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Abstract--Callus cultures of Pinus radiuta that synthesized monoterpenes de nouo and which were stable for at least 1 
year have been established. The products differed from those of parent plants in that a-pinene (87-100%) rather than /I- 
pinene was the main component. The best lines accumulated monoterpenes (cn 2 x 10m3 % wt/wet wt) in yields 40-20 % 
of that in the parent stem and needles. The composition of the extractable oil depended on the light regime. After culture 
in total darkness toluene and acetone accumulated. These compounds also occurred (at low levels) in dark-grown 
seedlings and in seeds of P. radiuta and a route for their formation from a-pinene is suggested. Cell-free extracts of the 
culture lines converted [‘“Cl IPP into geraniol, nerol and a- and B-pinenes in up to 46 % total yield. These are the most 
active crude extracts for monoterpene biosynthesis that have been reported from either tissue cultures or higher plants. 

INTRODUCTION 

Secondary metabolism in plant tissue cultures has been 
extensively studied in recent years [l] and some spectacu- 
lar examples of sesquiterpene biosynthesis have been 
achieved [2,3]. However, few authenticated cases of de 
nova synthesis of monoterpenes are available [4-91, and in 
these the proportions and products often differed from 
those of the parent material. Cultures of Pinus species 
have often been established, but although, in some, the 
occurrence of secondary metabolites (e.g. phytosterols) 
has been reported, there are no records of the synthesis of 
lower terpenoids [lO-141. We now report culture lines of 
Pinus rudiata D. Don that displayed unprecedented levels 
of monoterpene accumulation and which furthermore 
were light-dependent. 

RESULTS AND DISCUSSION 

Cultures that produce monoterpenes 

All our work used callus cultures. The literature 
suggests that these are more effective than suspension 
cultures with respect to monoterpene synthesis. This may 
be a result of greater differentiation, perhaps consequent 
on the possibility of establishing gradients (e.g. of stages 
of the cell cycle; of metabolites; of inducers etc.) within the 
former tissue. Such cultures from stem tissue were readily 
established and were routinely sub-cultured every 3-4 
weeks after ca Cfold increase in volume. Young cultures 
(up to four sub-cultures) were often green; the % pigmen- 
tation, as estimated by absorbance at 680 nm was ca 0.5 7; 
of that in needles. Growth rates and analyses of the oils 

*Present address: Chemistry Department, University of 
Ibadan, Ibadan, Nigeria. 

Abbreviations: IPP, Isopentenyl pyrophosphate; MVA, meva- 
lonate; DMAPP, 3,3-dimethylallyl pyrophosphate. 

produced are recorded in Table 1. After 4-6 sub-cultures, 
the callus lines maintained their recorded properties 
( f 20 %) up to at least 15 sub-cultures when the exper- 
iment was terminated. The optimum line (B) produced ex- 
tractable oil some 20-40 % of that from the needles and 
stem respectively of the parent plants; but whereas that 
from the cultures (except A3) comprised essentially a- 
pinene(pin-2-ene), that from the parent tissue contained 
60-90 % b-pinene(pin-2( lo)-ene), the residue being almost 
entirely the a-isomer. It is conventional to quote per- 
centages as wt/wet wt (i.e. superficially-dried tissue) and 
these are the values given above and in Table 1. However, 
particularly for Pinus species, the cultures and the parent 
material differ considerably in water content and values 
expressed in terms ofdry wt (shredded material oven dried 
1 lo”/72 hr) are of interest. In these terms the culture line B 
that produced extractable oil (2 x lo- 3 %) at levels 20 and 
40 % of that in needles and stem (all in terms of wet wt) 
produced oil (7 x 10e3 “/d) at levels of ca 58 and 117 7; 
respectively. The other values in Table 1 may be calcu- 
lated pro rata. The trace components in the cultures 
(Table 1) corresponded to those occurring in the parent 
plants [cf. 15-J. The variation in the a-pinene: fi-pinene 
ratio in the cultures and parent material is consistent with 
the view [16] that two separate pathways led to these 
isomers from the acyclic or monocyclic biosynthetic 
precursors. The yields of monoterpenes from the cultures 
were unaffected by the continued presence of coconut 
milk (10% v/v) in the medium throughout the sub- 
cultures or by variation of sucrose in the medium from 
10-200g per 1. Both growfh rates and yields fell by 
3&60% on culture at 15” rather than 27”. Such a 
reduction in temperature had resulted in a marked 
increase in alkaloid production in appropriate cultures 
c171. 

The change in ratio of a- and fi-pinenes between AZ and 
AJ and again between the latter and A4 was reproducible 
and may reflect some physiological characteristic or result 
from inbalance in the components of medium, perhaps as 

295 



296 D. V. BANTHORPE and V. C. 0. NJAR 

Table 1. Monoterpene accumulation in callus of P. radiate 

Line* 
Temp. Illuminationt 

(“) W) 

ComponentslJ 

10’. (x)4 a-Pinene /I-Pinene Others 

A2 

A3 

A4 
B2 

R4 
C4 
C, 

23 Natural (20&450) 0.11 0.13 87 13 0 
23 Natural (2OW450) 0.10 0.27 24 76 trace 
23 Natural (200-250) 0.13 0.29 90 10 trace 
27 Constant (150) 0.16 2.1 100 trace 0 
27 Constant (150) 0.18 2.1 100 trace 0 
27 12 hr (250) 0.21 0.67 100 trace 0 
27 12 hr (250) 0.23 0.53 100 trace 0 

*Cultures originated from stem tissue. Letter refers to regime; subscript indicates number of sub-cultures before 
assay. 

tRegime: natural illumination refers to diurnal variation in a shaded aspect [at > 500 lux, extensive phenol 
formation (‘browning’) occurred in all culture lines]. 

*Growth rate. G = (m, - m,)/m, . t, where m, and m, are masses of explants at initiation of last sub-culture and at 
its termination at time t (days). 

8 u/n (wt/wet wt) of extractable oil from culture. Mean of three independent determinations. 
))GC/MS analysis: ‘others’ refers to camphene, /I-phellandrene and limonene. “Trace’ refers to < 0.5 %; 0 to 

< 0.1 “/;;, if any. Means of three independent determinations. 

a consequence of differences in permeability and hence in 
uptake of nutrients, peculiar to this stage of the growth 
cycle [cf. 181. Assay of the medium from a selection of 
culture lines gave no indication of excretion of mono- 
terpenes from the callus. Solvent extraction (18-24 hr) of 
the B4 line resulted in a yellow oil with IR and mass 
spectra almost identical with those of a mixture character- 
ized as consisting of polyisoprenol acetates from needles 
of P. syluestris [19] or from a similar mixture prepared 
from needles of our specimens of P. radiata. The yield was 
1.5 “i;, (w/w) from callus and 0.65 7; from fresh needles. 

Controls indicated that ‘carry-over’ could have ac- 
counted for only ca 6 7; of the observed oil content at the 
end of the second sub-culture but for less than 1 “i;, by the 
fourth. Synthesis de nova was directly demonstrated by 
injection of thecallus with [2-r4C] MVAand [l-‘*Cl IPP 
alone or in a mixture with ATP and glucose (see 
Experimental). A4 cultures converted the precursors into 
pigments (chlorophyll a and b, p-carotene; ca 6: 1 present 
at ca 0.3 7; that in needles, see previously) in conversions 
lO-30”/0, a-pinene (0.01-0.3 7;) and /I-pinene (0.084.2 7;) 
after 3 days metabolism following injection. All the 
products were purified to constant specific radioactivity 
and the variations may reflect differences in access to the 
biosynthetic sites. [2- 14C]MVA added to the medium was 
taken up into callus (ca 13 “/;; in 3 days) and the percentage 
conversions of this into pigments and monoterpenes were 
within the same ranges. 

In summary, our cultures produced all the monoter- 
penes of the parent tissue and one line (B) accumulated 
these even after 15 sub-cultures. Seedlings grown asepti- 
cally on a solid medium similar to that for the culture 
medium (except that no auxin, coconut milk or m-inositol 
were present) under illumination as used for the cultures 
gave yields and proportions of monoterpenes similar 
( f 5 %) to that of seedlings grown under conventional 
conditions, rather than those of the cultures. 

Secondary metabolites in ‘dark’ cultures 

Most studies of secondary metabolism in tissue cultures 

have involved isothermal conditions at constant illumi- 
nation. The data in Table 1 suggest an influence of light on 
the yield and composition of extractable oil from the 
callus, and cultures of Z’anacetum oulgare that actively 
synthesised monoterpenes in high yield had in fact been 
maintained under near physiological ranges ‘of light and 
temperature [20]. Brief studies also indicate the influence 
of light on monoterpene formation in cultures of Mentha 
species [21] and on the formation of alkanes in callus of 
Ruta graoeolens [22,23]. Diurnal variation (periods 
6-14 hr daily) of temperature (16-27”) and light intensity 
(O-450 lux) gave results with callus of P. radiata little 
different from those presented in Table 1. However, 
maintenance of the culture lines A-C (pretreated as 

Table 2. Production of secondary metabolites in ‘dark’ cultures 
of P. radiata 

Components$ 

Origin* Periodt 102. ( ?A)$ a-Pinene /I-Pinene Toluene 

A 42 0.11 29.3 0 70.7 
B 42 0.23 60.2 0 39.8 
C 42 0.17 36.7 0 63.3 
A 63 0.12 76.2 0 23.8 
B 63 0.15 32.7 0 67.3 
C 63 0.08 82.4 0 17.6 

*Letters refer to the culture lines maintained for 46 sub- 
cultures under conditions as in Table 1, before being maintained 
in total darkness at 27”. 

tPeriod of darkness (days) before assay. Subculture was every 
19-22 days. 

$ “/ (wt/wet wt) of extractable oil from the culture: means of 
three independent determinations. 

$GC/MS analysis. Acetone (volatile and difficult to extract 
from the aqueous solutions) was always detected in amounts 
* 0.05 7;. All figures are means of two independent determin- 
ations. 
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described in Table 1) in total darkness for periods of 6 or 9 
weeks (with sub-culture at 3 week intervals) led to analyses 
as in Table 2. Growth rates were rapid; G ca 0.32 (cultures 
of R. graveolens also flourished better in the dark [22]) 
but the yields of oil were low and varied little for different 
culture lines. 

The outstanding feature was the formation by all the 
culture lines of toluene often as the predominant product 
together with acetone. It was rigorously checked that the 
latter was a metabolite and not an artefact of, e.g. the 
solvents used in the work-up process. The proportions of 
toluene and u-pinene varied depending on the period of 
darkness and also on the pre-history of the cultures. 

It is premature to try to interpret these reproducible 
fluctuations. More significant was the finding that all the 
lines lost their ability to produce toluene within 4 weeks of 
being returned to their original regime. After this time the 
metabolism had reverted to that reported in Table 1, and 
was reversible in that another period of darkness (6 or 9 
weeks) reintroduced toluene formation. These obser- 
vations are novel, the one related study being the obser- 
vation that monoterpene synthesis in P. pinaster ceased in 
the dark [24]. We suggest that in total darkness the 
accumulation of a-pinene is reduced by degradation as 
outlined in Scheme 1. 

Occurrence of toluene in P. radiata 

Although not usually considered a natural product, 
toluene occurs in tolu balsam, perhaps being derived from 
breakdown of monoterpenes during distillation [25]. It is 
formed by microbial degradation of terpenoids [26] and 
is present in avocado fruit [27]. On extraction of seeds of 
P. rudiata we found 4.2 % (wt/wt) toluene (together with 
b-pinene; 44.0 %, a-pinene 30.9 %; limonene 7.9 %; cam- 
phene 7.5 % and myrcene 5.5 %). Seeds of P. sylvestris also 
contained toluene (3.2 %). a-Pinene has previously been 
reported in seeds of a 7’hujopsis species [28]. Seedlings of 
P. radiata (3 or 12 months after germination) contained a- 
and /I-pinene in the ratios ca 39 : 61 and 35 : 65, respect- 

ively, but no toluene (< 1 x lo-’ %, if any) could be 
detected. However, on maintaining the seedlings in the 
dark for 4 weeks before harvesting, toluene accumu- 
lated i.e. the /I-pinene : a-pinene : toluene ratios were 
35.5 : 60.3 : 4.2 for the 3 month seedlings and 24.1: 75.8 : 0.1 
for the 12 month seedlings. Thus the unexpected metab- 
olism discovered in the cultures could be replicated in 
whole plants. 

Cell-free extracts of tissue cultures 

A soluble extract was prepared from callus (line B) 
using methods developed for other plant species [29,30] 
and this was tested for efficiency in synthesis of mono- 
terpenes with [1-14C]IPP as substrate (Table 3: where 
optimum concentrations of Mg2+ and Mn2+ are re- 
corded). Incorporation using [2-i4C]MVA as substrate 
were cn 10-fold less. The main products were geraniol and 
nerol (not components of the extractable oil) rather than 
a- and /I-pinene. Addition of NaF, a phosphatase inhibitor, 
increased (at 15 mM) the yield of geraniol and nerol and 
(at 80 mM) that of pinenes. This may result from different 
phosphatases being responsible for cleaving IPP and 
DMAPP (the precursors of geraniol and nerol) and the 
pyrophosphates of the latter Cl,-, alcohols (which are the 
presumed precursors of the bicyclic monoterpene hydro- 
carbons). There is evidence that endogenous phosphatases 
in other species have different specificities towards 
terpenyl pyrophosphates [31]. The optimum system 
(46.4% incorporation under the standard conditions) is 
by far the most active crude extract for the preparation of 
monoterpenes that has been prepared from either tissue 
cultures or higher plants, and is some 150-fold more active 
than the best corresponding extract (assayed under ident- 
ical conditions) from needles or seedlings of P. radiuta. 
This factor may, however, represent not merely the 
endogenous levels of enzymic activity, but both the ease of 
disruption of the walls of the callus and the lack of 
deactivating phenolics compared with the parent plant. 
Cell-free extracts from ‘dark’ cultures (see previous sec- 

Scheme 1. Suggested route for the production of toluene and acetone in cultures of P. radiata. 
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pinenes were purified by TLC on silica gel G, silicic acid and 
AgNOs-silica gel G (10% w/w) eluted with (a) toluene-EtOAc 
and (b) hexan+Et*O (both 99: 1); and in addition reduced to cis- 
and trans-pinane and purified thus by GC. All products were 
chemically purified ( > 99 “/. by GC Carbowax 20 M and SE-30 
capillary columns, 50 m x 0.02 mm) and radiochemically pure 
(2n scanning of a variety of the above TLC separations. Cell free 
extracts of P. radiata plants, for comparison purposes, were made 
by the above methods using growing tips of seedlings (30 days) 
and of young trees (1 m; ca 5 year old) 

Miscellaneous. Callus (that had been subcultured three times) 
was injected with sterile (via millipore filter 0.22 p pore size) solns 
(1 ml) of [12-%]MVA (OS/&i) or [1-‘4C]IPP (0.43&i) 
containing (variously) ATP (0.1 mM) or glucose (0.2 mM). After 
3 days the material was extracted and assayed as above. Freeze 
thaw-vacuum infiltration was carried out for two or six cycles as 
described [32]. Radioactive measurements were made using 
Butyl-PBD (0.8 % v/v) in toluene as scintillant. Typically aliquots 
containing 10’ to 104dpm were assayed, and 4 x lo4 disinte- 
grations were accumulated so that the 2a error was f 1 x. 
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