, either in its narrow sense (h? = V,/V,) or its broad sense (h2 = V;,/V,),
is the proportion of phenotypic variance attributable to genotypic variance.
Environmentality (e? = V,/V>) is the proportion of phenotypic variancethat
is attributable to environmental (nongenetic) variance. Quantitative genetic
methods are usually applied to the variance of a single character (the uni-
variate approach), but they are equally applicable to the study ofthe genetic
and environmental etiology of correlations among several characters (the
multivariate approach). In the remaining chapters, we shall apply these
quantitative genetic methods to behavioral examples.



 

Quantitative

Genetic Methods:

Animal Behavior

In Chapter 4, we discussed methods used to investigate single-gene

influences on animal behavior. These methods include analyses of strain

distributions, Mendelian crosses, and recombinant inbred strains. In this

chapter, we shall consider more general methods of genetic analysis that can

begin to untangle genetic and environmental factors, regardless of whether

the behavioris influenced by a single gene or by many genes. These methods,

like quantitative genetic theory discussed in the previous chapter, can be

understood at different levels. They can be viewed simply as experiments,in

which genetic factors are manipulated to determine whether genes caninflu-

ence behavior. Or, they can be coupled with quantitative genetic theory to

make estimates of the relative contribution of genetic and environmental

factors. The three basic methodsare family studies, strain studies, and selec-

tion studies.

FAMILY STUDIES

Relatives who share genes ought to be similar for a particular character,

assuming that genesinfluence that character. As indicated in the last chapter

(Table 9.9) and summarizedin the first column of Table 10.1, genes contrib-
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TABLE 10.1

Phenotypic resemblance ofrelatives, assuming no environmental covarianceeee

Relatives Genetic Components Regression (b) Relationship
of Covariance or Correlation (r) to Heritabilityeee

One parent and VYAV. bop = “Va/Vp 2b,» = b
offspring

Midparent and WV. bos = BVSAV> bo5 = he
offspring

Half-siblings av. Tus = “4V4/Vp 466 = h?
Full siblings Y~aV, + YVy Irs = (2AVa + YAV5)/Vp h? S$ 2rps S h}

__Oo

eee

ute differentially to various family relationships. We showed that half-
siblings share one-fourth of the additive genetic variance and no dominance
variance. Parents share half of the additive genetic variance and no domi-
nance variance with their offspring. Full siblings share half of the additive
genetic variance and one-fourth of the dominance variance. We can compare
these different relationships to determine the extent to which their genetic
similarity predicts their phenotypic similarity.

With laboratory animals, environments can be controlled to some ex-
tent, so that environmental contributions to phenotypic similarity may often
be ignored. If we assumethat environments are controlled, the components
of covariance include only genetic ones. In the previous chapter, we showed
that correlations and regressions are merely covariances divided by vari-
ances. We also defined heritability as genetic variance divided by phenotypic
variance. The second column of Table 10.1 indicates that the genetic
covariances can be divided by an appropriate variance to obtain a regression
or correlation. The last column showsthe relationship between regression or
correlation, and heritability.

For example, the genetic component of covariance between scores of
offspring and oneparentis half of the additive genetic variance. The regres-
sion between parentandoffspring divides their covariance (whichis WV.) by
the phenotypic variance of the parent (the variable from which weare pre-
dicting offspring scores). Thus, the phenotypic regression of offspring on
their parents estimates half of the narrow-sense heritability. Therefore, to
estimate narrow heritability, we double this regression:

YV, — Vag _ °

2(4¥) = =n

 

As noted in the previous chapter, the covariance between average parental
(midparent) and offspring scores has the same components as the covariance
between oneparent and offspring. However,as indicated in Table 10.1, the
regression of offspring on midparent estimates h?, not 14h2. The reasonis that
the variance of midparent scoresis half that of single parent scores, when
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mating is random. The regression takes the covariance component (2V,)

and divides it by the variance of the midparent scores, which is 4%V>. Thus,

this regression directly estimates h’. The latter method of estimating herita-

bility has several advantages, including the fact that it is unbiased by assorta-

tive mating (Falconer, 1960). Rememberthat these estimates of genetic in-

fluence are based on the assumption that environmental influences have been

controlled so that they do not contribute to correlations between family

members.

For parents and offspring, the preferred statistic is regression (Fal-

coner, 1960). For siblings and twins, however, correlations are preferable.

Actually, a special kind of correlation (intraclass) is used, rather than the

usual interclass correlation. The intraclass correlation is used so frequently

that we shall briefly describe it, although we shall not present details for

computing it. (For such details, see Haggard, 1958, or other intermediate

level statistics books.) The interclass (‘‘between-class’’) correlation assumes

that there are two distinct characters, such as variables X and Y, andthisis

not the case for the relationship between siblings. The intraclass (‘‘within-

class’’) correlation takes into accountall possible pairings of siblings within a

family. However,if we randomly assign one sib to one arbitrary ‘‘class,’’ and

the other sibling to another arbitrary ‘‘class,’’ and then compute the usual

interclass correlation, the answer is much the sameastheintraclass correla-

tion. (In fact, if the means and variances are the samefor the two ‘“classes,”’

as they would be if we randomly assigned a large numberofsibling pairs to

two classes, the answer would be exactly the same.) An additional advantage

of the intraclass correlation is that it permits the computation of a correlation

when there are more than twosiblings in a family.

The correlation among half-siblings must be multiplied by 4 to estimate

h2. The consequenceofthis is that any errors of measurement will also be

multiplied by 4. Thus, estimates of h?, based onhalf-sibling correlations, tend

to be imprecise except when sample sizes are large. In animal breeding re-

search, for example, where records of hundredsof progenyartificially sired

by hundreds of males are available, this method has been very useful.

Doubling the correlation of full siblings will overestimate h’, if domi-

nance variance (V,) occurs. However,it will underestimate hz becausefull

siblings share only 4Vp. Doubling the correlation does not yield (V, +

V/V p, which is broad-sense heritability; rather, it yields (V4 + YV)/Vp.

Thesestatistical procedures are the technical basis for the simple point

with which we began. The family study method is based simply on the fact

that genetically related individuals ought to be similar phenotypically for any

behavior that is influenced by genes. Moreover, genes contribute to varying

extents for different family relationships (such as parents andtheir offspring,

full siblings, and half-siblings). By comparing such family relationships, we

can determine the contribution of genetic similarity to observed phenotypic

similarity. An example will help to clarify the family study method.
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Open-Field Behavior in Mice

As an example of the use of these methods, we may again consider
open-field behavior in mice. DeFries and Joseph P. Hegmann (1970) tested
72 males and 144 females of the F, generation derived from C57BL/
6 x BALB/c crosses, and then mated each male with two females. In this
way, the resulting 128 litters (841 mice) included full siblings, and also half-
siblings related through their father.

The heritability of open-field behavior may be estimated in several
different ways from these data, as indicated in Table 10.2. The regression of
offspring on midparent estimates a narrow-sense heritability of 0.22, while
the half-sib correlation estimates a narrow-sense heritability of 0.16. Of these
two estimates, which are quite similar, the parent-offspring regression is
more accurate because half-sibling correlations are less reliable. However,
the full-sibling correlation suggests a much higher heritability. Recall that
full-sibling correlations are due both to additive and to nonadditive components
of genetic variance. But even this may nottell the whole story. The rest of
the answer maylie in the fact that the full siblings were reared in the same
litter by the same mother, thus sharing prenatal and postnatal environmental
influences. Earlier, we assumed that common environmental sources of
covariance amongrelatives could be safely ignored in laboratory animals in
controlled environments. However, in the caseoffull siblings, the environ-
ment is not controlled and evidently contributes substantially to the
phenotypic similarity of full siblings.

Although other animal research—suchasstudies of alcohol preference
in mice (Whitneyet al., 1970), locomotor activity in Drosophila (Connolly,
1968), and avoidancelearning in swine (Willham et al., 1963)—has used the
family study method,there are surprisingly few such studies, considering the
obvious applicability of this technique for estimating heritability. However,
there are many examplesof family studies of human behavior, and these will
be described in the next chapter.

TABLE 10.2

Phenotypic resemblanceof relatives for open-field activity
Tee

Relatives Regression or Correlation Estimate of HeritabilitySerre
Midparent and
offspring 0.22 0.22
Half-siblings 0.04 0.16
Full siblings 0.37 0.74

  

SOURCE: After DeFries and Hegmann, 1970.
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Multivariate Analyses

In the previous chapter, we indicated that quantitative genetic methods

can be applied to both multivariate and univariate problems. In other words,

we can analyze the phenotypic correlation among characters, as well as the

variance of characters taken one at a time. In terms of open-field behavior, a

negative correlation (about —0.40) is usually observed between open-field

activity and defecation—that is, mice who run arounda lot in the openfield

do not leave many mementosoftheir travels. We know that both open-field

activity and defecation are influenced by genes to some extent, but are any of

the same genes involved? In other words,is the phenotypic correlation be-

tween activity and defecation due to genetic or environmental factors?

Hegmann and DeFries (1970) addressed this issue using data from the

study described above. Cross-correlations for parents and offspring (for ex-

ample, correlations between activity scores in parents and defecation scores

in offspring) in the genetically segregating F, and F, generations were used to

estimate genetic correlations, as discussed in the previous chapter. We indi-

cated that familial cross-correlations include the same components of

covariance as univariate familial correlations. Thus, cross-correlations for

parents and offspring include additive genetic covariance, as well as envi-

ronmental influences shared by parents and offspring. However, we can

assume that the controlled laboratory setting has weakened such environ-

mental deviations. Environmental correlations were obtained from the genet-

ically invariant parental inbred strains and their F, cross. Phenotypic correla-

tions observed betweenactivity and defecation within the inbred or F, indi-

viduals must be caused by environmental factors because these individuals

do not vary genetically.

Table 10.3 shows that three of the four genetic correlations between

open-field activity and defecation scores are large and negative. This indi-

cates that many of the same genesthat influence open-field activity pleiotro-

pically affect defecation as well. Later in this chapter we shall consider a

TABLE 10.3

Genetic correlations (above diagonal) and environmental correlations

(below diagonal) of single-day, open-field behavioral scores of mice

ee

Day | Day 2 Day | Day 2

Activity Activity Defecation Defecation

Day | activity — 0.94 —0.51 —0).89

Day 2 activity 0.59 — —0.10 —Q.76

Day 1 defecation —0.30 —0.25 — 0.20

Day 2 defecation —0.21 —0.44 0.34 —

we

eee

source: After Hegmann and DeFries, 1970.
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selective breeding study that substantiates this finding, such that selection
for open-field activity also resulted in selection for open-field defecation.
This is called a correlated responseto selection.

Table 10.3 also showsthat the pattern of genetic correlations among the
single-day, open-field measures is mirrored by that of the environmental
correlations. For example, the highest genetic correlation (0.94) is between
day | and day 2 activity, and the highest environmental correlation (0.59) is
also between these two measures. Such similarity between the genetic and
environmental correlations would be rather surprising to those who might
expect that some phenotypic correlations are caused solely by genetic fac-
tors, and others solely by environmental influences. One might argue that the
similarity between the genetic and environmental correlation was caused
partially by a confounding of genetic and environmental influences. The
genetic correlations contained possible environmental influence shared by
parents and offspring. Nonetheless, the results of this study tend to be the
rule rather than the exception in multivariate studies of both nonhuman and
human behavior and suggest that genetic correlations and environmental
correlations are correlated.

In the previous chapter, we suggested that this result is really not
Surprising, at least in retrospect. Hegmann and DeFries wrote: ‘‘From the
standpoint of biological efficiency, it would seem most reasonable that corre-
lated characters should respond similarly to both genetic effects and envi-
ronmental deviations’ (1970, p. 285). What could cause the similarity of
genetic and environmental correlations? A hypothetical example proposed
by DeFries, Allan Kuse, and Vandenberg (1979) involves the metabolic
pathway from tyrosine to norepinephrine, as illustrated in Figure 10.1.
Dopamine and norepinephrine are neurotransmitters that relate positively to
wheel-running activity and negatively to eating. A gene substitution that
increases the activity of the tyrosine hydroxylase (TH) or dopa decar-
boxylase (DD) enzymeswill result in more wheel running andless eating. In

Wheel-running
activity

a™
Protein Tyrosine ———> Dopa ——® Dopamine>Norepinephrine—_—- |) P P pinep

Dopamine

Tyrosine Dopa bethahydroxylase
hydroxylase decarboxylase

Feeding

 

FIGURE 10.1

Metabolic pathway of the relationship between brain amines and rodent behavior.
(From DeFries, Kuse, and Vandenberg, 1979.)
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other words, mutations that affect TH or DD activity will have pleiotropic

effects on wheel running and eating, resulting in a negative correlation be-

tween the two behaviors. But how could environmental influences do the

same thing? Diet may serve as an example. A diet rich in tyrosine might

result in more wheel running and reduced feeding. Changes in room temper-

ature could also do this since lower temperatures might decrease wheel

running and increase feeding. Thus,at least at the biochemicallevel, genetic

and environmental correlations may be similar.

STRAIN STUDIES

Animals derived from intense inbreeding, such as brother-sister matings

over many generations, eventually become homozygousat all autosomal

loci, so that animals of the same sex are genetically identical. The origin of

such inbredstrains of mice is described in Box 10.1. Becausedifferent inbred

strains become homozygousfor different alleles, the strains are genetically

different from one another. This fact can be used to determine whether

genetic differences affect behavior. If different strains are reared in similar

environments (for example, standard laboratory cages, food, temperature,

and lighting), behavioral differences will reflect genetic differences (although

prenatal and postnatal parental influences may also affect the behavior).

Various numbers of genes may be involved. Many genes are usually respon-

sible for complex behaviors. Inbred strains can often be distinguished on the

basis of their coat color (see Figure 10.2), and they also differ behaviorally.

For example, two widely studied inbred strains pictured in Figure 10.2

are BALB/c and C57BL/6. Figure 10.3 showstheir average scores for open-

field activity and defecation. The C57BL/6J mice are much more active and

defecate much less than the BALB/cJ mice. The mean activity and defeca-

tion scores of derived F,, backcross, and F, and F,; generations are also

shown. Note that there is a strong relationship between the average behav-

ioral scores and the percent of genes obtained from the C57BL/6 parental

strain. From left to right, these percentages are 0 percent (BALB), 25 per-

cent (B,), 50 percent (F,, F,, and F3), 75 percent (Bz), and 100 percent

(C57BL). Such

a

large strain difference suggests a role for genetic influence.

Later in this section we shall discuss more sophisticated uses of data from

such strain studies.

Over one thousand behavioral investigations, involving genetically de-

fined mouse strains were published between 1922 and 1973 (Sprott and

Staats, 1975). From 1974 through 1978, there were over 650 studies of this

type (Sprott and Staats, 1978, 1979). Studies such as these have demon-

strated that genetic variance is nearly ubiquitous—almostall behaviors cho-

sen for investigation showedstrain differences. Although the strain compari-

son method now tends to be overshadowed by more sophisticated genetic

analyses, it still provides a simple and highlyefficient test for the presence of
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Box 10.1

Inbred Strains of Mice

 

The common house mouse (Mus musculus) has become the most widely used animal
in behavioral genetics research. Part of the reasonforits popularity is that althoughit
has the behavioral complexity characteristic of mammals, it has a short breeding
time. Another important reason is the diversity of inbred strains that have been
developed. As discussed in Chapter 8, brother-sister inbreeding over 20 generations
will produce 98 percent homozygosity. Thus, individuals of an inbred strain are
nearly identical genetically. Because of the increase in homozygosity, inbred strains
are often susceptible to severe inbreeding depression, with a consequent drop in
fertility. Many attempts to create inbred strains fail because the strains happen to
“lock on’’ to harmful recessive alleles, which are expressed in the homozygous
condition.

The first known inbred strain was created in 1907 by 20 generations of brother-
sister matings from a pair of mice, who were homozygousrecessive for three genes
relating to coat color. The genes were dilute, brown, and nonagouti. (The dominant
gene for agouti produces grizzled-looking, banded colors in the hair.) The strain was
given the acronym dba (later changed to DBA)to refer to these three recessive genes
that make thestrain easily identifiable. Animals of the DBA strain and some of the
other strains commonlyusedin behavioral genetic research are shown in Figure 10.2.

In 1913, H. J. Bagg started an albino strain whose name (Bagg albino) waslater
shortened to BALB/c.In 1921, the BALB/c line was crossed to another albino stock
to begin the A strain, which has been particularly useful in cancer research because
of its susceptibility to tumors. Crosses between the BALB/c and DBAstrainsled to
several C strains, such as C3H and CBA.

Two other commonly used strains were begun in 1921, when a femaleidentified as
C57 gave birth to both black and brown offspring. These were separately inbred to
produce the CS7BL (black) and C57BR (brown)strains.

There are now over 100 inbred strains available for research. They are designated
by the general strain name, followed by a slash and information aboutthe particular
laboratory responsible for the strain and other specific designations. DBA/IJ, for
example, refers to a subline of DBA maintained by the Jackson Laboratory in Bar
Harbor, Maine. And DBA/2IBGrefers to a different subline of DBA maintained by
the Institute for Behavioral Genetics in Boulder, Colorado.

  

heritable variation. For example, recent strain comparisons have demon-
strated considerable genetic variance for such characters as olfaction in mice
(Wysocki, Whitney, and Tucker, 1977) andfruit flies (Hay, 1976), taste per-
ception in rats (Tobach, Bellin, and Das, 1974), EEG correlates (Maxson and
Cowen, 1976) and developmental patterns of seizure susceptibility (Deckard
et al., 1976) in mice, and performancein various learning situations by mice
(Anisman, 1975; Padeh, Wahlsten, and DeFries, 1974: Sprott and Stavnes,
1975) and by Drosophila (Hay, 1975).



(d) 
FIGURE 10.2

Four commoninbred strains of mice. (a) BALB/cJ. (b) DBA/2Ibg. (c) C3H/2Ibg.

(d) C57BL/6Ibg. (Courtesy of E. A. Thomas.)
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FIGURE 10.3

Mean open-field (a) activity and (b) defecation scores (+ twice the standard
error) of BALB/cJ and C57BL/6J mice and their derived F,, backcross (B,
and By»), F,, and F, generations. (From “Response to 30 generations of
selection for open-field activity in laboratory mice’’ by J. C. DeFries, M.C.
Gervais, and E. A. Thomas. Behavior Genetics, 8, 3-13. Copyright © 1978
by Plenum Publishing Corporation. All rights reserved.)

Genetic Effects on Learning

Because behavioral scientists studying animal behavior frequently
focus on learning, weshall give a few examples of the widespread differences
among mousestrains in learning situations. These data Suggest caution in
generalizing findings beyond the particular strain studied.

Genetic differences in learning have been found nearly every time they
have been studied. (See recent review by Bovet, 1977.) Genetic differences
have been shownin micefor active avoidance learning, passive avoidance
learning, escape learning, bar pressing, reversal learning, discrimination
learning, maze learning, and even heart rate conditioning. Active avoidance
learning will serve as an example. This type of learning is usually studied in
an apparatus knownasa ‘‘shuttle box,’’ which has two compartments and an
electrified floor. (See Figure 10.4.) An animalis placed in one compartment,
a light is flashed on, and the light is followed by a shock (delivered by an
electrified grid on the floor) which continues until the animal moves to the



 
FIGURE 10.4

Shuttle box used to study avoidance learning in mice. (From The

Experimental Analysis of Behavior by Edmund Fantino and Cheryl A.

Logan. W. H. Freeman and Company. Copyright © 1979.)

other compartment. Animals learn to avoid the shock by moving to the other

compartment as soonasthe light comes on.

Actually, only some animals learn to avoid the shock. Before ex-

perimenters became aware of genetic causes of learning differences, they

were puzzled by the wide rangeof differences in their genetically haphazard

subjects. They believed that the differences would disappear if they could

only measure learning with enoughprecision. There used to be a joke called

“the Harvard law of animal behavior’’: When stimulation is precisely and

repeatedly applied in a highly controlled setting, the animalwill react exactly

as it pleases (Scott, 1958). The far right side of Figure 10.5 showsthat

avoidance learning scores for random-bred (heterogeneous stock) Swiss

mice range from near zero to greater than 50 percent. Mostlearning experi-

ments have used rodents that are genetically heterogeneous, but of unknown

heritage. The data for the six inbred strains in Figure 10.5 indicate that the

inbreds are much more homogeneous than the random-bred mice. More-

over, the substantial differences that exist among the inbred strains point to

the influence of genetic differences on active avoidance learning. Four of the

inbred strains learn to avoid shock over 40 percent of the time. The CS57L

strain, however, avoids shock only about 20 percent of the time, and the

C57BL/6 strain avoids shock on less than 10 percent of the trials.

Some mice perform even more poorly, as indicated by the day-to-day

performances shown in Figure 10.6. The CBAstrain avoids fewer than 5

percent of the shocks. This figure also illustrates differences in the rate of

learning. By the third day of training, the DBA mice greatly accelerate in
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FIGURE 10.5

Avoidance learning in six strains of inbred mice and a
random-bredstrain (Swiss). Each point represents the
performance of a mouse during five sessions. The trian-
gles represent the mean. (From ‘‘Strain differences and
learning in the mouse”’ by D. Bovet. In A. Oliverio, ed.,
Genetics, Environment, and Intelligence. Copyright ©
1977 by Elsevier/North-Holland Biomedical Press. All
rights reserved.)

performance, whereas the BALB/c mice keep plodding along, improving
their performance, but at a slower rate. Figure 10.7 shows that such strain
differences are not peculiar to aversive learning (that is, learning to avoid an
unpleasant event such as shock). Performancesof the samethree strains on
an appetitive task—learning to run through a mazeto obtain food—show the
same pattern. The DBA/2J strain learned quickly, the CBA animals were
slow (although they learned a bit this time), and the BALB/c strain was
intermediate. However, strains fastest in one learning situation are not al-
ways faster in another (Padeh, Wahlsten, and DeFries, 1974).
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FIGURE 10.6

Avoidance learning (five days, 100 trials per day) for three

inbred strains of mice. (From ‘‘Genetic aspects of learning

and memory in mice’’ by D. Bovet,F. Bovet-Nitti, and A.

Oliverio. Science, 163, 139-149. Copyright © 1969 by the

American Association for the Advancement of Science.)
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FIGURE 10.7

Maze-learning errors (Lashley HI maze) for three inbred strains of mice.

Each point represents the mean errors of 16 mice given one daily trial for ten

days. (From ‘‘Genetic aspects of learning and memory in mice’’ by D.

Bovet, F. Bovet-Nitti, and A. Oliverio. Science, 163, 139-149. Copyright ©

1969 by the American Association for the Advancementof Science.)
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Another classical question in learning concerns the effect of massed
trials versustrials distributed over longer periods of time. There is no uni-
versal answerto this question. In somesituations, C3H inbred mice appearto
learn well only whentheir practice is massed. DBA mice, on the other hand
perform much better when the learning trials are Spread out (Bovetet al
1969).

In summary, inbredstrains differ in their performance on variouslearn-
ing tasks. These results suggest that genetic differences affect learning. The
next section indicates that inbred strains are also useful in studying the
effects of the environment.

’

°9

Environmental Effects on Behavior

Inbredstrains are also useful in demonstrating environmentaleffects. If
mice of a single inbred strain, reared in different environments, differ in
behavior, environmental factors are implicated. Studies of this kind have
investigated the behaviorof inbred strains under various environmental con-
ditions, such as ‘‘enriched’’ environments with playthings and lots of room
for running, crowded environments, and environments made stressful by
shock. The results of such studies indicate that such environmental circum-
Stances can influence behavior.

A few experiments have studiedthe effects of genotypic and environ-
mental differences. One of the best-knownstudies of this type used selec-
tively bred lines rather than inbred strains (Cooper and Zubek, 1958). These
researchers worked with rats that had been selectively bred to run through a
maze with few errors (‘maze bright’’) or with manyerrors (‘‘maze dull’ *), as
described in the next section. Rats from these two lines were reared under
one of two conditions from weaning at 25 days of age to 65 days of age. One
condition was ‘‘enriched,’’ in that the cages were brightly colored and con-
tained many movable toys. For the other condition, ‘“‘impoverished,’’ gray
cages without the movable objects were used. Animals reared under these
conditions were compared to maze-bright and maze-dull animals reared in a
normal laboratory environment (in a different experiment).

The results of testing these animals for maze-running errors (Figure
10.8) showed that there is a large difference between the two lines after
rearing in the normal environment. This is not surprising because the lines
were selectively bred for maze-running differences in this environment. The
enriched condition had no effect on the maze-bright animals, but it substan-
tially improved the performance of the maze-dull rats. On the other hand, an
impoverished environment was extremely detrimental to the maze-bright
rats, but had little effect on the maze-dull ones. In other words, there is no
simple answer concerning the effect of deprived and enriched environments
in this study. It depends on the genotype of the animal. This exampleillus-
trates genotype-environment interaction, the differential response of
genotypes to environments.
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FIGURE 10.8

Genotype-environmentinteraction. Maze-running errors

for maze-bright and maze-dull rats reared in restricted,

normal, and enriched environments. (From Cooper and

Zubek, 1958.)

Other studies of learning have also found a significant interaction be-

tween genotype and environment. However, an important study by Norman

Henderson (1972) suggests that the effect of early experience may be medi-

ated by temperamentalcharacteristics, such as curiosity and level of motiva-

tion. For example, in the next section weshall see that the maze-bright and

maze-dull animals used in the R. M. Cooper and J. P. Zubek study differ

more in terms of such temperamental characteristics than they differ in learn-

ing ability per se. Henderson studied six inbred strains of mice reared in

either standard or ‘‘enriched’’ environments. Previous studies of early ex-

perience had relied on learning tasks that may be influenced by motivational

and exploration differences, such as learning to run through a maze in order

to obtain food, and learning to avoid a shock with a certain cue (such as a

light). Henderson tested the mice in twolife-threatening escape-learning

tasks (escape from water and escape from shock), which provided unt-

formly high motivation and minimized curiosity. As in other studies, learning

proved to be substantially influenced by genetic factors, as evidenced by

large strain differences. Unlike other studies, rearing environment and

genotype-environmentinteraction appeared to havelittle effect. Henderson

argued that learning, independent of such temperamental characteristics as

curiosity and motivation, may not show rearing effects or genotype-

environmentinteraction. We shall return to the important topic of genotype-

environment interaction in Chapter 14.
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Prenatal and Postnatal Factors

Strain differences may be dueto prenatal and postnatal environmental
influences, as well as to genetic differences between the Strains. For exam-
ple, differences in activity between BALB/c and C57BL/6 mice may be
caused by some prenatal or postnatal rearing difference between the BALB/c
and C57BL/6 mothers. Although such ‘‘environmental’’ differences may ul-
timately be based on maternalgenetic differences between the twostrains,it
is useful to separate such influences from moredirect genetic differences.

The most efficient test is simply a reciprocal cross between the two
strains. This involves crossing BALB/c males with C57BL/6 females, and
comparing the offspring to the offspring of BALB/c females and C57BL/6
males. Although their mothersare from different strains, the hybrid offspring
in these two groups have the same genotypes. If either prenatal or postnatal
maternal effects are important, then the genotype of the mother should make
a difference in the pups’ behavior.

In the large study of open-field behavior mentionedearlier (DeFries and
Hegmann, 1970), hybrid offspring were obtained from reciprocal crosses
between BALB/c and C57BL/6 mice. Figure 10.9 depicts mean daily open-
field activity of the two inbred strains and their reciprocal-cross offspring. As
we saw in Figure 10.3, the C57BL/6 mice are much more active than the
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FIGURE 10.9

Meantransformed open-field activity of two inbred strains of
mice and their reciprocal crosses. (Data from DeFries and
Hegmann, 1970.)
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BALB/c mice. The hybrids tend to be morelike the C57BL mice, indicating

some dominance for open-field activity. Moreover, the hybrids reared

by a BALB/c motherare nearly as active as the hybrids reared by C57BL/6

mothers. The slight maternal effect, although statistically significant, is in-

substantial comparedto the large differences between the two inbred strains.

A similarly slight maternal effect was also found for open-field defecation.

Thus, although a small maternal effect is indicated, it is clear that it cannot —

begin to account for the large strain difference in open-field behavior.

Cross-Fostering

The slight maternal effect indicated by the above results of the

reciprocal-cross method maybe either prenatal or postnatal in origin. Post-

natal influences can be isolated by a technique called cross-fostering. At

birth, pups are transferred (cross-fostered) to mothers of a different strain. If

the pups reared by a foster mother behavelike the pups of the foster moth-

er’s strain, then postnatal influences are implicated. However, if the cross-

fostered pups behavetrue to their own genotype, then the particular strain

difference is not influenced by postnatal factors.

Despite the reasonableness of assuming the possibility of a maternal

influence, neither reciprocal-cross nor cross-fostering studies have shown

many important maternal effects, at least for rodents. However, one study

(Reading, 1966) found a slight, but significant, effect of cross-fostering for

open-field activity in BALB/c and C57BL/6 mice. Figure 10.10 illustrates the

results of this study. C57BL/6 mice werenotaffected by cross-fostering, but

the BALB/c mice were slightly more active when cross-fostered to a

C57BL/6 mother. As before, the maternal effect is quite small when com-

pared to the overall difference between the two strains. The C57BL/6 mice

cross-fostered to BALB/c mothers werestill nearly 40 percent more active

than the BALB/c mice cross-fostered to C57BL/6 mothers. Thus, the strain

difference between BALB/c and C57BL/6 mice does not seem to be caused

to any major extent by postnatal influences.

Ovary Transplants

An elegant technique to determine maternal effects involves transplant-

ing the ovaries from one female to another. Ovaries are the paired female

reproductive organs that produce eggs. Although this sounds like science

fiction, the operation is relatively easy, and the technique has been used in

experimental embryology since 1909 (Palm, 1961). It certainly has elements

of science fiction, as evidenced bythe title of one of the earliest articles,

‘Offspring from Unborn Mothers”’ (Russell and Douglas, 1945).
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FIGURE 10.10

Mean open-field activity of two inbred strains of mice and
reciprocal cross-fosterings. (Data from Reading, 1966.)

Ovary transplants have unique advantages over other techniques for
assessing maternal effects. Reciprocal crosses involve hybridization, and the
prevalence of hybrid vigor makesit likely that hybrids are less susceptible to
environmental influences (Falconer, 1960). Cross-fostering studies require
transferring

a

litter shortly after birth to a different mother. Ovary transplan-
tation avoids these problems. However, just like skin grafts, ovary trans-
plants require histocompatibility between donor and recipient. Thus, trans-
fers between females of the samestrain can be madewith no difficulty. But
this does not help us understandthe role of prenatal influences. Fortunately,
hybrids are compatible with both of their inbred parents. By transferring
ovaries from twoinbredstrains to genetically identical hybrid mothers, we
can determine whetherinbred strain differences are due to the genotype of

DeFries et al. (1967). Ovaries of BALB/c and C57BL/6 females were trans-
planted to F, (BALB/c x C57BL/6) females whose own ovaries were re-
moved. The operation is quite simple because the ovaryis a self-contained
unit. A small incision is made in the abdominal wall and each ovary withits
Surrounding fat pat is removed. The Ovaries, within their transparent cap-



252 Quantitative Genetic Methods: Animal Behavior

sules, are then simply transferred to the ovarian cavity of the recipient fe-

male, whereupon the fat pads graft to the abdominalwall. In just a few days,

the donor’s ovaries will release ova.

The hybrid females with BALB/c ovaries were mated with BALB/c

males, thus producing BALB/c inbred fetuses (from BALB/c sperm and

BALB/c eggs) carried by a hybrid mother. The offspring of these females

were designated B/H (a BALB/c offspring carried by a hybrid mother). Simi-

larly, hybrid females with C57BL/6 ovaries were mated with C57BL/6 males.

These pups were called C/H. Also, inbred pups reared by their own unoper-

ated mother (B/B and C/C) were used for comparison purposes. This proce-

dure is outlined in Figure 10.11.

Open-field activity of these four groups of offspring is illustrated in

Figure 10.12. As we have often seen previously, BALB/c (B/B) inbreds are

considerably less active and defecate more than the C57BL/6 (C/C) inbreds.

More importantly, the activity scores of offspring reared prenatally and

postnatally by foster hybrid mothers (B/H and C/H)are essentially the same

as those of the inbreds. These results strikingly refute the hypothesis ofa

maternal effect for open-field activity. Similar results were obtained for

open-field defecation. However, the study did demonstrate the effect of ma-

C57BL/6 FemalesBALB/c Females      
F, Hybrid females    

Ovaries Ovaries Ovaries

removed removed removed

BALB/c Ovaries C57BL/6 Ovaries

transplanted to transplanted to

hybrid females hybrid females

Mated with Mated with Mated with Mated with

BALB/c males BALB/c males C57BL/6 males C57BL/6 males

B/B Offspring B/H Offspring C/H Offspring C/C Offspring

FIGURE 10.11

The ovary-transplant experiment of DeFries and associates. (DeFries et

al., 1967.)
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FIGURE 10.12

Meantransformed open-field activity of two inbred strains of
mice, and inbreds carried by hybrid mothers. See text for
explanation of ovary transplantation. (Data from DeFries et
al., 1967.)

ternal environment on body weight, a character previously recognized as
being susceptible to maternal effects.

Despite the effectiveness of ovary transplantation, we are aware of no
other studies that have used it to separate pre- and postnatal environmental
influences from genetic influences on behavior. In the case of open-field
behavior, it provides the best case that the maternal effect is not an impor-
tant source of the difference between the BALB/c and the C57BL/6 strains.

Classical Analysis

In addition to demonstrating that genetic differences between strains
produce striking behavioral differences, strain studies can also be used to
estimate heritability. Because this method involves the analysis of parental,
F,, and F, generations used by Mendel,it has been referred to as the classical
analysis. When highly inbred strains are crossed to produce F, hybrids,
individuals within each of the three populations are genetically identical to
each other (isogenic). Each hybrid mouse is heterozygous, but all are
heterozygousin the same way. Thus, variability within these three popula-
tions must be caused by nongenetic factors. The phenotypic variance ob-
served in each of these populations therefore provides an estimate of the
environmentally caused variance:
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Ve = Vo, — Vo, — Vey

where V>, is the phenotypic variance observed in parental strain 1, etc.

In the F, generation, genes assort and the individuals differ from each

other genetically as well as environmentally. Because the F, individuals

differ genetically and environmentally, their phenotypic variance represents

all sources of variability:

Veo = Vo + Ve

Thus, the variance of the F, individuals is equivalent to the total phenotypic

variance. Heritability is the proportion of phenotypic variance due to genetic

variance. Given that phenotypic variance includes both genetic and envi-

ronmental variance, we can estimate genetic variance as V;, — Vy. The es-

timate of V, can come from the phenotypic variance ofthe inbred strains or of

the F, generation. The best estimate is the pooled parental and F, variances.

To estimate heritability, we divide this estimate of genetic variance by the

total phenotypic variance of the F, population:

ye = Vee Ve _ Vo _ Ve

° Ve, Vo + Ve Vp

Classical analysis estimates broad-sense heritability because any genetic

differences—those caused by nonadditive as well as additive genetic ef-

fects—contribute to the genetic variance in the F, population.

Open-field behavioral data from BALB/cJ and C57BL/6J mice and their

F, and F, crosses (DeFries and Hegmann, 1970) will again serve as an ex-

ample. For activity, the variance of the F, population was 16.1. The pooled

variance for the genetically invariant populations (two parental inbred

strains and their F,) was 9.6. The variance of the Fy, which includes both

genetic and environmentalvariance, is significantly greater than the estimate

of V,, thus suggesting the influence of genes. We can estimate broad-sense

heritability as follows:

_ Ve

_

Vi — Ve

_

16.1 - 9.6
h? = “hE ~== 0.40
BV, Ve 16.1

This estimate of broad-sense heritability suggests that about 40 percent of

the phenotypic variance in the segregating F, population is due to genetic

differences. This means, of course, that the majority of variance is due to

environmental differences. These same data suggest a heritability for open-

field defecation of 0.29 (V;, = 0.55, V_ = 0.39).

In the previous section, parent-offspring regression suggested that the

narrow-sense heritability of open-field activity was 0.22. We have just ar-

rived at a broad-senseheritability estimate of 0.40. The difference between
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broad- and narrow-sense heritability is due to nonadditive genetic variance,
as discussed in Chapter 9. However,it maybe that the classical analysis will
overestimate genetic variance because,in practice, it usually begins with
parental strains that differ markedly. For example, the BALB and C57BL
Strains differ substantially in open-field activity. Segregation of blocks of
genes with positive genotypic values, and blocks of genes with negative
genotypic values within the F, may result in overestimates of the genetic
variance.

Diallel Design

The classical analysis just described considers generations derived by
crossing two inbred strains. This analysis can be extendedto all possible
crosses between several strains. A diallel design compares several inbred
Strains andall possible F, hybrid crosses. It was first called ‘‘the method of
complete intercrossing’’ (Schmidt, 1919). Like the classical analysis of two
inbred strains, diallel analysis provides information concerning genetic vari-
ance, heterosis, and maternal effects. Environmental dimensions can also be
added (Henderson, 1967; Hyde, 1974). However,the diallel method is more
efficient because it can assess most genetic parameters, using only F,
generations—that is, without waiting for F, animals. Moreover, the diallel
methodincludes the genetic variance of several inbred strains andis thus less
limited in its conclusions.

As an example, let us once again consider open-field activity in mice.
Henderson (1967) conducted a diallel cross involving 1,440 mice of four
strains. Table 10.4 summarizes the open-field activity data. Mean scores for
the four inbred strains are listed on the diagonal. As we have seen, the
C57BL/10 mice are more active than the BALB/c mice, and the C3H/He
strain is the least active. The other scores are those obtained by the recip-
rocal crosses between the strains. Comparing the scores above the diagonal
to those below,it is apparent that maternal effects are not important. For

TABLE 10.4

Diallel analysis of four inbred mousestrains for open-field activityee

Paternal Strain

 

Maternal Strain CS7BL/10 DBA/1 C3H/He BALB/ceee

C57BL/10 56 47 49 50
DBA/I 45 55 29 40
C3H/He 46 22 21 24
BALB/c 49 42 21 35eee

SOURCE: After Henderson, 1967.
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example, there is no maternal effect for the BALB/c xX C57BL/10 cross.

With a BALB/c mother, the hybrids had an average activity score of 49.

With a C57BL/10 mother, their average score was 50. These data generalize

the conclusion concerning maternal effects to the other strains and their

crosses. Analyses of variance for these four strains suggested broad-sense

heritabilities of 0.40 for open-field activity and 0.08 for defecation.

In summary, studies comparing inbred strains are useful, not only for

determining the influence of genes on behavior, but also for studying the role

of the environment. In combination with manipulated environmental experi-

ences, inbred strain studies can provide information concerning genotype-

environment interaction as well as prenatal and postnatal maternal

influences.

SELECTIVE BREEDING STUDIES

Both natural andartificial selection are effective only to the extent that the

traits selected are under the influence of heredity. Animal breeders have

successfully bred for behavioral characters throughout recorded history,

long before there was any understanding of why it worked, and selection

remains an important part of animal husbandry today. In addition to com-

mercial applications, such as production of poultry, dairy cattle, and animals

bred for meat, the results of artificial selection are apparent in our pets.

Because dogs are such a familiar example of genetic variability, we shall

digress for a momentto discuss breeds of dogs.

Dogs

Despite the tremendous variety of dogs, they are all members of a

single species. Dogs have successfully been selected for behavior and mor-

phology for the last ten thousand years. Everyone has seen their vast mor-

phological differences, such as the forty-fold difference in weight between a

Chihuahua and a Saint Bernard. However, behavior has clearly been as

importantin their selection. J. P. Scott and Fuller (1965) describe some very

old accounts of breeds. In 1576, the earliest English book on dogsclassified

breeds primarily on the basis of behavior. Terriers, for example, were bred to

creep into burrowsto drive out small animals. Another book, published in

1686, described the behavior for which spaniels were originally selected.

They were bred to creep up on birds and then springto frighten the birds into

the hunter’s net. With the advent of the shotgun, different spaniels were bred

to point rather than to crouch, although cocker spaniels still crouch when

frightened. However,the authorof the 1686 work was more concerned about

the personality of spaniels: ‘‘Spaniels by Nature are very loveing, surpassing

all other Creatures, for in Heat and Cold, Wet and Dry, Day and Night, they

will not forsake their Master’’ (cited by Scott and Fuller, 1965, p. 47).
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Behavioral classification of dogs continues today. The American and
British kennel clubsstill classify dogs on the basis of their behavioral func-
tion, rather than their genetic similarity. The selection process can be quite
fine-tuned. For example, in France, where dogs are used chiefly for
farmwork, there are 17 breeds of shepherd and stock dogs specializing in
aspects of this work. In England, dogs have been bred primarily for hunting,
and there are 26 recognized breeds of hunting dogs. Breeding, however, has
had some mixedblessings. By selecting for certain characteristics, in many
cases breeders have accidently selected for defects. For example, many
breeds, such as German shepherds, are bred for a ‘‘downhill Carriage’ in
which the shoulders are higher than the hips. Though this gives the dogs a
powerful appearance, it also makes them more likely to have problems with
their hip joints, and may result in lameness.

 
FIGURE 10.13

J. P. Scott with the five breeds of dogs usedin his experiments with J. Fuller. Left to
right: wire-haired fox terrier, American cocker spaniel, African basenji, Shetland
sheep dog, and beagle. (From Genetics and the Social Behavior of the Dog by J. P.
Scott and J. L. Fuller. Copyright © 1965 The University of Chicago Press. All rights
reserved.)
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An extensive behavioral genetics research program on breeds of dogs

was conducted over two decades by Scott and Fuller (1965). They studied

the development of pure breeds and hybridsofthe five representative breeds

pictured in Figure 10.13: basenjis, beagles, cocker spaniels, Shetland sheep

dogs, and wire-haired fox terriers. The selection history of each of these

strains is quite different. Basenjis were recently brought from Africa, where

they were bred as general-purpose hunting dogs. They were used to drive

small game into a net, to track, and to flush birds. Cocker spaniels are

descended from bird dogs, and now are primarily house pets. Terriers are

aggressive scrappers, as their selection history described above would sug-

gest. Unlike the other breeds, Shetland sheep dogs have not been bred for

hunting, but rather for performing complex tasks underclose direction from

their masters. They were originally small dogs, which were crossed with the

large Scotch collie, and then crossed again with smaller breeds. They are

currently being bred as small dogs with a collielike appearance.

These breeds are all about the same size, but they differ markedly in

behavior. Before we generalize about the behavior of the breeds, we should

note that breeds of dogs are not genetically invariant, like inbred strains of

mice. Considerable genetic variability exists within breeds, despite the sub-

stantial genetic differences between them. Average behavioral differences

among the breedsreflect their breeding history. Spaniels are very people-

oriented and nonaggressive. Terriers are considerably more aggressive.

Basenjis seldom bark and are very fearful of people until they are a couple of

months old, at which time they can be rapidly tamed. Shetland sheep dogs

are very responsive to training. In short, Scott and Fuller found behavioral

breed differences just about wherever they looked—in the development of

social relationships, emotionality, and trainability. They also demonstrated

that such differences exist even when the breeds are reared in the same

environment.

Heritability

Quantitative genetic considerations can predict the success of selec-

tion. At the most basic level, if heritability is zero, selective breeding will

completely fail to produce the desired results. If heritability is 1.0, selection

will quickly succeed. Intermediate levels of heritability will yield partial

suCCeSS.

Morespecifically, narrow-sense heritability 1s used to estimate the re-

sponse to selection becauseit involves only additive genetic variance. (See

Chapter 9.) Selection will succeed only to the extent that additive genetic

variance is present. Consider a behavior such as open-field activity in a

genetically heterogeneous group of mice. If we breed mice highin activity in

the open-field, and if activity is highly heritable, their offspring will have an

average activity score morelike their parents’ average than that of the aver-
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age of the base population. However,if open-field activity is not heritable,
the offspring of these highly active animals will have an average activity
score the sameas that of the base population.

We need to introduce two terms to describe this logic. Thefirst is the
selection differential, the difference between the mean ofthe selected parents
and that of the base population. (See Figure 10.14.) The otheris the response
to selection (or gain), the difference between the meanofthe offspring of the
selected animals and that of the base population.If heritability is zero, then
the response to selection will be zero, no matter how severe the selection
differential. In fact, the response to selection (R) is a simple function of
heritability (h?) and the selection differential (S):

R = h’S

Thus, as heritability approaches 1.0, the responseto selection will approach
the selection differential. In other words, the offspring of the selected parents

Meanof parental Mean ofparental Meanofparental
eneration eneration

e A Mean of e A Meanof se Mean of
selected parents selected parents selected parents
A A A

i

J _ |_|
Selection differential Selection differential Selection differential

I :

Meanofoffspring Meanofoffspring |
A of selected | A of selected

parents parents

Meanof offspring
A of selected

parents

      
+l k —
Gain Gain

Gain _ ppg Gain _pal Gain w=]
Selection Selection 2 Selection =
differential differential differential

FIGURE 10.14

Relationship betweenselection differential, response to selection or gain, and realized
heritability. (From Heredity, Evolution, and Society, 2nd ed., by I. Michael Lerner
and William J. Libby. W. H. Freeman and Company. Copyright © 1976.)
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Box 10.2

Fundamental Theorem of Natural Selection

Calculations of the selection differential must consider not only the means of the

selected parents and the base population, but also the possibility that some of the

selected parents may produce more offspring than others. For example, suppose the

highest-scoring selected parents did not produce as manyoffspring as other selected

parents. Unless we weighted the parental mean by the numberof offspring, the

calculated selection differential would overestimate the expected mean oftheir off-

spring. Although this may appear to be a small point, it serves to introduce a very

important topic, the fundamental theorem of natural selection. This theorem states

that changes in evolutionary fitness require additive genetic variance.

The derivation of the fundamental theorem of natural selection can be understood

if we refer again to the problem of differential reproduction by selected parents in a

selective breeding study. In order to adjust for the problem, a weighted selection

differential is used that weights the parental mean by the numberoftheir offspring. A

mating pair’s relative fitness is the ratio between the numberof progeny (f;) contrib-

uted to the next generation by that pair, and the average numberof progeny ofall

selected pairs (f). Thus, we can obtain the weighted selection differential (S) by

multiplying the deviation of each pair’s midparent value from the population mean

(X, — X) bythat pair’s relative fitness (f/f). We then sum these values forall selected

pairs and divide by the numberof pairs to get an average. In more concise algebraic

terms:

(3) BLF%-®)
For example, if the population mean for some character were 10.0 and the meanof

the selected population was 15.0, the unweighted selection differential would be 5.0.

However, if the highest-scoring selected animals reproduced less than the lower-

scoring selected animals, then the weighted selection differential (that is, weighted by

each pair’s relative fitness) would be less than 5.0.

The above equation facilitates an important derivation obtained by Fisher (1930)

many years ago. Instead of considering mean values for sometrait (X) as above, think

about reproductive orrelative fitness, the most important characteristic in an evolu-

tionary sense. We described relative fitness as f,/f, which we can symbolize as F. If we

use the above equation to find a weighted selection differential for relative fitness,

(S-), we substitute as follows:

S; = (-) SRF, — B)]
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This is equivalent to:

DSF? — (QFi)*I/n
n

 

= Vg

This, in turn, is equivalent to the phenotypic variance of F, relative fitness. (Readers

who have studied statistics will recognize the form of this equation as the computa-

tional shortcut for computing a variance.)

As described in the text, the response to selection is a function of heritability and

the selection differential. For relative fitness, the response to selection (R;) is the

change in relative fitness per generation:

Re = h?S;

Because narrow-sense heritability is equivalent to the ratio of additive genetic

variance to phenotypic variance, and, as seen above, S; equals the phenotypic

variance of F, this equation reducesto:

In other words, change in relative fitness per generation is equal to the additive

genetic variance. If additive genetic variance for characters related to fitness is pres-

ent in a species, then there is room for further selection. However, when characters

related to fitness have been selected as severely as possible (meaning that there can

be no more response to selection), no additive genetic variance will remain. We

would, therefore, expect heritability to be low for major componentsof fitness, such

as fertility (Falconer, 1960). However, the converse is not necessarily true. Charac-

ters with low heritability are not necessarily important components of fitness. They

may be low in heritability because environmental influences are very important.

The fundamental theorem of natural selection also implies that most of the ge-

netic variance of fitness characters should be nonadditive. Because dominance-

recessiveness is responsible for inbreeding depression and hybrid vigor, we would

also expect to find considerable inbreeding depression and hybrid vigor, as well as

low heritabilities, for fitness characters in stable populations (Bruell, 1964, 1967).

 



262

frequencies (Wright, 1977). This relationship is especially important for evo-

Thus, a selection study can be used to estimate heritability retrospectively,the so-called realized heritability. The relationship between these variablesisillustrated in Figure 10.14. In the first example, heritability is zero becausethe mean of the offspring is just like the meanof the unselected base popula-tion. The middle example indicates a responseto selection (‘‘gain’’ in Figure10.14) that is half the selection differential; so that heritability is 0.50. In thethird example, illustrating a heritability of 1.0, the response to selection is
the same astheselection differential.

Maze Running in Rats

Selective breeding experiments were employed early in the history of
behavioral genetics. In 1924, E. C. Tolman reported the results of two gener-
ations of selection for maze learning by rats. Tolman saw the genetic ap-
proach,andselective breeding in particular, as a tool for ‘‘dissecting’’ be-
havioral characteristics:

The problem of this investigation might appear to be a matter of concern
primarily for the geneticist. Nonetheless, it is also one of very great interest to
the psychologist. For could we, as geneticists, discover the complete genetic
mechanism of a character such as maze-learning ability—i.e., how many genes
it involves, how these segregate, what their linkages are, etc.—we would
necessarily, at the same time, be discovering what psychologically, or behav-
ioristically, maze-learning ability may be said to be made up of, what compo-
nent abilities it contains, whether these vary independently of one another,
whattheir relations are to other measurable abilities, as, say, sensory discrimi-
nation, nervousness, etc. The answers to the genetic problem require the an-
swers to the psychological, while at the same time, the answers to the former
point the way to those of thelatter. (Tolman, 1924, p. 1)

Ashis own contribution toward this end, Tolman began with a diverse





 
0 2 4 6 8 10 12 14 16 18 20 22

Selected generations

FIGURE 10.15

The results of Tryon’s selective breeding for maze brightness and dull-
ness. (From ‘‘The inheritance of behavior’ by G. E. McClearn. In L.J.
Postman,ed., Psychology in the Making. Copyright © 1963. Used with
permission of Alfred A. Knopf, Inc.)

selected for another. In Tryon’s study, we mightlike to think that he selected
for the rat equivalent of intelligence, as the terms ““bright”’ and ‘‘dull’’ con-
note. But there are many otherpossibilities. All we know is that in a certain
maze, given a certain testing procedure, the bright animals made fewerer-
rors than the dull animals. This difference could be caused by a perceptualor
motor defect in the dulls. Although such peripheral hypotheses have not
been substantiated by research, a central hypothesis that competes with the
‘rat intelligence’’ notion is that the dull animals are more ‘“emotional,’’ or
easily frightened, than the bright animals. This hypothesis was suggested by
L. V. Searle (1949), who obtained scores for the dull and bright animals on 30
measures of learning and emotionality. He foundthat the brights performed
better than the dulls on only two of five measures of maze learning. His
results also indicated that the dulls might be more emotional than the brights.
A later selection study (Thompson and Bindra, 1952), using a different maze,
also resulted in successful selection for errors in maze running, but the
differences between the selectedlines in this study did not seem to be caused
by emotional or motivational differences.

Although Tryon’s selection experimentis a classic in experimental be-
havioral genetics, the design suffers from several inadequacies that have
been perpetuated in some morerecentselection research. As indicated, delib-
erate inbreeding waspracticed by both Tolman and Tryon. Although a second-
ary objective of these studies wasto producehighly inbred lines with uniform
behavioral differences, inbreeding may impede the responseto selection,
which wasthe primary objective. Inbreeding results in a decrease in genetic
variance within lines and, thus, a decrease in the potential selection re-
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sponse. In addition, inbreeding is almost always accompanied by a reduction

in fertility, resulting in a decrease in the selection differential.

Another inadequacy of this experimental designis the lack of an unse-

lected control group. When such a group is included, it is possible to evaluate

the effects of environmental changes across generations. In addition, the

responseto selection in the high and low lines can each be measured bytheir

deviation from the mean of the control group. In this manner,it is possible to

determine the degree of asymmetry of response to selection. Finally, se-

lected and control lines should each be replicated. Since selection experl-

ments involve considerable intergeneration variability, the reliability of the

result can be indicated bythe inclusion of replicate selected lines. Even more

important is the fact that replicate lines are critical in analyzing genetic

correlations among characters (see Chapter 9), the so-called correlated re-

sponse to selection. Fortuitous correlations between the character under

selection (for example, maze-running performance) and other characters of

interest (such as temperament) may often occur when only onehigh line and

one low line are maintained. However,if similar associations are noted in

each of two or morereplicates, the correlation 1s much morelikely to indi-

cate a causal (pleiotropic) relationship.

The selection study of open-field behavior described in the next section

incorporated the refinements suggested above.

Open-Field Behavior

The largest and longest selection study of mammalian behavior in a

laboratory was conducted at the University of Colorado (DeFries et al.,

1978). Thirty generations of mice were selected for open-field activity, in a

study involving the testing of more than 14,000 mice over a ten-year period.

Selection began with an F, generation of a cross between BALB/c and

C57BL/6 inbred strains. Selection was bidirectional—thatis, both high- and

low-active lines were selected. Also, a control line was maintained, and each

of these three lines was replicated. Selection for the most or least active

animals from each generation could lead to inbreeding because the selected

animals could come from the samelitter. In order to avoid inbreeding, a male

and a female were selected from eachlitter and then mated at random within

lines. Ten mating pairs were maintained for each of the six lines in each

generation.

Figure 10.16 traces the selection progress over thirty generations. After

thirty generations of selective breeding, there was a thirty-fold difference

between the high and low lines. Measures on replicated lines indicate the

reliability of this result. By the thirtieth generation (S3o), the low-active lines

had nearly reached the bottom limit of zero activity scores. However, the

high lines showed nosign of reaching a ‘‘selection limit’’ (Falconer, 1960).

The high-active mice now run the equivalenttotal distance of the length of a
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FIGURE 10.16

Meanopen-field activity scores of six lines of mice: two selected for high
open-field activity (H, and H,), two selected for low open-field activity
(L, and L,), and two randomly mated within line to serve as controls (C,
and C,). (From ‘‘Response to 30 generations of selection for open-field
activity in laboratory mice’’ by J. C. DeFries, M.C. Gervais, and E. A.
Thomas. Behavior Genetics, 8, 3-13. Copyright © 1978 by PlenumPub-
lishing Corporation. All rights reserved.)

football field during two, 3-minute test periods. As indicated in Figure 10.17,
there is no overlap in the distributions of open-field activity for the high and
low lines.

Although the mice were selected for open-field activity, there was a
correlated response to selection for defecation in the open-field apparatus.
(See Figure 10.18.) This suggests that open-field activity and defecation are
genetically correlated. (See Chapter 9.) The average defecation scores of the
low-active lines were about seven times higher than those of the high-active
lines. The study of correlated responses to selection is an example of the
multivariate approach discussed in Chapter9. Inthis case, open-field activ-
ity and defecation seem to be influenced by manyof the samegenes. Also, as
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FIGURE 10.17

Distributions of activity scores of lines selected for high and low

open-field activity. Average activity of controls in each generation

is indicated by an arrow. (From ‘‘Response to 30 generations of

selection for open-field activity in laboratory mice”’ by J. C. De-

Fries, M. C. Gervais, and E. A. Thomas. Behavior Genetics, 8,

3-13. Copyright © 1978 by Plenum Publishing Corporation. All

rights reserved.)

one would expect from our discussion of albinism and open-field behavior in

Chapter 4, there are almost no albinos in the high-active lines, whereas the

low-active lines are completely albino. (See Figure 10.19.) It is as if the

continued selection pressure has scooped upall thosealleles, including the

albino one, that make for less activity, and concentrated them in the low-
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FIGURE 10.18

Mean open-field defecation scores of six lines of mice: two selected for high
open-field activity (H, and H,), two selected for low open-field activity (L,
and L,), and two randomly mated within line to serve as controls (C, and C,).
(From ‘‘Response to 30 generations of selection for open-field activity in
laboratory mice’’ by J. C. DeFries, M. C. Gervais, and E. A. Thomas.
Behavior Genetics, 8, 3-13. Copyright © 1978 by Plenum Publishing Corpo-
ration. All rights reserved.)

active lines, while concentrating in the high lines those alleles that make for
more activity.

It is possible to use these data to estimate the realized heritability of
open-field activity. As previously discussed, selection—either artificial or
natural—is based on additive genetic variance. Thus, narrow-senseheritabil-
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FIGURE 10.19

Frequency of albinism in six lines of mice: two selected for high open-

field activity (H, and H,), two selected for low open-field activity (L, and

L.), and two randomly mated within line to serve as controls (C, and C,).

(From ‘‘Responseto 30 generations of selection for open-field activity in

laboratory mice by J. C. DeFries, M. C. Gervais, and E. A. Thomas.

Behavior Genetics, 8, 3-13. Copyright © 1978 by Plenum Publishing

Corporation. All rights reserved.)

ity estimates from parent-offspring regressions should agree with heritability

estimates from selection studies. After five generations of selection for

open-field activity, the pooled estimate of narrow-sense heritability was

0.26, which is remarkably close to the parent-offspring estimate of 0.22 dis-

cussed earlier. This study demonstrates that marked behavioral changes can

occur during selective breeding when heritability is considerably less than

1.0.
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Other Behavioral selection Studies

Selection has been successful for many other behaviorsin the labora-tory. One study focused on a socially relevant behavior, sensitivity to theeffects of alcohol (McClearn, 1976). Mice, like humans, differ in their reac-tion to alcohol. When mice are injected with the mouse equivalent of severalMartinis, they will ‘sleep it off’ for varying lengths of time. Sleep time inresponseto ethanol injections was measured by the length of time it took aninjected mouse to right itself in a cradle like that pictured in Figure 10.20.The selection progress is pictured in Figure 10.21. After 15 generations of
Selective breeding, the long-sleep animals sleep for an average of two
hours. Many of the Short-sleep mice are not even knocked out, and their
average sleep time is only about 10 minutes. Figure 10.22 indicates that
there is no overlap between the long-sleep and short-sleep lines. In fact,
although one would hesitate to say it while inebriated, the shortest of the

 
(a) (b)

FIGURE 10.20

The *‘sleep cradle’’ for measuring loss of righting response after ethanol injections in
mice. (a) A long-sleep mousestill on its back sleeping off the ethanol injection. (b) A
short-sleep mouse that is just about to right itself. (Courtesy of E. A. Thomas.)



271

10,000 ee=-e Long sleep

e——~ Short sleep

7,500

i
n i
)
© a
)

S
l
e
e
p
t
i
m
e

(s
ec
)

2,500

      

 

               

12 13 14 15 16 17 18
0 12 3 4 5 6 7 8 9 10 I

Generation

FIGURE 10.21

Results of ethanol sleep-time selection study. Selection was suspended during

generations 6 through 8. (From McClearn, unpublished.)

long sleepers sleep about a half-hour longer than the longest of the short

sleepers.

Selection has been successful for other mouse behaviors, such as alco-

hol preference, susceptibility to audiogenic seizures, wildness and tameness,

learning, and rearing behavior. Recent selection research on mice includes

studies of aggressive behavior (Ebert and Hyde, 1976), nerve conduction

velocity (Hegmann,1975), and seizure susceptibility (Chen and Fuller, 1976;

Deckardet al., 1976). In rats, successful selective breeding has been accom-

plished for spontaneousactivity, open-field behavior, and saccharine prefer-

ence. Aggressiveness and aspects of mating behavior have been selected in

chickens. Quail have recently been selectively bred for mating ability (Sefton

and Siegel, 1975). Geotaxis, phototaxis, mating speed, and activity have

been selected in Drosophila (including recent studies by Polivanov, 1975;

Watanabe and Anderson, 1976; and Kekic and Marinkovic, 1974).

This success in selective breeding is another indicator of the consider-

able genetic variation that exists for behavior. More importantly, such stud-

ies generate groups of animalsidealfor research on the physiological mecha-

nisms underlying behavior. Peter Broadhurst (1975, 1976), for example, has

reviewed the large numberof experiments conducted from 1964 to 1974 with

his Maudsley Reactive and Nonreactive rats selected for open-field defeca-

tion. Broadhurst (1978) has also reviewed selective breeding studies that

involved selection for pharmacological differences. These studies are a part

of the fast-developing area psychopharmacogenetics.
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SUMMARY

Three basic methods are used to assess polygenic influences on animal be-

havior. Family studies determine whether genetic similarity is evidenced

phenotypically for different family relationships, such as parents and their

offspring, full siblings, and half-siblings. There are surprisingly few family

studies of animal behavior. Strain studies compare the behavior of inbred

strains. Prenatal and postnatal environmental effects (especially maternal

effects) can be studied using reciprocal crosses, cross-fostering, and ovary

transplantation. Classical analysis of inbred strains and their F, and F, cros-

ses can be usedto estimate heritability. The diallel method compares several

strains mated in all possible combinations. The third method is selection.

Open-field behavior in mice has been used throughoutthis chapter as an

example of the utility of the various methods. All of them converge on a

narrow-sense heritability estimate of about 0.25.



 

Genes influence human behavior in the same way that they affect any
phenotype. They control the production of proteins, which interact in phys-
iological systems, thus affecting behavior indirectly. Obviously, we cannot
(nor do we wish to) selectively breed people, assign them to controlled
environments, or produce genetically identical groups analogous to inbred
strains of mice. We can, however, find naturally occurring situations in
which (1) genetic influences are controlled or randomizedso that the effects
of the environment can be studied, and (2) environmental influences are
controlled so that the effects of genes can be studied. Although studies of
complex human behavior lack the experimental control of studies of nonhu-
man animals, thereis a silver lining in this particular cloud. From the begin-
ning, human behavior has been studied in the context of genetic and envi-
ronmental variation as it exists naturally in populations. Thus, human
behavioral geneticists have provided information concerning the relative
contributions of genetic and environmental factors to observed Variation,
given the mix of genetic and environmental influences in the real world. In
contrast, little is known about the full range of environmental and genetic
variation in mice in natural populations because inbred strains are typically
studied in the controlled environment of the laboratory.

In this and the next two chapters, we shall consider three basic methods
of studying the relative influences of genetic and environmental factors on



Components of Covariance in Family Studies
275

human behavior: family studies, twin studies, and adoption studies.

Throughout the chapters, cognitive behavior and psychopathology will be

used as examples of complex behaviors influenced by both genetic and envi-

ronmental factors. Far more behavioral genetic data are available for cogni-

tion and psychopathology than for other human behaviors. In Chapter |, we

discussed three perspectives on behavior. The first recognizes no important

differences between or within species, the second accepts differences be-

tween but not within species, and the third recognizes differences between

and within species. The third view not only represents that of behavioral

genetics, but it also characterizes the orientation of much research in the

areas of cognitive behavior (particularly IQ and specific cognitive abilities),

personality, and psychopathology. Other aspects of behavioral science have

been slower to take advantage of behavioral genetics methods because their

predominantorientation has been closer to the first or second perspectives.

There are, however,clear signs of change.

COMPONENTS OF COVARIANCE

IN FAMILY STUDIES

Genetic similarity applies to human family relationships as it does to the

nonhumanones discussed in the previous chapter. (See Table 10.1.) Genet-

ically related individuals should be similar phenotypically to the extent that

genes influence a particular behavior. Thus, in addition to testing specific

genetic models, as described in Chapter 5, family studies have been usefulin

demonstrating familial resemblanceor familiality, the sine qua non for estab-

lishing genetic influence. With laboratory animals, we could assume that

environments are controlled, and we could test the adequacy of this assump-

tion by reciprocal crosses, cross-fostering, and ovary transplantation. For

humanfamilies, this assumption cannot be made. Thus, for human behavior,

phenotypic similarity for different family relationships can only be viewed as

compatible with a genetic hypothesis, not as conclusive proof of genetic

influence.

In this sense, family studies provide an upper-limit estimate of heritabil-

ity. (See Chapter 9.) That is, genetic influence is usually no greater than the

degree of familiality (except when environmental factors are negatively cor-

related for family members). If family studies show no familial resemblance,

the genetic hypothesis is disconfirmed. The finding of no familiality would

also suggest that there are no familial environmental influences making fam-

ily memberssimilar to one another. Such environmentalinfluences shared by

family members are knownas between-family, or common-family, environ-

ment, as discussed in Chapter 9. When behavioral scientists talk about envi-

ronment, they usually mean between-family influences that make family

memberssimilar to one another and different from other families. For exam-

ple, if families differ in child-rearing practice or income, these environmental
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chapter, we can study various family relationships such as parents andtheir
offspring, full siblings, and half-siblings. Half-siblings are individuals with
only one parent in common. This situation occurs, for example, when di-
vorced individuals have children from their previous marriage, as well as
from their current marriage. In human research, we can also consider twin
relationships. The genetic relationship between fraternal twins is just like
that between any full siblings—as shown in Table 9.9, they share
YaV, + YVy. They also share between-family environmental influences.
Identical twins have the same genes because they come from the same
fertilized egg. Thus, their genetic covariance includes all additive and
nonadditive genetic variance (_V, + V,) plus between-family environmental
influences.

In the following sections, we shall review family studies of cognition
and psychopathology. Until recently, family studies of general cognitive
ability have dominated the research scene. As explained below,attention has
now turned to specific cognitive abilities.

COGNITION

There is much moreto cognition than IQ, but morefamilial data are available
for IQ than for any other behavior. For this reason, we shall present a
summary of family studies of IQ, in spite of the recent controversies con-
cerning IQ testing. This is clearly not the place for an extended discussion of
the nature of IQ orits application. (See, for example, Caroll and Maxwell,
1979; Jensen, 1979; Vernon, 1979; Willerman, 1979.) Behavioral genetics stud-
les have begun to consider specific cognitive abilities, rather than a single
measure ofgeneral cognitive functioning, and data from this researchwill also
be presented. However, behavioral genetics studies have just begun to open
the door on the complexity of cognitive functioning. Future studies are likely
to makeuse of theoretical approaches, such as Jean Piaget’s, as well as the
theories and instrumentation of experimental psychology, in order to in-
crease our understanding of cognitive processes related to the perception of
stimuli, attention, and memorystorage andretrieval (Resnick, 1976).



Cognition
277

Intelligence Quotient (IQ)

Manystudies of familial resemblance for IQ were conductedin the late

1920s and the 1930s. Although these studies individually suffered from vari-

ousdifficulties, such as small sample size or bias in sampling (see McAskie

and Clarke, 1976), the combined weight of their evidence demonstrates sub-

stantial familial influence. Figure 11.1 summarizes the results of family stud-

ies published prior to 1962 (Erlenmeyer-Kimling and Jarvik, 1963). The me-

dian correlations are all about the same (about 0.50) for parents and their

offspring, full siblings, and fraternal twins. The median correlations for

opposite-sex and same-sex fraternal twins are the same. All of these familial

relationships involve first-degree relatives who share about half of their seg-

regating genes. The median correlation for identical twins is much higher

(0.88), and we shall return to this finding in the next chapter when we con-

sider the twin method.

The median correlation of 0.50 for siblings may be due to genetic or

environmental similarity, or both. If the phenotypic similarity for siblings

were not influenced by genetic factors, then all of the phenotypic variance

would obviously be caused by environmental (more technically, nongenetic)

factors. The correlation of 0.50 would indicate that half of this variance 1s

shared bysiblings (between-family environment, as discussed in Chapter9),

and the other half is due to environmental influences not shared by siblings

(within-family environment). If genetic similarity were responsible for all of

the phenotypic similarity, then broad-sense heritability would be 1.0, mean-

ing that all of the phenotypic variance can be accounted for by genetic

differences. The twin studies and adoption studies, reviewed in the next two

chapters, suggest that the answer is somewhere in the middle. The

phenotypic variance for sibs is due both to genetic variance and to environ-

mental variance between and within families.

The summary data in Figure 11.1 also suggest a correlation of 0.50

between parents and their offspring. Taken at face value, this correlation

suggests a similar conclusion to those based onthesibling data. However,

these dozen studies include both single parent-offspring and midparent-

offspring correlations. These have very different consequences for estimat-

ing heritability, as discussed in Chapter 10. Midparent-offspring correlations

are not very meaningful, but regressions of offspring on midparent estimate

the upperlimit of heritability. They also have the advantage of being unaf-

fected by assortative mating, which we know occursfor IQ. (See Chapter8.)

On the other hand, single parent-offspring correlations estimate only the

upper limit of half of the heritability, and they may also be inflated by

assortative mating.

Data from the largest and most recent family study of cognition (De-

Fries et al., 1976, 1979) provide a better estimate of parent-offspring similar-

ity, and suggest substantially less familial resemblance. The focus of the

study, conducted in Hawaii, was specific cognitive abilities. But the test

battery included a shortened version of Raven’s Progressive Matrices, re-
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garded as one of the best single measures of culture-fair abstract reasoning.

For 830 Caucasian families, the mean single parent-offspring correlation be-

tween parents (aged 35 to 55) and their children (aged 13 to 33) for this test

was 0.26. This is lower than the median correlation of 0.50 reported in Figure

11.1. We can estimate the upperlimit of heritability by doubling this correla-

tion, thus estimating that narrow-sense heritability should be no greater than

0.52. Bear in mind that this estimate may include genetic variance due to

assortative mating. As mentioned above, the best upper-limit heritability

estimate is the regression of offspring on midparent (whichis not affected by

assortative mating). In the Hawaii family study of cognition, this regression

was 0.52 (DeFries et al., 1979). The correspondence betweenthis value and

the estimate based on single parent-offspring correlations suggests that assor-

tative mating did not affect the single-parent estimate.

Another measure of general cognitive ability from the Hawaii study

was a composite score based on the common variance of 15 tests of specific

cognitive abilities. This composite, called the first principal component, cor-

relates highly with scores on a standard IQ test. The mean single parent-

offspring correlation for this general cognitive factor in the Caucasian fami-

lies was 0.35. The regression of offspring on midparent, which would

probably be the best single estimate of the upper limit of narrow-sense

heritability for general cognitive ability, was 0.60.

This same study also provides a good example of the possibility that

such estimates can differ in various populations. In addition to the 830 fami-

lies of European ancestry, the study also included 305 families of Japanese

ancestry. For Raven’s Progressive Matrices, the offspring-midparent regres-

sion was 0.24, compared to 0.52 in the Caucasian families. For the general

composite, it was 0.42 rather than 0.60. Thus, there appears to be less

familial resemblance (due to genetic or environmental influences) between

parents and offspring in these families of Japanese ancestry than in the

Caucasian families.

The estimated upper limit for narrow-sense heritability in the Hawaii

study of cognition is about 0.60, when the estimate is based on midparent-

offspring similarity in Caucasian families. For families of Japanese ancestry,

it is lower. Both of these estimates are lower than the estimate based on

the mediancorrelation of 0.50 between parents and offspring in Figure 11.1.

and weshall return to this issue after describing the sibling data.

The large-scale Hawaii study yielded a meancorrelation of 0.31 for 455

pairs of Caucasian siblings. This correlation suggests that the upperlimit of

broad-sense heritability is 0.62, which is similar to the estimate based on

parent-offspring regression. Even moreinterestingly, the correlation for 147

pairs of siblings of Japanese ancestry was 0.33. This suggests that genetic

and environmental influences shared by siblings is about the same for Cau-

casian and Japanese groups, even though the familial influence shared by

parents and offspring may be greater in Caucasian than in Japanese families.

Thus, both the parent-offspring and sibling data from the Hawaii family

study of cognition point to less familiality than the older data. Subsequent
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chapters will show a similar pattern of results. For example, recent twin andadoption IQ data suggest a lowerheritability than that suggested by olderdata. Although it is possible that environmental or genetic changes in thepopulation underlie the differences between newer and older data, meth-odological variations are a more likely explanation. For example, some of
the older studies tested families as a unit, so that any differences in test
administration would increase familial correlations. In contrast, tests in the
Hawaii family study were administered to many families at the sametime in
the sametesting facility, using highly standardized procedures.

Specific Cognitive Abilities

IQ does not tell the whole story of intelligence. Although there is a
general factor of cognitive functioning, there are also Specific abilities. We
should really speak of intellectual abilities rather than intelligence. The num-
ber of these specific abilities depends on the level of analysis. These abilities
range from two very general abilities (such as verbal and performance fac-
tors), through the 6 to 12 group factors measured by L. L. Thurstone, to the
120 postulated by J. P. Guilford (1967) in his model of intelligence. Although
these specific abilities tend to be modestly correlated with one another,
lending support to the notion of ‘‘generalintelligence,” they are sufficiently
different to permit a morefine-grained analysis of cognitive functioning.

For example, in the Hawaii family study just described (DeFriesetal.,
1979), 15 tests of specific cognitive abilities were includedin thetest battery.
In addition to the general cognitive factor described in the previous section,
application of a technique calledfactor analysis to correlations among scores
on the 15 tests yielded four group factors: verbal (including vocabulary and
fluency), spatial (visualizing and rotating objects in two- and _three-
dimensional space), perceptual speed (simple arithmetic and number com-
parisons), and visual memory(short-term and longer-term recognition ofline
drawings).

Regressions of offspring on midparent (the upper limit of heritability)
for these four factors and the 15 cognitive tests are plotted separately for the
two ethnic groupsin Figure 11.2. The most obvious fact is that familiality
differs for the various tests and factors. These data were corrected for unre-
liability of the tests to make surethat the differences in familial resemblance
were not caused byreliability differences among the tests. For both ethnic
groups, the verbal and spatial factors show more familial resemblance than
the perceptual speed and memoryfactors. Other family studies (reviewed in
DeFries, Vandenberg, and McClearn, 1976) also indicate that the most fami-
lial similarity occurs for verbal ability.

Familial resemblance also varies for tests within each factor. For ex-
ample, one test of spatial ability, called Paper Form Board, shows high
familiality in both ethnic groups. The test involves showing how to cut a
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FIGURE 11.2

Family study of specific cognitive abilities. Regression of midchild on midparent for

four group factors and 15 cognitive tests in two ethnic groups. (Data from DeFries et

al., 1979.)

figure to yield a certain pattern—for example, to cut a circle to yield a

triangle and three crescents. Elithorn mazes, a spatial test that involves

drawing one line that connects as manydots as possible in a maze of dots,

shows the lowest familial resemblance in both ethnic groups. In general,

although familial resemblance tends to be slightly lower in the families of

Japanese ancestry, the pattern of resemblance is quite similar in the two

ethnic groups.

Multivariate Analysis

Do the same genesinfluence different specific cognitive abilities, or are

these abilities genetically unrelated? Are there major environmental factors
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that have broad, systematic influences a
tive abilities, or do different environmental] influences affect different

mation is available at this time.
Data from the Hawaii family Study of cognition can be usedto illustratethe multivariate approach in a family study of specific cognitive abilities

(DeFries, Kuse, and Vandenberg, 1979). In Chapter 9, we emphasized thatfamilial cross-correlations for two characters have the same components of

or cross-correlations, include both genetic and shared environmental influ-
ences. Thus, the cross-correlations among the specific cognitive abilities in
the Hawaii study include more than genetic resemblance, although weshall
talk about this cross-familiality as genetic. Environmentalcorrelationsin this
context include within-family environmental factors, as well as nonadditive
genetic influences.

Scores on the 15 tests of specific cognitive abilities for parents and
offspring in 830 Caucasian families were subjected to multivariate analysis
(DeFries, Kuse, and Vandenberg, 1979). Although the average phenotypic
correlation among the 15 tests is 0.28, the correlations range from 0.07 to
0.57. As indicated earlier, factor analysis of these correlations yielded four
phenotypic group factors (verbal, spatial, perceptual speed, and visual
memory). Parent-offspring cross-correlations among the tests were calcu-
lated, and genetic and environmental correlations were computed. Because
the sheer numberofcorrelations makesinterpretation difficult, these genetic
and environmental correlations were submitted to factor analysis. The ge-
netic correlations yielded four factors that were virtually identical to the
phenotypic factors. The environmental correlations also yielded four factors
that were quite similar to the phenotypic factors. These findings suggest that
the genetic and environmentalinfluencessalient to specific cognitive abilities
are neither very broad norare theyidiosyncratic in their effect. Rather, there
are several sets of genetic and environmental influences that correspond to
the phenotypic factors. As in the multivariate family study of mouse behav-
ior discussed in the previous chapter, these human behavioral data suggest
the interesting possibility that genetic and environmental correlations are
correlated.

PSYCHOPATHOLOGY

Atleast 15 percent ofthe U.S. populationis affected by mental disorders during
any one year (Regier et al., 1978). The two major kinds of severe mental
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disorders, called psychoses,are schizophrenia and manic-depressive psycho-

sis, each with an incidence of about 1 percentin the general population. This

meansthat over 4.5 million people in the United States either have a psychosis

or will fall victim to one sometime during their lifetimes. Half of the hospital

beds in the United States are occupied by patients affected with some form of

mentalillness, and about half these patients are diagnosed as schizophrenic.

Although early man viewed insanity in demonic terms, the familial

nature of insanity was generally recognized by the sixteenth century. At the

end of the ninteenth century, E. Kraepelin suggested two major types of

insanity—schizophrenia and manic-depressive psychosis. Family studies in

the twentieth century have been importantin specifying the extent of familial

transmission, as well as in studying the heterogeneity of psychopathology.

Although schizophrenic individuals are more likely than average to have

schizophrenic relatives, they are no more likely to have manic-depressive

relatives. The use of family studies to determine the heterogeneity of mental

disorders has become even more important in recent years, and we shall

consider these advanceslater.

Psychopathology introduces new problems for quantitative genetic

analysis. Mental illness has not been studied in a quantitative way—thatis,

as the extreme of a normal distribution of mental functioning. ‘*Either-or’’

sorts of data have been compiled in the past, although that is changing.

Because of the qualitative classification of mental illnesses, the usual quan-

titative analyses are not appropriate. Typically, we compare the incidence of

psychopathologyin relatives of an affected index case to the incidence in the

general population. Familial resemblance is indicated when the incidence in

the relatives is greater than the incidence in the general population. How-

ever, good incidence figures are not easy to obtain. Incidence is different

from prevalence. Prevalence is the number of individuals in a population

whoare affected at a particular time, regardless of age. Incidencefigures, on

the other hand, may be viewed asa lifelong prevalence estimate. The age of

risk for schizophrenia, for example, is about 15 to 45 years of age. Persons

younger than 45 still have a chance of becoming schizophrenic. Also, older

individuals may have been hospitalized for a mental disorder, but are no

longer. Incidence figures take these cases into account. A special incidence

figure used in family studies is called a morbidity risk estimate, which is an

estimate of the risk of being affected.

Even though mental disorders are often viewed as discontinuous

characters, they may well have a quantitative genetic basis. However, the

discontinuous method of measurement (qualitative classification) makesit

difficult to estimate heritability. We can, however, assumethatan all-or-none

disorder has an underlying continuousliability. Individuals having a liability

above a certain threshold value are assumed to be affected. Those whose

liability is below this threshold value are not affected. Liability is thus an

unobserved construct that is presumed to be a continuous function of both

genetic and environmental deviations. If there is such a threshold for a rela-
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disorders biochemically. However, we note in passing that the advanceshave been considerable and that they indicate the direction of future researchon the role of genetic factors in psychopathology (e.g., Motulsky and
Omenn, 1975; Kety, 1975).

Schizophrenia

rams, 1978), the risk of schizophrenia in the general population is about |
percent (Slater and Cowie, 1971). The risks for various relatives of schizo-
phrenics are summarized in Table 11.1 (from Rosenthal, 1970). It is clear that
schizophrenia runs in families. In 14 studies of over 4,000 schizophrenics,
the risk for parents of schizophrenicsis a little over four times that for the
general population. It is likely that a lowerrate for parents than for other
first-degreerelatives is found because schizophrenicsareless likely to marry
and those who do marry haverelatively few children. Siblings of schizophren-
ics provide the most stable data. They are approximately eight times more
likely to become schizophrenic than an individual chosen randomly from

TABLE 11.1

Median morbidity risk estimates for the general
population and for relatives of schizophrenic
index cases

  

Percent

General population 0.9

First-degree relatives:

Parents of schizophrenics 4.2

Siblings of schizophrenics 7.5

Children of schizophrenics 9.7

Second-degree relatives 2.1

Third-degree relatives 1.7

SOURCE: After Rosenthal, 1970.
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This rate almost doubles from those sib-

lings who have an affected parent as well as an affected sibling. These

results are quite consistent with six recent European family studies of schizo-

phrenia reported in the 1970s, although one large American study of general

psychosis yielded much higher estimates. (See review by Gottesman and

Shields, 1976.)

In five studies of children of schizophrenics, their median risk was

nearly 10 percent.It is interesting that the risk is no greater when the mother

is schizophrenic than when the father is schizophrenic, which suggests that

maternal influences are notcritical. When both parents are schizophrenic,

the risk is four times as great. This introduces an interesting variation of the

family study method. At-risk studies are those in which the developmental

course of schizophrenia is followed in children at risk for the disorder. About

twenty studies are in progress (Erlenmeyer-Kimling, 1975), in which the

children of schizophrenic parents are being studied longitudinally. The goal

of the researchers is to follow the developmental course of schizophrenia

before the occurrence of overt disturbances to gain a better idea of the

causes of schizophrenia, as well as to find ways to intervene in the develop-

mental process (Erlenmeyer-Kimling, Cornblatt, and Fleiss, 1979). An ex-

tensive battery of physiological and behavioral measures has been em-

ployed. We shall look forward to the results of the at-risk studies as the

target children grow older.

As shown in Table 11.1, the risk for second-degree relatives of schizo-

phrenics, such as grandchildren (who share about one-fourth of the grandpar-

ents’ segregating genes), is about twice that for the general population.

Third-degree relatives (who share about one-eighth of the segregating genes)

are slightly more likely than average to be schizophrenic.

Family studies have established that familial influences play a role in

schizophrenia. Twin studies and adoption studies are needed to pin down the

relative roles of genetic and environmental factors. However, the family

studies carry an important message. First-degree relatives are about 50 per-

cent similar genetically, but fewer than 10 percentof the first-degree relatives

of schizophrenics becomeschizophrenic. Thus,the results of family studies

indicate that the development of schizophrenia is substantially affected by

within-family environmental influences.

the population. (See Table 11.1.)

Manic-Depressive Psychosis

During the last decade, attention has increasingly turned to other

psychopathologies, most notably to manic-depressive psychosis. This syn-

drome involvesaffective disorders that come andgo, often in regular cycles.

Classically, it involves cycles of mania (elation) and depression. Unlike

schizophrenics, persons suffering from manic-depressive psychosis are not

likely to be chronically hospitalized because they tend to recover from each
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bout spontaneously—although about 6 percent may commit suicide duringdepression. Because manic-depressives are often not hospitalized, it is dif-ficult to estimate the incidence ofthis psychosis in the general population.Estimates fluctuate from 0.07 percent to 7.0 percent. However, the medianrisk is 0.7 percent, which is close to the estimate for schizophrenia.
Family studies from the 1920s to the 1950s demonstrated familial re-

median risk was 7.6 percent, ten times greater than the risk for the general
population. In eight studies of over three thousand siblings, the risk was 8.8
percent. In studies of over one thousand children of manic-depressives,their
risk was about 11 percent, and the risk triples when children have two
manic-depressive parents.

Clearly, there is a familial basis for manic-depressive psychosis. A
variant of the multivariate cross-correlation approach suggests that manic-
depressive psychosis is genetically distinct from schizophrenia. Table 11.2
shows that there is no more schizophreniain relatives of manic-depressive
index cases (with the possible exception of their children) than in the general
population. This same cross-correlation approach provides indications that
there maybedistinct subtypes of manic-depressive psychosis.

Some so-called manic-depressives actually alternate between depres-
sion and normality, not between depression and mania. This type of behavior
has been called unipolar depression. In contrast, the classical type, which
includes bouts of mania as well as depression, is called bipolar manic-
depressive psychosis. Four family studies have suggested that the two sub-
types tend to be transmitted independently. Unipolar depressive probands
tend to have unipolarrelatives, and bipolars, to a lesser extent, tend to have
bipolar relatives (Perris, 1976; Dunner and Fieve, 1975). One of the largest
studies (Perris, 1968) showslittle familial overlap between the two types.

TABLE 11.2

Median morbidity risk estimates for manic-depressive psychosis and schizophrenia
for the general population and for relatives of manic-depressive index cases

  

Manic-Depressive, % Schizophrenic, %

General population 0.7 0.9
Parents of manic-depressives 7.6 0.6
Siblings of manic-depressives 8.8 0.8
Children of manic-depressives 11.2 2.5

 

SOURCE: After Rosenthal, 1970.
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However, another study (Angst, 1968) yielded less clear-cut results. Al-

though unipolar probands rarely had bipolarrelatives, bipolar probands had

more unipolar than bipolar relatives (11.2 percent versus 3.7 percent).

Recent studies, including a twin study of bipolar and unipolar disorders

(Bertelsen, Harvald, and Hauge, 1977—see Chapter 12) and an adoption

study of bipolar manic-depressive psychosis (Mendlewicz and Rainer,

1977—-see Chapter 13), also suggest that there is considerable overlap be-

tween the two subtypes. But these studies provide some support of the

usefulness of the distinction. In addition, evidence is mounting that a domi-

nant sex-linked gene is involved in the bipolar, but not in the unipolar, type

(Mendlewicz and Fleiss, 1974). Furthermore, the types seem to respond

differently to drugs (e.g., Baron et al., 1975). These same studies also pro-

vide the foundation for further analysis. For example, there are clear cases

of the bipolar type that cannot be due to a sex-linked gene because father-

to-son inheritance has been demonstrated. The bipolar type may also be

subdivided on the basis of degree of mania (Dunner, Gershon, and Goodwin,

1976). Among unipolar depressives, onset of the disorder occurs in some

individuals after the age of forty, while other cases are characterized by

early onset (Winokur etal., 1975). Also, there are responders and nonre-

spondersto certain drugs within the unipolartype of depression (e.g., Taylor

and Abrams, 1975; Kupfer et al., 1975).

Heterogeneity

Family data on unipolar depression and bipolar manic-depressive psy-

chosis stimulated a burst of research on the heterogeneity of psychopathol-

ogy. The search for etiologically distinct syndromes has become the major

focus of family studies in this area (Winokur, 1975). For example, this is the

focus of the Iowa 500 project, a thirty-five-year follow-up study of about five

hundred psychotic index cases and their five thousand relatives (Tsuang et

al., 1977). This large-scale project, and other ongoing family studies, are

considering the heterogeneity of schizophrenia (Tsuang, 1975) and manic-

depressive psychosis (Dunneret al., 1976); the possibility of distinct psy-

choses other than schizophrenia and manic-depressive psychosis (McCabe,

1976); and:are studying less severe psychopathology, such as hysteria and

antisocial personality (Cloninger, Reich, and Guze, 1975a, 1975b). The search

for heterogeneity in psychopathology mayinitially lead to some confusion.

However, weare confident thatit is a healthy trend in research and will even-

tually contribute substantially to our understanding of psychopathology.

Although many researchers favor subdividing various types of

psychopathology to find etiologically distinct syndromes (Kidd and Mat-

thysse, 1978), some researchers favor lumping various ones together, particu-

larly for schizophrenia. For example, evidence that will be reviewed in the
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next two chapters argues for genetic unity of a spectrum of schizophrenicdisorders extending as far as schizoid characteristics, such as antisocialpersonality (Rosenthal, 1975 ; Reich, 1976; Shields, Heston, and Gottesman,1975).

to genetic or environmental influences. Family studies do not indicate
whether observed familial resemblance is caused by shared environment or
shared heredity, although they can provide an upper-limit estimate ofherita-
bility (or of between-family environmental influences). Substantial familiality
has been found in family studies of IQ, specific cognitive abilities, and
psychopathology, particularly schizophrenia and manic-depressive psycho-
sis. Multivariate analyses indicate substantial cross-familiality for specific
cognitive abilities, and the absence of cross-familiality between schizophre-
nia and manic-depressive psychosis or between the unipolar and bipolar
subtypes of manic-depressive psychosis. Twin and adoption studies—
described in the next two chapters—are needed to determine the relative
importance of genetic and environmental influences underlying familial
resemblance.



 

Twin Studies

The study of twins has a long history. Galton, the father of behavioral

genetics, proposed the methodofstudy in 1876. Hestudied life histories oftwo

groups of twins. One group consisted of pairs who weresimilar at birth, and

Galton proposed that these twins (now called identical or monozygotic) de-

veloped from

a

single fertilized egg. He suggested that the dissimilar pairs of

twins in the other group (nowcalled fraternal, or dizygotic, twins) derived

from two separately fertilized eggs. Galton found that the initial similarity or

dissimilarity tended to be maintained throughoutlife for various aspects of

their behavior.

By the beginning of the twentieth century, most biologists were con-

vincedofthe existence of two types of human twins (Wilder, 1904). Nonethe-

less, E. L. Thorndike, who objectively measured specific cognitive abilities

in twins in 1905, did not believe there were two types. He used twinsto test

environmental hypotheses, and found that younger and older twin pairs

showed about the samedegree of similarity for the cognitive measures. The

first behavioral twin study to approach the modern method wasconducted in

1924 by C. Merriman, who called the two types of twins ‘‘duplicates’’ and

fraternals. He first showedthat the similarity in IQ between the opposite-sex

twins in his sample was the same asthat between non-twin siblings (a corre-

lation of 0.50). He then found that the same-sex twins had a much higher

correlation for IQ (about 0.87). He concluded that the greater similarity in IQ



sion ofall the ‘‘duplicate’’ twins in this group. Merriman thentried to sepa-rate the two types of same-sex twins using physical similarity as a criterion.

piens, tend to havesingle offspring. However,all types of primates occa-
sionally have multiple births. The embryology of twinning has been
thoroughly analyzed for humans (Bulmer, 1970). In the case of single births,
the embryo is suspended in a sac made of two membranes formed within
the placenta. The innermost layer of the sac, the amnion, is surrounded by
an outer layer, the chorion. Fraternal twins have completely separate cham-
bers inside the womb; they develop from two different zygotes (dizygotic)
that are fertilized at the same time. When the embryos implant close to one
anotherin the uterus, their placentas sometimes fuse, but they eachstill have
a separate amnion and chorion. (See Figure 12. 1.)

Dichorionic diamniotic

Separate implantation
Separate   

 

Adjacent implantation
Fused

  
FIGURE 12.1

Fraternal twinning may result in either separate or fused placenta.
(From ‘Twin placentation and someeffects on twins of known zygos-
ity’’ by G. Corney. In W. E. Nance, ed., Twin Research, Part B:
Biology and Epidemiology, Copyright © 1978 by Alan R. Liss, Inc. All
rights reserved.)
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Identical twins result from a single zygote (monozygotic) that divides

for unknown reasons. They share accommodations in the womb to some

extent, depending on when the zygote splits. It used to be thought that

identical twins always have the same chorion, but we now know that about a

third of them have separate chorions and amnions, as do fraternal twins

(Corney, 1978). These identical twins develop from zygotes that split before

implantation, which occursat about five daysafterfertilization. (See Figure

12.2.) The other two-thirds of identical twins develop from zygotes that split

after implantation. These twins develop within the same chorion. When

separation occursfive to ten days after fertilization, as it usually does, there

are two amnions. About 4 percent separate after ten days, and these share

Dichorionic

Diamniotic—separate

Early division

 
Monochorionic

Diamniotic

Late division

 
FIGURE 12.2

Identical twinning can result in separate or fused chorions and amnions,

depending on the timing of the separation of the zygotes. (From ‘Twin

placentation and someeffects on twins of known zygosity’? by G. Cor-

ney. In W. E. Nance, ed., Twin Research, Part B: Biology and Epidemiol-

ogy, Copyright © 1978 by Alan R. Liss, Inc. All rights reserved.)
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may be inherited in some families (Nanceet al., 1978), although hereditydoes not seem to be an important factor in identical twinning (Segretti 9

opposite-sex fraternal twins, one-third in Same-sex fraternal twins, and theremaining third in identical twins. After childhood, however, the proportionof identical twins is reduced to about one-quarter due to the decreasedviability of this type of twin. Rates of identical twinning are remarkablysimilar for different maternal ages, but the fraternal twinning rate fluctuates
(Bulmer, 1970).

As discussed in the previous chapter, fraternal twins are 50 percent
similar genetically on the average, like other first-degree relatives, while
identical twins are identical genetically. By comparing the phenotypic simi-
larity of identical twins with that offraternal twins, we can conduct a natural
experiment to investigate the effects of heredity and environment. Despite
the twofold differences in genetic similarity, both types of twins share
roughly the same environmentalinfluences (an assumption that is discussed
in detail later). If many pairs of twins are studied and identical twins are
found to be no more similar than fraternal twins for a particular behavior,
then genetic factors cannot be important in determining variability for that
trait. In that case, the twofold greater genetic similarity of identical twins did
not make them more similar phenotypically. On the other hand,if identical
twins are significantly more similar than fraternal twins, the particulartrait is
influenced by genetic factors. Fraternal twins may be of the same sex or
opposite sex, while identical twins are always of the same sex. Because of
the sex chromosomedifferences between males and females, and because of
the possibility that males and females are exposed to differing environments,
twin studies are better natural experiments if we compare only same-sex
fraternal twins to identical twins.

ZYGOSITY DETERMINATION

The twin method has often been subject to criticism. We shall discuss in
detail two major issues: zygosity determination and the equal environments
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Zygosity Determination
9

assumption. With respect to zygosity determination, a problem arose from

the fact that some researchers made a subjective judgment of zygosity

(whether the twins were identical or fraternal) and a subjective judgment of

behavior. This method could have biased the results. It is now possible to

perform highly accurate blood analyses by which the members of each pair

of twins are compared for genetic markers in the blood. If any of these

genetic markers are different, the twins must be fraternal; if all the markers

are the same, the twinsare identical. In addition, any errors in diagnosing the

zygosity of twins will lower estimates of genetic influence based on the

comparison of identical and fraternal twin correlations because they will

raise the fraternal twin correlation and lower the correlation for identical

twins.

We shall consider some new developments in diagnosis in detail be-

cause they have important implications for the ease of conducting twin re-

search. As early as 1927, physical traits (such as hair and eye color) were

used along with minimal blood analyses to diagnose zygosity (Siemens,

1927). By 1955, the analysis of blood groups began to be acceptedas the best

method (Smith and Penrose, 1955). However, as early as 1941, blood mark-

ers and physical similarity were shown to be highly related (Essen-Moller,

1941).

In 1959, a detailed analysis of this relationship was reported by T.

Husen in Sweden. At that time, although blood analysis was much less

accurate than it is now, Husen was able to study four markers. One of these

was the ABO system,for which six variants were analyzed. Identical twins,

of course, must have the same variant. However, about two-thirds of frater-

nal twin pairs can also be expected to have the same variant by chance. For

this reason, Husen could achieve only 60 percent accuracy in classifying

twins as identical if they had the same variant for the ABO blood system.

However, the probability that a pair of fraternal twins will have the same

variant for two blood systems is much less. For example, the accuracy of

diagnosis goes up to 0.72 when weconsider both the ABO and MNSblood

group systems. With all four blood groups that Husen studied, the accuracy

of diagnosis was 90 percent. Presently, it is possible to analyze over 20 other

genetic markers in the blood, and the accuracy approaches 100 percent

(Giblett, 1969).

Husen found that evaluation of physical similarity is a good way of

diagnosing zygosity. Even a subjective rating of similarity predicted well.

For 25 pairs of identical twins, only 5 were rated as showing some ‘striking

dissimilarities.’ Only one fraternal twin pair was rated ‘‘very similar.’’ As a

general rule, identical twins tend to be misclassified as fraternal twins more

often than the opposite. Husen also found that fraternal twins are seldom

mistaken for one another by family members and friends, while identical

twins often are. However, just asking twins whether they are identical or

fraternal is not a very accurate method (Husen, 1959; Carter-Saltzman and

Scarr, 1977).
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These results are in accord with more recent analyses of data on adult
(Cederlof et al., 1961) and adolescent (Nichols and Bilbro, 1966) twins, as
well as data obtained when children wererated for similarity by their parents
(Cohen,et al., 1973, 1975). The results of the study of children are described
in Table 12.1, which lists ten physical similarity variables that were evalu-
ated by mothersofidentical and fraternal twins. All of these studies found an
accuracy of over 90 percent in diagnosing zygosity from physical similarity.
Because of the difficulty and expense of obtaining blood samples, particu-
larly from youngchildren,it is indeed fortunate that physical similarity can
be used to diagnose zygosity.

TABLE 12.1

Physical similarity and twin zygosity for children

a

en

Percent of Twins ‘‘Exactly Similar’’
(or “‘Yes’? Responses by Mothers)

 

Identical Fraternaleee

‘Is it hard for strangers to tell
them apart?’’ (Asked of mothers.) 100 8
Eye color 100 30
Hair color 100 10
Facial appearance 49 0
Complexion 99 14
Weight 46 6
**Do they look alike as two peas
in a pod?”’ 48 0
**Does either mother or father
ever confuse them?”’ 79 1
“Are they sometimes confused by
other people in family?’’ 93 I
Height 56 13
Numberofpairs 181 84

 

SOURCE: Adapted from D.J. Cohenet al., ‘‘Reliably separating identical from fraternal twins,”’
Archives of General Psychiatry, 1975, 32, 1373-1374.
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EQUAL ENVIRONMENTS ASSUMPTION

Another issue that arose with respect to the twin methodinvolved the equal

environments assumption. The essence of the twin methodis to compare the

phenotypic similarities of identical twins and fraternal twins, and to be able

to ascribe a finding of greater identical-twin similarity to their twofold greater

genetic similarity. The method assumes that the degree of environmental

similarity is about the same for the two types of twins. If the equal environ-

ments assumption is not correct (for example, if identical twins are treated

more similarly than fraternal twins), then a finding of greater phenotypic

similarity between identical twins might be due partially to greater environ-

mental similarity. It could not be attributed to greater genetic similarity

alone.

Onthe face of it, the equal environments assumption seems quite rea-

sonable for many important variables. Both types of twins share the same

wombat the sametime. Both are reared in the same family at the same time.

They are the same age and the same sex (if opposite-sex fraternal twins are

excluded from the sample). Nonetheless, the major criticism of the twin

methodis that identical twins may be treated more similarly than fraternal

twins. It should be noted that one could also argue that identical twins may

be treated less similarly than fraternal twins, which would result in under-

estimates of genetic influence. For example, identical twins are so similar in

appearancethat their parents may accentuate slight behavioral differences.

Also, the twins themselves may behave differently from one another in an

attempt to forge separate identities.

Speculations such as these have been much more common than re-

search designed to explore the issue. Fortunately, some empirical studies

have recently been conducted concerning the question of the equal environ-

ments assumption. Such studies have been of three major types: the effects

of labeling, direct assessments of environmentaldifferencesfor identical and

fraternal twins, and tests to determine whether such differential environ-

ments affect behavior.

The effect of labeling a twin pair as identical or fraternal has been

studied using twins who were misclassified by their parents or by them-

selves. For example, when parents think that their twins are fraternal but

they really are identical, will the mislabeled identical twins be as similar

behaviorally as correctly labeled identical twins? Two studies (Scarr, 1968;

Scarr and Carter-Saltzman, 1979) have suggested that the influence of such

labeling is minimal. Twins whose zygosity is mistaken by their parents or by

the twins themselves behave according to their true zygosity. For example,

in a study of four hundred pairs of adolescent twins in Philadelphia, the twins

were simply askedif they were identical or fraternal; 40 percent were wrong

about their zygosity. Table 12.2 presents the differences in performance on

cognitive and personality tests between correctly and incorrectly classified



TABLE 12.2

ac

 

Cognitive Tests Personality Tests
oe

Average Average
Difference Number Difference Number

Within Twin of Within Twin of
Pairs Pairs Pairs PairsES

Identical twins who were
correct about their zygosity 0.66 89 0.81 98
Identical twins who were
Incorrect about their zygosity* 0.73 61 0.85 68
Fraternal twins who were
correct about their zygosity 0.81 84 0.93 101
Fraternal twins who were
incorrect about their zygosity* 0.81 49 0.99 64

em

ee
* Includes pairs in which one or both twins were in error concerning their zygosity.
SOURCE: After Scarr and Carter-Saltzman, 1979.

twin pairs. Although the fraternal twins showed greater differences than the
identical, the identical twins who thought that they were fraternal had only
slightly greater differences than those who thought they were identical. The
fraternal twins who thought that they were identical were no more similar
than those who correctly thought that they were fraternal. We can conclude
from this and an earlier study (Scarr, 1968) that labeling twins as identical or
fraternal haslittle effect on their behavioral similarity.

The second approach to the question of the equal environments as-
sumption involves measuring aspects of the environments of identical and
fraternal twins to determine whether identical twins, in fact, experience
more similar environments. Some differences can be found (Vandenberg,
1976). For example, identical twins tend to be treated more similarly in terms
of clothes, they study together more, and they share morefriends (Wilson,
1934; Lehtovaara, 1938; Zazzo, 1960; Smith, 1965: Loehlin and Nichols,
1976). Evidence suchasthis has often been usedto reject the twin method as
biased. However,it is a mistake to assume that environmental differences such
as these makea difference behaviorally. This approach doesnotgo far enough.

The third approach asks the more appropriate question: ‘‘Do observed
differences in the environment of the two types of twins make a difference
behaviorally?’ The method wasfirst suggested by John Loehlin and Robert
Nichols (1976), who reported data from a large twin study of personality. The
study included about850 pairs of twins from a group of high school students
who participated in the National Merit Scholarship Qualifying Tests in 1962
and 1965. The parents of the twins were asked to rate five environmental
variables that had been found to differ for identical and fraternal twins. The
results are presented in Table 12.3. Consistent with previous studies, the
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identical twins experienced slightly more similar environments than did the

fraternal.

The important question is whether these environmental differences af-

fect behavior. Because identical twins are identical genetically, differences

within pairs of identical twins can be caused only by environmental factors.

Some identical twin pairs are more similar behaviorally than others; and

some identical twin pairs are exposed to more similar environments than

others. Loehlin and Nichols tested the adequacy of the equal environments

assumption by correlating identical twin differences for cognition and per-

sonality with the measures of similarity of environment. If similarity of envi-

ronment makes a difference behaviorally, then identical twins whose envi-

ronments are more similar should be more similar behaviorally. Only

identical twins were included in this analysis because observed differences

between them are clearly environmental. Fraternal twins, on the other hand,

differ genetically as well as environmentally, so the investigators could not

have been sure whether the genetic differences led to the environmental

differences, or vice versa. Table 12.4 presents the correlations between be-

havioral differences and a composite index of differential environments. A

positive correlation means that identical twins who were exposed to more

similar environments were more similar in behavior. The low correlations

provide strong support for the equal environments assumption of the twin

method. Environmental variables that were unequalfor identical and frater-

nal twins simply did not makea difference in cognition, personality, voca-

tional interests, or interpersonal relationships.

Whatabout the greater similarity of appearance of identical twins? The

method used by Loehlin and Nichols can also be applied to this question.

TABLE 12.3

Meanscores for identical and fraternal twins on five items

and their composite score concerning differential experience
N
N

ee

Item Score Identical Fraternal

ange M F M F

Dressed alike 1-3 1.7 1.5 2.0 1.8

Played together (age 6-12 years) 1-4 1.3 1.3 1.6 1.6

Spent time together (age 12-18
years) 1-4 1.8 1.7 2.2 2.0

Slept in same room 1-4 1.7 1.7 1.8 1.8

Parents tried to treat alike 1-5 1.9 2.0 2.3 2.2

Composite of above 6-23 9.7 9.6 11.6 10.8

Numberof pairs 217 137 297 199
NN
.

NoTE: A score of 1.0 indicates maximum similarity, and larger numbersindicate less similarity.

souRcE: After Loehlin and Nichols, 1976.



TABLE 12.4

Test of the equal environments assumption: correlations betweenabsolute differences for identical twins on behavioral measures
and a composite measure of differential experienceI

Mp

Correlation* Number
of Pairs

wo
Cognitive
(average of 5 NMSQTsubtests) —0.06 276
Personality
(average of 18 CPI scales) 0.06 451
Vocational interests
(average of 12 VPI scales) 0.01 276
Interpersonal relationships
(average of 6 types of relationships) 0.05 276eee
NOTE: NMSOQTis the National Merit Scholarship Qualifying Tests; CPI is theCalifornia Psychological Inventory; and VPIis the Vocational Preference Inven-
tory.

* A positive correlation meansthat identical twins who were treated more simi-
larly were more similar behaviorally.

SOURCE: After Loehlin and Nichols, 1976.

Althoughidentical twins are usually quite similar in appearance,they vary in
the amount they are mistaken for one another, as indicated in Table 12.1
(Cohenet al., 1975). For example, only 48 percent of the mothersof identical
twins said that the twins ‘‘look alike as two peas ina pod.’’ Thus, we can ask
whethertwins who are moreeasily mistaken for one anotherare moresimilar
in behavior (Matheny, Wilson, and Brown, 1976; Plomin, Willerman, and
Loehlin, 1976). Matheny and associates comparedabsolute differencesin IQ
scores and personality measures with ratings of physical similarity for
blood-diagnosed identical twins between the ages of three and thirteen. Their
finding of no significant correlations between behavioral differences and

TABLE 12.5

Test of the equal environments assumption: rank order correlations
between absolute differences for identical twins on behavioral
measures and physical similarity

  

Lo Number
Correlation of Pairs

Stanford-Binet IQ test 0.05 47

WISCIQ test —0.19 74

Personality test (average of 16 PF) 0.00 51

 

NOTE: 16 PF is RaymondCattell’s 16 Personality Factorstest.

* A positive correlation means that identical twins who were more similar
physically were more similar behaviorally.

SOURCE: Mathenyet al., 1976.
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physical similarity scores (see Table 12.5) suggests that the greater physical

similarity of identical than fraternal twins does notseriously affect the equal

environments assumption of the twin method.

Data such as these strongly support the reasonableness of the equal

environments assumption. Although other differences between the environ-

ments of identical and fraternal twins mayyet be found, these results suggest

that such differential experiences will not necessarily affect the behavioral

similarity of the two types of twins.

HERITABILITY

Some researchers prefer to test the significance of the difference between

correlations for identical and fraternal twins and to leave it at that. We know,

for example, that identical twins are significantly more similar in height and

weight andin thetotal ridge counts of their fingerprints. Thus, genetic differ-

ences are implicated in the etiology of these traits.

It is useful in many contexts to go beyond this statement of statistical

significance to estimate broad-sense heritability, although the cautions ex-

pressed in Chapter 9 must be kept in mind. Even if one chooses not to

estimate heritability, it is important to know whetherthe pattern of correla-

tions for identical and fraternal twins is reasonable, regardless of the signifi-

cance of the difference between the correlations. For example, a correlation

of 0.90 for identical twins and a correlation of 0.10 for fraternal twins is not

consistent with a genetic hypothesis, because identical twins are only twice

as similar genetically as are fraternal twins. Twin studies frequently yield

reasonable patterns of correlations. For example, in Table 12.6 we have

listed the median correlations for height, weight, and total ridge count of

fingerprints for adult twins (from Mittler, 1971). These data also agree with

other familial information. For example, for total ridge count, the sibling

correlation is 0.51 and the single parent-offspring correlation is 0.46.

TABLE 12.6

Median correlations for identical and fraternal twins for

height, weight, and total ridge count of fingerprints
a

 

Correlation

Identical Fraternal
a

Height 0.93 0.48

Weight 0.91 0.58

Total ridge count 0.96 0.49
vn

nnnada

sourceE: After Mittler, 1971.
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The components of covariance for various familial relationships weredescribed in Chapter 10. Fraternal (DZ) twins have the same genetic compo-nents of covariance as full] siblings (see Tables 9.9 and 10.1):

Covp, = Vy, + WV, + Views)

Becausefraternal twins also share familial environment, we have referred toa component of common environmentsalient to fraternal twins (which maybe greater than V,., for non-twin siblings). This is only a slightly more precisewayofstating that the phenotypic covariancefor fraternal twins can includeabout half of the genetic variance and some environmental variance. Identi-
cal (MZ) twins, on the other hand, covary completely genetically and also
share a familial environment:

CoVurz = Vi. + Vy + V
Ee(MZ)

Thus, the difference between the phenotypic covariances of identical and
fraternal twinsis:

Covmz — Covp, = Vy + V5

assuming that the common environments are about the samefor the two
types of twins.

As described in Chapter 9, most researchers prefer to work with stan-
dardized covariances, known ascorrelations. A phenotypic correlation is a
covariance divided by a variance. Thus, the fraternal twin correlation
reflects the following components:

WV, + YVpy t+ Viwwy
Ipz = Vp

 

The identical twin correlation is represented as follows:

Via + Vp + Vicon
Ivuz = V,

The difference between these two expressionsis:

WV, + 34Vy
Iuz — Tpz =

—

Ve

Doubling this difference yields:

2(tz — Tpz) =
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As described in Chapter 9, broad-sense heritability is the proportion of

phenotypic variance accounted for by additive and nonadditive genetic

variance:

h2 —_

Vy,

+

Vo

B Ve

Thus, doubling the difference between the identical and fraternal twin

phenotypic correlations can somewhat overestimate broad-sense heritability

because this estimate contains 1.5 times the dominance variance. Although

we have not expressed epistatic variance, it, too, would lead to an overesti-

mate of heritability. Another possible complexity is that assortative mating

by parents will increase additive genetic variance shared by fraternal, but not

by identical, twins. A larger additive genetic variance for fraternal twins will

increase their phenotypic correlation and reduce the difference between the

correlations for fraternal and identical twins. Thus, assortative mating can

result in an underestimate of broad-sense heritability, although there are

ways to adjust twin heritability estimates for the effect of assortative mating

(Jensen, 1967). Yet another complexity is the possibility of genotype-

environmentinteraction and correlation, which will be discussed in Chapter

14. Although there has been considerable research andtheorizing about such

problems, we can hold them in abeyance becausetheyare likely to have only

small and counterbalancing effects on estimates of heritability from twin

studies.

Doubling the difference between identical and fraternal twin correlations

has been called Falconer’s estimate of broad-sense heritability. Analyses of

the correlations in Table 12.6 suggest that the broad-senseheritability is 0.90

(i.e., 2(0.93 — 0.48) = 0.90) for height, 0.66 for weight, and 0.94 for total

ridge count. As explained in Chapter9, this is a shorthand way of saying

that, of the individual differences in height for these samples and at this

particular time, about 90 percent of the variation in height is due to genetic

differences among people and about 10 percent is due to environmental

differences.

Although Falconer’s formula is most appropriate for our introductory

purposes,there are other formulasfor computing heritability from twin data.

One ofthe earliest and most widely used formulas (althoughincorrect, as we

shall see) is called Holzinger’s H:

H = Identical twin correlation — fraternal twin correlation

1.0 — fraternal twin correlation

Although it sounds paradoxical, the basic problem with Holzinger’s H esti-

mate ofheritability is that it always yields a reasonable heritability estimate,

even for unreasonable patterns of correlations. For example, suppose that

the correlation between identical twins for a particular trait is 0.90 and the

correlation for fraternal twins is 0.10. Falconer’s formula would yield a
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formula yields the figure of 0.02 for this pattern of correlations. Holzinger’sformula, like all heritability estimates, is based on the difference betweenidentical and fraternal twin resemblance. However,it is equivalent to Fal-coner’s formula only under very restrictive conditions.

ENVIRONMENTALITY

The twin method can also be described graphically (Nichols, 1965), as in
Figure 12.3, which emphasizes the assumptions of the method. The rectangle
represents the phenotypic variance of individuals for a particular trait. The
first assumptionis that the total variance of the identical and fraternal twins
is the same and that it does not differ from the variance in the general
population to which the results will be generalized. Twin studies usually
satisfy this assumption. Even in the few instances where there is a mean
difference between twins and singletons in the population as a whole (one
example is an average twin IQ of about 96), the variance of the two types of
twins and the general population is the same. The variance in the rectangle has

Identical Fraternal
twin twin

correlation correlation

1.00

Iyz= 0.75

pz = 0.50

0.25

FIGURE 12.3

Pictorial representation of the twin
method and its assumptions.

(Adapted from Nichols, 1965.) 
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been broken down into environmental and genetic variance components

using an example in which the correlation is 0.75 for identical twins and 0.50

for fraternal twins. On each side of the rectangle, the variance above the

correlation represents differences within pairs, while the variance below the

correlation stands for variance shared by membersof a pair. Examination of

the left side of the rectangle showsthat identical twins share 75 percent of the

variance, which also meansthat 25 percent of the varianceis not shared. The

differences within pairs of identical twins can only be environmental (except

for somatic mutations and possible cytoplasmic differences at the time of

separation). Such environmental influences are called within-family envi-

ronmental influences—in this case, they are within-pair environmental dif-

ferences (V;,.). One assumption of the twin methodis that these differences

are the same for identical and fraternal twins (the ‘‘equal environments ’”’

assumption discussed above).

The right side of the rectangle showsthat the difference between the

correlation for identical and fraternal twins is genetic. This variance is some-

times referred to as within-family genetic variance (V¢,,.) becauseit is due to

genetic influences that cause family members (in this case, fraternal twins) to

differ genetically. Comparing the two sides of the rectangle reveals that the

genetic covariance (V,.) for fraternal twins is half that for identical twins.

Together, Vg, and V,, types of genetic variance represent the extent to

which phenotypic varianceis due to genetic variance(1.e., Vo = Vea. + Vay):

In this example, the total genetic variance is 50 percent—double the differ-

ence between the correlations for identical and fraternal twins. Of course,

twins and other family members can be similar environmentally as well as

genetically. This is represented by the component labeled V;,,. Between-

family environmental influences were defined in Chapter 9 as environmental

influences that make family members similar to one another and different

from other families. We need to keep in mind that between-family environ-

mental influence may be greater for twins than for non-twin siblings.

In this example, genetic variance accounts for half of the phenotypic

variance. (Broad-sense heritability is 0.50.) Environmentality, the

phenotypic variance due to environmental differences,1s also 0.50. Half of

this environmental variance, in turn, is due to differences within families and

half to differences between families. Environmental variance is not always

distributed evenly within and between families. As we shall see in the follow-

ing section, some of the environmental variance relevant to cognition occurs

between families. For psychopathology (and personality in general), how-

ever, environmental variance is due primarily to within-family influences.

OTHER TWIN DESIGNS

Three other twin study designs deserveattention: studies of families of iden-

tical twins, identical co-twin control studies, and studies of genetic and
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phenotypic similarity within pairs of fraternal twins. The study of adopted
identical and fraternal twinsis particularly powerful, and will be described in
our discussion of adoption studies in Chapter 13.

Families of Identical Twins

Aninteresting set of family relationships revealed in families of identi-
cal twins has recently been subjected to behavioral genetics analysis. This
type of analysis is called the families-of-identical-twins method (or the
monozygotic half-siblings method) (Corey and Nance, 1978; Nance and
Corey, 1976; Nance, 1976). Figure 12.4 illustrates the family configurations
that occur when both membersof an adult identical twin pair marry and
produce offspring. These two families include relatives that share: all of their
genes (relationship A in Figure 12.4); half of their genes (relationships such
as B, C, and E); one-fourth of their genes (relationship F); and none oftheir
genes(relationship D,if there is no assortative mating). This type of family
study comparesparents andoffspring, as well as siblings. As in other family
studies, both heredity and family environmentare shared in these relation-
ships. The unique feature of this methodology involves the comparisons
across the two families. In the families of male identical twins, for example,
uncles and nephews/nieces(relationship C) are just as similar genetically as
fathers and sons/daughters (relationship B). Also, cousins (relationship F)
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The families-of-identical-twins method. See text for explanation.
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are half-siblings genetically because they have, in effect, the same parent

from a genetic standpoint. These half-siblings are particularly interesting

because they are reared in different families, thus avoiding the problemsof

other studies where half-siblings are separated by divorce, death, or deser-

tion of one of their parents.

These comparisons can be fitted to a model to ascertain genetic and

environmental parameters (Nance, 1976). Although the model is complicated

mathematically, the idea is simple. The mostcritical comparison is between

the identical twin parents and their children versus their nephews/nieces.

The similarity between identical twin parents and their children can be com-

pared to the similarity between the same individuals and their nieces/

nephews. Genetically, the degree of similarity is the same. But because the

nieces/nephewsare reared in a somewhatdifferent home environment, fewer

environmental influences are shared between the identical twin uncles and

their nephews/nieces than betweenthe identical twin fathers and their chil-

dren. The comparison between the siblings (relationship E) and the half-

siblings (relationship F) is also interesting. The half-siblings are less similar

than the full siblings genetically and environmentally because they are reared

in different families. Another useful feature of this method is the opportunity

to compare families of female identical twins and families of male identical

twins to detect maternal effects and sex linkage. If there are maternaleffects,

half-siblings who are children of female identical twins should be more simi-

lar than half-siblings produced by male twins. For sex-linked characters,

paternal half-brothers of male identical twins should be less alike than ma-

ternal half-brothers of female identical twins. Also, maternal half-sisters

should be less similar than paternal half-sisters.

The basic problem with the families-of-identical-twins method is that

the environments of the two families will be similar to the extent that genet-

ically identical parents set up similar home environments. For example, sup-

pose that the homesof the identical twin parents are essentially the same.

Then identical twin parents and their nephews/nieces would be just as similar

genetically and environmentally as parents and their offspring. It is possible

to use path analyses to clarify not only this problem, but also the possible

effects of assortative mating.

Studies have begun to apply the families-of-identical-twins method to

behavioral traits. The earliest reports considered specific cognitive abilities

such as spatial ability (Rose et al., 1979a) and perceptual speed (Roseetal.,

1979b).

Identical Co-twin Control Studies

Co-twin control studies test the ability of environmental variables to

alter phenotypes by exposing the membersof identical twin pairs (co-twins)

to differential environmentalinfluences. The few (less than a dozen) co-twin

control studies in the behavioral genetics literature fall into three categories.
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The earliest and largest category includes studies of the interaction between
maturation and training. The same pair of identical twin girls at different ages
was studied by several investigators (Gesell and Thompson, 1929; Strayer,
1930; and Hilgard, 1933). They trained one co-twin and then the other in the
same skills, with the major emphasis on the age at which each co-twin was
trained. Another co-twin control study of this variety involved reading abil-
ity (Fowler, 1965).
A second category comparesthe effectiveness of different training pro-

grams. For example, Vandenberg (1968) reported a study in Stockholm that
separated identical twins during theirfirst years in elementary schoolto test
two different instructional programs. The third, and most general, category
includes studies of the extent to which environmental influences can
produce differences in genetically identical individuals. Two Russian
studies (Mirenva, 1935; Levit, reported by Newman, Freeman, and Hol-
zinger, 1937) applied the co-twin methodin this wayto the study of motoric
training. Other studies have applied the method to reading and numerical
concepts (Vandenberg, Stafford, and Brown, 1968) and to personality (Plo-
min and Willerman, 1975).

The co-twin method provides a unique opportunity to control genetic
variability in certain kinds of research in order to study environmentalinflu-
ence. The usual experimental method randomizesgenetic differences, tests
large numbersof subjects, and reports mean differences between the groups.
In instances where theintensity and the time requirements of an experimen-
tal procedure preclude large numbers of subjects, the co-twin method may
be a most useful alternative.

studies of Genetic Similarity Within Pairs
of Fraternal Twins

Even though fraternal twins average half of their segregating genes in
common, genetic segregation assures that somefraternal twin pairs are more
genetically similar than others, as is the case with non-twin siblings. At-
tempts have been made to use this fact to test the relationship between
genetic similarity, as determined by blood group analyses, and phenotypic
similarity. If genes influence a particular behavior, then fraternal twins who
are more similar genetically should be more similar phenotypically. The
method has been applied to cognitive and personality traits (Carter-Saltzman
and Scarr, 1975). However, the usefulness of the method remains in doubt
(Loehlin, Willerman, and Vandenberg, 1974).

TWIN STUDIES AND BEHAVIOR

The twin method has been applied to a wide range of behaviors. Many of
these studies have been reviewed by Fuller and Thompson (1978), Peter
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Mittler (1971), and Vandenberg (1976). Some recent twin studies have con-

sidered aging (Jarvik, 1975), scholastic abilities (Martin, 1975), creative

abilities (Reznikoff et al., 1973), vocational interests (Roberts and

Johansson, 1974), language (Mittler, 1974; Munsinger and Douglass, 1976),

reading (Matheny and Brown, 1974), speech (Matheny and Bruggemann,

1973), social attitudes (Eaves and Eysenck, 1974), and sexual behavior (Mar-

tin, Eaves, and Eysenck, 1977). In the following sections, we shall continue

with our samples of cognitive behavior and psychopathology.

We should note in passing that twins are not as difficult to obtain for

research as one might imagine. For example, there are several large registers

of twins. In the United States, there is a decade-old register of 16,000 pairs

maintained by the National Research Council of the National Academyof

Sciences (Hrubec and Neel, 1978), and anotherregister, called the Kaiser-

Permanente Twin Registry, begun in California in 1974 (Friedman and

Lewis, 1978). There are also large registers in Finland (Kaprio et al., 1978),

Sweden (Cederlof and Lorich, 1978), and Norway (Kringlen, 1978). In addi-

tion, there are many mothersof twins clubsin the United States, and many

of the clubs are interested in participating in research on twins.

COGNITION

Intelligence Quotient (IQ)

The first behavioral genetics twin study focused on IQ (Merriman,

1924). Since then, IQ tests have been administered to thousands of twins in

studies of the heritability of general intelligence. Merriman also first noted

the slightly lower average IQ for twins—about 96 compared to the popula-

tion average of 100. Although the reason for this is not clear, it does not

greatly affect the results of twin studies because the variance of twins is the

same as that of the general population.

Table 12.7 lists 19 twin studies of general cognitive ability (Loehlin and

Nichols, 1976). These are studies in which more than 25 pairs of each twin

type were tested. They include 3,454 pairs of identical and 2,885 pairs of

fraternal twins. The correlations in all studies except one indicate substan-

tially greater similarity for identical twins.

The median correlation for all identical twins in these studies is 0.86.

The mediancorrelation for all fraternal twins is 0.62, which is higher than

that reported in other surveys that included small samples. (See Figure 11.1.)

As aresult, the estimate of broad-sense heritability from these summarydata

is somewhat lowerthan usually reported. Falconer’s formula for estimating

heritability by doubling the difference between the correlations suggests a

broad-sense heritability of 0.48 for general cognitive ability. Although this

estimate is not adjusted for assortative mating or nonadditive genetic vari-

ance, such adjustments would notalter the conclusion that roughly half of

observed variation in general cognitive ability is due to genetic differences.
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If about half of the phenotypic variation in IQ is due to genetic differ-

ences, then about half must be caused by all other sources of variance.

Figure 12.5 shows these median correlations for general cognitive ability in

terms of the diagram with which we described the twin method.It showsthat

about half of the phenotypic variance Is genetic in origin. Also, most of the

n families. In other words, twin

studies suggest that shared (common) familial influences are the major envi-

ronmental sources of individual differences in general cognitive ability.

However, the correlation for nontwin siblings is lower than the correlation

for fraternal twins. (See Chapter 11.) This means that twin studies overesti-

mate the role of the familial environment because twins share more common

familial influences than do nontwin siblings.

Developmental Differences

Behavioral genetic analyses can also be applied to developmentaldata.

A common mistake is to think that genes are somehow turned on at the

moment of conception and continue to run at full throttle for the rest of our

lives. As explained in Chapter 5, genes can be turned on and off. Further-

more, environmental circumstances change as the organism develops. Thus,

we might expectto find different patterns of genetic and environmentalinflu-

ences at different stages of development. Althoughit is reasonable to expect

Identical Fraternal

twin twin

correlation correlation

 

DZ 0.62

0.38

FIGURE 12.5

Pictorial representation of the aver-

age results of twin studies of general

cognitive ability. 



310
Twin Studies

greater similarity as the twins grow up in similar environments, the early
twin studies by Galton, Thorndike, and Merriman foundlittle change in
twin similarity as a function of age.

These earlier studies were cross-sectional, meaning that they obtained
data on twinsof different ages at the same time. A longitudinal study follows
the sameindividuals over time. An exemplary longitudinal study of cognitive
developmentin over 400 pairs of twins has been conducted in Louisville,
Kentucky, during the last decade (Wilson, 1977a, 1977b, 1978). Twins were
tested on the Bayley scales of mental and motor developmentat 3, 6, 9, 12,
18, and 24 monthsof age. IQ tests were administered at 214 and 3 years (the
Stanford-Binet), at 4, 5, and 6 years (the Wechsler Preschool and Primary
Scale of Intelligence), and at 7 or 8 years (Wechsler Intelligence Scale for
Children). The infant twin correlations for the Bayley mental scale are listed
in Table 12.8. The average correlation for identical twins during infancyis
0.73; for fraternal twins, it is 0.65. These correlations suggest little genetic
influence on individual differences in mental ability early in life. Because
both the identical and fraternal twin correlations are high, they also suggest a
substantial role for between-family environmental influences. Both conclu-
sions are supportedby the results of a smaller study of one-year-old twins in
England(Griffiths and Phillips, 1976).

These data pose some important questions concerning cognitive devel-
opment. Correlations of the same individuals from age to age during infancy
are substantially lower than observed for identical or even fraternal twins of
the same age. In other words, the score of one memberof a twin pair ata
given age is a better predictor of the co-twin’s score than an earlier score of
the co-twin himself. This result suggests that twin pairs follow a similar
pattern of mental development across age. The sample profiles for six pairs
of identical twins in infancy presented in Figure 12.6 indicate substantial
similarities within twin pairs in developmental patterns.

TABLE 12.8

Within-pair correlations of MZ and DZ twins on Bayley mental scale scores

  

Number Intraclass

Age (months) of Pairs Correlation Broad-Sense Heritability

MZ DZ MZ DZ

3 73 86 0.66 0.66 0.00

6 83 90 0.74 0.72 0.04

9 75 71 0.67 0.52 0.30

12 81 78 0.67 0.63 0.08

18 90 100 0.83 0.66 0.34

24 86 101 0.80 0.72 0.16

 

SOURCE: From Wilson, *‘Synchronies in mental development: An epigenetic perspective,’’ Sci-
ence, 202, 1978. Copyright © 1978 by the American Association for the Advancement of
Science.
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FIGURE 12.6

Profiles of mental development scores for MZ twinsat ages 6 through 24

months. The pairs in (a) through (e) exhibit moderate to high profile

congruence;the pair in (f) is obviously noncongruent. (From ‘Twins:

early mental development”’ by R. S. Wilson. Science, 175, 914-917.

Copyright © 1972 by the American Association for the Advancement of

Science.)

The score profile may be described in terms of contour or overall

mental level. The contouris a function of age-to-age changes knownasspurts

and lags. The overall level is a more accurate reflection of enduring mental

development. The similarity between membersofidentical and fraternal twin

pairs with respect to overall level and profile is described by the correlations



TABLE 12.9

Twin concordance for overall mental level and for age-to-age profile changes
during the preschool years
eee

 

4
Correlation

ge ; Numberof
(years) Zygosity Pairs Overall Age-to-Age

Level Changeee

1 MZ 81 0.84 0.40
DZ 84 0.78 0.15

hz, 0.12 0.50

2 and 3 MZ 74 0.89 0.67
DZ 95 0.79 0.42

h%, 0.20 0.50

4,5, and 6 MZ 89 0.90 0.47
DZ 93 0.75 0.30

hi, 0.30 0.34

 

SOURCE: From Wilson, ‘‘Synchronies in mental development: An epigenetic perspective,”
Science, 202, 1978. Copyright © 1978 by the American Association for the Advancement of
Science.

(repeated-measures analysis adapted for use with twin data) presented in
Table 12.9. The last column of the table showsthat the age-to-age profiles of
identical twins are more similar than those of fraternal twins. This indicates
that the spurts and lags in development during infancy are influenced by
genetic differences, and that genes continue to influence age-to-age changes
through the preschoolyears.

Table 12.9 also shows increasing heritability for overall mental level
during development from infancy through six years of age. The identical twin
correlations tend to increase and the fraternal twin correlations tend to drop.
A recent report from the Louisville twin study (Wilson, 1977a) indicates
that the IQ correlation at seven and eight years of age for identical twins is
0.86 (74 pairs) and that for fraternal twins (56 pairs) it is 0.60. These correla-
tions are nearly identical to those for adults.

specific Cognitive Abilities

The family studies reviewed in Chapter 11 suggest that specific cogni-
tive abilities also have a strong familial component. Twin studies have con-

sistently demonstrated that genetic differences play a major role in these

familial influences. However,it is still not clear whether genetic differences

influence certain specific cognitive abilities more than others.
Table 12.10 lists the median correlations for measures of specific

abilities in eight twin studies (Loehlin and Nichols, 1976). Overall, the me-
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FIGURE 12.7

Pictorial representation of the

average results of twin studies of

specific cognitive abilities.
 

dian correlation for identical twinsis 0.68; for fraternal twins,it is 0.47. This
result suggests that, on the average, the broad-senseheritability for specific
cognitive abilities (0.42) is about the sameas that for general cognitive ability
(0.48). However, as depicted in Figure 12.7, the salient environmental fac-

tors that operate within families may be somewhat more important than
those that operate between families. A comparison of Figure 12.7 with Fig-
ure 12.5 suggests that such within-family influences may havea greatereffect

on specific cognitive abilities than on general cognitive ability.
As noted earlier, family studies suggest that verbal and spatial abilities

show greater familiality than other specific cognitive abilities, such as per-

ceptual speed and visual memory. Although twin studies tend to show

greater familiality for verbal ability than memory,this differential familiality

does not appear to be genetic in origin. Two of the larger twin studies were

conducted in Finland (Bruun, Markkanen, and Partanen, 1966) and in the

United States (Schoenfeldt, 1968). Although the studies used different tests,

they each included two measures of each of four cognitive ability factors.

The correlations for identical and fraternal twins and the heritabilities are

presented in Table 12.11, which showsthat the results of the twin studies are

not consistent. Similarly mixed results have been obtained by other twin

studies of specific cognitive abilities (Loehlin and Nichols, 1976).

Multivariate Analysis

In previous chapters, we discussed the application of quantitative ge-

netic analysis to the correlations among characters as a step beyond the
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usual univariate analysis of a single character. In Chapter 11, we presented a
multivariate analysis of data from the Hawaii family study of cognition. That
indicated that the ‘‘genetic’’ and the ‘“environmental’’ structures of specific
cognitive abilities are quite similar to each other and to the phenotypic
Structure. Twin studies have been moreoften used to provide multivariate
analyses of human behavior (Loehlin, 1965; Vandenberg, 1965: Bock and
Vandenberg, 1968; Loehlin and Vandenberg, 1968; Eaves and Gale, 1974;
Martin and Eaves, 1977; Fulker, 1978). We shall describe a multivariate twin
analysis of scholastic abilities.

As discussed in Chapter 9, twin cross-correlations for two characters
include components of variance similar to twin correlations for a single
character. Thus, twin cross-correlations for identical and fraternal twins can
be used to assess environmental and genetic contributions to the phenotypic
correlation amongcharacters, using the same logic described for univariate
analyses earlier in this chapter. For example, doubling the difference be-
tween identical and fraternal twin cross-correlations yields an estimate of the
genetic contribution to the phenotypic correlation. As implied in Chapter 9
(see Plomin and DeFries, 1980b, for details), we can use twin cross-
correlations to solve for genetic and environmental chains and correlations.

As an example of this approach, weshall discuss a large twin study of
scholastic abilities conducted by Loehlin and Nichols (1976). They presented
data on five scholastic abilities (English, mathematics, social studies, natural
sciences, and vocabulary) for high school twins who participated in the
National Merit Scholarship Qualifying Tests (NMSQT)in the United States.
Phenotypic correlations amongthefive abilities for a random sample of 1,300
identical and 860 fraternal twin pairs in the NMSQTsample showedthat
scholastic abilities are much more highly correlated (0.62 on the average)
than specific cognitive abilities (0.28 on the average in the Hawaii family
study of cognition, as reported in the previous chapter). Loehlin and Nichols
computed cross-correlations, from which we computed genetic and envi-
ronmental correlations. The genetic and environmental correlations help de-
termine the nature of the phenotypic correlations among scholastic
abilities. In other words, is each of the scholastic abilities influenced by
different sets of genes and different sets of environmental factors, or do the
Same genes and environmental influences affect several scholastic abilities?

These genetic and environmental correlations from the NMSQTcross-
correlations are presented in Table 12.12. The genetic correlations are all
substantial, 0.71 on the average. It should be noted that the genetic correla-
tion of 0.99 between social studies and natural sciences seemsto be a statis-
tical fluke. In another random sample from the NMSQTstudy, the genetic
correlation was 0.71, which is more in line with the other genetic correla-
tions. These genetic correlations suggest that some, but not all, of the genes
that affect each scholastic ability also affect other abilities. They further
suggest that there is a general genetic factor that affects the various abilities,



TABLE 12.12

Genetic and environmental correlations for five tests of scholastic abilities

from a twin analysis of the National Merit Scholarship Qualifying Tests

ESSesseEL_aiii

SS

ammo

Genetic Correlations
a

Mathematics Social Studies Natural Sciences Vocabulary

I

English . 0.54 0.71 0.86 0.68 .

Mathematics 0.69 0.58 0.50

Social studies 0.99 0.85

0.74
Natural sciences

ene

eee

Environmental Correlations
a

Mathematics Social Studies Natural Sciences Vocabulary

IS

English 0.50 0.63 0.40 0.75

Mathematics 0.45 0.59 0.61

Social studies 0.49 0.73

Natural sciences 0.58

oN

souRCE: Plomin and DeFries, 1980b.

although each ability is also influenced by independent genetic factors.

Exactly the same pattern is suggested by the environmental correlations.

There appears to be a general environmental factor that affects all of the

scholastic abilities, although each ability is also affected by independent

environmental influences.

These multivariate findings provide important insights into the way that

genes and environments affect scholastic abilities. They suggest that there

are genetic reasons why some students who do well in English, for example,

also do well in other scholastic areas. They also suggestthat there are equally

important environmental reasons for general scholastic performance. In

other words, there seem to be broad, systematic genetic and environmental

factors that affect scholastic abilities, as well as unique genetic and environ-

mental influences on each ability.

Finally, as seen in previous chapters, the structures of the genetic and

environmental correlations are quite similar. In this case, becauseall of the

genetic and environmentalcorrelationsare of a similar moderate magnitude,

one would expect to find no strong correlation between the two kinds of

correlations. However, factor analysis (as discussed in the previous chapter

in relation to specific cognitive abilities) yields one general factor for the

genetic correlations (accounting for 78 percent of the variance) and one

general factor for the environmental correlations (accounting for 66 percent

of the variance). Thus, this analysis merely reaffirms ourearlier conclusion

that there is one general genetic factor and one general environmental factor

affecting scholastic abilities.
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Loehlin and Nichols (1976, p. 80) caution that the similarity between
genetic and environmental correlations may be inherent in our measuring
instruments. Consider the extreme example in which two moderately herita-
ble subtests happen to include some of the same items. This would, of
course, lead to a phenotypic correlation between the subtests, and both
genetic and environmental factors would seem to be responsible for the
phenotypic correlation. Although this example may seem far-fetched, it is
possible that items used to measure scholastic abilities might overlap in a
more subtle way. Nonetheless, no such methodological explanation has yet
been demonstrated to explain observed similarities between genetic and en-
vironmental correlations,

In Chapter 9, we suggested that similarity between genetic and envi-
ronmental correlations is not so surprising, at least in retrospect. In Chapter
10, we provided an example at a biochemical level. Loehlin and Vandenberg
have suggested a possible cultural explanation pertinent to cognitive
abilities:

On general grounds findings such as these are perhaps not unreasonable.
Presumably the development of cultural institutions is to some extent influ-
enced by the humanbiological tendencies they control or exploit. A sex factor,
for example, might emerge either from purely sociological or from purely bio-
logical data. The case is perhaps less obvious for cognitive traits, but it is at
least conceivable that the biological capacities of the human organism have
historically had some bearing on what society has tended to recognize, name,
and educate as a unit. (Loehlin and Vandenberg, 1968, p. 275)

PSYCHOPATHOLOGY

Twin studies of psychopathology usually report concordance values. When a
sample of twins has been ascertained for psychopathology, concordanceis
the percentage of co-twins with the same diagnosis. However, there are
several ways of computing concordance (Gottesman and Shields, 1972). The
most common methodis calledpairwise. In a sample of twin pairs in which at
least one twin is affected, pairwise concordanceis the numberof concordant
pairs divided by the total numberof pairs. For example, in Irving Gottesman
and James Shields’ (1972) study, both members of the pair were schizo-
phrenic in 10 of 24 pairs of identical twins; so the pairwise concordance
would be 10/24 = 0.42. The other major method considers index cases rather
than pairs. In this proband method, the numberofaffected twins in con-
cordantpairs is divided by the numberof index cases (probands). Gottesman
and Shields began with 34 identical twin probands and found that 20 of these
individuals were in concordant pairs. The probandwise concordance would
thus be 20/34 = 0.59. Although there are merits to both approaches, the
proband method is more appropriate from a sampling point of view.
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Schizophrenia

Family studies of schizophrenia suggested a risk of about 5 to 10 per-

cent forfirst-degree relatives of schizophrenics. Such familial influence could

have either genetic or environmental origins, and twin studies have been

useful in investigating these possibilities. Because twins show no more

psychopathology than singletons, the results of twin studies can probably be

generalized to the rest of the population. Eleven twin studies in seven coun-

tries reported concordances for identical and fraternal twins (Kringlen,

1966). The median pairwise concordance for identical twins was 42 percent,

while that for fraternal twins was 9 percent. Table 12.13 presents the results

of five twin studies of schizophrenia since 1966 that included 210 identical

twin pairs and 309 pairs of fraternal twins (Gottesman and Shields, 1976).

The weighted average probandwise concordance is 0.46 for the identical

twins and 0.14 for the fraternal twins.

Results from the Scandinavian countries of Denmark, Norway, and

Finland generally indicate a smaller hereditary contribution to schizophre-

nia. Attempts to account for these discrepant findings have led to an exten-

sive analysis of differences in diagnostic criteria in different countries, the

biases introduced by different types of sampling procedures(resident hospi-

tal population, consecutive admission, or twin registry), and the possibility

that schizophreniais really a heterogeneous complex of psychotic conditions

(Gottesman and Shields, 1977; Rosenthal, 1970).

The extent to which the data might be influenced by these factors can

be illustrated by results of analyses of two of the twin studies. Gottesman

and Shields (1977) analyzed separately the concordanceofidentical co-twins

of mild and severe proband cases from their twin study of about forty-five

thousand consecutive admissions in a large London hospital. As indicated in

TABLE 12.13

Schizophrenia: probandwise concordance in recent twin studies
ne

Identical Fraternal

Investigator Year Country
Concor- Number Concor- Number

dance % of Pairs dance% of Pairs

Kringlen 1967 Norway 45 55 15 90

Fischer 1973 Denmark 56 21 26 41

Gottesman
and Shields 1972 U.K. 58 22 12 33

Tienari 1971 Finland 35 17 13 20

Pollin et al. 1972 USS. 43 95 9 125

 

source: After Gottesman and Shields, 1976.
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TABLE 12.14

Schizophrenia: relationship between severity
and concordance for identical twins
eee

Degree of Severity of Proband Concordanceeee
Less than twoyearsin hospital 27% (4/15)
More than two yearsin hospital 77% (10/13)
Inability to stay out of hospital for
at least six months 75% (12/16)
eee

SOURCE: Gottesman and Shields, 1977.

Table 12.14, the concordancefor identical twins is only 27 percent for pro-
bandsin the hospital less than two years. In contrast, the concordance was 77
percent when probands were hospitalized over two years and 75 percent
when probands werenotable to stay outside the hospital for longer than six
months. The relationship between severity and concordance has been
documented for most twin studies (Gottesman and Shields, 1977). Clearly,
the severity of the cases chosen for study can affect the results obtained.It
has been suggested, for example, that the largest twin study of schizophre-
nia, conducted by F. J. Kallmann (1946), consisted mostly of severe or
chronic cases and that this might accountfor the relatively higher identical
twin concordance (69 percent) obtained by Kallmann as compared to subse-
quent investigators.

Another diagnostic matter of considerable importance concerns the
strictness of the definition of schizophrenia. Three of the most recent twin
studies can be analyzed using both a strict definition of schizophrenia and a
broader definition that includes borderline cases (Fischer et al., 1969). The
results are shown in Table 12.15, which shows that concordances for both
identical and fraternal twins are higher when the broaderdefinition of schiz-
ophrenia is employed.

The issue of diagnostic criteria spills over into the larger question of the
heterogeneity of schizophrenia. Although many attempts have been madeto
break down schizophrenia into more discrete genetic entities, current inter-
est focuses on the possibility that there is a spectrum of schizophrenia that
extends as far as antisocial behavior. Generally, researchers talk about a
‘‘hard’’ spectrum, which includes borderline and questionable schizophrenia
as well as chronic schizophrenia, as distinct from a ‘‘soft’’ spectrum, which
includes personality disorders. Table 12.16 lists the concordancesfor schizo-
phrenic identical twins when we expand the concept of schizophrenia to
include the ‘‘hard’’ and ‘‘soft’’ spectra (Shields, Heston, and Gottesman,
1975). On the average, only about 25 percent of the identical co-twins
showed no psychopathology. The median identical twin concordancefor the
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TABLE 12.15

Concordance for schizophrenia as a function of strictness of diagnostic criteria

eee

eee

  

MZ DZ

Study Stri Including Strict Including

hi ane ; Borderline Schizophrenia Borderline
Schizophrenia Cases chizophre Cases

a

Kringlen 28% (14/50) 38% (19/50) 6% (6/94) 14% (13/94)

(1966)

Gottesman 42% (10/24) 54% (13/24) 9% (3/33) 18% (6/33)

and Shields
(1966)

Fischeretal. 24% ($/21) 48% (10/21) 10% (4/41) 19% (8/41)

(1968)
rm

sourRcE: After Fischer et al., 1969.

‘‘hard’’ spectrum was 61 percent. For the combined categories of ‘‘hard”’

and ‘‘soft,’’ the concordance was 77 percent. These twin data suggest that

the genetic propensity toward schizophrenia may be broader than we once

suspected.

Further research is needed to clarify whether these considerations of

diagnostic criteria account fully for the generally lower concordance for

schizophrenia of identical twins in the Scandinavian studies. It is possible,

TABLE 12.16

Schizophrenic spectrum: pairwise concordance for schizophrenic identical twins

for hard and soft schizophrenic spectra

 

Concord Percentage

Concordance ance of Pairs
Number for Hard ;

Study ; for Hard with One
of Pairs or Soft ;

Spectrum Co-twin
Spectrum

Normal
a

Luxenburger (1928) 14 72 86 14

Rosanoff et al. (1934) 41 61 68 32

Kallmann (1946) 174 69 95 5

Slater (1953) 37 64 78 22

Kringlen (1967) 45 38 67 33

Fischeret al. (1969) 21 48 57 43

Gottesman and Shields
(1972) 22 50 77 23
a

source: After Shields, Gottesman, and Heston, 1975.
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for example, that populations differ in the frequencies of genes that may
modify the expression of the schizophrenic phenotype (Shields, 1968). An-
other issue that needs to be considered is age correction. None of the con-
cordances that we have mentionedsofar has been corrected for age. There is
no satisfactory age correction for twin concordances, butit is an important
issue because age of onset can vary. One study of Finnish twins (Tienari,
1963) differed from all other twin studies in finding no concordancefor iden-
tical twins. The twins werethirty to forty years of age at the time of that
report. In a continuation of the study, one of the identical twin pairs was
concordant by 1968. By 1971, 7 of the 20 affected identical twins were in
concordantpairs, so that the probandwise concordance was 7/20, or 35 per-
cent, and this figure may increase more as the study continues (Gottesman
and Shields, 1976).

In summary, although twin data do not conform to a simple genetic
model, they clearly support a genetic hypothesis. The risk of schizophrenia
for fraternal twins is about the sameasfor other siblings (although opposite-
sex twins have a consistently lower concordance). Identical twins are much
more concordant than fraternal twins. Thus, these studies suggest the influ-
ence of genetic differences. Like the family studies, they also suggest that
within-family environmental influences play a majorrole.

Identical Twins Discordant for Schizophrenia

Because differences within pairs of identical twins are environmental in

origin, the co-twin control method can be used to study identical twins
discordant for schizophrenia. This method is particularly important for

studying psychopathology because differences within pairs of identical twins

must be caused by within-family environmental influences. These, as we

have seen, are important in the etiology of psychopathology. In onestudy,in

which 17 discordant identical twin pairs were studied for a decade (Belmaker

et al., 1974), the salient within-family environmental factors have remained

elusive. A difference in birth weight was suggested as a possible factor, but

other studies have not supported this finding. Another possibility is submis-

siveness on the part of one twin, butit is difficult to determine the cause and

effect of this possible factor. Gottesman and Shields (1976, p. 379) have

suggested that ‘‘the ‘culprits’ may be nonspecific, time-limited in their effec-

tiveness, and idiosyncratic.’’ They also suggest that the co-twin control

method may be more useful in identifying biochemical ‘‘endophenotypes’’

(‘‘inside’’ phenotypes), which are not ordinarily measuredin clinical exam-

inations. For example, an exciting discovery was that both affected and

unaffected identical co-twins had lower peripheral monoamine oxidase levels

(Wyatt et al., 1973). However, this finding is currently in dispute because

other studies have not found a difference between normals and schizophre-

nics for this enzyme (Friedmanetal., 1974).



Summary
323

Manic-Depressive Psychosis

Although the focus of family studies has shifted to the affective disor-

ders, such as manic-depressive psychosis, twin studies and adoption studies

continue to emphasize schizophrenia. Nonetheless, there have been several

twin studies of manic-depressive psychosis. Seven studies included a

total of 99 pairs of identical twins and 252 fraternal twin pairs (Rosenthal,

1970). The median concordance for identical twins in these studies is 71

percent andthat for fraternal twins is 19 percent. Thus, the risk for fraternal

twins of being a manic-depressive is slightly greater than the risk for non-

twin siblings; the risk for identical twins of a proband is about four times

greater than the risk for fraternal twins. Although the concordance for

manic-depressive psychosis is higher than for schizophrenia, within-family

environmental factors are important for manic-depressive psychosis as well

as for schizophrenia.

In the previous chapter, we discussed the possibility that there are two

subtypes of manic-depressive psychosis: a unipolar variety and a bipolar.

manic-depressive type. Although there is clearly overlap between the two

types, family data provide some support for the distinction. Twin studies

have also been addressed to this issue, which is essentially an ideal candidate

for the issue of multivariate genetic analysis. In a review of several small

studies totaling 83 identical twin pairs, E. Zerbin-Rudin (1969) found that 27

percent of the identical twin pairs were concordant for unipolar depression

and 20 percent were concordant for bipolar manic-depressive psychosis.

However,in 6 percent of the pairs, one co-twin wasbipolar and the other

unipolar. Similar results were obtained in a recent study of 55 pairs of identi-

cal twins (Bertelsen, Harvald, Hauge, 1977): 20 percent of the pairs were

concordantfor unipolar depression, 25 percent were concordantfor bipolar

manic-depressive psychosis, and one co-twin wasbipolar and the other uni-

polar in 13 percent of the pairs. Thus, the twin data also provide some

support for the unipolar-bipolar distinction, although they also suggest over-

lap between the two types.

SUMMARY

Twin studies take advantage of the natural experimental situation resulting

from the fact that identical twins are twice as similar genetically as fraternal

twins. If genes make a difference for a particular behavior, identical twins

should be more similar than fraternals. Zygosity determination and the rea-

sonableness of the equal environments assumption were discussed,as well as

the estimation of broad-sense heritability and between- and within-family

environmental influences.

For general cognitive ability (IQ), the average correlations for identical

and fraternal twins are 0.86 and 0.62, respectively. This pattern of correla-
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tions suggests substantial genetic influence (broad-sense heritability of about
0.50). It also points to a substantial role for between-family environmental
influences (E,) on the behavior of twins. For specific cognitive abilities, the

as for IQ (broad-sense heritability = 0.42). But environmental influences
within families (E,,) may be relatively more important for specific cognitive
abilities than for general cognitive ability, at least in twins. A multivariate twin
analysis of scholastic abilities suggests that some, but not all, of the same
genes influence most scholastic abilities. A single set of environmentalinflu-
ences also seemsto affect scholastic abilities, although each ability is also
influenced by unique environmentalfactors.

Genetic influences also play an important role in psychoses. The aver-
age probandwise concordances for schizophrenia in five recent studies are
0.46 and 0.14 for identical and fraternal twins, respectively. For affective
psychoses, the average concordancesare 0.71 and 0.19, respectively.



 

The first adoption study was conducted in the same year (1924) as the

first twin study. However, far more twin studies have been reported since

then, no doubt because of the greater ease of conducting twin studies.

Nonetheless, adoption studies of complex human behaviors provide the

most convincing demonstration of genetic influence. These studies untangle

genetic and environmental factors common to membersof natural families by

studying genetically unrelated individuals living together (to assess environ-

mental influences common to family members), and genetically related indi-

viduals living apart (to test genetic influences). In this way, adoption studies

can determine the extent to which familial resemblances are due to genetic or

environmental similarity.

Adoption studies also provide a powerful tool for evaluating environ-

mental influences as distinct from genetic variables, although this option has

not been exercised muchin the past. In the behavioral sciences, environmen-

tal assessments are often clouded by the effect of genetic influences. For

example, parental behavior (such as the quality of parents’ responsiveness to

their children) has been related to the cognitive development of children

(Elardo, Bradley, and Caldwell, 1975). However, the association between

parental responsiveness and children’s brightness may not be environmental.
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If the more responsive parents tend to be more intelligent, their children
might inherit their intelligence directly, without any particular influence of
their responsive child rearing. It is also possible that an apparently environ-
mental effect may actually result from correlations between genetic and envi-
ronmental factors. Inherently brighter children may encourage more re-
Sponsiveness from their parents. The latter possibility is referred to in the
developmentalliterature as the direction of effects in socialization. In terms
of generalizing and implementing the results of such research, it is important
to know whether such environmental effects are confused with the effects of
heredity. Adoption studies in the behavioral sciences facilitate a more re-
fined analysis of environmental influences.

ISSUES IN ADOPTION STUDIES

resemblance between parents and their offspring is genetic in origin for a
particular behavior, you can assess the resemblance between adopted-away
children and their biological parents (called ‘‘birth parents’’ by adoption
agencies), who gavetheir children genes but no familial environment. Con-
versely, you could also study the resemblance between adopted children and
their adoptive parents, who provide a familial environment, but no genes. As
in any experiment, certain biases must be avoided,or, if that is impossible,
they must be assessed. In the case of adoption studies, the representative-
ness of the sample and the possibility of selective placement must be
considered.

Representativeness

Twins, we have seen, are quite representative of the general popula-
tion. Although manystereotypesofbirth parents, adoptive parents, and adopt-
ees have been commonlyaccepted, such preconceptions tend to fade in the
face of data. For example, manypeople believed that the average IQ of birth
parents is lowerthan that of the general population. However,in the state of
Minnesota during the period from 1948 to 1952, when IQ tests were required
for all womengiving up children for adoption, the average IQ score of 3,600
women was 100 with a standard deviation of 15.4. These values are the same
as those for the general population (Scarr, 1977). The most important pointis
that the representativeness of these groups in terms of variances and means
can be measured. If some degree of unrepresentativeness is found, it does
not invalidate the results of an adoption study. Rather, it can be taken into
accountin the interpretation of data.



Issues in Adoption Studies
32/7

Selective Placement

Anissue that is more specific to adoption studiesis selective placement,

which means that adoptees are placed with adoptive parents who resemble

the birth parents in some ways. For example, adoption agencies tend to place

children whosebirth parentsaretall with tall adoptive parents. However, in

terms of behavior, adoption agencies have only limited information (usually

just education and occupation). Thus, they could not accurately match chil-

dren for behavioral characteristics even if they wanted to do so. In fact,

many adoption agencies now avoid selective placement altogether (even for

physical characteristics) because they feel that it causes adoptive parentsto

have the false expectation of receiving a child similar in many ways to

themselves.

Selective placement may increase the resemblance between adoptive

parents and their adopted children (if there is genetic influence on the trait

being studied). It also may increase the resemblance between birth parents

and their adopted-away children (if there is environmental influence).

Figure 13.1 presents a simplified path diagram illustrating the influence

of selective placement on parent-child resemblance. Path analysis was

briefly described in Chapter 9. For now, you need only rememberthata path

(such as e or g) represents the effect of one variable on another, independent

of other influences. In Figure 13.1, e is the path that represents the influence

of the adoptive parents (A) on the adopted child (C), independent of the birth

parents (B). Similarly, g represents the influence of the birth parents on the

adopted child, independentof the adoptive parents. The double-headed path

(s) represents the selective placementcorrelation between adoptive and birth

parents. It is possible to solve for these paths to determine parental influ-

ences independentof selective placementeffects. In this way, we can assess

the environmental influence of adoptive parents independent of selective

placement(path e), and the genetic influence of birth parents independentof

selective placement (path g).

This path diagram leads to an interesting conclusion concerning the

effects of selective placement. As indicated in Chapter 9, we can use a path

modelto visualize relationships. For example, the correlation between adop-

FIGURE 13.1

Path diagram illustrating the influence of selective

A placement on parent-child resemblance in an adop-

e tion study. The letter A symbolizes the adoptive par-

ents, B birth parents, and C the adopted child. (From

C ‘‘Behavioral genetics’’ by J. C. DeFries and R. Plo-

min. Reproduced, with permission, from Annual Re-

g view of Psychology, 29, 473-515. Copyright © 1978

B by Annual Reviews, Inc. All rights reserved.)
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tive parents and their adopted children includes not only path e, but also the
g and s chain ofinfluences. Thus,

Ing = © + QS

This meansthat the correlation between adoptive parents and their adopted
children will be inflated if there is selective placementfor a characteristic, as
well as genetic influence on thattrait. Similarly, the correlation betweenbirth
parents and their adopted-away children will be inflated if there is both
selective placement and environmental influence:

Ipc = g + es

Moreover,if the correlation between birth parents and their adopted-away
children is greater than the correlation between adoptive parents andtheir
adopted children, then genetic influence must be greater than environmental
influence, even if there is substantial selective placement:

Tac — Tac = (8 + eS) — (e + gs) = (g-e)(I-s)

Thus, if rgc is greater than rs;, g will be greater than e even if selective
placementoccurs(thatis, if s is non-zero).

Other Issues

DeFries and Plomin (1978) have outlined several criteria for an ideal
adoption study. These include such general requirements as the inclusion of
environmental assessments, studying more than one type of family relation-
ship, measuring many variables, and studying developmental phenomena
using a longitudinal design. Although we suggested that an ideal study should
meet all these criteria, that is not really essential for the success of an
adoption study. One othercriterion, the analysis of assortative mating, is
critical. We have mentioned several times that the resemblance between
parents and offspring is inflated if assortative mating occurs. Assortative
marriage is knownto occurfor cognitive abilities (Johnson et al., 1976) and
for psychopathology (Dunneret al., 1976). Unwedbirth parents of adopted
children also are known to mate assortatively for physical and behavioral
characters (Plomin, DeFries, and Roberts, 1977). In short, we can expect
that about the same degree of assortative mating occurs for unwedbirth
parents as for married couples. We need to take this into account when
interpreting the resemblance between birth parents and their offspring in
adoption studies.
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Another important issue involves the effect of prenatal environment.

Because birth mothers provide the prenatal environment for their adopted-

away children, the phenotypic resemblance between them in an adoption

study may reflect prenatal environmental influences. This possibility can be

tested by comparing correlations between birth mothers and their adopted-

away children to correlations between the birth fathers and the children. This

test has been incorporated in recent adoption studies of psychopathology, as

we shall see later in this chapter. A particularly valuable asset of adoption

studies is their ability to test the influence of prenatal maternal environment,

independent of postnatal environment.

HERITABILITY AND ENVIRONMENTALITY

Like the twin studies described in Chapter 9, adoption studies can be usedto

estimate the extent to which phenotypic variance is due to genetic variance

(heritability) and environmental variance (environmentality). In Table 9.9,

the phenotypic covariance for various family relationships was divided into

genetic and environmental components. A path diagram of the relationship

between parents and offspring in natural families (Figure 13.2) showsthat the

parents share both genetic and environmental influences with their children.

The point of an adoption study is to separate these two sets of influence.

Figure 13.3 illustrates this separation for parents and offspring. The genetic

side of the adoption design involves birth parents who give their adopted-

away children genes, but not environment; the environmental side involves

adoptive parents who give their children a familial environment, but not

genes.

In Chapter 10, Table 10.1 described the relationship between familial

correlations and heritability. The genetic side of an adoption study, in the

absence of selective placement, estimates genetic influence independent of

environment. The regression of adopted-awayoffspring on the score of one

‘birth parent estimates half of the narrow-sense heritability (2V, /Vp). The

regression of adopted children on the midparent score of their birth parents

directly estimates narrow-sense heritability. The correlation between full

FIGURE 13.2

Gan h Path diagram of the relationship

a a between parents and offspring in

. P P, natural families. The subscript o

-a so refers to offspring. See text for

—$$$<<_—__—_———> F0 explanation.
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FIGURE 13.3

Path diagram showingthe genetic and the environmentalsides
of the adoption design. The subscript a refers to the adoptive
parent, b to the birth parent, and 0 to the adopted offspring.
See text for explanation.

siblings (or fraternal twins) adopted into different families estimates roughly
half of the broad-sense heritability, which may also be directly estimated
from the correlation between identical twins reared in different families.

Phenotypic variance that cannot be explained by genetic differencesis
ascribed to the environment. Even better, the environmentalside of adoption
studies permits the direct assessment of family-shared (between-family) en-
vironmental influences. The between-family environmental components de-
scribed in Table 9.9 can each beassessed by a particular adoptive relation-
ship. For example, commonenvironmentalinfluences shared by parents and
their offspring can be measured by the resemblance between adoptive par-
ents and their adopted children. Between-family environmental influences
shared bysiblings are revealed by the correlation between genetically unre-
lated children adopted into the same family.

As is true of the results of other behavioral genetics methods, the
results of adoption studies can be affected by genotype-environmentinterac-
tion and correlation. In fact, adoption studies are the only practical tool for
isolating interactions and correlations between genetic and environmental
influences on human behavior. Both of these issues will be discussed in the
next chapter.

Adoption studies have been applied only to two domains of behavior,
the same two that we have been using as examples of research in human
behavioral genetics: cognition and psychopathology. We shall follow closely
a recent review (DeFries and Plomin, 1978), which can be consulted for
greater detail. Although we have refrained from being encyclopedic until
now, weshall describe all of the major adoption studies relevant to IQ and
psychopathology for two reasons. First, adoption studies provide the most
powerful and convincing human behavioral genetics analyses and thus merit
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greater detail. Second, the consistency of results across the various studies,

conducted in different countries and using different measures and proce-

dures, leaves an impression of the robustness of these findings. However,

readers whoprefer to avoid such detail can skip to the summaryat the end of

each section.

INTELLIGENCE QUOTIENT(IQ)

Thefirst adoption study considered general cognitive ability (Theis, 1924),

and every adoption study for about the next 40 years continued to focus on

this sametrait. There have been two types of adoption studies: full adoption

studies, which include both the genetic and environmentalsides of the design

(see Figure 13.3); and partial adoption studies, which assess either genetic or

environmental variables. We shall emphasize full adoption designs because

they provide considerably more information. After describing several stud-

ies of each type, we shall summmarizetheir results at the end of this section.

Parent-Offspring Adoption Studies

Full Adoption Designs

S. Theis’ study had several methodological problems. For example,

mental ability was simply rated on a three-point scale, and only 35 percent of

the 910 children were adopted before they were 5 years old. These problems

make it difficult to interpret the finding that the adopted children’s rated

mental ability was affected by the social status of their birth parents more

than by that of their adoptive parents.

Morethan twenty yearslater, a full adoption study of IQ was reported

by Marie Skodak and Harold Skeels (1949). A group of 100 illegitimate

children adopted before 6 months of age were administered IQ tests on at

least four different occasions at about 2, 4, 7, and 13 years of age. As

indicated in Table 13.1, the mean IQ of the adopted children was found to be

above average at all ages, even when they were only about 2 years old. In

contrast, the mean IQ of the 63 birth mothers who weretested was 86 (with a

normal standard deviation of 15.8). However, the lower than average IQ of

the birth mothers may bepartially attributable to the fact that the test was

administered shortly after the birth of the baby, and usually after the mother

had decided to relinquish the child for adoption, conditions unconducive to

optimal performance. Although studies of average differences between

adopted children and their birth parents often suggest possible environmental

influences (e.g., Schiff et al., 1978; Willerman, 1979), such studies are par-

ticularly prone to problems such as the one just mentioned, as well as to

others such as assortative mating (Munsinger, 1975).
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Both the birth mothers and the adopted children were similar in vari-
ance to the general population. However, there was someselective place-
ment. The correlation between education level of the birth mothers and the
adoptive midparent level was 0.30. Correlations between the IQs of the
adopted children at various ages and those of their birth mothers are also
reported in Table 13.1. The correlation is significant by 4 years of age and
increases somewhat thereafter, reaching a level of 0.44 for the 13-year-old
test scores on the 1937 revision of the Stanford-Binet. A similar pattern of
correlation was observed betweenthe children’s IQ and the educational level
of the birth mothers. It is interesting to note that the same pattern has also
been observed between children’s IQ and the educational level of the birth
fathers (Honzik, 1957), which suggests that the role of prenatal maternal
influences is minimal.

Marjorie Honzik (1957) compared these developmental data to those
obtained from her study of parents rearing their own children, as illustrated
in Figure 13.4. Clearly, the similarity between the birth mothers and their
adopted-away children is muchlike the similarity between natural mothers
and their own children whom they reared. Similar results have been obtained
in comparisons between birth fathers and natural fathers.

Thus, the genetic side of the Skodak and Skeels study strongly suggests
hereditary influence on IQ. What about the environmental side of the full
adoption design? Figure 13.4 also addresses that issue by showing the corre-
lations between the adoptive mothers’ education and the IQ of their adopted
children as a function of age. The fact that the correlations hover around the
0.05 level suggestslittle between-family environmental influence of mothers’
educational levels on the children’s IQs.

There are four other full adoption studies. A small study (Beckwith,
1971) investigated the relationship between development scores of adopted

TABLE 13.1

Mean IQs of adopted children and correlations between IQs of the children and
their birth mothers

 

Mean Ageof
Adopted Standard Correlation

Test Children Mean Devia- with Birth
——_—_———- tion Mothers
Years Months

Kuhlman revision of Binet 2 2 117 13.6 0.00

1916 Stanford-Binet 4 3 112 13.8 0.28

1916 Stanford-Binet 7 0 115 13.2 0.35

1916 Stanford-Binet 13 6 107 14.4 0.38

1937 revision of Stanford-Binet 13 6 117 15.5 0.44

SOURCE: After Skodak and Skeels, 1949.
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FIGURE 13.4

Coefficients of correlation at different ages between the child’s IQ and the

educational level of the birth mother or of the adoptive mother. (After

‘Developmental studies of parent-child resemblancein intelligence’’ by

M. P. Honzik. Child Development, 28, 215-228. Copyright © 1957 by the

Society for Research in Child Development, Inc.)

infants and socioeconomic status of adoptive and birth mothers. There was

no evidenceof selective placement, and significant relationships were found

on the genetic side, but not the environmental side of the full adoption de-

sign. Similar results were obtained by Harry Munsinger (1975) in a study of

41 older (8-year-old) adopted children. Sandra Scarr and Richard Weinberg

(1977) have reported an adoption study in which mostof the children had one

black birth parent, and all were adopted into Caucasian homes. Thecorrela-

tions between their IQ scores and those of their adoptive parents was 0.23 for

mothers and 0.15 for fathers. The genetic side of this study compared the

birth parents’ educational levels with the children’s IQs. The correlation was

(0.32 for birth mothers and 0.52 for birth fathers. Thus, even thoughthe birth

parents’ mental ability was estimated crudely by educationallevel, it corre-

lated more highly with the adopted children’s IQ than did the IQ of the

adoptive parents. Some selective placement occurred in this study, which

meansthat both the environmental and the genetic estimates are probably a

bit on the high side.

The only full adoption study to obtain IQ scores for both birth and

adoptive parents is in progress at the University of Texas. IQ tests are being

administered to adoptive parents and adopted children whose birth mothers
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had been tested when they werein residence at a Texas adoption agency.
Someslight selective placement occurred, so that both genetic and environ-
mental estimatesare likely to be slightly inflated. Preliminary results of this
study are summarized in Table 13.2, which showsthat the IQ correlation
between adopted children and their birth mothers exceeds that between the
children and either adoptive parent.

Partial Adoption Studies

There are two types of partial adoption designs. Thefirst type concen-
trates on either the genetic or the environmental side of the adoption de-
sign. The second type compares adoption data on either genetic or environ-
mental influences to data on natural families in which both genes and
environmentare shared.

One example of the first type of partial adoption design is a Canadian
study (Snygg, 1938) that compared the IQ scores of young adopted children
to those of their birth mothers. Although this was a large study, the results
have been biased bythe fact that all 312 birth mothers who were adminis-
tered an IQ test had not passed the high school entrance examination. The
average IQ of the birth mothers was only 78. This restriction of range may
account for the low overall IQ correlation of 0.13 between the adopted
children and their birth mothers. An even more likely hypothesis results
from the fact that preschool tests of mental ability are not highly predictive of
an individual’s own IQlaterin life (e.g., Wilson, 1978). Because the children
in Snygg’s study were preschoolers, we would not expectto find high corre-
lations between the IQs of the adopted children and their birth mothers. As
seen in the study of Skodak and Skeels (1949), significant correlations be-
tween birth mothers and their adopted-away children did not occur when the
children were younger than 4 years of age. Another study of this type
(Casler, 1976) focused on the cognitive abilities of adopted children in the

TABLE 13.2

IQ correlations between adopted children and their adoptive

parents and birth mothers from the Texas Adoption Project

Correlation with Num-

Adopted Children’s IQs ber

Adoptive mothers’ IQ 0.17 459

Adoptive fathers’ IQ 0.14 462

Birth mothers’ IQ 0.31 345

sourRcE: After J. Horn, J. C. Loehlin, and L. Willerman, 1979.
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first two years of life, and related these scores to IQ scores of their birth

mothers. Few significant correlations were found.

Partial adoption designs have also been used to study environmental

influences on behavior. For example, W. Claeys (1973) found few significant

correlations between primary mental abilities of adopted Flemish children

(5 to 7 years old) and the social status of their adoptive parents.

The second major type of partial adoption study compares data from

one side of the adoption design to data on natural families (whom weshall

call control families), who share both genetic and environmental influences.

Onestudy (Lawrence, 1931) reported correlations between the IQ of adopted

children and the occupational status of their birth parents, and compared

these to similar correlations for control families. The correlations between

the adopted children and their birth parents were comparable to those be-

tween children and parents in control families, even thoughthe birth parents

shared no familial environment with their adopted-away children. The more

commontype of partial adoption design compares adoptive to control fami-

lies. In the absence of selective placement (which, unfortunately, is difficult

to assess with this design), the adoptive family relationships include only

between-family environmental variance, while the control family relation-

ships include varianceattributable to both genetic and between-family envi-

ronmental influences. Comparing these two types of families tests whether

the genetic influences in control families lead to greater phenotypic similarity

than that observed in the adoptive families.

The classic example of this type of partial adoption design was reported

by Barbara Burks in 1928. Nearly two hundred children adopted before they

were | year old were tested on the Stanford-Binet IQ test when they were

between 5 and 15 years old. A control group of about one hundred families

was matchedto the adoptive families. The control children and the adoptive

and control parents were also tested on the Stanford-Binet. Correlations for

the adoptive and control families are listed in Table 13.3. The correlations for

the adoptive families are clearly lower than the control family correlations,

TABLE 13.3

Parent-child IQ correlations from Burks’ adoption study

Adoptive Family Control Family

r N r N

Father-child 0.07 178 0.45 100

Mother-child 0.19 204 0.46 105

soURCE: After Burks. 1928.



336 Adoption Studies

suggesting that genetic influences are important. However, the adoptive cor-
relations, particularly that between adoptive mothers and children (0.19),
provide some indication of between-family environmentalinfluences.

. Anotherstudy of this type producedconflicting results (Freeman, Hol-
zinger, and Mitchell, 1928). The correlation between the IQs of the adop-
tive parents and their adopted children at 12 years of age was 0.32, which
is much higherthan the correlation of 0.19 found in Burks’ study. However,
substantial selective placement occurred. The children were separated
from their biological parents at about 6 years of age on the average, and
the correlation between adopted children’s IQ at the time of placement, and
a rating of the quality of adoptive home, was 0.34. Thus, selective placement
could account for much of the observed resemblance between the adoptive
parents and their adopted children.

The disparity between correlations for adoptive families in these two
studies prompted a third study (Leahy, 1935). A major flaw of the F. N.
Freeman study wasthelate and selective placementof the adopted children.
Like Burks, A. M. Leahy studied children adopted early (prior to 6 months
of age) and tested them between 5 and 14 years of age. Control families were
matched to the adoptive families. As shown in Table 13.4, this study con-
firmed Burks’ results. The control family correlations are about the same as
we have become accustomedto finding. As in Burks’ study, the correla-
tions for the adoptive families are clearly lower, and also suggest some
between-family environmental influence.

Although Leahy’s study clearly confirms the findings of Burks, and not
those of Freeman andhis associates, we shall mention two recent studies of
this variety that add weight to the evidencefor genetic influence. Aspart of a
larger study in Minnesota, 94 children were found who had been adopted
early in life (Fisch et al., 1976). A control group of 50 children was also
studied. Correlations between the IQs of the adoptive and control mothers
and their children at 4 and 7 years of age are presented in Table 13.5. The
correlations between the control mothers and their children are clearly larger
than those between the adoptive mothers and their adopted children, which
again points to the influence of heredity on IQ.

TABLE 13.4

Parent-child IQ correlation from Leahy’s adoption study

Adoptive Family Control Family

r N r N

Father-child 0.15 178 0.51 175

Mother-child 0.20 186 0.51 19]

SOURCE: After Leahy, 1935.
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Mother-child IQ correlations obtained in the Minnesota

collaborative study
ne

; Adoptive Famil Control Famil
Age of Children (years) (N = 94) y (N = 50) y

ce

4 0.07 0.35

7 0.08 0.26
ee

sourRcE: After Fisch et al., 1976.

A second recent investigation with a partial adoption design (Scarr and

Weinberg, 1978) studied adoptive and control families in which the children

wereat least 16 years old. As part of a three-hourbattery of tests, four scales

of the Wechsler Adult Intelligence Scale (WAIS) were administered to adop-

tive and control parents and their children. The total score on these four

subtests correlates above 0.90 with the full-scale WAIS score. All groups

were above average in IQ, but the fact that this was true for both the adop-

tive and the control group permits comparisons between the two. Table 13.6

presents the results, which again support the conclusion that genetic factors

have an important effect on IQ.

Summary of Parent-Offspring Data

Because sucha brief presentation of so many complex studies is bound

to be overwhelmingonfirst exposure, we shall now summarize and interpret

the results. In Table 13.7, we have summarized IQ correlations from the

genetic side of the adoption design. For purposes of simplicity, we have not

included those studies in which mental ability of the birth mothers was

estimated indirectly in terms of educational level or socioeconomic status—

even though the results of those studies would not have altered our conclu-

sions. We could discuss the average of the correlations found in the four

studies, but it should be noted that two of them tested very young adopted-

TABLE 13.6

IQ correlations for adoptive and control parents and their

adolescent children

  

Adoptive Family Control Family

r N r N

Father-child 0.16 175 0.40 270

Mother-child 0.09 184 0.41 270

 

SOURCE: Scarr and Weinberg, 1978.



TABLE 13.7

IQ correlations between birth mothers and their adopted-away childrenOE

eS

Study N Correlation Problemsee
Snygg (1938) 312 0.13 Children only 1-5 years;

restriction of range of sample
Skodak and Skeels
(1949) 63 0.44 Selective placement
Casler (1976) 150 0.13 Children only 27 months old
Texas Adoption Project 345 0.31 Slight selective placement
(Horn et al., 1979)eee
NOTE: Includes only those adoption studies with IQ data for both birth mothers and their
children. In longitudinal studies, the listed correlation is based on the latest scores of the
children.

SOURCE: After Munsinger, 1975; DeFries and Plomin, 1978.

away children. Because youngchildren’s IQs do not correlate well with their
own IQ scoreslater in life, it is unlikely that they will correlate with their
birth mothers’ IQs. Forthis reason, the correlations of 0.44 from Skodak and
Skeels and 0.31 from the Texas Adoption Project are probably more valid.
Weshall use the correlation of 0.31 as a conservative estimate of the genetic
relationship between birth mothers and their adopted-awaychildren because
the Texas study is muchlarger than the study of Skodak and Skeels and there
was less selective placement.

In the earlier chapter on family studies, the best estimate of the single
parent-offspring correlation for general cognitive ability was 0.35. Family
studies, however, cannot specify the extent to which this familial resem-
blance is genetic or environmental in origin. The genetic side of adoption
studies indicates that it is primarily genetic. We noted earlier that single
parent—offspring correlations estimate half of the narrow-sense heritability,
although we knowthatthis estimate maybeinflated by assortative mating
between birth parents. Nonetheless, even allowing for this inflation, the es-
timate of narrow-sense heritability (0.62) is close to the upper limit estimate
of 0.60-0.70 from the family studies. In other words, it suggests that about
half of the observed variation in IQ is due to genetic differences.

The opposite side of this coin is that half of the phenotypic variation in
IQ is due to environmental differences. The adoption studies suggest that
some of this environmentalinfluence is commonto parents andtheir children
(between-family environmental influences), but that most operates to make
family membersdifferent from one another. Table 13.8 summarizes IQ corre-
lations between adoptive parents and their adopted children. The study by
Freeman et al. (1928) is inconsistent with the rest, for reasons described
earlier (selective and relatively late placement of the adopted children).
Excluding the results of that study, the weighted average correlation is 0.14.
In other words, about 14 percent of the variance in IQ scores is due to
environmental influences that parents and their children have in common,
Suggesting that the remaining 36 percent may beattributed to within-family
environmental influences. The adoption studies also point to a slight, but
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TABLE 13.8

IQ correlations between adoptive parents and their adopted children
ne

Adoptive Correlation

Study Se Problems

Mother N Father N
a

Burks (1928) 0.19 204 0.07 178

Freemanetal. (1928) 0.37 255 0.28 180 Selective placement

Leahy (1935) 0.20 186 0.15 178

Fisch et al. (1976) 0.08 94 — —

Scarr and Weinberg (1977) 0.23 109 0.15 111 Selective placement

Texas Adoption Project (Horn

=

0.17 459 0.14 462 Slight selective

et al., 1979) placement

Scarr and Weinberg (1978) 0.09 184 0.16 175

ST

NOTE: Includes only those adoption studies with IQ data for both adoptive parents.

sourCcE: After Munsinger, 1975; DeFries and Plomin, 1978.

consistent, postnatal maternal effect, in that the correlations for adoptive

motherstend to be higher than the correlations for the adoptive fathers. The

only exception is the study by Scarr and Weinberg (1978), whichis also the

only study to focus on adolescent children.

Although wedo not wishto pit heredity against environment, we need

to do so briefly in order to make a point aboutthe origin of parent-offspring

resemblance for general cognitive abilities. Nine of the ten adoption studies

(Freeman’s is the exception) that permit a strong test of genetic and envi-

ronmental influences indicate that heritable influences are greater than

between-family environmental influences. This trend is statistically signifi-

cant, and,as notedearlier, it is found even when selective placement occurs.

Sibling Studies

The adoption study evidence that within-family environment is more

important than between-family environment might appear to conflict with

our conclusion from the twin studies. Twin studies suggest that between-

family environmentalinfluences are more important. However, siblings may

well share more environmental influences than parents and their children,

and twins probably have a greater share of environmental influences in

common than non-twin siblings.

There are some pertinent sibling data from adoption studies. Essen-

tially, the genetic side of the design studies full siblings reared in uncorre-

lated environments. The environmental side considers genetically unrelated

children adopted into the same family. Rather than going into these studies in

great detail, we shall summarize them. Table 13.9 presents the results of



TABLE 13.9

IQ correlations between full siblings
reared separately
eee

Num-
Study ber of Correlation

Pairs
eee
Hildreth (1925) 78 0.23
Freemanetal. (1928) 125 0.25
Burt (1955) 131 0.46

 

three studies of full siblings reared in different homes. Because of several
problems with Burt’s data (see Jensen, 1974, 1978: Hearnshaw, 1979), the
most conservative course is to exclude his correlation of 0.46. The other two
correlations are quite similar—about0.24. Because siblings share about half
of their segregating genes, we can double this correlation to estimate herita-
bility. The estimate of about 50 percentis in line with the twin study estimates
of genetic influence on IQ.

Table 13.10 summarizes correlations between genetically unrelated
children reared in the same family. The average correlation, weighted by the
size of each sample, is 0.26. In other words, about 26 percent of the IQ
variance is caused by environmental influences commontosiblings. Thus,
for young siblings, this finding agrees with results of twin studies, especially
the longitudinal Louisville twin study, in suggesting that between-family
environmental influences are quite important.

However, how dothese data fit with the results of the Hawaii family
study of cognition, which indicateda sibling correlation of 0.31? The genetic
side of the adoption design (siblings reared separately) suggests that most of
the sibling similarity found in the Hawaii study is due to genetic factors,
which does not leave much room for shared environmental influences. The
answer maybethat the siblings in the Hawaii study are over 14 years of age,
whereas almost all adoption studies of unrelated siblings reared together
have involved younger children. The notable exception is Scarr and Wein-

TABLE 13.10

IQ correlations between genetically unrelated children
reared together

 

Number

 

Study of Pairs Correlation

Freemanet al. (1928) 112 0.36

Leahy (1935) 35 0.08

Scarr and Weinberg (1977) 187 0.33

Texas Adoption Project (1979) 236 0.26

Scarr and Weinberg (1978) 84 —0.03
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berg’s (1978) study of postadolescent children, which found no IQ correla-

tion at all (—0.03) between unrelated siblings reared in the same homes.

Thus, shared environmental influences may contribute more to the simi-

larity of younger than older siblings (as in the Hawaii family study of cogni-

tion).

Identical Twins Reared Separately

Muchhas been written about the relatively few cases of identical twins

reared apart, perhaps becausethis particular adoption design is so easy to

understand.If pairs of genetically identical individuals are reared in uncorre-

lated environments, their correlation directly estimates broad-sense herita-

bility. However,use of this design is severely hampered bythe rarity of such

twins. The four major studies reported in the literature (Burt, 1966; Juel-

Nielsen, 1965; Newman, Freeman, and Holzinger, 1937; Shields, 1962) were

reviewed in detail by Jensen (1970). Since no significant differences were

found among the samplesin the four studies, the IQ data were pooled and

reanalyzed. This analysis yielded an intraclass correlation of 0.82 for the 122

twins in the pooled sample.

Cyril Burt reported a correlation of 0.84 for 53 pairs of separated identi-

cal twins. However, as mentioned previously, there are several problems

with his data. The problems with Burt’s data create some doubt that they

should be included in the pooled data on identical twins reared separately.

The average correlation for the other three studies of 69 pairs was 0.74.If

some selective placement occurred in these studies, this estimate of a

broad-sense heritability of 0.74 would be somewhatinflated. Correcting this

estimate downward would makeitfit better with the estimates from the other

twin studies and the adoption studies.

SPECIFIC COGNITIVE ABILITIES

Since the advent of adoption studies, the spotlight has clearly been on gen-

eral cognitive ability. Recently, however, as part of a general shift in behav-

ioral genetics away from the investigation of single traits, adoption studies

have begun to consider specific abilities. In 1973, a partial adoption study

tested 84 adopted Flemish children at the average age of 6 years on the

Primary Mental Abilities test (Claeys, 1973). When the relationship between

their scores and the social class of their adoptive parents was analyzed, only

2 of 36 reported correlations were significant. No strong conclusions can be

drawn, however, because corresponding data for birth parents and control

families were not presented.
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TABLE 13.11

Correlations for four WAIS subscales for adoptive and control familieseee

Adoptive Family Control Family
Correlation Correlation

WAIS nnn ——__H_
Subscale Father- Mother-

—

Child- Father- Mother-  Child-
Child Child Child Child Child Child

Arithmetic 0.07 —0.03 —0.03 0.30 0.24 0.24
Vocabulary 0.24 0.23 0.11 0.39 0.33 0.22
Block design 0.02 0.13 0.09 0.32 0.29 0.25
Picture —0.04 —0.01 0.04 0.06 0.19 0.16
arrangement

N 175 184 84 270 270 168eee,
SOURCE: After Scarr and Weinberg, 1978.

As mentioned earlier, another partial adoption study (Scarr and Wein-
berg, 1978) administered four subscales of the WAIS to adoptive and control
families in which children wereat least 16 years old. Although scores on the
subscales of the WAISareless reliable than the full-scale WAIS score, the
results (Table 13.11) are interesting. For all four subtests, the control correla-
tions are higher than the adoptive correlations, suggesting genetic influence.
For vocabulary, significant adoptive family correlations suggest some
between-family environmental influence. The results of this study provide a
glimpse of the potential usefulness of adoption studies in disentangling ge-
netic and environmentalinfluences on behaviors other than general cognitive
ability. Data such as these could permit powerful multivariate quantitative
genetic analyses of the cross-correlations among specific cognitive abilities
(see Chapters 9-12), but no work along these lines has yet been reported.

PSYCHOPATHOLOGY

During the past decade, there has been an impressive amount of behavioral
genetics research on psychopathology. Several books on the genetics of
psychopathology (e.g., Fieve, Rosenthal, and Brill, 1975) have been pub-
lished, and there have been numerous reviews of specific areas of
psychopathology, especially schizophrenia (Erlenmeyer-Kimling, 1976; Got-
tesman and Shields, 1976; Shields, 1977; Tsuang, 1976; Zerbin-Rudin, 1974).
Adoption studies have made a major contribution to this burst of research
activity. There were no adoption studies of schizophrenia before 1966; since
then there have been several that will be summarizedin this section.
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Schizophrenia

Because of the relative rarity of schizophrenia and the qualitative na-

ture of its diagnosis, adoption studies have not been able to take advantage of

quantitative genetics methodsthat are used to analyze normal variation in a

population. Instead, they compare the frequency of schizophrenia in indi-

viduals who are genetically related to schizophrenics, but reared in unaf-

fected adoptive families, with the frequencyin adopted individuals who have

no knowncases of schizophrenia amongtheir biological relatives. In order to

facilitate our discussion of these studies, we shall use the 2 x 2 designillus-

trated in Table 13.12 as a paradigm for comparing the effects of genetic

relatedness and rearing environment. Mostof the studies have used partial

adoption designs, in that they test the influence of genetic relatedness by

making comparisons between children with normal biological relatives

reared by normal adoptive parents (Bn/An) and children with affected biolog-

ical relatives reared by normal adoptive parents (Ba/An). A few studies have

tested the influence of the rearing environment (Bn/An versus Bn/Aa). No

study of schizophrenia has included the Ba/Aa cell—individuals with schizo-

phrenic biological relatives reared with schizophrenic adoptive relatives. This

is not surprising becauseof the obvious difficulty of obtaining such a sample.

Within this paradigm, two major strategies have been employed. The

most commonstrategy is called the adoptees’ study method, whichis illus-

trated in Figure 13.5. In the index families, the affected personis a biological

relative (usually a parent) of the adoptee. The adoptees are reared by unaf-

fected adoptive parents. The measure obtained by the studyis the incidence

of schizophrenia in the adoptees. The control group consists of adoptees

whose birth parents and adoptive parents have no known psychopathology.

A theory of genetic influence on schizophrenia would predict a greater inci-

dence in the adoptees who have affected birth parents. Environmental

theory, on the other hand, would predict that there would be no differencein

incidence of psychopathology in the two groups of adoptees.

The other strategy is called the adoptees’ family method. (See Figure

13.6.) In this case, we begin with adoptees whoare affected (probands) and

adoptees who are unaffected, and then determine the incidence of schizo-

TABLE 13.12

Paradigm for adoption studies of psychopathology

 

Adoptive Relatives

Biological Relatives To
Normal (An) Affected (Aa)

 

Normal (Bn) Bn/An Bn/Aa

Affected (Ba) Ba/An Ba/Aa

 



Index Control

C Female © Schizophrenic CH] Married couple

[| Male OC) Unaffected NN Biological parentage

O Either sex ?) Individual whose SN Adoptive relationship
status is under

investigation

FIGURE 13.5

Research design of adoptees’ study method.

phrenia in their biological and adoptive relatives. A theory of genetic influ-
ence would predict that more biological relatives of the schizophrenic adop-
tees would be affected, as compared with biological relatives of the control
(unaffected) adoptees. If environmental influences are important, the inci-
dence in adoptive relatives of the schizophrenic adoptees should be greater
than that in adoptive relatives of the control adoptees.

The first adoption study of schizophrenia (Heston, 1966) used the adopt-
ees’ study method. The study identified hospitalized chronic schizophrenic
women, who had been hospitalized while pregnant and whose children had
been placed in foundling homesor foster homes during the first two weeks of
life. The children of 47 such women wereinterviewed at the average age of
36, and were compared to 50 adoptees whose birth parents had no known
psychopathology. The well-knownresults, summarized in Table 13.13, indi-
cate significant genetic influence. All five of the affected adoptees had been
reared by normal adoptive parents (the Ba/An condition). All these individ-
uals had been hospitalized, and three were chronic schizophrenics hos-
pitalized for several years. Four other Ba/An individuals were regarded as
schizophrenic or borderline schizophrenic by one or twoofthe three psychi-
atric raters, so that a broader definition of schizophrenia would indicate

  
FIGURE 13.6

Research design of adoptees’ family method. See Figure 13.5 for key to symbols.
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Chronic schizophrenia in adopted offspring

of schizophrenic and nonschizophrenic

birth mothers
a

Foundling and Foster Homes

 

Birth Mothers

Normal Affected

Normal 0% (0/50) —

Affected 11% (5/47) —

 

souRCE: After Heston, 1966.

occurrence of the disorder in 20 percent (9/47) of the offspring of schizo-

phrenic mothers. Becausehalf of the Ba/An individuals demonstrated some

degree of psychosocial disability, Heston suggested that the definition of

schizophrenia should be broadened to include schizoid dimensions (an

inclusive definition, which we referred to earlier as ‘‘soft schizophrenic

spectrum’’).

The major findings of Leonard Heston’s study—that schizophrenia 1s

heritable, and that the heritable complex may include schizoid dimensions,

as well as borderline schizophrenias—have been confirmed by David Ro-

senthal and his associates in their adoption studies in Denmark. These inves-

tigators used the Folkeregister of Copenhagen to find approximately 5,500

individuals who had been adopted between 1924 and 1947. Rosenthal and

co-workers (1968, 1971, 1972) employed the same design as that used by

Heston, but with the added experimental control provided by systematic

assessment of adoptees, the use of blind psychiatric interviews, and the fact

that schizophrenic mothers were not in a mental hospital while pregnant.

After the birth parents of the adoptees wereidentified through the Folkeregis-

ter, their names were traced in a psychiatric register, hospital records were

obtained, and a consensus diagnosis was used to select schizophrenic moth-

ers or fathers whose children had been placed in adoptive homes. Forty-four

birth parents (32 mothers and 12 fathers) who were diagnosedas certain or

uncertain chronic schizophrenics were in this group, and their adopted-away

children (Ba/An) were matched to controls whosebirth parents had no psy-

chiatric history (Bn/An). The adoptees, 33 years old on the average and thus

still at substantial risk, were interviewed for three to five hours by an inter-

viewer blind to the status of their birth parents.

Table 13.14 presents the incidence of schizophrenia (chronic), ‘‘hard

schizophrenic spectrum,’’ and “‘soft schizophrenic spectrum”’ for the two

groups of adoptees. Forall three classifications, the results suggest substan-

tial genetic influence. There is a lower incidence of schizophrenia in the

adoptees than in Heston’s study, butit is likely that the birth parents in this

study were less severely affected.

The unusually high rates of psychopathology in the control data (Bn/

An) shownin Table 13.14 is consistent in the early Danish studies because



TABLE 13.14

Schizophrenia and hard and soft schizophrenic
spectrum in adopted offspring of schizophrenic
and nonschizophrenic birth parentsee

Adoptive Parents
Birth Parents

  

Normal Affected

Normal O% (0/67)* —

4% (3/67)* —

18% (12/67)= —
Affected 7% (3/44)* __

14% (6/44)+ —

27% (12/44) —

  

* Chronic schizophrenia.
* Chronic, acute, borderline, and uncertain schizophrenia
(hard spectrum).
+ Hard spectrum plus paranoid and schizoid personality
(soft spectrum).

SOURCE: Rosenthalet al., 1968.

these studies relied on hospital records to assess psychiatric status and may
have overlooked significant psychopathology in the control birth parents.
For example, psychiatric interviews in a later study (Wenderet al., 1974)
revealed 36 persons who were schizophrenic, but who had not been hos-
pitalized. The birth parents of controls have been interviewed, and it appears
that one-third of them fall in the schizophrenic spectrum. Thus, with respect
to the early studies, they conclude that ‘‘our controls are a poor control
group and ... our technique of selection has minimized the differences be-
tween the control and index groups’’ (Wenderet al., 1974, p. 127). This bias
is conservative in terms of demonstrating genetic influence.

In the early Rosenthal study described above, adoptees were included
in the Ba/Angroupif they had only one schizophrenic parent, and data were
obtained only on that parent. In a follow-up study (Rosenthal, 1975), the
other birth parent of each adoptee wasinterviewed. Theresults of interview-
ing these ‘‘co-parents’’ suggest considerable assortative mating in terms of
soft schizophrenic spectrum. The effects of assortative mating have been
discussed previously. In the present context, this co-parents study provides
additional support for a genetic hypothesis: The adopted-away offspring of
chronic schizophrenic birth mothers or fathers weresignificantly more often
diagnosed as in the schizophrenic spectrum when the co-parent also exhib-
ited some type of schizophrenic disorder.

Other studies in Denmark (Ketyet al., 1968, 1971, 1976: Kety et al.,
1975) have used the adoptees’ family method rather than the adoptees’ study
method used in the studies described above. In other words, the inves-
tigatorsfirst identified schizophrenic adoptees, and then assessed the psychi-
atric status of their biological and adoptive relatives. Thus, they focused on
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Design of adoption studies reported by Kety and associates

Nonschizophrenic Schizophrenic

Adoptees Adoptees

Biological relatives Control group for Test of genetic
genetic test influence

Adoptive relatives Control group for Test of environmental

environmental test (rearing) influence

 

the extent of psychopathology among the relatives of schizophrenic and

nonschizophrenic adoptees. The design of these studiesis illustrated in Table

13.15.

The pool of adoptees in the studies reported by Rosenthal and asso-

ciates included 507 individuals who had been admitted to a psychiatric facil-

ity. Of these, 33 were diagnosed as falling in the hard schizophrenic spec-

trum (16 were chronic schizophrenics), and these index adoptees (probands)

were matched to controls having no history of psychiatric problems. The

Folkeregister was searched for the names of parents, siblings, and half-

siblings from the biological and adoptive families of the index and control

adoptees. Nearly all of the birth parents (N = 126) and adoptive parents

(N = 129) were identified. Although the search revealed few full siblings of

the index or control adoptees (N = 32), a large number of biological half-

siblings (N = 176) was found.

The results of an early study relying on hospital diagnoses were mixed

(Kety et al., 1968, 1971), but recent results based on extensive psychiatric

interviews (Kety et al., 1975, 1976) are less ambiguous. Approximately 90

percent of the relatives were interviewed, and psychiatric diagnoses were

obtained by consensus. Table 13.16 shows the frequency of hard schizo-

phrenic spectrum in first-degree biological relatives, biological half-siblings,

and adoptive relatives of schizophrenic and nonschizophrenic adoptees.

TABLE 13.16

Hard schizophrenic spectrum (based on psychiatric interviews) in biological

and adoptive relatives of schizophrenic and nonschizophrenic adoptees

Nonschizophrenic Schizophrenic

Adoptees Adoptees

First-degree biological relatives 4% (3/68) 12% (8/68)

Adoptive parents and adoptive siblings 4% (4/90) 3% (2/73)

Biological half-siblings (total sample) 3% (3/104) 16% (16/101)

Biological half-siblings (paternal only) 3% (2/64)* 18% (11/61)

* Both psychiatric interviews and hospital diagnoses.

SOURCE: Kety et al., 1976.
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The dataforfirst-degree biological relatives support a genetic hypothesis, as
do the results for the biological half-siblings.

The comparison of biological half-siblings who have the same father
(paternal half-siblings) with those who have the same mother(maternalhalf-
siblings) is particularly useful for examining the possibility that results of
adoption studies may be affected by prenatal or early maternal care, rather
than by genetic transmission. Data on paternal half-siblings are not influ-
enced by these environmental variables. Using results of both hospital diag-
noses and psychiatric interviews, the frequency of hard schizophrenic spec-
trum in paternal half-siblings of schizophrenic and nonschizophrenic
adoptees was determined (Table 13.16). These important data again confirm a
genetic hypothesis, suggesting that prenatal maternal environmental vari-
ables do not play an importantrole in the results of these adoption studies.

Jon L. Karlsson (1966, 1970) conducted several small adoption studies
in Iceland. Different designs were used, but three studies yield 52 first-degree
relatives separated from schizophrenic probands. Of these relatives, 12 (23
percent) were schizophrenic, providing strong support for a genetic hypothe-
sis. This percentage is considerably higher than the usual familial incidence
in first-degree relatives, possibly due to greater severity of schizophrenia in
the probandsin thesestudies.

Investigators in Denmark havealsotested the effect of a schizophrenic
rearing environment by studying adoptees whose birth parents were not
affected, but whose adoptive parents were schizophrenic. Using the same
pool of adopteesas in the studies reported by Rosenthal and SeymourKety,
hospital records were searched for those whose adoptive parents had been

diagnosed as schizophrenic (Wenderet al., 1974). A total of 28 such cases

were found. Of these schizophrenic adoptive parents, 9 were chronic, 9 were

acute, 4 were borderline, and 6 were diagnosedasfalling in the soft schizo-

phrenic spectrum. The adopteesin this group (the Bn/Aacell in Table 13.12)

were compared to those in the two cells of the design that were discussed

earlier (Bn/An and Ba/An). Diagnosis of the adoptees was by meansof a 3- to

5-hour psychiatric interview and 12 days of psychological testing (providing

a rich data source that will continue to be minedin the future). The essential

aspects of the cases were typed on cards and sorted by four raters into

twenty categories of severity. Adoptees with scores higher than I5 were

considered to be in the hard schizophrenic spectrum.

The 24 adoptees classified in the hard schizophrenic spectrum were

found to be distributed in the three groups, as indicated in Table 13.17. These

findings suggest that being reared by a parent in the schizophrenic spectrum

is not sufficient to produce schizophrenia. The influence of genetic factors is

again supported by the comparison between adoptees with no schizophrenic

birth parents (Bn/An and Bn/Aa) and those with a birth parent in the schizo-

phrenic spectrum (Ba/An).

These results tend to confirm the findings of an earlier study by the

same investigators (Wender, Rosenthal, and Kety, 1968) that was conducted
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Hard schizophrenic spectrum as a functionof rearing

and schizophrenic status of birth parents

Adoptive Parents
Birth Parents

Normal Affected

Normal 10% (8/79) 11% (3/28)

Affected 19% (13/69) —

SOURCE: Wenderet al., 1974.

in the United States using a different design. Natural parents rearing their
own schizophrenic offspring were compared to adoptive parents of schizo-
phrenics, and adoptive parents of unaffected children. Significantly higher
psychopathology was found among the natural parents of schizophrenics
than among the adoptive parents of schizophrenics. This finding supports a
genetic hypothesis. However, the adoptive parents of schizophrenics re-
ceived a significantly higher psychopathology rating than adoptive parents of
normal children, suggesting that either these parents contributed to schizo-
phrenia in their children or they responded to the worry caused by having a
chronically ill child.

Because this has been the only study to suggest a possible role for
schizophrenic rearing, a similar design was used in a subsequent investiga-
tion (Wenderet al., 1977). The study involved the adoptive status of all
patients in fourteen New York metropolitan hospitals. Individuals who had
been adopted before | year of age and who were currently 15 to 30 years old
were diagnosed by consensusfor disorders falling in the hard schizophrenic
spectrum. The 33 parents of 19 such adoptees were comparedto 33 natural
parents who had reared schizophrenic children. The parents were diagnosed
by psychiatric interviews for hard and soft schizophrenic spectrum, and the
results are summarized in Table 13.18. Data for the soft schizophrenic spec-

TABLE 13.18

Schizophrenic spectrum in the birth and adoptive parents of schizophrenics

 

 

 

 

Diagnosis by Diagnosis by Computer
Psychiatric Consensus Analysis

Hard Soft Hard Soft
Spectrum Spectrum Spectrum Spectrum

Birth parents who reared
schizophrenics 18% (6/33) 45% (15/33) 18% (6/33) 36% (12/33)
Adoptive parents of
schizophrenics 1S% (5/33) 15% (5/33) 3% (1/33) 6% (2/33)

 

SOURCE: After Wenderet al., 1977.
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trum strongly support a genetic hypothesis and deny the influencesof rear-

ing, although results for the hard spectrum are not as clearcut. Where the

diagnoses were based on computer analysis rather than psychiatric inter-

views, the results support a genetic hypothesis for both types of schizo-

phrenic spectrum. Theyalso suggest that rearing by a seriously deviant parent

is not a sufficient condition for the development of schizophrenia.

In closing this section on adoption studies of schizophrenia,it 1s appro-

priate to mention another type of adoption design involving identical twins

reared separately. Gottesman and Shields (1972) have reviewedstudies in-

cluding a total of 14 pairs of identical twins, separated by the age of 2 years,

in which at least one co-twin was schizophrenic. Of the 14 pairs, 10 were

concordant for schizophrenia, a rave that is even higher than the incidencein

identical twins reared together. Although this approachis inherently limited

by small sample sizes, its results corroborate other adoption data in

suggesting a major role for genetic influences.

Summary of Adoption Studies on Schizophrenia

With respect to schizophrenia, results of the adoption studies clearly

point to genetic influence. Including the study by Heston, the Danish studies,

and the study by Karlsson (with the results given in Tables 13.13, 13.14, and

13.15, and in the summary of Karlsson’s data), there are 211 first-degree

biological relatives of schizophrenic adoptees and 185 control individuals.

The incidence of schizophrenia among the biological relatives of schizo-

phrenics was 13 percent (28/211), while that in the control group was 1.6

percent (3/185). This summaryresult is consistent with the findings ofeach indi-

vidual study. Thus, an overall view of the adoption study data on schizo-

phrenia clearly allows us to reject the hypothesis of no genetic influence.

The finding of schizophrenia in 13 percent of the biological relatives in

these studies deserves more discussion. This is the incidencein biological

relatives who share no environment with the schizophrenic individual. It 1s

actually higher than the incidence in biological relatives of schizophrenics

sharing the same family environment, as mentioned in our discussion of

family studies in Chapter 11. This suggests thatall of the familial resem-

blance for schizophrenia is due to heredity, and that none is due to

between-family environmental influences, whose hypothesized role in the

etiology of schizophrenia has seemed so reasonable. This conclusion is sup-

ported by the cross-fostering research that found no increase in the incidence

of schizophrenia in adoptees reared by schizoid adoptive parents.

This does not mean that the environment is unimportant in triggering

schizophrenia. However,it does indicate that the environmental culprit that

we havetraditionally blamed for schizophrenia (between-family influences)

is actually blameless. As was true in the family and twin studies, the adop-

tion studies suggest that the environment plays a very substantial role, but
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that it operates within families, making membersof the same family distinct
from one another. Unfortunately, we are a long way from tracking down
these within-family environmental influences. From the point of view of
prevention, we can only hope that Gottesman and Shields are wrong when
they suggest that ‘‘the ‘culprits’ may be nonspecific, time-limited in their
effectiveness, and idiosyncratic’’ (1976, p. 379).

Psychopathology Other Than Schizophrenia

One adoption study of psychosis other than schizophrenia has recently
been reported. In Belgium, J. Mendlewicz and J. D. Rainer (1977) used the
adoptees’ family method to study bipolar manic-depressive psychosis. The
adoptive parents and birth parents of 22 unaffected adoptees and 29 bipolar
manic-depressive adoptees (probands) were included in the study. Table
13.19 showsthe results for the affective spectrum, which includes bipolar,
unipolar, schizoaffective, and cyclothymic disorders. The results are similar
to those that we have just described for schizophrenia. For the adoptive
parents, the incidence of affective disorder is similar regardless of whether
their adopted child was affected. However, the incidence of affective disor-
der is much greaterin the birth parents of probands (31 percent) than in the
birth parents of unaffected adoptees (2 percent). Mendlewicz and Raineralso
studied a group of 31 bipolar probandsreared by their natural parents, and
found the incidenceofaffective disorderin this group to be 26 percent. Thus,
parents who rear manic-depressive children have no greater incidence of
affective disorder than birth parents of manic-depressive children who are
adopted away. This study also found that the bipolar-unipolar distinction
involves considerable overlap. The incidence of bipolar disorder in the birth
parents of the bipolar probands was 7 percent, whereas the incidence of
unipolar depressionin the birth parents was 21 percent. Similarly, among the
natural parents of bipolar probands, 3 percent exhibited the bipolar disorder
and 18 percent showed unipolar depression. However, the data do provide

TABLE 13.19

An adoption study of bipolar manic-depressive psychosiseee

Unaffected Bipolar Manic-
Adoptees Depressive Adoptees
(N = 22) (N = 29)eee

Birth parents in
affective spectrum 2% 31%
Adoptive parents in
affective spectrum 10% 12%eee

SOURCE: After Mendlewicz and Rainer. 1977.



352 Adoption Studies

strong evidence for heritable influences within the realm of affective disor-

ders. Another adoption study examined adopted offspring of birth parents

with heterogeneous psychopathology (Cunningham et al., 1975; Cadoret et

al., 1975). Some evidence was found for specific inheritance of psychoses,

affective disorders, antisocial personality, and mental retardation, although

the sample size for each disorder was small.

Adoption studies have begun to focus on less severe psychopathology.

For example, there have been a few investigations of criminal behavior and

the related behavioral syndromes of psychopathy and antisocial person-

ality in Denmark (Schulsinger, 1972; Hutchings and Mednick, 1975) and in

the United States (Crowe, 1972, 1974). These studies included 321 first-

degree biological relatives of adopted criminal or psychopathic probands and

316 controls (biological relatives of adoptees who have shown no criminal-

ity). Twenty-five percent (82/321) of the biological relatives of criminal pro-

bands either had criminal records or were diagnosed as psychopathic. In the

control group, only 13 percent (41/316) of the biological relatives were simi-

larly diagnosed. These studies thus provide significant evidence for the in-

volvement of heredity in criminal behavior.

The possibility of genetic influence on criminal behavior is bound to

cause an even more emotional response than the issue of genetic influence on

IQ in those individuals who think that this means that crime is destined by

DNA.We hope that the meaning of genetic influences is now clear—that

there can be noallele for criminal behavior,just as there is no allele for nose

length. Possible pleiotropic effects of genes on the very complex behaviors

labeled as criminal could include effects on diverse characteristics, such as

body build, abnormal EEG patterns, IQ differences, and psychopathology

(Mednick and Christiansen, 1977).

Alcoholism is another socially important phenotype that has received

the attention of adoption studies (Goodwin, 1979). Such studies (Goodwin et

al., 1973, 1974; Schuckit, Goodwin, and Winokur, 1972) have included 77

offspring of alcoholic birth parents reared by nonalcoholic adoptive parents.

The control group consisted of 182 individuals whosebirth and rearing par-

ents were nonalcoholic. The incidence of alcoholism in the offspring of the

alcoholic birth parents was 22 percent (17/77); in the control groups, it was

4.4 percent (8/182). These data also permit us to reject the hypothesis of no

genetic influence.

SUMMARY

Adoption studies provide the most convincing demonstration of the genetic

influence on complex human behaviors. Issues of representativeness, selec-

tive placement, and assortative mating were discussed. Adoption studies,

like the twin studies reviewed in Chapter 12, suggest that about half of the

observed variation in IQ scores is due to genetic differences. Though the
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majority of the environmental variance occurs between families for young
siblings, such between-family variance has somewhatless influence on the
resemblance between parents and offspring and between older siblings.
Specific cognitive abilities show about the same level of heritability (0.50) as
general cognitive ability. As yet, there have been no multivariate analyses of
adoption data.

For psychopathology, we emphasized the moreserious psychoses, par-
ticularly schizophrenia and manic-depressive disorders. Overall, the data
Suggest that the familial resemblance long knownto occur for psychosisis
due to heredity and not to between-family environmental influences. The
same data, however, provide strong evidence for the role of within-family
environmentalfactors.



 

Directions

in Behavioral

Genetics

We shall now attempt a synthesis of some of the material presented in

the preceding chapters. Nowthat the basics of behavioral genetics have been

presented, we shall also discuss more fully some of the controversies alluded

to in the first chapter.

RECAPITULATION AND SYNTHESIS

Genesand evolution are at the foundation of behavioral genetics. Genes have

played a major role throughout the course of evolution, and genetic variabil-

ity remains the basis of the evolutionary process. We discussed evolution

from the perspective of genetic variability, and then introduced Mendelian

genetics, which explains the way that genes are transmitted from one genera-

tion to the next. There are many examples of single-gene influences on

behavior, and we reviewed a few ofthese. We then discussed the chemical

basis for understanding how genes can affect behavior. Genes control the

production of proteins which then interact in physiological systems, thus

indirectly influencing behavior. The fact that the alleles of each gene are

located at a certain position on a particular pair of chromosomeshas implica-
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tions for behavior. We then turned to the topics of population genetics and
quantitative genetics. In the last four chapters, we considered the methods of
quantitative genetics in some detail and illustrated their behavioral
application.

Genetics of General Cognitive Ability

In this section, we shall summarize the data on general cognitive ability
presented in the last three chapters. The relative influence of genetic and
environmental variables on mental ability is one of the oldest continuously
studied questions in the behavioral sciences, and it has been the source of
many controversies surrounding behavioral genetics. During the last three
years, larger samples of mental ability data have been reported than in the
previousfifty years combined.In aggregate, these data Suggest that individ-
ual differences in general cognitive ability are less heritable than previously
believed. The older data are compatible with a high heritability, perhaps 0.70
or greater, whereas the newer data suggest a heritability closer to 0.50.

Table 14.1 lists IQ correlations for the new and old data (Plomin and
DeFries, 1980a). The older data are the same as thoseillustrated in Figure
11.1. Although there are no new adoption datafor identical twins or non-twin

TABLE 14.1

Correlation coefficients for old and new IQ dataeee

Old Data New Data

Corre- Number Corre- Number
lation of Pairs lation of Pairseee

Genetically identical:
Same individual tested twice — — 0.87 456
Identical twins reared together 0.87 1,082 0.86 1,300
Identical twins reared apart 0.75 107 — —

Genetically related (first-degree):
Fraternal twins reared together:
Same sex 0.53 2,052 0.62 864
Opposite sex 0.53 (total) 0.62 358

Non-twin siblings reared together 0.49 8,228 0.34 776
Non-twin siblings reared apart 0.40 125 — —
Parent-child living together 0.50 371 0.35 3,973
Parent-child separated by adoption 0.45 63 0.31 345

Genetically unrelated:
Unrelated children reared together 0.23 195 0.25 601
Adoptive parent-adopted child 0.20 not 0.15 1,594

reported
Unrelated persons reared apart —0.01 15,086 — —eee

SOURCE: After Plomin and DeFries, 1980a.
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siblings reared separately, cognitive data from the last three years include

4,749 pairings using the family design, 3,540 pairings using the adoption

design, and 2,164 pairs of twins. As discussed in Chapter 11, data from the

Hawaii family study of cognition indicate lower familiality for both parent-

offspring and sibling relationships than do the older data. In Chapter 12, we

discussed the recent large-scale NMSQTtwin study, which yielded a corre-

lation of 0.86 for 1,300 pairs of identical twins and a correlation of 0.62 for

864 pairs of fraternal twins, thus suggesting a lowerheritability than the older

data. New adoption data, discussed in Chapter 13, also suggest less genetic

influence than the older data. Overall, these new data suggest that genetic

differences explain about 50 percent of the IQ score variance.

Thereis likely to be no simple explanation for the differences between

the new and old data. Possible explanations include environmentalor genetic

changes in the population during the past few decades,as well as differences

in the nature of the tests employed, in sample size and representativeness,

and in methods of test administration and statistical procedures, such as

adjustment for age.

The new data,like the older data, provide evidence that environmental

influences are important for IQ. However, contrary to the usual assump-

tions, the data suggest that the environmentalfactors that influence IQ corre-

lations between parents and their offspring and between oldersiblings tend to

operate within families (making family membersdifferent from one another)

rather than between families (making family members similar to one an-

other). We have few clues as to what these important within-family environ-

mental influences might be.

Although we have scrupulously avoided the temptation to pit nature

against nurture, it is clear that these data implicate genes as a major sys-

tematic influence on the development of individual differences in IQ, even

though the newerdata suggest a heritability of 0.50 rather than 0.70. In fact,

we know of no such specific environmental influences that account for as

much as 10 percent of the variance in IQ.

The new behavioral genetic data for mental ability are summarized in

terms of average absolute differences in Figure 14.1. It is possible to convert

correlations into average differencesif the standard deviation 1s known, and

if the variable is normally distributed. The relationship between correlations

(r) and absolute average differences (Z) is: Z = 1.13sV1 — r. For pairs of

randomlyselected individuals for whom the IQ correlation is zero, the aver-

age IQ difference is 17, given a standard deviation (s) of 15 for IQ measures.

In contrast, genetically unrelated individuals sharing family environments

differ by an average of 15 IQ points. Genetically related first-degree relatives

differ by 13 IQ points on the average, whereas genetically identical individ-

uals (identical twins, as well as the same individuals tested on different

occasions) differ by only about 6 IQ points. The influence of both genetic and

environmentalfactors is clearly evident.
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FIGURE 14.1

Average absolute differences in IQ points based on the new data in Table 14.1. (From
‘‘Genetics and intelligence: recent data’? by R. Plomin and J. C. DeFries. Intelli-
gence, 4, 22. Copyright © 1980. Reprinted by permission.)

Fitting Models to IO Data

In our presentation of the IQ data in the last three chapters, our focus
on one method at a time may have made the methods seem unrelated to one
another. To the contrary, the most powerful quantitative genetic analyses
result from the use of data from various sources and methods. R. B. Cattell

influence of IQ data using various quantitative genetics methods (Eaves,
1975; Fulker, 1973; Goldberger, 1978: Jinks and Fulker, 1970; Loehlin, 1978,
1979; Rao and Morton, 1974, 1978: Rao, Morton, and Yee, 1974, 1976).

The major benefits of such models include making one’s assumptions
explicit and being able to compare competing models with one another. As
we have seen, quantitative genetics methods involve assumptions about ad-
ditive and nonadditive genetic variance, assortative mating, genotype-
environmentcorrelation and interaction, and shared environment. The basic
idea of modelfitting is to construct a reasonable model for genetic and
environmental influences and to solve for the components of variance in the
model (Goldberger and Duncan, 1973). The fit of the modelto the observed
familial correlations can be tested by comparing correlations predicted by
the model to those that are observed. The details of model fitting are beyond
the scope of this introductory text (see, for example, Eaves et al., 1978),
and, indeed, the confusion that arose when such models werefirst applied to
IQ data has not yet been completely resolved. Loehlin has attemptedto sort
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out the conflicting results of these recent attempts to fit models to IQ data

and made somecogent conclusions concerning modelfitting:

This analysis would seem to point two morals. Oneis that it is easy to make

mistakes in specifying causal models of how heredity and environment affect

traits.... The second moral, and I believe the more important one, is that

conclusions depend on assumptions, and that therefore when making somewhat

arbitrary assumptions (e.g., no selective placement, no dominance, no G xX E

covariance) in order to solve a complex model, the theorist is well advised not

only to offer some justification for the choice he makes but also to offer the

reader some information about what the consequences would beif he were to

make it differently.... This should not be construed as implying that such

model building is pointless. On the contrary, it is in my view extremely valu-

able. It is only when assumptions are embeddedinto explicit models that one

can see what the consequencesof these assumptions are (as opposed to what

the theorist thinks they might be). (Loehlin, 1978, p. 430)

CONTROVERSIES

Now that you have become acquainted with some of the basic themes of

behavioral genetics, its controversial aspects are perhaps more understand-

able. One issue that continues to be resurrected is the so-called nature-

nurture problem.Thereasonfor the repeated resurrection of this supposedly

dead issue is a basic misunderstanding of the relationship between genes and

environment. We shall try to clarify this issue further in the following discus-

sion of interactionism, genotype-environment correlation, and genotype-

environment interaction. A second controversial issue concerns the etiology

of group differences in behavior. Racial-ethnic, class, and sex differences are

all group differences that present sticky problems. The third andfinal issue

involves relieving someof the frustration we feel when people impute politi-

cal motives to behavioral genetics research. We have therefore chosen to

conclude with a discussion of science andpolitics.

Nature— Nurture Arguments

As we noted in the first chapter, it is now generally agreed that both

heredity and environment (nature and nurture) play a role in influencing

behavior. However,the nature or nurture dichotomyhasoften been replaced

by the equally mistaken view that the relative influences of heredity and

environment cannot be analyzed. If we took this view seriously, it would

mean that we could not study the effects of genetic factors on behavior

because they are hopelessly enmeshed with the effects of environment. It

would also mean that we could not isolate environmental effects because

they are inseparable from genetic influences.
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‘‘Interactionism’’ and Genotype-Environment Interaction

A well-known discussion of this topic asserted that the ‘‘organism is a
productof its genes and its past environment”’ (Anastasi, 1958, p. 197). The
point was that there could be no behavior without both environment and
genes, a view called ‘‘interactionism’’ (Plomin, DeFries, and Loehlin, 1977).
However, behavioral genetics now emphasizesthat the influences of genes
and environment can be dissociated. By now, we hope that this does not
sound paradoxical. In case it does, an analogy might help. A sailboat needs
both sails and a hull. The ‘‘behavior’’ of a sailboat (speed, turning, ability to
point into the wind, planing ability) depends on the designofits sails and the
design of its hull. The aerodynamic shapeofthe sails, their numberandsize,
and their positioning are important. The depth, width, length, and shape of
the hull are also important. Obviously, for sailboats, there can be no behav-
ior without bothsails and hull, but this does not restrict us from asking about
the independent contributions of sail design and hull design to the behavior
of sailboats. These two factors can interact—certain hull designs are useful
only with particular sail designs—butthis interaction does not prevent us
from specifying the independent contributions of sails and hulls. For exam-
ple, regardless of the design of their sails, flat, broad-beamed boats plane
better, while catamarans go faster, but do not turn as easily. In the same
way, we can say that behavior requires both genes and environment, that
these influences interact, and that we can determine their independent con-
tributions to behavior.

The sailboat analogy is useful in making another general point about
interactions and behavioral genetics. How would you determine whether
hull design or sail design affected the behavior of sailboats? You would try
different designs to see which makesa difference in the boat’s behavior. All
experiments study differences (variance); an independentvariable is manipu-
lated to producedifferences between groups. In other words, we study things
that make a difference. Behavioral genetics is the study of genetic and envi-
ronmental influences that makea difference in behavior. Just as hull designis
more important than sail design for turning, while sail design is more impor-
tant for straightaway speed, genetic differences may be more important for
some behaviors and environmental differences may be more important for
others.

Thus, even though there can be no behavior without both genes and
environment, we can ask about the relative contributions of genes or envi-
ronmentto a particular behavior. Behavioral genetics analyses assess indi-
vidual differences in a population, and ascribe the individual differences to
environmental and genetic variability. Environmental differences can occur
when genetic differences do not exist (for example, individual differences
observed within pairs of identical twins). Also, genetic differences can be
expressed in the absence of environmental differences (for example, differ-
ences among membersof a genetically heterogeneous population reared in
the same controlled laboratory environment).
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Genotype-environment (GE) interaction refers to the possibility that

individuals of different genotypes may respond differently to specific envi-

ronments. For example, children of greater ability may respond better to a

given school environment. GEinteraction is due to the nonlinear combina-

tion of genetic and environmentaleffects. It is the extent to which observed

variance can be predicted from both influences considered together. In terms

of the sailboat analogy, even though we canassess the independenteffects of

sail design and hull design, there may be some aspects of sailboat behavior

that can only be predicted from knowledge of both sail and hull design. In

other words, certain hull designs may work well only with particular sail

designs.

Interactionism, however, often connotes something more than this

statistical interaction, and it has begun to take on an almost mystical aura.

One of the more useful connotations of interactionism 1s that the organism

actively interacts with its environment. This view, however, is better con-

veyed by GEcorrelation than by GEinteraction. As we shall see, GE corre-

lation meshes genes and environment and leads to a consideration of the

organism as an active agent.

Positive Genotype-Environment Correlation

Genotype-environmentcorrelation refers to the differential exposure of

genotypes to environments. In other words, GE correlation is a function of

the frequency with which certain genotypes and certain environments occur

together. For example, if talented children are exposed to a special training

that enhances their talent, there is a positive correlation between genetic

differences in talent and environmental differences. We shall consider three

types of GE correlation: passive, reactive, and active.

The most frequently mentioned type of GE correlation occurs when

parents give their children genes and an environmentthat are both favorable

(or unfavorable) for the developmentof a particular trait. For example, given

that verbal ability is inherited to some extent, parents who are gifted in

verbal ability provide their children with both genes and an environment

conducive to the developmentof verbal ability (Meredith, 1973). We call this

passive GE correlation, becauseit occurs independently of the behaviorof the

individual in question. The child passively receives genes and an environ-

ment rich in verbal stimulation.

Passive GE correlation has been discussed much more than other types

(for example, Jencks, 1972), but it is not the most common form of GE

correlation. A second type can becalled reactive, in that people may react

differently to persons ofdifferent genotypes. Reactive GE correlation differs

from passive in that it is not limited to environments provided by relatives.

Teachers, for example, may recognize cognitive abilities in their students

and furnish an enriched environment to maximize their talents. In terms of
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personality, peers and adults may reciprocate the affection andattention of a
highly sociable child. In short, people may respondto genotypic differences
among individuals in such a way that they provide an environment that
reflects and correlates with those genotypic differences.

Active GE correlation occurs when individuals are not merely passive
recipients of their environment. Rather, they may contribute to their own
environment and mayactively seek onerelated to their genetic propensities.
For example, bright children may seek peers, adults, or inanimate aspects of
their environmentthat foster their cognitive growth. Similar examples exist
for personality traits. An active child can create mayhem in the most placid
environment, and a sociable child will seek out others and perhaps create
imaginary playmates if real ones are not at hand. Genotypic differences
among individuals may cause them to seek environments correlated with
their genotypes.

The three types of GE correlation are summarized in Table 14.2. Be-
cause active or reactive GE correlation occurs as a result of the interaction
of individuals with their own environments, these typesare particularly rele-
vant to the interactionist orientation.

We should note that the trichotomy of passive, reactive, and active
correlation is merely one of conceptual convenience. Manyreal-life cases of
GEcorrelation are intermediate, ambiguous, or mixed in character. Indeed,
even the distinction between correlation and interaction is often difficult to
make in practice. Much depends on howonechoosesto define genotypes and
environment. Once genotypes and environmentsare specified, the distinction
between correlation and interaction is no longer ambiguous.

Negative Genotype-Environment Correlation

GE correlation can be negative as well as positive. For example, chil-
dren of lower ability may be given special attention to boost their perfor-

TABLE 14.2

Three types of genotype-environment correlations

 

oe PertinentT ;ype Description Environmenteee
Passive Children have genotypes Parents and

linked to their environment siblings
Reactive People react to children on the Anybody

basis of the children’s genotypes
Active Children seek an environment Anything

conducive to their genotypeeee
SOURCE: After Plomin, DeFries, and Loehlin, 1977.
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mance closer to the norm. Cattell suggested that, for personality, negative

GE correlation is more common than positive. Using dominance as an ex-

ample, he piquantly noted that ‘‘society likes to ‘cut down’ individuals

naturally too dominant and to help the humbleinherit the earth’ (1973, p.

145). He described this type of negative genotype-environment correlation as

‘‘“coercion to the biosocial norm.’’ His examples are of reactive genotype-

environment correlation, as the word coercion would imply. The other two

types may also be negative. An example of negative passive genotype-

environment correlation in personality involves anger. Emotionally labile

parents, who are easily angered, may have children with a proclivity to be

quick-tempered. Yet such parentsare likely to assail expressions of anger in

their children. Negative active genotype-environment correlation at first

thought seems unlikely, because we would not expect individuals to seek

environments that rub against the grain of their disposition. On the other

hand, it does seem reasonable to suppose, for example, that some emotion-

ally unstable individuals might seek calm environments and stable friends to

steady their psyches, thus producing negative genotype-environment

correlations.

The Effects of Genotype-Environment Interaction

and Correlation in Behavioral Genetics Analyses

In Chapter 9, we described an example of phenotypic variance and its

genetic and environmental components. We showedthat genetic and envi-

ronmental variances would remain the same, even if the differences due to

genes and environmentcorrelated perfectly; but phenotypic variance would

be increased by the GE correlation (Jensen, 1974). Similarly, GE interaction

can increase phenotypic variance. GE interaction and correlation can also

contribute to the phenotypic resemblance between relatives, and thus have

an effect on behavioral genetics analyses. Familial resemblance includes not

only genetic and environmental similarities, but also any shared GE correla-

tion or interaction. For example, the unique inherited qualities of one family

membercan contribute to the environment of the other, creating a GE corre-

lation. Also, GE interactions affecting one member of the family may be

similar to those experienced by other members.

We shall briefly summarize the ways in which GE interactions and

correlations affect twin and adoption studies. (For details, see Plomin et al.,

1977.) In twin studies, we compare the resemblance of identical and fraternal

twins. If GE interaction and correlation contributed equally to the similarity

of both types of twins, estimates of genetic influence based on the difference

between the correlations for identical and fraternal twins would not be af-

fected. In this case, both effects are included in the environmental esti-

mate. However, to the extent that GE correlations and interactions occur

more often for identical twins, the twin method will overestimate genetic



Controversies 363

influence. At the same time, environmental influence will also be overesti-

mated, because only part of the increase in phenotypic variance caused by
the GE interaction or correlation is interpreted as genetic variance. Thus, the
absolute size of both genetic and environmental variances may be overesti-
mated in a twin study in the presence of significant GE correlation and
interaction. But the relative estimates of genetic and environmental influ-
ences may notbe affected.

One of the major advantages of working with an adoption design is that
it is unaffected by most of these complications. GE interaction does not
affect either the genetic side or the environmental side of the full adoption
design. The adoption design also avoids GE correlation of the passive kind,
although the reactive and active types may have someeffect. The direction
of this effect depends on whether the GE correlation is positive or negative.

Although GEinteraction and correlation are not likely to have a great
effect on behavioral genetics analyses, they are worthy of study in their own
right. Behavioral genetics methods afford a unique opportunity to study
these concepts, as discussed in the next section.

Tests of Genotype-Environment Correlation and Interaction

One of the most important, yet only recently discovered, potential uses
of the adoption design is in the isolation of specific GE interactions and
correlations. For example, adoption studies that include environmental as-
sessments could measure reactive and active GE correlations (Plomin etal.,
1977). Because data are not yet available to permit a test of such correla-
tions, we shall concentrate on analyses of GE interaction.

A search for GE interactions in adoption study data can reveal envi-
ronmental influences that are particularly potent for certain individuals. For
example, environmental influences that account for only 1 percent of the
total variance in a population may have a powerful effect on a certain seg-
ment of that population. Fifty years ago, if someone had decided that re-
stricting intake of phenylalanine of young children would improvelater cog-
nitive development, no overall beneficial effect would have been found (al-
though a damaging effect might well have been observed). However, for one
in ten thousand children (those children who have both recessivealleles for
phenylketonuria), the intervention would have had a dramatic effect.

The adoption study method can provide a way of scanningfor interac-
tions between genotypes and environments. In Chapter 10, we discussed, as
an example of GEinteraction, a study in whichrats from different lines were
reared in different environments. The two lines responded differently to the
environmental conditions. The adoption test of GE interaction is analogous
to the method used in this and other animal studies of GE interaction (re-
viewed by Erlenmeyer-Kimling, 1972). The designis depicted in Table 14.3,
which shows two genotypes reared in two different environments. This is a



TABLE 14.3

Illustrative design for testing

genotype-environmentinteraction

Environment

Genotype ———_—--—_—-
Low High

Low a b

High Cc d

2 x 2 design, in which one variable is the genotype, the other is some aspect

of the environment, and the dependent variable (for which measures are

entered in the four cells) is some behavior. A 2 < 2 analysis of variance will

reveal the effect of genotype, independent of the environment(called the

‘‘main effect’’ for G); the effect of environment, independent of genotype

(‘“‘main effect’’ for E); and the interaction of these effects (G <x E). Animal

studies using this design often find significant GE interaction.

Adoption studies permit a similar analysis of human behavior. The

genotype of adopted children can be estimated from some measure of the

behavior of their birth parents. The environment of adopted children can be

any measurable aspect of the children’s environment, such as some charac-

teristic of the adoptive parents. For example, consider adoptive children

whosebirth parents are higher or lower than average in IQ. These children

are adopted by couples who are higher or lower than average in IQ. The

dependentvariable is the IQ of the adopted children in the four groups(cells)

in Table 14.3. Cell a contains the IQ scores of adopted children whosebirth

parents are low in IQ, and who areplaced with adoptive parents whoare also

relatively low in IQ, and so on. As in the animal studies, results of an

analysis of variance will indicate the effect of genetic influences independent

of the environmental measure, the effect of environmental influences inde-

pendent of genotype, and the GEinteraction.

If genes do not makea difference for the particular behavior, there will

be no main effect of genotype. If the measured characteristic of the adoptive

parents does not make a difference, there will be no main effect of environ-

ment. GE interactions will be observed if children of low- and high-IQ birth

parents are differentially affected by the rearing environment. The test of

GE interaction is not limited to the environment based on the measured

characteristic of the adoptive parents. Any aspect of the environment can be

studied in a similar manner.

The ideal data to analyze in a search for GE interaction would result

from a study including many behavioral measures on bothbirth parents, both

adoptive parents, and the adopted children, as well as extensive assessments

of the adopted children’s environments. Although no reported adoption stud-

ies have collected all these data, our reanalysis of the results obtained by

Skodak and Skeels and by Munsinger (discussed in the previous chapter)

illustrate the use of the method. The measure of the environment in both
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studies is limited: educational level of the adoptive parents in Skodak and
Skeels’ study, and socioeconomic status of the adoptive parents in Munsing-
er’s study. We used midparent educational level or socioeconomic status and
split the birth parents and the adoptive parents into groups above or below
the mean. Thus, there were high and low groups of both birth parents and
adoptive parents. The dependent variable was the IQ of the adopted children
in the four groups.

For Skodak and Skeels’ study, we reanalyzed the IQ data on 59 chil-
dren for whom the educational levels of both birth parents and both adoptive
parents were known. The average IQ of the children in each of the four
groups is shown in Table 14.4. The average IQs of the children indicate that
the differences in the children’s environment(as indexed by educational level

of their adoptive parents) had no effect on their IQs. However, genetic
influences (as indexed by the educational level of their birth parents) were
considerable. Our analysis reveals a highly significant main effect of
genotype, but no significant environmental effect. In addition, the GE in-
teraction is not statistically significant.

Data from Munsinger’s adoption study yielded similar results. He re-
corded socioeconomic status information for the birth parents and the adop-
tive parents of 41 children. Table 14.5 summarizes IQ scores of the children
born to parents below or above the mean for socioeconomic status, and
reared by adoptive parents below or above the mean for socioeconomic
status. There was no selective placement. The IQ meansof the children in
Table 14.5 indicate that, as in Skodak and Skeels’ study, the genetic vari-
able is highly significant, but the environmental variable is not. Once again,
the GE interaction term is not significant.

TABLE 14.4

Test of genotype-environmentinteraction for IQ: data
reanalyzed from Skodak and Skeels (1949)

  

Environment
Genotype ___o Row Mean

Low High

Low 111.8 106.3 109.4
N = 16 N = 12

High 122.5 121.4 121.9
N = 13 N = 18

Column mean 116.6 115.4

 

NOTE: The children were born to parents above or below the mean
for years of education (9.9), and reared by adoptive parents aboveor
below the mean (12.1 years). The data are from tests of 13-year-olds,
using the 1937 Stanford-Binet.

SOURCE: After Plomin, DeFries, and Loehlin. 1977.



TABLE 14.5

Test of genotype-environmentinteraction for IQ: data

reanalyzed from Munsinger (1975)

Environment

Genotype an Row Mean
Low High

Low 3.0 2.5 2.7
N = 10 N = 14

High 5.0 5.1 5.0
N = 17 N = 10

Column mean 4.3 3.6

NOTE: The children were born to parents above or below the mean

for socioeconomicstatus (3.3), and reared by adoptive parents above

or below the mean (2.8). The children’s IQs are reported as stanine

scores, which are essentially percentile scores where 5.0 is equiva-

lent to the fiftieth percentile.

SOURCE: After Plomin, DeFries, and Loehlin, 1977.

This procrustean 2 x 2 design is only meantto beillustrative. Most

behaviors, including IQ, are continuously distributed. Rather than arbitrarily

dividing individuals into groups such as those above and below the mean,

continuousvariation should be analyzed in a continuous manner. A method

for doing this is available (Plomin et al., 1977). The conclusions were the

same when this more adequate method was applied to the data just

described.

These analyses were based on indirect measures of birth parents’

genotypes and limited measures of the environment of the adoptive home.

Wereiterate the need for detailed data on the birth and adoptive parents, and

on the adopted children, as well as for extensive environmental assessments.

More complete information would permit an interesting variety of analyses.

For example, one could analyze the effects of adopted children’s genotypes,

child-rearing practices of adoptive parents, and the interaction between the

two, using some relevant aspect of the adopted children’s behavior as a

dependent variable. Any aspect of the genotype or the environment can be

screened in this way for GE interaction, with respect to any trait in the

children, provided thatall three variables are measurable. This use of adop-

tion data to screen for GE interaction is an unusually promising tool for the

morerefined analysis of environmental effects in psychology.

Group Differences

For some reason, human beings seem inclined to think in terms of

groups and group differences: young-old, experimental-control, male-

female, black-white. Although group differences have their place, we need to

be careful to avoid slipping into typological traps. It is easy to start thinking
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in terms of nonoverlapping distributions for two groups, even though we

know that differences between groups are usually small in comparison to

individual differences within the groups. An extreme exampleis the relation-

ship between birth order, family size, and IQ. Earlier-born children and

children in smaller families tend to have higher IQs. Forlarge data sets, this

relationship looks quite orderly. For example, on the average, second-born

children have higher IQs than third-born children, and children in two-child

families have higher IQs than those in three-child families. Mathematical

models can predict these group averages with great accuracy (Zajone and

Marcus, 1975). However, such models accountfor only about 2 percent of

the total variance of IQ in a population (Grotevant, Scarr, and Weinberg,

1977). In other words,if all that you know about someoneis birth order and

family size, you will make a very poor prediction of that person’s IQ.

With respect to cognitive ability, group comparisons involving gender,

ethnic, and social class differences have captured the attention of behavioral

scientists. All of these group differences are small compared to individual

differences within the groups. For example, the average performance of

males on spatial ability tests is consistently better than that of females,

making it appear that there is an important sex difference in this specific

cognitive ability. However, the overlap between the distributions for males

and femalesis at least 80 percent. It is obvious that one would do a very poor

job of predicting spatial ability solely on the basis of gender.

It is especially important to distinguish differences between groups from

differences within groupsin discussionsof ethnic or social class differences in

IQ. For both blacks and whites in the United States, social class (indepen-

dent of race) accounts for about 8 percent of the variance of IQ. Race

(independentof social class) accounts for about 14 percent. However,indi-

vidual differences, independent of race and class, are responsible for 78

percent of the variance. In fact, the average IQ difference between full sib-

lings in a family is twice as great as the average differences between social

classes, and as great as the average difference between blacks and whites

(Jensen, 1976). It seems clear that each person must be evaluated individ-

ually, not on the basis of race or class membership, in situations where IQ is

a relevant consideration. Thus, although group differences appear decep-

tively easy to grasp andto talk about, individual differences within groups

make a far more important contribution to total variance.

The IQ difference between blacks and whites is the most widely studied

group difference, and also the most controversial, so we shall use it as our

example. Moststudies indicate that blacks, on the average, score about one

standard deviation (about 15 IQ points) lower than whites on conventional

tests of general intelligence. The etiology of the difference is very much

disputed. Some arguethatit is simply caused by cultural bias of IQ tests.

However, we cannot conclude that the tests are biased just because two

groups differ. Although the hypothesis of test bias is reasonable, research

does not bear it out. IQ tests predict school and occupational performance
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equally well for blacks and whites. Also, reliability, rank order of item dif-
ficulties, correlations with age, and the results of factor analysis are essen-
tially the same for both groups (Jensen, 1976, 1979).

If the IQ difference between blacks and whites is not due to test bias,
then what is the cause of the difference? A controversy of unprecedented
proportionsin the behavioral sciences began in 1969 with the publication of a
monograph by Arthur Jensen, in which he reviewed the evidence for the
heritability of IQ and hypothesized that genetic factors may be implicated in
the observed difference between blacks and whites. In the abstract, the
possibility is clear. If two populations have been to some extent repro-
ductively isolated for an appreciable period of time, they will likely come to
have differentallelic frequencies for a numberof genes. There is no reason to
believe that genes affecting intelligence are different from any othersin this
respect. Thus, two groups that have been separated reproductively might
well have different frequencies of genesrelating to intelligence. The difficulty
is in determiningif the observed difference in IQ is due to genetic differences
or to the manifestly unequal environmental opportunities that have been
available to the two groups.

The fact that intelligence is heritable within black and white groups
does not mean that the difference between the groups is heritable. More
generally, the causes of differences within groupsare not necessarily related
to the causes of differences between groups. This is just as true for environ-
mental factors as for genetic ones. In terms of genetic sources of variance,
does the finding of a high within-group heritability imply that an observed
difference between groupsis also heritable? DeFries (1972) has shown that
the answeris no. In fact, even if heritability within each of the two groups
were 100 percent, the difference between the groups could be completely
environmentalin origin. For example, suppose that two groups were equal in
means and variance. Then suppose that some environmental variables (such
as those related to prejudice, for example) led to lower scores for everyone
in one group. If these variables had equal effects on all members of that
group, variance within the group would not be changed, even though the
mean would be lower. Thus, heritability within both groups would still be
1.0, and the difference between the groups would beentirely environmental.
Though this example is extreme, it makes the point that high within-group
heritability does not necessarily imply that an observed difference between
group meansis also highly heritable.

Although westill have not answered the question aboutthe etiology of
the IQ difference between blacks and whites, the above discussion doesbring
us closer to an answerby pointing out that the sourcesof differences within
groups—either genetic or environmental—are not necessarily the sources of
differences between groups. No topic is more difficult to review than the
etiology of racial differences in IQ, but a book by Loehlin, Gardner Lindzey,
and James Spuhler (Race Differences in Intelligence, 1975) presents an admir-
ably balanced review and evaluation of studies in this area. The book in-
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cludes highly readable discussions of general issues, such as the meaning of

race, intelligence, and heritability. The more relevant aspect for our present

purpose is the evaluation of studies on the etiology of racial differences

in IQ.

Their conclusion—and the conclusion reached in other recent reviews,

including those by Philip Vernon (1979) and Lee Willerman (1979)—is one

that will not please extremists on either side. However,if it is correct, it

would in part explain why so much heat has been generated by interpreta-

tions of the results of such studies. Loehlin and coauthors conclude that the

data are essentially equivocal, and thus the data are compatible with a wide

range of viewsasto the etiology of racial difference in IQ. They suggest that

the reason for the ambiguous results may be that the IQ difference is due to

both environmental and genetic factors. They also stress that differences

among individuals within racial-ethnic and socioeconomic groups greatly

exceed differences between such groups. Finally, they emphasize that only

these limited conclusions are justified by the evidence: *“When we have
mentioned our general conclusion to colleagues—that the solid evidence

to date is compatible with a relatively broad range of intellectual positions on

the ‘race-IQ’ question—a typical response is, ‘yes, but what do youreally

think?’ Well, what we really think is just that’? (Loehlin, Lindzey, and

Spuhler, 1975, p. 257).

Some of the findings that these authors reviewed to reach this conclu-

sion are as follows: The IQ difference between blacks and whites in the

United States has not decreased from the time of World War I to World War
II to the Vietnam War, despite increasing equality of education. The group
difference is apparent by about three years of age (which suggests the need
for early developmental studies of IQ). The groups of studies bearing most
directly on the question of the etiology of racial differences are studies of
racial mixture, but each of these investigations has some important lim-
itations. Studies of blood groups characteristic of Europeans and of African
blacks have determined that blacks in the United States, on the average,

have inherited a substantial number of ‘‘European genes.’’ To what extent
do these European genes associate with IQ in blacks? The answer from two
small studies (summarized by Loehlin, Vandenberg, and Osborne, 1973)is
‘‘not at all.’’ For sixteen blood-group genes, no relationship was found be-
tween higher IQ amongthe blacks and those genes found more frequently
among the whites. Unfortunately, the power of this method to find such
relationships is likely to be quite limited (Loehlin et al., 1973). An early
study in the United States (Witty and Jenkins, 1936) also found no greater
than average European heritage among black children with very high IQs.

The mostdirect study of racial admixture involvedillegitimate children
of United States servicemen in Germany following World WarII (Eyferth,
1961). Comparing the average IQs of the children of white and black fathers
provides a test of the role of heredity in the racial difference in IQ. The
rearing environments of the children in the two groups weresimilar in that
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they were all reared by German mothers and the groups were matchedfor
social status. The results showed no overall IQ difference between the chil-
dren of black fathers and those of white fathers. Despite the apparent per-
suasivenessofthis finding, it is not conclusive becauseofthe possibility that
there were no IQ differences between these two groupsof fathers. Unfortu-
nately, this possible bias cannot be tested because no IQ dataare available
for the fathers.

Thus, we emphasize again that the question of the etiology of racial
differences in IQ has simply not been answered. This does not mean it cannot
be answered, and Loehlin et al. (1975) propose some possible tests. They
also raise the important issue of values. Should we want to know the answer?
This brings us full circle to some ofthe issues raised in the first chapter. The
misconception that genes are responsible for destiny leads many to suggest
that such research will do irreparable harm if genetic differences are foundto
underlie group differences in IQ. But one could argue in just the opposite
direction. The phenylketonuria story suggests that a differencethatis largely
genetic in origin can permit more powerful environmental interventions than

a difference caused by amorphous environmental factors.
The final paragraph in the book by Loehlin and coauthors summarizes

their answer to this question of values:

Wedo not believe that the lack of a definitive answer to the questions with

which webeganis either disastrous or disappointing. Moral and political ques-

tions never have had scientific answers. The factual questions involved,

if phrased in limited and specific form, should indeed be answerable, and it is

probably worth society’s time and moneyto try to answer a good numberof

them. It is part of our own fundamental conviction as social scientists that on

the whole better and wiser decisions are made with knowledge than without.

(Loehlin et al., 1975, p. 258)

Science and Politics

Weshare this view that better decisions can be made with knowledge

than without. But knowledge alone by no means accounts for societal and

political decisions. Values are just as important in the decision-making pro-

cess, and decisions (bad or good) can be made with or without knowledge.

The relationship between facts and values is complex. Most scientists view

themselves as fact-seekers, ferreting out facts using the objective and verifi-

able methods of science. Values and politics, in this view, are what other

people do with scientific facts. At the opposite extremeis the view that the

scientific method is not at all objective, but rather riddled with values and

politics. Some even argue that this should be so—that science is politics and

should be used as a political tool.

Values undoubtedly do enter the scientific process from the beginning,

when we decide what problems to study, and when weinterpret the findings
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and their implications. Scientists need to worry about howtheirfindings will
be used, even thoughthis is often frustrating because they havelittle control
over the uses of their data. The frustration is the worst for scientists who
work on the most important problems. Someresearchis so unimportant that
no one ever gets excited aboutit or its implications. Powerful, new findings
with important implications for society can create problemsas well as solu-
tions. For example, consider the new techniques of prenatal screening. Am-
niocentesis has obvious benefits in terms of detecting chromosomal and
genetic disorders before birth. Combined with therapeutic abortion, it can
relieve parents and society of a tremendous burden of birth defects. How-
ever, it raises ethical problems concerning abortion and creates the possibil-
ity of abuses, such as compulsory screening and mandatory abortion if de-
fects are found. Despite the problems created by scientific findings, we
would not wantto cut off the flow of knowledge in order to cut down on the
problems.

We equate knowledge with the scientific method. We are not so naive as
to argue that scientists can or should eschew politics. However, when scien-
tists face a problem, they must be objective if they want to know the
answer, rather than merely providing support for preconceived notions. Sci-
ence is not politics, and there are sometelling examples of what happens
when politics and science become mixed.

Lysenko

Time and again, science has been interpreted and misinterpreted to
advancepolitical causes. Two notorious examplesrelated to genetics include
the eugenics movementin the early part of the twentieth century and the
Nazi carnage during World War II. Moreover, an attempt to equate science
and politics occurred in Russia from the 1930s until the 1960s.

The story has been told many times. An interesting version of the
political take-over of science in the USSR was written by the biologist Sir
Julian Huxley, who sympathized with Marxism and wasin Russia during the
rise of T. D. Lysenko. (See also Medvedev, 1969.) Lysenko, like Lamarck,
believed that acquired characteristics could be inherited. He attempted to
apply this belief to agriculture, obviously with little success, but his belief in
his theory overcamehis belief in the scientific method. With the help of a
Marxist philosopherin the 1930s, Lysenko mounted a political campaign to
brand Mendelian scientists as idealistic and antichange. Huxley surmises
that the real reasons for the adverse reaction to Mendelism were matters of
values:

One is the dislike of Mendelism because Mendelian heredity, with its self-
copying genes andits random undirected mutations, seems to offer too much
resistance to man’s desire to change nature, andto elude the control we would
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like to impose. Lamarckism, on the other hand, holds out a promise of speedy

control. ... This is relevant not only in agriculture, but also in humanaffairs, for

it would be politically very convenient and agreeable if a few generationsoflife

under improved communist conditions would level up the genetic quality of the

population of the U.S.S.R. ... The second ideological reason ... is a dislike of

Mendelism because it implies human inequality, and becauseit can be taken to

imply human helplessness in the face of genetic predestination. (Huxley, 1949,

pp. 182-184)

By 1939, Lysenko had a firm grip on the reins of science, and some of

the Stalinist purges were used to eliminate the leading geneticists. In a con-

ference in 1948, Lysenko announced that his views were endorsed bythe

Central Committee of the Party. The Soviet Academy of Sciences supported

Lysenko, as indicated in their letter to Joseph Stalin:

A pledge is here given by the Praesidium of the U.S.S.R. Academy of Sciences

to further [Lysenko’s] biology and to root out unpatriotic, idealistic, [Men-

delian] ideology. ... [Lysenko’s] materialist direction in biology is the only

acceptable form of science, because it is based on dialectical materialism and

on the revolutionary principle of changing Nature for the benefit of the people.

[Mendelian] idealist teaching is pseudo-scientific, because it is founded on the

notion of the divine origin of the world and assumeseternal and unalterable

scientific laws. The struggle between the two ideas has taken the form of the

ideological class-struggle between socialism and capitalism on the international

scale, and between the majority of Soviet scientists and few remaining Russian

scientists who have retained traces of bourgeois ideology, on a smaller scale.

There is no place for compromise. |[Lysenkoism] and {Mendelism] cannot be

reconciled. (Huxley, 1949, pp. 39-40)

It became impossible to challenge Lysenko’s views, and this signaled

the end of Mendelian genetics in Russia for two decades. Geneticists who

refused to acquiesce left Russia, and geneticists who remained were forced

to recant. Manylost their positions, and somelost their lives. By 1964, the

crop failures that resulted from Lysenko’s policies were too much to be

ignored, and may even have contributed to the downfall of Nikita Khrush-

chev, who had supported him during the post-Stalinist political upheaval.

Lysenko was disgraced and Mendelian genetics returned to Russia.

Lysenko’s belief in the inheritance of acquired characteristics and

many of his experiments have noscientific merit, as Soviet scientists now

recognize. However, the scientific issues are less important in the present

context than understanding the process of politicization andits disastrous

results. Huxley observed that Lysenkoism is not really a scientific issue, but

rather an example of ‘‘a preconceived idea, which has been imposed on the

facts instead of arising out of them; when the facts do notfit the idea, their

relevance or even their existence is denied.... It is essentially nonscientific

or prescientific doctrine applied to a branchofscientific study, not a branch

of science in its own right’ (Huxley, 1949, p. 23).
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The methods used by Lysenko to force his ideas on science deserve
special attention to sensitize us to such politicization. First, the scientific
controversy quickly became personal. Attacks were focused on men and
their motives, rather than on their ideas (Brill, 1975). Second, jingoism pre-
vailed. Simplistic slogans with popular appeal took the place of honest dis-
cussions of complex issues. A third and related tactic was Lysenko’s greater
use of the popular press than of scientific journals to promulgate his views.
Fourth, he disavowedthe scientific method. For example, Lysenkotold his
Staff that ‘‘to obtain a certain result, one must wish to obtain such a particu-
lar result; if you want a particular result you will obtain it’? (Lerner and
Libby, 1976, p. 396). Control groupsandstatistical tests of significance were
seldom used. Fifth, no compromise or middle ground was allowed. Theissue
wastreated as a class struggle in science, and the revolutionary slogan ‘‘who
is not with us is against us’’ was applied.

Political Issues Today

The example of Lysenkoism suggests the problems that can occur
when scienceis controlled by politics. We are sorry to note that there are
signs of similar tactics of politicization in relation to human behavioral genet-
ics today. Although scientific criticism is healthy, attempts to politicize the
field of behavioral genetics areill-considered because of the bizarre course
that politicization can take onceit has begun. Scientific criticism should not
be ad hominem,rely on jingoism or the popularpress, ignore the role of the
scientific method, not attemptto polarize controversies. It is unfortunate that
some opponents of human behavioral genetics research (particularly in rela-
tion to IQ) have used these polemical tactics. For example, a newborn
chromosomalscreening program wasstoppedafter the principal investigator
was subjected to considerable personal harassment (Culliton, 1975). Al-
though manycritics of Arthur Jensen’s position dealt with the issues at a
scientific level, many did not (Jensen, 1972). Also, E. O. Wilson became the
focus of some scurrilous attacks after the publication of his book on
sociobiology (Wade, 1976; Wilson, 1978).

It should be obvious that politicization is not the answer, evenif indi-
viduals are troubled by the value implications of behavioral genetics, rather
than the scientific issues. As discussed in the first chapter, many people
believe that equality means biological identity and that any differences
among individuals must be caused by environmental inequality. The values
underlying this belief are no doubt noble. However, it must be pointed out
that Lysenko began with the good intention of advancing science by making
science more responsive to socialist needs. If we were able to distinguish
between concern with values andscientific issues, there would perhaps be
less rancor in discussions of both values and scientific issues.

We suggest that the hypotheses of biological identity (that is, lack of
hereditary individual differences) and environmental causation of individual
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differences are scientific questions. Social equality, on the other hand,is a

value, and a very important one. If examined closely, there need be no

contradiction between the value of equality and the possibility of genetic

differences amongindividuals. Surely we do nottreat people equally because

there are no differences among them. People differ in morphological charac-

ters (such as height, strength, age, sex, and so on), and they also differ

behaviorally. However, noneof these differences implies that discrimination

is justified. Equality of opportunity and equality before the law are indepen-

dent of the question of individual differences, regardless of their genetic or

environmental etiology.

The basic scientific message of behavioral genetics is individuality.

Recognition of, and respect for, individual differences is essential to the ethic

of individual worth. Proper attention to individual needs, including the pro-

vision of the environmental circumstances that will optimize the develop-

ment of each person, is a utopian ideal and no more attainable than other

utopias. Nevertheless, we can approachthis ideal more closely if we recog-

nize individuality than if we do not. Although the requisite knowledge will

require muchresearch effort and expense, it would seem to warrant a high

priority. Human individuality is the fundamental natural resource of our

species.

THE IMPORTANCE OF BEHAVICRAL GENETICS

In thefirst chapter, we indicated that our goal is to communicate the princi-

ple that both heredity and environment can be responsible for individual

differences in behavior. We hope that the reader is convinced that genetic

differences can account for a substantial portion of observed variation in

behavior, even for such complex human characters as IQ. However, we

have failed in our goal if the reader thinks that behavioral genetics ignores

environmental influences. We have emphasized examples in which behav-

ioral genetics studies have providedcritical information concerning the role

of the environment. Oneof the most important aspects of behavioral genetics

is its ability to study both environmental and genetic influences on behavior,

without assuming that one or the other is omnipotent.

Most early behavioral genetics research sought only to demonstrate

that genes can affect behavior. More recently, research has attempted to

determine the extent to which individual differences for a particular behavior

can be attributed to genetic or environmental factors. Although this is just

the first step in understanding behavior,it is clearly a reasonable approach.

However, there is much moreto be learned from behavioral genetics. We

shall briefly consider the importance of behavioral genetics in understanding

more about behavior, genetic influences on behavior, environmental influ-

ences on behavior, and the interface between genes and environment.
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Behavior

Behavioral genetics methods can be used to analyze the heterogeneity
of behavior. Many phenotypes important to society, and thus of interest to
behavioral scientists, seem hopelessly complex. For examples, behavioral
genetics analyses have made someprogressin differentiating components of
both intelligence and psychosis. Behavioral genetics studies have analyzed
specific cognitive abilities and their relationship to IQ. It appears that there is
a substantial genetic relationship among quite diverse specific cognitive
abilities. In the area of psychopathology, behavioral genetics studies have
demonstrated that the two major psychoses, schizophrenia and depressive
psychosis, are genetically distinct. These studies also suggest the possibility
of etiologically different subtypes of depressive psychosis.

These analyses are versions of multivariate genetic-environmental
analysis. We have just scratched the surface of possibilities for such analy-
ses. In addition to breaking down the heterogeneity of complex phenotypes
such as IQ and psychoses,these analyses mayalso be useful in constructing
etiologically pure behavioral complexes. For instance, multivariate analysis
can begin at a basic level of behavior—with the items on a personality ques-
tionnaire or individual symptoms of psychopathology—and build scales or
syndromesthatare purely genetic or purely environmentalin origin. In other
words, instead of working with complex phenotypes that are undoubtedly
composed of a complex mixture of genetic and environmental influences,
multivariate genetic-environmental analyses can create new phenotypesthat
are etiologically simpler.

Genetic Influences on Behavior

Wecan go beyondthe estimation of heritability, and study the influence
of chromosomal abnormalities and search for possible major genes. If major
genesare found, we can determine the numberandtheir location on chromo-
somes. We can also begin the difficult task of tracing the physiological inter-
mediaries between the gene’s enzymeactivity andits ultimate indirect effect
on behavior.

Another important, yet relatively unexplored, direction for research
may reveal the developmental unfolding of genetic influences on behavior.
For example, as described in Chapter 12, there is some indication that spurts
and lags in the development of IQ may beinfluenced by genetic factors.

Environmental Influences on Behavior

Similarly, our analysis of environmental influences need not end with
the determination of environmentality. Indeed, it is our belief that behavioral
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genetics will increase our understanding of environmental, not just ge-

netic, influences on behavior. One example is the use of behavioral genetics

designs to identify specific environmental factors. Adoption studies can be

used to isolate specific environmental effects free of genetic influence. Iden-

tical twins are particularly useful in the search for within-family environmen-

tal influences because they are genetically identical. Any differences within

pairs must be caused by within-family environmental factors. In terms of

behavior in nonhuman animals, we have seen that reciprocal crosses, cross-

fostering, and ovary transplants can be used to identify prenatal and post-

natal maternal influence.

Behavioral genetics is also useful in studying the role of the environ-

ment in analyses of within-family and between-family components of envi-

ronmental variance. It is generally accepted that environmental influences

operate between families, making members of a family similar to one an-

other. However, in some cases, most notably for psychoses, behavioral

genetics studies conclude that nearly all relevant environmental variance

operates within families, making members of a family different from one

another.

Developmental analyses of environmental influences are also needed.

Multivariate genetic-environmental analysis can be profitably applied to lon-

gitudinal data to determine the extent to which developmental continuity 1s

mediated by environmental continuity or genetic continuity. In other words,

do the same environmentalfactors affect a particular character at two points

in development, or are different environmental factors operating during

these different developmental stages”

The Interface Between Genes and Environment

Theinterface between genes and environmentis likely to be the ground

for very exciting discoveries. Studying environmental influences without

consideration of genetic differences among individuals leadsto findings that

cannot be widely applied. As Scarr and Weinberg havepointed out: *‘In its

baldest form, naive environmentalism has led us into an intervention fallacy.

By assumingthat all of the variance in behavior was environmentally deter-

mined, we haveblithely promised a world of change that we havenotdeliv-

ered, at great cost to the participants, the public, and ourselves”’ (1978, p.

690).

As discussed earlier in this chapter, analyses of genotype-environment

interaction are likely to yield important information concerning environmen-

tal influences that are particularly powerful for certain individuals. For ex-

ample, educational methods appropriate for some individuals may not be

effective for others. We have only begun to use behavioral genetics methods

to study such problems.

Behavioral genetics research can go far beyond simple descriptions of

the relative contribution of genetic and environmental influences to individ-
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ual behavioral differences. For human behavior, we have used the examples

of cognitive ability and psychopathology because these areas of research

have always been concerned with individual differences. More behavioral

genetics research has been conductedin these two areas than in all the other

areas of behavioral science combined. However, even in these areas, sophis-

ticated behavioral genetics research has just begun. Only the most rudimen-

tary methods of behavioral genetics have been applied in other important

areas of psychology, including perception, learning, memory and informa-

tion processing, language and communication, personality, social psychol-

ogy, and psychopathology other than psychoses. Lamentably, there is barely

a trace of behavioral genetics in other areas of the social sciences, such as

anthropology, sociology, and economics. Thus, although behavioral genetics

has convincingly demonstrated that genetic variability can affect behavior,it
is still in its infancy in termsof its potential application to the behavioral and

social sciences.

SUMMARY

More mental-ability data were published between 1976 and 1979 thanin the
previousfifty years. Results of recent family, twin, and adoption studies
suggest that the heritability of general cognitive ability is less than previ-
ously believed—about 0.50 rather than 0.70 or greater.

Three types of controversies recur in behavioral genetics: nature-
nurture arguments, issues concerning the etiology of group differences, and
problems involving the relationship between science and politics. The
nature-nurture issue is related to genotype-environment (GE)interaction and
correlation. GE interaction occurs when individuals of different genotypes
respond differently to the same environment. Three types of GE correlation
are discussed: passive, reactive, and active. Behavioral genetics analyses,
particularly adoption studies, are capable of isolating specific GE interac-
tions and correlations.

Variance between groups is usually much less important than variance
within groups. For IQ, individual differences, independentof race and class,
account for three times as much varianceas race and social class. Also, the
causes of differences within groupsare not necessarily related to the causes
of differences between groups. Theresults of studies of racial differences in
IQ are equivocal. Such research also raises questions of values. Although
values enter the scientific process, science must remain as independentas
possible from politics. Lysenko’s politicization of genetics in the USSR
serves as a reminder of the disastrous consequences that can occur when
science becomes controlled by politics. The value of social equality is not
compromised by the finding of genetic differences amongindividuals.

Behavioral genetics studies can contribute much more than information
about heritability and environmentality. Multivariate genetic-environmental
analyses are particularly useful in analyzing the heterogeneity of complex
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behavioral phenotypes. Similarly, behavioral genetics can contribute greatly
to the identification of specific environmental factors, the role of within-
family and between-family environmental influences, and developmental as-
pects of the environmentas it affects behavior. Genotype-environment in-

teraction is likely to be a powerful tool for isolating environmental influences
important for certain individuals. Such analyses have not yet been fully

applied, even with regard to such characters as IQ and psychosis. The future

of behavioral genetics lies in its application to other areas of behavioral

science.
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