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ABSTRACT 
Callus cul tures  of Choisya  t ernata  have been  

prepared  by d i f f e r en t  s t r a t eg i e s  : agg rega te  clones,  
subclones and protoclones  ob ta ined  from wel l -es tab l i shed  
s t ra ins  ; protoclones  ob ta ined  from mesophyll  t issue ; 
cul tures  t rans formed  by Agrobacter ium tumefac iens .  All 
of them show high var iabi l i ty  in the i r  d ihydrofuro-  
quinoline alkaloid production.  As compared  to the  
alkaloid con ten t  of the whole plant,  one alkaloid 
(platydesminium) could be ob ta ined  in higher amounts  in 
some lines,  but it was impossible to get  h igh-bal -  
fourodinium accumulat ing lines. Moreover ba l fourodinium- 
producing capac i t ies  were lower in t r ans fo rmed  cel ls  as 
compared  to those of normal cell  lines. 

ABBREVIATIONS 
MS : Murashige and Skoog (1962) ; B5 : Gamborg B5 

(1968) medium ; 2,#-D : 2,4-dichlorophe~noxyacetic acid ; 
NAA : 1 -naph ta l eneace t i c  acid ; BA : NV-benzyladenine : 
EtOH : e thanol  ; d.w. : dry weight  ; sd : s tandard  
deviat ion.  

INTRODUCTION 
For several  years  we have been s tudying the 

dihydrofuroquinol ine alkaloids occurring in some Ruta -  
c e a e  species  [Rideau e t  al. 1979]. Some of them display 
cy to tox ic  and ant imicrobia l  ac t iv i t ies  and current ly  we 
are using in vitro cul ture  of Choisya  t ernata  as an 
expe r imen ta l  model  to evalua te  the  ex t en t  of var iabi l i ty  
in alkaloid accumulat ion according to the  s t r a t egy  
adopted  for the e s t ab l i shment  of the cul tures.  

In previous studies,  we f i rs t  analyzed 33 C. t ernata  
var iant  s trains or ig ina t ing  from a single plant  [Creche e t  
al. 1985]. We fur ther  analyzed the  alkaloid product ion of 
pro toc lones  and aggrega te  c lones obta ined from five of 
these  var iants  [Tr~mouil laux-Guil ler  e t  al. 1987]. In this 
study we have compared  the  a lka lo id-accumula t ing  
capac i t i es  of cul tures  ob ta ined  by th ree  other  s t r a t eg i e s  : 
subclones prepared  from a high-producing agg rega t e  
clone ; pro toc lones  prepared  from mesophyl l  cel ls  ; 
cul tures  t r ans fo rmed  with Agrobacter ium tumefac i e n s .  

MATERIALS AND METHODS 
Plant  mate r i a l  - The in i t ia t ion  and cul ture  condi t ions  of a 
populat ion of 33 var iant  hab i tua ted  s trains  of Cho i sy a  
t ernata  Kunth (Rutaceae)  or iginat ing from a single t r ee  
have been  previously descr ibed [Creche e t  al. 1955]. Five 
of these  strains,  chosen for the i r  d i f f e r en t  d ihydrofuro-  
quinol ine-accumula t ing  proper t ies ,  were used to prepare  
protoclones  and aggrega te  c lones [Tr~mouil laux-Guil ler  e t  
al. 1985]. The agg rega t e  clone Ac 28 (obta ined from the 
s t ra in VgAL) was used for obta in ing  subclones.  It was 
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maintained on Murashige and Skoog (1962) agar medium 
containing the following additives : 0.17 M glucose ; 
0.55 M myo-inositol ; #g.6 laM pyridoxine-HCl ; 29.6 IJM 
thiamine-HC] ; #0.6 ~M nicotinic acid ; 26.6# tam 
glycine ; 0.g % (w/v) agar . From the same tree we also 
obtained in 1982 a culture of foliated stems which was 
maintained on MS agar medium containing #1.6 mM 
glucose as sole organic substance [Creche eta]. 1985]. 
Subcultures were obtained by transferring stem explants 
with 2-3 internodes every #0 days to fresh medium. 
Rec lon ing  of  the  Ac 28 a g g r e g a t e  c l o n e  - Ten g of 16 
day-old t issue were dissocia ted at  25°C by ro tary  shaking 
(75 rpm) in 250 ml Er lenmeyer  flasks conta ining 50 ml of 
liquid cul ture  medium. After  5 days, the suspension was 
f i l t e red  through a nylon mesh (100 pro). The f i l t r a t e  was 
di luted with 0.8 % (w/~0 agar medium so tha t  the  final  
concentration was 5xl0-single cells and small aggregates 
(@ 3 cells) per ml. Incubation was performed in Parafiim- 
sealed plastic Petri dishes (9 cm diameter ; I0 ml 
medium) under continuous white light (500 ix, Philips 
TLD Ig W/33 lamps) at 25°C. Aggregate-clones (I-2 mm 
diameter) were transferred onto agar culture medium (5.3 
cm diameter Petri dishes ; 10 ml medium ; one clone per 
dish) and grown for 2 passages. One month-old tissues 
were lyophilized at the end of the second passage and 
their alkaloid contents were estimated. 
Iso lat ion and cul ture  of  mesophyl l  protoplasts  
Pro top las t s  were i sola ted  from leaves (0.2g) which had 
been removed from the  upper par t  in vitro fo l ia ted  s tems 
descr ibed above. Af ter  peel ing off the  lower epidermis ,  
the  leaves were placed lower surface down onto 4 ml of a 
f i l t e r - s t e r i l i zed  solut ion (0.22 lain ; Millipore Ltd AH/A) 
conta in ing  0.125 % (w/v) macerozyme R10, 0.25 % (w/v) 
ce l lu lase  R10, 0.3# M CaCI~-2 H~O and 0.6 M manni to l  
. . . .  z / . . m 5x d , luted MS mo rg amc  salts.  Incubation was car r ted  
out at 27°C in the  dark. After  1#-16 hrs, the  d iges ted  
leaves were f i l t e red  through a nylon sieve (100 pm pore 
size) and the  pro toplas ts  were washed 3 t imes  by gen t le  
cen t r i fuga t ion  (50xg, 3 min) in 4 ml fresh cul ture  medium. 
Pro toplas t  viabil i ty which was ver i f ied using the  induction 
of f luorescence  by a 23.5 IJM f luorescein  d i a c e t a t e  
solut ion in ace tone  for 3 rain, was about  90 %. The 
isola ted  pro toplas ts  were ini t ia l ly cul tured at  a densi ty  of 
10 ~ per ml in a liquid medium conta ining the  MS 
inorganic  salts,  0.35 M mannitol ,  0.25 M glucose, 4.52 ~M 
2,4-D, 5.37 pM NAA, 0.46 laM kinet in,  0.## pM BA s and 
the  organic addi t ives  ment ioned  above for Ac 28 cul tures .  
Incubation was per fo rmed  in Pa ra f i lm-sea led  Corning 
Pet r i  dishes (3.5 crn d iameter )  in the  dark at 27 ° for one 
week (at this t ime about  20 % protoplas ts  have undergone  
at leas t  one division). Then they were t r ans fe r r ed  to 
cont inuous l ight (500 Ix). Af ter  one month the  dishes were 



r ep len i shed  every week with i00 [~1 of fresh medium (the 
same composi t ion  as above excep t  tha t  the  glucose and 
manni to l  concen t ra t ions  were reduced to 0.1 M and 0.2 M 
respect ive ly .  After  t h ree  months,  visible p ro toc lones  
(0.5 - 1 mm d iamete r )  were t r ans fe r r ed  onto MS agar 
medium supp lemen ted  with the organic addi t ives  and 
growth substances  men t ioned  above, 0.15 M glucose and 
0.05 M manni tol .  The next  passages  occurred on MS agar 
medium of the  same composi t ion  excep t  tha t  the glucose 
concen t ra t ion  was 0.17 M and the manni to l  was omi t t ed .  
Pro toc lones  were  subcul tured every 3 weeks. 
Transformed cel l  l ines - A nopal ine  s t ra in of Agrobac-  
t e r ium t u m e f a c i e n s  (C58-587) was used. It was main ta ined  
o n  agar  slopes conta in ing  0.5 % (w/v) t r yp to n e  ; 
0.25 % (w/v) yeas t  ex t r ac t  ; 0.27 M manni to l  ; 680 yM 
L-glu tamic  acid ; 180 !aM KH^PO. ; 40 pM MgSO a. 
7H~O ; 171 IJM NaCl and 4.1 ~M ~ioti~ne. In March 1986, 

Z . . . .  
s t e r i l e  f o h a t e d  s tems  cul tured m vitro were wounded 
be tween  nodes and in fec ted  with a 3(~ hour-old bac te r ia l  
suspension grown at 25 ° (about 5x10- bac te r ia  per ml). 
Inocula ted  mate r ia l  was incubated  at 25 ° in cont inuous 
white  l ight (500 Ix) for 6 weeks.  Three galls which formed 
on the  s tems  were asep t ica l ly  excised,  cut into small  
f r agmen t s  and t r ans f e r r ed  to ho rmone - f r ee  B 5 [Gamborg 
e t  al. i968] or MS media  conta in ing  0.6 mM ce fo tax im.  
The media  were sol idif ied with 0.9 % (w/v) agar .  The 
tumor t issues were ma in ta ined  on ce fo t ax im-con ta in ing  
media  for 3 passages  (one month each).  The an t ib io t i c  was 
then omi t t ed  and the  t issues were r epea t ed ly  grown on 

B r or MS medium. 
) 

Nopahne  assay - Samples of about  10 mg of callus (dry 
weight)  were  homogenized  in 1.5 ml 85 % (v/v) EtOH. 
Nopaline dehydrogenase  ac t iv i ty  in ex t r ac t s  was d e t e c t e d  
by paper  e l e c t r o p h o r e s i s  and p h e n a n t h r e n e q u i n o n e  
s ta in ing  using the  me thod  of Ot ten  and Schi lperoor t  
[1978]. 
Ex t rac t ion  and analysis of a lka lo ids  - A lka lo id  amounts 
were eva luated in 5 week-o ld  tissues by a spect ro f luoro-  
dens i tometr ic  method as previously described [Montagu et  
al. 19g0]. The detec t ion  l im i ts  were 3 pmoles for 
p la tydesmin ium and 0.1 pmole for ba l iourod in ium.  

RESULTS 
Variat ion of a lkaloid in subclones - The strain VgAL 
belonging to a populat ion of 33 var iant  s t ra ins  [Cr6che e t  
al. 1985] was c loned using an agg rega te  cloning 
procedure .  The f requency dis t r ibut ions  of p la tydesmin ium 
and balfourodinium con ten t s  in c lones are given in Fig. 
2B-3B. One of the high p la tydesminium accumula t ing  
clone (named Ac 28) was se lec ted ,  subcul tured for one 
year  and then rec loned : we adopted  the  a g g r e g a t e  
c loning procedure  which was eas ier  to carry out and which 
gave s imilar  resul ts  to p ro top las t  cloning [Tr6mouil laux- 
Guiller e t  al. 1987]. Fig 1C-D and 2C-D give the  
f requency dis t r ibut ions  of alkaloid con ten t s  in subclones 
ob ta ined  from Ac28 in 2 sepa ra te  exper iments .  The 
dis t r ibut ion pa t t e rns  were  s imilar  in form to those 
ob ta ined  by c loning the  s t ra in  V8AL (Fig. 1B-2B) or o ther  
s t ra ins  of the  popula t ion var iant  s t ra ins  [Tr6mouil laux-  
Guiller e t  al. 1987]. The agg rega t e  c lone AC28 gave 
subclones accumulat ing very d i f f e r en t  levels of la lka lo ids  : 
bai fourodinium ranged from 0 to 300 IJg.g- d.w. an_~ 
p la tydesminium ranged from 100 to about  3000 pg.g 
d.w. More than 60 % of subclones accumula ted  bal fouro-  
dinium in amounts  lower than 50 I~g.g- d.w. Morover, 
a lkaloid mean values were  lower than the  cor responding  
values of the  original  cell  l ine Ac28. 
Alkaloid accumula t ion  in pro toc lones  der ived from 
mesophyl l  t i ssue  - As high ba l iourodinium product ion 
cannot  be achieved by a cloning procedure  appl ied  to 
s tab i l ized  strains,  we a t t e m p t e d  to obta in  pro toc lones  
d i rec t ly  f r o m  mesophyl l  cel ls  in order  to compare  the  
e x t e n t  of the var iabi l i ty  of alkaloid con ten t s  with tha t  
observed in the  popula t ions  of c lones (and subclones) 
p repared  from we l l - e s t ab l i shed  strains.  Mesophyll  proto-  
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plasts  were i so la ted  from in vitro cul tures  of fo l ia ted  
s tems or ig inat ing  from the  same t r ee  used for the 
e s t ab l i shmen t  of the  strains.  Recen t ly  i sola ted  pro toc lones  
were chlorophyl lous  and very hard. Their appea rance  was 
similar  to pr imary callus developing on s tem explants .  
Most of them however became more and more f r iable  
upon fur ther  subculturing.  Analysis of 57 protoclones  
showed tha t  all of them could accumula te  p la tydesminium 
and balfourodinium but in d i f f e r en t  amounts.  As for the  
agg rega t e  c lones and pro toc lones  ob ta ined  from the 
es tab l i shed  strains,  the  frequency dis t r ibut ions  of alkaloid 
con ten t s  showed a Poisson's  law pa t t e rn .  The variabi l i ty  
increased  during severa l  passages  : for exampi_e r 
balfourodinium con ten t s  ranged from 12 to 192 ~g'g-1 
(d. w.) at  the  f i rs t  passage and from 9 to about  700 pg.g 
at the  5th passage (Fig. 2 E-H). During this period,  the 
mean values in p la tydesminium _a~d balfourodinium 
increasec~ f rom 355 to 748 pg.g and from 68 to 
165pg.g respect ive ly .  
A lka lo id  accumulat ion in t ransformed cel l  l ines - 
Tumorous l ines were establ ished f rom 3 crown gal ls 
developed on ster i le  fo l i a ted  stems cul tured in v i t ro ,  
a f te r  inocu la t ion wi th  Agrobacter ium tumefaciens. Twenty 
one var iant  strains were obta ined by p la t ing small  
clumps of t ransformed tissues on solid medium, repeate-  
dly growing cal lus tissues on various hormone- f ree media 
(MS or B e) under various env i ronmenta l  condi t ions ( l ight  
or dark), "then checking v isual ly  for modi f ied  phenotypes. 
These var ian t  strains showed d i f fe ren t  phenotypes and 
accumulated nopal ine in various amounts. They showed a 
large var ia t ion  in p la tydesmin ium content  ( from 180 to 
2340 IJg.g : Fig. i - I ) .  In conl~rast, the ba l iou rod in ium 
content  was very low ( 301Jg.g - ' )  (Fig. 2-1) in a l l  strains 
studied. 

DISCUSSION AND CONCLUSION 
Al l  the cultures studied here or ig inated f rom a 

single t ree.  Results obta ined by recloning an aggregate 
clone of C. te rna ta  h ighly  resemble those found by 
Dougal l  e t  al.  (1980) on the product ion of anthocyanins 
in clones and subclones prepared f rom carro t  tissue 
cultures. First, the a lka lo id  product ion of subclones was 
d is t r ibuted w ide ly  as compared to tha t  of the or ig ina l  
aggregate clone. There is some evidence that  the cloning 
process i tse l f  might  have destabi l iz ing ef fects on the cel l  
phenotype [P6t iard et  al. i986] .  This ins tab i l i t y  appears 
to be very high for ba l fourod in ium accumulat ion.  Second, 
i f  we compare maximum and mean values of a lka lo id  
contents in the protoclones and aggregate clones der ived 
from establ ished strains (see results in Tr6moui l /aux-  
Gui l ler  e t  aI. 1987) and in the subclones obta ined from 
one of these  previous clones,  it seems tha t  alkaloid 
accumulat ion capac i t i es  of all the clones reach an upper 
limit. 

Mesophyll cells are considered to be more homoge- 
neous than callus cel ls  [~]ullien 1980]. Despi te  this,  
protoclones  derived from mesophyll  cel ls  of C. t e r n a t a  
d i f fe red  from each other  in the i r  d ihydrofuroquinol ine  
alkaloid production ; p ro toplas t s  from mesophyll  can be 
cons idered  as very small  pr imary explan ts  leading to 
d i f f e r en t  ceil  lines. Similarly,  a g rea t  var iabi l i ty  exis ts  in 
indole alkaloid product ion of pro toc lones  derived from 
one leaf  of Ca tha ran thus  roseus [Cons tabe l  e t  al. 1981] or 
in scopolamine  con ten t  of protoclones  derived from 
mesophy l l  ce l l s  of Hyoscyamus  mut icus  [Oksman-  
Ca lden t ey  and Strauss 1986]. Moreover,  both the  
scopolamine and the  d ihydrofuroquinol ine-accumula t ing  
capacities of the protoclones appear to be unstable : we 
found a progressive increase in the extent of variability 
during the first subcultures. We also established a 
population of C. ternata cultures transformed by 
Agrobacterium tumefaciens. These cultures were grown in 
phytohormone-free media and the transformation was 
confirmed by detection of nopaline. Although crown gall 
tumors and the transformed tissues derived from them 
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Figures  1-2 : Frequency  d i s t r ibu t ion  of p l a tydesmi n i u m 
(Fig . l )  and  ba l l ou rod in ium (Fig.2) y ie ld  in 

C. t e r n a t a  ce l l  l ines.  

(A) Var ian t  s t r a ins  ob t a ined  from two s tem exp lan t s  * ; 
(B) Aggrega te  c lones  p repa red  from the  va r i an t  s t r a in  
V8AL* ; (C,D) Subclones  p repa red  from the  a g g r e g a t e  
c lone  AC28 ; (E-H) Pro toc lones  p r epa red  from mesophyl l  
cel ls  (E : 1st, F : 2nd, G : 3th, H : 5th passages)  ; (I) 
T rans fo rmed  cel l  l ines.  Each class of the  d i s t r ibu t ion  is 
c h a r a c t e r i z e d  by its r e l a t i ve  f requency.  For each  
d i s t r ibu t ion ,  the  fol lowing p a r a m e t e r s  are r epo r t ed  : n = 
t o t a l  number  of cel l  l ines,  XM = max imum yield,  Xm = 
min imum yield,  X = m e a n  sd ; X = P for p l a tydesmin ium,  
B for ba l fourod in ium.  
Alkaloid  yields are  given in pg g-I  dry weight .  (*) : 
c o m p l e t e  resu l t s  in the  previous  w o r k : T r 6 m o u i l l a u x -  
Guil ler  e t  al.  1987. 

have been  s tudied  for many years,  t h e r e  a re  r e l a t i ve ly  
few works on secondary  m e t a b o l i t e  product ion  by these  
t issues.  Expe r imen t s  with tumorous  cu l tu res  of C inchona  
succ i rubra  [Payne  e t  al.  1987] and C a t h a r a n t h u s  roseus 
[Ei ler t  e t  al. 1987] showed t h a t  they  can accumula t e  
secondary  m e t a b o l i t e s .  Here we show t h a t  t r a n s f o r m e d  
cu l tu res  of C. t e r n a t a  are  ab le  to syn thes ize  d ihydrofu-  
roquinol ine  a lkaloids .  Regard ing  p la tydesmin ium,  these  
cel l  l ines  b e h a v e  l ike  n o n - t u m o r o u s  cu l tu re s  and 
p re sen t ed  a wide va r i ab i l i t y  in t he i r  c apac i t i e s  of 
accumula t i ng  th is  a lkaloid .  On the  con t ra ry ,  ba l fourod i -  
nium accumula t i ng  capac i t i e s  are  lower compared  to 
those  of non- tumorous  cel l  l ines. 

If we compare  the  a lka lo id - accumula t i ng  capac i t i e s  
of the  d i f f e r e n t  cel l  l ines  to those  of the  leaves  (which 
accumula t e  the  h ighes t  amoun t s  of alkaloids) ,  we can see  
t h a t  i t  is always possible  to ge t  l ines  which a c c u m u l a t e  
p l a tydesmin ium in h igher  amount s  t han  the  mo the r  p lant .  
For ba l fourod in ium,  the  bes t  me thod  was the  c loning  of 
p ro top l a s t s  ob t a ined  from mesophyl l  cel ls  : with th is  
p rocedure  we ob t a ined  the  h ighe ] t  ba l fou rod in ium-accu -  
mu la t ing  l ines (about  700 pg.g- d.w.). However i t  is 
necessary  to moni to r  the i r  product ion  capac i ty  during 
subcul tur ing .  

These  resul t s  show t h a t  the  use of i n h e r e n t  
v a r i ab i l i t y  in v i t ro  is an e f f i c i e n t  procedure  to ge t  
h igh -p l a tydesmin ium accumula t i ng  cel l  l ines  wha teve r  the  
s t r a t e g y  used. On the  o the r  hand we could not  ob ta in  
h igh -ba l fou rod in ium accumula t i ng  l ines : th is  8 -me thoxy-  
de r iva t ive  of p l a tydesmin ium is always accu mula t ed  in 
much lower amount s  than  in the  p lan t .  O the r  s t r a t e g i e s  
may be necessa ry  Ior achieving  h igh -ba l lou rod in ium 
product ion  in cu l tu res  of C. t e r n a t a .  
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