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General Preface 

Recent advances in the t echn iques a n d applicat ions of p lan t cell 
cul ture a n d p lan t molecular biology have created u n p r e c e d e n t e d oppor 
tuni t ies for the genet ic man ipu la t ion of p lan ts . The potent ia l impact of 
t hese nove l a n d powerful biotechnologies on the genet ic i m p r o v e m e n t 
of c rop p lan t s h a s gene ra t ed considerable interest , en thus i a sm, a n d o p 
t imism in the scientific c o m m u n i t y a n d is in par t responsible for the 
rap id ly e x p a n d i n g b io technology indus t ry . 

The ant ic ipated role of b io technology in agricul ture is based no t on the 
actual p roduc t ion of a n y genetically super ior p lan ts , b u t on e legant 
d e m o n s t r a t i o n s in m o d e l exper imenta l sys tems that n e w hybr ids , m u 
tan t s , a n d genetically eng inee red p lan ts can be obta ined by these me th 
o d s , a n d the p r e s u m p t i o n tha t the s ame p rocedures can be a d a p t e d 
successfully for impor t an t c rop p lan ts . Howeve r , ser ious p rob lems exist 
in the transfer of this technology to crop species. 

Mos t of the cur ren t s trategies for the applicat ion of b iotechnology to 
crop i m p r o v e m e n t envisage the regenera t ion of w h o le p lan ts from sin
gle, genetically al tered cells. In m a n y ins tances this requires tha t specific 
agricultural ly impor t an t genes be identified a n d character ized, tha t they 
be c loned, tha t their regula tory a n d functional controls be u n d e r s t o o d , 
a n d tha t p lan t s be regenera ted from single cells in wh ich such gene 
mater ial h a s b e e n in t roduced a n d in tegra ted in a stable m a n n e r . 

Knowledge of the s t ruc ture , function, a n d regulat ion of p lan t genes is 
scarce, a n d basic research in this area is still l imited. O n the o ther h a n d , 
a considerable b o d y of k n o w l e d g e has accumula ted in the last fifty years 
on t he isolation a n d cul ture of p lan t cells a n d t issues. For example , it is 
possible to regenera te p lan t s from t issue cul tures of m a n y p lant species, 
inc lud ing several impor t an t agricultural c rops . These p rocedures are 
n o w wide ly u s e d in large-scale rapid clonal p ropaga t ion of p lan ts . Plant 
cell cul ture t echn iques also al low the isolation of m u t a n t cell l ines a n d 
p lan t s , t he genera t ion of somatic hybr ids by protoplas t fusion, a n d the 

xvii 



xviii General Preface 

regenera t ion of genetically eng ineered p lan ts from single t ransformed 
cells. 

M a n y nat ional a n d internat ional mee t ings have been the forums for 
d iscuss ion of the appl icat ion of p lant b iotechnology to agricul ture. Nei
ther the basic t echn iques nor the biological principles of p lan t cell 
cul ture are general ly inc luded in these discuss ions or their pub l i shed 
p roceed ings . Fol lowing the very enthusias t ic recept ion accorded the t w o 
v o l u m e s ent i t led "Perspect ives in Plant Cell a n d Tissue C u l t u r e " tha t 
w e r e pub l i shed as s u p p l e m e n t s to the International Review of Cytology in 
1980, I w a s a p p r o a c h e d by Academic Press to consider the feasibility of 
pub l i sh ing a treatise o n p lan t cell cul ture . Because of the rapidly expand
ing interest in the subject bo th in academia a n d in indus t ry , I w a s con
vinced tha t such a treatise w a s n e e d e d a n d w o u l d be useful. N o compre 
hens ive w o r k of this na tu r e is available or h a s b e e n a t t emp ted p re 
viously. 

The organiza t ion of the treatise is based o n extensive discuss ions wi th 
col leagues, the advice of a d i s t inguished editorial advisory board , a n d 
sugges t ions p rov ided by a n o n y m o u s reviewers to Academic Press . 
H o w e v e r , t he responsibil i ty for the final choice of subject mat te r in
c luded in the different vo lumes , a n d of invit ing au thor s for var ious 
chap te rs , is m ine . The basic p remise o n wh ich this treatise is ba sed is 
tha t k n o w l e d g e of the principles of p lan t cell cul ture is critical to their 
potent ia l u se in biotechnology. Accordingly, descr ipt ions a n d discus
sion of all aspects of m o d e r n p lant cell cul ture techniques a n d research 
are inc luded in the treatise. The first vo lume describes every major 
laboratory p rocedure u s e d in p lan t cell cul ture a n d somatic cell genetics 
research, inc luding m a n y variat ions of a single p rocedure a d a p t e d for 
impor t an t c rop p lan t s . The second a n d th i rd vo lumes are devo ted to t he 
nut r i t ion a n d g r o w t h of p lan t cell cul tures a n d to the impor tan t subject 
of genera t ing a n d recovering variability from cell cul tures . A n entirely 
n e w app roach is u s e d in the t r ea tment of this subject by inc luding no t 
only s p o n t a n e o u s variability arising du r ing cul ture , bu t also variability 
created by pro top las t fusion, genet ic t ransformat ion, etc. Fu tu re vol
u m e s are envis ioned to cover mos t o ther re levant a n d cur rent areas of 
research in p lan t cell cul ture a n d its u se s in biotechnology. 

In add i t ion to the very comprehens ive t r ea tment of the subject, t he 
u n i q u e n e s s of these vo lumes lies in the fact tha t all the chap te rs are 
p r e p a r e d by d i s t inguished scientists w h o have p layed a major role in the 
d e v e l o p m e n t a n d / o r uses of specific laboratory p rocedures a n d in key 
fundamenta l as well as appl ied s tudies of p lan t cell a n d t issue cul ture . 
This al lows a d e e p insight , as well as a b road perspect ive, based on 
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persona l exper ience . The v o l u m e s are des igned as key reference w o r k s 
to p rov ide extensive as well as in tensive information o n all aspects of 
p lan t cell a n d t issue cul ture no t only to those newly en te r ing the field 
b u t also to exper ienced researchers . 

Indra K. Vasil 
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Preface 

The p rev ious v o l u m e s of this treatise have p rov ided comprehens ive 
coverage of the w i d e variety of laboratory p rocedures u s e d in p lan t cell 
cu l ture , t he fundamen ta l aspects of cell g r o w t h a n d nutr i t ion, a n d p lan t 
r egenera t ion a n d variability. The accumula t ion of phytochemica ls (sec
o n d a r y metaboli tes) in p lan t cell cul tures ha s been s tud ied for m o r e t h a n 
thir ty years . In recent years , howeve r , there have b e e n considerable 
in teres t a n d activity in the subject owing to the expectat ion of bio-
technological appl icat ion a n d industr ia l p roduc t ion . I na smuch as this 
expecta t ion became a p rob lem, a t ten t ion t u r n e d toward the analysis of 
the syn thes i s a n d accumula t ion of p lan t p roduc t s . At p resen t , t w o 
impor t an t even t s are taking shape : the realization of industr ia l p lan t cell 
cul ture for the p roduc t ion of phytochemica ls , a n d a molecular biological 
a p p r o a c h to u n d e r s t a n d i n g the regula t ion of p roduc t synthes is . For the 
expedi t ious a d v a n c e m e n t of these t w o concepts a n d c o m p o n e n t s , it 
a p p e a r e d desirable to compile a n d review phy tochemis t ry as s tud ied by 
emp loy ing p lan t cell cul tures . A comprehens ive t r ea tment of the subject 
in t he t radi t ion of the earlier v o l u m e s of this treatise requi red two vol
u m e s : Cell Culture in Phytochemistry (Volume 4) a n d Phytochemicals in Cell 
Cultures (Volume 5). Plant physiologis ts a n d biochemis ts will forgive our 
taking the l iberty—for the sake of brevi ty—of us ing the t e rm " p h y 
tochemis t ry" in a b road sense to cover their respect ive disciplines. 

The t imel iness of the p r o p o s e d vo lumes m u s t have been recognized 
w o r l d w i d e , as the call for manusc r ip t s w a s received wi th great en thus i 
a sm. Repor t s at in ternat ional conferences a n d w o r k s h o p s on phy 
tochemis t ry a n d p lan t t issue cul ture h a d fallen far shor t of p rov id ing a 
c o m p r e h e n s i v e account of the remarkable p rogress m a d e in the subject. 
H e r e , w e gratefully acknowledge the coopera t ion of all of our colleagues 
w h o submi t t ed up- to -da te a n d t h o r o u g h reviews of their fields of s tudy . 
At o n e po in t w e felt o v e r w h e l m e d by the a m o u n t of material received, 
whi le at t he s ame t ime w e realized tha t a few g r o u p s of chemicals could 
no t be inc luded . 
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A science in flux is a fabric of differing t hough t s , app roaches , a n d 
in te rpre ta t ions , all in a state of evolut ion. A comprehens ive treatise such 
as this shou ld reflect this s tate, a n d t h u s w e were anxious no t to s t ream
line the p resen ta t ions . Some over lap in var ious chapters a n d some di
vergence of op in ions shou ld therefore be seen as helpful in a b road 
u n d e r s t a n d i n g of the subject. S tuden t s as well as colleagues in academia 
a n d indus t ry will apprecia te the overall effort a n d the diverse view
po in t s p r e sen t ed . 

W e acknowledge the s u p p o r t of the Editorial Advisory Board in iden
tifying this impor t an t area of p lan t cell cul ture research for these vol
u m e s . The assis tance of our colleagues at the Plant Biotechnology In
st i tute (PBI) in Saskatoon, particularly Drs . Balsevich, DeLuca, Eilert, 
Kurz , a n d Tyler, a n d the PBI secretarial staff, is gratefully acknowl
edged . Spouses of the edi tors deserve special t hanks for e n d u r i n g 
count less h o u r s a lone: Thank you , Chris ta a n d Vimla! 

Friedrich (Fred) Constabel 
Indra K. Vasil 
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I. INTRODUCTION 

Cul tu red p lan t cells d o not , as a rule , accumula te secondary metabo
lites as readi ly as their p a r e n t p lan t s (Barz a n d Ellis, 1981; Dougal l , 1981; 
Berlin, 1983; Ellis, 1984; Heins te in , 1985a,b). For example , w h e r e a s cou
mar ins are p r o d u c e d in large quant i t ies in var ious p lan ts be longing to 
the families Rutaceae , Umbelliferae, a n d Solanaceae, cell cul tures de 
rived from these p lan t s e i ther lack coumar ins , or their coumar in conten t 
is compara t ive ly low (Murray et al., 1982). Moreover , the a m o u n t of 
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coumar in p r o d u c e d in cell cul tures m a y vary from o n e transfer of cells to 
ano the r . These differences canno t be a t t r ibuted to genet ic incompe tence 
of t he cu l tured cells, b u t resul t ra ther from abnormal gene express ion 
(Muhi tch a n d Fletcher, 1985). G r o w t h media are adjus ted primari ly to 
sus ta in rap id g r o w t h of cells, a n d it ha s b e e n sugges ted tha t selective 
g e n o m e express ion co r r e sponds closely wi th cell ma tu ra t ion (Yeoman et 
al, 1980). For simplicity, coumar ins isolated from cell cul tures g r o w n o n 
s t a n d a r d g r o w t h med ia are referred to he re as constitutive coumarins. This 
t e r m n e e d no t imply , howeve r , tha t their synthes is is i n d e p e n d e n t of 
the g r o w t h - m e d i u m composi t ion . 

The level of secondary metabol i tes in cu l tured cells in general m a y be 
increased by several m e a n s . Individual h igh-p roduc ing cells can be se
lected for p ropaga t ion from a he t e rogeneous cell popu la t ion . A l t h o u g h 
this app roach h a s b e e n successful in some ins tances (Radwan a n d 
Kokate , 1980; Y a m a m o t o et al, 1982; O h t a a n d Yatazawa, 1982), Ellis 
(1984) s h o w e d that , u n d e r o therwise cons tan t g r o w t h condi t ions , cell 
c lones selected for h igh secondary metabol i te con ten ts eventual ly segre
gate in to a h e t e r o g e n e o u s popu la t ion of low average yield. Basing their 
a p p r o a c h o n the observat ion tha t po lyamines ex tend the life s p a n of 
m a t u r e nond iv id ing cells, Muhi t ch a n d Fletcher (1985) invest igated the 
effect of cul ture age a n d po lyamine addi t ion on the p roduc t ion of p h e -
nolics in Paul ' s scarlet rose suspens ion cul tures . Addi t ion of po lyamines 
i n d e e d i nduced changes in the type of phenol ics in the cul ture as well as 
in their quant i ty . Ne i the r one of these approaches , howeve r , h a s b e e n 
followed for p roduc t ion of coumar ins . "P roduc t ion m e d i a " have also 
b e e n deve loped , ba sed mainly on increased sucrose a n d r educed in
organic p h o s p h a t e levels, as well as on a modified h o r m o n e regime 
(Phillips a n d H e n s h a w , 1977; Knobloch a n d Berlin, 1980; Sugano et al, 
1975). The effect of g r o w t h - m e d i u m composi t ion on the p roduc t ion of 
coumar ins h a s b e e n extensively s tud ied in tobacco suspens ion cul tures 
(Okazaki et al, 1982a,b). 

Fungal-cell-wall-derived glucan fractions (elicitors) have b e e n u s e d to 
i nduce t he accumula t ion of secondary metabol i tes wi th potent ia l ant i -
mycotic activity (phytoalexins) in var ious cul tured cells (Ebel et al, 1976; 
Tietjen a n d Mate rn , 1984; Ellis, 1984; Heins te in , 1985a; see also C h a p t e r 
9, V o l u m e 4, this treatise). C o u m a r i n s also accumula te in var ious dis
eased p lan t s (for review, see Mur ray et al, 1982), a n d this protocol h a s 
b e e n successfully e m p l o y e d to induce coumar in synthes is in pars ley 
(Tietjen et al, 1983). 

Mos t of this chap te r is dedica ted to a discussion of the i nduced ac
cumula t ion of coumar ins , t he regulat ion of their b iosynthes is , a n d their 
potent ia l physiological function. Pheny lcoumar ins a n d i socoumar ins , 



Table I 

Chemical Structures of Coumarins 

R 
13 Daphnetin R = OH 
14 Hydrangetin R = OCH3 

15 Xanthyletin 

16 Marmesin R 
17 Marmesinin R 
18 Rutamarin R 
19 Rutaretin R 
20 Rutarin R 
21 Isorutarin R 

= R2 = H; R3 = β-D-glucosyl 
- ; R2 = H; R3 - γ 
= R3 = H; R2 = OH; 0 
= R3 = H; R2 = 0- β-D-glucosyl 
= H; R2 = OH; R3 = β-D-glucosyl 

24 Graveolone 

fj 
Ri 

Γ Ϊ Ι 

R2 

25 Psoralen R1 -- R2 = Η 
26 Bergaptol Rl = OH; R2 = Η 
27 Bergapten R1 = OCH3; R2 = Η 
28 Isoimperatorin R1 - 0 ^ r ; R2 = 
29 Alloimperatorin Rl 

- 0 ^ r ; R2 = 

methyl ether R2 = OCH3 
= H; R2 r OH 30 Xanthotoxol R1 

= OCH3 
= H; R2 r OH 

31 Xanthotoxin R1 - H; R2 = OCH3 
= OH; R2 = OCH3 32 5-Hydroxyxanthotoxin R1 
- H; R2 = OCH3 
= OH; R2 = OCH3 

33 Isopimpinellin R1 R? - OCH3 

1. Coum
arins and Furanocoum

arins 
5 

1 Coumarin R1 = R2 = R3 = Η 
2 Umbel l iferone R-, = R2 = H; R3 = OH 
3 Skimmin R1 = R2 = H; R3 = 0-β -D-glucosyl 
4 Herniarin R1 = R2 = H: R3 = 0CH3 
5 Demethylsuberosin Rj = H; R2 = ; R3 = OH 
6 Umbelliprenin R1 = R2 = H; R3 = ο ^ - ^ ^ γ -
7 Gravel l i ferone R1 = : R2 = 

methyl ether R3 = 0CH3 

8 Esculetin R1 = H; R2 = R3 = OH 

9 Esculin R1 = H; R2 = Ο-β-D-glucosyl ; R3 = OH 
10 Scopoletin R1 = H; R-> = OCH3; R3 = OH 
11 Scopolin R1 = H; R2 = OCH3; R3 = Ο-β -D-g lucosy l 
12 Rutacultin R, = > < ^ ; R2 = R3 = OCH3 
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w h i c h originate from isoflavonoid (Brown, 1981) a n d polyket ide inter
med ia te s (Stoessl a n d Stothers , 1978), respectively, are no t cons idered , 
no r are angu la r fu ranocoumar ins , wh ich have never b e e n isolated from 
cul tured cells. 

II. COUMARINS IN CROWN GALL TUMORS 

Brown a n d T e n n i s w o o d (1974) repor ted tha t no rmal tobacco callus 
t issue conta ins be rgap t en (for chemical s t ruc tures see Table I, 27) a n d 
b o u n d umbel l i ferone (2), esculet in (8), a n d scopoletin (10), w h e r e a s the 
co r r e spond ing c rown gall t u m o r t issue cul tures i nduced wi th Agrobac-
terium tumefaciens lack umbell i ferone a n d be rgap ten . Ins tead, h igher lev
els of esculet in a n d scopolet in we re found, sugges t ing that , in t umor s , 
t he b iosynthet ic flow is d iver ted from the umbel l i fe rone- furanocouma-
rin p a t h w a y in favor of esculet in a n d scopolet in (Fig. 1). Similarly, 
Reichling et al. (1979) r epor t ed tha t c rown gall t u m o r t issues i nduced in 
Matricaria chamomilla p r o d u c e d ne i ther the f lavonoids nor the coumar ins 
hern ia r in (4) a n d umbell i ferone (2), typical for this p lant . 

Fig. 1. Patterns in coumarin biosynthesis . Coumarin numbers refer to Table I. 
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Mos t of t he informat ion on coumar ins p r o d u c e d in cul tured cells h a s 
b e e n s u m m a r i z e d by M u r r a y et al. (1982). Cul tures of the ru taceous 
species Ruta graveolens, R. graveolens s sp . hortensis, a n d Thamnosma mon-
tana are part icularly rich sources of coumar ins (Table II). Rutacult in (12), 
w h i c h w a s originally t h o u g h t to be p r o d u c e d only by cul tured cells, w a s 
later also isolated from Ruta roots (Novak et al., 1973). Umbel l iprenin (6), 
o n t h e o the r h a n d , w h i c h is o n e of the major coumar ins in y o u n g Tham
nosma seedl ings , w a s no t accumula ted by the co r re spond ing cell cul tures 
(Kutney et al., 1973). O n e m a y specula te tha t Citrus cul tures at least 
shou ld also p r o d u c e coumar ins u n d e r appropr ia te g r o w t h condi t ions , 
because the scopolet in (10) con ten t of Citrus leaves, w h i c h h a d b e e n 
originally p r o p o s e d as a diagnost ic marke r for " y o u n g tree dec l ine , " 
w a s s h o w n to be closely related to leaf age (Whea ton a n d Fe ldman , 
1979). 

S u s p e n s i o n cul tures of Hydrangea macrophylla (Saxifragales) (Table II) 
accumula ted appreciable a m o u n t s of umbell i ferone (~1 m g per 5 g fresh 
w e i g h t of cells) a n d of the co r re spond ing β-glucoside sk immin (~1 m g 
p e r 15 g fresh we igh t of cells) as well as t w o isocoumarinic der ivat ives 
a n d d a p h n e t i n 8 -monomethy l e the r (14). Callus cul tures of Swertia jap-
onica (Gentianaceae) (Table II) w e r e s h o w n to accumula te scopolet in a n d 
scopolin (11) at approximate ly 14 a n d 140 μ g pe r g r am d ry we igh t of 
cells, respectively. 

IV. INDUCED COUMARINS 

T h e i n d u c e d accumula t ion of scopolet in in cu l tured cells a n d its excre
t ion from the cells h a s b e e n inves t igated mos t tho rough ly in several 
m e m b e r s of the Solanaceae. Early exper iments employ ing Atropa bell
adonna root t issue cul ture (Mothes a n d Kala, 1955) revealed that , after 
feeding w i th L -phenyla lan ine , scopolet in w a s most ly excreted by the 
cells, w h e r e a s newly formed umbell i ferone accumula ted wi th in the 
t i ssue . Later, A. belladonna callus cul ture w a s s h o w n to contain 
scopolet in (Vakkari, 1980), a n d t r ea tmen t of the cul ture wi th 0.05 m M L-
meth ion ine increased its a m o u n t from 0.7 to 1.1 m g pe r g r am fresh 
we igh t of t i ssue. 

III. CONSTITUTIVE COUMARINS 



Table II 

Constitutive Coumarins from Cultured Plant Cells 

Coumarin Source Reference 

Herniarin (4) 
Gravelliferone methyl ether (7) 
Psoralen (25) 
Bergapten (27) 
Xanthotoxin (31) 
Umbelliferone (2) 
Scopoletin (10) 
Rutaretin (19) 
Rutarin (20) 
Isorutarin (21) 
Marmesin (16) 
Xanthyletin (15) 

Rutacultin (12) 
Rutamarin (18) 
Isopimpinellin (33) 

Umbelliferone (2) 
Marmesinin (17) 
Rutarin (20) 
Isorutarin (21) 

Alloimperatorin methyl ether (29) 
Isopimpinellin (33) 
Isoimperatorin (28) 

Umbelliferone (2) 
Skimmin (3) 
Daphnet in 8-monomethyl ether (14) 

Scopoletin (10) 
Scopolin (11) 

Ruta graveolens L. callus 

Ruta graveolens L. suspens ion 

Ruta graveolens L. s sp . horten-
sis callus 

Thamnosma montana Torr. & 
Frem. callus 

Hydrangea macrophylla Seringe 
var. Thunbergii Makino 
suspens ion 

Swertia japonica Makino callus 

Reinhard et al, 1968 
Reinhard et al, 1968 
Reinhard et al, 1968 
Reinhard et al, 1968 
Reinhard et al, 1968 
Reinhard et al, 1968; Varga et al, 1975 
Reinhard et al, 1968; Varga et al, 1975 
Reinhard et al, 1968; Varga et al, 1975 
Varga et al, 1975 
Varga et al, 1975 
Varga et al, 1975 
v o n Brocke et al, 1971 

Steck et al, 1971 
Steck etal, 1971 
Steck et al, 1971 

Varga et al, 1978 
Varga et al, 1978 
Varga et al, 1978 
Varga et al, 1978 

Kutney et al, 1973 
Kutney et al, 1973 
Kutney et al, 1973 

Suzuki et al, 1977a 
Suzuki et al, 1977b 
Suzuki et al, 1978 

Miura et al, 
Miura et al, 

1978 
1978 
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Tobacco p lan t s accumula te scopolet in after infection wi th var ious 
p a t h o g e n s (for review, see M u r r a y et al., 1982). Fritig a n d Hi r th (1971) 
r epo r t ed tha t hea l thy tobacco t issue cul tures a l ready conta in large quan 
tities of scopolet in a n d tha t v i rus infection d o e s no t significantly change 
th is a m o u n t . Okazak i et al. (1982a) later s h o w e d tha t accumula t ion of 
scopol in a n d scopolet in in tobacco t issue cul tures s t rongly d e p e n d s o n 
the sucrose a n d p h o s p h a t e levels as well as o n the a m i n o acid composi 
t ion of the g r o w t h m e d i u m . Fu r the rmore , scopoletin w a s most ly re
covered from the cul ture filtrate whi le scopolin accumula ted wi th in the 
cells. Add i t ion of several p lan t h o r m o n e s increased the a m o u n t of bo th 
scopolet in a n d scopolin (Okazaki et al., 1982b). Surpris ingly, addi t ion of 
2 ,4-dichlorophenoxyacet ic acid (2,4-D) e n h a n c e d the u p t a k e of ex-
ogenous ly supp l i ed scopolet in by the cells a n d its glucosylat ion to 
scopol in (11), w h e r e a s kinet in , indolyl-3-acetic acid (IAA), a n d n a p h -
thaleneacet ic acid (NAA) adverse ly affected t he quant i ty of scopolet in in 
t he cul ture filtrate. In o ther cu l tu red cells, a n inhibi tory effect of 2,4-D 
o n the b iosyn thes i s of phenol ic acids h a d b e e n observed (Sugano et al., 
1975). 

Scopolet in accumula t ion o n infection h a s b e e n d e m o n s t r a t e d in He-
lianthus annuus (Cohen a n d Ibrahim, 1975; Tal a n d Robeson, 1986) as 
well as in elicitor-treated Gossypium arboreum (Zer ingue, 1984). This cou-
m a r i n w a s , h o w e v e r , no t r epor t ed from cot ton suspens ion cul tures in
d u c e d w i t h fungal conidia (Heinste in , 1985b). 

D a r k - g r o w n pars ley s u s p e n s i o n cul tures , lacking coumar ins , accumu
late fairly large quant i t ies of i sopimpinel l in (33), be rgap ten (27), xan tho-
toxin (31), p so ra l en (25), a n d graveolone (24) in r e sponse to elicitor 
t r e a tmen t (Tietjen et al., 1983). W h e r e a s an elicitor isolated from Phy-
tophthora megasperma f .sp. glycinea p r e d o m i n a n t l y i n d u c e d the accumula
t ion of psora len a n d graveolone , b e r g a p t e n a n d xanthotoxin w e r e m o s t 
a b u n d a n t in cul tures t rea ted w i t h a n elicitor from Alternaria carthami. In 
b o t h cases , mos t of t he i n d u c e d coumar in s w e r e recovered from the 
cul ture filtrate (Tietjen et al., 1983). Similarly, da rk -g rown cell cul tures of 
Ammi majus L. rapid ly accumula te t he coumar ins ammi r in (23), i sopim
pinell in (33), be rgap t en (27), m a r m e s i n (16), umbel l i ferone (2), a n d a 
c o m p o u n d tentat ively identified as a n i somer of m a r m e s i n in r e sponse 
to elicitor t r ea tmen t (Hamersk i et al, 1987). The s tereochemis t ry of am
mirin, howeve r , ha s no t b e e n conf i rmed. As in pars ley, t he bu lk of these 
coumar ins w e r e recovered from t h e cul ture filtrate. For b iosynthet ic 
r easons (see Section V), i n d u c e d Ammi majus cul tures m a y r ep resen t an 
ideal sys tem to s t udy the flow of label from L - [ 1 4C]pheny la l an ine in to 
the coumar ins , a n d possibly also to p rov ide a clue to the convers ion of 4-
coumaric acid to umbel l i ferone (Fig. 1). Elicitor-induced coumar in ac-
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cumula t ion h a s also b e e n observed in da rk -g rown cul tures of Conium 
maculatum, Anethum graveolens (D. Hamersk i a n d U. Mate rn , u n p u b 
l ished) a n d Arracacia esculenta (K. Har te r a n d U. Mate rn , unpub l i shed ) . 
Unusua l ly , i nduced Arracacia cul tures accumula ted demethy l suberos in 
(5) in their cul ture fluid bes ides umbell i ferone, an umbell i ferone e ther , 
m a r m e s i n , be rgap t en a n d isopimpinel l in . With in the Umbelliferae, 
carrot cul tures a p p e a r to be exceptional. Despi te contradictory repor t s on 
the p resence of coumar ins in hea l thy ga rden carrot (Ivie et al., 1982; Ceska 
et al, 1986), esculet in (8) (Khandobina et al, 1982) a n d scopoletin (10) as 
well as var ious i socoumar ins w e r e isolated from diseased ga rden or 
mauve-co loured carrot (Coxon et al, 1973; N . Saleh, Nat ional Research 
Center , Cairo, Egypt , persona l communica t ion) . Never the less , accumu
lation of scopolet in h a s no t b e e n repor ted from induced carrot cul tures 
(Kurosaki a n d Nishi , 1983). It appea r s possible tha t the 2,4-D concen
trat ion tha t sus ta ined g r o w t h of cells in these exper iments m a y have 
h i n d e r e d the formation of scopoletin. 

The rap id induc t ion of coumar in accumula t ion in cul tured cells leads 
to the ques t ion of the factors involved in the induc t ion process . Because 
a direct interact ion of elicitor wi th ei ther e n z y m e pro te ins or nucleic 
acids a p p e a r s unl ikely, one m u s t p r o p o s e an intracellular s ignaling sys
t em. A l t h o u g h n o conclusive informat ion is available, a quick d r o p in 
cytoplasmic inorganic p h o s p h a t e level concomitant w i th an inhibit ion of 
p h o s p h a t e u p t a k e occurs in pars ley cells o n addi t ion of elicitor (Strasser 
et al, 1983). Fu r the rmore , express ion of the full effect requires t he p res 
ence of t he elicitor for at least 20 min (Strasser a n d Mate rn , 1986). A n 
invo lvemen t of po lyphospho inos i t ides in signal t ransduc t ion h a s b e e n 
a s s u m e d . H o w e v e r , a careful analysis revealed n o significant elicitor-
i n d u c e d changes in the relative labeling of phospho inos i t ides by ei ther 
[2-3H]inositol , [2-3H]glycerol or [ 3 2P ] o r t h o p h o s p h a t e wi th in 20 m i n fol
lowing addi t ion of the elicitor (Strasser et al, 1986). 

V. BIOSYNTHESIS 

C o u m a r i n (1) a n d umbell i ferone originate from L -phenyla lanine , m o s t 
likely via format ion of 2- a n d 2 ,4-dihydroxycinnamic acid, respectively 
(Fig. 1) (Murray et al, 1982). Umbell iferone m a y be further conver ted b y 
addi t ional oxidat ion to , for example , esculet in (8) (Brown, 1985). Alter
nat ively, umbel l i ferone m a y be prenyla ted , w i th subsequen t format ion 
e i ther of a fused p y r o n e ring to form, for example , graveolone (24), or of 
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a fused furan r ing a n d loss of a C 3 f ragment to yield the var ious furano
coumar in s (Fig. 1) (Murray et al, 1982). 

The format ion of scopolet in is a n except ion to the scheme just out
l ined, because ferulic acid h a s b e e n descr ibed as its immedia te precursor 
in tobacco (Fig. 1) (Murray et al., 1982). Never the less , e n z y m e s isolated 
from tobacco t issue cul tures me thy la te esculet in to scopolet in a n d iso-
scopolet in (Tsang a n d Ibrahim, 1979; Blume, 1982), a l t hough no t w i th 
exclusive subs t ra te specificity. A probably nonphysiological hydroxyla-
t ion of coumar in to umbel l i ferone w a s accompl ished wi th Conium mac-
ulatum a n d Catharanthus roseus b u t no t w i th Apocynum cannabinum cell 
cu l tures (Carew a n d Bainbridge, 1976). O n the o ther h a n d , labeled cou
mar in admin i s t e red to Russe t Burbank po ta to leaves w a s t r anspor t ed 
basipetal ly a n d recovered u n c h a n g e d from roots a n d tubers (Gawronska 
et al., 1982), e v e n t h o u g h po ta to natural ly conta ins 7-oxygenated cou
m a r i n s . Glycosylat ion, w h i c h h a s b e e n observed in var ious cell cu l tures , 
is p robab ly no t requ i red in b iosynthes i s (Fritig et al, 1970), serving 
ra the r to facilitate vacuolar s torage (Rataboul et al, 1985; Werne r a n d 
Mati le , 1985). Ib rah im a n d Boulay (1980) partially purified a glucosyl-
t ransferase from tobacco cul tures , w h i c h specifically glucosylates the 7-
hydroxy l g r o u p in esculet in (8) a n d d a p h n e t i n (13), a n d to a lesser ex
tent , tha t of umbel l i ferone (2), scopolet in (10), a n d hyd range t i n (14). 
Tabata et al. (1984) fed esculet in to su spens ion cul tures of Lithospermum 
erythrorhizon, Gardenia jasminoides, a n d Nicotiana tabacum. All th ree 
cu l tures formed the 6-0-p-glucoside esculin (9), b u t only Gardenia add i 
tionally syn thes ized s o m e 7-0-p-glucoside . Unexpectedly , n o scopolin 
(11) w a s r epo r t ed from the exper iments employ ing tobacco cul tures , 
a l t h o u g h such cul tures repor ted ly conta in esculet in 6-O-methyltransfer-
ase a n d scopolet in 7-O-glucosyltransferase activities (Blume, 1982). Es
culin accumula ted exclusively wi th in t h e cells, a n d 2,4-D s t imula ted its 
format ion from exogeneous ly supp l ied esculet in. 

C innamic acid 4-hydroxylase , a microsomal e n z y m e , h a s b e e n s tud ied 
from pars ley cul tures (Scheel a n d S a n d e r m a n n , 1975). This e n z y m e ac
tivity is i n d u c e d o n elicitor t r ea tmen t a n d serves rout inely for control of 
induc t ion efficiency in o u r cur ren t research (see below). A crucial s tep in 
the b iosynthes is of coumar ins is t he or tho-hydroxyla t ion pos tu la ted to 
p recede lactonizat ion of e i ther c innamic acid (Gestetner a n d C o n n , 1974; 
Ranjeva et al, 1977) or 4-coumaric acid (Kindl, 1971), t h u s l inking gener
al p h e n y l p r o p a n o i d metabo l i sm wi th t he coumarin-specific p a t h w a y . In 
all t h ree r epor t s , t he hydroxyla t ing activity w a s ascribed to chloroplast 
fractions. Despi te con t inued efforts, h o w e v e r , or tho-hydroxyla t ion of 
ei ther c innamic acid, 4-coumaric acid, 4-coumaroyl-CoA, or 5-coumaroyl 
shikimic acid es ter could no t be conf i rmed in extracts from var ious in-
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d u c e d cell cul tures (H. Wendorff a n d U. Matern , unpub l i shed ) . N o 
a t t e m p t s w e r e m a d e in these exper iments to isolate plas t ids , because the 
pars ley cells tha t accumula te coumar ins efficiently on induct ion h a v e 
b e e n subcu l tu red con t inuous ly in the dark for approximate ly 20 years 
a n d m o s t likely lack no rma l plas t ids . 

The prenyla t ion of umbell i ferone to yield demethy l suberos in (5) (Fig. 
2) w a s accompl ished in vitro by an e n z y m e isolated from Ruta graveolens 
cell cu l tures (Dhillon a n d Brown, 1976). The reaction is d e p e n d e n t on 
m a n g a n e s e a n d requi res dimethylal lyl d i p h o s p h a t e as cosubstra te . The 
e n z y m e w a s solubilized from isolated chloroplasts a n d partially p u 
rified. This observat ion h a s so far favored plas t ids as the sole site of 
coumar in synthes i s . H o w e v e r , it is k n o w n tha t H M G C o A - r e d u c t a s e — 
an e n z y m e responsib le for the biosynthes is of dimethylal lyl d iphos 
p h a t e — i s active in b o t h plas t ids a n d microsomal p repara t ions ass igned 
to the endop lasmic re t iculum (Suzuki a n d Uritani 1976). On ly the micro
somal e n z y m e activity appea r s to be induced u p o n elicitor t r ea tment of 
po ta to (Oba et al., 1985) a n d cul tured pars ley (Tietjen a n d Matern , 1983) 
or Ammi majus cells (D. Hamersk i a n d U. Mate rn , unpub l i shed ) . More
over, fu ranocoumar in specific O-methyl t ransferases (see below) are no t 
associated wi th chloroplasts (Brown, 1985). 

The enzymat ic cyclization of demethy l sube ros in (5) to ( + ) m a r m e s i n 
(16) (Fig. 2) w a s d e m o n s t r a t e d us ing microsomes from elicitor-induced 
Ammi majus cells in the p resence of N A D P H a n d oxygen (Hamerski a n d 
Matern , 1988). Inhibi t ion s tudies s h o w e d this react ion to be catalyzed by 
a cy tochrome P 4 5 0- m o n o o x y g e n a s e , t h u s imply ing an oxidative cycliza-

DMAPP 1 
H n / /N ^ NQ / ,̂ n DMAPP: U m b e l l i f e r o n e 
Π υ U D i m e t h y l a l l y l T r a n s f e r a s e 

N A D P H / 0 2 

Marmesin S y n t h a s e •0 ' 

P s o r a l e n S y n t h a s e π 
"0 

OH 

0 ' -o ^O^^O B e r9 aP t o1 S y n t h a s e 

Fig. 2. Coumarin-specific e n z y m e reactions associated wi th the membranes of the e n d o 
plasmic reticulum in elicitor-induced Ammi majus cells. DMAPP = dimethylallyl di
phosphate . 
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t ion via the epoxide . H o w e v e r , n o in te rmedia te could be detec ted u n d e r 
any incubat ion condi t ion. A l t h o u g h these resul ts a p p e a r no t to s u p p o r t 
the m e c h a n i s m pos tu la ted for the formation of ma rmes in by Brown et al. 
(1970), a short- l ived in te rmedia te epoxide can no t be ru led ou t com
pletely d u e to the fact tha t e n z y m e s at tacking oxiranes are general ly 
k n o w n to possess very h igh catalytic activities (Wistuba a n d Schurig, 
1986). M a r m e s i n syn thase activity h a s also b e e n found in mic rosomes 
from induced pars ley (Wendorff, 1987) a n d Arracacia cells (K. Har te r a n d 
U. Mate rn , u n p u b l i s h e d ) a n d is, in all cases, associated wi th t he e n d o 
plasmic re t icu lum. 

Recently, w e could also d e m o n s t r a t e t he N A D P H - d e p e n d e n t conver
sion of synthet ic ( ± ) [ 3 - 1 4C ] m a r m e s i n in to psora len (25) (Fig. 2) by micro
s o m e s p r e p a r e d from elici tor-induced pars ley cells (Wendorff a n d Ma
tern , 1986) (Fig. 2). Again , inhibi t ion s tudies sugges ted a cy tochrome 
P 4 5 0- d e p e n d e n t m e c h a n i s m for t he psora len syn thase reaction. O u r re
sul ts are in accord w i th t he react ion sequence pos tu la ted previous ly for 
the b iosynthes i s of psora len (Murray et al., 1982). Microsomes der ived 
from cells i n d u c e d w i th Phytophthora elicitor, b u t no t those from 
Alternaria e l ici tor-induced cells, catalyzed the N A D P H - d e p e n d e n t for
ma t ion of ye t a n o t h e r p r o d u c t from the racemic marmes in mixture . Pre
l iminary expe r imen t s sugges t tha t this c o m p o u n d m a y be conver ted 
fur ther to g raveo lone (24) by mic rosomes . Extensive di lut ion experi
m e n t s emp loy ing ei ther au then t ic ( + ) m a r m e s i n or au thent ic ( - ) m a r -
m e s i n ( = n o d a k e n e t i n ) (22) revealed tha t only the former is conver ted to 
b o t h psora len a n d the p roduc t tentat ively identified as a graveolone-
in te rmedia te . The m e c h a n i s m of b o t h of these react ions is u n k n o w n at 
p resen t . H o w e v e r , a s s u m i n g initial 3 ,-hydroxyla t ion of ( + ) m a r m e s i n in 
b o t h t he cis- a n d t rans-or ienta t ion, a s u b s e q u e n t b reak of t he t rans-
vicinal b o n d m u s t formally release wa te r a n d acetone from the cis-hy-
droxyla ted subs t ra te to yield psora len (Fig. 3). Likewise, a l-oxo-3-hy-
droxy- isopenty l -subs t i tu ted umbel l i ferone an ion w o u l d be the initial 
p r o d u c t from relocation of charge in t rans-hydroxyla ted marmes in . This 
w o u l d t h e n cyclize to graveolone (Fig. 3). The pos tu la ted t rans-hydrox
ylated subs t ra te for the latter react ion h a d b e e n isolated from Xanthox-
ylum arnottianum Maxim. (Ishii et al., 1973) a n d n a m e d xan thoarno l . This 
react ion s c h e m e is still a hypo thes i s . Never the less , it is of great in teres t 
to see the prev ious ly r epor t ed differential induc t ion of cells by the t w o 
elicitors (Tietjen et al, 1983) reflected in the catalytic proper t ies of iso
lated mic rosomes . 

The format ion of b e r g a p t e n (27) h a s b e e n sugges ted as p roceed ing 
from ei ther 5-hydroxylated m a r m e s i n or via psora len a n d bergapto l (26). 
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G r a v e o l o n e P s o r a l e n 

Fig. 3. Hypothet ic sequence of reactions as sugges ted for psoralen and graveolone syn
thesis catalyzed by microsomal e n z y m e activities from elicitor-induced parsley cells. The 
letter Β represents an e n z y m e base. 

The endop la smic m e m b r a n e fractions from elicitor-induced Ammi majus 
cells catalyzed only t he latter react ion (Fig. 2) (D. Hamersk i a n d U. 
Mate rn , u n p u b l i s h e d ) . Bergaptol syn thase w a s also identified as a 
cy tochrome P 4 5 0- d e p e n d e n t monooxygenase . The close spatial associa
t ion of all t he e n z y m e s w h i c h sequential ly catalyze the formation of 
be rgap to l from umbel l i ferone (Fig. 2) a n d the fact tha t exogeneous ly 
supp l i ed m a r m e s i n — i n contras t to umbel l i ferone—is no t readily incor
po ra t ed into the psora lens m a k e it likely tha t furanocoumar in synthes i s 
occurs in the l u m e n of the endop lasmic re t iculum a n d no t as previous ly 
sugges t ed in t h e p las t ids . 

A 5-O-methyl t ransferase a n d a n 8-O-methyltransferase accept ing lin
ear fu ranocoumar ins (26, 30, a n d 32) as subs t ra tes w e r e isolated from 
Ruta graveolens cell cul tures a n d purified to homogene i ty ( T h o m p s o n et 
al, 1978, Sha rma et al, 1979). Both e n z y m e s exhibited the s ame m o 
lecular m a s s of b e t w e e n 85 a n d 110 kDa. The former e n z y m e specifically 
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me thy la t ed the hydroxyl g r o u p in t he posi t ion o r tho to the side chain in 
fu ranocoumar ins , w h e r e a s t he latter e n z y m e a p p e a r e d to be less specific 
accept ing 8-hydroxylated s imple coumar ins like d a p h n e t i n (13), also. 
T w o methyl t ransfe rases w i t h similar subs t ra te specificities w e r e recently 
descr ibed from elici tor-induced pars ley cells (Hauffe et al, 1986). 5-Hy-
droxyxantho tox in (32) w a s a bet ter subs t ra te t h a n bergaptol (26) for the 
5-O-methyl t ransferase , w h i c h is in accord wi th the p r o p o s e d bio
synthes i s of i sopimpinel l in (33) via xanthotoxin (31) (Murray et al, 1982). 
The pars ley methyl t ransferases possess molecular masses of 67 a n d 73 
kDa, respectively, a n d possibly consis t of t w o subun i t s . 

VI. REGULATION OF BIOSYNTHESIS 

Inducible cell cu l tures a p p e a r to be well su i ted for regula tory s tudies . 
Elicitor induc t ion , h o w e v e r , usual ly tr iggers several ra ther t h a n o n e 
par t icular p a t h w a y , inc lud ing a m o n g o thers l ignin b iosynthes is . It t h u s 
r ema ins difficult to evaluate t he relative significance of, for example , 
c h a n g e s in t he genera l p h e n y l p r o p a n o i d metabol i sm for coumar in syn
thes is , as long as n o isoforms of indiv idual e n z y m e s can be exclusively 
ass igned to coumar in b iosynthes i s . 

The coord ina ted induc t ion of pheny la lan ine ammonia- lyase , c innamic 
acid 4-hydroxylase , 4-coumara te :CoA ligase, a n d dimethylal lyl d i p h o s -
phate :umbel l i ferone dimethylal lyl t ransferase in pars ley cells in r e s p o n s e 
to elicitor t r ea tmen t h a s b e e n r epo r t ed (Hahlbrock et al, 1981; Tietjen 
a n d Mate rn , 1983). The latter e n z y m e activity, specifically involved in 
the b iosynthes i s of coumar in s , r eached its m a x i m u m several h o u r s later 
t h a n tha t of t he o the r e n z y m e s a n d w a s ass igned to a separa te regula to
ry g r o u p of e n z y m e s (Tietjen a n d Mate rn , 1983). Yet ano the r t ransferase 
activity (dimethylal lyl d iphospha te :umbel l i fe rone O-dimethylal lyl t rans-
ferase) found in the endop la smic re t iculum of elicitor-induced Ammi 
majus cells also s h o w e d such a de lay in activation (Hamerski a n d Mate rn , 
1988). A similar induc t ion t ime course in r e sponse to elicitor w a s repor ted 
for t h e t w o coumarin-specif ic O-methyl t ransferase activities in cu l tured 
pars ley cells (Hauffe et al, 1986). In t he cases of pheny la lan ine ammo n ia -
lyase a n d 4-coumara te :CoA ligase, de novo synthes is h a s b e e n s h o w n 
u p o n induc t ion . This a p p e a r s to be d u e to t rans ient regulat ion of the 
respect ive t ransla t ion a n d t ranscr ipt ion ra tes (Kuhn et al, 1984; Chappe l l 
a n d Hahlbrock , 1984; Schmelzer et al, 1985). 
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The significance of coumar ins is cons idered he re only as it relates to 
infection. In differentiated p lan t s , fu ranocoumar ins are frequently ex
creted in to schizolys igenous conta iners (And o n a n d Denisova , 1974) or 
in to the waxy surface (Stadler a n d Buser, 1984), expos ing t h e m to poss i 
ble invaders . Similarly, cell cul tures rapidly excrete mos t of the cou
m a r i n s syn thes ized in r e sponse to elicitor t r ea tmen t in to the cul ture 
fluid (Tietjen et al, 1983; Hamer sk i et al, 1981). 

Fu ranocoumar in s are toxic to var ious o rgan i sms , a n d their potent ia l 
u s e as phytoa lexins h a s b e e n rev iewed (Murray et al, 1982; Brown, 
1981). O n the o ther h a n d , a role for s imple coumar ins like scopolet in (10) 
in l imiting sp read of a p a t h o g e n is m o r e difficult to define. Stoessl a n d 
H o h l (1981) a r g u e d tha t the direct ant imycotic activity of scopolet in is 
negligible. H o w e v e r , it m a y contr ibute indirectly to the general defense 
reaction. Scopolet in activates the p lan t ' s hexose m o n o p h o s p h a t e pa th 
w a y u n d e r s t ress (Hoover et al, 1977). Fu r the rmore , an inhibi tory effect 
o n t he pectinolytic e n z y m e s of p a t h o g e n s h a s b e e n repor t ed (Ravise a n d 
Kirkiacharian, 1976). Scopoletin m a y also be oxidized by part icular iso-
peroxidases (Reigh et al, 1973), t h u s media t ing the action of peroxidases 
(Wheat ley a n d Schwabe , 1985) in a w a y similar to tha t pos tu la ted for t he 
flavone ap igen in (Yamauchi a n d Minamide , 1985). 
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I. INTRODUCTION 

A m o n g the approximate ly 2000 flavonoids (Harborne et al, 1975), 
s o m e are accumula ted by t issue a n d cell cul tures . These c o m p o u n d s are 
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l isted in Table I. Since the 1960s, t issue cul tures h a v e become increasingly 
impor t an t as they h a v e p rov ided information on flavonoid b iosynthes i s 
a n d regula t ion of the co r re spond ing p a t h w a y s . It is these t w o aspects tha t 
are d i scussed he re . 

II. MAJOR CLASSES OF FLAVONOIDS 

A. Classificatio n of Flavonoids 

The large n u m b e r of f lavonoids is convenient ly d iv ided into 12 classes 
(Harborne , 1980). In Fig. 1 chemical s t ruc tures of these c o m p o u n d s are 
depic ted; bif lavonoids h a v e b e e n omi t ted a n d are d iscussed in Chap te r s 
4 a n d 5, this v o l u m e . Dihydrof lavonols are inc luded, since these com
p o u n d s are impor t an t in te rmedia tes , especially in an thocyan in bio
synthes i s . An thocyan in s also be long to t he f lavonoids (see Chap te r 3 , 
this vo lume) . All s t ruc tures descr ibed are based on the C 1 5 skeleton of 
f lavanone a n d are formed by the s ame p a t h w a y s , tha t is, head-to-tai l 
condensa t ions of acetate un i t s w i th p h e n y l p r o p a n e precursors . Of t he 
large n u m b e r of flavonoid aglycones , only a few occur widely in n a t u r e . 
These aglycones h a v e a c o m m o n s t ructure of the A ring (phloroglucinol 
type) (Harborne , 1980). General ly, t he f lavonoids occur as glycosylated 
a n d / o r acylated conjugates . The observat ion of au rones a n d d ihyd ro -
chalcones in t issue a n d cell cul tures s eems to be doubtful a n d is no t 
referred to further. 

B. Flavonoid Biosynthesi s 

Flavonoids are c o m p o s e d of t w o aromat ic ring sys tems (A, Β r ings) , 
w h i c h are formed by different b iosynthet ic p a t h w a y s . The Β ring is 
de r ived from the shik imate p a t h w a y via pheny la lan ine . The general 
p h e n y l p r o p a n o i d p a t h w a y star ts wi th the deamina t ion of pheny la lan ine 
to frans-cinnamic acid. This reaction is catalyzed by pheny la lan ine am
monia- lyase (No. 1 in Fig. 2; PAL; EC 4.3.1.5), descr ibed by Koukol a n d 
C o n n (1961). In the sequence of react ions leading to f lavonoids, t he next 
s tep is catalyzed by c innamic acid 4-hydroxylase (No. 2 in Fig. 2; C A H ; 
EC 1.14.13.11), a microsomal mixed functional cy tochrome P-450-de -
p e n d e n t m o n o o x y g e n a s e catalyzing the parahydroxyla t ion of trans-cm-
namic acid to 4-coumaric acid (Potts et al., 1974). The activation of hy-



Table I 

Occurrence of Flavonoids in Cell and Tissue Cultures 

Aglycone* Conjugate 6 Source c 

Basal 
medium** Reference 

Chalcones 
Isoliquiritigenin 
Echinatin 

Isoliquiritigenin 

Flavanones 
Naringenin 
Liquiritigenin 

Flavones 
Apigen in 

Chrysoeriol 

Luteolin 
Luteolin 

5,6,7,4' -Tetramethoxy-
flavone 

3,6,7,8,4'-Pentamethoxy-
flavone 

5,6,7,3' ,4'-Pentameth-
oxyflavone 

N o t found 
N o t found 
N o t found 
3'-C-Dimethylallyl 

N o t found 
N o t found 

7-O-Glucoside 

7-O-Glucoside-
6"-0-malonate 

7-O-Apio-
glucoside 

7-O-Apiogluco-
side malonate 

7-O-Glucoside 
6-C-Glucoside 

(Isoorientin) 
N o t found 

N o t found 

N o t found 

Phaseolus aureus (C, S) 
Glycyrrhiza echinata (C) 
Glycyrrhiza uralensis (C) 
Glycyrrhiza uralensis (C) 

Picea excelsa (C) 
Glycyrrhiza uralensis (C) 

Petroselinum crispumz (S) 

Linum usitatissimum (C) 

Citrus aurantium (C) 

PRL-4C 
W 
MS 
MS 

B5 
MS 

B5 

MS 

MS 

Berlin and Barz (1971) 
Ayabe et al (1980) 
Kobayashi et al (1985) 
Kobayashi et al (1985) 

Rolfs and Kindl (1984) 
Kobayashi et al (1985) 

Kreuzaler and 
Hahlbrock (1973) 

Matern et al (1983) 

Liau and Ibrahim (1973) 

Brunet and Ibrahim 
(1973) 

(continued) 



Table I (Continued) 

Aglycone* Conjugate*7 

5 ,6,7,8,3' ,4'-Hexameth-
oxyflavone 

3,5,6,7,8,3' ,4'-Hepta-
methoxyflavone 

Luteolin 

Apigen in 

5-Hydroxy-7,8,2'-tri-
methoxyflavone 

5-Hydroxy-7,8-dimeth-
oxyflavone 

5,2'-Dihydroxy-7,8-di-
methoxyflavone 

7' ,4'-Dihydroxy-flavone 

Apigen in 
Aginenin , luteolin 
Apigen in 

Not found 

Not found 

Not found 

8-C,7-0-Di-
glucosid 
(vitexin 7 - 0 -
glucoside) 

Not found 

Not found 

Not found 

6-C-Prenyl 
8-C-Prenyl 
Not found 
N o t found 
Not found 

Flavonols 
Quercetin 

Quercetin 

3-O-Rham-
noglucos ide 

3-O-Rhamno-
glucoside 

7-O-Glucoside 

Source c 

Basal 
medium** Reference 

Trigonella foenum-
graecum (C) 

Andrographis paniculata 
(C, differentiating) 

Glycyrrhiza echinata (C) 

Trigonella corniculata (C) 
Dahlia pinnata (C) 
Solanum jasminoides (C) 

Camellia sinensis (C) 

Machaeranthera gracilise 

(C) 

MS Uddin et al. (1977) 

W Jalal et al. (1979) 

W Ayabe et al. (1980) 

MS Khanna et al. (1980) 
MS Khanna et al. (1980) 
MS Jain and Sahoo (1982) 

Heller (1953) (Forrest, 
1969) 

W// Stickland and Sun
derland (1972) 
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Quercetin 

Isorhamnetin 

Quercetin 

3-O-Glucoside 
3,7-Di-O-

glucoside 
3-O-Glucoside-
malonate 
3,7-Di-O-

Glucoside 
malonate 

3 ,7-Di-(0-gluco-
side malonate) 

3-O-Glucoside 

Quercetin 
Quercetin 
Quercetin 

3-O-Diglucoside 
N o t found 
N o t determined 
N o t found 

Quercetin N o t found 

Quercetin, kaempferol N o t found 

Kaempferol 
Isorhamnetin 
Quercetin 
Quercetin, kaempferol 

N o t found 
N o t found 
N o t found 
3-O-Glucoside 

Quercetin 3-O-Glucuronide 

Kreuzaler and 
Hahlbrock (1973) 

Heller (1953) (Bleichert 
and Ibrahim, 1974) 

Jain and Khanna (1974) 
Wel lmann (1975) 
U d d i n et al. (1977) 

Khanna et al. (1980) 
Khanna et al. (1980) 
Khanna et al. (1980) 
Khanna et al. (1980) 

Khanna et al. (1980) 
Khanna et al. (1980) 
Khanna et al. (1980) 
Takahashi et al. (1981) 
Jain and Sahoo (1982) 

Mohle et al. (1985) 

(continued) 
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Petroselinum crispums (S) B5 

Parthenocissus tricuspidata 
(C) 

Crotalaria juncea (C) MS 
Impatiens balsamina (S) B5 
Trigonella foenum- MS 

graecum (C) 
Papaver rhoeas (C) MS 
Calendula officinalis (C) MS 
Crotalaria burhia (C) MS 
Lycopersicon esculentum MS 

(C) 
Agave wightii (C) MS 
Cheiranthus cheiri (C) MS 
Argemone mexicana (C) MS 
Cassw forosa (C) MS 
Solanum jasminoides (C) MS 
Solanum glaucophyllum 

( Q 
Solanum verbascifolium 

(C) 
Anethum graveolens (S) B5 



Table 1 (Continued) 

Basal 

Aglycone fl Conjugate 6 Source c medium** Reference 

Isoflavones 
Formononetin Not found Glycyrrhiza glabra s sp . / Furuya (1968) 

glandulifera (C) 
Sayagaver et al. (1969) Formononetin Not determined Cicer arietinum (C) W Sayagaver et al. (1969) 

Daidzein 7(?)-0-(Acyl?)-
glucoside 

7-O-Glucoside 

Glycine max (C) Miller (1967) Miller 
(1969) 

Genistein 7-O-Glucoside 
Daidzein Not found Phaseolus aureus (C, S) PRL-4C Berlin and Barz (1971) 

Formononetin Not found Glycyrrhiza echinata (C) W Ayabe et al. (1980) 

Daidzein 7-O-Glucoside 
8-C-Glucoside 

Pueraria lobata (C, S) MS Takeya and Itokawa 
(1982) 

Genistein Not found 
Formononetin, biochanin A 7-O-Glucoside 

7-O-Glucoside-
6"-0-malonate 

Cicer arietinum (S) PRL-4C Koster et al. (1983) 

Formononetin Not found Glycyrrhiza uralensis (C) MS Kobayashi et al. (1985) 

3' -Hydroxy formononetin Not found 
Hattori and Ohta (1985) Daidzein 7-O-Glucoside 

7 ,4 ' -Di-0-
glucoside 

Vigna angularis (S) MS Hattori and Ohta (1985) 

2' -Hydroxy daidzein 7 ,4 ' -Di-0-
glucoside 

Hargreaves and Selby Kievitone11 Contains a di- Phaseolus vulgaris cv. MS Hargreaves and Selby 

methylallyl Kievitsboon Koekoek (1978) 
moiety Phaseolus vulgaris cv. Im-

muna 
SH Robbins et al. (1985) 
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Rotenoids 
Elliptone, deguel in , ro- N o t found Tephrosia purpurea (C) MS Sharma and Khanna 

tenone, tephrosin 
Tephrosia purpurea (C) 

Tephrosia vogelii (C) (1975) 
Crotalaria buhria (C) MS Uddin and Khanna 

Toxicarol, sumatrol N o t found Crotalaria buhria (C) MS 
(1979) 

Uddin and Khanna 

Deguel in , rotenone N o t found Derris elliptica (C, differ MS 
(1979) 

Kodama et al. (1980) 

Pterocarpans 
entiating) 

(1979) 
Kodama et al. (1980) 

Pterocarpans 
Pterocarpin'1 N o t found Sophora angustifolia (C) W Furuya and Ikuta (1968) 
Maackiain'1 N o t found 

Sophora angustifolia (C) Furuya and Ikuta (1968) 

Pisatin^1 N o t found Pisum sativum (C) / Bailey (1970) 
Glvcec-Uin*1 (isomers) Contains a di- Glycine max (C) LS Keen and Horsch (1972) 

methylallyl Glycine max (S) B5 Ebel et al. (1976) 
moiety 

Ebel et al. (1976) 

Phaseollin'1 N o t found Phaseolus vulgaris cv. Ca SH Dixon and Fuller (1976) 
nadian w o n d e r (S) Dixon and Bendall 

Med^arpin^ N o t found Canavalia ensiformis (C) 
(1978) 

Miller (1967) (Gustine et 

Phaseol l in /l 
al., 1978) 

Phaseol l in /l N o t found Phaseolus vulgaris MS Hargreaves and Selby 

Phaseol l idin /l Contains a di- Phaseolus vulgaris cv. 
(1978) 

methylallyl Kievitsboon Koekoek 
moiety (S) 

Medicarpin'1 N o t found Trifolium repens (C) B5 Gustine (1981) 
Glyceollidin'1 (isomers) Contains a di- Glycine max (S) B5 Zahringer et al. (1981) 

methylallyl 
Zahringer et al. (1981) 

moiety 

(continued) 
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Table 1 (Continued) 

Aglycone* Conjugate 6 Source c 

Basal 
medium** Reference 

Phaseollin'1 No t found Phaseolus vulgaris cv. Im- SH Robbins et al. (1985) 

Med^arpin^1 

Maackiain^ 
Not found 
Not found 

m u n a 
Cicer arietinum (S) PRL-4C Daniel et al. (1986) 

Isoflavans 
Phaseoll inisoflavan,, Not found Phaseolus vulgaris cv. 

Kievitsboon Koekoek 
(S) 

Phaseolus vulgaris cv. Ca
nadian Wonder (S) 

MS 

SH 

Hargreaves and Selby 
(1978) 

Dixon and Bendall 
(1978) 

Coumestans 
Coumestrol 
Soyagol 
Coumestrol 

Coumestrol 

N o t found 
Not found 
N o t found 

Not found 

Phaseolus aureus (C, S) 

Phaseolus vulgaris cv. Ca
nadian w o n d e r (S) 

Pueraria lobata (C, S) 

PRL-4C 

SH 

MS 

Berlin and Barz (1971) 

Dixon and Bendall 
(1978) 

Takeya and Itokawa 
(1982) 

"Common trivial names used; for structures, see Harborne and Mabry (1982) or Ingham (1983). 
bN o trivial names used (rutinoside = rhamnoglucoside). 
CC, Callus culture; S, suspension culture. 
^Modification of basal media; see reference in last column. Abbreviations used: PRL-4C, Gamborg (1966); MS, Murashige and Skoog (1962); W, White (1943); 

B5, Gamborg et al. (1968); LS, Linsmaier and Skoog (1965); SH, Schenk and Hildebrandt (1972). 
ePrevious name, Haplopappus gracilis. 
^Medium; see reference in last column. 
^Previous name, Petroselinum hortense. 
^Phytoalexins; may occur constitutively in some cultures. 
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Flavanone s 
Chalcone s 

Anthocyanidin s 

Fig. 1. The major classes of flavonoids. 

droxycinnamic acids resul t ing in th ioesters of coenzyme A, an ATP-
d e p e n d e n t s t ep , is catalyzed by 4-coumarate :CoA ligase (No. 3 in Fig. 2; 
4CL; EC 6.2.1.12), descr ibed by Gross a n d Z e n k (1974). Ring A is formed 
by successive head-to-tai l condensa t ions of th ree acetate un i t s to 4-cou-
maroyl -CoA, resul t ing in the flavonoid C 1 5 skeleton. The acetate un i t s 
are der ived from malonyl -CoA. This react ion is catalyzed by chalcone 
syn thase (No. 4 in Fig. 2; CHS; EC 2.3.1.74), leading to chalcones , w h i c h 
are central in te rmedia tes in flavonoid b iosynthes is . The activity of this 
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3 H O O C - C H - C 

Malonyl-CoA 

L-Phenylatanine x ^ ^ - C H 2- C H - C 0 0 H 

©i ^ 
t -Gnnamic acid < ^ ) ~ CH = C H - C 0 0 H 

®i 
4-Coumaric acid H O - ^ ^ - C H - C H - C O O H 

Θ1 
CH = C H - C 

^SCoA 

4-Coumaroyl-CoA 

Naringenin 

OH 0 

Fig. 2. Pathway leading to the phloroglucinol-type chalcone-f lavanone isomers. For en
z y m e reactions, s ee text. 

e n z y m e w a s first descr ibed by Kreuzaler a n d Hahlbrock (1972), u s ing 
cell cu l tures of pars ley. All subs t ra tes of C H S are coenzyme-Α thio-
es ters . The p r imary p roduc t from this enzymat ic s t ep is a chalcone 
(Heller a n d Hahlbrock, 1980). In a subsequen t s tep the chalcone is 
cyclized to the co r re spond ing f lavanone by the activity of chalcone iso-
mera se (No. 5 in Fig. 2; CHI; EC 5.5.1.6), first descr ibed by Moustafa a n d 
W o n g (1967). The CHS-dr iven reaction leads to phloroglucinol- type (5-
hydroxy) f lavonoids, w h e r e a s a n e n z y m e catalyzing a react ion lead ing 
to c o m p o u n d s of the recinol type (5-deoxy), w h i c h is w i d e s p r e a d a m o n g 
chalcones , f lavanones , a n d especially, isoflavonoids, h a s no t b e e n iso
la ted. For details of proper t ies of chalcone syn thase a n d chalcone bio
syn thes i s see the rev iew by Ebel a n d Hahlbrock (1982). 

All o ther f lavonoids are der ived from the i somers chalcone a n d fla
v a n o n e . The biogenet ic re la t ionship of the aglycones of f lavonoids is 
s h o w n in a simplified scheme in Fig. 3. Oxidat ion of f lavanones w i t h 
oxygen leads to f lavones. In this context t w o types of e n z y m e s h a v e 
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b e e n descr ibed . A soluble e n z y m e from pars ley cell cul tures n e e d s as-
corbate , F e 2 + , a n d 2-oxoglutarate as cosubst ra te (Sutter et al, 1975; 
Britsch et al., 1981), w h e r e a s an oxidase from intact p lan t s of Antirrhinum 
majus is m e m b r a n e - b o u n d (microsomal) a n d N A D P H - d e p e n d e n t (Stotz 
a n d F o r k m a n n , 1981). The 3-hydroxylat ion of f lavanones to d ihyd ro 
flavonols is cata lyzed by a soluble 2-oxoglu tara te -dependent diox-
yge nas e tha t requi res F e 2 + a n d ascorbate as cofactors (Forkmann et al., 
1980). The enzymat ic oxidat ion of dihydrof lavonols to flavonols w a s 
d e m o n s t r a t e d by Britsch et al. (1981) wi th extracts from cell cul tures of 
pars ley . Similar to the f lavanone 3-hydroxylase, this soluble e n z y m e is a 
2-oxoglu ta ra te -dependent d ioxygenase , work ing w i th ¥e2+ a n d ascor
ba te as cofactors. Therefore , in this react ion a 2 ,3-dihydroxyflavanone 
h a s b e e n pos tu la t ed as a n in te rmedia te (Britsch et al, 1981). 

Isoflavonoids are formed by int ramolecular aryl migra t ion of the Β 
ring from posi t ion 2 to 3 . This s tep h a s b e e n d e m o n s t r a t e d on an en
zymat ic bas is w i t h extracts from soybean cell cul tures ( H a g m a n n a n d 
Grisebach, 1984). Dur ing this react ion a doub le b o n d is in t roduced , so 
t h e f lavanone is conver ted in to a n isoflavone. This isoflavone syn thase 
is also a microsomal cy tochrome P - 4 5 0 - d e p e n d e n t monooxygenase wi th 
N A D P H a n d oxygen as cosubs t ra tes . The isoflavones are the precursors 
of all o ther isoflavonoids. Their biogenet ic re la t ionship h a s b e e n re
v i ewed by Dewick (1982). 

C. Substitutio n Reaction s 

The flavonoid skele ton w i t h o u t a n y subs t i tuen ts is s h o w n in Fig. 4. 
Subst i tu t ion main ly m e a n s hydroxyla t ion a n d / o r O-methylat ion. 

Fig. 3. Biogenetic relationship of the flavonoid classes. 

Aurones « Chalcones • Dihydrochalcones 

1 
Isoflavonoids « Flavanones • Flavones 

1 
Dihydroflavonols—• Flavonols 

1 
"Proantho r ^ a v a n~ ^ ~ d ' 0^ s (Leucoanthocyanidins) 

cyanidi'ns" Ι j 
^ -F lavan -3 -o ls (Catechins) 

1 
Anthocvanidins 
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5 4 Flavonoid skeleto n 
Fig. 4. The flavonoid skeleton and the posit ions of substituents. 

7 ^ 

1. Hydroxylation 

All k n o w n chalcone syn thases from var ious sources form a ph lo-
roglucinol s t ructure at ring A, w i th hydroxyl g r o u p s in posi t ions 5 a n d 7. 
E n z y m e s catalyzing a reaction leading to 5-deoxy f lavanones are u n 
k n o w n . The 4 ' O H of the Β ring is also par t of the basic s t ructure of all 
f lavonoids. This g r o u p h a s been in t roduced at the level of c innamic 
acids (4-coumaric acid). Fur ther subst i tu t ion react ions most ly take place 
at t he f lavonoid s tage. Subst i tu t ion react ions at t he level of c innamic 
acids are the except ion. Kamsteeg et al. (1981) descr ibed a 4-coumaroyl-
CoA-3-hydroxylase from Silene dioica. Hydroxyla t ions mainly occur at 3 ' 
a n d 5 ' pos i t ions of the Β r ing. The flavonoid 3 ' -hydroxylase is, like 
c innamic acid 4-hydroxylase, a microsomal N A D P H - a n d oxygen-de
p e n d e n t heme-con ta in ing monooxygenase . The first repor t of this en
z y m e w a s g iven by Fritsch a n d Grisebach (1975); it w a s extracted from 
an thocyan in-con ta in ing cell cul tures of Machaeranthera gracilis. Prepara
t ions from p lan ts of Verbena hybrida contain activities catalyzing bo th 5 ' -
a n d 3 ' -hydroxylat ion (Stotz a n d F o r k m a n n , 1982). Because these hy
droxylases accept f lavanones as well as dihydrof lavonols , they have 
b e e n called flavonoid hydroxylases . 

2. O-Methylat ion 

Format ion of me thoxy g r o u p s is carried ou t by position-specific solu
ble S-adenosyl -L -methionineiO-methyl t ransferases (OMTs). A m o n g 
var ious O-methyl t ransferases , t w o representa t ive examples shou ld be 
descr ibed he re . The flavonoid 3 ,- O m e t h y l t r a n s f e r a s e from pars ley cell 
cul tures methy la tes luteolin (a flavone) a n d quercet in (a flavonol) in 3 ' 
pos i t ion (Ebel et al., 1972). A n o t h e r in teres t ing example is the isoflavone 
4 ' -O-me thy t r a n s f e r a s e from cell cul tures of chickpea (Cicer arietinum), 
w h i c h methy la tes the isoflavones da idze in (5-deoxy) a n d genis te in (5-
hydroxy) in 4 ' posi t ion (Wengenmaye r et al., 1974). 
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D. Conjugation Reaction s 

Flavonoids rarely occur as aglycones . Wi th in t he cells they are nor
mally p re sen t in conjugated forms, w h i c h m e a n s the aglycones are 
b o u n d to o ther c o m p o u n d s p rov ided by p r imary a n d secondary me tabo
lism. A list of the mos t impor t an t g r o u p s of such conjugat ion pa r tne r s 
h a s b e e n given by Barz a n d Koster (1981). 

1. Glycosylation 

Glycosylat ion can take place at oxygen or carbon a toms of the agly-
cone . C-Glycosides of f lavonoids shou ld be cons idered as a separa te 
g r o u p by r ea son of their chemical proper t ies (Chopin et al., 1982). The 
format ion of O-glycosides h a s b e e n well invest igated o n an enzymic 
level. Glycosyltransferases are soluble e n z y m e s wi th h igh posi t ion a n d 
d o n o r specificity a n d lower specificity for t he acceptors . The sugar com
p o n e n t s are act ivated by nucleot ide b ind ing , normal ly UDP. T w o differ
en t glucosyl t ransferases h a v e b e e n found in pars ley cell cul tures . O n e 
glucosylates f lavanones , f lavones, a n d flavonols as well in the 7 posi
t ion. Besides this 7-O-glucosyltransferase, a 3-O-glucosyltransferase h a s 
b e e n isolated tha t glucosylates flavonols a n d flavonol-7-O-glucosides in 
t he 3 pos i t ion (Sutter a n d Grisebach, 1973). A 7-O-glucosyltransf erase 
from chickpea s h o w s a n absolute d o n o r specificity to UDP-glucose a n d a 
h igh acceptor specificity for 4 ' -methoxyisof lavones ( formononet in , bio-
chan in A) , as s h o w n by Koster a n d Barz (1981). Monosacchar ides o ther 
t h a n glucose are t ransferred to f lavonoids by ana logous m e c h a n i s m s 
catalyzed b y co r r e spond ing donor - a n d position-specific glycosyl-
t ransferases . A detai led rev iew h a s b e e n given by Ebel a n d Hahlbrock 
(1982). 

2. Acylation 

Acylat ion of flavonoid glycosides is a frequently occurr ing s tep at t he 
e n d of t he b iosynthet ic p a t h w a y of flavonoid conjugates . Transfer of 
acyl g r o u p s can take place to the sugar moiet ies a n d to the aglycones 
themse lves . The occurrence of acylated flavonoid aglycones h a s b e e n 
s u m m a r i z e d by Wol lenweber (1985). But m o r e w i d e s p r e a d are acylated 
f lavonoid O-glycosides. A list of these glycosides h a s b e e n given by 
H a r b o r n e a n d Will iams (1982). A m o n g the acids p rov ided for acyl t rans
fer, malonic acid is very c o m m o n (for a review, see Barz et al., 1985). In 
pars ley (Kreuzaler a n d Hahlbrock , 1973; Ma te rn et al., 1983) as well as 
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Cicer arietinum (Koster et al., 1983), flavonols/flavones a n d isoflavones, 
respectively, are accumula ted as 6-O-malonylglucosides. The chemical 
s t ruc ture of these c o m p o u n d s is depic ted in Fig. 5. The co r respond ing 
malonyl t ransferases h a v e b e e n extensively character ized. These en
z y m e s are soluble p ro te ins us ing malonyl -CoA as an acyl donor . F rom 
cell cu l tures of pars ley t w o different malonyl t ransferases have b e e n iso
lated. O n e e n z y m e is a flavone/flavonol 7-O-glucoside malonyl -
t ransferase , a n d the o ther one transfers malonyl res idues to flavonol 
3-O-glucosides (Matern et ah, 1981). In chickpea cells an isoflavone 7 -0 -
glucoside-malonyl t ransferase h a s b e e n descr ibed (Koster et al., 1984). In 
pars ley as well as chickpea, malonyl transfer to the sugar moiety is the 
last s tep in flavonoid b iosynthes is . It h a s b e e n sugges ted by Mate rn et al. 

OH 0 

Chrysoeriol 7 -0 -ap iog lucos ide -malonate 

Malonyl 

Formononetm 7 - 0 - g l u c o s i d e - 6 " - m a l o n a t e (R = H) 

Biochanin A 7 - 0 - g l u c o s i d e - 6 " - m a l o n a t e (R = 0H) 

Fig. 5. Malonylglucosides of f lavonoids accumulated by cell cultures: f lavonol- f lavone 
conjugates in Petroselinum hortense (Kreuzaler and Hahlbrock, 1973) and isoflavone conju
gates in Cicer arietinum (Koster et al., 1983). 
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(1983, 1986) tha t malonyla t ion is a prerequis i te for t r anspor t of fla
vono ids in to t he central vacuole of the cell (see also Chap te r 3 , th is 
vo lume) . 

3. Prenylation 

M a n y f lavonoids conta in p reny l s ide chains b o u n d to different carbon 
a toms . Because the i soprenyl res idue is t ransferred as a who le , it shou ld 
be in te rp re ted as a conjugat ion reaction. A cor respond ing prenyl -
t ransferase par t ic ipates in glyceollin b iosynthes is . Such an e n z y m e h a s 
b e e n descr ibed in soybean cell cul tures . It is a m e m b r a n e - b o u n d e n z y m e 
a n d p reny la te s 3,6fl ,9-trihydroxypterocarpan in posi t ions 2 a n d 4. The 
d o n o r subs t ra te is d imethy la l ly lpyrophospha te (Zahringer et al, 1981). 
It s h o u l d be m e n t i o n e d tha t in b iosynthes is of p reny la ted f lavonoids, 
p h e n y l p r o p a n o i d as well as t e rpeno id metabol i sm is involved. 

E. Polymer s 

Polymers der ived from flavonoids are no t d iscussed in this chap te r in 
detai l . They are referred to in Chap te r s 4 a n d 5, this vo lume , w h e r e 
p r o a n t h o c y a n i n s , ca techins , a n d t ann ins are t rea ted . The major types of 
phenol ic po lymer s occurr ing in p lan t s are l ignins a n d t ann ins . Like con
jugat ion , oxidative polymer iza t ion is one form of metabolic tu rnover 
(see Section V). A m o n g the flavonoid po lymers , biflavonoids possess an 
except ional posi t ion w i th respect to their b iosynthet ic p a t h w a y . For a 
rev iew of this class of f lavonoids see Geiger a n d Q u i n n (1982). 

III. ADVANTAGES OF CELL CULTURES IN 
STUDIES OF FLAVONOID BIOSYNTHESIS 

Plant cells cu l tured in su spens ion h a v e successfully b e e n u s e d for 
s tud ies of f lavonoid b iosynthes is a n d for identification of in te rmedia tes 
of th is p a t h w a y (for a rev iew, see Ebel a n d Hahlbrock, 1982). Cell 
cu l tures are also very useful sources for the isolation of e n z y m e s of 
f lavonoid p a t h w a y s . They can p rov ide biochemis ts wi th aseptic a n d 
near ly h o m o g e n e o u s cell material , wh ich can be p ropaga t ed u n d e r very 
def ined condi t ions . Suspens ion cul tures have also b e e n emp lo y ed for 
feeding exper imen t s w i th radioact ive p recursors a n d for s u p p l e m e n t a -
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t ion of the flavonoid p a t h w a y by feeding appropr ia te in te rmedia tes sub
sequen t to a block in the co r re spond ing p a t h w a y . Fu r the rmore , cell 
cul tures are suitable sys tems for the s t udy of tu rnover a n d degrada t ion . 
In phy topa tho logy , m o d e l sys tems wi th cell cul tures are of va lue for 
s tudies of phytoalexin b iosynthes is a n d the regula t ion of its induct ion . 
Also, regulat ion of flavonoid b iosynthes is at t he t ranscr ipt ional a n d / o r 
t ranslat ional level h a s been d e m o n s t r a t e d u s ing freely s u s p e n d e d cells. 

Some of t he d i sadvan tages shou ld be m e n t i o n e d also. Often, ac
cumula t ion of secondary p roduc t s is restricted to differentiated cells or 
specialized t i ssues . Dur ing subcul tur ing a selection of fast-growing, 
n o n p r o d u c i n g cells m a y take place. Related to this is the p rob lem of 
ma in ta in ing the capacity of cell l ines to accumula te secondary p roduc t s 
d u r i n g serial passages . But in several cases the yield of secondary p rod
ucts is h igher in cell cul tures t h a n in the source p lant (for a review, see 
Dougal l , 1981; also C h a p t e r 6, Volume 4, this treatise). Cryopreserva t ion 
a n d o ther s torage m e t h o d s m a y be u s e d to main ta in high-yielding cell 
l ines (for a review, see Chap te r 11, Vo lume 4, this treatise). 

IV. FLAVONOIDS IN TISSUE AND CELL 
CULTURES 

A. Occurrence 

Table I is a compilat ion of the flavonoids tha t have b e e n repor ted to 
occur in cell a n d t issue cul tures . A large n u m b e r of the c o m p o u n d s are 
isoflavonoids. This class, therefore, ha s b e e n subdiv ided into iso-
flavones, isof lavanones, ro tenoids , p te rocarpans , isoflavans, a n d cou-
m e s t a n s . Their s t ruc tures , b iosynthes is , a n d occurrence have b e e n re
v i ewed by Dewick (1982) a n d I n g h a m (1983). 

Mos t of the f lavonoids accumula ted by cul tures are flavones, fla
vonols , isoflavones, ro tenoids , a n d p te rocarpans . In contrast , chal
cones , f lavanones , isoflavans, a n d coumes t ans are rarely observed . W e 
found n o examples w h e r e d ihydrocha lcones , au rones , or d ihydro 
flavonols h a d b e e n found to accumula te . Two C-glucosylflavones have 
b e e n identified a n d h a v e b e e n listed u n d e r f lavones. 

Often only aglycones have b e e n identified. The accumula t ion of free 
aglycones wi th in the classes of f lavones, flavonols, a n d isoflavones, 
h o w e v e r , s eems to be ques t ionable , in m a n y cases the resul t of insuffi
cient extraction p rocedures . A comple te s tructural elucidat ion of conju-
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gates h a s b e e n per fo rmed for flavones a n d flavonols from pars ley 
(Kreuzaler a n d Hahlbrock , 1973; Ma te rn et al, 1983) as well as for t he 
isoflavones of chickpea (Koster et al, 1983). These 6-O-malonylglucosides 
(Fig. 5) accumula te in p lan t s a n d cell cul tures . These malonic acid hemi-
es ters are very uns tab le a n d m a y u n d e r g o rapid hydrolys is d u r i n g ex
tract ion (Matern , 1983; H inde re r etal, 1986a). Never the less , t he potent ia l 
for accumula t ion of free flavonoid aglycones is p resen t a n d widesp read , 
especially wi th in the classes of p te rocarpans , ro tenoids , a n d coumes t ans , 
w h i c h are general ly no t glycosylated or acylated. Most cul tures are char
acterized w i th regard to h o w the yield of f lavonoids is affected by med i 
u m cons t i tuen ts or h o w the induc t ion of flavonoid b iosynthes is is 
affected by o ther env i ronmen ta l condi t ions . Some of these aspects are 
d i scussed in the following p a r a g r a p h s . 

B. Inducibitility of Flavonoid Biosynthesi s 

1. Light 

T h e b e s t - k n o w n sys tem is t he f lavonoid-accumulat ing cell cul ture of 
Petroselinum hortense. Flavonoid accumula t ion d e p e n d s on light treat
m e n t . In dill cul tures a UV- (ultraviolet-) i nduced accumula t ion of quer-
cetin 3-O-glucuronide h a s also b e e n descr ibed (Mohle et al, 1985). In 
pars ley a sequence of we l l -known even t s lead to flavonoid b iosynthes is . 
D u r i n g this induc t ion process , e n z y m e s are regula ted coordinately wi th
in t w o sequences , des igna ted as g r o u p I a n d g r o u p II (for review, see 
Ebel a n d Hahlbrock , 1982). G r o u p I inc ludes the e n z y m e s of general 
p h e n y l p r o p a n o i d metabol i sm, of w h i c h pheny la lan ine ammonia- lyase 
is p robab ly t h e rate-l imiting e n z y m e . The e n z y m e s of the flavonoid 
glycoside p a t h w a y be long to g r o u p II, beg inn ing wi th chalcone syn thase 
as a key e n z y m e . The l ight - induced t rans ient activity changes of abou t 
16 e n z y m e s are closely related to flavone a n d flavonol b iosynthes is . The 
max ima of flavonoid b iosynthes i s a n d the de novo synthes is of b o t h 
g r o u p s of e n z y m e s are different. M a x i m u m flavonoid accumula t ion is 
achieved in 7 to 10 hr , a n d the e n z y m e s of g r o u p I reach their m a x i m u m 
e n z y m e pro te in syn thes i s 7 h r after the beg inn ing of i l luminat ion 
(Schroder et al, 1979; Ragg et al, 1981). The e n z y m e s of g r o u p II are 
syn thes ized at a m a x i m u m rate at 10 to 12 h r after the beg inn ing of 
i l luminat ion (Schroder et al, 1979; Gard iner et al, 1980). These changes 
in e n z y m e syn thes i s d e p e n d o n regula t ion of m R N A transcr ipt ion, as 
s h o w n b y R N A blot hybr id iza t ion exper iments us ing c D N A of PAL, 
hydroxyc innama te :CoA ligase (Kuhn et al, 1984), a n d C H S (Kreuzaler et 
al, 1983). Usual ly, l ight - induced p h e n y l p r o p a n o i d synthes is is med i -
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a ted by p h y t o c h r o m e (for a review, see Schopfer, 1977), w h e r e a s w i th 
pars ley cell cul tures it ha s been sugges ted tha t p h y t o c h r o m e is only 
active s u b s e q u e n t to UV irradiat ion (Wel lmann, 1971). The synergist ic 
effect of UV a n d red a n d far red has b e e n s h o w n by Duell-Pfaff a n d 
W e l l m a n n (1982). Cons ide r ing these resul ts , a blue-l ight receptor ha s 
b e e n pos tu la ted (Duell-Pfaff a n d Wel lmann , 1982). As claimed by 
H r a z d i n a (1982), it canno t be excluded tha t at least in an thocyan in ac
cumula t ion the r e sponse to UV t rea tmen t is a s tress effect. Never the less , 
p h y t o c h r o m e is involved in this induct ion , as s h o w n by Wel lmann a n d 
Baron (1974). The dose r e sponse of g r o u p I a n d II e n z y m e s to UV radia
t ion seems to be l inear wi th in a certain range . The synthes is of PAL 
d e p e n d s o n the a m o u n t of P f r p re sen t in the cells (Wel lmann a n d 
Schopfer, 1975). As s h o w n more recently, the who le sequence of even t s 
leading to increased t ranscr ipt ion of the respect ive m R N A d e p e n d s o n 
the activation by UV (Kuhn et al, 1984; Kreuzaler et al., 1983). Almost 
n o t h i n g is k n o w n abou t the signal sequence d u r i n g l ight- induced 
m R N A transcr ipt ion. 

2. Elicitors and Phytoalexins * 

Elicitors h a v e b e e n def ined as molecules tha t induce phytoalexin ac
cumula t ion . The phytoalexins are low-molecular-weight subs tances 
w i th antimicrobial effects, p r o d u c e d by p lan ts as a r e sponse to microbial 
infection (Darvill a n d Albersheim, 1984). With in the f lavonoids, w i th 
s o m e except ions , phytoa lexins be long to the isoflavonoid class, main ly 
to the 5-deoxypterocarpans . Their occurrence a n d metabol ism h a v e 
b e e n extensively rev iewed by Dixon et al. (1983), I n g h a m (1983), a n d 
Dewick (1982). As s h o w n by Dixon (1980), cell cul tures are ideal sys tems 
for t he invest igat ion o n phytoalexin induct ion a n d b iosynthes is . Wi th 
respect to axenic condi t ions , cell cul tures are very useful sys tems for 
phy topa tho log i s t s . Elicitors can be appl ied w i thou t w o u n d i n g , a n d 
rapid r e sponses can be m e a s u r e d very easily, for example , phytoa lexins 
in e ther extracts of the cul ture m e d i u m (H. K e s s m a n n a n d W. Barz, 
persona l communica t ion) . Cell-culture sys t ems can be emp lo y ed for ex
pe r imen t s o n h o s t - p a t h o g e n interact ions as well as for b iosynthet ic 
s tudies . In Table I, f lavonoid phytoa lexins occurr ing in var ious cell 
cul tures are m a r k e d wi th a superscr ip t h. These c o m p o u n d s are ex
clusively found in l egumes . All of t h e m are p te rocarpans except the 
isoflavanone kievi tone, a n d phaseoll inisoflavan. Moreover , kievi tone is 

*See also Chapter 9, Volume 4, this treatise. 
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Fig. 6. Structures of s o m e isoflavonoid phytoalexins occurring in cell cultures. 

t he only 5-hydroxyflavonoid phytoa lexin occurr ing in cell cul tures . 
S t ruc tures of s o m e of these phytoa lexins are depic ted in Fig. 6. 

V. TURNOVER AND DEGRADATION 

Flavonoid catabolism in cell cul tures h a s b e e n rev iewed by Barz (1977) 
a n d Hose l et al. (1977). Synthes is a n d metabol i sm of aromatic const i tu
en t s occur s imul taneous ly . W h e n na tura l p roduc t s are completely de 
g r aded , t h e react ions tak ing place are referred to as catabolism. In t h e 
absence of specific k n o w l e d g e of the react ions occurr ing, this k ind of 
metabo l i sm shou ld be called t u rnove r (Barz et al., 1985). Turnover of 
f lavonoids m i g h t be d e t e r m i n e d by pu l se labeling wi th appropr ia t e ra
dioactive p recursors . For this k ind of feeding exper iment , cell cul tures 
are well su i ted . In pr inciple , t u rnove r of a c o m p o u n d can take place b y 
different react ions: in te rconvers ion , conjugat ion, polymer iza t ion , a n d 
deg rada t ion (Barz et al., 1985). In terconvers ion react ions occur wi th in a 
b iosynthe t ic sequence , for example , t u rnove r of flavanones d u r i n g bio
syn thes i s of flavonols, isoflavonoids, a n d an thocyan ins (see Fig. 3). 
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Conjugat ion react ions (glycosylation, acylation, prenyla t ion; see Section 
II,D) also lead to a tu rnover of flavonoid aglycones. But conjugat ion 
does no t h a v e to be a " o n e w a y " reaction, a l t hough conjugates from 
flavonoids are e n d p roduc t s of the respect ive p a t h w a y a n d are accumu
lated in the central vacuole , as h a s b e e n d e m o n s t r a t e d for flavone/ fla-
vonol malonylg lucos ides in pars ley cell cul tures (Matern et al., 1983). 
H o w e v e r , in chickpea roots it h a s b e e n s h o w n that isoflavone mal 
onylglucos ides (see Fig. 5) are unequivocal ly t u r n e d over (Jaques et al., 
1985). Invest igat ions of the role of es terases du r ing deacylat ion of mal-
onyl conjugates revealed one highly specific malonyles terase , wh ich is 
only active w i th t he natural ly occurr ing malonylglucosides , bu t no t w i th 
the often u s e d synthet ic subs t ra tes (Hinderer et al., 1986a). Different 
k inds of soluble es terases tha t hydro lyze malonylhemies te rs have b e e n 
de tec ted in pars ley. These e n z y m e s d o no t possess h igh specificity for 
ma lona tes a n d h a v e therefore been des igna ted as aryl- or acetylesterases 
(Matern, 1983). In contrast , t he specific malonyles terase of chickpea is 
m e m b r a n e - b o u n d (Hinderer et al., 1986b) a n d h a s also b e e n de tec ted in 
cell cu l tures (S. Daniel a n d W. Barz, u n p u b l i s h e d results) . Its occurrence 
is in good a g r e e m e n t w i th the occurrence of the specific isoflavone-7-O-
glucoside β-glucosidases (Hosel et al., 1977). By the consecut ive action of 
es terase a n d glucosidase , isoflavone aglycones can be released from the 
co r r e spond ing conjugates in chickpea. 

For chalcones , f lavones, a u r o n e s , a n d flavanols it ha s b e e n s h o w n 
tha t the aglycones are d e g r a d e d by a peroxidat ive m e c h a n i s m (for a 
rev iew, see Barz a n d Koster, 1981). The resul t ing c o m p o u n d s migh t be 
a romates , especially benzoic acid derivat ives . Fur ther degrada t ion can 
take place by ring-fission react ions catalyzed by d ioxygenases (for a 
review, see Barz et al., 1985). Besides these catabolic rou tes , f lavonoids 
m a y u n d e r g o polymer iza t ion , also catalyzed by peroxidases or p h e -
nolases . The syn thes i s of these e thanol- insoluble po lymers main ly oc
curs w i th c o m p o u n d s of a certain subst i tu t ion pa t te rn . C o m p o u n d s 
such as 4 ' -hydroxy or 3 ' ,4 ' -d ihydroxy isoflavones are preferentially 
po lymer ized (Barz, 1975). Regulat ion, cellular compar tmen ta t ion , a n d 
the physiological role of degrada t ion a n d tu rnove r in p lan ts a re n o t ye t 
u n d e r s t o o d (Barz et al., 1985). 

VI. CONCLUDING REMARKS 

Since t he mid-1970s, cell cul tures have p roven very useful sys tems for 
e lucidat ing flavonoid b iosynthes is a n d its enzymic control . In the fu-
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tu re , n e w e n z y m e s will be isolated a n d characterized; this fundamenta l 
research s h o u l d concent ra te o n p t e roca rpan b iosynthes is . It can be con
fidently expected tha t m a r k e d p rogress will arise in t he elucidat ion of 
regula t ion of key e n z y m e s on a t ranscr ipt ional level. As far as iso
f lavonoids are concerned , ou r k n o w l e d g e of elicitor-induced phytoalex
in b iosynthes i s will increase. Us ing cell cu l tures , n e w phytochemica ls 
m a y also b e found . Endeavor shou ld concent ra te on s tudies of factors 
tha t increase the yield of secondary p roduc t s a n d tha t improve the sta
bility of cell cul tures w i th regard to secondary metabol i sm. 
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I. INTRODUCTION 

A n t h o c y a n i n s occur wide ly in g y m n o s p e r m s , monoco ty l edons , a n d 
d ico ty ledons . They are of chemotaxonomic value a n d also play a role as 
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genet ic marke r s (for a review, see Hrazd ina , 1982). The ma in function of 
an thocyan ins is p igmenta t ion of flowers a n d fruits. An thocyan ins are 
also indicators of s t ress . Techniques for isolation a n d identification of 
an thocyan ins h a v e b e e n rev iewed by Harbo rne et al. (1975) a n d Har
b o r n e a n d Mabry (1982). 

In this chap te r the occurrence of an thocyan ins in t issue (callus) a n d 
cell ( suspens ion) cul tures is rev iewed. At ten t ion is focused on special 
aspec ts of their b iosynthes is a n d regulat ion of b iosynthes is a n d ac
cumula t ion . Some aspects c o m m o n to the b iosynthes is of f lavonoids 
a n d an thocyan ins are descr ibed in C h a p t e r 2, this vo lume . The genera l 
p h e n y l p r o p a n o i d p a t h w a y is also descr ibed in Chap te r 2, this vo lume . 
The review compr ises l i terature from 1970 to 1985 (computer search, 

A. Anthocyanidin s 

The majority of an thocyan id ins (aglycones) differ in the hydroxyla t ion 
a n d methy la t ion pa t t e rn of the Β r ing whi le hav ing a c o m m o n basic 
s t ruc ture of r ings A a n d C, as g iven in Fig. 1. In Table I the subst i tu t ion 
pa t t e rn of the six mos t c o m m o n an thocyan id ins der ived from this s truc
tu re is specified. The mos t c o m m o n O-methyl e thers are peon id in , pe -
tun id in , a n d malvidin , der ived from cyanidin or de lphin id in . Very 
rarely h a s al terat ion of the basic s t ructure (Fig. 1) b e e n observed . 3-
Deoxy-, 6-hydroxy-, or 3 -methoxyanthocyanid ins have no t b e e n de 
tected in cell a n d t issue cul tures . 5-Methyl e thers of de lph in id in , pe -
tun id in , a n d malv id in are exclusively found in P lumbaginaceae (Har
b o r n e , 1980). The 7-methyl e ther of malvidin , called hi rsut id in , h a s b e e n 
de tec ted in t issue cul tures of Catharanthus roseus (Carew a n d Krueger , 
1976). 

Fig. 1. Basic structure of the most c o m m o n anthocyanidins (see also Table I). 

BIOSIS). 

II. STRUCTURE OF ANTHOCYANINS 

OH 
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B-Ring Substitution Pattern of Anthocyanidins* 

Anthocyanidin Ri R 2 R 3 

Pelargonidin — O H — Η — Η 
Cyanidin — O H — O H — Η 
Delphinidin — O H — O H — O H 
Peonidin — O H — O C H 3 — Η 
Petunidin — O H — O H - O C H 3 

Malvidin — O H - O C H 3 - O C H 3 

"See Fig. 1. 

B. Anthocyanidi n Conjugate s 

In genera l , an thocyan id ins are p re sen t in conjugated forms, b o u n d to 
suga r s . T h e resul t ing glycosides become wa te r soluble a n d are s tored in 
the vacuolar s ap of m a t u r e cells. Glycosidic variat ion leads to abou t 200 
sugar der ivat ives of an thocyan id ins . The mos t c o m m o n an thocyan id in , 
cyanid in , exists in abou t 40 different glycosidic s t ruc tures (Harborne , 
1980). Fur the r var iat ion of these molecules arises from acylation of the 
glycosides . 

1. Glycosylation 

Glycosylat ion of an thocyan id ins c o m m o n l y takes place in the 3 or 5 
pos i t ions . Rarely, pos i t ions 7 a n d 4 ' are glycosylated. An thocyan ins are 
all O-glycosides. T h e flavylium cat ion of t h e an thocyan id in r e n d e r s 
t h e m uns tab le . It can be a s s u m e d tha t the first glycosylation occurs at 
t he 3 - 0 posi t ion of t he aglycone, impar t ing a stabilizing effect o n the 
molecule a n d t h u s a l lowing an thocyan in accumula t ion (Ebel a n d 
Hahlbrock , 1982). It is m o s t likely tha t glycosylat ion a s well as acylation 
occur s u b s e q u e n t to o ther modificat ions of the flavonoid skele ton (Ebel 
a n d Hahlbrock, 1982). The bulk of the glycosides are glucosides , b u t 
o ther sugars , such as r h a m n o s e , galactose, xylose, a n d arabinose , are 
also u s e d for glycosylat ion. 

2. Acylation 

Data h a v e become available on acylated f lavonoids a n d an thocyan ins . 
H a r b o r n e a n d Boardley (1985) examined 81 species in 27 families for the 
occurrence of an thocyan ins as zwi t te r ions , wh ich indicates a n acylation 

Table I 
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OH 

V . 0 H 
HO. 

,0CH3 

OH G a l - G l u c - X y l - 0 - C - C H = CH 

Ο 

Fig. 2. Main anthocyanin of ''black carrot" (Daucus carota s sp . sativa) plants and tissue 
cultures. Structure according to Harborne et al. (1983). 

w i t h a dicarboxylic acid (e.g. , malonic acid). More t h a n half of the an tho 
cyanins w e r e found to be such zwit ter ions . Determina t ion of the acyl 
moie ty in a few samples s h o w e d malonic acid a t tached to glucose. In 
pars ley cell cul tures malonyla t ion of the glucose moiet ies is a s s u m e d to be 
the last s tep in b iosynthes is of flavonoid glycosides (Ebel a n d Hahlbrock, 
1977). 

Malonyla t ion or, in general , acylation migh t h a v e been over looked in 
the pas t , because the isolation p rocedures normal ly appl ied often re
su l ted in deacyla ted p roduc t s . Mild extraction condi t ions h a v e to be 
u s e d (Koster et al., 1983) in order to obtain a genu ine composi t ion of 
p lan t cons t i tuents . Besides malonic acid, hydroxycinnamic acids often 
seem to occur as the acyl res idues of an thocyan ins . Carrot cell cul tures 
(Daucus carota s sp . sativa) accumula te large a m o u n t s of one ma in a n t h o 
cyanin , its s t ruc ture (Fig. 2) hav ing b e e n de t e rmined (Harborne et al, 
1983; H o p p a n d Seitz, 1987). The cyanidin triglycoside is acylated at the 
xylosyl r es idue by sinapic acid. The first sugar , b o u n d to cyanidin in 
posi t ion 3, is galactose. This an thocyan in also occurs in the intact p lan t 
(Harborne et al., 1983), a n d its s t ructure is d iscussed wi th respect to 
t r anspor t in to the central vacuole (see Section VI). This carrot p igmen t , 
toge ther w i th a malvidin 3-(p-coumaroylrutinoside)-5-glucoside found 
in calli of Solatium tuberosum (Harborne a n d S i m m o n d s , 1962) a n d Pe
tunia hybrida (Colijn et al., 1981), are the only acylated an thocyan ins of 
cell a n d t issue cul tures , the acyl moie ty of wh ich h a s been de t e rmined . 

III. OCCURRENCE OF ANTHOCYANINS IN 
TISSUE AND CELL CULTURES 

A n t h o c y a n i n s occurr ing in p lan t cul ture sys tems have been listed b y 
Butcher (1977) a n d Ha rbo rne (1980). Their citations, today , are in-



Table II 

Occurrence of Anthocyanins in Tissue and Cell Cultures 

Source Culture Anthocyanins Basal m e d i u m 0 Reference 

Vitis vinifera Callus Not identified b Slabecka-Szweykowska (1952) 
Vitis (hybrids) Suspens ion (Cyanidin 3- MS Yamakawa et al (1983) 

glucoside)? 
Zea mays cv. Black Callus Cyanidin 3-glucoside, b Straus (1959) 

Mexican Sweet pelargonidin 3-
glucoside 

Solanum tuberosum cv. Callus Malvidin 3-(para-co\x- Harborne and S i m m o n d s (1962) 
C o n g o maroylrutinoside) 

5-glucoside 
Solanum jasminoides Callus Cyanidin, p e t u n i d i n c MS Jain and Sahoo (1982) 
Parthenocissus tri- Callus Cyanidin, delphin- Heller (1953) Stanko and Bardinskaya (1963) 

cuspidata idin, malvidin 3-
glycosides and 3,5-
diglycosides 

Cyanidin 3,5-di- Heller (1953) Bleichert and Ibrahim (1974) 
glucoside 

Machaeranthera gracilis1* Callus Cyanidin 3-glucoside W v o n A r d e n n e (1965) 
and 3,5-diglucoside 

Callus Cyanidin 3-glucoside W 6 Stickland and Sunderland (1972) 
and 3-rutinoside 

Daucus carota cv. Kin- Callus Cyanidin glycosides w Sugano and Haysahi (1967) 
toki 

Daucus carota Callus Malvidin 3,5-di MS Ibrahim et al (1971) 
glucoside 

Daucus carota spp . sati- Callus Cyanidin c Blakely and Alfermann and Reinhard (1971) 
va Steward 

(1961) 
(continued) 



Table II (Continued) 

Source Culture 

Callus 

Suspens ion 

Suspension 

Daucus carota 

Daucus carota cv. 
Kurodagosun 

Daucus carota 

Suspens ion 
(chem-
ostat) 

Suspens ion 

Suspens ion 

Dimorphotheca auriculata Callus 

Dimorphotheca sinuata Callus 

Helianthus tuberosus Callus 

Anthocyanins Basal m e d i u m 0 Reference 

Cyanidin xylo-
glucoside 

Cyanidin xylo-
glulcoside 

Cyanidin 
3-(sinapoylxylosyl-
glucosylgalactoside) 

C y a n i d i n c 

C y a n i d i n c 

Cyanidin 3-
glucogalactoside, 
3,5-digalactoside, 3-
glucoside, and 3-
galactoside 

Cyanidin 3-glucoside, 
delphinidin 3-
glucoside 

Cyanidin 3-glucoside, 
de lphindin 3-
glucoside 

Cyanidin 3-glucoside 
and 3,5-diglucoside 

I2a (Seitz and 
Richter, 
1970) 

I2a 

B5 

Schmitz and Seitz (1972) 

N o e et al. (1980) 

Harborne et al. (1983) 

Dougal l and Weyrauch (1980) 

Lin and Staba 
(1961) 

Ozeki and Komamine (1981) 

H e m i n g s o n and Collins (1982) 

N o t ment ioned Harborne et al. (1970) 

MS Ball et al. (1972) 

MS Ibrahim et al. (1971) 

54 
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Linum usitatissimum 

Rosa multiflora 

Callus 

Callus 

Rosa sp . Suspens ion 

Malus pumila Callus 

Malus pumila s p p do- Callus 
mestica 

Eucalyptus citriodora Callus 

Populus (hybrids) Suspens ion 

Impatiens balsamina 
Urginea maritima 
Catharanthus roseus 

Suspens ion 
Callus 
Callus 

Pyrus communis spp . 
communis and spp . 
sativa 

Euphorbia millii 

Suspens ion 

Callus 

Callus 

Cyanidin 3,5-di-
glucoside 

Cyanidin 3,5-di-
glucoside, del-
phinidin 3,5-di-
glucoside 

N o t identified 

Cyanidin 3,5-di-
glucoside 

N o t identified 

Pelargonidin 3-
glucoside, cyanidin 
3-glucoside, del-
phinidin 3-
glucoside 

Cyanidin 3-glucoside 

N o t identified 
N o t identified 
Hirsutidin, malvidin, 

petunidin 
(glucosides) 

Hirsutidin, malvidin 
pe tun id in c 

N o t identified 

MS 

MS 

MX1 (Nash 
and Davies , 
1972) 

MS 

W 

b 

Linsmaier and 
Skoog (1965) 

B5 
Staba (1969) 
PRL-1 (Gam

borg, 1970) 

MS 

W / M S 

Ibrahim et al (1971) 

Ibrahim et al (1971) 

Davies (1972) 

Ibrahim et al (1971) 

Oota et al (1983) 

Ram et al (1971) 

Matsumoto et al (1973) 

Wel lmann (1975) 
Shyr and Staba (1976) 
Carew and Krueger (1976) 

Knobloch et al (1982) 

Mehra and Daidka (1979) 

Cyanid in c MS Yamamoto et al (1981) 

(continued) 
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Table II (Continued) 

Source Culture Anthocyanins Basal m e d i u m 0 Reference 

Petunia hybrida Suspens ion 
/callus 

Petunidin, malv id in c, 
malvidin 3-(para-
coumaroyl rutino-
side) 5-glucoside 

MS Colijn et al (1981) 

Strobilanthes dyeriana Callus Cyanidin 3,5-di
glucoside, peonidin 
3,5-diglucoside 

B5 Smith et al (1981) 

Matthiola incana (differ Callus Cyanidin 3-glucoside, I2a (Seitz and Leweke and Forkmann (1982) 
ent mutants) 3,5-diglucoside, 3-

sambubioside (dif
ferently acylated), 
and 3-sambubio-
side-5-glucoside 
(differently acyl
ated) 

Richter, 
1970) 

Forsythia suspensa Callus N o t identified b Bader et al (1984) 

Oryza sativa Callus N o t identified b Niizeki et al (1985) 

Ipomoea batatas Suspens ion N o t identified PRL-4c (Gam N o z u e and Yasuda (1985) Ipomoea batatas Suspens ion 
borg, 1966) 

"Abbreviations for media: MS, Murashige and Skoog (1962); W, White (1943); B5, Gamborg et al. (1968). 
^Medium; see reference column, 
determination of anthocyanidins only. 
^Previous name, Haplopappus gracilis (Nutt.) Gray. 
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comple te a n d m a y lead to the conclusion tha t an thocyan in -p roduc ing 
cul tures are u n c o m m o n . A n u p d a t e d list is p r e sen t ed in Table II. The 
table compr i ses all t i ssue a n d cell cul tures except those sys tems in w h i c h 
an thocyan in accumula t ion is correlated wi th redifferentiation from the 
undif ferent ia ted callus. 

M a n y cul tures (27 different species) w e r e found to be capable of an
thocyan in p roduc t ion . Seven different an thocyan id ins w e r e detected: 
cyanid in (17 species) , de lph in id in (5 species), malvidin (4 species), pe -
tun id in (3 species) , pe la rgonid in (2 species), a n d o n e example for b o t h 
p e o n i d i n a n d h i rsu t id in . Wi th regard to acyl moiet ies , m o s t of the da ta 
s e e m to be unrel iable d u e to inappropr ia t e extraction p rocedures (see 
Section II,B,2). In genera l , it can be a s s u m e d tha t p lan t cells cul t ivated in 
vitro re ta in a capacity for p r o d u c i n g the s ame an thocyan ins as in vivo. 

M u c h informat ion is available on the an thocyan ins of var ious carrot 
cu l tures , in par t icular t hose of Daucus carota s sp . sativa ("black carrot") 
(Alfermann a n d Re inhard , 1971; Schmitz a n d Seitz, 1972; H a r b o r n e et 
al., 1983). O t h e r cult ivars w e r e s tud ied by Sugano a n d Hayash i (1967; 
i .e. , cv. Kintoki) a n d Ozek i a n d K o m a m i n e (1981; i .e. , cv. Kuroda-
gosan) . Dougal l a n d W e y r a u c h (1980) as well as H e m i n g s o n a n d Collins 
(1982) u s e d a cul ture der ived from wild carrot. Mos t likely, these carrot 
cul tures conta in an thocyan ins of similar s t ructures : cyanidin 3-di- or 
t r iglycosides, p robably acylated (see Section ΙΙ,Β a n d Fig. 2), w h i c h are 
t he characterist ic p i g m e n t s in the Umbelliferae (Harborne , 1976). The 
de tec t ion of a malv id in 3,5-diglycoside in a carrot cul ture (Ibrahim et al., 
1971) is certainly e r roneous . Likewise, repor t s o n cyanidin 3,5-digalac-
tos ide ( H e m i n g s o n a n d Coll ins, 1982) are ques t ionable . A second impor
t an t sys t em for b iosynthet ic a n d kinetic s tud ies is Machaeranthera gracilis 
(= Haplopappus gracilis) (von A r d e n n e , 1965; Stickland a n d Sunde r l and , 
1972; Fritsch a n d Grisebach, 1975; We l lmann et al, 1976). 

IV. BIOSYNTHESIS OF ANTHOCYANINS 

The cooccurrence of an thocyan ins a n d flavonols in m a n y p lan t species 
sugges t s tha t these t w o classes of f lavonoids are closely related wi th 
respect to their b iosynthet ic p a t h w a y s (Ebel a n d Hahlbrock, 1982). The 
p r imary f lavonoid p recursors are chalcones . O n e prerequis i te for chal-
cone syn thes i s is the genera l p h e n y l p r o p a n o i d p a t h w a y , leading to hy-
droxyc innamoyl :CoA thioes ters . This p a t h w a y is descr ibed in Chap te r 
2, this v o l u m e . The p a t h w a y leading to cyanidin , s tar t ing wi th the bio
syn thes i s of chalcones , is s h o w n in Fig. 3. 
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Fig. 3. Pathway leading to cyanidin. For e n z y m e reactions 5 - 8 , see text. 

Cell cul tures are suitable sys tems for s tudy ing biosynthet ic p a t h w a y s . 
In t h e case of f lavonoids, inc luding an thocyan ins , th ree app roaches 
w e r e m a d e : (1) tracer exper iments wi th radioactive precursors , (2) isola
t ion a n d character izat ion of the e n z y m e s involved in this p a t h w a y , a n d 
(3) feeding exper iments wi th puta t ive biosynthet ic in te rmedia tes subse
q u e n t to a genet ic or physiological block. Genetically defined m u t a n t s 
from intact p lan ts w i th respect to an thocyan in b iosynthes is exist for 
m a n y ang iospe rms : Antirrhinum majus (Harr ison a n d Stickland, 1974; 
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Stickland a n d Har r i son , 1974), Petunia hybrida (Kho et al, 1975,1977), Zea 
mays (McCormick, 1978), Matthiola incana, Callistephus chinensis, Dianthus 
caryophyllus (see rev iew by Seyffert, 1982). Physiological blocks can be 
p r o d u c e d for t h e genera l p h e n y l p r o p a n o i d p a t h w a y by u s e of inhibi tors 
a n d p h y t o h o r m o n e s (see Section V,C). In addi t ion to the chemogene t ic 
s tud ies w i t h m u t a n t s , enzymat ic invest igat ions us ing cell cul tures main
ly con t r ibu ted to a n u n d e r s t a n d i n g of the sequence of e n z y m e react ions 
involved in an thocyan in synthes i s , as s h o w n in Fig. 3. E n z y m e s a n d 
react ions of t he genera l p h e n y l p r o p a n o i d p a t h w a y as well as the bio
syn thes i s of chalcones (chalcone synthase) , f lavanones (chalcone iso-
merase ) , a n d d ihydrof lavonols (flavonoid 3 ' - a n d f lavanone 3-hydro-
xylases) are descr ibed in C h a p t e r 2, this vo lume . 

H e r e , s o m e informat ion o n e n z y m e s from an thocyan in -p roduc ing 
sys t ems shou ld be a d d e d , a l though , in general , t hey d o no t differ from 
c o m m o n e n z y m e s of flavonol b iosynthes is . Chalcone syn thase (CHS, 
EC 2.3.1.74), t he first e n z y m e of the flavonoid p a t h w a y , ha s b e e n char
acter ized extensively wi th pars ley cell cul tures (for rev iews, see Ebel a n d 
Hahlbrock , 1982; Dixon et al, 1983). This e n z y m e has also b e e n found in 
cyanid in-synthes iz ing su spens ion cul tures; the syn thase from Ma-
chaeranthera gracilis s h o w e d behavior wi th respect to p H op t ima a n d 
subs t ra te specificity similar to tha t of the pars ley e n z y m e (Saleh et al, 
1978). This cul ture coaccumula ted cyanidin a n d quercet in glycosides 
(Stickland a n d Sunde r l and , 1972). C H S from carrot cell cul tures h a s 
b e e n inves t igated . In this sys t em cyanidin is the only flavonoidal 
aglycone (H. U. Seitz, u n p u b l i s h e d ) . The C H S of carrot l ikewise d id no t 
s h o w a n y significant difference from the pars ley e n z y m e wi th respect to 
p H d e p e n d e n c e , subs t ra te specificity, end -p roduc t inhibit ion, a n d struc
tu re (Hindere r a n d Seitz, 1985; Ozeki et al, 1985). Invest igat ions w i th 
carrot sugges t ed tha t in vivo a n d in vitro C H S is rate-limiting for a n t h o 
cyanin format ion a n d the key e n z y m e for the regulat ion of an thocyan in 
b iosyn thes i s (Hinderer et al, 1984; H inde re r a n d Seitz, 1985, 1986). 

Con t ra ry to earlier repor t s , the p r imary p roduc t s of the C H S reaction 
are chalcones a n d no t f lavanones , as s h o w n wi th highly purified pars ley 
e n z y m e (Heller a n d Hahlbrock , 1980) a n d in assays wi th lowered p H 
(Sutfeld a n d W i e r m a n n , 1980). Cha lcone formation in vitro h a s also b e e n 
d e m o n s t r a t e d w i th purified C H S from carrot (Ozeki et al, 1985) a n d 
w i t h extracts from a m u t a n t of Dianthus caryophyllus tha t lacks chalcone 
i somerase (No. 5 in Fig. 3; CHI; EC 5.5.1.6) (Spribille a n d Fo rkmann , 
1982). CHI activity w a s de tec ted in var ious an thocyanin-conta in ing 
flowers (Seyffert, 1982; Chmie l et al, 1983; Van Weely et al, 1983; Hin
dere r et al, 1983) a n d in cell cul tures of Machaeranthera gracilis (Wel lmann 
et al, 1976) a n d Daucus carota (Hinderer et al, 1984). 
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As m e n t i o n e d above , the na tura l starter subst ra te of CHS is bel ieved 
to be 4-coumaroyl-CoA in carrot (Hinderer a n d Seitz, 1985) as well as in 
pars ley (Schutz et al, 1983). Therefore, na r ingen in shou ld be a c o m m o n 
precursor of all an thocyan ins (and mos t o ther flavonoids; see Chap te r 2, 
this vo lume) a n d subst i tu t ion of r ing Β occurs at the flavonoid s tage. 
Never the les s , it c anno t be said wi th certainty tha t hydroxyl g r o u p s of 
ring Β are no t in t roduced at an earlier s tage in some species. 

Format ion of eriodictyol (3 ' -hydroxynar ingenin) us ing caffeoyl-CoA 
ins tead of 4-coumaroyl-CoA w a s d e m o n s t r a t e d in vitro w i th C H S from 
different sources , for example , from cell cul tures of pars ley, Ma-
chaeranthera gracilis (Saleh et al, 1978), a n d carrot (Hinderer a n d Seitz, 
1985). The C H S from carrot h a d abou t one order of m a g n i t u d e h igher 
affinity for 4-coumaroyl-CoA t h a n for caffeoyl-CoA, a n d it ha s b e e n 
sugges ted tha t the catalyzed reaction leading to eriodictyol in vitro does 
no t p lay a role in vivo (Hinderer a n d Seitz, 1985). Feeding exper iments 
w i th successful incorporat ion of na r ingen in in cyanidin h a d b e e n per
formed wi th cell cul tures of Machaeranthera gracilis (Fritsch a n d Grisebach, 
1975) a n d Daucus carota (Hinderer et al, 1984) a n d wi th flowers of Mat-
thiola incana (Seyffert, 1982). The hydroxyla t ing e n z y m e s (Nos. 6 a n d 7 in 
Fig. 3; f lavonoid 3 ' - , f lavonoid 3 ' ,5 ' - , a n d f lavanone 3-hydroxylase) lead
ing to eriodictyol a n d dihydrof lavonols are m e n t i o n e d in Chap te r 2, this 
vo lume . Feed ing exper iments us ing cell cul tures a n d flowers (mutants ) 
s u p p o r t e d evidence tha t d ihydrof lavonols (d ihydrokaempferol , d ihydro -
quercet in) are p recursors of an thocyan in b iosynthes is (Fritsch et al., 1971; 
Fritsch a n d Grisebach, 1975; Seyffert, 1982; H inde re r et al, 1984; Ozeki 
a n d K o m a m i n e , 1985a). It w a s sugges ted tha t dihydrof lavonols are the 
last s tage d u r i n g an thocyan in b iosynthes is w h e r e the 3 ' -hydroxy g r o u p 
can be in t roduced (Heller et al, 1985a). 

Little h a s b e e n k n o w n abou t the react ions leading from the d ihydro -
flavonol to the co r re spond ing an thocyanid in . Flavan-3,4-diols a n d 
flav-3-enes w e r e s u p p o s e d to be in te rmedia tes in the an thocyan in pa th 
w a y (Hrazdina , 1982). The former ones are the leucoanthocyanid ins , 
w h i c h occur as di- or oligomeric forms in p roan thocyan id ins (see C h a p 
ter 4, this vo lume) . Studies wi th acyanic m u t a n t s oiMatthiola incana gave 
the ev idence tha t l eucoanthocyanid ins are i ndeed precursors of a n t h o 
cyanins . Successful supp lemen ta t i on of defined lines, blocked in a n t h o 
cyanin b iosynthes is , w i th leucopelargonidin a n d leucocyanidin w e r e in 
correlat ion wi th the co r respond ing geno type (Heller et al, 1985a). In 
addi t ion , the e n z y m e for the convers ion of dihydroflavonols into flavan 
3,4-czs-diols h a s b e e n d e m o n s t r a t e d wi th flower extracts from M. incana 
(Heller et al, 1985b). This dihydrof lavonol 4-reductase (No. 8 in Fig. 3) 
catalyzes a N A D P H - d e p e n d e n t , stereospecific reduct ion of (+)-di -
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hydrof lavonols to t he co r r e spond ing cis i somers of leucoanthocyan-
id ins . T h e bes t subs t ra te w a s d ihydrokaempfero l , b u t d ihydroquerce t in 
a n d d i h y d r o m y rice t in w e r e also r educed . The occurrence of this e n z y m e 
activity a m o n g the m u t a n t s of M. incana could be correlated wi th the 
part icular g e n o t y p e . This n e w e n z y m e has also b e e n found in cell 
cu l tures of Pseudotsuga menziesii a n d Ginkgo biloba a n d has been related to 
t he syn thes i s of p roan thocyan id ins (Stafford a n d Lester, 1985). This 
s h o w s a close correlat ion b e t w e e n an thocyan id in a n d p roan thocyan id in 
b iosynthes i s . 

A n t h o c y a n i n s are all O-glycosides, a n d it is mos t likely tha t a first 
glycosylat ion s t e p in t he 3 posi t ion stabilizes the flavylium cation. En
z y m e s catalyzing glycosylat ions of f lavonoids are well character ized a n d 
h a v e b e e n listed by Ebel a n d Hahlbrock (1982) (see also Chap te r 2, this 
vo lume) . These glycosyltransferases u se mainly U D P sugars as d o n o r 
subs t ra tes a n d s h o w remarkable specificities for the posi t ion of glyco
sylat ion, w h e r e a s t he specificity for the acceptor subst ra te is, in general , 
relatively low. So, the an thocyan id in 3-O-glucosyltransferases from red 
cabbage (Saleh et al, 1976a) a n d cell cul tures of Machaeranthera gracilis 
(Saleh et al., 1976b) a n d carrot (Petersen a n d Seitz, 1986) glucosylated 
b o t h an thocyan id ins a n d flavonols. Interest ingly, the an thocyan in ac
cumula t i ng in vivo in carrot cell cul tures possesses a galactosyl r es idue as 
the first sugar a t tached to cyanidin (see Fig. 2). Therefore, UDPgalactose 
w a s also offered, wh ich w a s a bet ter d o n o r subs t ra te t h a n UDPglucose 
(W. H o p p , unpub l i shed ) . A n anthocyanidin-specif ic 3-O-glucosyltrans
ferase w a s descr ibed from Silene dioica pe ta ls (Kamsteeg et al, 1978a). 

T h e glycosylat ion of the aglycone is accepted to be a final s tep in 
a n t h o c y a n i n b iosynthes i s . Frequent ly , t he 3-monoglycosides a re n o t the 
e n d p r o d u c t s accumula t ing in the cells, a n d subsequen t glycosylat ions, 
acylat ions, a n d methy la t ions take place in vivo. E n z y m e s for further 
glycosylat ions of an thocyan id in 3-monoglycosides have b e e n found in 
Silene dioica: a 3-O-glucoside rhamnosyl t ransferase a n d a 3-rham-
nosylg lucos ide 5-O-glucosyltransferase (Kamsteeg et al, 1980a,b). The 
consecut ive action of these th ree different glycosyltransferases can read
ily explain t h e occurrence of 3-rutinoside-5-glucosides of pe la rgonid in 
a n d cyanid in in vivo (Kamsteeg et al, 1978b). 

A s m e n t i o n e d in Section II, B, t he accumula t ion of acylated an tho 
cyan ins is w i d e s p r e a d wi th in t he ang iospe rms . A m o n g the acyl moiet ies 
u s e d for acylation of an thocyan ins , c innamic acids a n d malonic acid are 
very c o m m o n . E n z y m e s for malonyl transfer have b e e n character ized 
frequently in pars ley a n d chickpea (see Chap te r 2, this volume) tha t are 
re la ted to t he b iosynthes i s of 6-O-malonylglucosides of flavonols, fla
v o n e s , a n d isoflavones (Matern et al, 1981; Koster et al, 1984). Mai-
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onyl t ransferases for an thocyan ins h a v e no t been repor ted , bu t it s eems 
likely tha t malonyl -CoA is the d o n o r subs t ra te . 

Petals of Silene diocia offer a good sys tem for s tudy ing conjugation of 
an thocyan ins . A c innamoyl t ransferase , wh ich catalyzes the acylation of 
an thocyan id in 3-rhamnosylglucoside or 3-rhamnosylglucoside-5-gluco-
side in the 4 posi t ion of r h a m n o s e , w a s descr ibed by Kamsteeg et al. 
(1980c). This e n z y m e u s e d 4-coumaroyl-CoA a n d caffeoyl-CoA as d o n o r 
subst ra tes . In general , the t ransferases require activated d o n o r sub
strates , such as U D P sugars (glycosyltransferases) a n d acyl-CoAs (acyl-
transf erases) . 

Besides hydroxyla t ion , O-methylat ion often occurs as a subst i tu t ion 
reaction in an thocyan in b iosynthes is . Methyl t ransferases (OMTs) for 
the methy la t ion of f lavones, flavonols, a n d isoflavones are well charac
ter ized a n d are d iscussed in Chap te r 2, this vo lume . These e n z y m e s 
methy la te flavonoid aglycones . Pe tun id in , malvidin , a n d peon id in are 
me thy la ted in posi t ions 3 ' a n d 5 ' (see Table I a n d Fig. 1). Very rarely are 
A ring hydroxyls me thy la ted (Hrazdina , 1982). The O-methylat ion of 
an thocyan ins ha s b e e n d e m o n s t r a t e d wi th extracts from flowers of Pe
tunia hybrida. The d o n o r subst ra te w a s S-adenosyl-L-methionine (SAM), 
a n d 3-(p-coumaroyl)-rutinoside-5-glucosides of cyanidin , de lph in id in , 
or p e t u n i d i n acted as acceptor subs t ra tes , wh ich w e r e methy la ted in the 
3 ' a n d 5 ' pos i t ions . N o methyla t ion w a s observed wi th an thocyan id ins , 
an thocyan id in 3-glucosides, or 3-rut inosides (Jonsson et al., 1982). Four 
i soenzymes from P. hybrida could be separa ted d u e to their different 
p i ' s . They posses sed similar proper t ies , except for their affinity to the 
subs t ra tes a n d the m e c h a n i s m of inhibit ion by deme thy la t ed SAM 
(Jonsson et al, 1984). 

In s u m m a r y , at least in Petunia hybrida, methyla t ion is the last s tep in 
an thocyan in b iosynthes is , occurr ing after glycosylation a n d acylation, 
contrary to w h a t h a s b e e n observed for the p a t h w a y s to flavones, fla
vonols , a n d isoflavones, w h e r e methyla t ion toge ther wi th hydroxyla
t ion occurs at t he s tage of the aglycone. It r emains to be seen if this ho lds 
t rue for an thocyan in synthes is in general . 

V. REGULATION OF ANTHOCYANIN 
BIOSYNTHESIS IN TISSUE AND CELL CULTURES 

Regulat ion of an thocyan in b iosynthes is is closely connected wi th reg
ulat ion of flavonoid b iosynthes is , in general . The p a t h w a y leading to 
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flavonoids or an thocyan ins can be subd iv ided into t w o par ts : (1) the 
genera l p h e n y l p r o p a n p a t h w a y , s tar t ing wi th pheny la lan ine a n d leading 
to hydroxyc innamoyl -CoA thioes ters , a n d (2) the flavonoid-(acyl)-glyco-
side p a t h w a y , s tar t ing w i th chalcone formation a n d leading to t he actual 
flavonoid conjugates . The e n z y m e s of pars ley cell cul tures h a v e b e e n 
d iv ided in to t w o g r o u p s according to their coord ina ted regula t ion wi th in 
each induc t ion g r o u p (for a review, see Hahlbrock a n d Grisebach, 1979; 
see also C h a p t e r 2, th is vo lume) . Cons ider ing repor t s o n regulat ion of 
e n z y m e activities respons ib le for flavonoid b iosynthes is , t w o h a v e b e e n 
t h o u g h t to be key e n z y m e s : pheny la lan ine ammonia- lyase (PAL) a n d 
chalcone syn tha se (CHS), bo th be ing located at b ranch ing po in ts of the 
p a t h w a y , w i th PAL lead ing to the general p h e n y l p r o p a n a n d C H S to the 
flavonoid p a t h w a y . 

For an thocyan in s m o s t of t he enzymat ic s tudies on the regulat ion of 
b iosyn thes i s h a v e involved PAL, w h i c h can be assayed in m o s t sources 
w i t h o u t major p rob lems . In recent years da ta o n the action of C H S in 
an thocyan in - syn thes iz ing sys tems h a s become available. In genera l , th is 
e n z y m e h a s b e e n found at activity levels one to t w o o rders of m a g n i t u d e 
lower t h a n tha t of PAL. It is bel ieved to play a m o r e impor tan t role in the 
regula t ion of an thocyan in b iosynthes is (Hinderer et al, 1983, 1984; 
Ozeki et al., 1985; Ozeki a n d K o m a m i n e , 1985a). 

A. Accumulatio n in Relatio n to Cytodifferentiatio n 

M o s t of t h e cul ture sys t ems m e n t i o n e d in Table I are r epor ted to be 
h e t e r o g e n e o u s wi th regard to an thocyan in p igmenta t ion . Colored a n d 
unco lo red cells occur in o n e a n d the s ame callus or cell cul ture . The 
f requency of an thocyan in-con ta in ing cells can be very low, as , for exam
ple , in Petunia hybridia callus (Colijn et al., 1981). 

A n t h o c y a n i n p igmenta t ion is a cytodifferentiation process , a n d there
fore, it is no t surpr i s ing tha t it is s t rongly effected by p h y t o h o r m o n e s 
(see Section V,C). The close re la t ionship b e t w e e n an thocyan in forma
t ion a n d morphologica l differentiation (embryogenesis) w a s s h o w n wi th 
a carrot s u s p e n s i o n cul ture (Ozeki a n d K o m a m i n e , 1981). 

M a n y invest igators w e r e able to increase the an thocyan in con ten t 
cons iderably by select ing cell l ines wi th h igh po tency for an thocyan in 
p roduc t ion in, for example , Daucus carota (Alfermann a n d Reinhard , 
1971), Dimorphotheca sinuata (Ball et al, 1972), Petunia hybrida (Colijn et 
al, 1981), a n d Vitis hybrida (Yamakawa et al, 1983). The feasibility of 
selecting cell l ines w a s d e m o n s t r a t e d by Yamamoto et al (1982), w h o for 
the selection of an thocyan in -p roduc ing Euphorbia milli s t rains ana lyzed 
cul tures over 29 passages u s ing cell ped igree a n d statistics. The resul t 
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w a s a strain capable of a sevenfold increase in an thocyan in p roduc t ion . 
T h e p i g m e n t level w a s found to be stable after 24 subcul tures . A n o t h e r 
m e t h o d for selection of h igh-p igment -p roduc ing strains w a s descr ibed 
for t he carrot s u s p e n s i o n cells. Ozeki a n d K o m a m i n e (1981) r epo r t ed 
tha t the ability for an thocyan in synthes is d e p e n d e d on the size of the 
cell aggrega tes . They subsequen t ly u s e d sieving p rocedures (nylon nets) 
a n d dens i ty -grad ien t centrifugation (Ficoll) to select an thocyan in -p ro-
duc ing cells. Fu r the rmore , clonal s tudies wi th carrot cell cul tures indi
cated tha t the increase in the ability of cells to accumula te an thocyan in is 
no t d u e to m u t a t i o n s (Dougall et al, 1980). Finally, t he potent ia l to 
accumula te an thocyan ins can be main ta ined d u r i n g cryopreservat ion in 
l iquid n i t rogen (Seitz et al, 1985). 

B. Role of Light 

In genera l , an thocyan in accumula t ion in cell or t issue cul tures strictly 
d e p e n d s o n or at least is s t rongly s t imula ted by light. There are s o m e 
except ions , howeve r , w h i c h shou ld be men t ioned . The accumula t ion of 
an thocyan ins in the da rk h a s been repor ted in Strobilanthes dyeriana 
(Smith et al, 1981), Vitis hybrida (Yamakawa et al., 1983), a n d several 
carrot cul tures (Alfermann a n d Reinhard , 1971; Schmitz a n d Seitz, 1972; 
N o e etal, 1980; Ozeki a n d Komamine , 1981; Ha rbo rne et al, 1983). The 
latter m a y h a v e der ived this ability from the black carrot (Daucus carota 
ssp . sativa), wh ich can accumula te large a m o u n t s of an thocyan ins in the 
root. 

The cul tures of Machaeranthera gracilis are good examples for light-
i n d u c e d an thocyan in accumula t ion . Dark-grown callus cul tures we re 
complete ly devo id of an thocyan ins (Reinert et al., 1964; v o n A r d e n n e , 
1965). An thocyan in formation w a s effected by b lue light wi th h igh ener
gy bu t no t by red light (Reinert et al, 1964). Lackmann (1971) deter
m i n e d 372 a n d 438 n m as maxima of the action spec t rum. With Populus 
hybrida cell cul tures , b lue light w a s also found to be the mos t effective 
(Matsumoto et al, 1973). More advanced s tudies us ing suspens ion 
cul tures of Machaeranthera gracilis revealed UV be low 345 n m as the only 
light f requency induc ing an thocyan in formation. Cont ra ry to pars ley 
cell cu l tures (see C h a p t e r 2, this vo lume) , only h igh doses of con t inuous 
UV w e r e effective (Wel lmann et al, 1976). U n d e r these condi t ions d ras 
tic increases in activities of PAL, CHS, a n d CHI prior to an thocyan in 
accumula t ion h a d b e e n observed . Here , it m a y no t be excluded tha t 
an thocyan in p roduc t ion on ultraviolet (UV) irradiat ion is a p h o t o i n d e -
p e n d e n t s t ress r e sponse (Hrazdina , 1982). For repor ts on the involve-
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m e n t of p h y t o c h r o m e in an thocyan in b iosynthes is see the review by 
H r a z d i n a (1982). 

C. Influenc e of Growth Substance s 

As m e n t i o n e d in Section V,A, an thocyan in accumula t ion as pa r t of 
cytodifferentiation m a y be closely re la ted to morphological differentia
t ion e v e n in cell cul tures . Differentiation processes are regula ted by 
p h y t o h o r m o n e s . The compos i t ion of g r o w t h subs tances in the m e d i u m , 
therefore , s t rongly influences an thocyan in accumula t ion . Chemicals 
p r o m o t i n g or inhibi t ing an thocyan in synthes is , inc luding g r o w t h sub
s tances , are s u m m a r i z e d in tables by Hrazd ina (1982) a n d Dougal l 
(1979). 

D a r k - g r o w n carrot t issue cul tures require the p resence of an auxin 
(2,4-D, N A A , or IAA) for an thocyan in accumulat ion; auxins m a y sub
st i tute for l ight (Alfermann a n d Reinhard , 1971). Compara t ive s tud ies 
o n t h e effect of auxins in l i gh t -dependen t a n d - i n d e p e n d e n t a n t h o 
cyanin format ion in different carrot c lones sugges t tha t an thocyan in is 
n o t r egu la ted b y PAL, b u t by a n e n z y m e in a later pa r t of the p a t h w a y 
(Stark et al., 1976). 

Con t ra ry to th is , S u g a n o a n d Hayash i (1967) found inhibit ion of an
thocyan in accumula t ion in l ight -grown carrot callus cul tures w h e n 2,4-D 
w a s u s e d as a n auxin . Ozek i a n d K o m a m i n e (1981, 1982) induced carrot 
cell s u s p e n s i o n s for an thocyan in synthes i s by w i t h d r a w i n g 2,4-D. Sub
s e q u e n t add i t ion of auxins inhibi ted an thocyan in synthes is complete ly . 
S tud ies o n t h e enzymat i c control of this induc t ion a n d suppres s ion sug
gest tha t C H S m a y be the key e n z y m e in an thocyan in formation regu
lated by 2,4-D in this sys tem, a n d its activity changes are reflected in 
c h a n g e s of the level of t ranscr ipt ion (Ozeki a n d K o m a m i n e , 1985b). 
Inhibi t ion of an thocyan in accumula t ion by auxins w a s also observed 
w i t h cell cu l tures of Machaeranthera gracilis (Constabel et al, 1971; Stick
l and a n d S u n d e r l a n d , 1972), Petunia hybrida (Colijn et al, 1981), Vitis 
hybrida (Yamakawa et al, 1983), a n d Ipomoea batatas (Nozue a n d Yasuda , 
1985), w h e r e a s cul tures of Dimorphotheca auriculata (Harborne et al, 1970) 
a n d Rosa s p . (Davies, 1972) s h o w e d e n h a n c e d p i g m e n t formation by 
auxin t r ea tmen t . 

Unl ike auxins , exogenous gibberell ins are no t necessary for g r o w t h of 
p lan t cu l ture sys t ems . Never the less , gibberellic acid (GA 3) s h o w e d 
s t rong inhibi tory effects o n an thocyan in accumula t ion in several 
cu l tures . Ardi t t i a n d Ball (1971) briefly r epor ted the inhibi tory effect of 
G A 3 o n an thocyan in format ion in Dimorphotheca sinuata callus. Us ing 
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carrot callus cul tures , a b road dose d e p e n d e n c e b e t w e e n 10 ~ 1 2 Μ (no 
inhibit ion) to 1 0 ~ 4 Μ (full inhibition) w a s found (Schmitz a n d Seitz, 
1972). C o n t i n u o u s cult ivation in the p resence of G A 3 (3 x 10 ~ 7 M) 
resu l ted in anthocyanin-free cell l ines. These cells we re also devoid of a n y 
o the r f lavonoids as well as C H S a n d CHI activities (H. U. Seitz a n d W. 
Hinde re r , unpub l i shed ) . E n z y m e s of the general p h e n y l p r o p a n p a t h w a y 
are still p resen t , howeve r , b u t w i th r educed activities ( H e i n z m a n n a n d 
Seitz, 1974; H e i n z m a n n et al., 1977). Similarly, in cell cul tures of Ma
chaeranthera gracilis, l ight- induced an thocyan in accumula t ion could be 
totally inhibi ted by G A 3, w h e r e a s PAL w a s no t (Gregor, 1974). Com
parat ive enzymat ic s tudies a n d feeding exper iments per formed wi th 
callus a n d s u s p e n s i o n cul tures of Daucus carota clearly d e m o n s t r a t e d tha t 
G A 3 blocked an thocyan in synthes is at the level of C H S (Hinderer et al., 
1984). This e n z y m e activity rapidly decl ined a n d s h o w e d a strict correla
t ion to b o t h G A 3 a n d an thocyan in concentra t ion. The inhibitory effect of 
G A 3 o n an thocyan in synthes i s w a s also repor ted for t w o o ther carrot cell 
cul tures (Ozeki a n d K o m a m i n e , 1982; C h e n g et al., 1985). 

Like auxins , cytokinins are essential g r o w t h subs tances in the field of 
p lan t t issue cul ture . Few data are available for the action of cytokinins 
on the accumula t ion of an thocyan ins . In Populus cell su spens ion cul
tu res , k inet in s h o w e d a m a r k e d inhibi tory effect o n an thocyan in p ro 
duc t ion (Mat sumoto et al, 1973). Ozeki a n d K o m a m i n e (1982) r epor t ed a 
p romot ive effect of var ious cytokinins in carrot cell cul tures , i nduced for 
an thocyan in syn thes i s by media lacking auxins . Cell cul tures of Ma
chaeranthera gracilis s h o w e d , l ikewise, increased p i g m e n t con ten t w i th 
increased cytokinin [6-benzylaminopur ine (BAP), kinetin] concentra
t ions in med ia wi th low auxin concentra t ions . This effect w a s reversed 
in p resence of h igh auxin levels (Constabel et al, 1971). The counterac
t ion of auxins a n d cytokinins wi th respect to an thocyan in accumula t ion 
w a s also d e m o n s t r a t e d wi th cell cul tures of g rape vine (Yamakawa et al., 
1983). 

The action of abscisic acid (ABA) in an thocyan in -p roduc ing cell 
cul tures w a s r epor t ed only once . Like G A 3, ABA s u p p r e s s e d i n d u c e d 
an thocyan in synthes i s in carrot cell cul tures (Ozeki a n d K o m a m i n e , 
1982). 

D. Compositio n of Nutrient s 

The compos i t ion of the m e d i u m wi th respect to salts a n d carbon 
source can influence accumula t ion of secondary p roduc t s in cell cu l tures 
(Zenk et al, 1977). It is sugges ted tha t the cul ture condi t ions for maximal 
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g r o w t h differs from those for maximal accumula t ion of a specific second
ary p roduc t . The med ia m o s t u s e d for p lan t t issue cul tures are g r o w t h 
media . In o rde r to deve lop a "p roduc t i on m e d i u m " th ree c o m p o n e n t s 
h a v e to be cons idered: (1) t he carbon source , most ly sucrose or glucose, 
a n d its concentra t ion , (2) the concentra t ion of n i t rogen-conta in ing salts, 
mos t ly ni t ra te a n d a m m o n i u m , a n d (3) the concentra t ion of p h o s p h a t e . 
Fur ther , c o m p o u n d s as well as env i ronmenta l condi t ions , such as p H , 
t e m p e r a t u r e , a n d aera t ion ra te , h a v e to be taken into considerat ion. 
Each cons t i tuen t of the cul ture m e d i u m m a y have a different effect on 
g r o w t h a n d an thocyan in accumula t ion . 

H i g h sucrose (e.g. , 8%) a n d low p h o s p h a t e a n d ni t rate concentra t ions 
i nduced an thocyan in formation, w h e r e a s addi t ion of p h o s p h a t e or ni
t rogen-conta in ing minera l salts s u p p r e s s e d an thocyan in synthes is , in 
cell cu l tures of Catharanthus roseus (Knobloch et al., 1982) a n d Vitis 
(Yamakawa et al., 1983). H igh sucrose concentra t ion also s t imula ted 
an thocyan in accumula t ion in Populus cell cul tures (Matsumoto et al., 
1973), b u t in cul tures of Dimorphotheca sinuata (Ball a n d Ardit t i , 1974) a n d 
Petunia hybrida (Colijn et al, 1981) this condi t ion led to inhibi t ion of 
an thocyan in formation. The sugar source m a y also affect an thocyan in 
p roduc t ion . The bes t sugar for suppo r t i ng an thocyan in formation w a s 
found to be sucrose in maize (Straus, 1959) a n d Populus cell cul tures 
(Ma t sumoto et al., 1973), a n d glucose in Parthenocissus tricuspidata 
(Bleichert a n d Ibrahim, 1974). 

Us ing chemos ta t -g rown carrot cells, Dougal l et al. (1983a,b) d e m o n 
s t ra ted tha t l imiting t he g r o w t h by reduc ing p h o s p h a t e or a m m o n i u m 
resu l ted in increased an thocyan in yields. 

VI. ACCUMULATION OF ANTHOCYANINS IN THE 
CENTRAL VACUOLE 

Fritsch a n d Grisebach (1975) sugges ted a hypo thes i s for an thocyan in 
b iosynthes i s , specifying tha t t r anspor t in to t he central vacuole parallels 
glycosylat ion by a glycosyltransferase, wh ich shou ld be located in the 
tonoplas t m e m b r a n e . In v iew of this in teres t ing hypo thes i s , several 
a t t emp t s w e r e m a d e to p rove the subcellular localization of these en
z y m e s in the vacuolar m e m b r a n e . Hrazd ina et al. (1978), us ing vacuoles 
from peta ls of Hippeastrum a n d Tulipa, s h o w e d tha t C H S , CHI , a n d a 
UDPglucose .an thocyan id in glucosyl transferase w e r e ne i ther p r e sen t in 
isolated vacuoles n o r in a pellet r ep resen t ing tonoplas t m e m b r a n e s . 
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Similar resul ts w e r e repor ted wi th respect to a methyl t ransferase in 
Petunia hybrida (Jonsson et al., 1983). There are s t rong indicat ions tha t the 
endoplasmic re t iculum is the site of p h e n y l p r o p a n e a n d flavonoid bio
synthes is (Wagner a n d Hrazd ina , 1984). H o p p et al. (1985) s h o w e d tha t 
a m o n g the e n z y m e s tes ted, only C H S w a s partially associated wi th 
tonoplas t m e m b r a n e s . This migh t be an indication tha t chalcone syn
thesis is carried ou t at the cytosolic face of the tonoplas t . Sasse et al. (1979) 
a n d H o p p et al. (1985) es tabl ished isolation a n d purification p rocedures 
for an thocyanin-conta in ing vacuoles from cell cul tures of Daucus carota. 
The stability of these an thocyanin-conta in ing carrot vacuoles w a s very 
h igh . N o an thocyan in efflux occurred wi th in at least 2 h r ( H o p p et al., 
1985). These vacuolar p repara t ions are an ideal material for s tudy ing 
an thocyan in up t ake . Radioactive an thocyan in labeled in vivo w a s isolated 
from an thocyanin-conta in ing cell cul tures a n d u s e d for t r anspor t s tudies 
w i th isolated vacuoles . The s t ructure of the an thocyan in from carrot cell 
cul tures w a s p r o v e n to be a cyanidin-3-(sinapoylxylosylglucosylgalacto-
side) by H a r b o r n e et al. (1983); a reinvest igat ion by H o p p a n d Seitz (1987) 
came to the s ame result . This an thocyan in is t r anspor t ed into isolated 
vacuoles by a p H - d e p e n d e n t m e c h a n i s m wi th an o p t i m u m at p H 7.5. The 
t r anspor t can be impai red by a p r o t o n o p h o r e like carbonyl cyanide m-
ch lo ropheny lhydrazone . A direct invo lvement of ATP-Mg h a s no t b e e n 
p roven . The an thocyan in t ranspor t seems to be specific, because vac
uoles isolated from other species d o no t accumula te this cyanidin glyco
side. Glycosylat ion and , especially, acylation wi th sinapic acid are abso
lutely essential prerequis i tes for the t ranspor t ; deacylated an thocyan in is 
no t t aken u p by isolated vacuoles . An thocyan in t ranspor t is t h o u g h t to 
function as a n ion- t rap m e c h a n i s m ( H o p p a n d Seitz, 1987). In this context 
it is of great in teres t to u n d e r s t a n d the molecular m e c h a n i s m of a n t h o 
cyanins in a q u e o u s acid med ia similar to those of the vacuolar sap . U n d e r 
these condi t ions equi l ibr ium b e t w e e n the flavylium cation a n d a qui-
noidal base does exist. At p H values r ang ing from 6 to 8, dep ro tona -
t ion leads to resonance-stabi l ized quinoidal an ions a n d also to a neu t ra l 
quinoidal base . It w a s sugges ted tha t an thocyan in is t r anspor t ed in the 
neut ra l form (Matile, 1984). At low p H values in a q u e o u s media , wa te r 
addi t ion in posi t ion 2 a n d , to a less extent , in posi t ion 4 leads to colorless 
c o m p o u n d s , so-called carbinol p s e u d o b a s e s a n d chalcone p s e u d o b a s e s . 
Brouillard (1981), therefore, sugges ted a molecular m e c h a n i s m preven t 
ing hydra t ion . The va lue of acylation migh t be stacking of the aromat ic 
pa r t of the acid a n d the pyry l ium r ing of the an thocyanid in . Best protec
t ion w o u l d be achieved wi th diacylated an thocyan ins , bu t monoacy la ted 
ones m a y protect themse lves by self-association of an thocyan in mole
cules (Asen et al., 1972). It w a s also sugges ted by Brouillard (1983) tha t the 
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glycosidic par t of the molecule functions as a spacer bear ing the acyl 
r e s idue , w h i c h m a y interact w i th the pyry l ium ring. With regard to these 
da ta , a genera l pr inciple for the u p t a k e of an thocyan ins migh t be p ro 
p o s e d . Acylat ion is requi red for t r anspor t by p reven t ing hydra t ion , wi th 
c o n s e q u e n t loss of color in the vacuolar sap of intact vacuoles ( H o p p a n d 
Seitz, 1987). Alternat ively an thocyan ins migh t be syn thes ized wi th in 
provacuoles , wh ich m a y fuse wi th o ther provacuoles or the central vac
uole . Such a m e c h a n i s m w a s p r o p o s e d for t r anspor t of t ann ins (Baur a n d 
Walk inshaw, 1974; P a r h a m a n d Kaus t inen , 1977). 

Wi th respect to the molecular organizat ion of an thocyan ins in the 
vacuolar sap , in teres t ing cytological observat ions w e r e m a d e . Pecket 
a n d Small (1980) a n d Small a n d Pecket (1982) descr ibed intensively col
o red bod ies wi th in the vacuolar sap of m o r e t h a n 70 species. These 
an thocyanop las t s h a v e b e e n k n o w n for some t ime (Bunning, 1949). 
M o r e recent ly, H e m l e b e n (1981), N e u m a n n (1983) a n d N o z u e a n d 
Yasuda (1985) also observed these vacuolar s t ructures . It ha s b e e n sug
ges ted tha t these an thocyanop las t s are associated wi th m e m b r a n e s a n d 
tha t these s t ruc tures are the site of an thocyan in b iosynthes is (Nozue 
a n d Yasuda , 1985; Yasuda a n d Sh inoda , 1985). 
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I. O C C U R R E N C E 

Catechins , l eucoan thocyan id ins , a n d p roan thocyan id in s are flavan 
der ivat ives: 
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Catechins are flavan-3-ol c o m p o u n d s (R2 = O H ; R 2 = H) , a n d m o n o -
meric l eucoanthocyanid ins are flavan-3,4-diols (Ra = R 2 = O H ) . The 
ol igomers a n d po lymers resul t ing from the condensa t ion of catechins 
a n d leucoanthocyanid ins are c o m m o n l y referred to as p roan thocyan-
idins (Haslam, 1979). Because l eucoan thocyan id ins (particularly those 
wi th 5,7-dihydroxy subst i tu t ion in the A ring) are uns tab le a n d are 
rapidly involved in s u b s e q u e n t metabol i sm, invest igators deal as a ru le 
wi th catechins a n d p roan thocyan id ins . In cell cu l tures , format ion of 
p roan thocyan id ins is also usual ly accompan ied by the formation of cate
chins . Therefore, in this chapter , b o t h flavonoid classes will be consid
e red s imul taneous ly . 

As early as in 1962, the callus t i ssues of Acer pseudoplatanus cu l tured on 
media wi th 2,4-dichlorophenoxyacet ic acid (2,4-D) w e r e found to p ro 
duce several p roan thocyan id ins (Goldstein et al., 1962). Near ly at t he 
same t ime, it w a s s h o w n tha t the callus t i ssues of Juniperus communis 
accumula te p roan thocyan id ins as well , b u t their con ten t is e ight t imes 
lesser t h a n tha t in the co r re spond ing intact p lan t (Constabel , 1963). 

Later on , t he formation of p roan thocyan id ins w a s inves t igated in 
m o r e detail w i th callus t i ssues init iated from w o o d y s t ems of the tea 
p lan t (Camellia senensis) (Forrest, 1969) a n d cambial t i ssues of several 
Prunus species (Feucht, 1975), as well as w i th the cell su spens ion 
cul tures of Paul ' s scarlet rose (Davies, 1972a), a n d Acer pseudoplatanus 
(Westcott a n d H e n s h a w , 1976). In all of these cases, in the ana lyzed cells 
a n d t issues toge ther w i th p roan thocyan id ins , s imple catechins [ ( - ) - ep i -
catechin a n d (+)-catechin] we re also de tec ted . ( - ) -Epica tech in a n d ( + ) -
catechin w e r e also found to accompany p roan thocyan id ins in cu l tured 
callus t issues der ived from y o u n g s t ems a n d leaves of the tea p lan t 
(Koretzkaya a n d Zap rome tov , 1975a), in callus t i ssues from y o u n g 
shoots a n d cel l -suspension cul tures of Crataegus monogyna, C. oxya-
cantha, a n d Ginkgo biloba (Schrall a n d Becker, 1977), in callus t issues from 
cotyledons a n d cel l -suspension cul tures of Pseudotsuga menziesii 
(Stafford a n d C h e n g , 1980), a n d in callus t i ssues from y o u n g shoo ts a n d 
cell su spens ion cul tures of Cryptomeria japonica (Ishikura a n d Teramoto , 
1983). 

At the same t ime, in callus t i ssues der ived from Theobroma cacao 
cotyledons , one catechin only, namely , ( - ) -ep ica tech in , w a s de tec ted 
bes ides p roan thocyan id ins (Jalal a n d Collin, 1977), a n d in the cell-sus
pens ion cul ture of Phaseolus vulgaris only a small a m o u n t of p r o a n t h o 
cyanidins w a s found (Dixon a n d Bendall , 1978). 

The s t ructures of (+)-catechin, ( - ) -ep ica tech in , a n d one of the com
m o n dimeric p roan thocyan id ins , B-l p roan thocyan id in , are given o n 
page 79: 
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HO 

OH 

OH 

(+)-Catechin ( - ) -Epicatechin B-l Proanthocyanidin 

Acid-catalyzed hydrolys is of B-l p roan thocyan id in yields cyanidin from 
the u p p e r par t of the molecule , a n d (+)-catechin from the lower par t . 
M o d e r n te rminology also des igna tes B-l p roan thocyan id in as the d imer 
( - ) - ep i ca t ech in - (+ ) -ca t ech in (Has lam, 1979). The m o s t c o m m o n di-
meric p roan thocyan id ins are B-2 [ ( - ) - ep ica tech in - ( - ) -ep ica tech in ] , a n d 
B-4 [(+)-catechin-( - ) - ep ica t ech in ] . 

The cult ivation of f lavan-synthesiz ing t i ssues a n d cells w a s most ly 
per formed on Hel ler ' s a n d M u r a s h i g e - S k o o g ' s nu t r i en t med ia w i th ad
di t ion of auxins [usually 2,4-D, somet imes naph tha leneace t ic acid 
(NAA)] a n d frequently, cytokinins [kinetin; 6 -benzylaminopur ine 
(BAP); zea t in] . 

Rapid syn thes i s of p roan thocyan id in s a n d catechins , as well as of 
o the r phenol ic c o m p o u n d s , usual ly s tar ts after ni t ra te dep le t ion of the 
nu t r i en t m e d i u m (Nash a n d Davies , 1972) a n d reaches a m a x i m u m at 
the e n d of the l inear g r o w t h p h a s e (Schrall a n d Becker, 1977; Zap ro -
m e t o v et al, 1979). 

As a ru le , cu l tu red cells a n d t i ssues accumula te less flavan der ivat ives 
t h a n d o the co r re spond ing t issues of intact p lan t s . For example , the total 
a m o u n t of p roan thocyan id ins a n d catechins in t he callus t i ssues of Pru-
nus w a s abou t 25 t imes lower t h a n in t he intact p lan t t i ssues (Feucht, 
1975); the callus t i ssues of Theobroma cacao syn thes ized 6 t imes less p ro 
an thocyan id ins a n d 100 t imes less ( - ) - ep ica tech in t h a n d id t he cotyl
e d o n s (Jalal a n d Collin, 1977); the cel l -suspension cul tures of Cryptomeria 
japonica con ta ined 100-200 t imes less flavan c o m p o u n d s t h a n the leaves 
of this p lan t (Teramoto a n d Ishikura , 1985); a n d the callus t i ssues initi
a ted from tea-plant leaves a n d s t ems conta ined 20-50 t imes less flavan 
c o m p o u n d s t h a n the co r r e spond ing intact p lan t t i ssues (Zaprometov et 
al, 1979). 

As an except ion, the ce l l -suspension cul ture of Pseudotsuga menziesii 
shou ld be m e n t i o n e d . In this case, t he level of p roan thocyan id ins 
reached 40%, whi le in co ty ledons it w a s only 2 - 3 % (Stafford a n d C h e n g , 
1980). 
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It is well k n o w n tha t the ability of p lan t t i ssues a n d cells cul t ivated in 
vitro to syn thes ize var ious secondary c o m p o u n d s d e p e n d s to a great 
degree on the compos i t ion of t he nu t r i en t m e d i u m (the sources a n d 
a m o u n t s of carbon a n d n i t rogen) , h o r m o n e s a n d their ana logs , as well 
as i l luminat ion. 

II. INFLUENCE OF PHYTOHORMONES 

A. Auxins 

A l t h o u g h indolyl-3-acetic acid (IAA) itself is no t u s e d for cul tur ing 
f lavan-synthesizing cells a n d t i ssues , its closely re la ted ana log , i ndo-
lylbutyric acid, h a s b e e n inc luded at a concent ra t ion of 1 mg/ l i ter in 
nu t r i en t med ia for t he t issue cul tures of Cryptomeria japonica (Ishikura 
a n d Teramoto , 1983) a n d Theobroma cacao (Jalal a n d Collin, 1977). H o w 
ever, in mos t invest igat ions the synthet ic g r o w t h regula tors 2,4-D a n d 
N A A w e r e u s e d . 

In the callus t i ssues of the tea p lan t der ived bo th from y o u n g s t ems 
a n d leaves, flavan formation w a s s t imula ted by 2,4-D in the r ange 5 x 
10 ~ 6 to 2 x 10 ~ 5 Μ (Koretzkaya a n d Z a p r o m e t o v , 1975a,b; Z a p r o m e t o v 
et al., 1979). Fur the r increase in 2,4-D concent ra t ion resu l ted in p ro 
gressive lower ing of the b iosynthes i s of b o t h catechins a n d p r o a n t h o 
cyanidins . 

In cell su spens ion cul tures of Pau l ' s scarlet rose , supp re s s ion of the 
flavan synthes is b e g a n at lower 2,4-D concent ra t ions , s tar t ing from 7.5 
x 1 0 - 7 Μ (Davies, 1972b). The opt imal 2,4-D concent ra t ion for t he 
synthes is of flavan c o m p o u n d s in the cell cul ture of Acer pseudoplatanus 
w a s 9 x 1 0 ~ 7 Μ (Westcott a n d H e n s h a w , 1976). Near ly the same 2,4-D 
concentra t ion ( 1 0 _ 6- 1 0 - 5 M) w a s opt imal for flavan synthes i s in the 
callus t issues of Eucalyptus robusta a n d Cryptomeria japonica (Samejima et 
al., 1982). Cont ra ry to these da ta , comple te supp re s s ion of p r o a n t h o -
cyanidin synthes i s by 2,4-D (2 x 1 0 " 7 to 2 x 1 0 " 5 M) w a s observed in 
callus cul tures of Crataegus monogyna (Schrall a n d Becker, 1977). 

N A A w a s u s e d in the cult ivation of Crataegus monogyna callus t i ssues 
(Schrall a n d Becker, 1977). In this case, increase in t he N A A concentra
t ion from 2 x 1 0 _ 7t o 2 x 1 0 " 5 Μ resu l ted in sha rp s t imulat ion of t i ssue 
g rowth , b u t significant reduc t ion of the b iosynthet ic potent ia l of p r o -
an thocyan id in formation. N A A at a concent ra t ion of 5 x 1 0 " 5 M w a s 
u s e d in cell cul ture of Pseudotsuga menziesii (Stafford a n d C h e n g , 1980). 
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In callus t i ssues of Cryptomeria japonica a n d Eucalyptus rdbusta, t he effect 
of N A A ( 1 0 ~ ~ 7- 1 0 - 6 M) in p r o m o t i n g the format ion of flavan com
p o u n d s w a s s o m e w h a t inferior to tha t of 2,4-D (Samejima et al., 1982). 

The invest igat ion of the influence of N A A o n the formation of flavan 
c o m p o u n d s in tea-plant callus t i ssues revealed tha t subs t i tu t ion of N A A 
(3 x 10~ 7 M) for 2.4-D (2 x 10 ~ 5 M) led to considerable increase in the 
synthes i s of flavans (Zagoskina a n d Z a p r o m e t o v , 1979). Wi th 2 x 1 0 " 5 

Μ N A A the con ten t of flavan c o m p o u n d s increased m o r e t h a n 10 t imes 
as c o m p a r e d to the control (2 x 1 0 " 5 Μ 2,4-D). 

In s u b s e q u e n t subcul tu r ing the format ion of flavans can still be in
creased u p to t w o t imes , t h o u g h t issue g r o w t h decreases in this case. 
T h u s in tea-plant callus cu l tures 2,4-D is t h e bes t auxin for t issue g r o w t h , 
a n d N A A for the format ion of f lavans. In cell s u s p e n s i o n cul tures of the 
tea p lan t , N A A also s t imula ted t h e format ion of flavans b u t w i t h o u t 
lower ing cell g r o w t h (Bagratishvili et al., 1980). 

B. Cytokinins 

Zeat in (0.05 mg/l i ter) w a s u s e d as a c o m p o n e n t of the nu t r i en t med ia 
for cult ivation of f lavan-synthesiz ing t i ssues a n d cells of Theobroma cacao, 
t h o u g h the specificity of its effect w a s n o t s tud ied (Jalal a n d Collin, 
1977). The nu t r i en t m e d i u m for t he cult ivat ion of callus t i ssues der ived 
from the t ip section of a y o u n g Cryptomeria japonica shoo t con ta ined 0.1 
mg/ l i ter kinet in; for the s u b s e q u e n t cult ivat ion of t h e cell s u s p e n s i o n the 
k inet in concent ra t ion w a s lowered to 0.01 mg/ l i te r (Ishikura a n d Ter-
a m o t o , 1983). BAP at t he s a m e concent ra t ion (0.01 mg/ l i ter = 0.5 μΜ) 
w a s u s e d for cell cul tures of Pseudotsuga menziesii (Stafford a n d C h e n g , 
1980). 

The invest igat ion of the effect of th ree k inet in a n d BAP concent ra t ions 
(0.01, 0 .1 , a n d 1.0 mg/l i ter) o n cell g r o w t h a n d format ion of catechins 
a n d p roan thocyan id ins in callus t i ssues of Cryptomeria japonica s h o w e d 
tha t the greates t effect o n t h e accumula t ion of b o t h classes of flavan 
c o m p o u n d s w a s reached w i th 1.0 mg/ l i te r k inet in (Samejima et al, 
1982). BAP w a s less efficient a n d at t h e concent ra t ion of 1.0 mg/ l i ter 
s u p p r e s s e d the syn thes i s of flavan c o m p o u n d s . 

A n invest igat ion of t h e effect of different k inet in concent ra t ions (2 x 
1 0 " 7 to 4 x 1 0 " 5 M) o n the format ion of phenol ic c o m p o u n d s in callus 
t i ssues ini t iated from tea-plant s t ems a n d leaves s h o w e d tha t a l t hough 
wi th 2 x 1 0 _ 6 Μ kinet in t he format ion of t he total a m o u n t of phenol ic 
c o m p o u n d s a n d l ignin increased significantly, t he accumula t ion of fla
v a n s r e m a i n e d a lmos t cons tan t (Zagoskina a n d Z a p r o m e t o v , 1983). At 
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the same t ime in the cell s u s p e n s i o n cul ture der ived from a tea-plant 
s tem callus, 5 χ 1 0 - 6 to 2.5 x 1 0 ~ 5 Μ kinet in p r o m o t e d the synthes is of 
bo th all soluble phenol ic c o m p o u n d s as well as of flavans (Bagratishvili 
et al, 1980). 

In callus t issues of Crataegus monogyna, k inet in (2 x 10 ~ 7 to 4 x 10 ~ 5 

M) s u p p r e s s e d the formation of m o n o m e l i c phenol ic c o m p o u n d s as well 
as p roan thocyan id ins (Schrall a n d Becker, 1977). 

C. Gibbereilins 

Gibberellic acid (GA 3) at a concent ra t ion of 1.0 mg/ l i ter a n d part icu
larly at 10 mg/l i ter , e n h a n c e d significantly the formation of flavans in 
the callus t issues of Cryptomeria japonica (Samejima et al, 1982) bu t d id 
no t affect the formation of m o n o m e r i c po lypheno l s a n d of p r o a n t h o 
cyanidins in Crataegus monogyna callus t i ssues at 2 x 10 ~ 7 to 2 x 10 ~ 5 Μ 
(Schrall a n d Becker, 1977). 

D. Abscisi c Acid and Ethylene 

Abscisic acid (5 x 10 ~ 6 M) r e d u c e d the formation of flavans by 15 to 
20% in a cel l -suspension cul ture of the tea p lan t (Bagratishvili et al, 
1984). Ethylene in the form of e threl (2-chloroethylphosphonic acid) 
e n h a n c e d marked ly the formation of flavans bu t r e d u c e d cell g r o w t h by 
near ly 20% (Bagratishvili et al, 1984). 

III. NUTRIENTS AND PRECURSORS 

Glucose a n d sucrose at a concent ra t ion of 2 to 3.5% h a v e b e e n u s e d as 
carbon sources by m a n y a u t h o r s (Ishikura a n d Teramoto , 1983; Ko-
retzkaya a n d Zap rome tov , 1975a; Phillips a n d H e n s h a w , 1977; A m o r i m 
et al, 1977). In tea-plant callus t i ssues , increase in glucose concent ra t ion 
from 2.5 to 10% or subst i tu t ion of glucose by sucrose d id no t affect the 
formation of flavans (Zaprometov , 1981). H o w e v e r , t he cell su spens ion 
of Paul ' s scarlet rose exhibi ted a decrease in t h e syn thes i s of p r o a n t h o 
cyanidins w h e n the glucose concent ra t ion w a s increased from 3.6% (0.2 
M) to 7.2% (0.4 M) (Amor im et al, 1977). 
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In t he cel l -suspension cul ture of t he tea p lant , a twofold increase in 
ni t ra te concentra t ion in t he nu t r i en t m e d i u m r e d u c e d the formation of 
bo th the total soluble phenol ic c o m p o u n d s a n d flavans, w h e r e a s a de 
crease in ni t ra te con ten t by four t imes e n h a n c e d the format ion of flavans 
a n d of total soluble phenol ic c o m p o u n d s a lmost by t w o t imes w i t h o u t 
r educ ing cell g r o w t h (Bagratishvili et al, 1980). On ly in the cell cul ture of 
Pseudotsuga menziesii d id syn thes i s of p roan thocyan id in s no t decrease 
wi th increasing ni t rate concent ra t ion (Stafford a n d C h e n g , 1980). At
t e m p t s w e r e unsuccessful to intensify the format ion of f lavans in callus 
cul tures of the tea p lan t by add i t ion to t he nu t r i en t m e d i u m of their 
d is tan t (quinic a n d shikimic acids , acetate , L -phenyla lan ine , trans-cin-
namic acid) or close (nar ingenin , d ihydroquerce t in ) p recursors (Zapro
me tov et al, 1976). 

IV. EFFECT OF ILLUMINATION 

The favorable effect of i l luminat ion o n the syn thes i s a n d accumula t ion 
of phenol ic c o m p o u n d s in b o t h intact p lan t s a n d cu l tu red cells a n d 
t issues is well k n o w n . This effect is accoun ted for b o t h by a u g m e n t a t i o n 
of the pool of p recursors a n d subs t ra tes in pho tosyn the t i c t i ssues a n d by 
the l ight - induced activity of s o m e e n z y m e s in the b iosynthes i s of p h e 
nolic c o m p o u n d s . The latter possibili ty h a s b e e n s tud ied in detail 
(Hahlbrock et al, 1978). 

A l t h o u g h the i l luminat ion of cu l tu red cells a n d t i ssues w a s in m a n y 
cases the precondi t ion of their ability to syn thes ize an thocyan ins , fla
vones , a n d flavonols (see, e .g . , Z a p r o m e t o v , 1978), on ly o n e publ icat ion 
repor ted tha t l ight is requ i red for the syn thes i s of catechins a n d p ro 
an thocyan id ins (Schrall a n d Becker, 1977). In this invest igat ion, the call
u s t i ssues a n d cell s u s p e n s i o n s of t w o h a w t h o r n species (Crataegus mono
gyna a n d C. oxyacantha) a n d Ginkgo biloba w e r e cu l tu red in t he p resence 
of N A A a n d kinet in in t he da rk or u n d e r con t i nuous i l luminat ion. In t he 
da rk t h e con ten t of soluble phenol ic c o m p o u n d s r e m a i n e d low for 10 
weeks ; phenolcarboxylic acids only w e r e identified (para-coumaric, va
nillic, ferulic, chlorogenic acids , etc.) . U n d e r i l luminat ion, inhibi t ion of 
the g r o w t h of cells a n d significant increase in t he format ion of the total 
soluble phenol ics (by near ly four t imes w i t h t he C. monogyna callus) 
w e r e observed . In add i t ion to phenolcarboxyl ic acids , (+)-catechin, ( - ) -
epicatechin, a n d several p roan thocyan id in s w e r e syn thes ized . 
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In all of the o ther cases, l ight w a s no t a necessary factor in t he bio
synthes is of flavans, a l t hough i l luminat ion usual ly intensified (after a n 
induct ion per iod) t he formation of flavan der ivat ives . Such a s t imulat ion 
w a s s h o w n , for example , w i th t he cell su spens ion cul ture of Paul ' s 
scarlet rose in syn thes iz ing catechins a n d p roan thocyan id ins (Davies, 
1972a), a n d wi th callus t i ssues (Forrest, 1969; Koretzkaya a n d Za
p rometov , 1975b) a n d cell s u s p e n s i o n cul tures (Bagratishvili a n d Za
p rometov , 1982) of the tea p lant . 

As indicated above , the activity of s o m e e n z y m e s involved in the 
b iosynthes is of phenol ic c o m p o u n d s can be i nduced by i l luminat ion. In 
this respect , one of the mos t s tud ied e n z y m e s is L -phenyla lanine am
monia- lyase (PAL). It w a s s h o w n tha t in case of t he flavan-synthesizing 
cell su spens ion cul ture of Acer pseudoplatanus, PAL activity increased 
th ree to four t imes at t he beg inn ing of in tense formation of phenol ic 
c o m p o u n d s a n d subsequen t ly decreased sharp ly (Westcott a n d H e n -
shaw, 1976). In rose cell cul tures no t all deve lopmen ta l s teps exhibi ted 
correlation b e t w e e n PAL activity a n d the syn thes i s of po lypheno l s 
(Davies, 1972b). 

In the tea-plant callus t issue, PAL activity increased rapidly , s imul
taneous ly wi th the formation of flavans u p to the fiftieth day , t h e n 
decreased sharply , t h o u g h the flavan concent ra t ion con t inued to in
crease (Shipilova et al, 1978). In this case, i l luminat ion (16 h r light a n d 8 
h r dark) significantly e n h a n c e d PAL activity. In Cryptomeria japonica cell 
cul tures g r o w n u n d e r con t inuous i l luminat ion, PAL exhibi ted t w o ac
tivity maxima: after 15 h r (basic) a n d after 12 days (addit ional) (Teramoto 
a n d Ishikura , 1985). The inhibi tor of PAL, L - l - aminohydroxypheny l -2 -
propionic acid, a t a concent ra t ion of 0.3 m M s u p p r e s s e d the first max
i m u m only b u t significantly r educed the formation of flavans. 

V. EFFECT OF POLYAMINES 

In o rder to h i n d e r ag ing of rose cells in cul ture , spe rmid ine (25 μΜ) 
a n d sucrose w e r e a d d e d to t he nu t r i en t m e d i u m d u r i n g the s ta t ionary 
g r o w t h p h a s e . As a resul t , b o t h t he a m o u n t a n d diversi ty of flavans 
increased (Muhi tch a n d Fletcher, 1985). After such t r ea tmen t the syn
thesis of ( - ) -ep ica tech in a n d ( - ) -epigal locatechingal la t s tar ted in cells, 
a long wi th the synthes i s of gallic acid a n d dimeric B-l p roan thocyan 
idin. 

This s eems to be the first t ime tha t format ion of galloylated catechin 
could be init iated in cell cul tures . 
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Accord ing to Has l am ' s hypo thes i s (Haslam, 1979), the c o m m o n pre 
cursor of catechins a n d p roan thocyan id ins is flav-3-en-3-ol, t he syn
thes is of the latter p roceed ing t h r o u g h the in te rmedia te d ihydro -
querce t in a n d flavan-3,4-diol s t eps . In this case, t he a m o u n t of N A D P H 
controls t h e final n o n e n z y m a t i c s teps of t he b iosynthes is of f lavans. 
H i g h N A D P H conten t main ly leads to formation of catechins , w h e r e a s 
deficiency in N A D P H favors t he synthes i s of p roan thocyan id ins . 

Wi th L - [ 1 4C ]pheny la l an ine as p recursor of flavans in the tea-plant cell 
s u s p e n s i o n cul ture , h o w e v e r , t he synthes i s of ( - ) -ep ica tech in occurred 
at e v e n a greater ra te t h a n tha t of dimeric p roan thocyan id ins , no twi th 
s t a n d i n g tha t N A D P H synthes i s in t he cells w a s lower t h a n tha t in the 
intact p l an t t i ssue (Nikolaeva et ah, 1982). In t he cell su spens ion cul ture 
of Pseudotsuga menziesii, L - [ 1 4C]pheny la l an ine also p r o v e d to be m o r e 
efficient in p r o m o t i n g the format ion of ( - ) -ep ica tech in a n d (+)-catechin 
t h a n tha t of p roan thocyan id in s (Stafford et al, 1982). T h u s , these da ta 
d o n o t s u p p o r t H a s l a m ' s n o n e n z y m a t i c hypo thes i s of flavan biosyn
thes is . 

It h a s b e e n es tabl ished w i t h f lavan-producing cell cul tures of Ginkgo 
biloba a n d Pseudotsuga menziesii tha t (+)-catechin a n d (+)-gallocatechin 
are syn thes ized , respectively, from (+) -d ihydroquerce t in a n d (+)-di -
hydromyr ice t in , w i th in te rmedia te formation of flavan-3,4-ds-diols (leu
cocyanidin a n d leucodelphin id in) (Stafford a n d Lester, 1984,1985). Both 
react ions are catalyzed by soluble e n z y m e s of the reduc tase type , w i th 
N A D P H as r educ ing agent : 
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OH 
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OH 
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(+)-Dihydroquercet in Leucocyanidin (+)-Catechin 

VII. CONCLUSIONS 

The da ta p r e s e n t e d he re indicate tha t t i ssues a n d cells cul tured bo th in 
the da rk a n d l ight p rese rve their ability to synthes ize flavan c o m p o u n d s . 

VI. BIOSYNTHESIS 
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The format ion of flavans in cell cul tures can be increased significantly by 
appropr i a t e selection of the nu t r i en t m e d i u m (carbon a n d n i t rogen 
a m o u n t s , compos i t ion a n d a m o u n t of p h y t o h o r m o n e s or their synthet ic 
analogs) a n d i l luminat ion condi t ions . Never the less , as a rule , cell 
cu l tures syn thes ize flavan c o m p o u n d s in smaller a m o u n t s a n d diversi ty 
t h a n d o the p a r e n t p lan t s . This appl ies particularly to catechins. T h u s , 
the t i ssue a n d cell cul tures of tea p lan t lose the ability to synthes ize ( - ) -
epigal locatechin, (+)-gallocatechin, ( - ) -epicatechingal la t , a n d ( - ) - ep i -
gallocatechingallat , a l t hough in leaves these catechins account for 90% 
of the total a m o u n t of catechins . 

Similar behavior w a s observed wi th the cul ture of rose cells, a l though 
y o u n g cul tures still p re se rved some ability for t he synthes is of galloy-
lated catechins (Muhi tch a n d Fletcher, 1984). In s o m e cases, the u se of 
po lyamines migh t o p e n an app roach to the res torat ion of lost ability 
(Muhi tch a n d Fletcher, 1985). 

In genera l , t he p roan thocyan id in /ca tech in ratio is m u c h greater in cell 
cul tures t h a n in original p lan t t issues . This could be d u e to a part icularly 
s t rong decelerat ion of the convers ion of flavan-3,4-diol to catechins ( the 
second reduc tase reaction; see above) . 

Also, in the dark , g reen t issues lose their pho toau to t roph ic p roper ty , 
a n d the h igh differentiation level is des t royed in such cul tures . As a 
resul t , in m a n y cases, t he flavan composi t ion of cul tured t issues (what
ever their o r ig in—stem, leaf, b u d , cotyledon) becomes rapidly similar to 
tha t of u n d e r g r o u n d o rgans (i.e., roots) . In this respect , t he tea p lant , 
w h i c h syn thes izes a part icularly great variety of flavans, offers a p r ime 
example . 
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I. INTRODUCTION 

Early s tud ies of the format ion of t ann ins a n d l ignins in cu l tured p lan t 
t i ssues a n d cells h a v e b e e n s u m m a r i z e d in comprehens ive rev iews (Teu-
scher , 1973; Butcher, 1977). Therefore , in the p re sen t chapter , a t ten t ion 
will be d e v o t e d to m o r e recent publ icat ions . 

II. TANNINS 

T a n n i n s can be classified in to t w o g roups : hydrolyzable a n d con
d e n s e d t a n n i n s (Has lam, 1966). This classification reflects bo th the p h y s -
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icochemical p roper t ies a n d the biogenesis of t ann ins . Hydrolyzable 
t ann ins usual ly resul t from b ind ing to sugar f ragments (mainly to t he D-
glucose moiety) of gallic, meta-digallic, or hexahydroxyd iphen ic acid 
r e s idues . The direct p recursors of these phenolcarboxylic acids are 
shikimic or dehydrosh ik imic acids. 

C o n d e n s e d t ann ins are formed by oxidative condensa t ion of fla
vono ids (mainly flavan-3,4-diol m o n o m e r s , less frequently catechins , 
s t i lbenes, a n d d ihydrochalcones) . The precursors of f lavonoids a n d , ac
cordingly, c o n d e n s e d t ann ins are malonyl -CoA a n d para-hydroxycin-
namoy l -CoA (possibly also caffeoyl-CoA). 

C o n d e n s e d t ann ins are usual ly s tored in h e a r t w o o d a n d bark, a n d 
hydrolyzable t ann ins in leaves, fruit p o d s , a n d galls (Haslam, 1966). 

A. Condense d Tannins 

Because precursors of c o n d e n s e d t ann ins are main ly flavans (fla-
van-3,4-diols a n d flavan-3-ols), it is in m a n y cases difficult to d r a w a 
clear dist inction b e t w e e n oligomeric p roan thocyan id ins a n d t rue con
d e n s e d t ann ins . Therefore, a great pa r t of the information given in 
Chap te r 4, this vo lume , appl ies directly to the p re sen t chapter . 

The resul ts of cytochemical s tudies of the formation a n d accumula t ion 
of c o n d e n s e d t ann ins h a s p roven to be very valuable . As early as 1963, 
t ann ins of p roan thocyan id in origin we re s h o w n to accumula te in some 
cells of Juniperus communis callus t issues , w i th p r e d o m i n a n t localization 
in the vacuoles (Constabel , 1963). Subsequen t electron-microscopic ex
amina t ions sugges ted tha t in cells of / . communis callus t issues, con
d e n s e d t ann ins are probably syn thes ized in the d ic tyosomes (Golgi a p 
para tus) a n d t h e n accumula te in the vacuoles (Constabel , 1969). In cell 
su spens ion cul tures of Picea glauca, the mos t probable site of synthes is of 
t ann ins w a s p r e s u m e d to be the m e m b r a n e sys tem of the endop lasmic 
re t iculum (ER) (Chafe a n d Durzan , 1973). The au tho r s envis ioned tha t 
small t ann in vesicles are eventual ly torn off the ER a n d are gradual ly 
t ransformed in to small vacuoles . These m o v e t h e n to the central vacuole 
to m e r g e wi th it. In such a way , t ann ins are t r anspor ted to the central 
vacuole , the ma in c o m p a r t m e n t for accumulat ion of t ann ins in the p ro 
toplast . It shou ld be m e n t i o n e d tha t w i th the cell suspens ion cul ture of 
P. glauca, con t inuous i l luminat ion led to significant decrease in the for
ma t ion of t ann ins , as compared to normal physiological condi t ions (14 
h r light p lus 10 h r darkness) (Durzan et ah, 1973). Electron-microscopic 
examina t ion of Pinus elliottii callus t issues s h o w e d tha t t ann ins are syn-
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thes ized in t he m e m b r a n e s of t he s m o o t h ER, t h e n t r anspor ted by vesi
cles to t he central vacuole (Baur a n d Walk inshaw, 1974). A n in te rmedi 
ate i nvo lvemen t of the Golgi a p p a r a t u s as the site of t ann in precursor 
accumula t ion w a s a s s u m e d . These au tho r s also found tha t formation 
a n d accumula t ion of t ann ins takes place in metabolically active cells. 
A l t h o u g h electron microscopy is no t suitable for d is t inguish ing b e t w e e n 
c o n d e n s e d a n d hydro lyzable t ann ins , it m a y be a s s u m e d tha t in 
cu l tu red cells of Picea glauca a n d Pinus elliottii c o n d e n s e d t ann ins w e r e 
formed, because t he latter are typical for the original p lan ts . 

Leaf-explant-derived callus t i ssues of Onobrychis viciifolia conta in n u 
m e r o u s condensed- tannin-f i l led cells (Lees, 1986). Tissues (cotyledons 
a n d roots) of O. viciifolia tha t normal ly d o no t contain c o n d e n s e d t ann ins 
form callus w i t h tannin-filled cells. In this case, howeve r , t he p resence 
of cytokinins (benzy laminopur ine or kinetin) in the cul ture m e d i u m is 
necessary . Specialized cells filled w i th flavan derivat ives (mainly p ro 
an thocyan id ins ) w e r e de tec ted previous ly in leaf- a n d s tem-der ived tea-
p lan t callus t i ssues (Strekova et al., 1980). 

A s well as w i th o ther secondary c o m p o u n d s , the formation of con
d e n s e d t a n n i n s in cu l tured cells a n d t issues d e p e n d s on nut r i t ion a n d 
i l luminat ion. Increase in glucose concentra t ion in the nu t r i en t m e d i u m 
from 1 to 6% led to significant increase in the conten t of c o n d e n s e d 
t a n n i n s in Juniperus communis callus t i ssues (Constabel , 1968). In cell-
s u s p e n s i o n cul tures of Acer pseudoplatanus, deple t ion of n i t rogen led to 
accumula t ion of great a m o u n t s of c o n d e n s e d t ann ins (Westcott , 1976). 
In this case, L -phenyla lan ine ammonia- lyase (PAL) activity initially cor
re la ted w i th t he format ion of t ann ins a n d t h e n decreased , a l t hough the 
syn thes i s of t ann ins w e n t on (Westcott a n d H e n s h a w , 1976). 

E thylene p r o d u c e d from 2-(chloroethyl)phosphonic acid (CEPA) at a 
concent ra t ion of 1.0 x 1 0 - 5 + 1.0 x Ι Ο - 4 Μ inhibi ted the formation of 
c o n d e n s e d t ann ins in t he cell su spens ion cul ture of Acer pseudoplatanus 
(Westcott , 1976). 

Cal lus a n d cel l -suspension cul tures der ived from y o u n g shoots of 
Cryptomeria japonica syn thes ized , toge ther w i th two catechins [(+)-cate-
chin a n d ( - ) -ep ica tech in] a n d one or t w o dimeric p roan thocyan id ins , a 
great a m o u n t of polymeric p roan thocyan id ins , tha t is, typical con
d e n s e d t a n n i n s (Ishikura a n d Teramoto , 1983). In this case, t he conten t 
of t a n n i n s (in cyanid in equivalents) in dark-green callus w a s 26.6% of 
d ry we igh t , a n d in l ight-cul tured cells, only 5.2%. 

Unusua l ly h igh a m o u n t s of p roan thocyan id in -der ived t a n n i n s — u p to 
60% of d r y w e i g h t — w e r e found in the l ight -grown callus t issues of 
Pseudotsuga menziesii (Monroe a n d Johnson , 1984). 
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Β. Hydrolyzable Tannins 

There are b u t few data on the formation of hydrolyzable t ann ins in 
cu l tu red cells a n d t i ssues . T h u s , in cell su spens ion cul tures of Paul ' s 
scarlet rose , together w i th p roan thocyan id ins , glucogallin (monogalloyl-
D-glucose) a n d one or t w o gal lo tannins w e r e identified (Davies, 1972). 

The callus t issues of Quercus rubur synthes ize only small a m o u n t s of 
gallic acid a n d β-penta-O-galloyl-D-glucose, w h e r e a s in the pa ren t p lant , 
meta-digallic a n d hexahydroxyd iphen ic acid derivat ives (e.g. , vescalagin 
a n d castalagin) are syn thes ized in great a m o u n t s a n d diversi ty (Haslam 
a n d Lilley, 1985). The loss of the h igh level of morphological differentia
tion in cul tured cells a n d t issues s eem to affect part icularly their ability 
to synthes ize hydrolyzable t ann ins . 

III. LIGNANS 

The t e rm lignans usual ly des igna tes the optically active d imers of C 6 -
C 3 un i t s (hydroxycinnamic acids or alcohols). M a n y of these c o m p o u n d s 
possess hepa to t rop ic a n d ant ihepatotoxic (hepatoprotect ing) activity 
(Wagner , 1985). A l t h o u g h there are m a n y repor ts abou t the occurence of 
l ignans in p lan t s , still n o da ta are available abou t their isolation from 
cul tured cells a n d t i ssues . 

A t t e m p t s to u se callus t issues a n d cell suspens ion cul tures of Silybum 
marianum as sources of f lavonolignans (silybin, si lydianin, silychristin) 
p r o v e d to be of little success, a l though the intact p lan ts accumula te 
these c o m p o u n d s . The cotyledon-der ived callus of S. marianum initially 
possessed the ability to synthes ize f lavonolignans, bu t this ability com
pletely d i s appea red later (Schrall a n d Becker, 1977). Howeve r , the au
thors could achieve silybin synthes is by a d d i n g to the cell su spens ion 
cul ture the precursors of silybin, namely , the dihydroflavonol taxifolin 
(d ihydrokaempferol ) , a n d coniferyl alcohol. In this case the formation of 
silybin p roceeded rapidly (after several hours ) . If the flavone luteolin 
w a s a d d e d to the cul tured cells ins tead of taxifolin, ano the r flavonolig-
n a n w a s syn thes ized , hydnoca rp in (a c o m p o u n d typical for Hydnocarpus 
wightiana). Similar resul ts we re obta ined wi th the cell-free extract of S. 
marianum suspens ion-cu l tu red cells a n d a horse rad i sh peroxidase p repa 
rat ion (Schrall a n d Becker, 1977). In spite of the inability of the S. mar
ianum cell su spens ion cul ture to synthes ize f lavonolignans, the addi t ion 
of some f lavonolignans (silybin, silydianin) to such cul tures at con-
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centra t ions b e t w e e n 1 0 ~ 6 a n d 1 0 ~ 4 Μ s t imula ted cell g rowth , a l t hough 
the differentiation of cells r ema ined unaffected (Becker a n d Schrall, 
1977). 

IV. LIGNINS 

T h e format ion of l ignins occurs usual ly in the tracheid-like e lements 
a n d parenchyma- l ike cells, as well as in intercellular spaces (Butcher, 
1977). Cu l tu red cells general ly p rese rve their ability to synthes ize l ignin. 
Cell s u s p e n s i o n s of Petroselinum crispum (previously called P. hortense) 
s e e m to be o n e of the except ions . This cul ture d o e s no t synthes ize l ignin 
a n d d o e s no t conta in the i soenzymes specific for l ignin b iosynthes is , 
t hose of 4-coumara te-CoA ligase a n d O-methyl t ransferase (Hahlbrock, 
1977). The r eason for such behavior is still unclear . The cel l -suspension 
cul ture of Glycine max g r o w n in the da rk on B5 m e d i u m also does no t 
syn thes ize l ignin (Farmer, 1985). Wi th lower ing of the N 0 3 ~ a n d P 0 4

3 _ 

con ten t (LS, B5 m e d i u m ) , howeve r , t he cells begin to synthes ize signifi
cant a m o u n t s of extracellular l ignin. 

T h e l ignin of cu l tu red soybean cells is closely related in composi t ion to 
tha t of w o o d y g y m n o s p e r m s (Nimz et al., 1975). Guaiacol, vanillin, syr-
i nga ldehyde , coniferyl, a n d sinapic a ldehydes w e r e identified a m o n g 
the pyrolysis p r o d u c t s of this l ignin. 

In cu l tured soybean cells t w o i sozymes of c innamoyl-alcohol d e h y d r o 
genase (an e n z y m e involved in l ignin biosynthesis) w e r e de tec ted . The 
subs t ra te specificity of o n e of the i sozymes co r re sponded to the com
posi t ion of soybean l ignin (Wyrambik a n d Grisebach, 1975). 

Of h o r m o n e s inf luencing t h e formation of l ignin, cytokinins s eem to 
be t h e m o s t active. T h u s , in cu l tu red callus t issues a n d cells of Nicotiana 
tabacum, k inet in increased the con ten t of Klason 's l ignin from 3 - 5 to 22% 
of d r y we igh t (Bergmann, 1964). In this case the differentiation level 
(i .e. , t he a m o u n t of tracheid-like e lements) in the cul tures increased. 
O t h e r a u t h o r s (Yamada a n d Kuboi , 1976) r epor t ed tha t kinet in (10 ~ 5 M) 
in cu l tu red N. tabacum cells s t imula ted differentiation (appearance of 
o rganized xylem e lements ) a n d also caused an increase in the percent
age of lignified cells from 0.5 to 2 .8%. In cell su spens ion cul tures of Acer 
pseudoplatanus, k inet in s t imula ted in a similar w a y the formation of lig
n in (Carceller et al., 1971). In callus cul tures der ived from y o u n g tea-
p lan t s t ems , kinet in (5 x 10 ~ 6 M) caused a n increase in the a m o u n t of 
tracheid-l ike e l emen t s , a n d a lmost twofold intensification of l ignin syn-
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thesis (Zaprometov et al., 1986). Concomitant ly , the activity of the 
covalently l inked pe roxydase form increased sharply . 

In o rder to s t imulate lignification in cell su spens ion cul tures of var ious 
p lan ts , combina t ions of cytokinin (benzy laminopur ine , 5 μΜ) wi th aux
in (naph tha l ene acetic acid, 5 μΜ) we re also u sed . In mos t of the cases 
such combina t ions i nduced toge ther wi th l ignin formation the activity of 
con i fe r in^ -g lucos idase also (Hosel et al., 1982). 

In Nicotiana tabacum callus t issues , kinet in (1 mg/li ter) s t imula ted in
corpora t ion of L - [ 1 4C]pheny la lan ine into coumar ins (scopoletin a n d 
scopolin) a n d the formation de novo of PAL, w i thou t affecting the label
ing of l ignin (Hino et al, 1982). The reason for such anoma lous behavior 
(as concerns the l ignin formation) is no t clear. 

The da ta abou t the influence of different auxin concentra t ions on lig
n in formation in cu l tured cells a n d t issues are contradictory. T h u s , in 
cu l tured Acer pseudoplatanus cells, a change in 2,4-dichlorophenoxyacet ic 
acid (2,4-D) concentra t ion from 1 to 10 mg/l i ter caused m a r k e d increase 
in l ignin formation (Carceller et al., 1971), w h e r e a s cul tured carrot cells 
exhibi ted a n oppos i te t rend: l ignin conten t increased wi th twofold de 
crease in 2,4-D concentra t ion (from 1.0 to 0.05 p p m ) (Sugano et al., 
1975). The opt imal 2,4-D concentra t ion for the g r o w t h of tea-plant callus 
t i ssues w a s 2 x 10 ~ 5 M. Subst i tut ion of naphtha leneace t ic acid (3 x 
10 ~ 7 to 2 x 10 ~ 5 M) for 2,4-D led to significant increases in l ignin 
formation ( three- to fourfold) (Zagoskina a n d Zaprome tov , 1979). 

In Nicotiana tabacum callus t i ssues , l ignin formation w a s inhibi ted by 
addi t ion of abscisic acid (0.01-5.0 mg/li ter) to the nu t r i en t m e d i u m (Li et 
al, 1970). H o w e v e r , the s t ronges t inhibi tor of l ignin formation p roved to 
be L -aminohydroxy-3-phenylpropionic acid (AOPP). It supresses PAL 
activity a n d t h u s depr ives the lignification process of the necessary sub
strates (Amrhe in a n d Godeke , 1977). A O P P at a concentra t ion of 0.3 m M 
almost complete ly inhibi ted the formation of l ignin a n d lignin-like com
p o u n d s in cu l tured Lonicera prolifera cells (Amrhe in et al., 1983). 

Inhibi t ion of extracellular l ignin formation in soybean cel l -suspension 
cul tures w a s observed wi th addi t ion to the m e d i u m of a fungal elicitor 
from Phytophthora megasperma f .sp. glycinea (Farmer, 1985). This w a s ac
c o m p a n i e d by decrease in the activity of t w o e n z y m e s involved in l ignin 
b iosynthes is , namely , PAL a n d 4-coumarate-CoA ligase. 

The cell su spens ion cul tures of Triticum aestivum a n d Glycine max w e r e 
u s e d for s tudy ing the metabol i sm of xenobiotics, inc luding herbicides 
( S a n d e r m a n n et al, 1984). It w a s found tha t 2,4-D a n d pentachlor-
o p h e n o l copolymer ize wi th p h e n y l p r o p a n m o n o m e r s , a n d that they are 
consequen t ly incorpora ted into t rue l ignin. In this case lignin formation 
is o n e of the p a t h w a y s for detoxification of xenobiotics. 
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The da ta accumula ted since the late 1970s indicate tha t l ignin com
posi t ion even in t h e s a m e p lan t is n o t a lways uni form. For example , 
guaiacyl l ignin main ly m a y be formed in p a r e n c h y m a cells, a n d syringyl 
l ignin in xylem (Wiermann , 1981). 

In tea-p lant callus t i ssues , l ignin is no t de tec ted in tracheid-like ele
m e n t s b u t is found wi th in specialized cells a n d in their walls (as follows 
from t h e react ion w i t h phloroglucinol a n d hydrochlor ic acid) (Zapro
m e t o v et al, 1979). A similar pa t t e rn of l ignin localization w a s found in 
the ce l l -suspension cul ture of Acer pseudoplatanus (Carceller et al, 1971). 

The influence of long- te rm cul tur ing o n formation of l ignin a n d solu
ble pheno l ic c o m p o u n d s w a s s tud ied w i th s tem-der ived tea-plant callus 
t i ssues . A s a n example , t h e t i ssues of t he t e n t h a n d for ty-seventh sub 
cul tures (passages) w e r e c o m p a r e d (each subcul ture lasted 5 weeks) 
(Strekova et al, 1980). After t he th i r ty-seventh subcul ture , the con ten t of 
flavans decreased 10 t imes , t he con ten t of total soluble phenol ic com
p o u n d s 5 t imes , a n d the a m o u n t of l ignin only 2 t imes . T h u s , l ignin 
b iosyn thes i s , a t least in s o m e p lan t t i ssue cul tures , s eems to be a m o r e 
conservat ive process t h a n the formation of flavan derivat ives. 
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I. INTRODUCTION 

N a t h t h o q u i n o n e s are found sporadically in abou t 20 families of h igher 
p lan t s , inc lud ing Ebenaceae , Droseraceae , Balsaminaceae, Juglan-
daceae , P lumbaginaceae , Bignoniaceae, a n d Boraginaceae. Phyllo-
q u i n o n e (vi tamin Κ χ) , howeve r , occurs universal ly in g reen p lan ts . 
Some of t he na tu ra l n a p h t h o q u i n o n e s ( lawsone, jug lone , shikonin) h a v e 
b e e n u s e d as d y e s since ancient t imes . Fu r the rmore , several c o m p o u n d s 
are k n o w n to h a v e in teres t ing physiological proper t ies , such as ant i-
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microbial (p lumbagin , sh ikonin) , an t i tumor (lapachol), ant i inf lammato
ry (shikonin) , a n d phytotoxic (juglone) activities. According to Inoue 
a n d Inouye (1983), the n a p h t h o q u i n o n e s of h igher p lan ts are bio-
syn thes ized t h r o u g h the following five routes : (1) orf/zo-succinylbenzoic 
acid (OSB) p a t h w a y (e.g. , l awsone , juglone , v i tamins K 2 a n d K 2) , (2) 
pflra-hydroxybenzoic ac id -meva lon ic acid (MVA) p a t h w a y (e.g. , 
sh ikonin) , (3) homogent i s ic a c i d - M V A p a t h w a y (e.g. , chimaphi l in) , (4) 
acetic a c i d - M V A p a t h w a y (e.g. , p lumbagin) , a n d (5) MVA p a t h w a y 
(e.g. , hemigossypo lon) . In recent years , cell cul tures of several n a p h t h o -
qu inone-con ta in ing p lan ts , inc luding Lithospermum, Echium, Plumbago, 
Juglans, Catalpa, Galium, a n d Streptocarpus, have b e e n establ ished by sev
eral worke r s to elucidate the biosynthet ic p a t h w a y s as well as the reg
ula tory m e c h a n i s m of n a p h t h o q u i n o n e produc t ion . 

II. NAPHTHOQUINONES IN CELL CULTURES 

A. Shikoni n Derivatives 

Callus cul tures of Lithospermum erythrorhizon, wh ich w e r e der ived 
from the seedl ings a n d g r o w n o n L insmaie r -Skoog (LS) m e d i u m con
ta in ing indole-3-acetic acid (IAA) a n d kinet in in the dark , are capable of 
p r o d u c i n g the s ame 1 ,4-naphthoquinones as those found in the root 
bark of the intact p lan t (Tabata et al., 1974; Konosh ima et al., 1974; 
Mizukami et al., 1978). These red p igmen t s , w h i c h accumula te on the 
ou ts ide of cell walls of cu l tured cells, consist of sh ikonin (1) [an optical 
i somer of a lkannin (2)] a n d its fatty acid esters (Fig. 1). Cell su spens ion 
cul tures g r o w n in M9 produc t ion m e d i u m (Fujita et al., 1981b) also p ro 
duce the s ame sh ikonin derivat ives, w h o s e relative p ropor t ions are sim
ilar to those in the root (Fujita et al., 1982). The conten t of sh ikonin 
der ivat ives in cu l tured cells w a s remarkably increased by the r epea ted 
selection of subcu l tu red callus t issues in successive transfer genera t ions 
(Mizukami et al., 1978) or the selection of single-cell clones (Tabata et al., 
1978). As a result , t he total sh ikonin conten t of a selected cell s train M18 
w a s as h igh as 1.2 m g pe r g r am fresh weight , a n eightfold increase over 
the con ten t of the original callus cul ture . 

Callus cul tures of Echium lycopsis, ano the r boraginaceous p lan t con
ta in ing red p i g m e n t s in the root bark, w e r e also found to p r o d u c e 
sh ikonin der ivat ives w h e n g r o w n on LS agar m e d i u m conta in ing IAA 
a n d kinet in in the dark ( Inouye et al., 1981). The total con ten t of pig
m e n t s (12.3% of d ry weight ) , wh ich consis ted of β ,β-dimethylacryl , β-
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Fig. 1. N a p h t h o q u i n o n e s and related c o m p o u n d s produced by various plant cell cultures. 

hydroxyisovaleryl , acetyl, i sobutyl , a n d isovaleryl der ivat ives of shiko
n in , w a s 350 t imes h igher t h a n tha t of the root . In addi t ion to sh ikonin 
der ivat ives , t w o n e w q u i n o n e s , ech inone (3) ( red-orange oil, 24.5 mg) 
a n d echinofuran (4) (orange-colored oil, 36.6 mg) , w e r e isolated from 
fresh callus cul tures (375 g) of E. lycopsis. Echinone , w h i c h s h o w e d a 
s t rong antibacterial activity (Tabata et a/., 1982), is s tructural ly re la ted to 
acety lshikonin , w h e r e a s echinofuran a p p e a r s to be a n u n u s u a l me tabo 
lite ar is ing from a key in te rmedia te , ge r any lhyd roqu inone (22), in the 
b iosynthes i s of sh ikonin . T w o congene r s of echinofuran, echinofuran Β 
(5) a n d C (6), w e r e also isolated from the cell cul tures as well as the roots 
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of Lithospermum erythrorhizon (Fukui et al., 1984a). Interest ingly, the n e w 
c o m p o u n d echinofuran Β (yield, 3.8 m g per g r am dry weight) w a s 
formed de novo only w h e n activated carbon w a s a d d e d to the suspens ion 
cul ture . 

Yazaki et al. (1986) h a v e succeeded in isolating two s u p p o s e d inter
med ia t e s of sh ikonin b iosynthes is ( Inouye et al., 1979), tha t is, meta-gera-
nyl-ptfra-hydroxybenzoic acid (21) a n d ge rany lhydroqu inone (22), from 
sh ikon in -p roduc ing Lithospermum cel l -suspension cul tures . The yields of 
these colorless, oily c o m p o u n d s w e r e 71 a n d 73 m g per 400 g d ry 
we igh t , respectively. 

Fukui et al. (1983a) examined the absolute configurat ion of n a p h t h o 
q u i n o n e derivat ives a n d found tha t no t only the roots b u t also the callus 
t i ssues of Lithospermum erythrorhizon a n d Echium lycopsis p r o d u c e d bo th 
the R form (shikonin) (1) a n d the S form [alkannin (2)] in var ious rat ios , 
d e p e n d i n g on the esterified derivat ives. A l t h o u g h the derivat ives p ro 
d u c e d by Lithospermum w e r e primari ly of the R form, those isolated from 
Echium consis ted largely of the S form. It w a s sugges ted that the abso
lute configurat ion of a part icular derivat ive m a y be liable to be c h a n g e d 
from the R form to the S form, or vice versa by the genetic factors a n d 
physiological condi t ions of the cells. Howeve r , pharmacological tes ts 
s h o w e d tha t n o significant difference in the ant i inf lammatory activity is 
found b e t w e e n a pair of enan t iomers , sh ikonin a n d a lkannin (Tanaka et 
al., 1986). 

B. Plumbagi n 

Heble et al. (1974) de tec ted t he p resence of p lumbag in (9) in callus 
cul tures der ived from the s t em segmen t s of Plumbago zeylanicum (P lumb-
aginaceae) a n d cul tured on L in -S taba m e d i u m s u p p l e m e n t e d wi th 2,4-
dichlorophenoxyacet ic acid (2,4-D) a n d kinet in u n d e r con t inuous il
lumina t ion . The p lumbag in conten t var ied from 0.11 to 3.30 mg/100 g 
fresh weigh t , d e p e n d i n g o n cell s trains a n d g r o w t h h o r m o n e s . The 
p l u m b a g i n con ten t of callus t issues w a s comparable to tha t of the leaves 
(1.0 m g pe r g r a m fresh weight ) , b u t m u c h smaller t h a n tha t of the roots 
of the intact p lan t (6.50 m g pe r g r am fresh weight ) . 

C. Glycoside s of Oxygenate d Naphthalene s 

N a p h t h o q u i n o n e s usual ly d o no t occur as glycosides in h igher p lan t s . 
H o w e v e r , Muller a n d Leistner (1978) isolated no t only 1,4-naphtho-
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q u i n o n e (10) a n d jug lone (11) b u t also n e w glucosides of the cor respond
ing h y d r o q u i n o n e s (12, 13) from mesoca rp callus a n d cel l -suspension 
cul tures of Juglans major a n d / . microcarpa (Juglandaceae). These com
p o u n d s w e r e formed in 20-day-old callus cul tures in significant a m o u n t s 
only w h e n g r o w n o n modif ied B5 m e d i u m conta in ing n a p h t h a l e n e - 1 -
acetic acid (NAA) as the sole h o r m o n e . The major c o m p o n e n t in the / . 
major callus w a s the glucoside of jug lone (6.59 m g per g r am dry weight ) . 
The con ten t of the s ame glucoside in t he / . microcarpa callus (26.73 m g 
pe r g r a m d r y weight ) w a s h igher t h a n tha t of its ag lucone, jug lone (0.08 
m g p e r g r a m d ry weigh t ) . 

I n o u e et al. (1984a) also r epor t ed the isolation of a n e w glucoside, 2-
ca rbomethoxy-3 -p reny l - l , 4 -naph thoqu inone diglucoside (35), from cell 
s u s p e n s i o n cul tures of Galium mollugo (Rubiaceae) tha t w e r e incuba ted 
in G a m b o r g B5 m e d i u m s u p p l e m e n t e d wi th 2,4-D, N A A , IAA, a n d 
kinet in for a per iod of 7 days . The yield of the n e w c o m p o u n d w a s 
increased to 7.1 g pe r 7 liters of m e d i u m by adminis t ra t ion of the precur
sor OSB to the m e d i u m . 

D. Lapachon e Derivatives 

In callus cul tures der ived from seedl ings of Catalpa ovata (Bignonia-
ceae), Ueda et al. (1980) de tec ted t he p resence of 11 n a p h t h o q u i n o n e 
congene r s , inc luding m e n a q u i n o n e - 1 (14), catalpalactone, a n d deriva
tives of a - l apachone (27), wh ich are k n o w n cons t i tuents previous ly 
ob ta ined from the w o o d of the original p lant . Of these cons t i tuents , 
8 -hydroxydehydro- i so-a - lapachone , 3 ,8-dihydroxydehydro- iso-a- lapa-
chone , dehyd ro -a - l apachone , a n d 8-hydroxy-2- isoprenylfuranonaph-
t h o q u i n o n e w e r e isolated from fresh callus t i ssues as o range- red or r ed 
crystals. The callus also p r o d u c e d a specific n a p h t h o q u i n o n e , 3-hy-
droxydehydro- i so -a - lapachone (15). H o w e v e r , n o n e of the n a p h t h o 
q u i n o n e s w a s de tec ted in the callus cul tures g r o w n on LS agar m e d i u m 
conta in ing 2,4-D in place of IAA a n d kinet in . 

E. Dunnione Derivatives 

In cell s u s p e n s i o n cul tures of Streptocarpus dunnii (Gesneriaceae), In
o u e et al. (1983) isolated six n a p h t h o q u i n o n e s from a mixture of free cells 
a n d poor ly differentiated plant le ts g r o w n in LS m e d i u m conta in ing IAA 
a n d k ine t in in t he dark . These subs tances w e r e identified as a r ed pig
m e n t , d u n n i o n e (16), a n d a yel low isomer , a - d u n n i o n e (32), wh ich are 
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k n o w n cons t i tuen ts of the leaves of S. dunnii, a n d n e w related sub
s tances , d e h y d r o d u n n i o n e , 7 -hydroxydunn ione (17), 8 -hydroxydun-
n ione (18), a n d s t rep tocarpone (19). These unusua l ly p reny la ted n a p h 
t h o q u i n o n e s could also be isolated from the leaves of the intact p lan t . 
Interest ingly, the major c o m p o n e n t of the suspens ion cul tures w a s 
found to be a - d u n n i o n e (10 m g pe r 870 ml of m e d i u m ) , a l though tha t of 
t he m a t u r e leaves w a s d u n n i o n e (300 m g per 57 g of leaves). 

Examinat ion of the optical proper t ies s h o w e d tha t d u n n i o n e isolated 
from m a t u r e p lan t s w a s absolutely optically p u r e , b u t the same q u i n o n e 
from the cul tures consis ted of bo th d a n d / enan t iomers in a ratio 53 : 47. 
O n the o ther h a n d , α - d u n n i o n e from the m a t u r e p lan t w a s a mixture of 
d a n d I enan t iomer s in the ratio 45 : 55, w h e r e a s the same c o m p o u n d 
from the cell cu l tures w a s a mixture of b o t h enan t iomers in the ratio 55 : 
45. These resul ts d e m o n s t r a t e d tha t even the same c o m p o u n d s s h o w 
different optical ro ta t ions d e p e n d i n g on their origin. 

III. BIOSYNTHETIC PATHWAYS OF 
NAPHTHOQUINONES 

A. Biosynthesi s of Shikoni n 

The biosynthet ic p a t h w a y of sh ikonin w a s invest igated by Inouye et 
al. (1979), w h o admin i s te red labeled p recursors , pflra-[3-3H]hydroxy-
benzoic acid a n d [2- 1 4C]mevalonic acid, to Lithospermum erythrorhizon 
callus cul tures (strains M18 a n d M231a) g r o w n o n LS agar m e d i u m 
conta in ing IAA a n d kinet in , in the dark . The resul ts of exper iments 
indicated tha t pflra-hydroxybenzoic acid (20) w a s incorpora ted into t he 
h y d r o q u i n o n e por t ion of shikonin , w h e r e a s t w o molecules of 
[2 - 1 4C]MVA w e r e incorpora ted into sh ikonin , labeling C-Γ a n d C-5 ' 
pos i t ions of the side chain. Fu r the rmore , the chemically syn thes ized 
labeled subs tances meta-geranyl-parfl-[8'-3H]hydroxybenzoic acid a n d 
[ 8 ,- 3H ] g e r a n y l h y d r o q u i n o n e w e r e a lmost specifically incorpora ted in to 
sh ikonin . Tracer exper iments s h o w e d tha t bo th raeta-geranyl-para-hy-
droxybenzoic acid (21) a n d ge rany lhydroqu inone (22) are t he b iosyn
thet ic in te rmedia tes of sh ikonin (Scheme 1). The biosynthet ic p a t h w a y 
of sh ikonin p r o p o s e d by Inouye ' s g r o u p h a s b e e n s u p p o r t e d by the 
isolation of these in te rmedia tes from sh ikonin-produc ing cells of t he 
s train M18 (Yazaki et al, 1986). 
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S c h e m e 1. Biosynthetic pa thway leading to the formation of shikonin (1) in Lithospermum 
erythrorhizon callus cultures (Adapted from Inouye et al., 1979, by permission.) 

B. Biosynthesi s of Lapachon e Derivatives 

I n o u y e et al. (1978) s tud ied the b iosynthes is of l apachone derivat ives by 
admin i s t e r ing [2 ' - 1 4C]carboxyl-OSB to Catalpa ovata callus cul tures . F rom 
compar i sons of incorpora t ion ra tes of OSB into the metabol i tes , t hey 
p r o p o s e d tha t several n a p h t h o q u i n o n e congeners of lapachol are bio-
syn thes i zed from OSB (23) via 2-carboxy-4-oxo-a-tetralone (COT) (24), 2-
p reny l -COT (25), a n d ca ta lponone (26) ( Inoue et al, 1981) (Scheme 2). 
F u r t h e r m o r e , d i lut ion analysis after adminis t ra t ion of the labeled OSB to 
callus cul tures d e m o n s t r a t e d tha t b o t h prenyla t ion a n d decarboxylat ion 
in t he m a i n b iosynthet ic rou te from OSB to qu inono ids p roceed ster-
eospecifically ( Inoue et al., 1980). 

C. Biosynthesi s of Dunnione 

I n o u e et al. (1984b) e lucidated t he b iosynthet ic p a t h w a y of d u n n i o n e 
a n d its congene r s by s t udy ing the incorpora t ion of stable labeled precur-

ο ο 0 0 0 

23 2 4 25 26 27 

S c h e m e 2. Biosynthetic pathway leading to the formation of a- lapachone (27) in Catalpa 
ovata callus cultures (Adapted from Inouye et al., 1978, by permission.) 
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sors in to q u i n o n e s p r o d u c e d by cell su spens ion cul tures of Streptocarpus 
dunnii. The resul ts of exper iments indicated tha t d u n n i o n e (16), a - d u n -
n ione (32), a n d 8 -hydroxydunn ione (18) are b iosynthes ized from OSB 
(23) via l ,4 -d ihydroxy-2-naphthoic acid (28), l awsone (29), l awsone 2-
p reny l e the r (30), a n d the Claisen-type r ea r r angemen t p roduc t of the 
latter, 2 -hydroxy-3- ( l , l -d imethyla l ly l ) - l ,4 -naphthoquinone (31), w h i c h 
p r o v e d to be the key in te rmedia te for all the n a p h t h o q u i n o n e s in this 
p lan t (Scheme 3). 

D. Biosynthesi s of Naphthoquinon e Diglucoside 

The biosynthet ic p a t h w a y of a u n i q u e metabol i te , 2-carbomethoxy-3-
p r e n y l - l , 4 - n a p h t h o q u i n o n e diglucoside (35) p r o d u c e d by Galium mol-
lugo ce l l -suspension cul tures w a s invest igated by Inoue et al. (1984a). In 
the adminis t ra t ion exper iments , t he qu inone conten t of the cu l tu red 
cells h a d b e e n r educed t h r o u g h s teady-state con t inuous cul tur ing in a 
chemos ta t u n d e r phosphate- l imi t ing condi t ions , so tha t the specific in
corpora t ion of the labeled precursor , [2 ,-carboxy- 1 3C]OSB, w a s as h igh 
as 93 .3%. The ana lyses s h o w e d tha t the diglucoside is b iosynthes ized 
t h r o u g h key in te rmedia tes , 1 ,4-dihydroxynaphthoic acid (33) a n d 1,4-
dihydroxy-3-prenyl-2-naphthoic acid (34) (Scheme 4). 

S c h e m e 3 . Biosynthetic pathways leading to the formation of dunnione (16) and a-
dunn ione (32) in Streptocarpus dunnii cell suspens ion cultures (Adapted from Inoue et al, 
1984, by permission.) 
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S c h e m e 4. Biosynthetic pa thway leading to 2-carbomethoxy-3-prenyl- l ,4-naphtho-
quinone di-p-glucoside (35) in Galium mollugo cell suspens ion cultures (Adapted from 
Inoue et al., 1984a, by permission.) 

IV. INTRACELLULAR LOCALIZATION OF 
NAPHTHOQUINONES 

Submicroscopic s tud ies of n a p h t h o q u i n o n e - p r o d u c i n g cells have so 
far b e e n m a d e only for cu l tu red cells of Lithospermum erythrorhizon in 
w h i c h the b iosynthes i s of sh ikonin derivat ives could readily be i nduced 
by t ransferr ing the cells from LS liquid m e d i u m to M9 produc t ion med i 
u m . Electron-microscopic observat ions of sh ikonin-produc ing cells sug
ges ted tha t t he p i g m e n t s accumula te in "secret ion vesicles" (0 .1-0 .2 μ ιη 
in d iameter ) , w h i c h originate from e lec t ron-dense , spherical swell ings 
formed in h ighly e longated , r o u g h endop lasmic re t iculum (Tsukada a n d 
Tabata , 1984). Mos t of these vesicles a p p e a r e d to fuse w i th the p l a sma 
m e m b r a n e to secrete the con ten t s , consis t ing mainly of sh ikonin deriva
t ives (27.2%), l ipids (28.6%), a n d pro te ins (21.5%), to the outs ide of the 
cell wall . 

A l t h o u g h the resul ts of this s t u d y indicated a close re la t ionship be 
t w e e n t h e metabol ic differentiation a n d morphological changes in cell 
s t ruc ture , biochemical aspec ts of n a p h t h o q u i n o n e synthes is r emain to 
be e luc ida ted in detail . 

V. REGULATION OF NAPHTHOQUINONE 
PRODUCTION 

Studies o n the regula t ion of n a p h t h o q u i n o n e b iosynthes is h a v e 
largely b e e n concent ra ted o n the elucidat ion of physical a n d chemical 
factors control l ing sh ikonin p roduc t ion in Lithospermum cell cul tures . 
The sh ikon in syn thes i s in b o t h Lithospermum (Tabata et al, 1974) a n d 
Echium cu l tures (Fukui et al, 1983a) w a s found to be s t rongly repressed 
by e i ther w h i t e or b lue light b u t no t by red or green . Exper iments h a v e 
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s h o w n tha t lumiflavine aris ing from the blue- l ight- induced pho todegra -
da t ion of flavine mononuc leo t ide inhibits the b iosynthes is of sh ikonin in 
Lithospermum cells (M. Tabata a n d K. Yazaki, u n p u b l i s h e d data) . 

P lant g r o w t h h o r m o n e s are also k n o w n as impor t an t factors control
l ing t he b iosynthes i s of n a p h t h o q u i n o n e s . Tabata et al. (1974) found tha t 
t he synthet ic auxin 2,4-D complete ly inhibits the synthes is of sh ikonin 
der ivat ives , w h e r e a s the na tura l auxin IAA w a s ra ther s t imulatory. In 
this connect ion , Inouye et al. (1979) s h o w e d tha t [5-3H]shikimic acid 
admin i s t e red to Lithospermum callus cul tures g r o w n on a m e d i u m con
ta in ing 2,4-D ins tead of IAA w a s incorpora ted into meta-geranyl-para-
hydroxybenzo ic acid (21) b u t w a s hard ly incorpora ted into geranylhy-
d r o q u i n o n e (22). It is likely, therefore, tha t 2,4-D inhibits the decarbox
ylat ion of t he former in te rmedia te in to the latter. 

Gibberell in A 3 also s t rongly inhibits sh ikonin synthes is in Lithosper
mum callus cul tures , at a concentra t ion as low as 1 0 ~ 7M , w i thou t affect
ing cell g r o w t h (Yoshikawa et al., 1986). The a m o u n t of e n d o g e n o u s GA-
like subs tances in the sh ikon in-produc ing strain M l 8 w a s s h o w n to be 
m u c h smaller t h a n tha t of the n o n p r o d u c i n g strain B17, sugges t ing tha t 
G A could be o n e of t he impor t an t e n d o g e n o u s regula tors in the bio
synthes i s of sh ikonin . 

A m o n g several chemical subs tances k n o w n to affect sh ikonin bio
syn thes i s , t he effect of certain acidic polysacchar ides is of special in
terest . Fuku i et al. (1983b) found tha t the addi t ion of ei ther agaropect in 
or pectic acid to LS liquid m e d i u m induced sh ikonin p roduc t ion in sus 
p e n s i o n cul tures of the cell s t rain M18. The exper iments sugges ted tha t 
this s train lacks the ability to synthes ize an acidic polysacchar ide tha t is 
necessary , directly or indirectly, for the initiation of sh ikonin bio
syn thes i s , a l t hough it is capable of p roduc ing large a m o u n t s of sh ikonin 
der ivat ives o n LS agar m e d i u m . 

As rega rds t he nutr i t ional factors affecting the b iosynthes is of shiko
n in der ivat ives in Lithospermum cul tures , Mizukami et al. (1977) observed 
tha t sucrose at h igh concent ra t ions (5-10%), add i t ion of ascorbic acid, or 
L -phenyla lan ine increased the sh ikonin content . In contrast to these 
subs tances , h igh concent ra t ions of n i t rogen sources ( N H 4 N 0 3 a n d urea) 
as well as C a 2 + a n d F e 2+ inhibi ted sh ikonin p roduc t ion . O n the o ther 
h a n d , in an a t t e m p t to find a l iquid m e d i u m in wh ich Lithospermum cells 
(strain M l 8) w o u l d p r o d u c e sh ikonin in the absence of agar or pectic 
acid, Fujita et al. (1981a) found tha t t he cell su spens ion cul tures d id 
p r o d u c e sh ikonin p i g m e n t s in Whi te ' s m e d i u m tha t conta ined ni t ra te as 
the sole n i t rogen source . In fact, t he sh ikonin synthes is w a s r ep ressed 
by the addi t ion of even a small a m o u n t of a m m o n i u m (3% of the total 
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ni t rogen) to t h e m e d i u m . It w a s also found tha t an increase in t he 
concent ra t ion of C u 2 + causes a threefold increase in the yield of shiko
n in der ivat ives (Fujita et al., 1981b). 

O n the basis of these f indings a n d a t h o r o u g h examina t ion of all t he 
m e d i u m c o m p o n e n t s for their effects on sh ikonin p roduc t ion , Fujita et 
al. (1981b, 1982) dev ised a p roduc t ion m e d i u m n a m e d M9, w h i c h 
p r o v e d to be mos t suitable for sh ikonin p roduc t ion . The d e v e l o p m e n t of 
the p roduc t ion m e d i u m a n d the es tab l i shment of the two-s tage cul ture 
sys tem, employ ing a set of connec ted fe rmenters , h a v e realized the 
indust r ia l p roduc t ion of sh ikonin der ivat ives (Fujita et al, 1982). The 
yield of sh ikonin in the large-scale s e t u p h a s b e e n increased to 4 g pe r 
liter of m e d i u m (—20% of d ry weight ) in a 2-week cul ture . The details 
of t he p roduc t ion sys tem h a v e b e e n descr ibed e l sewhere (Tabata a n d 
Fujita, 1985). 
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I. INTRODUCTION 

A n t h r a q u i n o n e s (AQs) are der ived from an th racenes a n d have two 
keto g r o u p s , most ly in pos i t ions 9 a n d 10 (Fig. 1). The basal c o m p o u n d , 
a n t h r a q u i n o n e (9,10-dioxoanthracene) , can be subs t i tu ted in var ious 
w a y s , resu l t ing in a grea t diversi ty of s t ruc tures . A Q s are wide ly dis
t r ibuted in t he p lan t k i n g d o m (Table I; cf. Zenk a n d Leistner, 1968). A Q s 
a p p e a r in oxidized a n d r educed (anthrones) form as well as in a free or a 
combined (glycosidic) s ta te . They are isolated from var ious p lan t par t s , 
tha t is, leaf, s t em, root ( the principal site of accumulat ion) , p o d , seed, 
coat a n d e m b r y o , b u t no t e n d o s p e r m . Natura l ly occurr ing A Q s possess 
d y e i n g a n d / o r pharmacological (purgative) proper t ies . 

A Q s a n d r e d u c e d A Q s a n d their glycosides are p r o d u c e d a n d accu
m u l a t e d in vary ing p ropor t ions ; from spr ing to fall r educed A Q s prevail , 
d u r i n g win t e r r educed A Q s only are p resen t . Dur ing s torage of p lan t s 
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Ο Ο OH 

Anthraquinone Anthrone Anthranol 
Fig. 1. 

par t of the a n t h r o n e s a n d an th rano l s are oxidized to A Q s . Thus , the 
con ten t of A Q s gradual ly increases , a n d tha t of r educed A Q s 
d imin i shes . 

Since the late 1960s, callus a n d cell suspens ion cul tures of A Q - p r o d u c -
ing p lan t s h a v e b e e n es tabl ished a n d invest igated wi th regard to A Q 
quali ty, quant i ty , a n d biosynthet ic p a t h w a y s . In some cases A Q s w e r e 
found to be accumula ted in ra ther h igh a m o u n t s , contrary to observa
t ions wi th m a n y o ther p lan t cell-culture sys tems , w h e r e formation of 
secondary metabol i tes w a s s t rongly repressed . The pa t t e rn of the A Q s 
formed, h o w e v e r , differed m o r e or less from tha t of the intact plant ; 
novel subs tances a p p e a r e d tha t previously h a d never b e e n found in the 
intact p lant . T h u s , there m a y exist an oppor tun i ty to p roduce subs tances 
by w a y of cell cul tures no t obtainable in ent i re p lan ts . 

Table I 

Angiosperm Plant Families with Species Producing 
Anthraquinones*1 

Dicotyledoneae Dicotyledoneae (continued) 
Anacardiaceae Rhizophoraceae 
Apocynaceae Rubiaceae* 
Asclepiadaceae Rutaceae*7 

Bignoniaceae Saxifragaceae 
Caesalpiniaceae* Scrophulariaceae 
Caryophyllaceae Solanaceae c 

Composi tae Verbenaceae 
Euphorbiaceae 
Gesneriaceae Monocoty ledoneae 
Lythraceae Liliaceae 
Polygonaceae* Xanthorroeaceae 
Rhamnaceae* Xyridaceaed 

"The most important families are marked by an asterisk. 
bChakraborty et al. (1978). 
cKnapp et al. (1972). 
dFournier et al. (1975). 
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II. QUALITY OF ANTHRAQUINONES IN CALLUS 
AND CELL SUSPENSION CULTURES 

A Q s a n d A Q glycosides de tec ted a n d / o r isolated from p lan t cells 
cu l tu red in vitro a re l isted in Table II. 

Table II 

Anthraquinones and Anthraquinone Glycosides in Plant Cell Cultures0 

C o m p o u n d Species Reference 

Monohydroxyanthraquinones 
l-Hydroxy-2-methyl-AQ*' 

l -Hydroxy-3-methyl -AQ (pachybasin) 
5-Hydroxy-2-methyl-AQ 
1 -Hy droxy-2-hy droxy methyl- A Q 

Dihydroxyanthraquinones 
1 ,2-Dihydroxy-AQ (alizarin) 

glucoside 
-O-glucosylxylosyl (alizarin-2-

primveroside) 
1 ,4-Dihydroxy-AQ glucos ide 
1,8-Dihydroxy-AQ 

2,6-Dihydroxy-AQ glucos ide 
l -Methoxy-2-hydroxy-AQ 

l -Hydroxy-2-methoxy-AQ 
l ,2-Hydroxy-3-methyl-AQ* 
l ,3 -Dihydroxy-2-methyl -AQ 

(rubiadin) 

Streptocarpus dunnii 
Cinchona ledgeriana 

Digitalis lanata 
Cinchona ledgeriana 
Streptocarpus dunnii 
Cinchona pubescens 

Cinchona ledgeriana 

Rubia cordifolia 
Morinda citrifolia 
Galium mollugo 
Cinchona pubescens 
Cinchona ledgeriana 
Cinchona succirubra 
Rubia cordifolia 

Cinchona 
Cinchona 
Cinchona 
Cinchona 
Cinchona 
Cinchona 
Cinchona 
Digitalis 
Morinda 

succirubra 
pubescens 
ledgeriana 
succirubra 
pubescens 
ledgeriana 
pubescens 

lanata 
citrifolia 

Inoue et al, 1984b 
Robins et al, 1986; Wijnsma et 

al, 1984a 
Furaya et al, 1972 
Robins et al, 1986 
Inoue et al, 1984b 
Mulder-Krieger et al, 1984; 

Wijnsma et al, 1986a 
Mulder-Krieger et al, 1982; 

Robins et al, 1986; Wijnsma et 
al, 1984a 

Leistner and Zenk, 1967 
Leistner, 1973, 1975 
Bauch and Leistner, 1978a 
Mulder-Krieger et al, 1984 
Mulder-Krieger et al, 1982 
Khouri et al, 1986 
Suzuki et al, 1982 

Khouri et al, 1986 
Mulder-Krieger et al, 1984 
Mulder-Krieger et al, 1982 
Khouri et al, 1986 
Mulder-Krieger et al, 1984 
Mulder-Krieger et al, 1982 
Wijnsma et al, 1986a 
Furuya et al, 1972 
Inoue et al, 1981; Leistner, 1975 

(continued) 
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Table II (Continued) 

C o m p o u n d Species Reference 

1,6-Dihydroxy-2-methyl-AQ * (soran-
jidiol) 
-O-glucosylxylosyl 

l ,7-Dihydroxy-2-methyl-AQ* 
l ,4-Dihydroxy-3-methyl-AQ* 
l ,8-Dihydroxy-3-methyl-AQ 

(chrysophanol) 

glucoside 

l -Methoxy-2-hydroxy-3-methyl-AQ 
(digitolutein) 

1,8-Dihydroxy-2-hydroxymethyl-AQ 
(aloe-emodin) 

Cinchona pubescens 
Cinchona ledgeriana 

Digitalis lanata 
Cinchona pubescens 

Morinda lucida 
Cinchona pubescens 
Digitalis lanata 
Cassia angustifolia 

Cassia senna 
Cassia obtusifolia 
Cassia tora 

Cassia occidentalis 

Cassia nodosa 
Cassia alata 
Cassia podocarpa 
Rheum palmatum 

Rumex patientia 
Rumex alpinus 
Rhamnus frangula 

Rhamnus purshiana 
Cassia angustifolia 
Cassia senna 
Cassia occidentalis 
Cassia nodosa 
Cassia alata 
Cassia podocarpa 
Rumex alpinus 
Rhamnus frangula 
Rhamnus purshiana 
Digitalis lanata 

Cassia angustifolia 

Cassia senna 
Cassia obtusifolia 
Cassia occidentalis 
Cassia alata 

Mulder-Krieger et al, 1984 
Mulder-Krieger et al, 1982; 
Wijnsma et al, 1984a 
Furuya and Kojima, 1971 
Wijnsma et al, 1986a 

Igbavboa et al, 1985 
Wijnsma et al, 1986a 
Furuya et al, 1972 
Baier and Friedrich, 1978; 

Friedrich and Baier, 1973 
Rai et al, 1974 
Takahashi et al, 1978 
Tabata et al, 1975; Takahashi et 

al, 1978 
Kitanaka et al, 1985; Rai and 

Shok, 1982 
Rai and Shok, 1982 
Rai and Shok, 1982 
Rai and Shok, 1982 
Rai, 1978a; 

Rai and Turner, 1974 
Suchi et al, 1973 
Van d e n Berg and Labadie, 1981 
Van d e n Berg and Labadie, 1984; 

Hoefle et al, 1982 
Van d e n Berg and Labadie, 1984 
Friedrich and Baier, 1973 
Rai et al, 1974 
Rai and Shok, 1982 
Rai and Shok, 1982 
Rai and Shok, 1982 
Rai and Shok, 1982 
Van den Berg and Labadie, 1981 
Van d e n Berg and Labadie, 1984 
Van d e n Berg and Labadie, 1984 
Furuya and Kojima, 1971 

Baier and Friedrich, 1970; 
Friedrich and Baier, 1973 

Rai et al, 1974 
Takahashi et al, 1978 
Rai and Shok, 1982 
Rai and Shok, 1982 

(continued) 



7. Anthraquinones 117 

Table II (Continued) 

C o m p o u n d Species Reference 

glucoside Cassia angustifolia Friedrich and Baier, 1973 
Cassia senna Rai et al, 1974 
Cassia occidentalis Rai et al, 1974 
Cassia alata Rai et al, 1974 
Rhamnus frangula Van d e n Berg and Labadie, 1984 
Rhamnus purshiana Van d e n Berg and Labadie, 1984 

2 ,4-Dihydroxy-3-hydroxymethyl-AQ Morinda citrifolia Inoue et al, 1981; Leistner, 1973 
(lucidin) 

Galium mollugo Bauch and Leistner, 1978a 
-O-glucosylxylosyl Morinda citrifolia Inoue et al, 1981 

Morinda lucida Igbavboa et al, 1985 
Galium mollugo Bauch and Leistner, 1978a; Inoue Galium mollugo 

et al, 1984a 
2-Hydroxy-4-methoxy-3-hydroxy- Rubia cordifolia S u z u k i s al, 1982 

methy l -AQ 
1,3-Dihydroxy-2-oxy-AQ (nordamna- Morinda citrifolia Leistner, 1975 

canthal) 
1,8-Dihydroxy-3-carboxy-AQ (rhein) Cassia angustifolia Baier and Friedrich, 1970; 

Friedrich and Baier, 1973 
Cassia senna Rai et al, 1974 
Cassia alata Rai and Shok, 1982 
Cassia podocarpa Rai and Shok, 1982 

glucoside Cassia angustifolia Friedrich and Baier, 1973 
Cassia senna Rai et al, 1974 
Cassia nodosa Rai and Shok, 1982 
Cassia alata Rai and Shok, 1982 
Cassia podocarpa Rai and Shok, 1982 

rihydroxyanthraquinones 
1,2,4-Trihydroxy-AQ (purpurin) Rubia cordifolia Suzuki et al, 1982 

Galium mollugo Bauch and Leistner, 1978a; Inoue 
et al, 1979 

Cinchona pubescens Wijnsma et al, 1986a 
Cinchona ledgeriana Robins et al, 1986; Wijnsma et 

al, 1984a 
glucoside Cinchona succirubra Khouri et al, 1986 

1,2,7-Trihydroxy-AQ glucoside Cinchona suc- Khouri et al, 1986 
cirubara 

l -Methoxy-2 ,4-dihydroxy-AQ Cinchona pubescens Wijnsma et al, 1986a 
1,3-Dihydroxy-4-methoxy-AQ * Cinchona ledgeriana Robins et al, 1986; Wijnsma et 

al, 1984a 
l ,2 -Dimethoxy-3-hydroxy-AQ Cinchona pubescens Wijnsma et al, 1986a 

Cinchona ledgriana Wijnsma et al, 1984a 
1,3-Dimethoxy-2-hy droxy-AQ Cinchona ledgeriana Robins et al, 1986; Wijnsma et 

al, 1984a 

(continued) 
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Table II (Continued) 

C o m p o u n d Species Reference 

1,2,3-Trimethoxy-AQ Cinchona ledgeriana Robins et al, 1986 
5 ,6-Dimethoxy- l -hydroxy-2-hy- Cinchona ledgeriana Wijnsma et al, 1984a 

droxymethyl -AQ * 
1,5,6-Trihydroxy-2-methy 1-AQ (mor- Morinda citrifolia Inoue et al, 1981; Leistner, 1975; 

indone) Leistner and Zenk, 1967 
-O-glucosylxylosyl Morinda citrifolia Inoue et al, 1984a 

Morinda lucida Igbavboa et al, 1985 
1,6-Dihy droxy-8-methoxy-3-methyl- Cassia occidentalis Kitanaka et al, 1985 

A Q (questin) 
1,6-Dihy droxy-5-methoxy-2-methy 1- Cinchona ledgeriana Robins et al, 1986 

A Q 
2,8-Dihydroxy-l -methoxy-3-methyl- Cassia obtusifolia Takahashi et al, 1978 

A Q (obtusifolin) 
6,7-Dihy droxy-1 -methoxy-2-methy 1- Cinchona pubescens Wijnsma et al, 1986a 

AQ* 
1,6-Dihy droxy-5-methoxy-2-methy 1- Cinchona ledgeriana Wijnsma et al, 1984a 

A Q 
1,8-Dihy droxy-6-methoxy-3-methyl- Cassia angustifolia Baier and Friedrich, 1970; 

A Q (physcion) Friedrich and Baier, 1973 
Cassia senna Rai et al, 1974 
Cassia obtusifolia Takahashi et al, 1978 
Cassia tora Tabata et al, 1975; Takahashi et 

al, 1978 
Cassia occidentalis Kitanaka et al, 1985 
Rumex alpinus Van den Berg and Labadie, 1981 
Rhamnus frangula Van den Berg and Labadie, 1984; 

Hoefle et al, 1982 
Rhamnus purshiana Van d e n Berg and Labadie, 1984 

glucoside Cassia angustifolia Friedrich and Baier, 1973 
Rhamnus frangula Van d e n Berg and Labadie, 1984 

1,8-Dihy droxy-6-methoxy-3,7- Cassia occidentalis Kitanaka et al, 1985 
dimethyl-AQ* 

l ,2,8-Trihydroxy-3-methyl-AQ* Rhamnus frangula Hoefle et al, 1982 
l ,4 ,8-Trihydroxy-3-methyl-AQ Cassia obtusifolia Takahashi et al, 1978 

(islandicin) Cassia occidentalis Kitanaka et al, 1985 
l ,4 ,5-Trihydroxy-2-methyl-AQ Cinchona ledgeriana Robins et al, 1986 
l ,2,4-Trihydroxy-3-methyl-AQ* Digitalis lanata Furuya et al, 1972 
1 -Methoxy-2,5-dihy droxy-3-methyl- Tectona grandis Dhruva et al, 1972 

AQ* 
1 -Methoxy-2,4-dihy droxy-3-methy 1- Digitalis lanata Furuya and Kojima, 1971 

A Q 
l ,6,8-Trihydroxy-3-methyl-AQ Cassia angustifolia Baier and Friedrich, 1970; 

(emodin) Friedrich and Baier, 1973 
Cassia senna Rai et al, 1974 

(continued) 
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Table II (Continued) 

C o m p o u n d Species Reference 

Cassia obtusifolia Takahashi et al, 1978 
Cassia tora Tabata et al, 1975 
Cassia occidentalis Kitanaka et al, 1985; Rai and 

Shok, 1982 
Cassia podocarpa Rai and Shok, 1982 
Rheum palmatum Rai, 1978a; Rai et al, 1974 
Rumex patientia Suchy et al, 1973 
Rumex alpinus Van d e n Berg and Labadie, 1981 
Rhamnus frangula Van d e n Berg and Labadie, 1984; 

Hoefle et al, 1982 
Rhamnus purshiana Van d e n Berg and Labadie, 1984 

glucoside Cassia angustifolia Friedrich and Baier, 1973 
Cassia senna Rai et al, 1974 
Rhamnus purshiana Van d e n Berg and Labadie, 1984 
Cinchona succirubra Khouri et al, 1986 

3,5,6-Trihydroxy-2-methyl-AQ* Morinda citrifolia Inoue et al, 1981 
-O-glucosy lxy losy 1 * Morinda citrifolia Inoue et al, 1981 

l ,6 ,8-Trihydroxy-3-methyl-AQ Cinchona succirubra Khouri et al, 1986 
glucoside 

l ,2,4-Trihydroxy-3-carboxy-AQ Rubia cordifolia Suzuki et al, 1982 
Galium mollugo Bauch and Leistner, 1978a 

- O g l u c o s y l Galium mollugo Bauch and Leistner, 1978a 
-O-glucosylxylosyl (galiosin) Galium Mollugo Bauch and Leistner, 1978a 

retrahydroxyanthraquinones 
1,2,5,8-Tetrahydroxy-AQ glucoside Cinchona succirubra Khouri et al, 1986 
2,4 ,5-Trihydroxy-l-methoxy-AQ* Cinchona pubescens Wijnsma et al, 1986a 
1,3,5-Trihy droxy-4-methoxy-AQ * Cinchona ledgeriana Wijnsma et al, 1984a 
l ,4 ,6-Trihydroxy-5-methoxy-2-methyl- Cinchona ledgeriana Wijnsma et al, 1984a 

A Q 
1,3-Dihy droxy-2,5-dimethoxy-AQ Cinchona ledgeriana Robins et al, 1986; Wijnsma et 

al, 1984a 
4,6-Dihy droxy-2,7-dimethoxy-AQ * Cinchona pubescens Wijnsma et al, 1986a 
2-Hydroxy- l ,3 ,4-tr imethoxy-AQ Cinchona pubescens Wijnsma et al, 1986a 

Cinchona ledgeriana Robins et al, 1986; Wijnsma et 
al, 1984a 

1,5,8-Trihy droxy-6-methoxy-3-methy 1- Cassia obtusifolia Takahashi et al, 1978 
A Q (xanthorin) 

1,2,5,6-Tetramethoxy-AQ* Cinchona ledgeriana Robins et al, 1986 
l ,2 ,6,8-Tetrahydroxy-3-methyl-AQ* Rhamnus frangula Hoefle et al, 1982 
l ,3 ,5,6-Tetrahydroxy-2-methyl-AQ* Morinda citrifolia Inoue et al, 1981 

-O-glucosy 1-xy losy 1 * Morinda citrifolia Inoue et al, 1981 
1,3,6-Trihy droxy-5-methoxy-2-methy 1- Cinchona ledgeriana Wijnsma et al, 1984a 

AQ* 

(continued) 
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Table II (Continued) 

C o m p o u n d Species Reference 

1,4,6-Trihy droxy-5-methoxy-3-methy 1-
AQ* 

1,2,8-Trihydroxy-5-me thoxy-3-methy I-
AQ* 

2,4,5,6-Tetrahydroxy-3-hydroxy-
methyl-AQ* 
-O-glucosylxy losyl * 

1,4-Dimethoxy-2,3-methylenedioxy-
AQ* 

1,5-Dimethoxy-2,3-methylenedioxy-
AQ* 

Pentahydroxyanthraquinones 
2,5-Dihy droxy-1,3,4-trimethoxy-AQ 
3,5-Dihydroxy- l , 2,4-trimethoxy-AQ 
2-Hy droxy-1,3,4,6-tetramethoxy-AQ 
2-Hydroxy-l ,3 ,4 ,7-tetramethoxy-AQ 
2-Hy droxy-1,3,5,6-tetramethoxy-AQ 
2-Hy droxy-1,3,4,7-tetramethoxy-AQ 
2,4,6-Trihydroxy-1,3-dimethoxy-AQ 
2,6,8-Trihydroxy-l ,7-dimethoxy-3-

methyl -AQ (aurantioobtusin) 

Cinchona ledgeriana 

Rhamnus frangula 

Morinda citrifolia 

Morinda citrifolia 
Cinchona ledgeriana 

Cinchona ledgeriana 

Cinchona pubescens 
Cinchona ledgeriana 
Cinchona pubescens 
Cinchona pubescens 
Cinchona pubescens 
Cinchona pubescens 
Cinchona ledgeriana 
Cassia obtusifolia 

Wijnsma et al, 1984a 

Hoefle et al, 1982 

Inoue et al, 1981 

Inoue et al, 1981 
Robins et al, 1986; Wijnsma et 

al, 1984a 
Robins et al, 1986 

Wijnsma et al, 1986a 
Wijnsma et al, 1984a 
Wijnsma et al, 1986a 
Wijnsma et al, 1986a 
Wijnsma et al, 1986a 
Wijnsma et al, 1986a 
Robins et al, 1986 
Takahashi et al, 1978 

"Asterisk indicates novel compound. 
bAQ = anthraquinone. 

A. Anthraquinone s of the Acetate-Pol y ma I on ate 
Biosyntheti c Pathwa y 

As early as 1970, an th racene derivat ives we re detec ted in callus 
cul tures der ived from coty ledons of Cassia angustifolia (Baier a n d 
Friedrich, 1970), i rrespective of the g r o w t h h o r m o n e s [2,4-dichlorophe-
noxyacetic acid (2,4-D) or indolyl-3-acetic acid (IAA)] a n d env i ronmen ta l 
condi t ions emp loyed . In a further s tudy the occurrence of oxidized A Q s 
w a s confi rmed, a n d r educed A Q s w e r e de tec ted also (Friedrich a n d 
Baier, 1973) (Tables III a n d IV). The ch rysophano lan th rone found m a y 
h a v e b e e n a fission p roduc t of the d i an th rone and , therefore, no t nat ive . 
All oxidized a n d r educed A Q s occurred in the form of glucosides also. 
Cal lus cul tures es tabl ished similarly from coty ledons a n d hypocoty ls of 
Cassia senna ( synonym, C. acutifolia) a n d cul tured for 7 to 10 m o n t h s also 
p r o d u c e d A Q s a n d free a n t h r o n e s as well as the co r r e spond ing o-
glucosides , except physc ion glucoside. Cont ra ry to callus cul tures of C. 
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Table III 

Anthraquinones of the Acetate-Polymalonate Biosynthetic Pathway Found in 
Cell Cultures0 

l , 8 -Dihydroxy-3-methy l -AQ b 

l ,2 ,8-Trihydroxy-3-methyl-AQ 
1,8-Dihy droxy-6-methoxy-3-methyl- A Q 
l ,2 ,8-Trihydroxy-5-methoxy-3-methyl-AQ 
l ,8-Dihydroxy-6-methoxy-3 ,7-dimethyl-AQ 
l ,6 ,8-Trihydroxy-3-methyl-AQ 
1,8-Dihy droxy-3-carboxy-AQ 
1,8-Dihy droxy-2-hy droxy methyl- A Q 
l ,4 ,8-Trihydroxy-3-methyl-AQ 
1,5,8-Trihy droxy-6-methoxy-3-methyl-AQ 
2,8-Dihydroxy- l -methoxy-3-methyl -AQ 
2,6,8-Trihydroxy-l ,7-dimethoxy-3-methyl A Q 

Chrysophanol 
2-Hydroxy chrysophanol 
Physc ion 
2-Hydroxy physc ion 
7-Methyl physc ion 
Emodin 
Rhein 
Aloe e m o d i n 
Islandicin 
Xanthorin 
Obtusifolin 
Aurantiobtusin 

"For references, see Table II. 
bAQ = anthraquinone. 

angustifolia, s ennos ides w e r e no t found in this p lan t (Rai et al., 1974). 
Cal lus der ived from hypocoty l or s t em of C. obtusifolia a n d cu l tured in 
l ight p r o d u c e d A Q s wi th a loe-emodin as the principal A Q [med ium wi th 
8.6 μ Μ IAA a n d 8.9 μ Μ benzy laden ine (BA)]. W h e n g r o w n in the 
p re sence of 0.6 μ Μ IAA a n d 0.09 μ Μ ΒΑ a n d p roduc ing rootlets , t he aloe-
e m o d i n con ten t in the callus w a s r educed in favor of e m o d i n a n d ob
tusifolin (Takahashi et al., 1978). Calli der ived from seedl ings of C. tora 
w e r e cu l tu red in the da rk in med ia conta in ing var ious g r o w t h h o r m o n e s 
in different concent ra t ions . After a g r o w t h per iod of 55 days all cul tures 
con ta ined k n o w n A Q s a n d one c o m p o u n d no t identified. A Q s 
(chrysophano l a n d physc ion) w e r e p re sen t also in i l luminated callus 
cu l tures of C. tora (Tabata et al., 1975). A Q s (Fig. 2), inc luding the newly 
de tec ted 7-methylphysc ion , the d i a n t h r o n e chrysophanol-10,10 ' -di -
a n t h r o n e , the t e t r ahydroan th racenes ge rmichrysone (1), methylger -
mi to rosone (2), a n d 7-methyl torosachrysone (3) [novel subs tance; wit
n e s s also t he occurrence of to rosachrysone (4), novel subs tance , in cell 
cu l tures of Rhamnus frangula (Burlager et al, 1984)], a n d the x a n t h o n e 
pinsel in (5), w e r e isolated from callus cul tures of C. occidentalis (Kitanaka 
et al., 1985). Fu r the rmore , ch rysophano l , e m o d i n , a n d a loe-emodin we re 
de tec ted . In cell cu l tures of C. nodosa, C. alata, a n d C. podocarpa, t he A Q s 
a n d A Q glucosides indicated in Table III w e r e found (Rai a n d Shok, 1982). 
Also, in callus a n d cell s u s p e n s i o n cul tures of C. torosa, ge rmichrysone (1) 
could be de tec ted , b u t this r e d u c e d an th racene w a s conver ted into p in
selin after a cul ture per iod of 6 w e e k s , a convers ion tha t could be inhibi ted 
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Table IV 

Anthrone Species Reference 

Chrysophanolanthrone 

glucoside 

Chrysophanol dianthrone 

glucoside 

Palmidin A, B, C, D 
glucoside 

Sennedin A, B, C, D 
glucoside 

Emodinanthrone 
glucoside 

Emodindianthrone 

glucoside 

Aloe-emodin anthrone 
glucoside 

Physcionanthrone 

glucoside 

Physciondianthrone 
glucoside 

Chrysophanol physic ion-
dianthrone 

Rheidin A, Β 
glucoside 

Cassia angustifolia 
Cassia senna 
Rhamnus frangula 
Rhamnus purshiana 
Cassia angustifolia 
Rhamnus frangula 
Rhamnus purshiana 
Cassia angustifolia 
Cassia senna 
Cassia occidentalis 
Rumex alpinus 
Rhamnus frangula 
Cassia augustifolia 
Rhamnus frangula 
Rhamnus purshiana 
Cassia angustifolia 
Cassia angustifolia 
Cassia angustifolia 
Cassia angustifolia 
Cassia angustifolia 
Rhamnus frangula 
Rhamnus frangula 
Cassia angustifolia 
Rhamnus frangula 
Rhamnus purshiana 
Cassia angustifolia 
Rhamnus frangula 
Cassia angustifolia 
Cassia angustifolia 
Rhamnus frangula 
Rhamnus purshiana 
Rhamnus frangula 
Rhamnus purshiana 
Rumex alpinus 
Rhamnus frangula 
Rumnex alpinus 

Cassia angustifolia 
Cassia angustifolia 

Friedrich and Baier, 1973 
Rai et al, 1974 
Van d e n Berg and Labadie, 1984 
Van d e n Berg and Labadie, 1984 
Friedrich and Baier, 1973 
Van d e n Berg and Labadie, 1984 
Van den Berg and Labadie, 1984 
Friedrich and Baier, 1973 
Rai et al, 1974 
Kitanaka et al, 1985 
Van d e n Berg and Labadie, 1981 
Van d e n Berg and Labadie, 1984 
Friedrich and Baier, 1973 
Van d e n Berg and Labadie, 1984 
Van d e n Berg and Labadie, 1984 
Friedrich and Baier, 1973 
Friedrich and Baier, 1973 
Friedrich and Baier, 1973 
Friedrich and Baier, 1973 
Friedrich and Baier, 1973 
Van d e n Berg and Labadie, 1984 
Van d e n Berg and Labadie, 1984 
Friedrich and Baier, 1973 
Van d e n Berg and Labadie, 1984 
Van d e n Berg and Labadie, 1984 
Friedrich and Baier, 1973 
Van d e n Berg and Labadie, 1984 
Friedrich and Baier, 1973 
Friedrich and Baier, 1973 
Van d e n Berg and Labadie, 1984 
Van d e n Berg and Labadie, 1984 
Van d e n Berg and Labadie, 1984 
Van d e n Berg and Labadie, 1984 
Van d e n Berg and Labadie, 1981 
Van d e n Berg and Labadie, 1984 
Van d e n Berg and Labadie, 1981 

Friedrich and Baier, 1973 
Friedrich and Baier, 1973 

Anthrones and Their Glycosides of the Acetate-Polymalonate Biosynthetic Pathway Found 
in Cell Cultures 
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HO' - C H 3 

1  Germichrysone 

u / ° ^ 0 C H3 
| 0 - - H - 0 

H3CO 

2  Methylgermitorosone 
R, = C H 3 

R 2 = OCH3 
R 3= OH 

3  7-Methyltorosachrysone 
R, = C H 3 

R 2= OH 
R 3= Η 

4  Torosachrysone 
R| = Η 
R 2= OH 
R 3= H 

5  Pinselin 

Fig. 2. 

by add i t ion of ascorbic acid to the m e d i u m (Noguchi a n d Sankawa , 1982; 
Takahash i et al, 1978,1981). Cal lus cul tures of Rumex patientia h a v e b e e n 
s h o w n to conta in ch rysophano l a n d e m o d i n (Suchy et al., 1973); a n d 
those of Rumex alpinus, physc ion , some a n t h r o n e s , a n d one A Q glucoside 
(van d e n Berg a n d Labadie , 1981). F rom callus t issues of Rhamnus frangula 
a n d R. purshiana cu l tured in a m e d i u m conta in ing 4.5 μ Μ 2,4-D a n d 0.5 
μ Μ kinet in at 25°C in the dark , A Q s , a n t h r o n e s , a n d their glucosides 
w e r e isolated (van d e n Berg a n d Labadie , 1981). In a similar invest igat ion 
of callus of Rhamnus frangula (Hofle et al, 1982) in a m e d i u m conta in ing 2 
μ Μ 2,4-D only, free A Q s w e r e de tec ted , a m o n g t h e m four novel A Q 
species u n k n o w n for t he p l an t [2-hydroxyphyscion, 2-hy-
d roxychrysophano l , 5 -hydroxyemodin , a n d torosachrysone (4)]. 

B. Anthraquinone s of the Shikimate-o -
Succinylbenzoat e Biosyntheti c Pathwa y 

Six A Q der ivat ives w e r e isolated from callus t issues of Digitalis lanata 
a n d identif ied, a m o n g t h e m digi tolutein a n d 4-hydroxydigi tolutein 
( s y n o n y m , 3 -me thy lpu rpur in - l -me thy l ether; novel c o m p o u n d ) (Furuya 
a n d Kojima, 1971). The o ther A Q s w e r e p resen t in trace a m o u n t s only; 
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t hey w e r e identified as 3-methylquinizar in , pachybas in , 3-methylpur-
p u r i n (novel c o m p o u n d ) , a n d 3-methylalizarin (Furuya et al., 1972). In 
cell cu l tures of Tectona grandis a novel c o m p o u n d , 5-hydroxydigi tolutein, 
h a s b e e n found (Dhruva et al, 1972). 

The majority of invest igat ions of A Q s in callus a n d cell su spens ion 
cul tures h a v e b e e n pe r fo rmed wi th m e m b e r s of t he Rubiaceae, part icu
larly w i t h t he genera Morinda a n d Galium, b u t also wi th Rubia a n d 
Cinchona. In 1975 a stable cell l ine of M. citrifolia w a s s h o w n to p r o d u c e 
h igh a m o u n t s of A Q s w h e n naphtha leneace t ic acid (NAA) w a s u s e d as 
g rowth- regu la t ing subs tance . The cell line failed to form any A Q w h e n 
N A A w a s subs t i tu ted by 2,4-D (Zenk et al, 1975). Alizarin, rubiadin , 
n o r d a m n a c a n t h a l , a n d m o r i n d o n e have b e e n isolated from these cell sus
p e n s i o n cul tures . Moreover , lucidin, an A Q not k n o w n to be a const i tu
en t of t he intact Morinda p lan t at tha t t ime, w a s s h o w n to occur in this 
cell cul ture (Leistner, 1975). 

A cell s u s p e n s i o n cul ture der ived from Morinda lucida w a s s h o w n to 
conta in the glycoside luc id inpr imveros ide as the principal p i g m e n t 
w h e n cu l tured in a he te ro t rophic state in the dark ( m e d i u m conta in ing 
sucrose) , w h e r e a s mor indonep r imveros ide prevai led in the intact root 
(Igbavboa etal., 1985). Ove r t ime, relatively h igh i l luminat ion intensi t ies 
(5000-6000 lux) resul ted in the formation of g reen cell cul tures able to 
g r o w in a m e d i u m lacking sucrose . In this state n o A Q s w e r e formed in 
the cells, b u t l ipoqu inones [phyl loquinone ( synonym, vi tamin K 2) , plas-
toqu inone , tocopherol , a n d ub iqu inone] we re p roduced . The same be
havior , h o w e v e r , w a s s h o w n to also occur in the p resence of sucrose . 
W h e n such a cul ture w a s t ransferred to fresh m e d i u m conta in ing 
sucrose a n d cu l tured in the dark , l ipoquinones a n d chlorophyll d i sap
p e a r e d a n d A Q s w e r e p roduced . From this behavior it can be conc luded 
tha t the b iosynthet ic p a t h w a y proceeds from the same c o m p o u n d s , 
chor i smate via i sochor ismate a n d O-succinylbenzoate to 1,4-dihydro-
xy-2-naphthoa te (see also Section IV), an in te rmediary c o m p o u n d repre
sent ing the b ranch ing point , leading to ei ther phy l loqu inones (in the 
photosynthet ica l ly active cells) or to A Q s (in the nonphotosyn the t ica l ly 
active cells) (Fig. 3). 

In a m o r e recent ultra s t ructural s t udy Yamamoto et al. (1987) r epor ted 
o n differences in subcellular s t ruc tures b e t w e e n A Q p roduc ing a n d n o n -
p r o d u c i n g cells of M. lucida. I rregular or d is tor ted plast ids conta in ing 
s tarch gra ins w e r e observed in the A Q p roduc ing cells, together wi th a 
h ighly e longa ted r o u g h endoplasmat ic re t iculum. The possibilities h a v e 
b e e n d iscussed w h e t h e r the A Q s are actually formed in the dis tor ted 
plas t ids or w h e t h e r a c o m m o n precursor of phy l loqu inone a n d A Q , 
w h i c h is probably syn thes ized in the cytosol, could no t be t aken u p by 
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t he d is tor ted plas t ids for phy l loqu inone synthes is , bu t w a s u s e d for A Q 
synthes i s by different e n z y m e s located in the cytosol. 

Cell su spens ion cul tures of Galium mollugo w e r e s h o w n to contain 
luc id inpr imveros ide as the principal p igmen t bes ides purpur incar -
boxy- l -g lucos ide a n d galiosin, a n d the A Q s alizarin, p u r p u r i n , pu r -
purincarboxylic acid, a n d lucidin (Bauch a n d Leistner, 1978a,b). In a 
m e d i u m conta in ing 9 μ Μ 2,4-D, 2.7 μ Μ N A A , a n d 0.9 μ Μ kinet in , t he 
appea rance of the aglycones in compar i son to the glycosides w a s de 
layed; in t he p resence of 15 μ Μ N A A , as the sole h o r m o n e , the yields of 
aglycones a n d glycosides increased at abou t equal ra tes . Whereas pur -
purincarboxylic acid glucoside w a s detectable in cells cu l tured in var ious 
med ia , galiosin occurred only in B5 m e d i u m (Gamborg et ah, 1968) wi th 
0.06 Μ sucrose , 2 g/liter NZ-amine , a n d 15 μ Μ N A A . Since the analysis 
of factors affecting g r o w t h a n d A Q produc t ion in a batch cul ture sys tem 
is ra ther difficult to perform because of changes in g rowth rate a n d 
m e d i u m composi t ion , chemos ta t cul tures wi th p h o s p h a t e as l imiting 
factor have b e e n es tabl ished (Wilson a n d Mar ron , 1978). As a result , cell 
proliferation a n d A Q produc t ion have s h o w n to be parallel. 

Cell su spens ion cul tures of Streptocarpus dunnii genera t ing plant lets 
w e r e s h o w n to p r o d u c e l -hydroxy-2-hydroxymethyl A Q a n d 1-hy-
droxy-2-methyl A Q (Inoue et al, 1984b). Callus a n d cell su spens ion 
cul tures of Cinchona species p r o d u c e d A Q s m o r e readily t h a n alkaloids. 
The possibility of a compet i t ion for a c o m m o n precursor (e.g. , mevalo-
nate) as a cause for low alkaloid levels in the cell cul tures m a y explain this 
s i tuat ion (see Wijnsma et al, 1984a). As A Q s are no t p re sen t in hea l thy 
intact p lan t s b u t are p r o d u c e d readily in cell cul tures , the possibility of 
p roduc t ion d u e to s t ress condi t ions w a s cons idered . T h u s , they we re 
expected to be elicited by fungal elicitors. This hypo thes i s w a s substant i 
a ted by t r ea tmen t of cell cul tures of C. ledgeriana a n d also Rubia tinctoria 
a n d Morinda citrifolia w i th an autoclaved suspens ion of Aspergillus niger 
mycel ium, leading to an increased A Q produc t ion (Wijnsma et al., 1986c). 
Moreover , it could be demons t r a t ed tha t p lan t par t s of C. ledgeriana 
infected wi th p a t h o g e n s conta in A Q s . In s tudies wi th cell cul tures of 
Cinchona species no t only callus cul tures [C. ledgeriana (Mulder-Krieger et 
al., 1982; Wijnsma et al., 1984a,b, 1986b), C. pubescens (Mulder-Krieger et 
al, 1984; Wijnsma et al, 1986a)] bu t also cell suspens ion cul tures [C. 
ledgeriana (Robins et al, 1986; Wijnsma et al, 1986b)], C. succirubra (syn
o n y m , C. pubescens) (Khouri et al., 1986)] have been invest igated. In all 
these s tud ies the A Q s have b e e n found to exist in a free form, no t as 
glycosides. Invest igat ions by Khour i et al. (1986), however , have s h o w n 
all A Q s to be glucosides . The majority of t h e m were glucosides of alizarin 
a n d e m o d i n , bo th of wh ich a m o u n t e d to 80% of total A Q s . The remain ing 



7. Anthraquinones 127 

20% consis ted of t he glucosides of 1,4-dihydroxy-, 2,6-dihydroxy-, 1,2,7-
t r ihydroxy- , 1,2,4-trihydroxy- a n d 1,2,5,8-tetrahydroxy-AQs. 

In expe r imen t s w i th cell s u s p e n s i o n cul tures of Cinchona ledgeriana 
(Robins et al, 1986) L - t ryp tophan [as in the case of Morinda citrifolia (El 
Shagi et al., 1984)] a n d g lyphosa te [as in the case of Galium mollugo 
(Amrhe in et al., 1980)] w e r e found to be inhibi tory for the p roduc t ion 
of A Q s . A Q s de tec ted in cell cul tures of Cinchona species are listed in 
Table II. 

III. QUANTITATIVE ASPECTS OF 
ANTHRAQUINONE OCCURRENCE 

C o n t e n t s (in pe rcen tages or micromoles pe r g r am fresh or d ry we igh t 
of cell material) a n d yields (in mil l igrams or micromoles pe r vessel or 
liter) of A Q s in callus a n d cell su spens ion cul tures are affected by di
verse chemical (minerals , ca rbohydra tes , g r o w t h regula t ing subs tances , 
v i t amins , a m i n o acids) a n d physical (light, t empera tu re ) factors. For 
quantif icat ion, most ly spec t rophotomet r ic m e t h o d s are used . Because in 
this case the total of A Q s , A Q glycosides, a n t h r o n e s , a n d a n t h r o n e 
glycosides is es t imated a n d because the s t ruc tures of bo th aglycones a n d 
ca rbohydra te moiet ies vary substant ial ly, resul t ing in ra ther different 
molecular we igh t s , it is no t easy to find a reference subs tance for com
para t ive p u r p o s e s , a mat te r tha t c o m p o u n d s the d i l emma of any calcula
t ion of A Q yields . It h a s b e e n po in t ed ou t (Zenk et al., 1975) tha t in the 
case of cell cu l tures of Morinda citrifolia, howeve r , 90% of the absorp t ion 
at 434 n m is d u e to abou t four ma in A Q glycosides, w h e r e a s only 10% of 
the absorp t ion is d u e to A Q aglycones . As in these cell cul tures A Q 
glycosides exceed A Q s a n d as the molar extinction coefficients of several 
glycosides a n d aglycones at this wave leng th d o no t differ appreciably, 
alizarin h a s b e e n selected as a reference subs tance (molar extinction 
coefficient e = 5.500 at 434 n m in 80% a q u e o u s e thanol ) , a n d as a basis a 
M r « 400 of t he A Q glycosides is u s e d for the calculations. In this w a y a n 
es t imat ion of con ten t s a n d yields on we igh t basis is possible even in 
cases w h e r e only micromoles pe r g r a m or pe r liter are indicated, a n d 
e v e n w h e n numer i c va lues are no t expressed explicitly in the original 
pape r . C o n t e n t s a n d yields of A Q s a n d A Q glycosides following the 
ace t a t e -po lyma lona t e p a t h w a y are listed in Table V, those following the 
sh ik imate-o-succ inylbenzoate p a t h w a y in Table VI. 

In o n e of the m o s t cited p a p e r s in the field of quant i ta t ive aspects of 
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Table V 

Quantitative Analytical Data of Cell Cultures Containing Anthraquinones Following the 

Species 

Anthraquinone determination 
mode and reference 

substance 

Cell mass 
contents 

(fresh 
weight, 
mg per 

tube) 

Total contents 

Percentage fresh 
weight 

Percentage dry 
weight 

Cassia angustifolia 

Cassia tora 

Cassia senna 

Cassia occidentalis 
Cassia nodosa 
Cassia alata 
Cassia podocarpa 
Rheum palmatum 

Rumex alpinus 

Rhamnus frangula 

Spectrophotometry; di-
hydroxy-AQb mono-
glucoside, 525 nm 

Spectrophotometry; 
chrysophanol, 502 nm 

Spectrophotometry; alizarin, 
510 nm 

Spectrophotometry; 1,8-di-
hydroxy-AQ, 510 nm 

Densitometry; individually, 
430 nm 

Spectrophotometry; 1,8-di-
hydroxy-AQ, 500 nm 

Rhamnus purshiana Spectrophotometry; 1,8-di-
hydroxy-AQ, 500 nm 

0.4 
1.6 

288 0.107 

24 0.282 
124 0.156 

1.2 

1.215 
1.285 
1.042 
1.225 
1.56 
0.62 
0.50 
0.75 
1.30 
0.30 

0.0053 

0.0006 
0.11 

0.05 
0.80 
0.14 

"Maximum values in each category are boldfaced. 
bAQ = anthraquinone. 
cComposed of chrysophanol, 0.450; physcion, 0.050; emodin, 0.055; rhein, 0.045; Aloe-emodin, 

0.055; chrysophanolanthrone, 0.048; and chrysophanoldianthrone, 0.032. 
^Composed of the glucosides (%) of chrysophanol, 0.252; emodin, 0.057; rhein, 0.040; and aloe-

emodin, 0.051. 
"Composed of chrysophanol, emodin, and aloe-emodin. 
^Composed of the glycosides of chrysophanol, emodin, and aloe-emodin. 
s Chrysophanol. 
''Composed of the glycosides of chrysophanol and rhein. 
'Composed of chrysophanol, aloe-emodin, and rhein. 
I Composed of the glycosides of chrysophanol, aloe-emodin, and rhein. 
''Composed of chrysophanol, emodin, and rhein. 
'Composed of the glycosides of chrysophanol and rhein. 
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Acetate-Polymalonate Biosynthetic Pathway" 

Contents (% dry weight) 

Anthraquinone 
yields per Anthraquinone Anthraquinone 

tube) aglycones glycosides Reference 

Friedrich and Baier, 1973 
Friedrich and Baier, 1973 

308 Tabata et al., 1975 

68 Tabata et al., 1975 
350 Tabata et al, 1975 

0.8C 0.4d Raief al, 1974 

0.815 0.4 Rai, 1978b 
1.1 0.185 Rai, 1978b 
0.727 0.315 Rai, 1978b 
0.820 0.405 Rai, 1978b 
1.1 0.46 Rai, 1978b 
0.32' CT.30/ Rai and Shok, 1982 
0.10* 0.40* Rai and Shok, 1982 
0.301 0.45> Rai and Shok, 1982 
0.80* 0.50' Rai and Shok, 1982 
0.05 0.25 Rai, 1978a 

Van den Berg and Labadie, 1981 
Traces 0.11 Van den Berg and Labadie, 1984 

Hofle et al, 1982 
Hofle et al, 1982 

Traces 0.14 Van den Berg and Labadie, 1984 

A Q format ion in p lan t cell cul tures , Z e n k et al. (1975), u s ing cell su spen 
sion cul tures of Morinda citrifolia, invest igated the influence of 146 differ
en t synthe t ic c o m p o u n d s w i th auxin activity. On ly 19 subs tances w e r e 
able to s u p p o r t g rowth ; only a few of t h e m affected the formation of 
A Q s , a m o n g t h e m N A A . 2,4-D w a s s h o w n to be ra ther ineffective. 
T h u s , in t he s t a n d a r d nu t r i en t m e d i u m for all further s tudies , N A A (10 
μΜ) w a s u s e d as a n auxin . The inhibi tory effect of 2,4-D on A Q forma
t ion w a s no t al leviated by s imul t aneous addi t ion of equimolar con
cent ra t ions of N A A , b u t could be rever ted by subcul ture us ing N A A for 
2,4-D in the m e d i u m , even after several years . A n addi t ion of IAA to the 



Table VI 

Quantitative Analytical Data of Cell Cultures Containing Anthraquinones Following the Shikimate-o-Succinylbenzoate Biosynthetic Pathway0 

Cell mass 
contents (g/liter) Anthraquinones 

Contents Yields 

μΜ 
Anthraquinone determination gm Micromoles 

mode and reference Fresh Dry fresh per gram Percentage 
Species substance weight weight weight dry weight dry weight μΓηοΙ/liter mg/liter Reference 

Morinda cit- Spectrophotometry; alizarin, 5.5 0 0 Zenk et al., 1975 
rifolia 434 nm 

5.5 
3.5 

1200 
2100 

Zenk et al., 1975 
Zenk et al., 1975 

351 7 17.9 
15.6 

900 
110 

6300 2500 Zenk et al., 1975 
Zenk et al, 1975 

Galium mol- Spectrophotometry; luridin, 302 21.0 1.5 21.0 440 250 Bauch and Leistner, 1978a 
lugo 420 nm 

270 12.6 0.4 7.8 98 60 Bauch and Leistner, 1978a 
302 37.8 11.9 95.2* 3600 2030 Bauch and Leistner, 1978a 
106 11.8 0.4 3.1 37 20 Bauch and Leistner, 1978a 

Spectrophotometry; alizarin, 15 180 Wilson and Marron, 1978 
434 nm 

4.9 3 Wilson and Marron, 1978 
Rubia cor- Spectrophotometry; purpurin. 30 72 2200 Suzuki et al, 1984 

difolia 516 nm 
Cinchona Spectrophotometry; alizarin, 130.9 4.5 1.8 8.1 Khouri et al, 1986 

succirubra 435 nm 
96.7 

64.1 
4.8 
2.8 

1.8 
7.0 

8.6 
19.7 

Khouri et al, 1986 

Cinchona Spectrophotometry; alizarin, 24.1 0.107 23.5 Wijnsma et al, 1986a 
ledgeriana 500 nm 

Spectrophotometry; rubiadin. 
5.3 0.144 

0.096 
5.8 Wijnsma et al, 1986a 

Harkes et al, 1985 
490 nm 

"Culture mode in all cases was the cell suspension procedure. Maximum values in each category are boldfaced. 
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m e d i u m conta in ing 10 μ Μ N A A resul ted in a decrease of A Q accumula
t ion. All o the r g r o w t h h o r m o n e s (gibberellic acid, kinet in, abscisic acid) 
w e r e s h o w n to be effective or inhibi tory to A Q accumulat ion. Of all 
ca rbohydra tes tes ted for g r o w t h a n d A Q accumulat ion , sucrose p roved 
to be opt imal , a n d an e n o r m o u s increase of p roduc t yield w a s obta ined 
by rais ing t he sucrose concent ra t ion in the s t anda rd m e d i u m to 0.2 M. 
The p resence of pancreat ic casein hydro lysa te (NZ-amine) in the med i 
u m w a s a definite r equ i r emen t for g r o w t h a n d A Q formation, b u t it 
could be replaced by asparag ine as sole source of ο game r educed ni t ro
gen . Doubl ing the ni t ra te concent ra t ion in the m e d i u m did no t s t imulate 
or r educe A Q synthes is ; increasing the p h o s p h a t e concentra t ion to 400 
m M e n h a n c e d A Q accumula t ion to abou t 50%. Iron a n d calcium ions 
w e r e absolutely necessary for g r o w t h a n d p igmen t formation. Also, 
v i t amins a n d cofactors (myoinositol , th iamine , nicotinic acid, a n d to a 
certain extent , pyr idoxin) w e r e ind ispensable for satisfactory g r o w t h 
a n d metabol i te p roduc t ion . Initial o p t i m u m p H values for g r o w t h a n d 
p i g m e n t formation w e r e b e t w e e n 4.0 a n d 7.5; o p t i m u m t empera tu re for 
b o t h p a r a m e t e r s w a s 30°C. 

In fur ther s tud ies Z e n k et al. (1984) u s e d 40 different synthet ic p h e -
noxyacetic acids subs t i tu ted in para posi t ion wi th ha logen . All s u p 
po r t ed g r o w t h , a n d p roduc t formation increased wi th the character of 
the ha logen a tom: F < CI < Br < I. Highes t yields we re obta ined in the 
p resence of 4-methyl- , 2,3-dimethyl- , or 2-bromophenoxyacet ic acids, 
p r o d u c i n g a m o u n t s exceeding those by N A A by m o r e t h a n 50%. But 
w h e n a n oxygen a tom w a s inser ted b e t w e e n the para-methyl g r o u p a n d 
the aromat ic ring (i.e., 4-methoxy) , A Q accumula t ion w a s drastically 
r e d u c e d , similar to t he level w i th 2,4-D. Also, L - t ryp tophan a n d its 
p recurso r s w e r e po t en t inhibi tors of A Q formation in Morinda citrifolia 
cell s u s p e n s i o n cul tures [El Shagi et al., 1984; wi tness also the inhibi t ion 
of A Q format ion by L - t ryp tophan in cell su spens ion cul tures of Cinchona 
ledgeriana (Robins et al., 1986)]. In feeding exper iments wi th ei ther shiki-
m a t e or O-succinylbenzoate toge ther wi th L - t ryp tophan , the ability to 
form p i g m e n t s could no t be res tored . T h u s , it w a s conc luded tha t the 
repress ion site w a s no t d u e to its interference w i th the p a t h w a y of 
aromat ic a m i n o acid b iosynthes is , b u t m u s t be located further d o w n the 
specific A Q p a t h w a y . 

G o o d g r o w t h a n d h igh p roduc t ion of one cell line of Morinda citrifolia 
led to expe r imen t s u s ing biotechnological m e t h o d s (Vogelmann et al., 
1976; W a g n e r a n d Voge lmann , 1977). In exper iments w i th different 
t ypes of bioreactors , flat-blade tu rb ine , perforated-disk impeller , draft-
tube reactor , a n d airlift reactor, it w a s d e m o n s t r a t e d tha t the p h a s e of 
cell g r o w t h w a s separa ted from the p h a s e of A Q formation. At first, 
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glucose accumula ted d u e to early consumpt ion of the fructose moie ty of 
sucrose . This p h a s e e n d e d w h e n m a x i m u m raw cell d ry we igh t w a s 
reached . Ten days later, at the e n d of the second p h a s e , m a x i m u m A Q 
yield w a s obta ined . The A Q yield w a s strictly d e p e n d e n t on the rate of 
aera t ion. Reduc ing this pa rame te r resul ted in r educed A Q yield, w h e r e 
as the yield of cell m a s s r ema ined the same . The A Q yield in an airlift 
fe rmenter w a s abou t 30% h igher t h a n the yield in a shake flask. Favor
able resul ts lasted only unt i l t he cell dens i ty reached 20 g cell d ry we igh t 
pe r liter, t h e n shear s t resses d u e to h igh viscosity a n d swollen cells 
became the l imiting factor. For this r eason a reactor type wi th a Kaplan 
tu rb ine w a s u sed . But desp i te a low speed of 350 r p m , wh ich is the 
m i n i m u m necessary for sufficient macromixing, the yield of A Q s w a s 
only abou t one- th i rd of tha t reached in the airlift reactor. Thus , it w a s 
conc luded tha t the airlift reactor migh t be the sys tem of choice for fur
ther opt imizat ion of the p roduc t ion of metabol i tes by p lant cell cul tures . 

Immobil izat ion of cells to improve the product ivi ty of p lan t cell 
cul tures h a s b e e n per formed wi th cul tures of Morinda citrifolia (Brodelius 
et al., 1979). En t r app ing cells in alginate beads a n d cul tur ing t h e m in a 
nu t r i en t m e d i u m w i t h o u t g r o w t h h o r m o n e s resu l ted in h igher A Q pro
duc t ion t h a n wi th cells freely s u s p e n d e d in med ia conta in ing g r o w t h 
h o r m o n e s . With immobil izat ion the increase of cell n u m b e r w a s small, 
a n d it s e e m e d tha t the biochemical potent ia l w a s d iver ted from g r o w t h 
by cell division to secondary p roduc t formation. Plasmolysis a n d respi
rat ion p r o v e d tha t the immobil ized cells we re viable after a cul ture peri
od of 22 days at 23°C. Because such immobil izat ion exper iments we re 
pe r fo rmed successfully also wi th o ther product - forming cell cul tures , 
t he oppo r tun i t y to en t r ap cells in gels in order to increase a n d stabilize 
the biosynthet ical potent ia l shou ld be invest igated further. 

De te rmina t ion of con ten t a n d yield of A Q s in cell su spens ion cul tures 
of Galium mollugo (Bauch a n d Leistner, 1973b) w a s carried ou t u s ing 
lucidin as a reference subs tance for quantifying the aglycones (absorp
t ion at 415 n m ) , a n d luc id inpr imveros ide for quantifying the glycosides 
(absorpt ion at 408 n m ) a n d total p i g m e n t (absorpt ion at 420 n m ) . Max
i m u m cell yield a n d A Q conten t a n d yield (max imum values are listed in 
Table VI) w e r e very d e p e n d e n t on the composi t ion of the nu t r i en t med i 
u m . In contras t to the resul ts wi th Morinda citrifolia cell su spens ion 
cul tures , the A Q produc t ion in G. mollugo cells w a s realized in med ia 
wi th 2,4-D. The ent i re A Q p a t h w a y in G. mollugo cell cul tures w a s block
ed by addi t ion of the nonselect ive herbicide g lyphosa te to the nu t r i en t 
m e d i u m , an inhibi t ion tha t w a s alleviated by chor ismate a n d O-suc-
c inylbenzoate . This observat ion sugges ted tha t g lyphosa te inhibits a 
s tep in the biosynthet ic sequence from shikimate to chor ismate , a n d 
shikimate is enr iched in the cul tured cells (Amrhein et al, 1980; wi tness 
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also the inhibi t ion of the A Q formation by g lyphosa te in cell su spens ion 
cul tures of Cinchona ledgeriana, Robins et al., 1986). 

S tudies similar to those wi th Morinda citrifolia (see above) have b e e n 
pe r fo rmed w i t h cell su spens ion cul tures of Rubia cordifolia (Suzuki et al, 
1982, 1984). Con t ra ry to the Morinda cell cul tures , sucrose as carbon 
source w a s inferior to glucose; o p t i m u m A Q yields w e r e obta ined wi th 
0.27 Μ glucose a n d 0.11-0.83 m M myoinosi tol . The best inorganic ni t ro
gen source w a s a 1 : p ropor t ion of N H 4 + : N 0 3 ~ , total a m o u n t of ni t ro
gen as in t he basal M u r a s h i g e - S k o o g (MS) m e d i u m (i.e., 60 mmol/ l i ter ) . 
These condi t ions w e r e fulfilled w i th 30 m M N H 4 N 0 3 a n d by subs t i tu t ing 
the K N 0 3 w i t h the co r r e spond ing a m o u n t (18.8 mM) of KC1. N A A as an 
auxin w a s op t imal at 2.25 μ Μ . A revised m e d i u m account ing for all 
op t imiza t ion resul ts ra ised the A Q yield abou t twofold. I l luminat ion of 
the cell cu l tures r educed the A Q yields irrespective of the light quali ty 
(whi te , b lue , or r ed light), a n d a lower ratio b e t w e e n cul ture m e d i u m 
v o l u m e a n d cul ture vessel v o l u m e favored A Q produc t ion (150 ml medi 
u m in a 500-ml Er lenmeyer flask p roved to be m o r e effective t h a n 50 ml) 
( S u z u k i s al, 1985). 

In b road - spec t rum cell-culture exper iments w i th cell su spens ion 
cul tures of Cinchona ledgeriana u s ing th ree different concentra t ion vari
an t s in the da rk or w i th i l luminat ion h ighes t A Q yields w e r e found in 
t he da rk w i th med ia conta in ing a m e d i u m concentra t ion of minera ls , 
low auxin , h igh cytokinin, a n d h igh concentra t ion of organic const i tu
en t s (Harkes et al., 1985). Highes t A Q conten ts in suspens ion-cu l tu red 
cells of t he s ame mater ial w e r e obta ined in a m e d i u m conta in ing 0.06 Μ 
sucrose , b u t a fourfold concent ra t ion of inorganic n i t rogen (Wijnsma et 
al . , 1986b, 1987). In cell su spens ion cul tures of C. succirubra ( synonym, 
C. pubescens), m a x i m u m A Q yields occurred wi th IAA as an auxin at 143 
μ Μ ; in cul tures of C. ledgeriana, t he co r respond ing m a x i m u m values 
occurred in the p resence of 0.3 μ Μ zeat in r iboside a n d 2.5 μ Μ ^ κ ! ο ^ 1 - 3 -
butyr ic acid (IBA) (Robins et al, 1986). 

The complexi ty of condi t ions necessary to p roduce h igh A Q conten t 
h a s b e e n d e m o n s t r a t e d by Schulte et al. (1984), us ing cell su spens ion 
cul tures of p lan t species be long ing to the family Rubiaceae. The resul ts 
clearly s h o w ou r lack of k n o w l e d g e of the regula tory principles tha t 
gove rn secondary metabo l i sm in cell su spens ion cul tures . 

IV. BIOSYNTHESIS 

As biosynthe t ic p a t h w a y s leading to n a p h t h o q u i n o n e s a n d A Q s fre
quen t ly are very similar, this chap te r m a y in par t over lap wi th Chap te r 
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6, this v o l u m e . Exper iments wi th intact p lan ts often fail to p roduce the 
secondary p roduc t s in ques t ion d u r i n g the t ime of the exper iment . This 
d i l emma can be overcome by us ing cell cul tures , because t ime a n d con
di t ions of p roduc t ion of the secondary metabol i tes can be control led. 

Principally, the re are t w o w a y s leading to A Q formation: the a c e t a t e -
po lymalona te a n d the sh ik imate-o-succ inylbenzoate p a t h w a y s . The for
m e r is character ized by a n in te rmedia ry polyket ide formed from acti
va ted acetate a n d ma lona te (Fig. 4). A Q s formed in this w a y general ly 
are subs t i tu ted in the t w o aromatic r ings , contrary to the A Q s following 
the latter b iosynthet ic rou te wi th subs t i tu t ions only in ring C. The ace-
t a t e - p o l y m a l o n a t e p a t h w a y is realized particularly in species of the 
R h a m n a c e a e (Rhamnus spp . ) a n d Polygonaceae (Rumex s p p . a n d Rheum 
palmatum) as well as Caesalpiniaceae (Cassia spp . ) , w h e r e a s the shiki
ma te -O-succ iny lbenzoa te rou te w a s found to occur especially in t he 
Rubiaceae (Rubia, Morinda, Galium, a n d Cinchona spp . ) . As excellent p re 
sen ta t ions of the sh ik imate-o-succ inylbenzoate biosynthet ic p a t h w a y 
h a v e b e e n pub l i shed (Leistner, 1985a,b), only a shor t excerpt is g iven 
he re . 

Feed ing [2- 1 4C]aceta te to the intact p lan t Rubia tinctorum resul ted in 
the incorpora t ion of activity only in r ing C of alizarin a n d p u r p u r i n , a n d 
partially in t he ke to g r o u p s of t he qu inone ring. In contrast , t he radioac
tivity of [ l , 2 - 1 4C] sh ik ima te could be localized only in r ing A. But 
[U- 1 4C] shik imate w a s incorpora ted into the w h o le A Q , the shik imate 
ring be ing t ransformed into ring A a n d the carboxyl g r o u p into o n e of 
the ke to g r o u p s of ring Β of the A Q . This w a s the first indicat ion of the 
existence of a b iosynthet ic p a t h w a y qui te different from the a c e t a t e -
po lymalona te rou te (Leistner a n d Zenk , 1967). 

In feeding exper imen t s us ing labeled shikimate wi th cell su spens ion 
cul tures of Morinda citrifolia, alizarin (1,2-dihydroxy-AQ) w a s found to 
be radioact ive, as expected (Leistner, 1975). Fur ther tracer s tudies sug
ges ted tha t bes ides shikimate , g lu tamate a n d meva lona te p rov ide t h e 
carbon skeleton of alizarin, w i th o-succinylbenzoate as in te rmedia ry 
p roduc t formed from shikimate via chor ismate wi th α-oxoglutarate . N o t 

ο ο 0 OH 0 OH 

Malonat e CoA este r 

Acetat e CoA este r .C00H 

0 R 

Polyketid e Chrysophano l 
Islan d icin 

(R = H) 
(R = 0H) 

Fig. 4. 
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only alizarin (i .e. , an A Q subs t i tu ted solely in r ing C), b u t also mol in 
d o n e ( l ,5 ,6- t r ihydroxy-2-methyl-AQ) w a s p roduced . The b iosynthes is 
of this A Q has also b e e n p r o v e n to be via the sh ik imate-o-suc-
c inylbenzoate rou te , a n d it could be d e m o n s t r a t e d tha t the hydroxy 
g r o u p s a t t ached to r ing A are no t der ived from the hydroxy g r o u p s of 
sh ik imate . These hyd roxy g r o u p s m u s t be in t roduced at a later s tage of 
the b iosynthet ic p a t h w a y . This is an except ion to the general rule tha t 
requi res tha t A Q s subs t i tu ted in the rings A a n d C be syn thes ized via 
the ace t a t e -po lyma lona t e p a t h w a y . 

Accord ing to a n earlier concept , A Q biosynthes is following the shiki-
mate -o-succ iny lbenzoa te p a t h w a y beg ins wi th the nucleophil ic at tach
m e n t of succinic s emia ldehyde th iamine p y r o p h o s p h a t e to chor i smate 
(Heide et al, 1982a,b). But Weische a n d Leistner (1985) s u p p o r t e d the 
sugges t ion tha t ne i ther sh ik imate n o r chor ismate b u t i sochor ismate is 
the immed ia t e p recursor a n d tha t chor ismate is conver ted to isochoris
m a t e pr ior to incorporat ion into qu inones . T h u s , direct combinat ion of 
o-succinylbenzoate wi th chor i smate is blocked; p rev ious posit ive resul ts 
are d u e to m i n o r con tamina t ion wi th isochor ismate of the chor ismate 
samples . 

In the next s t ep , o-succinylbenzoate h a s to be act ivated. This w a s 
s h o w n to take place in cell-free extracts of cell su spens ion cul tures of 
Galium mollugo, w h e r e c o e n z y m e A acts as activator (Heide et al., 
1982a,b). The site of activation is the res idual carboxylic g r o u p of the 
succinyl chain , a n d only this s t ruc ture is biologically active a n d leads to 
t he ring closure , giving l ,4 -d ihydroxy-2-naphthoic acid (DHNA) by bac
terial e n z y m e p repa ra t ions (Kolkmann a n d Leistner, 1985). Previous 
resul ts (Heide et al., 1982a,b; Ko lkmann et al., 1982) s h o w i n g tha t the 
aromat ic carboxylic g r o u p is act ivated h a v e b e e n p roven to be w r o n g . 
After format ion of D H N A the site of prenyla t ion of this in te rmediary 
c o m p o u n d h a s to be de t e rmined . This p rob lem could be solved by com
par i son of t he relative posi t ion of t he carbon a tom der ived from the 2 ' 
ca rbon a t o m of 4-[2 ' - 1 3C]carboxyphenyl-4-oxobutanoic acid a n d the β 
carbon (i.e. , C H 2O H ) in lucidin, a n d it w a s found tha t prenyla t ion of 
D H N A by meva lona te occurs in posi t ion 3 of D H N A (Inoue et al., 1979, 
1984a). These exper imen t s h a v e b e e n per fo rmed wi th chemos ta t cul
tu res (of Galium mollugo), a n d incorporat ion rates of 83.8% of o-suc
c inylbenzoate in to luc id inpr imveros ide w e r e obta ined, contrary to 1% or 
less in feeding exper imen t s w i th intact p lan t s . Fur ther confirmation of 
these resul ts w a s ob ta ined by H e i d e a n d Leistner (1981, 1983) a n d In
o u y e et al. (1982). Ring closure of the dimethylal lyl s ide chain leads 
eventua l ly to r ing C, a n d t h u s , t he ent i re A Q molecule wi th the rings A, 
B, a n d C is comple ted . 
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I. GENERAL 

As befits b o t h their indust r ia l impor tance as per fumery a n d flavoring 
c o m p o u n d s a n d their w i d e s p r e a d occurrence in h igher p lan t s , the re h a s 
b e e n cons iderable in teres t in the formation of the lower t e rpenes by 
p l an t t i ssue cu l tures . A b o u t 180 re levant publ icat ions involving some 60 
p lan t species h a v e appea red ; m o s t mere ly record more or less successful 
a t t e m p t s to i nduce cul tures to accumula te such c o m p o u n d s , b u t m o r e 
fundamen ta l s tud ies o n control m e c h a n i s m s , s torage s t ruc tures , a n d 
enzymology h a v e b e e n carried ou t (Char lwood a n d Cha r lwood , 1986). 
In this chapter , ques t ions of priori ty a n d comple teness are largely ig
no red , a n d often, ci tat ions are g iven to w o r k conta in ing leading 
references. 

Mos t callus a n d s u s p e n s i o n cul tures der ived from explants of those 
species of he rbaceous p lan t s a n d t rees tha t p r o d u c e m o n o - a n d ses
qu i t e rpenes d o no t accumula te such p roduc t s u n d e r convent ional condi-
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t ions . H o w e v e r , assay of p lan t s r egenera ted from such cul tures h a s 
s h o w n tha t this is no t d u e to a delet ion or p e r m a n e n t modification of t he 
genet ic informat ion. Indeed , the chemical to t ipotency of callus a n d the 
in ter re la t ionship b e t w e e n organogenes i s a n d t e rpene accumula t ion is 
well d e m o n s t r a t e d by the ability of 2-year-old cul tures of Rosmarinus 
officinalis a n d Lavandula angustifolia tha t w e r e devoid of secondary me tab 
olites to accumula te some of the m o n o t e r p e n e s characteristic of the par
en t s (at —12% of their levels) in regenera ted shoots (Webb et ah, 1984). 
A n d similarly, the C 1 0 moie ty of pyre th r ins , a n d also citronellol toge ther 
w i th citronellal, could be de tec ted in shoots i nduced from callus of Chry
santhemum cinerariifolium a n d Eucalyptus citriodora, respectively, tha t h a d 
con ta ined n o t e rpeno ids (Cashgap et al., 1978; G u p t a a n d Masca renhas , 
1983). Similar resul ts w e r e obta ined wi th Pelargonium species (Brown 
a n d Cha r lwood , 1986a). 

M u c h of the l i terature o n te rpenoid metabol i sm in t issue cul tures is 
difficult to assess . Often n o proof of de novo synthes is [e.g. , by u s e of r e 
labeled p recursors or by r igorous gas c h r o m a t o g r a p h y - m a s s spec t rome
try ( G C - M S ) analysis] , r a ther t h a n carryover from the explant , is p resen t 
ed . Somet imes p roduc t s are qui te inadequa te ly character ized [e.g. , only 
o n e G C or thin-layer c h r o m a t o g r a p h y (TLC) trace is recorded] . Fre
quen t ly it is impossible to elucidate the yield from the p re sen ted informa
tion, a n d m a n y claims are solely recorded in brief conference repor t s . In 
addi t ion , m a n y p r o p o s e d efficacious variat ions of m e d i u m a n d cul ture 
condi t ions h a v e been found in our h a n d s , a n d n o d o u b t in the u n 
pub l i shed exper ience of o thers , to be of doubtful or at least of very l imited 
va lue . Never the less , m a n y excellent s tud ies d o exist, a n d a lmost a lways 
callus, ra ther t h a n su spens ion cul tures , have b e e n found to accumula te 
the lower t e rpenes u n d e r the (often admi t ted ly limited) condi t ions s tud
ied. N u m e r o u s med ia a n d env i ronmen ta l reg imes have b e e n screened, 
b u t bes t resul ts s e e m to h a v e been achieved us ing surpr is ingly few 
sys tems: typically, t he Murash ige a n d Skoog, N a s h a n d Davies , or Whi te 
med ia , somet imes wi th d iurna l variat ion of t empe ra tu r e a n d p h o -
toper iod . As for the p roduc t ion of alkaloids, the addi t ion of 2,4-di-
chlorophenoxyacet ic acid (2,4-D) to the m e d i u m h a s frequently b e e n 
s ta ted to h a v e dele ter ious effects o n t e rpene accumulat ion , a l t hough 
the re a p p e a r s to be little real ev idence on this point . 

Alkaloid syn thes i s a n d accumula t ion does no t s eem to be associated 
w i t h a n y part icular g l ands or s t ruc tures in the t issues of h igher p lan t s , 
b u t tha t of m o n o t e r p e n e s , a n d p re sumab ly also of their sesqu i -homo-
logs, d o e s res ide in var iously identified secretory cells, resin or oil duc t s , 
ha i rs , g landula r epithelial cells, a n d t r ichomes . Consequen t ly , it h a s 
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often b e e n cons idered tha t s o m e degree of differentiation of callus t issue 
is necessary to enable t he lower t e rpenes to accumula te . Unfor tunate ly , 
it is no t a t all clear w h a t inter- or intracellular s t ruc tures are requi red , as 
m o s t cu l tures tha t h a v e b e e n found to accumula te t e rpenes have b e e n 
inadequa te ly character ized morphological ly , a n d electron-microscopic 
ev idence is lacking. It is p robably bes t to define differentiation in the 
requ i red sense as m o v e m e n t a w a y from meris temat ic activity (synthesis 
of s econdary metabol i tes is t h o u g h t no t to occur in meris temat ic cells of 
t he intact p lant ) , t o w a r d s cellular ma tu ra t ion at the biochemical level 
(Constabel et ah, 1974; Brown a n d Char lwood , 1986b). O n this v iew, 
fine, fas t -growing s u s p e n s i o n s a n d friable callus, a l t hough yielding a 
r ap id accumula t ion of b iomass , w o u l d be extremely poor sources of 
s econda ry metabol i tes . It is often such material tha t ha s been u s e d in 
s tud ies of t e rpeno id syn thes i s w i th the typically poo r success m e n t i o n e d 
above . As ide from p rob lems of differentiation, or lack of it, the rapidly 
d iv id ing cells of fast-growing cul tures w o u l d channe l their material a n d 
e n e r g y resources in to p r imary metabol i sm ra ther t h a n into the p roduc 
t ion of secondary p roduc t s . The latter could t h u s be r ega rded as the 
luxur ies ach ieved by s low-growing or even old-age cul tures in the sta
t ionary p h a s e . A survey of the l i terature s u p p o r t s this v iew of the impor
tance of differentiation in the above sense (Brown a n d Char lwood , 
1986b) a n d sugges t s tha t m o s t (not a l l—see below) of the es tabl ished 
cul ture l ines tha t successfully sus ta in t e rpeno id synthes is are a conse
q u e n c e of the for tui tous choice of age a n d type of explant a n d of condi
t ions tha t achieve this e n d . A n early observat ion w a s tha t callus of 
Pimpinella anisum a n d Ruta graveolens only p r o d u c e d essential oils (with 
t he c o m p o n e n t s in the approx imate p ropor t ions as in the f ield-grown 
plants ) after t he p h y t o h o r m o n e levels in the med ia h a d been adjus ted to 
i nduce differentiation (Becker, 1970) or w h e n (in the latter species) spe
cialized s torage cells h a d b e e n i nduced by a n appropr ia te pho tope r iod 
(Nagel a n d Re inhard , 1975). These oils w e r e u n u s u a l in tha t the lower 
t e r p e n e s w e r e mino r c o m p o n e n t s c o m p a r e d wi th polyket ide deriva
t ives, b u t a m o r e typical example w a s tha t callus of Mentha piperita 
g r o w n o n med ia s u p p l e m e n t e d w i th glucose a n d benzy l aminopur ine 
p r o d u c e d main ly p u l e g o n e a n d men tho fu ran (whereas the intact p lan t 
accumula ted main ly m e n t h o n e a n d m e n t h o l in similar yield), a n d these 
m o n o t e r p e n e s w e r e associated w i th r u d i m e n t a r y b u d s e n d o w e d wi th 
secretory cells characteristic of the species. I l luminat ion of the cul tures 
w a s essent ia l for oil p roduc t ion , a n d increase of the intensi ty of l ight 
increased the b iosynthet ic activity b u t no t the n u m b e r of secretory cells 
(Bricout a n d P a u p a r d i n , 1975). H ighe r levels of glucose in the m e d i u m 
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d e p r e s s e d m o n o t e r p e n e b iosynthes is (Paupard in et al., 1980). On ly 
"h igh ly o rgan i zed" cul ture l ines could achieve the synthes is of m e n -
t h o n e a n d m e n t h o l , a n d callus of Citrus limonia p r o d u c e d the charac
teristic l imonene-der ived c o m p o u n d s in similar secretory cells, bu t this 
ability for syn thes i s w a s lost after several subcul tures (Paupard in , 1976). 
More recently, detai led correlat ions b e t w e e n the formation of the val-
epotr ia te i r idoids a n d differentiation levels in cul tures of Valerianaceae 
h a v e b e e n d i scussed (Violon et al, 1984), a n d differentiated root cul tures 
of Paeonia lactiflora p r o d u c e d quant i t ies of the u n u s u a l glucoside paeon -
iflorin (1) in yields (—1.7% d ry weight ) akin to the levels in the intact 
p lan t (Yamamoto et al., 1985). 

Differentiation h a s b e e n d e m o n s t r a t e d to be necessary for m a n y of the 
o the r successful cul ture l ines cited in the following sect ions. Howeve r , it 
d o e s no t s eem to be an invariable prerequis i te for t e rpenoid accumula
t ion in callus of Ocimum basilicum (Lang a n d Hors ter , 1977) or Citrus 
limonia (de Billy a n d Paupa rd in , 1971); a n d cul tures of Mentha piperita 
tha t p r o d u c e d p u l e g o n e a n d p iper i tone (up to 2.2% dry w e i g h t — d i s 
t r ibuted b e t w e e n cells a n d m e d i u m ) carried ou t the synthes is no t in 
specialized g landula r s t ruc tures b u t in giant dedifferentiated cells of 
w h i c h the cul ture w a s mainly c o m p o s e d (Kireeva et al, 1978). Un
differentiated fine cell su spens ions of Pelargonium fragrans also p r o d u c e d 
geranoil a n d nerol at levels abou t 3% of tha t in t he p a r e n t p lan t w h e n 
the p h o t o p e r i o d w a s suitably adjus ted (Brown a n d Char lwood , 1986c). 
It w a s p r o p o s e d tha t a phy toch rome-med ia t ed regula t ion of H M G - C o A 
reduc tase w a s involved in swi tching on te rpenoid synthes is , b u t tha t 
only low accumula t ions could be a t ta ined in the absence of the s torage 
facilities p rov ided by differentiation, or by the p resence of a two-phase 
" s i n k " (see Section V). Geraniol , farnesol, a n d probably m a n y o ther 
m o n o - a n d sesqu i te rpenes are toxic at low concentra t ions to cell cul
tu res , a n d those cells of the popu la t ion tha t accumula ted such com
p o u n d s in the absence of specific s torage g lands or even of suitable 
vacuoules , a n d tha t could no t excrete t h e m into the m e d i u m , w o u l d 
p r e s u m a b l y soon die . A n o t h e r possibility is tha t in the absence of such 
s torage or excretion, the cells could detoxify their o w n p roduc t s u s ing 
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e n z y m e sys t ems tha t are usual ly c o m p a r t m e n t e d away from the sites of 
t e r p e n e syn thes i s a n d accumula t ion; t h e n they w o u l d survive b u t w o u l d 
ap pa re n t l y no t possess the ability to syn thes ize t e rpenes . Such detox
ification could utilize novel t e rpene epoxidases a n d epoxide hydra ta ses 
t ha t h a v e b e e n extracted from callus of Jasminum officinale a n d tha t accept 
i sopen teno l , geraniol , a n d nerol a n d their epoxides as subs t ra tes . These 
e n z y m e s , w h i c h can be extracted from cul tures at levels of activity u p to 
100-fold grea ter t h a n can be ob ta ined from leaves of the p a r e n t p lant , 
m a y catalyze t he first s t eps of a degrada t ion process tha t yields C 2 a n d 
C 5 f ragments utilizable in o the r metabolic p a t h w a y s (Banthorpe a n d 
O s b o r n e , 1984). A l i gh t -dependen t callus line of Pinus radiata h a s also 
b e e n es tabl i shed tha t syn thes izes a- a n d β-pinenes u n d e r i l luminat ion, 
b u t d e g r a d e s these via α- terpineol a n d 2-methyl-4-methyls tyrene to 
to luene a n d ace tone w h e n kep t in comple te da rknes s (Banthorpe a n d 
Njar, 1984). It h a s no t b e e n general ly apprec ia ted tha t t he accumula t ions 
in cu l tures of a t e rpeno id or o ther secondary metabol i te d e p e n d o n the 
p r e d o m i n a n c e of synthet ic over degrada t ive processes . The p resence of 
u n c o m p a r t m e n t e d a n d active e n z y m e s of t he latter t ype could w i p e ou t 
nascen t e n d o g e n o u s p roduc t s . This possibly is s u p p o r t e d by observa
t ions tha t undif ferent ia ted callus of Rosa cult ivars (Banthorpe a n d Bar
r o w , 1983; Ban thorpe et al., 1986b) a n d of a variety of he rbaceous p lan t s 
of Jasminum, Rosmarinus, Lavandula, Anethum, Ocimum, a n d Tanacetum 
species d id no t accumula te detectable quant i t ies of the m o n o - a n d ses
qu i t e rpenes characterist ic of the intact p lan t s b u t never the less a p p e a r e d 
to posses s t h e full enzymat ic mach ine ry for t he formation of t he pa r en t s 
of t hese c lasses—geraniol , nerol , a n d 2(E)-farnesol—as well as for some 
of the der ived p roduc t s , such as sab inene , α -p inene , a n d citronellol a n d 
caryophyl lene (Banthorpe et al., 1986a). These e n z y m e s (e .g. , farnesol 
synthe tase) could be extracted from the cul tures w i th activities u p to 
600-fold t he levels obtainable u n d e r the s ame condi t ions from leaves of 
the p a r e n t species . These resul ts m a y no t reflect a n intrinsically h igher 
synthet ic ability of the cul tures b u t m a y mere ly be the resul t of the ease 
of extraction o w i n g to the m o r e fragile cell walls a n d the relative lack of 
phenol ic c o m p o u n d s in callus as c o m p a r e d wi th its pa ren t . Of course it 
m a y be tha t the e n z y m e s are d e r e p r e s s e d in t he cul tures , bu t w h a t e v e r 
the explanat ion , t he f indings sugges t tha t callus shou ld p rov ide a n ex
cellent source of b iomass for s tud ies o n the purification of the e n z y m e s 
of the t e rpeno id p a t h w a y , a n d p e r h a p s , of o the r p a t h w a y s of secondary 
metabol i sm. 

W h e t h e r t he explanat ion of the genera l lack of t e rpene accumula t ion 
in callus cu l tures is d u e to au tonecros is or to the p resence of u n c o m p a r t 
m e n t e d degrada t ive e n z y m e s (or bo th) , t he solut ion is to induce suffi-
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cient differentiation to al low for s torage s t ruc tures to be formed, e i ther 
as specialized g l ands a n d duc t s or intracellularly as vacuoles , w i th o u t 
p u s h i n g on to the stage of plant let regenera t ion . For suspens ion cul
tu res , intracellular s torage vacuoles m u s t be available, or the t e rpenes 
m u s t be excreted a n d if toxic be r e m o v e d from the sys tem. These a n d 
o the r a p p r o a c h e s are d iscussed in Section V. 

M o n o t e r p e n e b iosynthes is ha s b e e n rev iewed a n d an essentially com
plete list of references compi led (Char lwood a n d Char lwood , 1986). Sev
eral key examples are d iscussed in Section I. 

A. Conventiona l Monoterpene s 

O n e of the earliest successful cul tures w a s a callus line from Tanacetum 
vulgare tha t w a s ma in ta ined for 2 years . This accumula ted h igh (0 .1% 
w e t weight ; 50% of yield from foliage) levels of oil, compr is ing 22 of the 
26 m o n o t e r p e n e s p re sen t in the pa ren t t issue, b u t the ma in difference in 
compos i t ion w a s tha t sab inene cons t i tu ted 80 a n d 2% of the oil from 
callus ve r sus leaf extract, respectively, in compar i son wi th 3 a n d 79% for 
i so thujone . This sugges ted tha t the hydroca rbon sab inene w a s the im
med ia t e p recursor of i so thujone a n d accumula ted in the cul tures be
cause of oxygen deficiency (Banthorpe a n d Wirz-Justice, 1972), a p ro 
posal confi rmed by later tracer exper iments on w h o le p lan ts . 

Foliage of Thuja occidentalis y ie lded a n oil conta in ing thujone (the epi-
m e r of isothujone) as t he ma in c o m p o n e n t , b u t cell su spens ions d id no t 
form a n y [3.1.0.]-bicyclohexane derivat ives b u t ra ther the mino r com
p o u n d s of the na tura l oil such as α-terpineol a n d camphor ; these w e r e 
no t s tored in the cells b u t w e r e excreted. The u n u s u a l irregular mono te r 
p e n e β-thujaplicin (2) w a s also partially excreted a n d complexed wi th 

II. MONOTERPENE BIOSYNTHESIS 

ο 

2 
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F e 3+ in t he m e d i u m (Witte et al, 1983). Callus l ines from Pinus radiata, 
w h i c h w e r e stable for a least 1 year , accumula ted u p to 40% (wet weight ) 
of t he m o n o t e r p e n e s found in the need les a n d s tem of the pa ren t , b u t 
the m a i n c o m p o n e n t w a s a - p i n e n e (87-100%) ra ther t h a n β-pinene . 
Cell-free extracts of the cul tures conver ted i sopentenyl p y r o p h o s p h a t e 
in to geraniol a n d nerol , a n d a- a n d β-pinenes in u p to 46% yield; these 
are probably the mos t active c rude extracts tha t sus ta in m o n o t e r p e n e 
syn thes i s tha t h a v e b e e n obta ined from a n y p lant source (Banthorpe a n d 
Njar, 1984). Despi te several early failures, cul tures of m a n y Mentha spe
cies tha t are very biosynthet ical ly active have b e e n establ ished. In one 
s t udy , M. piperita a n d M. rotundifolia callus yie lded 60% w e t we igh t of 
the oil of the intact p lan t s , b u t the m o n o t e r p e n e s p r o d u c e d w e r e gener
ally m o r e oxidized ( C = 0 , C = C , p redominan t ly ) t h a n in the latter, the 
r educ t ion of the Δ4 ( 8> doub le b o n d of p recursors be ing blocked in the 
cu l tu red cells. Several o ther species p r o d u c e d yields of oil w i th the s ame 
compos i t ion as tha t from t h e pa ren t s , b u t in m u c h r educed yields (Bri-
cout et al., 1978b). P roduc t ion of m o n o t e r p e n e s in cell cul tures of m a n y 
o the r Mentha species w a s very variable b e t w e e n bo th taxa a n d cell l ines; 
several only syn thes ized the early precursors of the m e n t h a n e com
p o u n d s characterist ic of t he g e n u s , b u t s o m e hybr id lines (e .g. , M. 
spicata x suaveolens) y ie lded the major c o m p o n e n t s of the intact p lant . 
There w a s a dist inct correlat ion b e t w e e n levels of differentiation a n d 
accumula t ions of p r o d u c t s (Char lwood a n d Char lwood , 1983). 

In cont ras t to the lack of success wi th Rosa cul tures out l ined in Section 
I, callus of R. damascena p r o d u c e d linalool, geraniol , a n d citronellol, a n d 
their g lucos ides , as in the p a r e n t t i ssue, bu t at levels m u c h lower t h a n in 
pe ta ls . The b iosynthet ic ability of the callus w a s maximal after l eng thy 
pe r iods in cul ture (60 days ; s ta t ionary phase?) b u t fell off o n subcul tur-
ing (Kireeva et al, 1977). Cal lus a n d suspens ion cul tures of Perilla fru-
tescens p r o d u c e d the m o n o t e r p e n e s [linalool, l imonene , perilla ke tone 
(3) a n d i soegomake tone (4)] typical of the species, in the na tura l p ropor -
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t ions a n d in good (0 .1% w e t weight ) yields (Sugisawa a n d Ohn i sh i , 
1976; Nabe t a et al, 1983). Similar quali tat ive a n d quant i ta t ive replication 
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occurred for per icarp callus of Citrus limonia (α-pinene, l imonene , 
linalool, citrals, etc.) a n d Artemisia genipi (α-pinene , sab inene , thujone) 
(Bricout a n d Paupa rd in , 1974; Ledde t et ah, 1984). The majority of call
u se s der ived from a variety of genetically diverse spec imens of Chry
santhemum cinerariifolium p r o d u c e d low concentra t ions of py re th r ins , 
a n d format ion of the insecticides correlated well w i th the degree of 
differentiation (Zieg et al., 1983). In contrast , o thers found tha t only 
chrysan themic acid (the m o n o t e r p e n e moie ty of the pyre thr ins ) w a s 
feebly p r o d u c e d by the s ame type of cul ture (Kueh et al., 1985). Adjust
m e n t of the pho tope r iod for cell su spens ions of Pelargonium fragrans led 
to the detect ion of m o n o t e r p e n e s in undifferent iated cul tures (Brown 
a n d Cha r lwood , 1986a,b), b u t a similar s t ra tagem did no t ameliorate the 
s i tuat ion for su spens ions of Apium graveolens (Watts et al. 1984). The 
levels of l imonene a n d o ther m o n o t e r p e n e s increased as chlorophyl l 
w a s i nduced in the latter cul tures by the addi t ion of 3 ,5-dichlorophen-
oxyacetic acid (3,5-D) to the m e d i u m , h o w e v e r , a n d after th ree sub
cul tures the levels w e r e similar to those in the intact p lant . Despi te this 
g reen ing , there w a s ne i ther chloroplast formation nor differentiation in 
the s u s p e n s i o n s (Watts et al., 1985). Previously, it h a s b e e n s h o w n tha t 
g r een ing d id no t influence m o n o t e r p e n e synthes i s in callus of Tanacetum 
vulgare (Banthorpe a n d Wirz-Justice, 1972). 

B. Iridoids 

Ir idoids, w h i c h possess the i r idane skeleton (5) a n d compr ise the 
m o n o t e r p e n e moie ty of m a n y t e rpene alkaloids, w e r e p r o d u c e d in cell 

s u s p e n s i o n s of Rauwolfia, Gardenia, a n d o the r species, a n d such cul tures 
h a v e b e e n u s e d in e legant tracer s tudies to elucidate the biosynthet ic 
p a t h w a y s to loganin , secologanin, a n d related c o m p o u n d s (Kobayashi et 
al., 1985; Uesa to et al., 1986). The valepotr ia tes , a subclass of in tense 
pharmacological interest , we re p r o d u c e d in b o t h differentiated a n d u n -

5 
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differentiated callus of Valerianaceae, often at levels h igher t h a n in the 
p a r e n t p l an t s (Becker et al, 1984). 

III. SESQUITERPENE BIOSYNTHESIS 

The m o s t impress ive w o r k on sesqu i te rpene b iosynthes is involves 
callus a n d s u s p e n s i o n s of Andrographis paniculata, w h i c h yie lded three 
n e w panicul ides : b isabolenoid lactones wi th the skeleton (6), found nei-

o 

6 

the r in t he p a r e n t no r e l sewhere . Tracer s tudies o n the cul tures a n d 
u s i n g de r ived cell-free extracts led to very detai led mechanis t ic informa
tion abou t the b iosynthes i s of the p a r e n t 2-(E)- a n d 2-(Z)-farnesols a n d 
(Z)-7-bisabolene (Allison et al, 1968; Anas tas is et al, 1984). These s tud
ies i l luminate t he a d v a n t a g e s of t he u s e of cul ture extracts, (see Section 
I) w h i c h give (1) h igh incorpora t ion of exogenous ly a d d e d precursors 
a n d t h u s (2) al low the u s e of carbon-13 tracer a n d N M R techn iques to 
de tec t t he labeling pa t t e rn . O t h e r impor t an t w o r k concerns phytoalex
ins . I p o m e a m a r o n e w a s accumula ted o n transfer of Solarium berthauldi 
callus to s u s p e n s i o n (Oba a n d Uri tani , 1979), a n d formation of lubimin, 
r ishit in, a n d solvet ivone w a s elicited b y inoculat ion of su spens ions of S. 
tuberosum w i t h pa thogen ic bacteria (Brindle et al., 1983). Subsequent ly , 
several C 1 5 phy toa lex ins—hemigossypo l , phy to tube r in , phy to tubero l , 
epir ishi t in, debneyo l , a n d caps id io l—have b e e n elicited from s u s p e n 
s ions or, less frequently, callus, by bacteria or enzymat ic (e.g. , cellulase) 
t r e a tmen t (Watson et al, 1985; Heins te in , 1985; Brooks et al, 1986). 

Sesqu i t e rpenes are also formed by callus of Matricaria chamomilla (car-
yophy l l ene , chamomil lol) , Pimpinella anisum (β-bisabolene), Perilla spe
cies (cuparene) , a n d Lindera strychnifolia (caryophyllene) (Reichling et al., 
1984, 1985; Nabe t a et al, 1984; Tomita et al, 1969), by cul tures of liver-
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IV. BIOTRANSFORMATIONS 

A l t h o u g h synthes is a n d s torage of m o n o t e r p e n e s rarely occurs in fine 
cell su spens ions , such cul tures often possess the ability to t ransform 
exogenous subs t ra tes . This ha s at t racted m u c h a t tent ion in v iew of pos 
sible industr ia l appl icat ions d u e to the ease of ba tch cul ture a n d ex
traction of p roduc t s , a n d the subject ha s b e e n rev iewed (Char lwood a n d 
Cha r lwood , 1986). Usual ly incubat ion per iods of 8 h r to 8 days are 
employed , b u t rarely have the t ime courses of metabol i sm been fol
lowed , a n d little considera t ion appea r s to have b e e n given to possible 
secondary (nonenzymat ic) react ions. Mos t s tudies have u s e d cell sus 
p e n s i o n s of Nicotiana or Mentha species (Aviv et al., 1983) wi th acyclic 
(geraniol , nerol , citral) or m e n t h a n e - t y p e ( m e n t h o n e , pu l egone , a - t e rp -
ineol) m o n o t e r p e n e s as subs t ra tes . Almos t n o a t ten t ion h a s been pa id to 
the o ther five classes of m o n o t e r p e n e s or sesqu i te rpenes , a n d i m m e n s e 
scope for invest igat ion exists. The t ransformat ions are usual ly of a very 
s imple chemical t ype (e.g. , oxidation, reduct ion , or hydroxyla t ion) a n d 
lead to very predictable p roduc t s , a l t hough there is often n o correlat ion 
b e t w e e n the biotransformat ional ability a n d the m o n o t e r p e n e con ten t of 
the p a r e n t t issues (Aviv et al., 1981). Some react ions are enant ioselec-
tive, for example , in the hydroxyla t ion of α-terpineol (Suga et al., 1982), 
a n d complete ly foreign subs t ra tes (e.g. , carvoximes) can be metabol ized 
(Suga et al, 1984). 

V. SPECIAL TECHNIQUES 

Several t echniques have been deve loped to genera te or improve te rp
eno id b iosynthes is in cell cul tures . The s implest is the u s e of s u b m e r g e d 
morphogen ic cul tures der ived from callus cul tures (see Section I). Such 
cul tures of Pelargonium species yie lded u p to 10% the levels of mono te r 
p e n e s in the pa ren t p lan t a n d u p to 100-fold the levels of the p a r e n t 
callus (Brown a n d Char lwood , 1986a). A n o t h e r app roach is to induce 

wor t s (germacrenes , azulenes) (Takeda a n d Katoh, 1983), a n d by sus
p e n s i o n s of Nigella damascena (abscisic acid) ( L e h m a n n et al., 1983). 
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polyplo idy by colchicine t r ea tmen t (Bricout et al, 1978a); a l t hough this 
causes a 70-fold increase in valepotr ia te accumula t ion in s u s p e n s i o n s of 
Valeriana wallichii, t he s t imula t ion m a y h a v e b e e n caused by g e n e ampl i 
fication or by selection of h igh -p roduc ing cells (Becker a n d Chavade j , 
1985) a n d the general i ty of t he effect is no t k n o w n . The u s e of a two-
p h a s e sys tem for s u s p e n s i o n cul tures h a s b e e n advoca ted w h e r e b y ad
di t ion of a l ipophilic iner t p h a s e (Miglyol; RP-8) p r even t s the loss by 
volatilization of excreted p r o d u c t s . Us ing this t echn ique , increases in 
yields of α -p inene , l imonene , a n d β-thujaplicin w e r e achieved from 
cul tures of Thuja occidentalis (Berlin et al, 1984), a n d appa ren t ly n o n -
yie lding s u s p e n s i o n s of Matricaria chamomilla a n d V. wallichii gave com
p o u n d s characterist ic of the pa r en t s (Becker a n d Hero ld , 1983; Bisson et 
al., 1983). Similar resul ts w e r e ob ta ined w h e n a n absorbing resin w a s 
a d d e d to t h e m e d i u m (Forche et al., 1984). These addi t ives m a y well be 
t r aps for volati les, b u t t hey could also stabilize labile p roduc t s or be 
s inks to r e m o v e toxic c o m p o u n d s a n d so e n h a n c e a n d main ta in the 
viability of t he cu l tures . A four th a p p r o a c h util izes t he p r e s u m p t i o n tha t 
the majori ty of cul tures (as well as mer is temat ic cells) h a v e regula tory 
genes tha t s u p p r e s s secondary metabol i sm. Isolation of artificially p ro 
d u c e d d is regula tory m u t a n t s , or of t he p r e s u m e d very small na tura l 
popu l a t i on of cells tha t are sufficiently differentiated to sus ta in t e rpene 
p roduc t ion , could lead to t he es tab l i shment of very desirable c lones . The 
p rob l em is of selection, b u t this m a y be soluble us ing r a d i o i m m u n o 
assay. The latter t echn ique h a s b e e n devised for a m o n o t e r p e n e (logan-
in) a n d u s e d to s t u d y the format ion of secologanin in cell cu l tures (Tan-
ahash i et al, 1984). 

Biotransformat ion m a y be revitalized by the use of p lan t cells i m m o -
bl ized in matr ices such as calcium alginate or polyacrylamide. Such en
gulfed cell l ines of Mentha species ma in ta ined their synthet ic abilities, 
(e .g. , p u l e g o n e -> men tho l ) , a n d the p r o d u c t s w e r e m o r e easily re leased 
from the b o n d e d cells t h a n from freely s u s p e n d e d cul tures (Galun et al, 
1983). Cell division in such matr ices w a s largely inhibi ted by g a m m a 
i r radiat ion w i thou t , h o w e v e r , affecting the biosynthet ic abilities of the 
impr i soned inhab i tan t s (Galun et al, 1985). 
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I. I N T R O D U C T I O N 

A l t h o u g h the area of p lan t cell cul ture h a s b e e n the subject of rapidly 
increas ing in teres t a n d invest igat ion in t imes , the large majority of such 
s tud ies h a s focused o n phytochemica ls of pharmaceut ica l interest a n d 
wi th in such families as alkaloids a n d s teroids . Reviews tha t summar i ze 
these inves t igat ions are available (Constabel a n d Kurz , 1979; Staba, 
1980: Ku tney , 1984; Misawa, 1985). Studies wi th in the d i t e rpene area 
h a v e b e e n l imited to several laboratories , a n d the p re sen t chapte r con
cent ra tes o n resul ts from a n extensive p r o g r a m in our laboratory a n d is 

CELL CULTURE AND SOMATIC CELL 159 Copyright © 1988 by Academic Press, Inc. 
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concerned wi th the p lan t cell p roduc t ion of the cytotoxic agen ts t r ip-
diolide (1) a n d tr iptolide (2), na tura l p roduc t s isolated from the Chinese 
p lant , Tripterygium wilfordii. 

O u r research, involving the p ropaga t ion of p lan t cell cul tures of Trip
terygium wilfordii, w a s s t imula ted by the research of the late S. M. 
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K u p c h a n (see K u p c h a n et ah, 1972) in wh ich it w a s d e m o n s t r a t e d tha t 
t r ipdiol ide a n d tr iptolide reveal significant activity in vivo against L-1210 
a n d P-388 leukemias in the m o u s e a n d in vitro against cells der ived from 
h u m a n carc inoma of the n a s o p h a r y n x (see Section III). Because the ex
tracts of T. wilfordii are also u s e d in Ch inese herbal medic ine , there have 
b e e n extens ive invest igat ions on the chemis t ry (Zhou et al., 1982) a n d 
pha rmaco logy (Research G r o u p of Lei-Gong-Teng, 1982; Z h e n g et al., 
1983a,b; N g a n et al., 1984) of such extracts. 

O u r t i ssue cul ture p r o g r a m (Kutney et al., 1980, 1981a, 1983) ha s in
volved a detai led series of invest igat ions directed at (a) d e v e l o p m e n t of 
satisfactory g r o w t h condi t ions , (b) opt imizat ion of g r o w t h pa rame te r s 
for the p roduc t ion of t he target c o m p o u n d tr ipdiolide (1), a n d (c) de 
tailed chemical analyses of the cel l -produced secondary metabol i tes in 
add i t ion to the target c o m p o u n d s . The discussion that follows prov ides 
a descr ip t ion of ou r resul ts wi th in these categories. 

II. CULTURE TECHNIQUES 

Stem a n d leaf explants w e r e obta ined from Tripterygium wilfordii 
p lan t s ma in t a ined u n d e r n o r m a l g r e e n h o u s e condi t ions . Explants w e r e 
p laced o n B5 a n d PRL-4 med ia (Eveleigh a n d Gamborg , 1968) solidified 
w i th Bacto-agar (Difco) (8 g/liter) a n d s u p p l e m e n t e d wi th n u m e r o u s 
combina t ions of the following c o m p o u n d s : 2,4-dichlorophenoxyacet ic 
acid (D) (2 mg/l i ter) , k inet in (K) (0.1 mg/l i ter) , 1-naphthaleneacetic acid 
(NA) (0.15 mg/l i ter) , indole-3-acetic acid (I) (2 mg/l i ter) , 6-benzylamino-
p u r i n e (B) (2 mg/l i ter) , 4-aminobenzoic acid (P) (2 mg/l i ter) , a n d coconut 
milk (Co) (100 ml/l i ter) . The explants a n d resul t ing calli we re incuba ted 
at r o o m t e m p e r a t u r e (25 ± 3°C) in da rknes s . M a n y calli g r ew a n d w e r e 
t ransferred to fresh med ia of the s ame or different composi t ion . Sub
cul ture occurred abou t every 4 w e e k s . Prel iminary selection of p romis 
ing cell l ines w a s based o n g r o w t h vigor as well as qualitative thin-layer 
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c h r o m a t o g r a p h y (TLC) a n d cytotoxic activity analyses , as d iscussed 
be low. 

The cell line des igna ted TRP 4a w a s selected for further invest igat ion 
after these initial screenings . This cell line w a s init iated as a leaf explant 
o n P R I 2C o 1 00 agar [i.e., PRL-4 m e d i u m s u p p l e m e n t e d wi th indole-3-
acetic acid (2 mg/l i ter) a n d coconut milk (100 ml/l i ter)] , t ransferred to 
P R D 2C o 1 00 agar, a n d main ta ined on the latter m e d i u m . 

Suspens ion cul tures of TRP 4a w e r e genera ted in P R D 2C o 1 00 b ro th 
a n d w e r e ma in ta ined as stock cul tures by regular subcul ture us ing 10% 
inocu lum at 3-week intervals . All suspens ion cul tures g r o w n in conical 
flasks w e r e incuba ted w i thou t i l luminat ion at 27 ± 1°C on a rotary 
shaker w i th a I-in. t h r o w a n d r u n at 140 r p m . 

III. CHEMICAL ANALYSIS 

In o rde r to ascertain t he levels of t r ipdiol ide (Td) in bo th the callus a n d 
cell s u s p e n s i o n cul tures , a m e t h o d involving a TLC assay a n d us ing 
fluorimetric detect ion w a s deve loped (Kutney et al., 1981b). After t he 
initial small-scale exper iments we re opt imized in t e rms of g r o w t h pa
ramete r s (see below) , scale-up of the fermenta t ion (up to 60 liters) in a 
C h e m a p e c bioreactor w a s achieved a n d detai led chemical analyses of 
the metabol i tes p r o d u c e d w e r e per formed. The latter s tudies , descr ibed 
be low, involved extraction of cells a n d b ro th wi th ethyl acetate a n d 
s u b s e q u e n t ch romatograph ic separa t ion to obtain the p u r e chemical 
c o m p o n e n t s . The latter w e r e t h e n submi t ted for the usua l spectroscopic 
(ultraviolet, infrared, nuclear magnet ic resonance , m a s s spect rometry) 
de te rmina t ions to comple te the s t ructure e lucidat ions. 

IV. CYTOTOXIC ANALYSIS 

Evaluat ion of the cytotoxicity p resen t in the fractions obta ined from 
the cell fe rmenta t ions w a s per formed at A r t h u r D. Little, Cambr idge , 
Massachuse t t s . The assays w e r e d o n e us ing KB cells ( h u m a n epider
moid carcinoma of the n a s o p h a r y n x type 9 KB-5) as deve loped u n d e r a 
p r o g r a m s p o n s o r e d by the Nat ional Cancer Inst i tute , Nat ional Ins t i tu tes 
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of Hea l th , Bethesda , Mary land . In general , E D 5 0 va lues expressed in 
mic rograms pe r milliliter w e r e obta ined . This is the calculated effective 
dose tha t inhibi ts g r o w t h of 50% of the control g rowth . 

A. Initial Medium  Studie s 
on the Production of Tripdiolide 

The influence of h o r m o n e s a n d hormone- l ike c o m p o u n d s on the p ro 
duc t ion of Td by TRP 4a cell su spens ion cul tures w a s examined . The 
PRL-4 m e d i u m of Eveleigh a n d G a m b o r g (1968) (wi thout casein h y d r o -
lysate) w a s u s e d as the basic m e d i u m . This w a s s u p p l e m e n t e d wi th 
var ious levels of Co, K , D, a n d Ν A, as listed in Table I. Cul tu res w e r e 
ha rves t ed a n d ana lyzed after 5 a n d 6 w e e k s of incubat ion. These t imes 
w e r e selected because pre l iminary screening exper iments carried ou t 
u s i n g P R D 2C o 1 00 indicated tha t h igh cytotoxic activities we re general ly 
associated w i th samples extracted from 4- to 6-week-old cul tures . At this 
po in t of t he project only quali tat ive TLC a n d cytotoxicity ( K B ) analyses 
w e r e available to moni to r the level of t r ipdiol ide. These resul ts toge ther 
w i th thp g r o v l h a s sessmen t of the cultu are s h o w n m Table I. 
Cul tu res g r o w n :n m e d i u m wi th C o 0K l e 0N ^ i 2 > g a ve t he s t ronges t indi
cat ion ot Td o n TLC, b u t copious root formation in the cul ture m a d e it 
less desirable for future u s e in large-scale fermenta t ions . Ins tead , the 
m e d i u m s u p p l e m e n t e d wi th kinet in (0.5 mg/l i ter) a n d naph tha l enea -
cetic acid (0.5 mg/l i ter) ( P R N A 0 5K Q 5) w a s selected as it p r o d u c e d a 
posi t ive TLC analysis for Td p lus good K B assay resul ts . 

B. Effec t of Inoculum  Size 

Parallel t ime-course (42 days) exper iments us ing TRP 4a in 
P R N A 0 5K Q 5 b ro th w e r e set u p wi th th ree different inocu lum sizes: 10% 
(s tandard) , 50%, a n d 100%. Dupl icate s amples w e r e ha rves ted a n d ana
lyzed at 7-day intervals s tar t ing at d a y 21 of incubat ion. Positive TLC 
ana lyses for Td w e r e s h o w n by all t he b ro th extracts. H o w e v e r , a signifi
cant difference in Td concent ra t ion could no t be de t e rmined . Likewise, 
K B assays d id no t d iscr iminate a m o n g the cul tures because all samples 
gave E D 5 0 va lues of less t h a n 1. The resul ts , overall , s h o w e d tha t inocu
l u m sizes larger t h a n 10% did no t p r e v e n t p roduc t ion of Td. H o w e v e r , 
the re w a s n o a p p a r e n t indicat ion of h igher yield. For practical p u r p o s e s , 
s u b s e q u e n t expe r imen t s e m p l o y e d the s t anda rd inocu lum size of 10%. 
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Table I 

Effect of Various Medium Supplements on the Growth and Tripdiolide Production by Tripterg-
gium  wilfordii (TRP 4a) Cell Suspension Cultures 

PRL-4 m e d i u m 
supp lemented 

with* Time of growth 

5 w e e k s 6 w e e k s 

Growth TLC KB Growth TLC KB 
Co Κ D N A assessment assay*7 a s s a y c assessment assays a s s a y c 

0 0.5 2 + ? 1.7 + ? 7.5 
0 1 2 + - 3.0 + - 43 
0 1.5 2 + - 0.5 + - 9 
0 0.5 0.15 + - 1.3 + - 1.3 
0 0.5 0.5 + + + 1.01 + + - < 1 
0 0.5 1 + + - 1.1 + + + ? 21.5 
0 0.5 2 + + ? 4.5 + + + 9 

0 0.5 2.5 + + _ 1.25 
(a few roots) 

+ + + + _ 28.5 
0 1 0.15 + - < 1 + - 27 
0 1 0.5 + + - 1.45 + + ? 12.5 
0 1 1 + + - 1.45 + + + - 26.5 

0 1 2 + + _ 1.8 
(a few roots) 

+ + _ 26 
0 1 2.5 + + + + < 1 + + + + + 23.5 

10 0 2 + + _ 43.5 
(many roots) 

+ + 29 
10 0.5 2 + + + + 28 + + - — 
10 1 2 + + + ? 2.6 + + + - 22 
10 1.5 2 + + + ? 10.05 + + ? 14.5 
30 0 2 + + + + + ? 49 + + + + ? 1.8 
30 0.5 2 + + + + - 14 + + + + - 6.6 
30 1 2 + + + + - 10.5 + + + - 6.2 
30 1.5 2 + + + - 42 + + + - 30.5 
60 0 2 + + + + - 12 + + + - 20.5 
60 0.5 2 + + + + - 12 + + + + - 12 
60 1 2 + + + + + ? 12 + + + + - 25 
60 1.5 2 + + + + - 34 + + + - 37 

"Units for the concentration of supplements are as follows: coconut milk (Co), milliliters per liter of 
broth; kinetin (K), 2,4-dichlorophenoxyacetic acid (D), and 1-napthaleneacetic acid (NA), milligrams 
per liter of broth. 

bThin-layer chromatographic assays were qualitative. 
CKB assays are expressed as E D 50 values in micrograms per milliliter. 
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C. Time-Course Stud y in PRNA0 5K 0 5 Medium 

At this po in t , w e deve loped a rap id TLC assay of Td us ing fluorimetric 
de tec t ion (Kutney et al., 1981b) tha t w a s accurate for Td concent ra t ions 
of 0.2 to 3.6 μg . Therefore, a detai led t ime-course s tudy , inc luding Td 
m e a s u r e m e n t , u s i n g cell su spens ion cul tures w a s carried ou t in 
P R N A 0 5Ko 5 m e d i u m . Triplicate s amples (500 ml) w e r e ha rves t ed at 
week ly intervals a n d ana lyzed individual ly . O t h e r cul ture pa rame te r s 
m o n i t o r e d at t he s ame t ime inc luded cell d ry we igh t [cells we re w e i g h e d 
after filtration t h r o u g h Miracloth (Calbiochem), a n d lyophil izat ion] , p H , 
a n d refractive index. These resul ts are s h o w n in Fig. 1. 

Significant Td formation occurred after 14 days . A maximal concentra
t ion of 2.3 mg/ l i ter of cul ture b ro th w a s a t ta ined a r o u n d day 35. Gener -

H 1 1 1 1 V 

11 -I 

0 7 14 21 28 35 42 49 

DAYS OF INCUBATION 

Fig. 1. TRP 4a culture growth and Td production in PRNA0 .5K0 .5 (no casein hydrolysate) 
broth, us ing 21-day-old inoculum g r o w n in PRD2Coioo broth. 
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ally, Td w a s found to be p resen t in bo th the cell extracts as well as the 
b ro th . Because of interference by the cooccurrence of several qu ino -
n e m e t h i d e c o m p o u n d s (see below) in the cell extracts, howeve r , only 
b ro th extracts w e r e ana lyzed by the fluorimetric m e t h o d for the con
centra t ion of Td. Biomass, in t e rms of cell d ry weight , increased from 1.7 
m g / m l at d a y 0 to the peak of 10.5 m g / m l at day 28. After this t ime the 
cells a p p e a r e d to en te r a s tat ionary p h a s e . 

D. Effec t of Younge r Inoculum 

In all p rev ious exper iments inocula we re from 18- to 22-day-old stock 
cul tures ( P R D 2C o 1 0 0) tha t h a d reached early s tat ionary p h a s e , as as
sessed by b iomass m e a s u r e m e n t . O n e idea for shor ten ing the t ime for 
Td p roduc t ion w a s to u se a y o u n g e r inocu lum for the p roduc t ion p h a s e . 
To test this app roach , a t ime-course exper iment w a s per formed us ing 
the P R N A Q ^ K Q S m e d i u m a n d 11-day-old inocula. Cell s u s p e n s i o n 
cul tures (3 x 500 ml) w e r e ha rves ted at weekly intervals a n d ana lyzed 
for Td. Cell d ry weight , p H , a n d refractive index of each sample w e r e 
also recorded . Results are s h o w n in Fig. 2. 

G r o w t h w a s rap id after a shor t lag per iod so tha t a maximal d ry 
we igh t of 11.9 m g / m l w a s reached by day 21 . Use of inocula still in 
g r o w t h p h a s e a n d conta in ing residual sucrose likely accounts for these 
differences in g r o w t h rate a n d cell yields. The peak concentra t ion of Td 
again occurred after abou t 35 days of incubat ion. Howeve r , this level (1 
mg/l i ter) w a s less t h a n half tha t obta ined from cul tures us ing older 
inocula. Therefore, subsequen t exper iments emp lo y ed inocula abou t 3 
w e e k s old. 

E. Influenc e of Medium  Compositio n on 
Tripdiolide Production 

A l t h o u g h w e h a d establ ished tha t formation of Td by TRP 4a cells in 
P R N A 0 5Κο 5 m e d i u m can be achieved wi th a peak level of more t h a n 2 
mg/l i ter , it w a s of interest to examine different p roduc t ion media in the 
con t inu ing effort to improve the yield of the des i red c o m p o u n d s . The 
effects of t w o o ther basal med ia [ those of Murash ige a n d Skoog (1962) 
(MS) a n d Hi ldebrand t a n d Schenk (1972) (SH)] on g r o w t h a n d Td p r o d u c 
t ion of TRP 4a cells w e r e c o m p a r e d w i th P R N A 0 5KQ 5 m e d i u m in a series 
of parallel exper iments . The media w e r e p r e p a r e d as M S N A 0 5Ko 5 (2% 
sucrose) a n d S H N A 0 5. Suspens ion cul tures (250 ml each) we re ha rves ted 
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at app rop r i a t e t imes over a 45-day incubat ion per iod a n d ana lyzed for Td 
concent ra t ion a n d cell d ry weigh t . Resul ts are s h o w n in Fig. 3 . 

A m o r e deta i led t ime-course exper iment in M S N A 0 5Ko 5 (2% sucrose) 
m e d i u m w a s carried ou t a n d afforded a Td concentra t ion of greater t h a n 
3.0 mg/ l i te r after 37 d a y s of incubat ion. G o o d b iomass p roduc t ion , in 
t e r m s of cell d ry we igh t , w a s also obta ined . These resul ts s t rongly indi
cated tha t M S N A 0 5K Q 5 (2% sucrose) is a m o r e effective Td p roduc t ion 
m e d i u m t h a n similarly s u p p l e m e n t e d PRL-4 or SH med ia for cult ivation 
of TRP 4a cell s u s p e n s i o n cul tures in shake flasks. 

C o m p a r i s o n of the th ree basal med ia (PRL-4, MS, SH) reveal several 
major differences in their compos i t ions . Some possible key c o m p o n e n t s 
are t he following: (a) concent ra t ion of available n i t rogen in the forms of 

Fig. 2. TRP 4a culture growth and Td production in PRNA0.5K0 .5 (no casein hydrolysate) 
broth, us ing 11-day-old inoculum g r o w n in PRD2Co 1 0o broth. 
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DAYS OF INCUBATION 

Fig. 3. Comparison of three different basal media for growth and tripdiolide production 
by T R P 4a: • /0 /P R N A o . 5K o . 5; MSNA 0. 5Ko .5 (2% sucrose); Δ , Α , SHNA 0. 5Ko .5 . Inoc
ula were g r o w n for 20 days in P R D 2C o k ) o -

N H 4
 + or N 0 3 ~; (both ions are p re sen t in m u c h h igher concentra t ions in 

the MS m e d i u m ) ; (b) concentra t ion of calcium chloride (CaCl2 '2H20) is 
also h igher in MS (440 mg/l i ter) ; (c) concentra t ion of th iamine is m u c h 
lower in MS (0.1 mg/l i ter) t han in the o ther two media (10 a n d 5 mg/ l i 
ter); (d) glycine (2 mg/l i ter) is only p re sen t in MS. In addi t ion , there are 
o ther differences in the micronut r ien ts (e.g. , M n 2 + , Z n 2 + , C u 2 + , a n d 
C o 2 + ). 

The effect of different levels of some of these c o m p o n e n t s w a s s tud ied 
u s ing M S N A 0 5K Q 5 m e d i u m as the basal one . Results of some of these 
pre l iminary exper iments w i th TRP4a cul tures are descr ibed be low. 

1. Effec t of Ammoniu m  Nitrate Concentratio n 

Three different levels of a m m o n i u m ni trate [850,1650, ( s tandard) , a n d 
2450 mg/l i ter] w e r e eva lua ted . Cul tures (2 x 250 ml) we re ha rves ted at 
appropr i a t e t imes after 28 days of incubat ion. Dry b iomass yield a n d Td 



9. Diterpenes 169 

concent ra t ion w e r e mon i to red (Fig. 4A). Tripdiolide p roduc t ion w a s 
h ighes t in m e d i u m w i t h 1650 mg/ l i ter of a m m o n i u m ni trate . Biomass 
yield w a s greates t w h e n a m m o n i u m ni trate at 850 mg/l i ter w a s u sed . 

2. Effec t of Sucros e Concentratio n 

Three sucrose concent ra t ions w e r e tes ted , namely , 1% (10 g/liter), 2% 
(20 g/liter) ( s tandard) a n d 4% (40 g/liter). TRP 4a cul tures (2 x 125 ml) 
w e r e p r o c u r e d a n d ana lyzed at appropr i a t e t ime intervals after 28 days 
of incubat ion . Resul ts , as s h o w n in Fig. 4B, indicated Td p roduc t ion 
r eached the s a m e level (2.3 mg/l i ter) at d a y 43 in extracts from cul tures 
w i th b o t h 2 a n d 4% sucrose , w h e r e a s 1% sucrose afforded a lower Td 
concent ra t ion (1.8 mg/l i ter) after the s ame t ime per iod . Cul tures g r o w n 
in 4% sucrose s h o w e d the bes t b iomass yield, w h e r e a s t he 1% sucrose 
s amples afforded the lowes t yield. 

3. Effec t of Calcium  Chloride Concentratio n 

Three different calcium chloride concent ra t ions we re u s e d [220, 440 
( s tandard) a n d 880 mg/ l i te r ] . Cu l tu res (2 x 125 ml) w e r e ha rves ted a n d 
ana lyzed at app ropr i a t e t imes after 28 days of incubat ion. Biomass yield 

Ί 
12-1 

10 

NH4NQ3 
• = 8 50 m g /l 
• = 1 6 50 
Δ = 2 4 50 

Sucrose CaCI2 
• = 2 20 m g /1 
• = 4 40 
Δ = 8 80 

Z ^ 3 

DAYS  OF INCUBATION 

Fig. 4. Effects o n Td and dry biomass production of different m e d i u m concentrations of 
N H 4 N O 3 (A), sucrose (B), and CaCl 2 (C). MSNA0 .5K0 . 5 w a s the basic m e d i u m , and inocula 
were g r o w n for 20 days in PRD2Coioo. 
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w a s very similar for all th ree calcium chloride concentra t ions (Fig. 4C), 
w h e r e a s Td p roduc t ion w a s maximal w i th 880 mg/ l i ter of calcium chlo
ride at d a y 43 (2.6 mg/l i ter) . 

V. ISOLATION AND CHARACTERIZATION OF 
SECONDARY METABOLITES 

H a v i n g es tabl ished the var ious g r o w t h pa ramete r s for the cell cul
tu res , it w a s appropr i a t e to consider scale-up exper iments a n d obtain 
definitive informat ion abou t the chemical s t ruc tures of the p roduc t s 
formed d u r i n g the fermenta t ion process . Of p r imary interest , a n d in 
re la t ionship to p roduc t ion of Td, w a s the ques t ion as to w h e t h e r the 
cooccurr ing secondary metabol i tes p r o d u c e d in addi t ion to Td pos 
sessed chemical s t ruc tures related to Td a n d w h e t h e r t hey migh t repre 
sen t s t ructural t empla tes biosynthetical ly related to the target com
p o u n d s . The occurrence of such c o m p o u n d s m a y shed impor t an t 
informat ion on the b iosynthes i s of Td and , in t u rn , p rov ide possible 
a v e n u e s to i m p r o v e its p roduc t ion further. 

Organ ic solvent extraction (ethyl acetate) of the cells a n d b ro th fol
l owed by convent iona l silica gel ch roma tog raphy afforded, in addi t ion 
to Td, t w o o the r c o m p o u n d s of the d i t e rpene family. Spectroscopic da ta 
a n d compar i son wi th an au then t ic sample identified one of these com
p o u n d s as dehydroabie t ic acid (3). The o ther metabol i te w a s clearly a 
nove l c o m p o u n d , a n d m o r e extensive research w a s requi red to settle its 
s t ruc ture . Spectroscopic da ta revealed carboxylic acid a n d alcohol func
t ions s i tua ted on a typical d i t e rpene skeleton of the dehydroabie t ic acid 
family b u t w i t h a C 3, C 4- d i s u b s t i t u t e d r ing-A sys tem. Such a s t ruc ture 
w a s h ighly in teres t ing because tr ipdiolide is clearly a d i t e rpene wi th the 
lactone ring a t tached to ring A a n d requir ing the C 3,C 4- subs t i t u t i on 
pa t t e rn . Fu r the rmore , the genes is of the novel t r iepoxide sys tem, p re 
sen t in ring C of Td, could plausibly arise biosynthetical ly from a n aro
matic ring C characteristic of the dehydroabie t ic acid sys tem. In s u m m a 
ry, it a p p e a r e d tha t this novel c o m p o u n d m a y indeed bear a b iosynthet ic 
re la t ionship to Td. 

Chemical synthes i s deve loped from dehydroabie t ic acid (3), a long the 
rou te 3 —» 4 —» 5 —» 6 (Scheme 1), p r o v e d the requi red ke tone 6, w h i c h 
could t h e n be conver ted to the unsa tu r a t ed hydroxyes te r 17 (Scheme 2). 
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reflux , 3 h 

(67%) 

1) B F3- U X H , r . t. 
2 ) N o O H, H 20 2 

pyridine -ch loro 
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S c h e m e 1. Synthes i s of di terpene intermediates from dehydroabietic acid (3). 



Scheme 2. Synthetic route to isolated diterpene 17. 
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The latter c o m p o u n d p r o v e d to be identical w i th the ester der ived from 
d i a z o m e t h a n e t r ea tmen t of the novel carboxylic acid obta ined in the cell 
fe rmenta t ion process . T h u s t he novel metabol i te clearly bears the s truc
ture 24  ( R = O H ) . 

Based o n the cooccurrence of 3 a n d 24  ( R = O H ) , it w a s attractive to 
cons ider tha t the b iosynthet ic p a t h w a y leading to tr ipdiol ide m a y in
volve the in te rmedia tes 3 a n d 24  ( R = O H ) s h o w n in Scheme 3. 

The r ema in ing metabol i tes isolated from the t issue cul ture med ia 
w e r e identified, by compar i son w i th au then t ic samples , to be celastrol 

Labdane-type Pimarane-type 

i 

3 Abietanc 

I 
H O O C 

Tripdiolide 

S c h e m e 3. Postulated biosynthetic pathway leading to tripdiolide. 
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o' 

C H ^ g l, Et20 
reflux , 2 h 

HO' 

6 25 

TsOH, * H 
reflux 

S c h e m e 4. Synthesis of diterpene intermediates from ketone 6. Yields: 25 —• 26 (63%); 
Overall (85%). Ratio 2 6 : 2 7 = 3 : 5 . 

(18), an isomeric t r i te rpene q u i n o n e me th ide 19, a s t ructure (20) closely 
related to t i ngenone , oleanolic acid (21), po lpunon ic acid (22) a n d β-
sitosterol (23). 

In o rde r to der ive addi t ional information abou t the b iosynthes is 
a n d / o r cell p roduc t ion of t r ipdiol ide, a n u m b e r of b iot ransformat ion 
expe r imen t s are u n d e r considerat ion. Such exper iments involve sub
strates possess ing the d i t e rpene sys tem, at a lower oxidat ion level, a n d 
tha t can be der ived by chemical convers ions of the readily available 
dehydroabie t ic acid (3). For this p u r p o s e , the synthet ic rou tes s u m m a 
rized in Schemes 1 a n d 4 have b e e n deve loped , a n d incubat ion experi
m e n t s w i th subs t ra tes such as 9 , 1 0 , 26, a n d 27 a n d g rowing cul tures of 
Tripterygium wilfordii will be p u r s u e d in o rder to evaluate their role, if 
any , in cell p roduc t ion of t r ipdiol ide. 

The p roduc t ion of the potential ly impor t an t ant ineoplast ic agen t t r ip
diol ide (Td) in t issue cul tures of Tripterygium wilfordii h a s b e e n d e m o n 
s t ra ted . A l t h o u g h Td p roduc t ion , at a level of 4.0 mg/l i ter , ha s no t yet 

VI. BIOTRANSFORMATION EXPERIMENTS 

VII. CONCLUSIONS 
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b e e n fully op t imized , this yield is abou t 36 t imes greater t h a n tha t re
po r t ed for t he p lan t by K u p c h a n et al. (1972). Fu tu re yield i m p r o v e m e n t s 
m a y be ob ta ined t h r o u g h increased u n d e r s t a n d i n g of the Td b iosynthe t 
ic p a t h w a y a n d its regula t ion or, al ternatively, t h r o u g h the biotransfor
ma t ion m e n t i o n e d in Section VI. 

VIII. STUDIES IN OTHER LABORATORIES 

Misawa (1985) a n d col leagues h a v e also r epor t ed s tudies o n p lan t 
tissue cul ture of Tripterygium wilfordii. The level of Td in the cul ture w a s 
ve ry l ow (95 μg/l i ter) . Similarly, a r epor t by Dujack et al. (1980) p rov ides 
a descr ip t ion of their resul ts w i th T. wilfordii, b u t n o characterizat ion of 
metabol i tes p r o d u c e d w a s repor ted . 

O n e r epo r t (Miyasaka et al., 1985) o n p roduc t ion of the d i t e rpene 
ferruginol by cell su spens ion cul tures of Salvia miltiorrhiza h a s a p p e a r e d . 
These a u t h o r s s tud ied t he time-course p roduc t ion of ferruginol a n d the 
effects of auxins a n d light on ferruginol p roduc t ion a n d o n cell g rowth . 

S tud ies w i t h cell cul tures of Thuja occidentalis by Witte et al. (1983) h a v e 
also r epo r t ed the p resence of the d i t e rpenes , dehydroab ie t ane , 2-de-
hydrofer ruginol , a n d ferruginol. The latter c o m p o u n d s we re recognized 
by the t echn ique of gas liquid ch roma tog raphy combined w i th m a s s 
spec t romet ry ( G C - M S ) so , a g a i n / n o information is available o n the 
levels of these d i t e rpenes p r o d u c e d in the cul ture media . The cell sus 
p e n s i o n cul ture of Cryptomeria japonica s tud ied by Ishikura et al. (1984) 
h a s b e e n r epo r t ed to conta in t w o d i te rpenes : abietatr iene a n d 
ferruginol . 

D i t e rpene p roduc t ion by callus cul tures of some p lan ts be longing to 
t he family Cupressaceae h a s b e e n repor t ed by O h g a k u et al. (1984). He re 
again , G C a n d G C - M S analyses w e r e pe r fo rmed to identify such diter
p e n e s as abieta t r iene, totarol , ferruginol, hinokiol , so levels of p roduc 
tion of t he specific c o m p o u n d s h a v e no t b e e n well es tabl ished. 

Dehydroab i e t ane a n d ano the r unident i f ied d i t e rpene hydroca rbon 
h a s b e e n found in t he s t eam distillates of callus cul tures of Melissa of
ficinalis (Koch-Hei tzmann et al., 1985). Gas liquid chromatographic anal
ysis w a s e m p l o y e d to evaluate the d i t e rpene c o m p o n e n t s , wh ich var ied 
in relative p ropor t i ons d e p e n d i n g o n the age of the cul ture . O lde r 
cu l tures t e n d e d to reveal a h ighe r con ten t of the dehydroab ie t ane 
sys tem. 

In conclus ion, a n d as a l ready n o t e d at the outse t , s tudies o n p lan t 
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t i ssue cul tures for the p roduc t ion of phytochemicals wi th in the diter
p e n e family h a v e b e e n l imited. This s i tuat ion is in m a r k e d contrast to 
tha t involving alkaloid a n d steroid p roduc t ion w h e r e , m o r e definitive 
clinical a n d pharmaceut ica l in teres ts are es tabl ished. 

REFERENCES 

Constabel , F., and Kurz, W. G. W. (1979). Plant cell cultures, a potential source of phar
maceuticals. Adv. Appl. Microbiol. 25, 209-240 . 

Dujack, L. W. , Pancake, S. J., and Chen , P. K. (1980). Curr. Chemoth. Infect. Dis., Proc. 11th 
Int. Congr. Chemother., 11th, 1979. 

Eveleigh, D . E., and Gamborg, I. L. (1968). Culture m e t h o d s and detection of glucanases 
in suspens ion cultures of wheat and barley. Can. ]. Biochem. 46, 417-421 . 

Hildebrandt, A. C , and Schenk, R. U. (1972). Medium and techniques for induction and 
growth of monoco ty l edonous and dicotyledonous plant cell cultures. Can. J. Bot. 50, 
199-204. 

Ishikura, N . , Nabeta, K., and Sugisawa, H. (1984). Volatile components in cell suspens ion 
cultures of Cryptomeria japonica. Phytochemistry 23, 2062-2063. 

Koch-Heitzmann, I., Schultze, W., and Czygan, F. C. (1985). Investigations on callus 
cultures of Melissa officinalis L. II. Volatile diterpene hydrocarbons in not differentiated 
static cultures. Z. Naturforsch., C: Biosci. 40C, 13-20 . 

Kupchan, S. M. , Court, W. Α . , Dailey, R. G., Gilmore, C. J., and Bryan, R. F. (1972). 
Triptolide and tripdiolide, novel antileukemic diterpenoid triepoxides from Trip
terygium wilfordii. J. Am. Chem. Soc. 94, 7194-7195. 

Kutney, J. P. (1984). Studies in plant tissue culture. Synthesis and biosynthesis of clinically 
important anti-tumor agents . Pure Appl. Chem. 56, 1011-1024. 

Kutney, J. P., Beale, Μ. H. , Salisbury, P. J., Sindelar, R. D . , Stuart, K. L., Worth, B. R., 
Towns ley , P. M. , Chalmers, W. T., Donnel ly , D. J., Ni l sson, K., and Jacoli, G. G. 
(1980). Tripdiolide from tissue culture of Tripterygium wilfordii. Heterocycles 14, 1465-
1467. 

Kutney, J. P., Hewitt , G. M. , Kurihara, T., Salisbury, P. J., Sindelar, R. D . , Stuart, K. L., 
Towns ley , P. M. , Chalmers, W. T., and Jacoli, G. G. (1981a). Cytotoxic diterpenes 
triptolide and tripdiolide and cytotoxic triterpenes from tissue cultures of Tripterygium 
wilfordii. Can. ]. Chem. 59, 2677-2683. 

Kutney, J. P., Sindelar, R. D . , and Stuart, K. L. (1981b). Rapid thin layer chromatographic 
assay of tripdiolide us ing fluorimetric detection. / . Chromatogr. 214, 152-155. 

Kutney, J. P., Choi, L. S. L., Duffin, R., Hewitt , G., Kawamura, N . , Kurihara, T., Salis
bury, P., Sindelar, R., Stuart, K. L., Townsley , P. M., Chalmers, W. T., Webster, F., 
and Jacoli, G. G. (1983). Cultivation of Tripterygium wilfordii t issue cultures for the 
production of the cytotoxic diterpene tripdiolide. Planta Med. 48, 158-163. 

Misawa, M. (1985). Production of useful plant metabolites. Adv. Biochem. Eng./Biotechnol. 
31, 5 9 - 8 8 . 

Miyasaka, H. , N a s u , M. , Yamamoto, T., and Yoneda, K. (1985). Production of ferruginol 
by cell suspens ion cultures of Salvia miltiorrhiza. Phytochemistry 24, 1931-1933. 

Murashige, T., and Skoog, F. (1962). A revised m e d i u m for rapid growth and bioassays 
wi th tobacco tissue cultures. Physiol. Plant. 15, 473-497. 



9. Diterpenes 177 

N g a n , W. L., A u y e u n g , Υ. Z., and Cheng , S. Y. (1984). Studies on pharmacological action 
of alcoholic extracts of Tripterygium wilfordii. Chin. Herb Med. 3 , 123-125. 

Ohgaku , N . , Endo, Α. , Hasegawa, S., and Hirose, Y. (1984). Diterpene production by 
callus of s o m e plants be longing to Cupressaceae. Agric. Biol. Chem. 48, 2523-2527. 

Research Group of Lei-Gong-Teng (1982). Therapeutic action of total g lycosides of Lei-
Gong-Teng o n s o m e dermatoses . Chin. Dermatol. J. 15, 199-201. 

Staba, E. J., ed . (1980). "Plant Tissue Culture as a Source of Biochemicals." CRC Press, 
Boca Raton, Florida. 

Witte, L., Berlin, J., Wray, V., Schubert, W., Kohl, W., Hofle, G., and Hammer, J. (1983). 
M o n o - and diterpenes from cell cultures of Thuja occidentalis. Planta Med. 49, 216-221 . 

Z h e n g , J., Xu L., Ma, L., Wang D. H. , and Gao, J. (1983a). Studies o n pharmacological 
action of total g lycosides of Tripterygium wilfordii. Acta Acad. Med. Sin. 5, 1 -8 . 

Zheng , J., Liu, J., H s u , L., Gao, J., and Jiang, B. (1983b). Acta Acad. Med. Sin. 5, 75 -78 . 
Z h o u , Β. N . , Song , G. Q. , and H u , C. Q. (1982). Studies o n the chemical constituents of 

Tripterygium wilfordii Hook. f. Acta Pharm. Sin. 17, 146-150. 



This page intentionally left blank



CHAPTER 10 

Bufadienolides* 
S u m i t a J h a 

Department of Botany 
University of Calcutta 
Calcutta, India 

I. Introduction 179 
II. Natural Occurrence of Bufadienolides 180 

III. Tissue Culture for Production of Bufadienolides 181 
IV. Present Status of Tissue Culture of Plants 

Yielding Bufadienolides 181 
A. Helleborus 181 
B. Kalanchoe 183 
C. Bowiea volubilis 183 
D. Urginea maritima 184 
E. Urginea indica 186 

V. Conclus ion 189 
References 189 

I. INTRODUCTION 

Cardiac glycosides are natura l ly occurr ing s teroids wi th a powerful 
s t imula t ing act ion o n the cardiac musc le . These c o m p o u n d s are com
p o s e d of a n aglycone, w h i c h is e i ther a cardenol ide or a bufadienol ide , 
a n d a hydrophi l i c ca rbohydra te moie ty l inked at the C-3 posi t ion. The 
cardenol ides are C 2 3 s teroids conta in ing a n α ,β -unsa tu ra t ed 7- lactone 
ring, a n d the bufadienol ides are C 2 4 homologs of cardenol ides contain
ing a δ-lactone ring w i t h a conjugated d iene sys tem. M a n y different 
suga r s h a v e b e e n isolated from cardiac glycosides, a n d all except glucose 
are deoxyhexoses a n d me thy l e the r s . The glycoside l inkage for a D sugar 
is β, a n d α for a n L sugar . 

*To Prof. Dr. Sumitra Sen wi th best w i s h e s o n her fiftieth birth anniversary. 
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II. NATURAL OCCURRENCE OF 
BUFADIENOLIDES 

Sumita Jha 

In p lan t s , cardiac glycosides occur only in ang iospe rms . The car-
deno l ides are m o r e common ly a n d a b u n d a n t l y found t h a n the bufa-
d ienol ides (Hegnauer , 1970). Bufadienolides have been found to occur 
in s o m e m e m b e r s of Mel ianthaceae , Ranunculaceae , Crassulaceae, a n d 
Liliaceae (Table I). S t ructures are s h o w n in Fig. 1. 

Table I 

Natural Occurence of Bufadienolides 

Bufadienolide (Fig. 
1—structural 

Family Plant species formula no. ) Reference 

Ranunculaceae Helleborus Hellebrin (1) Reznichenko et al (1964), 
Hegnauer (1970) 

Crassulaceae Kalanchoe lan- Lanceotoxin (2) Anderson et al (1984) 
ceolata 

Kalanchoe diagre- Diagremontianin Wagner et al (1985) 
montiana (3) 

Tylecodon wal Cotyledoside (4) Steyn et al (1984) 
lichii 

Melianthaceae Bersama Bersaldigenin (5) Vanhaelen and Baudin (1967), 
Hegnauer (1970) 

Melianthus com- Melianthugenin (6) Koekemoer et al (1971) 
osus 

Liliaceae Bowiea volubilis Bovoside A Reznichenko et al (1965) 
Urginea maritima Scillaren A (7), Stoll et al (1933), Stoll and 

proscillaridin A Kreis (1951), Wartburg et al 
(8), and minor (1968) 
glycosides , i .e . , 
scil l iphaeoside, 
scilliroside, scil-
lirubroside, scil-
l iglaucoside, 
glucoscillaren A, 
scillicyanoside 

Urginea indica Scillaren A, pros Rangaswami and Subrama-
cillaridin A, scil nian (1956), Jha and Sen 
l iphaeoside (1981) 
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III. TISSUE CULTURE FOR PRODUCTION OF 
BUFADIENOLIDES 

A l t h o u g h p lan t t issue cul ture h a s b e e n a subject of m u c h interest for 
the p roduc t ion , b io t ransformat ion, a n d discovery of n e w biochemicals , 
as exemplified by a n u m b e r of excellent reviews (Bohm, 1980; Dougal l , 
1979; Furuya , 1982; Jones , 1983; Kurz a n d Constabel , 1979; Re inhard a n d 
Al fe rmann , 1980; Staba, 1985), very little w o r k h a s so far b e e n d o n e on 
bufadienol ide p roduc t ion in t issue cul tures . As a mat te r of fact, greater 
e m p h a s i s is evident ly given to the p roduc t ion of a few types of h igh-
va lue , plant-specific c o m p o u n d s . On ly few therapeut ical ly impor t an t 
bufadienol ides are k n o w n as c o m p a r e d to cardenol ides (Engel, 1984). It 
is n o t surpr i s ing , therefore, tha t w o r k on t issue cul ture sys tems in this 
area h a s b e e n main ly concent ra ted on the p roduc t ion a n d biotransfor
ma t ion of cardenol ides (Alfermann et al., 1977, 1983). Moreover , cell 
cu l tures of the species invest igated so far have b e e n found to be incapa
ble of syn thes iz ing the bufadienol ides characteristic of the pa ren t p lan t 
(Shyr a n d Staba, 1976). The isolation a n d d e v e l o p m e n t of n e w e r a n d 
therapeut ical ly be t ter bufadienol ides remain to be explored. It m a y be 
p o i n t e d ou t tha t proscil laridin A, ob ta ined from squill bu lbs , is a valu
able cardiac d r u g (Engel, 1984) tha t can be admin i s te red to pa t ien ts w h o 
canno t w i t h s t a n d digitalin. 

The p r e s e n t chap te r covers t he l i terature u p to mid-1986 on the t issue 
cul ture s tud ies on bufadienol ide-yielding p lan ts , inc luding the Indian 
squill, w h i c h is be ing inves t igated in the au tho r ' s laboratory. 

IV. PRESENT STATUS OF TISSUE CULTURE OF 
PLANTS YIELDING BUFADIENOLIDES 

A. Helleborus 

Helleborus yields hel lebrin. There is a single repor t available on an the r 
cul ture of H. foetidus (Zenkteler et al, 1975). The au tho r s r epor t ed the 
d e v e l o p m e n t of embryo ids from pol len. N o repor t is available on 
hel lebrin p roduc t ion in t i ssue cul ture . 
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2 Lanceotoxin 
1 Hellebrin 

3 Daigremontianin 

4 Cotyledoside 

7 R = Scillabiose = Scil laren A 
8 R = Rhamnose = Proscillaridin A 

6 Epoxymelianthugenin 5 Bersaldigenin- (1 ,3 ,5Wthoacetate) 



10. Bufadienolides 183 

Β. Kalanchoe 

In Kalanchoe daigremontiana, b u d d i n g from ep idermal cells h a s b e e n 
r epo r t ed (Bigot, 1976). N o repor t s are available on bufadienol ide p ro 
duc t ion in this species or in o ther species of Kalanchoe in vitro (Dor-
e s w a m y , 1965; Mclaren a n d T h o m a s , 1967; Robbins a n d Harvey , 1971). 

C. Bowiea  volubilis 

The bu lb of Bowiea volubilis h a s long b e e n k n o w n to be a source of 
cardiac glycosides (bufadienolides) of scillaren type (Reznichenko et al., 
1965; Wat t a n d Breyer-Brandwizk, 1962). Vegetat ive reproduc t ion via 
divis ions of t he m o t h e r bu lb is very s low, a n d seed p ropaga t ion leads to 
variability. The m o s t impor t an t r eason of p ropaga t ing this p lan t is to 
maximize h igh-drug-y ie ld ing clones. Tissue cul ture s tudies on p lan t re
gene ra t ion a n d rap id mult ipl icat ion w e r e carried ou t in our laboratory 
(Jha a n d Sen, 1985). Inflorescence s egmen t s w e r e u s e d as explants , as 
e v e n after several trials, bu lbs could no t be successfully sterilized. Callus 
w a s i n d u c e d o n Murash ige a n d Skoog 's (MS) (1962) m e d i u m supp le 
m e n t e d w i t h 1 mg/ l i te r 2 ,4-dichlorophenoxyacet ic acid (2,4-D) a n d 15% 
(v/v) coconut milk. Shoot regenera t ion occurred after t w o or th ree sub
cul tures in t h e s a m e m e d i u m wi th low concentra t ion of 2,4-D. Comple t e 
roo ted p lan t s w e r e ob ta ined in MS m e d i u m w i th o u t a n y h o r m o n e . To 
p r o p a g a t e B. volubilis rapidly , bulble ts p r o d u c e d in vitro w e r e u s e d as 
secondary explants . T w o types of secondary explants w e r e u sed : (a) 
split shoo t s , a n d (b) indiv idual scale leaves. A l t h o u g h each split shoot 
p r o d u c e d t w o to four d a u g h t e r shoo t s in the p resence of 6-benzyla-
m i n o p u r i n e (BAP, 2 - 5 mg/ l i ter ) , t he r e sponse of individual scales w a s 
different. N u m e r o u s small globular shoo t p r imord ia deve loped from the 
adaxial surface of ou te r a n d inne r scales wi th in 4 to 6 w e e k s . The shoot 
p r imord ia deve loped in to bu lbous shoots in p resence of 2 mg/ l i ter BAP 
a n d 0.05 mg/ l i te r 2,4-D. These shoo ts mul t ipl ied rapidly in shake cul ture 
u s i n g l iquid MS m e d i u m . F rom each scale, 400-600 bulblets could be 
p r o d u c e d in 16 to 20 w e e k s . Eighty percen t of the p lan ts surv ived o n 
t ransfer to po t t ed soil. The bufadienol ide con ten t of these t r ansp lan ted 
bulble ts is u n d e r invest igat ion. 

Fig. 1. Structural formulas of naturally occurring bufadienolides. 
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D. Urginea maritima 

Squill is one of the mos t ancient of medicinal p lan ts . It closely resem
bles Digitalis in increasing the vigor a n d d imin ish ing the frequency of 
cardiac action. The principal bufadienol ide is scillaren A, wh ich o n hy
drolysis by t he e n z y m e p re sen t (scillarenase) gives proscillaridin A a n d 
glucose. Comple t e hydrolys is yields the aglycone scillaridin A, a n d scil-
labiose ( rhamnose a n d glucose res idues) . Since Stoll et al. (1933) isolated 
a n d crystallized scillaren A, a d o z e n bufadienol ides have b e e n repor ted 
from bulbs of squill (Stoll a n d Kreis, 1951; v o n War tbu rg et al., 1968). 

1. Tissue Culture 

Kaul et al. (1967) examined semipurif ied extracts of Urginea maritima 
t i ssue cul tures for their effects on respirat ion, hear t rate, a n d b lood 
p re s su re in anes thes ized rabbi ts . They repor t ed tha t the semipurif ied 
extracts of squill t i ssue cul tures es tabl ished from bulbs p r o d u c e d a p ro 
n o u n c e d vasol idat ion a n d bradycardia in anes thes ized rabbits . This w a s 
the first repor t of t issue cul ture s t udy on wh i t e squill. Lutz (1970) carried 
ou t detai led s tud ies o n induc t ion of callus a n d es tab l i shment of t issue 
cul ture a n d on p roduc t ion of bufadienol ides in callus cul ture . The only 
o the r repor t available is tha t by Shyr a n d Staba (1976), w h o carried ou t 
s tud ies w i th a n a im to detect bufadienol ides , an thocyan ins , a n d o ther 
c o m p o u n d s . 

a. Explant. For es tabl ishing t issue cul tures , bu lbs were u s e d as ex-
plant . Lutz (1970) u s e d several popu la t ions of Urginea maritima for es tab
l ishing cul tures a n d repor t ed tha t age of bu lb u s e d as explant affects the 
con ten t of total glycosides in calli der ived from t h e m . Lutz u s e d 10-15% 
s o d i u m hypochlor i te for 45 m i n for sterilization of bulbs . 

b. Culture Media. Lutz (1970) induced calli on bu lb explants o n MS 
m e d i u m s u p p l e m e n t e d wi th 2,4-D, indole-3-acetic acid (IAA), a n d ki
ne t in (Kn). The calli we re subcu l tu red at 4-week intervals a n d main
ta ined at 21 to 25°C. Calli w e r e u s e d after the first a n d second subcul ture 
for chemical analysis . 

Shyr a n d Staba (1976) u s e d callus t issues es tabl ished from bulbs for 
chemical analysis a n d ma in ta ined t h e m in da rknes s in revised tobacco 
m e d i u m (Staba, 1969) wi th 1 mg/l i ter 2,4-D. These cul tures w e r e sub
d iv ided a n d g r o w n on the s ame m e d i u m , conta in ing 5 , 1 , or 0.1 mg/ l i ter 
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2,4-D or 1 mg/ l i te r Kn, a n d subcu l tu red at 6-week intervals . They es tab
l ished s u s p e n s i o n cul tures b y t ransferr ing callus cul tures in to 500-ml 
flasks conta in ing 100 ml of revised tobacco liquid m e d i u m wi th ei ther 5 
or 0.1 p p m 2,4-D, 0.1 p p m Kn, or w i t h o u t g r o w t h regula tors . They w e r e 
g r o w n u n d e r l ight or in the da rk a n d subcu l tu red at 3-week intervals . 
All cu l tures w e r e g r o w n at 21°C a n d ha rves t ed for chemical analysis at 
t he e n d of t he th i rd passage . 

c. Differentiation. Squill t issue differentiation w a s r epor t ed to be af
fected b y b o t h 2,4-D a n d Kn (Shyr a n d Staba, 1976). Tissues ma in ta ined 
a n d g r o w n o n m e d i u m conta in ing 2,4-D r ema ined highly differentiated 
(Carew a n d Staba, 1965). Tissues r ema ined undifferent ia ted in h i g h - 2 , 4 -
D m e d i u m (5 p p m ) . Rhizogenes is w a s i nduced in t issues g rowing on 
m e d i u m conta in ing 0.1 p p m 2,4-D or w i t h o u t g r o w t h regula tors , or 0.1 
p p m Kn. Roots w e r e also formed from t issues g rowing in the p resence 
of 1 p p m Kn, b u t toxic effects w e r e observed as the t issues d a r k e n e d 
(Shyr a n d Staba, 1976). 

2. Bufadienolid e Analysis 

Lutz (1970) carried ou t detai led quali tat ive analysis of bufadienol ides 
in callus cul tures b y p a p e r c h r o m a t o g r a p h y u s i n g ch lo ro fo rm-me thano l 
(1 :1 ) as solvent a n d a n t i m o n y trichloride in sulfuric acid as detect ion 
reagen t . D e p e n d i n g on similarity of R( va lues wi th s t anda rd squill bufa
d ieno l ides , it w a s conc luded tha t glycoside extracts of calli from the first 
a n d second passages s h o w e d the p resence of the same glycosides as 
r epo r t ed in bu lbs of wh i t e squill, tha t is, scillaren A, proscillaridin A, 
scill iglaucoside, scill icyanoside, a n d scilliroside. Howeve r , t he ultra
violet (UV) spec t rum of the glycoside mixture from newly formed calli 
a n d tha t of na t ive bu lbs revealed tha t w h e r e a s bufadienol ides s h o w a 
characterist ic absorp t ion maxima at 300 n m , the glycoside mixture ob
ta ined from calli s h o w e d absorp t ion maxima at 293, 285, a n d 278 n m . 
Quant i t a t ive es t imat ion of total glycosides of the first- a n d second-pas 
sage calli s h o w e d a decrease to abou t one-four th the conten t normal ly 
found in t he t i ssues of a fresh bu lb . 

Shyr a n d Staba (1976) isolated three major c o m p o u n d s by thin-layer 
c h r o m a t o g r a p h y (TLC) from the previous ly r epor t ed cardioactive semi
purif ied extracts of Urginea maritima (Kaul et al., 1967). The extracts w e r e 
d o n e from s u s p e n s i o n cul tures of callus t issues es tabl ished in the 1970s 
(Carew a n d Staba, 1965; Shyr a n d Staba, 1976). Scillaren A a n d p ros -
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cillaridin A w e r e no t de tec ted in the glycoside extracts. The UV absorp
t ion m a x i m u m of 300 n m characteristic of the s ix-membered lactone r ing 
w a s n o t ob ta ined wi th t he c o m p o u n d s isolated. The th ree c o m p o u n d s 
isolated s h o w e d absorp t ion maxima of 293, 292, a n d 289 n m . The in
frared (IR) absorp t ion b a n d s for C = 0 s t re tching (1720 c m - 1) a n d C = C 
s t re tching (1639 a n d 1540 c m - 1) we re observed for the doub ly u n s a t u 
ra ted δ-lactone r ing in the s t anda rds w h e r e a s one c o m p o u n d s h o w e d 
absorp t ion b a n d for C = 0 s t re tching at 1735 c m - 1 a n d o ther t w o com
p o u n d s exhibi ted b a n d s at 1700 c m - 1. Absorp t ion b a n d s for C = C 
s t re tching (1650 a n d 1580 c m - 1) we re obta ined for the three c o m p o u n d s 
isolated. The IR spectra indicated absence of a s ix-membered lactone 
ring in t h e c o m p o u n d s isolated. The UV, IR, a n d m a s s spectra indicated 
tha t the th ree c o m p o u n d s we re no t identical or similar to s t anda rd squill 
bufadienol ides (Shyr a n d Staba, 1976). 

E. Urginea indica 

The principal bufadienol ides of Ind ian squill are the same as those of 
E u r o p e a n (white) squill, Urginea maritima (i .e. , proscillaridin A a n d scil
laren A). A large popu la t ion of p lan ts w a s screened for bufadienol ide 
con ten t in t he bu lbs (Jha, 1983; Jha a n d Sen, 1983). After screening, 
t issue cul tures from selected strains we re es tabl ished in o rder to com
pa re the bufadienol ide conten t of the p lan t w i th tha t in the der ived 
callus cul tures . Tissue cul tures have b e e n es tabl ished from high-yielding 
diploid, tr iploid, a n d te traploid cytotypes of U. indica. Plant regenera
t ion t h r o u g h organogenes i s (Jha et al., 1984) a n d somatic embryogenes i s 
(Jha a n d Sen, 1986) h a s b e e n repor ted . A n u m b e r of ch romosomal vari
an t s h a v e also b e e n obta ined t h r o u g h t issue cul ture (Jha, 1986; Jha a n d 
Sen, 1987). 

1. Tissue Culture 

a. Explant. Bulbs w e r e u s e d as explants for establ ishing callus cul
tu res from diploid a n d triploid p lan ts . Bulbs of tetraploid p lan ts d id no t 
r e s p o n d to a n y cul ture condi t ions tried, a n d y o u n g inflorescence axes 
w e r e u s e d for es tabl ishing cul tures from tetraploid p lan ts . Bulbs w e r e 
sterilized wi th 0 .1% mercur ic chloride for 25 min , a n d segmen t s of in
florescence for 8 min . The explants w e r e tho rough ly w a s h e d w i th sterile 
wa te r (five t imes) . 
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b. Culture Media. MS m e d i u m w a s u s e d for all of the cytotypes; h o w 
ever , t he h o r m o n e a n d v i tamin r equ i r emen t s w e r e different. Callus w a s 
i n d u c e d o n diploid bu lb explants o n MS m e d i u m s u p p l e m e n t e d w i th 10 
mg/ l i te r t h i a m i n e - H C l , 5 mg/ l i ter nicotinic acid, 1 mg/ l i ter p y r i d o x i n e -
HC1, a long w i th e i ther a combina t ion of 4 mg/l i ter 2,4-D, 2 mg/ l i ter a-
naph tha leneace t i c acid (NAA), 2 mg/ l i ter Kn, a n d 1 g/liter yeast extract 
or a combina t ion of 2 mg/ l i ter 2,4-D a n d 15% (v/v) coconut milk (Jha et 
al., 1984). Cal lus w a s es tabl ished from triploid bu lb explants o n MS 
m e d i u m s u p p l e m e n t e d wi th 4 mg/ l i ter 2,4-D, 2 mg/ l i ter N A A , a n d 2 
mg/ l i te r Kn, a n d in te t raploid inflorescence explants on MS m e d i u m 
w i t h 2 mg/ l i te r 2,4-D a n d 2 mg/ l i ter Kn (S. Jha, u n p u b l i s h e d work) . All 
cu l tures w e r e g r o w n at 22 to 25°C, a m a x i m u m relative humid i t y of 55 to 
60%, a n d u n d e r Phil ips f luorescent dayl ight tubes emit t ing 3200 lux for a 
16-hr-light a n d 8-hr-dark per iod . 

c. Organogenesis. Shoot regenera t ion occurred in callus cul tures es
tabl ished from diploid a n d tr iploid p lan t s b u t no t from te t raploid p lan t s . 
Shoot p r imord ia deve loped after t w o or th ree subcul tures in the callus 
induc t ion m e d i u m , b u t increased g r o w t h of shoot p r imord ia w a s ob
ta ined in m e d i a conta in ing lesser a m o u n t s of auxins a n d v i tamins . Root
ed b u l b o u s p lan t s w e r e ob ta ined in MS m e d i u m w i th o u t a n y h o r m o n e s . 
By u s i n g r egene ra ted bu lbs as secondary explants , near ly 300-400 
bulble ts w e r e p r o d u c e d from each scale leaf in MS m e d i u m supp le 
m e n t e d w i th low a m o u n t s of auxins a n d cytokinins (Jha et al, 1984). 

P lants der ived from callus cul tures of diploid Urginea indica s h o w 
c h r o m o s o m a l var ia t ions , b o t h numer ica l a n d s tructural (Jha a n d Sen, 
1984, 1987) w h e r e a s p lan t s r egenera ted from callus cul tures of triploid 
U. indica a re very stable as far as c h r o m o s o m e n u m b e r a n d morpho logy 
is concerned . 

d. Somatic Embryogenesis. Somatic embryogenes i s w a s no t ed in call
u s t i ssues ob ta ined from bu lb explants of diploid Urginea indica (Jha a n d 
Sen, 1986) a n d from inflorescence explants of te traploid U. indica. In 
b o t h cases , embryogen ic callus w a s formed w h e n 1-year-old friable calli 
w e r e a l lowed to r ema in o n the h i g h - 2 , 4 - D m e d i u m for a p ro longed 
per iod . Globular embryo ids w e r e i nduced to deve lop to comple te 
b u l b o u s p lan t s following transfer to MS m e d i u m conta in ing 0 .05-0.1 
mg/ l i te r BAP (or 15% coconut milk or BAP 0.1 mg/l i ter a n d 10% coconut 
milk) for 4 to 6 w e e k s a n d t h e n to MS m e d i u m wi th 0.01 mg/l i ter N A A 
a n d 0.05 mg/ l i te r Kn for 8 w e e k s . A final per iod in liquid MS m e d i u m 
s t imula ted shoo t a n d root g r o w t h to the po in t w h e r e successful t rans-
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plan t ing of p lan t s to soil w a s a s su red (Jha a n d Sen, 1986). The bu lbs 
der ived from somatic embryos w e r e highly polyploid (Jha, 1986). 

2. Bufadienolid e Analysis 

Chemical analysis of calli a n d regenera ted p lan t s w a s d o n e following 
the m e t h o d s r epor t ed earlier (Jha a n d Sen, 1981,1983). Analysis of callus 
at different s tages of m o r p h o g e n e s i s we re per formed by TLC. The detec
t ion reagen t u s e d w a s a 3% a q u e o u s solut ion of ch loramine Τ a n d 25% 
ethanol ic solut ion of trichloroacetic acid (TCA) (1 :4 ) , wh ich w a s sen
sitive to near ly 0.01 μg per spot as de tec ted by color in UV (Jha a n d Sen, 
1981). 

a. Undifferentiated Calli. Young (1, 2, a n d 6 m o n t h s ) a n d old (2, 4, a n d 
6 years) calli, g rowing in the p resence of 1 to 2, 0.5, mg/l i ter 2,4-D a n d 10 
m g / 1 Kn, or 0.5 mg/ l i ter 2,4-D a n d 2 mg/l i ter BAP, w e r e examined . N o 
bufadienol ide w a s de tec ted by TLC in calli g rowing in a n y of the hor
m o n e combina t ions at a n y s tage. 

b. Differentiating Calli. Callus s h o w i n g rh izogenes is g rowing in p res 
ence of 0.5 mg/ l i ter 2,4-D or 1-2 mg/l i ter N A A did no t s h o w presence of 
bufadienol ides . Roots differentiating from calli also did no t s h o w any 
trace of glycosides. 

Callus s h o w i n g shoo t differentiation s h o w e d the p resence of p ros -
cillaridin A, as de tec ted by faint yel low TLC spots u n d e r UV us ing 
ch loramine T - T C A . N o quantification could be carried ou t as only very 
small a m o u n t s of glycosides we re isolated. Embryogenic calli from d ip 
loid a n d te t raploid p lan t s also d id no t s h o w the p resence of bufadieno
l ides. 

c. Regenerated Bulbs. Regenera ted bulbs after 1 year of t ransp lan ta 
t ion w e r e ana lyzed . All regenera ted bu lbs (derived from diploid, tri
ploid, or te t raploid pa ren t s t h r o u g h organogenes i s a n d / o r somat ic e m -
bryogenes is ) s h o w e d the p resence of bufadienol ides characteristic of the 
p a r e n t p lan t s . Proscillaridin A a n d scillaren A have been isolated a n d 
identified from regenera ted bu lbs (S. Jha, u n p u b l i s h e d work) . 

The bu lbs der ived from t issue cul ture differed in their bufadienol ide 
con ten t also. The bu lbs der ived from somatic embryos w e r e highly poly
ploid a n d s h o w e d near ly a threefold increase in bufadienol ide con ten t as 
c o m p a r e d to diploid pa ren t s (Jha, 1986). 
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M a n y p lan t cell cul tures p r o d u c e the secondary subs tances expected 
from t h e m . Besides these sys t ems , howeve r , there exist m a n y cell 
cu l tures tha t cont inual ly fail to form c o m p o u n d s characteristic of the 
p a r e n t p lan t s . As Bohm (1982) h a s po in ted out , "posi t ive resul ts have 
repea ted ly b e e n s u m m a r i z e d , negat ive f indings, if they d o no t r emain 
u n p u b l i s h e d , are scat tered t h r o u g h l i te ra ture ." The resul ts ob ta ined so 
far from the l imited w o r k in the area carried ou t in the au tho r ' s laborato
ry s e e m s to be encourag ing . Rapid p ropaga t ion could be achieved in 
s lowly p ropa ga t i ng species. Plants der ived from t issue cul ture have the 
potent ia l of conta in ing h igher a m o u n t s of metabol i tes . It s eems the p o 
tential to b iosynthes ize bufadienol ides strictly correlates w i th shoot dif
ferentiat ion. In Urginea indica, p lan t s r egenera ted from unp roduc t ive cell 
cu l tures syn thes ize the bufadienol ides characteristic of the p lant . N o 
a t t e m p t h a s b e e n m a d e to utilize the cell-culture sys tem for b iosynthes is 
a n d b io t ransformat ion s tudies on bufadienol ides , as ha s b e e n d o n e for 
Digitalis (Alferman et al, 1983). More invest igat ion w o u l d he lp in u n d e r 
s t a n d i n g a n d solving the p rob lems regard ing synthes is of bufa
d ienol ides in cell a n d t issue cul ture . 
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I. CARDENOLIDES: STRUCTURE, 
BIOSYNTHESIS, AND SIGNIFICANCE 

Cardeno l ides are s teroids w i th the following u n i q u e chemical charac
teristics: (a) subs t i tu t ion of t he s teroid r ing sys tem at posi t ion 17β wi th 
a n u n s a t u r a t e d five- or s ix -membered lactone r ing (butenol ide or bufa-
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dienol ide ring) a n d at posi t ion 14β wi th a hydroxy g r o u p , wh ich causes 
the u n u s u a l cis connect ion of the r ings C a n d D, a n d (b) l inkage of the 
aglycones to u n u s u a l sugars (deoxy a n d me thoxy sugars) or to acids at 
the hydroxy g r o u p at posi t ion 3β . Cardenol ides are formed in several 
families of h igher p lan ts a n d some animals b u t h a v e no t b e e n de tec ted 
in microbial cul tures (Luckner, 1984). They are der ived from cholesterol 
via p r egneno lone a n d p roges te rone (Grunwald , 1980; Nahr s t ed t , 1982). 
Tissue cul tures forming cardenol ides h a v e b e e n ob ta ined from several 
species of Digitalis. This chapte r therefore concent ra tes o n w o r k wi th 
Digitalis cell, t issue, a n d o rgan cul tures . 

II. ESTABLISHMENT OF DIGITALIS 
TISSUE CULTURES 

Since the p ioneer ing work of Staba (1962), cell, t issue, a n d o rgan 
cul tures have b e e n es tabl ished from different types of explants of a 
ra ther long list of Digitalis species: 

D. ambigua: seedl ings (Hagimori et al., 1980) 
D. cariensis: hypocoty l (Nover et al., 1980; Tewes et al., 1982) 
D. ferruginea: hypocotyl , seedl ings (Hagimori et al., 1980; Tewes et al., 

1982) 
D. grandiflora: hypocoty l (Nover et al., 1980; Tewes et ah, 1982) 
D. heywoodii: hypocoty l (Tewes et al., 1982) 
D. laevigata: hypocoty l (Tewes et al., 1982) 
D. lanata: an the r s , corolla, co ty ledons , an the r fi lament, hypocoty l , 

leaves, pistil, roots , seedl ings , sepals , s t em (Buchner a n d Staba, 1964; 
Diettrich et al, 1986; Garve et al, 1980; Hagimor i et al, 1980; Lui a n d 
Staba, 1979; Nickel a n d Staba, 1977; N o v e r et al, 1980; Re inhard et al, 
1975; Staba, 1962; Tewes et al, 1982) 

D. lutea: hypocotyl , seedl ings (Hagimori et al, 1980; N o v e r et al, 1980; 
Tewes et al, 1982) 

D. mertonensis: hypocoty l , seedl ings (Hagimori et al, 1980; Medora et al, 
1967; Nover et al, 1980; Tewes et al, 1982) 

D. obscura: an the r s , co ty ledons , hypocoty l , leaves, roots (Perez-Ber-
m u d e z et al, 1983, 1984, 1987) 

D. purpurea: an the r s , co ty ledons , hypocoty l , leaves, roots , seedl ings , 
s tem (Buchner a n d Staba, 1964; C o r d u a n a n d Spix, 1975; Diettrich et 
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al, 1980; G u r n y et al, 1980; Hag imor i et al, 1980, 1982a; Hirotani a n d 
Furuya , 1977; Kartnig a n d Kobosil , 1977; Kartnig et al, 1976; N o v e r et 
al, 1980; Pet iard et al, 1971; Pilgrim, 1972; Rucker et al, 1976, 1981; 
Staba, 1962; Tewes et al, 1982; Wichtl et al, 1978). 

On ly a few cell t ypes of the explants , h o w e v e r , we re able to differentiate 
a n d form a p r imary callus: t he xylem p a r e n c h y m a cells, for example , in 
an the r fi lament a n d leaf explants of D. lanata (Diettrich et al, 1986), the 
pol len cells, for example , in a n t h e r s of D. purpurea a n d D. obscura, form
ing haplo id cell s t rains (Co rduan a n d Spix, 1975; Perez-Bermudez et al, 
1987), a n d pro toplas t s ob ta ined from mesophy l l cells of D. lanata (Li, 
1981). 

A large variety of cell s t ra ins w i th diverse p roper t i es w e r e formed 
from these cell t ypes (see Diettrich et al, 1986, for s t rains der ived from 
xylem p a r e n c h y m a cells). Stable cardenol ide format ion w a s rarely ob
served. Several a u t h o r s descr ibed considerable cardenol ide con ten t in 
newly es tabl ished callus (Hagimori et al, 1980; Kartnig, 1977; Kartnig et 
al, 1983; Rucker et al, 1976, 1981; Wichtl et al, 1978), b u t the car
deno l ides d i s appea red d u r i n g r epea t ed subcul ture (Hagimori et al, 
1980; Kartnig, 1977; Kartnig et al, 1983; Wichtl et al, 1978). T h u s in long-
te rm cul tures w i t h o u t o rganogenes i s , e i ther n o cardenol ides could be 
de tec ted (Graves a n d Smith , 1967; G u r n y et al, 1981; Hag imor i et al, 
1980; He lmbo ld et al, 1978; Hiro tan i a n d Furuya , 1977; Kartnig, 1977; 
Kartnig et al, 1983; Nickel a n d Staba, 1977; Pilgrim, 1972; Re inhard et al, 
1975; S tohs a n d Rosenberg , 1975; Stohs a n d Staba, 1965) or w i th sen
sitive m e t h o d s , for example , specific r a d i o i m m u n o a s s a y s , only traces of 
cardenol ides w e r e measurab le (Garve et al, 1980; Lui a n d Staba, 1979; 
N o v e r et al, 1980; Diettrich et al, 1987c). The posi t ive resul ts of Buchner 
a n d Staba (1964), Kaul et al (1967), M e d o r a et al (1967), Pet iard a n d 
Demar ly (1972), a n d Pet iard et al (1971,1972a,b) could no t be verified in 
o ther laboratories . They probably are d u e to shor tcomings in analysis . 

The lack of cardenol ide b iosynthes i s in the morphological ly uno r 
gan ized cul tures w a s caused by the absence of t he e n z y m e s catalyzing 
cardenol ide format ion ra ther t h a n by the deficiency of the respect ive 
precursors . Feed ing of cholesterol , p r e g n e n o l o n e , a n d p roges te rone 
k n o w n to be incorpora ted in to cardenol ides (see Section I) d id no t trig
ger cardenol ide b iosynthes i s (Elze et al, 1974; Graves a n d Smith , 1967). 
Also, t he e n z y m e sys tem forming p r e g n e n o l o n e from cholesterol could 
no t be subs tan t ia ted in D. purpurea cell cu l tures unab le to form car
denol ides (Pilgrim, 1972). 

Stable cardenol ide b iosynthes i s w a s s h o w n to p roceed in cul tures 
regenera t ing shoo ts (Section III) or forming somatic e m b r y o s (Section 
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IV). Cul tu res consis t ing of nonembryogen i c b r o w n or green t issues 
(Reinhard et al, 1975; Diettrich et al., 1986) or regenera t ing roots (Diet
trich et al, 1986; Hagimor i et al, 1980, 1984a; Hirotani a n d Furuya , 1977; 
Lui a n d Staba, 1979) conta ined ei ther n o or only small a m o u n t s of car
denol ides . In contrast , the p r imary roots formed directly on leaf explants 
of D. purpurea h a d a considerable cardenol ide con ten t (Rucker et al, 
1976, 1981, 1983). It decreased , howeve r , w h e n the roots w e r e isolated 
a n d g r o w n as separa ted enti t ies (Rucker et al, 1983). 

III. BIOSYNTHESIS OF CARDENOLIDES IN 
DIGITALIS SHOOT CULTURES 

A. Establishmen t of Shoo t Cultures from  Shoo t 
Tip Meristem s and Nonmeristemati c Tissue s 

Sterile shoots suitable for cult ivation in vitro we re ob ta ined (a) from 
shoot t ip mer i s t ems of D. lanata tha t w e r e pa r t of t h e shoo t t ips of adu l t 
p lan ts (Breuel et al, 1984; Diettrich et al, 1987b; Dobos et al, 1982; Erdei 
et al, 1981; Luckner et al, 1984; Schoner a n d Reinhard , 1982; Spr inger et 
al, 1986) or seedl ings (Lui a n d Staba, 1979), a n d (b) from cells of o ther 
t issues (see Section II) after dedifferentiat ion a n d formation of n e w mer-
is temoids , for example , directly wi th in leaf f ragments of D. purpurea 
(Rucker, 1982; Rucker et al, 1981) or f ragments of co ty ledons , h y p o -
cotyls, leaves, a n d roots of D. obscura (Perez-Bermudez et al, 1983,1984) 
as well as in callus of D. ambigua, D. cariensis, D. ferruginea, D. grandiflora, 
D. lanata, D. lutea, D. mertonensis, D. obscura, a n d D. purpurea (Corduan 
a n d Spix, 1975; Diettrich et al, 1986; Hag imor i et al, 1980; Hiro tan i a n d 
Furuya , 1977; Nove r et al, 1980; Perez-Bermudez et al, 1987; Tewes et 
al, 1982). Mos t convenien t w a s the es tab l i shment of shoot cul tures from 
shoot t ip mer i s t ems . This m e t h o d is u s e d rout inely in the micropropaga-
tion of p lan ts , a p rocedure es tabl ished also for D. lanata (Breuel et al, 
1984; Diettrich et al, 1987b; Dobos et al, 1982; Erdei et al, 1981; Luckner 
et al, 1984; Schoner a n d Reinhard , 1982; Spr inger et al, 1986). 

Shoot mult ipl icat ion w a s b r o u g h t abou t by dep re s s ing the d o m i n a n c e 
of the apical mer i s t em by addi t ion of cytokinins , w h i c h caused shoot 
formation from the axillary mer i s t ems of the m o t h e r shoots . The 
d a u g h t e r shoots formed we re u s e d for further p ropaga t ion (Breuel et al, 
1984; Diettrich et al, 1987b; Dobos et al, 1982; Erdei et al, 1981; Luckner et 
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al, 1984; Schoner a n d Re inhard , 1982; Spr inger et al, 1986). They we re 
g r o w n for mult ipl icat ion e i ther on solidified or in liquid nu t r i en t media . 
In rou t ine exper iments the increase in d ry we igh t of D. lanata shoo t s 
g r o w n on solidified m e d i u m conta in ing 10 μπιοί of benzy laden ine (BA) 
per liter w a s abou t 8-fold wi th in 1 m o n t h (Luckner a n d Diettrich, 1985). It 
w a s m u c h h igher (about 20- to 40-fold) w h e n D. lanata a n d D. purpurea 
shoots w e r e cult ivated u n d e r s u b m e r g e d condi t ions (Hagimori et al, 
1984c; Lui a n d Staba, 1979). 

B. Cardenolide Formation in Shoot s 
Grown in Vitro 

In m'fro-cultivated shoots of D. lanata (Luckner a n d Diettrich, 1985; Lui 
a n d Staba, 1979, 1981) a n d D. purpurea (Hagimori et al, 1980, 1982a,b,c, 
1983, 1984a,b,c; Hirotani a n d Furuya , 1977) w e r e able to form a n d accu
mula te cardenol ides . Shoot cul tures of D. purpurea con ta ined digitoxin 
a n d purpureag lycos ide A (Hirotani a n d Furuya , 1977). In shoot cul tures 
of D. lanata the lana tos ides A, B, a n d C, digi toxigenin, gi toxigenin, 
d igoxigenin, a n d probably glucodigifucoside a n d g lucoverodoxin w e r e 
identified (Luckner a n d Diettrich, 1985; Lui a n d Staba, 1981). These 
resul ts d e m o n s t r a t e d tha t t he cardenol ide pa t t e rn of t he in vitro-culti-
va ted shoo t s , in contras t to tha t of t he somatic embryos (Section IV,B), 
r e sembled the pa t t e rn of t he leaves of t h e m o t h e r p lan t s . The o p t i m u m 
cardenol ide con ten t of the D. lanata shoo t s w a s abou t 0.6 μπιοί g - 1 d ry 
we igh t (Lui a n d Staba, 1981), tha t of t he D. purpurea shoo t s abou t 0.15 
μπιοί g - 1 d ry we igh t (Hagimori et al, 1984c), tha t is, it w a s m u c h 
smaller t h a n the cardenol ide con ten t of leaves from p lan t s g r o w n in t he 
field [D. lanata: ~ 3 μπιοί g " 1 d ry we igh t (Lui a n d Staba, 1979); D. 
purpurea: —2.7 μπιοί g " 1 d ry we igh t (Hagimori et al, 1984a)]. 

The addi t ion of potent ia l cardenol ide p recursors , for example , cho-
lesteryl acetate a n d p roges t e r cne , increased the cardenol ide con ten t of 
D. lanata shoo t cul tures abou t threefold (Lui a n d Staba, 1979); p ro 
ges te rone , tha t of D. purpurea shoot cul tures abou t two-fold (Hagimori et 
al, 1982c, 1983). Radioactively labeled p roges t e rone w a s incorpora ted 
in to the cardenol ides formed (Hagimori et al, 1984a). 

Removal of BA from the m e d i u m (Lui a n d Staba, 1981) as well as 
addi t ion of gibberellic acid (Hagimori et al, 1982b; Lui a n d Staba, 1981) 
or abscisic acid (Hagimori et al, 1982b) caused an increase in the car
denol ide con ten t of the shoo t s . In addi t ion , g r o w t h a n d cardenol ide 
concent ra t ion d e p e n d e d on the carbon a n d n i t rogen sources , p h o s p h a t e 
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level, as well as the p resence of myoinosi to l , t h i amine , EDTA, a n d sev
eral inorganic salts in the m e d i u m (Hagimori et al, 1982b,c; Luckner a n d 
Diettrich, 1985). 

IV. BIOSYNTHESIS OF CARDENOLIDES IN 
CULTURES OF SOMATIC DIGITALIS EMBRYOS 

A. Developmen t of Somati c Embryos 

Somatic e m b r y o s w e r e ob ta ined (a) directly w i t h sui table explants , for 
example , a n t h e r s of D. obscura (Perez-Bermudez et al, 1987), w i th or 
w i thou t the formation of a p r imary callus, or (b) from the p a r e n c h y m a 
like cells of long- term cul tures of embryogen ic cell s t ra ins der ived from 
filaments of D. lanata a n d hypocoty l s of D. lutea (Diettrich et al., 1986; 
Nove r et al, 1980; Tewes et al, 1982). 

The formation of somatic e m b r y o s w a s m o s t t ho rough ly inves t iga ted 
wi th cul tures of the embryogen ic D. lanata s t ra ins V a n d VII (Garve et al, 
1980; Diettrich et al, 1986). In cul tures of these s t ra ins , somatic e m b r y o s 
w e r e formed from the parenchyma- l ike cells g r o w n in med ia w i th a h igh 
auxin/cytokinin rat io. Embryo d e v e l o p m e n t w a s elicited by lower ing 
this ratio. It inc luded the following s tages: 

1. Format ion of small c lusters of mer is temat ic cells w i th in t h e wall of 
individual parenchyma- l ike cells, occur ing ei ther in cell colonies or 
separate ly 

2. D e v e l o p m e n t of t he clusters of mer is temat ic cells to separa te en
tities conta in ing a core of small , polyedr ic , p lasma-r ich cells sur
r o u n d e d by a layer of larger vacuola ted cells, separa t ing t he cluster 
from nearby parenchyma- l ike cells 

3. Deve lopmen t of m o r e or less r o u n d , s m o o t h globular embryo ids 
(diameter , abou t 0 .5 -1 m m ) tha t at t he beg inn ing w e r e wh i t e , ul
traviolet- (UV) sensi t ive, a n d unab le to bui ld chloroplas ts (stage-I 
embryoids) , b u t later t u r n e d yel low a n d formed chloroplasts o n 
i l luminat ion (stage-II embryoids ) 

4. Format ion of bipolar , hea r t - shaped a n d t o r p e d o - s h a p e d e m b r y o s 
tha t deve loped to plant le ts w i t h roots a n d leaves; m a n y of t hese 
plant le ts , h o w e v e r , w e r e a n o m a l o u s a n d fewer t h a n 1% d e v e l o p e d 
into no rma l p lan t s d u r i n g further cult ivation 



11. Cardenolides 199 

Somatic embryogenes i s w a s o p t i m u m w h e n D. lanata cell cu l tures w e r e 
g r o w n successively in the following med ia (Diettrich et al., 1986; Garve et 
al., 1980; Kuberski et al, 1984): 

Nu t r i en t m e d i u m I [high auxin /cy tokin in rat io, conta in ing 5 μπιοί 2,4-
dichlorophenoxyacet ic acid (2,4-D) a n d 0.1 μπιοί k inet in (Kin) pe r 
liter]: rap id g r o w t h of small colonies of parenchyma- l ike cells 
Nu t r i en t m e d i u m II [ reduced auxin activity, conta in ing 5 μπιοί 
naphtha leneace t ic acid (NAA) a n d 0.1 μπιοί Kin pe r liter]: formation 
of mer is temat ic cell colonies 
Nu t r i en t m e d i u m V (low auxin /cy tokin in rat io, conta in ing 0.05 μπιοί 
N A A a n d 5 μπιοί ΒΑ pe r liter): format ion of globular embryos 
Nu t r i en t m e d i u m VII (containing 5 μπιοί ΒΑ pe r liter): formation of 
bipolar embryos a n d plant le ts 

Stage-I embryo ids w e r e able to form secondary embryo ids tha t sepa
ra ted from the former a n d g r e w as dist inct ent i t ies . D e v e l o p m e n t to 
stage-II embryo ids w a s inhibi ted by g r o w t h in h igh dens i ty . H e n c e e m 
bryogenic s t rains of D. lanata m a y be cul t ivated in t he form of stage-I 
embryo ids by h igh-dens i ty g r o w t h in nu t r i en t m e d i u m V. These cul
tu res consis ted exclusively of stage-I embryo ids . Their di lut ion resu l ted 
in the m o r e or less s y n c h r o n o u s d e v e l o p m e n t of the stage-I embryo ids 
in to stage-II embryo ids a n d , later, to bipolar e m b r y o s (Luckner a n d 
Diettrich, 1985; Scheibner et al, 1988). 

Embryo format ion a n d d e v e l o p m e n t w e r e inf luenced by the carbon 
source of t he m e d i u m (most suitable w a s mal tose , wh ich w a s slowly 
d e g r a d e d in D. lanata cell cul tures) a n d by the n i t rogen source ( o p t i m u m 
N 0 3 - / N H 4 + ratio w a s 5-10 : 1, tha t is, a r educed level of N H 4 + ; 
Kuberski et al, 1984). This co r r e sponded wi th the fact tha t embryo
genes is w a s t r iggered b y s tarvat ion (Kranz a n d Nover , 1983). 

B. Integratio n of Cardenolide Formation 
in the Developmenta l Program 
of Somati c Embryogenesi s 

Analys is of somatic e m b r y o s at different s tages d e m o n s t r a t e d an in
crease of the cardenol ide level d u r i n g d e v e l o p m e n t (Luckner a n d Diet
trich, 1985; Scheibner et al, 1988): 
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1. Rapidly g rowing colonies of parenchyma- l ike cells a n d clusters of 
mer is temat ic cells conta ined only very small a m o u n t s of car
deno l ide (<0.001 μπιοί g - 1 d ry weight ) . 

2. Non i l lumina ted embryo ids h a d a cardenol ide con ten t tha t w a s at 
least 10 t imes h igher (—0.01 μπιοί g _ 1 d ry weight ) . 

3. Stage-II embryo ids i l luminated occasionally wi th low doses of 
wh i t e light (low e n o u g h no t to cause chlorophyll accumulat ion) 
conta ined cardenol ide levels of abou t 0.1 μπιοί g - 1 d ry we igh t 
(this va lue w a s in the m a g n i t u d e of the m a x i m u m cardenol ide 
con ten t of the somatic embryos of D. lanata strain S 2, wh ich w e r e 
unab le to form chloroplasts , Oh l s son et al., 1983). 

4. Stage-II embryo ids a n d bipolar embryos i l luminated wi th o p t i m u m 
light intensi t ies a n d light pe r iods accumula ted more t han 1 μπιοί of 
cardenol ides pe r g r am dry weight . These s t ructures conta ined nor
mally deve loped chloroplasts (Diettrich et al, 1986) wi th consider
able quant i t ies of chlorophyl l . 

T h o u g h the h ighes t cardenol ide con ten ts w e r e found in the i l luminated, 
g reen , chloroplas t -containing embryos , n o direct relat ion existed be
t w e e n the cardenol ide a n d chlorophyl l a m o u n t s (Scheibner et al, 1987). 
Both processes s h o w e d the following: 

1. Different t ime courses d u r i n g the d e v e l o p m e n t of the stage-II 
embryo ids 

2. N o parallel increase on i l luminat ion wi th different light intensi t ies , 
l ight quali t ies, a n d pho tope r iods 

3. Different reduc t ion after inhibit ion of chloroplast d e v e l o p m e n t 
w i th low doses of antibiotics a n d herbicides (e.g. , ch lo ramphen i 
col, 3-aminotriazol , a n d SAN 9789) 

The increased cardenol ide base level in the noni l lumina ted stage-II 
embryo ids a n d bipolar embryos d e m o n s t r a t e d their competence to form 
a n d accumula te larger a m o u n t s of cardenol ide . I l luminat ion caused the 
s tep-by-s tep t ransformat ion of the amyloplas ts p resen t in the noni l lumi
n a t e d e m b r y o s to chloroplasts (Diettrich et al, 1986), wh ich m a y be 
involved in cardenol ide b iosynthes is . The formation of chloroplasts h a d , 
howeve r , n o influence on cardenol ide b iosynthes is w i thou t prior devel
o p m e n t of compe tence for embryo d e v e l o p m e n t (or for the formation of 
shoots ; see Section III). Cell s t rains unab le to form shoots or somatic 
embryos w e r e found to be free of major a m o u n t s of cardenol ides even 
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t h o u g h t u r n i n g g reen on i l luminat ion a n d conta in ing fully deve loped 
chloroplas ts (Diettrich et al, 1986; Hag imor i et al, 1982a, 1984a,b; Re
i n h a r d et al, 1975). 

Embryo ids t rea ted wi th light of different wave leng ths s h o w e d h ighes t 
ca rdenol ide accumula t ion on i rradiat ion wi th b lue a n d near- red light, in 
cont ras t to low cardenol ide accumula t ion o n irradiat ion wi th far-red 
light (Scheibner et al, 1987). This indicated tha t a blue-l ight pho to recep 
tor a n d p h y t o c h r o m e or p ro toch lorophyl l ide-ho lochrome m a y partici
pa t e in t h e regula t ion of ca rdenol ide b iosynthes i s a n d accumula t ion . 
Irradiat ion wi th b lue light also caused h igh cardenol ide a m o u n t s in 
cul tures of D. lanata s train S 1 (Ohlsson et al, 1983). Embryo ids irradi
a ted each d a y w i t h t h e s a m e a m o u n t s of wh i t e light (equal daily ene rgy 
flux) con ta ined the h ighes t cardenol ide con ten t s if t he i rradiat ion per iod 
(photoper iod) w a s m o r e t h a n or equa l to 12 h r d a y - 1, tha t is, long-day 
condi t ions (Scheibner et al, 1987). 

The cardenol ides formed in t he embryo ids differed from those found in 
adu l t p l an t s . Stage-II embryo ids of D. lanata s train VII conta ined digitox-
igenin der ivat ives (probably glucodigifucoside a n d odorobios ide G) as 
m a i n cardenol ides (Her ing et al, 1987), t h o u g h strain VII w a s der ived 
from a p lan t w i th a h igh con ten t of digoxigenin derivat ives in the leaves of 
the rose t te . The p r e d o m i n a n c e of digitoxin der ivat ives agreed w i th re
sul ts d e m o n s t r a t i n g tha t zygotic D. lanata seedl ings conta ined ei ther n o 
digoxigenin der ivat ives or only small a m o u n t s , in contrast to the adul t 
p l an t s (Aldrich et al, 1956; Balbaa et al, 1970; Kartnig a n d H i e r m a n n , 
1980; Weiler a n d Wes t ekemper , 1979; Wichtl , 1972; Wichtl a n d Freier, 
1978). The occurrence of digi toxigenin derivat ives t h u s is characteristic of 
e m b r y o s a n d y o u n g seedl ings irrespective of w h e t h e r they are of zygotic 
or of somat ic origin. The r epor t ed formation of digitoxin, lanatos ide A, 
gitoxin, digi toxigenin, a n d digoxin in somatic embryos of D. lanata s train 
S 1 (Markkanen et al, 1985) m a y be ques t ionable . 

T h e m a x i m u m cardenol ide con ten t of the embryo id globules w a s 
m o r e t h a n 1 μπιοί g ~ 1 d ry we igh t ( ~ 8 μπιοί pe r liter of cul ture; Table I). 
So far, t he selection of h igher-yie ld ing cell l ines from D. lanata s t rain VII 
h a s failed. T h o u g h indiv idual embryo ids s h o w e d striking differences in 
the cardenol ide con ten t (Luckner et al, 1981), subcul tures der ived from 
e m b r y o i d s w i t h m a x i m u m cardenol ide con ten t conta ined the s ame 
m e a n cardenol ide a m o u n t a n d the same he te rogene i ty as the pa ren t 
cu l tures . H e n c e the different cardenol ide con ten t s of the individual em
bryo ids w e r e caused ei ther by different epigenet ic (developmenta l ) 
s ta tes or, if or iginat ing genetically, w e r e no t stable e n o u g h to be p re 
served in the der ived cul tures (Luckner a n d Diettrich, 1985). 
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Cardenolides 

Micromoles Micromoles 
Material per gram per liter of 

Species/strain cultivated dry we ight culture References 

D. grandiflora Somatic e m  0.07 Nover et al. (1980) 
bryos 

D. purpurea Shoots 0.15 3 Hagimori et al. (1984c) 
Shoots* 0.02 Hagimori et al. (1984a) 
Roots* 0.001 Hagimori et al. (1984a) 
Parenchyma 0.0001 Hagimori et al. (1982a, 

like ce l l s c 1984a,b) 

D. lanata 
Strain V Somatic em 0.1 1 Garve et al. (1980); Nover et 

bryos al. (1980) 
Strain S-l Somatic em 0.4 3 Ohlsson et al. (1983) 

bryos 
Strain VII Somatic em > 1 8 Scheibner et al. (1988) 

bryos 
Strain S-2 Somatic em 0.06 Ohlsson et al. (1983) 

bryos* 

D. lanata Shoots 0.6 30 Lui and Staba (1981) 
Shoots'* 0.1 Luckner and Diettrich (1985) 
Parenchyma 0.001 Scheibner et al. (1988) 

like ce l l s c 

"Unless otherwise indicated the cultures were grown submerged and irradiated with white light. 
bGrown in the dark. 
cCultivated with or without irradiation. 
^Cultivated on solidified medium. 

V. TRANSFORMATION OF CARDENOLIDES IN 
PARENCHYMA-LIKE DIGITALIS CELLS 

Cardeno l ides w e r e modified structurally by cell cul tures of Digitalis 
even if these d id no t synthes ize cardenol ides de novo. The react ions 
found m o s t w i d e s p r e a d w e r e glucosylat ion, hydroxyla t ion at different 
pos i t ions , acetylat ion of glycosidically b o u n d sugars , deglucosylat ion, 
a n d deacetyla t ion (for summar i e s , see Al fe rmann a n d Reinhard , 1980; 
Furuya , 1978; Re inhard , 1974; Reinhard a n d Alfermann, 1980). Transfor-

Table I 

Maximu m  Cardenolid e Conten t in Differen t T y p e s of Digitalis Cultures' 1 
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ma t ion of a d d e d cardenol ides w a s also carried ou t by cell cu l tures de 
r ived from p lan t s (e .g . , Daucus carota) no t able to form cardenol ides 
u n d e r a n y condi t ions (Jones et al, 1978; Jones a n d Veliky, 1981; Veliky et 
al., 1980). The e n z y m e s catalyzing the t ransformat ions therefore ei ther 
d id n o t be long to cardenol ide metabol i sm a n d reacted wi th t he car
deno l ides d u e to l imited subs t ra te specificity or, in cell cul tures w i th 
c o m p e t e n c e for cardenol ide formation, probably w e r e par t of car
deno l ide b iosynthes i s b u t w e r e expressed i n d e p e n d e n t l y from the en
z y m e s forming the cardenol ide skele ton de novo. Mos t t ho rough ly inves
t igated w e r e glucosylat ion a n d ΙΣβ-ΗγάΓΟχγΜοη in cell s t ra ins of D. 
lanata. 

A. Glucosylatio n of Cardenolide s in Digitalis 
lanata  Cell Cultures 

Digitalis lanata cell cu l tures glucosylated cardenol ides devoid of a ter
mina l g lucose re s idue , for example , aglycones , mono- , di-, a n d tri-
digi toxosides . Cardeno l ides a l ready conta in ing a terminal glucose 
moie ty w e r e no t g lucosyla ted (Diettrich et al, 1987a; Re inhard , 1974; 
Re inha rd a n d Al fe rmann , 1980; Re inhard et al, 1975). In leaves a n d cell 
cu l tures of D. purpurea, t he existence of a membrane-assoc ia ted ste-
ro l :UDPG glucosyl t ransferase w a s d e m o n s t r a t e d (Yoshikawa a n d 
Fu ruya , 1979). This e n z y m e glucosylated digi toxigenin a n d digitoxin. It 
reac ted , h o w e v e r , m u c h faster w i th sterols, like s t igmasterol a n d choles
terol, a n d therefore probably d id no t be long to cardenol ide metabol i sm 
sensu stricto. 

Kinetic expe r imen t s w i t h l iving cells s h o w e d tha t t he glucosylat ion of 
digitoxin m a y reach 0.4 n m o l s e c - 1 g - 1 d ry we igh t in parenchyma- l ike 
cells of D. lanata s t rain VII (Diettrich et al, 1987a). The p u r p u r e a -
glycoside A formed w a s accumula ted in the vacuoles (Kreis a n d Re
inha rd , 1985a; Pfeiffer et al, 1982), w h i c h could be isolated via p ro 
toplas ts (Kreis a n d Re inhard , 1985b; Pfeiffer et al, 1982). Glucosylat ion 
w a s a prerequis i te for t he t ranslocat ion to a n d accumula t ion of car
deno l ides in these organel les (Diettrich et al, 1987a; Kreis a n d Reinhard . 
1985a). 

Nong lucosy la t ed cardenol ides w e r e t aken u p rapidly by D. lanata cells 
a n d p ro top las t s , d i sp lay ing a p p a r e n t free-space kinetics. They w e r e 
aga in easily w a s h e d out , w h i c h indicated their location in the cyto
p lasm. The format ion a n d accumula t ion of glucosylated cardenol ides 
d e p e n d e d o n the metabol ic s tate of t he cells (Diettrich et al, 1987a). 
O p t i m u m accumula t ion of pu rpureag lycos ide A reached abou t 50 μπιοί 
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g - 1 d r y we igh t (Kreis a n d Reinhard , 1985a). In exper iments w i th D. 
lanata s t rain VII, w h i c h accumula ted abou t 3 μπιοί purpureag lycos ide A 
pe r g r a m d ry we igh t (—0.3 μπιοί g - 1 fresh weight ) the pu r 
pureaglycos ide A w a s enr iched in the cells > 60-times (Diettrich et al., 
1987a). The accumula t ion of purpureag lycos ide A w a s s h o w n to be a n 
energy-dr iven process a n d w a s inhibi ted reversibly by low t empe ra tu r e 
(4°C), cyanide (1 m m o l l i t e r - 1) , vanada t e (0.1 m m o l l i t e r - 1) , or non -
glucosylated cardenol ides (Kreis a n d Reinhard , 1985a). 

B. ^-Hydroxylation of Cardenolide s in Digitalis 
lanata  Cell Cultures (Formation of 
Digoxigenin Derivatives ) 

Certa in cell s t rains of D. lanata unab le to synthes ize cardenol ides de 
novo hydroxyla ted a d d e d digitoxin derivat ives in posi t ion 12β (Heins , 
1978; Re inhard , 1974; Re inhard et al, 1975). This reaction w a s catalyzed 
by an endoplasmic- re t i cu lum-bound monooxygenase sys tem (digitoxin 
123-hydroxylase) (Petersen a n d Seitz, 1985). The e n z y m e hydroxyla ted 
several digitoxin der ivat ives , inc luding β-methyldigitoxin, a semi
synthet ic c o m p o u n d preferably u s e d in exper iments wi th living cells 
( the me thy l g r o u p p r even t ed glucosylat ion of the terminal digitoxose 
res idue ; see Section V,A). Digitoxin 12p-hydroxylase n e e d e d 0 2 a n d 
N A D P H 2 as cosubst ra tes a n d w a s inhibi ted by C O . The C O inhibi t ion 
w a s reversed by radiat ion wi th b lue light (λ = 450 n m ) , indicat ing the 
par t ic ipat ion of cy tochrome P-450. 

Digitalis lanata cell s t rains obta ined from plan ts w i th a h igh conten t of 
digoxin der ivat ives s h o w e d large differences in 123-hydroxylating ca
pacity (Alfermann et al, 1977; He ins , 1978; Reinhard a n d Alfermann, 
1980). M a x i m u m hydroxyla t ion rates we re abou t 0.15 nmol s e c - 1 g - 1 

d ry we igh t w i th β-methyldigi toxin as subst ra te (Alfermann et al., 1985). 
This 12p-hydroxylation paral led the g rowth of the D. lanata cell cul tures . 
O p t i m u m resul ts we re obta ined wi th h igh glucose, p h o s p h a t e , a n d 0 2 

levels as well as wi th m e t h a n o l as solvent for the cardenol ides a d d e d 
(Alfermann et al, 1985; Spieler et al, 1985). 

Digitalis lanata cells immobil ized by e n t r a p m e n t into gel beads hydrox
ylated β-methyldigi toxin for 170 days w i t hou t fading in activity, tha t is, 
m u c h longer t h a n s u s p e n d e d cells (Alfermann, 1983; Alfermann et al, 
1983). The velocity of hydroxyla t ion w a s the same in s u s p e n d e d a n d 
e n t r a p p e d cells (Moritz et al, 1982; see, however , Al fermann et al, 
1980). 
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VI. IS THERE A FUTURE FOR THE 
BIOTECHNOLOGICAL PRODUCTION AND 

TRANSFORMATION OF CARDENOLIDES BY 
DIGITALIS CELL AND ORGAN CULTURES? 

Cardeno l ides interact w i th the N a + , K +- d e p e n d e n t ATP p h o s -
phory lase ( N a ^ K ^ - A T P a s e ) of h u m a n be ings a n d o ther an imals 
(Schwartz a n d Collins, 1982). Several cardenol ide glycosides are u s e d as 
d r u g s tha t " n o r m a l i z e " hear t activity by inhibi t ing the N a + , K +- A T P a s e 
of hea r t musc le cells. In Europe a n d N o r t h America, cardenol ide glyco
sides of D. lanata a n d D. purpurea, for example , digitoxin, digoxin, de -
acetyl lanatoside C, a n d lanatos ide C h a v e found use in medic ine . 

The m o s t impor t an t r a w material for these c o m p o u n d s are leaves of 
cul t ivated D. lanata (Luckner a n d Diettrich, 1979; Mas tenbroek , 1980, 
1985; N e c z y p o r et ah, 1980). Because cardenol ides are expensive , u s e d in 
r a the r large a m o u n t s , a n d can ne i ther be p r o d u c e d by microorganisms 
nor economically by chemical syn thes i s , their formation by bio-
technological m e t h o d s is of economic interest . The descr ibed cult ivation 
of t i ssues a n d o rgans of Digitalis species in vitro m a y be a base for 
biotechnological cardenol ide p roduc t ion in t he future. H o w e v e r , further 
research is necessary before a n y biotechnological p roduc t ion can be es
tabl ished. T h o u g h D. purpurea shoo t s (Hagimori et al., 1984c) a n d D. 
lanata embryos (M. Luckner a n d B. Diettr ich, u n p u b l i s h e d results) w e r e 
successfully g r o w n in fe rmenters , bo th enti t ies w e r e ra ther difficult to 
h a n d l e . Their g r o w t h w a s too s low a n d the a m o u n t s of cardenol ides 
formed w e r e too small for a n y economical b iosynthes is . Fu r the rmore , 
the embryos conta ined cardenol ides tha t differed in their sugar moiet ies 
from those u s e d in medic ine (see Section IV,B). It m igh t be expected tha t 
their pharmacological activity is similar to tha t of the cardenol ides u s e d 
in t he rapy (see C h e n , 1970), b u t this h a s no t b e e n subs tant ia ted . 

Of p r ime impor tance for further p rogress will therefore be the selec
t ion of n e w m o r e suitable cell l ines. Research activities shou ld be con
cen t ra ted o n the es tab l i shment of cell s t rains from as yet u n u s e d cell 
t ypes , Digitalis species , a n d varieties as well as on the p roduc t ion a n d 
the selection of m u t a n t s . Of impor tance in this respect will be the es tab
l i shmen t of hap lo id s t ra ins . Haplo id cell s t rains have b e e n obta ined 
from a n t h e r s of D. purpurea (Corduan a n d Spix, 1975) a n d D. obscura 
(Perez-Bermudez et al., 1987), b u t in spi te of considerable effort they 
could no t be der ived from an the r s a n d ovules of D. lanata (H. Bohm, 
pe r sona l communica t ion ; M. Luckner a n d B. Diettrich, u n p u b l i s h e d re-
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suits) . In addi t ion , it m a y be of impor tance to select n e w cell l ines from 
the h e t e r o g e n e o u s pool of cell s t rains cult ivated for long per iods in vitro. 
Based on this he te rogenei ty , l ines able to form cardenol ides in par
enchyma- l ike cells, tha t is, w i t h o u t the formation of embryos , h a v e b e e n 
isolated from the embryogenic D. lanata cell s train VII (Luckner a n d 
Diettrich, 1987). It will be the a im of further exper iments to deve lop from 
these l ines stable, ca rdenol ide-produc ing s t rains , wh ich , it is h o p e d , will 
be m o r e suitable for the biotechnological p roduc t ion of cardenol ides 
t h a n those cell s t ra ins descr ibed above . 

In contras t to the de novo b iosynthes is of cardenol ides , t he 1 2 β - 1 ^ -
droxyla t ion of β-methyldigi toxin by cell cul tures of D. lanata s e emed to 
become economical ly significant a n d h a s therefore b e e n deve loped to 
semi indust r ia l scale. Wi th s t ra ins t ransforming a d d e d β-methyldigi toxin 
a lmos t quant i ta t ively to β-methyldigoxin in airlift fe rmenters (working 
vo lume , 200 liters), abou t 100 g of β-methyldigoxin w a s ob ta ined wi th in 
an incubat ion per iod of 14 days . Reduct ion of cost w a s b r o u g h t abou t 
us ing par t of the foregoing cul ture for inoculat ion of the next ba tch 
( repeated batch cult ivation). By this m e t h o d six r u n s w e r e possible in a 3-
m o n t h per iod w i thou t reduc t ion of product iv i ty , forming a total of 500 g 
of β-methyldigoxin (Alfermann et al., 1985). At Boehr inger M a n n h e i m 
G m b H , the p rocedure w a s tes ted o n the indust r ia l scale. The process 
m u s t compe te , howeve r , w i th 12β-hydroxylat ion of digi toxigenin deriva
tives by St reptomycetes (Karoly et al., 1981; N a t o n e k et al., 1980; Nozak i et 
al., 1965), a m e t h o d u s e d at G e d e o n Richter Ltd. , Budapes t . This compet i 
t ion a n d the decreas ing d e m a n d s in digoxin der ivat ives w e r e the r eason 
tha t the 12β-hydroxylat ion of digitoxin der ivat ives by D. lanata cell 
cul tures ha s no t b e e n in t roduced at t he indust r ia l scale. 
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I. INTRODUCTION 

Sapon ins are glycosidic c o m p o u n d s occurr ing a b u n d a n t l y in the p lant 
k i n g d o m . A s imple test for s apon ins is to shake an a q u e o u s alcoholic 
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plan t extract in a test tube a n d no te if a pers is tent fine foam is formed 
above the l iquid surface. Some sapon ins also have the ability to h e m o -
lyze b lood cells a n d to form unsoluble complexes wi th cholesterol. 

Being glycosidic p lan t p roduc t s , t he sapon ins are composed of a par
en t c o m p o u n d (called gen in or sapogenin) a n d a variable sugar compo
nen t . Sapon ins general ly are classified as follows: 

1. Tr i te rpene glycosides: g insenos ides (ginseng) , glycyrrhizin (lic
orice), sa ikosides (Bupleurum root) , etc. 

2. Spirostanol glycosides ( synonym, steroidal glycosides) 
3. Steroidal alkaloid glycosides. 

Research profiles unt i l 1982 of s apon in p roduc t ion by p lant cell 
cul tures have b e e n descr ibed in detail by Barz et al (1977), Fujiwara 
(1982), Reinert a n d Bajaj (1977), a n d Staba (1980), a n d there h a v e b e e n 
only a few publ icat ions o n sapon ins since 1983. The objective of this 
chap te r is, therefore, to p re sen t p rogress in the sapon in p roduc t ion by 
Korean g inseng cell cul tures since 1982. 

Panax ginseng C. A. Meyer is a he rbaceous p lan t be longing to the 
Araliaceae. Its root , called g inseng or Korean g inseng , is a favorite tonic 
a n d hea l th food w o r l d w i d e . Chemical a n d pharmacological s tudies on 
g inseng conf i rmed tha t a m o n g g inseng sapon ins , g insenos ides R b 2 a n d 
R g 2 are t he m o s t active pr inciples . The isolation of panaxadiol (Furuya et 
al, 1973; Jhang et al, 1974), panaxatr iol (Furuya et al, 1970), oleanolic 
acid, a n d g insenos ides R b x a n d (Furuya et al, 1973) from g inseng 
callus, t he effects of auxins o n g r o w t h a n d sapon in p roduc t ion (Furuya 
et al, 1983a,c, 1984), a n d the regulat ion of s apon in p roduc t ion by bio
synthet ic p recursors a n d s o m e bioregula tors (Furuya et al, 1983b) in 
g inseng cell s u s p e n s i o n cul tures h a v e b e e n invest igated. The rela
t ionsh ip b e t w e e n s apon in p roduc t ion a n d g r o w t h in var ious cell cul
tu res (Furuya, 1981) a n d differentiated t issues (Furuya et al, 1986) of P. 
ginseng are descr ibed in this chapter . 

II. CALLUS INDUCTION AND SELECTION 

A. Pg-1 Callus 

Callus w a s der ived from the petiole of 2-year-old g inseng in 1967 
(Furuya et al, 1970, 1973). The stock cul ture h a s b e e n main ta ined o n MS 
[Murashige a n d Skoog 's (1962)] agar m e d i u m conta in ing 0.1 p p m of 
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2,4-D (2,4-dichlorophenoxyacet ic acid), at 25°C in the dark by subcul ture 
at 4-week intervals (Pg-1 callus). 

Pg-1 callus w a s subcu l tu red also wi th K l (kinetin, 0.1 p p m ; see Table I 
for media ) , b u t w i t h o u t 2,4-D, u n d e r i l luminat ion (2500-4000 lux, 
16hr /day) w i t h w a r m fluorescent l ight in a p h y t o t r o n cabinet . This Pg-1 
K l callus gradual ly gene ra t ed roots a n d shoots . The roots we re selected 
a n d subcu l tu red wi th IBA1 (indole-3-butyric acid, 1 p p m ) ins tead of K l 
in the dark , a n d con t inued to form roots in the dark only (Pg-1 IBA1 
callus). 

Calli of t he t w o cell l ines (1 -2 g) we re t ransferred on to 40 ml of 
m e d i u m in a 100-ml Er lenmeyer flask a n d subcul tu red statically at 3- to 
4-week intervals . 

B. Habituate d Callus 

Non-aux in- requ i r ing (habi tuated) callus w a s der ived from the Pg-1 
callus as follows. The callus w a s t ransferred to m e d i u m conta in ing vari
o u s a m o u n t s of 2,4-D (the first passage) . Calli g r o w n o n m e d i u m wi th 
low concent ra t ions of 2,4-D, such as 0.01, 0.001, a n d 0.0001 p p m , w e r e 
t ransferred again to the co r re spond ing m e d i u m conta in ing the same 
a m o u n t s of 2,4-D (the second passage) . G r o w t h of each callus, howeve r , 
w a s increasingly difficult to m e a s u r e after 5 weeks . For the fourth pas 
sage , calli w e r e t ransferred to the basal m e d i u m (2,4-D omit ted) b u t 
general ly d id no t g r o w at all. Dur ing the fifth passage , however , a small 
increase in the rate of g r o w t h w a s observed . From the t en th passage on , 
calli b e g a n to g r o w well o n the basal m e d i u m . The g r o w t h rate relative 
to tha t of the Pg-1 callus w a s approximate ly 60 -70%. 

C. Pg-3 Callus 

Slices of 5-year-old Korean g inseng root w e r e placed o n MS agar m e 
d i u m s u p p l e m e n t e d w i t h 2,4-D (1 p p m ) a n d Κ (0.1 p p m ) in 1978 (Furuya 
et ah, 1984). The deve lop ing callus (Pg-3) w a s t r ansp lan ted on to the 
s a m e m e d i u m , ma in t a ined at 25°C in t he dark , a n d subcul tu red a t inter
vals of 4 w e e k s (Pg-3 DK callus). After a th i rd subcul ture , the callus w a s 
t ransferred on to MS m e d i u m conta in ing IBA (2 p p m ) a n d Κ (0.1 p p m ) . 
The callus w a s k e p t at 25°C in the da rk a n d subcul tu red at intervals of 4 
w e e k s for a b o u t a year , a n d eventua l ly v igorous g r o w t h w a s achieved 
(Pg-3 B2K callus). 
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III. DETERMINATION OF GROWTH RATIO 

A. Pg-1 Callus 

Callus ( 1 - 3 g) w a s t ransferred to the test agar m e d i u m placed in a 
flask. After 4 w e e k s , t he average fresh we igh t of the calli in 6 to 12 flasks 
w a s de t e rmined . In the case of s u s p e n s i o n cul ture , 15 g of callus w a s 
t ransferred to 250 ml of m e d i u m in a 1-liter Er lenmeyer flask in re
ciprocal cul ture , a n d 30 g of callus to 500 ml in a similar flask in rotary 
cul ture . After 4 w e e k s , the average fresh we igh t of the calli in 4 flasks 
w a s de t e rmined . After extraction of 50 g of these callus t issues wi th 
me thano l , the res idual material w a s dr ied in an oven at 80°C a n d 
w e i g h e d . All exper iments we re carried ou t two or three t imes . 

B. Habituate d Callus 

Three pieces of calli (~0 .3 g of fresh weight ) we re t ransferred to the 
test m e d i u m , the g r o w t h rate m e a s u r e d , a n d the increase in fresh 
we igh t after 4 w e e k s averaged . 

C. Pg-3 Callus 

M e d i u m (250 ml) in a 1-liter Er lenmeyer flask w a s inocula ted wi th 
callus a n d cu l tured on a reciprocal shaker (80 s t rokes pe r m i n u t e , each 
s t roke 8 cm in length) at 25°C in the dark . After 4 w e e k s of cul ture the 
callus w a s harves ted , a n d the g r o w t h ratio de t e rmined . Two flasks w e r e 
u s e d in each exper iment . 

IV. SEPARATION OF SAPONINS 

The nBuOH-soluble layer separa ted from the M e O H extract of Pg-1 
callus (10 kg fresh weight ) w a s evapora ted to obtain c rude sapon ins . The 
sapon ins (Fig. 1) w e r e separa ted on a co lumn of Sephadex LH-20 us ing 
C H C l 3- M e O H (1 :2 ) , a n d t h e n purified by silica gel co lumn chro-
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20(S)-Protopanaxadiol 

Rb^ 

Rb, 
Rc 
Rd 

R1=R3=H 
2 1 

R1=glu-glu, R3=glu-glu 
2 1 6 1 

R1=glu-glu, R3=glu-ara 
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R1=glu-glu, R3=glu-xyl 
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R1=glu-glu, R^=glu 

20(S)-Protopanaxatriol 
R 2=R ̂ =Η 

2 1 

R2=glu-rham, R^=glu 
2 1 

R2=glu-glu, R3=H 
R2=glu, R^=glu 

2 1 

R2=glu-rham, R3=H 

Re 
Rf 
R g] 

Rg2 

Rhn R2=glu, R3=H 
Fig. 1. Saponins of g inseng. 

m a t o g r a p h y u s i n g C H C l 3- M e O H . Ginsenos ides R g l r Re, R b l r a n d Ro 
w e r e isolated from each fraction, y ie lding 1750, 220, 295, a n d 260 m g , 
respect ively. G insenos ide R g a isolated as its acetate gave colorless leaf
lets ( m . p . 242.5-243°C) R b a as wh i t e p o w d e r (m.p . 197-198°C), Re as 
colorless need les , crystallized from 50% M e O H (m.p . 201-203°C), a n d 
Ro as colorless need les from M e O H (m.p . 239-241°C). Four g inseno
s ides w e r e conf i rmed by mel t ing po in t (m.p . ) , infrared (IR), nuclear 
magne t i c r e sonance (NMR), a n d m a s s spectra in compar i son wi th au
thent ic g insenos ides . The isolation of g insenos ides Re a n d Ro from gin
s e n g callus w a s d e m o n s t r a t e d for the first t ime. Fu r the rmore , the p res 
ence of all g insenos ides , Ro, Ra, R b v R b 2, Rc, Rd, Re, Rf, R g a, R g 2, a n d 
Rh, w a s de tec ted by TLC, as well as HPLC, a n d de t e rmined by dens i 
tome t ry (Furuya ET AL, 1973, 1983c). 

V. HIGH-PERFORMANCE LIQUID 
CHROMATOGRAPHY OF SAPONINS 

Water s H P L C e q u i p m e n t (Model A L C / G P C 244) w a s u s e d , w i th 
Shodex O H Pak-804; co lumn, 0.8 x 50 cm; C H 3 C N - H 2 0 (85:15); flow 
ra te , 1.5 m l / m i n ; char t speed 0.25 cm/min ; p ressu re , 20 k g / c m 3; detector 

R 30 . 
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RI. The Rt va lues (in minutes ) for the following g insenos ides w e r e 
found: R g l 7 19.8; Re, 22.4; R b l r 33.8; Ra, 36.4; Ro, 47.2 (Sticher a n d 
Soldati , 1979; Soldati a n d Sticher, 1980). Identification by compar i son 
w i th au then t ic s apon ins w a s per formed, as s h o w n in Fig. 2. 

Ginsen g cal lu s 

In j ec t i o n 20 40 

E lu t ion tim e (min ) 
Fig. 2. High-performance liquid chromatograms of crude saponins in g inseng callus and 
g inseng root. 
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The c rude s apon ins ob ta ined from K l a n d IBA1 calli we re spo t t ed 
toge the r w i th the s t a n d a r d samples of g insenos ides R b x a n d R g a o n 
Merck silica gel TLC plate 60 F254 a n d we re deve loped wi th an u p p e r 
layer of n B u O H - A c O H - H 2 0 (4:1:5). The spots of s apon ins w e r e de 
tected by sp ray ing wi th 10% H 2 S 0 4 followed by hea t ing at 105°C for 10 
m i n a n d d e t e r m i n e d by dens i tomet ry us ing S h i m a d z u Model CS-910 
dua l -wave leng th TLC scanner (Xs = 530 n m , λ Γ = 700 n m ) (Sanada et al, 
1978), as s h o w n in Fig. 3. 

The Rf va lues for the following g insenos ides w e r e found: Ro, 0.04; Ra, 
0.08; Rbv 0.15; R b 2, 0.19; Rc, 0.25; Rd, 0.34; Re, 0.41; Rf, 0.44; Rgv 0.50; 
R g 2, 0.52; R h l 7 0.64. The a m o u n t of the Rb g r o u p w a s calculated as the 
total of g insenos ides Ra, Rbv R b 2, Rc, a n d Rd, w i th p ro topanaxadio l as 
the s apogen in , a n d the Rg g r o u p w a s calculated as the total of gin
senos ides Re, Rf, Rgv R g 2 a n d R h l 7 w i th protopanaxatr io l . 

Total s a p o n i n in each cul ture s h o w s the conten t of p u r e g insenos ides , 
d e t e r m i n e d by TLC dens i tomet ry . All da ta are the average value of 
dupl ica te es t imat ions in each of t w o or th ree different cul tures , a n d 
especially in five cul tures in the IB A series. 

VII. EFFECTS OF PLANT GROWTH 
REGULATORS AND LIGHT ON SAPONIN 

PRODUCTION AND GROWTH 
IN STATIC CULTURES 

A. Pg-1 Callus 

The effects of aux ins a n d cytokinins o n sapon in conten t a n d g r o w t h in 
static cul tures u s ing IBA1 callus w e r e examined , a n d a be t ter g r o w t h 
ratio a n d increased a m o u n t of s apon in w e r e observed in the combina
t ion of IBA a n d Κ (Table I). A l t h o u g h 2,4-D p r o d u c e d the bes t g r o w t h in 
the 2,4-D callus, it inhibi ted the g r o w t h of the IBA1 callus, a n d in 5 p p m 
2,4-D the g r o w t h complete ly s t opped . 

VI. DETERMINATION OF SAPONINS 
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Fig. 3. Thin-layer chromatogram and dual-wave length spectra of crude saponins in gin
s e n g callus and g inseng root. 
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Table I 

Effects of Plant Growth Regulators on Saponin Production and Growth in Static Cultures of 
IBA1 Callus 

S a p o n i n b content (mg) per 
100 g fresh we ight 

Dry we ight (g) 
Growth per 100 g fresh Rb Rg Rb group 

Medium* ratio we ight group group Total Rg group 

IAA1 2.68 3.85 19.0 27.7 46.7 0.69 
IAA1 K0.1 3.04 3.87 19.6 17.4 37.0 1.13 
IAA5 3.43 3.71 13.1 12.8 25.9 1.02 
IAA5 K0.1 3.67 3.80 17.6 29.4 47.0 0.60 
N A A 1 2.98 3.48 23.7 19.1 42.8 1.24 
N A A 1 K0.1 2.52 3.40 20.5 18.6 39.1 1.10 
N A A 5 3.22 3.32 21.7 17.0 38.7 1.28 
N A A 5 K0.1 3.36 3.16 21.8 15.3 37.1 1.42 
2 ,4 -Dl 2.69 3.40 21.4 19.9 41.3 1.08 
2 ,4 -Dl K0.1 2.88 2.02 44.2 14.4 58.6 3.07 
IBA1 3.40 2.80 22.0 19.8 41.8 1.11 
IBA1 K0.1 3.62 3.00 15.6 15.1 30.7 1.03 
IBA5 3.61 2.80 14.2 9.4 23.6 1.51 
IBA5 K0.1 3.18 2.60 31.2 25.6 56.8 1.22 
IBA1 Kl 4.33 2.60 22.6 16.4 39.0 1.38 
IBA1 K5 3.89 2.00 16.8 13.2 30.0 1.27 
IBA1 P0.1 4.22 4.76 23.1 18.9 42.0 1.22 
IBA5 K l 5.14 3.04 6.2 11.4 17.6 0.54 
Kl 4.34 2.60 24.4 26.3 50.7 0.93 
K5 3.93 2.61 15.6 11.4 27.0 1.37 
PI 4.80 3.03 15.7 13.9 29.6 1.13 

"Abbreviations: IAA, indole-3-acetic acid; NAA, 1-naphthaleneacetic acid; 2,4-D, 2,4-di-
chlorophenoxyacetic acid; IBA, indole-3-butyric acid; K, kinetin; P, N-phenyl-AT-(4-pyridyl)urea. 

bRb group indicates ginsenosides Ra, Rbl7 Rb2, Rc, and Rd, with protopanaxadiol as the sapogenin, 
and Rg group indicates ginsenosides Re, Rf, R g v Rg2, and Rh^ with protopanaxatriol. 

T h e effects of i l luminat ion (2500-4000 lux) on the sapon in conten t a n d 

g r o w t h of K l callus, w h i c h gene ra t ed shoots u n d e r the light, are s h o w n 

in Table II. The u s e of Ρ [N-phenyl-N'-(4-pyridyl)urea] in light p r o d u c e d 

the bes t g r o w t h ratio, b u t s apon in con ten t w a s lowest . This w a s d u e to 

the decrease in a m o u n t s of Rb-group sapon ins (Furuya et ah, 1983c). 

B. Habituate d Callus 

The effect of 2,4-D a n d IAA (indole-3-acetic acid) o n sapon in p roduc 

t ion in hab i tu ta ted callus as c o m p a r e d wi th Pg-1 callus w a s examined . 
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Dry weight (g) 

Saponin content (mg) per 
100 g fresh we ight 

Growth per 100 g fresh Rb Rg Rb group 
M e d i u m ratio we ight group group Total Rg group 

Dark 
Kl 3.32 2.13 23.9 10.8 34.7 2.21 
K5 1.50 2.09 22.6 11.5 34.1 1.97 
PI 3.70 2.71 22.3 21.6 43.9 1.03 
P5 4.17 2.19 31.2 21.9 53.1 1.42 
IBA1 2.75 2.98 26.0 26.4 52.4 0.98 
IBA5 2.95 2.70 21.4 12.7 34.1 1.69 

Light 
Kl 3.70 2.49 27.5 17.8 45.3 1.54 
K5 1.97 2.25 24.5 18.5 43.0 1.32 
PI 4.23 2.96 14.9 22.2 37.1 0.67 
P5 4.51 2.18 15.3 14.0 29.3 1.09 
IBA1 3.20 2.79 30.6 12.5 43.1 2.45 
IBA5 3.87 2.59 30.3 10.2 40.5 2.97 

The sapon in conten t (total saponin) in Pg-1 callus w a s 0.82% on a dry-
we igh t basis w h e n the callus w a s cul tured on the m e d i u m conta ining 0.1 
p p m 2,4-D (i.e. , t he normal condi t ion in the 2,4-D callus). The ratio of 
the Rg g r o u p to the Rb g r o u p w a s abou t 3 to 2. The produc t ion of 
s apon in w a s m a x i m u m at 0.1 p p m 2,4-D a n d gradual ly decreased wi th 
an increase of 2,4-D, u p to 0.22% in the p resence of 5 p p m 2,4-D. The 
g r o w t h co r r e sponded fairly well to the p roduc t ion of saponin . The 
s apon in con ten t of the hab i tua ted callus der ived from the Pg-1 callus 
w a s only 0.09% of d ry we igh t o n the basal m e d i u m (not conta in ing a n y 
auxins) , howeve r , a l t hough the g r o w t h rate (6.8) w a s a lmost the same as 
in the Pg-1 callus (7.2 in 0.1 p p m 2,4-D). The sapon in conten t slightly 
increased wi th addi t ional a m o u n t s of 2,4-D, b u t at 5.0 p p m 2,4-D the 
g r o w t h w a s s u p p r e s s e d to 1.8 (Table III). 

The effects of IAA on the p roduc t ion of sapon in in bo th calli w e r e 
invest igated. Sapon in conten t a n d g rowth rate we re no t significantly 
affected by IAA. E n d o g e n o u s IAA is p resen t at a concentra t ion of 
a r o u n d 10 a n d 45 x 10 ~ 9 g r am per g r am fresh we igh t in 2 ,4 -D-requ i r ing 
a n d hab i tua ted calli, respectively (Nishio et al, 1976). Remarkably , the 

Table II 

Effects of Light on Saponin Production and Growth in Static Cultures of K1  Callus 
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2,4-D Growth 
Callus (ppm) rate 

2 , 4 - D - 0.00 4.2 
requiring 0.01 4.7 

0.10 7.2 
0.50 5.8 
1.00 5.0 
5.00 2.7 

Habituated 0.00 6.8 
0.01 6.2 
0.10 2.8 
0.50 2.4 
1.00 2.5 
5.00 1.8 

Saponin content (% dry weight) 

Rg group Rb group Total 

0.19 0.16 0.35 
0.24 0.22 0.46 
0.48 0.34 0.82 
0.33 0.25 0.58 
0.32 0.22 0.54 
0.16 0.06 0.22 

0.05 0.04 0.09 
0.05 0.05 0.10 
0.09 0.07 0.16 
0.08 0.07 0.15 
0.08 0.07 0.15 
0.06 0.06 0.12 

conten t of the Rb g r o u p , especially in Pg-1 callus, decreased by the 
removal of 2,4-D from the m e d i u m , for example , from 42% total s apon in 
in the p resence of 2,4-D (0.1 p p m ) to 33% in cul tures w i t h o u t or w i th 1 to 
20 p p m IAA (for effects of auxins o n s apon in p roduc t ion d u r i n g suc
cessive cul tures see Furuya et al, 1983a). 

VIII. EFFECT OF VARIOUS CULTURE 
CONDITIONS ON SAPONIN PRODUCTION AND 

GROWTH IN SUSPENSION CULTURES 

A. Pg-1 Callus 

C o m p a r i s o n of s apon in p roduc t ion a n d g r o w t h of IBA1 callus, w h i c h 
gene ra t ed roo ts in the dark , w a s m a d e u n d e r var ious condi t ions . In 
s u s p e n s i o n cul tures o n a gyra tory shaker , g rowth w a s excellent com
p a r e d to cul tures o n a reciprocal shaker , especially w h e n IBA w a s u s e d 
as a h o r m o n e , b u t s apon in p roduc t ion w a s h igher in reciprocal t h a n in 
gyra tory cul tures , except w h e n 2,4-D w a s u sed . It w a s observed tha t a 

Table III 

Effect s of 2,4- D on Saponi n Productio n in 2,4- D an d Habituate d Calli 
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combina t ion of IBA a n d Κ resul ted in a lower g r o w t h ratio bu t a m u c h 
h igher s apon in p roduc t ion t h a n w h e n us ing IBA wi th P. A combinat ion 
of IBA (2 p p m ) wi th Κ (0.1 p p m ) gave the bes t p roduc t ion index (growth 
a n d s apon in p roduc t ion) , a n d IBA (5 p p m ) wi th Ρ (0.1 p p m ) gave t h e 
bes t g r o w t h ratio (8.19) (Furuya et al, 1983c). 

The gyra tory suspens ion cul tures p r o d u c e d soft, b r o w n i s h cell aggre
gates genera t ing m a n y roots a n d s h o w e d 1.8 t imes the g r o w t h rate a n d 
increased p roduc t ion index compared wi th reciprocal s u s p e n s i o n 
cul tures . Also, cell su spens ion cul tures p r o d u c e d h igher a m o u n t s of 
s apon ins t h a n the static cul tures . 

The bes t condi t ion for callus cul tures , the combinat ion of IBA (2 p p m ) 
a n d Κ (0.1 p p m ) , p r o d u c e d a lmost the same sapon in content , especially 
in p ro topanaxa t r io l -group sapon ins , as that of the c rude d rug . In p ro -
topanaxadio l -group sapon ins , the con ten t of R b a w a s h igher t han that of 
the c rude d r u g , b u t Rc a n d Rd we re lower. 

B. Pg-3 Callus 

Pg-3 callus cu l tured on agar w a s t ransferred to a 5-liter jar fermenter 
conta in ing 4 liters of test m e d i u m . The aerat ion ratio w a s 1 vo lume 
(aeration) pe r v o l u m e (medium) per m i n u t e (VVM) at 100 r p m . 

Pg-3 callus g r o w n on agar also w a s t ransferred to 500 ml of m e d i u m in 
a 1-liter Er lenmeyer flask a n d cul tured on a reciprocal shaker for 4 
w e e k s . Cells cu l tured in this m a n n e r we re t hen u s e d as inocula for a 30-
liter jar fe rmenter conta in ing 25 liters of test m e d i u m . The inocu lum size 
w a s 24 or 48 g/liter. The aerat ion ratio w a s 0.25 VVM. Three turbine 
types (disk, ang led disk, a n d anchor type ; Fig. 4) a n d two speeds (100 
a n d 150 rpm) we re tes ted. The resul ts are s u m m a r i z e d in Table IV 
(Furuya et al., 1984). MS m e d i u m wi thou t N H 4 N 0 3 w a s similar to reg
ular MS m e d i u m for g rowth a n d sapon in content . Use of MS m e d i u m 
w i t h o u t N H 4 N 0 3 , bu t wi th 0.5% glucose a n d 2% sucrose, a n d ano the r 
2% sucrose a d d e d after 2 w e e k s of cul ture , resul ted in a h igher g r o w t h 
ratio a n d h igher d ry we igh t (g/liter) t h a n regular MS m e d i u m conta in ing 
3% sucrose; the relative a m o u n t of s apon ins (mg/liter) decreased only 
slightly. 

A m o n g th ree turb ine types (Fig. 4), the angled-disk turbine p rov ided 
the bes t g r o w t h ratio a n d d ry we igh t increase (g/liter) bu t the lowest 
s apon in content . W h e n the agitat ion w a s accelerated to 150 r p m , the 
g r o w t h ratio a n d d ry we igh t decreased , bu t the sapon in conten t in
creased, giving a sapon in p roduc t ion (mg/liter) similar to that at 100 
r p m . 
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Fig. 4. Three turbine types used in 30-liter jar fermenter culture. 

In a 30-liter jar fermenter cul ture , the increase of the g r o w t h ratio a n d 
d ry w e i g h t w e r e no t accompan ied by an increase of the sapon in content . 
This observa t ion indicated tha t the sapon in p roduc t ion per cul ture w a s 
abou t equal . A jar fe rmenter cul ture is no t comparable to a shake-flask 
s u s p e n s i o n cul ture . Therefore , it is necessary to further examine the 
cul ture condi t ions for cells in jar fe rmenters . Repea ted selection of cell 
l ines from Pg-3 callus a n d the eng ineer ing of a n e w device for m a s s 
cul ture in a ton-scale t ank are n o w in progress . 

IX. EFFECT OF INHIBITORS AND PRECURSORS 
ON SAPONIN PRODUCTION 

The effect of semicarbazide in the p resence of several p recursors w a s 
s tud ied w i th Pg-1 callus (Furuya et al, 1983b). The h ighes t sapon in 
con ten t w a s ob ta ined in the p resence of meva lona te in addi t ion to semi
carbazide , the a m o u n t be ing m o r e t h a n 2 a n d 2.5 t imes that in the 
absence of b o t h meva lona te a n d semicarbazide, a n d in the p resence of 
meva lona te only, respectively. O n the contrary , n o recognizable change 



Table IV 

Effect of Medium Conditions and Turbine Types in 30-Liter Jar Fermenter Culture of Pg-3 B2K Callus* 

Inoculum 
Dry we ight Total saponin content 

Turbine size Growth g/100 g (fresh mg/100 g mg/100 g 
M e d i u m (rpm) (g/liter) ratio weight) g/liter (fresh weight) (dry weight) mg/liter 

MS Disk 24 4.45 5.71 6.1 41.1 720 43.9 
Sucrose 3% (100) 

Disk** 48 4.33 5.64 11.7 23.1 410 48.0 
(50) 

MS-NH4NO3 Disk 24 5.00 8.86 10.6 41.3 466 49.4 
Sucrose 3% (100) 

48 4.10 5.56 10.9 18.6 335 36.5 

MSNH4NO3 Disk 24 4.33 7.54 7.8 55.3 733 57.2 
Sucrose 2% (100) 

+ glucose 48 6.12 3.17 9.3 18.4 580 53.9 
0.5% 

MS-NH4NO3 Disk 48 5.04 5.95 14.4 20.7 348 50.1 
Sucrose 2% (100) 

+ glucose Anchor 48 4.66 6.86 15.3 19.5 284 43.5 
0.5%; add (100) 
sucrose Angled 48 6.45 5.48 17.0 9.7 177 30.1 
2% after 2 (100) 
w e e k s Disk 48 3.86 5.82 10.8 26.7 459 49.6 

(150) 
Angled 48 3.81 7.74 14.2 24.2 313 44.4 

(150) 

"Aeration ratio, 0.25 VVM; culture period, 28 days; disk, disk turbine; anchor, anchor-type turbine; angled, angled-disk turbine. 
b0.5 W M , two-disk turbines. 
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w a s de tec ted in the conten t of phytos te ro l s (Table V). It s eems , there
fore, tha t the synthet ic p a t h w a y of s apon ins in callus t issues m a y be 
competi t ively inhibi ted by semicarbazide agains t p recursors such as 
meva lona te . Moreover , it w a s clarified tha t t he s imul taneous addi t ion of 
meva lona te a n d semicarbazide e n h a n c e s sapon in p roduc t ion m o r e t h a n 
tha t of meva lona te only in bo th Pg-1 a n d hab i tua ted calli, the increase in 
quan t i ty a t ta in ing approximate ly a factor of 2. 

In t he p resence of meva lona te , th iosemicarbazide also p r o m o t e d the 
p roduc t ion of sapon ins , w h e r e a s hydroxylamine a n d 2,4-dini t rophenyl-
h y d r a z i n e w e r e ineffective. In contrast , phytos te ro l p roduc t ion w a s 
s o m e w h a t inhibi ted by semicarbazide a n d thiosemicarbazide even in the 
p resence of meva lona te , part icularly in no rma l callus. The resul ts are 
s u m m a r i z e d in Table V. F rom these data , it is sugges ted tha t some 
in te rmedia ry s teps in the phytos te ro l b iosynthes is in callus t issue are 
inhibi ted by carbazides , a n d consequent ly , t he meva lona te p a t h w a y is 
p u s h e d t o w a r d sapon in b iosynthes is [for the regulat ion of sapon in a n d 
phy tos te ro l b iosynthes is by end -p roduc t (β-sitosterol a n d g insenos ide 
Rg x) inhibi t ion see Furuya et al., 1983b]. 

Table V 

Effects of Several Inhibitors, with or without Mevalonate, on Saponin and Phytosterol Produc
tion in Calli" 

Saponin Phytosterol 
Inhibitors Mevalonate content content 
(25 ppm) (50 ppm) (% dry weight) (% dry weight) 

2,4-D callus 
Semicarbazide + 2.27 0.31 
Thiosemicarbazide + 2.09 0.18 
Hydroxylamine + 1.36 0.34 
2,4-Dinitrophenylhydrazine + 1.12 0.42 
N o n e — 1 + 1.49 0.56 
N o n e — 2 - 0.85 0.44 

Habituated callus 
Semicarbazide + 0.19 0.37 
Thiosemicarbazide + 0.28 0.20 
Hydroxylamine + 0.11 0.30 
2,4-Dinitrophenylhy drazine + 0.08 0.29 
N o n e — 1 + 0.13 0.38 
N o n e — 2 - 0.06 0.30 

"Cultured for 21 days; inhibitors and mevalonate were added at tenth day of culture. 
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From Pg-3 callus cul tures of Korean g inseng , shoo t s a n d roots w e r e 
formed at a h igh rate (in all flasks) u n d e r opt imal condi t ions (Fig. 5). The 
s a p o n i n p roduc t ion a n d the morphological s t ruc tures of the differenti
a ted plant le ts closely resembled those of the nat ive p lan ts (Furuya et al., 
1986). 

The sapon in conten t in var ious calli a n d differentiated t issues we re 
d e t e r m i n e d according to the TLC m e t h o d . The values are s h o w n in 
Table VI a n d are c o m p a r e d to the sapon in conten t of the source p lant . 
As a resul t , it w a s d e m o n s t r a t e d tha t the shoots (Kl) a n d the roots 
(IBA1) p r o d u c e d larger a m o u n t s of s apon ins t han the original callus (DK 
callus): 3.5 t imes m o r e in K l a n d 4.9 t imes m o r e in IBA1 t issues. The 
sapon in con ten t in su spens ion cul ture (IBA2, K0.1 m e d i u m ) w a s com
parable to those of the aerial pa r t a n d the root of the p lan t on a fresh-
we igh t basis . O n the o ther h a n d , the sapon in conten t of the cu l tured 
roots on a d ry-weigh t basis w a s 1.71% in static cul ture a n d 1.27% in 
suspens ion , a n d those we re 3 - 4 t imes h igher t h a n that in the p lan t root , 
0.40%. Moreover , the ratio of the g insenos ide Rb g r o u p to the Rg g r o u p 
w a s calculated for a quali ty evaluat ion of the g inseng saponin . The ratios 
in DK callus a n d K l shoot resembled those in the aerial par t of the nat ive 
p lant , w h e r e a s in the root cul tures (i.e., IBA1 root a n d IBA2 K0.1 sus 
pens ion) they resembled those in the p lant root . 

XI. HAIRY ROOT CULTURE 
AND SAPONIN PRODUCTION 

Hairy root cul ture of g inseng w a s establ ished after roots w e r e in
d u c e d on Pg-4 callus following infection wi th Agrobacterium rhizogenes 
(Yoshikawa a n d Furuya , 1987). The t ransformed cul tures of g inseng 
could be subcu l tu red as an axenic root cul ture in the absence of p h y -
t o h o r m o n e s , a n d g r e w wi th extensive lateral b ranches more rapidly 
t h a n the o rd inary cul tured roots i nduced by h o r m o n a l control from 
Pg-1 callus (Fig. 6). It w a s also d e m o n s t r a t e d that the hairy roots con
tain the s a m e sapon ins (ginsenosides) as those of the nat ive root , u p to 
abou t 2.4 t imes in the quant i ty , a n d u p to abou t 2 t imes in compar i son 

X. DIFFERENTIATION AND SAPONIN 
PRODUCTION 
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Fig. 5. Systematic formation of shoots , roots and plantlets from callus cultures of Panax 
ginseng, a; Ginseng callus derived from native g inseng root o n MS m e d i u m containing 2,4-
D (2,4-dichlorophenoxyacetic acid) 1 p p m and kinetin 0.1 p p m (DK callus), b; Mer-
is temoids induced from the DK callus (a) on the m e d i u m without 2,4-D. c; A cross section 
of the meris temoids (b), x 20. d; Shoots formed from the meristemoids (b) o n the m e d i u m 
containing kinetin 1 p p m , s tepwise from left to right, e; Cloning plantlets deve loped from 
shoots (d) o n the Κ 1 m e d i u m under il lumination, f; Roots formed from meristemoids (b) 
o n the m e d i u m containing IBA (indole-3-butyric acid) 1 p p m , s tepwise from left to right, g; 
Roots cultured in the liquid m e d i u m containing IBA 2 p p m and kinetin 0.1 p p m in the 
dark. 



Table VI 

Comparison of Saponin Production between Various Ginseng Cultured Tissues and Original Plant 

Saponin content (mg) per 100 g 
Dry we ight (g) fresh w e i g ht Total saponin 
per 100 g fresh Rb group per dry mass 

Callus or tissue Growth rat ioa we ight Rb group Rg groups Total Rg group (% weight) 

Static 
DK callus (Fig. la ) 4.30 2.48 
K l shoot (Fig. l d , e ) 5.81 2.96 
IBA1 root (Fig. If) 3.40 3.09 

Suspens ion 

IBA2 Κ 0.1 root (Fig. l g ) 6.22 6.31 

Plant 
Aerial part (stem and leaf) 9.53 
Root 23.91 

2.4 8.4 10.8 0.29 0.44 
15.1 22.3 37.4 0.67 1.26 
27.6 25.1 52.7 1.10 1.71 

41.6 38.8 80.4 1.07 1.27 

21.7 62.1 83.8 0.35 0.88 
59.0 37.3 96.3 1.58 0.40 

"Growth ratio was determined by increase of fresh weight after 4 weeks of culture. The values are the quotient of the fresh weight after 4 weeks of culture and 
the fresh weight of the inoculum. 

bThe amount of Rb group was calculated as the total of ginsenosides Ra, Rbl7 Rb2/ Rc, and Rd, with protopanaxadiol as the sapogenin, and that of Rg group 
was calculated as the total of ginsenosides Re, Rf, Rga, Rg2, and Rh, with protopanaxatriol. Each value in the cultured tissues shows the average of duplicate 
estimations in four flasks of three different cultures. Each value for the original plant is the average of duplicate estimations in three different samples. 

230 



Fig. 6. a; Panax ginseng hairy roots induced from callus after infection of Agrobacterium 
rhizogenes. b; The enlarged photo of a. c - e ; Hairy roots cultured in MS m e d i u m without 
hormone , f; Nontransformed Pg-1 IBA 1 t issues cultured o n agar m e d i u m supplemented 
wi th 2 p p m IBA and 0.1 p p m kinetin. g - h ; Nontransformed ordinary roots cultured in the 
same liquid m e d i u m as above. 
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Table VII 

Growth and Saponin Contents of Callus, Ordinary Cultured Roots, Hairy Roots, and Native Root of Panax  Ginseng 

Growth*7 

Dry wt(g) 
per lOOg 

fr.wt 

Saponin content (mg) per 
lOOg fresh w t 

Rb group 
Rg group 

Total saponin 
per dry mass 

(wt %) Tissue M e d i u m 0 Ratio 

Dry wt(g) 
per lOOg 

fr.wt Rb group Rg g r o u p c Total 
Rb group 
Rg group 

Total saponin 
per dry mass 

(wt %) 

Pg-4 callus B2K0.1 2.85 5.97 28.25 10.59 38.84 2.67 0.65 
Pg-4 

hairy roots 3.07 10.09 24.78 11.08 35.86 2.24 0.36 
hairy roots K0.1 2.25 10.29 21.74 14.64 36.38 1.48 0.35 
hairy roots B2 5.11 9.62 39.57 26.64 66.21 1.49 0.69 
hairy roots B0.5K0.1 4.30 10.45 56.31 39.97 96.28 1.41 0.92 
hairy roots B2K0.1 6.20 10.58 55.70 44.54 100.24 1.25 0.95 

Pg-l 
ordinary roots B2K0.1 3.96 5.57 25.65 25.01 50.66 1.03 0.91 
ordinary roots — 1.26 5.31 15.32 4.87 20.19 3.15 0.38 

Nat ive root 23.91 59.03 37.28 96.31 1.58 0.40 

"Each tissue (duplicate flasks) was cultured in Murashige and Skoog's basal medium containing the following hormones: —, no supplement; Β, IBA (ppm); K, 
kinetin (ppm). 

^Growth ratio was determined by increase of fresh weight after 3-week culture. The values are the quotient of the fresh weight after 3-week culture and the 
fresh weight of the inoculum. 

cThe amount of the Rb group was calculated as the total of ginsenosides Ra, Rb lr Rb2, Rc and Rd, with protopanaxadiol as the sapogenin; the Rg goup was 
calculated as the total ginsenosides Re, Rf, Rg lr Rg2 and Rh, with protopanaxatriol. Each value represents the average of duplicate estimations in 2 flasks. 
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wi th tha t of the o rd inary cu l tu red roots , on d ry we igh t basis , as s h o w n 
in the Table VII. 

Pg-4 callus w a s der ived on MS m e d i u m conta in ing 2,4-D (1 p p m ) a n d 
Κ (0.1 p p m ) w i th a 2-year-old g inseng root cult ivated in Sh imane , Japan , 
in October 1980. The callus w a s ma in ta ined o n the same m e d i u m a n d 
subcu l tu red at 25°C in t he da rk at 3-weeks intervals . After 3 years of 
subcu l tu re , t he callus w a s t ransferred on to MS m e d i u m conta in ing IBA 
(2 p p m ) a n d Κ (0.1 p p m ) , n a m e d B2K0.1 m e d i u m . 

XII. CONCLUSION 

O n the basis of the s tud ies descr ibed he re , the large-scale p roduc t ion 
of g in seng root w a s inves t igated in 30-liter, 2000-liter, a n d 20-ton fer-
m e n t e r s by Ush iyama et al. (1986). It w a s s h o w n tha t the product ivi ty of 
the cu l tures in a 20-ton t ank w a s m o r e t han 500 mg/ l i t e r /day as d ry 
mater ia l . The s apon in (ginsenosides) con ten t a n d composi t ion of the 
p r o d u c t s w e r e a lmost the s a m e as tha t of cult ivated g inseng root . 

The d e v e l o p m e n t of industr ia l g inseng cell cul tures is n o w comple te . 
These resul ts d e m o n s t r a t e s one m o r e successful m e t h o d for the p roduc 
t ion of useful secondary p lan t p roduc t s . 
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I. INTRODUCTION 

Several species of Ephedra (Gnetaceae) conta in the alkaloidal a m i ne 
" e p h e d r i n e . " The e p h e d r i n e s are L -ephedr ine ( C 1 0H 1 5O N ) ; d -pseudo-
e p h e d r i n e ( C 1 0H 1 5O N ) ; para-N-methylephedr ine ( C n H 1 7O N ) ; p-nor-
e p h e d r i n e ( C 9H 1 3O N ) ; ^ - η ο φ 8 β ^ ο β ρ 1 - ^ ΐ Ί η 6 ( C 9H 1 3O N ) , a n d d-N-
m e t h y l p s e u d o e p h e d r i n e ( C 1 1H 1 7O N ) (Cromwel l , 1955). 

The alkaloids e p h e d r i n e (Fig. 1) a n d p s e u d o e p h e d r i n e are largely 
u s e d as an t i spasmodic a n d circulatory s t imulants . Ephedr ine is exten
sively u s e d as a subs t i tu te for e p i n e p h r i n e agains t bronchial a s t h m a of 
allergic a n d reflex types . It is also u s e d orally a n d locally in pa t ien t s 
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OH NH—CH3 

Fig. 1. Structure of ephedrine . 

suffering from h a y fever, urticaria, a n d o ther allergic react ions (Chopra 
et al., 1956). 

II. DISTRIBUTION 

The g e n u s is scat tered all over the wor ld a n d is found in the Medi ter 
r anean , the Himalayas (Afghanistan, Leh, wes t e rn Tibet, Sikkim), t h e 
A n d e s , a n d the Rocky M o u n t a i n s , from Chile to California. A n u m b e r of 
species g r o w a b u n d a n t l y in the drier regions of the Himalayas . Three 
species of Ephedra occur in n o r t h e r n a n d n o r t h w e s t e r n China . Distr ibu
t ion of var ious species of Ephedra in the wor ld a n d their alkaloid con ten t 
are p r e s e n t e d in Table I. A few o ther species k n o w n to contain eph -

Table I 

Alkaloid Content of Various Ephedra  Species and Other Species Containing Ephedrine 

Percentage 
alkaloid on 
dry-weight 

Species Origin basis Reference 

Ephedra 
E. gerardiana Leh, India 1.70 Ramawat and Arya, 

1979a 
2 .15-2 .79 Chopra et al, 1956 

E. nebrodensis Kagan, Pakistan 1.3 Shah and Shah, 1966 
E. foliata Thar Desert, India 0-trace Chopra et al, 1956 

Trace-0.01 Ramawat and Arya, 
1979a 

E. sinica Shansi, China; Mongolia 1-2 .5 H u , 1969 
E. equisetina Shansi, China; Mongol ia 
E. intermedae Shansi, China; Mongolia 
E. distachyta Europe Positive test Cromwell , 1955 

Catha edulis D-norephedrine Cromwell , 1955 
Taxus baccata Ephedrine Cromwell , 1955 
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ed r ine are also p r e sen t ed . It is clear tha t Ind ian Ephedra, E. gerardiana 
Wall, ( s y n o n y m s , E. nebrodensis Tineo, E. major Hos t . , E. vulgaris Rich.), 
E. intermedia Shrenik & Meyer ( synonym, E. pachyclada Boiss.) (Chopra et 
ah, 1956; Satyvati et al., 1976), a n d Chinese Ephedra, E. sinica Stapf. a n d 
E. equisetina Bunge (Nadkarn i , 1954; H u , 1969), are rich sources of 
alkaloid. 

III. TISSUE CULTURE 

A. Revie w 

Ephedra foliata, a wide ly scat tered a n d available species in India, h a s 
b e e n cu l tu red in vitro for var ious types of s tudy , tha t is, to d e m o n s t r a t e 
regenera t ive potential i t ies of the female g a m e t o p h y t e (Sankhla et al., 
1967), cul ture of t he male (Konar, 1963) a n d female g a m e t o p h y t e s 
(Konar a n d Singh, 1979; S ingh et al., 1981), a n d to de te rmine the a m i n o 
acid con ten t (Uddin , 1977). W e h a v e s tud ied carbohydra te nut r i t ion a n d 
metabo l i sm (Ramawat a n d Arya , 1977), n i t rogen nut r i t ion a n d its effect 
o n p ro te in con ten t (Ramawat a n d Arya , 1980), morphogenes i s in callus 
(Ramawat a n d Arya , 1976), a n d e p h e d r i n e p roduc t ion (Ramawat a n d 
Arya , 1979a,b,c) in E. foliata a n d E. gerardiana. S t raus a n d Gerd ing (1963) 
u s e d Ephedra t i ssues to s t u d y the indoleacetic acid oxidase e n z y m e 
activity. 

B. Callus Culture 

Seeds of E. gerardiana w e r e p rocu red from the Divisional Forest Of
ficer, Leh ( Jammu a n d Kashmir , India) , a n d seeds of E. foliata Boiss. 
w e r e collected from the Botanical G a r d e n , Universi ty of J o d h p u r . The 
s eeds w e r e surface sterilized w i th 90% e thano l for 1 m i n followed by 5% 
s o d i u m hypochlor i te solut ion for 10 min . Seeds w e r e finally rinsed wi th 
steril ized distilled w a t e r th ree t imes before t ransferr ing t h e m on to the 
surface of static Murash ige a n d Skoog 's (MS; Murash ige a n d Skoog, 
1962) m e d i u m in Er lenmeyer flasks. The p H of the m e d i u m w a s ad
jus t ed to 5.8 to 6.0 before autoclaving at 15 psi for 20 min . 

Seeds of b o t h species ge rmina ted wi th in 3 to 5 days . Callus w a s initi
a t ed wi th in 7 d a y s b u t deve loped slowly. In the case of E. foliata, 
co ty ledons a n d hypocoty l s w e r e excised a n d t r ansp lan ted on to fresh MS 
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m e d i u m . In the case of E. gerardiana seedl ings (except root) , callus be 
came fragile a n d t u r n e d in to loose, pale yel low callus t issue in 3 to 4 
w e e k s . Excised s e g m e n t s of E. foliata w e r e t ransferred th ree or four 
t imes a t 15-day intervals to obtain h o m o g e n o u s callus. Cul tu res w e r e 
ma in ta ined o n MS m e d i u m s u p p l e m e n t e d wi th kinet in (0 .1-0 .5 mg/ l i 
ter) , α -naphtha leneace t ic acid (NAA, 10 mg/l i ter) , sucrose 30 g/liter, a n d 
agar (8 g/liter). 

C. Culture Conditions 

Cul tu res w e r e g r o w n o n the surface of 40 ml of static MS m e d i u m in 
100-ml Er lenmeyer flasks kep t at 26 ± 2°C u n d e r fluorescent a n d incan
descen t (3:1 ratio) light (1000 lux, 16 h r /day ) . 

D. Ephedrine Production 

All Ephedra species d o no t conta in the same a m o u n t of alkaloid. In 
India , one species, E. foliata, g rows a b u n d a n t l y in t he Thar deser t in 
w e s t e r n India a n d conta ins traces of alkaloid, w h e r e a s ano the r species, 
E. gerardiana, is rich in alkaloid b u t is no t easily accessable d u e to its 
h igh-a l t i tude habi ta t a n d s n o w . 

The alkaloid con ten t w a s de t e rmined by the m e t h o d of Yamasaki et al. 
(1973). In s o m e cases purified ephedr ine -HCl w a s obta ined . Usual ly, 
p s e u d o e p h e d r i n e w a s de tec ted in traces only. The alkaloid conten t in 
callus of bo th species is s h o w n in Table II. Tissues of E. foliata w e r e 
found to be devoid of e p h e d r i n e , w h e r e a s in E. gerardiana, alkaloid w a s 
detec ted after 6 w e e k s of callus g rowth . Light s t imula ted the p roduc t ion 
of alkaloid in E. gerardiana callus (Ramawat a n d Arya , 1979a). 

1. Effec t of Growth Regulator s 

The m a x i m u m a m o u n t of e p h e d r i n e (0.3%) w a s obta ined in t issues 
g r o w n on m e d i u m conta in ing kinet in a n d indolebutyr ic acid (IBA, 10 
mg/l i ter) . Increased kinet in (1 mg/l i ter) or a d d e d morphac t in (1 mg/l i ter) 
h a d a m o d e r a t e effect on e p h e d r i n e yield. 2,4-Dichlorophenoxyacetic 
acid (2,4-D) w a s found to be inhibi tory to e p h e d r i n e p roduc t ion (Rama
w a t a n d Arya, 1979b). 
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Table II 

Total Alkaloid Content of Callus Tissues from Two Species 
of Ephedra 

M e d i u m Factor 

Percentage of total 
alkaloid at 8 w e e k s of 

growth 

E. gerardiana E. foliata 

MS Darkness 0.150 - N T " 
Light 0.175 - N T 

Revised tobacco*7 Darkness 0.090 N T 
Light 0.110 N T 

a NT = not traceable. 
b Khanna and Stabs (1968). 

2. Effec t of Amin o Acids 

The m a x i m u m yield of e p h e d r i n e w a s recorded in callus t issues 
g r o w n o n MS m e d i u m s u p p l e m e n t e d w i th 0.1 g/liter L-phenylalanine. 
Modera te ly h i g h e p h e d r i n e con ten t w a s recorded wi th pheny la lan ine 
(0.4 g/li ter), DL-methionine (0.1 a n d 0.4 g/liter), a n d glycine (0.1 g/liter). 
Tissues g r e w well w i th such t r ea tmen t s , a n d g r o w t h of t issues d id no t 
correlate w i t h e p h e d r i n e p roduc t ion (Ramawat a n d Arya, 1979c). 

3. Synergisti c Effec t of Indolebutyri c 
Acid and Amin o Acids 

O n t h e basis of earlier resul ts , IBA (10 mg/l i ter) w a s u s e d in place of 
N A A (10 mg/ l i ter ) , a n d precursor a m i n o acids w e r e incorpora ted in the 
m e d i u m . A synergist ic effect of IBA a n d L-phenylalanine a n d DL-meth
ionine w a s obse rved o n e p h e d r i n e yield (Ramawat a n d Arya, 1979c). 

E. Differentiatio n of High-Yielding Strains 

A t t e m p t s w e r e m a d e to differentiate t he high-yielding s t ra ins . Shoot 
a n d root format ion w a s observed in b o t h species of Ephedra. In E. gerar
diana, shoo t s w e r e d e v e l o p e d in t i ssues g r o w n o n MS m e d i u m supp le 
m e n t e d w i th k inet in or 6 -benzylaminopur ine (1.0 mg/l i ter) a n d w i th o u t 
auxin (Ramawat a n d Arya , 1976). In E. foliata, shoo t s of var ious s h a p e s 
a n d sizes w e r e observed in t issues g r o w n on med ia conta in ing kinet in 



242 Η. C. Arya an d Κ. G. Ramawa t 

(0 .1-0 .5 mg/l i ter) a n d IBA or N A A (0.01-1.0 mg/l i ter) (H. C. Arya a n d 
K. G. Ramawat , u n p u b l i s h e d resul ts) . Root formation w a s found no t to 
be a regular feature. Morphac t in a n d gibberellic acid failed to induce a n y 
o rganogenes i s . 

Fu r the rmore , shoo t a n d root formation from female g a m e t o p h y t e s , 
excised from y o u n g ovules , w a s repor ted in E. foliata g r o w n o n M S 
m e d i u m s u p p l e m e n t e d wi th coconut milk (10%), kinet in , a n d 2,4-D. For 
further d e v e l o p m e n t of shoot b u d s , ne i ther auxin nor cytokinin w a s 
n e e d e d (Konar a n d Singh, 1979; Singh et al, 1981). 

IV. CONCLUSION 

E p h e d r i n e a n d p s e u d o e p h e d r i n e are a m o n g the mos t commonly u s e d 
natural ly occurr ing d r u g s . But commercially, t hey are obta ined by syn
thesis only. A l t h o u g h limited success w a s achieved wi th cul tured 
t i ssues , m u c h m o r e w o r k is n e e d e d to deve lop high-yielding clones a n d 
to hybr id ize t he deser t species. 
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I. INTRODUCTION 

Alkaloids descr ibed he re are derivat ives of pyrrol id ine , p iper id ine , 
a n d pyr id ine (Fig. 1) a n d h a v e mos t ly s imple s t ruc tures . The alkaloids 
be long ing to these g r o u p s are k n o w n to h a v e d ivergent physiological 
activities. H o w e v e r , m o s t p lan t t issue cul ture s tud ies o n these alkaloids 
are conce rned w i th tobacco alkaloids a n d nicotinic acid derivat ives . Con
sequent ly , t he p re sen t chap te r focuses o n those restricted secondary 
metabol i tes in cu l tu red p lan t cells. 
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Ο 
Η Η 

Pyrrol id ine Piperidine P y r i d i n e 

Fig. 1. Structures of pyrrolidine, piperidine, and pyridine. 

II. PYRROLIDINE AND PIPERIDINE ALKALOIDS 

A few s tud ies on pyrrol id ines a n d p iper id ines by p lant t issue cul ture 
can be found in the l i terature. Ne t ien a n d Combe t (1970) failed to detect 
such p iper id ine alkaloids as 7-coniceine, coniine, a n d N-methylconi ine 
in Conium maculatum callus cul tures . Lobeline a n d o ther p iper id ine al
kaloids w e r e p r o d u c e d by Lobelia inflata t issue cul tures (Wysokinska, 
1977). The alkaloid con ten t s w e r e lower in the cul tures t h a n in the intact 
p lan t . Tobacco alkaloids are descr ibed in Section IV. 

Apar t from tobacco alkaloids, nicotinic acid a n d its metabol i tes are 
major c o m p o u n d s covered by the s tudies repor t ing pyr id ine alkaloids in 
cu l tu red p lan t cells. 

The p roduc t ion of tr igonell ine (N-methylnicotinic acid) in p lan t t issue 
cul ture w a s descr ibed for the first t ime by K h a n n a a n d Jain (1972). The 8-
week-old callus t i ssues of Trigonella foenum-graecum g r o w n on Mura-
s h i g e - S k o o g (1962) m e d i u m (MS) wi th 1 m g l i t e r - 1 2 ,4-dichlorophen-
oxyacetic acid (2,4-D) s h o w e d 4 .5% (percentages based o n d ry we igh t of 
cells t h r o u g h o u t this chapter) tr igonell ine, w h e r e a s cul tures suppl ied 
wi th 0.5 g l i t e r - 1 nicotinic acid s h o w e d 5.25%. R a d w a n a n d Kokate 
(1980) also s tud ied tr igonell ine p roduc t ion by cell cul ture of the s ame 
species . The con ten t w a s 2.12% in this case. This c o m p o u n d is the first 
na tura l h o r m o n e tha t h a s b e e n chemically character ized. It regula tes cell 
proliferation by cell arrest in ei ther G 2 or G 2 of a mitotic cell cycle (Lynn 
etal, 1978). 

III. PYRIDINE ALKALOIDS 
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Metabol i sm of nicotinic acid a n d related c o m p o u n d s in cell s u s p e n 
sion cul tures w a s extensively s tud ied by Barz a n d colleagues (Leienbach 
et al, 1975,1976; Heege r et al, 1976; Leienbach a n d Barz, 1976; N e u h a n n 
et al, 1979; Willeke et al, 1979) a n d A n t o n y et al (1975). Nicotinic acid 
a n d n ico t inamide a d e n i n e d inucleot ide w e r e metabol ized to o ther com
p o u n d s of t he pyr id ine nucleot ide cycle, a n d ei ther tr igonell ine or nic
otinic acid Ν-α -L -arabinoside . In tu rn , the latter t w o c o m p o u n d s w e r e 
metabol ized to nicotinic acid a n d o ther c o m p o u n d s of the cycle (Fig. 2). 
These t w o types of nicotinic acid conjugates are bel ieved to be a s torage 
form of nicotinic acid. Their formation w a s strictly al ternat ive in 50 cell 
s u s p e n s i o n cul tures of w i d e taxonomic origin (Willeke et al, 1979). 

Suzuki et al (1986) found glucosylat ion p roduc t s of pyr idoxine in 

A s p a r t i c a c i d 
NAD 

G l y c e r a l d e h y d e 
- 3 - p h o s p h a t e 

Nicotinic ac id 
adenine d inucleot ide 

I 
I 

Pyr id ine 
nucleot ide 
c y c l e 

CONH2 

COOH 
Nicotinic a c i d 
mononuc leot ide 

Ν ^ C O O H 
Quino l in ic ac id 

N ico t inamide 

N' 

N icot in ic a c i d 

N - m e t h y l n i c o t i n i c ac id 
( T r i g o n e l l i n e ) Nicotinic a c i d N - a r a b i n o s i d e 

Fig. 2. Biosynthesis of nicotinic acid and its derivatives. 
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soybean a n d rice t issue cul tures g r o w n on a sucrose m e d i u m supp le 
m e n t e d w i th 10 m M pyr idoxine . 

IV. TOBACCO ALKALOIDS 

Since Speake et al. (1964) isolated nicotine from Nicotiana tabacum cell 
cu l tures , tobacco t issue cul tures have p rov ided useful exper imenta l ma
terials for invest igat ing the formation of tobacco alkaloids a n d its regula
tion by var ious w a y s . O t h e r minor alkaloids w e r e also detec ted in 
cu l tured cells of Nicotiana s p p . (Fig. 3): ana tab ine (Furuya et al., 1966; 
Lockwood a n d Essa, 1984), anabas ine , anatal l ine, m y o s m i n e , a n d nic-
otelline (Lockwood a n d Essa, 1984). Nicotine has b e e n a ma in target of 
s t udy a m o n g t h e m . In one case, howeve r , an abnormal ly h igh level of 
nornicot ine w a s accumula ted in N. tabacum cv. Wisconsin-38 callus 
cul tures (Tiburcio et al, 1985a). 

N i c o t i n e N o r n i c o t i n e M y o s m i n e 

A n a t a 11 i n e 

Fig. 3. Structures of the alkaloids detected in tobacco tissue cultures. 

A n a b a s i n e A n o t a b i n e 

N i c o t e l l i ne 
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A. Biological Control 

1. Genotype s and Explants 

Using h igh- a n d low-alkaloid l ines of bur ley tobacco (Nicotiana tab
acum), w h i c h are isogenic except for t he t w o loci for alkaloid accumula
t ion, Kinners ley a n d Dougal l (1980) a n d Miller et al. (1983) found tha t t h e 
g e n o t y p e inf luences s t rongly t he nicot ine conten t of callus cul tures . Sab-
o u r et al. (1986) obse rved a very h igh variat ion of in vitro g r o w t h ra te a n d 
nicot ine con ten t w i th in each cu l tured cell l ine from parenta l , sexual , a n d 
somat ic hybr ids of several Nicotiana species . 

Cell s u s p e n s i o n s der ived from embryos of N. rustica w e r e bet ter able 
to syn thes ize alkaloid t h a n cells der ived from the s t em pi th (Krikorian 
a n d S teward , 1969). Explants from apical p i th t issue of N. tabacum cv. 
Burley 21 gave calli hav ing far m o r e nicotine t h a n cul tures der ived from 
basal p i th explants . Fu r the rmore , t he s t em p i th calli s h o w e d greater 
n icot ine product iv i ty t h a n t he leaf callus (Kinnersley a n d Dougal l , 1982). 
O n t h e cont rary , Speake et al. (1964), Tabata a n d Hiraoka (1976), a n d 
Roper et al. (1985) found n o differences in the nicotine conten t of callus 
cu l tures de r ived from different o rgans of tobacco. 

2. Selectio n of Cell Lines 

With a few except ions (e .g . , O h t a a n d Yatazawa, 1980), alkaloid con
cent ra t ions in tobacco t issue cul tures general ly decrease wi th p ro longed 
pe r iods of subcu l tu re (Dawson , 1960; Tabata a n d Hiraoka, 1976), as is 
obse rved in m o s t p lan t t issue cul tures . Therefore, selection is usual ly 
inevitable to establ ish a cell l ine wi th h igh alkaloid product ivi ty . For t he 
success of such selection, a w i d e variat ion in metabol i te concent ra t ions 
of ind iv idual cells, cell aggrega tes , or calli m u s t be p resen t . The variat ion 
in n icot ine con ten t w a s observed in Nicotiana tabacum cv. Delcrest x cv. 
McNai r 133 callus (Roper et al., 1985). It w a s also observed in N. rustica 
var. brasilia cell c lones from single cells a n d / o r two- to eight-celled aggre
ga tes , r ang ing from 0.0035 to 0.0866% (Tabata a n d Hiraoka, 1976). O n e 
clone h a d a stable n ico t ine-produc ing capabili ty even a t t he fifty-fourth 
pas sage after c loning (0.291%). Several cell l ines of N. tabacum cv. Bright 
Yellow wi th m u c h h igher nicot ine con ten t s w e r e obta ined by the "cell 
s q u a s h m e t h o d " appl ied to single-cell clones (Ogino et al, 1978). The 
nicot ine con ten t of these cell l ines r a n g e d from 1.0 to 3.4%. Using t he 
s a m e cultivar, O h t a et al. (1978a) i nduced m o r e t h a n 100 callus t issues 
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from tops or roots of sterile seedl ings , a n d selected one callus line hav
ing h igh n ico t ine-producing capacity (2.14%). 

Robins et al. (1987) u s e d nicotinic acid as a selective agen t for the 
isolation of h igh n icot ine-producing lines of N. rustica 'hairy root ' 
cu l tures . The t r ea tmen t increased the levels of nicotine a n d ana tab ine by 
a factor of 2 - 3 a n d u p to 10, respectively, over the co r re spond ing 
controls . 

3. Organogenesi s 

It is a fact tha t the cul ture condi t ions induc ing organogenes i s s t imu
late alkaloid accumula t ion in tobacco t issue cul tures ( N e u m a n n a n d 
Muller , 1971; Waller a n d Nowacki , 1978; Tabata et al, 1971; Tabata a n d 
Hiraoka, 1976; Pinol et al, 1985). The alkaloid p roduc t ion , however , is 
no t necessari ly directly coupled to b u d or root formation in spite of the 
a p p a r e n t paral lel ism b e t w e e n t h e m (Tabata et al, 1971). Because nic
ot ine is accumula ted in nonorgan ized callus in m a n y cases, 
o rganogenes i s is no t prerequis i te for the alkaloid p roduc t ion in cu l tu red 
tobacco cells (Takahashi a n d Yamada , 1973; Tabata a n d Hiraoka, 1976; 
Pinol et al, 1984). Pinol et al. (1984, 1985) claimed tha t cellular differ
ent ia t ion causes the loss of meris temat ic areas a long wi th the inhibi t ion 
of alkaloid synthes i s . 

The rh izogenic activity of nicotine (50 m g l i t e r - 1) w a s r epor t ed for 
t issue cul tures of Nicotiana tabacum var . humilis (Peters et al, 1974) a n d 
Phaseolus vulgaris (Peters et al, 1976). But Sefcovic a n d Hricova (1972), 
Tabata a n d Hiraoka (1976), a n d Saunde r s et al. (1981) we re unab le to 
observe such a n effect of nicotine wi th N. tabacum or N. rustica var . 
brasilia callus cul tures . 

Hamil l et al (1986), R h o d e s et al (1986), a n d Robins et al. (1987) s tud
ied tobacco alkaloid formation by "ha i ry roo t " cul tures of Nicotiana rust
ica cv. V12 t ransformed wi th Agrobacterium rhizogenes. The a m o u n t s of 
major alkaloids, nicot ine, ana tab ine , nornicot ine , a n d anabas ine in 
those cul tures w e r e comparable wi th those of t rue roots . They consid
e red this type of in vitro cul ture a potent ia l sys tem for the p roduc t ion of 
useful p lan t secondary metabol i tes . 

Tobacco p lan t s r egenera ted from calli we re s h o w n to have the ability 
to synthes ize alkaloids (Tabata et al, 1968; Verzar-Petri a n d Kovacs, 
1968; Sefcovic et al, 1973). The h igh n icot ine-producing ability of se
lected cell l ines of Nicotiana tabacum cv. Bright Yellow w a s re ta ined 
t h r o u g h the redifferentiation a n d dedifferentiation process (Tabata et al, 
1978). 
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B. Chemica l Control 

1. Plant Growth Regulator s 

M a n y repor t s i l lustrate tha t p lan t g r o w t h regula tors , especially aux
ins , h a v e str iking effects o n nicot ine accumula t ion in tobacco t issue 
cul tures . A synthet ic auxin , 2,4-D, w a s inhibi tory to nicotine p roduc t ion 
in Nicotiana tabacum callus cul tures at concent ra t ions h igher t h a n 10 ~ 6 or 
1 0 ~ 5 M , d e p e n d i n g o n callus l ines (Furuya et al, 1966, 1967, 1971; Tab
ata et al, 1971; Shiio a n d O h t a , 1973a; Takahash i a n d Yamada , 1973; 
Lockwood a n d Essa, 1984). O n the o ther h a n d , indolyl-3-acetic acid 
(IAA) d id no t inhibi t it at a concent ra t ion r ange b e t w e e n 10 ~ 6 a n d 10 ~ 5 

Μ (Furuya et al, 1966,1967,1971; Takahash i a n d Yamada , 1973; O g i n o et 
al, 1978). Takahash i a n d Yamada (1973) found tha t 2,4-D at a lower 
concent ra t ion (10 ~ 8 M) s t imula ted nicotine p roduc t ion , a n d IAA at 
h ighe r concent ra t ions (10 ~ 4, 10 ~ 3 M) inhibi ted it in N. tabacum cv. 
BrightYellow callus cul tures . These f indings sugges t tha t 2,4-D does no t 
differ from IAA in its effect o n nicot ine p roduc t ion . A n o t h e r auxin, 
naph tha leneace t i c acid (NAA), w a s s h o w n to have a n a r r o w concentra
t ion r a n g e (0.15-0.2 p p m ) opt imal to nicotine p roduc t ion in N. tabacum 
cv. Bright Yellow callus (Ohta et al, 1978a). Nicot ine product iv i ty u n d e r 
auxin condi t ions tha t a re s t imula tory or inhibi tory to nicotine p r o d u c 
t ion is reversible , p rov ided tha t a callus line h a s the potent ia l to syn the 
size t he c o m p o u n d (Furuya et al, 1971; Shiio a n d Oh ta , 1973a). 

There are a few repor t s on the effects of cytokinins o n t he alkaloid 
p roduc t i on of tobacco t issue cul ture . Kinet in s t imula ted nicotine p ro 
duc t ion in shoot- forming callus of Nicotiana tabacum cv. Bright Yellow at 
concent ra t ions u p to 2 p p m (Tabata et al, 1971), w h e r e a s it inhibi ted the 
nicot ine p roduc t ion of nonorganogen ic callus cul tures of the s ame 
cult ivar (Shiio a n d O h t a , 1973a). 

2. Nutrient Factors 

T h e basal m e d i u m m o s t frequently u s e d for s tudies o n alkaloids in 
tobacco t issue cul tures is MS (or its modifications), w h i c h w a s devel
o p e d for be t te r g r o w t h of tobacco cells cu l tured in vitro (Murashige a n d 
Skoog, 1962). H o w e v e r , it is ano the r ques t ion w h e t h e r the m e d i u m bes t 
for g r o w t h is also bes t for alkaloid p roduc t ion . Hel ler ' s m e d i u m s t imu
lated alkaloid syn thes i s b u t w a s no t opt imal for g r o w t h ( N e u m a n n a n d 
Muller , 1971). Fu ruya et al (1971) isolated a n d identified nicotine in 
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tobacco callus cul tures on Whi te ' s m e d i u m . Roper et al. (1985) recorded 
the h ighes t nicot ine con ten t (5 .3%, 920 m g liter - x) a m o n g the pub l i shed 
da ta o n tobacco t issue cul ture by u s ing auxot rophic g reen cell su spen 
s ions of Nicotiana tabacum cv. Delcrest x cv. McNair 133 cul tured in S H -
M m e d i u m (Mitchell a n d Gi ldow, 1975) conta in ing 0.2 m g l i t e r - 1 N A A , 
0.2 m g l i t e r - 1 benzy l aminopur ine , a n d 2% glucose. 

Slightly h igher concent ra t ions (3-5%) of sucrose t h a n the usual ly em
p loyed ones (2-3%) h a v e b e e n found to be opt imal for nicotine p r o d u c 
t ion in Nicotiana tabacum callus (Ohta et al., 1978a) or cell su spens ion 
cul tures (Mantell et al., 1983; Roper et al., 1985). Nicot ine w a s no t de 
tected in N. tabacum cv. Delcrest x cv. McNair 133 w h e n glucose w a s 
subs t i tu ted for sucrose in L insma ie r -Skoog (1965) m e d i u m (LS), w h e r e 
as the former w a s very effective for nicotine p roduc t ion in tobacco green 
cells cu l tu red in LS liquid m e d i u m , as m e n t i o n e d above . Organic acids 
(pyruvic, citric, malic, a n d fumaric acids) increased the total alkaloid 
con ten t of tobacco callus to 3.75% (Tiburcio et al., 1985a). 

The original n i t rogen concentra t ion (840 m g l i t e r - 1) in MS m e d i u m 
w a s opt imal to bo th the g r o w t h a n d nicotine p roduc t ion in Nicotiana 
tabacum cv. Bright Yellow (Ohta et al, 1978a). In this case, the N H 4 / N 0 3 

n i t rogen ratio w a s fixed to 1:1.91. Roper et al. (1985) cul tured callus 
t i ssues der ived from t w o cultivars of N. tabacum on LS agar m e d i u m 
s u p p l e m e n t e d wi th 300 m g liter - 1 g lu tamine . The use of ni trate as a sole 
inorganic n i t rogen source increased or decreased the a m o u n t of nic
o t ine , d e p e n d i n g on callus line a n d incubat ion per iod . Subst i tu t ion of 4 
g l i t e r - 1 a m m o n i u m sulfate for a m m o n i u m nitrate r educed nicotine 
p roduc t ion of t he callus. 

T h e callus of Nicotiana tabacum cv. A n a n d - 2 w a s successfully g r o w n on 
modif ied MS m e d i u m conta in ing 10 m M urea as sole n i t rogen source 
(Ravishankar a n d Mehta , 1981). Nicot ine conten t of the callus t issue w a s 
3.5 t imes h igher (0.783%) t h a n tha t of the control . 

O n the basis of the observat ion tha t nicotine accumula t ion is first 
de tec ted in Nicotiana tabacum cv. NC2512 cell su spens ion cul tures w h e n 
m e d i u m p h o s p h a t e is completely dep le ted , Mantel l et al. (1983) suc
ceeded in accelerating nicotine accumula t ion by reduc ing m e d i u m p h o s 
p h a t e to one - t en th the level normal ly employed . 

Pyr idoxine , nicotinic acid, a n d glycine, wh ich are inc luded in MS b u t 
no t in LS m e d i u m , seem no t to be essential for nicotine p roduc t ion (e.g. , 
Roper et al, 1985). The o ther c o m p o n e n t s in var ious recipes for cul ture 
med ia r ema in to be s tud ied for their effects on the alkaloid p roduc t ion of 
tobacco t issue cul tures . 
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3. Precurso r Effec t 

General ly , t he add i t ion of the tobacco alkaloid precursors to the 
cul ture m e d i u m lowered the nicot ine concentra t ion in tobacco t issue 
cu l tures , c o m p a r e d w i th the control cul ture (Ohta et al., 1978b; N e u 
m a n n a n d Muller , 1971; Miller et al, 1983; Lockwood a n d Essa, 1984). 

4. Others 

Poorly g rowing cul tures incuba ted in a m e d i u m conta in ing g r o w t h 
inhibi tors general ly s h o w e d increased alkaloid synthes is ( N e u m a n n a n d 
Muller , 1971). 

C. Physica l Control 

I l luminat ion w a s inhibi tory to nicot ine p roduc t ion of Nicotiana tabacum 
cv. Bright Yellow callus cul tures . Its effect w a s probably caused by the 
inhibi t ion of b iosynthes i s ra ther t h a n by the s t imulat ion of nicotine cata
bol ism (Ohta a n d Yatazawa, 1978). In contrast , i l luminat ion e n h a n c e d 
nicot ine p roduc t ion in bud- fo rming callus der ived from the s ame tobac
co cultivar a n d kep t o n m e d i u m conta in ing n o auxin b u t var ious con
cent ra t ions of k inet in (Tabata et al., 1971). Roper et al. (1985) r epor t ed 
tha t i l luminat ion p r o m o t e d nicot ine p roduc t ion in g reen cell s u s p e n 
s ions of N. tabacum w i t h o u t o rgan differentiation. The cause of this 
d i sc repancy is no t yet k n o w n . 

T h e effect of t e m p e r a t u r e on nicotine p roduc t ion in tobacco t issue 
cu l tures w a s s tud ied w i th Nicotiana tabacum cv. Bright Yellow by O h t a 
a n d Yatazawa (1978). The o p t i m u m t empe ra tu r e for b o t h callus g r o w t h 
a n d nicot ine p roduc t ion w a s 25°C. Nicot ine conten t in callus t issues 
g r o w n at 19 a n d 30°C decreased to 14.2 a n d 38 .3%, respectively, of tha t 
g r o w n at 25°C. The refrigerated s torage of N. tabacum cv. Bright Yellow 
callus cul tures a r o u n d 4°C for 2 m o n t h s affected a relative a m o u n t of 
alkaloids, d e p e n d i n g on cell l ine, w h e n recul tured u n d e r normal condi
t ions (Hiraoka a n d K o d a m a , 1984). 

D. Nicotine Production in Liquid Medium 

A l t h o u g h the re h a v e b e e n n u m e r o u s repor t s on tobacco cell s u s p e n 
sion cul tures , inc lud ing con t inuous cult ivation in 20-kiloliter fermenters 
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(Hash imoto et al, 1982; Kato, 1982; Azechi , 1984), s tudies on nicotine 
p roduc t ion in cell su spens ions are ra ther scarce. N e u m a n n a n d Muller 
(1971) found tha t su spens ion cul tures g r o w n in MS m e d i u m formed 
alkaloids, w h e r e a s callus cul tures d id not . O n the contrary, nicotine 
con ten t in s u s p e n s i o n cul ture w a s lower t h a n tha t in co r re spond ing 
callus cul tures of Nicotiana tabacum cv. Bright Yellow (Tabata et al., 1978). 
Notably , there w a s a posit ive correlation b e t w e e n the nicotine con ten t of 
the t w o cul ture sys tems . A ba tch cul ture of tobacco (N. tabacum cv. 
NC2512) accumula ted u p to 2% nicotine (Mantell et al, 1983). Nicot ine 
p roduc t ion w a s repressed in 20-liter fermenters , compared to shak ing 
flasks (Roper et al, 1985). 

A l t h o u g h nicotine p roduc t ion by cell cul ture sys tems does no t seem to 
be profitable practically (Misawa, 1985), some pa ten t s have b e e n filed 
descr ibing it (e .g. , Shiio a n d Oh ta , 1973b; Smith a n d Pearson , 1978). 

E. Metabolis m  and Regulatio n 

1. Biosynthesi s of Tobacc o Alkaloids 
and Enzyme s Involved 

The rou tes of nicotine b iosynthes is have b e e n elucidated by labeling 
a n d enzymat ic s tud ies , main ly wi th intact tobacco p lan ts (Leete, 1983). 
The out l ine of p a t h w a y s leading to nicotine is s h o w n in Fig. 4. The key 
in te rmedia te in b iosynthes is of the pyrrol idine r ing of nicotine is pu -
trescine, w h i c h is der ived from ei ther orn i th ine or arginine (Slocum et 
al, 1984). Putresc ine is metabol ized further into aromatic amides or 
pyrro l id ine alkaloids, d e p e n d i n g on the external a n d internal condi t ions 
in w h i c h p lan t s , o rgans , or cells g row. Enzymology of nicotine me tabo
lism in tobacco p lan t w a s rev iewed by Smith (1981) a n d Waller a n d 
Dermer (1981). 

The different impor tance of arginine a n d orn i th ine as precursors of 
pu t resc ine in cu l tured tobacco cells can be seen in the l i terature. Mizusa-
ki et al. (1973) found tha t orn i th ine decarboxylase (ODC) activity in 
callus w a s h igher t h a n tha t in roots of decapi ta ted tobacco (Nicotiana 
tabacum cv. Bright Yellow). He imer et al. (1979) r epor ted tha t the value of 
O D C activity w a s 4- to 10-fold as h igh as tha t of arginine decarboxylase 
(ADC) activity in tobacco suspens ion cul tures . Ravishankar a n d Meh ta 
(1982) observed increased O D C activity a n d decreased activity of or
n i th ine carbamoylt ransferase a long wi th e n h a n c e d nicotine accumula
t ion in floral b u d callus of N. tabacum cv. Anand-2 g r o w n on MS m e d i u m 
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wi th 10 m M urea as sole n i t rogen source . Palazon et al. (1987) cu l tured 
N. tabacum cv. Burley 21 callus t issues o n MS m e d i u m conta in ing N A A 
at concentra t ions opt imal (1 μΜ) or sup raop t ima l (11.5 μΜ) for nicotine 
b iosynthes is . The former increased free pu t resc ine a n d nicot ine con ten t s 
a n d O D C activity c o m p a r e d wi th the latter. They d e d u c e d orn i th ine a n d 
O D C as a key in te rmedia te a n d a n e n z y m e involved in nicotine pa th 
way . O n the contrary, Tiburcio et al. (1985b), Tiburcio a n d Gals ton (1986) 
a n d Feth et al. (1986) p r o p o s e d an impor t an t role for A D C in the bio
synthes is of pyrrol id ine alkaloids from findings based on s imul t aneous 
analysis of po lyamines a n d pyrrol id ine alkaloids, inhibi tor exper iments 
on A D C a n d O D C , a n d tracer exper imen t s w i th N. tabacum cv. Wiscon-
sin-38 callus cul tures . 

Tobacco cell su spens ion cul tures g r o w n in LS m e d i u m s u p p l e m e n t e d 
w i t h 0.2 m g l i t e r - 1 2,4-D h a d h igh O D C activity b u t n o put resc ine N-
methyl t ransferase (PMT) a n d N-methy lpu t resc ine oxidase activity 
(Mizusaki et al., 1972, 1973). It sugges ts tha t the biosynthet ic p a t h w a y 
lead ing to nicot ine is blocked at, or bo th at a n d after, methy la t ion of 
pu t resc ine u n d e r these cul ture condi t ions . Putresc ine is metabol ized to 
form such aromatic amides as ρ-coumaroyl-, caffeoyl-, a n d feruloylput-
rescine in those cul tures w h e r e the potent ia l to synthes ize nicotine is 
r ep ressed (Mizusaki et al., 1971). Their formation is k n o w n to be con
nec ted wi th the onse t of reproduct ive o rgans (Cabanne et al., 1981) a n d 
vi rus resis tance in the intact p lan t (Mart in-Tanguy et al., 1976; Slocum et 
al, 1984). Takahash i a n d Yamada (1973) also failed to detect a n y PMT 
activity in Nicotiana tabacum cv. Bright Yellow callus t issue cul tured o n 
LS m e d i u m conta in ing 10 ~ 3 Μ IAA, w h e r e nicotine p roduc t ion is com
pletely res t ra ined in spite of v igorous callus g rowth . O h t a a n d Yatazawa 
(1980) found PMT activity in a nicot ine-product ive (3.38%) callus line of 
N. tabacum cv. Bright Yellow b u t n o n e in a less p roduc t ive (0.05%) one , 
bo th of wh ich w e r e cult ivated on modified MS m e d i u m s u p p l e m e n t e d 
wi th 0.15 m g l i t e r - 1 N A A . Feth et al. (1986) a n d Wagne r et al. (1986b) 
also confirmed tha t PMT is the e n z y m e u n d e r rigid control for nicotine 
b iosynthes is in N. tabacum cv. S a m s u n calli cu l tured on nicot ine- induc
tion m e d i u m consis t ing of MS, 0.15 m g l i t e r - 1 N A A , a n d 0.02 m g lit
e r - 1 k inet in . The f indings m e n t i o n e d above sugges t tha t auxin levels 
regula te pu t resc ine metabol ism: its lower levels favor the formation of 
tobacco alkaloids, a n d h igher ones the formation of aromatic amides by 
supp re s s ing PMT (and N-methy lpu t resc ine oxidase) activity. 

The activities of several e n z y m e s involved in or related to pyr id ine 
nucleot ide cycle we re de t e rmined in connect ion wi th the regulat ion of 
nicotine accumula t ion in tobacco roots a n d calli (Wagner et al, 1986a, 
1986b). They confirmed that nicotinic acid is rep len ished t h r o u g h t w o 
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rou tes : directly from nicotinic acid mononuc leo t ide a n d via the synthes is 
a n d deg rada t ion of N A D . 

2. Accumulation , Excretion, and 
Metabolis m  of Alkaloids 

Exogenous ly supp l i ed nicotine w a s deme thy la t ed to form nornicot ine 
by cell s u s p e n s i o n cul tures der ived from Nicotiana glauca a n d three 
s t ra ins of N. tabacum (Barz et al., 1978). The N A A levels in t he cul ture 
m e d i u m affected the balance of nicotine a n d nornicot ine in N. tabacum 
cv. Burley 21 callus, sugges t ing the s t imulat ion of N-demethy la t ion of 
nicot ine by a h igher concent ra t ion of N A A (Pinol et al., 1985). The activa
t ion of nicot ine demethy la t ion also occurred in N. tabacum cv. Wiscon-
sin-38 callus (Tiburcio et al., 1985a). The callus t issues der ived from the 
s a m e cult ivar accumula ted nicotine (as m u c h as 6.2%) w h e n they w e r e 
g r o w n o n MS m e d i u m wi th 0.03 m g l i t e r - 1 k inet in , 2 m g l i t e r - 1 IAA, 
a n d 32 m M nicot ine. Demethy la t ion of accumula ted nicotine w a s no t 
observed . 

Tobacco t issue cul tures excrete vary ing a m o u n t s of alkaloids into the 
m e d i u m (Ohta et al, 1978a; O h t a a n d Yatazawa, 1980; Tiburcio et al, 
1985a,b), u p to 34% of total alkaloids accumula ted (Ohta et al, 1978b). 

V. CONCLUSIONS AND PERSPECTIVES 

Tobacco alkaloids h a v e at t racted m u c h interest in t issue cul ture s tud
ies dea l ing w i th pyrro l id ine , p iper id ine , a n d pyr id ine alkaloids. The 
interes t is ba sed no t o n the practical p roduc t ion of tobacco alkaloids b u t 
o n t h e fundamen ta l k n o w l e d g e of alkaloid formation a n d its regulat ion. 
The u s e of Nicotiana s p p . as exper imenta l material , a n d the s t udy of 
alkaloid format ion as a subject, h a s b r o u g h t bet ter u n d e r s t a n d i n g s of 
metabo l i sm of these alkaloids a n d its regulat ion. Var ious factors affect
ing alkaloid p roduc t ion h a v e b e e n recognized. Studies of regula tory 
m e c h a n i s m s of alkaloid p roduc t ion , inc luding s o m e e n z y m e s , revealed 
key s teps in b iosynthet ic p a t h w a y s . The impor t an t roles or in teres t ing 
physiological activities of in te rmedia tes of tobacco alkaloid b iosynthes is , 
such as nicotinic acid a n d its der ivat ives , a n d po lyamines a n d their 
conjugates , are well k n o w n or h a v e b e e n uncovered . Tobacco t issue 
cul ture p rov ides one of the m o s t useful exper imenta l sys tems to s tudy 
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t he re la t ionship b e t w e e n pr imary a n d secondary (alkaloid) metabol i sm 
a n d its regulat ion. 
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I. INTRODUCTION 

Alkaloids h a v e a s s u m e d p r o m i n e n c e a m o n g secondary metabol i tes . 
In Datura m o r e t h a n 30 alkaloids h a v e b e e n found (Verzar-Petri , 1971). A 
few decades ago D. stramonium w a s t he ma in species supp ly ing hyoscy-
a m i n e . Since t h e 1970s, in teres t h a s increasingly shifted t o w a r d D. in-
noxia, a possible source of scopolamine . 

Accord ing to C h a n a n d Staba (1965), t he alkaloid con ten t of Datura 
stramonium cu l tures (5 m o n t h s old) var ied b e t w e e n 0.004 a n d 0.056%. 
Romeike a n d Koblitz (1970) r epo r t ed tha t the alkaloid con ten t of a callus 
of D. stramonium (5 years old) a n d of the s t em callus of D. metel (19 
m o n t h s old) a m o u n t e d to 0.0026 a n d 0.00185%, respectively. Krikorian 

*Former name , Gizella Verzar-Petri. 
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Table I 

Tissue and Cell Cultures Accumulating Tropane Alkaloids 

Reference Method Plant Results 

Griffin (1979) 

Smorodin et al. (1979) 

Kibler and N e u m a n n (1979) 

Yankulov et al. (1979) 

Atanassov et al. (1980) 
Yamada and Hashimoto 

(1982) 
Koul et al. (1983) 

Hiraoka and Tabata (1983) 

Hash imoto and Yamada 
(1983) 

Kitamura et al. (1985) 
Endo and Yamada (1985) 

Oksman-Caldentey and 
Strauss (1986) 

Callus culture 

Suspens ion culture 

Fermenter batch 
culture, MS me
dium 1500 lux 

Another culture, 
White's m e d i u m 

Halperin's m e d i u m 
Cell culture, LS 

m e d i u m 
Cell suspens ions , 

producing roots 
and shoots 

LS m e d i u m 

2-year-old suspen
sion culture 

MS m e d i u m , light 
B5 m e d i u m 

Liquid N T medi
u m , dark incuba
tion 

Duboisia hybrid 

Datura innoxia 

Datura innoxia 

Datura innoxia 

Datura innoxia 
Hyoscyamus niger 

Hyoscyamus muticus 

Datura innoxia 

Hyoscyamus niger 

Duboisia myoporoides 
Duboisia leichhardtii, 

D. myoporoides, 
D. hopwoodi 

Hyoscyamus muticus 

Callus t issue transferred to media containing 1 g/liter 
scopolamine; uptake of alkaloid; n o metabol ism to 
other Datura alkaloids 

Nitrogen and p h o s p h o r u s source affected alkaloid 
content 

Scopolamine major alkaloid; n o correlation b e t w e e n 
scopolamine and hyoscyamine in various strains 
(diploid, haploid) 

Total alkaloids in haploid higher than in diploid callus 

Bud formation; variability of c h r o m o s o m e number 
Hyoscyamine and scopolamine produced 

Alkaloid accummulat ion higher during stationary 
phase , independent of m o r p h o g e n e s i s 

Scopine, scopol ine, pseudotropine , tropine converted 
into corresponding acetates 

Alkaloids in m e d i u m 

Alkaloid distribution in regenerated plants 
Cell cultures from roots attaining 1.16% scopolanine 

(dry weight) 

Scopolamine content in protoplast-derived cell 
cultures 
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a n d S teward (1969) d id no t detect t r o p a n e alkaloids in t issue cul tures of 
va r ious Datura species . 

The effect of l ight o n y o u n g callus t i ssues of root a n d leaf origin a n d 
their alkaloid p roduc t ion w a s s tud ied by Verzar-Petri et al. (1978). They 
conc luded tha t callus t i ssues of root origin synthes ize a greater a m o u n t 
of alkaloids in t he dark , a n d those of leaf origin, in light. The require
m e n t for da rk for t he p roduc t ion of alkaloids such as a t rop ine a n d 
scopo lamine , t h o u g h t to be main ly p r o d u c e d in roots , h a s no t b e e n 
es tabl i shed (Bhandary , 1969; Hiraoka a n d Tabata, 1974; H a s h i m o t o a n d 
Yamada , 1983). It s eems , h o w e v e r , tha t b iosynthes is of these alkaloids is 
corre la ted w i t h the organiza t ion of roots . 

It h a s b e e n d e m o n s t r a t e d tha t the Ri p lasmid p re sen t in Agrobacterium 
rhizogenes causes t rans formed p lan t cells to proliferate rapidly a n d exhib
it ex tens ive lateral b r anch ing as mass ive roots , so-called hai ry roots , o n a 
hormone- f ree m e d i u m (White a n d Nes te r , 1980; Chi l ton et al., 1982; 
Tepfer, 1984). In t he t rans formed p lan t cells, genes wi th in tegra ted T-
D N A are t ranscr ibed a n d t rans la ted (Huffman et al., 1984; Whi te et al., 
1985), a n d the t rans formed p lan t cells proliferate o n a hormone-f ree 
m e d i u m as ha i ry roots even after Agrobacterium is e l iminated. K a m a d a et 
al. (1986) i n d u c e d hai ry roots by the inoculat ion of Agrobacterium rhi
zogenes o n sterile p lan t s of Atropa belladonna. Axenic cul tures w e r e ob
ta ined by cu l tur ing s e g m e n t s of hai ry roots o n hormone-f ree Murash ige 
a n d Skoog (MS) agar m e d i u m (1962) w i th carbenicillin (1 mg/l i ter) , sub-
cu l tu r ing o n MS m e d i u m w i t h o u t antibiotic. The axenic cul ture of t he 
ha i ry roots proliferated 60-fold, ba sed o n the initial fresh we igh t after 1 
m o n t h of cul ture . The p resence of a t rop ine a n d scopolamine in hairy 
roots w a s examined b y thin-layer c h r o m a t o g r a p h y (TLC) a n d h igh-per
formance l iquid c h r o m a t o g r a p h y (HPLC), a n d con ten t s we re ana lyzed 
b y gas l iquid c h r o m a t o g r a p h y (GLC). The resul ts s h o w e d t w o alkaloids, 
h y o s c y a m i n e a n d scopolamine , a n d con ten t s we re the same as or even 
h ighe r t h a n those of p lan t s g r o w n in the field. Some details of t r opane 
alkaloid p r o d u c i n g t issue a n d cell cul tures are p r e sen t ed in Table I. 

II. MATERIALS AND METHODS 

A. Tissue Culture 

For t h e t i ssue cul ture of t r o p a n e alkaloid p lan t s a modified cul ture 
m e d i u m after M u r a s h i g e - S k o o g (Maroti , 1976) solidified w i th agar w a s 
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u s e d . Kinet in a n d 2,4-dichlorophenoxyacet ic acid (2,4-D) (1 mg/ l i ter 
each) , agar (8 g/li ter), nicotinic acid (0.5 mg/l i ter) a n d p y r i d o x i n e - H C l 
(0.1 mg/l i ter) w e r e a d d e d ; t he p H w a s ad jus ted to 6. For callus induc t ion 
sterilized pieces of leaf or root of Datura innoxia Mill, w e r e u s e d . The 
o rgans w e r e w a s h e d w i th de te rgen t s , sterilized wi th 70% e thano l for 1 
m i n , t h e n wi th a solut ion of diacid [ethanol mercu ry chloride a n d m e t h -
y lpyr id ine chloride (Butenko, 1984)], a n d r insed wi th sterile distilled 
wa te r . Explants a n d callus tissues w e r e g r o w n in test tubes conta in ing 
40 ml of cul ture m e d i u m , a n d w e r e t ransferred to fresh cul ture m e d i u m 
at 6-week intervals . 

B. Extraction and Purification of Alkaloids 

The calli w e r e separa ted from the cul ture media , t h e n bo th the med ia 
a n d the calli w e r e lyophil ized. The extraction w a s pe r fo rmed w i t h 
M e O H : 28% N H 4 O H (9 :1) overnight , t h e n wi th chloroform for 6 h r in a 
Soxhlet a p p a r a t u s . The chloroform extract w a s evapora ted u n d e r 
v a c u u m . The res idue w a s t rea ted w i th 2 x 20 ml of H 2 S 0 4 , t h e n ad
jus t ed to p H 9 w i th 20% N H 4O H . The alkaloids w e r e separa ted wi th 30 
ml of chloroform; this w a s r epea ted th ree times. The solut ion w a s t h e n 
filtered t h r o u g h a n h y d r o u s s o d i u m sulfate, a n d the solvent w a s evapo
ra ted . The r ema in ing material w a s d i lu ted in 10 ml of C H C 1 3, a n d this 
solut ion w a s u s e d for var ious analyses . Occasionally, fresh tissues we re 
also p rocessed , h o m o g e n i z e d w i t h qua r t z s and , a n d extracted as d e 
scribed above . 

C. Quantitativ e and Qualitative 
Determinatio n of Alkaloids 

For quant i ta t ive de te rmina t ion of t ropane alkaloids w e u s e d (1) the 
m e t h o d tha t h a s b e e n descr ibed in the Sixth H u n g a r i a n Pharmacopoe ia , 
i .e . , titration in water-free m e d i u m , a n d (2) the m o r e sensit ive m e t h o d 
of u s i n g a t ropeol ine amphi ind ica tor (Lorincz a n d Szasz, 1961). 

For quali tat ive de te rmina t ion the following m e t h o d s w e r e used : 

1. Thin-layer c h r o m a t o g r a p h y (Verzar-Petri et al., 1974) 
2. Gas c h r o m a t o g r a p h y (Verzar-Petri a n d Haggag , 1976) 
3. A u t o r a d i o g r a p h y (Verzar-Petri , 1969) 
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D. Isotopi c Experiment s 

Two-year-o ld root callus cul tures w e r e separa ted from the cul ture 
m e d i a a n d p u t in to solu t ions conta in ing radioact ive c o m p o u n d s : so
d i u m [2- 1 4C]ace ta te (specific activity, 28.62 μα/mg) a n d [3 - 1 4C]pheny l -
a lan ine (specific activity, 13.64 μα/mg). The callus w a s kep t in a ther
mos ta t a t 25°C in t h e da rk or u n d e r a f luorescent l a m p (2500 lux). At 
cer tain t imes (1 -48 hr) pa r t of t he incuba ted callus w a s r e m o v e d , w a s h 
ed , a n d extracted as descr ibed above . 

III. RESULTS AND DISCUSSION 

A. Alkaloid Conten t and Compositio n 

Genera l ly , t h e total alkaloid con ten t of the intact p lan t w a s h ighe r 
t h a n tha t of t h e t i ssue cul tures , w h e t h e r these or iginated from leaf, 
s t em, or root . The alkaloid con ten t in t i ssues u s e d in ou r exper iments is 
p r e s e n t e d in Table II. 

In leaf callus cu l tures t he quan t i ty of scopolamine w a s smaller t h a n 
tha t of hyoscyamine , w h e r e a s the p lan t accumula tes scopolamine as t he 
m a i n alkaloid. Hyoscyamine 6-OH, a react ion p roduc t of epoxida t ion 

Table II 

Alkaloid Content of 4-Year-Old Datura innoxia  Callus Cultures0 

Material and m e t h o d s 

Root culture cultivated 
in light 

Leaf culture cultivated 
in light 

Root culture cultivated 
in dark 

Leaf culture cultivated 
in dark 

Alkaloid content 
of cultures 

(% dry weight) 

0.0390 

0.0226 

0.015 

0.0075 

Alkaloid content 
of intact organs 
(% dry weight) 

0.33 

0.25 

0.33 

0.25 

Alkaloid production 
of t issue culture in 
relation to that of 

intact organ 

10 t imes lower 

10 t imes lower 

20 t imes lower 

30 t imes lower 

α Culture media showed a positive alkaloid reaction with Dragendorff regent, but the quantity could 
not be determined. (See also Figs. 1-13). 
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tha t occurs in leaves, w a s also p resen t . As well , norscopolamine w a s 
de tec ted . The same c o m p o n e n t s we re found in very small quant i ty in 
the cul ture med ia . 

In callus der ived from leaves of Datura innoxia cult ivated in light, e ight 
alkaloids w e r e de t e rmined : cuscohygr ine , mete lo id ine , te loidine, h y o -
scyamine , 3 - 6 di t igloi loxytropane, scopolamine , 6 -OH-hyoscyamine , 
a n d nor scopo lamine . Also, a great quant i ty of t rop ine a n d tropic acid 
w a s found in free, nonester i f ied form, together w i th t w o u n k n o w n al
kaloids tha t a p p e a r e d o n the gas ch roma tog ram at 220 a n d 226°C (Table 
III). 

In root callus cul tures of Datura innoxia cul t ivated in the dark , t rop ine 
a n d tropic acid occurred in low, 6 -OH-hyoscyamine a n d cuscohygr ine , 
the in te rmedia tes of t r opane alkaloid b iosynthes is , in large a m o u n t s . 
The concentra t ion of scopolamine w a s h igher t h a n tha t of hyoscyamine , 
a ratio, as for leaf callus, similar to tha t of the intact root (see Fig. 3). In 
our opin ion , based on earlier isotopic examina t ions (Verzar-Petri et al., 
1974), the appea rance of 6 -OH-hyoscyamine is a s ign of scopolamine 
b iosynthes is because it is a c o m p o u n d a lways p re sen t in the intercon-
vers ion of hyoscyamine to scopolamine , w h e r e a s cuscohygr ine is a char
acteristic alkaloid of the root , wh ich , according to our o w n observat ions , 

Table III 

Level of Alkaloids in Datura innoxia  Tissue Cultures, on the Basis of Gas Chromatography 

Alkaloid component" 

Tissue culture type A Β C D Ε F G Η J Κ 

Leaf t issue culture 5 2 3 5 3 2 3 1 2 2 
(cultivated in light) 

Culture-medium of 1 2 2 2 1 2 2 3 1 2 
leaf tissue culture 

(cultivated in light) 
Leaf t issue culture 1 3 2 2 3 2 4 2 

(cultivated in dark) 
Root t issue culture 2 3 1 3 5 4 4 5 4 

(cultivated in light) 
Root t issue culture 3 4 2 3 1 3 2 4 2 

(cultivated in dark) 
Culture-medium of 1 2 2 1 1 2 1 2 2 

root tissue culture 
(cultivated in dark) 

" A, tropine; B, cuscohygrine; C, meteloidine; D, tropic acid; E, teloidine; F, hyoscyamine; G, 
ditigloyloxytropane; H, scopolamine; J, 6-OH-hyoscyamine; K, norscopolamine. 
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is t he first to a p p e a r o n ge rmina t ion (Verzar-Petri a n d Kiet, 1977). The 

quant i ty of the alkaloids p r e sen t in t he cul ture m e d i u m w a s extremely 

small (see Tables I a n d II). 

B. Alkaloid Precursors 

Incorporation of Sodiu m  [2-1 4C]Acetate and 
[3-14C]Phenylalanine 

T h e a im of t h e invest igat ion w a s to detect t he influence of s o d i u m 

[2- 1 4C]ace ta te a n d L - [3 - 1 4C]phenyla lan ine o n changes of the alkaloid 

con ten t in root a n d leaf callus cul tures of Datura innoxia, a n d to deter

m i n e their incorpora t ion over 24 a n d 48 h r (Table IV). In compar i son 

Table IV 

Changes of Alkaloid Content of Datura innoxia  Tissue Cultures during Incubation 
with Various Radioactive Precursors 

Type of alkaloid 

Experimental material A* Β C D Ε F G Η J Κ 

Control 4 2 3 5 3 3 3 2 3 2 
Leaf t issue culture 2 2 4 3 2 4 2 4 2 5 

cultivated in light; 
24 hr of incubation. 
w i th s o d i u m 
[2-1 4C]acetate 

Leaf t issue culture 1 2 2 2 3 2 4 5 4 
cultivated in light; 
48 hr of incubation, 
wi th s o d i u m 
[2-1 4C]acetate 

Root t issue culture 2 3 1 3 1 2 4 2 2 
cultivated in light; 
1 hr of incubation, 
w i th [3 - 1 4C]pheny l -
alanine 

Root t issue culture 1 1 2 1 4 3 3 
cultivated in light; 
24 hr of incubation, 
wi th [3 - 1 4C]pheny l -
alanine 

α For A-K, see Table III footnote. 
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wi th the control in exper imen t s carried ou t w i th [3 - 1 4C]pheny la lan ine , 
the total alkaloid con ten t of t he cul ture decreased d u r i n g an incubat ion 
t ime of 24 h r a n d , over t ime, became unde tec tab le . The quant i ty of 
t rop ine ( t ropanol) w a s ra ther h igh in the control t issue cul ture . O n in
cubat ion for 1 h r it decreased , a n d after 24 h r it h a d d i sappea red . Tropic 
acid also decreased rapidly after a 24-hr incubat ion. Specific radioactivity 
w a s very small , a n d specific incorporat ion w a s 0.0002%. This resul t 
w o u l d sugges t tha t n o n e w tropic acid w a s formed a n d tha t the p resence 
of pheny la l an ine is a n obstacle in the b iosynthes is of t ropic acid. Syn
thes is of hyoscyamine a n d scopolamine d id no t take place ei ther . 
Scopolamine a n d hyoscyamine d i sappea red following 24 h r of incuba
t ion. In such cases, according to Hiraoka (1976) a n d Romeike a n d 
Koblitz (1970), the t issue cul ture u s e d u p the t rop ine for the b iosynthes is 
of acetyl t ropine . Mete loidine a n d , especially, t he di t igloyloxytropane 
can be found a n d are well detectable in the cul tures incubated for 1 a n d 
24 hr . It s e e m s tha t their b iosynthes is is no t h i n d e r e d in the p resence of 
pheny la l an ine , because the acid par t of these alkaloids is no t t ropic acid, 
b u t tiglic acid. 

Sod ium acetate increases alkaloid formation in Datura innoxia t issue 
cul tures . Total alkaloid conten t d u r i n g the incubat ion w a s as follows 
(percentage of d ry weight ) : 

The indiv idual alkaloids var ied d u r i n g the incubat ion. O n incubat ion for 
24 h r t he quan t i ty of a lmos t all t he alkaloids, w i th t he except ion of 
t rop ine a n d tropic acid, increased. O n incubat ion for 48 h r the quant i ty 
of all t he alkaloids decreased , w i th the except ion of 6-OH-hyoscyamine . 
Levels of hyoscyamine a n d scopolamine also decreased , b u t c o m p a r e d 
to t h e control t hey w e r e still h igher . Their specific radioactivity ( d p m / 
mmol ) w a s as follows: 

Cont ro l 
24 h r of incubat ion , leaf cul ture 
48 h r of incubat ion , leaf callus cul ture 

0.0226% 
0.0483% 
0.025 % 

24 h r of 
incubat ion 

48 h r of 
incubat ion 

Dit igloyloxytropane 766.341.29 792.372.20 
Scopolamine 501.314.64 346.295.44 
Hyoscyamine 230.047.30 159.868.91 

The specific radioactivity of di t igloyloxytropane w a s h ighes t . This obser
vat ion is in a g r e e m e n t w i th t he pa t t e rn of alkaloid conten t of Datura 
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innoxia roo t w h e n supp l i ed w i th s o d i u m [2- 1 4C]aceta te (Verzar-Petri et 
al, 1974, 1978), tha t is, t he radioact ive s o d i u m acetate w a s incorpora ted 
first of all in to t he tigloylester alkaloids, w h i c h t h e n r ema ined ei ther in 
this form or t r ans formed in to ano the r p roduc t . 

By s u m m i n g u p the resul ts of the t w o exper iments wi th adu l t p lan t s 
a n d t issue cul tures der ived from t h e m , one m a y sugges t tha t from so
d i u m acetate leucine, isoleucine w a s formed first, a n d in the following 
s t ep , tiglic acid formed from isoleucine; the original tiglic acid formed a n 
es ter w i t h t h e t rop ine a n d resu l ted in t he tigloylester alkaloid. Fur ther 
m o r e , the effect of g r o w t h regula tors (kinetin a n d 2,4-D) on the g r o w t h 
of callus from flowers (petal, ovary) of 3-year-old Datura innoxia w a s 
examined ( D u n g et al., 1981; Szoke et al., 1982). The g r o w t h dynamics of 
t he t i ssues g r o w n in light a n d da rk w a s examined in a modified MS 
m e d i u m conta in ing 1 mg/ l i ter each of kinet in a n d 2,4-D. Dur ing a n 
incuba t ion pe r iod of 6 w e e k s the fresh a n d d ry weight , t he daily g r o w t h 
ra te , a n d g r o w t h va lues of the callus t issues w e r e m e a s u r e d . With callus 
of b o t h peta l a n d ovary origin the g r o w t h va lue based o n fresh a n d d r y 
w e i g h t w a s considerably h igher in the da rk t h a n in the light. The g r o w t h 
of the callus cu l tures , except those from peta ls a n d g r o w n in light, 
s lowed d o w n in t he sixth w e e k (Figs. 1-3). A h igh kinet in concentra t ion 
i m p e d e d alkaloid p roduc t ion . U n d e r the influence of 5 mg/ l i ter 2,4-D 
the alkaloid con ten t s increased. In t he case of callus t issues of root origin 

·/· 9 mg/dey 
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200 

1/1 2/1 5 /1 1/2 1/5 kinetin m g / l 

2 , i - 0 m g / l 

Fig. 1. Effect of growth h o r m o n e s o n callus of leaf origin of Datura innoxia: 1, fresh we ight 
(g); 2, growth rate (mg/day); 3 , alkaloid content (% dry weight) . 
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Fig. 2. Effect of growth hormones on the alkaloid content of callus of corolla origin of 
Datura innoxia (for symbols , see Fig. 1 legend) . 
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it a t t a ined the alkaloid level formed in the intact root . U n d e r t he influ
ence of i l luminat ion the alkaloid con ten t of the callus t i ssues of root a n d 
leaf origin increased twofold over levels in cul tures g r o w n in the dark . 

IV. SUMMARY 

Root, s t em, a n d corolla callus w a s cul tured on M u r a s h i g e - S k o o g m e 
dia, u n d e r 2500 lux a n d in the dark . It w a s found tha t the alkaloid 
con ten t of callus g r o w n in l ight w a s h igher . The a m o u n t of alkaloid w a s 
essential ly smaller in all callus cul tures (4 years old) t h a n tha t in the 
exp lan ts . The nonester i f ied a n d n o r c o m p o u n d s w e r e found in relatively 
h igh quant i t ies . 
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I. INTRODUCTION 

Quinol iz id ine alkaloids are c o m m o n na tura l p roduc t s of m a n y 
Fabaceae ( s y n o n y m , Leguminosae) (Mears a n d Mabry , 1971). Fre
quen t ly t hey are called lup in alkaloids because they are p resen t in all 
species of the large g e n u s Lupinus. L u p a n i n e , a typical tetracyclic 
quinol iz id ine alkaloid, is s h o w n in Fig. 1. At p re sen t abou t 70 related 
s t ruc tures are k n o w n , inc lud ing hydroxyla ted , d e h y d r o g e n a t e d , a n d 
partial ly d e g r a d e d c o m p o u n d s as well as s imple es ters . 

Pyrrol iz idine alkaloids are characteristic secondary c o m p o u n d s found 
part icular ly in several gene ra of t he Asteraceae , Boraginaceae, a n d 
Fabaceae (Smith a n d Culvenor , 1981; Robins , 1982). They are general ly 
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presen t as ester alkaloids. The respect ive aminoalcohol (necine base) , 
w h i c h r ep resen t s the bicyclic pyrrol izidine nuc leus , is esterified w i th the 
nec ine acid moiety . The ester alkaloids m a y occur as monoes t e r s , di-
es ters , or, as exemplified in Fig. 1, macrocyclic dies ters . More t h a n 200 
p y r r o l i d i n e s have b e e n isolated from natura l sources . 

O n account of circumstantial a n d exper imenta l evidence the ma in 
funct ions of the t w o g r o u p s of alkaloids is chemical defense . Quinolizi-
d ine alkaloids de ter the feeding of herbivores such as m a m m a l s , mol-
lusks , a n d insects (Waller a n d Nowacki , 1978; Wink, 1984b, 1985a). They 
inhibi t t he g r o w t h of microorganisms (Wink, 1984a) a n d even possess 
al lelopathic proper t ies (Wink, 1983). For pyrrol izidine alkaloids the p ro 
tective function is even more obvious . Their role as powerful repel lents , 
especially for insects , is well d o c u m e n t e d (Rothschild, 1973). Some in
sects even store pyrrol iz idine alkaloids for their o w n chemical defense , 
or u s e t h e m as p h e r o m o n e precursors (Boppre, 1986). M a n y pyr
rolizidine alkaloids are cytotoxic, a n d these are often responsible for 
po i son ing of livestock a n d peop le (Mattocks, 1986). 

II. QUINOLIZIDINE ALKALOIDS 

A. Accumulatio n in Cell Suspensio n Cultures 

Like m a n y o the r p lan t cell cul ture sys tems , callus a n d cell su spens ion 
cul tures isolated from quinol iz id ine-producing p lan t species lack the 
ability to accumula te substant ia l a m o u n t s of alkaloids (Wink et al, 1980, 
1981, 1983). A total of 10 species from 6 genera of Fabaceae h a v e b e e n 
s tud ied as cell s u s p e n s i o n cul tures (Table I). The alkaloid levels found in 
these cul tures are in the range of abou t 0.01 to 10 μ g pe r g r a m fresh 
weigh t . T h u s t he alkaloid concent ra t ions in cell cul tures are th ree to five 
o rders of m a g n i t u d e lower t h a n in the respect ive intact p lan t s . The 
alkaloid pa t t e rns are s imple a n d uniform. L u p a n i n e (Fig. 1) a lways fig
u re s as the m a i n alkaloid. It is frequently accompanied by minor al
kaloids , w h i c h can be identified in trace a m o u n t s by capillary gas l iquid 
c h r o m a t o g r a p h y in combina t ion w i th m a s s spect roscopy (GLC-MS) , a 
m e t h o d tha t h a s p r o v e d very valuable for t he separa t ion , detect ion, a n d 
unequivoca l identification of quinol iz idine alkaloids (Wink et al., 1980). 
In Lupinus polyphyllus cell cul tures the minor alkaloids comprise spar
te ine , te t rahydrorhombifo l ine , 17-oxosparteine, 17-oxolupanine, 4-hy-
d roxy lupan ine , a n d trace a m o u n t s of alkaloid es ters (Wink et al., 1982). 
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Intact plant (leaves) 
Cell culture, 

lupanine Percentage of 
Species (% of total alkaloids) Main alkaloids total alkaloids 

Lupinus 
L. polyphyllus 7 0 - 9 0 (ΙΟ)** Lupanine 40 
L. luteus 95 (2) Sparteine 66 
L. hartwegii 80 (5) Aphyl l ine , epiaphyll ine 72 

Cytisus 
C. scoparius 5 0 - 7 0 (1) Sparteine 62 
C. purpureus 95 (1) N-Methylcytisine 64 
C. canariensis 95 (2) Cytisine, anagyrine 79 

Laburnum alpinum 95 (0) A m m o d e n d r i n e , N-methylcytis ine 84 
Baptisia australis 98 (0) N-Methylcytisine 74 
Genista pilosa 95 (1) Sparteine 70 
Sophora japonica 95 (0) Unindentifted 

a According to Wink et al. (1983). 
b In parentheses, number of identified minor alkaloids. 

The respect ive intact p lan t s are character ized by qui te different al

kaloid p a t t e r n s (Table I). On ly in Lupinus polyphyllus does l upan ine fig

u r e as the major alkaloid in b o t h intact p lan ts a n d cul tured cells. All 

o the r species accumula te different major alkaloids. As the var ious s t ruc

tu res m a y der ive biosynthet ical ly from lupan ine , the uni form express ion 

ο 

Lupanine 

ca. 70 structures 

LeguminosGe ( Lupinus) 

Senecionine 

> 200 structures 

Asteraceae (Senecio) 

Boraginaceae (Heliotropium) 

Leguminosae (Crotalar ia) 

Fig. 1. Lupanine and senecionine , typical representatives of the tetracyclic quinolizidine 
alkaloids and the macrocyclic pyrrolizidine alkaloids, respectively. 

Table I 

Quinolizidine Alkaloids Produced by Cell Suspension Cultures and the Respective Intact Plants0 
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of l upan ine accumula t ion in cell cul tures from different sources s u p p o r t s 
the a s s u m p t i o n tha t l upan ine synthes is m a y be r ega rded as the c o m m o n 
basic p a t h w a y of quinol iz idine alkaloid formation (Wink a n d H a r t m a n n , 
1980a, 1985). On ly this p a t h w a y seems to be expressed in undifferenti
a ted cell su spens ion cul tures . 

In compar i son to he te ro t rophic cell su spens ion cul tures of Lupinus 
polyphyllus, pho tomixo t roph ic cul tures wi th deve loped chloroplasts ac
cumula t e u p to 10 t imes more lupan ine (Wink a n d H a r t m a n n , 1980a). A 
posi t ive correlation w a s found to exist b e t w e e n chlorophyl l a n d alkaloid 
con ten t s . This is in a g r e e m e n t wi th the f inding tha t l upan ine synthes is 
is localized in lup in leaf chloroplasts (Wink a n d H a r t m a n n , 1980b, 
1982a). 

B. Biosyntheti c Studie s 

From Lupinus polyphyllus cell su spens ion cul tures an e n z y m e p repara 
t ion w a s obta ined tha t incorpora ted isotopically labeled cadaver ine in to 
a tetracyclic quinol iz idine alkaloid. This alkaloid could be identified as 
17-oxosparteine (Wink a n d H a r t m a n n , 1979; Wink et al., 1979). The en
z y m e sys tem catalyzes the overall react ion s u m m a r i z e d in Fig. 2. It 
conver t s th ree cadaver ine un i t s to 17-oxosparteine w i th o u t the occur-

3 C a d a v e r i n e 

U P y r u v a t e 

U A l a n i n e 
S y n t h a s e 

0 

t e t r a c y c l i c 
i n t e r m e d i a t e 

D 

1 7 - 0 x o s p a r t e i n e 

D 

0 
S p a r t e i n e L u p a n i n e 

Fig. 2. Overall reaction of the enzymatic synthes is of tetracyclic quinolizidine alkaloids. In 
e n z y m e assays , 17-oxosparteine is observed as reaction product. In vivo, lupanine and 
sparteine are formed without the intermediacy of 17-oxosparteine. 
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renee of free in te rmedia tes . The necessary removal of four a m i n o g r o u p s 
of the th ree c a d a v e n n e un i t s occurs via t ransamina t ion , w i th py ruva t e 
as specific a m i n o acceptor . Subsequen t ly , th is e n z y m e sys tem w a s d e 
tected in intact p lan t s , too . Wi th in the p lan t it w a s found to be restr icted 
to t he leaves (Wink a n d H a r t m a n n , 1981) a n d localized in the chlo-
roplas ts (Wink a n d H a r t m a n n , 1980b, 1982a). Isolated intact chloroplasts 
syn thes ize l u p a n i n e o n feeding of labeled c a d a v e n n e . Lysine decarbox
ylase, t he first e n z y m e of t he alkaloid-specific p a t h w a y , w a s also de 
tected in leaf chloroplas ts a n d cell cul tures ( H a r t m a n n et al., 1980; 
Schoofs et al, 1983). Figure 3 s u m m a r i z e s the subcellular localization of 
quinol iz id ine alkaloid b iosynthes i s wi th in the chloroplast . It is notable 
tha t t he b iosynthes i s of t he p recursor lysine shares the s ame compar t 
m e n t (Mazelis et al., 1976; Wallsgrove a n d Mazelis , 1980). Both pa th 
w a y s a re localized in t he chloroplas t s t roma. 

In vivo t racer s tud ies w i th chirally labeled cadaver ines revealed tha t 
17-oxosparteine canno t be a n in te rmedia te in the b iosynthes is of 
l u p a n i n e a n d spar te ine (Fraser a n d Robins , 1984; Golebiewski a n d 
Spenser , 1984; Spenser , 1985). Cadaver ine deu te ra t ed at t he carbon 1 is 
incorpora ted in to l upan ine a n d spar te ine wi th re ten t ion of label at the 
ca rbon 17 (Fig. 2). H o w e v e r , in in vitro e n z y m e assays , 17-oxosparteine 
is fo rmed stoichiometrically. O n e explanat ion of this d iscrepancy w o u l d 
be tha t t he u n d i s t u r b e d b iosynthet ic sequence p roceeds via an early 
tetracyclic in te rmedia te directly to l upan ine or spar te ine , w h e r e a s in 
e n z y m e p repa ra t ions this in te rmedia te is re leased (or stabilized) as 17-
oxospar te ine . S tudies w i th isolated lup in chloroplasts a d d s o m e s u p p o r t 
in favor of this idea. Intact chloroplas ts p r o d u c e exclusively l upan ine on 
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Fig. 3. Localization of lupanine biosynthes is in Lupinus leaf chloroplasts. 
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feeding of cadaver ine , b u t as soon as the integri ty of the chloroplast is 
d i s tu rbed , spar te ine or 17-oxosparteine is formed. Fur ther w o r k wi th 
purif ied e n z y m e s is requi red to establish the detai led b iosynthe th ic se
quence from cadaver ine to the tetracyclic alkaloids. A s s u m i n g l u p a n i n e 
syn thes i s as the basic rou te of this p a t h w a y , cell su spens ion cul tures 
tha t possess the ability to synthes ize lupan ine are valuable exper imenta l 
sys t ems for future s tudies . 

Laburnum anagyroides accumula tes as major c o m p o n e n t s alkaloids of 
t he α -pyr idone type , tha t is, cytisine a n d N-methylcyt is ine . The e n z y m e 
tha t specifically catalyzes the N-methyla t ion of cytisine, an S-adenosyl-L 
-me th ion inexy t i s ine N-methyl t ransferase , could be d e m o n s t r a t e d in 
var ious t i ssues of the p lan t (Wink, 1984c). Relatively h igh activities of 
the e n z y m e could also be de tec ted in cell su spens ion cul tures of t w o 
related species, tha t is, L. alpinum a n d Cytisus canariensis, wh ich accumu
late α -pyr idone alkaloids, too (Table I). This is remarkable because a-
p y r i d o n e alkaloids are no t detectable in the cul tures a n d the biosynthet ic 
rou te leading from lupan ine to cytisine does no t s eem to be expressed in 
these cell cul tures (Wink et al, 1983). 

C. Inductio n of Alkaloid Accumulatio n 
in Cell Suspensio n Cultures 

The failure of cell su spens ion cul tures to accumula te substant ia l 
a m o u n t s of quinol iz idine alkaloids does no t s eem to be d u e to a n insuffi
cient express ion of the genes responsible for alkaloid b iosynthes is . The 
activities of t he e n z y m e s of l upan ine b iosynthes is are similar to or o n e 
o rder of m a g n i t u d e lower t h a n in intact p lan ts (Wink a n d H a r t m a n n , 
1982b). Similar to the leaves of intact p lan ts , cell su spens ion cul tures of 
Lupinus a n d Cytisus scoparius kep t u n d e r a d a y - n i g h t regime s h o w a 
d iu rna l f luctuation of alkaloid accumula t ion a n d alkaloid excretion into 
the cul ture m e d i u m (Wink a n d H a r t m a n n , 1982c). T h u s quinol izidine 
alkaloid accumula t ion seems to be a ra ther dynamic process . In order to 
m o d u l a t e exper imenta l ly the quinol izidine accumulat ion , var ious com
p o u n d s k n o w n to tr igger gene regulat ion or elicit phytoalexin p r o d u c 
tion w e r e tes ted (Wink a n d Witte , 1983; Wink, 1985b). A variety of 
alkaloids no t re la ted to lup ine alkaloids (e.g. , coniine a n d papaver ine) , 
s o m e po lyamines , a n d metabolic inhibi tors w e r e found to induce a sub
stantial increase of the quinol iz idine alkaloid levels in cell cul tures . The 
act ivating c o m p o u n d s d o no t seem to induce synthes is of biosynthet ic 
e n z y m e s b u t modu la t e the dynamic balance b e t w e e n alkaloid synthes is 
a n d degrada t ion (Wink, 1985b). 
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III. PYRROLIZIDINE ALKALOIDS 

A. Accumulatio n and Synthesi s 
in Plant in Vitro System s 

To o u r k n o w l e d g e there exists no t a single posi t ive reference abou t 
accumula t ion of pyrrol iz idine in p lan t cell cul tures . In our laboratory w e 
h a v e es tabl i shed cell cu l tures from Senecio vulgaris, S. vernalis, S. viscosus, 
S. carniolicus, S. rupester, a n d Symphytum officinale. Except trace a m o u n t s 
of senec ion ine N-oxide found t rans ient ly in a su spens ion cul ture of S. 
rupester, n o n e of the cul tures syn thes ized pyrrol iz idine alkaloids in call
u s or in s u s p e n s i o n cul ture (K. v o n Borstel, A. E h m k e , a n d T. Har t 
m a n n , u n p u b l i s h e d ) . All efforts to i nduce alkaloid synthes is by variat ion 
of t he cul ture condi t ions or t r ea tmen t w i th c o m p o u n d s k n o w n to elicit 
phytoa lex in format ion failed. O n the o ther h a n d , root cul tures of S. 
vulgaris w e r e s h o w n to syn thes ize a n d accumula te alkaloids ( H a r t m a n n 
a n d Toppe l , 1987). The alkaloid pa t t e rn w a s the same as found in the 
intact p lan t ( H a r t m a n n a n d Z immer , 1986). 

The b iosyn thes i s of pyrrol iz idine alkaloids h a s b e e n intensively s tud
ied. F rom in vivo tracer exper imen t s it is well es tabl ished tha t the necine 
base is de r ived from argin ine or o rn i th ine via t w o symmetr ical inter
med ia t e s , pu t resc ine a n d h o m o s p e r m i d i n e (Khan a n d Robins , 1981, 
1985; Robins a n d Sweeney , 1983; Rana a n d Robins , 1983; Grue-Sorensen 
a n d Spenser , 1982, 1983). The nec ine acid moie ty is der ived from iso
leucine (Crout et al, 1966; Cahill et al, 1980). T h u s the w h o l e carbon 
skele ton of senecionine or iginates from t w o amino acids: 2 mol or-
n i th ine /a rg in ine a n d 2 mol isoleucine (Fig. 4). Senecio root cul tures offer 
a n excellent sys t em to s t u d y the b iochemis t ry of pyrrol izidine alkaloid 
b iosynthes i s . Potent ial p recursors are incorpora ted into the alkaloids 
w i t h h igh efficiency. Wi th 1 4C- l abe l ed put resc ine a n d spe rmid ine , incor
pora t ion ra tes of 20 to 30% w e r e ob ta ined ( H a r t m a n n a n d Toppel , 1987). 
Senecio root cu l tures p rov ide a s imple sys tem for the synthes i s of labeled 
pyrrol iz id ine alkaloids tha t are no t easily accessible by o ther m e t h o d s 
( H a r t m a n n a n d Toppe l , 1987). 

B. Selectiv e Accumulatio n of Alkaloid /V-Oxides 
by Cell Suspensio n Cultures 

It h a s long b e e n k n o w n tha t in p lan t s , pyrrol iz idine alkaloids occur as 
mix tures of t he tert iary alkaloids a n d the respect ive alkaloid N-oxides 
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A r g i n i n e 

Orn i th ine 

I s o l e u c i n e 

N H 2 

N H 2 

N H 2 H 2N 

P u t r e s c i n e 

Η 

NH 2 

0 

Homospermidine Senec ion ine 

Fig. 4. Biosynthetic derivation of senecionine. The necine base originates from ar-
ginine/ornithine via the symmetrical intermediates putrescine and homospermidine . Iso
leucine is the precursor of the necine acid. 

(Fig. 5) (Phill ipson, 1971; Phil l ipson a n d H a n d a , 1978). In Senecio species 
these N-oxides are no t only the domina t ing alkaloid form found in the 
var ious p lan t t i ssues ( H a r t m a n n a n d Z immer , 1986), they are also de 
tectable as p r imary p roduc t s of b iosynthes is a n d accumulat ion in root 
cul tures ( H a r t m a n n a n d Toppel , 1987). Cell su spens ion cul tures ob
ta ined from pyrro l iz id ine-producing p lan ts , a l t hough incapable of syn
thes iz ing alkaloids (see above) , are able to take u p a n d accumula te pyr
rolizidine alkaloid N-oxides selectively (von Borstel a n d H a r t m a n n , 
1986). Cell cul tures of non-pyrrol iz idine-alkaloid-producing p lan ts d o 
no t take u p the N-oxides . Up take s tudies wi th 1 4C- l abe led senecionine 
N-oxide p r o v e d tha t the N-oxides are actively taken u p by a n d s tored in 
the vacuoles p r epa red from S. vulgaris cell cul tures (Ehmke et al., 1988). 
It is a s s u m e d tha t t he very polar saltlike N-oxides are molecular species 
tha t can be t ranslocated a n d s tored in a m u c h safer w a y t han the respec
tive tert iary alkaloids. Regard ing the function of the pyrrol izidine al
kaloids as chemical protect ives, ma in tenance of appropr ia te concentra
t ions a n d safe s torage of the alkaloids m u s t be a prerequis i te to fulfill this 
function in the p lant . 



16. Quinolizidines and Pyrrolizidines 285 

o1 0' 

0 ' 

Fig. 5. Senecionine N-oxide, the primary product of pyrrolizidine alkaloid biosynthesis in 
root cultures of Senecio vulgaris, and the respective tertiary alkaloid. 

Cell cul tures es tabl ished from p lan ts tha t p roduce quinol iz idine or 
pyrrol iz idine alkaloids are certainly u n i m p o r t a n t if the in tent ion is p ro 
duc t ion of substant ia l a m o u n t s of alkaloids. Quinol iz id ines are p ro 
d u c e d in trace a m o u n t s (usually less t h a n 5 μ g / g fresh weight ) , a n d 
pyrrol iz id ines , if at all, in unde tec tab le a m o u n t s . But as e m p h a s i z e d by 
Wink (1985a), bes ides b iosynthes is , m a n y more processes , such as 
t r anspor t , accumula t ion , a n d degrada t ion , are of crucial impor tance as 
to w h e t h e r a cell cul ture actually p roduces secondary p roduc t s or not . In 
this respect cell cul tures h a v e b e e n found to be very valuable in s tudy ing 
the complex a n d d y n a m i c phys io logy of quinol iz idine alkaloids. In the 
case of the pyrrol iz idines , cell cul tures are valuable tools to s tudy the 
m e c h a n i s m s of selective t r anspor t a n d accumula t ion of alkaloid N-ox-
ides , w h i c h a p p e a r to be fully expressed in contrast to b iosynthes is . 
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Papaveraceae , Berberidaceae, Ranunculaceae , a n d Menispermaceae . 
The p roduc t ion of s o m e p h a r m a c e u t i c a l ^ in teres t ing c o m p o u n d s from 
these p lan t s by m e a n s of p lan t cell cul ture h a s b e e n extensively s tud ied . 

A . P a p a v e r a c e a e 

Furuya et al. (1972, 1976) (Fig. 1) invest igated callus t issue of Papaver 
somniferum a n d isolated a n e w alkaloid, no r sangu ina r ine (1), as well as 
the following alkaloids: sangu ina r ine (2), chel i rubine (3), d ihydrosan 
guinar ine (6), oxysanguinar ine (5), p ro top ine (12) (Fig. 3), c ryp top ine 
(10), magnoflor ine (15), a n d chol ine. Moreover , 11 representa t ive spe
cies [Eschscholzia californica, Chelidonium japonica, Macleaya cordata, Papaver 
setigerum a n d P. bracteatum (which conta in m o r p h i n a n e alkaloids), P. 
orientale, P. rhoeas, Dicentra peregrina, Corydalis incisa, a n d C. pallida] h a v e 
b e e n subject to compar i son to intact p lan t a n d callus t i ssues . All callus 
t i ssues w e r e similar to each other , a n d the alkaloids found we re ben-
zophenan th r id ine - , p ro top ine - a n d aporph ine - type alkaloids, wh ich are 

II. P R O D U C T I O N O F I S O Q U I N O L I N E S 

Oxysanguinarine (5) 

Fig. 1. Alkaloids from callus tissue. 

R2 + R3 = R7 + R8 = C H2 ' R1 0 = R1 2 =H Dihydrosanguinarine (6) 
R 2+ R 3= C H 2; R 7= R 8= C K 3; R 1 0= R 1 2= H Dihydrochelerythrine (7) 
R 2+ R 3 = R 7+ R g= C K 2; R^^OC!-^; R 12 = H Dihydrochelirubine (8) 
R2+R3=R7+R8=C I"'2' R1 0 = R1 2 = O C H3 Dihydronacarupine (9) 
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Fig. 2. Alkaloids from callus tissue. 

s impler a n d m o r e wide ly d is t r ibuted t h a n the m o r p h i n a n e - t y p e al
kaloids characterist ic of p a r e n t p lan t s (Ikuta et ah, 1974). The b e n z o p h e -
n a n t h r i d i n e alkaloids found in callus cells of p o p p y are no t p re sen t in 
t he original p lan ts ; p lan t t issue cul ture indicates considerable dif
ferences b e t w e e n the alkaloids p r o d u c e d by cul tures a n d by original 
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plan ts . L-Stylopine (32) (Fig. 2) a n d 12 we re identified as the ma in al
kaloids from callus cells der ived from seedl ings of Papaver bracteatum, 
a n d also, a small a m o u n t of theba ine w a s identified (Kamimura a n d 
Nish ikawa , 1976). In addi t ion to these resul ts , or iental idine (30), i sothe-
ba ine (46) (Fig. 3) a n d sanguinar ine (2) w e r e isolated from callus cul tures 
of P. bracteatum on M u r a s h i g e - S k o o g (MS) m e d i u m conta ining 2,4-di-
chlorophenoxyacet ic acid (2,4-D), kinet in a n d 1% polyvinylpyrro l idone 
(Lockwood, 1981). Cell su spens ion cul tures der ived from P. somniferum, 
P. setigerum, a n d P. nudicaule we re found to contain 12, 2, 46, a n d 30 
(Lockwood, 1981). Tissue cul tures of Macleaya microcarpa p r o d u c e d al-
locryptopine (13), (12), a n d (2) (Koblitz et al, 1975). 

Berlin et al (1983) r epor ted tha t suspens ion cul tures of Eschscholzia 
californica der ived from seedl ings accumula ted the d ihyd ro forms of the 
b e n z o p h e n a n t h r i d i n e alkaloids d ihydrosangu ina r ine (6), d ihydrochel i -
rub ine (8), d ihydromaca rp ine (9), a n d d ihydroche le ry thr ine (7), all of 
wh ich are k n o w n to be cons t i tuents of Eschscholzia. Dihydrochel i rubine 
(8) w a s found to be the ma in cons t i tuent of the cul tured cells (Table I). 
The yields of alkaloids d e p e n d e d on the condi t ions of the media . More 
over, the callus t issues der ived from Corydalis species p r o d u c e d san
gu inar ine (2), p ro top ine (12), a n d a n e w , s imple isoquinol ine alkaloid; 
the callus t issues der ived from C. ophiocarpa h a d a capacity to conver t 
t e t r ahydropro toberber ine type c o m p o u n d s via p ro top ine- type com
p o u n d s to b e n z o p h e n a n t h r i d i n e - t y p e alkaloids (Iwasa a n d Takao, 1982). 

OH 

(-)Pallidine ( 3 6 ) 

R 1 =R 2= O M e ; R 3= R 4= H ; R 5= O K 
C a p a u r i d i n e ( 6 1 ) 

R 1= O M e ; R 2= O H ; R 3= R 4= H ; R 5= O H 
C a p a u r i m i n e ( 6 2 ) 

R 1= R 2= H ; R 3R 4= - O C H 2O C H 2- ; R 5 = H 
O r i e n t h a l i d i n e ( 3 0 ) 

( + ) R e t i c u l i n e ( 3 5 ) 

Fig. 3. Alkaloids from callus tissue. 



Table I 

Tissue Cultures with Isoquinoline Alkaloids 

Plant Organs M e d i a a (mg/liter) Reference 

Eschscholzia californica 

Chelidonium japonica 
Macleaya cordata 

Papaver somniferum 

P. setigerum 

P. bracteatum 

P. orientale 
P. rhoeas 
P. nudicaule 
Dicentra peregrina 
Fumaria capreolata 
Corydalis incisa 
C. pallida 
C. ophiocarpa 
Nandina domestica 
Mahonia japonica 
Berberis stolonifera 
Berberis wilsonae 
Plagiorhegma dubium 

( s y n o n y m , Jeffersonia 
dubia) 

Stephania cepharantha 

Root, s tem, 
seedl ing 

Hypocotyl 
Stem 
Stem 
Capsule 
Stem 
Seedl ing 
Seedl ing 
Seedl ing 
Seedl ing 
Seedling, 

petiole, 
root 

Seedl ing 

Seedl ing 
Seedl ing 
Seedl ing 
Stem 
Seedl ing 
Petiole 
Stem 
Stem 
Stem 
Stem 

Leaf 

Tuber 

Dioscorephlum cumminsii Stem 
Coptis japonica Petiole 

Flower bud 

Flower bud 

Root 

Petiole 
Leaf 

Stem 
Leaf 

Thalictrum minus 

MS: D, 0.1; K, 0.1 

MS; D , 1; K, 0.1; CM 
MS; D , 0.1; K, 0.1 
MS; D , 1; K, 0.2; GA, 0.1 
MS; D , 0.1; K, 0.1 

MS; D , 10; K, 0.1 
MS: D , 1; K, 0.1 
MS; D , 10; K, 0.1 
MS; D , 1; K, 0.1 
MS; D , 1; K, 0.1 

MS, D , 1; K, 0.1; 1% 
polyvinylpyrrolidine 

MS; D , 1; K, 0.1 
MS; D , 1; K, 0.1 
MS; D , 1; K, 0.1 
MS; D , 1; K, 0.1 
LS 
MS; D , 1; K, 0.1 
MS; D , 1; K, 0.1 
MS; D , 1; K, 0.1 
MS; D , 1; K, 0.1 
MS; D , 1; K, 0.1 
LS 
MS; IAA, 0.2; D , 0.2, K, 2 
B5; D , 1 

MS; D , 1; K, 0.1; IAA, 1 -
5; K, 0 .1 -1 

MS; D , 1; K, 0.1 
MS; D , 1; K, 0.1 
LS; D , 5 x 1 0 " 6 μ Μ ; Κ, 

5 x Ι Ο " 7 μ Μ 
LS; N A A , 100 μ Μ ; ΒΑ, 

1 μ Μ 
LS; N A A , 10 μ Μ , ΒΑ, 

0.01 μ Μ 
LS ( C u S 0 4, 1 μ Μ ) 
Ν Α Α ; Ι Ο " 5 μ Μ ; ΒΑ, 

Ι Ο " 8 μ Μ 
MS; D , 5, 1, 0.1; Κ, 0.1 
LS; Ν Α Α , 100 μ Μ ; ΒΑ, 

1 μ Μ 

Ikuta et al (1974) 
Berlin et al (1983) 
Ikuta et al (1974) 
Ikuta et al (1974) 
Koblitz et al (1975) 
Furuya et al (1972b) 

Lockwood (1981) 
Ikuta et al (1974) 
Lockwood (1981) 
Ikuta et al (1974) 
Kamimura and Akutsu 

(1976); Kamimura and 
Hishikowa (1976) 

Lockwood (1981) 

Ikuta et al (1974) 
Ikuta et al (1974) 
Lockwood (1981) 
Ikuta et al (1974) 
Tanahashi and Zenk (1985) 
Ikuta et al (1974) 
Ikuta et al (1974) 
Iwasa and Takao (1982) 
Ikuta and Itokawa (1982b) 
Ikuta and Itokawa (1982b) 
Hinz and Zenk (1981) 
Breuling et al (1985) 
Arens et al (1985) 

Akasu et al (1976) 

Furuya et al (1983) 
Furuya et al (1972a) 
Yamamoto et al (1981) 

Fukui et al (1982) 

Sato and Yamada (1984) 

Morimoto et al (1986) 

Ikuta and Itokawa (1982a) 
Nakagawa et al (1984) 

a Abbrevation: MS; Murashige-Skoog; LS, Linsmair-Skoog; D, 2,4-dichlorophenoxyacetic acid; K, kinetin; 
NAA, naphthaleneacetic acid; BA, 6-benzyladenine; GA, gibberellic acid; CM, coconut milk. 
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In callus cu l tures der ived from seedl ings of Fumaria capreolata a total of 10 
k n o w n isoquinol ine alkaloids w e r e found a long wi th m a n y structural ly 
different i .e. , s angu ina r ine (2), copt is ine (18), dehydrochei lanthi fol ine 
(26), magnof lor ine (15), p ro top ine (12), scoulerine (31), i soboldine (33), 
N-methylcoclaur ine (34), reticuline (35), a n d a s imple isoquinol ine as 
well as a ra ther complicated s t ructure like pall idine (36), a m o r p h i n a n e -
d i enone - type alkaloid (Tanahashi a n d Zenk , 1985). The cul ture y ie lded a 
b iomass of abou t 12 g d ry we igh t pe r liter of m e d i u m ; the dr ied cells 
con ta ined abou t 0 . 1% alkaloids. 

B. Ranunculacea e 

Berberine alkaloids have b e e n u s e d for Chinese medic ine or folk med i 
cine in Japan a n d East Asia a n d have a big marke t in these countr ies . 
Therefore , p roduc t ion of berber ine from callus cul tures ha s b e e n invest i
ga ted by Japanese researchers . 

Callus cul tures of Coptis japonica p r o d u c e d mainly berber ine (16) a n d 
ja t rorrhiz ine (19), characteristic of t he rh izome , bu t in relatively small 
a m o u n t s (Furuya et al., 1972a; Ikuta et al., 1974). Moreover , pa lmat ine 
(17), copt is ine (18), co lumbamine (20), berberas t ine (25), epiberber ine 
(23), g roenlandic ine (27), a n d 15  we re identified (Ikuta et al., 197'4; Ikuta 
a n d I tokawa, 1982b). Callus cul tures of Thalictrum minus, wh ich is u s e d 
as folk medic ine in Japan a n d East Asia, accumula ted a large a m o u n t of 
16  a n d n ine o ther pro toberber ine alkaloids: 17-20 , thal ifendine (21), 
tha l idas t ine (22), desoxythal idas t ine (24), a n d 15 . It is in teres t ing tha t 
the alkaloid berber ine w a s p re sen t in callus t issues in m u c h greater 
a m o u n t s (0.67% d ry weight ) t h a n in the s t em a n d leaves of the p a r e n t 
p lan t (0.0019%) (Ikuta a n d I tokawa, 1982a). 

C. Berberidacea e 

Plants of the family Berberidaceae contain pro toberber ine- type al
kaloids . Callus cul tures of Nandina domestica p r o d u c e d 11 different p ro 
toberber ine alkaloids, dehydrod i sc re tamine (29), 16-22 , 24 , 25 , 27 , a n d 
a n apo rph ine - type alkaloid, 15 ; fur thermore , 19  w a s the ma in c o m p o 
n e n t (Ikuta a n d I tokawa, 1982b, 1987). Callus cul tures of Mahonia jap
onica p r o d u c e d five different p ro toberber ines , 15-20 ,and accumula ted a 
large a m o u n t of 19  (Ikuta a n d I tokawa, 1982b). H inz a n d Z e n k (1981) 
isolated 19  as a major alkaloid in addi t ion to th ree minor pro toberber ine 
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alkaloids, 16-17 , from cell s u s p e n s i o n cul tures of Berberis stolonifera. Ber
beris wilsonae callus cul tures p r o d u c e d four pro toberber ine- type al
kaloids , 16,17 , 20 , a n d 19 , t he latter as the ma in p roduc t (Breuling et al, 
1985) . Ja t rorrhiz ine (19) a n d l ignane glucosides w e r e isolated from a 
c rude methano l ic extract of cu l tured Plagiorhegma dubium (Jeffersonia du-
bia) cells (Arens et ah, 1985) . All t issue cul tures of berber idaceous p lan t s 
accumula ted ja t rorrhiz ine (19) as the ma in alkaloid. 

D. Menispermacea e 

Callus t issue der ived from the tuber of Stephania cepharantha p r o d u c e d 
biscoclaurine alkaloids a romol ine (37) a n d be rbamine (38), b u t cephar-
a n t h i n e a n d i so te t randr ine , m a i n alkaloids of t he intact p lant , d id no t 
occur. The e n z y m e s of methy la t ion a n d methy lened ioxy-group forma
t ion in t he final s t eps of the biosynthet ic rou te leading to the biscoclaur
ine alkaloids cepha ran th ine a n d i so te t randr ine w e r e absen t from the 
callus. Moreover , from the neu t ra l fraction of the M e O H extract of the 
callus, c e p h a r a n o n e I (39) a n d II (40) a n d cepha rad ione A (41) a n d Β (42), 
n o r c e p h a r a d i o n e (43), l i r iodenine (44), a n d lysicamine (45) w e r e 
isolated. 

0 0 

R 1+ R 2= C H 2; R 3= H 
Cepharanone I (39) 

R 1= R 2= M e ; R 3= H 
Cepharanone II (40) Cepharadione Ε (42) 

R 1 =R 2= O H e ; R 3= H 
Nor cepharadione (43) 

MeN 
Me 

Aromoline (37) Eerbamine (38) 

Fig. 4. Alkaloids from callus t issue. 
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These c o m p o u n d s we re observed in the intact p lan t in trace a m o u n t s 
(Akasu et al, 1974, 1975, 1976). Palmat ine (17), 19, a n d 15 we re isolated 
from cul tured cells of Dioscoreophyllum cumminsii. The 19 conten t in 
cu l tu red cells w a s 40-100 t imes h igher t h a n tha t of the intact p lant , b u t 
20, w h i c h is a minor c o m p o n e n t in the original p lant , w a s no t de tec ted . 
Moreover , it w a s observed tha t the addi t ion of indolylacetic acid (IAA) 
or naph tha leneace t i c acid (NAA) to the g r o w t h m e d i u m increased the 
alkaloid con ten t as c o m p a r e d wi th 2,4-D (Furuya et al, 1983). 

III. CHEMOTAXONOMIC APPROACH 

Eleven representa t ive species of Papaveraceae a n d Fumariaceae w e r e 
inves t iga ted for their alkaloid conten t in callus cells by Ikuta et al (1974). 
All callus cells con ta ined nor sangu ina r ine (1), sanguinar ine (2), de -
h y d r o s a n g u i n a r i n e (6), oxysanguinar ine (5), chel i rubine (3), p ro top ine 
(12), a n d magnof lor ine (15), even t h o u g h b e n z o p h e n a n t h r i d i n e al
kaloids m a y no t h a v e b e e n p resen t in the original p lan ts . M o r p h i n a n e s 
w e r e no t p r o d u c e d in a n y of the callus cells der ived from the Papaver 
species invest igated. All w e r e similar to each o ther even t h o u g h the 
redifferentiated plant le ts der ived from the callus t issues again s h o w e d 
the typical vary ing alkaloid conten t of the original p lan ts (Ikuta et al, 
1974). The alkaloid types found we re b e n z o p h e n a n t h r i d i n e , p ro top ine , 
a n d a p o r p h i n e , b u t qua te rna ry pro toberber ine , normal ly found in the 
original p lan t s , w a s no t de tec ted in the callus cells. In addi t ion to the 11 
species , 5 o the r s , wh ich h a v e b e e n repor ted , are s u m m a r i z e d in Table II 
a n d w e r e also c o m p a r e d wi th the alkaloid conten t from the callus cells of 
Papaveraceae a n d Fumariaceae . The alkaloid types w e r e similar to those 
g iven above , except for callus of Fumaria, wh ich p r o d u c e d coptisine (18) 
a n d pal l idine (36). It is very in teres t ing from a phylogenet ic po in t of 
v i ew tha t the alkaloid types p r o d u c e d from callus cells are s impler t h a n 
those from the original p lants ; p ro top ine , apo rph ine , p ro toberber ine , 
b e n z o p h e n a n t h r i d i n e , phtha l idoisoquinol ine , a n d m o r p h i n e types are 
wide ly d is t r ibuted in Papaveraceae a n d Fumariaceae (Preininger, 1985). 

F rom the resul ts of invest igat ion of the callus cells it migh t be possible 
to d iscuss the chemotaxonomic significance of the dis t r ibut ion of the 
alkaloids of Papaveraceae a n d Fumariaceae . O n the o ther h a n d , Band-
oni et al (1975) h a v e tr ied to differentiate Argemone species on the basis 
of sangu ina r ine , b u t b e n z o p h e n a n t h r i d i n e alkaloids m a y no t be signifi-



Table II 

Type of alkaloid 

Original plant 
of callus t issues 

Benzophenanthridine 

(1) (5) (6) (2) (3) 
Protopine 

(12) 
Aporphine 

(15) Reference 

Papaveraceae 
Eschscholziae 

Eschscholzia californica + + + + 

Chelidoniae 
Chelidonium japonicum + + + -
Ch. majus + 
Macleaya cordata + + + + 
M. microcarpa + 

Papavereae 
Papaver somniferum + + + + 
P. setigerum + + + + 
P. bracteatum + + + + 
P. orientate + + + + 
P. rhoeas + + + + 
P. nudicaule + 

Fumariaceae 
Dicentra peregrina + + + + 
Corydalis incisa + + + + 
C. pallida + + + + 
C. ophiocarpa 
Fumaria capreolata + 

+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 
+ 
+ 

+ + 
+ 
+ 
+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 
+ 

B o h m and Frank (1980) 

Bohm and Frank (1982) 

Lockwood (1981) 

Iwasa and Takao (1982) 
Tanahashi and Zenk (1985) 

Alka'oids of Papveraceous Callus Tissues 



Table III 

Alkaloids of Callus Tissues 

Original plant 
of callus t issues 

Type of alkaloid 

Protoberberine 
Aporphine 

(16) (17) (18) (19) (20) (21) (22) (23) (15) Reference 

Berberidaceae 
Nandina domestica + + + + + + + 
Mahonia japonica + + + + + + 
Berberis stolonifera + + + + + 
B. wilsonae + + ++ + 
Jeffersonia dubia + 

Menispermaceae 
Dioscoreophyllum comminsii — + + + -
Tinospora caffra + + + 
Γ. crispa + + 
Chasmanthera dependens + + 
Stephania japonica + + 

Ranunculaceae 
Thalictrum minus ++ + + + + 
Coptis japonica + + + + + + + 

+ 
+ 

+ Ikuta and Itokawa (1982b) 
+ Ikuta and Itokawa (1982b) 

Hinz and Zenk (1981) 
Breuling et al. (1985) 
Arens et al. (1985) 

+ Furuya et al. (1983) 
+ Rueffer (1985) 

Minoda et al. (1982) 
+ Rueffer (1985) 
+ Rueffer (1985) 

+ Ikuta and Itokawa (1982a) 
+ Ikuta et al. (1975) 
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cant chemotaxonomic m a r k e r s in the original p lan t s , because a l t hough 
alkaloids are formed in callus t i ssues , t hey m a y no t be p re sen t in t he 
original p l an t s . O n the contrary , these c o m p o u n d s are significant chem
o taxonomic m a r k e r s in s tud ies uti l izing callus t i ssues . The isolation of 
p ro toberber ine - a n d apo rph ine - type alkaloids from berber idaceous , ra-
n u n c u l a c e o u s , a n d m e n i s p e r m a c e o u s callus cul tures r epor t ed by o thers 
w o r k e r s are s u m m a r i s e d in Table III. Jatrorrhizine h a s b e e n isolated 
from all of the species a n d w a s t he m a i n p roduc t , except in Thalictrum 
t i ssue cu l tures . The accumula t ion of ja t rorrhiz ine is very in teres t ing 
from the chemotaxonomic po in t of v iew a n d also in relat ion to Rueffer's 
ja t ror rh iz ine b iosyn thes i s resul ts u s i n g Berberis s p p . t issue cul tures 
(Rueffer a n d Zenk , 1986). 

Cons ide r ing these resul ts , t he chemical invest igat ion of callus cul tures 
m a y b e applicable to chemotaxonomic s tudies . The s t ruc tures of the 
alkaloid t ypes a n d pos tu la t ed b iosynthet ic re la t ionships in these p lan t 
t i ssue cu l tures are g iven in Scheme 1. 

S c h e m e 1. The fundamental b iosynthes is route. 
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IV. BIOTRANSFORMATION AND BIOSYNTHESIS 

A. Tetrahydroprotoberberine s 

Bioconversion of b o t h trans- a n d czs-13-methyltetrahydroprotober-
ber ine N-qua te rna ry salts (47  a n d 48 ) to a corycavine analog 50  in callus 
cul tures der ived from the s tems of Corydalis s p p . ha s b e e n d e m o n 
st ra ted. Feed ing exper iments u s ing bo th trans- a n d ris-13-hydroxytetra-
hydropro tobe rbe r ine N-methy l salts (49  a n d 55) have establ ished the 
b io t ransformat ion sequence (49) a n d (55) —> 13-hydroxyal locryptopine 
(51) —> 13-oxoallocryptopine (52) —> a spirobenzyl isoquinol ine (53) + a 
b e n z i n d a n o a z e p i n e (54) in Corydalis s p p . callus cul tures . Transfer of the 
me thy l from n i t rogen to oxygen occurs du r ing convers ion of 52  to 53 . 
Incorpora t ion of carbon-13 label of the N-methy l g r o u p of the protober-
ber ine p recursor 49*  (labeled c o m p o u n d ) into the O-methyl g r o u p in the 
spi robenzyl isoquinol ine 53  w a s demons t r a t ed . Therefore, t he O-methyl 
g r o u p at C-8 of 53  ar ises from the N-methy l g r o u p of the p ro top ine 
skeleton, tha t is, migra t ion of the me thy l g r o u p from ni t rogen to oxygen 
occurs d u r i n g the r ing r ea r rangement . The biosynthet ic p a t h w a y to the 
corycavine ana log a n d the spirobenzyl isoquinol ine- a n d benz in-
danoazep ine - type alkaloid are s u m m a r i z e d in Scheme 2 (Iwasa et al., 
1985). Corycavine ana log (50) a n d 51-5 4  we re obta ined from feeding 
exper imen t s in Corydalis s p p . callus cul tures , as metabol i tes no t nor
mally de tec ted in the callus a n d the original p lan t (Iwasa et al., 1984a). 
F u r t h e r m o r e , t he s t ruc ture a n d s tereochemis t ry of base 53  h a v e b e e n 
d e t e r m i n e d by X-ray analysis (Iwasa et al., 1984b). This observat ion 
d e m o n s t r a t e d tha t it is possible to p roduce n e w c o m p o u n d s in p lan t cell 
cu l tures u s i n g biot ransformat ion of special subs t ra tes . 

B. Benzophenanthridine s 

Takao et al. (1983) es tabl ished callus t issues of Macleaya cordata from 
the s tem a n d the root a n d s tud ied the stereospecifity of the p a t h w a y for 
the b iosynthes is of chelerythr ine (4), s angu inar ine (2), chel i rubine (3), 
a n d macarp ine (11) from te t rahydroberber ine precursors . P redomi 
nant ly , (—)-S enan t iomers a n d c/s-N-methyl der ivat ives of the te t rahy
dropro toberber ines could be stereospecifically metabol ized to the ben-
z o p h e n a n t h r i d i n e skeleton. The incorpora t ion exper iments def ined the 
following biosynthet ic p a t h w a y : (—)-(S)-7,8,13,13fl-tetrahydroberberine 
(56) -> (-)-cfs-N-methyl-7,8,13,13a-tetrahydroberberinium salt (57) -> 
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( 5 0 ) R = M e 
(51 )R=OH 

( 51 ) — * ( 52 ) 

S c h e m e 2. Biotransformation of the 13-Methyltetrahydroprotoberberines (47 and 48) and 
the 13-hydroxytetrahydroprotoberberines (49 and 55). (From Iwasa et al, 1984). 

al locryptopine (13) —> chelery thr ine (4) 4- ( - ) - r i s -N-methyl-7 , 8, 13, 
13fl-tetrahydrocoptisinium (58) —» p ro top ine (12) —> sangu ina r ine (2) —> 
chel i rubine (3) —> maca rp ine (11). Admin i s t ra t ion of (-)-(S)-7,8,13, 
13fl-tetrahydroberberine (56) led to incorpora t ion into berber ine (16), 
w h e r e a s (+)-(R)-7,8,13,13a-tetrahydroberberine (59) yie lded only de -
hydroberbe r ine (60) a n d berber ine (16). C o m p o u n d 60 probably is the 
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<11> <3) (2 ) R 1 +R 2= C H 2 
(4) R 1; R 2= M e 

S c h e m e 3 . Biosynthetic sequence for the alkaloids of Macleaya cor data as obtained by 
incorporation experiments (*: indicates the result obtained by the use of intact plants). 
(From Takao et a/., 1983.) 

in te rmedia te b e t w e e n te t rahydroberber ine (59) a n d berber ine (16). The 
convers ion s h o w n in Scheme 3 also takes place in the pa ren t p lant . 
The s tudies w i th intact p lan t mater ial w o u l d no t h a v e a l lowed de te rmin
at ion of such a comple te b iosynthes is sequence . Var ious in te rmedia tes 
we re isolated a n d , in s o m e cases, s t ructural ly e lucidated for the first 
t ime. 

C. Protoberberine s 

The b iosynthet ic sequence for berber ine , s tar t ing w i t h (S)-reticuline, is 
s h o w n in t he Scheme 4. The enzymology of (S)-reticuline formation is 
k n o w n in detail (Zenk et al., 1985). Four addi t ional e n z y m e s are in
volved in t he b iosynthes is of berber ine , s tar t ing from (S)-reticuline. En
z y m e 1 is specific for the subs t ra tes w i th S configurat ion a n d no t for 
those w i th R configurat ion. Ne i ther (S)- no r (JR)-reticuline N-oxide w a s 
t rans formed b y t h e c rude or b y t h e h o m o g e n e o u s e n z y m e . T h e e n z y m e 
activity w a s convenient ly mon i to red u s ing N-CT3-(S)-reticuline as sub 
strate a n d following the release of t r i t ium in the a q u e o u s p h a s e of t h e 
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Berberine J a t r o r r h i z i n e Palmatine 
S c h e m e 4. The biosynthetic pathway to protoberberine alkaloids by Berberis callus cultures 
(Rueffer and Zenk, 1986). 

incuba t ion mixture ; exactly one- th i rd of the radioactivity con ta ined in 
the N-methy l g r o u p w a s lost d u r i n g the cyclization of (S)-reticuline to 
the t e t rahydropro toberber ine molecule (Steffens et al., 1984). A cell-free 
sys tem of Macleaya microcarpa cell cu l tures w a s previous ly s h o w n to 
catalyze t he convers ion of (S)-reticuline (35) to (S)-scoulerine (31), a n d 
the e n z y m e involved w a s n a m e d the berber ine br idge e n z y m e (Rink a n d 
Bohm, 1975). 

E n z y m e 2, (S)-scoulerine 9-O-methyltransferase, is a h ighly s tereo-
a n d regiospecific metyl t ransferase (SAM). A variety of closely re la ted 
t e t r ahydropro toberbe r ines w e r e tes ted , a n d n o n e of the natural ly occur
ring subs t ra tes se rved as me thy l -g roup acceptor except (S)-scoulerine. 
The R ena t iomers of scouler ine a n d dehydroscou le r ine w e r e no t u s e d in 
t he e n z y m e react ion. It h a s b e e n unequivocal ly es tabl ished tha t only o n e 
of t he hydroxyl g r o u p s of (S)-scoulerine, namely , the one at posi t ion 9, 
is me thy la t ed , t he p roduc t be ing (S)- te t rahydrocolumbamine. In the 
course of b iosynthes i s of berber ine- type alkaloids, (S)-scoulerine is ex
pec ted to u n d e r g o var ious methy la t ion s teps as well as the oxidat ion of 
ring C (Muemmle r et al., 1985). 

E n z y m e 3 catalyzes t he d e h y d r o g e n a t i o n of the te t rahydropro tober 
ber ine molecule at carbon 14 a n d n i t rogen 7, a n d the 7,14-dehydrober-
be r in ium in te rmedia te a romat izes further in ring C to yield the protober
ber ine molecule , giving rise to the last in te rmedia te co lumbamine . 
E n z y m e 3 catalyzes the dehyrogena t ion of m o r e t han 20 different 
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t e rahydroberber ines to the co r re spond ing pro toberber ine alkaloids. The 
e n z y m e is absolutely specific for subs t ra tes w i th S configuration. The 
e n z y m e w a s found to occur in a n u m b e r of p lan t cell cul tures , especially 
in those s t rains of Berberis tha t p r o d u c e considerable a m o u n t s of p ro -
toberber ines ( A m a n n et al., 1984). 

E n z y m e 4 catalyzes the formation of the methy lened ioxy g r o u p in the 
A ring of the pro toberber ine molecule from co lumbamine , the immed i 
ate p recursor of berber ine . The e n z y m e w a s assayed for its catalytic 
activity by u s i n g 3 -0 -CT 3-co lumbamine as subs t ra te . The e n z y m e reac
t ion w a s followed by moni to r ing the release of t r i t ium into the a q u e o u s 
p h a s e of t he incubat ion mixture . Exactly one- th i rd of the radioactivity of 
the 3-O-methyl g r o u p w a s lost d u r i n g the t ransformat ion of colum
b a m i n e to berber ine (Rueffer a n d Zenk , 1985). 

E n z y m e 5 specifically t ransfers the me thy l g r o u p from (S)-adenosyl-L-
meth ion ine to the 2 -OH posi t ion of co lumbamine , p roduc ing pa lmat ine . 
E n z y m e 5 in Berberis cell a n d callus cul tures specifically transfers the 
me thy l g r o u p of SAM exclusively to the qua te rna ry acceptor colum
b a m i n e to yield pa lmat ine , a d e a d - e n d metabol i te in the pro toberber ine 
p a t h w a y d u e to the methy la t ion of all its functional hydroxyl g r o u p s 
(Rueffer et al., 1986). The e n z y m e acts only on the qua te rna ry alkaloid as 
subs t ra te , no t o n its t e t r ahydro derivat ive. 

Te t r ahydroco lumbamine does no t res ide at a triple b ranch po in t lead
ing to t e t rahydroberber ine a n d t e t rahydropa lmat ine , as ha s b e e n p re 
viously sugges t ed (Beecher a n d Kelleher, 1983). Therefore, t he p re 
viously observed methy la t ion of t e t r ahydroco lumbamine in Berberis 
aggregata m u s t be incorrect (Rueffer a n d Zenk , 1986). Jatrorrhizine, 
w h i c h conta ins a n u n u s u a l 2-O-methylat ion pa t te rn , ha s one of th ree 
possibilities: (a) demethy la t ion of pa lmat ine , (b) a r e o p e n i n g of the 
me thy lened ioxy g r o u p of berber ine , a n d (c) p recursor of reticuline 
ra the r t h a n p r o t o s h i n o m e n i n e , wh ich a l ready possesses the me thy l 
g r o u p of t he A r ing in the correct posi t ion. Beecher a n d Kelleher (1983) 
p r o v e d tha t berber ine is a b iosynthet ic p recursor of ja t rorrhizine by 
us ing chemically syn thes ized [9- 1 4C]berber ine a n d callus cul tures of B. 
aggregata. They also p r o p o s e d the m e c h a n i s m s h o w n in Scheme 5 for the 
one-s ide o p e n i n g of the methy lened ioxy g r o u p . Hydr ide attack at t h e 
me thy lened ioxy carbon of berber ine p r o m o t e s an electron shift to t he 
qua te rna ry n i t rogen to give the stable qu inone - t e r t i a ry amine . This t h e n 
picks u p a p r o t o n a n d u n d e r g o e s a reversal of the electron flow to give 
the qua te rna ry salt of ja t rorrhiz ine. These resul ts w e r e confirmed en-
zymatical ly ( enzyme 6) by Rueffer et al. (1983). A minor rou te can be 
env isaged t h r o u g h (S)-protos inomenine, wh ich a l ready carries the 
m e t h o x y g r o u p in the correct 7 posi t ion. 
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OMe 
Me 

Berberine 

Me 
Η 

Me 
Me 

Jatrorrhizine 
Scheme 5. Postulated mechani sm for the biosynthetic convers ion of berberine to jatror
rhizine. (From Beecher and Kelleher, 1983.) 

A. Thalictrum  minus 

Cells of Thalictrum minus p r o d u c e d large a m o u n t s of berber ine in static 
cu l ture , e v e n w i t h o u t selection (Ikuta a n d I tokawa, 1982a). Cu l tu red 
cells s h o w e d a level tha t w a s abou t 350 t imes h igher t h a n tha t in the 
original p lan t . Cell s u s p e n s i o n cul tures of the callus p r o d u c e d u p to 0.8 
g berber ine pe r liter of m e d i u m a n d re leased mos t of it into the l iquid 
m e d i u m ; a considerable a m o u n t of berber ine crystallized as t he ni t ra te 
or chlor ide , d e p e n d i n g o n the k ind of major an ion p re sen t in the med i 
u m . This is t h e first observat ion tha t alkaloids accumula te as crystals in 
the cul ture m e d i u m of p lan t cells (Nakagawa et al., 1984). 

B. Coptis japonica 

H i g h be rbe r ine -p roduc ing cell l ines w e r e es tabl ished by repea ted 
c loning a n d selection (Yamamoto et al, 1981). Fukui et al. (1982) r epor t ed 

V. ACCUMULATION OF PROTOBERBERINE 
ALKALOIDS 
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tha t berber ine product iv i ty w a s stable d u r i n g 3 years of con t inuous sub-
cult ivation a n d reached a maximal alkaloid conten t of 1.67 g pe r liter of 
m e d i u m (11.4% dry weight ) in one cul ture per iod (21 days) . Sato a n d 
Yamada (1984) es tabl ished a h igh berber ine-produc ing cul ture of Coptis 
cells, a n d the h ighes t product iv i ty of one selected cell line s h o w e d 13.2% 
(dry weight ) a n d 1.39 g pe r liter of m e d i u m over 21 days . Mor imoto et al. 
(1986) d e m o n s t r a t e d tha t gibberellic acid (GA 3) t r ea tmen t s h o w e d a re
markab le change of incorporat ion of n i t rogen a n d sucrose in to Coptis 
cells a n d e n h a n c e d berber ine p roduc t ion to 15.7% (dry weight) w i th 
G A 3 (10 ~ 6 M) wi th in 14 days on modified L insmaie r -Skoog (LS) med i 
u m ( C u S 0 4, 1 μΜ) s u p p l e m e n t e d wi th 1 0 ~ 5 Μ N A A a n d 1 0 ~ 8 Μ 6-
benzy laden ine (BA). 

It takes m o r e t h a n 5 to 6 years u n d e r cultivation to harves t one small 
r h i zome we igh ing abou t 1-2 g (dry weight ) , a n d the conten t of ber
ber ine is abou t 8% dry we igh t (—160 m g pe r rh izome) . The berber ine 
ob ta ined from callus of 1 liter of m e d i u m in one cul ture per iod (14-21 
days) is approximate ly equal to the value of one original rh izome culti-

16 20 d a y s 

Fig. 5. The kinetics of alkaloid accumulation during the growth cycle and the yield in dry 
we ight at P 0 2 = 50% in the culture broth. (From Breuling et al, 1985.) 
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va t ed d u r i n g 5 to 6 years . The n e e d for t he p roduc t ion of berber ine from 
callus cu l tures is t h u s obvious a n d impor tan t . 

C. Berberis  Specie s 

Suspens ion cul ture cells of Berberis stolonifera p r o d u c e d o n e major a n d 
th ree m i n o r p ro toberber ine alkaloids. The major c o m p o u n d w a s ident i 
fied as ja t rorrhiz ine , a n d the mino r ones as berber ine , co lumbamine , 
a n d pa lma t ine . T h e m a x i m u m a m o u n t of alkaloid p roduc t ion w a s 10% 
(dry we igh t ) , a n d 1.7 g pe r liter of m e d i u m wi th in 14 days in cul ture . 
Ja t rorrhiz ine is t he major alkaloid of Berberis cell cul tures (Hinz a n d 
Zenk , 1981). Suspens ion cul tures of B. wilsonae p r o d u c e d berber ine , 
pa lma t ine , co lumbamine , a n d ja t rorrhiz ine (Breuling et al., 1985); their 
format ion d e p e n d e d o n the concent ra t ion of dissolved oxygen a n d o n 
the aera t ion ra te (pa lmat ine w a s less affected). Figure 5 s h o w s the kinet
ics of accumula t ion of the four alkaloids d u r i n g the g r o w t h cycle. Ber
be r ine accumula ted at a very early s tage a n d decreased , w h e r e a s jatror
rh iz ine a n d co lumbamine accumula ted . M a x i m u m jatrorrhizine accum
ula t ion (10% d r y weight ) w a s obse rved o n d a y 15. The resul ts sugges t ed 
t he in te rmedia te function of berber ine in co lumbamine a n d ja t rorrhizin 
b iosyn thes i s (Beecher a n d Kelleher, 1983; Rueffer a n d Zenk , 1986). 

VI. IMMOBILIZED CELLS 

Immobi l ized microbial cell sys t ems h a v e rapidly b e e n deve loped . The 
super ior i ty of immobi l ized cells over free cells w a s d e m o n s t r a t e d by 
Brodel ius a n d Mosbach (1982). These sys tems , therefore, h a v e b e e n 
app l ied to t h e indust r ia l p roduc t ion of useful c o m p o u n d s , such as food 
a n d pharmaceu t ica l s . Fu ruya et al. (1984) r epor t ed tha t calcium alginate 
w a s super io r to o the r e n t r a p p i n g mater ia ls for a variety of p lan t cells. 

Papaver somniferum cells w e r e immobi l ized in calcium alginate, w h e r e 
they con t i nued to live for 6 m o n t h s . The immobil ized cells conver ted 
code inone to code ine (70% yield), a n d 88% of the codeine conver ted w a s 
excreted in to the m e d i u m . 

Immobi l ized cells of Coptis japonica p r o d u c e d berber ine a n d mino r 
p ro toberber ine alkaloids a n d excreted t h e m into the m e d i u m over a 
pe r iod of 60 d a y s (Yoshikawa et al, 1985). The immobil izat ion of p lan t 
cells s e e m s to s h o w potent ia l for the p roduc t ion of na tura l c o m p o u n d s . 
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VII. REDIFFERENTIATED PLANTLETS 
AND ALKALOIDS 

A. Macleaya  cordata 

Both m o r p h o l o g y a n d alkaloid pa t t e rn of redifferentiated plant le ts 
a n d original p lan t s w e r e found to be a lmost the same in Macleya cordata. 
Norsangu ina r ine w a s the ma in alkaloid in the callus t issues, bu t only a 
trace w a s p re sen t in plant le ts . O n the o ther h a n d , the b e n z o p h e -
nan th r id ine - type alkaloid chelerythr ine (4) w a s no t found in the callus 
t i ssues b u t occurred in the redifferentiated plant le ts a n d original p lan ts . 
The a m o u n t of p ro top ine a n d al locryptopine (13) in the callus t issues 
w a s lower t h a n tha t in the redifferentiated plant le ts (Ikuta et al., 1974) 
(Table IV). 

B. Corydalis pallida 

Plantlets r egenera ted from callus t issues of Corydalis pallida we re ob
served to conta in all alkaloids tha t w e r e p resen t in the callus. Nor
sangu ina r ine w a s main ly found in the callus t issues cul tured o n a 
m e d i u m conta in ing 2,4-D, a n d also in trace a m o u n t s in bo th the plant le ts 
a n d original p lan t s . 

Fu r the rmore , the pro toberber ine- type alkaloids capaur id ine (61) a n d 
capaur imine (62), w h i c h w e r e isolated from Corydalis pallida, w e r e de 
tected in the plant le ts b u t no t in callus t issues; capaur imine w a s p re sen t 
in a small a m o u n t in callus t issues only, no t in plant le ts . Both alkaloids 
w e r e absen t from the callus t issues cul tured on a m e d i u m conta in ing 
2,4-D (Table IV) (Ikuta et al, 1974). 

C. Papaver  bracteatum 

Buds w e r e init iated in 3-year-old callus subcul tured o n MS m e d i u m 
conta in ing IAA (1 mg/l i ter) , kinet in (0.1 mg/l i ter) , a n d coconut milk 
(CM) (7%). The b u d s d id no t deve lop further t h a n 1 to 1.5 cm in he igh t 
a n d d id no t form shoots a n d roots . Buds wi th callus on m e d i u m contain
ing IAA u n d e r light a n d the callus subcul tu red on m e d i u m conta in ing 
IAA in the dark , as well as callus t i ssues subcul tured on m e d i u m con
ta in ing 2,4-D, h a d similar pa t t e rns of alkaloids (Table IV). The b u d s wi th 
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Table IV 

Alkaloids of Callus and Redifferentiated Plantlets* 

fi .S c 
bO bp 

Alkaloid 

Plant 
ο X 

2 Ο 

3 

c 

73 

c •c 
.S 
bO c 
(β 

en U U 

0> 
C 

ο 
b g § § Total alkaloids 
ο M> S. S. (g) percentage 
< S (J U fr.wt. 

Macleaya cordata 
Callus + + + + + - + + - - - 0.009 
Redifferentiated plantlet ± - ± + + + + + + + - - - 0.50 
Original plant ± - ± + + + + + + + - - - 0.61 

Corydalis pallida 
Callus + + + + - - + + + - _ o.Ol 
Redifferentiated plantlet ± - ± + - - + + + + + + + 0.17 

Papaver bracteatum 
Callus (dark) + + + + - - + + + - - 0.028 
Callus (light) + - + + - - + + + - - 0.024 

a From Ikuta et al. (1974). 

callus subcu l tu red o n m e d i u m conta in ing IAA h a d h igher alkaloid levels 
t h a n callus subcu l tu red on m e d i u m conta in ing 2,4-D (Ikuta et al., 1974). 

K u t c h a n et al. (1983) r epo r t ed tha t cu l tured Papaver bracteatum cells 
from seedl ings accumula te large a m o u n t s of d o p a m i n e (0 .1-4 m g pe r 
g r a m fresh we igh t ) , a n d small a m o u n t s of theba ine (0 -6 μg per g r am 
fresh weight ) a n d sangu ina r ine (10-50 μg pe r g r am fresh weigh t ) . In 
static cu l tures , theba ine w a s de tec ted in small a m o u n t s , mainly in 
shoo t s a n d mer i s t emoids g r o w n in t he p resence of 5 mg/l i ter BA or 2 
mg/ l i te r indolylbutyr ic acid (IBA) a n d 2 mg/ l i ter BA. The transfer of cells 
to med i a w i t h o u t 2,4-D, BA, or IBA induced p lan t regenera t ion , a n d 
theba ine accumula t ion w a s e n h a n c e d considerably in shoots a n d mer-
i s temoides . Moreover , w h e n static cul tures w e r e t ransferred to hor
mone-f ree cell s u s p e n s i o n m e d i u m , t i m e - d e p e n d e n t change in d o p 
a m i n e con ten t a n d elevat ion of theba ine con ten t occurred. A direct 
correlat ion b e t w e e n theba ine con ten t a n d the extent of o rganogenes i s 
w a s obse rved . 



Table V 

Alkaloid Content of Callus Tissues and Rhizome of the Original and Regenerated Coptis Plant* 

Alkaloid 

Culture 
periods 
(weeks) Tissue 

Growth regulators 
in culture m e d i u m (μ-g/g fr. 

Berberine 

wt) ^ g / g d. wt) 

Jatrorrhizine 

^ g / g fr. wt) ^ g / g d. wt) 
Growth*7 

(mg fr. wt/flask) 

6 Callus N o n e 432 456 — 250 
6 Callus 2,4-D(1 mg/1 ) 584 — 912 — 375 
3 Callus 2,4-D(1 mg/1 ) + ki- 425 — 434 — 325 

6 Callus netin(0.1 mg/1 ) 774 9.0 816 10.0 500 
Rhizome of the re — 42.6 — 19.9 — 

generated p lant c 

Rhizome of the orig — 50.4 — 11.5 — 
inal plant 

a From Ikuta et al. (1975). 
b Initial fr. wt of callus tissues per flask was 160 mg. 
c Alkaloid content was estimated 5 years after the regeneration from callus cultures. 
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D. Coptis japonica 

Friable yel low callus der ived from the petiole of Coptis japonica p lan t s 
w a s subcu l tu red on MS m e d i u m conta in ing 1 mg/l i ter 2,4-D a n d 0.1 
mg/ l i te r k inet in . All t he ma in alkaloids in the rh i zome of this p lan t we re 
found to be p r e sen t in callus cul tures ; berber ine a n d jatrorrhizine w e r e 
t he m a i n alkaloids. The res torat ion of the parenta l alkaloid con ten t w a s 
obse rved in the rh i zome of p l an t s r egenera ted from callus cul tures 
(Table V). The resul ts indicate tha t plant le ts r egenera ted from callus 
cul tures w e r e no rma l in bo th m o r p h o l o g y a n d biosythet ic activity (Ikuta 
et al, 1974). 

VIII. CONCLUSIONS 

Several p rev ious a t t empt s h a v e b e e n m a d e to p roduce useful medici
nal alkaloids by cell cul ture . Some callus t issues have , i ndeed , p r o d u c e d 
m a n y k i n d s of i soquinol ine alkaloids, part icularly callus t i ssues of Pa-
paver somniferum, Thalictrum minus, Coptis japonica, a n d Fumaria ca-
preolata. These resul ts s h o w tha t callus t issues h a v e sufficient b iosyn
thetic ability, a n d the p roduc t ion of berber ine from callus cul tures s eems 
to carry h o p e s of success . O n the o ther h a n d , t issue cul tures of Corydalis 
species h a v e p r o d u c e d the n e w c o m p o u n d 5 3  by w a y of a biotransfor
ma t ion exper iment . This fact sugges ted tha t it is possible to p r o d u c e 
n e w useful c o m p o u n d s from p lan t t issue cul tures us ing the biotransfor
ma t ion of special subs t ra tes . Moreover , as m a n y resul ts of p lan t chem
istry m a y e n h a n c e t he d e v e l o p m e n t of p lan t chemotaxonomy, so t he 
resul t s of ana lyses of secondary p roduc t formation wi th callus t i ssues 
m a y h e l p to d is t inguish one g r o u p of original p lan ts from ano the r . 
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I. INTRODUCTION 

The o p i u m p o p p y , Papaver somniferum, is one of m a n ' s oldest culti
va ted p lan t s , its cult ivation p reda t ing recorded his tory (De Candol le , 
1886). The the rapeu t ic u s e of p o p p y capsule latex w a s recorded by The-
o p h r a s t u s in t he th i rd cen tu ry B.C. (Hort , 1916), a n d Dioscorides in 
A . D . 77 d i scussed the curat ive proper t ies of the o p i u m p o p p y a n d de 
scribed the different u s e s for b o t h latex a n d extracts of w h o le p lan t s 
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(Gun the r , 1959). Today the cons t i tuents of the o p i u m p o p p y still have a 
role in m o d e r n medic ine for the t r ea tmen t of severe a n d modera t e pa in , 
coughs , a n d d ia r rhea . 

O p i u m is t he dr ied cy toplasm of a specialized in ternal secretory sys
t em, t he laticifer. W h e n the u n r i p e capsule is cut, cream-colored latex 
oozes to the surface, w h e r e it dr ies to form a dark b r o w n sticky mater ial 
t ha t is ha rves t ed as r a w o p i u m . More t h a n 40 alkaloids have b e e n ident i 
fied in P. somniferum (Bentley, 1971; Santavy, 1970), at least 25 of wh ich 
occur in the latex (Osol a n d Pratt , 1973). Howeve r , of p r ime impor tance 
from a medicinal v i ewpoin t are t he benzyl isoquinol ines , papaver ine a n d 
noscap ine (narcotine), a n d the p h e n a n t h r e n e s (morph inans ) , codeine 
a n d m o r p h i n e . 

The opia tes are indust r ia l commodi t ies of p lan t origin for w h i c h there 
is still considerable d e m a n d . The 1986 d e m a n d for legal o p i u m is esti
m a t e d to be in excess of 1,000,000 kg ( A n o n y m o u s , 1985). The require
m e n t s for t he isolated alkaloids are 663,462 kg for codeine a n d 197,862 
kg for m o r p h i n e . At this t ime, suppl ies from the legal cultivation of the 
o p i u m p o p p y are adequa t e , a l t hough legal p roduc t ion a n d expor ta t ion 
h a s b e e n l imited since 1953 by the Uni ted Na t ions O p i u m Conference 
Protocol. The wor ld r equ i r emen t s a n d the l imited availability of codeine 
pe r se from the p o p p y p lan t h a s m a d e codeine p roduc t ion by stable cell 
cul tures of the g e n u s Papaver a n obvious target for exploitation. Papaver 
species p r o d u c e a w i d e range of isoquinol ines , somet imes wi th very 
h igh yie lds , a n d wi th in t he individual species there is considerable intra-
specific variat ion in alkaloid conten t (Phillipson, 1983). The major p ro 
duce r s of the m o r p h i n a n s are P. somniferum L. a n d P. bracteatum Lindl . , 
b u t this g r o u p of alkaloids h a s also b e e n repor t ed in low yield from P. 
fugax L., P . setigerum D .C . , P. orientale L., a n d P. rhoeas L. (Phill ipson, 
1983), a n d from he rba r ium material of P . acrochaetum Borm., P. cau-
casicum Bieb., P. cylindricum Cul len, P. gracile Boiss., a n d P. persicum 
Lind. (Wieczorek et al., 1986). 

The indust r ia l p roduc t ion of opiates from t issue cul ture is d e p e n d e n t 
o n the large accumula t ion of alkaloids in cells or cul ture m e d i u m . While 
the re are s o m e major successes in p lan t cell cul ture in t e rms of cells w i th 
h igh yields of i soquinol ines , t he mos t impor t an t m e m b e r s of this g r o u p , 
from a commercial a n d pharmaceut ica l v iewpoin t , the m o r p h i n a n s , 
h a v e p r o v e d difficult to p roduce in p lan t cell cul tures . 

Mos t cu l tu red Papaver cells, ei ther as callus or cell suspens ions , readily 
p r o d u c e sangu ina r ine , d ihydrosangu ina r ine , nor sangu ina r ine , a n d oxy
sangu ina r ine (Ikuta et al., 1974; Kozovkina a n d Rabinovich, 1981; 
Ku tchan et al., 1985). Isolations of magnoflor ine (Ikuta et al., 1974), styl-
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op ine (Kamimura et al., 1976), c ryp top ine (Furuya et al., 1972; A n d e r s o n 
et al., 1983), chel i rubine (Ikuta et al., 1974), noscap ine (Khanna a n d 
Sha rma , 1977), p ro top ine (Forche a n d Frautz , 1981), or iental idine, a n d 
i so theba ine (Lockwood, 1981) h a v e also b e e n repor t ed (Fig. 1 a n d Table 
I). N u m e r o u s repor t s of the p roduc t ion of m o r p h i n a n s , theba ine , co-

(11) I so theba ine (12) magnoflorine 

Fig. 1. N o n m o r p h i n a n alkaloids from Papaver species . 



Table I 

Alkaloids0 of Papaver Cell Cultures 

Benzophenanthridines Protopines Aporphines Morphinan 

1 2 3 4 5 6 7 8 9 11 12 isoquinol ine (10) 13 14 15 

P. sotnniferum + — + + + + _ + + + _ + + + 
P. setigerum - - + + + + - + - + - - - -
P. bracteatum - + + + + + + + - + - + - -
P. orientale - - + + + + - - - - - - - -
P. rhoeas - - + + + + - - - - + + - + 
P. nudicule - - + - - - - + - - - - - -

a See Fig. 1 for structures. 



thebaine codeinone codeine ( R = Me) 
morphine ( R = Η ) 

Fig. 2. Morphinan alkaloids and precursors. 

de ine , a n d m o r p h i n e (Fig. 2), from cell cul tures of P. somniferum a n d P. 
bracteatum occur in t he l i terature, a l t hough yields are low c o m p a r e d wi th 
the h igh yields of p lan t s . Research sugges ts tha t cul ture condi t ions can 
be m a n i p u l a t e d to p r o m o t e m o r p h i n a n alkaloid p roduc t ion (Constabel , 
1985). 
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II. FACTORS THAT PROMOTE THE PRODUCTION 
OF MORPHINAN ALKALOIDS 

IN TISSUE CULTURE 

A. Occurrence 

Alkaloids w e r e first r epor ted from extracts of P. somniferum callus 
cul tures by R a n g a n a t h a n et al. (1963) b u t w i thou t precise chemical iden
tification. Since t h e n the n u m e r o u s repor t s on the p roduc t ion of mor
p h i n a n s in t issue cul tures of Papaver have s h o w n the occurrence of these 
alkaloids, in significant a m o u n t s , to be a rare p h e n o m e n o n . 

The availability of r ad io immunoas say a n d o ther improved analytical 
sys tems may , in par t , explain the surge in repor t s of the accumula t ion of 
m o r p h i n a n alkaloids tha t ha s occurred since 1980. To da te , the mos t 
p romis ing resul ts have b e e n obta ined wi th some cell cul tures deve loped 
from P. bracteatum, wh ich p roduces theba ine , a n d P. somniferum, wh ich 
h a s b e e n s h o w n to p r o d u c e theba ine , codeine , a n d m o r p h i n e . H o w e v 
er, close inspect ion of recent analyses s h o w concent ra t ions of mor
p h i n a n s in cell cul tures tha t d o no t exceed tha t of leaf t issue (0.14% dry 
weight ) a n d tha t are m u c h lower t h a n levels of alkaloid normal ly found 
in the dr ied latex (opium) (—20% dry weigh t ) . 

B. Geneti c Factors 

Material of P . bracteatum emp loyed in cell-culture work h a s usual ly 
or ig inated from cv. Arya II (Constabel , 1985), w h e r e a s P. somniferum 
material h a s general ly b e e n ill def ined given the large n u m b e r of 
cult ivars tha t occur. N y m a n a n d Hall (1976) s ta ted, "Very little of the 
inher i tance of the o p i u m alkaloids is k n o w n today, a l though varietal 
s tud ies o n this w e r e s tar ted 35 years a g o . " Since t h e n this Swed i sh 
g r o u p h a s descr ibed a n u m b e r of chemovarie t ies of P. somniferum a n d 
t h u s h a s cont r ibuted to the genetic control of some s teps of the biosyn
thetic p a t h w a y s a n d d o m i n a n c e re la t ionships of the m o r p h i n a n al
kaloids ( N y m a n , 1978, 1980; N y m a n a n d H a n s s o n , 1978). More recently 
the inher i tance of the five major alkaloids, m o r p h i n e , codeine , theba ine , 
noscap ine , a n d papave r ine , ha s b e e n s tud ied in the interspecific cross P. 
somniferum x P. setigerum; increases in codeine a n d thebaine we re found 
in different F x p lan t s , w h e r e a s in some F 2 p lan ts the conten t of all these 
alkaloids, except tha t of codeine , exceeded the conten t of the paren ta l 
a n d F 1 genera t ions . The absence of noscap ine w a s generally d o m i n a n t 



18. Isoquinolines (Papaver Alkaloids) 321 

over its p re sence (Khanna a n d Shukla , 1986). The mul t i t ude of gen
o types of P. somniferum a n d its hybr ids w o u l d sugges t tha t variat ion in 
r e s p o n s e to the in vitro cul ture condi t ions m a y be exploited to p roduce 
h igh-yie ld ing cell l ines for a part icular alkaloid or g r o u p of alkaloids. 
H o w e v e r , Cons tabel (1985) su rveyed 46 different samples of seeds ob
ta ined t h r o u g h the G e n e Resources Center , O t t awa , from several bo tan
ic g a r d e n s a n d failed to deve lop m o r p h i n e - p r o d u c i n g cell cul tures . De
v e l o p m e n t s in t he p roduc t ion of r ad io immunoas say (RIA) for the 
m o r p h i n a n alkaloids (Hodges a n d Rapopor t , 1982a; H s u et al., 1983a) 
h a v e great ly facilitated moni to r ing cell cul ture l ines. H o d g e s a n d 
Rapopor t (1982a) s h o w e d , t h r o u g h RIA, tha t m a n y of their cul tures of P. 
somniferum con ta ined m o r p h i n a n alkaloids. In contras t to the alkaloid 
d is t r ibut ion found in w h o l e p lan t s , five of the cul tures accumula ted a 
p r e d o m i n a n c e of codeine or theba ine . Since in P. bracteatum t he biosyn
thetic rou te to m o r p h i n e s tops at theba ine , w h e r e a s in P. lasiotrix t he 
breakoff po in t is sa lutar id ine (Sariyar a n d Phil l ipson, 1977), it s eems 
likely tha t there exists, or can be deve loped , p lan ts or cell cul tures w i th 
h igh code ine yields . S tudies o n these latter s tages in m o r p h i n a n alkaloid 
b iosynthes i s w i th the location a n d isolation of the e n z y m e s w o u l d seem 
of p r ime impor tance . Work in this area c o m m e n c e d in the 1970s (Roberts 
a n d A n t o u n , 1978; A n t o u n a n d Roberts , 1975), u s ing the w h o le p lant , 
a n d is be ing actively invest igated, u s ing cell cul tures , by Z e n k ' s g r o u p . 
The isolation a n d purification of m a n y of the e n z y m e s of the b iosynthe t 
ic p a t h w a y are n o w well d o c u m e n t e d (Zenk, 1985; Z e n k et al., 1985). It is 
expected tha t cur ren t w o r k o n the e n z y m e s of the biosynthet ic p a t h w a y 
will s t imulate research o n the inher i tance of the e n z y m e s requi red for 
the p roduc t ion of the m o r p h i n a n s . Wieczorek et al. (1986) have devel
o p e d RIA for s u b n a n o m o l e quant i t ies for six of the o p i u m alkaloids, (S)-
a n d (R)-reticuline, sa lutar id ine , theba ine , codeine , a n d m o r p h i n e . These 
assays w e r e u s e d to screen h e r b a r i u m material of 100 Papaver species 
a n d to ana lyze P. somniferum p lan t popu la t ions for b reed ing p u r p o s e s . 
This part icular g r o u p of RIAs shou ld p rove invaluable for deve lop ing 
cell cul ture l ines h igh in part icular m o r p h i n a n alkaloids. 

C. Effec t of Cultural Conditions and Plant 
Regeneratio n on Morphinan Production 

Plant cell cu l tures m a y be cons idered a useful m e a n s of s tudy ing cell 
differentiation a n d m o r p h o g e n e s i s by vary ing nutr i t ional factors, en
v i ronmen ta l condi t ions , a n d h o r m o n e reg imes . The p roduc t ion of sec-
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o n d a r y metabol i tes h a s b e e n associated wi th these factors; conse
quent ly , the concept h a s ar isen tha t the d e v e l o p m e n t of appropr ia te 
nutr i t ional a n d h o r m o n e reg imes w o u l d p r o m o t e the p roduc t ion of mor
p h i n a n s in the p lan t cell cul ture to levels similar to those observed in the 
w h o l e p lant . A n a t t emp t to evaluate the nu t r i en t media that h a v e b e e n 
u s e d h a s b e e n m a d e in Tables II t h r o u g h V. From the data available in 
the l i terature, n o one m e d i u m a n d h o r m o n e combinat ion w o u l d a p p e a r 
to gua ran t ee successful alkaloid produc t ion . 

Media after G a m b o r g et al. (1968) a n d Murash ige a n d Skoog (1962) are 
m o s t c o m m o n l y u s e d for Papaver cul tures a n d h a v e s u p p o r t e d suc
cessful alkaloid p roduc t ion . H igh levels of the h o r m o n e 2,4-di-
chlorophenoxyacet ic acid (2,4-D) ( > 1 m g l i t e r - 1) often p reven ted al
kaloid p roduc t ion , a l though Tarn et al. (1980) successfully isolated 
codeine from cul tures g r o w n on a m e d i u m h igh in 2,4-D. The presence 
of cytokinins , tha t is, benzy laden ine a n d kinet in, appea r s to be bene 
ficial for m o r p h i n a n alkaloid p roduc t ion a n d pe rmi t t ed codeine forma
tion, according to Staba et al. (1982) a n d H o d g e s a n d Rapopor t (1982a). 
Yoshikawa a n d Furuya (1985) have repor ted the p roduc t ion of codeine 
a n d theba ine in g reen callus w i th relatively h igh levels of kinet in or N-
phenyl-N' - (4-pyr idyl)urea . The addi t ion of tyrosine a n d ascorbic acid as 
med ia s u p p l e m e n t s w a s also found to p romote m o r p h i n a n accumula-

Table II 

Thebaine Accumulation in Papaver  bracteatum  Cell Cultures 

Thebaine Morphogenic Analytical 
(mg g - 1) response method*1 Reference 

0.060* Callus TLC, GC Kamimura et al. (1976) 
0.0013* 1-year-old strain, TLC Shafiee et al. (1976, 

and cv. Arya II 1978) 
cell suspens ion 

0.070* cv. Arya II callus TLC, Staba et al. (1982) 
wi th shoots (sev HPLC 
eral-year-old 
strain) 

0 .00087c cv. Arya II callus HPLC Kutchan et al. (1983) 
wi th shoots and 
meristemoids (2-
year-old strain) 

a GC, Gas chromatography; HPLC, high-pressure liquid chromatography; TLC, thin-layer chroma
tography. 

b Dry-weight value. 
c Fresh-weight value. 
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Media Used for Papaver  bracteatum  Cell Cultures 

Thebaine M e d i u m 0 
Auxin*7 

(mg l i t e r - 1) 
Cytokin in c 

(mg l i t e r - 1) Supplement^ Reference 

+ MS 2,4-D (1.0) KIN (0.1) Kamimura et al. (1976) 
KIN (1.0) CM (10%) 

+ RT 2,4-D (0.1) Shafiee et al. (1976) 
+ MS IBA (1.0) BA (3.0) Staba et al. (1982) 
+ RT Zito and Staba (1982) 
+ RT IAA Zito and Staba (1982) 
+ MS BA (5.0) Kutchan et al. (1983) 
— MS 2,4-D (2.0) Kutchan et al. (1983) 

a MS, Murashige and Skoog (1962); RT, Vincent et al. (1977). 
* 2,4-D, 2,4-dichlorophenoxyacetic acid, IAA, indolyl-3-acetic acid; IBA, indolebutyric acid. 
c Β A, 6-benzyladenine; KIN, kinetin. 
d CM, coconut milk. 

t ion (Kamimura et al., 1976; K h a n n a et al., 1978; H s u , 1981), as have low 
levels of the inhibi tors of pro te in formation, such as cycloheximide, 
pu romyc in , a n d act inomycin (Hsu, 1981). A l though alkaloid p recursor 
s u p p l e m e n t h a s b e e n u s e d successfully to e n h a n c e the p roduc t ion of 
o the r alkaloids (Krueger a n d Carew, 1978; A n d e r s o n et al., 1986; D e u s 
a n d Zenk , 1982), confirmation of the effect of precursor feeding wi th 
Papaver cell cul tures is lacking. There is evidence to sugges t tha t med ia 
w i t h o u t h o r m o n e s , whi le p r o m o t i n g cell differentiation, have also b e e n 
successful in suppo r t i ng m o r p h i n a n alkaloid p roduc t ion . These obser
va t ions h a v e led to the sugges t ion tha t alkaloid p roduc t ion m a y be close
ly d e p e n d e n t o n cell differentiation. The transfer of P. somniferum callus 
to solid or l iquid med ia w i t h o u t h o r m o n e s led to the formation of em
bryo ids tha t physically resembled no rma l seed embryos , tha t is, w e r e 
character ized by t w o s tubby coty ledons a n d a shor t , thick h y p o c o t y l -
root axis (Nessler a n d Mahlberg , 1979). Unlike seed embryos , howeve r , 
t he cell-culture embryo ids w e r e found to accumula te theba ine (0.2% d ry 
weigh t ) . A t the s a m e t ime a correlat ion w a s found b e t w e e n mer i s temoid 
d e v e l o p m e n t a n d h igh lipid con ten t (Schuchmann a n d Wel lmann , 1983; 
Yoshikawa a n d Furuya , 1985). A t ime-course s t udy on the induc t ion a n d 
ma tu ra t ion of somatic embryos confirmed the onse t of theba ine p r o d u c 
t ion, w h i c h w a s deve lopmenta l ly regula ted by g radua l removal of auxin 
from the cul ture m e d i u m (Galewsky a n d Nessler , 1986). U n d e r these 
condi t ions ne i the r m o r p h i n e n o r codeine w a s p r o d u c e d in detectable 
quant i ty . It a p p e a r s , therefore, tha t alkaloid synthes is in somatic em-

Table III 
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Analytical 
methods* 

Alkaloid" ( m g g - i ) u s ea i or 
alkaloid 

Thebaine Codeine Morphine Morphogenic response identification Reference 

+ + + Callus and 
suspens ions . 

TLC, IR Khanna and Khanna 
(1976) 

14.9C 3 .4 C 1 3 . 1 c Suspens ions with lati-
cifer cells 

Khanna et al. (1978) 

1.5" — Cell suspens ions (6- to 
12-month-old strain) 

TLC, GC Tarn et al. (1980) 

0.012* 0.034* 0.001* N e w callus HPLC, RIA H o d g e s and Rapo-
port (1982a) 

0 .0001 c 0 .004 c 

0 .033 c 
Callus HPLC, GC, 

MS 
Kamo et al. (1982) 

0 .013 c - Meristemoids 
+ + Callus and root struc

ture (several-year-
old strain) 

TLC, HPLC, 
GC, MS 

Staba et al. (1982) 

+ + + Cell suspens ions; 
shoot buds 

TLC, GC Yoshikawa and 
Furuya (1982) 

+ + Callus TLC, HPLC, 
GC, MS, 
NMR, UV, 
IR 

Hutin et al. (1983) 

2 .0 C + + Embryoids; regene
rated plantlets 

TLC, GC Schuchmann and 
Wel lmann (1983) 

0.18* Suspens ions (media 
only) 

TLC, GC, 
MS 

Lockwood (1984) 

+ + Green callus TLC, GC Yoshikawa and 
Furuya (1985) 

0 .015 c Embryoids TLC, HPLC, 
GC, MS 

Galewsky and N e s s -
ler (1986) 

a +, Alkaloid detected but not quantified; alkaloid not detected. 
b GC, gas chromatography; HPLC, high-pressure liquid chromatography, IR, infrared spectrography; MS, 

mass spectrometry; NMR, nuclear magnetic resonance spectroscopy; RIA, radioimmunoassay; TLC, thin-layer 
chromatography; UV, ultraviolet spectroscopy. 

c Dry-weight value. 
d Fresh-weight value. 

bryos requi res a specific level of differentiation. Fur ther , s p o n t a n e o u s 
loss of embryogen ic potent ia l in some cul ture l ines d i s rup ted alkaloid 
format ion (Galewsky a n d Nessler , 1986). A requ i remen t for specific 
types of t issue differentiation m a y partially explain the conflicting re
por t s in the l i terature of m o r p h i n a n alkaloid b iosynthes is in t issue 

Table IV 

Accumulation of Morphinan Alkaloids in Papaver  somniferum  Tissue Cultures 



Table V 

Media Used for Papaver somniferum Cell Cultures 

•phinan Auxin*7 Cytokin in c Supplement^ 
;aloids M e d i u m 0 (mg l i t e r - 1) (mg l i t e r - 1) (mg l i t e r - 1) Reference 

+ MS 2,4-D (0.1) Khanna and Khanna (1976) 
+ MS Tyr. (12.5-1000) Khanna et al. (1978) 
+ MS A A (500-1000) Khanna et al. (1978) 
- MI/MS N A A (0.2) KIN (0.1) CW (10%) Ness ler and Mahlberg (1979) 
- MS 2,4-D (0.1) ΖΕΑ (0.025) Morris and Fowler (1980) 
- MS 2,4-D (1.0) KIN (0.1) Morris and Fowler (1980) 
+ B5 2,4-D (1.0) KIN (0.1) CH (1 g) Tarn et al. (1980) 
+ MS 2,4-D (0.5) KIN (0.1) H s u (1981) 
+ MS 2,4-D (0.02) CM (10%) H s u (1981) 
+ MS 2,4-D (0.2) 2iP (0.03) H o d g e s and Rapoport (1982a) 
+ MS N A A (0.2) H o d g e s and Rapoport (1982a) 
+ MS KIN (0.03) H o d g e s and Rapoport (1982a) 
+ MS 2,4-D (0.1) KIN (0.1) Kamo et al. (1982) 
+ MS N A A (0.2) KIN (0.4) Kamo et al. (1982) 
- MS 2,4-D (2.0) KIN (0.25) Ness ler (1982) 
- MS N A A (2.0) KIN (0.25) Ness ler (1982) 
+ MS 2,4-D (1.0) Staba et al. (1982) 
+ MS 2,4-D (0.1) Staba et al. (1982) 
+ HE 2,4-D (0.1) KIN (1.0) Hut in et al. (1983) 
+ B5 2,4-D (2.0) Schuchmann and Wel lmann (1983) 
+ B5 Schuchmann and Wel lmann (1983) 
- MS 2,4-D (10.0) KIN (1.0) Lockwood (1984) 
- MS 2,4-D (10.0) KIN (0.1) A A (10 g) Lockwood (1984) 
+ MS 2,4-D (1.0) KIN (0.1) CW (10%) Yoshikawa and Furuya (1982, 1985) 
+ MS 2,4-D (0.25) Galewsky and Ness ler (1986) 
+ MS Galewsky and Ness ler (1986) 

a B5, Gamborg et al (1963); HE, Heller (Gautheret, 1959); MI, Miller (Gamborg et al, 1968); MS, Murashige and Skoog (1962). 
b 2,4-D, 2,4-dichlorophenoxyacetic acid; NAA, naphthaleneacetic acid. 
c 2iP, 2-isopentenyladenine; KIN, kinetin; ΖΕΑ, zeatin. 
d AA, ascorbic acid; CH, casein hydrolysate; CW, coconut water; Tyr., L-tyrosine. 
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cul ture . Papaver somniferum cell cul tures g r o w n on med ia des igned spe
cifically to p r o m o t e roots a n d shoots yie lded significant levels of the 
ba ine , code ine , a n d m o r p h i n e , whi le regenera ted plant le ts h a d alkaloid 
levels at least quant i ta t ively similar to those of normal ly g r o w n seed
l ings. I ndee d , the level of alkaloids, part icularly theba ine , w a s h igher 
t h a n in normal ly p r o d u c e d seedl ings of a similar deve lopmenta l s tage 
(Kamo et al., 1982; S c h u c h m a n n a n d Wel lmann , 1983; Yoshikawa a n d 
Furuya , 1985). A l t h o u g h in these part icular exper imen t s alkaloid levels 
w e r e c o m m e n s u r a t e w i th levels found at the appropr ia t e deve lopmenta l 
s tage of the no rma l p lant , they d o no t compare favorably o n a dry-
we igh t basis for the levels found in the m a t u r e p lant . In an ana logous 
si tuat ion, it h a s b e e n s h o w n in P. bracteatum (Day et al, 1986) tha t a large 
yield of theba ine can be p r o d u c e d in regenera ted p lan ts tha t h a v e b e e n 
der ived from the embryogen ic callus cul tures . 

D. Correlation of Morphinan Production 
with Laticifer Formation 

In P. somniferum a n d P. bracteatum the m o r p h i n a n alkaloids accumu
late in the latex, w h i c h is conta ined in structurally a n d physiologically 
special ized cells, t he laticifers. Roberts et al. (1983, a n d references there 
in) d e m o n s t r a t e d tha t bo th the 1000 g vacuoles a n d the s u p e r n a t a n t 
fraction of the latex are requi red for alkaloid b iosynthes is , a n d tha t a 
subpopu la t i on of d e n s e vacuoles of the 1000 g pellet functions as a 
s torage c o m p a r t m e n t for alkaloids. Because m o r p h i n e m a y const i tu te as 
m u c h as 10 to 20% of the latex, the alkaloid conten t of these vacuoles 
reaches very h igh levels. H o m e y e r a n d Roberts (1984) s h o w e d tha t 
[ 1 4C ] m o r p h i n e readily m o v e d across the vacuolar m e m b r a n e a n d w a s 
no t d isplaced from the vacuole in the shor t t e rm, a l though in the long 
t e rm s o m e tu rnove r of alkaloid in these vacuoles h a s b e e n observed 
(Fairbairn a n d Steele, 1981, a n d references therein) . The ability of these 
vacuoles to store the m o r p h i n a n alkaloids w i th o u t significant metabolic 
deg rada t ion de t e rmines the h igh levels of alkaloid tha t accumula te in 
these p lan t s , a n d this sugges t s tha t to obtain commercial ly viable levels 
of the m o r p h i n a n alkaloids in t issue cul ture , t he d e v e l o p m e n t of lati-
cifer-like cells, or some th ing equivalent , m a y be essential . 

The da ta g iven in Tables II t h r o u g h V sugges t tha t the appea rance of 
t racheids in cell cul tures m a y be of impor tance in identifying differentia
t ion tha t m a y lead to alkaloid accumula t ion . The extent to wh ich lati-
ciferous cells m a y be p re sen t in cell cul tures tha t p roduce m o r p h i n a n s is 
no t available for s o m e of the earlier work . Details on the d e v e l o p m e n t of 
laticifers a n d laticifer-like cells in y o u n g seedl ings a n d plant let re-
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gene ran t s is n o w well d o c u m e n t e d (Thureson-Klein, 1970; Ness ler a n d 
Mahlberg , 1977, 1979). A correlat ion in P. bracteatum seedl ings b e t w e e n 
the onse t of theba ine formation a n d the d e v e l o p m e n t of laticifers exists 
(Rush et al., 1985). The format ion of laticifers in cell cul tures of P. brac
teatum h a s b e e n d e m o n s t r a t e d (Kutchan et al., 1985, 1986). In this latter 
ins tance , theba ine w a s appa ren t ly found a lmost exclusively in the vac
uo les isolated from the laticiferous cells (Kutchan et al., 1985, 1986). 

Invest igat ion by Ness ler et al. (1985) h a s s h o w n the occurrence of 
latex-specific p ro te ins . Polyclonal ant ibodies p r e p a r e d against these ma
jor latex p ro te ins (MLPs) a n d secondari ly labeled wi th fluorescein iso-
th iocyanate indicated tha t MLPs are only found in p o p p y latex, specifi
cally in the latex cytosol, a n d no t t he alkaloid-containing vacuoles . 
Ness le r et al. (1985) specula ted tha t these MLPs m a y rep resen t s o m e of 
the e n z y m e s associated w i th alkaloid b iosynthes is a n d tha t are k n o w n 
to b e cytosolic e n z y m e s (Roberts et al., 1983, a n d references there in; 
Zenk , 1985). The d e v e l o p m e n t of the MLP ant ibodies shou ld m a k e the 
de tec t ion of laticifers in t issue cul ture easier, a n d shou ld the MLPs p rove 
to r ep re sen t certain key e n z y m e s of b iosynthes is , they will be a useful 
tool for p rob ing the sites of alkaloid synthes i s in bo th h igher p lan t s a n d 
in cell cu l ture . T w o membrane-assoc ia ted e n z y m e s of berber ine syn
thes is , berber ine br idge e n z y m e (BBE) a n d (S)- te t rahydroprotoberber ine 
oxidase (STOX), h a v e b e e n found exclusively in vesicles of d ic tyosomal 
origin w i t h a dens i ty of 1.14 g c m - 3, as s h o w n by direct enzymat ic assay 
as well a s Immunoelectrophoresis. F r e e z e - t h a w methods easily re leased 
b o t h e n z y m e s ( A m a n n et al., 1986). Because the STOX e n z y m e is m e m 
b r a n e b o u n d a n d is also k n o w n to conver t (S)-reticuline to 1,2-de-
hydrore t icu l ine (Zenk, 1985), it is in teres t ing to speculate o n the localiza
t ion of the e n z y m e tha t conver ts 1,2-dehydroreticuline to (R)-reticuline 
a n d the controversial e n z y m e tha t promotes t he convers ion of (R)-re-
ticuline to salutar idine (Hodges a n d Rapopor t , 1982b; Zenk , 1985; Fig. 
2). These e n z y m e s m a y also be b o u n d to the m e m b r a n e of a similarly 
special ized vesicle a n d hence m a y be responsib le for the difficulties tha t 
occur in obta in ing a n d main ta in ing cell cul tures rich in the morphinans. 

The w h o l e p rob l em of concur ren t cytodifferentiation a n d m o r p h i n a n 
alkaloid accumula t ion a p p e a r s further c o m p o u n d e d by the detect ion of 
cells tha t resemble the early s tages in laticifer formation, tha t is, cells rich 
in vesiculat ing endop la smic re t icu lum that , howeve r , d o no t accumula te 
alkaloids (Nessler a n d Mahlberg , 1977). In m a n y ins tances cell cu l tures 
are r epo r t ed to lose t he ability to p r o d u c e alkaloids wi th t ime (Hodges 
a n d Rapopor t , 1982a; K a m i m u r a et al., 1976; Kamimura a n d Nish ikawa , 
1976; Cons tabe l , 1985). O n e m a y ques t ion w h e t h e r this resul ts from 
repress ion or loss of t he e n z y m e s of synthes is , or t h r o u g h s t imulat ion of 
t he fur ther metabo l i sm of t he alkaloids formed. 
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E. Role of Stres s in Alkaloid Production 

It h a s b e e n sugges ted by Constabel (1985) tha t the occurrence of co
de ine r epor t ed by Tarn et al. (1980) m a y have b e e n the resul t of s t ress 
because a t t empt s to dupl icate the w o r k we re no t successful. While t he 
occurrence of codeine , as s h o w n in Table IV, m a y today be expla ined by 
a s s u m i n g an u n d e t e c t e d cytodifferentiation, it m a y also, or ins tead , re
late to a n unreg i s te red t empora ry stress . 

Stress h a s b e e n identified as a factor tha t m a y increase m o r p h i n a n 
produc t ion ; Lockwood (1984) repor ted exposure of cells to 5°C for a 
per iod of 3 days prior to harves t ing as beneficial to theba ine accumula
t ion. Tempera tu r e s tress is still a factor to be thorough ly evalua ted . 
O t h e r possibilities for p roduc ing stress certainly exist. Laughl in a n d 
M u n r o (1983) observed a 75% increase in m o r p h i n e concentra t ion of 
leaves a n d s t ems subsequen t to infection of p lan ts w i th Sclerotinia scle-
rotiorum. These observa t ions have p r o m p t e d further invest igat ions wi th 
cell cul tures . Elicitors der ived from pa thogenic microorganisms , tha t is, 
au toclaved b road- spec t rum wilt fungi conidia a n d h o m o g e n a t e s , h a v e 
b e e n u s e d w i th P. somniferum to increase yields of m o r p h i n a n s (Hein-
stein, 1985). Cons tabe l ' s g r o u p , whi le no t able to repea t the elicitation of 
increased levels of m o r p h i n a n s , w e r e able to demons t r a t e considerably 
e n h a n c e d yields (2.5% dry weight ) of sangu inar ine (Eilert et al., 1985). 
The cells also r e s p o n d e d wi th b r o w n i n g b u t d id no t s h o w lysis (Eilert 
a n d Cons tabe l , 1985). O the r p a t h o g e n s elicited a s o m e w h a t weake r re
s p o n s e . These cell cul tures a p p e a r e d to be principally p a r e n c h y m a cells, 
a n d the only changes observed we re the occurrence of e lec t ron-dense 
d rop le t s do t t ing the tonoplas t , s tacking of the endop lasmic re t iculum, 
a n d dilat ion of cis ternae. Sanguinar ine occurrence appea r s to require n o 
cell differentiation. The extent to wh ich alkaloid p roduc t ion in cell 
cul ture resul ts from stress factors meri ts further invest igat ion, because 
such a react ion m a y he lp to elucidate the factors tha t initiate e n z y m e 
formation a n d activation, a n d subsequent ly , alkaloid b iosynthes is . 

III. BIOTRANSFORMATIONS 

Biotransformation exper iments wi th cell cul tures m a y shed light o n 
the variability of cell-culture synthes is of t he m o r p h i n a n alkaloids. 
H o d g e s et al. (1977) found P. bracteatum no t only conta ined the e n z y m e 
sequence to theba ine b u t also tha t wh ich will r educe code inone to co-
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de ine ; h o w e v e r , e n z y m e s for the demethy la t ion to p roduce ei ther co-
d e i n o n e or m o r p h i n e w e r e n o t p resen t . Theba ine in these exper iments 
w a s also metabol ized , b u t no t to e i ther or ipavine or nor theba ine via 
direct demethy la t ion . Latex from P. somniferum m a y conver t code ine to 
m o r p h i n e ; t he format ion of code ine a n d m o r p h i n e N-oxides h a s also 
b e e n obse rved (Fairbairn et al., 1978). Demethy la t ion h a s b e e n es tab
l ished as a n active metabol ic process (Miller et al., 1973), a n d nor-
m o r p h i n e h a s b e e n found in r a w o p i u m (Phill ipson et al., 1976). The 
degrada t ive p a t h w a y from m o r p h i n e mos t likely involves initial de 
methy la t ion to n o r m o r p h i n e , w h i c h is subsequen t ly d e g r a d e d to n o n -
m o r p h i n e metabol i tes . Vagujfalvi a n d Petz-Stifter (1982) s h o w e d tha t 
oxidat ion is a major degrada t ion process in whole -p lan t latex, w i th t he 
format ion of N-oxides a n d p s e u d o m o r p h i n e from m o r p h i n e in t he p res 
ence of H 2 0 2 a n d peroxidase . 

Papaver cell cu l tures w i t h poor per formance as p roduce r s of the mor 
p h i n a n alkaloids w o u l d a p p e a r to be ideal candida tes for invest igat ions 
of alkaloid format ion a n d degrada t ion . For the p roduc t ion of the mor
p h i n a n alkaloids there is a n absolute r equ i remen t for (R)-reticuline. Al
t h o u g h in w h o l e p lan t s (S)-reticuline is formed from (S)-norlaudano-
sol ine, it is readi ly conver ted to the R i somer in P. somniferum (Zenk, 
1985) (Fig. 2). The i somer ratio S:R is abou t 3:1 in the latex (Wieczorek et 
al, 1986). In p lan t cell cu l tures (R,S)-reticuline w a s stereospecifically 
conver t ed in to (S)-scoulerine a n d (S)-cheilanthifoline, b u t n o a p p a r e n t 
ut i l izat ion w a s m a d e of t he (R)-reticuline (Furuya et al, 1978). This 
g r o u p also p r e s e n t e d ev idence for the convers ion of (—)-codeinone to 
( - ) - c o d e i n e a n d s h o w e d tha t their cell cul tures w o u l d no t further m e 
tabolize theba ine , code ine , or m o r p h i n e . Cell cul tures of P. somniferum 
cv. M a r i a n n e w e r e inves t iga ted (Tarn et al, 1982) a n d found to conver t 
t heba ine to n e o p i n e (3%) a n d code inone to codeine (1.5%) b u t could no t 
metabol ize code ine , n e o p i n e , or DL -nor laudanoso l ine . Fur ther p rogress 
in this area h a s b e e n m a d e w i th t he immobil izat ion of P. somniferum cells 
o n calcium alginate , w h e r e they con t inue to demons t r a t e biological ac
tivity for u p to 6 m o n t h s . The immobi l ized living cells per formed the 
b io t ransformat ion of ( - ) - c o d e i n o n e to ( - ) - code ine in bo th shake flasks 
a n d a c o l u m n bioreactor . The b io t ransformat ion ratio in the shake flask 
(70.4%) for immobi l ized cells w a s h igher t h a n for cell su spens ions 
(60.8%). F u r t h e r m o r e , 88% of t he codeine p r o d u c e d w a s excreted in to 
t he m e d i u m . The c o l u m n bioreactor w a s functional for 30 days u n d e r 
op t imal condi t ions a n d h a d a convers ion ratio of 41.9% (Furuya et al, 
1984). Inves t igat ions of b io t ransformat ions wi th cell cul tures t h u s h igh
light s o m e of the p rob l em s teps in the b iosynthes is of m o r p h i n a n s a n d 
at t he s a m e t ime s h o w tha t opera t ive e n z y m e s u n d e r ideal condi t ions 
can p r o d u c e potent ia l ly commercial ly useful levels of a given p roduc t . 
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Since t he e legant rev iew of m o r p h i n a n alkaloid p roduc t ion in Papaver 
cell cu l tures by Cons tabe l (1985), little real p rogress appea r s to h a v e 
b e e n m a d e tha t w o u l d increase t he probabil i ty of commercial p roduc t ion 
of these alkaloids from cell cul ture . A l t h o u g h there are m o r e da ta to 
sugges t tha t cell differentiation is vital for m o r p h i n a n produc t ion , the 
overall p ic ture r emains unclear . It is possible tha t alkaloid synthes is m a y 
n o t requ i re a laticiferous sys tem, b u t tha t large-scale accumula t ion of t h e 
alkaloids m a y require the d e v e l o p m e n t of specialized seques t ra tory 
cells, t he u s e of t he med ia as a lytic compar tmen t , as sugges ted by Wink 
(1984), or t he d e v e l o p m e n t of an artifactual equivalent . 

T h e p resence of laticifers in P. somniferum somatic embryos (Nessler, 
1982) a n d the p resence of m o r p h i n a n alkaloids in those embryos der ived 
from P. somniferum cell cul tures (Schuchmann a n d Wel lmann , 1983) 
m a k e the commercial p roduc t ion of m o r p h i n a n alkaloids a distinct p o s 
sibility, p rov ided , of course , tha t somatic embryogenes i s can be accom
pl i shed o n a scale large e n o u g h . The fact tha t mos t cell cul tures p r o d u c 
ing m o r p h i n a n alkaloids p r o d u c e theba ine a n d codeine ra ther t h a n 
m o r p h i n e is a favorable aspect in tha t the r equ i remen t for the synthes i s 
of code ine from m o r p h i n e (Hodges a n d Rappopor t , 1982a) is obviated. 

The in teres t in t he u s e of fungal elicitors to improve alkaloid yield m a y 
h a v e far-reaching consequences . N o t only are they expected to play an 
i m p o r t a n t role in the elucidat ion of the induc t ion of e n z y m e s catalyzing 
react ions tha t lead to na tura l p roduc t s (Darvill a n d Albersheim, 1984), 
b u t as a t echn ique it m a y be amenab le to commercial applicat ion. 
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I. INTRODUCTION 

The g e n u s Cinchona (Rubiaceae) h a s b e e n of great therapeut ic va lue 
for m a n y years . The ant imalar ia activity of extracts of Cinchona bark h a s 
b e e n k n o w n for centur ies , a n d this h a s led to its w i d e s p r e a d u se . The 
c o m p o u n d found to be respons ib le for this activity is qu in ine . The im
por t ance of qu in ine as an ant imalar ia d r u g has decreased considerably 
d u e to t h e a d v e n t of synthet ic d r u g s tha t are m o r e effective. As the 
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malaria paras i tes h a v e deve loped resis tance against mos t of the synthe t 
ic d r u g s , h o w e v e r , t he re is a r e n e w e d interest in the us£ of qu in ine for 
the t r ea tmen t of malaria (Overbosch et al., 1984; v a n der Kaay, 1986). 
Qu in id ine , ano the r major Cinchona alkaloid, is u s e d for the t r ea tmen t of 
cardiac a r rhy thmias a n d h a s b e e n s h o w n to also be an effective ant i -
malaria agen t (Warhurs t , 1981). Besides their pharmaceut ica l u s e t he 
Cinchona a lkaloids are u s e d extensively in the food a n d soft d r ink i n d u s 
try because of their bit ter tas te . It is es t imated tha t the total a n n u a l t rade 
in Cinchona alkaloids a m o u n t s to 50,000,000 U.S . dollars (UNCTAD/ 
GATT Report , 1982). 

Cinchona alkaloids are still extracted from the bark of Cinchona species, 
t he bes t k n o w n of w h i c h are C. ledgeriana M o e n s a n d C. pubescens Vahl 
( synonym, C. succirubra Pavon ex Klotsch). The t axonomy of the g e n u s , 
h o w e v e r , is very complex d u e to extensive crossing a m o n g different 
species , a n d h e n c e it is very difficult to identify a g iven p lant . Some 
a u t h o r s a rgue tha t C. ledgeriana is no t a distinct species (Ridsdale et al., 
1985). 

Cinchona t rees have b e e n cult ivated in p lanta t ions for m o r e t h a n 130 
years for p roduc t ion of Cinchona bark, the r a w material for the extraction 
of the alkaloids. After abou t 7 to 12 years of g rowth , the bark of the t rees 
is ha rves ted , at w h i c h t ime the alkaloid conten t can be as h igh as 18%, 
b u t general ly the alkaloid conten t is abou t 12% (Smit, 1984). N o t only 
qu in ine a n d qu in id ine , b u t s o m e 35 o ther alkaloids have also been found 
in Cinchona. Besides qu in ine a n d qu in id ine a n d their di-
hydroder iva t ives , c inchonine a n d c inchonidine , w i th their cor respond
ing d ihydroder iva t ives , are major alkaloids in Cinchona bark. In Scheme 
1 t he s t ruc tures a n d biosynthet ic rou tes are given. In the leaves of 
Cinchona, indole alkaloids const i tu te the major c o m p o n e n t s (Zeches et 
al., 1980; Keene et al., 1983), especially the semidimeric c inchophyl l ines . 
Also the m o n o m e r i c indole alkaloids aricine, c inchonamine , 10-
me thoxyc inchonamine , a n d qu inamine are m o r e a b u n d a n t in the leaves 
t h a n in the bark. 

M u c h research h a s b e e n directed at the p roduc t ion of useful com
p o u n d s in p lan t t issue cul ture sys tems . First repor t s on the cell a n d 
t issue cul ture of Cinchona concerned micropropagat ion of t rees , w i th 
special e m p h a s i s on t he p ropaga t ion of h igh alkaloid-yielding clones 
(Chatterjee, 1974; H u n t e r , 1979; Krikorian et al, 1982; Koblitz et al, 
1983a, 1984). O t h e r repor t s s h o w e d the u s e of Cinchona cell cul tures for 
s tud ies of the b iosynthes is of alkaloids. For several reasons Cinchona 
seems an in teres t ing m o d e l sys tem. First of all the biosynthet ic rou tes 
(Scheme 1) are ra ther s t ra ightforward. Second, in the p lan ts the bio
synthes i s of the alkaloids takes place in the leaves, according to Klein 



S c h e m e 1. Biosynthesis of Cinchona alkaloids. 
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Horsman-Reli jk (1960). After their synthes is , the alkaloids are t rans
po r t ed to the bark , w h e r e they are s tored. So one w o u l d expect tha t in 
s u s p e n s i o n cul tures of Cinchona, different types of cells will exist, n a m e 
ly, cells tha t synthes ize the alkaloids a n d excrete t hem, a n d cells tha t 
absorb the alkaloids a n d subsequen t ly store t h e m . The Cinchona cell 
cul ture sys tem w o u l d t h u s offer oppor tun i t i es to s t udy the m e c h a n i s m s 
involved in these processes . In fact, there exist at least t w o types of cells 
in Cinchona s u spens ion cul tures , as can be visualized us ing fluorescence 
microscopy. Some of the cells contain blue-fluorescing c o m p o u n d s , 
m a y b e the quinol ine alkaloids (see N e u m a n n et al, 1983). O t h e r cells 
conta in o range- or red-fluorescing c o m p o u n d s tha t are probably an thra 
q u i n o n e s (R. Wijnsma, u n p u b l i s h e d results) . 

That Cinchona cell cul tures p roduce t w o k inds of secondary metabol i tes 
at t he s ame t ime m a k e s it an in teres t ing sys tem to s tudy compet i t ive 
effects for m u t u a l c o m m o n precursors in co r respond ing p a t h w a y s . C o m 
pet i t ion for a m u t u a l p recursor h a s b e e n descr ibed also for Galium mollugo 
cell cu l tures (Leistner, 1985). 

In the following p a r a g r a p h s the var ious aspects of cell a n d t issue 
cul ture of Cinchona, cell cul ture m e t h o d s , analytical m e t h o d s , alkaloid 
p roduc t ion , a n d biosynthet ic s tudies us ing Cinchona t issue cul ture sys
t e m s are deal t w i th in m o r e detail . 

II. CELL CULTURE METHODS 

First r epor t s o n callus a n d cell su spens ion cul tures of Cinchona w e r e 
p r e s e n t e d b y Staba a n d C h u n g (1981). The med ia u s e d by t h e m a n d 
var ious o ther a u t h o r s are listed in Tables I a n d II. Opt imiza t ion of t he 
g r o w t h med ia for C. pubescens callus w a s repor ted by Mulder-Krieger et 
al. (1982a). The influence of the minera l salt composi t ion as well as the 
influence of the quant i ty a n d quali ty of g r o w t h h o r m o n e s w a s sys temat
ically invest igated. M u r a s h i g e - S k o o g (MS) m e d i u m wi th half-s t rength 
minera l salts in combina t ion wi th naphtha leneace t ic acid (NAA) ( 2 - 3 
p p m ) a n d kinet in (0 .1-0 .2 p p m ) gave the bes t g rowth . A n o t h e r s t udy 
a imed at opt imizat ion of the m e d i u m for g r o w t h a n d secondary me tabo 
lite p roduc t ion by Harkes et al. (1985), w h o appl ied the m e t h o d de 
scribed by De Fossard et al. (1974), s h o w e d tha t good g r o w t h of C. 
ledgeriana t i ssue cul tures can be obta ined wi th media conta in ing h igh 
concent ra t ions of minera l salts in combinat ion wi th h igh levels of auxins 
a n d h igh levels of organic nu t r i en t s . Wijnsma et al. (1986a) invest igated 



Table I 

Media Used for in Vitro Culture of Cinchona ledgeriana and Maximum Alkaloid Contents Found 

Auxin Cytokinin 
Alkaloid 

Cytokinin 
Alkaloid 

Culture Basal Concentration Concentration content Analys is 
type m e d i u m 0 T y p e b (ppm) T y p e c (ppm) Additives'* m e t h o d e Reference 

Callus, sus  B5 N A A 2 U n k n o w n — Whitten and 
pens ion , Dougal l 
root (1981) 

Suspens ion , MS 2,4-D 1 Kin. 0.1 PVP 400 HPLC A n d e r s o n et al. 
root, 250 D W (1982) 
shoot 25 

Suspens ion MS 2,4-D 0.5 BA 3 HPLC Staba and 
Root IBA 3 D W Chung (1981) 
Shoot BA 5 4500 
Callus MS 2,4-D 0.5 BA 3 170 HPLC C h u n g and Sta
Root IBA 3 260 D W ba (1984) 
Shoot BA 5 2840 
Shoot M S / IBA 1 GA, phloro. 3 RIA, FW Robins et al. 

(1984) 
Shoot MS IBA 1 BA 1 GA, phloro. Koblitz et al. 

IAA 0.2 (1983a) 
Callus 8 Mixture Mixture 130 HPLC, FW Harkes et al. 

(1985) 
Shoot M S / IBA 1 BA 1 GA, phloro. Hunter (1979) 
Callus MS 2,4-D 0.22 Zea. 0.22 Cysteine 1100 Weight , D W Mulder-Krieger 

et al. (1982c) 

(continued) 



Table 1 (Continued) 

Auxin Cytokinin 
Alkaloid 

Culture Basal Concentration Concentration content Analys is 
type medium* Type*7 (ppm) T y p e c (ppm) Additives'* (^g/g) m e t h o d e Reference 

Suspens ion B5 2,4-D 1 Kin. 0.2 43 HPLC, D W Wijnsma et al. 
(1986a) 

Callus N & N N A A 7.5 Kin. 0 .5 -1 U n k n o w n U n k n o w n Noerhadi (1982) 
Suspens ion B5 2,4-D 1 or 2 BA 0.5 170 HPLC Hunter et al. 

Kin. 1 L-Tryp. 520 D W (1982) 
Shoot MS IBA Variable BA Variable GA, phloro. Krikorian et al. 

(1982) 
Suspens ion MS 2,4-D 2.23 GA, phloro. Krikorian et al. 

(1982) 
Suspens ion B5 2,4-D 0.5 BA 0.1 10 FW Parr et al. Suspens ion 

(1984a,b) 
Root MS 2,4-D 1 Kin. 0.1 220* HPLC Hay et al. 

L-Tryp. 1150 (1986) 
Suspens ion B5 2,4-D 1 Kin. 0.1 PVP Allan and 

Scragg (1985) 
Shoot IBA, IAA, Chatterjee 

N A A (1974) 

a B5, Gamborg B5; MS, Murashige and Skoog; N&N, Nitsch and Nitsch. 
b 2,4-D, 2,4-dichlorophenoxyacetic acid; IAA, indoleacetic acid; IBA, indolebutyric acid; NAA, naphthaleneacetic acid. 
c BA, benzyladenine; kin., kinetin; zea., zea tin. 
d GA, gibberelic acid; L-tryp., L-tryptophan; phloro., phloroglucinol; PVP, polyvinyl pyrrolidone. 
e DW, dry weight; FW, fresh weight; HPLC, high-performance liquid chromatography; RIA, radioimmunoassay. 
f MS medium modified after Jones et al. (1977). 
s Basal medium was varied. 
h Only alkaloid yields are given. 
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Table II 

Media Used for in Vitro Culture of Cinchona pubescens  and Maximum Alkaloid Contents Found0 

Auxin Cytokinin 
Alkaloid 

Culture Basal Concentration Concentration content Analys is 
type m e d i u m a Type (ppm) Type (ppm) Addit ive m e t h o d Reference 

Suspens ion , MS 2,4-D 0.5 BA 3 0 HPLC Staba and C h u n g 
root, IBA 3 0 D W (1981) 
shoot BA 5 3800 

Callus, sus U n k n o w n U n k n o w n U n k n o w n U n k n o w n U n k n o w n U n k n o w n 1196 HPLC Creche et al. (1985) 
pens ion , 74 D W 

Shoot MS IBA 1 BA 1 GA, phloro. Koblitz et al. (1983a) 
Suspens ion MS 2,4-D 1 Kin. 0.2 GA, L-tryp. 100 

9200 
TLC/fluor.*, 

D W 
Koblitz et al. (1983b) 

Suspens ion MS 2,4-D 1 Kin. 0.2 GA, L-tryp. 25 
857 

TLC/fluor., 
D W 

Schmauder et al. 
(1985) 

Callus MS 2,4-D 0.22 Zea. 0.22 Cysteine 1000 Weight , D W Mulder-Krieger et 
al. (1984) 

Callus MS Variable Variable Cysteine 212 TLC/fluor., 
D W 

Mulder-Krieger et 
al. (1982b) 

Callus MS 2,4-D 
IBA 

1 
5 or 8 

BA 1 or 2 Cysteine Mulder-Krieger et 
al. (1982a) 

a See Table I for explanation of abbreviations. 
b TLC/fluor., thin-layer chromatography and fluorescence. 
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t he influence of vary ing sucrose a n d ni trate levels (carbon/ni t rogen 
ratio) o n the g r o w t h a n d secondary metaboli te formation in C. ledgeriana 
cell s u s p e n s i o n cul tures . It w a s found tha t bes t g r o w t h occurred in a 
m e d i u m conta in ing the level of ni trate as in B5 m e d i u m a n d 4% sucrose . 

F rom da ta available in the l i terature it can be conc luded tha t t he 
g r o w t h of Cinchona callus a n d suspens ion cul tures is general ly very 
s low. N o specific g r o w t h ra tes or doub l ing t imes h a v e been repor ted , 
b u t ba sed on resul ts by Koblitz et al. (1983b) it can be calculated tha t the 
doub l ing t ime of a cell su spens ion cul ture of C. pubescens is abou t 100 hr . 
This agrees very well w i th the doubl ing t ime repor ted for a C. ledgeriana 
cul ture (Wijnsma et al., 1986a). 

Several a u t h o r s observed b r o w n i n g a n d necrosis of Cinchona cul tures . 
To p r e v e n t this , several ant ioxidants w e r e a d d e d to the cul ture med ia . 
Cys te ine w a s found to be effective at concentra t ions of 50 mg/ l i ter 
(Mulder-Krieger et al., 1982a,b). Phloroglucinol also w a s found to be 
effective in concent ra t ions of 0.5 to 1.0 m M (Hunte r , 1979; Koblitz et al., 
1983b; Robins et al, 1984). 

In add i t ion to uno rgan i zed t issue cul tures of Cinchona, several a u t h o r s 
h a v e descr ibed morphological ly differentiated cul tures . Staba a n d 
C h u n g (1981) s h o w e d tha t by vary ing the h o r m o n e concentra t ion, it w a s 
possible to obtain ei ther shoot or root or callus cul tures . A n d e r s o n et al. 
(1982) a n d Robins et al. (1984) descr ibed the u s e of differentiated cul
tu res , a n d H a y et al. (1986) r epor ted the u s e of a root su spens ion cul ture 
of C. ledgeriana in s tudies of the b iosynthes is of the quinol ine alkaloids. 

III. ANALYTICAL METHODS 

A. Extraction 

Cinchona callus a n d cell su spens ion cul tures accumula te considerable 
a m o u n t s of a n t h r a q u i n o n e s (Harkes et al, 1985; Wi jnsma et al, 1986a; 
C h u n g a n d Staba, 1984; Mulder-Krieger et al, 1982c, 1984) of the type 
normal ly found in Rubiaceae (Wijnsma et al, 1984, 1986c; Wijnsma a n d 
Verpoor te , 1986). Addi t ion of biotic elicitors to su spens ion cul tures of C. 
ledgeriana caused a considerable increase in a n t h r a q u i n o n e con ten t 
(Wijnsma et al, 1985), a n d the a u t h o r s w e r e able to d e m o n s t r a t e t he 
p resence of a n t h r a q u i n o n e s in bark samples of C. ledgeriana infected 
w i t h Phytophthora cinnamomi, w h e r e a s n o a n t h r a q u i n o n e s we re p re sen t 
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in hea l thy bark samples (Wijnsma et al, 1986c). These s tudies confirmed 
tha t a n t h r a q u i n o n e s in Cinchona are phytoa lexins . 

The considerable a m o u n t of a n t h r a q u i n o n e s p re sen t in Cinchona t issue 
cu l ture mater ia l poses a severe p rob lem for the quant i ta t ive analysis of 
alkaloids. It w a s found tha t a n t h r a q u i n o n e aglucones interfere wi th the 
h igh-per fo rmance liquid c h r o m a t o g r a p h y (HPLC) de te rmina t ion of 
qu inol ine alkaloids u s ing b o t h t he H P L C sys tems descr ibed by McCalley 
(1983a), Smith (1984), a n d Wijnsma et al (1987). Also, the p resence of 
a n t h r a q u i n o n e s in the alkaloid extracts gives rise to unacceptably long 
r u n t imes , for example , in excess of 2 h r u s ing the H P L C sys tem d e 
scribed by Smi th (1984). 

Mos t a u t h o r s u s e l iqu id- l iqu id extraction p rocedures for the ex
tract ion of alkaloids from Cinchona t issue cul ture material , s tar t ing wi th 
a n extract ion s t ep u n d e r acidic condi t ions to r emove mos t of t he interfer
ing c o m p o u n d s . T h e n , after alkalinization of the a q u e o u s layer, t he 
alkaloids are extracted; this extract is u s e d for analysis (Koblitz et al, 
1983b; H u n t e r et al, 1982). In ou r laboratory a m o r e elaborate p rocedu re 
for t he extraction of alkaloids from Cinchona t issue cul ture mater ial is 
e m p l o y e d . Full detai ls of t he p rocedu re are pub l i shed e l sewhere (Wijns
m a et al, 1987). In shor t , the p rocedu re is as follows. The cell h o m o g e -
n a t e or t h e m e d i u m to be extracted is m a d e acidic ( p H = 2) a n d extracted 
twice w i t h chloroform. After alkalinization of the a q u e o u s layer the 
alkaloids are extracted wi th chloroform, t h e n the chloroform fraction is 
extracted w i t h a n acidic a q u e o u s solut ion. From this solut ion the al
kaloids can be extracted after alkalization to give an alkaloid extract free 
of interfer ing subs tances . 

A n al ternat ive to l iqu id- l iqu id extraction m e t h o d s can be found in t he 
u s e of small p reconcen t ra t ion co lumns like kieselguhr (Extrelut for ex
ample ) or r eve r sed -phase C 1 8 or C 8 co lumns , as for the extraction a n d 
s u b s e q u e n t purification of alkaloids from t issue cul tures of Catharanthus 
roseus (Kohl et al, 1983; Renaud in , 1985). H a y et al (1986) u s e d kiesel
g u h r c o l u m n s for t h e purification of the alkaloids from Cinchona 
ledgeriana root s u s p e n s i o n cul tures after feeding of L - t ryp tophan . The 
a u t h o r s inves t iga ted t he possibility of employ ing reversed-phase p re 
concent ra t ion c o l u m n s for the purification of extracts from C. ledgeriana 
cell s u s p e n s i o n cul tures . E. J. Allan a n d A. H . Scragg (personal c o m m u 
nication) r epor t ed the u s e of C 1 8 p r e c o l u m n s , b u t in our h a n d s t he u s e 
of C 1 8 c o l u m n s d id n o t resul t in acceptable resul ts , because of the rela
tively low a n d erratic recovery of indole alkaloids such as c inchonamine 
(R. Wijnsma a n d R. Verpoor te , u n p u b l i s h e d resul ts) . The s a m e w a s 
observed for t he recovery of o the r indole alkaloids like v incamine us ing 



344 R. Wijnsma and R. Verpoorte 

C 1 8 co lumns (Michotte a n d Massar t , 1985). H o w e v e r , the u se of C 8 

r eversed-phase preconcent ra t ion co lumns seems to lead to bet ter re
sults . It is possible to obtain an alkaloid extract tha t is free of an th ra 
qu inones , hav ing a small e lut ion vo lume , a n d to obtain a recovery bet ter 
t han 90% for bo th the indole alkaloids a n d the quinol ine alkaloids (R. 
Wijnsma a n d R. Verpoor te , u n p u b l i s h e d resul ts) . 

B. Chromatographi c Method s for Separatio n and 
Quantificatio n of Cinchona Alkaloids 

Quantif icat ion of individual alkaloids p r o d u c e d in cell a n d t issue 
cul ture sys tems h a s b e e n achieved by several chromatograph ic me th 
ods . Thin-layer c h r o m a t o g r a p h y (TLC) h a s b e e n u s e d frequently. After 
e lut ion from TLC plates , alkaloids w e r e de t e rmined by ultraviolet (UV) 
spec t romet ry (Mulder Krieger et al., 1984). Also, TLC combined wi th 
f luorodens i tometry h a s b e e n u s e d (Mulder-Krieger et al, 1982c). Koblitz 
et al. (1983b) a n d S c h m a u d e r et al. (1985) e lu ted the alkaloids from TLC 
pla tes a n d u s e d fluorescence spect roscopy for quantification. Because 
n o n e of t he TLC sys tems descr ibed is capable of separa t ing all e ight 
qu inol ine alkaloids (Verpoorte et al., 1980), H P L C is m o s t widely appl ied 
for quantification of alkaloids (Table III). H u n t e r et al. (1982) descr ibed 
the u s e of a s t ra ight -phase H P L C sys tem deve loped by McCalley 
(1983a). This sys tem has also b e e n u s e d in s tudies by Harkes et al. (1985) 
a n d Wijnsma et al. (1986a). A l t h o u g h a good separa t ion can be obta ined , 
the reproducibi l i ty of re tent ion t imes a n d the relative h igh cost of the 
e luen t (66% hexane) m a k e this sys tem less sui ted for rou t ine analysis . 
McCalley (1983b) also descr ibed a r eve r sed-phase H P L C sys tem capable 
of separa t ing t h e four p a r e n t alkaloids a n d their d ihydroana logs in less 
t h a n 30 min . The t w o sys tems we re cons idered complemen ta ry in the 
analysis a n d identification of the alkaloids of Cinchona t issue cul ture 
extracts (McCalley, 1983b). Verpoor te et al. (1984) deve loped a reversed-
p h a s e ion-pair ing H P L C sys tem. This sys tem pe rmi t t ed obta in ing a 
basel ine separa t ion of the four pa ren t alkaloids, their co r respond ing 
d ihydroana logs , a n d the indole alkaloids c inchonamine , 10-methoxy-
c inchonamine , a n d qu inamine , u s ing dodecylsulfonic acid a n d cetri-
m i d e to m a s k the r emain ing free silanol g r o u p s in the s ta t ionary p h a s e , 
w h i c h resul ted in an excellent peak shape a n d good separa t ion. The 
suppl ie r of the s ta t ionary-phase material h a s c h a n g e d the m e t h o d of 
p repa ra t ion a n d wi th recent ba tches of s ta t ionary-phase material , t he 
m e t h o d does no t w o r k a n y more . In n e e d of a good H P L C sys tem, 
Hobson-Frohock a n d E d w a r d s (1982) deve loped a cyanopropy l co lumn 



Table III 

High-Performance Liquid Chromatography Systems in Use for Separation and Quantification of Cinchona  Alkaloids Extracted 
from Tissue Culture Systems 

Stationary phase Mobile p h a s e 0 A lka lo ids b separated Reference 

Hypersil 5 μπ\ , 250 x 
4.6 m m 

Hypersil O D S 5 μπι, 250 x 
4.6 m m 

μBondapak Phenyl , 300 x 
3.9 m m 

μBondapak Phenyl , 300 x 
3.9 m m 

Lichrosorb RP 18, loaded 
with dodecylsulfonic acid 
and cetrimide, 250 x 
4 .6mm 

Lichrosorb Si60, 5 μπι, 250 
x 4.6 m m 

Spherisorb C N 5 μπι, 250 x 
4.6 m m 

Ultrasphere Si 5 μιη, 250 x 
4.6 m m ; Partisil PXS 
10/25, 250 x 4.6 m m 

Hexane /d ich loromethane /methanol /DEA 
= 66/31/2.0/0.65; flow, 2.0 ml /min 

0.1 Μ K H 2P 0 4, p H = 3.0, containing 0.05 
Μ hexylamine wi th 4.0 or 5.6% 
C H 3C N ; flow, 1.0 ml /min 

0.05 Μ N a H 2P 0 4/ 2 - m e t h o x y e t h a n o l / 
C H 3C N = 60/15/15, p H = 4.5 (adopted 
from Smith, 1984); flow, 0.5 ml /min 

0.05 Μ N a H 2P 0 4/ 2 - m e t h o x y e t h a n o l / 
C H 3C N = 80/5/15, p H = 4.5; flow, 2.0 
m l / m i n 

0.02 Μ methanesulfonic acid in 
water/dioxane/sulfuric acid = 
98.5/1 .0 /0 .5 , p H = 3.5; flow, 1.5 ml /min 

Chloroform/i-prop. /DEA/water = 940/57/ 
2/1 

6.8 m M N a H 2P 0 4/ C H 3C N / m e t h a n o l / T H F 
= 50/17/28.7/3 .3; flow: 1.5 ml /min 

THF/w-butylchloride/NH3 = 60/40/0.25; 
flow, 2.0 ml /min 

Q d , C, H Q d , Cd, Q, H C d , 
H Q 

C, Cd, H C , HCd, Q d , Q, 
H Q d , H Q 

Q, Q d 

Cd, C, H C d , H C , Q, Q d , 
H Q , H Q d 

C, Cd, H C , H C d , Q d , Q, 
H Q d , H Q , CA, Q A , 10-
methoxyCA 

Q, Q d , C, Cd 

Q, Q d , Cd, C 

C, Cd, Q d , HCd, Q, H Q d , 
H Q 

Harkes et al (1985); Wijn-
sma et al (1986a); Mc-
Calley (1983a) 

McCalley (1983b) 

Ha y et al (1986) 

Smith (1984); Wijnsma et al 
(1986b) 

Verpoorte et al (1984) 

A n d e r s o n et al (1982) 

Hobson-Frohock and Ed
wards (1982) 

C h u n g and Staba (1984) 

a DEA, diethylamine; CH3CN, acetonitrile; i-prop., isopropanol; THF, tetrahydrofuran. 
b C, cinchonine; CA, c±ichonamine; Cd, cinchonidine; HC, dihydrocinchonine; HCd, dihydrocinchonidine; HQ, dihydroquinine; HQd, dihydroquinidine; 

10-methoxyCA, 10-methoxycinchonamine; Q, quinine, QA, quinamine; Qd, quinidine. 



346 R. Wijnsma and R. Verpoorte 

in t he r eve r sed-phase m o d e . C h u n g a n d Staba (1984) r epor ted a dual -
c o l u m n H P L C sys tem for analyses of t issue cul tures of Cinchona. Their 
sys t em consis ted of a n Ultrasphere-Si co lumn combined wi th a Partisil 
PXS 10/25 co lumn. They w e r e able to achieve a good separa t ion, b u t 
analysis t imes w e r e extremely long (>70 min) . The H P L C sys tem n o w 
a d o p t e d by the a u t h o r s is tha t of Smith (1984). H a y et al. (1986) a d o p t e d 
this sys tem in a modif ied vers ion. N o w a basel ine separat ion of t he four 
p a r e n t alkaloids a n d their d ihydroana logs can be obta ined in less t h a n 
30 m i n wi th reproducib le re tent ion t imes us ing a cheap e luent . This 
sys tem is well sui ted for rou t ine analysis of large n u m b e r s of samples . 

For the detect ion of Cinchona alkaloids after chromatographic separa
t ion, UV moni to r ing at 280 n m seems to be mos t appropr ia te . At 313 n m 
the absorbances of bo th the methoxyla ted a n d the nonmethoxy la t ed 
alkaloids are a lmost equal , b u t at this wave leng th , detect ion of the in
dole alkaloids is m u c h less sensi t ive. Ultraviolet detect ion at 254 n m or 
less m a y e n h a n c e the sensitivity of the detect ion of the quinol ine al
kaloids b u t decreases the selectivity of detect ion. Also, the detect ion of 
the indole alkaloids is m u c h less sensit ive at this wave leng th . It can be 
a d v a n t a g e o u s to combine UV detect ion wi th fluorescence detect ion. 
D u e to their s t rong fluorescence u n d e r acidic condi t ions (most e luents 
u s e d in r eve r sed -phase H P L C contain p h o s p h a t e buffer at low p H ) , the 
quinol ine alkaloids can be de tec ted wi th h igh sensitivity a n d h igh 
specificity. 

C. Immunoassa y Procedure s 

A n o t h e r m e t h o d for the analysis of secondary metaboli tes in p lan ts or 
cell cul tures is the appl icat ion of i m m u n o a s s a y p rocedures (Weiler, 
1978, 1982: see Chap te r 15, Vo lume 4, this treatise). Verpoor te et al. 
(1985) r epor ted the u s e of commercial ly available i m m u n o a s s a y s for t h e 
analysis of qu in id ine in Cinchona t issue cul ture material . They h a v e com
pa red an enzyme-mul t ip l ied i m m u n o a s s a y technique (EMIT) a n d a fluo
rescence i m m u n o a s s a y (FIA) for cross-reactivity of o ther Cinchona al
kaloids a n d for sensitivity. They conc luded tha t the sensitivity w a s no t 
bet ter t han HPLC employ ing 280-nm UV detect ion. Better selectivity of 
the EMIT assay m a d e t h e m conclude tha t the EMIT m e t h o d w a s the 
m e t h o d of choice. Robins et al. (1984) deve loped a r ad io immunoas say 
(RIA) for the quant i ta t ive de te rmina t ion of qu in ine in Cinchona t issue 
cul tures . D u e to scintillation count ing , the RIA descr ibed by Robins et al. 
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Table IV 

Cross-reactivity of Cinchona  Alkaloids in Immunoassays0 

Alkaloid R I A Q R I A QD E L I S A q E L I S A QD E M I T Qd F I A QD 

Quinine 100% 100% 0 0 0 
Dihydroquinine 35% 2.7% 0 0 0 
Cinchonidine 14% 1.2% 0 0 0 
Cupreine 7.3% 0.75% 0 
Dihydrocupreine 3.2% 0.70% 0 
Epiquinine 5% 9% 
Quini (di )none 0.6% 1.60% 4% 0 4% 
Cinchoni(di )none 0 0 0.1% 0 8% 
Quinid ine 0 0 100% 100% 100% 
Dihydroquinidine 0 0 0 46% 91% 
Cinchonine 0 0 0 22% 93% 
Cupreidine 0 0 0.15% 20% 74% 
Dihydrocupreidine 0 0 0 
Epiquinidine 9% 0 
Cinchonamine 0 3% 

Sensitivity 50 p g 1 n g 10 p g 100 p g 70 ng 40 ng 

α Data for the radioimmunoassay (RIA) and the enzyme-linked immunosorbent assay (ELISA) pro
cedures are from Morgan et al. (1985); data for the commercially available enzyme-multiplied immu
noassay technique (EMIT) (SYVA) and the fluorescence immunoassay (FIA) (AMES TDA) are from 
Verpoorte et al. (1985). 

w a s m u c h m o r e sensi t ive t h a n b o t h t he FIA a n d EMIT (50 p g for the RIA 
c o m p a r e d to 40 n g for the FIA; see also Table IV). M o r g a n et al. (1985) 
descr ibed the d e v e l o p m e n t of RIA for qu in id ine a n d enzyme- l inked 
i m m u n o s o r b e n t assay (ELISA) for qu in ine a n d qu in id ine . The resul ts of 
the four i m m u n o a s s a y s are s u m m a r i z e d in Table IV. 

D. Indole Alkaloids 

For t he indole alkaloids isolated from Cinchona (c inchonamine , 10-
me thoxyc inchonamine , q u i n a m i n e , a n d the semidimeric c inchophyl-
lines) TLC s e e m s the m e t h o d of choice. Thin-layer ch roma tog raphy in 
combina t ion w i th a ferric chlor ide sp ray reagen t followed by hea t ing is a 
ve ry effective m e t h o d for t he detect ion of these alkaloids (Mulder-
Krieger et al., 1982c). 
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IV. ALKALOID PRODUCTION IN CINCHONA 
TISSUE CULTURES 

O n l y a few systematic s tudies directed at s t imulat ion of the alkaloid 
p roduc t ion in Cinchona t issue cul tures , ei ther by m e d i u m opt imizat ion 
or o the r m e t h o d s , h a v e b e e n publ i shed . For Catharanthus roseus, for 
example , a n u m b e r of p a p e r s have a p p e a r e d deal ing wi th the des ign of 
p roduc t ion med ia (e.g. , Zenk et al, 1977; Knobloch a n d Berlin, 1980). 
For Cinchona n o special p roduc t ion media have b e e n des igned . Mulder -
Krieger et al (1982b) found tha t o p t i m u m alkaloid p roduc t ion (quinine 
a n d quinid ine) occurred w h e n callus of C. pubescens w a s cul tured on 
med ia conta in ing zeat in (0.22 p p m ) a n d 2,4-dichlophenoxyacetic acid 
(2,4-D) (0.22 p p m ) or indolebutyr ic acid (IBA) (0.20 p p m ) . All o ther 
combina t ions of g r o w t h h o r m o n e s tes ted we re inferior wi th respect to 
alkaloid p roduc t ion . Harkes et al (1985), repor t ing on the opt imizat ion 
of med ia for the p roduc t ion of bo th alkaloids a n d a n t h r a q u i n o n e s in 
t issue cul tures of C. ledgeriana, observed that a p la ted cell su spens ion 
g r o w n in the dark p r o d u c e d m o r e alkaloids t h a n those g r o w n in the 
light, tha t h igh concent ra t ions of minera l salts improved alkaloid yield, 
tha t the concent ra t ions of auxins shou ld be ra ther low a n d tha t organic 
nu t r i en t s shou ld be p re sen t in the m e d i u m at h igh concentra t ions . The 
influence of some of the major m e d i u m c o m p o n e n t s on the alkaloid a n d 
a n t h r a q u i n o n e p roduc t ion by C. ledgeriana su spens ion cul tures h a s b e e n 
s tud ied by Wijnsma et al (1986a). A m a x i m u m specific product ivi ty 
(MSP; mil l igrams of p roduc t pe r g ram dry weight) curve for alkaloid 
p roduc t ion w a s cons t ruc ted , from which it became clear tha t o p t i m u m 
alkaloid p roduc t ion occurred at no rmal levels of ni trate in combinat ion 
w i th 4% sucrose . All o ther repor t s deal ing wi th alkaloid p roduc t ion in 
Cinchona t issue cul tures contain only isolated da ta on alkaloid levels. 

Staba a n d C h u n g (1981) pub l i shed alkaloid conten ts of shoot , root , 
a n d undifferent ia ted cul tures of bo th Cinchona pubescens a n d C. 
ledgeriana. They conc luded tha t only leaf o rgan (shoot) cul tures con
ta ined detectable a m o u n t s of quinol ine alkaloids, w h e r e a s cell su spen 
sion cul tures a n d root o rgan cul tures conta ined n o detectable a m o u n t s 
of alkaloids. The nonmethoxy la t ed quinol ine alkaloids const i tu ted the 
major pa r t of the alkaloid extract. A n d e r s o n et al. (1982), in contras t to 
the f indings by Staba a n d C h u n g , found tha t the fine suspens ion 
cul tures of root cells conta ined the h ighes t levels of quinol ine alkaloids, 
w i th qu in id ine be ing the major c o m p o n e n t . The alkaloid concentra t ion 
in the root cells w a s abou t 500 m g pe r g ram dry weight . Whi t t en a n d 
Dougal l (1981) descr ibed the p resence of fluorescing c o m p o u n d s in sus-
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p e n s i o n cul tures of C. ledgeriana, a n d they s ta ted tha t an inverse rela
t ionsh ip existed b e t w e e n t h e accumula t ion of t he fluorescing com
p o u n d s a n d the N A A concent ra t ion in the m e d i u m . Looking at the da ta 
available o n alkaloid p roduc t ion in Cinchona: cell a n d t issue cul tures , it 
e m e r g e s tha t the o rgan ized cul tures like shoo t cul tures contain the h igh
est a m o u n t s of alkaloids. This migh t po in t to a correlat ion b e t w e e n 
morphologica l a n d biochemical differentiation. 

V. BIOSYNTHETIC STUDIES USING 
CINCHONA TISSUE CULTURES 

The b iosynthe t ic p a t h w a y leading to the quinol ine alkaloids starts 
w i th t he s a m e s teps as the genera l b iosynthet ic p a t h w a y of all t e rpenoid 
indole alkaloids. L -Tryp tophan is decarboxylated by t r y p t o p h a n decar
boxylase (TDC) to yield t ryp tamine . Tryp tamine in t u rn is coup led to 
secologanin by str ictosidine syn thase to yield strictosidine (see Scheme 
1). The fur ther s teps in the p a t h w a y leading to the quinol ine alkaloids 
are still unclear , b u t it is general ly bel ieved tha t corynanthea l is o n e of 
t h e in te rmedia tes . Us ing p lan t s , Battersby a n d Parry (1971) w e r e able to 
d e m o n s t r a t e the incorpora t ion of tr i t ium-labeled corynanthea l in the 
qu inol ine alkaloids; h o w e v e r , recovery of the radiolabel in the alkaloid 
fraction w a s very low (0.17%). T r y p t o p h a n decarboxylase is cons idered 
to be o n e of t he key e n z y m e s in the b iosynthes is of the indole alkaloids, 
a n d it h a s b e e n d e m o n s t r a t e d tha t s t imulat ion of TDC activity can lead 
to increased alkaloid con ten t s , bo th in Peganum harmala (Sasse et al, 
1982) a n d Catharanthus roseus (Sasse et al., 1982; Knobloch a n d Berlin, 
1983) cell s u s p e n s i o n cul tures . S c h m a u d e r et al. (1985) s h o w e d tha t TDC 
activity in cell s u s p e n s i o n cul tures of Cinchona pubescens is p re sen t a n d 
tha t the activity can be increased abou t 18-fold w h e n the cells are 
cu l tu red in the p resence of L - t ryp tophan . They w e r e also able to d e m o n 
strate tha t t he add i t ion of L - t ryp tophan to the cul tures resul ted in an 
increase in the alkaloid con ten t of the cells. Fu r the rmore , they tes ted the 
activity of a n u m b e r of e n z y m e s in p r imary metabol ism. A n increase in 
alkaloid con ten t of Cinchona cul tures after L - t ryp tophan feeding h a s also 
b e e n r epo r t ed by H u n t e r et al. (1982), Koblitz et al. (1983b), a n d H a y et al. 
(1986). G r o w t h of the cul tures in the p resence of L - t ryp tophan is, h o w 
ever, severely inhibi ted (Koblitz et al, 1983b; H a y et al, 1986). H u n t e r 
r epo r t ed a n increase in alkaloid con ten t of the cul tures after feeding of L-
t r y p t o p h a n b u t d id no t p r e sen t any da ta on the g r o w t h of the cul tures . 
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A n i m p r o v e m e n t of the p roduc t ion of Cinchona alkaloids by m e a n s of L-
t r y p t o p h a n feeding to su spens ion cul tures h a s b e e n claimed (Koblitz et 
al, 1983c). H a y et al. (1986) s h o w e d by feeding exper iments w i th 
L - [me thy lene - 1 4C] t ryp tophan , u s ing root s u s p e n s i o n cul tures of C. 
ledgeriana, tha t L - t ryp tophan is incorpora ted into qu in ine a n d qu in id ine . 
H o w e v e r , t he recovery of radiolabel in the alkaloids w a s low, abou t 
0.25% of t he admin i s t e red labeled L - t ryp tophan . In ou r laboratories ex
pe r imen t s w e r e conduc ted in wh ich L - t ryp tophan a n d t ryp tamine we re 
fed to C. ledgeriana cell cul tures tha t u n d e r the g r o w t h condi t ions em
ployed do no t p roduce alkaloids (R. Wijnsma, T. v a n der Leer a n d R. 
Verpoor te , u n p u b l i s h e d resul ts) . L -Tryptophan feeding resul ted in se
vere g r o w t h inhibi t ion, b u t alkaloids could n o t be de tec ted . It w a s 
found, however , tha t rap id u p t a k e of the admin i s t e red L - t ryp tophan 
took place. Tryp tamine feeding also d id no t resul t in the p roduc t ion of 
alkaloids, bu t t ryp tamine h a d n o toxic effects on the cells. F rom these 
resul ts it m a y be conc luded tha t no t only TDC bu t also o ther e n z y m e 
sys tems can become the l imiting s t ep in t he b iosynthes i s of Cinchona 
alkaloids. 

Corynan thea l feeding exper iments have also been per formed. Cory
nan thea l is the pu ta t ive in te rmedia te after strictosidine formation (Bat-
tersby a n d Parry, 1971). The typical p a t h w a y leading to the quinol ine 
alkaloids beg ins w i t h corynanthea l . In this case also t h e feeding of a 
precursor d id no t resul t in the formation of quinol ine alkaloids (R. Wijn
sma, T. van der Leer a n d R. Verpoor te , u n p u b l i s h e d results) . Cory
nan thea l w a s rapidly taken u p by the cells a n d extensively metabol ized. 
At p resen t , some of the metabol i tes formed are be ing isolated a n d iden
tified. F rom these exper imen t s one m a y conclude tha t e i ther cory
nan thea l is no t a n in te rmedia te , or t he b iosynthes is of the quinol ine 
alkaloids is blocked at the level of the corynanthea l -conver t ing e n z y m e . 
Robins a n d Rhodes (1986) d e m o n s t r a t e d tha t in a lkaloid-accumulat ing 
cul tures of Cinchona ledgeriana, t he key e n z y m e s TDC a n d strictosidine 
syn thase w e r e p resen t . Fu r the rmore , t hey character ized a n e n z y m e cat
alyzing a late s tep in the b iosynthet ic rou te , t he reduc t ion of cincho-
n i n o n e or qu in id inone to c inchonine / c inchonid ine or qu in ine /qu in id ine 
in the p resence of N A D P H c inchon inone :NADPH oxidoreductase (Isaac 
et al, 1986). 

In conclusion, it m a y be s ta ted tha t a n u m b e r of s teps in the bio
synthes i s of the Cinchona alkaloids still r emain to be invest igated in m o r e 
detail . For example , the validity of the in termediacy of corynanthea l h a s 
no t b e e n p r o v e n unequivocably . If it is an in termedia te one m a y ask 
w h i c h step(s) follow in the sequence leading to c inchoninone a n d 
qu in id inone . Also, an int r iguing ques t ion remains as to at wh ich po in t 
the methoxyla t ion of the quinol ine nuc leus takes place. From the p res -
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ence of 10-methoxyc inchonamine in Cinchona p lan ts a n d calli (Mulder-
Krieger et al, 1982c, 1984), it could be conc luded tha t methoxyla t ion 
takes place d u r i n g the early s teps of the b iosynthes is . 

VI. PROSPECTS AND STATUS 

Conce rn ing the agrobiotechnological aspects of the cell a n d t issue 
cul ture of Cinchona, t he p rospec t s are very encourag ing . The vegetat ive 
p ropaga t i on of h igh-yie lding clones is possible , a n d in the future even 
the possibili t ies of c rop i m p r o v e m e n t by in vitro t echniques migh t come 
in to focus. Conce rn ing the industr ia l biotechnological aspects of the cell 
a n d t issue cul ture of Cinchona, the p roduc t ion of the alkaloids by m e a n s 
of a biotechnological exploitat ion of the g e n u s , the resul ts obta ined so 
far are far less encourag ing . The h ighes t va lue r epor t ed is abou t 4 m g 
p e r g r a m d r y we igh t (Staba a n d C h u n g , 1981). Even in the case of 
p recursor feeding, the con ten t of alkaloids in the cells is extremely low. 
A consequence of the low p roduc t con ten t is tha t the process of p r o d u c 
t ion of t he alkaloids by m e a n s of Cinchona p lan t cell fermenta t ion seems 
far from economical ly feasible. In fact, Cinchona s eems to be a very good 
example of the "inabili ty of p lan t cells to p roduce secondary sub
s t a n c e s , " t he title of the lecture p r e sen t ed by Bohm at the Internat ional 
Associat ion for Plant Tissue Cul tu re congress in Tokyo 1982 (Bohm, 
1982). Cons ide r ing the p rogress tha t h a s b e e n m a d e , however , es
pecially in t he field of b iosynthes i s of the alkaloids a n d regulat ion of t he 
b iosynthes i s of a n t h r a q u i n o n e s , a bet ter u n d e r s t a n d i n g of the mecha
n i s m s u n d e r l y i n g the regula t ion of the biosynthet ic p a t h w a y s can p rob
ably be real ized in the nea r future. The unrave l ing of the e n z y m e s in
volved in t he var ious b iosynthet ic s teps will also he lp to br ing abou t a 
be t te r u n d e r s t a n d i n g a n d character izat ion of these e n z y m e s , a n d migh t 
possibly o p e n the w a y for genet ic man ipu la t ion of the cells in o rder to 
i m p r o v e alkaloid yields . 
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I. INTRODUCTION 

The s imples t " s e c o n d a r y " metabol i tes der ived from t r y p t o p h a n are 
indole a lkylamines a n d β-carboline alkaloids. The indole a lkylamines 
are subs t i tu ted t ryp tamines . Their b iosynthes is , metabol i sm, a n d tax-
onomic dis t r ibut ion h a s b e e n rev iewed in detail (Smith, 1977a,b). Simple 
β-carboline alkaloids compr ise c o m p o u n d s conta in ing the tricyclic 
pyrido[3,4-fc]indole ring sys tem wi th alkyl subs t i tu t ion at C x. The 
pyr idy l r ing occurs in th ree different s tates of oxidat ion. So far m o r e 
t h a n 60 alkaloids of this g r o u p h a v e b e e n de tec ted in 26 often tax-
onomical ly un re l a t ed p lan t families (Allen a n d Holms ted t , 1980). Be
cause of their pharmacological p roper t i es , for example , psychot ropic 
activities, deta i led s tud ies of the organic a n d b iosynthes is of several 
indole a lka lymines a n d β-carboline alkaloids h a v e b e e n per fo rmed (for 
references, see Allen a n d Ho lms ted t , 1980). A l t h o u g h the origin of the 
indolyl pa r t of the tricyclic ring sys tem from t r y p t o p h a n h a s clearly b e e n 
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proven , the origin of the / /nontIyptophan,, b iosynthet ic condensa t ion 
a d d u c t a n d the in vivo sequence of the biosynthet ic in te rmedia tes are as 
yet unclear . Feed ing exper iments w i th different p lan ts sugges t t he pos 
sibility of var ious p a t h w a y s , b u t enzymat ic confirmation is lacking. The 
ques t ion arises w h e t h e r suitable p lan t cell cul ture sys tems can be es tab
l ished to clarify this point , as ha s b e e n s h o w n for flavonoid, i soquino
line, a n d m o n o t e r p e n o i d indole alkaloid b iosynthes is (Hahlbrock a n d 
Grisebach, 1979; Zenk , 1980; Z e n k et al, 1985). The p u r p o s e of this 
chap te r is to rev iew the p lant cell cul tures tha t have b e e n s h o w n to 
p r o d u c e indole a lkylamines a n d β-carboline alkaloids, a n d to analyze 
w h e t h e r these sys tems migh t be r e n d e r e d suitable for biochemical a n d 
biotechnological s tudies . 

II. CELL CULTURE SYSTEMS 

Of the m a n y p lan ts k n o w n to p roduce a n d accumula te β-carboline 
alkaloids, only repor t s o n cell cul tures of Peganum harmala dea l w i t h 
these secondary metabol i tes . It will be s h o w n later tha t t he p a t h w a y to 
β-carbolines s eems to be well expressed only in freshly int iated, ra ther 
slowly g rowing a n d differentiated cell cul tures of P. harmala. Rapidly 
g rowing su spens ion cul tures contain n o or low levels of β-carbolines. It 
is of course p r e m a t u r e to conclude from the cul tures of one p lan t species 
tha t the β-carboline p a t h w a y is general ly poor ly expressed u n d e r cell 
cul ture condi t ions . O n the o ther h a n d , fine suspens ion cul tures of Pas-
siflora caerulea, es tabl ished in our laboratory, also failed to accumula te β-
carboline alkaloids. As β-carbolines can easily be de tec ted by their 
s t rong a n d typical f luorescence (Sasse et al., 1980), it is hard ly possible to 
over look their p resence . Cell cul tures of o ther p lan ts listed as β-car
bol ine alkaloid p roduce r s (Apocynum cannabinum, Papaver rhoeas) also d id 
no t s h o w this typical f luorescence. In v iew of the fact tha t p roduc t levels 
of t ryp tophan-de r ived secondary metabol i tes are often low u n d e r cell 
cul ture condi t ions , it is likely tha t h igh accumula t ion of β-carbolines 
m a y be difficult to achieve. W h e t h e r the special condi t ions w e e m p l o y e d 
to improve product iv i ty of Peganum harmala cells for β-carboline alka
loids s h o w bet ter resul ts also in o ther sys tems will h a v e to be seen. 

After feeding of L - t ryp tophan the formation of the β-carbolines nor-
h a r m a n a n d h a r m a n w e r e found in cell cul tures of Phaseolus vulgaris a n d 
Cinchona species (Veliky a n d Barber, 1975; Wijnsma et al., 1986). These 
t w o genera are no t k n o w n to b iosynthes ize β-carboline alkaloids. Such 
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findings d e m o n s t r a t e the capacity of p lan t cell cul tures to form "for
e i g n " c o m p o u n d s by bio t ransformat ion. It also s h o w s tha t e n z y m e s 
probably no t involved in the na tura l p a t h w a y of β-carboline b iosyn
thes is m a y metabol ize fed t r y p t o p h a n or t ryp tamine to β-carbolines. For 
example , t he ever -presen t e n z y m e ser ine hydroxymethyl t rans fe rase cat
alyzes t he formation of t e t r a h y d r o n o r h a r m a n from serine a n d t ryp
t amine (Pearson a n d Turner , 1979). The action of such e n z y m e s can 
easily complicate in te rpre ta t ions of feeding exper iments even w i th β-
carbol ine-containing p lan t species . Never the less , only β-carboline-pro-
duc ing p lan t species shou ld be cons idered for b iosynthet ic s tud ies , a n d 
consequen t ly , Peganum harmala cell cul tures r emain t he only sys tem 
available. 

The s a m e s i tuat ion is also t rue for t he indole a lkylamines . Besides 
t ryp t amine , w h i c h s eems to be p r e sen t in m a n y cell cu l tures (e.g. , 
m o n o t e r p e n o i d indole a lka lo id -p roduc ing p lan ts such as Catharanthus 
roseus; Meri l lon et al., 1986), only the p resence of the indole a lkylamines 
se ro ton in (5-hydroxytryptamine) a n d 6-hydroxyt ryptamine ( the latter in 
traces) in Peganum harmala cell cul tures ha s b e e n repor ted . T h u s , th is 
chap te r is i n d e e d a s u m m a r y of the formation of h a r m a n alkaloids, tha t 
is, β-carbolines w i th a me thy l g r o u p at C x, a n d sero tonin in cell cu l ture . 

III. FORMATION OF HARMAN ALKALOIDS 
AND SEROTONIN 

T h e first r epor t o n the formation of h a r m i n e by callus cul tures of 
Peganum harmala w a s p r e sen t ed by Re inhard et al. (1968). In more-deta i led 
s tud ies by Net t l e sh ip a n d Slaytor (1971, 1974a,b) a n d McKenzie et al. 
(1975), fur ther β-carboline alkaloids a n d indole a lkylamines w e r e de 
tected in callus cul tures (Fig. 1). Except for the glycosides, this alkaloid 
s p e c t r u m w a s also found in cell su spens ion cul tures (Barz et al., 1980, 
Sasse et al., 1982a). T h u s , all β-carbolines of the p lan t m a y be found in 
he te ro t roph ic cell cu l tures , too . Howeve r , t he var ious l ines m a y differ in 
their alkaloid compos i t ion (methyla ted ve r sus hydroxyla ted , fully aro
mat ic ve r sus h y d r o ^ - c a r b o l i n e s ) . Pho toau to t roph ic a n d g reen p h o -
tomixot rophic cul tures d id no t form these alkaloids (Barz et al., 1980). 
Leaves of t he p lan t also d o no t conta in β-carboline alkaloids (Groger, 
1960). Mos t cell l ines accumula ted se ro ton in a n d small a m o u n t s of 6-
h y d r o x y t r y p t a m i n e (Net t leship a n d Slaytor, 1974b; McKenzie et al., 1975; 
Barz et al, 1980; Sasse et al, 1982a). The p resence of h igher levels of 
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sero ton in in t he cul tures is especially no t ewor thy , as this c o m p o u n d h a s 
no t b e e n found in a n y par t of the source plant . 

In genera l , alkaloid levels of 0.05 to 0 .1% of the d ry m a s s w e r e found 
in callus a n d s u s p e n s i o n cul tures . It s eems possible to main ta in this low 
level of product iv i ty over years , p rov ided the cell l ines are no t main
ta ined at m a x i m u m g r o w t h ra tes . High-yielding cell l ines wi th u p to 
2 .3% β-carbolines h a v e b e e n descr ibed (Sasse et al., 1982a). The genera l 
p rob l em of quali tat ive a n d quant i ta t ive instability of t he product iv i ty of 
cell l ines exists especially for high-yielding cell l ines, bu t also for lower-
yielding ones be ing ma in ta ined u n d e r s o m e w h a t growth- l imit ing condi
t ions . W h e n p roduc t formation is adverse ly affected by g rowth , the 
p rob lem of losing initial product iv i ty increases . This also appl ies to the 
Peganum sys tem, as w a s first indicated by Net t lesh ip a n d Slaytor 
(1974a), w h e n they n o t e d gradua l al terat ions of their stock l ines. With
ou t selection the alkaloid conten t of mos t newly es tabl ished callus 
cul tures readi ly decreased by a factor of 10 d u r i n g the first 15 passages 
on the g r o w t h m e d i u m , whi le calli became whi te r , smoothe r , a n d 
s h o w e d less morphologica l differentiation (Sasse et al., 1982a). This is 
also t rue for l iquid cul tures . The fate of the highest-yielding cell line 57, 
w i th a m a x i m u m specific con ten t at the beg inn ing of 2 .3% h a r m a n al
kaloids (Sasse et al., 1982a), is g iven in Fig. 2. Dur ing subcult ivat ion the 
alkaloid con ten t decreased gradual ly . O n e year after selection, 1% 
sero tonin a n d 1% β-carbolines (mainly harmalol a n d harmine) w e r e still 
accumula ted . Three years after initiation, howeve r , alkaloids a n d 
se ro ton in w e r e n o longer formed by the cells. The cul ture h a d also 
c h a n g e d its appea rance . In the beg inn ing the cul ture h a d a t endency to 

A Β C 

Fig. 1. Alkaloids detected in cell cultures of P. harmala. A, B, harman alkaloids: C, indole 
alkylamines. 
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Fig. 2. Growth and harman alkaloid production of a high-producing cell line of P. harmala 
in s u s p e n s i o n culture 4 m o n t h s (· ,0), 1 year ( Α , Δ ) , and 7 years ( • , • ) after selection. 

form aggrega tes a n d u n d e r g o morphological differentiation, especially 
in t he late g r o w t h p h a s e . Wi th decreas ing t endency to differentiate, t he 
cul ture lost its ability to syn thes ize β-carbolines a n d serotonin . Wi thou t 
selection e v e n the bes t -p roduc ing cell line h a d c h a n g e d to a rapidly 
g rowing , finely d i spe r sed s u s p e n s i o n cul ture devoid of alkaloids. By 
r educ ing the 2,4-dichlorophenoxyacet ic acid (2,4-D) concentra t ion of t he 
g r o w t h m e d i u m at the beg inn ing to 1 μ Μ , w e have es tabl ished n e w 
l ines, again accumula t ing u p to 2% β-carbolines a n d 0.8% serotonin . 
These slowly g rowing s u s p e n s i o n cul tures exist as small , rootlike s truc
tu res u p to 4 m m in l eng th a n d 0.2 m m in d iamete r a n d s h o w m a n y 
f luorescent cells u n d e r the microscope . These cul tures h a v e n o w re
ta ined thei r differentiated state for 2 years a n d m a y be u s e d as stock 
cul tures for fur ther s tud ies . H o w e v e r , t he unsat isfactory s i tuat ion re
m a i n s tha t h igh product iv i ty occurs only d u r i n g s low g r o w t h a n d mor
phological differentiation. The ques t ion consequen t ly arises as to 
w h e t h e r screening, selection, med ia variat ion, or elicitation w o u l d be 
possible a l ternat ives for es tabl ishing produc t ive sys tems . 

As t he β-carbolines s h o w a typical f luorescence, calli can be screened 
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visually for fluorescent areas , a n d selected a n d subcul tured . W e have 
d o n e this for rough ly 1 year (10 subcul tures pe r callus clone). Wi th 
con t i nuous selection the h igh initial alkaloid level could be ma in ta ined 
d u r i n g this per iod . Wi thou t further selection, howeve r , the highly p ro 
duct ive b u t s lowly g rowing a n d morphological ly differentiated calli 
rapid ly lost their synthet ic capacity (Sasse et al., 1982a). Evidently, t he 
sc reen ing d id no t resul t in t rue var iants , as the fluorescent areas of t he 
calli m a y h a v e only r ep re sen ted a different physiological s tate ra ther 
t h a n a genet ic or epigenet ic al terat ion (Berlin a n d Sasse, 1985). 

Media var ia t ion or the d e v e l o p m e n t of i n d u c t i o n - p r o d u c t i o n med ia 
(Sasse et al., 1982c) h a s often b e e n qui te successful in s t imulat ing sec
o n d a r y p r o d u c t formation in cul tured cells. In part icular, lower ing or 
dep le t ion of 2,4-D a n d p h o s p h a t e increased the alkaloid formation in 
Peganum harmala cells (Net t leship a n d Slaytor, 1974a; Sasse et al., 1982c). 
T h u s , se ro tonin a n d β-carboline formation of the above-ment ioned line 
57 w a s distinctly increased in such a m e d i u m . G r o w t h w a s r educed , a n d 
the cells t e n d e d to differentiate (Fig. 3). But after the line h a d c h a n g e d 
in to a rap id ly g rowing , finely d i spersed cell su spens ion cul ture , t he 

TIME [d] 
Fig. 3. Alkaloid accumulation of a lumpy, high-producing ( Ο , Δ ) and a fine, nonproduc-
ing but still inducible ( D , V ) culture of P. harmala after transfer to a production med ium. 
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Fig. 4. Serotonin accumulation of a fine suspens ion culture of P. harmala 21 days after 
transfer of the cells to the growth media , to which different amounts of a fungus culture 
supernatant were added . Harman alkaloids were < 0 . 0 5 m g / g . Control: growth m e d i u m 
wi thout elicitor addit ion (13 g dry mass per liter, 0.2 m g serotonin per gram dry mass) . 

alkaloid p roduc t ion w a s no t r e s u m e d after transfer of the cells to t he 
p r o d u c t i o n m e d i u m . T h u s , t he p r o p o s e d p roduc t ion m e d i u m seems 
only to be useful for cul tures tha t h a v e re ta ined the compe tence for 
alkaloid b iosynthes i s , recognized by the accumula t ion of low alkaloid 
levels o n t h e g r o w t h m e d i u m . W h e n 14-day-old cells of the 8-year-old 
line 57 are t ransferred to a full m e d i u m devoid of 2,4-D, g r o w t h ceases 
complete ly , a n d only traces of se ro tonin are formed. 

Somet imes , format ion of secondary metabol i tes can be i n d u c e d by 
biotic a n d abiotic elicitors (DiCosmo a n d Misawa, 1985). Screenings w i th 
med ia a n d cell extracts of k n o w n phy topa thogen i c a n d newly isolated 
microorgan isms (F. Sasse, E. Forche , a n d H . Reichenbach, u n p u b l i s h e d 
results) s h o w e d tha t a great n u m b e r of cell extracts or cul ture supe rna -
tan ts w e r e able to induce se ro ton in a n d even β-carboline alkaloid forma
tion in line 57. Suspens ions w i t h 50 m g of cells w e r e incuba ted wi th 
different concent ra t ions of t he var ious microbial extracts or cul ture super -
na t an t s a n d sc reened for f luorescence. Quant i t a t ive ana lyses y ie lded 
harmalo l levels of u p to 0.15% a n d sero ton in of u p to 1.5%. Figure 4 
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s h o w s an example of se ro tonin accumula t ion in relat ion to the a m o u n t of 
elicitor a d d e d . Distinctly increased levels of sero tonin a n d β-carbolines 
we re only achieved at growth- inhib i tory concent ra t ions of the elicitors. 
There w e r e n o indicat ions tha t the induc t ion of se ro tonin or β-carboline 
b iosynthes is resul ted from specific effects of a dist inct biotic or abiotic 
c o m p o u n d . Given suitable doses mos t microorganisms h a d a n eliciting 
effect, b u t extracts of soya flour or p e p t o n e , toxic concentra t ions of heavy-
meta l salts such as zinc or copper sulfate, to men t ion only a few, also h a d 
the s ame effect. T h u s , elicitation of sero tonin a n d β-carbolines in cell 
cu l tures of Peganum harmala shou ld ra ther be seen as an unspecific 
growth- inhib i tory s tress induct ion . 

IV. STUDIES OF BIOSYNTHESIS 
AND REGULATION 

The biosynthet ic s teps to β-carbolines as s h o w n in Fig. 5 have b e e n 
p r o p o s e d from feeding exper iments w i th intact p lan ts (Groger, 1985). 
U p to n o w p lan t cell cul tures have no t p rov ided further ins ights . Net -
t leship a n d Slaytor (1974b) s h o w e d tha t feeding a n d t r app ing experi
m e n t s w i th callus cul tures we re severely h a m p e r e d by compar tmen ta -
t ion a n d side react ions; 5- a n d 6 -hydroxyt ryp tophan a n d - t ryp tamine 
w e r e no t metabol ized . The ma in p rob lem of feeding exper iments w i th 
cell cu l tures is tha t near ly all t ryp tamine is conver ted to serotonin (Net-
t leship a n d Slaytor, 1974a; Sasse et ah, 1982b), a c o m p o u n d tha t is no t 
p r e sen t in the differentiated plant . Dur ing our s tudies significant incor
pora t ion of anthrani l ic acid, t r y p t o p h a n , a n d t ryp tamine in to β-car
bol ines w a s only observed wi th high-yielding, morphological ly differ
en t ia ted cell cu l tures . Such differentiated cul tures m a y be useful for 
further invest igat ions of β-carboline b iosynthes is o n the e n z y m e level. 

The b iosynthes is of sero tonin in h igher p lan ts (Peganum, Juglans) 
star ts w i th the decarboxylat ion of t r y p t o p h a n followed by 5-hydroxyla-
t ion (Sasse et al, 1982b; Grosse et al., 1983). This is in contrast to an imal 
cells, w h e r e t r y p t o p h a n is hydroxy la ted before decarboxylat ion. 

W h e n o n e compares low- a n d h igh-produc ing cell l ines or t ransfers of 
Peganum cells from lowly to h ighly product ive cul ture condi t ions , t ryp
t o p h a n decarboxylase (TDC) activity is greatly increased in the highly 
p roduc t ive cells (Sasse et al., 1982b). T h u s , it w a s concluded tha t TDC 
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Fig. 5. Proposed biosynthetic pathways from tryptamine to l -methyl^-carbol ines . (I) 
Aceta ldehyde as reaction partner g ives tetrahydrocompounds as first tricyclic condensa
tion products . (II) Direct condensat ion wi th pyruvate to l-methyl-l ,2 ,3,4-tetrahydro-3-
carboline-l-carboxylic acid as intermediate. (Ill) N-Acetylation by acetyl-CoA and cyclic 
dehydrat ion of N-acetyltryptamine g ives d ihydro^-carbol ines as first tricyclic c o m p o u n d s 
(Groger, 1985). 

exerts a regula tory role by control l ing the flow of the pr imary metabol i te 
t r y p t o p h a n in to secondary p a t h w a y s . Indeed , rapidly g rowing Peganum 
cells, h a v i n g lost their ability to p r o d u c e β-carbolines or serotonin , d id 
no t conta in measurab le TDC activity. T h u s , the absence of β-carbolines 
a n d especially sero tonin m a y be accounted for by the lack of TDC. The 
in teres t ing fact is tha t Peganum cells unab le to synthes ize sero tonin de 
novo conver t large a m o u n t s of fed t ryp tamine to sero tonin (Fig. 6) (Sasse 
et al.. 1982b). The second s tep of sero tonin b iosynthes is r emains well 
expressed e v e n in n o n p r o d u c i n g cell cul tures . According to the liter
a tu re a n d o u r exper ience w i th m a n y i n d e p e n d e n t l y establ ished cell 
l ines, this activity w a s h igh in all Peganum cell cul tures i n d e p e n d e n t of 
their se ro ton in levels syn thes ized de novo. T ryp tamine feeding d id no t 
increase β-carboline levels in n o n p r o d u c i n g cells. This m a y be d u e to the 
immed ia t e compet i t ive hydroxyla t ion of t ryp tamine w h e n taken u p , b u t 
could also be d u e to the absence of o ther biosynthet ic e n z y m e s . 
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V. A BIOCHEMICAL SELECTION SYSTEM 

Based o n the k n o w l e d g e tha t cessat ion of sero tonin formation by 
rap id ly g r o w i n g Peganum cells w a s mere ly d u e to the loss of TDC activity, 
w e tr ied to select for cells hav ing expressed TDC. It h a s b e e n s h o w n tha t 
4-fluoro- a n d 4 -me thy l t ryp tophan are toxic t r y p t o p h a n analogs , wh ich 
can be detoxified by decarboxylat ion (Sasse et al, 1983a). Therefore, w e 
selected for cell l ines tolerant to these analogs a n d expected to find a m o n g 
these , as in the case of Catharanthus cells (Sasse et ah, 1983b), l ines tha t 
w e r e at least partially res is tant because they w e r e e n d o w e d wi th h ighe r 
TDC activity a n d w e r e t h u s super ior in detoxifying the amino acid ana
logs. Several res is tant l ines tolerat ing u p to 100-fold h igher levels of t he 
ana log (0 .5 -1 mM) w e r e character ized. Serotonin levels in the r ange of 0 
to 2.0% of d ry m a s s w e r e found. A compar i son of g rowth , se ro ton in 
accumula t ion , a n d TDC activity of a low- a n d a h igh-p roduc ing 4-fluo-
ro t ryp tophan- res i s t an t cell line is s h o w n in Fig. 7. The usefulness of this 

Fig. 6. Specific biotransformation rate of a fine, suspended , nonproducing cell culture of 
P. harmala (5-hydroxylation of fed tryptamine to serotonin). 
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selection is ev ident . For the first t ime h igh p roduc t ion of sero tonin 
occur red in rapid ly proliferat ing cell l ines o n the g r o w t h m e d i u m in the 
absence of the analog . Long- te rm stability of the l ines w a s easily main
ta ined in t he p resence of t he ana log . 

The above selection w a s , howeve r , only effective in repai r ing t he t w o -
s tep b iosynthes i s of sero tonin . Despi te the increased TDC activities, t he 
levels of β-carboline alkaloids r e m a i n e d ra ther low (0.01% a n d less). 
Unl ike t he wi ld- type cells, h o w e v e r , m a n y fluorescent cells in t h e call
u s e s w e r e de tec ted . Therefore, w e cul tured fluorescent areas of the re
s is tant c lones separate ly . So far, h o w e v e r , w e could only increase the 
specific alkaloid levels by 10- to 100-fold. The m o r e h ighly f luorescent 
t he c lones , t he poore r their g r o w t h , a n d product iv i ty w a s lost w i th o u t 
screening . T h u s , the analytically sc reened res is tant cells b e h a v e d as t he 
wi ld - type cells. H i g h TDC activity m a y be requi red for h igh alkaloid 
p roduc t i on b u t is ev ident ly no t sufficient. 

5 10 15 5 10 15 
T I M E [d] 

Fig. 7. Growth, TDC activity, and serotonin accumulation of t w o different 4-fluorotryp-
tophan-resistant cell l ines of P. harmala. Despite its h igh resistance, line Β s h o w s no 
difference from the wi ld-type culture regarding these parameters. 
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VI. OUTLOOK 

The overall impress ion of β-carboline alkaloid a n d indole a lkylamine 
format ion by Peganum cells is tha t this cul ture reflects the c o m m o n p rob 
lem of secondary metabol i te p roduc t ion in cu l tured cells. Never the less , 
w e feel tha t this cul ture sys tem dese rves further a t tent ion . The absence 
of o n e b iosynthet ic e n z y m e activity appea r s somet imes to be the reason 
w h y certain secondary p roduc t s are no t found in cell cul ture . O n e could 
imagine tha t the lack of such e n z y m e s m a y be overcome by the tech
n iques of genet ic eng ineer ing (Berlin, 1984). A l t h o u g h w e have achieved 
an easier a n d quicker w a y of es tabl ishing cell l ines w i th h igh TDC ac
tivity, w e believe tha t sero tonin b iosynthes is in Peganum cells r ep resen t s 
a n ideal sys tem for s tudy ing the r equ i remen t s of in tegra t ing foreign 
g e n e p roduc t s in to a b iosynthet ic p a t h w a y (Berlin et al., 1985). Such 
s imple p a t h w a y s m a y p rov ide the clues of h o w to t u rn low-produc ing 
cell l ines in to be t t e r -p roduc ing ones . The simplicity, no t the complexity, 
m a k e Peganum cells a n attractive cul ture for such invest igat ions . 
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I. INTRODUCTION 

The m o n o t e r p e n e indole alkaloids r ep resen t a large a n d diverse g r o u p 
of p lan t p r o d u c t s , t he majority of w h i c h have b e e n isolated from species 
be long ing to th ree families (Table I): t he Loganiaceae, Apocynaceae , a n d 
Rubiaceae (Leeuwenberg , 1980). Repor t s on their p roduc t ion by cul
t u r ed cells de r ived from var ious species (belonging to different genera) 
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Botanical Classification of the Plant Families Apocynaceae, Loganiaceae, and Rubiaceaeab 

Family Apocynaceae 

Subfamily Plumerioideae 

Tribe Carisseae 
Carpodinus, Hunteria, Landolphia, Melodinus, Picralima, Pleiocarpa, Polyadoa 

Tribe Tabernaemontaneae 
Anacampta, Bonafousia, Callichilia, Capuronetta, Conopharyngia, Crioceras, 
Ervatamia, Gabunia, Hazunta, Hedranthera, Muntafara, Pagiantha, Pandaca, 
Peschiera, Phrissocarpus, Rejoua, Schizozygia, Stemmadenia, Stenosolen, 
Tabernaemontana, Tabernanthe, Voacanga 

Tribe Plumerieae 
Alstonia, Ammoccdlis, Amsonia, Aspidosperma, Catharanthus, 
Craspidospermum, Diplorhynchus, Geissospermum, Gonioma, Haplophyton, 
Lochnera, Plumeria, Rhazya, Tonduzia, Vinca 

Tribe Rauvolfieae 
Bleekeria, Cabucala, Excavatia, Kopsia, Neiosperma, Ochrosia, Rauvolfia, 
Vallesia 

Family Loganiaceae 

Tribe Strychneae 
Gardneria, Strychnos 

Tribe Gelsemieae 
Gelsemium, Mostuea 

Family Rubiacea 

Subfamily Rubioideae 

Tribe Psychotrieae 
Palicourea 

Tribe Urophylleae 
Pauridiantha 

Subfamily Cinchonoideae 

Tribe Naucleeae 
Adina, Anthocephalus, Cephalanthus, Haldina, Mitragyna, Nauclea, 
Neonauclea, Ourouparia, Pertusadina, Sarcocephalus, Uncaria 

Tribe Cinchoneae 
Cinchona, Corynanthe, Pausinystalia, Pseudocinchona, Remijia 

Tribe Mussaendeae 
Isertia 

(continued) 

Table I 
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Table I (Continued) 

Subfamily Guettardoideae 

Tribe Guettardeae 
Antirhea, Guettarda 

Subfamily Hill ioideae 

a Only those genera that contain indole alkaloids, together with their synonyms, are given. 
b From Leeuwenberg, 1980. 

h a v e b e e n proliferating, a l t hough by a n d large, researchers have 
focused m o s t of their a t ten t ion in this area on relatively few of the 
species , in part icular , Catharanthus roseus (Apocynaceae) a n d Cinchona 
species (Rubiaceae) (see Chap t e r s 19 a n d 22, this vo lume) . Accordingly, 
in this chap te r the s ta tus of w o r k from about 1980 t h r o u g h 1986 involv
ing indole alkaloid p roduc t ion by cul tured p lan t cells der ived from spe
cies of gene ra o ther t h a n Catharanthus a n d Cinchona is rev iewed. W h e r e 
possible , c o m m e n t s o n h o w alkaloid profiles of the cell cul tures h a v e 
c o m p a r e d w i th those of the pa ren t p lan t or closely related species have 
b e e n inc luded . 

II. STRUCTURAL TYPES OF ALKALOIDS 

The m o n o t e r p e n e indole alkaloids are formally der ived from a uni t of 
t r yp t amine a n d a C 9 / C 1 0 un i t of t e rpeno id origin (secologanin). The 
basis of their classification h a s res ted o n the geometr ic a r r angemen t of 
t he C 9 / C 1 0 carbon skeleton w i t h the th ree ma in configurat ions (Fig. 1) 
be ing categorized as the Corynanthe, Aspidosperma, a n d Iboga t ypes . The 

Fig. 1. Three main configurations of the nontryptamine portion of monoterpene indole 
alkaloids: Corynanthe type (left), Ilboga type (center), and Aspidosperma type (right). 
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I Corynanthe group 

ie A j m a l i n e typ e  1/ Akuammi l in e typ e  ig P le iocarpamin e typ e 

it y Cinchonamin e typ e  ij Quinine typ e 

u Ule ine i* Appar ic in e typ e 

Fig. 2. Various alkaloid structures found in the Corynanthe, Iboga, and Aspidosperma types . 
(Adapted from Snieckus, 1968.) 

u Yohimbin e typ e  i& He teroyoh imbin e typ e 

id Sarpagin e typ e 

ΙΛ S t rychn in e typ e 
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II Iboga group 

I LA 

III Aspidosperma group 

111,1 Eburnamin e typ e nir, 

ILLR I HE 
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m a n n e r in w h i c h these basic un i t s are jo ined to the t ryp tamine por t ion 
leads to t h e var iety of sub types (Fig. 2) tha t h a v e b e e n listed he re accord
ing to the classification sugges ted by Snieckus (1968). 

Some c o m m e n t is necessary regard ing structural types tha t d o no t 
a p p e a r to conta in a t ryp tamine un i t (e.g. , qu in ine a n d ellipticine types) . 
These alkaloids have i ndeed ar isen from the ub iqui tous m o n o t e r p e n e 
indole alkaloid p recursor str ictosidine, a n d at some later s tage in their 
b iosynthes i s the t ryp tamine por t ion h a s u n d e r g o n e modification. 

Several types tha t have no t b e e n listed here (a l though certainly impor
tant) are the bis indole g r o u p , a large a n d diverse array of s t ruc tures 
ar is ing from the u n i o n of t w o " m o n o m e r i c ' ' indole alkaloids. The com
plexity of these types of alkaloids is d u e no t only to the m o n o m e r s of 
wh ich they are c o m p o s e d bu t also to the m a n n e r in wh ich the " m o n o 
m e r s " are l inked. For our p u r p o s e s , howeve r , considera t ion of bis indole 
alkaloids from the perspect ive of the m o n o m e r s of w h i c h they are com
p o s e d will suffice. Cordell a n d Saxton (1981) h a v e rev iewed this area. 

III. ALKALOIDS FROM CELL CULTURES 

A. Amsonia  tabernaemontana 

Amsonia tabernaemontana Walter , a N o r t h Amer ican perennia l , w a s 
u s e d by a Polish g r o u p (Fu rmanowa a n d Rapczewka, 1981) to s t udy 
g r o w t h of, o rganogenes i s from, a n d alkaloid p roduc t ion by the corre
s p o n d i n g cell s u s p e n s i o n cul tures . The a u t h o r s w e r e also able to obta in 
excised root cul tures a n d to regenera te roots from cell aggregates . De
tailed alkaloid ana lyses we re no t per formed a l though it w a s n o t e d tha t 
the root cul tures p r o d u c e d an alkaloid pa t t e rn (as observed via thin-
layer ch roma tography) similar to tha t of roots of the pa ren t p lant . Pro
pi t ious p roduc t ion of alkaloids from the cell suspens ion cul tures w a s no t 
observed , a l t hough in re t rospect the u s e of alkaloid p roduc t ion m e d i u m 
(Zenk et ah, 1977) in a two-s tep protocol migh t h a v e r emed ied t h e si tua
t ion. The a u t h o r s e m p l o y e d t w o med ia for their s tudy , WB (Wood a n d 
Braun, 1961) a n d MS (Murashige a n d Skoog, 1962). 

B. Ochrosla elliptica 

T w o g r o u p s h a v e t h u s far s tud ied the p roduc t ion of indole alkaloids 
from cul tured cells of Ochrosia elliptica Labill. Interest ingly, the resul ts 
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r epo r t ed w e r e qui te different. Kouad io et al. (1984, 1985) r epor ted the 
p roduc t i on of ell iptinine ( tentat ive a s s ignment ) , ellipticine, 9-methoxy-
ellipticine, reserpi l ine, a n d isoreserpi l ine from their cell s u s p e n s i o n 
cu l tures , sugges t ing a profile very similar to tha t of the aerial pa r t s of t he 
p lan t . F rom their cell su spens ions , Pawelka a n d Stockigt (1986a) isolated 
e ight a lkaloids, n o n e of w h i c h w a s the s ame as tha t of the o ther g r o u p ' s . 
These alkaloids consis ted of the following types : lb , Ig, Ih, a n d Ik (Fig. 
2). Six of t he c o m p o u n d s h a d no t previous ly b e e n isolated from O. 
elliptica, a n d t w o (norf luorocurar ine a n d ple iocarpamine) h a d no t p re 
viously b e e n ob ta ined from a n y species of Ochrosia. Typically, p lan ts of 
the g e n u s Ochrosia p r o d u c e C o r y n a n t h e alkaloids of types la, lb , Id, a n d 
Ik (Snieckus, 1968). 

C. Picralima nitida 

There is o n e repor t of alkaloid p roduc t ion by a cell su spens ion cul ture 
de r ived from Picralima (Arens et al., 1982). Plantlets of P. nitida (Stapf) 
Th . & Hel . Dur . ( synonym, P. klaineana Pierre) w e r e u s e d as the explant 
source , a n d callus formation w a s achieved o n modified VM m e d i u m 
(Veliky a n d Mar t in , 1970). Suspens ion cul tures w e r e subsequen t ly es
tabl ished o n the s a m e m e d i u m , a n d cells w e r e t ransferred to alkaloid-
p roduc t ion m e d i u m (Zenk et al., 1977) to induce formation of alkaloids. 
A n opia te- receptor b ind ing assay (Pert a n d Snyder , 1974) w a s t h e n em
p loyed to screen var ious fractions ob ta ined from the methanol ic extract 
of t he cells. T w o "ac t ive" alkaloids w e r e isolated a n d identified as per-
icalline a n d a n e w closely re la ted derivat ive that w a s n a m e d pericine 
( type Ik). " Inac t ive" alkaloids p r o d u c e d b y the cell su spens ion w e r e n o t 
m e n t i o n e d . Pericalline (and of course , pericine) h a d no t previous ly b e e n 
de tec ted in Picralima, a l t hough mos t phytochemica l repor t s a p p e a r to 
h a v e deal t w i t h the con ten t s of seeds , wh ich in t u rn have b e e n u s e d by 
Wes t African nat ives as a specific for malaria as well as an ant ipyret ic 
(Henry a n d Sha rp , 1927; Robinson a n d T h o m a s , 1954). The major al
kaloid of P. nitida s eeds is a k u a m m i n e (Saxton, 1965). Alkaloids isolated 
from P. nitida h a v e b e e n of t he Corynanthe g r o u p a n d inc luded the types 
lb , Id, If, a n d Ih. 

D. Rauwolfia  serpentina 

The g e n u s Rauwolfia a n d in part icular the species R. serpentina Benth . 
h a v e b e e n well examined phytochemical ly (Court , 1983; Schittler, 1965), 
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d u e largely to the discovery of the an t ihyper tens ive proper t ies of reser-
p ine a n d its subsequen t uti l ization as a tranquil izer . A l though originally 
isolated from the Ind ian species, R. serpentina, the African species, R. 
vomitoria, h a s p r o v e n to be a super ior source. To da te , only cul ture w o r k 
w i th R. serpentina h a s b e e n carried out . Both cell su spens ions a n d mul t i 
ple shoo t cul tures h a v e b e e n repor ted . From the cell su spens ions w e r e 
isolated no t only several alkaloids, b u t also three e n z y m e s involved in 
s o m e s teps of the biosynthet ic p a t h w a y s . The e n z y m e s isolated w e r e 
po lyneur id ine a l d e h y d e es terase (Pfitzner a n d Stockigt, 1983), v inor ine 
syn thase (Pfitzner et al., 1986), a n d vel losimine reduc tase (Pfitzner et al., 
1984). The first m e n t i o n e d e n z y m e is involved in the p a t h w a y leading to 
the sa rpag ine -a jmal ine g r o u p of alkaloids, the second in the formation 
of the ajmaline skele ton from the sarpagine skeleton, a n d the th i rd in 
the reduc t ion of a 16-aldehyde g r o u p (to the co r respond ing alcohol) in 
the sa rpagine p a t h w a y . 

Regard ing alkaloids, Roja et al. (1985) we re able to obtain mul t ip le 
shoot cul tures tha t afforded a profile differing from ei ther those of the 
roots or leaves. In part icular the shoot cul ture profile w a s less complex. 
Alkaloids identified w e r e yoh imbine , ajmaline, a n d ajmalidine (relative 
a m o u n t s no t given) . The yield of alkaloids from the shoots w a s 0.71% as 
c o m p a r e d to 0.54 a n d 2.64% in leaves a n d roots , respectively. 

There are t w o repor t s deal ing wi th alkaloids from cell suspens ions . In 
the earlier o n e (Stockigt et al., 1981), 12 alkaloids represen t ing the 
ajmaline (Ie), yoh imbine (la), he te royoh imbine (lb), a n d sarpagine types 
(Id) w e r e isolated from t w o cell l ines. The profiles of the t w o cell l ines 
differed only slightly from each o ther b u t significantly from the p lant . 
The major alkaloid obta ined from the cell su spens ion w a s vomil inine 
(0.22% d ry weight ) , an ajmaline type . In contrast , the p lan t p roduces a 
p r e p o n d e r a n c e of yoh imbine a n d he te royoh imbine types . Interest ingly, 
vomi len ine h a d no t previously b e e n observed in R. serpentina p lan ts , bu t 
h a d b e e n repor t ed from R. vomitoria (Taylor et al., 1962). It h a d also b e e n 
de tec ted in a callus cul ture of R. serpentina (Shimolina a n d Minina , 1981). 

In the second repor t (Schubel a n d Stockigt, 1984), a glycoalkaloid, 
raucaffricine (vomilenine galactoside), w a s obta ined as the major p rod 
uct from cell su spens ions in alkaloid p roduc t ion m e d i u m (Zenk et al., 
1977) a n d could be p r o d u c e d in concentra t ions of 0.5 gm/l i ter of med i 
u m . The au tho r s w e r e able to isolate large quant i t ies (40 g) by u s ing 
rota t ion locular coun te rcur ren t ch romatography . Raucaffricine h a d p re 
viously b e e n observed as a cons t i tuent of R. caffra (Khan a n d A h a n , 
1972; Hab ib a n d Cour t , 1974). 
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E. Rhazya  stricta 

The g e n u s Rhazya consis ts of only t w o species: R. orientalis A. DC. a n d 
R. stricta Decaisne . The latter is a small erect s h r u b located in t he no r th 
w e s t of t he Ind ian subcon t inen t a n d h a s b e e n u s e d in the i nd igenous 
sys t em of med ic ine in Pakis tan a n d India (Chopra et al, 1956). There is 
o n e r epor t o n t he p roduc t ion of alkaloids from cell su spens ions of R. 
stricta (Pawelka a n d Stockigt, 1986b). Seedl ings w e r e u s e d to genera te 
callus mater ia l o n modif ied 4 x m e d i u m (Gamborg et ah, 1968; Ulbrich 
a n d Z e n k , 1979), a n d cell s u s p e n s i o n s w e r e subsequen t ly ob ta ined in 
t he s a m e m e d i u m . Analysis of the cell su spens ions indicated the p res 
ence of at least 26 alkaloids, of w h i c h 11 w e r e isolated, character ized, 
a n d c o m p a r e d to those of t he p a r e n t p lant . All b u t o n e of the alkaloids 
w e r e found to be typical Rhazya a lkaloids, a n d tha t o n e (akuammicine) 
w a s sugges t ed as a likely p recursor to the Rhazya alkaloid sewar ine (11-
hydroxyakuammic ine ) . The a u t h o r s also n o t e d tha t improved alkaloid 
p roduc t i on could be achieved by us ing alkaloid p roduc t ion m e d i u m 
(Zenk et al, 1977). 

F. Stemmadenia  tomentosa 

There is o n e repor t dea l ing w i th alkaloids from a suspens ion cul ture 
of Stemmadenia tomentosa var . palmeris. Stockigt et al. (1982) init iated cal
lus t i ssue from seed a n d w e r e subsequen t ly able to establish cell s u s p e n 
s ions in modif ied B5 m e d i u m (Ruffer et al., 1981). Eight alkaloids w e r e 
isolated a n d found to inc lude representa t ives of the Corynanthe, Iboga, 
a n d Aspidosperma g r o u p s . A l t h o u g h the alkaloid types we re ana logous 
to those p r o d u c e d by the p lan t (i .e. , Ih, Ii, Ha, Illb), the profiles of the 
cell s u s p e n s i o n cul ture a n d the p lan t w e r e completely different. T h u s , 
s t e m m a d e n i n e (which occurs in m o s t Stemmadenia species) w a s specifi
cally looked for a n d no t found , w h e r e a s v inervine a n d nor-
f luorocurar ine w e r e p re sen t b u t h a d no t previously b e e n de tec ted in 
Stemmadenia. 

G. Tabernaemontana  divaricata  and T. elegans 

At least fifty species be long ing to the g e n u s Tabernaemontana have 
b e e n chemically inves t igated (Danielli a n d Palmisano, 1986) a n d found 
to conta in a w i d e ar ray of alkaloid types , inc luding bis indoles . T w o 
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s tud ies o n the p roduc t ion of alkaloids by cul tured cells of Tabernaemon
tana h a v e b e e n repor ted . Work ing wi th T. divaricata, Pawelka a n d Stock
igt (1983) w e r e able to obtain cell su spens ions in modified B5 m e d i u m 
(Zenk et ah, 1977) a n d w e r e able to isolate the following alkaloids: a p -
paricine ( type Ik, 2.5 μg/l i ter) , tubota iwine ( type Ii, 10 μg/l i ter) , viner-
n ine (type Ih, 4.7 μg/l i ter) , conoflorine ( type Illb, 3.9 μg/l i ter) , coro-
nar id ine ( type Ha, 10.4 μg/l i ter) , a n d ca tharan th ine ( type Ila, a m o u n t 
no t given) . Tubota iwine , a l though found in several species of Tabernae
montana, h a d no t previously b e e n observed in T. divaricata, w h e r e a s 
v inerv ine a n d ca tha ran th ine h a d no t previously b e e n observed in a n y 
species of Tabernaemontana. In the o ther s tudy , Van de r Hei jden et al. 
(1986a,b) ob ta ined callus material from T. elegans a n d compared the 
alkaloid profile wi th tha t of the plant . A l though the major c o m p o n e n t s 
of the callus ( t abe rnaemontan ine , appar ic ine , a n d vobasine) we re also 
major c o m p o n e n t s of the plant , there we re some significant differences. 
T h u s , w h e r e a s seven bis indole alkaloids could be detec ted in the p lant , 
only t w o w e r e found in the callus, of those two only one w a s in c o m m o n 
w i t h the p lant . Fu r the rmore , several of the minor callus alkaloids we re 
no t de tec ted in the p lan t a l though they h a d b e e n observed in o ther 
Tabernaemontana species: 3-hydroxyisovoacangine in T. eglandulosa Stapf. 
(Agwada et al, 1975) a n d 3-hydroxycoronar idine in T. sananho Ruiz et 
Pav. (Delle M o n a c h e et al, 1977). 

H. Tabernanthe  iboga 

Tabernanthe iboga Baill. is a s h r u b ind igenous to wes t e rn Africa. The 
root bark, of w h i c h the ma in alkaloid is ibogaine, ha s been u s e d by 
nat ives to increase resis tance to fatigue. There is to da te only one repor t 
concern ing alkaloid p roduc t ion by the co r respond ing cul tured cells. 
Pawelka a n d Stockigt (1983) establ ished suspens ion cul tures in 4 x medi 
u m (Riiffer et al., 1981) a n d we re able to isolate a n d identify the two 
major alkaloids as conoflorine (voaphyll ine, type Illb) a n d tubot iwine 
( type Ii). In contras t to the cul tured cells, the p lan t p roduces only iboga 
( type Ila) alkaloids. 

I. Voacanga  africana  and V. thouarsii 

There h a v e b e e n three repor t s concerning alkaloids from cell cul tures 
of Voacanga. Ferchel et al. (1983), in a shor t communica t ion , no t ed the 
p roduc t ion of tabersonine by calli of V. thouarsii. Two o ther pape r s deal t 
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wi th cell s u s p e n s i o n s of V. africana. Stockigt et al. (1982) we re able to 
isolate a n d identify th ree Aspidosperma alkaloids: tabersonine , 
lochner ic ine, a n d minovinc in ine . Later, Stockigt et al. (1983) we re fur
the r able to isolate a n d de t e rmine the s t ruc tures of t w o n e w bis indole 
alkaloids, wh ich they n a m e d voafrine A a n d B. The bis indoles we re 
d e t e r m i n e d to be d imers of t aberson ine . Taken as a who le , these resul ts 
w e r e qui te in teres t ing, as in s tark contras t to the cul tured cells, Voacanga 
p lan t s d o no t conta in " m o n o m e l i c " alkaloids of the Aspidosperma t ype . 
A bis indole consis t ing of t w o Aspidosperma un i t s h a d , howeve r , b e e n 
isolated from V. africana (Gorman et al., 1966). 

IV. CONCLUSIONS 

In spi te of s o m e fine efforts to da te , t he examinat ion of indole alkaloid 
p roduc t ion b y cu l tured cells der ived from species of var ious genera 
r ema ins a relatively unexp lo red terri tory. Results tha t have b e e n ob
ta ined , h o w e v e r , have s u p p o r t e d the conten t ion tha t a priori predic t ion 
of p r o d u c t s is no t possible (Pawelka a n d Stockigt, 1986a). Indeed , cell 
cu l tures tha t y ie lded alkaloid profiles similar to those of the pa ren t p lan t 
w e r e except ions; in fact, the isolation of alkaloids atypical of the g e n u s 
w a s no t a n u n c o m m o n event . These resul ts w e r e p e r h a p s no t surpr i s ing 
w h e n o n e cons iders tha t alkaloid p roduc t ion a n d / o r s torage is normal ly 
t i ssue specific, tha t is, roots , s t ems , leaves, a n d flowers general ly afford 
different alkaloid profiles (e .g . , Cour t , 1983), a n d cul tured cells repre 
sen t a ra the r u n i q u e state of differentiation. A d d to this the fact tha t 
env i ronmen ta l condi t ions can profoundly affect the quant i ty a n d type of 
s econda ry metabol i tes p r o d u c e d (Waller a n d Nowack i , 1978; Trease a n d 
Evans , 1983), a n d o n e has a reasonable rat ionale for the observed dif
ferences (i .e. , var iat ion as a resul t of epigenet ic effects). There r emains , 
h o w e v e r , t h e possibility tha t profile differences are largely a conse
q u e n c e of mu ta t i ons tha t in t u r n migh t have ar isen as a resul t of t he cell 
cu l ture process itself. Wha teve r the reasons , tha t cul tured cells can p ro 
d u c e complex alkaloids tha t a priori a re no t predictable m a k e s this area 
a n attractive o n e for fur ther s tudy . 
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I. INTRODUCTION 

A great n u m b e r of indole alkaloids p r o d u c e d by Catharanthus roseus 
(L.) G. D o n ( synonym, Vinca rosea L.) h a v e b e e n identified. Several of 
these h a v e b e e n found to be valuable agen t s in the t r ea tment of hype r 
t ens ion a n d a n u m b e r of neoplas t ic a i lments (Farnswor th , 1975). In par
ticular, v inblas t ine a n d vincris t ine, t w o dimeric indole alkaloids, h a v e 
b e e n u s e d for m a n y years as chemothe rapeu t i c agen t s in the t r ea tmen t 
of l eukemia a n d H o d g k i n ' s d isease . The u s e of such dimeric indole 
alkaloids h a s p r o m p t e d in tens ive s tud ies of their chemical a n d bio-
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chemical synthes i s since the 1960s (Groger, 1985, a n d references there
in). The interest in the p roduc t ion of d imers by p lan t t issue cul ture 
m e t h o d s h a s b e e n p u r s u e d for a lmost as m a n y years w i th mixed resul ts . 
In this chap te r an a t t empt to give an overview of the work related to the 
p roduc t ion of indole alkaloids by Catharanthus p lan t cell cul tures is 
m a d e , giving special a t ten t ion to the enzymat ic regulat ion of syn thes i s . 

II. PRODUCTION OF INDOLE ALKALOIDS 

A. Two-Phase Culture Syste m 

The first successful screening p r o g r a m invest igat ing the influence of 
m e d i u m composi t ion o n indole alkaloid formation in Catharanthus roseus 
cell s u s p e n s i o n cul tures w a s per formed by bo th Z e n k et al. (1977) a n d 
C a r e w a n d Krueger (1977) (Table I). The s tudies of Zenk ' s g r o u p re
sul ted in a two-phase cul ture sys tem tha t w a s des igned , first, to p r o d u c e 
b iomass by cul tur ing cells in a g r o w t h m e d i u m rich in nu t r i en t s a n d 
conta in ing 2,4-dichlorophenoxyacet ic acid (2,4-D), followed by cultiva
t ion in an a lkaloid-product ion m e d i u m of different nutr i t ional composi 
t ion. General ly, a lkaloid-product ion media deve loped by o ther g r o u p s 
bear resemblance to tha t of Z e n k et al. (Table I). The best basal med ia for 
b iomass p roduc t ion w e r e those of Murash ige a n d Skoog (1962), Lins-
maier a n d Skoog (1965), a n d G a m b o r g et al. (1968). The alkaloid p r o d u c 
t ion med ia usual ly lacked the h o r m o n e 2,4-D, wh ich w a s replaced by 
naph tha leneace t ic acid (NAA) or indoleacetic acid (IAA) a n d conta ined 
kinet in a n d 3 - 8 % sucrose . Wherea s p rev ious worke r s (Carew a n d 
Krueger , 1977) could no t observe a n y effect of p h o s p h a t e on indole 
alkaloid formation, later w o r k d e m o n s t r a t e d tha t the p resence of p h o s 
p h a t e above 10 m M w a s inhibi tory to secondary metaboli te formation 
(Knobloch a n d Berlin, 1980). The role of o ther nu t r i en t s on alkaloid 
accumula t ion w a s rev iewed by Kurz a n d Constabel (1985). 

The indole alkaloids isolated from cul tures of Catharanthus cells in 
a lkaloid-product ion m e d i u m are s h o w n in Table II, a n d their chemical 
s t ruc tures are s h o w n in Fig. 1. Earlier repor ts identified mainly ajmali-
cine or se rpen t ine as the ma in p roduc t s in cell cul tures , bu t by 1980 
(Table II), researchers in several laboratories identified the p resence of 
the m o r e complex Aspidosperma alkaloids, such as tabersonine a n d 
lochnericine, as well as t he Iboga alkaloid ca tharan th ine . Kurz et al. 
(1981) r epor t ed tha t a cell line p r o d u c e d ca tharan th ine levels at least 3 
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Table I 

Alkaloid-Production Media Developed for Catharanthus  roseus 

Sucrose 
Basal Growth regulator** concentration 

Case Reference medium* (mg/liter) (g/liter) 

1 Carew and Krueger B5 2,4-D (1.0) 20, 40, or 60 
(1977) or IAA (0.5) 

2,4-D (0.1) 
2 Doller (1978) MS IAA (0.2) 30 

Kinetin (2.0) 
3 Knobloch and Berlin Water N o n e 80 

(1980) 
4 N e u m a n n et al. (1983) MS N A A (2.0) 30 

Kinetin (0.2) 
5 Petiard (1980) MS N A A (1) 30 

Kinetin (1) 
6 Roller (1978) N N IAA (2.0) 20 

Kinetin (0-2) 
7 Zenk et al. (1977) LS IAA (0.175) 50 

6BA (1.125) 

a The basal media used were those of Gamborg et al. (1968) (BS), Murashige and Skoog (1962) (MS), 
Nitsch and Nitsch (1969) (NH), and Lin and Staba (1961) (LS). The screening protocol in cases 2 to 7 
identifies media that permitted the accumulation of either ajmalicine, serpentine, or both alkaloids. 
Carew identified Dragendorff-reagent-positive spots on chromatograms. 

b 6BA, 6-benzylaminopurine acid; 2,4-D, 2,4-dichlorophenoxyacetic acid; IAA, indoleacetic acid. 

times h ighe r t h a n tha t of the intact p lant . Smith et al. (1986) r epor ted tha t 
o n e ca tha ran th ine -p roduc ing line could be successfully scaled u p to 30 
liters whi le still p r o d u c i n g ca tha ran th ine at 1.28 m g per g r am dry we igh t 
(75 times h ighe r t h a n in the source plant ) . In the case of the Aspidosperma 
alkaloids, ne i ther v indol ine no r mos t of t he in te rmedia tes b e y o n d taber
son ine h a v e b e e n r epor t ed to occur in cell su spens ion cul tures , a n d 
apa r t from the early w o r k by Richter et al. (1965) w h o repor ted t he 
p r e sence of v indol ine in callus from Catharanthus, o ther s tudies neve r 
could corroborate this f inding (Zenk et al., 1977). 

S tud ies b y Morr is (1986a,b), concern ing the loss of the biosynthet ic 
capabili t ies for v indol ine a n d ca tha ran th ine in leaf tissue cul tured in 
var ious g r o w t h med ia , inc lud ing Z e n k ' s a lkaloid-product ion m e d i u m , 
s h o w e d tha t d u r i n g the first 40 days of cul ture the t w o ma in leaf al
kaloids , ca tha ran th ine a n d v indol ine , w e r e rapidly metabol ized, whi le 
t he alkaloids se rpen t ine a n d ajmalicine w e r e accumula ted . The shift in 
p roduc t i on from the major leaf alkaloids to the major root alkaloids, 
w h e n p r imary callus is ini t iated from leaf tissue, ha s t h u s b e e n es tab-
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AJMALICINE SERPENTINE AKUAMMICINE LOCHNERIDINE 

R = C 02C H3 

VINBLASTINE 

Fig. 1. Chemical structures of indole alkaloids produced by Catharanthus roseus. 

l i shed (Morris, 1986b). Fur ther evidence as to biosynthet ic shifts w a s 
s h o w n by Cons tabel et al. (1982), w h e n in callus cul tures of Catharanthus 
roseus o n redifferentiation to shoots a n d p lan ts , b iosynthes is of ca
tha ran th ine a n d v indol ine w a s de repressed . The preserva t ion of genet ic 
informat ion o n callus formation as d e m o n s t r a t e d is an impor tan t prereq
uisite for the possible p roduc t ion of these alkaloids in t issue cul ture . 
These s tudies also indicate tha t b iosynthes is of the alkaloids takes place 
in the leaf a n d tha t s tudies related to the biosynthet ic regulat ion of 
alkaloid formation shou ld be per formed on organized, ra ther t han call
u s , t i ssue. 

B. Single-Phas e Culture System s 

Three novel cul ture sys tems have b e e n descr ibed tha t m a y el iminate 
t he n e e d to cult ivate cells in t w o successive med ia for t he p roduc t ion of 
indole alkaloids (Eilert et al., 1986a,b,c; Morr is , 1986a). That a single cell 
l ine h a d never b e e n cul tured u n d e r condi t ions employ ing different al
ka lo id-product ion media (Table I) p r o m p t e d Morris (1986a) to compare 
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Table II 

Indole Alkaloids Produced by Cell Suspension Cultures of Catharanthus  roseus 

Indole alkaloid Reference Production media used 

Ajmalicine Patterson and Carew (1969) 
Serpentine Carew (1975) Carew and Krueger (1977) 

Scott et al. (1980) Schenk and Hildebrandt (1972) 
Roller (1978) Roller (1978) 
Doller (1978) Doller (1978) 
Zenk et al. (1977) Zenk et al. (1977) 

Akuammic ine Patterson (1968) 
Scott et al. (1980) Zenk et al. (1977) 

Lochneridine Carew (1975) Carew and Krueger (1977) 
12-OH-Akuammicine Stockigt and Soil (1980) Zenk et al. (1977) 
Tabersonine, Kurz et al. (1981) Zenk et al. (1977) 

lochnericine 
Horhammeric ine , Stockigt and Soli (1980) Zenk et al. (1977) 

horhammerinine . 
vindol inine, epi-
vindol inine 

Catharanthine Kurz et al. (1981) Zenk et al. (1977) 
Scott et al. (1980) Schenk and Hildebrandt (1972) 
Stockigt and Soil (1980) Zenk et al. (1977) 

Ajmalicine, epi-3-aj- Petiard et al. (1982) Petiard (1980) 
malicine, desacety-
akuammil ine , 
d ihydrocon-
dylocarpine, 7-
O H - i n d o l e n i n e -
ajmalirine, Pseu-
doindoxyl-
ajmalicine, 
hydroxydesacetyl-
akuammil ine, 
mitraphylline, 
tetrahydro-
alstonine, isoval-
lesiachotamine, 
tabersonine, 
iso(?)sitisirikine 

t he qual i ty a n d quan t i ty of indole alkaloids p r o d u c e d u n d e r these condi
t ions . H e s h o w e d tha t se rpen t ine a n d ajmalicine w e r e the major alkaloids 
p r o d u c e d u n d e r all condi t ions tes ted a n d tha t the accumula t ion kinetics 
w a s similar to tha t found w h e n Z e n k ' s a lkaloid-product ion m e d i u m w a s 
u s e d . Morr is (1986a) also confirmed the inhibi tory effect of 2,4-D o n 



390 Vincenzo DeLuca and Wolfgang G. W. Kurz 

alkaloid b iosynthes is . H e found tha t cells a d a p t e d to g row in the p resence 
of N A A ins tead of 2,4-D s h o w e d h igh g r o w t h rates over r epea ted sub
cul tures as well as stable h igh p roduc t ion ra tes for se rpen t ine a n d 
ajmalicine. In o rde r to el iminate the n e e d for 2,4-D, ho rmone -hab i tua t ed 
cell cu l tures a n d those t ransformed wi th Agrobacterium tumefaciens w e r e 
ana lyzed (Eilert et al., 1986c). Both types of cul tures p r o d u c e d indole 
alkaloid profiles similar to those accumula ted in the roots of source 
p lan t s , se rpen t ine , ajmalicine, a n d v indol in ine be ing the ma in alkaloids. 
O n transfer of these ho rmone -hab i tua t ed or t u m o r o u s cul tures to B5 
g r o w t h m e d i u m (Gamborg et al., 1968) conta in ing 1 mg/l i ter 2,4-D (1-B5), 
t he level of alkaloid p roduc t ion decl ined rapidly. A m a r k e d s t imulat ion of 
accumula t ion of se rpen t ine in ho rmone-hab i tua t ed Catharanthus roseus 
cul tures w a s also r epor t ed by Ramawa t et al. (1985). 

A further s ingle-phase cul ture sys tem also deve loped by Eilert et al. 
(1986a), w h o p r o p o s e d a novel app roach to achieve rapid accumula t ion 
of secondary metabol i tes by us ing fungal elicitors in cell s u s p e n s i o n 
cul tures cul t ivated o n 1-B5 g r o w t h m e d i u m . U n d e r these condi t ions the 
s a m e pa t t e rn a n d level of indole alkaloids w e r e p r o d u c e d as in cul tures 
g r o w n o n a lkaloid-product ion m e d i u m after Zenk et al. (1977). The ma
jor advan t age in the u s e of fungal elicitors are the rapid induct ion of 
alkaloid accumula t ion a n d ach ievement of o p t i m u m yields (hours as 
c o m p a r e d to w e e k s in p roduc t ion media) , the excretion of p roduc t in to 
t he m e d i u m t h u s avoid ing the sacrifice of cells for p roduc t recovery a n d 
the n e e d for a single m e d i u m for alkaloid p roduc t ion . Fur ther research 
indica ted tha t elicitor-stimulated alkaloid accumula t ion occurred as a 
resul t of the specific induc t ion of p a t h w a y e n z y m e s such as t r y p t o p h a n 
decarboxylase a n d str ictosidine syn thase (Eilert et al., 1987a). 

St imulat ion of indole alkaloid accumula t ion w a s also observed w h e n 
cells w e r e submi t t ed to increases in osmotic p res su re (Frischknecht et 
al., 1986), w i th se rpen t ine be ing the ma in p roduc t (up to 0.5% d ry 
weigh t ) . For m o r e detai led information on elicitor- a n d o ther s t ress-
med ia t ed p h e n o m e n a o n secondary metaboli te formation, the review by 
Eilert (see C h a p t e r 9, Vo lume 4, this treatise) shou ld be consul ted . 

III. INSTABILITY OF CELL LINES 

A n impor t an t factor for the commercial p roduc t ion of secondary m e 
taboli tes by t issue cul ture m e t h o d s is the re tent ion of h igh levels of 
p r o d u c t formation capability in selected cell l ines (Sato a n d Yamada , 
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1984). Var ious s trategies h a v e b e e n p r o p o s e d for the ma in t enance of 
h i g h yie lds , such as r epea t ed selection for h igh-yie lding clones, preser
va t ion of h igh-yie ld ing clones by cult ivation as s lower-growing callus, or 
c ryopreserva t ion of p roduc t ive cells. D e u s a n d Zenk (1982) u s e d clonal 
selection to obta in h igh -p roduc ing l ines of Catharanthus; howeve r , these 
l ines w e r e h ighly uns tab le w i th respect to indole alkaloid synthes i s 
( D e u s - N e u m a n n a n d Zenk , 1984a). Repea ted selection d u r i n g an 8-year 
pe r iod w a s requ i red in the ma in t enance of six separa te cell l ines for 
p roduc t i on of se rpen t ine in excess of 300 mg/l i ter . Invariably, they re
po r t ed rap id loss of product iv i ty over the first few m o n t h s of cult ivation, 
a n d n o t e d t he unl ike l ihood of ma in ta in ing h igh product iv i ty w h e n scal
ing u p cell l ines to commercial levels. It m u s t be a d d e d , howeve r , tha t 
w h e r e a s this instability ho lds t rue for all cell l ines selected for p r o d u c 
t ion of h i g h levels of se rpen t ine , it does no t ho ld t rue for cell l ines 
selected for h igh p roduc t ion of o ther indole alkaloids. Several cell l ines 
w e r e isolated tha t p r o d u c e d Aspidosperma a n d Iboga alkaloids at h igh 
levels (Kurz etal., 1980). These cell l ines s h o w e d quali tat ive variability in 
t he pa t t e rn of alkaloids p r o d u c e d wi thou t , howeve r , losing their q u a n 
titative p roduc t ion capability, as r epor t ed for the se rpen t ine selected 
l ines (Kurz, 1984). This h a s b e e n further i l lustrated w i th h igh ca
t h a r a n t h i n e p r o d u c i n g l ines, w h i c h p r o d u c e remarkable levels of ca
t h a r a n t h i n e e v e n after 5 years in cul ture , w i t h o u t clonal selection (Smith 
et ah, 1986). 

T h e possible u s e of h o r m o n e au to t roph ic cul tures to main ta in stable 
l ines s h o u l d be invest igated. It w a s r epor t ed tha t a ho rmone-au to t roph ic 
cul ture tha t accumula tes ajmalicine, se rpen t ine , t abersonine , a n d vin-
dol in ine t h r o u g h o u t the g r o w t h cycle of the cul ture , d id so in a stable 
w a y for m o r e t h a n 1 year (Eilert et al., 1986c). This m a y be a n indicat ion 
tha t exogenous h o r m o n e s affect b iosynthet ic stability. As indicated p re 
viously, ho rmone -au to t roph i c cell l ines m a y themse lves be sc reened for 
accumula t ion of specific indole alkaloids. 

IV. ENZYMOLOGY OF INDOLE 
ALKALOID BIOSYNTHESIS 

Several r ev iews of t he enzymology of indole alkaloid b iosynthes is in 
Catharanthus h a v e b e e n pub l i shed (Groger, 1985; Scott et al., 1981; Stock
igt, 1981; Zenk , 1980; M a d y a s t h a a n d Coscia, 1979). In recent years 
e n z y m o l o g y connec ted w i t h t he b iosynthes i s of indole alkaloids h a s 
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progres sed rapidly , main ly d u e to the availability of C. roseus cell l ines 
from w h i c h e n z y m e s could be extracted a n d isolated (Table III). It is 
from such cell l ines tha t Hemsche id t a n d Z e n k (1985) isolated t w o sepa
ra te r educ tases tha t catalyze the N A D P H - d e p e n d e n t formation of ster-
eoisomeric indole alkaloids. Both e n z y m e s u s e d exclusively N A D P H as 
r educ tan t , h a d p H op t ima of 6.6, a n d a molecular we igh t of 81,000. 
W h e r e a s o n e reduc tase r educed the imin ium form of ca thenamine to 
t e t rahydroa l s ton ine , the o ther r educed ca thenamine to ajmalicine. 
D e u s - N e u m a n n a n d Z e n k (1984b) u s e d Catharanthus cell l ines tha t al
t h o u g h unab le to synthes ize v indol ine , s h o w e d an active vacuolar u p 
take sys tem for this alkaloid. This vacuolar u p t a k e sys tem w a s specific to 
v indol ine a n d o ther alkaloids ind igenous to the p lant , b u t no t to o ther 
alkaloids, such as m o r p h i n e a n d codeine . The possible localization of 
indole alkaloids, such as v indol ine a n d ca tharan th ine , in the p lan t vac
uole w a s in contras t to the cytoplasmic compar tmen ta t i on of e n z y m e s 
such as loganic acid O-methyl t ransferase (Madyas tha a n d Coscia, 1979), 
s tr ictosidine syn thase ( D e u s - N e u m a n n a n d Zenk , 1984b), a n d β-
glucos idases specific for str ictosidine ( D e u s - N e u m a n n a n d Zenk , 
1984b), t he microsomal compar tmen ta t ion of geraniol hydroxylase 
(Madyas tha a n d Coscia, 1979), a n d the chloroplastic m e m b r a n e associ
a ted N - m e t h y t r a n s f e r a s e (DeLuca et al., in press) (Table III). Such a 
var iety of sites for b iosynthes is of indole alkaloids deno t e s the complex
ity of the t r anspor t m e c h a n i s m s tha t migh t be requi red in o rder to con
nec t the different sites of synthes i s of in te rmedia tes a n d final p roduc t s . 

Cell su spens ion cul tures of Catharanthus roseus have however , no t 
p r o v e n to be useful sources for the e n z y m e s tha t catalyze the convers ion 
of t aberson ine to v indol ine . This migh t be d u e to the fact tha t n o vin-
do l ine -produc ing cul tures h a v e ever b e e n isolated. T w o g r o u p s (DeLuca 
et al., 1985 a n d F a h n et al., 1985a) succeeded in isolating late e n z y m e s of 
v indol ine b iosynthes i s from the intact p lant . Based on subst ra te specif
icities, F a h n et al. (1985b) sugges ted tha t t abersonine w a s first hydroxy-
lated at th ree different pos i t ions o n the molecule followed by N-me th -
ylat ion, O-methyla t ion, a n d finally, O-acetylation resul t ing in v indol ine 
b iosynthes is . A n al ternat ive p a t h w a y w a s p r o p o s e d by DeLuca et al. 
(1986) a n d Balsevich et al. (1986) based on the isolation of b iosynthet ic 
p a t h w a y in te rmedia tes of v indol ine synthes is from da rk -g rown Ca
tharanthus seedl ings a n d their quant i ta t ive t ransformat ion to v indol ine 
u p o n g reen ing of et iolated t issue (Fig. 2). It w a s pos tu la ted tha t taber
son ine w a s 16-hydroxylated, t h e n O-methyla ted followed by hydra t ion 
of t he doub le b o n d at posi t ion 2 ,3 , followed by N-methyla t ion a n d hy-
droxylat ion at posi t ion 4 a n d , finally, t he O-acetylation. The t w o p ro 
p o s e d p a t h w a y s h a v e only t he final acetylation s t ep in c o m m o n , a n d the 
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Table III 

Enzymes Involved in Indole Alkaloid Biosynthesis 

Enzyme Substrate Product Source Reference 

Geraniol hydroxy Geraniol or 10-OH-Geraniol Young seed Madyastha et al. 
lase nerol + 02, or 10-OH-nerol l ings, t issue (1973) 

N A D P H culture 
Loganic acid 0 - Loganic acid or Loganin or Young seed Madyastha et al. 

methyltransfer- secologanic secologanin l ings (1973) 
ase acid 

Tryptophan decar Tryptophan Tryptamine Young seed Scott and Lee (1975) 
boxylase lings; tissue N o e et al. (1984) 

culture pu
rified to ho
mogene i ty 

Strictosidine syn Tryptamine + Strictosidine Tissue culture Mizukami et al. 
thase secologanin purified to (1979); Teimer and 

h o m o  Zenk (1979) 
geneity 

Strictosidine-specif- Strictosidine Aglycone of stric Tissue culture Hemsche idt and 
ic g lucos idase tosidine Zenk (1980) 

Cathenamine re Cathenamine + Ajmalicine Tissue culture Hemsche idt and 
ductase N A D P H 

Ajmalicine 
Zenk (1985) 

Iminium cathena Iminium ca Tetrahydroalsto- Tissue culture Hemsche idt and 
m i n e reductase thenamine + nine Zenk (1985) 

N A D P H 
Vindol ine vacuolar Intact plant, D e u s - N e u m a n n and 

uptake sys tem tissue Zenk (1984b) 
culture 

16-O-De- 16-O-De- 4-O-Deacetylvin- Intact plant Fahn et al. (1985b) 
methyl-4-O- methyl-4-O- doline 
deacetylv indo- deacetylvin-
l ine-16-O-methyl- dol ine + 
transferase SAM* 

N( l )Demethy l -16 - N ( l ) D e - N(l ) -Methyl-16- Intact plant V. DeLuca et al. (un
methoxy-2,3-di- methyl-16- methoxy-2 ,3- published) 
hydro-3-hydroxy- methoxy-2 ,3- dihydro-3-
tabersonine N- dihydro-3- hydroxytaberso-
methyltransfer- hydroxytaberso- nine 
ase nine + SAM 

Deacetylvindol ine Deacetylvindo Vindol ine Intact plant DeLuca et al. (1985); 
acetyltransferase line + Acetyl- Fahn et al. (1985a) 

CoA 

a SAM, S-adenosyl-L-methionine. 
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TABERSONINE I6-HYDR0XYTABERS0NINE I6-METH0XYTABERS0NINE 

HYOROXYLATION 

H3CO' 

METHYLATION 

H3CO" 
CH3 C02CH3 

I6-METHOXY-2.3-DIHYDRO-
3-HYDROXYTABERSONINE DESACETOXY VINDOLINE 

CH3 C02CH3 ^ C02CH3 

DEACETYLVINDOLINE VINDOLINE 

Fig. 2. Proposed biosynthetic pathway for the transformation of tabersonine to vindoline. 
The numbering sys tem used is as outl ined for aspidospermidine derivatives in Chemical 
Abstracts. 

correctness of ei ther of the p r o p o s e d p a t h w a y s remains to be deter
m i n e d . 

The O-methyla t ion of 16-0-demethyl -4-0-deace ty lv indol ine by c rude 
desa l ted leaf extracts w a s d e m o n s t r a t e d (Fahn et al, 1985b). Sufficiently 
detai led subs t ra te specificity s tudies h a v e not , howeve r , yet b e e n u n d e r 
t aken in o rder to de t e rmine at wh ich stage O-methylat ion occurs . C r u d e 
extracts h a v e also b e e n s h o w n to catalyze O-methylat ion of 16-O-de-
methy l t abe r son ine (DeLuca et al., 1986). 

A n o t h e r novel e n z y m e w h i c h ha s recently b e e n characterized in our 
laboratory is the N-methyl t ransferase that catalyzes an S-adenosyl-L-
m e t h i o n i n e - d e p e n d e n t t ransmethyla t ion to form N(l)-methyl-2,3-di-
hydro-3-hydroxytaberson ine or 16-methoxy-N(l)-methyl-2,3-dihydro-3-
hydroxy tabe r son ine from their respect ive subst ra tes (DeLuca et ah, in 
press) . This e n z y m e h a s been s h o w n to be localized in chloroplast m e m 
b r a n e s b u t its appea rance in etiolated seedl ings does no t coincide wi th 
g reen ing of the seedl ings w h e n submi t t ed to light (DeLuca et al., in 
press) . 

The e n z y m e w h i c h catalyzes the last reaction in vindol ine b iosyn
thesis is an ace ty l -CoA-dependent ace ty t rans fe rase . Its p resence in Ca-
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tharanthus leaf extracts w a s s imul taneous ly r epor t ed by DeLuca et al. 
(1985) a n d F a h n et al. (1985a). This e n z y m e w a s further purified m o r e 
t h a n 300-fold; its molecular we igh t as d e t e r m i n e d by gel filtration chro
m a t o g r a p h y is 44,000, its a p p a r e n t isoelectric po in t as de t e rmined by 
chromatofocus ing is 4.6, a n d it h a s a p H o p t i m u m b e t w e e n 8 a n d 9 
(DeLuca et al., 1985). The forward react ion d e m o n s t r a t e d an absolu te 
r e q u i r e m e n t for acetyl-CoA a n d deacetylvindol ine derivat ives contain
ing a doub l e b o n d at posi t ion 6,7, w h e r e a s the reverse reaction occurred 
only in t he p resence of free C o A a n d v indol ine conta in ing the s a m e 
doub le b o n d (DeLuca et al., 1985). Similar resul ts w e r e obta ined b y F a h n 
et al. (1985a); deacetyl v indol ine w a s s h o w n to be the bes t subs t ra te for 
th is acetylat ion react ion, w h e r e a s in t he reverse react ion acetyl-CoA 
w o u l d be formed. H o w e v e r , n o ev idence w a s p r e sen t ed to s u p p o r t this 
conclus ion. Subs t ra te sa tura t ion s tud ies resu l ted in Michae l i s -Men ton 
kinet ics , g iving Km va lues of 5.4 a n d 0.7 M , respectively, for acetyl-CoA 
a n d deace ty lv indol ine . The forward react ion w a s subject to p r o d u c t in
hibi t ion b y CoA, w i th a n a p p a r e n t K{ of 8 M , b u t w a s no t inhibi ted by u p 
to 2 m M vindol ine . The e n z y m e appea r s , therefore, to be regula ted by 
the level of free C o A ra ther t h a n the a l ternate p roduc t of t he react ion. 

T h e role of l ight in the induc t ion of late v indol ine b iosynthet ic en
z y m e s w a s d e m o n s t r a t e d (DeLuca et al, 1986). In germina t ing seedl ings 
t h e induc t ion of t r y p t o p h a n decarboxylase activity w a s unaffected by 
l ight, w h e r e a s t aberson ine w a s t he major Aspidosperma alkaloid in dark-
g r o w n seedl ings (Balsevich et al, 1986; DeLuca et al, 1986). W h e n 5-day-
old et iolated seedl ings w e r e t ransferred to the light, the re w a s a q u a n 
titative t ransformat ion of t aberson ine a n d o ther v indol ine p recursors to 
v indol ine . This m a y h a v e occurred as a resul t of the l ight- induced in
crease of ace ty l -CoA-dependen t acetyltransferase (DeLuca et al, 1986). 
W h e t h e r t h e o the r four in te rmedia ry s teps in the v indol ine b iosynthes is 
a re i n d u c e d by l ight r ema ins to be demons t r a t ed . 

T h e deve lopmenta l ly regula ted induc t ion of e n z y m e s involved in ta
be r son ine syn thes i s could be separa ted temporal ly a n d spatially from 
tha t of t he last six s t eps in v indol ine synthes i s . Tabersonine accumula
t ion r eached a m a x i m u m rate b y d a y 5, w h e r e a s v indol ine b iosynthes is 
on ly c o m m e n c e d after d a y 5 w h e t h e r seedl ings w e r e g r o w n in the da rk 
or l ight. Also, t aberson ine syn thes i s could be s h o w n to occur in all p lan t 
pa r t s s tud ied , w h e r e a s v indol ine syn thes i s could only be s h o w n to oc
cur in the aerial pa r t s of t he p lan t (DeLuca et al, 1986). 

The d e v e l o p m e n t of e n z y m e assays for the late s tages of v indol ine 
b iosyn thes i s h a s pe rmi t t ed t he es tab l i shment of screening p r o g r a m s in 
o rde r to d e t e r m i n e w h e t h e r these activities are expressed in t issue 
cu l tures . The N-methyl t ransferase a n d O-acetyl t ransferase tha t catalyze 
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t he th i rd a n d last s tep in v indol ine b iosynthes is , respectively, could no t 
be de tec ted in a n y cell line s tud ied (Fahn et al., 1985a; DeLuca et al., 
1985; DeLuca et al., 1987). It r ema ins to be seen w h e t h e r o ther e n z y m e s 
involved in t he late s tages of v indol ine b iosynthes is are also r ep ressed in 
cell cu l tures . 

Because dimeric alkaloids, vincrist ine a n d vinblast ine, as well as t he 
m o n o m e l i c precursor , v indol ine , could be extracted from leaves of the 
intact p lan t b u t w e r e consis tent ly absen t from he tero t rophic cell s u s p e n 
sion cul tures , it became a p p a r e n t tha t cul ture of pho toau to t roph ic cells 
m igh t resul t in p roduc t ion of these secondary metabol i tes . A repor t h a s 
descr ibed for the first t ime the d e v e l o p m e n t of a pho toau to t roph ic cell 
line from a g reen pho tohe te ro t roph ic cell su spens ion cul ture (Tyler et 
al., 1986). Cond i t ions for p h o t o a u t o t r o p h y inc luded el imination of 
sucrose a n d rep lacement of 2,4-D wi th N A A a n d cytokinin in a C 0 2 -
enr iched env i ronmen t . The pho toau to t roph ic cell su spens ion cul tures 
t h u s gene ra t ed w e r e heavily l aden wi th s tarch as a resul t of g r o w t h 
u n d e r con t inuous light. Pho toau to t roph ic per iwinkle cells accumula ted 
ne i ther v indol ine no r dimeric alkaloids. Trace a m o u n t s of v indol in ine 
a n d 19-epivindolinine as well as o ther Aspidosperma-type alkaloids we re 
tentat ively identified in pho toau to t roph ic cul tures , indicat ing tha t the 
pa t t e rn of alkaloids w a s similar to tha t found in the m u c h h igher p ro 
duc ing pho tomixo t roph ic cul tures . These resul ts su p p o r t the conclu
s ions of the seedl ing w o r k (DeLuca et al., 1986), tha t differentiation o ther 
t han , or in addi t ion to , the p resence of active chloroplasts m a y be re
qu i red to confer u p o n cells the ability to p r o d u c e certain secondary 
c o m p o u n d s . Stability of the pho toau to t roph ic trait w a s d e m o n s t r a t e d as 
this cell l ine w a s ma in ta ined for m o r e t h a n 1 year in this state. 

V. ENZYMATIC SYNTHESIS OF VINDOLINE AND 
DIMERIC INDOLE ALKALOIDS 

Repor t s by Stuar t et al. (1978) a n d Kutney et al. (1982) have claimed 
tha t cell-free extracts of y o u n g Catharanthus shoots w e r e able to form 
[ 1 4C]v indo l ine us ing [ 1 4C ] t ryp t amine a n d secologanin as subs t ra tes . 
Con t ra ry to these f indings, Stockigt et al. (1985) observed tha t radio
labeled p r o d u c t s actually con ta ined impur i t ies account ing for such radi
oactivity. In our h a n d s , the 30,000 g, 20-min centrifugation s tep (Kutney 
et al., 1982) m o s t definitely precipi tated the m e m b r a n e - b o u n d prepara 
t ion conta in ing the specific N-methyl t ransferase (Table III), mak ing su-
p e r n a t a n t s devo id of this e n z y m e activity. 
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M a n y efforts w e r e m a d e to de t e rmine the biosynthet ic p a t h w a y for 
format ion of dimeric indole alkaloids from their p recursors , ca
t h a r a n t h i n e a n d v indol ine . T h u s far, several a t t emp t s to demons t r a t e 
significant incorpora t ion of labeled ca tharan th ine a n d vindol ine in to di-
m e r s h a v e b e e n unsuccessful or h a v e achieved very low incorporat ion 
ra tes (Stuart et al, 1978; Ku tney et al, 1982). Repor ts by Ku tney (1986) 
a n d Scott (1986) h a v e claimed i m p r o v e d incorporat ion of these inter
med ia t e s in to d imers . W h e r e a s Ku tney (1986) p r o p o s e d d imer bio
syn thes i s ' s tak ing place cytoplasmically, Scott (1986) indicated the bio
syn thes i s ' s occurr ing w i th m e m b r a n e - b o u n d e n z y m e s . D u e to such 
conflicting repor t s , m u c h confusion r ema ins concern ing the biochemical 
basis for d imer formation a n d the p resence of coupl ing enzyme(s) in 
b o t h the intact p lan t (Kutney, 1986; Scott, 1986) a n d in cell su spens ion 
cul tures (Kutney, 1986). 

VI. CONCLUSIONS 

There h a v e b e e n m a r k e d advances in the d e v e l o p m e n t of novel 
cu l ture sys t ems . In part icular , t he area of s ingle-phase cul ture us ing 
elicitors or ho rmone -hab i t ua t ed cul tures for the p roduc t ion of indole 
alkaloids h a s still to be tes ted for possible commercial exploitat ion. 

It h a s b e e n realized tha t it is necessary to u n d e r s t a n d the m e c h a n i s m s 
of b iosynthes i s in o rder to be able to regula te the p roduc t ion of ta rge ted 
c o m p o u n d s . In o rde r to d o this it is impor t an t to m a k e u s e of t issue 
cu l tures as well as intact p lan t s in the isolation a n d characterizat ion of 
e n z y m e s involved in specific b iosynthet ic p a t h w a y s . By s tudy ing the 
regula t ion of these p a t h w a y s w e will gain ins ight into the deve lopmen
tal controls of p roduc t syn thes i s a n d accumula t ion a n d will eventual ly 
be able to u s e this information to tr igger specific react ions for ta rge ted 
p r o d u c t syn thes i s in vitro. 
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I. INTRODUCTION 

Pur ine alkaloids are wide ly d is t r ibuted wi th in the p lan t k i n g d o m a n d 
h a v e b e e n de tec ted in at least 90 species be long ing to abou t 30 genera . 
Their occurrence , h o w e v e r , is l imited to d ico ty ledonous species, prefer
entially in tropical a n d subtropical cl imates. Caffeine (Fig. 1, 1) a n d 
t h e o b r o m i n e (2), me thy la t ed der ivat ives of xan th ine , are general ly t he 
m a i n p u r i n e alkaloids a n d are regular ly accompanied in low concentra
t ions by the t w o me thy lxan th ines theophyl l ine (3) a n d pa raxan th ine (4) 
as wel l as b y me thy la t ed uric acids such as theacr ine (5), methyl l iber ine 
(6), a n d l iberine (7) (Kappeler a n d B a u m a n n , 1985). A l t h o u g h the m e t h -
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R2 

1 - 4 

Fig. 1. Structure formula of purine alkaloids found in the plant kingdom: 

1 Ri = R 2 = R 3 = Me Caffeine 
2 Ri = H, R 2 = R 3 = Me Theobromine 
3 Ri = R 2 = Me, R 3 = Η Theophyl l ine 
4 R 2 = Η, Ra = R 3 = Me Paraxanthine 
5 Theacrine 
6 R = M e Methylliberine 
7 R = = Η Liberine 

yluric acids are the ma in p u r i n e alkaloids (Wanner et al., 1975; Peter-
m a n n et al., 1977) in Wes t African coffee species, collectively t e r m e d 
liberioexcelsoids (Charrier , 1978), theacr ine w a s first isolated from tea by 
J o h n s o n (1937), be ing p resen t in very y o u n g leaves in the par ts-per-
million r ange (Citroreksoko et al., 1977). As regards the metabolic rela
t ion b e t w e e n me thy lxan th ines a n d methylur ic acids, w e refer t he reader 
to the articles by B a u m a n n et al. (1976) a n d P e t e r m a n n a n d B a u m a n n 
(1983). 

Pur ine alkaloids are , botanically a n d geographical ly, a w i d e s p r e a d 
c o m p o n e n t of h u m a n diet. Plant species of different families h a v e b e e n 
refined from East to Wes t in to p leasant s t imulants , coffee [Coffea arabica 
L. a n d C. canephora Pierre ex F roehner ( synonym, C. robusta u s e d in this 
text)], tea (Camellia sinensis (L.) O . Kuntze) , cocoa (Theobroma cacao L.), 
ma te (Ilex paraguariensis St. Hil .) , g u a r a n a (Paullinia cupana H.B.K.) , a n d 
cola (Cola nitida Schott et Endl . ) . 

T h e b iosynthet ic link of p u r i n e alkaloids to p r imary metabol i sm is 
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only partially k n o w n . A critical d iscuss ion of the extensive l i terature on 
this topic w o u l d be b e y o n d the limits of this chapter . The last t w o s teps 
of caffeine b iosynthes i s , howeve r , h a v e b e e n well invest igated. Experi
m e n t s w i t h leaf disks of coffee (Looser et al., 1974) a n d wi th cell-free 
extracts of tea (Suzuki a n d Takahash i , 1975) have s h o w n tha t t w o m e t h 
ylat ion s t eps catalyzed by t w o discrete methyl t ransferases (Baumann et 
al.. 1983) lead from 7-methylxanthine via t heobromine to caffeine. 
Tissue cul tures of pur ine-alkaloid-containing p lan ts we re es tabl ished 
w i th t he p r e d o m i n a n t a im of in vitro m a s s p ropaga t ion , ei ther by re
genera t ion of mer i s t ems or by embryo id formation (reviewed for the 
coffee species by Dubl in , 1984; Sondah l et al., 1984). Format ion of pu r ine 
alkaloids in cell cul tures w a s first descr ibed by O g u t u g a a n d Nor thco te 
(1970) for p r imary callus cul tures of the tea p lant . Keller et al. (1972) first 
r epo r t ed o n the unexpec t ed po tency of Coffea arabica cul tures to p r o d u c e 
caffeine in large a m o u n t s , tha t is, u p to 2% of d ry weigh t . As a resul t a 
w h o l e series of s tud ies o n in vitro p u r i n e alkaloid formation w a s init iated 
in o u r laboratory. The biotechnological applicat ion of coffee cell cul tures 
h a s b e e n rev iewed by Prenosi l et al. (1987). 

II. EXPERIMENTAL 

A. Cell Cultures 

Plant mater ia l is de r ived from y o u n g (6- to 24-month-old) p lan t s tha t 
are g r o w n ei ther in t he g r e e n h o u s e or in a controlled env i ronmenta l 
c h a m b e r u n d e r t he condi t ions descr ibed by Fr ischknecht et al. (1982). 
S e g m e n t s , 5 -10 m m long, of apical or thot ropic in t e rnodes are m o s t 
sui table in s tar t ing a p r imary callus cul ture (Frischknecht et al., 1977). 
Chemos te r i l i zed explants are t ransferred on to a commercial ly available 
M u r a s h i g e a n d Skoog m e d i u m (Flow Laboratories , Irvine, Scotland) 
s u p p l e m e n t e d w i th (mg/li ter) sucrose , 30,000; cysteine, 10; th iamine 
HC1, 1.0; 2 ,4-dichlorophenoxyacet ic acid (2,4-D), 1.0; a n d kinet in , 0.2, 
a n d solidified w i t h agar (8 g/liter). Before autoclaving, t he p H of t he 
m e d i u m is ad jus ted to 5.7 to 5.8. The cul tures are kep t in da rknes s at 27 
± 1°C. These env i ronmen ta l condi t ions , toge ther w i th the m e d i u m com
posi t ion m e n t i o n e d before, are des igna ted as " s t a n d a r d cond i t ions . " 
T h e y al low g o o d g r o w t h a n d alkaloid p roduc t ion ra tes in b o t h callus a n d 
s u s p e n s i o n cul tures . W h e n p r imary callus cul tures are t ransferred to a 
l iquid m e d i u m , t he g r o w i n g cell m a s s becomes he t e rogeneous as re-
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ga rds the size of the cell aggregates . By decanta t ion large aggregates ( 5 -
10 m m in d iameter) can be separa ted from small ones (0 .1-1.0 m m ) . This 
s imple selection s tep yields two cell l ines wi th a relatively stable type of 
t issue organisa t ion. Routinely, cell l ines are ma in ta ined in 100-ml Erlen
m e y e r flasks by t ransferr ing every 12 to 15 days an al iquot of 10 to 15 ml 
of the suspens ion to 50 ml of fresh m e d i u m . Cul tures u s e d for experi
m e n t s are s tar ted w i th a ratio of cells to nu t r i en t m e d i u m of 1 to 5.5. 

B. Alkaloid Analysis 

Dried cell mater ial is extracted wi th 0.006 Μ H 2 S 0 4 a n d c leaned on a 
d ia tomaceous ear th co lumn (Extrelut, Merck, Darms tad t , Federal Re
publ ic of Ge rmany) , according to Fr ischknecht a n d B a u m a n n (1980). 
Samples t aken from the liquid m e d i u m are filtered (0.2 μιη) a n d directly 
c h r o m a t o g r a p h e d . As a consequence of the methodica l p rogress since 
the late 1970s, t w o different k inds of separa t ion a n d quantification w e r e 
u sed , namely , thin-layer ch roma tog raphy (TLC) a n d h igh-per formance 
l iquid c h r o m a t o g r a p h y (HPLC), as descr ibed by Fr ischknecht a n d 
B a u m a n n , in 1980 a n d 1985, respectively. 

III. GROWTH AND PRODUCTIVITY 

A. Coffea  arablca 

The p u r i n e alkaloid con ten t of about 1 to 2% (dry weight ) found in 
callus cul tures co r r e sponds to tha t of y o u n g leaves (1.5%; Fr ischknecht 
et al., 1982) a n d r ipe coffee b e a n s (1 .3%; Kappeler a n d B a u m a n n , 1985). 
For more-deta i led information as r egards alkaloid p roduc t ion in callus 
cul tures of Coffea arabica w e refer the reader to Keller et al. (1972) a n d 
Fr ischknecht et al. (1977). Alkaloid formation in callus cul tures w a s reex
a m i n e d by Waller et al. (1983). 

Product ivi ty of su spens ion cul tures varies from cell line to cell line in a 
w i d e r ange , from 0.03 to 0.7%, tha t is, from 5 to 130 mg/l i ter . H igh- a n d 
low-produc ing cell l ines m a y easily be obta ined by selecting cells of a 
cul ture according to their aggregate size (Section II, B). This leads to cell 
l ines of the h igh-producing/ la rge-aggrega te type a n d of the low-produc
ing/smal l -aggregate type . This correlation b e t w e e n cell aggregate size 
a n d alkaloid p roduc t ion , may , however , d i sappea r after r epea ted sub -
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cul ture . Coffee cells g rowing in different fe rmenter types (J. E. Prenosi l , 
pe r sona l communica t ion) s h o w produc t ion characteristics similar to 
ba tch cu l tures . A low alkaloid con ten t (0.038%) w a s found in su spens ion 
cul tures by Buckland a n d Towns ley (1975) a n d m a y be a t t r ibuted to the 
applesauce- l ike cell morpho logy . 

Alkaloid a n d dry-weigh t increase for the h igh-producing/ la rge-aggre
gate cul ture type is s h o w n in Fig. 2. After a lag p h a s e of 4 or 5 days , dry-
we igh t increases rapidly to 16 to 18 g/liter. At the e n d of the cultivation 
pe r iod of 19 days it decreases slightly. Pur ine alkaloid formation acceler
a tes d u r i n g the ent i re cult ivation t ime, wh ich m e a n s tha t mos t of the 
final a m o u n t of p u r i n e alkaloids is syn thes ized after the exponent ia l 
pe r iod of g r o w t h . Prenosi l et al (1986) found tha t in tensive secondary 
metabol i te p roduc t ion beg ins short ly after sugar deple t ion in the med i 
u m . A s in the intact p lant , caffeine is the ma in alkaloid in vitro, b u t abou t 
25 to 50% of the total alkaloid con ten t is t heobromine , a va lue consider
ably h ighe r t h a n in leaves (Frischknecht et ah, 1982) a n d b e a n s (Kappeler 
a n d B a u m a n n , 1985) of Coffea arabica. The absolute a m o u n t of theo
b romine is relatively stable, b e t w e e n 6.5 a n d 9 mg/ l i ter wi th in a long 
per iod , a n d increases marked ly at t he e n d of the cultivation per iod . 

80 20 
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Fig. 2. Growth (*, dry weight) and purine alkaloid ( · , theobromine; • , caffeine; A , total) 
production in a high-producing/ large-aggregate cell line of Coffea arabica during a cultiva
tion period of 19 days . 
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Theobromine a n d caffeine are a lways d i spersed in a m o u n t s equal to 
the ratio of t issue v o l u m e to nu t r i en t m e d i u m vo lume . This free ex
change w a s found to occur u n d e r all exper imenta l condi t ions , w i th the 
except ion of t heobromine accumula t ion in dividing cells, w h e n the 
sucrose level is increased to 5%. In leaves, 40-60% of caffeine is s tored 
as a molecular complex wi th chlorogenic acid (A. W. Kappeler a n d T. W. 
B a u m a n n , u n p u b l i s h e d result) . In suspens ion cul tures the formation of 
a n ana logous complex w a s no t found, probably d u e to the low equi
l ibr ium cons tan t (44 l i ter /mol, Sondhe imer et al, 1961; Kappeler et al., 
1987). Moreover , Buckland a n d Towns ley (1975) r epor ted considerably 
lower chlorogenic acid levels in su spens ion cul tures t han those found in 
the coffee p lant . It w a s of interest tha t they observed that in ba tch 
cul tures chlorogenic acid decreases d u r i n g active cell mult ipl ication a n d 
increases w h e n cell division s tops . The release of caffeine into the liquid 
m e d i u m m a y be associated w i th the biochemical ecology of pu r ine al
kaloids: ge rmina t ing seeds excrete caffeine in to the s u r r o u n d i n g sub
strate as soon as the radicle starts to g row (Baumann a n d Gabriel, 1984). 
Because in laboratory tests caffeine h a s b e e n s h o w n to h a v e "he r -
bicidal"activities, inhibi t ing seed germina t ion of species re levant to the 
na tura l habi tat of caffeine-producing p lan ts (Rizvi et al., 1981), B a u m a n n 
a n d Gabriel (1984) pos tu la ted tha t caffeine acts as a chemical defence 
c o m p o u n d against compet i tors . The ecological b iochemis t ry of pu r ine 
alkaloids ha s been rev iewed recently by B a u m a n n a n d Fr ischknecht 
(1987). 

Coffea arabica su spens ion cul tures n e e d the p resence of 2,4-D for satis
factory g r o w t h (van d e Voort a n d Townsley , 1974). W e found tha t o p 
timal d ry -weigh t increase is achieved by an initial concentra t ion of 1 
mg/l i ter . Omiss ion or subst i tu t ion of 2,4-D affects cell g rowth , w h i c h 
ceases after a few subcul tures . Wi th regard to pu r ine alkaloid p r o d u c 
t ion, naphtha leneace t ic acid (NAA) (1 mg/l i ter) ins tead of 2,4-D leads to 
a t w o - to threefold s t imulat ion. Omiss ion of auxins or rep lacement of 
2,4-D by indoleacetic acid (IAA) (1 mg/l i ter) considerably lowers p ro 
ductivi ty. 

B. Other Specie s 

Table I gives a su rvey of the product iv i ty of a n u m b e r of pu r ine -
alkaloid-containing species a n d of closely related species. G r o w t h of 
callus cul tures w a s satisfactory overall , bu t es tab l i shment of su spens ion 
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Total purine alkaloid0 content (% dry weight) 

Species Young l e a v e s b Callus culture Suspens ion culture 

Coffea arabica 1.5 ca 1.0 ca 0 .03-0 .7 ca 
Coffea robusta 1.9 ca 1.6 c a c 0 .04-1 .5 ca 
Coffea congensis 2.7 ca 0.3 ca 0.4 ca 
Coffea hwnilis 0.6 tb Trace tb Trace tb 
Coffea eugenioides Trace ca Trace tb 
Coffea stenophylla 1.4 ta 0.2 t b c N o growth 
Coffea arabusta 0.5 ca Trace tb N o growth 
Coffea liberica 1.5 ta Trace tb 
Coffea abeokutae 1.5 ta Trace tb N o growth 
Coffea racemosa 0.1 tb N o growth 
Paracoffea bengalensis Trace t b c N o growth 
Psilantus mannii Trace tb 
Theobroma cacao 0.08 tb Trace tb 
Paullinia cupana 1.8 ca 0.6 tb N o growth 
Camellia sinensis 3 ca Trace tb 0.01 tb 

a ca, main alkaloid caffeine; tb, main alkaloid theobromine; ta, main alkaloid theacrine; , al
kaloid content beyond detection limit. 

b Values are dependent on leaf age and environmental condition. 
c Values from primary cultures. 

cul tures failed in s o m e cases . To e n s u r e comparabil i ty of alkaloid p ro 
duc t ion , cul tures of all species w e r e g r o w n u n d e r s t anda rd condi t ions . 
Therefore , it is qui te possible tha t in certain cases initiation of cell 
g r o w t h could be r eached by opt imiz ing the cultural condi t ions . 

Alkaloid format ion is general ly very low a n d is significant only for 
Coffea robusta, C. congensis, a n d in callus cul tures , Paullinia cupana. Accu
m u l a t e d c o m p o u n d s in all cu l tures are caffeine a n d theobromine . Meth -
yluric acids w e r e de tec ted ne i ther in callus nor in suspens ion cul tures . 
T h e resul ts of this screening are in accordance wi th the observat ions 
m a d e by o ther au tho r s . In p r imary callus cul tures of Camellia sinensis, 
O g u t u g a a n d Nor thco te (1970) found a caffeine con ten t of 0 . 1 % , a sub
stantial pa r t of w h i c h m a y originate from the conten t of the inocu lum. 
Jallal a n d Collin (1979) r epo r t ed a comple te absence of pu r ine alkaloids 
in cocoa (Theobroma cacao) callus a n d suspens ion cul tures . 

Table I 

Survey of Purine Alkaloid Production in Cell Cultures 
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IV. BIOSYNTHETIC POTENTIAL 

A. Biotransformatio n of Theobromin e 

With [2- 1 4C] theobromine p r e p a r e d in our laboratory (Frischknecht 
a n d B a u m a n n , 1979) a n d a d d e d to the nu t r i en t m e d i u m , the methyla -
t ion ra te of t heob romine to caffeine m a y be m e a s u r e d . Information on 
the exper imenta l backg round is g iven by Frischknecht a n d B a u m a n n 
(1980) a n d Fr ischknecht et al. (1982). In cul tures of the h igh-p roduc
ing/ large-aggregate type the methyla t ion rate (Table II) is t w o to four 
t imes lower t h a n in leaves of the coffee p lan t (0 .5-1.5 m g theobromine 
pe r day pe r g r am d ry we igh t (Frischknecht etal., 1982). The methyla t ion 
rate can be e n h a n c e d eno rmous ly by the addi t ion (45 mg/li ter) of "co ld" 
t heob romine . By this m e a n s a biot ransformat ion potent ia l is m e a s u r e d 
d u r i n g the " exponen t i a l " p h a s e , wh ich is in the r ange of coffee leaves. 
Wi th in a cul ture per iod the rate of the theobromine-caf fe ine biotransfor
ma t ion is h ighes t d u r i n g the exponent ia l p h a s e of g r o w t h and , surpr is
ingly, does no t coincide wi th the m a x i m u m alkaloid formation rate , 
wh ich is h ighes t in the s ta t ionary p h a s e , as s h o w n in Fig. 2. Moreover , 
t he co r r e spond ing N-methy l t rans fe rase activity decreases sharply (Fig. 
3) t o w a r d the e n d of the cultivation per iod. Therefore, the kinetics of 

Table II 

Biotransformation Rate of Theobromine to Caffeine in 
Suspension Cultures of Coffea  arabica" 

Addit ion of 
Growth theobromine Methylation 
phase (mg/liter) rate ^ g / g / d a y ) 

Lag 40 
Lag 45 260 

Exponential 330 
Exponential 45 1120 

Stationary 190 
Stationary 45 330 

α Cultures of the high-producing/large-aggregate type 
were either fed with [2-14C]theobromine ( ) in order to 
measure the methylation rate of theobromine to caffeine, or 
additionally, with 'cold' theobromine (45 mg/liter) for assess
ment of the biotransformation potential. 
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Timo Cd] 
7-Methyl- Soluble 
xanthine Theobromine protein 

Fig. 3. Time course of soluble protein and of methyltransferase activities as to 7-methyl-
xanthine ( · ) and theobromine ( • ) in suspens ion cultures of Coffea arabica during a cultiva
tion period ( A , soluble protein). Adapted from Baumann et al. (1983) by permiss ion of 
Springer-Verlag, Heidelberg. 

p u r i n e alkaloid formation in cell su spens ion cul tures of Coffea arabica 
m a y be s u m m a r i z e d as follows. Cells in the g r o w t h p h a s e h a v e h igh 
methyl t ransfe rase activities b u t a deficiency of precursors . W h e n pri
m a r y processes are r educed , p u r i n e metabol i tes are channe led t o w a r d 
secondary metabol i sm, coinciding w i th low methyl t ransferase activities. 
This m a y also explain t h e increase of t heob romine at the e n d of a cultiva
t ion per iod . 

B. Biotransformatio n of Caffeine 

A l t h o u g h caffeine can be r ega rded as an e n d p roduc t of a b iosynthet ic 
chain , the living coffee p lan t slowly metabol izes this pu r ine alkaloid, 
preferential ly in old leaves (Kalberer, 1965). To test su spens ion cul tures 
for their metabol iz ing abilities, 100 mg/ l i ter un labe led caffeine toge ther 
w i th [2-1 4C]caffeine p r e p a r e d according to H e f t m a n n (1971) w a s a d d e d 
at t h e beg inn ing of t h e cult ivation per iod (Frischknecht a n d B a u m a n n , 
1980; B a u m a n n a n d Fr ischknecht , 1982). Low degrada t ion activity w a s 
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Table III 

Biodegradation of Caffeine by Suspension Cultures* 

Degradation rate 
Species ^ g / g / d a y ) Degradation products isolated 

Coffea arabica 75* Theobromine 
Coffea congensis 9 0 c 

Coffea eugenioides 250* Theobromine, paraxanthine 
Coffea humilis 8 0 0 c Theobromine 
Coffea liberica 250* Theobromine, paraxanthine 
Coffea robusta 40* 
Psilanthus mannii 40* Theobromine, theophyll ine, paraxanthine 
Theobroma cacao 150 c Theophyl l ine 

a Cultures consisting of 6 g of cell material (starting point) and 40 ml of medium were fed with 0.5 
μ Ο of [14C]caffeine with a specific activity of 0.1 μΟ/ιτ^. 

b Maximum degradation rate after the exponential growth phase. 
c Constant degradation rate during culture period. 

characteristic of bo th cul ture types of Coffea arabica, a n d of C. congensis 
a n d C. robusta; h igh degrada t ion activity w a s observed in C. eugenioides, 
C. humilis, C. liberica, a n d Theobroma cacao (Table III). Psilanthus mannii, 
w h i c h is free of p u r i n e alkaloids a n d closely related to the g e n u s Coffea, 
m a y serve as a control . In principle, h igh catabolic activity as to caffeine 
goes a long wi th a low p u r i n e alkaloid p roduc t ion (see also Table I). The 
metabol iz ing activity w a s observed to be ei ther more or less cons tan t 
d u r i n g the w h o l e cul ture per iod or to reach a m a x i m u m after the expo
nent ia l p h a s e of g rowth . The in vitro pa t t e rn of caffeine metabol ism is in 
s o m e respects similar to tha t in t he intact p lan t of C. arabica, especially as 
seen d u r i n g leaf d e v e l o p m e n t (Frischknecht et al., 1982, 1986a), w h e r e a 
shor t per iod of substant ia l alkaloid b iosynthes is in very y o u n g expand
ing leaves (alkaloid conten t u p to 4% dry weight ) is followed in fully 
deve loped leaves by a p h a s e of b r e a k d o w n , leading to alkaloid-free 
leaves at t he t ime of s h e d d i n g (Weevers , 1930). 

V. STRESS-INDUCED PRODUCT FORMATION 

Apar t from a few except ions , a profitable exploitation of p lan t cell 
cul tures in the p roduc t ion of na tura l c o m p o u n d s has no t been achieved. 
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To overcome these barr iers , e m p h a s i s w a s laid on selection or on bio
chemical research o n regula t ion of secondary metabol i sm. In a n alter
na t ive a p p r o a c h w e pos tu la te tha t in cell cul ture a h igh complexity of 
secondary metabo l i sm is r eached w i th a h igh complexity of the envi ron
m e n t (Frischknecht a n d B a u m a n n , 1985). It is general ly accepted tha t 
secondary metabol i tes m a y protect the p lan t against the physical a n d 
biotic e n v i r o n m e n t (Swain, 1977; Ha rbo rne , 1982). It is, therefore, p lau
sible tha t external factors h a v e a h ighly modu la t i ng effect on secondary 
metabol i sm. Indeed , several r epor t s exist on increased levels of second
ary c o m p o u n d s u n d e r env i ronmen ta l s t ress condi t ions (Frischknecht et 
al, 1986b, a n d l i terature cited therein) . In ecological t e rms this is in
t e rp re ted by a shift from effective b u t costly defense sys tems (e.g. , tan
nins) to less costly b u t less effective defense sys tems , such as alkaloids, 
ca rdenol ides , a n d o the r subs tances (Rhoades , 1983). W e a s s u m e tha t t he 
in vitro creat ion of physical s t ress s i tuat ions comparable to those in 
n a t u r e m a y influence posit ively the product iv i ty of cell cul tures . This 
v iew is s u p p o r t e d by the observat ion tha t secondary p roduc t formation 
often s tar ts only w h e n the cul tured cells are in a nu t r i en t s t ress , tha t is, 
d u r i n g the s ta t ionary p h a s e of g r o w t h or if exposed to a deficient med i 
u m (Knobloch a n d Berlin,1980). In vitro s tress s i tuat ions in Papaver som
niferum r esu l ted in a release of theba ine in to the cul ture m e d i u m (Lock-
w o o d , 1984), a n d in Catharanthus roseus in a n increase of indole alkaloid 
format ion (Giger et al., 1985). Imitat ion of biotic s tress by addi t ion of 
fungal elicitors led to a sangu ina r ine accumula t ion of 2.9% (26 t imes tha t 
of t he control) in s u s p e n s i o n cul tures of P. somniferum (Eilert et al., 1985). 

Screening of a n u m b e r of physical s t ress factors s h o w e d tha t h igh a n d 
a l te rna t ing t e m p e r a t u r e s h a d n o effect, w h e r e a s low t empera tu r e s a n d 
po lye thy lene glycol h a d a negat ive effect o n p u r i n e alkaloid formation in 
Coffea arabica s u s p e n s i o n cul tures . H igh light intensi ty (400 μπιοί / sec/ 
m 2) affected in all combina t ions tes ted a considerable alkaloid increase 
(Fig. 4). H ighes t absolu te con ten t s (almost 0.5 g/liter) we re found in 
cu l tures of t he smal l -aggregate t ype (Frischknecht a n d B a u m a n n , 1985). 
T h e effect of salt s t ress (7.5 g pe r liter of m e d i u m , i .e. , toge ther w i th t he 
nu t r i en t solut ion a w a t e r potent ia l of abou t - 1 0 bar) is directed by the 
aggrega te size: in cul tures w i th small cell aggregates , pu r ine alkaloid 
p roduc t ion w a s inhibi ted, w h e r e a s in cul tures w i th large cell aggregates 
it w a s increased. The combina t ion of b o t h s tress forms, l ight a n d s o d i u m 
chlor ide , h a s a cumula t ive effect: large cell aggregates exhibited a n add i 
t ional increase in alkaloid formation, w h e r e a s small cell aggregates h a d a 
p roduc t ion in te rmedia te to tha t w i th each k ind of s tress a lone. U n d e r 
s t imula t ing s t ress condi t ions t he relative alkaloid conten t shifts from 3 0 -
60% theob romine a n d 40 -70% caffeine to 5-20% theobromine a n d 8 0 -



41 4 Thomas W. Baumann and Peter M. Frischknecht 

^ 500 -
ο 
L 

Largg a g g r G g a t Q S Small aggrggates 

caffQinQ | I theobromine 

Fig. 4. Effect of stresses such as light and sod ium chloride on purine alkaloid (shaded, 
caffeine; unshaded , theobromine) production in suspens ion cultures of Coffea arabica. 

95% caffeine, i n d e p e n d e n t of the cul ture type . The latter dis tr ibut ion 
co r r e sponds to tha t in y o u n g leaves (Frischknecht et al., 1982). 

VI. CONCLUSIONS 

Commerc ia l p roduc t ion of secondary metabol i tes by p lant t issue 
cul ture will probably be limited to a few c o m p o u n d s of h igh value . 
Caffeine ob ta ined in large quant i t ies by the decaffeination process does 
no t be long to this category. O u r mot ivat ion in s tudy ing pu r ine alkaloid 
formation in cell cul ture is ba sed o n the fact tha t the pu r ine alkaloid 
sys tem is a very suitable m o d e l for invest igat ing in vitro p roduc t ion of 
secondary c o m p o u n d s . The key advan tages are (a) the p resence of only 
t w o alkaloids tha t m a y easily be ana lyzed quanti tat ively by HPLC, sim
ply taking a n al iquot of the cul ture m e d i u m , (b) selection of cell l ines 
w i th relatively stable product iv i ty o n the basis of cell aggregat ion charac
teristics, a n d (c) a large b o d y of background information concerning 
physiological a n d ecological proper t ies of pu r ine alkaloids tha t is essen
tial in deve lop ing n e w strategies for synthes is of na tura l p roduc t s by 
m e a n s of t issue cul ture biotechnology. 



23. Purines 41 5 

Part of this work has been financially supported by the Swiss National Science Founda
tion. W e thank Dr. Vera C. Klein-Williams for correcting the English text. 

REFERENCES 

Baumann, T. W. , and Frischknecht, P. M. (1982). Biosynthesis and biodegradation of 
purine alkaloids in tissue culture. In "Plant Tissue Culture" (A. Fujiwara, ed . ) , pp . 
365-366 . Maruzen, Tokyo. 

Baumann, T. W., and Frischknecht, P. M. (1987). Caffeine: Production by plant (coffea 
spp) cell cultures. In "Biotechnology in agriculture and forestry, Vol. 4; Medicinal and 
aromatic plants I (Y. P. S. Bajaj, ed . ) , Springer-Verlag, Heidelberg (in press). 

Baumann, T. W., and Gabriel, H. (1984). Metabolism and excretion of caffeine during 
germination of Coffea arabica L. Plant Cell Physiol. 25, 1431-1436. 

Baumann, T. W., Oechsl in, M., and Wanner, H. (1976). Coffein u n d methylierte 
Harnsauren: chemische Muster wahrend der vegetat iven Entwicklung v o n Coffea liber-
ica. Biochem. Physiol. Pflanz. 170, 217-225 . 

Baumann, T. W., Koetz, R., and Morath, P. (1983). N-Methyltransferase activities in 
s u s p e n s i o n cultures of Coffea arabica L. Plant Cell Rep. 2 , 33 -35 . 

Buckland, E., and Towns ley , P. M. (1975). Coffee cell suspens ion cultures. Caffeine and 
chlorogenic acid content. / . Can. Inst. Food Sci. Technol. Aliment. 8, 164-165. 

Charrier, A. (1978). La structure genet ique des cafeiers spontanes de la region malgache 
(Mascarocoffea). Leurs relations avec les cafeiers d'origine africaine (Eucoffea). Mem. 
ORSTOM 87. 

Citroreksoko, P. S., Petermann, J., Wanner, H. , and Baumann, T. W. (1977). Detection of 
trace a m o u n t s of methylated uric acids in crude caffeine from different sources. Colloq. 
Sci. Int. Cafe (Abidjan), ASIC (Paris), 8th, 143-145. 

Dubl in, P. (1984). Techniques de reproduction vegetative in vitro et amelioration genet ique 
chez les caffeiers cultives. Cafe Cacao The 19, 251-263 . 

Eilert, U. , Kurz, W. G. W., and Constabel, F. (1985). Stimulation of sanguinarine ac
cumulat ion in Papaver somniferum cell cultures by fungal elicitors. / . Plant Physiol. 119, 
65 -76 . 

Frischknecht, P. M. , and Baumann, T. W. (1979). Synthesis of [2- 1 4C]theobromine. / . 
Labelled Compd. 16, 669-672 . 

Frischknecht, P. M. , and Baumann, T. W. (1980). The pattern of purine alkaloid formation 
in suspens ion cultures of Coffea arabica. Planta Med. 40, 245-249. 

Frischknecht, P. M. , and Baumann, T. W. (1985). Stress induced formation of purine 
alkaloids in plant t issue culture of Coffea arabica. Phytochemistry 24, 2255-2257. 

Frischknecht, P. M. , Baumann, T. W. , and Wanner, H. (1977). Tissue culture of Coffea 
arabica: growth and caffeine formation. Planta Med. 31 , 344-350. 

Frischknecht, P. M. , Eller, Β. M. , and Baumann, T. W. (1982). Purine alkaloid formation 
and C 0 2 gas exchange in d e p e n d e n c e of deve lopment and of environmental factors in 
leaves of Coffea arabica L. Planta 156, 295-301 . 

ACKNOWLEDGMENTS 



41 6 Thomas W. Baumann and Peter M. Frischknecht 

Frischknecht, P. M., Ulmer-Dufek, J., and Baumann, T. W. (1986a). Purine alkaloid forma
tion in buds and developmental leaflets of Coffea arabica: expression of an optimal 
defence strategy? Phytochemistry 25, 613-616. 

Frischknecht, P. M. , Battig, M. , and Baumann, T. W. (1986b). Effect of drought and 
w o u n d i n g stress on indole alkaloid formation in Catharanthus roseus (L.) G. D o n . 
Phytochemistry 26, 707-710. 

Giger, E. R., Kappeler, A. W., Baumann, T. W., and Frischknecht, P. M. (1985). Stressin-
duzierte Alkaloidbildung in Suspensionskulturen v o n Catharanthus roseus. Pharm. Ztg. 
37, 10. 

Harborne, J. B. (1982). "Introduction to Ecological Biochemistry," 2nd ed. Academic Press, 
N e w York. 

Heftmann, E. (1971). Synthesis of [2-1 4C]caffeine. / . Labelled Compd. 7, 463-465 . 
Jallal, M. A. F., and Collin, H. A. (1979). Secondary metabolism in tissue cultures of 

Theobroma cacao. New Phytol. S3, 343-349. 
Johnson, Τ. B. (1937). Purines in plant kingdom: the discovery of a n e w purine in tea. / . 

Am. Chem. Soc. 59, 1261-1264. 
Kalberer, P. (1965). Breakdown of caffeine in the leaves of Coffea arabica L. Nature (London) 

205, 597-598. 
Kappeler, A. W., and Baumann, T. W. (1985). Purine alkaloid pattern in coffee beans . 

Colloq. Sci. Int. Cafe (Lome), ASIC (Paris), 11th, 273-279. 
Kappeler, A. W., Greutert, H. , and Baumann, T. W. (1987). Complexation of purine 

alkaloids by chlorogenic acid. Colloq. Sci. Int. Cafe (Moutreux), Asic (Paris), 12th, in 
press. 

Keller, H. , Wanner, H. , and Baumann, T. W. (1972). Kaffeinsynthese in Fruchten u n d 
Gewebekulturen v o n Coffea arabica. Planta 108, 339-350. 

Knobloch, K.-H., and Berlin, J. (1980). Influence of m e d i u m composit ion on the formation 
of secondary c o m p o u n d s in cell suspens ion cultures of Catharanthus roseus (L.) G. 
Don . Z. Naturforsch., C: Biosci. 35C, 551-556. 

Lockwood, G. B. (1984). Alkaloids of cell suspens ions derived from four Papaver spp . and 
the effect of temperature stress. Z. Pflanzenphysiol. 114, 361-363 . 

Looser, E., Baumann, T. W., and Wanner, H. (1974). The biosynthesis of caffeine in the 
coffee plant. Phytochemistry 13, 2515-2518. 

Ogutuga , D . Β. Α. , and Northcote, D . H. (1970). Caffeine formation in tea callus t issue. / . 
Exp. Bot. 21 , 258-273 . 

Petermann, J. B., and Baumann, T. W. (1983). Metabolic relations be tween methyl-
xanthines and methyluric acids in Coffea L. Plant Physiol. S3, 961-964. 

Petermann, J. B., Baumann, T. W., and Wanner, H. (1977). A n e w tetramethyluric acid 
from Coffea arabica and Coffea dewevrei. Phytochemistry 16, 620-621 . 

Prenosil, J. E., Heggl in , M., Bourne, J. R., and Hamilton, R. (1986). Purine alkaloid 
production by free and immobil ized Coffea arabica cells. In "Enzyme Engineering" 
(A. I. Laskin, K. Mosbach, D . Thomas, and L. B. Wingard, jr, eds . ) . Vol. 8. pp . 3 9 0 -
394. A n n . N.Y. Acad. Sci., N e w York. 

Prenosil, J. E., Heggl in , M., Baumann, T. W., Frischknecht, P. M., Kappeler, A. W. , 
Brodelius, P., and Haldimann, D.(1987). Purine alkaloid producing cell cultures: fun
damental aspects and possible applications in biotechnology. Enzyme microb. tech-
nol. 9, 450-458. 

Rhoades , D . F. (1983). Herbivore population dynamics and plant chemistry. In "Variable 
Plants and Herbivores in Natural and Managed Systems" (R. F. D e n n o and M. S. 
McClure, eds . ) , pp . 155-220. Academic Press, N e w York. 

Rizvi, S. J. H. , Mukerji, D . , and Mathur, S. N . (1981). Selective phyto-toxicity of 1,3,7-



23. Purines 41 7 

trimethylxanthine b e t w e e n Phasaeolus mungo and s o m e w e e d s . Agric. Biol. Chem. 45, 
1255-1256. 

Sondahl , M. R., Nakamura, T., Medina-Filho, H. P., Caravalho, Α. , Fazuoli, L. C , and 
Costa, W. M. (1984). Coffee. In "Handbook of Plant Cell Culture" (P. V. Ammirato, 
D . A. Evans, W. R. Sharp, and Y. Yamada, eds . ) , Vol. 3, pp . 564-590. Macmillan, 
N e w York. 

Sondheimer , E., Covitz, F., and Marquisee, M. J. (1961). Association of naturally occurring 
c o m p o u n d s , the chlorogenic acid-caffeine complex. Arch. Biochem. Biophys. 93, 6 3 - 7 1 . 

Suzuki, T., and Takahashi, E. (1975). Biosynthesis of caffeine by tea-leaf extracts. Biochem. 
J. 146, 87 -96 . 

Swain, T. (1977). Secondary c o m p o u n d s as protective agents . Annu. Rev. Plant Physiol. 28, 
479 -501 . 

van d e Voort, F., and Towns ley , P. M. (1974). A gas chromatographic comparison of the 
fatty acids of the green coffee bean, Coffea arabica and the submerged coffee cell 
culture. / . Inst. Can. Sci. Technol. Aliment. 7, 82 -85 . 

Waller, G. R., MacVean, C. D . , and Suzuki, T. (1983). High production of caffeine and 
related e n z y m e activities in callus cultures of Coffea arabica L. Plant Cell Rep. 2,109-112. 

Wanner, H. , Pesakova, M. , Baumann, T. W., Charubala, R., Guggisberg, Α. , Hesse , M., 
and Schmid, H. (1975). 0(2) , l ,9-tr imethyluric acid and 1,3,7,9-tetramethyluric acid in 
leaves of different Coffea species . Phytochemistry 14, 747-750. 

Weevers , T. (1930). Die Funktion der Xanthinderivate im Pflanzenstoffwechsel. Arch. 
Neerl. Sci. Exactes Nat., Ser. 3B 5, 111-195. 



This page intentionally left blank



CHAPTER 24 

Acridones (Ruta Alkaloids) 
U . Ei le r t 

Institut fur Pharmazeutische Biologie der Universitat 
Braunschweig, Federal Republic of Germany 

I. Introduction 419 
II. Acridones in Tissue Cultures 420 

III. Acridone Patterns 420 
IV. Culture Condit ions and Acridone Yield 425 
V. Elicitation of Acridone Epoxide Accumulat ion 427 

VI. Biosynthesis of Acridone Alkaloids 428 
VII. Acridone Alkaloid Localization 429 

References 430 

I. INTRODUCTION 

Acridines , k n o w n to chemis t s since t he t u r n of the cen tury , w e r e first 
de tec ted in p lan t s in 1948 ( H u g h e s et al., 1948). A mul t i t ude of different 
s t ruc tures h a s since b e e n e luc ida ted (Mester , 1983). Their occurrence, 
howeve r , is restr icted to m e m b e r s of t he Rutaceae , a p lan t family w i th 
an extraordinari ly b road spec t rum of secondary metabol i tes . 

W h e n pha rmacognos i s t s became in te res ted in the potent ia l of t issue 
cul ture for p roduc t ion of medic inal c o m p o u n d s , Ruta graveolens L., a 
t radit ional medicinal p lant , w a s successfully subjected to cell cul ture 
(Reinhard et al., 1968). In contras t to m a n y o thers , R. graveolens cell 
cul tures d isp layed an as ton i sh ing diversi ty of secondary metabol i tes . 
C o r d u a n a n d Re inhard (1972) r epo r t ed o n volatile oil p roduc t ion , v o n 
Brocke (1972) on coumar ins , a n d Boulanger et al. (1973) on furoquin-
olines. Scha r l emann (1972) d iscovered th ree acr idone alkaloids whi le 
s tudy ing chloroplast p i g m e n t s in R. graveolens cu l tures . T w o of these 
alkaloids, ru tac r idone a n d 1-hydroxy-N-methylacr idone , h a d previous ly 
b e e n isolated from roots . Their occurrence in l ight -grown, s tem-der ived 
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callus led to the conclusion tha t cells w o u l d express omnipo tency w h e n 
cu l tured in vitro (Czygan, 1975). For a whi le this general izat ion n o u r i s h e d 
h o p e s of f inding high-yielding cell l ines by s imply screening for t h e m . 
Since the first repor t by Reinhard et al. (1968), var ious g r o u p s h a v e 
invest igated var ious aspects of acr idone alkaloid formation in vitro a n d 
have given further impulse to the use of p lan t cell cul tures . 

II. ACRIDONES IN TISSUE CULTURES 

The acr idone alkaloids isolated from t issue cul tures are listed in Table 
I, s t ructures 1-14 (Fig. 1). All 14 acr idones isolated occur in Ruta grav
eolens cul tures . Four addi t ional Ruta species a n d Boenninghausenia al-
biflora also gave rise to ac r idone-produc ing cul tures . Evodia hupehenis a n d 
Zanthoxylum simulans cul tures p r o v e d negat ive w h e n screened for 
acr idone epoxide p roduc t ion (Engel, 1985); invest igat ions to de t e rmine 
w h e t h e r o ther acr idones h a d b e e n accummula t ed w e r e no t per formed. 

Mos t alkaloids found in t issue cul tures h a d previous ly b e e n isolated 
from plant extracts, w h e r e a s ru tac r idone epoxide (RE), hydroxy-
ru tacr idone epoxide (HRE), 1-hydroxyrutacr idone epoxide , a n d 
ru tagravin w e r e first isolated from t issue cul tures . Occurrence of the 
latter two acr idones has no t b e e n d e m o n s t r a t e d in p lan t s . Pyranoac-
r idone- type alkaloids, of interest because of potent ia l cytostatic activity 
(e.g. , acronycine; Gerzon a n d Svoboda , 1983), h a v e no t b e e n found in 

, t issue cul tures . 
The detect ion of RE a n d HRE did no t occur by u s ing classical m e t h 

ods . They t u r n e d ou t to be active c o m p o u n d s in extracts of Ruta grav
eolens w h e n screened for antibiotic activity (Wolters a n d Eilert, 1981). 
Screening extracts of p lan t cell cul tures for pharmacological activity m a y 
p rove successful in o ther sys tems as well a n d could he lp to detect 
cul tures wi th valuable a n d p e r h a p s novel c o m p o u n d s . 

III. ACRIDONE PATTERNS 

The aerial par t s of the intact p lan t conta in mos t ly s imple acr idones , 
w h e r e a s the roots , t he ma in s torage site of acr idone alkaloids, ha rbor 
c o m p o u n d s of the furano type . Fol lowing u p o n the resul ts of 



Table I 

Acridone Alkaloids Isolated from Cell Cultures 

Type of 

Alkaloid Plant species 
t issue 

culture 
Light 

condit ion M e d i u m 0 Reference 

1 1-Hydroxy-N- Ruta graveolens Callus Light EM Scharlemann (1972) 
methylacridone Callus (stem Light/dark Szendrei et al. 

derived) (1976) 
Callus (root Dark Szendrei et al. 

derived) (1976) 
Suspens ion Dark Kuzovkina et al. 

(1984) 

2 l -Hydroxy-3-meth- Ruta graveolens Callus Light EM Scharlemann (1972) 
oxy-N-methylacri- Suspens ion Dark Kuzovkina et al. 
d o n e (1984) 

Boenninghaus- Callus Kuzovkina et al. 
enia albiflora (1983) 

3 l-Hydroxy-2,3-di- Ruta graveolens Callus Light/dark Szendrei et al. 
methoxy-N- (1976) 
methylacridone Callus Light EM Kuzovkina et al. 

(1984) 

4 Rutacridone Ruta graveolens Callus Light EM Scharlemann (1972) 
Callus (stem Light/dark Szendrei et al. 

derived) (1976) 
Callus (root Dark Szendrei et al. 

derived) (1976) 

(continued) 



Table I (Continued) 

Type of 
tissue 

Alkaloid Plant species culture 
Light 

condit ion M e d i u m 0 Reference 

5 Rutacridone epox
ide 

6 Gravacridonol 

7 Hydroxyrutacridone 
epoxide 

Boenninghaus-
enia albiflora 

Ruta graveolens 

Ruta chalepensis 
Ruta Corsica 
Ruta bracteosa 
Ruta macro-

phylla 
Boenninghaus-

enia albiflora 

Ruta graveolens 

Ruta graveolens 

Ruta chalepensis 
Ruta corsia 

Callus 

Suspens ion 

Suspens ion 

Suspens ion 
Callus 

Callus 

Suspens ion 
Suspens ion 
Suspens ion 
Suspens ion 
Suspens ion 

Callus 

Callus 

Callus 
Suspens ion 
Suspens ion 
Suspens ion 

Light/dark 

Light/dark 

Light/dark 
Light 
Light 
Light 
Light 

Light/dark 
Light/dark 
Light 
Light 

MS 

EM 

MS 

Various 
Various 
Various 
Various 

EM 
MS 
Various 
Various 

Kuzovkina et al. 
(1979) 

Kuzovkina et al. 
(1984) 

Kuzovkina et al. 
(1980) 

Eilert et al. (1984) 
Kuzovkina et al. 

(1983) 
Nahrstedt et al. 

(1981) 
Eilert et al. (1984) 
Eilert et al. (1983) 
Eilert et al. (1983) 
Eilert et al. (1983) 
Eilert et al. (1983) 

Engel (1985) 

Nahrstedt et al. 
(1985) 

Eilert et al. (1982) 
Eilert et al. (1984) 
EUert et al. (1983) 
Eilert et al. (1983) 
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Ruta bracteosa 
Ruta macro-

phylla 
Boenninghaus-

enia albiflora 

Suspens ion 
Suspens ion 

Callus (root 
derived) 

Light 
Light 

Light 

Various 
Various 

Eilert et al (1983) 
Eilert et al (1983) 

Engel (1985) 

8 Gravacridondiol Ruta graveolens Root organ 
culture 

Dark Rosza et al (1976) 

9 Gravacridondiol 
monomethyle ther 

Ruta graveolens Callus (root 
derived) 

Dark Szendrei et al 
(1976) 

10 Gravacridondiol 
g lucoside 

Ruta graveolens 

Boenninghaus-
enia albiflora 

Root-organ 
culture 

Callus 

Dark Rosza et al (1976) 

Kuzovkina et al 
(1983) 

11 Gravacridone chlo
rine 

Ruta graveolens Callus (stem 
and root 
derived) 

Dark Szendrei et al 
(1976) 

12 Isogravacridone 
chlorine 

Boenninghaus-
enia albiflora 

Callus Kuzovkina et al 
(1983) 

13 1 -Hy droxyrutacri-
d o n e epoxide 

Ruta graveolens Callus Nahrstedt et al 
(1985) 

14 Rutagravin Ruta graveolens Callus Nahrstedt et al 
(1985) 

a EM, medium after Scharlemann (1972); MS, medium after Murashige and Skoog (1962); , no information given. 
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C H 3 

I R,=R2=H 
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m R,=R2=OCH3 
1-HYDROXY-2,3-DIMETHOXY-N-METHYLACRIDONE (arborinine) 
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EPOXIDE 

X I Y: RUTAGRAVIN 

Fig. 1. Acridone alkaloids. 
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Schar l emann (1972), Szendre i et al. (1976) inves t igated the influence of 
origin of the explant o n t he acr idone pa t t e rn . The alkaloid pa t t e rn in light-
g r o w n mater ial reflected t he pa t t e rn of aerial p lan t par t s , a n d da rk -g rown 
material , i n d e p e n d e n t of t he origin of the explant , exhibi ted a rootlike 
acr idone pa t t e rn . Cu l tu r ing in l iquid m e d i u m (Table I) s e e m s to resul t in a 
shift to formation of c o m p o u n d s earlier in t he b iosynthet ic p a t h w a y . The 
d imethy la ted acr idone arbor in ine (3) h a s no t b e e n found in su spens ion 
cul tures , a n d of the furanoacr idones only ru tac r idone (4), its epoxide (5), 
a n d HRE (7) h a v e b e e n r epor t ed . 

IV. CULTURE CONDITIONS 
AND ACRIDONE YIELD 

The c o m m o n app roach to opt imize secondary metabol i te p roduc t ion 
in tissue cul ture is by variat ion of cul ture condi t ions . On ly a few repor t s 
o n the effect of nu t r i en t s a n d light o n alkaloid yield h a v e b e e n p u b 
l ished; acr idone alkaloids a re difficult to quantify. T h e s t rong lipophilic 
na tu r e (virtually insoluble in a q u e o u s phases ) m a k e s these c o m p o u n d s 
unsu i tab le for r eve r sed-phase h igh-per formance liquid c h r o m a t o g r a p h y 
(HPLC). S t rong adsorp t ion o n silica gel dictates t he u s e of so polar a 
solvent tha t sufficient resolut ion is n o t ob ta ined (U. Eilert, u n p u b l i s h e d 
resul ts) . Gas l iquid c h r o m a t o g r a p h y (GLC) of under iva t i zed acr idones 
requi res ex t reme condi t ions a n d t h u s is far from ideal , w h e r e a s deri-
vat izat ion will cause a loss of informat ion, as discr iminat ion b e t w e e n the 
epoxides a n d their hydrolys is p r o d u c t s becomes imposs ible . For 
ru tac r idone , howeve r , a m e t h o d for spec t rophotomet r ic de te rmina t ion 
after thin-layer c h r o m a t o g r a p h y (TLC) separa t ion a n d extraction w a s 
deve loped (Kuzovkina et al, 1979; Eilert et al., 1984). For specific deter
mina t ion of RE a n d HRE Wolters a n d Eilert (1982) exploi ted t he s t rong 
bactericidal p roper t ies of t he epox ides to deve lop a TLC str ip bioassay. 
O t h e r da ta on quant i ta t ive yield are b a s e d o n gravimetr ic de te rmina t ion , 
a m e t h o d no t su i ted for rou t ine de te rmina t ion . 

Kuzovkina et al. (1979) as well as Wol ters a n d Eilert (1983) s tud ied the 
effect of light a n d h o r m o n e s o n alkaloid p roduc t ion . A n extensive s t udy 
inc luding m o s t major c o m p o n e n t s of the nu t r i en t m e d i u m w a s con
d u c t e d by Engel (1985). 

In general , cu l tur ing in c o n t i n u o u s da rk resul ts in increased acr idone 
alkaloid yields . This resul t is cons is tent w i th t he s t rongly l ight-regulated 
express ion of the acr idone pa t t e rn (Table I) a n d also follows the ex-
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press ion pa t t e rn in the p lant . Engel (1985), howeve r , po in ted ou t tha t 
the effect of light is also med ia d e p e n d e n t . Cu l tu res of some Ruta spe
cies, wh ich p r o d u c e d m a x i m u m epoxide yield in con t inuous da rk w h e n 
g r o w n in M u r a s h i g e - S k o o g (MS) or B5 m e d i u m (Gamborg et al., 1968), 
p r o d u c e d relatively m o r e epoxides on EM m e d i u m (see Schar lemann , 
1972) w h e n light g r o w n . Looking carefully at t he da ta (Engel, 1985) the 
EM m e d i u m is far from be ing opt imal for acr idone p roduc t ion , w i th RE 
levels be ing low a n d HRE somet imes totally lacking. Fu r the rmore , the 
level of ru tacr idone , ma in alkaloid of the roots a n d direct p recursor of 
the epoxides , w a s no t de t e rmined . T h u s the f indings shou ld no t be 
in te rpre ted as a contradict ion to the general observat ion of e n h a n c e d 
express ion in the dark . Data o n ru tacr idone con ten t w o u l d have been 
desirable to assess w h e t h e r increased yields are caused by a total in
crease of accumula t ion or by a shift in pa t t e rn only. 

In contrast to m a n y o ther cell cul tures , t he type of auxin appl ied d id 
no t affect acr idone formation; the p resence of a n auxin w a s no t favorable 
at all. A s u p p l e m e n t of 1 to 5 mg/ l i ter of kinet in to su spens ion cul ture 
m e d i u m w a s found to be opt imal for epoxide p roduc t ion (Engel, 1985). 
Wolters a n d Eilert (1983) found h ighes t accumula t ion in callus cul tures 
on media wi th low h o r m o n e content . L ight -grown hormone-au to t roph ic 
cul tures ma tched da rk -g rown callus cul tures in epoxide content ; their 
ru tacr idone content , howeve r , w a s low. W h e n t ransferred to the dark , 
ru tacr idone accumula t ion increased w h e r e a s epoxide levels d id no t 
change significantly (U. Eilert, u n p u b l i s h e d resul ts) . In h o r m o n e - a u t o 
t rophic cul tures a shift to HRE accumula t ion w a s observed u n d e r all 
condi t ions . The p resence of h o r m o n e s , especially auxins , in med ia h a s 
been found antagonis t ic to secondary metabol i te p roduc t ion in m a n y 
cell cul tures (e.g. , Kurz a n d Constabel , 1985). T h u s the effect of hor
m o n e au to t rophy shou ld be invest igated further. It m a y permi t achiev
ing a h igher degree of express ion of secondary metabol i sm. 

Ruta graveolens a n d R. macrophylla cul tures w e r e able to u s e a variety of 
sugars as a carbon source (Engel, 1985). The conten t w a s s t rongly af
fected by sugar type a n d concent ra t ion ( inverse relat ion), w h e r e a s the 
HRE level changed wi th the sugar concent ra t ion only. A m o u n t a n d type 
of inorganic n i t rogen also p r o v e d to have a s t rong influence. A m 
m o n i u m w a s found to be inhibi tory w h e n suppl ied as the only n i t rogen 
source, b u t it w a s requi red at a certain ratio to obtain o p t i m u m yield. A 
s u p p l e m e n t of organic n i t rogen in form of casein p r o v e d to be highly 
favorable in l ight -grown cul tures . This s t imulat ing effect w a s no t ob
ta ined in da rk -g rown cul tures . Reduced p h o s p h a t e levels, t h o u g h t to be 
one of the key factors in the alkaloid p roduc t ion m e d i u m deve loped for 
indole alkaloid formation wi th Catharanthus (Knobloch a n d Berlin, 1980), 
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d id no t resul t in a n y increase of epoxide level. Increased levels (10 mM) 
w e r e found to be inhibi tory. 

After invest igat ing t he effect of chang ing o n e pa rame te r of t he med i 
u m at a t ime, Engel (1985) combined all informat ion w h e n p r epa r ing one 
m e d i u m . The effects, h o w e v e r , d id no t s imply a d d u p . L ight -grown 
cul tures y ie lded m a x i m u m p roduc t ion o n basal MS m e d i u m , w h e n s u p 
p l e m e n t e d w i t h 1.5% fructose a n d 5 mg/ l i te r of kinet in , b u t w i t h o u t 
casein. Dark -g rown cul tures pe r fo rmed bes t o n m e d i u m tha t con ta ined 
1.5% fructose, 2 mg/ l i ter of k inet in , a n d 2% casein. These condi t ions 
p r o v e d o p t i m u m for acr idone epox ide p roduc t ion by Ruta macrophylla 
cul tures as well . Successful r ep lacemen t of basal MS m e d i u m by EM 
m e d i u m requi red de te rmina t ion of the o p t i m u m combina t ion of sugar 
concentra t ion , k inet in level, a n d casein s u p p l e m e n t a n e w . 

In s u m m a r y , it can be said tha t ac r idone p roduc t ion can be op t imized 
by variat ion of the cul ture condi t ions , a n d substant ia l yields (134 m g RE 
a n d 80 m g HRE pe r liter of cul ture) ob ta ined . These levels exceed al
kaloid accumula t ion in the source p lant . Kuzovkina et al. (1984) r epor t ed 
ru tac r idone concent ra t ions in callus tha t w e r e 20-fold h igher t h a n in the 
p lant . 

V. ELICITATION OF ACRIDONE 
EPOXIDE ACCUMULATION 

A p p r o a c h by function follows the m o d e r n v iew of secondary me tabo
lism, wh ich expresses itself in biochemical ecology (e.g. , H a r t m a n n , 
1985). The p lan t g r o w s in a complex env i ron a n d will r e s p o n d to en
v i ronmenta l s ignals by express ion of certain metabolic capabilities. 
Tissue cul tures are g r o w n u n d e r sterile condi t ions a n d in as cons tan t a n 
e n v i r o n m e n t as possible . T h u s m u c h of the secondary metabol i sm will 
no t be expressed , or express ion will be low. This formed the backg round 
for cocul tur ing exper imen t s w i th Ruta graveolens callus a n d fungi, w h i c h 
resul ted in increased accumula t ion of the s t rongly antimicrobial acri
d o n e epoxides (Wolters a n d Eilert, 1983). In exper imen t s w i th callus a n d 
su spens ion cul tures , no t only living fungi b u t also autoclaved fungal 
cul ture h o m o g e n a t e s a n d fractions of the h o m o g e n a t e s s t imula ted 
acr idone epoxide accumula t ion; the ru tac r idone level s tayed u n 
changed . The s ame effect w a s also achieved wi th alginate or chi tosan, 
wh ich b o t h induce phytoa lexin accumula t ion in var ious different sys
t ems (see C h a p t e r 9, Vo lume 4, this treat ise) . S tudies of the t ime course 
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of epoxide accumula t ion (max imum reached wi th in 24 to 72 h r of elicita-
t ion), level of epoxides (up to 2 m g pe r g r a m dry weight ) , spec t rum of 
antimicrobial activity, a n d r ange of eliciting agen t s sugges t those com
p o u n d s to be phytoa lexins . A s t rong s t ructural similarity to iso-
flavonoids is a p p a r e n t (Fig. 2). Acr idone epoxides p re sen t the first ex
ample in wh ich elicitor-stimulated accumula t ion of a secondary 
metabol i te w a s observed in t issue cul ture pr ior to invest igat ion of 
w h e t h e r acr idone epoxide accumula t ion is inducible in the p lan t . 

W h e n Groger (1969) rev iewed the b iosynthes i s of acr idone alkaloids, 
mos t of the p r o p o s e d p a t h w a y h a d to be based o n speculat ion. Incorpo
rat ion of anthrani l ic acid in to acr idone alkaloids by p lan ts (Johne et al., 
1970; Hall a n d Prager , 1969) p rov ided evidence for its role as a precur
sor. Fur ther elucidat ion of the p a t h w a y , howeve r , could no t be achieved 
by feeding s tudies in p lan ts . In 1978 Reisch p r o p o s e d a b iosynthet ic 
p a t h w a y , still on t he basis of the chemical s t ruc tures tha t h a d b e e n 
elucidated a n d in analogy to t he b iosynthes i s of t he related furo-
quinol ine a n d furanocoumar ins . Since t h e n Groger a n d his g r o u p have 
elucidated the b iosynthes is of acr idones u s ing ru tac r idone-produc ing 
suspens ion cul tures of Ruta graveolens. They w e r e able to demons t r a t e 
anthranil ic acid as p recursor (Baumert et al., 1982), acetate in form of a 
polyketo acid (Zschunke et al., 1982), a n d S-adenosylmethionine (SAM) 
for N - a n d O-methyla t ion (Baumert et ah, 1983a) by feeding exper iments 
wi th radioactively labeled c o m p o u n d s . H igh incorporat ion rates of N -
methylanthrani l ic acid in to ru tac r idone by these cul tures (Baumert et al., 
1983a) led to identification of S-adenosyl-L-methionine:anthrani l ic acid 
N-methy l t rans fe rase as the first pathway-specif ic e n z y m e channe l ing 

Fig. 2. Glyceollin III. 

VI. BIOSYNTHESIS OF ACRIDONE ALKALOIDS 
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anthrani l ic acid in to acr idone b iosynthes i s (Baumert et al., 1983b) (Fig. 
3). The e n z y m e w a s detectable in ac r idone-produc ing cul tures only. It is 
act ivated by m a g n e s i u m a n d s h o w s a b road p H o p t i m u m a r o u n d p H 8 
to 9. A n invest igat ion over a cu l tur ing cycle s h o w e d a fairly cons tan t 
level of e n z y m e activity, a l t hough p r o d u c t accumula t ion var ied . T h u s a 
regula tory role of this e n z y m e is no t a s s u m e d . 

The next s t ep , activation of N-methylan thran i l ic acid by ATP, forming 
N-methy lan thran i loy ladenyla te (Fig. 3) w a s s h o w n by Baumer t et al. 
(1985). N-Methylanthrani l ic acid p r o v e d to b e a subs t ra te super ior to 
anthrani l ic acid, wh ich led to t he a s s u m p t i o n tha t N-methy lacr idones 
are formed via N-methylanthrani l ic acid. Norac r idones m a y be formed 
from anthrani l ic acid ra ther t h a n evolved from N-methy la t ed acr idones 
by demethy la t ion . W h e r e a s t he activation react ion w a s inhibi ted by CoA 
a n d requi red m a g n e s i u m as a cofactor, n o o ther da ta we re suppl ied . 

Finally, Baumer t a n d Groger (1985) could repor t t he cell-free synthes i s 
of an acr idone alkaloid in a c rude e n z y m e p repara t ion from N-me th 
ylanthrani l ic acid a n d malonyl -CoA (Fig. 3). A l t h o u g h this w o r k p re 
sen t s an impor t an t s t ep , m u c h w o r k r ema ins to be d o n e before the 
regula t ion of the p a t h w a y is u n d e r s t o o d . 

Fig. 3. Pathway of acridone biosynthesis . SAH, S-adenosylhomocyste ine . 

VII. ACRIDONE ALKALOID LOCALIZATION 

Lack of secondary metabol i te accumula t ion is often related to lack of 
special c o m p a r t m e n t s in cu l tured cells a n d t i ssues , as c o m p a r e d to the 
p lan t (Lindsey a n d Yeoman , 1983). As soon as this specialization is 
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achieved by w a y of differentiation, eg. laticifers in Papaver somniferum 
(Rush et ah, 1985), accumula t ion of c o m p o u n d s is observed . 

Verzar-Petri et al. (1976) s tud ied t he dis t r ibut ion a n d s torage of 
acr idone alkaloids in p lan t s of R. graveolens. Fluorescence microscopy 
s h o w e d isolated p a r e n c h y m a cells tha t ha rbo red clusters of d rop le t s tha t 
gave a yel low fluorescence specific for acr idones . These cells, ac r idone 
idioblasts, w e r e found in different o rgans of t he p lan t b u t p r e d o m i 
nant ly in root p a r e n c h y m a . Storage in t racheids w a s also observed . 
Several laboratories r epor t ed idioblast format ion in h igh -p roduc ing cell 
cul tures (Kusovkina et al, 1979; Eilert, 1983; Engel , 1985). They most ly 
occur a m o n g g r o u p s of m o r e t h a n 50 cells a n d frequently are accom
pan ied by t racheids . Electron microscopic examina t ion (Eilert et al, 
1986) s h o w e d idioblasts differing from o ther cells by d isp laying a mult i 
t u d e of vacuoles . A compara t ive s t udy s h o w e d n o differences in t he 
morpho logy of idioblasts of p lan t or cell cu l tures . Elicitor s t imula t ion 
ne i ther i nduced changes in the u l t ras t ruc ture of idioblasts no r increased 
their n u m b e r . Storage of secondary metabol i tes in idioblasts is f requent , 
a n d they can be r ega rded as the mos t pr imit ive of all specialized s torage 
conta iners (Esau, 1977). Format ion of idioblasts a n d s torage of com
p o u n d s in idioblasts by the p lan t are , i ndeed , f requent occurrences in in 
vitro cul tures e.g. t ann in idioblasts in Juniperus communis callus (Con
stabel, 1969), an thocyanoblas t s in cell s u s p e n s i o n s of Ipomoea batatus 
(Nozue a n d Yasuda , 1985), s angu ina r ine idioblasts in Macleaya cordata 
( N e u m a n n a n d Muller , 1979), or indole alkaloids in Catharanthus roseus 
( N e u m a n n et al, 1983; Eilert et al, 1986) 

Cell cul tures , it w o u l d appea r , s imula te s torage functions of the root 
ra ther t h a n the shoot; it is the root tha t f requently ha rbors idioblasts in 
the plant . Such idioblasts, it s eems , are the limit of cellular differentia
t ion prior to o rganogenes i s . 
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I. INTRODUCTION 

The potent ia l of p lan t cell cul ture for the p roduc t ion of secondary 
metabol i tes h a s b e e n extensively explored since t he 1960s. M u c h effort 
h a s b e e n d e v o t e d to cell cul ture of alkaloid-bearing p lan t s because this 
g r o u p of na tu ra l p r o d u c t s compr i ses a great n u m b e r of physiologically 
active c o m p o u n d s . The majority of alkaloids are der ived from pro te in 
a m i n o acids , for example , aromat ic a m i n o acids or related c o m p o u n d s 
such as anthrani l ic acid a n d nicotinic acid. In s o m e cases alkaloids are of 
mixed origin. This m e a n s tha t f ragments bes ides a m i n o acids are in
volved also in alkaloid format ion, for example , acetate or mevalonic 
acid. The carbon skele ton of the i soprenoid alkaloids is solely der ived 
from mevalon ic acid. These " p s e u d o a l k a l o i d s " (Hegnauer , 1964) often 
co-occur w i t h s tructural ly re la ted t e rpeno ids a n d s teroids . The source of 
the n i t rogen a n d the t iming of the in t roduct ion of n i t rogen into the 
f ramework of meva lona te -der ived alkaloids are little u n d e r s t o o d . 

CELL CULTURE AND SOMATIC CELL 435 Copyright © 1988 by Academic Press, Inc. 
GENETICS OF PLANTS, VOL. 5 All rights of reproduction in any form reserved. 
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The formation a n d metabol i sm of n i t rogen-conta in ing t e rpeno ids a n d 
s teroids in p lan t cell a n d t issue cul tures is d iscussed in this chapter . For 
a m o r e detai led presen ta t ion of chemical , biochemical , a n d physiological 
aspects of i soprenoid alkaloids the reader is referred to earlier rev iews 
(Schreiber, 1968; Roddick, 1980; Cordel l , 1981; Ripperger a n d Schreiber, 
1981; Gross et al, 1985). 

II. TERPENOID ALKALOIDS 

Terpeno id alkaloids can be d iv ided into g r o u p s based on the n u m b e r 
of meva lona te un i t s involved in their b iosynthes is , namely , mono- , ses-
qui- , di-, a n d t r i te rpenoid alkaloids. Mono te rpeno id alkaloids are p res 
en t in p lan t s be longing to the families Actinidiaceae, Bignoniaceae, Gen-
t ianaceae, a n d Loganiaceae. Wel l -known sesqui te rpenoid alkaloids h a v e 
b e e n isolated from the g e n u s Dendrobium (i.e., dendrob ine) a n d from 
rh izomes of the wa te r lily Nuphar luteum (e.g. , nuphar id ine ) . The diter-
p e n o i d alkaloids are convenient ly subdiv ided in two g ro u p s based on 
chemical s t ruc ture a n d biological activity: 

1. Highly toxic C 1 9 alkaloids, wh ich are subs t i tu ted by m a n y hydroxyl 
or methoxyl g r o u p s , w h e r e some of the hydroxyl g ro u p s are es-
terified; these toxic alkaloids are mainly found in Aconitum a n d 
Delphinium (Ranunculacene) 

2. Typical m e m b e r s of the C2o alkaloids, for example , at isines a n d 
Garrya (Garryaceae) alkaloids, which show little oxygen subst i tut ion. 

The m o s t p r o m i n e n t alkaloids der ived from a t r i terpenoid nuc leus are 
the steroid alkaloids (see Section III). A n u m b e r of alkaloids possess ing a 
C 3 0 or a C 2 2 skeleton tha t are biogenetically related have been isolated 
from Daphniphyllum. Both g r o u p s have in c o m m o n a 2-azabicyclo[3.3.1]-
n o n a n e sys tem. 

E n o r m o u s efforts h a v e b e e n m a d e to clarify the chemis t ry of these 
ra the r complex alkaloids, b u t k n o w l e d g e of the biochemistry a n d p h y s 
iology of t e rpeno id alkaloids, inc luding their p roduc t ion in p lan t cell 
cul tures , is extremely l imited. 

In callus cul tures der ived from the roots of Skytanthus acutus Meyen , 
sky tan th ine (1) h a s b e e n detec ted by ch roma tog raphy (Luchetti , 1965). 
D o h n a l (1976a) h a s g r o w n callus a n d cell su spens ion cul tures of Tecoma 
stans Juss . o n modif ied M u r a s h i g e - S k o o g (MS) revised tobacco (RT-k) 
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Fig. 1. Various monoterpenoid alkaloids: skytanthine (1) actinidine (2), tecomanine (3), 
boschniakine (4). 

m e d i u m (Khanna a n d Staba, 1968) enr iched wi th 0.03 p p m kinet in . 
Cal lus cu l tures p r o p a g a t e d o n RT-k m e d i u m p r o d u c e d in minor quan 
tities act inidine (2), t ecoman ine (3), a n d sky tan th ine der ivat ives . Sur
pris ingly, in cul tures s u p p l e m e n t e d w i th quinolinic acid, boschniak ine 
(4) w a s accumula ted also (Dohnal , 1976b) (Fig. 1). 

Eight-week-old root -organ cul tures of Delphinium elatum L. h a v e b e e n 
found to conta in t he d i te rpenoid alkaloid methyl lycaconi t ine (Strzelec-
ka, 1966). Cal lus t issue cul tures of the c o m m o n larkspur D. ajacis L. w e r e 
incuba ted u n d e r 3000-lux cool-white f luorescent l ight (15-hr p h o -
toper iod) w i th 28 a n d 18°C day-and-n igh t cycles a n d subcul ture every 4 
to 6 w e e k s (Waller et al., 1981). The au tho r s s ta ted tha t the calli w e r e no t 
rich in alkaloids b u t p r o d u c e d copious quant i t ies of sterols, a m o u n t i n g 
to 8 to 10% of d ry weigh t . Unfor tunate ly , the na tu r e of t he d i te rpenoid 
alkaloids w a s no t disclosed. 

Steroid alkaloids have b e e n found to occur in four families, tha t is, 
Solanaceae, Liliaceae, Apocynaceae , a n d Buxaceae. According to their 
s t ruc ture these alkaloids m a y be d iv ided into major g r o u p s 

1. Alkaloids w i t h t h e comple te a n d una l t e red C 2 7 skeleton of cho-
les tane , s h o w i n g different heterocyclic r ing sys tems; mos t p romi-

III. STEROID ALKALOIDS 



43 8 D. Groger 

n e n t are the spi rosolanes , so lan idanes , a n d the 3-aminospiro-
s tanes , all occurr ing in Solanaceae a n d Liliaceae 

2. Alkaloids wi th a n al tered C 2 7 skeleton, e.g. , the C-nor-D-homo-
steroidal alkaloids, mainly found in the genera Veratrum a n d Fri-
tillaria (Liliaceae) 

3. Alkaloids wi th a C 2 1 skeleton of p r e g n a n e a n d wi th an a m i n o 
g r o u p at C-3 a n d / o r C-20 (or an imino g r o u p b e t w e e n C-18 a n d 
C-20), main ly p re sen t in Apocynaceae a n d to a lesser extent in 
Buxaceae 

4. Buxus a lkaloids, wi th a C 2 1 skeleton, wh ich can be d iv ided into two 
g r o u p s o n the basis of w h e t h e r they have an addi t ional cycloprop
a n e or an e x p a n d e d r ing Β 

Steroid alkaloids (g roup 1, Solarium alkaloids) a n d the cervera t rum-
type alkaloids (g roup 2) occur mainly as O-glycosides a n d only rarely as 
free a lkamines (Fig. 2). Cervera t rum- type alkaloids (group 2) are usual ly 
esterified w i th aliphatic or aromatic acids. Alkaloids of the Apocynaceae 
a n d Buxaceae are found in p lan ts as free a lkamines a n d occasionally 
conjugated wi th acids, forming N-acylamides . 

The steroidal s apogen in d iosgenin is widely u s e d as a valuable start
ing c o m p o u n d for the p roduc t ion of s teroid h o r m o n e s . D u e to the short
age of d iosgen in s o m e Solarium s teroid alkaloids, tha t is, solasodine (5) 
a n d tomat id ine (7), h a v e ga ined impor tance as al ternative material for 

Fig. 2. Structures of s o m e steroidal Solarium alkamines: solasodine (5), soladulcidine (6), 
tomatidine (7), solanidine (8). 
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the manufac tu re of medicinal ly useful s teroids . M a n y efforts therefore, 
h a v e b e e n m a d e to p r o d u c e steroid alkaloids by p lan t cell a n d t issue 
cul tures . 

A. Solanum  Alkaloids 

In p lan t cell cul tures of var ious Solanum species, glycoalkaloids a n d 
a lkamines h a v e b e e n de tec ted tha t be long to the spirosolane- or so-
l an idane- type alkaloids (Table I). Heble et al. (1968) appea r to have p re 
sen ted the first ev idence for t he p roduc t ion of a steroid alkaloid by callus 
t i ssues of S. xanthocarpum. Four-week-old calli w e r e found to conta in 
so lasonine . The frequency dis t r ibut ion of the conten t of this part icular 
s teroid alkaloid in p la ted colonies of S. laciniatum w a s invest igated by 
Z e n k (1978). By us ing the clonal selection m e t h o d , s t rains comparable in 
so lasonine yield (up to 3% of d ry weight ) to the source p lan t could be 
ob ta ined . The screening w a s per fo rmed by m e a n s of a n efficient radio
i m m u n o a s s a y (RIA), w h i c h al lows detect ion of 0.7 n g of solasodine 
glycosides (Weiler et al., 1980). 

Cal lus cul tures of Solanum acculeatissimum w e r e cult ivated on a modi 
fied MS m e d i u m (Murashige a n d Skoog, 1962) s u p p l e m e n t e d wi th 1 
p p m of 2 ,4-dichlorophenoxyacet ic acid (2,4-D), 2 p p m of A 5- i sopen-
t eny laden ine (IP), 10 p p m of a d e n i n e sulfate, 10% depro te in ized co
conu t milk a n d 100 p p m of myoinosi to l . The cul tures w e r e g r o w n for 8 
w e e k s at 25°C wi th 16 h r of daily i l luminat ion (Kadkade a n d Madr id , 
1977). The glycoalkaloids solasonine , so lamargine , a n d the cor respond
ing aglycone solasodine w e r e ob ta ined in crystalline form from callus 
t i ssues . The glycoalkaloids are also p r o d u c e d by seeds of the s ame p lan t 
species . 

H o s o d a a n d Yatazawa (1979) cult ivated callus t issues of Solanum lac
iniatum o n a modif ied MS tobacco m e d i u m s u p p l e m e n t e d wi th yeas t 
extract (1 g l i t e r - 1) a n d 2,4-D (1 m g l i t e r - 1) . Besides sterols a n d a 
s teroidal s apogen in , a n e w glycoalkaloid w a s p r o d u c e d by 3-week-old 
callus cul tures . Interest ingly, the glycoalkaloid w a s no t identical to so
lasonine a n d so lamargine , b o t h found in the source p lan ts . The n e w 
steroid alkaloid w a s a glycoalkaloid c o m p o s e d of solasodine as agly
cone , r h a m n o s e , a n d o the r unident i f ied sugars . 

Tomat ine is a glycoside of the steroid alkaloid tomat id ine tha t ha s 
b e e n found in a n u m b e r of species of Lycopersicon a n d Solanum. Toma
t ine w a s de tec ted in newly init iated L. esculentum callus cul tures of hy 
pocotyl , radicle, a n d coty ledon origin tha t gave rise to large n u m b e r of 
roots (Roddick a n d Butcher , 1972). Establ ished hypocoty l callus t issues 
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Table I 

Production of Solanum  Steroid Alkaloids by Plant Cell Cultures 

Alkalo id 0 Plant source Reference 

Glycoalkaloids (aglycone plus sug
ars) 
Solasonine 

(Solasodine, — G a l — G l u ) 

ι 
Rham 

Solamargine 
(Solasodine, — G a l — R h a m ) 

ι 
Rham 

U n k n o w n alkaloid 
(Solasodine, Rham and un
k n o w n sugars) 

Solanine 
Glu 

/ 
(Solanidine, —Gal 

\ 
Rham 

Chakonine 
Rham 

(Solanidine, — G l u 
\ 

Rham 

Dehydrocommerson ine 
Glu 

(Solanidine, — G a l — G l u 
\ 

Glu 

Tomatine 
(Tomatidine, —Gal—Glu—Xyl ) 

I 
Glu 

Solanum xanthocarpum 
Schrad. et Wendl . 

Solanum acculeatissimum 
Jacq. 

Solanum aviculare Forst. 
Solanum khasianum C.B. 

Clarke 

Solanum acculeatissium 
Jacq. 

Solanum laciniatum Ait. 

Solanum tuberosum L. cv. 
Wauseon , cv. Merri
mack 

Solanum tuberosum L. cv. 
Wauseon , cv. Merri
mack 

Solanum chacoense Bitt. 

Lycopersicon esculentum 
Mill, cv. Suttons Best 
of All 

Heble et al. (1968) 

Kadkade and Madrid 
(1977) 

Zenk (1978) 
Kokate and Radwan 

(1979) 

Kadkade and Madrid 
(1977) 

Hosoda and Yata
zawa (1979) 

Zacharias and Os-
man (1977) 

Zacharias and Os-
man (1977) 

Zacharias and Os-
man (1977) 

Roddick and Butcher 
(1972) 

(continued) 
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Table I {Continued) 

Alkalo id 0 Plant source Reference 

Alkamines 
Solasodine 

Solasodine 

Soladulcidine 

Solanidine 

Solanum xanthocarpum 
Schrad. et Wendl . 

Solanum aviculare Forst., 
nigrum L. 

Solanum xanthocarpum 
Schrad. et Wendl . 

Solanum eleagnifolium 
Cav., S. khasianum 
C.B. Clarke 

Solanum acculeatissimum 
Jacq. 

S. laciniatum Ait. 

Solanum khasianum C.B. 
Clarke 

Solanum verbascifolium L. 

Solanum jasminoides 
Paxt. 

Solanum nigrum L. 
Solanum aviculare Forst. 

Solanum dulcamara L. 

Solanum dulcamara L. 

Solanum khasianum C.B. 
Clarke 

Heble et al. (1971) 

Khanna et al. (1976) 

Khanna et al. (1976) 

Khanna et al. (1976) 

Kadkade and Madrid 
(1977) 

Hosoda et al. (1979), 
Chandler and 
D o d d s (1983a) 

U d d i n and Chatur-
vedi (1979) 

Jain and Sahoo 
(1981) 

Jain et al. (1981) 

Bhatt et al. (1983) 
Macek et al. (1984) 

Ehmke and Eilert 
(1986) 

Willuhn and May 
(1982), Ehmke and 
Eilert (1986) 

Kokate and Radwan 
(1979) 

a Gal, galactose; Glu, glucose; Rham, rhamnose; Xyl, xylose. 

t ha t h a d b e e n cu l tured for m o r e t h a n 2 years a n d tha t h a d never p ro 
d u c e d o rgan ized s t ruc tures accumula ted only traces of alkaloids (0.013 
μg m g - 1 d ry weigh t ) . Suspens ion cul tures failed to p r o d u c e alkaloids. 
Appa ren t l y , t he b iosynthes i s of tomat ine is closely correlated w i th mor
phological differentiation, tha t is, root formation. 

In p lan t cell cu l tures the mos t t ho rough ly invest igated steroid alkaloid 
is so lasodine , a n aglycone of var ious sp i rosolane- type glycoalkaloids. 
Unfor tunate ly , alkaloidal extracts or d r ied calli often are subject to hy -
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drolysis . Therefore, it is unclear w h i c h alkaloids are genuine ly p re sen t 
in the p lan t cells, for example , var ious glycoalkaloids or a mixture of 
glycoalkaloids a n d solasodine . In a n u m b e r of callus a n d su spens ion 
cul tures of var ious Solanum species this part icular a lkamine , so lasodine , 
h a s b e e n found in small a m o u n t s (Heble et al, 1971; K h a n n a et al., 1976). 
W h e n cell s u s p e n s i o n cul tures of S. aviculare w e r e fed wi th cholesterol 
(90 m g pe r 100 ml of m e d i u m ) , a remarkable increase in so lasodine 
con ten t (0.47%) c o m p a r e d to controls (0.026%) could be observed 
(Khanna et al, 1977). 

T h e effect of cul ture condi t ions o n the p roduc t ion of solasodine in 
callus cul tures of Solanum laciniatum h a s been invest igated by H o s o d a et 
al. (1979) a n d Chand le r a n d D o d d s (1983a,b). It w a s found that so
lasodine w a s p r o d u c e d m o r e actively in rapidly proliferating callus 
t i ssues . The concent ra t ion in the t issue w a s abou t 0.05% (dry-weight 
basis) d u r i n g the first 5 w e e k s of cul ture . The h ighes t yield of the s teroid 
alkaloid w a s obta ined wi th a 2,4-D concentra t ion of 1 to 2 p p m . O t h e r 
aux ins at t h e s a m e concent ra t ion gave slightly inferior resul ts . Appar 
ent ly stable cell l ines could be main ta ined by subcul tur ing callus t issues 
t h r o u g h m o r e t h a n 60 genera t ions . Root- a n d hypocotyl -der ived callus 
t i ssues s h o w e d n o difference in alkaloid p roduc t ion (Hosoda et al., 
1979). Chand le r a n d D o d d s (1983a) repor ted on callus a n d suspens ion 
cul tures of S. laciniatum. The solasodine concentra t ion in bo th types of 
cul ture r a n g e d from 0.5 to 1 m g g - 1 d ry weight . The solasodine con
centra t ion w a s e n h a n c e d by the induct ion of o rganogenes i s (root forma
tion) in callus t i ssues . Interest ingly, abscisic acid (ABA) in a concentra
t ion of 0.04 m g l i t e r - 1 increased solasodine yield in calli. Also, dark-
g reen callus conta ined more steroid alkaloid t h a n l ight-grown. In leaf-
der ived callus cul tures , so lasodine concent ra t ions increased w h e n med i 
u m p h o s p h a t e or n i t rogen concentra t ions we re r educed to one-eigth or 
w h e n the sucrose concentra t ion w a s increased from 3 to 4 - 8 % (Chan
dler a n d D o d d s , 1983b). 

U d d i n a n d Cha tu rved i (1979) establ ished callus cul tures of Solanum 
khasianum from excised radicles, who le seedl ings , roots , shoot apices, 
a n d leaves in revised MS m e d i u m s u p p l e m e n t e d wi th 2,4-D (1 m g lit
e r - 1) a n d 1% agar. All callus t issues conta ined solasodine, b u t max
i m u m yield (0.067%) w a s observed in callus cul tures der ived from w h o l e 
seedl ings . Callus cul tures of S. jasminoides (Jain et al, 1981) a n d S. ver-
bascifolium (Jain a n d Sahoo, 1981) also we re found to p roduce so
lasodine , reaching m a x i m u m yields after 6 weeks of incubat ion. 

Macek et al. (1984) init iated callus t issues from roots , s t ems , a n d leaves 
of Solanum aviculare p lant le ts . The formation of solasodine in calli origi
na t ing from different pa r t s of t he p lan t w a s compared . The h ighes t 
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average p roduc t ion w a s found in calli der ived from roots , the lowest in 
those from s t ems , a m o u n t i n g to 0.31 a n d 0.22 m g g - 1 d r y we igh t , 
respect ively. 

Leaf explants of Solanum nigrum w e r e cul tured o n a basal m e d i u m 
conta in ing inorganic salts (Murashige a n d Skoog, 1962), v i tamins (Gam-
borg et al., 1968) a n d 0.8% agar s u p p l e m e n t e d wi th combina t ions of 
indoleacet ic acid (IAA), benzy laden ine (BA), a n d 3% sucrose . The ex-
p lan t s a n d resul t ing calli w e r e g r o w n at 25°C in ei ther a 16-hr p h o -
toper iod or in t he da rk (Bhatt et al., 1983). The callus t i ssues formed, 
u n d e r all g r o w t h condi t ions , differentiated s t ruc tures , for example , 
shoo t s a n d / o r roots . Solasodine concent ra t ions w e r e separately mea
s u r e d in t h e calli a n d differentiated s t ruc tures . IAA at 1 μ Μ concentra
t ion w a s general ly s t imula tory for solasodine formation in callus t i ssues . 
A n y add i t ion of Β A inhibi ted a lkamine b iosynthes is . Based o n n u m e r 
o u s expe r imen t s , t h e a u t h o r s conc luded tha t l ight a n d var ious combina
t ions of g r o w t h regula tors in t he m e d i u m interact in some complex 
m a n n e r to control solasodine b iosynthes is in callus a n d differentiated 
t i ssues . Increas ing a m o u n t s of sucrose in t he m e d i u m u p to 10% favored 
g r o w t h a n d s teroid alkaloid p roduc t ion . 

A n u m b e r of i soprenoid c o m p o u n d s , tha t is, t r i te rpenes , sterol deriv
at ives, sp i ros tanes , a n d spi rosolanes , as well as fatty acids, w e r e deter
m i n e d in callus cul tures of the soladulcidine chemovar ie ty of Solanum 
dulcamara (Wil luhn a n d May, 1982). In callus cul tures der ived from 
shoo t s a n d leaves , the sp i ros tane t igogenine a n d , to a lesser extent , the 
co r r e spond ing N - a n a l o g soladulcidine (6) w e r e de tec ted . The alkaloid 
yield w a s no t g iven. 

A deta i led s t u d y of s teroid alkaloid p roduc t ion in cell cul tures of the 
soladulc idine chemovar ie ty of Solanum dulcamara h a s b e e n per fo rmed by 
E h m k e a n d Eilert (1986). Callus a n d suspens ion cul tures we re g r o w n on 
MS basal m e d i u m s u p p l e m e n t e d w i th 2,4-D (1 m g l i t e r - 1, callus; 0.1 m g 
l i t e r - 1, cell su spens ion ) , k inet in (0.4 m g l i t e r - 1, callus; 0.25 m g l i t e r - 1, 
cell su spens ion ) , a n d 3% sucrose . The cult ivation w a s carried ou t u n d e r 
he te ro t roph ic a n d mixot rophic condi t ions . The he te ro t rophic cell line 
con ta ined traces of neu t ra l s apogen ins b u t n o alkaloids. The mix
o t rophic g reen cul tures (calli a n d cell suspens ions ) accumula ted di
osgen in a n d t igogenin as well as the co r respond ing spirosolane al
kaloids so lasodine a n d soladulcidine. Total alkaloid concentra t ions 
a m o u n t e d to 0.2 a n d 0.1 m g g - 1 d ry we igh t in callus t issues a n d cell 
s u s p e n s i o n s , respectively. A posi t ive correlation w a s observed b e t w e e n 
chlorophyl l a n d alkaloid con ten t of the cells. Also, o rganogenes i s p ro 
m o t e d s teroid alkaloid accumula t ion . 

A n u m b e r of glycoalkaloids a n d an a lkamine of the so lan idane type 
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w e r e found in some Solanum species. Zachar ius a n d O s m a n (1977) es tab
l ished callus cul tures of S. chacoense a n d some varieties of S. tuberosum. 
They w e r e cul tured o n a modified LS m e d i u m (Linsmaier a n d Skoog, 
1965) s u p p l e m e n t e d wi th 1 m g l i t e r - 1 of α-naphthaleneacet ic acid 
(NAA) ins tead of IAA a n d 0.2 m g l i t e r - 1 of kinet in. The calli ob ta ined 
gene ra t ed roots after 10 w e e k s of cul ture . F rom 750 m g of cul tured roots , 
50 m g of d e h y d r o c o m m e r s o n i n e w a s isolated, a h i t h e r t o - u n k n o w n al
kaloid. The callus t i ssues we re devoid of glycoalkaloids. Root formation 
w a s also observed in some varieties of S. tuberosum. These o rgans w e r e 
found to conta in solanine a n d chaconine , bo th of wh ich are normal ly 
p re sen t in the tubers . In calli of S. tuberosum tha t failed to initiate roots , 
alkaloids could no t be de tec ted . 

Rootlets forming callus t i ssues of Solanum khasianum conta ined 5.2% 
(based o n d ry weight ) s teroid alkaloids. The mixture is composed of an 
u n k n o w n glycoalkaloid, solasonine, a spi rosolane- type alkaloid, a n d so
lanidine (Kokate a n d R a d w a n , 1979). In undifferent iated callus cul tures 
only traces of solasonine a n d solanidine (8) w e r e presen t . This is a 
further str iking example tha t in some cell cul tures , morphological differ
ent ia t ion is associated wi th biochemical "different iat ion." 

Cell su spens ion cul tures of Solanum tuberosum a n d po ta to tuber t issues 
w e r e found to glycosylate labeled solanidine. After 12 h r of incubat ion 
the conten t of 0(3)-glucosylsolanidine (7-chaconine) reached a max
i m u m . The onse t of the formation of 3-p-0-glucosyl(glucosyl)solanidine 
w a s observed after 24 hr , reaching m a x i m u m yield after 72 h r of incuba
tion. The t w o major po ta to glycoalkaloids, tha t is, α-solanine a n d a-
chaconine , are no t formed u n d e r these condi t ions ( O s m a n et al., 1980). 

B. Miscellaneou s Alkaloids 

The first a t t emp t t oward a con t inuous p roduc t ion of glycoalkaloids 
der ived from solasodine w a s m a d e by Jirku et al. (1981). Cells of a sus
pens ion cul ture of Solanum aviculare w e r e immobil ized by their adso rp 
t ion a n d covalent l inkage to an activated polymeric adsorbent . Poly
p ropy lene oxide activated by 5% g lu ta ra ldehyde w a s u s e d as suppor t i ng 
gel. A packed co lumn w a s recirculated at 20°C by 100 ml of sterilized 
sucrose solut ion (8% v / w ) . At 24-hr intervals the recirculating m e d i u m 
w a s replaced wi th a n e w one . The released a m o u n t of steroid alkaloids 
w a s ana lyzed daily t h r o u g h o u t a per iod of 11 days . A n oscillation pat 
te rn r ega rd ing the a m o u n t of e lu ted alkaloids w a s recorded. The h ighes t 
daily yield pe r 100 m g of cells (dry weight ) a m o u n t e d to 31.9 μg of 
alkaloid. 

Lindsey a n d Yeoman (1983) descr ibed a " f la tbed" sys tem in w h i c h 
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cells w e r e cu l tu red in a hor izonta l m o d e o n the surface of fibrous poly
p ropy lene , across w h i c h l iquid nu t r i en t m e d i u m w a s supp l ied from a 
reservoir a n d recirculated. Solanum cells cu l tu red on the flatbed accumu
lated, in the absence of exogenous ly supp l i ed p recursors , h igher yields 
of s teroid glycoalkaloids t h a n d id t he rapidly d iv id ing su spens ion 
cul tures . Alternatively, a vertical c o l u m n packed w i th cells e n t r a p p e d in 
a s u p p o r t matr ix w a s appl ied . A s polymeric matr ices , 2% agar or 2% 
calcium alginate w e r e u sed . Cells of S. nigrum immobi l ized ei ther in agar 
or calcium alginate w e r e capable of alkaloid accumula t ion , w i th a final 
con ten t of 11 to 13 m g of alkaloids p e r g r a m d ry we igh t of cells after 10 to 
12 d a y s of cult ivation. The alkaloid yields w e r e reached u s i n g illumi
na t ed cul tures , w h e r e a s a significant r educ t ion in t he alkaloid con ten t of 
da rk -g rown cul tures w a s observed . 

Callus cul tures of Holarrhena antidysenterica (Apocynaceae) accumulat 
ed a n u m b e r of phytos te ro ls b u t appa ren t ly n o alkaloids. According to 
feeding exper iments w i th [4- 1 4C]choles terol the following biogenet ic se
quence could be establ ished: cholesterol —> 24-methylenecholes terol —> 
28-isofucosterol —» sitosterol—» st igmasterol (Heble et al., 1976). Fur ther 
m o r e , radioactive coness ine w a s de tec ted , a C 2 1- ske le ton -posses s ing al
kaloid tha t w a s no t found in u n t r e a t e d callus t i ssues . 

The C 2 7 s teroid alkaloids are accompan ied in p lan t s by ana logous 
steroidal s apogen ins (spirostanes) . Choles terol or a biogenet ic equiv
alent of it is the precursor of b o t h the C 2 7 s teroid sapogen ines a n d 
alkaloids. On ly the late s tages of the b iosynthet ic p a t h w a y differ, for 
example , in the formation of rings Ε a n d F. Mos t w o r k o n steroid al
kaloid b iosynthes is h a s b e e n pe r fo rmed wi th intact p lan t s or intact p lan t 
o rgans . Tracer exper iments w i t h suitable p lan t cell cul tures s eem to be a 
fruitful area for further research, a n d high-alkaloid-yielding cell l ines 
m a y offer the possibility of isolating s teroid alkaloid-specif ic e n z y m e s . 
T h u s it shou ld be feasible to clarify aspec ts of C 2 7 s teroid alkaloid bio
genes is , for example , t he subs t i tu t ion of the 26-hydroxy g r o u p of 26-
hydroxycholes tero l by a n a m i n o g r o u p of a g iven a m i n o acid. Aspec ts of 
s teroid biogenesis a n d metabo l i sm of s teroids in p lan t t issue cul tures 
h a v e b e e n rev iewed (Stohs, 1980; Ripperger a n d Schreiber, 1981; 
Hef tmann , 1983; Gross et al, 1985). 

IV. CONCLUSIONS 

The p roduc t ion of t e rpeno id alkaloids by p lan t cell cul tures is still in 
its infancy despi te the fact tha t s o m e d i te rpenoid-der ived alkaloids ex-
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hibit a remarkably h igh biological activity. Solanum s teroid alkaloids 
h a v e b e e n isolated from near ly 350 p lan t species . All s teroid a lkamines 
of the Solanum t ype possess a C 2 7 skele ton of choles tane . The formation 
of some spi rosolanes a n d so lan idanes , w h i c h are potent ia l in te rmedia tes 
for the p roduc t ion of steroidal d r u g s , h a v e b e e n invest igated in cell 
cul tures of a few Solanum species. O t h e r a forement ioned types of 
steroidal alkaloids h a v e no t yet b e e n s tud ied in p lan t cell cul tures . 

The Solanum alkaloids h i ther to invest igated certainly d o no t be long to 
those g r o u p s of na tura l p roduc t s tha t are accumula ted by p lan t cell 
cul tures in h igh a m o u n t s . Therefore, it is necessary to increase the yields 
if a commercial appl icat ion is p l a n n e d . This could be d o n e by us ing 
more efficient selection m e t h o d s a n d searching for opt imal p roduc t ion 
media . O the r condi t ions also migh t be favorable for alkaloid accumula
tion, tha t is, influence of light (Bhatt et al, 1983; E h m k e a n d Eilert, 1986) 
a n d induc t ion of o rganogenes i s (Roddick a n d Butcher , 1972; Zachar ius 
a n d O s m a n , 1977; Kokate a n d R a d w a n , 1979; Bhatt et al, 1983; Chand le r 
a n d D o d d s , 1983a; E h m k e a n d Eilert, 1986). A m o d e r n app roach also 
seems to lead to increases in the alkaloid yield: t he appl icat ion of elic
itors to trigger secondary metabol i te formation. Rokem et al (1984) could 
s h o w that in Dioscorea deltoidea s u spens ion cul tures , d iosgenin bio
synthes is is s t imula ted after add i t ion of certain fungal mycelia, es 
pecially those of Rhizopus arrhizus, to t he cul ture m e d i u m . 
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I. INTRODUCTION 

Betalains r ep re sen t a g r o u p of na tu ra l c o m p o u n d s tha t are part icularly 
fascinating d u e to their s t ructura l a n d chemotaxonomic proper t i es . Al
t h o u g h their s t ruc ture (Fig. 1) possesses at least o n e heterocyclic ni t ro
gen a tom, betala ins d o no t be long to alkaloids in a strict sense , because 
they are acidic in n a t u r e d u e to t he p resence of several carboxyl g r o u p s . 
Interest ingly, in mic roorgan i sms , as well as in an imals , beta la ins are 
u n k n o w n . 

D u e to conjugated doub le b o n d s beta la ins are colored. The pu rp l e 
p i g m e n t s are be tacyanins ; be t axan th ins are yel low to o range colored. 
Both p i g m e n t s are character ized b y o n e moie ty der ived from betalamic 
acid (Fig. l a ) a n d can be cons ide red i m m o n i u m der ivat ives . Betalain 
molecules differ from each o the r by t he pa r t b o u n d to t he beta lamic acid 
r e s idue . In be tacyan ins of h ighe r p l an t s this moie ty is p rov ided by 
cyclo-DOPA (Fig. l b ) . Its O-glycosidation a n d acylation resul ts in t he 
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b ore 
R! Θ ^R2 

HOOC Ν COOH 

Η 

Fig. 1. General betalain formula, (a) Betalamic acid moiety of all molecules , (b) R 1— Ν — R 2 

= residue of cyclo-DOPA (higher plants) or cyclized stizolobic acid (Amanita muscaria) in 
betacyanins. (c) R 1— Ν — R 2 = Residue of an amino acid or amine in betaxanthins. 

formation of a large variety of pu rp l e p i g m e n t s . The condensa t ion of 
betalamic acid wi th var ious a m i n o acids or amines leads to be taxan th ins 
(Fig. lc ) , c o m p o u n d s tha t never s h o w glycosidat ion. In the m u s h r o o m 
Amanita muscaria, several n o n p r o t e i n a m i n o acids, for example , ibotenic 
a n d stizolobic acid, we re identified as be taxan th in cons t i tuents . 

A m o n g h igher p lan ts the occurrence of betala ins is restr icted to the 
Cen t ro spe rmae . Most families of this o rder conta in betala ins . The find
ing tha t they are free of an thocyan ins indicates the m u t u a l exclusion of 
bo th classes of p igmen t s . Betalains, howeve r , h a v e b e e n de tec ted in 
association wi th flavonoid in te rmedia tes of the an thocyan in p a t h w a y . 

Betacyanins a n d be taxan th ins furnish p r o m i n e n t p igmenta t ion of 
flowers, bu t also of o ther p lan t o rgans . They are accumula ted in the 
vacuoles of cells. The biosynthet ic process can be control led by several 
factors a n d condi t ions . D O P A is a n impor t an t p recursor (Fig. 2). Light 
effectively e n h a n c e s a n d even induces betalain synthes i s . 

Betalains h a v e repea ted ly b e e n rev iewed since the mid-1970s (Piat-
telli, 1976, 1981; Mabry , 1980; Reznik, 1981; M u s s o , 1979; D o p p et al, 
1982; Schut te a n d Liebisch, 1985). Still, m a n y o p e n ques t ions exist in the 
field of betalain biochemist ry a n d s tereochemis t ry . Reasons m a y be 
found in the facts tha t be tacyanin a n d be taxan th in s t ruc tures h a v e be
come k n o w n only recently, tha t beta la ins are of sensit ive chemical char
acter, a n d tha t betalain analysis is h a m p e r e d by ser ious p rob lems de 
spite methodological p rogress ( D o p p a n d M u s s o , 1973; Vincent a n d 
Scholz, 1978; Schwar tz a n d von Elbe, 1980; Strack et al, 1981). 

Cell cul tures of h igher p lan t s can be a d v a n t a g e o u s sys tems for b iosyn
thetic invest igat ions, especially for the isolation of e n z y m e s involved in 
secondary metabol i te formation (Hahlbrock, 1981; Zenk , 1980, 1985). At 
least from this po in t of v iew, be ta la in-producing cell cul tures dese rve 
a t tent ion. In vitro cul tures h a v e b e e n es tabl ished wi th several p lan t spe
cies since Constabel (1967) r epor t ed successful exper iments for t he first 
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Fig. 2. Probable biosynthetic s cheme for betalains and stizolobic acid. 

t ime. In this chapte r the ind iv idual cell cul tures are character ized as is 
their contr ibut ion to betalain research a n d to the k n o w l e d g e of second
ary metabol i sm of p lan t cell cu l tures in genera l . Finally, cell cul tures are 
cons idered wi th respect to a biotechnological p roduc t ion of beta la ins , 
tha t is, as dyes for food. 

II. BETALAIN-SYNTHESIZING CELL CULTURES 

Betalain format ion h a s b e e n de tec ted in cell cul tures of p lan t species 
be longing to 5 of the 10 be ta la in-produc ing c e n t r o s p e r m o u s families 
(Table I). Different pa r t s of y o u n g a n d m a t u r e p lan t s h a v e given rise to 
p roduc t ive in vitro sys t ems . Even colorless explants h a v e b e e n useful 



Table I 

Plant Cell Cultures Showing Betalain Formation 

Plant material Explant Type of culture Medium* Pigment Reference 

Amaranthaceae 
Amaranthus caudatus L. 
Celosia argentea L. 

? 

? 
Static culture 
Static culture 

B5, modified 1 
B5, modified J 

Betalains Constabel and Nassif-Mak-
ki (1971) 

Cactaceae 
Myrtillocactus geometrizans 

(Mart.) Console 
Stem segments Static culture LS Betanin, phyllocactin, 

indicaxanthin 
Colomas et al (1978) 

Chenopodiaceae 
Beta vulgaris L. Seedlings Suspens ion culture B5, modif ied Betanin, betaxanthins Zryd et al (1982), Girod 

and Zryd (1985, 1986) 

var. conditiva Alef. ? Static culture B5, modif ied Betacyanins, betaxan
thins 

Constabel and Nassif-Mak-
ki (1971) 

var. conditiva Alef. 
var. crassa He lm. 

Seedlings 
? 

Suspens ion culture 
Static culture 

MS, modif ied 
B5, modif ied 

Betanin 
Betacyanins 

McCormick (1972) 
Constabel and Nassif-Mak-

ki (1971) 

var. crassa He lm. Root pieces wi th 
cambium sections 

Static culture MS, modif ied Betacyanins, betaxan-
thin 

Constabel (1967); Constabel 
and Haala (1968) 

var. rubra D C . n o n L. 
( synonym, var. con
ditiva Alef.) 

Chenopodium album L. var. 
centrorubrum 

? 

? :i Heller, LS 
Betacyanins, mainly 

betanin 
Komatsu et al (1975) 
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Chenopodium rubrum L. Meristems of seed- Suspens ion culture MS, modif ied Amaranthin, celosia- Berlin et al. (1986) 
l ings nin, betanin, vul-

gaxanthin I/II 
Spinacia oleracea L. ? ? Heller, LS Betacyanins, mainly Komatsu et al. (1975) 

betanin 

Phytolaccaceae 
Phytolacca americana L. Stem segment s Suspens ion culture MS, modif ied Betacyanins Sakuta et al. (1986) 
Phytolacca americana L. ? Suspens ion culture ? Betanin Misawa et al. (1973) 

Portulacaceae 
Portulaca grandiflora Hook. Internode s egment s Static culture White, MS Betanin Adachi (1970) 

modif ied 
Portulaca grandiflora Hook. Internode segments Static culture White, MS Betacyanins Endress (1976, 1977, 1979), 

modif ied Endress et al. (1984) 
Portulaca grandiflora Hook. Seedl ings Static culture MS, modif ied Betacyanins, mainly Liebisch and B o h m (1981), 
Portulaca grandiflora Hook. Hypocoty l s Static culture MS, modif ied betanin, betaxan- Schroder and B o h m 

thins (1984, 1987) 
Portulaca grandiflora Hook. Seedl ings Static culture MS, modif ied Betaxanthins, beta- Bohm et al. (1987) 

lamic acid, beta
cyanins 

a B5, Gamborg et al (1968); Heller (1953); LS, Linsmaier and Skoog (1965); MS, Murashige and Skoog (1962); White (1963). 

453 



454 Η. Bohm and Ε. Rink 

(Constabel , 1967). This confirms the exper ience tha t t he secondary m e 
tabolism of a cell cul ture is i n d e p e n d e n t of the biochemical s ta tus of 
s tar t ing material . A l t h o u g h s o m e exper imen t s h a v e b e e n pe r fo rmed 
wi th p r imary calli t ransferred a few t imes at the m o s t (Endress , 1976; 
Endres s et al., 1984; Co lomas et al., 1978), o the r laboratories h a v e main
ta ined cell cul tures o n solid (Misawa, 1985; H . Bohm, u n p u b l i s h e d re
sults) a n d in liquid med ia (Berlin et al., 1986) for m a n y years . 

The med ia u s e d for the cult ivation of cell mater ial are listed in Table I. 
In mos t cases med ia for long- te rm cul ture are identical w i th the med ia 
for callus induct ion , apa r t from different auxin concent ra t ions . "Mod i 
fied" a lways refers to a change in p h y t o h o r m o n e quali ty a n d / o r q u a n 
tity; it rarely refers to o ther c o m p o n e n t s , for example , the carbon source 
of the m e d i u m (Constabel , 1967; Z ryd et al, 1982). Hab i tua ted cell 
cul tures in med ia free of p h y t o h o r m o n e s (Zryd et al., 1982; Berlin et al., 
1986) const i tu te a special exper imenta l s i tuat ion. 

Some of the cell cul tures character ized he re d id no t spon taneous ly 
form betala ins b u t s h o w e d p igmen ta t ion u n d e r certain condi t ions only 
(see Section III). O n e p r o m i n e n t example of this g r o u p seems to be the 
callus cul ture from Amaranthus caudatus. This mater ial w a s r epo r t ed to 
contain betala ins in trace a m o u n t s (Constabel a n d Nassif-Makki, 1971), 
b u t it r e m a i n e d colorless o n modif ied MS med ia in t w o o ther laboratories 
(H. Bohm, u n p u b l i s h e d resul ts ; Κ. H . Kohler , pe rsona l communica t ion) . 

Product ive cell cul tures h a v e a l lowed moni to r ing of betalain composi 
t ion a n d quant i ty d u r i n g subcul t ivat ion. Appa ren t ly , the p ropor t ion of 
the individual be tacyanins (Berlin et al, 1986) a n d be taxan th ins (Bohm et 
al, 1987) does no t change substant ial ly in t he course of a g r o w t h cycle. 
Like o ther secondary subs tances in p lan t cell cu l tures , beta la ins general ly 
reach their m a x i m u m concent ra t ion in t he s ta t ionary p h a s e of cell g r o w t h 
(Berlin et al, 1986; Bohm et al, 1987). Suspens ion cell cul tures of Phytolac
ca americana s h o w e d h ighes t be tacyanin levels d u r i n g the logari thmic 
g r o w t h p h a s e (Sakuta et al., 1986). Such early maxima of secondary 
metabol i te formation in cell cu l tures h a v e b e e n obse rved earlier (Bohm, 
1977). Abou t 15 days after transfer of Chenopodium rubrum cells in to fresh 
m e d i u m , 1 liter of s u s p e n s i o n cul ture conta ined 35 to 45 m g of beta
cyanins ; the yield significantly d e p e n d e d o n the ratio of inocu lum size 
to nu t r i en t concent ra t ion (Berlin et al., 1986). Ne i the r this no r a n y o ther 
cell cul ture s h o w e d betalain excretion in to the m e d i u m u n d e r no rma l 
condi t ions . 

Except for o n e sys tem the var ious cell cu l tures compi led in Table I 
general ly are pu rp l e colored. In o ther w o r d s , a m o n g betala ins the beta
cyanins domina te ; be taxan th ins m a y be absent . As far as individual 
p igmen t s have b e e n identified, in m o s t cases be tan in r ep resen t s the 
ma in c o m p o n e n t . In cell cul tures of Chenopodium rubrum, a m a r a n t h i n 
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a m o u n t s to 80% of be tacyan ins (Berlin et al., 1986). Minor c o m p o u n d s 
we re rarely ana lyzed . If be taxan th ins are p resen t , t hey can accumula te 
in small cell clusters tha t g r o w as p ro tube rances (Constabel a n d Nassif-
Makki , 1971). It w a s possible to isolate a n d p ropaga t e such yel low cell 
aggregates from a p u r p l e Portulaca grandiflora callus cul ture . In this w a y a 
brilliant yel low P. grandiflora cell cul ture w a s es tabl ished. I t s 'ma in pig
m e n t is probably vu lgaxan th in I. Besides minor be taxan th ins , free be 
talamic acid h a s b e e n identified (Bohm et al., 1987). This f inding corre
s p o n d s wi th the s imu l t aneous accumula t ion of be taxan th ins a n d 
betalamic acid in p lan t s (Reznik, 1978). 

III. FACTORS AND CONDITIONS 
OF BETALAIN FORMATION 

As indicated in Section II, cell cu l tures of be ta la in-produc ing p lan t 
species h a v e failed to form the characterist ic p i g m e n t s o n certain med ia . 
For ins tance , Portulaca grandiflora callus r e m a i n e d colorless o n med ia 
p r e p a r e d according to Naga ta a n d Takebe (1971) or Schenk a n d Hil
d e b r a n d t (1972). Betacyanin format ion w a s observed w h e n cul tures 
w e r e g r o w n o n Whi te a n d MS med ia (Endress , 1976). O n the B5 med i 
u m , conta in ing 1 mg/ l i ter 2 ,4-dichlorophenoxyacet ic acid (2,4-D), nei
the r cell cul tures of Beta vulgaris variet ies n o r Amaranthus caudatus a n d 
Celosia argentea w e r e able to syn thes ize beta la ins (Constabel a n d Nassif-
Makki , 1971). The rep lacement of 2,4-D by α-naphtha leneace t ic acid led 
to be tacyanin formation in the cell cu l tures of s o m e B. vulgaris variet ies, 
a n d o n auxin-free m e d i u m the cell cu l tures of all be tacyan in -produc ing 
B. vulgaris variet ies s h o w e d p igmen ta t ion . These processes w e r e paral
leled by decreased g r o w t h ra tes . After the addi t ion of gibberellic acid 
(GA 3) , certain B. vulgaris cell cu l tures s h o w e d an increased be tacyanin 
accumula t ion b u t also the format ion of roots (Constabel a n d Nassif-
Makki , 1971). 

Root p r imord ia differentiation a n d be tan in syn thes i s directly followed 
the transfer of colorless Beta vulgaris s u s p e n s i o n cul tures from a n auxin-
conta in ing MS m e d i u m to o n e in w h i c h auxin w a s omi t ted (McCormick, 
1972). In bo th exper iments , o rganogenes i s a p p e a r e d to indicate a level 
of organiza t ion necessary for h igh be tacyan in format ion in p lan t cell 
cul tures . The roots , i ndeed , m a y function as sites of be tan in bio
synthes is , as obse rved w i th bee t roots (Hamill et al, 1986). The p rob lem 
is he igh t ened by the fact tha t t he differentiation of roots a n d cotyledon
like pr imord ia obviously d id no t lead to be tacyanin formation in Phy-
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tolacca americana callus cul tures (McCormick, 1972). Fu r the rmore , G A 3 

ha s b e e n found to affect negat ively the secondary metabol i sm in p lant 
cell cul tures (e.g. , Yoshikawa et al, 1986), a n d , therefore, it is doubtful 
that this p h y t o h o r m o n e favors be tacyanin accumula t ion in cu l tured cell 
aggregates of B. vulgaris. The significant inhibi t ion of be tacyanin forma
tion in Amaranthus caudatus seedl ings by G A 3 is well k n o w n (Kinsman et 
al, 1975). 

The be tacyanin concent ra t ions of p roduc t ive cell cul tures could only 
slightly be c h a n g e d w h e n employ ing med ia w i th var ious auxin con
centra t ions (Adachi , 1970; Endres s , 1976). A kinet in level of abou t 0.5 
mg/l i ter of m e d i u m e n h a n c e d the be tacyanin concent ra t ion consider
ably above the control va lue in Portulaca grandiflora cell cul tures (En-
dress , 1976; H . Bohm, u n p u b l i s h e d resul ts) . Cytokin ins w e r e s h o w n to 
exert a s t imulat ing effect on betalain b iosynthes i s in w h o l e p lan ts . The 
r e sponse part ly resembled light act ion (Piattelli, 1981). 

The effect of n i t rogen , p h o s p h o r u s , copper , a n d carbon sources on 
betalain formation w a s invest igated. Nit ra te a n d a m m o n i u m levels 
h igher t han those of the original B5 a n d MS med ia c h a n g e d the g r o w t h 
rate (Berlin et al, 1986), b u t no t the be tacyanin concent ra t ion of cell 
cul tures of Beta vulgaris (Constabel a n d Nassif-Makki, 1971) a n d Che-
nopodium rubrum (Berlin et al, 1986). H o w e v e r , the rep lacement of am
m o n i u m by ni t rate in the MS m e d i u m of shor t - te rm s u s p e n s i o n cul tures 
of Portulaca grandiflora increased the be tacyanin concent ra t ion subs tan
tially (H. Bohm, u n p u b l i s h e d resul ts) . The el iminat ion of p h o s p h a t e 
from the m e d i u m resul ted in a m o r e in tensive p igmen ta t ion of B. vul
garis callus cul tures (Constabel a n d Nassif-Makki, 1971), w h e r e a s it sig
nificantly decreased the be tacyanin levels in cell cul tures from C. rubrum 
(Berlin et al, 1986) a n d Phytolacca americana (Sakuta et al, 1986). The 
latter two in vitro sys tems s h o w e d increased be tacyanin concent ra t ions 
after the addi t ion of p h o s p h a t e to the m e d i u m , u p to a p h o s p h a t e level 
of 1.25 m M , the no rma l va lue of the MS m e d i u m . Cupr ic ( C u 2 + ) ions 
inhibi ted be tacyanin accumula t ion in Portulaca grandiflora calli a n d acted 
differently w h e n a d d e d to Whi te a n d MS m e d i u m , respectively. This 
c o m p o n e n t is cons idered to be a cofactor ra ther t h a n a nu t r i en t (En-
dress , 1976). Test ing the effect of increasing ca rbohydra te levels ( 2 -
10%), Berlin et al. (1986) found m a x i m u m concent ra t ion of be tacyanins 
in C. rubrum cell cul tures in the p resence of med ia wi th 2% sucrose . 

IV. REGULATION OF BETALAIN BIOSYNTHESIS 

Tracer exper iments w i th intact p lan t s a n d p lan t pa r t s have sugges ted 
a biosynthet ic p a t h w a y of beta la ins , as i l lustrated in Fig. 2 (Schutte a n d 
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Liebisch, 1985). It is reasonable to a s s u m e tha t the s ame rou tes exist in 
be tacyanin- a n d be taxan th in -p roduc ing cell cul tures . I n d eed , several ex
pe r imen t s w i th in vitro sy s t ems d e m o n s t r a t e d t he incorpora t ion of r e 
labeled tyros ine a n d D O P A into b o t h types of beta la ins (Liebisch a n d 
Bohm, 1981; Z r y d et al., 1982; Endres s et al., 1984). Fu r the rmore , radioac
tivity could be de tec ted in cyclo-DOPA a n d in D O P A . The t ransforma
t ion of tyros ine to the latter in te rmedia te is obviously no t pe r fo rmed by a 
colorless callus cul ture of Beta vulgaris, w h i c h also s h o w s a very low level 
of nat ive D O P A . H o w e v e r , b o t h radioact ive tyros ine a n d D O P A are 
decarboxylated to a m u c h h ighe r extent t h a n in be tacyanin-synthes iz ing 
B. vulgaris cell cul tures (Zryd et al., 1982). This f inding co r r e sponds w i th 
the conclusion tha t t he availability of D O P A for the betalain p a t h w a y 
also d e p e n d s on the in tens i ty of ca techolamine b iosynthes is , examined 
in Portulaca grandiflora callus (Endress , 1977; Endres s et al, 1984). First of 
all, t he hydroxyla t ion of tyros ine inf luences the e n d o g e n o u s a m o u n t of 
D O P A . A n e n z y m e respons ib le for th is react ion w a s indirectly charac
ter ized by physiological expe r imen t s a n d is probably tyros inase (En
dress , 1977, 1979). The format ion of cyclo-DOPA from D O P A could be 
catalyzed by a p h e n o l oxidase because this e n z y m e g r o u p s h o w e d a 
h igher activity in be tacyanin-conta in ing cell cul tures of B. vulgaris t h a n 
in colorless o n e s a n d h a d a p r o n o u n c e d subs t ra te specificity (Constabel 
a n d Haala , 1968). There is n o informat ion o n further e n z y m e s involved 
in m o r e typical react ions of betalain b iosynthes i s . In contras t , a n en
z y m e sys tem catalyzing the syn thes i s of stizolobic acid (Fig. 2) could be 
isolated from Stizolobium hassjoo seedl ings a n d w a s extensively charac
ter ized (Saito a n d K o m a m i n e , 1978). The α -pyrone a m i n o acid is also 
formed b y S. hassjoo callus cu l tures (Saito et al., 1982) a n d shou ld arise 
from the s ame extradiol cleavage of D O P A as beta lamic acid. 

After cell cul tures from be ta la in-produc ing p lan t s w e r e fed wi th 
tyros ine or D O P A in substant ia l a m o u n t s , oxidative a n d degrada t ion 
processes took place (Constabel a n d Nassif-Makki, 1971; Berlin et al., 
1986). Both p recursors w e r e unab le to i nduce be tacyanin formation in 
u n p r o d u c t i v e cell cu l tures of several p lan t species (Constabel a n d 
Nassif-Makki, 1971). The feeding of D O P A h a d practically n o effect o n 
be tacyanin formation in Chenopodium rubrum cell cul tures , b u t tyrosine 
could remarkably e n h a n c e t he p i g m e n t level of this cell material if it w a s 
admin i s t e red repea ted ly (Berlin et al., 1986). 

According to exper imenta l da ta (e .g . , Rast et al, 1972) l ight is no t a 
genera l prerequis i te for betalain b iosynthes i s in h igher p lan t s . H o w e v e r , 
p roduc t accumula t ion a lways s e e m s to occur at h igher ra tes u n d e r il
lumina t ion t h a n in the dark . 

Cell cul tures of Portulaca grandiflora (Liebisch a n d Bohm, 1981; Bohm et 
al, 1987) a n d Beta vulgaris (Girod a n d Zryd , 1985) intensively p i g m e n t e d 
by betala ins in light became colorless d u r i n g subcul ture in the dark . 
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After the cul tures w e r e r e t u r n e d to light, beta la ins r e a p p e a r e d d u e to de 
novo synthes is w i th in a few days . P igmen t accumula t ion o n i l luminat ion 
is general ly restricted to scat tered cell g r o u p s a n d somet imes reveals a 
change in p i g m e n t composi t ion (Liebisch a n d Bohm, 1981; Girod a n d 
Zryd , 1985). Surpris ingly, P. grandiflora callus w a s r epor t ed to incorpora te 
[ 1 4C] ty ros ine in to be tacyan ins at a m u c h h igher rate in the da rk t h a n 
u n d e r i l luminat ion (Endress et al., 1984). The existence of l igh t - indepen
d e n t be ta la in-producing cell cul tures , h o w e v e r , is appa ren t ly exempli
fied by Chenopodium rubrum sys t ems . Cal lus a n d su spens ion cul tures 
con t inue their be tacyanin formation in t he dark , the former cell material 
at a h igher level t h a n the latter one . This does no t exclude a s t imulat ing 
effect of i l luminat ion, especially of b lue light, o n t he be tacyanin bio
synthes i s in C. rubrum cell cul tures (Berlin et al, 1986). 

V. RESULTS OF GENERAL INTEREST 

Betalains are visible, a n d after their extraction from p lan t mater ial one 
can easily de t e rmine levels of concent ra t ion . Therefore, betalain-con-
ta ining cell cul tures are very suitable for invest igat ions of the secondary 
metabol i sm in cells a n d t issues . Betalains have , for example , successful
ly b e e n employed in demons t r a t i ng the efficiency of selection sys tems 
for the ma in t enance of desirable cell l ines. After several t ransfers , pu r 
ple- (Constabel , 1967; Liebisch a n d Bohm, 1981; Z ryd et al, 1982) a n d 
yellow-colored (Bohm et al, 1987) cell cul tures w e r e selected a n d iso
lated from unproduc t ive , wh i t e cell-culture l ines (Constabel a n d Haala , 
1968; Liebisch a n d Bohm, 1981; Z ryd et al, 1982). In this w a y com
parat ive exper iments could be per fo rmed . Besides r ed cell g r o u p s , g reen 
ones we re also r epor t ed in p r imary calli of Portulaca grandiflora explants 
(Endress , 1976). Isolation a n d s u b s e q u e n t p ropaga t ion over a long peri
od of t ime s h o w e d tha t g reen cells never conta in beta la ins (H. Bohm, 
u n p u b l i s h e d resul ts) . 

Liebisch a n d Bohm (1981) a n d Girod a n d Z ryd (1986) r epor t ed w e a k 
be tacyanin formation in selected wh i t e cell cul tures . U n d e r t he s ame 
condi t ions , cell cul tures der ived from betalain-deficient m u t a n t s re
m a i n e d colorless. These resul ts s u p p o r t t he sugges t ion tha t the u n p r o -
ductivi ty of cell cul tures from produc t ive p lan t s is caused no t by a m u t a 
t ion b u t by lack of gene express ion. 

Pr imary calli of hypocoty l sections of Portulaca grandiflora, synthes iz
ing p redominan t ly be tacyanins , w e r e u s e d for exper iments directed at 
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t he following ques t ion : To w h a t ex tent d o e s t he init iat ion of cell cu l tures 
give rise to variat ion? After several subcu l tu res the be tacyanin con
cent ra t ions of t he y o u n g P. grandiflora cell cu l tures w e r e de t e rmined . As 
a resul t t he r ange b e t w e e n the h ighes t a n d lowes t be tacyanin concentra
t ions w a s very n a r r o w . In o the r w o r d s , cell cul ture init iation w i th un i 
form explants resu l ted in cell g r o u p s of near ly h o m o g e n e o u s be tacyanin 
concent ra t ions (Schroder a n d Bohm, 1984). 

O n the basis of these da ta t h e correlat ion b e t w e e n the be tacyanin 
con ten t of inbred l ines of Portulaca grandiflora a n d of cell cu l tures der ived 
theref rom w a s examined . In cont ras t to m o s t of the da ta pub l i shed , the 
expe r imen t s referred to he re h a v e no t ev idenced a posi t ive correlat ion 
(Schroder a n d Bohm, 1987). O n e can d i spu te , therefore , tha t each p lan t 
g e n o t y p e rich in a certain secondary metabol i te genera tes a cell cul ture 
w i th a cor responding ly h igh concent ra t ion of this c o m p o u n d . 

Sakuta et al. (1986) found tha t t he be tacyanin concent ra t ion of cell 
aggregates increased w i th aggrega te size in Phytolacca americana s u s p e n 
sion cul tures . In d iscuss ing their resul t s t he a u t h o r s h a v e po in t ed to 
carrot cell cul tures , w h e r e the an thocyan in concent ra t ion increases w i th 
decreas ing size of the cell aggrega tes . 

VI. CELL CULTURES FOR PRODUCTION 
OF FOOD DYES? 

Since the 1970s, ques t ions r ega rd ing the safety of s o m e artificial d y e s 
in food h a v e b e e n ra ised b y t h e genera l publ ic . These ques t ions s t imu
lated ideas a n d exper imen t s d i rected at t he subs t i tu t ion of synthet ic 
colorants b y na tu ra l ones . A m o n g sui table p lan t p i g m e n t s , be ta la ins , 
especially be tacyanins , h a v e received m u c h a t ten t ion (e .g. , A d a m s et al., 
1976; Havl ikova et al., 1985). The only source of impor tance cons idered 
so far is t he red bee t root (Beta vulgaris). Also, p a t e n t s offering p lan t cell 
cul tures for the p roduc t ion of be t an in a n d o the r be tacyan ins h a v e b e e n 
filed (McCormick, 1972; Misawa et al, 1973; K o m a t s u et al, 1975). These 
sys tems , it w o u l d appea r , can ha rd ly c o m p e t e w i t h the h igh-yie ld ing 
red beet , b u t t hey m a y h a v e a d v a n t a g e s w h e n c o m p a r e d w i th var ious 
source p lan t s . At least, if t he cell cu l tures are no t de r ived from B. vulgaris 
plan t s , t hey are free of the u n p l e a s a n t smell a n d tas te typical of r ed beet . 
The purification of beta la in extracts , as r e c o m m e n d e d for bee t roots in 
several p a t e n t s (e .g . , Behr et al, 1984), w o u l d , therefore , n o t be neces
sary. Fu r the rmore , betalain-decolor iz ing e n z y m e s m a y be absen t in cell 
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cul tures . These occur in red bee t (Shih a n d Wiley, 1981) a n d in 
Amaranthus tricolor seedl ings (Elliott et al., 1983), a n d they complicate the 
stabilization of betalains as food dyes . Interes t in p lan t cell cul tures m a y 
increase wi th the ability of in vitro sys tems to accumula te be taxan th ins in 
h igh concent ra t ions (Bohm et al., 1987). Wi th respect to this g r o u p of 
betalains n o crop p lan t exists as a compet i tor to p lan t cell cul tures . 

VII. CONCLUDING REMARKS 

So far, only a small n u m b e r of laboratories h a v e become active in 
research on betala ins , a n d these are main ly in te res ted in establ ishing 
n e w cell cul ture sys tems . Dur ing the last few years , activity h a s in
creased a n d h a s b e e n directed at m o r e fundamenta l ques t ions of be 
talain formation. In this w a y it shou ld be possible to clarify m o r e detai ls 
of the biosynthet ic p a t h w a y of be tacyanins a n d to s t u d y regula t ion of 
synthes is , first of all by the isolation of responsib le e n z y m e s from cell 
cul tures . Fu r the rmore , the metabolic re la t ionship of be tacyanins a n d 
be taxan th ins is w o r t h y of becoming a n object of in vitro exper iments . In 
this connect ion, as in mos t invest igat ions o n betala ins , essential ins ights 
will d e p e n d on w o r k wi th def ined subs tances . S tandard iza t ion of the 
quali tative analysis of betala ins , therefore, s e e m s to be a n impor t an t 
task. Finally, bes ides the m o r e theoretical p rob lems , biotechnological 
p roduc t ion of betalains by cell cul tures r ema ins a practical chal lenge for 
exper imental is ts . 
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I. INTRODUCTION 

A. Genera l 

Glucosinolates are w i d e s p r e a d t h r o u g h o u t t he families C a p -
par idaceae , Brassicaceae ( s y n o n y m , Cruciferae), Resedaceae , a n d Mor-
ingaceae, b u t o ther p lan t families also conta in glucosinolate-bear ing 
species. Glucosinolates wi th in these p lan t s are respons ib le for their 
p u n g e n t tas te , as hydrolys is occurs o n c rush ing . This autolysis yields 
o n e or m o r e degrada t ion p r o d u c t s , a s s h o w n in Figure 1. 

The b iosynthes is of m o r e t h a n 15 indiv idual glucosinolates h a s b e e n 
s tud ied in p lan t s , a n d all h a v e b e e n found to be der ived from a m i n o 
acids. In m a n y cases the a m i n o acid u n d e r g o e s carbon chain e longat ion 
prior to incorpora t ion in to t he glucosinolate . 

B. Biological Effect s 

Both glucosinolates a n d i so th iocyanates h a v e b e e n s h o w n to h a v e 
ant i thyro id activity, a n d d a m a g e to liver a n d k idney h a s b e e n a t t r ibuted 
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Fig. 1. Degradation products of glucosinolate. 

to nitriles (Van Et ten a n d Tookey, 1979). H o w e v e r , possible examples of 
beneficial glucosinolates have b e e n invest igated; the role of benzyl iso-
thiocyanate a n d phenyle thy l i so th iocyana te in inhibi t ing carcinogen-in
d u c e d neoplas ia in ra ts a n d mice t h r o u g h the s t imulat ion of mixed-
function oxidases (Wat tenberg , 1978) po in t to t he possibility of in t roduc
t ion into our diets of potent ial ly the rapeu t ic chemical cons t i tuen ts . 
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For s o m e t ime it h a s b e e n s h o w n tha t a n u m b e r of glucosinolates a n d 
isothiocyanates h a v e activity as feeding s t imulan ts in certain insect spe
cies, b u t de te r ren t s in o thers . This h a s b e e n s h o w n by b o t h behavioral 
a n d electrophysiological da ta , a n d al lyl isothiocyanate h a s also b e e n 
s h o w n to at tract certain insects to the p lan t in w h i c h it is con ta ined 
(Schoonhoven , 1972). 

II. P L A N T C E L L C U L T U R E S 

Few repor t s h a v e a p p e a r e d concern ing ei ther the invest igat ion or the 
identification of glucosinolates in p lan t cell cu l tures . M a n y worke r s h a v e 
es tabl ished cul tures of crucifers, h o w e v e r , notably Sisymbrium trio, Sin-
apis alba, a n d n u m e r o u s species of Brassica (Pierik, 1979). Krikorian a n d 
S teward (1969) r epor t ed t he first invest igat ion for glucosinolates , u s ing 
Iberis sempervirens cu l tures , b u t n o glucosinolates could be de tec ted . 
Later, Kirkland et al. (1971) es tabl ished s u s p e n s i o n cul tures from seven 
p lan t species a n d de tec ted myros inase in all cul tures . O n l y two , those of 
Reseda luteola a n d Tropaeolum majus, w e r e found to conta in glucosino
lates. Cal lus cul tures from t w o variet ies of r apeseed , Brassica napus, have 
also b e e n es tabl ished, b u t t he p re sence of glucosinolates could no t be 
s h o w n by Afzalpurkar (1974). There h a v e b e e n repor t s concern ing the 
glucosinolates of Descurainia sophia (Afsharypuor a n d Lockwood, 1985; 
Lockwood a n d Afsharypuor , 1986a,b) a n d Alyssum minimum (Lockwood 
a n d Afsharypuor , 1986a,b) cu l tures . In b o t h cases t he glucosinolates a n d 
their deg rada t ion p r o d u c t s w e r e quant i ta t ively similar to the seed a n d 
w h o l e p lant , b u t levels differed, as h a d b e e n previous ly found in R. 
luteola a n d Γ. majus by Kirland et al. (1971). 

III. A N A L Y T I C A L M E T H O D S 

Analysis of glucosinolates is n o w rout ine ly carried ou t by identifica
t ion of their hydro lys i s (degradat ion) p r o d u c t s , a l t h o u g h p rev ious work
ers extracted glucosinolates a n d sepa ra ted t h e m by par t i t ion 
c h r o m a t o g r a p h y pr ior to identification. The hydro lys i s of these 
glucosides is e i ther carried ou t b y add i t ion of myros inase or by u s e of 
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Table I 

Levels of Glucosinolate Degradation Products 
^g/g) in Dry Plant Material of Brassica napus, 
Using Dichloromethane Extraction 
after 17 hr Autolysis 

3-Butenylisothiocyanate 13.38 
1 -Cyano-3,4-epithiobutane 41.04 
Isohexylisothiocyanate 9.24 
3-Phenylpropionitrile 2.80 
Isoheptylisothiocyanate 0.84 
2-Phenylethylisothiocyanate 64.84 

the e n d o g e n o u s myros inase e n z y m e sys tem (autolysis), wh ich is p re 
sent wi th in p lan ts conta in ing glucosinolates . The l iberated volatile hy 
drolysis p roduc t s , usual ly i sothiocyanates , nitri les, a n d / o r epi-
th iobu tane derivat ives, are collected ei ther by distillation or by solvent 
extraction, a n d t h e n ana lysed by gas l iquid ch roma tog raphy . Var ious 
worke r s have s tud ied the factors tha t influence the p roduc t s of 
glucosinolate hydrolys is . 

Fresh p lant mater ials , s tored or dr ied at low t empera tu re s , w e r e 
s h o w n to yield nitriles in favor of i so thiocyanates , whi le hydrolys is of 
glucosinolates w i th exogenous th ioglucosidase ins tead of autolysis , a n d 
use of h igh t empera tu r e s (up to 75°C), neu t ra l p H , a n d h igh di lut ion 
wi th water , favored isothiocyanate p roduc t ion ra the r t h a n tha t of nitrile. 
Us ing Lepidium sativum seed extracts, Gil a n d Macleod (1980a) h a d found 
autolysis t empe ra tu r e a n d p H to h a v e h a d little effect o n isothiocyanate 
level, whi le m a x i m u m level occurred after 2 hr , a n d applicat ion of hea t 
drastically r educed isothiocyanate . Later, d u r i n g extraction of Nastur
tium officinale, (Gil a n d Macleod, 1980b) they found tha t appl icat ion of 
hea t caused increased nitrile formation in d o m i n a n c e over the isothio
cyanate . Both nitriles a n d isothiocyanates can also be ob ta ined n o n -
enzymatical ly us ing hea t (Macleod et al., 1981). H o w e v e r , u s ing solvent 
extraction m e t h o d s , u p to five different hydrolys is p roduc t s h a v e b e e n 
de tec ted a n d quantif ied in seeds a n d callus cul tures of Descurainia sophia 
(Lockwood a n d Afsharypuor , 1986a). Table I lists levels of six hydrolys is 
p roduc t s de tec ted in a 30-mg sample of Brassica napus (Afsharypuor , 
1986). The latter solvent extraction m e t h o d h a s a n a d d e d advan t age of 
a l lowing s imul taneous es t imat ion of indiv idual fatty acids a n d hydrocar 
b o n s of cell cul tures . 
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Kirkland et al. (1971) es tabl ished seven species of cul tures , all u s ing 
G a m b o r g ' s B5 m e d i u m , conta in ing 1 p p m 2,4-dichlorophenoxyacet ic 
acid (2,4-D), a n d ma in ta ined cell s u s p e n s i o n s w i th the s ame h o r m o n a l 
composi t ion . These cul tures w e r e g r o w n u n d e r con t i nuous l ight at 27°C, 
a n d callus w a s found to h a v e o p t i m u m g r o w t h rate after abou t 6 
m o n t h s . Non-g lucos ino la te -produc ing callus of Brassica napus w a s 
g r o w n in Murash ige a n d Skoog m e d i u m s u p p l e m e n t e d wi th 1 p p m 2,4-
D, b u t cul ture condi t ions w e r e no t r epor t ed by Afzalpurkar (1974). MS 
m e d i u m w a s also u s e d for callus a n d s u s p e n s i o n cul tures of Descurainia 
sophia a n d Alyssum minimum, a n d a w i d e r ange of auxin a n d kinet in 
combina t ions w e r e e m p l o y e d by Lockwood a n d Afsha rypuor (1986a). 
The latter cul tures w e r e general ly incuba ted at 27°C u n d e r in te rmi t ten t 
l ighting (12 h r light, 12 h r da rkness ) . N o obvious re la t ionship w a s found 
b e t w e e n h o r m o n a l s u p p l e m e n t a t i o n a n d glucosinolate levels, however ; 
m a n y o the r h o r m o n a l combina t ions w e r e tes ted b u t resu l ted in ei ther 
plant le t formation or n o g r o w t h . Similar med ia a n d cultural condi t ions 
h a v e b e e n e m p l o y e d w i th cul tures of B. napus a n d Sinapis alba, bu t n o 
glucosinolates could be de tec ted by Afsha rypuor (1986). Three-week-old 
callus of D. sophia h a s b e e n subcu l tu red on to med ia conta in ing 3 m M 
K 2 S 0 4 in an a t t e m p t to raise available sulfate levels ( increasing no rma l 
levels by m o r e t h a n 50%), b u t n o i m p r o v e m e n t of glucosinolate levels 
w a s n o t e d (Afsharypuor a n d Lockwood , 1985). The latter t echn ique h a d 
previous ly b e e n successfully u s e d to p r o d u c e a d ramat ic effect o n iso-
th iocyanate levels of s a n d cu l tured B. juncea p lan t s by F reeman a n d 
Mossadegh i (1972). 

V. CONCLUSIONS 

Levels of cell-culture glucosinolates are general ly m u c h lower t h a n 
those of intact p lan t s or seeds . A s h a s b e e n sugges t ed b y Kirkland et al. 
(1971), factors or condi t ions tha t are conduc ive e i ther to their bio
synthes i s or accumula t ion are often i n a d e q u a t e or totally lacking. It is 
possible tha t e i ther s o m e biochemical or morphologica l differentiation 
m a y be necessary for p roduc t ion of reasonable a m o u n t s of glucosino
lates, as b o t h glucosinolate a n d myros inase h a v e b e e n identified in dif-

IV. CULTURE CONDITIONS 
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ferent cytomorphological areas by Matile (1980). There are var ious s tud
ies w i th callus a n d su spens ion cul tures in w h i c h the accumula t ion of 
mixtures of m o n o t e r p e n e s from a r ange of p lan t s h a s b e e n repor ted , b u t 
general ly these concent ra t ions are m u c h lower a n d the compos i t ions 
differ greatly from those in the w h o l e p lant , again probably d u e to 
association wi th differences of differentiation. 

There m a y be t w o addi t ional p rob lems tha t requi re so lu t ions before 
rou t ine accumula t ion of cell-culture glucosinolates will occur. First, gly
cosides tha t yield volatile aglycones are elusive; the re is a p r o n o u n c e d 
lack of repor t s concern ing m o n o t e r p e n e or cyanogenic glucosides . Sec
ond , condi t ions of incubat ion of callus a n d s u s p e n s i o n cul tures are very 
similar to condi t ions for autolysis of t he glucosinolates . In the future, 
yields m a y be i m p r o v e d by solving these p rob lems by u s e of l iquid or 
gaseous t r app ing t echn iques , as h a v e b e e n e m p l o y e d for volatile ter
peno ids (Bisson et al., 1983). 
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I. INTRODUCTION 

The appl icat ion of genet ic eng inee r ing a n d p lan t cell cul ture tech
n iques to the p roduc t ion of flavorings a n d season ings is n o w par t of 
research p r o g r a m s in the flavor i ndus t ry (Van Brunt , 1985). The mos t 
impor t an t commercial flavor sources are p l an t s of Allium species , part ic
ularly A. cepa, t he on ion , w h i c h is u s e d ei ther as a fresh vegetable , as 
dr ied flakes, or as concent ra ted on ion oil. It is t h o u g h t tha t the applica
t ion of the n e w techn iques to t he p roduc t ion of on ion flavor could lead 
to an increase in the level of flavor by t w o m e t h o d s : first, by the deve lop-
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m e n t of a n e w , more highly flavored variety, a n d second, by the syn
thesis of on ion flavor in large-scale cul ture of on ion cells. A major p rob
lem wi th a n y a t t empt to app ly these n e w techn iques to increase the 
yields of secondary p roduc t s in intact p lan t s , or t issue cul tures , is tha t 
information on secondary p a t h w a y s is often very l imited. O n i o n flavor, 
however , is der ived from a small n u m b e r of c o m p o u n d s , each w i th a 
relatively s imple biosynthet ic p a t h w a y . This fact, a n d the large commer
cial interest in on ion , m a k e s on ion a suitable crop for t h e appl icat ion of 
such n e w techniques to improve flavor p roduc t ion . In this chapte r the 
basic information on the characteristics a n d b iosynthes is of flavors in 
intact Allium is descr ibed, followed by a n examina t ion of flavor p roduc 
tion in t issue cul tures of onion . 

II. FLAVOR PRODUCTION IN INTACT 
PLANTS OF ALLIUM SPECIES 

A. Source of Flavor 

Flavor is p r o d u c e d from all pa r t s of the p lant , b u t particularly bulbs , 
w h e n the t issue is c rushed or d a m a g e d . O n c rush ing , an e n z y m e , al
liinase, is re leased tha t reacts wi th a n u m b e r of c o m p o u n d s or flavor 
precursors , the S-alkylcysteine sulfoxides, to p r o d u c e volatile sulfides, 
each of w h i c h has a characteristic odor . The S-alkylcysteine sulfoxides 
are (+)-S-methyl-L-cysteine sulfoxide, H 3C — S O — C H 2— C H ( N H 2) — 
C O O H (methylalliin); (+)-S-propyl-L-cysteine sulfoxide, H 3C — C H 2— 
C H 2— S O — C H 2— C H ( N H 2) — C O O H (dihydroalli in, or propylalli in); 
trans-(+)-SO-(l-propenyl)-L-cysteine sulfoxide, H 3 C — C H = C H — S O — 
C H 2— C H ( N H 2) — C O O H ; a n d (+)-S-ally 1-L-cysteine sulfoxide, H 2C 
= C H — C H 2 — S O — C H 2 — C H ( N H 2 ) — C O O H (alliin). (+)-S-Allyl-L-
cysteine sulfoxide (All Cys SO) w a s the first to be isolated (Stoll a n d 
Seebeck, 1947, 1948). It is the principal flavor c o m p o u n d in garlic a n d is 
p r e sen t in small a m o u n t s in o ther Allium species, including on ion . 
(+)-S-Methyl-L-cysteine sulfoxide (Me Cys SO) w a s isolated from onion 
in 1959 by Vir tanen a n d Matikkala bu t is widely dis t r ibuted in all Allium 
species a n d in several o ther m e m b e r s of the Cruciferae, a n d Liliaceae. 
(+)-S-Propyl-L-cysteine sulfoxide (Pr Cys SO), de tec ted by Vir tanen a n d 
Matikkala (1959), occurs in smaller a m o u n t s a n d is largely restricted to a 
n u m b e r of Allium species. trans-(+)-S-(l-Propenyl)-L-cysteine sulfoxide 
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(trans-Pren Cys SO) w a s isolated from on ion in 1961 by Vir tanen a n d 
Spare . This c o m p o u n d , at abou t 4 m g g ~ 1 fresh we igh t in bu lb t issue, is 
the major flavor p recursor in on ion a n d contr ibutes to t he lachrymatory 
or t ea r -produc ing factor in this species . Of the r ema in ing sulfoxides, 
(+)-S-ethyl-L-cysteine sulfoxide (Et Cys SO) has no t b e e n found in Al
lium species, w h e r e a s the cyclic sulfoxide cycloalliin is p r e sen t in large 
a m o u n t s in on ion , part icularly in d o r m a n t t issue, bu t it m a k e s n o contri
bu t ion to flavor. The o ther major sulfur-containing c o m p o u n d s are the 
7 -glutamyl pep t ides , of w h i c h 7-L-glutamyl-£rans-(+)-S-(l-propenyl)-L-
cysteine sulfoxide is t he m o s t impor t an t (Virtanen, 1969). The 7-glu
tamyl pep t ide s m a y well r ep re sen t a s torage reserve for n i t rogen , be 
cause the pep t ides d i sappea r from the bu lb d u r i n g sp rou t ing (Matikkala 
a n d Vir tanen, 1965). The significance for the on ion flavor is tha t a con
siderable p ropor t ion of fnms-Pren Cys S O is locked u p as the pep t i de 
a n d canno t contr ibute to flavor p roduc t ion . 

B. Biosynthesi s of Flavor Precursors 

The mos t extensive w o r k o n the b iosynthes i s of t he flavor p recursors 
w a s by Gran ro th (1970), w h o examined flavor p recursor synthes i s in 
intact t i ssue of on ion , garlic, a n d chives . Us ing main ly leaf t ips , a n d 
somet imes bu lb scales, Gran ro th followed the p a t h of carbon-14 labeling 
after u p t a k e of [ 1 4C]cys te ine , [ 1 4C]se r ine , a n d [ 1 4C]va l ine . The on ion 
flavor c o m p o u n d s a n d a m i n o acids w e r e extracted, t h e n separa ted by 
e lect rophoresis a n d thin-layer ch roma tog raphy , according to a m e t h o d 
deve loped by Bieleski a n d Turne r (1966) (Fig. 1). Gran ro th p r o p o s e d a 
b iosynthet ic rou te for each of the p recursors , frans-Pren Cys SO, All Cys 
SO, Pren Cys SO, a n d M e Cys S O , in wh ich trans-Pren Cys SO arose 
from valine a n d cysteine, a n d the o ther th ree sulfoxides from serine 
(Fig. 2). T h u s w h e n [ 1 4C] se r ine w a s fed to t he leaf t ip , bu lb t issue radi
oactivity w a s incorpora ted in to Pr Cys SO, All Cys SO, a n d Me Cys SO, 
b u t no t w h e n [ 1 4C]cys te ine w a s u s e d , w h e r e a s the u p t a k e of [ 1 4C]va l ine 
or [ 1 4C]cys te ine led to labeling of t he trans-Pren Cys SO. The rou te for 
b iosynthes is of f rans-Pren Cys S O from val ine, α-ketoisovalerate, a n d 
methacrylyl -CoA is par t of the p a t h w a y of val ine oxidat ion (Fig. 3). 
Methacrylyl-CoA is t h o u g h t to combine wi th cysteine to form S-(2-car-
boxypropyl)-L-cysteine (CPC), w h i c h r ep resen t s t he beg inn ing of the 
secondary p a t h w a y leading to trans-Pren Cys SO (Fig. 3). T h u s feeding 
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Fig. 1. Trace of electrophoretic thin-layer chromatographic separation of amino acids and 
flavor-precursor c o m p o u n d s in the onion bulb (Selby et al, 1979). 

[ 1 4C] CPC, or [1 4C]fra/?s-S-(l-propenyl)-L-cysteine, caused radioactivity 
to appea r in fnms-Pren Cys SO. A l t h o u g h the in te rmedia tes o n the 
p r imary a n d secondary p a t h w a y h a v e b e e n es tabl ished by Granro th 
(1970), n o n e of t he e n z y m e s involved has b e e n isolated a n d character
ized. 

C. Production of Onion Flavor 

U n d a m a g e d leaf or bu lb t issue from Allium species h a s only a slight 
odor . Immedia te ly on cut t ing or c rush ing the t issue, h o w e v e r , the re is a 
rap id d e v e l o p m e n t of an odor tha t is characteristic of each species, a n d 
in the on ion there is the p roduc t ion of t he lachrymatory factor. T h u s All 
Cys SO, Me Cys SO, a n d Pr Cys SO give rise to the sulfinates di-
al lylsulphinate , methy lmethanesu l f ina te , a n d propylpropaneth iosul f i -
na te , respectively, a n d aminoacrylic acid, wh ich hydro lyzes spon
taneous ly to a m m o n i a a n d pyruvic acid. The trans-Pren Cys SO leads to 
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tront-PrtnCySO—froni-PrtnCySO MeCySO PrCySO AllCySO 

Fig. 2. Biosynthesis of flavor c o m p o u n d s , the S-alkylcysteine sulfoxides (trans-Pren Cys 
SO, Pr Cys SO, Et Cys SO, and Me Cys SO) in Allium (Granroth, 1970). 

the formation of 1-propenylsulfinate ( lachrymatory factor), pyruvic acid, 
a n d a m m o n i a (Schwimmer , 1968). A l t h o u g h the lachrymatory factor is 
the m o s t powerful source of flavor in on ion , t he o ther sulfoxides are still 
major cont r ibutors to fresh on ion flavor. The p r imary p r o d u c t s of t he 
alliinase action, the thiosulf inates , are uns tab le a n d u n d e r g o spon
t a n e o u s react ions to form volatile on ion odor s . The major c o m p o u n d s 
p r o d u c e d by garlic are diallyldisulfide a n d al lylmethyldisulf ide (Brod-
nitz et al, 1971), a n d in on ion it is d ipropyldisulf ide followed by m e t h -
y lpropyl disulfide, d imethyldisul f ide , a n d al lypropyldisulf ide (Boelens 
et al, 1971). 

The l iberation of these volatile flavors a n d odor s from the flavor p re 
cursors is b r o u g h t abou t by t he action of a n e n z y m e , alliinase, w h i c h is 
re leased after cu t t ing or c rush ing the t i ssue . The alliinase in garlic (Stoll 
a n d Seebeck, 1947; Nock a n d Mazel is , 1986) a n d on ion (Schwimmer a n d 
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Fig. 3. Biosynthesis of the major flavor-precursor c o m p o u n d in onion, trans-(+)-S-\-(\-
propenyl-L-cysteine sulfoxide (trans-Pren Cys SO) (Granroth, 1970). 

Mazelis , 1963) h a s b e e n m o s t extensively s tud ied . The e n z y m e is a 
pyridoxal-requir ing e n z y m e , inhibi ted by hydroxy lamine (Karazan et al., 
1981) a n d specific for the cysteine sulfoxides. The alliinase m u s t also be 
spatially separa ted from the cysteine sulfoxides in t he intact t issue a n d 
only re leased w h e n the t issue is d a m a g e d . 
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D. Intrace l lu lar L o c a t i o n of F l a v o r P r e c u r s o r s 

a n d A l l i i n a s e 

In o rder to u n d e r s t a n d the regula t ion of secondary p a t h w a y s in 
p lan t s , it is impor t an t tha t t he site of t he b iosynthet ic p a t h w a y a n d site 
of accumula t ion of t he p r o d u c t be es tabl ished. In a n examina t ion of 
alliinase, S c h w i m m e r a n d Mazelis (1963) s h o w e d tha t the part iculate 
fraction from h o m o g e n a t e s of et iolated shoo ts tha t s e d i m e n t e d at 11,000 
g con ta ined alliinase activity. This w a s conf i rmed in a later p a p e r by 
S c h w i m m e r (1969), w h o found tha t one-half of the activity in the origi
nal extract w a s in the par t iculate fraction. The activity w a s he te ro-
geneous ly d is t r ibuted a m o n g the cellular c o m p o n e n t s , because the ac
tivity of t he precipi ta tes increased w i t h t ime a n d s p e e d of centrifugation. 

W h e n the on ion bu lb scales w e r e fractionated in to pro top las t s a n d 
vacuoles (Fig. 4), h o w e v e r , t he activity of alliinase w a s found in the 
isolated vacuoles in a m o u n t s tha t accoun ted for t he level of activity in 
the pro top las t s (Lancaster a n d Collin, 1981). This m e a n t tha t t he al
liinase w a s located in t he vacuole a n d no t in t he cy toplasm or par t iculate 
fraction. The p resence of alliinase in the part iculate fraction of a total 
h o m o g e n a t e found by S c h w i m m e r (1969) is likely to be d u e to the a d h e 
sion of the alliinase w i th this fraction d u r i n g homogen iza t ion . Lancaster 
a n d Collin (1981) found the vacuole to conta in negligible a m o u n t s of S-
alkylcysteine sulfoxides, w h e r e a s t he re w e r e considerable a m o u n t s of 
these flavor p recursors in the p ro top las t s . Both t he synthes i s a n d ac
cumula t ion of flavor p recursors m u s t occur, therefore, in the cytosol. In 
a n electron-microscope examina t ion of t he on ion bu lb cells, J. E. Lan
caster a n d H . A. Collin (personal communica t ion) found large vesicles in 
the cy toplasm (Fig. 5). These vesicles m a y be s torage sites for food 
reserves , such a s t he 7 -glutamyl pep t i de s , or for accumula t ion of flavor 
c o m p o u n d s . The p resence of t hese vesicles h a s n o w b e e n confirmed in 
1-month-old ge rmina t ing seedl ings . The vesicles h a v e b e e n isolated by 
isopycnic dens i ty centr ifugation o n con t i nuous sucrose grad ien ts a n d 
found to conta in fnms-Pren Cys S O (Musker , Britton, a n d Collin; u n 
pub l i shed resul ts , 1987). Becker a n d S c h u p h a n (1975) sugges ted tha t the 
flavor c o m p o u n d s a n d alliinase are spatially separa ted in the cell, w i th 
the alliinase possibly in special lysosomes in the cytoplasm, a n d the 
flavor p recursors in t he vacuole . In fact, t h e s i tuat ion a p p e a r s to be t he 
reverse , w i th the alliinase in t he vacuole a n d the flavor p recursor ac
cumula t ing in the cy top lasm in s t ruc tures such as the vesicles. 

T h e w o r k b y Gran ro th (1970) d id n o t conta in a n y informat ion o n the 
intracellular site of e i ther the p r imary or secondary p a t h w a y s associated 
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Fig. 4. Protoplasts (A) and vacuoles (B) from inner scale leaf of onion bulb (Lancaster and Collin, 1981). 
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Fig. 5. Cytoplasmic vesicles in onion bulbs (A) and differentiating callus (B). 
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wi th flavor precursor synthes is . The ev idence for the intracellular loca
tion of the p a t h w a y s is therefore indirect . In m a m m a l i a n sys tems , the 
p r imary p a t h w a y , valine oxidat ion, is localized wi th in the mi tochon
dr ion (Ikeda a n d Tanaka , 1983). H o w e v e r , t he key regula tory e n z y m e 
complex, α-ketoisovalerate d e h y d r o g e n a s e , w h i c h is b o u n d to the inner 
mi tochondr ia l m e m b r a n e , h a s no t b e e n de tec ted in p lan ts . At the start 
of the secondary p a t h w a y , methacrylyl -CoA combines wi th cysteine to 
form CPC. The e n z y m e , cysteine syn thase , w h i c h is responsib le for the 
formation of cysteine, is found in chloroplasts of g reen t issue a n d in 
protoplas t ids of n o n g r e e n t issue a n d root t issue (Giovanelli et al, 1980). 
Fur ther work is requi red to locate bo th of these p a t h w a y s in the on ion 
cell. 

III. FLAVOR PRODUCTION IN TISSUE CULTURES 
OF ALLIUM SPECIES 

Most of the interest in t issue cul ture of Allium species h a s b e e n deter
m i n e d by a n e e d for i m p r o v e m e n t s in p ropaga t ion ra ther t h a n increases 
in flavor p roduc t ion . Tissue cul tures h a v e b e e n init iated from the major 
f lavor-producing Allium species, garlic (Abo El-Nil, 1977), on ion (Dun-
stan a n d Short , 1978), leek (Duns tan a n d Short , 1980), a n d chives 
(Yamane, 1983). G r o w t h w a s by callus, w i th n o repor t s of a fine cell 
suspens ion , bu t regenera t ion of the callus in to p lan t s h a s b e e n achieved 
wi th all of these species. Analysis of flavor p roduc t ion h a s b e e n re
stricted to on ion t issue cul tures , w h e r e it w a s found tha t flavor-precur
sor levels we re less t h a n 10% of those in the intact p lant , b u t activity of 
the e n z y m e alliinase w a s comparab le (Davey et al., 1974; F reeman et al., 
1974; Selby a n d Collin, 1976). It w a s sugges ted tha t t he r educed con
centrat ion of flavor p recursors w a s d u e to a specific inhibi t ion of the 
p r imary or secondary p a t h w a y s involved in flavor p roduc t ion . Mos t of 
the subsequen t work on the on ion t issue cul ture w a s devo ted to es tab
l ishing the basis for r educed accumula t ion of flavor precursor in this 
t issue. 

A. Analysis of Flavor Production in Callus 

The p roduc t ion of flavor in the on ion is d e t e r m i n e d by a n u m b e r of 
c o m p o n e n t s . These are t he activity of alliinase e n z y m e , t he total a m o u n t 
of flavor precursors , a n d the a m o u n t of indiv idual flavor p recursors . 
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The m e t h o d s u s e d to assess t h e th ree c o m p o n e n t s of flavor p roduc t ion 
in on ion t issue cul tures are descr ibed fully b y Collin a n d Wat t s (1983), 
bu t n o quant i ta t ive m e t h o d for t he es t imat ion of the indiv idual flavor 
p recursors w a s given. Such a m e t h o d , ba sed o n a n electrophoret ic a n d 
thin-layer ch romatograph ic separa t ion , h a s b e e n descr ibed by Lancaster 
a n d Kelly (1983) a n d Lancaster et al. (1986). H o w e v e r , a m o r e rap id a n d 
sensit ive m e t h o d for b o t h intact on ion a n d t issue cul ture h a s been devel
o p e d by M u s k e r et al. (1987) tha t m a k e s u s e of a n isocratic, a q u e o u s 
reverse -phase h igh-per formance l iquid c h r o m a t o g r a p h y (HPLC) sys
t em. In a n e w extraction p r o c e d u r e incorpora t ing hydroxy lamine to 
inhibit alli inase, approximate ly 1 g of u n d a m a g e d t issue w a s frozen in 
l iquid n i t rogen at - 2 0 ° C a n d a d d e d to 10 ml of prechil led extractant , 
m e t h a n o l - c h l o r o f o r m - w a t e r (MCW, 12:5:3), at p H 6.8, inc luding 10 
m M hydroxy lamine . The t issue w a s left for 24 hr , extracted wi th a fur
ther v o l u m e of M C W for 4 hr , t h e n the extracts w e r e combined a n d the 
p h a s e s separa ted by the add i t ion of a mixture of chloroform (4.5 ml) a n d 
wa te r (5.5 ml) pe r 10 ml of extractant . The u p p e r m e t h a n o l p h a s e w a s 
p rese rved . The extract w a s purif ied by pas s ing t h r o u g h a n Amber l i te 
co lumn (IR 120 H + ) a n d e lu ted wi th 2 Μ N H 4 O H (aqueous) . The e luate 
w a s freeze dr ied , t h e n r e s u s p e n d e d in t he H P L C mobi le p h a s e (50 m M 
N a H 2 P 0 4 ; buffer p H , 2.5). The separa t ion , u s ing an injection v o l u m e of 
10 μΐ, w a s o n a n H P L C c o l u m n (Lichrosorb RP-18, 5 μπ \ , 250 x 4.6 m m ) . 
Moni to r ing wave l eng th w a s 214 n m , w i t h a flow rate of 0.9 ml m i n - 1 

( p u m p load, 1500 psi) . A l t h o u g h the extraction s h o w e d 80-100% recov
ery, losses w e r e exper ienced o n t h e ion-exchange c o l u m n so tha t recov
eries w e r e r educed to 50 to 75%. A k n o w n marke r c o m p o u n d (carbox-
ymethylcys te ine) w a s inc luded rout ine ly to accommoda te for losses 
d u r i n g purification (Fig. 6). This m e t h o d h a s b e e n u s e d rout ine ly by 
M u s k e r et al. (1987) for the separa t ion a n d es t imat ion of trans-Pren Cys 
S O in callus. 

B. Production of Alliinase 

T h e alliinase e n z y m e in on ion callus cul ture w a s found by Davey et al. 
(1974), F r eeman et al. (1974), a n d Selby a n d Collin (1976) to h a v e a n 
activity comparab le to tha t in t he intact p lan t . A m o r e deta i led examina
tion of the subs t ra te specificity a n d Km va lues of the alliinase from callus 
w a s m a d e by Selby et al. (1979), w h o c o m p a r e d the subs t ra te specificity 
for S-methyl, S-ethyl, S-propyl, a n d S-allyl-L-cysteine a n d t h e corre
s p o n d i n g L-cysteine sulfoxides of t he alliinase from on ion callus a n d 
on ion bu lb (Table I). N o n e of the unox id ized th ioe thers w a s able to act 
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Fig. 6. Trace of HPLC separation of flavor-precursor c o m p o u n d s in the onion bulb. A, 
carboxypropylcysteine (marker); B, fraws-Pren Cys SO. 

Table I 

Substrate Specificities of Allinase Enzymes 
of Onion Bulb and Callus Origins'1 

Pyruvate liberated 
(μπιοί m l - 1 10 m i n - 1) ; 

alliinase source 

Substrate b On ion bulb Callus 

S-AU Cys SO 4.13 4.06 
S-Pr Cys SO 4.33 4.00 
S-Et Cys SO 1.95 1.80 
S-Me Cys SO 1.50 1.35 
S-AU Cys 0.01 0.02 
S-Pr Cys 0.01 0.02 
S-Et Cys 0.02 0.01 
S-Me Cys 0.01 0.01 

a From Selby et al (1979). 
b All, allyl; Cys, cysteine; Et, ethyl; Me, methyl; Pr, 

propyl; SO, sulfoxide. 
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as a subs t ra te for alliinase from ei ther source , w h i c h accords w i t h the 
characteristics of alliinase from on ion bu lb t i ssue es tabl ished by Schwim
m e r a n d Mazelis (1963). The specificity of t he alliinase for the different S-
alkyl-L-cysteine sulfoxides w a s comparab le for t he bu lb a n d t issue 
cul ture source . A L i n e w e a v e r - B u r k doub le reciprocal plot for t he h y d r o 
lysis of S-propyl-L-cysteine sulfoxide s h o w e d tha t each alliinase e n z y m e 
obeyed Michae l i s -Men ten kinetics w i t h little difference b e t w e e n the 
t w o sources . The Km for S-propyl-L-cysteine sulfoxide w a s calculated to 
be 15.8 a n d 12.5 m M for bu lb a n d callus t issue, respectively, w h i c h 
accords wel l w i t h a p rev ious va lue of 11 m M for on ion p r o v i d e d by 
Whi taker (1976). The cul ture of the on ion cells obviously h a d n o affect 
on t he activity of alliinase. 

C. Biosynthesi s of Flavor Precursors 

O n i o n callus conta ins less t h a n 10% of t he total flavor c o m p o u n d s in 
the intact bu lbs (Davey et ah, 1974; F r e e m a n et ah, 1974; Selby a n d 
Collin, 1976). Of the S-alkylcysteine sulfoxides, Pr Cys SO, Et Cys SO, 
a n d trans-Pren Cys S O w e r e absen t in t he callus, b u t M e Cys S O w a s 
p re sen t in small a m o u n t s (Selby et ah, 1980). The p resence of M e Cys SO 
confirmed earlier resul ts in w h i c h it w a s s h o w n tha t the volatiles re
leased by c rushed on ion callus w e r e characteristic of t hose from M e Cys 
SO (Freeman et ah, 1974). The callus also con ta ined pep t ide s tha t w e r e 
similar to those found in on ions by G r a n r o t h (1970). The a m o u n t of 
val ine, one of the a m i n o acid p recursors of trans-Pren Cys S O , w a s 
r educed to 25 to 36% of the concent ra t ion in the bu lb w h e r e a s t he o ther 
a m i n o acid precursor , cyste ine, could no t be de tec ted in the callus. In a n 
effort to s t imulate f lavor-precursor syn thes i s , t he in ternal concent ra t ion 
of valine a n d cysteine w a s increased by a d d i n g these t w o a m i n o acids to 
the nu t r i en t m e d i u m (Selby et ah, 1979). A l t h o u g h there w a s an increase 
in concent ra t ion of val ine a n d cysteine in the callus t i ssue , there w a s still 
n o detectable on ion odo r w h e n the callus w a s c rushed . In a fur ther 
effort to increase flavor p roduc t ion in callus, later key in te rmedia tes of 
the p a t h w a y to trans-Pren Cys S O synthes i s , name ly methacryl ic acid 
a n d C P C , w e r e a d d e d in t u r n to t he nu t r i en t m e d i u m . The addi t ion of 
methacryl ic acid gene ra t ed n o o d o r w h e n the callus w a s c rushed , 
w h e r e a s CPC did . The p resence of small a m o u n t s of trans-Pren Cys S O 
wi th in the callus w a s conf i rmed by e lec t rophores is a n d thin- layer chro
m a t o g r a p h y of the callus extract (Selby et ah, 1980). Clearly, t he second
ary p a t h w a y leading to syn thes i s of trans-Pren Cys S O w a s functional in 
the callus. This w a s confirmed by a d d i n g the in te rmedia te of the second-
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ary p a t h w a y , S-propenylcysteine, to callus w h e n analysis of the callus 
extract s h o w e d the formation of trans-Pren Cys S O (Turnbull et al, 
1980). These feeding exper iments sugges ted tha t the secondary p a t h w a y 
w a s able to function in the callus b u t tha t the p r imary p a t h of val ine 
oxidation from valine to methacrylyl -CoA w a s e i ther no t functional or 
tha t the link b e t w e e n the two p a t h w a y s at CPC formation w a s rate 
limiting. The activity of the p r imary p a t h w a y w a s invest igated by feed
ing [ 1 4C]va l ine a n d [ 1 4C]cys te ine to callus a n d leaf t ip . Radiolabeling of 
the precursors [ 1 4C]va l ine a n d [ 1 4C]cys te ine led to a low level of radioac
tivity in trans-Pren Cys SO a n d Me Cys S O in callus, bu t w i th a h igh 
level of radioactivity in the trans-Pren Cys SO in leaf t ips (Turnbull et al., 
1980). The radiolabeling da ta s h o w e d tha t the p r imary a n d secondary 
p a t h w a y leading to synthes is of trans-Pren Cys SO w a s opera t ing at a 
very low level in the callus. 

D. Effec t of Culture Conditions 
on Flavor Production 

There are a n u m b e r of cul ture variables tha t affect t he accumula t ion of 
any secondary p roduc t . These inc lude t he variat ion b e t w e e n explants , 
t he length of t ime the t issue h a s b e e n subcul tu red , a n d the degree of 
differentiation a n d m o r p h o g e n e s i s in the cul ture . The effect of these 
variables on flavor p roduc t ion h a s b e e n examined in on ion t issue 
cul ture . 

1. Explant Sourc e and Age of Culture 
The role of somaclonal variat ion h a s b e e n d i scussed extensively for its 

contr ibut ion to crop i m p r o v e m e n t (Larkin a n d Scowcroft, 1981). The 
selection for high-yielding clones of t issue cul tures tha t p r o d u c e impor
tant secondary p roduc t s h a s also m a d e u s e of this var iat ion (Deus a n d 
Zenk , 1982). In o rder to examine the variat ion in flavor p roduc t ion bo th 
wi th in a n d b e t w e e n t issue cul tures from different on ion variet ies, Selby 
a n d Collin (1976) init iated callus from seedl ings of th ree variet ies, ma in 
crop (Rijnsburgher) , sp r ing on ion (White Lisbon), a n d a s t rongly fla
vored variety (Red Italian) a n d subcu l tu red t he callus every 6 w e e k s for 
10 subcul tures . The original callus l ines, each der ived from one explant , 
we re g r o u p e d according to their g r o w t h ra te , friability, consis tency, a n d 
color, a n d the alliinase a n d flavor p recursor levels w e r e es t imated for 
each line. Both alliinase a n d f lavor-precursor levels s h o w e d only l imited 
variat ion a n d w e r e no t correlated w i t h the w i d e variat ion in the physical 
characteristics of the separa te l ines. Often, s low-growing , nonfriable 
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callus genera tes m u c h h ighe r levels of secondary p r o d u c t s (Lindsey a n d 
Yeoman , 1983), b u t this t r end w a s no t a p p a r e n t in the on ion . The varia
t ion gene ra t ed wi th in a t i ssue cul ture m a y also cont r ibute to a decline in 
t he ability to syn thes ize secondary p r o d u c t s (Deus a n d Zenk , 1982). 
W h e r e recent ly isolated on ion cul tures w e r e c o m p a r e d wi th older 
cul tures , t h e ability to syn thes ize flavor p recursors d id decl ine w i th t ime 
(Davey et al, 1974). 

2. Differentiatio n of Onion Tissue Culture 

Differentiation of t i ssue cul tures in to specific t i ssues , embryos , roots , 
a n d shoo t s , is o n e factor k n o w n to s t imula te secondary p r o d u c t forma
t ion (Yeoman et al, 1982). The effect of init iat ing root regenera t ion in 
on ion callus w a s to s t imulate f lavor-precursor syn thes i s (Freeman et al., 
1974). Turnbul l et al. (1980) also found a n increase in flavor levels in 
differentiated callus a n d in differentiated roots a n d shoo t s . 

In a m o r e deta i led analys is of t he c h a n g e in f lavor-precursor p r o d u c 
t ion d u r i n g cell a n d t issue differentiation, on ion callus w a s init iated a n d 
ma in ta ined for 8 m o n t h s b y M u s k e r et al. (1987) o n the m e d i u m of 
D u n s t a n a n d Shor t (1978), w h i c h con ta ined 0.55 m g l i t e r - 1 2,4-di-
chlorophenoxyacet ic acid (2,4-D) as t he auxin source . The callus w a s 
t h e n t ransferred to a m e d i u m des igned to initiate rap id redifferentiation, 
or to ma in ta in the callus in a n undif ferent ia ted state (Phillips a n d Lu-
teyn , 1983). The regenera t ion m e d i u m conta ined 0.03 m g l i t e r - 1 

p ic loram a n d 0.5 m g liter -1 b e n z y l a m i n o p u r i n e (BAP), w h e r e a s the 
m a i n t e n a n c e m e d i u m conta ined 5 m g liter - 1 p ic loram a n d 2 m g liter -1 

BAP. The accumula t ion of flavor p recursor w a s assessed week ly b y the 
H P L C m e t h o d , as out l ined . O n the regenera t ion m e d i u m the callus 
deve loped shoo t a n d root initials at 6 w e e k s (Fig. 7) b u t r ema ined n o n -
green . O n the ma in t enance m e d i u m n o regenera t ion w a s observed . 
Analysis of the callus on bo th med ia s h o w e d an increase in trans-Pren 
Cys S O u p to 7 to 8 w e e k s (Fig. 8). Both differentiated a n d undifferenti
a ted t i ssue s h o w e d approximate ly t h e s a m e increase in flavor precursor . 
The flavor w a s sufficiently s t rong to be easily de tec ted w h e n ei ther t he 
undifferent ia ted callus, or part icular ly t h e differentiated callus, w a s 
c rushed . Ne i the r Turnbul l et al. (1981) no r M u s k e r et al. (1987) found 
flavor accumula t ion to occur in callus g r o w n o n the D u n s t a n a n d Shor t 
(1978) m e d i u m . The change in source of g r o w t h regula tor to pic loram 
a n d BAP h a d obviously ini t iated the syn thes i s of f rans-Pren Cys SO. 
Turnbul l et al. (1981) examined the cell s t ruc ture of intact bu lb a n d u n 
differentiated t issue to establ ish w h e t h e r the r eason for the reduc t ion in 
flavor accumula t ion in undifferent ia ted callus w a s d u e to a major dif-
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Fig. 7. Early stage in differentiation of on ion callus maintained for 6 w e e k s o n a regenera
tion m e d i u m [0.03 m g l i t e r -1 of picloram, 0.5 m g l i t e r -1 (of benzylaminopurine (BAP)]. 

ference in s t ruc ture . They found tha t the callus cells w e r e m o r e t ightly 
packed , w i th n o intercellular spaces , a n d h a d a d e n s e cytoplasm, p romi
n e n t nuclei , a n d several small vacuoles ins tead of a large central vac
uole . The cells w e r e m u c h smaller, w e r e connec ted by p l a smodesma ta , 
a n d possessed a large, lobed nuc leus . The vesicles n o t e d in the on ion 
cells w e r e largely absen t from the undifferent ia ted callus cells. The call
u s t i ssues g r o w n on bo th the picloram- a n d BAP-containing med ia w e r e 
examined by M u s k e r et al. (1987) 8 w e e k s after transfer. The s t ructure of 
the cells w a s very similar o n bo th media , a n d comparab le to t he s truc
ture found by Turnbul l et al. (1981). There w e r e , howeve r , a n u m b e r of 
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Fig. 8. Increase in accumulation of trans-Fr Cys SO in on ion callus after transfer to a 
regeneration m e d i u m (0.03 m g l i t e r -1 of picloram, 0.5 m g l i t e r -1 BAP, • , and a mainte
nance m e d i u m [5 m g liter -1 of picloram and 2 m g l i t e r -1 of benzylaminopurine (BAP), 
A ] . 

cytoplasmic vesicles comparab le to those found by Turnbul l et al. (1981) 
in t he intact p lan t (Fig. 5). T h e effect of p ic loram a n d BAP o n differentia
t ion, cell s t ruc ture , a n d f lavor-precursor b iosynthes i s n e e d s to be exam
ined in m o r e detail . 

IV. CONCLUSIONS 

Flavor p roduc t ion in on ion is a very in teres t ing sys tem. Besides its 
intrinsic in teres t it also p rov ides a useful m o d e l sys t em for t he analysis 
of t he control of s econdary p r o d u c t format ion in p l an t cell cu l tures . In 
o rder to examine the m e c h a n i s m of control of flavor p roduc t ion , it is 
impor t an t tha t future w o r k shou ld concent ra te o n (1) location of b o t h 
the site of b iosynthes i s a n d the site of accumula t ion of trans-Pren Cys 
S O , a n d (2) t he assay a n d isolation of t he rate-l imiting e n z y m e s o n the 
p r imary a n d secondary p a t h w a y s of trans-Pren Cys S O b iosynthes i s . 
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The majority of polyacety lenes , or poly ines , of h igher p lan ts occur in 
m e m b e r s of the p lan t families Asteraceae (Composi tae) , Araliaceae, a n d 
Apiaceae (Umbelliferae), a n d these , so far, h a v e b e e n the mos t s tud ied 
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(for rev iews , see Sorensen 1968,1977; Boh lmann et al., 1973; H a n s e n a n d 
Boll, 1986). Like m a n y o ther h y d r o p h o b i c secondary metabol i tes , t hey 
accumula te ou ts ide of p lan t cells, in intercellular spaces . They share this 
characteristic w i th volatile oils, res ins , a n d latices, all of w h i c h h a v e 
p r o v e n difficult to obtain in p lan t cell cu l tures . 

Polyacetylene accumula t ion m a y occur in all p l an t o rgans a n d a p p e n 
dages , t he roots be ing usual ly the m o s t active in this respect . The pat 
t e rns of c o m p o u n d s observed , h o w e v e r , are usual ly h ighly o rgan specif
ic (Sorensen, 1968; B o h l m a n n et al, 1973; N o r t o n , 1984; Marchan t et al, 
1984). Their site of accumula t ion wi th in a p lan t o rgan m a y be related to 
their function. Const i tu t ive poly acetylenes of h igher p lan t s accumula te 
in specific s t ruc tures k n o w n as " res in cana l s , " w h i c h occur in the 
leaves, s t ems , a n d roots of polyacetylene-conta in ing p lan t s of t he As-
teraceae a n d Apiaceae (Sorensen, 1968; Van Fleet, 1970). They h a v e also 
b e e n repor t ed to accumula te as oily d rop le t s in t he p e r i d e r m of roots , 
possibly or iginat ing in t he pericyclic oil duc t s (Garrod a n d Lewis , 1979). 
O n the o ther h a n d , fungal polyacety lenes are usual ly excreted directly 
in to the m e d i u m . This also occurs w i th poly ines of h igher p lan t s , w h i c h 
function as phytoa lex ins . 

As wi th certain o ther t ypes of secondary p roduc t s , for example , iso
f lavonoids, a "cons t i tu t ive" polyacety lene of o n e species m a y be a n 
" induc ib le" c o m p o u n d in ano the r . Falcarindiol, a characteristic poly
acetylene of the Apiaceae a n d Araliaceae (Bohlmann et al, 1973), is no t 
normal ly p r o d u c e d in m e m b e r s of t he Solanaceae b u t m a y be syn the 
sized in tomatoes in r e sponse to fungal infection (de Witt a n d K o d d e , 
1981; Elgersma a n d O v e r e e m , 1981). These cases a p p e a r to involve only 
aliphatic poly ines , howeve r , no t the photoac t ive aromat ic or th ienyl 
c o m p o u n d s . The a p p a r e n t n e e d for m o r p h o g e n e s i s in some cases, as 
o p p o s e d to s imple excretion into the m e d i u m in o the rs , h a s to be kep t in 
m i n d w h e n cons ider ing the p roduc t ion of these c o m p o u n d s in cu l tu red 
cell l ines. 

The c o m m o n origin of mos t acetylenes as der ivat ives of oleic acid is 
cons idered to be an es tabl ished fact (Bohlmann et al, 1973). The genera l 
out l ine of their b iosynthet ic pa t t e rn h a s b e e n e lucidated t h r o u g h feeding 
exper iments u s ing radioactively labeled acetate a n d oleic acid, b u t the re 
is only one repor t on a n enzymat ic s t ep involved in their metabo l i sm 
(Sutfeld a n d Towers , 1982). The desa tu ra t ing sys tem respons ib le for 
triple b o n d formation h a s n o t b e e n character ized so far. H o w e v e r , con
vers ion of oleic acid to c repenynic acid h a s b e e n observed in p repa ra 
t ions of c h o p p e d Crepis rubra s eeds (Haigh et al, 1968). 
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II. POLYACETYLENES IN TISSUE CULTURES 

A t t e m p t s h a v e b e e n m a d e to obta in cul tures active in the syn thes i s 
a n d accumula t ion of acetylenic c o m p o u n d s . Both o rgan (root) cul tures 
a n d u n o r g a n i z e d t i ssues , such as callus or c r o w n gall t u m o r s , h a v e b e e n 
s tud ied . In b o t h cases , t he initial goal h a s b e e n ei ther to invest igate the 
factors govern ing their accumula t ion in p lan t cells or to obtain a reliable 
source of c o m p o u n d s , m a n y of w h i c h h a v e u n u s u a l biological activity. 
A list of the major polyacety lenes found in long- te rm p lan t t issue 
cul tures is g iven in Fig. 1. 

A t t e m p t s to obtain t he p roduc t i on of a n u m b e r of leaf polyacety lenes 
wi th phototoxic p roper t i es , such as l -pheny lhep ta - l , 3 ,5 - t r iyne (PHT), 
h a v e b e e n unsuccessful so far, except for very small a m o u n t s p r o d u c e d 
in kinet in- t reated roots (Nor ton , 1984). The p rob lems e n c o u n t e r e d in 
obta in ing cul tures active in t he p roduc t ion of secondary c o m p o u n d s 
typical of leaves are no t u n i q u e to this sys tem, as t hey h a v e b e e n experi
enced w i th t he complex leaf alkaloids of Catharanthus roseus (Krueger et 
al, 1982). The a p p a r e n t m o r p h o g e n e t i c r equ i r emen t s s eem difficult to 
control in relatively u n o r g a n i z e d cul tures , such as calli, a n d the ma in te 
nance of actively g rowing " s h o o t e r " l ines in l iquid cul ture is difficult 
a n d offers n o gua ran t ee tha t t he c o m p o u n d s of in teres t will be p resen t . 

A. Root Cultures 

The relative ease w i th w h i c h root cul tures can be i n d u c e d a n d main
ta ined for certain p lan t s h a s resu l ted in their be ing the only o rgan 
cul ture expe r imen ted w i th so far for t he p roduc t ion of polyacetylenes . 
Publ i shed repor t s inc lude t he polyacety lenes of Bidens alba (Nor ton a n d 
Towers , 1986). Eriophyllum lanatum (Nor ton et al, 1985a), a n d Chaenactis 
douglasii (Cosio et ah, 1986). The c o m p o u n d s so obta ined , a long w i th 
their va lues in cul ture , are l isted in Table I. The r epo r t ed va lues , o n a 
d ry -weigh t basis , vary from abou t 40 to 200% of those seen in p lan t 
roots . 

There is also significant var ia t ion in the ra tes of accumula t ion a n d total 
va lues seen , d e p e n d i n g n o t only o n m e d i u m compos i t ion (Section II, B) 
b u t also o n the origin of t he explant . Var ious types of inocula h a v e b e e n 
used : these inc lude root lets from ge rmina t ing seeds , from root ing s t em 
segmen t s , a n d from callus. All l iquid med ia for these cul tures conta in 
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I C H2= C H- ( c = c ) 2- C H = C H2O Ac Ε D EO Ac 

II C H j = C H- ( c = c ) - CH = C H - Me E TE 

III C H2= C H - ( C= c ) - CH = C H - C H2O Ac E T E - O Ac 

IV ^ ~ ^ - ( C = c ) 2 - C H = C H - C H>O A c P D E O Ac 

V Me-C=C-V VV ( C = C ) - C H = C H2 Thiarubrine A 

S—5 

VI M e - ( c = C ) - ^ ~ ^ - C = C - C H = C H2 Thiarubrine Β 
s—s 

VII M e - C = C- ^ ^ - ( c = c ) 2 - C H = C H2 Thiophen e A 

VIII M e - ( c = c ) 2 - ^ ^ - C = C - CH = CH2 Thiophen e Β 

IX ^ - ^ V c = C - CH = CH2 B B T 

X ^ ^ - ^ s V c = C - C H2 - C H 2 O A c B B T - O Ac 

XI ^ ^ - ^ V c = C - C H2 - C H 2 O H B B T - OH 

Fig. 1. Structures, systematic names , and abbreviated n a m e s of major polyacetylenes 
found in plant t issue cultures. 

I —Trideca-5, l l -diene-7,9-diyn-13-acetate 
II —Trideca- l , l l -d iene-3 ,5 ,7 ,9- tetrayn 
III —Trideca-l , l l -diene-3,5,7,9-tetrayn-13-acetate 
IV — 1 -Ph enylhepta-1,3-diyn-5-ene-7-acetate 
V — 1 -(Methylethyn)-4-(hex-1,3-diy n-4-ene)-2,3-dithiacy clohexa-4,6-diene 
VI — l-(4-Methylbut-l ,3-dyin)-4-(but-l-yn-3-ene)-2,3-dithiacyclohexa-4,6-diene 
VII —l-(2-Methylethyn)-5-(hex- l ,3-diyn-4-ene)-thiophene 
VIII—l-(4-Methylbut- l ,3-diyn)-5-(but- l -yn-3-ene)-thiophene 
IX —5-(3-Buten-l-enyl)-2,2'-bithienyl 
X —5-(4-Acetoxy-l-butenyl)-2,2'-bithienyl 
XI —5-(4-Hydroxy-l-butenyl)- l -2 ,2'-bithienyl 

small a m o u n t s of a n auxin, usual ly naphtha leneace t ic acid (NAA), at 
concentra t ions b e t w e e n 0.3 a n d 0.5 m g l i t e r - 1. The a m o u n t of callus 
t issue in the cul tures varies from n o n e in the case of cul tures of E. 
lanatum to abou t 30% of t he fresh we igh t for C. douglasii. Cal lus g r o w t h 
at the low auxin concent ra t ions e m p l o y e d takes place only o n the cut 
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Average yield 
Source C o m p o u n d (mg g _ 1 dry w e i g h t ) b 

Bidens alba EDE-OAc 0.25 
ETE-OAc 1.68 
ETE 0.07 
PDE-OAc 1.27 

Chaenactis douglasiic Thiarubrine A 3.60 Chaenactis douglasiic 

Thiarubrine Β 0.90 
Thiophene A 0.16 
Thiophene Β 0.03 

a Cultures were grown in liquid SH medium. Bidens alba medium con
tained 0.5 mg l i t er -1 NAA: Chaenactis douglasii medium contained 0.3 mg 
liter"1 NAA. 

b For more specific values see references indicated in the text. 
c Root cultures of Eriophyllum lanatum produced the same compounds but 

with one-tenth the yields; see Norton et al. (1985a). 

surfaces of the rootlets u s e d as inocu lum. Usual ly a balance h a s to be 
reached b e t w e e n excessive callus g r o w t h at h igh N A A levels a n d s low 
g r o w t h of t he roots in the absence of auxin . The callus t issue p r e sen t in 
t he cul tures conta ins n o acetylenes . 

The m a n y advan tages tha t differentiated root cul tures possess over 
u n o r g a n i z e d t issue cul tures h a v e m a d e it possible to s t udy a n u m b e r of 
factors affecting poly acetylene accumula t ion in cu l tu red t i ssues . The 
acetylene con ten t of roots in cul ture s e e m s to r ema in cons tan t e v e n after 
several years . Addi t ional ly , the re is n o n e e d for cons tan t selection of 
p roduc t ive t issue, s o m e t h i n g tha t h a s b e e n found necessary for m a n y 
cul tures of u n o r g a n i z e d t i ssue . The effect of dedifferentiat ion o n poly-
acetylene accumula t ion in cul tures h a s b e e n s tud ied u s ing h igh levels of 
e i ther auxins or cytokinins (Nor ton , 1984; Cosio et al., 1986). In all cases , 
t he d i sappea rance of vascular t i ssue a n d accompany ing resin canals 
resul ts in e l iminat ion of polyacety lene accumula t ion . 

Transformed p lan t t i ssues at t he level of root cul tures h a v e also b e e n a 
subject of s t u d y in our laboratory. Initial s tud ies involved root cul tures 
from regenera ted plant le ts of Bidens alba (Nor ton , 1984). These plant le ts 
w e r e r egenera ted from c r o w n gall t u m o r cul tures , a n infrequent oc
curence g iven the h igh e n d o g e n o u s h o r m o n a l levels often observed in 
t u m o r t issues . The t rans formed roots differed in their increased sen
sitivity to external h o r m o n a l levels a n d in their p ropens i ty to form callus 
o n older root t i ssue. Polyacetylene levels a n d o the r characterist ics w e r e 

Table I 

Major Polyacetylenes Found in Root cultures0 
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similar to those of no rma l root cul tures . Obta in ing t issues exhibit ing 
fast, h o r m o n e - i n d e p e n d e n t g r o w t h b u t still re ta in ing a def ined o rgan 
morpho logy w o u l d be a d v a n t a g e o u s w h e n t rying to establish a pe rma
n e n t source of phytochemica ls in cul ture . A t t e m p t s a long this line have 
been repor ted (Flores a n d Filner, 1985). These involve alkaloid p roduc 
tion in hairy-root cul tures i nduced by infection wi th Agrobacterium rhi-
zogenes. Evaluat ions of no rma l a n d hairy-root cul tures of Chaenactis doug
lasii for the p roduc t ion of antibiotic disulfur poly ines seen in the roots of 
this species are be ing conduc ted in our laboratory (P. Cons tabe l et al., 
u n p u b l i s h e d resul ts . 

B. Unorganized Tissue Cultures 

As discussed above , the accumula t ion of const i tut ive polyacetylenes 
in h igher-p lant t issues takes place in res in canals . It is no t k n o w n 
w h e t h e r there are a n y m i n i m u m morphogene t i c r equ i r emen t s for the 
accumula t ion of these c o m p o u n d s in " u n o r g a n i z e d " t issue cul tures . All 
pub l i shed repor t s to da te of no rma l callus cul tures involve very low 
a m o u n t s of polyacetylenes in shor t - te rm callus cul tures (Jente, 1971; 
Ichihara a n d N o d a , 1977). Repor ts o n t he accumula t ion of b iosynthe t 
ically related c o m p o u n d s , such as u n u s u a l fatty acids or nonacetylenic 
t h iophenes , s eem to indicate tha t ins tances in w h i c h these c o m p o u n d s 
are p r o d u c e d by callus t issue are l imited (Yano et al., 1976; Mango ld , 
1977; Setia, 1978; Mango ld a n d Spencer , 1980). O u r g r o u p has at
t emp ted , unsuccessfully, to obtain callus cul tures tha t accumula te poly
acetylenes in Bidens alba, Eriophyllum lanatum, a n d Chaenactis douglasii. 
Small a m o u n t s of t h i o p h e n e polyacetylenes h a v e b e e n observed in long-
te rm Tagetes patula callus cul tures (Nor ton et al, 1985b) g r o w n in SH 
m e d i u m wi th 4 m g l i t e r - 1 N A A . In this part icular case, howeve r , t he 
cul ture in ques t ion w a s a root ing callus conta in ing t h i o p h e n e acetylenes 
characteristic of T. patula roots . Similar resul ts h a v e b e e n obta ined also 
in callus cul tures of B. cervicata a n d B. hillebrandiana, w h i c h p r o d u c e 
rootlets (unpub l i shed results) . 

There have b e e n few repor t s on acetylenic c o m p o u n d s in c rown gall 
t u m o r s (Reichling et al, 1979; N o r t o n et al, 1985b; N o r t o n a n d Towers , 
1985; Cosio et al., 1986). These t issues arise t h r o u g h t ransformat ion of 
p lan t cells by Agrobacterium tumefaciens (see Nes te r et al., 1984, for re
view). The inser t ion of the T-DNA s e g m e n t of the Ti p lasmid into the 
p lan t nuclear g e n o m e resul ts in hype r t roph ic g r o w t h of the t ransformed 
cells a n d in the synthes i s of op ines , w h i c h w h e n secreted ou ts ide t h e 
cells can be metabol ized by the bac te r ium. 
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The tumorl ike appea rance of the t rans formed t i ssues is caused by the 
al tered p roduc t ion of auxins a n d cytokinins , w h i c h is in t u r n a resul t of 
the express ion of genes wi th in t he T-DNA coding for key e n z y m e s of 
their b iosynthet ic p a t h w a y s (Barry et al, 1984; T h o m a s h o w et al., 1984). 
The e n d o g e n o u s levels of these g r o w t h regula tors h a v e b e e n s h o w n to 
exert control over t u m o r m o r p h o l o g y (Amas ino a n d Miller, 1982; 
Akiyoshi et al, 1983). 

Early s tudies on the p resence of secondary metabol i tes in c r o w n gall 
t u m o r s w e r e pure ly descr ipt ive (Klein a n d Link, 1955; Kovacs et al, 
1964; Kado , 1976). T u m o r s are auxot rophic for g r o w t h regula tors , a n d 
analyses of t he secondary metabol i tes p r e sen t w e r e pe r fo rmed wi th the 
t u m o r s still a t tached to the p lan t or after p ro longed cul ture in m e d i u m 
wi thou t h o r m o n e s . It w a s specula ted tha t the p roduc t ion of secondary 
metabol i tes m igh t be a carryover from the t i ssue w h e r e t he t u m o r origi
na ted , resembl ing the case wi th t u m o r o u s endocr ine t issues in m a m 
mal ian cell cul tures (Teuscher , 1973). N o informat ion w a s available, in 
these early s tudies , o n the factors affecting the synthes i s of secondary 
p roduc t s by the t ransformed cells, or w h e t h e r these bore a n y rela
t ionsh ip to those obse rved in n o r m a l cu l tures . 

Table II lists t he polyacetylenes tha t h a v e b e e n obta ined from c rown 
gall t u m o r cul tures in our laboratory a n d the a m o u n t s usual ly observed . 
These t u m o r lines are polyclonal in origin a n d h a v e b e e n ma in ta ined 
over a per iod of at least 3 years . T h e t u m o r s w e r e ei ther i nduced in 
g r e e n h o u s e - g r o w n p lan t s or w e r e i n d u c e d in vitro in surface-sterilized 
s t em or petiole s e g m e n t s followed by antibiotic t r ea tment . 

The mos t in teres t ing acetylenes ob ta ined from t u m o r cul tures are t w o 
th ia rubr ines , A a n d B. These disulfur po ly ines , p r e sen t in t he roots of 
Chaenactis douglasii, h a v e b e e n a focus of in teres t because of their anti
fungal activity (Towers et al, 1985). The in t ense r ed color tha t charac
terizes t h e m facilitates their de tec t ion in cu l tu red t i ssues . The p resence 
of these c o m p o u n d s in a t u m o r cul ture of C. douglasii m a d e it possible to 
s t u d y their d is t r ibut ion wi th in the t issue in relat ion to t he degree of 
differentiation. The colorat ion also pe rmi t t ed the selective transfer of 
t issue active in their accumula t ion , w h i c h resu l ted in es tabl ishing a l ine 
wi th yields of th ia rubr ines consis tent ly equal to those of p lan t roots 
(Cosio et al, 1986), the h ighes t yield of poly ines yet ob ta ined in t u m o r or 
callus t i ssues . 

The th ia rubr ine -produc ing cul ture p rov ided the initial ev idence for a 
correlat ion b e t w e e n differentiation a n d polyacety lene p roduc t ion in tu
m o r t issue. The accumula t ion of p r o d u c t took place in intercellular 
spaces in close spatial re la t ionship w i th t racheids . Exper iments us ing 
exogenous ly supp l ied aux ins to s u p p r e s s xylogenens is resu l ted in dis-
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Table II 

Major Polyacetylenes Found in Crown Gall Tumor Cultures0 

Yield 
(mg g " 1 dry weight) 

Source C o m p o u n d A277b A208 

Bidens alba EDE-OAc 0.02 0.03 
ETE-OAc 0.03 0.04 
PDE-OAc 0.17 0.10 

Chaenactis douglasii Thiarubrine A 1.96 Chaenactis douglasii 
Thiarubrine Β 0.59 
Thiophene A 0.19 
Thiarubrine Β 0.06 

μ« δ " 1 fresh we ight 

Tagetes patuia BBT-OH 1.10 52.4 
BBT-OAc 0.80 52.6 
BBT 5.80 91.0 

a B. alba and C. douglasii cultures were kept in SH medium without hor
mones; Γ. patula cultures were grown in MS medium without hormone. 

b A . tumefaciens strains used to induce the tumors. 

appea rance of th ia rubr ines from the t issue. Similar resul ts w e r e ob
ta ined w h e n selecting for fast, uno rgan i zed g r o w t h , sugges t ing an ex
planat ion for d imin i sh ing yields obta ined after successive transfers of 
cell su spens ion lines of t he t u m o r s . A variable likely to control mor
pho logy a n d polyacetylene p roduc t ion in t u m o r t issues is the express ion 
of the auxin a n d cytokinin genes in the T-DNA. This could be achieved 
ei ther t h r o u g h direct control of t ranscr ipt ion of these genes by u n k n o w n 
factors, possibly a resul t of the inser t ion site in the g e n o m e , or t h r o u g h 
T-DNA copy n u m b e r . In the latter case the h igher the n u m b e r of copies 
the h igher the h o r m o n e levels in t he t i ssue, a n d the less l ikelihood of 
a n y degree of t issue organizat ion. W e are invest igat ing, u s ing in-
munochemica l t echn iques , t he e n d o g e n o u s auxin a n d cytokinin levels in 
var ious t u m o r lines of Chaenactis douglasii a n d their re la t ionship to t he 
p resence or absence of th ia rubr ines (E. G. Cosio et al, u n p u b l i s h e d 
resul ts) . Research in this area m a y p rov ide informat ion abou t m i n i m u m 
morphogene t i c or g r o w t h regula tor levels necessary to obtain poly
acetylene p roduc t ion in sys tems o ther t h a n differentiated o rgan cul
tures . 
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III. G R O W T H MEDIUM A N D 

E N V I R O N M E N T A L E F F E C T S 

A . M e d i u m C o m p o s i t i o n 

A n u m b e r of med ia of def ined compos i t ion h a v e b e e n u s e d in cul tures 
tha t p r o d u c e polyacetylenes : these inc lude MS, SH, Whi te ' s , B5, a n d 
combina t ions of these . SH m e d i u m (Schenk a n d Hi ldebrand t , 1972) h a s 
b e e n u s e d mos t successfully in o u r laboratory wi th polyacetylene-pro-
duc ing cul tures , h o w e v e r , b o t h for t u m o r a n d root cul tures . A l t h o u g h 
the da ta tha t follow h a v e b e e n ob ta ined w i th root cul tures , t he s ame 
effects h a v e b e e n observed in t u m o r cul tures . 

Figure 2 s h o w s the effects of SH, MS, a n d Whi te ' s m e d i u m on the 
accumula t ion of acetylenic th ia rubr ines a n d t h i o p h e n e s in root cul tures 
of Chaenactis douglasii. Both SH a n d Whi te ' s are acceptable med ia for t he 
p roduc t ion of these c o m p o u n d s in cul ture . Whi te ' s m e d i u m s u p p o r t s 
active g r o w t h a n d polyacetylene accumula t ion for a m a x i m u m of 3 
w e e k s , w i th the accumula t ion of p r o d u c t tak ing place d u r i n g the early 
p h a s e of cul ture . SH can s u p p o r t g r o w t h for u p to 5 w e e k s . 

The fact tha t b o t h a low- (White 's) a n d h igh- (SH) salt m e d i u m s u p 
por t polyacetylene accumula t ion sugges t s tha t similarities in their min
eral nu t r i en t ratios ra ther t h a n absolu te a m o u n t s m a y be the ma in ef
fectors. Sucrose d o e s no t s e e m to exert major effects, as seen by vary ing 
its concent ra t ion from 2 to 3% in Whi t e ' s m e d i u m . Ne i the r d o m y o 
inositol levels no r v i tamin formula t ions from o ther med ia (MS, SH, or 
B5) (not s h o w n ) . Evident ly , t he inefficacy of MS m e d i u m to s u p p o r t 
polyacetylene accumula t ion h a s to d o w i t h its minera l salt formulat ion 
ra ther t h a n w i th organic s u p p l e m e n t s . The resul ts are even m o r e dra
matic in t u m o r cul tures . N o polyacety lenes can be de tec ted in Chaenactis 
douglasii t u m o r l ines after four subcu l tu res in MS m e d i u m , w h e r e a s 
those g r o w n in SH m e d i u m p r o d u c e levels very similar to those of p lan t 
roots . A compar i son of t he minera l salt composi t ion , in millimolar 
equivalents , reveals a h igh level of a m m o n i u m a n d ni t ra te in MS med i 
u m . The N H 4 + levels are 20.6, 2.6, a n d 0 m M for MS, SH, a n d Whi te ' s , 
respectively. For N 0 3 ~ they are 39.4, 24.5, a n d 2.06 m M in the same 
order . H igh ni t rogen- to-carbon rat ios h a v e b e e n s h o w n to be inhibi tory 
to polyacetylene accumula t ion in Bidens alba root a n d t u m o r cul tures 
(Table III) (Nor ton , 1984; N o r t o n a n d Towers , 1985). The p H of t he 
cul ture m e d i u m does no t s e e m to affect polyacetylene accumula t ion 
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T h i a r u b r i n e s 

' • • • 
Ο 7 14 21 2 8 3 5 

D a ys 

Fig. 2. Polyacetylene accumulation in root cultures of Chaenactis douglasii. Cultures were 
g r o w n in liquid SH ( • ) , MS ( · ) , and White's ( • ) m e d i u m , in the dark at 25°C. All media 
contained 0.3 m g l i t e r -1 N A A . Data points are the average of three flasks. 

significantly in the r ange b e t w e e n 4.5 a n d 6, no r does the s tar t ing p H of 
the m e d i u m (Nor ton , 1984). 

B. Environmenta l Factors 

A m o n g the env i ronmen ta l factors, l ight h a s b e e n repor t ed to be 
impor t an t in t he syn thes i s of acetylenes in callus cul tures (Jente, 1971), 
especially the d a r k - l i g h t cycle to w h i c h they are exposed . In t he case of 
Bidens alba cul tures , l ight s eems to affect the type of acetylenic p r o d u c t s 
tha t will accumula te . The final p r o d u c t s are also d e t e r m i n e d by the type 
of g r o w t h regula tor u s e d to s u p p o r t the cul ture . Mos t of the acetylenes 
obta ined to da te in cul ture are root acetylenes or biosynthet ical ly close 
in te rmedia tes , a n d their accumula t ion is inhibi ted by light. This light-
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Table III 

Effect of Changes in Carbohydrate/Nitrate Ratios on Polyacetylene Levels 
of B. alba Root Cultures'1 

m M Molar Final root dry 
ratio we ight per flask Total po lyace ty lenes b 

[Sucrose] [ K N 0 3] C / N (g) (mg g _ 1 dry weight) 

44 25.0 1.8 0.19 2.85b 
8 8 c 25.0 3.5 0.31 3.12b 

176 25.0 7.0 0.33 3.91a 
352 25.0 14.0 0.26 0.56c 

88 12.5 7.0 0.34 3.89a 
88 6.3 14.0 0.30 4.28a 

α Adapted from Norton and Towers (1986), with permission from Gustav Fischer Verlag. Cultures 
were grown in SH medium modified as described. Values are averages for three flasks. 

b Values followed by the same letter are not significantly different at the 5% level by Duncan's 
multiple range test. 

c Standard SH medium. 

media t ed inhibi t ion of polyace ty lene accumula t ion is qui te clear in tu
m o r a n d root cul tures of Chaenactis douglasii a n d Eriophyllum lanatum, 
w h e r e t he ma in p r o d u c t s are t h e " r o o t " c o m p o u n d s . The inhibi t ion by 
light h a s b e e n s h o w n to be reversible , a t least wi th in t w o cul ture cycles 
(Cosio et al., 1986), b u t it h a s n o t b e e n es tabl ished w h e t h e r it is t he resul t 
exclusively of pho todes t ruc t ion of uns tab le acetylenes or if the re is also a 
direct effect o n t he b iosynthe t ic p a t h w a y . 

The u s e a n d the effects of aux ins a n d cytokinins in cul tures tha t syn
thesize polyacety lenes h a v e to be cons ide red because all of t he cul tures 
ob ta ined in ou r laboratory exhibit a correlat ion b e t w e e e n the degree of 
t i ssue organiza t ion a n d p r o d u c t accumula t ion (Cosio et al., 1986, a n d 
u n p u b l i s h e d da ta) . P roduc t levels decrease sharp ly w i th r educed t issue 
organiza t ion , a n d changes in t he compos i t ion favoring the accumula t ion 
of in te rmedia tes ra ther t h a n typical e n d p r o d u c t s h a v e b e e n observed in 
root cul tures of Bidens alba t rea ted w i t h h igh levels of k inet in . A n u n 
usua l effect w a s observed in this case: small b u t significant a m o u n t s of 
pheny lhep t a t r i yne , a leaf acetylene , a p p e a r e d in k inet in- t rea ted root 
cul tures conta in ing a large p ropor t i on of callus (Nor ton , 1984). The u s e 
of small a m o u n t s of auxins to ma in ta in g r o w t h in o the r root cul tures h a s 
b e e n d i scussed above . 

The effect of t e m p e r a t u r e o n polyacety lene accumula t ion in root 
cul tures h a s b e e n r epo r t ed (Nor ton a n d Towers , 1986). In Bidens alba, t he 
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a m o u n t of polyacetylenes pe r un i t d ry we igh t decreases as the tem
pera tu re increases from 15 to 33°C. 

IV. C O N C L U S I O N S 

There is considerable pauci ty in the l i terature concern ing the syn
thesis of polyacetylenes in p lan t t issue cul tures . The majority of p u b 
l ished repor t s concern the p resence of these c o m p o u n d s in root cul tures 
a n d in c rown gall t u m o r l ines. Except for shor t - te rm cul tures a n d phy 
toalexin acetylenes , these c o m p o u n d s h a v e no t b e e n observed to accu
mula te in no rma l callus, cell su spens ions , or o the r u n o r g a n i z e d t issue 
cul tures in a m o u n t s tha t can be cons idered close to va lues seen in planta. 
The p resence of polyacetylenes in c r o w n gall t u m o r s correlates well w i th 
xylogenesis , a n d it a p p e a r s tha t a c rude level of t issue organiza t ion is 
sufficient to resul t in a m o u n t s of acetylene accumula t ion similar to those 
seen in p lan t o rgans . G r o w t h med ia a n d env i ronmen ta l factors will also 
h a v e significant effects o n polyacetylene accumula t ion in p lan t cell 
cul tures , a l though the m e c h a n i s m s involved h a v e no t b e e n s tud ied in 
a n y detail . Low t empe ra tu r e s a n d med ia w i th low ni t rogen- to-carbon 
ratios seem to favor polyacetylene accumula t ion . Media wi th h igh levels 
of a m m o n i u m or ni t rate ions s eem to inhibit their accumula t ion . O u r 
p re sen t lack of k n o w l e d g e of the e n z y m e s a n d the ma in regula tory s teps 
involved in polyacetylene b iosynthes is m a k e s it ext remely difficult to 
s tudy the m i n i m u m morphogene t i c aspects requ i red for the express ion 
of this p a t h w a y in p lan t t i ssues . More informat ion in these areas will be 
necessary before p rogress is m a d e o n the i n d e p e n d e n t express ion of 
polyacetylene b iosynthes is , a n d accumula t ion , in u n o r g a n i z e d p lan t cell 
cul tures . 
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I. INTRODUCTION 

In t he 1970s several laboratories w e r e engaged in the characterizat ion 
of l ipids in p lan t cell cul tures a n d in s tudies of the b iosynthes is of these 
c o m p o u n d s . The resul ts of these early invest igat ions on aliphatic l ipids 
w e r e d i scussed in t w o rev iews (Radwan a n d Mangold , 1976, 1980). An
o ther rev iew descr ibed w o r k o n s teroids (Stohs, 1980). Interest in the 
l ipids of p lan t cell cul tures decreased drastically w h e n it w a s realized 

CELL CULTURE AND SOMATIC CELL Copyright © 1988 by Academic Press, Inc. 
GENETICS OF PLANTS, VOL. 5 509 All rights of reproduction in any form reserved. 



51 0 Nikolaus Weber and Helmut K. Mangold 

h o w slowly these cul tures g row a n d h o w little lipid they contain. En thu
s iasm faltered further w h e n it w a s found tha t p lan t cells in cul ture d o 
not , as a rule , p r o d u c e all of the subs tances tha t occur as cons t i tuents of 
the seeds , leaves, a n d o ther pa r t s of intact p lan ts (Staba, 1980). 

In the w a k e of d e v e l o p m e n t s in biotechnology, interest rek indled in 
the potent ia l of p lan t cell cul tures as a source of valuable p roduc t s (An
d e r s o n et ah, 1985; H u s e m a n n , 1985; Kurz a n d Constabel , 1985; M a n 
gold, 1986; Misawa, 1985; Yamada , 1985). It h a s become obvious tha t 
novel app roaches are n e e d e d to assess the capabilities of p lan t cells in 
cul ture a n d their uti l ization. 

As a cont inua t ion of two prev ious reviews (Radwan a n d Mangold , 
1976; 1980), t he p re sen t chapter summar izes chemical a n d biochemical 
aspects of l ipids in p lan t cell cul tures a n d describes in more detail some 
recent s tudies tha t have led to the p roduc t ion of biologically active com
p o u n d s of great cur ren t interest a n d h igh value . 

II. LIPIDS IN P L A N T C E L L C U L T U R E S 

The l ipids of he te ro t rophic cell cul tures are qui te similar to those of 
photosynthet ica l ly inactive p lant t issues, w h e r e a s l ipids of pho toau to 
t rophic cells in cul ture closely resemble those of g reen leaves. 

A . T o t a l L i p i d s 

Plant cell cul tures usual ly contain 2 - 5 m g total l ipids pe r g ram fresh 
weigh t , i.e. 30-80 m g total l ip ids /g d ry weight . The lipid conten t of the 
cul tures is d e p e n d e n t u p o n the pho tosyn the t ic capacity of the cul tures . 
He te ro t roph ic cell cul tures conta in abou t half as m u c h total l ipids as 
pho toau to t roph ic cul tures (for review see R a d w a n a n d Mangold , 1980). 

B. Lipid C l a s s e s 

The lipid classes found in he tero t rophic a n d pho toau to t roph ic cell 
cul tures are similar to those of photosynthet ica l ly inactive or pho to -
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synthet ical ly active p lan t t i ssues , respect ively—except s torage t issues . It 
is ev iden t from the da ta in the l i terature tha t typical s torage l ipids, such 
as triacylglycerols*, occur in ra ther small p ropor t ions , w h e r e a s m e m 
b r a n e l ipids, i .e. ionic a n d nonionic polar l ipids (phosphol ip ids a n d 
glycolipids, respectively) , a re t he p r e d o m i n a n t lipid classes of p lan t cells 
in cul ture . 

The p ropor t i on of triacylglycerols in cu l tured p lan t cells varies greatly. 
A s a ru le , t hey occur at a level of < 0 . 5 m g / g cells fresh weight , i.e. < 7 
m g triacylglycerols/g d ry weight ; yet stearic acid tha t w a s a d d e d in a 
concent ra t ion of 50 μΜ to the cul ture m e d i u m doub led the triacylglycer-
ol con ten t of callus cul tures of cocoa b e a n (Theobroma cacao) (Tsai et al., 
1982). Accumula t ion of triacylglycerols w a s observed in Papaver s p p . cell 
cu l tures d u r i n g embryogenes i s tha t h a d b e e n induced by omit t ing 2,4-
d ichlorophenoxyacet ic acid from the m e d i u m (Schuchmann a n d Well
m a n n , 1983). It is of in teres t tha t triflcefy/glycerols, p r o m i n e n t const i tu
en t s of sp ind le t ree (Euonymus europaeus) seed, d o no t occur in cell 
cu l tures der ived therefrom (Gemmrich a n d Schraudolf, 1980). 

T h e p ropor t i ons of phospho l i p id s in var ious cell su spens ion cul tures 
r ange from 0.5 to 1.5 m g / g fresh weigh t , i.e. abou t 5 -25 m g p h o s -
pho l ip id s /g d ry we igh t (Yamada et al., 1979). 

T h e major glycolipids in da rk -g rown , he te ro t rophic soya (Glycine max) 
cell s u s p e n s i o n cul tures are p r e s e n t — d e p e n d e n t on the age of the 
cu l tu re—at levels b e t w e e n 1.6 m g / g cells (7 d after transfer) a n d 0.1 
m g / g cells (21 d after transfer) , o n a d ry we igh t basis (Sabinski et al, 
1982). Galactol ipids as well as diacylglycerophosphoglycerols a n d sulfo-
quinovosyldiacylglycerols tha t are k n o w n to be typical cons t i tuents of 
chloroplas ts of photosynthet ica l ly active p lant t issues are no t restr icted 
to these organel les . These l ipids are also p resen t in proplas t ids of dark-
g r o w n cells of tobacco, soya, a n d Datura innoxia (Manoha ran et al, 1987; 
Mar t in et al, 1984; Sabinski et al., 1982; Siebertz et al, 1978). As an 
example , Table I s h o w s the typical composi t ion of lipid classes in he te ro
t rophic a n d pho toau to t roph ic cell s u s p e n s i o n cul tures of Peganum har
mala. 

Both the compos i t ion of lipid classes a n d the pa t t e rns of their const i tu
en t fatty acids in cell cul tures of, for example , Chenopodium rubrum are 
reversible in r e s p o n s e to a l ternate shifts in carbon supp ly (Radwan et al, 
1979). 

* Lipids are n a m e d according to the 1976 recommendat ions of the IUPAC-IUB Commis
s ion o n Biochemical Nomenclature (1977). 
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Table I 

Lipid Classes of Heterotrophic and Photoautotrophic Cell Suspension Cultures 
of Peganum harmala0 

Cell suspens ion culture 
( m g / g dry weight) 

Lipid class Heterotrophic Photoautotrophic 

Nonpolar lipids 
Triacylglycerols 1.6 1.9 
Sterols 3.0 1.8 
Sterylesters 0.1 0.6 
Sterylglycosides 0.15 0.1 
Esterihed sterylglycosides 1.3 3.5 

Polar lipids 
Diacylg lycerophosphoethanolamines 1.7 4.1 
Diacylglycerophosphochol ines 3.85 8.65 
Diacylglycerophosphoinositols 0.8 1.1 
Diacylglycerophosphoglycerols 0.15 1.8 

Monogalactosyldiacylglycerols 0.7 4.1 
Digalactosyldiacylglycerols 0.5 4.6 
Sulfoquinovosyldiacylglycerols 0.25 1.1 

Chlorophyll 1.6 

α Modified from Barz et al. (1980). 

C. Constituen t Fatty Acids 

The fatty acid pa t t e rn of l ipids in p lan t cell cul tures is general ly similar 
to tha t of cells of intact p lan t o rgans a n d t issues bu t there are some 
quant i ta t ive differences. Palmitic acid (16:0)*, oleic acid (18:1), linoleic 
acid (18:2), a n d linolenic acid (18:3) are the p r e d o m i n a n t fatty acids of 
l ipids in p lan t cell cul tures; o ther fatty acids are usual ly de tec ted as 
minor cons t i tuen ts only. The reason w h y the composi t ion of acyl 
moiet ies in l ipids of cu l tured p lan t cells is restr icted to these few species 
of fatty acids m a y be tha t the lipid classes in rapidly g rowing p lan t cells 
are p r e d o m i n a n t l y phospho l ip ids a n d glycolipids, i.e. m e m b r a n e l ipids. 
These lipid classes are k n o w n to contain a lmost exclusively the afore-

* Fatty acids are characterized by number of carbon atoms: number of double bonds . 
The geometry of double bonds of fatty acids is indicated by the prefixes (Z) and (£) instead 
of cis and trans, respectively, fol lowing IUPAC-IUB recommendat ions . 
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m e n t i o n e d fatty acids wi th var ia t ions caused , for ins tance , by changes in 
t e m p e r a t u r e or o the r env i ronmen ta l condi t ions . The composi t ion of fat
ty acids is no t affected by subcul tur ing suspens ion cul tures of, e.g. 
Nicotiana tabacum a n d Catharanthus roseus in var ious synthet ic med ia 
(MacCar thy a n d Stumpf, 1980a). 

Relatively few p lan t cell cu l tures are k n o w n to conta in l ipids h a v i n g 
acyl moiet ies o the r t h a n those m e n t i o n e d above . Isomeric octadecenoic 
acids (18:1) such as petrosel inic , oleic, a n d vaccenic acids can be found in 
he te ro t roph ic a n d photosynthe t ica l ly active pars ley cell cul tures (Ellen-
brach t et al., 1980). Hexadecat r ienoic acid (16:3) wh ich is k n o w n to be a 
ra the r p r o m i n e n t cons t i tuen t fatty acid of l ipids of Solanaceae a n d some 
o the r p l an t species occurs in cell su spens ion cul tures of tobacco in a p 
preciable a m o u n t s as well (Matsuzaki et ah, 1984; Siebertz et ah, 1978). It 
is s t r iking tha t cell cul tures of the m o s s Leptobryum pyriforme conta in 
relatively large p ropor t ions of po lyunsa tu ra t ed fatty acids hav ing 20 
carbon a t o m s , such as arachidonic acid (all (Z)-5, 8, 11, 14-20:4) a n d 
icosapentaenoic acid (all (Z)-5, 8, 11 , 14, 17-20:5) w h i c h are p r edomi 
nan t ly esterified in g lycerophosphol ip ids ( H a r t m a n n et al, 1986). 

The ra the r u n u s u a l α-elaeostearic acid ((Z)-9, (E,E)-11, 13-18:3) tha t 
cons t i tu tes t w o th i rds of the total fatty acids of coty ledons of Momordica 
charantia (Cucurbi taceae) is n o t p r e sen t in callus cells of this p lan t 
(Haider a n d Gadgi l , 1983). "Very long-cha in" fatty acids (>18 carbon 
a toms) , such as behen ic acid (22:0) a n d erucic acid (22:1) wh ich are 
found in appreciable a m o u n t s in s eeds of the cruciferous p lan t De-
scurainia sophia occur only in traces in cul tured cells of this p lan t (Af
s h a r y p u o r a n d Lockwood , 1985); similar observat ions we re m a d e on cell 
cu l tures of o the r cruciferous p lan t s . Repor tedly , ra ther large p ropor t ions 
of ve ry long-chain fatty acids are esterified in the neut ra l l ipids inc luding 
glycolipids of cu l tu red r ape a n d soya cells (Ezzat a n d Pearce, 1980). The 
total fatty acids of callus cul tures of Alnus incana contain as m u c h as 12% 
lignoceric acid (24:0) (Simola a n d Koskimies-Soininen, 1984). Fatty acids 
h a v i n g fewer t h a n 16 carbon a t o m s are , as a rule , de tec ted in small 
p ropo r t i ons only (Haider a n d Gadgil , 1983; P a n d e y et al, 1986). 

Cell cu l tures der ived from var ious Malvaceae conta in fair a m o u n t s of 
cyc lopropane a n d cyc lopropene fatty acids, w h e r e a s small p ropor t ions 
of cyc lopentenyl fatty acids a re found in callus cul tures of Flacourtiaceae 
(for rev iew see R a d w a n a n d Mango ld , 1980). Oxygena ted fatty acids are 
found only in mino r lipid classes of p lan t cell cul tures (Radwan a n d 
Mango ld , 1980). Ricinoleic acid (12-hydroxyoleic acid), the major constit
u e n t fatty acid of castor oil, is no t formed in callus cul tures of castor b e a n 
(Ricinus communis) (Gemmrich , 1982). 
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D. Molecular Specie s of Glycerolipids 

Studies concerned wi th the stereospecific dis t r ibut ion of acyl moiet ies 
in var ious glycerolipids s h o w resul ts resembl ing those found wi th 
glycerolipids in var ious t issues of intact p lan ts . Sa tura ted (16:0,18:0) a n d 
m o n o u n s a t u r a t e d (18:1) acyl moiet ies are esterified mainly in posi t ion 1 
of the glycerol backbone (sn-l)*, w h e r e a s po lyunsa tu ra t ed (18:2; 18:3) 
acyl moiet ies are b o u n d p redominan t ly in sn-2 posi t ion. Molecular spe
cies of triacylglycerols were s tud ied in cell cul tures of cocoa bean . It w a s 
found tha t 16:0/18:1 (sn-l + sn-3/sn-2) a n d 16:0/18:2 are the ma in m o 
lecular species of triacylglycerols of bo th callus a n d suspens ion cul tures 
of this plant ; 18:0/18:1 a n d 18:0/18:2, wh ich are the ma in molecular 
species of na tura l cocoa but ter , are also p re sen t in appreciable a m o u n t s 
(Tsai et al, 1982). 

In he te ro t rophic cell suspens ion cul tures of Rauwolfia serpentina a n d N. 
tabacum t he major fraction, general ly m o r e t h a n 50% of each, diacylgly-
ce rophosphoe thano l amines , d iacylglycerophosphochol ines , a n d di-
acylglycerophosphoinosi to ls are the 16:0/18:2 (sn-l/sn-2) species. A p p r e 
ciable p ropor t ions of 18:2/18:2 species are also detec ted in the 
phospho l ip id s of cell cul tures of b o t h p lan ts , w h e r e a s fairly h igh levels 
of 16:0/18:3 species are found in N. tabacum cells (Yamada et ah, 1979). 
Similar resul ts are obta ined wi th he te ro t rophic cell su spens ion cul tures 
of soya (Nishihara a n d Kito, 1978). The d iacylglycerophosphochol ines of 
pho tomixo t roph ic cell su spens ion cul tures of r ape (Brassica napus) con
tain p r e d o m i n a n t l y the 16:0/18:3 molecular species, b u t significant p ro 
por t ions of 16:0/16:1 + 18:1, 18:1/16:1 + 18:1, a n d 18:1/18:3 are also 
de tec ted in d iacylglycerophosphochol ines of these cells (Weber a n d 
Benning , 1985). 

Both the monogalactosyldiacylglycerols a n d digalactosyldiacylglyc-
erols of he te ro t rophic cell cul tures of tobacco contain larger p ropor t ions 
of sa tura ted fatty acids in sn- l posi t ion t h a n those of pho toau to t roph ic 
ones . Linolenoyl moiet ies (18:3), w h i c h are p re sen t in lower a m o u n t s in 
galactolipids of he te ro t rophic tobacco cells t h a n in those of p h o t o a u 
tot rophic ones , are a lmost equally d is t r ibuted b e t w e e n the sn- l a n d sn-2 
posi t ions of monogalactosyldiacylglycerols in the t w o cul tures , w h e r e a s 
l inolenoyl moiet ies are absen t in sn-l posi t ion of digalactosyldiacylglyc-
erols of he te ro t rophic tobacco cells (Siebertz et al., 1978). 

*The carbon atoms of the glycerol backbone are designated by stereospecific number
ing, sn, according to IUPAC-IUB recommendat ions . 
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III. BIOSYNTHESIS, METABOLISM, 
AND TURNOVER OF LIPIDS 
IN PLANT CELL CULTURES 

Plant cells in cul ture are eminen t ly suitable for s tudy ing the bio
syn thes i s , metabol i sm, a n d tu rnove r of l ipids. In contrast to slices of 
var ious p lan t t i ssues , cells g r o w n in suspens ion cul ture take u p fatty 
acids from the m e d i u m wi th in a few m i n u t e s (Stumpf a n d Weber , 1977), 
a n d o the r l ipids, such as long-chain alcohols a n d alkylglycerols (Weber 
a n d Mango ld , 1982; 1983) as well as cholesterol (Weber, 1978), wi th in a 
few h o u r s . The s u b s e q u e n t incorporat ion of these exogenous com
p o u n d s in to var ious lipid classes of p lan t cells is a function of bo th 
in ternal t r anspor t a n d the activities of var ious e n z y m e s . 

A. Lipid Classe s 

The b iosynthes i s a n d subcellular dis t r ibut ion of neut ra l glycerolipids 
w a s s tud ied in pho toau to t roph ic soybean cells. Diacylglycerols a n d tri
acylglycerols w e r e found to be primari ly located in chloroplasts , wh ich 
are k n o w n to conta in diacylglycerol acyltransferase, the final e n z y m e of 
triacylglycerol b iosynthes is (Martin et al., 1984). 

Glycerophospho l ip ids , e .g. , d iacy lg lycerophosphoe thanolamines a n d 
d iacylg lycerophosphochol ines , are the mos t p r o m i n e n t lipid classes in 
he te ro t roph ic a n d pho toau to t roph ic cell cul tures . The existence of p h o s -
phory la t ed diacylglycerophosphoinosi to ls ( 'po lyphosphoinos i t ides ' ) 
h a s b e e n d e m o n s t r a t e d in var ious p lan t cell cul tures (Boss a n d Massel , 
1985; H e i m a n d Wagne r , 1986; Strasser et al, 1986) (Table II a n d Fig. 1). 
In an imals , t he cleavage p roduc t of phosphat idyl inosi tol-4 ,5-diphos-
p h a t e s (PIP 2) , i.e. myo-inosi tol- l ,4 ,5-tr iphosphate (IP 3) , h a s b e e n found 
to p lay a n eminen t ly impor t an t role in media t ing h o r m o n a l signals 
(Scheme 1). Both the cytokinin- induced biosynthes is of diacylglycero
phospho inos i to l s in soybean cells (Connet t a n d H a n k e , 1987) a n d the 
var ia t ion of levels of p h o s p h o r y l a t e d diacylglycerophosphoinosi tols 
d u r i n g the g r o w t h cycle of C. roseus cells in cul ture sugges t an involve
m e n t of inos i to lphosphol ip ids in the regula t ion of cell proliferation in 
p l an t s (Heim a n d Wagne r , 1986). In addi t ion , b r e a k d o w n of m e m b r a n e -
b o u n d diacylglycerophosphoinosi to ls in h o m o g e n a t e s of soybean callus 
s t imula ted by de te rgen t at tack or C a 2 + sugges t s an invo lvement of in
os i to lphosphol ip ids in cell activation (Connet t a n d H a n k e , 1986). In this 

weight ) an tha t are m u c h lower t h a n levels of alkaloid normal ly found 
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Table II 

Inositolphospholipids Isolated from Wild Carrot (Daucus carota) Cells Labeled Overnight 
with [2-3H]Myoinositol fl 

Inositolphospholipid 

Counts per 
minute , 

[3H]inositol*> 

Percentage 
of recovered 
[ 3H] inos i to l c 

Percentage of total 
inositolphosphol ipids , 

based on P j c 

Phosphatidylinositol 83,873 92.7 ± 1.4 
Lysophosphatidyl inositol 3,446 3.6 ± 0.7 
Phosphatidylinositol 4- 1,807 1.70 ± 0.6 

phosphate 
Phosphatidylinositol 4,5- 738 0.76 ± 0.3 

biphosphate 

77.2 ± 13 
11.6 ± 7.7 

5.7 ± 3.2 

1.4 ± 0.6 

a Modified from Boss and Massel (1985). 
b Representative data from one experiment. 
c The data are means of four to six samples from three separate experiments. 

context , it is of interest tha t I P 3 mobilizes C a 2 + from fusogenic carrot 
p ro toplas t s (Rincon a n d Boss, 1987) a n d vacuolar m e m b r a n e vesicles of 
oat roots (Schumaker a n d Sze, 1987). Yet, it s eems tha t "poly
p h o s p h o i n o s i t i d e s " d o no t play a role in signal t ransduct ion of elicitor-
i nduced synthes i s of phytoalexins in cell suspens ion cul tures of soybean 

Fig. 1. Separation of [2-3H]inositol-labeled inositolphospholipids from cultured parsley 
(Petroselinum crisvum) cells on oxalate-impregnated silica gel layers with chloroform-meth-
a n o l - 4 Ν ammonia (9:7:2, v /v /v ) . (Upper part) Scan of radioactivity. (Lower part) Detec
tion by iodine vapor (1 = phosphatidylinositol 4,5-biphosphate; 2 = phosphatidylinositol 
4-phosphate; 3 = phosphatidylinositol) . (Modified from Strasser et al, 1986.) 
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Phosphatidi c acid s 

CDP- Diacylglycerols 

Phosphatidylinositol -
A, 5 - diphosphate s 

Inosi tol - 1,4 , 5 -
triphosphat e  ( I P 3 ) 

Phosphatidylinositol - ρ|_ ρ ς 
U-phosphates 

Phosphatidylinositol s 

Inositol-1 , U-
di phosphat e 

Inosito l -1 - phosphat e 

> •  1, 2-Diacylg lycerols 

S c h e m e 1. Possible influence of e x o g e n o u s or e n d o g e n o u s stimuli on the phos 
phatidylinositol (diacylglycerophosphoinositol) cycle in plant cells (PLP C, phosphol ipase 
Q . 

a n d pars ley (Strasser et al, 1986). Fur ther work a long these l ines can be 
ant ic ipated . 

In h igher p lan t cells, cardiolipin is localized exclusively in the mi to
chondr ia l inner m e m b r a n e s . A decrease of this phospho l ip id in he te ro
t rophic sycamore (Acer pseudoplatanus) cells d u r i n g sucrose depr ivia t ion 
parallels the progress ive d iminu t ion of the n u m b e r of mi tochondr ia 
(Journet et al, 1986). 

The age d e p e n d e n t dynamics of galactolipids in plas t ids of he te ro -
trophical ly g r o w n soybean s u s p e n s i o n cells w e r e also s tud ied . It w a s 
found tha t a decrease of galactolipids in plas t ids wh ich correlated w i th 
senescence of the cells w a s reversed by daily i rradiat ion of the cells for a 
shor t pe r iod of t ime (Fig. 2); yet , chlorophyl l formation w a s no t i n d u c e d 
u n d e r t he se condi t ions (Sabinski et al, 1982). 

Exogenous long-chain alcohols are oxidized to fatty acids a n d es
terified to wax es ters b o t h by heterotrophical ly g r o w n soya cells a n d 
photomixot rophica l ly g r o w n rape cells. U n d e r near ly anaerobic condi
t ions large a m o u n t s of wax es ters are p r o d u c e d w h e r e a s oxidation of t he 
subs t ra te r ema ins neglegible. The esterification react ion is catalyzed by 
a n acyl-CoA : long-chain alcohol acyltransferase. The subs t ra te specifici
ty of this e n z y m e is d e p e n d e n t o n the chain l eng th of the alcohol s u p 
pl ied as subs t ra te (Weber a n d Mango ld , 1982). It is in teres t ing to no te 
tha t t r iacontanol (i.e. a sa tu ra ted alcohol w i th 30 carbon a toms) is able to 
p r o m o t e t he g r o w t h of p lan t cells as h a s b e e n d e m o n s t r a t e d w i th tobac
co, po t a to , bean , a n d bar ley cells in cul ture (Hangar te r et al, 1978). 

H ighe r p lan t s d o no t conta in significant a m o u n t s of e ther l ipids, if a n y 
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1 1 1 1 1 1 1 — -1 

7 14 21 7 Κ 21 
Days Days 

Fig. 2. Influence of light o n total lipid (a) and galactolipid (b) contents of soybean (Glycine 
max) suspens ion cells during extended stationary phase . A and Β ( ), cultures g r o w n in 
the dark; C and D ( ), cultures exposed to whi te light for 20 min, several t imes each 
day. (Modified from Sabinski et al, 1982.) 

(Scheme 2). Yet, neu t ra l a n d ionic e ther glycerolipids, p r edominan t ly 
alkylacylglycerols a n d a lkylacylglycerophosphochol ines , are syn the 
sized from exogenous 1-O-alkyl-sn-glycerols [IV] a n d 2-O-alkylglycerols 
by cell su spens ion cul tures of r ape a n d soya (Table III). The cells specifi
cally incorporate the " n a t u r a l " 1-O-alkyl-sn-glycerols from racemic mix
tures in to l-O-alkyl-2-acyl-sn-glycerols, l-0-alkyl-2-acyl-sn-glycero-3-
phosphocho l ines [II] a n d o ther e the r l ipids (Fig. 3) (Weber a n d Benning , 
1983; Weber a n d Mango ld , 1985), w h e r e a s 2-O-alkylglycerols form 
stereospecifically p u r e 2-0-alkyl- l -acyl-sn-glycero-3-phosphocholines 
(Weber et ah, 1984). In contrast , t he " u n n a t u r a l " 3-O-alkyl-sn-glycerols 
are no t incorpora ted at all in to e ther g lycerophosphochol ines of r ape 
cells. 

The extent of b ioconvers ion of 1-O-alkyl-sn-glycerols [IV] to e ther 
glycerolipids is d e p e n d e n t on bo th chain l eng th a n d degree of unsa tu ra -
t ion of their alkyl cha ins ( C 1 4 :0 ~ C 1 8 :1 > C 1 6 :0 > C 1 8 : 0) (Weber et al., 
1984). The incorpora t ion of h o m o l o g o u s sa tura ted 1-O-alkyl-sn-glycerols 
from a n equimolar mixed subs t ra te of four racemic alkylglycerols in to 
the var ious classes of e ther glycerolipids broadly reflects the individual 
preference of e n z y m e s tha t are involved in the b iosynthes is of these 
l ipids (Fig. 4) (Weber, 1983; Weber a n d Mango ld , 1983). The ster-
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H 2C - 0 - C - R, H2C - 0- R2 
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R , - C- 0- CH Ri —C —0 —CH R 
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Ο

Υ 

S c h e m e 2. Ester glycerolipids and ether glycerolipids. R, R lr R2, R3, saturated and unsatu
rated carbon chains. 

I 1 ,2-Diacylglycerophosphocholines , natural ly occurring in 
p lan t s a n d an imals 

II l -O-Alkyl-2-acylglycerophosphochol ines , natural ly occurr ing in 
an imals , b u t no t in h igher p lan ts ; ma in p roduc t s of the 
metabol i sm of exogenous IV in rape (Brassica napus) cell 
s u s p e n s i o n cul tures 

III l -0 - ( l ,-Alkenyl ) -2-acy lg lycerophosphochol ines , natural ly occur
ring in an imals , b u t no t in h igher p lan ts 

IV 1-O-Alkylglycerols, subs t ra tes a d d e d to r ape cell su spens ion 
cul tures 

V l-0-Alkyl-2-acetyl-sn-glycero-3-phosphocholines ("platelet acti
va t ing factor," PAF) 

eospecific d is t r ibut ion of acyl moiet ies in the above e ther glycerolipids 
reveals tha t a lkylacylglycerophosphochol ines [II] can replace the corre
s p o n d i n g na tu ra l m e m b r a n e l ipids, i.e. d iacylglycerophosphochol ines 
[I], to a n appreciable extent (Weber, 1985; Weber a n d Benning, 1985). In 
this context , it is w o r t h no t ing tha t l-0-alkyl-2-acetyl-sn-glycero-3-phos-
phocho l ines (Platelet Act ivat ing Factor, PAF) [V] is able to s t imulate t he 
activity of l , 3 ^ - D - g l u c a n syn thase of microsomes from cul tured soya 
cells (Kauss a n d Jeblick, 1986). Moreover , PAF induces fluorescence 
emiss ion changes in thylakoids by modu la t i ng the organizat ion of the 
pho tosyn the t i c un i t s (Argyroudi -Akoyunoglou a n d Vakir tzi-Lemonias, 
1987). It m a y be specula ted tha t PAF will find u s e in var ious areas of 
w o r k o n p l an t cell cu l tures , such as the regenera t ion of p lant le ts from 
single cells. 
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Table III 

Incorporation of Radioactivity from rac-1-0-[1'-14C]Hexadecylglycerol into the Lipids 
of Photomixotrophic Rape (Brassica napus) Cells Grown in Suspension 

Distribution of radioactivity (%) in the various 
lipid classes after χ hr 

Lipid class 3 6 12 24 36 48 

Chol ine g lycerophosphol ipids 23 30 43 49 52 50 
Ethanolamine glycerophosphol ipids 2 3 6 6 16 15 
Glycerol g lycerophosphol ipids Tr* Tr 1 3 
Unidentif ied polar lipids 8 7 9 9 11 11 
l -0-Hexadecyl -2-acylg lycerols c 5 3 3 4 4 5 
l-O-Hexadecyl-3-acylglycerols 2 2 2 1 1 Tr 
Triacylglycerols Tr 1 1 3 3 5 
Hexadecyldiacylglycerols 1 1 2 4 4 5 
rac-l-0-[l'-14C]Hexadecylglycerol 58 55 34 24 8 6 

Activity of m e d i u m 1 Tr Tr Tr Tr Tr 

α From Weber et al (1984). 
b Tr, trace (<1%). 
c Contained traces of diacylglycerols. 

B. Constituen t Fatty Acids 

The dis t r ibut ion of fatty acid syn thase w a s s tud ied in subcellular frac
t ions of he te ro t roph ic cells of Idesia polycarpa su spens ion cul tures . The 
b iosynthes i s of s t raight-chain fatty acids w a s found to occur main ly in 
p rop las t ids , w h e r e a s t he formation of cyclopentenyl fatty acids, by a 
different e n z y m e sys tem a p p e a r s to take place in the cytosol. These 
u n u s u a l fatty acids are syn thes ized in cell cul tures of J. polycarpa from a-
ke top imela te via cyclopentenylglycine (Tober a n d Spener , 1982). The 
activity of fatty acid syn thase in soybean cells is increased by the add i 
t ion of e i ther soybean acyl carrier p ro te in (ACP) or E. coli A C P to incuba
tion mixtures w i th subcellular fractions (MacCarthy a n d Stumpf, 1980c; 
Nothelfer a n d Spener , 1979). The metabol i sm of unsa tu r a t ed acyl-CoAs 
w a s s tud ied in proplas t id a n d microsomal fractions of cell su spens ion 
cul tures of soya. Oleoyl-CoA w a s metabol ized by 3-hydroxylase as well 
as A 1 2- d e h y d r o g e n a s e a n d α ,β -dehyd rogenase to 3-hydroxyoleoyl-CoA, 
octadeca-9,12-dienoyl-CoA, a n d octadeca-2,9-dienoyl-CoA. The corre
s p o n d i n g hydroxyla ted a n d d e h y d r o g e n a t e d p roduc t s we re also formed 
from linoleic acid. H igh acyl-CoA thiolase activities we re found in bo th 
the proplas t id a n d microsomal fractions (Ferrante a n d Kates, 1986a,b). 
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Fig. 3. Incorporation of radioactivity from l -0 - [ l ' - 1 4C]hexadecy l - s«-g lycero l or rac-l-O-
[ Γ - 1 4C]hexadecylg lycerol into choline g lycerophosphol ipids of rape (Brassica napus) cells 
and soybean (Glycine max) cells in culture, as wel l as the decrease of radioactive substrate 
during incubation, (a) Rape cells + l -0 - [ l ' - 1 4C]hexadecyl - sn-g lycerol . (b) Soybean cells + 
l -0 - [ l ' - 1 4C]hexadecy l - sn-g lycero l . (c) Rape cells + rac-l-0-[l'-14C]hexadecylglycerol. 
(From Weber and Mangold , 1985.) 
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Fig. 4. Incorporation of h o m o l o g o u s saturated rf lc- l -0-[ l ,- 1 4C]alkylglycerols from an equi-
molar mixed substrate into the lipids of the 48-hr incubation of photomixotrophic rape 
(Brassica napus) cells in suspens ion , (a) l-O-Alkyl-2-acylglycerols. (b) 1-0-Alky 1-3-acylgly-
cerols. (c) l -0-Alkyl-2,3-di-acylglycerols . (d) l -O-Alkyl-2-acylglycerophosphocholines. (e) 
1 -O-Alkyl-2-acylglycerophosphoethanolamines. (f) 1 -O-Alkyl-2-acy 1-glycerophosphogly-
cerols. The dotted line represents the percentage composit ion of each substrate in the 
equimolar mixture. (From Weber and Mangold, 1983.) 

Radioactive acetate is incorpora ted abou t th ree times more rapidly 
in to fatty acids of cell su spens ion cul tures of soya a n d tobacco t h a n into 
those of C. roseus (MacCarthy a n d Stumpf, 1980a). Elongation a n d de -
sa tura t ion of e n d o g e n o u s fatty acids prelabelled by adminis t ra t ion of 
[ 1 4C]ace ta te or of exogenous radioactive fatty acids w a s found to be 
opt imal at 20-25°C. The b iosynthes is of fatty acids from [2- 1 4C]malonyl -
C o A w a s s tud ied in a stable a n d highly active cell-free extract from C. 
roseus cells conta in ing the e n z y m e s for de novo synthes is , e longat ion, 
a n d desa tu ra t ion of fatty acids (MacCarthy a n d Stumpf, 1980b,c). O b 
viously, fatty acid b iosynthes is in this e n z y m e extract is influenced by 
several cofactors; desa tura t ion , for ins tance, w a s s t imulated by N A D P H 
a n d ferredoxin. Desa tura t ion of s tearate to oleate w a s found to be o p -
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t imal at 25°C. The co r r e spond ing desa tu rase is uns tab le at 41°C, w h e r e a s 
fatty acid syn thase a n d e longase are unaffected by this t empe ra tu r e 
(MacCar thy a n d Stumpf, 1980c). 

T h e incorpora t ion of radioact ive acetate a n d laurate (12:0) into l ipids 
w a s s tud ied in cell s u s p e n s i o n cul tures of cocoa bean . The kinetics of 
fatty acid labeling sugges ted tha t formation of linolenic acid (18:3) m a y 
occur via desa tu ra t ion of linoleic acid (18:2) as well as chain e longat ion of 
dodecat r ienoic acid (12:3) (Tsai a n d Kinsella, 1982). 

The transfer of acyl g r o u p s from T w e e n es ters to the var ious classes of 
polar l ipids in cu l tu red soya cells m a y be a useful sys tem for manipu la t 
ing t h e compos i t ion of acyl moiet ies of m e m b r a n e phospho l ip id s 
(Terzaghi , 1986a, b) . 

He te ro t roph ic soybean s u s p e n s i o n cells esterify isomeric (Z)- a n d (E)-
octadecenoic acids (18:1) p r e d o m i n a n t l y in to triacylglycerols a n d p h o s 
pho l ip ids . T h e incorpora t ion of fatty acids in to these l ipids w a s found to 
be specific w i t h regard to b o t h posi t ional i somers (varying in t he posi
t ion of t he C = C doub le b o n d ) a n d geometr ical i somers (varying in the 
geometr ical a r r a n g e m e n t of t he C = C doub le b o n d , i .e. (Z)- a n d (E)-
i somers) . Appa ren t ly , t he t w o natura l ly occurr ing A 9- i somers , i.e. oleic 
acid, (Z)-18:l, a n d elaidic acid, (E)-18:l, are the preferred subs t ra tes 
(Weber et al, 1979). 

T h e activities of key e n z y m e s of fatty acid degrada t ion by β-oxidation, 
i .e. isocitrate lyase a n d mala te syn thase , are i nduced in g lyoxysomes of 
an ise (Pimpinella anisum) cells by a d d i n g acetate as a carbon source to t he 
cul ture m e d i u m ; h o m o g e n a t e s of an ise cells g r o w n in the p resence of 
sucrose , h o w e v e r , d o no t s h o w β-oxidation of palmitoyl-CoA (Lutzen-
berger a n d Theimer , 1983). 

IV. BIOTECHNOLOGICAL APPLICATIONS OF 
PLANT CELL CULTURES 

In tens ive research efforts a imed at u s ing p lan t cell cul tures for the 
p roduc t i on of valuable l ipids h a v e h a d little success . Recently, a few 
s tud ies h a v e ra ised h o p e s , h o w e v e r , for a more successful applicat ion of 
such cell cu l tures in t he p roduc t ion of l ipids by b iosynthes is or bio
t ransformat ion . In v iew of the low levels of l ipids in p lan t cell cul tures it 
is obv ious tha t on ly valuable c o m p o u n d s are w o r t h a n y considerat ion. 
These inc lude radioactively labeled c o m p o u n d s , biologically active 
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phospho l ip id s , as well as arachidonic acid (20:4) a n d o ther po lyunsa tu 
ra ted fatty acids tha t can serve as precursors of icosanoides such as 
p ros tag land ins , prostacycl ins , a n d leukotr ienes . Moreover , it m a y be 
found possible to u s e p lan t cell cul tures as sources of e n z y m e tha t are 
involved in t he b iosynthes is a n d metabol i sm of fatty acids a n d m o r e 
complex l ipids. 

A. Biotransformatio n of Lipids 

Large p ropor t ions of radioactively labeled d iacylg lycerophosphoetha-
no lamines a n d d iacylg lycerophosphochol ines are p r o d u c e d wi th in 30 
m i n by incubat ing cell su spens ion cul tures of soya wi th [ l - 1 4C] l inole ic 
acid (Weber et al, 1985). The labeled g lycerophosphol ip ids are isolated 
from the total l ipids by thin-layer ch roma tog raphy o n silica gel. Mixtures 
of soybean g lycerophosphol ip ids are k n o w n to increase the yield of curd 
d u r i n g cheese-making . A radioactively labeled mis ture w a s u s e d for 
s t udy ing the dis t r ibut ion a n d tu rnover of " lec i th in" d u r i n g this process 
(Weber et ah, 1985; Wiechen et al., 1985). Radioactive lecithin m a y also be 
helpful in tes ts of the activity a n d al terat ion of this c o m m o n emulsifier in 
food a n d feed. 

It h a s b e e n r epor t ed tha t radioactively labelled g lycerophosphol ip ids 
can be ob ta ined biosynthetical ly by incubat ing, e.g. , [methyl- 3H ] -
chol ine , [ l - 3H ] e t h a n o l a m i n e , a n d [2-3H]inositol , w i th carrot (Daucus car
ota) s u s p e n s i o n cells (Kleinig a n d Kopp , 1978). 

Plant cell cul tures are certainly useful for the p roduc t ion of r an d o mly 
or uniformly labeled l ipids from exogenous [ 1 4C]ace ta te or, if pho to 
synthetical ly active cul tures are available, from 1 4C 0 2 . It m u s t be real
ized, howeve r , tha t a n y lipid const i tuent , such as long-chain fatty acids, 
glycerol, a n d bases , inc luding e thano lamine , chol ine, a n d ser ine (also 
inositol) are no t only incorpora ted into complex lipids as intact enti t ies, 
b u t tha t t hey can also serve (and often serve p redominan t ly ) as sources 
of "organ ic ca rbon" . Therefore, t he incubat ion of p lan t cell cul tures wi th 
such radioactively labeled precursors shou ld no t exceed an h o u r or t w o . 
In s o m e cases, even a n incubat ion per iod of half an h o u r leads to exces
sive degrada t ion of the precursor a n d , consequent ly , to the appea rence 
of radioactivity in var ious moiet ies of the complex lipids p roduced . 
Therefore, it is m a n d a t o r y to establish the pa t t e rn of labeling in all 
radioactively labeled c o m p o u n d s tha t are p r o d u c e d by biosynthes is in 
p lan t cell cul tures (Mangold a n d R a d w a n , 1980). This is of course no t 
necessary if radioactive or stable he te roa toms , such as Ν , P, a n d S, are 
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supp l i ed for the p roduc t ion of, e.g. 1 5N - l a b e l e d e thanolamineglycero-
phospho l ip id s or cho l ineg lycerophosphol ip ids . 

Research o n p h o s p h o r y l a t e d lipid derivat ives of myo-inositol in p lan t 
cells is of grea t cu r ren t in teres t because of their possible role in m e m 
b r a n o u s signal t r ansduc t ion (Boss a n d Massel , 1985; He im a n d Wagner , 
1986; Strasser et ah, 1986). Rice (Oryza sativa) cells in cul ture are able to 
p r o d u c e a series of labeled myo-inositol p h o s p h a t e s inc luding phyt ic 
acid (myo-inositol hexaphospha t e ) from exogenous 3H- label led myo-in
ositol or inorganic 3 2P (Igaue et al., 1980). Phytic acid has negat ive nut r i 
t ional effects because of its ability to b ind physiologically impor tan t 
b ivalent ions , e.g. C a 2 + a n d Mg 2 -* -; radioactively labeled phyt ic acid 
m a y be of in teres t for s t udy ing the metabol i sm a n d nutr i t ional effects of 
this subs tance as well as technological processes for its removal 
(Mukher jee , 1986). 

The p repa ra t ion of biologically active e ther l ipids by m e a n s of p lan t 
cell cu l tures const i tu tes an exciting n e w d e v e l o p m e n t wh ich is be ing 
deal t w i th in s o m e detail in this chapter . It ha s become a p p a r e n t tha t 
complex e the r l ipids tha t d o no t occur in p lan t cell cul tures can be 
p r o d u c e d by bio t ransformat ion of alkylglycerols, s imple c o m p o u n d s 
tha t are easily ob ta ined by organic synthes is . This f inding o p e n s a field 
for fur ther explorat ion. 
l-0-Alkyl-2-acyl-sn-glycero-3-phosphocholines [II] isolated from rape 

cells in s u s p e n s i o n after incubat ion wi th 1-O-alkylglycerols can serve as 
s tar t ing mater ia l for t he semisynthes i s of physiologically active e ther 
g lycerophosphol ip ids , such as l-0-alkyl-2-acetyl-sn-glycero-3-phos-
phocho l ines (PAF) [V] a n d l-O-alkyl-sn-glycero-3-phosphocholines 
(lyso-PAF) (Table IV). The m e t h o d r e c o m m e n d s itself especially for t he 
p repa ra t ion of radioactive l-0-[l ' - 1 4C]alkyl-2-acetyl-sn-glycero-3-phos-
phocho l ines (Scheme 3) (Weber a n d Mango ld , 1985; 1986) as well as 
l-0-(l ,-alkenyl)-2-acyl-sn-glycero-3-phosphocholines ( 'choline plas-
ma logens ' ) [III]. PAF is a ha rass ing subs tance a n d m u c h effort is be ing 
d e v o t e d to the p roduc t ion of an tagonis t s tha t can be u s e d in counteract
ing the harmful effects of PAF (Benveniste a n d Arnoux , 1983; Braquet et 
al., 1987). Several of the synthet ic an tagonis t s k n o w n , so far, are e ther 
l ipids. Resul ts from our laboratory indicate tha t p lan t cell cul tures m a y 
be u s e d for t he p roduc t ion no t only of PAF, b u t of posit ional i somers as 
well . Some " u n n a t u r a l " e the r g lycerophosphol ip ids exhibit ant i-
phytovi ra l p roper t i es (Kluge et al, 1984). 2-0-[l '-1 4C]Alkyl-l-acetyl-sw-
glycero-3-phosphochol ines , for example , m a y be p r epa red following a 
sequence of react ions similar to tha t s h o w n in Scheme 3 (Weber a n d 
Mango ld , 1987). 
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Table IV 

Specific Optical Rotations of Ether Glycerolipids Isolated from Rape (Brassica napus) Cell 
Suspension Cultures and Subsequently derived by Alkaline Hydrolysis and Acetylation3 

l -O-Alkyl-sw-glycero-3-phosphocholines l-0-Alkyl-2-acetyl-s«-glycero-3-
(lyso-PAF)fc phosphochol ines (PAF)** 

Alkyl chains r i 2 0 
W D Alkyl chains W D 

1-O-Tetradecyl - 6 . 0 1-O-Tetradecyl - 1 . 1 
1-O-Hexadecyl - 5 . 8 1-O-Hexadecyl - 1 . 1 
1-O-Octadecyl - 5 . 3 1-O-Octadecyl - 1 . 5 
l -0- [ (Z)-9 ' -Octadecenyl] - 5 . 3 l -0-[ (Z)-9' -Octadecenyl] - 1 . 1 
l -O-Alkyl (mixture, derived - 5 . 5 1-O-Alkyl (mixture, derived - 1 . 1 

from ratfish liver oil) from ratfish liver oil) 

α Modified from Weber et al. (1984). 
b Optical rotations of alkylglycerophosphocholines were determined in chloroform-methanol (1:1, 

v/v), and those of alkylacetylglycerophosphocholines in chloroform (c = 1). 

T h e isolation of l-0-alkyl-2-acyl-sn-glycero-3-phosphocholines a n d 
o the r g lycerophosphol ip ids from plant cells const i tutes a ra ther t ed ious 
job, as these c o m p o u n d s occur p redominan t ly in the cell m e m b r a n e s . It 
m a y be of advan tage , therefore, to combine the p repara t ion of PAF from 
the latter phospho l ip id s wi th the p roduc t ion of subs tances tha t are ex
creted in the cul ture m e d i u m . 

Lipids conta in ing po lyunsa tu ra t ed , very long-chain fatty acids, e.g. 
arachidonic acid (20:4) a n d icosapentaenoic acid (20:5), are syn thes ized 
by cell s u s p e n s i o n cul tures of the m o s s L. pyriforme ( H a r t m a n n et al, 

rape cells 
l - 0 - [ l ' -1 4C]Hexadecyl-sn-glycerol • 

70-78% 

KOH 
l - 0 - [ l ' -1 4C]Hexadecyl-2-acyl-sw-glycero-3-phosphocholines • 

>95% 

(Ac)20 
l - 0 - [ l ' - 1 4C]Hexadecyl-s«-glycero-3-phosphochol ine • 

>95% 

1 - 0 - [ 1' - 1 4C ] Hexadecyl-2-acetyl-s w-gly cero-3-phosphocholine 

S c h e m e 3. Schematic representation of the various s teps involved in semisynthetic prepa
ration of l -0- [ l ' - 1 4C]hexadecyl-2-acetyl -s«-glycero-3-phosphochol ine ("platelet activating 
factor/ ' PAF), us ing cell suspens ion cultures of rape. (From Weber and Mangold, 1985.) 
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Fig. 5. Modulat ion of the arachidonic acid (checked bars; 20:4 ω6) and icosapentaenoic 
acid (cross-hatched bars; 20:5 o>3) contents of diacylglycerophosphoethanolamines (a) and 
diacylglycerophosphochol ines (b) after transferring Leptobryum pyriforme cells form normal 
growth condit ion to a temperature of 1°C. (Modified from Hartmann et al., 1986.) 

1986). The p ropor t ions of these t w o po lyunsa tu ra t ed fatty acids are de 
t e r m i n e d by the t empe ra tu r e d u r i n g g r o w t h of the cul tures (Fig. 5). The 
t w o p o l y u n s a t u r a t e d fatty acids are valuable s tar t ing materials for t he 
semisyn thes i s of icosanoids (pros tag landins , prostacyclins, th rombox
a n e s , leukotr ienes) (Corey, 1987) tha t are u s e d in biomedical s tudies a n d 
clinical t he rapy . A recent su rvey o n the occurrence of these biologically 
active l ipids in t he p lan t k i n g d o m is of interest (Panossian, 1987). 

A n o t h e r p romis ing field of invest igat ion is the p roduc t ion of specific 
e n z y m e s tha t a re useful for t he biochemical p repara t ion a n d analysis of 
l ipids . For example , Kleinig a n d K o p p (1978) d e m o n s t r a t e d the p resence 
of p h o s p h o l i p a s e D in var ious cell su spens ion cul tures; this e n z y m e m a y 
b e helpful for the b iosynthet ic p repara t ion of radioactive g lycerophos
pho l ip ids . P lant cell cul tures exhibit activities of var ious acyltransferases 
tha t are able to esterify fatty acids in to glycerolipids (Stumpf a n d Weber , 
1977), inc lud ing e the r glycerolipids (Weber et al., 1984). They also cata
lyze t he esterification of long-chain alcohols (Weber a n d Mango ld , 
1982), sterols (Weber, 1978), a n d glycolipids (Heinz et al., 1979). Lipases 
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a n d acyltransferases of p lan t cells (Wink, 1984) m a y be of interest for the 
interesterification of triacylglycerols, yielding m o r e valuable p roduc t s . 

B. Production of Lipids 

The p roduc t ion of l ipids us ing p lan t cell cul tures is h a m p e r e d by the 
fact tha t it is necessary to extract who le cells, a fairly complex a n d expen
sive p rocedu re . The following techniques m a y be suitable to p r o d u c e 
l ipophilic subs tances from suspens ion cul ture med ia w i th o u t des t roy ing 
the cells. 

The " t w o - p h a s e cu l tu re" u ses nontoxic lipophilic solvents or adsor
b e n t s to concent ra te lipophilic c o m p o u n d s from the m e d i u m d u r i n g the 
g r o w t h of p lan t cells in cul ture (Beiderbeck a n d Knoop , 1987; K n o o p a n d 
Beiderbeck, 1983; Maisch et al., 1986). This t echnique can be emp lo y ed 
for the isolation of secondary p roduc t s , such as lipophilic t e rpeno ids , 
from cell su spens ion cul tures . It is ra ther doubtful , however , w h e t h e r 
this p rocedu re is applicable for the extraction of l ipids that are fixed in 
m e m b r a n e s a n d no t normal ly excreted by p lant cells in cul ture . 

A p rocedu re tha t m a y be m o r e successful for the p roduc t ion of certain 
l ipids u se s intact p lan t cells or pro toplas t s tha t are conta ined in a matr ix 
of agar , a lginate , p ro te in , or a nontoxic organic po lymer (Brodelius, 
1983, Brodelius a n d Mosbach , 1982, Hu l s t et al, 1985; Mavi tuna a n d 
Park, 1985, Rosevear a n d Lambe , 1985). These immobil ized cells m a y be 
con t inuous ly rinsed wi th a nu t r i en t m e d i u m conta in ing fairly s imple 
l ipids. O n e m a y specula te tha t these precursors can be metabol ized to 
m o r e complex l ipids by e n z y m e sys tems located in the outer m e m b r a n e 
of the cells, a n d tha t the p roduc t s , g lycerophosphol ip ids for ins tance , 
m a y t h e n be extracted from the cul ture m e d i u m . In this context it shou ld 
be m e n t i o n e d tha t certain deter iorat ive processes of l ipids catalyzed by 
l ipoxygenase a n d lipid acylhydrolase are inhibi ted in Vicia faba p ro 
toplas ts by immobil izat ion in alginate (Fig. 6) (Schnabl a n d Y o u n g m a n , 
1985). 

It can be expected tha t the biot ransformat ion of lipophilic c o m p o u n d s 
by immobi l ized p lan t cells will be r e n d e r e d m o r e effective if t echn iques 
are deve loped tha t pe rmi t the cells to react wi th lipid precursors in 
a q u e o u s organic solvents . The bioconvers ion of l ipids by immobil ized 
microbial cells in organic solvents ha s b e e n descr ibed (Fukui a n d Tan-
aka, 1985). Techniques of d o w n s t r e a m process ing, e.g. affinity chro
m a t o g r a p h y , h igh-per formance liquid affinity ch romatography , a n d af
finity precipi ta t ion, m a y be helpful for the separa t ion of valuable l ipids 
from complex biological mixtures (Lowe, 1984). 
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Fig. 6. Lipid acyl hydrolase (LAH) activity (a) and l ipoxygenase (LOX) activity (b) in 
s u s p e n d e d protoplasts ( A ) and in alginate-matrix-immobilized protoplasts (O) of Vicia faba 
during storage (chl, chlorophyll) . (Modified from Schnabl and Youngman, 1985.) 

Accumula t ion of s o m e lipid classes by elicitor-induced e n z y m e s m a y 
also function. Arachidonic acid (20:4) is k n o w n to be an elicitor in p lan t 
cells (Eilert, 1987). 

V. CONCLUSIONS 

Plant cell cu l tures h a v e certainly b e e n of great va lue in the vegetat ive 
p ropaga t i on of p a l m s a n d o ther commercial ly impor tan t oil bea r ing 
p lan t s . T h e b r eed ing of n e w variet ies a n d hybr ids will, n o doub t , also 
profit substant ia l ly from cell cul ture techniques . Work on the bio
syn thes i s of l ipids h a s b e e n m u c h less r eward ing , yet the resul ts m a y be 
of he lp in var ious a reas . For example , the incorporat ion of exogenous 
p o l y u n s a t u r a t e d fatty acids in to the complex l ipids of m e m b r a n e s of 
p lan t cells in cu l ture w o u l d certainly improve the plasticity of these 
m e m b r a n e s , a n d t h u s , it m a y p r o m o t e t he viability of the cells d u r i n g 
their c ryopreserva t ion . Reference is m a d e to a recent review o n the low-
t e m p e r a t u r e s torage of p lan t cell cul tures (Withers , 1985). 

The modificat ion of m e m b r a n e l ipids in p lan t cells m a y aid in improv
ing the release of s econda ry p r o d u c t s in to the cul ture m e d i u m . 

PAF [V], a n e the r g lycerophosphol ip id typical of h u m a n a n d animal 
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cells, can be p r o d u c e d by p lan t cell cul ture techniques , as descr ibed 
above . The s a m e c o m p o u n d m a y find applicat ion as a p h y t o h o r m o n e in 
improv ing the g r o w t h of p lan t cell cul tures a n d in regenera t ing p lan ts , 
inc luding t rees a n d o ther w o o d y p lan ts from single cells; w o r k a long 
these l ines is in p rogress in var ious laboratories. 

In the lipid field, major advan tages of p lan t cells in cul ture m a y be 
a t t r ibuted to the rap id absorpt ion of lipophilic precursors from the 
cul ture m e d i u m a n d their incorporat ion into the cells. This is the p r ime 
condi t ion for the u s e of p lan t cells in s tudies concerned wi th the bio
synthes i s a n d metabol i sm of l ipids as well as the biotechnological p ro 
duc t ion of complex c o m p o u n d s by biot ransformat ion of fairly s imple 
p recursors . In add i t ion to p lan t cell cul tures , bacteria, yeas ts , a n d algae 
shou ld be cons idered for the biosynthet ic p repara t ion of valuable l ipids. 
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I. INTRODUCTION 

T h r o u g h o u t the wor ld the re is a long-establ ished u s e of local p lan t s 
for m a k i n g insecticidal p repa ra t ions . More t h a n 2000 p lan t species be 
long ing to 170 families h a v e insecticidal p roper t ies (Feinstein, 1952). 
H o w e v e r , only from a few p lan t s h a v e the insecticides b e e n isolated a n d 
their chemis t ry e lucidated. These c o m p o u n d s can be complex es ters 
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(pyre thr ins) , alkaloids (nicotine, anabas ine) , or heterocyclic aromatic 
c o m p o u n d s (rotenoids) . They occur in m a n y p lan t par t s , eg. py re th r ins 
in the flower h e a d s of p y r e t h r u m , nicotine in the leaves of tobacco, 
ro teno ids in the roots of Denis, a n d ryanod ine in the s t em of Ryania. 

Commerc ia l insecticides of p lan t origin are few. They include t he 
py re th r in s found in s o m e m e m b e r s of Compos i t ae , like Chrysanthemum, 
Tagetes, etc. (Composi tae) , t he ro tenoids found in Derris, Lonchocarpus, 
Tephrosia, (Leguminosae) , the alkaloid nicotine from Nicotiana s p p . (So-
lanaceae) , a n d anabas ine from Anabasis aphylla (Chenopodiaceae) . O t h 
ers of lesser impor t ance are ryanod ine from Ryana speciosa, jervin from 
Veratrum album, quass in from Quassia amara, veracevin a n d ge rmine 
from Schoenocaulon officinale, azadiracht in from Azadirachta indica, m a m -
me in from Mammea americana, m u n d u l o n e from Mundulea sericea, a n d 
pachyr rh iz in from Pachyrrhizus eroseus. 

Plant insecticides r ep resen t only a small fraction of the insecticidal 
mater ial u s e d each year , b u t they are effective against m a n y insects tha t 
are no t successfully control led by synthet ic insecticides. They are often 
relatively nontoxic to m a n a n d to o the r p lan t s . They exert their insec
ticidal effect principally by interfering wi th the physiology of insects , 
de te r r ing the insects from feeding, or interfering wi th their no rmal 
d e v e l o p m e n t . 

In this chap te r w e concent ra te only o n the p lan t insecticides, pyre 
th r ins , nicot ine, ro tenoids , ecdys te rones , a n d l imonoids . For a compre
hens ive list of p lan t insecticides the reader is advised to consul t " Insec
t ic ides ," by A. J. Fuell (1965) or Insecticides from Plants: A Review of the 
Literature from 1954 to 1971, by M. Jacobson (1971). A compar i son of t he 
yields of insecticides from p lan t s a n d t issue cul tures is given in Table I. 

II. P Y R E T H R I N S 

The mos t economically impor t an t na tura l p lan t insecticides are the 
pyre th r ins . These c o m p o u n d s are of great interest because of their lethal 
activity aga ins t insects , low toxicity to m a m m a l s , a n d low pers is tence 
after u se . They para lyze flying insects very rapidly, a n d this k n o c k d o w n 
effect is especially va lued . A further p rope r ty of va lue is their repel len-
cy, w h i c h m a y be m o r e impor tan t t h a n the killing effect w h e n protec t ing 
foods (Crombie , 1980). 

Pyre th r ins have b e e n repor ted from a n u m b e r of Compos i tae : Chry
santhemum cinerariaefolium C. coccineum, Tagetes erecta, T. minuta, Calen-
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Table I 

Insecticides from Plants and Tissue Culture 

Insecticide Species Source Content Reference 

Pyrethrins Chrysanthemum Flowers 1-2% Casida (1973) 
cinerariaefolium Callus 0.023-0.113% Zieg et al. (1983) 

Shoot cultures 0 .050-0.341% Zieg et al. (1983) 
Tagetes erecta Flowers 0.9% Khanna et al. (1975) 

Suspens ion 1.16% Khanna et al. (1975) 
culture 

Nicot ine Nicotiana tabacum Leaves 2 -5% Fuell (1965) 
Callus 2.14% Ohta et al. (1978b) 

Nicotiana rustica Leaves 5-14% Fuell (1965) 

Rotenoids Derris elliptica Roots 5 -9% Metcalf (1955) 
Callus with 0.016% Kodoma et al. (1980) 

rootlets 
Lonchocarpus utilis Roots 8 -11% Metcalf (1955) 
Crotalaria burhia Callus 1.35% Uddin and Khanna 

(1979) 
Tephrosia purpurea Suspens ion 2.8% Sharma and Khanna 

culture (1975) 
Tephrosia vogelii Roots 1.2% Sharma and Khanna 

(1975) 

Phytoecdysones Trianthema por- Callus 0.036% Ravishankar and Mehta 
tulacastrum (1979) 

Achyranthes sp . Callus <0.002% Hikino et al. (1971) 

aula officinalis, Zinnia elegans, Z. linnearis, etc. Of these , C. cinerariaefolium 
(py re th rum) is the principal source of pyre th r ins . 

A. Pyrethrum 

1. Botan y 

P y r e t h r u m (Chrysanthemum cinerariaefolium Vis.) is a small perennia l 
he rb , w i th deep ly lobed leaves of variable s h a p e a n d length , cult ivated 
main ly in Kenya , Tanzania , a n d Ecuador at an al t i tude of at least 1900 m 
above sea level. At this elevat ion a n d low t empera tu re , t he flower h e a d s 
(capitula) are b o r n e o n b r a n c h e d leafy s t ems rising from a compact 
c r o w n of foliage, w h e r e a s at h ighe r t empe ra tu r e s in lower regions , the 
p l an t s a lmos t exclusively deve lop vegetat ively (Gnadinger , 1945; 
Glover , 1955). 
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Pyre thr ins are located in all aboveg round p lan t par t s , bu t the ovaries 
a n d achenes of the disc a n d the ray florets of the cap i tu lum contain by 
far the h ighes t a n d largest a m o u n t (Head, 1966; Brewer, 1973). The 
flowers are ha rves t ed at 2- to 3-week intervals over a per iod of 2 to 4 
years . A n es t imated 150 million p y r e t h r u m flowers are ha rves ted daily 
to supp ly the wor ld d e m a n d for p y r e t h r u m , 60% of wh ich is m e t by 
Kenya (Balandrin et al, 1985). The fresh flower yield is de t e rmined by 
m a n y factors, such as geno type , climate, soil, p lan t diseases , a n d pes t s . 
The con ten t of pyre th r ins is chiefly influenced by the geno type , picking 
interval , f lowering s tage, climate, a n d d ry ing m e t h o d s (Zieg et aL, 1983). 

2. Chemistr y 

Pyre thr ins are a mixture of six structurally related insecticidal es ters 
formed by a combina t ion of t w o acids (chrysanthemic acid a n d pyrethr ic 
acid) a n d three alcohols (pyre thro lone , c inerolone, a n d jasmolone) . The 
es ters of ch rysan themic acid are called pyre th r in I, cinerin I, a n d jas-
mol in I, respectively, a n d are toge ther k n o w n as pyre th r ins I, w h e r e a s 
the es ters of pyre thr ic acid are called pyre thr in II, cinerin II, a n d jas-
mol in II, a n d together , the pyre th r ins II. Collectively, these c o m p o u n d s 
are k n o w n as re thr ins , a n d a typical p y r e t h r u m extract m a y have equal 
a m o u n t s of re th r ins I a n d II a n d pyre th r ins , cinerins, a n d jasmolins in 
the p ropor t ion 10:3:1 (Crombie, 1980). Pyre thr ins I are responsible for 
killing insects (Elliott, 1971), w h e r e a s pyre th r ins II p rov ide m u c h of the 
k n o c k d o w n action agains t flying insects (Sawicki a n d Thani , 1962). 

Pyre th r ins can be effectively separa ted by gas liquid ch roma tog raphy 
(GLC) a n d de tec ted selectively by their electron cap ture r e sponse . Mass 
spectral da ta are well d o c u m e n t e d , mak ing gas c h r o m a t o g r a p h y - m a s s 
spec t romet ry a useful tool for the s tudy of these c o m p o u n d s . Pyre thr ins 
can also be separa ted by o ther chromatographic p rocedures , such as 
h igh-per formance liquid ch roma tog raphy a n d thin-layer chromatogra
p h y (Crombie, 1980). 

3. Biosynthesi s 

The p y r e t h r u m plant is efficient in its b iosynthes is a n d / o r s torage of 
py re th r ins , p roduc ing 2 - 4 m g of pyre th r ins pe r flower head , or 1-2% of 
py re th r ins relative to the flower d ry we igh t (Casida, 1973). The chry
san themic acid por t ion of pyre th r ins I is der ived biosynthetically from 
acetate via mevalonic acid. Incorporat ion of radiolabeled acetate, 
meva lona te , a n d ch rysan thema te into pyre th r ins I ha s b e e n accom
pl i shed by cut flower s t ems a n d isolated achenes . Fur ther , radiolabeled 
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c h r y s a n t h e m a t e h a s also b e e n incorpora ted into pyrethr ic acid a n d 
py re th r in s II, t h u s es tabl ishing the re la t ionship b e t w e e n the two types 
of py re th r ins . The re thro lene por t ion of the pyre th r ins h a s b e e n s h o w n 
to be de r ived from acetate , a n d because n o in te rmedia tes w e r e de tec ted , 
it is p r e s u m e d tha t the acetate is incorpora ted via the polyket ide pa th 
w a y . This w o r k w a s also d o n e us ing isolated ovules (achenes) from the 
flower h e a d s (Casida, 1973). A cell-free sys tem p repa red from flower 
b u d s or shoo t cul tures of p y r e t h r u m w a s able to incorporate radioac
tivity from [ l - 1 4C ] i s o p e n t e n y l p y r o p h o s p h a t e in to pyre th r ins I a n d chry-
s a n t h e m y l alcohol (Staba a n d Zito, 1985). This s tudy establ ished the 
in te rmediacy of py re th r ins I in the biochemical p a t h w a y . 

4. Tissue Culture 

a. Micropropagation. Repor ts o n the in vitro micropropaga t ion of Chry
santhemum cinerariaefolium h a v e or iginated from the N e t h e r l a n d s (Roest 
a n d Boke lmann , 1973), India (Grewal a n d Sharma, 1978; Karki a n d Raj-
b h a n d a r y , 1984; Pal a n d Dhar , 1985). Ecuador (Levy, 1981), a n d Kenya 
( W a m b u g u a n d Rangan , 1981). Kenya a n d Ecuador have f ield-grown 
selected p y r e t h r u m clones der ived t h r o u g h the t issue cul ture tech
n iques . The t issue cul ture micropropaga t ion m e t h o d w a s preferred be
cause it is m o r e rap id t h a n mult ipl icat ion from splits a n d e n s u r e d 
n e m a t o d e free p lan t s for a per iod of t ime. 

i. Explant Source. Cap i tu lum explants w e r e u s e d to induce pyre 
t h r u m shoo t cul tures by Roest a n d Boke lmann (1973), w h e r e a s shoot 
t ips w e r e u s e d by Earle a n d L a n g h a n s (1974) to p ropaga te o rnamen ta l 
Chrysanthemum. W a m b u g u a n d Rangan (1981), Grewal a n d Sha rma 
(1978), a n d Karki a n d Rajbhandary (1984) also u s e d shoot t ips , w h e r e a s 
Pal a n d D h a r (1985) u s e d leaf a n d petiole explants to induce p y r e t h r u m 
shoo t cul tures . 

ii. Media Formulations. Roest a n d Bokelmann (1973) u s e d K n o p ' s 
mac ronu t r i en t s a n d Hel ler ' s micronut r ien t s (half-strength) (George a n d 
Sher r ing ton , 1984), wi th sucrose a n d benzy laminopur ine (BAP) to in
d u c e shoo t cul tures . The o p t i m u m sucrose concentra t ion w a s found to 
be 0.5% a n d the o p t i m u m BAP concentra t ion w a s 1 m g / m l . Earle a n d 
L a n g h a n s (1974) u s e d Murash ige a n d Skoog 's (MS) m e d i u m (George 
a n d Sher r ing ton . 1984) wi th 2 mg/ l i ter kinet in a n d 0.02 mg/l i ter n a p h -
thaleneacet ic acid (NAA), or 0.5 mg/l i ter kinet in a n d 0.8 mg/l i ter indo-
leacetic acid (IAA) to induce callus, wh ich w a s differentiated into 
p lant le ts in a l iquid MS m e d i u m conta in ing 2 mg/l i ter kinet in a n d 0.02 
mg/ l i te r N A A . 

Karki a n d Rajbhandary (1984) u s e d MS m e d i u m wi th 5 mg/l i ter BAP 
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a n d 0.5 mg/ l i ter IAA to induce mul t ip le shoots from shoot t ips . W a m -
b u g u a n d Rangan (1981) we re able to induce shoot cul tures from shoot 
t ips o n a n MS m e d i u m conta ining BAP (0.02 mg/l i ter) . Low concentra
t ion of BAP e n h a n c e d mul t ip le shoots . Similar resul ts we re obta ined by 
Grewal a n d Sha rma (1978). Pal a n d Dhar (1985) induced shoot differ
ent ia t ion from leaf explants o n a n MS m e d i u m conta ining 0.1 mg/ l i ter 
indolebutyr ic acid (IBA) a n d 0.5 mg/l i ter BAP, or 8 mg/l i ter N A A a n d 1 
mg/ l i ter kinet in . They also i nduced shoots from petiole explants on an 
MS m e d i u m conta in ing 2 mg/l i ter N A A , 0.25 mg/l i ter kinet in, a n d 0.75 
mg/ l i ter BAP. Rapid proliferation of plant le ts occurred w h e n these 
shoots w e r e placed on a m e d i u m conta in ing 3 mg/l i ter N A A , 1 mg/l i ter 
IAA, a n d 1 mg/ l i ter BAP. 

b. Pyrethrin Production. C a s h y a p et al. (1978) could no t detect pyre 
thr ins in p y r e t h r u m callus cul tures b u t we re able to detect t h e m in 
shoo ts differentiated from the callus. C h u m s r i a n d Staba (1975) we re 
able to detect py re th r ins chemically a n d by bioassay tests from aseptic 
p lan t s of o rnamen ta l varieties of Chrysanthemum cinerariaefolium a n d C. 
coccineum; howeve r , ne i ther callus nor root cul tures conta ined pyre 
thr ins . Similarly, K u e h et al. (1985) d id no t detect a n y pyre thr in in callus 
cul tures a n d root differentiated cul tures , w h e r e a s they we re p resen t in 
shoot differentiated callus. In 1976 it w a s repor ted in a Japanese pa ten t 
tha t extracts of p y r e t h r u m callus a n d differentiated p lan ts conta ined 
pyre th r ins (Aoki et al., 1976). Zieg et al. (1983) repor ted that callus from 
54% of cul tures es tabl ished from flower a n d leaf explants conta ined 35 
m g % or less py re th r ins . The h ighes t concentra t ion observed w a s 113 m g 
%. The a m o u n t of pyre th r ins in shoot cul tures var ied b e t w e e n 0.05 a n d 
0.34%. 

i. Explant Source. The influence of the explant source on the biosyn
thetic capacity of p y r e t h r u m w a s examined by Zieg et al. (1983). Explants 
of var ious p y r e t h r u m plant o rgans w e r e taken from high-yielding a n d 
low-yielding p lan t selections. Those explants that requi red the mos t 
man ipu la t ion d u r i n g the isolation p rocedure , tha t is, pee led leaves, leaf 
ep ide rmis , a n d achene ep idermis , faired poor ly in cul ture . Cul tures de 
rived from leaves g rew only as callus regardless of a t t empt s to re-
differentiate t h e m . The p lan t par t u s e d to initiate the cul tures a p p e a r e d 
to h a v e little influence on pyre th r in p roduc t ion . Howeve r , t he p lan t 
g e n o t y p e u s e d as a source of the explants influenced in vitro pyre th r in 
p roduc t ion . 

ii. Tissue Organization. The type of t issue organizat ion exhibited in 
cul ture a p p e a r s to have a bear ing on the a m o u n t of pyre th r ins p ro -
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d u c e d . It w a s s h o w n tha t callus t issue syn thes ized less p roduc t t h a n d id 
o rgan ized shoo t cul tures (Zieg et al., 1983). Tissue organizat ion m a y be 
necessary for the formation of specialized s t ruc tures such as oil g l ands 
a n d in ternal secretory canals , the invo lvement of wh ich in pyre th r in 
p roduc t i on h a s b e e n r epo r t ed by Zieg et al. (1983) a n d Zito et al. (1983). 

in. Environmental Conditions. The pyre th r in p lan t is a quant i ta t ive 
shor t -day p lan t requi r ing p h o t o p e r i o d s of abou t 12 hr . In addi t ion , 
Roest (1976) r e c o m m e n d e d a low t empe ra tu r e (9°C) for 6 w e e k s to initi
a te f lowering, a n d h igher t empe ra tu r e s (17-25°C) for f lowering a n d veg
etat ive d e v e l o p m e n t . Staba a n d Zito (1985) tried unsuccessful ly to in
duce f lowers o n p y r e t h r u m shoot cul tures . It w a s observed tha t l ight 
significantly e n h a n c e d the p roduc t ion a n d / o r accumula t ion of pyre th 
rins in shoo t cul tures tha t received 400 foot-candles for 16 h r at 25°C. The 
light could be r e m o v e d for 1 or 2 w e e k s w i t h o u t significantly affecting 
the py re th r in s p r o d u c e d (Staba et al., 1984). 

B . Tagetes 

Pyre th r ins h a v e b e e n r epor t ed in the seeds , floral h e a d s , a n d t issue 
cul tures of Tagetes erecta (Khanna et al, 1975) a n d T. minuta (Jain, 1977). 
Seeds a n d floral h e a d s con ta ined 0.55 a n d 0.9% pyre th r ins , respectively. 

1. Tissue Culture 

a. Explant Source. Seedl ings w e r e u s e d as the explant source to initi
a te callus cul tures of Tagetes erecta a n d T. minuta. 

b. Culture Conditions. Callus of Tagetes erecta w a s init iated on an MS 
m e d i u m s u p p l e m e n t e d w i th 1 p p m 2,4-dichlorophenoxyacet ic acid (2,4-
D) (Khanna et al, 1975). The callus w a s t ransferred to MS liquid m e d i u m 
conta in ing 0.1 p p m 2,4-D a n d w a s ma in ta ined by subcul ture every 4 to 6 
w e e k s . Cal lus cul tures of T. minuta w e r e init iated a n d subcul tu red o n 
MS m e d i u m conta in ing 1 p p m 2,4-D every 6 to 8 w e e k s (Jain, 1977). 

c. Pyrethrin Production. The pyre th r in conten t of Tagetes erecta s u spen 
sion cu l ture at 4 to 6 w e e k s of age w a s 0.90 a n d 1.16%, respectively, as 
d e t e r m i n e d by GLC. The pyre th r in conten t w a s found to increase in 
these t i ssues in the p resence of exogenous ascorbic acid (Khanna a n d 
K h a n n a , 1976). Pyre th r ins from T. minuta w e r e no t quant i t a ted b u t w e r e 
isolated a n d their biological activity confirmed (Jain, 1977). 
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III. NICOTINE 

A crude tobacco extract w a s u s e d as an insecticide as early as 1763, b u t 
the nicot ine alkaloid w a s no t isolated unt i l 1828. By 1910, formulat ions 
conta in ing u p to 40% free nicotine we re u s e d as insecticides. Subse
quen t ly , p u r e nicot ine (95-99%) a n d nicotine sulfate (40% base) became 
the s t anda rd commercial materials . Nicot ine p repara t ions we re a m o n g 
the m o s t impor t an t insecticides available a n d w e r e extensively u s e d 
unt i l 1945. The h igh cost of nicotine p roduc t ion , its disagreeable odor , 
a n d ex t reme toxicity to m a m m a l s limit its u se today . 

A. Sourc e 

Nicot ine occurs in at least 15 species of Nicotiana (Solanaceae) as well 
as o ther botanical species. It can be obta ined commercial ly from N. 
tabacum or N. rustica. The alkaloid is p resen t in mos t pa r t s of the p lant , 
b u t a t least 60% of t he total con ten t is in t he leaves (Fuell, 1965). The 
pe rcen tage of nicotine in the leaves varies wi th the type of tobacco: 
abou t 1-5% in N. tabacum a n d abou t 8% or m o r e in N. rustica. 

B. Chemistr y 

The empirical formula of nicotine is C 1 0H 1 4N 2 , a n d it is, chemically, 
N-methyl-(3 ' -pyridyl)-2-pyrrol idine (Fuell, 1965). Pure nicotine is a col
orless, odor less liquid tha t t u rn s b r o w n a n d deve lops a tobacco-like 
smell on exposure to air. Racemic nicotine p r epa red synthetically is 
abou t half as toxic as the na tura l nicot ine, as the levo isomer is m o r e 
insecticidal t h a n its dext ro counterpar t . The nicotine con ten t can b e 
d e t e r m i n e d spect rophotometr ica l ly at its 265-nm absorpt ion . 

C. Biosynthesi s 

The b iosynthes is of nicotine has b e e n rev iewed by Leete (1983). Bio
synthes i s occurs mainly in the roots of Nicotiana (Jacobson a n d Crosby, 
1971). From there the alkaloid is t ranslocated to o ther par t s of the p lan t 
a n d accumula tes main ly in the leaves, w h e r e it m a y u n d e r g o further 
t ransformat ions (Alworth a n d Rapopor t , 1965). Cell cul tures der ived 
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from root , s t em, a n d leaf of N. tabacum have been s h o w n to possess the 
ability to p r o d u c e nicot ine (Speake et al., 1964). 

Nicotinic acid h a s b e e n s h o w n to be the precursor of the pyr id ine r ing 
of nicot ine (Dawson et al., 1960). Nicotinic acid is der ived by condensa 
t ion of 3 -phosphog lyce ra ladehyde a n d aspart ic acid. Decarboxylat ion of 
the condensa t i on p roduc t , quinolinic acid, yields nicotinic acid, w h i c h 
o n fur ther decarboxylat ion becomes the pyr id ine moie ty of nicotine 
(Yang et al., 1965). The pyrrol id ine ring of nicotine is der ived from or
n i th ine or pu t resc ine (Leete a n d Siegfried, 1957). 

D. Tissue Culture 

Nicot ine p roduc t ion in tobacco t issue cul tures ha s b e e n repor t ed by 
several invest igators (Tabata a n d Hiraoka, 1976; O h t a a n d Yatazawa, 
1978; Lockwood a n d Essa, 1984). It is general ly accepted tha t t he nic
ot ine con ten t in callus cul tures is lower t h a n tha t of intact p lants ; h o w e v 
er, O h t a et al. (1978b) ob ta ined callus t issues tha t conta ined greater t h a n 
2% nicot ine o n a d ry-weigh t basis . The nicotine conten t of t he callus 
t i ssue h a s b e e n found to be directly related to the nicotine conten t of the 
cultivar of Nicotiana tabacum from wh ich the callus w a s establ ished (Kin-
ners ley a n d Dougal l , 1980). 

Culture Conditions 

Nicot ine p roduc t ion in bo th cell cul tures a n d callus is influenced by 
g r o w t h p r o m o t e r s . O h t a et al. (1978a) found tha t lower concentra t ions of 
aux ins w e r e s t imula tory to nicotine p roduc t ion a n d tha t the o p t i m u m 
concent ra t ion of auxin for nicot ine p roduc t ion w a s 0.15 p p m N A A . O h t a 
et al. (1978b) w e r e able to establish a strain of tobacco callus tha t main
ta ined a h igh nicot ine con ten t (2.14%) for 2-i years by successively sub-
cul tur ing it o n a m e d i u m conta in ing 0.15 p p m N A A . The opt imal con
cent ra t ion of sucrose a n d n i t rogen in the cul ture m e d i u m w e r e 3% a n d 
840 m g of n i t rogen pe r liter, respectively. Cul tu res incubated at 25°C 
p r o d u c e d t he h ighes t yield of nicot ine. Ravishankar a n d Meh ta (1982) 
r epo r t ed e n h a n c e m e n t of nicot ine b iogenesis in tobacco t issue cul tures 
by the adminis t ra t ion of u rea , w h i c h s u p p r e s s e d urea-cycle e n z y m e s 
a n d c h a n n e l e d orn i th ine in to nicot ine b iosynthes is . Light inhibi ted nic
ot ine p roduc t ion in tobacco callus (Ohta a n d Yatazawa, 1978). This in
hibi tory effect increased as the in tensi ty a n d length of i l luminat ion in
creased. The inhibi tory effect of light w a s completely reversed w h e n the 
t issue w a s t ransferred to the dark . 
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IV. ROTENOIDS 

Rotenoids we re u s e d as insecticides as early as 1848. For m a n y cen
tur ies the p lan t s conta in ing these c o m p o u n d s w e r e also u s e d as fish 
po i sons in tropical countr ies . Rotenoids are va lued for the control of 
p lan t feeding pes t s a n d w h e r e toxic res idues are no t permi t ted . 

A. Sourc e 

Rotenoids are found in Tephrosia, Denis, Lonchocarpus, Millettia, a n d 
Mundulea (Leguminosae) . The principal economically impor tan t species 
are D. elliptica, D. malaccensis, L. utilis, a n d L. uruca (Holman, 1940). The 
ro teno id con ten t of var ious commercial p lan t species varies significantly; 
for example , roots of D. elliptica average 5 -9% ro t enone , w h e r e a s D. 
malaccensis conta ins 0 - 4 % . Lonchocarpus utilis conta ins 8 - 1 1 % r o t e n o n e 
(Metcalf, 1955). 

B. Chemistr y 

Six ro teno ids are k n o w n to occur natural ly: (1) ro t enone , (2) el l iptone, 
(3) sumat ro l , (4) malaccol, (5) α-toxicarol, a n d (6) deguel in . A n oxidative 
p roduc t of deguel in , tha t is, t ephros in , is somet imes p resen t . C h e m 
ically, t he ro teno ids are classified in three g r o u p s of t w o , each g r o u p 
h a v i n g the s ame basic ring s t ructure a n d its hydroxy derivat ive, tha t is, 
r o t e n o n e - s u m a t r o l , e l l ip tone-malaccol , a n d deguel in- toxicaro l (Fuell, 
1965). They are optically active a n d general ly occur in the levorotatory 
form. Rotenoids can be ana lyzed colorimetrically or by GLC. 

C. Tissue Culture 

Rotenoids h a v e b e e n repor t ed from t issue cul tures of Denis elliptica 
(Kodoma et al, 1980), Crotalaria burhia (Uddin a n d Khanna , 1979), 
Tephrosia purpurea, a n d T. vogelii (Sharma a n d Khanna , 1975). 
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1. Explant Sourc e 

Seedl ings w e r e u s e d to establish callus cul tures of Tephrosia purpurea, 
T. vogelii (Sharma a n d K h a n n a , 1975), a n d Crotalaria burhia, w h e r e a s 
Denis elliptica leaves we re u s e d as the explant source by Kodoma et al. 
(1980). 

2. Culture Conditions 

Sharma a n d K h a n n a (1975) u s e d a revised MS m e d i u m s u p p l e m e n t e d 
w i t h 1 p p m 2,4-D to initiate callus cul tures , w h e r e a s U d d i n a n d K h a n n a 
(1979) d id no t u se a n y g r o w t h regula tors . K o d o m a et al. (1980) u s e d MS 
s u p p l e m e n t e d w i th 1 p p m th iamine , 0.3% yeas t extract, 100 p p m m y o 
inositol , 3 % sucrose , 2 p p m 2,4-D, a n d 0.2 p p m kinet in to induce callus 
from Denis leaves. Cell su spens ion cul tures of Tephrosia we re init iated 
from callus cul tures by us ing MS liquid m e d i u m conta in ing 0.1 p p m 2,4-
D (Sharma a n d K h a n n a , 1975), w h e r e a s K o d o m a et al. (1980) u s e d the 
s a m e m e d i u m tha t w a s u s e d for callus cul ture bu t w i thou t the yeast 
extract. 

3. Rotenoi d Production 

T h e ro teno id con ten t of Tephrosia vogelii r epor t ed w a s maximal (2.8%) 
in 4-week-old cell su spens ion cul tures . The ro tenoid conten t of static 
cul tures w a s also m a x i m u m at 4 w e e k s in bo th T. purpurea a n d T. vogellii 
(~1.25%) a n d gradual ly decreased in 6- a n d 8-week-old t issues . Four 
ro teno ids (ell iptone, deguel in , r o t enone , a n d tephros in) w e r e r epor t ed 
p r e s e n t in t h e cul tures (Sharma a n d K h a n n a , 1975). 

The ro teno id con ten t of Crotalaria burhia gradual ly increased u p to 8 
w e e k s to a m a x i m u m of 1.35% a n d t h e n decreased . Six ro tenoids (ellip
tone , degue l in , toxicarol, r o t enone , sumat ro l , a n d tephros in) we re re
po r t ed in the cul tures (Uddin a n d K h a n n a , 1979). 

Trace a m o u n t s of ro teno ids (2.9 μ g pe r g r am d r y weight) w e r e found 
in the callus t i ssue of Denis elliptica subcu l tu red for 4 weeks . The conten t 
of ro teno ids decreased gradual ly (0.6 μg per g ram dry weigh t in 14-
mon th -o ld subcu l tu red callus) a n d w a s finally lost completely. Callus 
w i th imperfectly differentiated rootlets i nduced from leaves or s t ems 
a n d subcu l tu red for 6 to 8 m o n t h s con ta ined 160 μg pe r g ram dry we igh t 
ro teno ids ( ro tenone a n d deguel in) (Kodoma et al, 1980). 
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IV. PHYTOECDYSONES AND LIMONOIDS 

Phy toecdysones are found in p lan ts a n d are analogs of ecdysteroids , a 
g r o u p of insect h o r m o n e s tha t initiates the cycles of ecdysis in insect 
deve lopmen t . They can d is turb the g r o w t h cycles of insects a n d can 
resul t in the formation of abnormal adul t s . L imonoids are insecticidal 
c o m p o u n d s , found in m e m b e r s of Meliaceae a n d Rutaceae. They in
c lude azadiract in, l imonin, nomil in , obacunone , a n d g e d u n i n (Bal-
and r in et al., 1985). These c o m p o u n d s primari ly de ter insects from feed
ing, a n d s o m e interfere wi th their mol t ing cycle. 

A. Sourc e 

Ecdys terone , a wide ly occurr ing phy toecdysone , ha s b e e n repor t ed in 
Polypodium vulgare, P. virginianum, Achyranthes aspera, Trianthema por-
tulacastrum, Sida carpinifolia, Sesuvium portulacastrum, a n d Gomphrene eel-
osiodes. Azadi racht in is obta ined from Azadirachta indica a n d Melia 
azedarach (Nakanishi , 1975; War then , 1979). 

B. Tissue Culture 

Ecdys terone h a s b e e n repor t ed from tissue cul ture of Trianthema por
tulacastrum (Ravishankar a n d Mehta , 1979), a n d ecdys te rone a n d in-
okos te rone from t issue cul ture of Achyranthes sp . (Hikino et al., 1971). 

1. Explant Sourc e 

Seedl ings w e r e u s e d as the source of explants to initiate callus cul tures 
of Trianthema a n d Achyranthes. 

2. Medium  Formulation s 

Hikino et al. (1971) u s e d Whi te ' s m e d i u m s u p p l e m e n t e d wi th coconut 
milk (10%) a n d 1 or 4 p p m 2,4-D to induce callus from var ious species of 
Achyranthes. Maximal callus g rowth , however , w a s observed on MS m e 
d i u m s u p p l e m e n t e d w i th coconut milk (10%) a n d 1 or 4 p p m 2,4-D a n d 1 
p p m kinet in . Ravishankar a n d Meh ta (1979) u s e d MS m e d i u m contain
ing 2% sucrose s u p p l e m e n t e d wi th 2,4-D a n d kinet in to induce callus of 
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Trianthema. Of the th ree auxins u s e d , maximal g r o w t h of callus w a s 
ob ta ined w i th 0.2 p p m N A A . Kinet in at a concent ra t ion of 0.4 p p m or 
gibberellic acid (GA) at a concent ra t ion of 50 p p m also gave good callus 
g r o w t h . 

3. Phytoecdyson e Production 

A l t h o u g h the p h y t o e c d y s o n e con ten t (ecdysterone a n d inokos terone) 
of callus t i ssues of Achyranthes w a s low (<0.002%), the ecdys te rone con
ten t of Trianthema callus w a s four t imes h igher t h a n tha t in differentiated 
p lan t s . The g r o w t h regula tor 2,4-D (2 p p m ) increased ecdys te rone level 
to 0.0349%, kinet in (0.001 p p m ) increased the level to 0.0217%, a n d G A 
(100 p p m ) increased it to 0.0117%. 

Sanyal et al. (1981) h a v e r epor t ed n imbin p roduc t ion in cu l tu red t issue 
of Azadirachta indica. N i m b i n is a te t ranor t r i te rpenoid similar to azadir-
acht in tha t is ob ta ined from the bark of the p lan t (0.04%). Callus cul tures 
w e r e ini t iated from the bark g r o w n o n MS m e d i u m conta in ing IAA a n d 
BAP. N o d u l a r o u t g r o w t h s w e r e observed in all cul tures except 0.5 p p m 
IAA, w h e r e roots a p p e a r e d after 40 days . The callus w a s ana lyzed for 
n imb in by GLC. N imb in w a s de tec ted only in callus cul tures conta in ing 
roots (0.025%). 

REFERENCES 

Alworth , W. L., and Rapoport, H. (1965). Biosynthesis of the nicotine alkaloids in Nicotiana 
glutinosa. Interrelationships a m o n g nicotine, nornicotine, anabasine and anatabine. 
Arch. Biochem. Biophys. 112, 45. 

Aoki , S., Kaneto, K., Hashimoto , S., and Oogai , H. (1976). Production of pyrethrins by 
t issue culture. Jpn. Appl . Sho. 51,978 (Patent 78/24097; March, 1978). 

Balandrin, M. F., Klocke, J. Α . , Wurtele, E. S., and Bollinger, W. H. (1985). Natural plant 
chemicals: sources of industrial and medicinal materials. Science 228, 1154-1160. 

Brewer, J. G. (1973). Microhistological examination of the secretory tissue in pyrethrum 
florets. Pyrethrum Post 12, 17 -22 . 

Cashyap, Μ. M. , Jueh, J. S. H . , MacKenzie , I. Α . , and Pattenden, C. (1978). In vitro 
synthes i s of pyrethrins from tissue culture of Tanacetum cinerariifolium. Phytochemistry 
17, 544-545 . 

Casida, J. E. (1973). Biochemistry of pyrethrins. In "Pyrethrum: The Natural Insecticide" 
(J. E. Casida, ed . ) . Academic Press, N e w York. 

Chumsri , P. , and Staba, E. J. (1975). Pyrethrins content and larvicidal activity of Chry
santhemum plants and tissue cultures. Acad. Pharm. Sci. Abstr. 5, 169. 



550 G. J . Kudakasseril and E. J . Staba 

Crombie, L. (1980). Chemistry and biochemistry of natural pyrethrins. Pestic. Sci. 11,102-
118. 

D a w s o n , R. F., Christman, D. R., D 'Adamo, Α. , Solt, M. L., and Wolf, A. P. (1960). The 
biosynthes is of nicotine from isotopically labelled nicotinic acids. /. Am. Chem. Soc. 82, 
2628. 

Earle, E. D . , and Langhans, R. W. (1974). Propagation of Chrysanthemum in vitro. Produc
tion, growth and flowering of plantlets from tissue cultures. /. Am. Soc. Hortic. Sci. 
99(4), 352-358 . 

Elliott, M. (1971). The relationship b e t w e e n the structure and activity of pyrethroids. Bull. 
W.H.O. 44, 315. 

Feinstein, L. (1952). Insecticides from plants. In "Insects. The Year Book of Agriculture/ ' 
U .S .D .A . Publ. N o . 10, pp . 222-228. U.S. D e p . A g r i c , Beltsville, Maryland. 

Fuell, A. J. (1965). Insecticides. In "Die Rohstoffe des Pflanzenreichs," N o . 4. Cramer, 
Weinheim. 

George, E. F.r and Sherrington, P. D. (1984). "Plant Propagation by Tissue Culture," p. 
184. Exegetics Ltd., Hants , England. 

Glover, J. (1955). Chilling and flower bud stimulation in pyrethrum (Chrysanthemum cin
erariaefolium). Ann. Bot. (London) [N.S. ] 19, 138-148. 

Gnadinger, C. B. (1945). "Pyrethrum Flowers," 2nd ed. McLaughlin Gormley King Co . , 
Minneapol is , Minnesota. 

Grewal, S., and Sharma, K. (1978). Pyrethrum plant (Chrysanthemum cinerariaefolium). Re
generation from shoot tip culture. Indian J. Exp. Biol. 16(10), 1119-1121. 

Head , S. W. (1966). A s tudy of the insecticidal constituents in Chrysanthemum cin
erariaefolium. 1. Their deve lopment in the flower head. 2. Their distribution in the 
plant. Pyrethrum Post 8, 32 -37 . 

Hikino, H. , Hisanori, J., and Takemoto, T. (1971). Occurrence of insect molt ing substances 
ecdysterone and inokosterone in callus t issues of Achyranthes. Chem. Pharm. Bull. 
19(2), 438-439 . 

Ho lman , H. (1940). "A Survey of Insecticidal Materials of Vegetable Origin." Imperial 
Institute, London. 

Jacobson, M. (1971). "Insecticides from Plants: A Review of the Literature from 1954 to 
1971," Agric. Handb. N o . 461. U.S. Dept . A g r i c , Beltsville, Maryland. 

Jacobson, M. , and Crosby, D . G. (1971). "Naturally Occurring Insecticides." Dekker, N e w 
York. 

Jain, S. C. (1977). Chemical investigation of Tagetes t issue cultures. Planta Med. 31, 6 8 -
70. 

Karki, Α . , and Rajbhandary, S. B. (1984). Clonal propagation of Chrysanthemum cin
erariaefolium Vis. (pyrethrum) through tissue culture. Pyrethrum Post 15, 118-121. 

Khanna, P., and Khanna, R. (1976). Endogenous free ascorbic acid and effect of e x o g e n o u s 
ascorbic acid o n growth and production of pyrethrins from in vitro t issue culture of 
Tagetes erecta L. Indian J. Exp. Biol. 14(5), 630-631 . 

Khanna, P., Sharma, R., and Khanna, R. (1975). Pyrethrins from in vivo and in vitro t issue 
culture of Tagetes erecta Linn. Indian ]. Exp. Biol. 13(5), 508-509. 

Kinnersley, A. M. , and Dougall , D . K. (1980). Correlation be tween the nicotine content of 
tobacco plants and callus cultures. Planta 149, 205-206. 

Kodoma, T., Yamakawa, T., and Minoda, Y. (1980). Rotenoid biosynthesis by t issue 
culture of Derris elliptica. Agric. Biol. Chem. 44(10), 2387-2390. 

Kueh, J. S. H. , MacKenzie, I. Α . , and Pattenden, G. (1985). Production of chrysanthemic 
acid and pyrethrins by t issue cultures of Chrysanthemum cinerariaefolium. Plant Cell Rep. 
4, 118-119. 



31. Insecticidal Phytochemicals 551 

Leete, E. (1983). The biogenes is of nicotine. IV. N e w precursors of the pyrrolidone ring. / . 
Am. Chem. Soc. 80 , 2162. 

Leete, E., and Siegfried, K. (1957), The biogenes is of nicotine. III. Further observations o n 
the incorporation of ornithine into the pyrrolidone ring. / . Am. Chem. Soc. 79, 4529. 

Levy, L. W. (1981). A large scale application of tissue culture: the mass propagation of 
pyrethrum clones in Ecuador. Environ. Exp. Bot. 21 , 389-395. 

Lockwood, G. B., and Essa, A. K. (1984). The effect of varying hormonal and precursor 
supplementat ions o n levels of nicotine and related alkaloids in cell cultures of Nico
tiana tabacum. Plant Cell Rep. 3 , 109-111 . 

Metcalf, R. L. (1955). Rotenoids. In 'Organic Insecticides. Their Chemistry and M o d e of 
Act ion ." Wiley (Interscience), N e w York. 

Nakanishi , K. (1975). Structure of the insect antifeedant azadirachtin. Recent Adv. Phy-
tochem. 9 , 283-298 . 

Ohta, S., and Yatazawa, M. (1978). Effect of light o n nicotine production in tobacco tissue 
culture. Agric. Biol. Chem. 42(4), 873-877. 

Ohta, S., Matsui, O. , and Yatazawa, M. (1978a). Culture condit ions for nicotine produc
tion in tobacco tissue culture. Agric. Biol. Chem. 42(6), 1245-1251. 

Ohta, S., Kojima, Y., and Yatazawa, M. (1978b). Some accounts of nicotine biosynthesis in 
tobacco callus tissues by the use of effective and ineffective stains. Agric. Biol. Chem. 
42(9), 1733-1738. 

Pal, Α . , and Dhar, K. (1985), Callus and organ deve lopment of pyrethrum (Chrysanthemum 
cinerariaefolium Vis.) and analysis of their cytological status. Pyrethrum Post 16, 3 - 1 1 . 

Ravishankar, G. Α . , and Mehta, A. R. (1979). Control of ecdysterone biogenes is in tissue 
cultures of Trianthema portulacastrum. J. Nat. Prod. 42(2), 152-158. 

Ravishankar, G. Α . , and Mehta, A. R. (1982). Regulation of nicotine biogenesis . 3. Bio
chemical basis of increased nicotine biogenes is by urea in tissue cultures of tobacco. 
Can. J. Bot. 60(1), 2371-2374. 

Roest, S. (1976). Flowering and vegetative propagation of pyrethrum (Chrysanthemum 
cinerariaefolium Vis.) in vivo and in vitro. Center for Agricultural Publishing and Docu
mentat ion, Wageningen , Netherlands . 

Roest, S., and Bokelmann, G. S. (1973). Vegetative propagation of Chrysanthemum cin
erariaefolium in vitro. Sci. Hortic. 1 , 120-122. 

Sanyal, M. , Das , Α . , Banerjee, M. , and Datta, P. C. (1981). In vitro hormone induced 
chemical and histological differentiation in s tem callus of n e e m Azadirachta indica A. 
Juss. Indian J. Exp. Biol. 19, 1067-1068. 

Sawicki, R. M. , and Thani, Ε. M. (1962). Insecticidal activity of pyrethrum extract and its 
four insecticidal constituents against housefl ies . Knockdown activities of the four 
const i tuents . / . Sci. Food Agric. 13, 292. 

Sharma, R., and Khanna, P. (1975). Production of rotenoids from Tephrosia sp . in vivo and 
in vitro tissue cultures. Indian J. Exp. Biol. 13(1), 84 -85 . 

Speake, T., McClosky, P., and Smith, W. K. (1964). Isolation of nicotine from cell cultures 
of Nicotiana tabacum. Nature (London) 201 , 614. 

Staba, E. J., and Zito, S. W. (1985). The production of pyrethrins by Chrysanthemum 
cinerariaefolium (Trev.) Boc. In "Primary and Secondary Metabolism of Plant Cell 
Cultures" (K.-H. N e u m a n n , W. H. Barz, and E. Reinhardt, eds . ) . Springer-Verlag, 
Berlin and N e w York. 

Staba, E. J., Nygaard, B. G., and Zito, S. W. (1984). Light effects o n pyrethrum shoot 
cultures. Plant Cell, Tissue Organ Cult. 3 , 211-214 . 

Tabata, M, and Hiraoka, N . (1976). Variation of alkaloid production in Nicotiana rustica 
callus cultures. Physiol. Plant 38, 19 -23 . 



552 G. J . Kudakasseril and E. J . Staba 

Uddin , Α . , and Khanna, P. (1979). Rotenoids in tissue cultures of Crotalaria burhia. Planta 
Med. 36, 181-183. 

W a m b u g u , F. M. , and Rangan, T. S. (1981). In vitro clonal multiplication of pyrethrum 
(Chrysanthemum cinerariaefolim Vis.) by micropropagation. Plant Sci. Lett. 22, 219-226. 

Warthen, J. D . , Jr. (1979), "Azadirachta indica: A Source of Insect Feeding Inhibitors and 
Growth Regulators," Agricultural Reviews and Manuals . U.S. Dept . Agric. Sci. Educ. 
A d m i n . , Beltsville, Maryland. 

Yang, K. S., Gholson, R. K., and Waller, G. R. (1965). Studies on nicotine biosynthesis . / . 
Am. Chem. Soc. 87, 4185. 

Zieg, R. G., Zito, S. W., and Staba, E. J. (1983). Selection of high pyrethrin producing 
t issue cultures. Planta Med. 48, 8 8 - 9 1 . 

Zito, S. W., Zieg, R. G., and Staba, E. J. (1983). Distribution of pyrethrins in oil g lands and 
leaf t issue of Chrysanthemum cinerariaefolium. Planta. Med. 47, 205-207. 



CHAPTER 32 

Antitumor Compounds 
Masanaru Misawa 
Tsuyoshi Endo 

Allelix, Inc. 
Mississauga, Ontario, Canada 

I. Introduction 553 
II. Methodo logy 5 54 

A. Culture Condit ions 554 
B. Assay Sys tems 557 

III. Anti tumor C o m p o u n d s in Cultured Plant Cells 557 
A . Camptothecine 557 
B. Vinblastine and Vincristine 558 
C. Homoharringtonine 560 
D. Maytansine 561 
E. Podophyl lotoxin 561 
F. Tripdiolide and Triptolide 562 
G. Other Antineoplastic Agent s 564 

IV. Prospects 564 
References 567 

I. INTRODUCTION 

Since t he d a w n of h is tory , p lan t mater ials h a v e b e e n u s e d in t he 
t r ea tmen t of i l lnesses referred today as t u m o r s a n d cancer. In recent 
years , extensive screening of an t i t umor agen t s from plan ts ha s b e e n 
u n d e r t a k e n . O n e of t he m o s t in tens ive of such projects w a s carried ou t 
by t h e Nat iona l Cancer Inst i tute (NCI) in the Uni ted States. NCI began 
the project in 1956, a n d by 1981 near ly 114,000 p lan ts of abou t 1550 
gene ra h a d b e e n screened; 4 .3% of these p lan ts s h o w e d ant ineoplast ic 
activity (Suffness a n d D o u r o s , 1982). F rom these screening projects , 
v inblas t ine , vincris t ine, a n d podophyl lo tox in w e r e selected a n d u s e d in 
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Table I 

Antineoplastic Compounds Produced by Plants 

C o m p o u n d Plant 

Baccharine Baccharis megapotamica 
Bruceantine Brucea antidysenterica 
Cesaline Caesalpinia gillisesii 
3-Deoxycolchicine Colchicum speciosum 
Ellipticine, 9-methoxyellipticine Ochrosia moorei 
Fagaronine Fagara zanthoxyloides 
Harringtonine, homoharringtonine Cephalotaxus harringtonia 
Holacanthone Holancantha emoryi 
Indicine N-oxide Heiotropium indicum 
Maytansine Maytenus bucchananii, Putterlickia verrucosa 
Podophyl lotoxin Podophyllum peltatum 
Taxol Taxus brevifolia 
Thalicarpine Thalictrum dasycarpum 
Tripdiolide, triptolide Tripterygium wilfordii 
Vinblastine, vincristine Catharanthus roseus 

clinical t r ea tmen t s of cancer. Some o thers are u n d e r invest igat ion. 
A m o n g the c o m p o u n d s selected, the mos t impor tan t a n d promis ing 
o n e s are l isted in Table I. 

O n e of t he major p rob lems in examining ant ineoplast ic agen t s of p lan t 
origin is the difficulty in obta in ing sufficient material to accomplish in 
vitro, in vivo, a n d clinical trials, because the levels of the active compo
n e n t s are general ly very low. Moreover , the g r o w t h ra tes of some of t he 
p lan t s are s low, a n d accumula t ion pa t t e rn a n d conten t are h ighly sus 
ceptible to geographical a n d env i ronmenta l condi t ions . 

Plant t issue cul ture is one of the app roaches available to p rov ide large 
a m o u n t s a n d a stable supp ly of these c o m p o u n d s a n d h a s been of major 
in teres t since the 1970s. In this chapter the research o n an t i tumor com
p o u n d s u s ing p lan t t issue cul ture techniques is descr ibed. 

II. M E T H O D O L O G Y 

A. Culture Conditions 

In genera l , condi t ions of callus or cell suspens ion cul ture for the p ro 
duc t ion of ant ineoplas t ic c o m p o u n d s are no t special. Opt imal condi
t ions can be d e t e r m i n e d by chang ing the chemical a n d physical factors 
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of t he cul ture sys t em, such as chemical c o m p o n e n t s or p h y t o h o m o n e s 
in med ia , p H , aera t ion, t e m p e r a t u r e , a n d light. Also, the genet ic m a k e 
u p a n d physiological s ta tus of cells are impor t an t factors for secondary 
metabol i te p roduc t ion . 

1. Chemica l Factors 

In m o s t of t he repor t s m e n t i o n e d in this chapte r (see Section III), 
Mu ra s h ige a n d Skoog m e d i u m (MS; 1962) w a s employed . The relatively 
h igh concent ra t ion of nu t r i en t s (especially ni t rogen) in this m e d i u m 
s e e m s to e n h a n c e the p roduc t ion of ant ineoplast ic c o m p o u n d s . 

Suitable combina t ions a n d concent ra t ions of p h y t o h o r m o n e s for t h e 
in vitro g r o w t h of several p lan t species tha t p r o d u c e an t i tumor com
p o u n d s w e r e examined by Misawa et al. (1983; Table II). A l t h o u g h rap id 
g r o w t h of cu l tu red cells is a prerequis i te for p roduc t ion of a n y k ind of 
secondary metabol i te , t he o p t i m u m condi t ion for g r o w t h does no t nec
essarily give m a x i m u m produc t ion of chemicals . T h u s , a two-s t ep 
cul ture sys t em h a s b e e n p r o p o s e d , first cul tur ing the cells in g rowth -
p r o m o t i n g m e d i u m , t h e n in m e d i u m for the p roduc t ion of the desirable 
metabol i te . Fu r the rmore , casamino acids a n d coconut wa te r are some
times a d d e d to the m e d i u m . G r o w t h a n d podophyl lo tox in p roduc t ion of 

Table II 

Phytohormones for Callus Induction with Antineoplastic-Agent-Producing Plants 

P h y t o h o r m o n e s a 

Plant Antineoplastic agent (mg/liter) 

Baccharis megapotamica Baccharine KIN 1, 2,4-D 0.5 
KIN 1, N A A 10 

Brucea antidysenterica Bruceantine KIN 1, 2,4-D 6 
Caesalpinia gilliesii Cesaline KIN 1, 2,4-D 0.5 
Cephalotaxus harringtonia Harringtonine, homoharringtonine N A A 3 
Colchicum speciosum 3-Deoxycolchicine N o t induced 
Fagara zanthoxyloides Fagaronine N o t induced 
Heliotropium indicum Indicine N-oxide KIN 1, 2,4-D 0.5 Heliotropium indicum 

KIN 1, N A A 1 
Ochrosia moorei Ellipticine, 9-methoxyellipticine KIN 1, 2,4-D 0.5 
Putterlickia verrucosa Maytansine KIN 1, 2,4-D 6 
Taxus brevifolia Taxol N ot induced 
Thalictrum dasycarpum Thalicarpine KIN 0.1, 2,4-D 0.5 
Tripterygium wilfordii Triptolide, tripdiolide KIN 1, 2,4-D 6 Tripterygium wilfordii 

KIN 1, N A A 1 
KIN 1, N A A 10 

a 2,4-D, 2,4-dichlorophenoxyacetic acid; KIN, kinetin; NAA, naphltaleneacetic acid. 
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t he callus of Podophyllum peltatum w e r e s t imulated by addi t ion of 500 
mg/ l i ter casamino acids (Kadkade , 1982). Coconu t wa te r (10-30 ml/li ter) 
p r o m o t e d the g r o w t h of Tripterygium wilfordii cell su spens ion cul ture b u t 
d id n o t s eem to e n h a n c e the yield of an t i tumor d i t e rpenes (Kutney et al., 
1983). 

2. Physica l Factors 

Podophyl lo toxin levels of the callus of Podophyllum peltatum w e r e in
creased by red light (660 n m ) a n d we re inhibi ted by light at 371, 420, a n d 
460 n m (Kadkade , 1982). The p roduc t ion w a s also d e p e n d e n t on the 
in tensi ty of t he red light. The mos t effective light intensi ty of 750 
μ \ Υ / α η 2. Light of shor t wave leng th also s eemed to inhibit the g r o w t h of 
the callus. 

The d ry-weigh t to f resh-weight ratio of Cephalotaxus harringtonia cells 
w a s affected by t empera tu r e (15-35°C) (Delfel a n d Smith, 1980). Initial 
p H of the cul ture m e d i u m wi th in the p H range 4 .5-8 .0 h a d little or n o 
effect o n the g r o w t h of C. harringtonia callus. In the case of Camptotheca 
acuminata cells, howeve r , relatively low p H (4.3) gave the bes t g r o w t h 
(Sakato a n d Misawa, 1974). 

3. Biological Factors 

It is well k n o w n tha t the level of p roduc t ion of secondary metabol i tes 
in cu l tu red p lan t cells varies from one cell line to ano ther . Even in a 
single cul ture vessel , differences in morpho logy a n d level of p roduc t ion 
are found . This he te rogene i ty m a k e s it possible to select h igher -p roduc
ing l ines. Ku tney et al. (1983) selected a cell line of Tripterygium wilfordii 
tha t p r o d u c e s large a m o u n t s of t r ipdiol ide. 

Origin of cu l tu red cells m a y affect the level of p roduc t ion . Kadkade 
(1982) i nduced Podophyllum peltatum callus from rh izome , leaf, s tem, a n d 
root s e g m e n t s of the p lan t a n d found tha t the podophyl lo toxin conten t 
of callus t i ssues der ived from the rh izome w a s h igher t han those from 
o ther p lan t pa r t s . 

A n o t h e r impor t an t factor tha t affects the level of secondary me tabo
lites is age of cells. Therefore, s tudies of the t ime course of cell g r o w t h 
a n d p roduc t ion of metabol i tes are essential . Podophyl lo toxin in Podo
phyllum peltatum callus w a s repor ted to parallel the g r o w t h of cells (Ka
d k a d e , 1982). A t ime-course s tudy of the p roduc t ion of tr ipdiolide in 
Tripterygium wilfordii s u spens ion cul tures s h o w e d tha t older inocu lum 
(21 days old) w a s preferable for p roduc t ion t h a n y o u n g e r inocu lum (11 
d a y s old) (Kutney et al., 1983). 
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Β. A s s a y S y s t e m s 

In m o s t cases the a m o u n t of the an t i t umor c o m p o u n d s p r o d u c e d in 
cu l tu red p lan t cells is far be low tha t of the source p lan ts . Therefore, 
h ighly sensi t ive assay m e t h o d s , such as a bioassay us ing m a m m a l i a n 
t u m o r cell cu l tures or a r a d i o i m m u n o a s s a y (RIA), have advan tages . 

Cytotoxicity analysis u s ing KB ( h u m a n ep ide rmoid carcinoma of 
na sopha rynx ) cell cul ture h a s b e e n wide ly emp loyed because of its h igh
er sensit ivity t h a n tha t of o the r t u m o r cell sys tems , such as m o u s e leuke-
mias P388 or L1210. This sys tem h a s b e e n successfully appl ied in the 
sc reen ing of c rude p lan t extracts by NCI . Active c o m p o u n d s tha t d o no t 
s h o w significant an t i t umor activity, howeve r , such as cardenol ides , 
s apon ins , a n d aconitic alkaloids, w e r e picked u p by KB m e t h o d s . HeLa 
S-3 cells w e r e u s e d to de tec t vinblast ine p r o d u c e d by Catharanthus roseus 
cells b y Miura a n d Okazak i (1983). In a n y case, b ioassay sys tems are no t 
specific to indiv idual c o m p o u n d s , a n d further analyses wi th h igh-per
formance liquid c h r o m a t o g r a p h y (HPLC), gas ch roma tog raphy , m a s s 
spec t romet ry , (GC), a n d nuclear magne t ic r esonance (NMR) are essen
tial for identification of the p roduc t s . 

To de t e rmine the a m o u n t of cephalotaxine esters in cu l tured Cephalo-
taxus harringtonia cells, a n RIA sys tem w a s es tabl ished (Misawa et al., 
1983). This sys tem m a d e it possible to quantify u p to 1 n g pe r 0.1 ml of 
cephalo taxine a n d its es ters . 

III. A N T I T U M O R C O M P O U N D S 

IN C U L T U R E D P L A N T C E L L S 

A . C a m p t o t h e c i n e 

A cytotoxic alkaloid, campto thec ine (Fig. 1), w a s isolated from the tree 
Camptotheca acuminata (Nyssaceae) , nat ive to no r th Ch ina (Wall et al., 
1966). It is h ighly active agains t Walker 256 rat carcinosarcoma a n d 
m o u s e l eukemias P388 a n d L1210, a n d causes gastrointest inal tract tox
icity in t he m o u s e . 

Effects of chemical a n d physical factors of cul ture condi t ions on 
g r o w t h of Camptotheca acuminata callus a n d suspens ion cells w e r e re
po r t ed by Sakato a n d Misawa (1974). MS m e d i u m conta in ing 0.1 mg/ l i 
ter 2 ,4-dichlorophenoxyacet ic acid (2,4,-D), 3 mg/l i ter kinet in, a n d 0.05 
mg/ l i te r gibberellic acid (GA 3) p r o d u c e d o p t i m u m cell g r o w t h in su spen -
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Fig. 1. Camptothecine. 

sion cul tures . Campto thec ine w a s identified from the cells cul tured in 
l iquid m e d i u m (Sakato et al, 1974); the a m o u n t w a s 2.54 μg per g r am 
dry-cell we igh t , w h i c h w a s abou t 5% of the level in the source p lant . 

B. Vinblastine and Vincristine* 

Vinblast ine a n d vincrist ine (Fig. 2), dimeric indole alkaloids isolated 
from per iwinkle (Catharanthus roseus, Apocynaceae) , are n o w well ac
cep ted in the t r ea tmen t of var ious cancers . Vincristine is one of the mos t 
active agen t s in the t r ea tmen t of acute leukemia , l y m p h o m a s , a n d solid 
t u m o r s . Vinblast ine s h o w s similar activity a n d is an active agen t against 
H o d g k i n ' s d isease . These c o m p o u n d s are obta ined only from per
iwinkle p lan ts g r o w n in the field, a n d the yield in the p lan ts is extremely 
low. Consequen t ly , t hey are a m o n g the mos t expens ive d r u g s o n the 
pharmaceut ica l marke t . Considerable effort, therefore, ha s been focused 
on the invest igat ion of their p roduc t ion by p lan t t issue cul ture , as well 
as by chemical processes . 

Miura a n d Okazaki (1983) r epor t ed the accumulat ion of vinblast ine by 
t issue cul tures . The cells cul tured in MS m e d i u m s u p p l e m e n t e d wi th 1.0 
mg/ l i ter indolencet ic acid (IAA) a n d 1.0 mg/l i ter benzy lpur ine (BA) con
ta ined 10.2 μ g / g (dry weigh t , as vinblastine) of the cytotoxic c o m p o u n d , 
t h o u g h this c o m p o u n d has no t yet b e e n identified. M a n y researchers 
have b e e n work ing on the p roduc t ion of var ious indole alkaloids by 
cu l tured cells of Catharanthus roseus (Zenk et al, 1977; Kurz et ah, 1980; 
Ku tney et al., 1980), b u t except for Miura ' s g r o u p , all have failed to 
detect these an t i tumor alkaloids. Vinblast ine- type alkaloids are syn the -

*See also Chapter 22, this vo lume. 



32. Antitumor Compounds 55 9 

sized t h r o u g h coupl ing of t w o indole alkaloids, v indol ine a n d ca
t h a r a n t h i n e (Fig. 2). A l t h o u g h ca tha ran th ine w a s d e m o n s t r a t e d in 
cu l tu red cells of C. roseus (Kutney et al., 1980), it is general ly found tha t 
cu l tu red cells w i th undifferent ia ted t issues are incapable of synthes iz ing 
v indol ine (Fahn et al., 1985). This observat ion m a y prov ide an explana
t ion for t he difficulty of f inding dimeric alkaloids in cul tured cells. 

As a n al ternat ive, enzymat ic synthes i s of the dimeric alkaloids w a s 
r epo r t ed at Allelix (Endo et al., 1986; Smith et al., 1986), in collaboration 
w i t h Ku tney , Kurz , a n d col leagues. According to our resul ts , 86 mg/l i ter 
ca tha ran th ine w a s accumula ted by Catharanthus roseus su spens ion 
cul tures (450 g fresh we igh t of cells pe r liter of cell suspens ion) . Subse
quen t ly , th is m o n o m e l i c alkaloid w a s coupled wi th commercial ly avail
able v indol ine , u s i n g c rude or purified e n z y m e from the suspens ion 
cul tures to form 3 ' , 4 ,- anhydrov inb las t ine , an immedia te precursor of 
vinblas t ine (see Fig. 2), w i th a convers ion yield of 50%. O the r dimeric 
alkaloids, l euros ine , Catharine, v inamid ine , a n d 3-(R)-hydroxyvinamid-
ine , w e r e also found as by -p roduc t s in this sys tem. All these d imeric 
alkaloids are expec ted to have ant ineoplast ic activity, a n d the activity of 
s o m e of t h e m h a s b e e n a l ready es tabl ished. 

Fig. 2. Biosynthetic pa thway of dimeric indole alkaloids. 
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C. Homoharringtonin e 

A n evergreen t ree , Cephalotaxus harringtonia (Cephalotaxaceae) , con
ta ins several alkaloids tha t h a v e s h o w n significant activity against leuke-
mias in mice (Powell et al., 1969). These active alkaloids, deoxyharr ing-
ton ine , ha r r ing ton ine , i sohar r ing tonine , a n d homohar r ing ton ine , are all 
es ters of cephalotaxine (Fig. 3). 

Delfel a n d Rothfus (1977) s h o w e d tha t callus cul tures of Cephalotaxus 
harringtonia p r o d u c e d the same an t i tumor alkaloids as the intact p lan ts . 
Yield of cephalotaxine a n d its es ters found in 6-month-old callus w a s 0.3 
μ g / g o n a f resh-weight basis . But after the initial success, their s tudies 
s e e m to h a v e focused on the i m p r o v e m e n t of the g r o w t h of cul tured 
cells by man ipu l a t i ng cul ture condi t ions a n d m e d i u m c o m p o n e n t s (Del
fel, 1980; Delfel a n d Smith , 1980), b u t n o further reference to the stability 
a n d / o r i m p r o v e m e n t of alkaloid p roduc t ion h a s b e e n m a d e . 

Misawa et al. (1985) de tec ted 0.55 n g / g (dry weight ) of cephalotaxine 
a n d its es ters w i th a n RIA m e t h o d in su spens ion cells g r o w n in MS 
m e d i u m wi th 1% sucrose a n d 3 mg/l i ter N A A . 

OMe 

DEOXYHARRINGTONINE 
Ο C H2- C 02M e 

R = - C - C - C H2- C H2- C H M e2 
OH 

ISOHARRINGTONINE 

R = 

HOMOHARRINGTONINE 

CEPHALOTAXINE 

R = Η 

Fig. 3. Structures of harringtonine and its derivatives. 
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D. Maytansin e 

Several m e m b e r s of t he Celastraceae, such as Maytenus buchanaii a n d 
Putterlickia verrucosa, conta in may tans ine (Fig. 4), w h i c h s h o w s h igh 
inhibi tory activity agains t several m u r i n e t u m o r s (Kupchan et al, 1972). 
K u t n e y et al. (1981a) r epor t ed tha t extracts from cul tured t issues of M. 
buchanaii s h o w e d cytotoxic activity agains t KB cells, b u t thin-layer chro
m a t o g r a p h y d id no t indicate t he p resence of may tans ine . Misawa et al. 
(1985) isolated a c o m p o u n d tha t s h o w e d identical ultraviolet (UV) spec
tra, Rt's o n TLC pla tes , a n d re ten t ion t imes in H P L C to au then t ic may
tans ine from callus of P. verrucosa. The a m o u n t of this c o m p o u n d w a s 
low (50 μ g pe r ki logram dry weigh t , based on its cytotoxicity, howeve r , 
w h i c h w a s abou t one - two h u n d r e d fortieth of tha t of the m o t h e r p lant . 
Accord ing to a repor t by Suffness a n d D o u r o s (1982), the c o m p o u n d d id 
no t s h o w p o t e n t activity in clinical trials. 

E. Podophyllotoxi n 

Podophyllum peltatum (Berberidaceae), a rh i zoma tous he rb tha t g rows 
in d e c i d u o u s forests of eas te rn N o r t h America , h a s b e e n k n o w n to p ro 
d u c e l ignanes such as podophyl lo tox ins (Fig. 5), wh ich are u s e d agains t 
v i rus a n d skin cancers . In the NCI p rog ram, s o m e of the semisynthet ic 
ana logs w e r e tes ted clinically a n d w e r e found to h a v e p r o d u c e d re
s p o n s e s to bra in t umor , l ymphosa rcoma , a n d H o d g k i n ' s d isease 
(Nissen et al, 1972). 

K a d k a d e (1981, 1982) examined g r o w t h a n d podophyl lo tox in p r o d u c 
tion of Podophyllum peltatum callus t issues u n d e r var ious cul ture condi-

O Me M e O 
II I I H 

CI Me Q O C - C H - N - C - M e 

MeO. 

Fig. 4. Chemical structure of maytansine. 



562 Masanaru Misawa and Tsuyoshi Endo 

OH 

/ 
H2C 

Ο 

Ο 

Ο 

OMe 

Fig. 5. Podophyl lotoxin. 

t ions . Explants we re cul tured o n solidified MS m e d i u m wi th combina
t ions of g r o w t h regula tors a n d casamino acids (500 mg/l i ter) . Eight-
week-o ld calluses we re ha rves ted , a n d l ignanes w e r e extracted. A com
binat ion of 2,4,-D (1 mg/l i ter) a n d kinet in (0.2 mg/l i ter) w a s opt imal for 
podophyl lo tox in p roduc t ion . The m a x i m u m produc t ion achieved wi th 
the op t imized condi t ion w a s 0.74% on a dry-weight basis . If this h igh 
yield is stable in long- term cul ture , this an t i tumor c o m p o u n d can be one 
of the m o s t p romis ing targets for commercial p roduc t ion in this field. 

F. Tripdiolide and Triptolide* 

Tripterygium wilfordii (Celastraceae) is a cl imbing s h r u b nat ive to east
e rn Asia tha t p r o d u c e s d i t e rpene t r iepoxides, t r ipdiolide a n d tr iptol ide 
(Fig. 6). These t e rpeno ids s h o w e d ant ineoplast ic activity against L1210, 
P388, a n d KB cells (Kupchan et al, 1981). 

Ku tney et al. (1981) selected a h igh-produc ing cell line that y ie lded 
t r ipdiol ide a n d tr iptol ide, respectively, 16 a n d 6 t imes more so t h a n the 
source p lan t s . They further invest igated cul ture condi t ions for h igh p ro 
duc t ion , a n d the m a x i m u m level of t r ipdiolide (4.0 mg/li ter) w a s achieved 
w h e n MS m e d i u m wi th 2% sucrose, 0.5 mg/l i ter naphtha leneace t ic acid 
(NAA), a n d 0.5 mg/ l i ter kinet in w a s u s e d as a p roduc t ion m e d i u m 
(Kutney et al, 1983). Dujack a n d C h e n (1980) s tud ied the effects of 
p recursors of the t e rpeno ids on Tripterygium wilfordii t issue cul ture a n d 

*See also Chapter 9, this vo lume. 
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Fig. 6. Chemical structures of triptolide and tripdiolide. 

d e m o n s t r a t e d tha t add i t ion of pyruvic acid a n d s o d i u m acetate to the 
m e d i u m increased the cytotoxic activity of the cul tured t issue. 

Misawa et al. (1983,1985) isolated tr ipdiol ide a n d tr iptolide from callus 
a n d s u s p e n s i o n cul tures of Tripterygium wilfordii. Cul tu re m e d i u m u s e d 
w a s MS m e d i u m wi th 1 mg/ l i ter N A A a n d 1 mg/l i ter kinet in . N-Phe -
nyl-N'-(2-chloro-4-pyridyl)urea (4-PU-30), a c o m p o u n d tha t s h o w e d 
cytokinin-l ike activity, increased the p roduc t ion of tr ipdiolide u p to 
70%. Also, a p recursor of the d i t e rpeno ids , farnesol, s t imula ted tr ip
diol ide syn thes i s (Table III). The level of the d i te rpenoids in the callus 
s e e m e d to be h igher t h a n tha t in the suspens ion cul ture: 100.6 μ g of 
t r ipdiol ide a n d 69.8 μ g of tr iptolide we re found in 1 g of dr ied callus, 
abou t 10 a n d 7 t imes h igher t h a n levels in the source plant , respectively. 

Table III 

Effect of Farnesol on Growth and Production of Tripdiolide 
by Tripterygium wilfordii Cells in Suspension* 

Farnesol added Growth Tripdiolide 
(mg/ml) ^ g per gram of cells, dry weight) 

0 14.3 6.3 
30 12.7 13.0 

100 10.1 20.4 

a Cells were cultivated for 3 weeks. 
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G. O t h e r A n t i n e o p l a s t i c A g e n t s 

Misawa et al. (1983) repor ted tha t c rude extracts of cul tured cells of 
Baccharis megapotamica, Holacantha emoryi, a n d Brucea antidysenterica w e r e 
found to have cytotoxicity against KB cells. The pre l iminary exper iments 
s h o w e d tha t p roduc t s of these cul tured cells migh t be bacchar ine, hola-
can thone , a n d b rucean t ine , respectively. 

IV. P R O S P E C T S 

As seen in Table IV, ant ineoplast ic c o m p o u n d s from plants are classi
fied in to w i d e chemical categories. The p r o m i n e n t c o m p o u n d s vig
orously examined n o w fall into categories of alkaloids (cephalotaxine 
es ters , campto thec ine , etc.) , may tans ine , d i t e rpenes (tripdiolide, tr ip
tolide), a n d l ignanes (podophyl lo toxin) , bu t it is n o t e w o r t h y tha t m a n y 
n e w c o m p o u n d s are still be ing selected from higher p lan ts in extensive 

T a b le IV 

Classification of Antitumor Compounds from Higher Plants 

Tannins 
Sterols ( including s imple glycosides , excluding saponins) 
Q u i n o n e s ( including quinoids and quinols) 
Terpenes 

Iridoids 
Sesquiterpenes 
Diterpenes 
Tripterpenes (including cucurbitacins, excluding saponins) 

Lignans 
Flavonoids 
Saponins and their aglycones 

Steroidal 
Triterpenoid 

Steroid lactones (including cardenolides, bufadienolides, withanol ides , and their agly
cones) 

Quass inoids (simaroubolides) 
Maytansine 
Proteins 
Alkaloids 
Miscel laneous 
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screening p r o g r a m s . Plant t issue cul ture m a y prov ide a p romis ing me th 
od for the p roduc t ion of stable a m o u n t s of an t i tumor c o m p o u n d s . 

In genera l , a n an t i t umor agen t s h o w s some cytotoxicity to a n y living 
cells, b u t especially to actively d iv id ing cells. Cu l tu red cells are normal ly 
rapid ly d iv id ing a n d proliferating, c o m p a r e d wi th somatic cells of intact 
p l an t s . It is, therefore, reasonable to ques t ion w h e t h e r an ant ineoplast ic 
c o m p o u n d migh t inhibit t he g r o w t h of the cells in wh ich it is accumulat 
ed . A l t h o u g h Colchicum autumnale w a s k n o w n to tolerate colchicine at 
concent ra t ions toxic to mos t o ther species (Blakeslee, 1939; Levan a n d 
Steinegger , 1947), Cons tabel et al. (1981) d e m o n s t r a t e d tha t cul tured 
Catharanthus roseus cells, as well as o ther seed p lan ts a n d m a m m a l i a n 
cells, w e r e sensi t ive to vinblast ine. This pa radox m a y be overcome by 
e m p l o y i n g a two-s tep cul ture (separat ing g r o w t h a n d p roduc t ion 
phases ) , immobi l ized cells, or cell-free sys tems to carry ou t t ransforma
tion of metabol i tes . Alternat ively, this cytotoxicity of an t i t umor com
p o u n d s to the hos t cells m a y be positively uti l ized to select a cell line 
to lerant to the c o m p o u n d s , as Constabel et al. (1981) p r o p o s e d . 

O n e p romis ing possibility in exploit ing t issue cul tures is the discovery 
of nove l an t i t umor agen t s . A n e w cephalotaxine ester, homodeoxyha r 
ringtonine (Delfel a n d Rothfus, 1977), a n d several t e rpenoids (Kutney et 
al., 1983) h a v e b e e n found in cul tured cells of Cephalotaxus harringtonia 
a n d Tripterygium wilfordii, respect ively, t h o u g h their an t i t umor activities 
h a v e no t yet b e e n es tabl ished. 

In m o s t cases the a m o u n t s of ant ineoplast ic c o m p o u n d s in callus a n d 
cell s u s p e n s i o n cul tures are m u c h lower t h a n those in the source p lan t s . 
For example , Heliotropium indicum cells tha t h a d b e e n expected to p ro 
d u c e indicine N-oxide failed to syn thes ize this ant ineoplast ic c o m p o u n d 
at a detectable a m o u n t (Misawa et al., 1983). There m a y be t w o explana
t ions for this p h e n o m e n o n . First, genet ic he te rogene i ty a n d spon
t a n e o u s selection for cells tha t g r o w bes t in a given m e d i u m m a y resul t 
in the reduc t ion of cells tha t p r o d u c e the metabol i te b u t g row poor ly in 
the m e d i u m . To counterac t this , r epea ted selection for h igh p roduc t ion 
m a y be requi red . D e u s - N e u m a n n a n d Zenk (1984) d e m o n s t r a t e d the 
necessi ty of r epea t ed selection to main ta in the p roduc t ion level of 
ajmalicine a n d se rpen t ine in cu l tu red Catharanthus roseus cells. Em
ploy ing posi t ive uti l ization of genet ic he te rogene i ty in cul tured cells, cell 
l ines tha t p r o d u c e larger a m o u n t s of secondary metabol i tes t h a n d o the 
intact p lan t s h a v e b e e n obta ined by cell c loning a n d selection of small 
cell aggrega tes in m a n y p lan t species (Yamada, 1984). A n d if a n a p p r o 
pr ia te regenera t ion sys tem is available, b reed ing of medicinal p lan ts tha t 
p r o d u c e large a m o u n t s of an t i t umor c o m p o u n d s in ano the r possibility 
for t he uti l ization of this genet ic fluctuation in cu l tured cells. 
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The second explanat ion of low produc t ion in cul tured cells is the 
epigenet ic supress ion of express ion of genes tha t encode the key en
z y m e s of the synthes is of the target c o m p o u n d s . Somet imes , synthes is 
of secondary metabol i tes is intrinsically associated wi th organogenes is . 
Misawa et al. (1985) s h o w e d tha t the level of cephalotaxine a n d its es ters 
in plant le ts r egenera ted from suspens ion cul tures of Cephalotaxus har
ringtonia w a s more t h a n 60 t imes h igher t h a n tha t of the original cell 
su spens ion cul ture (Table V). In Catharanthus roseus, shoot cul tures re
gene ra t ed from callus p roduce v indol ine , a key in te rmedia te in syn
thesis of an t i tumor alkaloids, vinblast ine a n d vincrist ine, w h e r e a s the 
original callus failed to p roduce this alkaloid (Constabel et ah, 1982). To 
break t h r o u g h this genet ic barrier, mu tagenes i s u s ing chemical a n d 
physical m u t a g e n s or r a n d o m inser t ion of Ti p lasmid into the p lan t 
g e n o m e to des t roy the regula tory gene of the key e n z y m e could be 
emp loyed . In such mutagenes i s s tudy , a h ighly sensit ive a n d efficient 
assay sys tem, such as RIA a n d t u m o r cell bioassay, is essential to ana
lyze large n u m b e r s of mu tagen i zed cell popula t ions . A n al ternative pos 
sibility to overcome this genet ic barrier is the use of organ cul tures . 
O r g a n cul tures such as shoot a n d root cul ture have no t at t racted m u c h 
a t ten t ion by researchers seeking industr ia l applicat ion of p lan t t issue 
cul ture because of the difficulty of large-scale cul ture of these organized 
sys tems a n d their s low g rowth . Howeve r , rapidly g rowing o rgan 
cul tures tha t p r o d u c e large a m o u n t s of secondary metaboli tes have b e e n 
repor ted . E n d o a n d Yamada (1985) descr ibed root cul tures of Duboisia 
leichhardtii tha t p r o d u c e substant ia l a m o u n t s of scopolamine a n d 
hyoscyamine . Hagimor i et al. (1984) have succeeded in jar fermenter 
cul ture of Digitalis purpurea shoots tha t g rew rapidly a n d p r o d u c e d a 
h igh level of digitoxin. Finally, cul ture of "ha i ry ro o t s " of medicinal 
p lan ts (Sh imomura et ah, 1986) p romises to be a novel m e t h o d for the 
exploitat ion of in vitro sys tems for the p roduc t ion of phy tochemica l s— 
a m o n g t h e m , an t i t umor agen t s . 

T a b le V 

Levels of Cephalotaxine and Its Esters 
in Cephalotaxus harringtonia 

Concentration 
Source ^ g per kilogram dry weight) 

Suspension-cultured cells 0.55 
Plantlet g r o w n in vitro 36.0 
Plants g r o w n in the field 180.0 
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I. I N T R O D U C T I O N 

T h e p roduc t i on of flavors is vital to the manufac tu r ing c o m p o n e n t of 
t he food indus t ry . N o packe ted , p o w d e r e d , t inned , or p rocessed food, 
swee t , biscuit , or dr ink , is w i t h o u t its a d d e d flavor or flavor enhance r . 
M a n y flavors are p r e s e n t as a complex mixture of c o m p o u n d s in a n 
essent ia l oil, for example , c a r d a m o n , cloves, mar joram, sage, ci trus, a n d 
p e p p e r m i n t , or a n essent ial oil conta in ing nonvolat i le l ipids, for exam
ple , dill, cor iander , ca raway, mace , n u t m e g , p i m e n t o , a n d celery, or a 
p u n g e n t ingred ien t , for example , caps icum, ginger , a n d p e p p e r , or col
or ing mat te r , for example , tu rmer ic a n d papr ika , or a m i n o acid deriva
t ives, for example , on ion a n d garlic (Salzer, 1975). The beverage flavors 
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of cocoa a n d coffee are also very complex mixtures bu t are no t found as 
an essential oil, w h e r e a s the bi t ter ing agen ts u s e d to flavor d r inks are 
single c o m p o u n d s . 

Mos t of the na tura l flavors are obta ined from par t s of the wor ld 
w h e r e , for a n u m b e r of reasons , yields a n d supp ly are often variable. It 
h a s b e e n a r g u e d tha t such secondary p roduc t s , or flavors, w o u l d be 
bet ter p r o d u c e d u n d e r m u c h more controlled condi t ions so as to e n s u r e 
a m o r e cons tan t a n d uni form supp ly . Howeve r , the s ta tement tha t only 
a few of the flavor c o m p o u n d s w o u l d justify the h igh initial cost in
volved in p roduc ing the flavors from large-scale t issue cul ture (Van 
Brunt , 1985) will be t rue for somet ime . It is likely that the technical 
p rob lems of large-scale p lan t cell cul ture will be overcome so that the 
feasibility of us ing t issue cul tures as a source of flavor p roduc t s will be 
de t e rmined by the yield of secondary p roduc t s in the cells. O n e of the 
major l imitations wi th a n y a t t empts to increase the yields, wh ich in mos t 
cases are well be low those of the pa ren t plant , is tha t the factors control
ling the activity of the secondary p a t h w a y s are largely u n k n o w n a n d in 
m a n y examples the p a t h of synthes is ha s no t been establ ished. Because 
flavors form such a diverse g r o u p ( terpenes , t e rpeno ids , ph tha l ides , 
a m i n o acid derivat ives, alkaloids, a n d po lyphenols ) , it is impossible to 
identify a c o m m o n app roach for increasing yields. 

In this chapte r a n u m b e r of species p roduc ing a flavor have b e e n 
selected a n d are u s e d to illustrate the pas t a n d cur rent research o n flavor 
p roduc t ion in t issue cul tures . In some ins tances a fuller t r ea tmen t is 
given for individual c o m p o u n d s in o ther chap te r s of this v o l u m e (see 
All iums, M o n o t e r p e n e s , Sesqui te rpenes , Pur ine Alkaloids, Quino l ine 
Alkaloids, Immobil izat ion) . 

II. H E R B F L A V O R S 

The flavors collectively referred to as herbs form a very large g r o u p . 
Normal ly , t he flavor is der ived from an essential oil tha t is syn thes ized 
or accumula ted in specialized cells. The a m o u n t of a t ten t ion given to the 
p roduc t ion of these flavors in t issue cul tures ha s been d e t e r m i n e d by 
economic cons idera t ions , such as the size of the marke t a n d the cost of 
the p roduc t (Collin a n d Wat ts , 1983). T h u s there h a s b e e n mos t invest i
gat ion of the flavors of chamomile , aniseed, p e p p e r m i n t , a n d celery. 
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A. Chamomil e 

Matricaria chamomilla is an he rb tha t is u s e d as dr ied leaves to m a k e a 
refreshing beverage as well as p rov id ing an extract wi th k n o w n phar 
macological p roper t i es . The tea is t h o u g h t to be a carminat ive , a tonic, 
a n d a sedat ive . The active c o m p o n e n t is an essential oil tha t is m a d e u p 
of the following sesqu i te rpenes : chamazu l ene , farnesenes , cad inene , 
cub ibene , ca lamene , m u r o l e n e , chamaviol ine , spa thu leno l , bisabolols, 
bisabololoxides, caryophyl lenes , caryophyl leneoxide , a n d chamomillol , 
a n d the poly ines cis/trans-EN-lN dicycloether a n d chamomil laes ters . In 
v iew of its w i d e usage the re h a s b e e n interest in the possiblity of p roduc 
ing b iomass a n d essential oil from t issue cul ture . A l though Becker (1970) 
first referred to t issue cul tures of M. chamomilla, more extensive s tudies 
we re carried ou t by Szoke a n d coworkers (1977). Callus cul tures we re 
isolated from all pa r t s of the p lant , inc luding the inflorescence, on a 
Mu ra s h ige a n d Skoog m e d i u m in the p resence of 1 m g l i t e r +1 k inet in 
a n d 1 m g l i t e r - 1 2 ,4-dichlorophenoxyacet ic acid (2,4-D) (Szoke et al, 
1977). Szoke et al. (1978a,b) a t t e m p t e d to s t imulate the essential oil com
p o n e n t of undifferent ia ted callus t issue by modifying the nu t r i en t a n d 
cultural condi t ions . N e w l y init iated callus w a s compact a n d light green . 
D u r i n g successive subcul tu res it became more friable. It s h o w e d only 
occasional t racheid formation a n d n o obvious oil cells. The callus con
ta ined large a m o u n t s of oil initially (0.12% dry we igh t compared wi th 
0.3 to 0.6% d ry we igh t in the inflorescence), bu t this level decl ined on 
subcu l tu re . Essential oil from the callus conta ined the s a m e c o m p o n e n t s 
as in t he w h o l e p lant , tha t is, t he sesqu i t e rpenes , fa rnesenes , bisabol-
oloxide, a n d bisabolols. There w e r e also unident i f ied sesqu i t e rpenes 
no t found in the p lant . The a m o u n t a n d compos i t ion of the oil w a s 
respons ive to the ratio of 2,4-D a n d kinet in . H igh kinet in caused a de 
crease in t he concent ra t ion of oil in t h e callus to 0.03% d ry we igh t bu t 
an increase in the p ropor t ion of sesqu i te rpenes , w h e r e a s h igh auxin 
t e n d e d to decrease the p ropor t ion of sesqu i te rpenes . T h u s auxin 
favored the synthes i s of more s imple s t ruc tures in the oil. These changes 
w e r e no t associated wi th changes in g r o w t h or differentiation, so the 
p h y t o h o r m o n e s we re hav ing a direct effect on synthes is of the oil. The 
effect of l ight w a s similar to auxin because it s t imula ted synthes is of 
fa rnesenes , bisabolol, spa thu leno l , a n d bisabololoxide, w h e r e a s dark 
caused a very large increase in spa thu leno l a n d a decline in farnesenes 
a n d bisabolol. Cell s u s p e n s i o n cul tures of M. chamomilla w e r e es tab
l ished by Szoke et al. (1979) a n d the a m o u n t a n d composi t ion of the oil 
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c o m p a r e d wi th more differentiated callus a n d excised root cul tures . The 
root cul tures conta ined 0.5% dry weigh t , comparable to the intact p lant , 
bu t the callus only conta ined 0.14% dry weight , a n d the cell suspens ion , 
0.06% dry weigh t . Besides p roduc ing less oil t han the callus, the cell 
su spens ion also s h o w e d reuced farnesene a n d bisabolol levels. 

The p roduc t ion of essential oil in t issue cul tures ha s general ly b e e n 
correlated w i th the p resence of oil cells in the undifferent iated t issue, or 
in the differentiated leaves, s t ems , or roots . Howeve r , the early w o r k of 
Szoke et al. (1978b) s h o w e d qui te clearly that oil accumula t ion could 
occur in undifferent ia ted n o n g r e e n t issue. Reichling et al. (1983) exam
ined the re la t ionship b e t w e e n differentiation a n d oil p roduc t ion . Us ing 
callus tha t w a s in tensely green , compact , s low growing , b u t mor
phologically undifferent iated, they we re able to detect yel low-orange oil 
cells in the callus comparab le to the pa ren t p lant . The conten ts of sepa
ra ted oil cells a n d callus w i thou t oil cells w e r e compared . It w a s found 
tha t the accumula t ion of essential oil in intact callus w a s d u e to tha t 
p r e sen t in the oil cells. The p ropor t ion of oil in the callus w a s very h igh 
(0.2% dry weight ) a n d comparable to the inflorescence. The oil only 
accumula ted d u r i n g the first 5 days of a subcul ture w h e n little g r o w t h 
occurred, a n d the accumula t ion decl ined wi th successive subcul ture . 
Because t he callus w a s differentiated in t he sense tha t it w a s s low grow
ing, g reen , a n d possessed specialized oil cells, there w a s still a rela
t ionsh ip b e t w e e n oil p roduc t ion a n d differentiation. Besides accumulat
ing a large p ropor t ion of oil, this callus also synthes ized a m o r e complex 
mixture t h a n tha t found by Szoke et al. (1978b). T h u s the oil conta ined 
farnesenes , chamomil lol , caryophyl lenoxide , spa thu lenol , d s - E N - I N di-
cycloether, a n d chamomil laes ters . This composi t ion w a s closest to the 
oil der ived from the intact root . 

Because significant yield of oil from t issue cul tures is d e p e n d e n t on 
the p resence of differentiated oil cells, Bisson et al. (1983) a t t emp ted to 
replace the na tura l sites of accumula t ion wi th in t issue wi th synthet ic 
sites. The p u r p o s e of these sites w a s to absorb lipophilic or s t ream-
volatile subs tances a n d encourage further synthes is wi th in the cell. The 
sites w e r e created by a d d i n g a neut ra l oil, (Miglycol 812), wh ich consists 
of C 8 C 1 0 fatty acids from coconut oil, to the cell suspens ion . The oil, 
w h i c h h a s a low viscosity, is stable to autoclaving a n d is nontoxic. In 
l iquid m e d i u m it b reaks u p into fine drople ts tha t a t tach themse lves to 
the cells w i t h o u t hav ing a n y effect on g rowth . Lipophilic subs tances are 
absorbed by the Miglycol, wh ich at the e n d of the subcul ture can be 
separa ted from the cells a n d media a n d extracted by organic solvents . 
Hab i tua ted a n d c rown gall cul tures of Matricaria chamomilla g r o w n in the 
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p resence of Miglycol accumula ted a w i d e variety of s t eam volatiles. In 
compar i son , t he cell su spens ion cul tures w i t h o u t Miglycol syn thes ized 
only trace a m o u n t s of these c o m p o u n d s . This is a very valuable tech
n ique tha t m a y overcome the p rob lems of s t imulat ing essential oil p ro 
duc t ion in t issue cul tures . 

B. Anisee d 

Aniseed is an essential oil extracted from Pimpinella anisum. The oil is 
u s e d as a flavoring agen t in confectionery, spiri ts, a n d l iqueurs . The 
active c o m p o n e n t s are a mixture of p h e n y l p r o p e n o i d s , m o n o t e r p e n e s , 
a n d sesqu i t e rpenes [anethol , pseudoisoeugenol - (2-methylbutyra te) , e p -
ox ipseudo i soeugeno l 2-methylbutyra te , β-bisabolene, myristicin, a n d 
methylchavicol ] . Tissue cul tures h a v e b e e n isolated from P. anisum by 
Becker (1970) o n a Murash ige a n d Skoog m e d i u m (1962) conta in ing 0.1 
m g l i t e r - 1 k inet in a n d 1 m g l i t e r - 1 auxin [2,4D,indolole-3-acetic acid 
(IAA), or 1-naphthaleneacet ic acid (NAA)] . Howeve r , examinat ion of 
t he undifferent ia ted callus s h o w e d n o n e of the essential oil c o m p o n e n t s . 
Limited differentiation into shoo t s , roots , or leaves init iated the p r o d u c 
t ion of t he essent ial oil w i th t he s ame c o m p o u n d s as the intact p lan t b u t 
in different relative a m o u n t s . The age of the cul ture h a d n o effect o n the 
compos i t ion because t issue tha t h a d b e e n in cul ture for 3 years s h o w e d 
the s a m e compos i t ion as n e w l y init iated cul tures . A n interes t ing aspect 
of oil p roduc t i on w a s tha t root- a n d leaf-forming cul tures syn thes ized an 
oil of similar composi t ion , w h e r e a s t he oil from the leaves a n d roots of 
t he p lan t differed widely . In the intact p lan t the level of ane tho l in the 
essent ia l oil usual ly increases wi th age . On ly trace levels of ane tho l w e r e 
de tec ted in t he differentiated leaf-forming t issue cul ture , a n d even after 
t he e igh th w e e k of a subcul ture n o increase in ane tho l could be de tec ted . 
A l t h o u g h differentiation in t issue cul tures does act as a s t imulus to oil 
p roduc t ion , no t all t he secondary p a t h w a y s a p p e a r to be active as in t he 
intact p lan t . The s t imula tory effect of differentiation on oil p roduc t ion in 
o the r h e r b species (Foeniculum vulgare, Levisticum officinale, Origanum vul-
gare, Salvia officinalis, Mentha piperita, Mentha pulegium, a n d Rosmarinus 
officinalis) w a s no ted . 

Us ing hab i tua ted cul tures o n a Murash ige a n d Skoog m e d i u m wi th
ou t a d d e d kinet in or auxin , Reichling et al. (1985) found tha t the u n 
differentiated callus a n d cell su spens ion syn thes ized a n essential oil. 
The major c o m p o n e n t s in b o t h callus a n d cell su spens ion cul tures w e r e 
epox ipseudo i soeugeno l 2-methylbutyra te , β-bisabolene, a n d pseudo i so -
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eugeno l 2-methylbutyra te , a n d addit ionally, ane tho l a n d myristicin in 
the callus. The p roduc t ion of the last th ree c o m p o u n d s w a s very vari
able. The syn thes i s of the oil occurred d u r i n g the first half of the cul ture 
pe r iod of b o t h callus a n d cell suspens ion , before any significant ac
cumula t ion of fresh we igh t h a d occurred. Examinat ion of the cul ture 
s h o w e d n o differentiation except for the p resence of l imited t racheid 
format ion a n d occasional leaf deve lopmen t . N o oil-forming cells w e r e 
p resen t . The accumula t ion of oil in the callus w a s 3 - 4 m g per 100 g fresh 
weigh t , a n d in the suspens ion cul ture , 1.0-2.0 m g per 100 g fresh 
weigh t . The u s e of a two- layered sys tem w a s also invest igated in the cell 
su spens ion , u s ing the triglyceride Miglycol in an effort to concentra te 
the essential oil c o m p o n e n t s . The t w o major c o m p o u n d s , epoxip-
seudo i soeugeno l a n d β-bisabolene, w e r e accumula ted in the triglyceride 
layer. The u s e of a lipophilic p h a s e m a y have m a n y advan tages for 
accumula t ing o ther essential oils p r o d u c e d by cell su spens ions (Bisson et 
al, 1983). 

C. Peppermin t 

P e p p e r m i n t is a wide ly u s e d flavor in the confectionery indus t ry , in 
w h i c h it is a d d e d as an oil. The essential oil is found in special g lands , 
cells, a n d hairs of the shoot of Mentha species, particularly M. piperita. 
The active c o m p o n e n t s of this oil are men tho l a n d m e n t h a n e , bu t the oil 
also conta ins i somentho l , i somen thane , men th y l acetate, pu legone , a n d 
p iper i tone , as well as t e rpenes , such as l imonene . Tissue cul tures we re 
ini t iated by Lin a n d Staba (1961) a n d Becker (1970), b u t n o essential oil 
could be de tec ted in the undifferent iated cul tures . This early work led to 
the v iew tha t syn thes i s of p e p p e r m i n t oil could only take place in t issue 
cul tures w h e n s o m e form of cell or o rgan differentiation h a d occurred. 
The s i tuat ion w a s no t clear because Bricourt a n d Paupa rd in (1975) found 
tha t undifferent ia ted cul tures of M. piperita on a Murash ige a n d Skoog 
m e d i u m s u p p l e m e n t e d w i th 3% glucose a n d 0.1 m g l i t e r - 1 benzy laden-
ine p r o d u c e d an essential oil. In the oil from the intact p lant the major 
c o m p o n e n t s we re m e n t h o n e (0.02% fresh weight) a n d men tho l (0.03% 
fresh weight ) , a n d trace levels of the precursor , pu legone , w h e r e a s in 
the callus there w e r e only trace levels of m e n t h o n e a n d men tho l , a n d 
increased levels of p u l e g o n e (0.03% fresh weight ) . Menthofurane w a s 
also found in trace quant i t ies in the plant , bu t it h a d accumula ted in the 
callus (0.01% fresh weight ) . It w a s sugges ted tha t the normal p a t h of 
syn thes i s from pu l egone to m e n t h o n e a n d men th o l w a s blocked a n d 
this led to a n accumula t ion of pu legone , par t of wh ich w a s diver ted to 
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syn thes i s of m e n t h o f u r a n e . A m o r e detai led examinat ion of the s truc
tu re of t h e undif ferent ia ted callus w a s m a d e by Kireeva et al. (1978). 
They s h o w e d tha t the callus consis ted of no rma l a n d giant-size par
enchyma- l ike cells. In n e w l y init iated callus the giant cells cons t i tu ted 
45 -50% of the cul tures , b u t this increased to 80% after a n u m b e r of 
subcu l tu res . The significance of the giant cells is no t clear except tha t a 
p ropor t i on (6%) of these cells d id conta in oil d rople ts . The oil w a s no t 
syn thes ized in special o i l -producing cells, b u t the giant cells m a y repre 
sen t a m o r e differentiated s tate . Oil levels we re 1.8% dry we igh t of 
callus, w i t h a n equiva lent concent ra t ion in the m e d i u m . If t he oil re
leased into t he m e d i u m is t aken into account , the concentra t ion of oil 
p r o d u c e d by the callus cul tures w a s comparable to tha t in the intact 
p lan t . H o w e v e r , t he compos i t ion of the oil from each source differed 
because t he p ropor t ions of m e n t h o l (49%) a n d m e n t h o n e (27%) w e r e 
h ighe r in the p lan t t h a n in the callus. The h ighes t levels of essential oil in 
t he callus w a s at t he e n d of the subcul ture per iod w h e n of the total oil 
con ten t , m e n t h o l cons t i tu ted 8% a n d m e n t h o n e 5%, w h e r e a s the p ro 
por t ion of p u l e g o n e h a d increased from 6% in the p lan t oil to 15% in the 
callus oil. Some synthes i s of m e n t h o l a n d m e n t h o n e h a d occurred in t he 
undif ferent ia ted callus, b u t the pa t t e rn w a s essentially the s ame as tha t 
found by Bricourt a n d P a u p a r d i n (1975). 

The m o r e recent a p p r o a c h to opt imiz ing the yield of m e n t h o l a n d 
m e n t h o n e h a s b e e n to examine the potent ia l for b iot ransformat ion of the 
precursor , p u l e g o n e , to m e n t h o n e (Aviv a n d Galun , 1978). Cell l ines, or 
c h e m o t y p e s , s h o w variat ion in their ability to biotransform pu l egone to 
m e n t h o l a n d m e n t h o n e so tha t it is possible to select l ines wi th specific 
bio t rans forming ability. In combina t ion wi th the technique of cell i m m o 
bilization (Galun et al, 1983), this a p p r o a c h h a s great potent ia l for syn
thes is of these impor t an t flavor c o m p o u n d s . 

D. Celery 

Celery (Apium graveolens h a s a long his tory of cult ivation a n d use as a 
medic inal h e r b a n d as a vegetable . According to folklore remedies , the 
celery seed oil, conserve of the b lanched stalks a n d decoction of tea, is 
able to cure r h e u m a t i s m , gout , bronchi t is , a s thma , flatulence, a n d colic. 
It is a diuret ic , abortifacient, ant isept ic , deobs t ruen t , ant i inf lammatory, 
cardiac tonic, sedat ive , a n d aphrodis iac . The ma in p resen t -day use of 
celery, h o w e v e r , is in the food indus t ry , w h e r e it is a d d e d as a seed oil 
or oleoresin. Celery oil can also be distilled from the vegetat ive struc
tu res , b u t the concent ra t ion is very low. The major cons t i tuents of the oil 
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are t he t e rpenes , for example , se l inene, p inene , myrcene , t e rp inene , 
e l emene , t ume lene , cymene , l imonene , caryophyl lene , of wh ich lim-
o n e n e is the largest c o m p o n e n t . A l t h o u g h t e rpenes const i tu te m o r e 
t h a n 80% of the essential oil, only sel inene h a s a n y definite role in celery 
flavor. The chief flavor cons t i tuents of the oil are C 1 2 lactones, or ph tha l -
ides , a n d of these , sedanoic a n h y d r i d e , sedanol ide , 3-isobutylidene-3a, 
4 -d ihydroph tha l ide , 3-isovalidene-3a, 3-butyl ph tha l ide , 3- isobutyl idene 
ph tha l ide , a n d 3-isovalidene are the mos t impor t an t (Wilson, 1965). Mit-
s u h a s h i a n d N o m u r a (1966) tes ted the possibility tha t the ph tha l ides are 
formed from head-to-tai l l inkages of acetate or ma lona te un i t s by feed
ing labeled acetate to Ligusticum acubilobum. The resul t ing alternate-car
b o n labeling pa t t e rn found in 3-butyl ph tha l ide confirmed this mecha
n i sm of synthes i s . 

A l t h o u g h commercial p repara t ions of the oil are most ly der ived from 
the seed , the efficiency of extraction from the he rb t issue has b e e n im
p roved , so tha t n o w , vegetat ive t issue can be r ega rded as a suitable 
source of oil. If a rapid , large-scale p roduc t ion m e t h o d for g r o w t h of 
t issue cul ture w e r e available, p rospec ts for he rb oil could be further 
improved . 

Tissue cul tures of celery w e r e init iated by Williams a n d Collin (1976) 
o n a Murash ige a n d Skoog m e d i u m (1962) s u p p l e m e n t e d wi th 0.5 m g 
l i t e r - 1 2,4-D a n d 0.6 m g l i t e r - 1 k inet in . The cul tures could be regene
ra ted via embryogenes i s by omit t ing the g r o w t h regula tors from the 
m e d i u m . Analysis of a long- term undifferent iated cell su spens ion at the 
s ta t ionary p h a s e s h o w e d tha t all c o m p o n e n t s of the essential oil w e r e 
absen t (Al-Abta et al., 1979). A differentiated suspens ion , howeve r , con
ta in ing p r e d o m i n a n t l y t o rpedo embryos , a n d differentiated callus pos 
sess ing shoo ts a n d roots conta ined t e rpenes a n d ph tha l ides . It w a s a p 
p a r e n t tha t even the early s tage of differentiation as embryos w a s 
sufficient to s t imulate secondary p roduc t formation. Sections of the tor
p e d o embryos s h o w e d t issue differentiation bu t n o highly specialized oil 
duc t s (Al-Abta a n d Collin, 1978). T h u s oil formation in celery t issue 
cul tures w a s no t d e p e n d e n t on the p resence of specialized oil cells or 
channe l s . 

W h e r e the nu t r i en t m e d i u m of a cell su spens ion cul ture w a s modif ied 
by replacing 2,4-D wi th 3,5-dichlorophenoxyacetic acid (3,5-D) there 
w a s a n initial s t imulus to ph tha l ide p roduc t ion (3-butyl ph tha l ide a n d 
sedanenol ide) d u r i n g the s ta t ionary p h a s e of the first subcul ture (Watts 
et al., 1985). In fact, the levels of s edan enol ide in the m e d i u m w e r e 
comparab le to the level in the p lant . After this stage in the subcul ture 
the ph tha l ides w e r e absen t or p re sen t only in trace a m o u n t s . Converse 
ly, l imonene w a s only found in trace a m o u n t s in the first subcul ture b u t 
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increased in t he exponent ia l p h a s e of the second a n d third subcul tures 
to reach levels in t he m e d i u m comparab le wi th tha t in the plant . The 
cul tures in 3,5-D w e r e no t comparab le wi th those in 2,4-D because the 
cells h a d become aggrega ted a n d g reen a l though there w a s n o indica
t ion of t issue differentiation or e m b r y o formation. In the intact p lant , 
g r een ing of the pet ioles favors l imonene accumula t ion b u t ha s n o effect 
o n ph tha l i de accumula t ion , wh ich is comparable wi th the effect of 
g reen ing in cell cu l tures (Watts et al., 1985). The effect of aggregat ion 
w a s e x a m i n e d in t he absence of g reen ing (Watts etal, 1984). Aggrega tes 
in a 2,4-D m e d i u m conta ined l imonene , 3-butyl ph tha l ide , a n d s e d a n 
enol ide comparab le to the composi t ion of aggrega ted g reen cul tures in 
t he 3,5-D m e d i u m . The effect of 3,5-D on s t imulat ing ph tha l ide syn
thesis w a s likely to be t h r o u g h changes in the pa t t e rn of cell differentia
t ion in the cul ture , because g reen ing a n d aggregat ion are an early s tage 
in t he differentiation process . 

In a n effort to s t imula te flavor formation in a n undifferent ia ted 
cul ture , t he cell s u s p e n s i o n w a s exposed to a per iod of s tress (Watts et 
al, 1984). The n e w l y inocula ted cell su spens ion w a s ma in ta ined by 4°C 
for 5 d a y s t h e n r e t u r n e d to 25°C for 10 days . L imonene accumula t ion in 
t he m e d i u m w a s significant a n d as h igh as in the p lant , bu t there w e r e 
only traces of 3-butyl ph tha l ide . It w a s sugges ted tha t the effect of a 
pe r iod of l ow t e m p e r a t u r e w a s to s t ress the cells a n d cause a d ivers ion of 
subs t ra te from the p r imary to the secondary p a t h w a y s , a l t hough only 
l imonene syn thes i s a p p e a r e d to be s t imula ted by this t rea tment . At
t e m p t s to p rov ide addi t ional p recursor as acetate to s t imulate ph tha l ide 
accumula t ion w e r e unsuccessful . 

A n al ternat ive a p p r o a c h w a s to a t t e m p t to increase t he genet ic vari
ability of t he cul tures a n d t h e n to select for h igh-yie lding clones. Callus 
ini t iated from 1500 seed ing petiole explants w a s t ransferred to l iquid 
m e d i u m a n d sc reened for celery a roma (M. J. Wat t s a n d H . A. Collin, 
pe r sona l communica t ion) . A variety of morphological ly different clones 
w e r e es tabl i shed a n d ma in ta ined . As migh t be expected, the m a x i m u m 
n u m b e r of clones possess ing a n a roma we re those s h o w i n g s o m e form 
of differentiation. Interest ingly, recent ly init iated undifferent ia ted cell 
s u s p e n s i o n s also s h o w e d an a roma , b u t the p ropor t ion of cell s u s p e n 
sion w i t h a r o m a decl ined o n subcul tu re . A n analysis of a n u m b e r of cell 
s u s p e n s i o n s s h o w e d a w i d e variat ion in t e rpenes ( l imonene, se l inene, 
a n d p inene) a n d ph tha l ides (methyl ph tha l ide , 3-butyl ph tha l ide , a n d 
s e d a n enol ide) in the cells a n d media . H o w e v e r , after 12 subcul tures 
e v e n a selected high-yie ld ing clone s h o w e d a progress ive decline in t he 
flavor c o m p o u n d s . Wi th in a subcul tu re , l imonene w a s accumula ted 
d u r i n g the pe r iod of exponent ia l g r o w t h , t h e n decl ined, w h e r e a s me thy l 
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ph tha l ide accumula ted d u r i n g the s tat ionary p h a s e . The ph tha l ides a p 
pear to be accumula ted in the cell cul tures w h e n g r o w t h is r educed . 
Methy l ph tha l ide is no t found in the intact p lant , so it m a y be ei ther a 
p recursor or a b r e a k d o w n p roduc t of the ph tha l ides . A l though flavor 
p recursors w e r e found in undifferent iated cell suspens ions , the ability 
to accumula te these c o m p o u n d s w a s shor t l ived. After only 12 sub
cul tures , n o flavor c o m p o u n d s could be detec ted in the original h igh-
yie lding l ines. 

It a p p e a r s tha t a m o r e stable a n d biosynthetical ly active sys tem is 
p rov ided by s low-growing, aggrega ted , g reen ing , or partially differenti
a ted cul tures . A l t h o u g h the b iomass is less, yields appea r to be h igher 
t h a n in undifferent ia ted cell suspens ions . Immobil izat ion p rov ides a 
m e t h o d for main ta in ing partially differentiated cul tures for long peri
ods . Celery cell cul tures have b e e n immobil ized in calcium alginate gel 
b e a d s in o rde r to compare cells in a 2,4-D m e d i u m wi th those in a 3,5-D 
m e d i u m , wh ich s t imulates partial differentiation (Watts a n d Collin, 
1985). Immobi l ized celery cells r ema ined viable in bo th 2,4-D a n d 3,5-D, 
as s h o w n by the increased u p t a k e of nu t r i en t s , respira t ion ra te , a n d d r y 
weigh t . A l t h o u g h n o analyses we re per formed on the cells or m e d i u m , 
immobil izat ion of cells m a y prov ide a valuable sys tem for s t imulat ing 
a n d main ta in ing the p roduc t ion of celery flavor. 

III. P U N G E N T F L A V O R S 

The p u n g e n t flavors are we l l -known food addi t ives a n d flavor e n h a n 
cers. Examples are the spices, such as ginger , p e p p e r , a n d n u t m e g a n d 
the vegetables caps icum, or chillies, a n d onion . Mos t w o r k on flavor 
p roduc t ion in t issue cul ture ha s b e e n on caps icums a n d on ion (see 
C h a p t e r 28, this vo lume) . 

Capsaicin 

The fruits of Capsicum annuum a n d C. frutescens contain an essential oil 
w i th a p u n g e n t flavor. The fruits, or chillies, are va lued mainly as a 
flavor addi t ive b u t d o have pharmacological proper t ies as a general st im
u lan t a n d deconges tan t . The active c o m p o n e n t of the oil is capsaicin, 
wh ich is syn thes ized from the combinat ion of two precursors , vanil-
lylamine (derived from phenyla lan ine) a n d isocapric acid (derived from 
valine). In v iew of its w ide culinary use a n d the fact tha t the flavor 
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source is a single c o m p o u n d , there has been detai led invest igat ion of 
capsaicin p roduc t ion in t issue cul ture of C. frutescens by Yeoman a n d 
coworkers (1980). The callus a n d cell su spens ions were main ta ined on a 
m e d i u m of Schenk a n d Hi ldebrand t (1972) conta ining 2,4-D (0.5 m g 
l i t e r - 1) , para-chlorophenoxyacet ic acid (2.0 m g l i t e r - 1) a n d kinet in (0.1 
m g l i t e r - 1) . Analysis of the undifferent ia ted cell suspens ion cul tures 
s h o w e d trace quant i t ies of capsaicin (Yeoman et al., 1980). It w a s sug
ges ted tha t the yield of capsaicin w a s de t e rmined by the g rowth rate a n d 
degree of cellular organizat ion a n d differentiation in the t issue. The 
difference b e t w e e n fast- a n d s low-growing cul tures is that in the fast-
g r o w i n g cell m a s s , the p r imary p a t h w a y s are mos t active a n d utilize all 
c o m m o n precursors to the a lmost total exclusion of the secondary pa th 
w a y s so tha t few secondary p roduc t s are synthes ized . In s low-growing, 
compac t callus cul tures , or redifferentiated cul tures , the pr imary pa th 
w a y s are less active, hence there is a supp ly of c o m m o n precursors 
available for secondary p roduc t synthes i s (Yeoman et al, 1980, 1982). In 
recogni t ion of this control on capsaicin p roduc t ion , two app roaches to 
s t imula te p roduc t ion h a v e b e e n cons idered . O n e approach has been to 
p rov ide p recursors to rapidly g rowing cell a n d callus cul tures . The o ther 
a p p r o a c h h a s b e e n to alter the g r o w t h rate of the cul tures to reduce the 
in ternal d e m a n d of the p r imary p a t h w a y s o n the supp ly of p recursors . 
T h u s add i t ion of the p recursors , vani l lylamine or isocapric acid, in
creased the yield of capsaicin (Yeoman et al., 1980). Equally, w h e r e the 
g r o w t h of t he cul ture h a s b e e n restr icted by the u s e of the prote in-
syn thes i s inhibi tor cyclohexamide, sucrose a n d ni trate l imitation in the 
med ia (Yeoman et al., 1982), or immobil izat ion of the cells in poly-
u r e t h a n e foam (Lindsey a n d Yeoman , 1984), t he u p t a k e of radioactive 
pheny la l an ine or val ine in to capsaicin, or the accumula t ion of capsaicin, 
h a s b e e n increased . In all these ins tances g r o w t h of the cul ture h a s b e e n 
r educed , so tha t m o r e p recursors are m a d e available for synthes is of 
capsaicin. O n e part icularly fruitful a p p r o a c h h a s b e e n cell immobil iza
t ion. H e r e the cells are a l lowed to aggregate a n d u n d e r g o l imited g r o w t h 
in a p ro tec ted env i ronmen t . Significant increases in yield of capsaicin 
h a v e b e e n obta ined . This app roach could well be appl ied to s t imulat ing 
t he yield of o the r flavor c o m p o u n d s . 

IV. B E V E R A G E F L A V O R S 

The t w o major beverage flavors are coffee a n d cocoa. Besides provid
ing a refreshing beverage , b o t h are u s e d to flavor convenience foods, 
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a n d addi t ional ly , cocoa is u sed to m a k e chocolate confectionery. Coffee 
h a s h a d considerable invest igat ion as a t issue cul ture , bu t the work on 
secondary p roduc t formation has concent ra ted on the p roduc t ion of 
caffeine (see C h a p t e r 23, this vo lume) . Cocoa t issue cul tures have b e e n 
invest igated for a w i d e range of flavor precursors a n d are cons idered in 
m o r e detail . 

Cocoa 

The flavor of cocoa is obta ined from the cocoa bean , wh ich is r e m o v e d 
from the fresh, ripe p o d s , a l lowed to ferment , t h e n roas ted. Flavor 
p recursors in the cocoa b e a n have been d iv ided into three major catego
ries: the ca rbohydra tes (fructose, glucose, sucrose, a n d two unident i f ied 
sugars) , t he f lavonoids (epicatechin, catechin, gallocatechin a n d epi-
gallocatechin, l eucoanthocyanins , quercit in, a n d quercetr in) , the p h e 
nolic acids (pflra-coumaric, caffeic, a n d chlorogenic), a n d free a m i n o 
acids (Rohan, 1969). The bit ter a n d mildly addict ive c o m p o n e n t of cocoa 
is p rov ided by the pu r ine alkaloids, caffeine, theophyl l ine , a n d the
obromine . A l t h o u g h all these flavor precursors are soluble c o m p o u n d s , 
a major insoluble c o m p o n e n t of the bean , cocoa but ter , is an impor tan t 
c o m p o n e n t of cocoa flavor as well as be ing a secondary c o m p o u n d in its 
o w n right. Cocoa bu t te r is a s torage lipid to d is t inguish it from other cell 
l ipids, such as the m e m b r a n e phospho l ip ids . It consists of triglycerides 
tha t conta in palmitic (16.0), stearic (18.0), a n d oleic acids (10:1) , mak ing 
czs-palmito-oleostearin the p r e d o m i n a n t triglyceride. 

Dur ing fermenta t ion of the cocoa beans there is b r e a k d o w n of prote in , 
s tarch, a n d sucrose . Some loss of a m i n o acids a n d sugars occurs d u r i n g 
roas t ing , b u t this s tage also causes recombinat ion of a m i n o acids, sug
ars , a n d po lypheno l s to give the volatile cocoa a roma. After roast ing, the 
cocoa b e a n is g r o u n d , a n d mos t of the cocoa bu t te r is extracted by 
press ing . The remain ing p o w d e r prov ides the basis for cocoa flavor of 
commerce . Produc t ion of a desirable chocolate flavor at this s tage is 
d e p e n d e n t on the interact ion b e t w e e n a large n u m b e r of c o m p o u n d s 
ra ther t h a n one single c o m p o u n d . 

Tissue cul tures of cocoa we re init iated primari ly to invest igate the 
potent ia l for micropropaga t ion . Archibald (1954) w a s the first to es tab
lish callus cul tures , t h e n Hall a n d Collin (1975) init iated bo th callus a n d 
su spens ion cul tures from different par t s of the seedl ing. Since then , Jalal 
a n d Collin (1979) a n d Tsai a n d Kinsella (1981) have descr ibed synthet ic 
med ia for main ta in ing cocoa callus a n d cell suspens ion cul tures . The 
m o s t successful m e d i u m consists of Murash ige a n d Skoog m e d i u m s u p -
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p l e m e n t e d wi th 0.5 m g liter - 1 2,4-D a n d 0.1 m g liter - 1 kinet in (Tsai a n d 
Kinsella, 1981). In an examinat ion for flavor precursor c o m p o u n d s , Jalal 
a n d Collin (1977) found tha t po lypheno l composi t ion of callus w a s m u c h 
m o r e l imited in compar i son wi th explant t issue from the seedl ing plant . 
Explants from coty ledons , s t ems , a n d roots s h o w e d a w ide range of 
po lypheno l s , w h e r e a s the callus isolated from these different sources 
s h o w e d fewer po lypheno l s , b u t all h a d the same composi t ion . In a 
compar i son of the callus t issue a n d explants , only the po lypheno l s , 
l eucoan thocyan id ins , a n d epicatechin w e r e c o m m o n to bo th callus a n d 
p a r e n t t i ssue . The o ther po lypheno l s p r e sen t in the callus could no t be 
de tec ted in t he p lan t . W h e n the compos i t ions of po lypheno l s from call
u s a n d s u s p e n s i o n cul ture w e r e compared , the suspens ion cul ture con
ta ined fewer po lypheno l s t h a n the callus. A restricted po lypheno l com
posi t ion w a s also s h o w n by t issue cul tures of tea c o m p a r e d wi th the 
intact p lan t (Forrest, 1969). 

A g r o u p of c o m p o u n d s tha t also contr ibute to cocoa flavor are the 
p u r i n e alkaloids, t heob romine , caffeine, a n d theophyl l ine . Analysis of 
the cocoa callus a n d cell s u s p e n s i o n cul tures s h o w e d tha t n o p u r i n e 
alkaloids could be de tec ted (Jalal a n d Collin, 1979). This is in contras t 
w i t h t he cul tures of coffee (Frischknecht et al., 1977) a n d tea (Ogu tuga 
a n d Nor thco te , 1970), in wh ich caffeine a n d theobromine accumula ted 
in t he cells a n d media . In cocoa cul tures , howeve r , w h e n precursors of 
the p u r i n e s , 7-methylxanthos ine a n d me th ion ine , we re inc luded in the 
m e d i u m , t heob romine w a s syn thes ized by the callus, indicat ing tha t 
pa r t of the p u r i n e b iosynthet ic p a t h w a y w a s active (Jalal a n d Collin, 
1979). 

A n o t h e r c o m p o n e n t of cocoa flavor is cocoa but ter , w h i c h is also 
a d d e d separa te ly to chocolate confectionery. Analysis of cocoa cell sus 
p e n s i o n s s h o w e d tha t the l ipids co r r e sponded to m e m b r a n e l ipids 
ra the r t h a n those of cocoa bu t t e r (Tsai a n d Kinsella, 1982). W h e n cocoa 
t i ssue cu l tures w e r e exposed to radiolabeled precursors of cocoa but te r , 
tha t is, palmitic, oleic, linoleic acid, a n d stearic acids, there w a s r eady 
incorpora t ion into cellular l ipids (Tsai a n d Kinsella, 1982). That there 
w a s n o incorpora t ion of p recursors in to cocoa bu t te r sugges ts tha t the 
cocoa s u s p e n s i o n s are no t suitable for synthes i s of cocoa but te r . 

Even t h o u g h the p roduc t ion of flavor p recursors w a s l imited in the 
cocoa t issue cul tures , w h e n the cul tures w e r e ma in ta ined at a roas t ing 
t e m p e r a t u r e a cocoa a roma w a s p r o d u c e d . This r e sponse only occurred 
w h e n the cocoa cell s u s p e n s i o n w a s at t he lag or s ta t ionary p h a s e of 
g r o w t h a n d no t d u r i n g the rapidly g rowing exponent ia l p h a s e (Towns-
ley, 1974). The p resence of cocoa a roma in the t issue cul ture does p ro 
v ide a n o p p o r t u n i t y to select for m o r e h ighly aromatic clones. 
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It h a s no t b e e n possible to redifferentiate cocoa t issue cul tures in o rder 
to invest igate the effect of differentiation on flavor p roduc t ion . Somatic 
embryos of cocoa can be isolated a n d cul tured , howeve r , wh ich p ro 
v ides a differentiating sys tem wi thou t an initial callus p h a s e . Somatic 
e m b r y o s are init iated from the embryonic axis or coty ledons of zygotic 
e m b r y o s in the p resence of auxin a n d coconut milk a n d deve lop in the 
s ame w a y as the zygotic embryos (Pence et al., 1980). The somatic em
bryos , w h e t h e r ma in ta ined on solid or in liquid m e d i u m , can be u s e d for 
s t udy ing the regula t ion of morphological a n d biochemical deve lopmen t . 
O n e impor t an t aspect of biochemical change in the zygotic embryo is the 
change in fatty acid composi t ion of the l ipids. Dur ing d e v e l o p m e n t of 
t he e m b r y o , the fatty acid composi t ion becomes m o r e sa tura ted as cocoa 
bu t t e r is syn thes ized , in addi t ion to t he normal m e m b r a n e l ipids. A n 
increase in sucrose concentra t ion in the m e d i u m of the somatic embryos 
causes a change in composi t ion of the lipid synthes is t oward synthes i s 
of t ryglycerides, w h i c h m a k e u p cocoa bu t te r (Pence et al., 1981). By 
modifying the nu t r i en t med ia in this w a y , the somatic embryos can be 
i nduced to p roceed t h r o u g h the same biochemical deve lopmenta l pa t 
te rn as the zygotic embryos . It w a s sugges ted tha t cul tured somatic 
embryos m a y be useful for synthes is of cocoa flavor c o m p o u n d s . O n e 
w a y of overcoming the low yields of secondary p roduc t s a n d instability 
of undifferent ia ted large-scale t issue cul tures m a y be to u se such par
tially differentiated sys tems . 

V. CONCLUSIONS 

M a n y of the commercial flavors are p resen t as essential oils, wh ich are 
accumula ted in specialized cells, g lands , channe l s , or specific t issues 
a n d o rgans of the p lant . In undifferent iated, fast-growing cell su spen 
sion cul tures n o such s t ructures can be found. In contrast , t he s t ructure 
of t he callus favors m o r e stable cell-cell associat ions, larger aggregates , 
low g r o w t h ra tes , g reen ing , a n d also differentiation of oil cells. As a 
resul t t he concent ra t ion of oil a n d o ther flavor c o m p o u n d s is a lways 
h igher in callus t h a n in cell suspens ions . 

G r o w i n g callus is no t a commercial possibility, however , w h e r e a s 
large-scale cul ture of cell su spens ions is. The p rob lem wi th us ing cell 
s u s p e n s i o n s for oil p roduc t ion , or for the p roduc t ion of specific flavor 
c o m p o u n d s , is tha t yields are low, variable, a n d usual ly decline w i th 
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r epea t ed subcul tu re . Al ternat ive app roaches are be ing examined to 
overcome these p rob lems a n d to s t imulate increased yields. These are 

1. Cell immobil izat ion. The cul ture is p rov ided wi th an e n v i r o n m e n t 
tha t l eads to cell aggregat ion , a r educed g r o w t h rate , a n d even 
part ial differentiation. 

2. T w o - p h a s e a q u e o u s a n d lipophilic sys tem. The lipophilic p h a s e in 
a cell s u s p e n s i o n cul ture p rov ides a site of accumula t ion for the oil, 
a n d indirect ly s t imulates oil synthes i s in the undifferent iated cells. 

3. Biotransformation of p recursors . Selected cell cul ture c h e m o t y p e s 
tha t can m a k e specific b io t ransformat ions are u s e d to biot ransform 
c h e a p precursor c o m p o u n d s to give the des i red produc t . 

Besides app ly ing these app roaches to flavor p roduc t ion in t issue 
cul ture , it is also impor t an t tha t s tudies be m a d e of the basic cell biology 
a n d b iochemis t ry of the f lavor-producing p lan t a n d its t issue cul ture . It 
is essent ia l to h a v e m o r e information on the in te rmedia tes , e n z y m e s , 
activity, a n d intracellular location of the secondary p a t h w a y s . This infor
ma t ion will p rov ide the b a c k g r o u n d for a m o r e direct man ipu la t ion of 
t he secondary p a t h w a y s by the t echn iques of molecular biology. 
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I. I N T R O D U C T I O N 

In m o s t p lan t cell a n d t issue cul ture sys tems the nu t r i en t m e d i u m is 
s u p p l e m e n t e d w i th g r o w t h regula tors , mos t ly 2 ,4-dichlorophenoxy-
acetic acid (2,4-D) as a synthet ic auxin , or a cytokinin such as kinet in [or 
6 -benzyladenine (6BA)], or bo th . These subs tances are necessary to p ro 
m o t e v igorous g r o w t h , ma in ly by cell division, or are requi red to initiate 
o rganogenes i s . Somet imes , after a pr ior pu l se , t he w i thd rawa l of one or 
t he o the r of these subs tances is requi red to p r o m o t e differentiation p ro 
cesses , for example , to i nduce embryogenes i s in cu l tured somatic cells. 
H e r e , after pr ior cul ture in a 2 , 4 - D - s u p p l e m e n t e d m e d i u m , cell material 
is t ransfer red to a n auxin-free m e d i u m to p r o d u c e embryos (Nomura 
a n d K o m a m i n e , 1985; Ozek i a n d K o m a m i n e , 1985). 

A vas t l i terature is available o n the influence of g r o w t h regula tors 
(mostly synthe t ic auxins a n d cytokinins) on cul tured cell mater ial of a 
great var ie ty of p lan t species , to control g r o w t h a n d differentiation. In 
these r epor t s t he react ions of cells w e r e tes ted most ly empirically, h o w -
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ever, a n d only l imited informat ion is available on the metabolic fate of 
these exogenous g r o w t h regula tors after up t ake by the cells (cf., e .g. , 
Giles et al, 1986; Bender a n d N e u m a n n , 1979; Laloue et al, 1977; 
M c G r a w a n d H o r g a n , 1983; Horgan , 1987). Even less is k n o w n of en
d o g e n o u s p h y t o h o r m o n e s a n d the possible interact ions of such an en
d o g e n o u s p h y t o h o r m o n e sys tem wi th the exogenous g rowth regula tors 
supp l i ed to the nu t r i en t m e d i u m . It s eems to be safe to hypo thes i ze tha t 
the empirically observed r e sponses of cell cul ture sys tems following a 
g r o w t h regula tor s u p p l e m e n t will be related to such interact ions. 

In m a n y w a y s , cell cul ture sys t ems resemble meris temat ic t i ssues of 
intact p lan t s , such as a h igh cell division activity or a h igh potent ial for 
o rganogenes i s , tha t is, to p roduce shoot , root , or flower pr imordia . In 
the intact p lan t such meris temat ic t issues are recognized as centers of 
h o r m o n a l syn thes i s a n d as sources for the e n d o g e n o u s h o r m o n a l sys
t em. Consequen t ly , cu l tured cells also shou ld be able to synthes ize p h y 
t o h o r m o n e s or at least in te rmedia tes in metabolic p a t h w a y s of h o r m o n e 
syn thes i s . This agrees wi th the isolation of some cell l ines wi th n o re
s p o n s e to exogenous auxins or cytokinins , l ines tha t we re consequent ly 
descr ibed as a u t o n o m o u s (habi tuated) for these p h y t o h o r m o n e s (e.g. , 
Gau the re t , 1946, 1955; Kutacek et al, 1981; Szabo et al, 1981; Meins , 
1982; Me ins a n d Foster , 1985; Horgan , 1987). Such cul tures as well as the 
c r o w n gall sys t em w i t h a h igh capacity to synthes ize e n d o g e n o u s hor 
m o n e s as well as genet ic t u m o r cul tures we re recently rev iewed by 
H o r g a n (1987) a n d these will no t be cons idered in this article. Cul tu re 
sys t ems wi th an initial r equ i remen t for exogenous g rowth regula tors 
also deve lop a n e n d o g e n o u s h o r m o n a l sys tem, howeve r , a n d the pu r 
pose of this chap te r is to out l ine some characteristics of this e n d o g e n o u s 
sys tem. A m o r e deta i led d iscuss ion will focus o n t w o sys tems from our 
laboratory, u s e d as examples , tha t is, a carrot callus sys tem der ived from 
root explants a n d a h ighly embryogenic cul ture sys tem der ived from 
carrot pet ioles . 

II. C A L L U S C U L T U R E S D E R I V E D 

F R O M C A R R O T R O O T E X P L A N T S 

To induce h igh cell division activity in freshly isolated explants from 
carrot roots , w i th abou t a 100-fold increase in cell n u m b e r wi th in a 3-
w e e k cul ture per iod , the nu t r i en t m e d i u m is s u p p l e m e n t e d wi th 2 p p m 
indoleacet ic acid (IAA), 50 p p m inositol, a n d 0.1 p p m kinet in. A first 
peak in the n u m b e r of cells pass ing t h r o u g h the var ious s tages of the cell 
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cycle, indicat ing t h e init iation of cell division activity, is reached abou t 
20 h r after explanta t ion a n d transfer to the nu t r i en t m e d i u m (Fig. 1). The 
exponent ia l p h a s e of cell division activity c o m m e n c e s usual ly 3 or 4 days 
later, a n d after abou t 3 w e e k s the cul tures pass into a s ta t ionary p h a s e 
(Fig. 2). A s can be seen from Fig. 1, t he IAA of the m e d i u m is readily 
b r o k e n d o w n by photooxida t ion , a n d after 3 days the cul tures g r o w in a 
m e d i u m virtually free of auxins (Bender a n d N e u m a n n , 1978; Bender et 
al., 1982). In Table I, da ta are s u m m a r i z e d o n the dura t ion requi red in a n 
I A A - s u p p l e m e n t e d nu t r i en t solut ion to initiate h igh cell division ac
tivity, a s s h o w n in Fig. 2. He re it is qui te obvious tha t only a few days of 
contact w i t h IAA is sufficient. Obvious ly , these cul tures require ei ther 
only a shor t pu l se of a n auxin to p r o m o t e h igh cell division activity, or if 
a c o n t i n u o u s r equ i r emen t to sus ta in cell division exists, t h e n the 
cu l tu red cells shou ld be able to syn thes ize the requi red subs tance or 
subs tances . O n the basis of exper imen t s w i th 1 4C- labe led , t h o u g h ex
o g e n o u s , IAA a n d the de te rmina t ion of e n d o g e n o u s IAA concentra
tions, a ba lance of cont r ibut ions from e n d o g e n o u s a n d exogenous IAA 
sources w a s a t t e m p t e d for t he initial 24 h r of the cultural cycle, wh ich 
clearly indicates a considerable contr ibut ion of newly syn thes ized IAA 
(Table II). 

A p p a r e n t l y , w i th in the first few d a y s following the initiation of cell 
d ivis ion by the h o r m o n e s of t he nu t r i en t m e d i u m , tha t is, t he induc t ion 
of a "mer i s t ema t i c " s tate in t he explants , a metabolic p a t h w a y to syn the 
size IAA is es tabl ished. The ability to synthes ize IAA persis ts at least u p 
to the twelfth d a y in cul ture (Bender a n d N e u m a n n , 1978), tha t is, 
d u r i n g the exponent ia l p h a s e of cell division. Data on later s tages of the 
cul ture cycle are no t available. 

In Fig. 3 , informat ion on the p roduc t ion of e thy lene by this callus 
sys t em is s u m m a r i z e d . The very h igh values of e thy lene p r o d u c e d du r 
ing the first h o u r s of explant cul ture can be visual ized as some k ind of 
w o u n d i n g effect i nduced by cut t ing the explants . Such effects h a v e also 
b e e n descr ibed, following the w o u n d i n g of intact p lan ts . After a rap id 
decrease of e thy lene p roduc t ion d u r i n g the following per iod , howeve r , 
w i t h a m i n i m u m at abou t the second day , a m a x i m u m is reached o n the 
sixth day . Interest ingly, he r e influences of the h o r m o n a l reg ime in the 
nu t r i en t m e d i u m at t0 s e em to exert s o m e influence on the capacity to 
p r o d u c e e thy lene , indicat ing a genera l t endency parallel ing the g r o w t h 
in tens i ty i n d u c e d by the var ious combina t ions of the three g r o w t h reg
ula tors u s e d . A s t rong influence of IAA on e thy lene p roduc t ion can also 
be der ived from the da ta in Fig. 3, wh ich indicates a n acceleration of 
syn thes i s following the appl icat ion of the auxin d u r i n g later s tages of the 
cul tures , w i th a ra the r low level of e thy lene p roduc t ion before IAA 
appl icat ion (Dougal , 1986). 
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c a r r ot r o ot e x p l a n ts to the g r o w th 
s t i m u l a t i ng e f f e ct of I AA 

18 31 43 100 108 % G r o w th of e x p l a n te a f t er p r e c u l t u re in I AA 4 I + K IN for i n d i c a t ed h o u rs and 
s u b s e q u e nt t r a n s f er to I + K IN f or 21 d a ys ( in °/o of c o n t r o l, i .e. I AA + I + K IN for 21 d a y s) 

PERPETUATION 
MERISTEMATIC 
CENTERS 

E X O G E N O US H O R M O N ES D E V E L O P M E NT OF E N D O G E N O US H O R M O N AL S Y S T EM 

Fig. 1. Interaction of exogenous IAA concentration, onset of cell division and susceptibili
ty to IAA of the cultured carrot tissue. The dashed line (upper graph) indicates the 
concentration kinetic of exogenous IAA if added 10 hr after t 0 at maximal susceptibility of 
the explants. 
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mg Fr.wt./expl. 
( I +• IAA + k in ) 

number of cells 
per explant · 1 0 4 

( I + IAA + k i n ) 

j tng/ce l l 
( I + IAA + k i n ) 

number of 
cells/expl. · 104 

( I + IAA ) 

16 20 24 28 days in culture 

Fig. 2. Fresh weight , number of cells per explant and average weight of cells of cultured 
carrot root explants (secondary phloem) during a culture cycle of 28 days (kin, 0.1 p p m 
kinetin; I, 50 p p m m-inositol, 2 p p m IAA). 

Apparen t ly , carrots be long to the g r o u p of p lan t species tha t accumu
late (2iP) a n d its riboside, a n d no t zeat in , as the domina t ing nat ive 
cytokinin . At least by gas l iquid c h r o m a t o g r a p h y - m a s s spec t rometry 
(GLC-MS) , zeat in a n d its der ivat ives could no t be detec ted (Stiebeling 
a n d N e u m a n n , 1986; Einset , 1986a). Interest ingly, in the shoot , 2iP a n d 
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Table I 

Influence of Kinetin and Preculture Period of Various durations (6, 24, 144 hr) 
in an ΙΑΑ-Containing Medium on the Fresh Weight and Number of Cells per Explant'7 

Explants transferred from 

IAA + I to I; IAA + I + Kin to I + Kin; 

Time (hr) of Milligram Cells per explant Milligram Cells per explant 
preculture per explant (x 10 3) per explant (x 10 3) 

6 19.9 133 73.4 1830 
24 11.2 84 71.1 1830 

144 12.1 105 138.3 3370 

Control 12.9 101 118.8 3570 

a Controls were cultured in the original nutrient solution throughout the experimental period. 
Harvest was at the fifteenth day of the cultural cycle; original explants, 4 mg fresh weight. 

b I, 50 ppm mefa-inositol; IAA, 2 ppm indoleacetic acid; Kin, 0.1 ppm kinetin. 

Table II 

Indoleacetic Acid Balance in Cultured Carrot Root Explants during the First 24 hr after 
Inoculation in Nutrient Solution'7 

Content in original explants 
Content in nutrient m e d i u m at t0 

Uptake 
Synthes is total 
Breakdown total 

Light mediated 
Biogenic 

N e t synthes is ( including efflux) 

Total IAA pass ing through the tissue 
within 24 hr 

Content in explants after 24 hr 

Micrograms per gram fresh weight 

0.1 
700.0 

Micrograms per gram fresh weight per hour 

1.0 
2.5 
2.0 

Micrograms 

1.4 
0.6 

Micrograms per gram fresh weight per hour 

0.5 

Micrograms per gram fresh weight** 

84 

1.4 

" Plus 50 ppm meta-inositol, 2 ppm indoleacetic acid, 0.1 ppm kinetin. 
b Uptake plus synthesis total. 



Fig. 3. Ethylene production and growth of cultured carrot root explants (secondary phloem) during a 28-day culture period with various 
hormonal treatments. In two experiments, 0.15 μg IAA/ml nutrient solution were added on the 7th, 13th, and 16th day, respectively, and 
ethylene production was determined 2 days later (fr.wt. of original explants: 4mg). 
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2iPA occur, w h e r e a s in the roots only the 2iP base w a s found. Also, in 
cu l tured root explants only 2iP occurs (Stiebeling et ah, 1986), indicat ing 
tha t in this aspect cu l tured explants m a y s o m e h o w preserve some char
acteristics of the original t issue from w h i c h the explants we re der ived. 
As r epor t ed e l sewhere (Kumar et al., 1984), the cells of these cul tured 
explants conta in wel l -developed chloroplasts capable of pho tosyn thes i s , 
a n d therefore, it s eems to be unlikely tha t the existence of chloroplasts in 
shoo t t issue can be related to the accumula t ion of the 2 iP- r ibos ide . In 
this callus sys tem the r e sponse to 2iPA is even s t ronger t h a n to the base 
(Stiebeling a n d N e u m a n n , 1986), which , however , is in d i sagreement 
w i th o ther resul ts (Laloue et al., 1977). 

The 2iP concent ra t ion in the explants indicates a peak du r ing the 
exponent ia l p h a s e of cell division activity after abou t 12 days of cul ture 
(Fig. 4). This peak coincides wi th the ability of the cul tures to g r o w in a 
cytokinin-free m e d i u m from this s tage o n w a r d , u p to the s ame fresh 
we igh t a n d n u m b e r of cells pe r explant as those in a cytokinin-supple-
m e n t e d m e d i u m , till t he e n d of the cul ture cycle 28 days after the begin
n ing of the exper iment (Bender a n d N e u m a n n , 1978). If this is t aken as 
an indicat ion for a cy tok in in -au tonomous s ta tus of the cul tured cells 
from this s tage of the cul ture cycle o n w a r d , t h e n the es tabl i shment of a 
cytokinin-synthes iz ing sys tem seems to require a longer precul ture t h a n 
the initiation of the IAA- a n d e thylene-synthes iz ing mechan i sm. 

For gibberell ins only few data are available. Some ra ther w e a k gib-
berell in activity could be detec ted by a variety of bioassays for this g r o u p 
of p h y t o h o r m o n e s , a n d wi th a combinat ion of gas liquid chromatogra
p h y (GLC) a n d thin-layer ch roma tog raphy (TLC) combined wi th bio
assays , a c o m p o n e n t w i th gibberellin activity could be isolated. H o w e v 
er, t he latter r ema ins chemically unident i f ied. By the same m e t h o d a n 
unident i f ied inhibi tor of gibberellins w a s also de tec ted in intact carrots 
in root t issue only, a n d a second subs tance wi th gibberellin activity in 
shoot t i ssue. Cont ra ry to cytokinins (see above) , in cul tured cells all 
th ree subs tances occur. This is in ag reemen t w i th ideas on the role of 
chloroplas ts a b u n d a n t in cul tured root explants , in gibberellin me tabo
lism (Palussek a n d N e u m a n n , 1982; Palussek, 1982). 

All t he da ta d iscussed so far indicate the es tab l i shement of an e n d o g e 
n o u s h o r m o n a l sys tem in cul tured explants , a n d it shou ld be of interest 
to follow the concent ra t ions of these var ious g r o u p s of subs tances at t he 
var ious s tages of the g r o w t h cycle. Based on such data , the p rob lem of 
interact ion of the h o r m o n a l reg ime in the nu t r i en t m e d i u m wi th t he 
e n d o g e n o u s h o r m o n a l sys tem of cul tured cells, to br ing abou t the 
g r o w t h r e sponses a n d deve lopmenta l pa t t e rn observed, could be inves-



t igated in m o r e detail . In intact carrot p lan ts an a u t o n o m o u s Orcadian 
r h y t h m of cytokinin concent ra t ion w a s observed (Stiebeling a n d N e u 
m a n n , 1986), a n d it r ema ins to be seen to w h a t extent such var iat ions in 
e n d o g e n o u s concent ra t ions of h o r m o n e s also occur in cu l tured t issues 
a n d cells. 
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Fig. 4 . Growth response and e n d o g e n o u s 2iP-concentrations of carrot t issue cultures 
under the influence of a kinetin treatment. 
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Table III 

Developmental Stages of Embryogenesis in Petiole Explants and Concentrations 
of Endogenous IAA and 2\P a 

Deve lopmenta l 
process 

Deve lopmenta l 
stage 

Nutrient 
m e d i u m 

IAA 
concentration 

(ng /g fresh 
weight) 

2iP 
concentration 

(ng /g fresh 
weight) 

t0 fresh petiole 
explants 

Advent i t ious 
root forma
tion 

Parenchymatic 
cells 

Parenchymatic 
cells wi th 
meristematic 
regions 

High auxin, 2 
p p m IAA 

524 

103.6 

48.0 

Induction 
phase 

Embryogenic 
cells—tetra-
oidal stage 

M e d i u m auxin, 
0.1 p p m 
2,4-D 

76 30.7 

Transformation 
phase 

Embryo devel
o p m e n t 
phase 

Tetraoidal— 
globular 
stage 

Heart-shaped 
stage—tor
pedo- shaped 
stage 

Low auxin, 
0.01 p p m 
2,4-D 

N o hormone 
supplement 

145 26.4 

39.6 

a IAA, indoleacetic acid; 2iP, N 6 (A2-isopentyl)adenin; 2,4-D, 2,4-dichlorophenoxyacetic acid. 

III. C U L T U R E D P E T I O L E E X P L A N T S O F 

C A R R O T S 

Cul tu red pet iole explants obta ined from carrot seedl ings in a n IAA-
a n d inos i to l - supp lemented m e d i u m at the beg inn ing of the exper iment 
will p r o d u c e e m b r y o s on transfer to a m e d i u m conta in ing a low con
cent ra t ion of 2,4-D (0.01 p p m ) tha t is o therwise free of addi t ional p h y 
t o h o r m o n e s (Li et al., 1984; Li a n d N e u m a n n , 1985; Schaefer et al., 1985). 
The embryo ids or iginate from subep ide rmal cells, wh ich are originally 
vacuola ted , a n d the first indicat ions of a t ransformat ion into the em
bryogenic state is v igorous g r o w t h of cytoplasm. By microscopic obser
vat ion, several characteristic s tages of e m b r y o d e v e l o p m e n t can t h e n be 
d i scerned at w h i c h the concentra t ion of IAA a n d 2iP have b e e n deter
m i n e d (Table III). The data we re ob ta ined by analysis of ent ire explants , 
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a n d these certainly will no t r ep re sen t the concentra t ion of the embryo-
genic cells, w h i c h m a y be considerably different. Howeve r , the resul ts 
in Table III clearly s h o w differences in the concentra t ion of IAA a n d 2iP 
at va r ious s tages of t h e cul ture cycle of embryogenic explants . In
terest ingly, the concent ra t ion a n d the ratio of these two phy toho r 
m o n e s , ob ta ined from a h ighly embryogen ic carrot variety ( 'Rotin ') , 
differ considerably from da ta der ived d u r i n g the same per iod after the 
beg inn ing of the exper imen t from cul tured petiole explants of a variety 
tha t ha rd ly p r o d u c e s a n y e m b r y o s (Lobbericher, Li a n d N e u m a n n , 
1985). Appa ren t ly , therefore, genet ic influences also have to be consid
e red in eva lua t ing the e n d o g e n o u s h o r m o n a l sys tem of cul tured cells. 
(See also genet ic tumors ) . 

IV. CONCLUSIONS 

The t issue cul ture sys t ems descr ibed above demons t r a t e tha t cul tured 
cells are able to deve lop an a u t o n o m o u s e n d o g e n o u s h o rmo n a l sys tem. 
Fur ther , t he concent ra t ions of representa t ives of the var ious g r o u p s of 
p h y t o h o r m o n e s change d u r i n g the cul ture cycle in a ra ther character
istic pa t t e rn at var ious s tages , associated w i th characteristic cytolog-
ical even t s , for example , cell division activity in root explants or em
bryo d e v e l o p m e n t in petiole explan ts . Such changes in the e n d o g e 
n o u s concent ra t ions h a v e also b e e n repor t ed for o ther sys tems (e.g. , 
Rajasekaran et al., 1987a,b; Einset, 1986b). This conclusion, howeve r , is 
in d i s ag reemen t w i th resul ts pub l i shed by Barz a n d H u s e m a n n (1982) 
for es tabl i shed cul tures of Chenopodium rubrum. In this sys tem n o cor
re la t ions of t he p h y t o h o r m o n e level w i th the g r o w t h cycle w e r e ob
served . It r ema ins to be seen w h e t h e r this d iscrepancy resul ts from 
differences in t he cul ture sys tem u s e d for the analysis . In cul tures of 
freshly isolated explants , a considerable n u m b e r of cells of the original 
t i ssue a lways r emain tha t cont r ibute to the composi t ion of cu l tured ex-
p lan t s a n d tha t are absen t in es tabl ished cul tures . Still, as clear dif
ferences in t he concent ra t ion a n d the ratio of var ious p h y t o h o r m o n e s of 
cu l tu red explan ts d u r i n g the g r o w t h cycle a n d of fresh explants before 
cul ture indicate , h o w e v e r , d u r i n g cul ture , cells establish their o w n dis
tinct h o r m o n a l sys tem (e.g. , see Tables II a n d III a n d Fig. 4). This conclu
sion is also s u p p o r t e d by the p roduc t ion of 2iP in callus cul tures in a 
k ine t i n - supp lemen ted m e d i u m , or in embryogen ic petiole explants in a 
cytokinin-free nu t r i en t m e d i u m . It r ema ins to be seen to w h a t extent this 
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is jus t a n express ion of the biochemical a n d cytological s ta tus of the 
n e w l y p r o d u c e d cells, or w h e t h e r this ho rmo n a l sys tem contr ibutes to 
a n d is involved in the d e v e l o p m e n t of nonhab i tua t ed explants d u r i n g 
the cul ture cycle. At a n y rate , as compared to metabol i tes of the "sec
o n d a r y me tabo l i sm," such as glycosides or alkaloids, wh ich accumula te 
most ly d u r i n g s ta t ionary g rowth , the accumulat ion of p h y t o h o r m o n e s 
s eems to be ra ther characteristic of cells actively g rowing by cell division. 
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anthocyanins , 66 
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l ignins, 94 

Acer pseudoplatanus, cell cultures 
c o n d e n s e d tannin accumulation, 91 
flavan derivative synthes is , 78, 80, 84 
lignin synthes is , 9 4 - 9 5 

Acetate, radioactive, incorporation into 
fatty acids, 522 
tropane alkaloids, 270-271 

Acetyl -CoA acetyltransferase, in vindol ine 
biosynthes is , 394-395 

Achyranthes aspera, ecdysterone 
in intact plants, 548 
in t issue cultures, 548-549 

Acridones , Rutaceae cultures 
analytical m e t h o d s , 425 
b iosynthes is from anthranilic acid, 4 2 7 -

429 
first s tudies , 419-420 
localization in idioblasts, 430 
occurrence in various species , light con

dit ions and, 420-425 
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structures, 420, 424 

Agrobacterium rhizogenes, hairy root 
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in Atropa belladonna, tropane assay, 265 
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231-233 

Agrobacterium tumefaciens, crown gall tu
mor induct ion, polyacetylene produc
tion and, 500 

S-Alkylcysteine sulfoxides, Allium spp . 
as alliinase substrates, in onion bulb 

and callus, 485-487 
in intact plants 

b iosynthes is pathway, 477-480 
localization in cytoplasmic vesicles , 

481, 483 
structures and content, 476 -477 

in on ion callus 
chromatographic analysis , 485, 486 
culture condit ion effects, 488-491 
l o w content, 484, 487-488 

Alli inase, Allium spp . 
in intact plants 

flavor precursor convers ion to volatile 
flavors, 478 -479 

localization in vacuoles , 481-482 
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480 
in on ion callus, activity and substrate 

specificity, 485-487 
Allium s p p . , flavor production from 

precursors 
in intact plants, 476 -484 
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in on ion callus, 484-491 
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culture age and, 489, 491 
differentiation induction by BAP and, 

489-491 
explant source and, 488 
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Alyssum minimum, glucosinolates in cell 
cultures, 469, 471 

Amaranthus caudatus, betalains in cell 
cultures, 452, 454-456 

Amino acids, see also specific amino acids 
in Allium bulb, flavor precursor bio

synthesis from, 477-480 
in Ephedra gerardiana callus, ephedrine 

production from, 241 
Aminohydroxy-3-phenylpropionic acid 

(AOPP) 
lignin synthesis inhibition, 94 

Ammi majus, coumarin biosynthesis, 9 
enzyme induction, 15 
pathway, 12-13 

Amsonia tabernaemontana, monoterpene in
dole alkaloids, 376 

Anthocyanins 
biosynthesis 

acylation, 51-52, 61-62 
chalcone synthesis, 59-60 
cyanidin production from chalcone, 

pathway, 57-59 
in dark, 64 
dihydroflavonoids as intermediates, 

60-61 
glycosylation, 51, 61 
O-methylation, 62 
regulation by 

cytodifferentiation, 63-64 
growth sbstances, 65-66 
nutrients in medim, 66-67 
UV light, 64-65 

occurrence in cell cultures, 52-57 
structures, 50-52 
transport into central vacuole, 67-69 

accumulation in anthocyanoplasts, 69 
mechanism of, 68-69 
pH effect, 68 

Anthranilic acid, as acridone precursor, 
427-429 

Anthraquinones 
of acetate-polymalonate pathway 

anthrones and their glucosides, 122 
(table) 

identification, 120-121 
quantification, 128-129 (table) 
reactions, 134 
structures, 121, 123 

cell culture productivity 
effects of 

aeration in rectors, 131-132 
auxins, 129, 131 
cell mobilization, 132 
glyphosate, 127, 132-133 
nutrients, 133 
phenoxyacetic acids, synthetic, 131 
tryptophan, 127, 131 

spectrophotometric quantification, 
127-130 

in Cinchona cultures 
interference with alkaloid analysis, 

342-344 
production, conditions for, 348 

occurrence in cell cultures, 115-120 
(table) 

production by plant families, 114 (table) 
of shikimate-O-succinylbenzoate 

pathway 
biosynthesis 

pathway, 124-125 
regulation, 124, 126-127 

composition, 123-124, 126-127 
quantification, 130 (table) 
reactions, 134-135 

structures, 113-114 
Antitumor compounds 

classification, 564 
occurrence in plant species, 554 (table) 
production in tissue cultures 

camptothecine, 557-558 
culture conditions, 554-556 

growth substance combination, 555 
homoharringtonine, 560 
maytansine, 561 
podophyllotoxin, 561-562 
prospects, 565-566 
radioimmunoassay and cytotoxicity 

analysis, 557 
tripdiolide nad triptolide, 562-563 
vinblastine and vincristine, 558-559 

AOPP, see Aminohydroxy-3-phenylpro-
pionic acid 

Apium graveolens (celery), flavor 
production 

seeds, oil composition, 575-576 
tissue cultures 

cell immobiization and, 578 
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differentiation and, 576-577 
high-yie lding clone selection, 577-578 

Aporphine , in callus cultures, 296-298 
Arachidonic acid, in lipids 

b iosynthes is in m o s s cell suspens ion , 
513 

temperature effect, 526-527 
Arginine decarboxylase, in nicotine bio

synthes i s , 254-256 
Atropa belladonna 

callus, scopolet in induction, 7 
hairy roots, atropine and scopolamine 

detection, 265 
Auxins , effects on 

anthocyanin synthes is , via CHS, 65 
counteraction with cytokinins, 66 

anthraquinone synthes is , 126, 129, Γ31 
antitumor agent production, 555 (table) 
betalain synthes is , 455-456 
cell divis ion in carrot callus, 588-589; 

see also Indoleacetic acid 
ephedrine production, 240, 241 
flavan synthes is , 80 -81 
l ignin biosynthes is , 94 
morphinan production by Papaver s p p . , 

322-323 , 325 
nicotine production in tobacco cultures, 

251, 545 
nornicotine formation and, 257 
putrescine metabol ism and, 256 

quinoline production, Cinchona cultures, 
338-341 

saponin production and growth, gin
seng calli, 219, 221 -24 

scopolet in in cells, 9 
shikonin biosynthesis , 108 
tropane production by Datura innoxia 

callus, 271-273 
tripdiolide production, 163, 164 (table) 

Benzophenanthridines , in callus 
Fumariaceae, 296-297 
Papaveraceae, 290-291 , 296-297 

biosynthes is pathway, 300-302 
Benzylaminopurine (BAP), effects on 

onion callus 
differentiation induction, 489-491 

flavor precursor content changes , 489, 
491 

Berberine, in cell cultures 
Berberis s p p . , 307 
b iosynthses , membrane-associated en

z y m e s , 327 
Coptis japonica, 305-307 
Thalictrum minus, 305 

Berberis s p p . , protoberberines 
in callus, 298-299 

accumulation, kinetics, 306-307 
biosynthes is pathway, 303-305 
in cell suspens ions , 294-295 

Bergaptol, formation from umbelliferone, 
12 -15 

Betacyanins, in Centrospermae cell 
cultures, 454 -457 

Betalains 
biosynthes is pathway, 451 
in Centrospermae cell cultures 

biosynthes is 
feeding with tyrosine and D O P A , 

457 
light effects, 457-458 

cell l ine selection and, 458 -459 
food dye production, future studies , 

459-460 
occurrence in various species , 4 5 1 -

454 
p igment identification, 454-455 
production 

during growth phases , 454 
growth substances and, 455-456 
nutrients and, 456 

structures, betalamic acid moiety, 4 4 9 -
450 

Beta vulgaris 
betalains in cell cultures, 452, 4 5 5 -

457 
betacyanin production for food color

ing, 459 -460 
Bidens alba, polyacetylenes 

in crown gall tumor cultures, 502 
temperature and, 505-506 

in root cultures, 497, 499 
carbohydrate/nitrate ratio and, 503, 

505 
Bowiea volubilis, bufadienolide production, 

183 
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Brassica napus (rape) 
glucosinolates 

absence in cell cultures, 469, 471 
degradation products in intact plants, 

470 (table) 
lipid biosynthes is in suspens ion 

cultures, 520-521 
Bufadienolides 

natural occurrence in angiosperms, 180 
(table) 

production in tissue cultures 
Bowiea volubilis, 183 
Urginea indica, 186-189 
U. maritima, 184-186 

structures, 179, 182 

Caffeine, Coffea arabica cell cultures 
degradation to theobromine, 411-412 
production as main alkaloid 

growth phases and, 407 
release into liquid m e d i u m , 408 

theobromine methylation to, 410-411 
Camptothecine, Camptotheca acuminata 

antineoplastic properties, 557 
in callus and suspens ion cells, 557-558 
structure, 558 

Capsicum s p p . , capsaicin in essential oil 
cell suspens ion , 579 
fruits, 578 

β-Carbolines, see also Harman alkaloids 
in Peganum harmala cell cultures 

biosynthes is pathway, 364, 365 

tryptophan decarboxylase role, 365 
composi t ion, 359 
future studies , 368 
production 

decrease during subcultivation, 
360-361 

differentiation and, 361-362 
fungal elicitors and, 363-364 

structures, 360 
tryptophan-derived in various species , 

357 
2-Carbomethoxy-3-prenyl- l ,4-naphtho-

quinone diglucoside 
biosynthesis pathway, 106-107 
isolation from Galium mollugo cell sus

pens ion , 103 

Cardenol ides 
application in medicine, 205 
biosynthes is in Digitalis spp . 

biotechnological production, future 
of, 205-206 

shoot cultures, 197-198 
somatic embryogenes i s and, 199-201 

structure, 193-194 
transformation in parenchyma-like cells, 

Digitalis lanata 
glucosylation, 203-204 
123-hydroxylation, 204 

d e v e l o p m e n t to semiindustrial 
scale, 206 

Cardiac g lycos ides 
bufadienol ides , 179-189; see also 

Bufadienolides 
cardenolides, 193-206; see also 

Cardenol ides 
Carrot, cell cultures 

anthocyanin 
structure, 52 
transport into vacuole, 68 

from petiole explants 
e n d o g e n o u s IAA and cytokinin dur

ing deve lopmental stages, 5 9 6 -
597 

somatic embryo deve lopment , 596 
from root explants 

cell divis ion, on IAA-containing me
dium, 588-591 

cytokinin, synthes is during growth, 
591, 594-595 

e thylene production, IAA effect, 589, 
593 

gibberellic acid activity, 594 
IAA synthes is during growth, 589, 

592 
Cassia s p p . , anthraquinones of acetate -

polymalonate pathway, 120-122 
Catalpa ovata, lapachone derivatives, 

103 
biosynthes is pathway, 105 

Catechins, see Flavan derivatives 
Catharanthine, Catharanthus roseus 

in cell suspens ion , 386-387, 389 
convers ion to dimeric indole al

kaloids, 559 
localization in vacuoles , 392 
structure, 392 
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Catharanthus roseus 
antitumor c o m p o u n d s in cultures, 5 5 8 -

559 
prospects , 565-566 

fatty acids in suspens ion culture 
biosynthes is in cell-free extract, 5 2 2 -

52 
composi t ion , 513 
radioactive acetate incorporation, 522 

monoterpene indole alkaloids 
in cell cultures, 385-393 

convers ion to dimeric alkaloids, 559 
in intact plants, 392-396 

convers ion to dimeric alkaloids, 
396-397 

Cephalotaxus harringtonia, antitumor 
cephalotaxine and its esters, 560 

Chaenactis douglasii, polyacetylenes 
in crown gall tumor cultures, 501-502 
light inhibitory effect, 504-505 
in root cultures, 497-500 

mineral nutrients in m e d i u m and, 
503, 504 

Chalcone 
convers ion to cyanidin in anthocyanin 

biosynthes is , 5 7 - 5 9 
production in flavonoid biosynthesis , 

3 1 - 3 2 
Chalcone synthase (CHS) 

in anthocyanin biosynthes is , 5 9 - 6 0 , 63 
growth substance effects, 6 5 - 6 6 

in f lavonoid biosynthes is , 3 1 - 3 2 , 34, 
63 

tonoplast membrane-associated, 68 
Chenopodium rubrum, betalains in cell 

cultures, 453, 454, 456, 458 
Chrysanthemum cinerariaefolium 

botanical description, 539 
pyrethrins 

biosynthes is pathway, 540-541 
in f lowers, composi t ion, 540 
insecticidal properties, 538 

t issue cultures 
m e d i u m for callus differentiation, 

541-542 
monoterpene synthes is , 144, 150 
pyrethrin production, 144, 150, 5 4 2 -

543 
technique, 541 

CHS, see Chalcone synthase 

Cinchona spp . 
bark 

quinol ine alkaloids, 335-336 
extraction and application, 336 
structures and biosynthesis path

w a y s , 337 
cell cultures 

anthraquinones , sh ik imate-O-suc-
cinylbenzoate pathway, 124, 1 2 6 -
127, 133 

media composi t ion for max imum al
kaloid content, 338-342 

quinol ine alkaloids, 342-351 
Cinnamic acid 4-hydroxylase 

in coumarin biosynthes is , 11 
elicitor-induced, 15 

in f lavonoid biosynthes is , 24 
Cinnamoyltransferase, anthocyanin acyla

tion and, 62 
Citrus limonia, terpenoid accumulation, 

146 
Cocoa, flavor precursors 

in beans , fermentation and, 580 
in t issue cultures, 581 

somatic embryos and, 582 
Code ine , Papaver somniferum 

in cell cultures, 320, 324, 326 
code inone convers ion to, 329 

convers ion to morphine in latex, not in 
culture, 329 

Coffea arabica 
cell culture establishment, 405-406 
purine alkaloids 

biotransformation 
caffeine degradation to the

obromine, 411-412 
theobromine methylat ion to caf

feine, 410-411 
production in cell l ines during 

growth, 406-408 
comparison with other species , 

408-409 
Coptis japonica, i soquinol ines in callus, 294 

berberine accumulation, 306-307 
comparison wi th rhizomes of orginal 

and redifferentiated plants, 310-311 
Corydalis s p p . , isoquinol ine alkaloids in 

callus 
comparison wi th redifferentiated 

plantlets, 308, 309 
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tetrahydroprotoberberine biotransforma
tion, 300, 301 

n e w c o m p o u n d synthes is , 300, 311 
Corynatheal, as quinoline precursor, 3 4 9 -

350 
Coumarins , in cell cultures; see also specific 

coumarins 
biosynthes is 

elicitor-induced, 15, 16 
pathways , 6, 10 -15 

constitutive, 4, 7, 8 (table) 
in crown gall tumors, 6 
induced, 4, 7, 9 - 1 0 
structures, 5 

4-Coumaroyl-CoA, as substrate for chal
cone synthase , 60 

Crotalaria burhia, rotenoids in tissue 
cultures 

Crown gall tumors 
coumarin biosynthesis , pathway, 6 
polyacetylene production, 500-502 , 

506 
Cryptomeria japonica, cell cultures 

condensed tannin accumulation, 91 
diterpene detection, 175 
flavan derivative synthesis , 78, 8 0 - 8 2 , 

84 
Cytisine, biosynthesis in Laburnum ana-

gyroides, 282 
Cytokinins, see also Benzylaminopurine 

effects on 
anthocyanin synthesis , counteraction 

with auxins, 66 
antitumor agent production, 555 

(table) 
betalain synthes is , 456 
ephedrine production, 240 
flavan synthes is , 8 1 - 8 2 
lignin biosynthesis , 9 3 - 9 4 
morphinan production, Papaver spp . , 

322-323 , 325 
nicotine production, tobacco cultures, 

251 
quinoline production, Cinchona 

cultures, 338-341 
saponin production and growth in 

g inseng calli, 221, 224 
tripdiolide production, 163, 164 

(table) 
tropane production, Datura innoxia 

callus, 271-273 

e n d o g e n o u s in carrot cell cultures from 
petiole explants, during deve lopment 

stages , 596-597 
root explants, during growth, 5 9 4 -

595 

Datura innoxia 
t issue culture establishment, 265-266 
tropanes in tissue cultures, 263-273; see 

also Tropanes 
Datura s p p . , tropanes in cultures of vari

ous species , 263-265 
Dehydroabietic acid, diterpene intermedi

ate synthes is from, 170-174 
Derris elliptica, rotenoids 

in intact plants, 546 
in tissue cultures, 547 

Descurainia sophia, g lucosinolates in cell 
cultures, 469-471 

Digitalis lanata 
parenchyma-like cells, cardenolide 

transformation, 202-204 
somatic embryogenes i s , stages of, 1 9 8 -

199 
cardenolide formation during, 1 9 9 -

201 
Digitalis spp . 

t issue culture establ ishment from vari
ous explants, 194-196 

max imum cardenolide content, 202 
(table) 

shoot culture, 196-197 
cardenolide formation, 197-198 

Digitoxin 
derivatives, hydroxylation, 204 
glucosylation, kinetics, 203 

Dihydroflavonols , as intermediates in an
thocyanin biosynthesis , 60 -61 

Dimethylsuberos in 
conversion to marmesin, 12 -13 
formation from umbelliferone, 12 

Dioscoreophyllum communsii, i soquinol ines 
in culture and intact plant, 296 

Diterpenes , see also Tripdiolide, Triptolide 
identification in various cell cultures, 

175 
intermediates, synthes is from de

hydroabietic acid, 170-174 
structures, 160-161 
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D O P A , as betalain precursor, 451-452 , 
457 

Ecdysterone 
insecticidal properties, 538, 549 
in plants and tissue cultures, 548-549 

Echium lycopsis, shikonin derivatives, 1 0 0 -
102 

Elicitors, fungal 
induction of 

acridones, 427-429 
anthraquinones , 126 
coumarins , 9 - 1 9 
isoquinol ine alkaloids, 328 
phytoalexins , 4 

isoflavonoid, 4 0 - 4 1 
sanguinarine, 328 
serotonin and β-carbolines, 3 6 3 -

364 
inhibition of extracellular l ignin syn

thesis , 94 
Endoplasmic reticulum (ER) 

rough, shikonin derivatives in secretion 
vesicles , 107 

smooth , tannin synthes is , 90 -91 
Ephedra foliata, callus culture 

alkaloid absence, 240, 241 
differentiation induction, 241-242 
establ ishment, 239 -240 

Ephedra gerardiana, callus culture 
differentiation induction, 241 
ephedrine production 

amino acids and, 241 
growth substances and, 240, 241 

establ ishment, 239-240 
Ephedra s p p . , ephedrine content in vari

o u s species wor ldwide , 238-239 
Ephedrine 

application in medic ine , 237, 242 
content in Ephedra and other species 

wor ldwide , 238-239 
structure, 238 

ER, see Endoplasmic reticulum 
Eriophyllum lanatum, polyacetylenes 

"root" c o m p o u n d s , l ight-mediated inhi
bition, 504-505 

in root cultures, 497, 498 
Eschscholtzia californica, i soquinoline al

kaloids in cell suspens ion , 292 

Ether glycerolipids 
biosynthes is , 517-522 
biotransformation from alkylglycerols, 

525 
structures, 519 

Ethylene 
effects on tea plant cell growth and 

flavan synthes is , 82 
production in carrot callus from root 

explants, 589, 593 

Farnesol, triptolide synthes is stimulation, 
563 

Fatty acids, constituent 
biosynthes is , 520, 522-523 
content , comparison with intact plants, 

512-513 
degradation, 523 
esterification, 523 
polyunsaturated, temperature effect in 

m o s s cells, 526-527 
Fatty acid synthase , 520 
Flavan derivatives 

biosynthes is 
pathway of, 85 
regulation by 

growth substances , 8 0 - 8 2 
light, 8 3 - 8 4 
po lyamines , 84 

occurrence in cell and tissue cultures, 
7 8 - 7 9 

comparison with intact plants, 79, 86 
structures, catechins and proantho

cyanidins , 77-79 
Flavonoids 

b iosynthes is 
cell culture advantages , 3 7 - 3 8 
induction by 

elicitors, 40 -41 
light, 3 9 - 4 0 

isoflavonoid formation, 33 
phenylpropanoid pathway, 24, 3 1 -

33 
relationships b e t w e e n classes, 3 2 - 3 3 

classification and structure, 24, 31 
conjugation 

acylation, 3 5 - 3 7 
glycosylat ion, 35 
prenylation, 37 
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degradation, peroxidative mechanism, 
42 

occurrence in cell and tissue cultures, 
2 3 - 2 4 , 2 5 - 3 0 (table), 3 8 - 3 9 

polymers , 37 
substitution by hydroxylation and O-

methylat ion, 3 3 - 3 4 
turnover, 4 1 - 4 2 

Flavors 
in Allium s p p 

S-alkylcysteine sulfoxides as precur
sors, see S-Alkylcysteine sulfox
ides 

intact plants, 476-484 
alliinase role, 476-482 

onion callus, 484-491 
alliinase role, 485-487 
culture condit ion effects, 4 8 8 -

491 
low content, 484, 487-488 

beverage, 579-582; see also Cocoa 
in cell suspens ions , commercial pos 

sibilities, 582-583 
herb, production in cell cultures 

anisseed, 573-574; see also Pimpinella 
anisum 

celery, 575-578; see also Apium 
graveolens 

chamomile , 151, 571-573; see also Ma
tricaria chamomilla 

peppermint , 574-575; see also Mentha 
piperita 

pungent , production in cell cultures, 
578-579; see also Capsicum spp . 

Fumaria capreolata, isoquinoline alkaloids 
in callus, 294 

Galactolipids, in soybean cell suspens ion , 
light effect, 517, 518 

Galium mollugo, cell suspens ion 
anthraquinones, sh ik imate - ο -suc-

cinylbenzoate pathway, 126-127, 
130, 132, 135 

2-carbomethoxy-3-prenyl-1 -4, -naphtho
quinone diglucoside, n e w 

biosynthesis pathway, 106-107 
isolation, 103 

Gardenia spp . , iridoid production, 150 

Gibberellic acid 
activity in carrot callus, 594 
anthocyanin synthes i s inhibition, via 

CHS, 6 5 - 6 6 
betalain synthes i s and, 455-456 
flavan synthes is stimulation, 82 
shikonin synthes is inhibition, 108 

Ginseng, see Panax ginseng 
Glucosinolates 

biological effects, 467-469 
in cell cultures, 469-472 
degradation products in intact plants 

isothiocyanates and nitrils in various 
species , 469-470 

structures, 468 
Glucosyltransferase, in coumarin bio

synthes is , 11 
Glycerolipids 

localization in chloroplasts, 515 
molecular species , 514 

Glycerophosphol ipids 
metabol ism, 515-517 
radiolabeled, production from precur

sors, 524-525 
Glyphosate , anthraquinone synthesis inhi

bition, 127, 132-133 
Graveolone, biosynthes is , 12 -14 

Harman alkaloids, Peganum harmala 
cultures 

detect ion, 359 
production 

callus differentiation and, 362 
decrease during subcultivation, 3 6 0 -

361 
structures, 360 

Hydroxyrutacridone epoxide , in Rutaceae 
cultures, 420, 422, 426 -427 

5-Hydroxytryptophan, see Serotonin 
Hyoscyamine , Datura innoxia 

in leaf and root calli, 267-268 
radioactive precursor effects, 270 

Indoleacetic acid (IAA) 
effect on cell division in callus, carrot, 

588-591 
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synthes i s in carrot cell cultures from 
petiole explants , 596-597 
root explants , 589, 592 

Indole alkaloids, chromatographic analy
sis . Cinchona, 347 

Indole alkaloids, monoterpene 
in Apocynaceae cell cultures 

Amsonia tabernaemontana, 376 
Catharanthus roseus, 385-393 

e n z y m e s isolated from cell l ines, 
391 -393 

identified alkaloids, 389 (table) 
productivity, unstabfe in cell l ines, 

390-391 
s ingle-phase sys tem, media com

posit ion, 388 -390 
structures, 388 
two-phase sys tem, media composi 

tion, 386-388 
Ochrosia elliptica, 376-377 
Picralima nitrida, 377 
Rauwolfia serpentina, 377-378 
Rhazya stricta, 379 
Stemmadenia tomentosa, 379 
Tabernaemontana s p p . , 380 
Tabernanthe iboga, 380 
Voacanda s p p . , 380-381 

in intact plants 
Apocynaceae , Loganiaceae, and 

Rubiaceae species , 371-373 
biosynthes is , Catharanthus roseus, 392, 

394-397; see also Vindoline, 
Tabersonine 

structure, 373-376 
Aspidosperma, Corynanthe, and Iboga 

types , 373-375 
Indole alkylamines, see also Serotonin 

in Peganum harmala cell cultures 
composi t ion , 359 
future studies , 368 
structures, 360 

tryptophan-derived in various species , 
357 

effects o n cell proliferation and activa
tion, 515-516 , 518 

[2-3H]inositol- labeled, isolation from cell 
cultures, 516 

Insecticides, in plants and tissue cultures, 
537 -549 

l imonoids , 548 

phytoecdysones , 528-549; see also 
Ecdysterone 

pyrethrins, 538-543 
in pyrethrum, 539-543; see also Chry

santhemum cinerariaefolium 
in tagetes, 543 
rotenoids, 546-547 

Isopentaneoics , in l ipids 
b iosynthes is in m o s s cell suspens ion , 

513 
temperature effect, 526-527 

Isoquinol ines , see also specific alfaloids 
biosynthes is , pathway, 299 
in immobil ized cells, 307 
occurrence in tissue cultures, 293 (table) 

Berberidaceae, 294-295 
alkaloid types , 298 (table) 

Fumariaceae, alkaloid types , 297 
(table) 

Menispermaceae , 295-296 
alkaloid types , 298 (table) 

Papaveraceae, 290 -294 
alkaloid types , 297 (table) 

Ranunculaceae, 294 
alkaloid types , 298 (table) 

structures, 290, 291, 292, 295 
as taxonomic markers in callus assay, 

296-299 

Jasminum officinale, monoterpene syn
thesis , 147 

Jatrorrhizine, in Berberis callus 
accumulation, 299, 307 
biosynthes is pathway, 303-305 

Juglans s p p . , g lycos ides of oxygenated 
naphthalenes , 102-103 

Juniperus communis, c o n d e n s e d tannin ac
cumulat ion, 90, 91 

Laburnum anagyroides, cytisine and N-
methylcyt is ine accumulation, 282 

Lachrymatory factor 
f rans -Pren Cys SO conversion to, 479 
production from crushed on ion bulb, 

478 



61 0 Index 

Leptobryum pyriforme (moss) , cell 
suspens ion 

polyunsaturated fatty acids in lipids, 
513 

temperature effects, 526—527 
Light, biosynthesis regulation of 

acridones, 420-427 
anthocyanins , 6 4 - 6 5 
anthraquinones, 124 
cardenolides in Digitalis lanata somatic 

embryos , 200-201 
c o n d e n s e d tannins, 91 
flavans, 8 3 - 8 4 

PAL induction and, 84 
f lavonoids, 3 9 - 4 0 

m R N A transcription and, 39 
phytochrome role, 40 

nicotine in tobacco cultures, 253, 545 
podophyl lotoxin , 556 
polyacetylenes , 504-505 
saponins in g inseng calli, 221, 222 

(table) 
shikonin, 107-108 
tropane alkaloids, 267-268 , 273 
vindol ine in Catharanthus roseus seed

lings, 392, 395 
Lignans 

cell growth stimulation, 9 2 - 9 3 
short-term synthes is in culture, 92 

Lignins 
biosynthesis , regulation by 

abscisic acid and auxins, 94 
AOPP, 94 
cytokinins, 9 3 - 9 4 
fungal elicitors, 94 

composi t ion, soybean cell suspens ion , 
93 

localization, 93, 95 
in long-term culture, 95 

Lipid acyl hydrolase, Vicia faba 
inhibition by cell immobilization, 5 2 8 -

529 
Lipids 

biotransformation, 524-528 
classes, see also specific lipids 

comparison with intact plants, 5 1 0 -
511 

in heterotrophic and phototrophic cell 
suspens ions , 511-512 

metabol ism, 515-519 

fatty acids, see Fatty acids, constituent 
production by immobil ized cells, 5 2 8 -

529 
total, 510 

Lipoxygenase , Vicia faba 
inhibition by cell immobilization, 5 2 8 -

529 
Lithospermum erythrorhizon, shikonin 

derivatives 
biosynthes is 

pathway, 104-105 
regulation, 107-109 

composi t ion and content, 100-102 
in secretion vesicles from rough ER, 197 

Lupanine 
biosynthes is in Lupinus polyphyllus cell 

suspens ion , 280-282 
content in intact plants and cell 

cultures, 278-279 
structure, 279 

Lupinus polyphyllus 
lupanine accumulation, 278-280 
17-oxosparteine as intermediate in 

lupanine and sparteine biosynthesis 
in vitro, 280-282 

Machaeranthera gracilis, UV-induced antho
cyanin synthes is , 64 

Macleya cordata 
benzophenanthr id ines , biosynthesis 

pathway, 300-302 
isoquinol ines , in callus and redifferenti

ated plantlets, 308, 309 
Macleya microcarpa, protoberberine bio

synthes is , 303 
Mahonia japonica, i soquinol ines in callus, 

294 
O-Malonylglucosides 

accumulated in cell culture, 39, 42 
formation by flavonoid acetylation, 3 5 -

36 
turnover, 42 

Malonyltransferases, in flavonoid bio
synthes is , 3 6 - 3 7 

Marmesin, in elicitor-induced cultures 
convers ion to graveoline and psoralen, 

13 -14 
formation from demethylsuberos in , 12 -13 
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Matricaria chamomilla, flavor production 
in callus cultures 

amount and composi t ion, 151, 5 7 1 -
572 

differentiation and, 572 
Miglyol addit ion effect, 572-573 

in intact plants, sesquiterpene composi 
tion, 572 

Maytenus buchananii, antitumor mayten-
sine, 561 

Melisa officinalis, diterpene detection, 
175 

Mentha piperita 
essential oil production 

in callus, 574-575 
in special g lands , 574 

monoterpene synthes is , 145, 146, 149, 
152, 153 

β-Methyldigitoxin, biotransformation 
Π β - Ι ^ Γ ο χ ν Μ ο η by Digitalis lanata 

culture, 204 
o n semiindustrial scale, 206 

O-Methyltransferases, in biosynthes is of 
anthocyanins , 62 
coumarins , 14 -15 
flavonoids, 34 

Mevalonate , as saponin precursor, gin
s e n g callus, 225, 227 

Miglyol , flavor production stimulation in 
cultures 

anise, 574 
chamomile , 572-573 

Monoterpene indole alkaloids, see Indole 
alkaloids, monoterpene 

Monoterpenes 
biotransformation by cell suspens ions , 

152 
conventional , b iosynthes is in callus, 

146-150 
iridoids, b iosynthes is in cell suspen

s ions , 150-151 
Morinda s p p . , cell suspens ion 

anthraquinones , sh ik imate-O-suc-
cinylbenzoate pathway, 124-127, 
129-134 

cell immobil ization and, 132 
Morphinan, Papaver spp . 

biotransformation in cell cultures, 3 2 8 -
329 

cell immobil ization and, 329 

in intact plants, 316 
in latex 

localization in laticifers, 316, 3 2 6 -
327 

major latex proteins and, 327 
stress effects, 328 

products in t issue cultures 
fungal elicitors and, 328 
genetic control, 320-321 
m e d i u m composi t ion and, 321-326 
(R)-reticuline requirement for, 329 
somatic embryogenes i s and, 323-324 , 

326 
structures, alkaloids and their precur

sors, 319 
Morphine , Papaver somniferum 

in cell cultures, 320, 324, 326 
in latex, codeine conversion to, 329 

Myrosinase , glucosinolate hydrolysis , 
469-471 

Nandina domestica, i soquinol ines in callus, 
294 

N a p h t h o q u i n o n e s 
b iosynthes is pathways , 100, 104, 107 
d u n n i o n e derivatives, 103-104 

biosynthes is pathway, 105-106 
g lycos ides of oxygenated 

napththalenes , 102-103 
lapachone derivatives, in Catalpa ovata 

callus, 103 
biosynthes is pathway, 105 

p lumbagin , 102 
shikonin derivatives, see Shikonin 
structures, 101 

Naringenin , as precursor in anthocyanin 
and flavonoid biosynthes is , 50 

Nicot ine, tobacco 
intact plants 

b iosynthes is in roots, 544-545 
content in leaves, 544 
insecticidal properties, 538, 544 

t issue cultures 
biological control 

g e n o t y p e and explant role, 249 
high-product ive cell l ine selection, 

249-250 
organogenes i s , 250 
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biosynthesis 
e n z y m e s , 254-257; see also specific 

enzymes 
pathway, putrescine role, 254-255 

chemical control 
alkaloid precursors, 253 
growth substances, 251, 545 
nutrients, 251-252 , 545 

demethylat ion to nornicotine, 257 
excretion into m e d i u m , 257 
perspectives , 257-258 
physical control 

light, 253, 545 
temperature, 253, 545 

production in cell suspens ion , 2 5 3 -
254 

Nicotinic acid, biosynthesis pathway, 247 
Nornicotine, formation from nicotine, 

auxin effects, 257 
Nutrients , production regulation of 

anthocyanins , 6 6 - 6 7 
anthraquinones, 133 
c o n d e n s e d tannins, 91 
nicotine, 251-252 
polyacetylenes , 503, 505 
shikonin, 108-109 
tripdiolide, 166-169 

Ochrosia elliptica, monoterpene indole al
kaloids, 376-377 

Onobrychis vicifolia, condensed tannin ac
cumulation, 91 

Ornithine decarboxylase, in nicotine bio
synthes is , 254-256 

17-Oxosparteine, in quinolizidine alkaloid 
biosynthes is , 280-282 

Paeonia lactiflora, g lucoside paeoniflorin 
production, 146 

PAF, see Platelet-activating factor 
PAL, see Phenylalanine ammonia- lyase 
Panax ginseng 

callus differentiation, 228-229 
saponin production and, 228, 230 

(table) 

habituated callus 
growth rate, 216 
production from Pg-1 callus, 215 
saponin production and growth 

auxins and, 221 -223 
inhibitor and precursor effects, 227 

(table) 
hairy root culture 
growth wi thout phytohormones , 288, 

231-232 
induction by Agrobacterium rhizogenes, 228 
saponin high content, 228, 232-233 
Pg-1 callus, from petiole 

growth rate, 216 
induction, 214-215 
saponin production and growth 

culture condit ions and, 223-224 
growth substances and, 219, 221, 

223-224 
inhibitor and precursor effects, 225, 

227 
light effect, 221, 222 (table) 

Pg-3 callus, from roots 
growth rate, 216 
induction, 215 
saponin production and growth in 

fermenter culture, turbine type 
and, 224-225 

Papaver bracteatum 
i soquinol ines in callus, 292 

comparison wi th redifferentiated 
plantlets, 308-309 

thebaine in cultures 
detection, 320 
genetic control, 320-321 
growth substances and, 323 
laticifer formation and, 327 
quantification, 322 
in somatic embryos , 326 

Papaver somniferum 
isoquinol ine alkaloid production 

in callus, 290 
in immobil ized cells, 307 

latex alkaloids 
detection and application, 315-316 
localization in laticifers, 316, 326-327, 

429 
major latex proteins, 327 
morphinans in cultures 

detection, 320 
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fungal elicitors and, 328 
genet ic control, 329-321 
growth substance and supplement ef

fects, 325 
quantification, 324 
in somatic embryos , 323-324 , 326 
sanguinarine production, fungal elic

itors and, 328 
Papaver spp . 

morphinans , 316-330; see also 
Morphinans 

nonmorphinans in cell cultures, 3 1 6 -
318 

composi t ion in various species , 318 
(table) 

structures, 317 
Parsley, cell cultures, b iosynthes is of 

coumarins , 11 -15 
f lavonoids, l ight- induced, 39 

Peganum harmala 
β-carboline and indole alkylamine pro

duction, 358-368; see also specific 
alkaloids 

lipid classes in cell suspens ions , 511— 
512 

Perilla frutescens, conventional monoter
p e n e synthes is , 149 

Phenoxyacetic acids, synthetic 
structure-dependent effects o n anthra

quinone synthes is , 131 
Phenylalanine, radiolabeled 

effect o n tropane synthes is in Datura 
innoxia, 269 -270 

Phenylalanine ammonia- lyase (PAL) 
in c o n d e n s e d tannin biosynthes is , 91 
in coumarin biosynthes is , elicitor-in

duced , 15 
in f lavan-synthesizing cells, light effect, 

84 
in flavanoid biosynthesis , 24, 39, 63 

Phenylalkylamines , in Ephedra, 237-242; 
see also Ephedrine 

Phthalides, in celery oil, 576 -578 
Phytoalexins, fungal elicitor-induced, 4 

f lavonoid, 4 0 - 4 1 
isoflavonoid, structures, 41 

Phytochrome, in l ight- induced bio
synthes i s of 

anthocyanins , 65 
f lavonoids, 40 

Phytohormones , synthes is in carrot t issue 
cultures, 589-598; see also Carrot 

Phytolacca americana, betalains in cell 
cultures, 453-455 

Phytosterol , production by g inseng calli, 
mevalonate and inhibitor effects, 227 

Picea glauca, c o n d e n s e d tannin accumula
tion, 90 

Picralima nitrida, monoterpene indole al
kaloids, 377 

Pimpinella anisum, anisseed production in 
cultures 

composi t ion , 573 
differentiation and, 573-574 
Miglyol effect, 574 

Pinus elliottii, c o n d e n s e d tannin accumula
tion, 90 -91 

Pinus radiata, conventional monoterpene 
synthes is , 149 

Piperidine alkaloids, 245-246 
Platelet-activating factor (PAF) 

alkyl chains, optical rotations, 526 
b iosynthes is in cell suspens ion , 519, 

525-526 
effects o n cell cultures, 529, 525, 530 
structure, 519 

Plumbago zeylanicum, p lumbagin content in 
callus, 102 

Podophyllum peltatum, antitumor 
podophyl lotoxin 

production in cultures, 561-562 
light effect, 556 

Polyacetylenes 
in crown gall tumor cultures 

e n d o g e n o u s growth substances and, 
502 

major c o m p o u n d yields , 502 (table); 
see also Thiarubrines 

transformed by Agrobacterium tumefa-
ciens, 500-501 

xy logenes i s and, 506 
in intact plants 

occurrence, 495-496 
as oleic acid derivatives, 496 

in root cultures, 497-500 , 503-506 
comparison wi th roots from regene

rated plantlets, 499-500 
constant content during several years, 

499 
major c o m p o u n d s , 499 (table) 
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production regulation 
l ight-mediated inhibition, 504-505 
mineral nutrients in m e d i u m and, 

503-504 , 505 (table) 
temperature and, 505-506 

structures, 498 
Polyamines 

flavan synthes is stimulation, 84 
phenol ics production and, 4 

Portulaca grandiflora, betalains in cell 
cultures, 453, 455-459 

Proanthocyanidins, see Flavan deriva
tives 

trans-{+)-S-l-(l-Propenyl)-L-cysteine sulf
oxide (trans-Pren Cys SO) 

in intact plants, Allium spp . 
biosynthesis from valine, pathway, 

477-480 
localization in cytoplasmic vesicles , 

481 
as major flavor precursor, 476-477 

in on ion callus 
l o w productivity, 487, 488 
on regeneration and maintenance me

dia, 489, 491 
Protoberberines, in callus cultures, 296, 

298-299 
biosynthesis pathway, 302-305 

Protopine, in callus cultures, 296-297 
Pseudotsuga menziesii 

c o n d e n s e d tannin accumulation, 091 
flavan derivative synthes is , 7 8 - 8 1 , 83, 

85 
Psoralen, biosynthesis , 12 -14 
Purine alkaloids 

in Coffee arabica cell cultures 
biotransformation 

caffeine degradation to theo
bromine, 411-412 

theobromine methylation to caf
feine, 410-411 

chromatographic analysis , 406 
productivity in cell l ines during 

growth, 406-408 
auxins and, 408 
comparison with other species , 

408-409 
stress and, 413-414 

in d icoty ledonous plants, structures, 
403-404 

Putrescine 
formation from arginine and ornithine, 

254-256 
metabol ism, auxin-regulated, 256 
as nicotine precursor, 254-255 

Putrescine N-methyltransferase, in nic
otine biosynthes is , 255-256 

Pyridine alkaloids 
nicotinic acid metabolism, 247 
pyridoxine glucosylation products, 2 4 7 -

248 
structure, 245-246 
trigonelline, 246 

Pyrrolidine alkaloids, 245-246 
Pyrrolizidine alkaloids, see also 

Senecionine 
biosynthes is in Senecio vulgaris root 

cultures, 283-285 
from natural sources, 277-278 
protective function, 278, 284 

Quercus rubra, hydrolyzable tannins, 92 
Quinol ine alkaloids, Cinchona 

in bark 
composi t ion and application, 335-336 
structures, biosynthesis pathways , 

337 
in cell cultures 

biosynthes is 
feeding wi th precursors and, 3 4 9 -

350 
methoxylat ion and, 350-351 
tryptophan decarboxylase and, 

349-350 
chromatographic separation and 

quantification, 344-346 
indole alkaloid analysis, 347 

extraction m e t h o d s , anthraquinone 
interference, 342-344 

future studies , 351 
i m m u n o a s s a y procedures, 346-347 
media composi t ion , 338-342 

growth substance effects, 338-341 
production, mainly in shoot culture, 

348-349 
Quinol iz idine alkaloids 

b iosynthes is pathway 
induction by various alkaloids and 

metabolic inhibitors, 282 
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localization within chloroplasts, 281 
17-oxosparteine role in vivo and in 

vitro, 280-282 
in Leguminosae species , intact plants 

and cultures, 278-279 
diurnal fluctuation, 282 

protective function, 278' 

Rauwolfia serpentina 
iridoid production, 150 
monoterpene indole alkaloids, 3 7 7 -

378 
Reseda luteola, g lucosinolates in cell 

cultures, 469 
(R)-Reticuline, requirement for morphinan 

production, 329 
Rhamnus s p p . , anthraquinones, ace tate -

polymalonate pathway, 121-123 
Rhazya stricta, monoterpene indole al

kaloids, 379 
Rotenoids 

composi t ion in various species , 546 
insecticidal properties, 538, 546 
production in tissue cultures, 546-547 

Rubia s p p . , cell suspens ion 
anthraquinones , sh ik imate-O-suc-

cinylbenzoate pathway, 124, 126, 
133, 134 

Rumex s p p . , callus 
anthraquinones , acetate-polymalonate 

pathway, 122-123 
Rutacridone epoxide , in Rutaceae 

cultures, 420, 422, 426-427 
Ruta graveolens, acridines in cultures, 4 1 9 -

423, 426-428 , 430 

Salvia meltiorrhiza, ferruginol production, 
175 

Sanguinarine in Papaver culture, fungal 
elicitor effects, 328 

Saponins , in g inseng culture 
content, comparison wi th original plant, 

219, 220, 228, 230 
large-scale production, 233 
production, effects of 

auxins , 219, 221-224 

culture condit ions, 223-225 , 226 
(table) 

cytokinins, 221, 224 
inhibitors and precursors, 225, 227 

separation and identification, 216-218 
structures, 217 

Scopolamine 
in Atropa belladonna hairy roots, 265 
in Datura innoxia leaf and root calli, 

267-268 
radioactive precursor effects, 270 

Scopolet in 
biosynthes is , pathway, 11 
in crown gall tumors, 6 
infection-induced accumulation, 7, 9 - 1 0 

auxin effects, 9 
physiological function, 16 

Semicarbazide, combination with 
mevalonate 

saponin production regulation, g inseng 
callus, 225, 227 

Senecionine , Senecio vulgaris root cultures 
b iosynthes is , 283-284 
convers ion to senecionine N-oxide, 2 8 3 -

285 
structure, 279 

Serotonin, Peganum harmala 
accumulation in cell l ines, 359-360 

differentiation and, 361 -363 
fungal elicitors and, 363-364 
tryptophan decarboxylase activity 

and, 366-367 
biosynthes is 

tryptamine 5-hydroxylation, 364-366 
tryptophan decarboxylation, 364-367 

Sesquiterpenes , b iosynthes is in cell 
cultures 

Matricaria chamomilla, 151, 571-573 
various species , 151-152 

Shikonin 
b iosynthes is 

pathway, 104-105 
regulation by 

growth substances , 108 
light, 107-108 
nutrients in m e d i u m , 108-109 
pectic acid, 108 

derivatives 
industrial production, m e d i u m for, 

109 



61 6 Index 

intracellular localization, 107 
isolation from cell cultures, 100-102 

Silene diocia, anthocyanin conjugation as
say, 62 

Silybum marianum, f lavonoglucans 
accumulation in intact plants, 92 
e x o g e n o u s , cell growth stimulation, 9 2 -

93 
rapid disappearance in culture, 92 

Skytanthus acutus, monoterpenoid al
kaloids in callus, 436-437 

Solanum spp . 
sesquiterpenes , bacteria-induced in 

culture, 151 
steroid alkaloids in callus, 438-445 

Solasodine, Solanum cultures 
glycoalkaloid formation from, 444-445 
productivity, media composi t ion and, 

441-443 
Soybean, cell suspens ion 

fatty acid synthase , 520 
l ignin synthes is , 93, 94 
lipid synthes is , 520-523 

Sparteine, in Lupinus polyphyllus 
biosynthes is , 280-281 
content, 278-279 

Stemmadenia tomentosa, monoterpene indo
le alkaloids, 379 

Stephania cepharantha, i soquinol ines in call
us , 295 

Steroid alkaloids 
classification and structures, 437-438 
in Solanum cultures 

C 2s skeleton of cholestane, 437-438 , 
446 

glycoalkaloids, formation from so
lasodine, 444-445 

m e d i u m composi t ion effects, 439, 
441-444 

occurrence in various species , 4 4 0 -
444 (table) 

productivity increase, perspectives , 
446 

solasodine formation, 441-443 
Stizolobic acid 

in Amanita muscaria, 450 
biosynthes is pathway, 451 
in Stizolobium hassjoo seedl ings and 

culture, 457 

Streptocarpus dunnii 
anthraquinones, sh ikimate-O-suc-

cinylbenzoate pathway, 126 
d u n n i o n e derivatives 

biosynthes is pathway, 105-106 
isolation and identification, 103-104 

Tabernaemontana s p p . , monoterpene indole 
alkaloids, 379-380 

Tabernanthe iboga, monoterpene indole al
kaloids, 379-380 

Tabersonine, Catharanthus roseus plants 
convers ion to vindol ine, 392-396 
e n z y m e s in biosynthes is of, 395 

Tagets s p p . , pyrethrins in plants and 
t issue cultures, 543 

Tanacetum vulgare, conventional monoter
p e n e biosynthesis , 148 

Tannins 
c o n d e n s e d , protoanthocyanidine-

derived 
accumulation in vacuole, 90 -91 
d e p e n d e n c e on nutrition and light, 91 
synthes is in smooth ER, 90 -91 

hydrolyzable, Quercus rubra, 92 
Tea plant 

flavan derivative synthesis , 78, 8 1 - 8 4 
lignin synthes is in long-term culture, 95 

Temperature 
nicotine production in tobacco culture 

and, 253, 545 
polyacetylene production in root culture 

and, 505-506 
polyunsaturated fatty acid biosynthesis 

in m o s s culture and, 526-527 
Tephrosia s p p . , rotenoids 

in intact plants, 546 
in t issue cultures, 547 

Terpenes 
biosynthes is , stimulation by special 

techniques, 152-153 
callus differentiation and, 145-146 
degradation by uncompartmented en

z y m e s , 147-148 
diterpenes , 159-179; see also Diterpenes 
monoterpenes , 146-152; see also 

Monoterpenes 
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occurrence in cell cultures, 143-144 
sesquiterpenes , 151-152, 571-573; see 

also Sesquiterpenes 
Terpenoid alkaloids 

diterpenoid 
C 18 and C 2o in intact plants, 436 
in root-organ cultures, 437 

monoterpenoid 
in callus cultures, 436 -437 
in intact plants, 436 
structures, 437 

triterpenoid, see Steroid alkaloids 
Tetrahydroprotoberberines, biotransfor

mation in Corydalis callus, 300, 
301 

Thalictrum minus, i soquinol ines in callus, 
294 

berberine accumulation, 305 
Thebaine, Papaver cultures 

convers ion to neopine , 329 
growth substances and, 322-323 
quantification, 322, 324 
in somatic embryos , 323, 326 

Theobroma cacao 
flavan derivative synthes is , 79 -81 
flavor, 580-582; see also Cocoa 

Theobromine, Coffea arabica cultures 
biotransformation to caffeine 

methylat ion rate, 410 
t ime course during cultivation, 4 1 0 -

411 
caffeine degradation to, 411-412 
production during growth phases , 4 0 7 -

408 
Thiarubrines, Chaenactis douglasii 

in crown gall tumor cultures 
localization during differentiation, 

501-502 
yield, 502 (table) 

in root cultures, 499 (table) 
Thuja occidentalis 

conventional monoterpene synthes is , 
148-149, 153 

diterpene detection, 175 
Tobacco 

alkaloids 
nicotine, 248-257 , 544-545; see also 

Nicotine 
structures, 248 

coumarins , 4, 6 
b iosynthes is , 11 
scopolet in, 9 

l ignin synthes is , 9 3 - 9 4 
Trianthema portulacastrum, ecdysterone 

in intact plants, 548 
in t issue cultures, 548 -549 

Trigonella foenum-graecum, trigonelline in 
callus, 246 

Tripdiolide, Tripterygium wilfordii cultures 
b iosynthes is 

farnesol stimulatory effect, 563 
pathway, 173 

biotransformation experiments , 174 
chemical analysis , 162 
culture techniques , 161-162, 562-563 
cytotoxic analysis wi th tumor cells, 1 6 2 -

170, 562 
a m m o n i u m nitrate concentration and, 

168-169 
calcium chloride and, 169-170 
comparative effects of three basal 

media , 166-168 
growth substances and, 163, 164 

(table) 
inoculum size and, 163 
sucrose concentration and, 169 
t ime-course s tudy, 165-166 
younger inoculum and, 166, 167 

structure, 160, 563 
Tripterygium wilfordii 

tripdiolide production, 160-177, 5 6 2 -
563; see also Tripdiolide 

biotransformation experiments , 174 
cell l ine TRP 4a selection, 162 
culture techniques, 161-162, 562-563 

triptolide production, 562-563 
Triptolide, Tripterygium wilfordii 

antitumor activity, 562 
production in culture, 562-563 
structure, 563 

Tropaeolum majus, g lucosinolates in cell 
cultures, 469 

Tropane alkaloids 
in Datura innoxia callus 

content and composi t ion in leaf and 
root culture, effects of 

growth substances , 271-273 
light, 267-268 , 273 
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phenylalanine incorporation, 2 6 9 -
270 

sod ium acetate, 270-271 
determination, quantitative and 

qualitative, 266-267 
extraction and purification, 266 

occurrence in tissue cultures, 263-265 
Tryptamine 

Cinchona culture feeding, quinoline bio
synthes is and, 350 

5-hydroxylation to serotonin, Peganum 
harmala cultures, 364-366 

Tryptophan 
anthraquinone synthes is inhibition, 127, 

131 
Cinchona culture feeding, quinoline bio

synthes is and, 349-350 
as precursor of β-carbolines and indole 

alkylamines, 357-359 , 364 
Tryptophan decarboxylase, in bio

synthes is of 
β-carbolines, Peganum harmala cultures, 

365 
quinoline alkaloids, Cinchona cultures, 

349-350 
serotonin, Peganum harmala cultures, 

364-367 
Tyrosine, as betalain precursor, 451, 457 

Ultraviolet (UV), anthocyanin biosynthesis 
induction, 64 

Umbelliferone 
biosynthes is , pathway, 6, 10 
convers ion to 

bergaptol, 12 -15 
demethylsuberos in , 12 

Urginea indica 
bufadienol ides, in regenerating shoots 

and bulbs, 188, 189 
somatic embryogenes i s , 187-188 
tissue culture technique, 186-187 

Urginea maritima 
bufadienolide analysis , 185-186 
differentiation in vitro, 185 
tissue culture technique, 184-185 

UV, see Ultraviolet 

Valeriana wallichii, valepotriate accumula
tion, 153 

Vicia faba, immobil ized protoplasts 
lipid degradation inhibition, 528-529 

Vinblastine, Catharanthus roseus 
antineoplastic properties, 558 
formation from m o n o m e l i c precursors 

in intact plants, 396, 397 
in tissue cultures 

m e d i u m composi t ion and, 558 
pathway, 559 

Vincristine, Catharanthus roseus 
antineoplastic properties, 558 
formation from monomeric precursors 

in intact plants, 396, 397 
in tissue cultures 

m e d i u m composi t ion and, 558 
pathway, 559 

Vindol ine, Catharanthus roseus 
absence in cell cultures, 392, 396 
biosynthes is in intact plants 

e n z y m e s involved in, 392-396 
light effect, 392, 395 

pathways , 392, 394 
convers ion to dimeric alkaloids, 396, 

397, 559 
localization in vacuoles , 392 
synthes is in cell-free extracts, 396 

Voacanda s p p . , monoterpene indole al
kaloids, 380-381 

Wax esters, 517 
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