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Abstract
Apple bitter pit (ABP), a severe physiological disorder, severely impairs the quality and yield of the susceptible 'Qincui' apple. This study investigated
the control efficacy and mechanism of a three-in-one Organic Plant Protection Technology (OPPT) against ABP, with treatments set as control (CK),
untreated diseased (UD), and OPPT-sprayed healthy groups. Results showed OPPT significantly reduced ABP incidence to 14.84%, improved fruit
quality, enhanced antioxidant defense systems, mitigated oxidative damage, repaired fruit cell structural damage, and restored fruit calcium levels to
the healthy level. Integrated transcriptomic and metabolomic analyses revealed OPPT reshaped fruit gene and metabolite profiles, with the flavonoid
biosynthesis pathway as the core regulatory node, upregulating key genes (CHS, FLS, etc.) and promoting flavonoid metabolite accumulation. In
conclusion, OPPT controls ABP via multi-dimensional regulation of phenotype, physiology, cell structure and molecular metabolism, providing a novel
green strategy for managing physiological disorders in apple fruit, preserving fruit quality and nutritional value, and supporting the sustainable
production of high-quality fresh horticultural foods.

1. Introduction
Apple (Malus domestica Borkh.) is one of the most widely cultivated commercial fruit tree species worldwide. With its rich nutritional profile, unique
flavor, and excellent storage tolerance, it occupies a pivotal position in the global fruit market[1–3]t. However, the large-scale and intensive
development of the apple industry is challenged by multiple diseases. Among them, Apple Bitter Pit (ABP), a typical physiological disorder, has
become one of the key limiting factors for apple quality and yield[4]. ABP mainly occurs during fruit ripening and storage, manifesting as sunken
brown lesions on the epidermis and bitter flesh, which severely reduce fruit quality and edible value[4–6] With the increasing consumer demand for
high-quality apples, the effective control of ABP has become an urgent issue to be addressed in the global apple industry.

Zhaotong City in Yunnan Province, China, is a high-quality apple production base in southern China. Its unique ecological and climatic conditions have
nurtured characteristic apple varieties with the traits of "early maturity, sweetness, crispness, aroma, and bright color". Among them, the 'Qincui'
apple, a widely cultivated new mid-late maturing variety introduced from Northwest A&F University, was bred from the cross between 'Changfu 2' and
'Honeycrisp'. This apple variety is popular among consumers for its thin peel, crisp flesh, abundant juice, sweet taste, and bright color. Unfortunately,
after years of cultivation and observation, we found that this variety is highly susceptible to bitter pit, with complex and diverse causative factors. At
present, the occurrence mechanism of bitter pit is widely considered to be related to multiple factors, including calcium metabolism imbalance,
mineral nutrient disorder, physiological disturbance during fruit development and senescence, and cell wall structural changes[7–10]. Meanwhile, it is

regulated by multiple factors such as variety, rootstock, cultivation management, and storage conditions[5, 11, 12]. Although various control measures
have been attempted in production, including calcium fertilization and chemical agent treatment, they generally suffer from high cost, poor
environmental adaptability, high risk of environmental pollution, and unstable control efficacy, failing to fundamentally solve the damage caused by
bitter pit[13–15]. Therefore, the development of environmentally friendly, low-cost, efficient, and stable green control technologies for apple bitter pit,
along with the systematic elucidation of their underlying mechanisms, has become an urgent requirement for the sustainable development of the
apple industry.

In response to this challenge, green plant protection technologies have gradually become a research hotspot in agricultural disease control due to
their advantages of strong environmental compatibility, low residue, and sustainability. The three-in-one Organic Plant Protection Technology (OPPT)
introduced in this study is compounded with 20% stress-resistant nano ecological film, 5% carvacrol, and 0.5% chitosan, each with well-defined
biological activities. The stress-resistant nano ecological film has multiple functions including disease prevention, pest control, sunscald prevention,
calcium supplementation, and immunity enhancement[16]. As a plant-derived agent, carvacrol has the characteristics of broad-spectrum antibacterial
activity, yield and quality improvement, environmental friendliness, and no induction of drug resistance, making it an optimal choice for green fruit
production[17–19]. Chitosan can inhibit the propagation of pathogenic bacteria, induce plant immune responses, and promote crop growth[20–23]. With
the advantages of multi-component, multi-target, and multi-effect properties, OPPT matches the multi-factorial and multi-mechanism occurrence
characteristics of apple bitter pit, thus holding great potential as an effective new technology for the green control of this disorder. Previous studies
have shown that this OPPT exhibits excellent performance in the control of apple diseases and pests such as early defoliation disease and
Tetranychus urticae. It not only significantly reduces the incidence of pests and diseases, but also promotes the growth of fruits and leaves, improves
fruit quality, and has a pesticide residue level far lower than that of chemical control technologies, providing an effective way for green fruit
production[24, 25]However, there are no relevant research reports on the control efficacy and molecular mechanism of this technology against apple
bitter pit to date.

Based on this, this study took the highly susceptible 'Qincui' apple in Zhaotong, Yunnan as the research object, to systematically explore the molecular
mechanism of OPPT in controlling apple bitter pit. First, we clarified the control efficacy of OPPT by analyzing its effect on the incidence of bitter pit in
apples at harvest. On this basis, we further investigated the changes in fruit quality, reactive oxygen species (ROS) metabolism system, cytological
structure, and calcium distribution in fruits after OPPT treatment, to clarify its quality improvement effect and regulatory effect at the physiological
level. Subsequently, through integrated metabolomic and transcriptomic analysis, we constructed a synergistic interaction network of "genes-
metabolites", and mined the key genes and core metabolic pathways involved in the control of apple bitter pit by OPPT. Finally, we elucidated the core
mechanism of OPPT in controlling apple bitter pit from a multi-dimensional perspective of "phenotype-physiology-metabolism-gene". This study not
only fills the research gap in the molecular mechanism of OPPT against apple bitter pit and provides a solid theoretical support for the optimization
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and promotion of this technology, but also takes this as a breakthrough to provide a new paradigm for the green control of apple physiological
disorders, thereby promoting the sustainable development of the global apple industry.

2. Materials and Methods

2.1 Experimental Materials and Design
The experimental materials were 5-year-old 'Qincui' apple trees, planted in the State Farms Apple Demonstration Base and farmers' orchards in
Haibian Village, Yongfeng Town, Zhaoyang District (103.42° E, 27.19° N), Zhaotong City, Yunnan Province, with a wide-row and narrow-plant trellis
high-density cultivation system (plant spacing × row spacing: 1.5 m × 4 m, planting density: 192 plants/hm²). Prior to the experiment, formal
permission was obtained from the orchard owners and farm management for conducting the field trial and fruit sampling on the site. The OPPT
mixture was composed of 20% stress-resistant nano ecological film (Micro-Iodine Technology Co., Ltd., China), 5% carvacrol (Micro-Iodine
Technology Co., Ltd., China), and 0.5% chitosan (Micro-Iodine Technology Co., Ltd., China). The experiment set up three groups: CK (sprayed with
equal volume of clean water, healthy fruits), UD (sprayed with equal volume of clean water, naturally diseased fruits), and OPPT (sprayed with OPPT
mixture, healthy fruits). The OPPT group was sprayed once at the beginning of each month from April to September, for a total of 6 times, using a
motorized sprayer to ensure full wetting of fruits and leaves. The control groups were sprayed with equal volume of clean water, and other cultivation
management measures (fertilization, irrigation, pruning, etc.) were kept consistent.

2.2 Incidence Statistics
The five-point sampling method was adopted, and 10 fruit trees with consistent growth were selected in the east, south, west, north, and center of the
orchard, respectively. The fruit phenotype was observed at harvest, and the incidence rate was calculated with the formula: Incidence rate (%) =
(number of diseased fruits / total number of sampled fruits) × 100%. 300 fruits were sampled for each group.

2.3 Determination of Fruit Quality
36 homogeneous fruits (12 per replicate) were randomly selected from each group to determine the following indicators: single fruit weight, fruit
shape index (longitudinal diameter / transverse diameter), soluble solids content (hand-held refractometer, DL339101, Deli, China), fruit firmness and
crispness (texture analyzer, CTX, Brookfield); soluble sugar content (G0501W, Geruisi-Bio, anthrone colorimetric method at 620 nm); titratable acid
content (G0174D, Geruisi-Bio, acid-base neutralization titration method); vitamin C (Vc) content (G0201W, Geruisi-Bio, iron reduction colorimetric
method at 534 nm); total flavonoid content (G0201W, Geruisi-Bio, iron reduction colorimetric method at 534 nm); total phenol content (G0117F,
Geruisi-Bio, Folin-Ciocalteu method at 760 nm). Apple fruit samples were accurately weighed, and the quantitative detection of titratable acid, vitamin
C, total flavonoids, and total phenols was performed according to the instructions of the detection kits (Suzhou Geruisi Biotechnology Co., Ltd.,
Suzhou, China).

2.4 Determination of Oxidative Damage and Antioxidant Enzyme Activity Indicators
Apple fruit samples were accurately weighed to determine oxidative damage indicators: malondialdehyde (MDA) content (G0109W, Geruisi-Bio, TBA
reaction method at 532 nm), hydrogen peroxide (H₂O₂) content (G0168W, Geruisi-Bio, colorimetric method at 510 nm), superoxide anion (O₂⁻)
production rate (G0116W, Geruisi-Bio, hydroxylamine reaction method at 540 nm). Antioxidant enzyme activity indicators were also determined:
superoxide dismutase (SOD) activity (G0103W, Geruisi-Bio, NBT photochemical reduction method at 560 nm), catalase (CAT) activity (G0105W,
Geruisi-Bio, H₂O₂ catalytic color development method at 510 nm), ascorbate peroxidase (APX) activity (G0203W, Geruisi-Bio, ascorbic acid oxidation
method at 290 nm), peroxidase (POD) activity (G0107W, Geruisi-Bio, H₂O₂-guaiacol method at 470 nm), and 1,1-Diphenyl-2-picrylhydrazyl radical
(DPPH) scavenging capacity (G0128W, Geruisi-Bio, DPPH colorimetric method at 517 nm). All quantitative detections were performed according to
the instructions of the detection kits (Suzhou Geruisi Biotechnology Co., Ltd., Suzhou, China).

2.5 Safranin O-Fast Green Staining
Safranin O-Fast Green staining was performed according to the protocol described in our previous study[26] with slight modifications. Briefly, apple
fruit tissue blocks of 1 cm × 0.5 cm × 0.1 cm (length × width × thickness) were cut and placed into 20 volumes of FAA fixative solution (90 mL 70%
ethanol + 5 mL glacial acetic acid + 5 mL formalin), and fixed at room temperature for 24 h. Subsequently, the samples were dehydrated in a gradient
ethanol series of 70%, 80%, 90%, 95%, and absolute ethanol, then immersed in a mixture of absolute ethanol / xylene for 1.5 h, and cleared in xylene
for 3 times (1.5 h each). The samples were immersed in a paraffin / toluene mixture at 55℃ for 6–8 h, then in 100% paraffin at 65℃ for 13–15 h,
followed by embedding. The wax blocks were trimmed and sectioned on a rotary microtome, and dried in an electric thermostatic drying oven at
50℃. For staining, the sections were first dewaxed in environment-friendly dewaxing and clearing solution � and Ⅱ for 20 min each, then rehydrated in
a gradient series of absolute ethanol �, Ⅱ, and 75% ethanol for 5 min each, followed by rinsing with tap water. The sections were then stained in
safranin staining solution for 2 min, excess dye was quickly washed off with tap water, and the sections were decolorized in gradient ethanol of 50%,
70%, and 80% for 3–8 s each. Afterwards, the sections were stained in fast green staining solution for 6–20 s, and dehydrated sequentially in three
cylinders of absolute ethanol for 5 s, 10 s, and 20 s, respectively. Finally, the sections were cleared in xylene for 5 min, mounted with neutral balsam,
examined and imaged under an optical microscope.

2.6 Transmission Electron Microscopy
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Transmission electron microscopy observation was performed according to the protocol described in our previous study[26]with slight modifications.
Briefly, apple fruit tissue blocks of 1 mm³ were cut and immediately placed into electron microscope fixative solution. Air was extracted with a
vacuum pump until the tissue blocks sank to the bottom, and the samples were fixed at room temperature for 2 h, then transferred to 4℃ for storage
in the dark. The samples were rinsed 3 times with 0.1 M phosphate buffer (pH 7.4) for 15 min each, then post-fixed with 1% osmium tetroxide
prepared in 0.1 M phosphate buffer for 7 h at room temperature in the dark, followed by repeating the rinsing procedure. The samples were
dehydrated sequentially in 30%, 50%, 70%, 80%, 90%, 95%, and 100% ethanol for 1 h each, then treated in mixtures of absolute ethanol and acetone at
ratios of 3:1, 1:1, and 1:3 for 0.5 h each, and finally dehydrated in pure acetone for 1 h. At 37℃, the samples were first treated in a 3:1 mixture of
acetone and 812 embedding medium for 2–4 h, then infiltrated overnight in a 1:1 mixture, followed by treatment in a 1:3 mixture for 2–4 h, and finally
in pure 812 embedding medium for 5–8 h. The samples were inserted into embedding plates containing pure embedding medium, left overnight at
37℃, and polymerized in an oven at 60℃ for 48 h. Ultrathin sections of 60–80 nm were prepared with an ultramicrotome, and collected on 150-mesh
formvar-coated copper grids. The sections were stained with 2% uranyl acetate saturated alcohol solution for 8 min in the dark, washed 3 times with
70% ethanol and ultrapure water each, then stained with 2.6% lead citrate solution for 8 min in a CO₂-free environment, washed 3 times with ultrapure
water, and dried overnight at room temperature. After sample preparation, the sections were observed and imaged under a transmission electron
microscope.

2.7 Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM-EDS)
Scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS) was performed according to the protocol described in previous
studies[27, 28]with slight modifications. Briefly, fresh apple fruit tissues were first sampled accurately within 1–3 min, with the tissue block area not
exceeding 3 mm². The samples were rinsed with PBS to remove surface impurities, quickly placed into electron microscope fixative solution and fixed
at room temperature for 2 h, then transferred to 4℃ for storage. Subsequently, the samples were rinsed 3 times with 0.1 M phosphate buffer (pH 7.4)
for 15 min each, post-fixed with 1% osmium tetroxide for 1–2 h at room temperature in the dark, then dehydrated sequentially in a gradient series of
30%, 50%, 70%, 80%, 90%, 95%, 100%, and 100% absolute ethanol for 15 min each, and treated with isoamyl acetate for 15 min. Afterwards, the
samples were dried with a critical point dryer (K850, Quorum), and finally coated with gold for about 30 s using an ion sputtering coater (MC1000,
Hitachi) to complete the conductive treatment. The apple fruit samples were imaged under a scanning electron microscope (SU8100, Hitachi), with
an adapted accelerating voltage to clearly present the microstructure of fruit tissues and the characteristics of the target analysis area. The elemental
composition was determined using an X-ray energy dispersive spectrometer (EDS, ULTIMMAX 100, Oxford) with a mapping scan mode. To ensure
accurate quantification of elemental peaks, the EDS system was calibrated with standard reference materials. Briefly, for mapping scan analysis, the
target tissue area of the apple fruit was selected as the detection range. By collecting characteristic X-ray photons in this area, a mapping distribution
map of each element was generated (different elements were marked with exclusive colors to intuitively present the spatial distribution
characteristics). Subsequently, AZtech software was used to process and analyze the acquired SEM images and EDS mapping scan spectral data.

2.8 Transcriptomic Analysis
Apple fruit samples were selected, with three biological replicates set for each group for transcriptome sequencing analysis. Transcriptome
sequencing was performed on the Illumina platform by Novogene Bioinformatics Technology Co., Ltd. (Tianjin, China). Briefly, a strand-specific library
construction method was adopted. mRNA was enriched from total RNA using Oligo dT magnetic beads, fragmented, and then reverse-transcribed
into first-strand cDNA using random hexamer primers. Second-strand cDNA was synthesized with dUTP instead of dTTP. Subsequently, library
construction was completed through end repair, A-tailing, adapter ligation, fragment selection, amplification, and purification. The library was
quantified by Qubit fluorometer and real-time fluorescent quantitative PCR, and the fragment size distribution was verified with a bioanalyzer. After
qualification, the library was sequenced on the Illumina platform using sequencing-by-synthesis technology. Raw data were processed with fastp
software to remove reads containing adapters, ploy-N, and low-quality reads to obtain clean reads, and the Q20, Q30, and GC content were calculated.
Clean reads were aligned to the apple reference genome using HISAT2 software, new transcripts were predicted with StringTie, and gene counts were
calculated with featureCounts and converted to FPKM values for the quantification of expression levels. Differential expression analysis was
performed using the DESeq2 R package, with padj ≤ 0.05 and | log₂(fold change)| ≥ 1 as the threshold for significant differential expression.
Subsequent bioinformatics analysis was performed using software such as clusterProfiler. The reference genome
(https://ftp.ncbi.nlm.nih.gov/genomes/all/GCA/004/115/385/GCA_004115385.1_ASM411538v1/GCA_004115385.1_ASM411538v1_genomic.fna.gz)
and corresponding annotation file
(https://ftp.ncbi.nlm.nih.gov/genomes/all/GCA/004/115/385/GCA_004115385.1_ASM411538v1/GCA_004115385.1_ASM411538v1_genomic.gff.gz)
were used for analysis.

2.9 Metabolomic Analysis
Apple fruit samples were selected for untargeted metabolomic analysis, with five biological replicates set for each group. Meanwhile, QC samples
(equal volume mixture of each experimental sample) and blank samples (53% methanol aqueous solution) were prepared to monitor the stability of
the experiment and remove background interference, respectively. Untargeted metabolomic analysis was performed by Novogene Bioinformatics
Technology Co., Ltd. (Tianjin, China). Briefly, 100 mg of apple fruit tissue ground in liquid nitrogen was placed in an EP tube, 500 µL of 80% methanol
aqueous solution was added, vortexed, and incubated on ice for 5 min, followed by centrifugation at 15000 g and 4℃ for 20 min. The supernatant
was diluted with mass spectrometry-grade water to a methanol content of 53%, and centrifuged again under the same conditions for 20 min. The
supernatant was collected for detection. The experiment was performed using Vanquish ultra-high performance liquid chromatography (UHPLC)
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coupled with Q Exactive HF/X mass spectrometry. Chromatographic separation was performed on a Hypersil Gold C18 column (100 × 2.1 mm, 1.9
µm) at a column temperature of 40℃, with gradient elution using 0.1% formic acid aqueous solution (phase A) and methanol (phase B) at a flow rate
of 0.2 mL/min. Mass spectrometry was performed with an ESI source, and signals were collected in both positive and negative ion modes, with a
scanning range of m/z 100–1500. The raw data were converted to mzXML format using ProteoWizard, and peak extraction, alignment, and
quantification were completed through XCMS. Metabolites were identified in combination with the KEGG and HMDB databases. After removing
background ions with blank samples, data normalization was performed based on QC samples, and compounds with relative peak area CV > 30% in
QC were excluded. Finally, multivariate statistical analysis such as PCA and PLS-DA was performed using metaX software. Differential metabolites
(DAMs) were screened with the criteria of VIP > 1.0, FC > 1.5 or FC < 0.667, and p-value < 0.05, followed by relevant bioinformatics analysis.

2.10 RT-qPCR Validation
Total RNA was extracted using the CTAB method described in previous studies [29]. Seven differentially expressed genes (DEGs) related to Flavonoid
biosynthesis were selected from the apple fruit transcriptome data, and specific primers for reverse transcription-quantitative PCR (RT-qPCR) were
designed using SnapGene 8.0 software (Table S1). Total RNA was extracted according to the instructions of the TRIzol reagent, and the purity of RNA
(A260/A280 between 1.8 and 2.0) was detected by NanoDrop 2000. RNA was reverse-transcribed into complementary DNA (cDNA) using a reverse
transcription kit (R312, Vazyme, China). RT-qPCR was performed using ChamQ Universal SYBR qPCR Master Mix (Q711, Vazyme, China) on a CFX96
real-time fluorescence quantitative instrument. The reaction procedure was as follows: pre-denaturation at 95℃ for 30 s; 40 cycles of denaturation at
95℃ for 10 s, annealing and extension at 60℃ for 30 s. The apple EF-1α gene was used as the internal reference[30], and the relative expression level
of genes was calculated using the 2^-ΔΔCt method. Three biological replicates and three technical replicates were set for each sample.

2.11 Data Analysis
Statistical analysis was performed using SPSS 25.0 software. One-way analysis of variance (ANOVA) was used to evaluate the effects of different
treatments, and Fisher's Least Significant Difference (LSD) test was used for mean comparison, with p < 0.05 as the criterion for significant
difference. Data were uniformly presented as mean ± standard deviation. Experimental charts were drawn with GraphPad Prism 9, and the layout was
optimized with Adobe Illustrator 2023. All experiments were set with at least three independent biological replicates.

3. Results

3.1 Effect of OPPT on the Incidence of Apple Bitter Pit at Harvest
Significant differences in fruit phenotype were observed among different treatment groups. The fruits in the OPPT-treated healthy group had a smooth
surface, uniform color, and no typical epidermal depression or brown spots of bitter pit (Fig. 1A). The fruit appearance of the untreated healthy group
(CK) and the OPPT-treated healthy group (OPPT) was basically normal, while the fruits in the untreated diseased group (UD) had multiple sunken and
brown spots on the surface. The incidence statistics showed that the incidence rate at harvest was approximately 70.99% in the group sprayed with
equal volume of clean water, while it was significantly reduced to 14.84% in the group sprayed with equal volume of OPPT (Fig. 1B). This indicated
that OPPT significantly reduced the incidence of apple bitter pit at harvest.

3.2 Effect of OPPT on Apple Fruit Quality and Reactive Oxygen Species (ROS)
Metabolism System
Significant differences were observed in fruit quality indicators and parameters related to the ROS metabolism system among different treatment
groups (Fig. 2). In terms of appearance and basic quality, compared with the CK group, the single fruit weight was significantly reduced in the UD
group, while it was significantly increased in the OPPT group compared with the UD group, with no significant difference compared with the CK group.
There was no significant difference in fruit shape index among different treatment groups. Compared with the CK group, the fruit firmness and
crispness were decreased in the UD group, while they were significantly increased in the OPPT group compared with the UD group, and also higher
than those in the CK group to a certain extent (Fig. 2A). In terms of internal nutritional quality, compared with the CK group, the soluble solids content
was significantly increased in the UD group, while it was lower in the OPPT group than in the UD group to a certain extent, with no significant
difference compared with the CK group. Compared with the CK group, the soluble sugar content was significantly increased in the UD group, while
there was no significant difference in the OPPT group compared with the UD group, which was significantly higher than that in the CK group.
Compared with the CK group, the titratable acid content was significantly reduced in the UD group, while it was significantly increased in the OPPT
group compared with the UD group, with no significant difference compared with the CK group. In terms of non-enzymatic antioxidant substances,
compared with the CK group, the Vc content was significantly reduced, while the total flavonoid and total phenol contents were significantly increased
in the UD group. The Vc and total flavonoid contents in the OPPT group were significantly higher than those in the other two groups, and the total
phenol content was also higher than that in the UD group to a certain extent, which was significantly increased compared with the CK group (Fig. 2A).
In terms of differences in the ROS metabolism system, among the oxidative damage indicators, the ROS accumulation and membrane lipid
peroxidation were the most severe in the fruits of the UD group, in which the O₂⁻ production rate, H₂O₂ content, and MDA content were significantly
increased compared with the CK group. The OPPT treatment reversed this trend, although there were still differences between the OPPT group and
the CK group (Fig. 2B). In terms of antioxidant enzyme activity and overall antioxidant capacity, compared with the CK group, the antioxidant enzyme
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system was significantly inhibited in the fruits of the UD group, with significantly reduced SOD activity, CAT activity, POD activity, APX activity, and
DPPH free radical scavenging capacity. The OPPT treatment reversed this trend, although there were still differences between the OPPT group and
the CK group (Fig. 2B). These results indicated that OPPT may reduce the risk of bitter pit occurrence by improving fruit nutritional quality,
strengthening the non-enzymatic and enzymatic antioxidant defense systems, and reducing ROS accumulation and oxidative damage.

3.3 Effect of OPPT on Cytology and Calcium Element in Apple Fruits
The results of Safranin O-Fast Green staining showed that the fruit cells in the CK group maintained a relatively complete cell morphology with orderly
arrangement, while the fruit cells in the UD group were loosely and disorderly arranged with structural rupture. The fruit cells in the OPPT group were
closely and neatly arranged (Fig. 3A). Meanwhile, the ultrastructure of the pulp in each group was observed by transmission electron microscopy. The
results showed that the organelles in the CK group and OPPT group had normal morphology and stable cell size, with intact organelles such as
chloroplasts, mitochondria, Golgi apparatus, and endoplasmic reticulum visible, and the mitochondria had complete cristae structure. The number of
organelles in the UD group was significantly reduced, and the morphology of organelles such as chloroplasts, mitochondria, and endoplasmic
reticulum was altered (Fig. 3B). The results of scanning electron microscopy with energy dispersive spectroscopy (SEM-EDS) showed that the Ca
content was significantly reduced in the UD group compared with the CK group, while it was significantly increased in the OPPT group compared with
the UD group, with no significant difference compared with the CK group (Fig. 3C).

3.4 Comparative Analysis of Apple Fruit Transcriptome
To reveal the molecular mechanism of OPPT regulating the resistance of apple to bitter pit, transcriptome sequencing analysis was performed on
apple fruits from the CK group, UD group, and OPPT group. The quality assessment of sequencing data showed that after data filtering, an average of
approximately 49.32 million, 51.52 million, and 47.19 million clean reads were obtained for the three biological replicates of each group, respectively,
with Q30 higher than 96.55% and an average GC content of 47.15% (Table S2), indicating excellent sequencing data quality and high base accuracy.
Clean reads were aligned to the apple reference genome, with an average mapping rate of 92.01% and a unique mapping rate of more than 88.37%
(Table S3), indicating a high matching degree between the sequencing data and the reference genome, which could be used for subsequent
differentially expressed gene (DEG) analysis. The sample correlation analysis showed that the correlation coefficient (R²) between different biological
replicates within the same treatment group was higher than 0.95; while the correlation between different treatment groups was significantly lower
than that within groups, especially the lowest correlation between the CK group and the UD group (Fig. 4A), indicating significant differences in gene
expression patterns among the three groups of samples, and reliable experimental stability within groups. Principal component analysis (PCA) further
verified the differences between groups. Samples from the CK group, UD group, and OPPT group were clustered in different regions, with tight
clustering of samples within groups and clear boundaries between groups. The first principal component (PC1) explained 43.53% of the expression
variation, and the second principal component (PC2) explained 35.49% of the variation, with a cumulative variance contribution rate of 79.02%, which
could effectively distinguish the gene expression differences among the three groups of samples (Fig. 4B). DEGs were identified with the screening
criteria of padj ≤ 0.05 and | log₂(fold change)| ≥ 1. Venn diagram analysis showed that there were 395 common DEGs among the three comparisons.
There were 1162 common DEGs between the UD vs CK group and the OPPT vs UD group, 1341 common DEGs between the UD vs CK group and the
OPPT vs CK group, and 1047 common DEGs between the OPPT vs UD group and the OPPT vs CK group. There were 649 unique DEGs in the UD vs CK
group, 615 unique DEGs in the OPPT vs UD group, and 750 unique DEGs in the OPPT vs CK group (Fig. 4C). The bar chart quantified the upregulated
and downregulated DEGs in pairwise comparisons among the three groups of samples. A total of 2757 DEGs were identified in the UD vs CK group,
including 1185 upregulated DEGs and 1572 downregulated DEGs. A total of 2425 DEGs were identified in the OPPT vs UD group, including 762
upregulated DEGs and 1663 downregulated DEGs. A total of 2739 DEGs were identified in the OPPT vs CK group, including 738 upregulated DEGs and
2001 downregulated DEGs (Fig. 4D) (Tables S4-S6).

To clarify the functional association of DEGs, KEGG pathway enrichment analysis was performed on DEGs from the three comparisons (Tables S7-
S9). In the UD vs CK group, the significantly enriched pathways included Photosynthesis, Photosynthesis-antenna proteins, ABC transporters,
Flavonoid biosynthesis, and Phenylpropanoid biosynthesis, etc. (Fig. 5A). In the OPPT vs UD group, the enriched pathways mainly involved
Photosynthesis-antenna proteins, Photosynthesis, Plant-pathogen interaction, ABC transporters, Phenylpropanoid biosynthesis, and Flavonoid
biosynthesis, etc. (Fig. 5B). In the OPPT vs CK group, the significantly enriched pathways included Photosynthesis, Photosynthesis-antenna proteins,
ABC transporters, Phenylpropanoid biosynthesis, and Flavonoid biosynthesis, etc. (Fig. 5C). Among these pathways, 9 were significantly enriched in
all three comparison groups: Photosynthesis, Photosynthesis - antenna proteins, ABC transporters, Carbon fixation in photosynthetic organisms,
Biosynthesis of various plant secondary metabolites, Flavonoid biosynthesis, Phenylpropanoid biosynthesis, Cutin, suberine and wax biosynthesis,
and alpha-Linolenic acid metabolism (Fig. 5).

3.5 Comparative Analysis of Untargeted Metabolome in Apple Fruits
To reveal the characteristics of the metabolic network of apple fruits regulated by OPPT, untargeted metabolomic analysis was performed on fruits
from the CK group, UD group, and OPPT group, to systematically explore the composition and differential accumulation characteristics of metabolites
in the three groups of samples. A total of 1709 metabolites were identified by untargeted metabolomic analysis (Table S10), which were divided into
17 chemical categories based on their structural characteristics (Fig. 6A). Among them, Lipids and lipid-like molecules accounted for the highest
proportion (26.86%), followed by Organic acids and derivatives (16.03%), Organic oxygen compounds (13.98%), Organoheterocyclic compounds
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(13.46%), Phenylpropanoids and polyketides (12.93%), and Benzenoids (9.77%). The rest included Organic nitrogen compounds (2.05%), Alkaloids
and derivatives (1.29%), and other categories (Fig. 6A). Principal component analysis (PCA) of metabolites showed that samples from the CK group,
UD group, and OPPT group were clustered in different regions, with tight clustering of samples within groups and clear boundaries between groups.
The first principal component (PC1) explained 43.78% of the metabolic variation, and the second principal component (PC2) explained 26.40% of the
variation, with a cumulative variance contribution rate of 70.18%, which could effectively distinguish the differences in metabolite expression among
the three groups of samples (Fig. 6B). Heat map visualization of metabolites showed that metabolites in all samples presented an obvious clustering
pattern. The metabolite abundance patterns of samples within the same treatment group were highly similar, while there were significant differences
between groups, reflecting the distinct metabolic profiles of the CK group, UD group, and OPPT group (Fig. 6C). To explore the dynamic change trend
of metabolites in apple fruits under different treatment conditions, we performed K-means clustering analysis, and divided all metabolites into 4
subclasses according to the similarity of metabolite expression trends (Fig. 6D). Among them, subclass 3 had the highest number of metabolites
(599). Subclass 1 (376 metabolites) had the highest metabolite abundance in the OPPT group and the lowest in the UD group; Subclass 2 (430
metabolites) had the highest metabolite abundance in the UD group, with similar abundance in the CK group and OPPT group; Subclass 3 (599
metabolites) had the highest metabolite abundance in the CK group, with similar abundance in the UD group and OPPT group; Subclass 4 (304
metabolites) had similar metabolite abundance in the UD group and OPPT group, which were significantly higher than that in the CK group.

To identify the key differentially accumulated metabolites (DAMs), orthogonal partial least squares discriminant analysis (OPLS-DA) was used to
construct the model, and the variable importance in projection (VIP) score was calculated, which is a key indicator for identifying differential
metabolites between samples. The R²Y and Q² values of the model were both over 0.97, indicating good stability and strong predictive ability of the
model, which could effectively distinguish samples between different groups (Figure S1). DAMs were screened according to the criteria of VIP > 1.0,
FC > 1.5 or FC < 0.667, and p-value < 0.05. Venn diagram analysis showed that there were no common DAMs among the three comparisons. There
were 186 common DAMs between the UD vs CK group and the OPPT vs UD group, 180 common DAMs between the UD vs CK group and the OPPT vs
CK group, and 122 common DAMs between the OPPT vs UD group and the OPPT vs CK group. There were 119 unique DAMs in the UD vs CK group,
85 unique DAMs in the OPPT vs UD group, and 89 unique DAMs in the OPPT vs CK group (Fig. 7A). The bar chart quantified the upregulated and
downregulated DAMs in pairwise comparisons among the three groups of samples. A total of 485 DAMs were identified in the UD vs CK group,
including 310 upregulated DAMs and 175 downregulated DAMs. A total of 393 DAMs were identified in the OPPT vs UD group, including 187
upregulated DAMs and 206 downregulated DAMs. A total of 391 DAMs were identified in the OPPT vs CK group, including 276 upregulated DAMs and
115 downregulated DAMs (Fig. 7B) (Table S11). Compared with the CK group, most Lipids and lipid-like molecules showed an upregulated trend in
the UD and OPPT treatment groups, with the most significant upregulation in the UD group. Phenylpropanoids and polyketides were significantly
upregulated in the OPPT group, while they showed a certain degree of downregulation in the CK group and UD group as a whole, but the expression
patterns of most specific metabolites were inconsistent. Organic acids and derivatives had the highest abundance in the OPPT group, were
significantly downregulated in the CK group, and were at an intermediate level in the UD group. In addition, metabolites such as Organoheterocyclic
compounds and Organosulfur compounds were significantly upregulated in the UD and OPPT treatment groups compared with the CK group, with the
most significant upregulation in the UD group. Overall, compared with the CK group, the differential metabolites in the UD group and OPPT group
showed an obvious upregulated trend, and the response of the OPPT group was in an intermediate state, with metabolite levels between those of the
CK group and the UD group (Fig. 7C). KEGG pathway analysis revealed the key metabolic pathways of apple fruits with bitter pit in response to OPPT
treatment. The top 20 enriched pathways for each comparison group were determined through enrichment and topological analysis to intuitively
compare the differences in metabolic pathways among groups. Among them, the enriched pathways in the UD vs CK group involved Tryptophan
metabolism, β-Alanine metabolism, Flavone and flavonol biosynthesis, Histidine metabolism, and Arginine biosynthesis, etc.; the enriched pathways
in the OPPT vs UD group included Carotenoid biosynthesis, Tryptophan metabolism, Sesquiterpenoid and triterpenoid biosynthesis, Fatty acid
biosynthesis, and Phosphonate and phosphinate metabolism, etc.; the OPPT vs CK group was enriched in Flavone and flavonol biosynthesis, Folate
biosynthesis, Isoflavonoid biosynthesis, Steroid biosynthesis, and Flavonoid biosynthesis, etc. (Figure S2A-C) (Tables S12-S14).

3.6 Integrated Analysis of Transcriptome and Metabolome in Apple Fruits
To reveal the molecular and metabolic mechanism of OPPT regulating the resistance of apple to bitter pit, integrated analysis of DEGs and DAMs was
performed for the UD vs CK group, OPPT vs UD group, and OPPT vs CK group, respectively. KEGG co-enrichment analysis showed that a total of 36
pathways were co-enriched in the UD vs CK group, with the core pathways including Tryptophan metabolism, Carotenoid biosynthesis, and Plant
hormone signal transduction, etc. The number of co-enriched pathways for DEGs and DAMs was significantly higher than that in the latter two groups
(Fig. 8A). A total of 24 significant pathways were co-enriched in the OPPT vs UD group, with the core pathways being Tryptophan metabolism,
Carotenoid biosynthesis, Linoleic acid metabolism, and Flavonoid biosynthesis, etc. (Fig. 8B). A total of 23 pathways were co-enriched in the OPPT vs
CK group, with the core pathways including Flavonoid biosynthesis, Ubiquinone and other terpenoid−quinone biosynthesis, Cyanoamino acid
metabolism, and Tryptophan metabolism, etc. (Fig. 8C). Among these pathways, 9 were enriched in both the OPPT vs UD group and the OPPT vs CK
group: Tryptophan metabolism, Folate biosynthesis, Aminoacyl-tRNA biosynthesis, Steroid biosynthesis, Terpenoid backbone biosynthesis, Amino
sugar and nucleotide sugar metabolism, Cysteine and methionine metabolism, 2-Oxocarboxylic acid metabolism, and Flavonoid biosynthesis (Fig. 8B-
C). Among them, the Flavonoid biosynthesis pathway was selected for detailed characterization due to its significant activation and well-defined
function in plant stress response. In the Flavonoid biosynthesis pathway of the OPPT vs UD group, three metabolites, namely (-)-Epigallocatechin,
Liquiritigenin, and Naringenin chalcone, were found to be regulated by 9 genes, including those encoding key flavonoid synthesis enzymes CHS, FLS,
HCT, CHI, and ANS (Table S15). Correlation network analysis was performed on DEGs and DAMs in the Flavonoid biosynthesis pathway of the OPPT
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vs UD group (| r|≥0.8, p-value ≤ 0.05). The results showed that two metabolites, (-)-Epigallocatechin and Naringenin chalcone, were significantly
positively correlated with 8 regulatory genes and significantly negatively correlated with 1 regulatory gene, respectively (Fig. 8D). Further analysis of
the Flavonoid biosynthesis network in the OPPT vs CK group revealed that six metabolites, including Delphinidin, Naringenin, Dihydrokaempferol,
Dihydroquercetin, (-)-Epigallocatechin, and Quercetin, were regulated by 14 genes, including those encoding key flavonoid synthesis enzymes
CYP98A2, CHS, FLS, HCT, F3H, CHI, DFR, and ANS (Table S16). Correlation network analysis was performed on DEGs and DAMs in the Flavonoid
biosynthesis pathway of the OPPT vs CK group (| r|≥0.8, p-value ≤ 0.05). The results showed that five metabolites, including (-)-Epigallocatechin,
Delphinidin, Naringenin, Dihydrokaempferol, and Quercetin, were significantly correlated with 13 regulatory genes, respectively (Figure S3A). Notably,
the Venn diagram of DEGs in the Flavonoid biosynthesis pathway between the OPPT vs UD group and the OPPT vs CK group showed that there were
9 DEGs in the OPPT vs UD group and 14 DEGs in the OPPT vs CK group, with 7 common DEGs between the two comparisons, including those
encoding key flavonoid synthesis enzymes CHS, FLS, HCT, CHI, and ANS (Figure S3B). These findings highlighted the co-expression characteristics of
DEGs and DAMs in the Flavonoid biosynthesis pathway in apple fruits after OPPT treatment.

3.7 Analysis of Genes and Metabolites Involved in Flavonoid Biosynthesis in Apple
Fruits
Integrated transcriptomic and metabolomic analysis indicated that OPPT treatment significantly regulated the Flavonoid biosynthesis pathway, which
may be one of the key mechanisms for enhancing the resistance of apple fruits to bitter pit. To further explore this mechanism, we conducted a
comprehensive study on the Flavonoid biosynthesis pathway in apple fruits after OPPT treatment. In this pathway, 9 differentially expressed genes
(DEGs) were identified in the OPPT vs UD group, among which 8 genes were upregulated and 1 gene was downregulated, including those encoding
key flavonoid synthesis enzymes CHS, FLS, HCT, CHI, and ANS. The expression changes of these genes were correlated with the accumulation of
metabolites such as (-)-Epigallocatechin, Liquiritigenin, and Naringenin chalcone (Fig. 9A), suggesting that OPPT treatment enhanced the antioxidant
and stress resistance of fruits by activating the flavonoid synthesis pathway. In the OPPT vs CK group, 14 differentially expressed genes (DEGs) were
identified, among which 1 gene was upregulated and 13 genes were downregulated, including those encoding key flavonoid synthesis enzymes
CYP98A2, CHS, FLS, HCT, F3H, CHI, DFR, and ANS. These genes were correlated with metabolites such as Delphinidin, Naringenin, Dihydrokaempferol,
Dihydroquercetin, (-)-Epigallocatechin, and Quercetin (Fig. 9A). To further verify the reliability of the data, we selected 7 common DEGs
(DVH24_000688, DVH24_006854, DVH24_024060, DVH24_031156, DVH24_022847, DVH24_037978, and DVH24_007939) shared by the OPPT vs UD
and OPPT vs CK comparisons for RT-qPCR validation. The results showed that the expression trends of these genes were consistent with the
transcriptome data (Fig. 9B), and linear regression analysis showed a strong linear relationship between them (R² > 0.95), further confirming the
reliability of the transcriptome results (Fig. 9C). Notably, in the OPPT vs CK comparison, the genes related to the Flavonoid biosynthesis pathway
showed an overall downregulated trend, indicating that OPPT treatment did not over-activate this pathway in healthy fruits, but significantly
upregulated it under disease stress, reflecting its "stress response" characteristic. This further supports the key role of the Flavonoid biosynthesis
pathway in the OPPT-mediated anti-bitter pit mechanism.

4. Discussion

4.1 Effect of OPPT on Apple Fruit Phenotype and Physiological Indicators
As a typical physiological disorder, the incidence of apple bitter pit is closely related to the disorder of fruit physiological metabolism, which severely
restricts the high-quality development of the apple industry[4, 31, 32]. In this study, using the highly susceptible 'Qincui' apple as the material, we
confirmed for the first time that OPPT treatment can significantly reduce the incidence of bitter pit at harvest, and its control efficacy far exceeds that
of traditional measures such as calcium fertilization, providing a new approach for the green control of apple bitter pit. Fruit quality is the core
indicator to measure the comprehensive benefit of control technology. OPPT treatment not only effectively controlled the disease, but also
significantly improved the appearance and internal quality of fruits. Compared with the naturally diseased UD group, the single fruit weight, fruit
firmness, and crispness were significantly increased in the OPPT group, the soluble sugar content was maintained at a high level, the titratable acid
content was restored to the level of the healthy control group (CK), and the contents of non-enzymatic antioxidant substances such as vitamin C, total
flavonoids, and total phenols were significantly higher than those in the CK group and UD group. These results are consistent with the dual effects of
"disease control + quality improvement" exhibited by OPPT in the control of apple early defoliation disease[24, 25], confirming that its multi-component
compound characteristics can achieve the synergistic gain of disease control and quality improvement.

At the physiological level, the occurrence of bitter pit is closely related to the imbalance of fruit mineral nutrition and metabolic disorder[7, 33, 34].
Although the soluble solids content in the UD group was significantly higher than that in the CK group, this may be a passive result of fruit dehydration
and concentration under disease stress, rather than an active performance of quality improvement. The concomitant decrease in titratable acid and
vitamin C contents further confirmed the occurrence of metabolic disorder. The OPPT group restored the normal accumulation of organic acids and
vitamin C while maintaining fruit sweetness by regulating the balance of carbon and nitrogen metabolism, which is consistent with the quality
improvement effect of carvacrol and chitosan when used alone[17, 20, 35]. It is speculated that their combination may synergistically regulate fruit
respiratory metabolism and substance synthesis, and improve the accumulation pattern of nutritional components. In addition, the significant
increase in total flavonoid and total phenol contents not only enhanced the antioxidant capacity of fruits, but also may reduce the epidermal
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depression and browning related to bitter pit by improving the fruit epidermal structure and strengthening cell wall stability, which provides an
important clue for the physiological mechanism of OPPT in controlling bitter pit.

4.2 Effect of OPPT on Apple Fruit Cell Structure and Calcium Distribution
Cell structural integrity and mineral element balance are important foundations for maintaining the normal physiological function of fruits and
resisting diseases[26, 36–38]. The occurrence of bitter pit is often accompanied by the disorder of fruit cell structure and calcium metabolism
imbalance. As an essential mineral element for plants, calcium plays a key role in maintaining cell wall stability, cell membrane permeability, and cell
signal transduction[4]. In this study, through Safranin O-Fast Green staining and transmission electron microscopy observation, we found that the fruit
cells in the UD group were loosely and disorderly arranged with structural rupture, and the morphology of organelles such as chloroplasts and
mitochondria was abnormal with a reduced number. After OPPT treatment, the fruit cells were closely and neatly arranged, and the organelle
morphology returned to normal, indicating that OPPT can effectively repair the cell structural damage caused by bitter pit. This result is consistent
with the research conclusion that cell structural integrity directly affects fruit resistance[5, 8, 26, 39]. The repair of cell structure can reduce the invasion
of harmful substances and the loss of cell contents, and enhance the resistance of fruits to diseases. SEM-EDS analysis showed that the Ca content
was significantly reduced in the UD group compared with the CK group, while OPPT treatment significantly increased the fruit Ca content, restoring it
to the level of healthy fruits. This finding revealed another important mechanism of OPPT in controlling bitter pit: improving calcium metabolism
imbalance by supplementing calcium element. The occurrence of apple bitter pit has long been considered to be related to calcium deficiency.
Insufficient calcium content will lead to reduced synthesis of calcium pectate in the cell wall, decreased cell wall strength, and easy cell rupture[4, 5, 40].

The stress-resistant nano ecological film in OPPT has a clear calcium supplementation function[16]. The calcium ions released by it can be absorbed
by fruits, participate in cell wall synthesis and cell membrane stabilization, and regulate calcium-dependent signaling pathways to further enhance
fruit stress resistance. In addition, the increased calcium content can also synergize with the antioxidant system to reduce ROS damage to cell
structure, forming a dual protection of "structural repair + calcium balance", which is consistent with the previously reported mechanism of calcium in
fruit disease defense [11]。

4.3 Effect of OPPT on Apple Fruit Transcriptome and Metabolome
Transcriptomic and metabolomic analyses are two widely used high-throughput technologies in biological research. Integrated analysis of
transcriptome and metabolome is the core method to elucidate the molecular mechanism of the occurrence and control of plant physiological
diseases, which can reveal the disorder of molecular regulation caused by diseases and the core targets of control technologies from the two levels
of gene expression and metabolite accumulation.

In this study, high-quality data were obtained from transcriptome sequencing, and there were significant differences in gene expression patterns
among the three groups of samples. KEGG enrichment analysis showed that DEGs were mainly enriched in pathways such as Photosynthesis, ABC
transporters, Flavonoid biosynthesis, and Phenylpropanoid biosynthesis, all of which are closely related to plant stress resistance and disease
defense[41–45]. Untargeted metabolomic analysis identified 1709 metabolites, covering lipids, organic acids, phenylpropanoids, organoheterocyclic
compounds, etc. KEGG enrichment analysis showed that DAMs in the UD vs CK group were mainly involved in pathways such as Tryptophan
metabolism, β-Alanine metabolism, and Flavone and flavonol biosynthesis, reflecting the abnormal nitrogen metabolism and antioxidant metabolism
in fruits during the occurrence of bitter pit. While DAMs in the OPPT vs UD group were enriched in pathways such as Carotenoid biosynthesis,
Tryptophan metabolism, and Sesquiterpenoid and triterpenoid biosynthesis, indicating that OPPT repaired metabolic disorders by regulating these
pathways. Notably, lipids and lipid-like molecules were significantly upregulated in the OPPT group, while lipid metabolism was disordered in the UD
group. This is consistent with the function of lipids as important components of cell membranes to maintain membrane structural integrity[46, 47]. By
repairing lipid metabolism, OPPT can enhance cell membrane stability, reduce oxidative damage and pathogen invasion.

Integrated analysis of transcriptome and metabolome further revealed the core pathways regulated by OPPT, among which Flavonoid biosynthesis,
Tryptophan metabolism, Carotenoid biosynthesis and other pathways were co-enriched for DEGs and DAMs, indicating that these pathways are the
key nodes regulated by OPPT. Among them, the Flavonoid biosynthesis pathway was selected for detailed characterization due to its significant
activation and well-defined function in plant stress response. In this pathway, the synergistic upregulation of DEGs and DAMs confirmed that OPPT
enhanced the synthesis and accumulation of flavonoids through the coordinated regulation of "genes-metabolites", which is consistent with the
antioxidant and stress resistance functions of flavonoids[41, 48]. These results indicated that the regulation of OPPT on apple fruits is multi-pathway
and multi-target, and the molecular control of bitter pit is achieved through the synergistic remodeling of transcriptome and metabolome.

4.4 Effect of OPPT on Flavonoid Biosynthesis in Apple Fruits
The Flavonoid biosynthesis pathway is one of the core pathways for plant stress resistance and defense. flavonoids (flavonols, anthocyanins,
proanthocyanidins, etc.) have strong antioxidant activity, which can scavenge ROS, reinforce cell walls, regulate hormone signals, and play a key role
in plant disease defense[49–51]. In this study, through integrated transcriptomic and metabolomic analysis, we found that the Flavonoid biosynthesis
pathway is the core pathway regulated by OPPT, and it was significantly enriched in both the OPPT vs UD group and the OPPT vs CK group, confirming
the key role of this pathway in the control of bitter pit by OPPT. In the OPPT vs UD group, 9 DEGs related to Flavonoid biosynthesis were identified,
among which 8 were significantly upregulated, including key enzyme genes such as CHS (chalcone synthase), FLS (flavonol synthase), HCT
(hydroxycinnamoyl transferase), CHI (chalcone isomerase), and ANS (anthocyanidin synthase). The upregulation of these genes directly promoted the
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accumulation of flavonoid metabolites such as (-)-Epigallocatechin, Liquiritigenin, and Naringenin chalcone. CHS, as the key rate-limiting enzyme for
flavonoid synthesis, its upregulated expression can accelerate the conversion of phenylpropane precursors to flavonoids[52–54]FLS and ANS regulate
the synthesis of flavonols and anthocyanins, respectively, and these metabolites all have strong antioxidant activity, which can effectively scavenge
ROS and reduce oxidative damage[55–57]. In the OPPT vs CK group, DEGs in the Flavonoid biosynthesis pathway were mainly downregulated,
indicating that OPPT did not over-activate this pathway in healthy fruits, but specifically upregulated it under disease stress, reflecting the "stress
response" regulatory characteristic and avoiding the waste of metabolic resources. Further correlation network analysis showed that (-)-
Epigallocatechin and Naringenin chalcone were significantly positively correlated with 8 regulatory genes (|r|≥0.8, p ≤ 0.05) in the OPPT vs UD group,
and 5 flavonoid metabolites were significantly correlated with 13 regulatory genes in the OPPT vs CK group, indicating that these genes and
metabolites form a tight regulatory network to jointly mediate the control effect of OPPT. The qRT-PCR validation results showed that the expression
trends of the 7 common DEGs were highly consistent with the transcriptome data (R²>0.95), confirming the reliability of the transcriptome data and
further verifying the regulatory role of key genes in the Flavonoid biosynthesis pathway. The mechanism of OPPT regulating the Flavonoid
biosynthesis pathway may be related to the synergistic effect of its multiple components: as a plant-derived compound, carvacrol can induce the
expression of key genes for flavonoid synthesis[17–19]; chitosan can activate plant defense signaling pathways and promote the synthesis of
secondary metabolites[20–23]; the stress-resistant nano ecological film provides a suitable cellular environment for flavonoid synthesis through
calcium supplementation and antioxidant effects [16]. The three act synergistically to jointly activate the Flavonoid biosynthesis pathway and improve

fruit stress resistance. This is similar to the mechanism by which Glutathione (GSH) alleviates cadmium stress by regulating flavonoid synthesis[51],
and also consistent with the research mechanism that cotton responds to tetrabromobisphenol A (TBBPA) stress by activating the Flavonoid
biosynthesis pathway and promoting the accumulation of flavonoid metabolites such as naringenin to scavenge ROS and alleviate oxidative
damage[58], indicating that the Flavonoid biosynthesis pathway is a conserved regulatory pathway for plants in response to adversity.

5. Conclusion
In this study, using the highly susceptible 'Qincui' apple as the research object, we systematically elucidated the mechanism of the three-in-one OPPT
in controlling apple bitter pit from multiple dimensions of phenotype, physiology, cell, and molecule. The study found that OPPT treatment
significantly reduced the incidence of apple bitter pit at harvest, while significantly improving fruit quality and ameliorating the physiological state of
fruits. At the physiological level, OPPT alleviated oxidative stress by enhancing the activities of antioxidant enzymes such as SOD and CAT, increasing
the contents of non-enzymatic antioxidant substances such as total flavonoids and total phenols, and reducing ROS accumulation and membrane
lipid peroxidation damage. At the cellular level, OPPT repaired the cell structural disorder caused by bitter pit, increased the calcium content of fruits,
and maintained the integrity of cell structure. At the molecular level, OPPT significantly reshaped the transcriptomic and metabolomic characteristics
of fruits, and regulated multiple core pathways including Flavonoid biosynthesis, Tryptophan metabolism, and Carotenoid biosynthesis, among which
the Flavonoid biosynthesis pathway was the key node regulated by OPPT. OPPT promoted the accumulation of flavonoid metabolites such as (-)-
Epigallocatechin and Naringenin chalcone by upregulating the expression of key genes including CHS, FLS, HCT, CHI, and ANS, forming a synergistic
regulatory network of "gene-metabolite-physiology-phenotype", and ultimately achieved effective control of apple bitter pit. This study revealed for the
first time the molecular mechanism of OPPT in controlling apple bitter pit, filled the relevant research gap, provided a solid theoretical support for the
optimization and promotion of OPPT, and also provided a novel strategy for the green control of apple physiological disorders, which is of great
significance for promoting the sustainable development of the apple industry.
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Figure 1

Incidence of apple bitter pit at harvest. (A) Phenotype of bitter pit in 'Qincui' apples at harvest. (B) Incidence rate of bitter pit in 'Qincui' apples at
harvest. CK group: untreated healthy control group; UD group: untreated diseased group; OPPT group: OPPT-treated healthy group. (n=300), different
lowercase letters indicate significant differences between groups (p<0.05).

Figure 2
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Analysis of apple fruit quality, oxidative damage, and antioxidant enzymes. (A) Apple fruit quality. Vitamin C: reduced ascorbic acid. (B) Analysis of
oxidative damage and antioxidant enzymes in apple fruits. MDA: malondialdehyde; SOD: superoxide dismutase; CAT: catalase; APX: ascorbate
peroxidase; POD: peroxidase; DPPH: 1,1-Diphenyl-2-picrylhydrazyl radical. CK group: untreated healthy control group; UD group: untreated diseased
group; OPPT group: OPPT-treated healthy group. (n=3), different lowercase letters indicate significant differences between groups (p<0.05).

Figure 3

Cytological and Ca element analysis of apple fruits. (A) Safranin O-Fast Green staining. (B) Transmission electron microscopy. (C) Scanning electron
microscopy with energy dispersive spectroscopy (SEM-EDS) and quantitative analysis of Ca element. CK group: untreated healthy control group; UD
group: untreated diseased group; OPPT group: OPPT-treated healthy group. (n=3), different lowercase letters indicate significant differences between
groups (p<0.05).
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Figure 4

Transcriptomic analysis of apple fruits. (A) Correlation analysis of the three groups of samples. (B) Principal component analysis (PCA) of the three
groups of samples. (C) Venn diagram analysis of DEGs in the three comparison groups (UD vs CK, OPPT vs UD, and OPPT vs CK). (D) Bar chart of
upregulated and downregulated DEGs in the three comparison groups (UD vs CK, OPPT vs UD, and OPPT vs CK). CK group: untreated healthy control
group; UD group: untreated diseased group; OPPT group: OPPT-treated healthy group. (n=3).
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Figure 5

KEGG pathway analysis of differentially expressed genes (DEGs). (A) KEGG analysis of DEGs in the UD vs CK group. (B) KEGG analysis of DEGs in the
OPPT vs UD group. (C) KEGG analysis of DEGs in the OPPT vs CK group. CK group: untreated healthy control group; UD group: untreated diseased
group; OPPT group: OPPT-treated healthy group. (n=3).
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Figure 6

Metabolomic analysis of apple fruits. (A) Chemical structure classification and statistical analysis of metabolites. (B) Principal component analysis
of metabolites. (C) Heat map visualization of metabolites, red indicates high-abundance metabolites, and blue indicates low-abundance metabolites.
(D) K-means clustering analysis (metabolites were divided into 4 subclasses). CK group: untreated healthy control group; UD group: untreated
diseased group; OPPT group: OPPT-treated healthy group. (n=5).
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Figure 7

Differential analysis of the metabolome in apple fruits. (A) Venn diagram analysis of DAMs in the three comparison groups (UD vs CK, OPPT vs UD,
and OPPT vs CK). (B) Bar chart quantifying the differential accumulation of DAMs (upregulated and downregulated) in the three comparison groups
(UD vs CK, OPPT vs UD, and OPPT vs CK). (C) Heat map visualization of DAMs, red indicates high-abundance metabolites, and blue indicates low-
abundance metabolites. CK group: untreated healthy control group; UD group: untreated diseased group; OPPT group: OPPT-treated healthy group.
(n=5).
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Figure 8

Network analysis of DEGs and DAMs in apple fruits. (A) KEGG co-enrichment analysis of DEGs and DAMs in the UD vs CK group. (B) KEGG co-
enrichment analysis of DEGs and DAMs in the OPPT vs UD group. (C) KEGG co-enrichment analysis of DEGs and DAMs in the OPPT vs CK group. (D)
Correlation network analysis of DEGs and DAMs in the Flavonoid biosynthesis pathway of the OPPT vs UD group. Red squares represent differential
genes, blue circles represent differential metabolites, red lines represent positive correlations, and blue lines represent negative correlations. CK
group: untreated healthy control group; UD group: untreated diseased group; OPPT group: OPPT-treated healthy group.
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Figure 9

Effect of OPPT treatment on genes and metabolites involved in Flavonoid biosynthesis in apple fruits. (A) Profile of DEGs and DAMs in the Flavonoid
biosynthesis pathway in apple fruits. CHS: chalcone synthase; FLS: flavonol synthase; HCT: hydroxycinnamoyl transferase; CHI: Chalcone isomerase;
ANS: anthocyanidin synthase (_1: Common to OPPT vs UD and OPPT vs CK, _2: Unique to OPPT vs UD, _3: Unique to OPPT vs CK). (B) RT-qPCR
validation of transcriptome data for flavonoid metabolism-related genes in apple fruits. (C) Linear regression analysis of relative expression levels
between RT-qPCR and RNA-seq (R² > 0.95, p < 0.0001). CK group: untreated healthy control group; UD group: untreated diseased group; OPPT group:
OPPT-treated healthy group. (n=3), different lowercase letters indicate significant differences between groups (p<0.05).
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