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Abstract

Fruit ripening is a complex physiological and metabolic process regulated by plant hormones. The ripening of climacteric
fruits is accompanied by softening, especially ‘Nanguo’ pear. The importance of ethylene in fruit softening is well estab-
lished; however, an understanding of its effects during the later stages of fruit development requires further investigation.
In this study, ethylene was sprayed on ‘Nanguo’ pear fruits before harvest resulting in enhanced fruit quality by increasing
the soluble solid and sugar contents while decreasing the stone cell content. Additionally, ethylene promoted the activities
of polygalacturonase, pectin methylesterase, cellulase, and p-galactosidase enzymes that play a critical role in cell wall
metabolism, by up-regulating PuPG and PuPG?2 expression. This leaded to changes in the cell wall structure and breakdown
of its components, a reduction of cellulose and original pectin content, and an increase in water-soluble pectin content.
These results indicate that ethylene enhances fruit softening by up-regulating the expression of genes involved in cell wall
metabolism to facilitate the activity of cell wall degrading enzymes.
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Abbreviations PME Pectin methylesterase
1-MCP 1-Methylcyclopropene gRT-PCR Quantitative real time polymerase chain
B-Gal B-Galactosidase reaction
CSP Chelator-soluble pectin WSP Water-soluble pectin
CTAB Cetyltrimethylammonium ammonium

bromide
Cx Cellulase Introduction
DEG Differentially expressed gene
KEGG Kyoto Encyclopedia of Genes and Genomes The ‘Nanguo’ pear (Pyrus ussuriensis Maxim.) is a spe-
NSP Na,CO;-soluble pectin cial fruit in northern China, and its unique flavor is deeply
ONPG O-nitrophenyl-p-D-pyran galactoside loved by people (Ling et al. 2020). It is a climacteric fruit
CMC Carboxymethyl cellulose Na that requires softening to achieve the best edible quality
PG Polygalacturonase (Zhenru et al. 2007), and in the process of fruit softening,
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hormone substances are crucial. The mechanism of plant
hormones regulating fruit softening requires further study to
shorten the post-ripening time of ‘Nanguo’ pear and acceler-
ate the softening process.

The most significant sign of fruit ripening and softening is
soft texture (Andrews et al., 1995). This is primarily caused
by changes in cell wall metabolism, such as alterations in
cell wall structure and composition, degradation of fruit
cell wall components, and modification of enzyme activi-
ties related to cell wall degradation. The action of cell wall
metabolizing enzymes such as pectin methylesterase (PME),
polygalacturonase (PG), cellulase (Cx), and -galactosidase

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00344-024-11432-6&domain=pdf

Journal of Plant Growth Regulation

(B-Gal) causes the degradation of cell wall materials, disso-
ciation of polymers, and decreased intercellular connections.
Cell dispersion and softening of the cell wall tissue cause the
flesh to soften (Brummell, 2004; Villarreal et al. 2010; John-
ston et al., 2015; Tucker et al. 2017). These enzymes have
been thoroughly investigated in a variety of fruits, including
pear (Akiea et al., 2001; Lindo-Garcia et al. 2020; Kaur et al.
2021; Kaur et al. 2023), strawberry (Wang et al., 2020b),
blueberry (Wang et al. 2019), and tomato (Bu et al. 2013).
PpePL1/15 silencing inhibits pectin depolymerization to
delay peach fruit softening (Xu et al. 2022). SIPG49 over-
expression promotes tomato fruit softening, while FaPG1
silencing in strawberry has the opposite effect by inhibiting
cell wall degradation, improving fruit firmness, and extend-
ing the shelf life of fruit (Posé et al. 2013; Li et al. 2021).
Meanwhile, apricot softening is related to PG and PME
activity and related gene expression (Li et al. 2022).

Ethylene is required for the ripening and softening of cli-
macteric fruits. This hormone holds paramount significance
in modulating the ripening and senescence of climacteric
fruits, wielding a pivotal role in regulation of fruit matura-
tion and decline (Xiucai and Jipeng, 2001). Ethylene can
regulate fruit ripening and senescence through direct or indi-
rect means. Treating fruit with extremely small amounts of
exogenous ethylene can induce fruit respiratory intensity,
enhance the peak of respiration, advance the arrival time
of ethylene peak, promote the physiological metabolism
of fruit after harvest, and accelerate the softening process
(Kaur et al. 2021; Li et al. 2022). Some studies have reported
that even at low temperature, a small amount of exogenous
ethylene can accelerate the ripening process of fruits (Her-
tog et al. 2016). Ethylene inhibitor (1-Methylcyclopropene,
1-MCP) treatment at the pre-ripe stage during pear ripen-
ing markedly retarded the initiation of the ripening-related
events (Hiwasa et al. 2010). 1-MCP treatment slowed down
the loss of ‘Nanguo’ pear fruit firmness by inhibiting ethyl-
ene biosynthesis (ACS4, ACS1 and ACO) and the expres-
sion of PGI and PG2 genes (Li et al. 2014). Exogenous
ethylene treatment can also accelerate the softening process
of plum (Zhang et al. 2019), kiwi (Yuan et al., 2018), apri-
cot (Fan et al. 2018), and mango (Chidley et al. 2017) fruit.
These studies suggest that ethylene and cell wall metabo-
lism are important factors contributing to fruit softening.
However, there are limited reports on exogenous ethylene
treatment of ‘Nanguo’ pear, and the methods of exogenous
ethylene supplementation are generally post-harvest soak-
ing or spraying, with few studies on pre-harvest ethylene
spraying.

This study investigated the impact of ethylene on fruit
quality and softening of ‘Nanguo’ pear by administering eth-
ylene treatment before harvest (100 days after anthesis). The
softening effect of ethylene on ‘Nanguo’ pear fruits was con-
firmed by analyzing cell wall substances, cell wall enzyme
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activity, changes in cell wall structure, and the expression
of cell wall metabolic genes. The findings from this study
establish a theoretical framework for the judicious applica-
tion of plant growth regulators in the modulation of fruit
softening, offering insights for their rational utilization.

Materials and Methods
Plant materials and Treatments

‘Nanguo’ pear trees at Shenyang Agricultural University
(123°34'12" E, 41°49'48" N), China were used as test mate-
rials. Ethephon was sprayed 100 days after anthesis at the
following concentrations: T1, 100 mg-L~"; T2, 200 mg-L~!;
T3, 400 mg-L~"; T4, 600 mg-L~!; CK, Spray water. Eth-
ephon was sprayed on the ‘Nanguo’ pear fruit growing on
trees, and each concentration treatment was repeated three
trees. The fruit samples were treated again before sampling
and sampled at 109, 116, 123, 130, and 137 days after anthe-
sis. Collected 100 samples of each treated fruit, and fruits
of uniform size with no visible disease or insect pests were
randomly chosen for sampling. Sampled fruit pulp was fro-
zen in liquid nitrogen and stored at -80°C for further analysis.

Firmness

Three points were selected at the equatorial position of
each fruit. After peeling, the fruit firmness was measured
in kg-cm~2 using a GY-4 (Tuopuyunong, China) type fruit
durometer and the average value for a single fruit was
recorded. The firmness measurements were repeated three
times.

Soluble Solid, Soluble Sugar, Titratable Acid,
and Stone Cell Contents

Soluble solids were determined by removing the skin and
squeezing the flesh, a drop of this juice was analyzed using
an Abbe PAL-1 refractometer (Atago, Japan). Each treat-
ment was repeated three fruits, and each fruit was measured
three times.

The determination of soluble sugar content was con-
ducted employing a modified protocol adapted from Liu
et al. (2020) using anthrone for colorimetric detection. The
titratable acid content was performed according to a modi-
fied version of a previous method (Wang et al. 2021) and was
calculated with malic acid (conversion coefficient 0.067).
A previously reported method was used to determine the
content of stone cells (Lee et al. 2006).
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Cell Wall Material Content

The cell wall material content was determined with reference
to Vicente et al. (2005). The crude enzyme liquids of PG,
PME, Cx, and j-gal were extracted, and their activities were
determined according to a modified version of a method
described by Wang et al. (2019) and Zhou et al. (2021).

A 1 g homogenate of sample was mixed with 3.0 mL pre-
cooled 95% ethanol in a mortar at 4 °C, transferred to a
centrifuge tube and placed on ice for 5 min, then centrifuged
at 9,728 X g for 15 min at 4 °C. The precipitate was retained
and washed by adding 3.0 mL ethanol (80%), incubating
at 4 °C for 5 min, and the mixture was then centrifuged.
The enzymes present in the precipitate were extracted using
5.0 mL extraction buffer (50 mmol-L~! sodium acetate,
1.8 mol-L~! NaCl pH=5.5), incubated at 4 °C for 10 min,
and centrifuged at 9,728 X g for 15 min at 4 °C. The resulting
supernatant was the crude enzyme solution.

Enzyme activity: The reaction mixture consisted of
1.0 mL 50 mmol-L~! aceto-sodium acetate buffer (pH 5.5)
and 0.5 mL substrate (PG substrate, 1% polygalacturonic
acid; PME substrate, 1% pectin; Cx substrate, 1% carboxy-
methyl cellulose Na; and -gal substrate, 1% o-nitrophenyl-
B-D-pyran galactoside [ONPG]). One unit (U) of polygalac-
turonase activity refers to 1 pg of free D-(+) galacturonic
acid produced per gram of fresh sample per minute at 37 °C.
One unit (U) of pectin methylesterase activity refers to the
consumption of 1 mmol NaOH per gram of fresh sample
for 10 min at 37 °C. One unit (U) of Cx activity refers to
1 pg D-glucose produced per gram fresh sample per min-
ute at 37 °C via CMC decomposition. One unit (U) of
B-galactosidase (B-Gal) activity refers to the hydrolysis of
1 nmol p-nitrophenol per gram of fresh sample per minute
at 37 °C.

Microstructure Assessment of Pear Fruit

Paraffin section analysis was conducted following the
methodology outlined by Han et al. (2016). The fruit was
sliced into 5-mm-thick sections and rapidly immersed in
FAA solution (formaldehyde: acetic acid: and 70% alco-
hol, 1:1:18) for vacuum fixation, dehydration, and paraf-
fin embedding. Paraffin slicing was performed using an

RM2016 instrument (Leica Instruments, Shanghai, China),
followed by staining with toluidine blue solution and cov-
ering with a cover slip. Samples were examined under an
Eclipse E100 microscope (Nikon, Japan), and images were
analyzed using a DS-U3 system (Nikon, Tokyo, Japan).

RNA Extraction and Gene Expression Analysis

Transcriptome sequencing was performed on control fruit
samples and T3-treated fruit samples (Biomarker, Beijing).
A p<0.01 and log2(FC) > 2 was defined as a differentially
expressed gene (DEG).

The cetyltrimethylammonium ammonium bromide
(CTAB) method was used for total RNA extraction from
ethylene-treated and untreated fruit flesh (Jaakola et al.
2001). Subsequently, cDNA synthesis and gene expression
analyses were carried out following previously established
protocols (Zhang et al. 2019). Quantitative real-time poly-
merase chain reaction (QRT-PCR) was determined using
SYBR Green kit (Takara, Shiga, Japan).

According to the transcriptome data and the website
of National Biotechnology Information Center (https://
blast.ncbi.nlm.nih.gov/), the sequence information of gene
coding regions such as PuPG and PuPG2 was obtained
by analysis, and gene-specific expression primers were
designed using Primer3 website (https://bioinfo.ut.ee/
primer3-0.4.0/). The primer sequences used for gene
expression analysis are presented in Table 1.

Statistical Analyses

A completely randomized design was used with three rep-
licates per treatment. GraphPad Prism version 8.0.2 soft-
ware (San Diego, CA, USA) was utilized to visualize all
analyses. Statistical analyses (including determination of
the mean, standard deviation, and significant differences
between samples) were performed using IBM SPSS Sta-
tistics 26 (SPSS Inc., Chicago, IL, USA). The data are
displayed as the mean + standard deviation. To separate
and compare means, a separate sample t test was applied.
Statistics were judged significant at P <0.05 or P <0.01.

Table 1 Primer sequences

Gene Forward Reverse

PuPG CGATGGGATTGACCCAGATT CAATGGTGGCACTGTCAGGT
PuPG?2 TGCTTAGCAATGCCGTGTTC CCCTGACCATCGAGAACTCC
PuPLIS8 ACCCATTGGGAGATGTACGC TTCCGACCTCCAATTCCAGT
Pup-Gal GCGGGTTTTATCACAGCACA CAGGAACGACGACGTCTGAG
Actin GCTGGATTTGCTGGTGAT GCTCACTATGCCGTGCTC
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Results
Effect of Ethylene Treatment on Pear Firmness

The firmness of fruits gradually decreased during their five
stages of development. Ethylene treatment significantly
reduced fruit firmness (P <0.05), with a greater reduction
observed with increasing ethylene concentration. Notably,
the T4 treatment resulted in a significant reduction in fruit
firmness (P <0.01), with the fruits reaching the edible state
137 days after anthesis. The fruit firmness of the T4 treat-
ment was 26.0% lower than that of the control. Therefore,
ethylene decreased fruit firmness and facilitated fruit soften-

ing (Fig. 1).
Effect of Ethylene Treatment on Pear Fruit Quality

The soluble solid content of ‘Nanguo’ pear fruit exhibited
a slow increase during the developmental stages, whereas
ethylene treatment resulted in a significant increase in solu-
ble solid content compared to that in the control (P <0.05).
Furthermore, an increase in ethylene concentration led to
a noticeable increase in soluble solid content in the fruit.
In particular, the T4 ethylene treatment caused the highest
significant increase (37.5%) in soluble solid content of fruit
(P<0.01) compared with control fruit (Fig. 2A).

The soluble fruit sugar content gradually increased, and
ethylene treatment significantly increased the soluble sugar
content compared to that in the control (P <0.01). Ethylene
treatment significantly increased the soluble sugar content

250 - CK T] wem T2 === T3 wem T4

200

-
*
%
H

150

100 ok

Firmness (N)

50

O L | L L
109 116 123 130 137

Days after full bloom (d)

Fig. 1 Changes in firmness of ‘Nanguo’ pear fruit submitted to water
treatment (control) and ethylene treatment. The error bars show the
three biological replicates, and vertical bars represent the standard
errors of the means. Asterisks represent values that are significantly
different (*P <0.05 and **P<0.01) between the ethylene treatment
and the control
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of fruit (P <0.01), with a greater increase observed with
increasing ethylene concentration. Fruits treated with T3 and
T4 showed a significant increase in soluble sugar content
that remained stable in the later developmental stage. The
soluble sugar content of T3 and T4 treated fruits increased
by 63.2% and 68.6%, respectively, compared to control fruits
at 137 days after anthesis (Fig. 2B). The titratable acid con-
tent of fruit exhibited a slow downward trend: T4 treated
fruits showed a 17.0% decrease in titratable acid content
compared to control fruits at 137 days after anthesis. How-
ever, ethylene treatment did not significantly reduce the
titratable acid content of ‘Nanguo’ pear fruits (Fig. 2C).

The stone cell content in pear fruit plays a crucial role in
determining the fruit’s taste; reducing the stone cell content
can improve the pear fruit quality. Ethylene treatment signif-
icantly reduced the stone content of fruit, and the reduction
was even greater with the increase of ethylene concentration.
The T4 ethylene treatment yielded a 30.1% decrease in stone
cell content of pear fruits compared with that in the con-
trol on day 109 after anthesis. There was little difference in
the stone cell content in fruit treated with different ethylene
concentrations during the later developmental stage; how-
ever, ethylene treatment exhibited a steady trend of reducing
the content of stone cells content and enhancing the overall
quality of ‘Nanguo’ pear fruits (Fig. 2D).

Effects of Ethylene Treatment on the Contents of Cell
Wall Components in‘Nanguo’ Pear Fruit

Fruit texture gradually softened with fruit development,
and the water-soluble pectin content showed an increas-
ing trend, while the raw pectin content gradually decreased
(Table 2). The fruit content of water-soluble pectin treated
with ethylene significantly increased (P <0.05) compared
with the control, and the water-soluble pectin content of the
T3 treatment had the most pronounced increase and was at
a consistently higher level that the others. The increased
in water-soluble pectin (WSP) content was largest in fruits
treated with T4, with an increase of approximately 24.8%.
The original pectin content decreased with increased ethyl-
ene treatment concentration in the early stage, and showed a
fluctuating trend in the late stage. The original pectin content
in the T3 and T4 treatment gently decreased compared with
those in T1 and T2. The cellulose content showed an overall
decreasing trend, and gradually decreased with increasing
ethylene concentration, with the T4 treatment resulting in a
significant decrease (P <0.05) compared with the control.

Effect of Ethylene Treatment on the Activity of Cell
Wall Degrading Enzymes in ‘Nanguo’ Pear Fruit

PG activity of control ‘Nanguo’ pear fruits gradually
increased and then slowed down in the later stage of
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Fig.2 Changes in soluble solid content (A), soluble sugar content
(B), titratable acid content (C), and stone cell content (D) in ‘Nan-
guo’ pear fruit submitted to water treatment (control) and ethylene
treatment after 109, 116, 123, 130, and 137 d. The error bars show

development. Meanwhile, PG activity increased in ethylene-
treated fruit, but the trend of PG change was unchanged.
There was no discernible difference between the ethylene-
treated group and the control in the later stage of develop-
ment (Fig. 3A). The PME activity of ‘Nanguo’ pear fruit
increased slowly in the control with the late development
of fruit, reaching its maximum activity at 123 days after
anthesis before declining. Ethylene treatment promoted
PME activity, with levels significantly higher than that of the
control (P <0.05). The changing trend of PME activity was
consistent with that of the control, reaching peak activity at
approximately 130 days. Activity levels in the T1 and T3
treatments were significantly higher than those in the control
group (P <0.01; Fig. 3B). The cellulase activity of ‘Nanguo’
pear fruit generally showed an upward trend with fruit ripen-
ing and softening, with the highest activity observed at 123
days, followed by a gradual decrease (Fig. 3C). Meanwhile,
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the three biological replicates, and vertical bars represent the standard
errors of the means. Asterisks represent values that are significantly
different (*P<0.05 and **P<0.01) between the ethylene treatment
and the control

cellulase activity of T3 and T4 treatments was considerably
higher than that of the control (P <0.05). p-Gal activity of
control ‘Nanguo’ pear fruit showed a decreasing trend, but
the content remained at a high level. After ethylene treat-
ment, its activity was enhanced, although the overall trend
was variable. The B-Gal activity of fruits treated with T3
was considerably higher than that of the control (P <0.05)
(Fig. 3D).

Effect of Ethylene Treatment on the Cell Wall
Structure of ‘Nanguo’ Pear Fruit

Overall, the T3 treatment significantly improves ‘Nanguo’
pear fruit quality at the later stage of development, and pro-
motes fruit softening. This suggests that it can meet market-
ing standards. Therefore, the T3-treated fruits were selected
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Table 2 The analysis of cell

¢ 109d 116d 123d 130d 137d
wall components content in
fruits after ethylene treatment WSP CK  0.04+0.006c 0.16+0.03a 0.18+0.05b  0.13+£0.005b  0.16+0.03b
(%) Tl  0.05+0.005c 023+0.0la 0.20+0.08b 0.17+0.008b  0.27+0.01b
T2  0.19+0.02la 021+0.04b 024+00la 0.18+0.007b  0.26+0.02b
T3  0.06+0.002c 0.12+0.07c 027+0.06a 027+0.02a  0.30+0.007b
T4  0.11+£0.009 0.11+0.0lc 026+0.02a 025+0.0la  0.36+0.02a
Protopectin ~ CK  2.33+0.02a  228+0.02a 1.69+0.02b  1.55+0.09b  1.51+0.03c
Tl  2.18+00lb  2.12+0.02b  135+0.02¢ 1.43+0.03d  1.39+0.07¢
T2 2.02+0.03c 1.96+0.06c  1.50£0.03d  1.51+0.01c 1.65+0.02a
T3  1.93+003d  1.91+0.05d 1.82+00la 1.52+0.11c 1.46+0.02d
T4  1.79+0.02¢ 1.83+0.04¢  1.64+00lc  1.57+0.0la 1.57+0.07b
Cellulose CK  0.60+0.03a  057+0.02a 047+00la 0.53+0.03b  0.47+0.02a
Tl  057+005b  0.50+0.04b 045+0.02b 0.56+0.02a  0.45+0.01b
T2  056+0.02b  047+0.03b 043+0.04c  044+0.06c  0.43+0.03c
T3  054+007c  0.50+0.03b  040+0.01d 042+0.07d  0.39+0.04d
T4  053+002c  044+0.02b 041+0.06d 039+0.04e  0.36+0.02

The means and standard deviations of three replicates are displayed. For the fruit in the control and eth-
ylene treatment groups, letters denote statistically significant differences (Duncan’s multiple range test,

P<0.05)

for comparison with the control to explore the internal
effects of ethylene treatment on fruits.

Paraffin section analysis showed that the cell walls of
untreated ‘Nanguo’ pear fruit were complete and continuous,
with a small and compact shape of fruits. However, ethylene
treatment increased the volume of ‘Nanguo’ pear fruit cells,
and the cell wall started loosened, the structure was gradu-
ally deformed. This suggests that ethylene treatment acts on
the cell wall to promote fruit softening (Fig. 4).

Effect of Ethylene Treatment on the Expression
of Related Genes in ‘Nanguo’ Pear Fruit Cell Wall

Kyoto encyclopedia of genes and genomes (KEGG) enrich-
ment analysis of transcript data identified 1550 differentially
expressed genes in 50 pathways, including 36 metabolic
pathways, 2 cellular processes, 3 environmental information
processing, 8 genetic information processing, and 1 organ-
ismal systems. Further study found that the genes related to
cell wall degradation were concentrated in pentose and glu-
conate interconversions metabolic pathways, and 18 differ-
ent genes were screened. (Fig. 5), respectively, whose sub-
strates were cellulose, hemicellulose, and pectinand. Eight
genes were considerably up-regulated, including PuPG
(LOC103958214), PuPG2 (LOC103935606), PuPL18
(LOC103950090), and Pup-Gal (LOC103963535). Among
these, PuPG (LOC103958214), PuPG2 (LOC103935606),
PuPLI18 (LOC103950090), and Puf-Gal (LOC103963535)
were high differentially expressed, indicating these may be
the key genes associated with fruit softening.
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The expression levels of PuPG, PuPG2, PuPLI8, and
Puf-Gal in T3-treated fruits were significantly higher than
that in the control according to RT-PCR (Fig. 6), with the
expression levels of PuPG2 being the most significantly
differentiated. The expression levels of PuPG, PuPG2,
PuPLI8, and Puf-Gal were the highest at 137 days after
anthesis in T3-treated fruits. T3 treatment inhibited PuPLI18
expression and promoted the expression of PuPG, PuPG2,
and Puf-Gal at 123 days. These results suggest that ethylene
treatment increases the expression levels of PuPG, PuPG2,
PuPLI18, and Puf-Gal, but the action stages are different.
Therefore, PuPG and PuPG2 may be the key genes in the
regulation of ethylene on fruit softening.

Discussion

Fruit softening is a complex physiological and metabolic
process. Climacteric fruits require softening by ethylene to
achieve edible quality; however, excessive softening affects
the quality of fruits during transportation and storage. In
order to shorten the ripening time of climacteric fruits, eth-
ylene treatment to promote fruit softening becomes particu-
larly important. A large number of studies have expounded
that ethylene can promote the softening process of fruits
from the post-harvest point of view (Chen et al., 2020; Chid-
ley et al. 2017; Yao et al. 2022), and then the application of
inhibitor 1-MCP can extend the shelf life and storage time
of fruits (Bai et al. 2022; Fan et al. 2018; Fan et al. 2018).
This study supplemented the influence of ethylene on the
later stage of fruit development from the pre-harvest point
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the post-ripening time, so that fruits could directly enter the
market during commercial harvest.

Fruit softening is a prominent aspect of ripening that
involves a reduction in firmness, and is primarily attributed
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Inositol phosphate metabolism 0 (1:24%)
Stilbenoid, diarylheptanoid and gingerol biosynthesis 0 (124%)
Sulfur metabolism 0 (124%)
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Arginine and proline metabolism 99%)
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Tryptophan metabolism (0.99%)
Ubiquinone and other terpenoid-quinane biosynthesis (0.99%)
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Fig.5 KEGG classification map of differentially expressed genes (A), Heat map of differential genes in pentose and glucuronic acid conversion

pathways, the redder the color, the higher the gene expression (B)
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to cell wall degradation (Posé et al. 2019). This study sug-
gested that ethylene treatment reduced the firmness of
‘Nanguo’ pear in late development and brought the fruit to
an edible state. Similar results were found in other fruits,
including blueberries (Wang et al. 2019), mangoes (Li et al.
2022), and pulp (Soares et al. 2021). Numerous studies have
shown that exogenous ethylene treatment can increase the
endogenous ethylene content in fruits, which has been veri-
fied in mango (Chidley et al. 2017) and persimmon (Park
et al., 2017). Previous studies on ‘Nanguo’ pear found that
exogenous ethylene could increase the endogenous content
of fruit (Yao et al. 2022), while inhibitor 1-MCP treatment
decreased the endogenous ethylene content (Bai et al. 2022;
Tao et al. 2019). It is therefore speculated that exogenous
ethylene treatment in this study can also increase the endog-
enous ethylene content in ‘Nanguo’ pear fruits. Therefore,
appropriate concentrations of ethylene improves fruit qual-
ity, increasing the soluble solid and soluble sugar contents
of fruit, while decreasing titratable acid content. It was
speculated that ethylene treatment promotes the fruit respi-
ration rate, hydrolysis of starch and organic compounds, the
conversion of starch to sugar, and the softening of fruit to
ensure its quality. This is in line with the results of previous
research on ‘Ruaner’ Pear (Zhang et al. 2019). Meanwhile,
ethephon treatment reduces the stone cell content of ‘Nan-
guo’ Pear. This is consistent with the results of studies on
‘Korla Fragrant Pear’ and ‘Xinli No. 7’ (Chen et al., 2020).

Fruit softening is mainly manifested by changes in cell
wall metabolism, including changes in cell wall structure
and composition (Li et al. 2022). The molecular skeleton
of the fruit cell wall is composed of cellulose and hemicel-
lulose, and dispersed pectin substances are cross-connected
to the cellulose-hemicellulose complex through polygalac-
turonic acid, arabosan, and galactose (Deng et al., 2016).
Pectic substances, cellulose, and hemicellulose are the main
components of primary cell wall polysaccharides, and their
degradation causes the decrease of intercellular adhesion
and cell wall decomposition (Brummell 2006; Fry 2004).
Pectic substances that are the predominant polysaccharides
found in the primary cell wall and middle lamella play a
pivotal role in regulating cell-to-cell adhesion (Billy et al.
2007). This study found that the water-soluble pectin con-
tent of ‘Nanguo’ pear fruit showed an increasing trend,
while the protopectin content and cellulose content gradu-
ally decreased. This indicated that the pectin gradually dis-
solved into water-soluble pectin and the cell wall structure
was gradually loosened during the fruit softening process.
Moreover, the cellulose content and protopectin content of
fruit treated with ethylene significantly decreased compared
with the control. The increased content of water-soluble
pectin indicated that ethylene promoted the degradation of
cell wall components to promote the fruit softening process.
Microscopic examination of paraffin sections confirmed that

ethylene promoted the ‘Nanguo’ pear fruit cell wall started
loosened, and the structure was gradually deformed. The
results confirmed previous findings that ethylene can induce
changes in cell wall composition and structure to promote
fruit softening (Fan et al. 2018; Shin et al. 2019; Wang et al.
2019; Soares et al. 2021).

The intricate process of fruit softening involves the break-
down of cell wall components through the action of various
cell wall degrading enzymes, ultimately leading to compo-
sitional alterations in the cell wall structure (Brummell and
Harpster 2001). The cell wall undergoes a series of meta-
bolic reactions that contribute to softening throughout the
process of fruit ripening. These include the demethylation of
pectin catalyzed by PME, the decomposition of de-esterified
polygalacturonic acid facilitated by PL, and the hydrolysis
of a-1,4-galacturonic acid by PG, resulting in uronic acid
production (Peng et al. 2022). The synergistic effect of PME
and PG is widely believed to lead to pectin decomposition
in post-harvest fruits and vegetables, and plays an impor-
tant role in determining the fruit pectin content (Zhao et al.
2019). The activity of PG and PME in strawberry fruits
decreases, resulting in the increased water-soluble pectin
content and the downregulation of FaPG1 and FaPME]; this
inhibits fruit softening (Wang et al. 2020a, b). In this study,
ethylene treatment increased the PG and PME activities of
fruit. This suggested that ethylene treatment may accelerate
the degradation of protopectin and the formation of water-
soluble pectin by increasing PME and PG activities, and
promoting fruit softening. Ethylene treatment significantly
increased the gene expression levels of PuPG and PuPG?2
(P<0.01), which was consistent with a study conducted in
strawberry (Villarreal et al. 2010; Shin et al. 2019). Cel-
lulase is a multicomponent enzyme complex involved in
the depolymerization of cell wall polysaccharide that can
hydrolyze B-D-glycosidic bonds in cellulose into monosac-
charides or oligosaccharides; this results in cell wall damage
and promotes fruit cell wall hydrolysis (Dong et al., 2020;
Han 2016). This study showed that the cellulase activity of
‘Nanguo’ pear fruit generally showed an upward trend, with
highest activity observed at 123 days. Ethylene treatment
promoted the cellulase activity of fruit, a change that may
be mainly attributed to the fact that ethylene treatment pro-
moted the cellulase activity and reduced the cellulose con-
tent. This is consistent with study results in plum and straw-
berry (Villarreal et al. 2010; Lin et al. 2018). f-galactosidase
belongs to the class of glycan hydrolases and is an important
cellulose degrading enzyme. It mainly acts on the non-cut
fibrous disaccharide molecules of p-glucoside to hydrolyze
them into glucose molecules. It is thought to be related to
the strengthening or relaxation of cell wall during plant cell
growth and development (Chidley et al. 2017). The p-Gal
activity of ethylene-treated fruits was significantly higher
than that of the control (P <0.05), and the expression of
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Puf-Gal increased. Exogenous ethylene treatment increased
the expression of genes related to cell wall degradation, and
then increased the activity of cell wall degrading enzymes
which changed the composition and structure of the cell wall
and promoted fruit ripening and softening.

In general, ethylene changes the structure and component
content of fruit cell walls by promoting the activity of cell
wall degrading enzymes resulting in fruit softening during
late development and ensuring that the quality of fruit to
meet the marketable standards. Nonetheless, the precise
molecular mechanisms underlying the regulation of fruit
softening genes by ethylene warrant further investigation,
and represent a key area of focus for our future research
endeavors.

Conclusions

Ethylene treatment of ‘Nanguo’ pear fruit at the later stage
of development increased the contents of soluble solids and
soluble sugar in the fruit, decreased the titratable acid con-
tent and stone cell content, improved the fruit quality, and
made it marketable. Ethylene increased the expression of
cell wall degradation-related genes to enhance the activity
of cell wall enzymes (PG, PME, Cx, and $-gal) to promote
protopectin decomposition, cellulose degradation, and the
generation of water-soluble pectin, and cellulose degrada-
tion, thus leading to cell wall degradation and promoting
fruit softening. Ethylene treatment at 400 mg-L~" signifi-
cantly improved fruit quality, promoted fruit softening, and
had the optimal overall effect.
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