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Preface

Behavior Genetics: Principles and Applications is a collection of chapters by
active research workers. It includes reviews of special areas within the field and
discussions of interactions with other behavioral sciences such as psychology,
ethology, and sociobiology. Applications to medicine, psychiatry, and education
are also considered. One might say that the purpose of this book is to help in
dealing with the problem implied by DeFries and Plomin (1978): ““If a successful
area is one in which the rate of publication is so great that no one person could
keep up with the current literature and wouldn’t understand all of it if he tried,
then behavioral genetics is a rousing success [p. 473].”” Our aim is to present
summaries of the *‘state of the art’’ in a form that will be useful to researchers,
teachers, and students in a variety of disciplines. Contributors were encouraged
to integrate history, present knowledge, and projections for the future.
Although the book is not divided into sections there is some grouping of
related chapters. Ehrman and Probber briefly summarize the fundamentals of
genetics and evolutionary theory. Their contribution is particularly useful for
readers desiring to brush up on biological basics. Claridge and Mangan, review-
ing Western and Pavlovian approaches to human nervous system functioning,
summarize a somewhat neglected literature on genes, neurophysiology, and
personality. Simmel and Bagwell take up the present status of heritable variation
in activity and exploration in animals, while introducing the more general prob-
lem of the definition and measurement of behavioral phenotypes. The chapter by
Horowitz and Dudek deals primarily with experimental psychopharmacogenetics
in animals, an area that has importance for the understanding of the biological
base of individual differences among humans in response to psychoactive drugs.



X PREFACE

Omenn’s review of medical genetics ranges over a variety of inherited meta-
bolic and structural deviations with effects on behavior. He emphasizes chro-
mosomal aberrations and single locus effects. Diederen summarizes the present
status of the genetics of schizophrenia, a disorder that runs in families but does
not fit simple Mendelian models. Continuing on aspects of human behavior,
Scarr and Carter-Saltzman take up the genetics of intelligence, one of the tradi-
tional areas of contention in the nature—nurture debate. The emphasis in Fuller’s
chapter on ethology is the possible role of genes in the behavioral variability of
free-living species. Data from the laboratory are introduced where pertinent. A
general survey of the genetics of animal social behavior by Scott reflects his long
association with this field of research. Two of his former students review specific
areas: caretaking and care soliciting (Gurski), and agonistic and sexual behavior
(Hyde). Finally, Fuller looks at the relationship between behavior genetics and
sociobiology and concludes that each would benefit from closer interaction with
the other.

A bit of history concludes this preface. In 1977 Sonja Haber and Robert
Dworkin conceived and planned a Handbook of Behavior Genetics to serve as a
basic reference for specialists. Difficulties were encountered: target dates for
manuscripts were not met; a number of persons withdrew after accepting an
invitation. In the meantime a number of excellent contributions remained in
limbo. Dworkin withdrew from the project in 1980 for personal reasons, and
Haber found it necessary to do so in 1981. She asked two of her former mentors
to consider taking over the project. Following conversations with the publisher
we acceded to the stipulation that the format be changed from a ‘‘handbook’’ to
a “‘current advances’’ familiar in other disciplines. Should the present volume
serve a need, we envision sequels covering other important areas omitted here.

In addition to our debt to Haber and Dworkin we acknowledge the editorial
aid of Marjorie Bagwell and Ruth Fuller.

John L. Fuller
Edward C. Simmel
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BEHAVIOR GENETICS

Principles and Applications



Fundamentals of Genetic and
Evolutionary Theories

Lee Ehrman
Joan Probber
State University of New York at Purchase

Behavior genetics—f{rom where do diverse scientific disciplines emerge, devel-
op, and finally coalesce? Psychology, which attempts the description, predic-
tion, and ultimately the understanding of behavior, began in the universities of
Europe. One tradition emerged from the 18th- and 19th-century German philoso-
phers as exemplified by Leibniz (Boring, 1950), and was given an experimental
basis by Wundt (later in the United States by his student Titchener). The other,
emanating from England, was based on the principles of John Locke and the
philosophes of the French enlightenment. This Anglo—French influence came to
America in 1882 with Herbert Spencer, who was enamored of Charles Darwin’s
theory of natural selection. Although these traditions are diffuse they help pro-
vide an orientation for understanding the development of psychology and its
attempts to provide a firm biological basis for the study of behavior.

Situations in which stimuli could be controlled and responses objectively
measured were the foundation of the Wundtian school. The Lockean prescription
offered a more comfortable cultural fit to our society, and its view of mental
process as the product of nothing but sensation furnished a comfortable ambience
for the growth of the pragmatically oriented behaviorist school.

PRINCIPLES OF GENETICS

Mendelian Genetics

Genetics formal beginnings are found in the work of Gregor Mendel (1822-
1884) whose elegant experiments with garden peas and mice provided the foun-
dation for the science of genetics. In the garden of a monastery in Moravia (now
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2 EHRMAN AND PROBBER

Czechoslovakia), of which he eventually became abbot, Mendel crossbred vari-
eties of the garden pea that had maintained relatively constant differences in
physical characteristics over generations. This hereditary constancy occurred
despite the occasional, now fully scientifically explained, disappearance of a
given trait during several generations and its subsequent reemergence.

Some of the factors Mendel analyzed were tall versus dwarf plants, red or
white colored blossoms, seed color and shape, pod forms, and the position of
flowers on stems. He theorized that each plant contained two factors for a
particular characteristic such as color (one of each of these factors contributed by
each parental plant) and that these units were transmitted to descendants in
adherence to statistical predictions. These two factors (now called genes) might
be identical, in which case the organism was said to be homozygous for that
gene, or they might differ and the organism would be heterozygous.

From his plant-breeding experiments and observations, Mendel derived two
laws that serve as the foundation, both historically and functionally, of the
science of genetics. The first law concerns segregation. Genes are particulate
units of inheritance that may exist in two or more variant forms (alleles) at the
same position (locus) on a chromosome. Members of a chromosome pair sepa-
rate when sex cells are produced. If an individual is heterozygous at the A-locus,
the gametes will be of two types—A or a. The second law deals with independent
assortment of alleles on different chromosomes. When the chromosomes sepa-
rate to form eggs and sperm, these variant alleles (Aa and Bb, for example) are
transmitted independently of one another to the next generation. When one allele
is always expressed phenotypically in the organism bearing it, it is called the
dominant allele (A); a recessive allele, expressed only when the dominant allele
is absent, is designated a. A dominant trait is expressed when one or two
dominant alleles are present (AA or Aa) but one can see only the recessive
phenotype when both recessives (aa) are present. Some alleles are not expressed
as either dominant or recessive but are intermediate, and they produce a phe-
notype somewhere between the phenotypes of the parents (red, pink, white).
Suppose that two individuals differing in genes at only three different loci (genet-
ically active sites on chromosomes) are crossed: AABBCC X aabbcc. The sex
cells (gametes) are carrying ABC or abc, whereas the first filial generation (F D
or offspring, is entirely AaBbCc. Each F offspring can produce eight different
types of gametes: ABC, ABc, AbC, aBC, Abc, aBc, abC, and abc. Figure 1.1
indicates the number of possible genotypes when three genes are involved. For
an idea of what occurs when more than three gemes are involved see Table 1.1.
Inasmuch as each chromosome has many thousands of genes the number of
possible combinations is astronomical.

The word chromosome comes from the Greek chroma, which means color,
and soma—body, because these gene-carrying units can be routinely observed
microscopically when stained with basic dyes. Genes are arranged in linear order
on these chromosomes, which are found in the nucleus of eucaryotic cells.
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EGGS
ABC ABc AbC aBC abC aBc Abc abc

ABC| AABBCC | AABBCc | AABbCC | AaBBCC | AaBbCC | AaBBCc | AABbCc | AaBbCc

ABc | AABBCc | AABBcc | AABbCc | AaBBCc | AaBbCc | AaBBcc | AABbcc | AaBbcc

AbC | AABbCC | AABbCc | AAbbCC | AaBbCC | AabbCC | AaBbCc | AAbbCc | AabbCc

aBC | AaBBCC | AaBBCc | AaBbCC | aaBBCC | aaBbCC | aaBBCc | AaBbCc | aaBbCc

SPERM

abC | AaBbCC | AaBbCc | AabbCC | aaBbCC | aabbCC | aaBbCc | AabbCc | aabbCc

aBc | AaBBCc | AaBBcc | AaBbCc | aaBBCc | aaBbCc | aaBBcc | AaBbcc | aaBbcc

Abc | AABbCc | AABbcc | AAbbCc | AaBbCc | AabbCc | AaBbcc | AAbbcc | Aabbec

abc | AaBbCc | AaBbcc | AabbCc | aaBbCc | aabbCc | aaBbcc | Aabbcec | aabbec

FIG. 1.1. A tri-hybrid cross: each cell represents a different genotype.

Organisms are classified as eucaryotes if their genetic material is contained in the
nucleus of their cells. This includes all life above the level of bacteria and
blue—green algae. The latter—called procaryotes—are considered to be earlier
stages in the evolution of life on this earth. Procaryotes have no nuclei and their
genetic material is distributed throughout their cells. In eucaryotes, each indi-
vidual of a species has a characteristic chromosome number—46 in humans, 40
in the house mouse, 20 in corn, 48 in the potato,and 8 in the fruit fly, (Dros-
ophila melanogaster).

Sexually reproducing individuals often have two different alleles (are hetero-
zygous) for many of their genes. Thus, the possible combinations of parental
genotypes greatly outnumber the actually ever-realized genotypes. The proba-
bility of siblings acquiring the same genetic endowment from both or even one of
their parents is infinitely small. This probability decreases as more and more
pairs of genes are involved. So, each and every human individual (except for
identical twins) is and has been genetically unique.

Genotype and Phenotype

The observable physical and behavioral aspects of an organism constitute its
phenotype. The phenotype is the joint product of the genes that an organism
possesses (its genotype) plus the effects of the environments in which it devel-
oped and now lives. It has become increasingly obvious with the predominance
of the behaviorist school of psychology throughout the 1950s that the environ-
ment is of particular significance in the development of behavioral phenotypes
(Beach, 1950).
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TABLE 1.1
Gregor Mendel’s Laws of Segregation and Independent Assortment
As Applied to Numbers of Differing Pairs of Genes.
F1 Heterozygosity Is Assumed As Is Complete Dominance
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A prime example of how behavior may be altered via the environment is
phenylketonuria—a genetic disease more fully discussed elsewhere in this chap-
ter, arising from an inborn error of metabolism. The enzyme that normally
breaks down phenylalanine—an essential amino acid—is lowered or missing due
to gene malfunction. Unmetabolized phenylalanine accumulates in the brain, and
one of the effects is a lowered intelligence quotient (IQ). If the metabolic error is
circumvented by a special phenylalanine-free diet, IQ is ostensibly improved.

Chromosomal Genetics

It might be best to consider the nature of the genotype at this point so that genetic
principles are understood before we consider the complexities of the effects due
to environmental fluctuations. As noted before, the physical bases of heredity are
the genes that are borne on the chromosomes carried in cell nuclei. These
chromosomes can be observed during mitosis (when the cell divides and re-
produces an exact replica of its genetic content, and in meiosis (including reduc-
tion division), where the chromosome number is halved to produce the gametes
(spermatozoan or ovum) involved in sexual reproduction.

The human species’ 46 chromosomes are arranged in 23 pairs; in females all
23 pairs are homologous (correspond structurally and derivatively); in males,
there are 22 homologous pairs plus a nonhomologous X and Y chromosome (Fig.
1.2). The chromosome pairs, when properly stained, differ in length and ap-
pearance so that they can be individually recognized, much as one might recog-
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FIG. 1.2. Human chromosomes. A. Normal female cell with 46 chromosomes
and the normal female karyotype (XX). B. Normal male cell with 46 chromo-
somes and the normal male karyotype (XY). (Courtesy of Professor Raymond
Turpin.)
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nize the familiar face of a friend. During meiosis, when the gametes are formed
and the chromosome number is halved, all the chromosomes in a single gamete
differ because each gamete has only one member of each chromosome pair. At
fertilization, two gametes unite, each containing a set of 23 chromosomes to
form the fertilized cell (zygote) with 23 pairs or 46 chromosomes once again.
This process is diagrammed in Fig. 1.3. The number of chromosomes contained
in gametes (23) is referred to as the haploid number and that of zygotes (2 X 23
= 46) is the diploid number—written as n and 2n, respectively.

The process of meiosis affords a significant opportunity for increasing genetic
variability. The most important consistent mechanism of change is crossing over,
which takes place during the early phases of meiosis. Homologous chromo-
somes, lying next to each other, break, exchange equivalent portions of their
genes, and reanneal to produce combinations that differ in arrangement from the
genetic endowment provided by parents. This phenomenon is omnipresent in the
normal meiotic process; when it fails to occur in at least one parent, the resulting
organism is often sterile. Crossing over is the most consistent of a number of
processes that provide the raw material upon which natural selection may act.

A coarser and more sporadic mechanism is individualized chromosome rear-
rangement, of which there are four possible types: deletion, duplication, inver-
sion, and translocation. Deletion is the sometimes lethal removal of a gene or
sequence of genes. Death may occur because a biochemical sequence has been
excised, resulting in an intolerable structural or functional gap in the organism.

Duplication of a chromosome or part of a chromosome may cause an im-
balance of gene activity, reducing the viability of an organism. However, be-
cause some organisms can tolerate duplications of genetic material, these du-
plications might play an evolutionary role if part or all of one of the duplications

SPERM (23) OVUM (23) n
N\

FERTILIZATION

NS

ZYGOTE (46) 2n

|

EMBRYO (46) 2n

l FIG. 1.3. Human chromosome

ADULT (46) 2n number changes during gamete and
zygote formation. This can be gener-

GAMETE FORMATION alized for sexually reproducing or-

ganisms, which will be designated in
this book by n, where n is the haploid
number and 2n the diploid number.

SPERM (23) n OVUM (231 n
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mutated and functioned differently from the original. Indeed, this is one way in
which evolutionary change is postulated to occur. Greater genetic variability
gives rise (in minute quanta, to be sure) to physiologic and morphologic dif-
ferences that endow the organism with an enlarged behavioral repertoire so that it
can more successfully cope with an ever-changing environment.

An inversion occurs when a chromosome breaks in one or two places and the
segment between the break(s) rotates 180° leading to a reversal of gene order and
a resulting change in biochemical product. A translocation occurs when two
chromosomes from different pairs break simultaneously and exchange segments.

According to current knowledge, not all these chromosomal and gene changes
are equally important in their effects on behavior. To date, inversions and chro-
mosome number changes appear to form the main categories of importance. But,
crucial to the meiotic process (which reproductive systems evolved to support) is
the shuffling and mingling of genetic material into infinite numbers of combina-
tions.

Mutation and Mutants

Until now this discussion has centered on the shuffling of genetic material in
sexually reproducing species. Genetic variability within a species has been dis-
cussed with emphasis on the variety of gene combinations attributable to
meiosis, crossing over, duplication, and translocation. All these simply involve
the reassortment of a set of variable genes indigenous to a population. In the
following section we consider the appearance of novelty in the genes themselves.

The essence of creating novelty is the process of mutation. These are altera-
tions in the chemical structure of a gene that lead to changes in gene products that
may ramify throughout the organism. Mutations at some loci occur spon-
taneously on the average of one in a million newly arisen gametes. The frequen-
cy is increased by radiation and by some chemicals known as mutagens.

A veritable storehouse of genetic mutations in mice is found at the Jackson
Memorial Laboratory in Bar Harbor, Maine. Through selective inbreeding, when
a mutant trait of interest is found, a strain of mice each of whose members
possess the trait is established and bred for research uses. Many of the known
mutant genes affect the nervous system during its development and produce a
range of deficits in behavior from minor disturbances to severe defects. One of
these found in the mouse is a mutation on chromosome five, an altered gene
called fidget. When this gene is present on both members of the fifth chromo-
some, it produces a behavioral phenotype in which the mouse’s head moves from
side to side continuously. The gene is written fi and the mouse is said to have an
fifi genotype. In most mice the fidget gene is not present at this locus but the
‘normal alternative gene, written as =, is. If the mouse is genotypically either fi +
or + +, the behavioral alteration is not seen. Only if there are two fi genes
present does the fidget phenotype become visible, as the wild type (+) gene is
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dominant to the recessive fi). However, dominance and recessivity are not
necessarily complete, because heterozygotes (individuals with nonidentical al-
leles) are often distinguishable from both homozygotes (individuals with identi-
cal alleles). Even if at first sight dominance appears to be complete, detailed
biochemical tests may reveal differences between the heterozygote and the
homozygote.

Untreated phenylketonuria in man provides one such example. Superficially
viewed, the disease is controlled by a recessive gene p with afflicted individuals
being pp and normals p+ or ++. However, at the beochemical level, p+ and
++ may be distinguishable because the p+ individual tends to have more
phenylalanine in blood serum. Dominance, in this case is incomplete. So, de-
pending on which phenotype component is being examined, different conclu-
sions as to the dominance may be drawn.

If a simple dominant-recessive relationship is assumed with two pairs of
alleles at two loci (i.e., A and B are dominant to a and b), what might ensue? If a
double heterozygote (AaBb) is crossed with a double homozygote (aabb) what
are the statistical expectations? The double recessive homozygote produces only
ab gametes. From the double heterozygote each separate locus yields equal
numbers of AB, Ab, aB and ab gametes according to Mendel’s principles of
segregation and of independent assortment of alleles during gamete formation. If
these gametes are fertilized with the recessive ab gametes, the results, assuming
two independent pairs of alleles and simple dominant—recessive relationships,
will yield a 1:1:1:1 phenotype ratio. The backcross to a recessive parent (one
with an aabb genotype) is often used as a testcross in practical breeding programs
because it can determine the actual genotype of an organism whose recessive
alleles may be obscured by dominant ones. The use of this wholly recessive
dihybrid parent unmasks recessive alleles in the alternate parental genotype. If
we return to Mendel’s garden peas and specify physical traits in a dihybrid cross
(A is the gene for yellow and a the gene for green; B is the gene for a smooth
surface and b the gene for a wrinkled one), we emerge with four types of gametes
(AB, Ab, aB, ab) produced in approximately equal numbers, which yield the
basic Mendelian ratio of 9:3:3:1.

Recombination and Genetic Maps

There is an important exception to Mendel’s second law. Assortment of genes is
not generally independent if gene loci are on the same chromosome. The closer
genes are to each other along a given chromosome, the more closely linked they
are during gamete formation. Although genes on the same chromosome may
recombine with each other during meiosis, the frequency of the recombination
depends on the spatial distance between the relevant loci. Generally, the further
apart the loci are, the greater the possibility of recombination.



1. FUNDAMENTALS OF GENETIC AND EVOLUTIONARY THEORIES 9

From the frequency of these recombinational events, chromosome maps have
been constructed for individual chromosomes. Genes located on the same chro-
mosome are said to belong to the same linkage group. Thus, in humans we have
23 linkage groups (one for each pair of chromosomes, i.e., the haploid number
of chromosomes [r] corresponds to the number of linkage groups). The house
mouse, possessing 40 chromosomes, has 20 linkage groups; in Drosophila
melanogaster, an organism of historical importance in behavior genetics, the
numbers are 8 and 4 respectively. During the formation of human eggs and
sperm (gametes), the chromosome number is halved (meiosis), leaving the egg
with 22 autosomes and an X chromosome, and the sperm with 22 autosomes and
an X or a Y sex chromosome. Males produce four sperm from each specialized
cell in the testes and X- and Y-bearing sperm occur in about equal numbers.

Gametes and Fertilization

In ovaries, meiosis also produces four products, but three of these become polar
bodies, whereas the fourth becomes the chromosome-containing nucleus of the
developing egg. Human females are born with their entire reproductive quotient
already present and the limits are set for the number of eggs they can produce
(about 400 during a reproductive life span). Males, however, continue to pro-
duce sperm from sexual maturation until senescence.

Differences in gametic size and function are extreme. The head of the sperm
is about 3 to 5 microns long and 2 to 3 microns wide. The tail, which propels it,
is 10 times the length of the head. Essentially, it is a pared-down packet of
miraculously organized DNA (genetic material) with a launching and traveling
apparatus to respond to and fertilize ova.

The human egg, in contrast, is one of the largest cells in the body—a sphere
about 130 microns in diameter. It moves only passively when it is essentially
shoved along, taking a few days to progress from ovary to uterus. As noted by
Hartl (1977, cited in Probber and Ehrman, 1978): ‘Al the sperm that gave rise
to all the people that ever lived could be carried in a teaspoon . . . the eggs,
would require a small bucket. [p. 18].”" The egg is comparatively enormous
because in addition to its complement of chromosomes, its cytoplasm provides
the nourishment for, and biochemical assistance to the developing embryo for
translation of the information carried in its genes. Unlike the female gamete the
function of the sperm as a cell is complete when the sperm contacts and pene-
trates the egg (having shed its tail), and sperm and egg fuse.

With fertilization of the egg, formation of the embryo begins, but it is not
until 6 weeks afterward that sex chromosomes become operative. At this point
the Y chromosome, if present, will cause the inner layer of the gonads to develop
into testes. If, however, there are two X chromosomes, at about 12 weeks the
outer layer of the gonads will elaborate into ovaries.
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X-Chromosome Inactivation

A further complication relates to sex. Although every human embryo is pre-
disposed to develop as a female, its eventual sex phenotype will be determined
by the types of chromosomes borne by the sperm. Our species has 23 pairs of
chromosomes, each of which carries thousands of genes that compose the geno-
type that develops and unfolds to become the visible organism, the phenotype. In
humans, 22 of the total number of chromosomes are autosomes; that is, two
copies of these chromosomes are present in both sexes. The 23rd pair is made up
of the unique sex chromosomes; the female has two of the X chromosomes; the
male has one X and one Y chromosome. These were originally called X from X
the unknown factor, and Y because it follows X alphabetically.

The X chromosome was first described in 1891 from insect material as ‘‘a
peculiar chromatin body’’ but its function was not known then or for a long time
afterward. Although the female had two doses of all the genes on the X chromo-
some and the male only one, there seemed to be no significant differences in X-
chromosome activity between the sexes. It was not until 1962 that a basis for
dosage compensation emerged. This has been named the Lyon hypothesis after
Mary F. Lyon, who first presented detailed studies on the subject. She hypoth-
esized that in the normal female, one X chromosome is inactivated in each
somatic body cell early in embryonic development. Whether the maternal or
paternal X is rendered inert is a matter of chance and the result is that patches of
cells with X-chromosomal lineages emerge. The deactivated X becomes a tightly
packed mass usually found close to the inner surface of the nuclear membrane of
somatic cells in normal female mammals. It is called a Barr body after its
discoverer. Accordingly, each cell in a male or a female has only one operative X
chromosome. Because a female’s cells are of two types (maternal X and paternal
X), she is a genetic mosaic. A male, however, has only his maternal X chromo-
some to express.

What are the implications of this double X-chromosome dose for the female
of our species? At the molecular level the X chromosome is a much more
information packed and therefore biochemically active chromosome than the Y,
which is much smaller and, except for male sex determination and fertility, inert.
Recent work by McKusick and Ruddle (1977) cited more than 100 genes in the
human X-chromosome map. The Y chromosome bears only two known genes,
one controlling the TDF (Testis Determining Factor) and the other coding for the
H-Y antigen. The H-Y antigen plays an important role in the expression of male
physiological and morphological characteristics, specifically for the differentia-
tion of the testis. According to Wachtel (1977): ‘‘Further male differentiation is
imposed on the embryo by the action of testicular hormones against the inherent
tendency toward the female phenotype [p. 798].” It is also known that males
with their X and Y chromosomal complement are relatively unprotected from the
expression of unpaired deleterious genes on their single X chromosome. Every-
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thing on their maternal X chromosome is expressed if not modified by genes on
the autosomes. This is demonstrated by the much greater percentage of males
afflicted by X-linked defects such as color blindness and hemophilia. Genes on
the X chromosome are said to be sex linked. In females the principles of hetero-
zygosity and homozygosity apply to genes on the sex chromosomes just as they
do for the genes on autosomes. In males, loci on the X are not matched by loci on
the nearly inert Y chromosome; this condition is known as hemizygosity.

EPIGENESIS

The process of development involves constant interaction and coaction of an
organism’s genes and its environment. Given identical genotypes as in mono-
zygotic human twins or highly inbred mice and Drosophila, phenotypes are
usually very similar. Even under optimal circumstances however, phenotypic
variation occurs because of perturbations in the environment. In a given situation
one can speak of the average phenotype of individuals with the same genotype as
a norm of reaction. The range of reaction covers the spread of phenotypes that
could potentially develop from a given fertilized ovum. Clearly, the range of
reaction increases if the environment is not carefully controlled. The epigenetic
view of development postulates that genotype and environment are involved at
every stage from fertilization to birth and beyond. At fertilization, these actions
begin at a molecular level.

Enzyme activities and changes in the intracellular environment are initiated.
The egg provides a source of energy for the newly formed zygote and a well-
primed machinery for protein synthesis, which initiates the primary series of
cleavages and invaginations that produce the embryo, fetus, and finally, the
neonate. The control mechanisms fostering maturation are encoded within the
genes, in the internal and external environment of the DNA, and in the interre-
lations and interactions between them. At every level—molecular, cellular, and
organismic—there are functional gene—environment interactions and products.

Role of the Biosphere: Origins of Life

But what is the raw material that comprises the stuff of life—that initiates and
directs the master plan for the architecture of all the organisms with which we
share or have shared this planet? It is a flexible thread that binds the most minute
of submicroscopic flora and fauna to the most magnificent (and threatened)
product par excellence of evolution—Homo sapiens. How did genetic material,
those miracle molecules, originate, organize, and evolve?

The condition of primitive Earth (about 4 billion years ago) provided an
atmosphere rich in hydrogen, methane, ammonia, and water. In 1952 Harold
Urey and and his associates posited the first steps in the evolution of life from
inorganic compounds by nonbiologic means. Possible energy sources for the
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synthesis of these molecules might have been ultraviolet radiation from the sun,
lightning, radioactive decay in the earth’s crust, and heat from volcanoes and hot
springs. Laboratory experiments undertaken by Stanley L. Miller and others
(Miller & Orgel, 1974) since 1953 have demonstrated the possibility (by simulat-
ing primitive Earth atmosphere) of production of many amino acids, purines,
pyrimidines, and sugars—such as ribose and deoxyribose—by nonbiologic
means. So, the primeval organic ‘‘soup’” postulated by J. B. S. Haldane (1929)
was probably present on primitive Earth. As the earth evolved chemically, the
atmosphere changed. Most of its hydrogen was lost to outer space and the
released oxygen thus gained was converted to ozone and formed above the earth
a layer that absorbed ultraviolet light. After the formation of this layer, the main
sources of energy were visible light and heat from the sun.

As more synthesis of these primary molecules occurred—especially in the
oceans—more and more intermediate products accumulated in the thickening
organic soup. An ingredient of the soup was adenine—one of DNA’s bases. It
was plentiful in that broth because it was easily synthesized; a simple compound
of hydrogen cyanide. The other bases—cytosine, guanine, and thymine—are
more complex structures. Irradiation of solutions of adenine, ribose, and phos-
phate compounds with ultraviolet light (2400-2900 A) has led to the synthesis of
AMP (adenosine monophosphate), ADP (adenosine diphosphate) and ATP (ade-
nosine triphosphate)—the basic energy currency of cells. This means that these
high-energy phosphate compounds would have been part of the “‘soup’” when
life initially evolved and that these adenosine compounds would have been the
most common. It is interesting to note three steps that are a precondition for the
formation of DNA:

1. The union of base and sugar to form the nucleoside.
2. The union of nucleoside and phosphoric acid to form the nucleotide.
3. The union of nucleotides to form DNA (nucleic acid).

Finally, the union of amino acids to form polypeptides is accomplished simply
by the removal of water.

The next step in evolution toward life from monomers to polymers (and
collections of polymers) came with the development of interdependence of these
chemical systems. Proteins and nucleic acids became dependent on each other in
their evolution and for their existence. Nucleic acid can function nonenzymat-
ically to replicate itself; this is known as autocatalysis. Such autocatalytic func-
tion means that a pool of raw nucleotide materials would more easily synthesize
copies of a given polynucleotide than it would synthesize, by complementation,
different polynucleotides. Natural selection would then occur and the most abun-
dant polynucleotide would be the most stable and quickest to replicate.
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With the nucleic acids, proteinoids that were present on early Earth underwent
a somewhat altered evolution. The formation of protein polymers is accom-
plished simply, but the polymerization of amino acids to protein chains is not
spontaneous. It can become so if the concentrations of reacting substances are
sufficiently high. Haldane (1929) proposed that this was accomplished by the
concentration of amino acids in drying pools of water near seashores. Nearly all
the 20 amino acids common to proteins were included in these proteinoids,
which were very similar to currently known proteins and polypeptides of corre-
sponding size and all showed at least some catalytic activity. Although natural
proteins are catalysts, unlike nucleic acids they are poor autocatalysts, so the
products and diversity of protein catalysis are determined more by the amount
and type of reactants involved than by the qualities of the catalyst. In 1965, Fox
discovered a distinct propensity on the part of proteinoids to form microspheres
about 2 microns in diameter when hot concentrated solutions of them are slowly
cooled. These microspheres show a double layer boundary resembing a mem-
brane (but without lipids) and swell or shrink as ambient salt concentrations vary.
They are not alive or are not even direct precursors of living cells, but they
demonstrate the effects of forces that would have operated on primitive living
systems as they evolved. If allowed to stand for several weeks these micro-
spheres absorb more proteinoid material from solution, produce buds, and some-
times divide to produce second-generation microspheres. This is not the ancestral
paradigm of reproduction. It simply illustrates how one of the functions usually
associated with living organisms can be mimicked by the remarkable self-organ-
izing properties of simpler chemical systems. Thus, it appears at least possible to
speculate that the immediate precursors of life were capsules of chemical reac-
tions called coacervate drops by Oparin (1968). He saw them as a model for the
evolutionary development of cell membranes, as coacervate preparations form
droplets with an acqueous solution surrounding them. These drops will form in
many kinds of solutions of polymers including proteins or nucleic acids. Al-
though this droplet-forming property is also a function of purely chemical sys-
tems, the behavior of these sorts of molecules sheds light on the origin of life.
More stable coacervates could survive longer and perhaps grow by adsorbing the
remains of less stable droplets. As a result of selection, accelerated rates of
reaction would become advantageous and more and more efficient and elaborate
catalysts would be developed and retained until evolution of such a system
produced the ultimate catalyst—the organic enzyme. This led to what Oparin
(1968) described as protobionts—organized metabolizing systems. These proto-
bionts delineated by Oparin lacked one crucial quality—they were not capable of
reproduction; they did not have the capacity to replicate themselves and to
persevere as a species. The mechanism for doing this, the molecules of instruc-
tion for self-duplication, were still evolving in the polynucleotides of DNA.
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BIOCHEMICAL GENETICS

DNA (known fully as deoxyribonucleic acid) is present in almost all cells of a
given organism in the same amount and type. The genes (which are mostly
organized in chromosomes) are segments of a DNA molecule that specify the
structure of a single type of protein. Although genes ultimately determine all the
characteristics of a cell, they do not do so directly. DNA exerts its control over a
cell by synthesizing the closely related ribonucleic acid—RNA—which in turn
directs the synthesis of proteins. Experiments with microorganisms clearly show
that DNA contains all information necessary to make daughter cells that are
essentially identical to parent cells. The amount of DNA per cell is not large; in
the human cell there is about 6 X 10 ~12 g. In spite of this minute quantity, the
amount of information contained is enormous—sufficient to direct the synthesis
of a human individual.

A DNA molecule is made up of chemical units called nucleotides, each
consisting of:

1. A base that is a purine [adenine (A) or guanine (G)] or a pyrimidine
[cytosine (C) or thymine (T)].

2. A pentose (5-carbon sugar), deoxyribose.

3. A phosphate group.

In a given DNA molecule, the phosphate and sugar groups are identical and only
the bases vary. The information determining heredity resides in the arrangement
of the bases, A, G, C, and T. The quantity of these bases per cell is constant
within a given species but varies among species. However in every species, the
quantity of A=T and that of G=C, proving that A is always paired with T and G
with C.

DNA was chemically known in the 1800s but the first comprehensive elabora-
tion of the structure and coding of genes was demonstrated in 1953 by Watson
and Crick. The bases are attached to a sugar—phosphate backbone forming a
chain of nucleotides:

base—sugar.
phosphate
base—sugar.

phosphate

base—sugar



1. FUNDAMENTALS OF GENETIC AND EVOLUTIONARY THEORIES 15
Watson and Crick found DNA to be a double chain of nucleotides:
sugar—base—base—sugar.
phosphate phosphate
sugar—base—base—sugar.
phosphate phosphate

sugar—base—base—sugar.

The two chains are joined by the bases, pairing by the rule stated previously and
are twisted around each other in a double helix (Fig. 1.4). The nucleotide pairs
are separated by 3.4 Angstrom units (A; an Angstrom unit equals 10~ 7mm), and
the whole structure repeats itself in 10 pairs at intervals of 34 A. Thus, by
applying the pairing rules (A=T and G==C), if we know the sequence of bases
on one helix, we also know the sequence on the other.

According to the Watson—Crick theory, the linear sequence of nucleotides is
characteristic for a given species although there are minor heritable variations
that lead to variations in proteins that have as their primary structure a chain of
amino acids. Therefore, the linear sequence of nucleotides can be regarded as a

FIG. 1.4. The double helix of
DNA.
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genetic code specifying the proteins that are essential components of all living
organisms.

There are 20 essential amino acids specified by the genetic code. Because
there are four possible bases (A, T, G, and C), one- and two-letter codes are
inadequate, specifying 4 and 4> = 16 combinations only. A triplet code specify-
ing 43 = 64 combinations is a necessary and apparently sufficient minimum. The
nucleotide triplet is referred to as a codon, and because a triplet code gives 64
different combinations, or words, of which only 20 are needed for amino acid
synthesis, the code is referred to as a degenerate code. In fact some amino acids
are coded by more than one triplet (Fig. 1.5). The names and abbreviations of the
20 essential amino acids are:

Alanine Ala Leucine Leu
Arginine Arg Lysine Lys
Asparagine AspN Methionine Met
Aspartic acid Asp Phenylalanine Phe
Cysteine Cys Proline Pro
Glutamic acid Glu Serine Ser
Glutamine GIuN Threonine Thr
Glycine Gly Tryptophan Tryp
Histidine His Tyrosine Tyr
Isoleucine lleu Valine Val

From the DNA code a linear message of triplets or codons is transcribed to a
form of RNA (or ribonucleic acid) called messenger RNA (mRNA). RNA is
chemically very similar to DNA except that: (1) its sugar is ribose rather than
deoxyribose; (2) it has the base uracil (U) substituting for thymine; and 3)itis
single- rather than double-stranded. In transcription from DNA to mRNA, the
following pairing rules therefore occur:

Base in DNA Base in mRNA
A U
T A
C G
G C

There are three kinds of RNA on which protein synthesis depends: messenger

RNA, transfer RNA, and ribosomal RNA, all carrying codons that correspond to
DNA.
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FIG. 1.5. The genetic code. See text for explanation.
Messenger RNA (mRNA) has been described previously.
Before amino acids are assembled into protein chains they must be ‘‘acti-
p y

vated’’ by the attachment of a special phosphoric acid group. They are then
attached to another type of RNA called transfer RNA (tRNA). In fact, there are
as many varieties of f/RNA molecules as there are triplets determining amino
acids.

Alignment of the fRNA and mRNA so as to assemble protein chains in an
orderly way is mediated by special particles in the cytoplasm of the cell called
ribosomes, which are made from a third form of RNA called ribosomal RNA
(rRNA).

The process of the formation of protein from the code carried by the mRNA is
referred to as translation, so we can summarize what happens as:

transcription translation

> mRNA

DNA > protein

The important point then is that the amino acid sequence in proteins is directly
determined by the genetic code carried by the DNA molecules even though the
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mechanism by which this occurs is complex. A great deal of additional informa-
tion about this process can be found in many texts, but the details of the process,
largely established in microorganisms, are only of preliminary interest to behav-
jor geneticists at the present stage in the development of our field. On the other
hand, with time there will certainly be a trend toward metabolic explanations of
behavioral processes, so that an understanding of the biochemical basis of gene
actions will assume progressively more importance.

Regulatory Processes

So far as protein synthesis itself is concerned, most proteins are made only when
they are useful. Therefore, there must be a means of regulation. In fact, regula-
tor genes have been discovered in microorganisms. These regulator genes deter-
mine whether the genes that specify types of proteins (structural genes) are
active or otherwise. The regulator genes themselves are controlled by events
taking place in the cytoplasm of the cell and thus are open to environmental
influences; for example, if a certain amino acid is necessary for growth and is
present in the environment, then the cells can cease making the amino acid as
well as the enzymes necessary for its synthesis (enzyme repression). Undoubted-
ly this process of regulation of protein synthesis must be the basis of differentia-
tion, which is the development of specialized cells and tissues. At all stages of
development, it is clear that different portions of DNA are active in each type of
cell and tissue. Such temporal regulation of gene action must be carefully studied
in order to understand behavior. It is clear that genes act in sequence during
development so that a given gene may start one event which in turn activates
other genes, leading to a series of developmental steps. Gene—hormone interac-
tions, for example, are probably involved in sex differentiation, the onset of
puberty, and the development of learning in man.

The other important consequence of a knowledge of the physiological pro-
cesses of a gene substitution is that their pattern can be modified by appropriate
treatment. A good example of environmental influence on genes in man is
phenylketonuria, which we have already considered in other respects. Untreated
individuals homozygous for this recessive gene usually have IQs below 30. Their
skin and hair pigmentation is generally lighter than that of the population from
which they arise. Phenylketonuria is due to a deficiency or absence of the
enzyme phenylalanine hydroxylase, which is necessary in the metabolism of
phenylalanine, an amino acid that is an essential dietary constituent. Normally,
phenylalanine — tyrosine — - — various metabolic breakdown products. In
phenylketonuria, this first step is blocked; phenylalanine accumulates to a level
40 to 50 times that found in unaffected individuals and this excess leads to mental
deficiency. Hence, a likely treatment would be to feed a phenylalanine-free diet.
This poses problems, as all known proteins contain phenylalanine. However,
such a diet can be synthesized by breaking down protein and reconstituting it
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without phenylalanine, but still containing other essential amino acids. The diet
must begin early in life to have a major effect on IQ and is likely to be propor-
tionately less effective if delayed beyond infancy. The treatment must strike a
delicate balance between malnutrition (i.e., inadequacy of the essential amino
acid, phenylalanine) and intoxication. More recently (Ambrus, Ambrus, Hor-
vath, Pederson, Sharma, Kant, Mirand, Guthrie, & Paul, 1978), management of
phenylalanine levels by regulating enzyme levels in the blood has been success-
fully achieved and may lead to even more effective control of this once irrevers-
ible and untreatable genetic disease. (See Chapter 5 for further discussion.)

QUANTITATIVE GENETICS

The focus of classical Mendelian genetics concerned individual traits as reflected
in the phenotypic characteristics (color, structural, and chemical differences) that
resulted from the genotype—a product of segregating particulate units that as-
sorted independently. Inferences concerning the gene were derived from data
produced from breeding experiments. The distribution of phenotypes was seen as
discrete (i.e., falling into disti