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a  b  s  t  r  a  c  t

Physiological  disorders  easily  occur  in  Laiyang  pear  (Pyrus  bretschneideri  cv. Laiyang)  fruit  after  harvest
and result  in  quality  deterioration  and  short  postharvest  life. In this  paper,  we  mainly  investigated  the
effects  of  1-methylcyclopropene  (1-MCP)  treatment  and  controlled  atmosphere  (CA)  with 2% O2 plus  2%
eywords:
ear
-MCP
torage quality
nti-oxidant enzymes

CO2 on  quality  of Laiyang  pear  and  storage  time.  The  results  indicated  that  1-MCP  treatment  and  CA  were
effective  in  maintaining  quality  and  prolonging  storage  time  of Laiyang  pear  fruit,  because  1-MCP  and  CA
could  significantly  delay  fruit  senescence  via  limiting  ethylene  production,  reducing  fruit  respiration  rate,
regulating  anti-oxidant  enzymes  and  membrane  permeability.  We  consider  that  the  major  action  modes
of 1-MCP  and  CA,  that  can maintain  harvested  quality  of  Laiyang  pear  fruit,  may  be  greatly  contributed
to  inhibiting  ethylene  biosynthesis  and  regulating  anti-oxidant  pathways.
. Introduction

Laiyang pear, as a known cultivar in China, has been widely
lanted in Shandong province with a long cultivation history over
00 years. The fruit is favorable for special taste and function for
uring phlegm and relieving coughs after processed as Chinese drug
Laiyang pear syrup) with a high market value. However, the fruit
hows to be a short storage time no more than 1 month in air
t room temperature, due to easily occur physiological disorders,
eading to great economic losses in postharvest storage periods.
herefore, how to effectively control physiological disorders and
xtend postharvest storage time becomes a crucial issue for affect-
ng development of Laiyang pear.

Controlled atmosphere (CA) has been widely used to store cli-
acteric fruits, because of effectively extending storage life via

ontrolling O2 and CO2 concentration (Jiang et al., 2002; Lin et al.,
004; Wu  et al., 2009). Decreased O2 and/or elevated CO2 levels
ver long-term storage can reduce respiration, delay ripening and
enescence, as well as slow down firmness loss and color changes,
hereby maintaining postharvest quality and extending shelf-life
f pear (Ke et al., 1990), longan (Tian et al., 2002) and sweet cherry
Tian et al., 2004). But the specific gas concentrations depend upon
ifferent fruit cultivars, for instance, using atmospheres of 1.5% O2
nd 3% CO2 for long time storage reduced loss of firmness, acidity,

nd scald severity in ‘Anjou’ pears (Drake, 1994).

1-Methylcyclopropene (1-MCP) is an inhibitor of ethylene
ction for extending shelf life of fruit and vegetables by blocking

∗ Corresponding author. Tel.: +86 10 62836559; fax: +86 10 82594675.
E-mail address: tsp@ibcas.ac.cn (S. Tian).
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ethylene receptors (Sisler and Serek, 1997; Blankenship and Dole,
2003). It has been widely used to extend postharvest storage life
in a wide range of fruit, such as apples (Baritelle et al., 2001),
bananas (Harris et al., 2000), avocado (Jeong et al., 2002), ‘Bartlett’
pears (Trinchero et al., 2004) and jujube fruit (Zhang et al., 2012).
Calvo and Sozzi (2004) reported that application of 1-MCP slowed
loss of firmness, titratable acidity, and color change of ‘William’s’
pears. Ekman et al. (2004) ascertained that 1-MCP could reduce the
incidence of superficial scald and other physiological disorders in
‘Bartlett’ pear fruit.

Although application of CA storage and 1-MCP treatment has
been well documented in various fruits, it is empty of the effects
of them on quality of Laiyang pear fruit in long storage periods.
Besides, the modes of actions, by which CA storage and 1-MCP regu-
late physiological properties of the pear fruit, still need to be further
explored. The objectives of our study were to investigate the effects
of 1-MCP treatment and CA storage on quality of Laiyang pear fruit
during long time storage, and the involved mechanisms related
to ethylene production, respiration rate, membrane damage and
anti-oxidant enzymes.

2. Materials and methods

2.1. Fruit and treatments

Pear (Pyrus bretschneideri cv. Laiyang) fruit were harvested at

commercial maturity in Laiyang city, Shandong province of China,
and immediately transported to Beijing on the day of harvest. Fruit
with similar size and without physical injuries or infections were
selected.

dx.doi.org/10.1016/j.scienta.2012.10.017
http://www.sciencedirect.com/science/journal/03044238
http://www.elsevier.com/locate/scihorti
mailto:tsp@ibcas.ac.cn
dx.doi.org/10.1016/j.scienta.2012.10.017
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For 1-MCP treatment, pear fruit were enclosed in a sealed air-
ight plastic tent (internal volume 1 m3) on the day of harvest.
-MCP was applied as gas released from commercial powder (Rohm
nd Haas Inc., Philadelphia, USA) dissolved in distilled water. The
nal gas concentration of 1-MCP was 1 �L L−1, and the equal vol-
me  sterile water served as control. The fruit were treated for 24 h
t 25 ◦C, and then put into polypropylene bags to maintain a high
elative humidity (95%) and stored at 0 ◦C in air, with untreated
ruit in the air as the control. For CA storage, pear fruit were stored
n CA cabinets (105 cm × 55 cm × 100 cm), in which gas composi-
ion and concentration (2% O2 plus 2% CO2) can be monitored by
n atmosphere analyzer (FC-701, Italy). Three replications for each
reatment were performed, and each replicate contained at least
00 fruits. All fruit were stored up to 8 months. Parameters of
ruit quality and physiology in each treatment were analyzed each

onth.

.2. Determination of firmness, soluble solids content, titratable
cidity

Firmness was  determined on opposite peeled cheeks of the fruit
sing a hand-held fruit firmness tester (FT-327, Italy) with an 8 mm
iameter plunger. Soluble solids content (SSC) was determined
sing a hand-held pocket refractometer (PAL-1, Japan). Twenty
rams of frozen tissue from six fruits was homogenized with 10 mL
istilled water and then centrifuged. Titratable acidity (TA) of the
upernatant was determined by titration with 0.01 mol  L−1 NaOH
o pH 8.2 and calculated as percent malic acid. There were 3 repli-
ations with 10 fruits in each treatment.

.3. Determination of ethylene production and respiration rate of
ruit

For each treatment, eight fruits were sealed in 5 L gas-tight jars
t 25 ◦C. After 3 h, a 50 mL  gas sample was collected from each jar
sing a syringe. Ethylene concentration were determined using a
as chromatography (Agilent, 7890A, USA) equipped with a FID
etector and a PLOT capillary column (15 m × 320 �m × 15 �m).
espiration rate (mg  CO2/kg/h) was measured by the same gas
hromatograph fitted with a thermal conductivity detector. There
ere 3 replications with 10 fruits in each treatment.

.4. Determination of membrane permeability

Flesh (10 g) was collected from eight fruits in each treatment and
ncubated in 50 ml  of distilled water for 3 h, and then the initial elec-
ric conductivity was measured with a conductivity meter (Model
C 215, Italy). Disks were boiled for 30 min, cooled in room temper-
ture, and then the total conductivity was measured. Membrane
ermeability was expressed as relative electric conductivity per-
entage of the initial electric conductivity. There were 3 replications
ith 10 fruits in each treatment.

.5. Determination of lipid peroxidation

Lipid peroxidation was determined by measuring malondialde-
yde (MDA) content according to the method of Heath and Packer
1968) with slight modifications. About 20 g of frozen tissue was
omogenized in 10 ml  of 10% TCA. The homogenate was centrifuged
t 12,000 × g for 30 min, and then 1.5 ml  supernatant of sample was
ixed with 2.5 ml  of 0.5% 2-thiobarbituric acid (TBA). The mixture

as heated at 100 ◦C for 30 min, and quickly cooled, then cen-

rifuged at 12,000 × g for 10 min. The absorbance was measured
t 600 and 532 nm respectively using a UV-160 spectrophotometer
Shimadzu, Kyoto, Japan). The concentration of MDA was calculated
urae 150 (2013) 31–36

using an extinction coefficient of 155 m M−1 cm−1. There were 3
replications with 10 fruits in each treatment.

2.6. Measurement of anti-oxidant enzyme

About 20 g of frozen tissue was ground with 25 ml of ice-
cold extraction buffer containing 0.5 g of polyvinyl polypyrrolidone
(PVPP) and homogenized using a Kinematica tissue grinder (Crl-
6010, Kriens-LU, Switzerland). The homogenate was centrifuged for
30 min at 12,000 × g at 4 ◦C, and the supernatants were immediately
assayed for enzyme activities using a UV-160 spectrophotometer
(Shimadzu, Kyoto, Japan). All extract procedures were carried out
at 4 ◦C. Potassium phosphate buffer (100 mM,  pH 7.0) was  used
as the extraction buffer for CAT, POD, and LOX determination. For
SOD analysis, the buffer was potassium phosphate buffer (10 mM,
pH 7.8). Activities of SOD, POD, LOX, and CAT were measured at
560, 460, 234, and 240 nm,  respectively, according to our previous
method (Wang et al., 2005).

Protein content was measured by the method of Bradford
(1976),  using BSA as the standard protein. The enzymes activity
was expressed as U mg−1 protein. Fruit samples were obtained from
10 fruits every month during the storage. Three replications were
carried out in each treatment.

2.7. Statistical analysis

Statistical analyses were performed with SPSS. All data were
analyzed for significant differences by one-way analysis of variance
(ANOVA). Differences at p < 0.05 were considered as significant.

3. Results

3.1. Effects of CA storage and 1-MCP treatment on fruit
physiology

The results showed that 1-MCP treatment and CA storage
delayed fruit ripening and affected the changes of flavor, aroma
and color during long time storage (Fig. 1C). The increase in eth-
ylene production associated with the respiration climacteric was
observed in all treatments. As compared to the control, fruit treated
with 1-MCP and stored in CA condition showed a distinctly lower
level of ethylene in the first 4 months. The ethylene production
of pear fruit reached the maximum value after 5 months in both
1-MCP and CA treatment, while 4 months in the control (Fig. 1A).
The maximum peak of respiration in the fruit treated with 1-MCP
and stored in CA condition occurred later than that of the control
(Fig. 1B). These results indicate that 1-MCP-treated and CA storage
could significantly reduce respiration rate, leading to delay in the
process of physiology and metabolism of Laiyang pear fruit.

3.2. Effects of CA and 1-MCP treatment on fruit quality

Fruit firmness showed a declining trend during storage time
in all treatments. However, both 1-MCP treatment and CA stor-
age inhibited the decline of fruit firmness (Fig. 2A). SSC content
increased at the early stage of storage, and then dropped thereafter
(Fig. 2B). The contents in 1-MCP treatment and CA were lower than
that in the control at the first 4 months, but higher at the last 3
months. TA content in both 1-MCP- and CA-treated fruit decreased
slowly compared to that in the control (Fig. 2C).

3.3. Effects of CA storage and 1-MCP treatment on membrane

permeability, lipid peroxidation and LOX activity

The membrane permeability was expressed as the relative elec-
trolyte leakage. There was a continually increase in relative leakage
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Fig. 1. Changes of ethylene production (A) and respiration rate (B) and peel color (C)
in control, 1-MCP treated, and CA storage pear fruit during long time storage at 0 ◦C.
Data are means ± SE of three replicates. Vertical bars represent standard error of
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Fig. 2. Changes of firmness (A), SSC (B), and titratable acidity (C) of pear fruit in in
◦

eans. (For interpretation of the references to color in this figure legend, the reader
s  referred to the web version of the article.)

ate after fruit harvest, suggesting a gradual loss of cell membrane
ntegrity. However, the fruit stored in CA condition and treated with
-MCP showed relatively lower level of membrane permeability
han control fruit. Furthermore, the effect of CA storage on main-
aining cell membrane integrity was better as compared to 1-MCP
reatment (Fig. 3A). Malondialdehyde (MDA) is one of the inter-

ediate products of lipid peroxidation and the content of MDA
ften is used as an indicator of lipid peroxidation resulting from
xidative stress (Dhindsa et al., 1981). The changes of MDA content

upport the evidence of membrane deterioration. MDA  content in
ontrol fruit increased quickly with prolonged storage time, and
as obviously higher than that of other treatments. At the 6th
onth, the MDA  content of 1-MCP treated and CA stored fruit
control, 1-MCP treated, and CA storage pear fruit during long time storage at 0 C.
Data are means ± SE of three replicates. Vertical bars represent standard error of
means.

is 1.6 and 1.8 times lower than that of the control, respectively
(Fig. 3B). LOX activity of the control fruit increased rapidly in the
initial period, reaching its peak value at the 4th month, and then
declined steadily. The LOX activity in the fruit treated by 1-MCP
and stored in CA condition was  distinctly lower compared to the
control fruit in the first 4 months, and reached the peak value after
5 and 6 months, respectively (Fig. 3C).

3.4. Effects of CA storage and 1-MCP treatment on CAT, POD, and
SOD activities

CAT activity firstly gradually increased in the early stage of stor-
age, and then declined thereafter in both treated and control fruit.
In the whole storage period, fruit treated by 1-MCP or stored in
CA showed markedly higher levels of CAT activity (Fig. 4A). The
tendency of POD activity in control fruit showed to be similar in

other treatments. POD activity of pear fruit decreased from 57 to
26 U mg−1 protein after 8 months storage in air. Both 1-MCP treat-
ment and CA storage could maintain relative high activity of the
enzyme, and the performance of CA storage was  better than that of
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Fig. 4. Changes of activities of CAT (A), POD (B), and SOD (C) in control, 1-MCP
C) in control, 1-MCP treated, and CA storage pear fruit during long time storage at
◦C. Data are means ± SE of three replicates. Vertical bars represent standard error
f  means.

-MCP treatment (Fig. 4B). Compared with above two  anti-oxidant
nzymes, the change of SOD activity in pear fruit was smaller, ran-
ing from 0.2 to 0.4 U mg−1, during all storage periods. CA storage
nd 1-MCP treatment showed to be more effective in maintaining
igh activity of SOD as compared to control, especially in the 3rd
nd 4th months (Fig. 4C).

. Discussion

Fruit ripening and senescence are characterized by various
hysiological and biochemical changes, including an increase in
espiration and ethylene production. Based on the respiratory
ehavior during ripening, fruit can be divided into the two  cate-

ories of climacteric and non-climacteric (McMurchie et al., 1972).
n the present study, we  found that significant peak of respi-
ation rate and ethylene production of Laiyang pear fruit were
etected at the 3rd and 4th months of storage at 0 ◦C, respectively,
treated, and CA storage pear fruit during long time storage at 0 ◦C. Data are
means ± SE of three replicates. Vertical bars represent standard error of means.

accompanying a persistent decrease in firmness and TA during
storage periods (Fig. 2A and C). In general, the ripening of fleshy
fruits represents the unique coordination of developmental and
biochemical pathways leading to changes in color, texture, aroma,
and nutritional quality of mature seed-bearing plant organs, and
ethylene plays a key regulatory role in ripening of climacteric fruit
(Lelievre et al., 1998). Many researches indicated that using exoge-
nous factors to inhibit ethylene production could significantly delay
fruit ripening (Tian et al., 2004; Zheng et al., 2007; Wang et al.,
2009). 1-MCP, as an inhibitor of ethylene perception, can interact
with ethylene receptors and thereby prevent ethylene-dependent
responses (Sisler and Serek, 1997). An exciting new strategy for
controlling ethylene production and thus ripening and senescence
of fruit, especially climacteric ones, as well as senescence of vegeta-
tive tissues, has emerged with the discovery and commercialization
of 1-MCP (Blankenship and Dole, 2003; Watkins, 2006). The effec-
tive concentrations of 1-MCP generally ranged from 0.5 to 4 �L L−1

in pear fruit (Baritelle et al., 2001; Mahajan et al., 2010). In this
study, Laiyang pear fruit treated by 1-MCP at the concentration of
1 �L L−1 or stored in CA storage (2% O2 plus 2% CO2) showed an
1 month delay in peaks of respiration rate and ethylene produc-

tion as compared to control fruit (Fig. 1A and B), indicating both
1-MCP or CA storage can effectively retard fruit senescence and
maintain quality of Laiyang pear fruit via regulating the ethylene
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athway. However, the mode of the actions of 1-MCP or CA stor-
ge may  be different, because 1-MCP effects ethylene-dependent
hanges by competing with ethylene receptors for the binding
ite (Sisler and Serek, 1997), and CA storage may  act by delaying
thylene-dependent processes by inhibiting the conversion of ACC
o ethylene (De Wild et al., 2005).

The breakdown of cell wall component and membrane dis-
uption are another physiological phenomena of fruit senescence,
esulting in increased membrane permeability as a common feature
ccompanying senescence (Paliyath and Droillard, 1992). Func-
ional membranes are fluid since phospholipids can move rather
reely in lateral dimensions, but the presence of proteins and sterols
nfluence membrane fluidity. A common feature accompanying
enescence is increased membrane permeability, expressed as
ncreasing leakage of ions (Marangoni et al., 1996). Peroxidation of
atty acids with resulting free radical formation has been described
s one of the major deteriorative processes of membranes. Lipoxy-
enase (LOX) was reported to be response for lipid degradation
rocesses and contribute to senescence-related membrane deteri-
ration (Paliyath and Droillard, 1992). Unsaturated fatty acids are
rone to attack by LOX and increased free radical production has
een observed in a variety of senescent tissues (Marangoni et al.,
996). Data here showed that LOX activity increased in the ini-
ial period and then declined steadily, which accounted for the rise
n membrane permeability and lipid peroxidation (MDA content)
uring storage. Both 1-MCP treatment and CA storage could signifi-
antly inhibit or delay the increase of MDA  content and LOX activity
Fig. 3B and C), which effectively suppressed the lipid peroxidation
n pear fruit. Wang et al. (2005) reported that CA storage maintained
etter membrane integrity of peach fruit compared to the control.
arrigaudiere et al. (1998) indicated the similar effects of 1-MCP
reatment on Blanquilla pears. Increased membrane peroxidation
eads to increased gel-phase formation and losses in membrane
unctionality, resulting in browning which is a consequence of

embrane damage caused by a combination of oxygen free radical
ction and a lack of maintenance energy (Veltman et al., 2003).

Membrane deterioration caused by oxidative damage has been
roved to be related to reactive oxygen species (ROS). Generally,
n appropriate intracellular balance between the production of
OS and scavenging exists in all cells (Stadtman, 1992). In the
enescent tissue, the balance usually is broken, and superfluous
OS are produced and accumulated (Jimenez et al., 2002). ROS at
igher concentration can cause protein degradation, membrane
eterioration, and consequently, resulting in various disorders in
ruit (Franck et al., 2007). In the previous study, we proved that
OS could cause oxidative damage of mitochondria and acceler-
te senescence processes in peach fruit (Qin et al., 2009). Oxidative
amage of specific mitochondrial proteins is greatly responsible for

mpairment of mitochondrial function, thus, leading to fruit senes-
ence. As ROS such as superoxide radical (O2

−), hydrogen peroxide
H2O2), hydroxylradical (OH) are inevitably generated in plant cells
s a consequence of normal metabolism, anti-oxidant enzymes
uch as SOD, POD and CAT play important roles in scavenging of ROS
uring the process of fruit ripening, because SOD converts O2

− to
2O2 while H2O2 is removed by CAT and POD (Jimenez et al., 2002;
ondal et al., 2004). In this experiment, we found that 1-MCP treat-
ent and CA storage could induce the activity of SOD, CAT and POD

n Laiyang pear fruit during storage (Fig. 4), which enhanced anti-
xidant capacity to scavenge ROS, maintained membrane integrity
nd retarded fruit senescence. The results was consistent with the
revious report by Rupinder and Dwivedi (2008),  who found that
-MCP induced anti-oxidant enzymes of mango during fruit ripen-
ng. However, our results firstly report the effect of 1-MCP on the
nti-oxidant enzyme activity responses in pear.

In conclusion, both 1-MCP treatment and CA storage were effec-
ive in delaying fruit ripening and senescence, via inhibiting fruit
urae 150 (2013) 31–36 35

respiration rate and ethylene production, and regulating activity of
the antioxidant enzymes, which is beneficial for maintaining qual-
ity and prolonging storage time of Laiyang pear fruit. Regulating
ethylene and anti-oxidant pathways may  act as the major action
modes of 1-MCP treatment and CA storage to control physiological
properties and harvested quality of Laiyang pear fruit.
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