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Abstract 
I 

Twenty clones established from single cells of a suspension culture of Capsicum frutescens were maintained 
as callus and in suspension over a sixteen week culture period. These clones exhibited marked differences in 
growth, chlorophyll and chloroform-soluble phenolic content which became more apparent with increasing time 
in culture. Clones in suspension exhibited a more rapid change in morphology and biosynthetic activity than those 
cultured as callus. Elicitation increased PAL activity, reduced the incorporation of L-[U-14C] phenylalanine into the 
chloroform-soluble fraction of the culture medium and increased incorporation into the methanol-soluble fraction 
of the cells in ten suspension clones. Differences to elicitation were observed among clones; in particular the faster 
growing isolates incorporated more radioactive label into soluble phenolics that remain in the cells than those that 
are released into the medium. The implications of these results are discussed. 

Abbreviations: SH - Schenk & Hildebrandt, PAL - phenylalanine ammonia-lyase, RGR - relative growth rate, 
TCC - total chlorophyll content, HPLC - high performance liquid chromatography 

Introduction 

The initiation of a callus culture from an explant leads 
to the formation of a heterogeneous population of cells 
that can differ in size, structure, DNA content and 
metabolism (Mantell & Smith 1983; Yeoman & Forche 
1980). The proportion of the different cell types varies 
with time both within and between cultures making it 
impossible to rely on the stability of cells in culture. 
Various procedures have been used to illustrate the 
intrinsic variation of cell cultures in attempts to isolate 
morphologically stable cultures or biosynthetically- 
high yielding cell lines (Dix 1990). As a consequence, 
individual clones derived from isolated cells of cal- 
lus or suspension cultures have been shown to exhibit 
marked differences in their biosynthetic activity (Zenk 
et al. 1977; Creche et al. 1987; Dougall et al. 1980) 
and morphology (Davey et al. 1971; Selby & Collin 
1976; Dougall & Vogelien 1990). 

Cell cultures are known to differ in their response to 
culture conditions which include the nature and con- 
centration of growth regulators, pH and temperature 
(Mantell & Smith 1983). Therefore it is to be expect- 
ed that the biosynthetic activity of clones will vary in 
response to added fungal elicitors; which may promote 
or inhibit the activities of specific enzymes and the 
accumulation of secondary products (Dixon & Har- 
rison 1990). By these means it may be possible to 
select clones which respond to elicitors and lead to the 
production of secondary products at levels exceeding 
those accumulated in non-selected cultures. 

Capsicum frutescens is a plant that has been the 
subject of numerous studies on the regulation, manip- 
ulation and commercial exploitation of the secondary 
metabolite capsaicin in tissue culture (Lindsey & Yeo- 
man 1984; Holden et al. 1987; Mavituna et al. 1987; 
Salgado-Garciglia & Ochoa-Alejo 1990; Hall & Yeo- 
man 1991; Sucrasno & Yeoman 1993). Results are 
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presented here on the differences in selected mor- 
phological and biochemical features within clones 
and how these change during subculture in both cal- 
lus and suspended cells. The response of suspension 
clones to a fungal elicitor, Gliocladium deliquescens 
is also described in which the incorporation of L- 
[u-lac]phenylalanine by the cells and the activity of 
phenylalanine ammonia lyase (PAL) were measured 
and compared in clones. 

Materials and methods 

Cell culture 

Callus was obtained from internode tissue of green- 
house grown plants of Capsicum frutescens Mill 
(McNair, Edinburgh, UK) using the medium of Schenk 
& Hildebrandt (1972) supplemented with 0.5 mg 1-1 
(2.5 × 10 -6 M) 2,4-dichlorophenoxyacetic acid (2,4- 
D), 0.1 mg1-1 (0.5 × 10 -6 M) kinetin, 30gl  - l  sucrose 
and 0.6% Oxoid No. 3 agar, pH 5.8. Cell suspen- 
sion cultures (50 ml in a 250 ml Erlenmeyer flask) 
were initiated from callus and maintained in the same 
medium without agar. Cultures were incubated at 25 
+ 2°C under continuous fluorescent illumination (25 
~tmol photons m -2 s -1 warm white fluorescent tubes; 
Osram, Munchen, FRG). Suspension cultures were 
agitated on a rotary shaker (90 rpm, 0.7 cm ampli- 
tude). Unless stated otherwise the cell material was 
routinely subcultured to fresh medium every 28 days. 

Cloning procedure 

A cell plating technique was used to isolate single cells 
from a uniform suspension culture. Cells were sieved 
through a series of nylon mesh filters down to 100 laM 
in size, centrifuged at 2000 x g for 5 min and dilut- 
ed with SH medium to achieve a volume of approx. 
50,000 cells ml-  I. These were then mixed with 2 ml of 
SH medium with 1% low temperature agarose (Sigma 
Ltd) to give a dilution of 25,000 cells ml-  l, then plated 
out on a 9 cm diameter Petri dish (Sterilin, UK). The 
plates were examined microscopically and the posi- 
tions of single cells were marked. When the single 
cells had developed to 1 mm diameter colonies they 
were removed and placed individually on SH medium 
where they developed into callus cultures. These cul- 
tures were subcultured every four weeks (approx. 1.5 
g inoculum). 

Determination of relative growth rate and total chloro- 
phyll content 

The material that remained after subculture was used 
to determine the relative growth rate (RGR) and the 
total chlorophyll content (TCC). At each subculture 
the weight of cells transferred to fresh medium was 
recorded. The RGR was determined by subtracting the 
log value of the initial wet weight from the log value of 
the final wet weight of callus or suspension cells. This 
value was divided by the length of time (28 days) that 
the cells were in culture. The results were expressed as 
day - l  × 10 -2. Using approximately lg of cells (FW) 
a measurement of TCC was made using the method 
described by Harborne (1976) and expressed as ~tg 
DW -1. 

Elicitor treatment and determination of phenylalanine 
ammonia-lyase (PAL) activity 

Cultures of Gliocladium deliquescens the source of 
fungal elicitor, were maintained on solid SH medium 
and subcultured routinely onto fresh medium every 
four weeks. After each subculture the remaining spores 
were harvested from the medium with ethanol, dried 
down in a 60°C oven and stored at -20°C. Each sus- 
pension culture was incubated for 6 h at 25°C with 
an aliqout of both spores (30 mg ml-1 (w/v distilled 
water)) and radiolabel. Control cultures received only 
distilled water and radiolabel. After 6 h the cells and 
medium were removed for analysis. The determination 
of PAL activity was carried out using the method of 
Ozeki & Komamine (1985) with the modification that 
the reaction time was 2 h. The specific activity of the 
enzyme is expressed as p.kat kg-1 protein (Tanaka et 
al. 1974). Total protein content was calculated using 
the method described by Bradford (1976). 

Radiolabelling 

L-[U-14C]phenylalanine (18.49 GBq/mmol) was 
obtained from Amersham International (Amersham, 
Bucks., UK) in a sterile solution of 2% (v/v) ethanol in 
water. Aliquots (40 ~tl; 74 kBq) of this solution were 
added to each flask and left for 6 h. For the radioassay 
of the extracts a liquid scintillation counter (SL3000; 
Intertechniques, Portslade, Sussex, UK) was used and 
calculated in Bq culture - l .  The scintillation cocktail 
was as described in Lindsey & Yeoman (1984). 



Extraction of  soluble phenolics from medium and cells 

Free, non-polar phenolic compounds (including cap- 
saicin and its pathway intermediates) were extracted 
from the medium and from the cells with chloroform 
and methanol respectively using the protocol described 
by Hall et al. (1987). In addition 50 ml chloroform was 
added to callus agar medium and mixed with a mag- 
netic flea for 30 min then treated in the same way 
as suspension medium. The residues were taken up in 
methanol and filtered prior to liquid scintillation count- 
ing or analysis by high performance liquid chromatog- 
raphy (HPLC). The extracts were analysed by HPLC 
using a Hewlett-Packard chromatographic system 
(Hewlett-Packard, Reading, UK) with a diode array 
detector as previously described (Hall et al. 1987). 

Results 

Variation among clones over a sixteen week subculture 
period 

Differences in growth and total chlorophyll content 
The twenty callus clones selected at random from two 
hundred were established from single cells of a fine- 
ly divided suspension culture. The material from each 
clone was used to prepare both a suspension and a cal- 
lus culture which were maintained for a sixteen week 
period with subculture every four weeks. Measure- 
ments of the relative growth rate (RGR), total chloro- 
phyll content (TCC) and chloroform-soluble phenolic 
content of the medium were made on the residual mate- 
rial after the first and last subculture, four and sixteen 
weeks respectively. 

There are considerable differences between the 
twenty callus clones in their RGRs and TCCs after four 
and sixteen weeks (Table 1). The differences between 
slow growing (eg: BZ4) and fast growing (eg: AE2) 
clones were paralleled by differences in their morphol- 
ogy. Slow growing callus clones were aggregated and 
hard, fast growing clones were friable. The differences 
in TCC were reflected in the colour of the callus mate- 
rial, those with low values (eg: BQ3 and BV7) were 
yellow, intermediates (eg: Z1, Q5) were yellow/green 
and high values (eg: AG2 and N3) were vivid green. 

Suspension cultures showed similar variation in 
growth and pigmentation (Table 1). Visible differences 
in RGRs and TCCs of the twenty suspension clones 
were measured at four and sixteen weeks. It would 
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appear that some clones that maintained a high RGR 
and TCC (eg: AE2, AG2) as callus cultures through- 
out this study also maintained these characteristics as 
suspensions (Table 1). In general, RGR and TCC val- 
ues were lower at sixteen weeks than at four and this 
was more marked in suspensions where only three 
clones (AE2, AG2 and AB9) had measurable amounts 
of chlorophyll by the end of the experimental period 
(Table 1). By this stage suspension culture values were 
generally lower than callus values which suggests that 
liquid culture provided conditions less favourable for 
growth and chlorophyll biosythesis (Table 1). 

However, despite the effect of culture condition it 
is important to note the existence of variation among 
clones. Three clones (AE2, AG2 and AB9) differed 
from the rest in that they maintained a high TCC and 
RGR in suspension, and AG2 and AE2 did so in cal- 
lus also, and appeared to be less susceptible to the 
influences of the culture medium (Table 1). 

Differences in soluble phenolic content of the medium 
The HPLC chromatograms illustrate the presence 
and abundance of chloroform-soluble phenolic com- 
pounds in the medium of the callus and suspension 
clones after four and sixteen weeks (Fig. 1). They 
show differences in phenolic synthesis among clones, 
between regimes and over time (Fig. 1). 

Phenolic production was greatest in AE2 and least 
in Z1 in both regimes at week four and sixteen (Fig. 1). 
Clones in suspension appeared to produce marginally 
more phenolics than in callus and there was a slight 
drop in the number and height of phenolic peaks at 
sixteen weeks (Fig. 1). It was interesting to note that 
AE2 which had the highest phenolic activity among 
these clones also showed the greatest RGR and high 
levels of chlorophyll production (Fig. 1, Table 1). 

Variation among suspension clones in response to elic- 
itation 

Ten suspension cultures were selected from the twen- 
ty remaining after subculture at sixteen weeks. Each 
of these was used to prepare two suspension cultures 
which were incubated for 21-days until the downturn 
of growth. At this point each flask received the elicitor 
and L-[U-lac]phenylalanine (74kBq) and were subse- 
quently harvested after 6 h. PAL activity and the total 
incorporation of label into the chloroform-soluble frac- 
tion of the medium and the methanol-soluble fraction 
of the cells was measured. 
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Table 1. The relative growth rate (RGR) (day -1 x 10 -2) and 
total chlorophyll content (TCC) (ttg DW- 1) of twenty callus and 
suspension clones after 4 and 16 weeks. 

RGR TCC 
Clone Week 4 Week 16 Week 4 Week 16 

Callus 

B Z 4  

AGZ 
CD8 
N4 
AC2 
Q5 
Y3 
BZ4 
AE2 
CD2 
EF4 
AC1 
BV7 
CB6 
N3 
AB9 
AC3 
Z1 
Z2 
BQ3 

0.78 0.56 N.D. N.D. 
1.83 2.16 10.6 8.3 
1.23 1.11 N.D. N.D. 
0.94 0.33 N.D. N.D. 
2.73 2.56 4.5 3.4 
1.48 1.23 7.8 2.7 
0.73 0.34 9.2 2.9 
0.96 0.45 N.D. N.D. 
4.28 6.12 4.2 4.6 
2.11 2.00 N.D. N.D. 
1.76 2.13 N.D. N.D. 
0.12 0.11 N.D. N.D. 
3.45 2.67 1.3 1.2 
1.93 1.56 2.7 1.7 
1.11 1.88 14.2 10.5 
2.76 1.49 N.D. N.D. 
3.56 2.11 N.D. N.D. 
2.59 2.12 6.5 5.3 
2.12 1.67 N.D N.D. 
1.78 1.70 1.3 1.2 

Suspension 

BZ4 
AG2 
CD8 
N4 
AC2 
Q5 
Y3 
BZ4 
AE2 
CD2 
EF4 
AC1 
BV7 
CB6 
N3 
AB9 
AC3 
Z1 
Z2 
BQ3 

1.78 0.46 N.D. N.D. 
1.54 2.54 9.2 5.6 
1.03 0.56 N.D. N.D. 
1.16 0.23 N.D. N.D. 
2.50 1.99 5.3 N.D. 
1.23 1.24 6.5 N.D. 

0.54 0.14 10.2 N.D. 
1.41 0.23 N.D. N.D. 
4.20 4.76 6.2 5.2 
1.23 1.00 N.D. N.D. 

1.72 1.76 3.4 N.D. 

0.23 0.16 N.D. N.D. 
3.00 1.18 N.D. N.D. 
1.63 1.32 N.D. N.D. 
1.48 1.92 5.9 N.D. 

2.67 2.54 4.2 3.2 
3.65 1.64 N.D. N.D. 
2.11 2.22 N.D. N.D. 
1.59 0.78 N.D. N.D. 
1.27 0.91 2.6 N.D. 
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Fig. 2. The relationship between PAL activity (gkat kg -1) in 
unelicited cultures and the fold increase for PAL after elicitation in 
each of the ten suspension clones. 

Differences in PAL activity following elicitation 
The specific activity of the enzyme PAL in the non- 

elicited (control) clones showed a 2-fold variation 
between AC2 and CB6 with the remaining clones 

falling between these extremes (Fig 2). Elicitation 

increased the specific activity of PAL in all ten sus- 
pension clones from over 6-times (Z1) to almost 15- 

fold (AC2) and the greatest increase was detected in 
clones with the lowest unelicited values (Fig. 2). In 
fact despite this variation in 'fold increase' the actual 
elicited values were relatively similar for each clone 

(values ranging between 120 and 160 ~tkat kg FW-1) ,  
suggesting the presence of a controlling factor impos- 
ing a ceiling on PAL activity. 

Differences in the incorporation o f  L-[U-14C]phenyl - 
alanine following elicitation 
Elicitation markedly reduced the total incorporation of 
L-[U-14C]phenylalanine into the chloroform-soluble 

(C-Fraction) fraction of the medium (mean recovery 

of 0.5%) and increased the incorporation of label into 
the methanol-soluble (M-Fraction) fraction of the cells 

(mean recovery of 15%) in all ten suspension clones 
(Table 2). The diversion of label from medium to cell 
bound soluble phenolics is strongly affected by elicita- 
tion and maybe caused by the elicitor-induced increase 

in PAL activity. 
Differences among the clones were apparent in the 

C-Fraction despite suppression of activity by elicita- 
tion (Table 2). A tenfold difference can be seen between 
AG2 and N3. Differences also occur among the clones 

with respect to incorporation into the M-Fraction; non- 
elicited Q5 has a value three fold greater than CB6, 
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Tabie 2. Incorporation of L-IU-14C] phenylalaline into the chloroform (C-Fraction) soluble fraction of 
the culture medium and the methanol (M-Fraction) soluble fraction of the cells in elicited and non-elicited 
suspension clones. All values in Bq/culture x 103. 

Clone AG2 AC2 Q5 AE2 EF4 BV7 CB6 N3 AC3 Z1 

C-Fraction 

Elicited 0.13 0.33 0.17 0.23 0.11 0.23 0.73 1.4 0.44 0.16 

Non Elicited 10.5 15.2 21.3 9.6 15.1 23.6 21.9 14.0 18.0 9.5 

M-Fraction 

Elicited 25.1 13.2 10.6 24.3 8.3 7.9 7.4 11.6 10.4 23.1 

Non Elicited 3.6 1.9 3.9 1.6 1.5 3.1 1.3 2.0 2.4 3.0 

and elicited AG2, AE2 and Z1 three times that of CB6 ta0 
(Table 2). It is also interesting to note that the levels of t60 
incorporation into the M-Fraction were markedly low- t4o 
er in seven clones although the elicitor-induced PAL ~ t20 
activity remained similar in all ten clones (Table 2, Fig. z too 
3). The correlation between PAL activity and incorpo- " 
ration in elicited and unelicited cells suggests that these ~ 80 
seven clones were utilising the label less efficiently 60 
under elicited conditions than Z1, AG2 and AE2 (Fig. 40 
3). The reason for this differential response is unclear. 20 
It is possible that more phenylalanine was required o 
by the cells of AE2 and AG2 to support cell division 
and maintain the high RGRs observed throughout the 
experimental period (Table 1). 

Discussion 

Differences among clonal culture lines have already 
been described in a wide range of plant species 
(Dougall et al. 1980; Creche et al. 1987; Dougall & 
Vogelien 1990). The differences in growth, chlorophyll 
content and biosynthetic activity observed and record- 
ed among the clones in this paper support these findings 
and reflect the heterogeneous nature of the parent cul- 
ture. The causes of these changes are unclear although 
the close intercellular relationships that are intrinsic to 
the parental source material, and which are impaired 
in callus and suspension culture may well disturb the 
genetic and epigenetic stability of the component cells 
(Yeoman & Forche 1980). It is also important to recog- 
nise the possibility of the changes occurring during the 
cloning and culture period and we cannot ignore the 
possibility that these differences could be attributed to 
the individual growth patterns of the clones. 

The culture regime and time in culture had an influ- 
ence on the clones particularly in suspension where val- 
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Fig. 3. The relationship between PAL activity (pkat kg- 1) and the 
incorporation of L-[U-14C] phenylalanine (Bq/culture x 103) into 
the methanol (M-Fraction) soluble fraction of the cells in elicited 
and elicited and unelicited suspension clones. 

ues dropped more rapidly than in callus causing greater 
variation among and between the two regimes. Time 
and frequency of subculture have long been recognised 
as a cause of variation and instability but the effect 
and cause of suspension culture-induced variation has 
been too often overlooked (Mantell & Smith 1983). 
The cell-to-cell contact in callus cultures, though less 
than that in the plant internode from which the explants 
were taken, permits chemical and physical gradients to 
exist between cells (Yeoman 1987). In transferring the 
callus to liquid medium the enhanced disturbance of 
cell-to-cell contact may have further effects on cell 
function. 

The treatment of plant tissue cultures with elici- 
tors often leads to an increase in PAL activity and a 
concomitant rise in the production of phytoalexin and 
secondary compounds (Hahlbrock et al. 1981; Bai- 
ley & Mansfield 1982; Dixon, & Harrison 1990). We 
found a marked increase in PAL activity after elici- 



tation of all ten clones demonstrating the ease with 
which the enzyme can be stimulated in pepper cul- 
tures. This was accompanied by a decrease in incorpo- 
ration of L-[U-xgc]phenylalanine into the chloroform- 
soluble phenolic compounds released into the medium 
and an increase into the methanol-soluble fraction of 
the cells. As yet it is not known whether capsidiol, the 
major phytoalexin found in Capsicum, is produced in 
response to the elicitor in these suspension cultures. 

We found that the faster and more stable growing 
cultures incorporated more phenylalanine, irrespective 
of PAL activity, into the cells. It is possible that the 
downturn in growth recorded among the other clones 
could have resulted in the diversion of phenylalanine 
into compounds related to growth retardation. These 
results show the possibility of selecting stable vari- 
ants which is as significant to continuing research as 
is the recognition of the culture components that are 
responsible for inducing variability. These results have 
also shown that pre-existing, culture and metabol- 
ic variation is commonplace among and within cul- 
tures derived from cloned cells. The understanding 
and manipulation of this phenomenon is important for 
both the maintenance of long-term cultures and the 
exploitation of morphologically and, more important- 
ly, metabolically useful tissue cultures. 
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