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GENERAL INTRODUCTION.

D e sp ite  c e n t u r i e s - o l d  r e c o g n it io n  o f  th e  

im portance o f  legum inous p la n ts  in  a g r ic u lt u r e ,  and 

th e  la r g e  amount o f  r e se a rc h  in to  t h e ir  c h a r a c t e r i s t i c s  

perform ed during th e  p a st h a lf  c e n tu r y , many problem s 

concern ing th e  sy m b io tic  r e la t io n s h ip  betw een legum es 

and nodule b a c te r ia  rem ain u n so lv e d . The p resen t au th or  

has attem pted  to  ap p ly  to  some o f them th e  r e l a t i v e l y  

new tech n iq u e  o f t i s s u e  c u ltu r e .

In 1908 th e  b o ta n is t  H aberlandt f i r s t  

su g g ested  th e  p o s s i b i l i t y  o f  c u l t iv a t in g  i s o la t e d  p o r t io n s  

o f an organism  in  an a r t i f i c i a l  environm ent c o n ta in in g  

a l l  the e s s e n t i a l s  o f t h e ir  n a tu ra l h a b it a t .  H is c h o ic e  

o f m a te r ia l ,  however, was u n fo rtu n a te  and h i s  r e s u l t s  

u n s u c c e s s fu l,  but f i v e  y ea rs  l a t e r ,  H a rr iso n , a z o o lo g i s t ,  

u s in g  s im ila r  m ethods, s u c c e s s f u l ly  c u l t iv a t e d  th e  

n eu ro b la st o f a fr o g  in  c lo t t e d  lymph and th u s  provided  

th e  s t a r t in g  p o in t fo r  th e  e x te n s iv e  work on t i s s u e  

c u ltu r e  c a r r ie d  ou t in  subsequent y e a r s .  As we s h a l l  

see  in  th e  fo l lo w in g  s e c t io n ,  the c u ltu r e  o f e x c ise d  

r o o ts  o f  p la n ts  was a ch iev ed  in  due cou rse  and th e  

in v e s t ig a t o r  now had a unique o p p o rtu n ity  o f s tu d y in g  

th e  req uirem en ts and r esp o n ses  o f one p a r t ic u la r  organ  

unhindered by r e a c t io n s  ta k in g  p la c e  s im u lta n eo u sly  in  

neighbouring r e g io n s  o f  th e  p la n t .  The s p ic e s  o f  

r o o ts  proved to  be e s p e c ia l ly  s u i ta b le  fo r  in . v i t r o  

c u ltu r e  due to  " th e ir  m er istem a tic  c h a r a c te r , t h e i r  ease



o f  e x c is io n  and consequent r e l a t iv e  freedom  from  traum a, 

and th e  c o n s id e r a b le  v a r ie t y  o f  t h e ir  normal p h y s io lo g ic a l  

r e sp o n se s" . (W hite, 1943b)

I t  seemed l i k e l y  th a t th e  tech n iq u e  o f  ro o t  

cu ltu re  cou ld  be p r o f i t a b ly  a p p lie d  to  th e  in v e s t ig a t io n  

o f  th e  developm ent and fu n c t io n  o f  legum inous ro o t n o d u le s  

and m ight f a c i l i t a t e  th e  stu d y  o f  s e v e r a l  a s p e c ts  o f  

nodule p h y s io lo g y . So f a r  a s  i s  known to  th e  a u th o r , 

th ere  has been no p r e v io u s  a ttem p t to  secu re  n o d u le s  on 

r o o ts  c u ltu r e d  from sm a ll e x c is e d  p o r t io n s  o f  a p ic a l  

m eristem , a lth o u g h , a s  we s h a l l  s e e ,  th e  n o d u la tio n  o f  

young ro o t sy stem s e x c is e d  in  t h e ir  e n t i r e t y  has been  

in v e s t ig a te d ,  and a sm a ll number o f  n od u les  o b ta in e d .

In th e  fo llo w in g  p a g e s , how ever, th e  term  * ex c ised  r o o t* ,  

u n le s s  o th e rw ise  s ta te d , a lw ays r e f e r s  to  an organ grown 

in  v i t r o  from an o r ig in a l  fragm ent ap p roxim ately  0 .5  cm. 

in  le n g th . The primary and main o b je c t  o f  th e  p resen t  

work has been to  g e t  n od u les to  form on such e x c is e d  

r o o ts  and a lth o u g h  t h i s  o b je c t  has not y e t  been a c h ie v e d , 

r e s u l t s  have been o b ta in ed  which w i l l  be o f  guidance in  

fu r th e r  exp erim en ts a lon g  the.se l i n e s .  A r is in g  d i r e c t ly  

from the work w ith  e x c is e d  r o o ts  a number o f  experim en ts  

have been c a r r ie d  out to  determ ine th e  e f f e c t  o f  v a r io u s  

f a c t o r s  on th e  n o d u la tio n  o f  whole legum inous p la n t s .  

D e sp ite  t h e ir  in tim a te  r e la t io n s h ip ,  i t  has been thought 

b e st  to  sep a ra te  in  th e  t h e s i s  the in v e s t ig a t io n s  

r e la t in g  to  whole p la n ts  from th o se  concerned w ith  e x c is e d



r o o t s .  T h is  seemed e s p e c i a l ly  d e s ir a b le  s in c e  in  

some in s ta n c e s  th e  e n q u ir ie s  in to  c e r ta in  a s p e c ts  o f  

th e  n o d u la tio n  o f  whole p la n ts  have been d evelop ed  

fu r th e r  than was s t r i c t l y  n e c e ss a r y  fo r  th e  purpose  

o f  g iv in g  gu idance in  procedure w ith  ro o t c u l t u r e s .

A b r ie f  rep o rt on some o f  th e  e a r l i e r  f in d in g s  has 

a lrea d y  appeared (McGonagle, 1 9 4 4 ), w h ile  a more 

d e t a i le d  account o f  s e v e r a l  o f  th e  exp erim en ts w ith  

whole pea p la n ts  has been a ccep ted  fo r  p u b lic a t io n  by 

the Royal S o c ie ty  o f  Edinburgh.

I f  i t  proved p o s s ib le  to  secu re  n od u les on 

the e x c is e d  r o o ts  o f  legum es, th e  p a r t norm ally  p la y ed  

by th e  c o ty le d o n s  and shoot in  th e  p r o c ess  o f  nodule  

f o m a t io n  and fu n c t io n  cou ld  be more a c c u r a te ly  a s s e s s e d  

than w ith  whole p la n t  c u ltu r e s .  f o r  exam ple, i t  m ight 

be p o s s ib le  to  determ ine th e  o r ig in  and natu re  o f the  

s p e c i f i c  s tim u lu s  which cau ses th e  nodule b a c te r ia  t o  

invade th e  r o o t h a ir s  o f  th e  a p p ro p r ia te  h o s t .  I t  has 

been s t a te d  th a t  a w a te r -s o lu b le  su b stan ce  which ca u ses  

b a c t e r ia l  m u lt ip l ic a t io n  and e v e n tu a l in v a s io n  o f  th e  

p la n t i s  e x c r e te d  from th e  r o o ts  o f  in t a c t  legum es a t a 

tim e c o - in c id e n t  w ith  th e  opening o f  th e  f i r s t  tr u e  

le a v e s  (Thornton, 1 9 2 9 ) . T h e r e fo r e , i f  th e  p resen ce  o f  

such an e x c r e t io n  cou ld  be d e te c te d  w ith  e x c is e d  r o o t s ,  

i t  would be o b v io u s , e i t h e r  th a t  th e  roo t i t s e l f  must be 

th e  r e g io n  o f  i t s  s y n t h e s is ,  or  th a t i t  had been tr a n s fe r r e d  

from th e  c o ty le d o n s  to  th e  ro o t t i p  in  the sh o rt p er iod



p reced in g  e x c i s io n .  I t  would a ls o  be in t e r e s t in g  

to  n ote  w hether n od u les which m ight form on e x c is e d  

r o o ts  would c o n ta in  haem oglobin , th e  red  pigm ent p r e se n t  

in  a l l  n o d u les  which c o n ta in  b a c t e r ia l  s t r a in s  e f f e c t i v e  

in  f i x in g  n itr o g e n . Some fu r th e r  knowledge o f th e  

a c tu a l mechanism o f  the f i x a t io n  p r o c e ss  m ight th en  be 

g a in ed . M oreover, a l l  th e  su b sta n c e s  e s s e n t i a l  f o r  

h e a lth y  developm ent o f  e x c is e d  r o o ts  are p r e se n t  in  th e  

cu ltu re  medium, and i t  i s  th u s p o s s ib le  to  determ ine th e  

e f f e c t  o f  th e se  on th e  b a c te r ia  th e m se lv e s , and on th e  

v a r io u s a s p e c ts  o f  t h e ir  sy m b io tic  r e la t io n s h ip  w ith  th e  

p la n t , commencing w ith  in v a s io n  o f  th e  ro o t h a ir s .  Yet 

another advantage o f  the ro o t c u ltu r e  tech n iq u e  i s  th a t  

the p resen ce  o f  l i g h t  becomes u n n ecessa ry  and th e r e fo r e  

i t  i s  p o s s ib le  to  experim ent w ith  eq ual f a c i l i t y  a t  any 

season  o f  th e  y e a r . The whole p la n t  m ethods a t p r e se n t  

w id ely  employed in  legume s tu d ie s  u s u a lly  r e s t r i c t  

in v e s t ig a t io n s ,  in  t h i s  c lim a te  a t l e a s t ,  to  th e  l a t e  

sp r in g  and summer m onths.



SECTION I .

C u ltu re  o f  e x c is e d  legum inous r o o ts  and 

attem p ts t o  secu re  nodule fo rm a tio n  on su ch  r o o t s .



INTRODUCTION*

T h e o p h r a tu s ,  i n  h i s  p h i l o s o p h i c a l  

d i s s e r t a t i o n s ,  p u t  fo rw a rd  th e  i d e a  t h a t  t h e  p l a n t  o r  

an im al  body c o u ld  no t  be c o n s i d e r e d  a s  a w h o le ,  b u t  w^s 

s u b d i v i d e d  i n t o  inn u m e rab le  r e g i o n s  e a c h  w i th  i t s  own 

p a r t i c u l a r  f u n c t i o n ,  r e g i o n s  which  our  modern n o m e n c la tu r e  

now te rm s  " t i s s u e s " .  However, w i th  t h e  p a s s a g e  o f  t im e ,

h i s  e a r l y  o b s e r v a t i o n s  came to  be f o r g o t t e n ,  and i t  was 

o n ly  a l i t t l e  o v e r  a c e n t u r y  ago t h a t  t h e  p r e s e n t  c o n ce p t  

o f  the  s t r u c t u r e  of  l i v i n g  o rgan ism s  was f o r m u l a t e d .

T h is  s o - c a l l e d  c e l l  Theory  s t a t e d  t h a t  p l a n t s  and a n im a l s  

were a g g r e g a t e s  o f  sm a l l  u n i t s ,  o r  c e l l s ,  c o n t a i n i n g  t h e  

’ l i f e *  s u b s t a n c e ,  p r o t o p l a s m ,  c ap a b le  o f  m o d i f i c a t i o n ,  

and grouped t o g e t h e r  a c c o r d i n g  to  f u n c t i o n  i n t o  l a r g e r  

c e l l  m asses  known as  t i s s u e s .  P r e v i o u s  to  th e  f o r m u l a t i o n  

o f  t h i s  t h e o r y  t h e  n a t u r a l i s t  had s t u d i e d  t h e  c h a r a c t e r i s 

t i c s ,  b e h a v i o u r  and r e q u i r e m e n t s  o f  e n t i r e  p l a n t s  o r  a n i m a l s ,  

bu t  now i n t e r e s t  was s t i m u l a t e d  in  t h e i r  s m a l l e r  component 

p a r t S i

To i n v e s t i g a t e  the  s t r u c t u r e  and f u n c t i o n  o f  

s i n g l e  c e l l s ,  h i g h l y  s p e c i a l i s e d  t e c h n i q u e s  had t o  be e v o lv e d  

and th e  p o s s i b i l i t i e s  o f  one such method were r e a l i s e d  by 

H a b e r l a n d t  i n  1898 and t h e  r e s u l t s  o f  h i s  e x p e r im e n t s  

p u b l i s h e d  i n  1902. He m a i n t a i n e d  t h a t  i t  s h o u l d  be p o s s i b l e  

t o  grow s i n g l e  so m a t ic  c e l l s  o f  the  h i g h e r  p l a n t s  i n  v i t r o  

by s u p p l y i n g  them w i th  a l l  th e  r e q u i s i t e s  c o n ta in e d  i n  t h e i r  

o r i g i n a l  su r ro u n d  i n g s .



For h i s  in v e s t ig a t io n s  he chose h ig h ly  s p e c ia l i s e d  

c h lo r o p h y ll-b e a r in g  c e l l s  e . g . ,  th o se  from th e  p a l is a d e

la y e r  o f  th e  l e a f  o f Lamium* p i t h  c e l l s  o f  p e t i o l e s ,  

e t c . ,  s in c e  such c e l l s  m ight be ex p e c ted  to  carry  on 

p h o to sy n th e s is  and th ereb y  supplem ent the m a te r ia ls  

provided  in  th e  medium. The c u ltu r e  s o lu t io n s  employed  

w e r e :-  ord in ary  tap  w a ter , 1 - 5  per c e n t , s u c r o s e ,

Khop s o lu t io n ,  Khop s o lu t io n  w ith  the a d d it io n  o f  g lu c o se  

(1 - 4  p er  c e n t . ) ,  g ly c e r in e ,  a sp a r a g in e , and p ep to n e , 

and h i s  r e s u l t s  in d ic a te d  th a t c e r ta in  c e l l s  in c re a se d  

in  s i z e  but th e r e  was no ev id en ce  o f  c e l l  d i v i s io n .

S in ce  H aberlandt (1902) was th e  f i r s t  to  

attem pt to  grow fragm ents o f an organism  in  a r t i f i c i a l  

m edia, he may be regarded  t r u t h f u l ly  a s  th e  f i r s t  in  th e  

f i e l d  o f  t i s s u e  c u ltu r e .  However, some y ea rs  p r e v io u s ly ,  

R echinger (1 8 9 3 ) , exp erim en tin g  w ith  i s o la t e d  buds and 

r o o ts ,  grew them in  sand w ithou t n u tr ie n t  s o lu t io n ,  

r e ly in g  on th e  m a te r ia ls  s to r e d  in  th e  fragm ent i t s e l f .

He cla im ed  th a t  th e  s e c t io n s  "planted" had to  be a t l e a s t  

2 0  mm. th ic k  b e fo re  growth would occu r and hence  

concluded th a t  th e  p resen ce  o f  a c e r ta in  amount o f  

v a sc u la r  t i s s u e  was e s s e n t i a l .

A fte r  t h i s  p re lim in a ry  work by b o ta n is t s  th e  

problem  o f  t i s s u e  c u ltu r e  was tak en  up not o n ly  by p la n t  

p h y s io lo g is t s ,  but a ls o  by th o se  in t e r e s t e d  in  th e  

w orkings o f  the anim al c e l l ,  and th e  in v e s t ig a t io n s  o f



t h i s  l a t t e r  group met w ith  im m ediate and s ig n a l  

s u c c e s s .  The c l a s s i c  work c a r r ie d  out by H arr ison  

(1907) w ith  nerve c e l l s  h as proved to  be th e  p recu rso r  

o f  a v a s t  number o f  in v e s t ig a t io n s  whose r e s u l t s  have 

had w idespread in f lu e n c e  upon our knowledge o f  an im al 

m etab olism .

A lthough p la n ts  p o s s e s s  powers o f  

r e g e n e r a tio n  f a r  ex ceed in g  th o se  o f  a n im a ls , and hence  

should  be more r e a d ily  c u ltu r e d  in  v i t r o ,  th e  advance o f  

th e  b o ta n ic a l  s id e  o f  the tech n iq u e  has been b oth  slo w  

-and arduou s. In th e  y e a r s  im m ediately  fo l lo w in g  th e  

i n i t i a l  s te p s  taken  by H aberlandt, th e  problem  was 

ta c k le d  by numerous w orkers who u sed  a v a r ie t y  o f  t i s s u e s  

such a s em bryos, p a lisa d e  c e l l s ,  spongy parenchyma and 

fragm ents o f l e a v e s .  In  some c a se s  no c u ltu r e  m edia  

were su p p lie d , in  o th e r s , m in era l s o lu t io n s  or m in era l 

s o lu t io n s  p lu s  v a r io u s  su gars and amino compounds, and 

in  s t i l l  o th e r s ,  the fragm ents were c u lt iv a te d  in  sap  

from t h e ir  own s p e c ie s  o f  p la n t .  With em bryos, embryo 

sa c  f l u i d  was em ployed. The c e l l s  in  some o f th e se  

experim en ts ap p a ren tly  rem ained a l iv e  fo r  a s  lo n g  a s  fo u r  

months and en larged  s l i g h t l y ,  but no c e l l  d iv i s io n s  were 

noted  and th e r e fo r e  no tru e  growth had o ccu rred .

Knudson (1919) made some in t e r e s t in g  

o b s e r v a t io n s  concern ing  th e  ro o t cap c e l l s  o f  corn and 

Canada f i e l d  p ea . The p la n ts  were grown in  P f e i f e r * s  

n u tr ie n t  s o lu t io n  w ith  and w ith ou t one h a l f  per c e n t .



-  8  -

s u c r o s e , and th e  ro o t cap c e l l s  a s  th e y  were slou gh ed  

o f f  c o l l e c t e d  a t  th e  base o f  th e  c u ltu r e  v e s s e l s  a s  a 

s lim y  m ass. He r e p o r ts  th a t  exam in ation  o f  such c e l l s  

in  su cro se  c u ltu r e s  o f  Canada f i e l d  pea showed th a t  

many were s t i l l  a l i v e  a f t e r  71 d a y s . They cou ld  be 

p lasm olysed  and su b seq u en tly  d e -p la sm o ly se d . The corn  

c u ltu r e s  were examined when 45 days o ld  and none o f  th e  

roo t cap c e l l s  were dead .

H a llia r d  (1921) a ttem p ted  to  grow fragm ents  

o f r o o t s ,  h y p o c o ty ls , and c o ty le d o n s  in  a Khop s o lu t io n  

p lu s  g lu c o s e , but once more o n ly  en largem ent was ob ta in ed  

and no ev id en ce  o f  c e l l  d iv i s io n .

The f i r s t  r e a l  s te p  forw ard was tak en  alm ost 

s im u lta n e o u s ly  in  1922 by K otte in  Germany and Robbins 

in  A m erica. They b oth  used  e x c lu s iv e ly  the m e r is te m a tic  

t i s s u e s  o f  h ig h er  p la n ts  a s  e x e m p lif ie d  by ro o t t i p s  and 

sh oot t i p s .  K otte (1922) c u l t iv a t e d  t i p s  a s  sm a ll  a s  

1 .0  mm. in  le n g th , e x c is e d  from  th e  r o o ts  o f  Y ic ia  ffaba 

and Zea Mays, in  Shop’ s  s o lu t io n  to  which were added in  

v a r io u s  com b in ation s, g lu c o s e , p ep to n e , meat e x t r a c t ,  e t c .  

The b e s t  growth (up to  60 mm.) was a ch iev ed  in  1 per c e n t ,  

g lu c o se  p lu s  0 .5  per c e n t , meat e x t r a c t .  G eotrop ic  

cu rv a tu res were in  ev id en ce  and branch r o o ts  were produced. 

Some o f th e  t i p s  which grew s a t i s f a c t o r i l y  d id  not c o n ta in  

rudim entary v a sc u la r  s tr a n d s , th u s d isp r o v in g  th e  

c o n te n tio n  o f  H aberlandt and o th e r s  th a t  v a sc u la r  t i s s u e  

i s  a p r e -r e q u is it e  fo r  the growth o f p la n t fragm ents in  

c u ltu r e .



The exp erim en ts o f  Robbins (1922a) were 

c a r r ie d  out w ith  e x c is e d  ro o t t i p s  and sh oo t t i p s  

o f  co rn , peas and c o t to n , which he grew in  th e  dark  

in  a P f e f f e r  s o lu t io n  p lu s  2 p er  c e n t , g lu c o se  or  

2  per c e n t , l e v u lo s e .  The r e s u l t s  in d ic a te d  th a t  

g lu c o se  i s  a more s a t i s f a c t o r y  sou rce  o f en ergy  than  

l e v u lo s e ,  and  when e x c is e d  ro o t t i p s  o f  corn were grown 

in  m in era l s o lu t io n  p lu s  g lu c o se  fo r  te n  days or two 

weeks and th en  tr a n s fe r r e d  to  f r e s h  s o lu t io n ,  th e  

growth wqs l e s s  in  the second p e r io d , and ceased  e n t i r e ly  

in  a th ir d  such p e r io d . T h is  le d  him to  conclu de th a t  

th e  s e e d l in g  ro o t c o n ta in s  some m a te r ia l d e r iv e d  from  

th e  seed  (o th er  than  g lu c o s e , m in era l s a l t s ,  w ater and 

f r e e  oxygen) which i s  n e c e ssa r y  f o r  con tin u ed  grow th, 

and which th e  ro o t cannot s y n th e s is e  in  th e  dark from  

th e  su b sta n ces  su p p lie d . In a second s e r i e s  o f  

ex p er im en ts , Robbins (1922b) in v e s t ig a t e d  the e f f e c t  o f  

v a r io u s  so u r c e s  o f n itr o g e n  and found th a t  th e  a d d it io n  

o f  peptone or a u to ly se d  y e a s t  to  th e  medium p erm itted  

corn root t i p s  to  grow through fo u r  to  s i x  tw o-w eek ly  

p e r io d s  b e fo r e  growth c e a se d . The a u to ly se d  y e a s t  was 

more b e n e f ic ia l  than peptone but i t s  e f f e c t s  were not 

ev id en t during the f i r s t  growth p e r io d , and w hatever th e  

cause o f  i t s  b e n e f i c ia l  a c t io n , i t s  e f f e c t  was l im ite d  

in  some way because va ry in g  c o n c e n tr a tio n s  o f  y e a st  

produced no corresp on d in g ly  in c re a se d  b e n e f i t s ,  and th e
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s o lu t io n  p lu s  g lu c o se  p lu s  y e a s t  would s t i l l  not 

perm it o f con tin u ed  grow th .

Robbins and Maneval (1923) v a r ie d  th e  

c o n c e n tr a t io n s  o f g lu c o se  added to  t h e i r  c u ltu r e s  o f  

corn r o o t t i p s  and concluded th a t  th e  4 per c e n t , v a lu e  

was o p tim a l. They a ls o  attem p ted  to  c u l t iv a t e  t i p s  o f  

b e a n s , r a d ish , m orning g lo r y , lu p in , a l f a l f a ,  m ustard , 

w heat, su n flo w er , f l a x ,  c r e s s ,  buck-wheat and squash  

and found th a t  f l a x  gave by f a r  th e  b e s t  grow th . The 

ro o t t i p s  o f  t h i s  s p e c ie s  a t th e  tim e o f  e x c is io n  v a r ie d  

in  le n g th  betw een 2 and 60 mm. and no a p p r e c ia b le  

d if f e r e n c e  in  t h e ir  growth was ob serv ed . These same 

au th o rs (1924) in v e s t ig a t e d  the e f f e c t  o f  l ig h t  upon 

t h e ir  c u ltu r e s  and concluded th a t  i t  was b e n e f i c i a l .

Under th e  c o n d it io n s  p ro v id ed , one root was kept growing  

f o r  a p er io d  o f 150 d a y s .

From t h i s  p o in t onwards we s h a l l  co n fin e  

o u r s e lv e s  to  a rev iew  o f  th a t  branch o f t i s s u e  c u ltu r e  

which d e a ls  w ith  th e  c u l t iv a t io n  of e x c is e d  r o o t  t i p s ,  

s in c e  a survey  o f  th e  l i t e r a t u r e  on th e  c u ltu r e  o f o th e r  

p la n t organs would not be s t r i c t l y  r e le v a n t to  th e  t h e s i s .

Chambers (1 9 2 3 ), u s in g  th e  c u ltu r e  medium 

p lu s  g lu c o se  and peptone which had been advocated  by 

B ob b in s, but s o l i d i f y i n g  i t  w ith  a g a r , grew i s o la t e d  ro o t  

t i p s  o f  squash in  hanging drop c u ltu r e s  at a tem perature  

o f  2 7° C. The la r g e r  i n i t i a l  fragm en ts grew in to  normal 

d i f f e r e n t ia t e d  r o o ts ,  but th o se  which o r ig in a l ly  m easured
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0 . 3  -  1 . 0  mm. showed a m ig ra tio n  o f  c e l l s  comparable 

to  th a t in  an anim al f ib r o b la s t  c u lt u r e .  The n ext  

in v e s t ig a t o r  to  choose ro o t t i p s  a s  h i s  m a te r ia l  was 

Mayer (1929) and a lth ou gh  he experim ented  w ith  many 

ty p e s  o f  s o lu t io n  h is  s u c c e s s  was but in d i f f e r e n t .

M alyschev (1932) c u ltu r e d  the ro o t t i p s  o f

p e a s , beans and m aize in  m edia in c lu d in g  1 .2 5  -  1 .5 0  p er

c e n t ,  a g a r , f u l l  s tr e n g th  and h a l f  s tr e n g th  Knop s o lu t io n ,  

2 .5  -  5 .0  per c e n t , su c r o se , and a sp a r a g in e , but he 

f a i l e d  to  o b ta in  s a t i s f a c t o r y  r e s u l t s  in  s im ila r  media 

which were not s o l i d i f i e d  by th e  a d d it io n  o f  a g a r .

T h is  year  o f  1932 a ls o  marked th e  e n tr y  in to  

th e  f i e l d  o f p la n t t i s s u e  c u ltu r e  o f  P .R . White o f th e  

R o c k e fe lle r  I n s t i t u t e  fo r  M edical R esearch , who was to  

p la y  a la r g e r  and more s ig n i f ic a n t  p a r t in  th e  fu r th e r  

developm ent o f  th e  tech n iq u e  than any o th er  s in g le  

in v e s t ig a t o r .  In  h i s  p re lim in a ry  o b se r v a tio n s  (1932a) 

he used  young embryos o f  P o rtu la ca  o le r a c e a , ro o t t i p s  

o f  T riticu m  v u lg a re  and seed  p rim ord ia  o f  A ntirrhinum  

m aju s, and in  each e a se  s tr o n g  ev id en ce  o f  th e  

f e a s i b i l i t y  o f  such c u ltu r e s  was o b ta in e d . As was 

observed  by K otte (1922) , th e  growth o f  r o o t t i p s

occurred  in  the absence o f  any d i f f e r e n t ia t e d  v a sc u la r

t i s s u e  in  the o r ig in a l  fragm ent. V ascu lar  stra n d s  

formed a lth ou gh  th ey  seemed u n n ecessary  e i t h e r  fo r  

condu ctin g  or su p p ort, g iv in g  an id ea  o f th e  very  

e a r ly  r e g io n a l determ inism  in  such an organ .
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In fu r th e r  exp erim en ts l a t e r  in  th e  same y e a r ,  

W hite (1932b) concluded th a t  th e  optimum c o n d it io n s  fo r  

th e  growth o f  e x c is e d  wheat ro o t t i p s  em braced:- 

r e d i s t i l l e d  w ater , th e  s a l t s  and s a l t  p r o p o r tio n s  o f  th e  

U spenski (1925) s o lu t io n ,  20 gnu o f d e x tr o se  p er  l i t r e  

o f  s o lu t io n ,  y e a s t  e x tr a c t  from 0 . 1  gm. y e a st  p er  l i t r e  

o f s o lu t io n ,  a f i n a l  or  e q u ilib r iu m  H io n  c o n c e n tr a tio n  

g iv in g  pH v a lu e  about 5 .0 ,  a m a in ta in ed  tem perature o f  

about 26 -  27° G, con tin u ou s e l e c t r i c  l i g h t ,  and a t  l e a s t  

25 e c .  s o lu t io n  p er  c u ltu r e  o f  a s in g le  ro o t t i p .

White (1933a) observed  th e  e f f e d t  o f v a r y in g  

th e  io n ic  c o n c e n tr a tio n s  o f  th e  e lem en ts co n ta in ed  in  

th e  U spensk i s o lu t io n ,  and in  o th er  exp erim en ts (1933b) 

th e  e f f e c t  o f  th e  .SH r a d ic a l  on th e  growth o f  e x c is e d  

wheat roo t t i p s  was c o n s id e r e d . He a ls o  (1 9 3 3 c ) . compared h is  

own r e s u l t s  and th o se  o f  M alyschev (1932a and 1932b) who 

advocated  th e  use o f  a su b s tr a te  s o l i d i f i e d  w ith  a g a r .

White u sed  y e a s t  e x tr a c t  in s te a d  o f a sp a r a g in e , but 

o th erw ise  th e  s o lu t io n s  o f  the two in v e s t ig a t o r s  were 

c h e m ic a lly  com parable, and he was a b le  to  s t a t e  th a t  

”The r a t io  o f  d a i ly  increm ent to  i n i t i a l  v a lu e , which 

appears to  be the b e s t  measure o f  t i s s u e  a c t i v i t y ,  has 

been from 1 0 0  to  600 tim es a s g r e a t  in  th e  w r ite r * s  

c u ltu r e s  in  a l iq u id  medium a s  in  M alychev’ s c u ltu r e s  

on s o l id  m e d ia .”

We see  th e r e fo r e  th at up u n t i l  th e  tim e o f
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K o tte , R obbins, Robbins and M aneval, M alyschev and W hits, 

a l l  th a t  had been a ch iev ed  was m erely  a r e ta r d a t io n  o f  

the p r o c e ss  o f  d y in g , a slow in g  down o f  th e  v i t a l  a c t i v i t 

i e s  o f  th e  c e l l  which en ab led  i t  to  su r v iv e  in  v i t r o  fo r  

r e l a t i v e l y  lo n g  p e r io d s , but no c e l l  d iv i s io n s  were 

observed  and hence no tru e  grow th had o ccu rred . The work 

o f  th e se  l a s t  m entioned a u th o rs , on the o th er  hand, has  

proved th a t  a p p rec ia b le  growth in crem en ts can be ob ta in ed  

in  c u ltu r e s  o f  m er istem a tic  r e g io n s  o f  th e  h ig h er  p la n ts  

and th a t  the c o n s t i tu e n t s  o f the media c o n tr ib u te  la r g e ly  

b oth  to  th e  q u a l i t y  and q u a n tity  o f  such grow th. However, 

s in c e  th e  observed  mean growth r a te s  d ecrea sed  r a th er  

c o n s i s t e n t ly  du rin g  the cou rse  o f  th e  e x p e r im en ts , White 

11934aj s a y s , "This would appear to  in d ic a te  th a t  th e  r a te  

o f  increm ent m ight have been determ ined by th e  c o n c en tr a t

io n  o f some unknown m a te r ia l fu r n ish e d  to  the c u ltu r e  from  

the t i s s u e s  o f  the o r ig in a l  fragm ent and d i lu te d  in  th e  

m u lt ip l ic a t io n  o f  th e se  t i s s u e s .  I f  t h i s  be t r u e ,  th e se  

c u ltu r e s  a ls o  were e a se s  o f  s u r v iv a l ,  though fo r  lo n g  

p e r io d s ” .

W hite’ s aim th e r e fo r e , was to  d isc o v e r  a 

com plete n u tr ie n t  which would m a in ta in  a p la n t t i s s u e  in  

a s t a t e  o f  a c t iv e  in c r e a se  over a lo n g  p er io d  o f  t im e , 

and through a s u f f i c i e n t  number o f  p a s sa g e s , to  en su re  a 

d i lu t io n  o f  a l l  the m a te r ia ls  con ta in ed  in  the o r ig in a l  

fragm ent beyond the p o in t where th ey  could  p o s s ib ly  be 

e f f e c t i v e  in  d eterm in ing  growth r a t e s .  1934 saw th e
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r e a l i s a t io n  o f t h i s  am b ition  s in c e  he was then  ab le  

to  p u b lish  (1934a) r e s u l t s  which showed th a t he had 

a ch iev ed  the p o t e n t ia l ly  u n lim ite d  growth o f  e x c is e d  

ro o t t i p s  o f  tomato fo r  over  a y e a r , through  52 p a s s 

a g e s , and in  con tin u ou s a c t iv e  grow th. The t h e o r e t i 

c a l  d i lu t io n  o f  any su b stan ce co n ta in ed  in  the o r ig in a l  

fragm ent was w e ll  beyond 1 0  so th a t th e  e n t ir e

m a te r ia l  o f  most o f  th e  u lt im a te  c u ltu r e s  was d e r iv e d  

from  the n u tr ie n t  p rov id ed . The growth r a te s  showed 

no c o n s is t e n t  tendency to  f a l l  o f f ,  in  f a c t ,  an in c r e a se  

. in  r a te  was observed  from the f i r s t  to  th e  tw e n ty -s ix th  

p a ssa g e s , a f t e r  which tim e i t  rem ained c o n s ta n t . To th e  

m in era l s a l t  m ixture em ployed'w as added 2  per c e n t , by 

w eight o f  su c r o se , which fo r  tom ato was found to  be su per

io r  to  the d e x tro se  used  in  p r e v io u s  ex p er im en ts , and th e  

f i l t e r e d  e x tr a c t  o f 0 . 1  per c e n t , by w eight o f  d r ied  

brewers* y e a s t .  The c u ltu r e s  were grown in  d i f f u s e  sun

l ig h t  in  a p o t t in g  sh ed , su b je c t  during th e  summer months 

to  th e  tem perature f lu c tu a t io n s  o f  th e  outdoor atm osphere.

White (1934b) used h i s  tech n iq u e  a s a method 

fo r  c u l t iv a t in g  the v ir u s e s  o f  tobacco m osa ic  and aucuba 

m osaic in  i s o la t e d  tomato ro o t t i p s  grown in  v i t r o .  I t  

p ro v id es  a sim ple means o f  m a in ta in in g  s to c k s  o f  th e se  two 

v ir u s e s  in  a s t a t e  o f  a c t iv e  m u lt ip l ic a t io n ,  y e t  f r e e  

from con tam in ation  w ith  o th e r  v ir u s e s ,

G a llig a r  (1934) found th a t th ere  was some 

c o r r e la t io n  between the growth b eh av iou f o f  e x c ise d  ro o t
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t i p s  and th e  ty p e  o f  food s t o r e d  i n  t h e  s e e d .  A l l  t i p s  

from s e e d s  o r  g r a i n s  h ig h  i n  s t a r c h  r e s e r v e s  were a b le  t o  

grow w e l l ,  b u t  t h e  growth o f  t h o s e  from s e e d s  s e l e c t e d  

f o r  o i l  o r  s u g a r  v a r i e d  w i d e ly ,  w h i le  t i p s  f rom s e e d s  

w i t h  h ig h  p r o t e i n  r e s e r v e s  e . g . ,  pea  iPisum s a t i v u m ) and 

Manchu soya  bean  (So.la h i s p i d a ) were l e a s t  a b l e  to  m a in 

t a i n  g row th .  T h is  was t r u e  o f  a l l  t h e  members o f  th e  

Leguminosae which were t e s t e d .

R obb ins ,  B a r t l e y  and V.B. White  (1936) showed 

t h a t  a d e c a p i t a t e d  r o o t  t i p ,  1 mm. o r  so i n  l e n g t h ,  con

t a i n s  w i t h i n  i t s e l f  a l l  t h e  e s s e n t i a l s  f o r  r e g e n e r a t i n g  

a new a p i c a l  m e r i s t e m  and r o o t  cap i f  i t  i s  grown on an 

a g a r  medium c o n t a i n i n g  m i n e r a l  s a l t s  and 2 p e r  c e n t ,  

g l u c o s e .  They s u g g e s t  t h a t  t h e  c u l t i v a t i o n  o f  such  

e x c i s e d  r o o t  t i p s  may p e rm i t  a more complete  a n a l y s i s  of  

the  p h y s i o l o g y  of  r e g e n e r a t i o n  t h a n  i s  p o s s i b l e  when th e  

r o o t  i s  a t t a c h e d  to  th e  p l a n t ,  and s u p p l i e d  w i t h  a l l  the  

m a t e r i a l s  which may be d e r i v e d  t h e r e f r o m .

S in c e  Robbins  (1922) and White  (1932b) had 

found t h a t  y e a s t  e x t r a c t  was b e n e f i c i a l  t o  the  g row th  o f  

i s o l a t e d  r o o t s ,  i n t e r e s t  was now a ro u sed  i n  d i s c o v e r i n g  

e x a c t l y  what c o n s t i t u e n t  o f  t h i s  o r g a n i c  complex was 

p r o v in g  t o  be th e  a c t i v e  p r i n c i p l e .  Bonner (1 93 7 ) ,  u s i n g  

e x c i s e d  pea r o o t s ,  came to  th e  same c o n c l u s i o n  a l r e a d y  

a r r i v e d  a t  by Robbins (1922b) f o r  th e  g row th  o f  r o o t  t i p s  

o f  c o rn ,  v i z .  t h a t  a l t h o u g h  a d d i t i o n s  of  y e a s t  e x t r a c t  had



no s t im u la t in g  e f f e c t  du rin g  the f i r s t  p a ssa g e , when th e  

th ir d  passage was reach ed , pea r o o ts  c u l t iv a t e d  in  

n u tr ie n t  medium w ith ou t y e a s t  cea sed  growth c o m p le te ly ,  

whereas r o o ts  in  the same medium hut w ith  th e  a d d it io n  o f  

0 . 0 1  per c e n t , y e a s t  e x tr a c t ,  cou ld  be c a r r ie d  through  

many fu r th e r  su b c u ltu r in g s  w ith  an average growth r a te  o f  

6 to  9 mm. per ro o t per day. T h erefore  th e  ro o t a s  cut 

from the s e e d lin g  p la n t  con ta in ed  s u f f i c i e n t  'grow th f a c t o r 1 

to  perm it o f  growth f o r  a l im ite d  t im e , but a f t e r  two 

or more p a ssa g es t h i s  i n i t i a l  su p p ly  was used up and the  

root then  responded to  the p resen ce  o f  y e a s t .  Bonner 

next found th a t V itam in B* c o n c e n tr a te s  were c o n s id e r a b ly  

more a c t iv e  a s  a source o f  t h i s  ro o t growth f a c t o r  than  

was y e a s t ,  and t h i s  su g g ested  th a t  V itam in B ^ i t s e l f  m ight 

be the a c t iv e  p r in c ip le .  Experim ents showed th a t 0 .2

gamma o f  the V itam in p er  c c .  o f s o lu t io n  was a b le  to  

rep la ce  th e  op tim al y e a s t  e x tr a c t  c o n c e n tr a tio n , and in  

f a c t  was su p er io r  to  i t .  Even 0 .0 0 2  gamma per c c . had

a marked s t im u la t in g  e f f e c t .

*  Vitam in % is  a l s o  known as a n eu r in  or th iam in  and has 

th e  fo l lo w in g  form ula (as i t s  h y d r o c h lo r id e ) .
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Robbins and B a r t le y  (1 9 3 7 a ), u s in g  th e  e x 

c is e d  r o o t t i p s  o f  tom ato confirm ed th e  above r e s u l t s  

o f  Bonner w ith  p e a s . Y east ash  was not capable o f  r e 

p la c in g  y e a s t ,  but when i t  was r ep la c ed  by n a tu r a l or  

s y n th e t ic  V itam in B ^ ex c ised  tomato r o o ts  con tin u ed  to  

grow, and th e  V itam in was found to  be e f f e c t i v e  a t  g r ea t  

d i lu t io n .  "Our r e s u l t s  dem onstrate th a t  th e  p a r a s i t i c  

r e la t io n s h ip  o f  the tomato ro o t to  th e  top  in v o lv e s  both  

carbohydrate and V itam in B^". L a ter  in  th e  year  (1937b) 

they  s l i g h t l y  m o d ified  t h i s  l a s t  sta tem en t in  v iew  o f  r e 

s u l t s  which showed th a t  4 -m eth y l-5 -B  h yd roxyeth y l t h ia z o le  

was e f f e c t i v e  in  the growth o f  e x c is e d  tom ato r o o t s .

Whether the t h ia z o le  a c tu a l ly  r e p la c e s  the V itam in B^in  

the m etabolism  o f  th e  tomato root or w hether th e  ro o t p ro 

duces s u f f i c i e n t  o f  th e  n e c e ssa r y  pyrim id in e to  perm it 

s y n th e s is  o f  th e  V itam in when the t h ia z o le  i s  su p p lie d ,  

was not known. These same au th ors (1937c) record  o b se r 

v a t io n s  in  c o n tr a s t  to  th o se  made by White who s ta te d  

th a t  e x c is e d  tomato r o o ts  req u ire  su cro se  and are unable  

to  u t i l i s e  d ex tro se  a s  t h e ir  source o f  carb oh yd rate .

They grew tomato r o o ts  fo r  more than s ix  months in  a 

d ex tro se  s o lu t io n  w ithout n o tin g  any d ecrea se  in  growth 

r a t e ,  and th e r e fo r e  f e l t  j u s t i f i e d  in  conced in g  th a t th e  

tomato ro o t t i p s  were a b le  to  a s s im ila te  th e  d e x tr o s e .

Robbins and V.B. White (1936) in v e s t ig a te d  the  

l im ite d  growth and th e  a b n o rm a litie s  which developed  in  

e x c is e d  corn root t i p s  growing in  l iq u id  m edia. I t  was 

thought th a t  th e  poor growth was the r e s u l t  o f  a d e f ic ie n c y .
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p a r t ly  in o r g a n ic , in  th e  s o lu t io n s  s in c e  i t  cou ld  be 

p a r t ia l ly  co u n tera cted  by the a d d it io n  o f  a g a r , w ater  

e x tr a c t s  o f  agar , q u a l i t a t iv e  f i l t e r  p ap er , w ater e x 

t r a c t s  o f  q u a l i t a t iv e  f i l t e r  pap er, so lu b le  s ta r c h ,  

a u to ly se d  or d r ied  brewers* y e a s t ,  or a m ixture o f  s a l t s  

o f  manganese, boron and z in c .  P roceed in g  s t i l l  fu r th e r  

w ith  t h e ir  ex p er im en ts , th e y  d isco v e re d  (1937) th a t  a l 

though m ilk  from immature corn g r a in s  was in ju r io u s  or  

w ithout b e n e f i t  to  the growth o f  e x c is e d  corn ro o t t i p s ,  

the d i f f u s a t e  from germ inated  g r a in s  was h ig h ly  b e n e f ic 

i a l ,  and th e r e fo r e  th ey  concluded th a t o rg a n ic  m a te r ia l  

in  a d d it io n  to  d e x tr o se  i s  e s s e n t i a l  to  good grow th .

M eanwhile, P .R . W hite was c o n tin u in g  h is  r e 

sea rch es and tow ards th e  end o f  1937 record ed  a number o f  

in t e r e s t in g  o b s e r v a t io n s . He measured th e  growth r a te s  

(1937a) o f a c lon e  o f is o la t e d  tom ato ro o t t i p s  a t  w eekly  

in te r v a ls  over  a p er io d  o f  th ree  y ea rs and found th a t  

th e se  r a te s  showed a c y c l ic  f lu c t u a t io n  c o r r e la te d  w ith  

th e  season s o f  the y e a r . I n v e s t ig a t io n  in to  th e  e f f e c t s  

o f  l ig h t  showed th a t  th e  se a so n a l changes in  i l lu m in a t io n  

were a n e g l ib le  f a c t o r ,  but th e  c u ltu r e s  proved to  be v ery  

s e n s i t iv e  to  tem perature d i f f e r e n c e s  and th o se  recorded  

were s u f f i c i e n t  to  account fo r  the se a so n a l v a r ia t io n s  in  

growth r a te .  He th en  stu d ied  th e  e f f e c t s  o f  tem perature  

in  g r e a te r  d e t a i l  and found (1937b) th a t  w ith  i s o la t e d  

tom ato r o o ts  a tem perature o f 15° C. i s  more s u i ta b le  than  

8 °  C. or 22° C. fo r  the m aintenance o f  la r g e  numbers o f
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s to c k  c u ltu r e s .  L ike o th e r  in v e s t ig a t o r s ,  White (1937c) 

now turned h is  a t t e n t io n  to  d e term in in g  th e  n atu re  o f  th e  

c o n s t i tu e n t s  in  brewers* y e a s t  w hich were o f s ig n i f i c a n c e  

in  prom oting the growth o f  i s o la t e d  root t i p s .  Only 18 

mg. o f  an 85 per c e n t , a lc o h o l e x tr a c t  was needed fo r  

op tim al r e s u l t s .  E x tr a c t io n  o f  t h i s  m a te r ia l  w ith  100 

per cen t a lc o h o l se p a r a te s  i t  in to  two f r a c t io n s ,  b oth  o f  

which are e s s e n t i a l  fo r  s a t i s f a c t o r y  grow th. The m ater

i a l  in s o lu b le  in  1 0 0  per c e n t , a lc o h o l  con ta in ed  c o n s id e r 

ab le  q u a n t i t ie s  o f  amino a c id s  and W hite th e r e fo r e  s u g g e s ts  

th a t th e se  may p la y  an im portant r o le  a s growth prom oting  

su b sta n ces  fo r  i s o la t e d  tomato r o o t s .  In a fu r th e r  paper  

(1937d) he showed th a t t h i s  in s o lu b le  f r a c t io n  can be r e 

p laced  by a m ixture o f  9 amino a c id s  w ithout a p p re c ia b ly  

red ucin g  th e  growth o f  th e  r o o ts .  E xperim ents then  showed 

(1937e) th a t  V itam in i s  a probab le c o n s t i tu e n t  o f  th e  

so lu b le  f r a c t io n  And th a t  i t  i s  an im portant and perhaps  

in d isp en sa b le  f a c to r  in  th e  n u t r i t io n  of e x c is e d  tomato  

rootis . However White s t a t e s  th a t th e  growth prom oting  

e f f e c t s  o f  th e  V itam in are o n ly  d e te c ta b le  in  th e  p re 

sence o f  tw elve  "A ncessory s a l t s "  which are a ls o  in d is 

p en sa b le . In th e  fo llo w in g  year he (1938a) made an 

e f f o r t  to  determ ine th e  r e l a t iv e  im portance o f th e  con

s t i t u e n t s  o f  the a c c e sso r y  s a l t  m ix tu r e . I t  was th ou ght  

th a t  the io n s  o f i t s  tw e lv e  s a l t s  might r e p la c e  the un

id e n t i f i e d  but im portant ash c o n s t i tu e n t s  con ta in ed  in  

the y e a st  e x t r a c t .  The r e s u l t s  showed th a t  now on ly
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fo u r , v iz *  M11SO4 , H3BO3 , Z11SO4 , ,and KI appear to  be 

e s s e n t i a l  f o r  th e  growth o f tom ato r o o ts  under th e  

c o n d it io n s  reported* When th e s e  fo u r  s a l t s  were 

added to  a n u tr ie n t  c o n ta in in g  th e  stan d ard  s a l t s  o f  

P f e f f e r ’ s s o lu t io n ,  ir o n , su c r o se , amino a c id s  and 

Vitam in B^in proper p r o p o r t io n s , th e  r e s u l t in g  n u tr ie n t  

was a lm o st, i f  not q u it e ,  eq u a l to  a y e a s t  e x tr a c t  medium 

as a source o f  m a te r ia ls  e s s e n t i a l  fo r  th e  grow th o f  

e x c ise d  tom ato roo ts*

S im u lta n eo u sly  w ith  t h i s  work o f  W hite, Bonner 

and A d d ico tt (1937) were d e v o tin g  t h e i r  a t t e n t io n  to  th e  

d e ta i le d  stu d y  o f  th e  en viron m en tal f a c t o r s  w hich a f f e c t  

the e x c is e d  r o o ts  o f  pea (Pisum sa tiv u m ) . A lthough t h i s  

sp e c ie s  o f ro o t had been used in  th e  c u ltu r e  exp erim en ts  

o f  K otte (1 9 2 2 ), R obbins, B a r tle y  and V.B* White (1936) 

and F ie d le r  (1 9 3 6 ) , s t r ik in g ly  good r e s u l t s  had not been  

ob ta in ed  and th e  o p tim a l c u ltu r e  c o n d it io n s  were s t i l l  

unknown* Bonner and A d d ico tt to o k  in to  c o n s id e r a t io n  

every  p o s s ib le  a sp e c t  o f  th e  c u ltu r e  s o lu t io n ,  and s in c e  

pea r o o ts  were used  to  a g r ea t e x te n t  in  th e  work o f th e  

p resen t au th or, th e  r e s u l t s  o f  t h e ir  in v e s t ig a t io n s  m er it  

some d e ta i le d  stu d y . In th e  f i r s t  p la c e ,  th e y  d isc o v e r e d  

th a t  the b e s t  growth was a t ta in e d  by r o o ts  which o r ig in a te d  

a s  fragm ents a t l e a s t  3 mm* lo n g , so i t  appeared th a t  f o r  

th e  p rod u ction  o f  a normal r o o t ,  both th e  f i n i t i a l  zone* 

and a r e la t iv e ly  la r g e  amount o f th e  t i s s u e  im m ed iately  

behind i t  were n e c e ssa r y . They next in v e s t ig a te d  the
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in o rg a n ic  c o n s t i tu e n t s  o f th e  medium and a r r iv e d  a t  a 

form ula w hich appeared to  be b e st  s u ite d  to  peas* As 

regard s th e  type o f  carbohydrate em ployed, Bonner and 

A d d ico tt found th a t  pea r o o ts  resem ble tom ato r o o ts  in  

a p r e fe re n c e  fo r  s u c r o s e , and th a t th e  4 per c e n t , con

c e n tr a t io n  i s  more b e n e f i c ia l  than th e  2 p er  cent* v a lu e  

p r e v io u s ly  employed* The growth o f 3 .5  mm. t i p s  in  one 

week in  the stan d ard  medium w ith  4 p er  cent su cr o se  v a r ie d  

between 60 and 95 mm* and s in c e  th e  growth o f s im ila r  pea  

r o o ts  a tta c h e d  to  th e  seed  i s  75 mm. in  th e  f i r s t  week, 

th e  e x c is e d  r o o ts  were con sid ered  normal a s  fa r  a s th e  

growth r a te  was concerned . They recorded  th a t y e a s t  

e x tr a c t  ( 0 * 0 1  per cen t*} must be added to  th e  b a s ic  medium 

i f  good grow th in  p a ssa g es a f t e r  th e  f i r s t  i s  to  be main

ta in e d , and s t a te d  th a t  pea r o o ts  were kept in  such  

c u ltu r e s  p lu s  y e a s t ,  w ith  w eek ly t r a n s f e r s ,  fo r  a p er iod  

o f  fou r  m onths. C r y s ta l l in e  V itam in was cap ab le  o f  

p a r t ia l ly  r e p la c in g  the y e a s t  e x t r a c t ,  but th e  V itam in  

a lo n e  was not a b le  t o  support th e  co n tin u ed  op tim al grow th  

o f  e x c is e d  pea r o o ts  in  l a t e r  p a ssa g e s . However, i t  was 

found th a t a m ixture o f  pure c r y s t a l l in e  amino a c id s  was 

a b le  to  r e p la c e  th a t p o r t io n  o f th e  a c t i v i t y  o f  y e a s t  

e x tr a c t  which was not due to  V itam in  T h er e fo r e ,

w ith  th e  u se  o f  b oth  th e  V itam in and the a c id s ,  a h ig h ly  

s a t i s f a c t o r y  and co m p lete ly  known medium f o r  the' 

c u l t iv a t io n  o f e x c is e d  pea r o o ts  was o b ta in ed , which 

supported th e  growth o f  such r o o ts  as w e l l ,  or b e t t e r ,
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than m edia c o n ta in in g  y e a s t  e x t r a c t .  In  c o n c lu s io n  

th ey  s t a t e  th a t  su b sta n ces  such a s  V itam in which  

are n e c e ssa r y  in  m inute amounts fo r  th e  grow th o f  th e  

i s o la t e d  r o o t s ,  but w hich are  norm ally  su p p lie d  by some 

o th e r  p o r tio n  o f  th e  in ta c t  p la n t ,  are  c a r r ie r s  o f  a 

growth c o r r e la t io n  and hence are to  be regarded  as  

phyt o hormone s  •

In  t h e ir  n ex t p u b l ic a t io n , A d d ico tt  and 

Bonner (1938) rep o rted  th a t  a m ixture o f sev en  amino 

a c id s  was capable o f in c r e a s in g  th e  growth r a te  o f  

is o la t e d  pea r o o ts  over th a t o b ta in ed  w ith  V itam in  B^ 

a lo n e , but was in cap ab le  o f  su p p ortin g  growth a t  an 

undim inished r a te  fo r  more than th r ee  w eekly t r a n s f e r s .  

However, n i c o t in i c  a c id  in  com bination  w ith  V itam in B i 

exerted  a v ery  s t r ik in g  e f f e c t  upon th e  growth o f  th e  

i s o la t e d  pea ro o t s in c e  in  an experim ent which was main

ta in ed  through te n  weekly t r a n s f e r s ,  pea r o o ts  which were 

su p p lied  w ith  n i c o t in ic  a c id  in  a d d it io n  to  V itam in B^ 

and the amino a c id  m ix tu re , showed an undim in ished  growth  

r a t e .  The au th ors s t a t e  th a t in  th e  fu tu r e  i t  may be 

found th a t  th e  amino a c id  m ixture i s  not e s s e n t i a l  to  th e  

continued  op tim a l growth o f sueh r o o ts  but em phasise th a t  

n ic o t in ic  a c id  must be regarded a s  a f a c t o r  q u ite  a s  

s ig n i f ic a n t  as V itam in B^.

In t h i s  same year Bonner (1938) p u b lish ed  

an a r t i c l e  d e a lin g  s t i l l  fu r th e r  w ith  the r o le  o f th iam in
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in  th e  m etab olism  o f i s o la t e d  pea r o o ts ,  and some o f  

h i s  c o n c lu s io n s  resem ble th e  e a r l i e r  f in d in g s  o f  

Robbins and B a r t le y  (1937a) w ith  tom ato r o o t s .  He 

s t a t e s  th a t the i s o la t e d  pea r o o t i s  a b le  to  u t i l i s e  

an equim olar s o lu t io n  o f th e  p yrim id in e  and t h ia z o le  

p o r tio n s  o f  th e  th iam in  m olecu le  and th a t  i t  i t  probable  

th a t  th e se  two p o r t io n s  are s y n th e s is e d  in  v iv o  to  th e  

Vitam in m o lecu le  i t s e l f .  As th e  t h ia z o le  component o f  

such a m ix tu re , th e  pea root can u se a c o n s id e r a b le  

number o f  s u b s t itu t e d  t h ia z o le  compounds, but i t  i s  

e s s e n t ia l  th a t a hydroxyl group (or a group r e a d ily  

m eta b o lise a b le  to  such) be p resen t in  th e  m o lecu le  i f  

the su bstance i s  to  p o s s e s s  a c t i v i t y  as a root growth  

fa c to r .

L ater in  th e  y e a r , in v e s t ig a t io n s  on th e  

sy n th eses  c a r r ie d  out by i s o la t e d  pea r o o ts  were advanced  

a stage  fu r th e r  by Bonner and Buchman (1938) who showed 

th a t such pea r o o ts  d id  s y n th e s is e  V itam in B i (or  a 

su bstance in d is t in g u is h a b le  from i t  by the Phytophthora  

b io a ssa y ) from a m ixture o f th e  pyrim id ine and t h ia z o le  

components o f  th e  V itam in m o lec u le . They su g g est th a t  

s p e c i f i c  enzym es, "thiam inase" and " th ia z o la se "  may p la y  

a p art in  th e  n a tu ra l s y n th e s is  o f  th iam in  by th e  p la n t  

and i t  i s  hoped th a t  th e  methods o u t lin e d  w i l l  o f f e r  a 

new and more exact approach to  the problem s o f  the  

mechanism o f b io s y n th e s e s .
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van Overbeek c o l la b o r a te d  w ith  Bonner (1938) 

in  an e f f o r t  to  e s t a b l i s h  whether or not au x in  i s  

p resen t in  i s o l a t e d  r o o t s  c u ltu red  in  v i t r o .  In 1933  

i t  had been c o n c lu s iv e ly  dem onstrated by B oysen -J en sen  

(1933) th a t  auxin  i s  p r e se n t  in  th e  normal r o o t ,  but 

w ith  r e sp e c t  to  th e  i s o l a t e d  root F i e d l e r  (1936) r e p o r te d  

th a t  a u x in , a lth ou g h  o r i g i n a l l y  p r e s e n t ,  d isa p p ea r s  

com plete ly  and in  g e n e ra l^ w ith in  24 hours when th e  root  

i s  c u l t iv a t e d  in  v i t r o .  ftagao (1 9 3 6 ) ,  on the  o th e r  hand, 

showed t h a t  aux in  could be recovered  from i s o l a t e d  r o o ts  

a f t e r  6 days c u l t i v a t i o n .  The p r e sen t  a u th o r s ,  van  

Overbeek and Bonner, found th a t  i s o l a t e d  pea r o o ts  in  

cu lture  con ta in ed  auxin  f o r  a t  l e a s t  th ree  weeks a f t e r  

the o r ig in a l  t i p  was removed from th e  germ inating  s e e d ,  

and they a l s o  observed  th a t  r o o ts  which had been c u ltu r ed  

fo r  two weeks or more co n ta in ed  l e s s  auxin  ‘than d id  

the i n i t i a l  roo t t i p s .  van Overbeek (1939a) compared 

the amounts o f  auxin  obta in ed  from e x c is e d  r o o t  t i p s  of  

germ inating peas by d i f f u s i o n  and by e x t r a c t i o n  w ith  improved 

tec h n iq u e s .  He grew t i p s  o f  A laska p eas 3 - 4  mm. long  

on agar b lo ck s  c o n ta in in g  1 0  per c e n t ,  o f  d ex tro se  and 

noted th a t  d i f f u s i o n  in to  th e s e  b lo ck s  y ie ld e d  l e s s  

auxin than was obta ined  by e x tr a c t io n  o f  f r e s h l y  e x c is e d  

t i p s .  i t  seemed th e r e fo r e  that under th e  g iv en  

experim en ta l c o n d i t io n s ,  the auxin  g iv e n  o f f  by e x c i s e d  

pea root t i p s  was auxin which was a lread y  p r e se n t  in  

the t i p  a t  the time o f  e x c i s i o n  and was not su b seq u en tly
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s y n t h e s i s e d .  However, a s  the  r e s u l t  o f  fu r th e r  

exp erim en ts , van Overbeek (1939b) was a b le  t o  p r e se n t  

ev idence  th a t  auxin  i s  produced in  i s o l a t e d  pea r o o ts  

c u l t iv a t e d  in  v i t r o  under s t e r i l e  c o n d i t io n s  and in  a 

complete medium c o n ta in in g  Vitam in and n i c o t i n i c  

a c id .  The r o o t s  were grown in  such a way th a t  a t  the  

end o f  each week the  c u l t u r e  was con tin u ed  w ith  the  

1 0  mm. t i p  o n ly ,  and th e  b a sa l  p a r t s  o f  th e  r o o t s ,  which  

grew app rox im ate ly  70 mm. per week, were d is c a r d e d .

The t o t a l  amount of aux in  e x tr a c te d  from th e s e  d isca rd ed  

b ases  during the  20 weeks o f  c u l tu r e  was 9 t im e s  a s  much 

as that e x tr a c te d  from th e  i n i t i a l  t i p  from which the  

c u ltu r e s  o r ig in a t e d .

Meanwhile, Robbins and Schmidt (1938)  

in v e s t ig a te d  in  even g r e a te r  d e t a i l  th e  environm ental  

c o n d it io n s  a f f e c t i n g  the growth o f  e x c i s e d  tomato r o o t s .  

T heir  r e s u l t s  v e r i f i e d  many o f  the p r e v io u s  o b s e r v a t io n s  

a lread y  m entioned. V itam in B i  d id  not r ep la c e  in o r g a n ic  

n itro g en  or in o r g a n ic  su lphur in  the growth o f  i s o l a t e d  

tomato r o o ts  and such r o o ts  seem ingly  r eq u ire  no sou rce  

o f  n itr o g en  o th er  than n i t r a t e s  f o r  t h e i r  u n l im ite d  

growth. Canesugar, g lu c o s e ,  l e v u l o s e , m a lto se  or 

c e l lo b i o s e  proved to  be a v a i la b le  so u rc es  o f  carbon, and 

the contam inants in  supposedly  "pure" sugars markedly  

a f f e c t e d  th e  growth o f  the  r o o t s .  W hite’ s  m ineral  

s o lu t io n  was not found to  be adequate fo r  the b e s t  growth  

o f  i s o l a t e d  tomato r o o t s ,  but i t s  e f f e c i e n c y  was improved
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by the a d d it io n  o f  boron , z in c ,  f i l t e r  paper and f i l t e r  

paper a sh .  A s t i l l  f u r th e r  improvement was ob ta in ed  by 

s u b s t i t u t in g  a m o d if ied  P f e f f e r ’ s s o lu t io n  w ith  2 .5 , p.p*m. 

o f  F eg (S 04 )3 f o r  W hite’ s s o l u t i o n  when y e a s t  e x t r a c t  was 

rep laced  by Vitamin Ba , and th ey  a l s o  n o te  th a t  l i g h t  was 

unnecessary  f o r  the  u n lim ited  growth o f  e x c i s e d  tomato  

r o o ts .

White (I938d) attem pted  to  grow the i s o l a t e d  

root t i p s  o f  30 s p e c i e s  o f  d ic o ty le d o n o u s  p la n t s  i n - v i t r o  

in  var iou s  ty p e s  o f  c u ltu r e  s o l u t i o n s .  Of t h e s e ,  18 

grew s u c c e s s f u l l y ,  w h ile  th e  rem aining 1 2  proved r e f a c t 

ory to  the trea tm en t u sed . he th e r e fo r e  concluded th a t  

although ro o t  t i p s  o f  a l l  s p e c ie s  o f  d ic o ty le d o n s  can 

probably be grown under proper c o n d i t io n s ,  i t  appears  

th at th e se  c o n d it io n s  w i l l  in  many c a se s  d i f f e r  w id e ly ,  

and thus a p p aren tly  no g e n e r a l i s a t io n  can be drawn as  

regards the requirem ents o f  i s o l a t e d  r o o ts  which w i l l  

apply s a t i s f a c t o r i l y  to  a l l  s p e c i e s .

A d d ico tt  (1 939 ) ,  i n v e s t ig a t e d  the r o le  o f  

Vitamin Bj_ in  the m etabolism  o f  e x c i s e d  r o o ts  o f  pea .

S ince Bonner had shown th a t  the f r e s h l y  e x c i s e d  pea r o o t  

t i p  contained  s u f f i c i e n t  o f  the  Vitamin (and presumably  

o f  o th er  growth f a c t o r s )  to  m ain ta in  growth f o r  the f i r s t  

week, the v itam in  was om itted  from the medium during  

t h i s  p e r io d . A f te r  one week in  c u l t u r e ,  the r o o t s  showed 

a c h a r a c t e r i s t i c a l l y  sw o lle n  b a se ,  but a t the end o f  

su cceed in g  t r a n s f e r s  th e  root d iam eter was more uniform
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a lth ou gh  th e r e  was a grad u a l th ic k e n in g  towards the b a s e .  

Those su p p lie d  w ith  th e  V itam in were smooth and w hite  

w ith  a s l i g h t l y  y e l lo w i s h  m er is te m a t ic  r e g io n ,  whereas  

the remainder were sh o r t ,  brownish and i r r e g u la r l y  s w o l le n .  

The c o n c lu s io n  reached was th a t  the  a c t io n  o f  Vitamin B]_ 

as a growth hormone o f  r o o ts  i s  through an e f f e c t  on 

m eris tem a tic  a c t i v i t y  r a th er  than on c e l l  e lo n g a t io n  which  

i s  the primary e f f e c t  o f  th e  a u x in s .  As f a r  as could  be 

observed , c e l l  e lo n g a t io n ,  d i f f e r e n t i a t i o n ,  and m atu ration  

proceeded norm ally in  th o se  r o o ts  to  which Vitamin B i  was 

not su p p l ie d ,  even though m e r is te m a t ic  a c t i v i t y  was g r e a t 

l y  reduced.

S ince  i t  had been su g g e s te d  in  the l i t e r a t u r e  

th a t  the second growth f a c t o r  f o r  e x c i s e d  tomato r o o ts  

might be found among the  micro e le m e n ts ,  (Robbins, W hite, 

McClary and B a r t le y ,  1936; Robbins and Schm idt, 1938) or  

among the  amino a c id s  o f  y e a s t  e x t r a c t  (White, 1937d) and 

s in ce  the  p re lim in a ry  experim ents o f  Bonner and A d d ico tt  

(1937) a l s o  in d ic a te d  th a t  amino a c id s  might be a source  

o f  growth f a c t o r s  fo r  pea r o o t s ,  A d d ico tt  and D e v ir ia n  

(1939) now in v e s t ig a t e d  both th e s e  ty p es  o f  su b s ta n c e .

They concluded th at the e s s e n t i a l  growth f a c t o r  n e c e ssa r y  

in  a d d it io n  to  v itam in  Bi and p r e se n t  in  y e a s t ,  was not 

to  be found among the amino a c id s  nor among the micro  

e lem en ts  o f  p la n t  n u t r i t i o n .  N i c o t i n i c  a c id ,  however, 

could act as t h i s  f a c t o r  and th e r e fo r e  i t  was s t a t e d  th a t  

a cu ltu re  medium c o n ta in in g  s a l t s ,  sugar, Vitamin B^



and n i c o t i n i c  a c id  could support th e  growth o f  e x c is e d  

pea r o o ts  f o r  i n d e f i n i t e  p e r io d s  o f  t im e .

f o l lo w in g  on t h i s  work, Bonner and D e v ir ia n  

(1939) s tu d ied  the  growth f a c t o r  requirem ents o f  fo u r  

s p e c ie s  o f  i s o l a t e d  r o o t s .  They found th a t  i s o l a t e d  

pea r o o ts  can be c u ltu r ed  i n d e f i n i t e l y  in  a n u tr ie n t  

medium c o n ta in in g  V itam in B1 and n i c o t i n i c  a c id  in  a d d i

t io n  to  m in era l s a l t s  and 4 per c e n t ,  s u c r o s e ,  and th e  

growth ra te  in  t h i s  medium i s  70 -  85 mm. per week. 

Numerous o th e r  su b s ta n c e s ,  in c lu d in g  v ita m in s  and amino 

a c id s ,  are without e f f e c t  in  in c r e a s in g  th e  growth r a te  

of i s o la t e d  pea r o o ts  in  the p resen ce  o f  V itam in B  ̂ and 

n i c o t i n i c  a c id .  As regard s r a d ish ,  once a g a in  both  

Vitamin B^ and n i c o t i n i c  a c id  were e s s e n t i a l ,  w h ile  a l l  

oth er  su b s ta n c es  t e s t e d  were w ithout e f f e c t .  F la x  r o o ts  

required  on ly  V itam in as  a growth f a c t o r ,  and tomato  

r o o ts  could  be c u l t i v a t e d  i n d e f i n i t e l y  a t an average  

growth ra te  o f  40 mm. per week in  medium c o n ta in in g  o n ly  

Vitam ins B i  and Bg* and th e  ra te  could  be in crea sed  t o  

60 mm. per week by th e  a d d it io n  o f  n i c o t i n i c  a c id .

s
Vitamin Bg i s  a l s o  known as p yr id ox in e  and has the  

the  fo l lo w in g  fo rm u la :-
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The experim ents o f  G a ll ig a r  (1939) on the  

growth behaviour o f  one m i l l im e te r  e x c i s e d  root t i p s  

confirmed the  v iew  h e ld  by K otte (1922) and White (1932a)  

th a t  the  p resen ce  o f  v a s c u la r  t i s s u e  i s  not e s s e n t i a l  

f o r  the growth o f  such t i p s .

Robbins (1939) p u b lish ed  a paper d e a l in g  w ith  

the part p la y ed  by th iam in  in  p la n t  grow th. He found 

th a t  a lthou gh  i t  i s  o n ly  req u ired  in  sm all amounts, 

thiam in i s  not to  be regarded m erely  as a s t im u la n t  

s in c e  i t  p la y s  a d e f i n i t e  and s i g n i f i c a n t  r o le  in  the  

m etabolism o f  carbohydrates and probably in  o th er  

m etab o lic  p r o c e s s e s  a l s o .  I t  appears th a t  one o f  i t s  

fu n c t io n s  i s  to  serv e  as  a p recu rsor  o f  a part o f  an 

enzyme system  in v o lv ed  in  r e s p i r a t i o n .  Thiamin  

diphosphate i s  known a s  cocarb ox y la se  which h e lp s  to  

c a ta ly s e  the  d e c a r b o x y la t io n  o f  p yru v ic  a c id  to  

aceta ldehyde and carbon d io x id e .

In the same y e a r ,  Robbins and Schmidt (1939a) 

d iscovered  y e t  another growth substance which th e y  s t a t e  

to  be e s s e n t i a l  to  the  growth o f  e x c i s e d  tomato r o o t s .  

They found th a t  when a l i g h t  brown sugar was s u b s t i t u t e d  

f o r  pure cans sugar growth was much improved, the  averrage 

dry weight o f  in d iv id u a l  r o o t s  reach ing  as much as 70 or  

80 mg. The b e n e f i c i a l  e f f e c t s  o f  the  impure sugar  

were p a r t ly  due to  i t s  m in e r a ls ,  but m ainly  to  i t s  

content o f  Vitamin Bg. The a d d it io n  o f  n i c o t i n i c  a c id



n ic o t in a m id e ,  or  W hite*s m ixture  o f  amino a c id s  to  a 

s o lu t io n  o f  m in e r a ls ,  pure cane sugar and th ia m in  was 

of s l i g h t  or no b e n e f i t  to  the  growth o f  the  r o o t s ,  

but Vitamin Bg gave a marked s t im u la t io n .  V itam in  Bg 

i s  important f o r  the growth o f  r a t s ,  and th e  w r i te r s  

c la im  th a t  i t  i s  a l s o  important f o r  the growth o f  p la n t s  

and may prove to  be as  g e n e r a l ly  s i g n i f i c a n t  f o r  l i v i n g  

organisms as th ia m in . Bonner and D e v ir ia n  (1939) in  

the  paper p r e v io u s ly  m entioned, agree  as to  th e  b e n e f i c i a l  

e f f e c t s  o f  Vitamin Bg f o r  the growth o f  i s o l a t e d  tomato  

r o o ts  but found th a t  when n i c o t i n i c  a c id  was added as  

w e l l ,  the growth r a te  in c r e a se d  from 40 to  60 mm. per  week.

In fu r th e r  exp er im en ts ,  Robbins and Schmidt 

(1939b) found th a t  even though u n l im ite d  growth o f  e x c i s e d  

tomato r o o t s  can be ob ta in ed  in  m in era l  s o lu t io n s  p lu s  

sugars to  which th iam in or t h i a z o l e  has been added, the  

ra te  o f  growth in  the p resen ce  o f  th e se  supplem ents i s  

s lo w . T his s low n ess  th ey  a t t r i b u t e  to  th e  l im i t e d  

a b i l i t y  of th e  r o o t s  to  s y n th e s is e  adequate amounts o f  a 

second growth substance needed in  t h e i r  developm ent,  

v i z .  Vitamin Bg. They a l s o  conclude th a t  amino a c id s  

are not e s s e n t i a l  s in c e  the  s o le  source o f  n i tr o g e n

a v a i la b le  to  the  tomato r o o ts  o f  t h e i r  experim ents was

in  the form o f  n i t r a t e s .

White (1939) found t h a t  g ly c in e  was capable  

o f  r e p la c in g  the e n t i r e  group o f  amino a c id s  which he had

used e a r l i e r  as  a c o n s t i tu e n t  o f  th e  n u tr ie n t  f o r  th e
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c u l t i v a t i o n  o f  e x c is e d  tomato r o o t s .  He th en  

con tin u ed  h i s  i n v e s t i g a t i o n s  and w h ile  s t i l l  

uphold ing the  b e n e f i t s  o f  g ly c in e  (1 9 4 0 ) ,  he d i f f e r e d  

from Robbins and Schmidt (1939b) in  con c lu d in g  th a t  

Vitamin B^, n i c o t i n i c  a c id ,  and p yr im id in e  are w ith ou t  

value as growth promoting su b sta n c es  f o r  th e  s t r a i n s  

of tomato r o o t s  employed.

Bonner (1940a) summarised th e  growth  

substance requirem ents o f te n  s p e c ie s  o f  i s o l a t e d  

r o o ts ,  v i z .  pea , r a d is h ,  f l a x ,  a l f a l f a ,  c lo v e r ,  c o t to n ,  

c a r r o t ,  tom ato, datura and su n flo w er . He a l s o  found  

that f l a x  and c lo v e r  were capable  o f  s y n t h e s i s in g  

sm all amounts o f  Vitam in B^ &&& B i o t i n .  No s i g n i f i c a n t  

amount o f  secondary th ic k e n in g  was observed in  any o f  

the root c u l tu r e s  i n v e s t ig a t e d  during th e  experim ents  

and i t  would seem th e r e fo r e  th a t  the f a c t o r s  in f lu e n c in g  

secondary th ic k e n in g  are not inh eren t in  th e  root i t s e l f ,  

and a re , m oreover, d i f f e r e n t  from the f a c t o r s  c o n d it io n in g  

root growth in  l e n g th .  S p e c ia l  f a c t o r s  in f lu e n c in g  th e  

i n i t i a t i o n  o f  secondary r o o ts  were not observed  except  

th a t  the number of v i s i b l e  secondary r o o t s  per root was, 

in  g e n e r a l ,  a d i r e c t  fu n c t io n  o f  the  growth o f  the  

primary r o o t .  Each s p e c ie s  r e ta in e d  i t s  own branching  

p e c u l i a r i t i e s  in  c u l t i v a t i o n .

Bonner (1940b) in v e s t ig a t e d  the  a b i l i t y  o f  

23 su b stan ces  c h e m ic a lly  r e la te d  to  n i c o t i n i c  a c id  to
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r ep la c e  th e  l a t t e r  su b stan ce  as  a growth f a c t o r  fo r  

i s o l a t e d  pea r o o t s .  Among th o se  t e s t e d ,  on ly  

su b s ta n c e s  which y i e l d  n i c o t i n i c  a c id  by sim ple  

h y d r o ly s is  were found to  be a c t i v e .

Bonner and K o ep fli  (1939) found th a t  aux ins

in h ib i t e d  the growfch o f  e x c i s e d  pea r o o t s  c u ltu r ed  in  a

n u tr ie n t  s o lu t io n  c o n ta in in g  Vitam in B i  and n i c o t i n i c

a c id ,  which i s  known to  supply a l l  the su b s ta n c e s

necessary  f o r  normal root developm ent. F i f t y  per  c e n t .

i n h ib i t i o n  o f  root growth was g iv en  by a s o lu t io n
-7approxim ately 10 molar in  i n d o le a c e t i c  a c id .  There

fore  i t  seems u n l ik e ly  th a t  auxin  i n h i b i t i o n  o f  root  

growth can be a t t r ib u t e d  to  any kind o f  d i r e c t  e f f e c t  

upon the a v a i l a b i l i t y  o f  a c ce sso r y  growth f a c t o r s .

Rather i t  would appear n e c e ssa r y  to  assume th a t  aux in  

a c t s  upon th e  r o o t  in  some as y e t  obscure manner, i . e . ,  

the e f f e c t  seems to  be d i r e c t l y  upon th e  roo t  c e l l s  

rath er  than upon the m o b i l i s a t io n  or tr a n sp o r t  o f  o th e r  

r o o t  growth su b s ta n c e s .

White (1946) g iv e s  a c o n c is e  rev iew  o f  a l l  

the  work done on roo t c u l t u r e s  from 1940 u n t i l  h i s  time  

o f  w r i t in g .  LJuch o f  t h i s  has no d i r e c t  bearing  pn th e  

i n v e s t ig a t io n s  o f  the presen t au th or, but i t  s e r v e s  to  

round o f f  the h i s t o r y  o f  e x c is e d  r o o ts  and must be 

b r i e f l y  quoted. Some o f  the papers m entioned have been  

read by the  author w hile  in  o th er  ca ses  th e  r e fe r e n c e s  

are taken  from W h ite 's  account.
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McClay (1940) succeeded  in  c u l t i v a t i n g  

e x c i s e d  r o o ts  o f  a m onocotyledon p l a n t ,  Zea Mays, 

f o r  extended p e r io d s  f o r  the f i r s t  t im e .  F ive  p er  

c e n t ,  g lu c o se  and an agar substratum  were used a s  

compared w ith  2 per c en t ,  su crose  and l iq u i d  medium 

which seem to  be su p e r io r  fo r  th e  r o o ts  o f  most 

d ico ty le d o n  p l a n t s .  Roots o f  a d ic o ty le d o n  t r e e ,

Acacia m elan oxy lon , were c u l t iv a t e d  fo r  the f i r s t  

time by Bonner (1 9 4 2 a ) .  The ob served  increment 

r a te s  (about 1 . 0  mm. per day) were v ery  much l e s s  than  

th ose  recorded f o r  most herbaceous p la n t s  (5 to  20 mm. 

per d ay ) .  T h is  slow  growth r a te  may be c h a r a c t e r i s t i c  

of  t r e e s ,  or th e re  i s  a l s o  th e  p o s s i b i l i t y  th a t  th e  

methods and n u t r i e n t s  deve lop ed  f o r  r o o ts  o f  herbaceous  

p la n ts  may not be e n t i r e l y  s a t i s f a c t o r y  f o r  woody p l a n t s .  

Bonner (1942b) has a lso  shown an in h ib i t o r y  e f f e c t ,  

r e v e r s ib le  by a p p l ic a t io n  o f  p -am ino-b en zo ic  a c id ,  

r e s u l t in g  from the  treatm ent o f  tomato r o o ts  w ith  

su lp h a n ila m id e , su lp h a p y r id in e , and s u lp h a th ia z o le .

Robbins (1940a) has dem onstrated a s p e c i f i c  

response  to  l i g h t  o f  the  root h a ir s  o f  e x c is e d  Datura  

r o o t s .  He a l s o  found (1940b) th a t  B ( -4  m e t h y l th ia z o ly l - 5 )  

a la n in e  was capable o f  r e p la c in g  th ia m in - t h ia z o le  in  th e  

n u t r i t i o n  o f  e x c is e d  tomato r o o t s .  Moreover, he showed

(1942) th a t  p y r id o x in e  (Vitamin Bg) was h ig h ly  s p e c i f i c  

in  i t s  e f f e c t s  on c u l tu r e s  o f  tomato r o o t s .  Bonner

(1943) observed  th a t  tomato r o o t s  responded to  n u t r i t i o n
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w ith  th iam in p lu s  p y r id o x in s ,  but not to  th iam in  

p lu s  g ly c in e ,  w h ile  d i f f e r e n t  s t r a i n s  responded  

d i f f e r e n t l y  to  n i c o t i n i c  acid* S im ila r  r e s u l t s  

were obta in ed  by Day (1941, 1 9 4 3 ) .  White (1943)  

u s in g  fou r  c lo n e s  o f  tomato r o o ts  from th r e e  d i f f e r e n t  

l a b o r a t o r ie s  showed th a t  both g ly c in e  and p y r id o x in e  

are e f f e c t i v e  supplem ents to  th ia m in , the degree  o f  

response v a r y in g  somewhat among the d i f f e r e n t  c lo n e s .  

N ic o t in ic  a c id  appeared to  improve growth when g l y c i n e ,  

pyridoxine and th iam in were a l l  l ik e w is e  p r e s e n t ,  but 

was w ithout b e n e f i c i a l  e f f e c t  when combined w ith  any 

one or two o f  th e s e  o th e r  su b s ta n c e s .  The b e s t  r e s u l t s  

were ob ta in ed  when a l l  fo u r  organ ic  compounds were 

included in  th e  medium.

White p o in ts  out th a t  a lthough  t h e s e  papers  

s t i l l  in d ic a t e  a c o n s id er a b le  i n t e r e s t  in  method, th e  

major emphasis has s h i f t e d  from how to  grow r o o t s ,  to  

what can be done w ith  r o o ts  when grown. White h im se lf  

(1938b, 1938c) had a lrea d y  used root c u l tu r e s  s u c c e s s f u l l y  

in  in v e s t i g a t io n s  on "root p r e s su r e ” . Henderson and 

S ta u f f e r  (1944) employed e x c is e d  tomato r o o ts  in  a study  

o f  r e s p ir a to r y  p r o c e s s e s .  McClay (1940) showed th a t  

th iam in  i s  s y n th e s is e d  by maize r o o t s ,  and Reid and 

Robbins (1942) s tu d ie d  the s y n t h e s i s  o f  a sc o r b ic  a c id  by 

e x c is e d  tomato r o o t s .  Bonner (1942c, 1943) dem onstrated  

sy n th e se s  of th ia m in , n i c o t i n i c  a c id  and r ib o f la v i n  by 

r o o ts  o f  a number o f  s p e c i e s  and s u b s p e c i f i c  s t r a in s  o f
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p l a n t s .  Dawson (igi*2 ) has employed the  tec h n iq u e  in  a 

p a r t i c u la r ly  i n t e r e s t i n g  way as a f i n a l  p roo f  o f  the  

l o c a l i s a t i o n  of s y n t h e s i s  o f  n i c o t i n i c  a c id  and o th er  

a lk a lo id s  in  r o o t s  of to b a c c o . T his was o r i g i n a l l y

demonstrated by means o f  r e c ip r o c a l  g r a f t s .  Hart

(1943) has used a s im i la r  tech n iq u e  in  s tu d y in g  th e  

sy n th eses  and in te r c o n v e r s io n s  o f  sugars in  th e  r o o t s  

of sugar can e . The problem of h e t e r o t i c  v ig o u r  

has a l s o  been i n v e s t ig a t e d  by means o f  e x c i s e d  root  

t i p s  (van Overbeek, 1944; Whaley and Long, 1944) and 

th e  e f f e c t s  o f  p o ly p lo id y  on growth r a te s  o f  e x c i s e d  

tomato r o o ts  have been in v e s t ig a t e d  by Robbins and 

Kavanagh (1 9 4 3 ) .

S in c e ,  a s  we have n o te d , the main o b je c t  

o f  the p resen t author was to  o b ta in  nodules  on c u l tu r e s  

o f  leguminous r o o t s ,  m ention must now be made o f  the  

work of Lewis and McCoy (1933) who in v e s t ig a t e d  th e  

p o s s i b i l i t y  o f  nodule form ation  on e t i o l a t e d  whole p la n t s ,  

e t i o l a t e d  e x c is e d  sh o o ts  and e x c is e d  whole r o o ts  o f  

b la c k  wax bean (P haseolus s p . )  The e x c is e d  r o o ts  of  

t h i s  experim ent, however, are not comparable w ith  th o se  

which have been d is c u sse d  in  th e  p rev iou s pages which 

were grown from root t i p s  about 0 .5  cm. in  l e n g th .  In  

t h i s  c a se ,  a f t e r  germ ination  had proceeded f o r  fo u r  

days, the  e n t ir e  root system  was e x c i s e d ,  c u l t iv a t e d  on 

agar n u tr ie n t  medium ( n i t r o g e n - f r e e ) ,  and in o c u la ted
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w ith  app rop ria te  b a c t e r i a .  Four n od u les  formed on 

1  out o f  60 such r o o t s .  With regard  to  th e  e t i o l a t e d  

whole p l a n t s ,  no n od u les  appeared on th o se  grown in  

medium w ithout added carb ohydrate , but a sm a ll  p r o p o r t io n  

(9 out o f  60) o f  th o se  t o  which 0 .5  per c e n t ,  su crose  

was added p o s s e s s e d  a few n o d u le s .  Frequent r e fe r e n c e  

to  th e se  r e s u l t s  w i l l  be made throughout th e  t h e s i s .

I t  a l s o  seems n e c e s s a r y  to  c o n s id er  b r i e f l y  

some o f  the  c o n d it io n s  which are known to  a f f e c t  the  

n o d u la t io n  o f  normal whole p la n t s ,  and which might be 

expected to  e x e r t  s im i la r  e f f e c t s  upon nodule form ation  

by e x c is e d  r o o t s .  Very e a r ly  in  the i n v e s t i g a t i o n s  on 

leguminous p la n t s  i t  was noted t h a t  n i t r a t e s ,  and 

combined n itr o g e n  in  g e n e r a l ,  h indered  the  development 

of nodules  upon t h e i r  r o o t s  (Rautenberg and Kuhn, 1864;  

H e l l r i e g e l  and W ilfa r th ,  1888; Lawes and G i lb e r t ,  1 8 9 1 ) .  

Why t h i s  should be the case  was e x p la in ed  in  a v a r ie t y  

o f  ways, H il tn e r  (1900) thought t h a t  the e f f e c t  was 

on the p la n t ,  i . e . ,  a p la n t  su p p lie d  w ith  enough combined 

n itr o g e n  was a b le  to  r e s i s t  b a c t e r i a l  a t t a c k .  O thers ,  

b asin g  t h e i r  id e a s  on L aurent’ s (1891) sta tem en t th a t  as  

l i t t l e  as one in  a thousand c o n c e n tr a t io n  o f  n i t r a t e s  in  

s t e r i l e  p la n t  sap s to p s  th e  growth o f  R h iz o b ia ,  su g g es ted  

th a t  the  e f f e c t  o f  the  n i t r a t e s  was on the  b a c t e r ia  

them se lves  r a th e r  than on the  p l a n t .  Another su g g e s t io n  

was th a t  o f  G iobel (1926) who s t a t e s  th a t  the  n i t r a t e  ion
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d i f f u s e s  in to  the p la n t  more r a p id ly  than does the  

o rg an ic  n itr o g e n  compound produced in  the  n o d u le , th u s  

causing  the  p rod u cts  o f  f i x a t i o n  to  accumulate and 

e v e n tu a l ly  s to p p in g  the  p r o c ess*  Maze (1898) b e l ie v e d  

th a t  the e x c r e t io n  o f  carbohydrate from the h o s t  p la n t  

was e s s e n t i a l  before  b a c t e r ia  could  invade i t ,  and thought  

th a t  in o rg a n ic  n i t r o g e n  compounds u n i te d  w ith  th e  

carbohydrate o f  th e  p la n t  and reduced i t s  l e v e l  to  a 

poin t where e x c r e t io n  was prevented* S e v e r a l  o th er  

workers (Hopkins and F red , 1933; Leonard, 1926; B u ffe r ,

1932; A l l i s o n ,  1935) a l s o  assume th a t  a c e r t a in  l e v e l  o f  

carbohydrate in  th e  h o s t  i s  e s s e n t i a l  f o r  th e  development 

o f  nodules and the  f i x a t i o n  o f  n i t r o g e n .  The s o - c a l l e d  

ca rb o h yd ra te /n itro gen  h y p o th e s is  (Weber, 1930; W ils o n ,1935)  

c o n sid ers  s im u lta n eo u s ly  th e  e f f e c t s  o f  both  carbohydrate  

and n itr o g en  because as W ilson and Fred (1939) s t a t e  

"Various r e sp o n ses  o f  the  sy m b io tic  n i t r o g e n  f i x a t i o n  

system  are fu n c t io n s  o f  the supply o f  both carbohydrate  

and n itr o g en  a s  measured by th e  r e la t io n s h ip  between them". 

Thornton (1936) growing lu cern e  in  aga r , showed t h a t  nodule  

b a c t e r ia  not on ly  cause deform ation  o f  root h a ir s  but a l s o  

in c r e a se  t h e i r  number and average l e n g th .  Combined 

n itr o g e n  checked t h i s  s t im u la t io n  o f  growth probab ly  by 

reducing th e  ca rb o h y d ra te /n itro g en  r e l a t io n s h ip  below  

some c r i t i c a l  l e v e l .  This would appear to  be borne out 

by the f a c t  th a t  the a d d it io n  o f  g lu c o se  to  th e  medium
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overcame th e  in ju r io u s  e f f e c t s  o f  th e  combined 

n itrogen *  Hopkins and Fred (1933) added m ann ito l  

a lo n g  w ith  combined n i t r o g e n  to  red  c lo v e r  p la n ts  

and found th at i t  n u l l i f i e d  the e f f e c t s  produced  

by the combined n i t r o g e n  when added a lo n e .  H opkins,

Wilson and P eterso n  (1932) conclude th a t  th e  e f f e c t  

of the combined n i tr o g e n  i s  not m erely  to  prevent  

entrance o f  the  b a c t e r ia ,  because moderate q u a n t i t i e s  

do not suppress the  form ation  o f  n od u les  but a f f e c t  

t h e ir  s i z e  and d i s t r i b u t i o n .  Thornton and N ic o l  (1936) 

showed th a t  n i t r a t e s  reduced th e  volume o f  b a c t e r i a l  

t i s s u e  w ith in  th e  nodule more than  th ey  reduced nodule  

number or nodule l e n g t h .  G iobel (1926) in d ic a te d  th a t  

the  number o f  nod u les on Soya beans was not markedly  

reduced in  th e  p resen ce  o f  sodium n i t r a t e ,  but th e  dry 

w eights o f  th e  nod u les  were reduced in  p ro p o r t io n  t o  

the l e v e l  o f  combined n i t r o g e n .

S e v e r a l  in v e s t i g a t o r s  have s tu d ie d  the  e f f e c t  

upon nodule form ation  o f  in c r e a s in g  the carb o h y d ra te /  

n itr o g en  r e la t io n s h ip  by a d d i t io n  o f  carbon compounds 

to  the r o o t in g  medium. The p resen t  author i s  p a r t i c u l a r l y  

concerned w ith  the e f f e c t  o f  su crose  s in c e  t h i s  i s  th e  

carbohydrate used  a s  an energy source  in  the  c u ltu r e  

media fo r  e x c i s e d  legume r o o t s .  The a s e p t i c  experim ents  

o f  J.IC. Wilson (1931) and Lewis and McCoy (1933) show 

th a t  sucrose  i s  very  b e n e f i c i a l ,  and in  some c a s e s  

e s s e n t i a l  t o  nodule produ ction  by e t i o l a t e d  leguminous
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p l a n t s .  There would appear to  he no p rev io u s  

reco rd s  o f  t r u ly  a s e p t i c  i n v e s t i g a t i o n s  in to  the  e f f e c t  

o f  su crose  upon the n o d u la t io n  o f  normal i l lu m in a te d  

p la n t s .  However, as we s h a l l  see  in  g r e a te r  d e t a i l  in  

S e c t io n  I I ,  the  r e s u l t s  o f  s e v e r a l  n o n - s t e r i l e  e x p e r i 

ments in d ic a te  t h a t ,  in  the main, su cr o se  e i t h e r  had a 

b e n e f i c i a l  e f f e c t  or e l s e  no e f f e c t  at a l l  upon nodule  

form ation . ( R i t t e r ,  1911; Prucha, 1915; J .K . W ils o n ,1 9 1 7 ) .  

Some in d ic a t io n  th a t  su crose  may be in j u r io u s  to  growth 

and n o d u la tio n  i s  su g g ested  by Prucha (1915) and Ludwig 

and A l l i s o n  (1935) but under t h e i r  n o n - s t e r i l e  c o n d it io n s  

i t  may be th a t  th e  e f f e c t s  noted were due to  fe r m e n ta t io n  

r e a c t io n s  ta k in g  p la c e  in  the media.

As we have seen , the media used f o r  th e  c u l t i 

v a t io n  o f  e x c is e d  legum inous r o o ts  c o n ta in  sm a ll  q u a n t i t 

i e s  of aneurin  and n i c o t i n i c  a c id  as  A c c e s s o r y  growth 

f a c t o r s * .  The author i s  not aware of any p r e v io u s  work 

on the e f f e c t  o f  th e se  su b sta n ces  upon nodule fo rm a tio n .

I t  has been shown th a t  an eu r in  g r e a t ly  in c r e a s e s  the  

growth o f  nodule b a c t e r ia  on a s y n t h e t ic  medium (N i l s s o n ,  

B ja lv e  and Burstrom, 1938; West and W ilson , 19 3 9 ) ,  

although n i c o t i n i c  a c id  has no such e f f e c t .  The p resen ce  

o f  aneurin i s  m erely e s s e n t i a l  f o r  th e  i n i t i a t i o n  o f  

growth, s in c e  West and P.W. W ilson (1938) found th a t  once  

growth has s t a r t e d ,  the b a c t e r ia  can s y n t h e s i s e . i t  f o r  

th e m se lv e s .  Bonner and Greene (1938) showed th a t  the  

aneurin  content o f  pea p la n ts  kept in  the  dark does not
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in c r e a s e ,  whereas in  l i g h t  t h i s  conten t o f  th e  l e a f  

r i s e s  r a p id ly ,  and th e y  concluded t h e r e f o r e ,  th a t  th e  

aneurin  i s  produced in  le a v e s  in  l i g h t .  Whole pea  

p la n ts  growing in  l i g h t  did not respond to  a d d i t io n  o f  

aneurin and thu s i t  was d ec id ed  th a t  th e y  must be capable  

o f  s y n th e s i s in g  a l l  th a t  i s  req u ired  f o r  t h e i r  own n e e d s .

R eference to  th e  work o f  Thornton (1929) w i l l  

be met w ith  r e p e a te d ly  in  t h i s  t h e s i s .  I t  w i l l  s u f f i c e  

to  say here t h a t ,  u s in g  young lu cern e  p l a n t s ,  he found 

th a t  a w a te r - s o lu b le  su bstance  which cau ses  b a c t e r i a l  

m u lt ip l i c a t io n  and ev en tu a l  in v a s io n  o f  the h o s t  i s  

excreted  from the r o o ts  in to  the  surrounding medium a t a 

time c o in c id e n t  w ith  the opening o f  the f i r s t  tru e  l e a v e s .

METHODS.

In a l l  th e  fo l lo w in g  i n v e s t i g a t i o n s  in v o lv in g  

the c u l t i v a t i o n  o f  e x c is e d  root t i p s ,  su cro se  was p r e sen t  

in  the r o o t in g  medium. The m aintenance o f  s t e r i l i t y  was 

th e r e fo r e  o f  g rea t  importance and most o f  the exp er im en ta l  

o p era tio n s  were c a rr ie d  out in  an in o c u la t in g  box, s im i la r  

to  th a t  d escr ib ed  by Mackie and McCartney (1 9 4 6 ) ,  which  

could be a t  l e a s t  p a r t i a l l y  s t e r i l i s e d  by p a s s in g  in  a j e t  

o f  steam. On c o o l in g ,  the  steam condensed on any dust  

p a r t i c l e s  or b a c t e r i a l  and fu n g a l  spores p r e se n t  in  the  

atmosphere and c a r r ie d  them down t o  the f l o o r  o f  the box 

en c lo sed  in  v/ater d r o p le t s .  M anipulations cou ld  then be 

c a rr ie d  out in  t h i s  ♦washed* a i r  w ith  much l e s s  r i s k  o f
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i n f e c t i o n .

The s e e d s  most w id e ly  used in  th e  a u th o r ’ s 

experim ents were th o se  o f  F ie ld  Pea (Pisum arvense  L . ) ,  

v a r ie t y  ’Few Zealand Maple’ . Large and w e ll- fo rm ed  

seeds w ith  undamaged t e s t a s  were s e l e c t e d .  They were 

s u r f a c e - s t e r i l i s e d  in s id e  the in o c u la t in g  box by shak in g  

w ith  a b so lu te  a lc o h o l  f o r  2  m in u tes ,  th en  w ith  0 . 1  per  

c e n t ,  m ercuric  c h lo r id e  f o r  6 m in u te s ,  and f i n a l l y  were 

washed in  s i x  changes of s t e r i l e  w ater. They were l e f t  

to  imbibe overn igh t in  the  l a s t  washing water and were 

then  t r a n s fe r r e d  a s e p t i c a l l y  to  P e t r i  p l a t e s  c o n ta in in g  a 

sha llow  la y e r  of 1 . 0  per  c e n t ,  a gar , about n in e  se ed s  

being p laced  on each p l a t e .  These were l e f t  a t a 

temperature o f  19° C f o r  g erm in ation  t o  p ro c ee d . The 

advantage o f  using  agar was th a t  any b a c t e r ia  or fu n g i  

remaining on th e  t e s t a s  could be d e te c te d  by t h e i r  growth  

on i t s  s u r f a c e ,  and peas from such p l a t e s  were d iscarded#  

Any s l i g h t  m o d if ic a t io n s  to  t h i s  procedure which were 

made when c lo v e r  and bean r o o ts  were employed are  

describ ed  in  the  app rop ria te  p la c e s  in  the t e x t .  When 

root c u l tu r e s  were to be s t a r t e d ,  t i p s  0 .5  cm. lon g  were 

e x c is e d  from the  r a d ic l e s  a f t e r  they  had a t t a in e d  a 

len g th  o f  one to  two c e n t im e tr e s  and were t r a n s fe r r e d  

w ith  s t e r i l e  fo r c e p s  t o  f l a s k s  o f  s t e r i l e  n u t r i e n t .

The standard n u tr ie n t  s o lu t io n  used in  th e
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e x p er im en ts ,  except where o th erw ise  s t a t e d ,  was as  

f o l lo w s

Ca(N03 ) 2 .4H20 242 mg.

MgS04 .7H20 42 mg.

KNO3 85 mg.

KC1 61 mg.

kh2pq4 2  mg.

FeCl3 a tr a c e

Made up to  one l i t r e  w ith  g l a s s - d i s t i l l e d  w ater .

When a n i t r o g e n - f r e e  s o lu t io n  was d e s ir e d  , a p p ro p r ia te  

amounts o f  K2SQ4and CaSO^^HgO were s u b s t i t u t e d  fo r  

the  potassium  and calc ium  n i t r a t e s ,  to  m ain ta in  the  

K and Ga c o n c e n tr a t io n s  at the  same l e v e l .  A ccessory  

growth su b stan ces  in  th e  form o f  0 . 1  mg. aneurin  hydro

ch lo r id e  (B .D .H .) and 0 .5  mg. n i c o t i n i c  a c id  (B .D .H .) ,  

were added per l i t r e  o f  s o l u t i o n .  S ta te d  amounts o f  

a n a l y t i c a l l y  pure su crose  were a l s o  added as  r e q u ir e d .

The above m in era l s o l u t i o n ,  to g e th e r  w ith  the a c c e sso r y  

growth su b stan ces  and 4 per c e n t ,  s u c r o s e ,  and w ith  

fe r r o u s  t a r t r a t e  s u b s t i t u te d  fo r  the f e r r i c  c h lo r id e  

shown above, i s  that d e v ise d  by Bonner and D ev ir ia n  

(1939) f o r  the  growth o f  e x c is e d  root t i p s  o f  pea . The 

pH o f  the s o lu t io n  as  used f o r  peas was 4 .7  when f r e s h l y  

au to c laved  and i t s  osm otic  p ressu re  was 4 .1 8  atm ospheres.  

By means o f  a p i p e t t e ,  50 c c .  o f  n u tr ie n t  was p la ced  in  

each o f  th e  required  number o f  c lea n  dry Erlenmeyer f l a s k s  

o f  250 c c .  c a p a c i ty .  These were then  plugged w ith  c o tto n



w ool, covered w ith  parchment paper, and s t e r i l i s e d  

in  the  a u to c la v e  f o r  15 m inu tes a t 18 pounds p r e s s u r e .  

When c o o l ,  th ey  were ready to  r e c e iv e  th e  e x c i s e d  root  

t i p s .

S in ce  th e  c u l tu r e s  had to  be kept s t e r i l e ,  

the  r o o ts  could  n o t  be removed from the  f l a s k s  from  

time to  time to  n ote  in c r e a se s  in  l e n g t h .  A method o f  

measurement was t h e r e fo r e  d e v ise d  whereby th e  shadow 

o f  th e  ro o t  was c a s t  on a p ie c e  o f  t h in  paper, tr a c e d  

w ith  a s o f t  p e n c i l ,  and measured by means o f  a map- 

measuring w h ee l. The bench lamp employed as a l i g h t  

source was always kept a t  the same a n g le  and h e ig h t  

above a l l  the f l a s k s  in  order t o  secu re  u n ifo rm ity  o f  

c o n d it io n s .  Although t h i s  method may r e s u l t  in  minor 

d is c r e p a n c ie s ,  c h i e f l y  in  root t h i c k n e s s ,  due to  o p t i c a l  

e f f e c t s  in  th e  s o lu t io n ,  i t  has been proved by removing  

a root from th e  medium and superim posing i t  upon i t s  

tr a c e d  image, th a t  such d i f f e r e n c e s  a s  do e x i s t  are very  

sm all ind eed .

the  in o c u la t io n  o f  r o o ts  in  the  fo l lo w in g  i n v e s t i g a t io n s  

were c u ltu r ed  on y e a s t -m a n n ito l  agar s lo p e s  prepared  

accord in g  to  the  form ula o f  Fred , Baldwin and McCoy (1932)

The s t r a i n s  o f  th e  nodule organism  used f o r

Agar 15 gm. NaCl 0 . 1  gm.

Mannitol 1 0  gm CaC03 3 .0  gm.

£2HK>4

M gS04.7H 20 0 . 2  gm

0 .5  gm. Yeast water

D i s t i l l e d  water 900 c c .

1 0 0  c c .
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P re p a r a t io n  o f  inoculum was c a r r ie d  out in  the  in o c u l a t 

in g  box by adding a l i t t l e  s t e r i l e  water to  the  b a c t e r i a l  

c u ltu r e  and making a uniform  su sp en s io n  by m a n ip u la t io n  

w ith  a s t e r i l i s e d  p ie c e  o f  g l a s s  tubing.' The tu b in g  

served  as  a p ip e t t e  in  the a c tu a l  in o c u la t io n  o p e r a t io n ,  

approxim ately  1 c c .  o f  su sp en sio n  b e in g  added to  each  

f l a s k  c o n ta in in g  r o o t s .  When pea r o o ts  were in v o lv e d ,  

the p a r t i c u la r  organism  employed was the e f f e c t i v e  HX pea  

s t r a in  o r i g i n a l l y  ob ta in ed  from P r o fe s so r  A .I .  V ir ta n en .  

Agar c u l tu r e s  were o f t e n  in o c u la te d  accord in g  to  the  

method o f  Chen and Thornton (1 9 4 0 ) .  A fte r  the  tu b es  or  

f l a s k s  o f  medium had been removed from th e  a u to c la v e ,  th e y  

were p laced  in  a water bath o p e r a t in g  a t  42°0 . and l e f t  

u n t i l  th ey  had assumed t h i s  tem perature, a t  which the  

agar was s t i l l  l i q u i d ,  but was not hot enough to  k i l l  

b a c t e r ia l  c e l l s .  S ev era l v e s s e l s  a t a time were t r a n s 

fe r r e d  from the bath  t o  the in o c u la t in g  box, approxim ate ly  

1 c c .  o f  b a c t e r i a l  su sp en sion  added to  ea ch , and then w e l l  

shaken.

EXPERIMENTAL RESULTS.

Experiment 1 . Growth o f  e x c is e d  ro o t  t i p s  o f  pea in  

n u tr ie n t  s o l u t i o n  c o n ta in in g  y e a s t  e x t r a c t ,  and th e  temp

era tu re  b e s t  s u i te d  to  t h e i r  h e a lth y  developm ent.

In rev iew in g  the h i s t o r y  o f  roo t c u ltu r e  we 

have seen th a t  b e fo re  the d is c o v e r y  of the ex a c t  components 

o f  y e a s t  e x tr a c t  which were e s s e n t i a l  f o r  the  growth o f  

e x c ise d  r o o ts  t i p s  o f  pea , the  e x tr a c t  was added in  i t s
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e n t i r e t y  t o  a l l  c u l t u r e  m edia .  I n  p r e l i m i n a r y  e x p e r im e n t s  

c a r r i e d  out  i n  t h i s  Depar tm ent  by Miss  H elen  F r a z e r ,  t h i s  

same p r o c e d u r e  was a d o p te d  and r o o t  g row th  and l a t e r a l  

r o o t  development  were a c h i e v e d .  I t  was d e c id e d  to  r e p e a t  

t h e s e  e x p e r i m e n t s  in  o r d e r  t o  become f a m i l i a r  w i t h  th e  

t e c h n i q u e  which she had s u c c e s s f u l l y  employed,  and a l s o  to  

o bse rv e  t h e  e x t e n t  o f  g ro w th  which cou ld  be a t t a i n e d  u n d e r  

d i f f e r e n t  t e m p e r a t u r e  c o n d i t i o n s .

0 .1  gm. o f  y e a s t  was b o i l e d  f o r  tw e n ty  m in u te s  

i n  30 -  50 cc .  o f  g l a s s  d i s t i l l e d  w a t e r ,  l e f t  to  s e t t l e  in  

th e  r e f r i g e r a t o r ,  and f i l t e r e d  tw ic e  t h r o u g h  a Buchner  

f u n n e l .  The whole o f  the  f i l t r a t e  was t h e n  u s e d  i n  making 

up one l i t r e  o f  n u t r i e n t ,  b e in g  s u b s t i t u t e d  f o r  t h e  a n e u r i n  

and n i c o t i n i c  a c i d  g iv e n  in  t h e  fo rm u la  o f  Bonner  and 

D e v i r i a n  (1939) .

One e x c i s e d  r o o t  t i p  o f  pea  was p l a c e d  i n  each 

o f  e i g h t e e n  f l a s k s  of  medium. Twelve o f  t h e s e  were p l a c e d  

a t  a t e m p e r a t u r e  o f  15 -  16°C. and t h e  r e m a in in g  s i x  a t  19 -  

20°C. W ith in  t h r e e  days  a l l  t h e  r o o t s  had i n c r e a s e d  to  

tw ice  t h e i r  o r i g i n a l  l e n g t h  and were showing a r e s p o n s e  t o  

g r a v i t y .  Those a t  t h e  h i g h e r  t e m p e r a t u r e  were b e g in n in g  to  

t u r n  brown e s p e c i a l l y  a t  t h e  cu t  s u r f a c e .  At th e  end o f  

f i f t e e n  days  th e  r o o t s  were t r a n s f e r r e d  t o  f r e s h l y  p r e p a r e d  

s o l u t i o n  and were a l low ed  t o  remain  f o r  a n o t h e r  two weeks 

b e f o r e  b e in g  removed, examined and measured  a lo n g  a r u l e r .
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Table 1 ,

Growth o f  e x c is e d  r o o t  t i p s  o f pea in  n u tr ie n t  

s o l u t i o n  c o n ta in in g  y e a s t  e x tr a c t  a t  d i f f e r e n t  

tem p era tu res . Growth p e r io d  * 4 w eeks.

Av. le n g th  o f  Av. no . o f  
Temperature main roo t  (cm.) l a t e r a l s  Remarks

19 -  2 0 °C 1 2 .3  13 Roots dark brown

15 -  16°C 1 4 .0  * 14 Young p a r t s  w hite

I t  can be seen  from Table 1 t h a t  th ere  was 

l i t t l e  d i f f e r e n c e  in  le n g th  between r o o ts  from th e  two 

tem perature l e v e l s .  The d i f f e r e n c e  in  appearance, however, 

was very marked. Roots a t th e  h ig h er  l e v e l  became 

com p lete ly  brown a t  an e a r ly  s ta g e ,  the  tendency b e in g  

evident even a f t e r  the  t h ir d  day. B efore  th e  ter m in a t io n  

of the  experiment the o ld er  p a r ts  o f  the  r o o ts  a t  th e  low er  

l e v e l  had a l s o  become brown but the  younger r e g io n s  were 

s t i l l  w h ite .  I t  appeared th e r e fo r e  th a t  tem peratures  

averag ing  about 15 -  16 °  C. were b e s t  s u i t e d  to the  h e a lth y  

growth o f  e x c is e d  root t i p s  o f  p ea .

The se ed s  used in  th e  above i n v e s t i g a t i o n  were 

over  a year o ld .  The experiment was rep eated  u s in g  peas  

from the crop o f  th e  current year  in  order to  observe  

whether seed age had any e f f e c t  on th e  growth o f  e x c is e d  

roo t  t i p s .



F ig .  1 • Tracing o f  a pea root grown from an e x c is e d  
roo t  t i p  in  n u t r ie n t  s o lu t io n  c o n ta in in g  
y e a s t  e x t r a c t .
Growth p er iod  s  4 weeks.
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Table 2 .

As f o r  Table 1 ,  but u s in g  seed  from th e  current

y e a r ’ s crop . Growth p er io d  * 4 w eeks.

Av. le n g th  o f  Av. no . of  
Temperature main root (cm.) l a t e r a l s  Remarks

19 -  2 0 °C. 1 7 .0  1 7 .6  Roots brown

15 -  16°C. 1 5 .0  1 7 .4  Young p a r ts  w h ite

I t  i s  e v id en t  from Table 2 th at in  comparison  

w ith  the r o o ts  o f  th e  f i r s t  exper im en t, an improvement was 

shown both in  the development o f  the main ro o t  and in  th e  

production o f  l a t e r a l  r o o t s .  Tracing o f  t y p i c a l  r o o t  

system can be seen  in  F ig .  1 .

There was aga in  a ten dency  to  browning which was 

more marked in  r o o t s  grown at th e  h ig h er  tem p eratures .  

Specimens from each  temperature l e v e l  were examined f o r  root  

h a ir s ,  which were found to  be numerous but very s h o r t .

Experiment 2 . Growth o f  e x c i s e d  r o o t  t i p s  o f  pea in  

n u tr ie n t  s o lu t io n  c o n ta in in g  aneurin  and n i c o t i n i c  a c id  

as "accessory  growth f a c t o r s ’1.

Bonner and D ev ir ia n  (1 9 3 9 ) ,  a s  no ted , found  

th a t  in  a d d it io n  to  th e  u su a l  m inera l s a l t s  and a carbo

hydrate supply  o f  4  per  c e n t ,  su c r o se ,  e x c is e d  ro o t  t i p s  

of pea required  sm all q u a n t i t i e s  o f  aneurin  and n i c o t i n i c  

a c id  b efore  growth would p roceed . These su b stan ces  

e f f e c t i v e l y  rep laced  the y e a s t  e x tr a c t  used by e a r l i e r  

in v e s t i g a t o r s .  The formula fo r  t h e i r  c u ltu re  medium has 

a lread y  been g iv en  in  the  p reced in g  pages and i t  was now
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employed i n  t h e  p r e p a r a t i o n  o f  the  n u t r i e n t  f o r  t h e  p r e s e n t  

e x p e r im e n t .

F o l lo w in g  t h e  u s u a l  p r o c e d u r e ,  t h r e e  r o o t  t i p s  

were t r a n s f e r r e d  to  each  f l a s k  o f  s o l u t i o n .  F iv e  f l a s k s  

were p l a c e d  a t  a t e m p e r a t u r e  o f  15 -  16°G, and s i x  a t  .

19 -  20°C. The g row th  p e r i o d  e x te n d e d  o v e r  4 weeks .

A l th o u g h  t h e  r o o t s  a t  t h e  h i g h e r  t e m p e r a t u r e  

l e v e l  showed a s l i g h t  i n i t i a l  a d v a n t a g e ,  t h e y  began  to  t u r n  

brown a f t e r  a bo u t  17 days and t h e i r  c o n d i t i o n  a t  t h e  

c o n c lu s io n  o f  t h e  exper im ent  was much i n f e r i o r  t o  t h a t  o f  

t h e  r o o t s  c u l t u r e d  a t  t h e  lower  l e v e l .

T ab le  5 .

Growth o f  e x c i s e d  r o o t  t i p s  o f  pea  i n  n u t r i e n t  

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

Growth p e r i o d  -  4 weeks.

Av. le n g th  o f  Av. no. o f
Temperature main root (cm.) l a t e r a l s

19 -  20°C 1 9 .0  1 4 .0

15 -  16°C 1 8 .0  1 6 .6

Comparing t h e  r e s u l t s  i n  T a b le s  2 and 3 i t  can

be seen  t h a t  main r o o t  l e n g t h  was g r e a t e r  i n  t h e  p r e s e n t  t e s t

t h a n  i n  th e  p r e c e d i n g  one where y e a s t  e x t r a c t  was employed

and a l th o u g h  th e  l a t e r a l  r o o t s  were few er  i n  number t h e y ,  t o o ,

were l o n g e r .  A l l  specim ens were w h i t e r  and s t u r d i e r  t h a n

th o se  grown in  n u t r i e n t  s o l u t i o n  c o n t a i n i n g  y e a s t  e x t r a c t  and

th e  r o o t  h a i r s  p roduced  were l o n g e r  and much more numerous.

T rac ing ,  of a t y p i c a l  r o o t  sys tem  i s  shown i n  F i g .  2 . ,  whi le

F i g .  3 shows s i m i l a r  r o o t s  a t  an o l d e r  s t a g e .



F ig .  2 T racing  o f  a pea roo t grown from an e x c i s e d  
t i p  in  n u tr ie n t  s o l u t i o n  c o n ta in in g  an eu r in  
and n i c o t i n i c  a c id .  Growth p er iod  =. 4 w eeks.



F i g .  3 E x c i se d  r o o t s  o f  p e a ,  p h o to g ra p h e d  a f t e r  
seven  weeks1 growth  i n  n u t r i e n t  s o l u t i o n  
c o n t a i n i n g  a n e u r i n  and n i c o t i n i c  a c i d .
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I t  appears th e r e fo r e  th a t  fo r  the  growth o f  

e x c is e d  r o o t  t i p s  o f  pea the  more s u i t a b le  medium i s  th a t  

c o n ta in in g  an eu r in  and n i c o t i n i c  a c id  and th e  most s u i t 

ab le  temperature l i e s  in  the r eg io n  o f  15 -  16°C.

S im u ltan eou sly  w ith  the  p r o g r e ss  o f  the above 

experim en ts, i t  was d ec id ed  to  i n v e s t i g a t e  whether g r e a t 

er a e r a t io n  of the n u tr ie n t  medium would be accompanied 

by in creased  growth o f  the e x c i s e d  pea r o o t s .

Experiment 3 . Growth o f  e x c is e d  r o o t  t i p s  o f  pea in  

sand watered w ith  n u tr ie n t  s o l u t i o n  containing; y e a s t  

e x t r a c t .

Ten Erlenmeyer f l a s k s  o f  250 c c .  c a p a c ity  were 

used as c u ltu r e  v e s s e l s .  In to  f i v e  o f  them was weighed  

250 gm. o f  f in e  quartz  sand and th e  remainder r e c e iv e d  

the same q u a n t i ty  o f  coarse  s i l v e r  sand. The f l a s k s  were 

then s t e r i l i s e d  f o r  n in e ty  m inutes a t  18 -  20 pounds 

p r e ssu re .  F i f t y  c c .  o f  n u tr ie n t  s o lu t io n  c o n ta in in g  

yeast  e x tr a c t  was added to  each and a second s t e r i l i s a t i o n  

carr ied  out f o r  f i f t e e n  m inutes a t  the  same p r e s s u r e .

When thorough ly  c o o l ,  a groove was made in  the  su rface  

o f  the sand w ith  a s t e r i l e  platinum  wire and an e x c i s e d  

root t i p  p la ced  a long the groove. A l l  th e  f l a s k s  were 

l e f t  in  the dark at a temperature o f  15 -  16°C and ex 

amined a t  in t e r v a l s  throughout a 4 -  week growth p e r io d ,

A f te r  th r ee  days the t i p s  began to  turn down

wards and numerous f in e  root h a ir s  could be seen  w ith  the  

naked e y e .  When two weeks had e la p s e d ,  i t  was noted th a t
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th e  r o o ts  in  f i n e  sand had d i f f i c u l t y  in  p e n e tr a t in g  

downwards and t h e i r  e f f o r t s  to  do so had r e s u l t e d  in  an 

upward curvature o f  th e  main part o f  th e  r o o t ,  thus  

red uc in g  the  number o f  p o in t s  a t  which i t  could absorb  

n u t r ie n t .  The f l a s k s  were th e r e fo r e  opened and by 

means o f  a s t e r i l e  s c a l p e l  the r o o t s  were com p lete ly  

covered over w ith  th e  m oist sand.

Table 4 .

Growth o f  e x c is e d  root t i p s  o f  pea in  

sand watered w ith  n u tr ie n t  s o l u t i o n  

c o n ta in in g  y e a s t  e x t r a c t .  Growth p er io d  

s  4 weeks.

Av. le n g th  o f  Av. no . o f  
Medium main root (cm.) l a t e r a l s

F in e  sand 8 .1  2 .6
Coarse sand 4 .5  2 .7 5

From Table 4 i t  i s  obv iou s th a t  the  growth 

o f  e x c is e d  root t i p s  o f  pea in  sand c u ltu r e  i s  f a r  below  

th a t  a t ta in e d  in  p u re ly  l iq u i d  medium, d e s p i t e  th e  

improved c o n d it io n s  o f  a e r a t io n .  Boot h a ir s  were very  

p l e n t i f u l  on a l l  the  specimens but the r o o ts  in  f i n e  

sand were lo n g e r ,  w h iter  and showed a b e t t e r  development 

o f  h a ir s  than th o se  in  coarse  sand.

Experiment 4 .  Growth of e x c i s e d  pea r o o ts  on agar medium.

As noted in  the In tr o d u c t io n ,  Malyschev (1932) 

favoured the use  o f  an agar su b s tr a te  fo r  the  growth o f  

e x c ise d  root t i p s ,  w h ile  White (1933), in  comparing h is
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r e s u l t s  w ith  th o s e  o f  M alyschev, showed th a t  much 

su p erior  growth had been o b ta in ed  in  l i q u i d  cu ltu re*

In the experim ents o f  the p resen t  au th or , s in c e  nodule  

form ation  was th e  end in  v iew , i t  was thought th a t  

growth on a s o l i d  medium might p o s s e s s  c e r t a in  d e f i n i t e  

advantages* For example, a e r a t io n  would be b e t t e r  

s in ce  the  r o o t s  would e i t h e r  l i e  on the agar su r fa c e  or  

make a i r  spaces f o r  th em se lves  as th e y  p e n e tra ted  

through i t ,  and moreover, th ere  was th e  p o s s i b i l i t y  th a t  

the root h a ir s  might be lo n g e r  and more numerous.

Therefore i t  was dec id ed  to  grow e x c i s e d  root t i p s  o f  

pea on the  u su a l  n u tr ie n t  medium c o n ta in in g  an eu r in  and 

n i c o t in i c  a c id  s o l i d i f i e d  by the  a d d it io n  o f  1 .0  per cent*  

agar*

Two root t i p s  were 'p lanted*  in  each o f  t e n  

P e tr i  p la t e s  c o n ta in in g  the s o l i d i f i e d  medium and a llow ed  

to  grow fo r  a per iod  o f  t e n  weeks. At f i r s t  growth was 

ra p id , and w ith in  three or fou r  days many o f  the  r o o ts  

extended r ig h t  a c r o s s  th e  agar su r fa c e  and were b eg in n in g  

to  turn downwards where th e y  reached th e  s i d e s  o f  the  

p l a t e s .  This i n i t i a l  growth ra te  was not m aintained  

however, and a t  th e  end o f  the growth p er iod  the average  

len g th  o f  the main root was o n ly  1 8 .4  cm. and the  average  

number o f  l a t e r a l  r o o ts  1 0 .6 5 .  Comparison o f  th e s e  

f ig u r e s  w ith  th o se  in  Table 3 shows th a t  during a much 

sh o r te r  growth p er iod  (4 w eek s), e x c i s e d  pea r o o ts  in  

l iq u id  c u ltu r e  a t ta in e d  the same le n g th  as th o se  above
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and produced more numerous l a t e r a l  r o o t s .

Experiment 5# E f f e c t  on the  growth o f  e x c i s e d  r o o t  

t i p s  o f  pea o f  a r t i f i c i a l  a e r a t io n  o f  the  l i q u i d  medium.

I t  was p o s s ib l e  t h a t  in  th e  two p reced in g  

experim ents the  in c r e a se d  a e r a t io n  might be proving  

b e n e f i c i a l  to  r o o t  growth but i t s  e f f e c t s  were perhaps  

n u l l i f i e d  by th e  g r e a te r  d i f f i c u l t y  o f  a b so rb in g  n u tr ie n t  

from sand and agar s u b s t r a t e s .  Hence in  th e  p r e se n t  

t e s t ,  the r o o t s  were grown in  l iq u i d  medium and th e  b e t t e r  

a e r a t io n  was provided  by an a i r  stream drawn through the  

s o lu t io n .

Every p reca u tio n  was taken to  t r y  to  o b ta in  

s t e r i l i t y  o f  the  apparatus and o f  the a i r  stream . A l l  

the tu b in g  and g lassw are  employed were wrapped in  s u lp h i t e  

paper and s t e r i l i s e d  in  the a u to c la v e ,  and a l l  co n n ec tio n s  

were made in s id e  th e  in o c u la t in g  box . The a i r  was drawn 

by means o f  a su c t io n  pump from a greenhouse a d jo in in g  

th e  la b o ra to ry , and was passed  through a double copper s p i r a l  

to  assume the  temperature o f  the  surroundings and was 

then washed w ith  sodium hydroxide and passed  through  

f l a s k s  o f  c o t to n  w ool.

Hine e x c i s e d  root t i p s  were tr a n s fe r r e d  t o  

each o f  s i x  p ressu re  f l a s k s  o f  one l i t r e  c a p a c ity  c o n ta in 

in g  550 cc .  o f  n u tr ie n t  s o lu t io n  (u n le s s  s ta tem en t i s  

made to  the contrary  i t  can be assumed th a t  th e  medium 

used in  su cceed in g  experim ents i s  th a t  which c o n ta in s  

aneurin and n i c o t i n i c  a c i d ) .  The f l a s k s  were p la ced  in
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a l i g h t - p r o o f  box in  the la b o r a to r y  f o r  a p e r io d  o f  

th r ee  w eeks. Three o f  them were a e ra ted  and th e  o th e r  

th ree  l e f t  a s  c o n t r o l s .

© e sp ite  a l l  p r e c a u t io n s ,  a f t e r  te n  d a ys , two 

o f  the th ree  a e ra ted  f l a s k s  began to  show th e  p resen ce  

o f  fu n g a l and b a c t e r i a l  i n f e c t i o n .  T h er e fo r e ,  the  

r e s u l t s  fo r  aera ted  r o o t s  g iv en  in  the  fo l lo w in g  Table  

are the average v a lu e s  f o r  the  n in e  r o o ts  co n ta in ed  in  

the one n o n - in fe c te d  f l a s k .

Table 5 .

E f f e c t  o f  a e r a t io n  on e x c i s e d  r o o t  t i p s  

o f  pea growing in  l iq u i d  medium. Growth 

p er io d  » 3 weeks.

Av. le n g th  o f  Av. no . o f  Av. dry
Treatment main root (cm.) l a t e r a l s  w t. (mg.)

Aerated 1 4 .3  4 .5  1 0 .3 3

Non-aerated 1 5 .2  1 6 .2  1 1 .5 3

From Table 5 i t  can be seen  th a t  the  

c o n tr o l  r o o ts  made b e t t e r  growth than th o se  which were 

a era ted , and t h e i r  s u p e r io r i t y  was e v id e n t  from th e  second  

day of th e  experim en t.

I t  was concluded, t h e r e f o r e ,  th a t  a e r a t io n  o f  

the c u ltu re  s o lu t io n  was not b e n e f i c i a l  to  the  growth o f  

e x c is e d  .root t i p s  o f  pea . Assuming th a t  oxygen content  

i s  th e  most s i g n i f i c a n t  f a c t o r  a f f e c t e d  by a e r a t io n ,  i t  

appears th a t  the  r o o ts  grow b e s t  in  th e  presumably reduced  

oxygen t e n s io n  provided  by the n on -a era ted  s o l u t i o n .
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Exper iment  6 . G l y c e r o l  and m a n n i t o l  a s  s u b s t i t u t e s  f o r  

s u c r o s e  i n  t h e  g row th  of e x c i s e d  r o o t  t i p s  o f  p e a .

In  e n q u i r i n g  i n t o  th e  c o n d i t i o n s  a f f e c t i n g  

t h e  growth o f  e x c i s e d  r o o t s  o f  pea  i t  seemed o f  some 

i n t e r e s t  to  de te rm in e  w h e th e r  t h e i r  e n e rg y  s o u rc e  must  

a lways be c a r b o h y d r a t e  i n  n a t u r e  o r  w h e th e r  t h e y  were 

capab le  o f  u t i l i s i n g  t h e  h i g h e r  a l c o h o l s .  As we have 

s e e n ,  Hopkins and F red  (1933) added m a n n i t o l  a lo n g  w i t h  

combined n i t r o g e n  to  t h e i r  r e d  c l o v e r  p l a n t s  and found 

t h a t  i t  c a n c e l l e d  out  t h e  i n j u r i o u s  e f f e c t s  caused  by t h e  

combined n i t r o g e n  when added a l o n e .  Thus t h e  c l o v e r  must 

have been a b le  t o  a b so rb  th e  m a n n i t o l  and u t i l i s e  i t  to  

i n c r e a s e  th e  c a r b o h y d r a t e / n i t r o g e n  r a t i o  w i t h i n  t h e  p l a n t .

As n o ted  i n  "M ethods” , m a n n i to l  i s  a l s o  e f f e c t i v e  as  a 

source  o f  c a rb o n  f o r  t h e  r o o t  nodule  b a c t e r i a .  With 

r e g a r d  to  g l y c e r o l ,  s e v e r a l  i n v e s t i g a t o r s  (Boehm, 1883;

Meyer, 1886; E. L a u r e n t ,  1887; P f e f f e r ,  1900) have shown 

t h a t  i t  cou ld  be a b so rb e d  and u sed  by l e a v e s ,  c u t t i n g s  

and f l o r a l  p a r t s  o f  p l a n t s  and a l s o  by whole r o o t e d  p l a n t s  

o f  P ha se o lu s  v u l g a r i s , co rn  and r a d i s h  (Acton,  1889;

J .  L a u r e n t ,  1904; M o l l i a r d ,  1 9 0 7 ) .

Two r o o t  t i p s  were p l a c e d  i n  each o f  n i n e  

f l a s k s  c o n t a i n i n g  medium w i th  th e  normal  ca rb on  su p p ly  o f  

4 p e r  c e n t ,  s u c r o s e .  These a c t e d  as  c o n t r o l s .  Two 

s i m i l a r  s e r i e s  o f  f l a s k s  c o n ta in e d  r e s p e c t i v e l y  4 p e r  

c e n t ,  g l y c e r o l  and 4 p e r  c e n t ,  m a n n i to l  i n  p l a c e  o f  t h e  

4 p e r  c e n t ,  s u c r o s e .  Thus t h e r e  were e i g h t e e n  r o o t s  a t  each  

t r e a t m e n t .  A l l  f l a s k s  were s e t  a s i d e  f o r  a p e r i o d  o f  4



T racin gs of e x c i s e d  r o o ts  o f  pea grown fo r  
4 weeks in  n u tr ie n t  medium c o n ta in in g  (a) 
4 per  c e n t ,  su cr o se ,  (b) 4 per  c e n t ,  
g ly c e r o l ,  (c) 4 per c e n t ,  m a n n ito l .
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weeks.

Table 6 .

G ly c er o l  and m annito l as s u b s t i t u t e s  f o r  

su cro se  in  the  growth o f  e x c i s e d  roo t t i p s  

o f  p ea . Growth p er io d  = 4 weeks.

4 per c e n t .  4 per c e n t .  4 per  c e n t ,  
su crose  g l y c e r o l  m annito l

A v .le n g th  o f
root (cm.) 1 8 .2  2 .9  1 .2

I t  can be seen  c l e a r l y  from 'fable 6 and F ig .  4

th a t  n e i t h e r  g l y c e r o l  nor m annito l in  the g iv en  c o n c en tr a 

t i o n ,  was e f f e c t i v e  as a s u b s t i t u t e  f o r  4 per  c e n t ,  su cro se  

in  the n u t r i t i o n  o f  e x c is e d  r o o t  t i p s  o f  pea .

Experiment 7 . E f f e c t  upon the  growth o f  e x c i s e d  r o o ts  

o f  pea of t r a n s f e r r in g  them from f u l l  n u tr ie n t  medium to  

s o lu t io n s  c o n ta in in g  o n ly  f r a c t io n s  o f  the o r i g i n a l  con

c e n tr a t io n  o f  n i t r a t e .

I t  i s  g e n e r a l ly  a c ce p ted , as a lrea d y  n o te d ,  

th a t  the p resen ce  o f  combined n itr o g e n  in  th e  r o o t in g  

medium has a d e p r e ss in g  e f f e c t  upon th e  prod u ction  o f  

nodules by in t a c t  leguminous p l a n t s .  P o s s ib ly  the same 

would hold good fo r  the  e x c is e d  r o o ts  o f  legum es. I t  

seemed a d v is a b le ,  t h e r e f o r e ,  to  i n v e s t i g a t e  the p o s s i b i l 

i t y  o f  growing e x c ise d  r o o ts  o f  pea at n i t r a t e  l e v e l s

lower than th a t  su p p lie d  in  the medium o f  Bonner and 

D ev ir ia n  (1939J. I f  s a t i s f a c t o r y  growth occu rred , then  

i t  might be expected  th a t  nodules would form on such  

r o o ts  more r e a d i ly  than on r o o ts  growing in  the s o lu t io n  

with th e  f u l l  complement of n i t r a t e .
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N u tr ien t  s o l u t i o n s  c o n ta in in g  one h a l f  and one 

q u arter  o f  the f u l l  n i t r a t e  c o n c e n tr a t io n  were prepared  

as in d ic a te d  in  "Methods” . The o sm o tic  p ressu res  o f the  

reduced n i t r a t e  s o l u t i o n s  were determ ined by the d e p r e ss io n  

o f  the  f r e e z in g  p o in t  method and i t  was found th a t  no 

change in  osm otic  p ressu re  had been in vo lved  in  the  r e 

du ction  o f  the  n i t r a t e  c o n c e n tr a t io n .

The pH v a lu e s  o f  the  s o lu t io n s  were a l s o  d e t e r 

mined, by an in d ic a t o r  method u s in g  th e  H e l l ig e  a p p a ra tu s ,  

and the  fo l lo w in g  r e s u l t s  ob ta in ed

F u l l  n i t r a t e  s o l n . f r e s h l y  prepared and a u to c la v e d ,  pH * 4 .7

i  tt « « n t i  tt pH s  4 . 4
4 .6

" " " " pH -  4 .4
- 4 .6

F u l l  n i t r a t e  s o lu t io n  in  which r o o t s  had grown 2
d a y s , pH = 6 .2

F u l l  n i t r a t e  s o lu t io n  in  which r o o t s  had grown 28
d ays , pH = 6 .7

T h erefo re , no a p p re c ia b le  change in  pH had been

caused by v ary in g  the  n i t r a t e  con ten t o f  the s o l u t i o n .

The f r e s h ly  prepared medium was a c id  but w ith in  two days

a con sid erab le  r i s e  had occu rred . T his i s  com patib le

w ith  the o b ser v a t io n s  o f  T r e lea se  and T r e le a se  (1933, 1935)

on whole p la n t s  o f  wheat growing in  water c u l tu r e .  They

found th a t  in  s o lu t io n s  where the r a t i o  o f  n i t r a t e s  to

ammonium s a l t s  was h igh ,.p H  v a lu e s  g ra d u a lly  in c re a se d

u n t i l  a l im i t i n g  value o f  6 .5  was reached . S im i la r ly

Jacobson (1925) had observed th a t  97 d a y s 'o ld  wheat p la n t s



-  57 -

p la ced  in  c u ltu r e  s o l u t i o n  were capable o f  changing i t s  

pH from 3 ,9  to  6 .3  during the  f i r s t  12 h ou rs . Presum

ab ly  the  e x p la n a t io n  o f  both  th e se  r e s u l t s  i s  th a t  th e re  

i s  p r e f e r e n t i a l  a b so rp t io n  o f  the NOg ion  o f  th e  n i t r a t e  

s a l t s  le a v in g  the m e t a l l i c  c a t io n s  f r e e  to  combine w ith  

f r e e  OH groups. The new compounds thu s formed were then  

ab le  to  p a r t ly  n e u t r a l i s e  the  a c i d i t y  o f  the s o l u t i o n .

The e x c is e d  pea r o o ts  employed in  th e  p resen t  

experiment had grown fo r  4 weeks in  f u l l  medium and had 

a tta in e d  a co n s id er a b le  le n g t h .  They were tra c ed  and 

measured before  b e in g  tr a n s fe r r e d  a s e p t i c a l l y  to  f l a s k s  

co n ta in in g  f r e s h l y  prepared f u l l  n i t r a t e ,  h a l f  n i t r a t e  

and q u a r te r ' n i t r a t e  s o l u t i o n s ,  one root to  each f l a s k  and 

nine f l a s k s  a t  each c o n c e n tr a t io n .  A fte r  two weeks a l l  

r o o ts  were aga in  tr a c e d  and measured.

Table 7 .

E f f e c t  upon the  growth o f  e x c i s e d  r o o ts  o f  pea  

o f  t r a n s fe r r in g  them from f u l l  n u tr ie n t  s o lu 

t i o n  to  media c o n ta in in g  o n ly  f r a c t i o n s  o f  th e  

o r i g i n a l  n i t r a t e  c o n c e n tr a t io n .

Av. in c re a se  in  Av. in c r e a se  in  no.
Treatment le n g th  (cm.) o f  l a t e r a l s

F u l l  n i t r a t e  6 .6  15 .7

H alf n i t r a t e  1 1 .8  21 .0

Quarter n i t r a t e  5 .8  27 .2

From Table 7 i t  i s  e v id e n t  th a t  growth o c c 

urred at both o f  the  reduced n i t r a t e  l e v e l s  and exceeded  

th a t  ach ieved  by the f u l l  n i t r a t e  c o n t r o l s .  The g r e a t e s t



(a .) (b)

F ig ,  5 . T ra cin gs o f  e x c i s e d  r o o t s  o f  pea , (a) b e f o r e ,  
(b) a f t e r ,  two weeks* growth in  n u tr ie n t  
s o lu t io n  c o n ta in in g  one qu arter  o f  the  
o r i g i n a l  c o n c en tr a t io n  o f  n i t r a t e .
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in c r e a se  in  l e n g th  was found in  th e  h a l f  n i t r a t e  f l a s k s  

and th e  g r e a t e s t  in c r e a s e  in  number o f  l a t e r a l s  in  th o s e  

w ith  q u arter  n i t r a t e  (Fig* 5 ) .  Roots a t  th e  quarter  

n i t r a t e  c o n c e n tr a t io n  were the  w h ite s t  and t h e r e fo r e  the  

most h e a lth y  lo o k in g .

In y e t  an oth er  experim en t, f r e s h l y  e x c i s e d  ro o t  

t i p s  o f  pea were t r a n s fe r r e d  d i r e c t l y  to  s o l u t i o n s  

co n ta in in g  one q u arter , one e ig h th  and one s ix t e e n t h  o f  

the f u l l  n i t r a t e  v a lu e  and a l s o  in t o  a s o lu t io n  w ithou t  

n i t r a t e .  The maximum in c r e a s e  in  le n g th  noted  over a 

p eriod  o f  3 weeks was on ly  1 .0  cm ., and in  the  m a jo r ity  

of c a se s ,  no growth whatever occu rred . Thus i t  i s  

ohvious t h a t  s o lu t io n s  low in  n i t r a t e  have a s e r io u s  

i n h ib i t in g  e f f e c t  upon the  growth o f  newly e x c is e d  ro o t  

t i p s  o f p ea .

Experiment 8 .  E f f e c t  o f  v a r io u s  c o n c e n tr a t io n s  o f  

sucrose upon the growth o f  f r e s h l y  e x c is e d  r o o t  t i p s  

o f  pea .

In S e c t io n  I I  i t  w i l l  be seen  th a t  4 per  c e n t ,  

su crose  had a very marked d e p r e ss in g  e f f e c t  upon th e  

number of nod u les formed on whole pea p la n t s rgrowing  

e i t h e r  in  darkness or in  l i g h t .  The medium employed 

f o r  th e  c u ltu r e  o f  e x c i s e d  root t i p s  o f  pea co n ta in s  

su crose  at t h i s  c o n c e n tr a t io n ,  and t h e r e fo r e  i t  was 

thought n e c essa ry  to  determine whether or not th ey  would 

grow when su p p lied  w ith  su crose  a t  l e v e l s  l e s s  harmful 

to  nodule p ro d u ct io n .
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I n v e s t ig a t i o n s  were made o f  the  e f f e c t s  o f  

the  su crose  c o n c e n tr a t io n s  shown in  Table 8 .  There 

were f i v e  f l a s k s  at each c o n c e n tr a t io n  and two e x c i s e d  

root t i p s  per f l a s k .

Table 8 .

E f f e c t  o f  v a r io u s  c o n c e n tr a t io n s  o f  su cro se

upon the growth o f  f r e s h l y  e x c i s e d  root t i p s

o f  p ea .  Number o f  r o o t s  per trea tm en t » 1 0 .

Growth p er iod  •  4 weeks.

Concn. o f  su crose  
(per c e n t . )  4 .0  3 .0  2 .0  1 .0

Av. le n g th  o f  root
(cm.) 2 4 .8  1 6 .9  8 .9  3 .6

I t  i s  c le a r  from the r e s u l t s  in  Table 8 th a t  

red u ction  o f  the su crose  even to  the 3 per  c e n t ,  l e v e l  

had a d e c id e d ly  in j u r io u s  e f f e c t  on the  growth o f  

f r e s h ly  e x c ise d  ro o t  t i p s  o f  pea . Moreover, the  r o o ts  

in  the medium w ith  4 per c e n t ,  s u c r o se ,  b e s id e s  be ing  

longer  than the  o ther  specim ens, were much th ic k e r  and 

showed a b e t t e r  development o f  l a t e r a l  r o o t s .

From the fo r e g o in g  experim ents i t  was now 

known th a t  w e l l-d e v e lo p e d  root system s o f  pea could be 

cu ltu red  on demand from e x c is e d  t i p s  in  numbers 

s u f f i c i e n t  to  permit o f  i n v e s t i g a t i o n s  in to  t h e i r  

a b i l i t y  to  form n o d u le s .  T h is  part o f  th e  work was 

th e r e fo r e  commenced fo r th w ith  and th e  f o l lo w in g  t e s t s  

c a r r ie d  o u t .
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Experiment 9. In o c u la t io n  w ith  nodule b a c t e r ia  o f  

e x c is e d  pea r o o t s  growing on agar  medium.

We have a lrea d y  d is c u s s e d  th e  p o s s i b l e  

advantages o f  an agar s u b s tr a te  over l i q u i d  medium w ith  

regard to  the  p r o c e ss  o f  n o d u la t io n ,  e . g . ,  th e  a e r a t io n  

would be b e t t e r  and th e  r o o t  h a ir s  might be lo n g e r  and 

more numerous. T h is  l a t t e r  p o in t  i s  p a r t i c u la r ly  

important s in c e  i t  i s  through the  ro o t  h a ir s  th a t  th e  

organisms g a in  e n try  to  the t i s s u e s  o f  th e  h o s t .

S ix  e x c is e d  root system s o f  pea growing in  

P e tr i  p la t e s  on the u su a l n u tr ie n t  medium s o l i d i f i e d  w ith  

1 .0  per c en t, a gar , were in o c u la te d  by smearing l o o p f u l s  

o f  nodule b a c t e r ia  over su ch  p a r ts  as were above the agar  

su r fa c e .  The organisms grew w e l l ,  forming a dense w hite  

band o f s l im e  down e i t h e r  s id e  o f  th e  r o o t  and l a t e r a l s  

and showing no tendency to  spread un iform ly  over  th e  r e s t  

o f  the agar . No nod u les  were formed on any o f  th e s e  

in o cu la ted  specim ens and the r o o t s  th em se lv es  soon ceased  

to  grow.

Experiment 1 0 . I n o c u la t io n  w ith  nodule b a c t e r ia  o f  

e x c is e d  pea r o o ts  su p p lie d  w ith  n i t r o g e n - f r e e  s o lu t io n  

and s o lu t io n s  w ith  low c o n c e n tr a t io n s  o f  n i t r a t e .

The r o o ts  employed were th o se  from a p r e v io u s  

experiment and some o f  them had been growing w e l l  in  

s o lu t io n s  w ith reduced n i t r a t e .  In an attempt to  prov ide  

the medium most s u i ta b le  for nodule fo rm a tio n , i t  was 

d ecid ed  to  rep la c e  th e s e  s o lu t io n s  w ith  one which was
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e n t i r e l y  f r e e  from n i t r o g e n .  U n fo r tu n a te ly ,  th e  r o o t s  

were now too  la r g e  to  permit o f  t r a n s f e r  from one f l a s k  

to  another w ithout grave r i s k  o f  i n f e c t i o n .  Thus th e  

method was adopted o f  suck ing o f f  th e  o ld  s o l u t i o n s  

through s t e r i l e  g l a s s  and rubber tu b es  a t ta c h e d  t o  a 

s t e r i l i s e d  p ressu re  f l a s k  f i t t e d  to  a s u c t io n  pump. As 

u s u a l ,  a l l  o p e r a t io n s  were performed in s id e  th e  in o c u la t in g  

box and the tu b es  were changed a t  r e g u la r  i n t e r v a l s .  The 

o ld er  brown p o r t io n s  o f  the  r o o ts  were cut o f f  w ith  s t e r i l e  

s c i s s o r s  and the  h i t r o g e n - fr e e  s o l u t i o n ,  p r e v io u s ly  a u to -  

c la v ed , was then  in trodu ced  through the  s id e  arm o f  a 

la r g e  pressu re  f l a s k  to  ensure th a t  the  necks o f  th e  f l a s k s  

c o n ta in in g  the r o o ts  were kept q u ite  dry .

Two f l a s k s  from each o f  the  p r e v io u s  n i t r a t e  

c o n c en tr a t io n s  were l e f t  u n in o c u la ted  as  c o n t r o l s .  The 

remainder were in o c u la te d  w ith  a few drops o f  a su sp en s io n  

o f  nodule b a c t e r ia  from n in e -d a y -o ld  s l o p e s .  The r o o t s  

were examined a t  in t e r v a l s  throughout a 7-week growth 

period and the  fo l lo w in g  o b s e r v a t io n s  then  rec o rd ed : -

1 . No nodules were formed on any o f  the  in o c u la te d  

specimens a lthou gh  they  were in  a s o l u t i o n  fr e e  from  

n i t r a t e  and p o sse s se d  numerous root h a ir s .

2 .  The b a c te r ia  m u l t ip l i e d  in  the medium and formed 

w hite  slim e stra n d s  adhering t o  th e  r o o t s .

3 .  A l l  r o o ts  turned brown and t h i s  browning was not due 

to  the p resen ce  o f  th e  b a c t e r ia  s in c e  a s im i la r  e f f e c t  was 

noted in  the u n in o cu la ted  sp ecim ens.
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4 . Growth ceased  in  th e  m a jo r ity  of c a s e s  and a g a in  

t h i s  was not the r e s u l t  o f  b a c t e r i a l  a c t io n  a lo n e ,  

s in c e  the c o n t r o ls  a l s o  ceased to  grow*

I t  was thought that the changeover to  a 

s o lu t io n  co m p le te ly  f r e e  from n i tr o g e n  had proved too  

d r a s t i c  and th e r e f o r e  a s im i la r  experiment was performed  

in  which r o o ts  which had a t ta in e d  a good le n g th  in  f u l l  

medium were tr a n s fe r r e d  to  s o lu t io n s  c o n ta in in g  one  

quarter, one e ig h th ,  and one s ix t e e n t h  o f  th e  o r ig i n a l  

n i t r a t e  c o n c e n tr a t io n ,  and were then in o c u la te d .  A l l  

the  ro o ts  con tin u ed  to  show some reduced growth hut no 

nodules were ob ta in ed  during an Q-week growth p e r io d .  

B a c t e r ia l  m u l t i p l i c a t i o n  caused the  medium to  become m ilk y .  

Experiment 1 1 * In o c u la t io n  with nodule b a c t e r ia  o f  

e x c ise d  pea r o o t s  su p p lied  w ith  var iou s  reduced  

co n cen tra tion s  o f  s u c r o s e .

As a lread y  m entioned, i t  w i l l  be shown in  

S e c t io n  I I  th a t  su cr o se  at the 4 per c e n t ,  l e v e l  i s  

markedly in ju r io u s  to  the n o d u la t io n  o f  whole pea p la n t s  

and we have seen  in  a p r e v io u s  experiment th a t  e x c is e d  root  

t i p s  o f  pea d id  not grow w e l l  i f  the su crose  was reduced  

below t h i s  l e v e l .  In view  of th e se  f in d in g s ,  a fu r th e r  

experiment was now performed in  which e x c is e d  pea root  

t i p s  were a llow ed to  grow fo r  th ree  weeks in  f u l l  medium 

w ith  4 per c e n t ,  su cro se  b efo re  b e in g  tr a n s fe r r e d  to  

s o lu t io n s  c o n ta in in g  2 per c e n t . ,  1 per c e n t ,  and 0 .5  per

c en t ,  su c r o se .  They were then  in o c u la ted  w ith  nodule



-  63 -

organism s.

During a growth p e r io d  o f  6 weeks no nod u les  

formed on any o f  the roo t  system s, no growth occurred  

at  the two lo w e s t  l e v e l s  o f  su cro se  and th e r e  was on ly  

a very s l i g h t  in c r e a se  in  le n g th  at th e  2 per c e n t ,  

c o n c e n tr a t io n .

Experiment 12 . ♦Double -  medium* te c h n iq u e  f o r  th e  

growth and in o c u la t io n  o f  e x c i s e d  root t i p s  o f  pea .

Two p o in t s  had been f ir m ly  e s t a b l i s h e d ,  f i r s t l y ,  

th a t  4 per c en t ,  su cro se  had a very  d e p r e ss in g  e f f e c t  on 

the production  o f  nod u les  by the  r o o ts  o f  whole pea p la n t s  

(see  S e c t io n  I I ) ,  and se co n d ly ,  th a t  t h i s  c o n c e n tr a t io n  

o f  sucrose  was e s s e n t i a l  fo r  th e  growth o f  e x c is e d  pea  

roo t  t i p s .  I t  has a l s o  been shown th a t  when nodule  

b a c te r ia  were added to  root c u l t u r e s  c o n ta in in g  4 per  c e n t ,  

su cr o se ,  they  m u l t ip l i e d  r a p id ly  and had an in ju r io u s  

e f f e c t  upon r o o t  growth. I f  the  d e p r e ss in g  e f f e c t  o f  

the sucrose  was be ing  e x e r te d  e x t e r n a l ly ,  and r e s t r i c t i n g  

th e  a c tu a l  in v a s io n  o f  the  root by the bactearia, i t  was 

thought th at some advantage might be gained from a 

techn iqu e  whereby the su crose  supply  was separated  from  

the  b a c t e r ia l  su sp en s io n .

A la y e r  o f  n i t r o g e n - f r e e  medium w ithout  

sucrose  and w ith  1*0 per c e n t ,  agar added, was poured  

in to  each o f  s i x  S o x h le t  f l a s k s  (500 c c .  c a p a c ity )  and 

s i x  deep P e t r i  d i s h e s .  B efore  the  agar had s e t ,  a g l a s s  

tube (1 i n .  x 2 i n . )  c o n ta in in g  the complete n u tr ie n t
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s o lu t io n  o f  Bonner and D e v ir ia n  (1939) w ith  4 per  c e n t ,  

su crose  and 1 per c e n t ,  a g a r , was p la ced  in s id e  each  

f l a s k  or d ish  as shown In F ig .  6. The apparatus was 

then  s t e r i l i s e d  and l e f t  in  th e  a u to c la v e  u n t i l  q u i t e  

c o o l ,  u s u a l ly  o v e r n ig h t .  The agar , of course  had 

s o l i d i f i e d  by morning and th e r e  was no danger o f  th e  

media being m ixed. This was in  f a c t  th e  reason  f o r  

the  ad d it io n  of agar , v i z . ,  to  p reven t one ty p e  o f  

n u tr ie n t  s p i l l i n g  in to  the o th er  when the  c o n ta in e r s  

were being moved and examined. I t  has a lr e a d y  been  

shown that pea root t i p s  can grow w e l l  on agar medium, 

though not so v ig o r o u s ly  as  in  p u r e ly  l iq u id  c u l t u r e .

One, or sometimes two, e x c i s e d  root t i p s  o f  

pea were t r a n s fe r r e d  to  each o f  th e  in n er  c y l i n d e r s .

The outer medium was s u r f a c e - in o c u la t e d  w ith  a su sp en s io n  

of nodule b a c t e r ia .  A f te r  the r o o t s  had a t ta in e d  

s u f f i c i e n t  l e n g th ,  t h e i r  a p ic a l  r e g io n s  were l i f t e d  over  

the  edge o f  th e  c y l in d e r s  in  the hope th a t  th e y  would 

grow downwards in to  the surrounding in o c u la te d  medium. 

The l i f t i n g  o p e r a tio n  was c a r r ie d  out w ith  a loop  o f  

s t e r i l e  platinum  w ir e .



Cc)

F ig .  6. 'D o u b le -v e sse l*  arrangement f o r  attem pted  
_ n od u la tion  o f ~ e x c is e d  pea r o o t s ,  (a) 

In o cu la te d  m in e r a l - s a l t  agar; (b) n u tr ie n t  
agar c o n ta in in g  4 per  c e n t ,  su cro se  and 
a c c e s so r y  growth su b s ta n c es ;  (c)  e x c is e d  
pea r o o t .
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Table 9 ,

'Double -  medium* techn iqu e  f o r  the  growth

and in o c u la t io n  o f  e x c i s e d  root t i p s  o f  pea .

Growth p er io d  s  7 w eeks.

Hoot No. I E  3 4 5 6 7 8 9 10 11 12 13 14

Length o f
root (cm.) 7 8 8  9 8 8 7  11 8 5  7 7 6 6

No. o f
l a t e r a l s  E l  1 1 1 2 0 2 1 - 0  0 2 2 1

Growth on
ou ter  agar 0 0 .5  0 .5  1 .5  0 .1  2 0 .5  2 0 0 0 0 .5  0 .1  0

(cm .)

In a l l  c a se s  i t  was found th a t  the in n er  

con ta in ers  were to o  h igh  above th e  l e v e l  o f  the  ou ter  

agar. Thus th e  r o o ts  e i t h e r  never  reached th e  in o c u la te d  

medium, or , having reached i t  and having grown f o r  a 

short d i s t a n c e ,  th e  overarched p o r t io n s  th en  began to  

dry up and growth soon c ea se d .

As can be seen  from Table 9 , in  no case  d id  

growth compare w ith  th a t  p r e v io u s ly  ach ieved  on agar  

medium. A l l  the  l a t e r a l  r o o t s  noted above were

produced in  the  inner  c o n ta in e r  where th e  medium co n ta in ed

n i t r a t e s  and the f u l l  supply o f  su c r o se .  The c u ltu r e  

v e s s e l s  had to  be opened a t  l e a s t  th ree  t im es  during  

the s e t t i n g  up o f  experim ent and t h i s  may account f o r

th e  f a c t  th a t two o f  the P e tr i  d i s h e s  and one o f  the

f l a s k s  became in f e c t e d  w ith  fungus and had to  be 

d isca rd ed .
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I t  seems probab le  th a t  r e f in e m e n ts  o f  t h i s  

method may o f f e r  the  b e st  s o l u t i o n  to  th e  problem o f  

e l im in a t in g  the in j u r io u s  e f f e c t  o f  su cro se  w h ile  s t i l l  

m eetin g  th e  requirem ents o f  th e  r o o t s  f o r  the  4 per  

c e n t ,  c o n c e n tr a t io n .  I t  should a l s o  provide  a means 

o f  overcoming the  r ed u c t io n  in  root growth a p p a ren tly  

caused by th e  rapid growth o f  th e  b a c t e r ia  in  media  

c o n ta in in g  s u c r o s e .  Therefore  i t  i s  planned to  proceed  

in  fu tu re  w ith  fu r th e r  experim en ts a lon g  th e s e  l i n e s .

While the above work on th e  r e d u c t io n  o f  

sucrose and n i t r a t e  as p r e l im in a r ie s  to  i n o c u la t io n  was 

p ro ceed in g , some c o n s id e r a t io n  was a l s o  g iv e n  to  two 

oth er  f a c t o r s  which might e x e r t  an in f lu e n c e  on nodule  

production by e x c i s e d  r o o t s .

Experiment 1 5 . E f f e c t  o f  e x t r a c t s  from the to p s  o f  

whole pea p la n t s  on the  n o d u la t io n  o f  e x c i s e d  r o o ts  o f  p e a .

Thornton (19E9) found th a t  the  a c t i v e ,  n o d u le -  

s t im u la t in g  substance e x cr e te d  from th e  r o o ts  o f  lu c e r n e  

p la n ts  when th e  f i r s t  tru e  l e a f  opens i s  not formed in  

t h i s  l e a f ,  s in c e  removal o f  the l e a v e s  w h ile  s t i l l  

c lo s e d  has no e f f e c t  upon nodule appearance. N ev er th e 

l e s s ,  i t  was dec id ed  to  t e s t  the p o s s i b i l i t y  th a t  some 

s p e c i f i c  substance o r ig in a t in g  in  the  shoot might be 

e s s e n t i a l  fbrnodiule form ation  on p ea s  and thu s th e  

e x c is e d  roo t  might be ex p ected  to  b e n e f i t  from the  

a d d it io n  to  the medium o f e x tr a c t s  from the  to p s  o f  

whole pea p la n t s .  With t h i s  id ea  in  mind, the  f o l lo w in g
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s m a l l - s c a le  p re lim in a ry  experim ent was c a r r ie d  o u t .

In o c u la te d  pea se e d s  were p la n ted  in  s t e r i l e  

sand watered with n i t r o g e n - fr e e  m in e ra l  s o l u t i o n .

When they  had a t t a in e d  a h e ig h t  o f  th r e e  to  fo u r  f e e t ,  

the  four  topmost nodes were cut o f f  from each  o f  e ig h t  

p l a n t s ,  cut in to  sm a ll  segments w ith  s c i s s o r s ,  and 

p la c ed  in  a mortar a lon g  w ith  a l i t t l e  c lea n  sand and

50 c c .  o f  g l a s s  d i s t i l l e d  w a te r .  The m ixture was

pounded f o r  t e n  m in u tes ,  by which time the  sh o o ts  were 

reduced to  a f i n e  p u lp , and the l iq u i d  then  f i l t e r e d  

tw ice  through a Buchner f u n n e l .  F iv e  c c .  o f  f i l t r a t e  

was p ip e t t e d  in to  each o f  th r e e  t e s t  tu b es  and th e  tu b es  

plugged w ith  c o t to n  wool and a u to c la v e d  f o r  15 m inutes  

at 15 -  20 pounds p r e s su r e .  The h igh  tem p eratures  o f  

the a u to c la v e  caused c o a g u la t io n  o f  the  p ro top lasm ic  

p r o te in s  which appeared as a green  f lo ccu lu m . Three 

r e p r e s e n ta t iv e  e x c is e d  r o o t s  were s e l e c t e d  from the  

in o cu la ted  specimens o f  a p r e v io u s  experim ent and f i v e  c c .  

o f  s t e r i l e  to p  e x tr a c t  added to  each .

O bservations made over  a p e r io d  o f  8 weeks

showed th a t  no n od u les  were formed on any o f  th e  r o o t

system s. T h is  r e s u l t  might in d ic a te  th a t  th e  top

e x tr a c t  conta ined  n o th in g  which was b e n e f i c i a l  to  nodule  
produ ction , but i t  was a l s o  p o s s i b l e  th a t  th e  s t e r i l i s a t i o n

in  the  a u to c la v e  might have decomposed any n od u le -

promoting su bstance  o r i g i n a l l y  p r e s e n t .  An u n s u c c e s s f u l

attempt to  o b ta in  s t e r i l i t y  w ithout h e a t in g  was made
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w ith  a B e rk e fe ld  f i l t e r  and o b v io u s ly  o th e r  such  

attem p ts are req u ired  in  the f u t u r e .

Experiment 14 . E f f e c t  o f  a u x in s  upon the  growth  

and n o d u la t io n  o f  e x c i s e d  pea r o o t s .

Bonner (1940a) s t a t e d  th a t  he had observed  

*no s i g n i f i c a n t  secondary th ick en in g *  in  h i s  numerous 

root c u l t u r e s ,  and concluded th a t  the i n i t i a t i o n  o f  

t h i s  p r o c e ss  must depend on f a c t o r s  d i f f e r e n t  from 

those  which govern root growth in l e n g t h .  A ccording  

to  Snow (1933, 1935) and Avery, Burkholder and 

Creighton (1 9 3 7 ) ,  cambial a c t i v i t y  i s  i n i t i a t e d  by 

au x in s , and s in c e  nodule development resem bles  

cambial a c t i v i t y  in  be in g  a m e r is te m a t ic  p r o c e s s ,  

i t  was decided  to  t r e a t  e x c i s e d  root t i p s  o f  pea w ith  

auxins and su bseq u en tly  observe  whether th ey  could  

produce n o d u le s .  T h ere fo re ,  a lthou gh  i t  was known 

(Bonner and X o e p f l i ,  1939) th a t  au x in s  had an 

in h ib i t in g  e f f e c t  upon the a c tu a l  growth o f  e x c i s e d  

pea r o o ts ,  th e  fo l lo w in g  experim ent was performed  

in  the hope th a t  the tr e a te d  r o o t s ,  though s tu n te d ,  

might form nod ules more r a p id ly  than th o se  l e f t  

u n trea ted .

Ten f r e s h ly  e x c i s e d  ro o t  t i p s  o f  pea were 

soaked o v e r n ig h y /^ - in d o ly l  a c e t i c  ac id  and te n  o th e rs  

in  <<-napthalene a c e t i c  a c id  b e fo re  b e in g  tr a n s fe r r e d

* U n fortu n ate ly  no record  of th e
c o n c en tr a t io n s  used i s  a v a i la b l e .



F ig .  7 .  T racings of e x c is e d  pea r o o ts  t r e a te d  w ith
(a) (< -n a p th a len e  a c e t i c  a c id ,  (b)/# - i n d o l y l  
a c e t i c  a c id ,  then  grown f o r  f i v e  weeks in  
n u tr ie n t  c o n ta in in g  aneurin  and n i c o t i n i c  
a c id .
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to  f l a s k s  o f  t h e  u s u a l  medium. They were examined a t  

i n t e r v a l s  t h r o u g h o u t  a 5-week g row th  p e r i o d  and i t  was 

found t h a t  th e  main r o o t  r em a in ed  s t u n t e d ,  numerous 

l a t e r a l  r o o t s  d e v e lo p ed  and th e  c e l l s  o f  th e  c o r t i c a l  

parenchyma were s t i m u l a t e d  to  d i v i d e  r a p i d l y ,  g i v i n g  

r i s e  to  i r r e g u l a r  mounds o f  spongy t i s s u e ,  T r a c i n g s  

o f  r e p r e s e n t a t i v e  r o o t s  a r e  shown i n  ii' ig. 7 .  One h a l f  

o f  the  r o o t s  a t  each  t r e a t m e n t  were  i n o c u l a t e d  w i th  

nodule  o r g a n i s m s ,  b u t  a f t e r  a f u r t h e r  4 w e e k ' s  g rowth  

t h e r e  was no s i g n  o f  any no du le  f o r m a t i o n .  The m i l k i 

n e s s  p roduced  i n d i c a t e d  t h a t  once a g a i n  t h e  b a c t e r i a  had 

grown w e l l  i n  the  medium.

Thus i t  would a p p e a r  t h a t  t r e a t m e n t  o f  th e  

f r e s h l y  e x c i s e d  t i p s  w i th  a u x in s  c o u ld  n o t  overcome t h e  

c o n d i t i o n s  which  i n h i b i t  the  developm ent  o f  n o d u le s  on 

e x c i s e d  r o o t s  o f  p e a .

I n  a d d i t i o n  t o  a l l  the  f o r e g o i n g  i n v e s t i g a t i o n s  

u s i n g  e x c i s e d  pea  r o o t s ,  a t t e n t i o n  has  a l s o  b een  p a i d  to  

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

o t h e r  legumes and e v e n t u a l l y  s e c u r i n g  n o d u l e s  upon them.

Dxperiment 1 5 . Growth o f  e x c i s e d  r o o t  t i p s  o f  3ova 

bean  (So.ja Max P i p e r ) .  Broad bean  IV ic ia  Faba L . ) t sweet  

pea  (L a th y rus  o d o r a t a  L . ) , and s e a  pea  (L a th y ru s  marifcima L j .

As we have s e e n ,  e x c i s e d  r o o t  t i p s  o f  New 

Z ea land  f i e l d  pea  grow v e ry  s u c c e s s f u l l y  i n  th e  c u l t u r e  

s o l u t i o n  d e v i s e d  by Bonner and D e v i r i a n  (1939) and t e s t s  

were a l s o  made on th e  s u i t a b i l i t y  o f  t h i s  s o l u t i o n  f o r
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th e  g ro w th  of  r o o t s  t i p s  o f  two o t h e r  t y p e s  o f  p e a  and 

two t y p e s  o f  b e a n .

In  a s e r i e s  of  e x p e r im e n t s  em ploy ing  Soya b e an s  

e x c i s e d  r o o t  t i p s  were t r a n s f e r r e d  to  s o l u t i o n  c o n t a i n i n g  

y e a s t  e x t r a c t ,  t o  s o l u t i o n  c o n t a i n i n g  a n e u r i n  and 

n i c o t i n i c  a c i d  and t o  f l a s k s  of  f i n e  and c o a r s e  sand w a te r  

ad w i th  t h e  l a t t e r  s o l u t i o n .  In  a l l  c a s e s  some g ro w th  

was a c h ie v e d  bu t  t h e  t a p  r o o t  rem ained  s h o r t  and t h e r e  

was a te n d e n c y  to  form a sys tem  o f  s m a l l ,  t h i n ,  r e p e a t e d 

l y - b r a n c h i n g  l a t e r a l s  which q u i c k l y  t u r n e d  d a r k  brown.

I t  seems o b v io u s ,  t h e r e f o r e ,  t h a t  th e  s o l u t i o n  does n o t  

c o n ta in  the  f a c t o r s  n e c e s s a r y  f o r  t h e  h e a l t h y  g ro w th  o f  

r o o t  t i p s  o f  Soya bean .

A s i m i l a r  c o n c l u s i o n  was re a c h e d  a s  t h e  r e s u l t  

o f  e x p e r im e n t s  u s i n g  sweet  pea and sea  pea  where i n  b o t h  

case s  growth was e x c e e d in g ly  p o o r .

Some measure  o f  su c c e s s  was o b t a i n e d  w i th  

c u l t u r e s  o f  r o o t  t i p s  o f  a dw arf  v a r i e t y  o f  b ro ad  bean  

known as B e c k ’ s Gen. A f t e r  6 weeks i n  t h e  s o l u t i o n  con

t a i n i n g  a n e u r i n  and n i c o t i n i c  a c i d ,  the  a v e r a g e  l e n g t h  

of  th e  main r o o t  was 1 1 .2  cm. and the  a v e r a g e  number of  

l a t e r a l s  was 5 . 6 .  These were t h e n  t r a n s f e r r e d  to  f r e s h 

l y  p r e p a r e d  n u t r i e n t s  c o n t a i n i n g  one q u a r t e r ,  one e i g h t h  

and one s i x t e e n t h  o f  th e  o r i g i n a l  n i t r a t e  c o n c e n t r a t i o n ,  

and were i n o c u l a t e d  w i th  a p p r o p r i a t e  n o d u le  b a c t e r i a .  

O b s e r v a t io n s  over  a 6-week p e r i o d  showed t h a t  a l t h o u g h  

th e  o rgan ism s  m u l t i p l i e d  w e l l  i n  the  medium, and t h e r e  

was a s l i g h t  i n c r e a s e  i n  r o o t  l e n g t h ,  no n o d u le s  were
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formed.

E xper im ent  1 6 . Growth of  e x c i s e d  r o o t  t i p s  o f  c l o v e r  

i n  l i q u i d  medium, and t h e  e f f e c t  o f  i n o c u l a t i o n  w i t h  

n o du le  b a c t e r i a .

Bonner (1940a) i n v e s t i g a t e d  t h e  g rowth  r e q u i r e 

m ents  o f  e x c i s e d  r o o t  t i p s  o f  c l o v e r  and found  them t o  be 

e s s e n t i a l l y  t h e  same a s  t h o s e  which he  had a l r e a d y  d e t e r 

mined f o r  p e a .  The same m i n e r a l  s a l t  m i x t u r e  was s u i t 

a b l e ,  t h e  same c o n c e n t r a t i o n s  o f  a n e u r i n  and n i c o t i n i c  

a c id  were n e c e s s a r y ,  b u t  2 p e r  c e n t ,  s u c r o s e  was s u b s t i 

t u t e d  f o r  th e  4 p e r  c e n t ,  employed w i t h  p e a s .

The s e e d s  u sed  in  th e  p r e s e n t  e x p e r im e n t s  were 

th o se  o f  New Zealand Montgomery r e d  c l o v e r .  They were 

s e l e c t e d  u n d e r  a  l e n s  and s u r f a c e - s t e r i l i s e d  by t h e  same 

method a s  f o r  p e as  e x c e p t  t h a t  t h e y  were t r e a t e d  f o r  3 

m in u te s  w i th  a b s o l u t e  a l c o h o l  and o n ly  4 m in u t e s  w i t h  

m e rc u r ic  c h l o r i d e .  F o l lo w in g  the  u s u a l  p r o c e d u r e ,  3 

e x c i s e d  r o o t  t i p s  0..5 cm. lo n g  were t r a n s f e r r e d  t o  e a c h  

o f  t e n  S r lenm ey er  f l a s k s  of  250 c c .  c a p a c i t y  c o n t a i n i n g  

50 c c .  of  medium w i th  2 p e r  c e n t ,  s u c r o s e .  t w o  f l a s k s  

c o n t a i n i n g  medium w i t h  4 p e r  c e n t ,  s u c r o s e  were ' p l a n t e d *  

a s  c o n t r o l s .

Growth a t  f i r s t  was v e ry  slow b u t  g e o t r o p i c  

c u r v a t u r e s  soon d e v e lo p e d  and l a r g e  r o o t  caps were much 

i n  e v id e n c e .  A f t e r  11 d a y s ,  when t h e  r o o t s  had i n c r e a s e d  

t o  a p p ro x im a te ly  tw ic e  t h e i r  o r i g i n a l  l e n g t h ,  f i v e  o f  t h e  

f l a s k s  were i n o c u l a t e d  w i th  an e f f e c t i v e  s t r a i n  of  c l o v e r  

o rgan ism  (Rothamsted s t r a i n  4 9 ) .  They were t h e n  examined
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fr e q u e n t ly  during a 9-week growth p e r io d .

Table 1 0 .

Growth o f  e x c is e d  r o o t  t i p s  o f  c lo v e r  in  l i q u i d  

medium, and the e f f e c t  o f  in o c u la t io n  w ith  

nodule b a c t e r i a .

Growth p e r io d  =

Length o f  
Root roo t  (cm.)

9 weeks.

No. o f  
l a t e r a l s

N o .o f  l a t e r 
a l s  as lo n g  as  
main root

No. o f  
n od s.

I 9 . 0 236 10 -

UNINQC.< B 8 .8 125 3 -

1G 4 .3 10 0 -

1 2 .1 3 0 0

INOC. <B 1 . 0 0 0 0

G 1 . 7  . 0 0 0

F igu re  8 shows th e  c o n te n ts  o f  a t y p i c a l  i n 

oc u la ted , and a t y p i c a l  u n in d cu la ted  f l a s k  traasfacred to  

P e tr i  d is h e s  fo r  purposes o f  photography. I t  i s  ob v iou s  

th at a lthough the organisms m u l t ip l i e d  in  the  medium and 

produced m ilky s tr a n d s ,  t h e i r  p resen ce  had a very  in j u r io u s  

e f f e c t  upon the growth o f  the r o o t s .  From exam ination  

o f  Table 10 which co n ta in s  data on the r o o ts  p ic tu r e d  in  

the F igu re , i t  appears that growth ceased  a l t o g e t h e r  very  

soon a f t e r  the  inoculum had been added. The u n in o c u la ted  

r o o ts  formed numerous branches many be in g  a s  lon g  as the  

main root which was' thu s d i f f i c u l t  to  d i s t i n g u i s h .

No nod u les were formed on any o f  the in o c u la te d  

specim ens. M icroscop ic  exam ination o f  the  r o o ts  showed 

th a t  s ta r ch  g r a in s  were p resen t  in  v e ry  la rg e  numbers in



F i g .  8 . E x c i s e d  r o o t s  o f  c lo v e r  grown in  l i q u i d  
medium c o n t a i n i n g  2  p e r  c e n t ;  s u c r o s e .  
Those on r i g h t  were u n i n o c u l a t e d ,  t h o s e  
on l e f t  were i n o c u l a t e d  w i th  n o d u le  
b a c t e r i a  which p ro d uced  m ilky  s t r a n d s  
i n  t h e  medium and i n h i b i t e d  r o o t  g row th .
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t h e  c e l l s  o f  t h e  young l a t e r a l  r o o t s  formed i n  t h e  

u n i n o c u l a t e d  f l a s k s .  They were n o t  so p r e v a l e n t  i n  

th e  l a r g e r  r o o t s  and were c o m p le te ly  a b s e n t  from th o s e  

which  were i n o c u l a t e d .  Thus i t  i s  a p p a r e n t  t h a t  i n  

th e  case  o f  u n i n o c u l a t e d  c l o v e r  r o o t s  some o f  t h e  2 . 0  

p e r  c e n t ,  s u c r o s e  a b so rb e d  from t h e  s o l u t i o n  i s  t r a n s 

formed i n t o  s t a r c h  and s t o r e d  a s  su ch  i n  t h e  t i s s u e s  o f  

the  d e v e l o p in g  l a t e r a l s .

A l th o u g h  t h e  c o n t e n t s  o f  o n ly  two of  t h e  f l a s k s  

were a c t u a l l y  p h o to g rap h e d  and m ea su re d ,  t h e s e  o b s e r v a 

t i o n s  can be t a k e n  a s  t y p i c a l  f o r  e a c h  s e r i e s .

Growth in  t h e  c o n t r o l  f l a s k s  c o n t a i n i n g  4 p e r  

c e n t ,  su c ro s e  was no b e t t e r  t h a n  t h a t  i n  th e  f l a s k s  a t  

t h e  2 p e r  c e n t ,  l e v e l .

I n  an ex per im en t  s i m i l a r  t o  th e  above b u t  u s i n g  

P e t r i  d i s h e s  a s  c u l t u r e  v e s s e l s ,  t h e i r  u n s u i t a b i l i t y  f o r  

t h i s  purpose  was w e l l  d e m o n s t r a t e d .  W ith in  10 d a y s  a l l  

t h o se  c o n t a i n i n g  s o l u t i o n  w i th  2 p e r  c e n t ,  s u c r o s e  and 

a l l  bu t  t h r e e  o f  t h o s e  w i th  4 p e r  c e n t ,  s u c r o s e  showed 

fu n g a l  i n f e c t i o n .  In  t h e  m a j o r i t y  o f  c a s e s  t h e  fungus 

had s t a r t e d  to  grow a t  th e  s i d e s  o f  t h e  d i s h  and was 

s p r e a d in g  in w a rd s .

Experiment  1 7 . Growth o f  e x c i s e d  r o o t  t i p s  of  c lo v e r  

on a g a r  medium, and th e  e f f e c t  o f  i n o c u l a t i o n  w i th  n o d u le  

b a c t e r i a .

The s o l u t i o n  employed was i d e n t i c a l  w i th  t h a t  

used  i n  th e  p r e c e d i n g  exper im en t  e x c e p t  t h a t  i t  was now 

s o l i d i f i e d  by the  a d d i t i o n  of  1 p e r  c e n t .  a g a r .  As b e f o r e ,
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t h r e e  e x c i s e d  r o o t  t i p s  were t r a n s f e r r e d  to  each  f l a s k  

o f  n u t r i e n t .  Seven f l a s k s  were l e f t  u n i n o c u l a t e d  a s

c o n t r o l s ,  t e n  were i n o c u l a t e d  w h i le  t h e  a g a r  was m o l t e n ,

and a n o t h e r  t e n  were s u r f a c e  i n o c u l a t e d  a f t e r  th e  a g a r

had ' s e t * .  O b s e r v a t io n s  were made ove r  a p e r i o d  o f  12

weeks.

I n  th e  i n o c u l a t e d  f l a s k s ,  t h e  b a c t e r i a  m u l t i 

p l i e d  r a p i d l y  g i v i n g  a d i s t i n c t  o p a c i t y  to  t h e  a g a r ,  and 

on i t s  s u r f a c e  t h e y  grew p a r t i c u l a r l y  w e l l  i n  t h e  immed

i a t e  n e ig hbourhood  o f  th e  r o o t  t i p s ,  fo rm ing  den se  p a t c h 

e s  o f  gum. The r o o t s  th e m se lv e s  soon t u r n e d  d a r k  brown, 

and ceased  to  grow when th e y  had e lo n g a t e d  t o  a b o u t  t h r e e  

o r  f o u r  t im e s  t h e i r  o r i g i n a l  l e n g t h .  I n  some c a s e s ,  one 

o r  two v e ry  s h o r t  l a t e r a l s  formed and t h e y  a l s o  became 

brown. There were no s i g n s  of  n o d u le s  on any o f  t h e  r o o t s .

The u n i n o c u l a t e d  c o n t r o l s  grew v i g o r o u s l y ,  p e n e 

t r a t e d  the  a g a r ,  and formed a dense mass on th e  b a se  o f  

th e  f l a s k .  Towards th e  end o f  th e  growth p e r i o d ,  t h e i r  

v e ry  o l d e s t  p o r t i o n s  began  t o  t u r n  brown, bu t  t h e  r e s t  o f  

th e  r o o t  sys tem  was w h i te  and h e a l t h y  l o o k i n g .  The 

s t r i k i n g  growth  d i f f e r e n c e s  be tween  t y p i c a l  examples o f  

t h e s e  r o o t s  and th o s e  t a k e n  from an i n o c u l a t e d  f l a s k  a r e  

shown in  r ' i g .  9. T h e r e f o r e  i t  i s  e v i d e n t  t h a t  t h e  p r e 

sence  o f  t h e  nodu le  b a c t e r i a  has  a marked d e p r e s s i n g  

e f f e c t  upon th e  growth  o f  e x c i s e d  r o o t  t i p s  o f  c l o v e r  on 

a g a r  medium and we have a l r e a d y  seen  t h a t  t h e  same i s  t r u e  

f o r  growth i n  l i q u i d  c u l t u r e .



F i g .  9. Roots  o f  c l o v e r  grown from e x c i s e d  t i p s  
on a g a r  medium c o n t a i n i n g  2 p e r  c e n t ,  
s u c r o s e .  L e f t ,  u n i n o c u l a t e d  r o o t s ,  
r i g h t ,  r o o t s  i n o c u l a t e d  w i th  nodu le  
b a c t e r i a .
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Experiment  1 8 . Growth o f  e x c i s e d  r o o t s  o f  b l a c k  wax 

be an ,  (1) from complete  r o o t s  e x c i s e d  a f t e r  4 d a y s 1 

c o n t a c t  w i th  the  c o t y l e d o n s ,  (2 ) f rom  e x c i s e d  r o o t  t i p s  

0 ,5  cm. l o n g .

As we have s e en  i n  th e  I n t r o d u c t i o n ,  Lewis and 

McCoy (1933) s e c u re d  4 n o d u le s  on one o u t  o f  60 r o o t s  o f  

b l a c k  wax bean  which were e x c i s e d  i n  t h e i r  e n t i r e t y  a f t e r  

a g e r m i n a t i o n  p e r i o d  o f  4 d a y s .  A l th o u g h  such r o o t s  a r e  

n o t  s t r i c t l y  comparable  w i th  t h o s e  grown from e x c i s e d  r o o t  

t i p s  i n  a cc o rdance  with  the  more g e n e r a l l y  a c c e p t e d  se n se  

of  the  t e rm  ft i s s u e  c u l t u r e 1, i t  would a lw ays  be a s t e p  

i n  the r i g h t  d i r e c t i o n  i f  good n o d u le  f o r m a t io n  co u ld  be 

secu red  on r o o t s  of  t h i s  t y p e .  In  o r d e r  t o  g a i n  some 

i d e a  of  any a d v a n t a g e s  p o s s e s s e d  by e x c i s e d  whole r o o t s  

©ver e x c i s e d  r o o t  t i p s  t h e  f o l l o w i n g  com par ison  was made 

o f  t h e i r  a b i l i t y  to  grow on a g iv e n  medium.

Lewis and McCoy used  a s  c u l t u r e  v e s s e l s  32 o z .  

b o t t l e s  c o n t a i n i n g  medium p r e p a r e d  a c c o r d i n g  t o  th e  

fo rm ula  o f  J .K .  W ilson  (1931) MgS04 , 0 . 2  gm. 5 KH2P04 ,

0 .2  gm.; NaCl, 1 .0  gm .; CaS04 , 0 .1  gm .; A g a r ,  15 gm . ; 

CaC03, i n  e x c s s s j W a t e r , 1 l i t r e ;  S u c r o s e ,  0 . 5  p e r  c e n t .  

A f t e r  s t e r i l i s a t i o n ,  s t e r i l e  CaClg was added t o  g iv e  a 

1:500 m ola r  c o n c e n t r a t i o n .  The seed s  were s t e r i l i s e d  

i n  a l c o h o l  and m e r c u r i c  c h l o r i d e  and a l lo w e d  to  ge rm in 

a t e  f o r  2 d ays  on a g a r  p l a t e s .  They were t h e n  t r a n s 

f e r r e d  t o  the  b o t t l e s  and l e f t  f o r  a n o t h e r  2 d ay s  b e f o r e  

th e  to p s  were sev e re d  from th e  r o o t s .  Hoots t h u s  c u l 

t u r e d ,  a t  a t e m p e r a t u r e  of 27°C»> o f t e n  r e a c h e d  a l e n g t h



-  76  -

of 15 cm. o r  m ore ,  p roduced  30 t o  50 se c o n d a ry  r o o t s ,  

and a f t e r  i n o c u l a t i o n  w i t h  a p p r o p r i a t e  b a c t e r i a ,  1 i n  60 

o f  them d e v e lo p ed  n o d u l e s .

In  t h e  p r e s e n t  e x p e r i m e n t ,  P e t r i  p l a t e s  c o n t a i n 

ing  a sh a l lo w  l a y e r  o f  th e  Wilson  medium were used  i n s t e a d  

o f  32 oz .  b o t t l e s .  For P a r t  ( 1 ) ,  the  above p r o c e d u r e  o f  

Lewis and McCoy was f o l lo w e d  and a t  th e  t im e o f  e x c i s i o n  

the  a v e ra g e  l e n g t h  o f  t h e  bean  r o o t s  was 8 . 0  cm. and th e  

a v e rag e  number o f  l a t e r a l s  was 12 .  I n  P a r t  (2 ) o f  t h e  

e x p e r im e n t ,  a f t e r  the  s e e d s  had g e rm in a te d  f o r  2 days on 

a g a r ,  t i p s  0 .5  cm. l o n g  were e x c i s e d  from the  r a d i c l e s  

and t r a n s f e r r e d  t o  t h e  P e t r i  p l a t e s  o f  medium.

Both  s e r i e s  o f  r o o t s  were l e f t  a t  a  t e m p e r a t u r e  

o f  25°C. f o r  a p e r i o d  o f  9 weeks ,  by which t im e  i t  was 

e v id e n t  t h a t  a l l  g rowth  had c e a sed .

T ab le  11.

Growth of  e x c i s e d  r o o t s  o f  b l a c k  wax bean ,  (1) 

f rom complete  r o o t s  e x c i s e d  a f t e r  4 days* c o n t a c t  

w i th  the  c o t y l e d o n s ,  (2 ) f rom e x c i s e d  r o o t  t i p s  

0 . 5  cm. lo n g .  No. o f  e x c i s e d  w hole  r o o t s  :  1 0 , 

No. o f  e x c i s e d  r o o t  t i p s  -  13.  Growth p e r i o d  =

9 weeks.

Av. l e n g t h  Av. no .  A v . i n c r e a s e  Av. i n c r e a s e
of  main o f  l a t -  i n  l e n g t h  i n
r o o t  (cm.) e r a l s (cm. l a t e r a l s

E x c ise d
whole
r o o t s 12 .3 63.7 4 .3 51*7

E x c ise d
r o o t
t i p s 3 .5 5 .3 3 .0 5 .3
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I t  i s  c l e a r  from T able  11 t h a t  t h e  g row th  

a c h ie v e d  by r o o t s  e x c i s e d  i n  t h e i r  e n t i r e t y  a f t e r  4 days  

o f  g e r m i n a t i o n  g r e a t l y  exceeds  t h a t  o f  e x c i s e d  r o o t  t i p s  

c u l t u r e d  u n d e r  t h e  same c o n d i t i o n s .  In  b o t h  s e t s  of  

r o o t s ,  t h o s e  p a r t s  which  to u c h e d  t h e  a g a r  s u r f a c e  became 

d a r k  brown i n  c o lo u r  w h i le  t h e  r e s t  o f  t h e  r o o t  r e t a i n e d  

i t s  o r i g i n a l  w h i t e n e s s .  I n  th e  c a se  o f  t h e  e x c i s e d  whole 

r o o t s ,  many o f  t h e  l a t e r a l  r o o t l e t s  were 4 to  5 cm. lo n g  

w t e r e a s  t h e  l a t e r a l s  which formed on th e  e x c i s e d  r o o t  t i p s  

n e v e r  exceeded  1 cm. i n  l e n g t h .

I f  t h e  absence  o f  n i t r o g e n  f rom t h e  Wilson 

medium had been  t h e  l i m i t i n g  f a c t o r  f o r  t h e  g row th  o f  t h e  

e x c i s e d  r o o t  t i p s  o f  t h e  above e x p e r im e n t ,  i t  seemed 

p o s s i b l e  t h a t  t h e y  m igh t  t h r i v e  i n  t h e  complete  s o l u t i o n  

o f  Bonner and D e v i r i a n  (1 93 9 ) ,  w i th  a c c e s s o r y  s u b s t a n c e s ,  

t o  which 0 . 5  p e r  c e n t ,  s u c r o s e  had been  added .  As we 

have j u s t  s e e n ,  Lewis and McCoy used  t h i s  l e v e l  o f  s u c r o s e  

i n  t h e i r  work w i t h  whole bean r o o t s .  I f ,  on th e  o t h e r  

hand, t h i s  low c o n c e n t r a t i o n  o f  su c ro se  had been  l i m i t i n g  

t h e n  good growth m ight  be a t t a i n e d  i n  t h e  s o l u t i o n  o f  

Bonner and D e v i r i a n  w i th  t h e  u s u a l  4 p e r  c e n t ,  su c ro se  

employed f o r  the  c u l t u r e  o f  e x c i s e d  r o o t  t i p s  o f  p e a .

The f o l l o w i n g  e x p e r im e n t s  were t h e r e f o r e  c a r r i e d  o u t .  

Experiment  1 9 . G-rowth of  e x c i s e d  r o o t  t i p s  o f  b l a c k  wax 

bean  i n  th e  medium of  Bonner and D e v i r i a n  w i th  4 p e r  c e n t . 

and 0 .5  p e r  c e n t ,  s u c r o s e ,  and the  e f f e c t  o f  i n o c u l a t i o n  

w i th  nod u le  b a c t e r i a .

P ro c e e d in g  a c c o r d i n g  t o  th e  m ethods  a l r e a d y  d e s -
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c r i b e d ,  two r o o t  t i p s  were p l a c e d  i n  e a c h  o f  10 S r l e n m e y e r  

f l a s k s  (250 c c .  c a p a c i ty )  c o n t a i n i n g  medium w i t h  4 p e r  

c e n t ,  s u c r o s e ,  and two to  e a c h  o f  6 s i m i l a r  f l a s k s  w i t h

0 . 5  p e r  c e n t ,  s u c r o s e .  A f t e r  17 d a y s ,  g ro w th  i n  a l l

c a se s  was found  to  be e x t r e m e l y  poor  b u t  n e v e r t h e l e s s ,  

h a l f  t h e  r o o t s  o f  e a c h  s e r i e s  were i n o c u l a t e d  w i t h  n o d u le  

o rgan ism s  and t h e  f l a s k s  s e t  a s i d e  f o r  a n o t h e r  8 weeks.

T able  1 2 .

Growth o f  e x c i s e d  r o o t  t i p s  o f  b l a c k  wax bean  

i n  the  medium o f  Bonner and J J e v i r i a n  w i th  4 p e r

c e n t ,  and 0 . 5  p e r  c e n t ,  s u c r o s e ,  and t h e  e f f e c t

o f  i n o c u l a t i o n  w i th  nodu le  b a c t e r i a .  Growth 

p e r i o d  = 10 weeks.

U n in o c u la te d  I n o c u l a t e d

Cone, o f  su c ro se
( p e r  c e n t . )  0 .5  4 .0  0 . 5  4 .0

Av. l e n g t h  o f  main
r o o t  (cm.) 5 .3  3 .3 4  3 .7 5  2 .95

Av. number o f
l a t e r a l s  9 .5  0 .1  2 .5  0 .9

No. o f  n o d u le s  -  0 0

As can be se en  from T ab le  12 ,  growth was p o o r  

a t  b o th  s u c r o s e  l e v e l s  th o u gh  the  lower  c o n c e n t r a t i o n  

p roved  to  be s l i g h t l y  more b e n e f i c i a l ,  e s p e c i a l l y  w i t h  

r e g a r d  to  th e  p r o d u c t i o n  o f  r o o t l e t s .  None o f  t h e s e  

l a t e r a l s  exceeded 1 cm. i n  l e n g t h .  T h e r e f o r e  i t  seems 

o b v io u s  t h a t  the  medium does no t  p r o v id e  t h e  f a c t o r s  

n e c e s s a r y  f o r ' t h e  c u l t u r e  o f  e x c i s e d  r o o t  t i p s  o f  b l a c k
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wax 'bean.

The b a c t e r i a ,  as u s u a l ,  formed, w h i te  s l im y  

masses  which  made t h e  s o l u t i o n  a p p e a r  m i lk y  and c o a t e d  

t h e  s u r f a c e  o f  t h e  r o o t s ,  bu t  no n o d u le s  de v e lo p ed  i n  

any o f  th e  i n o c u l a t e d  f l a s k s .  Once a g a i n  th e  p r e s e n c e  

o f  t h e  n od u le  o rgan ism s  had a d e p r e s s i n g  e f f e c t  upon r o o t  

g row th .  c o n t r a r y  t o  p r e v i o u s  f i n d i n g s  w i t h  o t h e r  s p e c i e s  

o f  p l a n t s ,  th e  i n o c u l a t e d  r o o t s  were n o t  so brown a s  t h o s e  

which were l e f t  u n i n o c u l a t e d .

e x p e r im e n t  2 0 . i n o c u l a t i o n  o f  e x c i s e d  whole r o o t s  of  

b)laok wax bean  w i th  an a p p r o p r i a t e  s t r a i n  o f  nodu le  

o r g a n i s m .

I t  has  b een  m ent ioned  a l r e a d y  t h a t  the  s e c u r i n g  

o f  good nodu le  f o r m a t io n  on e x c i s e d  whole r o o t s  might  

p rove  h e l p f u l  i n  e f f o r t s  t o  o b t a i n  n o d u le s  on r o o t s  c u l 

t u r e d  from e x c i s e d  t i p s .  S ince  i t  had b een  d e m o n s t r a te d  

by Lewis and McCoy ( 1 9 3 3 ) , and c on f i rm ed  by th e  a u t h o r ,  

t h a t  e x c i s e d  whole r o o t s  o f  b l a c k  wax b ean  co u ld  make 

some growth  on a n i t r o g e n - f r e e  medium c o n t a i n i n g  a low 

c o n c e n t r a t i o n  o f  s u c r o s e ,  i t  seemed t h a t  t h e y  were s u i t 

a b l e  m a t e r i a l  f o r  i n o c u l a t i o n  w i th  nodu le  fo rm in g  b a c t e r i a .  

As n o t e d ,  Lewis and McCoy employed such  r o o t s  and o b s e r v e d  

n o d u le s  on o n ly  one r o o t  o u t  o f  s i x t y  which  were c u l t u r e d .

The p ro c e d u re  f o l lo w e d  was t h a t  o f  Lewis and 

McCoy a l r e a d y  d e t a i l e d  i n  a p r e v i o u s  e x p e r im e n t ,  bu t  

s i n c e  P e t r i  p l a t e s  had proved t o  be too  s m a l l ,  500 cc .  

E r lenm eyer  f l a s k s  were now used a s  c u l t u r e  v e s s e l s .  Each



c o n ta in e d  a p p r o x i m a t e ly  80 c c ,  o f  W ilson  medium. At 

the  t im e  o f  e x c i s i o n  th e  a v e r a g e  l e n g t h  o f  t h e  main r o o t s  

was 6 cm. and t h e  ave rag e  number o f  l a t e r a l s  was 12.  In  

12 o f  th e  f l a s k s ,  r o o t s  were i n o c u l a t e d  by d ro p p in g  on 

t o  th e  a g a r  s u r f a c e  abou t  1 c c .  o f  a s u s p e n s io n  o f  n o d u le  

o rg an ism .  I n  t h e  r e m a in in g  10 f l a s k s ,  t h e  method o f  

Chan and T h orn ton  (1940) was a d o p t e d ,  i . e . ,  t h e  a g a r  was 

i n o c u l a t e d  w h i le  m o l te n  b e f o r e  th e  r o o t s  were p l a n t e d .

A l l  f l a s k s  were s e t  a s i d e  a t  a t e m p e r a t u r e  o f  20°C. and

were examined a t  f r e q u e n t  i n t e r v a l s  t h r o u g h o u t  an 8 week 

growth  p e r i o d .

Table  1 5 .

I n o c u l a t i o n  o f  e x c i s e d  whole r o o t s  o f  b l a c k  wax 

bean  g rowing  on n i t r o g e n - f r e e  W ilson  medium.

S e t  1 .  Agar  s u r f a c e - i n o c u l a t e d  when s o l i d .

S e t  2 . Agar i n o c u l a t e d  when m o l t e n .  Growth 

p e r i o d  = 8 weeks.

No. o f  Av. i n c r e a s e  A v . i n c r e a s e  i n  L en g th  o f  l o n g -
n o d s .  i n  l e n g t h  (cm.) no o f  l a t e r a l s  e s t  l a t e r a l

S e t  1 .  o 3 . 5  2 5 . 8  8 . 3

Se t  2 .  0 5 .8  1 6 .0  5 .0

T ab le  13 shows t h a t  no n o d u l e s  were formed on 

any of  t h e  tw en ty - tw o  r o o t s  c u l t u r e d .  I n  b o t h  s e t s  o f  

f l a s k s  the  b a c t e r i a  m u l t i p l i e d  r a p i d l y  i n  th e  immedia te  

ne ighbourhood  o f  th e  r o o t  and l a t e r a l s ,  p r o d u c i n g  gummy 

s t r e a k s  which fo l lo w e d  t h e  p a t h  o f  t h e s e  o r g a n s .

M ic ro sc o p ic  e x a m in a t io n  o f  t h e  r o o t  h a i r s  r e 

v e a l e d  t h e  p e c u l i a r  d e f o r m a t io n s  shown i n  F i g .  10.  These
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F ig .  1 0 . Camera lu e id a  drawing o f  deformed r o o t
.h a ir s  from e x c ise d  whole r o o ts  o f b la c k  
wax bean in o c u la te d  w ith  nodule b a c ter ia *
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c l o s e l y  r e s e m b le  t h e  a b n o r m a l i t i e s  o b se rv e d  by McCoy 

(1932) and shown t o  be no i n d i c a t i o n  o f  b a c t e r i a l  a t t a c k  

upon th e  p l a n t ,  s i n c e  the  same e f f e c t s  cou ld  be p ro d u ce d  

by c e l l - f r e e  f i l t r a t e s  o f  nodu le  o rg a n i s m s  b e lo n g i n g  t o
*

an e n t i r e l y  d i f f e r e n t  c r o s s - i n o c u l a t i o n  group*

Browning was a g a i n  n o t e d  wherever  t h e  r o o t s  

to u ch e d  t h e  a g a r  s u r f a c e ,  and ,  in  g e n e r a l ,  g row th  was n o t  

so s a t i s f a c t o r y  a s  t h a t  o b t a i n e d  i n  th e  p r e v i o u s  i n v e s t i 

g a t i o n .  T h is  may have been  due t o  t h e  lower  t e m p e r a t u r e  

employed.

I t  was d e c id e d  t o  r e p e a t  th e  e x p e r im e n t ,  t h i s  

t ime a d d in g  some n i t r a t e - n i t r o g e n  t o  t h e  medium i n  an 

a t t e m p t  t o  improve growth  and p r e v e n t  th e  o n s e t  o f  brown

in g .  Calcium n i t r a t e  i n  t h e  c o n c e n t r a t i o n  u sed  by Bonner

(0 .242  gm. p e r  l i t r e )  was s u b s t i t u t e d  f o r  t h e  c a lc iu m

c h l o r i d e  o f  th e  Wilson f o r m u la ,  bu t  o t h e r w i s e  t h e  p r o c e d 

u r e  was as  b e f o r e .  In  4 f l a s k s  t h e  a g a r  was s u r f a c e -  

i n o c u l a t e d ,  i n  8 i t  was i n o c u l a t e d  w h i l e  m o l t e n  and t h e  

r e m a in in g  7 f l a s k s  were l e f t  u n i n o c u l a t e d  a s  c o n t r o l s .

Table  1 4 .

As f o r  'Table 13.  b u t  w i t h  c a lc iu m  n i t r a t e  sub

s t i t u t e d  f o r  the  c a lc iu m  c h l o r i d e  o f  t h e  W ilson  

fo rm u la .  Growth p e r i o d  = 8 weeks.

No. o f  A v . i n c r e a s e  A v . i n c r e a s e  i n  L eng th  o f  long
no d s ,  i n  l e n g t h  (cm.) no o f  l a t e r a l s  e s t  l a t e r a l

Se t  1 .  0 3 .02  2 0 .5  3 .1

S e t  2 .  0 4 .4 0  1 6 .6  7 .2

Uninoc.  -  7 .9 0  2 9 .1  8 . 2
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From T ab le  14 i t  can be s e e n  t h a t  once a g a i n  

b o t h  methods o f  i n o c u l a t i o n  d id  n o t  r e s u l t  i n  n o d u le  p r o 

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

t i n c t  zone o f  gum round t h e  m ain  r o o t  and l a t e r a l s #

Again  t h e  d e p r e s s i n g  e f f e c t  o f  t h e  p r e s e n c e  o f  t h e  b a c t e r i a  

upon th e  growth  o f  t h e  r o o t s  was i n  e v i d e n c e .

The i n t r o d u c t i o n  o f  n i t r a t e  i n t o  th e  medium b e n e 

f i t e d  th e  a p p e a ra n c e  o f  the  r o o t s  d u r i n g  the  f i r s t  2 o r  3 

weeks o f  g rowth  s in c e  t h e y  remained w h i te  w i t h  p i n k - p u r p l e  

t i n g e  which d i d  n o t  a p p e a r  to  be u n h e a l t h y .  A f t e r  th e  

t h i r d  week, however , t h e  d a rk  brown c o l o u r a t i o n  n o t e d  

b e f o r e  became o b v io u s  wherever  t h e  r o o t s  to uch ed  t h e

s u r f a c e  o f  t h e  a g a r .  The n i t r a t e  seems t o  have had

l i t t l e  o r  no e f f e c t  upon r o o t  g rowth  s i n c e  i n c r e a s e s  in  

l e n g t h  o f  t h e  main  r o o t  and l a t e r a l s  were s i m i l a r  t o  

t h o s e  which o c c u r r e d  i n  th e  n i t r o g e n - f r e e  medium.

An a t t e m p t  was nowmade t o  s e c u r e  n o d u le s  on 

e x c i s e d  whole r o o t s  of  pea  s i m i l a r  to  thosexxf b l a c k  wax 

bean  employed above.

Exper im en t  2 1 . I n o c u l a t i o n  o f  e x c i s e d  whole r o o t s  o f  p e a .

One s u r f a c e - s t e r i l i s e d  pea seed  was t r a n s f e r r e d  

t o  each  o f  12 l a r g e  t e s t  t u b e s  (20 cm. x 3 c m .) con

t a i n i n g  50 c c .  o f  th e  complete  medium o f  Bonner  and

D e v i r i a n  (1939) w i th  4 p e r  c e n t ,  suc ro se ,  s o l i d i f i e d  by 

th e  a d d i t i o n  o f  1 p e r  c e n t .  a g a r .  A l l  t u b e s  were i n o c 

u l a t e d  whi le  th e  agar  was m o l t e n .  A f t e r  3 days* g row th

i n  th e  d a r k ,  a s t e r i l e  s c a l p e l  was used  t o  s e v e r  t h e  t o p s
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from t h e  r o o t s ,  and t h e  t o p s  were removed.

Duripg  a  growth  p e r i o d  o f  11 weeks t h e  r o o t s  

a t t a i n e d  an  a v e r a g e  l e n g t h  o f  1 2 . 0  cm. and p o s s e s s e d  an 

a v e ra g e  o f  1 7 .3  l a t e r a l  r o o t s .  One n o d u le  was formed 

on one r o o t  sy s te m  showing t h a t  n o d u l e s  can d e v e lo p  on 

e x c i s e d  whole r o o t s  of  pea growing i n  t h e  f u l l  n u t r i e n t  

d e v i s e d  by Bonner and D e v i r i a n .  A m i lk y  zone ,  due t o  

b a c t e r i a l  g ro w th ,w as  o bv io u s  a round  t h e  main  r o o t  and 

l a t e r a l s  i n  a l l  t u b e s .

:vkUau;:: . is e % r

s o  o o i t e b b ' i s  f o r -  r b ^ l s  s - ' o  . * 0 :  •

a a j  a a a  o > r  =. o

. ■ . : ,  a ;  a  a  a  t  . i  b o a  ’ t i t  b o y o  A  A  o , n  ,  . b  a - '  ■
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DISCUSSION SECTION I .

The r e s u l t s  of  t h e  e x p e r i m e n t s  d e s c r i b e d  i n  t h e  

p r e c e d i n g  p a g e s  se rve  t o  e s t a b l i s h  s e v e r a l  im p o r t a n t  f a c t s  

which w i l l  be o f  v a lu e  i n  f u t u r e  a t t e m p t s  t o  s e c u r e  n o d u le  

f o r m a t i o n  on e x c i s e d  r o o t s .  F i r s t l y ,  th e  t e c h n i q u e s  i n 

vo lv ed  i n  t i s s u e  c u l t u r e  work have been  m a s t e r e d  s u f f i c 

i e n t l y  t o  a l l o w  of  th e  s e t t i n g  up o f  t e s t s  on a s c a l e  

l a r g e  enough t o  p roduce  a n a l y s a b l e  r e s u l t s .  R o o ts  which 

had t o  be d i s c a r d e d  due to  c o n ta m i n a t i o n  w i th  f u n g i  o r  

b a c t e r i a  were few i n  number b u t  a l lo w a n ce  must a lw ays  be 

made f o r  a sm a l l  p e r c e n t a g e  o f  l o s s e s  from t h i s  c au se .

V e r i f i c a t i o n  h a s  been  o b t a i n e d  t h a t ,  f o r  the  

growth  o f  e x c i s e d  r o o t  t i p s  of f i e l d  p e a ,  t h e  medium o f  

Bonner  and D e v i r i a n  i 1939) c o n t a i n i n g  a n e u r i n  and n i c o 

t i n i c  a c i d  a s  a c c e s s o r y  growth  f a c t o r s  i s  s u p e r i o r  t o  

th e  same medium c o n t a i n i n g  y e a s t  e x t r a c t .  However, 

a l t h o u g h  so s u i t a b l e  f o r  f i e l d  p e a ,  the  medium d oes  n o t  

p r o v i d e  a l l  the  e s s e n t i a l  s u b s t a n c e s  o r  c o n d i t i o n s  f o r  

th e  growth  of  r o o t  t i p s  o f  Soya b e a n ,  b l a c k  wax b e a n ,  

sweet p e a  and sea  pea  and i t  a l l o w s  o n ly  a  l i m i t e d  g row th  

o f  a dwarf  v a r i e t y  o f  b road  b e a n .

With r e g a r d  t o  a e r a t i o n  o f  the medium, i t  i s  

o b v io u s  from T ab le  5 ,  t h a t  t h e r e  i s  no a d v an tag e  i n  

a t t e m p t i n g  to  i n c r e a s e  a r t i f i c i a l l y  th e  amount of  oxygen 

p r e s e n t .  Q u a n t i t i e s  o p t im a l  f o r  t h e  n e ed s  o f  th e  grow

in g  r o o t s  must  d i f f u s e  th r o u g h  t h e  c o t t o n  wool p l u g s  o f  

t h e  f l a s k s  and d i s s o l v e  i n  th e  s o l u t i o n .  I t  i s  a l s o
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e v i d e n t  f rom  Table  4 ,  t h a t  t h e  g r e a t e r  a e r a t i o n  p r e v a i l i n g  

i n  sand c u l t u r e s  does  n o t  compensate  f o r  t h e  g r e a t e r  d i f f i 

c u l t y  i n  a b s o r p t i o n ,  We have a l s o  s e e n  t h a t  g ro w th  on 

medium s o l i d i f i e d  w i t h  a g a r  i s  i n f e r i o r  t o  t h a t  i n  p u r e l y  

l i q u i d  c u l t u r e  and t h i s  f i n d i n g  i s  i n  ag reem en t  w i t h  t h e  

views o f  White (1933) who d e m o n s t r a te d  t h a t  h i s  own r e s u l t s  

were v e ry  much s u p e r i o r  t o  t h o s e  of ^ a l y s c h e v  (1932a & b) 

who had u sed  a s i m i l a r  medium bu t  w i th  a g a r  added .

The m a j o r i t y  o f  i n v e s t i g a t o r s  iW h i te ,  B onner ,  

e t c . ]  have a d o p ted  t h e  p ro c e d u re  of  e x c i s i n g  t i p s  f rom 

t h e i r  o r i g i n a l  c u l t u r e s  a t  f r e q u e n t  i n t e r v a l s  and t r a n s 

f e r r i n g  them t o  new f l a s k s  o r  p l a t e s  of  s o l u t i o n .  Thus 

t h e y  a c q u i r e d  l a r g e  Tc l o n e s 1 o f  r o o t s  w i th  i d e n t i c a l  g e n e -  

t i c a l  c o n s t i t u t i o n  s in c e  t h e i r  o r i g i n  cou ld  be t r a c e d  back  

t o  t h e  same p a r e n t  f r a g m e n t .  The aim of  t h e  p r e s e n t  

a u t h o r  was t o  s e c u r e  r p o t  sys tem s  of  a s i z e  comparable  w i t h  

t h a t  o f  t h e  r o o t s  o f  i n t a c t  p l a n t s  and t h u s  s u i t a b l e  f o r  u se  

i n  a t t e m p t s  to  o b t a i n  n o d u le s .  T h e r e fo r e  no s u b - c u l t u r i n g  

was c a r r i e d  o u t ,  t h e  o r i g i n a l  e x c i s e d  r o o t  t i p  b e in g  a l l o w 

ed t o  a t t a i n  th e  maximum development  t h a t  t h e  g i v e n  su p p ly  

o f  n u t r i e n t  would s u p p o r t .  W ith  t h i s  method,  r o o t s  10-12 

cms. lo n g  have d ev e lo p ed  w i t h i n  two weeks ,  w h i l e  a f t e r  

l o n g e r  p e r i o d s  r o o t s  w e l l  s u p p l i e d  w i th  l a t e r a l  r o o t l e t s  

and r e a c h i n g  an av e rag e  l e n g t h  of  40 cms. have o b t a i n e d .

T h is  growth  r a t e  i s  below t h a t  o f  Bonner and D e v i r i a n

(1939) who s t a t e  t h a t  e x c i s e d  pea  r o o t s  i n  t h e i r  medium

grow a t  th e  r a t e  o f  70-85 mm. p e r  week. The d i s c r e p a n c y
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may be due t o  d i f f e r e n c e s  i n  th e  t e m p e r a t u r e s  a t  which  

th e  r o o t s  were c u l t u r e d .  To m a i n t a i n  i n  a  w h i t e ,  

h e a l t h y  c o n d i t i o n  th e  r e l a t i v e l y  l a r g e  r o o t  m asse s  r e 

q u i r e d  f o r  nodule  work,  i t  has  been  found  p r o f i t a b l e  t o  

s t o r e  them a t  t e m p e r a t u r e s  a v e r a g i n g  a bou t  15-16°C .

These a r e  w e l l  be low th e  r an g e  o f  27-30°C.  s t a t e d  by 

White (1943b) t o  be abou t  o p t i m a l  f o r  p l a n t  t i s s u e  

c u l t u r e s  i n  g e n e r a l .  However, as we have s e e n ,  g rowth  

of  e x c i s e d  pea  r o o t s  a t  19-2Q°C. r e s u l t e d  i n  b row ning  of  

th e  o l d e r  p o r t i o n s  o f  t h e  r o o t s  and showed no com p en sa t in g  

b e n e f i t  t o  r o o t  l e n g t h  o r  l a t e r a l  r o o t  p r o d u c t i o n .  In  

one ex trem e case  two f l a s k s  a t  t h e  low er  t e m p e r a t u r e  l e v e l  

were s e t  a s i d e  and n e g l e c t e d  f o r  s e v e r a l  m onths .  The 

r o o t s  which t h e y  c o n ta in e d  t h e n  measured 5 9 .5  cm., 8 3 .1  

cm.,  109 cm. and 7 5 .5  cm. and p o s s e s s e d  numerous l a t e r a l s .

I t  i s  e v i d e n t  t h e r e f o r e ,  t h a t  no renew al  o f  n u t r i e n t  i s  

n e c e s s a r y  d u r in g  th e  growth  p e r i o d s  r e q u i r e d  f o r  e x p e r i 

ments  on nodu le  f o r m a t io n .

As we have s e e n ,  many p r e v i o u s  w o rk e r s  ( L a u r e n t ,  

1891; H i l t n e r ,  1900;  G iS b e l ,  1926;  T h o rn to n ,  1936;  and  

o t h e r s )  em phasise  th e  i n j u r i o u s  e f f e c t s  o f  i n o r g a n i c  

n i t r o g e n  upon th e  p r o c e s s  o f  nodule  f o r m a t i o n ,  and 'Wilson,

(1940) summarises  d i a g r a m m a t i c a l l y  how i n v a s i o n  o f  t h e  

p l a n t  and f i x a t i o n  o f  n i t r o g e n  v a ry  w i t h  changes  i n  t h e  

c a r b o h y d r a t e / n i t r o g e n  r e l a t i o n s h i p  w i t h i n  t h e  h o s t .  With 

r e g a r d  to  i n v a s i o n ,  th e  p r o c e s s  w i th  which  t h e  p r e s e n t  

a u t h o r  i s  p r i m a r i l y  conce rned ,  i t  a p p e a r s  t h a t  a t  a l l  l e v e l s
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o f  c a r b o h y d r a t e ,  i n c r e a s e  i n  n i t r o g e n  d e c r e a s e s  modula

t i o n  and a t  a l l  l e v e l s  o f  n i t r o g e n ,  i n c r e a s e  i n  c a r b o 

h y d r a t e  i n c r e a s e s  n o d u l a t i o n .  T h e r e f o r e ,  a t  t h e  t i m e ,  

i t  seemed p r o f i t a b l e  t o  i n v e s t i g a t e  t h e  g ro w th  o f  e x c i s e d  

p ea  r o o t s  i n  s o l u t i o n s  c o n t a i n i n g  o n ly  f r a c t i o n s  o f  t h e  

o r i g i n a l  sup p ly  o f  n i t r o g e n  b e f o r e  i n o c u l a t i n g  them w i t h  

nod u le  b a c t e r i a .  I t  i s  now c l e a r  t h a t  f r e s h l y  e x c i s e d  

r o o t  t i p s  cannot  t h r i v e  i f  the  n i t r a t e  c o n c e n t r a t i o n  i s  

red u c ed  below t h a t  ad v o ca te d  by Bonner  and D e v i r i a n .

Table 7 however ,  shows t h a t  r o o t s  which have  grown i n  

f u l l  s o l u t i o n  f o r  a p e r i o d  of  4 weeks and a r e  t h e n  t r a n s 

f e r r e d  to  media  w i th  re d u c e d  n i t r a t e ,  c o n t i n u e  t o  grow 

and p ro d uce  numerous l a t e r a l s .  U n f o r t u n a t e l y  t h e  e x p e r i 

ment was t e r m i n a t e d  two weeks a f t e r  th e  t r a n s f e r  t o  the  

lo w e r  n i t r a t e  l e v e l s ,  and t h e r e f o r e  t h e  growth o b s e rv e d  

may have been  due ,  i n  t h e  m a in ,  t o  u t i l i s a t i o n  o f  n i t r o 

genous m a t e r i a l  s t o r e d  w i t h i n  t h e  r o o t  t i s s u e s  d u r i n g  t h e  

p e r i o d  i n  normal  medium. T h e r e f o r e ,  d e s p i t e  t h e  r e s u l t s  

i n  Table  7, i t  i s  n o t  p o s s i b l e  t o  say w i t h  a c c u r a c y  t h a t  

c o n c e n t r a t i o n s  o f  n i t r a t e  a s  low as  one q u a r t e r  o f  t h e  

v a lu e  g iv e n  in  t h e  Bonner fo rm u la ,  a r e  s u f f i c i e n t  t o  

s u p p o r t  t h e  c o n t in u e d  growth o f  e x c i s e d  r o o t s  of  p e a .

When r o o t s  which had a t t a i n e d  an a d eq ua te  s i z e  i n  t h e  f u l l  

medium were t r a n s f e r r e d  t o  s o l u t i o n  c o m p le te ly  f r e e  f rom 

n i t r a t e  and t h e n  i n o c u l a t e d  w i th  nodule  b a c t e r i a ,  b o th  

c o n t r o l s  and i n o c u l a t e d  r o o t s  cea sed  to  grow, p resum ab ly  

due t o  l a c k  of  n i t r o g e n ,  and no n o d u le s  were form ed .
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R e p e t it io n  o f  the experim ent u s in g  s o lu t io n s  c o n ta in 

ing one q u a r te r , one e ig h th  and one s ix t e e n th  o f  the  

o r ig in a l  n i t r a t e  c o n c e n tr a tio n  again  y ie ld e d  no n o d u les  

althou gh  t h i s  tim e the controls rem ained h e a lth y  and 

showed some grow th. I t  seems rea so n a b le  to  suppose  

th a t some fa c to r  or f a c t o r s  o th er  than  n i t r a t e  co n cen tra 

t io n  must be in h ib it in g  nodule developm ent, s in c e  i t  i s  

u n l ik e ly  th a t such low c o n c e n tr a tio n s  o f in o r g a n ic  n i t r o 

gen could prove very  in ju r io u s .

H'xperiments a b o u t  to  be d e s c r i b e d  i n  S e c t i o n  I I  

show t h a t  t h e  p r e s e n c e  of  s u c r o s e  i n  t h e  r o o t i n g  medium 

m ark e d ly  re d u c e s  t h e  number of  n o d u l e s  which form on p e a  

p l a n t s  g rowing  i n  d a r k n e s s  and i n  l i g h t ,  4 p e r  c e n t ,  

s u c r o s e  b e i n g  th e  most i n j u r i o u s  of  a l l  t h e  c o n c e n t r a t i o n s  

t e s t e d .  I n  t h e  p r e s e n t  S e c t i o n ,  Table  8 shows t h a t  f r e s h 

l y  e x c i s e d  r o o t  t i p s  o f  pea  do no t  grow w e l l  i f  t h e  con

c e n t r a t i o n  i s  r educed  below t h e  4 p e r  c e n t ,  l e v e l .  Re

d u c t i o n  even t o  3 p e r  c e n t ,  caused  a f a l l  i n  r o o t  l e n g t h  

from 2 4 .8  cm. t o  1 6 .9  cm. and t h e r e  was a l s o  an u n f a v o u r 

a b l e  e f f e c t  upon r o o t  t h i c k n e s s  and number o f  l a t e r a l s .  

T r a n s f e r  o f  w e l l -g ro w n  r o o t s  f rom f u l l  medium t o  s o l u t i o n s  

c o n t a i n i n g  2 p e r  c e n t . ,  1 p e r  c e n t ,  and 0 . 5  p e r  c e n t ,  

s u c r o s e ,  fo l lo w e d  by i n o c u l a t i o n  w i th  b a c t e r i a  d id  n o t  

r e s u l t  i n  nodule  f o r m a t io n .  Growth was much r e d  iced i n  

t h e  2 p e r  c e n t ,  s u c r o s e  medium and cea sed  a l t o g e t h e r  a t  

t h e  o t h e r  l e v e l s .  As we s h a l l  s e e ,  t h e s e  c o n c e n t r a t i o n s  

p e rm i t  a c e r t a i n  l i m i t e d  amount o f  n o d u le  p r o d u c t i o n  on
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e t i o l a t e d  whole pea  p l a n t s .  In  t h e  c a s e  o f  th e  e x c i s e d  

r o o t s ,  however,  i t  may be t h a t  t h e  r e d u c e d  s u c r o s e  h a s  a 

h a rm fu l  e f f e c t  upon r o o t  g rowth  which o u tw e ig h s  any 

a d v a n ta g e  t h a t  th e  r e d u c t i o n  may have w i th  r e g a r d  t o  

n o d u l a t i o n .  U n f o r t u n a t e l y  t h e r e  were no u n i n o c u l a t e d  

c o n t r o l s  t o  show w he ther  t h i s  was the  c a s e ,  and t h e r e f o r e  

t h e  p o s s i b i l i t y  a l s o  e x i s t s  t h a t  t h e  d e p r e s s i o n  of  g row th  

o b s e r v e d  i n  th e  above c o n c e n t r a t i o n s  o f  s u c r o s e  may have 

been  p a r t l y  o r  whol ly  due t o  th e  b a c t e r i a  and no t  m e re ly  

to  t h e  i n i t i a l  r e d u c t i o n  of  the  s u c r o s e  l e v e l .  The 

i n j u r i o u s  e f f e c t  o f  t h e  p r e s e n c e  of  nodu le  o rg a n i s m s  on 

th e  g row th  o f  e x c i s e d  c l o v e r  r o o t s  i n  b o t h  l i q u i d  and 

a g a r  c u l t u r e s  has  been  w e l l  d e m o n s t r a t e d ,  l i t t l e  o r  no 

f u r t h e r  development  h av in g  o c c u r r e d  a f t e r  th e  i n o c u l a t i o n  

w i t h  b a c t e r i a .  S i m i l a r  d e p r e s s i n g  e f f e c t s  on growth 

were o b se rv ed  i n  i n o c u l a t e d  c u l t u r e s  of  t h e  r o o t s  o f  

b l a c k  wax b e an .  T h is  may have been  due t o  t h e  accum ula

t i o n  o f  some h a rm fu l  b y - p r o d u c t  o f  b a c t e r i a l  m u l t i p l i c a 

t i o n ,  o r ,  more p r o b a b l y ,  t o  c o m p e t i t io n  f o r  fo od  sub 

s t a n c e s .  The r a p i d l y  i n c r e a s i n g  number o f  o rg an ism s  

might  soon re d u c e  th e  a v a i l a b l e  s u c r o s e  below some 

c r i t i c a l  l e v e l  e s s e n t i a l  f o r  r o o t  growth .  T h i s  seems 

t o  be t h e  most a c c e p t a b l e  e x p l a n a t i o n ,  th o u g h  c o m p e t i t i o n  

f o r  d i s s o l v e d  oxygen may be i n v o lv e d  a l s o .  I t  i s  i n t e r 

e s t i n g  t o  n o te  h e re  th e  d i f f e r e n c e  between th e  e f f e c t  of  

t h e  b a c t e r i a  on th e  growth  of  e x c i s e d  r o o t s  and t h e i r
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e f f e c t  on t h e  r o o t s  o f  e t i o l a t e d  whole p l a n t s .  I n  

e x p e r im e n t s  d e s c r i b e d  i n  S e c t i o n  I I ,  e t i o l a t e d  p e a  

p l a n t s  p ro d u ce d  w e l l  d e v e lo p e d  r o o t  sy s te m s  a l t h o u g h  

t h e y  were growing i n  i n o c u l a t e d  a g a r  c o n t a i n i n g  s u c r o s e .

The b a c t e r i a  m u l t i p l i e d  r a p i d l y  i n  t h e  medium, 

p a r t i c u l a r l y  round t h e  r o o t  and r o o t l e t s ,  b u t  t h e r e  was no 

s i g n  of  th e  d e p r e s s i o n  o f  g rowth  so e v id e n t  w i th  e x c i s e d  

r o o t s .  I t  may be t h a t  t h e  a d d i t i o n a l  su p p ly  o f  food  w i t h i n  

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

o f  more v i g o r o u s  r o o t s  and t h e s e  were a b l e  t o  compete 

s u c c e s s f u l l y  w i th  t h e  b a c t e r i a  f o r  th e  a v a i l a b l e  s u c r o s e .

I n  v iew o f  a l l  the  above c o n s i d e r a t i o n s  i t  i s  

obv ious  t h a t  a  h ig h  c o n c e n t r a t i o n  of  s u c r o s e  i s  needed by 

e x c i s e d  pea r o o t s ,  b u t  t h a t  t h i s ,  as  shown by whole p l a n t  

e x p e r i m e n t s ,  i s  d e p r e s s i n g  t o  nodu le  numbers and a l s o  

en co u rag e s  r a p i d  development o f  t h e  b a c t e r i a  i n  t h e  medium, 

a p p a r e n t l y  ’ swamping* t h e  r o o t s .  An a t t e m p t  was made 

t h e r e f o r e ,  t o  s e p a r a t e  th e  s u c r o s e  su p p ly  o f  e x c i s e d  

r o o t s  f rom  the  b a e t d r i a l  inoculum so t h a t  t h e  e x t e r n a l  

e f f e c t s  of  s u c r o s e  upon nodu le  f o r m a t i o n  might  be 

e l i m i n a t e d ,  and y e t  th e  r o o t  c o n t in u e  t o  r e c e i v e  i t s  

f u l l  complement.  Table  9 shows t h a t  some growth  o f  e x c i s e d  

pea  r o o t s  was a c h ie v e d  u s i n g  a doub le  v e s s e l  t e c h n i q u e ,  

b u t  a l l  t h e  l a t e r a l  r o o t s  n o te d  were p roduced  i n  th e  

su c r o s e  medium. M ic ro sc o p ic  e x a m in a t io n  o f  t h e  p a r t s  

o f  t h e  r o o t s  which had grown a lo n g  t h e  s u r f a c e  o f  t h e  

i n o c u l a t e d  a g a r  showed d e f o r m a t i o n s  o f  the  r o o t  h a i r s
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s i m i l a r  to  t h o s e  o b s e rv e d  on b l a c k  wax b e an .  A c c o r d i n g  

t o  McCoy (1932) t h e s e  do n o t  n e c e s s a r i l y  i n d i c a t e  an  

a t t e m p t e d  i n v a s i o n  o f  t h e  h o s t  by t h e  b a c t e r i a ,  s i n c e  

such  a b n o r m a l i t i e s  can be o c c a s i o n e d  b y - c e l l - f r e e  f i l t r a t e s  

o f  o rg an ism s  which would not  n o r m a l ly  i n f e c t  pea  r o o t s .  

M o d i f i c a t i o n s  and improvements  t o  t h e  method o f  t h i s  

ex p er im e n t  a r e  b e in g  e v o lv e d  and i t  i s  hoped t o  t e s t  them 

o u t  i n  t h e  n e a r  f u t u r e .  S i m i l a r  e x p e r im e n t s  w i t h  e x c i s e d  

r o o t s  o f  c l o v e r  m ight  a l s o  p rove  p r o f i t a b l e .

From T ab le  11 i t  i s  c l e a r  t h a t  t h e  g ro w th  i n 

crem ents  o f  4 - d a y - o l d  r o o t s  o f  b l a c k  wax bean  e x c i s e d  i n  

t h e i r  e n t i r e t y  f a r  exceed  t h o s e  o f  e x c i s e d  bean  r o o t  t i p s  

c u l t u r e d  u n d e r  t h e  same e x p e r i m e n t a l  c o n d i t i o n s .  T h is  was 

t o  be e x p e c te d  b ecau se  t h e  J . K .  W ilson  medium employed i s  

n o t r o g e n - f r e e  and t h e r e f o r e  growth would be l i m i t e d  by t h e  

amount o f  t h e  n i t r o g e n o u s  r e s e r v e s  p r e s e n t  i n  t h e  o r i g i n a l  

f r a g m e n t .  Moreover ,  t h e  s u c r o s e  c o n te n t  o f  t h e  medium i s  

r e l a t i v e l y  low (0*5 p e r  c e n t . ) .  Thus i t  would a p p e a r  

t h a t  t h e  l a r g e r  s u p p l i e s  of  n i t r o g e n  compounds, c a r b o 

h y d r a t e s  and o t h e r  s u b s t a n c e s  t r a n s l o c a t e d  from  th e  

c o ty l e d o n s  and p r e s e n t  i n  t h e  complete  e x c i s e d  r o o t  s y s te m s ,  

e n ab le  them t o  grow on t h e  W ilson  medium, showing a  g r e a t e r  

e l o n g a t i o n  o f  t h e  main r o o t  and p ro d u c in g  n e a r l y  t e n  

t im e s  a s  many l a t e r a l s  a s  d id  t h e  e x c i s e d  r o o t  t i p s .  I t  

seems p ro b a b le  a l s o  t h a t  s u b s t a n c e s  which f a v o u r  o r  

s p e c i f i c a l l y  induce  nodule  f o r m a t i o n  may be t r a n s f e r r e d  

s i m i l a r l y  from th e  c o t y l e d o n s  d u r i n g  t h e f i r s t  f o u r  days o f
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t h e  g e r m i n a t i o n  p e r i o d  and i n  t h e  comple te  r o o t  may be 

p r e s e n t  i n  s u f f i c i e n t  q u a n t i t y  t o  p e rm i t  o f  some r e s t r i c t e d  

nodu le  p r o d u c t i o n .  T h is  may a c c o u n t  f o r  t h e  one n o d u le  

o b s e r v e d  by t h e  a u t h o r  on an e x c i s e d  whole r o o t  o f  p e a ,  

and f o r  the  n o d u l e s  n o te d  by Lewis and McCoy (1933) on 

e x c i s e d  whole r o o t s  o f  b l a c k  wax b e an .  T h o rn to n  (1929) 

s u g g e s t s  t h a t  a s u b s ta n c e  which i n d u c e s  n o d u l a t i o n  of  

young l u c e r n e  p l a n t s  and i n c r e a s e s  t h e  g ro w th  o f  t h e  

nodu le  o rgan ism  on a g a r ,  i s  e x c r e t e d  from th e  r o o t s  a t  

a t im e  c o - i n c i d e n t  w i t h  th e  o p e n in g  o f  t h e  f i r s t  t r u e  

l e a v e s .  In  S e c t i o n  I I  we s h a l l  see t h a t  such an 

e x c r e t i o n  a p p e a r s  t o  be i n v o lv e d  a l s o  i n  t h e  n o d u l a t i o n  

o f  whole  pea p l a n t s  grown u n d e r  normal  l i g h t  c o n d i t i o n s .

The d i s t i n c t  zones  o f  dense  b a c t e r i a l  g row th  o b s e rv e d  

round  e x c i s e d  whole r o o t s  o f  pea  and b l a c k  wax bean  seem 

t o  i n d i c a t e  th e  w ork ings  of  a- s i m i l a r  e x c r e t i o n  from 

t h e s e  o r g a n s .  T h is  b e in g  th e  c a s e ,  t h e  a c t i v e  s u b s t a n c e  

e i t h e r  must have i t s  o r i g i n  i n  t h e  r o o t  i t s e l f ,  o r  be 

t r a n s l o c a t e d  from th e  c o ty l e d o n s  a n d / o r  young shoot  d u r i n g  

th e  f i r s t  t h r e e  days o f  t h e  g e r m i n a t i o n  p e r i o d .  I f  t h e  

l a t t e r  e x p l a n a t i o n  h o l d s ,  t h e n  t h i s  may a c c o u n t  f o r  t h e  

f a i l u r e  o f  n o d u l a t i o n  on r o o t s  c u l t u r e d  from t i p s  0 . 5  cm. 

lo n g  s i n c e  such t i p s  would contain o n ly  v e r y  s m a l l  amounts 

o f  t h e  r e q u i r e d  n o d u le - p r o m o t in g  s u b s t a n c e .  With t h i s  

i d e a  i n  mind i t  i s  i n te n d e d  t o  add t o  t h e  c u l t u r e  medium 

f o r  e x c i s e d  r o o t  t i p s ,  r o o t  w ash ings  from whole p l a n t s  

and o b se rv e  t h e i r  e f f e c t  upon n o d u le  p r o d u c t i o n .  D e t a i l s
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of  t h e  method o f  o b t a i n i n g  t h e s e  w ash in g s  w i l l  be 

g iv e n  in  c o n n e c t i o n  w i t h  a b o v e -m en t io n ed  e x p e r im e n t  

i n  S e c t i o n  I I .  I t  h a s  been  o b s e r v e d  t h a t  when s m a l l  

q u a n t i t i e s  o f  a u t o c l a v e d  e x t r a c t  f rom t h e  s h o o t s  o f  

normal  pea p l a n t s  a r e  added t o  th e  medium i n  which 

i n o c u l a t e d  e x c i s e d  p e a  r o o t s  a r e  g ro w in g ,  no n o d u l e s  

form b u t  a n o t h e r  method o f  o b t a i n i n g  s t e r i l i t y  o f  t h e  

e x t r a c t  w i l l  have t o  be employed b e f o r e  any  d e f i n i t e  

c o n c l u s i o n s  can be r e a c h e d  a bou t  i t s  e f f e c t  upon t h e  

n o d u l a t i o n  p r o c e s s .  I t  may w e l l  be t h a t  t h e  h e a t  

o f  th e  a u t o c l a v e  decomposes any s u b s t a n c e s  which  m ight  

s t i m u l a t e  nodule  f o r m a t i o n .

A p r e l i m i n a r y  e x p e r im e n t  i n v o l v i n g  t h e  

t r e a t m e n t  o f  e x c i s e d  r o o t  t i p s  w i t h  a u x in s  b e f o r e  

p l a n t i n g  i n  t h e  n u t r i e n t  medium, d i d  no t  r e s u l t  i n  

n o du le  p r o d u c t i o n  when n odu le  b a c t e r i a  were s u b s e q u e n t l y  

ad ded .  The r e s u l t s  m e r e ly  con f i rm ed  th e  f i n d i n g s  o f  

Bonner  and K o e p f l i  (1939) t h a t  a u x in s  have an  i n h i b i t i n g  

e f f e c t  upon t h e  g row th  o f  e x c i s e d  pea  r o o t s .



SUMMARY SECTION I

W e l l - d e v e lo p e d  r o o t  sy s tem s  o f  f i e l d  p e a  

(Pi siim a r v e n s e  L . ) van .  New Z ea la n d  Maple ,  have b e en  

o b t a i n e d  f rom e x c i s e d  t i p s  0 . 5  cm. i n  l e n g t h  grown 

u n d e r  s t e r i l e  c o n d i t i o n s  i n  th e  n u t r i e n t  s o l u t i o n  of  

Bonner  and J J e v i r i a n  (1939) .

T h is  s o l u t i o n  i s  u n s u i t a b l e  f o r  t h e  g ro w th  of  

e x c i s e d  r o o t  t i p s  o f  sweet p e a ,  s e a  p e a ,  Soya bean  

and b l a c k  wax bean ,  bu t  a l l o w s  a c e r t a i n  l i m i t e d  

growth  o f  t i p s  o f  a dwarf  v a r i e t y  o f  b r o a d  be an .

The t e m p e r a t u r e  b e s t  s u i t e d  t o  t h e  m a in te n a n c e  

o f  h e a l t h y  e x c i s e d  r o o t  sys tem s o f  p e a  i s  i n  t h e  

r e g i o n  of  15-16°C. At h i g h e r  t e m p e r a t u r e s ,  b row ning  

o f  t h e  o l d e r  p o r t i o n s  o f  th e  r o o t s  becomes more 

e v i d e n t .

A e r a t i o n  o f  th e  n u t r i e n t  s o l u t i o n  i s  n o t  b e n e 

f i c i a l  t o  r o o t  g rowth .

orowth  o f  e x c i s e d  pea  r o o t s  i n  l i q u i d  medium 

ex ceeds  t h a t  on a g a r  medium o r  i n  sand w a te r e d  w i t h  

th e  n u t r i e n t  s o l u t i o n .

J f re sh ly  e x c i s e d  r o o t  t i p s  o f  pea  c an n o t  grow 

i n  s o l u t i o n  w i th  r e d u c e d  c o n c e n t r a t i o n s  o f  n i t r a t e #  

O lde r  e x c i s e d  r o o t s  t r a n s f e r r e d  from f u l l  medium t o  

s o l u t i o n s  low i n  n i t r a t e  can c o n t in u e  t o  grow f o r  a t  

l e a s t  two weeks.

.Freshly e x c i s e d  r o o t  t i p s  o f  pea  cannot  make
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good g row th  i f  t h e  s u c r o s e  c o n t e n t  o f  t h e  medium i s  

re d u c e d  below th e  4 p e r  c e n t ,  l e v e l .

8 . G l y c e r o l  and m a n n i t o l  a r e  i n e f f e c t i v e  a s  su b 

s t i t u t e s  f o r  su c ro se  i n  the  g rowth  o f  e x c i s e d  r o o t

t i p s  o f  p e a .

9 . i n o c u l a t i o n  w i th  n o d u le  b a c t e r i a  o f  e x c i s e d  

pea r o o t s  g rowing  i n  l i q u i d ,  sand o r  a g a r  c u l t u r e ,  

w i t h  o r  w i th o u t  t h e  p r e s e n c e  of  n i t r a t e s ,  does  n o t  

r e s u l t  i n  n o d u le  f o r m a t i o n .  M ic r o s c o p ic  e x a m in a t io n  

o f  such r o o t s  r e v e a l s  no d e f o r m a t i o n  o f  t h e  r o o t  h a i r s  

which co u ld  be a s s o c i a t e d  w i th  b a c t e r i a l  a t t a c k .

10. R e d u c t io n  o f  t h e  l e v e l  of  s u c r o s e  s u p p l i e d  t o  

w e l l -g row n  e x c i s e d  pea  r o o t s  j u s t  p r i o r  to  i n o c u l a t i o n  

does n o t  r e s u l t  i n  nodu le  f o r m a t io n  and th e  r o o t s  

t h e m s e lv e s  c ea se  t o  grow.

11. Some growth of  e x c i s e d  pea  r o o t  t i p s ,  bu t  no

s i g n  of  n o d u l a t i o n  has  been  a c h i e v e d  u s i n g  a d o u b l e 

v e s s e l  t e c h n iq u e  i n v o l v i n g  a s e p a r a t i o n  o f  t h e  s u c r o s e  

sup p ly  from th e  b a c t e r i a l  inocu lum .

12. P r e - t r e a t m e n t  w i th  a u x in s  r e s u l t s  i n  i n h i b i t i o n

of  t h e  growth  o f  e x c i s e d  pea  r o o t s  and such  r o o t s  do

n o t  form n od u le s  when i n o c u l a t e d  w i t h  nodu le  o r g a n i s m s .

13. A d d i t i o n  t o  the  medium o f  an e x t r a c t  f rom th e  

t o p s  o f  whole pea p l a n t s  grown i n  l i g h t  does  no t  r e s u l t  

i n  hodule  p r o d u c t i o n  on e x c i s e d  pea  r o o t s .

14. E x c ised  r o o t  t i p s  o f  c l o v e r  grow w e l l  i n  b o th  

l i q u i d  and a g a r  c u l t u r e  i n  th e  medium a d v o c a te d  by
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Bonner  and D e v i r i a n  (1939) which c o n t a i n s  s u c r o s e  a t  

th e  2  p e r  c e n t ,  l e v e l .  When nodule  b a c t e r i a  a r e  

added t h e y  m u l t i p l y  r a p i d l y ,  bu t  r o o t  g rowth  c e a s e s  

and t h e r e  i s  no s ig n  of  no du le  f o r m a t io n .

15 .  F o u r -d a y -o ld  r o o t s  o f  b l a c k  wax bean  e x c i s e d  

i n  t h e i r  e n t i r e t y  make much s u p e r i o r  growth to  t h a t  

o f  e x c i s e d  bean  r o o t  t i p s  when b o th  a r e  c u l t u r e d  on 

n i t r o g e n - f r e e  a g a r  medium s u p p l i e d  w i th  0 . 5  p e r  c e n t ,  

s u c r o s e .  i n o c u l a t i o n  o f  th e  e x c i s e d  whole r o o t s  w i th  

a p p r o p r i a t e  b a c t e r i a  does no t  r e s u l t  i n  nodule  p ro d u c 

t i o n .

16 .  One nodule  formed on an i n o c u l a t e d  pea r o o t  

which was e x c i s e d  i n  i t s  e n t i r e t y  a f t e r  be in g  i n  con

t a c t  w i th  th e  c o ty le d o n s  and plumule f o r  a  p e r i o d  of  

t h r e e  days .

17.  F a i l u r e  o f  nodule  f o r m a t io n  on e x c i s e d  r o o t s  may 

be a t t r i b u t e d  t h e r e f o r e ,  to  s e v e r a l  p o s s i b i l i t i e s :

( I )  t h e  c o n c e n t r a t i o n  o f  su c rose  r e q u i r e d  f o r  r o o t  

growth may cause  th e  b a c t e r i a  t o  m u l t i p l y  so 

r a p i d l y  t h a t  th ^ ro v e rg ro w  th e  r o o t s ;

( I I )  th e  absence  of  a d d i t i o n a l  n u t r i e n t  s u b s t a n c e s ,  

n o rm a l ly  d e r iv e d  from t h e  c o ty l e d o n s ,  may redu ce  

t h e  v ig o u r  of  the  e x c i s e d  r o o t s  and t h e i r  a b i l i t y  

t o  compete w i th  t h e  b a c t e r i a  f o r  a v a i l a b l e  food ;

(111) some s p e c i f i c  su b s ta n c e ,  n o rm a l ly  d e r iv e d  from

th e  c o ty le d o n s  o r  shoot  and n e c e s s a r y  f o r  nodu le  

p r o d u c t i o n ,  may be ab sen t  from t h e  e x c i s e d  r o o t s
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( t h i s  substance may take the form o f a 

root e x c r e t io n )  ;

(IV) th e r e  may be some o th e r , a s y e t unknown,

e f f e c t  o f the su crose  p r e sen t in  the medium*



SECTION I I .

The e f f e c t  o f c e r ta in  f a c t o r s  on the  

form ation  o f  ro o t  nodules by whole p la n ts  o f  

pea and other leguminous p la n t s .  (Embodying 

m a te r ia l  accepted fo r  p u b l ic a t io n  by the  

Royal S o c ie t y  o f  E dinburgh .)
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INTRODUCTION.

The experim ents d e sc r ib e d  in  the  p resen t  

s e c t io n  were undertaken, a s  we have s e e n ,  a s  th e  ou t

come o f  an in v e s t i g a t io n  in to  the p o s s i b i l i t y  o f  

se cu r in g  nodule form ation on e x c is e d  r o o ts  o f  leguminous  

p la n t s .  I t  soon became c le a r  th a t  a d d it io n a l  

experim ents were n e c e ssa r y , in  order to  t e s t  the e f f e c t ,  

on the  n od u la tion  o f  whole p la n t s ,  o f  c e r ta in  c o n d it io n s  

under which n o d u la t io n  of e x c is e d  r o o ts  was b e in g  

attem pted . E t io la t e d  p la n ts  have, to  a co n s id era b le  

e x te n t ,  been used in  th e s e  fu r th e r  i n v e s t i g a t io n s ,  s in c e  

in  t h e i r  n u t r i t i o n a l  requirem ents th ey  more c l o s e l y  

resemble e x c is e d  r o o ts  than do p la n ts  grown in  l i g h t .

They are incapab le  of carry in g  out not o n ly  p h o to sy n th e s is  

as such, but a ls o  a l l  o th er  sy n th eses  which may depend on 

th e  in c id en ce  o f  l i g h t  upon the sh o o t .  O bservations on 

t h e i r  resp o n ses  to in o c u la t io n  with nodule b a c te r ia  might 

be expected  to  fu r th e r  our knowledge of the p la c e  o f  o r ig in  

o f  su b stan ces  e s s e n t i a l  to  nodule p rod u ction . Moreover, 

i t  seemed reasonable  to  suppose th at t h e i r  r e a c t io n s  t o  

imposed experim ental co n d it io n s  would bear some resemblance  

to  the  behaviour of e x c is e d  r o o ts  under s im i la r  c o n d i t io n s ,  

and e x p la n a t io n s  advanced f o r  the  one might prove at l e a s t  

p a r t i a l l y  a p p l ic a b le  to  th e  o th e r .  Any great d i f f e r e n c e s  

in  behaviour could be a t tr ib u te d  to  the coty ledonary  

r e s e r v e s  to  which the e t i o l a t e d  p la n ts  have a c c e s s  and some 

idea  o f  the content and fu n c t io n a l  scope of th e se  r e s e r v e s
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might thus he determ ined. I t  a l s o  seemed n e c e ssa r y  

to  make some o b serv a t io n s  on normal p la n t s  grown in  

l i g h t  in  order to  e lu c id a t e  c e r ta in  p o in t s  which arose  

during the  e t i o l a t i o n  t e s t s ,  and in  t h i s  way th e  work 

was sometimes extended beyond th e  immediate i n t e r e s t s  o f  

root c u l t u r e s .

The in v e s t ig a t io n s  c o n s i s t  o f : -

(a) a study o f  the e x te n t  o f  n o d u la t io n  on p la n ts  

grown in  continuous darkness,

(b) s tu d ie s  o f  th e  e f f e c t  of su cr o se ,  n i t r a t e  and 

a c cesso ry  growth su b stan ces  on the n od u la tion  

of e t i o l a t e d  and l ig h t-g ro w n  p la n t s ,

(c) experim ents r e l a t in g  to  production  by whole 

p la n ts  o f  su bstances  favo u r in g  nodule form atio n .

A b r i e f  n o t i c e  concerning some o f  th e se  o b ser v a t io n s  has 

a lrea d y  appeared (McGonagle, 1 9 4 4 ) ,  w h ile  a fu r th e r  paper 

has been accepted  fo r  p u b l ic a t io n  by th e  Royal S o c ie ty  

o f Edinburgh.

The e f f e c t s  o f p a r t i a l  or complete e x c lu s io n  

of l i g h t  upon the p r o c e sse s  o f  n o d u la tio n  and n i t r o g e n -  

f i x a t i o n  have a t t r a c te d  th e  i n t e r e s t  o f s e v e r a l  workers. 

Vines (1888) showed th a t  when he p la ced  V ic ia  Faba p la n t s  

in  the shade no nodules were formed. Prazmowski (1 8 9 0 ) ,

on the o th er  hand, grew peas in  garden s o i l  in  the dark  

and found th at nodules were as p l e n t i f u l  upon them as  

upon h i s  c o n t r o ls ,  although he rep orts  th a t  such nodules  

remained much sm a lle r .  Thornton (1930) in v e s t ig a te d  the
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e f f e c t  o f  ex c lu d in g  l i g h t  upon th e  n o d u la t io n  o f  young 

lu cern e  s e e d l in g s .  Those kept in  the dark from th e  time 

of germ ination  produced o n ly  3 .5  nodules p er  20 p la n t s ,  

th o se  darkened a f t e r  the  opening o f  the f i r s t  tru e  l e a f ,

16 nodules per 20 p la n t s ,  w h ile  th ose  kept co n tin u o u s ly  

exposed to  l i g h t  showed 46 .5  nodules per 20 p la n t s .  

Moreover, in  the  case  o f  the s e e d l in g s  darkened a f t e r  the  

f i r s t  tru e  l e a f  had opened, the  nodules a lread y  i n i t i a t e d  

ceased to  grow and no new ones were formed. In the  

former the  b a c te r ia  became p a r a s i t i c ,  a t ta c k in g  the c e l l  

co n ten ts  and n u c le i  o f  t h e ir  h o s t s  in  order to  o b ta in  

carbohydrates . J .K . Wilson (1931) ob ta in ed  on ly  one 

nodule on 40 v etch  p la n t s  cu ltured  a s e p t i c a l l y  on s u c r o s e -  

fr e e  agar medium. When lu c e r n e ,  red c lo v e r  and pea were 

used in s te a d  of v e tc h ,  he obta ined  no nodules at a l l  on 

p la n ts  grown w ithout sugar. Lewis and McCoy (193 3 ) ,  in  

t h e i r  in v e s t i g a t io n s ,  grew b lack wax beans a s e p t i c a l l y  in  

the dark on n itr o g e n - fr e e  agar medium and observed no 

nodules on the 60 c o n tr o l  p la n ts  to  which no carbohydrate  

was added.

Both J.K. Wilson and Lewis and McCoy (1933) 

consid ered  that the a d d it io n  of su crose  to  the  r o o t in g  

medium st im u la te d  nodule produ ction  on e t i o l a t e d  legumes 

in  a s e p t i c  c u ltu r e .  However, as we s h a l l  s e e ,  the n od u les  

which appeared were s t i l l  very few and developed on on ly  

a sm all prop ortion  of the p la n t s .  Schw eizer (1932) found 

th a t  a s t r a in  o f  Soya bean which p o s s e s s e s  no c h lo r o p h y l l ,
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and norm ally  forms no n od u les ,  would do so when su cro se  

was s u p p l ie d .  R i t t e r  (1 9 1 1 ) ,  Prucha (1 9 1 5 ) , J .K .W ilson  

(1917) and Ludwig and A l l i s o n  (1 9 3 5 ) , s tu d ie d  the  e f f e c t  

o f  su crose  on nodule form ation  by leguminous p la n t s  growing 

in  n a tu ra l  l i g h t .  Their work w i l l  be r e fe r r e d  to  in  

some d e t a i l  in  the  D is c u s s io n .

Previous f in d in g s  regard ing  the  d e p ress in g  e f f e c t  

o f  combined n itr o g en  on nodule production  have been  

mentioned in  the In tro d u ct io n  to  S e c t io n  I ,  and mention  

has a l s o  been made o f  experim ents in  which a d d it io n  of  

carbon compounds a long w ith  combined n itr o g e n  served to  

n u l l i f y  the in ju r io u s  e f f e c t  of the  combined n itr o g e n  

a lo n e .  The work o f  o th er  in v e s t ig a t o r s  on the  s y n th e s is  

o f  aneurin  in  i l lu m in a te d  pea p la n ts  and i t s  r o le  in  

i n i t i a t i n g  th e  growth o f  nodule b a c te r ia  has a l s o  been 

d e a l t  w ith  in  the above s e c t io n ,  pp. a g - i^ o .
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LIST HODS

The whole p l a n t s  ©Employed i n  t h e  f o l l o w i n g  

i n v e s t i g a t i o n s  were g e n e r a l l y  grown in  l a r g e  t e s t  t u b e s  

(20 cm. x 3 cm.J p lugged  w i th  c o t t o n  wool,  and were 

r o o t e d  e i t h e r  i n  a g a r  medium o r  i n  f i n e  q u a r t z  san d .

An a s e p t i c  t e c h n iq u e  (as  r e g a r d s  th e  r o o t  sys tem  and 

r o o t i n g  mediums was used  i n  most c a s e s  so t h a t  t h e  

r e s u l t s  would be d i r e c t l y  a p p l i c a b l e  to  r o o t  t i s s u e  

c u l t u r e s ,  and a l s o  because  t h e  su c r o s e  p r e s e n t  i n  many 

o f  t h e  t r e a t m e n t s  might  o th e r w i s e  have been  r a p i d l y  d e 

composed by c o n ta m in a t in g  m ic ro o rg a n i sm s .  ±n a d d i t i o n  

th e  a g a r  medium used in  s e v e r a l  o f  th e  e x p e r im e n t s  was 

c o n v e n ie n t  i n  t h a t  nodu le  f o rm a t io n  and development  could  

be ob se rv ed  e a s i l y  th ro u g h o u t  th e  growth p e r i o d .  The 

n u t r i e n t  s o l u t i o n ,  e x c e p t  where o th e r w i s e  s t a t e d ,  was the  

one whose fo rm ula  has a l r e a d y  been g iv en  i n  S e c t i o n  I ,  p . ^2. 

I t  was, i n  most c a s e s ,  e i t h e r  s o l i d i f i e d  with  1 .0  -  1 .5  

p e r  c e n t ,  a g a r ,  o r  was added a t  t h e  r a t e  o f  1 p a r t  by 4 

p a r t s  o f  weight of  f i n e  q u a r t z  sand .  For a g a r  c u l t u r e s ,  

t u b e s  c o n t a i n i n g  50 cc .  o f  medium were s t e r i l i s e d  i n  th e  

a u to c l a v e  f o r  20 m in u te s  a t  a p r e s s u r e  of  15 l b s .  When 

sand was u s e d ,  i t  was g iv en  a p r e l i m i n a r y  s t e r i l i s a t i o n  

f o r  3 ho u rs  a t  15 l b s .  p r e s s u r e ,  weighed ou t  i n t o  t u b e s  

(80 gm. to  e a c h ; ,  the  n u t r i e n t  s o l u t i o n  added ,  and the  

t u b e s  a u to c la v e d  f o r  20 m inu te s  a t  15 l b s .  p r e s s u r e .  I n 

o c u l a t i o n  o f  a g a r  c u l t u r e s  was c a r r i e d  ou t  a c c o rd in g  t o  

t h e  a l r e a d y  d e s c r i b e d  method of  Chen and Thorn ton  (1940) .
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In  the  case  o f  sand c u l t u r e s ,  i n o c u l a t i o n  was a c h i e v e d  

by d i p p in g  th e  seeds  in  the  b a c t e r i a l  s u s p e n s io n  b e fo re  

p l a n t i n g .  One g e rm in a te d  seed was t r a n s f e r r e d  

a l l y  t o  e ac h  t u b e .  (Seeds were s u r f a c e - s t e r i l i s e d  and 

g e rm in a te d  a c c o rd in g  t o  the  d i r e c t i o n s  d e t a i l e d  i n  

S e c t i o n  I . )  I f  t h e  t u b e s  were t o  be p l a c e d  i n  the  

g ree n h o u se ,  the  b a s a l  p o r t i o n s ,  e x te n d in g  to  abou t  h a l f  

an in c h  above the  sand o r  a g a r  s u r f a c e ,  were wrapped i n  

b l a c k  p a p e r  i n  o r d e r  t o  exc lude  l i g h t  from t h e  r o o t  

sy s te m s .  A l l  greenhouse  e x p e r im e n t s  were conduc ted  

d u r i n g  s p r i n g  o r  summer months .

As th e  s h o o t s  e lo n g a t e d ,  t h e y  g e n e r a l l y  managed 

t o  grow u n a id e d  th ro u g h  th e  c o t t o n  wool p l u g s ,  o r  up 

be tween  p l u s  and g l a s s ,  but  in  a sm a l l  number o f  c a s e s  

uvhere emergence was prov ing ,  d i f f i c u l t , the  t u b e s  were 

a g a in  p l a c e d  i n  the  i n o c u l a t i n g  box and th e  p lu g s  l o o s e n 

ed a l i t t l e .  The emergence o f  t h e  shoo ts  d i d  no t  have 

any i n j u r i o u s  e f f e c t s  upon the  s t e r i l i t y  o f  t h e  r o o t i n g  

medium. S t e r i l i t y  was judged by v i s u a l  i n s p e c t i o n  o f  

the  t u b e s  and o n ly  about  2 .5  p e r  c e n t ,  had t o  be d i s c a r d e d  

b eca u se  o f  th e  p r e s e n c e  of  c o n ta m in a t in g  o rg an ism s .

P l a n t s  which were to  be e t i o l a t e d  were grown 

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

p u r p o s e s ,  g i v in g  complete e x c l u s i o n  of l i g h t .  When 

b e in g  examined, the  p l a n t s  o f  some of  th e  e x p e r im e n ts  

were exposed t o  l o w - i n t e n s i t y  w h i te  a r t i f i c i a l  l i g h t  

f o r  p e r i o d s  which amounted t o  a p p ro x im a te ly  h a l f  an hour
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per week. In the o ther  experim en ts , red l i g h t  was 

used fo r  in s p e c t io n .

The methods employed fo r  o b ta in in g  washings  

from the r o o ts  o f  lucerne  and pea p la n t s  are d escr ib ed  

in  the accounts o f  the experim ents concerned.

\
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EXPERIMENTAL RESULTS.

Experiment 22 . Formation o f  nodules  on e t i o l a t e d  pea 

p la n t s ,  and the e f f e c t  o f  su c r o se ,  n i t r a t e ,  and a c c e s s 

ory growth su b s ta n c es .

As we have seen in  the In tr o d u c t io n , the  

e t i o l a t e d  p la n t  bears a c lo s e r  resemblance to  the  e x c is e d  

root than does a p lan t  grown under normal l i g h t  c o n d it io n s  

and th e r e fo r e  u s e f u l  in form ation  might be gained from a 

study o f  c o n d it io n s  a f f e c t in g  th e  n od u la tion  o f  such 

p la n t s .

In the experiment to which Table 15 r e f e r s ,  

p la n ts  were grown from seed in  a s e p t ic  tube cu ltu re  in  

continuous darkness fo r  a period  of s i x  weeks at a tempera

tu re  which was m ainly in  the reg io n  o f  13°C. The r o o t 

ing  medium was the u su a l  m in e r a l - s a l t  m ixture (with  

a c c e sso r y  su bstances) s o l i d i f i e d  w ith  agar. In some 

tub es the n i t r o g e n - fr e e  formula was used, in  o th e rs  n i t r a t e  

was su p p lied  in  the amounts shown in  the o r ig in a l  form ula.  

Four per c e n t ,  sucrose was added to  a prop ortion  o f  the  

tu b e s .  Twelve tu b e s ,  each w ith  one p la n t ,  were s e t  up 

fo r  each treatm en t, a l l  the tub es being  in o c u la ted  w ith  

the nodule organism. The p la n ts  were examined at i n t e r 

v a ls  under red l i g h t .
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F i g s .

and.

I IA .  Two r o o t  sys tem s from e t i o l a t e d  pea
p l a n t s  grown i n  n i t r o g e n - f r e e

I I B .  m i n e r a l - s a l t  a g a r ,  showing the  
p r e s e n c e  of n o d u le s .
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I t  w i l l  be observed  from Table 15 th a t  

d e s p i te  growth in  continuous darkness, a p p re c ia b le  

numbers o f  nodules formed. Thus o f  th e  tw e lv e  p la n ts  

grown without su cro se  or n i t r a t e ,  e le v en  developed  

nodules the  average number per p la n t  being 6 .0 ,  i . e . ,  

a t o t a l  o f  72 nodules on the tw elve  p l a n t s .  In t h i s  

and a l s o  in  subsequent experim ents co n s id era b le  

v a r ia t io n  occurred in  the number o f  nodules formed on 

in d iv id u a l  p la n t s  under s im i la r  c o n d it io n s ,  an in d ic a t io n  

of the  e x te n t  o f  t h i s  v a r ia t io n  be in g  g iven  iii the column 

headed ^ a n g e * .  The n o d u le s ,  which were o f  hemi

s p h e r ic a l  shape, were m o stly  l e s s  than 1 mm. in  d iam eter  

though a few a t ta in e d  a d iam eter  o f  2-3 mm. These p la n ts  

w ithou t sucrose  were th e  f i r s t  to  show nodule d ev e lo p 

ment. (F ig s .  11A and 11B).

In the presence of 4 per c e n t ,  sucrose th e  

number of nodules was c l e a r l y  reduced. Thus o f  tw elve  

p l a n t s ,  on ly  seven  showed n od u les ,  the average b e in g  

reduced to  2 .3  per p la n t ,  i . e . ,  27 nodules on th e  twelve  

p la n t s .  Inform ation on th e  e f f e c t  o f  sucrose  on the  

s i z e  o f  nodules w i l l  be g iven  in  connection  with the  next  

experim ent. The p resen ce  o f  n i t r a t e  was a l s o  e f f e c t i v e  

in  reducing the number o f  n o d u le s ,  and when both su crose  

and n i t r a t e  were p resen t to g e th e r ,  nodule numbers were 

s t i l l  fu r th e r  reduced. (F ig s .  12A and 12B). Some o f  

the nodules in  a l l  four  treatm ents had a p ink co lour  

resem bling  th at which under normal c o n d it io n s  i s  due to  

the presence o f  haemoglobin.



F i g s .  12A Roots  from e t i o l a t e d  pea p l a n t s  grown 
in  i n o c u l a t e d  a g a r  medium c o n ta in i n g  

and 12B 4 p e r  c e n t ,  s u c r o s e .  A. medium
n i t r o g e n - f r e e .  B. medium w i th  n i t r a t e ,  
r o o t s  much t h i c k e r .
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Shoots and r o o t s  o f  p la n t s  su p p lied  w ith  

su crose  a lone  were co n s id era b ly  sh o r te r  than in  the  

absence o f  su crose  (F ig s .  13A and 13B). P lan t dry weights  

were in crea sed  by the a d d it io n  o f  both su crose  and n i t r a t e .  

Surrounding the main root and th e  r o o t l e t s ,  p a r t i c u la r ly  

in  the  case of p la n ts  su p p lied  w ith su c r o se ,  th e re  was a 

w e l l -d e f in e d  m ilky or o p a le sc e n t  zone (F ig . 1 4 ) .  When 

some of the agar from t h i s  zone was examined under the  

m icroscope, i t  was found to  be much more t h i c k l y  

populated w ith  nodule b a c te r ia  than agar taken from oth er  

p a r ts  o f  the tube.

The e f f e c t  on the  n o d u la t io n  o f  e t i o l a t e d  peas  

o f  adding aneurin and n i c o t i n i c  ac id  to  the  medium in  the  

amounts in d ic a te d  in  the p rev io u s  S e c t io n ,  has been  

t e s t e d  in  two s im i la r  ezperim ents under a s e p t i c  c o n d it io n s .  

D e t a i l s  o f  technique were as fo r  the prev iou s i n v e s t i g a t io n ,  

the  medium b e in g  prepared according to  the  n i t r o g e n - fr e e  

form ula. The experiment was planned so as to  provide  

ev idence  on the e f f e c t  o f  the a c c e s so r y  growth su b s ta n c e s ,  

both in  the  presence and absence of 4 per c en t ,  su c r o se .

The p la n ts  o f  th e  f i r s t  experiment were examined under 

low i n t e n s i t y  a r t i f i c i a l  w hite  l i g h t ,  w h ile  in  the second  

experiment red l i g h t  was u sed . R e su lts  are summarised 

in  Table 16.



A . 3 .

F i g .  13.  E t i o l a t e d  p e as  growing i n  n u t r i e n t  a g a r .
Those  on r i g h t  s u c r o s e - f r e e ,  t h o s e  on 
l e f t  s u p p l i e d  w i th  4 p e r  c e n t ,  s u c r o s e .  
S h o o ts  a r e  s h o r t e r  and s t u r d i e r  when 
s u c r o s e  p r e s e n t .



F i g .  14.  Milky zone of dense b a c t e r i a l  growth
su r ro u n d in g  th e  main r o o t  and r o o t l e t s  
o f  an e t i o l a t e d  pea p l a n t .
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Table 16,

Formation o f  nodules on e t i o l a t e d  p e a s ,  and the  

e f f e c t  o f su cro se  and a ccesso ry  growth su b stan ces  

(aneurin and n i c o t i n i c  a c id ) .  P la n ts  grown on 

m in e r a l - s a l t  agar fo r  a period o f  8 weeks.

Data are averages o f  6 {Bxpt* 1) 12

(Expt. 2) p la n t s  per trea tm en t.

Treatment No,. of nodules No. o f  nodules
per p la n t ,  E x p t . l . per p la n t ,  Expt.;

4$
Sucrose A .G .S .* Av. Range Av. Range

-  - 7 .6 0 ( lp )  -  14 8 .8 4 ( lp )  -  20

+ 1 .8 0(3p) -  6 1 .9 0 ( 6p) -  8

4 9 .5 3 ( l p ) -  26 6 .3 0 ( lp )  -  22

+ + 4 .8 0 ( lp )  -  10 1 .7 0(5p) -  6

A.Gr.S. = a c c e sso r y  growth su b s ta n c e s .

I t  w i l l  be seen  from th e  Table that p la n t s  grown 

withomt the  a d d it io n  of sucrose  or a c ce sso r y  su b stan ces  

formed a p p rec ia b le  numbers o f  nod u les , the  data fo r  these; 

p la n ts  b e in g  very s im ila r  to  those  recorded in  the p rev iou s  

experim ent. The presence of su crose  decreased  the average  

number o f  nodules per p la n t ,  and a l s o  decreased th e  maximum 

number o f  nodules on any one p lant by more than h a l f .  In 

t h i s  experiment o b serv a t io n s  were made on the  s i z e  o f  

nodules formed. The percentage  of 1l a r g e ’ nodules ( 1 mm. 

or more in  diam eter) on p la n ts  su p p lied  w ith  su crose  was 

5 2 .4 ,  w hile  on p la n ts  to  which no sucrose  had been added 

i t  was on ly  1 9 .4 .  Thus although sucrose  reduces



the number of n od u les ,  such nod u les  as  are formed tend to  be 

l a r g e r .  Once a g a in ,  nodules appeared on th e  s u c r o s e - f r e e  p la n ts  

b efore  they were d e te c te d  on th o s e  su p p lied  w ith  s u c r o s e .

The a d d it io n  o f  a c ce sso r y  growth su b sta n ces  

appears to  have had some e f f e c t  on the  average number o f  n od u les  

per p la n t .  A p p lica t io n  of th e  t_ t e s t  shows however, th a t  the  

d i f f e r e n c e s  noted f a l l  w ith in  the bounds o f  experim en ta l e r r o r .  

The same t e s t  shows that the  d i f f e r e n c e s  ob ta in ed  f o r  th e  

e f f e c t  o f su crose  on n od u le ’ numbers are s t a t i s t i c a l l y  

s i g n i f i c a n t  a t  the  1 per c e n t ,  l e v e l .

The m ilky b a c t e r ia l  zone round the  r o o ts  and 

the  p ink co lou r  in  th e  nodules were again  in  ev id en ce  in  

a l l  fou r  tre a tm en ts .

Experiment 23 . E f fe c t  o f  su crose  c o n c en tr a t io n s  lower than 4 

per c e n t ,  upon the  form ation o f  nodules by e t i o l a t e d  p e a s .

I t  has been shown th a t  sucrose  at th e  4 per c e n t ,  

l e v e l  bas a marked d e p r e ss in g  e f f e c t  upon the numbers of nodules  

formed on e t i o l a t e d  p e a s .  As we have seen , W ilson (1931) and 

Lewis and McCoy (1933) rep orted  that the presence  of 0 .5  p er  

c e n t . ,  1 .0  per c e n t ,  or 2 .0  per  c en t,  su crose  was b e n e f i c i a l ,  

i f  not e s s e n t i a l ,  t o  the produ ction  o f  nodules  on e t i o l a t e d  

p la n t s .  I t  was d ec id ed , th e r e fo r e ,  to  determine th e  e f f e c t  of  

such low er co n cen tra tio n s  on the n o d u la tio n  o f  e t i o l a t e d  peas 

and observe whether the r e s u l t s  agreed with th o se  o f  the  

above in v e s t ig a t o r s .

P la n ts  were grown from seed  in  continuous darkness  

under a s e p t ic  c o n d it io n s ,  in  tubes o f  in o c u la te d ,  s o l i d i f i e d ,  

n i t r o g e n - fr e e  medium (without a c c e sso r y  su b s ta n c e s ) .  S u c r o s e
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was added i n  the c o n c e n tr a t io n s  shown in  Table* Red 

l i g h t  was employed fo r  a l l  o b s e r v a t io n s .

Table 17.

E f f e c t  of v a r io u s  su crose  c o n c e n tr a t io n s  upon 

nodule form ation  by e t i o l a t e d  p e a s .  Number of

p la n t s ,  per treatm ent « 12. Growth p er io d  •  9 weeks.

Concn. 
o f  su c
rose  .

No. o f  
n o d s . /  
p l a n t . Range

Dry wt.  
n od s.m g ./  

p la n t

Dry wt.
per nod. 

(m g.)

Dry wt. 
/ p l a n t  

(m g.)
Length
Shoot

(cm)
Root

0 13 .3 0 ( l p ) *  -  32 0 .3 3 0 .0 2 5 131 2 5 .4 45 .9

0 .5 # 6.73 l ( l p )  -  15 0 .8 1 8 0 .1 2 2 152 20 .0 5 1 .6

1 .0 # 9 C75 3 (2p ) -  18 1 .660 0 .171 151 2 2 .2 4 7 .3

2 .0 # 4 .4 5 0(2p) -  12 0 .6 3 6 0 .143 162 24 .3 4 6 .3

3 .0 # 1 .8 3 0 ( 4 p ) -  6 0 .160 0 .0 9 1 197 29 .9 5 5 .5

4 .0 # 0 .27 0(9p) -  1 — — 215 3 0 .3 4 9 .9

* p s  p l a n t .

I t  i s  ev ident from the  Table th a t  the  a d d it io n  

o f  su c r o se ,  even in  co n cen tra t io n s  as low as 0 .5  per c e n t . ,  

r e s t r i c t s  the number o f  nodules formed on e t i o l a t e d  p l a n t s .

Once again  the presence o f  su crose  proved bene

f i c i a l  to  p lan t  dry w eights and to  dry w e igh ts  o f  such 

nodules as were formed a t the lower l e v e l s .  Nodules on 

p la n ts  su p p lied  with 4 per c e n t ,  sucrose  were to o  few in  

number f o r  t h e ir  dry weight to  be determ ined w ith  any degree  

of accu racy . In c o n tr a s t  to  p rev iou s f in d in g s ,  shoot le n g th s  

of the su c r o se -su p p lie d  p la n ts  exceeded th o se  o f  the  c o n t r o l s .
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T h is ,  however, was not e v id en t  in  the e a r ly  s t a g e s  o f  the  

experim ent when, as u s u a l ,  sh oots  o f  p la n ts  w ithout su crose  

were f i r s t  to  appear above th e  c o t to n  wool p lu g s .  E leven  

o f  the twelve p la n ts  without su cr o se  formed n o d u le s ,  the  

maximum number be ing  32, and th e  average number 1 3 .3  per  

p la n t .  These v a lu e s  are h igh er  than any so f a r  ob ta in ed  

by the author fo r  e t i o l a t e d  p la n t s .

Experiment 2 4 . S p ec tro sco p ic  exam ination o f  a nodule from 

an e t i o l a t e d  p lan t  to determine the nature o f  the  pink  

pigm ent.

One o f  the la r g e r  pink nod u les  from an e t i o l a t e d  

pea p la n t  grown in  the preced in g  experiment was examined 

s p e c t r o s c o p ic a l ly  as fo l lo w s:  A f a i r l y  th ic k  s e c t io n  o f

nodule t i s s u e  was mounted on a sm all square m irror, a drop 

o f  p y r id in e  added, then a few c r y s t a l s  o f  sodium hyp osu l

p h i t e .  The mirror was f i x e d  at an ang le  to  the i l lu m in a 

t i o n  from a s tron g  e l e c t r i c  bulb while  a s tu d e n t ’ s hand 

sp e c tr o sc o p e ,  held about h a lf  an inch to  one inch above the  

m irror’ s su r fa c e ,  was manoeuvred u n t i l  an a b sorp tion  band 

could be c le a r ly  observed in  the  spectrum. For purposes  

o f  comparison, a pink nodule from a c lo v er  p lan t grown under 

normal l i g h t  co n d it io n s  was a l s o  examined and a s im i la r ly  

p laced  band noted . In both cases  the band appeared towards 

the y e l lo w  end o f  the  green area and th e r e fo r e  corresponded  

with that at 557 mu obtained by K e i l in  and Wang (1945) fo r  

the haemoglobin, t r e a te d  with sodium h y p o su lp h ite ,  which



F i g ,  15, Arrangement f o r  growing pea p l a n t s  i n  
sand c u l t u r e  w i th  r o o t  sys tem  and 
medium und e r  a s e p t i c  c o n d i t i o n s .
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t h e y  e x t r a c t e d  from Soya bean  n o d u l e s .  Thus i t  i s  e v i d e n t  

t h a t  the  p in k  c o lo u r a t i o n ,  o b se rv ed  i n  t h e  n o d u le s  o f  com

p l e t e l y  e t i o l a t e d  p e a s  d u r in g  th e  a u t h o r 1s e x p e r i m e n t s ,  i s  

due t o  th e  p re s e n c e  o f  haem oglobin ,  t h e  pigment  which 

r e g u l a r l y  o c cu rs  i n  th e  e f f e c t i v e ,  n i t r o g e n - f i x i n g  n o d u le s  

of  legumes growing in  l i g h t .

Exper iment  25 . E f f e c t  o f  s u c r o s e  upon t h e  n o d u l a t i o n  o f  

p e a p l a n t s  grown i n  l i g h t .

Having n o te d  th e  marked d e p r e s s i o n  i n  nodule
i

numbers caused by th e  a d d i t i o n  o f  4 p e r  c e n t ,  s u c r o s e  t o  

e t i o l a t e d  p e a s ,  i t  was d e c id ed  t o  i n v e s t i g a t e  the  e f f e c t  

o f  t h i s  and o f  lower  c o n c e n t r a t i o n s  upon th e  n o d u l a t i o n  

o f  pea  p l a n t s  whose s h o o t s  were exposed to  normal l i g h t .

Two ex per im e n ts  were c a r r i e d  o u t ,  th e  e x p e r i 

m e n ta l  p ro ce d u re  b e in g  th e  same i n  b o th  c a s e s .  P l a n t s  

were grown i n  the  g reenhouse  f o r  e i g h t  weeks in  t u b e s  o f  

sand s u p p l i e d  w i th  the  n i t r o g e n - f r e e  form o f  t h e  u s u a l  

m in e r a l  s o l u t i o n  c o n ta in i n g  th e  c o n c e n t r a t i o n  o f  su c ro se  

u n de r  ex am in a t io n  (See F ig .  1 5 ) .

Table  1 8 .

E f f e c t  o f  su c ro se  on n o d u l a t i o n  o f  pea  p l a n t s  

grown i n  n a t u r a l  l i g h t .  P l a n t s  grown by 

a s e p t i c  t e c h n iq u e  f o r  a p e r io d  o f  8 weeks i n  

sand s u p p l i e d  w i th  n i t r o g e n - f r e e  m i n e r a l  s a l t  

s o l u t i o n .  Data a re  a v e r a g e s  of  6 p l a n t s  p e r  

t r e a t m e n t .
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Ooncn. o f
su crose  per c e n t .  0 .1  0 .5  1 .0  2 .0  3 ,0  4 .0

Av.number o f
nodules per  p la n t  1 6 .3  1 2 .5  6 .2  4 .0  3 ,2  1 .2

Table 1 9 .

E f fe c t  o f  su crose  on growth and n o d u la tion  o f  

pea p la n ts  in  n a tu ra l  l i g h t .  P la n ts  grown by 

a s e p t ic  techn iqu e  fo r  period  o f  8 weeks in  sand 

su p p lied  w ith  n i t r o g e n - fr e e  m ineral s a l t  s o lu 

t i o n .  Data are averages o f  12 p la n t s  per  

trea tm en t.

Dry w t . ,  mg. per p lan t Length icm .)
uoncn. 
o f su c
rose

Av.no
nods.
per
p lan t

•

Nodules Shoot Hoot T ota l Shoot Root

0 44 3 .0 170 66 239 47 1 1 .1

0 .5 $ 26 4 .3 177 87 26 8 .3 41 1 2 .2

1 .0 $ 26 5 .4 235 80 32 0 .4 47 12 .7

2 .0 $ 14 4 .5 222 84 310 .5 39 12 .9

4 .0 $ 10 4 .4 243 93 3 4 0 .4 38 1 2 .2

I t i s  obvious from both 1Tables that as the con-

c e n tr a t io n  o f sucrose  in creased , the number o f  nodules de-

c r e a s e d , Isee F ig s .  16A and 16&) and th a t  a c o n cen tra t io n

as low as 0 .5  per c en t,  had a marked d e p r e ss in g  e f f e c t .  On 

the other  hand, the s i z e  o f  the nodules s t e a d i l y  in creased  

w ith  in c r e a s in g  amounts o f  su crose , as can be seen from the  

fa c t  th a t  a lthough the number of nodules per p la n t  was de

c r e a s in g ,  the dry weight o f  nodules per p lant remained



Peas from sand c u l t u r e  e x p e r im e n t .
A. Three p l a n t s  on r i g h t ,  w i th  0 .1  
p e r  c e n t ,  s u c r o s e ,  have n o d u l e s .
B. D e t a i l s  o f  two r o o t  sy s te m s .
R ig h t ,  w i th  4 p e r  c e n t ,  s u c r o s e ,  l e f t ,  
w i th  0 .1  p e r  c e n t ,  s u c r o s e .
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f a i r l y  c o n s t a n t  a t  a v a lu e  above t h a t  o f  th e  c o n t r o l ,  

f u r t h e r  d a t a  on t h i s  p o i n t  a r e  g iv e n  i n  t h e  D i s c u s s i o n .

Dhoot and r o o t  d ry  w e ig h ts  a l s o  b e n e f i t e d  from th e  a d d i t i o n  

of  s u c r o s e ,  bu t  shoot l e n g t h  was re d u c e d .  Red p i g m e n t a t i o n  

was e v id e n t  i n  the  l e a v e s  o f  a l l  excep t  the  c o n t r o l  p l a n t s ,  

and was p a r t i c u l a r l y  marked when s u c ro se  was a t  t h e  4 p e r  

c e n t ,  l e v e l .  At th e  end of  t h e  growth p e r i o d , sugar  t e s t s  

were c a r r i e d  out  on e x t r a c t s  from t h e  sand of  th e  second 

e x p e r im e n t .  These showed t h a t  sugar was s t i l l  p r e s e n t  i n  

t h e  t u b e s  o r i g i n a l l y  s u p p l i e d  w i th  2 p e r  c e n t ,  and 4 p e r  

c e n t ,  c o n c e n t r a t i o n s ,  but  not  in  th o se  w i th  lower  i n i t i a l  

c o n c e n t r a t i o n s .  Q u a n t i t a t i v e  e s t i m a t i o n s  of  r e s i d u a l  

su ga r  i n  t u b e s  i n i t i a l l y  a t  t h e  4 p e r  c e n t ,  l e v e l  showed 

t h a t  p l a n t  and b a c t e r i a  had t o g e t h e r  used 0 .3  gm. o f  th e  

0 .8  gm. o f  s u c ro se  which was p r e s e n t  i n  each tu b e  a t  th e  

b e g in n in g  of  th e  e x p e r im e n t .

Exper iment  26 . E f f e c t  on n o d u l a t i o n  o f  c u l t i v a t i o n  of  

th e  HX s t r a i n  of  pea nodule  organ ism  on m ad ia  w i th  v a r i o u s  

c o n c e n t r a t i o n s  o f  s u c r o s e .

Prucha  (1915) found t h a t  pea  nodu le  b a c t e r i a  

made good growth  on i n o r g a n i c - s a l t  a g a r  c o n t a i n i n g  10 p e r  

c e n t ,  and 20 p e r  c e n t ,  s u c ro se  and some s l i g h t  g rowth  o c c u r r 

ed even  when t h e  s u c r o s e  l e v e l  was r a i s e d  a s  h igh  a s  40 p e r  

c e n t .  A f t e r  10 weeks, one a g a r  s lope  w i th  10 p e r  c e n t ,  

su c r o s e  had t h r e e  m i l l i o n  o rg an ism s ,  w h i le  a s lo pe  w i t h  20 

p e r  c e n t ,  su c ro se  had one m i l l i o n .  The I n f e c t i v e  powers o f
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t h e s e  b a c t e r i a  were u n d im in i sh e d .  In  t h e  a u t h o r ’ s 

e x p e r im e n t s  i t  has  been d e m o n s t r a te d  r e p e a t e d l y  t h a t  th e  

p r e s e n c e  o f  su c ro se  i n  th e  r o o t i n g  medium d e c r e a s e s  the-  

number of  n o d u le s  formed on pea  p l a n t s  grown i n  d a rk n e s s  

and i n  l i g h t .  T h e r e f o r e ,  i t  was t h o u g h t  a d v i s a b l e ,  d e s 

p i t e  the  above f i n d i n g s  o f  P ru c h a ,  t o  t e s t  w h e th e r  th e  

ha rm fu l  e f f e c t s  o f  the. s u c ro se  were b e in g  e x e r t e d  d i r e c t l y  

upon the  nodu le  b a c t e r i a .

As a l r e a d y  s t a t e d ,  t h e  organisms used  th r o u g h 

out  t h e  p r e s e n t  e x p e r im e n t s  were c u l t u r e d  on th e  y e a s t -  

e x t r a c t  a g a r  o f  F re d ,  Baldwin and McCoy (1932) which con

t a i n s  1 .0  p e r  c e n t ,  m a n n i to l  a s  a so u rc e  o f  carbon .  Com

p a r i s o n  was now made between growth  of  th e  HX s t r a i n  on 

media  c o n t a i n i n g  1 .0  p e r  c e n t . ,  2 .0  p e r  c e n t . ,  3 .0  p e r  

c e n t ,  o r  4 .0  p e r  c e n t ,  su c ro se  and t h a t  on media  c o n t a i n 

ing  th e  same c o n c e n t r a t i o n s  o f  m a n n i t o l .  C u l tu r e s  were 

grown on s l o p e s  i n  t e s t  t u b e s  (2 cm. x 15 cm .) ,  t h e r e  

b e in g  6 s l o p e s  a t  each  t r e a t m e n t .  Care was t a k e n  t h a t  app

r o x i m a t e l y  th e  same amount o f  inoculum was used  i n  ev e ry  

case  and a s i n g l e  s t ro k e  w i th  th e  p l a t i n u m  w ire  was made 

down the  c e n t r e  o f  each  s l o p e .  A f t e r  7 days  a t  1 9 ° C . , 

th e  o rgan ism s  had grown w e l l  in  a l l  t h e  t u b e s ,  and t h e r e 

f o r e  i t  was e v id e n t  t h a t  su c ro se  i n  c o n c e n t r a t i o n s  up t o ,  

and i n c l u d i n g ,  4 p e r  c e n t . ,  d id  n o t  i n t e r f e r e  w i t h  b a c t e r i a l  

m u l t i p l i c a t i o n .  The a c t u a l  amount o f  growth ,  a s  judged 

by th e  b r e a d t h  o f  t h e  a r e a  o f  gum produced ,  v a r i e d  s l i g h t l y  

i n  t h e  v a r i o u s  t r e a t m e n t s  a s  can be seen  i n  F ig .  17.  To



F i g .  17.  The HX s t r a i n  of pea  nodule  o rgan ism
growing on a g a r  s l o p e s  c o n t a i n i n g , , l e f t , 
one t o  f o u r  p e r  c e n t ,  m a n n i t o l ,  and 
r i g h t ,  one to  f o u r  p e r  c e n t ,  s u c r o s e .  
Growth has o c c u r r e d  i n  a l l  c a s e s .
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ob ta in  t h i s  photograph, a method o f  secu r in g  d i f f e r e n t i a 

t io n  between the gum r e g io n  and the  r e s t  o f  the  agar had 

to  be d e v ise d .  In c o l la b o r a t io n  w ith  Mr. L e itc h  o f  t h i s  

department the fo l lo w in g  technique was worked out and found 

to  be s u c c e s s f u l .  H arrison and Barlow’ s g e n t ia n  s t a i n  

fo r  b a c t e r ia l  gum was prepared accord ing  to the  m od ified  

formula g iven  on p . 69 o f  Fred, Baldwin and McCoy (1 9 3 2 ) .

A l i t t l e  was poured in to  each tub e, qu ick ly  poured out 

again  and the tube washed out s e v e r a l  t im es  w ith  w a te r .  A 

sa tu ra ted  s o lu t io n  of p i c r i c  ac id  in  95 per c en t ,  a lc o h o l ,  

was now poured in ,  immediately poured out and th e  tube again  

washed r e p e a te d ly .  The b a c te r ia  and gum were gra d u a lly  r e 

moved by the numerous w ashings, le a v in g  a p a le  y e l lo w  area  

surrounded by agar which was s ta in e d  deep p u rp le .  S lop es  

t r e a te d  in  t h i s  way were then s u i ta b le  fo r  photographic  

purposes.

Thus i t  i s  seen  that th e  s u b s t i t u t io n  o f  the  

above amounts o f  sucrose f o r  the m annitol u s u a l ly  p resen t  

in  th e  c u ltu re  medium did  not have any marked in ju r io u s  

e f f e c t  on th e  growth o f  the HX s t r a in  o f  nodule b a c te r ia .

I t  now remained to  'd iscover  whether the  a b i l i t y  o f  the  

organism to  i n f e c t  the appropriate host had been im paired. 

Moore (1905) s ta t e d  that growth on medium r ic h  in  n itr o g e n  

reduces i n f e c t i v i t y  o f  nodule organisms, while Lewis and 

N ich o lson  (1905) decided that cu ltu re  on b o u i l lo n  w ith  

2 - 5  per c e n t ,  sucrose gave the b est  i n f e c t i v i t y  o f  a l l
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the media which they t e s t e d .  Prucha (1915) on th e  o th e r  

hand, concluded th a t  the type o f  medium, even i f  i t  i s  

n itr o g e n o u s ,  has not much in f lu e n c e  on th e  i n f e c t i v e  powers 

o f  the organism.

Pea p la n ts  growing in  l i g h t  in  sand watered  

w ith  n i t r o g e n - fr e e  m ineral s a l t  s o lu t io n  were in o c u la te d  

w ith  su sp en sion s o f  b a c te r ia  prepared from s lo p e s  c o n ta in in g  

the above amounts o f  su cr o se .  P la n ts  in o c u la te d  from 

s lo p e s  w ith  1 per c en t ,  m annitol served as c o n tr o ls .  (See 

fo l lo w in g  T a b le .)  A fter  a s ix -w eek  growth p er io d  nodule  

numbers were found to  be very poor in  a l l  c a s e s ,  the reason  

fo r  t h i s  not being apparent.

Sucrose s lo p e s  (per c e n t . )  M annitol s lo p e s
Source o f
inoculum 1 2 3 4 1 per  c e n t .

N o .o f  nods.
per 6 p la n ts  3 4 5 12 10

The experim ent was rep eated  u s in g  only  inoculum  

from s lo p e s  con ta in in g  4 per c e n t ,  sucrose and 1 per c e n t ,  

m an n ito l.  This time there were 12 p la n ts  per trea tm en t.

No. o f  n o d s . /p la n t  in o c u la ted  from 1 per c e n t ,  m annitol = 3 5 .6  

No. o f  n o d s . /p la n t  in o c u la ted  from 4 per c e n t ,  sucrose = 4 3 .0  

I t  i s  ev id en t th e r e fo r e ,  that growth on medium 

co n ta in in g  sucrose  at the 4 per c en t,  l e v e l  has no permanent 

d etr im en ta l e f f e c t  on the i n f e c t i v e  powers o f  th e  HX s t r a in  

o f  pea nodule b a c t e r ia .
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Experiment 27 . E f f e c t  o f  the a c c e sso r y  growth s u b s ta n c e s . 

aneurin  and n i c o t i n i c  a c id  upon th e  growth o f  e t i o l a t e d  

pea p l a n t s .

I t  has been shown in two p r e v io u s  experim ents  

th a t  the presence of th e se  a c ce sso r y  su bstances  has no 

s i g n i f i c a n t  e f f e c t  upon the  number of nodules formed on 

e t i o l a t e d  pea p la n t s ,  but i t s  e f f e c t  on the growth of  

such p la n ts  was not p a r t i c u la r ly  noted . As mentioned  

b e fo r e ,  Bonner and Greene (1938) concluded that aneurin  

was produced in  i l lu m in a ted  le a v e s  and s in c e  pea p la n ts  

growing in  l i g h t  did  not b e n e f i t  from a d d it io n s  o f  

aneurin  to  the medium, i t  appeared th a t  they  could  

s y n t h e s i s e  s u f f i c i e n t  fo r  t h e i r  n eed s . E t io la t e d  p la n ts  

would be incapable o f  t h i s  s y n th e s is  and thu s i t  seemed 

p o s s ib le  th a t  supp ly ing  aneurin to  t h e i r  r o o ts  would 

r e s u l t  in  in crea sed  growth.

The e f f e c t  o f  the a c ce sso r y  growth su b stan ces  

was t e s t e d  both in  the presence and absence o f  4 per c e n t ,  

s u c r o se .  Peas were grown in  the u su a l way in  a s e p t i c  

tube c u ltu r e  in  n i tr o g e n - fr e e  m in e r a l - s a l t  agar to  which  

th e  a c c e sso r y  su b stan ces  and su crose  had been added as 

shown in  Table 2 0 . A fte r  8 weeks’ growth in  darkness,  

a l l  p la n ts  were harvested  and t h e i r  dry w eights  

determ ined.
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Table 20 ,

E f f e c t  of aneurin  and n i c o t i n i c  a c id  upon 

th e  growth of e t i o l a t e d  pea p lan ts*  Growth 

p er io d  * 8 weeks.

Number o f  p la n ts  per treatm ent m. 12*

Treatment Dry weight, mg. per p la n t

4%
su crose  A .G .S. Shoot Root T o ta l

-  91 22 113
* 88 25 113

+ -  118 43 161
+ + 119 59 178

From the  Table i t  i s  c le a r  that th e  presence  

o f aneurin  and n i c o t i n i c  ac id  in  th e  r o o t in g  medium has 

l i t t l e  or no e f f e c t  on the growth o f  e t i o l a t e d  peas as  

exp ressed  in  terms of p la n t  dry w e ig h t . T h erefo re , i f  

th e s e  two su bstances  are e s s e n t i a l  f o r  the  growth o f  such  

p la n t s ,  s u f f i c i e n t  q u a n t i t i e s  o f  them must be conta ined  in  

the seed r e s e r v e s .

Once again  i t  i s  ev id en t th a t  the  a d d it io n  o f  

sucrose  r e s u l t e d  in  an in c r e a se  in  p lant dry w eigh t , the  

e f f e c t  being  most marked in  the ease  of the  r o o t s .  T h is  

agrees  w ith  the o b ser v a t io n s  o f  Anudsom (1917) who noted  

an average in c re a se  o f  149 mg. in  th e  root dry w e ig h ts  o f  

l ig h t-g r o w n  Canada F ie ld  Peas when 2 per c en t ,  su crose  was 

added, and thought i t  was p o s s ib ly  due to  th e  f a c t  th a t  

th e se  p la n ts  were com plete ly  en c lo sed  in  la rg e  tu b e s .  

T ra n sp ira tio n  was thu s r e s t r i c t e d ,  and there  would be no
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cu rren t to  remove the sugars from th e  zone o f  absorption*  

The peas o f  the  present experiment had th e  g r e a te r  part  

o f  t h e i r  sh oo ts  exposed to  the atmosphere, and t h i s  may 

account f o r  the f a c t  that dry weight . in c r e a s e s  fo r  r o o ts  

su p p lie d  w ith  4 per c en t,  su crose  were on ly  of the order  

o f  20 -  30 mg.

Experiment 28 . Format ion  o f  nodules on e t i o l a t e d  p la n ts  

of b la c k  wax bean (Phaseolus s p . ) t and the e f f e c t  o f  two 

c o n c e n tr a t io n s  of su cr o se .

As a lready  noted in  preceding p a g es , a v a r ie t y  

o f  b la c k  wax bean was used by Lewis and McCoy (1933) in  

t h e i r  i n v e s t i g a t io n  in to  the production o f  nodules on 

e t i o l a t e d  p la n t s .  There was no n o d u la t io n  o f  t h e i r  

su c r o s e - f r e e  c o n t r o l s ,  but nodules d id  develop on 14 out o f  

80 o f  th e  p la n ts  su p p lied  w ith  0 .5  per c en t ,  su cr o se .

The medium employed was that o f  W ilson (1931) and the  beans 

were grown at an average temperature of 27° C. The p r e sen t  

i n v e s t i g a t io n  was undertaken to  see  i f  n od u les  could be 

ob ta in ed  on s im i la r  p la n ts  growing in  the medium of Bonner 

and D e v ir ia n  w ith  and w ithout su cro se .

S e le c te d  seeds were s t e r i l i s e d  by shaking fo r  

2 m inutes in  a b so lu te  a lc o h o l  and 4 m inutes in  0 .1  per cent*  

m ercuric c h lo r id e ,  fo l lo w ed  by washing in  6 changes o f  

s t e r i l e  w ater, and were immediately tra n sfe rr ed  t o  agar  

p la t e s  fo r  germ ination to  proceed . Previous experience  

showed th a t  overn ight soaking was harmful to  such s e e d s .
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P la n ts  were c u l t u r e d  by a s e p t i c  techn iqu e  

f o r  a p e r i o d  o f  8 weeks i n  tu b es  o f  n i t r o g e n - fr e e  medium 

(without a c c e sso r y  su b sta n ces)  s o l i d i f i e d  w ith  1 per c e n t ,  

a g a r .  Twelve tu b es  were su p p lie d  w ith 0 .5  p er  c e n t ,  

s u c r o s e ,  s i x  w ith  1 per c e n t ,  su c ro s e  and s i x  were l e f t  

s u c r o s e - f r e e .  The medium i n  a l l  c a s e s  was in o c u la te d  w ith  

a s u s p e n s io n  of  an organism known to  form e f f e c t i v e  nod u les  

on p la n ts  o f  th e  Phaseolus group .  Temperatures throughout  

t h e  g rowth  p e r i o d  never exceeded 21° C.

Table 21.

F orm a t ion  o f  n o d u le s  on e t i o l a t e d  p la n ts  o f  

black  wax bean and the e f f e c t  o f  0 .5  per c en t ,  

and 1 per c e n t ,  su cro se .  A l l  p la n ts  in ocu la ted ,

Growth p er iod  -  6 weeks. Number o f  p la n t s  a t  

0 per c e n t ,  and 1 per c e n t ,  su crose  * 6.

Number o f  p la n ts  at 0 .5  per c e n t ,  su crose  « 12.

Concn.
o f

su crose

No. o f  
n o d s . /  

treatm ent Range

Length 
cm ./ p la n t  
Shoot Root

Dry w t. ,  
m g ./  p lant

Shoot* Root

0
0.5fS
l.Ofb

4
4
0

0(5p) -  4
0(8p) -  2 
0(6p) -  0

3 0 .4  15.7  
2 2 .1  1 6 .8  
1 6 .6  1 1 .2

131 24 .5  
174 51 .3  
186 40 .0

s in c lu d in g co ty le d o n s .

From the Table i t  i s  ev id en t th a t nodules can

form on e t i o l a t e d  p la n ts  o f  b lack  wax bean w ithout the  

a d d i t io n  o f  sucrose to  r o o t in g  medium. Such n o d u le s ,  

however, were sm aller  than those  on p la n ts  t o  which 0 .5  per
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c e n t ,  su crose  had been added. Two of the  l a t t e r  la r g e r  

n od ules  were pink in  co lou r , presumably due to  the p r e 

sence o f  haemoglobin, and th e r e fo r e  e t i o l a t e d  beans, as 

w e l l  as e t io la t e d  peas , must be capable o f  s y n t h e s i s in g  

t h i s  pigm ent. No nodules were formed on p la n ts  su pp lied  

w ith sucrose a t  the 1 per c en t ,  l e v e l .

In the m ajor ity  o f  tubes growth was not 

s a t i s f a c t o r y  perhaps because o f  the u n su ita b ly  low temp

era tu re  which ranged from 1 1 °u. to  21°u. in  the 1 per  

c e n t ,  sucrose s e r i e s ,  on ly  one shoot had emerged beyond 

the c o tto n  wool p lug, and in many cases  the coty led on s  

were s t i l l  en c lo sed  w ith in  the t e s t a .  s l a n t s  su p p lied  

with su crose  had browner r o o t s ,  fewer l a t e r a l  r o o ts  and 

sh o r te r  shoots than those  l e f t  s u c r o s e - f r e e ,  but .as usua l  

the p resen ce  of sucrose increased  root and shoot dry 

w e ig h ts .

Milky zones of b a c t e r ia l  growth were obvious  

near to  the agar surface where l a t e r a l s  were most p l e n t i 

f u l ,  and were p a r t i c u la r ly  n o t ic e a b le  in  the tubes su p p lied  

w ith  su crosd .

i t  i s  planned to repeat t h i s  experiment under 

tem perature cond itions more su ita b le  to  the growth o f  

b ean s .

Experiment 29 . Nodule form ation on e t i o l a t e d  c lo v e r ,  and 

the e f f e c t  o f  var iou s concen trations o f  su cro se .

As we have noted e a r l i e r  J. K.  Wilson (1931)
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secured no nodules on e t i o l a t e d  c lo v er  p la n t s  which were 

cu ltu r ed  e i t h e r  w ith  or w ithout added carbohydrate. S ince  

c lo v e r  has been used in  the work with e x c is e d  r o o ts  (S e c t io n  

I)  i t  was decided to  t e s t  whether W ilson1 s ex p er ien ce  could  

be confirmed.

In the  presen t experim ent, p la n ts  o f  Montgomery 

red c lo v e r  were grown from seed in  complete darkness on 

a s e p t i c  agar s lo p e s  in  th r ee -q u a r te r  inch t e s t  tu b es .  The 

medium was that o f  Chen and Thornton (1940) and had the  

fo l lo w in g  com p osit ion :-  KgHFO ,̂ 1 .0  gm.; MgSQ^.VHgO, 0 .2  

gm .i CaH^(PO^)g.2HgO, 0 .5  gm .; NaCl, 0 .1  gm .; FeCl3 , 0 .01  

gm .; Agar, 20 .0  gm.; Tap water, 1 l i t r e .  To a p ro p ortion  

o f  the tu b es  sucrose was added in  the amounts shown in  the  

T ab le•

Seeds were se le c te d  under a l e n s ,  and any which 

were damaged or in fe c te d  were d iscard ed . S u r f a c e - s t e r i l i s a -  

t i o n  was e f f e c t e d  by shaking fo r  3 m inutes w ith  a b so lu te  

a lc o h o l ,  4 minutes with 0 .1  per c en t ,  m ercuric c h lo r id e ,  

and then washing in  6 changes o f  s t e r i l e  w ater. The wash

in g s  were extended over 20 to  30 m inutes and the seed s  

shaken from time to time during that p e r io d .  Using a 

s t e r i l e  platinum w ire , 4 or 5 seeds were p lanted  per s lo p e .  

When germ ination had occurred , each tube was in o cu la ted  

w ith  a few drops o f  a suspension o f  an e f f e c t i v e  s t r a in  o f  

c lo v e r  b a c te r ia  (Rothamsted s t r a in  4 9 ) .  In o cu la t io n  was 

c a rr ied  out in  red l i g h t .  There were 12 tub es at each

trea tm en t.
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Table 22 .

Formation o f  nodules on e t i o l a t e d  c lo v e r  p l a n t s ,  

and the e f f e c t  o f  var ious c o n c e n tr a t io n s  o f

su cr o se . Growth pe r iod « Q weeks.

4Uh- . in o c . In ocu la ted

Concn.of
su cro se o

• ^

o
!

0 .5  $ 1 .0 $ 2 .0 $ 3 .0  $ 4 .0 $

N o .o f  nods, 
/1 2  p la n ts

•
0 0 0 0 3 0

Dry weight  
m g ./p la n t 1 .2 2  1 .12 1 .81 2 .0 8 2 .4 3 2 .86 3 .0 5

I t  can be seen from the  Table th a t  on ly  three  

nod ules were formed, one on each o f  three p la n ts  in  the  

s e r i e s  su p p lied  with 3 per c e n t ,  su cro se . Evidence o f  th e  

b e n e f i c i a l  e f f e c t  upon p lant growth o f  the  presen ce  o f  

carbohydrate in  the medium i& provided by the steady in 

crease  in  p lant dry weight w ith  in crea se  in  th e  concen tra

t i o n  o f  sucrose  added. P lan ts  w ithout sucrose had no 

l a t e r a l  r o o t s ,  and, in the m a jo r ity  o f  c a se s ,  the c o t y l e 

dons had not emerged from the t e s t a s .  Those su p p lied  w ith  

sucrose showed the  form ation o f  s e v e r a l  short l a t e r a l s ,  the  

co ty led on s  were expanded, and a sm all f i r s t  tru e  l e a f  had 

appeared. A l l  p la n t s ,  however, were very poor ly  d evelop ed .  

This was probably due to the sm alln ess  o f  t h e ir  co ty ledonary  

r e se r v e s  coupled w ith the lack  of n itro gen  in  the medium.

I t  i s  intended to  repeat the experim ent, t h i s  time adding

some n i t r a t e .
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Experiment 5 0 . E f fe c t  o f  root washings upon the nodula

t i o n  o f  lu cerne  s e e d l in g s .

Thornton (1929) records that o b ser v a t io n s  on 

thousands o f  lu cerne  s e e d l in g s  have e s ta b l i s h e d  th a t  the  

appearance o f  nodules c o in c id e s  w ith  the opening o f  the  

f i r s t  true  l e a f .  This might be in te r p r e te d  as n oth in g  

more than a developmental co in c id en ce , but a g a in s t  t h i s  

i s  experim ental ev idence obtained by Thornton th a t  at the  

stage  in  growth mentioned above, a substance i s  excreted  

by th e  ro o ts  which favours the growth o f  the nodule  

b a c te r ia  and in f e c t io n  o f  the r o o t .  Thus root washings 

prepared from such s e e d l in g s  st im ulated  nodule development 

on younger se e d l in g s  and a ls o  increased  the growth o f  

nodule b a c te r ia  in  pure c u ltu r e .  Root washings from seed 

l i n g s  not yet showing expansion o f  f i r s t  true le a v e s  had 

no such e f f e c t s .

I f  an e x c r e t io n  from the  r o o ts  proceeds, and 

induces n od u la tion  in  a l l  normal leguminous p la n t s ,  in 

c lu d in g  pea, i t  i s  p o s s ib le  that i t  may not occur w ith  

e x c is e d  r o o ts  and t h i s  may e x p la in  t h e ir  f a i lu r e  to  form 

n o d u le s .  Therefore i t  might prove b e n e f i c i a l  to  add to  

the  cu ltu r e  medium fo r  e x c ise d  r o o ts ,  root washings from 

whole p la n t s .  As a necessary  pre lim inary  to  such a pro

cedure, the experiment o f  Thornton was repeated  in  order 

to become fa m i l i s r  with the technique employed.

Three shallow  g la s s  troughs f i l l e d  w ith coarse
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sand were watered w ith  equal volumes o f  a Rothamsted n u t r i 

ent s o lu t io n  (Thornton, 1929) and sown w ith  lucerne  seed .  

When the m a jo r ity  o f  the s e e d l in g s  in  one o f  the  troughs

were in  the coty ledon  s ta g e ,  they were c a r e fu l ly  removed 
the Ss.nd

from the sand and^/packed in to  a long g la s s  tube approximat

ing  to  the s iz e  o f  Thornton's, i . e . ,  2 in ch es  in  diam eter  

and 3 f e e t  6 in ch es  long . Then, fo l lo w in g  the g iven  

d i r e c t io n s ,  i t  was” clamped in  a v e r t i c a l  p o s i t i o n  and f i t t e d  

a t the lower ex trem ity  w ith  a p er fora ted  rubbed bung and a 

g l a s s  d e l iv e r y  tu b e . The so lu t io n  was e x tr a c te d  w ith the 

p ressu re  o f  a head of d i s t i l l e d  water, about one l i t r e  o f  

the  s o lu t io n  being thus obtained (Extract A). When the  

s e e d l in g s  in  the second trough had w ell-expanded f i r s t  

l e a v e s  the so lu t io n  from t h i s  cu lture  was e x tr a c te d  in  a 

s im i la r  manner (Extract B ) . ” In the case  o f  the th ir d  

trou g h , when the f i r s t  le a v e s  had expanded, the whole of  

i t s  c o n te n ts ,  p la n ts  and sand, were packed in to  th e  tube  

and e x tr a c te d  (Extract u ) .  This E xtract  C was prepared  

s in ce  Thornton*s account does not make i t  p e r f e c t l y  c le a r  

whether sand alone or sand p lu s  p la n ts  was p laced  in  the  

e x tr a c t io n  tube in  h i s  experim ent. A l l  th ree  e x tr a c t s

wdre s t e r i l i s e d  in  the au to c la v e .

In order to  t e s t  the e f f e c t  of the  e x tr a c t s  

on nodule form ation, tw enty-four g lazed  p o t s ,  s i x  fo r  each  

treatm en t, were f i l l e d  w ith  coarse sand, watered w ith  the

Rothamsted s o lu t io n  to  g ive  15 per c e n t ,  m o is tu re , and
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sown w ith  lu cerne  seed . Before the s e e d l in g s  had 

emerged, the  su rface  o f  th e  sand in  6 p o ts  was un iform ly  

watered with 25 cc .  o f  a suspension  o f  lu cerne  nodule  

b a c te r ia  made up in  d i s t i l l e d  w ater. S ix  p o ts  were 

s im i la r ly  watered with suspensions made up in  E xtracts  

A, B and C r e s p e c t iv e ly .  Owing to  co ld  weather, i t  was 

over 14 days before any o f  th e  s e e d l in g s  showed f i r s t  

true  le a v e s  open, but when t h i s  had occurred , 20 'plants  

w ith  le a v e s  c lo se d  and 2U with le a v e s  open, were examined 

from 3 p o ts  at each treatm ent and nodule numbers recorded .

Table 2 3 .

E ffe c t  o f  root washings .upon the  n o d u la tion  

o f  lucerne s e e d l in g s .  Growth pe riod= 16 days.

.Plants w ith  le a v e s  c lo sed  P la n ts  w ith  le a v e s  open 

N o.of nods. .No.of p la n ts  N o.of nods. N o .o f  p la n t

The Table shows that both the number o f  nodules  

and the number o f  p la n ts  bearing nodules in crea sed  when

/6 0  p la n ts  

Control 16.0

w ith  nods. / 6 0  p la n ts  w ith  nods.

12 6 0 .0 33

P la n ts  supp
l i e d  w ith  Ex
t r a c t  A. 10 .0 7 5 1 .0 31

Plant s supp
l i e d  w ith  Ex
t r a c t  B. 30.0 8 5 .0 38

P la n ts  supp
l i e d  with Ex
t r a c t  0 . 44 .0 25 90 .0 41

A p p lic a t io n  o f  the  *X.



-  129 -

t e s t  in d ic a t e s  that the in crea se  in  the number o f  p la n t s  

w ith  le a v e s  c lo sed  which bear nodules when su p p lie d  w ith  

E xtract B i s  s t a t i s t i c a l l y  s ig n i f i c a n t  on ly  at the 10 per  

c e n t ,  l e v e l ,  but the in crease  when E xtract C was added i s  

s i f n i f i c a n t  at the 2 per cent, l e v e l .  Probably, th e r e 

f o r e ,  Thornton's s t im u la tory  e x tr a c t  was prepared in  the  

manner here described  fo r  Extract G, p la n t s  as w e l l  as  

sand being packed in to  the e x tr a c t io n  tube. No doubt r e 

moval o f  the p la n ts  in v o lv e s  a con sid erab le  l o s s  o f  the  

a c t i v e  ex cre ted  substance s in c e  much of i t  would be 

c o a tin g  the root su rfa ces  and contained in  the sand which 

adhered to  them.

The presence o f  E xtract A, i . e . ,  washings from 

the r o o ts  o f  p la n ts  with le a v e s  s t i l l  c lo sed  had no s t a t 

i s t i c a l l y  s i g n i f i c a n t  e f f e c t  e i t h e r  upon the nod u la tion  

o f  o th er  p la n ts  o f  the same age, or upon the n o d u la t io n  o f  

o ld e r  p la n t s  whose f i r s t  tru e  le a v e s  had opened. S im i la r ly  

the  e f f e c t s  o f  Extract B and Extract C upon p la n t s  which 

had t h e i r  own le a v e s  expanded were not s t a t i s t i c a l l y  s i g n i f i 

cant .

We may conclude th e r e fo r e ,  th a t washings from 

the r o o ts  o f  p la n ts  w ith expanded f i r s t  true l e a v e s ,  o b ta in 

ed in  the manner o f  the p resen t E xtract C, s t im u la te  the  

n o d u la t io n  o f  younger p la n ts  whose le a v e s  are s t i l l  c lo s e d .  

T his i s  in  agreement w ith  the r e s u l t s  o f  Thornton, a lthou gh  

the d i f f e r e n c e s  noted here as being due to  the root e x c r e t io n  

are not so s t r ik in g  as those  which he recorded .
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The experiment was rep eated  using  p e a s ,  ex 

t r a c t s  b e in g  made from th e  sand in  which p la n t s  with  

l e a v e s  c lo sed  (Extract A) and p la n ts  with one or two 

l e a v e s  open (Extract B) had been growing. (In both  c a se s  

the p la n ts  were removed b efore  the e x t r a c t i o n ) .  The ex

t r a c t s  were then autoclaved  and, as b e fo re ,  were used fo r  

making up the inocul^um added to p o ts  o f  sand co n ta in in g  

germ inating p e a s .  A fter  17 days, 15 p la n t s  a t  each t r e a t 

ment were examined fo r  nod u les .

Table 2 4 .

E f fe c t  o f  root washings upon the n od u la tion  o f  

young p la n ts  of pea. Data are averages for  

15 p la n ts  per treatm en t. Growth period  -1 7  d ay s .

Av.no o f  n o d s . /p la n t  Range.

Control 1 2 .6  0 ( lp )  -  34

P la n ts  t r e a te d
w ith  E x tra c t  A 1 8 .6  0 ( lp )  -  65

P la n ts  t r e a te d
w ith  E xtract  B 2 3 .3  0(2p) -  51

When the t  t e s t  i s  ap p lied  to th e se  r e s u l t s  i t  

i s  found th a t  the in crease  in  nodule numbers on p la n ts  

su p p lied  w ith  Extract A i s  not s t a t i s t i c a l l y  s i g n i f i c a n t  

whereas the  increase  noted on p la n ts  t r e a te d  w ith E x tra ct  

B i s  s i g n i f i c a n t  a t the 5 per c en t ,  l e v e l .  Presumably th e re  

^ould have been a higher l e v e l  o f  s ig n i f i c a n c e  to  the r e s u l t  

i f  th e  p la n ts  had not been removed from the sand p r io r  to  

making the e x tr a c t .  i t  appears th e r e fo r e ,  t h a t ,  as w ith
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lu c e r n e ,  a substance which s t im u la te s  nodule form ation i s  

e x cr e te d  from the  r o o ts  o f  pea p la n ts  when t h e i r  f i r s t  

l e a v e s  are opening.

I t  should be in t e r e s t in g  to t e s t  the  s p e c i f i c i t y  

o f  th e se  tw o 'e x c r e t io n s ,  s in ce  Ludwig and A l l i s o n  (1935) 

have found th a t  nodule form ation on young p la n ts  o f  ooya  

beans and lucerne i s  stim ulated  as  much by the presen ce  o f  

corn and wheat p la n ts  as by the presence o f  legumes o f  the  

same s p e c ie s .

Experiment 5 1 . E f fe c t  on nodule form ation on whole pea 

p la n ts  o f  various co n cen tra tion s o f  n i t r a t e , with in c id e n t a l  

o b se r v a t io n s  on the e f f e c t  o f  exposure of the r o o ts  to  l i g h t .

In view of the r e s u l t s  o f  p rev iou s  in v e s t ig a t o r s  

( p . 5L ) ,  i t  seemed necessary  to  determine whether the 

n i t r a t e  con cen tra tion s  employed with e x c ise d  r o o ts  o f  pea 

have any in h ib i t in g  e f f e c t  upon the nodulation  o f  normal 

pea p la n t s  growing under co n d it io n s  of water c u ltu r e .  At 

the time when these  t r i a l s  were being planned, c o n s id e r a t io n  

was be ing  g iven  to  the preference  o f  some in v e s t ig a t o r s  

(Robbins and Maneval, 1924; White 1932bj tojc ex c ised  root  

c u ltu r e  being  conducted in l i g h t .  I t  was th e r e fo r e  decided  

to  t e s t  the e f f e c t  upon nodulation  o f  exposure o f  the root  

systems o f  whole pea p la n ts  to l i g h t .  i t  may be noted th a t  

the w idely  held b e l i e f  that exposure to  l ig h t  has in ju r io u s  

e f f e c t s  upon nodule forming b a c te r ia  has been su b s ta n t ia te d  

in  the past by the experim ental r e s u l t s  of on ly  one i n v e s t i g 
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a t o r  (Nobles ,  19 1 9 ).  Other  workers  ( O t i s ,  1898; Simon, 

1907; B u r r i l l  and Hansen, 1917; A l b r e c h t ,  1921; Srdman 

and W i l k i n s ,  1928; A lbrecht and Turk ,  1930) a l l  a g r e e  t h a t  

f t h e  b a c t e r i a  in  s o i l s  a re  s i n g u l a r l y  r e s i s t a n t  t o  l i g h t ' .  

P rucha  (1915) observed  o n ly  a s l i g h t  d e c re a se  i n  nodule  

numbers on r o o t s  which were d i r e c t l y  exposed  t o  l i g h t .  I t  

was d e c id e d  t h e r e f o r e ,  to combine an o b s e r v a t i o n  on l i g h t  

e f f e c t  w i th  the  above-mentioned i n v e s t i g a t i o n  i n t o  the  

e f f e c t  o f  n i t r a t e .

N itro g e n -fr ee  s o lu t io n  was prepared, and a lso  

s o lu t io n  co n ta in in g  the f u l l  con cen tra tion  o f  n i t r a t e  

advocated by Bonner and D evirian  (327 mg. per l i t r e j ,  as  

w e l l  as s o lu t io n s  with one quarter , one e ig h th  and one 

s ix t e e n th  o f  t h i s  con cen tra tion . Erlenmeyer f la s k s  o f  500 

c c .  c a p a c ity  were used as cu ltu re  v e s s e l s  and each conta ined  

400 cc . o f  medium. There were s ix  f l a s k s  per treatm en t.

The u su a l 4 per cen t, sucrose was om itted from the medium 

and the technique employed was not a s e p t i c .

E u r fa c e - s t e r i l i s e d  seeds were p lanted  in  a 

trough o f  s t e r i l e  sand watered with s t e r i l e  n i t r o g e n - fr e e  

s o l u t i o n .  When the young p lan ts  were from ten  to  tw elve  

d a y s1 o ld ,  they were each tra n sfe rr ed  to a f l a s k  o f  n u tr ie n t ,  

the p la n ts  being supported in  co tton  wool p lu g s  in  such a 

way th a t  the root system was alm ost com pletely  submerged, 

ih e  remains o f  the t e s t a  and coty ledons were kept above the  

s o lu t io n  l e v e l .  A l l  f la s k s  were in ocu la ted  w ith  1 cc .  o f  

a su sn en sion  o f  nodule b a c ter ia .  kour f l a s k s  at each
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treatm ent were darkened by wrapping w ith  th ic k  brown paper  

and p la ced  in  boxes o f  sawdust to  prevent l i g h t  from 

e n te r in g  through t h e i r  unwrapped b a se s .  In the rem aining  

f l a s k s  the ro o ts  were l e f t  exposed to  the l i g h t .  The s o l u 

t io n  was m aintained at a constant l e v e l  by the a d u it io n  of  

d i s t i l l e d  water, and nodule counts were made a f t e r  a th r e e -  

week growth per iod .

. Table 25 .

E f fe c t  on nodule form ation on whole pea p la n ts  

o f  various co n cen tra tio n s  o f  n i t r a t e ,  w ith  

in c id e n ta l  o b serv a t io n s  on the e f f e c t  o f  expos

ure o f  the r o o ts  to l i g h t .  Growth p er iod  = 3 

weeks.

Average number of nodules per p la n t

Concn.of N03 Darkened f l a s k s  Undarkened f la s k s
m g . / l i t r e

0 22 0

2 0 .4 3  14 0

4 0 .8 7  75 0 .5

8 1 .7 5  101 0

3 2 7 .0  over 100

Table 25 shows that nodules developed  on 

darkened r o o ts  at a l l  l e v e l s  o f n i t r a t e .  As n i t r a t e  increaS' 

ed nodules  became more numerous but were o f  much reduced  

s i z e .  In the presence o f  n i t r a t e  the nodules were round 

and w hite  and w idely  s c a tte r e d  over the e n t i r e  submerged

r oot system . In only one case were pink n od u les  formed.



Roots of in o cu la ted  pea p la n t s  growing in  
m ineral s o lu t io n  with £ normal n i t r a t e .  
Darkened ro o ts  on le f t - s h o w  numerous n o d u les ,  
undarkened ones on r ig h t  have no n o d u le s .
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Two o f  them were found on uppermost r o o ts  near the  

c o ty le d o n s  which were at tim es above th e  l e v e l  o f  th e  

s o l u t i o n .  In th e  n i tr o g e n - fr e e  medium the  nod u les  were 

p in k , e lo n g a ted  in  shape and c lu s te r e d  near the  c o ty led o n s  

on a d v e n t i t io u s  r o o ts ,  or on l a t e r a l s  near to  the tap r o o t .

T herefore, nodules  can be formed in  cu ltu re  

s o l u t i o n  co n ta in in g  co n cen tra tion s  o f  n i t r a t e  up t o ,  and 

in c lu d in g ,  the f u l l  va lu e  g iv e n  in  the form ula o f  Bonner 

and D ev ir ia n , but they d i f f e r  in  c o lo u r ,  shape, s i z e  and 

d i s t r i b u t io n  from th ose  formed in  n i tr o g e n - fr e e  s o lu t io n  

(F ig . 19A and F ig .  I9B ). The r e s u l t s  w ith  the undarkened 

f l a s k s  su ggest that the  in c id en ce  of l i g h t  on the root 

system s in h ib i t s  nodule form ation . . T y p ica l darkened and 

undarkened r o o ts  are shown in  F ig .  18.

As an a d d i t io n a l  t e s t  o f  th e  e f f e c t  o f  l i g h t ,  

one s t e r i l e  germinated pea was grown in  each o f  e ig h te e n  

la r g e  t e s t  tub es , n ine con ta in in g  50 c c .  n i t r o g e n - fr e e  

s o lu t io n  s o l i d i f i e d  with 1 per c en t ,  agar, and n ine c o n ta in in g  

80 gm. s t e r i l e  f i n e  quartz sand watered w ith  enough of  

the  n i t r o g e n - fr e e  s o lu t io n  to  g ive  15 per c e n t ,  m o is tu re .

The agar medium was in o c u la ted  w hile  m olten , and the  peas  

to  be grown in  sand were dipped in  a su sp en sion  o f  nodule  

organisms before  p la n t in g .  A l l  the tub es  were wrapped 

w ith  b la c k  papsr below th e  sand or agar l e v e l  so th a t  in  

the  tubes w ith  sand, l i g h t  was com pletely  excluded from  

the  root system s, but in  the remainder, i t  could e n ter  

through the top surface  of the agar and p e n e tra te  f o r  some



1I f
a

.
iF'f V'X

/I

F ig .  19 . Roots of in o c u la ted  pea p la n t s  growing 
in  water c u ltu r e ,  A. w ith f u l l  
c on cen tra tio n  of n i tr o g e n .  Numerous 
sm all round nodules are sc a t te r e d  over  
the e n t ir e  root system; B. in  n i tr o g e n -  
f r e e  s o lu t io n .  The nodules are la r g e r ,  
more e lo n g a ted , and c lu s te r e d  round the  
seed or very near to  th e  main r o o t .



-  135 -

d i s ta n c e  downwards. A fte r  6 weeks o f  growth the  

fo l lo w in g  r e s u l t s  were obtained

Av. no. o f  '
Treatment nods, per p lan t D is t r ib u t io n

Sand 13 Over e n t ir e  root system

Agar 5 At base o f  tub e.

Of course i t  i s  p o s s ib le  that o ther  experim en ta l  

c o n d it io n s ,  q u ite  apart from th e  absence o f  l i g h t ,  may 

favo u r  the production o f  nodules in  sand c u l tu r e .  However, 

in  v iew  o f the  r e s u l t s  o f  the preceding experim ent, i t  may 

be j u s t i f i a b l e  to  assume that the red u ction  in  nodule numbers, 

and change in  t h e ir  d i s t r ib u t io n ,  shown in  the  T ab le , i s  

at l e a s t  p a r t ly  due to  the l ig h t  which p en e tra ted  the agar  

s u r fa c e .  T h is  may e x p la in  the  poor n o d u la t io n  fr e q u e n t ly  

observed by the author in  experim ents in v o lv in g  th e  growth 

o f in o c u la te d  peas in  an agar medium in  the greenhouse.

With c lo v e r  p la n t s ,  on the other hand, no d i f f i c u l t y  has 

been encountered in  secu rin g  numerous nodules on p la n ts  

growing under summer greenhouse c o n d it io n s  on an agar 

medium, and with r o o ts  on ly  p a r t i a l l y  shaded by the rack  

in  which th e  tubes were p la ced .
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DISCUSSION SECTION I I .

1* P o s s i b i l i t y  o f  secu r in g  nodule form ation  on

e t i o l a t e d  p la n t s .

I t  has been c le a r ly  shown that pea p la n ts  

grown from sqed in  complete darkness on medium fr e e  from 

carbohydrate can produce f a i r l y  numerous n od u les , a lthough  

t h e i r  numbers are much below those fo r  p la n ts  grown in  

l i g h t  under otherw ise  comparable c o n d it io n s .  The s i z e  o f  

the  nodules i s  a lso  much l e s s  than that o f  l ig h t-g ro w n  

p l a n t s .  E t io la te d  c lo v e r ,  on the o th er  hand, formed no 

nod ules  without the a d d it io n  of carbohydrate to  the medium, 

and on ly  4 nodules appeared on one out of s i x  e t i o l a t e d  

p la n ts  o f  b lack  wax bean to  which no su crose  was added.

As we have seen , the r e s u l t s  o f  th e  m ajor ity  of prev iou s  

in v e s t i g a t o r s  in d ic a te  th a t  growth in  darkness markedly 

red uces nodule production . The au th or1s r e s u l t s ,  

t h e r e f o r e ,  serve to  confirm the f in d in g s  o f  th e se  workers 

w ith  regard to the depress ing  e f f e c t  of e t i o l a t i o n ,  but 

the  nodule numbers recorded here fo r  pea g r e a t ly  exceed  

th o se  p r e v io u s ly  noted fo r  p la n ts  grown in  darkness, w ith  

the p o s s ib l e  exception  o f  the  f in d in g s  o f  Prazmowski 

{see page qq .  ) .  Out o f  72 e t io la t e d  pea p la n ts  grown in

the p resen t experiments in  agar medium without su c r o se ,

62 formed nodules, the maximum number per p lan t  be ing  3 2 ,  

and the o v e r - a l l  average 7 .62  per p la n t .  Thornton (1930) 

found th a t  only 3 .5  nodules were formed on 20 lu cern e
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p la n t s  kept in  continuous darkness, in  comparison w ith  

4 6 .5  on the 20 co n tro l p la n t s .  J.K . W ilson (1931) noted  

o n ly  one nodule on 40 e t i o l a t e d  v etch  p la n ts  to  which no 

carbohydrate had been added. When peas and c lo v e r  were 

used in s te a d  o f  v e tc h , no nodules at a l l  were mentioned  

f o r  p la n ts  w ithout carbohydrate. Lewis and McCoy (1933),  

u s in g  e t i o l a t e d  b lack  wax beans, observed no nod u les  on 

60 c o n tr o l  p la n ts  to  which no sucrose was added. The 

r e l a t i v e l y  large  number of nodules observed in  the a u th o r’ s 

experim ents with peas may have been due to  the p a r t ic u la r  

p la n t  employed, but at any ra te  i t  i s  ev id en t th a t  under 

the  g iv e n  c o n d it io n s ,  consid erable  numbers o f  nodules  can  

be formed on peas grown in  continuous darkness on m in e r a l-  

s a l t  a gar . I t  would appear t h e r e f o r e , , th a t  adequate  

amounts o f  such substances as are e s s e n t i a l  f o r  nodule  

p ro d u ctio n  (a d d it io n a l  to  th o se  provided by the ro o tin g  

medium) must be derived  from the coty ledonary  r e s e r v e s .

The r e s e r v e s  o f th e se  substances in  sm a ll-seed ed  legumes 

may not be s u f f i c i e n t  to permit o f the n od u la tion  o f  

e t i o l a t e d  p la n t s ,  and t h i s  might e x p la in  the r e s u l t s  

obta in ed  by J.K. Wilson w ith  vetch and c lo v e r ,  Thornton 

w ith  lu cern e , and th e  author w ith c lo v e r .  However, t h i s  

e x p la n a t io n  does not hold good fo r  the f a i lu r e  to  secure  

good nodule form ation on dark-grown p la n ts  o f  b la ck  wax 

bean, s in c e  here the quantity  of m a te r ia l  s tored  in  the  seed  

i s  as g r e a t ,  i f  not g r e a te r ,  than in  p e a s .  T h erefore , in  

a l l  the cases  mentioned, we must consid er  the p o s s i b i l i t y
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t h a t ,  apart a l to g e th e r  from the seed, r e s e r v e s ,  the  

experim ental con d it ion s  may be the main f a c t o r s  in  

determ in ing  the occurence and ex ten t o f n o d u la t io n .

2 . E f f e c t  o f sucrose on nodule form ation by e t i o l a t e d  

and ligh t-g ro w n  p la n t s .

In passing  to consider the experim ents in 

v o lv in g  the a d d it io n  o f  sucrose to  the  roo tin g  medium, 

i t  i s  n ecessa ry  to  s p e c i fy  th at A d d it io n *  im p lie s  th a t  

a n a l y t i c a l l y  pure sucrose was o r i g i n a l l y  added to  the  

medium before a u to c la v in g . ' A fter  a u to c la v in g ,  however, 

the  presen ce  of reducing sugars was d e te c te d ,  in d ic a t in g  

th a t  h y d r o ly s is  o f  some o f  the sucrose had occurred in  

the a u to c la v e .  The osm otic pressure o f  the autoclaved  

c u ltu r e  so lu t io n  a lso  led  to the same co n c lu s ion  s in ce  

i t s  va lu e  was 4 .18  atmospheres, while the su crose  ( i f  

rem aining as sucrose) and the m ineral s a l t s  would account 

f o r  approxim ately  3 atmospheres on ly . In any event i t  

seems probable th at the r o o ts  them selves would e f f e c t  a 

s im i la r  conversion , s in ce  Burstrom (1941; observed marked 

in v e r s io n  o f  sucrose in  media in  which r o o ts  o f v a r io u s  

s p e c ie s  o f  p la n ts  had been growing a s e p t i c a l l y .

Of the 72 e t io la t e d  pea p la n ts  su pp lied  w ith  

4 per cent# su crose , only  35 developed nodules, th e  

maximum number per plant being 10, and the o v e r - a l l  aver

age 1 , 9 5  per p la n t .  I t  i s  c lea r  th e r e fo r e  that su crose  

at a con cen tra tion  o f  4 per cen t, has a very marked d e p r e ss 
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ing e f t e c t  upon the number of nodules which form on 

e t i o l a t e d  p eas , although the s iz e  o f  the nodules d eve lo p 

ing  in  the presence o f  sucrose te n d s ,  as n o ted , to  be 

g r e a te r .  Table 17 shows th a t co n cen tra tio n s  of sucrose  

as low as 0 .5  per cen t,  cause a marked decrease  in  nodule  

numbers on e t io la t e d  p ea s . The average number o f  nod u les  

per p lant i s  reduced from 13 .33  to  6 .73  when 0 .5  per c en t ,  

su cro se  i s  added, and w ith  4 per c e n t ,  sucrose there  were 

on ly  0 .2 7  nodules per p la n t .  The number o f  nodules which 

formed on e t i o l a t e d  p la n ts  o f b lack  wax bean was very small 

in  every  case, but the a d d it io n  o f  J .5  per cen t, sucrose  

produced a decrease in nodule numbers per p lan t from 0 .6 6  

to  0 .3 3  and p lan ts  su p p lied  with 1 .0  per c e n t ,  su crose  

p o sse ssed  no nodules at a l l .  J .K . 7/i Ison [ 1931 ) and 

Lewis and Mcooy (1933j found that the presence  o f  sugars  

a t  co n cen tra t io n s  lower than 4 per c en t ,  in creased  the  

number o f  nodules forming on e t io la t e d  p la n t s ,  although  

the resp on ses  which they obtained were ir r e g u la r  and con

f in e d  to  a m inority  o f  the p la n t s .  in  the p resen t  a u th orf s 

experim ents the only evidence of sucrose  producing a bene

f i c i a l  e f f e c t  upon nodulation  i s  provided in  the t e s t  w ith  

e t i o l a t e d  c lo v er  where nodules only formed on p la n ts  which 

were su pp lied  with sucrose at the 3 per cen t,  l e v e l  (one

nodule on each of three p la n t s ) .

T a b le s  18 and 19 p r o v id e  e v id e n c e  t h a t  th e

a d d it io n  o f  4 per cen t, sucrose to pea p la n ts  g>rown in
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n a tu ra l  l ig h t  r e s u l t s  in  a marked red u ction  in  number of  

n o d u le s ,  as in  the case o f  e t i o la t e d  p la n t s .  The lower  

c o n c en tr a t io n s  o f  sucrose a ls o  reduced nodule numbers, 

a lthou gh  as noted, in  th e se  tubes a l l  the sugar had d i s -  

appeared from the medium by the  end o f  the experim ent.

The data g iven  in  Table 19 show t h a t ,  a lth ou gh  nodule  

numbers were d ecrea s in g , the dry weight o f  nodules per  

p la n t was g r ea ter  in  the presence o f  sucrose and from th ese  

r e s u l t s  the fo l lo w in g  f ig u r e s  may be c a lc u la te d  fo r  the  

average dry weight o f  in d iv id u a l  n o d u le s :-

C oncentration  o f
su cro se  (per c e n t . )  0 0 .5  1 .0  2 .0  4 .0

Dry weight per
nodule (mg.) 0 .068 0 .16 5  0 .206  0 .324  0 .4 4

Thus i t  i s  c le a r  th a t  in crease  in  dry weight o f  nodules  

accompanied increase  in  concentration  o f  added su cr o se .

As a lready noted in S e c t io n  I ,  there  seem to  

be no r e fer e n c es  in  the l i t e r a t u r e  to t r u ly  a s e p t ic  e x p e r i 

ments in v o lv in g  the a d d it io n  o f  sucrose  to i l lu m in a ted  

legumes in  order to study i t s  e f f e c t  upon nodule p rod u ction .  

I t  i s  d i f f i c u l t  th e r e fo r e ,  to  make a s t r i c t  comparison 

between e a r l i e r  experiments and the present s e r i e s  o f  t e s t s  

because under non—s t e r i l e  con d ition s the sucrose o r i g i n a l l y  

p resen t  would probably undergo more rapid decom position  

than in  the au th or’ s experiments. R i t t e r  (1911) reported  

th at the a d d it io n  o f  sucrose was without e f f e c t  on the
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n o d u la t io n  o f  lu p in s ,  and Prueha (1915) concluded th a t  at  

2 gm. or l e s s  per 300 gm. s o i l  i t  had no e f f e c t  on nodule 

form ation  on Canada F ie ld  Pea* Four, e ig h t  and s ix t e e n  

gm. per 300 gm. s o i l  p r o g r e s s iv e ly  reduced p lan t growth, 

and no nodules formed in  the two h ig h es t  c o n c e n tr a t io n s .  

Since the c o n d it io n s  were not s t e r i l e ,  i t  was thought th a t  

th e  decreased growth with in c re a se  of sucrose  might p o ss 

i b l y  be due to ferm en tation  r e a c t io n s  tak in g  p lace  in  the  

s o i l .  J.K. Wilson (1917) found that the a d d it io n  o f  2 .7  

per c e n t ,  sucrose to s o i l  cu ltu res  o f  Soya beans c o n s id e r 

ab ly  in creased  the number and s i z e  o f the nodules formed. 

Ludwig and A l l i s o n  (1935) noted that the presen ce  of sucrose  

in  the so lu t io n  supp lied  to Soya beans in  sand c u ltu r e  

during the summer months, had a favourable e f f e c t  on nodule  

numbers at the beginning o f  the experim ent, but at the end 

the  c o n tr o ls  had more nodules than the p la n ts  su p p lied  w ith  

su c r o se .  Their f i n a l  r e s u l t  i s  th e r e fo r e  in  agreement 

w ith  the f in d in g s  o f  the author, but th e ir  e a r l i e r  observa

t io n s  are n o t ,  s in ce  in  the present experim ents i t  was 

noted  th a t  the la r g e s t  numbers of nodules appeared from the  

very f i r s t  on p la n ts  to  which no sucrose had been added.

P.W. W ilson (1940), although he did not record nodule
)

numbers, observed that the s iz e  o f nodules on red c lov er  

p la n t s  was g rea ter  when carbohydrate was present in  the

r o o t in g  medium.
The s ig n if ic a n c e  to  root c u ltu r e s  o f  the above
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r e s u l t s  i s  obvious and has been commented on in the  

p r e v io u s  S e c t io n .

I t  now has to  be considered why the a d d it io n  

o f  su crose  to the' roo tin g  medium le d ,  in  the a u th o r ’ s 

experim en ts , to  a reduction  in  the number o f  nodules both  

on p la n t s  grown in  darkness and in  l i g h t .  The e f f e c t  o f  

the su crose  can be envisaged  as being e x e r te d  e x te r n a l ly  

in  the ro o tin g  medium, or in t e r n a l ly  a f t e r  the entran ce  of  

the sugar in to  the t i s s u e s  o f the p la n t .  In the former  

case a red u ction  in  the number of p e n e tr a t io n s  o f  root  

h a ir s  by the b a c ter ia  would presumably be e n t a i le d ,  w h ile  

an in t e r n a l  e f f e c t  might in vo lve  a r e s t r i c t i o n  in  the pro

p o r t io n  o f  such p e n e tra t io n s  th a t  r e s u l t  in  the form ation  

o f  n o d u le s .

I t  ought to  be p o s s ib le  to determine by d ir e c t  

exam ination  which o f  th ese  a l t e r n a t iv e s  a c tu a l ly  o b ta in s  

(McCoy, 19 32 ) ,  and i t  i s  hoped to arrange fo r  t h i s  in  fu tu r e  

exp erim en ts .  Meanwhile, a few relevan t o b ser v a t io n s  may 

be o f f e r e d .  So fa r  a s  a l im i t a t io n  of the number o f  pene

t r a t i o n s  o f  root h a ir s  i s  concerned, t h i s  might be o c c a s io n 

ed through a reduction in  the rate  o f  m u l t ip l i c a t io n  o f  

b a c t e r ia  in  the presence of r e l a t i v e l y  large  amounts o f  

sucrose  in  the medium. That t h i s  i s  not the case has been 

shown by examination o f  the growth of the pea nodule organ

ism in  pure culture  on the usual medium, but with su cro se  

in  co n cen tra tio n s  ranging from 0 .5  to 4 per c en t ,  s u b s t i tu te d
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f o r  th e  1 p e r  c e n t ,  m a n n i to l  u s u a l l y  s u p p l i e d .  As we 

have s e e n ,  t h e  b a c t e r i a l  c o lo n ie s  grew a t  a normal  r a t e  

and showed no s ig n s  o f  i n h i b i t i o n .  Pea p l a n t s  i n o c u l a t 

ed from 4 p e r  c e n t ,  su c ro se  s lo p e s  showed s i m i l a r  n o d u l a 

t i o n  to  th o s e  in o c u la t e d  from s lo p e s  of  normal medium, so 

t h a t  t h e r e  i s  no ev idence  of any r e d u c t i o n  in  th e  i n f e c t 

ive  powers o f  th e  organism a f t e r  c u l t i v a t i o n  on medium 

w i th  the  above amounts of s u c ro s e .

The e x t e r n a l  e f f e c t  m ig h t  a l t e r n a t i v e l y  a r i s e  

t h r o u g h  some r e d u c t io n  i n  th e  s t im u lu s  to  e n t e r  r o o t  h a i r s .  

T h e re  i s  some e v id e n c e  t h a t  n o d u le  b a c t e r i a  p r e s e n t  i n  t h e  

s o i l  a r e  s p e c i f i c a l l y  a t t r a c t e d  to  th e  r o o t s  o f  le g u m in o u s  

p l a n t s ,  w here th e y  m u l t i p l y  r a p i d l y  i n  t h e  s o - c a l l e d  

1r h i z o s p h e r e *  (P .W . W i ls o n ,  1 9 4 0 ) .  T h is  m u l t i p l i c a t i o n ,  

and t h e  e v e n t u a l  i n v a s io n  o f  th e  p l a n t ,  as a l r e a d y  n o t e d ,  

a r e  a t t r i b u t e d  by T h o rn to n  11929) to  t h e  e f f e c t  o f  a 

w a t e r - s o l u b l e  s u b s tan c e  e x c r e t e d  by th e  r o o t s  a t  a t im e  

c o - i n c i d e n t  w i t h  th e  o p en in g  o f  t h e  f i r s t  t r u e  l e a v e s .

I n  t h e  p r e s e n t  e x p e r im e n t s ,  s in c e  th e  n u t r i e n t  medium con

t a i n i n g  s u c ro s e  p r o v id e d  a more s u i t a b l e  s u b s t r a t e  f o r  

b a c t e r i a l  g ro w th  th a n  d id  th e  s u c r o s e - f r e e  m edium , i t  i s  

c o n c e iv a b le  t h a t  under th e s e  c o n d i t io n s  th e  s t im u lu s  w h ic h  

n o r m a l l y  b r in g s  ab o u t th e  e n t r y  o f  th e  b a c t e r i a  i n t o  th e  

r o o t s  was re d u c e d  i n  i n t e n s i t y .  i h i s  c o n c e p t io n  may a ls o  

e x - o la in  th e  f a i l u r e  o f  n o d u la t io n  on e x c is e d  pea  r o o t s ,  

w h ic h ,  as  we now know, must be c u l t u r e d  i n  medium c o n t a i n i n g

4 p e r  c e n t ,  s u c ro s e .
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The need to  b e a r  in  mind t h a t  th e  su c r o s e  

e f f e c t  may be e x e r t e d  i n t e r n a l l y  i s  shown by th e  r e s u l t s  

o f  p r e v i o u s  workers ,  w/ho observed t h a t  th e  n o d u l a t i o n  of  

legumes can be a f f e c t e d  by t r e a tm e n t  which i n c r e a s e s  t h e  

r e l a t i v e  c a rb o hy d ra te  c o n te n t  o f  the  p l a n t  w i th o u t  i n v o l v 

in g  the  a c t u a l  a d d i t i o n  of c a rb o h y d ra te  to  the  r o o t i n g  

medium. P.W. Wilson and Wagner (1935) s u p p l i e d  c lo v e r  

p l a n t s  w ith  carbon d io x id e  u n t i l  t h ey  gave ev idence  o f  a 

marked e x c e s s  of  c a rb o h y d ra te ,  and th e n  i n o c u l a t e d  them 

w i t h  nodule  o rgan ism s .  The t o t a l  number o f  n o d u les  form

ed on th e  p l a n t s  amounted to  37 and 167 i n  d i f f e r e n t  e x p e r i  

m e n t s .  The co r re sp o n d in g  t o t a l s  f o r  p l a n t s  i n  which a 

lo w er  c a r b o h y d r a t e / n i t r o g e n  r a t i o  was induced by su p p ly in g  

ammonium n i t r a t e ,  were 128 and 275. In  the  p r e s e n t  t e s t s ,

e v id e n c e  of  a h igh  c a rb o hy d ra te  c o n te n t  in  th e  pea p l a n t s
*

grown i n  l i g h t  and s u p p l i e d  with  suc rose  was p ro v id ed  by 

th e  development of  red  pigment i n  t h e i r  l e a v e s ,  th e  co lo u r  

b e in g  most obvious in  p l a n t s  t o  which 4 p e r  c e n t ,  suc ro se  

was added.  E t i o l a t e d  p l a n t s  showed no s i g n  o f  r ed  pigment 

p r o d u c t i o n .  That such c o l o u r a t i o n  i s  a s s o c i a t e d  w i th  

abundant  supp ly  of  ca rbohydra te  has been n o te d  by M o l l i a r d  

(1 9 0 7 ) ,  Knudson (1917) ,  and o t h e r  w orkers .  Meyer and 

Anderson (1939) s t a t e  t h a t  " th e  p resence  o f  a r e l a t i v e l y  

h ig h  c o n c e n t r a t i o n  of simple  suga rs  in  the; c e l l s  seems to  

be u n i v e r s a l l y  c o r r e l a t e d  w i th  an thocyan in  f o r m a t io n  •

Thus i t  might be t h a t  in  the  i l l u m in a t e d  p l a n t s ,  th e  con

c e n t r a t i o n  o f  ca rbo hy d ra te  (de r ived  from the  c o ty le d o n s  

and from p h o t o s y n t h e s i s )  was a l r e a d y  a t  such a l e v e l  t n a t
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th e  a d d i t i o n  of  even 0 .5  p e r  c e n t ,  su c ro se  r e n d e r e d  i t  

e x c e s s i v e l y  h igh  and th e r e b y  caused a r e d u c t i o n  i n  nodu le  

numbers .  I t  i s  d i f f i c u l t  to  imagine,  however, t h a t  an 

e x c e s s i v e  l e v e l  o f  ca rb oh y dra te  was the  r e a s o n  f o r  the  

r ed uced  numbers o f  nodu les  on com ple te ly  e t i o l a t e d  

p l a n t s .  No doubt the  p o s s i b i l i t y  does e x i s t  i n  th e  case  

o f  t h o s e  s u p p l i e d  with suc rose  a t  th e  4 p e r  c e n t ,  l e v e l ,  

s i n c e ,  a s  we have seen ,  t h e  c o ty le d o n s  a l r e a d y  p o s s e s s  

s u f f i c i e n t  c a rb o h y d ra te  to  pe rm it  of  some a p p r e c i a b l e  

n odu le  f o r m a t io n .  However, i t  seems improbable  t h a t  

th e  s u c r o s e  absorbed  from medium c o n t a i n i n g  only  a 0 .5  

p e r  c e n t ,  c o n c e n t r a t i o n  could  be s u f f i c i e n t  t o  c r e a t e  

an u n f a v o u r a b ly  high c a r b o h y d r a t e / n i t r o g e n  r a t i o  i n  

p l a n t s  n o t  c a r ry in g  out p h o t o s y n t h e s i s .  T h is  a p p e a rs  to  

su p p o r t  th e  a l r e a d y  d i s c u s s e d  view t h a t  th e  su c ro se  e f f e c t  

may be an e x t e r n a l  one.

The dec ided  i n c r e a s e  i n  the  dry w e ig h ts  o f  

b o th  l i g h t  and dark  p l a n t s  i n d i c a t e s  t h a t  t h e y  a re  cap a b le  

o f  a b s o r b in g  and u t i l i s i n g  the added c a r b o h y d r a t e .  T h is  

o b s e r v a t i o n  i s  in  acco rd  w i th  the  r e s u l t s  o f  th e  a s e p t i c  

e x p e r im e n t s  of M o l l ia rd  (1907) and Georgi,  O r c u t t  and 

P.W. W ilson  (1933) and the  n o n - s t e r i l e  exp er im en ts  o f  

G o ld in g  (1899, 1900) ,  Knudson (1917) and Knudson and 

L in d s t ro m  (1919) .  They a l l  no ted  t h a t  the  a d d i t i o n  of  

s u c r o s e  to  the  r o o t i n g  medium caused an i n c r e a s e  i n  th e  

d r y  w e ig h ts  o f  v a r i o u s  p l a n t s  which were grown in  l i g h t .
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3• E f f e c t  o f  n i t r a t e  on nodule f o r m a t io n  by e t i o l a t e d ,  

and l ig h t - g r o w n  p l a n t s .

The r e s u l t s  p r e s e n t e d  show t h a t ' t h e  a d d i t i o n  

o f  n i t r a t e  to  the  r o o t in g  medium had a d e p r e s s i n g  e f f e c t  

on the  n odu le  numbers of  e t i o l a t e d  p l a n t s .  When 4 p e r  

c e n t ,  su c ro se  and n i t r a t e  were p r e s e n t  t o g e t h e r  th ey  

e x e r t e d  a cumula t ive  d e p re s s in g  e f f e c t .  T h is  r e s u l t  

d i f f e r s  from t h a t  o b ta ined  (with  l i g h t - g r o w n  p l a n t s )  by 

o t h e r  i n v e s t i g a t o r s ,  who have found t h a t  when legumes a re  

growing in  th e  p resen ce  of combined n i t r o g e n ,  th e  a d d i t i o n  

o f  c a rb o h y d ra te  s t i m u l a t e s  nodule f o r m a t io n ,  and s i m i l a r l y  

when c a rb o h y d ra te  i s  e x c e s s i v e ,  a d d i t i o n  of  combined 

n i t r o g e n  p roves  b e n e f i c i a l .  (Hopkins and F re d ,  1933; 

A l l i s o n  and Ludwig, 1934; P.W. Wilson and Wagner, 1935; 

T h o rn to n ,  1936) .

P re se n t  exper im en ts  have a l s o  shown t h a t  

c o n c e n t r a t i o n s  of n i t r a t e  up t o ,  and i n c l u d i n g ,  t h e  f u l l  

v a lu e  g i v e n  i n  the  fo rm ula  of  Bonner and D e v i r i a n  (1939) 

cause  an  i n c r e a s e  i n  the  number o f  nodu les  which form on 

whole p l a n t s  o f  pea grown i n  the  l i g h t  u n d e r  c o n d i t i o n s  

o f  w a t e r  c u l t u r e .  This  i s  somewhat s u r p r i s i n g  s i n c e  no 

r e c o r d  of  any s i m i l a r  i n c r e a s e  due to combined n i t r o g e n  

can be found in  the l i t e r a t u r e .  The observed r e d u c t i o n  

i n  nodu le  s i z e  i s  i n  agreement w ith  th e  a l r e a d y - m e n t io n e d  

f i n d i n g s  o f  Giobel  (1926), Thornton and N ieo l  (1936) and 

Hopkins ,  P.W. Wilson and P e te r s o n  (1932) ,  who a l s o  n o t i c e d
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a change i n  n o d u le  d i s t r i b u t i o n  l i k e  t h a t  d e s c r i b e d  by  

th e  a u t h o r .  As we have s ee n , changes i n  t h e  c o l o u r  and  

shape o f  t h e  n o d u le s  a ls o  o c c u r r e d  i n  t h e  p r e s e n t  t e s t s .

T h e r e f o r e ,  i t  would a p p e a r  t h a t  a l t h o u g h  

th e  f u l l  c o n c e n t r a t i o n  of  n i t r a t e  p r e s e n t  in  t h e  u s u a l  

medium i n c r e a s e s  t h e  number o f  n od u le s  foimed on whole 

pea  p l a n t s  grown i n  l i g h t ,  i t  has a d e p r e s s in g  e f f e c t  

upon th e  number of nodu les  which appea r  on e t i o l a t e d  p e a s .  

I t  i s  d i f f i c u l t  to  r e c o n c i l e  t h e s e  two f i n d i n g s ,  and as  

f a r  a s  e x c i s e d  r o o t s  a r e  concerned ,  we can o n ly  assume 

t h a t  s i n c e  th ey  a re  more c l o s e l y  a k in  t o  e t i o l a t e d  th a n  

t o  l i g h t - g r o w n  p l a n t s ,  the  n i t r a t e  in  t h e i r  case  t o o ,  may 

be e x e r t i n g  a d e p r e s s in g  e f f e c t .  Again ,  i f  th e  an a lo g y  

t o  e t i o l a t e d  p l a n t s  h o ld s  good, th e  p re s e n c e  o f  t h e  s u c r o s e ,  

a lo n g  w i th  n i t r a t e ,  in  the  medium may prove even more 

i n j u r i o u s  t o  nodule fo rm a t io n  s in c e  we have no ted  t h a t  

t h e s e  two s u b s ta n c e s  e x e r t  a cum ula t ive  d e p r e s s in g  e f f e c t  

upon th e  n o d u la t io n  of p e as  grown i n  d a r k n e s s .

4 , E f f e c t  of  the  a c c e s s o ry  growth s u b s t a n c e s ,  a n e u r i n  and 

n i c o t i n i c  a c i d  on th e  growth and n o d u l a t i o n  o f  e t i o l a t e d  

p l a n t s .

The p re s e n c e  o f  a n e u r i n  and n i c o t i n i c  a c i d  

had no s i g n i f i c a n t  e f f e c t  upon th e  n o d u l a t i o n  o f  e t i o l a t e d  

p e a  p l a n t s ,  o r  upon t h e i r  g ro w th .  As we have s e e n ,  

a n e u r i n  i s  a n e c e s s a ry  c o n s t i t u e n t  o f  t h e  m edium w h ic h  

a l l o w s  good g ro w th  o f  e x c is e d  pea r o o t s  and t h e r e f o r e  i t
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seems p o s s i b l e  t h a t  the  r o o t s  o f  i n t a c t  p l a n t s  may n o rm a l ly  

r e c e i v e  t h e i r  supply  from t h e  co ty led o n s  o r  some p l a n t  o f  

t h e  shoot  sys tem. Bonner and Greene (1938) ,  a s  no ted  

p r e v i o u s l y ,  concluded t h a t  a n e u r i n  i s  p roduced  in  g ree n  

l e a v e s  i n  l i g h t ,  and t h e r e f o r e  i t  was though t  t h a t  d a rk e n 

ed p l a n t s  might show improved growth when i t  was added t o  

t h e  r o o t i n g  medium. The f a c t  t h a t  no improvement was 

o b se rv e d  seems to  i n d i c a t e  t h a t  a d eq ua te  amounts f o r  th e  

development o f  the  e t i o l a t e d  p l a n t  must be c o n ta in e d  as 

r e s e r v e s  w i t h i n  th e  seed .  S i m i l a r l y ,  s in c e  we have se en  

t h a t  a n e u r i n  i s  r e q u i r e d  f o r  t h e  i n i t i a t i o n  o f  b a c t e r i a l  

g rowth  (West and P.W. Wilson, 1938) and s in c e  no i n c r e a s e  

i n  no d u le  numbers fo l lo w s  i t s  a d d i t i o n  t o  th e  medium, i t  

a p p e a r s  t h a t  q u a n t i t i e s  which promote the  growth which 

r e s u l t s  i n  b e s t  n o d u la t i o n  must be o b ta in e d  from th e  p l a n t ,  

p e r h a p s  a s  an e x c r e t i o n  from th e  r o o t s  (West, 1939) .  

A l t e r n a t i v e l y ,  s u f f i c i e n t  a n e u r i n  may be added i n  the  i n 

oculum, made up a s  d e s c r ib e d ,  from s lo p e s  of  a g a r  c o n t a i n 

in g  y e a s t  e x t r a c t .

S . E f f e c t  o f  r o o t  e x c r e t i o n s .

R e p e t i t i o n  of  the  f.root w ash ing1 exper im en t  

c a r r i e d  ou t  by Thornton (1929) with  lucerne  has  confi rmed 

h i s  f i n d i n g  t h a t  a subs tance  which favours  th e  f o r m a t io n  

o f  n o d u le s  on very  young p l a n t s  i s  e x c r e t e d  from t h e  

r o o t s  when the  f i r s t  t r u e  l e a v e s  a re  open ing .  Moreover,  

a s  t h e  r e s u l t  o f  a s i m i l a r  experiment  w i th  p e as  , we have
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s e e n  t h a t  such a su b s ta n c e  i s  a l s o  e x c r e t e d  by t h e  r o o t s  

o f  pea  p l a n t s ,  when t h e i r  f i r s t  l e a v e s  a r e  un fo ld in g#  

T h o r n to n  has shown t h a t  the  e x c r e t i o n  from lu c e r n e  r o o t s  

i n c r e a s e d  th e  growth o f  the  nodule organism on a g a r  medium 

and i f  th e  same be t r u e  f o r  the  su b s ta n c e  e x c r e t e d  from 

pea  r o o t s ,  t h e n  t h i s  may be the  e x p l a n a t i o n  o f  th e  m ilky  

b a c t e r i a l  zone observed  i n  th e  a u t h o r Ts ex p er im e n ts  w i th  

e t i o l a t e d  pea  p l a n t s .

West (1939) found t h a t  young r o o t s  o f  f l a x  

and tob acco  e x c r e t e  s i g n i f i c a n t  amounts o f  a n e u r i n  and 

b i o t i n  and such e x c r e t i o n  may be a common f e a t u r e  among 

h i g h e r  p l a n t s .  • I f  so ,  t h e n  t h i s  a d d i t i o n a l  amount o f  

a n e u r i n  o v e r  and above that  o f t e n  i n c lu d e d  in  the  medium 

o f  th e  p r e s e n t  exper im ent ,  may account  f o r  the  i n c r e a s e d  

b a c t e r i a l  growth around th e  r o o t s .  We can on ly  conclude 

t h a t  w h e th e r  the  s t i m u l a t i n g  agent  be t h e  a n e u r i n  o f  West , 

o r  th e  unnamed w a t e r - s o l u b l e  compound of  T h o rn to n ,  i t  

must e i t h e r  be p re s e n t  in  the  c o ty le d o n a ry  r e s e r v e s  o r  

e l s e  i t  can be s y n th e s i s e d  by e t i o l a t e d  pea p l a n t s  w i th o u t  

th e  a d d i t i o n  of  ca rbohydra te  to  the  medium. A l t e r n a t i v e l y ,  

t h e  r a p i d  m u l t i p l i c a t i o n  of th e  b a c t e r i a  i n  th e  zone 

im m e d ia te ly  surround ing  the  r o o t s  may be due m ere ly  t o  

t h e  a cc u m u la t io n  in  t h i s  r e g io n  of e x t r a  o r g a n ic  m a t t e r  

d e r i v e d  f rom sloughed—o f f  ep ide rm al  c e l l s  and r o o t  h a i r s ,  

a s  su g g e s t e d  by Ludwig and A l l i s o n  (1935).

The p o s s i b l e  s i g n i f i c a n c e  of r o o t  e x c r e t i o n s

i n  th e  n o d u l a t i o n  o f  e x c i se d  r o o t s  has been ment ioned
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a l r e a d y  on p . c f z .

6. Haemoglobin.

As has been m ent ioned ,  n o d u le s  which formed 

on e t i o l a t e d  p e as  b o th  with  and w i th o u t  th e  p r e s e n c e  o f  

s u c r o s e  i n  t h e  r o o t in g  medium, e x h i b i t e d  a d e f i n i t e  p i n k  

c o l o u r .  S p e c t r o s c o p ic  ex am ina t ion  e s t a b l i s h e d  t h a t  t h i s  

i s  due t o  th e  p resence  o f  th e  haemoglobin found i n  the  

n o d u le s  o f  p l a n t s  grown under  normal c o n d i t i o n s  ( K e i l i n  

and Wang, 1945; V i r t a n e n ,  1945) .  Haemoglobin was a l s o  

p r e s e n t  in  some o f  the  nodu les  formed on e t i o l a t e d  b la c k  

wax b e a n s .  The p resence  of  the  pigment i n  nodu les  on 

e t i o l a t e d  p l a n t s  i s  o f  some i n t e r e s t ,  s i n c e  i t  i s  a m a t t e r  

o f  common o b s e r v a t io n  t h a t  when leguminous p l a n t s  which 

have been  growing under  normal c o n d i t i o n s  a re  t r a n s f e r r e d  

to  d a r k n e s s ,  w i th in  a few days the  red  c o lo u r  o f  the  

nodu le  t i s s u e s  i s  r e p l a c e d  by brown o r  g ree n  c o l o u r a t i o n s .  

I t  i s  now g e n e r a l l y  acc ep ted  t h a t  haemoglobin p ro b ab ly  

h a s  some f u n c t i o n  in  the  mechanism o f  n i t r o g e n - f i x a t i o n  

and t h e r e f o r e  i t  i s  p lanned  t o  i n v e s t i g a t e  w h e th e r  t h e  

p in k  n o d u l e s  o f  e t i o l a t e d  p l a n t s  a re  c ap a b le  of c a r r y i n g  

o u t  t h i s  p r o c e s s .
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SUMMARY SECTION I I .

1 * C ons ide rab le  numbers o f  n o d u le s  developed

on c o m p le te ly  e t i o l a t e d  p l a n t s  of  pea  grown a s e p t i c a l l y  

on a r o o t i n g  medium of  agar  w i th  n u t r i e n t  s a l t s .  The 

n o d u le s  o bse rved  on such p l a n t s  grown c o n t i n u o u s l y  in  

com ple te  d a rk n e ss  were, however, much i n f e r i o r  i n  number 

and s i z e  to  th o se  formed on p l a n t s  grown in  l i g h t  under  

o t h e r w i s e  comparable c o n d i t i o n s .  N e v e r t h e l e s s ,  the  

e x t e n t  o f  n o d u l a t i o n  was c o n s id e r a b ly  s u p e r i o r  to  th a t  

r e p o r t e d  by the  m a j o r i t y  of  p rev io u s  i n v e s t i g a t o r s  f o r  

v a r i o u s  leguminous p l a n t s  in c lu d in g  pea .  I t  t h u s  a p p e a r s  

t h a t  t h e  e t i o l a t e d  pea can supply  the  m a t e r i a l s  r e q u i r e d  

f o r  the  fo rm a t io n  of  a l im i t e d  number of n o d u le s .

2 .  A small  number of nodu les  formed on e t i o l a t e d

p l a n t s  o f  b l a c k  wax bean grown on m i n e r a l - s a l t  a g a r ,  but 

no n o d u l e s  were observed on e t i o l a t e d  red  c l o v e r  p l a n t s  

c u l t u r e d  on a s i m i l a r  medium.

3 # The p resen ce  of  sucrose  in  the  r o o t i n g  medium

d e c r e a s e d  th e  number o f  n o d u les  formed on pea  p l a n t s  grown 

i n  c o n t i n u o u s  d a rk n e s s ,  and a l s o  on th o se  grown under  

normal  l i g h t  c o n d i t i o n s ,  but  th e  s i z e  and d ry  weight o f

n o d u l e s  were i n c r e a s e d ;  th e  dry  weight  o f  th e  p l a n t s

th e m se lv e s  was a l s o  in c r e a s e d .  The suc rose  i n  some way 

r e s t r i c t e d  the  in v a s io n  of  the  p l a n t  by the  nodule  b a c t e r i a
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o r  reduced  the  number of  nodu les  i n i t i a t e d ,  b u t  i t s  

p r e s e n c e  proved b e n e f i c i a l  to  th e  development o f  such 

n o d u le s  a s  were i n i t i a t e d .

With e t i o l a t e d  b lack  wax bean s ,  the d e p r e s s 

in g  e f f e c t  of suc rose  on nodule numbers and b e n e f i c i a l  

e f f e c t  on p l a n t  dry weight  and nodule  s i z e  were a g a in  

e v i d e n t .  Three nodu les  were obse rved  on e t i o l a t e d  

p l a n t s  o f  red  c lo v e r  grown on medium t o  which 3 p e r  c e n t ,  

su c r o s e  had been added.

5. The p resence  o f  combined n i t r o g e n  i n  the

r o o t i n g  medium decrea sed  th e  number of  n o d u le s  formed 

on e t i o l a t e d  pea p l a n t s .  When s u c ro se  and combined 

n i t r o g e n  were p r e s e n t  t o g e t h e r ,  t h e r e  was s t i l l  f u r t h e r  

r e d u c t i o n  i n  nodule numbers.

6 . N i t r a t e  c o n c e n t r a t i o n s  r a n g in g  from 20.43

t o  327 .0  mg. pe r  l i t r e ,  i n c r e a s e d  the  number o f  n o d u le s

formed on whole pea p l a n t s  growing in  l i g h t  und e r  con

d i t i o n s  o f  water  c u l t u r e ,  b u t  reduced  t h e i r  s i z e ,  and 

a f f e c t e d  t h e i r  c o lo u r ,  shape and d i s t r i b u t i o n .

7 # Phe a d d i t i o n  of a n e u r in  and n i c o t i n i c  a c id

t o  the  r o o t i n g  medium had no s i g n i f i c a n t  e f f e c t  upon 

t h e  g ro w th  o r  n o d u la t i o n  o f  e t i o l a t e d  p e as .

8 A  dense zone o f  b a c t e r i a l  growth su r rou n ded

the  main r o o t  and r o o t l e t s  of  e t i o l a t e d  pea p l a n t s  growing
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i n  medium . ; i t h  and. w i th o u t  su c ro se .  The i n c r e a s e d  

b a c t e r i a l  m u l t i p l i c a t i o n  may have been due t o  t h e  

e x c r e t i o n  of  some s t i m u l a t i n g  subs tance  by th e  ro o ts#

9* The c o n c lu s io n  o f  a p r e v i o u s  i n v e s t i g a t o r

t h a t  a su b s ta n c e  which s t i m u l a t e s  noaule  f o r m a t io n ,  and

i n c r e a s e s  th e  growth of the  nodule o rgan ism  on a g a r ,  i s  

e x c r e t e d  from the  r o o t s  o f  lu c e rn e  p l a n t s  a t  a t ime 

c o - i n c i d e n t a l  w i th  the opening  of t h e i r  f i r s t  t r u e  

l e a v e s ,  i s  suppor ted  by e x p e r im e n ts  r e p o r t e d  i n  the  

t h e s i s .  There i s  a l s o  some ev idence  t h a t  with  normal  

whole .pea p l a n t s  a subs tance  which fav o u rs  the  fo rm a t io n  

o f  n o d u l e s  on ycung p l a n t s  i s  e x c r e t e d  from the  r o o t s  

when th e  f i r s t  l e a v e s  a r e  opening .

10 .  Nodules formed on e t i o l a t e d  pea p l a n t s  grown

on media  w i th  and w ithout  s u c r o s e ,  had t h e  normal p in k  

c o l o u r  due to the  p resence  of  haemoglobin. A p p a ren t ly  

a l i m i t e d  f o rm a t io n  of  t h i s  pigment i s  p o s s i b l e  i n  

p l a n t s  grown i n  the  absence of l i g h t .

11 # The incidence  o f  l i g h t  upon th e  r o o t  systems

o f  i n o c u l a t e d  whole p l a n t s  o f  pea has  a marked d e p r e s s i n g  

e f f e c t ' u p o n  n o d u la t i o n .

1 2 The b e a r in g  of  th e  above r e s u l t s  on a t t e m p t s

to  s e c u re  the  n o d u l a t i o n  of  e x c i se d  r o o t s  i s  i n d i c a t e d .

s



-  154 -

REFERENCES TO LITERATURE.

ACTON, E.H. 1889. The a s s i m i l a t i o n  of carbon  by g re e n  

p l a n t s  f rom c e r t a i n  o rg an ic  compounds. P r o c .  Roy. Soc .  47:

150 -  175.

ADDICOTT, F .T .  1939. Vitamin Bp in  r e l a t i o n  t o  m e r i s t e m a t i c  

a c t i v i t y  o f  i s o l a t e d  pea r o o t s .  B o t .  Gaz. 100; 836 -  843.

  1941. E f f e c t s  of r o o t  growth hormones on

t h e  m e r i s t e m  of e x c i s e d  pea r o o t s .  B o t .  Gaz. 102: 576 -  581.

  and BQNNEH, J .  1938. N i c o t i n i c  a c i d  and t h e

growth  of i s o l a t e d  pea r o o t s ,  S c ien c e  8 8 ; 577 -  578.

_________._______  and DEVIRIAN, P .S .  1939. A second growth

f a c t o r  f o r  e x c i s e d  pea r o o t s :  n i c o t i n i c  a c i d .  Am. J o u r .

B o t .  26: 667 -  671.

ALBRECHT, W.A. 1921. S tu d i e s  on th e  l o n g e v i t y  of  B. r a d i c i -  

c o l a  i n  the  s o i l .  M issour i  Agr. E x p t .  S t a . ,  B u i .  189: 54 - 5 6 .

________________  1922. V iab le  legume b a c t e r i a  i n  s u n - d r i e d

s o i l .  J o u r .  Am. Soc. Agron. .14: 49 -  51.

 and TURK, L.M. 1930. Legume b a c t e r i a  w i th

r e f e r e n c e  to  l i g h t  and lo n g e v i t y .  M isso u r i  Agr.  E x p t .  S t a . ,

R e s e a r c h  B u i .  132: 19 pp.

ALLISON, F .E .  1935. Carbohydra te  supply  a s  a p r im ary  

f a c t o r  i n  legume sym b ios is .  S o i l .  S c i .  39: 123 -  143.

  and LUDWIG, C.A. 1934. The cause  o f

d e c r e a s e d  nodule  fo rm a t io n  on legumes s u p p l i e d  w i th  abundan t  

combined n i t r o g e n .  S o i l  S c i .  37: 431 -  443.



-  1 5 5  -

AVERY, G . 3 . ,  BURKHOLDER, P . R . , and CREIGHTON, H.B. 1937. 

P r o d u c t i o n  and d i s t r i b u t i o n  o f  growth hormone i n  s h o o t s  o f  

A e s c u lu s  m a lus ,  and i t s  p ro bab le  r o l e  in  s t i m u l a t i n g  

cam bia l  a c t i v i t y .  Am. J o u r .  Bot .  24: 51 -  58.

BOEHM, J .  1883. Uber s t a r k e b i l d u n g  aus z u c k e r .  Bot .

z t g .  41:  33 -  38, 49 - 54.

BONNER, J .  1937. Vitamin B^, a growth f a c t o r  f o r  h i g h e r  

p l a n t s .  S c ien ce  85: 183 - 184.

_______________  1938. Thiamin ( v i t a m i n ) and t h e  growth

o f  r o o t s :  the  r e l a t i o n  of  chemical  s t r u c t u r e  to  p h y s i o l o g i 

c a l  a c t i v i t y .  Am. J o u r .  Bot .  25: 543 -  549.

_______________  1940a. On the  growth f a c t o r  r e q u i r e m e n ts

o f  i s o l a t e d  r o o t s .  Am. J o u r .  B o t .  27: 692 -  701.

_______________  1940b. S p e c i f i c i t y  of n i c o t i n i c  a c i d  as  a

g row th  f a c t o r  f o r  i s o l a t e d  pea r o o t s .  P l a n t  P h y s i o l .  15:

553 -  557.

1942a. Cul tu re  of  i s o l a t e d  r o o t s  o f  Acac ia  

m e la n o x y lo n . B u l l .  Torrey  Bot .  Club 69: 130 -  133.

1942b. A r e v e r s i b l e  growth i n h i b i t i o n  o f  

i s o l a t e d  tomato r o o t s .  P roc .  Nat .  Acad. S c i .  28: 321 -  328.

1942c. R i b o f l a v i n  i n  i s o l a t e d  r o o t s .  B o t .

Gaz. 103: 581 - 585.

1943. F u r t h e r  exper im ents  on th e  n u t r i t i o n  o f

i s o l a t e d  tomato r o o t s .  B u l l .  Torrey  Bot .  Club 70: 184 -

189.



-  1 5 6  -

 j and ADDICOTT, F.T .  1937,  C u l t i v a t i o n  i n

v i t r o  o f  e x c i s e d  pea r o o t s .  B o t .  Gaz. 9 9 : 144 -  170.

* and BUCHMAN, B.R, 1938. S y n th e se s  c a r r i e d  

o u t  i n  v i t r o  by i s o l a t e d  pea r o o t s .  I .  P roc .  N a t .  Acad. 

S c i . ,  -flash. 27: 431 -  438.

 , and DEVIRIAN, P .S .  1939. Growth f a c t o r

r e q u i r e m e n t s  o f  f o u r  s p e c i e s  of  i s o l a t e d  r o o t s .  Am. J o u r .

B o t .  26: 661 - 665.

 , and GREENE, J .  1938. Vi tamin  B^ and th e

g row th  o f  g reen  p l a n t s .  Bot .  Gaz. 100: 226 - 237.

_____________ , and KQEPFLI, J . B .  1939. The i n h i b i t i o n  of

r o o t  g rowth  by a u x in s .  Am. J o u r .  Bo t .  2 6 J 557 -  566.

BOYSSN -  JENSEN, P. 1933. Uber d e r  Nachweis von 

W u c h s s to f f  in  Wurzeln. P l a n ta  19: 345 -  350.

BURRILL, T . J . ,  and HANSEN, R. 1917. I s  sym bios is  p o s s i b l e  

b e tw een  legume b a c t e r i a  and non-legume p l a n t s ?  111. Agr.  

E x p t .  S t a . ,  Bui .  202: 115 -  181.

BURSTR0M, H. 1941. S tu d i e s  on the  c a rb o h y d ra te  n u t r i t i o n  

o f  r o o t s .  L a n tb ru k sh o g s k . , Ann. 9: 264 -  284.

CHAMBERS, W.H. 1923. C u l tu r e s  o f  p l a n t  c e l l s .  P r o c .  S o c .

E x p t .  B i o l ,  and lied. 21: 7 1 - 7 2 .

CHEN, H.K. , and THORNTON, H.G. 1940. The s t r u c t u r e  o f  

' i n e f f e c t i v e *  n o d u le s  and i t s  in f l u e n c e  on n i t r o g e n  f i x a t i o n .  

Proc. R o y . S o c . ,  B, 129: 208 -  209.



-  157  -

DAY, D. 1941. Vitamin B6 and growth of  e x c i s e d  tomato

r o o t s  i n  agafc c u l t u r e .  Sc ience  94: 468 -  469.

________________ 1943. Growth o f  e x c i s e d  tomato r o o t s  i n

a g a r  w i th  th ia m in e  p lu s  p y r i d o x in e ,  n i c o t in a m id e  o r  g l y c i n e .

Am. J o u r .  B o t .  30: 150 - 1 5 6 ,

DAWSON, R .F .  1942.  N ic o t in e  s y n t h e s i s  in  e x c i s e d  to b ac co  

r o o t s .  Am. J o u r .  Bot .  29: 813 -  815.

JiRDIv'AN, L.W., and WILKINS, F .S .  1928. Soybean i n o c u l a t i o n  

s t u d i e s .  Iowa Agr. E xpt .  S t a . ,  Res. B u i .  114: 1 -  56.

FIELDLER, H. 1936. Entw ick lungs  - und r e i z p h y s i o l o g i s c h e  

U n te rsu ch un g en  an K u l tu ren  i s o l i e r t e n  W u rz e l s p i t z e n .  Z t s c h r .  

B o t .  30:  385 -  436.

FRED, E . B . , BALDWIN, I .L . ,  and McGOY, E. 1932. Root nodule  

b a c t e r i a  and leguminous p l a n t s .  Madison, W iscons in .

GALLIGAR, G.C. 1934. Growth s t u d i e s  on e x c i s e d  ro o t  t i p s .  

D i s s . ,  Univ.  I l l i n o i s .
1

________________ 1939. Growth b ehav iou r  of o n e - m i l l i m e t e r

e x c i s e d  r o o t  t i p s .  P l a n t  P h y s io l .  14:  163 -  169.

GEORGI, G . E . ,  ORCUTTjF.S., and WILSON, P.W. 1933. F u r t h e r  

s t u d i e s  on the  r e l a t i o n  between th e  carbon  a s s i m i l a t i o n  

and n i t r o g e n  f i x a t i o n  in  leguminous p l a n t s .  S o i l  S c i . 36:

375 -  382.

GIOBEL, G. 1926. The r e l a t i o n  o f  s o i l  n i t r o g e n  to  nodule  

development  and f i x a t i o n  of n i t r o g e n  by c e r t a i n  legum es.

N . J .  E x p t • S t a . , Bui .  436: 125 pp.

GOLDING, J .  1899. Sugar as an agent  in  n i t r o g e n  f i x a t i o n  

and an a i d  to  t h e  growth o f  p l a n t s .  J o u r .  Soc. Chem. Ind .



-  1 5 8  -

1 8 :  5 6 4  -  5 6 6 .

  1900. Sugar as  an a id  to  the  g row th  o f

p l a n t s .  J o u r  Soc. Chem. Ind. 19: 324 -  325.

HABKRLANDT,. G. 1902. K u l tu rv e rsu c h e  m it  i s o l i e r t e n  

P f l a n z e n z e l l e n .  S i t z u n g s b e r .  Akad. V/iss. Wien. m ath .  -

n a tu r w .  -  k l .  I l l :  69 -  92.

HARRlSON, R.G. 1907. O bse rv a t io n s  on th e  l i v i n g  d e v e lo p in g  

n e rv e  f i b e r .  P roc .  Soc. Expt.  B i o l ,  and Ivied. 4:  140 -  143.

HART , G.E. 1943. The s y n t h e s i s  o f  su c ro s e  i n  th e  s u g a r  

cane p l a n t .  I I .  The e f f e c t s  of s e v e r a l  i n o r g a n i c  and o rg an 

i c  compounds upon the  i n t e r c o n v e r s i o n  o f  g lu co se  and 

f r u c t o s e  and the  fo rm a t ion  of suc ro se  in  d e ta c h e d  o rgans  

o f  t h e  su g a r  cane p l a n t .  Hawaiian P l a n t e r s  Rec. 47:  155 -  170 

HELLRIEGEL, H., and WILEARTH, H. 1888. U nte rsuchungen  iiber 

d i e  S t i c k s t o f f n a h r u n g  de r  Gramineen und Leguminosen. 

B e i l a g e h e f t  zu de r  Z t s c h r .  Ver.  Riibenzucker -  I n d u s t r i e  

D e u tsch e n  R e ic h s .  234 pp.

HENDERSON, J . , a n d  STAUFFER, J . F .  1944. The i n f lu e n c e  of  

some r e s p i r a t o r y  i n h i b i t o r s  and i n t e r m e d i a t e s  on growth  

and r e s p i r a t i o n  o f  e x c i s e d  tomato r o o t s .  Am. J o u r .  B o t .

31: 528 -  535.

HILTNER, L. 1900. Uber d ie  Ursachen welche d ie  G ro sse ,  Z a h l ,  

S t e l l u n g  und Wirkung d e r  W urzelknol ichen  d e r  Leguminosen 

b e d in g e n .  Arb. k. Gesundh. , B i o l .  Abt .  1 .  177 -  222.



-  159 -

HOPKINS, j i .W ., and j?RED, E.B. 1933* I n f lu e n c e  o f  v a r i o u s  

n i t r o g e n o u s  compounds and m an n i to l  on no du le  f o r m a t io n  by 

c l o v e r .  P l a n t  P h y s i o l .  8 : 141 -  155.

_______________ , WILSON, P.W. and PETERSON, W.H. 1932. I n 

f l u e n c e  o f  p o ta s s iu m  n i t r a t e  on nodule  fo r m a t io n  and 

n i t r o g e n  f i x a t i o n  by c lo v e r .  P l a n t  P h y s i o l .  7 : 597 -  611.

JACOBSON, H.G.M. 1925. Changes i n  h y d ro gen - ion  c o n c e n t r a t i o n  

i n  n u t r i e n t  s o l u t i o n s .  I ,  In  a c u l t u r e  w i th  wheat .  I I ,  In  

c u l t u r e s  w i th  r i c e ,  J o u r .  Am. Soc. Agron. 17: 577 -  583;

583 -  586.

KEILIN, D . , and WANG, Y.L. 1945. Haemoglobin in  th e  r o o t  

n o d u le s  o f  leguminous p l a n t s .  Nature  155: 227 -  229.

KNUDSON, L. 1917. In f lu e n c e  o f  c e r t a i n  c a r b o h y d r a t e s  on 

g r e e n  p l a n t s .  C orne l l  Univ. Agr. Expt .  S t a . ,  Memoir 9:

747 -  809.

________________ 1919. V i a b i l i t y  of  d e ta ch e d  r o o t  cap c e l l s .

Am. J o u r .  B o t .  6 : 309 -  310.

_______________ , and LINDSTROM, E.W. 1919. I n f l u e n c e  o f

su g a r s  on th e  growth of  a lb in o  p l a n t s .  Am. J o u r .  B o t .  6 :

401 -  406.

KOTTE, W. 1922a.  Wurzelmeristem in  G ewebekul tur . B e r .  d.  

b o t .  Ges. 40:  269 -  272.

1922b. K u l tu rve rsuche  m it  i s o l i e r t e n  

W u r z e l s p i t z e n .  B e i t r .  a l l g .  B o t .  2.  413 434.



-  160 -

LAURENT, E. 1887. Recherches e x p e r im e n ta l e s  s u r  l a  f o r m a t io n

d Tamiaon dans l e s  p l a n t e s  aux depens de s o l u t i o n s  o r g a n i q u e s .

Soc .  Roy. B o t .  Belgique. ,  Bui .  26: 243 - 270.

_______________  1891. Recherches sur  l e s  n o d o s i t e s  r a d i c a l e s

des  l e g u m in e u s e s .  Ann. I n s t .  P a s t e u r  5 : 105 -  139.

LAURENT, J .  1904. Recherches s u r  l a  n u t r i t i o n  carbonee  des

p l a n t e s  v e r t e s  a l ' a i d e  de m a t i e r e s  o r g a n i q u e s .  Rev. g en .  

b o t .  16:  14 -  48, 68 -  80,  96 -  119, 120 -  128, 155 -  166,

188 -  202,  231 -  241.

LAWSS, J . B . ,  and GILBERT, J .H .  1891.  The s o u rc e s  o f  t h e  

n i t r o g e n  i n  o u r  leguminous c ro p s .  J o u r .  Roy. Agr.  Soc.

2: 657 -  702.

LEONARD, L . T . 1926. A p r e l i m i n a r y  note  on th e  r e l a t i o n  

o f  p h o t o s y n t h e t i c  ca rbohydra te  to  nodule  fo r m a t io n  on 

so y b e a n s .  J o u r ,  Am. Soc. Agron. 18: 1012 1016.

LEWIS, K .H . ,  and McCOY, E. 1933. Root nodule  f o r m a t io n  

on t h e  g a rd e n  bean,  s t u d i e s  by a t e c h n iq u e  o f  t i s s u e  

c u l t u r e .  B o t .  Gaz. 95: 316 -  329.

LEWIS, L . L . , and NICHOLSON, J . F .  1905. S o i l  i n o c u l a t i o n .  

T u b e r c l  ̂ fo rm ing  b a c t e r i a  of the  legumes. Okla .  A g r .E x p t .

S t a . ,  B u i .  6 8 : 1 -  30.

LUDWIG, C.A. ,  and ALLISON, F. E .  1935. Some f a c t o r s  

a f f e c t i n g  nodule  fo rm a t io n  on s e e d l i n g s  o f  leguminous 

p l a n t s .  J o u r .  Am. Soc. Agron. 27: 895 -  902.

MACKLS, T . J . ,  and McCARTNEY, J . E ,  1946. Handbook of 

P r a c t i c a l  B a c t e r i o l o g y .  Edinburgh.



-  161 -

MALYbCHEV, N. 1932a.  Das Wachstum das i s o l i e r t e n  

W u rze lm er is tem s  auf  s t e r i l e n  Nahrboden. B i o l .  Z t r b l ,  52:

257 -  265.

— -  -. 1932b. The growth of  i s o l a t e d  m e r i s te m s  o f

r o o t s .  P r e s l i a  11: 59 -  61.

MAYER, G.G. 1929.  Der E i n f l u s s  v e r s c h i e d e n e r  N a h r s t o f f z u f -

l ihrung a u f  das  Langenwachstum i s o l i e r t e r  Wurzeln.  D i s s . ,

G i e s s e n .
***

MAZE, M. 1898. Les microbes  des  n o d o s i t e s  des l eg u m in eu se s .  

Ann, I n s t .  P a s t e u r .  12: 128 -  155.

McCLAY, J . E .  1940. S y n th e s i s  of t h ia m in  by e x c i s e d  r o o t s  of 

m a iz e .  P ro c .  N a t .  Acad. S c i . 26: 581 -  587.

McCOY, E.  1932. I n f e c t i o n  by B a c t . R a d i c i c o l a  i n  r e l a t i o n  

t o  t h e  m ic r o b io lo g y  of the  h o s t ’ s c e l l  w a l l s .  P ro c .  Roy.

S o c . , B. 110: 514 -  533.

Me GQNAGLS, M.P. 1944. C u l tu re s  o f  e x c i s e d  leguminous r o o t s .  

N a tu r e  153: 158.

MEYER, A. 1886."  B i ldung  der  s tS r k e k o r n e r  in  den l a u b b l g t t e r n  

a u s  z u k e r a r t e n ,  manni t  und g l y c e r i n .  Bot .  Z tg .  44: 81 -  88,

105 -  113 ,  129 -  137, 145 -  151.

MEYER, B . S . ,  and ANDERSON, D.B. 1939. P l a n t  P h y s io lo g y .  New 

York.

MOLLIARD, M. 1907. A c t io n  morphogenique de s u b s ta n c e s

o r g a n i q u e s  su r  l e s  vegetaux  s u p e r i e u r s .  Rev. Gen. B o t .  19.

241 -  291,  329 -  349, 357 - 391.

1921. Sur le  de'veloppement des p l a n t u l e s

f r a g m e n t s e s .  Compt. Reildu Soc. B i o l . ,  P a r i s ,  84 .  770 -  772.



-  162 -

MOORii., G.T. 1905* S o i l  111001110.11 ion  f o r  legum es j  w i th  

r e p o r t s  upon th e  s u c c e s s f u l  use of  a r t i f i c i a l  c u l t u r e s  by 

p r a c t i c a l  f a r m e r s .  U. S. Dept ,  Agr. Bur.  P l a n t  I n d u s . ,

B u i .  71:  1 -  72.

NAGAO, M. 1936. S t u d i e s  on the  growth hormones o f  p l a n t s .

I .  The p r o d u c t i o n  o f  growth s u b s ta n c e s  in  r o o t  t i p s .  S c i .  

r e p .  Tohoku u n i v .  ( B i o l . )  10: 721 - 731.

NILSSON, R . ,  BJALVE, 0 . ,  and BURSTRSM, D. 1938. Uber 

Z u w a c h s fa k to re n  b e i  B a c t . R a d io ic o la  I .  Ann. d. l a n d w i r t s c h .  

H ochschu le  Swedens. 5: 291 -  322.

NOBLES, 0. 1919. Sp r ing  i n o c u l a t i o n  o f  legumes. Mich. Agr.  

E x p t .  S t a . ,  Q ua r t .  Bui .  1: 100.

OTIS, D.H. 1898. Root t u b e r c l e s  and t h e i r  p r o d u c t i o n  by 

i n o c u l a t i o n .  The I n d u s t r i a l i s t ,  Manhattan,  Kans.  24: 363 -

378.
✓ rroc.

van  OVERBEEK, J .  1939a. I s  aux in  produced i n  r o o t s Y ^ /N a t .

Acad. S c i . ,  Wash., 25: 245 -  248.

_______________  1939b. Evidence f o r  a u x in  p r o d u c t i o n  in

i s o l a t e d  r o o t s  growing i n  v i t r o .  Bo t .  Gaz. 101: 450 -  456.

_______  } and BONNER, J .  1938. Auxin in  i s o l a t e d  r o o t s

g rowing  i n  v i t r o .  P roc .  R a t .  Acad. S c i . ,  Wash.,  24: 260 -  264

e t  a l .  1944. F a c t o r s  a f f e c t i n g  t h e  growth 

o f  D a tu r a  embryos in  v i t r o .  Am. J o u r .  Bo t .  31: 219 -  224.

PRAZMOWSKI, A. 1890. Die W urzelknol ichen  d e r  E r b s e .  Landw.

V e rs .  S t a .  37: 161 -  238.

PFKFFER, W. 1900. The phys io logy  o f  p l a n t s .  1:  325 -  326. 

( T r a n s l a t e d  by A . J .  E w ar t ) .



-  163  -

PRUCHA, M .J .  1915. P h y s i o l o g i c a l  s t u d i e s  o f  B a c i l l u s  

R a d i c i c o l a  o f  Canada f i e l d  p ea .  C o rn e l l  Univ. Agr.  E x p t .  

S t a . ,  Memoir 5: 1 - 83.

RAUTENBERG, F . ,  and KUHN, G. 1864. x v i i i .  Vegefrat i o n s v e r -  

suche im Sommer 1863. J o u r .  Landw. 12: 107 -  140.

RECHINGER, C. 1893. Untersuchungen u b e r  d i e  Grenzen d e r  

T e i l b a r k e i t  im P f l a n z e n r e i c h .  Abhandl. ZoO.l. -  b o t .  -  G e s . ,  

W ie n . ,  43:  310 -  334.

REID, M.E . ,  and ROBBINS, W.J. 1942. S y n th e s i s  o f  a s c o r b i c  

a c i d  i n  e x c i s e d  tomato r o o t s ,  Sc ience  95: 632 -  633.

RITTER, G. 1911. B e i t r a g e  zu r  N-ernahrung d e r  Leguminosen. 

C e n t b l .  B a k t .  2 Abt .  29: 650 -  668.

ROBBINS, W.J .  1922a.  C u l t i v a t i o n  o f  e x c i se d  r o o t  t i p s  

and s tem  t i p s  under  s t e r i l e  c o n d i t i o n s .  Bot .  Gaz. 73:

376 -  390.

_______________  1922b.  E f f e c t  of a u t o l i z e d  y e a s t  and pep tone

on g r o w t h  o f  e x c i s e d  corn  r o o t  t i p s  in  th e  d a rk .  Bo t .  Gaz. 

74:  59 -  79.

1939. Thiamin and p l a n t  growth. S c ien c e  89:

303 -  307.

1940a.  L ight  and the  growth of  e x c i s e d  r o o t s

o f  D a t u r a .  B u l l .  Torrey  Bot .  Club 67: 762 -  764.

1940b. Response o f  e x c i s e d  tomato r o o t s  t o  

B ( -  4 m e t h y l t h i a z o l y l  -  5) -  a l a n i n e .  P l a n t  P h y s i o l .  15: 

547 -  552.



-  1 6 4  -

—' -  ----- ■ 1941. Growth of  e x c i s e d  r o o t s  and h e t e r o s i s

i n  to m a to ,  Am. J o u r .  B o t .  28; 216 -  225.

 — -----------  1942.  S p e c i f i c i t y  of  p y r id o x in e  f o r  e x c i s e d

tom ato  r o o t s .  Am. J o u r .  B o t .  29; 241 -  244.

________  -- and BARTLEY, Iff.A. 1937a.  Vi tamin  ' b 1  and

t h e  g rowth  o f  e x c i s e d  tomato r o o t s .  Sc ience  85:  246 -  247.

______________ j  and _______________  1937b. T h iazo le  and th e

growth o f  e x c i s e d  tomato r o o t s .  P roc .  N a t .  Acad. S c i .  Wash. , 

23:  385 -  388.

 _____________ , and _______________  1937c.  Use o f  d e x t r o s e  by

e x c i s e d  tomato r o o t s .  Science 86: 290 -  291.

. and KAVANAGH, V. 1943. Growth of e x c i se d  

r o o t s  o f  p l o y p lo i d  to m a to es .  Am. J o u r .  Bot .  30: 602 -  605.

 , and MANEVAL, W.E. 1923. F u r t h e r  e x p e r im e n ts

on g row th  o f  e x c i s e d  r o o t  t i p s  under  s t e r i l e  c o n d i t i o n s .

B o t .  Gaz. 76: 274 -  287.

_________________ and___ ___________  1924. E f f e c t  of  l i g h t  on

g row th  o f  e x c i s e d  r o o t  t i p s  under  s t e r i l e  c o n d i t i o n s .  Bot .

Gaz. 78:  424 -  432.

 9 and SCHMIDT, M.B. 1938. Growth o f  e x c i s e d

r o o t s  o f  t h e  tomato .  B o t .  Gaz. 99: 671 -  728.

and  ________  1939a. V i tam in  Bg , a g rowth

s u b s ta n c e  f o r  e x c i s e d  tomato r o o t s .  P roc .  N a t .  Acad. S c i .

W a s h . , 2 5 :  1 - 3 .
and 1939b. F u r t h e r  ex p er im e n ts

on e x c i s e d  tomato r o o t s .  Am. J o u r .  Bot .  26. 149 -  159.



-  165  -

------------------------j ari(3- WHITE,-V.B. 1936. L im i ted  growth and

a b n o r m a l i t i e s  i n  e x c i s e d  corn r o o t  t i p s .  Bot .  Gaz. 98:

209 -  242 .

-...........  - » 1937. E f f e c t  o f  e x t r a c t s

f rom  th e  corn  p l a n t  on growth o f  e x c i s e d  r o o t  t i p s .  Bo t .  

Gaz. 98: 520 -  534.

_______________ , WHITE, V .B ., McCLARY, J . 3 .  , and BARTLEY, M.A.

1936. The importance  of a sh  e lem ents  in  t h e  c u l t i v a t i o n  o f  

e x c i s e d  r o o t  t i p s .  Proc .  Nat .  Acad. 3 c i . ,  Wash., 22: 636 -

639.

RUFFER, S.  1932. Forschungen zum Kbhlenhydra tumsatz  b e i  

k n o l l c h e n t r a g e n d e n .  und k n o l l c h e n f r e i e n  Sojabohnen.  Z t s c h r .  

P f l a n z e n e r n a h r . , Dungung u.  Bodenk. 24A: 129 -  167.

SCHWEITZER, J .  1932. Uber das V a r h a l t e n  der  B a c t e r i e n k n o l l -  

chen b e i  e in i g e n  c h l o r o p h y l l f r e i e n  Leguminosen. V erhand l .  

N a t u r f .  G e s e l l . ,  B a s e l ,  113: 376 -  377.

SIMON, J .  1907. Die W id e r s t a n d s f a h ig k e i t  de r  W u rz e lb a k te r -  

i e n  d e r  Leguminosen und i h r e  Bedeutung f u r  d ie  Bodenimpfung. 

J a h r e s b e r .  Ver .  Angew. Bot .  5: 132 -  160.

SNOW, R. 1933. . The n a tu r e  of  cambial  s t im u lu s .  New P h y to l .

32: 288 -  296.

1935. A c t i v a t i o n  of cambia l  growth by pure

hormones.  New P h y t o l .  34: 347 -  360.

THORNTON , H.G. 1929. The r o l e  o f  the  young lu c e rn e  p l a n t  

i n  d e t e r m i n i n g  t h e  i n f e c t i o n  o f  th e  ro o t  by n o d u le - fo rm ing  

b a c t e r i a .  P ro c .  Roy. S o c . ,  B, 104. 481 -  492.



-  166 -

----------------;-------  1930. The in f lu en ce  of the host p la n t  in

ind ucin g  p a r a s i t i s m  in  lucerne and c lover  n od u les . Proc, 

Roy. S o c . ,  B, 106: 110 -  122.

  1936. The a c t io n  o f  sodium n i t r a t e  upon the

i n f e c t i o n  o f  lucerne root h a irs  by nodule b a c te r ia .  Proc.

Roy. S o c . ,  B, 119: 474 -  492.

. and NICQL, H. 1936. Reduction of nodule  

numbers and growth, produced by the a d d it io n  o f  sodium 

n i t r a t e  to  lucerne in  sand c u ltu r e .  Jour. Agr. S c i .  24: 

540 -  543.

TRS-LEASE, 8 . F . , and TRELEA.8E.., . .H A  1933. P h y s io lo g ic a l ly  

balanced  c u ltu r e  s o lu t io n s  with s ta b le  hydrogen-ion con

c e n tr a t io n .  S c ien ce  78: 438 -439 .

TRELEASE, S .F . ,  and TRELEASE, H.M. 1935. Changes in  

hyd rog en -ion  co n cen tra tio n  o f  cu lture  s o lu t io n s  con ta in in g  

n i t r a t e  and ammonium n itr o g en . . Am. Jour. Bot. 22: 520 -

542.

USPENSKI, S .E . and USPENSKAJA, W.J. 1925. Reinkultur und 

u n g e s c h le c h t l ic h e  Fortpflanzung des Volvox minor und Volvox 

g lo b a to r  in  e in er  sy n th e t isch en  Nahrlosiing. Z e itsc h r .  Bot.  

17: 273 -  308.

VINES, S.H. 1888. On the r e la t io n  between the form ation  

o f  t u b e r c le s  on the r o o ts  o f  leguminosae and the presence  

o f  n i t r o g e n  in  the s o i l .  Ann. Bot. 2: 386 -  389.

VIRTANEN, A .I .  1945. Symbiotic n itrogen  f i x a t io n .  Nature

155: 747 -  748.



-  167 -

» an<̂  LAME, T. 1946. Rad, brown and green  

pigm ents in  leguminous root nodules. Nature 157: 25 -  26.

Wi B̂ER, L. 1930 . Baltpeterdungung a l s  B eeintrachtigung der 

S tick sto ffsa m m lu n g  durch Leguminosen. Zentbl. Bakt. 2 Abt. 

82: 353 -  379.

WEST, P.M. 1939. E xcretion  o f  thiamin and b io t in  by the  

r o o ts  o f  h ig h er  p la n t s .  Nature 144: 1050 -  1051.

____________ _ ,  and WILSON, P.W. 1938. S y n th es is  o f  growth

f a c t o r s  by Rh. t r i f o l i i . Nature 142: 397 -  398.

_____________ a n d ___________________ 1939. Growth fa c to r

requirem ents o f  the root nodule b a c te r ia .  Jour. Bact.37:

161 -  185.

WHALEY, W.G., and LONG, A.L* 1944. The behaviour o f  ex

c is e d  r o o t s  o f  h e t e r o t ic  hybrids and th e ir  inbred parents  

in  c u l t u r e .  B u l l .  Torrey Bot. Club 71: 267 -  275.

'WHITE, P.R. 1932a. Plant t i s s u e  c u ltu r e s .  A prelim inary  

rep ort  o f  r e s u l t s  obtained in  the cu ltu r in g  o f  c e r ta in  

p la n t  m eristem s. Arch. exp. Z e l l fo r s c h .  12: 602 -  620.

 ________  1932b. In fluence o f  some environmental con

d i t i o n s  on the growth of e x c is e d  root t i p s  of wheat seed

l i n g s  in  l iq u id  media. Plant P h y s io l .  7: 613 -  628.

1933a. concen trations of inorganic  ions as 

r e la t e d  to  growth o f  ex c ised  root t i p s  o f  wheat s e e d l in g s .  

P lan t P h y s io l .  8: 489 -  508.



-  168 -

1933b. The *SH r a d ic a l  and some o th er

so u rc es  o f  sulphur as a f f e c t in g  the growth of  i s o la t e d  

r oo t  t i p s  o f  wheat s e e d l in g s .  Protoplasms 19: 132 -  135.

______________   1933c. Liquid media as su b stra ta  for  the

c u l t u r in g  o f  i s o l a t e d  root t i p s .  B io l .  Z trb l. 53: 359 -

364.

________________  1934a. P o te n t ia l ly  un lim ited  growth o f  ex 

c is e d  tomato root t i p s  in  a l iq u id  medium. Plant P h y s io l .

9: 585 -  600.

 _ _ ________  1934b. M u lt ip l ic a t io n  o f  the v ir u se s  of

tobacco  and aucuba mosaic in  growing ex c ised  tomato r o o ts .  

Phytopath . 24: 1003 - 1011.

_ _ _ _ _ _ _ _  1937a. Seasonal f lu c tu a t io n s  in growth r a te s

o f  e x c i s e d  tomato root t i p s .  Plant P h y s io l .  12: 183 -  190.

________________ 1937b. S u rv iva l of i s o la te d  tomato roots  at

s u b o p t im a l  and s u p r a o p t im a l  t e m p e r a tu re s .  P la n t  P h y s io l .

12: 771 -  776.

_ _ ___________  1937c.  S e p a r a t io n  from y e a s t  o f  m a t e r i a l s

e s s e n t i a l  f o r  growth o f  e x c ise d  tomato roots* P lan t.  

P h y s io l .  12: 777 -  791.

__________ ' 1937d. Amino a c id s  in  the  n u t r i t i o n  of  ex

c i s e d  tom ato  r o o t s .  P la n t  P h y s io l .  12: 793 -  802.

1937e .  Vitamin Bq i n  ihe  n u t r i t i o n  of ex

c i s e d  tom ato  r o o t s .  P l a n t  P h y s io l .  12: 803 -  811 .

1938a.  Accessory s a l t s  in  the n u t r i t i o n  of

e x c i s e d  tom ato  r o o t s .  P la n t  P h y s io l .  13: 391 -  398.



-  1 6 9  -

-___________  1938b. "Root -  p ressu re" , an unappreciated

fo r c e  in  sap movement. Am. .Tour. B ot. 25: 223 -  227.

________1938c. Root -  pressure  as a f a c t o r  in  the

r i s e  o f  sap. Nature 141: 581 -  583.

_ _ _ _ _ _ _ _ _ _  1938d. C u lt iv a t io n  o f  e x c ise d  r o o ts  o f

d ic o ty le d o n o u s  p la n t s .  Am. Jour. B ot. 25: 348 -  356.

  1939. Glycine in  the n u t r i t io n  o f  e x c is e d

tomato r o o t s .  P lant P h y s io l .  14: 527 -  538.

   1940. Vitamin Bg, n i c o t i n i c  a c id ,  p y r id in e ,

g ly c in e  and thiam in in  the n u t r i t io n  of e x c is e d  tomato 

r o o t s .  Am. Jour. B ot. 27: 811 -  821.

  1943a. Further ev id en ce  on the s ig n i f i c a n c e

o f  g l y c i n e ,  p y r id o x in e , and n i c o t in i c  a c id  in  the n u t r i t i o n  

o f  e x c is e d  tomato r o o ts .  Am. Jour. B ot. 30: 33 -  36.

  1943b. A Handbook o f  P lant T issue C ulture .

C a t t e l l  P r e ss ,  L ancaster, Pennsylvan ia .

  1946. Plant t i s s u e  c u l tu r e s .  I I .  B ot. Rev.

12: 521.

WINKLER, H. 1902. Besprechung der A rbeit G-. H aberlandt's

"C ulturversuche mit i s o l i e r t e n  P f l a n z e n z e l l e n " B o t .  Ztng. 

60 ( 2) :  262 -  264.

WILSON, J .K . 1917. P h y s io lo g ic a l  s t u d ie s  o f  B a c i l lu s  

r a d i c i c o l a  o f  Soybean (Soya Max P ip e r ) and o f  f a c t o r s  in -  

f lu e n c in g  nodule production . C ornell Univ. Agr. Fxpt.

S t a . ,  B u i.  386: 369 -  413.



-  170 -

. 1931., Nodule produ ction  on e t i o l a t e d  ve tch

s e e d l in g s .  Phytopath. 21: 1083 -  1085.

WILSON, P.W. 1935. The carbohydrate -  n itr o g en  r e l a t io n  

in  sym b io tic  n itro g en  f i x a t i o n .  Wis.  Agr. Expt. S t a . ,  Res. 

B u i. 129, 40 pp.

_______________  1940. The B iochem istry  o f  Sym biotic  N itrogen

F ix a t io n .  Madison, W isconsin .

, and FRED, E.B. 1939. The carbohydrate -  

n itr o g e n  r e l a t io n  in legume symtfosis. Jour. Am. Soc. Agron. 

31: 497 -  502.

_______________ , and WAGNER, F.C,  1935. Combined n itrogen

and the n itro g en  f i x a t i o n  process  in  leguminous p la n t s .  Wis. 

Acad. S c i .  Trans. 30: 4 3 - 5 0 .


