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Abstract. Plastids and microsomal membranes were isolated from pericarp tissue of mature-green and red-ripe bell
pepper (Capsicum annuum L.) fruit harvested from greenhouse- and field-grown plants. The lipid composition of
these membrane fractions changed much more with ripening of field-grown than greenhouse-grown fruit. Also, the
phospholipid (PL), free sterol (FS), steryl glycoside (SG), and acylated steryl glycoside (ASG) content of microsomes
and plastids from green and red fruit were very different under the two growing conditions. Total steryl lipids (TSL
= FS + SG + ASG) and the TSL: PL ratio increased in microsomes and decreased in plastids with ripening. These
changes were much greater in field-grown fruit. The ASG : SG ratio decreased with ripening in both membrane
fractions under both growing conditions. Ripening and growth conditions affected the phospholipid and sterol composition in plastids much more than in microsomes. Lipid changes associated with the chloroplast to chromoplast
transformation were similar in field- and greenhouse-grown fruit, including an increase in the galactolipid : PL ratio.

Changes in steryl lipid content and composition in plant cell
membranes, and in the steryl lipid : phospholipid ratio, are
thought to play a role in ripening and senescence by altering
the physical properties of the lipid matrix and, consequently,
the activity of membrane-bound enzymes (Lurie and Ben-Arie,
1983; Thompson et al., 1982; Wojciechowski, 1980). Dramatic
increases in steryl lipid content and in the stigmasterol : sitosterol ratio occur with ripening of tomato fruit pericarp tissue
(Chow and Jen, 1978; Whitaker, 1988), and these changes coincide with a decrease in the fluidity of plasma membranes
(Legge et al., 1986). A similar correlation between increasing
microviscosity and an increasing sterol : phospholipid ratio in
microsomal membranes during ripening and postharvest senescence of bell pepper fruit pericarp has been reported by Lurie
and Ben-Yehoshua (1986). However, in a study of steryl lipid
content and composition in bell pepper pericarp from three cultivars, the only change found to occur with ripening was in the
ratio of ASG to SG (Whitaker and Lusby, 1989). The present
study was undertaken, in part, to determine whether changes in
the steryl lipids of microsomal membranes during ripening of
bell pepper pericarp differ from those previously observed for
total pericarp lipids.
A second objective of the study was to provide a thorough
comparison of the polar lipid and steryl lipid composition of
purified chloroplasts and chromoplasts from bell pepper pericarp
tissue. Pericarp tissue of bell pepper fruit has served as a model
in studies of the transformation of chloroplasts to chromoplasts
during ripening (Camara and Brangeon, 1981; Spurr and Harris,
1968). The enzyme systems and intermediates involved in carotenogenesis have been studied extensively (Camara and Brangeon, 1981; Camara and Dogbo, 1986; Camara and Moneger,
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1982; Camara et al., 1982, 1983). In contrast, there has been
relatively little study of changes in membrane lipid composition
associated with plastid transformation, despite evidence that the
lipid environment in plastid envelope and interior membranes
is critical for the final steps in carotenoid synthesis (Camara and
Brangeon, 1981; Camara et al., 1982).
During the course of this work, it was noted that growth
conditions had a profound influence on the lipid composition of
both plastid and microsomal membranes from mature-green and
red-ripe bell pepper fruit. These results are discussed with respect to the effects of light and temperature on lipid metabolism.
Materials and Methods
Fruits of the ‘Gator Bell’ bell pepper were harvested from
greenhouse-grown plants between 28 Apr. and 19 May 1989
and from field-grown plants between 31 Aug. and 22 Sept.
1989. In the greenhouse, natural daylight was supplemented by
400-W high-pressure sodium lamps, which provided a photosynthetic photon flux of 300 to 400 µmol·s-1·m-2 for 14 h·day-1
(0600-2000 HR). Plants were grown in large pots (≈3 liters in
volume) in a peatmoss and perlite-based commercial potting
mixture. Pots were watered daily and nutrient solution (Peter’s
14N–14P–14K fertilizer at 1 g·liter-1; W.R. Grace & Co., Fogelsville, Pa.) was applied once every 2 weeks. Plants in the
field were grown in cultivar trial plots at Beltsville as described
by Whitaker and Lusby (1989). Bell pepper fruits were harvested at either the mature-green (pericarp >95% green) or redripe (pericarp > 95% red) stage. The fruits were washed and
processed within 2 h after harvest.
Isolation of plastids and microsomal membranes. Outer pericarp tissue ( ≈150 g fresh weight) from one large or two medium-sized bell peppers was diced and immersed in 125 ml of
homogenization medium (0.33 M sorbitol, 1 mM EDTA, 1 mM
Abbreviations: ASG, acylated steryl glycoside; DGDG, digalactosyldiacylglycerol; FS, free sterols; GL, galactolipids; GlyL, glycolipid; MGDG, monogalactosyldiacylglycerol; NL, neutral lipid; PA, phosphatidic acid; PC,
phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol;
PI, phosphatidylinositol; PL, phospholipid; SG, steryl glycoside; TSL, total
steryl lipids (FS + ASG + SG).

J. Amer. Soc. Hort. Sci. 116(3):528-533. 1991.

ß-mercaptoethanol, and 50 mM Tricine adjusted to pH 7.8 with
KOH) at 4C. After equilibration for 15 rein, the diced pericarp
tissue was disrupted with a mortar and pestle, followed by filtration of the homogenate through eight layers of cheesecloth
and two layers of Miracloth (Calbiochem, La Jolla, Calif.). The
filtrate was centrifuged 5 min at 150× g to remove cell debris,
followed by centrifugation of the supernatant for 10 min at 2000 ×
g to obtain the crude plastid pellet. The 2000× g supernatant
was centrifuged 20 min at 13,000× g to obtain a suspension
of microsomal membranes. The microsomal suspension was then
distributed evenly in eight 30-ml polycarbonate screw-capped
tubes, which were placed in a Ti 70 rotor and centrifuged 35
min at ≈90,000 × g in a Beckman L8-55 ultracentrifuge (Beckman Instruments, Palo Alto, Calif.) (at 4C) to pellet the microsomal membranes. The microsomal pellets were resuspended in
20 ml of 20 mM HEPES buffer, pH 7.8, containing 1 m M
EDTA. Two 20-µ1 aliquots of the suspension were withdrawn
for protein determination by the method of Bradford (1976).
The remainder was frozen with liquid nitrogen and stored at
– 70C overnight before lipid extraction.
The crude chloroplast or chromoplast pellet (from green or
red fruit, respectively) was resuspended in 12 ml of homogenization medium, and purified plastids were isolated by centrifugation on sucrose step gradients (Camara et al., 1983). Two
ml of the plastid suspension was layered on each of six Beckman
Ultra-Clear tubes containing (in descending order) 9 ml each of
0.46 M , 0.84 M, and 1.45 M sucrose plus 1 m M ß-mercaptoethanol and 50 mM Tricine at pH 7.6. The tubes were inserted in
the buckets of an SW 27 rotor and centrifuged for 1 h at 62,000 ×
gin a Beckman L8-55 at 4C. The band of largely intact plastids
at the 0.84-M to 1.45-M interface was collected from each of
the six tubes with a Pasteur pipet. The pooled, purified plastid
suspension was then diluted 1 to 1 with 50 m M Tricine, followed
by centrifugation for 5 min at 4000× g to pellet the plastids
before lipid extraction.
Lipid extraction, fractionation, and analysis. Microsomal
membrane suspensions (20 ml) were extracted with 60 ml of 2
chloroform :1 methanol. Lathosterol (20 µg; chlolest-7-en-3ßo1; Sigma, St Louis) was added as an internal free sterol standard. After vigorous mixing and centrifugation, the lipid-containing chloroform phase was washed twice with 16 ml of 0.8%
NaCl in 1 methanol : 1 water and once with 1 methanol : 1
water. The chloroform phase was evaporated under a stream of
nitrogen, and the total microsomal lipids (dissolved in 2 ml of
chloroform) were stored at – 70C.
Gradient-purified chloroplasts and chromoplasts were extracted with 16 ml of boiling isopropanol, then with 18 ml of
2 chloroform : 1 methanol. Lathosterol (10 µg) was added as
an internal sterol standard. After evaporation of the isopropanol
from extract 1 under a stream of N2, the two extracts were
combined and washed (Folch et al., 1957). Total plastid lipids
were stored at – 70C in 2 ml of chloroform.
Total lipid extracts from both microsomes and plastids were
loaded on a silicic acid column in 2 ml of chloroform and separated into. neutral lipid (NL), glycolipid (GlyL), and PL fractions by sequential elution with 20 chloroform : 1 acetone, 20
acetone: 1 methanol, and 10 methanol :1 water. Before column
fractionation, two 20-µ1 aliquots were withdrawn from the microsomal and plastid extracts for either chlorophyll (green fruit)
or carotenoid (red fruit) determination. Chlorophyll was quantified spectrophotometrically in N, N -dimethylformamide (DMF)
(Inskeep and Bloom, 1985). Keto-carotenoids (e.g., capsanthin
and capsorubin) were quantified spectrophotometrically in chlo-
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roform (absorbance maximum 482 nm, extinction coefficient
2100) (Davies, 1976). FS were subfractionated from the NL by
elution from a silica Sep-Pak (Waters Assoc., Milford, Mass.)
with 2 hexane : 1 diethyl ether, then isolated by precipitation
with digitonin (Whitaker, 1988). Individual GlyL (ASG; SG;
monogalactosyldiacylglycerols, MGDG; digalactosyldiacylglycerols, D G D G ) a n d P L ( p h o s p h a t i d i c a c i d , P A ;
phosphatidylethanolamine, PE; phosphatidylglycerol, PG;
phosphatidylcholine, PC; phosphatidylinositol, PI) were separated by one-dimensional thin-layer chromatography (TLC) on
20 × 20-cm glass plates precoated with a 0.25-mm thickness
of silica gel 60 (EM Reagents, Darmstadt, Federal Republic of
Germany) developed in a solvent mixture of 85 chloroform :
15 methanol :12.5 acetic acid :3.5 water. GlyL and PL were
identified by cochromatography with authentic standards (Supelco, Bellefonte, Pa., and Sigma) and by use of spray reagents
specific for hexose sugars, phosphate, sterols, primary amines,
and choline (Kates, 1986). Lipid spots on the TLC plate were
visualized by brief staining (30 see) with iodine vapor, then
were scraped and eluted with 3 ml of 2 chloroform :1 methanol,
followed by a Folch wash. MGDG and DGDG were quantified
by the method of Roughan and Batt (1968). ASG and SG were
quantified both by a modification of the method of Zlatkis et
al. (1953) and by high-performance liquid chromatography
(HPLC) on a 5-µ Spherisorb C-6 reversed-phase column, as
described by Whitaker et a1 (1990). PL were quantified by the
method of Ames (1966) for organic phosphate. Identification of
sterols by gas chromatography–mass spectrophotometry (GCMS) and determination of the sterol composition of FS by capillary GLC were performed as previously described (Whitaker
and Lusby, 1989).
Results
Composition of microsomes and plastids from green and red
pericarp of field- vs. greenhouse-grown fruits. The yield of
microsomal protein and PL per 150 g fresh weight of pericarp
was smaller for greenhouse- than for field-grown fruit, but the
trend of declining protein and PL levels with ripening was evident under both growth conditions (Table 1). The levels of
chlorophyll (green fruit), keto-carotenoids (red fruit), and the
galacto-lipids (GL) MGDG and DGDG in the microsomal fractions indicate the extent of contamination by plastid membranes.
The yield of chloroplast pigment and lipids from 150 g of mature-green pericarp was substantially greater for greenhousethan for field-grown fruit (Table 2). In contrast, the yield of
chromoplast pigment and lipids (with the exception of steryl
lipids) was greater from red-ripe pericarp of field-grown fruit.
Under both growth conditions, the amount of GL (MGDG +
DGDG) in chromoplasts was greater than that in chloroplasts.
Lipid ratios in microsomes and plastids. Ripening and growth
conditions affected various lipid : lipid and lipid : protein ratios
in microsomal membranes (Table 3). In microsomes from fieldgrown fruit, the FS : PL, TSL : PL, and TSL : protein ratios
increased dramatically with ripening. In contrast, ripening of
greenhouse-grown fruit did not alter the microsomal FS : PL
ratio, and the TSL : PL and TSL : protein ratios increased only
slightly. The PL : protein ratio was somewhat higher in microsomes from greenhouse- vs. field-grown fruit, but this ratio did
not change with ripening under either growth condition. The
ASG : SG ratio decreased sharply with ripening under both
growth conditions, the decline being more dramatic in microsomes from greenhouse-grown fruit. There was a similar increase in the ratio of MGDG to DGDG with ripening of field-
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and greenhouse-grown fruit. This increase reflects the increase
in the MGDG : DGDG ratio that occurred with the chloroplast
to chromoplast transformation regardless of growth conditions
(Table 4). It is notable, however, that the MGDG : DGDG ratio
was consistently lower in microsomes than in plastids (Tables
3 and 4), which may indicate contamination of the microsomal
fraction with plastid envelopes (Douce and Joyard, 1979).
Both the FS : PL and TSL : PL ratios declined sharply with
the transformation of chloroplasts to chromoplasts infield-grown
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fruit, whereas the FS : PL ratio declined only slightly and the
TSL : PL ratio did not change in plastids of greenhouse-grown
fruit (Table 4). The GL : PL ratio was higher in plastids of
field- vs. greenhouse-grown fruit, but increased sharply with
plastid transformation under both growth conditions. This increase was accompanied by an increase in the MGDG : DGDG
ratio. The ASG : SG ratio in plastids decreased sharply with
ripening under both growth conditions, but most dramatically
in field-grown fruit. The chlorophyll a : b and GL : chlorophyll
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Table 4. Lipid : lipid (mol : mol), lipid : pigment (µmol : mg), and chlorophyll a : b (mg : mg) ratios
in plastids isolated from pericarp tissue of field- or greenhouse-grown ‘Gator Bell’ bell pepper fruit
harvested at the mature-green or red-ripe stage.

z

Values represent the mean ±

SD

(n = 4).

ratios in chloroplasts, and the GL : carotenoid ratio in chromoplasts, were similar under the two growth conditions.
Proportions of steryl lipids in plastids and microsomes. Ripening and growth conditions influenced the relative amounts of
FS, ASG, and SG in plastids and microsomal membranes (Table
5). In both subcellular fractions under both growth conditions,
changes in the steryl lipid distribution with ripening followed
the same trend; SG increased while ASG and FS decreased.
These changes were much more pronounced in plastids and
microsomes from field-grown fruit. Regardless of the growth
conditions, the proportions of FS, ASG, and SG were fairly
similar in plastids and microsomes from the same fruit. The
proportions of steryl lipids in chloroplasts and microsomes from
mature-green pericarp of field-grown fruit were similar to those
in chromoplasts and microsomes from red-ripe pericarp of
greenhouse-grown fruit.
Free sterol composition of microsomes and plastids. The FS
composition of comparable microsomal fractions was closely
similar for field- and greenhouse-grown fruit (Table 6). Similar
changes in microsomal FS occurred with ripening under the two
growth conditions, including small decreases in the major sterols, campesterol and sitosterol, that were offset by increases in
a few minor sterols (mostly intermediates of sitosterol synthesis). The FS compositions of comparable plastid fractions (chloroplasts or chromoplasts) were also closely similar under the
two growth conditions (Table 6). Changes in plastid FS during
the chloroplast to chromoplast transformation included decreases in. campesterol and sitosterol that were offset by increases in cholesterol and several minor C-29 phytosterols. In
general, the changes in FS composition associated with ripening
were more pronounced in plastids than in microsomes. The sterol
composition of ASG and SG was not determined in this study.
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Previous results showed that in green, turning, and red fruits,
the sterol composition of ASG and SG differed only slightly
from that of FS (Whitaker and Lusby, 1989).
Phospholipid composition of microsomes and plastids. The
PL composition of microsomal membranes was closely similar
for field- and greenhouse-grown fruit, and there was very little
change observed with ripening (Table 7). The level of PI was
lower, and the levels of the minor PL, PG and PA, were slightly
higher in microsomes from greenhouse-grown fruit. Effects of
growth conditions and ripening on the PL composition of plastids were far more pronounced (Table 7). Under both growth
conditions, a large increase in PC and sharp decreases in PE
and PA occurred during plastid transformation. As noted for
microsomes, the level of PI was lower and the level of PA was
higher in plastids from greenhouse-grown fruit. The level of
PG, a major PL in plastids, was higher in chloroplasts yet lower
in chromoplasts of field- compared to greenhouse-grown fruit.
Hence, during plastid transformation, plastid PG declined in
field-grown but increased in greenhouse-grown fruit.
Discussion
A decrease in membrane fluidity has been reported to occur
with ripening of fruits and with senescence in other plant tissues
(Legge et al., 1986; Lurie and Ben-Arie, 1983; Lurie and BenYehoshua, 1986; Thompson et al., 1982). Studies of changes
in membrane lipid composition during ripening and senescence
have indicated that an increase in the sterol : phospholipid ratio
may account, at least in part, for the decrease in membrane
fluidity associated with these phenomena (Borochov et al., 1982;
Lurie and Ben-Arie, 1983; Lurie and Ben-Yehoshua, 1986;
Thompson et al., 1982; Whitaker, 1988). A close correlation
between increased sterol content and increased viscosity of mi-
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Table 6. FS composition of plastids and microsomal membranes isolated from pericarp tissue of field- or greenhouse-grown ‘Gator Bell’ bell
pepper fruit harvested at the mature-green or red-ripe stage.’
Plastids from

crosomal membranes during senescence of both green and red
bell pepper fruit was reported by Lurie and Ben-Yehoshua (1986).
The same study showed the sterol content of microsomal membranes to be 1.8-fold greater in red than in green fruit at the
time of harvest. However, a subsequent study of the steryl lipids
of bell pepper fruit showed no significant difference in the content of either FS or TSL in mature-green compared to red-ripe
pericarp tissue (Whitaker and Lusby, 1989). The data in Tables
1-4 provide an explanation for this apparent contradiction. In
agreement with the report of Lurie and Ben-Yehoshua (1986),
we show a large increase in both the FS : PL and TSL : PL
ratios in microsomal membranes of field-grown fruit with ripening (Table 3). The opposite changes occurred in plastids with
ripening of field-grown fruit, i.e., both the FS : PL and TSL :
PL ratios declined sharply during the chloroplast to chromoplast
transformation (Table 4). Thus, in an extract of total pericarp
lipids, opposite changes in the steryl lipid content of microsomes and plastids cancel each other, resulting in no net change
in the steryl lipid : PL ratio.
It is also noteworthy that FS constituted a substantially smaller
percentage of TSL in both microsomes and plastids (Table 5)
than what was previously found for extracts of total pericarp
lipids (Whitaker and Lusby, 1989). This difference could be
attributed to differing growth conditions in the field during the
two studies, particularly in light of the dramatic effects of growth
conditions on membrane steryl lipid content and composition
reported here. Alternatively, the plastid and microsomal membrane fractions may be enriched in ASG and SG relative to other
cellular membranes discarded during the fractionation procedure. The ubiquitous occurrence of SG in plant tissues, including meristems, has led to the conclusion that, like FS, ASG and
SG are membrane structural lipids (Eichenberger, 1977; Kalinowska and Wojciechowski, 1986; Mudd, 1980). Also, based
on the demonstration that FS, SG, and ASG are rapidly inter-

532

Plastids from

converted in plant tissues, it has been suggested that such interconversion could play a role in various developmental processes
through alteration of the physical properties and enzymatic activities of cell membranes (Kalinowska and Wojciechowski, 1986;
Mudd et al., 1984; Wojciechowski, 1980). In both this and a
previous study (Whitaker and Lusby, 1989), a sharp decline in
the ASG : SG ratio was associated with ripening of bell pepper
pericarp tissue. In the present study, the shift in ASG : SG was
shown to occur both in microsomal membranes and in plastids,
regardless of the growth conditions. By inference, deacylation
of ASG (and perhaps glycosylation of FS) could be involved in
the regulation of ripening in bell pepper.
The changes in glycerolipid composition during plastid transformation determined in this study differ from those previously
reported by Camara and Brangeon (1981). In particular, we
showed an increase in the GL : PL ratio, whereas they showed
a decrease in GL : PL. This discrepancy can be attributed to
contamination of the chromoplast preparations used in the earlier investigation with other cell membranes due to the inclusion
of 10 mM MgC1 2 in the isolation medium. Indeed, the GL and
PL contents of chromoplasts isolated in the absence of MgC12
by Camara et al. (1983) and the GL : PL ratio calculated from
their data were much more similar to those reported here. In
the present study, it was found that the MGDG : DGDG ratio
increased with ripening in both the plastid and microsomal fractions, regardless of the growth conditions (Tables 3 and 4). In
accordance with these data, Camara and Brangeon (1981) reported that the rate of labeling of MGDG relative to DGDG by
UDP-[ 14C-labelled]galactose was more than 8-fold higher in
chromoplasts compared to chloroplasts.
The comparative data on the glycerolipid composition of
chloroplasts and chromoplasts from this study do raise some .
question as to the relative purity of the different plastid isolates.
Specifically, the higher percentage of PE and the lower GL :
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PL ratio in chloroplasts could be taken as an indication of greater
contamination. Based on studies of leaf chloroplast lipids, PE
is generally regarded as a nonchloroplastic PL. However, a prior
study has shown that glycerolipid metabolism is quite different
in fruit and leaf chloroplasts from bell pepper (Whitaker, 1986).
The same study indicated that the PE content is higher and the
GL : PL ratio is lower in fruit compared to leaf chloroplasts,
but these data were derived from crude plastid preparations.
Assay of marker enzymes for other cell membranes would be
required to further evaluate the relative purity of chloroplast and
chromoplast fractions prepared by the identical sucrose step gradient procedure.
The growth conditions in the two series of experiments reported here were radically different. In the first series, seedlings
were planted in the greenhouse in the winter and fruits were
harvested in midspring. The photoperiod was maintained on a
14-h light/10-h dark cycle. Natural daylight, as well as the average day and night temperatures, increased throughout growth,
development, and ripening. In the second series, seedlings were
transplanted from the greenhouse to field plots in midspring and
fruits were harvested in late summer. The plants experienced
natural daylight, including ultraviolet irradiation. The photoperiod increased during early growth, then decreased through
the remainder of growth, fruit-set, and fruit ripening. Average
day and night temperatures also increased initially then tapered
off during the weeks of harvest. The combination of these differences in environmental factors had a profound influence on
the lipid content and composition of plastids and microsomal
membranes. It is not possible at this point’ to say which factors
were most influential. Previous studies have shown that spectral
quality has a marked effect on carotenoid content and composition in Capsicum annuum fruit (Lopez et al., 1986), and that
daylength affects the size and number of starch grains in leaves
of mature bell pepper plants (Grange et al., 1989).
The most striking differences in the lipids of field- and greenhouse-grown fruit were in the relative proportions of FS, ASG,
and SG (Table 5) and in the steryl lipid : PL ratios (Tables 3
and 4). In general, the changes in microsomal and plastid lipids
associated with ripening were more pronounced in field-grown
fruit, despite the fact that in both series of experiments red fruit
were harvested from 10 to 20 days after green fruit. These
changes may have resulted from the much greater fluctuations
in light and temperature in the field during the weeks of maturation and ripening. It will be of interest in future studies to
find whether the effects of growth conditions on membrane lipid
composition can be reproduced, and if so, to test what effect
the lipid differences have on the postharvest storage life of mature-green and red-ripe fruit.
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