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Peach fruit (Prunus persica L. cv. Beijing 33) did not show symptoms of chilling injury in 0 °C-Air or 0 °C-
CA, but did in 5 °C-Air after 21 d. The mechanisms by which 0 °C storage could activate chilling tolerance
of peach fruit were investigated by analysing characteristics of plasma membrane. We found that peach
fruit stored in 0 °C-Air and 0 °C-CA had much higher linolenic acid content and unsaturation degree of
plasma membrane than did that in 5 °C-Air. In addition, the fruits stored in 0 °C-CA showed a higher

membrane fluidity and membrane integrity than did that in 0 °C-Air, which was related to the accumu-

Keywords:

Chilling injury

Fatty acids
N-acylphosphatidylethanolamine
Peach fruit

Plasma membrane

stress.

lation of N-acylphosphatidylethanolamine (NAPE) of peach fruits stored in 0 °C-CA. Based on these
results, it appears that a higher unsaturation degree of membrane lipid and NAPE accumulation are ben-
eficial for maintaining membrane fluidity, leading to an enhanced tolerance of peach fruit to chilling

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Many plant species, especially those of tropical or temperate
origin, are severely injured by exposure to low but not freezing,
temperatures (Saltveit & Morris, 1990). Exposure of these chill-
ing-sensitive plants to unfavourable low temperatures often re-
sults in numerous cellular and metabolic dysfunctions, such as
altered respiration rates, impaired photosynthetic activity, and
changes in membrane permeability (Allen & Ort, 2001). Peach fruit
is also sensitive to low temperature stress and chilling injury (CI)
occurs easily when it is exposed to the low temperature for long
periods (Saltveit & Morris, 1990). In a previous experiment, we
found that peach fruits stored at 5 °C for 21 d usually showed (I,
but no CI symptom occurred at 0 °C (Zhang & Tian, 2009). In addi-
tion, peach fruits kept at controlled atmosphere (CA), with 5% O,
plus 5% CO, showed a stronger resistance to low temperature
stress (Wang, Tian, & Xu, 2005) and application of methyl salicylate
(MeSA) could effectively enhance tolerance of peach fruits to CI
(Meng, Han, Wang, & Tian, 2009). A better understanding of the
processes of chilling tolerance in fruit is now required as this
may lead to important agricultural and economic benefits.
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A biochemical basis to explain the CI mechanism of plant has
not yet been established. Lyons (1973) proposes the existence of
a primary event that results in a series of secondary events which,
in turn, results in the symptoms of CI. The cell membranes are
likely sites of primary effects of chilling. Mikami and Murata
(2003) reported that unsaturated fatty acid (UFA) level in mem-
brane lipids was positively correlated with plant chilling tolerance.
Genetic manipulation of the level of UFAs led to the eventual mod-
ification of the cold sensitivity of tobacco plants (Murata et al.,
1992). In cyanobacteria, sensitivity to cold is also closely correlated
with the level of unsaturation of membrane lipids (Tasaka et al.,
1996). Aside from the interest given to the responses of the UFA le-
vel to low temperature stress, the role of an unusual phospholipid
class, N-acylphosphatidylethanolamines (NAPEs), in membrane
protection and stabilisation has received considerable attention
(Hansen, Moesgaard, Hansen, & Petersen, 2000). This compound
is characterised by the presence of a third fatty acyl residue linked
to the N-atom of the phosphatidylethanolamine headgroup by an
amide bond and shows a propensity to accumulate under various
stress conditions involving degenerative membrane changes
(Schmid, Schmid, & Natarajan, 1990). For instance, NAPEs synthesis
was observed in cultivated potato cells submitted to anoxia stress
and the capacity to increase its NAPE level may confer some addi-
tional protection to the cell (Rawyler, Arpagaus, & Braendle, 2002;
Rawyler & Braendle, 2001). However, studies on NAPEs biosynthe-
sis and its involvement in the response of plant tissues to low tem-
perature stress have, so far, been rare.
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As compared with plant responses to chilling stress, there are a
number of papers describing that the development of CI of fruit is
caused by an imbalance between oxidative and reductive pro-
cesses due to metabolic gas gradients inside the fruit (Franck
et al., 2007; Wang et al., 2005). Accumulation of reactive oxygen
species may induce loss of membrane integrity which becomes
macroscopically visible through the enzymatic oxidation of pheno-
lic compounds to brown-coloured polymers. However, plasma
membrane involvement in the process of CI development has re-
ceived little attention to date. In order to fully understand whether
the biochemical and biophysical characteristics of plasma mem-
brane lipids are correlated with chilling-resistance of peach fruit,
we investigated the function of linolenic acid (C18:3) and unsatu-
ration degree of the plasma membrane in enhancing tolerance of
peach fruit to low temperature stress. Here, we present the first
evidence that peach fruit acquired chilling-tolerance by accumula-
tion of C18:3 and NAPEs in plasma membrane, and explain why
peach fruit stored at 0 °C showed a higher chilling tolerance than
did that at 5 °C.

2. Materials and methods
2.1. Fruit and treatments

Peach fruits (Prunus persica L. cv. Beijing 33) were harvested at
commercial maturity from an orchard in the Pinggu district of Bei-
jing, China, and transported to the laboratory, within 2 h, after har-
vest. Fruit used for experiment were selected for uniform size and
for the absence of physical injuries or infections. There were 360
fruits in each group. One group was stored in air at 5°C (5 °C-
Air) and served as control. A second group was stored in air at 0
°C (0 °C-Air) and a third group was stored in controlled atmosphere
(5% 0, +5% CO,) at 0 °C (0 °C-CA). Fruits were placed in plastic
boxes (40 x 30 x 25 cm), wrapped in polyethylene film bags
(0.04 mm thickness, with 5 holes of 20 mm diameter on upper
and side surfaces) to maintain relative humidity (RH) at approxi-
mately 95%. At 7 day intervals, CI incidence, CI index and electro-
lyte leakage of fruit were measured on the same sample
consisting of 30 fruits per replicate (30 x 3) for each treatment.
Then these samples were cut into small pieces and frozen in liquid
nitrogen, then stored at —80 °C for other assays.

2.2. Evaluation of CI

The Cl incidence and Cl index were estimated on flesh browning
according to the method of Wang et al. (2005). The score of CI was
assessed by measuring the browning area in each fruit based on
the following scale: 0 = no browning; 1 = less than 1/4 browning;
2 =1/4-1/2 browning; 3 =1/2-3/4 browning area; 4 = more than
3/4 browning. The CI index was calculated from the following for-
mula: (1 xN;+2xNy+3xN3+4 x Ny)x100/(4 x N), where
N = total number of fruit measured and N;, N, N3 and N4 were
the numbers of fruit showing the different degrees of browning.

2.3. Isolation of plasma membrane

Plasma membrane (PM) was isolated, as described by Quartacci,
Cosi, and Navari-Izzo (2001), using the two-phase aqueous poly-
mer partition system. Frozen peach fruits (120 g) were homoge-
nised (using an ordinary kitchen homogenizer) for 3 x 20 s in
300 ml of an extraction medium consisting of 0.33 M sucrose,
80 mM Tris, 5 mM Bis-Tris Propane (BTP)-Mes, pH 8.9, 10 mM
ascorbic acid, 5 mM dithiothreitol (DTT), 5 mM Na,-EDTA, 10%
glycerol, 0.4% BSA, 0.4% casein, 1 mM phenylmethylsulfonyl fluo-
ride (PMSF), and 0.15% (w/v) polyvinylpolypyrrolidone (PVPP).

The homogenate was filtered through four layers of nylon cloth
and centrifuged at 12,000g for 1 h. A microsomal pellet was ob-
tained from the supernatant by centrifugation at 120,000g for
1 h. This pellet was suspended in a total volume of 10ml in
0.25 M sucrose, 3 mM KCl, 5 mM potassium phosphate, pH7.8,
and 9.0 g of the suspension was added to the 27.0 g aqueous
two-phase polymer system to give a 36.0 g phase system with a fi-
nal composition of 6.2% (w/w) dextran T500, 6.2% (w/w) polyethyl-
ene glycol 3350, 0.33 M sucrose, 3 mM KCl, 5mM potassium
phosphate, pH 7.8. The PM was further purified using a two-step
batch procedure. The resulting upper phase was diluted 4-fold
with 50 mM Tris-HCI (pH 7.5), containing 0.25 M sucrose, and cen-
trifuged for 30 min at 120,000g. The resultant PM pellet was resus-
pended in the same buffer containing 30% ethylene glycol and
stored at —80 °C for lipid analyses. All steps of the isolation proce-
dure were carried out at 4 °C. To check the purity of the PM, the
activity of the vanadate-sensitive ATPase as a marker enzyme
was determined. NOs-sensitive ATPase activities and azide-sensi-
tive ATPase were used as markers of mitochondria and tonoplast,
respectively. The chlorophyll assay was performed to determine
the level of contamination from chloroplast (Quartacci et al.,
2001). The marker enzyme assay for plasma membrane (vana-
date-sensitive ATPase activity) suggested a 24-fold enrichment in
the final plasma membrane fraction compared with the micro-
somal fraction, whilst the proportion of tonoplast, mitochondria,
and chloroplast contamination decreased. In addition, chlorophyll
was not detected in the PM fraction.

2.4. Spin labelling and measurement of electron paramagnetic
resonance (EPR)

Plasma membrane fluidity was investigated by EPR, according
to the method of Zhang and Tian (2009), with a slight modification.
Stock solution of the fatty acid spin probes, 5- and 16-doxylstearic
acid (5- and 16-DSA, Aldrich), was made up in ethanol
(10 mg ml~'). The probes were added to 200 pl samples of plasma
membrane at a label to lipid ratio of 1:20 (v:v). After incubation for
1 h at ambient temperature and under nitrogen atmosphere, the
sample was washed three times in 0.1 M potassium phosphate
buffer, pH 7.0, by centrifugation at 200,000g for 30 min. Free spin
probes were not detected in the supernatant following the third
washing. For EPR analysis, the plasma membrane suspension was
transferred to a 100 pl glass capillary tube, which was sealed and
inserted into a quartz sample holder and put in the microwave cav-
ity of the spectrometer. EPR measurements were performed on an
ER-200D Bruker spectrometer. EPR spectra were obtained at X-
band (9.80 GHz) with microwave power of 20 mW, modulation
frequency 100 kHz and amplitude 1G The sweep time was 100 s
and magnetic field scan 200 G. In the case of 5- and 16-DSA, the
fluidity of the lipid chain can be estimated from the order param-
eter S and the rotational correlation time 7., respectively.

2.5. Extraction and analysis of plasma membrane lipids

Lipids were extracted from the PM suspension by the addition
of boiling 2-propanol followed by CHCl5: MeOH (2:1, v/v) contain-
ing butylhydroxytoluene (50 ug ml~') as an antioxidant. The sol-
vent mixture was then washed with 0.2 volume of 0.88% KCl to
separate the CHCl; phase. The upper H,O phase was re-extracted
with CHCls, than the CHCI; phases combined and dried under a
stream of N,. The individual polar lipid was purified by two-
dimensional thin-layer chromatography (TLC) on activated silica
gel plates (Silica gel 60, 0.25 mm thickness, Qingdao, China)
according to the method described by Zhang and Tian (2009).

Fatty acids of the individual polar lipid classes were identified
and quantified by gas chromatography (GC) after conversion to
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