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Of m ajor im portance in  a s s e s s in g  the  amount o f  g e n e tic  e f f e c t  p ro ­
duced by io n iz in g  r a d ia t io n  i s ,  f i r s t ,  knowledge o f th e  r e l a t i o n  betw een 
th e  m u ta tio n  freq u en cy , e s p e c ia l ly  th e  "p o in t m uta tion" freq u en cy , and th e  
r a d ia t io n  dose and , second , knowledge o f  th e  d if fe re n c e s  i n  frequency  p ro ­
duced by g iven  doses on c e l l s  o f  d i f f e r e n t  ty p e s  o r  under d i f f e r e n t  
c o n d it io n s .

1 . FREQUENCY-DOSE REUTION AT LOW AND MODERATE DOSES

In  th e  case o f  re c e s s iv e  l e t h a l  m u ta tio n s  induced  by i r r a d i a t i o n  o f 
D rosophila  sp em atozoa  i t  has been  dem onstra ted  by a la rg e  amount o f  work 
c a r r ie d  ou t du ring  th e  f i r s t  two decades o f such s tu d ie s ,  1928-19U8, t h a t  
th e  r e l a t i o n  o f freq u en cy  to  dose i s  s u b s ta n t ia l ly  l i n e a r  over a v e ry  wide 
range^"^  (see  th e  t a b l e .  S e r ie s  V I) . The ran g e  was ex tended dowi t o  50r 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 th an  100- 
fo ld  am p litu d e . This being  th e  c a se , i t  i s  l i k e ly  on t h e o r e t i c a l  grounds 
t h a t  th e  l i n e a r  r e l a t i o n  h o lds a l l  th e  way down to  zero  d o se° .

A t^doses low er th a n  3000r more th an  tw o -th ird s  o f th e  re c e s s iv e  l e ­
th a l s  a re  a s s o c ia te d  w ith  no c y to lo g ic a l ly  v is ib le  s tru c tx ira l  change, and 
t h i s  f r a c t io n  in c re a s e s  w ith  d ec rea se  o f  th e  d ose , a s  shown by V alencia^  
working a t  th e  In d ian a  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 f o r  
re c e s s iv e  l e th a l s  may be in f e r r e d  to  app ly  p r im a r i ly  to  p o in t  m u ta tio n s . 
S in c e , how ever,' s t r u c t u r a l  changes induced  in  th e  sp em ato zo a  have a t  moder­
a te  and h ig h  doses a frequency  approx im ate ly  p ro p o r tio n a l to  the  1 .5  power 
o f  th e  do se3 ,9  and c o n s t i tu te  a co n s id e ra b le  f r a c t io n  of th e  re c e s s iv e  
l e th a l s  a r is in g  a t  h ig h  d o se s , i t  has been somewhat o f  a paradox t h a t  even 
a t  h igh  doses th e  t o t a l  frequencj' o f  l e th a l s  has seemed to  rem ain l in e a r ly  
p ro p o r t io n a l  to  th e  d ose . We s h a l l  r e v e r t  to  t h i s  q u e s tio n  in  a subse­
quent s e c t io n .

*Zoology D e p t.,  In d ian a  U n iv e rs i ty , B loom ington, I n d . ,  U .S.A . Con­
t r i b u t o r s ,  w ith  p re s e n t  a d d re sse s : I .  I .  O s te r , Zoology D e p t., In d ian a
U n iv e rs ity J  I .  H. H erskow itz, B iology D e p t.,  S t .  I « u is  U n iv e rs ity ;  H elen U. 
Meyer, Zoology D e p t.,  In d ian a  U n iv e rs ity ;  A. S c h a le t ,  B io lo g ic a l L ab o ra to ry , 
Cold Spring  H arbo r, Long I s la n d ,  N .Y .; S . Abrahamson, B iology D e p t.,
R u tgers U n iv e rs ity , Newark, N .J . ;  Sara H. F ry e , Zoology D e p t.,  In d ian a  
U nivefrsity ; and S , A. C arlso n , B iology D e p t.,  Queens U n iv e rs i ty ,  K ingston, 
O nt. The ad d ress  o f  a l l  th e se  p e rsons was Zoology D e p t., Ind ian a  Uni­
v e r s i ty  a t  th e  tim e th a t  t h e i r  c o n tr ib u tio n s  were made.
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R e lia b le  s tu d ie s  on th e  frequency-dose  r e l a t io n  f o r  o th e r  m a te r ia l  
than  D rosophila  sperm atozoa have n o t been a v a i la b le  u n t i l ,  a t  the  1955 Con­
fe ren ce  on th e  P eace fn l Uses o f  Atomic E nergy, R ussell^^ ' made th e  s ta tem e n t 
th a t  he had ob ta ined  an approx im ate ly  l i n e a r  r e l a t io n  fo r  th e  v i s ib le  muta­
t io n s  a t  s p e c if ic  l o c i  induced in  h i s  i r r a d i a t i o n s  o f  mouse sperm atogonia, 
■when r e s u l t s  from doses o f  0 , 300 and 600r ■were compared. During th e  p a s t  
12 months Oster^"' has extended th e  s tudy  o f th e  frequency-dose r e l a t i o n  to  
compai’a b le  c e l l s  i n  D ro so p h ila , nam ely, oogon ia , i r r a d i a t e d 'i n  t h i r d - in  s t a r  
la rv a e .  P o ss ib ly  in c lu d ed  h e re  a lso  i«as a sm all m in o rity  o f e a r ly  o o cy tes , 
b u t th e se  a re  known ■bC' have induced -m uta tion  fre q u e n c ie s , and a d i s t r i b u t io n  
o f m u ta tio n a l ty p e s , s im ila r  to  th o se  of oogonia12. In  bo th  th e se  ty p es  o f  
c e l l s ,  th e  g re a t m ajo ritj^  o f induced m u ta tio n s , even a t  h igh  do ses , a re  o f
’’poin^t" n a tu re . The r e s u l t s  o f  t h i s  experimen^b a re  shown in  th e  t a b le .
S e r ie s  I .

As the ta b le  shows, th e  frequency  o f re c e s s iv e  se x - lin k ed  l e th a l s  i n ­
duced in  th e se  immature fem ale gerrn ceU .s by th e  low er d o se , 600r, i s  even 
low er th a n  th e  spontaneous freq u en cy . By rea so n  o f  th e  la rg e  number o f  t e s t s  
c a r r ie d  ou t a t  t h i s  d o se , however, i t  was p o s s ib le  to  a t t a i n  a r e l a t i v e  ac ­
curacy alm ost a s  g re a t fo r  t h i s  induced freq u en cy , a f t e r  s u b tra c tio n  o f  th e  
spontaneous frequency , as  f o r  th a t  induced  by th e  h ig h e r  dose, 2lj00r. The 
frequency  p e r  ro en tg en , shown in  th e  9 th  column, tu rn s  ou t to  be su b stan ­
t i a l l y  th e  same f o r  both d o ses , i . e .  th e  r e l a t i o n  i s  l i n e a r .  S ince  the  two
doses d i f f e r  by a f a c to r  of I4 ■the s t a t i s t i c a l  e r ro r s  in d ic a te d  a re  le s s  im­
p o r ta n t  in  a llow ing  p o s s ib le  d e v ia t io n s  from l i n e a r i t y  th an  they  would have 
been i f  one dose had been on ly  tw ice  th e  o th e r .  Thus i f  we c a lc u la te ,  fo r  
example, vdiat th e  e x p e c ta tio n s  could have been i f  th e  freq u e n c ie s  o f  the  
l e th a l s  had a c tu a l ly  been p ro p o r t io n a l  to  th e  1 .5  power o f th e  dose, as th o se  
o f  s t r u c tu r a l  changes a r e ,  we fin d  th a t  the  observed data d e p a r t f a r  to o  much 
from th e se  e x p e c ta tio n s  to  re p re se n t a random sample d e riv ed  from any such 
m a te r ia l .  I t  i s  e v id e n t , th e n ,  t h a t  th e  p re se n t r e s u l t s  n o t on ly  g ive  no i n ­
d ic a t io n  of a ■bhreshold b u t a ls o  no in d ic a t io n  o f a re d u c tio n  in  th e  muta­
g en ic  e f fe c t iv e n e s s  o f th e  r a d ia t io n  a s  th e  dose i s  reduced to  le v e ls  a t  
which th e  induced frequencj^ i s  low er th an  th e  spontaneous one.

These data  a lso  make i t  c le a r  th a t  th e  induced m u ta tio n s  have here  
been added to  th e  spontaneous ones. That i s ,  th e  t o t a l  m uta tion  frequency  
found a t  any given dose  does n o t re p re se n t some s o r t  o f  ex ag g e ra tio n , magni­
f i c a t io n ,  o r  m u l t ip l ic a t io n  o f a " n a tu ra l"  freq u en cy : an ex ag g e ra tio n  th a t
becomes p ro p o r t io n a te ly  more pronounced as th e  dose i s  in c re a s e d . In s te a d  
o f  t h i s ,  th e  ■botal m uta tion  frequency  found i s  made up of two se p a ra te  com­
p o n en ts: ( 1 ) th e  spontaneous m u ta tio n s  t h a t  would have a r i s e n  even w ith o u t
th e  r a d ia t io n ,  p lu s  (2) a c o n tin g e n t o f  ra d ia tio n - in d u c e d  m u ta tions t h a t  a re  
o f e n t i r e ly  independent o r ig in  from th e  spontaneous o n es, even though th e  
mechanisms o f  o r ig in a t io n  o f th e  two c a te g o r ie s  may w e ll have been r e la te d  
in  k in d . S im ila r ly ,th e  induced m u ta tio n s  them selves a re  m u tua lly  in d ependen t.

I t  was though t d e s ir a b le  to  extend o u r knowledge o f th e  freq u en cy - 
dose r e l a t i o n  n o t only  in  th e  d i r e c t io n  o f c e l l s  ha^ving a much low er su s­
c e p t i b i l i t y  to  r a d ia t io n  m utagenesis th an  sperm atozoa b u t a ls o , c o n tra r iw is e , 
to  th ose  having an u n u su a lly  h igh  s u s c e p t ib i l i t y .  The work of a number o f 
a u th o rs , to  be m entioned su b seq u en tly , had p o in te d  to  the  sp eim atid  s ta g e  as
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th e  most s u s c e p t ib le .  Thj s in fe re n c e  was c o n fim ed  by d i r e c t  comparisons in  
which O ster^^ found t h a t  a t  l e a s t  tw ice  as many re c e s s iv e  l e th a l s  were in ­
duced in  sp erm atid s as  in  th e  most s u s c e p tib le  sperm atozoan s ta g e , th a t  p re s ­
en t i n  in sem in ated  fem a les . O ste r has th e re fo re  made a s p e c ia l  in v e s t ig a t io n  
o f  th e  frequency-dose  r e l a t i o n  f o r  re c e s s iv e  se x - lin k e d  le th a l s  a r is in g  in  
sp e rm a tid s . F or convenience and r e p e a ta b i l i ty  in  t r e a t in g  th e  sperraatid  
s ta g e ,  K h is h in 's  p r o c e d u r e ^ d was fo llo w ed , o f  i r r a d ia t in g  pupae lid hours 
a f t e r  t h e i r  p u p a tio n  and, a f t e r  emergence o f th e  m ales, u t i l i z i n g  them as 
p a re n ts  f o r  no t more than  th e  n ex t th re e  days. The doses used were pu rpose ly  
k ep t low (2$0v and lOOOr) so t h a t  even a t  the  h ig h e r  dose th e  g re a t m a jo rity  
o f  th e  l e th a l s  found would re p re se n t p o in t  m u ta tio n s .

The r e s u l t s  a r e  shown in  S e r ie s  V III o f  th e  t a b le .  The freq u e n c ies  
o b ta in ed  a f t e r  s u b tra c t io n  o f  th e  c o n tro l  frequency  a re  ag a in  seen to  conform 
s a t i s f a c t o r i l y  w ith  a l in e a r  r e l a t i o n ,  and we have c a lc u la te d  th a t  they a re  
no t to  be re c o n c ile d  w ith  the  p o s tu la te  of p ro p o r t io n a l i ty  to  th e  1 .5  power 
o f th e  d o se . On th e  o th e r  hand, a p a r a l l e l  experim ent showed th a t  th e  f r e ­
quencies o f  g ro ss  s t r u c tu r a l  changes o f  chromosomes, re p re se n te d  by t r a n s lo ­
c a tio n s  between chromosomes I I  and I I I ,  did conform c le a r ly  w ith  the 1 ,5  
r e l a t i o n  expected  on th e  b a s is  o f  e a r l i e r  f in d in g s^  on t r a n s lo c a t io n s  a r i s in g  
from i r r a d ia t e d  sp e m a to z o a . The p re s e n t da ta  on t r a n s lo c a t io n s ,  derived  
from th e  same groups o f  t r e a te d  sp erm atid s a s  th e  le th a ls ,w e re  as  fo llo w s : 
145/ 3U21 f o r  250r and lU 8/l533 f o r  lOOOr (no c o n tro ls  being  necessa ry  s in ce  
t h e i r  spontaneous frequency  i s  known to  be so low th a t  i t  need no t be tak en  
in to  accoun t i n  sudh w ork). These r e s u l t s  fo r  t ra n s lo c a t io n s  show th a t  th e re  
were no p e c u l i a r i t i e s  o f the  c o n d itio n s  such as might have tended unduly to  
reduce th e  freq u e n c ie s  observed a t  h igh  doses below th ose  th a t  had a c tu a l ly  
been produced . F in a l ly ,  th e  p re s e n t  r e s u l t s  f o r  l e th a l s ,  s im ila r ly  to  a l ­
though l e s s  s t r ik in g ly  th a n  th ose  fo r  oogonia, show th a t  th e  induced muta­
t io n s  a r i s e  in d ep en d en tly  of the  spontaneous ones and a re  added to  them .

.16

As th e re  a re  grounds f o r  reg ard in g  a l l  th e  above r e s u l t s  fo r  l e th a l s  
as having re fe re n c e  m ainly t o  p o in t m u ta tio n s  i t  was thought d e s ira b le  to  
g e t  a d d i t io n a l  ev idence concern ing  th e  frequency-dose r e l a t io n  fo r  very mi­
n u te  rea rran g em en ts . A lthough e a r l i e r  work^5 had provided evidence o f  l i n ­
e a r i t y ,  f o r  such t i n y  d e f ic ie n c ie s  as  a re  u s u a lly  met w ith  in s id e  o f  o r 
b o rd e rin g  on h e te ro ch ro m atic  reg io n s , doubts and seeming co u n te r-ev id en ce ' 
had been r a i s e d .  U sing an X-chroraosome of th e  scu te -8  ty p e , Ih a t has h e te ro ­
chrom atin  in  th e  neighborhood o f i t s  l e f t  end, in  which l i e s  th e  normal 
a l l e l e  o f  yeHow-body c o lo r ,  Sara F rye has during  th e  p a s t  two y ears  t e s te d  
th e  frequency  of m utants showing yellow  body, among th e  daughters of un- _ 
t r e a te d  m ales and o f  th o se  i r r a d ia te d  w ith  lOOOr and UooOr, r e s p e c tiv e ly  
Sperm of th e  2nd to  Iith day a f t e r  i r r a d i a t i o n  were used .

As i s  to  be  seen  from th e  t a b le .  S e r ie s  V II, th e  la rg e - s c a le  r e s u l t s  
f i t  w e ll  w ith  th e  e x p e c ta tio n  f o r  l i n e a r i t y .  A nalyses o f  th e  m utants showed 
th a t  th e  g re a t m a jo r ity  o f  them in v o lv e  lo s s e s  of a t  l e a s t  th re e  l o c i  ( th o se  
o f  a l e t h a l ,  y e llow , and a c h a e te )  and c o n s t i tu te  m inute d e f ic ie n c ie s .  I t  i s  
t r u e  th a t  some cases o f " h a l f - t r a n s lo c a t io n "  were a ls o  p re s e n t, and th a t  
th e s e  m ust have been derived  from two w idely  sep ara ted  Ijreaks and have had a 
frequency  dependent on th e  1 .5  power o f  th e  dose a t  th e se  d o ses . But s in ce  
such cases could be reckoned to  c o n s t i tu te  fewer th an  20^ o f a l l  th e  m utants
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scored  t h e i r  in c lu s io n  d id  n o t p e rc e p tib ly  a f f e c t  th e  l i n e a r  r e l a t i o n  ob- 
sem ed  f o r  th e  t o t a l s .  In  c o n tr a s t  to  th e se  f in d in g s ,  most d e f ic ie n c ie s  
t h a t  a re  r e a d i ly  v i s ib le  in  euchrom atin  have t h e i r  b reaks f u r th e r  a p a r t  th a n  
th o se  h e re  u su a l, and a cco rd in g ly  fo llo w  th e  1 .5  power ru le ^ 9 ,9 .

I t  shou ld  be added t h a t  two lo c i  i n  th e  main e u c h rm a tic  re g io n  o f  th e  
te s te d  X-chromosome, th o se  o f  w h ite  and fo rk ed , were s im u ltan eo u sly  scored  
f o r  m utants i n  F ry e ’ s ex perim en t. These m u tan ts , w hich were in  la rg e  m ajor­
i t y  p o in t m u ta tio n s , a lso  showed frecm encies c lo s e ly  conform ing w ith  a l i n e a r  
r e l a t io n  to  dose , th e  co u n ts  be ing  1 /2 6 3 ,69U f o r  th e  c o n tr o ls ,  17/180,9^2 f o r  
lOOOr, and 13A l»3lO  f o r  UOOOr. The p e r- lo c u s  induced freq u a ic y  h e re ,
0,U(±1) X 1 0 -7 /r ,  i s  a s  expected  f a r  low er th a n  th a t  o f  about 8 X 1 0 - i / r  
found f o r  th e  yellow  d e f ic ie n c ie s  in v o lv in g  a b reak  in  h e te ro ch ro raa tin , b u t 
d i s t i n c t l y  h ig h e r  th an  the  f re q u e n c ie s  of p o in t  m u ta tio n s  induced  in  fem ale 
gem  c e l l s  (S e r ie s  I I I ) .

2 . DIB'FE.RENT SUSCEPTIBILITIES OF Dff'FERENT CELL TYPES

Space p re c lu d e s  a h i s t o r i c a l  tre a tm e n t h e re  o f  th e  ev idence g a th e red
in  th e  l a s t  s ix  y e a r s ,  f i r s t  by L unin^ and h i s  co-w orkers20-29, th e n  by 
Auerbach30“32 and h e r  s tu d e n t K hiahin’*̂ , by Baker and von H a lle3 3 , and i n  
th e  l a s t  fo u r  y e a rs  by o u r own group also3n-38^ showing t h a t  th e  p o s t-g o n ia l  
s ta g e s  o f D rosoph ila  germ c e l l s  n o t on ly  a re  much more s u sc e p tib le  th a n  th e  
g o n ia l s ta g e s  to  m utagenesis by io n iz in g  r a d ia t io n ,  a s  had long been known39, 
b u t d i f f e r  g r e a t ly  amongst one a n o th e r  in  s u s c e p t ib i l i t y .  The id e n t i f i c a t i o n  
o f which s ta g e s  i n  th e  germ c e l l  developm ent o f  th e  male correspond  to  th e  
d i f f e r in g  s u s c e p t i b i l i t i e s  found has been made by Auerbach and K hishin  by a 
com bination o f g e n e tic  and h i s to lo g ic a l  m ethods. On th e  b a s is  of t h e i r  com­
p a ra t iv e  r e s u l t s ,  checked and added to  by our own and th o se  o f th e  o th e r  
w orkers m entioned , th e  sequence of v a ry in g  s u s c e p t ib i l i t y  f o r  th e  p ro d u c tio n  
o f re c e s s iv e  l e t h a l s  ( th a t  i s ,  th e  r e l a t i v e  freq u e n c ie s  produced by a g iven
dose) may be ro ugh ly  in d ic a te d  as fo llo w s  f o r  th e  male germ c e l l s :
(A) sp em ato g o n ia  and e a r ly  sp e m a to c y te s  1, (B) m e io tic  d iv is io n  s tag e s  8, 
(C) sperm atids 12, (D) sperm atozoa more th a n  a day b e fo re  t h e i r  e ja c u la t io n  
3 , (E) sperm atozoa w ith in  a day o f t h e i r  e ja c u la t io n  U to  U§, (F ) sp em atozoa  
w ith in  in sem in ated  fem ales 5 to  6; and f o r  th e  fem ale g em  c e l l s :  (A ')
oogonia and e a r ly  oocy tes 1, ( B ') l a t e  oocy tes  ( l a s t  3 to  U days) 2 to  3 .

The a c tu a l  f re q u e n c ie s  may be i l l u s t r a t e d  f o r  A' and C by Seii.es I  
and V III i n  o u r t a b l e ,  bu t th e  v a lu e s  found f o r  a g iven  s ta g e  and dose o f te n  
d i f f e r  by a f a c to r  o f n e a r ly  2 f o r  d i f f e r e n t  ex p erim en ts, so  t h a t  o u r u n i t  1 
(app ly ing  to  A and A ') may vary  between v a lu es  o f  50 and 100 X 10“ 7 induced  
se x - lin k e d  l e t h a l s  p e r  ro e n tg e n . As fo r  S e r ie s  VI o f  our t a b l e ,  a lthough  
th e  induced  value  h e re  g iv en  has o f te n  been used f o r  re fe re n c e  i t  i s  now e v i­
d en t th a t  i t  r e p re s e n ts  a compromise between D and E (somewhat n e a re r  t o  E ) , 
s in ce  i t  i s  based  on work done b e fo re  th e  d i s t i n c t io n  between th e se  s ta g e s  
was known. Undoubtedly d if fe re n c e s  would b e  found to  e x i s t  between s t i l l  
f in e r  su b d iv is io n s  than  those  o f  th e  p re s e n t s e r i e s  i f  th e re  were means o f  
study ing  them s e p a ra te ly .  T his i s  i l l u s t r a t e d  by O s te r 's  f i n d i n g h O  t h a t  a 
d i s t i n c t l y  h ig h e r  frequency  i s  ev in ced  by oogonia i f  th ey  a r e  i r r a d ia te d  
w hile h a l te d  in  m ito s is  by c o lc h ic in e  o r  acenaphthene.
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A re c e n t  example o f  a com parative ly  f in e  d i s t in c t io n  in  s tag e s  i s  
g iven  by th e  d a ta  o f  W hiting and Murphy^”*. These show th a t  in  the  wasp 
H abrobracon re c e s s iv e  l e t h a l s  a re  produced a t  about th e  same r a te  p e r 
ro en tg en  ( i f  we make th e  assum ption , n o t c o n tra d ic te d  by th e  d a ta , t h a t  th e  
e f f e c t  i s  approx im ate ly  l i n e a r  a t  th e  dose s tu d ie d )  in  sperm atozoa i r r a d i ­
a te d  in  the  male and in  eggs i r r a d ia te d  a t  m e io tic  m etaphase I ,  whereas in  
eggs i r r a d i a t e d  a t  prophase I  a dose n in e  tim es  a s  h igh  i s  re q u ire d  f o r  th e  
same e f f e c t .  H ere, a s  in  th e  B ro so p h ila  r e s u l t s ,  th e re  i s  a c o r r e la t io n  
betw een th e  amount o f  chromosome condensation  and th e  degree o f s u s c e p t ib i l ­
i t y ,  However, th e  e x is te n c e  o f  a d d i t io n a l  f a c to r s  i s  shown in  B rosoph ila  by 
th e  much h ig h e r  s u s c e p t ib i l i t y  o f  sperm atid s  than  of sperm atozoa, d e sp ite  
th e  somewhat l e s s e r  co n densa tion  o f chromoscmes in  the  form er than  in  the  
l a t t e r  s ta g e s .

W hatever th e  f a c to r s  d i f f e r e n t i a t in g  the  s u s c e p t i b i l i t i e s  o f  d i f f e r ­
e n t s ta g e s  may be, i t  i s  u n lik e ly  t h a t  th e  p a t te r n  found i n  B rosophila  i s  
u n iq u e . Thus, in  m ice, to  add to  th e  lo n g -e x is t in g  evidence th a t  in  them as 
i n  B ro so p h ila  th e re  i s  a f a r  h ig h e r  p ro d u c tio n  o f  t r a n s lo c a t io n s  and dominant 
zy g o tic  l e t h a l s  in  sperm atozoa than  in  sperm atogonia, we have a re c e n t s t a t e ­
ment by R u s s e l l U 2  t h a t  th e  m u ta tio n s  a t  s p e c if ic  lo c i  s tu d ie d  by him a re  
produced a t  "app rax im ate ly  two to  fo u r  tim es" th e  frequency  in  male germ 
c e l l s  i r r a d i a t e d  between 19 and 23 days b e fo re  m ating th an  in  sperm atogonia. 
T h is r e s u l t  ag rees  q u a n t i ta t iv e ly  w ith  the  r e l a t i v e  freq u e n c ie s  o f  p o in t 
m u ta tio n s  and of t o t a l  re c e s s iv e  l e t h a l s  induced a t  the  p robab ly  c o rre ­
sponding B rosoph ila  s ta g e s  A and B,

The com parative s u s c e p t i b i l i t i e s  d e a l t  w ith  above a r e ,  as p re v io u s ly  
m entioned, th o se  f o r  p o in t  m u ta tio n s , in  th e  sense o f changes on a s c a le  to o  
sm all to  be d e f in i t e ly  d e te c ta b le  by m icroscopic  exam ination  o f  th e  extended 
chromosomes o f  th e  s a l iv a r y  g lan d s^ . The com parative s u s c e p t ib i l i t i e s  o f  
th e s e  d i f f e r e n t  s ta g e s  to  having dem onstrable s t r u c tu r a l  changes o f  a v ia b le  
k ind  induced  in  them d i f f e r  from one an o th e r i n  th e  same d i r e c t io n ,  on the  
w hole, b u t much more th a n  th o se  above g iv en , Jforeover, th e  f r e q u e n c y - d is t r i -  
b u tio n  o f  th e  d i f f e r e n t  ty p es  o f  s t r u c tu r a l  changes found a lso  v a r ie s  w ith  
th e  s ta g e  i r r a d i a t e d .  Not only  chromosome b re a k a b i l i ty  d if f e re n c e s  b u t a lso  
d if f e r e n c e s  in  the  f a c to r s  a f f e c t in g  th e  jo in in g  o f  th e  broken ends and th e  
r e c o v e r a b i l i ty  o f  th e  p ro d u c ts  o f  un ion  p lay  im portan t p a r t s  in  th e  de term in ­
a t io n  o f th e  observed f re q u e n c ie s  o f  s t r u c tu r a l  changes, in  a manner to o  com­
p l ic a te d  to  b e  e n te red  in to  h e re . But th e re  a re  grounds, which w i l l  be men­
tio n e d  su b seq u en tly , f o r  in f e r r in g  t h a t  th e se  o th e r  f a c to r s  a re  n o t re le v a n t  
to  th e  p ro d u c tio n  o f  th e  p o in t m u ta tio n s . We may a ls o  in f e r  t h a t  even a t  th e  
m ost s u s c e p tib le  s ta g e , t h a t  o f sp e rm a tid s , th e  re c e s s iv e  l e th a l s  rem ain a 
v a lid  c r i t e r i o n ,  a t  low and m oderate do ses , of p o in t m u ta tio n s ,

3 , IKE "BOUBLING BOSE" Â D THE SPOOTANEOUS FREQUENCY

The doubling dose f o r  p o in t m u ta tio n s , i . e .  the  dose inducing as  many 
a s  a r i s e  "spon taneously" in  th e  course  o f  one g e n e ra tio n , i s  su b je c t to  enor­
mous v a r ia t io n s  (see  th e  t a b l e ) .  Thus i f  th e  spontaneous r a t e  i s  h e ld  con­
s t a n t ,  th e  induced  r a te  and w ith  i t  th e  doubling dose can vary  by a f a c to r  o f 
a t  l e a s t  12, depending upon which s ta g e  i s  i r r a d ia te d .  I f  on th e  o th e r  hand 
th e  induced r a t e  i s  h e ld  c o n s ta n t, th e  spontaneous r a te  and w ith  i t  th e
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an in f lu e n c e  in  q u e s tio n  o f th e  same degree f o r  th e se  two g e n e ra l c a te g o r­
i e s  o f m u ta tio n s  can be determ ined by th e  method used in  the  fo llow ing  exam­
p le .  In  O s te r’ s te s t s ^ ^  o f sex -lin k ed  l e th a l s  induced  in  th e  spennatozoa of 
l a t e  pupae, t h e i r  frequency  a f t e r  i r r a d i a t i o n  in  oxygen was 2.5i tim es t h a t  
a f t e r  i r r a d i a t i o n  in  n i tro g e n . For t r a n s lo c a t io n s  th e  corresponding f ig u re  
was 3«8 tim e s . S ince th e  l e th a l s  vary  w ith  th e  dose and the t r a n s lo c a tio n s  
w ith  i t s  1 .5  pov/er, an agent th a t  in c re a se d  l e t h a l  p ro d u c tio n  by 2 ,5  tim es 
would, i f  i t  a f fe c te d  t r a n s lo o a t io n  p ro d u c tio n  to  th e  same degree ( i . e .  t h a t  
o f  a dose 2 ,5  tim es a s  g r e a t ) ,  in c re a se  t r a n s lo c a t io n s  by th a t  i s ,
by 3 .9  tim e s . T h is r e s u l t  i s  in  good s t a t i s t i c a l  agreem ent w ith the one ob­
ta in e d ,  Tunning now to  the  r e s u l t s  on th e  i r r a d ia t io n  of sperm atids in  th e se  
two k in d s  o f  a tm osphere , one f in d s  tiie e f f e c t  on l e t h a l s  much la rg e r  th an  be­
f o r e ,  namely, about 6 tim e s . T his g iv e s  an e x p e c ta tio n  o f ((^*5, th a t  i s ,  o f 
lU tim e s , fo r  th e  t r a n s lo c a t io n  enhancement in  sp e rm a tid s . Again th e  ca lcu ­
la te d  r a t i o  i s  in  good agreem ent w ith  th e  observed one, o f 11(±2) tim es .

C om plications can a r i s e  in  th e  in t e r p r e ta t io n  o f th e  mode of o p e ra tio n  
o f  accesso ry  c o n d itio n s  vhen, a s  in  th e  case  o f  oxygen te n s io n ,  they a re  ab le  
on o ccasion  to  a f f e c t  more than  one s te p  o f th e  m u ta tio n a l p ro c e ss . Thus, in  
Abrahamson’ s work on th e  p ro d u c tio n  o f  tw o-break s t r u c tu r a l  changes (d e tach ­
ments o f a tta c h e d  X-chromosomes) in  oocy 'tes, th e  oxygen te n s io n  e x is t in g  a t  
th e  tim e o f  i r r a d i a t i o n  had an e f f e c t  of th e  samie k in d  as  above ,Viov!~
e v e r , a re d u c tio n  o f  oxygen te n s io n  folloTrJing i r r a d i a t i o n  o r between two i r ­
r a d ia t io n s  caused an enhancement o f th e  freq u en cy , presimiably'^ by de lay in g  un­
io n s  between broken ends and th e reb y  making r e s t i t u t i o n a l  unions le s s  l i k e ly .

The d if f e r e n c e  in  the  mechanism of o r ig in a t io n  o f p o in t m uta tions and 
s t r u c tu r a l  changes does no t j u s t i f y  th e  co n clu sio n  th a t  th e  form er a re  immed­
i a t e l y  and ir re v o c a b ly  com pleted a t  the  moment of i r r a d i a t i o n .  The concep­
t io n  o f a "recovery" p ro cess  fo r  chromosome b reaks in  spermatozoa con tained  
in  th e  m ale , which has been founded on ev idence  su p p lied  by Baker and von 
H a lle  and by Ltlning’ s group^'^” ^^^ nigy w e ll prove a p p lic a b le  even to  p o in t 
m u ta tio n s , as  in d ic a te d  by work o f Nordback and A u e rb a c h ^ , However, a s tag e  
o f  com pletion  and s t a b i l i t y  o f th e  m utation  i s  f i n a l l y  reached . Except in  
th e  s p e c ia l  c a se s  where germ inal s e le c t io n  o p e ra te s , th e se  f in ish e d  m uta tions 
must accum ulate a c c u ra te ly  as a r e s u l t  o f re p e a te d  or ch ro n ic  ir r a d ia t io n .®

D esp ite  th e  c o n d i t io n a l i ty  o f th e  m u ta tio n a l p ro cess  and th e  g re a t in ­
flu en ce  e x e r te d  by g e n e tic , developm ental and e x t r in s ic  f a c to r s  in  th e  o r ig i ­
n a tio n  o f b o th  "spontaneous" and ra d ia tio n - in d u c e d  m u ta tio n s , th e re  seems in  
many re s p e c ts  to  be a rem arkable  agreement between th e se  phenomena in  Dro­
so p h ila  and mammals, except fo r  th e  f ^  h ig h e r p e r - lo c u s  r a d ia t io n  s u s c e p ti­
b i l i t y  of th e  mammalian genes t e s t e d ° 5 .  S e le c t io n  has a p p a ren tly  been a t  
work to  produce a s im ila r  o v e r - a l l  spontaneous m u ta tio n  r a te  p e r  g e n e ra tio n  
in  th e  two g ro u p s, in  th e  fa c e  of t h e i r  g re a t  d if f e r e n c e s  in  l i f e  span , DKA 
c o n te n t, and o th e r  r e s p e c ts ,  and has lik e w ise  r e s u l te d  in  s im i l a r i t i e s  in  
th e  mode of ex p ress io n  o f  t h e i r  g en es . Support fo r  th e se  in fe re n c e s  i | , t o  
be d e riv ed  from th e  f a c t  t h a t  re c e n t an a ly ses  o f  human m u ta tio n a l lo a d ° °  
le a d  to  m u ta tio n -ra te  e s tim a te s  l ik e  th o se  e a r l i e r  based  on a q u ite  d i f f e r ­
e n t type o f e x tra p o la t io n  from D rosophila  th an  th o se  here  made use o f .  This 
agreem ent a t t e s t s  to  th e  signiflLcance o f  th e  s tu d ie s  on D rosophila  in  r e l a ­
t io n  to  th e  problem s of th e  g e n e tic  e f f e c t s  o f  r a d ia t io n  on man.
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doubling dose can v a ry  by a f a c to r  o f a t  l e a s t  20, depending upon th e  g e n e tic  
com position o f th e  s to ck  and th e  h is to r y  o f th e  germ c e l l s  u sed . A ccord ing ly , 
i f  n e i th e r  r a te  i s  h e ld  c o n s ta n t th e  d o u b lin g  dose can vary  by th e  p ro d u c t o f 
th e se  f a c to r s ,  i . e .  by a t  l e a s t  2U0, And by a l t e r a t i o n  o f co n d itio n s  (such  
a s  oxygen te n s io n )  i t s  v a r ia t io n  can be s t i l l  f u r th e r  in c re a se d .

There has long been evidence t h a t  d if f e r e n c e s  as  g re a t  as te n  fo ld  in  
th e  spontaneous p o in t-m u ta tio n  r a t e ,  caused by d if f e r e n c e s  in  g e n e tic  f a c to r s ,  
s in ce  term ed m u ta to r g en es , a re  n o t uncommon in  D roso p h ilah 3 , And even w ith  
th e  same s to c k , th e  spontaneous r a t s ,  ty p ic a l ly  re p re se n te d  by ,2% o f  re c e s ­
s iv e  sex -lin lced  l e t h a l s  in  th e  f i r s t  sperm atozoa r e le a s e d  by th e  newly 
emerged m ale , i s  reduced  to  ,06% in  th e  sp em ato zo a  re le a se d  su b sequen tly  to  
th e s e , bu t i f  th e  sperm atozoa a re  s to re d  in  the  fem ale t h e i r  r a te  i s  in ­
c reased  by abou t ,06^ p e r  week over t h e i r  o r ig in a l  r a t e j  m eanwhile, however, 
th e  eggs o f a l l  p e rio d s  show an approx im ate ly  c o n s ta n t r a t e  o f  abou t

The p a ra d o x ic a lly  h ig h e r  frequency found  among th e  e a r l i e r  re le a s e d  
sperm atozoa i s  p ro b ab ly  to  be r e f e r r e d  to  th e  lo n g e r d u ra tio n  o f  th e  sperma­
t i d  s tag e  which th e y  underwent in  th e  pupa, as  compared w ith  t h a t  undergone 
by th e  l a t e r  re le a s e d  sperm in  th e  a d t i l t ,  i f  we g ra n t t h a t  th e  sp erm atid  
s tag e  i s  no t only u n u su a lly  s u s c e p tib le  to  io n iz in g  r a d ia t io n  and some chem­
i c a l  mutagens®^ b u t probably^' su sc e p tib le  lik e w ise  to  some of th e  m utagenic 
ag en ts  n a tu r a l ly  p re s e n t .  W hether o r  n o t  t h i s  in te r p r e ta t io n  i s  c o r r e c t ,  i t  
i s  ev id en t t h a t  d i f f e r e n t  groups o f sperm atozoa from th e  v e ry  same in d iv id u a l  
may show spontaneous fre q u e n c ie s  d i f f e r in g  by a f a c to r  o f 7 t e ,g ,  from ,06% 
in  second-week sperm engaging in  f e r t i l i z a t i o n  w ith in  a few days to  ,hh% in  
f ir s t-w e e k  sperm s to re d  in  th e  fem ale f o r  a month. The doubling  dose th e r e ­
fo re  has a meaning only  in  r e l a t io n  to  g iven  s to ck s  b red  under g iven  condi­
t io n s  and when th e  r a d ia t io n  h as  been a p p lie d  to  g iv en  s tag e s  in  a given 
m anner. However, one may speak of average v a lu e s  f o r  g iv en  c ircu m stan ces .

A c o n s id e ra b le  source o f  e r r o r  t h a t  sometimes hampers th e  d e term ina­
t io n  o f th e  spontaneous r a t e  l i e s  in  th e  in o rd in a te ly  h igh  m u ta b i l i ty  o f  th e  
s tag e  th a t  in c lu d e s  f e r t i l i z a t i o n  and th e  n u c le a r  d iv is io n s  o f  th e  newly 
formed zy go te . Evidence fo r  t h i s  i s  found in  ( l )  th e  d is p ro p o r tio n a te  p rev ­
a len ce  o f la rg e  " c lu s te r 's "  o f m utants o f common o r ig in  among th e  offspid.ng o f 
g iven individuals^^^"^®  , (2 ) th e  h ig h  frequency  o f ra u ta tio n a lly  mosaic o f f ­
s p r i n g ^ - a n d  (3 ) the  s tro n g  in f lu e n c e  o f m a te rn a l genotype on th e  f r e ­
quency, in  chromosomes o f p a te r n a l  o r ig in ,  o f  m u ta tio n s  common to  th e  e n t i r e ,  
germ tr a c k  o f an in d iv id u a l  and hence sco red  as having a r i s e n  in  th e  f a t h e r .^ '  
E s tim a tes  based on th e  f i r s t  e f f e c t  in d ic a te d  a spontaneous m u ta tio n  r a t e  p e r  
u n i t  o f  tim e a t  t h i s  e a r ly  s ta g e  of th e  o rd e r  of s e v e r a l  hundred tim es t h a t  
obtaird.ng in  th e  germ c e l l s  th roughou t th e  m ajor p a r t  o f th e  o rg an ism 's  life,*^^ 
W hether t h i s  s ta g e  i s  sdm .ilarly  s u sc e p tib le  to  th e  in d u c tio n  o f  m u ta tio n s  by 
r a d ia t io n  i s  n o t known. But th e  phenomenon a s  i t  p e r ta in s  to  th e  spontaneous 
r a te  le a d s  i n  s e v e ra l  ways to  la rg e  e r ro r s  in  th e  d e te rm in a tio n s  o f  f r e ­
quency and o f  doubling  d o se .

The la rg e - s c a le  experim ent by S ch a le t^^* ^^  th a t  in c lu d e d  th e  observa­
t io n s  on m osaics above r e f e r r e d  to  was p r im a r i ly  undertaken  to  determ ine th e  
frequency  o f spontaneous m u ta tions in v o lv in g  s p e c i f ic  lo c i  th a t  a r i s e  i n  chro­
mosomes d e riv e d  from th e  f a th e r  (S e r ie s  IV o f th e  t a b l e ) .  The r e s u l t s  gave
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an average f o r  p o in t m u ta tio n s  p e r  lo c u s  th a t  was j u s t  w ith in  s t a t i s t i c a l  
range o f  th e  h ig h e r  va lue  p re v io u s ly  o b ta in ed  firom chromosomes d e riv ed  from 
th e  m other^” (S e r ie s  I I I  o f  th e  t a b l e ) ,  a f t e r  allow ance had been made f o r  
th e  d i f f e r e n t  m u ta tio n  r a t e s  o f  th e  s to ck s  u sed , a s  a sc e r ta in e d  by the  
l e t h a l  t e s t s .  I t  tu r n s  ou t t h a t  f o r  a s to ck  w ith  an a r b i t r a r i l y  assumed 
s ta n d a rd  r a t e  o f  ,2% f o r  sex -lin k ed  l e t h a l s  th e  p e r- lo c u s  p o in t-m u ta tio n  
r a t e  i s  o f  th e  o rd e r  o f .3  X 10**-'.

The r e la t io n  o f  th e  p o in t-m u ta tio n  r a t e  induced a t  a g iven s tag e  to  
th e  spontaneous r a t e ,  when th e  l a t t e r  i s  converted  in  th e  manner m entioned 
in to  th e  v a lu e  i t  would have f o r  an  a r b i t r a r y  s tan d a rd  o f c o n d itio n s , i s  
(so  f a r  a s  may be judged from  p re s e n t  d a ta )  abou t th e  same f o r  m u ta tio n s  de­
te c te d  by th e  s p e c i f ic  lo cu s  method a s  fo r  re c e s s iv e  l e t h a l s ,  as may be seen 
by a com parison o f  S e r ie s  I I I  and I  o r  by our unpublished  com parisons o f  
co rrespond ing  d a ta  o b ta in ed  by i r r a d i a t i o n  o f spennatozoa. This r e s u l t  may 
be ex p ressed  by say ing  th a t  th e  "s tan d a rd "  doubling  dose fo r  e i t h e r  s p e c if ic -  
lo cu s  p o in t-m u ta tio n s  o r  re c e s s iv e  l e t h a l s  induced in  oogonia i s  about 350r  
w hile  t h a t  in  l a t e  sperm atozoa i s  abou t ?5 r. There a re  in d ic a tio n s^ ^  (Se­
r i e s  7) t h a t  fo r  b ack -m uta tions th e  doubling dose in  sperm atozoa may be 
h ig h e r  th an  f o r  th e  more u su a l ty p e s , b u t t h i s  i s  u n c e r ta in  s in ce  no s tan d ­
a rd  v a lu e s  were e s ta b lis h e d  h ere  by t e s t s  o f  l e t h a l  r a t e s .

F o r sm all s t r u c tu r a l  changes (m ainly  d e f ic ie n c ie s )  th e  spontaneous 
r a t e ,  l i k e  t h a t  induced in  gonial c e l l s  by low d o ses , i s  sm a lle r  than  th e  
correspondirig  p o in t-m u ta tio n  r a t e  by one o r  two o rd e rs  of m agnitude. How­
e v e r , th e  d a ta  o b ta in ed  in  th e  sc o r in g  o f  s p e c if ic - lo c u s  m utants g ive  th e  
sp u rio u s ly  h igh  r a t i o  o f  ab o u t one such s t r u c tu r a l  change to  th r e e  p o in t 
m u ta tio n s . This i s  because th e  l ik e l ih o o d  of d e te c t io n  o f  a s t r u c tu r a l  
change by t h i s  means i s  propojrb ional to  th e  average number o f  l o c i  t h a t  a re  
l o s t  o r  changed by i t .

li. MUTATIONAL MECHANISMS AND CONDITIONS

Among s tu d ie s  on th e  p ro d u c tio n  o f chromosome a b e r ra t io n s  r e c e n tly  
c a r r ie d  ou t by our group have been a number on o o cy te s . D esp ite  th e  r a r i t y  
o f  re c o v e ra b le  g ro ss  a b e r ra t io n s  from oocy tes t h e i r  chromosomes a re  r e a d i ly  
b roken . But th e  broken ends, excep t when r e s t i t u t i o n a l l y  u n i te d ,  u s u a lly  
rem ain f r e e  u n t i l ,  presum ably a f t e r  form ing d ic e n t r ic  and a c e n t r ic  iso c h ro ­
m a tid s , th e y  o ccasion  th e  d ea th  o f  th e  ensuing zy g o te . Even in  th o se  cases 
where a broken end succeeds in  u n i t in g  w ith  a n o th e r one, d e riv e d  from a d i f ­
f e r e n t  b re a k , union o f  th e  r e c ip ro c a l  broken ends seldom o c c u rs . Thereby a 
h a l f - t r a n s lo c a t io n  i s  form ed which ex cep t in  s p e c ia l  i n s ^ n ^ s  r e s u l t s  i n  a 
l e t h a l  deg ree  o f aneup lo idy  i n  a zygote th a t  re c e iv e s  i t ^

The ty p e s  o f  s tn i c tu r a l  changes induced in  oocytes th a t  a re  o f te n e s t  
to  be d e te c te d  in  v ia b le  o ff sp r in g  a re  ( l )  th o se  ^ t  have in v o lv ed  i n t e r -  
homologue exchanges in  th e  h e te ro ch ro m atic  reg io n ^ ^ ”’̂ ? ("pseudocrossovers" 
t h a t  seldom a c t  a s  re c e s s iv e  l e t h a l s ) ,  and (2 ) d e f ic ie n c ie s ,  a c tin g  as  re c e s ­
s iv e  l e t h a l s .  We i n f e r  th e  d e f ic ie n c ie s  to  have u s u a lly  been caused by two 
b re a k s  in  th e  same homologue. F o r they  do no t have a tendency to  be a s ­
s o c ia te d  w ith  c ro ss in g  o v e r. Iforeover, t h e i r  frequency  v a r ie s  more s te e p ly
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than  th e  dose and f a l l s  o f f  i f  th e  dose has been g iv en  in  a much p ro trac^ ec i 
o r  f r a c t io n a te d  form , thus fo llow ing  th e  p a t te rn  o f m u lti-b re a k  changes 5o-59^ 
This in fe re n c e  f i t s  in  w ith  an o b se rv a tio n  o f  Lttning' s26 th a t  more M inute- 
b r i s t l e  changes (known to  be u s u a lly  d e f ic ie n c ie s )  a r i s e  a f t e r  i r r a d i a t i o n  
o f oocy tes th an  o f spermatozoai.

This ex cep tio n  to  th e  r u l e  o f a l i n e a r  r e l a t i o n  between dose and r e ­
c ess iv e  l e th a l s  r a i s e s  anew th e  q u e s tio n  o f why, a f t e r  i r r a d i a t i o n  o f  sperm­
a to zo a , th e  r e l a t io n  appears l i n e a r  even a t  h igh  d o ses . F o r l e th a l s  th u s  
produced in c lu d e  a s iz e a b le  p ro p o r tio n  o f d e f ic ie n c ie s  and o th e r  m u lti-b re a k  
s t r u c tu r a l  changes. Our in t e r p r e ta t io n  i s  t h a t  t h i s  l i n e a r i t y  a t  h ig h  doses 
i s  a s y n th e t ic  p ro d u c t o f two o p p o s ite ly  a c tin g  f a c to r s ;  ( l )  th e  p resen ce  o f 
m u lti-b re a k  d e f ic ie n c ie s  and p o s i t io n a l  l e t h a l s  th a t  cause th e  t o t a l  f r e ­
quency to  r i s e  above th e  s t r a ig h t  l i n e ,  and (2 ) th e  o p e ra tio n  o f  s e le c t io n  
in  e l im in a tin g , v ia  d o m in a n t-le th a l chiromosome a b e r r a t io n s ,  th e  offspin.ng o f 
more o f th e  geim c e l l s  t h a t  a t  i r r a d i a t i o n  were i n  a more s u s c e p tib le  s ta g e .
The l a t t e r  f a c to r ,  causing  a d ep re ss io n  o f th e  frequency  e v e r  f u r th e r  below th e  
l in e  a t  h igh  d o ses , could mask th e  in f lu e n c e  o f  th e  f i r s t  f a c t o r .  When i r ­
r a d ia t io n  i s  ap p lie d  to  groups o f germ c e l l s  known to  be h ig h ly  h e te ro ­
geneous, th e  second f a c t o r  p re d o m in a te s ^  and th e re  can be a marked drop 
below l i n e a r i t y  when high  doses a re  ap p lie d  t o  p o s t-m e io tic  male germ c e l l s .
I t  i s  to  be expected  th a t  the more homogeneous in  i t s  s u s c e p t ib i l i t y  th e  ma­
t e r i a l  i s ,  th e  more ev idence  th e re  w i l l  be o f  a r i s e  above l i n e a r i t y ,  a s  ap­
p e a rs  to  have been th e  case  in  experim ents o f  E d in g to n 's  on D rosophila 
spennatozoa. I t  i s  q u ite  p o s s ib le  t h a t  oocy tes a re  u s u a lly  o f  more homo­
geneous s u s c e p t ib jJ i ty  th an  sperm atozoa. M oreover, fo r  doses g iv in g  th e  f r e ­
quencies o f re c e s s iv e  l e th a l s  in  q u e s tio n , few er dominant l e t h a l s  a re  p ro ­
duced and th e re  i s  co rresp o n d in g ly  l e s s  o p p o rtu n ity  fo r  s e le c t iv e  e lim in a tio n  
among th e  p ro d u c ts  o f i r r a d ia te d  o o c ^ e s  than  sperm atozoa^^.

On th e  above in te r p r e t a t i o n ,  l e t h a l  and o th e r  induced  p o in t-m u ta tio n s  
do n o t ordinarily '^ re p re se n t r e s t i t u t i o n s  o f b re a k s  th a t  occurred  a t  o r  n ear 
th e  a f f e c te d  lo c u s . Were t h a t  th e  case n o t nearly ' so many re c e s s iv e  l e th a l s  
should  be  induced in  r in g  than  n o n -rin g  chrcraosomes, because o f  th e  g re a te r  
d i f f i c u l t y  o f ex ac t (n o n - to rs io n a l)  r e s t i t u t i o n  of broken r in g s ,  y e t  re c e n t 
r e t e s t s  o f  t h i s  q u e s tio n  by O s te r  (unpub lished) c o n f im  th e  f a c t  t h a t  a t  low 
and m oderate doses a p p lie d  to  sperm atozoa as  many l e t h a l s  a re  produced in  
th e  r in g s  as in  th e  n o n -r in g s . At veiy  h ig h  d o ses , to  be s u re , th e  frequency  
in  th e  n o n -rin g s  does become g r e a te r .  But t h i s  i s  to  be expected  in  any 
case because o f th e  in c lu s io n  in  th e  n o n -rin g  d a ta  of many/ cases o f s tin ic - 
t u r a l  change ih ic h ,  had th e y  happened in  r in g s ,  would have formed aneucen- 
t r i c ,  in v ia b le  com binations.

I f  we g ra n t the  above th e s i s  th a t  p o in t m u ta tio n s , u n lik e  s t r u c tu r a l  
clianges, do n o t in v o lv e  " e f fe c t iv e "  chromosome b reaks ( i . e .  b re a k s , th e  ends 
d e riv ed  from which a re  capab le  o f  union w ith  ends d e riv ed  from d is ta n t  
b re a k s ) , th en  i t  i s  a ls o  to  be in f e r r e d  th a t  th o se  accesso ry  c o n d itio n s , 
such as oxygen te n s io n , t h a t  in f lu e n c e  the  p ro d u c tio n  o f  b o th  p o in t  muta­
t io n s  and s t r u c tu r a l  changes in  th e  same d i r e c t io n  and to  th e  same d eg ree , 
exert- t h e i r  e f f e c t  on th e  p rim ary  m u ta tio n a l p ro c e sses  o f  p o in t m u ta tio n  and 
b reakage , which a re  obviously  r e l a t e d ,  r a th e r  th an  on th e  p ro c e ss , subse­
quent -bo b reakage , o f  union betw een " e f f e c t iv e ly "  broken ends. W hether o r  n o t
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an average f o r  p o in t m u ta tio n s  p e r  lo c u s  th a t  was j u s t  w ith in  s t a t i s t i c a l  
range o f  th e  h ig h e r  va lue  p re v io u s ly  o b ta in ed  firom chromosomes d e riv ed  from 
th e  m other^” (S e r ie s  I I I  o f  th e  t a b l e ) ,  a f t e r  allow ance had been made f o r  
th e  d i f f e r e n t  m u ta tio n  r a t e s  o f  th e  s to ck s  u sed , a s  a sc e r ta in e d  by the  
l e t h a l  t e s t s .  I t  tu r n s  ou t t h a t  f o r  a s to ck  w ith  an a r b i t r a r i l y  assumed 
s ta n d a rd  r a t e  o f  ,2% f o r  sex -lin k ed  l e t h a l s  th e  p e r- lo c u s  p o in t-m u ta tio n  
r a t e  i s  o f  th e  o rd e r  o f .3  X 10**-'.

The r e la t io n  o f  th e  p o in t-m u ta tio n  r a t e  induced a t  a g iven s tag e  to  
th e  spontaneous r a t e ,  when th e  l a t t e r  i s  converted  in  th e  manner m entioned 
in to  th e  v a lu e  i t  would have f o r  an  a r b i t r a r y  s tan d a rd  o f c o n d itio n s , i s  
(so  f a r  a s  may be judged from  p re s e n t  d a ta )  abou t th e  same f o r  m u ta tio n s  de­
te c te d  by th e  s p e c i f ic  lo cu s  method a s  fo r  re c e s s iv e  l e t h a l s ,  as may be seen 
by a com parison o f  S e r ie s  I I I  and I  o r  by our unpublished  com parisons o f  
co rrespond ing  d a ta  o b ta in ed  by i r r a d i a t i o n  o f spennatozoa. This r e s u l t  may 
be ex p ressed  by say ing  th a t  th e  "s tan d a rd "  doubling  dose fo r  e i t h e r  s p e c if ic -  
lo cu s  p o in t-m u ta tio n s  o r  re c e s s iv e  l e t h a l s  induced in  oogonia i s  about 350r  
w hile  t h a t  in  l a t e  sperm atozoa i s  abou t ?5 r. There a re  in d ic a tio n s^ ^  (Se­
r i e s  7) t h a t  fo r  b ack -m uta tions th e  doubling dose in  sperm atozoa may be 
h ig h e r  th an  f o r  th e  more u su a l ty p e s , b u t t h i s  i s  u n c e r ta in  s in ce  no s tan d ­
a rd  v a lu e s  were e s ta b lis h e d  h ere  by t e s t s  o f  l e t h a l  r a t e s .

F o r sm all s t r u c tu r a l  changes (m ainly  d e f ic ie n c ie s )  th e  spontaneous 
r a t e ,  l i k e  t h a t  induced in  gonial c e l l s  by low d o ses , i s  sm a lle r  than  th e  
correspondirig  p o in t-m u ta tio n  r a t e  by one o r  two o rd e rs  of m agnitude. How­
e v e r , th e  d a ta  o b ta in ed  in  th e  sc o r in g  o f  s p e c if ic - lo c u s  m utants g ive  th e  
sp u rio u s ly  h igh  r a t i o  o f  ab o u t one such s t r u c tu r a l  change to  th r e e  p o in t 
m u ta tio n s . This i s  because th e  l ik e l ih o o d  of d e te c t io n  o f  a s t r u c tu r a l  
change by t h i s  means i s  propojrb ional to  th e  average number o f  l o c i  t h a t  a re  
l o s t  o r  changed by i t .

li. MUTATIONAL MECHANISMS AND CONDITIONS

Among s tu d ie s  on th e  p ro d u c tio n  o f chromosome a b e r ra t io n s  r e c e n tly  
c a r r ie d  ou t by our group have been a number on o o cy te s . D esp ite  th e  r a r i t y  
o f  re c o v e ra b le  g ro ss  a b e r ra t io n s  from oocy tes t h e i r  chromosomes a re  r e a d i ly  
b roken . But th e  broken ends, excep t when r e s t i t u t i o n a l l y  u n i te d ,  u s u a lly  
rem ain f r e e  u n t i l ,  presum ably a f t e r  form ing d ic e n t r ic  and a c e n t r ic  iso c h ro ­
m a tid s , th e y  o ccasion  th e  d ea th  o f  th e  ensuing zy g o te . Even in  th o se  cases 
where a broken end succeeds in  u n i t in g  w ith  a n o th e r one, d e riv e d  from a d i f ­
f e r e n t  b re a k , union o f  th e  r e c ip ro c a l  broken ends seldom o c c u rs . Thereby a 
h a l f - t r a n s lo c a t io n  i s  form ed which ex cep t in  s p e c ia l  i n s ^ n ^ s  r e s u l t s  i n  a 
l e t h a l  deg ree  o f aneup lo idy  i n  a zygote th a t  re c e iv e s  i t ^

The ty p e s  o f  s tn i c tu r a l  changes induced in  oocytes th a t  a re  o f te n e s t  
to  be d e te c te d  in  v ia b le  o ff sp r in g  a re  ( l )  th o se  ^ t  have in v o lv ed  i n t e r -  
homologue exchanges in  th e  h e te ro ch ro m atic  reg io n ^ ^ ”’̂ ? ("pseudocrossovers" 
t h a t  seldom a c t  a s  re c e s s iv e  l e t h a l s ) ,  and (2 ) d e f ic ie n c ie s ,  a c tin g  as  re c e s ­
s iv e  l e t h a l s .  We i n f e r  th e  d e f ic ie n c ie s  to  have u s u a lly  been caused by two 
b re a k s  in  th e  same homologue. F o r they  do no t have a tendency to  be a s ­
s o c ia te d  w ith  c ro ss in g  o v e r. Iforeover, t h e i r  frequency  v a r ie s  more s te e p ly
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than  th e  dose and f a l l s  o f f  i f  th e  dose has been g iv en  in  a much p ro trac^ ec i 
o r  f r a c t io n a te d  form , thus fo llow ing  th e  p a t te rn  o f m u lti-b re a k  changes 5o-59^ 
This in fe re n c e  f i t s  in  w ith  an o b se rv a tio n  o f  Lttning' s26 th a t  more M inute- 
b r i s t l e  changes (known to  be u s u a lly  d e f ic ie n c ie s )  a r i s e  a f t e r  i r r a d i a t i o n  
o f oocy tes th an  o f spermatozoai.

This ex cep tio n  to  th e  r u l e  o f a l i n e a r  r e l a t i o n  between dose and r e ­
c ess iv e  l e th a l s  r a i s e s  anew th e  q u e s tio n  o f why, a f t e r  i r r a d i a t i o n  o f  sperm­
a to zo a , th e  r e l a t io n  appears l i n e a r  even a t  h igh  d o ses . F o r l e th a l s  th u s  
produced in c lu d e  a s iz e a b le  p ro p o r tio n  o f d e f ic ie n c ie s  and o th e r  m u lti-b re a k  
s t r u c tu r a l  changes. Our in t e r p r e ta t io n  i s  t h a t  t h i s  l i n e a r i t y  a t  h ig h  doses 
i s  a s y n th e t ic  p ro d u c t o f two o p p o s ite ly  a c tin g  f a c to r s ;  ( l )  th e  p resen ce  o f 
m u lti-b re a k  d e f ic ie n c ie s  and p o s i t io n a l  l e t h a l s  th a t  cause th e  t o t a l  f r e ­
quency to  r i s e  above th e  s t r a ig h t  l i n e ,  and (2 ) th e  o p e ra tio n  o f  s e le c t io n  
in  e l im in a tin g , v ia  d o m in a n t-le th a l chiromosome a b e r r a t io n s ,  th e  offspin.ng o f 
more o f th e  geim c e l l s  t h a t  a t  i r r a d i a t i o n  were i n  a more s u s c e p tib le  s ta g e .
The l a t t e r  f a c to r ,  causing  a d ep re ss io n  o f th e  frequency  e v e r  f u r th e r  below th e  
l in e  a t  h igh  d o ses , could mask th e  in f lu e n c e  o f  th e  f i r s t  f a c t o r .  When i r ­
r a d ia t io n  i s  ap p lie d  to  groups o f germ c e l l s  known to  be h ig h ly  h e te ro ­
geneous, th e  second f a c t o r  p re d o m in a te s ^  and th e re  can be a marked drop 
below l i n e a r i t y  when high  doses a re  ap p lie d  t o  p o s t-m e io tic  male germ c e l l s .
I t  i s  to  be expected  th a t  the more homogeneous in  i t s  s u s c e p t ib i l i t y  th e  ma­
t e r i a l  i s ,  th e  more ev idence  th e re  w i l l  be o f  a r i s e  above l i n e a r i t y ,  a s  ap­
p e a rs  to  have been th e  case  in  experim ents o f  E d in g to n 's  on D rosophila 
spennatozoa. I t  i s  q u ite  p o s s ib le  t h a t  oocy tes a re  u s u a lly  o f  more homo­
geneous s u s c e p t ib jJ i ty  th an  sperm atozoa. M oreover, fo r  doses g iv in g  th e  f r e ­
quencies o f re c e s s iv e  l e th a l s  in  q u e s tio n , few er dominant l e t h a l s  a re  p ro ­
duced and th e re  i s  co rresp o n d in g ly  l e s s  o p p o rtu n ity  fo r  s e le c t iv e  e lim in a tio n  
among th e  p ro d u c ts  o f i r r a d ia te d  o o c ^ e s  than  sperm atozoa^^.

On th e  above in te r p r e t a t i o n ,  l e t h a l  and o th e r  induced  p o in t-m u ta tio n s  
do n o t ordinarily '^ re p re se n t r e s t i t u t i o n s  o f b re a k s  th a t  occurred  a t  o r  n ear 
th e  a f f e c te d  lo c u s . Were t h a t  th e  case n o t nearly ' so many re c e s s iv e  l e th a l s  
should  be  induced in  r in g  than  n o n -rin g  chrcraosomes, because o f  th e  g re a te r  
d i f f i c u l t y  o f ex ac t (n o n - to rs io n a l)  r e s t i t u t i o n  of broken r in g s ,  y e t  re c e n t 
r e t e s t s  o f  t h i s  q u e s tio n  by O s te r  (unpub lished) c o n f im  th e  f a c t  t h a t  a t  low 
and m oderate doses a p p lie d  to  sperm atozoa as  many l e t h a l s  a re  produced in  
th e  r in g s  as in  th e  n o n -r in g s . At veiy  h ig h  d o ses , to  be s u re , th e  frequency  
in  th e  n o n -rin g s  does become g r e a te r .  But t h i s  i s  to  be expected  in  any 
case because o f th e  in c lu s io n  in  th e  n o n -rin g  d a ta  of many/ cases o f s tin ic - 
t u r a l  change ih ic h ,  had th e y  happened in  r in g s ,  would have formed aneucen- 
t r i c ,  in v ia b le  com binations.

I f  we g ra n t the  above th e s i s  th a t  p o in t m u ta tio n s , u n lik e  s t r u c tu r a l  
clianges, do n o t in v o lv e  " e f fe c t iv e "  chromosome b reaks ( i . e .  b re a k s , th e  ends 
d e riv ed  from which a re  capab le  o f  union w ith  ends d e riv ed  from d is ta n t  
b re a k s ) , th en  i t  i s  a ls o  to  be in f e r r e d  th a t  th o se  accesso ry  c o n d itio n s , 
such as oxygen te n s io n , t h a t  in f lu e n c e  the  p ro d u c tio n  o f  b o th  p o in t  muta­
t io n s  and s t r u c tu r a l  changes in  th e  same d i r e c t io n  and to  th e  same d eg ree , 
exert- t h e i r  e f f e c t  on th e  p rim ary  m u ta tio n a l p ro c e sses  o f  p o in t m u ta tio n  and 
b reakage , which a re  obviously  r e l a t e d ,  r a th e r  th an  on th e  p ro c e ss , subse­
quent -bo b reakage , o f  union betw een " e f f e c t iv e ly "  broken ends. W hether o r  n o t
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an in f lu e n c e  in  q u e s tio n  o f th e  same degree f o r  th e se  two g e n e ra l c a te g o r­
i e s  o f m u ta tio n s  can be determ ined by th e  method used in  the  fo llow ing  exam­
p le .  In  O s te r’ s te s t s ^ ^  o f sex -lin k ed  l e th a l s  induced  in  th e  spennatozoa of 
l a t e  pupae, t h e i r  frequency  a f t e r  i r r a d i a t i o n  in  oxygen was 2.5i tim es t h a t  
a f t e r  i r r a d i a t i o n  in  n i tro g e n . For t r a n s lo c a t io n s  th e  corresponding f ig u re  
was 3«8 tim e s . S ince th e  l e th a l s  vary  w ith  th e  dose and the t r a n s lo c a tio n s  
w ith  i t s  1 .5  pov/er, an agent th a t  in c re a se d  l e t h a l  p ro d u c tio n  by 2 ,5  tim es 
would, i f  i t  a f fe c te d  t r a n s lo o a t io n  p ro d u c tio n  to  th e  same degree ( i . e .  t h a t  
o f  a dose 2 ,5  tim es a s  g r e a t ) ,  in c re a se  t r a n s lo c a t io n s  by th a t  i s ,
by 3 .9  tim e s . T h is r e s u l t  i s  in  good s t a t i s t i c a l  agreem ent w ith the one ob­
ta in e d ,  Tunning now to  the  r e s u l t s  on th e  i r r a d ia t io n  of sperm atids in  th e se  
two k in d s  o f  a tm osphere , one f in d s  tiie e f f e c t  on l e t h a l s  much la rg e r  th an  be­
f o r e ,  namely, about 6 tim e s . T his g iv e s  an e x p e c ta tio n  o f ((^*5, th a t  i s ,  o f 
lU tim e s , fo r  th e  t r a n s lo c a t io n  enhancement in  sp e rm a tid s . Again th e  ca lcu ­
la te d  r a t i o  i s  in  good agreem ent w ith  th e  observed one, o f 11(±2) tim es .

C om plications can a r i s e  in  th e  in t e r p r e ta t io n  o f th e  mode of o p e ra tio n  
o f  accesso ry  c o n d itio n s  vhen, a s  in  th e  case  o f  oxygen te n s io n ,  they a re  ab le  
on o ccasion  to  a f f e c t  more than  one s te p  o f th e  m u ta tio n a l p ro c e ss . Thus, in  
Abrahamson’ s work on th e  p ro d u c tio n  o f  tw o-break s t r u c tu r a l  changes (d e tach ­
ments o f a tta c h e d  X-chromosomes) in  oocy 'tes, th e  oxygen te n s io n  e x is t in g  a t  
th e  tim e o f  i r r a d i a t i o n  had an e f f e c t  of th e  samie k in d  as  above ,Viov!~
e v e r , a re d u c tio n  o f  oxygen te n s io n  folloTrJing i r r a d i a t i o n  o r between two i r ­
r a d ia t io n s  caused an enhancement o f th e  freq u en cy , presimiably'^ by de lay in g  un­
io n s  between broken ends and th e reb y  making r e s t i t u t i o n a l  unions le s s  l i k e ly .

The d if f e r e n c e  in  the  mechanism of o r ig in a t io n  o f p o in t m uta tions and 
s t r u c tu r a l  changes does no t j u s t i f y  th e  co n clu sio n  th a t  th e  form er a re  immed­
i a t e l y  and ir re v o c a b ly  com pleted a t  the  moment of i r r a d i a t i o n .  The concep­
t io n  o f a "recovery" p ro cess  fo r  chromosome b reaks in  spermatozoa con tained  
in  th e  m ale , which has been founded on ev idence  su p p lied  by Baker and von 
H a lle  and by Ltlning’ s group^'^” ^^^ nigy w e ll prove a p p lic a b le  even to  p o in t 
m u ta tio n s , as  in d ic a te d  by work o f Nordback and A u e rb a c h ^ , However, a s tag e  
o f  com pletion  and s t a b i l i t y  o f th e  m utation  i s  f i n a l l y  reached . Except in  
th e  s p e c ia l  c a se s  where germ inal s e le c t io n  o p e ra te s , th e se  f in ish e d  m uta tions 
must accum ulate a c c u ra te ly  as a r e s u l t  o f re p e a te d  or ch ro n ic  ir r a d ia t io n .®

D esp ite  th e  c o n d i t io n a l i ty  o f th e  m u ta tio n a l p ro cess  and th e  g re a t in ­
flu en ce  e x e r te d  by g e n e tic , developm ental and e x t r in s ic  f a c to r s  in  th e  o r ig i ­
n a tio n  o f b o th  "spontaneous" and ra d ia tio n - in d u c e d  m u ta tio n s , th e re  seems in  
many re s p e c ts  to  be a rem arkable  agreement between th e se  phenomena in  Dro­
so p h ila  and mammals, except fo r  th e  f ^  h ig h e r p e r - lo c u s  r a d ia t io n  s u s c e p ti­
b i l i t y  of th e  mammalian genes t e s t e d ° 5 .  S e le c t io n  has a p p a ren tly  been a t  
work to  produce a s im ila r  o v e r - a l l  spontaneous m u ta tio n  r a te  p e r  g e n e ra tio n  
in  th e  two g ro u p s, in  th e  fa c e  of t h e i r  g re a t  d if f e r e n c e s  in  l i f e  span , DKA 
c o n te n t, and o th e r  r e s p e c ts ,  and has lik e w ise  r e s u l te d  in  s im i l a r i t i e s  in  
th e  mode of ex p ress io n  o f  t h e i r  g en es . Support fo r  th e se  in fe re n c e s  i | , t o  
be d e riv ed  from th e  f a c t  t h a t  re c e n t an a ly ses  o f  human m u ta tio n a l lo a d ° °  
le a d  to  m u ta tio n -ra te  e s tim a te s  l ik e  th o se  e a r l i e r  based  on a q u ite  d i f f e r ­
e n t type o f e x tra p o la t io n  from D rosophila  th an  th o se  here  made use o f .  This 
agreem ent a t t e s t s  to  th e  signiflLcance o f  th e  s tu d ie s  on D rosophila  in  r e l a ­
t io n  to  th e  problem s of th e  g e n e tic  e f f e c t s  o f  r a d ia t io n  on man.
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doubling dose can v a ry  by a f a c to r  o f a t  l e a s t  20, depending upon th e  g e n e tic  
com position o f th e  s to ck  and th e  h is to r y  o f th e  germ c e l l s  u sed . A ccord ing ly , 
i f  n e i th e r  r a te  i s  h e ld  c o n s ta n t th e  d o u b lin g  dose can vary  by th e  p ro d u c t o f 
th e se  f a c to r s ,  i . e .  by a t  l e a s t  2U0, And by a l t e r a t i o n  o f co n d itio n s  (such  
a s  oxygen te n s io n )  i t s  v a r ia t io n  can be s t i l l  f u r th e r  in c re a se d .

There has long been evidence t h a t  d if f e r e n c e s  as  g re a t  as te n  fo ld  in  
th e  spontaneous p o in t-m u ta tio n  r a t e ,  caused by d if f e r e n c e s  in  g e n e tic  f a c to r s ,  
s in ce  term ed m u ta to r g en es , a re  n o t uncommon in  D roso p h ilah 3 , And even w ith  
th e  same s to c k , th e  spontaneous r a t s ,  ty p ic a l ly  re p re se n te d  by ,2% o f  re c e s ­
s iv e  sex -lin lced  l e t h a l s  in  th e  f i r s t  sperm atozoa r e le a s e d  by th e  newly 
emerged m ale , i s  reduced  to  ,06% in  th e  sp em ato zo a  re le a se d  su b sequen tly  to  
th e s e , bu t i f  th e  sperm atozoa a re  s to re d  in  the  fem ale t h e i r  r a te  i s  in ­
c reased  by abou t ,06^ p e r  week over t h e i r  o r ig in a l  r a t e j  m eanwhile, however, 
th e  eggs o f a l l  p e rio d s  show an approx im ate ly  c o n s ta n t r a t e  o f  abou t

The p a ra d o x ic a lly  h ig h e r  frequency found  among th e  e a r l i e r  re le a s e d  
sperm atozoa i s  p ro b ab ly  to  be r e f e r r e d  to  th e  lo n g e r d u ra tio n  o f  th e  sperma­
t i d  s tag e  which th e y  underwent in  th e  pupa, as  compared w ith  t h a t  undergone 
by th e  l a t e r  re le a s e d  sperm in  th e  a d t i l t ,  i f  we g ra n t t h a t  th e  sp erm atid  
s tag e  i s  no t only u n u su a lly  s u s c e p tib le  to  io n iz in g  r a d ia t io n  and some chem­
i c a l  mutagens®^ b u t probably^' su sc e p tib le  lik e w ise  to  some of th e  m utagenic 
ag en ts  n a tu r a l ly  p re s e n t .  W hether o r  n o t  t h i s  in te r p r e ta t io n  i s  c o r r e c t ,  i t  
i s  ev id en t t h a t  d i f f e r e n t  groups o f sperm atozoa from th e  v e ry  same in d iv id u a l  
may show spontaneous fre q u e n c ie s  d i f f e r in g  by a f a c to r  o f 7 t e ,g ,  from ,06% 
in  second-week sperm engaging in  f e r t i l i z a t i o n  w ith in  a few days to  ,hh% in  
f ir s t-w e e k  sperm s to re d  in  th e  fem ale f o r  a month. The doubling  dose th e r e ­
fo re  has a meaning only  in  r e l a t io n  to  g iven  s to ck s  b red  under g iven  condi­
t io n s  and when th e  r a d ia t io n  h as  been a p p lie d  to  g iv en  s tag e s  in  a given 
m anner. However, one may speak of average v a lu e s  f o r  g iv en  c ircu m stan ces .

A c o n s id e ra b le  source o f  e r r o r  t h a t  sometimes hampers th e  d e term ina­
t io n  o f th e  spontaneous r a t e  l i e s  in  th e  in o rd in a te ly  h igh  m u ta b i l i ty  o f  th e  
s tag e  th a t  in c lu d e s  f e r t i l i z a t i o n  and th e  n u c le a r  d iv is io n s  o f  th e  newly 
formed zy go te . Evidence fo r  t h i s  i s  found in  ( l )  th e  d is p ro p o r tio n a te  p rev ­
a len ce  o f la rg e  " c lu s te r 's "  o f m utants o f common o r ig in  among th e  offspid.ng o f 
g iven individuals^^^"^®  , (2 ) th e  h ig h  frequency  o f ra u ta tio n a lly  mosaic o f f ­
s p r i n g ^ - a n d  (3 ) the  s tro n g  in f lu e n c e  o f m a te rn a l genotype on th e  f r e ­
quency, in  chromosomes o f p a te r n a l  o r ig in ,  o f  m u ta tio n s  common to  th e  e n t i r e ,  
germ tr a c k  o f an in d iv id u a l  and hence sco red  as having a r i s e n  in  th e  f a t h e r .^ '  
E s tim a tes  based on th e  f i r s t  e f f e c t  in d ic a te d  a spontaneous m u ta tio n  r a t e  p e r  
u n i t  o f  tim e a t  t h i s  e a r ly  s ta g e  of th e  o rd e r  of s e v e r a l  hundred tim es t h a t  
obtaird.ng in  th e  germ c e l l s  th roughou t th e  m ajor p a r t  o f th e  o rg an ism 's  life,*^^ 
W hether t h i s  s ta g e  i s  sdm .ilarly  s u sc e p tib le  to  th e  in d u c tio n  o f  m u ta tio n s  by 
r a d ia t io n  i s  n o t known. But th e  phenomenon a s  i t  p e r ta in s  to  th e  spontaneous 
r a te  le a d s  i n  s e v e ra l  ways to  la rg e  e r ro r s  in  th e  d e te rm in a tio n s  o f  f r e ­
quency and o f  doubling  d o se .

The la rg e - s c a le  experim ent by S ch a le t^^* ^^  th a t  in c lu d e d  th e  observa­
t io n s  on m osaics above r e f e r r e d  to  was p r im a r i ly  undertaken  to  determ ine th e  
frequency  o f spontaneous m u ta tions in v o lv in g  s p e c i f ic  lo c i  th a t  a r i s e  i n  chro­
mosomes d e riv e d  from th e  f a th e r  (S e r ie s  IV o f th e  t a b l e ) .  The r e s u l t s  gave
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A re c e n t  example o f  a com parative ly  f in e  d i s t in c t io n  in  s tag e s  i s  
g iven  by th e  d a ta  o f  W hiting and Murphy^”*. These show th a t  in  the  wasp 
H abrobracon re c e s s iv e  l e t h a l s  a re  produced a t  about th e  same r a te  p e r 
ro en tg en  ( i f  we make th e  assum ption , n o t c o n tra d ic te d  by th e  d a ta , t h a t  th e  
e f f e c t  i s  approx im ate ly  l i n e a r  a t  th e  dose s tu d ie d )  in  sperm atozoa i r r a d i ­
a te d  in  the  male and in  eggs i r r a d ia te d  a t  m e io tic  m etaphase I ,  whereas in  
eggs i r r a d i a t e d  a t  prophase I  a dose n in e  tim es  a s  h igh  i s  re q u ire d  f o r  th e  
same e f f e c t .  H ere, a s  in  th e  B ro so p h ila  r e s u l t s ,  th e re  i s  a c o r r e la t io n  
betw een th e  amount o f  chromosome condensation  and th e  degree o f s u s c e p t ib i l ­
i t y ,  However, th e  e x is te n c e  o f  a d d i t io n a l  f a c to r s  i s  shown in  B rosoph ila  by 
th e  much h ig h e r  s u s c e p t ib i l i t y  o f  sperm atid s  than  of sperm atozoa, d e sp ite  
th e  somewhat l e s s e r  co n densa tion  o f chromoscmes in  the  form er than  in  the  
l a t t e r  s ta g e s .

W hatever th e  f a c to r s  d i f f e r e n t i a t in g  the  s u s c e p t i b i l i t i e s  o f  d i f f e r ­
e n t s ta g e s  may be, i t  i s  u n lik e ly  t h a t  th e  p a t te r n  found i n  B rosophila  i s  
u n iq u e . Thus, in  m ice, to  add to  th e  lo n g -e x is t in g  evidence th a t  in  them as 
i n  B ro so p h ila  th e re  i s  a f a r  h ig h e r  p ro d u c tio n  o f  t r a n s lo c a t io n s  and dominant 
zy g o tic  l e t h a l s  in  sperm atozoa than  in  sperm atogonia, we have a re c e n t s t a t e ­
ment by R u s s e l l U 2  t h a t  th e  m u ta tio n s  a t  s p e c if ic  lo c i  s tu d ie d  by him a re  
produced a t  "app rax im ate ly  two to  fo u r  tim es" th e  frequency  in  male germ 
c e l l s  i r r a d i a t e d  between 19 and 23 days b e fo re  m ating th an  in  sperm atogonia. 
T h is r e s u l t  ag rees  q u a n t i ta t iv e ly  w ith  the  r e l a t i v e  freq u e n c ie s  o f  p o in t 
m u ta tio n s  and of t o t a l  re c e s s iv e  l e t h a l s  induced a t  the  p robab ly  c o rre ­
sponding B rosoph ila  s ta g e s  A and B,

The com parative s u s c e p t i b i l i t i e s  d e a l t  w ith  above a r e ,  as p re v io u s ly  
m entioned, th o se  f o r  p o in t  m u ta tio n s , in  th e  sense o f changes on a s c a le  to o  
sm all to  be d e f in i t e ly  d e te c ta b le  by m icroscopic  exam ination  o f  th e  extended 
chromosomes o f  th e  s a l iv a r y  g lan d s^ . The com parative s u s c e p t ib i l i t i e s  o f  
th e s e  d i f f e r e n t  s ta g e s  to  having dem onstrable s t r u c tu r a l  changes o f  a v ia b le  
k ind  induced  in  them d i f f e r  from one an o th e r i n  th e  same d i r e c t io n ,  on the  
w hole, b u t much more th a n  th o se  above g iv en , Jforeover, th e  f r e q u e n c y - d is t r i -  
b u tio n  o f  th e  d i f f e r e n t  ty p es  o f  s t r u c tu r a l  changes found a lso  v a r ie s  w ith  
th e  s ta g e  i r r a d i a t e d .  Not only  chromosome b re a k a b i l i ty  d if f e re n c e s  b u t a lso  
d if f e r e n c e s  in  the  f a c to r s  a f f e c t in g  th e  jo in in g  o f  th e  broken ends and th e  
r e c o v e r a b i l i ty  o f  th e  p ro d u c ts  o f  un ion  p lay  im portan t p a r t s  in  th e  de term in ­
a t io n  o f th e  observed f re q u e n c ie s  o f  s t r u c tu r a l  changes, in  a manner to o  com­
p l ic a te d  to  b e  e n te red  in to  h e re . But th e re  a re  grounds, which w i l l  be men­
tio n e d  su b seq u en tly , f o r  in f e r r in g  t h a t  th e se  o th e r  f a c to r s  a re  n o t re le v a n t  
to  th e  p ro d u c tio n  o f  th e  p o in t m u ta tio n s . We may a ls o  in f e r  t h a t  even a t  th e  
m ost s u s c e p tib le  s ta g e , t h a t  o f sp e rm a tid s , th e  re c e s s iv e  l e th a l s  rem ain a 
v a lid  c r i t e r i o n ,  a t  low and m oderate do ses , of p o in t m u ta tio n s ,

3 , IKE "BOUBLING BOSE" Â D THE SPOOTANEOUS FREQUENCY

The doubling dose f o r  p o in t m u ta tio n s , i . e .  the  dose inducing as  many 
a s  a r i s e  "spon taneously" in  th e  course  o f  one g e n e ra tio n , i s  su b je c t to  enor­
mous v a r ia t io n s  (see  th e  t a b l e ) .  Thus i f  th e  spontaneous r a t e  i s  h e ld  con­
s t a n t ,  th e  induced  r a te  and w ith  i t  th e  doubling dose can vary  by a f a c to r  o f 
a t  l e a s t  12, depending upon which s ta g e  i s  i r r a d ia te d .  I f  on th e  o th e r  hand 
th e  induced r a t e  i s  h e ld  c o n s ta n t, th e  spontaneous r a te  and w ith  i t  th e
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scored  t h e i r  in c lu s io n  d id  n o t p e rc e p tib ly  a f f e c t  th e  l i n e a r  r e l a t i o n  ob- 
sem ed  f o r  th e  t o t a l s .  In  c o n tr a s t  to  th e se  f in d in g s ,  most d e f ic ie n c ie s  
t h a t  a re  r e a d i ly  v i s ib le  in  euchrom atin  have t h e i r  b reaks f u r th e r  a p a r t  th a n  
th o se  h e re  u su a l, and a cco rd in g ly  fo llo w  th e  1 .5  power ru le ^ 9 ,9 .

I t  shou ld  be added t h a t  two lo c i  i n  th e  main e u c h rm a tic  re g io n  o f  th e  
te s te d  X-chromosome, th o se  o f  w h ite  and fo rk ed , were s im u ltan eo u sly  scored  
f o r  m utants i n  F ry e ’ s ex perim en t. These m u tan ts , w hich were in  la rg e  m ajor­
i t y  p o in t m u ta tio n s , a lso  showed frecm encies c lo s e ly  conform ing w ith  a l i n e a r  
r e l a t io n  to  dose , th e  co u n ts  be ing  1 /2 6 3 ,69U f o r  th e  c o n tr o ls ,  17/180,9^2 f o r  
lOOOr, and 13A l»3lO  f o r  UOOOr. The p e r- lo c u s  induced freq u a ic y  h e re ,
0,U(±1) X 1 0 -7 /r ,  i s  a s  expected  f a r  low er th a n  th a t  o f  about 8 X 1 0 - i / r  
found f o r  th e  yellow  d e f ic ie n c ie s  in v o lv in g  a b reak  in  h e te ro ch ro raa tin , b u t 
d i s t i n c t l y  h ig h e r  th an  the  f re q u e n c ie s  of p o in t  m u ta tio n s  induced  in  fem ale 
gem  c e l l s  (S e r ie s  I I I ) .

2 . DIB'FE.RENT SUSCEPTIBILITIES OF Dff'FERENT CELL TYPES

Space p re c lu d e s  a h i s t o r i c a l  tre a tm e n t h e re  o f  th e  ev idence g a th e red
in  th e  l a s t  s ix  y e a r s ,  f i r s t  by L unin^ and h i s  co-w orkers20-29, th e n  by 
Auerbach30“32 and h e r  s tu d e n t K hiahin’*̂ , by Baker and von H a lle3 3 , and i n  
th e  l a s t  fo u r  y e a rs  by o u r own group also3n-38^ showing t h a t  th e  p o s t-g o n ia l  
s ta g e s  o f D rosoph ila  germ c e l l s  n o t on ly  a re  much more s u sc e p tib le  th a n  th e  
g o n ia l s ta g e s  to  m utagenesis by io n iz in g  r a d ia t io n ,  a s  had long been known39, 
b u t d i f f e r  g r e a t ly  amongst one a n o th e r  in  s u s c e p t ib i l i t y .  The id e n t i f i c a t i o n  
o f which s ta g e s  i n  th e  germ c e l l  developm ent o f  th e  male correspond  to  th e  
d i f f e r in g  s u s c e p t i b i l i t i e s  found has been made by Auerbach and K hishin  by a 
com bination o f g e n e tic  and h i s to lo g ic a l  m ethods. On th e  b a s is  of t h e i r  com­
p a ra t iv e  r e s u l t s ,  checked and added to  by our own and th o se  o f th e  o th e r  
w orkers m entioned , th e  sequence of v a ry in g  s u s c e p t ib i l i t y  f o r  th e  p ro d u c tio n  
o f re c e s s iv e  l e t h a l s  ( th a t  i s ,  th e  r e l a t i v e  freq u e n c ie s  produced by a g iven
dose) may be ro ugh ly  in d ic a te d  as fo llo w s  f o r  th e  male germ c e l l s :
(A) sp em ato g o n ia  and e a r ly  sp e m a to c y te s  1, (B) m e io tic  d iv is io n  s tag e s  8, 
(C) sperm atids 12, (D) sperm atozoa more th a n  a day b e fo re  t h e i r  e ja c u la t io n  
3 , (E) sperm atozoa w ith in  a day o f t h e i r  e ja c u la t io n  U to  U§, (F ) sp em atozoa  
w ith in  in sem in ated  fem ales 5 to  6; and f o r  th e  fem ale g em  c e l l s :  (A ')
oogonia and e a r ly  oocy tes 1, ( B ') l a t e  oocy tes  ( l a s t  3 to  U days) 2 to  3 .

The a c tu a l  f re q u e n c ie s  may be i l l u s t r a t e d  f o r  A' and C by Seii.es I  
and V III i n  o u r t a b l e ,  bu t th e  v a lu e s  found f o r  a g iven  s ta g e  and dose o f te n  
d i f f e r  by a f a c to r  o f n e a r ly  2 f o r  d i f f e r e n t  ex p erim en ts, so  t h a t  o u r u n i t  1 
(app ly ing  to  A and A ') may vary  between v a lu es  o f  50 and 100 X 10“ 7 induced  
se x - lin k e d  l e t h a l s  p e r  ro e n tg e n . As fo r  S e r ie s  VI o f  our t a b l e ,  a lthough  
th e  induced  value  h e re  g iv en  has o f te n  been used f o r  re fe re n c e  i t  i s  now e v i­
d en t th a t  i t  r e p re s e n ts  a compromise between D and E (somewhat n e a re r  t o  E ) , 
s in ce  i t  i s  based  on work done b e fo re  th e  d i s t i n c t io n  between th e se  s ta g e s  
was known. Undoubtedly d if fe re n c e s  would b e  found to  e x i s t  between s t i l l  
f in e r  su b d iv is io n s  than  those  o f  th e  p re s e n t s e r i e s  i f  th e re  were means o f  
study ing  them s e p a ra te ly .  T his i s  i l l u s t r a t e d  by O s te r 's  f i n d i n g h O  t h a t  a 
d i s t i n c t l y  h ig h e r  frequency  i s  ev in ced  by oogonia i f  th ey  a r e  i r r a d ia te d  
w hile h a l te d  in  m ito s is  by c o lc h ic in e  o r  acenaphthene.
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th e  most s u s c e p t ib le .  Thj s in fe re n c e  was c o n fim ed  by d i r e c t  comparisons in  
which O ster^^ found t h a t  a t  l e a s t  tw ice  as many re c e s s iv e  l e th a l s  were in ­
duced in  sp erm atid s as  in  th e  most s u s c e p tib le  sperm atozoan s ta g e , th a t  p re s ­
en t i n  in sem in ated  fem a les . O ste r has th e re fo re  made a s p e c ia l  in v e s t ig a t io n  
o f  th e  frequency-dose  r e l a t i o n  f o r  re c e s s iv e  se x - lin k e d  le th a l s  a r is in g  in  
sp e rm a tid s . F or convenience and r e p e a ta b i l i ty  in  t r e a t in g  th e  sperraatid  
s ta g e ,  K h is h in 's  p r o c e d u r e ^ d was fo llo w ed , o f  i r r a d ia t in g  pupae lid hours 
a f t e r  t h e i r  p u p a tio n  and, a f t e r  emergence o f th e  m ales, u t i l i z i n g  them as 
p a re n ts  f o r  no t more than  th e  n ex t th re e  days. The doses used were pu rpose ly  
k ep t low (2$0v and lOOOr) so t h a t  even a t  the  h ig h e r  dose th e  g re a t m a jo rity  
o f  th e  l e th a l s  found would re p re se n t p o in t  m u ta tio n s .

The r e s u l t s  a r e  shown in  S e r ie s  V III o f  th e  t a b le .  The freq u e n c ies  
o b ta in ed  a f t e r  s u b tra c t io n  o f  th e  c o n tro l  frequency  a re  ag a in  seen to  conform 
s a t i s f a c t o r i l y  w ith  a l in e a r  r e l a t i o n ,  and we have c a lc u la te d  th a t  they a re  
no t to  be re c o n c ile d  w ith  the  p o s tu la te  of p ro p o r t io n a l i ty  to  th e  1 .5  power 
o f th e  d o se . On th e  o th e r  hand, a p a r a l l e l  experim ent showed th a t  th e  f r e ­
quencies o f  g ro ss  s t r u c tu r a l  changes o f  chromosomes, re p re se n te d  by t r a n s lo ­
c a tio n s  between chromosomes I I  and I I I ,  did conform c le a r ly  w ith  the 1 ,5  
r e l a t i o n  expected  on th e  b a s is  o f  e a r l i e r  f in d in g s^  on t r a n s lo c a t io n s  a r i s in g  
from i r r a d ia t e d  sp e m a to z o a . The p re s e n t da ta  on t r a n s lo c a t io n s ,  derived  
from th e  same groups o f  t r e a te d  sp erm atid s a s  th e  le th a ls ,w e re  as  fo llo w s : 
145/ 3U21 f o r  250r and lU 8/l533 f o r  lOOOr (no c o n tro ls  being  necessa ry  s in ce  
t h e i r  spontaneous frequency  i s  known to  be so low th a t  i t  need no t be tak en  
in to  accoun t i n  sudh w ork). These r e s u l t s  fo r  t ra n s lo c a t io n s  show th a t  th e re  
were no p e c u l i a r i t i e s  o f the  c o n d itio n s  such as might have tended unduly to  
reduce th e  freq u e n c ie s  observed a t  h igh  doses below th ose  th a t  had a c tu a l ly  
been produced . F in a l ly ,  th e  p re s e n t  r e s u l t s  f o r  l e th a l s ,  s im ila r ly  to  a l ­
though l e s s  s t r ik in g ly  th a n  th ose  fo r  oogonia, show th a t  th e  induced muta­
t io n s  a r i s e  in d ep en d en tly  of the  spontaneous ones and a re  added to  them .

.16

As th e re  a re  grounds f o r  reg ard in g  a l l  th e  above r e s u l t s  fo r  l e th a l s  
as having re fe re n c e  m ainly t o  p o in t m u ta tio n s  i t  was thought d e s ira b le  to  
g e t  a d d i t io n a l  ev idence concern ing  th e  frequency-dose r e l a t io n  fo r  very mi­
n u te  rea rran g em en ts . A lthough e a r l i e r  work^5 had provided evidence o f  l i n ­
e a r i t y ,  f o r  such t i n y  d e f ic ie n c ie s  as  a re  u s u a lly  met w ith  in s id e  o f  o r 
b o rd e rin g  on h e te ro ch ro m atic  reg io n s , doubts and seeming co u n te r-ev id en ce ' 
had been r a i s e d .  U sing an X-chroraosome of th e  scu te -8  ty p e , Ih a t has h e te ro ­
chrom atin  in  th e  neighborhood o f i t s  l e f t  end, in  which l i e s  th e  normal 
a l l e l e  o f  yeHow-body c o lo r ,  Sara F rye has during  th e  p a s t  two y ears  t e s te d  
th e  frequency  of m utants showing yellow  body, among th e  daughters of un- _ 
t r e a te d  m ales and o f  th o se  i r r a d ia te d  w ith  lOOOr and UooOr, r e s p e c tiv e ly  
Sperm of th e  2nd to  Iith day a f t e r  i r r a d i a t i o n  were used .

As i s  to  be  seen  from th e  t a b le .  S e r ie s  V II, th e  la rg e - s c a le  r e s u l t s  
f i t  w e ll  w ith  th e  e x p e c ta tio n  f o r  l i n e a r i t y .  A nalyses o f  th e  m utants showed 
th a t  th e  g re a t m a jo r ity  o f  them in v o lv e  lo s s e s  of a t  l e a s t  th re e  l o c i  ( th o se  
o f  a l e t h a l ,  y e llow , and a c h a e te )  and c o n s t i tu te  m inute d e f ic ie n c ie s .  I t  i s  
t r u e  th a t  some cases o f " h a l f - t r a n s lo c a t io n "  were a ls o  p re s e n t, and th a t  
th e s e  m ust have been derived  from two w idely  sep ara ted  Ijreaks and have had a 
frequency  dependent on th e  1 .5  power o f  th e  dose a t  th e se  d o ses . But s in ce  
such cases could be reckoned to  c o n s t i tu te  fewer th an  20^ o f a l l  th e  m utants
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R e lia b le  s tu d ie s  on th e  frequency-dose  r e l a t io n  f o r  o th e r  m a te r ia l  
than  D rosophila  sperm atozoa have n o t been a v a i la b le  u n t i l ,  a t  the  1955 Con­
fe ren ce  on th e  P eace fn l Uses o f  Atomic E nergy, R ussell^^ ' made th e  s ta tem e n t 
th a t  he had ob ta ined  an approx im ate ly  l i n e a r  r e l a t io n  fo r  th e  v i s ib le  muta­
t io n s  a t  s p e c if ic  l o c i  induced in  h i s  i r r a d i a t i o n s  o f  mouse sperm atogonia, 
■when r e s u l t s  from doses o f  0 , 300 and 600r ■were compared. During th e  p a s t  
12 months Oster^"' has extended th e  s tudy  o f th e  frequency-dose r e l a t i o n  to  
compai’a b le  c e l l s  i n  D ro so p h ila , nam ely, oogon ia , i r r a d i a t e d 'i n  t h i r d - in  s t a r  
la rv a e .  P o ss ib ly  in c lu d ed  h e re  a lso  i«as a sm all m in o rity  o f e a r ly  o o cy tes , 
b u t th e se  a re  known ■bC' have induced -m uta tion  fre q u e n c ie s , and a d i s t r i b u t io n  
o f m u ta tio n a l ty p e s , s im ila r  to  th o se  of oogonia12. In  bo th  th e se  ty p es  o f  
c e l l s ,  th e  g re a t m ajo ritj^  o f induced m u ta tio n s , even a t  h igh  do ses , a re  o f
’’poin^t" n a tu re . The r e s u l t s  o f  t h i s  experimen^b a re  shown in  th e  t a b le .
S e r ie s  I .

As the ta b le  shows, th e  frequency  o f re c e s s iv e  se x - lin k ed  l e th a l s  i n ­
duced in  th e se  immature fem ale gerrn ceU .s by th e  low er d o se , 600r, i s  even 
low er th a n  th e  spontaneous freq u en cy . By rea so n  o f  th e  la rg e  number o f  t e s t s  
c a r r ie d  ou t a t  t h i s  d o se , however, i t  was p o s s ib le  to  a t t a i n  a r e l a t i v e  ac ­
curacy alm ost a s  g re a t fo r  t h i s  induced freq u en cy , a f t e r  s u b tra c tio n  o f  th e  
spontaneous frequency , as  f o r  th a t  induced  by th e  h ig h e r  dose, 2lj00r. The 
frequency  p e r  ro en tg en , shown in  th e  9 th  column, tu rn s  ou t to  be su b stan ­
t i a l l y  th e  same f o r  both d o ses , i . e .  th e  r e l a t i o n  i s  l i n e a r .  S ince  the  two
doses d i f f e r  by a f a c to r  of I4 ■the s t a t i s t i c a l  e r ro r s  in d ic a te d  a re  le s s  im­
p o r ta n t  in  a llow ing  p o s s ib le  d e v ia t io n s  from l i n e a r i t y  th an  they  would have 
been i f  one dose had been on ly  tw ice  th e  o th e r .  Thus i f  we c a lc u la te ,  fo r  
example, vdiat th e  e x p e c ta tio n s  could have been i f  th e  freq u e n c ie s  o f  the  
l e th a l s  had a c tu a l ly  been p ro p o r t io n a l  to  th e  1 .5  power o f th e  dose, as th o se  
o f  s t r u c tu r a l  changes a r e ,  we fin d  th a t  the  observed data d e p a r t f a r  to o  much 
from th e se  e x p e c ta tio n s  to  re p re se n t a random sample d e riv ed  from any such 
m a te r ia l .  I t  i s  e v id e n t , th e n ,  t h a t  th e  p re se n t r e s u l t s  n o t on ly  g ive  no i n ­
d ic a t io n  of a ■bhreshold b u t a ls o  no in d ic a t io n  o f a re d u c tio n  in  th e  muta­
g en ic  e f fe c t iv e n e s s  o f th e  r a d ia t io n  a s  th e  dose i s  reduced to  le v e ls  a t  
which th e  induced frequencj^ i s  low er th an  th e  spontaneous one.

These data  a lso  make i t  c le a r  th a t  th e  induced m u ta tio n s  have here  
been added to  th e  spontaneous ones. That i s ,  th e  t o t a l  m uta tion  frequency  
found a t  any given dose  does n o t re p re se n t some s o r t  o f  ex ag g e ra tio n , magni­
f i c a t io n ,  o r  m u l t ip l ic a t io n  o f a " n a tu ra l"  freq u en cy : an ex ag g e ra tio n  th a t
becomes p ro p o r t io n a te ly  more pronounced as th e  dose i s  in c re a s e d . In s te a d  
o f  t h i s ,  th e  ■botal m uta tion  frequency  found i s  made up of two se p a ra te  com­
p o n en ts: ( 1 ) th e  spontaneous m u ta tio n s  t h a t  would have a r i s e n  even w ith o u t
th e  r a d ia t io n ,  p lu s  (2) a c o n tin g e n t o f  ra d ia tio n - in d u c e d  m u ta tions t h a t  a re  
o f e n t i r e ly  independent o r ig in  from th e  spontaneous o n es, even though th e  
mechanisms o f  o r ig in a t io n  o f th e  two c a te g o r ie s  may w e ll have been r e la te d  
in  k in d . S im ila r ly ,th e  induced m u ta tio n s  them selves a re  m u tua lly  in d ependen t.

I t  was though t d e s ir a b le  to  extend o u r knowledge o f th e  freq u en cy - 
dose r e l a t i o n  n o t only  in  th e  d i r e c t io n  o f c e l l s  ha^ving a much low er su s­
c e p t i b i l i t y  to  r a d ia t io n  m utagenesis th an  sperm atozoa b u t a ls o , c o n tra r iw is e , 
to  th ose  having an u n u su a lly  h igh  s u s c e p t ib i l i t y .  The work of a number o f 
a u th o rs , to  be m entioned su b seq u en tly , had p o in te d  to  the  sp eim atid  s ta g e  as
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