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Of m ajor im portance in  a sse ss in g  the amount o f g en e tic  e f fe c t  p ro 
duced by io n iz in g  ra d ia t io n  i s ,  f i r s t ,  knowledge of th e  r e la t io n  between 
the m utation frequency, e sp e c ia lly  the  "po in t m utation" frequency, and th e  
ra d ia t io n  dose and, second, knowledge of th e  d iffe ren ces  in  frequency pro
duced by given doses on c e l ls  o f  d if fe re n t  types o r  under d if f e r e n t  
c o n d itio n s .

1 . FHEQUENCr-DOSE RELATION AT LOW AND MODERATE DOSES

In  the case o f re c e ss iv e  l e th a l  m utations induced by i r r a d ia t io n  of 
Drosophila spermatozoa i t  has been dem onstrated by a la rg e  amount o f  work 
c a r r ie d  out during th e  f i r s t  two decades of such s tu d ie s ,  1928-19U8, th a t  
th e  r e la t io n  of frequency to  dose i s  s u b s ta n tia l ly  l in e a r  over a very  wide 
range (gee th e  ta b le ,  S e rie s  V I). The range was extended down to  $0r o r 
even 25r  by S te m  and h is  'CO-workers5-7, th u s  a t ta in in g  a more than  100- 
fo ld  am plitude. This being th e  case , i t  i s  l ik e ly  on th e o r e t ic a l  grounds 
th a t  th e  l in e a r  r e la t io n  holds a l l  th e  way down to  zero dose®.

A td o s e s  lower th an  3000r more than tw o -th ird s  of th e  recess iv e  l e -  
th a ls  are  a sso c ia ted  w ith  no c y to lo g ic a lly  v is ib le  s t r u c tu r a l  change, and 
th i s  f ra c t io n  in c re a se s  w ith  decrease o f th e  dose, a s  shown by V alencia^ 
working a t  th e  Indiana la b o ra to ry . Hence th e  l i n e a r i t y  p r in c ip le  found fo r  
recess iv e  le th a ls  may be in fe r re d  to  apply p rim a rily  to  p o in t m utations. 
S ince , however," s t r u c tu r a l  changes induced in  th e  spermatozoa have a t  moder
a te  and h igh  doses a frequency approxim ately p ro p o rtio n a l to  the 1.5 power 
o f th e  dose3,9 and c o n s ti tu te  a considerab le  f ra c t io n  of the  recess iv e  
le th a ls  a r is in g  a t  h igh doses, i t  has been somewhat o f a paradox th a t  even 
a t  high doses the  t o t a l  frequency of le th a ls  has seemed to  remain l in e a r ly  
p ro p o rtio n a l to  th e  dose. We s h a l l  r e v e r t  to  t h i s  question  in  a subse
quent s e c tio n .

"^Zoology D ep t., Indiana U n iv e rs ity , Bloomington, I n d . ,  U.S.A. Con
t r ib u to r s ,  w ith  p re se n t ad d resses: I .  I .  O ste r, Zoology D ep t., Indiana
U niversity} I .  H. Herskow itz, Biology D ep t., S t .  Louis U n iv e rs ity ; Helen U. 
Meyer, Zoology D ep t., Indiana U n iv e rs ity ; A. S ch a le t, B io lo g ica l la b o ra to ry , 
Cold Spring H arbor, Long Is la n d , N.Y.; S. Abrahamson, Biology D ep t.,
Rutgers U n iv e rsity , Newark, N .J . ;  Sara H. F rye, Zoology D ep t., Indiana 
U n iv e rs ity ; and 5 .  A. C arlson, Biology D ep t., Queens U n iv e rs ity , Kingston, 
Ont. The address o f  a l l  th ese  persons was Zoology D ep t., Indiana Uni
v e r s i ty  a t  th e  time th a t  t h e i r  co n trib u tio n s  were made.
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R eliab le  s tu d ie s  on the frequency-dose r e la t io n  fo r  other m ateria l 
than Drosophila spermatozoa have not been a v a ila b le  u n t i l ,  a t  the 1955 Con
ference on th e  P eacefu l Uses o f  Atomic Energy, R u sse ll1c' made th e  statem ent 
th at he had obtained an approxim ately lin e a r  r e la t io n  for  the v is ib le  muta
tio n s  a t s p e c if ic  l o c i  induced in  h is  ir ra d ia tio n s  o f  mouse spermatogonia, 
when r e s u lt s  from doses o f  0 , 300 and 600r were compared. During the past 
12 months O ster^  has extended the study o f the f'requency-dose r e la t io n  to  
comparable c e l l s  in  D rosophila, namely, oogonia, ir r a d ia te d 'in  th ir d -in  star  
la rv a e . P ossib ly  included here a lso  was a sm all m inority o f early  oocy tes, 
but th ese  are known to have induced-m utation freq u en cies, and a d is tr ib u tio n  
of m utational ty p es , s im ila r  to  th ose of oogonia12. In both th ese  typ es o f  
c e l l s ,  th e  great m ajoritj' o f induced m utations, even at high d oses, are o f
"point" nature. The r e s u lt s  o f  t h is  experiment are shown in  the ta b le ,
S er ies  I .

As the tab le  shows, th e  frequency o f r e c e ss iv e  sex -lin k ed  le th a ls  in 
duced in  th ese  immature female germ c e l l s  by the lower d ose , 600r, i s  even 
lower than the spontaneous frequency. By reason o f  th e  large  number o f  t e s t s  
carried out a t  th is  dose, however, i t  was p o ss ib le  to  a tta in  a r e la t iv e  ac
curacy alm ost as great for  t h i s  induced frequency, a f t e r  subtraction  o f  the  
spontaneous frequency, as fo r  that induced by the higher dose, 2ij00r. The 
frequency per roentgen, shown in  the 9th column, turns out to  be substan
t i a l l y  the same fo r  both d oses, i . e .  the r e la t io n  i s  l in e a r . S ince the two
doses d if f e r  by a fa c to r  of It the s t a t i s t i c a l  errors in d icated  are le s s  im
portant in  a llow ing p o ss ib le  d ev ia tion s from l in e a r ity  than they would have 
been i f  one dose had been only tw ice the o th er . Thus i f  we c a lc u la te , for  
example, what th e  ex p ecta tio n s could have been i f  the frequencies o f  the 
le th a ls  had a c tu a lly  been p roportion al to  th e 1 .5  power of the dose, as those  
o f  s tru c tu ra l changes are , we find  th at the observed data depart far  too  much 
from th ese  exp ectations to  represent a random sample derived from any such 
m a ter ia l. I t  i s  ev id en t, th en , th a t the present r e s u lt s  not only g ive  no in 
d ica tion  of a threshold but a ls o  no in d ica tio n  o f a reduction  in  the muta
genic e f fe c t iv e n e s s  o f the rad ia tion  as the dose i s  reduced to  le v e ls  a t  

which the induced frequency i s  lower than the spontaneous one.

These data a lso  make i t  c lea r  th a t th e induced m utations have here 
been added to  the spontaneous ones. That i s ,  th e  t o t a l  mutation frequency  
found a t any given dose does not represent some so r t  o f  exaggeration , magni
f ic a t io n , or m u ltip lica t io n  o f a "natural" frequency: an exaggeration th a t
becomes prop ortion ately  more pronounced as the dose i s  in creased . Instead  
o f  t h is ,  the t o t a l  mutation frequency found i s  made up of two separate com
ponents: (1) the spontaneous mutations th a t  would have a r isen  even w ithout
the ra d ia tio n , p lus (2) a contingent o f  rad iation-in duced  mutations th a t are 
o f e n t ir e ly  independent o r ig in  from the spontaneous ones, even though the  
mechanisms o f  o r ig in a tio n  o f th e two ca teg o rie s  may w e ll have been re la ted  
in  kind. S im ila r ly ,th e  induced m utations them selves are m utually independent.

I t  was thought d esira b le  to  extend our knowledge of the frequency- 
dose r e la t io n  not only in  th e d ir e c tio n  o f c e l l s  having a much lower sus
c e p t ib i l i t y  to  rad ia tion  m utagenesis than spermatozoa but a lso , con trar iw ise , 
to  those having an unusually high s u s c e p t ib i l i t y .  The work of a number o f  
authors, to  be mentioned subsequently, had poin ted  to  the speraatid  stage as
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the most s u sc e p tib le . Thj s in feren ce was confim ed  by d ir e c t comparisons in  
which 0ster^3 found th a t a t le a s t  tw ice as many recess iv e  le th a ls  were in 
duced in  sperm atids as in  the most su scep tib le  spermatozoan s ta g e , that pres
ent in  insem inated fem ales. Oster has th erefore  made a sp e c ia l in v e s tig a tio n  
o f  the frequency-dose r e la t io n  fo r  r ec e ss iv e  sex -lin k ed  le th a ls  a r is in g  in  
sperm atids. For convenience and r e p e a ta b ility  in  trea tin g  the spermatid 
s ta g e , Khishin* s procedure^  was fo llow ed , o f  irra d ia tin g  pupae L|8 hours 
a f te r  th e ir  pupation and, a f te r  emergence o f the m ales, u t i l iz in g  them as 
parents fo r  not more than th e next three days. The doses used were purposely  
kept low (250r and 1000r) so th a t even a t the higher dose the great m ajority  
o f  the le th a ls  found would represent p o in t m utations.

The r e s u lt s  are shown in  S e r ie s  VIII o f  the ta b le . The frequencies  
obtained a f te r  su b traction  o f  the con tro l frequency are again seen to  conform 
s a t is f a c t o r i ly  w ith a lin ea r  r e la t io n , and we have ca lcu la ted  that they are 
not to  be reco n c iled  w ith  the p o stu la te  of p rop ortion a lity  to  the 1 .5  power 
of the d ose . On the other hand, a p a r a lle l  experiment showed that the fr e 
quencies o f  gross s tru c tu ra l changes o f  chromosomes, represented by tra n s lo 
ca tio n s between chromosomes II  and I I I ,  did conform c lea r ly  w ith  the 1 .5  
r e la t io n  expected on the b a s is  o f  e a r lie r  findings^  on tra n slo ca tio n s  a r is in g  
from irra d ia ted  speim atozoa. The present data on tr a n s lo c a tio n s , derived  
from th e same groups o f  treated  sperm atids as the le th a ls ,w ere  as fo llo w s:  
I45/3U21 fo r  250r and 1U8/1533 fo r  1000r (no con tro ls being necessary sin ce  
th e ir  spontaneous frequency i s  known to  be so low th at i t  need not be taken 
in to  account in  such work). These r e s u lt s  for tra n slo ca tio n s show th at there  
were no p e c u lia r it ie s  o f the con d ition s such as might have tended unduly to  
reduce the frequencies observed a t  high doses below those th at had a c tu a lly  
been produced. F in a lly , th e  present r e s u lt s  fo r  le th a ls ,  s im ila r ly  to  a l 
though l e s s  s tr ik in g ly  than those for  oogonia, show that the induced muta
tio n s  a r is e  independently of the spontaneous ones and are added to  them.

As th ere are grounds fo r  regarding a l l  the above r e su lts  for  le th a ls  
as having referen ce mainly to  poin t m utations i t  was thought d esirab le  to  
g et a d d itio n a l evidence concerning the frequency-dose r e la t io n  for  very mi
nute rearrangements. Although e a r l ie r  work-*5 had provided evidence o f  l i n 
e a r ity , fo r  such t in y  d e f ic ie n c ie s  as are u su a lly  met w ith in s id e  o f  or , 
bordering on heterochrom atic regions, doubts and seeming counter-evidence  
had been r a ise d . Using an X-chromosome of th e  scu te-8  typ e, that has hetero
chromatin in  the neighborhood o f i t s  l e f t  end, in  which l i e s  the normal 
a l l e l e  o f  yellow -body c o lo r , Sara Frye has during the past two years te s te d  
the frequency of mutants showing yellow  body, among the daughters of un- _ 
trea ted  males and o f  th ose irra d ia ted  w ith 1000r and ItOOOr, r esp e c tiv e ly  
Sperm of th e  2nd to  lith day a f te r  ir ra d ia tio n  were used.

As i s  to  be seen from the ta b le , S er ies  VII, the la r g e -sc a le  r e su lts  
f i t  w e ll  w ith  the exp ecta tion  fo r  l in e a r i t y .  Analyses o f  the mutants showed 
th at th e great m ajority  o f  them in vo lve  lo s s e s  of a t le a s t  three l o c i  (those  
o f  a le t h a l ,  y e llow , and achaete) and co n stitu te  minute d e f ic ie n c ie s .  I t  i s  
true th a t some cases o f " h a lf-tran slocation "  were a ls o  present, and th at  
th ese  must have been derived from two w idely separated breaks and have had a 
frequency dependent on th e 1 .5  power o f  the dose a t th ese d oses. But s in ce  
such cases could be reckoned to  c o n stitu te  fewer than 20% o f a l l  the mutants
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scored t h e i r  in c lu s io n  d id  not p e rc e p tib ly  a f f e c t  th e  l in e a r  r e la t io n  ob
served fo r  th e  t o t a l s .  In  c o n tra s t to  these  f in d in g s , most d e f ic ie n c ie s  
th a t  are  re a d ily  v is ib le  in  euchromatin have th e i r  breaks fu r th e r  a p a r t  than  
those here u su a l, and accordingly  fo llow  the  1.5 power ru le 1 9 ,9 .

I t  should be added th a t  two lo c i  in  th e  main euchromatic reg io n  o f the  
te s te d  X-chromosome, those o f w hite and fo rked , were sim ultaneously scored 
fo r  m utants in  F rye’s experim ent. These m utants, which were in  la rg e  major
i t y  p o in t m u tations, a lso  showed frequencies  c lo se ly  conforming w ith  a l in e a r  
r e la t io n  to  dose, th e  counts being 1/263,69U fo r  th e  c o n tro ls , 17/180,9^2 fo r  
1000r, and 13A 1,310  fo r  UOOOr. The p e r-lo cu s  induced frequency h e re ,
O.U(±1) X 1 0 -7 /r , i s  a s  expected f a r  low er than  th a t  o f  about 8 X 1 0 - f / r  
found f o r  th e  yellow d e f ic ie n c ie s  involv ing  a break in  heterochrom atin , but 
d i s t in c t ly  h ig h er than the freq u en c ies  of p o in t m utations induced in  female 
germ c e l l s  (S erie s  I I I ) .

2 . DIFFERENT SUSCEPTIBILITIES CF DIFFERENT CELL TYPES

Space p rec ludes a h i s to r i c a l  trea tm en t here o f th e  evidence gathered
in  th e  l a s t  s ix  y e a rs , f i r s t  by Luninr. and h is  co-workers20-29, then  by 
A u e r b a e h 3 0 - 3 2  an(j h e r  studen t Khiahin , by Baker and von H alle33, and in  
the l a s t  fo u r years  by our own group 315034-38^ showing th a t  th e  p o s t-g o n ia l 
s tages of D rosophila germ c e l l s  not only a re  much more su scep tib le  than  th e  
go n ia l s tag es  to  m utagenesis by io n iz in g  ra d ia t io n ,  a s  had long been known39# 
but d i f f e r  g re a tly  amongst one ano ther in  s u s c e p t ib i l i ty .  The id e n t i f ic a t io n  
of which s tag es  in  th e  germ c e l l  development o f  th e  male correspond to  the  
d if fe r in g  s u s c e p t ib i l i t ie s  found has been made by Auerbach and Khishin by a 
combination of genetic  and h is to lo g ic a l  methods. On the  b a s is  of th e ir  com
p a ra tiv e  r e s u l t s ,  checked and added to  by our own and those of th e  o th er 
workers m entioned, th e  sequence of varying s u s c e p t ib i l i ty  fo r  th e  p roduction  
of recess iv e  le th a ls  ( th a t  i s ,  the r e l a t iv e  frequencies produced by a given
dose) may be roughly in d ica ted  as fo llow s fo r  th e  male germ c e l l s :
(A) spermatogonia and e a r ly  sperm atocytes 1, (B) m eio tic  d iv is io n  stages 8, 
(C) sperm atids 12, (D) spermatozoa more th an  a day befo re  t h e i r  e ja c u la tio n  
3 , (E) spermatozoa w ith in  a day of t h e i r  e ja c u la tio n  U to  U§, (F) spermatozoa 
w ith in  insem inated fem ales 5 to  6j and fo r  the  female gem  c e l l s :  (A')
oogonia and e a r ly  oocytes 1, (B*) l a t e  oocytes ( l a s t  3 to  U days) 2 to  3 .

The a c tu a l  frequencies  may be i l l u s t r a t e d  f o r  A1 and C by S e rie s  I  
and V III in  our t a b le ,  but the values found f o r  a given s tage  and dose o fte n  
d i f f e r  by a fa c to r  of n e a r ly  2 fo r  d if f e r e n t  experim ents, so th a t  our u n i t  1 
(applying to  A and A ') may vary between values o f 50 and 100 X 10"7 induced 
sex -linked  le th a l s  p e r roen tgen . As fo r  S e rie s  VI o f our ta b le ,  although 
th e  induced value here given has o ften  been used fo r  re fe ren ce  i t  i s  now e v i
dent th a t  i t  rep re sen ts  a compromise between D and E (somewhat n eare r to  E ), 
since  i t  i s  based on work done befo re  the d is t in c t io n  between th ese  s tages 
was known. Undoubtedly d iffe ren ces  would b e  found to  e x is t  between s t i l l  
f in e r  sub d iv is io n s  than those o f th e  p resen t s e r ie s  i f  th e re  were means o f 
studying them se p a ra te ly . This i s  i l l u s t r a t e d  by O ste r1s findinghO th a t  a 
d is t in c t ly  h ig h er frequency i s  evinced by oogonia i f  they  a re  i r r a d ia te d  
while h a lte d  in  m ito s is  by co lch ic in e  o r  acenaphthene.

- 5-



A recent example o f a com paratively fin e  d is t in c t io n  in  stages i s  
given by the data o f  W hiting and Murphy^l. These show that in  the wasp 
Habrobracon r e c e ss iv e  le th a ls  are produced a t about the same rate per 
roentgen ( i f  we make the assum ption, not contradicted  by the data, th a t the 
e f f e c t  i s  approxim ately lin e a r  a t the dose stud ied ) in  spermatozoa ir r a d i
ated  in  the male and in  eggs irra d ia ted  at m eiotic  metaphase I ,  whereas in  
eggs irra d ia ted  a t prophase I  a dose nine tim es as  high i s  required fo r  th e  
same e f f e c t .  Here, as in  th e  Drosophila r e s u lt s ,  there i s  a c o rre la tio n  
between th e amount o f chromosome condensation and the degree o f s u sc e p t ib il
i t y .  However, th e e x isten ce  o f  a d d itio n a l fa c to rs  i s  shown in  Drosophila by 
the much higher s u s c e p t ib i l i t y  o f  sperm atids than o f spermatozoa, d esp ite  
the somewhat le s s e r  condensation o f chromosomes in  the former than in  the 
l a t t e r  s ta g e s .

Whatever the fa c to r s  d if fe r e n t ia t in g  the s u s c e p t ib i l i t ie s  o f  d i f f e r 
ent sta g es  may be, i t  i s  u n lik e ly  th a t  the pattern  found in  Drosophila i s  
unique. Thus, in  m ice, to  add to  th e  lo n g -e x is t in g  evidence th at in  them as 
in  Drosophila there i s  a fa r  higher production o f  tra n slo ca tio n s and dominant 
zy g o tic  le th a ls  in  spermatozoa than in  spermatogonia, we have a recent s ta te 
ment by R u s s e l l U 2  th a t the m utations a t s p e c if ic  lo c i  stud ied  by him are 
produced a t "approximately two to  fou r times" the frequency in  male germ 
c e l l s  ir ra d ia ted  between 19 and 23 days before mating than in  spermatogonia. 
This r e s u lt  agrees q u a n tita tiv e ly  w ith the r e la t iv e  frequencies o f  poin t 
m utations and of t o t a l  r e c e ss iv e  le t h a ls  induced a t  the probably corre
sponding Drosophila sta g es  A and D.

The comparative s u s c e p t ib i l i t ie s  d ea lt w ith above are, as p rev iou sly  
mentioned, th ose fo r  p o in t m utations, in  th e  sense o f changes on a sca le  too  
sm all to  be d e f in it e ly  d etectab le  by m icroscopic exam ination o f  the extended 
chromosomes o f  th e s a liv a r y  glands?. The comparative s u s c e p t ib i l i t ie s  o f  
th ese  d if fe r e n t  s ta g es  to  having demonstrable stru c tu ra l changes o f  a v ia b le  
kind induced in  them d if f e r  from one another in  the same d ir e c tio n , on the 
whole, but much more than those above g iv en . Moreover, th e freq u en cy -d istr i-  
bution  o f  th e  d if fe r e n t types o f  stru ctu ra l changes found a lso  v ar ies w ith  
the stage ir ra d ia te d . Not only chromosome b rea k a b ility  d ifferen ces  but a lso  
d ifferen ces  in  the fa c to r s  a ffe c t in g  th e jo in in g  o f  the broken ends and the  
r e c o v e r a b ility  o f  th e products o f  union play important parts in  the determin
a tio n  o f the observed freq uen cies o f  stru ctu ra l changes, in  a manner too  com
p lic a te d  to  be entered in to  h ere. But th ere are grounds, which w i l l  be men
tion ed  subsequently, fo r  in ferr in g  th a t  th ese other fa c to r s  are not relevan t 
to  the production o f  th e  poin t m u tation s. We may a lso  in fe r  th a t even a t the  
most su scep tib le  s ta g e , th a t o f sperm atids, the r ec e ss iv e  le th a ls  remain a 
v a lid  c r ite r io n , a t  low and moderate d oses, of poin t m utations.

3 . IKE "DOUBLING DOSE" AND THE SPONTANEOUS FREQUENCY

The doubling dose fo r  point m utations, i . e .  the dose inducing as many 
as a r ise  "spontaneously" in  th e course o f  one generation , i s  su b ject to  enor
mous v a r ia tio n s  (see  the ta b le ) .  Thus i f  th e  spontaneous ra te  i s  held con
s ta n t , the induced rate  and with i t  th e doubling dose can vary by a fa c to r  o f 
a t  le a s t  12, depending upon which stage i s  ir ra d ia ted . I f  on the other hand 
the induced ra te  i s  held  con stan t, the spontaneous rate  and w ith  i t  th e
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doubling dose can vary by a fa c to r  o f a t  le a s t  20, depending upon the g en etic  
com position o f the stock  and the h is to r y  o f the germ c e l l s  used . A ccordingly, 
i f  n eith er  ra te  i s  held  constant the doubling dose can vary by the product o f  
th ese  fa c to r s , i . e .  by a t  le a s t  2lt0. And by a lte r a t io n  o f cond itions (such  
as oxygen te n s io n ) i t s  v a r ia tio n  can be s t i l l  further in creased .

There has long been evidence th a t d if fe re n c e s  as great as ten  fo ld  in  
the spontaneous point-m utation  r a te , caused by d if feren ces  in  g en e tic  fa c to r s ,  
s in ce  termed mutator gen es, are not uncommon in  D rosop h ilaW . And even w ith  
the same sto ck , the spontaneous r a te , ty p ic a l ly  represented by .2% o f reces
s iv e  sex -lin k ed  le th a ls  in  th e f i r s t  spermatozoa re lea sed  by the newly 
emerged m ale, i s  reduced to  .06% in  th e  speimatozoa released  subsequently to  
th ese , but i f  the spermatozoa are stored  in  the female th e ir  rate i s  in 
creased by about .06% per week over th e ir  o r ig in a l ra te ; meanwhile, however, 
the eggs o f a l l  periods show an approxim ately constant ra te  o f  about .17% .^

The p arad ox ica lly  higher frequency found among th e  e a r lie r  released  
spermatozoa i s  probably to  be referred  to  the longer duration o f  the sperma
t id  stage which th ey  underwent in  th e  pupa, as compared with th a t undergone 
by the la te r  re lea sed  sperm in  the a d u lt, i f  we grant th a t the sperm atid  
stage i s  not only unusually su scep tib le  to  io n iz in g  ra d ia tio n  and some chem
ic a l  m u ta g e n s ^ l j 33 but probably su scep tib le  lik ew ise  to  some of th e  mutagenic 
agents n a tu ra lly  p resen t. Whether or n o t th is  in terp re ta tio n  i s  co rr e c t, i t  
i s  evident th a t d if fe r e n t  groups o f spermatozoa from th e very same in d iv id u a l 
may show spontaneous frequencies d if fe r in g  by a fa c to r  o f 7: e .g .  from .06% 
in  second-week sperm engaging in  f e r t i l i z a t io n  w ith in  a few days to  ,bh% in  
fir st-w eek  sperm stored in  the female fo r  a month. The doubling dose th ere
fo re  has a meaning only in  r e la t io n  to given stocks bred under g iven  condi
t io n s  and when the ra d ia tio n  has been app lied  to  g iven  stages in  a given  
manner. However, one may speak of average v a lu es  fo r  g iven  circum stances.

A considerab le source o f  error th a t sometimes hampers th e determina
t io n  of the spontaneous ra te  l i e s  in  the in o rd in a te ly  high m u ta b ility  o f  the  
stage th at in clu d es f e r t i l i z a t io n  and th e nuclear d iv is io n s  o f th e  newly 
formed zygote . Evidence for  t h i s  i s  found in  (1 ) the d isproportion ate  prev
alence o f large  "cluster's” o f mutants o f common o r ig in  among the o ffsp r in g  o f  
given in d iv idualsbh-h 6 f (2 ) the high frequency o f m u tation a lly  mosaic o f f -  
spring1- ^ ^ ,  and (3 ) the strong in flu en ce  o f maternal genotype on th e  fr e 
quency, in  chromosomes o f patern al o r ig in , o f  m utations common to  th e en tire , 
germ track o f an in d iv id u a l and hence scored as having a r isen  in  th e  father.*4' 
Estim ates based on the f i r s t  e f f e c t  in d ica ted  a spontaneous mutation ra te  per 
u n it o f  time a t th is  e a r ly  stage  of the order of s e v e r a l hundred tim es th a t  
obtaining in  the germ c e l l s  throughout the major part o f the organism 's l i f e  
Whether th is  stage i s  s im ila r ly  su scep tib le  to  the ind uction  o f  m utations by 
rad ia tion  i s  not known. But th e phenomenon as i t  p erta in s  to  th e  spontaneous 
rate  lead s in  sev era l ways to  large errors in  the determ inations o f  fr e 
quency and o f  doubling d ose .

The la r g e -sc a le  experiment by S c h a le t ^ * ^  th at inclu d ed  the observa
tio n s  on m osaics above referred  to  was prim arily  undertaken to  determine the  
frequency o f spontaneous mutations involv ing s p e c if ic  lo c i  th at a r ise  in  chro
mosomes derived from the fa th er  (S er ie s  IV of th e  ta b le ) .  The r e s u lt s  gave
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an average fo r  po in t m utations per lo cu s  th at was ju s t  w ith in  s t a t i s t i c a l  
range o f  th e  h igher value p rev io u sly  obtained from chromosomes derived from 
th e  m other^ (S er ie s  I I I  o f  the t a b le ) ,  a f te r  allowance had been made fo r  
th e  d if fe r e n t  mutation r a te s  o f  th e  stocks used, as ascerta ined  by the 
le t h a l  t e s t s .  I t  turns out th a t fo r  a stock  w ith  an a r b itr a r ily  assumed 
standard ra te  o f  ,2% fo r  sex -lin k ed  le t h a ls  th e p er-locu s point-m utation  
r a te  i s  o f  the order o f .3  X 10**a

The r e la t io n  o f  th e  point-m utation ra te  induced a t a given stage to  
the spontaneous r a te , when the la t t e r  i s  converted in  th e manner mentioned 
in to  the va lu e  i t  would have fo r  an arb itrary  standard o f con d ition s, i s  
(so  fa r  a s may be judged from presen t data) about the same fo r  mutations de
te c te d  by th e s p e c if ic  lo cu s method a s  for  rec e ss iv e  le t h a ls ,  as may be seen  
by a comparison o f S e r ie s  I I I  and I  or by our unpublished comparisons o f  
corresponding data obtained by ir ra d ia tio n  of spermatozoa. This r e s u lt  may 
be expressed by saying th at the "standard" doubling dose for  e ith e r  s p e c if ic -  
locu s point-m utations or r ec e ss iv e  le th a ls  induced in  oogonia i s  about 35>Or 
w hile th a t  in  la te  spermatozoa i s  about 75>r. There are indications^-? (Se
r ie s  7) th a t for  back-m utations the doubling dose in  spermatozoa may be 
higher than fo r  th e  more usual ty p es , but t h is  i s  uncertain  s in ce  no stand
ard va lu es were e sta b lish ed  here by t e s t s  o f  le th a l r a te s .

For sm all s tru c tu ra l changes (m ainly d e f ic ie n c ie s )  the spontaneous 
r a te , l ik e  th a t induced in  gonial c e l l s  by low d oses, i s  sm aller than the  
corresponding point-m utation ra te  by one or two orders of magnitude. How
ev er , the data obtained in  th e  scorin g  o f  s p e c if ic - lo c u s  mutants g ive  the  
spuriously  high r a t io  o f  about one such s tr u c tu ra l change to  th ree poin t 
m utations. This i s  because th e lik e lih o o d  of d e tec tio n  o f  a stru ctu ra l 
change by t h is  means i s  proportion al to  the average number o f  l o c i  th a t are 
l o s t  or changed by i t .

h . MUTATIONAL MECHANISMS AND CONDITIONS

Among stu d ies  on the production of chromosome aberrations recen tly  
carried  out by our group have been a number on oo cy tes. D espite the r a r ity  
o f  recoverable gross aberrations from oocytes th e ir  chromosomes are rea d ily  
broken. But the broken ends, except when r e s t i t u t io n s l ly  u n ited , u su a lly  
remain fr e e  u n t i l ,  presumably a f t e r  forming d ic e n tr ic  and a cen tr ic  isoch ro
m atids, th ey  occasion  th e death o f  the ensuing zygote . Even in  those cases  
where a broken end succeeds in  u n itin g  w ith another one, derived from a d i f 
fer en t break, union o f  the rec ip ro ca l broken ends seldom occu rs. Thereby a 
h a lf -tr a n s lo c a tio n  i s  formed which except in  s p e c ia l in stan ces r e su lts  in  a 
le t h a l  degree o f aneuploidy in  a zygote th at rece iv es  i t^  ”5u.

The typ es o f  stru ctu ra l changes induced in  oocytes th at are o ften es t  
to  be d etected  in  v ia b le  o ffsp r in g  are (1 ) those th a t have involved  in te r -  
homologue exchanges in  the heterochrom atic r e g io n ^ -? 7 ( "pseudocrossovers" 
th a t seldom a c t  as r ec e ss iv e  l e t h a l s ) ,  and (2 ) d e f ic ie n c ie s ,  actin g  as reces
s iv e  l e t h a l s .  We in fe r  th e  d e f ic ie n c ie s  to  have u su a lly  been caused by two 
breaks in  th e  same homologue. For they do not have a tendency to  be a s
so c ia ted  w ith crossing  over. Moreover, th e ir  frequency v a r ies  more steep ly
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than the dose and f a l l s  o f f  i f  the dose has been g iven  in  a much protracted, 
or fraction ated  form, thus fo llow ing the pattern o f m ulti-break changes 5o-59. 
This in ference f i t s  in  w ith an observation o f  Ltining' s^6 th a t more Minute-  
b r is t le  changes (known to  be u su a lly  d e f ic ie n c ie s )  a r is e  a f te r  ir r a d ia tio n  
o f oocytes than o f spermatozoa.

This exception  to  the r u le  o f a lin e a r  r e la t io n  between dose and re
c ess iv e  le th a ls  r a ise s  anew the question  o f why, a f te r  ir r a d ia tio n  o f  sperm
atozoa, the r e la t io n  appears lin e a r  even at high d o ses. For le th a ls  thus 
produced include a s ize a b le  proportion o f d e f ic ie n c ie s  and other m ulti-break  
s tru c tu ra l changes. Our in terp re ta tio n  i s  th a t t h is  l in e a r i t y  a t  high doses 
i s  a sy n th etic  product o f two o p p o site ly  acting  fa c to r s : (1 ) the presence o f  
m ulti-break d e f ic ie n c ie s  and p o s it io n a l le th a ls  that cause the t o t a l  f r e 
quency to  r i s e  above the s tr a ig h t l i n e ,  and (2 ) the operation o f  s e le c t io n  
in e lim in a tin g , v ia  dom inant-lethal chromosome ab erra tion s, the o ffsp r in g  o f  
more o f the geim c e l l s  th a t a t ir ra d ia tio n  were in  a more su scep tib le  s ta g e .
The la t t e r  fa c to r , causing a depression o f the frequency ever fu rther below th e  
l in e  a t  high d oses, could mask the in flu en ce  o f  the f i r s t  fa c to r . When i r 
rad ia tion  i s  applied to  groups o f germ c e l l s  known to  be h ig h ly  hetero
geneous, the second fa c to r  predominates and th ere  can be a marked drop 
below l in e a r ity  when high doses are applied to  p o st-m eio tic  male germ c e l l s .
I t  i s  to  be expected th at the more homogeneous in  i t s  s u s c e p t ib i l i ty  th e ma
t e r ia l  i s ,  th e  more evidence th ere w i l l  be o f  a r is e  above l in e a r it y ,  as ap
pears to  have been the case in  experim ents o f  Edington1s 61 on Drosophila 
spermatozoa. I t  i s  q u ite  p o ss ib le  th a t oocytes are u su a lly  o f  more homo
geneous s u s c e p t ib il i ty  than spermatozoa. Moreover, for doses g iv in g  the fr e 
quencies o f r ec e ss iv e  le th a ls  in  q u estion , fewer dominant le th a ls  are pro
duced and th ere  i s  correspondingly l e s s  opportunity for s e le c t iv e  elim in ation  
among the products o f irrad ia ted  oocytes than sperm atozoa^.

On the above in te r p r e ta tio n , le th a l and other induced point-m utations  
do not o rd in a r ily  represent r e s t i t u t io n s  o f breaks th at occurred a t or near 
the a ffe c te d  lo c u s . Were th a t the case not nearly' so many r ec e ss iv e  le th a ls  
should be induced in  ring than non-ring chromosomes, because o f  the greater  
d i f f ic u l t y  o f exact (n o n -to rsio n a l) r e s t itu t io n  of broken r in g s , y e t  recent 
r e t e s t s  o f  t h is  question  by O ster (unpublished) confirm th e  fa c t  th a t  a t  low 
and moderate doses applied  to  spermatozoa as many le th a ls  are produced in  
the rings as in  the non-rings. At veiy  h igh  d oses, to  be su re, the frequency 
in  the non-rings does become g rea ter . But th is  i s  to  be expected in  any 
case because o f th e  in c lu s io n  in  the non-ring data of many/ cases o f s tru c 
tu ra l change which, had th ey  happened in  r in g s , would have formed aneucen- 
t r i c ,  in v ia b le  com binations.

I f  we grant the above th e s is  that poin t m utations, un lik e s tru c tu ra l  
changes, do not in vo lve  " effec tiv e"  chromosome breaks ( i . e .  breaks, the ends 
derived from which are capable o f  union w ith  ends derived from d ista n t  
b reaks), then i t  i s  a lso  to  be in ferred  th at th ose accessory co n d itio n s, 
such as oxygen te n s io n , th a t in flu en ce  the production o f  both p o in t muta
t io n s  and stru ctu ra l changes in  the same d ir e c t io n  and to  th e same degree, 
exert’ th e ir  e f fe c t  on the primary m utational processes o f  po in t mutation and 
breakage, which are obviously r e la te d , rather than on the p ro cess , subse
quent to  breakage, o f  union between " e ffec tiv e ly "  broken ends. Whether or not

9-



an in flu en ce  in  question  i s  o f  th e same degree fo r  th ese  two general categor
i e s  o f m utations can be determined by the method used in  the fo llow ing exam
p le .  In Oster*s t e s t s ^  o f sex -lin k ed  le th a ls  induced in the spermatozoa of 
la te  pupae, th e ir  frequency a f te r  ir ra d ia tio n  in  oxygen was 2 .5  tim es th a t  
a fte r  ir ra d ia tio n  in  n itrogen . For tra n slo ca tio n s  th e corresponding figure  
was 3 .8  tim es. Since the le th a ls  vary with the dose and the tra n slo ca tio n s  
with i t s  1 .5  power, an agent th at increased  le th a l production by 2 .5  tim es 
would, i f  i t  a ffe c te d  tra n slo ca tio n  production to  the same degree ( i . e .  th a t  
o f a dose 2 .5  tim es as g r e a t) , increase tr a n s lo ca tio n s  by th at i s ,
by 3 .9  tim es. This r e su lt  i s  in  good s t a t i s t i c a l  agreement with the one ob
ta in ed . Turning now to  the r e s u lt s  on the ir ra d ia tio n  of spermatids in  these  
two kinds o f  atmosphere, one fin d s the e f f e c t  on le th a ls  much larger  than be
fo r e , namely, about 6 tim es. This g iv e s  an exp ecta tion  o f (<£ *̂5, th at i s ,  o f  
1U tim es, for  th e tra n slo ca tio n  enhancement in  sperm atids. Again th e calcu
la te d  r a tio  i s  in  good agreement w ith the observed one, o f 11(±2) tim es.

Complications can a r ise  in  the in terp re ta tio n  o f the mode of operation  
o f  accessory con d ition s when, a s  in  the case o f  oxygen te n s io n , they are able  
on occasion  to  a f f e c t  more than one step  o f the m utational p rocess. Thus, in  
Abrahamson* s work on th e  production o f two-break stru c tu ra l changes (detach
ments o f a ttached  X-chromosomes) in  oo cy tes, th e oxygen te n s io n  e x is t in g  a t  
the time o f  ir ra d ia tio n  had an e f f e c t  of the same kind as above noted ̂ 2,63 eg01 
ever , a reduction o f oxygen ten s io n  fo llow ing ir ra d ia tio n  or between two i r 
rad ia tion s caused an enhancement o f the frequency, presumably by delaying un
ions between broken ends and thereby making r e s t i t u t io n a l  unions le s s  l ik e ly .

The d ifferen ce  in  the mechanism of o r ig in a tio n  o f poin t mutations and 
stru ctu ra l changes does not j u s t i f y  the conclusion  th a t the former are immed
ia t e ly  and irrevocab ly  completed a t the moment of ir r a d ia tio n . The concep
tio n  o f a "recovery" process for chromosome breaks in  spermatozoa contained  
in  thg^male, which has been founded on evidence supplied by Baker and von

4111A Vt-I ,  t-tv U-- vVvVA > .jj '»vyJ. iv V-i Qiiu Hwiyiuavyii • I I W H W V C A  J a  stage
o f  com pletion and s t a b i l i t y  o f th e  mutation i s  f in a l ly  reached. Except in  
the sp e c ia l ca ses where germinal s e le c t io n  op erates, th ese fin ish ed  mutations 
must accumulate a ccu rate ly  as a r e s u lt  o f repeated  or chronic irrad iation .®

D espite the c o n d it io n a lity  o f the m utational process and the great in 
flu en ce exerted  by g e n e tic , developmental and e x tr in s ic  fa c to r s  in  the o r ig i
nation  o f both "spontaneous" and radiation-induced  m utations, there seems in  
many resp ects to be a remarkable agreement between th ese phenomena in  Dro
sop h ila  and mammals, except for the fa r  higher p er-lo cu s rad ia tion  su sce p ti
b i l i t y  of th e  mammalian genes te s te d ° 5 . S e le c t io n  has apparently been a t  
work to  produce a s im ila r  o v e r -a ll  spontaneous m utation rate per generation  
in  the two groups, in  th e face  of t h e ir  great d iffe re n c e s  in  l i f e  span, DNA 
con ten t, and other r e sp e c ts , and has lik ew ise  resu lted  in  s im ila r it ie s  in  
the mode of expression  o f  th e ir  gen es. Support for th ese  in feren ces i s  to  
be derived from the fa c t  th a t recent analyses o f  human m utational lo a d °°  
lead  to  m utation-rate estim ates l ik e  th ose  e a r l ie r  based on a quite d i f f e r 
ent type o f ex trap o la tion  from Drosophila than those here made use o f .  This 
agreement a t t e s t s  to  th e s ig n if ic a n c e  o f  the s tu d ie s  on Drosophila in  r e la 
t io n  to  the problems of th e  g en etic  e f f e c t s  o f  ra d ia tio n  on man.

n a x j . q  c u j u  v . y  o  g i u u u }  i i i e j  n ^ j . j u  £v.l u v c  ci point
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