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ABSTRACr 

C u l t u r e d  c e l l s  o f  T h a l i c t r u m  m i n u s  L. 
( R a n u n c u l a c e a e ) ,  t r a n s f e r r e d  f r o m  c u l t u r e  
f l a s k s  t o  a b u b b l e  c o l u m n  b i o r e a c t o r ,  
p r o d u c e d  l i t t l e  b e r b e r i n e  a n d  t u r n e d  d a r k  
b r o w n ,  e v e n  w h e n  s u p p l i e d  w i t h  s u f f i c i e n t  
o x y g e n .  T h i s  p h e n o m e n o n  was  a s c r i b e d  t o  t h e  
r e m o v a l  o f  CO2 f r o m  t h e  c u l t u r e  m e d i u m  by 
b u b b l i n g  a i r ,  a n d  c o u l d  be  r e p r o d u c e d  in  
f l a s k  c u l t u r e s  a r t i f i c i a l l y  d e p r i v e d  o f  CO2" 
T h e  i n d u c t i o n  o f  c e l l  b r o w n i n g  by  e x o g e n o u s I y  
a d m i n i s t e r e d  e t h y l e n e  s u g g e s t e d  t h a t  CO2 
p r o b a b l y  a c t s  a n t a g o n i s t i c a l l y  a g a i n s t  e n d o g -  
e n o u s l y  g e n e r a t e d  C2H 4 .  T he  p h y s i o l o g i c a l  
d a m a g e  c a u s e d  by  f o r c e d  a e r a t i o n  c o u l d  be  
p r e v e n t e d  by  a d d i n g  2 % CO 2 t o  t h e  a i r  i n  t h e  
b i o r e a c t o r .  
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L a r g e - s c a l e  c u l t u r e  o f  p l a n t  c e l l s  i n  
b i o r e a c t o r s  o f t e n  f a i l s  t o  k e e p  t h e  
p r o d u c t i v i t y  o f  s e c o n d a r y  m e t a b o l i t e s  a s  h i g h  
as  t h a t  i n  s u s p e n s i o n  c u l t u r e s  in  f l a s k s  
( W a g n e r  a n d  V o g e l m a n n  1 9 7 7 ) .  As p o i n t e d  o u t  
by  S m a r t  a n d  F o w l e r  ( 1 9 8 1 ) ,  o n e  o f  t h e  m a j o r  
p r o b l e m s  i s  t h e  m o d e  o f  a e r a t i o n ,  e s p e c i a l l y  
t h e  s u p p l y  o f  s u f f i c i e n t  o x y g e n  f o r  
b i o s y n t h e s i s  as  w e l l  as  f o r  c e l l  g r o w t h  
( B r e u l i n g  e t  a l .  1 9 8 5 ,  K o b a y a s h i  e t  a l .  
1 9 8 9 } .  In  f l a s k  c u l t u r e s  on a s h a k e r ,  o x y g e n  
c a n  b e  s u p p l i e d  a d e q u a t e l y  by  i n c r e a s i n g  t h e  
r a t i o  o f  t h e  s u r f a c e  a r e a  o f  c u l t u r e  m e d i u m  
i n  d i r e c t  c o n t a c t  w i t h  a i r  t o  t h e  m e d i u m  
v o l u m e ,  w h e r e a s  in  b i o r e a c t o r  s y s t e m s  t h e  
o x y g e n  i s  s u p p l i e d  by  b u b b l i n g  a i r  i n t o  t h e  
m e d i u m .  In  t h e  l a t t e r  c a s e ,  t h e  o x y g e n  s u p p l y  
i n c r e a s e s  w i t h  an  i n c r e a s e  i n  t h e  r a t e  o f  a i r  
f l o w ,  w h i l e  t h e  a m o u n t  o f  CO 2 i n  t h e  m e d i u m  
t e n d s  t o  d e c r e a s e .  H o w e v e r ,  c u l t u r e d  c e l l s  in  
s h a k i n g  f l a s k s  u s u a l l y  g r o w  i n  an  e n v i r o n m e n t  
w h e r e  t h e  CO 2 c o n c e n t r a t i o n  may b e c o m e  m o r e  
t h a n  o n e  h u n d r e d  t i m e s  a s  h i g h  as  t h a t  i n  t h e  
a t m o s p h e r e  ( c a .  0 . 0 3  % ) .  T h i s  i s  c o m p a r a b l e  
t o  t h e  h i g h  CO 2 c o n c e n t r a t i o n s  o b s e r v e d  i n  
t h e  r h i z o s p h e r e ,  w h e r e  i t  i s  f r e q u e n t l y  
b e t w e e n  0 . 1  t o  5 % (De J o n g  a n d  S c h a p p e r t  
1 9 7 2 )  a n d  may  b e c o m e  as  g r e a t  as  20 % 
( N o r s t a d t  a n d  P o r t e r  1 9 8 4 ) .  T h i s  p a p e r  
r e p o r t s  t h a t  an  e x c e s s i v e  r e m o v a l  o f  CO 2 i s  a 
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m a j o r  l i m i t a t i o n  i n  c u l t u r e  s y s t e m s  o f  
T h a l i c t r u m  m i n u s  f o r  b e r b e r i n e  p r o d u c t i o n ,  
a n d  d e s c r i b e s  t h e  i n f l u e n c e  o f  CO 2 on t h e  
g e n e r a t i o n  o f  e t h y l e n e  a n d  t h e  b r o w n i n g  o f  
c e l l s .  

blATE]tlAL AND ~ S  

C e l l  s u s p e n s i o n  c u l t u r e  
A c e l l  l i n e  o f  T. m i n u s  L. v a t .  

h y p o l e u c u m  M i q .  ( N a k a g a w a  e t  a l .  1984} h a s  
b e e n  m a i n t a i n e d  as  a s u s p e n s i o n  c u l t u r e  in  
" g r o w t h  m e d i u m " ,  i . e .  LS m e d i u m  ( L i n s m a i e r  
a n d  S k o o g ,  1965)  c o n t a i n i n g  1 ~ 2 , 4 - d i -  
c h l o r o p h e n o x y a c e t i c  a c i d  ( 2 , 4 - D ) ,  by s u b c u l -  
t u r i n g  e v e r y  two w e e k s .  

F o r  i n d u c t i o n  o f  b e r b e r i n e  p r o d u c t i o n ,  3 
r e p l i c a t e s  o f  1 7 - d - o l d  c e l l s  (1 g f r e s h  wt  = 
75 mg d r y  w t )  o f  t h e  s t o c k  c u l t u r e  w e r e  
t r a n s f e r r e d  t o  30 ml o f  " p r o d u c t i o n  m e d i u m " ,  
i . e .  LS m e d i u m  c o n t a i n i n g  100 }AM 1 - n a p h -  
t h a l e n e a c e t i c  a c i d  (NAA) a n d  10 l A! b e n z y l -  
a d e n i n e  (BA) ,  i n  a 100 ml E r l e n m e y e r  f l a s k .  
The  c u l t u r e s  w e r e  a g i t a t e d  on a r e c i p r o c a l  
s h a k e r  a t  a s p e e d  o f  100 s t r o k e s / m i n  a t  25~  
in  t h e  d a r k .  

E f f e c t  o f  CO 2 d e p r i v a t i o n  f r o m  t h e  
c u l t u r e  s y s t e m  was  e x a m i n e d  by  u s i n g  a t w o -  
t i e r  c u l t u r e  v e s s e l  c o n s i s t i n g  o f  two 
v e r t i c a l l y  c o n n e c t e d  f l a s k s  ( S t r e e t ,  1 9 7 7 ) .  
C e l l s  (1 g f r e s h  w t )  w e r e  i n o c u l a t e d  i n  t h e  
u p p e r  f l a s k  (30  ml m e d i u m )  c o n n e c t e d  by a 
d u c t  t o  t h e  l o w e r  f l a s k  c o n t a i n i n g  a 20 % KOH 
s o l u t i o n  (50  m l ) .  

C u l t u r e  o f  i m m o b i l i z e d  c e l l s  
T. m i n u s  c e l l s  ( 1 7 - d - o l d )  w e r e  e n t r a p p e d  

i n  C a - a l g i n a t e  b e a d s  a c c o r d i n g  t o  t h e  m e t h o d  
o f  K i e r s t a n  a n d  B u c k e  ( 1 9 7 7 )  w i t h  m i n o r  
m o d i f i c a t i o n s ,  e m p l o y i n g  a s i m i l a r  d e v i c e  
u s e d  by  V o r l o p  a n d  K l e i n  ( 1 9 8 7 ) .  C e l l s  (8 g 
f r e s h  w t )  s u s p e n d e d  i n  1 . 5  % a l g i n a t e  ( 1 0 0  

m l )  w e r e  d r i p p e d  f r o m  n o z z l e s  (1 mm i n  
d i a m e t e r )  i n t o  a 50 mM CaCl  2 s o l u t i o n ;  t h e  
C a - a l g i n a t e  b e a d s  (c_aa 2 rnn i n  d i a m e t e r )  
f o r m e d  w e r e  l e f t  i n  t h e  s o l u t i o n  f o r  3 h a t  
2 5 ~  i n  t h e  d a r k ,  t h e n  w a s h e d  w i t h  30 ml o f  
LS b a s a l  m e d i u m .  

B e a d s  c o n t a i n i n g  a t o t a l  o f  7 g c e l l s  
w e r e  i n o c u l a t e d  i n t o  200  ml o f  t h e  p r o d u c t i o n  
m e d i u m  i n  a b u b b l e  c o l u m n  b i o r e a c t o r  ( F i g .  1) 
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F i g .  2.  R e l a t i o n s h i p  b e t w e e n  i n c r e a s i n g  a i r  
f l o w  r a t e  and  t h e  r e m o v a l  o f  CO2 f r o m  t h e  
c u l t u r e  m e d i u m .  

and  i n c u b a t e d  u n d e r  t h e  same c o n d i t i o n s  as  
a b o v e ,  The  f l o w  r a t e  o f  CO 2 was  a d j u s t e d  w i t h  
a g a s  m i x i n g  u n i t  ( T o k y o  R i k a  K i k a i  CO. ,  
J a p a n ) .  

Q u a n t i t a t i v e  a n a l y s i s  o f  b e r b e r i n e  
The  q u a n t i t a t i v e  a n a l y s i s  o f  b e r b e r i n e  

was  c a r r i e d  o u t  by  HPLC as  d e s c r i b e d  
e l s e w h e r e  ( N a k a g a w a  e t  a l .  1 9 8 4 ) ,  u s i n g  SEP- 
PAK C18 i n s t e a d  o f  A m b e r l i t e  XAD-2 f o r  t h e  
s e p a r a t i o n  c o l u m n .  

D e t e r m i n a t i o n  o f  CO 2 a n d . C 2 H  4 c o n c e n t r a t i o n  
The  CO 2 c o n c e n t r a t i o n  i n  t h e  h e a d s p a c e  

o f  t h e  c u l t u r e  v e s s e l  was  d e t e r m i n e d  by GC 
u s i n g  a S h i m a d z u  g a s  c h r o m a t o g r a p h i c  a p p a r a -  
t u s  ( m o d e l  GC-7A)  w i t h  a t h e r m o c o n d u c t i v i t y  
d e t e c t o r ;  s t a i n l e s s  s t e e l  c o l u m n  (6 m X 3 
mm),  G a s k u r o p a c k  54 6 0 / 8 0  ( G a s u k u r o  Kogyo  
I n c . ,  J a p a n ) ,  t e m p e r a t u r e :  7 0 ~  c a r r i e r  g a s :  
h e l i u m  (30  m l / m i n ) .  

The  C2H 4 c o n c e n t r a t i o n  was  d e t e r m i n e d  by  
GC u s i n g  a H i t a c h i  g a s  c h r o m a t o g r a p h i c  a p p a -  
r a t u s  ( m o d e l  163)  w i t h  a f l a m e  i o n i z a t i o n  
d e t e c t o r ;  s t a i n l e s s  s t e e l  c o l u m n  (2 m X 2 
rrrn): G a s k u r o p a c k  54 6 0 / 8 0 ,  t e m p e r a t u r e :  70~  
c a r r i e r  g a s :  n i t r o g e n  ( 30  m l / m i n ) .  The  
i d e n t i t y  o f  C2H 4 was  c o n f i r m e d  by  t h e  m e r c u r y  
p e r c h l o r a t e  t e s t  ( W a r n e r  a n d  L e o p o l d  1 9 6 9 ) .  

M e a s u r e m e n t  o f  c e l l  b r o w n i n  G 
F r e e z e - d r i e d  c e l l s  w e r e  e x t r a c t e d  in  

EtOH u n d e r  a r g o n  g a s  t o  r e m o v e  b e r b e r i n e  and  
a l c o h o l - s o l u b l e  p h e n o l i c s ,  a n d  t h e  r e s i d u a l  
p o w d e r  i n  a t a b l e t  ( 15  mm in  d i a m e t e r )  was  
u s e d  f o r  q u a n t i t a t i v e  e s t i m a t i o n  o f  c e l l  
b r o w n i n g  by  m e a s u r i n g  t h e  r e f l e c t a n c e  a t  420 
nm u s i n g  a S h i m a d z u  D u a l - w a v e l e n g t h  TLC 
s c a n n e r  ( m o d e l  C S - 9 0 0 ) .  

D e t e r m i n a t i o n  o__f_f p h e n o l i c  c o n t e n t s  
P h e n o l i c  c o n t e n t s  w e r e  d e t e r m i n e d  by  t h e  

m e t h o d  o f  S w a i n  a n d  H i l l s  ( 1 9 5 9 )  u s i n g  F o l i n -  
D e n i s  r e a g e n t .  F r e e z e - d r i e d  c e i l s  w e r e  
r e f l u x e d  i n  EtOH f o r  2 h u n d e r  a r g o n  g a s ,  
t h r i c e ,  a n d  t h e  e x t r a c t  was  u s e d  f o r  t h e  
q u a n t i t a t i v e  d e t e r m i n a t i o n  o f  EtOH s o l u b l e  
p h e n o l i c s  ( f r e e  p h e n o l i c s ) .  T h e  r e s i d u e  was 
t h e n  r e f l u x e d  i n  1N NaOH f o r  16 h u n d e r  a r g o n  

g a s  and  t h e  e x t r a c t  was  u s e d  f o r  d e t e r m i n a -  
t i o n  o f  t h e  EtOH i n s o l u b l e  b u t  1N NaOH 
s o l u b l e  p h e n o l ~ c s  c o n t e n t  ( b o u n d  p h e n o l i c s ) ,  
The  r e s i d u e  was  t h e n  u s e d  f o r  t h e  d e t e r m i n a -  
t i o n  o f  l i g n i n - l i k e  c o m p o u n d s  u s i n g  a c e t y l  
b r o m i d e  a c c o r d i n g  t o  t h e  m e t h o d  o f  F u k u d a  a n d  
K o m a m i n e  ( 1 9 8 2 )  w i t h  a s l i g h t  m o d i f i c a t i o n ,  

RESULTS ~ DISCUSSION 

T a b l e  1 shows  t h e  i n f l u e n c e  o f  a e r a t i o n  
on c e l l  g r o w t h ,  b e r b e r i n e  p r o d u c t i o n ,  and  
c e l l  b r o w n i n g  in  two d i f f e r e n t  b i o r e a c t o r  
s y s t e m s .  In  t h e  l i q u i d - g a s  two p h a s e  b i o -  
r e a c t o r  s y s t e m  ( K o b a y a s h i  e t  a l .  1 9 8 8 ) ,  t h e  
i m m o b i l i z e d  c e l l s  o f  T. m i n u s  s e c r e t e d  
b e r b e r i n e  i n t o  m e d i u m  w i t h  g o o d  y i e l d  ( 1 6 3  
m g / l ) .  In  t h e  b a b b l e  c o l u m n  b i o r e a c t o r  s y s t e m  
( F i g .  1 ) ,  h o w e v e r ,  t h e  i r r m o b i l i z e d  c e l l s  
s e c r e t e d  o n l y  28 mg /1  o f  b e r b e r i n e  a n d  t u r n e d  
b r o w n ;  a l t h o u g h  t h e  v a l u e  o f  KLa ( v o l u m e t r i c  
02  t r a n s f e r  c o e f f i c i e n t  was  k e p t  a t  20 h -  , 

T a b l e  1. G r o w t h ,  b e r b e r l n e  y i e l d ,  a n d  c e l l  
b r o w n i n g  o f  T h a l i c t r u m  m i n u s  c u l t u r e s  i n  
d i f f e r e n t  a e r a t i o n  s y s t e m s  ( c u l t u r e  p e r i o d  : 
15 d ) .  

B i o r e a c t o r  

L i q u i d - g a s  
two p h a s e  

s y s t e m  

B u b b l e  
c o l u m n  
s y s t e m  

F l o w  r a t e  o f  a i r ( m l / m i n )  100 

KLa* (h  - l )  N .D.  

C e l l  g r o w t h ( g D W / L )  2 . 6 9  

B e r b e r i n e ( m g / L )  1 6 3 . 0  

R e l a t i v e  c e l l  b r o w n i n g  1 

300 

20 

2 . 6 6  

2 8 . 3  

1 . 8 8  

V o l u m e t r i c  0 2  t r a n s f e r  c o e f f i c i e n t  
N . D . =  n o t  d e t e r m i n e d  
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F i g .  3. T i m e - c o u r s e s  of  c e l l  g r o w t h ,  
b e r b e r i n e  p r o d u c t i o n ,  and c e l l  b r o w n i n g  in 
c u l t u r e s  w i t h  a normal  039 l e v e l  ( - O -  
t h o s e  w i t h  a low CO 2 l e v e T  ( - - & - - i  in -a )twO- 

a n d  

d e c k e d  f l a s k  c u l t u r e  s y s t e m .  

2.o ~ 

~~,~ o 3' 25 .~.~,~ 
~ 50 ~ 

co 
.5< 

A B C D A B C D 

F i g .  4. E f f e c t s  of  i n c o r p o r a t i n g  a 032 
a d s o r b e n t  (20 % KOH) and a d d i n g  E t h r e l ,  on 
c e l l  b r o w n i n g  and c o n t e n t s  o f  p h e n o l i c s :  (A) 
c o n t r o l  c u l t u r e ,  (B) c u l t u r e  t r e a t e d  w i t h  
E t h r e l ,  (C) c u l t u r e  w i t h  032 a d s o r b e n t ,  (D) 
c u l t u r e  w i t h  b o t h  E t h r e l  and-CO~ a d s o r b e n t .  
( * : P < 0 . 0 5 ,  ** : P < 0 . 0 I )  

w h i c h  s h o u l d  be s u f f i c i e n t  fo r  b e r b e r i n e  
p r o d u c t i o n  ( K o b a y a s h i  e t  a l .  1989) .  The m a j o r  
d i f f e r e n c e  b e t w e e n  t h e  two r e a c t o r s  i s  in t he  
mode of  a e r a t i o n ;  o x y g e n  i s  s u p p l i e d  to  
i r r m o b i l i z e d  c e l l s  by e x p o s i n g  ge l  beads  to  
a i r  in t he  f o r m e r  s y s t e m ,  w h e r e a s  i t  i s  done 
by b u b b l i n g  in t he  l a t t e r .  Under  t he  b u b b l i n g  
c o n d i t i o n ,  t h e  o x y g e n  s u p p l y  w i l l  i n c r e a s e  
w i t h  t h e  i n c r e a s i n g  a i r  f l o w  r a t e ,  as 
i n d i c a t e d  by a l i n e a r  i n c r e a s e  in KLa v a l u e  
( d a t a  not  shown},  but  t he  d e p r i v a t i o n  of  032 
f rom t h e  medium w i l l  be a c c e l e r a t e d  ( F i g .  2 ) .  

The p o s s i b i l i t y  t h a t  t he  l o s s  of  032 
wou ld  s e r i o u s l y  a f f e c t  t he  p h y s i o l o g y  o T  
c e l l s  in t he  b u b b l e  co lumn b i o r e a c t o r  was 
e x a m i n e d  by i n o c u l a t i n g  T. m inus  c e l l s  in t he  
upper  chamber  o f  a t w o - t i e r  c u l t u r e  v e s s e l ,  
w i t h  t h e  lower  chamber  c o n t a i n i n g  20 % KOH 
f o r  t r a p p i n g  032" The r emova l  of  032 c a u s e d  
r a p i d  b r o w n i n g  and e a r l y  d e a t h  o f  c e l l s  as 
w e l l  as a d r a s t i c  f a l l  in t h e  b e r b e r i n e -  
p r o d u c i n g  a c t i v i t y  a f t e r  12 d o f  c u l t u r e  in 
t h e  f l a s k  shake  c u l t u r e s  ( F i g .  3 ) .  As shown 
in T a b l e  2, t h e  a d d i t i o n  of  20 % KOH to t h e  
lower  v e s s e l  r e d u c e d  the  032 c o n c e n t r a t i o n  by 
7 8 . 3  % of  t he  c o n t r o l  12 d a f t e r  i n o c u l a t i o n ,  
w h i l e  b r i n g i n g  a 2 .63  t i m e s  i n c r e a s e  o v e r  
t h e  c o n t r o l  in t he  c o n c e n t r a t i o n  of  C2H 4. 

T a b l e  2. E f f e c t  o f  CO 2 a d s o r b e n t  (20 % KOH) 
on the  l e v e l  of  CO and C H w i t h i n  t h e  2 2 4 
c u l t u r e  v e s s e l  a f t e r  12 d. 

CO 2 (%) C2H 4 (ppm) 

C o n t r o l  c u l t u r e  

C u l t u r e  w i t h  
(20 2 a d s o r b e n t  

3 .41  • 0 . 2 6 *  

0 . 7 4  • 0 . 0 7  

2 .88  • 0 . 6 7  

7 .58  • 0 . 2 6  

* Mean • S . E .  

I t  i s  known t h a t  a h i g h  c o n c e n t r a t i o n  of  
tC~h ~ i n h i b i t s  t he  a b i l i t y  of  C2H 4 to  p r o l o n g  

s t o r a g e  l i f e  of  f r u i t s  ( [ s e n b e r g  1979) 
and v e g e t a b l e s  (Smock 1979) .  A c c o r d i n g l y ,  the  
e f f e c t s  o f  C2H 4 and CO 2 on c e l l  b r o w n i n g  were  
e x a m i n e d  by a d d i n g  200 ppm E t h r e l  (2-  
c h l o r o e t h y l p h o s p h o n i c  a c i d ) ,  a g e n e r a t o r  of  
C2H4. (Yang 1969),  to  t h e  medium,  or by 
p o u r z n g  a 20 % KOH s o l u t i o n  i n t o  t he  lower  
f l a s k  a t  t h e  t e n t h  d of  c u l t u r e .  A f t e r  5 d of  
i n c u b a t i o n ,  t h e s e  c u l t u r e s  w e r e  h a r v e s t e d  f o r  

m e a s u r e m e n t s .  As e x p e c t e d ,  c e l l  b r o w n i n g  as 
w e l l  as the  f o r m a t i o n  of  p h e n o l i c s  was 
p r o m o t e d  by t h e  a d d i t i o n  o f  E t h r e l  ( F i g .  4 ) .  
U n e x p e c t e d l y ,  t he  r emova l  o f  CO 2 by i t s e l f  
h a r d l y  a f f e c t e d  e i t h e r  c e l l  b r o w n i n g  or t he  
f o r m a t i o n  of  p o l y p h e n o l s  e x c e p t  f o r  f r e e  
p h e n o l i c s .  Howeve r ,  t he  e f f e c t s  of  E t h r e l  
w e r e  i n t e n s i f i e d  by r e m o v i n g  CO 2 f rom the  
c u l t u r e  s y s t e m .  

C e l l  b r o w n i n g ,  a f r e q u e n t l y  o b s e r v e d  
phenomenon in  p l a n t  t i s s u e s ,  i s  t h o u g h t  to  be 
b r o u g h t  abou t  t h r o u g h  the  m e t a b o l i s m  of  
p h e n o l i c  compounds  (Luh and P h i t h a k p o l  1972, 

T a b l e  3. E f f e c t  of  CO 2 a d d i t i o n  on b e r b e r i n e  
p r o d u c t i o n  and c e l l  b r o w n i n g  in t he  b u b b l e  
co lumn b i o r e a c t o r  s y s t e m  ( c u l t u r e  p e r i o d  : 
21 d). 

Flow r a t e  of  CO 2 
( m l / m i n )  

6 0 

F l o w  r a t e  o f  a i r  ( m l / m i n )  300 

C e l l  g r o w t h  (gIYCq/L) 2 .81  

B e r b e r i n e  (mg/L) 382 .8  

R e l a t i v e  c e l l  b r o w n i n g  1 

300 

2.71 

110.6  

1.82 



Mayer  and H a r e l  1979) .  As f o r  T. minus  c e l l  
s u s p e n s i o n  c u l t u r e s ,  the  h i g h  l e v e l  of  c e l l  
b r o w n i n g  o b s e r v e d  a f t e r  5 d of  c u l t u r e  in t he  
p r e s e n c e  of  e x o g e n o u s  C2H 4 a p p e a r s  to  be 
c o r r e l a t e d  w i t h  an i n c r e a s e  in the  c o n t e n t  of  
c e l l  w a l l - b o u n d  p h e n o l i c s  ( F i g .  4 ) .  S i m i l a r  
r e s u l t s  w e r e  r e p o r t e d  by Ke and S a l t v e i t  
(1988)  fo r  r u s s e t  s p o t t i n g  in i c e b e r g  
l e t t u c e ,  w h e r e  c e l l  b r o w n i n g  a p p e a r e d  to be 
c a u s e d  m a i n l y  by the  a c t i o n  of  C2H 4 in 
p h e n o l i c  m e t a b o l i s m .  

Even though  m a n i p u l a t i o n  of  the  e n d o g -  
enous  CgH a l e v e l  i s  d i f f i c u l t ,  a s u p p l e m e n t  
of  2 % CO~ to t he  a i r  in the  b u b b l e  column 
r e a c t o r  p r o v e d  to be e f f e c t i v e  not  o n l y  in 
p r e v e n t i n g  c e l l  b r o w n i n g ,  but  a l s o  in 
s u p p o r t i n g  b e r b e r i n e  p r o d u c t i o n  {Table  3 ) .  
T h e s e  r e s u l t s  c l e a r l y  i n d i c a t e  the  i m p o r t a n t  
r o l e  o f  CO 2 in s e c o n d a r y  m e t a b o l i s m ,  and the  
n e c e s s i t y  of  a d j u s t i n g  i t s  a t m o s p h e r i c  
c o n c e n t r a t i o n  l e v e l  when s c a l i n g  up p l a n t  
c e l l  c u l t u r e s .  
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