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Preface

An event that may prove to have been 2 turming point of world
history took place on December 2, 1942, on a squash court under
the stadium of the Umiversity of Chicago On that day, unre-
ported because of wartume secrecy, there was started the first
man made self sustaiming nuclear chain reaction, for the first
time men obtained energy from a source not denived from the
fires of the sun Science has thus forced man to enter 2 doman
from which there 15 no turmng back and no escape Only two
roads lie open One leads to materzal advance, umiversal brother-
hood, and spiritual fulfillment The other leads to disaster and
possibly to extinction The use of atomic energy opens before
mankind vistas of unheard-of power, 1ts misuse endangers the
most precious possession man has or can have—his innermost
nawre Such misuse threatens genetic damage to generations yet
unborm, 1t 15 2 menace to our posterity, both close and remote.
This book 15 about the threat of genetic damage to man—a
topic which has been discussed frequently in books, m journal
articles, and 1n the daily press But the appearance of yet another
book dealing with 1t hardly needs justification The subject will
doubtless remain m vogue for a long time, since man cannot
afford to be mdifferent to his future As we improve our un
derstanding of the situanon created by widespread and ever-
increasing use of high energy radration and atomic power, 1t will
become necessary from ume to time to restate and revise the
conclusions concerning the dangers of genetic damage
‘We have endeavored to make this book understandable to
il
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the general reader, not to biologists alone But we resolved not
to 1mpose upon the reader our own oprmons and conclusions
without giving him at the same time some competence to judge
their validity for himself A number of scienusts, including very
eminent ones have made pronouncements, some declaring that
the genetic damage from radiation places mankind on the brink
of disaster, others contending that the damage, 1f any, will be
shght or negligible We felt that merely adding declarations of
our views to this not very edifying multiplicity of behefs would
be less than useful Probably the most important fact concern
g the ssue 15 that the data evidence, and information on
which, and only on which, conclusions should rest are as yet
wholly inadequate Partisan statements usually conceal this i
sufficzency of knowledge to avord exposing their partisan nature
We mtend, on the contrary, to stress the need—indeed, the
urgency-of further research on the genetics of populations and
on radiation genetics

An evaluation of the magnitude of genetic radiation dam
age to human populations can be at best very tentative at
present To appraise such evaluations, the reader must be able
to see the strengths and weaknesses of the arguments on which
they rest Thus has necessitated the discussion of some topics
that will perhaps be regarded as abstruse, particularly 1 Chap-
ters 6 through 8 If, despite our efforts to alleviate the dufficul
ties, the reader 1s terrified by these chapters, he can be advised
merely to skip the difficult places We hope that the conclustons
are stated understandably, but we prefer not to have them
accepted on faith by those who are able to assess therr validity
We do not claim for these conclusions more than that they seem
reasonable to us on the basts of the informauon now available
New discovertes, new wnformation, may well change them
Science 15 often most convincing when 1t 15 least dogmatic
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Atomic Bnergdy—

Friend or Foe?

Prometheus, Old and New

According to Greek myth Prometheus stole fire from heaven,
brought 1t to earth, and gave 1t to men to make them happy and
powerful and proud For this act of defiance, he was doomed by
Zeus to endless suffering  Although nowadays people are dian
clined to vent myths of the kind the ancient Greeks created so
well, the release of atomic energy was a feat of almost Promethean
daring To 2l but a handful of physicists, the release of energy
through the fission and fusion of atomc nuclel seems ke magic
IE we had not seen photographs of atomc expl and of the
havoc wrought by them we might disbelieve the whole notion
of atomic energy Even with all this evidence before us, the
fact that the amount of energy released 1n these explosions can
be calculated only with the aid of a formula which mvalves
multiplying the speed of light by tself defies ordinary com
Pprehension

There 13 no way of telling just when and how fire was first
tamed by man The real Prometheus 1s lost 1 the musts of L
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prehistory We know only that remams of charcoal from the
hearths built by Peking Man are found mn abundance, together
with his bones, 1 the cave shelters not far from Peking, China.
Peling Man 1s one of the links connecting biologically modern
man with his apelike ancestors, his remains are perhaps as much
as half 2 million years old The use of fire was doubtless one of
the great achievements 1n the long and slow ascent of our remote
forebears from an amimal 1o a true human level Fire permitted
our ancestors who were originally inhabitants of warm coun-
tries, to invade lands that were otherwise too cold for them in
winter, and eventually to spread to all conunents and most
1slands all over the world Fire rendered possible the cooking
of food, and thus increased 1mmensely the range of foodstuffs
with which man could satiate his hunger Much more recently,
some 4,000-5,000 years ago, fire was used to extract metals from
ores and to work them 1nto tools which gave man his domnion
over his environment Especially from the time of the Industrzal
Revolution, fire has been the basis of many of man’s labor-
saving devices

‘The history of man's mastery over fire 1s, howeser, a history
of both good and evil Many a house, village, and exty, with all
1ts inhabitants, has been given to fire and sword Only few cen
turtes ago, thousands and thousands of people, whose crimes
were chiefly those of conscience, were burned at the stake
Today we have fire extinguishers in many buildings and man
tamn town fire brigades Folk wisdom wams that 1t 15 inadvisable
“to play with fire Yet 1t occurs to nobody to suggest that we
ought to give up the use of fire, we stmply minimsze fire hazards
Man has learned to live with fire He will have to leamn to Iive
with atomic energy

The story of atomuc energy 1s 1n some ways like the story of
fire, although the atomic Prometheus was our contemporary
This new Prometheus was not a single person but a group of
brilliant phystcists and mathematicians, who toiled for many
years, and 1n different countrnies, to uncover secrets of nature,
unmindful of any possible practical value of thewr findings
Many of them, 1n fact, belonged definutely to the class of 1m
practical dreamers commonly known as eggheads, and they were
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so regarded even by some of their more hardheaded, or real
stic, colleagues One of the authors of this book remembers
2 discusston, around 1940, with a very able but very * realistic
physicist, who gave the work of Einstein and Bohr as an exam
ple of a kind of sctence that would never benefit humamty
Lustle id he know that perhaps at that very moment, Frankhn
D Roosevelt was authonizing considerable expendatures to make
possible scientific research recommended by Emstern and others
A few years later, under the leadership of Enrico Ferrm among
others, this research led to the release of atomic energy 1n the
first atomuc pile The scene of this event was a squash court of
the University of Chicago

None of the scientists who worked to bring about the
release of atomic energy was chaned to a cliff, like the Titan
Prometheus But perhaps the consciences of some were lacerated
by the dreadful use awaiting their glorious discoverses For the
first willful employment of atomic energy was in the atomic
bombs which killed and maimed perhaps more people 11 Hiro-
shima and Nagasaki than were ever burned at the stake by the
Holy Inqusition

Do We Need Atomic Energy?

There 15 a popular belief, which may or may not be true,
that monkeys can be trapped through the use of a small mouthed
Jug containing several rather large nuts The monkey, so
the tale goes, finds the nuts i the jug and reaches his paw
m to take one Grasping the nut the monkeys paw 1s too
large to be withdrawn from the jug Escape could be accom
plished sumply by releasing the nut and walling away But the
monkey refuses to let go, he 15 trapped

Much as we may hope that letting go’ offexs one possible
solution to the problems raised by the Atomic Age, 1t 1s highly
unlikely that we will escape any more successfully than onr
sunian friend The atom 1s too tempting, we will refuse to let
go The reason the atom 15 here to stay—in spite of 1ts many="
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prelustory We know only that remains of charcoal from the
hearths built by Peking Man are found 1n abundance, together
with his bones, 1n the cave shelters not far from Peking, China
Pelang Man 1s one of the links connecting biologically modern
man with his apelike ancestors his remains are perhaps as much
as half a nullion years old The use of fire was donbtless one of
the great achtevements in the long and slow ascent of our remote
forebears from an animal to a true human level Fire permitted
our ancestors, who were originally inhabitants of warm coun
tries, to invade lands that were othenwise too cold for them n
winter, and eventually to spread to all continents and most
sslands all over the world Fire rendered possible the cooking
of food, and thus increased 1mmensely the range of foodstuffs
with which man could satiate his hunger Much more recently,
some 4,000-5,000 years ago, fire was used to extract metals from
ores and to work them mto tools which gave man his dominion
over his environment Especially from the time of the Industrial
Revolution, fire has been the basis of many of mans labor
saving devices

The hustory of man's mastery over fire 1s however, a history
of both good and evil Many a house, village, and city, with all
1ts mhabrants, has been given to fire and sword Only few cen
turies ago, thousands and thousands of people, whose crimes
were chiefly those of conscience, were bumed at the stake
Today we have fire extinguishers in many buildings and mam
tain town fire brigades Folk wisdom warns that 1t 15 nadvisable
“to play with fire  Yet 1t occurs to nobody to suggest that we
ought to give up the use of fire, we simply minimize fire hazards
Man has learned to live with fire He will have to leamn to Ine
with atomic energy

The story of atomic energy 15 1 some ways like the story of
fire, although the atomic Prometheus was our contemporary
This new Prometheus was not a single person but a group of
brilliant physicists and mathematicians, who toiled for many
years, and 1n different countnes, to uncover secrets of nature,
unmndful of any possible practical value of therr findings.
Many of them, m fact, belonged defimtely to the class of 1m
practical dreamers commonly known as eggheads, and they were
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able in a great many areas of the earth and that, even imn the
United States 1t 1s sufficient to supply only a fraction of the total
energy we now consume

This pomnt can stand further amplification In an ordmary
home, 1t 15 common for several lights to burn throughout an
evening, six 100 watt bulbs burming for three hours 1s not
unusual The energy required to keep these bulbs lit for ths
period of time 1s equrvalent to nearly 5,000 000 foot pounds,
that 13, to the energy that would be embodied m 2 Cadillac
hitting Thurty fourth Street 1f 1t were thrown from the top of
the Emptre State Building The Niagara Falls are 160 feet high,
about 15 tons of water must pour over the falls in order to
supply the energy required for lighting this one house This
assumes that hydroelectric plants are 100 percent efficient, if
therr real efficiency 15 nearer 10 percent, 150 tons of water are
required Thus does not seem to be a particularly great amount
of water (at the usual rate of flow for the Niagara Ruver, it
would require about 0 0025 seconds for this much water to flow
over the brink) until one starts counting the number of homes
with electric ights Add to this the number of TV sets watched
during the same evening Include various household appliances,
power tools, and o1l burners And finally, include ndustrial
processes such as the extraction of aluminum, which demand
large quantities of electricity

Rather than add all of these indwvidual demands, 1t 15
sumpler to proceed from the other end The total production of
electrictty 1n the Umited States m 1955 was approximately
600 000,000,000 Mlowatt hours We saw that 1 8 kilowatt hours
(600 watts X 8 hours) was equivalent to 5,000,000 foot pounds
The total consumption of electricity per year, then, 1s equivalent
to 15 3 10 (1,500 000 000,000 000,000) foot pounds With a
mean height of 160 feet, a flow of 200,000 cubic feet per second,
and a 10 percent efficiency of hydroelectnic plants, 1t would
require about 250 Niagara Falls to satisfy this demand In fact,
if every drop of water that falls on the United States as ram
were collected and were forced to run to the sea by way of a
hydroelectric plant, 1t 1s doubtful whether our present demand
for energy could be satisfied mn this way

What, then, are our sources of energy other than water
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power? About 80 percent of our total electrical output comes
from burning coal, gas and 011 Figure 1 shows that the demand
for electricity has climbed at an ever increasing rate for the past
25 years today we consume about six tumes as much as we did
1n 1930 During the thirties water power was a substantial con
tributor to the total amount of electricity consumed At present
1t 1s only a munor contributor, moreover, the amount of elec
tricaty produced i this way has become nearly constant As the
demand grows then water will become even less 1mportant in
the over all picture By fulfilling an ever increasing demand for
power by burmng  fossil fuels—coal, gas and o1l—we are de
pleting stores which are not being replaced These are non
renewable natural resources and we have not been overly
prudent m their expenditure Despite clums that there are
ol and gas fields as yet undiscovered and coal fields still un
worked whatever quantty exists 1s fixed In ume--and i an
alarmingly short time 1f the demand grows as 1t has for the past
quarter of a century~these fuels will be gone

There are two energy sources that may replace fossil fuels
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as the supplies of the latter approach depletion One s radiation
from the sun, the other 1s nuclear energy—that derived from the
fission of heavy atoms and the fusion of light ones It may be
noted that all energy which man has used so far 15 denved
ultimately from the hfe giving warmth of the sun Plants cap-
ture solar energy by means of their green pigment, chlorophyll,
and store 1t 1n energy rich chemical substances The existence
of all other organisms—men, animals, and plants without chloro-
phyll—s entirely dependent upon their bewng able to utilize
these substances as foods, and thereby to utilize at second hand,
as 1t were, some of the solar energy captured by chlorophyll
The energy obtained by burning wood 1s again that of the sun
stored by a green plant, the fossi] fuels represent accumulations
of solar energy stored by plants of ages long gone by And finally,
the energy of running water and of wind 1s dertved from the
warmth of the sun rays, which causes the evaporation of water
from the surface of the sea and the circulation of air masses The
tremendous historical sigmificance of the release of atomic energy
1s that man has, for the first tume, learned how to obtamn energy
from a source that 1s not merely transformed solar energy.

It mught seem that capturing solar energy directly would
be preferable to utihung atomic energy, with all the dangers
therent 1n the latter However, the practical utilization of solar
energy at present 1s restricted to rather small solar batteries
It 15 possible that these will eventually be developed mto a
substantial source of energy At the moment, though, atomic
energy 15 far in the lead We know that enormous amounts
of energy can be released by fission and fusion processes We
know how to exploit the energy of fission In the case of fusion,
we have yet to learn how to control its release, but this will
probably be accomplished 1n the not too distant future Man
will certainly not release his grip on this source of energy.

The Dangers of Atomic Energy

If playing with fire 15 dangerous, playing with atomc
energy 1s far more so Ammals, at least those living on land
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tropical and temperate climates, often encounter rocks and soil
heated to excessively high temperatures by the summer sun
Living beings possess sense organs that detect such excessive
heat 1n the environment and sumulate them to move away to
cooler places Atomic radiations of considerable intenstty, how
ever, do not occur naturally on earth, they are man made Our
bodies, and those of other orgamsms, have no sense organs that
detect exposure to such radiations and warn us by giving 2
danger signal Yet these short wave radiations (see Chapter 4)
produce, 1n a matter of days or weeks after exposure, burns just
as dangerous as those produced by excessive heat Sull more
msidious 1s the power of these radiations to evoke malignant
growths, or cancers These malignancies may not appear for
years after exposure

However dangerous radiation burns and radiation mnduced
malignancies may be, these maladies affect only persons directly
exposed to radiation Ailments caused by radiation i exposed
persons are referred to collectively as “physiological radiation
damage' One may dertve some comfort from the fact that
physiological damage 1s at least confined to the generation
mrradiated More omunous 1s the genetic damage mduced by
radiation The sex cells of a person exposed to atomic radations
may be altered so as to produce death, disease, monstrosity, 1
validism, or simply delicate health 1n the descendants of 1rrad:
ated individuals This morbid alteration of the hereditary mate-
nials may menace any number of persons, because 1t may be
transmitted generaton after generation for a long time to come
A great many persons believe that genetic radiation damage may
endanger the future of mankind

The ser with which physiological and genetic dan
gers are regarded can be judged from the actions taken by
many gover 1 and quas: gover 1 ag The

United Nations Saientific Commuttee on the Effects of Atomic
Radation 1s attempting to gauge, from existing data, the dan
gers of 1radiation and to mndicate the lines of research that
may make more accurate judgments possible m the future
The World Health Orgamization convened a committee of
geneucists 1n Copenhagen during the summer of 1956 to con-
sider stmilar problems
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In the United States we have had hearings conducted by the
Special Subcommuttce on Radiation of the Jomnt Congressional
Commuttee on Atomic Energy the subject of these hearings at
which many scientists testified was the nature of radioactive
fallout and 1ts effect on man The National Academy of Scrences
has made a study of the biological effects of atomic radiation
The governments and scientists of many other countries—Great
Bntan India and Japan for example~have delved into these
same problems

Scientific and Ethical Aspects of Genehe
Radiation Hazards

Perhaps no other scientific discovery has had the emotional
1mpact that the release of atomic energy has had But the pride
ehicated by this brilliant attainment of the human spirit 1s mixed
with fear The destructiveness of atomic explosions and the
hazards of radiation have aroused the fear that 1f not our own
generation then our descendants will find the Atomic Age an
1mmpossible one to live in And 1f man does survive there 1s the
appalling posstbility that human nature 1tself will be deformed
and wrecked by misuse of this terrible new power

The public even the so-called educated public gathers 1ts
information about atomic energy and the dangers of radiation
chuefly from the daily press and from articles in popular maga
zines Unfortunately newspaper and magazine reports have all
too often dealt with bogus sensations—impending extinction of
mankingd through stenilization or through wholesale production
of mhuman monsters On the other hand efforts more often
2bb than well grounded have been made to minimze the very
real hazards of radiation

How can the public arrive at a reasonable attitude toward
both the need for and the dangers mherent 1 the use of atomic
energy? One possibility of course 1s that the matter 1s alto-
gether beyond human reason Faced with a seemingly 1ncom
Prehensible situation one can forsake reason entirely and rely
solely on nstinct or intuttion We are not this pessimistic We /
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believe that the situation calls for an understanding of the
problems mvolved Under pressure of public opinion, a varety
of offictal decisions regarding possible courses of action will be
taken If these are to be ntelligent decistons, 1if they are to
stand i the face of opposition arising out of selfishness or
1gnorance, 1t 1s imperative that the public comprehend the 1ssues
at stake

The purpose of this book 1s to spell out, to the best of our
abality, the genetic aspects of the problem of atomic—and other—
radtations We do not believe, however, that all the answers
to the problems created by atomic energy are to be found m
genetic or any other scientific nformation Some of these prob-
lems mvolve ethical rather than factual considerations Con-
sider, for example, a statement not unlike some that have
repeatedly appeared 1n the press Fallout causes leukemia, bone
cancer, and endangers future generations, therefore, bomb tests
must be stopped Although the premmse 1s certamnly not rrrele-
vant to the conclusion, 1t 1s not 1n atself sufficient to make the
conclusion necessary It 15 possible that the testing of bombs
should be stopped immediately even if fallout were harmless
on the other hand, 1t may be that these tests must be contmued
regardless of their dangers even though these be a hundred
or a thousandfold greater than we think they are

There are people who hold that scientssts should not leave
therr laboratories and attempt to write a book of this kind But
screnusts and nonsaientists must share equally, man for man,
the responsibility for the ulumate decisions regarding the use
of atomic energy It 15 wrong to restrict either responsibility
or privilege 1n these matters We reject the view that only those
with access to secret mformation are quahﬁed to hold opimons
about these 1ssues, “secret mformation 15 used here both with
reference to classified information and with reference to mnfor
mation that is not generally known

If decistons based on rational thinking are preferable 0
those based on mtwition, then anyone who has relevant for
mation or an opimon based on such information ought to share
this knowledge with others. Sharing nformation does not guar
antee unamnity of final judgment, 1t does, however, offer each
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person an oppoftunity to identify that pomt at which his views
diverge from those of his neighbor A scienust for example
who finds that his techmcal information 1s accepted but his
recommendations on policy are not 1s entntled to know why
not he then has an opportumty to re examine his own reason
g Every individual 1s enutled to informationt pertinent to a
given decision If one finds 1t impossible to agree with conclu
stons reached by others he 1s entitled—more than that obligated
~to mnquire whether perunent information has been denied
him He 15 obligated to inquire and if necessary to demand
that ths information be placed at hus disposal
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believe that the situation calls for an understanding of the
problems mnvolved Under pressure of public opinion, a vanety
of offiial decistons regarding possible courses of action will be
taken If these are to be intelligent decisions, if they are to
stand 1n the face of opposition arisng out of selfishness or
1gnornce, it 1s smperative that the public comprehend the 1ssues
at stake

The purpose of this book 15 to spell out, to the best of our
abihity, the genetic aspects of the problem of atomic~and other—
radiations We do not belteve, however, that all the answers
to the problems created by atomic energy are to be found in
geneuc or any other scientific information Some of these prob-
lems mvolve ethical rather than factual consideratrons Con
sider, for example, a statement not unlike some that have
repeatedly appeared 1n the press Fallout causes leukemia bone
cancer, and endangers future generations, therefore bomb tests
must be stopped Although the premise 15 certamnly not rrele
vant to the conclusion, it 1s not tn tself sufficient to make the
conclusion necessary It 1s possible that the testing of bombs
should be stopped mmediately even if fallout were harmless
on the other hand 1t may be that these tests must be continued
regardless of their dangers, even though these be a hundred
or a thousandfold greater than we think they are

There are people who hold that scienusts should not leave
their laboratorzes and attempt to write a book of thus kind But
scientists and nonsclentists must share equally, man for man,
the responstbility for the ultimate decisions regarding the use
of atomuc energy It 1s wrong to restrict exther responsibility
or privilege 1n these matters We reject the view that only those
with access to secret information are qualified to hold opinions
about these 1ssues, secret mformation 15 used here both with
reference to classified nformation and with reference to mnfor
matron that 15 not generally known

If decisions based on rational thinksng are preferable to
those based on ntustion, then anyone who has relevant nfor
mation or an opimon based on such nformation ought to share
this knowledge with others Sharing snformation does not guar
antee y of final jud, 1t does, h , offer each

24



2

Heredity, Bnvironment,

Gemnes, and Chromosomes

Man and Biology

An understanding of the genetic problems taised by irrad:
auon requires some knowledge of biology, particularly of ge-
netics, which 15 the scence of hereduty, and also of physics,
parucularly of radiation physics In this and 1n the following
two chapters we shall attempt to give a sumple account of the
fundamental and relevant facts of genetics and of radiation
physics which will be needed as a background for the discussion
to follow,

Quite often this discussion will focus on experiments car-
ried out with orgarusms other than man—Drosophila (the * vine-
gar’ or *fruit” fly), mice, and even bactema This may seem
strange to some people, who will contend that problems per
tammg to human beings must be solved by studies on human
bemngs Others may say that orgamsms such as monkeys or, at
the very least, mice can throw some Light on man, buat that vine-
gar flies and plants and bacteria are too much unlike man to
tell us anything worth while,
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‘We do not for a moment believe that man 1s nothing but
an ammmal In man brological evolution has transcended 1tself
Man 15 not an overgrown fruut ily, or an overgrown mouse, or
merely an especially clever monkey Man alone 1s the creator
and possessor of culture, he alone can think 1n abstract symbols
and use symbolic language Orgamisins other than man become
adapted to their living conditions, to their environment, chiefly
by changing their biological nature through the relattvely slow
process of evolution Man alone can adapt himself by changing
his environment as well All organisms, including man transmit
their biological heredity to their offspring by means of matenials
contained 1n their sex cells Man alone can transmit fus thoughts
his 1nventions, and his skills by means of mstruction and
learning, to other human beings who are neither his children
nor even his contemporaries Clearly, we must avord both types
of error—that of treating man as though he were nothing but
an ammal and that of forgetting that human nature does have
a brological basis It 1s this biologtcal basis which may be en
dangered by radiation exposure

Biological sciences progress by bulding ntellectual out
posts far beyond the frontiers of general knowledge These bold
advances are made as the result of new techmiques and new
1deas, they are based generally on the study of the most diverse
orgamisms The outposts then establish connections and out of
the umon of distinct types of studies further spectacular ad
vances are made Meanwhile many gaps are left 1n our knowl
edge These are slowly filled by studies of more and more types
of plants or ammals Long before the gaps are filled, however,
mssing imnformation can be predicted with remarkable accuracy
from established pormnts of cross reference Who for instance,
has ever seen a hummngbird Lilled by hghtmng? But who
doubts that lightning can hill 2 hummungbird? In the case of
genene siudies, man has served primanily, though not excu
suely, as matersal with which to confirm and to which to apply

the discoveries made with other orgamisms And so, despite the
fact that we are concerned with the effects of radiation on man,
our factual knowledge of the types of damage and the relation
between damage and exposure will come largely from common
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experimental orgamsms such as bactenia yeasts molds frmt
flies and mice

Individual Vanation

It 1s a matter of general knowledge that no two persons are
ever exactly alike Even so-called 1dentical twins are never really
dentical although they may be more strikingly similar than
persons who are not twins  Identical twins result from the
division of a single fertilized egg cell 1nto two or more separate
fetuses which eventually become separate infants and separate
adults Such twins inherit precisely the same genes from their
parents They are 1dentical 1n their heredity Other twins (called
fraternal) result from different maternal eggs fertilized by dif
ferent paternal spermatozoa They are really brothers or sisters
born simultaneously they differ i thewr heredines and they
are often quite dissumular 1n appearance although no more so
than brothers and sisters who are not twins

What 15 the source of the differences between mdividuals?
This 13 a very general biological problem for just as there are
no two absolutely 1dentscal persons so there are probably no
two 1dentical individuals of any biologrcal species Part of this
variation we recognize as environmental and part we know 1s
mberited It 15 common knowledge that the weight of an ind
vidual 15 related to the amount and type of food he eats Under
nourished persons lose weight and become emaciated It1s how
¢ver not rare to find that of a number of persons with essentially
the same diet some are stout while others are thin (see Figure 2)
In the case of skin color we know that some persons remain
datk even when not exposed to sunlight On the other hand
we know of other persons who do not tan upon exposute but
burn or freckle mstead Sometimes we are acquamted with the
parents or grandparents of these same persons and we are

famuliar with the fact that similarities may run 1n familes for
many generations
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Fiourz 2 Ynteract on of heredity (genotype) and environment
Persons who mhent from thewr parents genotypes wh ch predis
pose them to bemng skinmy ot thun lose or gain weight depending
upon thest diets So do persons who inhent 2 predisposition to be
corpulent fat or obese However if the duets are very different
some people with thin genotypes may actually weigh more than
persons with  fat  genotypes

Some farmily traits are passed on from one generatton to the
next 1 a much clearer fashon than others Eye color hair color
blood types pattern baldness and certain abnormalities of the
fingers and toes are affected only slightly by the copditions
under which a person 1s rased by examining famuly atbums
one can discern the occurrence of some of these traits through
a number of gencrauons Other trats such as heght weight
antelligence and personality charactensucs are profoundly 1
fluenced by such factors as diet education and the enyiron
mental tenor of the bome It 13 frequently dafficult t0 deade
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whether hereduty has played any role at all i the determnation
of these traits

Nature and Nurture

Labile trarts—those which are easily influenced by the en
vironment-often comprise the most 1mportant or the most
interesting aspects of an individual s personality 1 his relation
to other persons This fact bronght about the ‘nature versus
nurtute controversy, which was particularly lively several dec-
ades ago The debate centered on the relatve importance of
environment (nurture) and heredity (nature) in the develop-
ment of a human person As a matter of fact, the controversy
still Teappears every now and then, although to a large extent
the debates have been rendered meanimgless by modemn genetics

Every person 15 born with a certain genenc endowment
therited by him 1n the egg and the sperm from which he arose
This endowment enables the individual to survive under a cer-
tain range of environmental condittons What, then deterrmnes
the path which the development of a person will takep The
genetic endowment, the mdividual’s genoiype, mteracts with
the particular environments—intrautenne, individual, famuly,
group, class, regional, and mational—in which the person lives
hus particular Life These mteractions determine the character
1stcs by which we know the person, hus phenotype

In a hmited sense we can think of the genotype as estab
lishung certan potentsal capacities, which are then realized wath
greater or lesser success under varous sets of environmental
condttions Thus, certan congenutal 1diots by virtue of their
genotypes, are incapable of learning even the simplest things,
7o amount of teaching will result m normal mental develop-
ment On the other hand, persons capable of learming a great
deal may not have an opportunity to develop therr potentialities
Since the potentialities of any one individual form a complex
pattern, 1t 13 doubtful whether any environment suffices to
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develop every facet of an individual to its utmost In certain
instances the development of different facets 1s undoubtedly
mutually exclusive At some stage in lfe a person of many
potential talents must choose the few on which he will concen
trate his efforts the others will suffer by his chorce

Some hereditary traits, however, seem to be unaffected by
the environment The best examples of such traits may be
found among the properties of the blood, or, more precisely,
of the red blood cells These properties have much to do with
the safety, or danger, of blood transfusions If two persons be-
long to the same blood type, the transusion 1s safe if to differ
ent blood types, the transfusion may or may not be dangerous
Blood types are inherited according to stmple Mendehan rules
of which we will say more below The aspect of the matter
which interests us here 1s that the blood type of a person be-
comes recogmzable even before birth, persists throughout his
entire life, regardless of his state of nutrition and health, and
can be diagnosed even m his bones many years after death Suck
traits which are apparently mdependent of the environment
are m reality traits which develop i all, or at least in all known,
environments m which life ts possible

In any case, it 15 imposstble to draw a sharp distmeuon
between hereditary trans and environmentally conditioned
traits The nature nurture controversy 1s thus reduced to the
Telatrve 1mportance of heredity and environment 1n the desel
opment of this or that trart Relatrve mmportance, m tum, be-
comes a function of the distribution of environmental and
heredutary factors i space and time Malaria may be absent 10
some areas because the malarial parasite or its carrer mosquito
1s absent, n other areas where malarsa 15 prevalent, resistance
or nonresistance may be conditioned by heredity, as 1t 1830
some areas of Africa In the northeastern Unsted States 7
ans ave 2 function of the season, w the Southwest, anng
may be the normal state of affarrs individuals who are unable
to develop shin pigmentation tn that region are unable to doso
because of their particular genotype For personality character
wstics, one need not pass from one geographical region to an
other 1n order to 1llustrate the alterations in the relative i
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portance of environment and heredity one need only go from
home to home

An understanding of the interactions between the environ
ment and 2 person s genotype does much to abolish the resig
nation which used to accompany the discovery that a given
condition or disease was hereditary Frivolous examples of how
ladres are able to defy their heredity can be denved from the
role of beauty parlors in produaing desirable women Such
examples are not entirely nrelevant for m a sense medical
advances 1n the treatment of hereditary diseases are based on
the same principle modification of the environment so that 2
given genotype will produce a normal healthy individual in
stead of the expected mfirm or crippled one Thus although
no amount of training can at present improve the mental status
of certan congemtal 1diots 1t 15 not beyond the realm of posst
bility that man may some day discover how to correct the physt
ological defect which 1s responsible for this hereditary trait

Heredity Is Not a Status but a Process

‘We have spoken above of the mheritance of traits —eye
or skin color blood types and hereditary diseases—as though
each trait were inherited separately and independently of all
others This manner of spealang 15 convemient because 1t 1$
rooted 1n everyday language one hears of a child having 1n
henited his eyes from his mother the shape of his face from his
father and his freckles from one of his grandparents But 1t can
be seriously musleading 1f taken hterally Heredity 1s not a
gradual addition of umit traus or characters the sum of
v Fich makes up the person or the individual We do not really
mhent eyes noses freckles or diseases what we do inherit are
genes contained 1n the sex cells whose unzon starts the develop
ment of a new person

This matter 1s understood most easily if approached not
from the end product the adult organism but from the or -
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ganism’s beginning, the newly fertilized egg The fertihzed egg
m which every human starts hus existence, 1s a tny speck of
sellyhike matersal barely visible to the naked eye But this very
special jelly grows and develops mnto an embryo, a fetus, an
mnfant, a youngster, an adolescent, an adult, an oldster, and,
finally, a cadaver It grows and exists because 1t consumes food
which 1t takes in from 1ts envitonment-—at first from the hody
of sts mother, and then 1n the form of regular meals It trans
forms 1ts food 1nto the consntuents of a living body, mnto aself
There 15, however, nothing haph 1 abaut this t
tion, the develop of a body p ds along a definute path,
from an upswing of vitality 1n chiidhood and yonth to decline
and final dissolution i old age

‘What heredaty really does 15 to define the path taken by
the development of 2 parncular individual m the particufar
sequence of environments encountered by tins ndavidual dur
mg hus hfeume The path 1s unique for each individual human
being, but at the same time, 1t 15 Telated to that of his parents
and ancestors It is unique hecause, as we shall see below every
person wherits a constellation of genes wiich s different from
that of every other person and because no two persons have
exactly the same sequence of life experiences It 15 related be-
cause the genes which comprise the hereduary constellation of
each individual are denived from ancestors close and remote
back to the beginnung of Itfe on tlus earth

When we speal. of a person and try 1o describe this person
to others, we can do 5o most easily by speafying separately the
traits and characters which we observe This 1solation of traits
and characters 15 then, a necessity, or at least a convenmence,
wmposed by the structure of the language we speah or wnite
Let us not, however, be misjed by this language nto thinking
that heredity 1s equivalent to fate Since the developmental patt
of every person 1s determuned by hus heredity and by ks &0
vironment, itcan tm prnciple be modified by ewther Ifa gven
genotype yields an undesitable traxt, such as a hereditary disease,
1n one environment, 1t May yield a different, healthy traitin 3
different environment The problem 15 what environment, or
rather what sequence of enwironments, the genotype of each
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particular person needs to produce the best Tesult, the best
phenotype

Public health and educational authorities endeavor to de-
vise environments 1 which most human genotypes—loosely
referred to as normal —yeld reasonably satisfactory persons,
workers, and citizens Those genotypes which do not do so well
m these environments result 1 people who are abnormal,
deviant, or diseased Some of these unfortunates could, however,
do better 1n environments better suited to them Finding out
how to create such special environments 1s the task of medical
sctence, which has already made great strides 1n this direction
Medicine 15 not yet able to engineer good environments for
certamn human heredities, so these continue to produce incurable

diseases Some of these condstions will certarnly be alleviated 1n
tume

Chromosomes and Nucleic Acids

The formation of a new 1ndividual begins when a sperm
unites with an egg Sperm and eggs are the sex cells, or gametes
produced by the individual s father and mother respectively
The genenc endowment—the genotype—of the person 15 con
tained 1 the two umting sex cells

Fertilization, the unton of an egg and a sperm brings about
two important events First, there 1s 2 union of genetic material
The egg and the sperm each contain, 1n man 23 chromosomes—
small bodies which, i TIICTOSCOPIC Preparations stain with cer
tam dyes A fertilized egg cell comes, then, to contamn 23 parrs
of chromosomes 46 1n all, one member of each pair derived
from the mother and the other from the father Second, a
fertilized egg cell divides, and redivides agam and again, untl,
from an 1munial glob of jellylike materzal smaller in size than a
Period (), a human being 1s formed At every division of the egg
cell and of the cells that are derived from 1t, every chromo
some 1s duplicated, one of the resulting new chromosomes passes
to each daughter cell Therefore, most cells of the body contain
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46 chromosomes Furthermore every cell contams a chromo-
some descended from each of the 23 maternal and 23 paternal
chromosomes that were combined at fertilization We are chil
dren of our parents in every one of the many bilhons of cells
that compose our body

The two parents mother and father contnibute equally to
the heredity of the chuld Yet the male and femnale sex cells are
about as unlihe as cells can be An egg cell has a mass thousands
of times that of 2 sperm while the sperm has a tail by means of
which 1t can swim about the egg 15 1mmobule 1ts cytoplasm
beng laden with nutrient matertals for the new organism The
chromosomes are the only constituents which are alike 1 the
female and male sex cells It was this simstanity of the egg and
sperm chromosomes which led some nincteenth-century biglo-

gists to anfer that ch are the physical carners of
heredity Tius inference has since been amply confirmed sn
many ways

In recent years some msight has been gained nto the
chemical composition and structure of the chromosomes for the
first time consequently we have an mlhng of how they function
as carners of heredity Apparently the mast ymportant constits
uent of the chromasome 1s an extraordinary chemical substance
known as DNA (desoxyribonucleic acd) The molecules of this
substance are long stringhhe fibers Because they are buadled
ta chromosomes these fibers can be apportioned mn an orderly
way at each cell division, i the absence of such pachaging the
cell nucleus would resemble a thread factory operated without
spools DNA molecules are frequently compared to the tapes
which control modern busmess machines because it 15 almost
certm that the physical structure of DNA. fibers does indeed
carry the code for all of the vual funcuons performed within
hving growing and diiding cells

The meredible efficzency of the DNA coded tape can be
sHustrated by saying that all of the chromosomes present imually
1 the ferthzed epgs from which the present population of the
world (some two and a half billion people) developed would
occupy a \olume about equal to thit of an ordwmary aspinn
wablet In addition DNA has a further property not shared by
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any man made tape Its structure 1s such that by attracung to
aself the relatively simple chemical substances of which 1t 1s
composed and which are present within cells, 1t can make
a complementary copy of 1tself Because of 1ts chemical structure
and the spatial relations between the constituent molecular parts
1t 15 capable of self duplication, correct 1n every detml

Of what use 1s a complementary copy, a murror mmage of
the molecule? The answer to this question reveals another
remarkable property of the DNA molecule As shown recently
by ] D Watsonand F H G Cnick, the structure of DNA con
sists of two chams which are complementary copies of one
another Separate these chamns let each buwild a murror umage,
and you have two molecules of DNA where you ongimally had
one And the two new molecules are precisely the same 1n
structurel

Self duplication 1s, of course, the basis of hfe Weseeitona
grand scale by watching the multiphcation of hiving things But
self reproduction must happen within organisms, on a molecular
level, as well We said that the newly fertihized egg divides over
and over again At each division both daughter cells get 2 full
compl of 46 ch mes, but the repeated division of
these chromosomes does not mean that the chromosomes get
smaller and smaller The process of ‘ division,’ or matosts, 1s
actually one of duplication or replication With the possible
exception of the first few divisions of the egg, development
mvolves growth—the facture of p and e and
the construction of new molecules of DNA

Each of the 46 human chromosomes attracts to 1tself the
materal necessary to make an exact duplicate of 1tself, a dupl
cate whose precise similarity to the onginal 1s guaranteed by the
chemucal structure of the DNA molecule Only then does the
cell divide each of the 46 chromosomes going to one of the new
cells while 1ts newly constructed duplicate goes to the other
Hence, each cell mn the body, with the exception of a few
expendable kinds such as red blood cells, has 1ts full quota of
chromosomal material copied very precisely from the onginal
models carred by the umting egg and sperm

Y
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Meiosis

We might ash what happens when an adult mdadual-
man or woman~produces sex cells of his own We have seen
that, unble the cells of the body, each sex cell contains 2%
chromosomes rathes than 23 chromosome pairs Obwviously, the
number of chromosomes must somehow he reduced by half
8w
-]

2zt

Ficure 3 Sex cells produced by a person may carry different
b of hus chr A sp with 23 chro-
mosomes shown in black and an egg celt with 23 chromosomes
shown 1 white are represented schematically on the left, Umon
of these sex celly yields a zygote 2 person whose body cells con
tain 46 chrowosomes {shown m the middle) The sex cells of this
person il agan carry 23 chromosomes but, as shown on the
night different sex cells will have different numbers of black {B)
and of white (W) clromosames.

This reduction occuts 111 two special davssions of the cells con

waned within the veproductive organs, or gonads—testes in the
case of males, ovaries 1o the case of females These speaal
dnasions are called mesole divstons or, smply, metosis Dunag
these tno dristons the chromosomes build replicas of themselves
only once ‘The two members of eack pair, each member wath1ts

nesly manufactured copy, approach one another very closely to
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form 23 four parted compounds The cell then divides twice
The first dtvision separates the two “original * members, each—
accompanied by 1ts copy—gorng to a separate cell This division
1s followed immediately by a second, which separates each
chromosome from 1ts copy Thus, the reduction from 23 paurs of
double chromosomes to 23 single chromosomes, one of each of
the onigmal pairs, 15 accomplished

Although this process mvolves some additional steps, 1t
15 suffictent for our present purpose to regard these cells, with
therr reduced number of chromosomes, as the final sex cells
Thus we have seen how two sex cells, each carrymng 23 chromo-
somes unite to give an individual with 23 pairs of chromosomes,
and how the individual, with hus 23 chr patrs, produces
sex cells with 23 chromosomes each (Figure 3)

Genes

So far we have discussed the chromosomes as umts, and m
their maneuvers durnng cell dwvision they behave as such In 2
physiologacal sense, however, a chromosome exertng 1ts control
over hife processes 1s a body composed of a great many smaller
units These are the genes There may be hundreds or thousands
of genes 1n every chromosome Genes are localized regions of the
chromosome~probably of the DNA molecule—which control
speaific physiological or biochemical processes Just how sharply
neighboring genes mn a chromosome are demarcated from one
another, or how distinct they are 1n 2 physical sense, 1s somewhat
uncertain In classical genetics, the genes in a chromosome were
often compared to a sertes of beads on a string the string being
some sort of skeleton of the chromosome Certanly, this bead
onstring model overstmplifies the actual situation Perhaps a
better way of visualizing the relation between the two 1s to say
that a chromosome 15 composed of genes just as a motion picture
film 15 composed of different scenes Although the transition
from a love scene to a chase to a gun fight may be gradual, sull
there are these different scenes A given regton of a chromosome
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18 concerned primanly with a given physiological and bio-
chemical process, and 11 this sense, at least, different regions
can be referred to as umits, as genes

All the genes contained by the chromosomes act i concert
to bring about the development of the organism A given gene
seems to functron by manufacturing a biochemical substance,
such as an enzyme whach facilitates certamn chemscal reactions
Biochemcal geneticists have found it possible, chiefly iny sumpler
orgamisms such as bacteria, yeasts, and molds, ro associate many
genes with the enzymes and the chemrcal reactuons they control
If a certain gene functions properly, the physiological progess
which it controls proceeds normally If, however the gene 18
destroyed or altered m some way, the bactenial cell which lacks
the gene, or carties only s altered form, may be unable to
catfry out a certam phystological function and may die In some
mstances bacterta with such a *herednary disease’ can be
“cured * by adding to the nutrient medium on which they graw
the chemical substance which the defecuve gene fals to supply
bat which normal bacteria are able to manufacture i the own
bodies It 15 by means of this techmque that we learn of the
nature of chemcal reactions vital to hife itself

Some hereduary diseases in man have geneuc and bio-
chemical bases almost as sumple as those of the bactera men
uoned above Thus one of the defective genes i man, whett
mherited both from the mother and from the father, produces
a disease known as thalassemia or Mednerranean anemna In
dividuals carrymng this defective gene wn double dose show
symptoms of a severe anemua and usually die before the age of
adolescence L Paultng and H A ITtano discovered that the red
blood cells {erythrocytes) of the anemics carry, mstead of the
normal red psgment, hemoglobin, a chemucally altered form of
the hemogiobin molecule Persons who are heterazygous for
thalasserma—that 15, who have inherited the defectsve gene from
only one of their parents, enjoy normal health or are only
muldly anemiic The red blood cells of such persons contaii bath
normal and abnormal hemoglobin 1t 18 as though the normal
and the abnormat vanants (alleles) of thus gene facilitated chem
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1cal reactions yielding the normal and the abnormal hemoglobin
respectively

The chemical substances produced by gene controlled re
actions are, however, by no means always known Ordinanly,
genes are recognized because they occur in two or more forms,
which produce alterations of externally visible bodily traits In
frunt flies, for mstance, the normal functioning of many genes
leads to the development of the usual dark red eye color But
some of these genes from time to time suffer alterations (referred
10 In genetics as mutaftons) which produce vanant (allelic) forms
of the genes Several of these altered genes result 1n eyes of a
very bright red color, mstead of the normal dark red Srmilarly,
the malfunctioning of 2 number of other genes makes the eye
color brownish red When a fly carnies both the altered genes
yielding the bright red and the brownishred eye colors, the
combined action of these genes results 1n an eye color of pale
pink or white Whate eyes are also produced by the mutation of
stll other genes, which evidently control the production of both
the bright red and the brownish red pigments

A great many traits are known to be controlled by genes
Even those controlled by the genes located m one chromosome
can be of the most varied kinds In Drosophila, for mstance,
some well known genes (well known to geneticists that 1s, and
of especial mmportance to their work) located 1 one particular
¢chromosome control body color, bristle formation eye color, size
of the fy, eye shape, texture of the eye surface, leg shape, and
wing venation In man a list of traits controlled by genes
located 1n the chromosome that also determines the sex of an
mdividual includes color blindness, several skin abnormalities,
and an abnormality of the retina of the eye

Mendel’s Law of Gene Segregation

We are already famliar with the fact that human sex cells,
€ggs and sperm, contan 23 different chromosomes Fertilization,
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the union of the two sex cells, produces an mndwidual with 46
chromosomes—23 pairs The two correspondsng (or log
chromosomes of eacls pair possess the same spots at whuch genes
are located, these spots are known as gene loct Hence, each indi
vidual carries thousands of parrs of genes done up very neatly
1o pairs of chromosomes

1t does not follow, however, that each individual carries two
wdentical genes at each gene locus The two genes may be the
same, or they may be different A person with blue eyes, for
example, almost certainrly carnes two similar genes at the respon
sible locus these genes are those whose action leads to the
production of the blue eye color A person with brown eyes, on
the other hand, may carry two genes which are alike, each lewd
g to the production of brown pigment, or he may carry one
gene for brown eyes and one for blue Since an individfual carry
g one gene of each type ts brown eyed, we refer to the gene
for brown eyes as the d gene sak
but not a necessary property of one of the forms (alleles) of genes
at a gtven locus The gene for the blne eye color 15 a recessive
gene

In the shorthand of genetics we say that there are two types
of homozygous individuals tn the case of genes for brown and
blue eyes, these ave the mdividuals who carry two representt
tves of the same pgene~BB or &6, where B 1s the gene for
brown eyes and b 1s the gene for blue There are also heter
ozygous—Bo—individuals who carry one gene of cack sort As
far as the genes for eye color are concerned, homozygous inds
widuals produce only one type of sex cell since both members
of the chromosome pair carry the same gene Heterozygous indt
viduals, on the other hand produce two types of sex cells it
equal numbers since at mesosts half of the sex cells will get 2
chromosome with gene B while the other balf will ger 2 chromo-
some with gene &

At feruhzavon sperm and eggs umite at random, that 1%
there 15 no tendency for sperm of ane kind to seek out prefered
wally eggs of that or any ether kind Consequently, 1 the
progeny of tho heterozygous brown eyed ndviduals {BY), the
chances of a chuld being brown eyed are three times as great as
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the chances of 1ts being blue eyed (Figure 4) If a heterozygous
individual, Bb, marries 2 blue-eyed partner, bb, and they have
a number of children, half of these will be heterozygous (Bb)
and half homozygous (bb) This 15 a staustical expectation m
small familes, there may be only brown eyed (Bb) children, or
only blueeyed (bb) children, or some of both types but not
necessanly 1n equal numbers

Ficure 4 Mendelan inheritance 1n three genera
tions of the blue (ight) and the brown (dark) eye
colors The blue 15 a recessive and brown 1s a domu
nant character Some brown-eyed persons are heterozy
gous as shown by the fact that some of their children
may have blue eyes

The principle that we have been considening 1s that dis-
covered by Mendel 1n 1865 but not appreciated by the scientific
community until rediscovered sndependently by three different
mvestigators m 1900 Mendel discovered the principles, or laws,
of heredtty {now known as Mendel s laws) not by observing
shentance in man but by crossing varieties of the garden pea.

However, the basis of heredity 1s, most remarkably, the same
throughout the T~ =~1? Tha tere Mandal favnd on ool
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and sperm unite at yandom, this 15 iinstrated by the subdssion of the
large square imto four smaller ones of equal sze The offsprng of this
mating, then 3r¢ 144  14da  1jac These proportions can be dem-
onstrated 1n the progeny of a single pair of fles by the kemnels on 2
single ¢ar of corn, or by the maungs of other orgamums, 1 the st of

Buman bemngs and other less p ¢ org the same frequencies
can be by the of the prog: of many
couples

The two smaller diagrams m the lower part of thys Sgure sHustrate
the relatise proportions of offsprng following the mating of (1) a homeo-
zygote with a b gote and (2) two d 1
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to peas apply also to fruit flies to man and even 1n modified
form to bacteriz and other microorganisms

To recapitulate Mendehian inhentance n man and 1n
other higher orgamisms 1s predicated on the following phe
nomena (1) The possession of pairs of genes by every individual
(2) The occurrence of mezosis duning the formaton of the sex
cells At meiosis the chromosomes (and the genes) segregate so
that each sex cell carmies one member of each pair (3) For any
one gene an wndividual may have ether two identical alleles
(in which case we say he 1s homozygous for that gene) or the
two gene members may differ somewhat (the individual 1s
heterozygous) (4) As far as their gene content for a given locus
15 concerned all sex cells produced by an individual may be
adentical or half may be of one sort while the other half are of 2
different sort (5) Sperm and eggs umite at random dumnng
fertilizauon (see Figure 5)

Virtually all of the higher forms of hife are equipped with
pairs of chromosomes rather than sets of single chromosomes
as some lower orgamsms are We saw above that a person carry
ing the genes B and b 1s brown eyed the gene for brown eyes
(B) 15 sa1d to be dominant to the recessive one for blue eyes (b)
Many recessive genes are harmful to therr carmers when homo-
zygous persons carrying both the recesstve gene and 1ts normal
dominant counterpart are spared this harm There are many
known recessive genes whose action 1t the homozygous condi
tion leads to death or to the most pathetic deformities Fortu
nately most of these are so rare that two persons carrying genes
for the same abnormality are by the operation of chance alone
unlhkely to marry Occasionally however they do and 1t 1s for
the guidance of such couples that heredity chimes  are being
established at many of the larger hosputals and medical schools

Mendel s Law of Gene Recombination

The fact that genes segregate at meiosts has 2 number of
quences tha manct Af which s tha warase Af
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genetse endowments capable of being tra 1 by an md:
vidual heterorygous for several genes 50 great ss thus varsety that
perhaps 1o twa persons (except wdentical twins) have ever had
the same genotype

We have already seen that duning the formation of sex cells
i man the 23 pars of chromosomes charactenstc of every body
cell are reduced to 23 chromosomes One member of each of the
onginal 23 paxrs was origmally conmbuted by the individual s
mother while the other member was contributed by s father
So among the gametes being formed, there 15 one type contan
ng entirely paternal chromosomes There are 23 different types
of gametes m which all of the 23 chromosomes but one are of
paternal ongin Sumlarly there are 253 dsfferent combimnations
of 21 paternal and 2 maternal chromosomes Without Lisung alt
the combimatsons of paternal and matenal chromosomes which
are possible we can sumply say that over 8 mtlion different com
binations of paternal and maternal chromosomes are possible 1
these chromosomes are treated as mndivisible umts

Actually, even this s an oversumphficanon There are
exchanges of genes of paternal and maternal ornigin within
wndividual chromosomes during metosts IE these are talen mto
account i compuiing the number of possible gene combinations
any mdividual can produce one gets a tremendous figure~a
figure so largge that no twvo of the billions or trathons of sperm
produced by any man dunng his hfetune are bhely to contain
exactly the same combination of genes It 15 almost certain that
no two individuals (barring as stated above denticat rwins)
have ever n the course of manhind s exastence had the same
genotype It 3s from this wealth of maternal and through diffes
ences m the number of offspring produced by persons with
different gene combnations that nateral selection molds the
genetic composnition of human populations This process hes as
the bottom of evolutson evolution 1 an mescapable con
comuant of life stself
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Heredity and Mutation

Heredity 15 2 conservative force It tends to make offspung
resemble thew parents If heredity were perfect, all Jtving inds
vidwals would be exactly alike—and exactly hie the first form
m which Iife exasted The fact that they are not alike mdicates
that the force of heredity 1s sometimes partially overcome by
anather force which mnduces thange n the heredstary materials
-~ the genes Thus latter force 15 mutation In the preceding
chapter we saw that genes reproduce themselves, that 1, they
cause the syntheuss of capies of themsehes from nongemic ma
tenals present an the cell, and ultmately from the food the

o Bur My the process of copyng goes
wrong and the new gene formed 1s not quite Iihe the ongmal
Such impesfect copying 15 known as gene mutatson, and 1t 1s the
source of varsation, of mndwviduality, and of evolution ft 15
because of mutation that some people have bluc and others
brown eyes, some have O type blood and others A type or B type,
some enjoy good health and others suffer from thalassemia Of
course, some of these mutations may have occurred many geners
tons ago, some may have occurred only once, others may have
occurred yepeatedly
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Genetics 15 a science whose very existence depends upon
observable differences between mndivaduals If the ndividual
members of each species were identical, 1f every man were pre
csely the same as every other man, we would sull have the
sciences of physiology of developmental morphology, of bio-
chernstry, and of taxonomy (Perhaps soientssts an these fields
wonid even be extremely happy, wndividual differences and
rdiosyncrastes are nothing but a source of trouble as far
they are concernedi) We would sull have doctors of medione
denuists, pharmacologists and optomettists but we would have
neither genetics nor genensasts In order to trace patterns of
t ~ee we must have recognizable differences to trace

~ *TEnL N genetics ageneisd
- . N4 aund
w a double nens, « wed
order, sunple chemicat structures calied nnes /pens
that there exst only four kinds of nucleotides commonty found
w chromosomes How can four kunds of nucleondes make up
the countless different geries which exst 1n the lving world?
The answer seems to be that the sequence 1 which these four
fnds ate arranged within the gene sesves as 2 code much as do
the holes int the tape or cards controlhing modern business ma
chines The code embodied 1n the arrang of nucleoudes
withint a grene determines just what the gene wall do There are
many different ways 1 which a thousand objects of four dif
ferent bands can be arranged to supply each gene with 1ts unque
code and, hence, with ts umique function

Gene mutation 15, then, most easily imagined as resultng
from a mistake 1n the coded sequence of nucleondes within the
gene An error, perhaps that occurs duning chromosome dupt
canon consistng of the Joss of a fen nncleoudes or of a change 1t
thesr position relatve to ane another Or an error caused by the
collision of 2 chemucally tughly active molecule, such a3 2
peroxide or a free radical with the chromosome At apy Yat6
whateter the cause a gene that has been performing one func
1ion occasionally ceases to function, functions at a different yate
or functions ta an entirely different manner

The mutated gene, durmg the course of subsequent gene
and chromosome dupheations yeproduces uself i 1ts altered
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form There 15 no known process by which DNA can correct a
mistake of thus sort, once 1t has occurred, except by chance  back
mutation, an event as rare as or rarer than the ongmal error
Blue eyes or brown, black hair or blonde or red, blood types
A, B, or O—all of these well known differences between persons
have their origin 1n these errors in gene teproduction and are
expressed as obvious differences because of the effects these
changes have on the physiological functioning of genes

Mutation 1n Man

Mutational changes 1n any one gene are (with nfrequent
exceptions which we need not consider here) rare events This
15 a dufferent way of saying that, ordinanly, the genes reproduce
themselves accurately Mutations were first discovered by the
Dutch botanist Hugo de Vries soon after 1900, 1n a plant called
the evening primrose (Oenothera) Beginming about 1910 T H
Morgan and his associates observed and described many mutants
in several species of Drosophila Since about 1945 the phe
nomenon of mutation has been studied extensively in bacterra
and 1n other microorganisms, m which, with the aid of proper
methods many billions of individuals may be rapidly screened
for the occurrence of mutations

Although man 15 not a favorable subject for studies on
mutation, 1t 15 certain that mutations do occur m man and
ngemous methods have been devised for their investigation
One of these 1s referred to as the “direct method ~ Consider, for
example a fairly common type of dwarfism 1 man 1n which the
head and the trunk are of normal size but the Iimbs are abnor
mally short If persons afflicted with this condiion—chondro-
dystrophia—survive early childhood, they enjoy reasonably
normal health as adults but are obviously handicapped 1n many
kinds of work Thus type of dwarfism 15 inherted as a dommant
trait That 1s children who are chondrodystrophic dwarfs are
usually born 1n families 1n which at least one of the parents 1s
also such a dwarf We may say that the dwarfism 1s due to a
domimnant gene D, while the normal body build 1s caused by the
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corresponding recessive, d. The dwarfs are heterozygotes, Dd,
and normal people homozygotes, dd.

1t does happen occasionally, however, that both parents of
a chondrodystrophic dwart are of normal stature. The normal
recessive gene 4 evidently mutates to the dominant gene for
dwarfism, D. To determine the rate of this mutatjon, many
thousands of birth records must be surveyed. One scores the
number of dwarf and normal chuldren and then checks the
parents of every child 1 the survey, temoving from his dan
those children whose parents (one or both) were dwasfs. The
remaining chuldren born of normal patents, would consequently
be expected to be normal toe. However, in one such study made
by a Danish geneticist, it was found that abour one child in
12,000 born to normal parents was affficted with this type of
dwarfism. Smee the normal parents did not carry the dominant
gene, these children must Tepresent new mutants. In each
nstance, the mutation could have occurred in etther the gene
supplied by the mother ot in that supplied by the father; since
12,000 children Tepresent 24,000 genes (at this one gene Jocus,
remember), the mutation rate 1s 1:24,000, or approximatcl)’
0.000,04. In other words, about four per hundred thousand sex
cells produced by normal people carry a newly arisen mutant
gene for chondrodystrophic dwarfism,

The “direct method” of determining the frequency of mutd-
tion 15 applicable only 10 dominant traits, since the emergence
of a recassive trait (such as the blue eye color) 1 the offspring
of parents ifesting only the domi trait (brown ejes)
simply means that the parents carry the yecessive gene in hae‘r&
zygous condition. The frequency of mutation toward recessive
genes which produce recessive hereditary diseases or matforma
tions can somenmes be esumated with the aid of the “indirect
raethod.” 5

Let us 1ake as an example hemophilia, or bleeders® disease,
which is produced by a recessive gene located in the chromosome
that is also concerned with the determination of sex. The blood
of hemophiliacs does not clot, and 5o even small cuts and abra-
sions may result in faza) hemorrhages in these persons. .In fact,
only a fraction of all infants who ate bor with hemophilia reach
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matunty, the remamnder die in childhood Nevertheless, new
hemophiliacs are born m every generation, almost always to
parents with no blood disease How 15 this possible? One might
think that 2 gene which kills most of 1ts carriers would soon
eliminate itself from the population We are forced to make one
of the following two assumptions First we may suppose that
the supply of hemophilia genes 1n human populations 1s renewed
n every generatron by the occurrence of new mutations If,
then, the number of hemophilia genes removed by early death
15 approximately balanced by the number of newly arsen
mutants an equilibrium 1s established at which the chance of a
child being born with hemophiha remains roughly constant
generation after generation On the other hand, 1t can be
imagined that the present frequency of hemophilia genes repre
sents only a residue left over from higher frequencies existing
1 the past. This second assumption 1s demonstrably absurd It
would imply, for example, that Hannibal s army and the Roman
legons that opposed htm were composed mostly of hemophiliacs
History has certamly failed to record any such condition

We are left, then, with the ption that for h phiha
and smular hereditary diseases, there exist, 1n human popula
tions approxamately stable equilibria between the eiminaton
of harmful genes by death or sterility and their ongin by muta
tion hnowing the proportion of hemophiliacs who survive to
adulthood and produce children of their own, one may calculate
the frequcncy of new mutations that must occur to maintain the
equlbrium  Such calculations have been made by ] B S
Haldane and other geneticsts for a number of disease producing
genes i man The results are fairly consistent 1n gaving muta
ton rates ranging from 1 10 000 to ! 100,000 Mutation rates
determined by the * direct method * also fall withm this range

Measurement of Mutation Rates 1n Drosophila

Man 1s an intractable, expensive, and unreliable amimal to
work with when 1t comes to studies of mutation rates The
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amount of tume, labor, and money needed for censustaking
exanunatton of old records, and the tracing of famuhes for
personal interviews 1s often prohibitise Consider that to sbtain
reasonably rehable information about the rate of mutauion ¢tz
genie that murates only once i1n 100,000 sex cells, we must
examine birth records for at least 250,000 cluldren. It 1 no
wonder, then, that the best data concerning mutation rates are
obtained from orgamsms suitable for expenmental work 1
laboratories

The avalability of a proltfic laboratory anumal, large
numbers of which can be rassed 1 a short zme, does not 1
uself guarantee that vehable data can be obtained Such data
come more often from the use of efficient techmques, such as
those developed 1n the mmd twentzes by H J Muller For per
fecting these techniques and for vigorously pursuing the Iines of
mvesugation they opened—-especially wm the field of raduuon
genetics—Mauller was awarded a Nobel Prize in 1946 Not only
because an understanding of these techniques wall be essential
Iater i ths book but also because of their intrinsic ngerest, we
shall consider them here 10 some detarl

We have seen that the mutation rates for mdivadual human
genes are generally very small To obtain mformation about
these mutation rates, one 1s faced with the necessity of stodyiog
extremely large numbers of sndwiduals 1f one wishes to study
differences v the rate of mutation of different genes, or the
possible effect of some physical or chemical agens on the mutd
uon rate of 4 parncular gene, the numbers of idinduals
required for the study become prolubuvely large—even for 2
small anumal such as the fruit fly Indeed, in refined studies of
this type, the mvestigator can no longer be satisfied with rough
esumates of mutation tate It becomes necessary 1o Amiass
suffictent data to guatantee that the observed rate of mutatioR
15 correct within very narrow himits

Muller’s method of keeping the expenmental errors 0 3
munteam and, at the same tsme, Leeping the amoutt of work
within feasible himats was extremely clever (One mnst yemember
that tharty or forty years ago the amount of money avaslable for
genetcs and other “nseless” Tesearch way even more hmited than
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1t 15 today, only a few of the larger umversities could afford such
luxuries § Muller saw the necessity of studying mutation rates,
not 1n single genes, but in groups of genes carried 1 the same
chromosome A chromosome may contain hundreds or thousands
of genes If there were some aspect of development that was
affected 1n a stmilar way by many of these genes, and 1f all these
genes could be held together and analyzed as a single unit, the
over 21l mutation rate—the frequency with which at least one of
these many genes mutated—would be relatively great And if the
overall rate were considerable, proportionately fewer observa
tions would suffice to obtamn an accurate estimate of this fre
quency Muller reasoned further that the most common gene
changes and the ones most likely to occur 1 many different
genes, were lethal changes Lethal mutations are those which
alter development (1n this case, of the fruit fly) so drastically that
the mutant mdividuals die In human terms, lethal genes pro-
duce hereditary diseases or malformations grave enough to cause
the death of affected individuals before the advent of adolescence
and sexual maturity

The use of lethal mutations for studies of mutation rates
has a further advantage It elimimates what 15 sometimes spoken
of as the personal equation of the mvestigator Suppose, for
example, that we are looking for mutants which alter the color
of the Drosophila fly s eyes Some of these mutants are so con
spicuous that everyone will notice them for example, a com
monly used mutant has white instead of the normal dark red
€yes But there are also mutations which change the eye color
50 shightly that a careful examination 1s needed to detect them
And the fact of the matter 15 that some observers can perceive
shight changes 1n color more eastly than others This makes com
Pparisons of the data obtained by different observers unreliable,
and even the same abserver may overlook more mutants when he
1s tired than when his attention 13 at 1ts Leenest The expen
Ments with lethal mutations, on the other hand are contrived so
that one has to examine and score not mndiadual flies but
cultures of flies for the presence or absence of an entire, clear-cut
class visibly distinct from other classes m the same culture, a
class of flies that should be represented by at least several dozen
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mdividuals Even a novice can male accurate observations of
ths sort For the first tune, then, different investigators could
perform studies of mutanions and arrive at comparable results
Scientefic hterature dealing with problems an this field became
a meanmnglul body of knowledge, from which one could proceed
1nto unexplored fields without repeating old experiments merely
1 order to evaluate one’s ewn abihty to perform tns type of
work

The frequencies of mutations observed 1n experiments
using Muller's techniques are, of course, much larger than those
mentioned above for human material As stated above, the
reason for this 15 that one determnes the probability that at
least one of 2 great many genes will mutate Ope parnculsr
chromosome 1n the common fruze fly, for example, mutates from
a lethal free condition to one 1n which 1t carries a lethal gene
at rates varymg from 1 1,000 to 3 1,000, depending on the strait
of flies studsed Another chromosome of the same fly, one that
33 about twice the size of the first, aequres 2 Jethal mutaton
at a rate of about 5 1,000, that 15, about 5 of every 1,000 sex
cells produced by a fly contamn a newly arisen lethal mutation
1n thas chromosomie It was by using ths techmque of measuring
the frequency of lethal mutanians i entire chromosomes of
Drosophila that Muller was able to prove that mutations Goeur
more frequently in the progenes of flies srradsated with X 1353
than e flies not subgected to such treatments This topic will
be discussed 1 more detail in Chapter 5 For the ume beng
we are eoncerned with * spontanecus” mutation, that 18 with
mutation which occurs in fies or other organisms not sub)zmd
to any hnown mutation snducing freatment  ‘Spontancous
mutation must surely have a canse, and calhing 1t * spontancotts
means sumply that we do not Lnow what that cause 18

Mutation Rates per Gene

How ¢an the mutation rates determined per chromosome i
Drosoptula be compared with the rates per gene estimated, 28
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duscussed above, for some genes 1n man? This 1s a difficult and
tughly techmeal problem, but we must acquire at least a very
general 1dea of 1ts solution What 15 needed here 15 an esumate
of the numbers of genes carried per chromosome 1n a favorable
experimental amimal such as Drosophila

‘We have stated that there are hundreds or even thousands
of genes 1n each chromosome In genetically well studied organ
1sms, such as Drosophilz, dozens or even hundreds of genes
have been 1dentfied by the changes they produce in the char
actenistics of the organism when they undergo mutation These
are, however, only a fraction of the total number of genes pos
sessed by the organism This total number can be estimated by
studymng the genes whose alteration leads to stmilar end results

We have scen that white eyes can anse in 2 number of
genetically different ways i Drosophila There are even more
mutations that result 1n the death of individuals carrying only
the mutant gene and not 1ts normal allele If we collect a num
ber of these  lethal” mutations, each of which 1s known to have
had an origin separate from that of all others (that 15, each has
been obtaned through mutation from a different, lethal free
mdividual), we can ask how often the same (allelc) gene muta
tion has been obtaied two or more times by chance Obviously,
the greater the number of different genes that give rise to
‘lethal mutations, the smaller the chance that any two will be
the same In fact, the frequency with which two such mutations
prove to be :dentical 1s equal to 1 divided by the number of
places where the mutation can occur This type of test indicates
that there are at least 500 different gene loc: m one chromo
some 1n Drosophula that can yield lethal mutations For a variety
of technical reasons, this 1s known to be a mumumal estimate,
more probable estimates lead to the conclusion that there are
some 1,000 genes 1n that chromosome or about 5,000 genes 1n
the entire chromosome complement of this fly

As stated above, the rate of ongin of new lethal mutations
17 A certain chromosome of the vinegar fly, Drosophila mela
nogaster, 1s about 5 per 1,000 chromosomes per generation, or
0005 Since this chromosome contarms at least 500 genes capa
ble of producing lethal mutants, the rate of mutation per gene
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1s 0005 diaded by 500 or 000001 (I per 100000 genes per
generation) Jt 1s remarhable that this estumate agrees with the
value obtained for human genes {see page 37) If as s probable
the Drosophila chromosome actually has more than 500 genes
Drosophila genes would have to be considered somewhat less
mutable than human genes

These figures may also be compared with thase obtained
from vanons microarganisms such as the common colon bacitlus
the pink bread mold and bacteriophage (a virus that ss parasitte
on bacterna) Using organssms such as these one can study enor
mous numbers of mdividuals on a culture plate four inches 1w

TAILE Y

Exemples of mutation rates per gene per generchon in venous

orgamsms (10 8 or 10~¢ means thet approximately one indwid

ual per thousand or one sndividual per mihon ucqures @ newly

ansen mutation 1 @ given gene in every generaton for further
explanation see text)

Autation rates

Orgamsm Irom To
Bactenial virus (bactenrophage) 10~ 10 3
Colon bacillus 1p-* 10-8
Indian corn 10 ¢ 10—
Drosophila (frust fly} 1o-7 bivd
Man 10 * 10~

diameter more mndsvidual bactena can be grown than there
are human bemngs on the face of the carth By using sptclal
techniques snvolving agents such as antibotics that hill normal
bacterta 1t 15 posssble to determmune the frequency with which
mutant resstant smdsviduals arise The range of mutanon sates
determmed n this way extends from 0 000 01 or hugher vatues
down to values of 000D 000 000 1 (from } per 100,000 to 1 per
10 bithion cell generations) Y

Some mutatton rtates found n a vanety of organisms ar¢
shown 1n Table I The table suggests that there 15 2 general
tendency for mutation rates to increase as ofie mMOVEs from
viruses and bactenia toward the hugher orgamsms Howeves
some mutation rates in lower organisms are as high as those



CHROMOSOME MUTATIONS 43

Iisted for Drosophila or man Of course these are the mutation
Tates per generation the length of a generation 1n man 15 about
25 years i Drosophila about the same number of days while
m bacteria and bacteriophages 1t 1s estimated 1n munutes If we
were to esttmate the mutability per umt of time the genes mn
bacteria would prove to be most mutable and those 1n man least
mutable

On the other hand 1t 15 possible that the data for man are
brased mn the direction of giving higher estimates than they
should If one were to use the direct method outlined above
mn the search for mutations occurring 1 man with a frequency
of 1 to 10 billion sex cells per generation (as in bacterta) and
1f one were to It the study to children born in the United
States (at 2 rate let us say of 150 million per generation) one
would have to accumulate data for 350 generations or roughly
10 000 years m order to observe about 10 such mutations Small
wonder that mutation rates of this sort have not been found
man! But with bacteria a study involving mutation rates as
low as thus can be made convemently within a pertod of 48 72
hours

In addition to the hmitations 1mposed on an mvestigator
of human populations by the number of individuals he can
handle there 15 a further Limitation 1mposed on his esumates
of mutation rates Without casting aspersions let us say simply
that people will be people and that there 15 a certain amount
of mfidehity m this mperfect world The frequency of uncon
trolled and uncontrollable conceptions estabhishes a base line
beyond which studies of mutation rates cannot go except by
the severest limitation of the types of matenial studied—a Iimi

tation that restricts even further the number of persons available
for study

Chromosome Mutations

Thus far we have restricted our discussion to mutations
Of which moge mra menbalidor es sm al Vet o AL



4“ SPONTANEQUS MUTATION

Another kind of mutation mvolves breakage and reunon of
chromosomes which as we know are the gene carmers Chro-
MOsOMmeE mutations are important genetic consequences of rads
ation exposure (see Chapter 5)

A chromosome Iike a piece of string may be broken mto
two or more preces Such accrdents happen to chromosomes only
rarely under ordinary cire es but the frequency of chio
mosome brealages is increased by exposure to atomic radsations
and to certain chemical treatments A cell m which one or
more chromosomes have been fractured 15 1 2 precanons
ation 'To carry on 1ts normal funcuions indeed to remam alne
a ceil generally needs aif the genes 1t normally contains Fesv
i any genes are dispensable The cell needs sts full complement
of chromosoma} material Now as shown in Chapter 2 dunng
cell divissan the chromosomes divide and one complete set of
chromosomes moves mto each of the daughter cells This move
ment 1s however not a property of the whole chromosome
depends upon one spot mn the chromosome which contans 2
specialized body called the centromere

G iy when a ¢k 1s brolen one of the
preces—the one without the centromere—lacks the abiity to
magrate to 1ts appomted place when the cell dindes, As a result,
one of the newly formed cells does not get 1s full quota of genes
and generally dies However unble a stnng a chromosome
possesses sticky raw ends wherever a break occurs If two of
these ends meet they will regorn and the break will be healed
Counsequently when a single breal. oceurs there are two posst
ble outcomes Either the one mece 1s lost at the next celf divs
sion as mentsoned above or prior to the division the broken
ends meet rejom and restore the chromosome 10 3is normal
condition  Other possbilinies anse 1f two or more breaks occdr
i a cell simultaneously One ar more of the chromosome {135
ments may be lost and the cell may die or the breaks may hieal
and the original ¢k may be d Two chromo
some fragments which lack centromeres may jom or 3 0 frag
ments both meluding centromeres may join cells in whch th
happens are not viable ‘The piece of one chromosome Tacking 2
centromere may join the pece of the other chromosome with 2
centramere and the other preces may also o thus fornung
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two new chromosomes containing one and only one centromere
each

Such new chromosomes, which cantain blocks of genes pre
viously carried in different chromosomal bodses, may funcuon
1n a perfectly normal way 1n ordmary cell divsions Genes are
sufhiciently independent in their action to produce a normally
viable and healthy orgamsm even if reshuffled between different
chromosomes As a matter of fact, some of the cells m an adult
body do not divide at all, and fragmentation of their chromo-
somes need not destroy their ability to live and to carry on thetr
functions We shall see later that this fact throws light on such
nportant problems as destruction of cancer cells by x rays or
radum treatments, and radiation sickness produced by the ex-
posure of the body to excessive amounts of high energy radiation

Mutation and the Welfare of the Organism

We have stated ahove that gene mutation can be visualized
most readily as a mustale 1n the chemical pattern of the gene
which arises during the process of gene reproduction A mutant
gene 18 essentially an incomplete, imperfect, defective copy of
the parent gene Now, the genes which an organism carrzes are
there not by a Jucky accident but because of the slow, steady,
unrelenting process of fitting or adjustment to the environment
10 the course of evolution Genes in healthy, vigorous human
bemngs, or for that matter 1n healthy and vigorous mice or flies
or corn plants, are really masterpieces of biological evolution
You would hardly expect a masterpiece, such as 2 pamnting by
El Greco or Rembrandt, to be improved if some dauber took
it upon himself to change 1t Mutation spoils a gene much more
often than 1t improves 1t for exactly the same reason And yet,
one should not jump to the conclusion that mutation can never
improve the gene After all, the pamnungs of E1 Greco and Rem
brandt were 1mproved—m fact, they were created—by the brush
strokes made by their authors

But let us set aside the analogies and look at the facts
Among the murants in Drasontila the laroest and most eaaly
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detected group are the recessive lethals which kil their carners
when homozygous Moreover, just as there are countless diseases
hereditary and otherwise, which Lill men, so there are many
ways a lethal can luil 2 fly About 5 to 10 percent of the lethals
Talt embryos before they have left thewr egg cases about 80 per
cent kill during the larval stages the remaimng 10 to 15 percent
Lall pupae or young adults while they are emerging from cher
pupal cases

In addition to lethals, there are mutations that sumply lower
the chances of a fly attammng adulthood Some of these muta
t1ons are assocsated with externally visthle effects (almost all of
the mutanons used by geneuasts m their studies are of thi
sost), others are not Very few of these sermlethal or subwital
mutants have distinet intermediate effects that 15, 2 gene muiz
uon affecting development generally hlls alt or almost all flies
carrying 1t, or it has 2 much more subtle effect which results i
the death of 2 relauvely small percentage of xts casriers Just
why some individuals live and some die when they carry these
semulethals 13 hard to tell Perhaps vartations i the severdy of
the environment are responstble just as in man some persans
affiicted with 2 hereditary disease may die while young, othersat
a later age, and sull others may hive and even enjoy fawr health

The mutants of Drosophila which are pictured 11 textbooks
of genetics or of biology are mostly defectsve tn some way 0%
another The white eyed mutants have lost the eye pigment that
normal flies have anad with it hase lost their visual acaty Wing
mutants usually make the wings less serviceable for fiyng oF
reduce them to useless vesuges A mutant that makes the fay
yellow nstead of the normal brown mught seem to have caused
no appreciable harm, and yet yellow males are less successfal 18
mating with females than are males of normal color

However, these textbook mutants’ are apt to comey 3
false impression "They are a selected lot—selected because ey
produce sharp, easily viuble easily scored changes The more
radical the change, the less hikely 1t 1 to be harmless, not &©
speak of sts besng useful Yet mutants do occur wiueh make the
fiy 2 tny bt larger or smaller, develop 3 little faster of mDY;
slowly, have shightly more or fewer bristles on certain pasts @
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the body, deposit on the average shightly more or fewer eggs
Some of these unspectacular mutants sometimes called poly
gemic ones, may be neutral or even favorable The evidence for
this comes from studies on populations of flies living i their
natural habiat The mdividuals 1 such  wild’ populations
differ from one another 1n just such polygenic traits, and the
only way 1 which this normal varation could have arsen 1s
by mutation Similarly, with normal people, some are taller
and others shorter, some have darker and others lighter hair or
eyes some exhibit differences 1n facial features which are diffi
cult 1o desenibe 1 words but are easity percepuible to us as the
recognition marks of our friends

Useful Mutants

Gene structure 1s evidently capable of multitudmous modi
fications and some of these chuefly those which produce mnor
alterations 1n the charactenstics of the orgamism may be mnoc
uous or even useful and may become incorporated nto the array
of genotypes we describe as normal for the species Moreover,
and this 15 important, 1t 1s often the environment which deter
munes whether a given mutant 1s harmful or useful Dragram
maucally clear examples of this can be cited especially m micro-
organisms We have already menuoned mutants mn bacteria
which are resistant to antibiotic substances that kil normal
bacteria. Are these resistant mutants good or bad for the bac
tena? It stands to reason that they are good 1n an environment
contaming the antibiotic, for 1n such an environment the non
Mutants are unviable However, nature did not make a mistake
when 1t evolved bacterra that are sensitve to these drugs In
drug free environments the sensitive varieties often enjoy vart
ous advantages which the resistant varieties do not have The
latter may be more fastidious 1 Tequiring various nutrient sub-
stances not required for growth by the former It 1s known, for
example, that some of the streptomycin resistant mutants do not
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grow at all except on nutnent media containing streptomycn
‘What was a poson to “normal” bactersa has become a necessity
to the resstant stram

Breeders of agricultural plants and ammals are always on
the lookout for mutational changes of possible economic use
fulness Since the mutation process 1s speeded up by high energy
radiassons {see Chapter 4), the possibihity anses that among
masses of worthless mutants there may be found a few useful
ones Ake Gustafsson, a Swedish plant geneticist, 15 the proneer
m thus type of work, which more recently has been takes up by
some other breeders wn various countnies Table II hsts some

TABLE I

Some useful mutants obteined 1n the progeny of plants exposed
to hugh energy radiations (after Brock modified)

Plent Description of mutants

Barley Dense spike, large grams broad leaves, tall and
short, suff straw, hagh yeld
Impraved malung quality
Higher protein content
Wheat Resistance to black stem rust
Increased yield, suff straw, ncreased gran
weight 1ncreased ullering, wnproved haking
quality
Qats Increased yield
Suff straw, wcreased gra weight
Rust resistance, improved quahty
Peas Increased yield, more branches, more pods, later
maturity
Soybeans  Early ripeming
Increased yield, shortened internodes, mereased
branclung, more pods, nereased seed weights

earlmess
ax Increased yseld of long fiber
Rust resistance
Jute Increased fiber yield and quality
Peanuts Increased yield and disease resistance

Ol turmp  Exrfness, faster seedling growth
Increased yield
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examples of radiation induced mutants n various agricultural
plants that may prove serviceable i breeding work

The existence of these useful mutants certamly does not
contradict the statement made above that a mutant gene 15
usually a more or less defective copy of the gene from which
1t atose In the first place the mutants listed in Table II are a
tny residue selected from a much greater mass of mutants most
of which were discarded because they were useless or harmful
Second consider the fact that any agricultural plant exists m
what 1s 2 new environment—new compared with the environ
ments in which the plant lived before man began cultivating 1t
Finding useful mutants among agricultural plants 1s no more
surprising than finding bacterra resistant to antibiotics among
ballions of bacterral cells exposed to selection by antbsotics that
kill off all the nonmutant mdividuals

Adaptive Value of Human Genetie Vanants

In the case of man we are familiar with the common gene
mutants that for all practical purposes seem harmless The eye
color genes mentioned several times serve agamn as an example
80 too do the genes which are responsible for the different
blood types of different individuals thanks to the existence of
blood banks most of us have become familiar with the blood
types AB A B and O and with Rh positrve and Rh negative
Skin pigmentation harr form and color shapes of ears and noses
degree of hatriness and many other common differences be
tween persons are known to have a relatively simple genetic
basis Most of these vamations make no great dufference to a
person s health

But one should not Jump to the conclusion that these
gene-controlled vanations are absolutely neutral and under no
circumstance make any dufference to ther possessors You may
bave learned from your blood bank whether your blood 1s thesus
Poutive (Rht) or thesus negatve (Rh—) This 15 unportant
nformation because 1t has been found that a serous—often



Fisure 6  Examples of mutant genes tn man, which produce hered
tary diseases defects, or malformations (a) progressve musculst dys
trophy, {b) achewropodsa {absence of hands and feet), {c} ichondmphmé;

ord P @ P €
freckling and hight senstiiry of the skin), {¢) ichibyous congemi
(Qeathery skin with deep, bleeding cracks 2 usually jethal condwon)



(%) syndactvly (fusion or absence of fingers) (g) brachydactyly (ome-
Jounted fingers) (b) harelip (faidure of the two halves of the upper jaw
t9 fuse properly) For purposes of ilfustratian, we have selected mutants
which produce drastic and easily wisible changes i thewr carmiers, 1t
should be kept i pund thar many mutants cause only slight vanations,
af the sort 1 which “normal * persons often differ
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fatal—condition of newbom 1nfants 1s caused by the occasional
nteraction of a baby s blood with that of 1ts mother

The abnormal condition known technically as erythroblas
tosis fetalss, 1s evoled ordinarily by an unfavorable combination
of paternal, maternal, and offspring genotypes The gene
question has two forms Rk and rh, RhRR and Rhrk individuals
have Rh posiuve blood (The Rh, imncidentally, 1s an abbrent
atton for rhesus monkey and 1s used because blood from Rh
positive persons will react with blood serum obtamned from 2
Tabbit that has been previously snjected with blood from such
amonkey) Individuals homozygous for the rh gene (rhrk) hase
Rh negative blood A man and wife who are Rh positive and
Rh negative, respectively, may have children who are all Rh
positive, or half may be positive and half negative During preg
nancy there may be a leakage of blood from the developing
embryo 1nto the mother s blood stream, and vice versa If the
chuld 1s Rh posittive his blood carries nto his mother s blood
a protemn which to her body 1s strange, her body manufactures
antibodtes to fight this protemn just as 1t would to fight any
mfection Apparently the amount of leakage 1s not great, at
any rate, the first Rh positive child—and even the second and
third—may be bom 1 a perfectly nomal condinon There
comes a time during a later pregnancy, howeyer, when the
developing child 1s Rh posttrie and the mother has built up
enough antibodies to cause trouble Because of placental feak
age, some of the mother s blood finds 1ts way mto the embryo
Here the maternal antibodies find the strange protein they ar¢
designed to fight Unfortunately, this strange protein happens
to be m the red blood cells of the unborn chuld These cells are
largely destroyed, and after birth when the baby must rely o8
the red cells to transport oxygen to different parts of his body,
his blood does not function properly At present the lives of
some such babies can be saved by means of total transfusions—
replacement of all the blood 1n the mfant s body

The ongmn or erythroblastosis fetalis 1s an allust
the gcneral principle that common and apparently mnoc\lo“;
gene differences may become quite important under centa
arcumstances Exvdence 1s growng that not only the Rh Bl

ration of
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types but also the better known A B O system of blood group
genes may differentrally predispose their carriers to certain arl
ments Thus persons with the O blood type are shghtly, but
sigmficantly, more frequent among sufferers from duodenal
ulcers than they are 1n the general population

TASLE 111
Some mutations 1 man

Mutation
rate
Disease Description (¢ 10—%) “ Health”
Achondroplasia  Short imbed dwatfs high mortal  10-70 o10
ot chondro- 1ty duning early childhood af
dystrophia fected women bear chuldren by
Caesarean section only
Epilow

Tumer like growths on many or 8-12 Very
gans such as bramn skin hver low
heart lungs and kidney rela
uvely few individuals survive to
30 years of age

Malignant tumor of the eye which 20 Below
necessitates removal of the eye normal
ball mmeduately (early child
hood) one fifth of those affected
must have both eyes removed

Retinoblastoma

Dystrophia Muscular disorder resultng from 8 030
myotomca disorders i the nervous system
Marphan s Long slender fingers and toes dis- 5 050
tyndrome placed lenses in the eyes fre
quent heart disorders
Anindia Absence ot defect of imts resuling 5 Below
n senously impaired vision normal
Hemophilia Inability of the blood to clot 25-50 025

Not all mutations in man have as subtle an effect as do the
Rhth genes m bringing about erythroblastosts fetalis In Table
1L we have listed a number of the better known human heredi
tary defects along with a description of therr effects, their esti
mated mutation rates and an mdication of the health of the
affected mdividual as measured by his ability to leave surviving
offspring Most of the conditions histed are semilethal or worse,

—
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fatal—condition of newborn nfants 15 caused by the occastonal
nteraction of a baby s blood with that of 1ts mother

‘The abnormal condition known technically as erythroblas
tosts fetalss, 15 evoked ordmarily by an unfavorable combmation
of paternal, maternal, and offspring genotypes The gene 1
question has two forms Rk and rh, RhRh and Rhrh mndmduals
have Rh posiuve blood (The Rk, mcidentally 1s an abbren
ation for rhesus monkey and 15 used because blood from Rh
posttive persons will react with blood serum obtained from 2
rabbit that has been previously injected with blood from such
amonkey) Individuals homozygous for the rk gene (rhrh) have
Rh negauve blood A man and wife who are Rh posune and
Rh negauve, respectively, may have children who are all Rh
positive, or half may be posittve and half negative Durnmng preg
nancy there may be a leakage of blood from the developing
embryo into the mother s blood stream, and vice versa IE the
child 1s Rh positive hus blood carries 1nto his mothers blood
a protein which to her body 1s strange her body manufactures
antibodzes to fight this protem just as 1t would to fight any
1nfection Apparently the amount of lealage ts not great at
any rate, the first Rh positive child—and even the second and
third—may be born m a perfectly normal condition There
comes a tme durning a later pregnancy, however when tht
developing child 15 Rh positive and the mother has buslt up
enough antibodies to cause trouble Because of placental leak
age, some of the mother s blood finds 1ts way nto the embryo
Here the maternal antibodies find the strange protein they ar¢
designed to fight Unfortunately, this strange protein happens
to be 1 the red blood cells of the unborn cluld These cells 31¢
largely destroyed, and after birth when the baby must rely o1
the red cells to transport oxygen to different parts of hus bOd)'i
Hus blood does not function properly At present the Tives o
some such babies can be saved by means of total transfustons—
replacement of all the blood in the nfant s body

The origm or crythroblastosis fetalis 1s an iffust o
the general principle that common and appnrcmly mnocuo”
gene differences may become quite ymportant under Ccfl';’)d
circumstances Evidence 1s growing that not only the Rh b

ration of
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price of having to care for some defectives? Such 2 daoger, if it
exists at all, is remote. In the fire place, we could not, at the
present level of our knowledze, bring the mntation process 10
2 halt even if we wished to do so. The issue before us now is
that of mutation becoming more frequent. Second, the 2moum?
of genetic variability—the raw materjal of evolutionary change—
available in human and other sexually reproducing populaticns
is amply sufficient to sustain a great deal of further evolution;
we shall see later that in any one generation the contribution
of mutation to this store of variability is infinitesimal compared
with that which has already accumulated within a speries.

This last point deserves some further comment. S. S. Chet-
verikov, one of the pioneer gemericists, said that a sexually
reproducing species is like 2 sponge, absorbing rutants as they
occur. Human individuality—the fact that every person has a
umque, unprecedented, and nonrecurrent genotype—is a2 con-
sequence of the perpetuation of the genetic variability that has
arisen by mutation. However, genetic variants that, in combina-
tion with other genes carried by the organism, lead to vigor and
good healsh are perpetuated in populations rather more easily
than are detrimental genes. Not that the Tatter are absent—we
shall see in Chapter 6 that populations do carry “genetic loads.”
Nesertheless, the variety of genes present in sexually seproduc-
ing populations does represent a store of genetic raw material
from which adaptive changes can be constructed in the process
of evolution. Lack of genetic variability for further evolution of
the human species is something we need not worry about.






Atoms and Radiations

Life and Radiation

The sun and xts life giving rays have nspired wonder and ane
i men of every age sun worship was a part of many rehigions
Here are some lmes from the Hymn to the Sun composed by
Ikhnaton, 2 pharach of Egypt, more than three thousand years
ago

Thou art he who createst the man-chuld in woman,

Who makest seed 1n man,

Who giveth Life 1o the son n the body of his mother,

#ho soothest him that he may not weep,

A nurse even 1n the womb,

Whe giveth breath to anmate every one that he maketh

Thhnaton was night life endures on earth because living
mMatter 1s adapted to capture and to store within 1tself some of
the solar energy that reaches the earth Lafe has existed on earth
for perhaps two billion years, 1t has learned to carry on, Iterally
and metaphoncally, under the sun™ As was poted out i
Chapter 1, unul man started to use the energy of atomic fssion,
every bre of energy he consumed came ulumately from solar
Tadiation

<y
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But there exast other hinds of radiations 1n nature which
are weal or absent 1 the sun’s rays when the latter reach the
earth’s surface Some of these radiations are destructne to
brological organization Qutstandmg among these destructive
agents are the radiatrons vaniously called 1on:zing, penetrating,
short wave, or high energy radiations, which are produced by
radium and other radioactive substances Man has leamed to
create them artificially, some of them are generated 1n the proc
esses of atommc fisston and fusion

It would be out of place 1n this book to discuss the physical
nature of radiations 1n detatl Such discussions can be found m
a large number of books written on different levels of phystcal
and mathematcal sophistication For our purposes we must,
however, be familiar with some facts concerning different Lands
of radiations, their measurement, and the amounts man encoun
ters m the natural environment, and n the environments cre
ated by our modem industnal avilizaton

Molecules and Atoms

The world about us 1s composed of countless types of sub-
stances, some solid, others hquud, still others gaseous Numerous
words 1 our vocabulary are names of these different subsmncss
—uwater, alcohol, kerosene, salt, sugar, soda, aspirin, €t We
recognuze these sub es by their cor v, color, smell
taste, by their effects on ourselves or on things or processes 1t
our environment. These properties and effects depend targely
on the molecular structure of the substances concerned If we
take 2 Inmp of sugar and divide 1t 1mnto smaller and smaller
preces we still have sugar left after each diviston until we arme
at very small units called molecules If a molecule were 0 be
magmfied about 100 million times, 1t could be comcm:nﬂz
represented by a picture on 2 page 1f 2 lump of sugar » cxg‘l:g:
one pound were to be magnified 100 mullion times 1t woul
almost as large as the earth

Molecules can be broken mto sull smaller

parts For &
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ample, 1f we heat sugar we get two quite different substances—
namely a black restdue of carbon and—although we may not
see 1t 23 1t botls off—some water The water given off when sugar
13 heated 15 exactly the same as that comng from the faucet
above the sink, and the carbon 1s exactly the same as that found
1m a piece of charcoal or 1 soot Water can, 1n turn, be broken
down 1mto two further substances 1f an electric current 1s passed
through water, two gases—hydrogen and oxygen—~are produced
Agam, the oxygen and hydrogen we get from water are precisely
the same as those abtawned frarm 21T ot other substances

What we are left with when we break apart different sorts
of molecules 15 a relatively small number of elements There
exist Many thousands, perhaps millions, of different kinds of
molecules, but they are made up of only about 92 naturally oc
curring elements, and even some of these are quite rare 1n
nature How does an element differ from a molecular compound
such as sugar or water? As we have seen, sugar and water can
be decomposed 1nto sumpler substances quite easily But even
1f an elementary substance, such as carbon or oxygen or 1rom,
18 divided agam and again, 1t still remains carbon oxygen, or
mon The ulumate particle of an element, the atom, defies sub-
dwision by ordinary maltreatment A molecule of sugar 1s com
posed of 6 atoms of the element carbon 6 atoms of the element
oxygen, and 12 atoms of the element hydrogen The properties
of sugar are determined by the number and relative position of
these atoms within the molecule Molecules can be broken 1nto
2toms by heat, by electric currents, or by reactions with other
substances Atoms cannot be broken by such manipulations
The Word atom means “ imdivisible 1 Greek

The picture of the world composed of a fairly small num
Ber of indivisible and 1mmutable atoms has the virtue of great
smplicity and clarity Moreover, this picture 15 adequate for
most purposes of practical life and even of rather advanced
technalogy During the second half of the mneteenth century
and the early years of the current one, most physicists and chem
ists thought that atoms were, mdeed the nlumate reality of the
material world That this conception was erroncous became
dlear through the discovery, by Pierze and Mane Cune, of an

—
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extraordinary element called radum Thus amaznng substance
was found to emt, continuously and without any outside source
of energy, powerful and penetrating radmtions, and to trans
form stself, slowly but mexorably, mto a quite different ele-
ment-namely, lead Atoms thus proved to have a complex
mnternal structure, and atoms of one element were shown to be
capable of turning mto those of anather

Anatomy of the Atom: Radiations

The atoms of the 92 elements known before 1940, and 2
few more discovered since then, can be regarded as consisting
of three basic particles—clectrons, protons, and neutrons These
particles are extremely small~10 000 times smaller m diameter
than the atom itself Moreover, the interior of the atom resem
bles, of all things, the solar system In the center there 15 the
atomic nucleus compounded of protons and neutrons, the
nucleus may be Likened to the sun 1n the solar system In the
space around the nucleus, and spining around 1t like the
planets around the sun, are a number of electrons The number
of orbital eléctrons 15 charactenistic for atoms of each element.

The stmplest atom 15 that of the element hydrogen A hy
drogen atom has a diameter of about 0 000 008 005 of an inch
The center of the atom 1s occupred by the nucleus the nucles
contams but a single proton, which 1s an electncally charged
particle positive 1 sign Rotating around the nucleus1s 2 single
electron The electron 15 also electrically charged, but 1ts charge
15 negatve, thus balancing the positive charge of the nuclews.
The mass of the electron 13, however, very tiny~about 1/1 810
of that of the praton Most of the weight of the atom i thus
concentrated 1n the nucleus Atoms of other elements are mo®
complex Therr nucle: contan varymg numbers of protons and
neutrons depending upon the el and many electrons
gyrate around the nucler 1n fixed orbus For each element the
number of electrons balances the number of protons the nv
cleus Thus, an atom of one of the heaviest elements, uranus
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has a nucleus compounded of 146 neutrons and 92 protons 92
electrons spin around the nucleus m several concentric  shells
Atoms of other elements range in complexity and in weight
between those of the lightest element hydrogen and up to and
beyond uranium at the upper end

If the properues of electrons are to be studied easily they
must be removed from the atoms containing them One of the
eatly tools used for this purpose by physicists was the Geissler
tube a glass tube from which most of the air has been evacuated
Inude at each end of the tube 15 2 metallic plate connected to
the poles of a high voltage source of electricity by a wire that
prerces the glass When the current 15 turned on the tube gives
off 2 glow which 15 caused by the passage of a stream of elec
trons through the rarefied air The electrons can be demon
strated to leave the plate connected 1o the negative pole and to
Jump across the tube to the plate connected to the positive pole
By coaung the positve plate with a phosphorescent substance
(nc sulfide) one 15 able to discern the mmpact of the electrons
as pupoints of hight

In 1895 a German physicast W K. Roentgen discovered
that hitherto unknown radiations were coming out of Geussler
tubes The properties of these radiations seemed mysterious
enough for them to be called x rays— x designatung the un
known nature of the rays X rays are mvisible to the human eye
but they can be detected by photographic plates strangest of all
X 1ays easily penetrate screens of black paper and other materials
completely opaque to ordinary rays of light

The penetrating powers of x rays made them important in
ways which were not obvious to therr discoverer and to many
others They became wndispensable tools for the diagnosts of
many diseases and for the treatment of some of them Well
€quipped hospitals and even doctors and dentists offices now
usually include x ray machines Unfortunately together with
Properties useful to man these rays proved to have when 1m
properly used some smister ones as well They can cause severe
damage to the body and as we have known since 1927 to the
units of heredity the genes

X rays are not streams of electrons escaping from the Geiss
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ler tube, electrons cannot pass eastly through glass or heavy
paper X rags are a part of the radiation spectrum, of which
visible Iight 1s one part and radio waves sl another The prop
ertres of radiation depend upon the length of its waves As
shown 1 Figure 7, vadio waves vary su length from several
kidometers to a few meters, microwaves (radar waves) from
meters to msiluneters, wfrared (heat) wases from about a mll
rmeter o 8/10,000 (8 X 10~4) of a mulhimeter vistble light
occupses the narrow band from § X 10~ 1o about 10~ of 2
mslhmeter utraviolet from 10~ 0 10~¢, while X Tays extend
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Tretre 9 Dragrammatic representation ol the spearnm
of electromagnetic radiations Proceeding from the Ieft each
duvision represens a tenfold increase m wavelength the div
tance from aest (o crest of the wave Viable lght occu
pies only a small porton of the spectrum of radiations
smaller s fact than that shown

from some 10— (sofe x rays) to 10~# (hard x rays) and to 10~*
(known afso as gamma rays) Sedl shorter wavelengths (thos
charactenstee of cosmyc fays) are knonn

Another basic fact of radwuon physcs 1¢ that mdiuon
behates as 1f 2t comes 1 discrete packages, these are called
quanta Each quantum of radratien has i 1t a certan amount
of energy, the shorer the way clength of radiation the grca‘:;:
the energy contamned m 1ts quanta Thus, a quantum of vist .
hight has relatnely lude enesgy, quanta of ultraviolet Iight ﬁ:;
more powerful, and those of x and gamma rays are marc}mdh
geuc sull This 1s why x rays and gamma 35 are hnown as hug
energy radiations
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Effects of Radiation on Matter

When visible light falls on a matenal body the hight quanta
ate exther absorbed 0 or Teflected from the body The energy
cartied 1n the quanta of vistble light 1s however not sufficient
to affect the structure or behavior of most atoms Quanta of
light resemble peas shot from a toy gun aganst a wall the peas
bounce off and do not go through the wall Only some few sub-
stances are phosphorescent This means that when they are
exposed to ight electrons are displaced 1 their atomic orbats
and the substance gives off a glow (that 15 emnts visible Light)
for a short tiume after the exposure stops The visible radiation
1s ematted as electrons return to theiwr normal position  Other
substances such as silver bromide which 15 used n photographic
film are Lghtsensiive therr molecules undergo chemucal
changes because of the energy delivered to them by light

Xrays gamma rays and other high-energy radiations have
quanta so powerful that they may perhaps be likened to bullets
shot from a nfle When such 2 quantum hus an atom s
€hergy 1s imparted to one of the electrons circling around the
atomic nucleus An  energized electron may be ejected from
an excited atom and fly at an enormous speed 1nto surround
ing space where 1t hits other atoms Now an atom that has lost
one of 1ts electrons has lost one umit of negative electric charge
Tewill therefore bea positively charged atom or a positive 101
Such 10ns are chemically much more active than electrically
neutral atoms they will react easly with other atoms or atomic
groups which are able to share an electron with them

The electron ejected from an atom darts through the sur
Tounding space where 1t may collide with other electrons n
ﬂEIgthrmg atoms These other electrons may 1n turn be
knocked from therr orbits A hat by a powerful x ray quantum
thus produces a whole sertes of agitated electrons and 10nized
atoms The disturbance caused by the mitial hit gradually sub-
sides as the energy of the absorbed quantum 1s distributed
amoung more and more electrons Tinally no one electron has
€nough energy left to displace other electrons and the residue

p— .
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of the energy 1s dissipated as heat By then, however, a number
of electrons may have been displaced from their atoms the
atoms that have lost electrons are left behind as positive ton
the displaced electrons or the atoms that have picked them up
are negatrve rons Each displaced electron results m a par of
10ns, one positive and one negattive This 15 why high enesgy
radhations are also called 10mzing radiations

Absorption of quanta of hugh-energy radiation by atoms is
not the only cause of romization High speed electrons, called
beta rays, exist withm x ray tubes m fact x rays are produced
when these electrons strike the metal 1n the possave electrode
Disintegrating atoms also eject electrons from thesr orbst at 2
hugh speed beta rays are in fact, a characteristic emanation of
disintegrating radwam atoms These rays have a wide range of
velocittes and, hence, of charactertsuc energies Although more
energetic beta rays are known, most of those produced by atemic
disintegration are capable of passing through only thin layers
of alummum or about 15 feet of aur They slow down rapidly
as they colhide with other electrons therr il energes arc
rapidly dissipated by ejecting these other electrons from therr
orbuts Again, the result of rrradation by beta rays 1s the forma
uon of many pairs of 1ons

Since they are sumply rapidly moving electrons beta rays are
electrically charged Another type of charged particle s the
alpha particle, a rather ponderous particle beaning two positse
electric charges 1t » m fact, the nucleus of a helium atom
Agamn eloattes of alpha parucles vary according to thar
source, a value of about one twentieth the speed of light 15 not
unusual For all thesr weight, alpha particles are not efficient
penctsators a sheet of paper suffices to stop most such parucles
However, 1 hving tssue the extent of thesr penegration 1S not
negligible, especiaily of therr source 15 innde the body Through
out the distance they do penetrate, their effect 1s tremendoius, 3;
they roar past and through atoms, they knock. electrons out ©
their orbrts at a tremendous rate Not only electrons hut ﬂclﬂ
whole atoms may be dislodged by the blows of these relatnrély
massive particles

Newtrons have effects of thewr own Neutrons,
recalled, together with protons make up atomic nucl

st may be
ey When
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atomic nucler disintegrate neutrons are quite frequently ejected
These may travel at a fast or slow speed Stnce they have no
electnc charge they can rush or dnft nght through the elec
trontc orbuts of other atoms Eventually they are captured by
the nucler of these other atoms For reasons that are not com
pletely known certain numertcal combinations of protons and
neutrons are unstable atoms having such unstable combinations
undergo s us nuclear d gration

This dismtegration or fisston may Tesult 1n the ejection of
addinonal neutrons If as m the case of uranum 235 the aver
age number of ejected neutrons 1s larger than 1 there are more
free neutrons after the disintegration of each atom than before
1t thus becomes possible to imuate and sustain a chain reaction
This reaction may be slow and controlled (as 1n atomic piles) or
almost instantaneous and of great violence (as i atomic or
fisston bombs) Electrons are also frequently expelled from
unstable atoms as high speed beta particles Furthermore the jos
thing of electrons 1n their orbits because of nuclear adjustments
frequently results m the ejection of a quantum of gamma racdi
ation Gamma rays are as we have seen above very powerful
xrays Thus the disintegration of radium atoms results 1n the
release of all three kinds of radiation—alpha beta and gamma
rays These rays are all iomang and the gamma 1ays have n
addinon tremendous penetrating powers

The disintegration of atomic nucle: poses a novel type of
b\ologlcal problem since the atoms mvolved change from one
chemical element into another Thus upon capturing 2 neu
tron an atom of common sodium disintegrates into an atom of
ton plus an atom of hebmm The sotope (variety) of wron
produced 1n this process 15 unstable and quickly changes into
neon It 1s obvious that such changes if they occur 1n 2 hving
cell may result in grave disturbances Suppose that a physto
logreal reaction depends upon the presence of sodium atoms 1f
some of these atoms suddenly change to helium and neon the
normal course of the reaction will be disturbed The existence
of a radroacuive 1sotope of phosphorus poses a special problem
for hereditary materials The desoxyribonucleic acids {DNA}
which are the most tmportant constituents of the chromosomes
contain a great dea! of phosphorus If a radioactive variety

oo N
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phosphorus becomes mcorporated mto chromosomal DNA, the
affected molecule of DNA 1s doomed Radioacisve phosphorus
exasts for a few days only, and then changes into sulphur, an

1 entrely ble for the chemucal consutution of

DNA

‘The normal flow of hfe processes depends upon the pres
ence, 1 the proper place and at the proper tume, of certan
chenucal molecules This 1s especially true of the processes of
heredity A change 1n a single gene molecule i the sperm or
m the egg cell may make the difference between a normal chdd
and a praful wvalid High energy, or ronung, radrations disrupt
the physical structure of 2toms and 1utsate novel chemical reac
tions The additton of a hydrogen atom here, 15 Joss there, the
ronization of a formerly uncharged atom, the production of
hydrogen peroxide, the physical distupuon of long, chamlke
molecules—these and a dozen other effects or immedate afier
effects of radiation may rase havoc wath the cell s basic organ
ation In many wmstances, of course, the damage 1s done t0 an
expendable substance and 1s repared by the cell s butlt i de-
fense mechamsms In many other mstances, however, damage s
done to a unique substance not casily replaced or repaured Hese
the effects of radiauon are sertous There 15 no More URGLS
no more mnportant, no more complex substance, nor one Iess
capable of being reparred, than DNA~the chemucal that con
dutrons the heredutary processes and duects the manufacture of
enzymes and proteins in every cell of the body

Measurement of Radiation

The effects of radration upon a living cel} or 3 fivng body
depend upon the amounts of encrgy the lving substance ab
sorbs from thus rrradiation It 1s obviously smportant {6 mcaxﬂrllrc
the quantiues of radiation apphed and to relate them u;] the
biological effects produced Thus, exposure of the body :od xf:;]
energy vadiations may result 1n radation sichness and m :) ts
(see Chapter 5), we must hnow, then, how much mdxanonomc
guen kind wall be fatal to 2 mouse, or to a man, OF tO
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other organism We must also know how great are the amounts
of radiation to which people are exposed from fallout products
of testing atomic weapons, from x rays used 1n medical practice,
and from other sources

The most useful umt for measuring exposure to x or
gamuma rays 1s the roentgen, usually abbreviated as ‘r” It 1s so
named to honor the discoverer of x rays One roentgen corre-
sponds to the amount of x or gamma radiation which produces
about 2 X 10° 10n parrs per cubic centtmeter of arr This meas
urement 13 made fairly easily with the aid of an apparatus
(dosimeter) which measures the leakage of electricity from a
charged object The amount of leakage depends on the number
of 1onized molecules, the greater the amount of x rays, the
greater the number of 1ons, and the greater the loss of electric
charge through leakage

The number of 1ons produced by a giwen amount of radia
tion 15, however, different 1n different types of substances One
Toentgen of x rays yields for example, about 1 8 X 10*2 10n pairs
Pergram of living ussue The measurement of types of radiation
other than x and gamma rays 1s more involved The basic unit
of the raduation absorbed 15 the ‘rad  The absorptron of 1 rad
delivers 100 ergs of energy per gram of matter The relauve
biological effectiveness of 1 rad of alpha rays 1s, however, approx
mately equivalent under certain condatrons, to that of 10 rads
of gamma rays In practice, the biological effects of these radia
tons are measured by equating them with effects produced by a
given dose of x rays as measured roentgens Thus we have
2 unit called rem (= roentgen equivalent for man) For
fneasurement of very small amounts of radiation there are

millirads (mrad one thousandth of a rad) and millirems

(mrem, one-thousandth of a Tem)

Sources and Amounts of Natural Radiation

All Life 15 continuously exposed to high energy radiations
Such *natural,” or background, radiations are present every
where, though ther mtensity 1s generally very low There 15+

L ¥



68 - XTOMS AND MADIATIONS

every reason to think that such radiations occurred on earth ro
less abundantly in the past, 1n fact, we do not know whether the
first form of Iife arose because or 1n spite of radiauon. It would
probably be impossible, or at any rate very difficult, to create an
environment completely free from such radiations

Some of the sources of natural radiation are external others
are internal, within hving bodies By far the most ommpresent
among the former are cosmic rays These, as their name sug
gests reach the earth from outer space At the earth’s surface
cosmic rays consist chiefly of extremely high energy quanta cor
responding to wavelengths considerably shorter than those of

TABLE IV

Exposure fo cosmic rays i mrad per 30 years in different

countnies (after the report of the U N Saentfic Commuttee
on the Effects of Atoric Radiation)

Place of AMrad per Place of Mrad per
observation 30 years observation 303years
Great Britan 840 Japan 1020
United States 870 Northern Argentina 600
Austnia 810 Southern Argentina 810
France 720

the gamma rays of radium So great are their penetrating powers
that the amounts of this type of radation reccived by all orgats
of the human body are umiform and practically the same out
doors and mside dwellings These rays have been dftcctcd n
mmnes a quarter of a mile or more below the earth’s surface
The mtensity of cosmic rays varies, however, with the elevation
of the locality above sea level 1t mcreases about threefold s one
ascends from sea level to 10000 feet. It also varies with g
graphic latitude, being generally lower 1n the tropics than n:;:
the magnetic poles of the earth Since we are nterested 1n -
genetic damage which radiations may produce 1 human pop "
tions the data i Table IV are given in mrad per 30 years A
exposure This nterval of ume has been chosen bclc?u;e .
corresponds toughly to the muddle of the reproductire : }}:ll
of modern man (the average age of parents at the timi
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thesr total number of children have been born) The radiation
exposure duning 30 years 15 then about the average exposure
per human generation

Other external sources of background radiation are radio-
active elements which though m very small concentrations are
widely distributed over the earth s surface The amount of radia
ton recerved by people from these sources 35 however Inghly
vanable because of the uneven distribution of rachwactive sub-

TABLE ¥

levels (ancluding cosmic rodiot

mred per 30 years 1n some aties of the Umited States
(measurements mode dunng August 1857)

Bl T rerel,

Mrad per Mrad per

City 30 years Cuty 30 years
Harrsburg Pa 2640 Denver Colo 4410
Pitisburgh Pa. 2,880 Colorado Springs Cole 5040
Clevelang, Q 2730 Grand Junction Colo 4 140
Toledo O 2,280 Albuguergue N M 3480
Chaago 10 2640 Amantlo Tex. 3240
Madison Wis 2,590 Oklahoma City Okla 2,520
Misneapolis Mion 2 760 Tulsa Okla 2760
Sioux Falls § D 2850 Lattle Rock Ark. 3180
Cheyenne Wyo 4260 Memphis Tenn 2850

stances m different vocks and different souls Thus the radio
active elements Tadiamn thorm and a radsoactive tsotope of
potassum (k 39) occur m greater concentration m gratite than
m basalt and 1n the latter m greater concentration than in

y rocks } rad rates are fower 1n build
ngs constructed of wood than in those made of brick and sn
the latter Jower than n those of concrete or granste Because of
these variations the total radiavon doses secened from soutees
external to the body are rather different different places
Table V contains cstimates made by tl e mvestigators at the
Health and Safety Laboratory of the U S Atormc 1 nergy Com
mussion 1 New York (L R Solon and others 1958) These
estimates include the radiation receved from ogmic yiys a3
well as other external sources -

L e
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Background radiation levels apprectably higher than those
summarszed mn Table V occur however mn some parts of the
world This 1s particularly true of a region i the state of
Kerala Indsa and n the state of Espirito Santo Brazil where
many people mnhabit regions of so-called monazitic sands which
contamn the radioacttve mneral thortum The population
exposed to these high radtation levels 1 herala 15 esumated 0
number abont 100 000 persons The average raduation Jevel 13
Espfrito Santo 1s around 500 mrad per year (15 000 per 30 years)
winle i Kerala estimates between 131 and as hugh as 2 814 mrad
per year (about 4000 to 84 000 mrad per 30 years) have been
obtained

Minute quantities of radioactive elements occur pormally
as constituents of human bodies and of course of all other
ltving creatures A certamn number of atomic disintegrations
occurs therefore within our bodies and certan amounts of
Ingh energy radiations are produced by these wternal sources.
Thus the body of a man weighing about 150 pounds contains
approximately 17 milhgrams of radioactive potassium (h-40)
and 1t has been esumated that human gonads (sex gl2nd)
recetve some 500 mrad of gamma radsation froms this source n
30 years The presence of even smaller amounts of 2 radioactive
1sotope of carbon (C-14) exposes human gonads to ahout 16
mrad per year (about 50 per 30 years) The Repott ofthe UN
Scientific Commuttee on the Effects of Atomic Radsation et
mates the average total dose of radration recerved by human
gonads from both external and mternal radiation sources a3
100 mrem per year or 3 000 mrem or § rem per 30 years

Man made Radiahions

“Three rem per generation may be regarded 25 close «:n t:k:‘c

ureducible mummum of background rachiation 10 n:;chm "
d will continue to be exposed In addi

kind was 1s an 0! p e Pmmb&y

this roch bortom minimal exposure manknd 1
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will continue to be exposed to some radrations from man made
sources Among the latter, the radioactive fallout from the test
g of nuclear weapons has 1n recent years been incessantly dis
cussed 1n learned arucles, popular books, newspapers, and
magazines, and from political tribunes It may, therefore, sur-
prise many readers to learn that the amount of exposure from
fallout products 15 decidedly smaller than that from less pub
hazed man made sources—namely, from sources used for medical
and mndustrial programs

The story of the fallout 1s, very brefly, as follows The
explosion of atomic bombs and superbombs generates numerous
unstable and radwactive 1sotopes of many chemical elements
Among these, strontium 90 and cestum 137 are considered most
1mportant, both because these radicactive atoms are produced
m large amounts and because they decompose rather slowly,
contnuing to give off dangerous high energy radiatnions for a
long time  Strontium 90 has a half life of 28 years, cestum 137
2 half ife of 27 years The half life of a radioactive element 13
the length of time required for one half of the substance to
decompose and to lose 1ts radioactvity But after two half lives
—that 15, after 56 years, one quarter of the original radioactivity
of the strontium 90 fallout will be preserved, after 84 years one
eighth, etc Last but not least, strontium 90 and cestum 137 are
mportant because they are absorbed and retained 1n the bodies
of plants amimals and men

Atomic explosions hurl radioactive matenals high up mnto
the atmospliere, even into the stratosphere ‘These maternals are
carried aloft and then, for a certain time, transported about the
earth by winds Eventually they fall once more to the surface of
the earth—hence, the term fallout A part of fallout 1s local
fallout, these are materials which settle m the neighborhood
of the test site within a few days after the explosion But lighter
particles in the upper reaches of the atmosphere and 1n the
stratosphere may remarn aloft for several years may be carried
around the whole carth, and may settle only slowly—but not
slowly enough to have lost their radioactivity Since most of the
atomyc test sites have thus far been located 1n the temperate
and subtropical belts of the Northern Hemisphere (see Figure 8),
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fallout 1n thus regton has been greater than m the Arcti, along
the equator, or mn the Southern Hemusphere Nevertheless, &1l
out 15 a world wide problem

Some strontium 90 and cestum 137 may enter the human
body through actual mhalation of air contamnng fallout par
ticles By far the most important source, however, 1s vegetables
that have absorbed fallout products from the soil, o1 milk and
mtilk products from cows that have been pastured on contam
nated vegetation A great deal of research n several countres
has attempted to estumate the amounts of strontrum 90 and
cesium 137 which people acc 1 and the of
10m2ng radsations which wall reach human sex cells from these
radhoactive atoms Indeed, strontium 90 has made 1ts unwelcome
appearance mn mlk, 1n cereals, and m vegetables, and it can be
detected 1 the bones of persons of various ages, the concentr2
tion being espectally high in the bones of growing children The
genetically signuficant dose of radiation from this source 15, how
ever, not easy to determme On the assumption that atomic
weapons tests will not resume after the end of 1958, the average
dose to human sex cells per 30 years will apparently be about
10 mrem, that 1s, about one chird of one percent of the amount
received from natural sources (see Table V) If, howeser
weapons tests are continued at the present rate for the next
century, the exposure will be mncreased, i the generanons to
follow, some four to ten times

‘The radiauon exposure of human sex cells through the
testing of atomic weapons will, thus, amount to only 2 fraction "1
the presumably 1rreductble exposure to radiation from natutd
sources As we shall attempt to show 1n the chapters that follow,
this does not mean that the additional radation 1s neghgble
Moreover, if a war were unleashed 1 which nuclear weapons
were used, the radation exposure would be much greater than
tha resulung from esther the testng of weapons or natt
{bachground) sources

By far the most important source of ra und
human populations are at present exposed 15 nesther ?JC’\S"’ als
radiation nor atomic bombs bue the x ray machmes in hospt n
and m doctors’ offices X rays have a very important place

diation to which
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modern medical practice They are virtually indispensable 1n
dragnosing many ailments, from toothache to tuberculosts and
cancer They are essential preliminaries for many surgical opera
tions Equally amportant 1s the therapeutic use of radiation
Treatments with radiation are applied m cases of malignant
tumors and for many other lesser atlments Radioactive sub
stances particulatly 1odine 181, phosphorns 32, and gold 198,
are given mternally to some patients, usually 1n small quantities,
and chiefly for diagnostic purposes

The unquestionably beneficial uses of radiation 1n medical
practice are unfortunately, coupled with some attendant danger
of genetic damage Genetic damage arises when high energy
radiations impinge on reproductive organs Ths occurs to some
extent no matter what part of the body s irradiated inten
tiopally If a beam of sunlight enters a room part of the hight
1s eflected and scattered throughout the room Simuilar scatter
ing occurs also with xrays and other radiations When, for
example, a2 beam of x rays 15 directed at the chest of a patient
to examine hus lungs a fraction of the rays also reaches the sex
cells This occurs even with dental x rays When x rays are
durected at the pelvic region as i obstetrical exammations the
gonads of the mother as well as those of the unbom child may be
durectly in the intense field of the primary beam

More and more persons are employed by industrial plants
that use x or gamma radiations to mspect thexr products One
veads with increasing frequency of this or that company which
has obtamned a cobalt 60 source of radiation for some aspect of
mdustmal rescarch Quality control through automatic ma
chmnery activated by radiation sources 15 becoming common
Place, all TV viewers are aware by now that the manufacturer
of one brand of cigarettes clamms greater umformuty through
tlus type of control Finally, both 1n 1ndustrial and research
laboratories the use of radioactive atoms has become extremely
common Radioactive atoms do not duffer from ordnary atoms
m their chemical behavior Consequently, in the study of mdus-
trial or physiological chemical processes, radioactivity offers a
means of tagging certamn atoms and following them through
a vanety of reactions The techmque used 1s basically the same

o P
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whether one wishes to determn= + + ¢ . .
deposits ~
paras * T ~eivtiut For the geneoc effect

of rat. uwuui un buman populations, 1t makes no dsfference what
preblem 1s being mvestigated, the mcreased use of mdioactne
1sotopes means that more members of the papulation are bewmng
exposed to radiation

How much radiation exposure 15 mcurred by people be-
cause of the medical occupational, and technological use of
radioactsve substances? This 1s very dafficult to estimate with any
preasion The sources of uncertamnty are many Frest of all, n s
evident that people sn technologically adsanced cauntries 2re
exposed o radations more frequently than people s pomine
or underdeveloped conntries But even wn countries wath well
organszed research faciliies 1t 15 no easy maiter to find out the
genetically mmportant exposure dose—~that 15, the dase which
reaches the sex cells. Take, for example, the radrauons used (o
treat panents with mahgnant growths Even if massive doscs of
radanon are applied, the geneuc effect may be shght, mdeed,
most such patients are beyond the childbearmyg age, and for
many of them even the chaaces of survival are small

"The Report of the U N Scientrfic Committee on the Effects
of Atomic Radsattont has collated and attempted to mierpret 2
mass of datz on man made vadacon exposures in Awsdid
Denmark, England, France, Japan, Sweden, and the Unsied
States The figures arnived at vary fram 20 to 150 mrem of
exposure per yesr from dwgnostic raduations, from 1 to 3
mrem from therapeutic exposure less than 1 mrem per year
from radivactive substances taken nrernally, and less than 2
mrem per year from ocenpatronal exposure These are averiges
pex person, certam mdwviduals of course recesve considerably
more than others Muluplying these figures by 30 to obtam
genetically effectne doses per human generation, W& obtaunt
totals of 720 mrem co 5,500 mrem In other words, people 11
technologically advaunced countnes are, on the average, €X|
to a total amount of man made radimtion about twce 38 grest
as thie average natural background (see Table V)

Thys trebling of the natural vadiation exposure 15 cergmly
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disquientng stnce, as we shall see below, 1t 1s bound to produce
some genetic damage Most certainly, we should not be fnght
ened to the point of denying people the benefits which legitimate
medcal uses of radiation are capable of giving These benefits
are too obvious and too 1mportant to be renounced But it 15
also certain that precautions should be taken to minimize radia
tion exposure, particularly of the sex cells, as far as possible
This can be done by using screens made of materials opaque
tox1ays 10 shueld the reproducuve organs of patients as well as
physicians and medical technictans Recogmition of the genetic
and other dangers of radation should make us avoid unneces
sary exposure It 15, for example, very doubtful whether x ray
machinies should be allowed to be used for shoe-fiting One need
not rely solely on genetic arguments to justfy this statement,
the growing bones in children s feet, because of the rapid divi
s1on of bone cells, are espectally sensitive to X ray exposure, Just
s are other tissues—including cancerous growths—n which cell
dwisions are common Solely on genetic grounds one can argue,
however, that temporary male sterthity should never be induced
by rradiation, too many alternative and convement techmgques
are available to Jusufy the use of an agent which may doom a
future 1ndividual to a life of musery and unhappiness
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whether one wishes to determine what compound 1n gasoline
deposits carbon on valves in automobile engines or what part of
parasitic varus enters and kills a bacterium For the geneuc effect
of radsatton on human populations, 1t makes no difference what
problem 1s being invesngated, the increased use of radiwartne
150topes means that more members of the population are bemng
exposed to radiation

How much radiation exposure 1s incurred by people be
cause of the medical, occupational, and technologcal use of
radipactive substances? This 1s very difficult to estimate with any
precision The sources of uncertainty are many First of all 11
evident that peaple 1 technologically advanced countries a1¢
exposed to radiations more frequently than people in prmiie
or underdeveloped countnies But even m countries with well
organized research facilities 1t 1s no easy matter to find out the
genetically mmportant exposure dose—~that 1s, the dose which
reaches the sex cells Take, for example the rachations used to
treat patients with malignant growths Even if massnve doses of
radiauon are applied, the genetic effect may be shight 1ndeed
most such patients are beyond the childbearing age, and for
many of them even the chances of survival are small

The Report of the U N Scientific Commuttee on the Effects
of Atomic Radation has collated and attempted to wnterpret @
mass of data on manmade radiation exposures 1 AU
Denmark, England, France, Japan Sweden, and the United
States The figures arnved at vary from 20 to 150 mrem 0;
exposure per year from dagnostic radutions, from 1 to 3
mrem from therapeutic exposure, less than 1 mrem pef )”;
from radioactsve substances taken internally, and fess than :
mrem per year from occupational exposure These are axmé:
per person, certain mdividuals of course Tecelve Comld‘:“ \z
more than others Mulaplyng these figures by 30 to Ob“m
genetically effectve doses per human generation We o)\ﬂn
totals of 720 mrem to 5,500 mrem In other words peopc b
technologically advanced countnies are, on the average, "
to a total amount of man made radiation about tWice as gre:
as the average natural background (see Table V)

\§
Thas trebling of the natural radiation exposuré 1 certasnly



Induction of Mutation

by Radiation

Discovery of the Speeding up of Mutation
by Xrays

Genes are the carriers of genetic mformation This fact makes
them the controlling influence in determing the path which
the development of an mdwidual will follow 1n a given suc
cession of environments The genes present 1n 2 fernlized egg
cell can be passed fauthfully to every one of the 247 cells (a fifteen
Place figure) composing the body of an adult man as well as
from generation to generation This transmission 15 possible
because of the umique chemical properuies of the DNA molecule
which ensure a faithful replication of the gene pattern and also
because of the wonderfully efficient orgamizanion of hving
matter This orgamization includes the consolidation of groups

of genes into ch and the elab mect of cell
dvision

It 15 known that penetrating or hgh energy radsations are
destructine to biological organization Radiation strking a
molecule 15 hikely to change 1 from 1ts ongmal to a biologrcally
abnormal condition Of necessity then radiation must threaten

7
N3



B0 INDUCTION OF MUTATION BY RADIATION

the normal functioning of the genes and of the living body
which 15 dependent on therr proper action

The mutagenic (mutatton mducing) effect of x rays was dis
covered by Muller in 1927 As described 1n Chapter 3 Maller
realized the difficulty inherent mn studies on mutation rates of
single genes He solved the dufficulty by treating chromosomes
as umts and by studying a type of mutation—recessive lethals—
which occurs in many genes withmn a chromosome For example
1f there were 300 genes for each of which mutations from normal
to lethal occurred at a rate of 00000 the mutation rae
observed for the chromosome as 2 whole would be 300 trmes
000001 or 0003 (3 lethal chromosomes per 1000} Mullers
techmque made the quanutative study of mutation rates
feasible

To see what the Mullerian approach accomplishes suppost
that 1n order to prove that the rate of mutation 1s ncreased by
x radiation we must obtain about 10 lethals 1n a control senes
and about 30 Jethals 1n a corresponding experimental (X rayed)
sertes If we lumit ourselves to a study of a single gene for which
the spontaneous mutation rate 1s 000001 and for which the
mutation rate under the nfluence of rradiation 1s trebled of
000003 we shall have to make some 2 000 000 observattons
be reasonably sure that the radiation 1s responsible for the m
creased mutation rate If however we use Mullers technique
our task 1s to demonstrate the reality of the difference betv ¢1
the mutation frequenctes 0 003 and 0009 this can be acom
plished by making only some 6 6006 700 obserations Since
we have studied simultaneously the mutation rates of 300 gene
loct our labor has been reduced 300 tmes An experiment mb“
would have required a heroc effort can now be performed BY
one person m a matter of weeks of

In Mullers classical experrments 1177 chmmosomflzi
Drosophila fhes treated with a masstve dose of x rays yic: :
143 lethal mutants 741 chromosomes treated with a dose oﬂri
one fourth as large yielded 59 mutants and mn the control CX;P:D-
wment 1n which flies were not exposed to X 1ays 6016 d"ames
somes yrelded 5 lethals The Qifferences between the omtz
of the three serses of experiments are far too g“‘“nu are
explamed by chance alone It follows that lethal mutd
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more frequent 1n the progeny of flies treated with x rays than
they are m the control experiment X rays are mutagenic,

Durect Proportionality between the Amount of
Radiqtion and the Number of Mutations

Since x ray treatments speed up the mutation process, the
problem that immediately presents 1self 1s the quantitative
relation between the amount of x rays apphed and the fre-
quency of mutations induced This problem was taken up
byC P Olwver and by N W Timofeeff Ressovsky as well as by
Muller himself Figure 9 shows some of the results obtamed 1n
X ch of Drosophull lanog , the common vine
gar fly Along the verncal axis in the diagram 1 this figure are
plotted the percentages of all treated chromosomes found to be
carrying recessive lethals Along the horizontal axis are plotted
the various amounts of x Tadiation to which the chromosomes
were exposed The measurement of xray dosage, 1t will be
Temembered, 15 made 1 units designated as ¥ (for Roentgen
the discoverer of x rays), 1 r 1s that amount of irradiation neces
1y to produce 1 8 X 10'% 10n parrs per gram of tissue Ejecting
an electron from one atom 1t may be recalled, results n the
formation of two 10ns or charged particles one 1on consists of
the atom which has lost 1s electron the other of an atom which
has preked up the extra electron Although 16 (1 followed by
12 zer0es) 15 an enormous number, there remamn 100 billion

{imes as many nontonized atoms 1n tissue following an exposure
tolry

The solid line of the graph in Figure 9 1s drawn through
the points Tepresenting expernimental findings, the dotted line
153 straight line obtained by correcting the observed frequencies
for instances 1 which one expects two or more lethals to be
induced 1n the same chromosome and, hence, to be erroneously
scared as a single lethal There are three important features of
ths diagram (1) The corrected curve 15 a straight hne, every
IncTease in the amount of X rays to which the chromosomes are
€xposed results 1n a corresponding wcrease in the mutation rate
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{2) The hine staxts shghtly above the horontal axis the smnal
height represents the spontaneaus mutation rate occusming een
1 the absence of radation (3) There 1s no known threshold
below which srradiation 1s imeffective 1 producing mutauons

T 7 H ¥

parcent tathol ehrormasomes.

1DO0F 200G 300 00er | Soo0r
amaunt of x fad ation

Fiouse 9 The trequency with which sex hked
lethals are mduced m matute sperm of Drosophla
melanogaster {the comrmon vigegar fly) as a result of
exposure o various amaunts of x radiation Sex. hinked
lathals are lethal mutations of genes which are Jocated
on the X chromosame the chromosome which ss 10
portant in the determnation of the sex of an wdi
widual

The sold line corresponds to actual gbservations
the dotted hine wiuch represents the d rect propor
tionality between the frequency of mduced Jethals
and the dosage ss obtasned by correrting the data for
chromosomes carryng 2 or more letkale

The ralue of 25 r 15 the Jowest dosage studsed i frust fi;c:’
Recent studies with bactenia hnve been made wath doses :{ﬁ o
a5 8 ¢, these low exposures also vesult i the producton o g
mutatiens

The results of the experunents summarzed it Tl&’"’;?):;i
rery important They show that no mateer how small the ;imhw
of radiarton 1o which an organsm 18 exposed, 3 cEsan e
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number of mutattons will be induced by 1t As far as the genetic
effects of radiation are concerned there 15 no such thing as a
permussible or safe amount below which mutations are not 1n
duced This could by no means have been predicted or assumed
on theorettcal grounds As a matter of fact many physiologtcal
effects of radiation (of which more will be said below) do not
behave 1n this way Large amounts of radiation produce dan
gerous radiation butns in the exposed mdividuals while small
amounts have no 1mmediately detectable harmful effects In
general many physiological reactions i organisms have minymal
thresholds—that 1s quantities of stumuli below a certam minimal
amount are meffective while quantities above that mimmum
produce effects at rapidly increasing rates Among phystological
reactions there are many instances of all or none effects as m
nerve stimulatton. Sumuli below a certamn threshold cause no
discharge along the nerve fiber while stimuh slightly above or
very much greater than the threshold produce equal discharges

The direct proportionality between the amount of radia
tion and the frequency of mutations snduced has permutted a
number of interesting calculations to be made It was not sllogs
al for example to suppose that spontaneous mutations—those
which occur 1n nonirradiated mdividuals—may be accounted for
by cosmic and other natural radiations Physicists can measure
the intensity of this ommipresent or background radiation
Knowmg how many mutations 1 r 15 likely to produce (see
below) 1t 15 possible to show that considerably less than 1 per
cent of the spontaneous mutations 1 Drosophila can be
accounted for by background radimation In other words the
mutations induced by radiation are superadded onto the amount
which would be produced without radiation and which for a
lack of knowledge we call spontaneous

Doubling Dose and Frequency of Mutation
per Roentgen of Radiation

One of the ways 1n which the magmitude of the genetic
damage produced by radiation may be expressed 15 based on
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the amount of radiatton necessary to double the spontaneous
rate of mutation Turning to the data m I'gure 9, we can see
from the graph that an exposure of Drosophila to 1,000 r results
1 approximately 8 percent lethal mutations 1n one particular

h The spe us mutation rate for that chromo
some was given earher as 0 001 or 0 003, depending on the stratn
of flies used for analysis We also said that certain mferences led
to the concluston that there are about 300 gene loci at which
lethal mutations can occur 1n this particular chromosome What
15 the mutation rate that would result at one locus as a result of
exposure to I r? To calculate this, we divide 0 03 by 1,000 toget
the mutation rate per chromosome per 1, and we drvude this
answer (0 000,03) by 300 1n order to reduce the calculated muta
tion rate to that for a single locus The answer 1s 9 000 0001,
there 15 one chance m 10 million that exposure of a single gene
to I r wall result 1n 1ts change to a state having a lethal effect
The spontaneous mutation rate per gene locus can be calculated
by dividing 0 001 or 0003 by 800, the answer in tlus case Tres
between 0 000,003 and 0 000 010 The average mutation Tat¢ per
locus 1s somewhat less thau 1 per 100,000, perhaps 3 per msllon
1s a better estrmate Allowing for this uncertamty, it would
appear that an exposure of flies to between 30 rand 100 sould
double the spontaneous mutation rate This 1s 2 calculation
based on averages for many genes, recent information obtatned
for various genes in bacterra indicates that the doubhing dose~
the amount of radzation required to give an mduced mutation
rate equal to the spontaneous rate—varies from about 16r :Z
over 100 r for different gene loct Thus the information obtain
from lethals 1n Drosophila 1s borne out by these more sensuune
studies

Mutations in Different Organisms

Muller's discovery
phila These
usms both
form

A flood of confirmatory reports followed
that x rays increase the mutation Tate in Drosoj
reports, which dealt with a wide vaniety of orga
plant and anumal, showed without exception that in every
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of he 1 which mutanons could be studsed radiation vwas effec
¢ in mcreasing the mutation rate Ag the present tune man
of all biologicat species of parucular mterest to the geneticse
Bappens to be the oaly one for which there exists no completely
conunang evidence that mutations are duced by radnauon It
would be foolish indeed to regard this as an indication that man
may be rmmune to the mutagenic effects of radiation Expen
ments ol ing deliberately contrned and adequately con
tolled exosses are oby tously out of the question 1 man The
geneticist 15 thus deprived of the very techniques needed to
demonstrate the 1nduction of mutations
A great deal of effort has been expended n studying radia
ton mnduced mutasions mice Even though some people may
argue that whatever we learn about mutations m mice will be
scarcely more appheable to man than what we find in Drosapiuia
# 15 nevertheless desirable to check our conclusions through
studies of a form of Life somewhat closer to man than are flzes
Mice ble men are higher anymals~mammals Mot only do
they live longer than fhes do but—and thas may be more 1m
Porant—the processes of development and maturation of the sex
tells i the ovaries and testes are similar fo those m man
Techmques analogous to those devised for Drosoptula by
Muller and others are not yet avarlable for mice W L. Rusself
and ks collaborators 1 this country and T C Carter and hus
calleagues i England have hadtonse a more laborious method
Astratn of labum:ory mice 1s prepared which 1s homozygous for
7 recessve mutant genes these genes affect various easily visible
eharacteristics of the ammals chiefly the coat color so that it 1s
Possible 1o tel] by examining a mouse whether 1t 1s or 1s not
omozygous for a given gene Suppose then that a female mouse
°m this muluply recessve  tester stram 1s crossed with a
Male from an ordinary normal  1ald type stram A normal
Mouse carries dommant vanants of all the recessive genes 1 the
tester strain Barmmg mutation che entire progeny (Fx genera
Yan) of thus cross wall consist of ammals heterozygous for the
tecessive genes recerved from the tester suain to which therr
mother belonged and for the normat dominant genes receved
from the Father This progeny wiil almost always be hike the
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normal, wild type parent Only rarely does an mndividual exhibst
the traits of one or another of the 7 recessive genes of the tester
stram  Such ndividuals arse when a sex cell of the normal
strain (1in this case a spermatozoon), happens to carry a mutant
allele of one of the 7 genes of the tester strain

The experiments are divided mto two parts In one, females
of the tester strain are crossed with normal males In the other,
the reciprocal cross, mutant males are crossed with normal
females The mutations detected m the first set of experiments
must have arisen 1 the male parent, i the second, 1n the
female parent Moreover, some of the normal parents are treated
with a known amount of radiation, while others serve as non
1rradiated controls Some of Russell’s results are as follows

Narmal Dose of Offspring Mutations
parent wrrad d recorded
Male None (control) 37,868 2
Male 600 T 48,007 530r54
Female None (control) 40,918 0
Female 4001 7.859 7
Female 258 ¢ 26,468 2

Among the 48,000 ofspring of wradiated fathers there
were 53 or 54 mutations (one was not quite certain), while only
2 mutants were found among almost 38,000 mice 1n the progeny
of nonrradated fathers A total of 9 mutants appeared 10 the
progeny of arradiated mothers, and none 1n the control expert
ments Irradiaton 1s clearly mutagenic i mice, as it 1810 fhes
and 1n other organisms We shall have occaston to refer to these
experiments with mice later 1n this book

What Radiations Are Mutagenic?

dia

In Chapter 4 we saw that the physical properti€s (:lf l:lld:e

tions depend on therr wavelengths Geneticists have ;tu “w‘mo-
mutagenic powers of radiations of both short and 1ong
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lengths They have also studied the mutagenic powers of radia
tions delivered 1n different ways—gradually, over periods of days
or weeks, rapidly, 1n 2 matter of seconds or minutes, contmu
ously, or alternated with periods of “rest”* OF necessity, these
expeniments were done mostly with frut flies, corn, and some
lower organisms

It was quickly revealed that, with x rays and other ligh
energy radiations, 1t 1s the total dose of the radiation—the total
number of roentgens (sce Chapter 4) to which a gene or a
chromosome 15 exposed—~which determines the frequency of the
mutations mnduced As shown in Chapter 4, “soft x rays have
relatively long wavelengths and consist of relatively small energy
quanta, ‘hard x rays and gamma rays have short wavelengths
and high energy quanta The hardness or softness of the radia
tion has no effect whatever on the mutations mduced, provided
only that the radiation 15 able to penetrate to the sex cells The
number of mutations produced 1s determined by the number of
tonizations caused by the radiation exposure, and 1t 1s the
number of 1on1zations that 1s measured m roentgens

Even ultraviolet radiations are mutagenic The relation
between mutatton and exposure to ultraviolet rays 15, however,
acomplex one and need not concern us in this book Ultraviolet
Tays have a much longer wavelength than the softest x rays, and
ther penetraung powers and energy quanta are low Visible
light and mnfrared rays are not mutagenic The term /ugh energy
radiation does not apply to ultraviolet and to longer wave
lengths

The rate at which radiation 15 delivered has under most
circumstances, no effect on mutation frequency With powerful
radration sources such as powerful x ray machines, radioactive
cobalt, or atomic bomb explosions, massive amounts of radia
tion can be delivered 1n a matter of seconds on the other hand,
by placing flies at a distance from a radiation source, the treat
ment may be prolonged for days or weeks The number of muta
tions mduced by a given number of roentgens 15 the same regard
less of whether the exposure 1s short or long The same number
of roentgens may also be delivered mm 1 continuous exposure, or
m several bursts interspersed with periods of “rest  The manner

~
——
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of delivery 15, 1n general, ummportant as far as the number of
mutations induced 1s concerned

It 1s easy to see what this means to man Genetic radation
damage 1s an msidtous thing, very small radiation exposures add
up, and if contnued for years may amaunt to as much as o1
more than an accidental brief exposure to intense radiation
Since genetic damage 15 cumulatnve, ne radtion increment,
however small and nsignificant by tself, can be neglected. What
matters 15 the total exposure up to the close of the reproductive
or chifdbearing age

It should be noted that recent data obtaned by Russell and
his collaborators do suggest that, in muce, “chronic’ rradiation
(that 15, delivered gradually over a long time) may be less effec
tive m producing mutatons than * acute” trradiation (admnss
tered rapdly) It will be remembered that Russell and his group
expentmented with mutations affecting 7 dafferent genes 1 mice
(see page 56) They obtamed only 2 mutants among 26,463
muce whose mothers had recewved chromc wraduation, whereas
they obseried 7 mutants among only 7,859 mice whose mothers
had been subjected to acute wradiation This matter obsrously
needs further study

The Directness of the Genetic Effects
of Radiation

Studtes of the effects of radianon on mutation Tates have
demonstrated that the action of radiavion 1s direct. That .8
one ss to scudy mutations smduced s the sex cells, one mu;f
rradiate sex cells (or the gonads—ovaries or testes—in HHIC
these cells are produced) One cannot obtain mutations n these
cells by wrradiating the head of an animal, or 1ts thorax, of 1;:
legs Radiauon does not resule in the productron of pm.sonosd o
permeate the body and, upon armval m the gonads, pr "
mutations The radiatton must strike at or very near the go

which mutates 3
The fact that the mutation inducing action of hlgh"nﬂg
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radrations 15 direct suggested a * target” theory, which was in
vogue 1n genetics untl recently According to tins theory, the
quantum of x radsation acts like 2 small bullet, when this bullet
happens to byt a gene 1t shoots a hole in 1t and this resules
mutation This view proved to be an oversimphification, the
acton of radiation 15 really quite different Irraduation Tesults in
the productson of tughly reactive chemcal substances m the cells
and chromosomes However, these substances persist m the
wradiated pissue for a very short ime perhaps only a fraction
o asecond IE one of these substances happens to be produced
withm or very close to a chromosome, 1t can interact with the
genetic materiat and induce a mutation

These two theorses of the mutagenic action of bigh energy
2adations lead to very different views concerming the possshility
of discovering an antidose for radiation damage 1f the radiation
Smpmging on the gene acts bike a stream of bullets then there
1 hiule hope of findung treatments protective aganst the muta
tons i exposed cells The theory of mutation mducing chem
1l miermediaries between the radsauons and the genes does
offer some hope an d an ant2 g may p y
be discovered Such an antidore wilt peshaps be a chermcal sub-
stance more likely to react with the mutation mducing sub-
$tances than are the genes themselves

h

Somatic Mutation

I order to induce mutations that can be observed iy the
Progeny of an irradiated mdividual, onie must srradiate hus sex
cells This does not mean that rradsation of body cells 15 meffec
We Producing mutations 10 them However, the mutations
mduced m the Body cells of a parent remain confined to these
cells they are not transferred to the sex cells and consequently
2¥e not tranymited to the offspting It the gonads of the 1rra
diated individual are protected from radiation whateser muta
uons may be nduced 10 hys body cefls ave confined to the ind;
Vidua} exposed and will not affect hus progeny
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It may be noted that this fact offers excellent evidence
aganst some nuneteenth-century theones of heredity and of sex
cell formation (recently revived in Russia by Lysen\c) These
theories held that small particles from every organ and every
tissue of the body migrated to the gonads, where they became
organized 1nto mature sperm or eggs In this way each mdi
vidual wns supposed to have obtained the genetic information
needed for proper development, head particles multiphed and
formed a head, eye parucles located the eye properly, and so
forth If this were the case, radiation of one portion of an
ammal s body should result in defective particles from that part
and, hence the corresponding part should be damaged 1 the
new embryo Needless to say, no such effect has eer been
demonstrated

In order to observe mutation 1n body cells rather than sex
cells experiments must be arranged differently, as they weren
a study performed ongwmally by J T Paterson Patterson
reasoned that chromosomes are reproduced faithfully at each
cell division and that each daughter cell 15 furmished with 2
complete set. He was also aware that the normal red eye of
Drosophila 15 changed to white (pigmentless) by the mutation
of a certamn gene Drosophila larvae have no eyes however 2
larvae develop cells appear which are destined to form the cyes
of the adult fly These cells form eye pnmordia, which are
transformed 1nto adult eyes duning the pupal stage

Patterson s expermment consisted of exposing normal larv:;
of various ages to X rays and examining the predomunantly ¥
eyes of the emerging adults for white patches The results were
clearcut White patches did appear The number of white
patches increased with dosage Early exposure resulted i1t lif[;':
patches (many cells carrymng the same mutatton) late cXP"S“m
1o Tadiation Tesulted 1n small patches (very few cell divisio
after the mutation had been mduced) Mutavons then ‘l\lc::f
induced at the time of exposure Genes carried by any €€
the body consequently, are subject to mutation when expos
to wrradiation

Tt seems highly possible that thas fact
producuon of at least some forms of cancer 1 man

fras a hearing on the
Ewvidence
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particularly suggestive of this has recently been summanzed by
E B Lew:s for a form of cancer of the blood known as leukemia

Leukemia mantfests wself 1n an uncontrolled muluplication of
the white blood cells, 1t 15 usually fatal The frequency of
leukemia 15 hugher among persons exposed to radiation than
among the rest of the population This 1s known to be the case
among the Japanese who were exposed to radiations from atomic
bombs, and 1t 1s found also among children of mothers exposed
to obstetrical x ray 1on durning preg The dou

bling dose for leukemia appears to be about 30 r~an amount of
radiation suspicrously similar to that calculated as the doubling
dose for mutations In the face of this evidence, the imphication
that the onigin of leukemta 1s mutation 1 a cell producing white
blood corpuscles cannot be summanly dismussed, although A M

Brues and others have recently questioned the validity of this
hypothesis

Chromosome Breakage by Radiation

We saw 1n Chapter 3 that the term mutation 1s applied to
at least two rather dufferent phenomena—qualitative changes n
mndividual genes (gene mutations) and chromosome breakage
and reconstruction (chromosome aberrations) Both kinds of
Mutation occur spontaneously, and, as was demonstrated m the
classical work of Muller 1n 1927, both are increased 1 fre
quency by exposure to high energy radiations However, the
relation between the amount of rradiation admimstered and
the number of mutations observed 1s quite different for genic
and chromosomal mutations

Although ct dergo breakage sp 1y, 1
mast organisms such accidental brealage 1s very rare, at least in
sex cells and n the cells producing sex cells Suppose, then, that
ach breaks st 1y 1n 1 of every 100 000 cells
As stated 1n Chapter 3, a chromosome break may “heal’, if 1t
does not, the cell m which 1t has occurred 1s usually unviable
A chromosome aberration can arise only if at least two’
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thromosomes 1o a cell are broken, or if one chromosome 1
broken 1n at least two places Only then can the broken ends
reanite m new combmations With a frequency of spontaneous
chromosome breakage of ! per 100,000 cells, two breaks will
appear 1 the same cell by chance i 1/100 000 X 17100000,
or mn 1 per 10 bilhon cells The number of people now lving
on earth 15 estimated to be about 2,700,000,000, hence, the
number of the sex cells ;n which they had thewr ongmn 15
5,400,000,000 1If the Frequency of spontaneous chromosome
brealage 1n man 1s as low as we have supposed, a chromosome
Tearrang of spc ongin enters the entire human
species only once every 2 generations

Exposure to high energy raduations greatly increases the
frequency with which chromosomes undergo breakage More:
over, the frequency of single breaks mereases i direct propor
tion to the amount of radiatron applied, Just as gene mutation
does This has been demonstrated by srradiating, for example,
flower buds and then examiunng under a microscope the diid
ng cells that grve rise to the pollen grains (pollen mother celly)
Some Dours or days after iradiation, many of these cells show
ane ar more fragmented chromosomes The number of chrome-
some breaks required to produce the abseried fragments c2a be
calculated and compared with the amount of tradiation 1n the
treatment

The proportion of cells with two chromosome breaks may
be calculated by muluplying by self the probability that one
break. will be induced as has been done 1 the example aboté
Suppose, then, that certun radiation exposures ncrease the rate
of breakage by 10, 100, or 1000 times, these exposures will
increase the proporuon of cells contamning tno breaks each by
100, 10,000, and I 000,000 times respectvely The result 15 that
the frequency of chromosome mutations m the progery @
syrradiated ndividinals wall ncrease very much faster than 10
durect proportion to the amount of radiatton This has be::
amply demonstrated by studtes on the progeny of uradiat
Drosophtla, as well as with expernmental plants szt

We may now consider the effects of chromosome breal r,‘,c
1 sex cells and i the early germ cells that give 1ise to §
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latter For convemence, we may divide the germ cells nto two
groups—those which have undergone the metotic divisions
reduaing the number of chromosomes from 46 to 23, and those
which have not Radiation effects in premerotic cells are com
parable to those 1n any other system of dividing cells, a majority
of the cells 1 which chromosome breaks occur will get nto
difficulties at or after the next division and will die ‘The death
of these cells 15 not particularly important, since it does not lead
to any chincal symptoms The cells m the gonads are mde
pendent of one another to the extent that each cell goes through
the series of divisions and transformations leading to a func
tional gamete, regardless of the fate of 1ts neighboring cells A
heavy radiation exposure 1 required to destroy most of the
testicular or ovaral cells the loss of a few early germ cells as the
Tesult of small radation exposures 15 not sertous 10 itself—that
15, ths foss does not threaten one with sterthity

Treatment with x rays has been used to mdugce temporary
sterility m men as a method of birth control This practice 15
clearly dangerous and should be stopped Although most of the
cells m which chromosome breaks have occursed die before
forming mature sperm this 15 not true of gene mutations Muta
tions tnduced 1n the young germ cells do appear later m mature
Sperm In the human male, mature sperm are manufactured
toniinuously—at least several trillion of them m all Some
groups of cells i the testes preserve the ability to divide, while
the cells they produce by division proceed through the trans-
IOTthlons—mdudmg the meiotic division—into mature sperm
Mutations nduced 1n those cells which act as the source of
Sperm are passed on farthfully 1f we may use this word, to all
descendant sperm from the moment the mutations are induced

FOrtunately for man, radiation exposures are rare events,
and so only a small fraction of trradiated mature germ cells are
actually involved n reproduction Most single % ray exposures,
and the greater proportion of one s cumulative exposure, affect
mature sperm cells that never achieve fertillization Conversely,
sperm cells that do fertilize eggs are exposed to radiation chuefly
duning their early germ cell stages This 15 fortunate because
tadiation 15 generally much more effective m producing muta

o
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tional changes m mature sperm than m the early germ cells
The DNA m a mature sperm cell 15 carried 1n an extremely
condensed package, the sperm’s “head * In this condensed form,
the chromosomal materral seems to be about twice as sensitive to
the induction of gene mutations as 1t 1s m cells of earlier stages
(In part this may be a spurious sensitivity, gene mutations that
are deleterious to early germ cells are partially elimmated before
sperm formation )

More serious than the excessive sensttivity of mature sperm
cells to the induction of mutations 1s their sensitivity to radia
nion induced chromosome breaks Because of the condensed
form of the chromosomes n the sperm head, these breaks are
more likely to rejom 1n erroneous patterns fatal to the cell at
the following diviston The ‘following division * for a mature
sperm 1s the first diviston of the individual formed at fertiliza
ton Sperm cells with these fatal chromosome breaks act as
“dommant’ lethals, egg cells feruhzed by such sperm fal to
develop Now, 1n discussing the fate of a fertilized egg we are
no longer talking of cell death mn the same sense 1n Which we
refer to cells abraded from the skin or plucked out with a har
We are talking of a new wmndividual—-a rather mmnuscule and
unimposing mdividual at the time, but a new individual none-
theless

Radiation, Carcinogenesis, and
Cancer Therapy
racted

No group of human diseases 1s more feared or has ast acted

tumors or cancers The reason for this 1s that the tuuumxn;:;z
causes which bring about these most nstdious 1lln655;s :ch
proved extraordinanily dufficult to understand Althoug! l1111 e
progress has been made 1n cancer studies m recent 7car e‘sull
fact temains that the mechanisms of mrcmog‘:‘mio;km of
largely unknown The reason we must discuss the p
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cancer at least briefly in this book 15 that 1t 15 related to radia
1on m two ways First, 1t 15 well known that exposure to radia
tion brings with 1t the risk of malignant disease Secondly, the
same radiation 1s also used to destroy or at least to depress the
growth of some mahignant tumors

One of the current though by no means proved, hypotheses
regarding the ongin of cancer 1s that the transformation of an
ordinary, healthy cell into a cancer cell anses through one or
several consecutive somatic mutations These mutations remove
the cell from normal growth-controlling mechamisms and allow
1t to grow and divide much faster than 1t otherwise would A
dangerous cancer 13 one i which the division of certamn cells
has gone out of control These cells multply, develap 1nto
masses of unorgamzed tissue, deplete the nutritonal supply of
the body, and destroy the proper functioming of vital organs by
mechanical displacement or by mvasion and disruption The
cells which are performung their proper functions reproduce at
amuch slower pace and are threatened with extinction i com
pettion with the cancer cells Evidence has been referred to
above which shows that the quantitatve relation between ex
Pposure to high energy radiation and the mcidence of one kind
of cancer—namely, leukemia—is the same as that for radiation
nduced gene mutations This does not really prove that leu
kema arises by mutation, and stll less that all forms of cancer
arse n this way But it does show that the mutational hypothesis
of carcinogenesis cannot be easily 1gnored It may well be that
the occurrence of a mutation m 2 body cell 1s a necessary,
though not m 1tself sufficient, condition for the development of
a cancerous growth

Let us now recall that the occurrence m a cell of an
unhealed single chromosome break, or of two or more breaks
followed by an improper reunion of the resultant fragments,
leads to the death of this cell Let us recall also that the fre-
quency of chry brealage 15 d by exposure to
radiations  Furthermore, at certain tumes dividing cells are
exceptionally sensitive to radiation damage The reason for this
sensitivity 1s unknown, perhaps during cell diviston some pro-
tective substances are removed from the chain of DNA mole. #
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cules tor the purpose of cancer therapy massive doses of x or
gamma 1ays are admumnstered to the part of the body contam
g the malignant growth The rest of the body 15 protected bya
lead shueld which 1s opaque to the radiauon used The rapdly
dividing cancer cells suffer the greatest amount of radution
damage Thewr chromosomes are sensitive to srradiauon and
their breakage and rejoumng snto complexes with multple
centromeres or with no centromeres feads to their death Rad
non s then almost a spectfic treatment for cancer the damage
done to normal cells m the body 1s much less severe and because
of the slow rate of replacement of most tissue cells this damage
magfests aself slowly over a fong period of ume The body can
cope with this damage mach more eastly than with the cancer
Thus 1t happens that the same agency—radiation—can be both
the cause of cancer and a powerfal ard m 1es control

Radiation llness

We have distnguished two Linds of brological radsation
effects and radiation damage One kand conststs of physiological
or somatic effects—changes produced m the tndw wduals or per
sons exposed to radiation The other kiud are genetic effects
which appear only i the descendants of exposed 1adssduals
“This book 15 concerned primarly with the genetic effects how
ever we have seen that some somatic effects such 25 leukemud
and perhaps other malignancies may have genetic aspects if they
are caused by changes (mutattons) of the genetic material (genes
and chromosomes) tn somauc cells Such genetic aspects can 1;;‘
found 2also 1 other somatic effects parhcularly n radsation ¥ :
ness produced by an excessive exposute of the whole body ¢
radiation

Short term and Jong term cons
posure can also be disunguished Follow up studies oi gldcms "
of explosions of atomic weapons and of some & o
workers m laboratories and other atamic energy msl::m :x
pare shown chat about 50 percent of adule buman beings

wences of whole body &
o e results
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posed to 400 or 500 r of radsatton die of an acute silness withm
a few weeks, This radiation sllness, or radiation syndrome,
begins with nausea, vomuting, and characteristic changes m the
white blood cells, whose sumber 1n the blood rapidly £alls below
normal Later on there appear 2 high fever, reddemng and
hemorthages wm the skin, loss of hamr, musshapen fingernails,
ulceration of the mouth, throat, and intestines, and finally death
Those 10 whom the symptoms are less severe may recover after
aprolonged convalescence Wish smaller exposures, about 100 1,
only some 15 percent of the persons exposed show symptoms
of a mild tadiation stiness, these persons recover fairly rapidly
With stull lower doses only transient changes sn the white blood
cells can be diagnosed.

The radration syndrome can be understood if one remem
bers that body tissues consisting of rapidly dividing cells suffer
more damage from chromosome breakage than those m wiich
¢ells are dividing only occ tly Every d 1C symp
of radiation sliness mvolves 2 cell system m which the cells are
constantly dividing New blood cells are constantly bemng
formed hair grows because cells divide 1 the hamr follscles,
fingernanls are the product of continuous cell division The
hmng of the intestne and of the mouth and throat, and the
upper layer of the shin, are conunuously replaced by cell
division  Like cancer cells, these divding cells are acutely
sensttave to radiation  After 500 1 of radraton enough cells ate
apparently destroyed to make repair 1mpossible, and death 15
the consequence

An adult Drosoplula can withstand wradiation one hun
dred tsmes more severe than that which 1s lethal toman Fhes so
treated become stenle but they develop nothing hike the human
radiation syndrome Why 15 the By so resistant? The answer 13
that w0 most adult mnsects there 15 very hittle cell division The
cells m the adult body are fixed i number But there 15an ex
teption-the reproductive organs There divisions do oceur, a.nd
we find that germ cells are destroyed by much lower raciation
exposuzes than the body stself can withstand The r:sti!t s steril
1ty of the exposed fly In agreement with d:c same principle, fy
eggs have none of the extraordnary resistance of the adalt
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msect These eggs are easily killed by small doses of radiation 1f
they are 1rradiated very early during embryonic development
while cell dwvision 15 rapid

It 15 ikewise expected that children and 1nfants and espe
cially embryos during early stages of pregnancy, are more vul
nerable to radiation injury than adult persons are Cell division
1s a requusite for growth The dose of radiation lethal to children
and infants 15 not known, but 1t probably ltes below 400 r
Irradiation of pregnant mothers may cause miscarrsages or still
births as well as the birth of deformed children exhibiting more
or less grave physical abnormalitres All this may well be related
to the more numerous cell divisions occurnng m fetal and
nfant bodes

Persons who recover from or escape radration illness after
exposure to mntense radianon, and persons who are chromically
exposed to small doses of radiation, may develop grave physical
disturbances years after exposure It should be noted that
chronic exposures may add up to total amounts considerably
greater than 400-500 r—a highly dangerous amount of radiation
1f 1t 15 delivered 1 a single, brief exposure Note the difference
between genenic damage and physiological damage—the former
1s additive while the latter 15 not Nevertheless a study of
radiologists—that 15, people dealing professionally with x rays
and other radiations 1 hospitals and laboratories—has indicated
that they are more likely to die of leukemia than other members
of the medical profession who are not radiologsts It has also
been suggested that people chromically exposed to small doses
of radiatton age more rapidly and die younger than do oth;r
persons This, at any rate, seems to be the case with chromically
wrradiated mice The hypothesis that the phystological damaze
1n these situations may be due to an accumulauon of somatc
gene mutations 1s certainly a reasonable one

The effects of irradiating Jocalized t1ssues of e
also be mentioned Radium, strontium, and certain other Cb
ments, some of which are radioactive, are pr:ieremlall)’ aof
sorbed and lodged in the bones The resulting 1mdm:lor:n v
the Iiving cells of the bone tissue and the bone m:lrrﬂl‘s o
result 1 malignant tumors of the bones bone necros

£ the body should
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anemias—sometimes as many as 10 and even 20 years after the
ingestion of the radioactive materials Thus 1s what took place in
the unfortunate case of a group of workers employed to paint
watch dials with 2 luminous pamt contammg radium and
mesothorium  Because they were 1n the habit of moistening
therr parnt brushes on their tongues, these people accumulated
enough radioactive materrals in their bones to cause severe
mvahdism and death Here again, the supposition that delayed
onset of these diseases can be accounted for by the occurrence of
mutations 1n the irradiated cells cannot be dismussed

Genetic and Physiologic Radiation
Damage Compared

By way of summary, we may restate again the principal
difference between the genetic and the phystological effects of
radiation This 15 especially necessary since, as we have seen
above, 1t 15 possible that at least some physiological damage can
be accounted for by damage to the genetic apparatus of body
cells—that 15, somatic gene mutation and chromosome breakage
Nevertheless, the damage to the body of an individual on the
one hand and to his sex cells and hence to his descendants on
the other, are profoundly distinct, and this distinction must be
clearly understood

With physiological damage, such as radiation burns and
the radation syndrome, there exists both a mimimal amount
(!hreshold) and 2 entical 1ntensity of radiation, 1f either the
amount or the ntensity 1s below the critical level, the radia
tion has no obvious effect The cellular and bodily processes
mnvolved producing radiation burns are dynamic chemucal
processes affecting relatively large quantities of different mole
cules m a continuous cycle of formation and destruction * Heal-
g processes can counterbalance the effects of radiation 1n this
type of system provided the radiation 15 not too large at any
one time

‘With genetic damage, on the contrary, experimental results
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cleatly show that there 15 no healing process following the induc
tion of mutations The bulk of the experimental evidence
ndrcates that the total amount of radiation the total number
of 1on pairs 1s the only important factor nexther fractionation
of the exposure nor delivery of the radiation at a low rate
modifies the genetic consequences Each bit of damage mduced
at one time 15 added to that which has been induced earher
There 1sno half damage which can be undone by virtue of a
respite from exposure These facts seem reasonable on the basis
of what we have learned concerning the role of DNA
heredity and the special properties of DNA that nsure its
accurate self-duplication At the time the data of radiation
geneticists were being obtained however the results were sur
prising to those whose tramng was primanly mn physiology
even today many medical doctors largely because of the
emphasis placed on phystology m their traming find 1t difficult
to visualize 2 biological phenomenon n which the abihty to
heal or to revert to normal 1s laching



Genes in Mendelian

Populations

‘What Is a Populahon?

Up to this pomnt we have considered heredity as it manifests
1tself 1n andividuals and 1n families We have discussed the laws,
discovered by Mendel, which govern the segregation and recom
bination of genes i the progeny of heterozygous parents the
fateractions of heredity and environment, the ongin of muta
tons their frequency, their effects on the welfare of their
@rmiers, and thesr induction by highenergy radiation But
People live 1n groups, 1n c 1es from the L of
fhlch indiiduals usually select their mates and membership
n which parents bequeath to their children Such communities
~tnibes, castes, social classes, nations, races~bound together by a
network of mamages and of common descent, are Mendehan
Populations We must now consider the phenomena of heredity
M such populations Genetics takes on an added dimension

when 1t encompasses populations as units
We speak of “Mendelian populations” because the word
bopulation has a varnety of meanings both 1n ey day language /
WD b s iviae VL LGE:’ l:l

1IBRARY JAIPUR. <
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and 1n bology Thus, one may speak of a * population” of trees
composing a forest, or of 2 bird * popufation’ which ishabuts
this forest The population of the world 1s estumated to be close
to 2,700 606 000 people, that of the Unsted Siates consists of
some 170,000,000, that of Cleveland, Ohio, 15 somenhat less
than 1,000,000, while that of McKean, Pennsyhama s about
300 These are the numbers of persons who live 1n a2 gnen temn
tory at 2 given tune A geneticast s mnterested 1n orgamisms that
reproduce sexually and s populations as reproductive com
munttes~n short, in Mendehan populauons

Mendehan populations have a rcmpon! contimnty, they
exist through ume The starhngs 1 the Umted States, for e
ample, comprise a population that has existed snce 1890, the
year these birds were mtroduced from Europe In man and
many other species, individuals representing sev eral generations
~chijdren, parents, grandparents, and great grandparents—may
e Living at the same tume, and the successtve generations need
not be discrete In wsect populations children may mate with
their parents On the other hand, many organisms have but one
generation per year, and the preceding generation 13 dead before
the succeeding one reaches adulthood

In man, population structure reaches 18
plexaty  Manlund—the human species, Homo sapiens=is e
most inclusive Mendehan populauion, one which ml\ﬂ:;‘ﬂ
nearly the whole globe fts genenc umity 19 auested bYd i
exsstence of Enghsl, German, Japanese and other war b f;
the convergenice of immigrants from many countnes of Isﬁcn'
the world wide dispersal of Russian refngess, € But "I:t
before modern means of transportation made these mcn; .
migratsons possible, there were people who nandered aroun o
soldiers, traders, slaves, or sumple sagrants and “]‘C‘l‘ P“’S\c
wmvel they are likely to Jeave some of thewr genes 108
way However, thus does not mean that people ’““mmywm
random manner with respect to the place where ‘1“’,}“ er:“
A gurl from Dallas 15 much more hikely to marTy 2 ﬁhm{ou.
a Califormuan, a German, or a Clunese b‘Iankmd“;j; :: bowd

spht up mto geographic Mendehan pop t coin
anes are usually ot sharply defined and winch need 22

greatest com
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ade even approximately with pohiscal units such as countnes
ot states Nor are marriages contracted at random even between
mhabitants of the same state aty or village Differences of
language religion economic status educational bachground
and profesion erect numerous although usually not sharply
del d co 1es of Mendelian populations Mankind 1s
thus divided and subdivided into smaller and smaller popula
tion umts the smaller the unit the closer the approach to
random  matng hetween 1ts members

The Gene Pool of a Populahon

Suppose that we examine the population of some Mddle
town which 1s reasonably uniform in soctal economic and re-
hgous Tespects and find that about 49 percent of the persons m
this community have blue eyes and 51 percent have brown eyes
Assume that the difference between blue and brown 15 due to
2 sgle gene and that blue 15 recesswve (this 1s not strictly
Correct since shades of eye color are determined by several
genes and 2 person with greemish blue eyes may actually carry
the gene for brown) Wil the proportion of bilue and brown
eyed persons remain the same generation after generation? What
Pproportion of brown-cyed parents will have some blue eyed
children? And should for some reason all blue eyed persons
feave Middletown before reaching adolescence how many blue-
€3ed persons will there be produced 1n succeeding generations?
These are ples ot el y probl with which popu
fauon genetics has to deal

With problems of this sort 1t 13 convement to focus our
altention not on individuals but on their gametes and the genes
which these gametes contain  Assume that every indwvidual
member of a Mendelian population contributes to the gene pool
(pool used 1n tius sense 15 analogous to 1ts use 1 motor pool
ot pooled resources  not to a  pool of water ) of this popula
tiont equal numbers of functioning sex celis and assume that
these sex cells combine at random in fertilization These

Ve
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assumptions are Not as unrealistic as they may seem to be We
know that some persons have more chuldren than others hoy
ever, we are assyming here merely that brown eyed and blue-
eyed people have on the average, the same number of children
Nor 1 1t too farfetched to assume that peaple with eyes of 2
given color will not select thewr mates preferenyally according
to the eye color of the latter

Suppose now that mn the gene pool of the Middletown
population 70 percent, ox the fraction § 70 of the tatal number
of sex cells catry the gene a for blue eyes, and the remainder~
that 13, 80 percent or 030 of the towl, carry the gene 4 for
brown eyes (070 happens to be the square root of 049 which
15 the frequency of bine eyed petsons 1n our Middletown popu
fation, why we have chosen just these figures will appear
shortly) Since the sex cells of thus population ombmne at
random, the sperm carrying the gene A4 wall have 7 chances out
of 10 of ferulizing an egg cell with the gene ¢, and 3 chances out
of 10 ot uniting with an egg cell carrymg A Sinilarly the spesm
with & will bave a 7 1n 16 and a 3 tn 10 chance of umitmg with o
and with 4 eggs xespectively The results of the union of these
sex cells will, accordingly, be as follaws

Chaldeen
Lge cells Sperm
Gene  [requensy Gene  Freguency  Gene Frequeney
4 030 2 030 Ad ("‘;’i’
F:! 430 a 070 Aa on
a 070 4 030 4a oda
a 670 a 070 aa

f the population it

nt o
In other words, 009 or § percel o e rene A i

have brown eyes and wiil be homozygous
042, or 42 percent will have brown eyes and wd!ﬂl;ea ‘h:;;‘::
zygous for 4 and a (4e) and 049, or 49 pescent wxh :n s
eyes and will be homozygous for & (ga) Since lhlcwu tz et
{A4) and heterozygous {4a) browns have eyes of :d s il
color, the frequency of brown eyed and blueeyed £

be 051 and Q47 respectvely

the next
The fundamental problem concerfung s 13 what
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generation will be hike 'Will the proportion of blue eyed and
brawneyed persons change, or will it remamn the same? To
solve this problem, remember that the homozygotes A4 and aa
will contribute to the gene pool of the next generauon only A
of o gametes respectively, while the heterozygotes, Aa, will
produce, according to Mendel s law of segregation, gametes 4
and a1 equal numbers As shown above, the three genotypes
A4, 4a, and aa occur 1n the propornions 009, 0 42, and 0 49
Therefore, the proportion of 4 and a 1n the gene pool will be as
follows
A=0094-021=030
e=0214+049=070

‘The proportion of the genes 4 and a 1n the gene pool Te-
mains the same as 1n the previous generation The mncidence of
blue- and brown-eyed persons 1 the population will remamn
€ohstant generation after generation Neither the dommant nor
the recessive gene wall increase or decrease 1n frequency Do not
make the error which begnming students of genetics are prone
1o make The dominant gene does not necessanily tend to dis
Place the recessive nor are domimant genes or dominant traits
necessanily more frequent than recessive ones

The Hardy-Weinberg Theorem

The conclusion we have reached 15 vahid regardless of the
actual frequencies of the genes 1 the population Consider a
Papulation in which the gene 4 has a frequency p and the gene
athe frequency g, such that p 4- ¢ == 1 00 Proceeding as before
we have

Egg eells Sperm Children
Gene Frequency Gene Frequency Gene  Frequency
4 B 4 ? Aad g
" b e q Aa v
a q A ) Aa Pq
s q a q aa q*
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The composition of the population will, thetefore, be 2 of
AA homozygotes, 2pg of Aa heterozygotes, and ¢* of as homozy
gotes. The frequency of the genes 4 and a n the gene pool of
the next generation will be:
A= pg=pp+ =P
e=pg+ =0 +=1

——
P L4
A 8
o I
pA AA As

1<)
e Az a2
shows the

Ficure 10 This d\cckcrboard diagramt .
relationshp ote expects 10 find between the frea® cy

Q the frequency of mdt
of 2 genes m a populaton an : ‘:1 negle s

viduals of the 3 possible genotypes

diagram 15 1dentical to that in Figure 8 Gene Irlt&\:t‘;‘

cies n a population need not be Tamiteds z; :; et

\ndividuals, to the three values—100 50, 3% hP oad

—but can assume any valuc, and, therefore “ Cud o

ng Tines within the square have been displa

center by an arbutrary distance

ne frequency

This demonstration of the constancy of lhi\gfn . :\‘dcndi
in the gene pool of a population w2 farst give! e b

‘n 1008 by G. H Hardy and ., Wemberg It 8
ee Frgure 10).

cheorem of population genencs {8
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Random Mating

The assumption we have made above 1s that marriages and

the umon of gametes occur at random The validity of this
iption may now be d “Random mating * obviously

does ot mean promuscwty, 1t sumply means, as already ex
plawned abiove, that 1n the choice of mates for martiage there
1s nesther preference for nor aversion to the unton of persons
sumtlar or dissimalar with respect to o groen trat or gene Not
all gentlemen prefer esther blondes or brunettes Since so few
people know what their blood type 15, 1t 15 even safer to say that
the chances of mates being ssmular or disumilar m blood type
ate determined simply by the inaidence of these blood types it
2 gwven Mendelan populaton

In addition to the A B O and the Rh blood group systems,
there 15 another set of blood types called M, MN, and N, which
1smdependent of the foregoing ones The interest of these latter
17pes 15 that the heterozygotes i this case ate easily distinguish
ble Group M persons are homozygous for a gene which we
may call M, these are MM persons Group N persons are ho-
mozygous for 2 gene which we may call M¥ And finally, group
MN persons are the heterozygotes, MAM¥ Nenther gene 1s domt
nant to the other

A study of 6,129 white persons of the United States popu
lation showed that 29 16 percent had M blood, 49 58 percent
MN, and 21 26 percent had N blood What 15 the composition
of the gene pool of this populanion? Remember that persons of
blood type M produce gametes with the gene Al, N persons,
Eimetes with the gene M2, and MN persons produce sex cells
With M and with M¥ m equal numbers Therefore, the fre
quencies of the two genes 1n the gene pool ate

M=02916 402479 = 05395 =p
AM¥ = 02479 4 02126 = 04605 = ¢

Now, 1f marriages in this population are at random with respect
fo these blood types, then, according to the Hardy Weinherg
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equation, the proportion of the three blood groups in the popu
lation should be

M = p* = 0542 = 0 2916

MN == 2pg == 2 X 054 X 046 = 04968

N=¢2=0462=02116

The predicted inaidence of the three blood types comcdes
almost exactly with the observed mncidence There 15 obviously
random mating 1n the population of the United States with
respect to these blood types
Gene frequencies are not constant from race to vace In

fact, races can be understood and defined best a5 Mendehan
populatians differng mn the frequencies of various genes Al
though within each race matngs may occur at random with
respect to certain traits matings between races are less frequent
than would be expected by chance Indeed, if random mating
prevailed between races these races would fuse m a single Men
delian populatian Although mdwviduals an such a population
would show a grear deal of genetic vanabihiy, the races would
no longer exist as disanct entities Now, 1n a group of American
Indians the wcidence of blood types was found to be M = 6000
percent, MN == 35 12 percent, and N == 4 88 percent The fre
quencies of the genes M and M i the gene pool can be calent
lated, as 1n the example above, to be M = 0776 and MY =
0224 If maung were at random, the wncidence of the three
blood types should be M = 60 15 percent, MN == 3481 pexcent
N == 5 04 percent The agreement between the observed and the
calculated values 1s agam extremely close But note that the g;"z
pool of American whites has a composition dufferent from th
of Amenican Induans

Changing Gene Frequencies by Mutation
and Selection

The Hardy Weinberg theorem shows that gene fr:q‘l::’;
cies 1n 2 Mendelian population tend to remaitt consm‘n s
generation to generation Thas 15, howerer, cotrect I;nd?ﬂﬂ!l“
genes do not change by mutauon, (2} the carriers ol
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genes are adaptively equivalent and leave, on the average, the
sime number of surviving offspring, (3) there 15 no immigration
to or emigrauon from the population that would bring m or
remore ane gene m preference to the other, and (4) the popu
fauon 15 large enough so that acadental fiuctnations of gene
frequencies may be ignored No populauion i reality saushes
these conditions completely

14

..

Figure 11 An analogy to sifustrate the sdea of genetic
equhbnum the more water flows from the {aucet into
the vessel the higher the level of water in the vessel be-
tomes and consequently the faster 1t escapes from the hole
s the bottom Equilibrium 1 established when the rates
2t which water enters and leaves the contamer are equal
In hving poput harmtul are 0
produced (water from the faucet) the more frequently
mutauons anise pes generanon the greater the frequency
with which they are found 1n the populauon (the level of
water i the vessel) and the greater the frequency of

‘genetse death (water escapwng through the hole in the
vessel)

We know that genes do undergo mutation, albest usually
with 2 low frequency such as 1 new muant gene per 100,000
sex cells per generation Nevertheless, even such a low mutation
pressure will eventually be enough to influence the gene fre-
quency in the population Suppose that the gene 4 15 occasion
ally converted mto a by mutation The mutation of 4 to 2 1s
to the frequency of the gene a 1 a populauion as the flow of
water from a faucet 15 to the amount of water it 2 tub n nself
the mutation does not determine the final gene frequency, but
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wsthout mutanon the frequency of the mutant allele would
surely be zero

The final frequency attamed by a gene 1s one representing
2 dynamic equilibrium, this frequency 1s constant {or very
nearly s0) not because hife 1s static and the frequency 1 frozen
at one level but because rates of mput and outflow have become
equal Using the tub analogy once more 1f the stopper 1s not
placed properly water will dramn out of the tub It will dran
out faster as the water gets deeper and deeper Eventually the
water 1n the tub may be deep enough to drain ont a8 rapudly as
the faucet 1s runming the amount of water 1n the tul remans
constant once this equilibrium 1s established (see Figure 1)
The water i the tub 1s not howevet, the same from one mnute
to the next it 15 sn dynamic equilibrium There ave two forces
which oppose mutation 1 bringing about an equilibnum of
gene frequencies These are (1) back mutation of o to 4 and
(2) natural selection OF the two natural selection 1s of more
unportance and of greater interest to us

Genetic Equilibnum

The genetic equitibrium with respect to tworanant (allehe)
genes 1n a population 15 reached when one of these genes enters
the population at the same rate by which 1t leaves It enters bY
mutation and leaves by back mutation and by selection Letus
consider some examples of selecion The simplest xnusmuo!:
15 probably that of a fatal hereduary disease caused by a rccessl;c
fethal gene Assume that the normsl gene 4 mutates 10 ld '
fethal @ once m every mllion gametes and that all e "l:m
viduals die before reproducing Equilsbrium 1s established ‘:um
one mndividual n every milhon born 1s homozygous ng ;ﬂ .
nanon of the gene a by the death of sa ndividuals then ;ax ot
the ongin of new a genes by mutation We saw above' ‘:c o
frequency of az mndividuals equals g% therefore, 4 e et
1ibrium frequency of the gene a, equals G001 the squa

the mutanon rate (sec Figure 12)
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To better visualize this situation, 1magine 170 persons in
the population of the Umited States, or one person in a mulhon,
dying 1n each generation (25 to 30 years) from a recessive lethal
mutaton of this sort—an average of about 6 deaths per year in
the whole country ‘This may seem to be a very rare disease It
15 however, important to realize that although the number of

e
pej-la rcs
A e
Per-VG
a
97 a

Ficure 12 Another checkerboard ope which 3s
ntended to represent the equhibnum that 1s estab-
Dished between mutation and selection in the case of
a recessive lethal gene (a) The rate at which o anises
from gene 4 equals u usually a small fraction The
shaded portion of the diagram represents aa mdivid
nals who die because of the lethal nature of this gene
Each death of an ga individual removes two murant
genes from the population one from the mitial sup-
ply of these genes among sperm and the other from
the jmual supply among eggs Consequently equilib-
o 18 reached when the shaded area equals u Fach
side of the shaded square corresponds 10 the fre-
quency q of the genc 6 1o the population (see Figure
10) Hence g2 equals u or g the gene Irequency
equals /% Note that the quantity 42 1s much smaller
than g
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homozygotes dying because of tlns disease 15 small the number
of people who are carriers of the recesstve lethal gene 1 hetero-
zygous condition 1s relatvely large According to the Hardy
Wernberg theorem, the frequency of the heterozygous carmers
15 2pg, or 2 X 0001 X 0993, or about 6 002-roughly 1 per 500
persons In a populabion as Jarge as that of the Unuted States,
the number of such persons who enjoy normal health them
selves but who nevertheless carry the lethal gene s about
340000 This 1s about the same number of persons s the
number living m Syracuse New York

The great majority of recessive genes for lethal and sem
lethal hereditary diseases are, thus carmed not in the homory
gotes who show the effects of these genes but rather i the
heterozygotes who do not This fact rawes a tremendous Gfi
culty for any attempt to eradicate a recessive herediary disease
by sterluzing or otherwise prevenung the reproduction of per
sons who are afficted with 1t In the example discusied above
only 170 persons show the disease m 2 populanon a3 Jarge a5
that of the United States but there are 340000 heterozygous
carriers Since we have not discovered 2 method of distinguist
g these heterozygotes from normal noncamers these 18 htdde
that can be done to prevent the birth of a new ctop of afficeed
homozygotes 1 every generation

As we have seen 1 foregoing chapters n
tions are completely lethal Recessive semmietl
mutants cause the death of fewer than 160
homozygous carriers m other words, some of the homoz)ig";“
manage 1o survive and even to beget cluldren of their awnt ;‘
general, if a fraction s of all mdividuals homorygous fora ﬁm
gene die before reproducing (or 1f the number of chtdren .
10 such indrviduals 1s Iower than the average number per Cm?:b
wn the population by a fraction ), then an equilibrium l!s ::Jq‘
lished when 5q* equals the muzation rate. We an trans! dumq
25 the fraction lost per homozygote muitiphed by che f;;qmuu
of these homozygotes 1n the populanon 1 we denote ¢
tion 1ate by u, we have a stable eqmbibrum when

sgF =
or, g = u/$

or, g = VUu/s

ot all gene mutd
hat and subvital
percent of their
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H 1 equals I—-that 15 1f all homozygotes die or for other
ressons leave no children—we hase the equiibrium g = Va
discussed above

To diustrate the more general relationship comuder 2
gene B which mutates to b once 1 a millson sex cells per gen
esation The effect of the gene b 15 to reduce the average number
of children born to bb parents (esther to b mathers or to bb
fathers what happens when both parents are bb 1s relatnely
ummportant because of the rarnty of such matings) to 99 percent
of the average of the population as a whole The value of s
equals then 001 The frequency of bb ndnidualy at equ
hbrium will be, according to the formula above ¢% = u/s =
€000 001/0 01 or § per 10 000 persons 1n the population Within
the Uruted States there would be some 17 000 homorygous &b
persens bom 1n each generation or some 600 per year The
ﬁtqumcy of the hanmful gene b 1 the gene pool 2t equibbrium
will be g = \Ai7F = \/TO00T = 001 that 1s 1 percent of alt
sex cells will carry this gene The heterozygous carmers of this
gene will amount to almost 2 percent of persons m the popula
ton 2pg = 2 X 001 X 099 = 00198 or a total of 3400 000
heterozygous carners m the population of the United States
Gathered into one place these carriers would form a ity lavge
nough to be histed among the ten largest 1n the world!

Genetic Death

It must be made clear just what 15 meant by the elymnation
of mutant genes from a populauen The symbol s used above
sands for coefficient of selection This is a very smportant
vamrble and ats g d ds a fuller expl Two
tather strilang pl\!a’!’cs have been used by geneuasts in describ-
Wg the action of selection on human populations  genetc
death” and  genetsic murder wilt ot Genetic death encom
passes, however a great deal more than death as we understand
1t from accounts of automobtle actidents and hawchet murders
First of all, complete or partial stenluty 18 equivalent to /
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complete or partial lechality as far as selection is concemed
To a geneticist, any person who dies childless 15 counted as
genetically “dead’. that 15, whatever genes he carres are, by
virtue of hus actions or Iack of actions, removed from the popu
latron just as surely as 1f he had been stillborn It 1s obyvious,
however, that the emotional ympacts of death and of childless
ness are 1 no way comparable Second, if the mutant gene 18
lethal or semilethal, the actual death caused by the action of this
gene can occur at any time from conception on The loss of
an mndividual within the first few weeks after conception 1
often 1mperceptible and, hence, causes no emotional trauma.
Death at any later ume, however, 15 recognizable as such and 1
accompanied by at least some degree of sadness and sorrow
We must, nonetheless, guard agamst ngdly equaung the sert
ousness with which we tegard the deaths of mdividuals and
the degree of mourning or sense of loss accompanying these
deaths If there must be deaths, by all means let them occuf
early 1n development, 50 as to be as pamless to the mdrndual
and to others as possible But, 1f deaths are unnecessary, Tet us
not develop the callous atutude that undetected deaths are of
no importance How easly this attitude can spread to encon
pass even living persons!

Finally, there 1s a perhaps unexpected prope
that must be clearly understood We know that many mutant
genes are lethal, and that some of these cavse sncurable heredt
tary diseases which result 1n death only after much 1llness ot
agony On the other hand, a subvital gene opposed by 2 "}3'
t1vely mld selection, such as we have duscussed above (s =0 ozh,c
may act smply by lowenng the viality of sts carners to R,
extent that they leave 99 surviving children where an C‘I”"
number of nonmutant mndividuals would have left 100 offspung

any mote
At first sight, the lethal gene would seem to cause many o
genetic deaths than the subyital gene But this 1s not s;:' .
Provided that the mutation rates, v, which yield the Jet mber
subsital genes are equal, these genes will cause the same
of genetic deaths in the population at equilibrum. B

This fact becomes apparent when we consider b; the equt
tions of the equation g2 = u/s, used above to descrt

erty of selectiont

e umplict
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libnum frequency of mutant b £ i the populauon
Towill be recalled that the selection coefficient s, 15 equal to the
amount by which the chance of surviving or the average number
of offspring 13 reduced 1n homozygous mdividuals The net
effect of the mutant gene on the population, 1s 4/s times s the
frequency of affected persons times the average adverse effect
per person Thas product equals 1, the mutation rate The con
clusion 15 clear The effect of a rTecesstve mutant gene on a
populatson 1 a function of 1ts mutation rate, and 15 ndependent
of the effect as measuted by the selection cocficient of the
mutant on homozygous mdsviduals This dees not imply how
sver, that the emotional rmpact of these various types of muta-
ton s at all sumlfar To waich 2 chuld suffer from bemophalia
s quite different from realizing~if one could realize sixch things
~that a child s Ife expectancy 15 destsned to be one or two years
less than that of his playmates

‘We have « dered the genetic equittbrium for
with recessive harmiul effects The suuwation with respect to
genetic deaths 1s analogous for dominant deleterious mutants
but the effect on the population 1s twice as large A domsnant
lethal which produces a fatal disease (such as some mhented
forms of muscutar dystrophy) or a subvital which produces only
ashight handieap for survival or reproduction (such as brachy
dactyly short fingers) causes twice as many geneuc deaths as
there are mutations If the reader 1s sull baffied by the equy
alence of the very bad and the only muldly disadvaniageous
mttations perhaps the followmg argument will help Any harm
ful mutant whether 11s effects are drastic or barely perceptible
Wil sooner or later have to be removed from the population m
which st occurs Indeed the genetic equihibniom 35 a situation
ob:ammg when the number of mutants produced 1s balanced
by the number of mutant genes removed from the poputation
A harmful gene that comes 1o 2 population eventually has to
get cut

"The facts histed above have an obvious bearing on the prob-
fem of genetic damage caused by radiation tn human and other
populations As will be duscussed 1 more detard 1m the next
chapter, this genetic damage cannot be measured adequately by
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taking into account only grase hereditary discases Mutant genes
with less deleterious effects result 1 genetic damage Just as
surely as the more drastic mutants

Genetic Loads in Drosophila Populations

We have seen that mutants with recesssve deletersous effects
accumaulate 1n populations up to certain theorencally calculable
equslibrium frequencies For example, a recessive lethal that
arises by mutation once m every mjlion gametes will have a8
equilibrium frequency of one per thousand in the gene paol
Stnce, at least i higher organisms, many genes are capable of
producing deleterious mutants, the gene pool of a populauon
will contan great numbers of genes for recesstve heredrtary dis
eases, malformations, defects and weaknesses of all kinds In
every generation some deletersous dominane and semidommant
mutattans will also be produced Stnce dommant genes harm
heterozygous mdividuals, they do not accumulate appreciably n
a population, they are, nevertheless, a source of 11} health and
musery Deleterious mutant genes of all hunds constitute the
genelic load of a population

The magmeude and the composition of genetic Joads 18
human populations cannot at present be estimated with any
precision, although 1n the following section we shall consld;f
some data relevant to this question Better data are avaifable
for populations of several species of fruat flies, Drosoptula The
methods used to obtain these data cannot be discussed here 10
detar} Very briefly, they consist of takimg 2 sample of al:ﬂ:
sophila population m 1ts natural habitat and making with thes
“wild flies a serses of crosses m the laboratory These €1Os5eS
are so contrived that eventually a series of cultures 15 obtaind ©
each of which contams both a class of fltes carrying l‘“ ’:’:)e
zygous condrtion a certamn chromosome present $ing (Z«xumb’f
of the wild progenstors and another class of flies, ‘r‘cc 13 o
by us external appearauce, which carres the same M“ n
smosome and also another chromosome of jaboratory ofigh
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Suppose now thatza wild chromosome contams a recessive
lethal The Ay which 1 1ts natural habutat carned this lethal
was seemingly normal because the lethal was concealed mnx the
heterozygous state But mn the laboratory culture 1n which a
class of fises homozygous for this <k 1t produced the
presence of the lethal will be evident because the class will be
absent If the captured fly carnied not 2 lethal but a semlethal
2 subvial or a recessive gene producing some visible abnor
mality 1 the fiy's body each of these genetic vanants will be
detected mn the test culture 1 which homozygous mdividuals
have been formed The method 1s very sensitive 1f a sufficiently
large number of wild chromosomes is examined one can
make a census of the deletenious genetic varsants that make up
the genetsc Joad of the fly populauon

The application of this method has disclosed that natural
populations carry a large number of deletertous murant genes
concealed i beterozygous condition The frequency of these
mutations will amaze many persons Let us examune the data
for yust one species Drosophsla pseudobscura This species has
5 pairs of chromosomes of which 3 were exammed Between
29 and 33 percent of each of these chromosomes proved to be
lethal or senulethal to thesr carners when homozygous Among
the chromosomes that were free of lethals ar semilathals be
8 een 41 and 95 percent were subvital m double dose—n other
words they ncapacitated thewr carners percepubly but not to
the extent of bemng lethal or semilethal Between 4 and 14 per

cent of the ch caused complete stenlity of homo-
Zygous females and between 11 and 18 percent made homozy
gous males pletely stende A ¢ derable proportion of

the chromosomes made the homozygotes grow and develop more
dlowly than normal flies some of them as much as doubled the
hime required by the fly to develop from an egg to the adult
stage Still other ¢h d recessive that
changed the color of the fiys eyes or body the shape of the
wngs ete. We can predict that a fly which 1s free of deleterious
genes of all sorts—lethals viability modifiers stertlity factors
and the rest~will be found only rarely 1f ever
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Genetic Loads in Human Populations

Since experimental methods such as those used with Dro-
sophila are mapplicable to man, we are reduced to nference by
analogy and to evidence of an indirect nature

Assume, as before, that a gene mutates to a recessive lethal
state 1 one per million sex cells, and that 1ts equilibrium fre
quency 1n the gene pool 1s consequently 0001 Should man
have as many as 10,000 gene loc1 capable of giving nise to such
recessive lethals, there should be, on the average, about 10
lethals per sex cell or, mn the average mdividual, some 20 mutant
genes each of which 15 capable of killing when homozygous

This number may be an overestimate, because some—posst
bly most~lethals are not completely recessive but have a sightly
deleterious effect on heterozygous mdividuals Lethals therefore
do not accumulate 1 populations up to the frequencies &
pected 1f they were completely recessive, 1n studies with popu
lations of Drosophila, 1t 15 frequently found that lethals are only
half as frequent 1n the population as one would expect from
therr mutation rate If lethal genes in man behave sumdlarly,
there may still be as many as 5 lethals on the average per human
sex cell, or some 10 concealed recessive lethals per 1ndividual

Another approach to an estimate of the genetic load 1m
man utilizes the fact that the mcidence of genetic deaths caused
by mutation of 2 given gene 1s, at equilibrium, equal to the
mutation rate and 1s independent of the kind of harm caused
by the mutation If, then, the total mutation rate were known
(that 1s, the proportion of sex cells carrying newly arisent m;
tants of any gene), we should have a basts for estimating th¢
collective effect of these mutations on the populauon Esum:nci
have been made indicating that lethal mutations represent abou
one fifth of all mutations which can occur at a given gene lo:::
that 15, for every mutation to a lethal gene there are fourhmt .
tions to genes with mnor deleterious effects Admitting ¢ xmay

do not know the average mutation rate to lethal genes, ‘;):) oo
guess that 1t lies somewhere between 0 000,01 and 00

mul
‘Assuming that man has some 10,000 genes per gametc, and
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uplying the mutation rate to lethals by five to obtain a measure
of the total mutation rate, we may arme at the total effect of
mutation on human populations

Because of the many uncertainties imolved in these calen
lationts, the resulting estimates range from 5 1o 50 percent In
owher words between 5 and 50 percent of the fertilized egg cells
in man are “lost” through fasture to develop, spontaneous abor
ton, miscarniage, Neonatal and infant death, parual or complete
stenhity, and santous forms of 11t heatth L. § Penrose, an emi-
nent human geneticise, has esbmated that any ene generanon
of human bemgs arises from fewer than 50 percent of the indy
vidualy of the preceding generation The Genetics Commattee
of the National Academy of Scrences has estumated that about
2 percent of all children born 1n the United States suffer dis-
orders of genetic omgin Each of these estimates 1s compatible
with our ¢alculations, of ty, then, more relable data are
needed m this area,

Incompletely Recessive Defects

In the discussion above we have assumed that for the most
part deleterious mutant genes are completely recessive to thear
normal counterparts (alleles), so that heterozygous cammers of
these mutants are as fit and vagorous as the normal homozygotes
Houeter, as with many assumpuons, this one s not ahways
valid we must now wnquire how much violence our conclustons
would suffer 1f we gave 1t up Two possihihuies must be ex
amwmned First, that the defective mutant gene ncapacitates het
erorygotes as well as homozygotes, though the former less so
than the latter, second, that the defective gene makes hetero-
zjg0tes more vigorous than normal  hemozygotes which do
not earry the gene We will discuss only the first of these possi
bilities sm the present chapter

Suppose that a recessive Jethal mutant (that 15, one which
kitls al} homozygotes) has a shighe deleterious effect on the health
of heterozygous individuals Perhaps the chances of reachung
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adulthood are only 95 percent as great for heterozygotes as they
are for persons free of this lethal, or perhaps heterozygotes pro-
duce, on the average, only 95 percent as many children as horo-
zygous normals do In other words, the heterozygotes have a
5 percent disadvantage m survival, or in chuldbearing or reanng
or mn a combination of all these factors We may also use this
5 percent coefficient of reduction of the survival and reproduc
tave efficiency to calculate the effect of mutant genes which are
not lethal but produce various relatively minor incapacitses
(that 15, semilethal and subvital conditions) Thus a mutant
which lowers the fitness of homozygous mdividuals by 10 per
cent may be assumed to lower that of heterozygotes by 005 X
010 = 0005 (5 per 1,000, or 0 5 percent)

Considering each kind of defect separately, most recessive
defects and hereditary diseases are rare in human populations
although 1n the aggregate they are responsible for much misery
As ponted out above, rare Tecessive mutant genes are carrted
chiefly 1n heterozygous mndruduals Fyen if the harm done by
such genes to the heterozygote 15 small, 1t mill have an over
whelming effect on the equihbrium frequency of the genes i1
the population We have seen that a completelv recessive lethal
arsing once 1o every million gametes would reach an equilib-
num frequency of 1 per 1,000 1 the gene pocl—one thousand
tumes the mutation rate If, however, this lethal lowered the
survival or fertility of heterozygous mdraduals by 5 per cent t
would ac late until 1ts frequency were only 20 times the
mutation rate—I 1n 50 000 Simularly a gene with thesame mut2
tton rate which lowered the survival of homozygotes by 1 percet
(these homozygotes would be 99 percent * normal ) would rc;:‘b
an equilibrium frequency of 1 per 100 If, on the other hand ills
same gene Jowered the fitness of heterozygotes by 5 P"“"’I;bc
percent, or by 0 05 percent, the equilibrium frequency D;’ ton
only 1 per 500 The general equation that expresses the 1;6 aews-
ship between mutation and selection for an mcompletel "; ; on
swve gene at equilibrium 15 u = pghs, where # 15 the ":“ encs
rate, pand g are the frequencies of the normal and m;ﬁ[ fmd‘
respectively, & 15 the fraction of the mutant gene s:h, effect of

15 expressed 1n heterozygous mndividuals and s 15
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the mutant gene on homozygotes Since the mutant gene 13 rave,
p1svery nearly equal to | Thus ¢ can be shown to equal u/ks
{see Figure 18)

—
Prt~a/bs e /by
a e
or1vurns
a
qrrts o B

Fieure 13 An allustration of the equhibrium that
i3 established between mutation and selection in the
<case of an tncorapletely recessive gene First we note
that the shaded area 1s much larger than the small
square m the jower nght hand corner any appre-
w1able effect of the mutant gene on heterazygous inds
widuals will overshadow that on the rare bomorygotes
the tatter may be rgnored tn our calcufations Gene a
anses from 4 at a rate w 3t1s Jost from the population
at a rate which corresponds to ks (the disadvantage of
beterorygotes) X 2pq (the frequency of beteroryg
m the population) X 34 {snce the elumnanon of a
heterazygote removes onfy ! ¢ gene) Thus Aspg
equals u or wince p s very nearly 100 g equals u/fhs

The gene frequencies of wcompletely recessne defects
would therefore be lower at equiibrium than if they were
completely recessive In the balance sheet we hase been heeping
for the population, however, the adverse effect of these genes
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would be greater than calculated before In fact, the elfect of
a mutant gene which lowers the viabiity of heterozygous 1ndr
viduals 14 about twice as great as that of a completely recessive
gene The reason for the Jarger effect 1s that the harméul muta
tion will be relatively rare in the homozygous condition and
will, therefore, exert ats effect almost exclusively through hetero-
zygous individuals As we saw above, the equilibrium frequency,
g, for a gene which lowers the survival or reproductive ability
of heterozygotes equals u/hs The frequency of heterozygotes 1s,
of course 2pq Since ¢ 15 very small, p = (1—g) can be consid
ered 1 This Jeaves the frequency of heterozygotes as 2u/hs
The amount by which heterozygotes are affected equals hs, and
the product of 2u/hs times hs equals 2u

The brological meaming of these computatons 1s that an
mcompletely recessive mutant gene which adversely affects het
erozygous mdividuals Iowers the fitness of the population by
twice 1ts mutation rate We saw above (page 115) that the
number of genctic deaths produced by a completely vecessne
deleterious gene 15 equal to the mutation rate, and 1 nde
pendent of the degree of harm this gene produces This née
pendence of the number of genetc deaths from the degree of
harm produced obtans also for incompletely recessive mutants,
but here the genetic deaths are twice the mutation yate ‘There
appears to be no easy escape, mutavons will take their toll

How Much Time Is Required to Reach «
Genetic Equibbnum?

Mutation rates are not necessarily constant through hme
There 15 deed, a danger that mutatson rates may §¢ “P:
connection with the use or mususe of atoric energy N‘:“‘ aI:
ntensitaes of selection constant—-modern medicie, fo1 cx:sx ;”y
promises to dimunish the selection coefficzents of some Se““‘es at
condiioned defects We have discussed gene Frequency

Vi 2 arse
1l € v these equilibt
equ\hh um and we have seen how U g
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through the opposmg forces of mutation and selecuion the
wflux of gene mutations 1t 2 population and the siphoning
off of these mutations by differences~somensmes shight, some-
tunes marked—in survival and ferubity How long does 1t take
for an equilibrivm to become established? The answer to this
question depends on the nature of the gene under discussion
but in general st takes a long tume

Let us consider once more the example of a recessve lethal
that arsses by mutation once i every mithon gametes The equ
lbrium frequency of thus gene 15 0001 IE 1t were possible to
postpone selection until equilibnum had been establshed, 1t
would require 1000 generations or m man some 30 000 years
for the frequency of thus lethal to mncrease 1 2 population from
0 percent to 0 1 percent the equilthnium value Selection of
course does not wast and so there will be occassonat homozy
gous individuals formed long before the frequency of thus lethal
reaches 0 ¥ percent consequently it will take much longer than
30000 years to attamn thus frequency

Recessne genes with effecty less drastic than complete le
thality will take even longer to reach thewr final frequencies
We have seen that 1n these cases the equiibnium frequency 1s
equal to \/4/T The quanuty s (the rate of selecnion) s usually
greater than u the mutation rate Consider a mutant gene which
makes the homozygates 99 percent nommat and which anses
once i every million g Its equhbrium frequency will
be 001 It would take much longer than 10 000 generations or
300000 years for this frequency to be reached This 13 a nime
nterval comparable to the known span of the exstence of
mankind as a spectes since the firse manlike creatures appeared
on earth probably less than a mllson years ago

In the case of with &
deletenious effects, equilibria are reached sooner than sn the
case of recessives Nevertheless a mutant which 1s Jethal when
homozigous and which reduces the fitness of heterozygotes by
5 percent would take 20 generations or between 5 and 6 cen

tunes to reach about half of st final equhibrium frequency
A mutant which ™~ =~ sha firnoie af harmasrmntse ho T onarcans
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and that of heterozygotes by one twentieth of this amount would
sull be far below the equitbrinm frequency 1 2000 genera
aons, or 60,000 years

These calculations may seem to indicate that deleterious
mutants never reach thesr theoretical equiltbria sn human pop-
ulations However, 1t 15 umportant to keep m mnd that at no
time has mankind had a set of normal genes free from deletent
ous mutations Spectes—mcluding that of man—do not anse from
Adams and Eves, they anse from populations that 1n one way
or another have become separated from the rest of the species
Geographical 1solation 15 generally the miuial cause of this sep-
aration An 1sthmus sinks under the sea, for example, or
following a retreating glacier some members of a species go 10
one side of a mountain range, or of a desert, while the rest go
to the other side The arraf of genes present 10 these separated
populations serves as the foundation stock on which sull further
genetic changes occur Some of mans genetc charactenstics
may have arsen long ago mn our prehuman ancestors Indeed
the A B O blood types occur not only m man but in anthropoid
apes as well, there 1s every reason to think that they were present
m the common ancestors of men and apes, who Ined probably
several mullions of years ago

The problems of genetic equilibria and the ume required
for therr establishment become very real when we consider the
consequences of the genetic damage radiation may do fo human
populations Suppose for exanple, that the use of atomue energy
for power will become unnecessary within § or 10 gencrations
because of advances 1 the unhzation of solar energy The 11‘1‘
creased mutauion rates durmng these 5 to 10 generations Wi
certamly not suffice to bring every type of deletertous muul:’;
to new and higher equiibrium frequencies We must lef "
size, however, that whatever extra muctons will have :\c
(nduced 1n mankind will take therr tall through the "’”’“;an
process of selection This elimnation of mutant gt?t:h:c:u"h )
happen n 2 sugle generation, it will be strung ‘“’dmu m:’i 5
great many [uture generatons This matter will be
more detatl 1 the following chapter
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It 15 mmportant to distinguish between the genctic dimage
done per generation and the total damage done ta 1 population
Sunply because our generaton—or our children s generition—
may not suffer greatly does not mean that the total dimnge to
mankind will be slight We cannot disregard the damage that
will befall future generations even though our emotional m
volvement 1n these generations 1s shght We must remember
that no matter how long 1t may take to re establish a genctic
equiibrium the total damage done by a given number of

mutant genes 1s determined by that number and that number
alone






Genetic Effects of Radiation

on Populations

Surveying the Problem

We saw m Chapter 5 that exposure of lving bemngs to hugh-
encrgy tadiations makes mutations more frequent Swice most
mutations cause some damage to their carners ncreased muta

bion means ancreased damage In Chapter 6 we considered how
mutant genes accurmulate wn sexually reproducing populauons
and how natural selection removes mutants from such popula

tions We must now put these things together; we shall try to
arnve at 3 reasoned judgment concerning the probable extent
of the genetic raduation daraage to living populations, particn

Yatly to human populations

It 15 probable that man made radiations will he 2 perma

nent feature of the hurman environment from now on and that,
as 2 vegals, wmatation vates = man and 1w othex orgamemms will
henceforth be higher than they were mn the past On the other
hang, 1t 15 concevable that the use of atomic energy will be
merely a transient phase 1 the history of technology and that
substitution of solar energy for atomic energy will make wide-

i
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spread use of the latter unnecessary some 5 or 10 generatons
from now If so mutation rates will increase temporanly but
will eventually revert to themr present values A temporary 1n
crease 1 mutation rate could also result from a world war m
which atomic weapons were used on a large scale thus exposing
a large portion of humamty to abnormally 1ntense radiations
Wemust therefore attempt to deal with two kinds of questions
(1) the effect of permanently increased mutation rates on human
and other populations and (2) the length of tume requrred to
cleanse the gene pools of human populations of the additional
mutations produced by a temporary increase 1 mutation rates

Our problem 1s complicated by the fact that as we saw
1n Chapter 6 different kinds of mutations behave differently in
populations Completely recessive mutants which harm homo-
zygotes but have no effect at all on heterozygotes accumulate in
populations to much greater frequencies than do harmful mu
tants that are at least partly dommant and mjure heterozygous
mdividuals as well Different again 1s the behavior of mutants
that damage homozygotes but are actually favorable (heterotic)
1n heterozygous condition Mutants wath such ambivalent action
as we shall see later reach equilibrium levels that are deter
mined almost entirely by natural selection and are largely nde
pendent of the mutation rate

Then there 15 the time factor The equilibrium frequencies
which were discussed 1n the last chapter are attamed by harmful
mutants only after an mfintte number of generations during
which the mutation rates and selection coeffictents must Temaift
constant In reality no biological variable remamns constant
forever We shall be more realistic 1f we estumate the magnitude
of the genetic load 1 a population after a hmited number 0;
generations For this purpose we can use 10 100 and flo}oxc
generations as convenient milestones 1 the history of t

population .

tion
when 1n the United States the thirteen originai Lo v
already established but most of the land west of the Appalachiant

In
Mountains was still controlled by the native Indian tribes.
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Europe, various absolute monarchs rergned and amused them-
selves with their favorites and courtiers One hundred genera-
vons {2 500 years) ago the Old Testament already governed the
Iives of a small trabe whabiung the hills of Judea Although
the Pyramids were hoary with age, the classical period had not
yet dawned in Greece One thousand generations (25,000 years)
ago the human species, Homo sapiens, was already in existence,
busily shaping stone tools and producing an occasional panter
of genus whose eave wall drawings we still admare

Let us try to project these time wntervals o the future
Events of 10 generations ago are capable of producing strong
emational reactions {witness the requirement for jomng the
Daughters of the American Revolution), we may be sertously
concerned about the state of affairs 10 generations hence. The
actions of people 100 generations age we sull evaluate as ad
mirable or teprehensnible Bur we can scarcely hold men of
1,000 generatsons ago responsible for their deeds, even though
these may possibly have affected us Perhaps men laving 25,000
years hence will view us as tolerantly—a primitive people not
wholly responsible for deeds c d m ignorance, but a
people who on occaston produced 2 masterprece of thought or
action

As far as geneuc damage 3s concerned, smankind 13, m the
fong run, a sigle populanion The mutants induced wn the sur
vivors of Hiroshima and Nagasaha will not be confined to future
populations of these cines Because of the mobility of people,
some of these have undoubtedly diffused through
Japan and, since there will abways be some mugration from
country to country, may find thewr way to populations of all
parts of the world No nation should contemplate with equa
numuty the possibility of an atomic war, even if that particular
nation were sane enough not to paruczpate Nor should anyone
feel satisfied provaded only he 13 protected from radsaton ex-
posure Although some peaple, such as radologists and those
wits andle radioactive matenals, are professionaffy meurning
greater radistion exposures than others, mutatsons nduced sn
them will enter the common gene pool of the entire populauon,
The only fair measure of the extent of genetie radiatson damage
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1s given by the mean radiation exposure—first of the people of
a given country, and then of mankind The future of one mans
genes 15, ultimately, dependent on that of everyone else’s

Radiation-induced Recessive Mutants
at Equitbrium

Consider a Mendehan population which, from a certam
time on, 15 exposed to man made high energy radiations Before
that time, when the population was exposed only to ‘ back
ground radiations, 1ts genes were mutating “‘spontaneously
at a certain average rate, for which we have used the symbol 4
(see Chapter 6) The additional increment of mutation, the
magnitude of which will of course depend on the amount of
addinional radiation exposure, may be designated as v’ The
total mutation rate 1n the population i question will then be
the sum of u and u’, this sum we shall writeas U.

In homozygous condition, Tecessive mutant genes are likely
to produce hereditary diseases, malformations or constitutional
weaknesses Suppose that 2 mutant lowers the fitness of 1ts car
riers by a fraction s As shown 1n Chapter 6 this mutant will
accumulate 1n the population to an equilibrium frequency
value of g = 1/%/5 This equlibrium will be reached when the
mutation rate, %, equals the rate of elymnation ( genetc death 2
of the mutant genes The eltmination rate will, then, be 5¢
(the selection coeffictent, s, multsplied by the square of the ﬁ;—
quency of the mutant gene 1 the gene pool, ¢?) The icrease
mutatson rate, U, will raise the equilibrium level, this nc\;’
equilibrium level 35 easily estimated as VU75 The total mci;
genenc death (U/s X s) will now be U mstead of #, the lu:
creased genetic damage produced by the ncreased mutatton nnt
will evidently be U — u = , the radiation nduced mereme
of mutation

All this may still seem too abstract. To 1

tude of the genetic damage which exposure:
induce, we shall give an example using nume

Iustrate the magn!
s to radiation WY
rcal values ob
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tamed from studies of Drosophila We do not mmply that these
values are 1dentrcal with those for man, but they can serve to
1llustrate the method used 1n estmating the magnitude of radt
atron mduced genettc damage which exposures to radiation may
produce In man, the genetic damage would, 1f anything, be
greater than in Drosophila

Experiments have shown that in Drosophila not treated
with any mutation mducing radrations, about 5 sex cells out of
every 1,000 contain a newly arisen recessive lethal mutation 1n
a certam chromosome (the so-called second chromosome) The
spontaneous mutation rate for this particular chromosome 1s,
thus 0005, or 5 % 10—% The mutation rate m the progeny of
flies treated with 1,000 r of x rays 1s almost ten times as large
Hence, about 5 chromosomes per 100 will carry a newly anisen
lethal the mutation rate per chromosome will be 005, or
5x10-2

From other expenments (see Chapter 5) 1t has been est
mated that the second chromosome of Drosophila contans,
Toughly, 500 genes (loci) capable of yielding recessive lethal or
other deleterions mutants Drosophila also has another chromo-
some (the third), which contains about as many genes as the
second The two chromosomes together have, then, about 1,000
genes capable of mutation Using these figures, we can estumate
the average mutation rate per gene The spontaneous mutation
rate per gene 1s evidently ¥ = 0005 — 500 = 0000,01, or
1 X 10-%, the rate after admimstration of 1,000 T of X rays 1s
U=005—500=00001,0r1 X 10—* Since the frequency of
tnduced mutations 1s proportional to the amount of radation
applied, 1t follows that the mcrement of mutation per gene per
11 of radiation () 1s about 0 000,1 — 1,000 = 0000 000,1, or
1x 10-%

It 23 1nteresting to note that this figure hes in the midrange
of several estimates made by Russell and his collaborators for
the average mutability of the 7 genes 1n muce (see Chapter 5,
Ppage 86) The values obtaned by these workers for ‘chromic”
radiation were 2 X 10~7 and 3 X 10~* mutations per gene per
1 1 for males and females respectively, for “acute” radiation they
obtained values of 4 X 10~8and 5 X 102 for females and males
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respectively The reader will see that we are not heing com
pletely ‘unreafistic™ sn choosing fru flies as the starung point
of our argument!

Let us now 12¢ the for Drosophata n the
following tabulation

Mutation rate, spontaneous, second chromosome

0005, 0r5 X 10~
Mutation rate, 1,000 ¢ of radsation, second chromosome

0050, 0r 5 X 10-%
Number of genes second chromosome 508,015 X 1?
Spontaneous mutaton rate, u, pergene 000001, 0r1 X 10~
Induced mutauon rate, 17, pergene, perir

6000,000,1, or 1 X 10~

Genes m the second and third chromosomes 1,000, 0r 1 X 10®

Here we ave forced to make a step 10 our calculavions which
malves the greatest sk of error For reasons discussed
Chapter 5, most genetsc studies have been made with mutanons
yielding recessive lethal genes But we suspect that Jethal mu
tants—that 15, absolutely fatal herediary diseases—represent a
famanty of all mutations Smce the over all fraction of 2 popy
lauon which 1s lost through death and mcapacitation cawsed h{
mutaton 1s equal to the mutation rate and 15 mdependent of
the degree of harm to affirceed sndividuals (see Chapter 8), 1t
hecomes necessary to esttmate what fraction of all mutations 1
lethal and whay fraction produces less pronounced damage
Several genettaists have estimated that the lethal fraction 1\18
ahaut one fifth, and for want of 2 more reluable figute we shal
use this estimate We shall also ignore the fact that Dmsoyh:;
has another large chromosame 1 addinon to the sccoﬂdi 2
thurd, this chromosome 15 insohved 1n the dctcrrmnanor;:‘ ?:i
and its behavior in populations 1s a seprate story, which
not concern us here

We have seen that the spontaneous mutagon sate P';:d(':
ng lethals i Drosophila 1s u == 0000 01 per gﬂ‘\)c i;:\"gowz
non For 1,000 genes thrs means that abont § 000 01 g en

001, or about 1 percent of the sex cells, carry 2 ‘(‘;‘ngc of alt
sporttancous lethal m each generation The ey pracrauot.
mutatons i, then, 0 01 X § = 0 05, or b percenm pix
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This means that at equiltbrium about 5 percent of the mdr
viduals 1 each generation will be subject to genetic death
owimng to SPOH[BHCOUS mutanon

By how much will the rate of genetic death be mncreased 1f
a population 18 wradiated? The Geneucs Commuttee of the
Natsonal Academy of Scienices has recommended that the mean
exposure of sndividuals i human populations should not he
allowed 10 exceed 10 1 before the age of 30 years (the age cor
responding to sbout the middle of the childbearing period in the
population of the United States) In Drosophila the lethal muta
tion rate per gene per single roentgen 1s as we have seen above
00000001 This we should multiply by 10 {the number of
roentgens to which the population may concenably be exposed)
and also by 1000 (the mumber of genes) and by 5 (to take
o account the deletersous mutants that are not fully lethal)
The result 15 0005 or 05 percent In other words at equ
bibrium the rate of el ron of harminl (the fre
quency of genetic death) i a population continuously exposed
0 10 r of man made radiation would be 55 percent nstead of
50 percent Is this increase large enough to worry about? A
1D percent mcrease m the frequency of hereditary 1lls m the
suffersng of the famahes wnolved and i the financial burden
imposed not only on those families but on the population as a
whole 15 certamnly something to consider serously

Radiwation nduced Hecessive Mutants
on the Way 1o Equihbnium

‘The calculations aboy e tell us what happens to a populaton
exposed to radiation for an finite number of generations or
at least for a number large enough to permut all kinds of mu
tants to approach therr equilibrium levels We must also con
stder the more immediate generation by generation aspect of
the problem

Let us assume that a population 15 from 2 certain tme on
exposed to a certasn amount of man made radation 1n every
feneravson Let us also assume that this populauon had reached
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an equiltbrium state for spontaneous mutations before the ex
posure to radiation began We may, then, hmut ourselies to
consideration of the effects of radiation wmduced mutants, which
are added to the ansing spe ly Without rzdh
ation, a mutant arising spontaneously at 2 rate u per genera
tion will reach an equilibrium frequency m the gene pool of
g = \/u/3 (see page 112} The additional mutations mduced
by the radiation arse at a rate u’ per generation After 1,2 3,

. n generations of rradiation, there will be 1w, 2!, 34,
nu’ mduced mutants added to the gene pool If # 1 small the
frequency of the mutant gene mn the gene pool in the n® gen
eration will be approximately g, = g + nu, or g = Vi/s +
nu’ The frequency of mdividuals homozygous for this mutant
gene n the population will, consequently, be g2 = (Vils +
nwP = u/s + Znw \/uls + (nw')? Since the quantity (7 f
wll generally be small enough to be neglected, the increase 1
the proportion of homozygous ndividuals ascribable to the
radiation exposure may be adequately estrmated as g2 — §* =
2nw \/u/s

How great an effect will this increased frequency of mutant
homozygotes have on the welfare of the population? How many
genetic deaths wilf 1t cause? Thas effect 15 measured as the prod
uct of the radiation mduced 1ncrement of homozygous Mutants
times the degree to which these mutants are incapacitated by
genetically conditioned 111 health—(2nw’ \/i75)s = 2n’ Vi
Thus formula 1s worth examuning in detail, since 1t discloses

some mportant facts First of all, notsce that the formula c(;?
tains the value s, the selection coeffictent This means that i!tc:
damage done by the addional radiation mduced mutanlts’a“m
a specified number of generations but before a new equilt 1"1“C
has been reached 15 not independent of the degree of har:\md“i
produce The more drastic mutants—lethal or sm\(e(;hzldl:[ ey
tary diseases~will cause greater harm than will mlder e
ances Notice also that the formula contams the vazut u:’nll)’
spontaneous mutation rate This means that the mor[c ‘T;“lc :
the mutatton arises spontaneously, the more harmiu e for
ationinduced 1ncrement of mutation will be The 1& g 40

thys 15 that most homozygous mutant ndviduals cafl\;‘i g

duced mutant gene will have a mutant of spontanco!
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as the other member of therr homozygous pair (Homozygous
mdividuals carrying 2 induced mutant genes will have the fre-
quency (nu’)?, which we have neglected as insigmificant )

Now let us try to translate this algebra into figures whose
meantng 1s easter to visualize Consider recessive mutants which
are lethal when homozygous, and which consequently have a
selection coeffictent s == 1 0 As before, assume that the organism
has 1,000 genes capable of producing such lethal mutants, that
the spontaneous mutation rate per gene 1s u = 0 000,01, and
that the mduced mutation rate per gene per roentgen of radi
auen 15 »’ = 0000,000,1 Suppose that, beginning at a certain
time, the population 15 exposed to 10 r of radiation per genera
tion, so that the value »’ equals 0 000,001 How many additional
genetic deaths (lethal homozygotes) will occur n this population
10, 100 and 1,000 generations after the begtnning of 1rradration
(n=10 100 and 1,000)? We may now substitute these values 1n
the formula 2 nw’ \/us given above The results are as follows:

10 generations 0 000 06
100 generauons 0 000 6
1,000 generations 0 006

The esumate for 1,000 generations 1s obviously not valid,
1t seems higher than would be expected when the new equilib-
rum value (0 001) 1s reached In making our approximations
we have neglected the slow but steady elimmation of the newly
mnduced lethals from the population Our formula 15 not good
enough to calculate the effects of additional radiation mnduced
lethals for 1,000 generations of continuous 1radiation But the
estimates for 10 and for 100 generations are reasonably accurate
Alter 10 generations the frequency of genetic deaths 1ncreases
by 0006 percent, after 100 generations by 0 06 percent, at equs
Lbrium 1t should be increased by 0 I percent. In other words,
after 100 generauions of continuous 1rradiation more than half
of the final equlibrium frequency will have been attamed
Remember, though, that there will be some additional genetic
deaths from the very start, one cannot decrease the proportion
of homozygous individuals by tncreasing the frequency a given
type of mutant gene

As stated above, only about one fifth of all mutations act
complete lethals About four fifths range from semilethal
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only shightly deleterrous or nearly neutral condtions Unfortu
nately, there 1 no reliable method of estimating how the total
genetc damage gradually mncreases after varous numbers of
generations of wradiation The difficulty 1s that we have no
estimates, even for Drosophifa, of just what arrays of the selece
tion coefficient (s) and of the mutation rates {1 and w') we are
faced with 1n attempung to encompass all kinds of mutations
that may arise
We shall, accordingly, confine ourselves to consideration of
a single example Suppose that an organism has 1,000 different
genes (locx), with an average mutation rate per gene per genera
tion four times as large as we have assumed above for lethal
mutants (that 15, # = 0 000,04 and u’ = 0 000 000,4 per roentgen
of radiation, nstead of the 0 000,01 and 0 000,000,1 respectively
estimated for lethals) Suppose, further, that the mutations Jower
the fitness of homorygous individuals by 10 percent {that ss the
selection coefficient 15 § = 01) We can now use the formult
2nu’ \/us for the mncrease of genetic damage The computation
gives the following figures
10 generations 0 000,16
100 generations (001,60
1,000 generations 001600
The mncrease m the expected frequency of ruutant homo-
zygotes at equilibrium will be about 0004 We see, then, that
about 100 generatons of continuous uTadiation must clapse
before a sizable fraction of the wmcreased damage CXP‘““’::
equilibrium 15 realized Qnce more our formula proves to .
wo crude for the 1,000 generation nterval, our Cﬂk““‘""ns
would indicate  greater amount of harm after 1,000 g";m!:‘;’l‘;
than at equihibrium This, of course, cannot be so, the fau!
m neglecting the term (')

Radiation-induced Mutents That
Harm Heterozygoles
tes
Some geneticists question whether‘ muw;: hl:;:fzfi‘z -,
ate ever cornpletely sdentical with the “norm (that s,
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mutant) homozygotes This 15 perhaps one of the most impor-
tant unsolved problems of modern populatton geneucs, and 1t
happens to be cutical for an estmation of the genette radiation
damage As shown in Chapter 6, if 2 mutant gene mcapacitates
heterozygotes even shghily, 1ts equshbrium frequency m the
population 25 much Jower than it would be if the mutant were
completely recessive Nevertheless the genetic damage produced
by ncompletely recessive genes 1s twice as great as that resulting
from complete recessives with hke mutation rates Consersely,
+f the heterozygous carriers of a mutant gene are more fit than
the noncarrrers (a possibility to be discussed 1 Chapter 8), the
fitness of the population as a2 whole may he augmented even
though the homorygous condition results m meapacitation or
even death What proportion of the mutants anising mn man
and 1n other organisms decreases, mereases, oF leaves unchanged
the fitness of heterozygotes can be deternuned only by future
research Such research 1s urgently needed

Let us eonsider first how mutants that myure heterozygons
carsiers behave m unirradiated and m uradiated populations
As before, let 1 and w stand for the spontaneous and the 1n
duced mutatson rates, U for the sum of the two, s for the loss
of ftness in mutant homozygotes and ks for the damage n
mutant heterozygotes As shown sn Chapter 6 the equuhibrsum
frequency of the mutant gene m the gene pool of 2 nonirrady
ated population will be approxmmately g = u/hs {or most bkely
values of & and s, and the genetic damage caused by this gene
will be approxumately 2u Irsadiation adds u” mutations in each
generation The equihibnium frequency of the mutant gene will,
then be U/hs, and the genetic damage 2U 1t 35 possible that
some of the mutations that anse are completely recessne and
others mcompletely so The total genetie damage to the popu
Jation caused by spontaneous and mduced mutations when all
the mutants have reached their eqmlibnium frequencies will
then lie somewhere between U and 2U In our present state of
sgnorance this is as Tnuch as we can say about the situauon

We must howeser, ash how rapdly the new genetic equnt
hibria for sncompletely recessne imjunious mutants will be
reached 1n srradiated populations, and how great the genetic
damage 1 tikely to be on a generation by generayon hans A
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before, suppose that the orgamsm has 1,000 genes (locz) which
mutate spontaneously at a rate ¥ == 000001 to a condition
which 15 lethal to homozggates We have seen above (see page
132) that, if the mutants are completely recessive, the total
genetic damage to the population will be 1,000 = 001, or
I percent We have likewsse seen that 1f the mutant also injures
heterozygous carriers, the genetic damage produced at equilib-
nium will be about twice as great, 2 X 1,000u = 002, or 2 per
cent This doubling of the amount of damage apphes for all
practical purposes whether the harm to individual heterozygotes
1§ great or small

Now, without trying to follow the algebra needed to make
the calculations, let us consider two numenical examples that
will help to visualize the rmportant features of the situation
Suppose that the mutant genes which are lethal to homozygotes
reduce the fitness of heterozygotes by 5 percent or by 2 percent—
that 15, that the value k 15 0 05 or 002 At the time irraduation
commences, spontaneous mutation has already reduced the the
oretrcally possible optimal fitness by about 2 percent Assume
as on page 133, that the population 1s exposed to 10 ¢ of rady
aton per generation, the value which, according to the Genetics
Commuttee of the National Academy of Sciences, should not be
exceeded m human populations The mcrement of radiation
induced damage afflicting any one generation, added to the 2
percent (002) damage resultng from spontancous mutation
will be as follows

Generations h=005 h=002
5 000046 000020

10 0000,80 0000 ag

25 0001,44 0000 85

50 000182 ggg; 54

100 0001,98 e

Infinity 000200

ccof

What this tabulation shows 1 that the greater th!ccd:g:I i

inyury to heterozygous carriers, the mote mplxdly : :u mt}] o
twum frequences for ncompletely Tecessive deleter
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ate attawned 1 wrradiated populations Accordingly, the genetic
damage from such incompletely recessive mutants will be felt
sooner 1 the heterozygotes are appreaiably incapacitated than
itheyare not To visualize the situation even more easily, con
ader domumant lethal mutants (s =1, h = 1) Since such mu
tants kill every individual who carries them, all such lethals are
eiminated from the population in the same generation m which
they appear, and the equilibrium 15 accordingly, reached in a
sngle generanon By contrast, equilibna for completely reces
semutants are reached very slowly (see page 135).

Recessive Mutants Produced by Temporary
Radiation Exposures

In the foregomng pages we have considered the radiation
4ge resulting when every generation of a Mendehan popu
o 15 beginning at a certain time, exposed to a certain
amount of mutagemc radiation We have tried to esimate the
amount of the genetic damage caused per generation under
Vanous specified conditions 1t 15 pointless to attempt to sum
up the total damage produced through all generations  given
whinite time and an mfinite number of generautons the total
damage will also be ifinite Now we shall face a different prob
fem—the damage caused 1n a population exposed to radiapion
for a imted ume only Here we wish to find out not only how
Much damage wall sesult 1n any one generation but also what
the tota] damage caused 1n successtve generations will be This
pe of problem 15 particularly mmportant m evaluating the
genetic damage that would be produced by such a conungency
¥ 2 nudlear war We concern aurselves with the summation of
damage through successive generations because we helieve that
2petson s morally obliged to consider haw his actions will affect

;‘h:‘ human bemgs even those whom he will never meet 1n the
es!

dam;
laty

£ 1t a population 1 exposed to radiation for a small numher
Ol generations only, the number of recessive deletertous mitants

rv—
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mtroduced 1nto the gene pool 15 easy to calculate It 15 very
nearly equal to the number of generations during which the
radiation 1s applied, times the frequency with which mutations
are mnduced in each generation (nu’) Here we may use once
more the figures given on page 132 If a population 15 exposed
for 10 generauons to 10 r of man made radiation, there will be
induced 10 X 10 X 10-7, or 10—* new recessive lethal mutants
per gene Smce the population contains some sumilar (allelic)
lethal mutants that have arisen spontaneously, a few radiatton
mnduced lethals may be eliminated immediately if they happen
to form homozygous individuals However, the fraction of new
lethals ehmimated within a short span of tume will be very small
the bulk of them will be lodged in the gene pool of the popu
lation when the wradiation 15 terminated (Remember that 107
of radiatian applied over a pertod of 10 generations will pro-
duce the same number of mutants as 100 r applied to a single
generation )

How can we measure the total damage caused by the dele
terious genes 1nduced by the 1rradiation? The task happens to
be less formuidable than 1t may seem Constder a population i1
which lethal mutants of each gene locus have reached their
equilibrium frequency The recessive lethal mutants ofa g"ﬂ;
gene a, will have, then, a certamn frequency, ¢, and the norma
genes, 4, will have the frequency p, where p =1 —¢ Letus
assume that radiation has induced an additional mcrement &
of the lethal genes a, so that the total frequency of a 1 the gtr:
pool 15 ¢ + ¢ (and the frequency of 4 will make up the T
mainder~that 15, 1 — ¢ ~ i) The individuals bon 1 this p;gl‘
ulation will be of three kinds homozygotes for the mnmnd
gene A4, heterozygotes for the lethal and the nonlethal Aa':xzd
homozygotes for the lethal, aa These last will be elmun
from the population by death

The l;ei)les carneg m the mdividuals who are ehmmalfzi
must be considered further The individuals homol)'gwso
the lethal g are agam of three kinds those QITying “n‘; dhose
lethals those nheriting an old and a new lethal 3n ! ihe
homozygous for two ‘new’ lethals The Cﬁﬂ;}”iﬁ; diagrm

population can, then, be represented by che folloy
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Ficure 14 The elmination of newly induced re
cessive mutant genes from a population Before rradi
ation the population coutained normal genes (4) and

old recessive mutants (a,) Following a period of
radiation the supply of ¢ mutants 1s increased by the
addition of some newly induced ones (a;) If the effect
of these mutants both 2, and a,, 1s completely reces-
sive g, genes will be elimnated only through the
reduced viability or reproductive capacity of a,a, and
68, mdividuals Since the frequency of e, will ordi
nanly be many times that of a, after a limited expo-
sure of the population to radiation the really impor
tant means of elimination will be by way of a2,
1ndividuals (shaded 1n diagram) ., mdivduals will
be extremely rare and may be 1gnored for purposes of
calculation This situation 1s analyzed 1 detail 1n the
text

(Pigure 14) The old lethals are those denoted as g, and the
tnduced or new ones as &

In general the fraction ¢ will be small compared with g,
therefore most of the newly mduced lethals ehimmated from
the population will be those ehminated n assoctation with

old lethals Elymnation of newly induced lethals by way of

Voo
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aa; mdividuals 15 S0 Tare that 1t can be negiected. However,
some @, lethals will be Jost because of the presence of a; there
fore, we will simply replace these old genes qut of our stock of
new ones We do this by saying that there ave 2¢: new lethals
lost 1n each generation, half of these are actually lost ma the
lethal homozygotes while the other half are * lost” becanse we
arbitrarily call g1 new lethals 'old’ to mamtawn the proper
frequency of the Jatter

If the frequency of mduced lethals per gene locus at the
termination of the 1rradiation 1 4, their frequency in the next
generation as ¢ — 2g1 or 1(1 — 2¢) In the following generation
the frequency of (1 — 24) 1s reduced to [1(I ~ 2g)} ~ 2g[1(} ~
2¢)] Thas 15 equuvalent to (1 — 2g)(1 — 2g). or 1(} — 2] In
succeeding generations the frequency of these lethals becomes
(1290 (1 —~ 204 ol — 29}

In each generation, the frequency of mdwiduals who are

1 d from the population because they are homozygous

for the lethal g equals 24 times the remaning frequency of the
lethal, thus

Generation 1 2 3 n

Lethal frequency ¢ (1 —29) o} — 29 x(1—2q)::j
Indwiduals lost 29t 2gi(l —2¢) 2gs{(1—29)2 Zgs(1 - 2q)

The total frequency of mndividuals Jost from the populanon 1o
the course of eliminating the induced Jethals is equal to
21+ (1 -2+ (1 297+

Snce 1 — 2g 15 less than one, the sertes w tthin the brackets
has a finite sum, even though the number of terms 1 mﬁmtcf
This sum 15 1/29 Therefore, the sum of the frcquencxesmr:x
eliminated mndis iduals 1s 21 X 1/2g, or ssmply s Assuming o
the population remamns fairly constant s size, the numberml
wndwiduals ehminated m alf future gencrations will be ;q(hc
to the fraction 2 trmes the number of indwiduals of 1~hu:er the
population 1s composed 1 a given generation 'I‘Pxelh gm:l:;oture
average number of people the world, the greater the e
number of vicims of the short term radiation expo;urcf o
their number relaue to the total population will, of
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gradually decrease as the elimnation of the induced mutants
progresses

What, however, will be the average rate of genetic death
per generation? If we limit ourselves to considering a relatively
small number of generations, n, we shall obtamn a farly good
estimate by dividing the sum of the first n terms of the series
above by n Ths sum 1s 2q: [1 — (1 — 24)*]/2¢, and the fre-
quency of individuals eliminated per generation s accordingly
t/n [l — (1 — 2g)], or very nearly 2g: {1 — gn) Since g s gen
erally a small number (we have used the value 0 003 m previous
examples}, the frequency of ehmmaton remans very close to
2g1 for many generations

As before, we shall attempt to convey an 1dea of what these
formulas mean 1n practice by considering a2 numerical example
Assume that the average individual 1n a populauon s exposed
t0 10 r of radration per generation for 10 consecutive genera-
tions, whereupon the exposure 15 stopped (this may occur, for
Instanice, if a safe substitute for atomic energy 15 eventuaily dis-
covered) Dunng the 10 generations, 10—% recessive lethal mu-
tants will be induced 1n every gene capable of such mutation
(sce page 140) These induced lethals will eventually be ehm
inated by the death of their h carriers A g that
the world population of the human species 15 stabilized at 3
billon persons (3 X 10°), this would mean 30,000 geneuc deaths
caused by mutants at each gene locus, or 30 mlhon deaths for
1,000 genes

Lest 30 million deaths seem fantastic, remember that they
will occur over a time interval nfinitely long—hterally time
Without end More to the point 15 how many geneuc deaths will
be taking place per generation within some foresecable future,
2y 20 generations To amve at this number we may use the
formula 241(1 — gn) given above If the spontaneous mutanon
Tate 15 close to 0000 010, the value ¢ will be roughly 0003 (the
Square root of 0 000 010) With ¢+ == 10—% and n = 20, the result
# close to 00G0,000 66 For 1,000 genes this becomes 0 G660 66
Assuming again that mankind 1s stabilized at some 3 billion
persons this would mean some 180,000 genetic deaths per gen
€ration, or about 6,000 deaths annually for the 600 or so years

Praasy ~
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following the cessation of exposure And this would lease about
90 percent of the induced mutants still to be eliminated!

Nor 1s ths all. We have seen above, n discussing the effects
of continuous radiatton exposure, that mutants which are dele
terious but not lethal to homozygotes are about four ttmes more
frequent than the completely lethal mutants, and that they cause,
in the aggregate, a greater number of genetic deaths because
they, too, will have to be eliminated eventually For deleterious
nonlethal mutants, the total number of eliminations, over 1n
finite time, 15, analogously with the formula on page 142, equal
to

2sq1 {1 + (1 — 2sq) + (1 — 2sq)> ], orsumplys

For a small number of generations, the average frequency
of genetic deaths per generation will be approximately 2sqi(1 —
nsq), where s 1s, as usual, the selection coefficient and n 1s the
number of generations A comphication arses because, as pomted
out above, we do not Anow the distribution of the values of §
nor the rate of mutation for different mutants Other thungs
being equal, the smaller the value of s (that 1, the more nearly
normal the mdividuals who are homozygous for the mutation),
the smaller the average effect this gene has on the fitness of the
population mn any one generation Unfortunately, the mutation
rate of these genes 1s hugher than that of lethals We may assume,
for example, that there are 1 000 genes, each of which mutates
to deleterions alleles for which s equals 0 10 at a rate of 0000 04
per locus Using these assumptions, 1t 1s possible to calculate the
average effect of these mutations on the population over 3
pertod of 20 generations following the cessation of radx:i;g/n‘
In this case ¢, the onginal equihibrium frequency, equals Vu/s
or 002 The frequency, ¢, of mutations nduced during Iﬂlgifll
erations of exposure to 10 r per generition would be 4 X e
Consequently, the average effect of z{:ese mutations on

opulation over 20 generattons would be
P %xomxoozi«;x lo—ﬂx[l—(20><010><°1‘;'-'>]'

or 0000,000,15 For 1,000 genes this amounts to 0000, "
ons there wou

In a world population of three billion pers Dnated 10

be $000,000000 X 0000,15 = 450,000 pcrsbrm ; ‘1:: ]
every generation because they are homozygous 1or
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recesstve defects induced by radiation The value 0 10 which we
have assumed for s means that the 450 000 persons ehimimated

account for only 10 percent of all persons threatened with
apacttauon  there would be 4500 000 of the latter i each
generaton Using 30 years as the length of a generavon we
can see that each year some 150 000 persons m the world would
be carriers of newly mnduced deleterious mutations permutting
them to survive or reproduce only 90 percent as well as their
normal fellow men hence m effect 15000 persons would be

ebmnated annually because of these mutant genes

Semidominant Mutants Produced by
Temporary Radiation Exposures

As stated above there 1s a school of thought 1n biology
which demes the existence of completely recessive genes It
believes instead that most mutant genes are really semidomnant
the effects of 2 mutant bemng generally sumar m homozygotes
and heterozygotes although much stronger m the former than
n the Jatter According to this view every mutant which causes
a heredutary disease when h gous must produce some frail
health 1n heterozygotes Future work may support refute or
quahfy this extreme pomnt of view nevertheless we should con
stder tts beaning on the problem of the genetic radiation damage
to populations

The task 15 to estumate the consequences of the temporary
exposure of a population to mutagenuc radiatrons We shall pro-
ceed 1n a manner very simtlar to that employed above for com
pletely recessive mutants The diagram 1n Figure 15 15 analogous
to that 1 Figure 14 and contains 1dentical symbols (4 repre
senting the normal and a the mutant gene alleles 4, and ac the
mutants produced spontaneously and those nduced by radi
aton) The shaded part of the diagram mdicates the hetero-
zygotes which carry one normal (d4) and one radiation
induced mutant {¢) gene If such heterozygotes are less fit than
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Attempts to Detect Genetic Radiation
Damage in Man

The foregoing pages of the present chapter may have struck
the reader as too theoretical We have operated with formulas
that may be valid enough 1n theory, but 1n attempting to 1llus
trate therr meaning by examples we were forced to use numer
cal values derived largely from genetic experiments on Dro-
sophila Even then we had 1o confess that these values are at best
rough approximations In a way, this situation 15 not quite so
bad as 1t may seem The basic genetic processes operating m
Mendelan populations obey the same rules 1n all biological
spectes reproducing sexually and avoiding marriage of close
relatives If a deleterious recessive mutant arises at a rate t per
generation, 1ts equlibrium frequency will be \/u/s m large
populauons of flies mice, men, or elephants But we have no
right to assume without sufficent evidence that the values of 1
and s and the mardence of recessive, semidominant, and heter
otic mutants are the same 1 Drosophila as m man To under
stand the genetics of human populattons, research on Drosophtla
and on man 15 equally important and mdispensable for the
results of such research are complementary and mutually en
lightemng

Attempts have been made to detect genetic radiation dam
age 1n human populations By far the most extensive, careful,
and costly work of this sort has been caried out under the
Jeadership of ] V Neel and W ] Schull on the survivors of the
atomic blast at Hiroshima and Nagasaki In all, the newbomn
children of some 20,000 women and 14 000 men who were suf
ficently close to the blasts to receve anywhere from 8102007
of radntion were exammed Among 33181 pﬂl’lurl:lons ;;’l
which at least one parent was 1rradiated, there were 516 S;l_
born mfants The mvestigators also studied 2 control s:m{’;c
381,559 parturitions n which neither parent was known (‘)‘; slull
sulfered srradiation In this control sample there were 4 -
births The frequency of stillbrrths i families of imadhated p3
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ents was, accordingly, 164 percent, which 15 ostensibly higher
than the frequency 1 29 percent in the control sample

It 1s tempting to ascribe this mcrease 1n the frequency of
strllbrrths to radiztion induced domrnant or sermdominant dele-
terous mutants Other explanations are not, however, entirely
ruled out not all stillbirths are caused by genes, and the small
excess of ther frequency among the infants of irradsated parents
may be due largely to statistrcal errors of sampling or other,
undetected causes Neel and Schull also record 300 infants born
with congemital malformations of vanous hinds among 33 527
Ive burths to parents of whom at least one was srradiated The
torresponding figure for the control sertes 1s 294 infants with
malformations among 31,904 births There 1s no indication that
malformations are more frequent 1n the 1rradiated serzes

S H Machtand P § Lawrence, and also ] F Crow, have
utithzed another source of data They sent questionnaires to
about 6000 Amertcan radiologists and also to those physicians
who are not constantly working with x rays or other radiations
durng the performance of their professional duties The radiolo-
guts are undoubtedly exposed to many small doses of radiaton,
although 1t 15 not possible to determne just how many roentgens
they accumulate during their fetime A total of 766 abortions
and stillbirths and 328 congemital malformations among mfants
born alive, were recorded among 5461 births i families 1n
which the father was a radiologist In the control series there
were 548 abortions and stillbirths and 216 malformed infants
among 4 484 births Critical examination of these Tesults shows
that there 15 an ostensible but statistically not significant, in-
crease 1 the ncidence of abortions and stiltbirths, bug an ap-
parently significant ncrease 1n congenital malformations in the
offspring of radiologsts

What conclusions can be drawn from these datay They
would surely be inadequate to prove that radiation produces
mutations 1f we did not possess overwhelming esidence of thus
from experiments on organisms other than man But t 1s noth
ing short of ridiculous to aTguE, as some people have attempted
to do, that radsation may not be mutagenic mn man Even with
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the impressively large number of observations reported by Neel
and Schull from Japan, one would not expect enough mnduced
dommant and sermdomnant lethals and semilethals to yield
strikang differences in the number of stillbirths and malforma
tions between the mrradiated and the control series, We need
qualitative and quantitative data concerning spontaneous and
radiation induced mutattons 1 man But 1t would be a waste
of time, effort, and money to undertake research on man merely
to prove that he, just as every other hving organism studed, 15
subject to the mutagentc action of radiation.
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Some Unsolved Problems

Introductory Remarks

Ascientist knows certain things to be true orat Jeast overwhelm
sngly probable, 1t 1s hus duty to affirm these things even in the
face of apposition from those who, owing to ignorance Or to
some emotional bras wish to deny them Such 15, for example,
the fact that the lwing world, mcluding man, 15 a product of
evoluuonary development We have to maintamn that this 1s so,
even though the laws of certan states sull prohubit such an
affirmation Sirfarly, we have to assert that high energy radia
Lons can produce genetic damage 1n human populations On
the other hand, a scientist must 1n all humility, admt that he
does not Lnow the answers to many nddles of nature there 1s
0o reason for him to hide his 1gnorance Nevertheless, when he
tries to do hus part i educating the public, the temptation
artses to oversimplify his story by the omussion of difficulues
and uncertainties Up to a point, such omssions are justified
But there 15 always a point beyond which sumplification borders

on falufication
In the foregomng chapters we have pomted out ume and
again that the presently available understanding of populauon
geneucs 13 imperfect and that 1its inadequacy makes some of
1



152 SOME UNSOLVED PROSLEMS

our conclustons concerning the genetic damage produced by ra
diatton hughly tentative In the following pages we shall discuss
some topics which in our opiion are particularly i need of
clarification This should enable the yeader to judge for im
self the weakest links i the geneticast s conception of what a mis-
use of radiation may portend for the future of mankmd We
also hope to call the attention of our colleagues biologists and
genetcists to the need for research on these unsolsed problems
for we behieve that the vesearch effost now beng exerted m
studies of radiation brology aud radiation genetics must include
an appreciation of their importance

Heteroms and Mutation

In Chapters 6 and 7 we discussed two kinds of deleterrous
mutant genes ind therr effects on the fitness of populations
The simplest situation obtams when a mutant harms homo-
zygotes but has no effect at all on heterozygous carriers The
other kind of d d damage h gotes as well
as homozygotes though the latter more severely than the former
We saw that regardless of the seventy of the damage produccd
1n afficted mdividuals (ranging from complete lethality to only
a mild mparment of health) the total damage to the popula
ion 1s approximately the same It may be equal to the mutation
rate or to double the mutation rate or it may hie berween hese
valiies We must now consider an even more complex but sery
wmteresting situation of ambuvalent mutants—those whltch l:;
parr fitness when homozgous but improve that of their hetel

s CarTiers
e That such mutants do occur 1s suggested on a L“S““'i:c ;’;‘i‘i
by hybnd corn For the past quarter of a century the dn po
all corn planted i the Unuted States and more recen :Yhnc!
where has consisted of hybrids between pairs of dxﬂcrcnm ol
“These heterozygotes are supenior m yreld to the bcszbzgm e
linated feld varieties of com which were phm:d s
nvention of hybnid corn and its sntroduction mto ge!
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To see how this hybrid vigor, or heterosss (these terms are syn
onymous), operates within populations we may consider a nu
merical example before turning to generalization

The genes we are to consider lack the dommance and re
« s, 50 we shall desig one form of the gene as a, and
s mutant form (allele) as a; The vigorous heterozygotes,
a,0; enjoy the higher fitness, while the homozygotes a0y and
a:; are, Tespectively, 80 percent and 20 percent as fit as the
heterozygotes What wall hapi:en n a population 1n which both
@y and a, are represented? We shall state without proof that the
frequencies p of g, and q of a; will be respectively 0 8 and 021
the gene pool of the population Let us then, make a ledger
sheet of the fitness of thus population It appears as follows

Genotype Frequency Fitness Frequency X Fitness
4o, p* =064 08 0512
o, 2pq =032 10 0320
) 92 =004 02 0008
Average fitness of the enure population 0840

The most important fact disclosed by this table 1s that the
overall fitness of the population (obtaned by summung the
products of the fitness of each genotype tumes 1ts frequency 1n
the population) has the value 0840 Yet a population contamn
g only the better allele, a;, would have a fitness of only
080 (f'lquency 1 00 times fitness 0 8) In other words, the mtro-
duction 1nto the population of the mutant allele a; has smproved
the over ail fitness of the populatuon despite the fact that this
mutant allele 15 deleterious and adds to the genetic load of the
Population by producing a weak, poorly adapted homozygote,
.8, with a fitness of only 02 This amounts to saymng that a
gene which produces a heredtary disease when homozygous may
stll benefit the population as a whole provided that 1t 1s ad
vantageous 1n heterozygous mdividuals

Of course, one may rightly say that an even better popula-
tion would be one consisting entirely of the heterotic hetero-
zygotes, aya; True enough, and this 1s precisely what happens
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when hybrid corn seeds giving only heterozygous plants are
sown The trouble 15, however, that a population consisung of
vigorous heterozygotes cannot mamntam itself by sexual repro-
duction According to the Hardy Weinberg Theorem, a,e- indt
viduals would 1n the very next generation gve a progeny con
sisting of only 50 percent aia,, 25 percent away, and 25 percent
of the 1ll adapted a»a: The fitness of such a population would be
only 075 This 1s why a farmer must buy his hybnid corn seed
for every planting mstead of saviflg hus own seed from the pre
vious harvest

The situation can be generalized as follows Assume that
the fitness of the heterozygote a,a,, 15 1 00 while the fitnesses of
the two homozygotes 1s (I ~ s) for a,a, and (1 — ¢) for a.a;
Although we cannot give the proof in this book 1t can be shown
thar the relative frequencies of the genes a; and a, establish 2
stable equiltbrium the equilibrium frequency of a; beng
t/(s + ) and that of a; being s/(s + ) The letters s and ¢ stand
for the selections coefficients discriminating agamnst the homo-
zygotes The ledger sheet of the fitness of the population 1s s
follows

Genotype Frequency Filness  Frequency X Fiiness
aa, pr= B+ 1—s  el—s)/+ :):
aa, 2pq =2t /(s + t)? 1 2t/(s + ¥

s(s 412 1—t s+
1— Bt/ + M

yay q*=
Average fitness of the entire population

If the algebra seems ternfymg take note only of the Iac:
that the fitness of the population 1n which both ¢, and a2 DCCI:)
15 1 — 5t/(s 4 1) and that this value 1s larger than both {1 sng
and (1 — ¢) which measure the fitness of 2 population cnr;;: s
of a,ay or aza; homozygotes only This 1s true even 1f the aﬁm o
produces, when homozygous, a lethal hereditary dlscasc}— o
if t = 1 The population has the highest fitness only ! Li e
tams some a,0; heterozygotes Furthermore, the ﬁlmi”thc o
population 1s highest at the equilibrium frequencies om‘d e
alleles any deviation from these frequencies (ca
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example, by an attempt to cull out the less desirable of the
two) results In a decrease m the mean fitness of the entire popu
lation

Suppose that both homozygotes a1, and .4, are hand:
capped equally compared to the vigorous heterozygote This
means that the coefficients s and ¢ are equal s == ¢ Both genes
will therefore, have equal frequencies i the gene poel 05
The gene a: will have the frequency t/2¢ = 05 and a, the fre
quency 5/2s = 0 5 Now suppose that s 15 much larger than ¢, so
that a,a, 15 nearly as good as the heterotic a,a» while a0 1s very
mferior or even lethal Natural selection will make the popula
tion mostly homozygous for aya, However—and this 1s impor
tant—the gene a, will be retained 1 the population by natural
selection It will be carried chiefly 1n heterozygotes aa- but
some 1nfimn homozygotes a ap, will though rarely, be born

We have already pomted out above that 1t 1s not well
known how often mutations arse which possess properties like
those of a, 1n the example just given Some geneucsts believe
that such heterotic mutants are rare and hence unimportant i
our evaluation of genetic radiation damage Other geneticists
take senously the possthility that such mutants may be 1mpor
fant Statements 1n newspapers and magazines have referred to
dlsagreemems among geneticists concerning the dangers of
genetic damage produced by radiation exposure These state
ments are misleading The real differences of opinion concern
this problem of superior fitness produced by heterozygosity
There 15 no disagreement about radiation exposure inducing
Mutations 1 human populations Nor does any geneticist doubt
that mutations are generally harmful at least m homozygous
condition

One of the authors has obtained recent experimental ev
dence that heterotic mutants may be far more common at least
n Drosophila than had been suspected previously The essence
of these experiments 15 as follows It had been known previously
{see Chapter 6 page 117) that natural populations of Drosophila
carry enormous loads of genenic vanants which are more or less
deleterious 1f permutted to become homozygous Ay stated on
Page 117, virtually all chromosomes in Drosophila populations

P .2



158 « SOME UNSOLVED PROBLEMS

act as lethal, semlethal, or subvital mutants when carmied m
double dose 1n the same individual (that 1s, 1f inherted by an
mdividual both from the mother and from the father) Several
strans of flies homozygous for such subvital chromosomes were
chosen By means of a method which we cannot describe here
1n detai], the viability of these homozygotes were compared with
that of flies which were genetically sumilar, except that they had
one of the two chromosomes of the pair treated with a small
(for Drosophila) dose of x rays (500 ) The viability of the flies
carrymg an rrradiated chromosome appeared slightly but sig
nificantly hsgher than that of the noniradiated controls
Should these experimental findings be confirmed, 1t would
follow that mutations tend frequently to produce hybrid vigos
1n heterozygous condition This might require a revision of the
assumption that mutation 1s almost always harmful not only to
homozygotes (which remains true) but also to heterozygotes
(which 1s now in doubr) Some mRow of new mutations may
well be necessary to mamtaimn a varety of genes m the gene pool
of a Mendehan population Indeed, except for mutation, all
Lnown processes that operate mn natural populations tend to pro-
duce genetic umformity and homozygosis The process of muta
tion 15, then, two-faced as far as the fitness of the population 1
concerned Mutant homozygotes may suffer, but the genes I¢
sponsible may be retamned 1 the population because thexr hetclr
ozygous carrters are, m fact, the really normal mdiduals

Genetic Structure of Natural Populations:
Classical Hypothesis

e with a very bastc

to fac ‘
Thas possibility brings us face to a2 pomal

questzon Whatisa ‘normal * man? What, 1 Dol
Drosophila, or a normal* representative of any con:ldﬁ
species® In everyday social intercourse with people “:dm and
as normal those persons who are free of gross bodly ded 35
who act 1 accordance with standards of behavior ;;Sw ohils
acceptable m our soctety A normal cat of mo(;lse, gzhanor. does
or corn plant 1s one which, 1n appearance and it
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not differ greatly from other cats, or mice, or Drosophila, or
com plants which we have seen before It must also be able to
live i the environments 1n which other normal representatives
of 1ts species live, and 1t must successfully reproduce 1ts kind
And yet there 1s some diversity among normal people
Nether are all normal cats exactly alike, nor all normal Dro-
sophilae How much mdmviduality 1s compatible with ‘mormal
1ty, and what 1s the source of the differences we observe among
mdividuals? More than 2000 years ago Plato tried to answer these
questions He thought that mdividual humans were all more or
less imperfect mmitations of an 1deal Man, yust as indrvidual
horses or trees were more or less garbled copies of an 1deal Horse
oran ideal Tree The 1deal prototypes, according to Plato, were
eternal and unchangng spiritual entities of ineffable perfection
and beauty, their earthly replicas were all defective, but their
slxgoncommgs mught be duminushed n striving to approach the
eal
Although no modern geneticist takes seriously Plato’s in
gentous conception of the relation between heavenly perfection
and terrestrial failing, the Platonic mode of thought 15 deeply
ingramned 1n Western culture and perhaps m ‘ normal human
Dature everywhere In some hranches of biological research 1t
has not inconsiderable advantages The poet Goethe devised an
1deal * protoplant, which was helpful in understanding the 1n
finutely diverse forms of hiving plants, and others have used 1deal
Structural plans, schemes, and prototypes to understand and
describe the external and anatomic orgamzation of diverse
ammals The great work of several generations of zoologists and
botanusts 1y building a tational classificanion of all living crea
tures was doubtless assisted by the concept of an 1deal plan of
organuzation of living bodies
The same line of thought can be used to construct 2 model
of the genetc structure of living populations This model 1s
Teferred to as the classical hypothesis According to the classical
hypothes:s there emerged, 1n the evolutionary process, a constel-
Lation of genes—a genotype—which makes tts carriers live suc-
cessfully 1n a certam environment. Thus, the genotype of the
human species makes us fit to live 1n the human environment,
the cat s genotype makes cats adapted to the feline environment; >
— &






Gllossary

ALLELE A varmant form of a gene

CELL LETHAL A genetic change that 1s capable of killing an
mndividual cell possessing 1t even if this cell 1s surrounded
by others not carrying this change

CeNTROMERE A specralized region of a chromosome which 15
mstrumental m the movement of the chromosome during
cell division

CHroMosoME A small body found within 2 cell nucleus which
contaris many genes As a general rule one can say that
every species possesses a characterisc number of chromo
somes

DroxyrmonucLEic acip A complex substance composed of
fibrous molecules contaimng phosphoric acid sugar pu
Tines and pyrmmadines 1t is believed to be the genetic
matertal that controls the composition and structure of
protein molecules

DNA See Deoxyribonucleic acid

DomMiNANT MUTANT An altered form of a gene the effects of
which are expressed 1 heterozygous mdividuals  Partial
domintance 15 used to describe genes whose effect i hetero-
zygous condition 1s not rdentical with that 1n homozsgous
condition complete dommnance means that the homo-
zygotes and h yg are mnd hat

w
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DousLing pose The dose of radiation required to mduce the
same amount of gene mutation as that which arses spon
taneously without radiation

GAMETEs Specialized cells that are capable of giving rise to new
mdviduals Sperm are male gametes, eggs, female gametes

GENE rocus A region of the chromosome where genes are
found which have characteristic effects on their carriers
Thus, at one spot on one chromosome 1n the frut fly, one
detects gene changes that lead to white, apricot, cherry, and
eosin colored eyes, one mfers that at this spot there 1s a
gene governung eye color and that this gene can change 1n
vartous ways and produce alleles which give the colors
mentioned

GENE MuTaTion The transformation of a gene from one form
(allele) to another Spontaneous mutations are those which
occur for unknown reasons, induced mutatons are those
brought about by certain physical or chemcal agents

GENETIC EQUILIBRIUM Stability of the frequencies of various
genes 1 a population, established by opposing tendencies
such as formation by mutation and elimmation by selec
tion

GENCTIC VARIABILITY A property of populations dependent
upon the existence of a varzety of different forms of many
genes It leads to hereditary differences between ndt
viduals

ied by ant

d at fer

nd

GenoTypE The sum total of all heredutary factors ca
mdividual An ndividual s genotype is determine
tilization 1n turn, it hnts the variety of gametes an 1
vidual can produce

f cer
Heterosis The possession by heterozygous mdmdual;\::lh -
tamn characteristics (especially an relation l;: K'oz otes
vitality) 1n excess of the two correspondimg hom 2514
eles at
HETEROZYGOTE An mdwidual carrying two dxlfcre(;)tl : Iff oo
a gwen gene locus, hence, 2n individual capa
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ducing two kinds of gametes contaiming dafferent alleles of
that gene

“HomozvcoTe An mdividual carrying two identical alleles at a
gwen locus hence an mdvidual capable of producing but
one type of gamete as far as that gene 1s concerned

LerHaL A genetic change that can produce death of an ind:
vidual Recessive lethals are gene mutations two of which
Tesult 1 death dommant lethals are genetic changes that
tesult 1n death even though they may be present only
single dose

PrENorYPE The observable characterisuics of an individual
determined by his genotype and by the succession of en
vironments in which he developed

Rantoacrive sursTANCEs Sut es that ermit z tads
auons spontaneously

RecEssive MUTATION An altered form of a gene whose action
¢an be masked 1n heterozygous mndiwviduals This can be
qualified as in  incompletely recessive 1f the effects of the
mutant allele are not completely masked 1n heterozygous
condition

RoexteN (r) The umt of measurement of x rays and other
radiation One roentgen 15 defined as the amount of rad:
aton which produces 2 082 X 10° 10n paurs per cubic cen
tuneter of air,
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Suggestions for Further

Reading

1t may well be that some readers of this book will wish to have
more information than 1s found therein regarding some aspects
of the problems with which 1t deals We are giving below a few
references to sources that may be used for this purpose

Fundamentals of genetics may be found in any of the
numerous available textbooks, such as

Avrensure E, Genetics, Rev e¢d New York Henry Holt
and Co, 1957

SiINNoTT, E B, L C DunN, and TH DoszHANSKY, Princi-
ples of Genetics, 5th ed New York McGraw Hill Book
Co, 1958

SrB, A M and R D Owen, General Genetics San Fran
casco W H Freeman and Co, 1955

StErN, C, Principles of Human Genetics San Francisco
W H Freeman and Co, 1949

For more information concerning the physical nature of
radiations and of atomic energy, see the short but mformative
book by

Hecnr, Seue, Explaming the Atom New York Viking
Press, 1954,

201 o
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Discussions of the mutational loads m human populations,
and of the effects of radsation exposures on these loads, have
been prepared by commuttees of several pubhic bodues, such as

Report of the Unmited Nations Scientific Commuttes on the
Effects of Atomic Radiation New York The United
Nations

The Biologteal Effects of Atomic Radation, Summary Re
ports Washington, D C National Academy of Sci
ence, National Research Council

The Hazards to Man of Nuclear and Allied Radiations
London H M Stauonery Office

The Effect of Radiation on Human Heredity World
Health Organization (Available through Columbia
Unversity Press, International Documents Service,
New York)

The Effects of Atomic Weapons Washington, D C  Super
intendent of Documents, U § Government Printing
Office

For a most thorough discussion of the genetic consequences
of the accumulation of deleterious mutattons 1n human poptt

Jauons, see

Mutreg, H J, * Our Load of Mutations * dmencan Jour
nal of Human Genetics, Vol 2 pages 111 176 {1950)

Contrasting optrons concerning the wisdom of continued
production and testing of nuclear weapons hayve been ably pre-
sented and argued by the following

Laer, R E and J Scituserr, Radition What It Is and
Houw It Affects You New York Viking Press 1‘957’ 4

PauLing, Lusus, No More War! New York Dodd Mea
and Co, 1958

Tetirr, E and A L LATTER, Our Nuclear Future Facts,
Dangers, and Opportunities New York Cruterion

Books, 1958
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