
A B S T R A C T

I .
STUDIES ON PLANT GROWTH SUBSTANCES

A p a r t ic u la te  fr a c t io n  from corn se ed lin g s  was found to  convert

tryptophan to  in d o le a c e t ic  a c id  (IAA) in  minute amounts. None o f

th e  c o - fa c to r s  examined appeared to  in crea se  th e  a c t i v i t y ,  and a

co n sid era b le  p o rtio n  o f th e  a c t iv i t y  was l o s t  upon fr e e z in g . The

a c t i v i t y  sedim ented in  th e  s o -c a lle d  m itochondral f r a c t io n s ,  but

th e  microsomal fr a c t io n  a lso  contained some a c t iv i t y .  A ll  attem pts
1^to  s o lu b liz e  th e  a c t iv i t y  were u n su cce ssfu l. When tryptophan-2-C  

was used a s su b str a te , IAA-1-C^ was is o la t e d  w ith  no d ilu t io n  o f  

s p e c if ic  a c t iv i t y .

In order to  determ ine i f  th e  in  v itr o  system  i s  a c tu a lly  o f  

s ig n if ic a n c e ,  d ir e c t  la b e lin g  experim ents were attem pted. I t  was 

shown th a t  l i t t l e  IAA i s  p resen t in  th e s e e d lin g s , although th e  

fr e e  tryptophan con ten t was about 3 mg per kilogram . I t  appeared 

d e s ir a b le , th e r e fo r e , to  develop an is o la t io n  method which would be 

s u ita b le  w ith  la rg er  amounts o f  corn see d lin g  t is s u e .  This work 

made i t  apparent th a t not more than th e order o f  10 j i g  o f  IAA. was 

p resen t per kilogram  o f  r a p id ly  growing e t io la te d  corn se e d lin g s .

A second phase o f  experim ents in  th e  realm o f  p la n t auxins con­

cerns s tu d ie s  o f  th e  e f f e c t  o f  N -l-naphthylphthalam ic a c id  on th e  

growth and th e geotrop ic  response o f  s e e d lin g s , and a study o f  th e  

a c t i v i t y  o f  t e tr a z o le  analogues o f  IAA and 2 ,4 -d ich lo ro p h en o x y a cetic  

a c id  (2 ,4 -D ). N -l-naphthylphthalam ic a c id  (NPA) was shown to  in h ib it  

th e geo trop ic  response o f  s e e d lin g s  d isp ro p o r tio n a lly  as compared to  

growth.



S tu d ies on the t e tr a z o le s  demonstrated th a t a 5 ' - t e t r a z o le  rin g  

may rep la ce  th e carboxyl group o f  IAA, w ith  th e  r e te n tio n  o f  growth 

promoting a c t iv i t y  in  th e  Avena s e c tio n  t e s t .  The 2 ,4-D  analogue, 

on th e  other hand, was an in h ib ito r  o f  endogenous growth, IAA induced  

growth, and 2,^-D  induced growth. Though the in h ib it io n  o f  IAA in ­

duced growth was n on -com p etitive , the in h ib it io n  o f 2,^-D induced  

growth in d ica ted  a strong com p etitive  component. This led  to  the  

co n clu sio n  th a t IAA and 2,4-D  a c t a t d if fe r e n t  growth inducing s i t e s ,  

or th a t th ere  was com petition  a t a tran sp ort or uptake s i t e .  Addi­

t io n a l  work on in ta c t  bean p la n ts  in d ica ted  th a t an uptake s i t e  may 

be in v o lv ed .

I I ,

ISOLATION AND PARTIAL CHARACTERIZATION OF THE PRECURSOR 
OF 6-METH0XYBENZ0XAZ0LIN0NE IN ZEA MAYS

The work on a n a tu r a lly  occurring sweet compound in  corn seed­

l in g s  was the r e s u lt  o f  th e  d i f f i c u l t y  encountered in  sep aration  o f  

t h is  compound from IAA in  ex tr a c ts  o f  corn s e e d lin g s . A compound 

(C ^ c ^ N ) was is o la te d  in  c r y s ta l in e  form, and found to  c o n s t itu te  

about 0 .5 $  o f  th e  dry w eight o f  the s e e d lin g s . I t  appeared to  be 

id e n t ic a l  to  th a t is o la te d  by R. J. Suhadolnik (Ph.D. T h esis , Pennsyl­

vania S ta te  U n iv e r s ity . 1 9 5 6 ), who proposed th e  s tru c tu re  2 ,5 -d i -  

hydroxy-3,4-m ethlenedioxyphenylacetam ide. Present s tu d ie s  in d ica ted  

th a t th e  proposed stru ctu re  was in c o r r e c t , and f in a l l y  th a t th e  com­

pound was r e a d ily  converted to  6-m ethoxybenzoxazolinone w ith  a lo s s  

o f  form ic a c id , as r e c e n t ly  reported by Wahlroos and V irtanen  

(Suomen K e m is t ile h t i B 32sl39-1^0, 1959). These authors suggest th e  

s tru c tu re  l,3 -d ih y d ro x y -2 -k e to -6 -m eth o x y -l,4 -b en zo x a z in e , and our 

data appear to f i t  t h is  s tru c tu r e .  ̂ r
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I N T R O D U C T I O N

The hormonal co n tro l o f  p la n t growth has been in v e s t ig a te d  by a 

la r g e  number o f  p la n t p h y s io lo g is t s ,  p a r t ic u la r ly  s in c e  th e d isco v ery  

by F. W. Went o f  a q u a n tita tiv e  experim ental approach. In s p it e  o f  

th e  array o f  in te r e s t in g  p h y s io lo g ic a l experim ents, much chem ical and 

biochem ical work rem ains. I t  may be, however, th a t th e  p resen t s ta t e  

o f  chem ical technique i s  not adequate to  d ea l w ith  problems on th e  hor­

monal l e v e l .  Q uestions such as th e fo llo w in g  are not p r e se n tly  easy to  

d ea l w ith  exp erim en ta lly . What are th e hormones op erating  in  the  

v a r io u s t is s u e s  o f  a p la n t a t various s ta g es  o f  i t s  l i f e  cycle?  Are a l l  

hormones, l ik e  th e  v itam in s, to  be regarded as co-enzymes? I f  not co­

enzymes, how may the hormones i n i t i a t e  th e  chain  o f  r ea c tio n s  th ey  do 

indeed tr ig g er?  How can one be c e r ta in  th a t compounds is o la te d  from 

p la n t ex tra c ts  a c t  as hormones in  v iv o ? Why do d iv er se  sy n th e tic  com­

pounds have s im ila r  b io lo g ic a l  a c t iv i t y ,  a t  l e a s t  in  a q u a l i ta t iv e  manner?

The experim ental work to  be presented  w i l l  be in  th e  form o f  f iv e

papers p lu s one a d d itio n a l p o rtio n  on th e  b io sy n th e s is  o f  3 - in d o le a c e t ic  

a c id  (IAA). The l a t t e r  p o r tio n , and two papers concerning i s o la t io n  o f  

IAA from mature corn s ta lk s ,  tumors and corn s e e d lin g s , c o n s t itu te  Part 

A o f  S ec tio n  I on au x in s. Part B o f  S ectio n  I  w i l l  concern sy n th e tic  

au xin s, to  be p resen ted  in  th e form o f  two pub lished  papers which d ea l 

w ith  th e  e f f e c t  o f  N -l-naphthylphthalam ic a c id  on growth and th e  geo­

tr o p ic  response in  s e e d lin g s , and th e  b io lo g ic a l  a c t iv i t y  o f  t e tr a z o le  

an alogues. S ectio n  I I  i s  concerned w ith  i s o la t io n  and ch a ra c ter iza tio n  

o f  a sweet p h e n o l- lik e  compound from corn s e e d lin g s .

A gen eral review  on auxins i s  p resen ted  f i r s t  because each paper 

con ta in s a rath er s p e c if ic  and lim ite d  review .
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I.
STUDIES ON PLANT GROWTH SUBSTANCES

A.
Occurrence and B io sy n th es is  o f  In d o lea ce tic  Acid

In th e  p resen t work an e f fo r t  was made to  avoid  th e  c r u c ia l ,  but 

nebulous, q u estion s enumerated in  the in tro d u ctio n . N on eth eless, d i f ­

f i c u l t i e s  were encountered. I t  was intended to  in v e s t ig a te  a w e ll-  

d efin ed  problem o f  r e s tr ic t e d  scope (th e  b io sy n th e s is  o f  in d o le-3 -  

a c e t ic  a c id  from tryp top h an ), but soon q u estion s arose about th e  

assum ptions on which the problem was based. F ir s t ,  i t  would be d e s ir ­

a b le  to  prove th a t in d o le -3 -a c e t ic  a c id  (IAA) was, in  f a c t ,  sn y th esized  

from tryptophan in  v iv o . Secondly, i t  i s  apparent th a t one must be 

a b le  to  measure i n i t i a l  and f in a l  IAA con cen tration  in  th e s e e d lin g s  i f  

one i s  to  determ ine s p e c if ic  a c t i v i t i e s  o f  IAA sy n th esized  from 

tryptophan.

A p a r t ic u la te  fr a c t io n  from corn seed lin g s  was found to  convert 

tryptophan to  IAA in  minute amounts. None o f  th e  c o -fa c to r s  examined 

appeared to  in crea se  th e  a c t iv i t y ,  and a con sid erab le  p ortion  o f  the  

a c t iv i t y  was l o s t  upon fr e e z in g . The a c t iv i t y  sedim ented in  th e  so -  

c a lle d  m itochondral fr a c t io n , but the microsomal fr a c t io n  a lso  con­

ta in ed  some a c t iv i t y .  A ll attem pts to  s o lu b liz e  th e  a c t iv i t y  were un-
1 4  n Zi

s u c c e s s fu l.  When tryptophan-2-C was used as su b str a te , IAA-l-C

was is o la te d  w ith  no d i lu t io n  o f s p e c if ic  a c t iv i t y .

In order to  determ ine i f  th e  in  v itr o  system i s  a c tu a lly  o f s ig n i ­

f ic a n c e , d ir e c t  la b e lin g  experim ents appeared to  be e s s e n t ia l .  Other 

work in  t h is  la b oratory  in d ica ted  l i t t l e  r a d io a c t iv ity  could be ob ta in ­

ed in  IAA and tryptophan by feed in g  C ^ C >2 to  e t io la te d  corn se ed lin g s  

w ith  in d o le . In th ese  experim ents, about 25 grams o f  s e e d lin g s
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14were fed  about 1 me o f  C Ogi and th e i s o la t io n  o f  IAA and tryptophan  

f a c i l i t a t e d  through a d d itio n  o f  ca r r ie r  n on -lab eled  IAA and tryptophan.

In th e  p resen t work i t  was a lso  shown th a t l i t t l e  IAA i s  p resen t  

in  th e  s e e d lin g s , although the fr e e  tryptophan content was about 3 mg 

per kilogram . I t  appeared d e s ir a b le , th e r e fo r e , to  develop an i s o la ­

t io n  method which would be s u ita b le  w ith  la rg er  amounts o f  corn seed lin g  

t i s s u e .  This made i t  apparent th a t not more than th e  order o f  10 jig  o f  

IAA was presen t per kilogram  o f  ra p id ly  growing e t io la te d  corn s e e d lin g s .

B.
S yn th etic  P lan t Growth Substances 

A second phase o f  experim ents in  th e  realm o f  p la n t auxins concerns 

s tu d ie s  o f  th e  e f f e c t  o f  N -l-naphthylphthalam ic a c id  on th e  growth and 

th e  geo trop ic  response o f  s e e d lin g s , and a study o f  th e  a c t iv i t y  o f  t e tr a -  

z o le  analogues o f IAA and 2 ,4 -d ich lorop h en oxyacetic  a c id  (2 ,4 -D ). N - l-  

naphthylphthalam ic a c id  (NPA) was shown to  in h ib it  th e  geotrop ic  response  

o f se e d lin g s  d isp r o p o r tio n a lly  as comparted to  growth. This appeared to  

c o n f l ic t  w ith  th e  c la s s i c a l  th eory  o f  Went and Cholodny, or to in d ic a te  

th a t la t e r a l  p o la r ity  or r e d is tr ib u tio n  o f  auxin was prevented . S tu d ies  

on th e  t e tr a z o le s  demonstrated th a t a 5 ' - t e t r a z o le  r in g  may rep la ce  th e  

carboxyl group o f  IAA, w ith  th e r e te n tio n  o f  growth promoting a c t iv i t y  in  

the Avena s e c t io n  t e s t .  The 2 ,4-D  analogue, however, was an in h ib ito r  o f  

endogenous growth, IAA induced growth, and 2 ,4-D  induced growth. Though 

th e in h ib it io n  o f  IAA induced growth was n on -com p etitive , th e  in h ib it io n  

o f  2 ,4-D  induced growth in d ica ted  a strong com p etitive  component. This 

le d  to  th e  in te r e s t in g  con clu sion  th a t IAA and 2 ,4-D  a c t a t d if f e r e n t  

growth inducing s i t e s ,  or th a t th ere was com p etition  a t a tran sp ort or 

uptake s i t e .  A d d ition a l work on in ta c t  bean p la n ts  in d ica ted  th a t an



uptake s i t e  may be in vo lved .
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I I .
ISOLATION AND PARTIAL CHARACTERIZATION OF THE PRECURSOR 

OF 6-METHOXYBENZOXAZOLINONE IN ZEA MAYS

The work on a n a tu r a lly  occurring sweet compound in  corn seed­

l in g s  was th e  r e s u lt  o f  th e  d i f f i c u l t y  encountered in  sep aration  o f  

t h is  compound from IAA in  e x tr a c ts  o f  corn s e e d lin g s . A compound 

(C^H^O^N) was is o la te d  in  c r y s ta lin e  form, and found to  c o n s t itu te  

about 0 .5 $  o f  th e  dry w eight o f  the se e d lin g s . I t  appeared to  be 

id e n t ic a l  to  th a t is o la te d  by R. J. Suhadolnik (1 4 8 ), who proposed  

th e  stru c tu re  2 ,5 - dihydroxy-3»^-m ethylenedioxyphenylacetam ide. Our 

s tu d ie s  in d ica ted  th a t the proposed stru ctu re  was in c o r r e c t , and 

f i n a l l y  th a t th e  compound was r e a d ily  converted to  6-methoxybenzoxa- 

zo lo n in e  w ith  a lo s s  o f  form ic a c id , as r e c e n t ly  reported  by Wahlroos 

and V irtanen (173)* These authors suggest th e  stru c tu re  1 ,3-dihydroxy-

2 -k e to -6 -m e th o x y -l,il'»benzoxazine, and our data appear to  f i t  t h is  s tr u c ­

tu r e .
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I.
STUDIES ON PLANT GROWTH SUBSTANCES

A.
Occurrence and B io sy n th es is  o f  In d o le -3 -A cetic  Acid in  P lan ts

1. Work on th e E x isten ce  and Nature o f  P lan t Hormones

R e a liza tio n  th a t a lo c a l iz e d  area a t  th e  t ip s  o f  shoots and ro o ts  

was concerned w ith  geotrop ic and phototrop ic resp on ses, may be a t t r i ­

buted to  Darwin (3^ ). He observed th a t th e  c o le o p t i le  o f  canary g ra ss, 

P h a la r is  c a u a r ie n s is , was p a r t ic u la r ly  s e n s i t iv e  to  l ig h t  and g ra v ity . 

Even though the region  o f  bending was below the t i p ,  removal o f  th e  t ip  

prevented th e response. The seed lin g  would not respond to l ig h t  even i f  

the t ip  was m erely covered p r io r  to  u n ila te r a l illu m in a tio n , Boysen- 

Jensen (2^ ), working w ith  oat c o le o p t ile s ,  was a b le  to  show th a t con tin ­

u i t y  o f  l iv in g  protoplasm  was not e s s e n t ia l  for  tran sm ission  o f  th e  

stim u lu s. A tra n sv erse  cu t d id  not a f f e c t  th e  curvature response and, 

in  f a c t ,  replacem ent o f  an ex c ised  t ip  allow ed th e  curvatures to  develop . 

P aal (117) demonstrated th a t when the ex c ised  t ip  was rep laced  w ith  on ly  

one s id e  o f  th e  stump covered , the covered s id e  grew fa s te r ;  r e s u lt in g  

in  a curvature not u n lik e  normal geo- or ph ototrop ic curvature. The 

stim ulus could pass through a la y er  o f g e la t in ,  but not mica or platinum  

f o i l .  Paal was f i r s t  to  suggest a hormone was resp o n sib le  fo r  geo- and 

p h ototrop ism s, w h ile  Sdding (1^0) showed th a t replacem ent o f th e  ex c ised  

t ip  resto red  most o f  th e  growth lo s t  by d eca p ita tio n .

F it t in g  (^-l) was th e f i r s t  in v e s t ig a to r  to  apply the term hormone 

in  p la n t p h y sio lo g y . He ap p lied  th e  term to  a substance ex tracted  from 

the p o l l in ia  o f  t r o p ic a l  orch ids which induced sw e llin g  of th e  ovary when
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a p p lied  to  th e  stigm a. About tw enty years la t e r ,  Laibach ( 87 ) found th e se  

e x tr a c ts  contained  auxin , and orchid  o v a r ies  responded to  heteroauxin  

a p p lic a t io n s , Haberlandt (57) observed is o la t e d  p otato  tuber parenchyma 

did not d iv id e  u n le ss  a sm all b i t  o f  phloem t is s u e  was p resen t, and th a t  

th e  phloem could s t i l l  induce d iv is io n  when separated  from th e  parenchyma 

by agar. Crushed c e l l s  were a lso  e f f e c t iv e  in  inducing th e  response.

Haberlandt concluded two hormones were required  fo r  th e  response; one a 

wound hormone coming from the cut su r fa ce , and the oth er a phloem hormone.

The c la s s ic a l  s tu d ie s  o f  F. W. Went (177»178) r e su lte d  in  development 

o f  a q u a n tita t iv e  b io a ssa y  fo r  th e  growth hormone o f  Avena c o le o p t i le  t ip s . .  

Went found th a t  i f  the ex c ised  c o le o p t i le  t ip  was p laced  on a very  sm all 

block  o f  agar, some o f  th e  a c t iv e  substance could be c o lle c te d  in  the agar.

I f  th e  block  was p laced  a sy m etr ica lly  on a d ecap ita ted  stump, a curvature  

developed. Under a s p e c if ie d  s e t  o f  c o n d itio n s , th e  curvature was found to  

be d ir e c t ly  p rop ortion a l to  con cen tration  (number o f  t ip s  allow ed to  d i f f u s e ,  

or tim e o f  d if fu s io n )  over a lim ite d  range. This a ssay  made p o s s ib le  chemi­

c a l work on th e  nature o f th e  a c t iv e  substance, and a lso  perm itted  many 

in te r e s t in g  p h y s io lo g ic a l experim ents. Went was fu rth er  a b le  to  measure 

th e r a te  o f  d if fu s io n  o f  th e  substance through agar and thus to  estim ate  

th e  m olecular w eight to  be about 376. The a c t iv e  substance was s ta b le  to  

b o ilin g  and l i g h t .  Thus th e  i s o la t io n  and chem ical s tru ctu re  o f the a c t iv e  

substance became an a t tr a c t iv e  problem, and i t  was in te n s iv e ly  in v e s t ig a te d ,  

e s p e c ia l ly  by Kdgl, Haagen-Smit, and co-workers (7 9 » 8 0 ,8 1 ,8 2 ,83 ) .

N ie lsen  (112) had a lread y  found in  1928 th a t th e cu ltu re  medium from 

Rhizopus suinus was r ic h  in  substance causing Avena cu rvatu res. He la t e r  

found ( 1 1 3 ) th a t th e  substance was eth er  so lu b le  but r e a d ily  in a c tiv a te d  

by p eroxid es norm ally p resen t. Furthermore, N ie lso n  ach ieved  a p a r t ia l
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p u r if ic a t io n  such th a t 0 ,02  fug  gave a curvature. Dolk and Thimann (36) 

were ab le  to  determ ine a pK o f  about 4 .7 5  fo r  the a c t iv e  substance from 

Rhizopus cu ltu re  f i l t r a t e  by shaking w ith  eth er at variou s b u ffered  pH 

v a lu e s . The substance seemed to  be s e n s i t iv e  to o x id a tio n  and warm a c id s ,  

but s ta b le  to  warm a lk a l i .  At about the same tim e, Kttgl and Haagen-Smit 

reported  prelim inary p u r if ic a t io n  o f  a c id  auxins from Rhizopus r e f le x u s , 

y e a s t , and E. c o l i  (8 0 ).

Kdgl, Haagen-Smit and Erxleben (82) a lso  found human urine to  be a 

very  r ic h  source o f a c t iv e  m a ter ia l and is o la te d  40 mg o f  a c t iv e  c r y s ta ls  

from about 33 g a llo n s . This represented  about a 50*000 fo ld  p u r if ic a t io n  

as measured by the Avena curvature t e s t .  The formula fo r  th e a c t iv e  

sub stan ce, c a lle d  auxin a , was C^sH^O^ and the s tru ctu re  appeared to  be 

2 ,4 - d i i s o b u t y l - l  ^ -c y c lo p e n te n e y l-o t ,^ , £ -tr ih y d ro x y v a ler ic  a c id . Later  

th ey  is o la te d  from corn o i l  and b a r ley  malt a second a c t iv e  substance  

c a lle d  auxin b (7 9 )- Auxin b could be converted to  auxin a by dehydration  

o f  th e  hydroxyl group, g iv in g  r i s e  to  the J3 keto d e r iv a t iv e  (7 9 ) .

S t i l l  another compound (81) was p resen t in  the urin e c o lle c te d  a t a 

h o sp ita l from a p a r tic u la r  18 -y ea r-o ld  youth. This is o la te d  compound was 

c a lle d  h eteroau xin , and i t  was found to  be id e n t ic a l  to  in d o le -3 -a c e t ic  a c id , 

o r ig in a l ly  id e n t i f ie d  from u rin e by Saikowski (129) , and sy n th esized  by 

E llin g e r  (3? )-

Thimann (157)* in  la te r  work on th e a c t iv e  m ateria l from Rhizopus s p . , 

was a b le  to  ob ta in  a minute amount o f c r y s ta lin e  m a ter ia l by vacuum 

sub lim ation  which appeared id e n t ic a l  in  a l l  r e sp ec ts  to  in d o le -3 -a c e t ic  

ac id  (IAA) .

Auxins a and b have not been subsequently  i s o la t e d .  W ieland, e t  a l .  

(181) have r e c e n t ly  fo llow ed  th e  method o f  K8gl, Haagen-Smit, and Erxleben
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(82) fo r  th e  i s o la t io n  o f  auxin a from u rin e and obtained on ly  th e  methyl 

e s te r  o f  in d o le -3 -a c e t ic  a c id  (IAA). This was an a r t i f a c t  produced by 

b o il in g  in  m ethanolic HC1 which was thoughtto  la c to n iz e  auxin a . Brown, 

H enbest, and Jones (26) have prepared l , 5 “Cyclopentenyl*^3-keto-,£- 

h y d roxyva ler ic-X -lacton e. This c lo s e  analogue o f  auxin b appears to  

e x is t  o n ly  as th e  la c to n e  in  aqueous so lu t io n  w ith  th e ^ -k e to  group 

r e a d ily  e n o liz in g . Other d iffe r e n c e s  were a lso  found between th is  

d e r iv a t iv e  and auxin b la c to n e . The accumulating evidence has s lo w ly  led  

to  th e  op in ion  th a t auxin a and auxin b do not in  fa c t  e x i s t .  The ea r ly  

work, however, seemed to in d ic a te  th a t auxin a was probably the auxin o f  

higher p la n ts . These con clu sion s were based on determ ination  o f  th e  

m olecular w eight by the d if fu s io n  techn ique, and th e  p a r t ia l  a c id  s t a b i l i t y .

Larsen (92) has reviewed th e  methodology and r e s u lt s  o f  variou s in v e s t i ­

g a tio n s usin g  th e  d if fu s io n  technique to  estim ate  th e approximate m olecular 

w eight o f  auxin ex tra cted  or d if fu s in g  from higher p la n t t i s s u e s .  There 

are many d i f f i c u l t i e s ,  not th e  le a s t  o f  which i s  th e  presence o f  f r e e ly  

d i f f u s ib le  in h ib ito r s  and/or more than one a c t iv e  substance. Most recent  

determ inations have r e su lte d  in  va lu es more c lo s e ly  corresponding to IAA 

than to  auxin a or b. Terpstra (153) has p o in ted  out th a t a t tr ib u t in g  

the a c id  s ta b le  p o rtio n  o f  th e  a c t iv i t y  to  auxin a may be in  error. She 

found th a t th e  r e s id u a l a lk a l i  and acid  s ta b le  a c t iv i t y  corresponded, 

a f te r  paper chromatography, to  an Rf o f IAA.

2 . D etec tio n  o f In d o le -3-A ce tic  A cid in  Higher P lan ts

The case o f IAA as a natura l p lan t auxin was much b o ls te r e d  by the  

i s o la t io n  o f IAA a f te r  a lk a lin e  h y d ro ly sis  o f  corn seed (17 ,55 ) and th e  

i s o la t io n  o f  "free" IAA from immature com  seed (5 4 ) . The p h y s io lo g ic a l  

s ig n if ic a n c e  o f  th e  very  high con cen tration  o f  IAA in  corn seed i s  unknown.
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H olley  e t  a l .  (6?) separated  th e  auxins o f  cabbage by means o f  counter  

cu rren t d is tr ib u t io n  using d ie th y l ether and pH 6 .0  phosphate b u ffer .

They found two a c t iv e  compounds, one o f which had the same d is tr ib u t io n  

c o e f f ic ie n t  as IAA, and another much more w a te r -so lu b le . S in ce the  

development o f  paper chromatographic techn ique, many rep orts o f  

d e te c tio n  o f  IAA (and other growth promoting and in h ib it in g  substances)  

may be c i t e d .  The com piled l i s t  (Table I) makes i t  apparent th a t IAA 

and other in d o le  compounds have been d etected  in  a number o f  p la n ts .  

Caution should be employed w ith  regard to  rep orts in  which IAA i s  

reported  on th e  b a s is  o f  b io lo g ic a l  a c t iv i t y  a t  the proper Rf a f te r  

u n id ir e c tio n a l chromatography in  one so lv e n t . Salkowski and E hrlich  

reagen ts are n o t, however, s e n s i t iv e  enough to  a llow  d e tec tio n  o f  IAA 

a t con cen tration s d e te c ta b le  in  the various b io a ssa y s . The most popular 

b io a ssa y  has been th e  Avena s e c tio n  t e s t  (1 3 ) . though Avena curvature  

(1 8 9 ), Cress root in h ib it io n  (1 0 8 ), pea root in h ib it io n  (1 0 ) , wheat 

s e c t io n s  ( 98 ) ,  Avena f i r s t  in ternode (115)» and in h ib it io n  o f  Coleus 

a b c iss io n  (99) are some o f  th e  b ioassay  techn iques used.

I t  appears th a t th e new spray reagent p-dimethylaminocinamaldehyde 

proposed by Hartley-Mason and Archer (59) w i l l  f in d  wide u se . This 

aldehyde g iv es  co lo rs  w ith  many in d o le  compounds and i s  about 10 tim es as 

s e n s i t iv e  as p-dim ethylam inobenzaldehyde (E h r lich 1s rea g en t). The 

s p e c i f i c i t y  and r e l i a b i l i t y  o f  co lo r  reagents fo r  IAA lea v es  much to  be 

d e s ir e d , e s p e c ia l ly  from th e q u a n tita tiv e  stan d p oin t. Even a s id e  from 

t h i s ,  E hrlich  and Salkowski reagents g iv e  co lo rs  w ith  a number o f  p henolic  

substances (1 4 2 ,1 4 6 ). A lso , Salkowski reagent i s  not r e l ia b le  in  the  

p resen ce o f  reducing substances (1 2 0 ). Both E hrlich  and Salkowski 

reagen ts were found to  g iv e  co lo rs  a t the Rf o f IAA on paper chromatograms
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TABLE I

Reports o f  Occurrence o f  In d o le -3 -A cetic  A cid and R elated  
Indole Compounds in  Various Higher P lan t T issu es

P lan t T issu e  & R eferences
Compounds

Found
Type o f  
Extract B ioassay

Color
D etection

Black c u r r e n t-se e d s , f r u it s ^ ®  
G ooseb erry-seed s, f r u it s  
Apple seeds^-®°

IAA ,IAN
IAA
IAA

Acid Ether
it it
n n

Wheat Sect.&  
Coleus 
a b c iss io n

Yes
?
?

Avena c o le o p t ile  tip s^ -^ IAA D iffu sa te Oat Curvature No
153Avena c o le o p t i le  t ip s IAA j ET2O & H2O Oat Curvature No

Corn seed  (immature)-^ IAA I so la t io n - -

Corn seed^-5 IAA H ydrolysis ( is o la te d )

Corn s e e d ^ IAA it it

Corn seed^-5 IAA, +Unk. A q.acetone Yes

Corn s e e d ^ IAA Ether Whe<-t S ec t . Yes

Corn seed ^ ^ IAA Ethanol Oat S ec t. Yes

Corn s e e d ^ 9 IAA,IAAld Ether Oat Curvature Yes

Corn p o l le n ^ IAA Ether Oat S ec t. Yes

30Pea seed  & seed lin g s^ IAA,I Car. Ether Wheat S e c t . Yes

Grape-^-5 IAA Ether Oat S e c t . ,
Oat Internode No

115P .tr ic u sp id a ta  crown g a l l  
Tomato ovaryH 5  
Immature bean seed- -̂ -̂5

IAA
ti
ti

Ether
tt
n

Oat Internode
it 11 
it 11

No
it
11

C itru s flowers?"^  
Corn endosperm

IAA
IAA,2 unk.

Ether
it

Oat S e c t .
it ti

Yes
it

128Datura ovu le tumors IAA Ether Oat Curvature Yes

98B ro cco li leaves-7 IAA Ether Wheat S e c t . No

B ro cco li lea v es9 6 IAA Ethanol Oat (p a ste ) Yes

Asparagus f r u i t ^ IAA Ether Wheat S e c t . No

Straw berry^^ IAA Ether Oat S ec t . No
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TABLE I  
(continued)

P lant T issu e  & R eferences
Compounds

Found
Type o f  
Extract

Color
B ioassay D etectio n

19P otato  p e e l IBA Ether Oat S e c t . No

Cabbage^? »39 IAA,IAN Ethanol Oat (p a ste ) Yes

Cabbage*^ I .  Car. Ethanol Yes

Cabbage” ' IAld Ethanol Yes

Cabbage^ IAN (Iso la te d  & id e n t if ie d )
97Cabbage S k ato le Ether Yes

Cabbage^ IAA Ether Oat S e c t .

Sunflower tumor 
Corn endosperm ^

IAA 7 7 Yes
tt

7 ? tt

32Tomato crown g a l l  tumor 
Normal tomato stemr

IAA, I .C a r, Ether Yes
I . Car. Ether Yes

Hevea leaves*^ IAA Ether Oat S e c t . No
m K 101,102Tobacco ovarys IAA,IAN Ether Oat Curvature No

T o b a c c o ^ ^ . U nk.indole Ethanol Oat S e c t ,  
Pea-Tomato Yes

T o b a c c o * ^ IAA Ether Oat S e c t . No

Sunflower shoots-*-3 IAA & unks Ethanol Oat S ec t . No
Bean & pea ro o ts  & shoots-*-3 
Corn ro o ts

i t  it i t i t  t i it

t i i t i t i t  i t it

P otato p eel?? IAA, IAN Ethanol Oat S ec t. No
Potato shoots 77 IAA i t i t  n tt

Potato tu b e r s" ^ IAA H ydrolysis Yes

Cacao & bananas^"** IAA Ether Wheat S ec t . No

Wheat roots^-5 IAA Ether Oat S ec t. No

Pea s h o o ts ^ IAAld Ethanol Oat S e c t . Yes

I .  Car. = in d o le -3 -carb oxy lic  
IAld = in d o le -3 -a ld eh y d e  
IAN = in d o le -3 -a c e to n it r i le  
IAAld = in d o leaceta ld eh yd e  
IBA = in d o leb u tery ic
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o f  th e  a c id ic  e th e r -so lu b le  m a ter ia l from cocao and bananas (1 1 1 ). In 

a d d itio n , b io lo g ic a l  a c t iv i t y  was found a t  t h is  R f. By s u ita b le  s e le c t io n  

o f  s o lv e n ts ,  th e component g iv in g  co lo r  t e s t s  could  be separated  from the  

growth promoting compound which, n o n e th e le ss , appeared to  be IAA.

The b est sources o f in d o le  compounds (Table I )  would appear to  be 

se e d s , f r u i t s ,  tumor t i s s u e ,  and some c r u c ife r s  (cabbage, c a u lif lo w e r , 

b r o c c o li ,  e t c . ) .  The p h y s io lo g ic a l s ig n if ic a n c e  o f IAA in  th e se  t is s u e s  

i s  not a t  a l l  c le a r . I t  i s  in te r e s t in g  th a t variou s l in e s  o f  corn d i f f e r  

s ig n i f ic a n t ly  in  regard to  th e IAA content in  the seed (143)» and i t  i s  

known th a t h igh  IAA and tryptophan l e v e l s  are lin k ed  to  th e sugary gene

(151)« I t  had been suggested  th a t h igh  IAA le v e l s  in  immature corn seed  

were a s so c ia te d  w ith  low n ic o t in ic  a c id  l e v e l s ,  due to  com petition  fo r  

tryptophan, which was thought to  be the precursor o f  both. However, recen t  

work makes i t  appear t h is  i s  not th e ca se , s in c e  la b e lin g  experim ents 

in d ic a te  th a t tryptophan i s  not th e  precursor o f  n ic o t in ic  a c id  in  corn 

( 65)0  I t  should be mentioned th a t  the IAA and tryptophan le v e ls  r i s e  to  a 

maximum in  the immature corn seed a t about 18 to  24 days a f te r  p o l l in a t io n ,  

and then  th e l e v e l s  f a l l  w ith  approaching m aturity (143,151)* The p h y s io l­

o g ic a l s ig n if ic a n c e  o f h igh  le v e l s  o f  in d o le  compounds in  c r u c ife r s  i s  

unknown. L inser ( 96 ) has q uestioned  any p o s s ib le  p h y s io lo g ic a l r o le  o f  

high l e v e l s  o f  IAN and other in d o le  compounds in  cabbage.

In ra p id ly  growing s e e d lin g s , where th e  growth may be demonstrated to  

be under hormonal co n tro l by variou s p h y s io lo g ic a l experim ents, i t  i s  

extrem ely d i f f i c u l t  to  d e te c t  IAA. I t  may be th e  minute amount p resen t  

makes d e te c tio n  im p ossib le  except by s e n s i t iv e  (but n o n sp e c if ic )  b io a ssa y s;  

b u t, on the oth er hand, as B en tley  (14) p o in ts  o u t, sweeping statem ents  

are  not y e t prudent.
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3* The E x isten ce  o f  In d o le -3 -A cetic  Acid in  Avena C o le o p tile s

I t  i s  o f  in te r e s t  to  return  to th e  Avena c o le o p t i le  and summarize 

th e  ev id en ce a v a ila b le  on th e  n a tiv e  hormone in  t h is  organ. I t  i s  obvious 

th a t  where auxin i s  is o la te d  by allow ing i t  to  d if fu s e  from th e  ex c ised  

t ip s  in to  agar b lo ck s , th a t one i s  measuring production  per u n it  tim e.

I t  a lso  appears th a t  some so r t  o f  stead y  s ta te  must e x i s t  between pro­

d u ction  and in a c t iv a t io n . The la t t e r  may in v o lv e  n o n -sp e c if ic  b in d ing , 

enzym atic d e s tr u c t io n , or some so r t o f in a c t iv a t io n  a t th e  a c t iv e  s i t e  

during th e  growth p ro cess . Though i t  i s  s ta te d  th a t  co ld  ether ex tra c tio n  

i s  a measure o f  fr e e  auxin in  the t i s s u e ,  th e  evidence i s  not convincing . 

Wildman and Muir (185) could  dem onstrate production  o f  IAA (Avena curva­

tu re  t e s t )  from tryptophan during wet ether e x tra c tio n  o f  f e r t i l i z e d  

tobacco ovarys. The p rocess has a low tem perature optimum o f  about 13°C, 

and though th ey  s ta t e  th ere  was no production o f  IAA a t 0°C in  16 hours, 

t h e ir  data in d ic a te  a s l ig h t  production o f IAA even a t  th is  low tem perature. 

T erpstra (153)> a lso  usin g  th e  Avena curvature t e s t ,  found not a l l  th e  acid  

auxin  could  be ex tra cted  in  one day at 4°C from Avena c o l e o p t i l e t ip s , and 

a f t e r  7 days o f e x tr a c tio n , a con sid erab le  q u a n tity  o f  n eu tra l auxin was 

found. Much more auxin was found a f te r  incubating Avena t ip s  1 to  6 days 

in  w ater. A fter  fr e e z in g  and thawing th e c o le o p t i le  t ip s  4 t im es , l i t t l e  

auxin could be d e te c te d , and a lso  grinding fresh  t ip s  reduced th e  auxin  

y ie ld  to  a s im ila r  e x te n t. I f  frozen  or fresh-ground c o le o p t i le s  were 

incubated  a t  23°C, more auxin was found, but a d d itio n  o f 0 .0 1  ppm o f  

d ieth y ld ith iocarb am ate  in h ib ited  t h is  in c re a se . I t  was suggested  th a t  

d ieth y ld ith iocarb am ate  in h ib it s  both form ation and d estru c tio n  s in c e  in  

experim ents w ith  whole t ip s  ex tra cted  w ith  water a t 23°C , i t  in h ib ite d  

d e s tr u c t io n  o f  auxin . Thus one can conclude th a t  on ly  very  short term ,
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low tem perature e x tr a c tio n s  w ith  eth er are v a lid  as estim a tes  o f  th e  

11 f r e e 11 IAA co n ten t.

At l e a s t  th ree  estim a tes  have been made o f  th e  auxin con ten t o f  th e  

Avena t ip  (1 -5  mm). Larsen (91) estim ated  1 .7  x 10“^ jug "IAA eq u iv ." , 

Thimann (157) suggested  about 1 -1 .5  x 10" ^ jug "IAA eq u iv ." , w h ile  

Wildman and Bonner (183) found about 1 .6  x 10- ^ ;ug "IAA eq u iv ." . These 

e s t im a te s , which are in  remarkable agreement, are e ith e r  based on cold  

eth er  e x tra c tio n  or short term d if fu s io n  experim ents. More r e c e n t ly , i t  

has been estim ated  th a t the t ip  su p p lies  an eq u iva len t o f  about 0 .075 M g /  

ml o f  IAA ( 6 ,7 ) .  S in ce a 1 mg t ip  (2 mm) i s  about 0 ,001 ml, t h is  would 

correspond to  about 7*5 x 10”  ̂ jug per each t i p ,  which i s  in  e x c e lle n t  

agreement w ith  th e  other e s tim a te s . Thus about 10,000 t ip s  might be 

a n tic ip a te d  to  con ta in  about 0 .7 5  to  1 .0  j x g o f  IAA.

Wildman and Bonner (183) c o l le c te d  23,000 ly o p h y lized  Avena t ip s  

(about 2 .3  gm dry w e ig h t), and ex tracted  th e m ater ia l w ith  wet eth er in  

th e  c o ld . The ether e x tr a c ts  contained 2 .3  jag o f  "IAA equ iv ."  as  

measured by th e  Avena curvature t e s t .  A Salkowski a ssa y  was p o s i t iv e ,  

and in d ica ted  about 1 .8  jag o f  "IAA" was p resen t. They a lso  allow ed about 

20,000 t ip s  to  d if fu s e  fo r  3 hours in  a sm all volume o f  water and e s t i ­

mated 1 .9  /ig  o f  "IAA" by th e Avena curvature t e s t ,  but in  t h is  case  th e  

Salkow ski t e s t  was pink in stea d  o f  th e  usual deep red c o lo r . The c o le o p t i le  

t ip  was found to  be 6 tim es as e f f e c t iv e  as th e  remainder o f  th e  c o le o p t i le  

in  con vertin g  tryptophan to  IAA, and th ere  appeared to  be regen era tion  o f  

th e  con vertin g  system  a f te r  d e ca p ita tio n  o f th e  t ip .  The m olecular w eight 

o f  th e  d i f f u s ib le  auxin was found to  be about 306, but a f te r  e x tr a c tio n  

in to  e th e r , th e  m olecular w eight was estim ated  to  be 206. This d iscrepancy  

was assumed to  be due to  th e  e lim in a tio n  o f  d i f f u s ib le  in h ib ito r s  by
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eth er  e x tr a c tio n .

T erpstra (153) paper chromatographed th e  w ater, t o t a l  e th e r , and 

a c id ic  ether fr a c t io n s  from Avena c o le o p t i le  t ip s .  The a c t iv i t y  as 

determ ined by th e  Avena curvature t e s t  corresponded in  each case to  

th e  Rf o f  IAA. Shibaoka and Yamaki (132) allow ed 600 Avena t ip s  to  

d if f u s e  fo r  3 hours a t 25°C on agar. The agar was ex tra cted  w ith  eth er  

and then  w ater. Both the w ater and eth er fr a c t io n s  were made up in to  

agar b lock s con ta in in g  5 x 10”% FeSO^. The la t t e r  s e n s it iz e d  th e  

Avena curvature t e s t ,  r e s u lt in g  in  a l in e a r  range from 0 to  0 .1  jug.

Only th e  eth er  fr a c t io n  was a c t iv e ,  so th e  remainder o f  i t  was chroma­

tographed in  3 s o lv e n ts ,  and in  each case th e  Rf corresponded to  an Rf 

o f  IAA. Thus from th e  a v a ila b le  ev id en ce, th e  case  would appear strong  

th a t th e  auxin in  Avena c o le o p t i le  t ip s  i s  IAA.

4 . Lack o f  R ed is tr ib u tio n  o f Exogenous In d o le -3 -A ce tic  Acid Follow ing  

Geo- or Phototrop ic S tim u la tion

Gordon and Eib (51) reported  th a t Avena c o le o p t i le s  tr ea te d  w ith  

IAA-2-C-^ tran sp orted  i t  in  a p o la r  manner a t a v e lo c i t y  o f  lmm/min.

When th e  c o le o p t i le  was illu m in a ted  u n i la t e r a l ly ,  no d iffe r e n c e  in  rad io ­

a c t i v i t y  could  be d e tec ted  between th e  l ig h t  and dark s id e ,  but more 

auxin d id  d if fu s e  from th e  dark s id e  as measured by th e Avena curvature  

t e s t .  At th e same tim e, Bflnning e t  a l .  (28) reported  s im ila r  r e s u lt s .  

More r e c e n t ly ,  Ching and Fang (31)» as w e ll as R eisener and Simon (1 2 7 ), 

have rep orted  la ck  o f  r e d is tr ib u t io n  o f  r a d io a c tiv e  IAA in  g e o tr o p ic a lly  

stim u la ted  ro o ts  and c o le o p t i le s .  I f  one a ccep ts  IAA as c o n tr o llin g  

geo tro p ic  and p h ototrop ic  resp on se, then  one must assume th a t:  ( l )

There i s  an e f f e c t  on production  or r e le a s e  o f endogenous IAA as a
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r e s u lt  o f  u n i la te r a l  geotrop ic  or p h ototrop ic  s tim u la tio n ; (2 ) The 

in te r n a l  p o o l o f IAA i s  sep arate from th e  e x te r n a lly  su p p lied  p oo l; or 

(3) The su p p lied  IAA satu rated  th e  tran sp ort mechanism, lea d in g  to  

f a i lu r e  to  r e d is tr ib u te  a d e te c ta b le  q u a n it ity  o f  IAA-C^.

An exam ination o f  th e se  r e s u lt s  in d ic a te s  th a t in  a t  l e a s t  some 

ca ses  th e  th ir d  su ggestion  may not ap p ly , so perhaps th e  second su ggestion  

i s  most a t t r a c t iv e .  This might imply some complexed or bound form o f  IAA 

i s  r e d is tr ib u te d . Though se v er a l bound or complexed forms o f  IAA are  

known, th e p h y s io lo g ic a l s ig n if ic a n c e  o f  them i s  unknown.

5. Bound or Conjugated Forms o f  IAA

I t  was f i r s t  observed by Kdgl, Erxleben, and Haagen-Smit (79) th a t  

a lk a lin e  h y d ro ly sis  r e lea sed  auxin from seed s. S evera l p ro te in s  a lso  

r e le a s e  micro amounts o f  auxin fo llo w in g  enzymatic a lk a lin e  h y d ro ly sis  

(5 0 ,1 3 0 ) as measured by th e  Avena curvature t e s t .  Though S ieg a l and 

G alston (133) have demonstrated a complexing o f  IAA to  pea root homogenate 

p r o te in , no c r i t i c a l  study o f  t h is  complexing has been conducted. Many 

t is s u e s  w i l l  l ib e r a te  auxin in to  eth er for  an extended period  o f  tim e  

( l 6 l ) ,  and though t h is  was form erly regarded as bound auxin , i t  i s  now 

apparent t h is  l ib e r a t io n  rep resen ts  production from tryptophan (1 8 5 ).

The b est known auxin complex i s  th a t occurring in  corn seed and th e  

nature o f  t h i s  precursor was e x te n s iv e ly  stu d ied  by Berger and Avery (1 8 ).  

These workers found th a t aqueous acetone ex tra c ts  o f  Country Gentleman 

sweet corn seed contained  a y e llo w , gummy, aq u eou s-in so lu b le  m ateria l 

from which, a f t e r  a lk a lin e  h y d ro ly sis  (pH 9 .6  fo r  5 m in.) c r y s ta l in e  IAA 

contam inated w ith  a carbonyl con ta in in g  compound could  be is o la te d .  The 

m a ter ia l was r e la t iv e ly  so lu b le  in  aqueous e th an o l, m ethanol, dioxane or 

d i lu te  a lk a l i ,  but i t  was r e la t iv e ly  in so lu b le  in  e th e r , hot aceton e, or
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d i lu t e  a c id . I t  was d ia ly z a b le  (40$ in  12 hours) in  crude p rep a ra tio n s, 

but a f te r  s e v e r a l r e p r e c ip ita t io n s , on ly  5-7$ was l o s t  upon d ia ly s i s .

The p recursor contained  on ly  about 4 .5 $  n itro g e n , so e ith e r  i t  was im­

pure or not a p r o te in . S te h se l (143) has examined th e  nature o f  IAA 

r e le a s in g  m a ter ia l from immature sweet corn seed . This "auxin complex" 

was ex tra cted  by aqueous m ethanol, d ia ly z a b le , and had an Rf o f  0 .2 5  in  

butanol/HCl/KLjO (6 0 i 25 ml, IN HCl). The m olecular w eight as determined  

by agar d if fu s io n  was estim ated  to  be 300 to  500. Conversion took p la ce  

r e a d ily  upon h ea tin g  w ith  0 .0 2  to  0 .003 N NaOH fo r  f iv e  m inutes even 

under n itro g e n . The complex was found to  g ive  a p o s i t iv e  Salkowski c o lo r ,  

but d if fe r e d  somewhat from th a t g iven  by IAA. In  confirm ation  o f  Avery 

and B erger, th e  "auxin complex" was in a c t iv e  in  th e  Avena curvature t e s t .

Sdding and Raadts (141) reported  a w a ter -so lu b le  substance in  oat 

c o le o p t i le s  which appears to  y ie ld  IAA (d e tec ted  by b io a ssa y ) upon paper 

chromatography. Terpstra (153) found a w a ter -so lu b le  complex in  Avena 

c o le o p t i le s  which y ie ld e d  IAA a f te r  a lk a lin e  h y d r o ly s is . Housley and 

B en tley  (6 9 ) reported  th a t  th e  w a te r -so lu b le , e th e r - in so lu b le  fr a c t io n  

in  cabbage g iv e s  r i s e  to  an auxin having the same Rf as IAA in  iso p ro ­

panol/amm onia/water so lv e n t , but a lower Rf in  n-butanol/am m onia/water.

I t  should be mentioned th a t ea r ly  p h y s io lo g ic a l experim ents by Skoog 

(1 3 6 ) u sin g  th e deseeded Avena t e s t ,  and la te r  experim ents by Raadts 

(1 2 3 ) ,  in d ic a te d  a presu rsor o f  auxin was tra n slo ca ted  from th e  seed  to  

th e  c o le o p t i le  t ip .  This precursor had been suggested  by Wildman and 

Bonner (183) to  be tryptophan, but in d oleaceta ld eh yd e has a lso  been 

suggested  as th e  tran sp orted  precursor (1 2 3 ). Pohl (121) and T egeth off

(1 5 2 ) have s tu d ied  a growth in h ib ito r  in  corn scutellum  which i s  con­

v e r te d  to  auxin  by crude homogenates o f  Avena c o le o p t i le  t ip s  (1 5 2 ).
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The in h ib ito r  appears to  in a c t iv a te  IAA by combining w ith  i t  (1 5 2 ).

I t  would be a t tr a c t iv e  to  suppose th a t  IAA in  th e  endosperm could be 

converted to  a tran sp orted  complex which may be again  converted  to  

IAA (or another complex) a t the c o le o p t i le  t ip .

In a d d itio n  to  p r o te in s  and the above unknown substances which re­

le a s e  IAA upon m ild a lk a lin e  h y d r o ly s is , se v e r a l amino a c id  conjugates  

o f  IAA are known. I t  has been known th a t IAA i s  excrbted in  u r in e ,  

p a r t ly  as th e  g ly c in e  complex (6 0 ) , and r e c e n t ly  th e  glutam ine complex 

has been d etec ted  (7 2 ) . In v e s t ig a t io n s  by Andreae, Good and a s s o c ia te s  

(3*4 ,5*45) have shown th a t feed in g  IAA to  se e d lin g s  r e s u lt s  in  form ation  

o f  th e  a sp a r tic  a c id  conjugate p r im a r ily , though some o f  th e  IAA was con­

v er ted  to  th e  amide. Jepson (71) found the la t t e r  could  be formed, due 

to  ammonia in  th e  chromatography s o lv e n t . Andreae e t  a l . expressed  th e  

view  th a t th e se  rea c tio n s  may be in volved  in  d e to x if ic a t io n .

A compound c a lle d  ascorb igen  has been d etec ted  in  various c r u c ife r s  

by Prochazka (1 2 2 ). This compound y ie ld s  IAA upon a lk a lin e  h y d r o ly s is ,  

or asco rb ic  a c id  a f te r  a c id  h y d r o ly s is . I t  i s  o f  in te r e s t  to  know i f  

t h i s  compound i s  one o f  th e  unknown complexes d iscu ssed  above. In th e  

suggested  s tr u c tu r e , th e  3 - in d o le -1 ,2 -p ro p y len e  group i s  lin k ed  1 ,2  

through oxide bonds to  a scro b ic  a c id  in  the 2 ,3  p o s it io n .

6a Other Ind o le  Compounds Occurring in  P lan ts

Jones and co-workers (74) have is o la te d  3 - in d o le a c e to n itr i le  (IAN) 

from cabbage and i t  has s in c e  been d etected  in  a number o f  other sp e c ie s  

(1 9 * 3 0 ,1 0 1 ). I n d o le a c e to n itr ile  i s  very  a c t iv e  in  th e  Avena t e s t ,  and 

Thimann (158) has demonstrated i t s  conversion  to  in d o le -3 -a c e t ic  a c id .

Larsen (8 9 ,9 0 ,9 3 ) has d e tec ted  3=in d oleaceta ld eh yd e in  pea se e d lin g s
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and Yarnaki and Nakomura (189) report i t  to  be p resen t in  corn s e e d lin g s .  

Gordon (49) has a lso  d e tec ted  i t  in d ir e c t ly  in  p ineapp le l e a f  homogenates 

and mung bean se e d lin g s .

The iso la tion  o f  e th y l IAA from immature corn seed by Redemann,

W ittwer and S e l l  (124) has been suggested  to  be an a r t i f a c t  (74) owing 

to  th e  use o f  ethanol during i s o la t io n .  L ikew ise, Luckwell and Pow ell

(100) have questioned  Teubner's (15^) d e tec tio n  o f  th e  e th y l e s te r  in  apple  

endosperm.

The d e te c tio n  o f  indolepyruvic a c id  was reported  by Stowe and Thimann 

(1 4 5 ). However, i t  has been shown th a t sy n th e tic  in d olep yru vic a c id  breaks 

down com pletely  under th e  a lk a lin e  co n d itio n s o f  chromatography used 

(1 5 97 6 ) .  A c h a r a c te r is t ic  p a ttern  o f  about s ix  breakdown products are  

obtained  upon chromatography in  isopropanol/am m onia/water. These break­

down products have been stu d ied  by Kaper and V eld stra  (7 6 ) who f in d  3 

n eu tra l compounds having an Rf g rea ter  than IAA; and 3 a c id ic  compounds, 

one o f which appears to  be 3- in d o le g ly c o lic  a c id .

Though F isch er (39) has reported  d e tec tio n  o f  in d o le g ly c o lic  a c id  in  

cabbage, B en tley  (14) found upon chromatography o f  a sy n th e tic  sample, two 

sp ots  were ob ta in ed . The minor spot d id have an Rf about l ik e  th a t  reported  

by F isch er , w h ile  th e  major spot had a much lower R f. F isch er  and co-workers 

(4 0 ,1 7 1 9172) as w e ll  as Jones and Taylor (73) have reported  th e  occurrence 

o f 3 -in d o lea ld eh yd e in  cabbage. The ex is te n ce  o f  3 -in d o leca rb o x y lic  acid  

in  cabbage has been reported  by th e la t t e r  authors. C artw right, Sykes 

and Wain (30) have a lso  found t h is  a c id , along w ith  IAN, in  chromatograms 

o f  e x tr a c ts  o f germ inating p eas. Clark, Dye and Wain (32) found IAA and 

in d o leca rb o x y lic  a c id  in  crown g a l l  tumors o f  tom ato, and a tr a c e  o f  th e  

l a t t e r  in  normal stem s. Fawcett e t  a l .  (38) have shown th a t upon feed in g
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IAN to  pea s e e d lin g s , 3 -in d o lea ld eh yd e as w e ll  as 3 -in d o lec a rb o x y lic  a c id  

are found as breakdown products* I t  i s  suggested  th a t o^-oxidation occurs  

w ith  th e  n i t r i l e s  in  co n tra st to ^  -o x id a tio n  o f  a c id s  and amides. I t  i s  

o f in te r e s t  th a t IAN i s  not converted to  IAA in  pea se e d lin g s  (150) as 

measured by e ith e r  growth response or enzymatic con version . I t s  d e te c tio n  

in  t h is  t i s s u e  and la ck  o f  con version  to IAA, suggest s tro n g ly  th a t IAN 

can not be con sid ered  a precursor o f  IAA. The occurrence o f  la r g e  amounts 

o f  IAN and i t s  breakdown products, 3 -in d olea ld eh yd e and 3 -in d o leca rb o x y lic  

a c id , in  cabbage suggest a s im ila r  s itu a t io n  in  th is  t i s s u e .

V arious other in d o le  compounds are known to  occur in  a t le a s t  c e r ta in  

p la n t s p e c ie s .  Their p h y s io lo g ic a l s ig n if ic a n c e  i s  unknown, but some o f  

them could  be degradation products o f  tryptophan and IAA. Compounds 

reported  to  occur are in d o le  (1 4 6 ), N-m ethyl-tryptophan (4 4 ,1 4 6 ) , 5-hydroxy- 

N ,N -dim ethyltryptophan (1 4 7 ), 5-hydroxytryptam ine (1 1 9 ), 5-hydroxyindole- 

a c e t ic  a c id  (1 6 3 ), and sk a to le  (1 0 4 ). I t  i s  o f  in te r e s t  th a t hydroxylation  

o f  the rin g  a lso  occurs upon feed in g  phenoxyacetic acid  to  p la n ts  (1 8 2 ).

7. B io sy n th es is  o f  In d o le -3 -A ce tic  Acid

Thimann (157) suggested  q u ite  e a r ly  th a t IAA was sy n th esized  from 

tryptophan in  Rhizopus suinus . He had observed th a t tryptophan con ta in in g  

peptone and strong a er a tio n  was required  fo r  good y ie ld s  o f IAA from th is  

fungus. Other in d ir e c t  evidence th a t tryptophan might be converted to  

IAA in  Avena c o le o p t i le s  comes from th e early  work o f  Skoog (1 3 6 ) who 

observed th a t  tryptophan and tryptam ine gave a delayed  curvature in  the  

deseeded Avena curvature t e s t .  The s tu d ie s  o f S te h se l (143) and Teas,

Cameran and Newton (151) on tryptophan le v e l s  and IAA le v e ls  in  develop ing  

corn seed  tended to  in d ic a te  a c o r r e la t io n  between fr e e  tryptophan content 

and IAA l e v e l s .  Both reached a maximum 24 to  28 days a f t e r  p o l l in a t io n ,
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and f e l l  w ith  approaching m aturity  o f  th e  seed . N itsch  (114) has l ik e ­

w ise  found a c o r r e la t io n  between fr e e  tryptophan and IAA in  th e  develop­

ing straw berry. Lund (102) has found an in v erse  c o r r e la t io n  between 

fr e e  tryptophan and IAA in  p o llin a te d  tobacco s t y le s .  He su g g ests  th e  

p o lle n  tubes convert fr e e  tryptophan o f  th e  s t y le  to  IAA, Other evidence  

fo r  a c o r r e la t io n  in  v ivo  has been presen ted  by Yamaki and Nakamura (189). 

These authors rep ort a c o r r e la t io n  e x is t s  between fr e e  tryptophan and 

IAA during germ ination o f  corn embryos. In endosperms, a very l i t t l e  

IAA could be d e te c te d , which i s  in  co n tra st to  r e s u lt s  o f  C artw right,

Sykes and Wain (3 0 ); H ousley, Booth and P h i l l ip s  (? 0 ); and th e p resen t  

in v e s t ig a to r . A d d ition a l evidence th a t tryptophan i s  converted to  IAA 

comes from th e  work o f  Skoog (136) and T su i (162) who found th a t  zinc  

d e f ic ie n c y  r e s u lt s  in  a low l e v e l  o f  auxin and tryptophan. T sui showed 

th e  tryptophan l e v e l  appeared to  be a f fe c te d  f i r s t ,  and th a t th e  try p to -  

phan-IAA con vertin g  system  was ju st  as a c t iv e  in  th e  d e f ic ie n t  tomato 

p la n ts . Skoog has found auxin production to  be s e n s i t iv e  to  X -irra d ia -  

t io n  (135) and Weber and Gordon (175) have found th e  tryptophan convert­

in g  system  in  v iv o  i s  q u ite  s e n s i t iv e .  The in  v ivo  evidence fo r  a 

c o r r e la t io n  between tryptophan and IAA i s  f a ir ly  good. On th e other  

hand, th e  l e v e l s  o f  fr e e  tryptophan are freq u en tly  two or th ree  orders 

o f  magnitude h igher than IAA l e v e l s .  Thus i t  i s  su rp r is in g  th a t IAA 

l e v e l s  appear dependent on fr e e  tryptophan l e v e l s .

The in  v iv o  tryptophan feed in g  experim ents fu rn ish  a d d itio n  e v i­

dence th a t tryptophan may be converted to  IAA. The fa c t  th a t tryptophan  

(as w e ll  as tryptam ine) g iv es  a growth response in  th e  deseeded Avena 

curvature t e s t  (136) and i s  converted to  IAA by Rhizopus (157) has been
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m entioned. I t  has a lso  been shown (186) th a t U. zeae myceleum as w e ll  as 

Agrobacterium tum efaciens (178) convert tryptophan to  IAA, Wildman,

F err i and Bonner (184) showed th a t tr y p to p h a n -in f iltr a te d  spinach l e a f  

d isk s  had a higher IAA content th a t u n in f i lt r a te d  l e a f  f i s k s .  In d o le­

pyruvic a c id  a lso  was converted to  IAA, but tryptam ine was n ot. Lund

(101) has reported  th a t feed ing  L-tryptophan to  tobacco p o lle n  r e s u lt s  in  

an in cr ea se  in  th e amount o f  IAA in  th e p o lle n  as d etected  by paper 

chromatography.

Dannenburg and Liverman (33) demonstrated conversion  o f  tryptophan-
142-C to  la b e le d  IAA in  immature waterm ellon s l i c e s .  F ive ra d io a c tiv e  

E h rlich  p o s i t iv e  a c id ic  compounds were d e tec ted , one o f  which was IAA,

I t  was suggested  one o f  th e  o th ers was some re s id u a l indolepyruvic a c id  

which f a i le d  to  breakdown fo llo w in g  a lk a lin e  chromatography. Two b a sic  

compounds were found, one o f  which was suggested  to  be tryptam ine; and 

two n eu tra l compounds were d e tec ted , one o f  which appeared to  be IAN.

In a d d itio n  to  th e  above in  v ivo  feed in g  experim ents, Wildman and 

Muir (185) have demonstrated conversion  o f tryptophan to  auxin during eth er  

e x tra c tio n  o f  tobacco ovarys.

The e x is te n c e  o f  3 -in d o lea ceta ld eh y d e , a supposed in term ed iate in  

the tryptophan-IAA con version , in  a t  l e a s t  some p la n ts , has a lread y been 

d isc u sse d . Though indolepyruvic a c id  has not y e t  been d etected  d ir e c t ly ,  

ammonical chromatography breakdown products observed a f te r  feed in g  try p to ­

phan to  watermelon s l i c e s  ( 7 6 ) ,  c lo s e ly  resemble breakdown products o f

3- in d o lep yru vic a c id . Tryptamine a lso  occurs n a tu r a lly  in  some p la n ts  (1 8 0 ).

There have been many ,in v itr o  dem onstrations o f  conversion  o f  try p to ­

phan to  IAA by various p la n t t i s s u e s  (4 9 ,6 3 ,1 0 2 ,1 8 3 ,1 8 4 ,1 8 9 ) . Wildman,

F e r r i and Bonner (184) found conversion  in  spinach l e a f  homogenates o f
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L-tryptophan to  IAA, The pH optimum was 7*5, oxygen was req u ired , and 

con version  was s e n s i t iv e  to  cyanide or b i s u l f i t e .  The la t t e r  suggested  

th a t  an aldehyde might be an in term ed ia te , Gordon and Sanchez (4 7 ,4 8 )  

found homogenates o f  p in eap p le l e a f  bases could convert tryptophan, 

tryptam ine, 3 - in d olep yru vic a c id , or 3 -in d o lea ceta ld eh y d e to  IAA. Gordon 

(49) a lso  reported  th a t mung bean homogenates convert in d olepyruvic a c id ,  

but not tryptam ine, to  IAA. Wolf (186) f a i l e d  to  f in d  conversion  o f  

tryptam ine by U stila g o  zeae c u ltu r e s . Yamaki and Nakumura (189) re­

p orted  conversion  o f  tryptam ine by corn embryo p rep aration s, though i t  

could  not be deomonstrated in  th e  p resen t work th a t corn se ed lin g s  could  

convert tryptam ine to  IAA. These la t t e r  workers a lso  found conversion  o f  

in d o leaceta ld eh yd e to  IAA by corn embryo homogenates. Henderson ( 6 3 ) has 

d etec ted  tryptophan-IAA conversion  in  sunflow er stem and crown g a l l  homo­

g en a tes. The la t t e r  had a h igher converting a c t iv i t y .  When normal stem 

p rep aration s were mixed w ith  crown g a l l  p rep a ra tio n s, th e  a c t iv i t y  o f  th e  

l a t t e r  was depressed . S in ce  th ere  appeared to  be no d iffe r e n c e  in  de­

s tr u c t io n , th e  p resence o f  an in h ib ito r  in  normal stem t is s u e  was su ggest­

ed. The pH optimum was between 7*0 to  8 .0 .  Wildman and Bonner (183) have 

reported  Avena c o le o p t i le  t ip s  convert tryptophan to  IAA s ix  tim es as  

e f f e c t iv e ly  as b a sa l p o rtio n s  o f  c o le o p t i le s  on a fr e sh  w eight b a s is .

A lso , th ere  appeared to  be regen eration  o f th e  converting  a b i l i t y  in  de­

ca p ita ted  c o le o p t i le s .  Gordon has stu d ied  th e in te r c e l lu la r  lo c a l iz a t io n  

o f  th e tryptophan-IAA con vertin g  system  in  mung bean se e d lin g s  (46) and 

rep o rts  a l l  th e  a c t iv i t y  r e s id e s  in  th e  so lu b le  fr a c t io n . He found t h is  

was tru e  when th e  grinding medium was is o to n ic  suerose-phosphate, water 

or is o to n ic  Carbowax 4 ,0 0 0 . He a lso  found th e s o -c a lle d  F raction  I  pro-
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t e in  was in a c t iv e ,  whereas th e  con vertin g  a c t iv i t y  res id ed  in  th e h e te r ­

ogeneous cytop lasm ic p r o te in s . In t h is  study, IAA was is o la te d  by paper 

chromatography o f  an a c id  eth er ex tra ct o f  th e  incu b ation  m ixture. The 

i s o la t e d  IAA was assayed  by th e  Salkow ski and Avena curvature. These re ­

s u l t s  are in  co n tra st to  th o se  o f  th e p resen t study w ith  corn s e e d lin g s .

Bonner (21) comments th a t a t l e a s t  some tryptophan-IAA converting  

a c t iv i t y  i s  found in  most t i s s u e s ,  even though on p h y s io lo g ic a l grounds 

one would expect none. D irect in  v ivo  la b e lin g  experim ents showing tryp ­

tophan as th e  o n ly  source o f  IAA have not y e t  been p o s s ib le .  However, 

i t  can be concluded th a t tryptophan may be converted in  v ivo to  IAA.

In summary, th e  b io sy n th e s is  o f  IAA from tryptophan in so fa r  as i t  

i s  known in  p la n ts  (oxygen requirem ent and CN s e n s i t i v i t y ) , would co rres­

pond to  an amino a c id  o x id a se . Krebs (86) observed D- and L-amino a c id  

ox id a se  a c t i v i t y  in  l iv e r  and kidney prep arations from a number o f  

an im als. He dem onstrated sep aration  o f  D- and L-amino a c id  ox id ase a c t i ­

v i t y ,  and found th e  L-amino a c id  ox id ase was s e n s i t iv e  to  cyanide. The 

D-amino a c id  ox id ase  was found to  be an FAD f la v o p r o te in . More r e c e n tly  

(1 3 4 ), th e  L-amino a c id  o x id ase  has a lso  been shown to  be a f la v o p ro te in  

con ta in in g  FMN. Tryptophan is* one o f  th e  amino a c id s  most r e a d ily  o x i­

d ized  by enzymes from variou s animal or m icrob ia l so u rces. The keto a c id  

formed as an in term ed iate  i s  decomposed by the ^ 2 P z  formed from rea c tio n  

o f  th e  reduced f la v in  w ith oxygen. However, amino a c id  ox id ase a c t iv i t y  

in  h igh er p la n ts  has not y e t been d etec ted  (1 4 8 ), u n le ss  th e  tryptophan- 

IAA system  i s  in  f a c t  such a system . I t  would be o f  in te r e s t  to  know i f  

th e  tryptophan-IAA system could  a lso  convert other amino a c id s .
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B o

S y n th etic  P lan t Growth Substances

Many d iv er se  sy n th e tic  compounds have been found to  have a c t iv i t y  

as growth substances in  variou s b io lo g ic a l  t e s t s .  Kflgl and Kostermans

( 8 3 ) reported  in  1935 th a t th e  methyl IAA and in d olepyruvic a c id  were 

a c t iv e ,  but in d o le la c t ic  a c id  was in a c t iv e ,  in  the Avena curvature t e s t .  

Haagen-Smit and Went ( 58 ) a lso  reported the a c t iv i t y  o f  indolepyruvic at  

about th e  same tim e. Thimann (158) found in d e n e -3 -a c e tic  had s l ig h t  

a c t iv i t y  but co m u ra l-2 -acetic  a c id  had no a c t iv i t y  in  th e  Avena se c tio n  

t e s t .

The work o f  Zimmerman and a s s o c ia te s  both broadened the scope o f  

a c t iv e  compounds and introduced th e f i r s t  p r a c t ic a l  use fo r  a sy n th e tic  

auxin . In 1935* Zimmerman and W ilcoxon (193) and H itchcock (66) reported  

p h e n y la c e t ic , Y -phenylprop ion ic, in d o lep rop ion ic  and naphthylene a c e t ic  

a c id s  were a c t iv e  in  inducing roo tin g  o f  c u t t in g s , as w e ll  as inducing  

other form ative or m orphological resp o n ses . In the same yea r , Thimann 

and K o ep fli (159) reported  IAA was a c t iv e  in  th e ro o tin g  o f  c u t t in g s .  

Thimann and Went ( l6 la )  had a lread y stu d ied  th e  nature o f  the root  

forming hormone and concluded i t  was id e n t ic a l  to  auxin . Zimmerman and 

H itchcock (1 9 0 ,1 9 1 s1 9 2 ) , u sin g  th e  m orphological and e p in a s t ic  responses  

o f  th e  in ta c t  p la n t as a primary c r i t e r ia  o f  a c t iv i t y ,  soon added 

h a lo g en a ted -p h en y la ce tic , -b e n z o ic , and -phenoxyacetic a c id s  to  th e  l i s t  

o f  sy n th e tic  growth r e g u la to r s . Many compounds showed a c t iv i t y  on in ta c t  

p la n ts  even though no a c t iv i t y  was shown in  c la s s i c a l  growth t e s t s .  Even 

eth y len e  was a c t iv e  in  producing ty p ic a l  e p in a st ic  and "formative"  

resp on ses o f  in ta c t  p la n ts . I t  was a lread y  apparent th a t variou s t e s t s  

le d  to  d if f e r e n t  e stim a tes  o f  th e  a c t iv i t y  o f  th e  same compound.
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G ustafson (53) found in  1938 th a t sy n th e tic  "auxins" such as in d o le -  

p rop ion ic  a c id , in d o leb u ty r ic  ac id  and p h en y la cetic  a c id  induced partheno- 

carp ic  f r u it  in  tomato. Zimmerman and H itchcock (191) observed in creased  

f r u i t  s e t  in  tomato a f te r  treatm ent w ith  a number o f  sy n th e tic  "auxins."

At th e  p resen t tim e, commercial use o f  sy n th e tic  growth substances fo r  

f r u i t  s e t  and parthenocarpic f r u i t  i s  l im ite d  to  th e  f i g  (1 4 4 ), where 

normal p o ll in a t io n  i s  accom plished by a sm all wasp which o v u la tes  in  male 

flow ers produced by a sep arate male t r e e .

Another property  o f  auxin was found by Laibach (88) in  th a t auxin  

seemed to  p la y  a r o le  in  a b c is s io n . LaRue (94) demonstrated delayed  

a b c iss io n  in  co leu s  by sy n th e tic  growth su b stan ces, and th e  l i t e r e a tu r e  

in  th e  f i e l d  has been review ed by A ddicott and Lynch ( 2 ) .  Commercial 

use in  p reven ting  p re-h a rv est drop, e s p e c ia lly  in  a p p les, i s  f a ir ly  

wide spread.

Although th e  above u ses o f sy n th e t ic  p la n t growth substances are 

co n sid era b le , th e  s e le c t iv e  h e r b ic id a l e f f e c t s  o f  th e se  compounds are o f  

enormous economic importance in  a g r ic u ltu r e . The s e le c t iv e  p h y to to x ic ity  

o f  sy n th e tic  "auxins" and oth er organic compounds was in v e s t ig a te d  in  

England by S lad e , Templeman and Sexton (139) as w e ll  as Nutman, Thornton 

and Q uastel (116); and by a research  team led  by Kraus, Norman, Minarik and 

oth ers (85) in  th e U nited S ta te s .  The fin d in g  th a t important grain  crops 

to le r a te d  q u a n tit ie s  o f  th ese  m a ter ia ls  which k i l l e d  many d icoty ledonous  

s p e c ie s ,  made them extrem ely v a lu a b le . In a d d itio n , many other p h yto tox ic  

organic chem icals have now been p laced  in  commercial u se as a d ir e c t  r e s u lt  

o f  the in te n s iv e  work stim u lated  by the i n i t i a l  d isco v ery .

In a d d itio n  to  the p r a c t ic a l  a sp e c ts , th e  sy n th e tic  growth substances  

have been o f  great th e o r e t ic a l  in te r e s t  to  p la n t p h y s io lo g is t s .  In  t h is
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regard , great e f fo r t  has gone in to  attem pts to  d e fin e  th e  growth inducing  

s i t e  in  terms o f  th e  s p e c if ic  s tr u c tu r a l requirem ents n ecessa ry , or to  

c o r r e la te  in  v iv o  a c t iv i t y  w ith  some model system . These typ es o f  

s tu d ie s  have led  to  f in d in g  a c t iv i t y  in  d iv e r se , unexpected groups o f  

compounds; but on th e  other hand, w ith in  a r e la te d  group o f  compounds, 

com p letely  in a c t iv e  analogues are common. I t  i s  now apparent th at many 

secondary fa c to r s  operate in  the in  vivo t e s t s .  A compound may not be 

taken up, or i t  may be in a c tiv a te d  by p h y sic a l ad sorp tion , m etabolic  

co n ju g a tio n , or d e s tr u c tio n . At l e a s t  the p o t e n t ia l ly  a c t iv e  compound 

does not reach th e  a c t iv e  s i t e .  C onversely, an in a c t iv e  compound may be 

converted to  an a c t iv e  d e r iv a t iv e  w ith in  the p la n t (1 7 4 ). The unresolved  

problem o f  q u a l i ta t iv e  d iffe r e n c e s  in  a c t iv i t y  in  d if f e r e n t  b io a ssa y s  may 

in  part be due to  th e se  secondary fa c to r s ,  but could  a lso  be due to  more 

than one a c t iv e  s i t e .  A more d e ta ile d  d isc u ss io n  o f  com p etitive  in h ib it io n ,  

as w e ll as in h ib it io n  o f  tropism s by sy n th e tic  p la n t growth sub stan ces, 

w i l l  be g iven  in  the in tro d u ctio n  to  the papers on th e se  to p ic s .
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E X P E R  I M E K T A L  

I .
STUDIES ON PLANT GROWTH SUBSTANCES 

A.
Occurrence and B io sy n th es is  o f  In d o le -3 -A cetic  Acid

1 . In V itro  Experiments on the B io sy n th es is  o f  IAA from Tryptophan

In prelim inary  experim ents, A sp erg illu s  n ig e r , Rhizopus n ig r ica n s  and 

P en ic iliu m  chrysogenum were examined for th e ir  a b i l i t y  to  produce IAA from 

tryptophan. I t  was hoped th a t  a h ig h ly  a c t iv e  source o f  the converting  

system  could  be found.

The above fu n g i were grown on l iq u id  potato  d extrose  media fo r  ten  

days in  one l i t e r  f la s k s .  The mats were then cut in  h a lf  and tra n sferred  

to  200 ml 0 .005  M potassium  phosphate b u ffer  pH 7 .0  p lu s or minus 0 .5  mg/ml 

DL-tryptophan. The so lu t io n s  were v ig o ro u sly  aerated  fo r  12 hours, and 2 ml 

samples examined by Salkowski a ssay  (1 4 9 ). A t e s t  fo r  Salkowski p o s it iv e  

substances was given  by Rhizopus n ig r ica n s  and P e n ic iliu m  chrysogenum, w ith  

th e  former showing th e  most a c t iv i t y .  Some a d d itio n a l experim ents w ith  

Rhizopus mats in d ica ted  a maximum co lo r  (Salkow ski a ssay ) o f about 17°5  

Mg o f  "IAA eq u iva len ts"  was reached in  about 24 hours,

A crude homogenate was prepared by grinding 5 grams (fr e sh  w eight) 

of frozen  Rhizopus mat in  30 ml o f  0 .0 1  M potassium  phosphate b u ffer  pH 

7*0 a t 1°C using a g la s s  homogenizer. A fter  pouring through sev era l la y ers  

o f  ch eese  c lo th ,  th e  f i l t r a t e  was cen tr ifu g ed  a t 1°C in  an angle c e n tr i­

fuge a t  2 ,000  x G fo r  f iv e  m inutes. The supernatant l iq u id  was used as 

a source o f  th e  crude enzyme.

An assa y  m ixture co n s is te d  o f  2 ml crude enzyme, 2 ml o f  0 .005  M 

tryptophan (10 jjM) , 2 ml o f  0 .005  M sodium pyruvate, and 0 .5  ml o f  0 .0 1  M 

MgClg- A 2 ml sample was d ep ro te in ized  a f te r  0 , 75 and 210 minutes w ith
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1 ml o f  5$ TCA. Salkowski a ssa y  on 2 ml o f  d ep ro te in ized  supernatant 

in d ica ted  th a t a very  sm all amount o f  IAA. could  be d e tec ted  a f te r  75 and 

210 m inutes. B oiled  enzyme and no-tryptophan co n tro ls  were n eg a tiv e .  

Previous incubation  o f  the mat on tryptophan-contain ing media gave no 

evidence fo r  adaptive form ation o f  the "enzyme". The om ission  o f  MgCl2 

or pyruvate sep a ra te ly  had no e f f e c t  on a c t iv i t y .  Although v is u a l ly  

d e te c ta b le  pink co lo r  appeared in  the above assays a f te r  ± i  to  3 t  hours 

incubation  a t  30°C, on ly  a f te r  18 to  20 hours was th e Salkowski co lo r  

r e a d ily  measurable w ith  th e  p h o to e le c tr ic  co lo r im eter .

A fter  prolonged in cu b ation , IAA could  be d e tec ted  by paper chroma­

tography ( isopropanol/am m onia/w ater, 1 0 ; l s l  ascending) o f  the ether  

e x tr a c ts  o f  a c id i f ie d  d ep ro te in ized  supernatants. However, when TCA was 

used fo r  d e p r o te in iz a t io n , a yellow  spot having the Rf o f  IAA appeared 

on paper chromatograms when sprayed w ith  E h r lich 's  reagent (1$ p-d im ethyl-  

aminobenzaldehyde and 8 .5 $  HC1 in  95$ e th a n o l) . Subsequently, d ep r o te in i­

za tio n  by b o il in g  in d ica ted  the presence o f IAA. However, when in d o le -3- 

a c e t o n i t r i l e  and tryptam ine were used as su b s tr a te s , l i t t l e  i f  any IAA 

could be d e tec ted  by d ir e c t  Salkowski assay  on paper chromatography as  

d escrib ed  above. In sev er a l experim ents, sm all samples o f  th e  super­

natants were a lso  chromatographed on paper. There appeared to  be a 

p o s s ib le  in ter -co n v ers io n  o f  tryptophan and tryptam ine in  sev era l o f  th e  

experim ents. A lso , th ere  was a marked disappearance o f  IAN.

Corn se e d lin g s  (W23 x 0h51A) were found to  be as a c t iv e  a source o f  

th e  tryptophan con vertin g  crude enzyme as Rhizopus, so fu rth er  s tu d ie s  were 

w ith  t h is  t i s s u e .  For th e se  a ssa y s , 5 gm (fr e sh  w eight) o f  corn was ground 

in  30 ml o f  0 .0 1  M potassium  phosphate b u ffer . The preparation  and assay  

are as p r e v io u s ly  d escrib ed  for  Rhizopus. I t  was found th a t a c t iv i t y  in
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corn was s e n s i t iv e  to  fr e e z in g  (Table I )  and th a t ro o ts  were as a c t iv e  

as sh o o ts .

TABLE I

O p tica l D en sity  a t 525 nm o f  2 ml D eprotein ized  Supernatant and 
8 ml Salkow ski Reagent A fter  1^ Hours Incubation o f  Tryptophan 

w ith  Frozen and Unfrozen Corn Homogenate Preparations

Homogenate Su b strate O.D. 525

^ -d ay-o ld  shoots 10 juM tryptophan 0.086

^ -d ay-o ld  shoots 0 0 .0 0 5

4 -day-oId ro o ts 10 jjM tryptophan 0.0^6

^ -d ay-o ld  ro o ts 0 0.002

Roots frozen  2X 10 jiH tryptophan 0.000

Roots frozen  2X 0 0.001

Some corn homogenate prepared as p rev io u sly  described  was c e n tr i­

fuged 1 hour a t  25*000 x G. The o r ig in a l  enzyme, th e  supernatant, and 

th e  resid u e  (resuspended in  th e  o r ig in a l volume) were compared. A ll  th e  

a c t i v i t y  was found in  th e  r e s id u e , so i t  appeared th e  con vertin g  flen­

zyme" was p a r t ic u la te  in  nature.

The above two ob servation s (p a r t ic u la te  nature and s e n s i t iv i t y  to  

fr e e z in g )  made i t  d e s ir a b le  to  examine th e p a r t ic u la te  fr a c tio n s  under 

is o to n ic  co n d itio n s . The procedure o f  M illerd  e t  a l .  (107) was used. 

T hirty  grams o f  t i s s u e  (F.W .) was ground a t 1°C in  a mortar w ith  10 gms 

o f  a n a ly t ic a l  grade sea sand p lu s ^0 ml o f 0.1M potassium  phosphate 

b u ffer  pH 7 .0 ,  and O.^M sucrose i s o la t io n  so lu t io n . The d eb ris was 

s tr a in e d  through 8 la y ers  o f  ch eese c lo th ,  th e  f i l t r a t e  cen tr ifu g ed  a t  

5 0 0 x G fo r  5 m inutes, and th e  resid u e  resuspended in  35 ml o f  is o la t io n  

s o lu t io n . The supernatant l iq u id  was cen tr ifu g ed  a t 10,000 x G fo r  15 

m inutes and the res id u e  (m itochondrial fra c tio n ) resuspended in  20 ml o f
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i s o la t io n  so lu tio n *  The resuspended resid u e was cen tr ifu g ed  again  fo r  

15 m inutes a t 10,000 x G and th e  p r e c ip ita te d  m ateria l resuspended in  

3 .5  ml o f  i s o la t io n  so lu tion *

The r e s u lt s  o f  se v e r a l experim ents are summarized in  Table I I .  In 

a l l  c a se s , th e  resid u e  and th e  supernatant were r e la t iv e ly  in a c t iv e ,  but 

i t  must be p o in ted  out 5 -7  ml o f  supernatant would be required to  be equiv­

a le n t  to  0*5 ml o f  m itochondria or res id u e  (1 /7  o f th e t o t a l  volume) on a 

fr e sh  w eight b a s is .  A lso , the supernatant developed a red-brown co lo r  w ith  

Salkow ski rea g en t, making d e te c tio n  o f  l e s s  than 5-10 ^g IAA tube im p ossib le  

by th e  d ir e c t  Salkowski a ssa y . Sodium pyruvate, p (-k etog lu tara te  and p y r i-  

doxal phosphate do not s tim u la te  th e a c t iv i t y .

TABLE I I

A c t iv ity  o f R esid u a l, M itochondrial, and 
Supernatant F raction s From 4-Day-Old Corn Shoots^

Salkowski Color Complex P .P . a t  525 mu*'
F raction  Exp. No.;

CM 24 30 . __ 3 1 ..... 32 33
1 . Residue (500 x G) 0 .038 0.033 0.033 0.018
2. M itochondria (10,000 x G) 0 .084 0 .094 0.103 0*104 0.163 0 .150

3. Supernatant 0*040 0.000 — — ------- - 0 .020 0.010
4. M ito. + ©<~ketoglutarate 

in stea d  o f  pyruvate 0.098 0.098 0.114 0.125 0 .164

5- #4 p lu s  p yrid oxa l phosphate^ 0.101 ------- 0*114 0.118

6. #2 p lu s  p yrid oxa l phosphate-^ — - 0*103 0.148 0 .124

7. #2 minus pyruvate ------ ------ 0 .144 0*144

-4?he a ssa y  m ixture c o n s is ted  o f  2 ml o f  0 .005 M tryptophan; 2 ml o f  0 ,005 M 
sodium pyruvate; 0 .5  ml o f  0 .1  M MgClg; 0*5 ml o f re s id u e  or m itochondria  
or 2 .0  ml supernatant; and sucrose  (0.4M) phosphate (0 .1  M) b u ffer  to  
bring th e t o t a l  volume to  6 .5  ml. The incubation  p eriod  was 8 hours a t  
30°C.

p0.D* w ith  tryptophan minus O.D. w ithout tryptophan*

^ 0 .0 5  JuM.
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Two o th er c o - fa c to r  experim ents were run using a sm aller volume assay  

m ixture (Table I I I ) .

TABLE I I I

E ffe c t  o f  V arious Factors on the Tryptophan Converting  
System o f  4-Day-Old Corn Roots and S h ootsi

Estim ated IAA Equiv. 
S u b strate jug/tube (2 .5  ml)

"Enzyme*1 Factors M issing___________ 1________2______

1 . Shoots M itochondria 0 13 .3 1 2 .0

2 . Shoots M itochondria B oiled 0 o o o 0 .0

3. Shoots M itochondria Pyruvat e , Suec. 16 .7 8 .0

4. Shoots M itochondria ATP 1 6 .7 2 9 .0

5. Shoots M itochondria ATP, P y r ., Succ. 2 3 .4 2 9 .0

6 . Shoots M itochondria Sucrose 2 5 .0 18 .0

7* Shoots Residue 0 16 .3 5 .0

8. Supernatant 0

9. Roots M itochondria 0 2 6 .5 28 .0

1 0 . Roots M itochondria B oiled 0 0 .0 0 .0

1 1 . Roots M itochondria P y r . , Succ. 26 .5 2 9 .0

1 2 . Roots M itochondria ATP 1 1 .6 3 6 .0

13. Roots M itochondria P y r ., S u cc ., ATP 1 6 .7 3 0 .0

14. Roots M itochondria Sucrose 18 .3 3 0 .0

15. Roots Residue 0 40 .0 5 .0

1 6 . Roots Supernatant 0 ------- -------

■^Assay c o n s is te d  o f  0 .5  ml "enzyme*1, 0 .2  ml ATP 10" M, 0 .2 5  ml MgCl2 
0 .0 1  M, 0 .2 5  ml sodium pyruvate 0 .005 M, 0 .2 5  ml potassium  su cc in a te  
0.001  M, and 0 .5  ml tryptophan 0.005 M. Sucrose was added to  bring  
m olar ity  o f  m ixture to  0 .5  M and the t o t a l  a ssay  volume was 2 .5  ml.
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I t  i s  apparent th a t  ATP, pyruvate, su c c in a te  or s o lu t io n s  made 

is o to n ic  w ith  sucrose are not stim u la tory . The high a c t iv i t y  in  th e  

res id u e  fr a c t io n  (500  x  G, 5 m in.) in  Experiment 1 probably in d ic a te s  a 

higher c e n tr ifu g a t io n  speed, b ringing about d ep o sitio n  o f  some m itochondria  

in  t h i s  fr a c t io n .

S in ce i t  appeared th a t none o f  th e  c o - fa c to r s  in cluded  were e s s e n t ia l ,  

oth er a ssa y s o f  th e  supernatant, res id u e  and m itochondrial fr a c t io n s  were 

run on an eq u iv a len t fr e sh  w eigh t b a s is  (3 gms per tu b e ) , om ittin g  every­

th in g  except MgCl£ and tryptophan. IAA was added to  no-tryptophan co n tro l  

tubes e ith e r  b efore  in cu b ation  or a f te r  incubation  and d e p r o te in iz a tio n .  

These r e s u lt s  are  shown in  Table IV.

TABLE IV

The R e la tiv e  Salkowski A c t iv ity  o f  th e  Whole Homogenate 
Supernatant, M itochondrial and R esidual F ractions From Corn 
Shoots When Incubated w ith  Tryptophan, or When IAA was Added^

OD2 fo r  IAA Added to  No-Tryptophan C ontrols
o I n i t i a l l y A fter Incubation 8 Hours 30°C

F raction 0D 1 0 0  JLLK 5 jug 10ju£.. 25 Mg 50 Mg 100 Mg

Whole Homogenate .095 * O OO .010 .009 .073 .209 . 546

Supernatant . 064 .050 .024 .016 .075 .208 .537

M itochondrial 
(10 ,000 x G) .062 .223 .------- .035 . 2 64 .492 .801

Residue (500 x  G) .031 .188 ------ ------ ------ ------

^Assay m ixture = 4 ml enzyme (3 gins -  37 sh o o ts ) , £  1 ml o f  L-tryptophan  
(5 mM), -  1 ml w ater, + 0 .5  ml o f  0 .01  M MgCl2 . Two ml was d ep rote in ized  
by b o il in g  and assayed  w ith  8 ml o f  Salkowski reagen t.

o
In each ca se , th e  o p t ic a l  d e n s ity  o f a no-tryptophan co n tro l w ithout 
added IAA has been su b tracted .

The data presen ted  in  Table IV i l lu s t r a t e s  th e im p o s s ib il ity  o f  d ir e c t  

Salkow ski a ssay  fo r  sm all amounts o f  IAA in  th e  presence o f  high concen-
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t r a t io n s  o f  supernatant or whole homogenate f r a c t io n s . The in crea se  in  

th e  o p t ic a l  d e n s ity  o f  th e  whole homogenate and supernatant fr a c t io n s  

over th e  no-tryptophan c o n tr o ls  su g g ests  con sid erab le  a c t iv i t y  might 

r e s id e  in  th e se  fr a c t io n s  a ls o .  D estru ction  or in a c t iv a t io n  o f  IAA a lso  

may have been a fa c to r  in  th ese  t e s t s  s in c e  when 100 jug IAA was added 

b efore in cu b ation , co n sid era b le  apparent d estru c tio n  occurred. This 

apparent d estru c tio n  was o f  th e  same order o f  magnitude (about 80$) in  

a l l  fr a c t io n s  con sid erin g  th e in s e n s i t iv i t y  o f  the Salkowski assay  w ith  

th e  whole homogenates and supernatant f r a c t io n s .

Roots and imbibed k ern els  were fra c tio n a ted  as above and th e  equiva­

le n t  o f  15*6 gm o f ro o ts  or k ern els incubated w ith  10 juM o f  L-tryptophan  

in  a t o t a l  volume o f  8 ml (Table V) .

TABLE V
Converting A c t iv ity  o f  Various F raction s  
o f  Corn Roots and K ernels when Incubated  
fo r  8 Hours With and Without Tryptophan

 Roots P .P .________________ Imbibed Kernels P .P .____
F raction  ^Tryptophan -Tryptophan D if f ,  +Tryptophan -Tryptophan D if f .

Whole
Homogenate .272 .260 .012 *272 .240 .032

Supernatant .201 .174 .027 .149 *097 .052

Residue 
(500 x G) .076 .041 *035 — -

M itochondria  
(10 ,000  x G) .190 .061 .129 *377 .248 .129

Again in  t h is  experiment i t  would appear th a t th e m itochondrial fr a c tio n  

co n ta in s  most o f  th e  con vertin g  a c t iv i t y .  However, on ly  in  th e  k ern el super­

natant was th e  no-tryptophan o p t ic a l  d e n s ity  f a i r ly  low. The disappearance  

o f  IAA during in cu b a tio n , and th e  a b i l i t y  to  d e te c t  IAA w ith  Salkowski
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reagen t in  variou s f r a c t io n s , was not determ ined. S in ce a c t iv i t y  in  the  

whole homogenate i s  low , i t  i s  probable th e  supernatant i s  e ith e r  des­

tro y in g  IAA or p reclu d in g  d e te c tio n .

In th e  above experim ents employing th e Salkowski a ssay  procedure to  

d ep ro te in ize d  incubation  m ixtu res, i t  was im p ossib le  to  d ecid e whether 

th e  m itochondrial f r a c t io n  accounted fo r  most o f th e  IAA b io sy n th e s is  

from tryptophan. I t  i s  however c e r ta in  th a t the m itochondial fr a c tio n

i s  a c t iv e  in  the conversion  o f  tryptophan to  IAA.

I t  was o f  in te r e s t  to  know how th e  whole homogenate and supernatant 

in a c t iv a te s  or d estro y s  IAA. In two experim ents, th e  supernatant fr a c tio n  

from corn shoots was incubated w ith  40 jug o f  IAA a t 30°C, e ith e r  w ith  or 

w ithout added c a t a la s e . (The c a ta la se  was obtained from Worthington and 170 

u n its  used per tu b e , 1 u n it  = 1 mg HgOg/Min). Samples were d ep rote in ized  

and examined by Salkowski assay  a t  0 , 2 , 4 and 8 hours. The r e s u lt s  in d i­

cated  about ?5$ o f  th e  IAA disappeared even when the tubes were im m ediately  

d ep ro te in ized . The rem aining IAA did not d isappear upon in cu b ation , and th e  

a d d itio n  o f  c a ta la se  had no e f f e c t .  S evera l experim ents were run in  which,

a f t e r  a d d itio n  o f  5» 1 0 1 20 and 40 jug o f IAA to  the variou s fr a c t io n s , th e

a ssa y  m ixtures were im m ediately d ep ro te in ized  by sa tu ra tio n  w ith  ammonium 

s u l f a t e .  The IAA was is o la te d  by paper chromatography o f  th e  a c id  ether  

fr a c t io n s  and th e  chromatograms dipped in  E h r lich 's  reagen t. An attem pt 

was made to  e lu te  th e purple sp o ts  w ith  2 ml o f  5°$ dioxane p lu s 4 drops 

o f  HC1. Even though t h is  method did  not lead  to  s t r i c t  q u a n tita tiv e  

r e s u l t s ,  i t  in d ica ted  r e la t iv e ly  great lo s s e s  when IAA was added to  whole 

homogenates o f  corn sh o o ts , roo ts  or k e rn e ls . Thus i t  was concluded th a t  

IAA appeared to  be adsorbed on th e  p ro te in  o f  th e  crude whole homogenate 

or supernatent f r a c t io n s , making i t  im p ossib le  to  d ir e c t ly  compare th e
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r e la t iv e  a c t iv i t y  o f  th ese  fr a c t io n s  w ith  th e  m itochondrial fr a c t io n ,  

from which r e c o v e r ie s  were h ig h er . The adsorption  o f  IAA to  p ro te in  o f  

pea shoot homogenates has been reported  to  occur by Marre (163) w ithout 

th e  p resence o f  ATP as was reported  p rev io u sly  by S ie g e l  and Galston  

(133) i*or crude pea roo t homogenates. In a d d itio n , Brian (2 5 ) has d is ­

cussed  th e  ad sorption  o f 2 -m eth yl-4-ch lorop h en oxyacetic  a c id  to  f i l t e r e d  

crude homogenates o f  variou s p la n t s p e c ie s , u sin g  monolayers in  a 

Langmuir trough. I t  i s  in te r e s t in g  to  note th a t corn l e a f  bases showed 

f a i r ly  h igh r e la t iv e  ad sorption  in  th ese  t e s t s .

In view  o f  th e  above d i f f i c u l t i e s ,  fu rth er work was confined  to  th e  

m itochondrial f r a c t io n . The enzyme dependency and th e  e f f e c t  o f  fr e e z in g  

i s  shown in  F igure 1 . Each 0 ,1  ml o f  m itochondria i s  eq u iva len t to  0 .86  

gms o f  corn shoots ( fr e sh  w e ig h t). The incu b ation  m ixture volume was 2 .5  

ml and i t  contained  12 juM sodium pyruvate, 2 .5  JiM sodium su c c in a te , 0 .1  juM 

ATP, 5 juM MgClg, 2 .5  JtiM o f  L-tryptophan and sucrose to  make th e  assay  

i s o t o n ic .  I t  may be seen  th a t 0 ,6  ml gave about th e  maximum a c t iv i t y ,  

and th a t fr e e z in g  tw ice  reducedthe a c t iv i t y  g r e a t ly . The h ig h est a c t iv i t y  

would be eq u iv a len t to  about 50 /ig  o f  IAA, or about 10$ conversion  in  8 

hours a t  30°C. I t  was apparent, however, th a t o th er Salkowski r e a c t iv e  

products were probably p resen t. For one th in g , th e  r a te  o f  co lo r  develop­

ment was much fa s te r  than for  sy n th e tic  IAA added to  th e  incubation  m ixtu res. 

Some in d o le -3 -p y ru v ic  a c id  was obtained  through th e  cou rtesy  o f Dr. H. S e l l ,  

and t h is  sample a lso  gave very rapid  co lo r  development w ith  Salkowski 

reagen t. In a d d itio n , i f  phenylhydrazine hydrochloride was added to  the  

d ep ro te in ized  incubation  m ixtures and allow ed to  stand 30 m inutes, a s l ig h t  

tu r b id ity  formed. A fter  removing th e  tu r b id ity  by c e n tr ifu g a tio n , th e  

supernatant was assayed w ith  Salkowski a ssa y . Color development in  t h is
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ca se  was slow  and more t y p ic a l  o f  IAA. When phenylhydrazine hydro­

c h lo r id e  was added to  a s o lu t io n  o f 4 mg indolepyruvic a c id  in  2 ml 

o f  50$ e th a n o l, a c r y s ta lin e  p r e c ip ita te  was obtained .

The IAA formed from tryptophan by incubation  w ith  corn m itochondria  

was id e n t i f ie d  by eth er e x tr a c t io n , fo llow ed  by paper chromatography 

( isopropanol/am m onia/w ater, 8 :1 :1 )  o f th e  a c id  eth er fr a c t io n . When 

la r g e  amounts o f  incubation  m ixture were chromatographed, sev era l spots  

appeared, w ith  e ith e r  E h rlich  or Salkowski rea g en ts , in  ad d itio n  to  the  

IAA sp o t. In a l l  c a se s , th e  IAA d etec ted  was much l e s s  than estim ated  

from d ir e c t  Salkow ski a ssa y . The other unknown in d o le  compounds appear­

ed to  correspond to  the breakdown products o f  indolepyruvic a c id  when 

i t  was chromatographed, and w i l l  be considered  below in  connection  w ith

experim ents u sin g  la b e le d  DL-tryptophan as a su b str a te .

Other experim ents in  t h is  lab oratory  had ca st some doubt upon tryp­

tophan being th e  main precursor o f  IAA in  ex c ised  corn sh o o ts . There­

fo r e ,  experim ents were d ev ised  to  f in d  i f  IAA r e a l ly  does come norm ally  

from tryptophan in  th e  p la n t. I t  i s  known th a t in  Avena c o le o p t ile s  

th e  t ip  i s  th e  s o le  source o f  auxin; and i f  th e  t ip  i s  removed, growth 

w i l l  stop  com p lete ly , or a t l e a s t  for an hour or so u n t i l  th ere  i s  so -  

c a lle d  reg en era tio n . This i s  the reason fo r  double d eca p ita tio n  in  the  

Avena curvature t e s t .  I t  was thought th a t  the t ip  should have the  

system  fo r  con vertin g  tryptophan to  IAA i f  t h is  i s  th e  major pathway, 

and th e  b a sa l p o rtio n  o f  th e  c o le o p t i le s  would be unable to  convert 

any tryptophan to  IAA, However, i t  took about one hour to  h arvest the  

320 c o le o p t i le s ;  thus some o f  th e  b asa l segments could have acquired  

th e  a b i l i t y  to  convert tryptophan to  IAA. D L-tryptophan-2-C ^

( s p e c i f ic  a c t iv i t y  -  0 .4 3  was used so th a t th ere  would be no
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q u estio n  about th e  IAA produced coming from tryptophan. Three hundred 

and tw enty 3 -d a y -o ld  oat c o le o p t i le s  (grown in  the dark a t  25° and 95$ 

r e la t iv e  hum idity) were d eca p ita ted  (5 nun from t i p ) .  The t ip s  as w e ll  as 

th e  rem aining c o le o p t i le  stumps were h arvested . The w eight o f t ip s  was 

0*95 grams w h ile  th e  stumps weighed 6 ,2  grams. The m itochondrial fr a c tio n s  

were is o la t e d  from b oth , as p rev io u sly  d escr ib ed , and resuspended in  1 ml 

o f i s o la t io n  s o lu t io n . The enzyme c o n s is te d  o f  0 ,5  ml o f m itochondria  

and b o ile d  enzyme co n tr o ls  were run. The assay  m ixture contained 12 juM 

sodium pyruvate, 2 .5  .uM sodium su c c in a te , 0 .1  pM ATP, 5 -hM MgC^t 2 . 5 /jM 

DL-tryptophan and sucrose to  make th e  a ssa y  iso to n ic  in  a volume o f  1 .7 5  

ml. A fter  8 hours o f  in cu b ation  a t  30°C, m ixtures were d ep ro te in ized  w ith  

NH^SO .̂ The a c id  fr a c t io n s  were chromatographed (ascend ing) on paper 

(isopropanol/N H ^/l^O ). The chromatogram was sprayed w ith  E hrlich  reagent 

and radioautographed. Both th e  t ip s  and th e  c o le o p t i le s  were a b le  to  con­

v e r t  la b e le d  tryptophan to  la b e le d  IAA, but the t ip s  were probably fa r  more 

a c t iv e ,  keeping in  mind th a t  th e  fresh  w eight o f  th e  stumps was about 6 .5  

tim es th a t o f  th e  t ip s .  On radioautogram s, an in d o le  d e r iv a t iv e  was de­

t e c te d  ju s t  below IAA in  both the b o ile d  and unboiled  e x tr a c ts . On paper 

i t  gave an E h r lic h 1s r e a c t io n , and th e  tryptophan sample was found to  con­

ta in  t h is  substance as a contam inant.

Another approach used was to  compare th e  form ation o f IAA from other  

su b str a te s  w ith  th e amount formed from tryptophan, u sin g  th e corn homogenate. 

I t  was thought th a t th e whole homogenate should be used in  th e se  ex p er i­

ments because th e  supernatant might be a b le  to  convert other su b stra tes  to  

IAA even though i t  does not appear to  convert tryptophan to  IAA. Though 

t h is  was t r ie d ,  no IAA could be d e tec ted , probably due to  th e p rev io u sly  

d iscu ssed  d i f f i c u l t i e s .  Another experiment was t r ie d  u sin g  on ly  the
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m itochondria and th e  fo llo w in g  su b str a te s;  tryptophan, in d o le  and 

s e r in e , in d o le  and g ly c o l ic  a c id , in d o le  and g ly c in e , in d o le  and ace­

t a t e ,  in d o le  and fru c to se -1 ,6 -d ip h o sp h a te , and in d o le  a lo n e . Paper 

chromatography in d ica ted  tr a c e s  o f  IAA were formed w ith  in d o le  and 

s e r in e , in d o le  and g ly c in e , and perhaps in d o le  and g ly c o l ic  a c id . How­

ev er , no su b str a te  was as good as tryptophan.

The p o s s i b i l i t y  e x is te d  th a t tryptophan was degraded to  in d o le  by 

th e  m itochondria and then  in d o le  and some 2 - carbon fragment such as g ly -  

c o la te  was converted to  IAA. The la b e led  IAA (formed from tryptophan) 

would s t i l l  have been p o s s ib le ,  but the s id e  chain  o f  tryptophan would 

be expected to  be incorporated  in to  many other components, and some 

C ^ 0 2 might even be l o s t .  This i s  based, o f  cou rse , on th e assumption  

o f  th e  presen ce o f  a transammidase or an o x id a tiv e  deam idation. In 

e ith e r  c a se , a r e a d ily  m etab o lizab le  organic a c id  would con ta in  th e la b e l .

The o v e r a ll  r e a c tio n  to  a la n in e  and in d o le  has been found in  E. 

c o l i  and i s  c a l le d  tryptophanase (1 8 ? ). Of cou rse , i f  t h is  system  was 

o p era tin g , one might expect to  f in d  some in d o le  on th e chromatograms.

I t  was p o s s ib le  to  see  i f  th e  m itochondrial conversion  was d ir e c t
14or in d ir e c t  by u sin g  tryptophan-2 -C . A ll  the r a d io a c t iv ity  should be 

in  the carboxyl group o f  IAA and the s p e c if ic  a c t iv i t y  o f  IAA should be 

comparable to  th a t o f tryptophan. The degradation o f  IAA by thermal 

degradation  ( 1 2 9 ) should lead  to  in a c t iv e  sk a to le  and



- 4 1 -

The above experiment was conducted four tim es w ith  m itochondrial 

system s and tw ic e  u sin g  th e whole corn sh o o ts . The f i r s t  two experim ents 

were not ca rr ied  to  com pletion due to  th e  sm all amount o f  IAA obtained  in  

th e  f i r s t  c a se , and th e  in a b i l i t y  to  r e c r y s ta l iz e  to  constant a c t iv i t y  in  

th e  second c a se . The th ir d  and fourth  experim ents were com pleted. The 

whole corn shoot experim ents f a i le d  due to  th e sm all amount o f  a c t iv i t y  

in  th e IAA (700 counts t o t a l )  i s o la te d .  C arrier IAA had been added.

In th e  th ir d  experim ent, 102 grams o f  4 -d a y -o ld  corn shoots were

ground in  70 ml o f  0 .1  M phosphate 0 .4  M sucrose b u ffer  pH 7*0 a t 1°C.

The washed p a r t ic le s  (prepared as p r ev io u sly  d escrib ed ) were resuspended

in  a t o t a l  volume o f  12 ml in  th e phosphate sucrose b u ffe r . This i s  a

co n cen tra tio n  o f  0 .8 7  gms fresh  w eight per ml o f  m itochondrial suspension .

The in cu b ation  m ixture used was 125 jM  sodium pyruvate, 25 juM sodium
14

s u c c i n a t e ,  1 2 .5  pM MgC^, 25 pM ATP, 5*0 juM t r y p t o p h a n - 2 - C , an d  6 .0  m l 

o f  m i t o c h o n d r ia  i n  a  t o t a l  a s s a y  v o lu m e  o f  25 m l.

The in cu b ation  p eriod  was 8 hours a t 30 degrees C. Salkowski estim ates  

on th e  supernatant a t  t h is  tim e in d ica ted  an apparent IAA con cen tration  o f  

about 10 pg per ml. The m itochondrial p a r t ic le s  were spun o f f ,  th e  pH 

ad ju sted  to  3 .0  w ith  ta r ta r ic  a c id  and th e  supernatant ex tra cted  3 tim es  

w ith  e th er . The eth er was evaporated o f f  under w ith  a bath temperature 

o f  57°C. The res id u e  was p a r t it io n e d  between n-hexane and a c e t o n i t r i le  

and th e  n-hexane d iscard ed . The a c e t o n i t r i l e  was then  evaporated o f f  as 

above, and th e  re s id u e  taken up in  10 drops of EtOH, The a lco h o l so lu t io n  

was chromatographed as a 3 - inch s tr ip  on washed Whatman 1 paper (isop rop on a l/ 

ammonia/water 8 ;1 :1  v /v ) .  The paper was e q u ilib r a te d  for 4 hours and run 

16 hours a t 1°C.

There was a sm all amount o f  IAA p resen t as in d ica ted  by f lu o re scen ce
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and jo-dimethylaminobenzaldehyde (PDMABA) t e s t  o f  a |  inch s tr ip  in  th e  

cen ter  o f  th e  3 -in ch  band. The la t t e r  t e s t  in d ica ted  4 compounds were 

p resen t in  a d d itio n  to  IAA (Table V I). The re-chromatography o f  sp o ts  

A, C and D in d ica te d  approxim ately th e  same Rf v a lu es .

The IAA was removed from th e paper m oistened w ith  0.1M ta r ta r ic  acid  

pH 3-0 by e x tr a c tio n  3 tim es w ith  e th er . The eth er was concentrated , 

evaporated on a g la ss  counting p la n ch et, and i t  counted 19,630 CPM. The 

IAA was washed from th e  p lan ch et w ith  2 ml a lc o h o l. The a lc o h o l was 

evaporated under Ng 57°0 and a Salkowski t e s t  in d ica ted  5 Pg o f  IAA 

was p re sen t, or 10 jug t o t a l .  The r a t io  o f  the m olecular w eights o f  

tryptophan and IAA i s  0 .875  and th e  r a t io  o f  th e  counts per 10 jug i s  

0 .8 6 0 . (Under th e se  c o n d itio n s , 10 jug tryptophan = 16,850 cpm).

The s p e c if ic  a c t iv i t y  o f th e  IAA is o la t e d  was in  good agreement wuth 

th e  s p e c i f ic  a c t iv i t y  o f th e  tryptophan fed .

The fourth  experiment was carried  to  com pletion and both th e  s p e c if ic  

a c t iv i t y  o f  th e  IAA and th e  p o s it io n  o f  th e  la b e l would suggest d ir e c t  

con version  o f  tryptophan to  IAA. This experiment i s  summarized in  Table 

V II.
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TABLE V I

R esu lts  o f  Incubating Tryptophan-2-C ^ w ith  th e  M itochondrial 
F raction  from 5-Day-Old E t io la te d  Corn Shoots. Substances 
D etected  on Paper Chromatograms o f  the A cid Ether E xtract.

Approximate 
Substance Rf^ R a d io a c tiv ity

Color With: 
Salkowski E hrlich UV Light

A 0 .90  50 Yellow Pink F. L t. Blue

B 0 .5 8  640 Pink — —

IAA 0 .4 3 1 1058 Red Purple F. L t . Blue

C 0 .3 1 1 640 Red Pink F. L t. Blue

D Q.241 846 Red Red F. L t. Blue

^Streaking in  t h is  area o f  chromatogram 
^1sopropanol/ammonia/water ( 8 s l s l )

TABLE VII
P u r if ic a t io n  and Degradation o f  R ad ioactive  

IAA Formed From Incubation o f  Corn Shoot 
M itochondria w ith  Tryptophan-2-C ^

IAA-C1^ E luted + 50 me IAA
cpM/10 m

IAA Skatole^ BaC03^

R ec ry sta liza tio n ^  1 2 1 7 .6

" » 2 187.7

11 »i j 173 .4

ir 11 209 .2 0 .4 189 .?

R e c r y s ta liz a t io n  from 50$ ethanol 
^A fter one resu b lim ation  
^Corrected fo r  th ick n ess
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I s o la t io n  o f 3 -In d o ly la c e t ic  Acid
♦from U stila g o  zeae Tumors 

by

G. Turian

I n s t i t u t e  o f  General Botany, U n iv e rs ity  o f  Geneva (Sw itzerland)

and

R. H. Hamilton

U nited S ta te s  Department o f  A g r icu ltu re , A g r icu ltu r a l Research S erv ice  
and Department o f  Botany and P lant Pathology  

Michigan S ta te  U n iv e r s ity , East Lansing, Michigan (U .S .A .)

Smut in fe c t io n s  cause an in crea se  in  th e  auxin content o f  th e  h ost

t is s u e s ^ . This was f i r s t  dem onstrated in  U stila g o  zeae tumors by
2 3Moulton , u sin g  th e Avena curvature t e s t .  Wolf reported  th a t four

s tr a in s  o f  U. zeae produced auxin , id e n t i f ie d  as in d o ly a c e tic  a c id  (IAA)

in  a medium con ta in in g  tryptophan. Von Guttenberg and S tu tz  and Hirata^

a ls o  d etec ted  auxin by b io a ssa y  in  U. zeae cu ltu res  and in  th e  corn

tum ors. T u rian 's observation^  o f  high c a ta la se  l e v e l s  in  U. zeae
7

tumors and th e  a c t iv a t io n  o f a c id  phosphatase by tumor e x tr a c ts  , a lso  

supported th e  occurrence o f  a h igh  IAA l e v e l .  However, upon chromato-
o

graphy o f  an ex tr a c t  from sm all q u a n tit ie s  o f tumors, no IAA could be

d e tec ted  w ith  Salkowski reagen t. Turian thus concluded th a t th e IAA

co n cen tra tio n  ( i f  p resen t a t a l l )  must have been low er than 10”^M. These

r e s u l t s ,  to g e th er  w ith  th e  absence or a t th e  most a very low con cen tration
9*10o f IAA in  h ea lth y  corn se e d lin g s  9 , suggested  th a t chem ical d e te c tio n

o f  th e p a th o lo g ic a l hyperauxiny in  th e  tum orized t is s u e s  would req u ire

♦Supported in  part by U. S. N ation al S c ien ce  Foundation 
C ontribution  No. 257^ from Michigan A g r icu ltu ra l Experiment S ta tio n
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e x tr a c tio n  o f  much la r g e r  amounts o f  tumor than p re v io u sly  used. S in ce  

th e  low co n cen tra tio n  o f  IAA and th e  high  con cen tration  o f in te r fe r in g  

substances preclu d e d ir e c t  chem ical d e te c tio n , i t  i s  n ecessary  to  use  

m u lt i-s te p  p u r if ic a t io n  procedures. These procedures r e s u lt  in  great 

l o s s  o f  IAA during p u r if ic a t io n ;  so a sm all amount o f  IAA-2-C-*-  ̂ was 

added to  perm it co rr ec tio n  fo r  th e se  l o s s e s .  The r a d io a c tiv e  IAA i s  

a ls o  extrem ely u se fu l in  lo c a t in g  and fo llo w in g  the IAA during th e  

i s o la t io n .

Three main experim ents were performed; the f i r s t  w ith  1500 gms o f  

maturing tumors ( early-chlam ydospore s ta g e ) ,  the second w ith 1200 gms 

o f younger tumors (m ainly pre-chlam ydospore s t a g e ) , and th e  th ir d  w ith  

1840 gms o f  u n in fected  corn s ta lk s  ( e a r ly - t a s s e l  s ta g e , c o l le c te d  in  th e  

f i e l d  a t  th e  same tim e as th e  younger tumors The m a ter ia ls  were stored  a t  

-20°C u n t i l  u sed . The data and th e  fo llo w in g  te c h n ic a l d e scr ip tio n  

correspond to  our i s o la t io n  o f  IAA from younger tumors, and serves to  

I l lu s t r a t e  th e  gen eral methods used.

Tumors were ground in  a Waring blendor w ith  s u f f ic ie n t  95$ e th y l 

a lc o h o l to  make th e  f in a l  a lco h o l con cen tra tion  about 80$. A fter  f i l t r a ­

t io n ,  I .6 5  jag o f  IAA -2-C ^ ( s p e c i f ic  a c t iv i t y  o f  9 .1 8  x lQ^d/m/pg^-*- or, 

under our counting c o n d it io n s , 34,500 c /m /p g), 7 grams o f  ethylenediam ine- 

t e t r a a c e t ic  a c id  (EDTA), and s u f f ic ie n t  NaHCÔ  to  make th e e th a n o lic  

e x tr a c t  a lk a lin e  were added. The ethanol was removed in  vacuo a t  37°C by 

use o f  a steam -driven  "spray dry" apparatus, and th e  r e s u lt in g  1 .5  l i t e r s  

o f  ex tr a c t  fu rth er  concentrated  to  about 700 ml w ith  a r o ta t in g  f ilm  

evaporator a t 50°C and 17 mm Hg. The concentrate (pH about 8 . 5 ) was 

f i l t e r e d  through g la ss  wool and ex tra cted  w ith  two volumes o f  p erox id e-  

fr e e  d ie th y l e th er , and th e  ether was d iscarded . The aqueous p o rtio n
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was ad justed  to  pH 3->5 w ith  10 N and ex tracted  w ith  3 volumes o f

e th e r • The combined ether fr a c tio n s  were concentrated  jLn vacuo to  about 

100 ml and ex tra cted  tw ice  w ith  30 ml o f 8$ NaHC0 3 . The combined 

bicarbonate e x tr a c ts  were adjusted  to  pH 4 .0  w ith  10 N Ĥ PÔ  and ex­

tr a c te d  3 tim es w ith  equal volumes o f e th er . The combined ether ex tra c ts  

were d ried  over anhydrous sodium s u lfa te  a t 1°C, and then concentrated  

in  vacuo to  a dark reddish-brown ’'o il" . This res id u e  was d ilu te d  to  

20 ml w ith  e th er , and a 0 .2  ml a liq u o t was counted on an etched g la ss  

plan ch et (2 .6 9  sq cm area) by u sin g  a thin-window gas flow  G.M. tu b e . The 

t o t a l  r e a d io a c t iv ity  in  t h i s  fr a c tio n  was 36,320 cpm, or about 64$ o f  the  

IAA-2-C1^ added.

The " o i l” contained con sid erab le  a c id ic  l ip o id a l  m a ter ia l, p o ss ib ly
1 o

h y d ro ly tic  products o f th e g lu c o lip id  u s t i la g ic  acid  . In an e f fo r t  

to  sep arate  IAA from t h is  l ip o id a l  m a ter ia l, th e  "oil"  was p a r tit io n e d  

2 tim es (a f te r  removing th e eth er) between 5 ml o f a c e t o n itr i le  and 5 ml 

o f l ig r o in .  The l ig r o in  la y e r s  ( l ig h t  yellow ) were d iscarded ( le s s  than 

200 counts; about 0 .2 $  o f  the IAA i s  l o s t  w ith  each e x tr a c tio n ) . A fter  

removal o f  th e  a c e t o n i t r i le  in  vacuo, column chromatography was attem pted  

by u sin g  25 gm o f  diatomaceous s i l i c a  (a n a ly tica l-g r a d e  C e lit e ,  Johns- 

M anville C o., U .S .A .) m oistened w ith  20 ml o f  0 .1  M phosphate pH 6 .50  as 

th e  s ta t io n a r y  phase, and eth er saturated  w ith  th e  same b u ffer  as th e  

m obile phase. 26 fr a c tio n s  o f  3 .5  ml were c o lle c te d  and r a d io a c t iv ity  

was estim ated  by counting 0 .2  ml a liq u o ts  from each tube. F raction s  

6-18 were combined and dried  over anhydrous sodium su lp h ate , 'and the  

eth er  was then removed in  vacuo. The resid u es were paper chromato­

graphed fo r  14 hours on Whatman 3mm paper (p r ev io u s ly  washed w ith  

a lk a lin e  EDTA and 0 .1  N HCL) in  isopropanol/am m onia/water (8 j1:1) as
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th e  ascending so lv e n t . The IAA runs ju st  above, but does not separate  

com p letely  from a dark-brown pigment; so t h is  e n t ir e  area was e lu ted  

w ith  50$ e th a n o l. The e lu te d  sample was rechromatographed as above on 

a 6 -in ch  s tr ip  but w ith  a s l i g h t ly  more aqueous so lv en t ( 7 ; 2 i l ) .  Upon 

exam ination o f  th e  chromatogram under UV l ig h t  and m onitoring for  

r a d io a c t iv ity ,  i t  appeared th a t some sep aration  o f  IAA from th e pigment 

had been ach ieved  so th a t th ey  could be e lu ted  sep a ra te ly . A fter  

e lu t io n  and counting as above, th e  dark-brown-pigmented fr a c tio n  con­

ta in ed  8 ,350 cpm, w h ile  th e  l ig h t-y e l lo w  fr a c t io n  had 22,780 cpm. Thus 

a t t h i s  s ta g e , t o t a l  IAA recovery was about 55$* S in ce 63$ o f th e  IAA 

was in  th e  l ig h t -y e l lo w  fr a c t io n , th is  was fu rth er p u r if ie d  by paper 

e le c tr o p h o r e s is  a t  1°C on Whatman 3 MM paper (washed as above) by usin g

0 .1  M c i t r a t e  b u ffer  o f  pH 5.25* The m o b ility  o f  IAA under th e se  con­

d it io n s  as judged by th e a p p lic a tio n  o f  known IAA to  one edge o f  the 

electrophoretogram , i s  2 .9 4  x 10~^cirfV v o l t - s e c .  A fter  drying, th e  IAA 

was lo ca te d  by means o f  a UV l i g h t ,  by r a d io a c t iv ity ,  and by spraying a 

narrow t e s t  s tr ip  con ta in in g  known IAA w ith  E h r lich 's  reagent (1$ 

p-dim ethylam inobenzaldehyde p lu s 8 . 5$ HC1 in  95$ e th a n o l.)  The pigment- 

fr e e  IAA area was e lu ted  w ith  50$ eth an ol, and the e lu t io n  volume was 

ad ju sted  to  1 .5  m l. Measurements o f th e  recovery o f  r a d io a c t iv ity  on 

d u p lica te  0 .0 5  ml samples in d ica ted  a recovery o f  10,737 cpm, or 18 .8$  

o f  th e  IAA-2-C^if' added. For th e  q u a n tita tiv e  estim ation  o f the IAA
13recovered , a 0 .3  ml sample was assayed w ith  1 .2  ml o f  Salkowski reagent 

by u sin g  th e K le tt m icrocolorim eter w ith  a No. 5^ f i l t e r .  The ra te  o f  

c o lo r  developm ent, fo llow ed  a t 10-m inutes in te r v a ls  fo r  40 m inutes, 

was about th e same in  both standards and sample. The IAA con cen tration  

was 4 .0  jug per 0 = 3 ml. Thus a t o t a l  o f  20 jug o f IAA was is o la te d .
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S in ce  about 0 .3  M g  o f  t h is  IAA was the IAA-2-C1^ added, th e t o t a l  non­

r a d io a c t iv e  IAA is o la t e d  would be 19*7 Mg and th e  t o t a l  IAA p resen t in  

th e  tumor t is s u e  was 105 Mg.

R esu lts  o f  th e  th ree  is o la t io n s  are summarized in  th e  fo llo w in g  

ta b le .

The IAA Content 
o f U stila g o  zeae Tumors and Corn S ta lk s  

Based on I s o la t io n  and C olorim etric D etection  
o f  IAA and C orrected fo r  Recovery o f  Added IAA-2-C-^

T issu e
Fresh Wt. 

( m s )
jug IAA

I so la te d 3,

Percent 
Recovery o f  

IAA-2-C1^

jug IAA/Kilo o f Fresh  
Weight Corrected For 
Recovery (M. Cone.)

Maturing tumors 
(e a r ly  chlamydospore 

sta g e ) 1500 5-85 18.5 21 .0  (1 . 2  x l c r 7)

Younger tumors 
(m ainly p re-  
chlamydospore s ta g e) 1200 19.70 18.8 8 7 .5  ( 5 .0  X 10  )

Q
Corn s ta lk s  
(e a r ly  t a s s e l ) 1840 1.10 14.3 4 .2  (2 .4  x  10- 8 )

a . C orrected fo r  recovery o f  IAA-2-C^. Amount added  was fo r  maturing
tu m o rs 0 .8 2 5  Mg» f o r  y o u n g e r  tu m ors 1 .6 5  Mg and f o r  c o r n  s t a l k s  3 -3 0  Mg.

b. A fter  column chromatography, h a lf  o f  th e  combined IAA fr a c t io n  was 
paper chromatographed in  isopropanol/am m onia/water (8 s l s l ) ,  and n- 
butanol/am monia/water ( lO s ls l )  s u c c e ss iv e ly . The e lu en t from the  
l a t t e r  paper chromatogram was recombined w ith  th e  remaining o n e-h a lf  
IAA fr a c t io n  from th e  column. The combined fr a c tio n s  were again  
column-chromatographed, paper-chromatographed as above (isop rop an o l/ 
am monia/water), and e lectrop h oresed .

c . A fter  column and paper chromatography (isopropanol/am m onia/w ater), 
th e  IAA-containing fr a c t io n  was e lectrop h oresed  tw ic e . The IAA 
con cen tra tion  was estim ated  in  t h is  case on th e f in a l  e lec tro p h o reto -  
gram by spraying i t  w ith  E h r lich ’s reagent and comparing i t  w ith  IAA 
standards. Recovery o f  IAA-2-C-^ was estim ated  ju st b efore th e f in a l  
e le c tr o p h o r e s is  on d u p lic a te  a l iq u o ts ,  and a radioautogram in d ica ted  
th a t a l l  th e  r a d io a c t iv ity  on th e  f in a l  electrophoretogram  was IAA,
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The IAA con cen tra tion s have been determined in  U stila g o  zeae tumors 

in  two s ta g es  o f  development, and in  v e g e ta tiv e  corn s ta lk s  ( e a r ly - t a s s e l  

s ta g e ) .  The v a lu es  should be considered  roughly q u a n tita t iv e , being  

l im ite d  by th e co lo r im etr ic  methods used. I t  should be noted th a t the  

p a r t it io n  column was not a s a t is fa c to r y  p u r if ic a t io n  step  in  th is  study,
9

though i t  has been employed s a t i s f a c t o r i ly  in  th e  case  o f  corn s e e d lin g s .

I t  appeared th a t th e  proper p a r t it io n  was prevented by th e  re s id u a l o i l ­

l ik e  res id u e  obtained  upon con cen tratin g  th e  ac id  eth er fr a c t io n s .

The on ly  comparable r e s u lt s  from a q u a n tita tiv e  b ioassay  are th ose  

o f  Moulton . He f a i l e d ,  however, to  f in d  p ro p o r tio n a lity  between the  

amount o f  tumor ex tra cted  and th e  curvature in  th e Avena curvature t e s t ,  

and suggested  th e  presence o f  an in h ib ito r . He a lso  found con tin u a l pro­

d u ction  or r e le a s e  o f  auxing for  sev e ra l days by co ld -e th er  or water 

e x tr a c tio n s  o f  fr e sh  or ly o p h y lized  tumor. In one experim ent, in  which 

he used water ex tra c tio n  a t 2°C fo r  1 hour, he found a curvature eq u iva len t  

to  approxim ately 15-30 -Ug o f  IAA/gm fresh  w eigh t. This huge d iscrepancy  

between our v a lu e s , based on i s o la t io n  and d e te c tio n , and M oulton's

v a lu e s , based on b io a ssa y , may suggest th e  presence o f  a d d itio n a l d i f f u s ib le
4

a u x in s. However, von Guttenberg and S tru tz  report th a t th e  auxin a c t iv i t y  

in  an a lc o h o lic  e x tra c t o f  tumor i s  in a c tiv a te d  by crude pea IAA ox id ase .

In any c a se , young U stila g o  zeae tumors are ch ara cter ized  by an IAA le v e l  

much above th a t o f  th e  u n in fected  s ta lk  t is s u e .

14We w ish  to  thank Dr. S. A. Gordon, who k in d ly  sup p lied  the IAA-2-C , 
and Dr. R. S. Bandurski fo r  h is  encouragement and su g g estio n s .
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S tu d ies  on I s o la t io n  o f  In d o le -3 -A cetic  Acid From 
Corn K ernels and E tio la te d  Corn S eed lin gs

R. H, Hamilton

Crops Research D iv is io n , A g ricu ltu ra l Research S erv ice  
U nited S ta te s  Department o f  A g ricu ltu re

and

R. S . Bandurski and B. H. Grigsby

Department o f  Botany and P lan t Pathology  
Michigan S ta te  U n iv ers ity  

East Lansing, Michigan

INTRODUCTION

In d o le -3 -a c e t ic  a c id  (IAA) has been commonly accepted as an 

im portant, i f  not th e  p r in c ip a l, p lan t auxin (5 .1 5 » 2 l) .  Grain o f  corn 

(Zea mays) i s  a r ic h  source and m illigram  q u a n tit ie s  have been is o la te d  

by a lk a lin e  h y d ro ly sis  o f  th e  mature k ern els (3 * 1 7 )i or by d ir e c t  e x tra c t­

ion  from immature k ern e ls  (1 6 ) . A la rg e  number o f rep orts have a lso  appear­

ed concerning th e  occurrence o f IAA in  v e g e ta t iv e  p ortion s o f  p la n ts ;  but 

in  many ca ses  d ie th y l eth er has been used as th e  ex tra ctin g  so lv en t in  a 

manner which can a llow  the enzymatic conversion  o f  tryptophan to  IAA (4 3 ).

In a great many other c a se s , the e x is te n c e  o f  IAA i s  presumed from th e  

b io a ssa y  o f  chromatograms run in  a s in g le  so lv e n t . Thus proof th a t fr ee  

IAA i s  g e n er a lly  d is tr ib u te d  in  growing p la n t t is s u e  i s  not y e t a v a ila b le  

(2 ) .

In s tu d ie s  reported elsew here (3 8 ), r e la t iv e ly  la r g e  amounts o f  

in d o le -3 -a c e t ic  a c id  (IAA) have been d etected  in  U. Zeae tumors, and 

sm aller amounts in  h ea lth y , e a r ly - ta s s e l- s ta g e  corn s ta lk s .

The tech n iq u es here reported permit handling o f  la rg e  amounts o f  

t i s s u e  and q u a n tita t iv e  ev a lu a tio n  o f  lo s s e s  during i s o la t io n .  They are
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designed  to  measure fr e e  IAA (th a t i s ,  IAA p resen t when th e  t i s s u e  i s  

q u ick ly  k i l l e d  by hom ogenization in  ethanol) and to  permit p h y sica l  

c h a r a c te r iz a tio n  o f  th e  IAA so ex tra c ted . Using t h is  method, i t  was not 

p o s s ib le  to  i s o la t e  any fr e e  IAA from 80$ ethanol ex tra c ts  o f  corn seed­

l in g s  i f  th e  pH o f  th e  aqueous con cen trate was a c id if ie d  to  pH 4 .0  and 

ex tra cted  w ith  e th er . Recovery o f  IAA added to  f i l t e r e d  ethanol ex tra c ts  

or ethanol homogenates from kilogram  q u a n tit ie s  o f  corn shoots i s  d is ­

cu ssed . I t  i s  suggested  th a t IAA may complex w ith  ethanol so lu b le  sub­

sta n ces  from th e corn sh o o ts , and th e percentage lo s s  i s  greater  w ith  

2-3  Mg than w ith  100 jug. By a d ju stin g  the aqueous concentrate to  pH

8 .0  w ith  sodium b icarbonate p r io r  to  ether e x tr a c tio n , th e  recovery o f  

142-3 MS IAA-2-C was somewhat in creased  and IAA could then be d etected  

in  e t io la t e d  5 -d ay-o ld  corn sh o o ts . P o s s ib ly , th e r e fo r e , IAA in  vivo  

e x is t s  as a complex th a t i s  very  e a s i ly  hydrolyzed by m ild a lk a l i .

Free IAA could be is o la te d  from corn k e rn e ls , but much more could be 

re le a sed  fo llo w in g  a lk a lin e  h y d ro ly sis  o f  a gummy, yellow -orange  

p r e c ip ita te  r e s u lt in g  from con cen tration  o f  th e  80$ ethanol e x tr a c ts .

This precursor appeared id e n t ic a l  to  th a t reported by Berger and Avery (4 ) ,  

and may be an a lc o h o l so lu b le  p r o te in .

METHODS

M ichigan 350 hybrid corn was soaked in  water fo r  4 hours and germin­

ated  on wet absorbent paper in  p la s t ic  tra y s fo r  5 days in  th e  dark a t  

25°C and 90$ r e la t iv e  hum idity. The shoots were harvested  by c u ttin g  

o f f  th e  c o le o p t i le  p lu s th e  f i r s t  in ternod e. They were imm ediately  

homogenized in  a blendor w ith  s u f f ic ie n t  95$ e th y l a lco h o l to  make th e  

f in a l  con cen tration  80$ eth an ol. A fter  1 -4  hours, th e  ethanol homogenate 

was f i l t e r e d  and th e res id u e  re -ex tr a c ted  once or tw ice  w ith  80$ eth an ol.
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The combined e th a n o lic  e x tr a c ts  were concentrated  a t  55°C in  vacuo w ith  

a r o ta t in g  evaporator or in  la t e r  experim ents w ith  a vacuum spray d r ier  

a t  35°C. In experim ents where IAA-2- C ^  was added to  perm it recovery  

c a lc u la t io n , i t  was added to  th e  ethanol f i l t r a t e  or to  th e homogenate 

p r io r  to  f i l t r a t i o n ,  w ith  id e n t ic a l  r e s u lt s .  The aqueous concentrate  

was a d ju sted  to  pH 4 .0  w ith  5N HgSO  ̂ or Ĥ PÔ  and th e  p r e c ip ita te  re­

moved by f i l t r a t i o n  through g la ss  w ool. In la t e r  i s o la t io n s  (where 

noted in  t e x t ) ,  th e  pH o f th e  aqueous concentrate was adjusted  to  8 ,0  

w ith  NaHCO .̂ The aqueous con cen trate was ex tra cted  3 tim es w ith  perox­

id e - f r e e  d ie th y le th e r  (shaken w ith  s o l id  FeSO/4, b efore d i s t i l l a t i o n ) .  In 

th e  former case (e x tr a c t io n  pH 4 .0 ) ,  th e  eth er was p a r t it io n e d  w ith  8$ 

NaHCÔ  3 t im e s , th e  combined b icarbonate fr a c t io n  a c id if ie d  to  pH 4 .0  

(5N ^SO/j,) and ex tra cted  in to  eth er 3 tim es. In the la t t e r  case (ex­

tr a c t io n  pH 8 .0 ) ,  th e  eth er  was shaken once w ith  8$ NaHCO .̂ A fter  a c id i­

f ic a t io n  o f  combined aqueous b icarbonate fr a c t io n s  (a s a b o v e), th ey  were 

ex tra cted  w ith  eth er th ree tim es . The combined eth er fr a c t io n  was again  

bicarbonate p a r t it io n e d  as d escribed  above. The a c id  ether fr a c tio n s  

were d ried  over anhydrous Na^SO  ̂ a t 1°C and the eth er removed in  vacuo. 

The res id u e  was washed 3 tim es w ith  5 i'll o f  ether and th e  combined ether  

fr a c t io n s  reduced in  volume to  about 3 ml* This fr a c t io n  was ap p lied  to  

a b u ffered  eth er-w ater p a r t it io n  column (se e  below) and e lu ted  w ith  e th er . 

The IAA con ta in in g  fr a c t io n s  were pooled and dried  over anhydrous sodium 

su lp h a te  a t  1°C* The dry eth er was evaporated and th e resid u e  was taken  

up in  a few drops o f  ethanol fo r  chromatography or e le c tr o p h o r e s is .

F raction s o f  s u f f ic ie n t  p u r ity  could then be fu rth er  fra c tio n a te d  by 

two dim ensional electrophoresis-chrom atography. In t h is  procedure, the
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sample was sp o tted  toward one corner o f  a T-shaped p ie c e  o f  b u ffer -  

sa tu rated  paper. The f la p  (o f  th e  same len g th  and width as th e  e le c tr o ­

p h o res is  bed) was fo ld ed  over and in su la ted  by a p la s t ic  sh ee t. A fter  

e le c tr o p h o r e s is , th e  paper was dried  and used fo r  chromatography a t  

r ig h t  an g les  to  th e  d ir e c t io n  o f  e le c tro p h o r e tic  m igration . Paper 

e le c tr o p h o r e s is  was conducted in  a c lo sed  s t r ip ,  s o l id  support, p le x i­

g la ss  chamber u sin g  Whatman 3MM paper, 0 .1  M c i t r a te  b u ffe r , pH 5-25»

200 or 250 v o l t s ,  and a tem perature o f 1°C.

In experim ents in v o lv in g  more than a few hundred grams o f  corn 

sh o o ts , th e  elctrophoresis-chrom atography procedure could not be used, 

as th e  IA A -containing column fr a c tio n s  were too impure to  be ap p lied  as 

a spot to  the b u ffer  satu rated  paper. Under th ese  c o n d itio n s , continuous  

flow  e le c tr o p h o r e s is  proved to  be v a lu a b le . The continuous flow  e le c tr o ­

p h o resis  u n it  was con stru cted  a f te r  th at o f  Durrum (11) except th a t the  

e le c tr o d e  compartment was b a f f le d , and carbon e lec tro d es  were used. 

Whatman 3MM paper was washed su c c e s s iv e ly  w ith  eth y len ed iam in etetra-  

a c e ta te  a t pH 8 ,0 ,  0 .1  N HC1, and d i s t i l l e d  w ater. E lectro p h o resis  a t  

pH 6 .55  w ith  0 .025 M phosphate b u ffer  a t room temperature ( in  th e dark) 

was found to  be s a t is fa c to r y .  Under th e se  co n d itio n s , th e  IAA m igrated  

h a lf  way toward th e p o s i t iv e  e lec tro d e  when th e  wick was one inch from 

th e  n eg a tiv e  edge, w h ile  th e  pigments did not m igrate.

Although paper e le c tr o p h o r e s is  r e su lte d  in  the b est sep aration  o f  

IAA from th e a c id ic  p igm ents, paper chromatography was somewhat more con­

v en ien t and was used u n le ss  o th erw ise  s ta te d . Whatman 3MM or Whatman 1 

paper was used fo r  ascending chromatography u sin g  isop rop an ol, ammonium 

hydroxide, water so lv en t (8 :1 :1 , v /v )  in  most c a se s . The sample was 

u su a lly  a p p lied  as a 5 cm band w ith  known IAA sp otted  a t  one end so as
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to  overlap  th e  unknown s l i g h t ly .  Chromatography was conducted in  th e  

dark a t  1°C fo r  20 to  30 hours, a f te r  e q u ilib r a tio n  fo r  8 to  12 hours.

IAA was lo c a te d  on the paper by a l ig h t -b lu e  flu o rescen ce  under short­

wave, u l t r a - v io le t  ra d ia tio n  (2537 A) or by spraying (w ith  E h r lich 's  

reagen t) a s t r ip  cut from th e  edge o f  th e  band con ta in in g  th e  co -sp o tted  

IAA. The E h r lich ’s reagent contained  1 gm £-dim ethylam inobenzaldehyde 

d isso lv e d  in  91 • 2 ml o f  95$ ethanol and 8 .8  ml o f  concentrated  HC1. 

Chromatograms were e lu ted  w ith  50$ eth an o l, and Salkowski reagent (35) 

was used for  th e  d e te c tio n  o f  e lu ted  IAA. The red co lo r  complex was 

measured w ith  a co lorim eter  u sin g  a wide band, 540 mp f i l t e r ;  standard  

con cen tra tion  o f  IAA were included in  each determ ination . The m odified  

Avena s e c tio n  s tr a ig h t  growth t e s t  o f  McRae e t  a l .  (25) was used for  the  

b io a ssa y s .

The IAA-2-C1^ used in  th ese  s tu d ie s  had a s p e c if ic  a c t iv i t y  o f  

9 .1 8  x lO^d/m/pg (3 4 ). Due to  p o s s ib i l i t y  o f  rad io-decom position , the  

sample was p u r if ie d  by column chromatography and paper chromatography 

tw ice  during th e  course o f  th e se  in v e s t ig a t io n s . The stock  so lu t io n  

was kept as a very d ilu te  s o lu t io n  in  ethanol and stored  a t -20°C. A fter  

th e  i n i t i a l  p u r if ic a t io n ,  no decom position products were noted when the  

IAA-2-C-^ was chromatographed.

Sugar b e e ts , green peas and cucumbers were f i e ld  grown on th e  Michigan 

S ta te  U n iv er s ity  farm and harvested  im m ediately b efore u se . P otatoes and 

bananas and sweet corn were purchased lo c a l ly ,  w h ile  e t io la te d  pea shoots  

(A laska) were grown fo r  6 days a t 25°C and 90$ r e la t iv e  hum idity. As 

c a r r ie r  IAA-2-C^ was not used in  most o f  th e se  i s o la t io n s ,  no recovery  

estim a tes  were p o s s ib le .  In some o f th e se  i s o la t io n s ,  as noted, i n i t i a l  

a lk a lin e  eth er ex tra c tio n  was used.
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EXPERIMENTAL

In e a r ly  experim ents, i t  became apparent th a t corn see d lin g s  con­

ta in ed  high  con cen tra tion s o f  a yellow ish-brow n p h e n o l-lik e  pigm ents5*'. 

Chromatograms o f  corn se e d lin g  e x tr a c ts  were very co lored  and i t  was 

im p o ssib le  to  d e te c t  jag amounts o f  IAA by flu o re scen ce  under u l t r a - v io le t  

r a d ia tio n , or by E hrlich  or Salkowski reagen ts. These d i f f i c u l t i e s  have 

a lso  hampered th e  i s o la t io n  o f  IAA by workers u sin g  other p la n t m ater ia ls  

( 1 ,8 ,2 7 ,4 0 ) .  Column chromatography was used in  th e  i s o la t io n  o f  IAA by 

K8gl e t a l .  (2 2 ) , and other columns have been described  by L inser (24) 

and F isch er  and Behrens (1 2 ). However, none o f  th ose  columns appeared 

to  be e n t ir e ly  s a t is fa c to r y  under our p a r tic u la r  co n d itio n s .

The se v e ra l columns t r ie d  in  t h is  study were c e l lu lo s e ,  a styren e  

type polyamine r e s in  (Dowex AG 3 -X 4 ), n eu tra l alumina (Woelm), N,N- 

d ie th y la m in o e th y lc e llu lo se , and w ater-eth er  p a r t it io n  using a n a ly t ic a l  

grade diatomaceous s i l i c a  (C e l i t e ,  Johns-M anville) as th e  in e r t  base.

The c e l lu lo s e  column channeled even w ith  c a re fu l packing w h ile  w et. The 

n eu tra l alumina and th e  Dowex AG 3-^4 appeared to  bind the IAA very  

t ig h t ly  and i t  could  not be r e a d ily  e lu te d . N ,N -d ie th y la m in o eth y lce llu lo se  

made a very  s a t is fa c to r y  column. The IAA was adsorbed on th e  column from

0.005  N phosphate b u ffer  a t  pH ? o0 and could be e lu te d  by in crea sin g  th e  

s a l t  or b u ffer  con cen tra tion . The column chosen fo r  use was a tru e  

p a r t it io n  column employing a b u ffered  aqueous phase adsorbed on C e lite

*The p r in c ip a l pigment was c o lle c te d  as a p r e c ip ita te  a f te r  con cen tration  
o f  th e  a c id  eth er fr a c t io n  p r io r  to  column chromatography. This substance  
was r e c r y s ta l iz e d  from a c e to n e - lig r o in  y ie ld in g  l ig h t  brownish-pink to  
w h ite  m onoclin ic sweet ta s t in g  c r y s ta ls  (C^HqO^N) m eltin g  a t 160-161 C 
( d e c .) .  The id e n t i f ic a t io n  and ch a ra c te r iza tio n  o f  t h is  substance w i l l  
be reported  elsew here.
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and eth er as th e  m obile phase. This p a r t it io n  was s im ila r  to  th at used  

by H olley  e t .  a l . (19) except th e se  workers used a Craig apparatus.

U sing t h is  typ e o f  column, the IAA could be e lu te d  in  a sm all volume 

o f  eth er and e a s i ly  con cen trated . A n a ly tica l grade C e lite  was thoroughly  

ground in  a mortar w ith  0 .8  tim es i t s  w eight o f  phosphate b u ffer .

P ortio n s o f  the damp C e lite  were s lu r r ie d  in  th e column w ith  b u ffer  

sa tu rated  eth er and th e  s lu r ry  packed w ith  a g la ss  rod. A flow  ra te  o f

0 .5  to  2 .0  ml per minute was obtained  w ith  3 to  5 pounds p ressu re per 

square inch o f  n itro g en . The column was e lu ted  w ith  ether satu rated  w ith  

th e  same b u ffer  used on th e  column. F igures 1 and 2 in d ic a te  th e  e f f e c t  

o f  m olar ity  and pH o f  th e  phosphate b u ffer  on th e  e lu t io n  o f  IAA from a

2 .5  cm column con ta in in g  10 g o f  C e l i t e .  High b u ffer  con cen tration s  

depress th e  s o lu b i l i t y  o f  IAA in  th e  aqueous phase. Over th e  sm all range 

o f  hydrogen ion  con cen tration s t e s t e d ,  th ere  was an alm ost l in e a r  r e la t io n ­

sh ip  between pH and ra te  o f  movement o f  IAA through the column.

Maximum sep aration  o f  IAA and th e  corn pigments was obtained w ith

0.1M phosphate b u ffer  a t pH 6.5* Under th ese  co n d itio n s , w ith a 1 .8  cm 

diam eter, 20 g column, IAA came o f f  in  th e  40 to  60 ml fr a c tio n s ;  w ith  a

2 .5  cm, 30 g column, th e IAA came o f f  in  the 50 to  70 ml fr a c tio n s ;  and 

w ith  a 5 cm, 100 g column, the IAA came o f f  in  th e 200 to  500 ml fr a c t io n s .  

The h ig h est  con cen tra tion  o f IAA was found ju s t  a f te r  th e  f i r s t  tube or

two co n ta in in g  i t ,  in d ic a tin g  th a t the IAA band t r a i le d  upward on the  

column. U su a lly  2 -3  ml o f  eth er were c o lle c te d  per tu be, and th e  IAA 

lo c a te d  by adding 4 ml o f  Salkowski reagent and shaking. The co lo r  develop­

ment i s  somewhat slow er than in  th e  regu lar Salkowski a ssa y .

The pK o f  IAA i s  4 .6 5  (23) and a t pH 6.5* IAA i s  about 10$ un­

d is s o c ia te d , th a t i s ,  th e  r a t io  o f  d is s o c ia te d  to  u n d isso c ia ted  m olecu les
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i s  about 9 .0 .  The u n d isso c ia ted  m olecules t h e o r e t ic a l ly  en ter th e  

f lo w in g -e th e r  phase, move some f i n i t e  d ista n c e  down th e  column, and then  

d is s o c ia te  a t  an aqueous-phase boundary. T his c y c le  corresponds to  a 

th e o r e t ic a l  p la te  as d efin ed  in  f r a c t io n a l d i s t i l l a t i o n  column th eory .

M artin and Synge (26) have shown th a t movement o f  s o lu te  on a p a r t it io n  

column per volume (A V) o f  so lv e n t passed , i s  d efin ed  by a binom ial ex­

p an sion . I f  th e  cross s e c t io n a l areas o f  th e  m obile phase Am, s ta tio n a ry  

phase As , th e  excursion  va lu e  R ( so lu te  m ovem ent/solvent movement) and th e  

t o t a l  area , A, are known, then the p a r t it io n  c o e f f ic ie n t ,  may be 

c a lc u la te d  from the formula:

. _ A Am

s ^ - aT

Using a 20 g , 1 .8  cm diam eter column w ith  0 .1  M phosphate b u ffer  a t pH 

6.5» th e  va lu e fo r  R was estim ated  to  be 0 .227 and the value fo r  was 

9 .8 .

RESULTS

I s o la t io n  and Recovery Experiments Employing U nlabeled C arrier IAA

Recovery experim ents are e s s e n t ia l  i f  estim ates o f  th e  amount o f  IAA 

p resen t in  a t i s s u e  are to  be made. One hundred jug o f  IAA was added to  

1 l i t e r  o f  95$ ethanol and ca rr ied  through con cen tra tion , ether e x tr a c tio n ,  

column and paper chromatography. The IAA was lo c a te d  on th e paper chromato­

gram by UV flu o r e sc e n c e , and e lu ted  w ith  50$ e th an o l. The ethanol was 

removed in  vacuo a t 55°0, 2 ml o f  water added, and th e  amount o f  IAA 

estim ated  by Salkowski a ssa y . This experiment was repeated  tw ice  w ith  

o v e r a ll  r e c o v e r ie s  o f  50 and 58$ . Other s im ila r  experim ents, where lo s s e s  

fo r  in d iv id u a l step s  were eva lu ated , in d ica ted  lo s s e s  were sm all fo r  each 

o p era tio n , but cum ulative.
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The i s o la t io n  o f  IAA from 5-d ay-o ld  corn shoots was next in v e s t i ­

gated . E ight experim ents w ithout added IAA were conducted u sin g  from 

178 g to  1000 g o f  sh o o ts . No IAA could be d e tec ted  in  th ese  exp eri­

m ents. Three recovery experim ents w ith  known amounts o f  added IAA were 

next conducted. In th e  f i r s t  experim ent, 100 jig o f  IAA was added to  th e  

80$ ethanol e x tr a c t  o f  1000 g o f  corn sh o o ts . S in ce some lo s s  might be 

expected  owing to  ad sorption  by th e r e s id u e , another 100 jag o f  IAA was 

mixed w ith  th e  resid u e  and th e res id u e  washed again  w ith  2 l i t e r s  o f  80$ 

e th a n o l. Recovery in  t h is  experiment was 25$ in  both c a se s . In th e  

second experim ent, 120 jag o f  IAA was added to  318 g o f  5 -d ay-o ld  corn  

shoots b efore hom ogenization in  a b lendor. In t h is  experim ent, 27$ o f  

th e  added IAA was recovered . In the th ir d  experim ent, 2 0 0 j i g  o f  IAA was 

added to  700 g o f  corn sh oots and th e  recovery  in  th is  experiment was 

30$. I t  thus appears th a t  recovery fo r  th e  o v e r a ll  is o la t io n  procedure 

u sin g  100 jug per kilogram  o f  corn shoots i s  25 to  30$ .

An attem pt was made to  i s o la t e  IAA from 11 .3  kilogram  o f  5 -d ay-o ld  

e t io la t e d  corn sh o o ts . F iv e  l o t s  o f corn shoots were grown over a 30- 

day in te r v a l.  Each in d iv id u a l l o t  was h arvested , ex tra cted  w ith  80$ 

eth a n o l, and worked up to  th e  p a r t it io n  column s ta g e . This a c id  ether  

fr a c t io n  was concentrated  to  dryness in  vacuo and sto red  a t -20°C . The 

pooled  l o t s  were d is so lv e d  in  eth er  and th e ether con cen trate d iv id ed  

in to  3 p o r t io n s . Each p o rtio n  was p a r tit io n e d  on a 5 cm diam eter, 100 g 

column, and th e IAA fr a c t io n s  p ooled . The pooled eluant was e le c tr o ­

phoresed in  two runs u sin g  the continuous flow  u n it .  No IAA could be 

d etec ted  by Salkowski a ssa y . When 26 jag o f  known IAA were p laced  on 

th e  5 cm diam eter column, recovery was 77$; and when 10 jag o f  IAA was 

run on continuous flow  e le c tr o p h o r e s is , recovery was 70$ .
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Isolation experiments using IAA-2-C-^

S in ce th e  above recovery experim ents might not be v a lid  due to  

th e  a d d itio n  o f  r e la t iv e ly  la rg e  amounts o f IAA, low le v e l  recovery  

experim ents u sin g  IAA-2-C-^ were carried  ou t. The use o f  tr a c e  amounts 

o f  h igh a c t iv i t y  IAA-2-C^ was va luab le in  sev era l ways. Recovery data 

could  be obtained during the a c tu a l i s o la t io n  experim ents; 1 -3  jug could  

be added and d etec ted  by r a d io a c t iv ity ,  fo llow in g  i s o la t io n ,  even i f  

lo s s e s  were 90$; and the IAA could be fo llow ed  during is o la t io n  by i t s  

r a d io a c t iv ity .  The r e s u lt s  o f  th ese  is o la t io n  experim ents are summarized 

in  Table I .

Corn grain  was a r ic h  source o f fr e e  and bound IAA in  confirm ation  

o f numerous rep orts  o f  th e  occurrence o f IAA in  th e  grain  (3»8,16 ,32 ,33*

4 0 ,4 4 ) .  The grain was soaked 4 hours in  tap water and allow ed to  germinate 

in  th e  dark a t  25°C and 95$ r e la t iv e  humidity fo r  0, 12 or 24 hours. The 

samples were ground in  a meat grinder, then extracted  3 tim es w ith  1 to  3 

l i t e r  p o rtio n s o f  80$ eth an o l. A gummy, yellow -orange p r e c ip ita te  was 

obtained  upon con cen tration  o f  th e  ethanol e x tr a c ts . Follow ing washing 

w ith  w ater, th e  resid u e  was hydrolyzed s u c c e ss iv e ly  w ith  two 150 ml 

p o rtio n s  o f  1 N KOH for 1 hour a t 100°C. The h yd ro lysates were then  

ca rr ied  through th e  described  IAA is o la t io n  procedure. The r e s u lt s  are 

summarized in  Table I I .

The fr e e  IAA and IAA re le a sed  by h yd ro lysis  were ch a racterized  by 

e le c tr o p h o r e s is , and by paper chromatography in  4 so lv e n ts . The Rf 

v a lu es  o f  th e  sy n th e tic  and is o la te d  IAA were id e n t ic a l  in  a l l  so lv e n ts  

(Table I I I ) ,  and th ere was no sep aration  o f  the co -sp o tted  natural and 

sy n th e t ic  IAA. The estim ate  o f con cen tra tion , obtained by the Salkowski 

a ssa y , was v e r i f ie d  by d ir e c t  spectrophotom etric assay  o f  chromatograms
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sprayed w ith  E h r lic h ’s reagen t, and by Avena se c t io n  b io a ssa y  (Tables 

IV and V ). The immature sweet corn k ern els  contained  so much IAA th at  

i f  1 g was ground w ith  1 .6  ml o f w ater, th e  d ep rotein ized  so lu t io n  gave 

a strong Salkowski t e s t .

The o r ig in  o f  th e  IAA re lea sed  upon h y d ro ly sis  i s  o f  in te r e s t .

Other workers (13,29»40) have suggested  th a t IAA may a r is e  from p ro te in s  

con ta in in g  tryptophan. Though ze in  i s  low in  tryptophan, i t  i s  th e  major 

a lc o h o l so lu b le  p r o te in . A sample o f  pure ze in  A was hydrolyzed under 

th e  co n d itio n s  used fo r  th e corn grain  re s id u e , but no IAA was found. 

Berger and Avery (4 ) a lso  reported  th a t th e ir  precursor was not z e in .  

S im ilar a lk a lin e  h y d ro ly sis  o f  100 mg o f  tryptophan i t s e l f  y ie ld ed  no 

IAA. To fu rth er determ ine whether th e precursor was p r o te in , about 500 

g o f  corn meal was ex tracted  th ree  tim es w ith  1 l i t e r  p ortion s o f  0 ,01  M 

MgC^. The combined ex tr a c ts  were coo led  to  1°C and th e  p ro te in  p r e c ip i­

ta te d  by sa tu ra tio n  w ith  ammonium s u lfa te .  The p r e c ip ita te d  p ro te in  was 

c o l le c t e d  by f i l t r a t i o n  and washed w ith  80$ eth an ol. The ethanol was re­

moved in  vacuo a t  60°C. The ethanol so lu b le  and ethanol in so lu b le  pro­

t e in s  were then hydrolyzed fo r  1 hour in  1 N K0H a t 100°C. No IAA was 

found in  th e  h yd ro lysate  o f  th e  ethanol in so lu b le  p r o te in , but a consid­

erab le  amount was obtained  from th e ethanol so lu b le  fr a c t io n .

A number o f other p lan t t i s s u e s  have been examined q u a l ita t iv e ly  

fo r  th e presence o f  IAA and other E h rlich  r e a c t iv e  substances (Table V I). 

I t  was in te r e s t in g  th a t v e g e ta tiv e  sugar beet ro o ts  and le a v e s , and pos­

s ib ly  pea shoots contained  IAA in  s u f f ic ie n t  q u a n tit ie s  to  be d etec ted .

DISCUSSION

The r e s u lt s  presented  in  t h is  study i l lu s t r a t e  some o f th e  d i f f i c u l ­

t i e s  in  d e te c tio n  o f  IAA in  v e g e ta t iv e  p la n t t i s s u e s .  H ousley, Booth and
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P h i l l ip s  (20) reported  f a i lu r e  to  fin d  IAA in  corn se e d lin g s , and our 

p relim in ary  s tu d ie s  confirm ed t h is  f in d in g . R einert and Forstman (2?) 

obtained  s im ila r  r e s u l t s ,  and p o stu la ted  some so r t o f  binding o f  IAA 

in  a manner perhaps s im ila r  to  th a t in v e st ig a te d  by T egethoff ( 36 ) in  

corn scu te llu m . I t  i s  in te r e s t in g  th a t recovery o f  1 -3  jig o f  IAA i s  on ly  

th e order o f  12 to  14$; w h ile  recovery o f  100 jag i s  about 25$ . The 

in creased  recovery  when th e  aqueous concentrate was made a lk a lin e  

su g g ests  some r e v e r s ib le  b in d in g . I t  i s  doubtfu l i f  a c tu a l d estru ctio n  

o f  IAA a t  pH 4 .0  i s  a fa c to r . Brian (6) has found binding o f  2-m ethyl-

4-chlorophenoxy a c e t ic  a c id  i s  greater a t  low pH and th a t crude corn 

e x tr a c ts  bind com paratively la rg e  amounts. One may q u estion  whether any 

f r e e  IAA e x is t s  in  v iv o . Though IAA has been d etec ted  in  Avena c o le o p t ile s  

(3 0 ,3 ? )»  experim ents w ith  r a d io a c t iv e  IAA in d ic a te  no r e d is tr ib u tio n  under 

th e  in flu e n c e  o f  geo- or phototrop ic  s tim u la tio n  (7 > 9 ,1 4 ,2 8 ). From the  

p resen t work, th e  occurrence o f  app reciab le  fr e e  IAA in  e th a n o lic  ex tra c ts  

o f corn shoots must be considered  d ou b tfu l, s in ce  added IAA (1 -3  Mg) i s  

la r g e ly  l o s t .  One could  conclude th a t fr e e  IAA does occur in  v iv o , but 

i s  bound to  some eth an ol so lu b le  component upon grind ing the t i s s u e .  A 

more a t t r a c t iv e  p o s s ib i l i t y  i s  th a t a l l  th e  IAA occurs in  the form o f  a 

very  la b i l e  complex. A lk a lin e  ether ex tra c tio n  le d  to  an estim ate o f  13 .3  

jig per kilogram . Using t h is  v a lu e , one may estim ate  th a t about 2 jag 

should have been d e tec ted  (a t  l e a s t  q u a l i ta t iv e ly )  in  the experim ents 

u sin g  a c id  eth er e x tr a c tio n . This was not the c a se , however. Therefore, 

i t  i s  probable th a t endogenous IAA was l ib e r a te d  from some sort o f  complex 

in  th e  case  o f  a lk a lin e  eth er e x tr a c tio n . The presence o f a complex could  

ex p la in  th e  experim ents on tropism s dem onstrating a lack  o f r e d is tr ib u tio n  

o f  r a d io a c tiv e  IAA.
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V lito s  and Meudt (40) have a lso  f a i le d  to  f in d  ap p reciab le amounts 

o f  f r e e  IAA in  ethanol e x tr a c ts  o f  sev era l p la n ts . The greater  ease  

w ith  which IAA i s  d etected  by wet ether ex tra ctio n  may be due in  part 

to  i t s  a b i l i t y  to  d is s o c ia te  th e  bound IAA. In t h is  r e sp ec t, i t  i s  

in te r e s t in g  to  note th a t eth er can prevent polar auxin tran sp ort (39)* 

However, Wildman and Muir (43) have a lso  demonstrated IAA production  

from tryptophan during wet ether e x tr a c tio n , and th e ir  production had a 

tem perature optimum o f  13°C.

In th e  p resen t work, IAA could be d etected  in  corn shoots or roo ts  

by wet eth er ex tra c tio n  fo r  3 hours a t 4°C. Furthermore, subsequent 

70$ ethanol e x tr a c tio n  o f  th e  res id u e  r e su lte d  in  d e te c tio n  o f IAA. 

However, no IAA could  be d etec ted  in  ethanol or subsequent eth er ex tra c ts  

when th e i n i t i a l  ex tra c tio n  was w ith  80$ eth an o l. There i s  now no doubt 

th a t  IAA can be d erived  from tryptophan in  v itr o  by preparations from 

variou s t is s u e s  (1 0 ,1 5 ,3 2 ,4 2 ,4 4 ) .  I t  must be mentioned th a t the pro­

d u ction  o f  IAA from tryptophan in  v itr o  by a p a r t ic u la te  fr a c tio n  from
14corn se e d lin g s  was a lso  observed (1 8 ) . When tryptophan-2-C was used as

su b str a te , carboxyl la b e le d  IAA was obtained . The a c id  ether so lu b le

products found were s im ila r  to  th ose  reported by Dannenburg and Liverman

(1 0 ) . However, in  co n tra st to  th e r e s u lt s  o f  th e se  workers, l i t t l e

la b e le d  IAA could be is o la t e d  when ex c ised  corn shoots were fed  try p to -  

14phan-2-C

In co n tra st to  th e  growing shoot, corn k ern els  were found to  con­

t a in  co n sid era b le  q u a n tit ie s  o f  f r e e  IAA as has been reported  (3 ,8 ,1 6 ,3 2 ,

3 3 ,4 0 ,4 4 ) . In  a d d itio n , a w a te r -in so lu b le , e th a n o l-so lu b le  fr a c t io n ,  

presumably id e n t ic a l  to  th a t o f  Berger and Avery ( 3 ,4 ) ,  was p resen t.

This substance might be a p ro te in  or p o lyp ep tid e  s in ce  i t  appears to  be
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p r e c ip ita te d  w ith  ammonium s u l f a t e .  I t  should be noted , however, th a t  

S te h se l (32) found th e  a lk a l i  l a b i l e  IAA complex in  immature sweet corn 

seed was d ia ly z a b le .

I t  has been suggested  th a t  tryptophan-contain ing p ro te in s  in  general 

y ie ld  IAA upon a lk a lin e  h y d r o ly s is . Gordon (13) and Schocken (29) found 

th a t  when p ro te in s  were hydrolyzed w ith  a lk a l i ,  a substance, presumably 

IAA, cau sin g  s tim u la tio n  in  th e  Avena curvature t e s t ,  could be is o la te d .

The amount o f  s tim u la tin g  substance obtained was co rre la ted  w ith  the  

tryptophan content o f  th e  p ro te in . On the other hand. Wildman and Bonner 

(41) found a s p e c if ic  fr a c t io n  o f  spinach l e a f  p ro te in  contained  bound IAA. 

In th e  p resen t experim ents, n e ith er  tryptophan i t s e l f  nor th e a lc o h o l-  

in so lu b le , w a ter -so lu b le  p ro te in  o f corn grain  formed IAA upon mild  

a lk a lin e  h y d ro ly s is ;  but th e  a lc o h o l-s o lu b le , w a ter -so lu b le  fr a c t io n  d id .

A number o f  E h rlich  r e a c t iv e  sp o ts  were d e tec ted  in  other p la n t  

t i s s u e s ,  but i t  may not be concluded th a t a l l  th e se  are in d o le  compounds.

As has r e c e n t ly  been p o in ted  o u t, a number o f  phenols g iv e  p u rp le, red  

and pink co lo r s  (31)*

I t  was found th a t th e d escribed  ether-w ater p a r t it io n  column some­

tim es f a i le d  as a good p u r if ic a t io n  step  when th e a lk a lin e  eth er ex tr a c tio n  

c o n s t itu te d  th e  f i r s t  p u r if ic a t io n  s te p . This was a lso  noted during 

i s o la t io n  o f  IAA from U stila g o  Zeae tumors (3 8 ). In th ese  c a se s , a l l  the  

IA A -2-C ^ appeared ju st  behind th e  fro n t in  h ig h ly  pigmented fr a c t io n s .  

S in ce i t  was found th a t f a i lu r e  was not due to  any change in  th e  pH o f  

th e  aqueous phase, i t  i s  probable th a t polar e th e r -so lu b le  m a teria ls  

prevented  th e  proper p a r t it io n .  A p r io r  p a r t it io n  between n-hexane/ 

a c e t o n i t r i l e  d id  not prevent t h is  d i f f i c u l t y .  In th ese  c a se s , i t  was 

u su a lly  n ecessa ry  to  chromatograph one or two tim es as a 20 to  40 cm
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s tr e a k , and f in a l l y  e lec tro p h o rese  th e  products as a 5 to  10 cm strea k , 

as d escrib ed  above.

SUMMARY

Methods found u se fu l in  th e  i s o la t io n  o f  IAA from kilogram  quanti­

t i e s  o f  p la n t t i s s u e  are d escr ib ed . A b u ffered  ether-w ater p a r t it io n  

column, electrophoresis-chrom atography, and continuous flow  e le c tr o ­

p h o res is  tech n iq u es were developed. The use o f  tr a c e  amounts o f  IAA- 
142-C was e s p e c ia l ly  v a lu a b le  during th e  i s o la t io n ,  and in  eva lu atin g  

th e  recovery . Free IAA was d etected  in  80$ ethanol e x tr a c ts  o f  corn 

k ern els  and sh o o ts , as w e ll  as v e g e ta tiv e  sugar b eet ro o ts  and le a v e s .  

The d i f f i c u l t i e s  o f  d e te c tio n  o f  IAA in  corn shoots are d iscu ssed  and 

i t  i s  suggested  IAA may occur as a la b i l e  complex in  ethanol e x tr a c ts  

o f  t h is  t i s s u e .  An 80$ e th a n o l-so lu b le , aq u eou s-in so lu b le  fr a c t io n  

from corn k ern e ls  was found to  r e le a se  IAA upon a lk a lin e  h y d r o ly s is .

I t  appears t h is  fr a c t io n  may be p ro te in  in  nature.

We should l ik e  to  take t h is  opportunity  to  thank Dr. S. A. Gordon, who 
sup p lied  th e IAA-2-C^; and Dr. H. S e l l  fo r  use o f  th e  vacuum spray dry 
apparatus. I t  i s  a p lea su re  to  acknowledge th e  a s s is ta n c e  o f  Dr. H. 
Fukui in  th e ether e x tra c tio n  experim ents.
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TABLE I

The Recovery o f  IAA-2-C^ from E tio la te d  Corn and 
Pea Shoots and th e  D etectio n  o f  IAA in  Corn Shoots

T issu e Fresh Wt.
jug IAA-2-C1^

Added
$ Recovery 

o f  IAA-2-C1^

jug IAA D etected / 
Kg by Salkow ski 
Assay Corrected  

fo r  Recovery

Corn shoots 1000 1 .8 9 0? 0

Pea shoots 950 0 .9 5 10 .7 Trace?

Corn shoots 1000 1 .89 14 .5 0

Corn shoots 1000 2 .8 4 1 2 .4 0

Corn shoots 1000 1 .8 9 12 .0 0

Corn shoots 1000 2 .8 4 16 .1 0

Corn shoots* 844 2 .8 4 26 .0 0

Corn shoots* 3000 1 .65 28 .1 13 .3
*A lkaline ex tr a c tio n  o f  aqueous concentrate w ith  eth er i n i t i a l l y .

TABLE I I
The Amount o f  Free IAA I so la te d  per Kilogram o f Corn Grain, and 

th e  Amount o f  IAA Obtained by H ydrolysis o f  th e  80$ Ethanol- 
S o lu b le , Water In so lu b le  R esidue fo r  Two S u ccess iv e  One Hour 

Periods w ith  1 N KOH a t 100°C

ju.g o f  IAA/Kilo gram
Experiment-^ Free 1 s t  H ydrolysate 2nd H ydrolysate

1 82 186 98

2 115 509 63

3 171 -------

4 330 ------- —

52 16,800 — —

■̂ In experim ents 1 -4 , Michigan 350 grain  was soaked fo r  4 hours. In 
experiment 1 , i t  was ground a f te r  soaking; in  2 and 3 . i t  was germin­
a ted  12 hours a t 25°C; and in  4 , germinated 24 hours a t  25°C.

^Market s ta g e  y e llo w  sweet corn k ern e ls  purchased lo c a l ly .
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table i n
The Rf o f  I s o la te d  and S y n th etic  IAA in  4 S o lv en ts , and i t s  

M igration a f te r  E lectro p h o resis  in  0 .1  M C itra te  Buffer pH 5 .0 1

S olven t Rf
M igration

cm ^/V olt-Sec.

Isopropanol; NĤ OH; ^ 0  (8*1:1) 0 .37

P yrid in e; NĤ OH (4 s i )  0 .62

n-Butanol; Ethanol; HgO (4 :1  s i )  0 .8 5

70$ Ethanol O.7 8

(E le c tr o p h o r e s is ) 2 .9 4  x I Q " 5

"4.0 jug o f  i s o la t e d  IAA

TABLE IV
The Area o f  E h rlich  R eactive  Spots Following^  
Chromatography o f S y n th etic  and I so la te d  IAA

Amount and Source o f IAA Area (Sq. Inch)

10 jug S y n th etic 1 .32

10 jig Iso la ted ^ 1 .4 1
2

5 jug S y n th etic  + 5 jug I so la te d 1 .5 5

10 jig S y n th etic 1 .63
2

10 jug I so la te d  1 s t  H ydrolysate 1 .30
0

5 jug S y n th etic  + 5 jug 1 s t  H ydrolysate1̂ 1 .2 4

P lo t  was 0 .1  inch  per 0 .1  inch  on f i l t e r  paper, and 0 .1  inch  per 
2$ tran sm ission  on v e r t ic a l  a x is .  Beckman DU Spectrophotom eter, 
s tr ip  d r iv e , 600

2
Salkowski estim a tes
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TABLE V

Growth Promoting A c t iv ity  o f the I so la te d  "Free" 
IAA from Experiment 1 (Table I )  Compared to  That 

o f Known IAA in  th e Avena S ectio n  T est

Amount and 
Source o f  IAA In c . in  E lons. (mm) No. Measured

1 ppm is o la te d 2-97 24
1 ppm sy n th e tic 3 .20 21

0 .1  ppm is o la te d 3 .26 25
0 .1  ppm sy n th e t ic 2 .9 1 26

0 .0 1  ppm is o la te d 1 .94 26
0 .0 1  ppm sy n th e tic 1 .7 7 25

Control 0 .99 21

‘'"Victory o a ts ,  i n i t i a l  s e c t io n  len g th  6 .5  mm* f lo a te d  on 0 .01  M phos. 
 phate b u ffer  pH 4 .5  w ith  2$ sucrose a t 25°C fo r  10 hours.
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table VI

E h rlich  R eactive  Substances D etected  on Paper Chromatograms Follow ing  
Column Chromatography o f  th e  Acid Ether F raction . Four 30 nil F raction s  
Were C o llec ted  From th e  Column and Chromatographed S ep arate ly  on Paper

Fresh
_____________ P lan t_______________ Wt.

Sugar b e e ts , roots**  920

Sugar b e e ts ,  lea v es* *  1400

Sugar b eets , flow erin g  tops** 1100

Banana 1000

(Aq. h yd ro lysate  a f te r  Et20 e x t .)

Cucumber, f r u i t  1500

P o ta to es 1000

Pea sh o o ts , e t io la te d  950

Green p e a s , market stage** 1000

(Aq, h yd ro lysa te  a f te r  Et20 e x t .)

__________ Sub stan ces Found
Rf & Color w ith  E hrlich*s Reagent*

IAA (3 .8  Aig as e s t .  by Salkow ski)

Blue 0 .326^ , IAA ( tr a c e )^ ’^, pink
O.76  .

Pink 0 .5 0 3 ’t

No E h rlich  r e a c t iv e  spots

Lt. b lue 0 . 2 7 .

No E h rlich  r e a c t iv e  sp o ts .

Blue changing to  green 0 .3 3 .

Pink to  purple 0.32^*^, pink  
fad in g  0 .6 9 -0 .8 9 ^ * 3 .

Blue 0f 367^» pink 0 .43^ , pink  
0.883

Blue 0 .5 1 2 , pink 0 .43^ , pink  
0 . 883*4'.

* 1 ,2 ,3  and 4 are co n secu tiv e  30 ml column fr a c tio n s  s ta r t in g  w ith  th e  
fr o n t , and Rf v a lu es  are fo r  isopropanol/am m onia/water (8 :1 :1 , v /v ) .

** A p relim in ary  a lk a lin e  ether e x tr a c tio n  was used in  th ese  c a se s .
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Figure 1

The e f f e c t  o f  m o la r ity  o f  th e  potassium  phosphate b u ffer  (pH 6 .5 )  o n  

th e  m igration  o f  IAA and corn shoot pigments on a 10 gram C e lite  column 

25 mm in  d iam eter. The boundary l in e s  in d ic a te  q u a l i ta t iv e ly  where 

e lu t io n  o f  IAA-0-0, and pigments -x -x  begin  and end.

Figure 2

The e f f e c t  o f  pH on th e m igration o f  IAA and corn shoot pigments on a 

10 gram C e lit e  column 25 mm in  diam eter. The boundary l in e s  in d ic a te  

q u a l i ta t iv e ly  where e lu t io n  o f  IAA-0-0, and pigments -x -x  begin  and 

end.
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3. In Vivo L abeling Experiments on th e  B io sy n th es is  o f  IAA

Though th e  i s o la t io n  work in d ica ted  th a t corn shoots contained  a

minute amount o f  IAA, i t  was considered  th a t IAA might be a f le e t in g

in term ed iate  and never accum ulates in  ra p id ly  growing t i s s u e .  Thus

th e  on ly  p o s s i b i l i t y  o f  dem onstrating i t s  presence would be to  trap

th e  IAA in  some manner. I t  was thought th at corn se ed lin g s  should be

a b le  to  f i x  CO2 in  th e  dark v ia  th e  phospheonolpyruvate carboxylase

(11) or some other carb oxy la tin g  r e a c tio n . In e ith e r  c a se , th e  carbon

i s  f ix e d  in to  organic a c id s  which are very a c t iv e  m eta b o lite s . I t  was
14hoped th a t  by such feed in g  o f  C C>2 th a t th e  s id e  chain o f  IAA would 

become la b e le d . In an attem pt to  get accum ulation o f  th e  la b e led  IAA, 

un lab eled  IAA was used as a tra p . In the f i r s t  experim ent, 200 grams 

o f corn shoots were fed  1 m il l ic u r ie  o f  C-^02  and 100 jum o f  IAA during 

8-hour p eriod  in  th e  dark. The shoots were washed and th e  IAA is o la te d .  

There was no r a d io a c t iv ity  in  th e is o la te d  IAA, and thus CO2 was e ith e r  

a poor p recu rsor, or no IAA was sy n th esized  during th e  experim ent. In  

con sid erin g  th e  la t t e r  a lte r n a t iv e ,  i t  was thought th a t th e  added IAA 

might have prevented i t s  sy n th e s is  in  v iv o . A second experiment using  

500 grams o f  corn shoots and feed in g  100 juM o f in d o le  as w e ll  as 1 me 

o f  C-^02 was run fo r  4 hours in  the dark. Thus in  t h is  experiment a pre­

cursor o f  IAA was fed  in  an attem pt to  stim u la te  i t s  s y n th e s is . IAA was 

added as c a r r ie r  p r io r  to  i s o la t io n .  The is o la te d  IAA had 8 counts per 

minute above background a f te r  chromatography once. I t  was then run on 

th e  continuous flow  eLectrophoresis u r it , but was l o s t  due to  poor pH 

adjustm ent b efore  running.

Tryptophan was is o la te d  by adsorption  on an IR 120 exchange column in  

mixed Na and H form a t pH 3*1» and e lu t io n  w ith  0 .1  M NĤ OH. For paper
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chromatography, th e  volume was reduced in  vacuo, and the sample sp otted  

on Whatman 1 paper u sin g  isopropanol/am m onia/water (8 :1 :1 )  so lv en t  

ascend ing. The tryptophan area was e lu ted  and rechromatographed u sin g  

77$ ethanol as th e  s o lv e n t . The tryptophan was assayed  by th e  quanti­

t a t iv e  ninhydrin rea c tio n  o f  Mooreand S te in  (109)® The s p e c if ic  a c t iv i t y  

o f  th e  tryptophan so is o la t e d  was 157 cpm/juM. The t o t a l  fr e e  try p to ­

phan is o la te d  was 625 micrograms as estim ated  by ninhydrin assay  (3®06 

m icrom oles). S in ce  th e fr e e  tryptophan has such low a c t i v i t y  ( le s s  

than 1 cpm/jag) the a c t i v i t y  in  IAA would not have been d e tec ted , assum­

ing a d ir e c t  con version . Only a tr a c e  o f  IAA would be expected to  be 

p resen t and i t s  s p e c i f ic  a c t iv i t y  would be expected to  be l e s s  than  

tryptophan due to  lo s s  o f  th e  term inal carbon. Thus under th e se  con­

d it io n s ,  0*^0g i s  not a s u ita b le  precursor fo r  e ith e r  tryptophan or IAA.

A f in a l  C-^Og la b e lin g  experiment was t r ie d  in  the l i g h t .  E ight

hundred and tw enty grams o f  5 -d ay-o ld  corn shoots were fed  1 me
3 —410”  ̂ M in d o le , and 10 M IAA fo r  6 hours under d if fu s e  window l i g h t .

A fter  f lu sh in g  th e  out o f  th e  m odified  d e s ic c a to r  in to  a lk a l i ,

the corn shoots were washed and ground in  s u f f ic ie n t  95$ eth an ol to  make

th e f in a l  con cen tra tion  about 80$. The IAA and tryptophan were is o la te d

and th e ir  r a d io a c t iv ity  compared by counting th e  d ried  50$ ethanol

elu an ts from paper chromatograms. The usu al i s o la t io n  procedure for

IAA was employed, but th e  is o la te d  IAA was rechromatographed tw ice  to

con stan t s p e c if ic  a c t iv i t y .  Tryptophan, i s o la t e d  as d escr ib ed  above,

was a lso  rechromatographed tw ice  in  an attem pt to  reach constant

s p e c if ic  a c t iv i t y .

Under th e se  co n d itio n s  (Table I ) ,  the a c t iv i t y  o f  IAA i s  9®54 cmp 

compared to  a f in a l  a c t iv i t y  o f th e  tryptophan o f 0 .382  cpm/jug.
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Assuming th e  IAA and tryptophan were o f  about th e  same s p e c if ic  

a c t iv i t y  t h is  would mean th a t  24 ,6  jag o f  IAA must have been p resen t.

S in ce  t h is  was not p o s s ib le ,  th e  IAA may have a much higher s p e c if ic  

a c t i v i t y  than th e  tryptophan, in  which case i t  could not have come 

from th e  tryptophan.

A tryptophan-2 - feed in g  experiment was next conducted in  order 

to  determ ine i f  s ig n if ic a n t  amounts o f  IAA could be obtained from 

la b e le d  tryptophan. A t o t a l  o f  3 • 730*000 cpm o f tryptophan-2-  

( s p e c i f ic  a c t iv i t y  = 0.42juc/juM) was fed  fo r  6 hours to  500 g o f  corn 

sh o o ts . The t o t a l  a c t iv i t y  in  the IAA fr a c t io n  was 49*5 cpm. S in ce  

th e  tryptophan had a s p e c if ic  a c t iv i t y  o f 17^5 cmp/jag, on ly  0 .0 2 3  J^g 

o f  IAA was formed from th e la b e le d  tryptophan under th e se  c o n d itio n s .  

However, the shoots con ta in  1 or 2 mg o f  fr e e  tryptophan, and s in c e  

perhaps on ly  10$ o f  th e  tryptophan-2-C -^ entered th e sh o o ts , th e  in te r n a l  

tryptophan p ool might have had a s p e c if ic  a c t iv i t y  o f  about 0 .1  or 0 ,0 5  

th a t o f  th e  tryptophan fed . Thus the IAA con cen tration  may have a c tu a lly  

been 0 .2 3  to  0 .4 6 ^ug.

I t  i s  apparent th a t in s ig n if ic a n t  amounts o f IAA are formed from 

e ith e r  tryptophan or CO2 even though an enzymatic con vertin g  system fo r  

tryptophan may be dem onstrated in  v i t r o .

In view  o f  th e  extrem ely sm all amounts o f  IAA in  th e  corn sh o o ts , 

and th e  r e la t iv e ly  great lo s s e s  during i s o la t io n ,  i t  i s  not su r p r is in g  

th a t th ese  in  v ivo  la b e lin g  experim ents were not e n t ir e ly  su c c e s s fu l.
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TABLE I

R a d io a c tiv ity  o f  I so la te d  Tryptophan and IAA From 
820 Grams o f  Corn Shoots Fed 10-3 M In d o le , 1 me »

and 10"^ M IAA fo r  6 Hours in  th e  Light

Counts/
Min,

Counts/ 
Min. Zju£

T otal jug 
I so la te d

IAA 1 3 .4 0 .061 220

Rechromatography 77$ eth an ol 6 ,0 0o043 140

Rechromatography -
p y r id in e , ammonia ( 4 / l ) 2 .6 0.043 60

Tryptophan 6 , 0 1 3 .8 1 .47 4100

Rechromatography -  
a ceto n e , chloroform , 
ammonia, w ater (150 / 25 / 20 / 1 ) 1 ,7 8 5 .9 0.853 2091

Rechromatography -
p y r id in e , ammonia (4 /1 ) 213 .6 0.382 558
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B.
S y n th etic  P lan t Growth Substances

1 . The E ffe c t  o f  N -l-N aphthylphthalm ic Acid on th e Growth and Geo­

tr o p ic  Response o f  S e ed lin g s .

K o ep fli, Thimann and Went (34), u sin g  th e  pea t e s t ,  form ulated th e  

s p e c if ic  s tr u c tu r a l requirem ents o f  a r in g  w ith  a double bond, a s id e  

chain  w ith  a carboxyl group, a t l e a s t  one carbon atom removed from th e  

r in g , and th e  carboxyl group having a p a r tic u la r  space r e la t io n  to th e  

r in g . Many excep tion s o f  a c t iv e  compounds not m eeting th ese  req u ire­

ments are known. V eld stra  (167 ) ,  in  in v e s t ig a t in g  p olaro igrap h ic re­

d u ction  o f  th e  r in g  double bond o f  auxin found a suppression  o f  th e  

oxygen maximum. This in d ica ted  some so r t  o f  s e le c t iv e  su rface adsorp­

t io n  to  th e mercury drop. High su rface a c t iv i t y  in  t h is  t e s t  co rre la ted  

f a ir ly  w e ll  w ith  th e b e e t-r o o t  s e c tio n  p erm eab ility  fo r  chlorophenoxy 

a c e t ic  a c id  d e r iv a t iv e s . B ooij and V eld stra , as c i t e d  by V eldstra  (1 6 8 ), 

l a t e r  in v e s t ig a te d  in te r fa c e  accum ulation between o le ic  a c id  w ater. In  

a general way, th e  hydrophylic l ip o p h il ic  balance i s  important for  

a c t iv i t y .  This i s  proposed to  be due to  the adsorption  o f  th e  l ip o -  

p h y lic  r in g  to  th e  l ip o id a l  c e l lu la r  membrane. V eldstra (168) has sa id  

"surface a c t iv i t y  comes to  stand more and more fo r  th e  s p e c if ic  adsorption  

a f f i n i t y  fo r  th e s i t e s  in volved  in  grow th .11

Skoog, Schneider and Malan (138) developed th e  view o f  s p e c if ic  

antagonism . They were a b le  to  dem onstrate Y -phenylbutyric  a c id  (though 

a weak auxin) in h ib it s  a c t iv i t y  o f  IAA in  th e Avena curvature t e s t ,  and 

t h is  in h ib it io n  could be reduced by in crea sin g  IAA con cen tration .

S im ilar  antagonisms could be e s ta b lish e d  fo r  transcinnam ic acid  (1 6 6 ), 

phenoxyisobutyric a c id s  (2 9 ) ,  and 1-naphthyl s u lf id e  prop ion ic acid  (1)
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as w e ll  as o th er s . McRae, Bonner and F oster (42 ,105) introduced the  

use o f  c la s s i c a l  enzyme k in e t ic s  fo r  d escr ib in g  com p etitive  in h ib it io n  

in  th e Avena s e c t io n  t e s t .  F o ster , McRae and Bonner (42) considered

growth in h ib it io n  a t h igh con cen tration s o f  IAA to  be due to a req u ire­

ment fo r  two p o in t attachm ent. The experim ental data do f i t  th e  c a l­

cu la ted  k in e t ic  exp ression  fo r  t h is  case  f a ir ly  w e l l .  The most im­

portant u t i l i t y  o f  t h is  method, however, was an a n a ly s is  o f  th e  nature  

o f in h ib it io n  as w e ll  as estim a tin g  maximum v e lo c ity  and Ks o f  a g iven  

growth substance. The b a sic  assumption in  enzyme k in e t ic s  i s  th e  

form ation o f  a d is s o c ia b le  enzyme su b stra te  complex which can break up 

ir r e v e r s ib ly  in to  product p lu s enzyme. The t o t a l  amount o f  enzyme ( fr e e  

and bound) being con stan t during th e  experim ent, and th e amount o f  sub­

s tr a te  being in  excess  ( i . e .  amount bound in s ig n if ic a n t  and co n sta n t, or

stead y  s t a t e  assu m ption ), i t  can be v isu a liz e d  th a t under th ese  con­

d it io n s  th e  ra te  o f  r ea c tio n  w i l l  be enzyme lim it in g  and lin e a r  w ith  

tim e. S evera l problems a r is e  in  con sid erin g  a p p lic a tio n  to  th e  in  vivo  

system . Endogenous su b str a te  would lea d  to  n on -lin ear  re c ip ro ca l p lo ts  

( 1 2 5 ) ,  but in  general th e se  are not found exp erim entally  fo r  sev era l 

a c t iv e  growth su b stan ces. In th e l iv in g  system , enzyme or s i t e  sy n th es is  

i s  a lso  p o s s ib le .  I t  has been found th a t a l in e a r  tim e course i s  not

always obtained  (1 2 ,6 8 ) and t h is  was a lso  th e  case  in  th e  p resen t study.

H ousley, B en tley  and B ick le  (68) rep ort th a t ap p reciab le  amounts o f  

auxin en ter  through th e  cu t ends o f  f lo a t in g  Avena s e c t io n s , and thus 

tr a n s lo c a t io n  i s  a fa c to r . In a d d itio n , they report p erm eab ility  can 

a lso  be a fa c to r  on th e b a s is  o f  in d ir e c t  t e s t s .

I t  has been poin ted  out by B o t te l ie r  (22) th a t the re c ip r o c a l form

o f  th e  enzyme k in e t ic  equation i s  form ally  th e same as Langmuir's ad-
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so rp tio n  isotherm . He su g g ests  th e growth o f  c o le o p t i le  se c tio n s  i s  

b e tte r  f i t  by lo g  G = A + b lo g  C, where G = growth and C = concen­

t r a t io n .  Other growth t e s t s  were b e tte r  f i t  by other em pirical 

eq u a tio n s, and no one equation was s a t is fa c to r y  fo r  a l l  c a se s . How­

ever , i t  would appear th at th e enzyme k in e t ic  concept s t i l l  g iv es  th e  

most in te r e s t in g  p h y s io lo g ic a l eva lu ation  o f th e  data in  cases where 

i t  i s  v a l id .  In th e  p resen t study on t e tr a z o le  analogues, th e presence  

o f  two s i t e s  o f  a c tio n  appears in d ica ted  due to  the fa c t  the 2,4-D  

analogue acted  co m p e tit iv e ly  toward on ly  2,4-D  induced growth. In  

a d d itio n , th e  curvature in  the re c ip r o c a l p lo t  o f  t h is  data appears 

s im ila r  to  the ca se  fo r  two enzymes d iscu ssed  by Reiner (125).

R einer (125) p o in ts  o u t, however, th a t combination o f  th e in h ib i­

to r  w ith  th e  su b stra te  or co-enzyme so as to  lower i t s  con cen tration  or 

r e s u lt  in  an in h ib ito r y  complex, a lso  r e s u lt s  in  curvature in  th e  

r e c ip r o c a l p lo t .

2 . B io lo g ic a l A c t iv ity  o f  T etrazo le  Analogues o f IAA and 2,4-D

I t  has now been e s ta b lish e d  th a t a number o f  sy n th e tic  growth 

substances can s e le c t iv e ly  in h ib it  both phototropism  and geotropism  in  

s e e d lin g s . Such e f f e c t s  were f i r s t  observed by Mentzer and N etien  (1 0 6 ), 

but i t  appeared n ecessary  in  our work to  e s ta b lish  i t s  r e la t io n  to  in ­

h ib it io n  o f  growth. The im portant work o f  Jones, M etcalfe  and Sexton  

(75) in d ica ted  a number o f compounds have th e se  e f f e c t s .  Henderson 

and P eterson  (64) have found 100-1000 ppm 2,4-D  to  in h ib it  the photo­

tr o p ic  and geotrop ic  response o f  oat c o le o p t i le s .  They assume no in ­

h ib it io n  o f  s tr a ig h t  growth, but presen t no evidence on th is  p o in t.  

Vander Beek (164) f a i l e d  to  f in d  an e f f e c t  w ith  2 ,4-D  in  h is  oat shoot
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t e s t  a t  low er co n ce n tr a tio n s . He found 2 ,3 -6 -tr ic h lo r o - , 2 , 3 ,5 - t r io d o - , 

and 2 , 6 -d ich lo ro b en zo ic  a c id  a c t iv e  in  in h ib it io n  o f  both p h ototrop ic  

and geo tro p ic  resp on se , whereas a number o f  other analogs were in a c t iv e  

in  both t e s t s .  The evidence appears strong th a t c e r ta in  sy n th e tic  com­

pounds are  e s p e c ia l ly  e f f e c t iv e  in  s e le c t iv e  in h ib it io n  o f  phototrop ic  

or geo tro p ic  resp o n ses .

The p resen t work has been d iscu ssed  by Morgan and Sflding (110) 

who report NPA (N -l-naphthylphthalam ic a c id ) i s  a c t iv e  under th e ir  con­

d it io n s  in  th e  Avena se c t io n  t e s t .  In in te r e a c t io n  w ith  low concentra­

t io n s  o f  IAA, i t  fu rth er  stim u la ted  growth. However, in  the curvature  

t e s t  or cy lin d er  t e s t s ,  th e  NPA in h ib ite d  the IAA growth response. I t  

was suggested  NPA, though a weak auxin , in h ib it s  p o lar  tran sp ort o f  IAA. 

Thus in  cy lin d e r  growth t e s t s ,  s tim u la tio n  induced by IAA (or NPA a lon e)  

was l im ite d  to  f i r s t  1 or 2 mm, w ith  th e more b asa l zones showing in ­

h ib it io n .  These authors suggest a l l  chem icals s e le c t iv e ly  in h ib it in g

tropism s may d istu rb  p o lar  tran sp ort o f IAA. The la ck  o f la t e r a l  r e d is -
14tr ib u t io n  o f  IAA-C during geotrop ic or p h ototrop ic  curvature, however, 

has a lread y  been d isc u sse d . Morgan (p r iv a te  communication) has in d ica ted  

t h i s  makes a la t e r a l  r e d is tr ib u t io n  theory  u n a ttr a c t iv e .

Anker (6 ,? )  has p resen ted  evidence to  show th a t geotropism  has an 

optimum eq u iv a len t to  the maximum a c c e le r a t io n  o f  growth and th a t con­

c e n tr a tio n s  inducing maximum growth causes in h ib it io n  o f geotropism .

In h is  t e s t s ,  d eca p ita ted  c o le o p t i le s  were p laced  in  aqueous s o lu t io n s  

o f  th e  growth su b stan ces. Anker (6 ,7 ,8 )  in  a s e r ie s  o f  s tu d ie s , showed 

th a t IAN, IAA and NAA were a l l  a c t iv e  ( in  descending order o f  a c t i v i t y ) ,  

in  inducing geo trop ic  curvature in  d ecap ita ted  c o le o p t i le s .  Anker (6) 

assumes th a t in h ib it io n  o f  geotropism  by high co n cen tra tio n s i s  due to
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perm eation o f  th e  substance through the c u t ic le  ra th er than th e t ip ,  

r e s u lt in g  in  " flood in g ."  DeWit (35) t u sin g  Anker's tech n iq u e, found 

th a t IAA had to  be p resen t during geotrop ic  s tim u la tio n . "Flooding" 

occurred when 1 mg per 1 ml was presented  to  non-decapitated  co leop ­

t i l e s .  Curvatures continued , when IAA was removed, fo r  about 30 

m inutes; in d ic a tin g  d ep le tio n  o f the IAA. B o t te l ie r  and Roosheral (23) 

in  a short paper, used Anker's technique to  t e s t  our assumption th a t  

in h ib it io n  o f  growth and th e re fo r e  geotropism , has to  be p rop ortion a l. 

They used d ie th y l  ether and found th e  p ercent o f  in h ib it io n  o f  geo­

tropism  was more s e n s i t iv e  than percent in h ib it io n  o f  growth. They 

th e r e fo r e  su ggest an in h ib it io n  o f  la t e r a l  tra n sp o rt, which was a lso  

one o f  our su g g e stio n s . Though the Dutch workers uphold th e  c la s s i c a l  

view p oin t o f  la t e r a l  p o la r ity  o f  auxin tr a n s lo c a t io n , other exp lanations  

are p o s s ib le ,  and th e se  have been mentioned a lread y .



SELECTIVE INHIBITION OF THE GEOTROPIC RESPONSE 

BY n-l-NAPHTHYLPHTHALAMIC ACID

By

Te-May Tsou Ching, Robert H. Hamilton 

and Robert S. Bandurski

P h y sio lo g ia  Plantarum, V ol. 9» 5^6-558, 1958



PHYSIOLOGIA PLANTARUM , VOL. 9, 546-558, 1956

T E - M A Y  T S O U  C HI NG ,  R O B E R T  H. H A M I L T O N  
and R O B E R T  S. B A N D U R S K I

Selective Inhibition of the Geotropic Response 
by /i-l-Naphthylphthalamic Acid

Reprinted from  
PHYSIOLOGIA PLANTARUM

O fficial publication  o f the Scandinavian Society for P lant P hysio logy  
E ditorial o ffice: B otanical Laboratory, Lund, Sverige 
Publishers: E. M unksgaard, Norregade 6, K obenhavn, Danm ark  

—  Copyright reserved —



P H Y S IO L O G IA  P L A N T A R U M , V O L . 9. 1 9 5 6

Selective  In h ib itio n  o f  the G eotropic R espon se  by 
n -l-N a p h th y lp h th a la m ic  A c id 1

By

T e -M a y  T s o u  C h i n g , R o b e r t  H. H a m i l t o n 2 and R o b e r t  S. B a n d u r s k i

D ep a i'tm en t o f  B o ta n y  a n d  P la n t  P a th o lo g y  M ic h ig a n  S ta te  U n iv e r s ity ,
E a s t  L a n s in g , M ic h ig a n , U .S .A .

(R eceived June 1, 1956)

In tro d u ctio n

A ccording to the theory of W ent and G holodny (1937), the geotropic 
response o f p lant seed lings is due to d ifferen tia l grow th  fo llow in g  an internal 
redistribution o f auxin . S ince geotropic curvature resu lts sim p ly  from  unequal 
grow th, a direct correlation  betw een  grow th  rate and rate o f geotropic curva­
ture is to be expected  and an in h ib ition  o f grow th  sh ou ld  result in a propor­
tional in hib ition  of curvature. In previous stud ies from  th is laboratory 
(Grigsby et al, 1954) it w as fou n d  that treatm ent o f pea seedlings with 
n -l-n ap h th y lp h th a lam ic  acid  (NP) resu lted  in  a 70 percent reduction of 
straight grow th and a com plete loss o f geotrop ic sensitiv ity . Netien and 
Conillot (1951) had earlier m ade a sim ilar, a lthou gh  qualitative, observation. 
T his d isproportionality  o f grow th  and geotropic response, if  significant, 
w ould  seem  to require a m od ifica tion  of the cla ssica l th eory  o f the tropic 
m echanism . A study w as therefore in itia ted  to exam in e these observations 
q uantitatively and to extand  them  to several ad d ition al p lant species.

H offm ann and Sm ith (1949) have observed  grow th  regulating effects of 
derivatives of p hthalam ic acid. T h ey  stated that at 0.1 ppm , NP induced

1 R eport o f w ork  supported in part by the M ichigan A gricu ltural E xperim ent Station, 
and in part by the N ational Science F oun d ation . Journal article  1888 from  the Michigan 
A gricultural E xperim ent Station.

- Agent o f F ield  Crops R esearch B ranch, A gricu ltural R esearch  Service, United States 
D epartm ent o f Agriculture.

P h y s io l .  P la n t . ,  9,  1950
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leaf-rolling in tom ato plants; at 0.31 ppm , epinasty was observed; and at 
20 ppm, stem  sw elling. Mentzer, M olho, and Pacheco (1950) tested twenty- 
five related com pounds on lentil roots, and concluded that a close spatial 
relationship of the peptide bond and a carboxyl group was required for 
inhibition of geotropism . M entzer and Netien (1950) studied the effect of NP 
on the geotropic response of pea, lentil, crucifer, tomato, sunflower, and 
cucumber seedlings, and found that 10-3 to 10"6 M concentrations caused  
an apparent negative geotropism . Treated tap roots were som ew hat thicker 
and shorter than the control. In a study of the effect of NP on germ ination  
and early stages of growth, Netien and Conillot (1951) claim ed that the 
chem ical retarded the germ ination of som e species and inhibited straight 
growth in m ost species tested.

M aterials and m eth ods

C o m m ercia l gra d e  N P  w a s recr y sta llize d  fro m  a c e to n e -p e tr o le u m  eth er . F o r  use, 
the r ecr y sta llize d  m a te r ia l (m .p . 1 9 1 °) w a s co n v er ted  to th e  p o ta ss iu m  sa lt by the  
ad d ition  o f  a s to ic h io m e tr ic  a m o u n t o f  p o ta ss iu m  b ica rb o n a te  in a q u e o u s-a c e to n e  
so lu tion . T h e  sa lt  w a s  reco v e red  b y  e v a p o r a tio n  o f  the so lv e n t in v a cu o  at 3 7 °  C 
w ith  e b u llitio n  o f  d ry  n itr o g en  gas. S p e c to p h o to m e tr ic  a n a ly s is  y ie ld ed  a m olar  
ex tin ctio n  c o e f f ic ie n t  o f  E 284 — 1.595  X 104.

T h e  sta n d a rd  A v en a  c o le o p t ile  se c tio n  test (M cR ae, F o ste r  an d  B on n er, 1953) 
w as u sed  to d e te r m in e  th e  in te ra c tio n  o f  in d o le a c e t ic  a c id  (IAA) an d  N P . T h e  
standard  error  o f  ea ch  test w a s le ss  th an  10 p ercen t, an d  there w as n o  s ig n if ic a n t  
d iffe r e n c e  b e tw e e n  rep lica te s .

F o r  stra ig h t g ro w th  an d  g e o tr o p ic  cu rv a tu re  tests , in ta c t se ed lin g s  w ere  used . 
V ictory o a ts  (A v e n a  s a t i v a  var. S ieg esh a fer )  w ere  o b ta in ed  th r o u g h  th e  c o u rtesy  o f  
Dr. J. B o n n er . H y b rid  co rn  (Z e a  m a y s ,  W 2 3 X O h 5 1 a , a s in g le  cro ss h yb rid ) w as  
k in d ly  su p p lie d  b y  D r. E . R o ssm a n , D ep a rtm e n t o f  F arm  C rops, M ich igan  S tate  
U n iversity . G arden  p ea  (P i s u m  s a t i v u m  var. A lask a) w a s o b ta in ed  fro m  the F erry  
M orse Seed  C om p an y .

S eed s w ere  g erm in a ted  in th e  dark  at 2 5 °  C an d  a ll su b seq u en t o p era tio n s w ere  
con d u cted  in su b d u ed  red lig h t. S eed lin g s  w ith  s tra ig h t tap  roots a n d  sh o o ts  o f a 
desired  len g th  w ere  se le c te d  fo r  th e  ex p e r im e n ts . A v en a  c o le o p tile s  an d  roo ts o f  
corn  an d  p ea  w ere  h a r v e s te d  at 2 .0  ± 0 .5  cm , w h ile  sh o o ts  o f  corn  an d  pea w ere  
used  at 1 .25 ± 0 .2 5  cm . S eed lin g s  w ere  p retrea ted  w ith  N P  or o th e r  c o m p o u n d s by  
im m ersio n  o f  th e  se e d lin g s  in a so lu t io n  o f  the c o m p o u n d  d isso lv ed  in 0 .005  to 0.01  
m olar p h o sp h a te  b u ffe r  at p H  4.5 . C on tro l p la n ts  w ere  sim ila r ly  treated  in the  
b u ffer . P r e -tr e a tm e n t t im e  fo r  oa t c o le o p t ile s  w a s 30  m in u tes  an d  60 m in u tes for  
both ro o ts an d  sh o o ts  o f  co rn  a n d  p ea . A lo n g er  p re -tr ea tm en t tim e w as u sed  for  
corn  and  p ea  se e d lin g s  s in c e  th e  r e sp o n se  su b seq u en t to 30  m in u te  trea tm en t w as  
not u n ifo rm . A fter  p re -tr ea tm en t th e  se e d lin g s  w ere  d iv id ed  in to  tw o  grou p s; o n e  
for th e  g e o tr o p ic  test, a n d  th e  o th e r  for  th e  stra ig h t g ro w th  test. F o r  the  g eo tro p ic  
test, p la n ts  w e r e  h e ld  in a h o r iz o n ta l p o s it io n  b y  m ea n s o f an A ven a  h o ld er  or by  
m ean s o f  p r e ssu r e  se n s it iv e  ta p e  w ith  a d h e s iv e  on  b o th  sid es . T h e  ta p e  w as m o u n ted

Ph ys io l .  P lant . ,  0, 1956
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o n  a m o is t  b lo tte r  p a p e r  a n d  th e  se e d s  c o v e r e d  w ith  m o is t  t is s u e  p a p e r . F o r  the  
s tr a ig h t  g r o w th  te s t , p la n ts  w e r e  h e ld  in  a  v e r t ic a l  p o s it io n  b y  th e  sa m e  m eans. 
B o th  se ts  w e r e  in c u b a te d  at 2 5 °  C a n d  90  p e r c e n t  r e la t iv e  h u m id ity .

G eo tro p ic  c u r v a tu r e  w a s  m e a su r e d  fr o m  s h a d o w g r a p h s . T e n  to  s ix te e n  p lants  
w e r e  u se d  p e r  tr e a tm e n t a n d  e a c h  e x p e r im e n t  r e p e a te d  o n e  o r  m o r e  t im e s . S traight 
g r o w th  w a s  m e a su r e d  b y  o n e  o f  tw o  m e th o d s ;  1. d ir e c t  m e a s u r e m e n t  o f  th e  d if­
fe r e n c e  b e tw e e n  th e  in it ia l  a n d  f in a l  to ta l le n g th ;  o r  2. m e a su r e m e n t  o f  th e  in crease  
in  le n g th  o f  a z o n e  e x te n d in g  fr o m  th e  t ip  to a c h a r c o a l-p e tr o le u m  je lly  m ark  
p la c e d  6 m m . fr o m  th e  tip  f o l lo w in g  c h e m ic a l tr e a tm e n t. T h e  s e c o n d  m e th o d  w as 
p r e fe r r e d  s in c e  th e  m e a su r e d  g r o w in g  re g io n  th e n  c o in c id e d  w ith  th e  z o n e  resp o n d in g  
to  th e  g e o tr o p ic  s t im u lu s . T h e  f ir s t  m e th o d  w a s  e m p lo y e d  o n ly  fo r  th e  sh o o ts , since  
th e  e lo n g a t io n  z o n e  e x te n d s  o v e r  a  c o n s id e r a b le  le n g th . In  th e  c a s e  o f  c o r n  sh oots, 
tw o  g r o w th  c e n te r s  a re  in v o lv e d ;  th e  c o le o p t ile  t ip , a n d  th e  rib  m e r is te m  b e lo w  the 
a p ic a l m e r iste m .

R esu lts

In teraction  of  N P  an d  IAA

Over the range o f 2.86 to 1 1 .4 X 1 0 -7 m oles o f IAA per liter and NP con­
centrations of 10- 5 , 10 -4 , and 5 X 1 0 ^ 4 M, there w as no com p etitive inter­
action betw een  IAA and N P (Figure 1) in A vena section  grow th. At high 
IAA concentrations (5.72 to 1 1 5 X 1 0 -6 M) and 5 X 1 0 ~ 4 M  NP, com petitive 
inh ib ition  w as observed (Figure 2). L ow er con centration s o f NP w ere not 
tested  com petitively  ow in g to their in effectiven ess in  in h ib itin g  the geotropic 
response. T he in h ib ition  o f pea root section grow th cau sed  by 2.86 to 28.6 X

0.8

10'
0.6

M NPO

0.4

0.2
20

I/S
F igure 1. In teraction  in A vena  co leop t i le  section g r o w th  te s t  of  IAA a n d  NP. 1/S =  1/IAA 

concentration  in mg/1. l/G  =  l/g ro w th  in m m /sectio n /1 2  hr.
Ph y s io l .  P la n t . ,  0, 1956
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o  0.8

0.6

0.4
0.2 0.4 0.6 0.8

I/S
Figure 2. Interaction of IAA and  NP in Avena coleoptile  section grow th  test at high /.4.-I 
concentrations. 1 /S =  1 /I A A concentration  in mg/1. l/G =  l/gro \vth  in m m /section /12 hr.

10 7 M IAA w as not relieved by 5 X 1 0 -4 M NP. Epinastic effects have been 
observed in tom ato plants treated w ith 10 7 M NP (H offm ann and Sm ith). 
Thus NP cannot unam biguously be classified  as a growth prom oting sub­
stance or as a com petitive inhibitor of IAA action.

It should be pointed out that the com petitive inhibition data m ay not hold  
true for shorter tim e intervals. A striking exam ple of this is the 2,6 sub­
stituted phenoxy acetic acids (Osborne et at) w hich  were active in extension  
growth w hen m easurem ents were m ade after short tim e intervals.

T im e course of stra ight growth  and geotropic curvature

The tim e course o f straight growth and geotropic curvature in control 
m aterials w as studied in order to select a m inim al incubation period on the 
linear portion of the tim e-response curve and o f easily  m easurable m agni­
tude. Results for the several plant m aterials used are sum m arized in Figures 
3— 7. In all the plant m aterials tested, growth is a linear function of time for 
at least four hours. The geotropic curvature reaches a m axim um  at 4 hours 
(earlier in corn roots), then rem ains constant or som etim es decreases as the 
bending zone becom es m ature. These results indicate that under the condi­
tions em ployed, a direct correlation between rate of straight growth and rate 
of geotropic curvature exists.

Physiol. P lant., 9, 195C
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Figure 3. T im e  course of  g ro w th  an d  g e o tr o p ic  curva ture  of  A v en a  co leop t i les .  Vertical 
lines crossin g  each poin t represents +  2 X the standard  error. T he num ber o f  p lants used

is sh ow n  for each  point.
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Figure 4. T im e  course  of  g ro w th  a n d  geo tro p ic  cu rv a ture  of corn roots .  
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Figure 5. Tim e course of  g row th  and geotropic  
curvature of corn shoots .
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geo trop ic  curvature  of pea roots.
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Figure 7. T im e  course of  g r o w th  an d  g e o tr o p ic  cu rv a ture  of  p ea  shoots .

D isproport iona l inhib ition  of s tra ight g ro w th  an d  geo trop ic  curvature  
of shoots  an d  roots of corn a n d  pea

Straight grow th  and geotropic curvature o f sh oots and roots o f corn and 
pea w ere determ ined after a 4 h our in cu bation  fo llo w in g  a one hour pre- 
treatm ent o f the plant m aterial w ith  the various con centration s of NP. The 
experim ental data for each  p lant m aterial tested  are ca lcu la ted  as percent 
of the control and p lotted in  F igures 8— 11. L ow  con centration s o f  NP, e.g. 
10-5 M, in h ib it both  geotropic curvatures and straight grow th  o f shoots
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o  60

8  4 0

u_
2  20

CURVATURE

— v
v-4

MOLAR CONCENTRATION
P h y s io l .  P la n t . ,  9,  1956

F igure 8. S tra ig h t  g ro w th  and  
g e o tr o p ic  cu rv a ture  of  NP pre­
tr e a te d  corn  s h o o ts  expressed  as 
pe r c e n t  of  th e  bu ffer  t rea ted  con­
trol.
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Figure 9. Straight g row th  and  
geotropic curvature  of  NP p re ­
treated corn roots  expressed  as per  
cent of the buffer trea ted  control.
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(Figures 8 and 10) by approxim ately 30 percent. At 10 4 and 10“3 M a 
marked disproportionality is m anifested; 10-3 M causing an alm ost total 
inhibition of the geotropic curvature of shoots and only a 40 percent in h ib i­
tion of straight growth. A som ew hat sim ilar situation characterizes the 
curvature and straight grow th of root tissue (Figures 9 and 11) except that 
the disproportionality becom es evident at low er inhibitor concentrations. 
A 70 to 80 percent inhibition  of the tropic response is caused by 10-5 M N P: 
whereas straight growth is inhibited only 20 to 20 percent.
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Figure 10. Straight grow th  and  
geotropic  curvature of NP pre­
trea ted  pea shoots  expressed as 
per cent of the buffer treated con­
trol.
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T he concentrations in du cing  50 per cent in h ib ition  of each  response for 
each p lant organ, as estim ated  graphically , are su m m arized  in  Table 1. 
T his peculiar, “u n cou p lin g” of grow th  and  geotropic curvature b y  NP occurs 
in root and sh oot tissues of both  m on ocoty led on ou s and dicotyledonous 
plants.

Proportiona l inhibition  of s tra igh t g ro w th  an d  geo trop ic  curva ture  of the
A vena coleopti le  b y  N P

Since Avena co leop tiles are very sensitive to grow th  regulators, and their 
p hysio logica l behavior is w ell know n, earlier exp erim en ts w ere perform ed  
using intact Avena coleoptiles. It w as foun d  that N P in h ib ition  w as propor­
tional to the concentration  o f the ch em ica l used, and  for a sin g le concentra­
tion, in hib ition  increases w ith  in creasing tim e o f in cu bation . Data for a 90 
m inute incubation  fo llow in g  a 30 m inute pretreatm ent are p lotted  in Figure 12.

T able 1. C oncentrations in M  o f NP and DCIBA required for o n e -h a lf  inh ib ition  of 
straight grow th and geotrop ic curvature in d ifferen t p lan t organs.

M aterial C hem ical G rowth Curvature

Corn roots .........
Avena coleoptile  
Corn roots  
Corn sh oots . . . .
Pea roots ..........
P ea sh oots . . . .

DCIBA i X i o —± i X 1 0 - 4
NP 1 X  10—4 5 X 1 0 - "
NP >  1 X  10—3 4 X  10—(!
NP > 1 X 1 0 - 3 l  X  i o —1
NP 1 X 1 0 - 3 1 <  l X  l ° ~ 5
NP > i X i o - 3 2 X 1 0 - 5

Physio l. P lan t., 9, 1956
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Figure 12. Straight g ro w th  and  
geotropic curvature  of NP p r e ­
treated Avena coleopti les  expressed  
as per cent of the  buffer trea ted  
control.
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There is a direct parallelism  between inhibition of straight growth and 
inhibition of geotropic curvature in this tissue. Avena coleoptile tissue thus 
responds d ifferently from the other plant m aterials tested.
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Figure 13, Straight g ro w th  and geo tropic  curvature of DC.IBA pre-treated corn roots  

expressed  as per  cent of the buffer  trea ted  control.
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P ropor t ion a l  inhib ition  of g ro w th  a n d  geo trop ic  cu rva tu re  of  
corn roots b y  DCIBA an d  IAA

F or com parison  w ith  the results o f N P-treatm ent, 2 ,4 -d ich lorophenoxyiso- 
butyric acid  (DCIBA) w as tested  for in h ib ition  o f b oth  grow th  and geotropic 
curvature. DCIBA has been reported to stim ulate w h eat root grow th  (Bur- 
strom , 1951) and to com p etitively  in h ib it IAA action  in  the A vena section  
test (McRae and Bonner 1953). DCIBA, thus, has som e o f the properties 
associated  w ith  antiauxins. T he exp erim en tal data are p lotted  as percent of 
the control in  F igure 13. A direct correlation of straight grow th  and geotropic 
curvature is c learly  obtained. P roportional in h ib ition  ap paren tly  is not a 
general property o f antiauxins, since B rum field  (1955) observed  a dispro- 
portional in h ib ition  o f grow th  and geotropic curvature in  tim oth y  roots fo l­
low in g  treatm ent w ith  another antiauxin , 2 ,4 ,6 -tr ich lorop h en oxyacetic  acid.

T he effects o f IAA on grow th  and geotropic curvature o f corn roots were 
exam ined, and in con firm ation  o f results recently  presented  b y  Brum field, 
IAA treatm ent results in proportional in h ib ition  of grow th  an d  geotropic 
curvature.

D isc u ss io n

The geotropic response o f p lant organs m ay be v isu alized  as occuring in 
three steps: 1. the perception of the stim ulus; 2. the transport o f the stim ulus 
or a product resulting from  that stim ulus; and 3. the grow th  response. Either 
the elongation  zone or the tip m ay serve as the perception  zon e as shown  
by the experim ents o f Keeble, N elson  and Snow  (1929) and m ore recently  
by Anker (1954). Loss o f geotropic sensitiv ity  fo llo w in g  d ecap itation  is due, 
apparently, to rem oval o f the source of grow th  substance. There is no general 
agreem ent as to the m echan ism  of the gravitation al perception  or the trans­
port o f stim ulus subsequent to the perception. It w ill su ffice  for the present 
purposes to consider the theory  proposed  b y W en t and Cholodny. These 
authors believe that gravity a ffects a d isp lacem ent o f grow th  substances, and 
that the resultant asym m etric d istribution  cau ses d ifferen tia l grow th  of the 
upper and low er sides o f the p lant organ; thu s b en din g  occurs. A direct 
correlation  betw een  grow th and geotropic curvature m ay thus be expected  
and, as a first approxim ation , in h ib ition  o f straight grow th  sh ou ld  always 
result in proportional in h ib ition  o f curvature. T h is exp ectation  is experi­
m en ta lly  realized in the case ot DCIBA and IAA in h ib ition  o f root growth 
and curvature and is also apparent from  the correlation  b etw een  grow th and 
geotropic curvature in untreated control m aterial.

The selective in h ib ition  o f geotropic curvature b y  N P is d ifficu lt to
Ph y s io l .  P la n t . ,  9,  1956
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explain. It is further d ifficu lt to understand the dissim ilarities in behaviour 
of Avena coleoptile tissue, w hich  show s proportional inhibition of straight 
growth and curvature, and the roots and shoots of corn and peas, w hich  
show disproportional inhibition. Our present data are insufficient to deter­
mine the m echanism  of the selective tropic inhibition by NP. Three p ossi­
bilities present them selves assum ing the validity of the W ent-Cholodny  
theory: /. An effect of NP upon the lateral transport of endogenous auxin;
2. An effect o f NP upon the perception of the gravitational stim ulus; or
3. An effect o f NP upon only that fraction of growth associated with curva­
ture and assum ing tw o com ponents contributing to growth.

W e believe that experim ents recently reported by Anker cast som e doubt 
upon the im portance of a lateral redistribution of auxin as a m echanism  for 
the geotropic bending. Anker found that the geotropic response of decapi­
tated Avena coleoptiles could be restored by incubation of the decapitated  
coleoptile sections in solutions containing IAA, indoleacetonitrile and naph- 
thyl acetic acid. He did not interpret h is results as being at variance with  
the W ent-Cholodny theory, and further, did not determ ine internal auxin  
concentrations. It w ould appear that redistribution of auxin by coleoptiles  
immersed in a hom ogenous solution of IAA is im probable, and therefore an 
effect o f NP upon internal auxin  redistribution w ould not be a likely ex ­
planation.

An effect o f NP upon the perception m echanism  is sim ilarly open to 
objection. NP has been reported by Netien and Conillot lo inhibit the photo­
tropic response. These authors did not present quantitative data to show  
that the inhibition  w as not due sim ply to an inhibition of growth by NP. 
In view of the results reported here, however, it w ould seem that NP m ay  
inhibit grow th and the phototropic response disproportionally. Since the per­
ception of the photostim ulus and the perception of the geo-stim ulus probably  
involves d issim ilar m echanism s, it seem s unlikely that NP acts to inhibit 
both sensory m echanism s.

The possib ility  was entertained that straight growth consists of two com ­
ponents, and only one of these growth com ponents is effective in producing 
curvature. If then NP were to inhibit only that fraction of growth norm ally  
associated w ith  curvature, a d isproportional inhibition of straight growth  
and curvature w ould  be observed. This explanation appears unlikely because 
NP at lO-6 M  sign ifican tly  inhibits curvature w ith no inhibition of straight 
growth (Figure 9).

We are therefore left w ithout a suitable explanation of the m ode of NP  
action. Our current concept is sim ply that NP prevents the local acceleration  
and/or inhibition of grow th caused by gravity. The elucidation of the m echa­
nism of this action rem ains for future studies.

P h y s io l. P la n t., 9, 1956
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S um m ary

1. Over the tim e in terval for geotropic b en d in g  to reach  a m axim um , 
a direct correlation ex ists betw een  the rate o f straight grow th  and geotropic 
curvature in untreated Avena co leop tiles and the you n g  roots an d  shoots of 
corn and pea.

2. A d isproportional in h ib ition  o f grow th  and curvature w as found in 
n -l-n a p h th y lp h th a la m ic  acid  (NP) treated roots and sh oots o f corn and pea, 
but no d isproportionality  w as observed  in  NP treated  A vena coleoptiles.

3. Corn roots treated w ith  2 ,4 -d ich lorop h en oxy isob u tyric  acid  show ed a 
proportional in h ib ition  of straight grow th  and geotropic curvature.

4. The close correlation  betw een  straight grow th  and geotropic curvature 
to be expected  on the b asis o f the W en t-C holodny th eory  w as not obtained.
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T he present report is concerned w ith  the bio­
logical activity of tw o grow th substance analogues 
in w hich the tetrazole group has been substituted  
for the carboxyl group. T he structure of these com ­
pounds, 5- (3 '-indolem ethyl) tetrazole (IM T ) and 5- 
(2', 4'-dich lorophenoxym ethyl)tetrazole (2 ,4 -D T ) is  
as shown b e lo w :

m —N
—j r C  c  a

J  H N — N
z  u

Cl
H ^ N -  
C - C  
H V  

H

Ct

A n extensive program  of synthesis and testing of 
tetrazoles has been conducted by H erbst and asso­
ciates (2 , 3, 5, 7, 15 ). T etrazoles substituted only  
in the ring carbon (R -C N 4H ) are acids having one 
dissociable hydrogen. W hen R is alkyl, the deriva­
tives are slightly weaker acids, w hile when R is 
arom atic the derivatives are som ewhat stronger acids 
than the corresponding carboxyl compounds (5, 11, 
15). H erbst proposed the use of these derivatives as 
analogues of b iologically im portant carboxyl com ­
pounds. T he plant grow th regulating activity of 
these compounds is of interest since only a few  growth  
substances w ithout a carboxyl group (or group con­
vertible to a carboxyl) are known. V eldstra (12, 13) 
reported activity for several sulfonic, phosphonic, and 
phosphonous acids. Growth prom oting activity of 
some tetrazole derivatives was reported by V an de 
W esteringh  and V eldstra ( 1 1 ) ,  subsequent to com ­
pleting the present studies. A  brief prelim inary re­
port of the present work has appeared ( 4 ) .

It w ill be shown that IM T  prom otes elongation  
of A v e n a  coleoptile  sections and antagonizes growth

1 Received June 12, 1959.
2 Journal Article 2392 from the Michigan Agricultural 

Experiment Station.
3 Supported in part by the National Science Founda­

tion.

induced by indole-3-acetic acid ( I A A )  and 2,4-di- 
chlorophenoxyacetic acid (2 ,4 -D )  in a m anner ex ­
pected for a weak auxin. B y  contrast, 2 ,4 -D T  does 
not prom ote grow th  in the A ven a assay and inhibits 
both 2 ,4-D  and IA A  induced grow th. Additional 
data su ggest that the inhibition of 2 ,4-D  induced 
grow th by 2 ,4 -D T  m ay be partially explained by in­
terference of 2 ,4-D  uptake by 2 ,4 -D T .

M e t h o d s

IM T  and 2 ,4 -D T  w ere synthesized  by reaction of 
the nitrile w ith aluminum azide and sodium  azide 
respectively. T he details o f synthesis and character­
ization are to appear elsew here ( 7 ) .  T h e purity of 
IM T  w as exam ined by chrom atography of 1 mg  
quantities of IM T  on W hatm an N o. 1 paper using  
isopropyl a lcoh o l/am m on ia /w ater ( 8 : 1 : 1 ) ;  pyri­
d ine/am m onia ( 4 : 1 ) ;  and 77 % ethanol as ascending  
solvents. In the last tw o solvents IM T  ran slightly  
above IA A  and when sprayed w ith  E h rlich ’s reagent 
(1 % />-dimethylaminobenzaIdehyde plus 8 . 5 % conc. 
HC1 in 95 % ethanol) gave a purple spot changing  
to yellow . N o IA A  or indole-3-acetonitrile w as de­
tected as contam inant of the IM T . Since, under these 
conditions, 0.2 Mg' of IA A  or the n itr ile could have 
been detected, these com pounds could not account for 
the grow th prom oting activ ity  of IM T .

V ictory oats w ere husked, soaked in tap water, 
and placed embryo up on the edges of plastic blocks 
covered w ith  m oist filter paper. T he seedlings were 
exposed to continuous low  intensity  red ligh t at 25° C 
and 95 % hum idity for about 60 hours. Coleoptiles 
25 to 35 mm in length w ere selected and one 6.5 mm 
section w as cut 2 mm from  the tip. In som e experi­
m ents, the prim ary leaf w as rem oved, but in most 
experim ents it w as not. T h e sections w ere floated  
in Petri dishes on 10 ml of 0.01 M K H 2P O , buffer 
pH 4.5 containing 2 %  sucrose. Concentrated stock 
solutions of the grow th regu lating  acids w ere pre­
pared by d isso lv ing  the acid in a slight m olar excess  
of alkali. G rowth w as m easured at 5, 10, and 20 
hours on *he sam e lot of sections by m eans of a' bi­
nocular m icroscope w ith  an ocular m icrom eter. T he  
5 and 10 hour m easurem ents w ere m ade as rapidly as 
possible u sin g  illum ination from  a 7.5 w att red safe- 
light. E xperim ents indicated that sections m easured

136
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at 5 and 10 hours had not elongated significantly less 
at 20 hours than sections measured after 20 hours only. 
All data represent the average of at least two or three 
experiments using about 25 sections per treatment 
dish.

Seeds of bean ( Phaseolus vulgaris,  var. W ax  
Pencil Pod) w ere planted in soil in the greenhouse 
and used at the primary leaf stage just before the 
terminal bud unfolded. Solutions of growth sub­
stances used for treatm ent were in 95 % ethanol plus 
0,1 % Tw een 20, and treatments made by application 
of a 10 drop to one primary leaf.

R e s u l t s

5 - ( 3 ' - I n d o l e m e t h y l )  T e t r a z o l e : The growth
rate of A vena sections used in these studies was not 
a linear function of time but tended to decrease slight­
ly at the longer incubation times. The buffer used, 
pH changes during incubation, successive m easure­
ment, or the particular lot of seed used did not ac­
count for the non-linear growth. The time course 
(fig  1) represents the average of a number of experi­
ments. A lthough the deviations from linearity were 
not large, they w ere consistent. A  low  growth rate 
for the control sections, and to some extent for the
2,4-D treated sections, was noted during the first 5 
hours. Only growth measurements obtained after a 
10 hour incubation are here presented since these
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F ig . 1. Time c o u r s e  for growth of Avena coleoptile 

sections when floated in solutions containing IAA, 2,4-D, 
2,4-DT, IM T or no growth substance. Vertical lines in 
figures represent dr 2 X  standard error.
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F ig. 2. Growth of Avena coleoptile sections after 10 
hrs in three concentrations of IMT alone, and in com­
bination with various concentrations of IAA.

F ig. 3. Growth of Avena. coleoptile sections after 10 
hrs in three concentrations of IMT alone, and in com­
bination with various concentrations of 2,4-D.

data are representative but less subject to error and 
non-linearity than the 5 or 20 hour measurements. 
A s is shown in figures 1, 2, and 3, IM T promotes 
elongation of Aven a  coleoptile sections. Thus 10-4  M 
IM T  is equivalent as a growth promoter to 2.8 X 
10-7  M IA A  (fig  2 ) ,  or to 2.25 X 10- e  M 2,4-D  
( f ig  3 ) .  By contrast, the effect of IM T  in combina­
tion with IA A  (f ig  2 ) , or 2,4-D  ( f ig  3 ) may be stimu­
latory, inhibitory  or nil depending on the concentra­
tion of 2,4-D  or IA A . These results are interpretable 
in terms of a weak growth substance com peting with  
a stronger one. A t higher concentrations of IA A  
or 2,4-D , the less active IM T  could occupy a number 
of binding sites thus blocking out the more active 
IA A  or 2,4-D and resulting in inhibition of the IA A  
or 2,4-D  induced growth.
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T a b l e  1

E f f e c t  o f  2,4-DT o n  IAA o r  2,4-D 
I n d u c e d  E l o n g a t i o n  o f  

.A v e n a  C o l e o p t i l e  
S e c t i o n s

A u x i n  m o l a r CON c
0**

% I 
2,4-DT  
lO "5 5

NHIBITION
M o l a r  c o x c  

X 1 0 - 5 lO -4

IAA* 0 1.54 ±  0.054 27 38 51
1.4 X 10 ~ 7 2.74 ±  0.010 1 21 35
2.8 X 1 0 - 7 3.56 ±  0.15 7 17 35
5.7 X 10“ 7 3.89 ±  0.15 12 19 30
2.8 X 1 0 - 6 4.32 ± 0 .1 1 2 11 27

2,4-D* 0 1.08 ±  0.052 24 44 67
1.25 X 1 0 - 7 1.09 ±  0.058 24 50 69
2.25 X 1 0 - 7 1.50 ±  0.064 27 49 71
4.50 X 10~7 2.07 ±  0.10 29 56 71
2.25 X 10“ 6 3.26 ±  0.14 15 37 51

* Average of three experiments with 2,4-D and three 
with IAA. Section length measured after 10 hrs 

** Growth in millimeters ±  2 x  standard error

5 - ( 2 ' ,  4 ' - D i c h l o r o p h e n o x y m e t h y l )  T e t r a z o l e : 
The data of table I show that 2 , 4 - D T  did not pro­
m ote elongation of A v en a  coleoptile  sections at any 
of the concentrations tested and was, in fact, m eas­
urably inhibitory to growth at concentrations greater 
than 10_D M.  T he interactions of 2 ,4 -D T  with 2,4-

D and IA A  w ere rather com plex; the nature of the 
interactions is m ost clearly shown by a double recipro­
cal plot of the data. T hus 2 ,4 -D T  acted as a weak  
and non-com petitive inhibitor of IA A  induced growth  
( f i g  4 ) ,  but the interaction of 2 ,4 -D T  and 2,4-D  
( f i g  5)  is quite different, and a com petitive component 
is noted. T he nature of the interactions is also shown 
in a less strik ing m anner in table I. T hus, the slight 
inhibition by 2 ,4 -D T  is scarcely influenced by IA A  
concentration. On the other hand, 2 ,4 -D T  inhibits
2.4-D  induced grow th  to a greater extent and the 
highest 2 .4-D  concentration tends to overcom e this 
inhibition.

A p p a r e n t  I n h i b i t i o n  o f  2,4-D  A b s o r p t i o n  b y  
5- ( 2 , 4 - D i c h l o r o p h e n o x y m e t h y l )  T e t r a z o l e  : An
experim ent was designed to test the hypothesis that
2 .4 -D T  m ight antagonize the absorption of 2 ,4-D  by 
a plant tissue. F or this experim ent, the prim ary leaf 
of greenhouse-grow n bean plants w as used w ith  either 
separate or coincident application of 2 ,4-D  and 2,4-D T. 
The treatm ents (see  f ig  6 )  w ere as fo llow s: 1) con­
trol, no treatm ent, 2 )  2 ,4 -D T  alone, 3 )  2 ,4-D  alone, 
4 ) ,  5 ) ,  6 ) 2 ,4 -D T  and 2 ,4-D  both applied and to dif­
ferent areas of the leaf, 7 ) 2 ,4 -D  and 2 ,4 -D T  applied 
coincidently. A fter 24 hours the treated leaf was 
removed, and the curvature of the stem  measured; 
A s a convenient m easure of form ative response, the 
first trifo liate leaf w as rem oved and w eighed  after 
two weeks. It is apparent from a typical experim ent

a  = I0"4 M 2 ,4 -D  TETRAZOLE 
a  = 5 * 1CT5 M 2 ,4 -D  TETRAZOLE 

a  = 1 0 M 2 ,4 -D  TETRAZOLE 
■ = NO 2 ,4 -D  TETRAZOLE

0.8

0.2

0 .36 1.75 3.57
IAA LITERS /p.M

7.15

3 .0
A = I 0 '4 M 2 ,4 -D  TETRAZOLE 

A  = 5 x 1 0 " 2, 4-D TETRAZOLE 

□ = 10 " 9M 2,4-D TETRAZOLE 

■ =  NO 2 ,4 - D  TETRAZOLE

2.0

0  0 ,4 4 2 .22 8.004 .4 5

2 ,4 - D  LITERS /JJ.M

F i g . 4. Reciprocal of growth of Avena coleoptile sections after 10 hrs in presence or absence of 2,4-DT plotted
as a function of the reciprocal of various concentrations of IAA.

Fig. 5. Reciprocal of growth of Avena coleoptile sections after 10 hrs in presence or absence of 2,4-DT plotted
as a function of the reciprocal of various concentrations of 2,4-D.
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Location of treatment 
©=2,4-D 
<D=2,4-DT 
©=2,4-D plus 2,4-DT

2 ,4 -D
(kgm)

2,4-D T
Ugm)

Stem
curvature
(degrees)

Trifoliate
leaf
(gm)

1 0 0 0 1.08

2 0 50 0 1.04

3 2.5 0 61 0.60

4 2.5 50 50 0.51

5 2.5 50 49 0.63

6 2.5 50 73 0.57

7 2.5 50 0 1.08

F ig. 6. Average curvature after 24 hrs, and average 
fresh weight of first trifoliate leaf after 14 days when
2.4-D and 2,4-DT were applied to one primary leaf of 
bean plants.

(fig  6) that 2 ,4-D T  prevented 2,4-D  induced curva­
ture and form ative effect only  when the two sub­
stances w ere applied coincidently (that is, the 2,4-D  
and 2 ,4-D T  dissolved in the same solution and applied 
to the lea f). If  the same amounts were applied 
separately to different areas of the leaf there w as no 
reduction o f 2,4-D induced curvature or formative 
effect. In one experim ent co-application of 10 /*g of
2.4-DT com pletely prevented the curvature response 
induced by 2 ,4-D  and only a slight formative response 
was observed.

D i s c u s s i o n

The nature of the acidic group for growth promot­
ing activity is important, but acid groups other than 
the carboxyl may confer at least some activity. Thus 
Veldstra (12, 13) lists the follow ing compounds as 
active: 3-indolemethane-, 1-naphthalenemethane-, 1- 
naphthalene-, and 3-indolesulfonic acids. V litos and 
Hitchcock (1 4 )  have described in detail the growth 
promoting and herbicidial activity of 3-indolemethane- 
sulfonic acid. In the present work, as in that of Van 
de W esteringh and V eldstra ( 11) ,  it has been demon­
strated that the tetrazole group may replace the car­
boxyl group of IA A  with a retention of growth pro­
m oting activity.

Substitution of the tetrazole group for the carboxyl 
group of 2 ,4-D  sim ilarly leads to a biologically active 
substance. In  this case, however, the analogue shows 
no growth prom oting activity and acts as a strong.

partially competitive, inhibitor of 2,4-D  induced  
growth; but as a weaker non-com petitive inhibitor of 
IA A  induced growth. It is surprising that a single  
inhibitor should have a different interaction w ith IA A  
and 2,4-D  since presumably both IA A  and 2,4-D  have 
similar modes of action and react with the same 
growth inducing site. It also seems possible that
2 .4-D T  may have two different mechanisms of an­
tagonism. That is, it could be a non-com petitive 
antagonist of both IA A  and 2,4-D at the growth in ­
ducing site and, in addition, a competitive and specific 
antagonist of 2 ,4-D  absorption. This possibility is 
bolstered by the bean leaf experiment here reported, 
and by previously reported experim ents on the absorp­
tion of IA A  and 2,4-D. Thus, Johnson and Bonner 
(6 )  have concluded that the major phase of 2,4-D  up­
take is specific and metabolic in nature. They also 
found no competitive effect of IA A  on the uptake of
2.4-D . Earlier work with relatively high concentra­
tions of IA A  (1, 10) had indicated that IA A  uptake 
appeared to be by the process of normal diffusion. 
In any case, it would appear that the uptake site of
2.4-D  may be different from that of IA A . Direct 
experiments testing the antagonism by 2 ,4-D T  of the 
absorption of C14 labeled 2,4-D  and IA A  would be 
desirable.

S u m m a r y

The tetrazole group is shown to serve as an ana­
logue of the carboxyl group in 2,4-D and IA A . The 
IA A  analogue 5- (3 /-indolem ethyl) tetrazole was 
found to be a weak auxin in the A ven a  coleoptile sec­
tion test, and to compete with both IA A  and 2,4-D  
induced growth. The 2,4-D  analogue, 5 -(2 ', 4'-di- 
chlorophenoxym ethyl)tetrazole is an antagonist of 
both 2,4-D  and IA A  induced elongation of A vena  
coleoptile sections. The antagonism of IA A  is weak 
and non-com petitive and that of 2,4-D is stronger and 
partially com petitive at high 2,4-D concentrations. 
Tests with intact bean plants indicated that 5-(2 '. 
4'-dichlorophenoxvmethy] I tetrazole may prevent the 
uptake of 2,4-D.
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I I .

ISOLATION AND PARTIAL CHARACTERIZATION OF THE PRECURSOR 
OF 6-METHOXYBENZOXAZOLINONE IN ZEA MAYS1

2R. H. Hamilton, R. S. Bandurski, and W. H. Reusch

A sweet compound w ith  p henolic  p ro p ertie s  has 
been is o la te d  from corn se e d lin g s . I t  y ie ld s  
6-m ethoxybenzoxazolinone as a degradation pro­
duct and appears to  be th e  c y c l ic  hydroxamate,
1 , 3 -d ih yd roxy-2-k eto -6 -m eth oxy-l,4 -b en zoxazin e.

Introduction

E tio la te d  corn see d lin g s  were noted to  have a very sw eet, sa cca r in -  

l i k e  t a s t e .  The compound resp o n sib le  fo r  th e t a s t e ,  here d esign ated  as  

corn sweet substance (CSS), has been is o la te d  and p a r t ia l ly  character­

iz e d  and a stru ctu re  proposed. CSS was found to  be id e n t ic a l  to  a sub­

stan ce p r e v io u s ly  is o la te d  from com  seed lin g s  by R, J. Suhadolnik (1) , 

who suggested  th e  s tru ctu re  2 ,5 - dihydroxy-3»4-m ethylenedioxphenyl- 

acetam ide ( I ) .  Our data in d ic a te  t h is  assignm ent was in c o r re c t .

Smissman, LaPidus, and Beck (2) and V irtanen, H ie ta la , and 

Wahlroos (3 ) have reported  th e is o la t io n  o f  6-m ethoxybenzoxazolinone 

from corn se e d lin g s , and th e la t t e r  authors a lso  from wheat se e d lin g s .  

R ecen tly , Whitney and Mortimore (4) have a lso  reported  i s o la t io n  o f  

t h i s  d e r iv a t iv e  from corn s ta lk s .  V irtanen and H ieta la  (5 ) had pre­

v io u s ly  reported  th e  is o la t io n  o f  benzoxazolinone from rye s e e d lin g s .

■^Manuscript received 
Contribution No. from the Michigan Agricultural Experiment Station 
Supported in part by the National Science Foundation

^United States Department of Agriculture, Agricultural Research Service, 
Crops Research Division; and Department of Botany and Plant Pathology 
and Department of Chemistry, Michigan State University, East Lansing, 
Michigan.



- 8 5 -

These benzoxazolinone d e r iv a tiv e s  were o f  in te r e s t  because o f  th e ir  

fu n g ic id a l a c t iv i t y  (^ ,5 ) .  and th e ir  a c t iv i t y  in  in h ib it io n  o f th e  

European corn borer ( 2 ) .  G rasses o f  th e  genera Coix have been re ­

ported to  con ta in  a benzoxazolinone d e r iv a t iv e , c o ix o l ,  by Koyama,

Yamato and Kubota ( 6 ) .  M ethylation o f c o ix o l lea d s to  a m ixture o f  

N-m ethyl-6-m ethoxybenzoxazolinone and th e isom eric 0-m ethyl d e r iv a t iv e ,  

su g g estin g  th a t c o ix o l may be 6-m ethoxybenzoxazolinone and i t s  isom eric  

en o l, R ecent work by V irtanen and co-workers ( 7 ,8 ,9 .1 0 ,1 1 )  in d ic a te s ,  

however, th a t  th e  benzoxazolinone d e r iv a tiv e s  is o la te d  from corn, wheat 

and rye are  a r t i f a c t s  formed from precursors during th e i s o la t io n ,  

owing e ith e r  to  enzymatic a c t iv i t y  o f  th e  crushed se e d lin g s  or to  heat 

degradation  in  aqueous so lu t io n . The precursor from corn see d lin g s  

e x is te d  as a m onoglucoside which could be converted to  th e  aglucone 

upon treatm ent w ith  p ress  ju ic e  from th e  seed lin g s  (9 )- This aglucone  

i s  id e n t ic a l  to  our sweet compound, CSS. Both CSS and i t s  g lu co sid e  

do occur in  corn see d lin g s  s in c e  in  our s tu d ie s , employing ethanol as 

th e  ex tra cta n t (which would in a c t iv a te  g ly c o s id a s e s ) , CSS y ie ld s  o f  

0 .5 $  o f th e  se e d lin g  dry w eight were obtained . The g lu co sid e  may be 

d etec ted  by paper chromatography o f  seed lin g  e x tr a c ts . V irtanen and 

H ieta la  (11) have proposed a stru ctu re  ( I I )  fo r  the aglucone from rye  

see d lin g s ;  and work to  be presented  here in d ica te s  th a t th e sweet compound, 

CSS, may be th e  analogeous 6-methoxy d e r iv a tiv e  ( I I I ) .  I t  i s  o f  con-
OH

H
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s id er a b le  in te r e s t  th a t  the a n t ib io t ic s  A s p e r g ill ic  a c id  (12 ,13)*  

and Nocardamin (1^) are c y c l ic  hydroxamates, and th a t a n t ib io t ic  

a c t iv i t y  appears to  be a sso c ia ted  w ith th is  s tru ctu re  (1 5 ). A con­

s id e ra b le  number o f  c y c l ic  hydroxamates have now been sy n th esized  and 

found to  have a n t ib io t ic  a c t iv i t y  (1 6 ,1 7 ,1 8 ,1 9 ) . R ecen tly , in  vivo  

N -hydroxylation  o f  2-acety lam in oflu oren e has been demonstrated (2 0 ).

D iscu ssion

A fter  i s o la t io n  from corn seed lin g s  and p u r if ic a t io n  by two or 

more r e c r y s ta liz a t io n s  from a c e to n e -lig r o in , l ig h t  tan to  w hite mono­

c l i n i c ,  s w e e t- ta s t in g , a n iso tro p ic  c r y s ta ls  m elting  a t l6 0 -l6 l°C  (decomp.) 

un corrected , were obtained . The c r y s ta ls  were somewhat so lu b le  in  

m ethanol, e th an o l, butanol and acetone and were in so lu b le  in  w ater, 

l ig r o in ,  benzene and dry e th y l e th er . A 2 .0 $  so lu tio n  in  ethanol showed 

no d e te c ta b le  r o ta tio n  o f p o la r ized  l ig h t .

Paper chromatography in  k  s o lv e n ts , and column chromatography on 

b u ffered  c e l i t e  revea led  on ly  one component as d etected  by FeCl^ ( b lu e ) ,

UV flu o rescen ce  (yellow -orange under 253 hand lamp) , or th e  y e llo w ish -  

brown co lo r  obtained a f te r  exposure o f  chromatograms to  ammonia. Paper 

chromatography o f  crude corn ex tr a c ts  (n -b u ta n o l-a ce tic  ac id -w ater , 

50s4O sl) a lso  in d ica ted  th e presence o f  another compound (Rf 0 .5 0 ) g iv in g  

th e  same f e r r ic  ch lo r id e  co lo r  as th e  sweet compound (Rf 0 .5 5 ) .  Urban

(21) a lso  d e tec ted  th ese  two compounds on chromatograms o f corn seed­

l in g  e x tr a c ts  in  a s im ila r  so lv e n t .

The s o lu b i l i t y  in  5$ NaHCÔ  in d ica ted  an a c id ity  greater  than most 

p h en ols, and t i t r a t io n  in  50$ ethanol in d ica ted  a pK o f 7 .0  and an 

eq u iva len t w eight o f  about 195* The average o f k  m olecular w eignt
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determ inations u sing  th e  method o f Childs (22) was 212, and the average 

o f  3 determ inations using  fre e z in g -p o in t  d ep ression  o f  £,-butanol was 

199* Q u a lita tiv e  t e s t s  a f te r  sodium fu sio n  in d ica ted  no sulpher or 

h a logen s, and a n a ly s is  o f  C, H, and N in d ica ted  a formula o f  

Z e is e l ' s  HI c leavage in d ica ted  one m ethoxyl, and a C-methyl determin­

a t io n  in d ica ted  2 .13$  (theory 7*11$). A ctive  hydrogen by LiAlH^ 

red u ction  was 1 .09$  (th eory  fo r  2Hi 0.95$)* CSS gave a s tr ik in g  deep 

b lu e f e r r ic  ch lo r id e  t e s t  and th ere fo re  was f i r s t  assumed to  be a 

phenol. I t  reduced F eh lin g 's  so lu tio n  in  0 .5  rain., and T o lle n ’s 

so lu t io n  im m ediately in  a b o ilin g  water bath, and gave immediate de­

c o lo n iz a tio n  o f  KMnÔ . I t  gave n egative  t e s t s  fo r  an aldehyde group 

w ith  S h iff* s  reagen t, and did not form a b i s u l f i t e  a d d itio n  product.

I t  formed a phenylhydrazone upon heating w ith  2 ,^ -d in itrop h en ylh yd ra-  

z in e  in  a c id  so lu t io n , but not in  n eu tra l so lu t io n .

A co n sid era tio n  o f  th e  above r e s u lt s  in d ica ted  a reducing a c t iv i t y  

much g rea ter  than to  be expected for a monohydric phenol, and y e t  t i t r a ­

t io n  had in d ica ted  on ly  one a c id ic  group. The f e r r ic  ch lo r id e  co lo r  i s  

very much l ik e  th a t o f  s a l i c y l i c  a c id  or sa licy la m id e , but th e  la t t e r  

d e r iv a t iv e  had l i t t l e  or no reducing a c t iv i t y  in  th e above t e s t s .  The 

u ltr a v io le t -a b s o r p t io n  spectrum (F ig . l )  showed a long wave sp e c tr a l 

s h i f t  o f  th e  265 raja a c id  peak as the pH was v a ried . The pK was 6 .9  to  

7 .0 . There was, in  a d d itio n , a short wave s h i f t  in  the u l t r a v io le t  

spectra  a t  pH va lu es above pH 8,5» and a con sid erab le in crea se  in  

o p t ic a l  d e n s ity . The s h i f t  which occurred a t  pH va lu es above 8 .5  was 

immediate, and CSS could be r e is o la te d  by a c id if ic a t io n  and ex tra ctio n  

w ith  e th er . I t  was a t f i r s t  assumed th a t CSS might be a sa licy la m id e  

d e r iv a t iv e  con ta in in g  a methoxyl and a m ethylenedioxy group. This la t t e r
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group could  not be d etected  by formaldehyde ev o lu tio n  during h eatin g  

in  stron g  a c id  (23)* P o s it iv e  t e s t s  were obtained on ly  when an excess  

o f  chrom otropic a c id , p h lo ro g lu c in o l, or g a l l i c  a c id  was heated w ith  

CSS. S in ce m ethyl-6-hydroxy-4-m ethoxy-2,3-m ethylenedioxybenzoate  

(IV) and th e corresponding 2-m ethoxy-3„4-m ethylenedioxybenzoate (V) 

had been sy n th esized  by Wagner e t  a l .  (2 4 ) , i t  was o f  in te r e s t  th a t  

th e se  d e r iv a t iv e s  gave good t e s t s  fo r  formaldehyde ev o lu tio n  upon 

h eatin g  w ith  stron g  a c id s (2 5 ) .

Comparison o f  th e  in fra red  absorption  spectra  (25) in d ica ted  th a t  

th e se  d e r iv a t iv e s  were q u ite  d if fe r e n t  from CSS in  th a t they  showed

evidence th a t no m ethylenedioxy group was presen t was obtained from 

th e  NMR sp ectra  (F ig . 3A).

Attempts to  prepare th e  m ethyl eth er o f CSS, using  dim ethyl s u l­

ph ate , and an a c e ta te  d e r iv a t iv e , w ith  a c e t ic  anhydride, r e su lted  in  

n eu tra l d e r iv a t iv e s  in  sm all y ie ld  which had apparently  l o s t  C„2H,20. 

The eth er  d e r iv a t iv e  s t i l l  had on ly  one methoxyl as determined by 

Z e is e l° s  method. An a lk a lin e  h y d ro ly sis  o f  CSS r e su lte d  in  a th ird  

d e r iv a t iv e  which had lo s t  C,2H,20; and th e in fra red  spectra  o f  a l l  

th ree  d e r iv a t iv e s  showed a stron g  carbonyl band at about 1780 to  1800

OH

IV V

in ten se  bands in  th e  1240 to  1260 cm“'*' ether reg io n , whereas the sweet 

compound had a s in g le ,  moderate band a t 1278 cm"  ̂ (F ig . 2 ) .  C onclusive
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cm (F ig . 5 and 6 ) .  S in ce no carbon d iox id e was lo s t  on a lk a lin e  

h y d r o ly s is , i t  appeared one o f th e  products might be formic a c id . 

Formation o f  a v o l a t i l e  a c id  was demonstrated by steam d i s t i l l a t i o n  

o f  an h y d ro ly sa te . The a c id  was id e n t if ie d  as formic acid  by paper 

chromatography o f th e  ammonium s a l t , and by red u ction  to  formalde­

hyde u sin g  Mg and HC1 (2 6 ) . Another product o f  th e  h yd ro lysis  was 

about 0 .5  eq u iv a len ts  o f  ammonia. S ince t h is  seemed to  be about the  

maximum y ie ld  o f  ammonia ob ta in ab le  a f te r  prolonged a lk a lin e  hydroly­

s i s ,  i t  appeared u n lik e ly  th a t CSS could be a sim ple amide.

S in ce the a lk a lin e  h y d ro ly sis  product had a carbonyl group, an 

alm ost n eu tra l n itrogen  ( s l i g h t ly  so lu b le  in  NaOH), and an unaccounted 

fo r  oxygen, i t  appeared p o s s ib le  th a t i t  might be a benzoxazolinone 

d e r iv a t iv e . However, th e  red c o lo r , and th e known in s t a b i l i t y  o f  

benzoxazolinone under a lk a lin e  co n d itio n s , ca s t  some doubt upon t h is  con­

c lu s io n . The report o f  Wahlross and V irtanen (9) th a t th e  precursor o f  

6-m ethoxybenzoxazolinone in  corn had th e  same formula and m elting p o in t,  

and was converted to  6-m ethoxy-benzoxazolinone w ith  lo s s  o f formic a c id , 

made i t  appear th a t th e  red a lk a lin e  h y d ro ly sis  product was indeed 

6-m ethoxybenzoxazolinone. A comparison w ith  sy n th e tic  6-methoxyben- 

zoxazolinone rev ea led  th a t the u l t r a v io le t  sp ec tra , in frared  spectra  

(F ig . 5) and m elting  p o in ts  were id e n t ic a l  ( 2 ) .

An exam ination o f  the ether d e r iv a t iv e  by nuclear magnetic resonance 

(NMR) (F ig . 4B) c le a r ly  showed an N-methyl and an 0-m ethyl peak a t 198 

and 225  cp s, r e s p e c t iv e ly ,  in  a d d ition  to  a m u ltip le t  a t 408 cps fo r  the  

r in g  p roton s. Confirm ation th a t th e  eth er d e r iv a tiv e  i s  N-m ethyl-6- 

m ethoxybenzoxazolinone i s  th a t th e  m elting  p o in t (107° ) ,  u l t r a v io le t  

maxima (234  mp, 290 mp) , and th e  carbonyl band in  th e Infrared  sp ectra
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(^■6* ^A) correspond c lo s e ly  to  th e  reported va lu es o f  Koyama et a l .

( 6 ) ,  The m eltin g  p o in t (2 7 ) ,  and th e  absence o f  an N-H s tr e tc h , as  

w e ll  as th e  lack  o f  a strong band in  th e 1200 cm"’̂ ' reg io n , and two 

carbonyl bands a t  1805 cm  ̂ and 1720 cm (F ig . 6b) , in d ic a te  th a t  

th e  a c e ta te  d e r iv a t iv e  o f  the sweet compound i s  N -acetyl-6-m ethoxyben- 

zoxazo lin on e.

The benzoxazolinone d e r iv a t iv e s  r e s u lt in g  from a lk a lin e  hydroly­

s i s ,  m eth y la tion , or a c e ty la t io n  in d ica ted  th a t not more than one 

hydroxyl could  be attached  to  th e r in g .

A l l  attem pts to  prepare th e  d in itro b en zo a te , th e  c<-naphthylur- 

ethane and th e  a ry lo x y a ce tic  a c id  d e r iv a tiv e s  f a i l e d .  I t  has a lready  

been mentioned th a t CSS had much more reducing a c t iv i t y  than would be 

expected o f  a monohydric phenol. Mass thermal degradation o f  CSS in  

vacuo r e su lte d  in  products o f  mass 195» 193» 165* 150» and 140. The pro­

duct w ith  mass 195  appeared to  have lo s t  oxygen; a rather unique degrada­

t io n  product. The lo s s  o f  oxygen upon h eatin g  a s p e r g i l l ic  acid  under 

N2 w ith  cupric chromate has been reported (1 2 ). An attem pt was made to  

d e te c t  an u l t r a v io le t  s h i f t  a sso c ia te d  w ith  form ation o f  a borate complex 

as reported  for  hydroxamates by Green (2 8 ), but no such s h i f t  was ob­

served . A d ep ression  o f  the A max. 292 and th e Amin, 245 in  borate  

b u ffer  compared to  T ris  b u ffer  a t  pH 9 .0^  was, however, observed.

I t  appeared d e s ir a b le  to  prepare a n itr o  d e r iv a t iv e  o f  CSS in  order 

to  change th e a c id i ty  o f  th e  weakly a c id ic  hydroxyl group. A y e llo w , 

impure sublim able d e r iv a t iv e  was prepared by treatm ent o f  CSS w ith  

HNO .̂ S u r p r is in g ly , a s im ila r  y e llo w , sublim able d e r iv a t iv e  was pre­

pared when CSS was tre a ted  w ith  cold  n itro u s acid  in  strong sulphuric  

a c id . Both th e se  d e r iv a t iv e s  had s im ila r  u l t r a v io le t  spectra  and showed
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U V -spectral s h i f t s  corresponding to  a pK o f 7*0- An in frared  spectra  

o f  th e  la t t e r  d e r iv a t iv e  showed n e ith er  a ty p ic a l  n itr o so  or n itr o  

band.

In summary, th e  corn sweet substance (CSS) has one a c id ic  hydroxyl, 

a p o s s ib le  second weakly a c id ic  hydroxyl (u lt r a v io le t  s h i f t ,  NMR), one 

m ethoxyl, an arom atic r in g , and a carbonyl (IR ). The n itrogen  i s  not 

b a s ic ,  but some ammonia i s  evolved  upon a lk a lin e  h y d ro ly sis  (up to  a 

maximum o f  45# o f  th eory  in  5 hours).

I t  would appear th a t the data are in  accord w ith  th e  con clu sion  o f  

V irtanen and H ieta la  (11) th a t th e  p h e n o l-lik e  substances is o la te d  from 

c e r e a ls  are hydroxamates (S tru ctu res I I  & I I I ) .  An a lte r n a t iv e  stru ctu re  

(V I) , which had some va lu e  as a working h y p o th esis , seems excluded by 

th e  f a i lu r e  to  observe by NMR a formyl proton below th e  500 cps reg io n .

The lo s s  o f  oxygen upon mass therm al degradation would correspond to  

th e  reported  lo s s  o f  oxygen from th e hydroxamate, A s p e r g il l ie  a c id ,  

under s im ila r  co n d itio n s (1 2 ) . A ll  attem pts to  s u b s t itu te  th e  hydroxyl 

group have f a i l e d ,  and CSS i s  a much b e tte r  reducing agent than most 

mono-hydroxy p h en ols.

U ltr a v io le t  spectra  were measured w ith  a Beckman DU spectrophoto­

m eter, and in fra red  sp ectra  w ith  a Beckman IR-5 spectrophotom eter. A ll

.6

H
VI

Experimental
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m eltin g  p o in ts  are uncorrected . Paper chromatography was w ith  Whatman 

3MM paper, ascen d in g . M olecular w eights were determined by th e  i s o ­

therm al d i s t i l l a t i o n  method o f  Childs ( 2 2 ) or fr ee z in g  p oin t dep ression  

o f  t-b u ta n o l as noted. Micro analyses fo r  C, H and N were conducted by 

M icro-Tech L ab oratories, 8000 L incoln  Avenue, Skokie, I l l i n o i s .

M ethoxyl, C-methyl, N-methyl and a c t iv e  hydrogen an a lyses were by 

Schwarzkopf L ab oratories, 5619 37th  Avenue, Woodside 7 7 , New York. 

I s o la t io n

F iv e-d a y -o ld  Michigan 350 e t io la te d  corn seed lin g s  (3 .6  Kg fr e sh  

w eigh t) were homogenized in  a Waring blendor w ith  s u f f ic ie n t  95# ethanol 

to  make th e  ex tra ct 80# eth a n o l. A fter  f i l t r a t i o n ,  th e  b righ t y e llo w  

eth an ol ex tra c t (5  g a llo n s)  was concentrated  in  vacuo a t 37° in  a spray

dry appartus. The rea c tio n  o f  th e  aqueous concentrate was ad justed  to

pH 4 .0  w ith  5 N Ĥ POĵ , and ex tracted  w ith  th ree  volumes o f  e th y l e th er . 

The combined eth er fr a c tio n s  were reduced in  volume to  500 ml and then

p a r t it io n e d  w ith  2 volumes o f  8# NaHCÔ  (100 ml) under hydrogen. The

combined b icarbonate fr a c tio n s  were a c id if ie d  as above and ex tra cted  

w ith  3 volumes o f  e th er . The combined a c id  ether ex tra c ts  were d ried  

se v e r a l hours a t  1 ° over anhydrous Na2S0 4 , and then  evaporated to  dry­

n ess in  vacuo. The r e s u lt in g  l ig h t  tan sem i-c ry sta lin e  res id u e  was 

washed tw ice  w ith  eth er (5  m l), and r e c r y s ta liz e d  from a c e to n e -lig r o in  

y ie ld in g  2 .50  g o f  l i g h t  b u ff c r y s ta ls .  Upon r e c r y s ta l iz a t io n  from th e  

same s o lv e n t , 1 .8 5  g o f  a lm ost-w hite  a n iso tro p ic  c r y s ta ls ,  m.p. l 60- l 6l °  

(decomp.) r e s u lte d . A n a lysis  c a lc u la te d  for  CpĤ Ô N? C, 51-30; H, 4 .27;  

N, 6 .6 4 ; 0CH »̂ 14 .65 ; C-methyl, 7 .H ;  2 a c t iv e  H, 0 .95#; m.w. or neut. 

e q u iv . , 211. Found; C, 51 .34; H, 4 .43 ; N, 6 .7 3 ; OCH3 , 14 .05; C-methyl, 

2 .1 3 ; a c t iv e  hydrogen (LiAlH/j, in  N ,N -dim ethylm orpholine), 1 .09#; m.w. 212
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( 22 ) or 199 ( fr e e z in g  p o in t depression  o f  t-b u ta n o l);  neut. e q u iv ., 195- 

Paper chromatography was in  w ater, n-butanol-27$ AcOH ( l s l ) ,  m -creso l-  

water-AcOH (5 0 ;2 s4 8 ), or 73$ phenol. The Rf va lu es are r e s p e c t iv e ly  

0 . 9 0 , 0 . 9 5 , 0 .7 5 . and 0 . 88- 0 .9 2  (observed w ith  a 253 nyi u lt r a v io le t  

l i g h t ,  or brown sp ots  developed a f te r  exposure to  ammonia). Column 

chromatography (20 ml 0 .1  M potassium  phosphate b u ffer , pH 6.5» ad­

sorbed on 25 g C e lite  in  a 1 .8  cm diameter column usin g  b u ffer sa tu r­

a ted  eth er as th e  m obile phase) y ie ld ed  one peak e lu ted  in  the 18 to  

27 ml fr a c t io n s  as d e tected  by O.D.265  and FeC13 c o lo r .

Formation o f  6-m ethoxybenzoxazolinone, formic acid  and ammonia upon 

a lk a lin e  h y d ro ly sis

CSS (50 mg) was heated w ith  1 N NaOH and 0 .0 0 1  N ethylenediam ine- 

t e t r a a c e t ic  a c id  under hydrogen a t 75° fo r  one hour. Upon a c id if ic a t io n  

( l  N HCl) and co o lin g , 15 mg o f  red n eed les were obtained , m.p. 153-15^°- 

The product was r e c r y s ta liz e d  from hot water y ie ld in g  9-2 mg, m.p. 

153- 15 3 . 5°* I t  was not sw eet, f e r r ic  ch lo r id e  n eg a tiv e , s l i g h t ly  so lu b le  

in  d i lu te  a lk a l i ,  and in so lu b le  in  d i lu te  a c id . During th e h y d ro ly s is ,  

about 20$ o f  th eory  o f  ammonia was evo lved , and w ith  prolonged h y d ro ly sis  

a maximum o f  about 46$ theory  o f ammonia could be obtained  in  5 hours. 

When th e f i l t r a t e  was steam d i s t i l l e d ,  about 1 .3  equiv. o f  v o la t i l e  

a c id  was obtained which was id e n t if ie d  as formic a c id  by chromatography 

as th e  ammonium s a l t  (ethanol-am m onia-water, 8 0 s4 s l6 )  and by reduction  

to  formaldehyde (2 6 ). The la t t e r  was d etected  w ith  chromotropic acid  

(2 6 ) . The red n eed les had A max. 233 (^ * 1 0 ,1 0 0 ), X max. 2 .90  (€, ,

5 ,6 7 5 ) , and Amin. 2 5 5 . C alcu lated  fo r  CgHyO^Ns C, 58-18; H, 4 .24 ;

N, 8 .48$; m .w ., 165° Founds C, 57-85; H, 4 .3 1 ; N. 8 . 73$; m .w ., 214.

The is o la te d  sample was compared by in frared  sp e ctra , u lt r a v io le t
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sp e c tr a , and mixed m elting  p o in t to  sy n th e tic  6-m ethoxybenzoxazolinone 

( 2 ) ,  and found to  be id e n t ic a l .

N-acetyl-6-methoxybenzoxazolinone

CSS (77„5 mg) was d isso lv e d  in  dry p yrid in e (3 m l), and a c e t ic

anhydride (7*5 ml) was added (1 ) .  The la rg e  t e s t  tube was plugged

w ith  co tto n  and heated in  a b o ilin g  water bath fo r  10 m inutes. A fter  

c h i l l in g ,  about 30 ml o f  co ld  d i s t i l l e d  water was added and grey-w hite  

n eed les  were ob ta in ed . These were c o lle c te d  on a P regl f i l t e r ,  washed 

w ith  co ld  w ater, and r e c r y s ta liz e d  from aqueous eth an ol. A fter  t h is  

r e c r y s ta l iz a t io n ,  15-4  mg o f w hite c r y s ta ls ,  m.p. 147-148° were ob­

ta in e d . They were in so lu b le  in  1 N NaHCO ,̂ and 1 N HC1, but were very  

so lu b le  in  methanol or eth an ol. A n alysis  c a lcu la te d  for  C-^qH^Oĵ s 

c ,  57-97; H, 4 .3 5 ; N, 6.76$;  0CH3 , 14 .97$; rn.w., 207* Found!

C, 57 .85; H. 4 .2 9 ; N, 6 .97; 0CH3 , 14.97$; m.w., 215 .

M -m eth yl- 6-methoxybenzoxa zo lin o n e

Dimethyl s u lfa te  was shaken w ith  s o l id  potassium  carbonate and 

r e d i s t i l l e d  in  vacuo. M ethylation was ca rr ied  out by two procedures, 

both y ie ld in g  th e  same product. In th e f i r s t  method, 325 mg o f  CSS was 

d isso lv e d  in  methanol (20  ml) and eq u iva len t amounts o f  saturated  

m ethanolic KOH and dim ethyl s u lfa te  were added under n itrogen  w ith  

s t ir r in g .  The so lu t io n  was brought to  r e f lu x , coo led  and a sample then  

t e s te d  n eg a tiv e  w ith  f e r r ic  c h lo r id e . The so lu t io n  was made a lk a lin e ,  

and a f t e r  standing 90 m inutes, 80 ml o f  water was added. The so lu t io n  

was coo led  to  1° and allow ed to  s i t  3 hours. The ligh t-brow n c r y s ta ls  

were c o l le c t e d  on a f i l t e r ,  washed w ith  co ld  w ater, and dried  a t 60° 

in  vacuo. The y ie ld  was about 161 mg, m.p. 105-107°. The product was 

r e c r y s ta l iz e d  from aqueous m ethanol, y ie ld in g  100 mg o f  l ig h t  tan
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p l a t e l e t s ,  m.p. 105-107°. The product was in so lu b le  in  w ater, d i lu te  

HC1, and d i lu te  a lk a l i ;  but was so lu b le  in  m ethanol, e th y l e th er , or 

chloroform*

In th e  second method, 105*5 nig o f  CSS was d isso lv ed  in  acetone  

(40 m l) , S o lid  potassium  carbonate (4 g) and an ex cess  o f  dim ethyl 

s u l f a t e  (3 e q u iv .)  were added to  the so lu t io n  under r e f lu x , which re­

su lte d  in  a g reen ish  co lo r  changing to a p a le , yellow-brown. A fter  re -  

f lu x in g  fo r  1 hour, another p o rtion  (3  e q u iv .)  o f  dim ethyl s u lfa te  was 

added. A fter  an a d d itio n a l hour, the so lu t io n  was poured in to  two 

volumes o f  1 N NaOH and allow ed to  stand overnight a 1 ° . A fter  removal 

o f  th e  acetone in  vacuo, th e  so lu t io n  was ex tracted  w ith  2 volumes o f  

e th y l e th er . The ether was d ried  over anhydrous Na2S0 ,̂ a t  1 ° , and th e  

decanted eth er concentrated  to  dryness in  vacuo. A ligh t-b row n , 

arom atic, f e r r ic  ch lo r id e  n eg a tiv e  resid u e was obtained . The res id u e  

was r e c r y s ta l iz e d  from aqueous eth an ol, y ie ld in g  44 mg o f  light-brow n  

p l a t e l e t s ,  m.p. 96-99°° The in frared  spectrum o f  t h is  preparation  was 

th e  same as th a t  o f  th e  f i r s t  p rep aration , except fo r  weak bands a t  

3200 cm"1 and 3450 cm"1 . By sublim ation a t  110° @ 25 mm Hg, w hite  

c r y s ta ls  were obtained  from both p rep aration s, m.p. 107-108°. Anal, 

c a lc u la te d  fo r  C9H9O3N2 C, 60.40; H, 5*035 N, 7°83; OCH3 , 17 .31;

NCH3 , 8*38$; m .w ., 179* Found? C, 60.31; H, 5*18; N, 7*4-2; OCH3 ,

17 .07; NCH3 , 2 .78#! m.w., 217. The u lt r a v io le t  spectra  in d ic a te s  

MiaXo a t 235 and 290 mp, and Amin, at 255 mp, and no sp e c tr a l s h i f t s  

when run in  0 .0 5  N HC1 or NaOH.

Acid h y d ro ly s is  o f  corn sweet compound

F if t y  mg o f  CSS were d isso lv e d  in  ethanol (2 ml) and 1 ml o f  

5 N H2SO4  added to  th e  e th a n o lic  so lu t io n  in  a Thunberg tube. One ml



-9 6 -

o f  carbonate fr e e  a lk a l i  (5  N NaOH) was added to  th e  s id e  arm and th e  

tube evacuated. The tube was heated in  a b o ilin g  water bath for  one 

hour, and allow ed to  stand over n ig h t. The carbonate in  th e s id e  arm 

was p r e c ip ita te d  by a d d itio n  o f  barium carbonate (1  ml sa tu r a te d ) , and 

th e  p r e c ip ita te  f i l t e r e d ,  washed and weighed. About 0 .6 6  eq u iva len ts  

o f  COg was l o s t  during th e  acid  h y d ro ly s is . The reddish-brown so lu t io n  

was ex tra cted  w ith  3 volumes o f  e th er , which a f te r  drying and removal 

o f  th e eth er y ie ld ed  a b righ t red p r e c ip ita te .  The p r e c ip ita te  was 

c r y s ta l iz e d  from aqueous m ethanol, y ie ld in g  1 0 .1  mg o f  very f in e  brown­

ish -r e d  n ee d le s , m.p. 152-153°. The product was in so lu b le  in  d i lu te  

a c id  and w ater, but was so lu b le  in  1 N NaHCO .̂ I t  gave n eg a tiv e  t e s t s  

w ith  S h iff" s  rea g en t, F e h lin g ’s reagen t, and fe r r ic  ch lo r id e .

R eaction  o f  corn sweet compound w ith  n itro u s acid

S o lid  sodium n i t r i t e  was slo w ly  added to  co ld  90$ H2SO24, u n t i l  

Na2S0 £j, p r e c ip ita te d . CSS (50 mg) was d isso lv e d  in  1 ml o f  hot acetone  

and 1 ml o f  d i s t i l l e d  water added to  th e warm so lu t io n . A fter  c h i l l in g  

in  an ic e  bath , p o rtio n s o f  th e  co ld  n itro u s a c id  reagent were added. 

The yellow -oran ge so lu t io n  was s t ir r e d  from tim e to  tim e w ith  a g la ss  

rod and a y e llo w  p r e c ip ita te  formed. A fter  2 hours a t 1 ° , the so lu t io n  

was s lo w ly  d ilu te d  w ith  6 ml o f  ic e  w ater, f i l t e r e d ,  and th e  yellow  

p r e c ip ita t e  washed w ith  ic e  w ater. The p r e c ip ita te  was d isso lv e d  in  

a 5$ Na2C03 (5 m l) , and th e  so lu t io n  slow ly  a c id if ie d  w ith  5 N HC1.

The r e p r e c ip ita te d  product was c o lle c te d  on a f i l t e r , d ried  in  vacuo 

a t  60°, and r e c r y s ta liz e d  from aqueous eth an ol. The y e llo w  n eed les  

were c o l le c t e d  on a P reg l m ic r o - f i l t e r  and dried  in  vacuo a t 60°. The 

y ie ld  was 8 mg, m.p. 9 2 .0 -9 2 .5 ° •  An a l. c a lc u la te d  for  CgHgO^Ns 

C, 4 8 .4 8 ; H, 4 .0 4 ; N, 7 .0 7 $ . Founds C, 49.91? H, 4.33? N, 7 .2 9 $ . At
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a c id  pH, Amin. 260 mp and Amax. 345 (e , 2 1 ,8 1 0 ). At a lk a lin e  pH,

Amin. 270, Amin. 360, Amax. 320 (s , 12^500) and Amax. 410 

(€ » 15>690). The pK estim ated  from th e u ltr a v io le t  s h i f t  i s  7*0.

The product sublim es upon h eatin g  in  vacuo (90° @ 0 .0 5  mm Hg). Treat­

ment o f  a y e llow  so lu t io n  o f  th e product in  50$ ethanol w ith  zinc and 

1 drop o f  6 N HC1 y ie ld s  a c o lo r le s s  so lu t io n .

N itr a t io n  o f  corn sweet compound

About 50 mg o f  CSS was d isso lv ed  in  1 .5  ml o f  acetone and tr ea ted  

w ith  0 .1m lof concentrated HNÔ . There was an immediate form ation o f  a 

brow nish-red co lo r  so th e s o lu t io n  was d ilu te d  w ith  4 ml o f  d i s t i l l e d  

water and co o led . The orange c r y s ta ls  obtained were r e c r y s ta liz e d  

from aqueous e th a n o l, but had no d e f in i t e  m.p. The product was sublimed 

in  vacuo (120° @ 0 .0 5  mm Hg) and yellow  c r y s ta ls  c o l le c te d  on the co ld  

f in g e r ,  le a v in g  a red res id u e . The y e llow  product had no d e f in i t e  m elt­

in g  p o in t . The u l t r a v io le t  maxima, minima and th e sp e c tr a l s h i f t  w ith  

pH were id e n t ic a l  to  th e product obtained upon tr e a tin g  w ith  n itro u s  

a c id .

P reparation  o f  an azo dye

The p reparation  was a f te r  th a t o f Tedder and Theaker (2 9 ) on a 50 

mg s c a le .  When th e  diazonium s a l t  was coupled to  r e s o r c in o l, an imme­

d ia te  deep-red co lo r  was observed. The azo dye was r e c r y s ta liz e d  from 

aqueous m ethanol, y ie ld in g  about 16 mg o f  orange c r y s ta ls ,  m.p. 221-  

231°. An a n a ly s is  fo r  C, H and N in d ica ted  th e product was impure. Paper 

chromatography in  ethanol-ammo nia-w ater ( lO s l s l ) ,  isopropanol-ammonia-water 

( lO s l s l ) ,  and n-butanol-am m onia-w ater-ethanol (4 4 sls2 0 s2 0 ) revealed  a 

contam inante g iv in g  brownish-pink co lo r  when sprayed w ith  0 .01  N NaOH, 

and running ju st above th e red dye. The Rf o f  the dye was r e s p e c t iv e ly
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0*50, 0 .2 8 , and. 0.37* The dye was r e cry sta led  from a c e to n e - lig r o in ,  

but when chromatographed on paper was s t i l l  found to  be impure. The 

pK o f  th e  y e llo w -red  in d ic a to r - lik e  change o f  the dye was about 8.5*  

O xidatio n  o f  corn sweet compound w ith  n eu tra l permanganate

The permanganate reagent c o n s is ted  o f 0 .05  M KMnOi* con ta in in g  5$ 

MgSO/j, (30)* About 0 .1  mM (2 1 .1  mg) o f  CSS was d isso lv e d  in  1 ml o f  

aceto n e . The permanganate was added in  0 .05  ml p ortion s (0 .0 5  mM) 

and upon lo s s  o f  the purple c o lo r , another a liq u o t was added. I t  was 

n ecessary  to  ce n tr ifu g e  down th e  Mn02 to  observe th e co lo r  change. 

Approxim ately 5 eq u iva len ts  o f  permanganate were consumed. The excess  

permanganate was decomposed w ith  ammonium o x a la te . The so lu t io n  was 

a c id i f ie d  w ith  1 N H2SO4 u n t i l  a l l  th e  Mn02 went in to  so lu t io n , ex­

tr a c te d  w ith  2 volumes o f  e th er , and th e combined ether fr a c tio n  dried  

over anhydrous Na2S04  a t  1 ° . The decanted ether la y er  was shaken w ith  

3 ml o f  1 N NĤ OH. A 0 .2  ml sample was chromatographed on paper in  

ethanol-ammonia-water (8 0 s4 s l6 ) .  S ix  u lt r a v io le t  absorbing or f lu o r ­

escen t sp o ts  were noted , none o f  which gave a FeCl^ co lo r . Two ac id s  

(Rf 0 .1 4 , 0 .2 3 ) ,  not matching any o f th e  u lt r a v io le t  sp o ts , were found 

upon spraying w ith  bromphenol b lue (0 .5  mg per ml p lu s 2 mg/ml c i t r i c  

a c id ) .  The a c id , Rf 0 .2 3 , was rechromatographed in  80$ phenol and had 

an Rf in  th ese  two so lv en ts  very  c lo se  to  g ly c o lic  a c id . The other ac id  

had an Rf o f  0 .1 8  in  t h is  l a t t e r  so lv en t and an Rf o f 0 .1 6  when chromato­

graphed in  n -butanol-form ic acid -w ater (1 0 s2 s l5 ) .
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Figure 1 ; U ltr a v io le t  spectrum o f th e corn sweet substance (CSS) 

as a fu n c tio n  o f  pH. B uffers used were 0 .1  M potassium  phosphate 

(4 .3 0 , 6 . 5 0 , and 7*05)» trishydroxyaminomethylmethane (7 .7 5  and 8 .4 5 ) .

A s o lu t io n  o f  0 .005  N NaOH was used fo r  a pH value o f  11.60 and a 

s o lu t io n  o f  0 .1  N K0H fo r  pH value o f  1 3 . 05 .

F igure Z% Infrared  spectrum o f the is o la te d  sweet substance from corn.

A com posite sp ectra  determined on a m ull in  Nujol "mineral o il"  and 

hexachlorobutadiene.

F igure 3As Infrared  spectrum o f th e iso la te d  corn sweet substance in  

variou s so lv e n ts  as in d ica ted . An in frared  spectrum o f  th e  product

o f  r e a c tio n  o f  CSS w ith  n itro u s a c id . (S o lven t was CS2 except th e  1400 

to  1700 cm~  ̂ reg ion  in  CHCl^).

F igure 4As Nuclear magnetic resonance spectrum o f  corn sweet substance  

in  a ceton e, 4Bs A nuclear magnetic resonance spectrum o f N -m ethyl-6-  

m ethoxy-benzoxazolinone in  d euterated  chloroform .

Figure 5As In frared  spectrum o f sy n th etic  6-m ethoxybenzoxazolinone.

5Bs I so la te d  6-m ethoxybenoxazolinone, both in  chloroform .

F igure 6As Infrared  spectrum o f  N -m ethyl-6-m ethoxybenzoxazolinone in  

CC14 . 6Bs N -a c e ty l-6-m ethoxybenzoxazolinone in  CCl^.
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