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ABSTRACT. Stony hard (SH) peach (Prunus persica) fruits produce no ethylene and clingstone-type SH peaches have a
crispy flesh texture; however, freestone-type SH peach fruits ripen to a soft, mealy state. During this study, we com-
pared and analyzed changes in the microstructure, cell wall polysaccharides, and candidate cell wall-related genes of
freestone-type SH ‘Zhongtao 14’ (‘CP14’), ‘Zhongtao White Jade 2’ (‘CPWJ2’), clingstone-type SH ‘Zhongtao 13’
(‘CP13’), and ‘Zhongtao 9’ (‘CP9’) during fruit ripening. The parenchyma cells of mealy freestone-type SH peaches
became detached, were single, dried, and irregularly arranged, and remained intact in comparison with the nonmealy
clingstone-type SH peaches. Methyl-esterified homogalacturonan was strongly immunolabeled in the cell wall of cling-
stone SH peaches; however, nonmethylated homogalacturonan was weakly immunolabeled in freestone SH peaches.
A transcriptome analysis was performed to investigate the molecular mechanism of the mealiness process. A principal
component analysis indicated that ‘CP14’ S4 III (mealy) could be distinguished from the samples of ‘CP13’ (S4 I, S4
II, S4 III) and ‘CP14’ (S4 I, S4 II). The highly coexpressed gene modules linked with firmness were found using a
weighted gene coexpression network analysis; 189 upregulated genes and 817 downregulated genes were identified.
Six upregulated cell wall-related genes (PpPG1, PpPG2, PpAGP1, PpAGP2, PpEXT1, and PpEXP1) and one downre-
gulated cell wall-related gene (PpXET2) were involved in the mealiness process during freestone-type SH fruit ripen-
ing. These findings will improve our understanding of the relationship between clingstone, freestone, and stony hard
fruits and lay the foundation for further exploration of the mechanisms underlying the softening of peach fruits.

The softening of fruits during ripening is accompanied by
changes in the texture of fruits (Tucker et al. 2017) and is mainly
caused by cell wall polysaccharide degradation, pectin solubili-
zation, and cell structure destruction. Peach fruits are classified
as melting flesh (MF), nonmelting flesh (NMF) (Lester et al.
1996), and stony hard (SH) (Haji et al. 2005) types based on
their firmness. The MF peaches release large amounts of ethyl-
ene during ripening and soften rapidly, whereas NMF peaches
lack the final melting phase of softening; therefore, they are

relatively firm when fully ripe (Brummel et al. 2004b). In
contrast to MF and NMF peaches, SH peaches are hard when
fully ripe, do not produce large amounts of ethylene during
ripening, have a long postharvest shelf life, and are consid-
ered to have high breeding value (Liverani et al. 2002; Zeng
et al. 2020). It was thought that the SH peach fruits never
soften and produce no ethylene. The first selected SH trait
(‘Jingyu’) at the Beijing Forestry and Pomology Institute
(Beijing, China) was “practically freestone-NMF” (Sandefur
et al. 2013). However, the freestone NMF phenotype has not
been reported (Van Der Heyden et al. 1997). The texture of
stone adhesion (clingstone/freestone) is simply controlled and in-
herited by the freestone (Prupe.4G262200) (Gu et al. 2016). It
was found that peach chromosome 4 harbors two linked polyga-
lacturonase (PG)-encoding genes, PGF (Prupe.4G262200)
and PGM (Prupe.4G261900), which together control the
clingstone/freestone and MF/NMF traits of the fruit (Gu
et al. 2016).

The microstructure of the fruit tissue and chemistry changes
of the cell wall were closely related to the fruit ripening pattern.
Cell-to-cell adhesion affects the fracture path across tissues (Ng
et al. 2013). Peach microstructure investigations revealed that
parenchyma cells are uniformly and densely packed in the firm
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fruit; however, in the softened fruit, there is little adhesion and a
large intercellular gap (Ghiani et al. 2011). The flesh of softened
apples (Malus domestica) showed a disrupted cell wall structure
and reduced intercellular adhesion (Billy et al. 2008; Segonne
et al. 2014). Using scanning electron microscopy to analyze the
microstructure of fruit flesh, researchers found that mealy-
textured apple fruits had dry granular structures with decreased
intercellular adhesion (Brummell et al. 2004b; Li et al. 2020).
Using transmission electron microscopy, it was also found that
the middle lamella is dissolved in most mealy fruits (Ben-Arie
et al. 1979). Homogalacturonan (HG) pectin is considered to
play a major role in intercellular adhesion. The side chains of
pectin, HG and rhamnogalacturonan I, interact with cellulose
and are assumed to play a role in the mechanical characteristics
of the cell wall (Lahaye et al. 2018). In HG, methylesterification
of the C-6 carboxyl group of the galacturonic acid (GalA) resi-
dues contributes to the preservation of the integrity of the cell
wall (Kinnaert et al. 2017). According to Li et al. (2020), apples
have a high level of HG methylation throughout their immature
stage; however, it significant decreases after mealiness.

Genes related to cell wall metabolism are closely associated
with the process of fruit softening. In tomatoes (Solanum lycopersi-
cum), inhibition of SlPL expression significantly increases fruit
firmness at ripening (Uluisik et al. 2016; Wang et al. 2019). Studies
of cell wall metabolism in Rosaceae fruits have mainly focused on
PG and pectate lyase (PL) enzymes (Atkinson et al. 2012; Garc�ıa-
Gago et al. 2009; Zhang et al. 2022). In strawberry (Fragaria
×ananassa), suppression of FaPG1, FaplC, or FabGal4 expression
resulted in increased fruit firmness (Garc�ıa-Gago et al. 2009; Pania-
gua et al. 2014; Quesada et al. 2009; Youssef et al. 2013). Similarly,
in apples, suppression of MdPG1 expression also increased fruit
firmness (Atkinson et al. 2012). Cell wall metabolic enzymes ex-
pressed early during fruit ripening can also have an impact on fruit
ripening and softening. Reducing the expression of genes encoding
pectin acetylesterase and cellulose synthase may accelerate fruit soft-
ening (Huang et al. 2017).

Changes in the cell wall structure are closely related to the
metabolism of its constituents. The primary component that
keeps the structure of pectin intact is HG, which comprises the
linear chain of a-1,4-galacturonic acid (Mohnen 2008). Pectin
methylesterase demethylates the GalA residues in HG pectins,
whereas PG and PL cleave the main chain (Wormit and Usadel,
2018). Additionally, a-arabinofuranosidase and b-galactanase,
respectively, remove the side chains of pectin and galactose. The
catabolism of rhamnogalacturonan II pectin has been rarely re-
ported (Nobile et al. 2011; Rui et al. 2017; Smith et al. 2002).
Xyloglucan endotransglycosylase (XET) and xyloglucan hydro-
lase (XTH) are involved in the structural remodeling of xyloglu-
can in hemicellulose and in transferring glycosyl groups between
two xyloglucan molecules (Anderson and Kieber 2020; Johnston
et al. 2013; Shinohara et al. 2017). Other enzymes associated
with hemicellulose modification and depolymerization include
endo-1,4-b-glucanase, endo-b-mannanase, endo-xylosidase, and
xylanase. In addition to the aforementioned enzymes, a large
number of structural proteins, such as EXP and arabinogalactan
proteins (AGPs), are also involved in cell wall metabolism
(Brummell 2006; Goulao and Oliveira 2008; Wang and
Seymour 2022). In addition, some cell wall-modifying proteins
and transcription factors, such as trichome birefringence-like pro-
teins (cell wall polysaccharide acetylation proteins) and lateral or-
gan boundaries domain proteins (side organ boundary proteins),

also regulate cell wall degradation and fruit softening (Shi
et al. 2021).

The mealiness characteristic of fruits has been observed in
peaches (Brummell et al. 2004a; Nilo-Poyanco et al. 2019), ap-
ples (Segonne et al. 2014), and pear (Pyrus communis) (Dong
et al. 2018) during ripening or storage. Studies have shown that
pectin is composed of (1!4)-linked a-d-GalA residues, and that
pectin degradation and cell wall modification are associated with
the mealy texture of fruits (Segonne et al. 2014). Although SH
peaches are persistently not soft, we found that the expression of
a freestone trait-related gene in SH peaches causes the fruits to
soften and become mealy after ripening.

In this study, we explored the mechanism of fruit softening in
peaches through the microstructural analysis of the flesh tissue
of different SH-type cultivars using in situ immunolabeling of
cell walls. We also compared the differences in cell wall compo-
sition among the cultivars. The expressions of 16 gene family
members of cell wall metabolism-related genes were also ana-
lyzed to identify key genes associated with fruit softening in
freestone-type SH peaches. Overall, this study provides a theo-
retical basis for the breeding and quality improvement of SH-
type peaches.

Materials and Methods

PLANT MATERIAL AND FRUIT SAMPLING. Four SH peach culti-
vars, including two clingstone cultivars that never soften (CP13
and CP9) and two freestone cultivars with mealy texture (CP14
and CPWJ2), were used during this study. Trees were grown at
the Zhengzhou Fruit Research Institute, Chinese Academy of
Agricultural Sciences, Zhengzhou, Henan, China. Fruits at the
S4 I, S4 II, and S4 III stages were collected from different trees
in 2020, as reported previously (Gabotti et al. 2015; Tonutti
et al. 1997; Zeng et al. 2015). The mesocarp tissues of fruits
were immediately frozen in liquid nitrogen and stored at �80 �C
until needed for subsequent analyses (Pan et al. 2015).

EVALUATION OF ETHYLENE PRODUCTION AND FLESH FIRMNESS.
To measure ethylene production, each fruit sample was stored at
25 �C for 2 h in an airtight container with 0.5 mL of headspace,
and the amount of ethylene produced was measured using the
GC2010 gas chromatograph (GC2010; Shimadzu, Shanghai,
China). Each sample was composed of three intact fruits and
measured in triplicate. Flesh firmness was measured using a fruit
pressure tester (GY-4-J; TOP, Zhejiang, China) (Zeng et al.
2015).

MICROSTRUCTURAL ANALYSIS OF FRUIT FLESH. The mesocarp
of peach fruits was cut into parallelepipeds of 4 mm × 3 mm ×
2 mm and fixed in 2% (weight/volume) paraformaldehyde and
0.1% (weight/volume) glutaraldehyde in 0.1 M phosphate buffer
(pH 7.2). The fixed tissues were washed with phosphate buffer,
dehydrated using anhydrous ethanol series (10%, 20%, 30%,
40%, 50%, 60%, 70%, 80%, 90%, and 100%), and then dried in
a critical point dryer (CPD030; Bal-Tec AG, Balzers, Liechten-
stein) using liquid CO2 as the transitional fluid. Each dried piece
of mesocarp tissue was mounted on an anodized aluminum stub
(IB-3; Eiko Co., Tokyo, Japan) using conducting silver glue.
The tissue pieces were sputter-coated with a thin gold layer, and
the surface morphology of each piece was observed using a
scanning electron microscope (S-3400 N; Hitachi Co., Tokyo,
Japan) at 15 kV (Li et al. 2020; Ng et al. 2013).
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IMMUNOLABELING. The fixed and ethanol-dehydrated sections
were embedded in LR White resin (LR White resin; London
Resin Company Ltd., London, UK) (Li et al. 2020), and then
sliced into 1-mm-thick sections using a diamond knife and Leica
UCT ultramicrotome (EM UC7; Leica Co., Wetzlar, Germany).
The sections were mounted on poly-L-lysine-coated slides, dried
overnight on a hot plate (45–50 �C), and immunolabeled with
nonmethyl-esterified homogalacturonan labeling (LM19) and
highly methyl-esterified homogalacturonan labeling (LM20)
antibodies (PlantProbes, Leeds, UK) (Sutherland et al. 2004).

Immunolabeling was performed in a chamber created on the
slide using a PAP pen (H-400; Vector Laboratories Co., Newark,
CA, USA) by drawing a hydrophobic barrier around the sec-
tions. Briefly, sections were wetted for 10 min with phosphate-
buffered saline containing 0.1% Tween 80 (PBS-T) (Millipore
Sigma, St. Louis, MO, USA), and then incubated for 15 min in
0.1% bovine serum albumin (BSA-c; Aurion Biotech, Inc.,
Wageningen, Netherlands) dissolved in PBS-T to block nonspe-
cific labeling. Subsequently, the sections were incubated over-
night with primary antibodies (1:20 dilution in blocking buffer,
volume/volume) in a humid chamber at 4 �C. After incubation,
the slides were washed with PBS-T and incubated for 2 h with
fluorescein isothiocyanate-conjugated goat antirat IgG secondary
antibody (ZF-0315; ZSJQ-BIO Co., Beijing, China; 1:100 dilution
in PBS-T, volume/volume) in the dark at room temperature. The
immunolabeled sections were washed with 2 to 3 mL of PBS-T
and coverslip-mounted on the slides using antifade agent solution
(P0128S; Beyotime Co., Shanghai, China) (Li et al. 2020).
Sections were viewed using a confocal laser scanning microscope
(Fluoview FV1000 Espectral; Olympus Co., Tokyo, Japan). Im-
ages were taken at 40× magnification.

CELL WALL MATERIAL EXTRACTION AND FRACTIONATION. Peach
mesocarp tissue samples were ground in liquid nitrogen to obtain
a uniform powder. Then, 5 g of each powdered sample was ho-
mogenized in 32 mL of 95% (volume/volume) ethanol and
boiled for 30 min. The residue was separated and boiled twice
(Li et al. 2020). After filtration, the insoluble residue was washed
with 80 mL of acetone and partially dried by applying a mild
vacuum. The yield of the obtained cell wall material (CWM)
was calculated when fully dried. Then, 100 mg of CWM was se-
quentially extracted with cyclohexane-trans-1,2-diamine tetra-
acetic acid and sodium carbonate to obtain fractions enriched in
water-soluble pectin (WSP), chelator-soluble pectin (CSP), and
sodium carbonate-soluble pectin (SSP). Two hemicellulose-
enriched fractions were obtained by extraction with 1 M and
4 M KOH (Li et al. 2019; Santiago-Dom�enech et al. 2008).
Then, the insoluble residue was washed with double-distilled
water until pH 7.0 and dried by applying a mild vacuum to ob-
tain the cellulose.

TRANSCRIPTOME SEQUENCING AND QUANTITATIVE REVERSE-
TRANSCRIPTION POLYMERASE CHAIN REACTION. Total RNA from
peach fruit tissues was extracted using the TRIzol Reagent (TRIzol
Reagent; Thermo Fisher Scientific, Waltham, MA, USA) and
treated with RNase-free DNase (RNase-free DNase; Qiagen, Vero-
gen Inc., San Diego, CA, USA). RNA-seq and bioinformatic analy-
ses were conducted by Biomarker Technologies (Beijing, China).
A total of 18 RNA-seq libraries (CP13 S4 I, S4 II, S4 III and CP14
S4 I, S4 II, S4 III) were constructed. Library construction was
performed using the Illumina HiSEq 4000 (Illumina HiSEq 4000;
Illumina, Inc., San Diego, CA, USA) sequencing platform. Clean
reads were obtained by removing reads containing adapters, poly-N

and low-quality reads from raw data with in-house Perlscripts (Niu
et al. 2018). The quality score 20, quality score 30, and GC content
values of the clean data were calculated. Reference genome and
gene model annotation files were downloaded from the genome
database for rosaceae (Jung et al. 2008). Relative transcript abun-
dance was calculated based on the fragments per kilobase of exon
model per million mapped fragments for biological replicates.
HTSeq version 0.6.1 was used to count the read numbers mapped
to each gene (Niu et al. 2018).

Gene-specific primers were designed using Premier 6.0 (Pre-
mier 6.0; Premier, Inc., Charlotte, NC, USA) (Supplemental Table
2). To perform the quantitative reverse-transcription polymerase
chain reaction (qRT-PCR), total RNA was extracted from peach
fruit tissues using the Total RNA Kit (Tiangen, Beijing, China)
according to the manufacturer’s instructions and assessed using
the NanoDrop ND-1000 spectrophotometer (NanoDrop ND-
1000; Thermo Fisher Scientific, Waltham, MA, USA). Then,
cDNA was synthesized using the FastKing RT Kit (FastKing
RT Kit; Tiangen, Beijing, China). The isolated cDNA was di-
luted to a concentration of 20 ng�mL�1 and used as a template
for the qRT-PCR. Actin (Prupe.6G163400) was used as the
internal reference gene (Tatsuki et al. 2013; You et al. 2021).
Three replications per sample were performed.

IDENTIFICATION OF CELL WALL-RELATED GENE FAMILIES. The
deduced amino acid sequences of peach genes were downloaded
from the genome database for rosaceae (Jung et al. 2008), and
those of Arabidopsis (Arabidopsis thaliana) genes were down-
loaded from the Arabidopsis information resource database
(Swarbreck et al. 2008). All candidate sequences were submitted
to the SMART database to verify the presence of conserved do-
mains (Zhang et al. 2019). The proteins were detected using
“Search Conserved Domains on a protein” at the National Cen-
ter for Biotechnology Information website and classified accord-
ing to the conserved domains specific to the gene family (Ma
and Zhao 2010).

STATISTICAL ANALYSIS. A one-way analysis of variance was
performed using GraphPad Prism 9.0 software (GraphPad Prism
9.0; Graphpad Software, San Diego, CA, USA). Significant dif-
ferences between groups were detected at P < 0.05. At least
three biological replicates were used.

Results

CHANGES IN PEACH FRUIT TEXTURE DURING RIPENING. To distin-
guish SH clingstone and SH freestone peaches, the fruits of
four peach cultivars, including two clingstone (CP13 and CP9)
and two freestone (CP14 and CPWJ2) cultivars, were exam-
ined at the immature, mature, and mealy stages. At the imma-
ture stage, all four cultivars showed high fruit firmness (>30 N)
and were clingstone-type. At maturity, the fruit firmness of
all four cultivars decreased, but the firmness of CP13 and
CP9 (>30 N) was higher than that of CP14 and CPWJ2 (>20 N).
At the mealy stage, the ‘CP14’ and ‘CPWJ2’ fruits softened,
and their firmness decreased to less than 10 N, whereas the
firmness of ‘CP13’ and ‘CP9’ fruits remained higher than
25 N (Fig. 1B). During ripening, the single-fruit weight and
soluble solid content of all four cultivars continued to increase,
and the fruits released almost no ethylene. When fully ripened
(at the mealy stage), the fruits of ‘CP13’ and ‘CP9’ were hard,
whereas those of ‘CP14’ and ‘CPWJ2’ were freestone-type, soft,
and mealy (Fig. 1A).
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MICROSTRUCTURAL ALTERATIONS IN PEACH FRUIT TEXTURE.
Scanning electron microscopy was performed to examine the mi-
crostructure of the flesh tissues of each peach cultivar. At the im-
mature stage, the fruits of all peach cultivars exhibited structurally
intact cell walls. Parenchyma cells in the fractured surface were
regularly arranged and showed minimal separation from adjacent

cells (Fig. 2, A1, B1, C1, D1). At the mature stage, the flesh tissue
of ‘CP13’ and ‘CP9’ fruits showed little change, with regularly ar-
ranged cells and minimal separation between adjacent cells (Fig.
2, A2, B2, A3, B3); ‘CP14’ showed larger intercellular spaces
(Fig. 2, C2), and ‘CPWJ2’ showed the greatest change in the cell
wall structure (Fig. 2, D2). Dried, intact, and separated, but

Fig. 1. Changes in the fruit traits of different peach cultivars during ripening. (A) Changes in the fruit traits of clingstone-type (‘CP13’ and ‘CP9’) and freestone-type
(‘CP14’ and ‘CPWJ2’) fruits during ripening (A1–D3). S4 I (immature), S4 II (mature), and S4 III (mealy). ‘Zhongtao 13’ (‘CP13’), ‘Zhongtao 9’ (‘CP9’), ‘Zhongtao
14’ (‘CP14’), and ‘Zhongtao White Jade 2’ (‘CPWJ2’). (B) Changes in the fruit firmness (E1), ethylene production (E2), fruit weight (E3), and soluble solid content
(SSC) (E4) of different peach cultivars during ripening (*P < 0.05; **P < 0.01). Error bars represent the SE of three independent biological replicates.

Fig. 2. Scanning electron microscopic images show tissue fracture patterns on the fruit surfaces of different peach cultivars during ripening. S4 I (immature),
S4 II (mature), and S4 III (mealy). ‘Zhongtao 13’ (‘CP13’), ‘Zhongtao 9’ (‘CP9’), ‘Zhongtao 14’ (‘CP14’), and ‘Zhongtao White Jade 2’ (‘CPWJ2’). All im-
ages (A1–D3) were captured at 200× magnification (scale bars 5 200 mm).
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shriveled, cells were observed in the fractured surface of ‘CP14’
and ‘CPWJ2’ when the fruits were mealy (Fig. 2, C3, D3).

IMMUNOFLUORESCENCE LABELING OF HG IN THE CELL WALL.
To differentiate between methylated and nonmethylated pectins,
in situ immunofluorescence monoclonal antibodies like LM19
and LM20 are typically used; LM19 identifies nonmethylated
GalA residues, whereas LM20 binds to highly methylated pectin
regions (Christiaens et al. 2016; Li et al. 2020; Ng et al. 2013).
The fluorescence signal of LM19 was strong in the flesh tissues
of ‘CP13’ and ‘CP9’ fruits at the immature stage. During the rip-
ening process, the LM19 signal in the fleshy tissues of ‘CP13’

and ‘CP9’ diminished with time; however, at the same time
points, it was stronger than the LM19 fluorescence signal in the
flesh tissues of SH freestone peaches (Fig. 3, A1–A3, B1–B3).
In the case of ‘CP14’ samples, the LM19 signal weakened even
further during the ripening process; by the mealy stage (Fig. 3,
C1–C3), only a faint fluorescence signal was visible. However,
the LM19 signal in ‘CPWJ2’ samples was strong during the im-
mature stage, but it was weakened during the mature and mealy
stages. Compared with ‘CP14’ and ‘CPWJ2’ samples, the LM20
fluorescence signal in ‘CP13’ and ‘CP9’ samples was greater,
and the levels of HG methylation in cells were lower during the
mealy stage (Fig. 3, E1–H3).

FRACTIONS FROM CWM DURING PEACH RIPENING. Changes in
the polysaccharide fraction of the fruit cell wall varied among
different peach cultivars. ‘CP13’ and ‘CP9’ showed a reduction
in CWM during ripening, but the degree of reduction was not
significant. In contrast, ‘CP14’ and ‘CPWJ2’ showed a smaller
decrease in the CWM content at the immature and mature
stages; however, at the mealy stage, the CWM content decreased
significantly, especially that in ‘CP14’ (Fig. 4A, A1–A4). As the
fruit ripened, nonmealy peaches ‘CP13’ and ‘CP9’ showed a sig-
nificant decrease in the proportion of cellulose and a slight in-
crease in the proportion of total pectin, indicating that cellulose
is degraded into hemicellulose in the cell wall, and that the deg-
radation of pectin is much lower than that of cellulose. Mealy
peaches ‘CP14’ and ‘CPWJ2’ showed a significant decrease in
the proportion of CSP and a significant increase in the proportion
of SSP at the immature and mature stages while increasing sig-
nificantly when the peaches became mealy. In ‘CP14’ and
‘CPWJ2’, the total WSP percentage increased, SSP percentage
decreased, total pectin percentage decreased significantly, and
cellulose percentage increased significantly (Fig. 4B, B1–B4).
This indicated that pectin was degraded to a greater extent than

Fig. 3. Immunofluorescence of Homogalacturonan (HG) in the flesh tissues
of different peach cultivars during ripening. Nonmethyl-esterified HG
was labeled with nonmethyl-esterified homogalacturonan labeling (LM19)
(A1–D3), and highly methyl-esterified HG was labeled with LM20
(E1–H3). S4 I (Immature), S4 II (Mature), and S4 III (Mealy). HG. ‘Zhong-
tao 13’ (‘CP13’), ‘Zhongtao 9’ (‘CP9’), ‘Zhongtao 14’ (‘CP14’), and
‘Zhongtao White Jade 2’ (‘CPWJ2’). Scale bars 5 50 mm.

Fig. 4. Contents of cell wall material (CWM) fractions in peach fruit flesh. (A) Yield of CWM in the fruits of different peach cultivars during ripening
(A1–A4) (**P < 0.01). (B) Percentage of galacturonic acid and cellulose in the CWM of different peach cultivars during ripening (B1–B4). S4 I (immature),
S4 II (mature), and S4 III (mealy). Water-soluble pectin (WSP), chelator-soluble pectin (CSP), sodium carbonate-soluble pectin (SSP), loosely bonding hemi-
cellulose (LHC), tightly bonding hemicellulose (THC), and cellulose (CE). ‘Zhongtao 13’ (‘CP13’), ‘Zhongtao 9’ (‘CP9’), ‘Zhongtao 14’ (‘CP14’), and
‘Zhongtao White Jade 2’ (‘CPWJ2’). Data represent the mean ± SE of three independent biological replicates.
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cellulose in the mealy peaches. In general, the degradation of
CWM in SH clingstone peaches was less than that in SH freestone
peaches. Additionally, during fruit ripening, the degradation of
pectin was lower than that of cellulose in SH clingstone peaches,
but greater than that of cellulose in SH freestone mealy peaches.

The CSP and SSP contents were significantly negatively corre-
lated with the mealy texture, whereas CSP was significantly posi-
tively correlated with firmness and negatively correlated with
CWM. This suggested that the degradation of CSP and SSP in the
two types of SH peaches showed a strong correlation with the
mealy texture, and that the changes in SSP content likely represent
the degree of change in the mealy texture (Supplemental Fig. 1).

TRANSCRIPTOME ANALYSIS. To reveal the mechanism responsi-
ble for the mealy texture of SH peaches, 18 RNA-seq libraries
were constructed from the samples of ‘CP13’ (SH clingstone-type;
S4 I, S4 II, and S4 III, designated as A, B and C, respectively) and
‘CP14’ (SH freestone-type; S4 I, S4 II, and S4 III, designated as
D, E and F, respectively). A total of 118.70 Gb clean reads, equiv-
alent to a total of 25,058 mRNAs, were obtained from the samples.
The mapping rate of reads from all 18 libraries was >92.6%, and
the average quality score 30 of the reads was >91.1%. The RNA-
seq data obtained from the three biological replicates of each sam-
ple was highly correlated (R2 > 0.93; P< 0.01). Therefore, the ac-
curacy and quality of the RNA-seq data were determined to be
sufficient for subsequent analyses. A principal component analysis
revealed that the fruit samples from SH clingstone and SH free-
stone were significantly different from each other; however, all

three biological replicates of each sample grouped together. The
S4–3 sample of ‘CP14’ clustered independently from the other pe-
riods (Fig. 5B), suggesting that ‘CP14’ S4–3 was significantly dif-
ferent from the other periods. The S4–1 and S4–2 samples of
CP13 grouped with those of ‘CP14’. The number of differentially
expressed genes (DEGs) between ‘CP13’ and ‘CP14’ was the
highest during S4–3. Among these genes, 2452 were upregulated
and 1661 were downregulated (Fig. 5A, A1–A3). Additionally,
189 genes in the sky-blue module, 405 genes in the floral-white
module, and 412 genes in the blue module were significantly posi-
tively linked with the firmness according to a weighted gene coex-
pression network analysis of genes with fragments per kilobase of
exon model per million mapped fragments values larger than 1
(Fig. 5C). Members of 18 gene families related to cell wall metab-
olism were compared with the genes exhibiting a highly significant
correlation with firmness (Supplemental Table 1). A highly signifi-
cant correlation between firmness and cell wall metabolism was seen
in 17 upregulated genes and three downregulated genes (Fig. 5D).

GENE EXPRESSION ANALYSIS USING QRT-PCR. The qRT-PCR
results showed that PG1, PG2, AGP1, AGP2, EXT1, and EXP1
were significantly highly expressed in both freestone-type SH
peach cultivars, indicating that these genes are jointly involved
in cell wall degradation of SH freestone peaches (Fig. 6). There-
fore, these genes were considered important candidates promoting
the mealiness trait of freestone SH peaches. In contrast, XET2 was
significantly highly expressed in SH clingstone (nonmealy)
peaches. Thus, XET2 was considered an important candidate

Fig. 5. Transcriptomic changes in peach fruits during ripening. (A) Numbers of differentially expressed genes (DEGs) identified in peach fruits during ripening
(A1–A3). ‘CP13’ S4 I (A), ‘CP13’ S4 II (B), ‘CP13’ S4 III (C), ‘CP14’ S4 I (D), ‘CP14’ S4 II (E), and ‘CP14’ S4 III (F). (B) Principal component analysis
(PCA) of DEGs using fragments per kilobase of exon model per million mapped fragments (FPKM) values as variables. CP13_1 (‘CP13’ S4 I), CP13_2
(‘CP13’ S4 II), CP13_3 (‘CP13’ S4 III), CP14_1 (‘CP14’ S4 I), CP14_2 (‘CP14’ S4 II), and CP14_3 (‘CP14’ S4 III). (C) Weighted gene coexpression net-
work analysis (WGCNA) of firmness using FPKM values as variables. The color scale on the right represents the module–trait correlations ranging from
�0.75 (blue) to 10.75 (red). (D) Heatmap display of genes showing strong correlation with fruit firmness. ‘CP13’ S4–1 (‘CP13’ S4 I), ‘CP13’ S4–2 (‘CP13’
S4 II), ‘CP13’ S4–3 (‘CP13’ S4 III), ‘CP14’ S4–1 (‘CP14’ S4 I), ‘CP14’ S4–2 (‘CP14’ S4 II), and ‘CP14’ S4–3 (‘CP14’ S4 III). ‘Zhongtao 13’ (‘CP13’) and
‘Zhongtao 14’ (‘CP14’). S4 I (immature), S4 II (mature), and S4 III (mealy).
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that negatively regulates the genes responsible for the meali-
ness trait of SH freestone peaches.

Among all the selected genes, PG1 showed the highest ex-
pression level, which was negatively correlated with fruit firm-
ness and positively correlated with mealy texture. Fruit firmness
was significantly negatively correlated with the PG1, PG2, PG3,
PG4, CesA1, CesA2, AGP1, AGP2, and LOB1 genes. Based on
these results, PG1, PG2, AGP1, AGP2, EXT1, and EXP1 were
chosen as potential candidates for the mealiness attribute of free-
stone SH peaches. At the transcriptome level of ‘CP13’ and
‘CP14’, XET2, a negatively regulated gene, exhibited a highly
significant negative connection with firmness; however, the fluo-
rescence quantification results did not demonstrate a significant
correlation (Supplemental Fig. 2). Therefore, the role of XET2 in
fruit ripening and its ability to regulate SH freestone fruit quality
requires further investigation.

Discussion

In our study, we found that clingstone-type SH peach fruits
(‘CP13’ and ‘CP9’) have a very crispy flesh texture, but that
freestone-type SH peach fruits (‘CP14’ and ‘CPWJ2’) ripen to a

soft, mealy state. The microstructural analysis of SH peaches re-
vealed that although mealy peaches had irregularly organized, dry,
and shriveled cells with greater intercellular spaces, nonmealy
peaches had densely packed, undamaged parenchyma cells. In a
previous study, nonmealy apples showed regularly arranged paren-
chyma cells with minimal separation between adjacent cells (Li
et al. 2020; Paniagua et al. 2014), similar to the results for ‘CP13’
and ‘CP9’ obtained during this study, whereas mealy apples
showed dried, intact, and separated parenchyma cells (Li et al.
2020; Nobile et al. 2011; Segonne et al. 2014), similar to the micro-
structural observations of the mealy cultivars CP14 and CPWJ2.

Methylated pectins in nonmealy peaches, ‘CP13’ and ‘CP9’,
showed little degradation during an immunofluorescence analy-
sis, but nonmethylated pectins in mealy peaches, ‘CP14’ and
‘CPWJ2’, showed considerable degradation throughout the mealy
stage. According to Li et al. (2020), methylated HG degraded
slowly or was nearly nondegradable in nonmealy apples, consis-
tent with the findings of the study. However, as apples reached
the mealy stage, the amount of nonmethylated HG decreased (Ng
et al. 2013).

The mealy and nonmealy textures of SH peaches were corre-
lated with the changes in the pectin content, and the degradation of
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pectin was the main cause of the reduced firmness of SH freestone
peaches. Nonmealy peaches ‘CP13’ and ‘CP9’ showed little
change in the proportion of each pectin component, consistent
with the results of the study of the nonmealy apple cultivar Fuji
(Li et al. 2020). The proportion of WSP considerably increased
throughout fruit ripening in mealy peaches ‘CP14’ and ‘CPWJ2’,
whereas the proportion of CSP first decreased and subsequently in-
creased. The proportion of SSP exhibited an increasing trend, fol-
lowed by a decreasing trend. A steady increase in the WSP content
from the onset to the ripe and senescent stages was also observed
in Golden Delicious apples (Gwanpua et al. 2016). The content of
CSP decreased in slowly softening apples (Ng et al. 2013),
whereas the content of CSP significantly increased and that of SSP
sharply decreased in mealy apples (Li et al. 2020). These results
are consistent with the greater firmness of ‘CP14’ and ‘CPWJ2’
fruits at the early stage and lower firmness at the late stage.

Reduced firmness and a mealy texture were the results of pec-
tin breakdown in SH freestone peaches, which was positively
connected with significantly high expressions of PpPG1 and
PpPG2. In apples, MdPG1 is a candidate gene that impacts
fruit texture and is associated with mealiness (Longhi et al.
2013). The main cause of the mealy texture was determined
to be an abrupt breakdown of cell wall pectins associated
with the imbalanced activity of many cell wall-modifying en-
zymes (Hayama et al. 2006). These results are similar to
those of the current study in which high expression levels of
PpPG1 and PpPG2 in ‘CP14’ and ‘CPWJ2’ resulted in mealy
texture at ripening. This suggests that PG expression is a ma-
jor factor that determines the texture of freestone and cling-
stone SH peaches.

PpAGP1, PpAGP2, and PpEXP1 were also significantly
highly expressed in SH freestone peaches, suggesting that these
genes promote the mealy texture of SH freestone peaches. In ap-
ples, the effect of AGPs on fruit firmness is associated with dif-
ferent types of arabinoses in the cell wall (Lahaye et al. 2018),
and the genes involved in the regulation of AGP activity may
also be associated with fruit softening (Leszczuk et al. 2020). In
the current study, the PpAGP1 and PpAGP2 family genes were
significantly highly expressed in ‘CP14’ and ‘CPWJ2’ fruits at
the mealy stage, suggesting that the expression of these genes is
positively correlated with the mealy texture of SH freestone
peaches. In tomato, the expression of EXP1 was positively corre-
lated with fruit softening (Hunter et al. 2021), similar to the ex-
pression of PpEXP1 in this study. However, the content of EXP
is reduced in mealy fruit (Obenland et al. 2003), and EXP7 ex-
pression affects fruit softening (Brummell et al. 2004a, 2004b;
Costa et al. 2008). Therefore, the role of EXP in the mealy tex-
ture of peach fruits requires further investigation.

Conclusions

‘CP14’ and ‘CPWJ2’ are SH freestone mealy peaches that
soften during ripening, lose adhesion between adjacent cells, and
display separated, dried, and irregularly arranged cells. However,
SH clingstone peaches are hard and have an intact cell wall struc-
ture. Our results suggest that six upregulated genes (PpPG1,
PpPG2, PpAGP1, PpAGP2, PpEXT1, and PpEXP1) and one
downregulated gene (PpXET2) are potentially involved in the de-
velopment of the mealy texture of SH peaches. The molecular
mechanisms regulating the softening and mealiness of SH peaches

should be investigated further using the aforementioned genes as
candidates.
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