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Abstract--Cells of Acer pseudoplatm~ were grown in batch suspension culture for 22 days. The cultures were 
initiated at high cell density of 2 x lo5 cells per ml of culture. Growth was characterised by a short lag phase, 
an exponential phase of rapid cell division and growth, and finally a stationary phase. Quantitative but not qualitative 
changes were observed in total lipid content, fatty acids and phospholipids at different stages of growth. Total 
lipids, phospholipids and fatty acids showed maximum concentrations in 12 day old cells. The major phospholipids 
isolated were phosphatidylcholine and phosphatidylethanolamine with minor amounts of phosphatidic acid and 
lysophosphatides. Other lipid components present were mono- and digalactosyl &glycerides, cerebrosides, sterol 
glucosides, free fatty acids and estetied sterol glucosides. The major constituent fatty acids were myristic acid 
(14:0), patitic acid (16:0), stearic acid (18:0), oleic acid (18:1), linoleic acid (18:2) and linolenic acid (18:3). During 
exponential cell growth the proportion of 16:0, 18:2 and 18:3 constituted nearly 900/, of the total fatty acids. 
Triglycerides were the major repository of myristic acid (14:O) with substantial amounts of palmitic acid (16:0), 
whet&s phospholipids contained 16:0, 18:2 and 18:3 in high amounts. 

INTRODUCTION 

Suspension cultures have been used increasingly in recent 
years to study a wide range of problems in plant bio- 
chemistry and physiology [l, 21. Based on previous 
studies of carbohydrate metabolism with both batch and 
continuous cultures of sycamore cells [3,4], the present 
studies were undertaken to investigate the interrelation- 
ship between carbohydrate metabolism and the donation 
of reduced pyridine nucleotides and carbon skeletons for 
lipid biosynthesis in plant cells undergoing rapid growth 
and division. This communication reports preliminary 
studies on the changes which occur in total lipids, fatty 
acids, phospholipids and the fatty acid composition of 
triglycerides and phospholipids during the growth of 
sycamore cells in batch suspension culture. 

RESULTS AND DI!XWssION 

The pattern of growth of sycamore cells in batch cul- 
ture is shown in Fig 1. As the cultures were initiated 
with a high cell density (200000 cells/ml), the lag phase 
is of short duration (1-2 days) and the exponential to 
linear phase is well marked from day 4 to day 15 with 
the biomass (expressed as dry wt per ml culture) increas- 
ing threefold in 7 days. At least three cell generations 
passed during this period before the stationary phase was 
reached from day 15 onwards. 

Total lipid content, total phospholipids and total fatty 
acids all shawed 2-4 fold increases in concentration at 
day 12 when compared with their concentration at lag 
phase (Fig. 2). The rapid increase in the content of 
lipid-P and phospholipid fatty acids is attributed to 
active synthesis of acyl glycerol lipids during this period 

of active cell proliferation and growth. This view is sup 
ported by the observations that during this period the 
glycerophosphatide pool consisted of about 5O-700/, of 
the total lipids and that the free fatty acids were in low 
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Fig. 1. Growth characteristics of sycamore cells maintained 
in hatch suspension culture. The various parameters were 
measured as described in the text. Dry weight (M), fresh 

weight (o----o), cell density (A-A). 
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Fig. 2. Changes in total lipid content, phospholipids and fatty acids during the growth of sycamore cells 
in batch suspension culture. The standard deviation on each interval mean is less than 5% Total lipid-P 

(@---O), total lipids (O----O), cell number (A----A), total fatty acids (A-A). 
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Fig. 3. Thin-fayer chromatography of total lipid extracts (loCr200& from Acer pseudoplatanrun cells grown 
in batch suspension culture. Samples were chromatographed from cells that were 1 ($J, 4 (e), 8 (d), 12 (c), 
15 (b) and 22 (a) days old. Constituents were identified by co-chromatography with authentic standards 
and comparison with extracts from leaves of Aeer pseuduplarww (x and y); LPC, lysophosphatidykholislc; 
LPE, 11 joyh~phslid~lerh;l~olnminz. PI, phosphatidylinositol; PA, phosphatidic acid; PC, phosphatidyloho- 
line; DG D. d~phw~~ Idlglwende. FE, phosphatidylethanohunine; LAPE, N-acyl lysophosphatidylethanola- 
mine; MGD, monogalactosyldiglyceride; FFA, free fatty acids; SG, sterol glucoside; NL, neutral lipids; 1, 

2, 3, 4 and 5 unidentified. 
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Fig 4. Changes in the phospholipid composition of sycamore 
cells grown in batch suspension culture. Values are means 
of four analyses (2 separate experiments). Standard deviation 
of each interval mean is less than loo/,. Phosphatidykholine 
(A- A), phosphatidylethanolamine (C-m), phosphatidic 
acid (M), lysophosphatidyl ethanolamine (o-_-01 

N-acyl lysophosphatidylethanolamine (A-A). 

concentration (Figs. 2 and 3). Additional support comes 
from the work of Simola & Sopanen [S] who showed 
that in sycamore cells grown in batch culture, the activity 
of cl-glycerophosphatase is inversely related to the 
changes in phospholipids and fatty acids observed in our 
experiments. 

With the approach of stationary phase (by day 15) 
the total lipid content dropped by 25x, the phospho- 
lipids by 75% and the fatty acid content by 50%. The 
rapidly changing metabolic status of the culture was 
demonstrated further as the cells progressed into station- 
ary phase when the total lipid content dropped by a 
further 65% and nearly approached the concentration 
observed in lag phase cells. Similar decreases were 
observed in the levels of phospholipids and fatty acids. 
The tial concentrations here were even lower than those 
observed in the lag phase cells. These latter observations 

, 

During all culture periods small amounts of 10~0, 
12:0, 16:l and 16:2 fatty acids were detected. They 
accounted however for less than 1% of the total fatty 
acid complement. The medium chain saturated fatty acid, 
myristic acid (14:0) and long chain saturated acid, stearic 
(18:O) also comprised only a small proportion of the 
total fatty acids determined during growth (Table 1). In 
contrast palmitic acid (16:O) constituted ZO-25% of the 
total fatty acids up to 15 days of culture and then in- 
creased to about 35% in stationary phase cells (day 22). 

The most striking changes were noted in the unsatur- 
ated acids, linoleic (18 :2) and linolenic (18 : 3) acids. Dur- 
ing the period of active cell proliferation and growth, 
18 :2 and 18:3 constituted 40-50x and 2O-25% respect- 
ively of the total fatty acids (Table 1). Thereafter 18:2 
showed a rapid decrease till the end of stationary phase, 
whereas 18:3 continued to increase till day 19 and then 
decreased to a level similar to that observed in lag phase 
cells 

Calculated on the basis of nanomoles of fatty acid per 
cell, significant amounts of 14:0, 16:0, 18:2 and 18:3 
were synthesized in cells of day 1 cultures (Table 1) but 

Table 1. Contents of total fatty acids in cells of Acer ~MUIU~~WUS grown in batch suspension culture 

14:o (myristk) 16:O (pdmitic) 18:O (sbric) 18:l (olcic) 18 : 2 (linolcic) l&3 (lindenii) 

Growth lUlld ntrd lUllO1 NIlOl nmOl nmOl 

Period x10-6 mol X 10-6 mO1 x 10’6 mol x10-6 JllOl x W6 mol x 1o-6 mol 

(Day) cell8 % da % cells % c& % *ls I % cells % 

1 8.5 &a 31.4 25.0 5.2 4.1 6.0 48 sck3 4CLO 21.6 17.2 
4 6.9 4.6 36.0 23.9 2.8 1.8 7.7 5.1 71.0 47.2 26.2 17.4 
8 

12 1;: 
1.3 37.8 23.2 3.8 2.3 6.4 3.9 78.1 48.0 34.5 21.2 
1.9 132.2 23.2 5.8 1.0 14.9 2.6 277.9 48.7 128.6 226 

15 4.7 1.6 63.4 22.3 
:: I; 

5.2 I.8 1473 51.9 61.2 21.6 
19 3.1 2.5 33.u 26.6 0.9 0.7 545 43.9 31.8 25.6 
22 4.0 a9 is.7 34.5 0.6 1.3 09 2.0 16.7 36.7 7.3 15.9 

Trace amounts (<OS%) of lO:O, 12:0, 16:l & 16:2 were detected in all samples. Fatty acids were analysed as methyl 
esters by GLC on a column of loo/o diethylene glycol succinate polyester on supekoport at 195”. Values are means of four 
analyses (2 separate experiments) and the standard deviations were less than 10%. 

suggest that the cell population contained, at this stage, 
cells in different phases of growth. 

Qualitative analysis of the total lipid extracts from 1, 
4, 8, 12, 15 and 22 day cultures showed a consistent 
pattern of lipid components (Fig 3). Major lipid com- 
ponents identified were LPE, PA, PC, DGD, PE, cere- 
broside, sterol glycoside, MGD, free fatty acids and trig- 
lycerides. Thus only five phospholipids appeared consis- 
tently throughout the growth period and the lipid-P of 
each showed that PC and PE were the major com- 
ponents to show a sign&ant increase from day 4 to 
day 12 cultures (Fig 41, which is in agreement with ear- 
lier observations on total phospholipids. With the onset 
of stationary phase, the concentrations of both decreased 
to levels observed in cells at lag phase. It is noteworthy 
that concentrations of PA actually show a decrease dur- 
ing this exponential phase, but then peak later around 
day 15 cultures and then decrease as stationary phase 
is approached. The presence of two lysophosphatides 
(LPE and LAPE) is of interest as these components 
tended to show an increase in level only after about 12 
days in culture. of the non-phospholipid components, 
the glycolipids, MGD and DGD and sterols appeared 
in substantial amounts (lO--15% of total lipids) towards 
the late exponential phase and stationary phase. 
Although no attempt was made to quantitate them, it 
is speculated that the presence of the glycolipids is due 
to plastid formation through the effect of light on the 
growing cells. 
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* tr, trace amounts detected (~0.5%). 

the most notable increases in amounts were seen in 16:0, 
18 :2 and 18: 3, with palmitic acid increasing by 4-fold 
at day 12 and linoleic acid (18 : 2) and linolenic acid 
(18: 3) both increasing by nearly &fold in amounts during 
this same period of active cell division and growth. As 
this phase of active growth decelerates, the amounts of 
all these fatty acids drop by at least half and as the 
cells reach stationary phase, the final concentrations are 
2-3 fold lower than in cells at lag phase. 

The fatty acid composition of triglyceride and phos- 
pholipid fractions constituted nearly 50-70% of the total 
fatty acids during the phase of active cell division. The 
phospholipid fraction alone constituted SO-CQ?~ of the 
total fatty acids present in cells at lag phase through 
into exponential phase and then dropped by nearly half 
as the cells approached stationary phase. T+he triglycer- 
ides contained 13% of the total fatty acids in lag phase 
cells and showed a continuous decrease right through 
phases of active cell division and growth. But as the 
stationary phase was reached, the proportion of fatty 
acids in triglyceride tended to rise. Low amounts of 1010, 
12:0,16:1 and 16:2 were always detected in the fractions. 

The mole ratio of fatty acids in triglyceride to phos- 
pholipids was also the highest at lag phase (0.22) and 
showed a continuous decrease right through to the phase 
of cell proliferation, thus in day 12 cultures the ratio 
dropped to 0.04. As the cells were transformed into a 
stationary phase condition, the ratio again increased 
nearly three fold to 0.12. 

The triglyceride fraction showed the most interesting 
changes in fatty acid composition. At lag phase myristic 
acid (14: 0) and palmitic acid (16;O) accounted for nearly 
92% of the total (Table 2), whereas the unsaturated fatty 
acids (18 : 2 and 18 : 3) constituted a very low proportion. 
It is interesting to note that as the cells enter exponential 
phase, there is a drastic drop in proportion of 14: 0 in 
the triaeylglycerol fraction and a concomitant increase 
in 16:0, 18:1, 18:2 and 18:3. But as the cells advance 
well into the phase of active growth, the proportion of 
myristic acid again tended to rise by a factor of 5 to 
12 and at the same time 16:0, 1811 and 18:2 dropped 
in proportion nearly 2-5 fold with 18: 3 unaffected. As 
the cells enter stationary phase, the proportion of 14~ 
almost equals that at lag phase, and low proportion 
of 16:0, 18:1, 18:2 and 1813 are observed. 

In contrast the proportion of myristic acid in phogpho- 
lipids at lag phase is very low and there is little evidence 
of significant change in this as the cells divide and grow. 

However the proportions of palm& <acid is higher and 
accounts for about 20-23x starting from lag phase till 
the end of active cell division. But at the end of station- 
ary phase its proportion had increased to about 38%. 
Of the other long chain fatty acids in phospholipids, 
stearic acid hardly showed any significant changes right 
through the exponential phase and in fact was reduced 
to very low proportions in day 12 and day 22 cultures. 
The poportion of long chain monoene, oleic acid (18:1), 
in phbspholipids was low and did not show much vari- 
ation during the entire growth period. The amount of 
linoleic (18 : 2) and linolenic (18 : 3) acids in phospholipids 
at lag phase was about 70% and was in direct contrast 
to their low levels in triacylglycerol during the same cul- 
ture period. Although their combined amounts dropped 
by 10% in the day 4 cultures, these cells, in a high state 
of division and growth (day 8 to day 12), showed that 
their membrane phospholipids were highly unsaturated 
@--70%). 

The data are in general agreement with other pub- 
lished work on the lipids of cultured plant cells, bearing 
in mind species speci& differences [6-S]* The patterns 
of growth and metabolism observed in suspension cul- 
tures are by the nature of the system transient, a point 
which must be considered in the interpretation of data , 
[2]. Bearing this in mind the exponential growth phase 
nonetheless afforded us cell cultures characterized by 
rapidly dividing and growing cells with good synchrony 
as reported previously [93. This phase was marked by 
net synthesis of lipids, although the total lipid content 
did not exceed 4% of the dry matter of the cells. Phos- 
pholipids and fatty acids reached a maximum in day 
12 cultures. The data are indicative of increased mem- 
brane synthesis and function during this phase of rapid 
cell division and growth. 

Earlier work with plant cell cultures [3,10,11] has 
shown that during the early period of growth there is 
relatively a greater increase in capacity of the pentose 
phosphate pathway than in the Embden-Meyerhof 
Pamas pathway. It was postulated [33 that in the early 
stages of the growth of cells in culture, the tricarboxylic 
acid cycle is geared to the production of substrates for 
biosynthesis, and the pentose phosphate pathway acts 
in concert with this system by providing the NADPH 
necessary for this biosynthesis. The major synthesis of 
lipid seen in the early stages of culture growth in the 
present work may therefore be linked to the changing 
pattern of carbohydrate metabolism through the supply 
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of carbon precursors and reduced pytidine nucleotide. 
Further studies on these interrelationships are now in 
progress. 

Another aspect of the carbon flow from precursors 
into stable products of lipid biosynthesis which is of par- 
ticular interest may be seen in the present data in rela- 
tion to the rapidly changing mole fatty acid ratios 
between triacylglycerides and phospholipids. It is sug- 
gested that a very active pool of triacylglycerides is pres- 
ent (rich in 14:0) and that their fatty acids are broken 
down very rapidly by some mechanism and then quickly 
resynthesized directly into phospholipids. The possibility 
of short and medium chain fatty acids being used for 
direct chain elongation and desaturation has been sug- 
gested by Stumpf and coworkers [12]. Also chain donga- 
tion and desaturation of fatty acid may occur while 
attached to phospholipids as shown by several workers 
1133. The presence of high amounts of phosphatidylcho- 
line and phosphatidylethanolamine in actively dividing 
cells in day 12 cultures is in agreement with the above 
suggestions. Other possibilities of carbon flow through 
/I-oxidation to C, units followed by resynthesis and desa- 
turation could be considered but must remain specula- 
tive until further work with labelled intermediates. 

EXPERIMENTAL 

Butch cultures. The Am pseudoplatmus cell cultures were 
subcultured every 22 days and grown as described elsewhere 
[4]. The stock cultures were maintained under fluorescent 
light at 25” f 2” in 250 ml or 500 ml conical flasks in an orbi- 
tal incubator shaker operating at about 120rpm. The culture 
medium was that of Stuart & Street [ 141 with 20 g/l of sucrose 
as the carbon source. New stocks were initiated by inoculating 
old stock into new medium to give an initial cell density of 
about 200 x f03 cells/ml culture medium. 

Measurement of growth parameters. Fr. wt, dry wt and cell 
density were determined as described by Henshaw et al. [15]. 

Extraction and analysis @“lipids. Sufficient cells to give 2-3 g 
fr. weight were harvested over a single layer of miracloth in 
a Hartley funnel supported in a Buchner Aask. Excess culture 
medium was removed by suction. Cells were washed twice 
in 2 vol of ice cold distilled HzO, and immediately homo- 
genized in 3 ml boiling 2-PrOH; the homogenate was centri- 
fuged at 15008 for 5 ruin and the supernatant was decanted. 
The residual pellet was reextmcted twice with 3 ml of the same 
solvent, followed by extractions with 3 ml, 1 ml and 1 ml of 
CHQ-MeOH-Hz0 (1:2:0.8) [16]. The combined extracts 
were taken to dryness under red pres and the residue then 
suspended in 3.8 ml CHCl,-MeOH-H,O (1:2:0.8). The mix- 
ture was diluted with l.Oml each of CHCl, and HzO, mixed, 
and the biphasic system separated by centrifugation. The 
CHCIJ phase was removed and the upper phase re-extracted 
twice with 1 ml CHCl,; the combined CHQ extracts were 
diluted with an equal volume of C6Hs and brought to dryness 
under a stream of Nz, Tert-butyl hydroxytoluene (100% 
Sigma Chemical Co+) was added to the lipid residue which 
was then dissolved in a known volume of CHCls and stored 
at -20“ until ready for analysis. TLC was on Si gel H 
(0.5 mm) developed unidirectionally, first in CHC13-MeOH- 
cone NH,-H&&water (80: 10: 3.5 :2), then in CHC13-MeOH- 
HOAc-Hz0 (80:10:1.5:0.7) [17, IS]. The chromatograms 
were viewed under UV after spraying with Rhodamine 6G 
in Me&O. The lipid spots were identified by comparing their 
of values with those of authentic standards and also with 
lipids isolated from sycamore leaves on Si gel column chroma- 
tography. Separate chromatograms were sprayed with one of 
the following: 0.3% ninhydrin in Hz0 saturated BuOH for 
amino groups; Dittmer & Lester reagent for detection of phos- 
phorus [19,20]; a-naphthol reagent followed by cont. H2SOI 

and heating at 100“ for gIycolipids, sterols and steryl esters; 
and finally charring at 200” to visualize all lipid components 
[21]. For qua&t&on of lipid classes, triglycerides and phos- 
pholipids, the total lipids were fractionated by TLC on Si 
gel H using the double solvent system as described elsewhere 
[lS]. Bands corresponding to total phosphotipids and trigly- 
cerides were scraped from the chromatograms and the lipids 
transesterified in 5% HCI in MeOH, together with a known 
amount of methyl heptadecanoate as internal standard. The 
fatty acid methyl esters of each fraction and the total lipids 
were analysed by GLC. Dual 0.64 cm x 2.28 m stainless steel 
columns were packed with 10% DEGS-PS on 80/100, A/W 
Supelcoport. The column was oyrated at 195” with a Nt 
carrier gas pressure of 20 kg/cm . Peaks were identified by 
comparison of their KS with those of authentic standards. 
The percentage composition by weight of each fatty acid com- 
ponent was determined by the retention time-peak height 
method of Carrel [22]. Lipid-P was determined on total lipids 
and fractionated phospholipids by the modified microproce- 
dure of Bartlett [23]. All experiments were repeated at two 
different times on separate cultures and at least two analyses 
were performed on all extracts. All procedures were, as far 
as possible, carried out in an atmosphere of Np All lipid data 
are expressed on a per cell basis to obtain a meaningful con- 
cept of the changing metabolic status of the cells in culture. 

Abbreviations. PS, phosphatidylcholine; PE, phosphatidy- 
lethanolamine; LPE, lysophosphatidylethanolamine; PA, 
phosphatidic acid; LAPE, N-acyl lysophosphatidylethanola- 
mine; MGD, monogaiactosyldiglyri&; DGD, digalactosyl- 
diglyceride; FFA, free fatty acid; TG, triacylglycerol; CER, 
cerebroside; SG, sterol glucoside; ESG, esterified sterol gluco- 
side; lO:O, Capric acid, 12:0, lauric acid; 14:0 myristic acid; 
16:0, pahnitic acid; 18:0, stearic acid; 18:1, oleic acid; 18:2, 
linoleic acid; 18: 3, linolenic acid. 
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