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ABSTRACT 

T o b a c c o  s h o o t y  o r  r o o t y  t e r a t o m a s  a n d  h a i r y  r o o t s  w e r e  
i n d u c e d  b y  A g r o b a c t e r i u m  t u m e f a c i e n s  (pGV 3 8 4 5 ) ,  A. 
t u m e f a c i e n s  (pGV 3 3 0 4 )  a n d  A. r h i z o g e n e s  ( p R i  8 1 9 6 ) ,  
r e s p e c t i v e l y .  T h e  t o b a c c o  a l k a l o i d s ,  n i c o t i n e ,  n o r -  
n i c o t i n e  a n d  a n a t a b i n e ,  w e r e  p r o d u c e d  i n  h a i r y  r o o t s  
a n d  i n  r o o t y  t e r a t o m a s  b u t  n o t  i n  s h o o t y  t e r a t o m a s .  
H o w e v e r ,  t h e  s h o o t y  t e r a t o m a s  h a v e  t h e  a b i l i t y  t o  
a c c u m u l a t e  t h e  a l k a l o i d s  a n d  t o  b i o t r a n s f o r m  n i c o t i n e  
t o  n o r n i c o t i n e .  T h e s e  w e r e  e s t a b l i s h e d  b y  c o - c u l t u r e  
e x p e r i m e n t s  i n c u b a t i n g  h a i r y  r o o t s  a n d  s h o o t y  t e r a t o m a s  
i n  a s a m e  d i s h  a n d  b y  b i o t r a n s f o r m a t i o n  e x p e r i m e n t s  
w i t h  s h e o t y  t e r a t o m a s .  

INTRODUCTION 

T h r e e  p h y t o h o r m o n e - r e l a t e d  g e n e s  p r e s e n t  on t h e  T -  
DNA o f  a T i  p l a s m i d  a r c  d i r e c t l y  i n v o l v e d  i n  C r o w n  g a l l  
t u m o r  f o r m a t i o n  i n d u c e d  b y  A g r o b a c t e r i u m  t u m e f a c i e n s  
( I n z d  e t  a l .  1 9 8 7 ,  W e i l e r  a n d  S c h r 6 d e r  1 9 8 7 ) .  T h e  
a u x i n - l i k e  e f f e c t  c a n  b e  a s c r i b e d  t o  t h e  c o m b i n e d  
a c t i v i t i e s  o f  T-DNA g o n e  1 a n d  g o n e  2 .  G o n e  1 e n c o d e s  
a t r y p t o p h a n - 2 - m o n o o x y g e n a s e  a n d  g o n e  2 a i n d o l e -  
a c e t a m i d e  h y d r o l a s e  ( I n z ~  e t  a l .  1 9 8 4 ,  S c h r S d e r  e t  a l .  
1 9 8 4 ,  T h o m a s h o w  e t  a l .  1 9 8 4 ,  Van  O n c k e l e n  e t  a l .  1 9 8 6 ) .  
T h e  e y t o k i n i n - l i k e  a c t i v i t y  i s  d u e  t o  T-DNA g o n e  4 ,  
w h i c h  e n c o d e s  an  i s o p e n t e n y l  t r a n s f e r a s e  f o r  c y t o k i n i n  
b i o s y n t h e s i s  ( A k i y o s h i  e t  a l .  1 9 8 4 ,  B a r r y  e t  a l .  1 9 8 4 ) .  
T h e  T i  p i a s m i d  m u t a n t s  i n  g e n e ' l  a n d / o r  2 ( S h i  , S h o o t  
i n h i b i t i o n )  o r  i n  g o n e  4 ( B o i  , E f i o t  i n h i b i t i o n )  i n d u c e  
s h o o t y  t e r a t o m a s  o r  r o o t y  t e r a t o m a s ,  r e s p e c t i v e l y ,  on  
s o m e  h o s t  p l a n t s  ( L e e m a n s  e t  a l .  1 9 8 2 ,  J o o s  e t  a l .  
1 9 8 3 ) .  

T h e  Ri  p l a s m i d  o f  A. r h i z o g e n e s  i n d u c e s  h a i r y  r o o t  
d i s e a s e  w h i c h  a l s o  r e s u l t s  i n  t h e  d e v e l o p m e n t  o f  a R i n d  
o f  r o n t y  t e r a t o m a  on m a n y  h o s t  p l a n t s  ( D e  C l e e n e  a n d  De 
L e y  1 9 8 1 ) .  T h e  f e a t u r e s  o f  T i  a n d  Ri  p l a s m i d s  a r e  
s i m i l a r  I n  s e v e r a l  w a y s ,  f o r  e x a m p l e ,  i n  T-DNA t r a n s f e r  
a n d  o p i n e  s y n t h e s i s  ( C h i l t o n  e t  a l .  1 9 8 2 ,  W i l l m i t z e r  e t  
a l .  1 9 8 2 ) ,  a l t h o u g h  t h e  p r e c i s e  m e c h a n i s m  o f  h a i r y  r o o t  
f o r m a t i o n  i s  n o t  y e t  c l e a r .  

S e v e r a l  a t t e m p t s  h a v e  b e e n  s u c c e s s f u l  i n  p r o d u c i n g  
p l a n t  s e c o n d a r y  m e t a b o l i t e s  b y  h a i r y  r o o t  c u l t u r e s  
( F l o r e s  e t  a t .  1 9 8 7 ,  H a m i l l  e t  a l .  1 9 8 7 ) .  T h e s e  
m e t a b o l i t e s  a r e  n o r m a l l y  b i o s y n t h e s i z e d  o n l y  i n  r o o t  
t i s s u e  o f  d i f f e r e n t i a t e d  p l a n t s .  H o w e v e r ,  no s t u d i e s  
h a v e  b e e n  r e p o r t e d  on t h e  p r o d u c t i o n  a n d  b i o t r a n s f o r -  
m a r i o n  o f  P l a n t  s e c o n d a r y  m e t a b o l i t e s  b y  s h o o t y  t e r a -  

t o m a s  i n c i t e d  b y  T i  p l a s m i d  m u t a n t s .  
I n  t h e  p r e s e n t  s t u d y ,  we h a v e  i n d u c e d  s h o o t y  t e r a -  

t o m a s  a n d  h a i r y  r o o t s  on t o b a c c o  a n d  e x a m i n e d  t h e  
p r o d u c t i o n  a n d  b i o t r a n s f o r m a t i o u  o f  n i c o t i n e  a l k a l o i d s  
b y  t h e s e  t r a n s f o r m e d  t i s s u e s .  

MATERIALS AND METHODS 

P l a s m i d s  and b a c t e r i a  
T h e  p l a s m i d  pGV 3 8 4 5  i s  a s u b s t i t u t i o n  m u t a n t  o f  

g o n e  1 c o n s t r u c t e d  b y  Van H a u t e  e t  a l .  ( 1 9 8 3 ) .  pGV 
3 3 0 4  i s  a n  i n s e r t i o n  m u t a n t  o f  g o n e  4 ( J o o s  e t  a l .  
1 9 8 3 ) .  T ~ e s e  p l a s m i d s  a r e  i n  t h e  c u r e d  A. t u m e f a c i e n s  
C58C1 R i f - .  A. t u m e f a c i e n s  C 5 8 C 1 R i f  R l a c k i n g  a T i  
p l a s m i d  w a s  u s e d  a s  a n e g a t i v e  c o n t r o l  f o r  t r a n s f o r m a -  
t i o n .  A. r h i z o g e n e s  ( p R i  8 1 9 6 )  i s  a m a n n o p i n e - t y p e  
s t r a i n  a n d  u s e d  f o r  h a i r y  r o o t  i n d u c t i o n .  B a c t e r i a  
w e r e  m a i n t a i n e d  on YEB a g a r  p l a t e  ( V e r v l i o t  e t  a l .  
1 9 7 5 )  s u p p l e m e n t e d  w i t h  a p p r o p r i a t e  a n t i b i o t i c s  i f  
n e c e s s a r y .  B e f o r e  i n f e c t i o n ,  t h e y  w e r e  c u l t u r e d  i n  
l i q u i d  m i n i m a l  A m e d i u m  ( M i l l e r  1 9 7 2 )  a t  2 8 ~  f o r  2 
d a y s .  

I n d u c t i o n  o_L¢ t e r a t o m a s  and h a i r y  r o o t s  
L e a f  d i s c s  o f  N i c o t i a n a  t a b a c n m  c v .  P e t i t  H a v a n a  

SR1 w e r e  t r a n s f o r m e d  b y  t h e  m e t h o d  o f  De B l o c k  e t  a l .  
( 1 9 8 7 ) ,  w i t h o u t  a n y  s e l e c t i v e  a g e n t s .  A f t e r  3 - 4  
w e e k s ,  t h e  t e r a t o m a s  a n d  h a i r y  r o o t s  w e r e  e x c i s e d  f r o m  
l e a f  d i s c s  a n d  m a i n t a i n e d  on B5 m e d i u m  ( G a m b o r g  e t  a l .  
1 9 6 8 )  c o n t a i n i n g  3~  s u c r o s e ,  0 . 8 ~  a g a r ,  pH 6 . 7 ,  a n d  2 0 0  
m g / 1  c e f o t a x i m e  ( C l a f o r a n ,  H o e c h s t ) .  H a i r y  r o o t s  w e r e  
c u l t u r e d  i n  l i q u i d  B5 m e d i u m  w i t h  3~  s u c r o s e ,  pH 5 . 7 ,  
a n d  2 0 0  m g / 1  e e f o t a x i m e .  T i s s u e s  w e r e  t r a n s f e r r e d  t o  
f r e s h  m e d i u m  e v e r y  2 w e e k s .  C e f o t a x i m e  c o u l d  b e  
o m i t t e d  a f t e r  3 - 4  p a s s a g e s  o f  t r a n s f e r .  

P r o d u c t i o !  and t r a n s f o r m a t i o n  "o_f_f t o b a c c o  a l k a l o i d ~  
T h e  t e r a t o m a s  a n d  h a i r y  r o o t s  w e r e  c u l t u r e d  on 

a g a r  o r  i n  l i q u i d  B5 m e d i u m  a s  d e s c r i b e d  a b o v e  a t  2 5 ~  
u n d e r  i l l u m i n a t i o n  ( 2 0 0 0 - 3 0 0 0  l u x ,  1 6 h r / d a y ) .  T h e  
t i s s u e  ( 2 0 0  mg f r e s h  w e i g h t )  w a s  h o m o g e n i z e d  w i t h  3 0 0  
~ 1  o f  H . O ,  30 ~ l  o f  O . 1 N  HC1 a n d  30  ~ g  o f  4 -  
m e t h y l q u i ~ o l i n e .  A f t e r  c e n t r i f u g a t i o n ,  t h e  a c i d i c  
s u p e r n a t a n t  w a s  e x t r a c t e d  w i t h  3 0 0  ~ 1  o f  e t h y l  
a c e t a t e .  T h e  o r g a n i c  l a y e r  w a s  d i s c a r d e d  a f t e r  c e n t r i -  
f u g a t i o n .  To t h e  a q u e o u s  l a y e r ,  KgCO ~ p o w d e r  w a s  a d d e d  
t o  s a t u r a t i o n ,  a n d  t h e n  t h e  a l k a T o i S s  w e r e  e x t r a c t e d  
w i t h  3 0 0  ~ 1  o f  e t h y l  a c e t a t e .  To t h e  s e p a r a t e d  
o r g a n i c  l a y e r ,  30 ~ l  o f  10X a c e t i c  a c i d  i n  a c e t o n e  w a s  
a d d e d  t o  m a k e  t h e  s o l u t i o n  a c i d i c .  T h i s  w a s  e v a p o r a t e d  
in  v a c u o .  T h e  t o b a c c o  a l k a l o i d s  w e r e  i d e n t i f i e d  b y  g a s  

c h r o m a t o g r a p h y / m a s s  s p e c t r o m e t r y  ( S h i m a d z u  GC-MS Q P 1 0 0 0  
s y s t e m )  a n d  q u a n t i f i e d  b y  GC ( 2 x  o r - 1 7 ,  2m,  1 4 0 ~ )  
u s i n g  4 - m e t h y l q u i n o l l n e  a s  an  i n t e r n a l  s t a n d a r d .  

0 9 i n e  a s s a y s  
Nopaline assay was carried out as described 

previously (Often and Schilperoort 1978). Mannopine 
was detected as reported (Petit et al. 1983). 
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F i g .  1 (A) H a i r y  r o o t s  i n d u c e d  by A. r h i z o g e n e s  (pRi  8 1 9 6 ) .  (B) S h o o t y  t e r a t o m a s  i n d u c e d  by  
A. t u m e f a c i e n s  (pGV 3 8 4 5 ) .  (C) R o o t y  t e r a t o m a s  i n d u c e d  by  A. t u m e f a c i e n s  (pGV 3 3 0 4 ) .  

Results 

T r a n s f o r m a t i o n  ~y_ A ~ r o b a c t e r i u m  s p e c i e s  
L e a f  d i s c s  i n f e c t e d  w i t h  A. t u m e f a c i e n s  (pGV 3845 

or pGY 3304) gave shooty teratomas or rooty teratomas, 
respectively, 3-4 weeks after infection. Ho~ever, leaf 
discs treated with A. tamefaciens C58C1Rif ~, a cured 
strain, gave no calli or teratomas. The discs infected 
w i t h  A. r h i z o g e n e s  (pRi  8196 )  i n d u c e d  p r o l i f e r a t e d  
h a i r y  r o o t s  2 - 3  w e e k s  a f t e r  i n f e c t i o n .  T h e s e  t r a n s -  
f o r m e d  t i s s u e s  g r e w  r a p i d l y  w i t h o u t  t h e  a d d i t i o n  o f  a n y  
p h y t o h o r m o n e s  ( F i g .  1 ) .  The t r a n s f o r m a t i o n  s t a t e  was 
c o n f i r m e d  by  t h e  d e t e c t i o n  o f  n o p a l i n e  o r  m a n n o p i n e  
( F i g .  2 ) .  

P r o d u c t i o n  o f  a l k a l o i d s  
The t r a n s f o r m e d  h a i r y  r o o t s  p r o d u c e d  n i c o t i n e ,  

n o r n i c o t i n e  and a n a t a b i n e  d u r i n g  14 d a y s  c u l t u r e  ( T a b l e  
1, Exp .  1 ) .  T h e s e  a l k a l o i d s  w e r e  i d e n t i f i e d  by g a s  
c h r o m a t o g r a p h y ~  m a s s  s p e c t r o m e t r y + ( o i c o t i n e  M m/z  162 ,  
n o r n i c o t i n e  M 148,  a n a t a b i n e  N 1 6 0 ) .  S u b s t a n t i a l  
a m o u n t s  o f  a l k a l o i d s  w e r e  a c c u m u l a t e d  in  t h e  medium a s  
w e l l  a s  in  t h e  c e l l s .  H o w e v e r ,  t h e  s h o o t y  t e r a t o m a s  
i n d u c e d  by  pGV 3846 f a i l e d  to  s y n t h e s i z e  a n y  a l k a l o i d s ,  
a l t h o u g h  t h e  b i o - m a s s  p r o d u c t i o n  was h i g h .  The  r o o t y  
t e r a t o m a  i n d u c e d  by  pGV 3304 p r o d u c e d  a low a m o u n t  o f  
a l k a l o i d s ,  p r e s u m a b l y  b e c a u s e  o f  t h e  u n s u i t a b l e  c u l t u r e  
c o n d i t i o n  f o r  r o o t y  t e r a t o m a s .  

C o - c u l t u r e  o f  t r a n s f o r m e d  r o o t  and s h o o t  t i s s u e s  i n  

I t  i s  g e n e r a l l y  b e l i e v e d  t h a t  t h e  t o b a c c o  r o o t  i s  
t h e  o r g a n  r e s p o n s i b l e  f o r  b i o s y n t h e s i s  o f  n i c o t i n e  and  
t h a t  t h e  s h o o t  i s  t h e  s i t e  o f  s t o r a g e  and  b i o t r a n s -  
f o r m a t i o n  o f  n i c o t i n e  and r e l a t e d  a l k a l o i d s  (Dawson 
1948 ,  W a l l e r  and D e r m e r  1 9 8 1 ) .  The r e s u l t s  d e s c r i b e d  
above also support this idea. We carried out co- 
culture experiments with transformed root and shoot 
t i s s u e s  in  v i t r o .  T h a t  i s ,  t h e  h a i r y  r o o t s  and  s h o o t y  
t e r a t o m a s  w e r e  c o - c u l t u r e d  i n  l i q u i d  B5 med ium in  t h e  
same  p e t r i  d i s h ,  and  2 w e e k s  l a t e r ,  t h e  a l k a l o i d s  i n  
e a c h  t i s s u e  w e r e  a n a l y z e d  ( T a b l e  1 ) .  T h i s  k i n d  o f  

e x p e r i m e n t  i s  p o s s i b l e ,  b e c a u s e  t h e  t r a n s f o r m e d  t i s s u e s  
h a v e  t h e  a b i l i t y  to  m a i n t a i n  t h e i r  m o r p h o l o g y  w i t h o u t  
a d d i t i o n  o f  e x o g e n e o u s  h o r m o n e s .  R e s u l t s  f r o m  t h e s e  
s t u d i e s  show t h a t  t h e  a l k a l o i d s  w e r e  d i s t r i b u t e d  i n  
s h o o t y  t e r a t o m a s  m o r e  t h a n  i n  h a i r y  r o o t s .  The 
a l k a l o i d a l  a m o u n t s  i n  t h e  med ium w e r e  d e c r e a s e d  a s  
c o m p a r e d  to t h o s e  f o u n d  i n  e x p e r i m e n t s  i n  w h i c h  o n l y  
h a i r y  r o o t s  w e r e  p r e s e n t .  The c o m b i n e d  a m o u n t s  o f  
n i c o t i n e ,  n o r n i c o t i n e  and  a n a t a b i n e  w e r e  h i g h e s t  i n  
shooty teratomas. These phenomena were essentially 
reproducible within the 3-days experiment (Table 1, 
Exp. 2), although the amounts in shooty teratomas were 
lower than those of 14-days experiment 1 and the 
alkaloid concentrations in the medium were similar for 
h a i r y  r o o t s  and  f o r  c o - c u l t u r e ,  u n l i k e  i n  1 4 - d a y s  
e x p e r i m e n t .  T h e s e  r e s u l t s  i n d i c a t e d  t h a t  s h o o t y  t e r a -  
t o m a s  do n o t  h a v e  t h e  a b i l i t y  f o r  de novo s y n t h e s i s  o f  
t o b a c c o  a l k a l o i d s  b u t  a r e  c a p a b l e  o f  s t o r a g e  and  b i o -  
t r a n s f o r m a t i o n  o f  a l k a l o i d s  s y n t h e s i z e d  and  r e l e a s e d  by  
h a i r y  r o o t s .  

A B 

• Arg 

,Man 
"Nop 

,Ma t  

"Origin ,Or igin 
1 2 3 4  5 1 2 3 4 

F i g .  2 (A) N o p a l i n e  d e t e c t i o n  i n  t h e  t e r a t o m a s .  
L a n e  i :  c o l o u r  m a r k e r ,  l a n e  2 :  s t a n d a r d  a r g i n i n e  ( A r g )  
and  n o p a l i n e  ( N o p ) ,  l a n e  3 :  s h o o t y  t e r a t o m a  i n d u c e d  by  
pGV 3 8 4 5 ,  l a n e  4 :  r o o t y  t e r a t o m a  i n d u c e d  by  pGV 3 3 0 4 ,  
l a n e  5 :  c o n t r o l  SR1 p l a n t .  (B) M a n n o p i n e  d e t e c t i o n  i n  
h a i r y  r o o t s .  L a n e  1 :  c o n t r o l  SR1 p l a n t ,  l a n e  2 :  h a i r y  
r o o t  i n d u c e d  by  pRi  8 1 9 6 ,  l a n e  3 :  s t a n d a r d  m a n n i t o l  
( M a t ) ,  l a n e  4 :  s t a n d a r d  m a n n o p i n e  ( M a n ) .  

Biofransformation of n i c o t i n e  bjL s h o o t ~  teratomas 
To confirm the activities of storage and bio- 

transformation in shooty teratomas, we have studied the 
metabolism of exogenously added nicotine by incubating 
it with shooty teratomas in the liquid B5 medium. As 
shown in Fig. 4, the nicotine content in the medium 
decreased rapidly. The concentration of cellular 
nicotine increased dramatically within 1 day and then 
decreased gradually. Nornicotine in the tissue 
increased slowly during the first 4 days and then 
decreased. These results clearly suggest that extra- 
cellular nicotine was taken up in the shooty teratomas 
and then demethylated to nornicotioe in the teratoma 
cells. 

DISCUSSION 

The production o f  secondary metabolites by 
transformed hairy root cultures is now recognized as an 
efficient way for the in vitro production of useful 
compounds (Hamili et al. 1987, Flores et al. 1987, and 
the papers cited therein). For example, nicotine is 
produced by hairy root cultures of N. rustica (Hamill 
et al. 1986) and other Nicotiana species (Parr et al. 
1987). Our present study has confirmed the high 
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System Bin-mass 
production 
Cfold~ 

( g ) -  

A l k a l o i d s  i n  t i s s u e  
( ~ g / g  f ~ .  w t . )  

( ~ g )  
N i c o t i n e  N o r n i c o t i n e  A n a t a b i n e  

Alkaloids in medium 
(~g/ml m~dium)  

( ~ g )  
N i c o t i n e  N o r n i e o t i n e  A n a t a b i n e  

E x p .  1 ( 1 4 - ~ a y s  c u l t u r e )  
HR ( 8 1 9 6 ) -  1 . 8 2  2 4 . 7  9 4 . 6  2 . 2  5 . 4  3 5 . 4  2 . 0  

( 4 . 4 3 )  ( 1 0 9 . 4 )  ( 4 1 9 . 1 )  ( 9 . 7 )  ( 7 5 . 6 )  ( 5 0 9 . 6 )  ( 2 8 . 0 )  
ST ( 3 8 4 5 )  5 B .66  

( 1 9 . 4 )  
RT ( 3 3 0 4 )  6 1 . 3 5  4 . 6  3 . 8  

7 ( 0 . 7 5 )  ( 3 . 5 )  ( 2 . 9 )  
C o - c u l t u r e  

HR ( 8 1 9 6 )  1 . 2 8  2 . 8  1 8 . 1  0 . 6  0 . 8  5 . 6  0 . 4  
( 2 . 7 9 )  ( 7 . 8 )  ( 5 0 . 5 )  ( 1 . 7 )  ( 8 . 0 )  ( 5 6 . 0 )  ( 4 . 0 )  

ST ( 3 8 4 5 )  3 . 3 4  2 0 . 6  1 3 8 . 7  4 . 3  
( 6 . 6 2 )  ( 1 3 6 . 4 )  ( 9 1 8 . 2 )  ( 2 8 . 5 )  

Exp .  2 ( 3 - d a y s  c u l t u r e )  
HR ( 8 1 9 6 )  0 . 8 3  4 5 . 3  5 6 . 8  2 . 8  6 . 9  1 3 . 6  0 . 5  

( 2 . 2 3 )  ( 1 0 1 . 0 )  ( 1 2 6 . 7 )  ( 6 . 2 )  ( 1 0 3 . 5 )  ( 2 0 4 . 0 )  ( 7 . 5 )  
C o - c u l t u r ¢  
HR ( 8 1 9 6 )  0 . 8 7  7 .1  2 6 . 2  t r a c e  2 . 8  1 3 . 5  0 . 4  

( 3 . 0 8 )  ( 2 1 . 9 )  ( 8 0 . 7 )  ( 4 2 . 0 )  ( 2 0 2 . 5 )  ( 6 . 0 )  
ST ( 3 8 4 5 )  1 . 0 7  8 . 4  1 6 . 3  

( 3 . 6 2 )  ( 3 0 . 4 )  ( 5 9 . 0 )  

1. H a i r y  r o o t s  and  t e r a t o m a s  w e r e  c u l t u r e d  i n  l i q u i d  B5 m e d i u m ,  3~ s u c r o s e ,  pH 6 . 7 .  
The a l k a l o i d s  w e r e  e x t r a c t e d  and  a n a l y z e d  by  g a s  c h r o m a t o g r a p h y  a s  d e s c r i b e d  
in  MATERIALS AND METHODS. D a t a  a r e  t h e  m e a n s  o f  d u p l i c a t e  i n c u b a t i o n s .  

2 .  The w e i g h t  o f  t i s s u e s  a f t e r  i n c u b a t i o n  f o r  14 d a y s  ( E x p .  1) and  3 d a y s  ( E x p .  2 ) .  
3 .  T o t a l  a m o u n t  o f  e a c h  a l k a l o i d  in  t h e  t i s s u e  o r  i n  t h e  m e d i u m .  
4.  H a i r y  r o o t s  i n d u c e d  by  A. r h i z o g e n e s  (pRi  8 1 9 6 ) .  
5 .  S h o o t y  t e r a t o m a s  i n d u c e d  by A. t u m e f a c i e n s  (pGV 3 8 4 5 ) .  
6 .  R o o t y  t e r a t o m a s  i n d u c e d  by A. t u m e f a c i e n s  (pGV 3 3 0 4 ) .  
7 .  C o - c u l t u r e  e x p e r i m e n t s  c u l t u r i n g  h a i r y  r o o t s  and  s h o o t y  t e r a t o m a s  i n  t h e  

l i q u i d  medium in  t h e  same  d i s h .  
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F i g .  3 B i o t r a n s f o r m a t i o n  o f  n i c o t i n e  by  s h o o t y  
t e r a t o m a s .  The  s h o o t y  t e r a t o m a s  ( 1 . 5  g )  w e r e  i n c u b a t e d  
i n  16 ml o f  l i q u i d  B6 m e d i u m ,  3~ s u c r o s e ,  pH 5 . 7 ,  and  
3000 ~ g / m l  o f  n i c o t i n e .  The  a l k a l o i d s  w e r e  a n a l y z e d  by  
g a s  c h r o m a t o g r a p h y .  D a t a  a r e  f r o m  d u p l i c a t e  i n c u b a -  
t i o n s .  

p r o d u c t i o n  o f  n i c o t i n e  and  r e l a t e d  a l k a l o i d s  by  t o b a c c o  
h a i r y  roots. The production capacity is almost 
comparable to that reported previously (Hamill et al. 
1985 ,  P a r r  e t a l .  1 9 8 7 ) .  I t  h a s  a l s o  b e e n  shown t h a t  
t h e  a l k a l o i d s  a r e  e x c r e t e d  to  t h e  medium in  r a t h e r  h i g h  

amounts. 
In addition, the present study indicates that the 

shooty teratomas transformed by a Ti plasmid mutant of 
gene 1 lack the de novo biosynthetic activity of the 
alkaloids but have the abilities of storage and bin- 
transformation of the alkaloids. It has been reported 
that cell-free extracts of N. clara leaves, themselves 
alkaloid-free, catalyzed the nicotine-nornicotine 
i n t e r c o n v e r s i o n  ( S c h r ~ t e r  1 9 6 6 ) .  L e e t e  ( 1 9 6 8 )  h a s  ~ 
shown t h a t  e ~ i s e d  s h o o t s  o f  N. g l a u c a  c o n v e r t e d  
n i c o t i n e  to C - n o r n i c o t i n e  b u t  n o t  to a n a b a s i n e .  

T h e r e  a r e  s e v e r a l  l i n e s  o f  e v i d e n c e  i n  t h e  l i t e r a -  
t u r e  s u p p o r t i n g  t h e  c l o s e  r e l a t i o n s h i p  b e t w e e n  c e l l  
d i f f e r e n t i a t i o n  and t h e  v a r i o u s  f e a t u r e s  o f  s e c o n d a r y  
m e t a b o l i s m ,  i .  s .  b i o s y n t h e s i s ,  t r a n s p o r t ,  a c c u m u l a -  
t i o n ,  t r a n s f o r m a t i o n ,  d e g r a d a t i o n ,  r e l e a s e  e t c .  
( L u e k n e r  1 9 8 5 ) .  F o r  e x a m p l e ,  l u p i n  a l k a l o i d s  i n  
L e g u m i n o s a e  a r e  s y n t h e s i z e d  i n  t h e  g r e e n  p a r t s  o f  t h e  
p l a n t  (Wink  1987 ,  S a i t o  e t a l .  s u b m i t t e d )  and  a c c u m u -  
l a t e  i n  o t h e r  p a r t s ,  s u c h  a s  i n  r o o t s .  T r o p a n e  
a l k a l o i d s  i n  S o l a n a c e a e  a r e  p r o d u c e d  i n  r o o t s  and  
t r a n s p o r t e d  to  l e a v e s  ( L i e b i s e h  and  S c h U t t e  1 9 8 5 ) .  In  
t h i s  c o n t e x t ,  t h e  t r a n s f o r m e d  s h o o t y  and  r o o t y  t e r a -  
t o m a s  a r e  i n t e r e s t i n g  f o r  t h e  s t u d y  o f  t h e  r e l a t i o n s h i p  
b e t w e e n  c e l l  d i f f e r e n t i a t i o n  and  s e c o n d a r y  m e t a b o l i s m .  
In  p a r t i c u l a r ,  s h o o t y  t e r a t o m a s  o f  a n y  p l a n t  s p e c i e s  
wou ld  be u s e f u l  f o r  t h e  b i o t r a n s f o r m a t i o n  o f  e x o g e n o u s  
c o m p o u n d s  w h i c h  a r e  n o t  o n l y  o r i g i n a t e d  f r o m  p l a n t s  b u t  
a l s o  f r o m  m i c r o o r g a n i s m s  and  e v e n  f r o m  a r t i f i c i a l  
o r g a n i c  s y n t h e s i s .  The t e r a t o m a  c u l t u r e s  may a l s o  be  
an e f f i c i e n t  m a t e r i a l  f o r  t h e  p r o d u c t i o n  o f  p l a n t  
m e t a b o l i t e s  w h i c h  a r e  n o r m a l l y  b i o s y n t h e s i z e d  i n  s h o o t y  
t i s s u e s  o f  d i f f e r e n t i a t e d  p l a n t s .  Work on t h e s e  l i n e s  
i s  now g o i n g  on i n  o u r  l a b o r a t o r i e s .  
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