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The Genetic Hazards of 

Nuclear Radiations 

Since the years 1927 and 1928, when 
1-lermann J. h1uller ( I )  and Lewis J. 
Stadler (2j independently discovered 
that x-rays tvill produce permanent hr-  
reditary alterations in animals and 
plants, respectively, the induction of 
mutations by ionizing radiations and thc 
study of the changes brought about has 
become a major subscience of genetics. 
Hundreds of investigators have contrib- 
~ ~ t e dto our present knoxtledge of radia- 
tion-induced mutation, and the full 
qamut of organisms, fronl viruses to flow- 
rring plants and mammals, has bee11 
found to be similarly susceptible. h4enn- 
M hilc, great advancrs ve re  also made in 
the cytological and biochemical anall-
ses of thr hereditary material, and to-
day these approaches to an understand- 
irlg of the intrinsic nature of mutations 
ha \e  come to a common focus. Our  
major question may then be phrased: 
Hal\ does radiation hring about pernu-  
nent alterations of the hereditark mate-
rial, and what kinds of changes are in- 
duced? 

Chemical Nature of 

Hereditary Material 

.4ccording to thc overwhplming weight 
of prrsent evidence, genctic informatioil 
is transmitted from generation to sen-
eration in all organisms, sexual and 
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asexual alike, through the chemical me- 
dium of deoxyribose nr~cleic acid or, in 
certain viruses, by another form of nu-
cleic acid. 'The chromosomes, !\-hicll 
h a ~ e  been dtlnorlstrated by genetic ex-
periments to carry the units of heredity, 
the genes, are madr  up chiefly of deoxy- 
ribose nucleic acid and a basic protein, 
commonly a histone, together I\-ith some, 

ribose rl~lcleic acid and a small amount 
of nonhasic protein. 'The ribose nucleic 
acid, which is evrn more abundant ill 
the n~~c leo lus  and the cytoplasm of cells 
than in the chromosomes, is thought to 
convey the chemically coded informa-
tion from the nucleus to the sites of pro- 
tein synthesis in the cytoplasm; but, ex- 
cept in certain viruses, it can hardly 
constitute the primary code itself. 

Protein used to be thought the only 
substance of sufficient chemical complex- 
ity to be able to serve as the basis of 
heredity; but thc advancing kno~vledgc 
of the nucleic acids has revraled that 
they are equally capablr of forming a 
virtually illimitable chemical codc of in- 
formation, through variations in the se-
quence of the f o ~ ~ r  organic bases found 
in each polynucleotide; and the fact that 
the histonc. of the chromosomes in some 
upecies bccolncs colnpletely replaced in 
the spermatozoa by an  even simpler, 
more basic protalninc seems to exclude 
the possibility that the protein of the 
chromosomes is the primary hereditary 
material. T h e  evidence that the heredi- 
tary characteristics of Pn~unzococcus 
strains may br per~nanently transformed 
by subjecting recipient cells to the highly 
purified, extracted deoxyribose nuclvic 
acid from donor crlls of a different type, 
together xvit.h reconstitution c ~ p e r i ~ n c n t s  
~v i th  tobacco mosaic virus, lcnd over-

~vhclming ~veight to the view that n r ~ c l ~ i c  
acid, and generally deoxyribose nr~cieic 
;icid, is the primary hereditary material. 

Iir these reconrtitution experiments, 
pcxrformed b!- Fraenkcl-Conrat and 
others, thr ribose nucleic acid core of 
onc species of virus has bee11 reenclosed 
in the protein coat of anothcr. I n  each 
cast:, thc infectivity and virtually all 
othcr hereditary properties of the recon- 
s t i t~~ tvdV ~ ~ I I Sart: tllosc' characteri\tic of 
thc specii*s that sr~pplicd its ril~ose nucleic 
~:cid,  and not tho\(. of thrt slxcics th:ri 
supplied its protcin ( 3 ) .  

JVe thus arrive a t  thv V ~ C M .  that tlrc 
two pnrinrs of deoxyribose nucleic acid 
(adenine and guanine) and the t ~ v o  
pyrimidines (thymine and cytosine) 
must in their seriation along the poly- 
n~lcleotide spell out the hereditary codr, 
for the backbone of thr polyn~~cleotidr,  
composed of deoxyribose units linked by 
pllosphate groups to form a long chain, is 
similar in chemical s t r r~ct~lre  throughout 
the length of the molecul~.  I t  is still quite 
uncertain how manv nucleotides com-
monly comprise a gene, and whether th!. 
genes are sep:iratcd by protein m:iteri:tl 
or metal-ion bonds, or whether the genes 
are contig~~ons, or even overlap. Rut :)nc 
must begin to think of mutations, at any 
rate, in terms of the chrmical nature of 
the hereditary material and its sequencc 
of bases. A mutation is some alti.ration 
in this material which, when chromo-
somes reproduce themselvcr, is itself 
replicated, and thps is transmissihle in 
mitotic and meiotic cell divisions. 

Chromosomal Mutations 

Genetically detected mutations follo~\.- 
in# exposure to ionizing radiations may 
involve microscopically visiblc~ altera- 
tions of the chromosomes or may be 
sr~bmicroscopic in character. T h e  gross 
chromosomal aberrations, as is ~vell  
known, include reciprocal shifts of seg- 
ments bet!\-een ch romoson~r~ ,inversions 
of segments M ithin a single chromosomt:, 
deficiencies arising by deletion of a seg- 
ment, and duplications of a segmc,nt. In  
all these types of chromosomal mutation, 
it is easy to see that chromosomes 1rax.r 
ljcen fractured by the radiation and that 
their broken ends havc bc~r~n rrunitrd in 

on^(^ new pattern. 111 tach caw, at Irasr 
two brraks must havc occurred within 
the sami: nuc1c~1.s in ordrr to permit thc 



Irarrnngemrnt, and ~t 1s the~efore nut 
surprising to learn that the frequency of 
such mutations increases as the square, 
or some higher power, of the dose. 

At low dosages, such mutations are 
therefore very rare, since they involve 
the coincidence of two or more effective 
"hits" within the same nucleus. True, 
there are also single breaks which in-
\ ariably lead to the loss of terminal parts 
of chromosomes, in case they do not heal 
together again (that is, "restitute"). But 
these, like the internal deficiencies, are 
invariably very harmful unless they are 
extremely small, at the lower limit of 
cytological visibility. They are conse-
quently rapidly eliminated after a few 
cell generations or can only be kept for 
experimental study by great effort and 
ingenuity. They are, in other words, of 
a dominant lethal nature. 

Translocations (except in certain plant 
species) may be described as commonly 
semisterile in effect; often they lower thc 
viability of their carriers as well. Only 
the inversions and smaller duplications 
are in general sufficiently harmless to be 
transmitted in natural populations and 
to play a part in the evolutionary changes 
of species ( 4 ) .  

I t  is a striking fact that, in animals 
which have been used for studies of radi- 
ation-induced mutation. the male perm 
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cells during meiosis, and especially dur- 
ing spermiogenesis, seem far more sensi- 
tive to the radiation than immature male 
germ cells (spermatogonia) or female 
germ cells of any stage (5 ) .Inasmuch as 
the chromosomal mutations are produced 
chiefly by high doses, and in those very 
cells that are most readily eliminated 
through the production of the well-known 
temDorarv sterilization of the male after . , 
acute doses of radiation, there is rela- 
tively little genetic damage to be ex-
pected from them. 

Point RiIutations 

Of chief importance, then, are the 
point mutations, in which the lesions in 
the hereditary material are submicro-
scopic in size. Submicroscopic mutations 
must be basically of a similar nature to 
the gross, cytologically visible mutations 
-that is, they presumably consist of 
alterations in the sequence of purine and 
pyrimidine bases, through inversions of 
segments, insertions, deletions, and sub- 
stitutions. 

All existing genetic evidence indicates 
that the frequency of point mutations 
increases linearly with the radiation dos- 
age (Fig. 1 ) .  In studies of Drosophila, 
this has been demonstrated to hold over 
the dose range from 25 up to 6000 roent- 
gens (6).In  some plants, the linear range 
has been extended down to about 5 
roentgens. In mice, the linearity in rela- 

tlon LO dose holds ukel r h ~ldllge ~ I U I I I  

300 to 600 roentgens, but there is no sign 
that it does not hold below that range 
( 7 ) .

This linear proportionality to the 
dose, over and above the spontaneous 
frequency of mutation, implies two 
things: ( i )  as long as dosage is meas-
ured in terms of roentgens (that is, in 
terms of the ionization produced by the 
radiation) absoibed quanta are indi-
vidually effective, and it does not take 
t~voor more to produrc a mutation; and 
(li) there 1s no sign of a threshold dose 
below ~vhich mutations are not produced, 
but rather. even the lowest doses are 
proportionally mutagenic, and all doses, 
however distributed, are additive or cu-
mulative in effect. I t  also follows that, 
under normal conditions, the intensity 
with which the dose is given, whether in 
a short time at high intensity or over a 
long period at  low intensity, whether 
given uninterruptedly or in fractions 
separated by rest periods, makes no clif- 
ference. 

Finally, these relations are also botne 
out by the evidence that differences in 
the energy of quanta are not significant 
with respect to mutation. Whether the 
quanta are the extremrly powerful ones 
of cosmic rays or the less enercetic onec 

Fig. 1. Diagram to represent the rela-
tionship between mutation frequency and 
man-made dose of ionizing radiation. Note 
that the mutation frequency at the doub- 
ling dose is by definition double the fre- 
quency of spontaneous mutation. If a 
threshold existed below the lower limit of 
the experimentally demonstrated linear 
portion of the dosage curve, the curve 
would have to follow the heavy dotted 
line. This would imply that the lowest ap- 
plied doses produced no mutations, and 
then a short region of increasing dose 
would yield mutations with an efficiency 
significantly exceeding that of the long 
linear portion of the dosage curve. For 
physical reasons this is very improbable. 
If any considerable portion of the spon- 
taneous mutation is, for a particular spe- 
cies, induced by the background radiation, 
the entire curve, including the origin, 
would be shifted correspondingly to the 
right if the natural radiation were in-
cluded with the applied radiation in the 
definition of dose. If the background radi- 
ation is not included in the dose, the curve 
and its origin would bc: unaltered. 

of garnrna radiation or x-rays, dun,rl tu 
the weakest ionizing quanta of the grenz- 
rays, the mutational effect remains lin- 
early proportional to the ionization pro- 
duced. Ionizing particles, such as beta-
rays (electrons), alpha-particles, and 
neutrons are also effective in producing 
mutations, both of the chromosomal and 
of the submicroscopic sort. They show 
differences in efficiency because of the 
differences in the ion density along the 
tracks of the various types of particles 
and consequently the difi'erences in prob- 
ability that one particle may produce 
more than a single lesion in a chromo-
some; but the dosage relati6n for the 
point mutations is in each case one of 
linear proportionality. 

Indirect Action 

The direct proportionality of mutation 
frequency to dose does not mean, how- 
ever, that the high-energy quantum 
must score a direct "hit" on the deoxy- 
ribose nucleic acid of the chromosomes 
to bring about a mutation. Indirect ac-
tion is not excluded, provided that the 
genetic effect is proportional to the ioni- 
zation produced by the radiation. 'The 
effectiveness of chemical mutagens in 
producing mutations and the alteration 
of the efficiency of x-rays in producing 
mutations by modification of the oxygen 
concentration in the tissues demonstrate 
sufficiently that indirect, chemical steps 
may intervene-perhaps always inter-
vene-between the ionization and the 
mutation. For example, in an atmosphere 
of oxygen, a dose of 2000 roentgens pro- 
duces more mutations than it does in an 
atmosuhere of air: and when it is deliv- 
ered in nitrogen or helium, the fre-
quency of mutations is diminished. 

hforeover, a recent study by A. M. 
Clark of Australia ( 8 )  demonstrates an 
effect of the intensitv at which the radia- 
tion is delivered if the x-rayed spermato- 
zoa are simultaneously subjected to the 
action of sodium azide. Almost twice as 
many sex-linked recessive lethal muta-
tions were produced at  an intensity of 
2000 roentgens per minute as at  100 
roentgens per minute. This is taken to 
mean that chemical mutagens produced 
by the radiation, and sensitive to the 
action of azide, can accumulate to higher 
concentrations when the dose rate is verv 
high, and consequently stand a better 
chance of producing mutations after 
diffusing to other points within the 
nucleus. 

This type of finding raises once again 
the problematical existence of a thresh-
old below which the intensity of the ra- 
diation-and consequently the concen-
tration of chemical agents produced by 
it-is too low to bring about mutations. 
Under certain conditions, this may ulti- 
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mately turn  out  to be the case. However,  
i t  should b e  stressed that  under ordinarv 
conditions and w i t h  l o w  t o  moderate dose 
rates, the  linear proportionality and the  
nonexistence o f  a threshold appear t o  ob- 
tain. U n t i l  w e  are assured t o  the con-
trary, the  only safe working assumption 
is tha t  every dose, even  the  lowest, is 
e f fec t ive  i n  producing mutations and is 
consequently genetically damaqing. 

Sornatic Cells 

I t  would b e  a grave mistake t o  think 
that  mutations o f  t h e  hereditary material 
are confined t o  the  reproductive cells, 
or germ line. T h e y  can presumably occur 
also i n  the  somatic cells o f  any tissue. 
A t  the  present t i m e ,  however,  w e  have 
all too little knowledge o f  what  happens 
t o  m u t a n t  somatic cells. Somet imes  these 
cells exhibi t  a m u t a n t  phenotype, and a 
mosaic individual results. More  s i ~ n i f i -u 

cant would b e  dominant or partially 
dominant  e f fec t s  o n  essential metabolic 
and biochemical processes, w h i c h  might  
consequently b e  impaired.  

Recent  studies b y  E .  B. Lewis o f  :he 
origin o f  leukemia ( 9 )  and b y  G .  Failla 
o f  t h e  phenomenon o f  aging (10) sug-
gest tha t  because bo th  o f  these, l ike 
radiation-induced mutations,  seem t o  in-  
crease linearly w i t h  the  dose o f  ionizing 
radiation and wi thout  sign o f  a thresh-
o ld ,  they  too m a y  result f r o m  t h e  induc- 
t ion  o f  mutations b y  radintion and their 
accumulation i n  somatic cells. Possibly 
cancer, i n  general, m'ly arise through the  
same c u m u l a t i ~ e  e f f e c t ,  ~ t h i c h  does no t  
at all exclude the  intervention o f  other 
types o f  agents (viruses, nutritive factors, 
and chemical agents)  in the  final out-
burst o f  malignant  grou th .  
' 

I'hus, i n  some o f  m y  o w n  experimental 
'studies w i t h  certain strains o f  Drosophila, 
t h e  induction o f  t ~ t o  distinct forms  o f  
abnormal growth m a y  b e  initiated either 
b y  ionizing radiation or b y  excessive 
amounts o f  tryptophan i n  t h e  diet ( 1 1 ) .  
T h e  genetic basis o f  t h e  e f f e c t  comprises, 
i n  each case,,a m u t a n t  gene responsible 
for  the  abnormal growth and a suppres- 
sor gene tha t  uilder ordinary circum-
stances inhibits it.  By  a moderate dose 
o f  radiation ( 1000 roentgens) -moderate 
for Drosophila-or b y  alteration o f  the  
diet ,  t h e  effectiveness o f  t h e  suppressor 
is destroyed-in this instance b y  interfer-  
ence w i t h  its action, and not  b y  mutation.  
T h u s ,  radiation or dirtary factors m a y  so 
upset a balanced genetic system as t o  
evoke abnormal forms  o f  growth. 

Similarly, radiation might  evoke leu- 
kemia ,  or i n  t h e  case o f  a n  accumulation 
o f  mutations i n  somatic cells over a 
l i f e t ime ,  m i g h t  alter t h e  metabolic m a -  
chinery i n  such a w a y  as t o  impair its 
resistance t o  variations i n  t h e  external 
conditions o f  the  environment,  and thus 
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trigger a breakdow11. Sorna~ic  r r ~ u t a t i o ~ ~  
m a y  b e  involved,  bu t  i t  is not  necessary 
t o  explain the  phenomena.  

M u t a t i o n  as a R a n d o m  Process 

Geneticists have  o f t e n  been  auoted as 
saying that  "muta t ion  is a random proc- 
ess," and this has been  m u c h  misunder-  
stood. I t  does no t  m e a n ,  o f  course, that  
any imaginable sort o f  e f f e c t  can b e  pro- 
duced b y  gene muta t ion  within a particu- 
lar species. T h e  viable modifications are 
definitely conditioned b y  the  nature o f  
t h e  genes that  muta te  and b y  the  har- 
m o n y  o f  the  normal processes o f  metal)- 
ol ism and development.  For example ,  
al though eye-color mutations i n  the  
frui t  fly are numerous and o f  a consid- 
erable variety o f  colors, and al though 
other species o f  flies have  blue or green 
eyes, yet i t  seems t o  b e  quite  beyond thcx 
range o f  possibility for Drosophtla 
nzelanogasler t o  acquire, b y  muta t ion ,  
a blue or green eye color. T h e  spectrum 
o f  change is definitely l imited.  S o r ,  in 
the  second vlace. does t h e  randomness 
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o f  muta t ion  i m p l y  tha t  all genes mutatc3 
at t h e  same frequency,  either spon-
taneously or w h e n  acted u p o n  b y  ioniz- 
ing radiations. 

Di f feren t  Penes have d i f f eren t  stabili- 
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lies, and under the  same conditions some 
m l y  m u t a t e  100 t imes as frequently as 
others. W h a t  the  "randomness" ic in -
tended t o  i m p l y  is that  at the  present 
t i m e  there is n o  w a y  o f  af fect ing certain 
genes and not  others, at least b y  means  
o f  radiation. All are equally exposed and 
muta te  w i t h  a probability i n  accordance 
w i t h  their individual stability. T w o  iden- 
tical genes, one w i t h  a recent history o f  
muta t ion  and the  other witllout, will 
b o t h  possess the  same mutabil i ty .  S o  far,  
it is impossible t o  direct the  muta t ion  
process. Radiation acts bl indly,  and that 
is w h y  the  deleterious nature o f  the  vast 
majori ty  o f  mutations is so important .  

By  means  o f  several hundred roentgens 
o f  radiation, i t  might  indeed b e  possible 
t o  increase t h e  probability o f  obtaining 
a desirable muta t ion  i n  a spermatozoon 
or egg cell t o  a chance o f  one  per thou-  
sand. A t  the  same t i m e ,  the  probability 
o f  getting a lethal muta t ion  ~ v o u l d  have 
risen t o  one  i n  four,  and the  probability 
o f  getting a muta t ion  w i t h  some degree 
o f  harmfu lness  ~ v o u l d  have risen t o  vir- 
tual certainty. T h a t  is w h y  w e  m u s t  wait  
for t h e  slow processes o f  evolution t o  sort 
o11t t h e  advantageous changes. 

Irreversibility and  Deleterious 

E f f e c t  o f  Mutations 

Considering t h e  nature o f  t h r  altrra- 
tions brought about b y  radiation i n  the  
hereditary material. and ,  furthermore,  

the capacity o f  the latter t o  replicate 
itself exactly, w e  can readily see w h y  the  
e f fec t s  o f  muta t ion  are essentially irre- 
versible. T h e  loss o f  a part o f  the  genetic 
material is irreparable, -and a large por- 
t ion  o f  all t h e  hereditary changes in -
duced b y  radiation consists o f  such losses. 
Alterations i n  t h e  arrangement o f  the  
genetic material can b e  reversed only b y  
a n  exact rearrangement t o  t h e  original 
conditions, w h i c h  the  laws o f  probabil- 
i ty  mus t  m a k e  exceedingly rare i f  t h e  
chromosomes are broken m o r e  or less ai 
random.  

T h u s ,  i t  is no t  surprising t o  find tha t ,  
al though spontaneous mutations m a y  
undergo reversion t o  t h e  original state, 
t h e  radiation-induced ones have rarely, i f  
ever, been  observed t o  d o  so. Conse-
quently,  once a muta t ion  has been  pro- 
duced b y  radiation and transmitted t o  
the  population, it continues its way  f r o m  
generation t o  generation unless i t  is 
either eliminated b y  t h e  dcath or failure 
o f  its possessor t o  reproduce, or is e x -
cluded b y  chance froln representation i n  
t h e  progeny. 

I t  is also easy t o  compreheud w h y  the  
vast majori ty  o f  mutations have  deleteri- 
ous e f fec t s  o n  their possessors. I t  is n o w  
recognized tha t  m a n y ,  i f  no t  all, genes 
are concerned w i t h  t h e  presence and 
specificity o f  particular enzymes,  each of 
w h i c h  governs some one chemical step 
i n  t h e  metabolic pattern. T h e r e  are ex-
tremely f e w  biochemical steps i n  metab-  
ol ism that  can b e  altered w i t h  impuni ty ,  
and mos t  o f  t h e m  are i n  fact  essential. 
I t  is little wonder,  therefore,  tha t  w h e n  
a muta t ion  impairs t h e  specificity o f  a n  
enzyme i t  blocks a particular metabolic 
step m o r e  or less completely,  and the  
usual ou tcome is fatal unless the  organ- 
i s m  has some alternative way  o f  supply- 
ing its needs. 

T h e s e  theoretical considerations, w h i c h  
imply  that  mos t  mutations are expected 
t o  b e  lethal or at least quite  detrimental 
i n  nature,  are supported b y  the  experi- 
menta l  facts. T h u s ,  i n  Drosophila about 
one- four th  o f  all mutations are lethal or 
semilethal, 15 t o  20 percent produce ster- 
ility i n  one  or bo th  sexes, and nearly all 
the  remainder,  whether producing visible 
morphological changes or no t ,  are sub-
vital ( 1 2 ) .  Less t h a n  one  i n  100 o f  all 
mutations-probably nearer one i n  1000 
-is def ini tely advantageous under exist- 
ing conditions, al though some o f  the  sub- 
vital ones might  become neutral or even 
advantageous under altered circum-
stances. 

Mos t  dominant  mutations thus  quickly 
lose out  i n  competi t ion w i t h  their pre- 
viously selected, well-adapted alleles 
w h i c h  are already established i n  t h e  spe- 
cies. O n l y  because mos t  mutations arc 
rrcrssive-which is anothrr w a y  o f  say- 
ing tha t  most  genes are fairly efficient i n  
a single dose, so that  t h e  alteration or 



cvcn loss of a single one of thc t ~ v o  
alleles rcpreserlting each kind of gciic 
does not block the coiltrolled reaction-- 
is it possiblc for harmful mutations to 
accuniulate in the gcne pool of a popula- 
tion. Ho~vevcr,  ~vhi lc  recessive, harmful 
mutations do not produce thcir maxi-
niuni damage rxcept when inherited in 
a double dosr, through the mating of 
hctcrozygous carriers, noncthclcss, as 
studies both of fruit flies acd  of Inice 
n o ~ vniakc clear, the efficiency of the sin- 
gle norrrlal gcne is rarely fully equal to 
that of t~vo .  In  othcr words, there is solnc 
slight dalnagc froni harmful mutations 
even when they arc hctcrozygous, some 
loss of fertility, or some impairment of 
vitality and shortening of the lifc span, 
even though no obvious visible defects 
are to be seen. 

This damage, very dificult to mcasurc2 
quantitatively, ne\ crthelcss niust bcar 
some relation to the load of hidden inu- 
tations, which has rcccntly been esti-
lnatcd by Morton, Cro~v,  and Mullcl-
(13 )  as amounting to four lethal cquiva- 
lcnts per person in the human species. 
Against the heterozygoils dalnagc of 
harmful gencs must hc ~vcighcd the pos- 
sibility that mankind, like the fruit fly, 
is most vigorous in a h~terozygous con- 
dition-that optimum vizor may result 
froni the balancing of one set of gcncs 
th3t would he h ~ r n i f u l  if homozygous 
against another \ct that ~z-ould also be 
harnlful if hoinozygous. 

At this point ~ v c  must confess our prcs- 
cnt ignorance and a~va i t  the results of 
further expcrilncnis. M~anwhi l e ,  it must 
be stressed that whereas the just-mcn-
tioned benefit of a hybrid nature may 
apply to man, it is very unlikely that it 
applies fully all d o ~ v n  thc viability spcc- 
trum, to iiicludc the iiulnerous rcccssivc 
lethal gcncs as \z.pll as the moderately 
dctrimcntal niutationr. I-Iciice it remains 
imperative to see thnt thc burderl of 
lcthals (and scriou\ly crippling dcfcctsj 
i r l  the population docs not become too 
great. I t  may not niattcr too lnuch to 
an  individual i f  hc has some nelv, favor- 
able g~i ics ,i f  at  the salnp time hc  is 
hopelessly afflicted. T h c  principle is the 
familiar one of the acute ailment: one 
may be in fine shape in every othcr rc-
spcct, but a sc3vcrc toothache or peptic 
ulcer or migraine sours one'? entire out- 
look on life. 

Background Radiation 

We conic no\\ to appr'lisc the currcrlt 
rxposure of thc gencrcil population to 
liuclcar radiations. i2ccordinr: to the 
vic~vs of most gcncticists, although not of 
all, the effects of that exposure can best 
I)e xvcighrd in rrlation to the magnitutlc 
of the spontaneous m u ~ ~ i t i o n  rate, \vhic.li 
is currently rcsponsihlc for a certain 

alnount of ta~lgible genetic defect in the 
population and for a certain load of 
wholly or partially hidden mut? ' tlons car-' 

ried in iiidividuals ~ v h o  arc hctcrozygoui 
for thcm. If one coulcl confidently as-
smne that all spontaiic,ous mutation Tvas 
attributable to the hzckground radiation 
of the environlncut, thc prohlciii would 
be fairly simple. U~lfortunatcly, this can- 
not bc done, since thc spontarlcous mu-
tation rate is in most orgariisnls demon- 
strably higher than could possibly be 
caused by the background. 

Many years ago Mulicr and Mott-
Srnith ( 1 4 )  pointed out that for Dro-
sophila not more than about 1/1000 of 
the spontaneous mutation could be 
causcd by the background radiation. 
For longer-lived animals, a grcatcr frac- 
tion may well be caused by the back-
ground, since rhc ovcr-all mutation ratc 
in different species holds fairly constant 
(within about one ordrr of magnitude), 
although the exposure to background 
radiation increases cr~orniously with 
length of lifc. If thc lolv-lcvcl radiation 
of the background in fact causes a pro- 
portionate alnouiit of mutation, then in 
a species that lives a thousand tinies as 
long as 1J)rosofilzilaand ~vhosc gonads are 
equally exposed, all spontancous muta-
tion would be caused by the bac!cgrouncl. 
I-Ialdanc (15 )  has argued that this might 
possibly hold true for man. Man  lives 
about 365 tinies as long as Drosofihila, 
for thcir rcproductivc lifetiines are of 
thc order of 30 days and 30 years, rc-
spectively. Thus, ~vhi le  it may not be 
very lilcely that for man thc "doubling 
dosc" of radiation-that is, the dose that 
'rvould double the total spontaneous mu- 
tation frequency-is as small as the 
amount of the backcround radiation. it 
is quite possible that it may be no greater 
than thrcc tinies the background. 

I n  thc most recent estimate lnadc by 
the consultaiits of the National Academy 
of Sciences Committee on the Gcnctic 
Effccts of Atomic Radiation, John S. 
Laughlin arld I ra  Pullman ( 1  6 ) ,  the prc- 
vious cstilnatc of the background radia-
tion as alnounting to a 4.3-roentgen 
gonadal dosc ovcr a 30-year period has 
hccn rcviscd do~vn~vard  to 3.1 i: 0.6 rcm. 
Of this amount, cosmic radiation contrib- 
utes 0.78 2 0.09 reni; earth and housing 
1.59 i 0.6 rcm; atnio5pheric radioactiv-
ity 0.06 2 0.03 rcm; and internal radio-
activity (from li'o, C;'" and radium),  
beta and gamma, 0.54 * 0.09 rpni, and 
alpha, 0.15 -t 0.09 renl. 

The  intcrnal radioactivity of the body 
is derived mainly from the beta radicl-
tion of potassiuni-40. T h e  data on tcrrrs- 
trial radiation arc still mcager, hut it is 
evident that there is considcrablc varia- 
tion in its amount, dcpcnding on whether 
a person is ovcr srdimentary rock or soil 
rather than o\,cr ipnc>ui~s rock, and on 
~vhethcr the habitation is \\-oodcn rather 

than brick, stone, or corlcrctc. Thcrc  are 
also certain arcas where a population 
living on highly radioactive sands is rx- 
posed to considerably greater than thc 
usual amounts of radiation-for cxam-
plc, in Brazil and India. O n  the coast of 
Travancorc, where a fishing population 
leads a rathcr primitive life on monazite 
sands, the 30-year gonadal dose may pos- 
sibly bc as high as 50 or even 150 roent- 
grns ( 1 7 ) .  

If the doubling dosc \I-crc cqual in sizc 
to the baclcground radiation, one would 
expect thc frequency of tangible gcnctic 
dcfccts in populations living at  a par-
tlcular background lrvrl for a auficicnt 
numbei of grnerations to approach an 
r.quilibr~uni a t  a frequency that ~vould  
Lary dlrertly n i t h  the alnount of the 
l~ackground radiation. If the threefold 
diffcrcncc In frequrrlc) of congrnital de- 
fects observed in certain populations 
compared \ \ i th  others Tvrrc causcd by a 
thrrefold ditfcrcncc in the alnount of 
background radiation, it ~vould  follon 
that the doubllng dosr ~vaa cqual In mag-
nitude to the baclcground radiation-. 
that is, 3 roentgens. I-Io~vevcr, it may be 
argued against this possibility that if thc 
doubling dose were indeed so loiv, then 
the frequency of genetic defect in the 
Travancore population living on highly 
radioactive soil should approach a fre-
quency of not less than 30 to 40 percent, 
a level which might have been noticcd 
cvcn though no closc study of thc situa- 
tion has yet bccn made. 

Clearly, this is one question for 1111ich 
a gcnctic analysis is of cxtrclnc urgency. 
If the avcragc gonadal dose of 10 rocnt- 
gens per person reconiniendcd for the 
general population as a "pcrniissiblc 
limit" by thc National Acadelny of Sci- 
enccs Conilnittcc is in fact 3 tirncs thc 
doubling dosc, instead of being, as way 
thought a year ago, prolrahly not above 
one-fourth of thry doubl~nq doac, then a 
colnplete rce\aluatlon of thc rccommcn- 
dation is called for. 

Fallout 

No rccrnt rrvlsion ~ v i t h  regard to th r  
rxposure of thc gcnrral population to 
fallout from wcapona trsting has been 
made, and thc figurrs of a year ago seem 
to hr  accurate enough for an  c~a lun t lon  
T h r  rxtrapolated gonadal dosr of 0.1 
roentgen per rrproductive lifrtilnc a t  thc 
average rate of fallout over the paat 5 
\ cara, or of 0.2 iocntgen a t  the lnaxnnum 
ratc, amounts to no more than 1 or 2 pel-
cent of the reconiniended lnaxiniuln al- 
lonance and need not cause undue con- 
cern. T h e  localization of iodinc-131 in 
thr  thlroid and of strontium-90 in bone 
may arouse concern regarding thcir so-
matic rtfecta, such as the induction of 
leukemia, carcinomn, or shortening of 
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zation lessens gonadal exposurrs from roentgen during the suc,cc.cdiri.; t l ~ ~ c a d c ~  p r o ~ i d c  t11p atmosphere of caution and 
those sources. On  the other hand, there 
is less c\riclcnce that cesium-137, another 
fallout product of importance and lons 
life, is localized ~vithin thc body and it 
might even be concentrated to sonic 
measure in the reproductive organs. This 
posibility must be carefully invcstiyated. 

Artificial Sources of Radiation 

A year ago, in the Rcport of the Na- 
tional ilcademy of Sciences Genetic\ 
Committee (181, the average gonadal 
rxposure of the Unitcd States popula- 
tion to medical and dental uses of x-rays, 
radium, and radioactive isotopes xvas 
u,iven a preliminary cstimatr, brlscd on 
the studies of our consul~ants. J. S. 
1,aughlin and I. Pullman, of about 3 
roentgens per reproductive lifetime. 
Their fuller survey of the available datn 
(19) rrvises the, probable dosc to the 
gonads upward to 4.6 + 3 roentgens. 
Table 1 prcsrnts their estimate Izroken 
down into categories of dosage. 

Thcv have rnadr it clear (as likewise 
va r iou  radiologists have pdintrd out) 
that many of the data on which the esti- 
mates arc basrd are lirnitrd to pilrcicular 
institutions or situations. that thcre ;c 

7;ery great \,ariation in actual practice, 
and that the statistical uncertainty of thc 
cstirnatrs is grrat. Ne\,erthrless, no brtter 
estimates can he mad? a t  this time from 
available data, and they arc in agrcr- 
inent with very sicnilar estimates of the 
exposure of the Swedish population 
diagnostic x-rays which arr  rrfrrred to 
in statrrnents mad? by thr United Na- 
tions Scientific Committee on the Effect\ 
of Atomic Radiation 120) .  The  British 

\ , 

cstirnatc of gonadal rxposures to diag-
nostic x-rays is considerably scnallcr, 
largrly b r c a ~ ~ s r  the average number rrf  
i,x;icninations per yrar per pprson is 
Io~7rr.  

111 spitr of the higher indilidual ex-
posures of medical personnel and atomic 
cnrrgy employres, occupatio~ial rxpo- 
surcs add little to the averagr gonadal 
exposurr of the whole population hr-
cause of thr rrlativcly small number of 
such persons. I t  has bccn estimated, for 
the Unitcd Statcs and Great Britain, re- 
sprctivcly, at 3 to 6 percrnt of the total 
rxnosurc due to artificial sources. For 
such individuals and any others subjrctcd 
to high individual doscs, for xzihatcvrr 
reason, the problem becomes one of the 
dosage level a t  which thcre will b r  a 
significant increase in the probability of 
tangiblc grnetic dacnagr to thrir o\vn 
children and grandchildren. This is why 
the Sational Academy of Sciences Gc- 
netics Committee has recommended an 
upper limit of exposure for occupational 
risk totaling a 50-roentgen gonadal dosc 

of life. T h e  British coniniittce (21) mad? 
an  almost identical recommenclntion. 
though in the forni of a lifetime total of 
200 roentgens and a limit of 50 roent. 
gens from conception to age 30. 

Our  uncertainty abo~rt thr precisc l(xv- 
cls of currc7nt caxposure to artificial 
sources of radiation, and the forcgoinq 
rough c~t imates  ~vhich indicate that t11c 
Icvcl may ~vcll  be approachins 50 per 
cent of the total reconimcndcd "permis- 
sible doscl" for thc arneral population. 
make it inipcrativc. to set up some sort 
of personal recording of exposures, difi- 
cult though that may be from every 
practical point of view. I t  is urgently ad- 
visable ( i )  because Ivr so seriously need 
more precise data about exposures, and 
record-keeping is one obvious mran4 to 
this end, evcn though it may he supple- 
mented and chec1ci.d by other methods 
of rccording total doscs to the popula- 
tion; and ( i i )  I~c,causc the cxistcncr of 
such a system of personal record4 \ \ - i l l  

Table 1. Summary of thi. gentically effec- 
tive average gonad doses from medical 
diagnostic x-ray examinations and radia- 
tion therapy treatmelits received per per-
son during onr generation (30 years) by 
the population of thr United States ( 1 9 ) .  
The minimum average doses have been 
computed on the basis of the lowest gona- 
dal doses reported. Even further reduction 
can be obtained since improved techniques 
are used for some procedures for which 
the gonad doses are not yet measured. The 
probable average doscs are based on an 
average of those reported measurements 
of techniques grnerally employed. 

- -  -

Mini- Prob-
mum ablc 
gonad gonad 
dose dose 

(roent- (roent-
,?ens gens ) 

- - -~ 
~ 

X-ray diagnostic 
examinations 

Radiography 1 .0 1.8 
Fluoroscopy 0.3 1.5 
Photofluoroprarl~s 

and mass chest 
x-rays 0.006 0.006 

Dental x-rays 0.03 0.1 
Obstetrical x-rays 0.16 0.7 

Total diagnostic 
dose 1.5 ? 1* 4.1 i3* 

X-ray and radio- 
isotope therapy 
treatments 0.5 0.5 

Total gonad dose 2.0 4.6 

" Rowgh limit5 of error are added in th! tablc on 
the basis of a verbal communication frorrr .T. S. 
Laughlin and I. Pullman to the Genetics Corrrmit- 
tee of the Kational Acaderrry of Sciences. The 
"total diagnostic dose" is considered by them to 
be a much firmer estimate than the figure for 
therapy treatments and. conrequentlv. than tlie 
"total sonad dose." 

prudence so nccpssary on the part of both 
~h t ,  practitioner and the public. In the 
ycar since the Gcnetics Committee's rcc- 
ommendation was made, no dcfinitc 
steps have bccn taken by public authori- 
tirs in this direction, so fa1 as I know. 
Action, at Icast in thc form of pilot pf- 
forts, should be specifically urged upon 
state and fedcral health authoritirs a t  
this tinip. 

C:ompctcnt radiologistu have assurctl 
members of the Gcnrtics Comniittcc 
that it should be possible to reduce the 
avcrage exposure of our United Statcs 
population by at least half, ~vithout 
diminishing the needed medical and drn-  
tal diagnostic information. This ~vill  bc 
possible not only through the develop-
ment of ncxv devicrs, such as faster films 
and the amplification of fluoroscopic 
i1naei.s. so ac; to wrovidc the same or bet- , ,  , 

tcr information for lesc, exposure, hut 
also by cneans of morr critical attenti011 
to proper shielding, filtration, and drfi- 
rlition of beam, by reducing the usr of 
fluoroscopy and crrtain typrs of pcl\,im- 
etry which produce heavy exposures 
( in  the latter case of t\vo individuals in 
the population at once) ,  and by limiting 
tlie use of diagnostic x-rays to situations 
~vhcr r  the information they provide is 
truly of value. 12'ith prudence and thc 
aid of new dcveloprncnts in radiology 
I\ hich arr  just around the corner, it may 
cvcn he possible to rrduci. diagnostic ex- 
nosures to onr-tenth of the current 1cvi.l. 
,it which point they ~vould brcornc a 
minor prohlccn. 

Peaceful Application of Atomic Energy 

Finally, it is necessary to look a t  thr 
situation which is perhaps most likely to 
create futurr hazards in this area-
namely, tht, drvclopcncnt of atomic 
c,nt,rgy for peaceful applications. I t  is 
stated on good authority that a 100-
meqawatt heat reactor will producc an-
nually thi. same quantity of long-lived 
fission products as thr  detonation of a 
1-megaton fission bocnb (22) .  'iVhcn it is 
cnvisionrd that by 1965 Grrat  Britain 
expects to he producing 6000 megawatts 
of atomic energy, and that within 20 
years the United States may producc 
20.000 to 40,000 mrgawatts, it is quite,' 
clear that the problem of the safe dis- 
posal of thrsr fission products will be-
corn? one of major proportions. 

Tru r ,  thr fission products will nor-
mally be contained; but that does not 
avoid the problem of ultimate disposal. 
Can we depend on storage undrrground. 
lvith possible contamination of soil and 
water supplies? T h e  Los Alamos labora- 
tory alone has already used' u p  40 acres 
in underground storage and needs a new 
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storage in the ocean depths, with the 
possibility of an overturn of even stable 
waters sufficient to contaminate marine 
plant and animal life, and thus even-
tually all that of the lands adjoining the 
sea? The very bulk of these lonq-lived 
fission products will be so enormous that 
containment within corrosion-proof ves- 
sels, even for 30 to 50 years, will be vir- 
tually impossible. 

htoreover, the occurrence of accidents, 
such as an occasional explosion of a re- 
actor or the wreckage in transit of ve-
hicles carrying radioactive materials, 
cannot be dismissed as too improbable. 
Atomic power developed on a large scale 
cannot be immune to accident, any more 
than any other kind of human enterprise. 
If even 1 percent of the long-lived fission 
products produced at a 20,000 megawatt 
annual level of atomic power were to be 
released by leakage and accident, the 
~ffect  would be equivalent to the radia- 
tion from 100 bombs of the Hiroshima 
size. 

The threat to mankind of exposure 
to radiation arising from the peaceful 
development of atomic energy may thus 

I,lr outstrlp not only that from current 
exposures due to weapons testing and 
fallout but even that from the exposures 
necessary for medical and dentil diag-
nosis. The only immediately obvious es-
cape from so dire an outcome may lie 
in the rapid development of the hydro- 
gen fusion process as a source of energy. 
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W. Bothe, Experimental 

Nuclear Physicist 

Most of today's nuclear physicists are 
too young to have known the time in 
which the foundation of their science 
\vas laid. The death of Walter Bothe ( 8  
January 1891-8 February 1957) reminds 
us of the years in which a handful of 
gifted researchers made one basic discov- 
ery after another with very primitive ex- 
perimental facilities. Their method of 
working can no longer be imitated to-
day. The field has become too large, the 
experimental techniques are too in-
volved. However, their way of thinking, 
the method they employed in choosing, 
from many possible problems, the im- 
portant ones, and the way in which they 
focused their attention on the physical 
result in spite of great emphasis on ex- 
nerimental techniaue can be a lesson for 
us, particularly today when the exten-
sion of the experimental method and its 
problems can all too easily veil the real 
goal of physical understanding. 

Bothe 14~as a student of Max Planck. 
He therefore started his career as a 
theoretical physicist. For his Ph.D. thesis 
he developed the theory of optical re-
fraction and reflection from the scatter- 
ing of light by single molecules. Max 
Planck stressed independence in the work 
of his students. Bothe liked to tell that 
Planck only twice made a comment on 
the calculations that were submitted to 
him. In the first, he said, "This is still 
insufficient"; in the second, "NOW you 
may finish." 

In 1920, after an interruption of 
nearly 6 years, caused by lt70rld War I 
and long imprisonment in Siberia, Bothe 
started, with Geiger, his experimental 
career in physics at the Physikalisch-
Technische Bundesanstalt (the German 
Bureau of Standards). Even from rou-
tine measurements in the laboratory he 
was able to gain new insight which led 
to publications. However, he qoon turned, 
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fully supported by Geiger, to the fasci- 
nating problems which the rapidly devel- 
oping quantum theory set for experi-
mentalists. Geiger's work with alpha rays 
was carried on in Rutherford's labora-
tory. Bothe turned his attention to the 
behavior of beta rays. IVith the cloud 
chamber he examined their tracks and, 
by means of theory, was able to classify 
the complicated phenomena. His ar-
ticles on beta rays in the well-known 
Handbuch der Physik are classic exam- 
ples of the way in which a confused pic- 
ture may be clarified by theoretical treat- 
ment and appear, finally, quite simple. 

That was one of the great periods of 
physics, marked by t h e  penetration of 
the concept of quanta into "classical" 
considerations. A large circle of famous 
physicists lvas gathered in Berlin, of 
~zrhom I shall name only Planck, Einstein, 
v. Laue. and Nernst. The extensive ex- 
change of ideas between them found 
visible expression in their joint seminars. 
There, innumerable problems which 
arose from the new point of view were 
discussed. Bothe's entrance into this cir- 
cle resulted in stimulation for experi-
mental investigations, which he then also 
performed. The best-known result of 
these endeavors is his work with Geiger, 
in which it was shown that, in the scat- 
tering of light quanta on electrons 
(Compton-effect) , the law of conserva-
tion of energy is valid not only on t h ~  
average hut a l ~ nfor the single elemen- 
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