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Abstract-Su.spemionculturcd cells ofCoflea arabica have been immobilized by entrapment in calcium alginate gels to 
mimic natural aggregation. The production of methylxanthine alkaloid was increased up to 13-fold by the 
immobilization. This increased production has been ascribed to organization of the entrapped cells through physico- 
chemical interactions between the polymer (alginate) and the plant cell wall. It has been shown that the metabolic 
changes induced by the immobilization are reversible. 

INTRODUCTION 

The differentiation of plant cells in culture is correlated 
with the accumulation of secondary products in several 
instances [l]. Compact or organized and slow-growing 
cultures synthesize higher amounts of secondary products 
than do friable and rapidly growing cultures. 
Furthermore, it has been suggested that organization of 
cells is essential for normal cell metabolism to proceed [ 11. 
Such organization appears to be a major difference 
between high- and low-producing cultures. 

The immobilization of cultured plant cells by entrap 
ment in a gel matrix may provide conditions that are 
conducive to cell differentiation resulting in higher yields 
of secondary products. Such immobilized cell prepar- 
ations may be considered as artificial aggregates of cells 
and may therefore be employed to investigate the effects 
of cell aggregation on cell metabolism under defined 
conditions. A controlled aggregate sixe and cell concentra- 
tion can be readily achieved within immobilixed cell 
preparations. In fact, increased product formation has 
been observed for immobilized plant cell 
preparations [2-4]. 

Cell suspension cultures of Coflea arabica with large 
aggregates show a higher production of methylxanthine 
alkaloids than cultures with finely suspended cells [S]. 
Thus, this cell culture offers an appropriate model system 
to study the effects of aggregation on secondary 
metabolism. 

In this study the effects of aggregation on methyl- 
xanthine alkaloid production of C. arubica cells have been 
studied. The cells have been aggregated by entrapment in 
calcium alginate gels. A&ate gels are readily dissolved by 
addition of a calcium chelating agent to the medium and, 
therefore, cells can be returned to suspension after being 
in the immobilixed state for some time. 

*To whom cmrespondcnce should be addressed. 

RESULTS AND DISCUSSION 

Cells of Co&r arabica were immobilixed by entrap- 
ment in calcium alginate for studies on the effects of 
aggregation on methylxanthine alkaloid production. A 
relatively high cell concentration (50 y0 wet wt of cells) was 
used in these experiments since the aim was to mimic 
natural aggregation. The diameter of the beads was 
4.5-5.0 mm. Based on a recent study on respiration and 
oxygen transfer in immobilixed Daucus curota cells, it can 
be assumed that the high cell concentration in combi- 
nation with a large bead sixe will lead to oxygen depletion 
in the interior of the particles due to cell respiration and 
diffusion limitations [6]. Such oxygen gradients should be 
even more pronounced in natural cell aggregates since the 
effective cell concentration is even higher than in the 
immobilized preparations. 

Reads or an equivalent amount of freely suspended cells 
were inoculated into fresh medium and sucrose consump- 
tion; dry wt increase and alkaloid production were 
measured as a function of incubation time. Initial exper- 
iments showed that entrapment in alginate was superior 
to entrapment in kappacarrageenan and therefore the 
former polymer was used. 

Table 1 compares dry weight and alkaloid production 
for freely suspended and immobilized cells at two alginate 
concentrations after 17 days incubation. While growth is 
limited to essentially the same extent for the two im- 
mobilixed preparations, a significant difference in alkaloid 
synthesis is observed. Production based on cell mass and 
alkaloid level on day 17 is lO-17-fold higher for im- 
mobilized cells than for free cells. At the lower polymer 
concentration some leakage of cells occurs after 2-3 weeks 
incubation. Attempts to eliminate leakage of cells were 
made by coating beads with a layer of alginate (around 
0.3 mm thick). 

A dramatic increase in alkaloid production is seen for 
immobilized cells upon extended incubation as illustrated 
in Fig. 1. The freely suspended cells only produce low 
amounts of methylxanthine alkaloids (around 30 mg/l). 
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Table 1. Dry weight and alkaloid production by various Co&o atabica all preparations 

after 17 days incubation 

cell %alginate Dry weight Alkaloids Prodnctivity cell 
preparation (w/w) (s/l) (me/l) (Ml? day) IWe 

Fraly 
suspended - 16 9 33 

Entrapped 3 8 78 544 + 
Entrapped 5 7 40 336 - 

lncubatii time (daya) 

Fig. 1. Dry weight increase, sucrose consumption and alkaloid 
production as function of incubation time for freely suspended 
and alginatecntrapped cells of C. arabica. (0) Freely suspended 
cells (Al cells entrapped in 3% (w/w) alginate; (0) cells 
entrapped in 3 “/:, (w/w) alginate coated with a layer of 5 % (W/W) 

alginate. 

After 32 days incubation, the coated and non-coated 
preparations had produced around 200 and 400 mg/l of 
alkaloids, respectively. An increased alkaloid production 
is seen when the sucrose has been completely consumed 
and the stationary phase reached. For the coated prep- 
aration, this stage was not reached until the experiment 
was terminated and, therefore, less alkaloids were pro- 
duced. However, ohe can expect an increased alkaloid 
production upon extended cultivation of this preparation 
since the cells appear to be fuliy viable, as measured by 
cellular respiration. 

Figure 2-shows the amount of theobromine and caf- 
feine ( = I-methyl-theobromine) produced during the 
experiments depicted in Fig. 1. The ratios of theobromine 
to caffeine are lower in this experiment than in experi- 
ments with young cultures. However, a higher percentage 
of theobromine is observed for the two immobilized 
preparations (40 and 33 % on day 15 for coated and non- 
coated preparations, respe&vely) than for free cells (25 % 
theobromine on day 11). Presumably, the N ‘-methyl- 
transferase activity is limited by the level of enzyme during 
the growth phase and by the amount of substrate 
(theobromine) during the stationary phase of the cells, as 
previously suggested [2]. 

Further experiments were carried out in order to 
investigate the effects of alginate-entrapment on alkaloid 
biosynthesis in C. arubica. The cell line used in these latter 
experiments showed different morphological properties 
due to repeated subcultivations. It consisted primarily of 
small, dense aggregates and, thus, was alreadly somewhat 
aggregated even before immobilization. Freely suspended 
(Fig. 3) and immobilized (Fig. 4) cells were incubated 
under identical conditions in multiple samples. When 
sucrose in the medium was depleted (day 1 I) the cells from 
half of the suspension cultures were immobilized in 
alginate and subsequently returned to the depleted 
medium. Likewise when no sucrose remained in the 
immobili~ preparations (day 14), half of these prepar- 
ations were treated with citrate buffer to dissolve the 
alginate and release the cells. The released cells were 
transferred back to the original medium. The four dif- 
ferent set of preparations so obtained were cultivated for 
an additional 3 weeks. 

The cells that were immobilized throughout the exper- 
iment produced more alkaloids (180 mg/l) than the other 
three preparations. When cells of C. arabica were im- 
mobilized after the sucrose had been consumed and 
subsequently returned to the original medium the entrap- 
ment had a negative effect on alkaloid synthesis. 
Apparently, some energy is required for the cells to adapt 
to the immobilized state. When the matrix was dissolved 
and the immobilized cells were set free, alkaloid synthesis 
continued at a constant rate. However, after I week the 
synthesis stopped when the concentration of alkaloids 
had reached the same level as that of cells grown in 
suspension throughout the experiment (120 mg/l). Thus. 
immobilization of cells in calcium alginate does not 
change cell metabolism irreversibly. The high level of 
alkaloids in the free suspension reflect the greater extent of 
‘natural’ aggregation in the culture [7]. However, it is still 
evident that further aggregation can increase the alkaloid 
content. 

The enhanced product formation by alginate- 
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Fig. 2. Methylxanthinc pattern of freely suspended and immobilized cells of C. arabica. (a) Freely suspended cells; 
(b) cells entrapped in 3 % (w/w) alginate; (c)cells entrapped in 3 % (w/w) al&ate coated with a layer of 5 % (w/w) 

at&ate. 

lncub&on time (days) 

Fig. 3. Growth, sucrose consumption and alkaloid synthesis in 
freely suspended cells of C. arabk~. (Cl) Dry Weight (A) sucrose 
concentration; (0) suspended alls; (a) cells immobilized at time 
indicated by arrow. The ban represent the s.d. of three parallel 

samples. 

OO_ 
Incubation time (days) 

Fig. 4. Growth. sucrose ~ns~ption and alkaloid synthesis in 
immobilized c&is of C. ar&ca (Cl) Dry weighs (A) sucrose 
concentration; (0) entrapped cells; (0) entrapped alIs set free at 
time indicated by arrow. The bars represent the s.d. of three 

parallel samples. 

entrapped cells in this and other studies [2,33 may be due twecn the matrix and cells. In this respect it is interesting 
to the organization of cells. It has been suggested that the to note that cells entrapped in other polymers (e.g. 
morphological organization of ceils is required for high agarose) do not show an enhanced product formation Es]. 
alkaloid formation in suspension cultures of Awose is an inert polymer and cells entrapped in this 
C. arubicu [7]. For immobilized cells this organization polymer are separated in small awgates (resembling 
may be influenced by physico-chemical interactions be- those in free suspension) within the large aggregate (bead). 
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However, a high cell-cell contact within an organi cell 
population is of importance for secondary product forma- 
tion Cl]. Alginate may mediate such cell-cell contact due 
to its ionic character. Polycarhoxylic acids of the plant cell 
wall (e.g. pectic acid) and alginate both with a hi& affinity 
for calcium ions may interact in the presence of such ions. 
Thus, alginate may function as a ‘cross-linker* between 
cells resulting in an organization of the cells. This type of 
interaction may stimulate the synthesis of secondary 
metaholites and would he reversible after removal of the 
alginate. In fact, the Co$eo cells used in our experiments 
behave as freely suspended cells after they have heen set 
free. Therefore, the results support the hypothesis that 
al&rate mediates a cell-to-cell interaction resulting in 
organization of the cells and an increased alkaloid 
production. 

EXPERIMENTAL 

Chemicals. Sodium algiuatc (Protaual Hi&r Viscosity Fraction 
HF) was obtained from Protan A/S (Drammen, Norway). 
Murashige and Skoog basal medium was from plow 
Laboratories (Irvine, U.K.). Theobromine and caffeine were 
supplied by Pluka. All other chemicals were obtained from 
commercial suppliers. 

Cuftivation of cells. Suspension cultures of Co&s arabica L. cv 
‘Caturra’ were kindly supplied by Dr. Th. Baumann, University 
of Zurich. They were cultivated in darkness at 26” on a gyratory 
shaker at 120rpm. The medium was Mutashige and Skoog 
medium [Q]. supplemented with Lcysteitle 10, 
thiamincHC1 1.92.4-D 1.0 and kinetin 0.2 (me/ml). Cells were 
transferred into fresh medium every 2 weeks with a 15 % (w/w) 
inoculum. 

~~bil~z~ion procedures. The following procedures were 
carried out under sterile conditions. M-Day-old cells of 
C. arubica were sieved through a nylon net of I mm mesh size 
(ZBF AG Zurich, Switzerland). The sieved cells were washed with 
calcium-free medium on a glass filter. Cells (10 g) were mixed with 
alginate solution (10 g) in culture medium. Alginate beads of 
4.5-5.0 mm in diameter were made by dripping the alginate/cell 
suspension into medium fortified with 5OmM C&Is as pre- 
viously described [IO]. 

In or&r to coat the beads with additional layers of alginate, a 
two-phase system similar to that described in [ll] was de- 
veloped. Alginate brads (15 g) were washed extensively with 
calcium-free medium and gently mixed with alginatc solution 
(Protanal HF 5 % w/w, 7.5 g). A flask containing soy oil (120 ml) 
was shaken on a gyratory shaker at uw)rpm and the algi- 
nate/beads mixture was rapidly added. After IS set theadditional 
layer of about 0.3 mm was stabilized by adding calcium (SO mM) 
containing medium (40 ml) to the suspension. The coated beads 
were washed extensively on a steel net with 3 mm mesh sire and 
su~quently used for cultivation. 

Bead disofuing procedure. Alginate beads (Log) were sus- 
pended in medium (10 ml) containing 0.1 M sodium citrate 
@H 6.0). The beads were fully dissolved after shaking the 
suspension for 30 min on a rock’n’roll shaker. The cells were 
collected by centrifugation (670 g) for 1 min and subsequently 
washed with citrate free medium (2 x 10ml). The cells were 
allowed to recover from’thecitrate treatment by incubating them 
in fresh medium for 1 hr before the respiration of the cells was 

monitored. If the cells were to be returned to the original medium 
(Fig.4) the whole procedure was carried out with depleted 
medium from the same culture. 

Aaalytical procedures. Sampling. Weight losses caused by 
evaporation during incubation were corrected by adding sterile 
water before sampling. In order to analyst growth and alkaloid 
production, samples of 5 ml were pipetted aseptically from 
suspension cultures. For immobilized cultures, a sieve-spoon was 
used to collect a predetermined number of beads. The appropri- 
ate amount of medium was removed with a pipette. Dry 
Weight. Samples were collected on preweighed dry filter papers 
and dried at 60’ until constant weight. Determination ofsucrose 
and glucose. lnvertase (90 NJ; purified by gel filtration over a G- 
25 column) was added to cotton wool filtered medium (0.1 ml). 
The mixture was incubated at 37” for 30 min, diluted with 0.9 ml 
of water and injected into a glucose analyser (Yellow Spring 
Instruments). Sucrose concentrations were cakutated from the 
estimated glucose concentrations. Extraction procedure. Both 
freely suspended and immobilixed cells were extracted with 
refluxing MeOH. The extracts were evaporated to dryness under 
red. pres. and the residue was dissolved in (2 ml McOH and 
analysed for alkaloid content. Alkaloid (uI(I?ysi.s. Quantitative 
alkaloid analysis was carried out by reversed phase HPLC of 
tittered samples (0.2 pm) of extract or medium under the 
following conditions: Column: Nucteosil C-18 (5 pm) 4.6 

x 130 mm. Flow rate: 1 mt/min. Mobile phase: isocratic system 
for analysis of medium MeGH:HsO (1 mM MES, pH 5.8) 
(34: 66)and gradient system for analysis of extracts MeGH-H,O 
(1 mM MES, pH 5.8) [20-40:80-60] at room temp. Detection: 
271 nm (UV). 
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