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ABSTRACT. Chilling injury (CI) is a major postharvest constraint in the long-term cold storage, transportation, and
distribution of japanese plums (Prunus salicina). The aim of the work was to explain the development and severity of
CI in japanese plums based on the oxidative stress theory following time course analysis of enzymatic and nonenzymatic antioxidants. Changes in membrane lipid peroxidation and enzymatic and non-enzymatic antioxidative
systems in japanese plum cultivar Blackamber were determined at weekly intervals during 5 weeks of cold storage at
0 8C and at 2-day intervals during poststorage simulated shelf conditions (21 ± 1 8C) for 8 days after each week of cold
storage. Fruit respiration and ethylene production rates showed typical climacteric patterns after removal from cold
storage and these rates were relatively high after 4 and 5 weeks compared with 0 to 3 weeks of storage. The CI
symptoms first appeared after 3 weeks of cold storage after fruit had been transferred to simulated shelf conditions.
The incidence and severity of CI intensified with increasing storage duration. The extent of lipid peroxidation
indicated by concentration of thiobarbituric acid-reactive substances and membrane damage manifested as
electrolyte leakage increased with increasing duration of storage and subsequent simulated shelf conditions.
Membrane lipid peroxidation exhibited positive correlation with the severity of CI. Activities of primary antioxidant
enzymes and the enzymes involved in the ascorbate–glutathione cycle were determined to explain the levels of reduced
and oxidized forms of cellular redox buffers, ascorbate and glutathione. In response to chilling stress, antioxidative
protection systems operated efficiently during the first 3 weeks of cold storage, but extended storage resulted in loss of
ability to ameliorate increasing levels of oxidative stress. In this study, the comprehensive analyses of various
metabolites and antioxidative systems explain the series of events involved in development of CI in japanese plums in
support of the oxidative stress theory.

Postharvest oxidative stress is a phenomenon caused by an
imbalance in the production and scavenging of reactive oxygen
species (ROS) in the fruit during postharvest handling and
storage (Hodges et al., 2004). ROS such as superoxide anion
%
(O%–
2 ), hydrogen peroxide (H2O2), nitric oxide (NO ), and
%
peroxynitrite (ONOO ) are produced in plants under normal
and stress conditions (Apel and Hirt, 2004). If these are not
removed or detoxified by the enzymatic and non-enzymatic
antioxidants, they accumulate to toxic levels in the cell and can
also serve as the precursors for the generation of more toxic
ROS such as hydroxyl radicals (OH%). The presence of ROS at
higher levels and reduction in the capability of the antioxidant
protection system can lead to oxidative damage in the tissue
(Hodges et al., 2004). The study of dynamics of antioxidants
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in the fruit is important for mainly three reasons. First, the
presence of higher levels of antioxidants protects the fruit from
potentially toxic ROS thereby providing stress tolerance (Davey
et al., 2004). Second, the nutritional value of fruit attributable to
the antioxidants is important from a human consumption perspective (Gil et al., 2002). Third, it has been widely argued that
the higher concentrations of antioxidants in the peel and flesh
tissues of fruit reduced the incidence of senescence-related
disorders (Hodges et al., 2004).
Fruit of japanese plum are chilling-sensitive (Crisosto et al.,
2004; Singh et al., 2009). The sensitivity to chilling depends on
several factors including genotype, harvest maturity, storage
temperature, and storage period and shelf life (Crisosto et al.,
1999; Singh et al., 2009). CI symptoms in japanese plums
include flesh browning, translucency, mealiness, and bleeding
or bladderiness. CI has been proposed to be an oxidative
phenomenon linked to the production of ROS causing lipid
peroxidation, membrane damage, and overall reduced capacity
of antioxidant systems (Hodges et al., 2004; Singh and Singh,
2012). Under normal and mild stress conditions, ROS have
been known to act as signaling molecules in a variety of
metabolic processes such as enhancement of antioxidant
protection systems and gene regulation to affect metabolic
responses to ameliorate the stress response (Toivonen, 2004).
On the other hand, in response to the prolonged or severe
stress conditions, the ROS production may exceed the
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capacity of the system to scavenge them, and subcellular and
cellular damage can occur.
Toivonen (2004) emphasized the importance of the dynamic
nature of the oxidative processes in plant systems and suggested
that time course analysis with multiple time samplings could
improve understanding of the role of enzymatic and nonenzymatic antioxidants in response to postharvest stress conditions. Currently, such comprehensive information on the dynamics of antioxidants during chilling stress in many fruit including
japanese plums is not available. Therefore, the objective was
to understand the development and severity of CI in japanese
plums based on the oxidative stress theory following time course
analysis of enzymatic and non-enzymatic antioxidants in a multiple sampling framework.
Materials and Methods
FRUIT MATERIAL AND COLD STORAGE. Japanese plum cultivar
Blackamber fruit were manually harvested at commercial
maturity (soluble solids concentration = 10.9% ± 0.1%, titratable
acidity = 1.4% ± 0.1%, and firmness = 53.4 ± 2.1 N) in the early
morning hours from the Casuarina Valley Orchards, Karragullen,
Perth Hills, Western Australia (lat. 3157# S, long. 11550# E).
Fruit were transported to the laboratory within 2 h after harvest
and blemished and diseased fruit were discarded. Fruit were
placed in plastic crates lined with 30-mm-thick low-density
polyethylene film folded over them and stored at 0 C for 5
weeks. Control fruit (100 fruit per replicate, n = 3) were held at
21 ± 1 C to simulate shelf conditions for 8 d without cold storage
and 20 fruit per replicate were analyzed at 2-d intervals (0, 2, 4, 6,
and 8 d) for various parameters. Aliquots of 100 fruit from each
replication (n = 3) were removed from cold storage at weekly
intervals and held for 8 d to simulate shelf conditions (21 ± 1 C).
Twenty fruit as a single replicate were analyzed at 2-d intervals
(0, 2, 4, 6, and 8 d). The fruit was peeled and the flesh tissue was
cut into small cubes and immediately frozen with liquid nitrogen
and stored at –80 C for further analyses. The experiment used
a completely randomized design with two factors including cold
storage and simulated shelf conditions.
RESPIRATION AND ETHYLENE PRODUCTION RATES. Two fruit per
replicate were enclosed in an airtight container (1 L) fitted with
a rubber septum for 1 h at room temperature (21 ± 1 C). The rates
of respiration and ethylene production were measured daily by
analyzing headspace composition (Singh et al., 2009) during 8 d
at simulated shelf conditions after each week of storage, starting
from Week 0. The respiration and ethylene production rates were
expressed as millimoles CO2 evolved per kilogram per hour and
micromoles ethylene per kilogram per hour, respectively.
CHILLING INJURY. The incidence and severity of CI were
evaluated 4 h after removal from cold storage and at 2-d intervals
during simulated shelf conditions for 8 d. Twenty fruit per
replication were cut around the equatorial axis, the two halves of
each fruit were separated by twisting in opposite directions, and
the mesocarp was examined for symptoms such as flesh browning, mealiness, and translucency. The incidence and severity of
CI were assessed as described by Singh et al. (2009). Briefly, CI
severity was determined using a 5-point hedonic scale based on
the surface area of fruit flesh affected. The scale used was: 0 =
0% area affected, 1 = 1% to 20% area affected, 2 = 21% to 40%
area affected, 3 = 41% to 60% area affected, 4 = 61% to 80% area
affected, and 5 = greater than 80% area affected. The CI index
was calculated by multiplying the number of fruit scored with the
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same value of the hedonic scale with the corresponding scale
number. Finally, the resultant number was divided by the total
number of fruit. CI incidence was expressed as the percentage of
affected fruit irrespective of the severity level.
THIOBARBITURIC ACID-REACTIVE SUBSTANCES, LIPOXYGENASE
ACTIVITY, AND ELECTROLYTE LEAKAGE. Thiobarbituric acidreactive substance (TBARS) concentration was determined as
previously described (Singh et al., 2012) and was expressed as
nanomoles malondialdehyde equivalents per gram of fresh
weight (FW). The activity of lipoxygenase (LOX) was determined by measuring the increase in absorbance at 234 nm
as a result of formation of a diene conjugate from linoleic acid
(Singh et al., 2012). LOX activity was expressed as micromoles
linoleic hydroperoxide formed per minute per milligram of protein. Electrolyte leakage (EL) as a measure of membrane integrity
was determined as described in Singh et al. (2012). The data were
expressed as percentage of the total EL.
EXTRACTION AND ASSAYS OF ANTIOXIDANT ENZYMES. Enzyme
extracts of superoxide dismutase (SOD), catalase (CAT), and
peroxidase (POD) were prepared and assays were performed as
previously described (Singh et al., 2012). SOD assay involved
the measurement of cytochrome c (Cyt c) reduction by superoxide anions generated in the xanthine–xanthine oxidase system
and of the inhibition of Cyt c reduction by SOD. SOD activity
was expressed as micromoles Cyt c conserved per minute per
milligram protein. CAT activity was assayed by measuring a
decrease in the absorbance at 240 nm for 3 min as a result of
decomposition of H2O2. CAT activity was expressed as micromoles H2O2 decomposed per minute per milligram protein.
For determination of POD activity, the increase in absorbance at
470 nm was monitored for 3 min with and without addition of
enzyme extract. POD activity was expressed as micromoles
H2O2 decomposed per minute per milligram protein.
DETERMINATION OF REDUCED ASCORBATE, DEHYDROASCORBATE,
AND TOTAL ASCORBATE. The extraction procedure for ascorbate
(AA) and dehydroascorbate (DHA) was followed as described
by Davey et al. (2004) with some modifications (Singh et al.,
2012). High-performance liquid chromatography (HPLC) was
performed for determination of AA, DHA, and AA + DHA
(Singh et al., 2012). Total ascorbate concentration was determined by the reduction of DHA into AA using dithiothreitol
as a reducing agent. The reduced samples were then directly
analyzed for total ascorbate by HPLC under similar conditions as
for AA. For each sample, the concentration of DHA was obtained
by subtracting AA from the total ascorbate (AA + DHA) (Davey
et al., 2004). The concentrations of AA, DHA, and AA + DHA
were expressed as nanomoles per gram FW.
D ETERMINATION OF REDUCED GLUTATHIONE , OXIDIZED
GLUTATHIONE, AND TOTAL GLUTATHIONE. Glutathione [total and
oxidized glutathione (GSSG)] was assayed spectrophotometrically by the 5,5#-dithiobis-(2-nitrobenzoic acid)–glutathione
reductase (GR) recycling method (Hodges and Forney, 2000).
The extraction and assay procedures for glutathione (GSH) and
GSSG have been described elsewhere (Singh et al., 2012). The
concentrations of glutathione (GSH, GSSG, and GSH + GSSG)
were expressed as nanomoles per gram FW.
EXTRACTION AND ASSAYS OF ASCORBATE–GLUTATHIONE CYCLE
ENZYMES. The extracts of enzymes involved in the ascorbate–
glutathione cycle were prepared and assays were performed
as previously described (Singh et al., 2012). The activities of
ascorbate peroxidase (APX), monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR), GR,
J. AMER. SOC. HORT. SCI. 137(6):473–481. 2012.

and glutathione-S-transferase (GT) were measured and were
expressed as micromoles ascorbic acid oxidized per minute
per milligram protein, micromoles NADH oxidized per
minute per milligram protein, micromoles DHA oxidized
per minute per milligram protein, nanomoles NADPH oxidized per minute per milligram protein, and nanomoles
S-2,4-dinitrophenylglutathione formed per minute per milligram protein, respectively.
DETERMINATION OF TOTAL PHENOLICS AND ANTIOXIDANT
ACTIVITY. Total phenolic compounds were quantified by following
the Folin-Ciocalteu reagent -based colorimetric method (Singleton
et al., 1999). Gallic acid equivalent (GAE), most commonly used
to express the total phenolics in fruit, was not followed because
3-o-caffeoylquinic acid (neochlorogenic acid) was the major
hydroxycinnamate in japanese plum and european plum (Prunus
domestica) flesh tissue (Tomás-Barberán et al., 2001). The total
phenolics concentration in chlorogenic- or neochlorogenic-rich
fruit is underestimated by 0.6 times if expressed in terms of GAE.
Similar absorption spectra of chlorogenic and neochlorogenic
acids allow the use of former in the preparation of calibration
curve (Chun and Kim, 2004).The concentration of total phenolics
was expressed in terms of milligrams chlorogenic acid equivalents
per 100 g FW. The antioxidant activity was determined using the
method of Brand-Williams et al. (1995) and expressed in terms of
milligrams ascorbic acid equivalents per 100 g FW.
STATISTICAL ANALYSIS. The data were subjected to two-way
analysis of variance (ANOVA) using GenStat (Release 11.1;

Fig. 1. The rates of respiration (A) and ethylene production (B) in ‘Blackamber’
japanese plums as influenced by cold storage at 0 C for 0 to 5 weeks (W) plus
8 d of simulated shelf conditions (21 ± 1 C). Measurements were made on
daily basis for 8 d after each week of cold storage (two fruit/experimental
unit). Error bars represent SE. Least significant differences (P # 0.05) for
interaction between cold storage and simulated shelf conditions are shown
as bars.

J. AMER. SOC. HORT. SCI. 137(6):473–481. 2012.

VSN Intl., Hemel Hempstead, U.K.). Before statistical analysis,
the data on CI incidence were subjected to arsine transformation to reduce heteroscedasticity. The effects of cold storage,
simulated shelf holding, and their interactions on different
parameters were assessed within ANOVA and the least
significant differences were calculated following a significant
Fisher’s test at P # 0.05. All the assumptions of analysis were
checked to ensure validity of statistical analysis.
Results and Discussion
RESPIRATION AND ETHYLENE PRODUCTION. ‘Blackamber’ is
a climacteric-type japanese plum cultivar (Singh et al., 2012)
and its storage potential is, therefore, influenced by physiological processes such as rates of respiration and ethylene production. Higher rates of respiration and ethylene production in
‘Blackamber’ japanese plums were observed after removal
from cold storage compared with control and the onset of
climacteric was also brought forward by prolonged storage
(Fig. 1A–B). The climacteric patterns observed during fruit
ripening indicated that prolonged cold storage did not affect
normal fruit ripening in japanese plums but accelerated and
enhanced physiological processes. Candan et al. (2008)
reported that cold storage increased ethylene production in

Fig. 2. Chilling injury (CI) incidence (A) and CI severity index (B) in
‘Blackamber’ japanese plums as influenced by cold storage at 0 C for 0 to
5 weeks (W) plus 8 d of simulated shelf conditions (21 ± 1 C). Observations
were recorded (20 fruit/replicate) on 2-d intervals during simulated shelf
conditions after each week of cold storage. Error bars represent SE. Data on CI
incidence were arsine-transformed, but back-transformed data are presented.
Least significant differences (P # 0.05) for interaction between cold storage
and simulated shelf conditions are shown as bars.
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‘Larry Ann’ japanese plums, but the number of days to reach
the ethylene peak was independent of the storage period. Cold
storage of ‘Tegan Blue’ japanese plums at 0 C has been
reported to promote the accumulation of 1-aminocyclopropane1-carboxylic acid (ACC) during storage for 3 and 6 weeks and
increase the activities of ACC synthase and ACC oxidase
(Khan and Singh, 2009). This could explain the rise in ethylene
production in our experiment triggered by the exposure to
simulated shelf conditions after 4 and 5 weeks of cold storage.
CHILLING INJURY. The CI symptoms in the form of flesh
browning and mealiness appeared at ambient conditions after
transfer from 3 weeks of cold storage, but the incidence and

severity of CI were very low (Fig. 2). With the advancement of
storage period at both cold and simulated shelf conditions, the
incidence and severity of CI increased; the CI index was very
low (less than 1) after 4 weeks and low (less than 2) after 5
weeks of cold storage. Flesh bleeding was also observed as the
fruit ripening progressed after 5 weeks of cold storage. Crisosto
et al. (2004) reported that ‘Blackamber’ can be stored at 0 C
for 5 weeks and its market life is limited beyond this period as a
result of CI symptoms expressed as flesh browning, mealiness,
and translucency. The loss of 25% or greater fruit as a result of
CI has been considered to be a benchmark to determine the
storage potential in japanese plums (Crisosto et al., 2004) and
therefore the end of storage life of ‘Blackamber’ japanese
plums was 4 weeks at 0 C in our experiment.

Fig. 3. Changes in lipoxygenase (LOX) activity (A), thiobarbituric acid-reactive
substances (TBARS) concentration (B), and electrolyte leakage (EL; C) in the
flesh tissue of ‘Blackamber’ japanese plums as influenced by cold storage at
0 C for 0 to 5 weeks (W) plus 8 d of simulated shelf conditions (21 ± 1 C).
Error bars represent SE. Least significant differences (P # 0.05) for interaction
between cold storage and simulated shelf conditions are shown as bars.

Fig. 4. Changes in activities of (A) superoxide dismutase (SOD), (B) catalase
(CAT), and (C) peroxidase (POD) in the flesh tissue of ‘Blackamber’ japanese
plums as influenced by cold storage at 0 C for 0 to 5 weeks (W) plus 8 d of
simulated shelf conditions (21 ± 1 C). Error bars represent SE. Least
significant differences (P # 0.05) for interaction between cold storage and
simulated shelf conditions are shown as bars.
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LIPID PEROXIDATION. The LOX activity increased during fruit
ripening after removal from cold storage (Fig. 3A). The LOX is
a multifunctional key enzyme involved in the biosynthesis of
aroma-volatile compounds during fruit ripening and also in
defense-related pathways (Shewfelt and Purvis, 1995). The
increase in the concentration of TBARS in fruit flesh during
cold storage and simulated shelf conditions was an indication of
the peroxidative damage caused to the fruit tissue; the extent of
damage increased significantly at 4 and 5 weeks of cold storage
(Fig. 3B). The higher concentration of TBARS toward the
later stages of storage indicated higher levels of oxidative
stress, which might have developed as a result of increased
concentration of the ROS and/or decreased capability of the
antioxidant protection system. The peroxidation of free polyunsaturated fatty acids by LOX causes accumulation of lipid
hydroperoxides, which can further decompose to yield oxyradicals, ethane, and TBARS. The concentration of TBARS
was found to be positively correlated (r = 0.83) with the severity
of CI. It has been previously reported that TBARS concentration increases in response to chilling stress in fruit such as
bananas [Musa acuminata (Promyou et al., 2008)] and mangoes
[Mangifera indica (Ding et al., 2007)]. The higher LOX activity
coupled with higher TBARS concentration indicated the
cell membrane degradation resulting in EL and fruit softening
during poststorage period. The higher levels of EL after 4 and 5
weeks of storage compared with the previous weeks indicated
that membrane permeability increased substantially with the

increase in CI incidence (Fig. 3C). Lipid peroxidation indicated
by TBARS concentration and membrane degradation as
marked by an increase of EL could possibly be the result of
both CI and fruit senescence.
ANTIOXIDANT ENZYME ACTIVITIES. SOD activity remained
stable for the first 2 weeks of cold storage and showed a significant increase after 3 weeks of storage followed by a substantial
decrease subsequently (Fig. 4A). The magnitude of decrease
in SOD activity during simulated shelf conditions after 4 and
5 weeks of cold storage was significantly greater than that which
occurred after the first 3 weeks of cold storage. CAT activity also
showed a significant increase with the increase in storage period
and reached a peak value after 3 weeks followed by a significant
decline at 4 and 5 weeks of cold storage (Fig. 4B). CAT activity
showed a decreasing trend during 8 d of simulated shelf conditions after each week of storage interval. POD activity increased significantly after 2 weeks of storage and exhibited a
decrease during 3, 4, and 5 weeks (Fig. 4C). A continuous increase in POD activity was observed at shelf conditions after 0, 1,
and 2 weeks of storage. However, POD activity showed
a transient increase on day 4 during simulated shelf conditions
after 3, 4, and 5 weeks of cold storage followed by a decline.
The exposure of fruit to prolonged chilling conditions
can enhance the production of ROS, which must be quenched
to maintain cellular redox homeostasis. It has been proposed
that in response to low-temperature storage, the demand for
adenosine triphosphate decreases in plants or plant parts,

Fig. 5. Changes in concentrations of (A) total ascorbate [reduced ascorbate (AA) + oxidized ascorbate (DHA)], (B) AA, (C) DHA, and (D) AA:DHA ratio in the
flesh tissue of ‘Blackamber’ japanese plums as influenced by cold storage at 0 C for 0 to 5 weeks (W) plus 8 d of simulated shelf conditions (21 ± 1 C). Error bars
represent SE. Least significant differences (P # 0.05) for interaction between cold storage and simulated shelf conditions are shown as bars.
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resulting in an excess or overflow of electrons during electron
transport chain in mitochondria and increased formation of
ROS (Wismer, 2003). The antioxidant enzymes such as SOD,
CAT, and POD are the primary lines of defense against the ROS
to avoid their accumulation to toxic levels (Apel and Hirt,
2004). These enzymes act in a concerted manner to maintain
ROS concentration at a low steady-state level. The decline in
the activities of SOD and CAT at 4 and 5 weeks of cold storage
(Fig. 4) suggested that the antioxidant protection system might
have degraded and failed to cope with the increasing levels of
stress resulting from prolonged chilling exposure. The activities
of all these enzymes in the fruit flesh were significantly lower
during simulated shelf conditions after 4 and 5 weeks of cold
storage in comparison with the previous weeks of cold storage.
The lower SOD activity can promote the abundance of O2%–,
which indirectly may increase the Haber–Weiss reaction rate
leading to production of the most reactive and damaging
hydroxyl radicals. The decreased activities of SOD, CAT,
and POD were coincident with the higher incidence of CI after
5 weeks of storage (Figs. 2 and 4). The correlation analysis also
showed that the severity of CI was negatively correlated
with the activities of SOD (r = –0.85), CAT (r = –0.51), and
POD (r = –0.61). These observations imply that chilling
damage occurred when activities of these antioxidant enzymes
were relatively low. Previous studies have shown that higher
activities of SOD and CAT in response to cold storage imparted
chilling tolerance in mandarins [Citrus reticulata (Sala, 1998)]
and mangoes (Zhao et al., 2009) and also conferred resistance against internal browning and skin scald in apples
[Malus ·domestica (Rao et al., 1998; Toivonen et al., 2003)].
ASCORBATE–GLUTATHIONE CYCLE. The increase in concentration of total ascorbate (AA + DHA) in fruit flesh during the
first 3 weeks of storage may be attributed to an acclimation
response to the chilling stress (Fig. 5A). The increase in total
ascorbate was mainly the result of a increase in the concentration of DHA (Fig. 5C) because the AA levels showed nonsignificant changes during the same period (Fig. 5B). These
observations showed that AA biosynthesis and oxidation were
occurring simultaneously in ‘Blackamber’ japanese plums
during cold storage and poststorage fruit ripening. The increase
in AA was observed during simulated shelf conditions after the
first 3 weeks of cold storage but not after 4 and 5 weeks. The
lower AA:DHA ratio during simulated shelf conditions after
4 and 5 weeks of cold storage showed that the equilibrium
shifted toward more oxidized state in the tissue in response
to an extended storage period (Fig. 5D). The increase in AA
during fruit ripening and chilling stress has also been reported
in tomatoes [Solanum lycopersicum (Ioannidi et al., 2009;
Stevens et al., 2008)]. The increased transcript level of
L-galactose-1-phosphate phosphatase (GPP), a regulatory enzyme in the AA biosynthetic pathway, has been closely related
to the increased AA production in response to ethylene, fruit
ripening, and chilling stress in tomatoes (Ioannidi et al., 2009).
Possibly, a similar mechanism of AA biosynthesis in ripening
japanese plums may be operating under the control of GPP,
when increased AA concentration is required in response to
chilling stress.
Increased AA concentration in ripening fruit may also be
the result of the combined action of oxidizing and recycling
enzymes. The accumulation of DHA in fruit tissue could
happen as a result of the increased activity of APX (Fig. 6A)
and decreased activities of MDHAR (Fig. 6B) and DHAR
478

Fig. 6. Changes in activities of (A) ascorbate peroxidase (APX), (B) monodehydroascorbate reductase (MDHAR), and (C) dehydroascorbate reductase
(DHAR) in the flesh tissue of ‘Blackamber’ japanese plums as influenced by
cold storage at 0 C for 0 to 5 weeks (W) plus 8 d of simulated shelf conditions
(21 ± 1 C). Error bars represent SE. Least significant differences (P # 0.05)
for interaction between cold storage and simulated shelf conditions are shown
as bars.

(Fig. 6C). The increase in APX activity during cold storage and
simulated shelf conditions might have caused oxidation of AA
into MDHA. MDHA is very unstable and thus spontaneously
dismutates into DHA and AA. MDHAR activity also increased
and reached a peak during initial stages of fruit ripening and
then decreased (Fig. 6B). It is likely that decreased activity of
MDHAR is one factor responsible for the accumulation of DHA
toward day 8 of simulated shelf conditions. The increase in
MDHAR enzyme activity and transcript levels has been linked
to increase in the concentration of AA and chilling tolerance in
tomatoes exposed to 4 C for 40 d (Stevens et al., 2008). The
data showed that the increased levels of DHA in fruit corresponded with the reduced activities of DHAR (Fig. 6C) and
J. AMER. SOC. HORT. SCI. 137(6):473–481. 2012.

Fig. 7. Changes in concentrations of (A) total glutathione [reduced glutathione (GSH) + oxidized glutathione (GSSG)], (B) GSH, (C) GSSG, and (D) GSH:GSSG
ratio in the flesh tissue of ‘Blackamber’ japanese plums as influenced by cold storage at 0 C for 0 to 5 weeks (W) plus 8 d of simulated shelf conditions (21 ± 1 C).
Error bars represent SE. Least significant differences (P # 0.05) for interaction between cold storage and simulated shelf conditions are shown as bars.

a negative correlation (r = –0.64) existed between them. The
increase in activities of MDHAR and DHAR indicated an
acclamatory response to chilling stress, which helped the
regeneration of AA toward restoration of the antioxidant
potential of the fruit. However, the levels of AA and DHA
could not be completely explained on the basis of activities of
these oxidizing and recycling enzymes because of very weak
correlations observed among these parameters. A study on the
expression profiling of the AA biosynthesis, oxidation, and
recycling genes in tomatoes has shown difficulties in explaining
the levels of AA in response to various types of stresses
resulting from biological complexities involved in various
pathways (Ioannidi et al., 2009). Overall, no significant loss
of AA was observed in ‘Blackamber’ japanese plums during
5 weeks of cold storage and a subsequent 8 d of simulated
shelf conditions, which signified better storage potential of this
cultivar. Previously, studies have also shown that the retention
of AA during cold storage was linked to good storage characteristics in some cultivars of apple (Davey and Keulemans,
2004).
Concentrations of total glutathione (GSH + GSSG) and GSH
increased during the first 2 weeks of storage followed by a
continuous decline and reached the value equivalent to at harvest (Fig. 7A–B). In response to chilling, a transient increase in
GSH levels has been reported in apples (Davey and Keulemans,
2004), suggesting the activation of the antioxidative system
to combat the increasing production of ROS (Tausz et al.,
2004). In general, a significant decrease in GSH levels has been
J. AMER. SOC. HORT. SCI. 137(6):473–481. 2012.

reported to occur during long-term cold storage of other fruit
such as mangoes (Zhao et al., 2009), oranges [Citrus sinensis
(Huang et al., 2008)], and pawpaws [Asimina triloba (Galli
et al., 2009)]. Apple cultivars high in GSH have been shown to
exhibit better storage properties (Davey and Keulemans, 2004).
The regeneration of AA by the action of DHAR is driven by
oxidation of GSH into GSSG (Apel and Hirt, 2004). The lower
levels of DHAR activity were coincident with the increased
levels of GSH during the first 2 weeks of storage compared with
at harvest (Figs. 6C and 7B). Furthermore, the increased
activities of DHAR for the first 2 to 4 d during simulated shelf
conditions might have contributed to the decrease in GSH
levels. In addition to DHAR, GR activity also determines the
concentration of GSH in the pool as it catalyzes the reduction of
GSSG into GSH. The increase in GR in response to the first 2 to
3 weeks of cold storage might have helped to regenerate the
GSH (Fig. 8A). As the storage duration progressed, the capacity
of GR to recycle GSH diminished and a similar trend was
observed during simulated shelf conditions after each week of
cold storage. The GR activity and GSH concentration were
found to be positively correlated (r = 0.84) with each other. The
decline in the activity of GR (Fig. 8A) also corresponded with
the increase in concentration of GSSG (Fig. 7C) with a negative
correlation (r = –0.66). Chilling stress has been implicated in
decreased GR activity in orange (Huang et al., 2008) and peach
[Prunus persica (Wang et al., 2006)]. GT is also involved in
providing protection against oxidative stress by detoxifying
lipid hydroperoxides through the use of GSH as a reductant. It is
479

Fig. 8. Changes in activities of (A) glutathione reductase (GR) and (B)
glutathione-S-transferase (GT) in the flesh tissue of ‘Blackamber’ japanese
plums as influenced by cold storage at 0 C for 0 to 5 weeks (W) plus 8 d of
simulated shelf conditions (21 ± 1 C). Error bars represent SE. Least
significant differences (P # 0.05) for interaction between cold storage and
simulated shelf conditions are shown as bars.

therefore likely that a decrease in GSH and increase in GSSG is
also related to the increased activity of GT required to counteract increasing lipid peroxidation products during advanced
stages of storage (Fig. 8B). The accumulation of GSSG and decrease in GSH would have led to a decrease in the GSH:GSSG
ratio in japanese plum and european plum fruit flesh tissue as
reported in pawpaw (Galli et al., 2009).
TOTAL PHENOLICS AND ANTIOXIDANT ACTIVITY. The increase in
concentration of total phenolics during initial storage period
could be the result of activation of phenylpropanoid metabolism in response to chilling stress as reported in grapes [Vitis
vinifera (Sanchez-Ballesta et al., 2007)], pawpaws (Galli et al.,
2009), and japanese plums (Dı́az-Mula et al., 2009) (Fig. 9A).
The increased production of phenolic compounds in the tissue
imparts resistance against different abiotic and biotic stresses
(Sanchez-Ballesta et al., 2007). On the other hand, the prolonged storage for 4 and 5 weeks resulted in decrease in concentration of total phenolics (Fig. 9A), which could possibly be
the result of their use as a substrate of polyphenol oxidase in
the browning reactions involved in CI (Galli et al., 2009) and
also as antioxidants in peroxidase-mediated removal of H2O2
because of the coexistence of phenolics and peroxidases in the
vacuoles. The data showed that severity of CI was negatively
correlated (r = –0.70) with the concentration of total phenolics.
The prolonged storage has been shown to cause a decrease in the
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Fig. 9. Changes in total phenolics concentration expressed as chlorogenic acid
equivalents (CAE) (A) and antioxidant activity expressed as ascorbic acid
(AA) equivalents (B) in the flesh tissue of ‘Blackamber’ japanese plums as
influenced by cold storage at 0 C for 0 to 5 weeks (W) plus 8 d of simulated
shelf conditions (21 ± 1 C). Error bars represent SE. Least significant
differences (P # 0.05) for interaction between cold storage and simulated
shelf conditions are shown as bars.

levels of phenolics in grapes (Sanchez-Ballesta et al., 2007),
mangoes (Zhao et al., 2009), and pawpaws (Galli et al., 2009).
The antioxidant capacity in the flesh tissue of japanese plums
is mainly the result of the presence of phenolic compounds; very
little contribution by other compounds has been reported
(Dı́az-Mula et al., 2009; Gil et al., 2002). The pattern of changes
in antioxidant activity was similar to the changes in total
phenolics (Fig. 9B) and a positive correlation (r = 0.76) was
observed between them. It could be argued that phenolic
compounds in cooperation with other antioxidative components during initial stages of storage contributed to maintaining
ROS at low levels and thus protected the tissue from oxidative
injury. The increase in storage duration accompanied by the
decrease in total phenolics and reduced efficiency of other
antioxidative systems might have contributed to the build-up
of oxidative stress to potentially damaging levels.
Our data illustrated the dynamics of enzymatic and nonenzymatic antioxidative systems in ‘Blackamber’ japanese plums
during up to 5 weeks of cold storage at 0 C followed by 0 to 8 d of
simulated shelf conditions after each week of storage. The third
week of storage at 0 C was identified as the critical point after
which degeneration of the antioxidative system proceeded and
led to near collapse during shelf conditions after 5 weeks of
cold storage. If the response of antioxidant systems is taken into
J. AMER. SOC. HORT. SCI. 137(6):473–481. 2012.

account, it would be considered safe to cold-store these fruit for
3 weeks. The possibility of increasing storage duration beyond 3
weeks adds to the risk of expression of CI. The storage duration
of 3 weeks does not seem to be sufficient to accommodate fruit
marketing and long-distance marine transport. In light of this,
postharvest strategies have to be adopted to reduce the lipid
peroxidation and strengthen the antioxidative systems to reduce
the risk of development of CI in japanese plums.
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