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Abstract
To optimize storage quality of ‘d’Anjou’ pears (Pyrus communis L.) produced in the US Pacific Northwest regions, the recom-
mended harvest maturity as indicated by flesh pressure is 67 to 58N. Over-mature pears aremore susceptible to superficial scald and
inferior eating quality after storage. However, a significant portion of pears is harvested at an over-mature stage due to rapid on-tree
maturation during years with labor shortages. 1-Methylcyclopropene (1-MCP) extends storage quality of pears but interferes their
ultimate ripening capacity. The purpose of this work was to evaluate the effect of 1-MCP on over-mature ‘d’Anjou’ pears. Fruit from
two orchards at fruit firmness (FF) 55.6 and 56.0 N were treated with 0.15 μL L−1 1-MCP, held at − 1.1 °C for up to 7 months. 1-
MCP treatment significantly inhibited ethylene synthesis and respiration rate, reduced superficial scald, and maintained high storage
quality of over-mature pears from two orchards during 7 months of storage. After 7 months of storage at − 1.1 °C, some of the pears
fromOrchard 1 recovered ripening capacity after 5 days at 20 °C. The development of superficial scald in over-mature ‘Anjou’ pears
was associated with the accumulation of α-farnesene and conjugated trienols (CTols). 1-MCP significantly inhibited the develop-
ment of scald, perhaps by alleviating membrane lipid peroxidation and enhancing total antioxidant capacity, antioxidant metabolites
(i.e., total polyphenols (TP) and total flavonoids (TF)), and related enzyme activities (i.e., superoxide dismutase (SOD), catalase
(CAT)) in pear skin. Overall, this study provides the preliminary basis for commercial application of 1-MCP in over-mature pears
and demonstrates its potential to maintain fruit quality and reduce the incidence of superficial scald.
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Introduction

In the US Pacific Northwest regions, ‘d’Anjou’ is the most
widely produced European pear (Pyrus communis L.) with an-
nual production of about 222 million kilograms. They are most
enjoyed when ripened to a melting (buttery and juicy) texture at
a warm temperature after removal from cold storage
(Villalobos-Acuña and Mitcham 2008; Sugar and Basile
2013; Dong et al. 2018). Optimum storage conditions for
‘d’Anjou’ pears is ~ 5 months in regular air at − 1.1 °C or ~

8 months in controlled atmosphere (CA) at − 1.1 °C with O2 at
1.5 kPa and CO2 at < 1 kPa. In optimal storage conditions,
pears maintain quality attributes with minimal occurrence of
storage disorders (Mellenthin et al. 1980; Chen et al. 1983).
Superficial scald has been well documented as the physiologi-
cal disorder of the greatest economic impact in ‘d’Anjou’ pears
(Whitaker 2007; Yu andWang 2017). It is the result of necrosis
of the hypodermal cortical tissue and manifests as brown or
black patches on the skin, appearing after storage (Lurie and
Watkins 2012). Damaged to cells in the peel tissue is thought to
be induced and exacerbated by conjugated trienols (CTols), the
oxidation products of (E, E)-α-farnesene (Chen et al. 1990;
Whitaker 2007). However, neither α-farnesene nor CTols ac-
cumulation is directly correlated with scald development
(Whitaker et al. 2000; Calvo et al. 2015). A substantial number
of references have shown that an efficient antioxidant system is
involved in the development of scald (Barden and Bramlage
1994a, 1994b; Ahn et al. 2007; Tsantili et al. 2007; Rudell and
Mattheis 2009; Zhao et al. 2016).
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Current commercial control for scald in ‘d’Anjou’ pear relies
on pre-storage application of antioxidant 1,2-dihydro-6-ethoxy-
2,2,4-trimethyl-quinoline (ethoxyquin) (Hansen and Mellenthin
1979; Chen 1990). However, this control is inadequate andmore
significant storage losses due to scald occur in certain years
(Wang 2016). Additionally, the European Union has withdrawn
authorization for plant protection products containing
ethoxyquin (Xie et al. 2014). Alternatives to ethoxyquin are
required. Ethylene biosynthesis triggers the synthesis of α-
farnesene and induces the accumulation of CTols, resulting in
the development of scald (Fan et al. 1999; Gapper et al. 2006;
Jung & Watkins 2008; Xie et al. 2014). 1-Methylcyclopropene
(1-MCP) is an inhibitor of ethylene receptors that retards
ethylene-dependent responses such as ripening, senescence,
and physiological disorders (Sisler and Serek 1997; Sisler et
al. 2003; Watkins et al. 2000). Based on the differences in
European pear development, storability, and response to ethyl-
ene, cultivars are grouped into two categories: summer pears and
winter pears. ‘d’Anjou’ pear belongs to the winter pears catego-
ry and requires a minimum of 0.15 μL L−1 1-MCP for effective
development scald control, while the summer pears require two-
fold 1-MCP concentration (Argenta et al. 2003; Chen and Spotts
2005; Bai et al. 2006; Xie et al. 2014; Xie et al. 2016).

Maturity at harvest plays a pivotal role in the optimization of
fruit quality following storage. When harvested at the optimal
maturity, ‘d’Anjou’ pears have a relatively long storage life,
low storage loss, and develop a buttery and juicy texture with
full flavor after storage at − 1.1 °C for 2 to 4months (Chen et al.
1983; Sugar 2007). However, over-mature fruit are prone to
reduce firmness and green color, more susceptible to scald,
and develop ripening capacity earlier than the optimum harvest-
ed fruit (Chen and Mellenthin 1981; Chen et al. 1983; Calvo et
al. 2015). In normal seasons, commercial harvest maturity for
‘d’Anjou’ pears begins as firmness decreases to ~ 67 N and
endswhen firmness reaches ~ 58N over the course of ~ 14 days
(Chen et al. 1983; Sugar 2007). However, during abnormally
hot seasons, or during seasons with labor shortages, fruit re-
mains on tree faster longer, and ripens more quickly, resulting
in some fruit being harvested at an over-mature stage.

The objectives of this study were to (1) evaluate the effect
of 1-MCP on storage and eating quality and superficial scald
development in over-mature ‘d’Anjou’ pears after long-term
cold storage, and (2) to determine the effect of 1-MCP on the
catabolism of α-farnesene and antioxidant system in fruit peel
associated with scald development.

Materials and Methods

Fruit and Treatments

‘d’Anjou’ pears were harvested frommature trees in two com-
mercial orchards with the different elevation (Orchard 1,

Odell, fruit firmness ≈ 55.6 N, elevation 210 m; Orchard 2,
Parkdale, fruit firmness ≈ 56.0 N, elevation 526 m) in Hood
River, OR. Fruit from three blocks in each orchard were mixed
within each block and defect-free fruit were packed in 24
wooden boxes (~ 80 fruit per box) with standard perforated
polyethylene liners and immediately moved into cold storage
at − 1.1 °C and > 90% relative humidity. After 24 h of storage,
12 boxes of each orchard were exposed to 1-MCP
(SmartFresh®, AgroFresh, Spring House, PA, USA) in an
airtight room (39.8 m3) with a circulation fan at − 1.1 °C for
24 h as recommended by the manufacturer. The initial con-
centration of 1-MCP was determined by gas chromatography
and was 0.15 μL L−1 for 1-MCP-treated pears. After treat-
ments, all fruit were stored at − 1.1 °C for 7 months. Three
replicates of one box each per treatment were removed after 5,
6, or 7 months of storage and fruit were evaluated for physi-
ological, biochemical, and fruit quality attributes. Fruit were
held at 20 °C for 1, 3, or 5 days. Peel samples (2 mm in
thickness) were removed and quick-frozen in liquid nitrogen,
then stored at − 80 °C for subsequent analysis. Before analy-
ses, the frozen peels were pulverized in mortars into a powder
in liquid nitrogen.

Ethylene Production and Respiration Rates

Ethylene production and respiration rates of five fruit per rep-
licate were measured from each treatment. Fruit were sealed in
a 3.8-L air-tight jar for 1 h at 20 °C. Headspace gas samples
were withdrawnwith a 1-mL gas-tight syringe. The headspace
ethylene concentration was measured by injecting the gas
sample into a gas chromatograph (GC-8A; Shimadzu,
Tokyo, Japan) equipped with a flame ionization detector and
a Porapack Q column (80/100 mesh, 3 mm in diameter, 2 m
long). The carrier gas was nitrogen at a flow rate of
0.8 mL s−1, the oven temperature was 90 °C, and the injector
and detector temperatures were 140 °C. An external standard
of ethylene was used for calibration. Ethylene production was
expressed as ng kg−1 s−1. The headspace CO2 concentration
was measured using a CO2 analyzer (900161; Bridge
Analyzers Inc., Alameda, CA, USA) and expressed as
μg CO2 kg

−1 s−1.

Fruit Flesh Firmness (FF), Peel Chlorophyll Content,
Soluble Solids Content (SSC), Titratable Acidity (TA),
and Sensory Quality

Peel chlorophyll content was estimated at two opposite loca-
tions on the fruit surface near the equator using a DA meter
(Sinteleia, Bolonga, Italy) and expressed as IAD value. FF was
measured using a texture analyzer (GS-14, GüssManufacturing
Ltd., Strand, South Africa) equipped with a 8-mm probe, at
9 mm of penetration and at a speed of 9 mm s−1. The maximum
force was recorded and expressed as newtons (N). Two FFwere
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obtained per fruit on opposite sides of the equator after remov-
ing 2-mm thickness of peel disks. After firmness determination,
100 g of flesh tissue was macerated for 3 min using a juicer
(6001; Acme Juicer Manufacturing Co, Sierra Madre, CA,
USA) equipped with a uniform strip of milk filter (Schwartz
Manufacturing Co., Two Rivers, WI, USA). SSC of the juice
was determined using a digital refractometer (PAL-1; Atago,
Tokyo, Japan). TA was determined by titrating 10 mL of the
juice to pH 8.1 using 0.1 mol L−1 NaOH with a commercial
titration system (T80/20; Schott-Gerate, Hofheim, Germany)
and expressed as percentage (grams per 100 mL juice) of malic
acid equivalent. After 5, 6, or 7 months of storage and 5 days at
20 °C, a panel of 13 taste testers was trained to recognize and
score the sensory quality of the pears (Dong et al. 2018).
Sensory quality (buttery-juicy texture score) was scored on a
five-point hedonic scale. Fruit with highly, moderately, or
slightly buttery-juicy texture were rated as 5, 4, or 3, respective-
ly, and those rated as moderately or very firm or with moder-
ately or very mealy flesh texture were rated as 2 or 1, respec-
tively. Scale anchor points and definitions were determined in
an orientation session before the first evaluation. An average
score of 3 or higher was defined as commercially acceptable.

Evaluation of Superficial Scald

Superficial scald was assessed visually on 40 fruits of each
replicate after 5 days at 20 °C upon removal from cold storage
for 5, 6, or 7 months. Scald incidence was expressed as the
percentage of fruit affected with commercially unacceptable
scald (> 0.6 cm2) as described by Wang (2016).

α-Farnesene and Conjugated Trienols (CTols)

α-Farnesene and CTols were measured as describe by Anet
(1972) with slight modification. Fruit peels of 2 mm thickness
were taken from five fruit of each replicate after being held at
20 °C for 1, 3, or 5 days. Samples were weighed and im-
mersed in 25 mL of hexane (HPLC-grade; Fisher Scientific,
Fair Lawn, NJ, USA) in a covered beaker. The beakers were
shaken with an orbital shaker (VCOS-4P; PRO Scientific,
Oxford, CT, USA) at 20 °C for 30 min. After extraction, the
solvent was filtered withWaterman filter paper. Absorbance at
232 nm (α-farnesene) and 281–290 nm (CTols) was recorded
using a spectrophotometer (Ultrospec 3100 Pro, Biochrom
Ltd., Cambridge, UK). Concentrations of α-farnesene and
CTols were calculated using molar extinction coefficients
ε232 nm = 27,740 for α-farnesene and ε281–290 nm = 25,000
for CTols and expressed as mg kg−1 fresh mass.

Malondialdehyde (MDA)

MDAwasmeasured as described byWang (2016). Briefly, 2 g
of peel tissue powder were homogenized in 5 mL of 10% (w/

v) trichloroacetic acid and centrifuged at 10,000g for 15min at
4 °C. The supernatant (2 mL) was added to 2 mL of 0.67% (w/
v) thiobarbituric acid. After boiling for 20 min, absorbance
was measured at 450, 532, and 600 nm. The MDA concen-
tration was calculated according to the formula 6.45 × (A532 −
A600) − 0.56 × A450, and results were expressed as μmol kg−1

fresh mass.

Total Antioxidant Capacity, Total Phenolics (TP),
and Total Flavonoids (TF)

Two grams of peel tissue were extracted in 3 mL of (7:3, v/v)
ethanol/acetone (EtOH-ACE) at 37 °C for 1 h, then centri-
fuged at 10,000g for 20 min at 4 °C. The supernatants were
collected and stored at − 20 °C for subsequent tests.

Total antioxidant capacity was determined by 1,1-
diphenyl-2-picrylhydrazyl (DPPH). The ability to scavenge
DPPH free radicals was measured as described by Du et al.
(2009) with slight modification. Briefly, a 25μL sample of the
extract was added to 2 mL of 6.25 × 10−5 mol L−1 DPPH in
methanol. A control sample consisting of the same volume of
solvent was used tomeasure the maximumDPPH absorbance.
The mixture was shaken vigorously and incubated at 37 °C in
the dark for 30min, and absorbance at 517 nmwas recorded to
determine the concentration of remaining DPPH. Results were
expressed in trolox equivalents (mg kg−1 fresh mass) using a
trolox standard curve.

Total antioxidant capacity was determined by ferric reduc-
ing antioxidant power (FRAP). The FRAP assay was mea-
sured according to the method described by Du et al. (2009)
with slight modification. The stock solutions included
0.3 mol L−1 acetate buffer (pH 3.6), 10 mmol L−1 2,4,6-
tripyridyl-s-triazine (TPTZ) solution in 40 mmol L−1 HCl,
and 20 mmol L−1 FeCl3. The fresh working solution was
prepared by mixing 25 mL acetate buffer, 2.5 mLTPTZ, and
2.5 mL FeCl3. A sample of the extract (10 μL) in 1 mL dis-
tilled water was allowed to react with 1.8 mL of fresh working
solution for 10 min at 37 °C. Absorbance was measured at
593 nm, and results were expressed in trolox equivalents
(mg kg−1 fresh mass) using a trolox standard curve.

TP was measured as described by Du et al. (2009). In a 10-
mL glass tube, a sample of the extract (0.1 mL) was added to
7.9 mL of distilled water and 0.5 mL of 0.25 mol L−1 Folin-
Ciocalteu reagent. After mixing for 5 min at 20 °C, 1.5 mL of
1 mol L−1 sodium carbonate was added and incubated in the
dark at 20 °C for 2 h. Absorbance was measured at 765 nm,
and results were expressed in gallic acid equivalents (mg kg−1

fresh mass) using a gallic acid standard curve.
TF was measured as described by Du et al. (2009). In a 10-

mL glass tube, a sample of the extract (0.15 mL) was added to
3.4 mL of ethanol, 0.15 mL of 0.5 mol L−1 NaNO2, and
0.15 mL of 0.3 mol L−1 AlCl3. After mixing for 5 min,
1 mL of 1 mol L−1 NaOH was added. Absorbance was
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measured at 506 nm, and results were expressed in rutin
equivalents (mg kg−1 fresh mass) using a rutin standard curve.

Antioxidant Enzymes

Two grams of peel tissue were homogenized in 2 mL of
50 mmol L−1 potassium phosphate buffer (pH 7.8) containing
1mmol L−1 ethylenediaminetetraacetic acid (EDTA), 0.3% (v/
v) Triton X-100, and 1% (w/v) polyvinylpolypyrrolidone
(PVPP), with the addition of 1 mmol L−1 ascorbate in the case
of ascorbate peroxidase (APX) assay. The homogenate was
centrifuged at 13,000g for 20 min at 4 °C, and the supernatant
was used for the subsequent enzyme tests.

Superoxide dismutase (SOD) activity was measured as de-
scribed by Giannopolitis and Ries (1977). Briefly, a 20 μL
sample of the extract was added to 1 mL of assay reagent
(50 mmol L−1 potassium phosphate buffer (pH 7.8),
6.5 mmol L−1 methionine, 50 mmol L−1 nitro blue tetrazolium
(NBT), 20 mmol L−1 riboflavin, and 10 mmol L−1 EDTA).
One unit of SOD activity was defined as the amount of en-
zyme that cause 50% inhibition of the reduction of NBT as
monitored per min at 560 nm.

Catalase (CAT) activity was measured as described by
Aebi (1984). Briefly, a 20 μL sample of the extract was added
to 1 mL of 50 mmol L−1 potassium phosphate buffer (pH 7.8)

containing 20 mmol L−1 H2O2. One unit of CAT activity was
defined as 1 μmol L−1 of H2O2 decomposed per minute at
240 nm.

APX activity was measured as described by Nakano and
Asada (1981). Briefly, a sample of the extract (20 μL) was
added to 1 mL of assay reagent (50 mmol L−1 HEPES-KOH
(pH 7.6), 0.1 mmol L−1 EDTA-Na2, 0.5 mmol L−1 ascorbate,
and 0.2 mmol L−1 H2O2). The reaction was initiated by adding
H2O2. One unit of APX activity was defined as 1 μmol L−1 of
ascorbate oxidized per minute at 290 nm.

Statistical Analysis

Experiments were performed using a completely randomized
design. One-way analysis of variance (ANOVA) was carried
out to determine the significance of differences between
means using Fisher’s protected least significant difference
(LSD) test (P < 0.05). The data were subjected to analysis
using IBM SPSS Statistics (IBM Co., Armonk, NY, USA).

Results and Discussion

Stage of maturity at harvest is the key factor affecting the
fruit’s ripening behavior and storage potential (Chen et al.

Fig. 1 Ethylene production rate
(a, b) and respiration rate (c, d)
influenced by 0.15 μL L−1 1-
MCP in over-mature ‘d’Anjou’
pears in two orchards following 5,
6, or 7 months of storage at −
1.1 °C and 1, 3, or 5 days at 20 °C.
Values are presented as the means
± SD, n = 3. Vertical bars repre-
sent LSD values at the 5% level
for effects of orchard location,
treatment, storage time, and
poststorage ripening periods
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Fig. 2 Fruit flesh firmness (FF, a,
b) and peel chlorophyll content
(c, d) influenced by 1-MCP in
over-mature ‘d’Anjou’ pears in
two orchards following 5, 6, or
7 months of storage at − 1.1 °C
and 1, 3, or 5 days at 20 °C.
Soluble solid content (SSC, e, f)
and titratable acidity (TA, g, h) of
‘d’Anjou’ pears treated with 1-
MCP in two orchards following 5,
6, or 7 months of cold storage and
1 days at 20 °C. Vertical bars
represent LSD values at the 5%
level for effects of orchard loca-
tion, treatment, storage time, and
poststorage ripening periods.
Sensory scores of textural quality
(i, j) of ‘d’Anjou’ pears treated
with 1-MCP in two orchards fol-
lowing 5, 6, or 7 months of cold
storage and 5 days at 20 °C.
Different letters indicates signifi-
cant differences between treat-
ments according Fisher’s
protected LSD test at P = 0.05.
Values are presented as the means
± SD, n = 3
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1983; Sugar 2007). If pears are harvested at an early ma-
turity stage, their smaller size with low levels of SSC and
TA limits maximum storage life. In addition, these imma-
ture pears are more susceptible to shrivel, scald, scuffing,
and friction discoloration during the handing process. If
harvested too late, over-mature fruit will be subjected to
rapid quality deterioration during storage and show a
higher rate of decay during marketing (Chen et al. 1983;
Villalobos-Acuna and Mitcham 2008). ‘d’Anjou’ pears
harvested between 58 and 67 N require ~ 60 days of low
temperature chill to attain ripening capacity after exposure
to warmer temperature (Hansen and Mellenthin 1979;

Sugar and Einhorn 2011); when harvested between 53
and 58 N, pears need only ~ 30 days of low temperature
chill to achieve ripening capacity and develop a coarse-dry
texture after regular storage periods (Chen et al. 1983). In
this study, Orchard 1, fruit were picked at FF of ~ 56.0 N,
peel chlorophyll content of 1.88 IAD, SSC of 12.2%, TA of
2.21%, and respiration rate of 1.88 μg CO2 kg−1 s−1;
Orchard 2, fruit were picked at FF of ~ 55.6 N, peel chlo-
rophyll content of 1.85 IAD, SSC of 12.6%, TA of 2.14%,
and respiration rate of 1.83 μg CO2 kg

−1 s−1. No ethylene
production was detected in fruit from either orchard at
harvest.

Fig. 3 Superficial scald incidence
(a, b) of over-mature ‘d’Anjou’
pears treated with 1-MCP in two
orchards following 5, 6, or
7 months of storage at − 1.1 °C
and 5 days at 20 °C. Different
letters indicates significant differ-
ences between treatments accord-
ing Fisher’s protected LSD test at
P = 0.05. α-Farnesene (c, d) and
conjugated trienols (CTols, e, f)
influenced by 1-MCP in over-
mature ‘d’Anjou’ pears in two
orchards following 5, 6, or
7 months of storage at − 1.1 °C
and 1, 3, or 5 days at 20 °C.
Values are presented as the means
± SD, n = 3. Vertical bars repre-
sent LSD values at the 5% level
for effects of orchard location,
treatment, storage time, and
poststorage ripening periods
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Effect of 1-MCP on Ethylene Production
and Respiration Rates of Over-Mature Pears
After Long-Term Storage

Ethylene production rate in the control fruit from the two
orchards dramatically increased during ripening at 20 °C for
5 days after 5, 6, or 7 months of storage, while 1-MCP
inhibited the increase of ethylene production in the treated
fruit (Fig. 1). However, after 7 months of storage and 5 days
at 20 °C, the efficacy of 1-MCP weakened against ethylene
production; similar results were observed in 1-MCP-treated
‘Comice’ pear after long-term storage (Dong et al. 2018).
Compared with the untreated control, respiration rates of the

1-MCP-treated fruit from the two orchards were significantly
lower after removal from cold storage and during ripening at
20 °C.

Effect of 1-MCP on Storage and Eating Quality
of Over-Mature Pears After Long-Term
Storage

After receiving a minimum chilling, ‘d’Anjou’ fruit attain the
ability to soften to between 14 and 23 N with extractable juice
below 650 mL kg−1, and to develop a buttery-juicy texture
with a characteristic full flavor after removal from cold storage

Fig. 4 Malondialdehyde (MDA,
a, b) and total antioxidant
capacity determined by 1,1-
diphenyl-2-picrylhydrazyl
(DPPH, c, d) or ferric reducing
antioxidant power (FRAP, e, f) of
over-mature ‘d’Anjou’ pears
treated with 1-MCP in two or-
chards following 5, 6, or 7 months
of storage at − 1.1 °C and 1, 3, or
5 days at 20 °C. Values are pre-
sented as the means ± SD, n = 3.
Vertical bars represent LSD
values at the 5% level for effects
of orchard location, treatment,
storage time, and poststorage rip-
ening periods
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and 7 days at 20 °C (Chen and Borgic 1985). Compared with
the initial, the control fruit declined in FF and peel chlorophyll
content during ripening at 20 °C for 5 days following 5, 6, or
7 months of storage (Fig. 2). Pears turned to buttery-juicy
texture at ripening after 5 months of storage. However, after
7 months of storage at − 1.1 °C and 5 days at 20 °C, sensory
scores of textural quality in the control fruit decreased to 2.7
and 2.9 for Orchard 1 and 2, respectively, and a coarse-dry
texture was observed in these over-mature fruit. By contrast,
1-MCP-treated fruit maintained higher SSC and TA than the
control fruit during 5, 6, or 7 months of storage. 1-MCP
slowed the decline of FF and peel chlorophyll content during
cold storage or ripening. After 7 months of storage and 5 days
at 20 °C, some of 1-MCP-treated fruit in Orchard 1 developed
ripening capacity and buttery-juicy texture.

Postharvest application of 1-MCP at 0.1–0.3 μL L−1 main-
tained and improved storability of ‘d’Anjou’ pears by
blocking ethylene receptors, alleviating reduction in green
color, and reducing ethylene-dependent physiological disor-
ders during storage. However, the efficacy of 1-MCP entirely
interfered the fruit’s ripening capacity in that these fruit were
not able to develop a buttery-juicy texture after subjected to
room temperature (Chen and Spotts 2005; Xie et al. 2014;
Wang 2016; Dong et al. 2018). In this study, although treating
fruit with 1-MCP inhibited ethylene synthesis during 5 and
6 months of storage, some of these pears, particularly in

Orchard 1, produced amounts of ethylene and recovered rip-
ening capacity during ripening after 7 months. Results indi-
cated that 1-MCP applied to over-mature pears offset the
existing ethylene receptors when pears stored for 6 months
at − 1.1 °C, but new ethylene receptors might be formed after
longer-term storage. As a result, these new ethylene receptors
acted in a coordinated manner to activate ethylene responses
and ripening processes.

Xie et al. (2014) found that ‘d’Anjou’ pears harvested be-
tween 62 and 55 N and treated with 0.15 μL L−1 1-MCP did
not develop ripening capacity within 7 days at 20 °C following
8 months of storage at − 1.1 °C. However, in this study, some
1-MCP-treated pears recovered ripening capacity and began to
synthesize more ethylene after 7 months of storage and 5 days
at 20 °C. Therefore, another possibility for recovering of rip-
ening capacity in 1-MCP-treated fruit might be attributed to the
high accumulated cold units (ACUs) which is calculated as the
total numbers of hours, in the previous 42 days prior to the first
day of commercial maturity, based on FF at 65 N. Generally,
ACUs are positively linearly correlated with the increase of
elevation (Ma et al. 2001). Pears produced at higher elevation
accumulated greater internal ethylene concentration (Wang
and Sugar 2015). This indicated that 1-MCP efficacy was af-
fected by harvest maturity and production elevation, with a
reduced efficacy to bind tightly with ethylene receptors inmore
mature fruit produced at higher elevations.

Fig. 5 Total phenolics (TP, a, b)
and total flavonoids (TF, c, d)
influenced by 1-MCP in over-
mature ‘d’Anjou’ pears in two
orchards following 5, 6, or
7 months of storage at − 1.1 °C
and 1, 3, or 5 days at 20 °C.
Values are presented as the means
± SD, n = 3. Vertical bars repre-
sent LSD values at the 5% level
for effects of orchard location,
treatment, storage time, and
poststorage ripening periods
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Effect of 1-MCP on Superficial Scald,
α-Farnesene, and CTols of over-Mature Pears
After Long-Term Storage

Previous research had demonstrated that 1-MCP was effective
against the development of superficial scald in ‘d’Anjou’ pears
for up to 6 months in air at − 1.1 °C (Xie et al. 2014), and at
least 9 months in controlled atmosphere under O2 at 1.5 kPa
(Bai et al. 2006). In this study, control fruit from Orchard 1 and
2 developed 51 and 55% superficial scald incidence, respective-
ly, after 5 months of storage, while after 7 months, the superfi-
cial scald incidence increased to 63 and 66% (Fig. 3). Treating

fruit with 1-MCP significantly reduced the appearance of scald
and developed only 5% for Orchard 1 and 2, alike, after
7 months of storage. The amount of α-farnesene and CTols in
the control fruit from the two orchards increased dramatically
following storage and was higher than in the 1-MCP-treated
fruit even in ripening. This confirmed that 1-MCP effectively
decreased the accumulation of α-farnesene and CTols during
cold storage or in ripening (Xie et al. 2014;Wang 2016; Yu and
Wang 2017). However, after 5 months of storage, 1-MCP-
treated pears showed a slight incidence of scald, which in-
creased thereafter, indicating that long-term storage time and
late harvest maturity impaired the efficacy of 1-MCP.

Fig. 6 Superoxide dismutase
(SOD, a, b), catalase (CAT, c, d),
and ascorbate peroxidase (APX,
e, f) influenced by 1-MCP in
over-mature ‘d’Anjou’ pears in
two orchards following 5, 6, or
7 months of storage at − 1.1 °C
and 1, 3, or 5 days at 20 °C.
Values are presented as the means
± SD, n = 3. Vertical bars repre-
sent LSD values at the 5% level
for effects of orchard location,
treatment, storage time, and
poststorage ripening periods
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Effect of 1-MCP on MDA, Total Antioxidant
Capacity, and Antioxidants of Over-Mature
Pears After Long-Term Storage

Scald development is associated with an imbalance of oxida-
tive metabolism caused by reactive oxygen species (ROS) and
resulting in lipid peroxidation, protein denaturation, and deg-
radation of cellular organs. Fortunately, plants developed the
capacity to eliminate oxidative stress via antioxidant systems
which included antioxidant metabolites and antioxidant en-
zymes (Lurie and Watkins 2012). In apple, primary oxidative
damage in membrane systems is attributed to lipid peroxida-
tion (Rao et al. 1998). In this study, MDA content in the
control fruit increased from 3.3 to 4.4 μmol kg−1 and from
2.3 to 3.7 μmol kg−1 for Orchard 1 and 2, respectively, after
7 months of storage; this upward trend continued during rip-
ening at 20 °C (Fig. 4). However, 1-MCP treatment reduced
the accumulation of MDA in the two orchards, probably due
to scavenging ROS and protectingmembrane integrity (Li and
Wang 2009). Barden and Bramlage (1994a and 1994b) report-
ed that late harvest apples had high antioxidant contents at
harvest. However, after long-term storage, these fruit had low-
er antioxidant capacity and higher scald incidence than fruit
harvested at commercial maturity (Calvo et al. 2015). In this
study, 1-MCP treatment maintained higher antioxidant capac-
ity (DPPH and FRAP) and antioxidants (TP and TF) than the
controls in either orchard over the entire cold storage and
ripening periods (Figs. 4 and 5). These greater antioxidant
capacity and antioxidant contents in 1-MCP-treated fruit
curtailed the oxidation of α-farnesene to CTols and provided
benefits in reducing the development of scald.

Effect of 1-MPC on Antioxidant Enzymes
of Over-Mature Pears After Long-Term
Storage

In pear fruit, 1-MCP enhances ROS scavenging systems and
superficial scald resistance by maintaining high activities of
SOD, CAT, and peroxidase (POX) and low activities of glu-
tathione reductase (GR) and monodehydro-ascorbate reduc-
tase (MDHAR) (Gao et al. 2015; Zhao et al. 2016; Zhou et
al. 2017). In this study, SOD activity was lower in all fruit
from the two orchards after 7 months of cold storage than that
after 5 or 6 months, and dramatically decreased during ripen-
ing at 20 °C (Fig. 6). Compared with the control, 1-MCP-
treated fruit maintained higher levels of SOD activities after
7 months of storage and ripening at 20 °C. For Orchard 1,
CAT activity increased in the control and 1-MCP-treated fruit
during cold storage. However, during ripening at 20 °C after 6
and 7 months, CAT activity in control fruit progressively de-
creased, while 1-MCP treated fruit maintained a stable high
CAT activity. For Orchard 2, although no significant changes

were observed in CAT activities of control fruit following
7 months of storage and 5 days at 20 °C, 1-MCP treatment
sustained higher CAT activities, and increased after 6 and
7 months of storage and 5 days at 20 °C. Results indicated
that the higher activities of SOD and CAT might more effi-
ciently convert the superoxide anion (O2

·−) and hydrogen per-
oxide (H2O2) into water and oxygen resulting in alleviation of
oxidative damage (Apel and Hirt 2004). In addition, H2O2 is
converted into water by the action of APX and glutathione
peroxidase (GPX) via the ascorbate-glutathione cycle.
However, lower activities of APX were observed in 1-MCP-
treated pears during cold storage or in ripening, indicating that
1-MCP differentially affected the activities of antioxidant en-
zymes (Shaham et al. 2003). Therefore, activities of SOD and
CAT might contribute to the control of scald development.

Conclusion

The results of the present study demonstrate that 1-MCP at
concentration of 0.15 μL L−1 could be applied in over-mature
‘d’Anjou’ pears (FF at 55~56 N) harvested from higher ele-
vations to reduce the development of superficial scald. 1-MCP
suppressed ethylene production and respiration rates, delayed
losses in storage and eating quality, and inhibited the accumu-
lation of α-farnesene and CTols. And some of 1-MCP-treated
pears recovered ripening capacity with a buttery-juicy texture
after 7 months of storage at − 1.1 °C and 5 days at 20 °C. In
addition, higher antioxidant capacity (DPPH and FRAP), an-
tioxidants (TP and TF), and antioxidant enzyme activity (SOD
and CAT) in 1-MCP-treated pears had the positive effect of
reducing α-farnesene catabolism and scavenging oxidative
damage after long-term storage. When properly used, 1-
MCP has the potential to extend storability, expand the mar-
keting season, control scald, and support recovery of ripening
capacity of over-mature ‘d’Anjou’ pears picked in hot seasons
or during labor shortages.
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