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Abstract-Cultured cells of Thuja occident& produce a variety of mono- and diterpenoids, the former of which are 
excreted into the culture medium. The yields of monoterpenes and a thujaplicinato-Fe(III)-complex in the medium were 
not proportional to the biomass levels. The reason for this observation is probably related to the mechanism of product 
release which may include mechanical removal of monoterpene containing cells from the cell aggregates. The effects of 
some culture conditions, eg. the use of various lipophilic traps, on growth and the formation of the terpenoids by the 
cultures is described. 

INTRODUCTION 

The formation of distinct levels of monoterpenes by 
cultured plant cells has only been demonstrated for a few 
plant species [l]. Among these cultures, those of Thuja 
occidentalis are unique as they excrete all their regular 
monoterpenes into the culture medium [2,3]. We have 
maintained these cells on liquid BS-medium [4] for more 
than six years and have not noted significant changes in 
growth and productivity during this time. The cultures 
have remained highly aggregated (mean aggregate size: 
20 mg fresh mass) and slow growing. The complete 
spectrum of mono- and diterpenes produced by the Thuja 
cultures has been described [2]. Three groups of terpen- 
oids of Thuja cultures may be distinguished by their 
different accumulation behaviour. The regular monoter- 
penes (eg. terpinolene, terpinen-4-01, 2-methyoxy-p- 
cymen-S-01) accumulate in the culture medium, the diter- 
penes (eg. dehydroferruginol) and the tropolones (eg. 
thujaplicines) within the cells, while the thujaplicinato- 
Fe(IIIj-complex is found in both. For trapping the 
complete spectrum of excreted monoterpenes it was 
necessary to apply a two phase culture system [3]. The 
different places of accumulation require different strat- 
egies for exploiting metabolite production. As the contin- 
uous production of regular monoterpenes by a culture 
maintained for several years in liquid medium, is still a 
rather rare event, the main emphasis of our investigations 
was devoted to this group of metabolites. Here we wish to 
summarize our results for the two phase cultivation of 
Thuja cells with respect to growth and production of 
terpenoids. 

RESULTS AND DISCUSSION 

The basic growth and production characteristics of Thuja 
cells 

Usually cell cultures are grown on the same medium 
until the growth kinetics indicate the beginning of the 
stationary phase. The behaviour of Thuja cultures under 

such conditions is shown in Fig. la. After 40 days of 
cultivation of biomass had increased 2.5-3 fold. The main 
constituents revealed by GC-analyses of cell extracts were 
the thujaplicines (a, b, y) accounting for ca 0.2% of dry 
mass (Fig. lb). Dehydroferruginol was the main diterpene 
with 0.02% of dry mass. The main regular monoterpene in 
CH,Cl,-extracts of the medium was 2-methoxy-p-cymen- 
8-01. Up to 8 mg/l accumulated at cell densities of ca 80 g 
fresh mass/l (Fig. lc). The medium of shake cultures was 
reddish coloured due to the presence of the 
thujaplicinato-Fe(III)-complex. Without shaking, the red 
complex precipitated slowly from the medium together 
with cell debris. A part of the red colour was extractable 
into CH,Cl,. The accumulation pattern of the complex 
(Fig. lc) indicated that the complex was modified or 
bound to other components in such way that it was no 
longer extractable. 
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Fig. 1. Growth and production kinetics of Thuja occidentalis 

cell cultures. a: Fresh mass (o), dry mass (0); b: c(, 8, y- 
thujaplicines (A), dehydroferruginol (A) in the CH,Cl,-cell 

extracts; c: 2-methoxy-p-cymen-8-01 ( n ), thujaplicinato-Fe(III)- 

complex (0) in the CH,Cl,-extracts of the culture medium. 

127 



The basic kinetics of Fig. 1 show that under these 
conditions the higher lipophilic compounds released into 
the medium were not quantitatively trapped and that the 
complex released was not readily quanti!iahle. Thus the 
cells were also grown in the presence of lipophilic traps 
(Fig. 2). Growth was a little retarded in the presence of 
hexadecane. while the presence of YAD-2 had :t slightl:r 
stimulatory efrect. 

The beneficial effect of XAD on growth during thr first 
stages of the cultivation period was reproduced in several 
independent experiments. However. the final biomasses of 
one- or two-phase cultures were similar {Figs 1 and 2). In 
the presence of hcxadciane (Fig LI). !he maii~ regular 

monoterpene was terpinolene followed b! terpinen-4-ol. 
Terpinolene was never found without trapping. Terpinen- 
4-01 levels were distinctly increased in the presence vf 
hexadecane and surpassed ?-methos~-~~-i\irne~I-)c-ol le\ ^ 

els by 25~404h. As extraction ofmonoterpcnes from liquid 
traps may cause some technical prohlem~. WC ciao tried tr> 
trap the monoterpenes on solid phasc~ WL:~ a~ XAD and 
RP-8. The results were disappointing. hc~~tever. LIS the 
monoterpene ic~cls were rather 1~. ?~crpinoiene LV;LS 
only detected sporadically. Vv:hilc hexadec:mc had ahsor- 
bed 8 mg tcrpinen-l-01 I aftter- 30 da)\ ikrg. ?a). ontk 
2 mg:‘l (data not shown) were found for X.41)-2 and RP-8. 
As these compounds arc knoun to ahv~rb lipophil!c 
monoterpenes, the low absorption w;is probabi~ due to 
insufficient contact of the volatile comp~~untis u~rh the 

solid phases 

:b) 1 
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Table 1. Distribution of the thujaplicinato-Fe(IlI)-complex between medium 

and cells when grown for one week in the presence of 10 ml hexadecane or 3.5 g 

Amberlite XAD-2 

Thujaplicinato-Fe(III)-complex 

(mg,‘flask) 

Hexadecane Amberlite XAD-2 

Medium 

Lipophilic phase 

Water phase 

Cells 

Total 

0.8 2.5 

0.5 0 

5.5 3.2 

0.8 5.1 

The cultures were not diluted for this experiment and had final biomasses of 

15.9 g (hexadecane) and 16.X g (Amberlite XAD-2). The water phase were 

extracted with CH,CI,. 

Table 2. Effects of inoculum size on growth and monoterpene accumulation in the absence or presence of 

hexadecane as lipophilic trap 

Inoculum Fresh mass Total yields 

(g) (s) (mgiflask) 

Minus hexadecane 

2.5 

5.0 

7.5 

10.0 

Plus hexadecane 

2.5 

5.0 

7.5 

10.0 

10.2 

16.0 

15.8 

17.0 

6.4 

10.2 

10.6 

10.8 

Growth factor 

(4.0) 

(2.9) 

(2.5) 
(1.9) 

2-Methoxy-p-cymen-8-01 

0.60 

0.61 

0.60 

0.55 

Terpinolene 

I .68 

1.12 

1.36 
1.32 

The medium and the trap were replaced each week. The product levels are given as the total collected by 

the lipophilic trap or extracted from the medium by CH,CI, after four passages. The four-week growth 

factors of cells, previously maintained for four passages in the presence of hexadecane, when transferred back 

to medium without the lipophilic trap are given in parentheses. 

change of medium and trap. Thus the continuous pres- 
ence of hexadecane reduced growth of the cells greatly. 
However, when hexadecane treated cells were further 
cultivated without hexadecane original growth rates 
resumed immediately (Table 2). This was also shown for 
cells grown for even longer periods in the presence of 
hexadecane. Thus Thuja cells tolerate hexadecane at least 
for periods of 2-3 months without loosing viability. At cell 
densities of 16-18 g fresh mass/70 ml (corresponding to 
ca 250 g/l) biomass increase ceased even in the presence of 
fresh medium. 

In Table 2 the product yields are given as the total of the 
four samplings. As expected the production rate, eg. of 
terpinolene, was distinctly increased by this culture 
technique (Fig. 2a, Table 2). However, according to Table 
2, one may speculate that there was hardly any correlation 
between biomass and product formation. The flasks 
starting from 2.5 g inoculum, always having lower bio- 
mass present during the four passages, produced more 
terpinolene than cultures starting at 7.5 g initial inoculum. 
This problem was also seen when the weekly production 
rates of a single flask were followed. For example, the first 

sampling provided 42%, the second 17%, the third lo%, 
and the fourth 31% of the total monoterpenes collected 
after four passages. The initial biomass of one flask 
produced the same or even higher amounts of monoter- 
penes than the three-fold increased biomass of the fourth 
passage. The differences between the weekly collection 
seemed to vary depending on the density/age of the 
preculture which was diluted. In the absence of a lipo- 
philic trap such observations may be explained by the fact 
that the volatile compounds are lost or are incompletely 
trapped in the water phase. The total absence of terpinol- 
ene in one-phase cultures is a justification for this assump- 
tion. In the presence of lipophilic traps the absence of a 
correlation may be explained by some negative effects of 
the chemical agent. A lack of correlation between biomass 
and production levels of monoterpenes could also be due 
to initial inocula with different productivities. This danger 
is undoubtedly greater with very slowly growing aggrega- 
ted cultures such as Thuja. We have tried to analyse this 
problem by measuring repeatedly weekly production 
rates of parallel cultures with the same and different initial 
inocula. 



In Table 3 the weekly production rates of six flasks with 
the same inoculum derived from the same precultures are 
given. The yields of the first week indicated rather small 
differences between parallels. The differences between the 
flasks increased after the second sampling. Generally ihc 
monoterpene yields of the second sampling were lower. 
Usually highest specific accumulation was found \%ith cell 
cultures that had just been diluted. In ail our experiments 
the weekly production rates of the same culture varied 
greatly (Table 3). This excludes the posslbhit) that the 
main reason for the apparently biomass unrelated pro- 
duction rates are due to cultures with {litier~~ !niti;il 
productivities. 

In another experiment the productivities of parallel 
cultures with different initial inocula from the same 
preculture were tested (Table 3). ‘Though the impact of the 
biomass for the productton is clearI), tndiiated. a close 
correlation of biomass ,tnd product y~eids has again not 
seen. The rather high product le\eis in Tahlc 5 were 
probably due to the fact that the preiulturc had been 
maintained for two passages at rather high cell densities 
before dilution. Evidently it give, optimai cell densities for 
highest specific monoterpene release. At !highcr cell densl- 
ties (IS- 18 g fresh mass 70 ml) the production of mclno- 
terpenes and of the thujaplicinato-Fe-ccinlplex MC’IY com- 
parativelq low despite fresh medium. M’hcn these cultures 
were diluted a burst of product release N:;LI seen. It ma! bc 
postulated that this increased release iz related 10 the 
mechanism of excretion of the product?;. In this context it 
may be worthuhilc menti<>ninp one: c.tperirn~n~ while WC 
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We consider the proposed mechanism of release as the 
main reason for the biomass unrelated production behav- 
iour of 27nQa cells. However, the various aggregates of a 
culture may also have different production and growth 
phases which are difficult to distinguish due to the very 
slow growth. Producing, but non-growing aggregates, 
and growing, but poorly producing lumps, may exist and 
this ratio may change during the cultivation period. This 
may also explain the rather large differences in product 
yields as shown in Tables 3 and 4. The growth kinetics did 
not show the typical phases such as log, linear or 
stationary phase and thus production of monoterpenes 
could not be related to any special growth phase. At 
present it must be clearly stated that the monoterpene 
production behaviour of 7huja cells is not comparable 
with production kinetics found with rapidly growing cells 
where productivity can be related to biomass or culture 
phases. 

It was observed that the lipophilic phase should be as 
thin as possible. Thus 5 ml hexadecane layered over 70 ml 
medium in a 200 ml Erlenmeyer flask absorbed the same 
amounts of monoterpenes and iron complex as a 10 ml 
layer. With thicker hexadecane layers accumulation may 
be impaired, as we found decreased yields of monoter- 
penes in the presence of 20 ml hexadecane. Cells grew 
slightly better in the presence of 5 or 10 ml hexadecane 
than of 20 ml. It has been reported that light may effect 
monoterpene formation in cultured cells [ll, 123. Ho- 
wever, in the case of rhuja cultures growth rates and 
monoterpene accumulation in the hexadecane phase were 
similar in the light (16 hr-day) or in the dark. 

As mentioned above the accumulation of the released 
monoterpenes on solid phases added to the culture 
medium was also tried. A great advantage of solid phases 
would be the possibility of extracting the monoterpenes 
from these materials into small volumes of the most 
convenient organic solvent. Various XADs and RP-8 
were used. However, in shake cultures the absorption of 
monoterpenes by the solid phases could not compete with 
the liquid phases. According to our results we suggest 
harvesting the monoterpenes of Thuja cultures by trap- 
ping them during the first passage after dilution, and 
perhaps increasing the shaking speed during this time. To 
avoid the growth inhibitory effect of hexadecane and to 
avoid handling of hexadecane samplings with rather low 
monoterpene yields, the culture should then be allowed to 
grow up to higher cell densities without hexadecane or 
should be treated at intervals with hexadecane. 

Accumulation of the thujaplicinato-Fe(III)-complex in the 
medium 

When cells of Thuja cultures are extracted with organic 
solvents, the extracts are red due to the presence of the 
thujaplicinato-Fe(III)-complex. Though the cells contain 
more of the iron-complex than the medium, it may not be 
wise to sacrifice too many cells for recovery of this product 
as the growth rates of Thuja cells are poor. As shown in 
Table 1 hexadecane absorbed only 6&70% of the extract- 
able portion of the complex. As culture time increased 
more and more ofthe complex could not be extracted with 
the liquid-liquid two phase cultivation and afterwards 
could not be extracted into methylene chloride from the 
water phase. When hexadecane and miglyol were com- 
pared for monoterpene absorption no differences were 

found. However, miglyol absorbed generally 2&30% 
more of the complex than hexadecane. Nevertheless, the 
water phase also remained red in the presence of miglyol. 
Thus the solid phases are undoubtedly the best for 
harvesting the iron-complex from the medium (Fig. 2, 
Table 1). When cells were grown for three consecutive 
cycles in the presence of Amberlite XAD-2 the many cell 
aggregates became grey and the cell extracts were nearly 
colourless. Thus phases of recovery would be required if 
the complex is collected on Amberlite XAD-2. Growth 
was not altered by the depletion of the iron-complex from 
the cells. As with the monoterpenes the levels of complex 
found in the medium were not proportional to the 
biomass in the flasks. The passage after dilution usually 
gave the highest specific yield and often total yields per 
week. At higher dilutions relatively more complex was 
found in the medium. Thus there is sufficient evidence that 
the monoterpenes and the iron complex are released from 
the aggregates by the same mechanism. 

The monomer thujaplicines and the complexed thuja- 
plicines in the cells account for more than 0.5% of the 
biomass. As additional iron-complex is found in the 
medium it is evident that thujaplicine formation seems to 
be the most active branch of terpenoid production in 
Thuja cells. Thus the 7’huja cultures may not only be 
interesting as producers of monoterpenes but may also be 
useful for biochemical investigations of tropolone bio- 
synthesis Biochemical and microscopical studies may 
also reveal why the monomer thujaplicines are not 
released into the culture medium and which type of cell 
releases the iron complex and the monoterpenes. 

EXPERIMENTAL 

Cell culture. The initiation and maintenance of the Thuja cell 

culture has been described [Z]. The initial inoculum for mainten- 

ance cultures was 7.5 g fresh mass/70 ml BS-medium. The 

medium was changed weekly and the cells were diluted when the 

biomass of one flask had reached 15-18 g. In the case of two 

phase cultures the lipohilic phases (hexadecane, miglyol [3], the 

various Amberlite XADs and RP-8 suspended in H,O) were 

autoclaved before addition to the culture. Amberlite XADs were 

additionally purified by extraction with CH,CI,. For compara- 
tive parallel experiments the biomass of various preculture flasks 

were collected on Buchner funnels and introduced on a sieve 
spoon into thetlasks. 

Analytical measurements. The characterization of the product 

spectrum and the conditions of capillary gas chromatography 

have been described recently [2, 31. Quantification was perfor- 
med by the use of calibration curves of authentic terpinolene and 

thymol for regular monoterpenes, of y-thujaplicine, and methyl 

stearate for diterpenes. The calibration curves were not linear, as 

at lower concentrations relatively higher losses were noted. The 

thujaplicinato-Fe(III)-complex was measured in hexadecane, 

miglyol or CH,Cl, at 540 nm. 
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