Horticulture, Environment, and Biotechnology (2022) 63:499-513
https://doi.org/10.1007/513580-021-00412-4

RESEARCH REPORT

®

Check for
updates

Differential effects of postharvest 1-MCP treatment on fruit quality
and targeted major metabolites in long-term cold-stored ‘Wonhwang’
pears

Hnin Phyu Lwin'® . Jinwook Lee'

Received: 5 October 2021 / Revised: 7 December 2021 / Accepted: 7 December 2021 / Published online: 20 July 2022
© The Author(s), under exclusive licence to Korean Society for Horticultural Science 2022

Abstract

‘Wonhwang’ Asian pears could be intolerant to the incidence of physiological disorders during long-term storage. 1-Meth-
ylcyclopropene (1-MCP) technology is commonly used in the fruit industry to retain fruit quality during cold storage and
the handling period. Thus, the objectives of this study were to evaluate the effectiveness of postharvest 1-MCP treatment
on fruit physiological characteristics, physiological disorders, and the major metabolic responses of organic acids, soluble
carbohydrates, and free amino acids in long-term cold-stored ‘Wonhwang’ pears. The 1-MCP treatment reduced flesh
firmness but increased weight loss during storage. It also reduced the content of fructose, glucose, and malic acid but
retained higher levels of sucrose and sorbitol during the second half of storage compared to the untreated control. The
1-MCP application enhanced the severity and incidence of cavities and water soaking during cold storage and increased
methionine levels in cold-stored pears. The scores plot of principal component analysis indicated that 1-MCP treatment
caused the response variables to diverge during the second half of storage. Additionally, the correlation coefficient network
indicated that 1-MCP treatment differentially mediated the correlation coefficients of fruit quality parameters and targeted
metabolites in long-term cold-stored pears. These results suggest that postharvest 1-MCP application affects the differential
responses of fruit quality parameters in Asian pears stored at 0.5 °C for up to 6 months.

Keywords Correlation coefficient network - Free amino acids - Fruit quality characteristics - Organic acids -
Physiological disorder - Soluble carbohydrates

1 Introduction and handling temperature during transport and distribution

(Oh et al., 2010). Immediately after harvest, fruit quality

‘Wonhwang’ Asian pear is an early-season cultivar that
is highly attractive to Asian pear growers and distributors
because of the premium fruit quality at harvest (Kim et al.,
1995; Seo et al., 2019). Nonetheless, the physiological qual-
ity of ‘“Wonhwang’ pear fruit is highly influenced by the
fruit harvest window (Choi et al., 2015b; Hong et al., 2004)
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was relatively stable during the short-term period of inter-
national trade (Seo et al., 2019). However, flesh firmness
gradually declined with an increase in the shelf-life period
starting immediately after harvest, regardless of fruit matu-
rity (Lee et al., 2012b). The decrease in fruit firmness and
titratable acidity (TA) and the increase in weight loss and
soluble solids content (SSC) varied at room temperature
during the shelf-life period starting immediately after har-
vest (Lwin et al., 2021a). Additionally, TA was not affected
by handling temperature during transport and distribution,
but fruit weight loss and firmness were significantly affected
by the increase in the handling period (Oh et al., 2010). In
contrast, the responses of SSC and TA in terms of fruit qual-
ity attributes were not highly affected during the handling
period after 1 month of cold storage, but flesh firmness rap-
idly decreased (Choi et al., 2013). The fruit quality attributes
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of ethylene evolution and fruit CO, production rate were
greatly affected by handling temperature, depending on the
period of short-term storage (Lee et al., 2002). However,
fruit quality attributes were highly influenced by fruit size at
0.5°C for 6 months (Lwin and Lee, 2020). Storage tempera-
ture also affected fruit quality parameters along with physi-
ological disorders during storage (Jia et al., 2018).

During cold chain and the distribution period, ‘Won-
hwang’ Asian pears are vulnerable to the incidence of stor-
age disorders, such as flesh browning, water soaking (Seo
et al., 2019), mealiness, and pithiness (Oh et al., 2010). The
severity and incidence of internal browning were mainly
caused by the increases in storage temperature (Lee et al.,
2016; Moon et al., 2008). Additionally, the incidence and
severity of fruit shrivelling and decay were different depend-
ing on fruit size during storage at 0.5°C for 6 months (Lwin
and Lee, 2020). The severity of core and flesh breakdown
was increased with the augmentation in storage period and
temperature (Lee et al., 2013; Lim et al., 2007). Even with
a shelf-life period starting immediately after harvest, the
severity of internal browning, core browning, water soaking,
and cavity was increased with the prolonged fruit maturity
and handling period (Lee et al., 2011; Lee et al., 2012b). In
addition, the incidence of internal browning and mealiness
was much more severe during shelf life with an increase
in handling temperature (Lee et al., 2017b). The severity
and incidence of internal breakdown, mealiness, and water
soaking were worsened by an advance in shelf life after 1
month of storage (Choi et al., 2013). Pre-conditioning treat-
ment at 10°C right after harvest significantly reduces the
development of core breakdown during the handling period
(Choi et al., 2015a).

‘Wonhwang’ Asian pears are primarily cold-stored dur-
ing a short-term period immediately after harvest and then
are distributed during the handling period (Choi et al., 2013;
Choi et al., 2015a; Lee et al., 2017b; Seo et al., 2019).
Nevertheless, their quality is highly dependent upon fruit
size immediately after long-term cold storage (Lwin and
Lee, 2020). In general, 1-methylcyclopropene (1-MCP)
technology is commonly used in the pome fruit industry
to maintain fruit quality for up to 1 year (Mattheis, 2008;
Watkins, 2006; Watkins, 2008). Postharvest 1-MCP treat-
ment could aid in retaining flesh firmness and fruit fresh-
ness during the handling period after a bilateral trade (Seo
et al., 2019). Furthermore, the fruit quality of Asian pears
was differently affected by preharvest 1-MCP treatment
during the cold chain period (Lwin and Lee, 2021a). The
effectiveness of preharvest 1-MCP spraying technology was
dependent upon pear cultivars during cold storage (Lwin
and Lee, 2021a, b). Although fruit maturity was different,
the postharvest 1-MCP fumigation helped to maintain flesh
firmness during shelf life in “Wonhwang’ pears (Lee et al.,
2012b). The effectiveness of postharvest 1-MCP fumigation
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was dose dependent for ethylene production and SSC in
“Yali’ pears stored at 0°C (Cheng et al., 2019). Furthermore,
postharvest 1-MCP application decreased core breakdown
severity, with positive effects on fruit quality attributes
during shelf life in ‘Yali’ pears (Dong et al., 2015). The
effectiveness of postharvest 1-MCP technology was more
profound during the handling period after cold storage than
during cold storage in ‘Jingbaili’ pears (Dong et al., 2014).
However, there has been no such evaluation of postharvest
I-MCP application on fruit quality parameters and storage
disorders in ‘“Wonhwang’ Asian pears stored at 0.5°C for up
to 6 months. Therefore, the objectives of this study were to
evaluate the effectiveness of postharvest 1-MCP application
on fruit quality characteristics, major metabolites, and the
physiological disorders in ‘Wonhwang’ Asian pears stored
at 0.5°C for 6 months.

2 Materials and methods

2.1 Plant material, 1-MCP treatment, and storage
conditions

Asian pear (Pyrus pyrifolia Nakai cv. Wonhwang) fruit were
picked at a conventional pear orchard in Naju, Jeollanam-
do, Republic of Korea. Immediately after harvesting on
August 22, 2018, the fruit were shipped to the Postharvest
Physiology Laboratory at the Department of Plant Science
and Technology, Chung-Ang University, Anseong, Repub-
lic of Korea. Fruit free from decay and damage were ran-
domly screened and split into two batches: the untreated
control and 1-MCP fumigation application. The average
fresh weight of fruit used in this study were mostly from
more than 470 g fruit"! to less than 550 g fruit™!. For post-
harvest 1-MCP fumigation, pears were treated with 1 L L™!
1-MCP (3.8% active ingredient (a.i.), SmartFresh" powder,
AgroFresh Inc., Seoul, Republic of Korea) at 22°C for 16 h.
Then, pear fruit were held at 22°C with 60% relative humid-
ity for 1 d after 6 months of cold storage at 0.5°C and 90%
relative humidity.

2.2 Evaluation of fruit quality attributes

Fruit quality parameters were evaluated at harvest and 1 d
after 3 and 6 months of storage, with five fruits per repli-
cate and three replicates per treatment. Fifteen fruits were
sampled for harvest time and storage period. The percentage
of individual fruit weight loss was evaluated throughout the
experimental period (Lwin et al., 2021b). The color variables
were taken at the equator region of the peel, cortex, and core
fruit tissues with three measurements per fruit using a chro-
mameter (Minolta CR-200; Minolta Co., Osaka, Japan), and
the color variables were expressed as lightness (L*), chroma
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(C*), and hue angle (4°) (McGuire, 1992). Flesh firmness
(N) was measured with a texture analyser (TAHDi/500;
TAHD, London, UK) using an 8-mm probe from opposite
sides of individual fruits (Lwin et al., 2021b). The SSC in
extracted juice was then measured using a hand-held reflec-
tometer (Model PR-201a; Atago Co., Ltd., Tokyo, Japan)
(Byeon and Lee, 2020a). TA was assessed by titration of 5
mL pear juice with 0.1 N sodium hydroxide to an endpoint
of pH 8.2 (Seo et al., 2019).

During the experimental period, the incidence and sever-
ity of fruit storage disorder, including cortex browning,
cavity, water soaking, and shrivelling, were evaluated for
15 pears from each treatment. The incidence was obtained
from the percentage of symptomatic fruits among the total
fruit (Lee et al., 2016; Seo et al., 2019). Then, the sever-
ity of the storage disorders was subjectively determined as
follows: 0% = 0, 1-10% = 1, 11-25% = 2, 26-50% = 3,
51-75% = 4, and 76-100% = 5 based on the area affected
for the peel, cortex, and core area (Lee et al., 2013; Lee et
al., 2019b; Seo et al., 2019).

2.3 Measurement of soluble carbohydrates

Soluble carbohydrates were estimated using a previously
provided protocol (Byeon and Lee, 2020a; Lwin et al.,
2021b). Frozen ground samples (5 g) were homogenised
with 15 mL of extraction solution containing 0.1 M perchlo-
ric acid, 0.1% meta-phosphate acid, and distilled water. The
homogenate was centrifuged for 15 min at 15,000 xg and
4°C after sonication with ice for 30 min. The aliquot was
filtered through a 0.2-pm hydrophilic filter (Sartorius AG,
Gottingen, Germany) and then used for further analysis. For
individual soluble carbohydrate analysis, sample extract
(10 uL) was injected into a Dionex Ultimate 3000 (Thermo
Dionex Co., Sunnyvale, CA, USA), which consisted of a
Sugar-Pak column (300 x 6.5 mm; Waters Co., Milford,
MA, USA) and a Shodex RI-101 detector (Shodex, Tokyo,
Japan). Distilled water was used as the mobile phase, and
the flow rate of the mobile phase was set at 0.5 mL min™".
Chromatographs were acquired, and the data were recorded
using Chromeleon Ver. 6 (Thermo Dionex Co., Sunnyvale,
CA, USA).

2.4 Measurement of organic acids

Organic acids from pear cortex tissues were extracted fol-
lowing the same protocol as for the soluble carbohydrate
extraction except using distilled water as the extraction
solution. Organic acid analysis was performed with a Ulti-
mate3000 HPLC system (Thermo Dionex Co., Sunnyvale,
CA, USA), installed with an RI detector (RefractoMA X520,
ERC Inc., Saitama, Japan) set at 210 nm using an Aminex
87 H column (300x 10 mm, Bio-Rad Laboratories, Inc.,

Hercules, CA, USA), and column temperature was set at
40 °C. The elution solvent was 0.01 N H,SO, at a flow rate
of 0.5 mL min~'. The sample injection volume was 10 pL,
and the run time was 30 min. The identification and quanti-
fication of individual organic acids were performed accord-
ing to the protocol described by Byeon and Lee (2020b).

2.5 Measurement of free amino acids

The free amino acids were extracted according to a previ-
ously applied protocol for soluble carbohydrates (Byeon
and Lee, 2020a; Lwin and Lee, 2021b). Approximately 5
g of frozen ground sample was homogenised with 15 mL
of the same buffer used in soluble carbohydrate analysis.
The mixture was then centrifuged for 15 min at 15,000 xg
and 4°C. The filtered sample was dissolved in borate buf-
fer, and o-phthaldialdehyde (OPA)/meta-phosphoric acid
and fluorenyl methoxycarbonyl (FMOC) were added to the
sample for pre-column derivation. HPLC analysis was per-
formed using a Dionex Ultimate 3000 with an Agilent 1260
Infinity Fluorescence Detector (Agilent Technologies, Santa
Clara, CA, USA) at 450-nm emission and 340-nm excita-
tion for OPA and 305-nm emission and 266-nm excitation
for FMOC. Free amino acid separation was achieved on an
Inno C 5 column (4.6 x 150 mm, 5 um; Youngjin Biochrom
Co., Seoul, Korea). Detection was performed simultane-
ously using a UV detector at 338 nm. The column tempera-
ture was set at 40°C, and the derivatized extract (0.5 pL)
was injected. Mobile phase A was sodium phosphate (40
mM, pH 7), and mobile phase B was distilled water, ace-
tonitrile, and methanol at a ratio of 10:45:45 (v/v %) and
a flow rate of 0.5 mL min~'. Gradient elution followed the
previous protocol as described by Lwin et al. (2021).

2.6 Statistical analyses

Analysis of variance (ANOVA) was used to determine the
effects of 1-MCP treatment, storage duration, and the inter-
action of the two using SAS software (version 9.3; SAS
Institute Inc., Cary, NC, USA). All data were analysed using
the least significance difference test to detect mean differ-
ences at P<0.05. MetaboAnalyst 4.0 (https://www.metabo-
analyst.ca/) was used to generate the normalised heatmap
and to perform the principal component analysis (PCA) and
the Pearson’s correlation coefficient () test (Chong et al.
2018). Normalised heatmap hierarchical clustering was pro-
duced for the comparison of the normalised responses of
fruit quality attributes and targeted major metabolites using
mean-centred, Euclidean distance measurements and the
Ward clustering algorithm. PCA was performed as described
previously by Lwin et al. (2021b), and the transformed data
set was then adopted to the color system of the SigmaPlot
10.0 program (Systat Software, Inc., San Jose, CA, USA).
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Fig. 1 Physiological responses of flesh firmness, weight loss, soluble solids content (SSC), titratable acidity (TA), soluble carbohydrates (sucrose,
fructose, glucose, and sorbitol), and organic acids (citric, malic, and shikimic acids) in ‘Wonhwang’ Asian pears treated with 0 or 1 pL L™! 1-meth-
ylcyclopropene (1-MCP) at harvest and then stored at 0.5 °C for up to 6 months followed by 1 d at 22 °C. Each datum point indicates the mean
of 15 fruit replicates (n=15) + standard error (SE) for firmness, weight loss, and SSC, and three replicates (n=3)+ standard error for TA, soluble
carbohydrates, and organic acids, where SE bars are larger than the symbols

Correlation coefficient analysis of fruit quality parameters
and targeted major metabolites was performed with the
MetScape (Version 3.1.3) plug-in for Cytoscape (Version
3.8.2; https://cytoscape.org/) (Basu et al. 2017). Pearson’s
correlation coefficient analysis was applied to determine
the correlation between fruit quality attributes and targeted
major metabolites, and the resulting values, along with
assigned major metabolites to any defined categories, were
applied to detect the significance between variables (Lwin
et al. 2021b). The range of edges for the r-values of correla-
tion coefficients was set to a cut-off of »>+0.90 to generate
more relevant correlation coefficient-based networking for
the final results.

3 Results

3.1 Fruit quality parameters and incidence of
physiological disorder

Flesh firmness was slightly decreased during the first half of
storage, irrespective of 1-MCP fumigation, but 1-MCP treat-
ment sharply decreased flesh firmness, compared with the
untreated control (Fig. 1). Weight loss gradually increased
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as the storage duration advanced. The 1-MCP application
induced higher weight loss than the untreated control at the
end of storage (Fig. 1). SSC also gradually increased dur-
ing storage, but the effect of 1-MCP application was not
detected (Fig. 1). TA content was greater in control fruit
than in 1-MCP-treated fruit during storage. However, the
amount of TA did not fluctuate in the 1-MCP treatment dur-
ing storage (Fig. 1).

Lightness (L*) was significantly greater in the 1-MCP
treatment than in the control fruit of peel and cortex tissues
but relatively lower in core tissues at 6 months (Fig. 2).
Chroma (C*) was decreased in peel but increased in the cor-
tex and core during storage (Fig. 2). C* values were lower
in the 1-MCP application in the peel but higher in the cortex
and core at 6 months. The hue angle (4°) values gradually
decreased during storage (Fig. 2). Nonetheless, there were
higher peel 4° values at the end of storage and for the cortex
h° in the middle of storage in the 1-MCP treatment than in
the control.

The incidence of cortex browning was sharply increased
in the 1-MCP treatment at 6 months, but the severity of
cortex browning was not affected by 1-MCP fumigation
application (Fig. 3). The severity and incidence of cavi-
ties were highly increased during cold storage, irrespective
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Fig. 2 Responses of lightness (L*), chroma (C*), and hue angle (%°) in peel, cortex, and core tissues of “Wonhwang’ Asian pears treated with 0
or 1 uL L™! I-methylcyclopropene (1-MCP) at harvest and then stored at 0.5 °C for up to 6 months followed by 1 d at 22 °C. Each datum point
indicates the mean of 15 fruit replicates (n=15) + standard error (SE), which SE is larger than the symbol

of the 1-MCP application (Fig. 3). Nonetheless, 1-MCP
application enhanced the incidence and severity of cavities
compared with the untreated control during storage. The
incidence and severity of water soaking slowly increased
during storage, irrespective of 1-MCP fumigation (Fig. 3).
Although the incidence of water soaking tended to be higher
in the 1-MCP application than in the control at 6 months, the
severity of water soaking was not statistically different in
the 1-MCP fumigation during storage. In contrast, the inci-
dence and severity of shriveling occurred only at 6 months
and were greater in the control fruit than in the 1-MCP treat-
ment during storage (Fig. 3).

3.2 Responses of soluble carbohydrates, organic
acids, and free amino acids

Sucrose level was not influenced by 1-MCP application
through the whole storage period but sharply decreased in
untreated fruit at 6 months (Fig. 1). The fructose and glu-
cose contents highly increased during storage, irrespective
of 1-MCP application (Fig. 1). Nevertheless, the glucose
and fructose contents were greater in control fruit than in
the 1-MCP application at 6 months. The sorbitol content
was not affected during the first half of storage but substan-
tially accumulated upon 1-MCP application compared to the
untreated fruit at 6 months (Fig. 1).

The level of malic acid was not affected by 1-MCP
application during the early stage of storage, but it highly
increased during the later stage of storage (Fig. 1). Further-
more, the malic acid content was greater in the untreated
fruit than in the 1-MCP application at 6 months. However,
the level of citric acid was not statistically significantly
influenced by 1-MCP (Fig. 1). Shikimic acid content was
influenced not only by cold storage but also by 1-MCP
application (Fig. 1).

The contents of aspartic acid, asparagine, arginine, threo-
nine, GABA, methionine, valine, and phenylalanine were
greater in the 1-MCP application than in the untreated group
during the first half of storage (Fig. 4). However, the contents
of aspartic acid, glutamic acid, glycine, proline, and serine
were significantly lower in the 1-MCP application than in
control fruit during the second half of storage (Fig. 4). The
alanine content was greater in 1-MCP application than in
untreated fruit at 6 months (Fig. 4). Furthermore, the levels
of serine, histidine, valine, tryptophan, phenylalanine, and
isoleucine gradually accumulated with storage period, irre-
spective of 1-MCP application (Fig. 4).

3.3 Normalised heatmap and PCA scores and
loading plots

A normalised heatmap matrix system was applied to exam-
ine the overall responses of all variables to the 1-MCP
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Fig. 3 Incidence and severity of cortex browning, cavity, water soaking, and shriveling in “Wonhwang’ Asian pear fruit treated with 0 or 1 pL L™!
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the largest area with the corresponding symptoms

application in pear fruit stored at 0.5 °C for 6 months
(Fig. 5). Glutamine was highly responsive in untreated con-
trol fruit, but phenylalanine, GABA, methionine, leucine,
and lysine were highest in the 1-MCP application in the
middle of storage. At 6 months, the normalised responses
of serine, valine, fructose, shriveling, and glucose were
highest in the untreated fruit. Additionally, the relative lev-
els of cortex browning and malic acid were also increased
in untreated fruit. However, the relative responses of cav-
ity, isoleucine, weight loss, and water soaking were highly
detected in the 1-MCP application at 6 months. Interest-
ingly, most variables in the 1-MCP treatment group were
negatively expressed at 6 months, compared with the results
of untreated fruit (Fig. 5).

ANOVA results indicated that 1-MCP application signifi-
cantly affected only fructose, glucose, cavity, methionine,
and peel /° during cold storage (Fig. 5). In contrast, stor-
age duration significantly affected serine, valine, fructose,
shriveling, glucose, phenylalanine, histidine, tryptophan,
cavity, isoleucine, cortex browning, weight loss, water
soaking, tyrosine, GABA, leucine, lysine, cortex /°, core h°,
peel C*, asparagine, firmness, threonine, arginine, sorbitol,
peel 4°, core L*, cortex C*, glutamic acid, SSC, citric acid,
and malic acid. However, there were significant differences
detected among these variables. Additionally, significant
interaction effects of 1-MCP fumigation application and
storage period were detected for serine, fructose, glucose,
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phenylalanine, peel C*, sorbitol, peel 4°, glutamic acid, and
proline (Fig. 5).

A PCA was performed as a multivariate data analysis to
evaluate the overall responsiveness, divergence, and associ-
ation between the fruit quality attributes and targeted major
metabolites in cold-stored 1-MCP-treated pear fruit (Fig. 6).
The PCA scores plot was performed based on 44 predictor
variables including fruit quality attributes and targeted major
metabolites. Principal component one (PC-1) and two (PC-
2) values explained 64.3% and 20.6% of the total X- and
Y-variance, respectively. The results of the PCA indicated
that the 1-MCP application caused a divergence of the over-
all responses during the second half of storage (Fig. 6 A).
The data matrix with all response variables (1-MCP treat-
ment and storage duration) with predicator variables (fruit
quality attributes and targeted major metabolites) was
applied to emphasize the association between response
variables and predictor variables, and the total variances of
X- and Y-axes from scores and loading plots were slightly
different due to the addition of response variables. The
PC-1 and PC-2 values explained 53.5% and 20.0% of the
total X- and Y-variance, respectively (Fig. 6B). Although
1-MCP application was only closely linked with glutamine,
storage duration was broadly clustered with physiological
disorders, glucose, valine, serine, isoleucine, histidine, and
tryptophan, along with weight loss, which was most closely
linked with storage duration.
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Fig.4 Metabolic responses of free amino acid contents in ‘Wonhwang’ Asian pear fruit treated with 0 or 1 pL L™! I-methylcyclopropene (1-MCP)
at harvest and then stored at 0.5 °C for up to 6 months followed by 1 d at 22 °C. Each datum point is the mean of three replicates (n =3) + standard
error, where larger than the symbols. Each datum unit is expressed as (mg kg™') on a fresh weight basis

3.4 Pearson’s correlation coefficient analysis and
correlation coefficient network

Correlation coefficient analysis was applied to evaluate the
overall relationship between variables during cold stor-
age. After combining all the results from the control and
1-MCP application, an overall correlation coefficient matrix
was generated, as shown in Fig. 7. Irrespective of 1-MCP

treatment, threonine, arginine, peel 4°, core L*, peel C*, and
core /° were strongly and positively related with each other
and negatively correlated with core C*, sorbitol, phenylala-
nine, histidine, tryptophan, cortex C*, valine, isoleucine,
shrivelling, malic acid, glucose, fructose, cortex browning,
water soaking, weight loss, cavity, SSC, and serine. Addi-
tionally, phenylalanine, histidine, tryptophan, cortex C*,
valine, and isoleucine, which were positively correlated
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with themselves, were positively correlated with weight
loss, cavity, SSC, and serine. Malic acid was positively
correlated with glucose and fructose. Furthermore, cortex
browning, water soaking, weight loss, cavity, SSC, and ser-
ine were positively related with each other. Methionine and
lysine were also positively related with glutamine and leu-
cine (Fig. 7).

The networking system based on the Pearson’s correla-
tion coefficient test was performed to evaluate the effec-
tiveness of 1-MCP application on the relationship among
the response variables, as shown in Fig. 8. In this case, we
used »=+0.90 for the correlation coefficient value to dif-
ferentiate the effectiveness of 1-MCP application on fruit
quality characteristics and targeted metabolites (n=3) in
cold-stored ‘Wonhwang’ pears for 6 months. Nineteen
variables were significantly detected in the untreated fruit.
Although core L* was negatively related with tryptophan
and histidine, the other variables were positively correlated.
Among them, core 4°, cortex /°, cortex L*, peel C*, peel L*,
and peel /° were positively related with each other. Threo-
nine was positively related with all color variables in the
untreated fruit. Serine was positively correlated with weight
loss. Histidine was positively correlated with tryptophan
and phenylalanine (Fig. 8). In contrast, 27 variables were
significantly detected in the 1-MCP treatment. Core /°, core
L*, cortex h°, cortex L*, peel /°, peel C*, and peel L* were
strongly and positively associated with each other. In con-
trast, the cavity was negatively related with peel L*, peel
C*, core h°, glutamic acid, asparagine, threonine, and shi-
kimic acid. Weight loss was also negatively associated with
firmness, glutamic acid, asparagine, threonine, and arginine.
Citric and histidine were negatively correlated with citric
acid, malic acid, and alanine but positively correlated with
tryptophan. Asparagine was negatively correlated with cav-
ity and weight loss but positively correlated with threonine

(Fig. 8).

4 Discussion

Although “Wonhwang’ Asian pears have excellent fruit qual-
ity at harvest, they are generally kept for short-term stor-
age periods and then distributed during the fruit handling
period (Lwin et al. 2021a; Park et al. 2016; Seo et al. 2019).
Fruit maturity characteristics of ‘Wonhwang’ Asian pears
are derived from that they are an early harvest season Asian
pear cultivar (Hong et al. 2004). Nonetheless, a previous
study showed that ‘Wonhwang’ Asian pears could be kept
in long-term cold storage, depending on fruit size (Lwin and
Lee 2020). During long-term cold storage, the increase in
SSC and the decrease in TA were clear regardless of fruit
size (Lwin and Lee 2020). However, a study reported that
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fruit fresh weight loss greatly increased, although the small
‘Wonhwang’ Asian pears had much higher weight loss than
did the large pears during long-term cold storage. Addition-
ally, we determined if fruit quality of ‘“Wonhwang’ Asian
pears is sufficient for a shelf-life period immediately after
international trade, in which 1-MCP application could
maintain fruit quality based on the results of fruit firmness
during shelf life (Seo et al. 2019). Flesh firmness was much
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greater in the 1-MCP-treated pears than in control fruit
during 1 month of shelf life (Lwin et al. 2021a). Nonethe-
less, no study has examined the effectiveness of 1-MCP
application on the fruit quality characteristics and major
metabolites for “Wonhwang’ Asian pears during long-term
cold storage. Therefore, the objectives of this study were to
test the hypothesis that 1-MCP treatment could retain fruit
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quality characteristics for “Wonhwang’ Asian pears in long-
term cold storage compared with that of untreated fruit.
Flesh firmness tended to be greater in the 1-MCP applica-
tion than in control fruit in the middle of storage but signifi-
cantly lower at 6 months than untreated fruit. Weight loss was
much higher in the 1-MCP application than in the untreated
fruit at 6 months (Fig. 1). However, the incidence and sever-
ity of shriveling were less in the 1-MCP application than in
the control fruit during storage (Fig. 3). Thus, although the
reduction in flesh firmness and the enhancement in weight
loss were influenced by the 1-MCP application, fruit shriv-
eling was much lower in the 1-MCP treatment group. This
controversial result could be attributed to the fact that the
tested fruit were primarily placed under long-term cold
storage. However, 1-MCP treatment induced greater fruit
shriveling than the untreated control during the shelf-life
period (Lwin et al. 2021a). Nevertheless, the absolute value
of fruit shriveling severity was lower, approximately 0.5,
given a possible overall rating of 5 (Fig. 3). It is also pos-
sible that the percentage of fruit weight loss was less than
10%, although there was a significant effect on weight loss
in the 1-MCP treatment group. It is generally recognised
that more than 10% weight loss could commercially affect
the peel appearance, and consequently, fruit visual qual-
ity during the shelf-life period (Ben-Yehoshua and Rodov
2002; Lufu et al. 2020; Robinson et al. 1975). The results
indicated that the incidence of fruit shriveling induced by
1-MCP treatment was negligible. The Pearson’s correlation
coefficient network results provided supportive evidence
that 1-MCP treatment did not induce any negative relation-
ships between weight loss and fruit shriveling. However,

there was a negative relationship between fruit firmness
and weight loss in the 1-MCP application (Fig. 8). Addi-
tionally, the differential responses of flesh firmness to the
1-MCP application could result from a cultivar difference,
the cold storage duration, or the shelf-life duration (Lafer
2005; Lee et al. 2012b). Flesh firmness and weight loss were
affected by 1-MCP application in “Wonhwang’ pears, based
on the designated temperature and period of shelf life (Lee
et al. 2017b). Weight loss was highly influenced by storage
temperature and duration rather than 1-MCP application in
‘Korla Xiang’ pears (Jia et al. 2018).

Although SSC gradually increased regardless of 1-MCP
fumigation, the sorbitol and sucrose contents were higher
with postharvest 1-MCP fumigation. However, the glucose
and fructose contents were lower with postharvest 1-MCP
application than in the untreated fruit at 6 months (Fig. 1).
Although the individual soluble carbohydrates responded
differently to 1-MCP application, 1-MCP fumigation did
not affect SSC during cold storage. It was also reported
that 1-MCP application did not affect SSCs during shelf
life after bilateral trade (Seo et al. 2019). Furthermore,
the SSC level was not influenced by 1-MCP fumigation in
‘Jingbaili’ pears during storage or shelf life after long-term
cold storage (Dong et al. 2014). Irrespective of the storage
regime, 1-MCP treatment did not influence the SSC level
in ‘Conference’ and ‘Alexander Lucas’ European pears
during long-term storage (Hendges et al. 2018). However,
1-MCP application reduced TA and the levels of malic and
citric acids at the end of cold storage (Fig. 1). Typically,
the 1-MCP application causes a decrease in fruit respiration
during storage and shelf life, irrespective of storage regimes
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(Dong et al. 2014; Gapper et al. 2006; Hendges et al. 2018;
Lee et al. 2017b) and then retains higher levels of TA, com-
pared with that of control fruit (Chen et al. 2010; Jia et al.
2018; Lee et al. 2017a, b). A differential response of TA to
1-MCP treatment was also detected in ‘Chuhwangbae’ pears
during cold storage and handling (Lwin et al. 2021b). TA
level was decreased in “Wonhwang’ Asian pears stored at
1°C for 6 months, irrespective of fruit size (Lwin and Lee
2020). Therefore, the results indicated that the TA level
inconsistently responds to storage regime, pear cultivar, and
postharvest technology treatment. It is difficult to explain
the responses of TA to 1-MCP treatment because of a lack
of supportive evidence.

The incidence of cortex browning, cavity, and water soak-
ing was greater in the 1-MCP application than in untreated
fruit, but the severity of the cavity was only significantly
greater in the 1-MCP application than in untreated fruit
(Fig. 3). Nonetheless, the severity and incidence of storage
disorders worsened with the prolonged storage. The sever-
ity and incidence of flesh browning were not affected by
1-MCP application in ‘Chuhwangbae’ Asian pears during
short-term cold storage (Lwin et al. 2021b). During shelf
life immediately after harvest, the incidence and sever-
ity of core and cortex browning were reduced by 1-MCP
application in “Wonhwang’ Asian pears (Lwin et al. 2021a).
However, the 1-MCP application caused a decrease in the
incidence of senescent core breakdown in long-term, cold-
stored ‘Bartlett’ pears, irrespective of orchard elevation or
harvest maturity (Wang and Sugar 2015). That is, the physi-
ological disorders in flesh tissues are highly affected by stor-
age regimes rather than by 1-MCP application. Otherwise,
long-term cold storage could have a negative effect on the
development of storage disorders rather than shelf life or
short-term cold storage. Nevertheless, 1-MCP treatment
could be associated with developing physiological disor-
ders in flesh tissues during storage (Lee et al. 2012a, 2016,
2019a). Although less is known about the physiological
characteristics of fruit ripening and ethylene responses to
1-MCP application in Asian pear cultivars, 1-MCP applica-
tion could be negatively involved in the severity and inci-
dence of physiological disorders in long-term, cold-stored
‘Wonhwang’ pears.

The contents of free amino acids were varied in response
to 1-MCP application during storage (Fig. 4). The levels of
glycine, asparagine, aspartic acid, glutamic acid, arginine,
and proline were lower with 1-MCP application than in
untreated fruit at 6 months. Although the levels of glutamine,
GABA, tyrosine, leucine, and lysine were not consistent
with 1-MCP application, the contents of serine, histidine,
valine, tryptophan, phenylalanine, and isoleucine gradually
increased during cold storage, irrespective of 1-MCP appli-
cation (Fig. 4), thereby contributing to the results of the PCA
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loading plot indicating that phenylalanine, histidine, tryp-
tophan, isoleucine, serine, and valine were strongly linked
with storage period variables, along with physiological
disorders and weight loss (Fig. 6B). Aromatic and branch-
chain amino acids are likely strongly linked with storage
duration, provided that the amino acids are involved in pro-
ducing volatile organic compounds (VOCs) as storage dura-
tion progresses (Byeon and Lee 2020a, 2021; Lwin and Lee
2020). It was also reported that 1-MCP application could
influence the levels of certain aromatic and branch-chain
amino acids in ‘Empire’ apples stored in a long-term con-
trolled atmosphere (CA) (Lee et al. 2012a). Furthermore,
the level of methionine was higher with 1-MCP application
than in untreated fruit during cold storage (Fig. 4) and posi-
tively correlated with leucine, glutamine, lysine, isoleucine,
valine, and cortex 4° (Fig. 7). Asian pears are inconsistent in
their climacteric type of fruit during ripening based on fruit
respiration and ethylene production responses (Hwang et al.
2001; Jeong et al. 1998). Nevertheless, methionine highly
accumulated in the 1-MCP treatment during cold storage.
Although the levels of 1-aminocyclopropane-1-carboxylic
acid (ACC) and ethylene, which are produced from methio-
nine in the methionine cycle (Adams and Yang 1979), were
not determined, 1-MCP could be involved in suppressing
ethylene production by increasing methionine levels. There-
fore, the results showed that although Asian pears did not
belong to the climacteric type of fruit, I-MCP could play a
pivotal role in controlling the ethylene biosynthesis pathway
based on the results for the accumulation of methionine.
The 1-MCP treatment is widely applied in the pome fruit
industry to retain fruit freshness and firmness during long-
term cold storage (Mattheis 2008; Park 2012; Watkins 2008).
Although the effectiveness of 1-MCP application was much
lower in Asian pears than in apple fruit (Lee et al. 2017b;
Lwin et al. 2021a, b), the results of the PCA scores plot
indicated that 1-MCP could be highly involved in delaying
physiological and biochemical responses during storage,
compared with the overall responses of the untreated con-
trol fruit (Fig. 6 A). Additionally, the PCA scores plot sug-
gested that 1-MCP treatment could be much more effective
during the second half of storage than the first half of cold
storage because of the large divergence at the end of storage.
Furthermore, the Pearson’s correlation coefficient network
results indicated that the differential responses were more
often significantly detected in the 1-MCP application than
in control fruit; thus, 1-MCP treatment could enhance the
highly interactive relationships among the variables during
cold storage. As shown in Fig. 3, the incidence and severity
of cavity were highly induced by 1-MCP treatment. In addi-
tion, cavity was negatively correlated with core 4°, glutamic
acid, asparagine, threonine, shikimic acid, and flesh firm-
ness in 1-MCP treatment, compared with untreated fruit.
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Furthermore, weight loss was negatively related with flesh
firmness, glutamic acid, asparagine, threonine, and arginine
in the 1-MCP treatment. Interestingly, GABA, which plays
a key role in controlling a wide range of physiological dis-
turbances (Bouché and Fromm 2004), was detected only in
the 1-MCP treatment. Therefore, the results indicated that
1-MCP treatment might cause another abiotic stress to cold-
stored pear fruit during long-term cold storage, thus altering
major metabolites including certain amino acids, thereby
contributing to enhancing the incidence and severity of cav-
ity and weight loss during long-term, cold-stored pear fruit.

5 Conclusions

Postharvest 1-MCP fumigation technology reduced flesh
firmness and TA but enhanced weight loss, along with an
increase in sucrose and sorbitol and a decrease in fructose,
glucose, malic acid, and citric acid at 6 months. The sever-
ity and incidence of cavity and water soaking were much
greater in the 1-MCP application than in the control fruit
during cold storage. However, 1-MCP application reduced
the severity and incidence of shriveling at 6 months. The
contents of free amino acids differed in the 1-MCP applica-
tion and storage period. Nonetheless, the methionine con-
tent was greater in the 1-MCP application than in the control
fruit during cold storage. Additionally, the levels of certain
aromatic and branch-chained amino acids were strongly
linked with storage duration, according to the results of
the PCA loading plot. Furthermore, the results of PCA
scores plot indicated that overall physiological and meta-
bolic responses could be suppressed by 1-MCP application,
compared with the overall responses from untreated con-
trol fruit. Pearson’s correlation coefficient network results
indicated that 1-MCP application could be positively related
with more variables than the untreated control fruit. Dur-
ing long-term cold storage, the incidence and severity of the
cavity could be negatively related to certain physiological
and metabolic responses to 1-MCP treatment.
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