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Summary

‘Wujiuxiang’ (Pyrus bretschneideri R. x Pyrus communis L.) pear
often suffers from superficial scald after a long-term of cold storage.
In this study, harvested ‘Wujiuxiang’ pear fruits were fumigated
with 1-methylcyclopropene (1-MCP) at concentrations of 0.5 uL/L
and 1.0 pL/L and subsequently stored at low temperature (0 °C).
The superficial scald index; flesh firmness; total soluble solids
(TSS) content; respiration and ethylene production rates; relative
membrane permeability; contents of «a-farnesene, conjugated
trienols (CTols) and hydrogen peroxide (H,O,); and activities of
superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX), and lipoxygenase (LOX) of the peel were investigated. The
results showed that compared with control, 1-MCP reduced the
index of superficial scald; maintained a higher firmness and a lower
TSS content; inhibited the accumulation of H,O,, a-farnesene and
conjugated trienols and the increase in cell membrane permeability;
and maintained a higher activity of APX, SOD and CAT and a lower
activity of LOX. These findings indicate that 1-MCP regulates the
activities of H,O,-scavenging enzymes to inhibit the accumulation
of H,0, and thereby reduces cell membrane damage and inhibits the
accumulation of conjugated trienols. Thus, 1-MCP could decrease
the incidence of superficial scald in ‘Wujiuxiang’ pear.

Abbreviations

1-MCP, 1-methylcyclopropene; TSS, total soluble solids; CTols,
conjugated trienols; H,0,, hydrogen peroxide; SOD, superoxide
dismutase; CAT, catalase; APX, ascorbate peroxidase; LOX, li-
poxygenase

Introduction

‘Wujiuxiang’ (Pyrus bretschneideri R. x Pyrus communis L.) pear is
favored for their excellent quality of flavor and exhibit a high market
value. However, this fruit is highly susceptible to superficial scald,
which is a physiological disorder that manifests as many irregular
brown or black patches on the fruit skin after more than 90 days of
cold storage and during subsequent shelf life (DONG et al., 2012),
resulting in reduced fruit quality and economic loss.

It has been suggested that scald development in apple and pear is
related with the accumulation of a-farnesene and its oxidation
products, namely, conjugated trienols (CTols), which accumulate
progressively in the fruit peel during storage (DU and BRAMLAGE,
1993; GINE BORDONABA et al., 2013; WHITAKER, 2007). Some
studies have also shown that antioxidative enzyme activity and H,O,
accumulation are correlated with superficial scald development
(ABBASI et al., 2008; AHN et al., 2007; LARRIGAUDIERE et al., 2004;
SABBAN-AMIN et al., 2011). H,O, accumulation may cause lipid
peroxidation, which may result in cell senescence and superficial
scald (Lu et al., 2011; RAO et al., 1998; SABBAN-AMIN et al., 2011;
TIAN et al., 2013). Many postharvest methods have been established
to control scald development; however, the mechanism of superficial
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scald development has not yet been completely understood (LURIE
and WATKINS, 2012).

1-Methylcyclopropene (1-MCP), an ethylene action inhibitor, can
effectively extend the shelf life and maintain a higher quality of many
types of fruits, and it has been shown that 1-MCP can lower ethylene
production, delay softening, prevent chlorophyll degradation, retard
the decline in protein, reduce the respiration rate and volatiles and
alter the titratable acidity and sugar contents (BLANKENSHIP and
DOLE, 2003; WATKINS, 2006). Previous work has shown that 1-MCP
has significant effects on inhibiting superficial scald development in
‘Granny Smith” apple (ZANELLA, 2003), ‘Cortland’ and ‘Delicious’
apples (LU et al., 2013), ‘Rocha’ pear (ISIDORO and ALMEIDA, 2006),
‘Anjou’ pear (ARGENTA et al.,2003; BAar et al., 2009), ‘Dangshansuli’
pear (Hut et al., 2011), ‘Akemizu’ pear (LI and WANG, 2009), and
‘Asian’ pear (YAZDANI et al., 2011). Therefore, the application of
1-MCP for the control of scald development has become a promising
technology and research direction.

It has been shown that 1-MCP can inhibit scald development by
delaying the production of a-farnesene and conjugated trienols in
pear and apple fruits (EKMAN et al., 2004; ISIDORO and ALMEIDA,
2006; LU et al., 2013; YAzZDANI et al., 2011). 1-MCP can also
retain higher activities of antioxidative enzymes and inhibit H,O,
accumulation and lipid peroxidation in fruit, which may reduce scald
incidence during storage (CHIRIBOGA et al.,2013a; DONG et al., 2011;
LARRIGAUDIERE et al., 2004; L1 and WANG, 2009). However, re-
search on the regulation mechanism of 1-MCP in scald development
at cold storage is still relatively lacking.

Therefore, the objectives of this study were to investigate (1) the
effect of 1-MCP on superficial scald development and (2) the
possible mechanism of 1-MCP in inhibiting scald development in
‘Wujiuxiang’ pear during cold storage.

Materials and methods

Materials and treatments

‘Wujiuxiang’ pear fruits were harvested in Jinzhou County (Hebei,
China) at the fruit commercial mature stage (August 29, 2010).
The harvested fruits were transported to the laboratory within 2 h.
Approximately 750 kg fruits that exhibited uniformity of weight
(average weight per fruit 289.26 g), shape and color without any
visual defects were selected to take three treatments: untreated
control, 0.5 and 1.0 pL/L 1-MCP fumigation. 1-MCP (Rohm and
Haas China Inc., Beijing) fumigation treatments at 0.5 or 1.0 pL/L
were carried out using sealed plastic containers for 24 h at 25 +2 °C.
Untreated control was sealed with air. After treatment, each group
was subsequently stored at 0 °C. All experiments in this paper were
conducted directly from cold storage without shelf life. Peel samples
were periodically collected, quickly frozen in liquid nitrogen and
stored in a freezer at -80 °C.

Methods

Scald index

The scald index values were monitored throughout the cold storage.
The scald data are expressed as a scald index based on the percentage
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of the fruit surface area affected (ZANELLA, 2003), where no scald
=0,<25% =1, 25-50% = 2, and >50% = 3. The scald index
was normalized to 100 by multiplying the values by 100/3. Three
replicates were measured for each treatment, and 10 fruits were
included in each replicate.

Firmness and TSS content

The flesh firmness was measured on two opposite points on the
equatorial line of each fruit after peel removal using a fruit hardness
tester (TuoPu Instruments, Zhejiang, China; Model GY-J) mounted
on a standard drill press and fitted with an 8-mm probe.

The TSS content (°Brix) was determined with a digital refractometer
(Atago,Japan; Model PAL-1) by measuring the refractive index of the
juice extracted from the same fruits used to determine firmness. Two
opposite points per fruit were selected to determine the firmness and
TSS content of each treatment, and three replicates were measured
for each treatment with 10 fruits per replicate.

Respiration rate

The respiration rate was measured using an infrared carbon dioxide
analyzer (Kexi Instruments, Jiangsu, China; Model HWF-1A) at
0 °C after the fruits were sealed in glass desiccators (9.35 L) for
30 min. Then, a 1-mL sample of gas was withdrawn with a syringe
to analyze the respiration rate. The result was expressed as mg CO,
kg! FW h!. Three replicates were measured for each treatment with
10 fruits per replicate.

Ethylene production rate

The pear fruits were randomly selected and sealed in glass desiccators
(935 L) for 4 h at 0 °C. A I-mL sample of the headspace gas was
withdrawn with a gas-tight syringe from each desiccator through a
septum stopper and injected into a gas chromatograph (Kechuang
Instruments, Shanghai, China; Model GC-9800) that was equipped
with a GDX-502 column and a flame ionization detector (FID). The
column temperature was 78 °C, and the injection temperature was
120 °C. The carrier gas was N, with a rate of 40 mL min™!, and
the rate of ethylene production was expressed as uL kg'! FW hl.
Three replicates were measured for each treatment with 10 fruits per
replicate.

a-farnesene and conjugated trienols content

The extraction and analysis of a-farnesene and conjugated trienols
were performed as described by ANET et al. (1972) and ISIDORO
and ALMEIDA (2006) with some modifications. Four discs (I cm
in diameter) were removed from one strip of peel taken from the
equatorial portion of each pear. These discs were placed in tubes
containing 20 mL of hexane for 2 h. Two milliliters of the extract
was filtered through a Florisil column and eluted using 3 mL of
hexane for measurement of the absorbance at 232 nm. The absor-
bance of the remaining extract was measured at 281 and 290 nm.
The contents of a-farnesene and conjugated trienols per cm? of
pear peel were calculated using the molar extinction coefficients
£932 = 27,740 for a-farnesene and €51 290 = 25,000 for the conjugated
trienols. Three replicates were analyzed for each treatment with
10 fruits per replicate.

H,0; content

The H,0, content was measured according to the method described
by BELLINCAMPI et al. (2000) with some modifications. Four grams
of fresh peel were homogenized in 8§ mL of 100 mM sodium

phosphate buffer (pH 7.2) with 10 % (w/v) polyvinylpolypyrrolidone
(PVPP). The homogenate was centrifuged at 10,000 g for 10 min at
4 °C. Then, 500 pL of the supernatant fractions was added to 1 mL
of assay reagent (500 pM ammonium ferrous sulfate, 50 mM H,SOy,
200 mM xylenol orange, and 200 mM sorbitol) and 500 pL of
100 mM sodium phosphate buffer (pH 7.2). The absorbance at
560 nm was detected after 30 min of dark incubation. Standard
curves of H,O, were obtained for each independent experiment by
adding variable amounts of H,O, to 1 mL of basal medium mixed
with 1 mL of assay reagent. The data were normalized and expressed
as nmol g'! FW. Three replicates were measured for each treatment
with 10 fruits per replicate.

Relative electrolyte leakage rate

The relative electrolyte leakage was used as an indicator of the cell
membrane permeability and was measured using a conductivity meter
(YiDian Scientific Instruments, Shanghai, China; Model LeiCi DDS-
307) as described by WANG et al. (2005) with some modifications.
Four discs (1 cm in diameter) were removed from one strip of peel
taken from the equatorial portion of each pear. These discs were
placed in tubes containing 20 mL of distilled H,O for 1 h at ambient
temperature (25 °C), and the initial conductivity was then measured.
The samples were boiled for 30 min to release all electrolytes, and
after the temperature dropped to ambient temperature, the final
conductivity was measured. The percentage of electrolyte leakage
was calculated as the ratio (x100) of the conductivity measurements
before and after boiling. Three replicates were measured for each
treatment, and 10 fruits were included in each replicate.

Enzymes extractions and activities

SOD and CAT

Two grams of frozen peel were ground in liquid N, in a mortar
and pestle. The completely grinding powder was blended in 5 mL
of 100 mM phosphate buffer (pH 7.8), 2 mM DTT, 5% (w/v)
polyvinylpolypyrrolidone (PVPP), 0.1 mM EDTA and 1.25 mM
polyethylene glycol. The extract was centrifuged at 12,000xg for
30 min at 4 °C. The supernatants were transferred to fresh tubes as
the crude enzyme extract for the measurements of SOD and CAT
(LARRIGAUDIERE et al., 2004; ZAVALETA-MANCERA et al., 2007).
The SOD (EC 1.15.1.1) activity was assayed according to LARRI-
GAUDIERE et al. (2004) with some modifications and determined by
measuring the ability of SOD to inhibit the photochemical reduction
of nitroblue tetrazolium (NBT). The reaction mixture was composed
of 1.5 mL of 50 mM phosphate buffer (pH 7.0), 0.3 mL of 130 pM
L-methionine, 0.3 mL of 750 uM NBT, 0.3 mL of 100 uM EDTA-
Na,, 0.3 mL of 20 uM riboflavin, 200 pL of H,O, and 100 pL of the
crude enzyme extract. The reaction was initiated by illuminating the
assay mixture with 60 mmol m? s! white fluorescent light at 25 °C.
After 8 min, the reaction was stopped by removing the light source.
A control tube with the assay mixture and enzyme was maintained
in the dark, while another tube without the enzyme was maintained
in light conditions to serve as the control for the reduction of NBT
by light. The absorbance of the reaction was read at 560 nm. The
activity of SOD is reported as the NBT reduction in light without
enzyme minus the NBT reduction with enzyme. One unit of SOD
activity is defined as the amount of enzyme that inhibits the NBT
photoreduction by 50 % under the assay conditions. The SOD data
are presented as units of activity per mg protein.

The CAT (EC 1.11.1.6) activity was assayed according to ZAVALETA-
MANCERA et al. (2007) with some modifications. The assay mixture
(3 mL) contained 50 mM phosphate buffer (pH 7.0) and 100 pL of
the crude enzyme extract. The reaction was initiated by the addition
of 100 puL of 0.1 M H,0,. The decomposition was followed directly
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by the decrease in absorbance at 240 nm every 30 s for 2 min at
25 °C. One unit of CAT activity is defined as the amount of enzyme
that reduces the absorbance by 0.01 in one minute.

APX

The extraction of the APX enzyme was performed using 100 mM
phosphate buffer (pH 7.0), 2 mM DTT, and 5 mM ascorbate
(ZAVALETA-MANCERA et al., 2007). The APX (EC 1.11.1.11) activity
was determined by monitoring the decomposition of H,O, at
290 nm according to the method described by ZAVALETA-MANCERA
et al. (2007) with some modifications. The reaction mixture (2 mL)
contained 50 mM phosphate buffer (pH 7.0),0.1 mM EDTA,0.1 mM
ascorbate, 2.7 mM H,0, and 100 pL of the crude enzyme extract.
The reaction was initiated by the addition of H,O,. The decrease
in absorbance due to the oxidation of ascorbate was determined at
290 nm every 30 s for 3 minutes at 25 °C. One unit of APX activity
is defined as the amount of enzyme that oxidizes 1 uM ascorbate in
one minute.

LOX

The LOX enzyme was extracted using 100 mM phosphate buffer
(pH 7.5), 2 mM DTT, 1 mM EDTA, 0.1% (v/v) Triton X-100,
and 1% PVPP (AXELROD et al., 1981). The LOX (EC 1.13.11.12)
activity was assayed according to AXELROD et al. (1981) with some
modifications using sodium linoleate as the substrate. The substrate
was prepared as follow: 28 uL of sodium linoleate and 36 pL of
Tween-20 were mixed in 8 mL of oxygen-free water, and 2 M NaOH
was added to clear the solution. Finally, the volume of the solution
was set to 10 mL with distilled water. The assay mixture (3 mL)
contained 2.925 mL of 200 mM phosphate buffer (pH 7.0), 25 uL
of the substrate solution and 50 pL of the crude enzyme extract. The
reaction was initiated by the addition of the crude enzyme extract.
The absorbance of the mixture was recorded at 234 nm every 1 min
for 8 minutes at 25 °C. The LOX activity is expressed as AOD,3,
min"! mg™! protein.

The protein contents of above enzymes were determined according
to the method described by BRADFORD (1976) using bovine serum
albumin as the standard. Three replicates were extracted and
measured for each treatment with 10 fruits per replicate.

Statistical analysis

All of the data were analyzed by one-way analysis of variance
(ANOVA) according to treatment. All of the values are expressed
as the means + SE of three replicates. Differences were considered
significant at P < 0.05. All of the analyses were performed with SPSS
12.0 software (SPSS Inc. Chicago, IL, USA).

Results

Effects of 1-MCP on superficial scald index and quality

During cold storage, superficial scald was observed after 120 days
and was lowered by 1-MCP treatment, particularly by 1-MCP with
the concentration of 1.0 uL/L (Fig. 1A). These findings suggested
that the 1.0 puL/L concentration of 1-MCP was more effective for
reducing the scald incidence.

The firmness declined in all of the treatments during the storage
period, whereas the 1.0 pL/L 1-MCP-treated fruits showed higher
firmness than the control (P < 0.05, Fig. 1B). On the contrary, the
contents of TSS increased in all of the treatments, and a lower
value was obtained in the 1.0 pL/L 1-MCP-treated fruits (P < 0.05,
Fig. 1C). This result indicated that 1-MCP could delay fruit softe-
ning and senescence.
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Fig. 1: Effects of 1-MCP on superficial scald index (A), firmness (B), total
soluble solids (C), respiration rate (D), and ethylene production rate
(E) in ‘“Wujiuxiang’ pear fruits during storage at O °C. The data are
the means + SE of three replicates. The vertical bars represent the
standard errors of the means. Star represents significant difference
(P <0.05).
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Effects of 1-MCP on respiration and ethylene production rates
The respiration rates of ‘Wujiuxiang’ pear fruits were relatively
stable during cold storage, and no peak was observed. However, the
respiration rates of the 1-MCP-treated fruits were generally lower
than those of the control after 60 days of storage, and this difference
was particularly observed with the 1.0 pL/L 1-MCP treatment from
control (P < 0.05, Fig. 1D).

The ethylene production rates increased steadily in the control and
the 0.5 pL/L 1-MCP-treated fruits until 60 days and then declined,
whereas it increased markedly slower in the 1.0 pL/L 1-MCP-treated
fruit before 60 days and then remained at a lower level than that
observed in the control (P < 0.05, Fig. 1E).

Effects of 1-MCP on contents of «-farnesene and conjugated
trienols

In the control fruit, a-farnesene accumulated from an initial value
of 6.58 nmol per cm? to a peak of 81.56 nmol per cm? after 60 days
in storage and declined thereafter. The a-farnesene accumulation
in the fruits treated with 1-MCP showed similar trends; however,
it maintained a lower level with 1.0 pL/L 1-MCP than those with
0.5 uL/L 1-MCP and control (Fig. 2A).

The contents of conjugated trienols in all treated fruits increased
at later storage period; however, it accumulated less in fruits with
1.0 uL/L 1-MCP than those with 0.5 puL/L 1-MCP and control,
particularly before 105 days of storage (Fig. 2B).

Effects of 1-MCP on H,0, accumulation and activities of anti-
oxidant enzymes

H,0, accumulated progressively in the peel during cold storage,
especially after 60 days. Compared with the control, 1-MCP could
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Fig.2: Effects of 1-MCP on the accumulation of a-farnesene (A) and
conjugated trienols (B) in “Wujiuxiang’ pear fruits during storage at
0 °C. The data are the means + SE of three replicates. The vertical

bars represent the standard errors of the means. Star represents
significant difference (P < 0.05).

effectively inhibit the accumulation of H,0,, especially in the treat-
ment with 1.0 pL/L (P < 0.05, Fig. 3A).

The SOD activity in the peel steadily increased in all of the treatments
until 90 days of storage and then declined. The 1-MCP-treated fruits
maintained higher levels of SOD activity than the control, and the
1.0 uL/L 1-MCP-treated ones exhibited the highest levels (Fig. 3B).
Similar results were also observed with the CAT and APX activities.
However, the peaks of CAT and APX activities occurred on 105 d
and were 15 days later than that of SOD activity (Fig. 3C and D).
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Effects of 1-MCP on relative electrolyte leakage rate and LOX
activity

The relative electrolyte leakage rate of the peel steadily increased in
the control, reaching a value of 45.9 % after 135 days of cold storage.
At the same time, it also increased in the 1-MCP-treated fruit but
to a much lesser degree. However, the difference between 0.5 uL/L
1-MCP-treated fruits and the control was not significant (Fig. 4A).
As shown in Fig. 4B, the LOX activities in the control fruit increased
rapidly during 105 days of cold storage and then gradually decreased.
In the 1-MCP-treated fruits, the LOX activities were maintained at
a lower level during storage, and this was particularly true in the
1.0 pL/L 1-MCP-treated fruits.
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represent the standard errors of the means. Star represents significant

difference (P < 0.05).

The correlation between H,0, content and the cell membrane
permeability of the peel, and between H,0O, content and scald
index

To reveal the relationship between H,O, content and the cell
membrane permeability of the peel, and between H,O, content
and the scald index, the correlation between these variables was
calculated. The finding showed a very significant positive correlation
between the H,O, content and the relative electrolyte leakage rate
of the peel (r = 0.881, P < 0.01, Fig. 5), and a significant positive
correlation between the H,O, content and scald index (r = 0.782,
P <0.05, Fig 5).

Discussion

The plant hormone ethylene is considered not only the major
signaling molecule that regulates most aspects of fruit ripening in
climacteric fruit (PECH et al., 2012), but also an important regulator
in disorder development during storage, including superficial scald
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Fig.5: Correlation between H,O, content and the relative memebrane
permeability of the peel (@), and between H,O, content and scald
index (O) in ‘Wujiuxaing’ pear.

(LUriE and WATKINS, 2012). Owing to its effects on ethylene action,
1-MCP was applied to delay ripening, to maintain fruit quality
during storage (BLANKENSHIP and DOLE, 2003; WATKINS, 2006) and
to reduce physiological disorder, including superficial scald (BAI
et al., 2009; Hur et al., 2011; L1 and WANG, 2009; SABBAN-AMIN
et al., 2011). In *“Wujiuxiang’ pear, treatment with 1.0 uL/L 1-MCP
also significantly reduced the superficial scald index, retained a
higher firmness and a lower TSS content, and decreased the ethylene
production and respiration rates (Fig. 1). This finding suggested that
1-MCP is effective for delaying fruit softening and inhibiting the
incidence of superficial scald in ‘Wujiuxiang’ pear. Moreover, the
1-MCP concentration at 1.0 pL/L was more effective than that at
0.5 uL/L.

It was interesting that scald appeared at day 120 and become
more serious at day 135 in control during cold storage (Fig. 1A).
It suggested that scald appeared suddenly and developed quickly at
late stage of cold storage in ‘Wujiuxiang’ pear, which was similar to
‘Bartlett’ pear (WHITAKER et al., 2009). It may due to ‘Wujiuxiang’
pear is a hybrid cultivar from ‘Yali’ (Pyrus bretschneideri R.) and
‘Bartlett’ (Pyrus communis L.), and more like Europe pear (Pyrus
communis L.) in postharvest storage characteristics.

In fruit, the inhibition of ethylene production by 1-MCP is well
known. 1-MCP could almost fully inhibit ethylene production in
‘Fuji’ apple (Lu et al., 2013), ‘Granny Smith’ apple (SABBBAN-
AMIN et al., 2011), and ‘Delicious’ apple (APOLLO ARQUIZA et al.,
2005); and delayed the increase of ethylene production in ‘Bartlett’
pear (EKMAN et al., 2004), ‘Anjou’ pear (ARGENTA et al., 2003), and
‘Conference’ pear (CHIRIBOGA et al., 2013b). In this work, compared
to control, ethylene production in 1-MCP-treated ‘Wujiuxiang’
pear fruits showed similar pattern with a much lower concentration
(Fig. 1E). It suggested that the 1-MCP could partially inhibit the
ethylene action in ‘Wujiuxiang’ pears. Due to this, 1-MCP could
not fully prevent scald development (Fig. 1A), nor did it preventing
firmness loss (Fig. 1B), but both were less than in control. There are
some possible reasons for the partial inhibition of 1-MCP on ethylene
action. Firstly, it is clear that 1-MCP inhibits the ethylene responses
by blocking the ethylene receptor with the highly stable 1-MCP-
receptor complex (SISLER and SEREK, 1997). However, treatment
with 1-MCP prior to storage could only block existing receptors, but
new ethylene receptors could be formed during storage (TSANTILI
et al., 2007). Previous results showed that the transcriptional levels
of PcETRI and PcETR2 were higher in 1-MCP-treated pear fruits
than those in control during cold storage (CHIRIBOGA et al., 2013b).
It could be proposed that the inhibition effects of 1-MCP on ethylene
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action were offset by newly translated ethylene receptors during cold
storage. Secondly, the ethylene biosynthetic and signal transduction
pathways are differently affected by 1-MCP in different fruit cultivars
(DAL CIN et al., 2006), harvest maturity and storage temperature
(CHIRIBOGA et al., 2013b), the details of the inhibition mechanism
of 1-MCP on ethylene action in ‘Wujiuxiang’ pears require additonal
experiments.

Ethylene can regulate a-farnesene accumulation in apples (JU and
CURRY, 2000; WHITAKER et al., 2000) and pears (ISIDORO et al., 2006;
L1 et al., 2009). Our results also suggested that the accumulation of
a-farnesene may be associated with ethylene production. The results
showed that the productions of a-farnesene and ethylene both peaked
at 60 day and that 1-MCP inhibited the productions of ethylene and
a-farnesene (Fig. 1E and Fig. 2A). Furthermore, it has been shown
that a-farnesene metabolism may be a manipulating point to control
scald development. The reactive conjugated trienols resulting from
the oxidation of a-farnesene are believed to be directly responsible
for superficial scald (DU and BRAMLAGE, 1993; GINE BORDONABA
et al., 2013; Lu et al., 2013; WHITAKER, 2007). In our experiment,
the accumulation of a-farnesene in all fruits peaked at 60 days of
storage, whereas the accumulation of conjugated trienols showed an
increase trend at later storage period (Fig. 2), which indicates that
the production of a-farnesene is followed by the accumulation of
conjugated trienols. Thus, it further confirmed that superficial scald
was more closely associated with conjugated trienols than with
a-farnesene (GINE BORDONABA et al., 2013; LU et al., 2013).

It has been suggested that ethylene plays a fundamental role in scald
development not only by regulating the a-farnesene metabolism
but also by regulating the anti-oxidant system in the fruit (LU et al.,
2013; SABBAN-AMIN et al., 2011). It is thought that high H,O,
concentrations, which accumulate in fruits during prolonged cold
storage (DONG et al., 2011; LU et al., 2011; RAO et al., 1998), are
often regarded as an indication of oxidative stress (APEL and HIRT,
2004). H,O, together with O,” may form the radical hydroxyl -OH,
which is a powerful oxidant. This product may cause many important
metabolic changes, such as lipid peroxidation (TIAN et al., 2013),
which may result in damage to the cell membrane and physiological
disorders, such as superficial scald (LU et al., 2011, 2013; RAO
et al., 1998; SABBAN-AMIN et al., 2011). The findings showed that
the accumulation of H,O, in peel is much lower in the 1.0 pL/L
1-MCP-treated fruits than that in control during cold storage
(Fig. 3A). This effect was found to be associated with a lower
relative electrolyte leakage rate (Fig. 4A) and a lower scald index
(Fig. 1A), which reflected that the lipid peroxidation was reduced
in the 1-MCP-treated fruit, and also, the lower H,O, level was
closely related to lower relative membrane permeability and lower
scald index (Fig. 5). As another indicator of lipid degradation, LOX
activity is closely correlated with lipid peroxidation during fruit
ripening (LI and WANG, 2009; L1u et al., 2013; SINGH et al., 2012).
The data showed that the LOX activities were kept at a low level in
the 1-MCP-treated fruits (Fig. 4B). Therefore, this finding suggested
that 1-MCP can protect the membrane integrity by inhibiting H,O,
accumulation and lipid peroxidation.

In general, the H,O, levels in plant cells are regulated by H,0,-
scavenging enzymes, such as APX, SOD and CAT (Rao et al., 1996;
TIAN et al., 2013). The lower H,O, levels observed in the peel of
‘Wujiuxiang’ pears treated with 1-MCP might be resulted from the
higher activities of APX, SOD and CAT (Fig. 3B, C, D). These
results are in agreement with previous findings in ‘Blanquilla’ pear
(LARRIGAUDIERE et al., 2004) and ‘Granny Smith’ apple (SABBAN-
AMIN et al., 2011). All of the results suggested that 1-MCP can re-
duce H,0O, accumulation by improving the activities of H,O,-
scavenging enzymes.

Previous research has indicated that the extent of oxidation of
a-farnesene could be affected by anti-oxidant enzyme activities in

fruit (WHITAKER, 2004; RAO et al., 1998). In this work, the anti-
oxidant enzyme activities were higher (Fig. 3B, C, D), and the
conjugated trienols were lower (Fig. 2B) in the 1-MCP-treated fruits
than those in the control. This finding suggested that 1-MCP inhibits
the accumulation of conjugated trienols not only due to the lower
a-farnesene accumulation (Fig. 2A) but also the reduced oxidation
reaction, which may a result of the higher anti-oxidant enzyme
activities and lower H,O, levels (Fig. 3).

In conclusion, these data showed that 1-MCP delayed softening
and inhibited scald development in ‘Wujiuxiang’ pear fruit. On the
basis of these results and previous work, we propose the following
possible mechanism for the inhibition of superficial scald by
1-MCP: By inhibiting ethylene synthesis and/or signal transduction,
1-MCP stimulates the activities of H,O,-scavenging enzymes to
suppress the accumulation of H,O,, which results in the reduction
of cell membrane damage and the lower accumulation of conjugated
trienols, and thus inhibits cell death and superficial scald of peel.
However, the crosstalk between H,O, and a-farnesene metabolism
remains unclear, and future work is needed.

Acknowledgement

This research was supported by the Earmarked Fund for Modern
Pear-Industry Technology Research System of China (CARS-29-
20).

References

ABBASI,N.A.,KUSHAD, M.M.,HAFIZ,1.A.,MAQBOOL, M., 2008: Relationship
of superficial scald related fruit maturity with polyphenoloxidase and
superoxide dismutase activities in ‘Red Spur Delicious’ apples. Asian J.
Chem. 20, 5986-5996.

AHN, T., PALIYATH, G., MURR, D.P., 2007: Antioxidant enzyme activities in
apple varieties and resistance to superficial scald development. Food
Res. Int. 40, 1012-1019.

ANET, E., 1972: Superficial scald, a functional disorder of stored apples. IX.
Effect of maturity and ventilation. J. Sci. Food Agr. 23, 763-769.

APEL, K., HIRT, H., 2004: Reactive oxygen species: metabolism, oxidative
stress, and signal transduction. Annu. Rev. Plant Biol. 55, 373-399.
APOLLO ARQUIZA, JM.R., HAY, A.G., Nock, J.F., WATKINS, C.B., 2005:
1-Methylcyclopropene interactions withdiphenylamine ondiphenylamine
degradation, alpha-farnesene and conjugated trienol concentrations, and
polyphenol oxidase and peroxidase activities in apple fruit. J. Agric.

Food Chem. 53, 7565-7570.

ARGENTA, L.C., FAN, X.T., MATTHEIS, J.P., 2003: Influence of 1-methyl-
cyclopropene on ripening, storage life, and volatile production by
d’Anjou cv. pear fruit. J. Agric. Food Chem. 51, 3858-3864.

AXELROD, B., CHEESBROUGH, T.M., LAAKSO, S., 1981: [53] Lipoxygenase
from soybeans: EC 1.13. 11.12 Linoleate: oxygen oxidoreductase.
Method. Enzymol. 71, 441-451.

Bal, JH., YIN, X.H., WHITAKER, B.D., DESCHUYTTER, K., CHEN, PM.,
2009: Combination of 1-methylcyclopropene and ethoxyquin to control
superficial scald of ‘Anjou’ pears. HortTechnology 19, 521-525.

BELLINCAMPI, D., DIPIERRO, N., SALVI, G., CERVONE, F., DE LORENZO, G.,
2000: Extracellular H,O, induced by oligogalacturonides is not involved
in the inhibition of the auxin-regulated rolB gene expression in tobacco
leaf explants. Plant Physiol. 122, 1379-1386.

BLANKENSHIP, S.M., DOLE, J.M., 2003: 1-Methylcyclopropene: a review.
Postharvest Biol. Tech. 28, 1-26.

BRADFORD, M.M., 1976: A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein-dye
binding. Anal. Biochem. 72, 248-254.

CHIRIBOGA, M.A., BORDONABA, J.G., SCHOTSMANS, W.C., LARRIGAUDIERE,
C. RECASENS, 1., 2013a: Antioxidant potential of ‘Conference’ pears
during cold storage and shelf life in response to 1-methylcyclopropene.



108 M. Gao, S. Zhou, J.

Guan, Y. Zhang

LWT-Food Sci. Technol. 51, 170-176.

CHIRIBOGA,M.A., SALADIE, M., GINE BORDONABA, J., RECASENS, I., GARCIA-
Mas, J., LARRIGAUDIERE, C., 2013b: Effect of cold storage and 1-MCP
treatment on ethylene perception, signalling and synthesis: Influence
on the development of the evergreen behaviour in ‘Conference’ pears.
Postharvest Biol. Tech. 86, 212-220.

DaL CIN, V., RizziNi, EM., BOTTON, A., TONUTTI, P., 2006: The ethylene
biosynthetic and signal transduction pathways are differently affected by
1-MCP in apple and peach fruit. Postharvest Biol. Tech. 42, 125-133.

DoNg, Y., GUaN, J.F., YANG, K., L1u, L.Q., ZHANG, Y.Y., 2012: Physiol-
biochemistry difference in ‘Wujiuxiang’ pear (Pyrus communis L.
‘Wujiuxiang’) with various grade of superficial scald. J. Agr. Univ. Hebei
35, 35-40 [in Chinese].

Dong, Y., Liu, L.Q., GUaAN, J.F., 2011: Effects of 1-methylcyclopropene on
NO content, NOS activity, and H,O, content in postharvest Suli Pears.
Agr. Sci. China 10, 797-804.

Du, Z.Y., BRAMLAGE, W.J., 1993: A modified hypothesis on the role of
conjugated trienes in superficial scald development on stored apples. J.
Am. Soc. Hortic. Sci. 118, 807-813.

EKMAN, J.H., CLAYTON, M., Biasi, W.V., MITCHAM, E.J., 2004: Interactions
between 1-MCP concentration, treatment interval and storage time for
‘Bartlett’ pears. Postharvest Biol. Tec. 31, 127-136.

GINE BORDONABA, J., MATTHIEU-HURTIGER, V., WESTERCAMP, P., COUREAU,
C., DUPILLE, E., LARRIGAUDIERE, C., 2013: Dynamic changes in con-
jugated trienols during storage may be employed to predict superficial
scald in ‘Granny Smith’ apples. LWT-Food Sci. Technol. 54, 535-541.

Hui, W., N1u, R.X., SONG, Y.Q., L1, D.Y., 2011: Inhibitory effects of 1-MCP
and DPA on superficial scald of Dangshansuli pear. Agr. Sci. China 10,
1638-1645.

ISIDORO, N., ALMEIDA, D.P.F., 2006: a-Farnesene, conjugated trienols, and
superficial scald in ‘Rocha’ pear as affected by 1-methylcyclopropene
and diphenylamine. Postharvest Biol. Tech. 42, 49-56.

Ju, Z., CURRY, E.A., 2000: Evidence that a-farnesene biosynthesis during
fruit ripening is mediated by ethylene regulated gene expression in
apples. Postharvest Biol. Tech. 19, 9-16.

LARRIGAUDIERE, C., VILAPLANA, R ., SORIA, Y., RECASENS, I.,2004: Oxidative
behaviour of Blanquilla pears treated with 1-methylcyclopropene during
cold storage. J. Sci. Food Agr. 84, 1871-1877.

L1, Z.Q., WANG, L.J., 2009: Effect of 1-methylcyclopropene on ripening and
superficial scald of Japanese pear (Pyrus pyrifolia Nakai, cv. Akemizu)
fruit at two temperatures. Food Sci. Technol. Res. 15, 483-490.

Liu, R.L., LA, TF., XU, Y., TIAN, S.P., 2013: Changes in physiology and
quality of Laiyang pear in long time storage. Sci. Hortic. 150, 31-36.

Lu, X.G., Liu, X.H., L1, SF., WANG, X.J., ZHANG, L.H., 2011: Possible
mechanisms of warming effects for amelioration of superficial scald
development on ‘Fuji’ apples. Postharvest Biol. Tech. 62, 43-49.

Lu, X.G., MA, Y.P,, ZHANG, L H., Liu, X.H., 2013: Interactions of alpha-
farnesene, conjugated trienols, and anti-oxidant activity during the
development of superficial scald in ‘Fuji’ apple. J. Hortic. Sci. Biotech.
88,277-284.

LURIE, S., WATKINS, C.B., 2012: Superficial scald, its etiology and control.
Postharvest Biol. Tech. 65, 44-60.

PECH, J.C., PURGATTO, E., BOUZAYEN, M., LATCHE, A., 2012: Ethylene and
fruit ripening. Annu. Plant Rev. 44, 275-304.

RAO, M.V., PALIYATH, G., ORMROD, D.P., 1996: Ultraviolet-B-and ozone-
induced biochemical changes in antioxidant enzymes of Arabidopsis
thaliana. Plant Physiol. 110, 125-136.

Rao, M.V., WATKINS, C.B., BROWN, S K., WEEDEN, N.F., 1998: Active

oxygen species metabolism in ‘White Angel’ x ‘Rome Beauty’ apple
selections resistant and susceptible to superficial scald. J. Am. Soc.
Hortic. Sci. 123,299-304.

SABBAN-AMIN, R., FEYGENBERG, O., BELAUSOV, E., PEsIS, E., 2011: Low
oxygen and 1-MCP pretreatments delay superficial scald development by
reducing reactive oxygen species (ROS) accumulation in stored ‘Granny
Smith’ apples. Postharvest Biol. Tech. 62, 295-304.

SISLER, E., SEREK, M., 1997: Inhibitors of ethylene responses in plants at the
receptor level: recent developments. Physiol. Plantarum 100, 577-582.

SINGH, S.P., SINGH, Z., SWINNY, E.E., 2012: Climacteric level during fruit
ripening influences lipid peroxidation and enzymatic and non-enzymatic
antioxidative systems in Japanese plums (Prunus salicina Lindell). Post-
harvest Biol. Tech. 65, 22-32.

TsANTILI, E., GAPPER, N.E., ARQUIZA, J.M., WHITAKER, B.D., WATKINS,
C.B., 2007: Ethylene and alpha-farnesene metabolism in green and red
skin of three apple cultivars in response to 1-methylcyclopropene (1-
MCP) treatment. J. Agric. Food Chem. 55, 5267-5276.

TiaN, S.P., QIN, G.Z., L1, B.Q., 2013: Reactive oxygen species involved in
regulating fruit senescence and fungal pathogenicity. Plant Mol. Biol.
82,593-602.

WANG, Y.S., TIAN, S.P. , XU, Y., 2005: Effects of high oxygen concentration
on pro- and anti-oxidant enzymes in peach fruits during postharvest
periods. Food Chem. 91, 99-104.

WATKINS, C.B., 2006: The use of 1-methylcyclopropene (1-MCP) on fruits
and vegetables. Biotechnol. Adv. 24, 389-409.

WHITAKER, B.D., NoCK, J.F., WATKINS, C.B., 2000: Peel tissue a-farnesene
and conjugated trienol concentrations during storage of ‘White Angel’
x ‘Rome Beauty’ hybrid apple selections susceptible and resistant to
superficial scald. Postharvest Biol. Tech. 20, 231-241.

WHITAKER, B.D., 2004: Oxidative stress and superficial scald of apple fruit.
HortScience 39, 933-937.

WHITAKER, B.D., 2007: Oxidation products of o-farnesene associated with
superficial scald development in d’Anjou pear fruits are conjugated
trienols. J. Agr. Food Chem. 55, 3708-3712.

WHITAKER, B.D., VILLALOBOS-ACUNA, M., MITCHAM, E.J., MATTHEIS, J.P.,
2009: Superficial scald susceptibility and a-farnesene metabolism in
‘Bartlett’ pears grown in California and Washington. Postharvest Biol.
Tech. 53, 43-50.

YAZDANI, N., ARZANI, K., MOSTOFI, Y., SHEKARCHI, M., 2011: a-Farnesene
and antioxidative enzyme systems in Asian pear (Pyrus serotina Rehd.)
fruit. Postharvest Biol. Tech. 59, 227-231.

ZANELLA, A., 2003: Control of apple superficial scald and ripening-a com-
parison between 1-methylcyclopropene and diphenylamine postharvest
treatments, initial low oxygen stress and ultra low oxygen storage. Post-
harvest Biol. Tech. 27, 69-78.

ZAVALETA-MANCERA, H.A ., LOPEZ-DELGADO, H., LOZA-TAVERA, H., MORA-
HERRERA, M., TREVILLA-GARCIA, C., VARGAS-SUAREZ, M., OUGHAM,
H., 2007: Cytokinin promotes catalase and ascorbate peroxidase acti-
vities and preserves the chloroplast integrity during dark-senescence. J.
Plant Physiol. 164, 1572-1582.

Address of the corresponding author:
E-mail: junfeng-guan@263.net

© The Author(s) 2015.

This is an Open Access article distributed under the terms

of the Creative Commons Attribution Share-Alike License (http://creative-
commons.org/licenses/by-sa/4.0/).



