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ABSTRACT 
We monitored changes in phospholipid (PL), steryl lipid, and glyco- 
lipid classes, cell permeability, and ultrastructure in wound-stressed 
&sues (shreds and disks) of-carrots (Caucus car&~ L. ‘Apache’), 
stored UD to 10 davs at 10°C and 95% RH. Total PL rose 47% ten 
days after shreddini, with phosphatidylcholine decreasing and phos- 
phatidic acid increasing in relative abundance. Acylated sterol glyco- 
side doubled after 2 days. Leakage of UV-absorbing metabolites from 
disks increased by 45% between 1 and 3 days storage. Extensive, stor- 
age-dependent accumulation of endoplasmic reticulum and attached ri- 
bosomes within vascular parenchyma cells occurred 10 days after 
wounding. Thus net synthesis of membrane lipid components occurred 
together with increases in permeability and the accumulation of phos- 
phatidic acid. Membrane degradation and repair processes likely co- 
exist during prolonged storage of lightly processed carrots. 
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INTRODUCTION 
CONSUMER DEMAND for lightly processed or precut vegetables 
has increased, but limited shelf life has slowed development 
of new markets (Bolin and Huxsoll, 1989). Lightly processed 
tissues experience injury upon cutting or slicing and thus are 
more perishable and senescence-prone than the intact organs 
from which they were obtained (Huxsoll et al., 1988). Tissues 
of quiescent plant storage organs (fleshy roots, tubers, etc.) 
become highly activated after cutting or slicing and incubation 
in a moist environment (Kahl, 1974). Wounding likely leads 
to rupture of membranes and activation of membrane lipid 
catabolism (Kahl, 1982), the extent of which is species-related. 
For example, in potato tubers, up to 30% of membrane phos- 
pholipid (PL) is lost within 2 hr of cutting whereas in carrot 
roots, no measurable PL breakdown occurs (Theologis and La- 
ties, 1980), despite the considerable disorganization of cells 
which may occur at the cut surface (Tatsumi et al., 1991). 

Wounding also initiates a complex series of slower meta- 
bolic changes which are related to de novo synthesis of pro- 
teins and which comprise cellular “repair” processes. The 
biosynthesis of new membranes is an important component of 
this response. In potato, a marked increase in lipid synthesizing 
ability in wounded tuber tissue within hours of excision (Tang 
and Castelfranco, 1968) is associated with induction of key 
enzymes in PL synthesis (Kahl, 1983) as well as fatty acid 
synthesis (Willemot and Stumpf, 1967). Ultrastructural 
changes documented in such tissues are consistent with in- 
creased protein synthesis, membrane repair, and secretory phe- 
nomena. These include development of endoplasmic reticulum 
(particularly lamellae with bound ribosomes), appearance of 
polyribosomes, nuclear enlargement, and increased number of 
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well-developed dictyosomes (Leaver and Key, 1967; Sparkuhl 
et al., 1976; Barckhausen, 1978). 

Many reports have been published describing metabolic and 
ultrastructural changes within cells of wounded storage organs 
(Kahl, 1974, 1982, and 1983; Barckhausen, 1978; Mazliak and 
Kader, 1978; Stanley, 1991). Most studies have monitored 
changes in excised tissue segments (often from potato tuber) 
up to 24 hr after wounding. However, very little is known 
about membrane lipid metabolism and ultrastructural modifi- 
cations of lightly processed organs which must necessarily 
withstand more prolonged storage (e.g., days). This may be 
because interest in lightly processed foods has emerged only 
recently (King and Bolin, 1989). 

Better understanding of membrane lipid metabolism in cells 
is needed in order to determine how senescence is regulated, 
particularly in lightly processed fruits and vegetables. Our ob- 
jective was to monitor levels of membrane lipids and examine 
permeability and ultrastructural changes of stored, lightly proc- 
essed carrots. 

MATERIALS & METHODS 
Test material and experimental conditions 

Whole ‘Apache’ carrots were obtained from a wholesale distributor, 
and after peeling, 5-cm root sections were shredded using a food pro- 
cessor. Shredded samples (25g fresh weight) were either frozen im- 
mediately in liquid N2 and kept sealed under N, gas at -80°C (0 days 
storage), or stored to simulate conditions in retail markets. During stor- 
age, shreds were placed on layered plastic grids within a 10-L plastic 
container (=300g total fresh weight) covered with a polyethylene bag 
and aerated with humidified air at 15 mUmin. The container was stored 
in a controlled room at 95% RH and 10°C. After 2, 5, and 10 days, 
samples were frozen and stored at -80°C as described. 

For cell permeability evaluation (see below), carrot disks were 
placed atop 2.5 cm2-wide plastic cups and stored within sealed 1-L 
glass jars (=6.5g total fresh weight tissue/jar) aerated at 3-5 mL/min. 

Sample preparation and lipid analyses 

Frozen tissue was lyophilized, ground, and a 200-mg dried subsam- 
ple was homogenized in CHCl,:MeOH (2:l) with three 15-s bursts of 
a Polytron homogenizer. Homogenates were filtered through a sintered 
glass funnel and the residue was re-extracted with CHCl,:MeOH 
(2:l). Combined extracts were washed sequentially with 0.85% (w/v) 
NaCl and MeOH:H,O (1:l). The CHCl, phase containing total lipids 
was evaporated to dryness under N, and redissolved in 1 mL CHCl,. 
The total lipid extract was passed through a silica Sep-Pak cartridge 
(Waters, Milford, MA) to sequentially &te neutral lipid (NL), glj- 
colipid (GL), and phospholipid (PL) fractions after modifying the 
method of Glass (1990). Only a single cartridge was used per sample 
and it was preconditioned with 3 mL CHCl,. Four mL CHCl, eluted 
pigments and steryl esters (the latter were typically below detection 
limits); 8 mL CHCl,:Me,CO (9:l) eluted free sterols (FS) and pigments 
of greater polarity; 8 mL Me&O eluted glycolipids (GLs), including 
acylated sterol glycoside (ASG), sterol glycoside (SG), and monoga- 
lactosyldiacylglycerol (MGDG); finally, phospholipids (PLs) and di- 
galactosyldiacylglycerol (DGDG) were eluted with 12 mL MeOH:H,O 
(9:l). Egch &&ted fraction was evaporated to dryness under &, 
redissolved in 1 mL CHCl, for NL and GL. or 1 mL CHC1,:MeOH 
(1:l) for PL, sealed under N,, and stored at I8O”C until time-of anal- 
yses. 
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- Table l-Phospholipid concentrations (mg/lOOg dry wt) in ‘Apache’ carrot shreds during 10 days storage at 10X and 95% RH’ 

Storage Phospholipid claw 
(days) PC PE PI PA LPC Total 

0 423 + 27 210 + 15 75 * 17 76 + 24 9 + 0.2 793 -c 63 

f 505 464 2 + 29 11 247 226 + f 9 6 71 64 2 + 3 7 114 79 2 f 7 15 6 6 + + 0.1 0.5 647 956 2 2 23 60 
10 522 + 16 266 + 11 94 + 6 151 + 10 7 * 0.7 1039 + 47 - 

’ Each value is the mean + standard deviation of three sample replicates. 
y Abbreviations: PC, phosphatidylcholins; PE, phosphstidylsthsnolsmine; PI, phosphatldylinositol; PA, phosphatidic acid; LPC, lysophosphstldylcholine. Phosphatidylglycerol 

end lysophosphatidylsthanolemins were below detection limits. 
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Fig. I-Changes in total lipid-P and in the mole ratio of total 
steryl lipid:phospholipid (TSL:PL) in ‘Apache’ carrot shreds dur- 
ing 10 days storage at 10°C and 95% RH. Each point is the mean 
r standard deviation of three sample replicates. Molar values 
for steryl lipids (moles/g dry weight of tissue) were calculated 
from data in Table 4 using the following molecular weights: FS 
= 410; ASG = 825; and SG = 572. Molar values for total PL 
(moles/g dry weight) were obtained by phosphate assay. 

Free sterols (FS) in the NL fraction were isolated and quantified by 
GLC (Whitaker and Lusby, 1989) using lathosterol (cholest-7-en3P- 
01; Sigma, St. Louis, MO) as an internal standard (10 Kg added to total 
lipid extract). Total lipid phosphorus (lipid-P) was determined on du- 
plicate, 20-~1 aliquots taken from the final PL fraction using the 
method of Ames (1966). 

Component classes in GL and PL fractions were resolved within 
separate samples (injections) by normal phase HPLC using a 10 cm X 
3 mm ChromSep LiChrosorb Si 60 (S-pm) silica cartridge system 
(Chrompack, Raritan, NJ). The HPLC instrument was equipped with 
a WISP 712 programmable injector, 600E quatemary solvent delivery 
system/gradient controller, and Maxima 820 software with personal 
computer to determine peak areas and automate analyses (all hardware 
from Waters, Milford, MA, software from Dynamic Solutions, Milli- 
pore Corp., Ventura, CA). 

Prior to injection, aliquots of GL and PL fractions were taken to 
dryness, redissolved in HPLC mobile phase (1:l mixture of 2-pro- 
panol:hexane for GL, or .58:40:2 mixture of 2-propanol:hexane:H,O 
for PL), and passed through a 0.2~pm PTFB membrane filter (Gelman 
Sciences, Ann Arbor, MI) using a gas-tight syringe. The syringe and 
filter were flushed twice with mobile phase to recover held-up sample 
volume, and the combined filtrates were dried and again redissolved 
in a known volume (250-500 pL) of the same solvent. The injection 
volume (100 pL) represented 14% or 20% of the total PL or GL frac- 
tion, respectively. 

GL and PL components were detected using a Varex IIA evaporative 
light scattering detector (Varex Corp., Burtonsville, MD) with N, flow 
rate at 45 mm (2.5 Umin) and the drift tube temperature at 9TC. 
Individual GL and PL classes were quantified by external standardi- 
zation using calibration curves generated using authentic standards. 
MGDG, DGDG, SG, and ASG standards were purchased from Ma- 
treya (Pleasant Gap, PA). PL standards were obtained from Sigma (St. 
Louis, MO). HPLC grade solvents were obtained from Mallinckrodt 
Specialty Chemicals, Inc. (Paris, KY). 
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The mobile phase was similar to that used by Moreau et al. (1990) 
and Letter (1992) with modifications in elution times and flow rate. 
PLs (including the GL DGDG) were eluted with a mobile phase of 2- 
propanol:hexane:H,O using a logarithmic gradient from 58:40:2 to 52: 
40:8 in 20 min, a hold for 40 min, a reverse linear gradient to the 
starting solvent mixture in 15 min, and a 40-min hold for re-equilibra- 
tion. GLs were eluted using linear gradients (2-propanol:hexane with- 
out H,O) from 5:95 to 20:80 in 15 min, to 40:60 in 10 min, a 25-min 
hold, a reverse to the starting solvent mixture in 5 min, and a 40-min 
hold for re-equilibration. The flow rate was 0.5 mUmin throughout all 
analyses. Lipid class data represent the mean + standard deviation of 
three sample replicates, each derived from two roots. 

Cell permeability 
In a second experiment, carrot slices were prepared by first using 

the food processor (equipped with single blade), then disks (7 mm wide 
X 4 mm thick) were obtained from secondary vascular tissue of the 
slices using a cork borer. Disks (averaging 180 + 10 mg fresh weight) 
were randomized, then immersed for 15 min in solutions containing 
deionized water or CaCl, (45 or 90 mM) on an orbital shaker. An 
earlier study showed that exposure to water did not increase cell per- 
meability from carrot tissue when compared to hypertonic solutions 
(Simon, 1977). The pH of all solutions ranged from 5.8 to 6.0. Im- 
mediately following treatment, disks were placed in a salad spinner 
and spun for 30 set at 200 rpm to remove residual treatment solution. 
Tissues were then held in storage for 1, 3, or 5 days. Each treatment 
was placed in a storage jar and was composed of four, 3-disk replicates 
per storage interval. 

Following storage, the leakage of UV-absorbing solutes was moni- 
tored using methods reported by Picchioni et al., (1991) with slight 
modifications. Three disks per treatment were removed from storage 
and incubated in 7.5 mL deionized water on an orbital shaker for 4 hr 
at 2S’C. Three-ml volumes of incubation medium were centrifuged at 
1300X g for 10 min, and leakage was expressed as absorbance of the 
clarified solution measured at 260 nm (AZho) using a Shimadzu UV- 
160 spectrophotometer (Shimadzu Corp., Kyoto, Japan). 

Transmission electron microscopy PEM) 
In a third experiment, carrot shreds were prepared and stored as 

described above. Samples (2 to 3 mm-l) of carrot were randomly taken 
from shreds that were freshly prepared and from others that had been 
stored for 10 days. The excised samples were chemically fixed with 
2.5% glutaraldehyde in O.lM cacodylate buffer at pH 7.2 for 5 hr, 
washed in cacodylate buffer, and postfixed overnight in 1% 0~0,. Af- 
ter dehydration in an alcohol series, samples were embedded in Spurr’s 
resin as described by Roland and Vian (1991). Ultrathin sections were 
cut with a diamond knife, stained with 1% uranyl acetate for 10 min 
and 2% lead citrate for 2 min, and then observed with a Hitachi HSOOH 
transmission electron microscope operating at 75 keV. 

RESULTS & DISCUSSION 
Lipid composition and cell permeability 

PL composition of carrot roots showed a pattern typical of 
higher plants in that phosphatidylcholine (PC) was the domi- 
nant component followed by phosphatidylethanolamine (PE) 
(Table 1). The total PL mass in each sample was calculated 
both by lipid-P determination (using average MW of 750) and 
by summation of individual PL classes determined by integra- 
tion of HPLC peaks. Total PL values by the 2 methods were 
in good agreement (lipid-P values = 96% + 5% of HPLC 
values). Total lipid-P increased by 15%, 33%, and 47% within 



Table 2-Distribution of individual PL classes expressed as the weight percent of total PL in ‘Apache’ carrot shreds during 10 days storage at 10°C and 
95% RHa 

Storage Phospholipid class1 
(days) PC PE PI 

x 54 55 + + 2 1 27 27 2 + 0.3 1 9 a 5z 2 0.1 1.1 

5 53 -c 0.4 26 -c 1 9 +I 0.3 
10 50 + 1 26 + 0.1 9 t 0.3 

*Each value is the mean f standard deviation of three sample replicates. For abbreviations 588 Table I. 

PA 
922 9+1 

12 f 1 
15 k 0.5 

LPC 
0.7 1.0 k f 0.01 0.1 

0.8 + 0.1 
0.7 + 0.04 

Table 3-Leakage of solutes from ‘Apache’ carrot disks during 6 days Table 4-Steryl lipid concentrations (mg/lOOg dry weight) in ‘Apache’ 
storage at 10°C and 95% RHz carrot shreds during 10 days storage at 10°C and 95% RH* 

CaCI, Time in storage (days) Storage Steryl lipidv 
(days) FS ASG SG Total 

0 110 + 5 49 + 3 14 + 0.3 174 f 5 
2 107 2 7 98 + 14 14 + 1.0 219 2 a 
5 117 + 2 115 f 9 14 f 0.7 246 f 11 

10 121 ‘- 4 119 2 9 15 f 2.5 255 -c 14 
‘Each value is the mean ? standard deviation of three sample replicates. 
*Abbreviations: FS, free stsrol; ASG, scylated sterol glycoside; SG, sterol glycoside. 

cone fmM) 1 3 5 
0 0.029 -c 0.003 0.042 + 0.002 0.036 r 0.008 

45 0.031 t 0.003 0.030 + 0.005 0.025 2 0.002 
so 0.032 ? 0.001 0.030 rt 0.004 0.024 + 0.003 

*Each value is the mean * standard deviation of 4. three-disk replicates. Prior to 
storage, disks were pretreated for 10 min with water (0 mM CaCIJ or with Ca-con- 
taining solutions (all at pH 6.8-6.01. Following storage, leakage was measured and 
expressed a8 UV absorbance of released solutes (A&. Data are the b values 
obtained following a 4-hr incubation period in water at 2532. 

2, 5, and 10 days of storage, respectively (Fig. 1). All PLs 
except lysophosphatidylcholine (LPC) increased in concentra- 
tion from 0 to 10 days. PC, PE, and phosphatidylinositol (PI) 
rose 23% to 27% by 10 days, whereas phosphatidic acid (PA) 
increased 99% by day 10. Thus, PA increased at the highest 
rate and represented a significantly greater proportion of the 
total PL fraction after 5 and 10 days storage. 

The proportions of individual PL classes (from Table 1) 
varied little during storage, except that the relative amounts of 
PC and PA changed inversely over time (Table 2). PA is gen- 
erally regarded as a membrane degradation product resulting 
from action of phospholipase-D (Larsson et al., 1990). This 
enzyme affects membrane-bound PLs in disrupted or senescing 
plant tissue (Galliard et al., 1976; ChCour et al., 1992) and can 
be specific for PC over other PLs (Mounts and Nash, 1990). 
Phospholipase-D activity in carrot storage root extracts ranked 
relatively high in a survey among many plant species and or- 
gans (Quarles and Dawson, 1969). Thus, the inverse changes 
in proportions of PC and PA (decrease in PC offset by increase 
in PA) probably reflects PL catabolism. 

Such an accumulation of PA (Table 1) is atypical, because 
PA is usually rapidly hydrolyzed to diacylglycerol by phos- 
phatidate phosphatase in the pathway of membrane lipid deg- 
radation associated with senescence (Paliyath and Droillard, 
1992). Possibly, the extraction method used did not completely 
inactivate phospholipase-D, which could have contributed to 
the high PA levels. Total inactivation could have led to lower 
PA values on day 0 and, quantitatively, a more substantial 
increase during storage (C. Willemot, personal communica- 
tion). 

PA is a central precursor in PL synthesis (Joyard and Deuce, 
1979; Moore, 1982). Thus, whether the increase in PA was 
related to the overall increase in PL content, or whether it was 
a consequence of lipolytic activity, is unclear. Isotopic label- 
ling studies are needed to elucidate this question. The indica- 
tion that total PL began to increase before PA (Table 1) 
appears to support the lipolytic activity explanation. 

Cell permeability (leakage) of all disks (pretreated with wa- 
ter or Ca-containing solutions) was similar following one day 
of storage (Table 3). However, a 45% increase in leakage from 
disks pretreated with water only occurred between 1 and 3 
days storage, providing further evidence for membrane deg- 
radation. Between 3 and 5 days storage, average leakage from 
water-treated disks decreased, but was variable. Leakage of 
electrolytes from water-treated carrot slices increased to a sim- 
ilar degree during storage (data not shown). 

In contrast to water-treated disks, leakage from Ca-treated 
disks remained constant between 1 and 3 days storage, then 

decreased 17-20% by the fifth day. This indicates that Ca pre- 
treatments may increase membrane integrity and thus reduce 
the rate of senescence of cut and stored carrot tissues. Enoch 
and Glinka (1983) reported a similar finding using carrot disks 
during shorter experimental periods (4 hr in aqueous media). 

Total steryl lipids (TSL = FS + ASG + SG) increased by 
48% between 0 and 10 days storage (Table 4). This partly 
resulted from the marginal, 10% increase in total FS. It was 
mainly from the large increase in ASG, which doubled in only 
2 days and showed further increases after 5 and 10 days. The 
increase in ASG was coincident with that of PL (predomi- 
nantly PC and PE). This is consistent with the findings that, 
in higher plants, ASG synthesis is directly stimulated by PC 
(Forsee et al., 1974) or PE (Ptaud-Lenoel and Axelos, 1972), 
which presumably serve as fatty acid donors. 

The physiological basis of the ASG increase is not known, 
but sterol synthesis and conjugation could have a major influ- 
ence on membrane properties (Benveniste, 1978). Reversible 
esterification/de-esterification and glycosylation/de-glycosyla- 
tion have been suggested to exert modulatory effects on mem- 
brane organization and function (Wojciechowski, 1980). 
Moreau and Preisig (1993) demonstrated that ASG accumu- 
lates in plant cells during stress acclimation. Thus, the increase 
in ASG that we observed (following wounding stress) may be 
an indication of cell viability (R. Moreau, personal commu- 
nication). 

SG concentrations were comparatively low, which may re- 
flect continued high levels of SG-6’-0-acyltransferase activity 
(Hartmann and Benveniste, 1987). Accumulation of ASG 
without depletion of FS and SG pools (Table 4) suggests con- 
tinued FS synthesis and glycosylation during storage, although 
no substantial increase occurred in concentrations of FS and 
SG. However, the FS composition was altered following 10 
days storage. The relative content of the two dominant sterols 
(stigmasterol and sitosterol) shifted, such that the ratio of stig- 
masterol:sitosterol increased from 0.30 to 0.45 during the lo- 
day period (Table 5). This specific change in FS composition 
has occurred during fruit ripening (Whitaker, 1988) and would 
be expected to result in decreased ordering and increased per- 
meability of plant PL bilayers (Schuler et al., 1991). 

The TSLPL molar ratio decreased marginally during the 
lo-day storage (Fig. l), but averages were not significantly 
different (statistical data not shown). The relative stability of 
this ratio may be adaptive. Coordinated regulation of sterol 
and PL pathways is believed to ensure optimal sterol:PL in- 
teraction in membranes (Burden et al., 1990). The free sterol: 
PL molar ratio decreased from 0.29 to 0.22 during 10 days 
storage (data not shown). This contrasts with earlier findings 
involving cabbage leaf disks aged at 1.5’C for up to 14 days 
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Table 5-Free sterol (FS) composition (weight percent of total FS) and 
ratio of stigmasterol to sitosterol in ‘Apache’carrot shreds during 10 dsys 
storage at 10°C and 95% RHz 

Storage Sterol moiety Stigmasterol: 
idavs) Camoesterol Stiomasterol Sitosterol eitosterol ratio 

12 * 0.9 20 + 5 68 + 5 0.30 f 0.09 
11 + 1.4 20 + 3 69 f 4 0.30 2 0.06 

5 10 + 0.6 19 _c 2 70 + 3 0.26 rt 0.04 
10 10 + 0.2 28 + 3 62 + 3 0.45 + 0.07 - 

1 Each vslus is the mean f standard deviation of three sample replicates. 

Table 6-Galactolipid concentrations (mg/lOOg dry weight) in ‘Apache’ 
carrot shreds during 10 davs storasje at 10°C and 95% RH’ 

Storage Galactolipidv 
(days) MGDG DGDG’ - 

165 f 8 366 -c 21 
168 2 1 323 L 33 

5 200 + 42 337 + 29 
10 211 2 17 361 2 41 - 

‘Each value is the mean f standard deviation of three sample replicates. 
*Abbreviations: MGDG, monogalectosyldiacylglycerol; DGDG, digalactosyldiacylgly- 

CWOI. 

= DGDG wss collected in the phospholipid fraction during preparative chromatogra- 
phy (thus quantitsted with the phospholipid classes), but is included in this table 
for simplicity. 

Fig. 2-TEM of thin sections showing typical vascular paren- 
chyma cells in ‘Apache’ carrot shreds. Fig. 2A, portion of a pa- 
renchyma cell from a freshly shredded carrot. Fig. 28, portion 
of a parenchyma cell from a carrot shred that had been stored 
for 10 days at IOT and 95% RH. Cisternae of the ER (RER shown 
by arrows) are longer and more abundant in the stored tissue 
than in fresh tissue. Abbreviations used are as follows: cy, cy- 
toplasm; cw, cell wall; mi, mitochondrion, pl, plastid; r, ribo- 
some; rer, rough endoplasmic reticulum; va, vacuole. Bars 
represent 0.30 pm. (Magnification X 25000) 
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(ChCour et al., 1992), during which time a measurable increase 
in free sterol:PL was attributed to membrane degradative proc- 
esses. 

Slicing and cutting may advance the onset of senescence in 
plant organs (Huxsoll et al., 1988). In ripening fruit, measur- 
able losses in membrane lipids and increases in the proportion 
of steryl lipids to PL are commonly reported (Thompson, 
1988; Stanley, 1991). Thus, the coincident increases in PL and 
TSL and the lack of significant change in TSL:PL ratio in our 
study are contrary to known changes during genetically-pro- 
grammed senescence. This suggests that, under the storage 
conditions we used, -lightly processed carrots undergo a pro- 
longed period of active lipid synthesis necessary for biogenesis 
of new membranes. 

Previous studies involving plant storage organs (largely po- 
tato tuber) have demonstrated increases in lipid synthesis in 
wounded tissue, but typically only during the first several 
hours (e.g., C 24 hr) subsequent to wounding (Mazliak and 
Kader, 1978 and references cited therein). However, De Siervo 
(1990) reported a large reduction in PE concentration over an 
8-day period in wounded tuber tissue of 2 potato. cultivars. 
This indicates a major difference in membrane lipid metabo- 
lism of wounded potato tuber and wounded carrot storage root, 
2 hr after wounding (Theologis and Laties, 1980) as well as 
following long-term incubation or storage (5-10 days). 

On average, DGDG and MGDG were present in a mass ratio 
of almost 2:l. There was little or no indication that their con- 
centrations changed over time (Table 6), demonstrating that 
storage did not result in a general increase in all lipids. Gal- 
actolipids are most abundant in plastidic membranes (Miernyk, 
1985; Mudd, 1967), such as chromoplasts and amyloplasts of 
the carrot storage root (Grote and Fromme, 1984). Thus, the 
relatively constant MGDG and DGDG concentrations suggests 
the probability of site-dependent changes in membrane lipid 
metabolism. 

Ultrastructural changes during storage 
The mature carrot storage root primarily consists of second- 

ary vascular tissue that contains the xylem and phloem paren- 
chyma cells (Esau, 1940). Observations were limited to these 
cells, which appeared to be the most ultrastructurally and met- 
abolically active. Parenchyma consisted of polygon-shaped 
cells, each with a large central vacuole and a thin parietal layer 
of cytoplasm that was bounded by the plasma membrane and 
pressed to the cell wall. In freshly shredded carrots, the cyto- 
plasm contained a dense ribosome population, mitochondria, 
and plastids (primarily chromoplasts). Rough endoplasmic re- 
ticulum (RER) was only occasionally present (Fig. 2A). After 
10 days storage, however, RER was the most conspicuous or- 
ganelle. Several parallel layers of cisternae were found along 
the vacuole, with more randomly oriented membranes com- 
mon in the cytoplasm (Fig. 2B). In order to establish with 
certainty that variations in RER lamellae occurred between 
fresh and stored tissues, large numbers or cells were examined. 
Observed changes in frequency or structure of cellular organ- 
elles (besides RFR) during storage were inconclusive. 

The proliferation of RER supports the conclusion that mem- 
brane repair processes were active up to 10 days after wound- 
ing, since in plant cells, the ER is the primary site of PL and 
FS synthesis (Yamada et al., 1980; Moore, 1982; Browse and 
Somerville, 1991; Hartmann and Benveniste, 1987). In addi- 
tion, the constant TSL:PL ratio suggests the synthesis of com- 
plete membranes with all their components, as indicated by the 
increase in RER. Such repair processes may be intensified fol- 
lowing Ca pretreatments (Table 3), which would likely result 
in improved shelf life of lightly processed carrots. However, 
further study is necessary to verify this. 

The greater abundance of RER in stored compared to 
freshly-cut tissue was somewhat expected, since only hours 



after excision, the proliferation of RER is characteristic of 
wound tissue (Asahi, 1978). Also, ER strands are seen infre- 
quently as part of cells in the resting state (Kahl, 1982). How- 
ever, ER biogenesis in wounded plant storage organs has 
received very little evaluation during long-term periods (e.g., 
10 days). Jackman and Van Steveninck (1967) reported a sim- 
ilar finding in beetroot disks aged up to 8 days at 24°C. In 
their study, ER lamellae were reduced to vesicles 2 hr after 
excision, but formed a near continuous layer within the cyto- 
plasm 2 days later, which persisted up to 8 days. 

Presumably, a buildup of RER would be of major impor- 
tance in the wound repair mechanism. In addition to its role 
in membrane lipid synthesis, ER (RER) would be essential in 
the enzyme induction processes known to occur within 12 hr 
of wounding in storage organs (Kahl, 1983). Also, chemical 
modification of cell walls during wound healing, such as trans- 
port and secretion of phenolics and other precursors in lignin 
and suberin synthesis (Kahl, 1983; Kolattukudy, 1978), prob- 
ably depends on ER vesiculation (Benveniste, 1978). For ex- 
ample, Babic et al. (1993) showed that, among four cultivars, 
storage stability of carrot shreds correlated with the rate of 
chlorogenic acid accumulation in the tissue 24 hr after wound- 
ing. 

Cell walls of injured carrot root tissue (disks) are also 
known to accumulate large amounts of hydroxyproline-con- 
taining polypeptides/glycoproteins (e.g., extensin), even when 
aged as long as 6 days at 30°C (Chrispeels, 1969). In carrot 
disks, extensin biosynthesis and cell secretory capacity are spe- 
cifically enhanced in response to excision and incubation 
(Chrispeels et al., 1974). Furthermore, ER lamellae or bound 
ribosomes may be involved in the extensin glycosylation pro- 
cess (Sadava and Chrispeels, 1978), in translation of extensin 
mRNA (Barckhausen, 1978), and in the secretion of extensin 
(Brodl and Ho, 1992). 

Further study is needed to determine specific cellular mem- 
branes affected by these metabolic changes and to identify key 
enzymes involved in the repair process. Possibly, such en- 
zymes can be genetically manipulated in the development of 
new cultivars with extended shelf life. 

CONCLUSION 
MEMBRANE LIPID METABOLISM of lightly processed (wound- 
stressed) carrots undergoes major modifications during lo-days 
storage. The most pronounced changes appear to reflect net 
synthesis of PL and ASG, development of RER, and mem- 
brane biogenesis. The simultaneous accumulation of PA and 
an increase in cell permeability, however, suggest coordinated 
involvement of catabolic and anabolic reactions. Also, an in- 
crease in proportion of stigmasterol relative to sitosterol during 
storage may indicate a senescence relationship. 

REFERENCES 
Ames, B.N. 1966. Assay of inorganic phosphate, total phosphate and phos- 

phatases. Meth. Enzymol. 8: 115-118. 
Asahi, T. 1978. Bio 

sue cells. In Bioc ‘i 
enesis of cell organelles in wounded plant storage tis- 
em&y of Wounded Plant Tissues, G. Kahl (Ed.), p. 

391-419. Walter de Gruyter, New York. 
Babic, I., Amiot, M.J., Nguyen-The, C., and Auberf S. 1993. Accumulation 

of chlorogenic acid in shredded carrots during storage in an oriented 
pol 

Bare ix 
ropylene film. J. Food Sci. 58: 840-841. 
ausen, R. 1978. Ultrastructural than 

tissue cells. In Biochemistry of Wounded P 
es in wounded plant storage 

B ant Tissues, G. Kahl (Ed.), p. 
1-42. Walter de Gruyter, New York. 

Benveniste, P. 1978. Membrane systems and their transformations in a - 
ing 

P Kah 
lant storage tissues. In Biochemistry of Wounded Plant Tissues, e. 
(Ed.), p. 103-122. Walter de Gruyter, New York. 

Bolin, H.R., and Huxsoll, C.C. 1989. Storage stability of minimally proc- 
essed fruit. J. Food Proc. Preserv. 13: 281-292. 

Brodl, M.R., and Ho, T.D. 1992. Heat shock in mechanically wounded car- 
rot root disks causes destabilization of stable secretory protein mRNA 
and dissociation of endoplasmic reticulum lamellae. Physiol. Plantarum 
86:253-262. 

Browse, J., and Somerville, C. 1991. Glycerolipid synthesis: biochemistry 
and regulation. Am-m. Rev. Plant Physiol. Mol. Biol. 42: 467-506. 

Burden, R.S., Cooke, D.T., and James, C.S. 1990. Coordinate re 
sterol and hospholipid biosynthesis in oat shoot plasma mem ranes. In 

iLp 

r 
lation of 

Plant Li i Bzochemistry, Structure and Utilization, P.J. Quinn and J.L. 
Harwoo (Ed.), p. 335-337. Portland Press Limited, London. 

Cheour, F.,,Arul, J., Makhlouf, J., and Willemot, C. 1992. Delay of mem- 
brane lipid degradation by calcium treatment during cabbage leaf se- 
nescence. Plant Physiol. 100: 16561660. 

Chrispeels, M. J. 1969. Synthesis and secretion of hydro roline contain- 
ing macromolecules in carrots. I. Kinetic analysis. P ant Physiol. 44: rp 
1187-1193. 

Chris 
sin i. 

eels, M.J., Sadava, D., and Cho, Y.P. 1974. Enhancement of exten- 
losynthesis in agemg disks of carrot storage tissue. J. Exp. Bot. 25: 

1157-1166. 
De Siervo, A.J. 1990. Wound-induced changes in the lipids of Solonurn 

tuberosum tubers. In Plant Lipid Biochemistry, Structure and Utiliza- 
tion,, P.J. Quinn and J. L. Harwood (Ed.), p. 424-426. Portland Press 
Limited, London. 

Enoch, S. and Glinka, Z. 1983. Turgor-dependent membrane permeability 
in relation to calcium level. Physiol. Plantarum 59: 203-207. 

Esau, K. 1940. Developmental anatomy of the fleshy storage organ of Dau- 
cus car&a. Hilgardia 13: 175-226. 

Forsee, W.T., Laine, R.A., and Elbein, A.D. 1974. Solubilization of a par- 
ticulate UDP-glucose:sterol 8-glucosyltransferase in developing cotton fi- 
bers and seeds and characterization of stervl 6-acvl-D-alucosides. Arch. 
Biochem. Biophys. 161: 248-259. 

cies by high performance liquid chromatography. J. Agr. Food Chem. 38: 
1 RAhl RAR - - - - - - - -. 

Grote, M. and Fromme, H.G. 1984. Electron microscope investigation of 
the cell structure in fresh and processed vegetables (carrots and green 
bean pods). Food Microstructure 3: 55-64. 

Hartmann, M.A., and Benveniste, P. 1987. Plant membrane sterols: iso- 
lation, identification, and biosynthesis. Meth. Enzymol. 148: 632-650. 

Huxsoll, CC., Bolin, H.R., and King, A.D., Jr. 1988. Physicochemical 
changes and treatment for lightly processed fruits and vegetables. In 
Quality Factors ofFruits and Vegetables. Chemistry and Technology, J.J. 
Jen (Ed.), p. 203-215. American Chemical Society, Washington, DC. 

Jackman, M.E., and Van Steveninck, R.F.M. 1967. Changes in the endo- 
plasmic reticulum of beetroot slices during aging. Austral. J. Biol. Sci. 
20:1063-1068. 

Joyard, J., and Deuce, R. 1979. Characterization of phosphatidate phos- 
phoh drolase activity associated with chloroplast envelope membranes. 
FEBg Lett. 102: 147-150. 

Ka3$ G. 1974. Metabolism in plant storage tissue slices. Bot. Rev. 40: 263- 

Kahl,‘G. 1982. Molecular biology of wound healing the conditionin 
nomenon. In Molecular Biology ofPlant Tumors, G. Kahl and J.S. B 

phe- 
chell 

(Ed.), p. 211-267. Academic Press, New York. 
Kahl, G. 1983. Wound repair and tumor induction in higher lams. In The 

New Frontiers in Plant Biochemistry, T. Akazawa, T. Asa i? I, and H. Im- 
aseki (Ed.), p. 193-216. Japan Scientific Societies, Tokyo, and Martinus 
Nijhoff/Dr. Junk, The Hague. 

King, A.D., Jr. and Bolin, H.R. 1989. Physiological and microbiological 
storage stability of minimally processed fruits and vegetables. Food 
Technol. 43: 132-139. 

Kolattukudy, P.E. 1978. Chemistry and biochemistry of the aliphatic com- 
ponents of suberin. In Biochemistry of Wounded PIant Tissues, G. Kahl 
(Ed.), p. 43-84. Walter de Gruyter, New York. 

Larsson, Cl., Meller, I.M., and Widell, S. 1990. An introduction to the plant 
plasma membrane-its molecular composition and organization. In The 
Plant Plasma Membrane, C. Larsson and LM. M@ller (Ed.), p. l-15. 
Springer-Verlag, New York. 

Leaver, C.J., and Key, J.L. 1967. Polyribosome formation and RNA synthesis 
durin a 

Letter gW?? 
g of carrot root tissue. Proc. Natl. Acad. Sci. 57: 1338-1344. 
1992. A rapid method for phospholipid class separation by 

HPLC using an evaporative light scattering detector. J. Liq. Chromatog. 
15: 253-266. 

Mazliak, P., and Kader, J.C. 1978. Lipid metabolism in a ‘n 
tissues. In Biochemistry of Wounded Plant Tissues, G. If? 

plant storage 

154. Walter de Gruyter, New York. 
ah (Ed.), p. 123- 

Miernyk, J.A. 1985. The isolation and characterization of nongreen 
tids. In Modern Methods ofPZant Analysis. Vol I., H.F. Linskens an B 

las- 
J.F. 

Jackson (Ed.), p. 259-295. S rin er-Verlag, New York. 
Moore, T.S., Jr. 1982. Phospho ipid H %. losynthesis. Annu. Rev. Plant Physiol. 

33:235-259. 
Moreau, R.A., Asmann, P.T., and Norman, H.A. 1990. Analysis of major 

classes of plant li ids by high performance liquid chromatography with 
flame ionization etection. Phytochemistry 29: 2461-2466. 2 

Moreau, R.A., and Preisig, CL. 1993. Li 
pensions following treatment with cellu P ” 

id changes in tobacco cell sus- 
ase elicitor. Physiol. Plantarum 

07: 7-13. 
Mounts, T.L., and Nash, A.M. 1990. Analysis of phos 

for evaluation of soybean deterioration. J. Amer. 01 .P 
holipids in crude oil 
Chem. Sot. 67: 757- 

760. 
Mudd, J.B. 1967. Fat metabolism in plants. Annu. Rev. Plant Physiol. 18: 

229-252. 
Paliyath, G., and Droillard, M.J. 1992. The mechanism of membrane de- 

terioration and disassembly during senescence. Plant Physiol. Biochem. 
30:789-812. 

PQaud-Lenogl, C., and Axelos, M. 1972. D-glucosylation des phytosterols 
et acylation des st&yl-D-glucosides en presence d’enzymes de plantes. 
Carbohydrate Res. 24: 247-262. 

Picchioni, G.A., Miyamotq, S., and Storey, J.B. 1991. Rapid testing of sa- 
linity effects on pistachio seedling rootstocks. J. Amer. Sot. Hort. Sci. 
116: 555-559. 

Quarles, R.H., and Dawson, R.M.C. 1969. The distribution of phospholi- 
pase D in developing and mature plants. Biochem. J. 11: 787-794. 

-Continued on page 605 

Volume 59, No. 3. 1994-JOURNAL OF FOOD SCIENCE-601 I 


