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Abstract: Fruit quality is one of the most important economic traits of fruit crops, directly
influencing market prices and orchard revenues. Enhancing fruit quality has therefore
become a critical objective in both fruit production and scientific research. External quality
traits of fruits typically include size, coloration, shape, uniformity, and consistency. Internal
quality traits refer to the nutritional value of fruits, which largely determine their flavor and
palatability. Over the past decade, significant progress has been made in understanding
the formation and regulatory mechanisms of fruit quality, with numerous key functional
genes associated with quality traits being identified. While substantial advancements
have been achieved in studying specific aspects of fruit quality, there remains a lack of
comprehensive and systematic reviews addressing the overall physiology of fruit quality,
the interplay among various quality traits, and the diversity of regulatory mechanisms.
Using Chinese pears as an example, this review summarizes the research progress in fruit
quality regulation over the past five years. Key aspects include metabolic regulation of fruit
traits such as sweetness, color, texture, and physiological disorders; factors influencing
stone cell formation; sugar content regulation; roles of plant hormones including ethylene,
gibberellins, and abscisic acid; translational regulation and post-translational modifications
such as ubiquitination, methylation, and acetylation; as well as the application of genomic
sequencing technologies. Furthermore, the review offers practical suggestions for improv-
ing pear fruit quality and provides insights for researchers in related fields. Finally, future
trends in fruit quality research are discussed, offering a forward-looking perspective for
advancing the field.

Keywords: fruit; quality; pear; stone cells; sugar content

1. Introduction

Fresh fruits serve as an essential dietary component, providing humans with vitamins,
minerals, essential amino acids, antioxidants, and bioactive compounds with specialized
physiological functions. China ranks first globally in fruit production; however, post-
harvest losses account for as much as 30%, leading to annual economic losses of several
hundred billion yuan, significantly undermining agricultural efficiency and farmers” in-
comes. Consequently, improving post-harvest storage quality and minimizing losses have
become critical issues requiring urgent solutions [1-3]. Fruit quality encompasses various
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attributes, including color, aroma, flavor, and texture, all of which are regulated by both
internal and external factors. Plant hormones, environmental conditions, and epigenetic
modifications are among the primary factors affecting fruit quality [4]. Both applied and
basic research have demonstrated that the quality traits of specific cultivars can vary sig-
nificantly due to differences in pre-harvest (growth and development) and post-harvest
treatments/technologies. In addition to genetic differences, the regulatory mechanisms of
fruit quality traits influenced by pre- and post-harvest treatments remain a hot research
topic. However, numerous theoretical questions remain unresolved. The mechanisms un-
derlying the maintenance of post-harvest quality traits, the regulatory networks governing
fruit ripening and senescence, the interactions between environmental factors and intrinsic
fruit factors, and the similarities and differences in quality maintenance and regulation
mechanisms across different fruit types are still unclear. Notably, research attention is
uneven across various quality traits and regulatory mechanisms. For instance, antho-
cyanin metabolism is a popular focus, whereas studies on translational regulation, protein
modifications, and microRNAs remain relatively underexplored [5,6].

China is the origin center for pears, boasting a rich diversity of pear germplasm re-
sources and accounting for over 70% of the global pear cultivation area and production.
Despite this, traditional local cultivars still dominate China’s pear production, failing
to meet the diverse quality demands of modern consumers [7,8]. Pear, as a perennial
fruit tree, exhibits a long juvenile phase and typical self-incompatibility, making tradi-
tional cross-breeding approaches time-consuming and inefficient. This underscores the
need for molecular breeding technologies to achieve efficient genetic improvement of key
traits [9-11]. Key traits for evaluating pear germplasm include three yield and edibility
traits (fruit transverse diameter, longitudinal diameter, and core size), five morphological
and external quality traits (skin color, russeting, lenticel prominence, fruit shape, and
pedicel length), and nine internal quality traits (flesh color, juiciness, aroma, flavor, texture,
flesh type, soluble solids content, titratable acidity, and overall internal quality) [12]. Due
to the perennial nature of pear trees, their breeding cycle is lengthy [13,14]. Additionally,
pear hybrid breeding in China started relatively late. As a result, the main cultivars (such
as ‘Dangshan Su” “Xuehua’ etc.) are still traditional local varieties, often exhibiting poor
comprehensive quality, such as bland flavor and coarse flesh texture [15]. Many tradi-
tional Chinese pear varieties have not undergone artificial breeding or targeted genetic
improvement, leading to high stone cell content in the fruit, which causes a coarse texture
and significantly reduces fruit quality and market acceptance [7,16-18]. Over the past
decade, substantial progress has been made in understanding the formation and regulatory
mechanisms of fruit quality, with several key functional genes and transcription factors
identified. This review focuses on recent advances in Chinese pear fruit quality research
over the past five years, providing a reference for researchers in related fields and offering
insights into future research directions.

2. Metabolic Regulation of Pear Fruit Quality

Pear is crisp and delicious, rich in proteins, sugars, crude fiber, vitamins, and minerals
such as calcium, phosphorus, and iron [19]. It offers various health benefits, including
aiding digestion, soothing the lungs and cough, alleviating hangovers, reducing inflamma-
tion, and improving blood pressure and heart health [20]. In recent years, the breeding of
ultra-early maturing pears has optimized industrial structure, reduced labor costs, and met
consumer demands by bringing the fruit to market earlier. However, ultra-early maturing
pears often suffer from bland flavor and low sweetness. The flavor quality of fruit directly
affects consumer preference and market competitiveness, making the improvement of
ultra-early maturing pear fruit quality a key focus for breeders and researchers [21-23].
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Several fruit characteristics critical for pear quality, which have been the focus of genetic
studies, include sweetness, color, texture, and physiological disorders.

2.1. Sweetness

Sugars represent the primary biochemical constituents of pears, with both the species
and concentration of sugars exerting a direct impact on fruit flavor attributes, including the
intensity and quality of sweetness. Furthermore, they play a pivotal role in determining
overall fruit quality. A recent study reported a novel member of the S1-bZIP transcription
factor family, PpbZIP44, which is significantly upregulated during fruit development.
Overexpression of PpbZIP44 notably increases the sugar content, enhances the sugar-to-
acid ratio, and elevates levels of amino acids, fatty acids, and flavonoids in fruit. Conversely,
silencing PpbZ1P44 has the opposite effects [24]. Furthermore, PpbZIP44 directly binds to
the promoter of PpSDH9 and induces its expression, facilitating the conversion of sorbitol
to fructose. Additionally, PpbZIP44 interacts with the promoter of PpProDH1, thereby
accelerating the proline cycle. Overexpression of PpbZIP44 promotes the consumption
of intermediates in the tricarboxylic acid (TCA) cycle and increases the levels of amino
acids and fatty acids. PpbZIP44 also directly binds to the promoters of PpADT and PpF3H,
directing carbon flux toward the phenylpropanoid biosynthesis pathway and enhancing
the contents of phenylalanine and flavonoids [24]. This study provides a comprehensive
understanding of the metabolic regulatory network mediated by PpbZIP44 and offers
valuable insights for genetic improvement and breeding strategies aimed at enhancing pear
fruit quality [24] (Figure 1).
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Figure 1. A network that regulates metabolic processes, color, anthocyanin synthesis, and dwarfism
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2.2. Color

Color is a critical determinant of fruit appearance quality [25,26]. The pear fruit
surface exhibits three distinct phenotypes—fully russeted, partially russeted with green
patches, and fully green—depending on the accumulation of the cork layer. The presence
of anthocyanins introduces varying degrees of red coloration across these three phenotypes.
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Partially russeted skin, also known as russeted skin, is a crucial target for elimination in
both pear and apple breeding programs. Previous studies on the mechanisms underlying
the brown skin phenotype have predominantly focused on this aspect [27,28]. The cork
layer, which overlays secondary tissues, serves as a protective barrier that deters pathogen
invasion and mitigates water loss. In addition to analyzing the metabolic characteristics
associated with cork layer formation, recent studies have identified the germin-like protein
(GLP) and Patatin-like protein (PLP) gene families, each containing four members, as being
responsive during pear skin suberization. These genes are implicated in initiating cellular
pathogen response pathways. Three potential defense mechanisms against pathogen
and pest invasion have been proposed in suberized tissues: a physical barrier formed
by the cork layer, a chemical barrier constituted by antimicrobial metabolites such as
triterpenes; and basal plant resistance conferred by disease-resistance genes such as GLP,
PLP, and RPM1. The wax layer on the surface of suberized pear skin is often compromised,
leading to significantly increased water loss. In brown-skinned pears, aquaporin genes are
downregulated, suggesting an emergency cellular response to rapid dehydration, which
plays a crucial role in mitigating water loss from russeted fruits [29].

In China, the dominant pear species—Pyrus bretschneideri “White Pear’, Pyrus pyrifolia
‘Sand Pear’, and Pyrus ussuriensis ‘Qiuzi Pear’—mainly produce green or brown-skinned
fruits. Red-skinned pear resources are rare and confined to a few regions like Yunnan
and southern Sichuan. The red coloration in pears primarily stems from anthocyanin
accumulation, which not only benefits human health but also significantly enhances the
fruit’s commercial value [30,31]. Overexpression of PyMYB107 suppressed anthocyanin
biosynthesis in pear calli and fruit, while virus-induced silencing of PyMYB107 increased
anthocyanin accumulation. This study revealed the “activation-inhibition” loop regula-
tory mechanism of anthocyanin synthesis in red-skinned pear fruit. The transcription of
the inhibitor PyMYB107 is activated by the activators PyMYB10/MYB114. PyMYB107
prevents excessive anthocyanin accumulation by competitively binding to PybHLH3 with
PyMYB10/MYB114 [32]. The variation in anthocyanin synthesis in pear fruits provides
valuable genetic resources for pear breeding. Meanwhile, dwarfing is an important agro-
nomic trait that helps reduce management costs and address issues of tree canopy shading.
This, in turn, improves the light conditions for fruit development, benefiting both the
internal and external quality of the fruit.

Furthermore, studies have shown that overexpression of PyBBX24*N!* promotes an-
thocyanin accumulation in pear, strawberry, Arabidopsis, tobacco, and tomato, whereas
the overexpression of the full-length PyBBX24 does not [33]. PyBBX24AN14 interacts with
PyHYS5 to directly activate the expression of PyUFGT and PyMYB10. Stable overexpression
of PyBBX24"N* also induces a dwarf phenotype in Arabidopsis, tobacco, and tomato by
directly binding to the promoter of PyGA20x8, which inactivates bioactive gibberellins,
thus reducing plant height. Interestingly, this premature termination mutation in PyBBX24
is also present in several European red pear bud sport varieties, identifying PyBBX24 as
a key gene linking pigmentation and dwarfing traits [33]. To further explore the role of
BBX proteins in anthocyanin biosynthesis, it identified a bHLH gene with high expression
levels in BBX18 overexpression lines, named bHLH64. bHLH64 acts as a positive regula-
tor of anthocyanin biosynthesis by forming a complex with MYB10 to activate structural
genes [34]. Its expression is induced by light and is targeted for degradation by COP1
in the dark via the 265 proteasome pathway. Light exposure inhibits COP1, enhancing
bHLH64 protein stability under light conditions. This discovery makes bHLH64 the first
non-1IIf sub-group bHLH transcription factor involved in anthocyanin biosynthesis, ex-
panding the understanding of the bHLH family’s role and enriching the molecular network
of light-induced coloration in red pear fruits [34] (Figure 1). Environmental factors also
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influence the stability of pear coloration, with light being one of the most critical factors.
Understanding the light-induced coloration mechanism in pears is therefore of great scien-
tific and practical importance [35,36]. A study investigating bagged and unbagged fruit
peels of the red-skinned pear cultivar ‘Mantianhong’ combined metabolomic and tran-
scriptomic analyses. This research identified a novel transcript, PybZIPa, whose expression
was strongly light-responsive post-bag removal and positively correlated with cyanidin
content [37]. Unlike the regulatory mechanisms in Arabidopsis, apple, and rice, PybZIPa in
pear not only activated the promoters of transcription factors PyMYB114, PyMYB10, and
PyBBX22 but also enhanced its promoter activity. Moreover, PybZIPa directly regulated
the anthocyanin structural gene PyUFGT, promoting anthocyanin biosynthesis. Further
analysis revealed that genes regulated by PybZIPa contained G-box elements. The PyUFGT
promoter of ‘Mantianhong’ features three tandem G-box elements. Mutational analysis
showed that the transcriptional activation of PyUFGT by PybZIPa depended on the number
of G-box elements, fewer G-box elements led to reduced activation [37].

2.3. Texture

Pears are typically classified into two main categories—European and Asian pears—
based on their geographic distribution [38]. European pears, primarily belonging to Pyrus
communis, are characterized by their soft, juicy flesh, and strong aroma [39]. In con-
trast, the principal cultivars of Asian pears are derived from P. pyrifolia, P. bretschneideri,
P. sinkiangensis, and P. ussuriensis [39]. Most Asian pears exhibit a crisp texture, abundant
juice content, and a more subtle aroma. A recent study reported the genomic variation maps
of 113 wild and cultivated pear germplasm materials from around the world. The distinct
selective sweep signatures observed between Asian and European pears, in conjunction
with co-localized quantitative trait loci (QTLs) and differentially expressed genes, highlight
the genetic basis for various phenotypic traits such as flesh texture. The research team
found that in Asian pears, eleven genes associated with cell wall degradation were iden-
tified within regions undergoing selective sweeps, whereas no such genes were detected
in the selective sweep regions of European pears. These domestication-related genes may
contribute to the characteristic crisp texture of Asian pear flesh, in contrast to the softer,
finer texture typical of European pears [39]. In addition to geographical differences in
texture, texture depends on many factors: the time of harvest, the conditions and duration
of storage, and the ripening conditions after storage. A chilling period following harvest is
required for the proper initiation of ripening in many winter pear varieties [40]. Once the
chilling requirements are met, the typical ripening process involves a loss of firmness, the
degradation of green pigments, a reduction in organic acids, and an increase in protein and
water-soluble polyuronides, all of which are triggered by elevated ethylene levels. Pears
exhibit a high sensitivity to storage temperature. For instance, ‘Anjou” and ‘Bartlett’ pears
demonstrate approximately a 40% longer storage life when stored at 1 °C compared to 0 °C.
Heat treatment of fruit can lead to changes in fruit texture by stimulating various enzyme
activities. In the case of African pears, heat-induced softening has been attributed to the
activation of cell wall-degrading enzymes, including cellulase (Cel), polygalacturonase
(PG), and pectin methylesterase (PME), following heat treatment at temperatures ranging
from 60 to 85 °C. Proper maturity at harvest is crucial for ensuring a long storage life. Pears
harvested at full maturity are less prone to physiological disorders and are more likely to
ripen appropriately after storage. In addition, the balance of oxygen and carbon dioxide
determines the texture of the fruit. Low oxygen levels can slow the ripening process of
many fruits. Studies have shown that Carbon dioxide treatment helped to preserve fruit
quality by delaying the loss of firmness and promoting the accumulation of total soluble
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solids (TSS) [41]. Both high concentrations of CO; and low O levels appear to inhibit the
ethylene biosynthetic pathway with respect to ethylene production.

2.4. Physiological Disorders

Superficial scald is a widespread postharvest disease affecting several globally culti-
vated pear varieties, including ‘Anjou’, ‘Red Bartlett’, “Yali’, ‘Dangshan Su’, and ‘Nanguo’.
It manifests as dark blemishes on the fruit surface, severely reducing commercial value and
often rendering the fruit unsellable. Given its extensive damage and the irreversibility of
symptoms post-onset, superficial scald poses a significant economic burden on the global
pear industry and remains a critical issue requiring urgent resolution [42,43]. Traditional
theories attribute superficial scald to the excessive accumulation of x-farnesene, which
disrupts the cellular membrane system. This disruption facilitates the enzymatic oxidation
of phenolic compounds by polyphenol oxidase, producing brown quinones that result
in scald symptoms [44,45]. However, the potential involvement of alternative pathways
remains unclear. Recent research has clarified that superficial scald in certain European pear
cultivars, such as ‘Red Bartlett” does not depend on excessive x-farnesene accumulation.
Instead, the primary enzymatic browning reactions in these pears are mediated by laccase
rather than polyphenol oxidase. Moreover, a laccase-encoding gene, PcTT10, has been
identified as being highly correlated with scald development [46]. Additionally, studies
have revealed that scald-susceptible cultivars like ‘Red Bartlett” accumulate substantial
amounts of epicatechin and anthocyanins. These phenolic compounds rapidly form brown
enzymatic products under the catalytic action of laccase, leading to scald development [46].

3. Stone Cells Affect Fruit Quality of Pears

Pear is a globally significant fruit, particularly favored by consumers for its crisp and
sweet taste. The quality of pear fruit is determined by various factors, among which a
unique type of lignified cell, the stone cell, plays a critical role. An excessive presence of
stone cells results in a coarse fruit texture and inferior taste. While the transcription factors
involved in stone cell formation in pear have been preliminarily identified, the mechanisms
underlying their coordinated regulation remain unclear [47,48]. Recent research identified
PbrMYB24 through co-expression network and transcriptome analyses. This gene exhibits a
significant positive correlation with stone cell, lignin, and cellulose content across different
pear cultivars [49]. Transient overexpression and gene silencing experiments in pear
fruit have confirmed that PbrMYB24 promotes the accumulation of lignin and cellulose
in stone cells. Overexpression of PbrMYB24 in transgenic pear callus and Arabidopsis
inflorescence stems significantly increased lignin and cellulose content, as evidenced by
enhanced phloroglucinol-HCI staining, safranin-fast green staining, and Calcofluor white
fluorescence, along with substantial thickening of the secondary cell wall. PbrMYB24
directly activates lignin and cellulose synthesis genes by binding to different cis-elements
(AC-1, AC-II, and MBS). Additionally, PbrMYB24 regulates the expression of PbrNSC
and PbrMYB169, which in turn can activate PbrMYB24, forming a hierarchical regulatory
network that synergistically modulates lignin and cellulose biosynthesis in stone cells [49].
This study advances our understanding of the molecular mechanisms and regulatory
networks underlying lignin and cellulose synthesis in pear stone cells. It provides a
theoretical foundation and genetic resources for the future genetic improvement of stone
cell traits in pear fruits [49] (Figure 2).
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Figure 2. A network that regulates lignin and cellulose synthesis of pear.

‘Qiuzi’ pears are characterized by a high stone cell content, making the investigation of
stone cell formation and its influencing factors crucial for improving fruit quality [50]. Stone
cells are formed through secondary cell wall thickening and lignin deposition, with reactive
oxygen species (ROS) generated by respiratory burst oxidase homologs (RBOHs) playing a
key role in lignin polymerization. However, the specific role of ROS in stone cell develop-
ment in pear remains unclear [51]. Studies have demonstrated a close correlation between
ROS accumulation and lignification of stone cells in pear fruit. Confocal microscopy and
transmission electron microscopy have shown spatial consistency between ROS distribution
and cell wall lignification [51]. Lignification of stone cells in pear can be inhibited by the
RBOH inhibitor diphenyleneiodonium chloride (DPI), providing physiological evidence
for the critical role of RBOH-mediated ROS in lignin biosynthesis. In situ hybridization
analysis has identified PuRBOHF as the RBOH family member most likely involved in
stone cell lignification in pear. Transient expression in young pear fruit and stable trans-
formation in fruit callus revealed that overexpression of PuRBOHF significantly increased
lignin content in both fruit and callus tissues, whereas silencing PuRBOHF suppressed
lignin accumulation [51]. Dual-Luciferase assays confirmed that the transcription factor
PuMYB169 activates the PuRBOHF promoter. GUS reporter gene assays demonstrated that
the promoters of lignin polymerization-related structural genes (PuPOD2, PuLAC2) can be
induced by exogenous ROS [51]. These findings indicate that PuRBOHF can be activated
by PuMYB169, and it regulates the transcription of lignin polymerization-related genes
through ROS production. This study is the first to elucidate the molecular mechanism of
PuRBOHEF in pear fruit lignin metabolism, providing a theoretical basis for strategies to
regulate stone cell content in pear fruit [51] (Figure 2).

Recent studies have identified 25 PDCB genes in pear, showing a conserved evolu-
tionary relationship with the PDCB family in Arabidopsis. Pear PDCB proteins consist of
five conserved domains. Among them, PbPPDCB16 exhibits a negative correlation with
lignin content during pear fruit development [52]. Transient expression in ‘Dangshan Su’
pear fruit at 35 days after flowering and stable expression in pear fruit callus revealed
that PbPDCB16 overexpression significantly increased gene expression and callose content
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while reducing lignin accumulation. Conversely, silencing PbPDCB16 resulted in decreased
callose content and increased lignin levels. In Arabidopsis, overexpression of PbPDCB16 led
to dwarf plants, enhanced callose accumulation in stems, and reduced expression of lignin
biosynthesis genes, lowering lignin content. Additionally, the number of plasmodesmata
(PD) in transgenic stems was reduced, with simplified and obstructed structures [52]. These
findings suggest that PbPDCB16 promotes callose accumulation in PD and modulates the
lignification of stone cells in pear fruit by altering PD structure, thereby reducing secondary
cell wall thickness. This highlights a cell cooperation pathway in the formation of pear fruit
stone cells [52].

Stone cells in pear fruit are characterized by thickened cell walls due to secondary
growth and lignin deposition, which severely impact the fruit’s edible quality [53]. A
transcriptomic analysis of five developmental stages of ‘Shannong Su” pear identified
35,874 differentially expressed genes. Weighted Gene Co-expression Network Analysis
(WGCNA) revealed two stone cell-associated modules and identified 42 lignin biosynthesis
genes, including nine hub genes in the lignin synthesis network. Furthermore, WGCNA
identified two key transcription factors, PbMYB61 and PbMYB308, involved in regulating
lignin biosynthesis [53]. PbMYB61 activates gene transcription by binding to the AC
element in the PDLACI promoter, promoting lignin biosynthesis. PbMYB308 forms a dimer
with PbMYB61, thereby inhibiting its activation of PbBLAC1 and negatively regulating stone
cell lignin synthesis [53]. This reveals the molecular mechanism by which the PbMYB308-
PbMYB61-PbLAC1 module regulates lignin biosynthesis in pear fruit. This expands our
understanding of the transcriptional regulatory mechanisms of lignin biosynthesis in
pear fruit [53] (Figure 2).

Recent research has identified critical factors initiating stone cell formation in pear,
including PbMCla/1b and PbRD21, which serve as “switches” to trigger cell lignifica-
tion [54]. A subsequent study unveiled the molecular mechanism of stone cell formation,
highlighting the PbAGL7-PbINAC47-PbMYB73 module that coordinates the response to
programmed cell death (PCD) in regulating this process [55]. Using transcriptomic analysis
of pear varieties with differing stone cell content, PhbAGL7 was identified as a key tran-
scription factor associated with stone cell formation. Transient expression of PbPAGL7 in
pear fruit and stable expression in Arabidopsis demonstrated its ability to increase stone
cell and lignin content, enhance secondary cell wall thickness, and upregulate key lignin
biosynthesis genes PbC3H1 and PbHCT17. However, PPAGL7 lacks direct transcriptional
activation activity and does not bind directly to the promoters of these genes [55]. Further
screening through a yeast library revealed that PO NAC47 and PbMYB73 interact with
PbAGLY? in the nucleus. After transient expression in pear fruit and stable expression in
Arabidopsis, PPNAC47 and PbMYB73 also increased stone cell and lignin content, promoted
secondary cell wall thickening, and raised the expression of key lignin biosynthesis genes
PbC3H1 and PbHCT17. PbNAC47 and PbMYB73 upregulated the expression of PbC3H1
and PbHCT17 by binding to the SNBE and AC elements, respectively. At the same time,
the interaction between PbNAC47 and PbMYB73 forms the PbAGL7-PbNAC47-PbMYB73
complex, which significantly activates the expression of PbC3H1 and PbHCT17, promoting
stone cell formation in pear fruit. Additionally, the PCD process proteins PbMCla/1b
interact with PbAGLY7, suggesting that this complex may be influenced by the PCD process
mediated by PbMCla/1b, thereby promoting lignin biosynthesis in stone cells of pear fruit.
This study provides new insights into the molecular mechanism by which transcription
factors, influenced by the PCD process, collaboratively regulate stone cell formation in pear
fruit, expanding our understanding of plant cell wall lignification and laying a foundation
for future genetic engineering to improve pear fruit quality [55] (Figure 2).
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4. Sugar Affects Pear Fruit Quality

Among the many factors influencing fruit quality, sweetness is a key determinant of
pear fruit flavor. Understanding the genetic basis and molecular regulatory mechanisms
underlying variations in sugar content among different pear cultivars is crucial for im-
proving sweetness and overall fruit quality. Sweetness is one of the primary indicators of
fruit quality, and sucrose, as the main substance transported from “source” to “sink” in
plants, plays a pivotal role in determining fruit sweetness. Unraveling the mechanisms of
sucrose transport and sugar accumulation in fruit is essential [56,57]. Numerous studies
have highlighted the importance of sugar transport proteins, particularly SWEET proteins,
in the transportation of sugars within plants. SWEET proteins mediate the transmembrane
transport of monosaccharides or disaccharides driven by concentration gradients, without
requiring energy. This protein family comprises four evolutionary clades, with each clade
responsible for transporting different types of sugars. In higher plants, SWEET genes
perform additional roles beyond sugar transport during various developmental stages [58].
As sugar content is a critical indicator of fruit quality, increasing sugar levels remains a
major breeding goal for fruit crops. Sucrose is the primary transport form of photosyn-
thetic products in plants [59,60]. By enhancing our understanding of sugar transport and
metabolism, particularly through key regulators such as SWEET proteins, targeted breeding
strategies can be developed to improve the sweetness and quality of pear fruit.

‘Nanguo’ pear, a distinctive local variety of sand pear native to Liaoning Province,
China [61,62], has been the subject of research investigating the differences in sugar content
between the standard ‘Nanguo’ pear (NG) and its high-sugar bud mutant (BNG). This study
identified an essential sugar transporter, PuSWEET15, and a regulatory transcription factor,
PuWRKY31, which influence sugar content [63]. WRKY transcription factors play a crucial
role in plants’ stress resistance, but their involvement in regulating sucrose accumulation
in fruits has not been reported. Using Nanguo pear (NG) and its high-sugar bud mutant
(BNG) fruit as materials, a transcriptome sequencing study identified the high expression of
the sugar transporter PuSWEET15 in BNG fruit. By silencing or overexpressing PuSWEET15
in the fruit, it was found that PuSWEET15 functions in sucrose transport. The transcription
factor PuWRKY31 is also highly expressed in BNG fruit. Overexpressing PuWRKY31 in the
fruit and validating its effect showed that PuWRKY?31 can directly bind to the promoter of
the PuSWEET15 gene both in vivo and in vitro, thereby upregulating its expression. The
high expression of PuWRKY31 in BNG fruit is associated with a high acetylation level of
its promoter. This study reveals the relationship between WRKY transcription factors and
sucrose transport in fruits, which contributes to a deeper understanding of the role of the
sugar transport network in plant growth and development [63] (Figure 3).

A study investigating the transcriptome during pear fruit development identified
PbrbZIP15 as a transcription factor highly positively correlated with sugar content. Pbr-
bZIP15 promotes the accumulation of fructose, sucrose, glucose, and total sugars in pear
fruits, thereby enhancing fruit sweetness [64]. The PbrbZIP15 gene shares high sequence
similarity with homologous genes in Arabidopsis, tobacco, and tomato, all of which contain
a conserved upstream open reading frame. This leader peptide can participate in sucrose-
induced translation repression. Co-expression analysis of PbrbZIP15 with structural genes
related to sugar metabolism and transport revealed that PbrXylA1, a direct downstream
target gene of PbrbZIP15, can be transcriptionally activated by PbrbZIP15 [65]. XylA cat-
alyzes the isomerization of D-glucose to D-fructose, which is widely used in the industry
to produce high-fructose corn syrup. Most reported glucose isomerases are derived from
bacteria, and there are few reports of them in plants. This study performed evolutionary
analysis and sequence comparison of XylA from different plants and bacteria, finding that
plant XylA proteins originated 177 million years ago. Compared to bacterial XylA, the
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plant XylA protein contains a leucine-rich signal peptide at its N-terminus, which may play
a role in its endoplasmic reticulum localization. Further studies revealed that PbrXylAl can
catalyze the isomerization of glucose to fructose, while also promoting the accumulation of
sucrose and total sugars, thereby enhancing the sweetness of pear fruit [65]. PbrbZIP15 ac-
tivates the transcription of PbrXylAl, thereby increasing fructose content in pears through
the glucose isomerization pathway, and promoting the accumulation of sucrose and total
sugars, which ultimately improves fruit sweetness. This study provides new insights into
the mechanism of sugar accumulation in pear fruits and expands the sugar metabolism
regulatory network in pears. At the same time, this study is the first to demonstrate the
mutual isomerization process of glucose and fructose in horticultural fruits [65] (Figure 1).
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Figure 3. A network that regulates sugar and hormones of pear.

A study constructed a high-density genetic linkage map of pears and located a major
QTL for soluble solid content in pear fruit on linkage group LG15 [66]. By combining
transcriptome data from different pear varieties and phenotypic data of sugar content at
fruit maturity, an important candidate gene related to sugar content in pear fruit, PhCPK28,
was located in this region [67]. It was also found that this gene is located in a selective
scan region and exhibits selective domestication features in both wild and cultivated
varieties. The study found that PbCPK28 interacts with the vacuolar membrane sugar
transporter PbTST4 and undergoes phosphorylation, thereby activating the transport
activity of PbTST4. At the same time, PbCPK28 can phosphorylate the vacuolar membrane
proton pump PbVHA-A1, enhancing the transport of hydrogen ions into the vacuole.
The resulting electrochemical gradient provides energy for PbTST4 to transport sugars,
thereby promoting sugar accumulation in fruit. The study also found that the residues
5277 and S314 of PbTST4 are crucial for its function, and the phosphorylation sites T11
and Y120 in VHA-A1 are essential for its function [68]. Association analysis showed that a
single nucleotide polymorphism (SNP137/€) in the promoter region of PbCPK28 affects
its expression in different pear varieties, leading to differences in fructose content in pears.
The discovery of this regulatory pathway improves the molecular mechanism and action
network of sugar quality regulation in pear fruit, providing a theoretical foundation and
genetic resources for future genetic improvement of sugar quality traits in pear fruit. At
the same time, the identified sugar content-related variation loci will provide targets for
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the development of molecular markers for pear fruit quality traits and molecular-assisted
breeding [68] (Figure 3).

5. Regulation of Pear Fruit Quality by Plant Hormones
5.1. Cytokinin

Cytokinins (CK) play a pivotal role in plant growth and development, particu-
larly in regulating cell division and proliferation across various tissues [69,70]. GRF-
INTERACTION FACTOR 1 (GIF1) is a key transcription factor involved in the regulation of
cell proliferation. While GIF1 has been reported to regulate leaf and floral organ develop-
ment, its role in fruit development has not been well documented [70,71]. Recent research
has shown that PbGIF1 promotes cell proliferation in pear fruit [72]. Transgenic tomato
plants overexpressing PbGIF1 exhibited increased fruit size due to enhanced cell prolifera-
tion. Similarly, accelerated cell proliferation was observed in callus tissues of transgenic
pear overexpressing PbGIF1. Furthermore, treatment with the CK analog CPPU was found
to induce the transcription of PbGIF1 in pear fruits. Subsequent studies revealed that PbGIF1
can be activated by the CK response regulator B-RR PbRR1, implicating PbGIF1 in the
CK signaling pathway that regulates pear fruit development. This research elucidates the
function of the transcriptional co-activator PbGIF1 in regulating fruit cell proliferation and
uncovers the molecular mechanisms through which CK influences pear fruit development,
providing theoretical foundations and genetic resources for studies on fruit development
and molecular breeding [72]. Growth-regulating factors (GRF) and GIF, as plant cell prolif-
eration regulators, control the development of different tissues. A study investigated the
role of the PbGIF1 gene in pear fruit development [73]. By constructing a fruit cDNA yeast
library, a transcription factor PbbHLH137 involved in regulating pear fruit development
was identified. Interaction between PbbHLH137 and PbGIF1 was confirmed. Tracking the
entire fruit development process revealed a strong correlation between fruit size and the
expression level of PbbHLH137, which is highly involved in the later stages of pear fruit
development. Further research demonstrated that heterologous expression of PbbHLH137
and PbGIF1 positively regulates cell volume and cell number, respectively, promoting fruit
expansion. Moreover, PbGIF1 enhances the transcriptional activation of PbbHLH137. As a
key transcription factor regulating fruit development, PbbHLH137 works in tandem with
PbGIF1, which promotes fruit development by activating PbbHLH137 expression, marking
PbGIF1 as a potential positive regulator of pear fruit growth [73] (Figure 3).

5.2. Gibberellin

Fruit shape and size are key economic factors in the pear industry, and appropriate
fruit size and similar shape are beneficial for mechanical harvesting. Fruit size and shape
are regulated by various hormones. Gibberellin (GA) plays an important role in regulating
fruit size. A study applied exogenous GA to the pedicel during the full bloom stage of
‘Sheng Shui’ pear and explored the regulatory mechanism of exogenous GA on pear fruit
development at the physiological, cellular, and molecular levels [74]. The single fruit weight
(Fw) of pear fruits in the GA treatment group significantly increased on days 4, 8, 12, 16,
20, 24, 28, 38, 53, 68, 83, 98, 113, and 128 post-treatment, and remained higher than the
control group, indicating that GA plays a positive regulatory role in increasing fruit size.
The fruit shape index of pears treated with GA remained higher than the control group,
suggesting that GA may regulate fruit shape by affecting longitudinal elongation. The
study analyzed the transcriptional levels of 13 differentially expressed genes related to cell
growth and expansion, suggesting that GA may regulate fruit development by altering the
transcription levels of these genes [74]. A total of 50 TRM genes were identified in the pear
genome, which can be classified into three subfamilies. The PyTRM proteins were predicted
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to be localized in the nucleus, chloroplasts, and mitochondria, implying that PyTRM may
function in various cellular locations and regulate various biological processes [74]. Among
the 50 PyTRM genes, 9 genes were expressed in all transcriptome samples (FPKM > 0).
After GA treatment, the transcriptional levels of PyTRM13-2, PyTRM13-1A, and PyTRM112
were higher. qRT-PCR showed that PyTRM112 had the highest expression level in the fruit
flesh samples on day 12 after GA treatment. Generally, changes in gene expression precede
changes in physiological phenotypes. Given that the expression level of PyTRM112 in the
GA treatment group was significantly higher than in the control group, it is hypothesized
that PyTRM112 plays an important role in pear fruit development. A total of 8 PyTRM112
genes were identified, and the PyTRM112 gene with the highest expression level after GA
treatment was selected for further research. The PyTRM112 overexpression Arabidopsis T3
transgenic lines were obtained using Agrobacterium-mediated transformation. Compared
to the Col-0 line, PyTRM112 overexpressing lines showed significantly increased plant
height, a higher number of siliques, a larger ratio of silique length to width, and earlier
flowering. This indicates that overexpression of the PyTRM112 gene promotes growth and
development in Arabidopsis [74]. The PyTRM112 overexpression Arabidopsis T3 transgenic
lines were obtained using Agrobacterium-mediated transformation. Compared to the Col-0
line, PyTRM112 overexpressing lines showed significantly increased plant height, a higher
number of siliques, a larger ratio of silique length to width, and earlier flowering. This
indicates that overexpression of the PyTRM112 gene promotes growth and development in
Arabidopsis. Additionally, potential protein interactions with PyTRM112 were predicted,
suggesting that PyTRM112 may interact with other proteins to regulate pear growth and
development [74]. In this study, GA was applied to pear peduncles during full bloom,
and differentially expressed genes were identified through transcriptome sequencing.
Fifty TRM family genes were identified in pear, among which PyTRM112 exhibited the
highest expression level on the 12th day after exogenous GA treatment. PyTRM112 was
subsequently introduced into the model plant Arabidopsis to elucidate its function, showing
that overexpression of PyTRM112 increased plant height, promoted earlier flowering, and
enhanced silique growth. This study provides important insights for further investigation
into the role of TRM genes in pear fruit growth and development [74] (Figure 3).

5.3. Ethylene

Ethylene plays a crucial role in the ripening process of climacteric fruits, while sucrose
is essential in various plant developmental processes. The regulatory mechanisms between
ethylene and sucrose are complex. Previous studies have shown that exogenous sucrose
treatment can promote ethylene synthesis [75-77]. A study using ‘Nanguo’ pear (NG) and
its high-sugar bud mutant (BNG) fruits as materials investigated the molecular mechanism
by which the transcription factor PuWRKY31 promotes ethylene production in response to
sugar signaling, uncovering the sucrose-induced ethylene biosynthesis mechanism. The
study found that BNG fruits accumulated more sucrose during development and ripening
than NG, and the ethylene release peak occurred earlier in BNG fruits. Exogenous sucrose
treatment of pear fruits also revealed that sucrose promotes ethylene biosynthesis. The
study demonstrated that PuWWRKY31 and key ethylene biosynthesis genes PuACS1a and
PuACO1 were highly expressed in BNG fruits during ripening. Silencing and overexpress-
ing PulWWRKY31 in fruits revealed that PulWRKY31 can directly bind to the promoters of
PuACS1a and PuACO1 both in vivo and in vitro, upregulating their expression, which ulti-
mately led to an earlier ethylene release peak in BNG. This study revealed that PuWRKY31
responds to sucrose signaling to promote ethylene biosynthesis in pear fruits, facilitating
further investigation into the roles of ethylene and sucrose signaling in fruit ripening [78].
The plant hormone ethylene plays a crucial role in fruit ripening. Another study, based
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on transcriptome analysis of fruits at different developmental and ripening stages from
two pear cultivars, ‘Sucui No.1’ and 'Cuiguan,” identified a novel transcription factor,
PbbHLH164. Compared to developing fruits, PbbHLH164 was more highly expressed
in ripening fruits and positively correlated with ethylene production in both cultivars.
PbbHLH164 can directly bind to the promoter of 1-aminocyclopropane-1-carboxylate
synthase (PbACS1b), enhancing its expression, which increases ethylene production and
accelerates fruit ripening [79] (Figure 3).

Ethylene induces the synthesis of anthocyanins in apples, grapes and other fruits, and
some studies have found that ethylene inhibits the synthesis of pear anthocyanins [80].
It was found that ethylene induced the expression of the transcription factor PPERF105.
PpERF105 further activated the expression of the repressive transcription factor PpMYB140,
which inhibited the expression of the promoter of anthocyanin synthesis-related structural
genes by forming the M(140)BW repressor complex and affecting the formation of the
activated MBW complex, and finally inhibited the anthocyanin synthesis of pear fruits [81].
Further studies identified the ethylene-induced inhibitory transcription factor PpERF9,
which directly binds to the promoter of PpMYB114 and inhibits its expression, thereby
inhibiting the synthesis of anthocyanins in pear peel [82]. The active transcription factor
PpRAP2.4 repressed by ethylene was also identified, which directly binds to the promoter of
PpMYB114 to promote its expression, thereby promoting the accumulation of anthocyanins
in pear peel, and the expression of PpRAP2.4 is also repressed by the transcription of
PpERFY, thus forming a regulatory pathway of ethylene-PpERF9-PpRAP2.4-PpMYB114-
anthocyanins. It was further found that PpERF9 recruited the TOPLESS protein PpTPL1
through the EAR motif in its protein structure to form the PpERF9-PpTPL1 co-repressor
complex, which mediated the histone deacetylation process, reduced the level of histone H3
acetylation on the PpMYB114 and PpRAP2.4 loci, inhibited the expression of target genes,
and finally inhibited the synthesis of anthocyanins in pear peel. This study systematically
elucidated the molecular mechanism by which ethylene inhibits the expression of PpRAP2.4
and PpMYB114 through the histone deacetylation mediated by the PpERF9-PpTPL1 co-
inhibitory complex, thereby inhibiting the synthesis of anthocyanins in pear peel [82].

5.4. ABA

ABA is an important plant hormone that promotes pear fruit ripening by increasing the
levels of soluble sugars, including sucrose and glucose, and enhancing ethylene release [83].
DNA methylation may regulate pear fruit development by influencing ABA biosynthesis.
Pear pulp treated with 5'-Aza under the peel showed decreased DNA methylation levels
in both the peel and pulp compared to the control. The 5'-Aza-treated peel exhibited
increased chlorophyll accumulation, while the pulp showed higher accumulations of
ABA, B-carotene, and lutein, indicating that DNA methylation participates in carotenoid
metabolism and promotes fruit ripening by enhancing ABA production [84]. Real-time
quantitative PCR analysis of carotenoid metabolic pathway genes and related transcription
factors (TFs) in treated and wild-type pulp revealed upregulation of PbPSY, PbHYB1, and
PbAAO, while PhZDS1 and PbSDR2 showed no significant changes. This suggests that DNA
methylation in the pulp inhibits ABA production by suppressing the expression of PbPSY,
PbHYB1, and PbAAO. Among the identified TFs, the expression of PbZFP1, PbHB3, PhERF,
PbB3.1, PbZFP4, PbbZIP1, PbGRAS3, PbbHLH3, and PbNAC1 was upregulated in the treated
pulp compared to the control, while PbZFP2, PbHB1, PbHB2, PhIAA2, PhIAA3, PbbDHLH?2,
and PbbHLH1 showed no significant changes. This implies that the reduction in DNA
methylation may promote the expression of these TFs, thereby inducing PbPSY, PbHYBI,
and PbAAO expression [84]. Additionally, PbZFP1, which exhibits nuclear localization,
was selected for functional verification in ABA biosynthesis. Overexpression of PhZFP1 in



Agronomy 2025, 15, 58

14 of 25

pear fruit callus driven by the 35S promoter significantly increased the expression of key
ABA biosynthesis genes, including PbHYBI1, PbSDR2, and PbAAO, as well as ABA content.
Conversely, VIGS-mediated silencing of PbZFP1 in ‘Dangshan Su’ pear fruits resulted in
significantly decreased expression of these genes and reduced ABA content compared
to the control. These findings demonstrate that PbZFP1 promotes ABA biosynthesis in
pear pulp [84].

5.5. Salicylic Acid

Salicylic acid (SA) can delay the ripening and senescence of various fruits, including
pear, banana, sweet cherry, and mango, thereby extending their shelf life [85]. Studies have
shown that pre-harvest SA treatment on ‘Huangjin’ pear increases fruit hardness, with
higher chlorophyll content in the peel and reduced anthocyanin content compared to the
control, resulting in delayed fruit ripening. Post-harvest SA treatment slows the decline
in fruit hardness, maintains freshness, and delays senescence. In bananas treated with
SA, fruit softening is delayed, with reduced levels of reducing sugars and a decrease in
respiration rate. Additionally, the activity of major cell wall-degrading enzymes, including
cellulase, polygalacturonase, and xylanase, decreased, further delaying fruit ripening.
Post-harvest treatment of citrus fruit with SA reduces rot by inducing the accumulation
of HyO,, primary metabolites, and lipophilic polymethoxyflavonoids in response to SA
signals, thereby delaying fruit senescence. Most of these studies have focused on the
physiological and biochemical aspects, while the molecular mechanisms by which SA
regulates fruit ripening and senescence remain largely unknown. A study utilizing RNA
sequencing technology analyzed and compared the transcriptomic profiles of pear fruit
before and after SA treatment [86]. After 12 and 24 h of SA treatment, the expression levels
of 159 and 419 genes were significantly altered, respectively. Among these differentially
expressed genes (DEGs), 125 genes showed differential expression at both time points
and were identified as potential candidate genes related to SA regulation of fruit ripening
and senescence. These DEGs are mainly associated with plant hormone biosynthesis and
metabolism, cell wall metabolism and modification, antioxidant systems, and senescence-
related transcription factors. Additionally, qRT-PCR was used to further validate the
expression of several candidate DEGs in pear fruit after SA treatment. This study helps
deepen the understanding of the comprehensive mechanisms by which SA regulates pear
fruit ripening and senescence [86].

‘Huangjin’ Pear a cultivar within the sand pear system, is known for its excellent fruit
quality. However, its short shelf life severely limits its industrial development. SA has been
shown to delay fruit senescence, thereby extending shelf life. Recent studies identified 22
COL (CONSTANS-LIKE) genes in ‘Sand pear’, including 4 COL genes (PpCOL8, PpCOLYa,
PpCOL9b, and PpCOL14) identified through RNA-Seq and 18 COL genes identified via
whole-genome analysis. Based on the structural domains of COL proteins, these genes
were classified into three subfamilies. PpCOLS, which contains two B-box motifs and a
CCT domain, belongs to the first subfamily and is predominantly expressed during the
early stages of fruit development. Exogenous SA treatment suppressed the expression of
PpCOLS8. Interestingly, PpCOLS interacts with PP MADS, a MADS-box protein gene that is
highly expressed in fruits and whose expression is upregulated by SA. Overexpression of
the PpCOLS8 gene in sand pear fruits increased ethylene production and malondialdehyde
(MDA) content. Additionally, the activity of antioxidant enzymes (POD and SOD) and
the expression of their corresponding genes (PpPOD1 and PpSOD1) were downregulated,
indicating that PpCOLS8 promotes fruit senescence. Conversely, overexpression of PPMADS
in sand pear fruits led to opposite effects, suggesting that PpMADS delays fruit senescence.
Moreover, co-expression of PpCOL8 and PpMADS was found to delay fruit senescence.
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This study highlights the critical role of the interaction between PpCOL8 and PpMADS via
the SA signaling pathway in regulating pear fruit senescence [87].

6. Post-Translational Modifications in Regulating Pear Fruit Quality
6.1. Ubiquitination

Post-translational modifications (PTMs) play a crucial role in regulating protein activity
and have been reported to be associated with fruit ripening. Among these, ubiquitination
facilitates the degradation of target proteins via the 26S proteasome pathway, which is
critical for numerous physiological processes. Ubiquitination may occur concurrently
with protein phosphorylation. For instance, jasmonic acid-induced phosphorylation of
CsMYC2 by CsMPKG6 leads to CsMYC2 degradation, inhibiting the biosynthesis of red
carotenoids in citrus fruit [88]. Similarly, Ca?*-induced phosphorylation of MACRF4 by
MdCaM?2 and MdMADS5 by MdCDPK? promotes their degradation, suppressing ethy-
lene biosynthesis in apple fruits [89]. Ethylene-induced phosphorylation of MANAC72
by MdMAPKS results in MANAC?72 degradation by MdPUB24, accelerating apple fruit
softening [90,91]. These findings suggest that transcription factor ubiquitination, poten-
tially triggered by phosphorylation, plays a critical role in fruit ripening. However, the
specific transporters that transfer ubiquitinated proteins to the UPS (ubiquitin-proteasome
system) during fruit ripening remain unclear. Recent studies using yeast two-hybrid (Y2H)
screening identified RAD23C/D.1. Co-immunoprecipitation (Co-IP) analysis revealed that
while PbRAD23C/D.1 does not increase PbbHLH164 ubiquitination, it likely facilitates
the transfer of polyubiquitinated PbbHLH164 to the 26S proteasome for degradation. This
discovery fills a gap in understanding how ubiquitinated proteins are transferred to the
UPS during fruit ripening [79]. Notably, phosphorylation can also enhance the activity
of target proteins. Light-induced phosphorylation of MAMYB1 and MdERF17 increases
their transcriptional regulatory activities, resulting in changes in apple peel coloration [92].
Similarly, phosphorylation of MabZIP21 by MAPK6-3 enhances its transcriptional activity,
accelerating banana fruit ripening [93]. Apart from ubiquitination and phosphorylation,
PTMs also include acetylation, methylation, and hydroxylation. However, the roles of
acetylation, methylation, and hydroxylation in fruit development and ripening are still
poorly understood, highlighting the need for further research to elucidate the molecular
networks regulating fruit ripening. This study revealed that PbbHLH164 directly binds to
PbACS1b, enhancing its expression and increasing ethylene production during pear fruit
ripening. PbPRAD23C/D.1 interacts with PobHLH164, promoting its degradation. High
PbbHLH164 expression coupled with low PbRAD23C/D.1 expression results in excessive
ethylene accumulation and accelerated fruit ripening. These findings significantly advance
the understanding of the regulatory network controlling ethylene biosynthesis during fruit
ripening [79] (Figure 3).

6.2. Methylation Modifications

As a globally cultivated fruit tree, the mechanisms by which DNA methylation in-
fluences pear fruit flesh development remain insufficiently understood. Recent studies
have employed comprehensive analyses of metabolomics, proteomics, transcriptomics,
DNA methylomics, and small RNA from pear fruit flesh across 11 developmental stages
(from young fruit to ripened fruit) to explore the relationship between metabolites and
DNA methylation during fruit development. This research not only fills gaps in under-
standing the metabolic regulatory networks of perennial fruit trees but also provides new
strategies for improving pear fruit quality [84]. The research compared pear flesh tissue at
11 developmental stages, identifying 449 metabolites with differential accumulation across
different stages, including plant hormones, anthocyanins, amino acids, and their deriva-
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tives, carbohydrates, flavonols, hydroxycinnamic acid derivatives, lipids, nucleotides,
and their derivatives across 32 categories. By integrating proteomic and transcriptomic
data, a correlation database was constructed, covering 439 metabolites and 14,399 genes,
revealing the molecular network regulating pear flesh metabolism. Further exploration
of the relationship between DNA methylation and fruit metabolism revealed that DNA
methylation levels gradually increased during fruit development and correlated with the
accumulation trends of several metabolites, particularly with abscisic acid (ABA), which
promotes fruit ripening. Using the DNA methylation inhibitor 5'-deoxycytidine (5'-Aza)
on developing pear fruit, the study revealed that DNA methylation inhibits the accumu-
lation of chlorophyll in the peel and the accumulation of ABA, 3-carotene, and lutein in
the flesh. Additionally, a novel zinc finger protein, PbZFP1, was identified, this protein
directly acts on the promoter of the key gene PDAAO in the ABA biosynthesis pathway,
regulating its expression and thereby promoting ABA synthesis. The study also found that
the downregulation of the DNA demethylase gene ROS1 during flesh development is the
main reason for the continuous increase in DNA methylation levels, indicating that the
dynamic balance between DNA methylation and demethylation determines DNA methyla-
tion levels during pear fruit development [84]. This research provides new insights into
understanding epigenetic regulation during the fruit development of perennial fruit trees.
DNA methylation participates in the regulation of pear flesh metabolism by controlling the
expression of key genes, particularly playing an important role in the ABA biosynthesis
pathway. These findings not only enhance the understanding of the regulatory mechanisms
of pear fruit development but also offer potential strategies for improving fruit quality and
extending storage life [84].

6.3. Acetylation Modifications

As a common modification mode of PTM, lysine acetylation plays an important role in
regulating various physiological functions and substance metabolism in plants. However,
the key regulatory sites and mechanisms of fruit quality formation in perennial woody
plants are still unclear. Firstly, the acetylation modification omics of proteins at three key
stages of fruit development were systematically detected, and 4280 acetylation modification
proteins were identified, including 15,195 acetylation modification sites. Among them,
981 acetylated proteins were differentially modified, and were mainly enriched in carbohy-
drate metabolism, energy metabolism, terpene and ketone metabolism, lipid metabolism,
amino acid metabolism, and other metabolic pathways related to fruit quality [94]. Focusing
on 19 acetylated proteins whose acetylation levels were continuously upregulated with fruit
development, it was found that the up-regulation of acetylation levels of sucrose synthase
(SuS1) was the most significant. Enzyme activity analysis, RNA-seq and proteomic analysis
showed that the up-regulation of SuS enzyme activity was not related to its transcription
and protein levels, and may be regulated by acetylation level, which ultimately regulates
the accumulation of sucrose [94]. This study systematically elucidated the regulatory role
of lysine acetylation modification proteins in the development of Rosa roxburghii fruit for
the first time, which provided a new idea for better understanding the acetyl proteome of
Rosa roxburghii fruit, and also revealed a new mechanism of acetylated sucrose synthase
mediating plant sucrose metabolism [94].

bHLH and MYB transcription factors are involved in the regulation of anthocyanin
biosynthesis in plants, but their joint involvement in fruit sugar transport has rarely been
reported. In some studies, yeast functional complementation analysis, silencing and over-
expression in fruits were used to identify the PuSUT4-like gene with the function of trans-
porting sucrose [95]. Through the analysis of transcriptome data, PuMYB12 was found to
be highly expressed in ‘Nanhong Pear’, PuPRE6 and PuHDACY-like were highly expressed
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in ‘Nanguo Pear’, PuPRE6 and PuMYB12 antagonized the transcription of PuSUT4-like
and sucrose accumulation, PuMYB12 promoted the transcription of PuSUT4-like and fur-
ther promoted the accumulation of sucrose, while PuPRE6 inhibited the expression of
PuSUT4-like and thus inhibited the accumulation of sucrose. Further studies revealed that
PuPRE6 was upstream of PuMYB12 and inhibited its transcription. Histone acetylation
level analysis showed that the histone deacetylation level of PuMYB12 and PuSUT4-like
promoters in ‘Nanguo pear’ was higher than that of ‘Nanhong pear’, and yeast mono-
hybrid analysis showed that histone deacetylase PuHHDAC9-like binds to PuMYB12 and
PuSUT4-like promoters. This study provides new evidence for the involvement of bHLH
and MYB transcription factors in sucrose accumulation in pear fruits, and opens up a new
perspective for understanding fruit quality formation [95].

7. Genomic Sequencing Technologies in the Study of Pear Fruit Quality

Another study focused on the rich genetic diversity of sand pear varieties, analyzing
whole-genome genetic variation in 312 natural populations, obtaining 2.15T resequencing
data and identifying 3.4 M SNPs [96]. Population analysis of local pear varieties and
artificially bred varieties revealed a strong signal in an 11.2Mb interval during the im-
provement process. The genetic population analysis of traditional local pear varieties and
artificially domesticated varieties found that traits such as stone cells, sugar, and acid in
pear fruits were subject to continuous selection during domestication and improvement,
while traits like fruit size were only selected during domestication [39,96]. Further whole-
genome association analysis (GWAS) of eight quality traits, including single fruit weight,
color, stone cells, and three phenological traits, such as fruit development days, identified
42 associated intervals. These included known functional genes, some of which overlapped
with known QTL loci for certain traits. The association analysis also identified several
unknown functional genes related to important pear fruit traits. To explore the impact of
unknown genes on trait formation, the study focused on stone cells—an important trait
affecting pear quality—by conducting gene function validation. By combining phenotypic
data, transcriptomics, and phylogenetic analysis, a new gene, PbrSTONE, was identified.
Using a transient transformation system in pear fruits and a stable transformation system
in Arabidopsis, it was confirmed that PbrSTONE can regulate the formation of stone cells
and their main component, lignin, in pear fruits, and it was clarified that PborSTONE inter-
acts with a key gene in the lignin synthesis pathway, PbrC3H, to collaboratively regulate
the lignin synthesis mechanism in stone cells [96]. The research on genetic variation and
GWAS of pear fruit traits not only provides abundant genetic loci information for the
population genetic characteristics of pears and the development of molecular markers for
quality traits but also offers an effective pathway for discovering new genes with unknown
functions. The study will provide valuable references for developing molecular breed-
ing technologies for perennial fruit trees and unraveling the regulatory mechanisms of
complex traits [96] (Figure 2).

A study reported the resequencing and SNP identification of 176 pear F1 hybrid
populations [66]. Using a “sliding window” strategy of 500 kb, the SNP markers with
identical genotypes within the window were merged, creating 5515 merged Bin mark-
ers for constructing a genetic linkage map. The final map contained 3190 Bin markers
(including 1.93 M SNPs) and covered the pear genome to a length of 1358.5 cM, with
an average marker spacing of 0.43 cM, creating a saturated genetic map [66]. This high-
quality Bin marker map was used to re-anchor Scaffold sequences in the first published
version of the ‘Dangshan Su’ pear genome, increasing the chromosome anchoring rate from
75.5% to 83.7%. The assembly of chromosomes 1, 4, and 7 was improved by 110.1%, 75.7%,
and 57.6%, respectively, effectively enhancing the quality of the reference genome [66]. The
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study further evaluated the phenotypic data of 18 traits, including single fruit weight, stone
cell content, hardness, soluble solids, sugar (fructose, sucrose, glucose, sorbitol) content,
acid (citric acid, malic acid, oxalic acid, quinic acid, shikimic acid) content, over two years
in this hybrid population. Based on the constructed Bin marker map, QTL mapping was
performed, identifying 148 QTLs with 180 significant markers. For the first time in pears,
QTLs for stone cell content, four soluble sugar contents, and five organic acid contents were
identified. Some QTLs showed reproducibility across different years or contained candidate
genes with known functions. By screening genes in QTL intervals using transcriptome data
during fruit development in different pear varieties, 399 potential candidate genes were
obtained. To explore the impact of candidate genes on pear fruit trait formation, a gene
function validation was performed for sugar content traits. Through transient transfor-
mation in pear fruit, it was demonstrated that the candidate gene PbrtMT1 can promote
the accumulation of fructose in pear fruit [66]. The development of high-density genetic
maps based on Bin markers and QTL mapping of fruit traits not only provides solutions
for constructing genetic maps and accurate trait localization in the context of sequencing
technology but also serves as a bridge for comparison between maps with different genetic
backgrounds. Additionally, genetic maps based on Bin markers provide a wealth of genetic
loci information for analyzing population genetic characteristics, mining important func-
tional genes, and developing molecular markers for agronomic traits. This research will
provide valuable references for molecular breeding and the analysis of complex traits in
perennial fruit trees like pears [66].

Gene interaction through interspecific hybridization during plant domestication is
an important pathway for trait improvement. Pear exhibits typical gametophytic self-
incompatibility, with gene interactions occurring between wild and cultivated pear species.
The fruit hardness of cultivated pear is lower than that of wild pear, and the softening rate
of Asian cultivated pear is slower than that of European cultivated pear. Fruit hardness
may be a characteristic independently domesticated in Asian and European pears. A study
used Identity by Descent (IBD) analysis to investigate the genomes of 113 pear varieties
and identified a total of 3,320,796 IBD segments [97]. The study found that Asian and
European cultivated varieties share a 3 Mb IBD-enriched region (IBD-ER) on chromosome
15. Genome-wide association study (GWAS) analysis indicated that this IBD-ER contains
the PbTIC55 gene, which is significantly associated with fruit softening. This gene consists
of three exons and two introns and encodes a protein with 575 amino acid residues. It
was discovered that compared to European cultivars, Asian cultivars have a 12-bp tandem
repeat sequence in the first exon of PbTIC55, a unique insertion mutation found in seven
Asian pear germplasms. To further investigate the effect of the 12-bp tandem repeat
sequence on TIC55, researchers compared the expression levels of TIC55 in nine Asian pear
cultivars and six European pear cultivars using real-time fluorescence quantitative PCR [97].
The results showed that PbTIC55 expression levels in Asian pears were significantly higher
than in European pears, which may be a key reason for the difference in fruit hardness
between Asian and European pears. This study identifies candidate genes that regulate
fruit hardness, with significant implications for quality breeding and trait improvement in
pear and other fruit trees [97] (Figure 1).

“Yulu Xiang’ pear, as a flagship variety of the rural revitalization initiative and a
billion-dollar brand, aggregates numerous advantageous traits from its parentage. It is
characterized by a large fruit size, distinct aroma, a red blush on the fruit surface, a small
seed core, near-round shape, and juicy crisp texture. However, the persistence of the
sepals leads to an increased number of stone cells, which negatively impacts the fruit’s
quality. Although several pear genomes have been sequenced, the genome of a single
species does not represent the genetic diversity of the genus Pyrus as a whole. Therefore, it
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is necessary to integrate multiple pear genomes into a pan-genome framework with the
“Yulu Xiang’ pear as the core and explore the genetic variation of its important traits. A
study has assembled the known haploid genome of the “Yulu Xiang’ pear parents and
constructed a pan-genome framework based on its haplotype, PsbM. Simultaneously, the
study investigated the function of the sepal abscission gene PsbMGH3.1, providing new
insights into the genomic research of key agronomic traits in “Yuluxiang” pear [98].

Pear cultivation has a long history, with over 22 varieties and more than 5000 cultivars,
each exhibiting distinct morphological, physiological, and adaptive characteristics. Cur-
rently, eight pear genomes have been released in the GDR (Rosaceae Genomics Database)
and NCBI. These genomes have advanced functional genomics and further guided pear
breeding. However, due to technical limitations, many gaps remain in the pear genomes, re-
sulting in the loss of genetic information and hindering a comprehensive understanding of
pear genome structure and evolution. A study used the representative cultivar “Yunhong 1’
of sand pear to establish the world’s first high-quality, gap-free pear T2T-level genome. The
assembled genome revealed the formation and functional differentiation of repetitive genes
driven by fragmental replication and whole-genome duplication, and further explored the
regulatory mechanisms of duplicated gene functional differentiation on important fruit
traits in pear [99].

8. Conclusions and Perspective

Over the years, extensive research has been conducted on the physiological, bio-
chemical, and molecular bases of fruit quality formation, but the signal networks gov-
erning this process remain largely unknown. The shift in modern fruit production from
quantity-oriented to quality-oriented production is an inevitable trend in the global fruit
industry [100,101]. China has become a leading fruit producer, with about one-fifth of the
world’s total fruit production and planting area. Additionally, there has been a significant
shift in China’s fruit production model, moving from a single-crop mode under a planned
economy to a market-driven commodity economy. Producers and managers are increas-
ingly focused on market demands, leading to significant improvements in the appearance
of products and a better alignment of taste and flavor with consumer preferences, resulting
in a substantial increase in fruit quality [102]. As China joined the World Trade Organiza-
tion and with the growing need for the development of pollution-free agriculture, there has
been an increased focus on fruit quality and safety. With intense global competition in fruit
production and quality, improving fruit quality has become a critical issue for China’s fruit
industry, both now and in the foreseeable future. High-quality fruit production demands
in-depth research into the physiology of fruit quality development, as well as the devel-
opment of techniques that promote superior quality, to produce fruit with both attractive
external traits and rich nutritional content. The development of techniques that promote
fruit quality, based on an understanding of the inherent rules of fruit quality formation
is a quantitative expression of theory guiding practice. On the other hand, scientifically
explaining the physiological basis of high-quality fruit cultivation represents a qualita-
tive leap from practice to theory. While factors such as tree species, varieties, ecological
environments, and site conditions are important for fruit quality, the biological character-
istics of the tree itself and agricultural management practices cannot be overlooked. In
particular, the large-scale implementation of protected fruit cultivation and bagging in
recent years has led to issues such as a decline in fruit flavor, severe physiological disor-
ders, and poor nutritional value, which have significantly hindered the improvement of
fruit quality [2,103-105].

There are several challenges in pear production and storage. For instance, although the
breeding of extremely early-ripening pear varieties has optimized the industry structure,
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these varieties often suffer from bland taste and low sweetness. Traditional varieties such
as ‘Dangshan Su” and “Xuehua’ exhibit excellent overall quality, but their high stone cell
content negatively affects texture. Compared to European pears, the widely cultivated
Chinese pear varieties, such as white pears and sand pears, tend to have a mild aroma, and
there are few red-skinned pear cultivars. The increasingly popular “Yulu Xiang’ pear has a
very low fruit set rate, which severely impacts economic returns. Additionally, ‘Qiuyue’
is not resistant to post-harvest storage, significantly reducing its market value. Therefore,
addressing existing problems in pear production, such as sugar-to-acid ratio, stone cell
content, aroma, fruit color, and endogenous hormones, is crucial. Based on recent molecular
biology studies, the goal is to achieve efficient genetic improvement of these key traits
through molecular-assisted breeding techniques.

The development of pear fruit quality is jointly regulated by genetic factors and envi-
ronmental conditions. Obtaining superior varieties through hybrid breeding and molecular-
assisted breeding is crucial, but environmental conditions cannot be overlooked. Fruit
quality development is often associated with light exposure, as good sunlight promotes
carbohydrate formation, which in turn affects the accumulation of sugars and starches in
the fruit. Light also influences fruit enlargement, as sugars serve as the molecular founda-
tion for aroma compounds and anthocyanin formation. Therefore, light exposure affects
pear size, flavor, aroma, and fruit color, and improving light energy utilization is key to
enhancing fruit quality. In recent years, through artificial pruning for the dwarfing and
densification of pear trees, both yield and quality have significantly improved, although
labor costs remain high. To fundamentally achieve pear tree dwarfing, obtaining dwarfing
rootstocks or dwarf varieties is essential. Dwarfing rootstocks can be selected from seedling
populations, and the molecular mechanisms underlying dwarfism and dwarfing can be an-
alyzed through molecular biology techniques. By creating dwarf genetic resources through
genetic transformation and combining plant tissue culture and factory-based seedling pro-
duction, mass propagation and application in production can be achieved. This approach
not only improves pear fruit quality comprehensively but also addresses labor-related
bottlenecks faced by the pear industry.

It is well known that pears are highly nutritious, containing various bioactive compo-
nents such as polysaccharides, chlorogenic acid, and arbutin. Fresh pears or pear products
(such as pear paste and pear soup) are known for their health benefits. However, the specific
bioactive compounds responsible for these health effects remain unclear. Identifying the
functional components in pears that have therapeutic properties, such as cough suppression
and anti-inflammatory effects, is crucial. Further improvement of specific pear varieties,
such as Anli pear (a traditional Chinese cultivar from the autumn pear system, which is
highly cold-resistant and disease-resistant but has poor fresh eating quality and is often
used in processing), through genetic engineering or molecular breeding techniques, could
increase the content of these functional components. This would lead to the development
of pear products with enhanced health benefits. Additionally, integrating pear breeding
with disciplines such as medicine and pharmacology could maximize the value of pears
and contribute to human health.
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