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I n t r o d u c t i o n .

S in c e  th e  d is c o v e r y  o f  x - r a y s  by R ontgen  i n  1895, 

a n  ab u n d an ce  o f  p u b l i c a t i o n s  d e a l in g  w i th  th e  e f f e c t s  

o f  x - r a y s  on  p l a n t s  h a v e  a p p e a re d . T hese  w ere  con ­

c e rn e d  e s s e n t i a l l y  w i th  g e n e r a l  p h y s i o l o g ic a l  p r o c e s s ­

e s ;  s e e d l in g  g e r m in a t io n ;  r a t e  o f  g ro w th  i n  so  f a r  a s  

s t i m u l a t i o n  o r  r e t a r d a t i o n  w ere  in v o lv e d ;  r e s p i r a t i o n ;  

p l a n t  m ovem ents; e t c .  M o rp h o lo g ic a l t r e a tm e n ts  were 

r a t h e r  s k e tc h y .  S e v e r a l  s t u d i e s  w ere made on  x - r a y  

in d u c e d  m o d i f i c a t io n s  i n  r o o t s  ( 4 ,  6 ) and  a l s o  i n  a e ­

r i a l  and  u n d e rg ro u n d  s tem s ( 1 , 2 ) ,  b u t  few i f  any  d e ­

t a i l e d  h i s t o l o g i c a l  i n v e s t i g a t i o n s  a r e  a v a i l a b l e  a -  

mong t h e s e  e a r l y  w o rk s .

D u rin g  th e  l a s t  f i v e  t o  t e n  y e a r s ,  s e v e r a l  h i s ­

t o l o g i c a l  s t u d i e s  h a v e  a p p e a re d  i n  l i t e r a t u r e  h a v in g

th e  g e n e r a l  t i t l e  “E f f e c t s  o f  X-Rays o n ___________" .

S tu d ie s  on  th e  x*?ray in d u c e d  m o d i f i c a t io n s  i n  l e a f  

s t r u c t u r e  w ere made by  N oguchi (7 )  and  by  Long and? 

K e r s te n  ( 5 ) .  Stem  m o d if ic a t io n s  w ere d e s c r ib e d  by

Jo h n so n  ( 3 ) .  I t  i s  t r u e  t h a t  I n v e s t i g a t i o n s  o f  t h i s

s o r t ,  w h ich  m e re ly  i n d i c a t e  th e  e f f e c t s  o f  x - r a y  

t r e a tm e n t; ,o n  t i s s u e s ,  a r e  o f  l i t t l e  s i g n i f i c a n c e  i n  

th e m s e lv e s ,  b u t  i f  th e y  can  b e  l a t e r  em ployed a s

Ik S ’42
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b a s l a  f o r  m ore com plex p h y s i o l o g ic a l  i n v e s t i g a t i o n s  th e y  

a r e  o f  v a lu e .  S uch  s t r u c t u r a l  I n q u i r i e s  m ust o f  n e c e s s i ­

t y  p re c e ^ d  s t u d i e s  o f  a  p h y s i o l o g ic a l  n a t u r e .  C o n seq u en t­

l y ,  w i th  t h i s  a s  th e  u l t i m a t e  u se  o f  d a t a  d e r iv e d  from  m or­

p h o lo g ic a l  i n v e s t i g a t i o n s ,  s u c h  i n v e s t i g a t i o n s  m u st he  a s  

d e t a i l e d  and  a s  e x te n s iv e  a s  p o s s ib l e  i f  any  u n d e r s ta n d in g  

o f  t h e  r e a l  e f f e c t s  o f  x - r a y s  upon  d e v e lo p in g  t i s s u e s  i s  

t o  be a c c o m p lis h e d . I t  m ig h t be  m e n tio n e d  t h a t ,  t h e  I n ­

fo rm a t io n  c o n ta in e d  i n  s t u d i e s  on  x - r a y  in d u c e d  stem  and  

l e a f  s t r u c t u r a l  m o d i f i c a t io n s  t o  d a te  do n o t  c o n t r i b u t e  a d ­

e q u a te  in f o r m a t io n  to  w a r r a n t  t h e i r  u s e  a s  b a s i s  f o r  l a t e r  

s t u d i e s .  Much I s  s t i l l  t o  be  done i n  th e  way o f  p r e l im ­

in a r y  w ork i n  o r d e r  t o  c o n s t r u c t  a  w o r th w h ile  c o n c e p t o f  

t h e  e f f e c t s  o f  x - r a y s  on s tem  an d  l e a f  t i s s u e s .

T h ree  i n v e s t i g a t i o n s  on  r o o t  s t r u c t u r e  an d  x - r a y s  

hav e  b e e n  c o n d u c te d . T hese  a r e  I n c lu d e d  a s  p a r t  o f  t h i s  

t h e s i s  ( 9 ,  1 0 , 1 1 ) .  The I n v e s t i g a t i o n s  w ere  d e s ig n e d  t o  

d e r iv e  a s  c l e a r l y  a s  p o s s ib l e  d a ta  on th e  d e v e lo p m e n t and  

m a tu r a t io n  o f  e a c h  r o o t  t i s s u e  u n d e r  th e  I n f lu e n c e  o f  x -  

r a y  i r r a d i a t i o n .  B u t h e re  a l s o  much w ork , i n  t h i s  c a se  

c h i e f l y  o f  a  c y t© .lo g ic a l n a t u r e ,  s t i l l  re m a in s  t o  be  d o n e .

Thus one o f  th e  g r e a t e s t  n e e d s  o f  x - r a d i o l o g i c a l  r e ­

s e a r c h  a t  t h e  p r e s e n t  t im e ,  i s  more c o m p le te  and  e x a c t  h i s ­

t o l o g i c a l  i n v e s t i g a t i o n s .  W ith o u t t h i s ,  f u r t h e r  work 

w h ich  i s  d i r e c t i n g  i t s e l f  I n  th e  way o f  em p lo y in g  x - r a y s
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a s  a  t o o l  i n  p h y s i o l o g i c a l  s t u d i e s ,  w i l l  be  c o n s id e r a b ly  

d am p ered . Much s i g n i f i c a n t  work on th e  e f f e c t s  o f  x - r a y s  

on t i s s u e s  i n  b o th  a n im a ls  and  p l a n t s  s t i l l  re m a in s  t o  be  

d o n e .

I t  was m e n tio n e d  ab o v e  t h a t  a  f u t u r e  u se  o f  x - r a y s  i n  

b i o l o g i c a l  i n v e s t i g a t i o n s ,  a s  i n d i c a t e d  by  p r e s e n t  te n d e n ­

c i e s ,  w i l l  be  a s  a  r e s e a r c h  t o o l .  I n  su c h  a  w ay, t h i s  

r a d i a t i o n  w i l l  h a v e  e x tre m e  s i g n i f i c a n c e .  I t  i s  p o s s ib l e  

t h a t  many p h y s i o l o g i c a l  phenom ena w h ich  c a n n o t b e  u n d e r ­

s to o d  o r  d e m o n s tra te d  I n  a  n o rm al s i t u a t i o n  c a n  be d i s ­

c e rn e d  i n  a n  x - r a y  in d u c e d  p a th o l o g i c a l  s t a t e .  S u c c e s s ­

f u l  u s e  o f  x - r a y s  i n  t h i s  way h a s  b e e n  d e m o n s tr a te d  i n  .num-' 

e ro u s  I n v e s t i g a t i o n s .  Skoog ( 8 ) was a b le  t o  i n d i c a t e  t h a t  

a s  c o n d i t i o n  c h a r a c t e r i z e d  by th e  f o rm a t io n  o f  aux ltv  d e ­

s t r o y i n g  s u b s ta n c e s  i n  s h o o ts  f o l lo w in g  x - r a y  t r e a tm e n t  

c o u ld  be  c o r r e l a t e d  w i th  d w a rfism  I n  num erous p l a n t  v a r i e ­

t i e s  s u c h  a s  i n  " l a z y  c o r n " .

T y te l l a n d  K e r s te n  (1 3 )  w ere  a b l e  t o  d e r i v e  In fo rm a ­

t i o n  o f  a  b io c h e m ic a l  n a tu r e  on th e  p h y s i c a l  c h a r a c t e r  o f  

u r e a s e  and  c a t a l a s e  c o n ta in e d  i n  c e l l s .

I n c lu d e d  a s  a  p a r t  o f  t h i s  d i s s e r t a t i o n  I s  a  s tu d y  

on  t h e  r e l a t i o n  b e tw e e n  se c o n d a ry  xylem  w a l l  t h ic k e n in g s  

and  t h e  e x t e n t  o f  e lo n g a t io n  o f  t i s s u e s  s u r r o u n d in g  th e  

xylem  e le m e n ts  ( 1 1 ) .  T h is  r e l a t i o n s h i p  c o u ld  b e  e x p e r i ­

m e n ta l ly  d e m o n s tra te d  by  th e  u se  o f  x - r a y s .  The r a t e
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and  t o t a l  e x t e n t  o f  e lo n g a t io n  o f  r o o t s  w h ich  w ere  u se d  

a s  t h e  t e s t  m a t e r i a l , c o u l d  b e  c o n t r o l l e d  by th e  x - r a y  

t r e a t m e n t .  A lso  in c lu d e d  h e r e  i s  a n  i n v e s t i g a t i o n  i n  

w h ich  i t  was fo u n d  p o s s ib l e  t o  c l e a r l y  i n d i c a t e  th e  

d i f f e r e n t i a l  c h a r a c t e r  o f  t h e  c a l i n e s ,  a  new g ro u p  o f  

s p e c i f i c  p l a n t  horm ones in v o lv e d  i n  s te m , l e a f  an d  r o o t  

g ro w th  ( 1 2 ) .
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A cknow ledgem ent i s  g iv e n  to  th e  P h y s ic s  D ep artm en ts  

o f  t h e  U n iv e r s i ty  o f  C in c in n a t i  f o r  g e n e ro u s ly  s u p p ly in g -  

r e s e a r c h  m a t e r i a l s  and  t o  t h e  B o tany  D ep artm en t f o r  w ork­

in g  s p a c e  and  l a b o r a t o r y  f a c i l i t i e s .  I n  a d d i t i o n ,  I  w ish  

t o  th a n k  b o th  D r. H o sk in s  and  D r. Went f o r  r e a d in g  s e v e r a l  

o f  t h e  m a n u s c r ip ts  p r e p a r e d  f o r  p u b l i c a t i o n .
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I n t r o d u c t i o n .

I n  a  r e c e n t  p a p e r  c o n c e rn e d  w i th  p l a n t s  grow n from  

d r y  o r  u n so a k e d  s e e d s  w h ich  h ad  b e e n  i r r a d i a t e d  w i th  s o f t  

x - r a y s ,  Long an d  K e r s te n  ( 1 ) ,  d e s c r ib e d  th e  o c c u r re n c e  o f  

s t r u c t u r a l  ch an g es  i n  t h e  l e a f  t i s s u e .  S i m i l a r  r e s u l t s  

h a d  p r e v io u s ly  b e e n  r e p o r t e d  by  N oguchi ( 2 ) ,  who u se d  g e r ­

m in a te d  s e e d s  and  x - r a y s  o f  a  s h o r t e r  w a v e le n g th . T h is  

p a p e r  i s  a  c o n t i n u a t i o n  o f  t h e  s tu d y  o f  p l a n t s  g e rm in a te d  

from  u n so a k e d  s e e d s  w h ich  h ad  b e e n  i r r a d i a t e d  w i th  s o f t  

x - r a y s ;  i t  d e s c r i b e s  some m o d i f i c a t io n s  w h ich  o c c u r  i n  

th e  s t r u c t u r e  and  d e v e lo p m e n t o f  t h e i r  r o o t s .

M e th o d s .

The r a d i a t i o n  was p ro d u c e d  by  th e  same a p p a r a tu s  a s  

t h a t  u se d  by Long and  K e r s te n  ( 1 ) .  I t  h a s  a n  a p p ro x im a te  

i n t e n s i t y  w a v e le n g th  c u rv e  a s  shown i n  th e  u p p e r  p a r t  o f  

f i g u r e  1 , and  a  p o s i t i o n  i n  th e  e le c t r o m a g n e t i c  sp e c tru m  

a s  i n d i c a t e d  b y , t h e  a rro w  i n  t h e  lo w e r_ p a r t  o f  f i g u r e  1 .
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F ig .  1 . U pper p a r t :  A p p ro x im ate  i n t e n s i t y  w a v e le n g th

c u rv e  f o r  t h e  r a d i a t i o n  u s e d . Low er p a r t :  G e n e ra l e l e c ­

t r o m a g n e t ic  s p e c tru m , w i th  th e  p o s i t i o n  o f  t h e  s o f t  x - r a y s  

u s e d , i n d i c a t e d  hy  t h e  a rro w .

U nsoaked s e e d s  o f V lc la  f a b a  (B u rp e e 's  h u sh  Lima b e a n s )  

w ere i r r a d i a t e d  by a r r a n g in g  them  w ith  t h e i r  h ilu m  s id e s  

8 cm. from  t h e  f o c a l  s p o t  o f  t h e  x - r a y  tu b e .  P r e l im in a r y  

t e s t s  w ere  made to  d e te rm in e  a  d o se  o f  r a d i a t i o n  w h ich  w ould 

p ro d u c e  p ro n o u n ced  r o o t  m o d i f i c a t io n s .  The t r e a tm e n t  s e ­

l e c t e d  was one w h ic h , a f t e r  an  i n t e r v a l  o f  g ro w th , r e s u l t e d  

i n  th e  phenom enon o f  " d e la y e d  k i l l i n g "  d e s c r ib e d  by M axw ell 

and  Kempton ( 3 ) .  T h is  em ployed a n  e x p o su re  o f  20 m in u te s  

w h ile  t h e  tu b e  was o p e r a te d  by 30 k v . a n d  10 ma. The i r r a -
SeeJs O

d ia te d J , w ere  g e rm in a te d  i n  m o is t  p e a t  m oss a t  85 F . E x te r ­

n a l  d e v e lo p m e n ts  w ere o b se rv e d  f o r  8 d a y s ,  a t  t h e  end o f  

w h ic h  t im e  m a t e r i a l  was p r e p a re d  f o r  m ic r o s c o p ic a l  exam in­

a t i o n .  The fo l lo w in g  o b s e r v a t i o n s ,  w h ich  w ere  made w i th  

p l a n t s  g e rm in a te d  from  J a n u a ry  2 9 th  t o  F e b ru a ry  6t h ,  u s in g  

s e e d s  grow n d u r in g  th e  s e a s o n  o f  1 93 9 , a r e  i n  a c c o rd  w i th  

i d e n t i c a l  e x p e r im e n ts  c a r r i e d  o u t  d u r in g  a  t h r e e  m onth 

p e r io d  i n  t h e  f a l l  o f  1 9 3 9 .
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P ig .  2 .  A n o rm al s e e d l in g  o f  V Ic la  f a b a .  and  one 

grow n from  x - l r r a d i a t e d  s e e d .  E ach  s e e d l in g  I s  8 d a y s  

o l d .  The i n s e t  shows an  e n la r g e d  v iew  o f  a  t y p i c a l  r o o t  

grown from  a n  i r r a d i a t e d  s e e d .

G ro ss  O b s e r v a t io n s .

D u rin g  th e  f i r s t  s e v e r a l  d a y s  o f  g ro w th  t h e r e  a p p e a r  

t o  be no e x t e r n a l  d i f f e r e n c e s  b e tw een  c o n t r o l  and  i r r a d i a t ­

ed  s e e d s .  The r a d i c l e s  a p p e a r  a t  a b o u t th e  same tim e  and  

c o n tin u e  d e v e lo p m e n t a t  a  s i m i l a r  r a t e  f o r  s e v e r a l  d a y s .

The g ro u p  g e rm in a te d  from  t h e  i r r a d i a t e d  s e e d s  l a t e r  shows 

a  d e c r e a s e d  r o o t  l e n g t h ,  a  p o o r  d ev e lo p m en t o f  t h e  r o o t  t i p ,  

and  th e  co m p le te  a b s e n c e  o f  l a t e r a l  r o o t s .  By th e  e ig h th  

d a y , t h e  c o n d i t io n  o f  a r r e s t e d  d ev e lo p m en t a p p e a rs  i n  th e  

r o o t s  o f  th e  ra y e d  g ro u p . At t h i s  tim e  t h e  a v e ra g e  l e n g th  

o f  th e  p r im a ry  r o o t  o f  th e  c o n t r o l  p l a n t ,  i n c lu d in g  th e  h y -
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a

p o c o ty l ,  I s  a p p ro x im a te ly  120 mm., and  t h a t  o f  t h e  ra y e d  

i s  a p p ro x im a te ly  44  mm. ( f i g .  2 ) .

The i n s e t  i n  f i g u r e  2 ' shows a n  e n la r g e d  v iew  o f  a  

t y p i c a l  r o o t  o f  th e  l a t t e r .  The b u lb o u s  i n c r e a s e  i n  d i a ­

m e te r  r e p r e s e n t s  th e  b e g in n in g  o f  th e  b y p o c o ty l  w h ich  o c ­

c u rs  a p p ro x im a te ly  70  mm. from  th e  t i p .

An a d d i t i o n a l  x - i r r a d i a t i o n  e f f e c t  i s  s e e n  when g e r ­

m in a t in g  c o n t r o l  s e e d l i n g s ,  an d  s e e d l in g s  grow n from  x - i r -  

r a d i a t e d  s e e d s ,  ( w i th  com bined g ro w th  o f  r a d i c a l s  and  h y -  

p o c o ty l s  12 t o  15 mm.) a r e  m arked i n  mm. l e n g t h s .  O b se r­

v a t io n s  12 h o u rs  a f t e r  m ark in g  show th e  r e s u l t s  I l l u s t r a t e d  

i n  f i g u r e  3 -

F ig .  3 . E lo n g a t io n  i n  t h e  p r im a ry  r o o t  and  th e  h y -  

p o c o ty l  r e g io n s  o f  a  c o n t r o l  p l a n t ,  l e f t ,  an d  i n  one g e r ­

m in a te d  from  a n  x - i r r a d i a t e d  s e e d ,  r i g h t .

I n  t h e  ra y e d  g ro u p  e lo n g a t io n  does n o t  o c c u r  w i th in  

th e  f i r s t  o r i g i n a l l y  m arked mm. o f  th e  p r im a ry  r o o t ,  a s  i n
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t h e  c o n t r o l .  T h is  s u g g e s t s  a n  I n a c t i v a t i o n  o f  t h e  r o o t  

t i p  m e r is te m  so o n  a f t e r  t h e  r a d i c a l  a p p e a r s .  I t  i s  a l s o  

s e e n  t h a t  th e  e lo n g a t io n  o f  t h e  c o n t r o l  h y p o c o ty l  i s  co n ­

s i d e r a b l y  g r e a t e r  t h a n  t h a t  o f  th e  g e rm in a t in g  i r r a d i a t e d  

s e e d .

M ic r o s c o p ic a l  O b s e r v a t io n s .

M a t e r i a l  f o r  a  m ic r o s c o p ic a l  e x a m in a t io n  was c o l l e c t ­

ed  from  a  g r e a t  num ber o f  p r im a ry  r o o t s  o f  g e rm in a t in g  

s e e d s  w h ich  h a d  b e e n  i r r a d i a t e d  w h ile  u n so a k e d . T h is  was 

done 8 d a y s  a f t e r  i r r a d i a t i o n  when th e  a r r e s t e d  g ro w th  

c h a r a c t e r  becam e e v id e n t  i n  t h e  r o o t s .  C o m p ara tiv e  s t u ­

d i e s  w ere  made w i th  t h e  p r im a ry  r o o t s  o f  c o n t r o l  p l a n t s  

o f  t h e  same a g e .  P a r a f f i n  s e c t i o n s  w ere  made and s t a i n e d  

w i th  i r o n - a lu m  h a e m a to x y l in  a n d  g e n t i a n  v i o l e t .

E x a m in a tio n  o f  t h e  r o o t  t i p  t i s s u e s  shows many m odi­

f i c a t i o n s  i n  th e  c a s e  o f  p l a n t s  g e rm in a te d  from  th e  x - i r -  

r a d i a t e d  s e e d s  a s  com pared w i th  t h e  p r im a ry  r o o t s  o f  con­

t r o l  p l a n t s  ( f i g .  4 ) .  I n  s e e d l in g s  grow n from  t h e  x - i r -  

r a d i a t e d  s e e d s ,  t h e  r o o t  m e r is te m  b e g in s  a p p ro x im a te ly  

0 .6 3  mm. from  th e  r o o t  t i p ,  w h ile  i n  t h e  p r im a ry  r o o t  o f  

th e  c o n t r o l ,  t h e  m e r is te m  i s  a p p ro x im a te ly  0 .2 2 5  mm. from  

t h e  t i p .  I n  th e  r o o t  t i p  o f  a  p l a n t  grow n from  a n  x - i r -  

r a d l a t e d  s e e d ,  v a s c u l a r  c e l l s  a p p e a r  a p p ro x im a te ly  0 .7 0  mm. 

from  t h e  t i p ,  w h ile  i n  t h e  p r im a ry  r o o t s  o f  th e  c o n t r o l  

p l a n t s ,  th e  f i r s t  v a s c u l a r  c e l l s  o c c u r  a p p ro x im a te ly  3 .2 5  

mm. from  th e  r o o t  t i p .  I n  t h e  ra y e d  g ro u p , an  o b v io u s ly
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Fig*  4 .  L o n g i tu d in a l  s e c t i o n s  o f  p r im a ry  r o o t  t i p s  

o f  a  n o rm a l s e e d l i n g  o f  V ic ia  f ab a  , r i g h t ,  an d  one w hich  

h ad  b e e n  g e rm in a te d  from  a n  x - i r r a d i a t e d  s e e d .  G en era ­

t i v e  m e r is te m , A: e l o n g a t i o n ,  B: v a s c u l a r  c e l l s ,  C. The 

num bers a t  t h e  l e f t  show t h e  d i s t a n c e s  from  th e  t i p  i n  

m ic ro n s , x  a b o u t  2 0 0 .
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p e c u l i a r  s i t u a t i o n  i s  found  i n  t h e  f i r s t  v a s c u la r  c e l l s .  

I n  many caseB  t h e s e  c e l l s  p o s s e s s  a  t y p i c a l l y  s c a l a r !  -  

form  ty p e  o f  w a l l  t h ic k e n in g ;  i n  o t h e r s ,  th e  r e t i c u l a t e  

ty p e  may o c c u r .  T h is  i s  a  m o d i f i c a t io n  o f  th e  no rm al 

c o n d i t io n  i n  V ic ia  f a b a , w here  th e  a n n u la r  and  s p i r a l  

v a s c u la r  e le m e n ts  e x te n d  f o r  a  c o n s id e r a b le  d i s t a n c e  b e ­

f o r e  th e  s c a l a r i f o r m  and  th e  r e t i c u l a t e  v e s s e l s  o f  th e  

m etaxylem  a p p e a r .

E lo n g a t io n  o f  t h e  c e l l s  d e r iv e d  from  th e  r o o t  t i p  

m e r is te m , a s  i n  t h e  e lo n g a t io n  r e g io n  o f  n o rm al r o o t s ,  

i s  b u t  s l i g h t l y  i n d i c a t e d  i n  t h e  r o o t s  o f  s e e d l in g s  grown 

from  th e  x - i r r a d i a t e d  s e e d s .  I n  t h e  l a t t e r ,  some su g ­

g e s t io n  o f  I n c r e a s e d  c e l l  s i z e  h a s  b e e n  o b se rv e d  a p p ro ­

x im a te ly  0 .6 7 5  mm. from  th e  t i p ,  w h ile  i n  th e  c o n tr o ls ^

F ig .  5 .  D iagram  o f  t i s s u e  d e v e lo p m e n ts  i n  r o o t  t i p s  

o f  c o n t r o l  s e e d l in g s  and  i n  th o s e  g e rm in a te d  from  x - i r r a d i -

.70 i

.675!
63
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a t e d  s e e d s .

c e l l  e lo n g a t io n  i s  e v id e n t  a p p ro x im a te ly  1 .3 4  mm. from  

t h e  t i p .  T hese  o b s e r v a t io n s  a r e  r e p r e s e n te d  g r a p h i ­

c a l l y  i n  f i g u r e  5 and  a r e  l i s t e d  i n  t a b l e  I .  Thus th e  

c o n d i t i o n  fo u n d  i n  th e  i r r a d i a t e d  g ro u p  i s  a  f o r e s h o r t ­

e n in g  o f  t h e  d e v e lo p m e n ta l  r e g io n s  i n  t h e  r o o t  a s  su g ­

g e s t e d  by th e  o c c u r re n c e  o f  t h e  r o o t  t i p  m e r is te m , c e l l  

e lo n g a t i o n ,  a n d  th e  a p p e a ra n c e  o f  v a s c u l a r  c e l l s  w i th in  

a  r e g io n  o f  a p p ro x im a te ly  0 .1  mm.; w h i le  i n  t h e  p r im a ry  

r o o t s  o f  c o n t r o l  p l a n t s , t h e s e  d e v e lo p m e n ts  a r e  fo u n d  i n  

a  r e g io n  w h ich  e x te n d s  b e tw e e n  a p p ro x im a te ly  0 .2 2 5  and  

5 mm. from  t h e  r o o t  t i p .

TABLE I .

A verage  c e l l  l e n g th s  a t  v a r io u s  d i s t a n c e s  from  

th e  ti-pB o f  VI c l  a  f a b a  s e e d l i n g s  grow n 

from  x - i r r a d i a t e d  s e e d s  a s  com­

p a re d  w i th  c o n t r o l s .

D is ta n c e  from  T ip A verage c e l l  l e n g t h

C o n tro l I r r a d i a t e d
mm.

0 - 1 .............................. 8 40
1 - 2 .............................. 12 45
2 - 3 .............................. 30 45
3 - 4 .............................. 37 63
4 - 5 .............................. 45" 64

M a te r i a l  f o r  a  m ic r o s c o p ic a l  s tu d y  o f  th e  m a tu re  p r i -  

-m a ry  r o o t  t i s s u e  was ta k e n  a p p ro x im a te ly  2 mm. below  th e
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r e g io n  o f  t h e  r o o ts te m  t r a n s i t i o n .  T h is  p o s i t i o n  below  

t h e  r o o t - s t e m  t r a n s i t i o n  was a c c u r a t e l y  d e te rm in e d  by mak­

in g  s e c t i o n s  b a ck  from  th e  h y p o c o ty l .  The r e g io n  th u s  s e ­

l e c t e d  h a s  a  w e l l  d e v e lo p e d  p i t h  r e g io n  a n d  i s  ab o v e  th e  

p r i m i t i v e  r a d i a l  r o o t  s t r u c t u r e .  O ver 500  co m p arab le  s e c ­

t i o n s  o f  c o n t r o l  s e e d l i n g s  an d  o f  s e e d l i n g s  w h ich  h ad  b e en  

grow n from  x - i r r a d i a t e d  s e e d s  w ere  ex am in ed .

I n  th e  t r a n s v e r s e  s e c t i o n s  o f  c o n t r o l  r o o t s  ( f i g .  6 , 

t o p ;  figw  9 , l e f t )  a  w e l l - d e v e lo p e d  se c o n d a ry  v a s c u l a r  

c y l i n d e r  s u r ro u n d s  t h e  t e t r a r c h  p r im a ry  x y lem . L a t e r a l  

r o o t s  o r i g i n a t e  o p p o s i t e  t h e  p r im a ry  xy lem  a r c s ,  w h ich  a t  

t h i s  p o i n t ,  a r e  o f t e n  o c c u p ie d  by l a c u n a e ,  b e a r in g  s c a t ­

t e r e d  p e r i p h e r a l  p ro to x y le m  e le m e n ts .  The c y l i n d e r  o f  

xy lem  i s  s u r ro u n d e d  b y  a  zone  o f  10  t o  12 c e l l s  w h ich  i n ­

c lu d e s  t h e  cam bium , p h lo em , p e r i c y c l e  and  e n d o d e rm is .

I n  th e  t r a n s v e r s e  s e c t i o n s  o f  r o o t s  g row n from  x -  

i r r a d i a t e d  s e e d s ,  ( f i g .  6 , b o tto m ; f i g .  9 , r i g h t )  th e  

p r im a ry  xylem  n o t  o n ly  o c c u r s  i n  i t s  n o rm a l t e t r a r c h  p o s ­

i t i o n ,  b u t  a l s o  fo rm s i n  a  c o n tin u o u s  b an d  2 t o  3 c e l l s  

i n  t h i c k n e s s  b e tw e e n  t h e s e  p o i n t s  and  i s  com posed o f  c e l l s  

h a v in g  e i t h e r  t h e  r e t i c u l a t e  o r  s c a l a r i f o r m  ty p e  o f  w a l l  

t h i c k e n i n g .  No a n n u la r  o r  s p i r a l  e le m e n ts  a p p e a r  t o  be  

p r e s e n t  a s  o c c u r  i n  t h e  c o m p a rab le  s e c t i o n s  o f  t h e  p r i ­

m ary r o o t s  o f  c o n t r o l  s e e d l i n g s .

The zone o f  10 o r  m ore c e l l s  i n  t h i c k n e s s  (w h ich  h a s
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P lg .  6 i  M atiire  r o o t  d e v e lo p m e n t I n  a  c o n t r o l  p l a n t  

o f  V io la  f a b a . t o p ;  an d  one g e rm in a te d  from  a n  x - I r r a d l -  

a t e d  s e e d ,  b o tto m . P rim ary  x y lem , A; s e c o n d a ry  x y lem , B; 

ph loem , C; d i s t o r t e d  p e r i c y c l e ,  D. x: a b o u t  15 0 . 

p r e v io u s ly  b e e n  d e s c r ib e d  i n  th e  c o n t r o l  p r im a ry  r o o t ,
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s u r ro u n d in g  th e  xy lem  .c y l in d e r )  i s  a l s o  p r e s e n t ,  ad i n d i ­

c a te d  i n  t r a n s v e r s e  s e c t i o n  ( f i g .  6 , b o t to m ) , i n  th e  r o o t s  

o f  th e  p l a n t s  grow n from  th e  i r r a d i a t e d  s e e d s .  I t  i s  im­

p o s s ib l e  h o w ev er, to  i d e n t i f y  th e  t i s s u e  ty p e s  o f  t h i s  

zone  b e c a u se  i t  i s  u n d i f f e r e n t i a t e d  and  d i s t o r t e d .  I t s  

p o s i t i o n  and  s m a ll  c e l l  s i z e ,  h o w ev er, i s  s u g g e s t iv e  o f ,  

and  c o rre s p o n d s  t o ,  a  s im i l a r ,  r e g io n  i n  th e  p r im a ry  r o o t s  

o f  t h e  c o n t r o l  p l a n t s  w h ich  i s  o c c u p ie d  by th e  cambium, 

ph loem , p e r i c y c l e ,  and  e n d o d e rm is . I n  th e  i r r a d i a t e d  

g ro u p , th e  i n n e r  p a r t  o f  t h i s  zone i s  c o n s i s t e n t l y  s e p ­

a r a t e d  from  th e  a d ja c e n t  c o n tin u o u s  p r im a ry  xylem  be tw een  

th e  p r im a ry  xylem  a r c s ,  b e c a u se  o f  a  r e g u l a r  d i s t o r t i o n  

o f  c e l l s  i n  t h i s  l a y e r .  I t  l i e s  i n  c o n ta c t ,  how ever, 

w i th  a  r e g io n  o f  l a r g e r  xylem  c e l l s  e x t e r n a l  t o  t h e  p r i ­

m ary xylem  a r c s  w h ich  may b e  se c o n d a ry  xy lem . I n  th e  

p r im a ry  r o o t s  o f  t h e  c o n t r o l  p l a n t s ,  t h e s e  i n n e r  c e l l s  

( t h e  cam bium s) a r e  i n  c lo s e  c o n ta c t  w ith  th e  se c o n d a ry  

xy lem . The d i s t o r t i o n  o f  p l a n t  c e l l s  w h ich  a r e  a b le  t o  

d iv id e  ( su c h  a s  th o s e  a l r e a d y  m en tio n ed  o f  th e  r o o t  t i p  

m e ris te m , and  th e  cambium) i s  a l s o  a p p a r e n t  i n  a  r e g io n  

e x t e r n a l  t o  th e  p r im a ry  xylem  a r c s  ( f i g .  6 ,  b o t to m ) .

T h is  d i s t o r t e d  a r e a  r e p r e s e n t s  th e  p la c e  w here t h e  p e r i -  

c y c le  h ad  b e e n  a c t i v e  i n  i n i t i a t i n g  l a t e r a l  r o o t  fo rm a­

t i o n  b u t  h a s  now o b v io u s ly  d e g e n e ra te d .

One g e n e r a l i z a t i o n  w h ich  may be made up t o  t h i s  

p o i n t ,  c o n c e rn in g  th e  n a tu r e  o f  r o o t  m o d if i c a t io n s  w hich  

o c c u r  i n  p l a n t s  o f  V Ic ia  f a b a  grown from  x - I r r a d i a t e d
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s e e d s ,  i s  t h e  p a r t i a l  o r  c o m p le te  d i s t o r t i o n  o f  t i s s u e s  

whose c e l l u l a r  u n i t s  a r e  c a p a b le  o f  d i v i d i n g .  E v id e n ce  

o f  t h i s  i s  s e e n  i n  th e  r o o t  t i p  m e r is te m , t h e  cambium, 

afad th e  p e r i c y c l e .

F ig .  7» C o m p ara tiv e  d e v e lo p m e n ts  a t  t h e  p o i n t s  o f  

l a t e r a l  r o o t  i n i t i a t i o n  i n  a  n o rm a l r o o t  o f  Vi c l a  f a b a ,  

l e f t ;  a n d  i n  one g e rm in a te d  from  x - i r r a d l a t e d  s e e d ,  r i g h t .  

P r im a ry  xy lem , A; s e c o n d a ry  xy lem , B; ph loem , C; d i s t o r t e d  

xy lem , D. x  a b o u t 9 0 0 .

M easurem ent o f  th e  d i s t r i b u t i o n  o f  t i s s u e s  i n  many 

t r a n s v e r s e  s e c t i o n s  o f  t h e  p r im a ry  r o o t s  o f  c o n t r o l  an d  o f  

i r r a d i a t e d  p l a n t s ,  d e m o n s tr a te s  a  g r e a t e r  d ev e lo p m en t i n  

th e  e x t e n t  o f  t h e  c o r t e x  an d  o f  th e  p i t h  r e g io n s  i n  th e  

i r r a d i a t e d  g ro u p  th a n  i n  t h e  c o n t r o l .  T h is  i s  n o t  c a u se d  

by a n  l n c r e a s e  in -  th e  num ber o f  c e l l s  a s  i n d i c a t e d  by c e l l
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c o u n ts ,  b u t  t o  a n  i n c r e a s e  i n  c611 s i z e  ( t a b l e  I I ) ,

TABLE I I .

A c o m p a riso n  o f  r o o t  t i s s u e s  i n  th e  t r a n s v e r s e  

s e c t i o n s  o f  c o n t r o l  an d  i n  p l a n t s  grow n from  

x - i r r a d l a t e d  s e e d s  o f  V Ie la  f a b a .

R e g io n C o n tro l I r r a d i a t e d .

E x te n t  o f  c o r t e x . . . . . . . . . . 900 1098
E x te n t  o f  p i t h . ......................... 1449 2097
A v erag e  s i z e  o f  c o r t e x

c e l l s ......................... 83 99
A verage  s i z e  o f  p i t h  c e l l s . 68 90

The h y p o c o ty l  o f  p l a n t s  g e rm in a te d  from  x - i r r a d i a t e d  

s e e d s  p o s s e s s e s  v a s c u l a r  t i s s u e  c o n s i s t i n g  s o l e l y  o f  xylem  

c e l l s  show ing  th e  s p i r a l  ty p e  o f  w a l l  t h i c k e n i n g .  T hese  

p r im a ry  e le m e n ts  a p p e a r  i n  g ro u p s  o f  2  t o  4  c e l l s  l y in g  

i n t e r n a l  t o  t h e  ph loem  ( f i g .  8 ,  r i g h t ) .  They a r e  s im i ­

l a r  i n  s i z e  and  p o s i t i o n  t o  c o r re s p o n d in g  p r im a ry  e le m e n ts  

i n  t h e  c o n t r o l  s e c t i o n  ( f i g .  8 ,  l e f t ) ,  b u t  n o t  so  num er­

ous .

The am ount o f  phloem  p ro d u c e d  i n  t h e  ra y e d  h y p o c o ty l  

i s  c o n s id e r a b ly  l e s s  th a n  t h a t  o f  t h e  c o n t r o l  a n d  i s  p o e r -  

l y  d i f f e r e n t i a t e d .  T h e re  i s  b u t  l i t t l e  n o tic e a b le  v a r i a ­

t i o n  i n  t h e  c e l l s  o f  t h e  c o r t i c a l  r e g io n  o f  t h e  ra y e d  hy ­

p o c o ty l  w i th  th e  e x c e p t io n  o f  a  s l i g h t  d e c r e a s e  I n  c e l l  

s i z e .  Num erous m o d i f i c a t i o n s ,  h o w e v e r, o c c u r  i n  th e
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F ig .  8 T ra n s v e r s e  s e c t i o n s  o f  t h e ,h y p o c o ty l  o f  con- 

t r o l  s e e d l in g s  o f  V ic ia  f a b a .  l e f t ;  and  o f  p l a n t s  grown 

from  x - i r r a d i a t e d  s e e d s ,  r i g h t .  P r im a ry  x y lem , A; s e ­

c o n d a ry  x y lem , B; p h lo em , C; cam bium , D; s c h lz o g e n o u s  cav ­

i t y  i n  t h e  p i t h  a r e a ,  E . x  a b o u t  1 5 0 . 

p i t h  r e g i d n .  T h ere  i s  a  m arked  d e c r e a s e  i n  b o th  e x te n t  

o f  p i t h  a n d  th e  s i z e  o f  t h e  i n d i v i d u a l  p i t h  c e l l s  ( t a b l e  

I I I ) .

TABLE I I I .

C om parison  o f  p i t h  s i z e  o f  c o n t r o l  h y p o c o ty l  and  

t h a t  o f  a  s e e d l in g  g e rm in a te d  from  a n  x - i r r a -

d i a t e d  s e e d  o f  V ic ia  f a b a .

C o n tro l I r r a d i a t e d
bJ M

E x te n t  o f  p i t h  r e g i o n . . . . 1520
S iz e  o f  p i t h  c e l l s ...............

\ 51
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A m o st i n t e r e s t i n g  e f f e c t  o f  t h e  i r r a d i a t i o n  o b se rv e d  

h e r e  i s  t h e  c o n s ta n t  o c c u re n c e  o f  a  l a r g e  i n t e r c e l l u l a r  

c a v i ty  i n  t h e  p i t h  r e g io n  o f  t h e  h y p o c o ty l  ( f i g .  10 , b o t ­

to m ). T h is  i s  p r e s e n t  when th e  d e la y e d  k i l l i n g  e f f e c t  i s  

e v id e n t  i n  th e  r o o t s .  The c a v i ty  f i r s t  a p p e a rs  i n  t h e  hy­

p o c o ty l  n e a r  th e  r e g io n  o f  t h e  r o o t - s te m  t r a n s i t i o n .  F ig ­

u r e  9 shows i t s  m anner o f  o r i g i n  i n  t h e  p i th ' .  The e a v i ty  

a p p e a rs  t o  b e  t h e  r e s u l t  o f  a  s c h iz o g e n o u s  s p l i t t i n g  o f  

t h e  w a l ls  o f  s u c c e s s iv e ly  fo rm ed  c e l l s .  T h is  ab n o rm al

F ig .  9 .  The o r i g i n  o f  th e  c a v i ty  w hich  o c c u rs  i n  th e  

p i t h  a r e a  o f  th e  h y p o c o ty l  o f  s e e d l in g s  grow n from  x - i r r a ­

d i a t e d  s e e d s .  x  a b o u t  1500.

s i t u a t i o n  may p e r s i s t  f o r  v a r io u s  d i s t a n c e s  i n  t h e  hypoco­

t y l .  I n  some c a s e s  i t  in v o lv e s  th e  e n t i r e  p i t h  a r e a ,  a s  

shown i n  f i g u r e  1 0 .
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F i g ,  1 0 . A l a r g e  c a v i ty  i n  t h e  h y p o c o ty l  o f  a  V ic ia  

f a b a  s e e d l in g  grow n from  x - i r r a d l a t e d  s e e d .

Summary.

E x te r n a l  and  m ic r o s c o p ic a l  o b s e r v a t io n s  o f  t h e  p r i ­

m ary r o o t s  o f  s e e d l i n g s  grow n from  s e e d s  o f  V ic ia  f a b a  

(B u rp ee * s  b u sh  Lima b e a n s ) ,  w h ich  h ad  b een  x - i r r a d i a t e d  

w h ile  u n so a k e d , a r e  g iv e n .

The fo l lo w in g  e x t e r n a l  m o d i f i c a t io n s  a r e  show n: ( a )  

a  g e n e r a l  f a i l u r e  o f  l a t e r a l  r o o t  f o r m a t io n ;  (b )  a n  a p p a r ­

e n t  p o o r  d e v e lo p m e n t o f  t h e  r o o t  t i p  a s  com pared w i th  con ­

t r o l s ;  ( c )  th e  o c c u r re n c e  o f  “d e la y e d  k i l l i n g "  i n  th e  

r o o t s  w h ich  becom es e v id e n t  a f t e r  a  g e rm in a t io n  p e r io d  o f  

8 d a y s .

One th o u s a n d  s l i d e s  o f  t h e  p r im a ry  r o o t s  o f  g e rm i­

n a t i n g  x - i r r a d i a t e d  s e e d s  and  a  l i k e  num ber o f  t h e  p r i -
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m ary r o o t s  o f  c o n t r o l  p l a n t s ,  w ere  s t a i n e d  and  exam ined  

u s in g  s t a n d a r d  m ethods o f  m ic r o te c h n iq u e .  A m ic ro s c o p ­

i c a l  e x a m in a t io n  o f  t h e s e  s l i d e s  h a s  g iv e n  r i s e  t o  th e  

f o l lo w in g  a n a to m ic a l  o b s e r v a t i o n s :

1 . I n  t h e  g e rm in a t in g  i r r a d i a t i n g  s e e d s ,  t h e  r o o t  

m e r is te m , t h e  b e g in n in g  o f  r o o t  e l o n g a t i o n ,  and  t h e  f i r s t  

o c c u r r e n c e  o f  v a s c u l a r  c e l l s ,  a p p e a r  w i th in  a  sp a n  o f  a p ­

p r o x im a te ly  0 .6  t o  0 .7  mm. from  t h e  r o o t  t i p ;  i n  th e  con ­

t r o l  p l a n t ,  t h e s e  d e v e lo p m e n ts  a p p e a r  o v e r  a  r e g io n  o f  

a p p ro x im a te ly  5 t o  6 mm.

2 .  I n  th e  u p p e r  l i m i t s  o f  t h e  p r im a ry  r o o t ,  th e  

p r im a ry  xylem  t i s s u e s  I n  th e  r a y e d  s e c t i o n s  a p p e a r  a s  a  

c o n t in u o u s  b an d  s u r ro u n d e d  by a  r e g io n  o f  p o o r ly  d i f f e r ­

e n t i a t e d  c e l l s ;  i f  com pared  to  t i s s u e s  a t  a  s i m i l a r  p o s i ­

t i o n  i n  t h e  p r im a ry  r o o t  o f  t h e  c o n t r o l  p l a n t ,  t h e s e  a r e  

c o m p a rab le  t o  p h lo em , p e r l c y c l a r ,  c a m b ia l an d  en d o d erm al 

a r e a s .

3 . C am bial a c t i v i t y  i s  i n d i c a t e d  o n ly  a t  p o i n t s  op ­

p o s i t e  t h e  p r im a ry  xy lem  a r e a ;  h e r e  a  s m a ll  b an d  o f  l a r g e  

xy lem  c e l l s  a r e  fo u n d  w h ic h  may be  s e c o n d a ry  x y lem .

4 .  The d e g e n e r a t io n  o f  c e l l s  w h ich  n o rm a lly  r e t a i n  

t h e i r  a b i l i t y  t o  d iv id e  i s  r e a d i l y  o b s e rv e d  i n  t h e  r o o t  

t i p  m e r is te m , t h e  p r o b a b le  c a m b ia l r e g io n ,  an d  i n  th e  r e ­

g io n  w here  l a t e r a l  r o o t s  a r e  n o rm a lly  I n i t i a t e d  i n  t h e

j p e r i  c y c l e .
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5 . S e c o n d a ry  v a s c u l a r  c e l l s  a r e  n o t  o b se rv e d  i n  

th e  h y p o c o ty l .

6 . I n  th e  h y p o c o ty l ,  s m a ll  g ro u p s  o f  p r im a ry  s p i r a l  

xylem  c e l l s  a p p e a r  a t  i n t e r v a l s  I n t e r n a l  t o  a  r e g io n  o f  

c e l l s  w h ich  may b e  p o o r ly  d i f f e r e n t i a t e d  ph loem .

7 . A s c h iz o g a n o u s  c a v i ty  i s  c o n s i s t e n t l y  and  c h a r ­

a c t e r i s t i c a l l y  p r e s e n t  i n  t h e  p i t h  r e g io n  o f  t h e  hypoco­

t y l  o f  t h e  s e e d l i n g s  grow n from  th e  x - i r r a d i a t e d  s e e d s  

when r o o t  g ro w th  p e rm a n e n tly  c e a s e s .
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in g  o f  m aize  s e e d s  x - r a y e d  a t  l i q u i d - a i r  tem ­

p e r a t u r e .  J o u r .  W ash ing ton  A cad. S c i .

2 9 : 3 6 8 -3 7 4 . 1939 .
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AN APPARATUS FOR 

WASHING TISSUE.

T h ro u g h o u t t h e  c o u rs e  o f  t h e s e  h i s t o l o g i c a l  i n v e s t i ­

g a t io n s  on t h e  e f f e c t s  o f  x - r a y s  on p l a n t s ,  s e v e r a l  d e ­

v i c e s  w ere  c o n s t r u c t e d  t o  f a c i l i t a t e  a  more c o n v e n ie n t  

h a n d l in g  o f  t e s t  m a t e r i a l s  u se d  f o r  s tu d y .  One su c h  d e ­

v e lo p m en t was a n  a p p a r a tu s  f o r  w ash in g  t i s s u e s .  I t  i s  

d e s c r ib e d  on  th e  f o l lo w in g  p a g e s .

R e p r in te d  from  S t a i n  T ec h n o lo g y , 

V o l. 1 6 , No. 4 ,  O c to b e r ,  1 9 41 .
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The a p p a r a tu s  shown "below, w h ich  c a n  be  c o n s t r u c t ­

ed i n  t h e  o r d in a r y  d e p a r tm e n ta l  sh o p , h a s  b e en  fo u n d  u s e ­

f u l  f o r  w a sh in g  l a r g e  num bers o f  i n d i v i d u a l  sp ec im en s  p r e ­

p a r a t o r y  t o  m aking h i s t o l o g i c a l  s e c t i o n s  and  i s  p a r t i c u l a r ­

l y  a p p l i c a b l e  i n  h a n d l in g  s u c c e s s iv e  p o r t i o n s  o f  r e l a t i v e ­

l y  l a r g e  s t r u c t u r e s  w h ich  a r e t o  be  s t u d i e s  i n  s e r i e s .

INCHES

SIDE VIEW _END  VIEW _

I n  o p e r a t i o n ,  w a te r  from  th e  l a b o r a to r y  f a u c e t  e n ­

t e r s  a  h o r i z o n t a l  b r a s s  tu b e  B, a t  A, by m eans o f  a  h o se  

n o t  shown i n  t h e  f i g u r e .  The f a u c e t  i s  a d ju s t e d  so t h a t  

w a te r  f i l l s  t h e  tu b e  B, an d  th e  v e r t i c a l  tu b e  C w here a  

c o n s id e r a b le  p o r t i o n  o v e r f lo w s  a t  D t h r u  tu b e  E i n t o  th e  

p a n  F a n d  o u t  t o  t h e  d r a i n  t h r u  tu b e  G an d  a  h o se  n o t  

shown i n  th e  f i g u r e .  T h is  a r ra n g e m e n t p r o v id e s  a  c o n -
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s t a n t  h e a d  o f  w a te r  r e g a r d l e s s  o f  s m a ll  v a r i a t i o n s  I n  th e  

t a p  w a te r  p r e s s u r e .  The sp ec im en s t o  be  w ashed a re  p la c e d  

i n  g l a s s  v i a l s  c o n n e c te d  to  t h e  a p p a r a tu s  by t h e  r u b b e r  s t o p ­

p e r s  L w h ich  n o rm a l ly  rem a in  a t t a c h e d  to  t h e  tu b e s  H. The 

way i n  w h ich  t h e  w a te r  f lo w s  w h ile  w ash in g  th e  sp ec im en s 

can  b e s t  be  s e e n  by e x am in in g  th e  d ra w in g  a t  t h e  lo w e r  

r i g h t  o f  F ig .  1 , l a b e l e d  “End View*1. P a r t  o f  th e  w a te r  

i n  tu b e  A i s  d i v e r t e d  t h r u  H i n t o  t h e  g l a s s  v i a l  I ,  th e n  

up t h r u  t h e  s c r e e n  0 ,  w hich  i s  s o ld e r e d  to  a n  e n la rg e d  op­

e n in g ,  N, w h ich  i n  t u r n  i s  s o ld e r e d  to  t h e  e ig h th  in c h  cop­

p e r  tu b e  J .  The w a te r  l e a v e s  t h i s  tu b e  a t  K, f a l l s  I n to  

t h e  t r a y  F an d  f i n a l l y  l e a v e s  a t  G w i th  t h e  w a te r  from  th e  

o t h e r  v i a l s  a n d  t h a t  from  E . The ro d s  M a t t a c h  th e  tu b e  

B t o  th e  p an  F .

I n  t h e  f i g u r e  o n ly  t h r e e  v i a l s  a r e  shown a l t h o  a s  many 

a s  may be d e s i r e d  may be a t t a c h e d  t o  th e  tu b e  B. I n  th e  

m odel u se d  by th e  a u th o r s  t h e r e  w ere  tw e n ty  v i a l s .  The 

e n t i r e  a p p a r a tu s  i s  made o f  b r a s s  w i th  th e  e x c e p t io n  o f  t h e  

r u b b e r  s to p p e r s  L , th e  c o p p e r  tu b e  J  and  th e  g l a s s  v i a l s  I .  

A l l  j o i n t s  e x c e p t  th o s e  made by t h e  r u b b e r  s t o p p e r s ,  a r e  

s o l d e r e d .  The d ra w in g  h a s  b een  made t o  th e  s c a l e  shown a t  

th e  to p  r i g h t  and  f o r  t h e  sa k e  o f  c l e a r n e s s  th e  v e r t i c a l  

tu b e s  C an d  E h av e  b e e n  o m it te d  from  t h e  end  v ie w .

The b e s t  way to  a sse m b le  th e  a p p a r a tu s  i s  a s  f o l lo w s :

(1 )  d r i l l  t h e  h o le s  f o r  tu b e s  H, i n  tu b e  B; (2 )  s o l f t e r  tu b e s
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H I n  p la c e ;  (3 )  d r i l l  h o le s  i n  tu b e s  H f o r  tu b e s  J  mak­

in g  them  somewhat l a r g e r  th a n  th e  a c t u a l  d ia m e te r  o f  th e  

l a t t e r ;  (4 )  th e  e ig h th  in c h  c o p p e r  tu b e s  J  a r e  s o f t  and  

e a s i l y  b e n t  so  t h a t ,  s t a r t i n g  w i th  s t r a i g h t  t u b e s ,  one 

end  i s  i n s e r t e d  i n  t h e  a p p r o p r i a t e  h o le  i n  H, and w ith  

a  c o m b in a tio n  o f  p u s h in g  and  b e n d in g  i t  I s  p u sh ed  i n s i d e  

H and  f i n a l l y  b e n t  w i th  t h e  f i n g e r s  t o  th e  fo rm  shown in  

t h e  end v iew ; (5 )  t h e  j o i n t  b e tw ee n  J  and  H i s  t h e n  s o l ­

d e r e d .  No p a r t i c u l a r  o r d e r  o f  a sse m b ly  o r  I n s t r u c t i o n s  

a r e  n e ed e d  f o r  p u t t i n g  t o g e t h e r  th e  re m a in d e r  o f  th e  a p ­

p a r a t u s .
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ROOTTMODIFICATIONS INDUCED IN ZEA MAYS 

SEEDLINGS BY IRRADIATING DRY SEEDS 

WITH SOFT X-RAYS.

(WITH NINETEEN FIGURES) 

I n  p r e s s — P la n t  P h y s io lo g y .
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I n t r o d u c t i o n .

T h is  i n v e s t i g a t i o n  I s  i n  p a r t  s i m i l a r  t o  a  p re v io u s  

one w h ich  d e s c r ib e d  t h e  r o o t  m o d i f i c a t io n s  i n  Vice, f a b a  

s e e d l in g s  grow n from  x - r a y e d  s e e d s  ( 1 ) .  I t s  p u rp o se  i s  

t o  r e p e a t  an d  su p p le m e n t t h i s  d a t a ,  u s in g  Zea m ays, s o  t h a t  

i t - m i g h t  be p o s s i b l e  t o  s t a t e  m ore g e n e r a l l y  t h e  e f f e c t s  o f  

x --rays on  p l a n t  r o o t s  and  a l s o  t o  t e s t  t h e  o p in io n  t h a t  one 

e f f e c t  o f  x - r a y i n g  s e e d s ,  w h ich  a p p e a r s  d u r in g  g e rm in a t io n ;  

i s  on f a c t o r s  I n v o lv e d  i n  c a v i ty  f o r m a t io n .  •

I n  Z ea m ay s . su c h  c a v i t i e s  o f  t h e  l ^ s ig e n o u s  ty p e  o c ­

c u r  n o rm a lly  I n  t h e  r o o t s .  I f  t h e  r a d i a t i o n  w ere  a c t i v e  

I n  t h i s  r e s p e c t ,  I t  m ig h t b e  e x p e c te d  t h a t  t h e  p ro c e s s  

w ould show v a r i a t i o n s  I n  r a t e  and  e x t e n t  a s  com pared w ith  

c o n t r o l s .

M eth o d s.

The r a d i a t i o n  r e f e r r e d  t o  a s  s o f t  x - r a y s  was s u p p l ie d  

by a n  a p p a r a tu s  d e s c r ib e d  i n  p r e v io u s  p a p e r s  (2 ,. 3 , 4 ) .  

U nsoaked  s e e d s  o f  Zea mays w ere o r i e n t e d  w i th  t h e i r  em­

b ry o  s id e s  to w a rd  th e  s o u rc e  o f. r a d i a t i o n ,  8 cm. from  th e  

f o c a l  s p o t  o f  t h e  x - r a y  tu b e  o f  t h e  g a s  t y p e ,  h a v in g  a  cop­

p e r  t a r g e t ,  so  t h a t  t h e  m ost i n t e n s e  p a r t  o f  i t s  r a d i a t i o n  

c o n s i s t e d  o f  t h e  Ka l i n e  (1 .5 4  A ° ) .  The d o se  o f  r a d i a t i o n  

s e l e c t e d  was 30 p eak  k v . , 10 ma. w i th  a n  e x p o su re , t im e  o f  

100 m in u te s  w h ich  a c c o rd in g  t o  p r e l im in a r y  t e s t s  p ro d u ce d  

g ro w th  c e s s a t i o n  d u r in g  g e rm in a t io n .  Any e x p o su re  t im e  

o v e r  30  m in u te s  u n d e r  t h e s e  c o n d i t io n s  a l s o  r e s u l t s  i n  t h i s
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c h a r a c t e r i s t i c  g ro w th  c e s s a t i o n  a l th o u g h  to  a  l e s s  m arked 

d e g r e e .  V a r ia t io n s  i n  g ro w th  w i th  i n c r e a s in g  t im e s  o f  

e x p o su re  a r e  g iv e n  i n  F ig .  1 .

F o llo w in g  th e  i r r a d i a t i o n ,  t h e  s e e d s  w ere  g e rm in a te d  

i n  m o is t  p e a t  moss a t  8 5 °F . The a p p ro x im a te  g e rm in a t io n  

t im e  b e f o r e  g ro w th  s to p s  i n  su c h  s e e d l in g s  i s  8 d a y s .  Ex­

t e r n a l  o b s e r v a t io n s  w ere  r e c o rd e d  f o r  t h i s  p e r io d  and  h i s ­

t o l o g i c a l  s t u d i e s  made o f  3 ,  5 an d  8 d a y : o ld  r o o t s .  F i f ­

t y  r o o t s  o f  e a c h  w ere  exam ined  m ic r o s c o p ic a l ly  u s in g  s ta n d ­

a r d  m ethods o f  m ic r o te c h n iq u e .  Due t o  t h e  i r r e g u l a r i t y  

i n  a r ra n g e m e n t and  e x t e n t  o f  t i s s u e s  i n  t h e  - s e e d l in g s  

grow n from  x - r a y e d  s e e d s ,  i t  was fo u n d  t o  be  q u i t e  im pos­

s i b l e  t o  s e c u r e  s e c t i o n s  w ith  e v e n ly  a r r a n g e d  c e l l s .

O b s e r v a t io n s .

F ig .  2 i n d i c a t e s  th e  g e n e r a l  e x t e r n a l  a p p e a ra n c e  o f  

8 d ay  o ld  s e e d l in g s  grow n from  x - r a y e d  s e e d s  a s  com pared 

w i th  a  c o n t r o l  o f  t h e  same a g e .

E x te r n a l  m o d i f i c a t io n s  i n  t h e  p r im a ry  r o o t  may be 

b r i e f l y  l i s t e d  a s :  d e c r e a s e d  r o o t  l e n g t h ,  a n  a v e ra g e  o f  

3 cm. i n  t h e  ra y e d  p l a n t s  a s  com pared w i th  a n  a v e ra g e  o f  

1 8 . cm. i n  c o n t r o l s ;  a b se n c e  o f  l a t e r a l  r o o t s ;  a b se n c e  o f  

a d v e n t i t i o u s  r o o t s  i n  th e  r e g io n  o f  th e  f i r s t  i n t e r n o d e ,  

a s  com pared w ith  c o n t r o l s .

A h i s t o l o g i c a l  s tu d y  o f  th e  p r im a ry  r o o t  t i p  m at­

e r i a l  shows a  r e l a t i v e l y  n o rm al a rra n g e m e n t o f  c e l l s
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{ F ig . 3 ) a t  th e  m e ris te m  i n  t h e  s e e d l in g s  exam ined  on th e  

3d an d  5 th  d ay s o f  g e rm in a t io n .  A r o o t  t i p  s e c t i o n  o f  

a n  8 day  o ld  s e e d l i n g ,  ho w ev er, i n d i c a t e s  c o n s id e r a b le  

d i s t o r t i o n  and  i r r e g u l a r i t y  o f  t h e  c e l l s  w i th  e x te n s iv e  

l i g n i f i c a t i o n  a b o u t th e  m e ris te m  ( F ig .  4 ) .

F ig ;  6 i n d i c a t e s  th e  i n a c t i v i t y  o f  th e  p e r i c y c l e  i n  

l a t e r a l  r o o t  f o rm a t io n .  L a t e r a l  r o o t  i n i t i a t i o n  i s  i n ­

d i c a t e d  b u t  t h e  d iv id in g  c e l l s  b re a k  down a f t e r  a  few d i v ­

i s i o n s .  A t o t h e r  r e g io n s  o f  th e  m a tu re  r o o t  th e  p e r i c y ­

c le  i s  r e a l f i v e l y  n o rm al i n  a r ra n g e m e n t and  c e l l u l a r  com­

p o s i t i o n .  T hese a r e  s e c t i o n s  o f  t h e  5 day  o ld  s e e d l in g s  

grow n from  x - r a y e d  se e d s  w i th in  the^  r e g io n  o f  10 t o  15 mm. 

from  t h e  r o o t  t i p .  C om parable s e c t i o n s  o f  c o n t r o l . s e e d ­

l i n g s  o f  th e  same age  a r e  a l s o  g iv e n  i n  F ig .  5 ,  F ig .  8 

shows th e  f i r s t  in te r n o d e  a c c o u n t in g  f o r  t h e  f a i l u r e  o f  

a d v e n t i t i o u s  r o o t  f o rm a t io n  i n  th e  Zea mays s e e d l in g  grow n 

from  x - r a y e d  s e e d s .  T h is  f o rm a t io n  i n  a  c o n t r o l  s e e d l in g  

i s  fo u n d  i n  F ig .  7 .

An i n t e r e s t i n g  s e r i e s  o f  o b s e r v a t io n s  on th e  r o o t  

m o d i f i c a t io n s  i n  Zea mays s e e d l in g s  due to  t h e  x - i r r a d i a -  

t i o n  o f  s e e d s  In v o lv e s  th e  fo rm a t io n  o f  l^ s lg e n o u s  c a v i ­

t i e s  i n  t h e  p i t h  r e g io n  o f  th e  p r im a ry  r o o t s .  Norm al 

d ev e lo p m e n t a s  fo u n d  i n  t h e  c o n t r o l  r o o t s  a r e  l i s t e d  i n  

F ig .  9 - H .  T h is  in c lu d e s  e n la rg e m e n t o f  s p e c i f i c  p i t h  

c e l l s  w h ich  form  c a v i t i e s  by th e  r e a b s o r p t io n  o f  th e
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c e l l u l a r  c o n te n t s  an d  a l s o  e n la rg e m e n t o f  c e r t a i n  o t h e r  

c e l l s  w hich  d i v id e  fo rm in g  a d jo in in g  d i v i s i o n s ,  w h ich  con­

t i n u e  to  i n c r e a s e  I n  s i z e  and  l a t e r  form  a  s i n g l e  l a r g e  

c a v i ty  a s  t h e  c e l l  w a l l s  b e tw e e n  them  and  t h e i r  p r o t o p l a s ­

m ic c o n te n ts  a r e  r e a b s o r b e d .  The end o f  th e  p r o c e s s  i s  

a  m ore o r  l e s s  d e f i n i t e  d i s t r i b u t i o n  o f  7 o r  8 c a v i t i e s  

I n  th e  p i t h ,  e a c h  s u r ro u n d e d  by r e g u l a r l y  a r r a n g e d  c o r t i -  

c l e  c e l l s  (F ig . ' 1 2 ) .

I n  th e  r o o t s  o f  th e  3 a n d  5 day  s e e d l in g s  grow n from  

t h e  x - r a y e d  s e e d s ,  i t  i s  fo u n d  t h a t  t h i s  c a v i ty  fo rm a t io n  

o c c u rs  o n ly  a s  a  r e s u l t  o f  c e l l  e n la rg e m e n t fo l lo w e d  by 

t h e  r e a b s o r p t io n  o f  t h e  p ro to p la s m . No i n d i c a t i o n s  o f  

c a v i ty  f o rm a t io n  i n c o r p o r a t i n g  d i v id i n g  c e l l s  a r e  o b s e rv e d . 

S ta g e s  o f  c a v i ty  f o r m a t io n  i n  th e  ra y e d  p l a n t s  a r e  g iv e n  

i n  F ig .  13 an d  1 4 . The a p p ro x im a te  d i s t a n c e s  fro m  th e  

r o o t  t i p  a t  w h ich  e a c h  change may be o b s e rv e d  a r e  a l s o  

g iv e n .  A d ia g ra m  com paring  t h e  a p p ro x im a te  p o r t i o n  o f  

t h e  r o o t  i n  w h ich  th e s e  d e v e lo p m e n ts  o c c u r  w i th  t h e  c o n d i­

t i o n  i n  c o n t r o l  r o o t s  o f  t h e  same a g e  a r e  g iv e n  i n  F ig .  19 . 

The m o d i f i c a t io n  I s  v e ry  g r e a t  and  may be  a s s o c i a t e d  w ith  

d e c r e a s e d  l e n g t h .

I t  I s  o b s e rv e d  f u r t h e r  i n  th e  5 day  o ld  m a t e r i a l  t h a t  

a f t e r  th e  l t j s ig e n o u s  c a v i ty  fo rm a t io n  i s  c o m p le te  t o  th e

e x te n t  o b se rv e d  I n  c o n t r o l  r o o t s ,  c e l l  w a l l  s p l i t t i n g  o c ­
c u r s  i n  th e  c e n t r a l  p o r t i o n  o f  th e  p i t h  ( F ig .  15 an d  16)
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P ig .  1 . D ecrea’s in g  r o o t  l e n g th  w ith  i n c r e a s i n g  x - r a y  

t r e a t m e n t .  F i g .  2 .  C o m p a ra tiv e  r o o t ,  l e n g th  o f  a  c o n t r o l  

s e e d l i n g  a n d .o f  a  s e e d l in g  show ing  " d e la y e d  k i l l i n g " .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



-3 9

F ig .  3» N orm al r o o t - t i p  m e ris te m  s t r u c t u r e  i n  3 t o  5 

d a y s  o ld  s e e d l in g s  from  x - r a y e d  s e e d s .  (x  2 2 5 ) .

F ig .  4 ,  Root t i p  m e r is te m  i n  8 day o ld  s e e d l in g s  from  x - r a y e d  

s e e d s .  (x  2 2 5 )
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F ig .  5 .  N orm al l a t e r a l  r o o t  I n i t i a t i o n .  (x225)

F ig .  6 . P erfcyc le  d l s s e n t i g r A t i o n  i n  l a t e r a l  r o o t  fo rm a 

t i o n  i n  s e e d l in g s  from  x - r a y e d  s e e d s .  (x  225)

F ig .  7 .  I n i t i a t i o n  o f  a d v e n t i tu o u s  r o o t s  i n  n o rm al 

s e e d l i n g s ,  (x  325)

F ig .  8 . F a i l u r e  o f  a d v e n t i tu o u s  r o o t  f o rm a t io n  i n  seed  

l i n g s  from  x - ra y e d  s e e d s ,  (x  325)
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F ig .  9 * -1 2 . S te p s  i n  t h e  f o r m a t io n  o f  l ^ s lg e n o u s  c a v i t i e s  

i n  n o rm a l r o o t s  o f  c o rn .

F ig .  9 .  E n la rg e m e n t o f  s p e c i f i c  p i t h  c e l ls ^ .  ( x 1 2 5 ) .

F i g .  1 0 . R e a b s o rp t io n  o f  c e l l  c o n te n ts ^  (x  1 2 5 ) ;  F ig .  1 1 . D iv­

i s i o n  o f  a d jo in in g  p i t h  c e l l s ^  (x  1 2 5 ) .  F ig .  1 2 . C om plete  

l i j s ig e n o u s  c a v i ty ^  (x  5 0 0 ) .
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F ig .  1 9 . D iagram  I n d i c a t i n g  a p p ro x im a te  d i s t a n c e s  from  

t h e  r o o t  t i p  o f  v a r io u s  s t e p s  in v o lv e d  i n  c a v i ty  f o r m a t io n  

i n  r o o t s  o f  c o n t r o l  s e e d l in g s  and i n  r o o t s  o f  s e e d l in g s  from  

x - r a y e d  s e e d s .
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r e s u l t i n g  i n  a  sc h lz o g v n o u s  c a v i t y ,  and  a l s o  i n  a r e a s  b e ­

tw e en  th e  o r i g i n a l l y  fo rm ed  l^ B ig e n o u s  c a v i t i e s  ( F ig .  17) 

r e s u l t i n g  i n  s c h iz o l^ s ig e n o u s  f o r m a t io n s .  I n  t h e  8 day  

o ld  s e e d l i n g s ,  t h e s e  tw o p r o c e s s e s  a r e  fo u n d  t o  in v o lv e  

th e  e n t i r e  p i t h  p o r t i o n  o f  th e  r o o t  i n  i t s  m a tu re  r e g io n  

atad fo l lo w in g  t h i s  t o  e x te n d  downward to  i n c lu d e  th e  p i t h  

r e g io n  o f  t h e  r o o t  %lp  ( F ig .  1 8 ),.

T h ese  o b s e r v a t io n s  a r e  d i f f i c u l t  t o  i n t e r p r e t .  V ar­

i a t i o n s  i n  l^ e ig e n o n B  c a v i t y  f o r m a t io n  a s  com pared w i th
' >

t h a t  i n  p l a n t s  groin* from  n o n - i r r a d i a t e d  s e e d s ,  a n d  t h e  

a d d i t i o n a l  sch lm pgenouB . an d  s c h i z o - l ^ s ig e n o u s  c a v i t i e s  

seem  t o  be  tw o s e p a r a t e  e f f e c t s  o f  t h e  x - i  r r a d i a t i  o n .

•Summary.

E x te r n a l  and  h i s t o l o g i c a l  m o d i f i c a t io n s  w h ich  o c c u r  

i n  t h e  p r im a ry  r o o t s  o f  Zea mays s e e d l in g s  grow n from  x -  

ra y e d  s e e d s  a r e  d e s c r i b e d .  M ic r o s c o p ic a l  o b s e r v a t io n s  

o f  t h e  p r im a ry  r o o t s  o f  3» 5 ,  and  8 day  o ld  s e e d l in g s  grow n 

fro m  d r y  s e e d s ,  i r r a d i a t e d  a t  30 k v . , 10 m a ., f o r  100 m in­

u t e s  a r e  l i s t e d  w i th  co m p arab le  o b s e r v a t io n s  o f  s e e d l in g s  

grow n from  n o n - i r r a d i a t e d  s e e d s .

E x te r n a l  m o d i f i c a t io n s  due t o  th e  r a d i a t i o n  a r e  s im i­

l a r  t o  th o s e  fo u n d  i n  V ic ia  f a b a . A d e c r e a s e d  r o o t  l e n g t h ,

a  f a i l u r e  o f  l a t e r a l  r o o t  f o rm a t io n  and  g ro w th  c e s s a t i o n  a f ­

t e r  a  s h o r t  p e r io d  o f  g e rm in a t io n ;  i n  a d d i t i o n ,  a d v e n t l tu o u s

r o o t s ,  do n o t  form  i n  t h e  i n t e m o d a l  r e g io n s  o f  t h e  s e e d l in g s ,
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H i s t o l o g i c a l  o b s e r v a t io n s  i n d i c a t e  t h e  fo l lo w in g  m odi­

f i c a t i o n s :

1 . The p r im a ry  r o o t  t i p  m e r is te m  o f  t h e  8 day  o ld  

s e e d l i n g s  i s  e x t e n s i v e l y  d i s t o r t e d  and  l i g n i f i e d .  The e f ­

f e c t  h o w ev er i s  n o t  a p p a r e n t  when th e  p l a n t s  a r e  from  3 t o

5 d a y s  o l d .  A t t h i s  t im e  th e  m e ris te m  c e l l s  a p p e a r  t o  be
♦

r e l a t i v e l y  n o rm a l i n  a r r a n g e m e n t.

22  A b reakdow n  o f  t h e  p e r i c y c l e  i n  l a t e r a l  r o o t  i n i ­

t i a t i o n  i s  fo u n d ; a l s o  a  d i s t o r t i o n  o f  c e l l s  o f  a d v e n t i t i o u s  

r o o t  p r im o r d ia  i n  t h e  f i r s t  i n t e r n o d e  i s  a p p a r e n t .  T hese  

c o r r e s p o n d  t o  t h e  f a i l u r e  o f  s e c o n d a ry  r o o t s  t o  a p p e a r  ex>- 

t e r n a l l y .

3* L e s ig e n o u s  c a v i t i e s  o c c u r  n o rm a lly  i n  t h e  p i t h  r e ­

g io n  o f  t h e  p r im a ry  r o o t  o f  ZSa m ays. I n  t h e  r o o t s  o f  t h e  

s e e d l i n g s  grow n from  th e  x - r a y e d  s e e d s ,  t h e r e  a r e  s l i g h t  

v a r i a t i o n s  i n  t h e  fo rm a t io n  o f  t h e s e  n o rm a lly  p r e s e n t  c a v i ­

t i e s ;  t h i s  s t r i k i n g  m o d i f i c a t io n  i s  fo u n d  i n  t h e i r  v e ry  e a r ­

ly  and  r a p id - a p p e a r a n c e .

4 .  I n  a d d i t i o n  to  t h e s e  l e s ig e n o u s  c a v i t i e s  i n  th e  

p r im a ry  r o o t s ,  a  s c h iz o g tn o u s  c a v i ty  fo rm s I n  t h e  c e n t r a l  

r e g io n  o f  th e  p i t h  a s  a  r e s u l t  o f  c e l l  w a l l  s p l i t t i n g  when 

t h e  s e e d l i n g s  o f  t h e  x - r a y e d  s e e d s  a r e  a p p ro x im a te ly  from  

5 t o  8 d a y s  o l d .  I n  th e  8 day  o ld  s e e d l i n g s ,  s c h iz e g e n o u s  

c a v i t i e s  a r e  o b s e rv e d ,  d ue  t o  c o n tin u o u s  c e l l  w a l l  s p l i t ­

t i n g  b e tw e e n  th e  p r e v io u s ly  fo rm ed  le s ig e n o u s  c a v i t i e s  and
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e v ld e n c e s  o f  t h i s  c e l l  w a l l  s p l i t t i n g  a r e  found  i n  th e  

p i t h  r e g io n  o f  th e  r o o t  t i p .

5 .  I t  i s  n o t  known w h e th e r  f a c t o r s  in v o lv e d  i n  l ^ s i -  

genous an d  s c h iz o g tn o u s  c a v i ty  f o rm a t io n s  a r e  com parab le*  

They seem  t o  be  s e p a r a t e  e f f e c t s  o f  t h e  r a d i a t i o n .

L i t e r a t u r e  C i te d .

1 . G. F . S m ith  and  H. K e r s te n .  Root m o d i f i c a t io n s  i n ­

d u ced  i n  V ic la  f a b a  by i r r a d i a t i n g  d ry  se e d s  

w i th  s o f t  x - r ra y s . P la n t  P h y s io l .  1 6 : 1 5 9 -1 7 1 . 

1941 .

2 . H. K e r s te n .  A g a s  x - r a y  tu b e  f o r  I r r a d i a t i o n  w ith

s o f t  x - r a y s .  R a d io lo g y . 2 3 : 6 0 -6 3 . 1934 .

3- Longi T . P . an d  K e r s te n ,  H. S t r u c t u r a l  c h an g es  p r o ­

d u ced  i n  l e a f  t i s s u e  o f  so y  b e an  p l a n t s  by i r ­

r a d i a t i o n  o f  t h e  d ry  s e e d s  w i th  s o f t  x - r a y s .  

P l a n t  P h y s io l .  1 2 : 1 9 4 -1 9 7 . 1937 .

4 .  G. S n id e r  a iid  H. K e r s te n .  The a c t i o n  o f  s o f t  x - r a y s  

on  c la d o c e r a  (D aphn la  m agna) .  P h y s . Z o o lo g y .

8 :  5 3 0 -5 3 8 . 1935 .
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P re v io u s  s t u d i e s  on  th e  r o o t  s t r u c t u r e  o f  V ic ia  f a -  

ba  s e e d l in g s  grow n from  x - r a y e d  s e e d s  r e p o r t e d  m o d if ic a ­

t i o n s  i n  th e  s e c o n d a ry  w a l l  t h ic k e n in g s  o f  th e  xylem  e l e -  

m e n ts r ( 6 ) .  One o b s e r v a t io n  i n d i c a t e d  a n  a l t e r a t i o n  i n  

t h e  n o rm a l s e q u e n c e  o f  se c o n d a ry  w a l l  t h i c k e n in g s  i n c l u d -  

i n g r t h e  a n n u la r ,  s p i r a l ,  s e a l a r l f o n n  an d  p i t t e d  t y p e s .

I n  th e  r o o t s  o f  t h e s e  t r e a t e d  s e e d l i n g s ,  v e ry  p ro m in e n t 

p i t t e d  v e s s e l s  o c c u r r e d  s l i g h t l y  ab o v e  th e  a p i c a l  m e r i -  

stem  w i th  o n ly  a n  o c c a s io n a l  s p i r a l  o r  s c a l a r l f o r m  e l e ­

m ent i n  some sp e c im e n s .

M orphology t e x t s  su c h  a s  th o s e  o f  J e f f r e y  (2 )  an d  

H a b e r la n d t  (1 )  d i s c u s s  t h e  r e l a t i o n s h i p  b e tw e e n  th e s e  

v e s s e l  ty p e s  an d  t h e  e x t e n t  o f  e lo n g a t io n  i n  t h e  stem  o r  

r o o t .  A 'm ore c o m p le te  s tu d y  o f  t h i s  p o i n t  i s  g iv e n  i n  

a n  e a r l y  work o f  S to v e r  (7 )  on  th e  v a s c u l a r  anatom y o f  

O & lam ovilfa  l o n g i f o l i a .  I n  i t  he  m a in ta in s  t h a t  th e  

v e s s e l  ty p e s  a r e  t h e  r e s u l t  o f  e lo n g a t io n .  H is  o b s e r ­

v a t io n s  I n d i c a t e  t h a t  a n n u la r  an d  s p i r a l  xylem  e le m e n ts ,  

w h ich  a r e  r a r e l y  p r e s e n t  i n  t h e  rh izo m e  o f  C a la m o v ilfa  

b e c a u s e  o f  t h e  f a i l u r e  o f  i n t e m o d a l  e l o n g a t i o n ,  a r e  p r e ­

s e n t  i n  t h e  r a p i d l y  e lo n g a t in g  a e r i a l  s te m s , a s  a r e  a l s o  

th e  l a t e r  fo rm ed  r e t i c u l a t e  an d  p i t t e d  e le m e n ts .

I t  i s  f u r t h e r  im p l ie d  by S to v e r ,  t h a t  t h e  f i r s t  t h i c k ­

e n in g  o f  a  desm ogen c e l l  i s  o f  th e  p i t t e d  t y p e ,  b e in g  l a i d  

down i n  t h e  a r ra n g e m e n t o f  a  p i t t e d  c y to p la s m ic  c e l l  l i n ­

i n g ,  th e  l a t t e r  b e in g  a  r e s u l t  o f  a  c e l l u l a r  v a c u o la t i o n
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w h ich  o c c u r s  e a r l y  i n  t h e  d e v e lo p m e n t o f  young c e l l s  o f  

desm ogen s t r a n d s *  A f t e r  t h e  f o r m a t io n  o f  th e  o r i g i n a l  

p i t t e d  t h i c k e n i n g ,  d i v i s i o n  an d  e lo n g a t io n  o f  s u r ro u n d ­

in g  p a re n c h y m a to u s  c e l l s  c a u s e s  i t  t o  be  t o r n  a p a r t  an d  

t o  form  a n n u la r ,  s p i r a l ,  s c a l a r l f o r m ,  o r  p i t t e d  a r r a n g e ­

m e n ts , d e p e n d in g  upon  t h e  e x t e n t  o f  s t r e t c h i n g .  C onse­

q u e n t ly  a  p i t t e d  v e s s e l  o f  t h e  m etaxy lem  re m a in s  a s  su c h  

i f  t h e  s u r r o u n d in g  c e l l s  a r e  no l o n g e r  d i v l d l n g . o r  e n ­

l a r g i n g .

I f  t h e  e x t e n t  o f  e l o n g a t i o n ,  t h e r e f o r e ,  d e te rm in e s  

t h e  ty p e  o f  w a l l  t h i c k e n in g  o f  t h e  xylem  e l e m e n t s ,v a r i a ­

t i o n s  i n  b o th  o f  t h e s e  f a c t o r s  i n  t h e  r o o t s  o f  s e e d l in g s  

g e rm in a te d  from  x - r a y e d  s e e d s  o u g h t t o  show some r e l a t i o n ­

s h i p .  On t h i s  b a s i s ,  t o g e t h e r  w i th  t h e  f a c t  t h a t ,  w i th ­

i n  l i m i t s ,  t h e  e x t e n t  o f  e lo n g a t io n  o f  t h e  p r im a ry  r o o t s  

o f  p l a n t s  grow n from  x - r a y  t r e a t e d  s e e d s  d e c r e a s e s  a s  th e  

d o se  o f  i r r a d i a t i o n  i n c r e a s e s ,  i t  seem ed l i k e l y  t h a t  a  

s tu d y  o f  a  s e r i e s  o f  V lc la  f a b a  p r im a ry  r o o t s  w i th  s u c ­

c e s s i v e l y  l e s s  e lo n g a t io n  c o r r e l a t e d  w i th  i n c r e a s in g  x -  

r a y  i r r a d i a t i o n  m ig h t c o n t r i b u t e  in f o r m a t io n  on  th e  r e l a ­

t i o n s h i p  e x i s t i n g  b e tw ee n  t h e  ty p e s  o f  v e s s e l  s e c o n d a ry  

w a l l  t h i c k e n in g  and  t o t a l  e lo n g a t io n .

M e th o d s .
The s o f t  x - r a y  a p p a r a tu s  u se d  h e r e  and  th e  g e n e r a l  

c h a r a c t e r  o f  i t s  r a d i a t i o n  h a v e  b e e n  d e s c r ib e d  p r e v io u s ly
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( 3 ,  4 ) .  Dry V lc ia  f a b a  s e e d s  w ere p la c e d  w i th  t h e i r  h i l a  

to w a rd  th e  s o u rc e  o f  r a d i a t i o n  i n  s m a ll  g l a s s  d i s h e s  8 cm. 

from  th e  f o c a l  s p o t  o f  t h e  x - r a y  tu b e .  The tu b e  was op ­

e r a t e d  a t  30  p eak  k v .  and  10 ma. E x p o su re  t im e s  in c lu d e d  

0 ,  1 5 , 3 0 , 6 0 , 9 0  a n d  120 m in u te s •

F ig .  1 . D e c re a s in g  r o o t  l e n g th s  o f  5 d a y -o ld  V lc ia  

f a b a  s e e d l in g s  grow n from  s e e d s  x - r a y  i r r a d i a t e d  a t  30 k v . , 

and  10 ma. f o r  0 ,  1 5 , 3 0 , 6 0 , 90 an d  120 m in u te s .

A f t e r  i r r a d i a t i o n ,  th e  s e e d s  w ere so a k ed  f o r  5 h o u rs  

and  l a t e r  g e rm in a te d  i n  m o is t  p e a t  m oss a t  25°C . M a te r i a l  

f o r  h i s t o l o g i c a l  s t u d i e s  was c o l l e c t e d  a f t e r  f i v e  d a y s , when 

th e  s e e d l i n g s  g e rm in a te d  from  th e  s e e d s  e x p o sed  f o r  120 

m in u te s  d i s p la y e d  th e  c h a r a c t e r i s t i c  c e s s a t i o n  o f  g ro w th  

a s s o c i a t e d  w ith  t h e ,rd e la y e d  k i l l i n g 11 e f f e c t  i n  s e e d l in g s  

from  x - r a y  i r r a d i a t e d  s e e d s ,  a s  d e s c r ib e d  by  M axw ell ( 5 ) .
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P rlm a ry  r o o t s  o f  50  s e e d l in g s  o f  e a c h  e x p e r im e n ta l  l o t  

w ere  p r e p a re d  f o r  m ic r o s c o p ic a l  s tu d y  w ith  s t a n d a r d  me­

th o d s  o f  m ie ro te c h n iq u e .

I n  s tu d y in g  th e  h i s t o l o g i c a l  d e v e lo p m e n ts  I n  s e e d ­

l i n g s  grow n from  x - r a y  t r e a t e d  s e e d s ,  i t  i s  n e c e s s a r y  t o  

p r e p a r e  an d  o b s e rv e  a  g r e a t  q u a n t i t y  o f  s e c t i o n s  b e c a u se  

o f  t h e  r e s u l t i n g  I r r e g u l a r i t y  i n  a r ra n g e m e n t an d  fo rm a­

t i o n  o f  t i s s u e s .  C o n se q u e n tly  t h e  l o n g i t u d i n a l  s e c t i o n s  

u se d  a s  i l l u s t r a t i o n s  i n  t h i s  p a p e r  a r e  n o t  m e d ia l  th r o u g h ­

o u t  t h e i r  e n t i r e  e x t e n t ,  b u t  th e y  a p p ro a c h  t h i s  p o s i t i o n  

a s  n e a r l y  a s  p o s s i b l e ,  and  th e  d e v e lo p m e n ts  i n d i c a t e d  r e ­

p r e s e n t  d a ta  from  s e v e r a l  h u n d re d  s l i d e s .

O b s e r v a t io n s .

F ig u re  1 I n d i c a t e s  t h e  e x te n t  o f  p r im a ry  r o o t  e lo n g a ­

t i o n  i n  s e e d l in g s  grow n from  s e e d s  w h ich  h ad  b e e n  ex­

p o se d  t o  s o f t  x - r a y s  f o r  p e r io d s  o f  0 ,  1 5 , 3 0 , 6 0 , 9 0 , 

and  120 m in u te s .  The c h a r a c t e r i s t i c  d e c r e a s e  i n  r o o t  

l e n g th  w ith  I n c r e a s in g  d o s e s  o f  x - r a y  i r r a d i a t i o n  i s  show n. 

The a v e ra g e  p r im a ry  r o o t  l e n g t h s ,  I n c lu d in g  th e  h y p o c o ty l ,  

o f  s e e d l in g s  o f  each  l o t ,  a r e  l i s t e d  i n  T ab le  I .

TABLE I .

Time o f  e x p o su re t o  x - r a y s i n  m in u te s .

0 15 30 60 90 120

A verage  l e n g th  o f  
p r im a ry  r o o t  I n  
c e n t im e te r s ............... 8 .0 5 .8  5 .0 4 .0  3 .6 3 .0
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The f a i l u r e  o f  l a t e r a l  r o o t  f o rm a t io n  r e l a t e d  t o  x -  

ra y  t r e a tm e n ts  o f  s e e d s  i s  a l s o  o b s e r v e d . A d i s c u s s i o n  

o f  t h i s  h a s  a l r e a d y  b e e n  g iv e n  ( 6 ) .

M e d ia l l o n g i t u d i n a l  s e c t i o n s  o f  t h e  r o o t  t i p s  o f  t h e s e  

s e e d l i n g s ,  show ing  ty p e s  o f  s e c o n d a ry  w a l l  t h ic k e n in g s  o f  

th e  xylem  e le m e n ts ,  a r e  i l l u s t r a t e d  i n  f i g u r e s  2 - 7 .  F ig ­

u r e  2 showB t h e  o c c u re n c e  o f  t h e  v e s s e l  e le m e n ts  and th e  

o r d e r  o f  t h e i r  f o rm a t io n  i n  n o rm a l p r im a ry  r o o t s  o f  V lc ia  

f a b a  s e e d l i n g s .  The r e l a t i v e  ra n g e  o f  p ro m in en ce  o f  e a c h  

v e s s e l  t y p e ,  § s  i t  a p p e a rs  i n  th e  r o o t s  o f  t h e  s e e d l in g  

g ro u p s  s t u d i e d ,  i s  d iagram m ed i n  f i g u r e  8 .

I n  e x am in in g  l o n g i t u d i n a l  r o o t  s e c t i o n s  o f  t h e  s e e d ­

l i n g s  g e rm in a te d  from  x - r a y  i r r a d i a t e d  s e e d s ,  t h e  m ost e v i ­

d e n t  m o d i f i c a t i o n  o f  -th e  n o rm a l a r ra n g e m e n t i s  t h e  a p p e a r ­

an ce  o f  l a r g e  p i t t e d  v e s s e l s  i n  t h e  m ost d i s t a l  p a r t ;  v e s ­

s e l s  o f  o t h e r  ty p e s  a r e  fo u n d  I n  t h e  e a r l i e r  fo rm ed  r e g io n s  

above  ( f i g s .  3 - 7 ) .  I f  p i t t e d  v e s s e l s  a r e  a s s o c i a t e d  w ith  

th e  l e a s t  e lo n g a t io n  o f  t h e  s t r u c t u r e  i n  w h ich  th e y  a r e  

fo rm in g , a s  i s  s u g g e s te d  by S to v e r ,  and  I f  ty p e s  fo rm ed  b e ­

f o r e  t h e s e  i n d i c a t e  m ore e x te n s iv e  e lo n g a t i o n ,  one i s  l e d  

t o  assum e t h a t  th e  a p p e a ra n c e  o f  e le m e n ts  r e l a t e d  t o  l e a s t  

e lo n g a t io n  d u r in g  l a t e r  d e v e lo p m e n t i n d i c a t e s  a  d e c l in e  i n  

g ro w th  so  f a r  a s  e lo n g a t io n  i s  in v o lv e d .

T h is  i m p l i c a t i o n  becom es p l a u s i b l e  when one c o n s id e r s  

t h e  phenom enon o f  ’’d e la y e d  k i l l i n g "  o r  g ro w th  c e s s a t i o n  (5 )
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w h ich  o c c u rs  i n  s e e d l i n g s  from  s e e d s  g iv e n  a  medium d o se  

o f  x - r a y s .  A f t e r  a n  a p p a r e n t ly  n o rm a l o n s e t  o f  g e rm in a ­

t i o n ,  in asm u ch  a s  t h e  r a d i c l e s  a p p e a r  beyond  t h e  c o ty l e ­

do n s a t  a p p ro x im a te ly  t h e  same t im e  i n  b o th  c o n t r o l  and  

t r e a t e d  s e e d l i n g s ,  t h e r e  i s  a  p r o g r e s s iv e  d e c l i n e  i n  r a t e  

o f  e lo n g a t io n  r e s u l t i n g  u l t i m a t e l y  i n  d e a t h .  The t o t a l  

e x t e n t  o f  e lo n g a t io n  an d  th e  l e n g t h  o f  t h e i r  g e rm in a t io n  

p e r io d  b e fo r e  s u b s e q u e n t  d e c l in e  a r e  d e p e n d e n t upon  th e  

m a g n itu d e  o f  t h e  x - r a y  t r e a tm e n t .  They a r e  fo u n d  t o  d e ­

c r e a s e  w i th  i n c r e a s i n g  t r e a t m e n t s .  I t  seem s j u s t i f i a b l e  

t o  p ro c e e d  f u r t h e r  and  t o  a s s o c i a t e  h i s t o l o g i c a l  d a ta  w ith  

t h e s e  e x t e r n a l  o b s e r v a t i o n s .

I t  w ould  b e  e x p e c te d  t h a t  I n d i c a t i o n s  o f  d e c l in e  i n  

e x t e n t  o f  c e l l u l a r  e lo n g a t io n  i n  th e  r o o t s  w ou ld  a p p e a r  

f i r s t  I n  t h e  m ost r e c e n t l y  fo rm ed  v e s s e l s .  T h is  i s  ob­

s e rv e d  i n  a l l  s e e d l i n g s  from  t h e  x - r a y  t r e a t e d  s e e d s ;  i n  

th em , p o r t i o n s  o f  t h e  r o o t  t i p  h a v e  becom e c o m p le te ly  p e r ­

m anen t i n  a s p e c t  by  t h e  i n c r e a s i n g  p re s e n c e  o f  xylem  e l e ­

m en ts  w i th  p i t t e d  s e c o n d a ry  w a l l  t h i c k e n i n g s .  The e f ­

f e c t  i s  fo u n d  t o  becom e m ore p ro n o u n ced  w i th  h i g h e r  x - r a y  

t r e a t m e n t s .  I t  i s  v e ry  p ro m in e n t i n  t h e  r o o t  t i p  s e c t i o n s  

o f  s e e d l in g s  grow n from  s e e d s  i r r a d i a t e d  f o r  6 0 , 9 0 , and  

120  m in u te s  ( f i g .  5 ,  6 , 7)*  I t  seem s q u i t e  p o s s i b l e ,  

t h e r e f o r e ,  t h a t  t h e r e  i s  a  r e l a t i o n s h i p  e x i s t e n t  b e tw een  

t h e  d e c r e a s in g  t o t a l  e lo n g a t io n  o f  t h e  a p i c a l  p o r t io n s  o f
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F ig .  2 .  M e d ia l l o n g i t u d i n a l  r o o t  t i p  s e c t i o n  o f  

a  n o rm a l V ic la  f a b a  s e e d l in g  show ing  th e  o c c u re n c e  o f  

v e s s e l  t y p e s .  x 40 an d  675 .
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F ig .  3 .  M e d ia l l o n g i t u d i n a l  r o o t  t i p  s e c t i o n  o f  a  

Vi c l a  f a b a  s e e d l in g  grow n from  a  s e e d  x - r a y  i r r a d i a t e d  a t  

30  k v . , and  10 ma. f o r  15 m in u te s ,  x  20  and  675•
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F ig .  4-. M e d ia l l o n g i t u d i n a l  r o o t  t i p  s e c t i o n  o f  a  

V lc ia  f a b a  s e e d l in g  grow n from  a  s e e d  x - r a y  i r r a d i a t e d  a t  

30  k v . , an d  10 ma. f o r  30 m in u te s ,  x  20  and  6 7 5 .
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P ig .  5 - M e d ia l  l o n g i t u d i n a l  r o o t  s e c t i o n  o f  a  V lc ia  

f a b a  s e e d l i n g  grow n from  a  s e e d  x - r a y  i r r a d i a t e d  a t  30  k v . , 

a n d  10  ma. f o r  60 m in u te s ,  x  20 an d  675»

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



F ig .  6 . M e d ia l l o n g i t u d i n a l  r o o t  t i p  s e c t i o n  o f  a  

V ic la  f a b a  s e e d l in g  grown from  a  s e e d  x - r a y  i r r a d i a t e d  a t  

30 k v . , and  10 ma. f o r  90 m in u te s ,  x  20 and  675 .
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P ig .  7 .  l a e a i a l  l o n g i t u d i n a l  r o o t  t i p  s e c t i o n o f  a 

V lc ia  f a b a  s e e d l in g  grow n from  a  s e e d  x - r a y  i r r a d i a t e d  a t  

30 k v . , and  10 ma. f o r  120 m in u te s ,  x  20 and 675•
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MINUTES OF IRRADIATION

F i g .  8 . D iagram  show ing  th e  o r d e r  and  r e l a t i v e  ra n g e  

o f  v e s s e l  ty p e s  i n  t h e  r o o t  t i p s  o f  c o n t r o l  V lc ia  f a b a  s e e d ­

l i n g s  an d  o f  s e e d l in g s  grow n from  s e e d s  x - r a y  i r r a d i a t e d  a t  

30 k v . ,  and  10 ma. f o r  1 5 , 30 , 6 0 , 90  and 120 m in u te s .
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t h e  r o o t  a n d  t h e  l i g n i f i c a t i o n  o f  desm ogen c e l l s  g o in g  

on a t  t h a t  t im e .

I n  t h e s e  r o o t s ,  i t  i s  o b s e rv e d  t h a t  t h e  i n n e r  w a l l s  

o f  t h e  young desm ogen c e l l s ,  show a n  im m e d ia te  p i t t e d  l i n ­

in g  o f  c y to p la sm  ( f i g s ,  3A. 4A ), w h ich  w i th  s u b s e q u e n t s e c ­

o n d a ry  w a l l  t h i c k e n i n g ,  fo rm s t h e  I n i t i a l  p i t t e d  v e s s e l  

c h a r a c t e r .  The f a c t  t h a t  t h i s  p i t t e d  w a l l  th ic k e n in g  i s  

m a in ta in e d  can  be r e l a t e d  t o  t h e  a r r e s t e d  e lo n g a t io n  o f  

s u r r o u n d in g  c e l l s .

The o c c u r r e n c e  o f  p i t t e d  v e s s e l s  i n  t h e  t i p s  o f  r o o t s  

o f  s e e d l i n g s  grow n from  x - r a y  t r e a t e d  s e e d s ,  may t h e r e f o r e  

be i n t e r p r e t e d  a s  I n d i c a t i n g  a  p e r io d  o f  d e c l i n i n g  g ro w th  

so  f a r  a s  i t  i n c l u d e s  e l o n g a t i o n ,  a n d  a s  p o r t r a y i n g  th e  

t im e  o f  I n i t i a t i o n  o f  t h i s  d e c l i n e  by  t h e  e x t e n t  o f  t h e s e  

p i t t e d  e le m e n ts  upw ard from  th e  r o o t  a p i c e .  T h is  s u g g e s ts  

a  t u r n i n g  p o i n t  i n  n o rm a l e lo n g a t io n  d u r in g  t h e  e a r l y  p a r t  

o f  g e r m in a t io n  t o  a  d e c l in e  r e s u l t i n g  f i n a l l y  i n  a  g ro w th  

c e s s a t i o n .  I n  t h e  s e e d l in g s  from  s e e d s  i r r a d i a t e d  f o r  

120 m in u te s ,  g ro w th  c e s s a t i o n  a s  r e c o g n iz e d  by  th e  f a i l ­

u r e  o f  a  f u r t h e r  I n c r e a s e  i n  l e n g t h  was a p p a r e n t  when th e  

m a t e r i a l  was ta k e n  f o r  h i s t o l o g i c a l  e x a m in a t io n ,  so  t h a t  

I n  them  I t  i s  p o s s i b l e  t o  i n s p e c t  t h e  e x t e n t  o f  e lo n g a t io n  

d u r in g  e a r l y  g e rm in a t io n  and  g ro w th  d e c l in e  b e f o r e  " d e ­

la y e d  k i l l i n g "  b a s e d  on th e  ty p e s  o f  s e c o n d a ry  w a l l  t h i c k ­

e n in g s  o f  t h e  xy lem  e le m e n ts .  O th e r  s e e d l i n g s  th ro u g h ­
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o u t th e  d o se  ra n g e  o f  x - r a y s  s e l e c t e d  r e p r e s e n t  c o n d i t io n s  

f u r t h e r  rem oved from  " d e la y e d  k i l l i n g "  a s  t h e  t r e a tm e n t  was 

d e c r e a s e d .  A l l ,  h o w ev er, show s i m i l a r  I n d i c a t i o n s  o f  a  d e ­

c r e a s e  i n  e x t e n t  o f  c e l l u l a r  e lo n g a t io n  by th e  p re s e n c e  o f  

p i t t e d  w a l l  t h ic k e n in g s  i n  t h e  m ost r e c e n t l y  form ed xylem  

e le m e n ts .  T h is  in f o r m a t io n  i s  diagram m ed i n  f i g u r e  8 .

The m anner o f  e lo n g a t io n  in  t h e  r o o t s  o f  t h e  t r e a t e d  

s e e d l i n g s  i n d i c a t e d  i n  n o rm a l e lo n g a t io n  and  i n  d e c l in e  o f  

e lo n g a t io n  i s  a l s o  shown i n  th e  d ia g ra m . N orm al e lo n g a ­

t i o n  i s  r e c o g n iz e d  by t h e  f o rm a t io n  o f  t h e  a n n u la r ,  s p i r a l ,  

s c a l a r l f o r m  an d  p i t t e d  v e s s e l s ,  a s  th e y  may b e ,  i n  t h e  u p ­

p e r  p o r t io n  o f  th e  e lo n g a t io n  r e g io n .  Grow th d e c l i n e ,  c l i ­

m axing w i th  c e s s a t i o n  o f  g ro w th , b a se d  on  th e  f a i l u r e  o f  

f u r t h e r  i n c r e a s e  I n  l e n g t h ,  i s  o b se rv e d  b y  t h e  p re s e n c e  o f  

p i t t e d  v e s s e l s  i n  t h e  lo w e r  p a r t  o f  th e  r e g io n  o f  r o o t  e -  

l o n g a t i o n .  The e x te n t  o f  n o rm al g ro w th  i s  fo u n d  to  d e ­

c r e a s e ,  and  th e  e x te n t  o f  g ro w th  d e c l in e  i s  fo u n d  to  i n ­

c r e a s e ,  w i th  i n c r e a s in g  x - r a y  t r e a tm e n t s .

The o b s e r v a t io n s  a r e  b r i e f l y  sum m arized i n  t h e  f o l lo w ­

in g  p a ra g ra p h s :

1 . N orm al V Ie la  f a b a  s e e d l in g s  ( f i g .  2 ) .  V e s s e l  f o r ­

m a tio n  s t a r t s  w ith  v a c u o la t i o n  o f  desm ogen c e l l s ,  c a u s in g  

th e  c y to p la sm  to  form  a  p i t t e d  l i n i n g  on th e  i n n e r  w a l l  

{ f i g .  2 ,  A ) . The f i r s t  v e s s e l  se c o n d a ry  w a l l  th ic k e n in g  

i s  a n n u la r ,  w hich  i s  fo l lo w e d  b a s l p e t a l l y  by s p i r a l ,  s c a l -
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a r i f o r m ,  and  p i t t e d  f o r m a t io n s .  T hese  a r e  c o n s id e re d  t o  

"be r e l a t e d  t o  th e  e x t e n t  o f  e lo n g a t io n  t a k i n g  p la c e  i n  th e  

r e g io n  o f  t h e  r o o t  i n  w h ich  th e y  a r e  b e in g  fo rm ed ; a n n u la r  

and  s p i r a l  i n  t h e  r e g io n  o f  r a p id  e lo n g a t io n ^  and  s c a l a r l -  

fo rm  and  p i t t e d  i n  r e g io n s  o f  s l i g h t  e lo n g a t io n .

F i g .  9* M o d i f ic a t io n s  a b o u t  t h e  r o o t  t i p  m eristem . i n  

s e e d l i n g s  grow n from  s e e d s  x - r a y  i r r a d i a t e d  a t  30 k v . ,  10 m a ., 

f o r  120 m in u te s .  A. E x te n s iv e  l l g n i f i c a t i o n  w ith  c a v i t i e s  

c o n ta in in g  g i a n t  n u c l e u s - l i k e  s t r u c t u r e s ,  x 4 5 0 . B. En­

la rg e m e n t  o f  a  s t r u c t u r e  shown i n  A. x a b o u t 1000 .

2 . S e e d lin g s  grow n from  s e e d s  i r r a d i a t e d  f o r  15 m in­

u t e s  ( f i g .  3 ) .  I n  th e  r o o t s  o f  t h e s e  s e e d l in g s  above th e  

p i t t e d - v e s s e l s  o f  th e  t i p ,  a  r e g io n  o f  desm ogen s t r a n d s  i s  

p r e s e n t  b u t  i s  l e s s  e x te n s iv e  th a n  t h a t  o b s e rv e d  i n  c o n t r o l  

r o o t s .  T h e ^ .f i r s t  v e s s e l  ty p e  i s  r e p r e s e n te d  by a  few  a n ­
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n u l a r  e le m e n ts .  S p i r a l  and  s c a l a r l f o r m  t h ic k e n in g s  a r e  

f a r  more a b u n d a n t ,  an d  a r e  fo l lo w e d  by a  p ro m in e n t r e g io n  

o f  l a r g e r  p i t t e d  v e s s e l s .

3 . S e e d l in g s  grow n from  s e e d s  i r r a d i a t e d  f o r  30  m in ­

u t e s  ( f i g .  4 ) .  Above th e  p i t t e d  v e s s e l  p r e s e n t  i n  t h e  low ­

e rm o s t p o r t i o n  o f  t h e  r e g io n  o f  e lo n g a t io n ,  desm ogen c e l l s  

w i th  v a c u o la te d  c y to p la s m  a r e  e v id e n t ,  b u t  t h e s e  a r e  r a p i d ­

l y  f o l lo w e d  by s p i r a l  v e s s e l s  w ith  s c a l a r l f o r m  a n d  P i t t e d  

e le m e n ts  a p p e a r in g  i n  r e g io n s  a b o v e . No a n n u la r  v e s s e l s  

a r e  o b se rv ed ..

4 .  S e e d l in g s  grow n from  s e e d s  i r r a d i a t e d  f o r  60 m in­

u t e s  ( f i g .  5 )*  I n  r o o t s  o f  t h e s e  s e e d l in g s  few  desm ogen 

c e l l s  a r e  fo u n d  ab o v e  th e  p i t t e d  v e s s e l s  i n  t h e  t i p .  T h ic k ­

e n in g s  o f  t h e  s c a l a r l f o r m  ty p e  a p p e a r  v e ry  r a p i d l y ,  a n d  a  

g r e a t  p ro m in en ce  o f  p i t t e d  v e s s e l s  a r e  fo u n d  a b o v e . An­

n u l a r  and  s p i r a l  e le m e n ts  a r e  o b s e rv e d  o n ly  o c c a s i o n a l l y  i n  

t h e s e  r o o t s .

5 .  S e e d l in g s  grow n from  s e e d s  I r r a d i a t e d  f o r  90  m in­

u t e s  ( f i g .  6 ) .  The r e g io n  o f  p i t t e d  v e s s e l s  i s  v e ry  p ro ­

n o u n ced  and  e x te n d s  upw ard i n  th e s e  r o o t s  f o r  a p p ro x im a te ly  

6 .5  mm. T h is  i s  f o l lo w e d  by a  few  desm ogen s t r a n d s  w hich  

so o n  show w a l l  t h i c k e n i n g s  o f  th e  s c a l a r l f o r m  t y p e .  T h e se , 

h o w e v e r , a r e  c o n s id e r a b ly  l e s s  i n  num ber t h a n  i n  p re c e * d -  

in g  l o t s .  The p i t t e d  v e s s e l s  a p p e a r in g  n e x t  a r e  fo u n d  

th ro u g h o u t  th e  r e m a in in g  p a r t  o f  th e  r e g io n  o f  r o o t  e lo n g a -
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t i o n .

6 . S e e d l in g s  grow n from  s e e d s  i r r a d i a t e d  f o r  120 

m in u te s  ( f i g .  7)»  The v e s s e l  ty p e  i n  r o o t s  o f  th e s e  

s e e d l i n g s  i s  a lm o s t  c o m p le te ly  p i t t e d ;  a  few s c a l a r l f o r m  

e le m e n ts  a r e  fo u n d  a p p ro x im a te ly  8 .5  mm. from  th e  t i p  

( f i g .  8 ) .  F u r t h e r  i n s p e c t i o n  o f  th e s e  r o o t s  i n d i c a t e s  

a  v e ry  e x te n s iv e  l i g n i f i c a t i o n  o f  t h e  t i p ,  i n  w h ich  c a v ­

i t i e s  a r e  o b s e rv e d  c o n ta in in g  l a r g e  s t r u c t u r e s  w h ich  seem 

t o  r e p r e s e n t  g i a n t  n u c l e i .  T h ese  s t r u c t u r e s  a r e  shown 

i n  f i g u r e  9 , b u t  no e x p la n a t io n s  a r e  a t te m p te d  h e r e .  The 

v e ry  p ro n o u n c e d  c u r l i n g  o f  t h e  r o o t  t i p  a p p e a rs  c h a ra c ­

t e r i s t i c a l l y  i n  s e e d l in g s  i r r a d i a t e d  w i th  t h i s  d o se  o f  

x - r a y s .

Summary.

1 . R oo ts o f  Vi c l a  f a b a  s e e d l in g s  grow n from  u n so a k ­

ed  s e e d s  i r r a d i a t e d  w i th  s o f t  x - r a y s ,  show a  d e c r e a s in g  

t o t a l  e lo n g a t io n  a s  i n c r e a s in g  d o s e s  o f  x - r a y s  a r e  em ploy­

e d .

2 .  A h i s t o l o g i c a l  s tu d y  o f  su c h  r o o t s  and  o f  c o n t r o l  

r o o t s  a f f o r d s  a d e q u a te  d a ta  t o  d e m o n s tr a te  e x p e r im e n ta l ly  

t h a t  t h e  ty p e  o f  w a l l  t h ic k e n in g  fo u n d  i n  v e s s e l s  i s  d e t e r ­

m in ed  by  t h e  e x t e n t  o f  e lo n g a t io n  i n  s u r ro u n d in g  t i s s u e s .

3 . A f t e r  th e  o n s e t  o f  “d e la y e d  k i l l i n g ” i n  s e e d l in g s  

g row n from  x - r a y  i r r a d i a t e d  s e e d s ,  e v id e n c e d  by a  d e c l in e  

i n  g ro w th  a s  i t  I n v o lv e s  e lo n g a t io n ,  o n ly  p i t t e d  v e s s e l s
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ar©  fo rm ed . T h is  i s  a p a r e n t ly  r e l a t e d  to  a  m ark ed ly  d e ­

c re a s e d  e x te n t  o f  e lo n g a t io n  o f  c e l l s  s u r ro u n d in g  th e  v e s ­

s e l s .
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FAILURE OF ROOT TIPS OF' TOMATOJ 

SEEDLINGS" GERMINATED ' FROM" 

X-RAYEDr SEEDS; TO GROW 

IN VITRO.

R b p r ln te d  from  P l a n t  P h y s io lo g y , 

V o l. 1 7 , Mb. 2 . A p r i l  19^2 .
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H i s t o l o g i c a l  s t u d i e s  o f  r o o t s  o f  V Ic la  f a b a  and  o f  

Z'ea mays s e e d l in g s  grow n from  s e e d s  g iv e n  a  medium d o se  

o f  s o f t  x - r a y s ,  i n d i c a t e  c o n s id e r a b le  d i s t o r t i o n  and  i r ­

r e g u l a r i t y  a b o u t  t h e  a p i c a l  m e r is te m  and  su r ro u n d in g ' 

t i s s u e s  a f t e r  t h e  f i r s t  week o f  g e rm in a t io n  (7 ,  8 ) .  T hese  

a r e  n o t  a p p a r e n t  d u r in g  t h e  e a r l y  p a r t  o f  g e rm in a t io n  when 

t h e  r a d i c l e s  f i r s t  a p p e a r ;  t h e  m e ris te m  i s  r e l a t i v e l y  n o r ­

m al i n  a rra n g e m e n t a s  com pared  w i th  t h a t  i n  n o n t r e a te d  con­

t r o l  s e e d l in g s  ( 8 ) .

I n  v iew  o f  t h i s  e f f e c t ^  i t  was c o n s id e r e d  o f  i n t e r e s t l  

t o  d e te rm in e  th e  a b i l i t y  o f  r o o t  t i p s  o f  s e e d l in g s  g e rm i­

n a te d  from  x -rrayed  s e e d s  t o  c o n tin u e  g ro w th  i n  v i t r o ;  th e  

r e s u l t s  o f  w h ich  m ig h t i n d i c a t e  w h e th e r  th e  a b n o r m a l i t i e s  

fo u n d  a t  th e  a p i c a l  m e r is te m  a r e  l o c a l i z e d  e f f e c t s  o f  th e  

x - r a y  r a d i a t i o n ,  o r  e f f e c t s  i n f lu e n c e d  m ore d i r e c t l y  by 

f u n c t i o n a l  i r r e g u l a r i t i e s  o c c u r r in g  e ls e w h e re  i n  th e  r o o t  

o r  i n  th e  s e e d l in g  a s  a  w h o le .

U nsoaked b e e f  s t e a k  to m a to  s e e d s  w ere i r r a d i a t e d  8 cm. 

from  t h e  f o c a l  s p o t  o f  a  c o p p e r  t a r g e t  g a s  x - r a y  tu b e  op­

e r a t e d  a t  30 peak  k v . , and  10 ma. f o r  30 m in u te s .  I t  was 

o b s e rv e d  by s e p a r a t e  t e s t s  t h a t  l a t e r a l  r o o t s  do n o t  a p ­

p e a r  d u r in g  l a t e r  g e rm in a t io n  o f  to m a to  s e e d l in g s  from  seeds?: 

g iv e n  t h i s  x - r a y  t r e a tm e n t .  The c u l t u r e  m ethods em ployed 

fo l lo w e d  p ro c e d u re s  l i s t e d  by  B onner ( 4 ) ,  B onner and  Ad- 

d i c o t t  ( 5 ) ,  A d d ic o t t  , ( 1 ) ,  A d d ic o t t  and B onner ( 2 ) ,  A d d i-
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c o t t : a n d  D e v i r la n  ( 3 ) ,  and  R obbins and  B a r t l e y  ( 6 ) .

When r o o t  l e n g th s  o f  a p p ro x im a te ly  1 cm. w ere a t ­

t a i n e d  I n  a s e p t i c  s e e d l in g s  from  b o th  i r r a d i a t e d  and  n o n - 

i r r a d l a t e d  s e e d s ,  5 -  t o  10 -mm. r o o t  t i p s  ( 5© s e e d l in g s  o f  

e a c h  g ro u p )  w ere  c u t  and  t r a n s f e r r e d  to  a  p r e v io u s ly  s t e r ­

i l i z e d  n u t r i e n t  medium c o n ta in in g :  236  mg. Ca(N0^ )2  '

4H20 ; 81 mg,; KNO3 ; 36mg. MgS0$ *7H20 ; 65" mĝ . KOI; 20 mg. 

KH2PO4 ; 1 .5  fflgj F e - t a r t r a t e ;  20 gm. s u c r o s e ,  p e r  l i t e r  

o f  P y re x  r e d i s t i l l e d  w a te r .  N i c o t i n i c  a c i d  (0 .5  m g .) , 

v i ta m in  ( 0 .1  m g .) and  v i ta m in  Bg ( 0 .1  m g .) w ere added  

p e r  l i t e r  o f  n u t r i e n t . -

The r o o t  t i p s  o f  b o th  s e e d l in g  g ro u p s  a p p e a re d  to  

be  a l i k e  i n  g ro w th  r a t e  an d  s i z e  a t  th e  t im e  o f  i s o l a t i o n .  

I n  view  o f  th e  u n i f o r m i ty  o f  th e  d a t a ,  one r e p e t i t i o n  o f  

th e  o r i g i n a l  r e s u l t s  seem ed a d e q u a te  to  c o n firm  th e  ob­

s e r v a t i o n s  m ade.

I n  f i g u r e  1A i s  shown th e  e x te n t  o f  g ro w th  o f  th e  

e x c is e d  r o o t  t i p s  o f  c o n t r o l  s e e d l in g s  a f t e r  f o u r  w eek ly  

t r a n s f e r s ;  B i n d i c a t e s  t h a t  w hich  o c c u r r e d  i n  th e  t i s s u e s  

e x c is e d  from  s e e d l in g s  from  th e  i r r a d i a t e d  s e e d s .  I n  

t h e . l a t t e r ,  t h e  c u l tu r e d  r o o t  t i p s  g e n e r a l l y  d i s p l a y  o n ly  

a  v e ry  s l i g h t  i n c r e a s e  i n  l e n g th  w i th  some i n c r e a s e  I n  

th ic k n e s s  a n d , i n  a d d i t i o n ,  become i n a c t i v e  and brow ned 

a t  t h e  a p ic e s  so o n  a f t e r  i s o l a t i o n .
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F ig .  1 . Shadow p h o to g ra p h s  o f  e x c is e d  r o o t  t i p s  

o f  to m a to . A, n o rm a l, a t  th e  end o f  f o u r  t r a n s f e r s ;

B, r o o t  t i p s  o f  s e e d l in g s  from  x - r a y e d  s e e d s ,  a t  th e  end  

o f  f o u r  t r a n s f e r s ;  and  C, a t  th e  end o f  s i x  t r a n s f e r s .
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When t r a n s f e r s  o f  t i s s u e s  from  t h e  t r e a t e d  se e d s  

w ere c o n tin u e d  f o r  f i v e  t o  s i x  w e ek s , a n  a c t i v a t i o n  o f  

a  few  c e l l s  ab o v e  th e  r o o t  t i p  f r e q u e n t l y  o c c u r r e d ,  r e ­

s u l t i n g  i n  s e c o n d a ry  r o o t  f o rm a t io n  a t  t h e s e  p o i n t s  (C ) . 

T h is  o c c u r r e n c e  m ig h t b e  a t t r i b u t e d  t o  a  c o n tin u e d  fu n c ­

t i o n i n g  o f  a  few  c e l l u l a r  e le m e n ts  h a v in g  m e r i s te m a t ic  

a c t i v i t y ,  w h ic h  e s c a p e d  e f f e c t s  in d u c e d  by th e  x - r a y  r a ­

d i a t i o n  t r e a tm e n t  o f  t h e  s e e d s .

The i n a b i l i t y  o f  e x c i s e d  r o o t  t i p s  o f  to m a to  s e e d ­

l i n g s  grow n from  s e e d s  g iv e n  a  medium d o se  o f  s o f t  x - r a y s ,  

to  grow  i n  v i t r o  i s  p ro b a b ly  a s s o c i a t e d  d i r e c t l y  w ith  f a c ­

t o r s  a c t i v e  i n  c o n tin u o u s  m e ris te m  a c t i v i t y  i n  th e  r o o t  

t i p ,  p r e s e n t  i n  t h e  s e e d  a t  t h e  t im e  o f  i r r a d i a t i o n .  The 

f a c t  t h a t  t h e  t i s s u e s  d id  n o t  grow i n  a  n u t r i e n t  medium 

a d e q u a te  to  s u p p o r t  t h e  c o n tin u o u s  g ro w th  o f  n o rm al r o o t  

t i p s  o f  to m a to ,  seem s t o  rem ove th e  a l t e r n a t i v e  s u p p o s i t io n  

t h a t  th e  e f f e c t  i s  d e p e n d e n t upon m o d i f i c a t io n s  p r e s e n t  i n  

o t h e r  p a r t s  o f  t h e  g e rm in a t in g  s e e d l i n g s .

T h is  w ork was r e p e a te d  a t  t h e  C a l i f o r n i a  I n s t i t u t e  o f  

T ec h n o lo g y . A p p r e c ia t io n  i s  e x p re s s e d  to  D r. F . W. Went 

and t o  D r. Jam es B o n n er f o r  comments and  u se  o f  t h e i r  l a b -  

o r a t o r i  e s .
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s e e d s  w i th  s o f t  x - r a y s .  P l a n t  P h y s io l  1 7 .1 9 4 2
( I n  p r e s s ) .
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I n t r o d u c t i o n .
The m a jo r i t y  o f  p re v io u s  i n v e s t i g a t i o n s  d e a l in g  w i th  

th e  e f f e c t s  o f  x - r a y s  on  p l a n t s  h av e  b e en  c o n c e rn e d  w i th  

th e  q u e s t io n  o f  g ro w th  s t i m u l a t i o n  o f  t h e  a e r i a l  p o r t i o n  

o f  t h e  p l a n t  r e s u l t i n g  from  t r e a tm e n ts  w ith  weak d o se s  o f  

x - r a y s  (4 ,  5 ,  6* 8 , 9 , 1 3 , 1 4 ) .  The m ethods g e n e r a l l y  em­

p lo y e d , in v o lv e d  an  x - r a y  t r e a tm e n t  o f  u n so a k ed  o r  so a k ed  

s e e d s ,  o r  o f  g ro w in g  p o i n t s .  O b s e rv a t io n s  r e c o r d e d  d u r in g  

su b s e q u e n t g ro w th , p a r t i c u l a r l y  a t  m a t u r i t y ,  w ere  exam ined  

f o r  e v id e n c e s  o f  s t i m u l a t i o n .  R e p o r ts  o f  t h e  s t i m u l a t i v e  

e f f e c t s  o f  x - r a y s  on  th e  g ro w th  o f  th e  a e r i a l  p o r t io n s  o f  

th e  p l a n t s  a r e  n u m ero u s , b u t  i n  o n ly  a  few  c a s e s ,  i s  t h e  e v i ­

d en ce  c o n c lu s iv e .  In a d e q u a te  sa m p lin g  and  l i m i t e d  t e s t  

p e r io d s  h av e  b e e n  g iv e n  a s  r e a s o n s  f o r  r e g a r d in g  th e  e v i ­

d en ce  a s  i n c o n c lu s iv e .

, The v iew  t h a t  a  c o n s i s t e n t  g ro w th  s t i m u l a t i o n  e f f e c t  

m ig h t be  o b ta in e d  by u s in g  a  s p e c i f i c  x - r a y  d o s e ,  was em­

p h a s iz e d  by S h u l l  and  M i t c h e l l  ( 2 1 ) .  They em ployed m e ta l ­

l i c  s c r e e n s ,  h ig h  v o l t a g e ,  low am perage  and  s h o r t  e x p o s­

u r e s .  The u s e  o f  m e t a l l i c  s c r e e n s  e l im in a te d  th e  s o f t  x -  

r a y s .

I n  a d d i t i o n  to  t h e  x - r a y  t r e a tm e n t  h o w e v e r, i t  i s  a l ­

so  n e c e s s a r y  t o  c o n s id e r  t h e  c o n d i t io n  o f  t h e  t e s t  m a t e r i a l .  

C hem ica l a l t e r a t i o n s ,  g e n e r a l l y  d e s t r u c t i o n  and  r e - s y n t h e s i s  

a r e  commonly a f f e c t e d  by x - r a y  i r r a d i a t i o n  and  i n  b i o l o g i c a l  

m a t e r i a l s ,  t h e s e  may w e l l  be th e  fu n d a m e n ta l f a c t o r s  con­

c e rn e d . Such  x - r a y  in d u c e d  changes w ould  u n d o u b te d ly  a l -
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t e r  p l a n t  g ro w th  I n  v iew  o f  i t s  c h e m ic a l n a tu r e  due t o  t h e  

p r e s e n c e  a n d  a c t i v i t i e s  o f  a u x in s ,  c a l i n e s ,  g ro w th  i n h i b i ­

t o r s  and  o t h e r  g ro w th  f a c t o r s  ( 1 8 ) .  The e x p e r im e n ts  r e ­

p o r t e d  i n  t h i s  i n v e s t i g a t i o n ,  h o w e v e r, w ere  n o t  d e s ig n e d  

t o  d e te rm in e  t h i s  c h e m ic a l a s p e c t  o f  g ro w th  s t i m u l a t i o n ,  

b u t  i t  i s  w o r th y  o f  c o n s i d e r a t i o n  i n  f u t u r e  e x p e r im e n ts  o f  

t h i s  s o r t .

I t  i s  t h e  p u rp o s e  o f  t h e  w ork d e s c r ib e d  h e r e  to  i n v e s ­

t i g a t e  t h e  q u e s t io n  o f  s t i m u l a t i o n  o f  p r im a ry  r o o t  g ro w th  

i n  s e e d l i n g s  o f  s e e d s  g iv e n  a  s m a l l  d o se  o f  s o f t  x - r a y s .  

P re v io u s  w ork by R iv e ra  (1 6 , 17 ) r e p o r t e d  s t i m u l a t i v e  e f ­

f e c t s  o f  t r e a t i n g  r o o t s  w i th  s m a l l  d o s e s  o f  x - r a y s .  T h is  

h o w e v e r , was n o t  a  s tu d y  on r o o t  g ro w th  s t i m u l a t i o n  d i r e c t ­

l y ,  b u t  r a t h e r  on th e  r e s u l t i n g  g ro w th  a c c e l e r a t i o n  o f  a e ­

r i a l  p o r t i o n s  o f  p l a n t s  f o l lo w in g  th e  i r r a d i a t i o n  o f  th e  

r o o t s .

I n  e x p e r im e n ts  d e s c r ib e d  i n  t h i s  p a p e r ,  c o rn  was fo u n d  

t o  be  m ost s u i t a b l e  f o r  th e  m ethod o f  g e rm in a t io n  em p lo y ed . 

S t i m u la t i o n  a s  i t  w i l l  be  u s e d  th r o u g h o u t  r e f e r s  t o  a n  i n ­

c r e a s e  i n  r o o t  l e n g t h ,  o r  a  g r e a t e r  w et o r  d ry  w e ig h t o f  

r o o t s  o f  s e e d l i n g s  from  t r e a t e d  s e e d s  a s  com pared  w i th  t h a t  

o e c u r in g  i n  th e  r o o t s  o f  n o rm al s e e d l i n g s .  O b s e r v a t io n s  

w ere  l i m i t e d  to  t h e  f i r s t  f i v e  d a y s  o f  g e rm in a t io n  an d  t h e  

d a t a  p r e s e n t e d  r e f e r  s o l e l y  t o  t h a t  p e r io d .
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M eth o d s.

The x - r a y  r a d i a t i o n  was p ro v id e d  by a  g a s  ty p e  x - r a y

tu b e  ( 1 2 ) h a v in g  a  c o p p e r  t a r g e t ,  o p e r a te d  a t  10  ma. and

a t  v a r io u s  v o l t a g e s  m en tio n ed  l a t e r .  The s e e d s  w hich  w ere

i r r a d i a t e d  w ere  a r r a n g e d  w ith  embryo to w a rd  th e  s o u rc e  o f

r a d i a t i o n  a t  a  d i s t a n c e  o f  e i g h t  cm. from  t h e  f o c a l  s p o t

o f  th e  t u b e .  The window o f  t h e  tu b e  w h ich  was made o f  a l -
8 .

uminum f o i l  a n d  C e llo p h a n e , t r a n s m i t t e d  th e  K. and  K c h a r ­

a c t e r i s t i c  r a d i a t i o n  (1.54- and  1 .3 8  A ° .)  a s  w e l l  a s  t h a t  o f  

b o th  lo n g e r  an d  s h o r t e r  w a v e le n g th  r a d i a t i o n  o f  t h e  c o n t in ­

u o u s  sp e c tru m  o f  t h e  c o p p e r  t a r g e t .  The s h o r t e s t  w ave­

l e n g th  e m i t te d  i n  an y  e x p e r im e n t was a p p ro x im a te ly  0 .5  A °.

I n  e v e ry  c a s e ,  th e  t im e  o f  e x p o su re  was 10 s e c .

A f t e r  c o n s id e r a b le  p r e l im in a r y  w ork f o r  th e  p u rp o se  o f  

d e te r m in in g  t h e  r e q u ir e m e n ts  n e c e s s a r y  t o  o b t a in  s u f f i c i e n t  

d a t a  i t  was d e c id e d  to  c o n s t r u c t  an  a p p a r a tu s  w h ich  w ould 

p e rm i t  2000  s e e d s  t o  be g e rm in a te d  s im u lta n e o u s ly  i n  w a te r  

c u l t u r e  u n d e r  c o n t r o l l e d  c o n d i t i o n s .  The a p p a r a tu s ,  F ig .

1 , c o n s i s t e d  o f  a  l a r g e  wooden c a b in e t  i n  th e  b o tto m  o f
o

w hich  was a  ta n k  c o n ta in in g  t a p  w a te r  k e p t  a t  29 C. by  t h e r ­

m o s ta t i c  c o n t r o l .  A u n ifo rm  te m p e ra tu re  o f  t h e  w a te r  was 

m a in ta in e d  by th e  u s e  o f  a  s t i r r i n g  m o to r  e q u ip p e d  w i th  

p a d d le s  t o  c i r c u l a t e  t h e  w a te r  i n  th e  t a n k .  A c o n s ta n t  

f lo w  o f  f r e s h  w a te r  th ro u g h  t h e  ta n k  was made p o s s ib l e  by 

s m a l l  e n t r a n c e  and  e x i t  t u b e s .

The fram e  w h ich  s u p p o r te d  th e  s e e d s  d u r in g  g e rm in a t io n  

c o n s i s t e d  o f  a  r a c k  su sp en d e d  from  ab o v e  by f o u r  c a b le s .
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The p o s i t i o n  o f  th e  r a c k  below  o r  above th e  w a te r  l e v e l  

was a u to m a t i c a l ly  c o n t r o l l e d  by  means o f  a  crank, o p e ra ­

t e d  by an e l e c t r i c  m o to r . A c ro ss  th e  ra c k  w ere  p la c e d  

f o r t y  m e ta l  r o d s ,  e a c h  e q u ip p e d  w ith  f i f t y  f i n e  n i c k e l  

w ire  h o o k s . The p u rp o se  o f  e a c h  hook was t o  s u p p o r t  a  

c o rn  s e e d  i n  i t s  n o rm a l p o s i t i o n  by  p a s s in g  th e  hook 

th ro u g h  t h e  endosperm  p o r t io n  o f  t h e  se e d  a t  a  p o in t  r e ­

moved from  th e  em bryo.

The c o rn  u se d  i n  th e  e x p e r im e n ts  was S to w e l l ’ s E v e r­

g re e n  Sw eet C orn , 1940 c ro p . B ad ly  form ed and  i n f e r i o r  

k e r n e l s  w ere d i s c a r d e d .  The s e l e c t e d  s e e d s  w ere p r e p a re d  

f o r  g e rm in a t io n ,  th e  f i r s t  p a r t  o f  w hich  in v o lv e d  a  tw en ­

t y - f o u r  s o a k in g  p e r io d ,  a s  f o l lo w s :  f i f t y  c o m  s e e d s  w ere

p la c e d  i n  each  o f  f o r t y  c o p p e r  w i r e  b a s k e t s ,  d e s ig n e d  a s  

se e d  so a k in g  c o n t a i n e r s .  Twenty o f  th e s e  b a s k e t s  o f  se e d s  

w ere a r b i t r a r i l y  c h o sen  a s  c o n t r o l s  and th e  s e e d s  i n  e ac h  

o f  th e  re m a in in g  tw e n ty  b a s k e t s  w ere g iv e n  i d e n t i c a l  x -  

ra y  t r e a tm e n t s .

I t  was fo u n d  by t r i a l  t h a t  f i f t y  r o o t s ,  t h a t  i s  th e  

c o n te n t  o f  one ro d ,  c o u ld  be exam ined f o r  l e n g th  and w et 

w e ig h t i n  a t e n  m in u te  i n t e r v a l .  C o n se q u e n tly , i n  o r d e r  

to  h av e  a l l  p l a n t s  o f  th e  same ag e  when o b s e r v a t io n s  on 

r o o t  g ro w th  w ere m ade, th e  f o l lo w in g  p ro c e d u re  was a d o p t ­

e d : f i f t y  se e d s  w ere  i r r a d i a t e d ,  r e p la c e d  i n  a  p a r t i c u l a r  

b a s k e t  and  th e  b a s k e t  su sp en d e d  from  th e  ro d  t o  w hich  th e
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s e e d s  w ere  t o  be  a t t a c h e d  a f t e r  s o a k in g .  Ten m in u te s  

l a t e r  a  b a s k e t  c o n ta in in g  n o n - I r r a d i a t e d  s e e d s  was s u s ­

pended  from  th e  n e x t  ro d .  A f t e r  a n o th e r  t e n  m in u te  i n ­

t e r v a l  a  b a s k e t  o f  i r r a d i a t e d  s e e d s  was su sp e n d e d  from  

th e  t h i r d  ro d .  T h is  p ro c e d u re  o f  s t a r t i n g  th e  so a k in g  

a l t e r n a t e l y  o f  c o n t r o l  and i r r a d i a t e d  s e e d s  e v e ry  t e n  m in­

u t e s  was c o n tin u e d  f o r  e ac h  o f  th e  f o r t y  r o d s .

A f t e r  a  2 4 -h o u r  so a k in g  p e r io d  t h e  s e e d s  w ere  a t t a c h ­

ed  t o  t h e  ho o k s o f  t h e  ro d  w h ich  h ad  su sp e n d e d  th e  b a s k e t .  

When t h e  s e e d s  w ere a r r a n g e d  on  th e  w ire  h o o k s , a m echan­

ism  was s t a r t e d  w hich  a u to m a t i c a l l y  c o n t r o l l e d  th e  move­

m ent o f  t h e  e n t i r e  r a c k  t o  p o s i t i o n s  b e lo w  o r  ab o v e  th e  

w a te r  l e v e l .  P r e l im in a r y  e x p e r im e n ta t io n  i n d i c a t e d  t h a t  

good  g e r m in a t io n  was p o s s ib l e  i f  t h e  g e rm in a t in g  s e e d s  w ere 

im m ersed  i n  w a te r  f o r  f i v e  m in u te  p e r io d s  fo l lo w e d  by two 

h o u r  I n t e r v a l s  d u r in g  w h ich  t im e  th e y  w ere  su sp en d e d  a -  

bove th e  w a te r .

A t t h e  end  o f  t h e  g e rm in a t in g  p e r io d  o f  f o u r  d a y s ,  th e  

ro d s  w ere  rem oved from  th e  a p p a r a tu s  a t  t e n  m in u te  i n t e r ­

v a l s  i n  t h e  same o r d e r  a s  th e y  w ere o r i g i n a l l y  a r r a n g e d ,  so 

t h a t  t h e  ag e  o f  th e  s e e d l in g s  from  th e  t im e  t h a t  th e  s e e d s  

w ere f i r s t  p u t  t o  so ak  u n t i l  th e y  w ere  h a r v e s t e d ,  was e x a c t ­

l y  f i v e  d a y s .  As e a c h  ro d  w i th  i t s  l o t  o f  s e e d l in g s  was 

ta k e n  fro m  th e  r a c k ,  th e  r o o t s  o f  t h e  p l a n t s  w ere  s e v e re d  

a s  c lo s e  t o  t h e  s e e d  a s  p o s s i b l e .  The l e n g th  o f  each  r o o t
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was m easu red  and  th e  t o t a l  w e t w e ig h t o f  t h e  r o o t s  from  th e  

s e e d l in g s  on t h i s  ro d  was d e te rm in e d . The r o o t s  w ere  th e n  

p la c e d  on p a p e r  and  dfcied  I n  th e  open  a i r  i n  th e  l a b o r a to r y  

f o r  s e v e n  d a y s ,  a f t e r  w h ich  t im e  th e  t o t a l  d ry  w e ig h t  o f  

t h e  r o o t s  w ere  d e te r m in e d .  A s e e d l in g  w h ich  d id  n o t  p ro ­

d uce  r o o t  g ro w th  o f  a t  l e a s t  two mm. i n  l e n g th  was c o n s id ­

e re d  a s  n o t  g e r m in a t in g .

R e s u l t s .

The r e s u l t s  o b ta in e d  show su c h  a  d e g re e  o f  v a r i a b i l i t y  

t h a t  I t  i s  d i f f i c u l t  t o  make a  r e l i a b l e  I n t e r p r e t a t i o n  o f  

them  w i th o u t  t h e  u se  o f  s t a t i s t i c a l  a n a l y s i s .  T e s ts  o f  

s i g n i f i c a n c e  ( 7 ) w ere  a p p l i e d  i n  co m p arin g  t h e  e x p e r im e n ta l  

v a lu e s  o b ta in e d  from  t h e  I r r a d i a t e d  s e e d s  w i th  th o s e  o b t a i n ­

e d  from  t h e  n o n - i r r a d i a t e d  c o n t r o l s  t o  d e te rm in e  w h e th e r  th e  

d i f f e r e n c e s  I n  t h e s e  v a lu e s  w ould b e  a s c r i b e d ,  w i th o u t  much 

d o u b t ,  t o  a  d i f f e r e n c e  i n  t h e  t r e a tm e n ts  r e c e iv e d  by th e  

sam p les  o r  w h e th e r  th e y  c o u ld  be  due t o  random  s a m p lin g .

A c o m p a riso n  o f  t h e  r e s u l t s  o b ta in e d  h a s  b e e n  made 

w ith  r e g a r d  to  t h e  f o l lo w in g  v a r i a t e s :

The num ber o f  s e e d s  g e rm in a t in g  on  e ac h  r o d ,  x ^ .

The t o t a l  r o o t  l e n g t h  p e r  r o d ,  x2 .

The a v e ra g e  r o o t  l e n g t h  p e r  s e e d  g e rm in a t in g  on e a c h

f o d ,  x -j.

The l e n g th  o f  t h e  l o n g e s t  r o o t  on e a c h  ro d ,  x ^ .

The t o t a l  l e n g th  o f  t h e  25 lo n g e s t  r o o t s  on e a c h  r o d .x ^ .
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The t o t a l  w et w e ig h t o f  r o o t s  p e r  ro d ,  x ^ .

The a v e ra g e  w et w e ig h t o f  r o o t  p e r  s e e d  g e rm in a t in g  on

e a c h  r o d ,  x ^ .

The t o t a l  d ry  w e ig h t o f  r o o t s  p e r  ro d ,  x g .

The a v e ra g e  d ry  w e ig h t o f  r o o t  p e r  se e d  g e rm in a t in g  on

e a c h  r o d ,  x  .
9

E ach o f  th e  n in e  v a r l a t e s  was t e s t e d  i n  two w ays. F i r s t  

t h e  c o n t r o l  s e e d s  and  i r r a d i a t e d  s e e d s  w ere  r e g a rd e d  a s  se p a  

r a t e  a n d  d i s t i n c t  sam p les  c h o sen  a t  random  from  th e  same pop 

u l a t i o n  g ro u p . The d i f f e r e n c e  b e tw een  th e  mean v a lu e  o f  a  

v a r l a t e  f o r  th e  c o n t r o l s  and  f o r  t h e  i r r a d i a t e d  se e d s  was 

t e s t e d  t o  s e d  i f  t h i s  d i f f e r e n c e  was s i g n i f i c a n t .  S eco n d , 

e a c h  ro d  o f  i r r a d i a t e d  se e d s  was p a i r e d  w ith  a n  a d ja c e n t  

ro d  o f  c o n t r o l  s e e d s .  The d i f f e r e n c e s  o f  t h e  v a r i a t e s  f o r  

e ac h  p a i r  was t e s t e d  t o  se e  i f  i t s  mean v a lu e  d i f f e r e d  s i g ­

n i f i c a n t l y  from  z e r o .  The f i r s t  t e s t  l e a d  to  a  p r o b a b i l ­

i t y  v a lu e  p i ,  w h ich  m easu red  t h e  p r o b a b i l i t y  o f  c h o o s in g  

. from  t h e  sam e p o p u la t io n  g ro u p  two random  sam p le s  h a v in g  

mean v a lu e s  w hich  d i f f e r e d  by  a t  l e a s t  a s  much a s  t h a t  ob­

s e r v e d .  The seco n d  t e s t  le a d  t o  a  p r o b a b i l i t y  v a lu e  P2 

w h ich  m ea su re d  th e  p r o b a b i l i t y  o f  c h o o s in g  from  a  p o p u la ­

t i o n  g ro u p  h a v in g  a  z e ro  mean v a lu e  a  random  sam ple  h a v ­

in g  a  mean v a lu e  w h ich  d i f f e r e d  from  z e ro  by a s  much o r  

m ore th a n  t h a t  o b s e rv e d .  The u s u a l  c o n v e n tio n  o f  s e l e c t ­

i n g  a  p r o b a b i l i t y  l e v e l  o f  5 p e r c e n t  o r  l e s s  a s  b e in g  s i g -
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n i f l e a n t  h a s  b e en  a d o p te d .

The p e r c e n ta g e  s t i m u l a t i o n  b a se d  upon th e  mean v a lu e  

o f  each  v a r l a t e  f o r  th e  c o n t r o l  and  f o r  th e  i r r a d i a t e d  s e e d s  

i s  g iv e n  i n  T ab le  I .  The p a r e n th e s e s  e n c lo s e  th o s e  v a lu e s  

f o r  w hich  one o r  b o th  t e s t s  f o r  s i g n i f i c a n t  d i f f e r e n c e  i n ­

d i c a te d  a  r e a l  d i f f e r e n c e  i n  th e  t r e a tm e n ts  o f  t h e  c o n t r o l s  

and  i r r a d i a t e d  s e e d s .  E x c e p t i n  one c a s e ,  t h e  o n ly  s i g n i ­

f i c a n t  d i f f e r e n c e s  w ere  o b ta in e d  from  sam ples i r r a d i a t e d  a t  

17»5 and  20 peak  k v .  T h is  one e x c e p t io n  was i n  Ex. 5 f o r  

w hich  th e  v o l ta g e  was z e r o .  S in c e  t h e r e  was no d i f f e r e n c e  

i n  th e  t r e a tm e n ts  o f  th o s e  se e d s  m arked ra y e d  an d  th o s e  

m arked c o n t r o l ,  t h i s  d i f f e r e n c e  m ust be a t t r i b u t e d  to  

c h an c e .

U sing  a  15 mm. c l a s s  i n t e r v a l  f o r  th e  f re q u e n c y  t a b l e s  

o f  th e  r o o t  l e n g th s  o f  s e e d l i n g s ,  t h e  m odal c l a s s  f o r  th e  

s e e d l in g s  from  t h e  c o n t r o l  and  i r r a d i a t e d  se e d s  a r e  g iv e n  

i n  T ab le  IX . The p e rc e n ta g e  i n c r e a s e s  i n  th e  m id p o in t  o f  

t h i s  i n t e r v a l  f o r  t h e  s e e d l in g s  from  th e  i r r a d i a t e d  se e d s  

o v e r  t h a t  f o r  th e  c o n t r o l  s e e d l in g s  a r e  g iv e n  i n  t h i s  t a b ­

l e .  The a v e ra g e s  o f  th e  p e rc e n ta g e  I n c r e a s e s  a t  0 k v . 

and  20  k v . a r e  3*8 and  1 3 .1  r e s p e c t i v e l y .  The t e s t s  o f  

s i g n i f i c a n c e  do n o t  i n d i c a t e  t h a t  t h e  a v e ra g e s  d i f f e r  s i g ­

n i f i c a n t l y  from  z e ro  o r  from  e a c h  o t h e r .  The a v e ra g e  o f  

th e  I n c r e a s e s  a t  1 7 .5  an d  20  peak  k v . i s  13»5 p e r c e n t .
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T h is  v a lu e  d o e s  d i f f e r  s i g n i f i c a n t l y  from  z e ro  b u t  n o t  from  

th e  r e s u l t s  o b ta in e d  a t  z e ro  k v .

The p e r c e n ta g e s  o f  s t i m u l a t i o n  a t  th e  v a r io u s  v o l ta g e s  

a r e  r e p r e s e n te d  g r a p h i c a l l y  i n  F ig .  2 -1 1 .
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TABLE) X

Percent stim ulation o f variate (based on mean value o f v a r ia te )

X1 x2 x3 x4 x5 x6 x7 x8 x9

Exper­ Peak r No. of Total Ave. Length Total Total Ave. Total Ave.
iment k ilo ­ u n its seeds root root . o f length wet wt. wet dry dry wt
number v o lts per germi­ length length longest of 25 of wt. of wt. of of

min­ nating per per root on long­ roots root roots root
ute rod seed each est per per per per

germi­ rod roots rod seed rod seed
nating on g em i­ germi­
on each nating nating
each rod on per
rod eaoh rod

rod

1 20 1000 ( 6 . 2 )  (10.5) (4 .2 ) 3.0 (5 .4 ) (10.1) 3.7 (10.2) 4 .0
2 15 450 -  1 .1 2.6 3.9 2.8 2.3 2.5 3.2 2.6 3.3
3 0 0 -1 7 .0 1.4 3 .4 4.2 2.1 1.2 3.3 2.2 4.3
4 17.5 750 -  0 .1 2.6 2.2 1.2 2.7 ( 8 .6 ) (8 .3 ) 4 .3 4 .3
5 0 0 -  2 .2 -1 .3 0 .1 -0 .5 -1 .8 3.2 (5 .2 ) 0 .6 2.6
6 22.5 1300 0.1 —0. 8 -0 .3 -1 .1 -1 .0 -3 .1 -2 .7 -  0 .6 -1 .0
7 20 1000 (7 .2 ) (10.2) 2.2 1.4 (3 .6 ) ( 8 .8) 1.2 ( 9 .2 ) 1.4
8 25 1700 0 .4 -1 .6 -2 .2 0.7 -1 .0 -5 .6 -5 .7 -  0 .8 -1 .6
9 20 1000 -  3.0 0 .4 (3 .3 ) -1 .5 1 .0 0 .6 3.7 0 .3 (3 .3)

Numbers in  parentheses are those values for which one or both the t e s t s  for sign ifican ce  
of d ifferen ces indicated a rea l d ifference in  the treatm ents of the oontrols and the  
irradiated  seeds#
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TABLE I I .

M ost p r o b a b le  l e n g th  o f  r o o t  (15 nm. i n t e r v a l ) .  

E x p e r-  Peak r  u n i t s  M id p o in t o f  F re q u en c y  P e r c e n t
im e n t k i l o -  p e r  m in - i n t e r v a l _________________ S tim u -
num ber v o l t s  u t e  C___  R_____ C______R l a t l o n .

1 20 1000 101 112 172 183 1 0 .9
2 15 450 94 102 154 148 8 .2
3 0 0 86 89 104 221 3 .5
4< 1 7 .5 750 75 86 185 202 1 4 .7
5 0 0 71 74 171 180 4 .2
6 2 2 .5 1300 81 76 212 218 - 6 .2
7 20 1000 86 105 173 193 2 2 .1
<3 25 1700 130 127 159 133 - 2 .3

9p 20 1000 1 1 9 .5 127 216 201 6 .3
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D isc u s  s i  on

No v e ry  g r e a t  s t i m u l a t i o n  i n  p r im a ry  r o o t  g ro w th  o f  

c o rn  s e e d l i n g s  from  se e d s  g iv e n  weak x - r a y  t r e a tm e n ts  a s  

com pared w i th  t h a t  o f  c o n t r o l  s e e d l in g s  was o b ta in e d .  How­

e v e r ,  s t a t i s t i c a l  a n a l y s i s  o f  th e  d a t a  i n d i c a t e s  beyond a  

r e a s o n a b le  d o u b t t h a t  th e  t r e a tm e n t  o f  t h e s e  s e e d s  by x -  

r a y s  em p lo y in g  a  v o l ta g e  i n  th e  n e ig h b o rh o o d  o f  from  17*5 

t o  20 p eak  k v . d id  p ro d u ce  a  s i g n i f i c a n t  i n c r e a s e  i n  th e  

av e rag e , l e n g t h  and  i n  th e  w e t and  d ry  w e ig h ts  o f  th e  r o o t s  

o f  th e  s e e d l i n g s .  V o lta g e s  o f  2 2 .5  and  25 peak  k v . d id  

n o t  p ro d u c e  a  s i g n i f i c a n t  change i n  any  o f  th e  v a r i a t e s  ex ­

am in ed .

I t  i s  s u g g e s te d  by th e  d a ta  t h a t  t h e  am ount o f  r a d i a ­

t i o n  a s  w e l l  a s  th e  c o n d i t io n  o f  t h e  b i o l o g i c a l  m a t e r i a l  t o  

be  t r e a t e d  w h ich  m ig h t in d u c e  g ro w th  s t i m u l a t i o n  may b e  v e ry  

s h a r p ly  d e f i n e d .  A s l i g h t  change from  th e  optim um  c o n d i­

t i o n  f o r  g ro w th  s t i m u l a t i o n  may fM .1  t o  p ro d u ce  s u f f i c i e n t  

s t i m u l a t i o n  t o  d e t e c t  o r  may even  In d u c e  g ro w th  I n h i b i t i o n .

Summary.

1 . An a p p a r a tu s  f o r  s e e d l in g  g e rm in a t io n  w hich  f u l ­

f i l l s  r e q u ir e m e n ts  o f  a d e q u a te  sa m p lin g  n e c e s s a r y  to  o b - • 

t a i n  r e l i a b l e  c o n c lu s io n s  i n  I n v e s t i g a t i o n s  o f  x - r a y  i n ­

duced  g ro w th  s t i m u l a t i o n  h a s  b een  d e s c r ib e d .

2 .  U nder t h e  c o n d i t io n s  o f  th e s e  e x p e r im e n ts  i t  i s  

p o s s ib l e  t o  o b t a i n  an  a p p a r e n t  x - r a y  In d u c e d  s t i m u l a t i o n  

i n  th e  p r im a ry  r o o t  g ro w th  o f  Zea mays s e e d l i n g s .  S t a t i s -
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t l c a l  a n a l y s i s  o f  th e  d a te  o b ta in e d  i n d i c a t e s  beyond a  r e a ­

s o n a b le  d o u b t t h a t  s t i m u l a t i o n  o f  r p o t  g ro w th  was o b ta in e d  

by  i r r a d i a t i n g  d ry  s e e d s  a t  v o l ta g e s  i n  th e  n e ig h b o rh o o d  o f  

17«5 to  20 p eak  k v . The a n a l y s i s  shows t h a t  d i f f e r e n c e s  a s  

much a s  th o s e  o b s e rv e d  w ould o c c u r  i n  fe w e r  th a n  f i v e  c a s e s  

i n  one h u n d re d  t r i a l s  i f  t h e  x - r a y  t r e a tm e n t  made no e s s e n ­

t i a l  d i f f e r e n c e  i n  r o o t  g ro w th .
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th e r m o s ta t  $  
and  relay ' "

COUNTER-
■'.BALANCE

MOTOR

SPROUTING SEEDS'' 
stirring MOTOR

F ig ,  1 .  A p p a ra tu s  f o r  s e e d l i n g  g e rm in a t io n  u n d e r  con­

t r o l l e d  e x p e r im e n ta l  c o n d i t i o n s .
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r o o t s  GERMINATED

fcO

—4'

KLOVOLTS

P i g .  2 .  P e r c e n t  s t i m u l a t i o n  d e te rm in e d  from  th e  num­

b e r  o f  s e e d s  on  e a c h  ro d  (x ^ )  a s  a  f u n c t i o n  o f  v o l t a g e .

_i

:1
T OTA - LB

UiCL
_ 

T
. ? R(3D

1 1/ \
fci

■i

V \
► \

1Y

F ig .  3 .  P e r c e n t  s t i m u l a t i o n  d e te rm in e d  from  th e  t o t a l  

r o o t  le n g th -  p e r  ro d  (x 2 ) a s  a  f u n c t io n  o f  v o l t a g e .
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& AVERAGE LENGTH OF 
THOSE GERMINATING

j - 2

KILOVOLTS 15
20

P ig ,  4 .  P e r c e n t  s t i m u l a t i o n  d e te rm in e d  from  th e  a v e r ­

age r o o t  l e n g t h  p e r  s e e d  g e rm in a t in g  on  e a c h  ro d  (x ^ ) a s  a 

f u n c t io n  o f  v o l t a g e .

LONGEST ROOT IN EACH 
PAIR OF FIFTY ____ ___

- 2

F ig .  5« P e r c e n t  s t i m u l a t i o n  d e te rm in e d  from  th e  l e n g th  

o f  t h e  l o n g e s t  r o o t  on e a c h  ro d  (x^$  a s  a  f u n c t io n  o f  v o l t a g e .
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2 5  LONGEST

Po

-2 20
KILOVOLTS

F ig ,  6 . P e r c e n t  s t i m u l a t i o n  d e te rm in e d  from  th e  t o t a l  

l e n g th  on th e  25  l o n g e s t  rroo ts on  e a c h  ro d  (x ^ )  a s  a  f u n c t io n  

o f  v o l t a g e .  —,

t o t a l  w e t
■WEIGHT PER ROD

! 04

p o

- -4

20
KILOVOLTS

F ig .  7 . P e r c e n t  s t i m u l a t i o n  d e te rm in e d  from  th e  t o t a l  

w et w e ig h t o f  r o o t s  p e r  ro d  (x g ) a s  a  f u n c t i o n  o f  v o l t a g e .
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a v e r a g e  WET WEIGHT 
PER  ROOT

Z4

-4

20
  Kl LOVD.UTS.

F ig .  8 . P e r c e n t  s t i m u l a t i o n  d e te rm in e d  from  th e  a v e r ­

ag e  w e t w e ig h t o f  r o o t  p e r  s e e d l in g  g e rm in a t in g  o n  e a c h  r o d ,  

(x y ) a s  a  f u n c t i o n  o f  v o l t a g e .

TO TA L DRY WEIGHT 
 P E R  ROD - i  ------28

- 2 20
KILOVOLTS

F ig .  9 . P e r c e n t  s t i m u l a t i o n  d e te rm in e d  from  th e  t o t a l  

d ry  w e ig h t  o f  r o o t s  p e r  ro d  (x g )  a s  a  f u n c t i o n  o f  v o l t a g e .
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'
AVERAGE DRY WEIGHT PER ROOT

I

-2 20

Fig*  1 0 . P e r c e n t  s t i m u l a t i o n  d e te rm in e d  from  th e  a v e r ­

a g e  d ry  w e ig h t o f  r o o t  p e r  s e e d  g e rm in a t in g  on  e a c h  ro d  (x ^ )  

a s  a  f u n c t i o n  o f  v o l t a g e .

3 0 ,

20
MOST PROBABLE LENGTH

J5  MM. INTERVALOld

- l O 1 20

F ig .  11 ., M ost p ro b a b le  l e n g th  (15 m in . i n t e r v a l s )  a s  a  

f u n c t i o n  o f  v o l t a g e .
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AUXIN AND CALINES IN SEEDLINGS FROM X-RAYED SEEDS.1 .

I t  h a s  b e e n  p r e v io u s ly  e s t a b l i s h e d  by Went (1 9 3 8 , 1939) 

t h a t  c e r t a i n  s p e c i f i c  f a c t o r s  o t h e r  th a n  a u x in ,  a r e  in v o lv e d  

i n  t h e  g ro w th  o f  p l a n t s .  T hese  h av e  b e e n  p la c e d  i n  a  g ro u p  

o f  p l a n t  harm ones te rm e d  " c a l i n e s " , h a v in g  t h e  e s s e n t i a l  

c h a r a c t e r  o f  b e in g  t r a n s p o r t e d  th ro u g h  l i v i n g  t i s s u e  o n ly .  

In c lu d e d  a r e :  r h i z o e a l i n e ,  o b ta in e d  from  t h e  c o ty le d o n s  i n  

th e  c a s e  o f  e t i o - l a t e d  p e a  s e e d l i n g s ,  w h ich  w i th  a u x in  i s  r e ­

s p o n s ib le  f o r  r o o t  f o r m a t io n ;  e a u l a c a l i n e ,  fo rm ed  i n  t h e  

r o o t s ,  w hich  i s  n e c e s s a r y  i n  c o n ju n c t io n  w i th  a u x in  f o r  stem  

e lo n g a t io n ;  an d  p h y l l o c a l l n e ,  a  r e q u i s i t e  f o r  l e a f  g ro w th , 

i s  a u x in  in d e p e n d e n t  an d  i n  th e  c a se  o f  p e a  s e e d l in g s  g e r ­

m in a te d  i n  t h e  d a r k ,  i s  d e r iv e d  s o l e l y  from  t h e  c o ty le d o n s .  

The schem es o f  a c t i v i t y  o f  th e s e  f a c t o r s  a s  c o r r e l a t e d  w ith  

a u x in  i n  b o th  l i g h t  a n d  d a rk  g e rm in a te d  p e a  s e e d l in g s  a r e  

diagram m ed i n  F ig s .  1 and  2 .

O r i g i n a l l y  th e  p r e s e n c e  a s  w e l l  a s  t h e  d i f f e r e n t i a l  

c h a r a c t e r  o f  t h e  c a l i n e s  w ere i n d i c a t e d  by  t e s t s  i n  w h ich  

th e  su p p ly  o f  one o r  a n o th e r  o f  t h e  c a l i n e s  was ex p e rim e n ­

t a l l y  rem oved by th e  e x c i s i o n  o f  v a r io u s  p l a n t  p a r t s .  F o r

1 . R e c e iv e d  f o r  p u b l i c a t i o n  A p r i l  1 5 , 194-2. Amer. j o u r .  B o t. 
The w r i t e r  g r a t e f u l l y  ack n o w led g es t h e  k in d n e s s  o f  D r.F .W . 
Went i n  m aking  a v a i l a b l e  t h e  f a c i l i t i e s  o f  th e  Wm. G. K e rck - 
h o f f  B i o l o g i c a l  L a b o r a to r i e s  o f  th e  C a l i f o r n i a  I n s t i t u t e  o f  
T ech n o lo g y  w here t h e  p h y s i o l o g ic a l  t e s t s  w ere  c a r r i e d  o u t ,  
an d  a l s o  f o r  h i s  s u g g e s t io n s  and  c r i t i c i s m s  th ro u g h o u t^ th e  
c o u rs e  o f  th e  i n v e s t i g a t i o n .  A p p r e c ia t io n  i s  a l s o  e x te n d ­
ed  to  D r. D. M. B o n n er f o r  h i s  I n t e r e s t  i n  t h a t  p o r t i o n  
o f  th e  i n v e s t i g a t i o n  c o n c e rn e d  w i th  l e a f  g ro w th  f a c t o r s .
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e x a m p le , a rem o v a l o f  t h e  c o ty le d o n s  from  e t i o l a t e d  pea  

s e e d l in g s  was fo u n d  t o  ham per r o o t  an d  l e a f  d e v e lo p m e n t, 

w h ile  d e - r o o t e d  p ea  s e e d l i n g s  e x h ib i t e d  m o d i f i c a t io n s  i n  

th e  e lo n g a t io n  o f  s te m s  i n  w h ich  g ro w th  i n  l e n g th  u l t i ­

m a te ly  c e a s e d , Went (1 9 3 9 ) .

A d d i t io n a l  e v id e n c e  f o r  th e  e x i s te n c e  o f  c a l i n e s  a s  

w e l l  a s  f o r  t h e i r  h a b i t  o f  t r a n s p o r t  th ro u g h  l i v i n g  t i s s u e s  

o n ly ,  was a s se m b le d  by  p e rfo rm in g  e x p e r im e n ts  i n  w h ich  v a r ­

io u s  am ounts o f  c a l i n e s  w ere  ad d ed  by g r a f t i n g  e x p e r im e n ts  

w i th  p e a s  u s in g  b a s e s  o f  v a r i e t i e s  h a v in g  d i f f e r e n t  con­

t e n t s  o f  some c a l i n e ,  Went (1 9 3 8 ) .  I n  a l l  i n s t a n c e s  I t  was 

fo u n d  e s s e n t i a l  t h a t  a  g r a f t  u n io n  i n c o r p o r a t i n g  v a s c u l a r  

t i s s u e  c o n t i n u i t y  be  a c c o m p lish e d  b e tw ee n  s to c k  and  s c io n  

b e f o r e  a n y  I n f lu e n c e  o f  t h e  b a s e  ty p e  be  e x h i b i t e d ,  Hay­

w ard  a n d  Went (1 9 3 9 ) .

The i n v e s t i g a t i o n  d e s c r ib e d  i n  t h i s  p a p e r  s u p p l i e s  f u r ­

t h e r  d a t a  f o r  t h e  p r e s e n c e  o f  c a l i n e s  and  e s p e c i a l l y  s t r e s s ­

e s  t h e i r  d i f f e r e n t i a l  c h a r a c t e r  a s  th e y  a r e  in v o lv e d  i n  th e  

g ro w th  o f  b o th  i n t a c t  an d  g r a f t e d  s e e d l i n g s .  The e x p e rim en ­

t a l  m ethod  em ploys one v a r i e t y  o f  p ea  s e e d l i n g ,  A la s k a , i n  

w h ich  i t  h ad  b een  fo u n d  p o s s ib le ,  t o  a l t e r  th e  c o n te n t  o f  one

o r  a n o th e r  o f  t h e  c a l i n e s  a s  p r e s e n t  i n  th e  s e e d ,  by t r e a t ­

in g  th e * s e e d s  w ith  x - r a y s  p r i o r  t o  g e r m in a t io n .  T e s ts  t o

d e te rm in e  a u x in  c o n d i t io n s  i n  s e e d l in g s  from  x - r a y e d  s e e d s

w hich^ i n d i c a t e  r e s u l t s  co m p arab le  t o  th o s e  o b ta in e d  by Skoog
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( 1 9 3 7 ) i n  h i s  s tu d y  on th e  e f f e c t  o f  x - r a y s  on a u x in  and

p l a n t  g ro w th , a r e  a l s o  g iv e n .

M e th o d s .

As t o  t h e  x - r a y  t r e a tm e n t  o f  s e e d s ,  i t  w i l l  s u f f i c e  t o  

m e n tio n  t h a t  t h e  r a d i a t i o n  was o f  t h e  s o f t  x - r a y  ty p e ,  su p ­

p l i e d  by a  c o p p e r  t a r g e t  g a s  x - r a y  tu b e ,  e q u ip p e d  w i th  a  w in ­

dow o f  alum inum  an d  c e l lo p h a n e ,  w h ich  t r a n s m i t t e d  th e  KA and  

Kg l i n e s  o f  c o p p e r  a s  w e l l  a s  t h e  l o n g e r  an d  s h o r t e r  w ave­

l e n g th s  i n  t h e  c o n tin u o u s  s p e c tru m , K e r s te n  (1 9 3 4 )•  B ecau se  

o f  t h e  g r e a t  am ount o f  p l a n t  m a t e r i a l  r e q u i r e d  f o r  th e  i n v e s ­

t i g a t i o n ,  t h e  s e e d s  w ere  o r i e n t e d  a t  random  d u r in g  t r e a tm e n t ,

a t  a  d i s t a n c e  o f  8 cm. from  th e  f o c a l  s p o t  o f  t h e  x - r a y  tu b e ,

w h ich  was o p e ra te d  a t  30 p e a k  k v . an d  10 ma. U nder t h e s e  

c o n d i t io n s  th e  i n t e n s i t y  o f  th e  x - r a y  beam was a p p ro x im a te ly  

2000 r /m in .  D i f f e r e n t  e x p o s u re s  u se d  w i l l  b e  i n d i c a t e d  l a t -  

e r .

A l l  p ro c e d u re s  w ere  c a r r i e d  o u t  i n  a  p h y s i o l o g ic a l  d a rk  

room , 24-26°C  an d  85 p e r c e n t  h u m id i ty .  The p e a  g r a f t i n g  

te c h n iq u e  em ployed was t h a t  d e s c r ib e d  by Went (1 9 3 8 ) . One 

w e e k -o ld  e t i o l a t e d  p ea  s e e d l i n g s  w ere  u s e d .  The stem  p o r ­

t i o n  b e tw ee n  m i d - f i r s t  a n d  m id - t h i r d  I n te r n o d e s  was rem oved 

by  tw o o b l iq u e  c u ts  made a t  th e  same a n g le  by u s e  o f  a  s m a ll  

m i t r e  b o x - l i k e  s t r u c t u r e  th ro u g h  w hich  a  r a z o r  b la d e  c o u ld  

b e  p a s s e d  o v e r  th e  s te m . The f a c in g  c u t  s u r f a c e s  o f  th e  

re m a in in g  stem  p o r t i o n s  w ere  b ro u g h t  i n t o  c o n ta c t  th ro u g h  a
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TABLE I

Maximal growth ra te , le a f  and stip u le  surfaces, p e tio le  and ten d r il lengths, of 
f i r s t ,  second and th ird  le a f  developed in  Alaska pea seed lings of control seeds and of 
seeds given a small x-ray rad iation  treatment (30 kv, 10 ma, 8 cm, 15 m in .) a fter  
2 weeks germination. Values given are the mean of 40 plants

Leaf P etio le Stipule Tendril
Maximal 
growth 
per day

Length Width Surface Length Length Width Surface Length mm.

Control 
F irst le a f 6 .1 3.9 23.8 6.3 4 .3 3.1 13.3 2.9

40.2

Second le a f 7.7 4 .8 37.0 8.1 6.1 3.9 23.8 5.2
Third le a f 7 .3 5.0 36.5 9.9 5.9 3.9 23.0 9.7

X-rayed
F irst le a f 4 .4 2.8 12.3 4.7 3.5 2.7 9 .5 1.5

37.5

Second le a f 6 .0 4.0 24.0 6.9 4 .8 3.4 16.3 3.8
Third le a f 6.6 4 .7 31.0 10.1 5.5 3.8 20.9 8.3

-l
o

t



- 102 -

5 mm. p ie c e  o f  g l a s s  tu b in g  h a v in g  a  b o re  w h ich  a p p ro x im a t­

ed  t h e  d ia m e te r  o f  t h e  s e e d l in g  s te m .

A f t e r  th e  g r a f t  p r e p a r a t i o n ,  m easu rem en ts o f  th e  stem  

l e n g th s  w ere ta k e n  o v e r  a p e r io d  o f  18 -2 0  d ay s  by w hich  tim e  

m axim al g ro w th  had  b e en  a c h ie v e d  i n  m ost c a s e s  and  a t  t h i s  

t im ^ ,  l e a f ,  s t i p u l e ,  p e t i o l e  and t e n d r i l  m easu rem en ts w ere 

g e n e r a l l y  r e c o rd e d  a c c o rd in g  to  p u rp o se s  o f  t h e  p a r t i c u l a r  . 

e x p e r im e n t .  L e a f  p a r t  m easu rem en ts  w ere su p p le m e n te d  by r e ­

s u l t s  o f  b io - a s s a y s  f o r  l e a f  g ro w th  f a c t o r s  a s  o u t l i n e d  by 

D. B. B onner, A. J .  Haagen-Smit*h and  F . W. Went (1 9 3 9 ) . Au­

x in  c o n d i t io n s  w ere  d e te rm in e d  by th e  s ta n d a r d  Avena t e s t  a s  

s p e c i f i e d  by Went and  Thim ann (1 9 3 9 ) .

T h roughou t th e  p a p e r ,  te rm s  su c h  a s  x - r a y e d  o r  t r e a t ­

ed  s e e d l i n g s ,  t o p s ,  o r  b a s e s ,  w i l l  be  u se d  t o  r e f e r  t o  s e e d ­

l i n g s  o r  p a r t s  o f  s e e d l in g s  from  x - ra y e d  s e e d s .

Growth of  I n t a c t  s e e d l i n g s w ith  x - r a y  m o d if ie d  c a l ln e  

c o n t e n t . A num ber o f  e x p e r im e n ts  w ere ru n  w ith  A la sk a  p e a s  

from  s e e d s  g iv e n  b r i e f  x - r a y  e x p o s u re s .  The t r e a t e d  se ed ^  

l i n g s  a s  w e l l  a s  a n  e q u a l  l o t  o f  c o n t r o l  s e e d l in g s  w ere  g e r ­

m in a te d  i n d i v i d u a l l y  i n  20 c c .  b o t t l e s .  D a i ly  g ro w th  r a t e s  

w ere  r e c o rd e d  f o r  18 to  20  d a y s ,  by w hich  tim e  m axim al g ro w th  

h a d  g e n e r a l l y  o c c u r r e d .  M easurem ents o f  l e a f ,  t e n d r i l ,  

p e t i o l e  and  s t i p u l e  o f  th e  f i r s t ,  seco n d  and  t h i r d  l e a f  d e ­

v e lo p e d  w ere ta k e n *  T ab le  I  l i s t s  d a ta  from  a  t y p i c a l  t e s t  

i n  w h ich  th e  e x p o su re  t im e  was 15 m in u te s . L e a f  and  s t i p u l e
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s u r f a c e s  w ere  c a l c u l a t e d  by d e te rm in in g  th e  p ro d u c ts  o f  

mean l e n g t h s 'a n d  mean w id th s .

D a ta  p r e s e n te d  i n  t h e  t a b l e  i n d i c a t e  t h a t  t h e  m ax i­

m al g ro w th  r a t e  v a lu e  f o r  b o th  t r e a t e d  and  n o rm a l i n t a c t  

s e e d l i n g s ,  i s  r e l a t i v e l y  c o n s t a n t .  N orm al v a r i a t i o n s  i n  

A la sk a  p e a s  g e n e r a l l y  f a l l  w i t h in  t h e  ra n g e  o f  34-4-2 'mm. 

p e r  d a y , so  t h a t  th e  s l i g h t l y  l e s s e r  v a lu e  i n  th e  x - r a y e d  

s e t  i s  p ro b a b ly  o f  no e x p e r im e n ta l  s i g n i f i c a n c e .

T h ere  i s ,  h o w ev er, a  d e f i n i t e  d e c r e a s e  i n  t h e  s i z e  

o f  f o l i a r  p a r t s  o f  a l l  s e e d l i n g s  from  t h e  x - r a y  t r e a t e d  

s e e d s .  T h is  i s  a l s o  i l l u s t r a t e d  i n  F ig .  3 .

G r a f t i n g  e x p e r im e n ts  w i th  p e a s  from  c o n t r o l  s e e d s  

a n d  from  x - r a y e d  s e e d s : L a t e r  e x p e r im e n ts  w ere  c a r r l e d

on w i th  s e e d l in g s  from  s e e d s  e x p o se d  t o  x - r a y s  f o r  60  m in­

u t e s  w h i le  o r i e n t e d  a t  random . Due t o  t h i s  random  o r i e n ­

t a t i o n ,  a  s i n g l e  e f f e c t  o f  t h e  t r e a tm e n t  was n o t  a p p a r e n t .  

The ty p e s  o f  s e e d l in g s  from  s e e d s  t r e a t e d  i n  t h i s  way can  

be a r r a n g e d  i n t o  f o u r  a r b i t r a r y  g ro u p s ,  F ig .  4 .  T hese 

a r e :  ( 1 ) n o rm a l m axim al g ro w th  r a t e ,  re d u c e d  l e a f  s i z e ,  

n o rm a l r o o t  d e v e lo p m e n t:  ( 2 ) re d u c e d  m axim al g ro w th  r a t e  

( a b o u t  1 /3  n o rm a l) ,  re d u c e d  l e a f  s i z e ,  n o rm a l r o o t  d e v e l ­

opm en t; ( 3 ) re d u c e d  m axim al g ro w th  r a t e  ( a b o u t  1 /1 0  n o rm a l) ,  

n o rm a l r o o t  d e v e lo p m e n t; (4 )  r e d u c e d  m axim al g ro w th  r a t e  

( a b o u t  1 /1 0  n o rm a l) ,  p o o r ly  d e v e lo p e d  r o o t s .

G r a f t in g  e x p e r im e n ts  w i th  s e e d l in g s  from  g ro u p  1 , em-
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F ig .  3 ‘ S e e d l in g - to p s  

from  c o n t r o l  s e e d s  ( l e f t )  

a n d  from  s e e d s  g iv e n  a  15 

m in . e x p o s u re  t o  x - r a y s  

h a v in g  an  i n t e n s i t y  o f  a p ­

p ro x im a te ly  2000  r /m in .

r:

F ig .  4 .  S e e d l in g  g ro u p s  

from  s e e d s  o r i e n t e d  a t  

random  w h ile  b e in g  ex p o sed  

f o r  60 m in u te s  to  x - r a y s  

h a v in g  a n  i n t e n s i t y  o f  a p ­

p r o x im a te ly  2000  r /m in .
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p lo y in g  v a r io u s  c o m b in a tio n s  o f  to p s  and  b a s e s  o f  c o n t r o l  

and  t r e a t e d  s e e d l i n g s ,  g a v e  r e s u l t s  shown in  T a b le  I I .  The 

f o l lo w in g  e f f e c t s  a r e  i n d i c a t e d ;  ( 1 ) u n ifo rm  m axim al g ro w th  

r a t e s  f o r  i n t a c t  and  g r a f t e d  c o n t r o l  and  t r e a t e d  s e e d l in g s ;  

( 2 * s i m i l a r  s i z e  o f  f o l i a r  p a r t s  o f  c o n t r o l - i n t a c t  and  o f

c o n t r o l - s e l f - g r a f t e d  s e e d l i n g s ;  ( 3 ) s i m i l a r  s i z e  o f  f o l i a r
•

p a r t s  o f  x - r a y e d  i n t a c t  a n d  x - r a y e d  s e l f - g r a f t e d  s e e d l i n g s ;  

(4 )  re d u c e d  s i z e  o f  a l l  f o l i a r  p a r t s  o f  x - r a y e d  i n t a c t  and  

o f  x-raye<J. s e l f - g r a f t e d  s e e d l in g s  a s  com pared w i th  v a lu e s  

g iv e n  f o r  c o n t r o l  s e e d l i n g s ;  (5 ) d e c r e a s e d  s i z e  o f  f o l i a r  

p a r t s  o f  c o n t r o l  to p s  g r a f t e d  on x - r a y e d  b a s e s ,  a s  com pared 

w i th  n o rm al l e a f  s i z e ;  ( 6 ) I n c r e a s e d  s i z e > o f  f o l i a r  p a r t s  

o f  x - r a y e d  to p s  g r a f t e d  o n  c o n t r o l  b a s e s ,  a s  com pared w i th  

t r e a t e d  l e a f  s i z e .

A p p a re n tly  th e  e f f e c t  o f  t h i s  p a r t i c u l a r  x - r a y  s e e d  

t r e a tm e n t  i s  on th e  p h y l lo c a l i n e  s u p p ly  w hich  i n  d a rk -ro o m  

g e rm in a te d  s e e d l i n g s ,  i s  a v a i l a b l e  s o l e l y  from  t h e  c o t y l e ­

d o n s . To check  t h i s  c o n c lu s io n  f u r t h e r ,  a s s a y s  f o r  l e a f  

g ro w th  f a c t o r s  w ere r u n ,  u s in g  m ethods d e s c r ib e d  by D. M. 

B o n n e r, A. J .  H a g en -S m it, an d  F . W. Went (1 9 3 9 ) . S eed  

d i f f u s a t e  o f  A la sk a  p e a s  was u se d  a s  a  s o u rc e  o f  l e a f  g ro w th  

f a c t o r s .  C i r c u l a r  d i s k s  o f  l e a f  t i s s u e ,  1 9 -^  mm. i n  a r e a

w ere  c u t  from  young p r im a ry  le a v e s  o f  r a d i s h .  Twelve su c h  
d i s k s  w ere  f l o a t e d  on 2 c c .  o f  a  c u l t u r e  medium i n  S y ra c u s e

w a tc h  g l a s s  d i s h e s  and  grow n f o r  30 h o u rs  a t  25°C . T o ta l
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TABLES I I

Maximal growth ra te , le a f  surface, stip u le  surface, p e tio le  and ten d r il lengths of 
f i r s t ,  second and th ird  leaves of in ta ct and grafted seedlings o f  control seeds and of  
seed lings grovm from x-rayed seeds referred to  as group 1 in  F ig . 4. Mean values given  
represent 15 to  30 p lan ts.

Leaf P etio le Stipuli3 Tendri

Length Width Surface Length Length Width Surface Lengt

Control in tact ■t
F irst le a f 6,2 3.9 24.2 6 .5 4.3 3.2 13.8 3.2
Second le a f 7 .8 4.9 38.2 8.8 6.5 3.9 25.4 5.9
Third le a f 8.7 5.8 50,5 10.5 6.3 4.2 26.5 9.3

X-rayed in tact
F irst le a f 4.1 3.0 12.3 4 .3 3.6 2.7 9.7 1.5
Second le a f 5.3 3.6 19.1 5.4 4.7 3.5 16.5 3.8
Third le a f 6.2 4 .2 26.0 6.7 5.3 3.7 19.6 7.1

Control se lf-g ra fted
F irst le a f 6 .0 3.9 23.4 6.8 4.6 3.4 15.6 3.1
Second le a f 7 .8 4 .7 36.7 8.6 5.9 3,8 22.4 5.4
Third le a f 9.0 5.8 52.2 8.5 6.6 4.6 30.4 10.4

X-rayed se lf-g ra fted
F irst le a f 4 .2 2,9 12.2 4 .9 4 .0 3.1 12.4 1 .8
Second lea f 5.9 3.7 21.8 5.9 4.8 3.5 16.8 3.5
Third le a f 6 .1 4 .3 26.2 6 .5 5.4 3.8 20.5 6.9

Control on X-rayed
F irst lea f 6 .5 4 .0 26.0 5.8 4 .9 2.9 14.2 3.7
Second lea f 6.2 4 .0 24.8 6 .0 5.3 3.7 19.6 3.9
Third lea f 6 .3 4 .3 27.1 6.0 ' 5.5 3.5 19.3 6.7

X-rayed on control
F irst le a f 5.4 3.5 18.9 5 .3 3.3 2.6 8.6 1.7
Second le a f 7 .2 4 .4 31.7 6.8 5.3 3.6 19.1 4 .5
Third le a f 7.7 5.1 39.3 9 .0 6 .5 4.2 27.3 8.8

Maximal 
.growth 
'per d ay

51.5

39.8

40.5

40.8

41.4

39.1

tH0  0\1



w e ig h t o f  a l l  12 s e c t i o n s  was d e te rm in e d  by d i r e c t  w e ig h ­

i n g ,  The c u l t u r e  medium c o n s i s t e d  o f  a  b a s i c  medium o f  

1 p e r c e n t  s u c ro s e  p lu s  v a r io u s  c o n c e n t r a t io n s  o f  a  s t a n d ­

a rd  s o l u t i o n  h a v in g  a  d ry  w e ig h t o f  10  mg. p e r  c c ,  D i f -  

f u s a t e s  o f  n o rm a l and  o f  x - r a y e d  s e e d s  w ere  u se d  i n  t e s t ­

i n g ,  R e s u l ts  o f  t y p i c a l  e x p e r im e n ts  a r e  sum m arized  i n  

F ig .  5 .  The r e s u l t s  a r e  e x p re s s e d  i n  te rm s  o f  l e a f  u n ­

i t s  ( L .U .) .  One L .U . b e in g  d e f in e d  a s  th e  a c t i v i t y  o f  a 

s o l u t i o n  c o n ta in in g  1 mg. d ry  w e ig h t o f  n o rm al pea  d i f -  

f u s a t e  p e r  c c ,  o f  1 p e r c e n t  s u c r o s e  s o l u t i o n .  V a lu es  

g iv e n  a r e  th e  mean o f  5 t o  15 t e s t s •

I n  th e  a s s a y s  u s in g  d i f f u s a t e  o f  s e e d s  x - r a y e d  f o r  

60 m in u te s  b e f o r e  e x t r a c t i o n ,  t h e r e  i s  c o n s id e r a b ly  l e s s  

g ro w th  o f  th e  c u l t u r e d  l e a f  d i s k s  th a n  i n  c u l t u r e s  on  n o r ­

m al d i f f u s a t e  f o r  a l l  c o n c e n t r a t i o n s  o f  t h e  d i f f u s a t e  em­

p lo y e d . D i f f u s a t e  o f  s e e d s  x - r a y e d  f o r  150 m i n u t e s 'd i s ­

p la y s  a  s t i l l  g r e a t e r  d e c r e a s e  i n  l e a f  g row th  a c t i v i t y .

I n  t h e  l a t t e r ,  t h e r e  i s  l i t t l e  a c t i v i t y  o v e r  t h a t  a p p a r ­

e n t  i n  c u l t u r e s  on th e  b a s i c  medium o f  1  p e r c e n t  s u c ro s e  

w i th  no a d d ed  d i f f u s a t e .  From t h i s  i t  i s  e v id e n t  t h a t  

th e  e f f e c t  o f  re d u c e d  l e a f  s i z e  o f  t h e  t r e a t e d  s e e d l in g s  

I s  a  r e s u l t  o f  th e  x - r a y  m o d if ie d  p h y l lo c a l l n e  c o n te n t  

o f  t h e  c o ty le d o n s .

R e s u l ts  o f  g r a f t i n g  e x p e r im e n ts  w i th  s e e d l in g s  o f
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F ig .  5 - R e s u l t s  o f  l e a f  g ro w th  f a c t o r  a s s a y s  em ploy­

in g  d l f f u s a t e s  from  n o n - i r r a d i a t e d  s e e d s  and  from  se e d s  i r ­

r a d i a t e d  f o r  60 and  150 m in u te s .  The v e r t i c a l  s c a l e  i n d i ­

c a t e s  l e a f  u n i t s  o f  a c t i v i t y  o f  t h e  d i f f u s a t e  t e s t e d  and  th e  

h o r i § o n t a l  s c a l e  r e p r e s e n t s  h o u rs  o f  e x p o su re  t o  x - r a y  i r ­

r a d i a t i o n  o f  a p p ro x im a te ly  .5000 r /m in .  The g ra p h s  r e p r e ­

s e n t  v a lu e s  o b ta in e d  th r o u g h o u t  a  d i l u t i o n  s e r i e s  o f  0 . 5 , 

1 . 0 , 2 1 0 , and  5 .0  mg. d ry  w t. o f  p e a  d i f f u s a t e  p e r  c c .  o f  

t h e  b a s i c  medium o f  1 p e r c e n t  s u g a r .  The mean v a lu e  o f

t e s t s  u s in g  1 p e r c e n t  s u g a r  w i th o u t  added  d i f f u s a t e  i s  i n ­
d i c a t e d  by X.
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TABLE I I I

Mean length in  mm. o f le a f ,  s t ip u le , p e tio le  and ten d r il of Alaska pea seedlings  
of oontrol seeds and of x-rayed seeds, the la t te r  seedlings belonging to  the group 
referred to as 2 in  F ig. 4 . Measurements were taken of the f ir s t  and second le a f  
developed, a fter  maximal growth had been achieved.

Maximal

f rowth er day

Leaf Stipule P etio le Tendril mm.

Control in ta ct
F ir s t  leaves 6.4
Second leaves 9.6

X-rayed in taot
F irst leaves 4.2
Second leaves 3.9

Control on oontrol •
F irst leaves 4.9
Second leaves 6.4

X-rayed on x-rayed
F irst leaves 4 .1
Second leaves 4 .1

Control on x-rayed
F irst leaves 6.6
Second leaves 6 .0

X-rayed on control
F irst leaves 4 .8
Second leaves 6.7

5.7
7 .3

4.6
4 .6

6 . 2
6 . 6

4 .3
4 .6

5.0
5.3

4 .5
5.4

6 .5
9.8.

4 .0
3.7

4 .6
5.0

2 . 8
3.5

5.6
7 ,0

3.6
8.4

3.6
5,8

3.0
3.5

4 .6
8 . 6

2.5
3.1

3.3
3.3

3.6
6 . 6

52.0 

14.3

43.0

45.5

44.5  

43.7

-1
0

9
-
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t h e  se c o n d  g ro u p  o f  t r e a t e d  p l a n t s ,  F ig .  4 ,  c h a r a c t e r i z e d  

by re d u c e d  l e a f  s i z e  a s  w e l l  a s  by re d u c e d  m axim al g ro w th  

r a t e ,  a r e  l i s t e d  i n  T a b le  I I I .  The f o l lo w in g  r e s u l t s  a r e  

fo u n d : ( 1 ) s i m i l a r  l e a f  s i z e  e f f e c t s  i n  i n t a c t  s e e d l in g s  

an d  i n  v a r io u s  g r a f t i n g  c o m b in a tio n s  a s  o b se rv e d  i n  t h e  

e x p e r im e n ts  w ith  t r e a t e d  s e e d l i n g s  o f  g ro u p s  1 ; (2 ) r e ­

d u ced  m axim al g ro w th  r a t e  o f  i n t a c t  x - r a y e d  s e e d l i n g s ;

(3 )  n o rm a l g row th  r a t e  o f  s e l f - g r a f t e d  x - r a y e d  s e e d l i n g s .

The o n ly  d i f f e r e n c e  b e tw ee n  th e  i n t a c t  and  t h e  s e l f ­

g r a f t e d  x - r a y e d  s e e d l in g s  in v o lv e d  th e  rem oval o f  th e  m id- 

f i r s t  t o  t h e  m id - th i r d  l n t e r n o d a l  stem  p o r t i o n ,  a s  s p e c i ­

f i e d  by W e n t's  p ea  g r a f t i n g  t e c h n iq u e .  C o n se q u e n tly  i f  

t h e  p ro b lem  w ere one o f  s tem  e lo n g a t io n  f a c t o r s ,  a u x in  o r  

c a u l o c a l i n e ,  i t  w ould be a  m a t t e r  o f  t r a n s p o r t a t i o n  o r  d e ­

s t r u c t i o n  r a t h e r  th a n  o f  c o n te n t .  The s i g n i f i c a n c e  o f  

t h i s  m i d - f i r s t  t o  m id - t h i r d  in te r n o d e  s tem  e lo n g a t io n  o f  

t h e  t r e a t e d  s e e d l in g s  i s  f u r t h e r  i n d i c a t e d  i n  g r a f t i n g  e x ­

p e r im e n ts  em p loy ing  I n t e r s t o c k s .  R e p r e s e n ta t iv e  d a ta  a r e  

g iv e n  i n  T ab le  IV . The f o l lo w in g  r e s u l t s  a r e  r e c o rd e d :

( 1 ) c o n t r o l  b a s e ,  i n t e r s t o c k  and  to p  r e s u l t s  i n  a  n o rm al 

m axim al g ro w th  r a t e ;  (2 ) x - r a y e d  b a s e ,  i n t e r s t o c k  and t o p ,  

r e s u l t s  i n  a  re d u c e d  m axim al g ro w th  r a t e ;  ( 3 ) c o n t r o l  b a s e ,  

x - r a y e d  i n t e r s t o c k ,  c o n t r o l  t o p ,  r e s u l t s  i n  a  re d u c e d  m ax i­

m al g ro w th  r a t e ;  (4 ) x - r a y e d  b a s e ,  c o n t r o l  I n t e r s t o c k ,  x -  

-  r a y e d  t o p ,  r e s u l t s  i n  a  n o rm al m axim al g ro w th  r a t e .
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E x p e r im e n ts  d e s ig n e d  t o  t e s t  ph loem  t r a n s p o r t  th ro u g h  

th e  stem  p o r t io n s  i n  q u e s t io n ,  o f  th e  t r e a t e d  s e e d l in g s  by 

u s e  o f  e x t e r n a l l y  i n t r o d u c e d  i n d i c a t o r s  h av e  b e en  s t a r t e d ,  

b u t  c o n c lu s iv e  r e s u l t s  a r e  n o t  a v a i l a b l e  t o  d a t e .

A uxin  c o n d i t io n s  i n  s e e d l in g s  from  x - r a y e d  s e e d s . -  

S in c e  a u x in  i s  a l s o  in v o lv e d  i n  s tem  e lo n g a t io n  i n  c o n ju n c ­

t i o n  w i th  c a u l o c a l l n e ,  i t  was i n v e s t i g a t e d  i n  v a r io u s  s tem  

r e g io n s  o f  g ro u p  2 t r e a t e d  s e e d l i n g s ,  F ig .  4 .  M ethods o f  

d e te r m in in g  a u x in  p r o d u c t io n ,  t r a n s p o r t a t i o n ,  and  d e s t r u c ­

t i o n ,  d e s c r ib e d  p r e v io u s ly  by  M ic h e n e r (19 3 7 ) w ere  u s e d . 

Q u a n t i t a t i v e  r e s u l t s  w ere  o b ta in e d  by th e  Avena t e s t  m ethod .

TABLE LV.

M axim al g ro w th  r a t e s  fl>n g r a f t e d  A la s k a  p e a s  i n c o r p o r ­

a t i n g  i n t e r s t o c k s  u s in g  v a r io u s  c o m b in a tio n s  o f  c o n t r o l  s e e d ­

l i n g s  an d  o f  s e e d l in g s  from  x - r a y e d  s e e d s .  V a lu es  g iv e n  a r e  

t h e  m eans o f  15 -25  p l a n t s .  * .

S e e d l in g  ty p e M axim al g ro w th  r a t e  m m ./day .

C o n t r o l  i n t a c t .............................. 4 2 .5
C o n tro l  t o p ,  i n t e r s t o c k ,

and b a s e ........................................
C o n tro l  to p  and  b a s e ,

x - r a y e d  I n t e r s t o c k . . . . . . . 1 7 .4
X -ra y e d  t o p ,  b a s e  and

i n t e r s t o c k ................................... 1 2 .0
X -ra y e d  to p  and  b a s e ;

c o n t r o l  i n t e r s t o c k ............... 3 7 .7

A uxin  p r o d u c t io n  d e te rm in e d  by th e  a u x in  d i f f u s i o n  t e s t s  

from  1 cm. s tem  s e c t i o n s  ta k e n  a t  i n t e r v a l s  th ro u g h o u t  g e rm i­
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n a t io n , .  i s  fo u n d  t o  b e  l e s s  d u r in g  t h e  f i r s t  4 -6  d ay s  i n  

th e  t r e a t e d  s e e d l i n g s  t h a n  i n  c o n t r o l s ,  b u t  r e c o v e ry  i s  

g e n e r a l l y  o b s e rv e d  by  t h e  8 t h  d a y ; T a b le  V. A uxin  t r a n s ­

p o r t a t i o n  t e s t s .  I n d i c a t e d  no e f f e c t  o f  t h e  se e d  t r e a tm e n t .

Auxin d e s t r u c t io n  was found to  be e x c e e d in g ly  g r e a t ­

e r  i n  th e  stem  p o r t io n s  o f  th e  t r e a t e d  s e e d l in g s  th an  in  

c o n t r o l s .  T y p ic a l r e s u l t s  a re  g iv e n  in  T able V I. The 

a u x in  d e s tr o y e d  i s  e x p r e sse d  i n  d e g r e e s  o f  cu rv a tu re  in  

Avena, T able VI. The e f f e c t  o f  a u x in  d e s t r u c t io n  in  th e  

t r e a t e d  s e e d l in g s  i s  s e e n  to  I n c r e a s e  o v e r  c o n tr o ls :  from  

th e  stem  apex to  th e  b a se  and to  be more pronounced i n  o ld ­

e r  s e e d l in g s .

The c o n d it io n  o f  in c r e a s e d  a u x in  d e s t r u c t io n  ab ou t th e  

stem  a p ic e ,  seem ed t o  have had no im peding e f f e c t  on stem  

e lo n g a t io n  when em ployed in  g r a f t e d  com b in ation s o f  group 2 

t r e a t e d  s e e d l in g s .  The pronounced e f f e c t  o f  a u x in  d e s tr u c ­

t i o n  i n  th e  b a s a l  p o r t io n s  o f  th e  t r e a t e d  s e e d l in g  s te m s,  

may, how ever, have s i g n i f i c a n c e  i n  r e g u la t in g  th e  tr a n sp o r t  

o r  p r o d u ctio n  o f  c a u lo c a l in e  from th e  r o o t s .  No in form a­

t i o n  i s  a v a i la b le  to  su p p o rt t h i s  r e la t io n s h ip ,  from e x p e r i­

m ents t o  d a ta .

Summary.

A stu d y  h as b een  made t o  d eterm in e  th e  c o n d it io n s  o f  

a u x in  and c a l in e s  In  dark room germ in ated  pea s e e d l in g s  from  

sjeeds g iv e n  sm a ll t o  medium £c-ray tr e a tm e n ts . The e f f e c t s
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I  ABLE V
E ffect o f x - r a y  radiation  on auxin production in  stems o f Alaska pea seedlings  

grown from control seeds and from seeds given medium x-ray treatment (30 kv, 10 ma,
8 cm, 60 m in .) indicated by auxin d iffu sio n  t e s t s  made at in terv a ls  during germination. 
The treated  seedlings were o f the type referred to  as group 2 in  Fig* 4.

°curvature indicated by Avena t e s t

Plant Age Tip
Stem part 
middle base o iaa/ l 50 iaa/ l

Control 4 days 4 .0° 3.2^ 1 .0 J 0°
X-rayed 4 days 0 .3° -3 .6 ° 1 .0° 12.3°

Control 6 days 6.16° 2 .1° 2 .4° 0° 18. 8°
X-rayed 6 days 1.1° 0 .3° 0 .0°

Control 8 days 4.6° 3.8° 3.1° 0° 18.0°
X-rayed 8 days 4 .0° 3.0° 5.3°

Control 8 days 2.2° 0 .7° 0 .1° 0° 18.80
X-rayed 8 days 2.3° 2 .3° 0 .0°

-£
t

t
-
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TABLE V I

Auxin destruction  in  Alaska pea seedling stems o f control seeds, and of seeds given  
a medium dose of x-rays (30 kv, 10 ma, 8 cm, 60 m in ,) referred to  as group 2 in  F ig , 4j 
determined at in terv a ls  during germination.

Plant Age Auxin destruction  expressed as °curvature 
1 cm, stem portions from--

°curvature produced by

Top Middle Base o iaa/ l 50 iaa/ l

Control 6 days 0 .6° 1.8° 5.7° 0° 18.8°
X-rayed 6 days 1 ,6° 8.3° 7 .0 °

Control 8 days 0 .0° 0 ,0° 3 .8° 0° 18.0°
X-rayed 8 days 4 .5° 5 .4° 6 .0°

Control 8 days 0, 8° 2,5° 1 .2° 0° 18.8°
X-rayed 8 days 5.2° 6 .4° 4 .1 °

-
m

-
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o f  t r e a tm e n t  on a u x in  p r o d u c t io n ,  d e s t r u c t i o n ,  and  t r a n s ­

p o r t ,  w ere  d e te rm in e d  by th e  u s u a l  t e s t  m ethods and  quan­

t i t a t i v e  r e s u l t s  w ere  o b ta in e d  by t h e  Avena t e s t  m ethod . 

M ethods u se d  t o  d e te rm in e  c o n d i t io n s  o f  t h e  c a l i n e s  i n ­

c lu d e d  d i r e c t  m easu rem en t o f  p a r t s  o f  i n t a c t  s e e d l i n g s ,  

an d  o f  g r a f t e d  s e e d l in g s  i n c o r p o r a t i n g  v a r io u s  com bina­

t i o n s  o f  c o n t r o l  and  t r e a t e d  s e e d l i n g s .  I n  t h e  c a se  o f  

p h y l l o c a l i n e ,  d i r e c t  d e te r m in a t io n  o f  t h e  x - r a y  e f f e c t  

was made by t e s t i n g  d i f f u s a t e  from  x - r a y e d  s e e d s  f o r  l e a f  

g ro w th  a c t i v i t y  u s in g  th e  a s s a y  m ethod  o f  D. M. B onner,

A. J .  H agen-S m it and  F . W. Went (1 9 3 9 ) .

D a ta  i n d i c a t e d  t h a t  a u x in  p r o d u c t io n  and  t r a n s p o r t  

w ere r e l a t i v e l y  u n a f f e c t e d  by th e  s e e d  t r e a t m e n t ,  w h ile  

a u x in  d e s t r u c t i o n  was n o t i c a b l y  i n c r e a s e d  i n  s e e d l in g s  

from  t h e  t r e a t e d  s e e d s ,  p a r t i c u l a r l y  i n  th e  b a s a l  stem  

p o r t i o n s .  P h y l l o c a l in e  was fo u n d  t o  be  d e f i n i t e l y  a l t e r ­

ed  by t h e  x - r a y  t r e a tm e n t  by a l l  t e s t  m ethods u s e d .  Seed  

d i f f u s a t e  from  x - r a y e d  p e a s  h ad  l i t t l e  t o  no l e a f  g ro w th  

a c t i v i t y  i n  t h e  l e a f  t ^ s t .  No a p p a r e n t  e f f e c t  was fo u n d  

I n  c a u l o c a l i n e  p r o d u c t io n  o r  a c t i v i t y ,  b u t  i t s  t r a n s l o c a ­

t i o n  seem ed t o  be h in d e r e d .  T h is  e f f e c t  i s  c o n c e rn e d  w ith  

th e  m i d - f i r s t  to  m id - t h i r d  i n te r n o d e  r e g io n  o f  t h e  s tem  

s in c e  r e c o v e r y  i n  g ro w th  r a t e  r e s u l t s  i n  g r a f t e d  s e e d l in g s  

p r e p a re d  by rem oving  t h i s  stem  r e g i o n .  V a r io u s  g r a f t  com­

b i n a t i o n s  em p lo y in g  i n t e r s t o c k s  o f  t h i s  stem  r e g io n  o f  s e e d -
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l i n g s  fro m  x - r a y e d  s e e d s ,  a l s o  show r e t a r d e d  s tem  g ro w th .
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