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PREFACE

REVISIONS OF textbooks in a rapidly changing
field are the more radical the longer the in-
terval between revisions. The period since
1951 has witnessed some remarkable changes
in several ficlds of genetics, and these have
led to new viewpoints about certain central
concepts, such as those concerning the gene.
We have rewritten and rearranged the text
of the fourth edition and have added mate-
rial not hitherto included. It was our pur-
posc to keep the primary cmphasis on ele-
mentary principles but at the same time to
make the student aware of the wide range of
problems disclosed by recent research.
Many of the changes in viewpoint in the
recent history of genetics have been due to
the increasing use of microorganisms as ex-
perimental material. As a result, much new
material on the lower fungi, bacteria, and
viruses is distributed throughout the book;
and we have included one entirely new chap-
ter on varieties of sexual reproduction. This
has been drawn largely from the discoveries,
during the past few years, of sexuality in
many species in which it had not been rec-
ognized before and of reproductive mecha-

nisms that lead to the same result as sexual-
ity, namely, to permit new combinations of
genes to arise.

A second major change is a new treatment
of statistics as applied to genetics. Here the
emphasis is on methods of thought and ways
of reaching valid conclusions. Although this
appears as the last chapter in the book, the
mcthods sct forth in it are required as soon
as statistical problems are encountered. This
means that the study of this chapter should
begin as soon as the introductory materials
in Chapters 1 and 2 have been studied.

Interest in and information concerning
human heredity have also increased consid-
erably. In general this has been dealt with in
connection with the general principles of the
transmission mechanism, of development,
and of evolution. Wherever an example from
man illustrates a general fact or theory, we
have chosen such an example. One excep-
tion to this is the inclusion of a chapter on
inheritance of simple traits in man. Sepa-
rate treatment here is useful, since the meth-
ods of studying human traits perforce differ
from those used with experimental animals
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and plants We have also added a new chap-
ter on the use of twins as material for study-
ing the relative effects of heredity and of
environment.

The problems of the effects of the use and
misuse of radiations from X rays and atomic
cnergies on the heredity of human and other
populations have, quite properly, claimed in-
creasing attention. Although the under-
standing of these problems is not yet ade-
quate for definitive treatment in a textbook,
we have tried to present some of the funda-
mental facts that must serve as a basis for
such discussions. Here belongs, first of all,
the study of mutation, spontaneous and in-
duced. No less important is understanding
of the basic regularities of population ge-
netics, particularly of the composition and
dynamics of the genetic load of mutations
carried in all sexually reproducing popula-
tions. These topics are often regarded as
“too advanced” for a basic textbook, but we
believe that they have an importance and
timeliness which justify their consideration
cven in an elementary course in genetics.

In several of the later chapters of the
book we have similarly gone beyond the
usual range of a first course in genetics as
traditionally conceived and have tried to
show, with brief examples, the present

Preface

boundaries of genetics as the study moves
forward. Since the chapters are reasonably
self-contained, individual ones from about
Chapter 20 may be skipped at the discre-
tion of the instructor.

This revision is also a new book as re-
gards its illustrations, most of which have
been made expressly for this edition by Mr.
Robert Demarest, whose understanding col-
laboration we acknowledge with gratitude.

Certain mechanical features differ from
those in previous editions. (1) We have
given an annotated bibliography at the end
of the book and have omitted citations to
journal papers. The books chosen are those
in which further information accompanied
by literature citations can be found. An ex-
ception to this is the references accompany-
ing the chapter on statistical inference: in
which the student must be referred to spe-
cial tables and statistical methods. (2) We
have retained problems for solution by the
student only in those chapters in which the
material lends itself to quantitative treat-
ment, that is to, say, Chapters 3 through 19.
In connection with answers to these prob-
lems, we shoutd emphasize that where solu-
tions can be stated in terms of exact ratios
or probability, this should always be done,
even when it is not specifically called for.
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OF LIFE

“THE WHOLE subject of inheritance is won-
derful,” wrote Charles Darwin in 1868.
With his usual candor and honesty, Darwin
admitted, however, that the biology of his
day provided no solution for what continued
for many years to be called the “riddle of
heredity.” Yet at the time Darwin made this
remark, the essential steps that led to the
solution of the riddle had already been taken
by another great biologist, Gregor Mendel.
whose work, published in 1866 in a provin-
cial scientific journal in his native. Austria,
remained unknown to most biologists until
1900.

The facts of heredity are so familiar that
they were long generally taken for granted.
An old proverb has it that “like begets like.”
Human babies are always cast in the human
mold and usually resemble in particular
ways their parents and siblings. Puppies al-
ways grow to be dogs and usually have the
body shape, size, color, and other character-
istics of their breed. Yet understanding why
this is so and how the equally obvious vari-

HEREDITY AND THE CONTINUITY

ety within the family, race, or species could
arise and be mamntained required more than
the recognition of the fact. A scientific un-
derstanding ot heredity could arise only out
ot knowledge ot the basic facts of biology,
particularly those concerned with reproduc-
tion and the means by which living matter
perpctuates itself.

LIFE COMES ONLY FROM LIFE

Although heredity is a phenomenon familiar
to everyone, it took a very long time and
much deliberate study for even the essential
facts to bc grasped. It was not immediately
obvious that a living individual always arises
from another living individual of the same
species and never from another species or
from lifeless matter. In myths, human beings
arose from animals, trees. or stones and men
were turned into natural objects. Aristotle
(384-322 B.c.). the greatest naturalist of an-
tiquity, did not hesitate to accept the gen-
eral belief of his time—that not only plants
but even such complex animals as fleas, mos-
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quitoes, and snails arise spontaneously from
decaying matters.

Belief in spontaneous generation, shared
even by eminent naturalists until the nine-
teenth century, died out in biology only after
the deliberate work of a succession of careful
cxperimenters such as Redi (1626-1698),
Spallanzani (1729-1799), and others. These
experimenters proved that when decaying
matter was thoroughly guarded from con-
tamination, it did not give rise to flies, pro-
tozoa, or bacteria, which arose only when
cggs or spores had been introduced into the
matter. But it remained for Louis Pasteur
(1822-1895), one of the greatest experimen-
talists of all time, to convince the most
skeptical that even among the most minute
organisms then known, the spark of life
could be kindled only by life itself.

What Spallanzani, Pasteur, and their fol-
lowers proved was that heredity and living
matter are cocxtensive. One always accom-
panies the other. In the world of microbes,
at that time only recently revealed by the
microscope, just as among higher forms,
like begets like. This meant that all organ-
isms, from bacteria to man, reproduce them-
selves by converting materials taken from
the environment—food—into the living
stuff of their own bodics. Heredity, in the
last analysis, is self-reproduction, the com-
mon property of all life and the property
that distinguishes living from nonliving
matter.

VIRUSES, THE LIVING, AND THE NONLIVING

In the seventeenth century, Leeuwenhoek’s
discovery of microorganisms seemed to re-
open the question of spontaneous genera-
tion, which had only a short time before
been settled by Redi. Similarly, the discovery
of viruses in 1892 by the Russian botanist
Ivanovsky again put the question in a new
form. Ivanovsky showed that the mosaic dis-
ease of the tobacco plant can be transmitted
by self-reproducing and, hence, living bodies
so small that they can pass through the pores

CHAPTER 1

of a filter through which bacteria cannot
pass. We must reckon, then, with forms of
life smaller than bacteria.

Soon it was realized that many diseases
of plants and animals, including man, are
caused by filterable viruses. Until the devel-
opment of the electron microscope, these
viruses were referred to as ultramicroscopic.
Now they are known to constitute a group
of organisms of various sizes and forms but
all of them too small to be visible through
ordinary light microscopes. In 1935 W. M.
Stanley obtained from the sap of tobacco
leaves affected with mosaic disease some
needlelike crystals which, when dissolved in
water and rubbed into healthy tobacco
leaves, produced the mosaic disease. The
crystals were shown to consist of nucleopro-
tein that could be broken down into protein
and ribonucleic acid. Nucleoproteins are
known to be the principal constituents of
the chromosomes of higher organisms (cf.
p. 11); all viruses so far examined consist of
nucleoproteins, some (chiefly plant viruses)
containing ribonucleic acids, others (includ-
ing the bacterial viruses) containing desoxy-
ribonucleic acia. Photographed through an
clectron microscope, tobacco mosaic virus
-appears in the form of rodlike particles
about 300 my long. For comparison, it may
be mentioned that the smallest microorgan-
isms visible through ordinary microscopes
(Rickettsiae) are about 450 my in diameter
and that the rod-shaped hemoglobin mole-
cule is about 15 my long and 3 mp wide
(Fig. 1.1).

Viruses may be called organisms, since
they share with other living bodies the fun-
damental property of self-reproduction. Par-
ticles of living virus must be introduced to
transmit a virus disease; but once a dis-
ease such as tobacco mosaic has been pro-
duced, one can extract from the diseased
plant vastly greater quantities of the virus
than were introduced. The virus has multi-
plied; it has reproduced itself, converting
materials from its host into its own particu-



Heredity and the Continuity of Life

Fig. 1.1. Electron microscope photograph of five individual mole-
cules of tobacco mosaic virus magnified 100,000 times. (Courtesy of
R. C. Williams, Virus Laboratory, University of California)

lar form of nucleoprotein. This is what any
organism does with its food when it grows
and reproduces.

Naturally, viruses have their own pecu-
liarities. All now known are parasites capa-
ble of reproducing themselves only in the
living cells of a host animal, plant, or micro-
organism. They cannot be cultivated on arti-
ficial media, as many bacteria can. The to-
bacco mosaic virus, at any rate, seems to
contain neither water nor enzyme systems to
enable it to carry on its own metabolism. It
is as though the virus somehow distorts the
metabolic processes of a living host cell,
forcing it to synthesize more virus materials.
These peculiarities, together with the pro-
duction of crystallike forms, are unusual in
living organisms and have led some investi-
gators to regard viruses as lying athwart the

line dividing the animate from the inanimate.

The very fact that such a doubt could
arise is itself significant. We may be dealing
here with life processes in their simplest
form. The study of viruses can thus be ex-
pected to shed new light on the nature of
life in general and on heredity in particular.
Although it has been shown that in the sim-
plest organisms known, life comes from life,
and although no break in the continuity of
life is yet evident, the question of spontane-
ous generation of living from lifeless matter
is not closed. It may now take on other
forms, as efforts to bridge the greatest re-
maining gap in organic evolution continue.

REPRODUCTION
Belief in the unbroken continuity of life on
earth leads us to look upon every organism



CHAPTER 1

Fig. 1.2. The narrow hereditary bridge. Each plant receives

from each parent only one minute sexual cell. The entire inherit-

ance must pass over this narrow bridge between the generations.

now living as the latest member of a long
and uninterrupted succession of living be-
ings, extending back. generation before gen-
eration, to the dawn of life. The actual ori-
gin of life itself is lost in the mists of the
remote past, but the pageant of the evolu-
tionary history of living things, which un-
folds in the fossil record of ancient times,
indicates beyond reasonable doubt that the
animals and plants of today are direct lineal
descendants of earlier organisms.

Since individual living things grow old
and die, the continuity of life must be main-

tained by the transmission of heredity to new
individuals—to offspring. This process of re-
production occurs in different organisms in
a bewildering variety of apparently quite dis-
tinct ways. In asexual, or vegetative, repro-
duction, the body of the parent is divided
into two or more parts and each part grows
into a new individual. With animals this
method occurs chiefly among the simpler
types, although some higher forms retain
the ability to regenerate a whole body from
a part. In some plants a small portion of the
body, when removed and placed under fa-
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Fig. 1.3. A photomicrograph of a human egg cell being
entered by spermatozoa, one of which is destined to unite
with the egg nucleus. The first polar body has just been
extruded. (Courtesy of L. B. Shettles, College of Physi-
cians and Surgeons, Columbia University)

vorable conditions, may establish itself as a
new individual. For example, potatoes are
* cultivated more easily from pieces of tubers
than from seeds, and most fruit trees are
propagated by cuttings or grafts.

Far commoner, both among plants and
animals, is sexual reproduction. The essen-
tial feature of this type of reproduction is
that the new individual arises through the
union of two sex cells, or gametes, which
form a single cell, or zygote, from which the
new individual develops. In both sexual and
asexual reproduction there exists, then, a
physical, living link between the parents and
the offspring( A part, however small, of the
parent grows and deyelops to become the
body of the offspring. Whatever is inherited
must be contained in this part; hence the dis-

covery of the mechanism of sexual repro-
duction and particularly the identification of
the gametes—the physical links between
the generations—were important prepara-
tory steps in the study of heredity (Fig. 1.2).

DISCOVERY OF EGG, SPERM, AND FERTILIZA-
TION

In most organisms the reproductive cells are
too small to be seen with the unaided eye;
hence the invention of the microscope was
necessary before sexual reproduction could
be understood. The eggs of birds can be eas-
ily seen to be produced in the ovaries, but
the tiny vesicles on the surface of the ovaries
in mammals were not recognized as eggs un-
til de Graaf in 1673 proved that they were.
At about the same time, Malpighi in Italy



6

and Swammerdam in Holland identified the
much larger eggs of insects, while Leeuwen-
hoek and his student Hamm turned their
newly developed microscope upon the semi-
nal fluid and found it swarming with “ani-
malcules,” which we now call sperms or
spermatozoa (Fig. 1.3). This started the
school of animalculists, which maintained
that it was the malc element that transmitted
heredity. An carlier school, the ovists, in-
sisted that it was thc egg that contained the
hereditary material, whereas the seminal
fluid gave only the stimulus to make the egg
develop. We now know that the eggs and the
spermatozoa, however dissimilar their sizes
and appearances, contain similar parts, nu-
clei, which make them equally potent in the
transmission of hercdity. This 1dea appar-
ently did not occur to anyone until the end
of the nineteenth century.

Proof of what nowadays seems self-cvi-
dent, that the new individual originates from
the union of an egg and a spermatozoon.
was obtained only gradually. Leeuwenhoek
noted the association ot the sperm with the
cgg in 1680; Spallanzam 1n 1785 obtained
offspring from artificial insemination of
dogs. He also filtered the seminal fluid of
frogs and toads and proved that the presence
of spermatozoa was indispensable for fer-
tilization; the liquid in which the spermato-
zoa were suspended did not suffice. The cul-
munating step was taken ninety years later
when, in 1875, Oscar Hertwig observed in
sea urchins that fertilization involves the
union of the sperm nucleus with that of the

ceg.

SEXUAL REPRODUCTION IN PLANTS
Although it had been known since ancient
times that female date trees would produce
fruits only when their flowers had been
dusted with pollen from male trees, this
knowledge led to no generalized under-
standing until 1694, when Cammerarius
showed that in corn no seeds are produced
unless pollen is applied to the pistils.
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Eighteenth-century biologists found it
hard to believe that at least some plants, like
animals, reproduce sexually. However, Lin-
nacus (1707-1778), the father of systematic
biology. and Koelreuter (1733-1806) artifi-
cially crossed different varieties and species
of plants and observed the hybrid offspring.
When pollen of one species is placed on the
stigma of another, the offspring. it any, usu-
ally combine the characteristics of both par-
cnts. Heredity is evidently transmitted in
plants through the pollen as well as through
the ovules, just as in animals it is transmit-
ted both through the spermatozoa and
through the eggs. Moreover, the hybrids ob-
tained by using a species A as a female par-
ent and a species B as a male parent are gen-
erally similar to those obtained by using B
as a female and A as a male. This shows
that, contrary to the opinions of the ovists
and the animalcubsts, both sexes transmit
the same heredity to the progeny. In this
work on plant hybridization, Koelrcuter and
Gaertner (1772-1850) were predecessors
of Gregor Mendel (1822-1884), who dis-
covered the laws of heredity described in the
following chapters.

PREFORMATION AND EPIGENLSIS
The grand synthesis Newton (1642-1726)
made of the physical science of the cight-
centh century seemed to men of the Age of
Enlightenment to explain all natural phe-
nomena, including biology and sociology.
Some of the audacious ideas formulated then
still influence the thought of biologists, even
though their inadequacy in their original
form has long been recognized. The ideas of
preformation and epigenesis belong in this
category of enduring modes of thought.
An observer endowed with too lively an
imagination and a faulty microscope claimed
in 1694 that he could see inside the human
spermatozoon a miniature figure of a man—
a “homunculus.” Swammerdam and, espe-
cially, the Swiss naturalist Bonnet (1720-
1793) seized upon this spurious discovery,



Heredity and the Continuity of Life

which to them seemed important; it seemed,
in fact, to explain all heredity and even all
creation. Man’s body, they thought, is al-
ready preformed in the spermatozoon. It
follows that the development of the fetus
and of the child required only growth to turn
this tiny homunculus into a full-sized man.
The ovists squared their favorite notion that
the egg is most important by supposing that
the homunculus is located in the egg rather
than in the spermatozoon. According to Bon-
net's “encapsulation theory,” a female con-
tains all the “germs” of all her immediate
and remote progeny, one generation within
the other. Mother Eve had in her ovaries
the germs of all men to come, stored like
boxes within boxes. The philosopher Leib-
nitz added the finishing touch: God pre-
formed everything on the day of creation; all
that happens was predestined from the be-
ginning.

Improved microscopes, however, showed
the homunculus to be a figment of the im-
agination. C. F. Wolff (1733-1794) and, es-
pecially, K. E. von Baer (1792-1876) over-
thiew the doctrine of preformation in its
crude original form and replaced 1t with
the theory of cpigenesis. According to this
view, the process of development consists of
more than growth. The sex cells are mere
drops of structureless liquid containing noth-
ing whatever resembling the body that 1s to
develop from them. The developing body
goes through a series of radical transforma-
tions during which organs are formed which
were not present beforchand even in rudi-
mentary form. Being a vitalist, Wolff be-
lieved that the organs arise owing to the ac-
tion of a mysterious vital force. Von Baer
corrected this exaggeration; he was the first
actually to see the egg cell of a mummal (a
dog) and the first to produce a detailed de-
scription, amazingly accurate, of the em-
bryonic development of a chick. From the
very beginning, at fertilization, the body pos-
sesses a highly developed structure, or or-
ganization. As the development proceeds,
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this organization undergoes an orderly series
of changes, leading by stages to the forma-
tion of a fetus and then of an adult body.

The early ideas about preformation and
epigenesis seem to us naive and crude today.
But, as we shall see, these ideas are still alive
in modified forms in modern biology.

BIOLOCICAL AND LEGAL INHERITANCE

The preformist way of thinking is implicit in
the very language we use in speaking of he-
redity. In English and most other languages,
the word “inheritance” means both *he trans-
mission of biological heredity from parents
to offspring and the transmission of the
property of a person to his heirs. Yet bio-
logical and legal inheritance are so pro-
foundly different that nothing but confusion
results from failure to distinguish them
clearly. Indeed, the inheritance of a house,
a farm, or a jewel means that certain physi-
cal objects change their owners without nec-
essarily changing themselves in the process.
Inheritance of an eye color or a singing
voice is obviously something quite different.
The only material objects that one inherits
biologically from one’s parents are the genes
carried 1n the egg and sperm cells from
which the body originates.

Biological heredity is realized through a
dynamic process of organic development.
The union of the sex cells at fertilization is
followed by transformation of the fertilized
egg into an embryo, a fetus, an infant, a
child, an adolescent, an adult, a senescent,
and finally a dead body. Now, the course of
this development in every creature is more
or less like that in its ancestors. This path is
determined by heredity interacting with the
environment (cf. p. 19). When the devel-
opment follows a certain path, there are
formed eyes of a certain color, a particular
kind of singing voice, and other traits. Eye
color is not handed down from parents to
children; it arises epigenetically in the proc-
ess of development. When, in this book, we
discuss the inheritance of eye color in mice
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or men or flies, we shall be using this phrase
as a shorthand expression to mean the proc-
esses of development that lead mice or men
or flies to have bodies of a certain structure
and to possess various organs, among them
cyes of a certain color.

Biological heredity 15 sometimes defined
as the transmission of similarities from par-
ents to offspring. This s, of course, correct
as far as 1t goes. However, a “similanty,”
say a simularity of eye colors, 1s not a mate-
rial object that 1s packed in the gamctes and
thus “transmitted.” A similarity or differ-
ence 1s what an observer percetves when he
compares the development patterns of dit-
ferent organisms. Somec persons are born
blond and remain so, the hair of other per-
sons darkens with age; still others have dark
hair until it turns gray Hercdity determines
not so much the “similarities” as the course
of the processes of growth and development.

DARWIN'S HYPOTHESIS OF PANGENESIS
The distinction hetween biological and legal
inheritance was not fully appreciated until
recently and cven now is not recognized 1n
all quarters. Biologists of the nineteenth cen-
tury, including Charles Darwin, noted sim-
ply the fact that whatever characteristics are
observed in individuals of one generation
are often met with also in individuals of the
next generation. Since it was alrcady known
in Darwin’s day that neither egg nor sperm
contains anything like a homunculus, Dar-
win tried to visualize the operation of he-
redity by means of an interesting specula-
tion. He fully realized that this speculation
had no solid factual basis and so called 1t
the “provisional hypothesis of pangenesis.”
Darwin’s conjecture was that each cell of
the body produces its own rudiments or di-
minutive copies, called gemmules, which in
animals are shed into the blood stream. The
blood transports the gemmules nto the’ tes-
tes and ovaries, where the gemmules of the
different body parts are gathered together
to form the gametes. When these give rise to
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a new organism, the different kinds of gem-
mules give rise to the same Kinds of organs,
tissues, and cells which produced them 1n
the parents. Heredity, then. was supposed to
be due to the transmission ot gemmules, rep-
resenting different organs, parts, and com-
ponents of the body.

Note how definitely preformistic is the
hypothesis of pangenesis. In effect. 1t as-
sumes the existence in the gametes of a sort
of wvistble homunculus composed of gem-
mules as a mosaic picture 1s composed of
stones. The hypothesis n its original form
was nvaldated by Galton (1822-1911)
very soon atter Darwin proposed it. Galton
transtused blood between white and black
rabbits, very rcasonably expecting to pro-
duce a mixture of gemmules which would
make the offspring ot the transtused parents
spotted or dappled. Nothing ot the sort was
observed. Nevertheless, variants ot the hy-
pothesis of pangenesis have been adopted by
believers in the imheritance of so-called ac-
quired characters, most recently by Lyscnko
and his tollowers in Russia.

INHERITANCE OF ACQUIRED CHARACTERS

Biologists and nonbiologists alike are famuil-
1ar with two sets of facts about heredity.
First, organisms are modified by environ-
ment. Sustained use or exercise of an organ
such as a muscle or of a taculty such as skill
in pertorming a certain kind of work gener-
ally strengthens and develops the organ or
the ability. Disuse and lack of exercise weak-
en or reduce organs and faculties. Second,
offspring tend to resemble their parents. It is
tempting to connect these two sets of facts
and to conclude that modifications induced
in the parents by the environment (acquired
characters) will be transmitted to and in-
herited by the offspring, in the absence of the
environmental stimulus. The hypothesis that
acquired characters may be inherited seemed
so reasonable that it was accepted as true,
without caretul test or verification, by most
biologists up to and including Darwin,
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Lamarck, the French biologist (1744-
1829) who was the father of the first theory
of biological evolution, considered the in-
heritance of acquired characters to be the
most important, 1f not the sole, mechanism
ot evolutionary change. The type of evolu-
tionary thought in which this view is ac-
cepted is known as Lamarckism. According
to Lamarck, varnations arc induced n or-
ganisms in response to urgent nced and
striving on  the part ot individuals  and
through use or disuse of organs. The modi-
fications thus called into being he regarded
as heritable. Indeed, to Lamarck, all vara-
tions were acquired, and all variations were
heritable. Darwin accepted the nhentance
of acquired characters as an important
though subsidiary factor in evolution and
considered natural seiection to be the direct-
ing agent of the evolutionary process. To
Darwin and the Lamarckians, the virtuc of
the hypothesis of pangenesis was preciscly
that 1t gave an ostensibly reasonable, though
actually spurious, explanation of how such
mheritance could take place.

WEISMANN, A FORERUNNER OF MODERN
CENETICS

August Weismann (1834-1914) challenged
the popular beliet that acquired characters
are inherited. He made controlled experi-
ments to test the validity of thc beliet and
developed the germ plasm theory. which rep-
resented a forward step in the understanding
ot heredity.

He regarded the reproductive tissues—-the
germ cells and the cells tfrom which they
arise—as the germ plasm, which he supposed
to be separatc and distinct trom the other
tissues of the body (somatoplasm). The pro-
poncnts of pangenesis belicved the reproduc-
tive cells to be compounded of representa-
tive particles secreted by the somatoplasm.
Weismann showed that the exact opposite 15
true: the germ plasm perpetuates itself and
incidentally engenders the formation of the
rest of the body, the soma. Weismann's posi-
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tion was once epitomized in the aphorism of
Samucl Butler: “The hen is the egg's way
of making another cgg.” In modern lan-
guage (which, of course. Weismann did not
use), we should say that the genes repro-
duce themselves and that the rest of the body
is a by-product of their self-reproduction.
This makes 1t understandable why changes
induced by the environment 1 the body, in
the soma, arc not transterred to the germ
plasm, as they nught be it pangenesis oc-
curred  Acquired characters cannot, there-
tore, be nherited.

Weismann's tamous experiments consisted
in cutting off the tals of mice tor a scries of
generations and observing that the progeny
still had tails of normal length. To a modern
biologist, this procedure scems cxceedingly
crude, but 1t is well to remember that such
hereditary  variations as  hornlessness  and
tarllessness 1in animals were widely believed
to have ansen from the practice of dehorn-
ing or of docking the tail continued over
many gencrations

Although the conception of a distinct
germ plasm 1s usetul and helps in explaining
many tacts and planning cxperiments with
higher ammals, 1ts applicability is limited. It
does not apply at all in the lower animals,
in which no distinction between soma and
germ can be made. or in plants, in which
many or all parts of the plant body may
give rise to germ cells or to new individuals
without the intervent:on of a sexual process.
Even in higher animals it 15 possible that
the gametes may arise from uissue not funda-
mentally different from that which produces
other parts of the body and that the sex or-
gans are not completely insulated from those
forces that effect changes in the body tissucs.

A more satisfactory statement of the dis-
tinction between the heredity, which is trans-
mitted in the gametes, and the developing
organism, which results from the action of
heredity. had to wait tor the formulation of
the genotype and phenotype concepts by
Johannsen in 1911 (see Chap. 2). Weis-
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mann, however, made important contribu-
tions for understanding heredity in his stud-
ies of the chromosomal mechanism of
inheritance.

THE CELLULAR BASIS OF REPRODUCTION
The unbroken continuity of life depends, as
we have seen, on the transmission of living

Fig. 1.4. Diagram of a generalized cell.
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brief account of cell structure, cell multipli-
cation by mitosis, and the meiotic divisions
by which gametes are formed emphasizes
only those main features that are essential
for understanding the transmission mecha-
nism of heredity. More complete and de-
tailed accounts will be found in treatises on
cytology.
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substance from parents to offspring. How-
ever, living substance is organized, in all
forms above the parasitic viruses, into cells.
The cell theory, as finally established by
Schleiden and Schwann (1838) and Vir-
chow (1855), states that all organisms are
composed of one or more cells and that cells
arise only from preexisting cells. Germ cells
come from division of certain cells of the
parent body and in turn produce by division
the cells of the body of the offspring. Thus
the human body starts from a single cell, but
by the time of birth it consists of some 200
billion (2 X 10'1) or more cells.

Our knowledge of the structure and be-
havior of cells and their parts is the result
of a hundred years of study. The following

THE CELL

Typically, the cell consists of a denser body,
the nucleus, enclosed in its own membrane
and surrounded by less dense semifluid col-
loidal cytoplasm. The cell is enclosed in a
semipermeable membrane through which
metabolic exchanges occur (Fig. 1.4). In
plant cells, there is in addition a cell wall of
cellulose or related substances.

In the cytoplasm there are, typically, a
variety of structures concerned with the
metabolic and synthetic activities of the cell.
Two types of small bodies are always pres-
ent and are probably essential constituents.
The mitochondria, ranging in size from the
smallest particles visible through a light
microscope to several microns in length, are
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centers of enzyme activity in oxidative me-
tabolism. The microsomes arc submicro-
scopic particles recognizable by their en-
zymatic activities and their concentrations of
ribonucleic acid, lipid, and protein. Various
types of cells contain a variety of other kinds
of submicroscopic particles.

In addition. animal cells contain Golgi
bodies, the function ot which is not precisely
known, and centrosomes, which tunction in
cell division. Most plant cells contain plas-
tids of various kinds, the most prominent of
which arc the chloroplasts, in which the ac-
tivitics of photosynthesis arc centered. Some
of the structures in the cytoplasm are often

TABLE 1.1
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quite different in different cells of the same
individual as well as 1n cells of different or-
ganisms.

THE NUCLEUS

The nuclei of cells are of more constant ap-
pearance than their other features, at least
in cells of the same species The structures
ot greatest interest tor genetics are the chro-
mosomes. These contain two forms of nu-
cleic acid, mostly desoxyriboaucleic acids
(DNA) and also some ribonucleic acid
(RNA) combined with some basic proteins.
DNA has a specific affinity for certain dyes.
and methods are thus availlable tor making

The diploid (2n) numbers of chromosomes in some animal and plant species (After

Makino, Darlington, and other sources)

Common and scientific Chromosomcs Common and scientific Chromosomes
names names
Mﬁﬂwuxﬂs_{/&@ Yellow pine, Pinus ponderosa 24
Rhesus monkey, Macaca mulatta 48 Cabbage, Brassica oleracea 18
Horse, Equus caballus 66 Radish, Raphanus sativus 18
Pig, Sus scrofa 40  Cucumber, Cucumis sativus 14
Sheep, Ovis aries 54 Upland cotton, Gossypium hirsutum 52
Cattle, Bos taurus 60 Plum, Prunus domestica 48
Cat, Felis maniculata 38 Cherry, Prunus cerasus 32
Dog, Canis familiaris 78 Apple, Malus sylvestris 34 and 51
Rat, Rattus norvegicus - 42 Pear, Pyrus communis 34, 51, and 68
Domestic mouse, Mus musculus 40  Garden pea, Pisum sativum 14
Guinea pig, Cavia cobaya 64 Sweet pea, Lathyrus odoratus 14
Rabbit, Oryctolagus cuniculus 44 Bean, Phaseolus vulgaris 22
Opossum, Didelphys virginiana 22 Scarlet oak, Quercus coccinea 24
Chicken, Gallus domesticus 77, 718 Orange, Citrus sinensis 18, 27, and 36
Turkey, Meleagris gallopavo 81,82  Sunflower, Heliunthus annuus 34
Pigeon, Columba livia 79,80  Tobacco, Nicotiana tabaccum 48
Frog, Rana esculenta 26 Potato, Solanum tuberosum 48
Toad, Bufo vulgaris 22 Tomato, Solanum lycopersicun 24
Platyfish, Platypoecilus maculatus 48 Banana, Musu paradisiaca 22, 44, 55,77, and 88
Goldfish, Carassius auratus 94 ?EW 16
Housefly, Musca domestica 12 ndian corn, Zea mays 20
Vinegar fly, Drosophila melanogaster 8 Barley, Hordeum vuigare 14
Mosquito, Culex pipiens 6  Summer wheat, Triticum dicoccum 28
Honey bee, Apis mellifica 32, 16 _  Bread wheat, Triticum vulgare 42
S'EFi_rnlp-,Et;)agurus ochotensis 254  Rye, Secale cercale 14
Hydra, Hydra vulgaris 32 Rice, Oryza sativa 24
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Fig. 1.5. The chromosome complement of man. Photograph of the
46 chromosomes from a cell in mitosis. (From Tjio and Levan in

Hereditas)

the chromosomes clearly visible during divi-

sion, when the various chromosomes sepa-
rate, so that their individual peculiarities and
numbers can be recognized. In most organ-
isms that reproduce sexually, chromosomes
regularly occur in pairs, of which one mem-
ber has come from the mother and the other
from the fagher. The number of pairs varies
in somatic cells from 2 (in a race of Ascaris
megalocephala, a parasitic worm, and in a
species of the crustacean Cyclops) or 3 (in
the plant gencra Crepis and Drosophyllum
and in somc species of Drosophila flies),
through almost continuous gradations_in
numbers up to 100 in the crayfish and even
higher numbers in somc ferns and proto-
zoa (see Table 1.1). In man it was sup-
posed until recently that the normal number

was 24 pairs, but critical studies of the best
preparations of some somatic tissues now
reveal only 23 pairs (Fig. L.5).

In most higher organisms the gametes con-
tain half as many chromosomecs as the so-
matic cells; that is, one member of each pair
enters each gamete in the process of chro-
mosome reduction, or meiosis. In Drosophila
melanogaster, for example, the normal so-
matic or zygotic number is 8 and the gametic
number is 4; in corn the numbers are 20
and 10, respectively. Thus the zygotic, or
diploid, nuinber (characteristic of body cells
of the species) is 2n; the gametic or haploid
number is represented by n. The whole col-
lection of chromosomes in a nucleus is re-
ferred to as the chromosome complement
(Table 1.1).
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Cells of some lower organisms, especially
bacteria, were formerly thought not to have
nuclei; recently, however, bodies resembling
nuclei and chromosomes were revealed in
some bacteria and yeasts (Fig. 1.6). Some
viruses, including bacteriophages, show a
distinct resemblance in chemical composi-
tion to chromosomal materials, since they
consist chiefly of DNA or RNA nucleopro-
teins.

MITOSIS
Cell nuclei were first scen and named by
Robert Brown in 1831, but their biological

significance became apparent only when
Strasburger (1875), Biitschli (1876), and
others discovered that nuclei arise exclusive-
ly from other nuclei by means of a remark-
able process of division which Fleming
(1882) called mitosis (Fig. 1.7). Nuclei are,
therefore, cell organs that cannot originate
from cytoplasmic constituents.

During the period of interkinesis, which
intervenes between successive riiclear and
cell divisions, separate chromosomes are
usually not distinguishable in the nucleus.
Interkinesis has often been called the resting
stage, but this refers only to the fact that
the cell is not actively dividing at this time;
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otherwise it is a misnomer, since this stage
of the life cycle of cells is probably the pe-
riod of the most lively metabolic and syn-
thetic activity in the nucleus.

When a cell is preparing to divide, the
chromosomes become clearly visible as
stainable threads that gradually shorten and
thicken by means of coiling, or spiralization.
This is the prophase stage. Next, the nu-
clear membrane disappears, and a spindle-
shaped structure appears in