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Abstract-Valepotriate and haemcytochrome (cyt b, and cyt P & contents were determined in tissue cultures of 
Centrunthus macrosiphon. These cultures consisted of highly productive root organ cultures and poorly productive callus 
on solid media and highly productive root organ suspension cultures. High cyt b, contents were found in all the cultures 
(0.2-0.5 nmol cyt b5 per mg protein). In the different tissue cultures the cyt PbSo levels (which were very high in the root 
differentiated cultures: 0.4 nmol per mg protein) increased with increasing amounts of valepotriates. By analogy with the 
biosynthesis of loganin, a closely related secondary metabolite, an important function of cyt P,,, dependent 
monooxygenase enzyme systems in valepotriate biosynthesis is suggested. 

INTRODUCTION 

Valerian roots, known for their sedative action, contain 
three pharmacologically interesting groups of secondary 
plant products: valepotriates, volatile oils and alkaloids. 
Among these, the most significant contribution to the 
chemotaxonomic classification is made by the valepo- 
triates. They occur in every genus and species of the 
Valerianeae tribe studied so far and were not found in any 
other plant family [l-4]. On the other hand volatile oils 
and alkaloids are only present in a few species of the 
Valerianaceae such as Valeriana oficinalis [2]. 
Valepotriates were shown to be responsible for most 
pharmacological effects of valerian root preparations 
such as mild sedation and spasmolitic effects [S-7]. 
Recently valepotriates were shown to be cytotoxic in vitro 
to animal tissue cultures [8,9]. They are polyesters of 
polyhydroxycyclopenta[c]pyran with isovaleric, acetic 
and b-acetoxy isovaleric acids, containing an epoxide. The 
three main valepotriates are the dienes (iso)valtrate and 
acevaltrate and the monoene didrovaltrate [lo]. 

In previous work we have studied valerian secondary 
plant products by means of tissue cultures [ll-141. 
Valepotriates were shown to be formed and accumulated 
in tissue cultures of different Valerianaceae on which 
occasion no light is necessary for their biosynthesis 
[l 1, 141. We localized valepotriates in intracellular lipid 
vesicles in in vitro cultures and roots of control plants. 
These droplets were shown to be closely related to the 
vacuolar membrane of the cell [12]. In relation to the 
biosynthesis of valepotriates we concluded that the level 
of valepotriate formation and consequently the amount of 
lipid droplets in vitro was clearly correlated with the 
differentiation level of the cultures. The differentiation 
level in its turn was influenced by the plant hormone 
content of the medium [14]. In this regard Centranthus 
macrosiphon cultures yielded the clearest response: high 
and stable production during several subcultivations in 
root organ cultures on media devoid of 2,4-D and steadily 

declining production, stabilized at a low level in callus 
cultures on media with 2,4-D. 

The aim of this work was to get more insight into the 
origin of a high valepotriate biosynthesis in root organ 
cultures and a low biosynthesis in callus. The biosynthetic 
pathway of valepotriates remains, however, mostly un- 
known. Biosynthesis starting from mevalonic acid over 
geraniol, citral and iridodial was suggested by H&l [ 151 
by analogy with other secondary iridoid plant products. 
Loganin, the key intermediate of many biosynthetic 
pathways (structure l), and valepotriates (structure 2) 
possess the same heterogenic ring structure, identical 
position of (different) substituents, with a double bond at 
the same place as in monoene valepotriates. Loganin is a 
well known iridoid glycoside precursor [I63 and has 
(together with se-cologanin) an important function in 
indole alkaloid biosynthesis: it yields the non-nitrogen 
containing moiety, which is synthesized with tryptamine 
by the strictosidine synthetase to cinchona, strychnos and 
rauwolfia alkaloids [17]. Loganin is biosynthesized start- 
ing from mevalonic acid over geraniol, which is hydro- 
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xylated to hydroxygeraniol. Ring, closure yields deoxy- extinction coefficient. This is due to the fact that no or 
loganin and loganin [ 18-231. In ‘investigations on the only very mmute amouts of cyt Paz0 (in comparison with 
biosynthesis of Catharanthus roseus alkaloids, one step of the cyt P,s, and cyt bs amounts) were present in the 
loganin biosynthesis has been particularly well studied: analysed samples as estimated from the reduced CO 
the hydroxylation of geraniol to lO-hydroxygeraniol. The versus reduced difference spectra. This last method is very 
hydroxylase catalysing the reaction was demonstrated to suitable for determination of both cytochromes in one 
be a cytochrome P,,s,, dependent monooxygenase 
[20,211. CYt p.450 

difference spectrum. Control of cyt Paz,, level is however 
and cyt b5 are haemproteins, having the necessary. We preferred to record the difference spectra 

function of electron-transport systems in monooxygenase according to the two methods in order to control eventual 
catalysed reactions, often associated with the endoplas- 
matic reticulum [24]. 

interference. Cytochrome determinations, performed in 
triplicate, yielded results within a variation of 5 %. 

Considering the possible biosynthetic relationship be- 
tween loganin and valepotriates, the biosynthesis of the 
latter up to the polyhydroxycyclopenta(c]pyran might 
follow the same pathway as loganin biosynthesis and 
consequently pass through geraniol and hydroxygeraniol 
by mediation of cyt P450. If this hypothesis holds true cyt 
P 450 (and cyt b,) should be present in valepotriate 
producing tissue cultures. We have therefore studied the 
presence of both haemcytochromes, cyt Pb5e and cyt bs in 
different tissue cultures of C. macrosiphon; in these 
cultures valepotriates were also determined. These para- 
meters were analysed in 2) year old and newly set up root 
organ and callus cultures, grown on solid media. 

Culturing and harvesting for large scale purposes is 
often performed in suspension cultures. A suspension 
culture of high valepotriate-producing roots would also 
make out an excellent study tool for valepotriate bio- 
synthesis studies. We have therefore set up such a culture, 
enabling us to study biomass increase, dry weight increase 
and valepotriate content simultaneously with the haem- 
cytochromes at different time intervals of the growth 
cycle. 

Initial analyses on valepotriate rich root organ cultures 
of C. macrosiphon, which were 2) years in culture, revealed 
the presence of cyt bs and Paso in (for plant material) 
considerable amounts. These analyses were performed on 
microsomal suspensions, obtained from resuspension of 
the 20 000-105 000 g pellet. The resuspended pellet (pre- 
cipitated at 105 000 g) of the 3000-20000 g supernatant 
also contained haemcytochromes. The amounts of micro- 
somal haemcytochromes per mg microsomal protein and 
of 3000-20 Ooo g haemcytochromes per mg 3000-20 Ooo g 
protein were in the same order of magnitude. This signifies 
that haemcytochromes are not exclusively present in the 
endoplasmatic reticulum (microsomal fraction) but also 
in the 3000-2OOOOg fraction, containing mitochondria 
and vacuolar particles. To enrich the final suspension in 
haemcytochromes, the 3000-105 000 g pellet was used for 
measurement of proteins and haemcytochromes in all 
further experiments. 

RESULTS 

Cyt Pd5c estimations by the two methods of recording 
difference spectra (reduced CO versus oxidized CO and 
reduced CO versus reduced, see Experimental) gave 
identical results. Moreover it was possible, from the 
reduced CO versus oxidized CO spectra intended for cyt 
Pas,, estimations, to calculate simultaneously the cyt b, 
amounts from AA (424409) using 185 mM_’ cm-’ as 

In this way we determined haemcytochromes in 2f year 
old root organ cultures (media I and IV) with high 
valepotriate content and in callus cultures (media II and 
III) with low valepotriate content of the same age; all 
cultures were grown on solid media (see Table 1). Both 
callus and root organ cultures contained cyt bs, although 
the amount in callus was less than in root organ cultures. 
Cyt P450 on the other hand was only present in the root 
organ cultures and not in the callus. Cultures, grown on 
different media but with the same morphological type, 
gave similar valepotriate and cytochrome yields. 

From previous work [14] we knew that valepotriate 
biosynthesis diminished steadily with ageing of callus 
cultures. It might therefore be interesting to analyse 

Table 1. Valepotriate, cyt b, and cyt P,,,, contents in different valerian tissues 

Plant material 
Tissue cultures 
C. macrosiphon 

Control plant 
V. o@cinalis 

Morphological type 

Age of culture 

Root organ culture 

3 months 

Callus culture 

2t Year 3 months 

Roots-rhizomes 
Harvest in 
September 

Solid medium* I IV I IV II III II III - 

Vaiepotriate content? 
(g/l00 g dry wt) 
Cyt bs 
(nmol/mg proteins) 
CYt P450 

(nmol/mg proteint) 

6.2 6.2 7.2 6.9 0.1 0.1 1.7 1.5 0.2 
0.36 0.36 0.48 0.27 0.26 0.27 0.20 0.20 0.02 

0.24 0.27 0.36 0.34 - - 0.14 0.13 - 

l Medium composition (see Experimental). 
tvalepotriate content: Additive amounts of (iso)valtrate, acevaltrate and didrovaltrate. 
SProteins and cytochromes were determined in the 3000-105OOOg resuspended pellet. 
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young callus tissue, with a relatively high biosynthetic 
capacity, having at that moment a harder and less spongy 
consistence. The different analysed parameters in new 
young tissue cultures are given in Table 1. Cyt b, was 
again present in both morphological types and again to a 
lesser extent in the callus. It was interesting that the young 
callus, producing valepotriates, contained cyt P4s0. The 
amount of cyt PdSO was, however, lower than in the young 
and old root organ cultures. Plotting cytochrome against 
valepotriate values of the different culture types shows 
that the cyt P4so levels of the tissues increase with 
increasing valepotriate content. Cyt bs on the other hand 
does not give such a clear view (see Fig. 1). As control 
plants we used roots and rhizomes of V. o&inalis plants 
grown in the greenhouse. In this material we could only 
detect a very small amount of cyt b,. 

The analysis of the growth and production parameters 
during the first growth cycle of the batch culture of roots 
of C. macrosiphon revealed that the biomass increase and 
valepotriate production were promising. Roots (coming 
from 24 year old root organ cultures on solid medium and 
cultured in liquid medium I) gained about ten-fold their 
inocula’s fresh weight in 4 weeks and were highly 
productive (7 g/100 g dry wt). This situation persisted 
after subculture. The increase in biomass (fr wt), dry wt 
and valepotriate production during the third growth cycle 
is represented in Fig. 2. They are all expressed as absolute 
comparable amounts, starting from 2 g of inoculum. In 
relation to productivity the result is very favourable: 
starting from a 2 g inoculum, 87 mg of valepotriates are 
formed in cu 20 g of biomass, corresponding with 1.15 g of 
dry wt in 4 weeks. This valepotriate yield is about two-fold 
as high as that obtained previously on solid media [14]. 
The evolution of cyt bs and P4so content (nmol/mg 
protein) during the growth cycle is represented in Fig. 3. 
Cyt PhSO shows a two-fold increase after 4 weeks. The 
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Fig. 1. Haemcytocbrome content in relation to valepotriate 
content in different tissue cultures of C. macroslphon. 0, Cyt b,; 

l . cyt p*,,. 
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Fig. 2. Fresh wt, dry wt and valepotriate increase, during a 
growth cycle of C. macrosiphon root organ suspension cultures in 
liquid medium I. Tbey are all expressed as absolute comparable 
amounts. starting from 2 g of inoculum. 0, Fresh wt; A, dry wt; 

m, valepotriates. 

I 
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Days 

Fig, 3. Haemcytocbromes in root organ suspension cultures of 
C. macrosiphon, during a growth cycle. 0. Cyt bs; 0. cyt P410. 

amount of valepotriates expressed as g valepotriates per 
1oOg of dry wt, on the other hand remains almost 
constant during the whole growth cycle (mean 7.0, 
standard deviation 1.1 g/100 g dry wt). 
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DISCUSSION 

The biosynthesis of valepotriates occurs to a much 
larger extent in differentiated root organ cultures than in 
callus cultures of valerian plants [14]. The high pro- 
duction in root organ cultures is stable during ageing 
whereas the production in callus is relatively high at the 
beginning of the culture (first passages) but thereafter 
decreasing steadily to a very low level [14]. 24-D 
probably exerts this influence on productivity. These 
phenomena most probably reflect differences in the 
biochemical systems necessary for biosynthesis, between 
the two morphological types. 

We took as a model for the valepotriate biosynthetic 
pathway the (partly) analogous biosynthetic pathway of 
the chemically closely related loganin. This implies that 
valepotriate biosynthesis might also pass through lO- 
hydroxygeraniol. The hydroxylation of geraniol to its lO- 
hydroxyderivative is catalysed by a cyt P4)e dependent 
monooxygenase system in loganin biosynthesis [18-231, 
which is one of the few cyt Pb5e dependent mono- 
oxygenase reactions, known in plant tissues. 

The microsomal cyt Pb5,, dependent monooxygenase 
enzyme reactions are well known for mammalian livers 
[25, 261. In mamma’ - han livers the rmcrosomal cyt Pd5c 
dependent monooxygenases catalyse many oxidative reac- 
tions such as hydroxylation, oxidative Ndemethylation 
and epoxidation. Another haemcytochrome, cyt bs, is 
often associated with cyt P4so. Both have the function of 
electron transport systems [24]. In plants only four 
specilic oxidative enzyme reactions have been shown to be 
cyt Pb5e dependent: kaurene oxidation [27] cinnamic acid 
[28], laurate [29] and relevant to this subject geraniol 
hydroxylation [21]. The reported amounts of cyt P4so in 
different fresh plant materials are mostly very low 
(0.001-0.01 nmol/mg microsomal protein) in comparison 
to non induced liver systems (0.6 nmol/mg microsomal 
protein) [30]. In Catharunthus roseus seedlings, posses- 
sing the cyt Pb5e dependent geraniol hydroxylase system, 
the cyt P,,c amount was 0.1 nmol/mg protein [Zl]. In 
some cases, cyt P450, not present in the fresh plant 
material, has been induced by wounding and ageing [3 1, 
321. 

Our results on haemcytochrome analysis in different 
tissues of C. mucrosiphon were in this regard very sign& 
cant. Undifferentiated as well as differentiated tissues 
always contained cyt bs in considerable amounts 
(0.2-0.5 nmol/mg protein). The amounts in callus were, 
however, always lower than those in root differentiated 
tissue cultures. The cyt PaSo analyses on the other hand 
yielded evidence for a correlation between valepotriate 
and cyt P4so content. Indeed, both young (3 months) and 
old (23 year) highly productive root organ cultures (6-7 g 
valepotriates/lOOg dry wt) contained remarkably large 
amounts of cyt P,,, (0.2-0.4 nmol/mg protein), whereas 
23 year old very poorly productive callus (0.1 g 
valepotriates/lOO g dry wt) did not contain any detectable 
amounts of cyt P,50. Young and still productive callus 
tissue (1.5 g valepotriates/lOO g dry wt) contained also cyt 
P,,e (0.1 nmol/mg protein). 

Both haemcytochromes and valepotriates were anal- 
ysed at different time intervals during a growth cycle of 
well growing and highly productive root suspension 
cultures. Valepotriate production may be considered as 
constant during the whole growth cycle, parallel with 
biomass increase and not associated with a special phase 
of the growth curve. The amount of cyt bS was within 

0.35-0.48 nmol/mg protein with a maximum 3 weeks after 
subcultivation. Cyt PasO raised from 0.25 to 
0.45 nmol/mg protein during the growth cycle. 

In root organ cultures cyt P,,, was not only present in 
the microsomal fraction but to the same extent in the 
3ooO-20000 g fraction. This accords with the findings of 
Madyastha et al. [33], who found cyt P4s,, in correspond- 
ing fractions. They associated the cyt P,s,, dependent 
monoxygenase system with provacuolar fractions. It is 
worthwhile noting in this regard that we localized valepo- 
triates previously in intracellular lipid droplets, associated 
with the vacuolar membrane of the cell [12]. 

In roots of V. oficindis control plants we could only 
detect small amounts of cyt bs and no cyt Pb5c; valepo- 
triates were present in the roots (0.2 g/100 g dry wt). This 
finding is however not unexpected. Primary and secon- 
dary metabolism proceeds probably at a higher rate in the 
cell cultures than in control plants, in which growth and 
production is spread over different years. It is clear from 
this that due to their high primary and secondary 
metabolism rates, valerian tissue cultures are an excellent 
tool for biosynthesis studies. 

It is likely that cyt Ph5e has a more limiting function in 
valepotriate biosynthesis than cyt bs, which also takes 
part in the monooxygenase system, as cyt b5 was present 
in relatively large amounts in all cultures, whether pro- 
ductive or not. The very high cyt Pas0 content in root 
differentiated tissue cultures and the absence of it in callus 
cultures of the same age most probably reflects only one of 
the underlying biochemical differences between the two 
morphological conditions, which are most often only 
perceived by difference in secondary production. 

From the indication of a relationship between valepo- 
triate content and cyt Pd5e level in valerian tissue cultures, 
we suggest that the cyt Pb5e dependent monooxygenase 
enzyme systems have an important function in valepo- 
triate biosynthesis, as it does in loganin biosynthesis. 
Further work on monooxygenases, especially the geraniol 
hydroxylase activity, will probably give more decisive 
answers on the valepotriate biosynthetical pathway. 

EXPERIMENTAL 

Plant material. Two and a half year old well growing tissue 
cultures of Centranthus macrosiphon Boiss, cultured in per- 
manent dark on solid media served for analysis. These cultures 
consisted of two morphological typea: root organ cultures on 
media with NAA (medium I) and with NAA and kinetin (medium 
IV); callus cultures on media with NM, kinetin and 24-D 
(medium II) and with NAA and 24-D (medium III). All plant 
hormones were present in a concn of 1 ppm in basal Bs medium 
[34] with addition of sucrose (10 g/i.) and glycine (2 Rpm). They 
were all subcultured every 5 weeks. Culture conditions and 
growth curves are described elsewhere [ 143. Samples for analysis 
were taken 3 weeks after the previous subcultivation. Three 
months old C. macrosiphon cultures were obtained, cultured and 
sampled in the same way as the older cultures, described above. 
Root organ suspensions of C. macrosiphon were obtained by 
suspending ca 2 g of inoculum (from the 24 year old root organ 
cultures on solid medium I) in lOOmI of liquid medium I per 
250 ml conical Bask. The flasks were incubated in permanent dark 
at 25” on a rotatory shaker (60 rpm). During the first growth cycle 
fresh and dry weight increase and vaiepotriate content were 
analysed. These revealed that the root suspensions grew very well 
and kept the high valepotriate biosynthesis capacity. During the 
third growth cycle fresh and dry weight increase, valepctriate and 
cyteehrome eontent were measured at different time intervals in 
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these. cultures. As controls we used the roots of Valeriana 
o$icinalis L. plants, grown in the greenhouse. 

Valepotriate analysis. In all the above described plant material, 
valepotriates (sum of (iso)valtrate, acevaltrate and didrovaltrate) 
were quantified by spectrophotometry after TLC separation, 
according to our previously described method [14]. 

Fresh and dry weight determination during a growth cycle of 

C. macrosiphon root organ suspension cultures. To determine the 
increase in biomass and dry weight at different time intervals we 
proceeded as follows: ca 2 g of biomass (3 weeks after the 
previous subcultivation) were taken, weighed and inoculated 
aseptically in 1OOml of fresh medium I per 250ml flask. The 
flasks were ipcubated (rotatory shaker, 6Orpm, dark, 25”). At 
different time intervals samplings were made: 30 flasks for the 
first three samplings, 20 &tasks afterwards. The biomass of the 
samples was collected by filtering and weighed. Comparison with 
the inocula’s fr. wt yielded the increase in biomass. This freshly 
collected material was blended and partly used for immediate 
cytochrome analysis. The remaining weighed fresh material was 
dried (< 40”), weighed again (dry wt) and used for valepotriate 
analysis. 

Protein determinations in the suspensions were executed 
according to the method of ref. [36]. 

Determination ofcyt bs, cyt PdsO and proteins. Freshly harves- 
ted material (50 g) was ground in a mortar in the presence of sand 
(washed with buffer soln) during 5 min. 100 ml of buffer soln 
(0.1 M NaPi buffer pH 7) was then added and the mixture was 
ground again. Due to the toughness of roots of control plants an 
alternative homogenization method was necessary; the finely cut 
roots were mixed in buffer soln, followed by a Potter- 
homogenization. The homogenate, obtained in both ways, was 
then centrifugated at 3000 p for 20 min. The supematant was 
ultracentrifuged at 105 000 g for 90 min. The resulting pellet was 
suspended in 15 ml buffer soln and homogenized in a Potter 
apparatus. In this suspension (2-3 mg proteins/ml) cytochromes 
and proteins were determined. Cyt bs and cyt P4s0 were 
determined according to the method of refs [ZS, 261. Cyt bs was 
estimated from dithionite reduced versus oxidized difference 
spectra. Difference spectra of cyt bs containing spectra clearly 
showed K (558-560 nm), /I (528-530 nm) and y (424-426 nm) 
bands. Calculations were made from AA (424409) with an 
extinction coefficient of 185mM-‘cm-i. Cyt P4s0 was es- 
timated from dithionite reduced CO-saturated (CO saturation 
was obtained by bubbling CO during 90 set through the reduced 
suspension) versus dithionite reduced difference spectra at AA 
(450490) withanextinction coefficient of91 m&I-’ cm-‘.From 
the same suspensions we have recorded the dithionite reduced 
CO saturated versus oxidized CO saturated difference spectra, 
according to ref. [35], intended for determination of cyt P4s0 in 
mammalian liver microsomes, with the same extinction coef- 
ficient. All manipulations from homogenization until prepar- 
ation of the sample and blank for spectral analysis were 
performed at 4”. Before recording the difference spectra, cuvettes 
were kept for 10min at room temp, whereafter measurements 
remained stable for at least 1 hr. 
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