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Preface

his book explores the hyphen in the phrase
nature-nurture. The hyphen is somewhat like
the rabbit hole in Alice in Wonderland. After tumbling down the
hole, a quick glance around at this new world shows it to be an
expanding universe with galaxies of related issues. Because this
book must be brief, exploration of this hyphen-turned-universe
requires a telescopic focus on a few features of the terrain. The
focus of this book is nurture (environment) as viewed from the
perspective of nature (genetics).

The book’s purview is limited in ways implied by the phrase
nature-nurture. Most importantly, the book is limited to individual
differences. It considers nurture and nature in terms of their inter-
play in the development of characteristics that ditfer among mem-
bers of the human species rather than characteristics that are
typically manifested by members of our species. In relation to
genetics, it considers DNA differences among individuals that are

heritable in the Mendelian sense of transmission from generation

to generation rather than the vast majority of DNA that is the same
for all members of our species. Similarly, the focus is on environ-

mental differences such as differences in the language-learning
environment that parents provide for their children, rather than
the fact that nearly all members of our species are exposed to

X111



X1V GENETICS AND EXPERIENCE

language early in lite. This focus on the etiology of variations on
species-typical themes helps to keep the discussion empirically
grounded because the etiology of individual differences is more
amenable to empirical investigation than species-typical develop-
ment (Plomin, DeFries, & Fulker, 1988). Although it is important
to consider species-wide themes as well as variations on these
themes (Mayr, 1982; McCall, 1981; Scarr, 1992), it is also important
to emphasize the distinction between them because the processes
involved in the development of individual differences can differ
greatly from the processes responsible for species-typical devel-
opment. For example, our species has evolved to use language
naturally, requiring only minimal exposure to the species’ evolu-
tionarily expected environment. However, it is likely that differ-
ences among children in their facility with language are at least in
part due to differences in the language-learning environments
provided by their parents. This issue and basic theory and methods
of quantitative genetics as they are applied to the study of individual

differences in behavior are described elsewhere (Plomin, 1990a:
Plomin, DeFries, & McClearn, 1990).

Not only is the book limited to viewing nurture from the per-
spective of nature, it also focuses on just one feature of this view.
The core of the book is an important empirical phenomenon that
has been discovered during the past decade: Genetic factors con-
tribute to measures of the environment that are widely used in the
behavioral sciences. This phenomenon, which could be called the
nature of nurture, is useful in providing an empirical grounding
tor a discussion of what is meant by nature, by nurture, and by the
interplay between them.

The book begins with a general discussion of what we mean by
nature and what we mean by nurture, with an eye on the hyphen
between them. It attempts to show that contemporary research
and theory in genetics and in environment are evolving toward
each other. Without a doubt, some of the most interesting questions
tor genetic research involve the environment and some of the most

Interesting questions for environmental research involve genetics.
Chapters 2 and 3 document the phenomenon of the genetic contri-

bution to environmental measures for familial and extrafamilial
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environments, respectively. The hyphen itselt comes back to cen-
ter stage in the final two chapters. Chapter 4 asks what mediates
this genetic contribution to environmental measures. Chapter 5
presents a theory of the genetics of experience. The argument
developed is that finding genetic influence on environmental mea-
sures does not simply imply that environmental measures ought
to be cleaned up so that they are no longer influenced by genetic
factors. The larger issue is that genetic factors contribute to expe-
rience itself. That is, genetics plays a role in the active selection,
modification, and even creation of environments. This provides a
window through which the hyphen between nature-nurture can
be explored empirically.

[ am grateful to C. Deborah Laughton, the Sage Editor of this
series, for suggesting that I write this book, and to Judy Dunn for
her wise counsel throughout the book’s development. The book has
profited considerably from reviews by Dorothy Bishop, Avshalom
Caspi, Craig Edelbrock, John Loehlin, Michael Rutter, Jim Steven-
son, Irwin Waldman, and Ted Wachs. The book was written on
sabbatical leave from The Pennsylvania State University, sup-
ported by a James McKeen Cattell Sabbatical Award, a Fogarty
Senior International Fellowship, and a Fulbright Scholar Award.
Research on genetics and experience was gleaned from several
longitudinal behavioral genetic projects generously supported for
many years. The Colorado Adoption Project (J. C. Dekries, D. W.
Fulker, and R. Plomin, coinvestigators) is supported by the Na-
tional Institute of Child Health and Human Development (HD-
10333, HD-18426) and the National Institute of Mental Health
(MH-43899). An extension of the Colorado Adoption Project on
mother-sibling interactions (J. Dunn, D. W. Fulker, and R. Plomin)
is supported by the National Science Foundation (BN5-9108749).

Support for the Nonshared Environment in Adolescent Develop-
ment project (E. M. Hetherington, R. Plomin, and D. Reiss) is

provided by the National Institute of Mental Health (MH-43383).
The Swedish Adoption/Twin Study of Aging (G. E. McClearn, N.
Pedersen, and R. Plomin) is supported by the National Institute of

Aging (AG-04563) and the MacArthur Foundation Research Net-
work on Successful Aging. I am also grateful to my current and
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recent predoctoral and postdoctoral students who have done most
of the work: Cindy Bergeman, Julia Braungart, Heather Chipuer,
Beth Manke, Shirley McGuire, Jenaé Neiderhiser, Alison Pike,
Richard Rende, and Kim Saudino. David Rowe, the first graduate
student with whom I worked, conducted the picneering research
in this field more than a decade ago.

Finally, I dedicate this book to the father of the modern era of
human behavioral genetics, Steven G. Vandenberg, who died Au-
gust 27,1992, His papers on twin research in the 1960s were among
the tirst papers I ever read in behavioral genetics. The creativity
and clarity of these papers drew me into the field. As a graduate
student, I never dreamed that I would be lucky enough to be his
colleague at the Institute for Behavioral Genetics in Boulder, Col-
orado. He was a walking library—I have yet to meet anyone who
knows as much about so many things. Always eager to talk, he
was full of good ideas that he shared freely, even with a new
assistant professor.
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Nature and Nurture

he geneticist C. D. Darlington, in a popular
1953 book called The Facts of Life, foreshad-
owed the main themes of this book, almost offhandedly. He sug-
gested that genetics contributes to experience, and he succinctly

described the processes of passive, reactive, and active genotype-
environment correlation, which are central to the present book:

In this world no two individuals have to put up with the same
environment: we have a choice. . . . It may be a passive choice in
which we accept one of the possibilities that is offered to us. Heredity
may then indeed be said to “respond” to the environment as the
textbooks tell us. But it may be an active selection. We may even create
to a greater or lesser extent the environment we want. (Darlington,

1953, p. 302)

Darlington’s book received a scathing review by two other
well-known geneticists, Th. Dobzhansky and L. S. Penrose. Their

criticisms centered on the book’s hereditarian bias, but they spe-
cifically took exception to Darlington’s suggestion that genetics
contributes to experience:

Most readers will have plenty of evidence ready to hand indicating
that environments in which men live are tremendously diversified
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and that this diversity influences human personality. To counteract
this bias, the author offers a theory of his own, which can be admired
as a tour de force of casuistry. It is as follows: man chooses his envi-
ronment; the environment chosen is determined by the genotype of
one who chooses; ergo, the environmental effects are not environmen-

tal but genetic! (Dobzhansky & Penrose, 1955, p. 77)

With proper qualification, this “tour de force of casuistry” is the
theme of the present book. The qualifications are important: Peo-
ple to some extent choose their environments; the environments
chosen are influenced by, not “determined by,” the genotypes of
those who choose. Moreover, many environments are not chosen
as much as imposed, but these, too, could be imposed to some extent
on the basis of genetically influenced characteristics of individuals.
The real difference, however, is data. The goal of this book is to review
recent research that has investigated thisissue. Darlington’s hypoth-
esis of a correlation between genetics and experience is no longer
guilty of the charge of casuistry because research consistently
converges on the conclusion that genetic factors contribute to
many widely used measures of the environment. Chapters 2 and
3 review relevant research. Chapter 4 explores factors responsible for
the genetic contributions to measures of the environment and Chap-
ter 5 presents a theory of genetics and experience.

The purpose of this chapter is to examine what is currently
meant by nature and by nurture, with the goal of showing that
modern theory and research on both nature and nurture are con-
verging on the intertace between them. Some of the most interest-
ing and fundamental questions about genetics, even at the level
of the molecular biology of DNA, involve the environment. Simi-

larly, some of the most interesting and fundamental questions
about the environment involve genetics. Unlike subsequent chap-
ters, which are relentlessly empirical, this chapter provides a
general discussion of current issues in the fields of molecular
biology and of environmental research. Readers who are impa-
tient to get to the data are encouraged to skip to the next chapter.

The relationship between nature and nurture has been discussed
since antiquity. The modern discussion began with a cousin of
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Charles Darwin, Francis Galton. Galton coined the phrase nature-
nurture in the scientific arena. For Galton, the question was the
relative importance of nature and nurture. He left no doubt as to

which he considered to be most important:

There is no escape from the conclusion that nature prevails enor-
mously over nurture when the differences of nurture do not exceed
what is commonly to be found among persons of the same rank in the

same country. (Galton, 1883, p. 241)

During the first few decades of this century, similarly extreme
hereditarian views were held by other scientists. These views
collided with the emerging environmentalist extiremism best por-
trayed by Watson, who argued that “there is no such thing as an
inheritance of capacity, talent, temperament, mental constitution
and characteristics” (Watson, 1925, p. 74). In what must be the
most quoted quote in psychology, Watson’s give-me-a-dozen-
healthy-intants challenge in his book Behaviorism was reiterated
throughout his writings:

The behaviorists believe that there is nothing from within to develop.
If you start with the right number of fingers and toes, eyes, and a few
elementary movements that are present at birth, you do not need any-
thing else in the way of raw material to make a man, be that man genius,
a cultured gentleman, a rowdy or a thug. (Watson, 1928, p. 41)

Is there a single scientist today who truly believes in either the
hereditarian or environmentalist extreme? A century of research

in the field of behavioral genetics has shown that genetic influence
is significant and substantial for most areas of behavioral devel-
opment, even though it is not true that “nature prevails enor-
mously over nurture” (Plomin & McClearn, 1993). For some traits
such as cognitive abilities, genetic differences among individuals

can account for about half of the variance in test scores. Seldom in
the behavioral sciences do we find factors that account for so much

variance. Most of the statistically significant findings that fill our
textbooks account for less than 5% of the variance. Nonetheless, if
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genetic differences account for half of the variance, this means that
genetic differences do not account for the other half. As an anti-
dote to the mistaken notion that the goal of behavioral genetics is
to demonstrate that everything is genetic, I would argue that
behavioral genetic research has provided the best available evi-
dence for the importance of the environment.

[t was a reasonable first step in nature-nurture research to ask
how much nature and nurture contribute to variability in behav-
ioral development. If heredity were unimportant, as most psy-
chologists believed during the reign of environmentalism in the
1950s and 1960s, it is irrelevant to ask how nature and nurture
interact during development. Similarly, if environment is viewed
as unimportant, it is not interesting to ask how nature and nurture
interact during development. Such a view is probably inconceiv-
able for most behavioral scientists. However, as the research pen-
dulum swings from nurture to nature in many fields such as
psychiatry, it is important to emphasize the point just made: The
same quantitative genetic data that have made the case for the
importance of genetic differences also provide strong evidence for
the importance ot nongenetic factors. Moreover, quantitative ge-
netic methods facilitate new approaches to understanding the
environment—one of these approaches is the theme of this book.

The main reason why nature-nurture research has focused on
the “how much” question rather than the “how” question (Anastasi,
1958) is that the methods of human quantitative genetics, twin and
adoption studies, have been available to address the “how much”
question. The “how” question is more difficult. At the outset, it
should be emphasized that this book makes no pretense of ad-
dressing the “how” question in its general form. This is a multi-
faceted question and very few of its facets seem susceptible to
empirical investigation. Instead, the keystone for this book is a
finding that has emerged during the past decade: Many measures
widely used in the behavioral sciences as indices of the environ-
ment show a genetic contribution. Chapters 2 and 3 describe this

phenomenon, and the rest of the book attempts to interpret it.
The first half of this chapter sets the stage by discussing new

developments in genetic theory and research in the molecular
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biology of DNA. These developments are moving the investiga-
tion of nature closer to nurture. The second half of the chapter
considers contemporary environmental theory and research that

is moving the investigation of nurture closer to nature.

Nature

In genetics, the word nature refers to what is typically thought
of as inheritance. Inheritance denotes DNA differences transmit-

ted from generation to generation. In 1865, Mendel noted the
discrete inheritance of single-gene traits in pea plants, such as
smooth versus wrinkled seeds. In contemporary human genetics
as well, the focus is on genetic differences among individuals,
such as genes for differences in eye color, not the vast majority of
DNA that is the same for all members of our species.

The word nature in this context does not refer to the nature of
the human species. It refers to Galton’s use of the word to denote
genetically instigated differences among individuals within the
species. Evolutionary arguments about the adaptiveness of spe-
cies-typical characteristics are not irrelevant and they certainly are
beguiling. However, the links between such species-typical evolu-
tion and genetic sources of individual differences are much looser
than is often assumed. Sociobiology (e.g., Wilson, 1975), evolu-
tionary psychology (e.g., Buss, 1991), and developmental psycho-
biology (e.g., Harper, 1992) primarily address differences between
species, although attempts have been made to incorporate indi-
vidual differences (Dawkins, 1983; DeKay & Buss, 1992). Because
the raw material of evolution is genetic variability, it is easy to
make the mistake of assuming that evolution implies genetic
variability within a species and vice versa. For example, the natu-
ral use of language in the human species may be hardwired by

evolution for language acquisition to occur if the minimal envi-
ronment encountered by our species during development, most

notably, another language user, is present. If it is the case that our
species 1s a natural language user, this does not imply that differ-

ences among individual members of the species in their facility
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with language are also genetic in origin. Individual differences in
language acquisition could be entirely environmental in origin.
The causes of average differences between species are not necessar-
ily related to the causes of individual differences within groups.
Moreover, characteristics that have been subject to strong directional
selection will not show genetic variability because strong selection
exhausts genetic variability. In other words, when genetic vari-
ability is found among individuals within our species for a partic-
ular trait, it is likely that the trait was not important evolutionarily,
at least in terms of directional section. Although the two perspec-
tives need to be brought closer together, this book focuses on
genetic differences between individuals in a species rather than
genetic differences between species.

In addition, the word nature is not synonymous with DNA.
Many DNA events are not inherited. The most important of these
are the changes in gene expression that occur in response to events
in the intracellular and extracellular environment, a topic empha-
sized in this chapter. As this chapter moves into the gray area at
the interface between genes and environment, it may be helpful
to think about identical twins as a check on what is genetic in the
sense of inheritance. Identical twins are identical for all genetic
events coded in DNA at conception. To the extent that changes in
the expression of DNA are brought about by environmental fac-
tors not controlled by DNA as it is inherited at conception, iden-
tical twins can differ. Changes of this type, although they involve
DNA, are initiated by environmental factors. They are not inher-
ited. It should be noted that this definition of environment as all
noninherited factors is a far broader definition of the environment
than is usually considered. Although it is easy to argue about the
breadth of this definition, all definitions are arbitrary—it is only
important that they be explicit and useful.

In this section, classical structural genes are briefly described,
followed by more detailed consideration of regulator genes that
engage in a dialogue with the environment. Two current evolu-

tionary theories relevant to the interface between nature and
nurture are then discussed. The section ends by returning to
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quantitative genetic theory and methods, which provide the em-
pirical foundation for the rest of the book.

DNA

The molecular mechanism for the laws of inheritance discov-
ered by Mendel lies in the double helix of DNA. The steps of the
spiral staircase comprise pairs of four nucleotide bases (adenine,
thymine, cytosine, guanine) that can occur in any order on one
side of the double helix. The other side of the double helix is fixed
because adenine always pairs with thymine and cytosine always
pairs with guanine.

The human genome consists of more than 3 billion nucleotide
base pairs, just considering one member of each of the 23 pairs of
chromosomes. When Watson and Crick reported the structure of
DNA 1n 1953, they realized that this structure suggests a mecha-
nism for the two major functions of genes, self-duplication and
protein synthesis. DNA copies itself by unzipping in the middle
of the spiral staircase, with each half forming its complement.
Mitosis is the DNA duplication of all chromosomes that occurs in
all nongonadal cells to produce offspring cells identical to the
parental cell. In the gonads, meiosis also duplicates DNA but
produces eggs and sperm that contain only one member of each
pair of chromosomes. The egg fertilized by the sperm thus con-
tains the full complement of 23 pairs of chromosomes.

The other major function of DNA is transcription and transla-
tion of the genetic code. The code was cracked in the 1960s: The
hereditary message of DNA lies in three consecutive nucleotide
bases, a sequence that codes for 1 of 20 amino acids. For example,
a sequence of three adenine bases codes for the amino acid phe-
nylalanine. The central dogma of DNA describes how this code is

transcribed into messenger RNA, which moves outside the nu-
cleus of the cell and is translated by ribosomes in the cell body into

amino acid sequences that are the basic building blocks of proteins
and enzymes.
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STRUCTURAL GENES

Genes that code for proteins and enzymes are called structural
genes. They represent the foundation of classical genetics. For
example, 50 years ago, mutational research on common bread
mold, Neurospora, showed that each enzymatic step in normal
metabolic sequences is under the control of a single gene, giving
rise to the “one-gene, one-enzyme” hypothesis (Beadle & Tatum,
1941). The first single-gene disorders discovered in the human
species such as phenylketonuria (PKU; Folling, Mohr, & Ruud, '
1945) involved metabolic disorders caused by mutations in struc-
tural genes.

Structural genes are not conducive to thinking about the dialogue
between genes and the environment because they are largely deaf to
the environment. Structural genes do not change in response to the
environment. Whenever they are transcribed, they crank out their
gene product regardless of the environment. Of course, in a larger
perspective, natural selection and structural genes carry on a loud
conversation. And of course structural genes cannot have their
effect in a vacuum—their functioning requires the cellular and
extracellular environment in which the species evolved. Nonethe-
less, there is no back-and-forth dialogue between structural genes
and the immediate environment of the individual.

Consider PKU, which, like most genetic diseases, is a recessive
gene that escapes the scrutiny of natural selection more easily than
a dominant gene. For an individual with a double dose of PKU
alleles, this particular DNA sequence on both chromosomes is
transcribed and then translated into a sequence of amino acids. In
its normal (non-PKU) state, this sequence of amino acids is the
enzyme phenylalanine hydroxylase, which converts phenylala-
nine to tyrosine. For the PKU allele, the amino acid sequence is
slightly different and results in phenylalanine hydroxylase that
does not work properly in converting phenylalanine to tyrosine.
Phenylalanine levels in the blood rise as phenylalanine is ingested

in a wide variety of foods, particularly meats. As phenylalanine
builds up in the blood, it depresses the level of other amino acids,

depriving the developing nervous system of needed nutrients. In
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this way, the PKU allele leads to severe mental retardation. We can
change the environment to accommodate the gene (the well-known
therapy for PKU is to reduce phenylalanine in the diet), but the
gene does not change in its structure or function in response to the
environment.

Although most people still think about genetic effects in terms
of structural genes like PKU, the vast majority of genes are not like
this. Most genes code for products that bind with DNA itself and
serve to regulate other genes. These so-called regulator genes
communicate closely with the environment. The phrase regulator
gene does not do justice to this communication process because the
word requlator denotes one gene controlling another. What is inter-
esting about these genes is their interplay with the environment.

The classic example of gene regulation is the lac operon model.
It is a good starting point for considering the dialogue between
nature and nurture.

NATURE-NURTURE AT A MOLECULAR LEVEL:
THE LAC OPERON MODEL OF GENE REGULATION

Most structural genes, including the gene for phenylalanine
hydroxylase, are responsive to the environment both inside and
outside of the cell because their transcription is controlled by regu-
lator genes whose function is to respond to the environment. The first
and still one of the best understood examples of gene regulation
occurs in the single-celled bacterium E. coli. B-galactosidase is an
enzyme that metabolizes lactose, a saccharine substance in milk
that is a major energy source of the gut-dwelling E. coli. One
simple evolutionary strategy for ensuring that lactose can be me-
tabolized would have been to hardwire the gene that codes for this
lactose-metabolizing enzyme so that it is constantly transcribed
and translated regardless of lactose in the environment. This strat-

egy would guarantee that the necessary enzyme would be present
whenever the bacterium encounters lactose.

However, evolution seldom takes this simple but wasteful route.
A bacterium produces about 700 different enzymes. If each of

these enzymes were continuously pumped out, there would not
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be enough storage room inside the cell to accommodate them.
Also, there is an energy cost in producing enzymes. Even for the
lowly single-celled bacterium, natural selection has employed an
alternative strategy that is responsive to the environment. Since
the 1950s, it has been known that enzyme synthesis could be
turned on or off by the presence of the lactose substrate. In a
lactose-rich environment, E. coli contain thousands of B-galacto-
sidase molecules. In contrast, when E. coli are placed in environ-
ments without lactose, there are just a few of these molecules. This
responsiveness to the environment primarily involves transcrip-
tion, the synthesis of messenger RNA. Messenger RNA in bacteria
1s short-lived, existing for only 2 to 3 minutes. The number of
messenger RN A molecules of B-galactosidase in E. coli varies from
35 to 50 in a lactose-rich environment to less than one molecule on
average in the absence of lactose.

Understanding how bacteria regulate the production of this
enzyme In response to their environment led to a Nobel prize for

Jacob and Monod. In 1961, they proposed a model, called the
operon model, in which the product of one gene serves to regulate
another gene in response to the environment. For lactose and the
production of 3-galactosidase, the operon system is called the lac
operon (see Figure 1.1). The structural gene that codes for B-
galactosidase consists of 3,510 nucleotide bases. Adjacent to this
structural gene is a short sequence of 21 nucleotide bases that is
an on-oft switch. This switch, called the operator sequence (not a
gene because it does not code for anything), determines whether
the structural gene will be transcribed. The combination of the
structural gene and the operator sequence was called an operon by
Jacob and Monod. There are also short promoter regions close to
the structural gene that guide the enzyme, polymerase, to initiate
RNA transcription at precisely the right place.

The operon switch is thrown by the product of another gene,
called a regulator gene, which is often far away from the operon.
For B-galactosidase, the regulator gene consists of 1,041 nucleotide

bases and codes for a product consisting of a sequence of 347
amino acids. This product, called a repressor, binds with the

operator sequence of the structural gene. When this occurs, the
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Figure 1.1. The operon model of gene regulation in the absence (panel a)
or presence (panel b) of the regulatory metabolite (lactose in the case of
the lac operon). In the absence of the regulatory metabolite, the repressor
binds to the operator and the structural gene is not transcribed. When the
regulatory metabolite is present, the repressor binds to it rather than to
the operator, thus freeing the structural gene for transcription.

switch is turned off. That is, the repressor represses the operator

sequence in the sense that transcription of the structural gene is

inhibited. The key to the operon model is that this same repressor
binds preferentially to lactose. When lactose is present, the repres-

sor binds to lactose rather than to the operator sequence. This
switches the operator sequence to the “on” position, which al-
lows transcription of the structural gene. When all the lactose is
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metabolized, there are no more lactose molecules with which the
repressor can bind. The repressor then binds with the operator
sequence, shutting down the operon until lactose next appears.

The story of regulation of B-galactosidase was found to be more
complicated. Activation of the operon requires, in addition to
freedom from repression, binding of cyclic adenosine monophos-
phate (cAMP) and a catabolite activator protein (CAP) to a region
of the gene, called a promoter region, that is involved in the
transcription process. This additional complexity illustrates the
nature of regulatory systems even for this simplest example of the
lac operon. Glucose regulates cAMP production. As glucose in-
creases, cAMP decreases. As cAMP decreases, it disables CAP.
CAP is needed to guide polymerase to transcribe the lac operon.
Thus, in the presence of glucose, the lac operon can be turned oft
even when lactose abounds, which means that the operon is freed
from lactose repression. This system thus prefterentially metabo-
lizes glucose before mietabolizing lactose. An additional example of
the systems nature of gene regulation is that the lac operon coordi-
nates the expression not only of the -galactosidase gene but also
genes for a permease enzyme and a transacetylase enzyme.

The point of this example is to illustrate how, at the most basic
level of molecular genetics, genes respond to environments. Lac-
tose comes from the environment outside the cell. By means of the
operon system of negative feedback and other regulatory systems,

the B-galactosidase gene is transcribed to produce B-galactosidase
only when it is needed, that is, when lactose is present.

GENE REGULATION IN MORE COMPLEX ORGANISMS

In organisms more complex than bacteria, mechanisms of gene
regulation are much more diverse than the simple operon model
(Maclean, 1989). For example, the transcription of many genes is
modulated by so-called enhancer sequences that can greatly in-

crease a gene’s rate of transcription. These sequences are particu-

larly interesting in the present context because their activity can
be induced by environmental events such as heat shock, exposure

to heavy metals, and viral infection (Gluzman & Shenk, 1984).
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Unlike bacteria that are called prokaryotic because they have no
nucleus, genes for eukaryotic organisms with nuclei are typically
“split” genes. A split gene refers to DNA that contains segments,
called introns, that are excised from “precursor” RNA that is
initially transcribed from DNA. The remaining RNA segments
(exons) are then spliced back together before this sliced and
spliced messenger RNA leaves the nucleus for translation into
amino acid sequences in the cell body. For example, the human
B-globin gene includes 92 base pairs in its first exon, 138 in the first
intron, 223 in the second exon, 889 in the second intron, and 123
in the third exon. Although the function of this complicated slicing
and splicing process is not understood, introns may serve a regu-
latory function. It is known that different gene products can be
coded by the same gene through alternative gene splicing, that s,
splicing the RNA in ditferent ways.

Some regulatory mechanisms have widespread etfects on many
genes. One example involves the small proteins called histones
that combine with DNA to form the structure of chromosomes.
Although histones were thought to do little more than to contrib-
ute to the structure of DNA, research now indicates that they
initiate and repress transcription (Grunstein, 1992). Another ex-
ample of far-reaching regulatory effects is hormones that modity
the expression of diverse genes throughout the body. Hormones
bind to cell receptors and then move through the cell to the
nucleus where the hormone-receptor complex binds to DNA and
participates in the regulation of transcription (Yoshinaga, Peterson,
Herskowitz, & Yamamoto, 1992). Genes are also responsive to
environments outside the body such as nutrition. The functioning
of genes is also regulated by psychological environments. As you
read this, you are changing rates of transcription of neurogenes
involved in synthesis, storage, binding, and re-uptake of neuro-
transmitters and neuromodulators (Black et al., 1987).

In more complex organisms, it is especially apparent that ge-
netic regulation is a system. For example, it is now widely ac-
cepted that gene expression is regulated by diverse transcription
factors that bind to DNA and operate as a committee voting on the

transcription of particular genes. A recent example involves bird



14 GENETICS AND EXPERIENCE

songs. Songs similar to the species’ song induce gene expression
in the torebrain of canaries and zebra finches (Mello, Vicario, &
Clayton, 1992). The gene that is induced by the relevant song
codes for a transcription factor that regulates the transcription of
other genes. This work is part of a major effort in neuroscience to
Investigate how experience regulates gene expression in neurons.
For example, tweaking a rat’s whiskers causes changes in gene
expression in the sensory cortex (Mack & Mack, 1992). The picture
that is beginning to emerge is one of a complex system of interact-
Ing transcription factors.

Although the preceding examples involve regulation of tran-
scription of DNA into RNA, regulation can also occur after tran-
scription. For example, the time it takes to degrade messenger
RNA can be regulated, which affects the time the RNA is available
for translation. Some regulation also occurs during the translation
process. For example, messenger RN As differ in the rate at which
they are translated. Regulation even occurs after translation, as
genes are involved in the sorting of proteins within cells and the
delivery of proteins to their proper destinations.

For the present purpose, the details of gene regulation are less
important than the general message: The products of many genes
function in regulating the transcription and translation of other
genes 1n response to the internal and external environment. It is
now thought that much more genetic information is used to reg-
ulate, design, and to organize than to build (Lawrence, 1992).
These examples of gene regulation help to demystify the interface
between genes and environment at the molecular level by indicat-
ing mechanisms by which genes respond to environments.

GENE REGULATION AND DEVELOPMENT

Long-term developmental change is the key question of devel-
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