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A B S T R A C T

Peach fruit is highly susceptible to chilling injury during postharvest cold storage, which affects its shelf life and 
market value. This study examined the impact of Phytosulfokine α (PSK-α) on chilling injury in peach fruit. RNA- 
seq analysis revealed significant enrichment in the ‘Arginine and proline metabolism’ pathway, which is crucial 
for osmotic regulation and plant response to abiotic stress, suggesting its role in PSK-α-mediated cold resistance. 
Further analysis showed that PSK-α treatment increased γ-aminobutyric acid (GABA), polyamine, and proline 
metabolism. GABA content rose due to reduced glutamic acid and GABA transaminase (GABA-T) activity, 
alongside enhanced glutamate decarboxylase (GAD) activity. PSK-α also elevated putrescine and spermidine 
levels, likely by activating arginine decarboxylase (ADC), ornithine decarboxylase (ODC), polyamine oxidase 
(PAO), and diamine oxidase (DAO) activities. Moreover, proline levels increased, possibly due to enhanced 
pyrroline-5-carboxylate synthase (P5CS) and ornithine aminotransferase (OAT) activities and suppressed proline 
dehydrogenase (PDH) activity. Additionally, PpbHLH62 regulates PpGAD4, PpP5CS, and PpOAT, further 
contributing to cold resistance. This study provides a new perspective on how PSK-α improves cold resistance in 
peach fruit by regulating the content of osmotic regulators.

1. Introduction

The flesh of peach fruit is juicy and rich in nutrients, making it highly 
favored by consumers. However, when harvested peach stored 
improperly, especially at temperatures between 2 ◦C and 8 ◦C, chilling 
injury (CI) easily occurs. The occurrence of CI is often accompanied by 
oxidative stress. To avoid chilling damage, commercial storage is usually 
kept close to 0 ◦C. Oxidation damages the cell membrane, resulting in 
the loss of cell structure integrity (Zhao et al., 2025b). When the cell 
membrane is damaged, the outflow of intracellular substances causes a 
sudden drop in intracellular solute concentration, leading to osmotic 
imbalance (Zhang et al., 2024). Cells undergo rapid changes in osmotic 
pressure, which further exacerbate cell damage. Therefore, maintaining 
osmotic balance and reducing oxidative stress are crucial to delaying CI 
and preventing further cell damage (Dong et al., 2020; Ghosh et al., 
2024).

The primary substances involved in osmotic regulation include 
γ-aminobutyric acid (GABA), proline, and polyamines (PAs, including 
putrescine, spermidine, and spermine). GABA serves an essential role in 

plants, acting both as a signaling molecule for information transmission 
and as an osmotic regulator that enhances resistance to environmental 
stresses (Ahmad and Fariduddin, 2024; Li et al., 2019). GABA is syn
thesized and degraded through two pathways. The first involves gluta
mic acid as the substrate, catalyzed by glutamic acid decarboxylase 
(GAD) to form GABA. Simultaneously, GABA is degraded into succinic 
acid semialdehyde through the action of GABA transaminase (GABA-T) 
(Zhao et al., 2025a). The second pathway for GABA synthesis occurs 
through PA degradation. Putrescine (Put), a key substrate in the PAs 
degradation pathway, is mainly synthesized from ornithine through the 
action of ornithine decarboxylase (ODC) or from arginine via arginine 
decarboxylase (ADC). Then Put is oxidized by diamine oxidase (DAO), 
while other PAs, such as spermine (Spm), are processed by polyamine 
oxidase (PAO) to form 4-aminobutyraldehyde, which is subsequently 
dehydrogenated by 4-aminobutyraldehyde dehydrogenase (AMADH) to 
produce GABA (Min et al., 2021). Additionally, the synthesis and 
degradation of proline play a crucial role in cellular osmotic pressure 
regulation. There are two main pathways involved in proline synthesis. 
In the cytoplasm, glutamic acid serves as the substrate, which is 
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converted into glutamate-γ-semialdehyde (GSA) through the catalytic 
activity of pyrroline-5-carboxylate synthase (P5CS). The other pathway 
occurs in the mitochondria, where ornithine acts as the substrate and is 
converted into GSA via ornithine aminotransferase (OAT). Both path
ways ultimately lead to proline (Huang et al., 2025). On the other hand, 
proline degradation is primarily catalyzed by proline dehydrogenase 
(PDH). Several studies have shown that some preservation treatments 
could reduce CI in peach fruit by increasing osmoregulatory substances. 
For example, exogenous indole-3-acetic acid (IAA) could significantly 
enhance GABA accumulation in peach and reduce the occurrence of CI 
(Zhou et al., 2023). 1-Methylcyclopropene (1-MCP) treatment of peach 
enhanced the enzyme activity of the PA biosynthetic enzymes and 
inhibited PDH activity, promoting the PAs accumulation and delaying 
the onset of CI (Qian et al., 2021). Modified atmosphere packaging 
(MAP) with 3 % O2 delayed CI in peach, with significantly higher GABA 
and proline contents compared to the control (Ai et al., 2024). When 
measuring the proline content of Chinese olive under different storage 
temperatures, it was found that storage at 2 ℃ reduced proline levels by 
inhibiting P5CS and OAT activities while enhancing PDH activity. This 
process disrupted cell membrane integrity, reduced cold resistance, and 
accelerated the onset of postharvest CI (Chen et al., 2024).

Cold stress influences gene expression and protein synthesis at the 
molecular level, with transcription factors (TFs) playing a regulatory 
role in this process. Studies have shown that various TFs, such as the C- 
repeat (CRT)-binding factors/dehydration-responsive element (DRE) 
binding factors (CBF/DREBs), inducer of CBF expression (ICE), NAM, 
ATAF1/2, CUC1/2 (NACs), WRKYs, MYBs, and basic Helix-Loop-Helix 
(bHLHs), are involved in responses to cold stress (Manna et al.,2021). 
The bHLH proteins constitute the second most abundant TFs in plants. 
To date, more than 120 members have been identified in peach, playing 
roles in fruit development, postharvest stress resistance, and physio
logical metabolism regulation. MabHLH060 and MabHLH183 play a key 
role in ethylene-mediated alleviation of CI in banana by regulating the 
expression of phosphatidic acid biosynthesis genes (MaDGK2, MaPLDδ1, 
and MaPLDδ5) (Zhou et al., 2022). In loquat fruit, methyl jasmonate 
pretreatment alleviates CI-induced lignification, potentially through a 
regulatory pathway involving the bHLH transcription factor EjbHLH14, 
which represses EjHB1-mediated activation of the lignin-related gene 
EjPRX12 (Zhang et al., 2022).While bHLHs have been shown to play 
crucial roles in the regulation of CI, attention has also turned to the 
development of novel preservation agents as complementary strategies 
to enhance cold tolerance in postharvested fruit.

Recently, many physical and chemical preservation methods aimed 
at delaying deterioration caused by CI in peach such as hydrogen sulfide 
(H2S) (Wang et al., 2023c), melatonin (Li et al., 2024), microwave 
irradiation (Wang et al., 2023b), heat shock (Zhao et al., 2025) and cold 
shock (Jia et al., 2023). Phytosulfokine-α (PSK-α, [Y(SO₃H)IY(SO₃H) 
TQ]) is a sulfated pentapeptide known to stimulate cell proliferation (Liu 
et al., 2024b). Exogenous PSK-α consistently enhances postharvest 
quality and chilling tolerance in diverse fruits and vegetables. In loquat, 
it boosts ATP utilization and the activities of succinate dehydrogenase 
(SDH), cytochrome c oxidase (CCO), Ca²⁺-ATPase and H⁺-ATPase, 
thereby alleviating CI (Song et al., 2017). PSK-α delays strawberry 
senescence and decay at 4 ℃ by down-regulating PARP1, improving 
NAD⁺ recycling, elevating key antioxidant enzymes, and increasing 
phenolics, flavonoids, anthocyanins and melatonin (Aghdam and 
Alikhani-Koupaei, 2021; Aghdam et al., 2021). The same concentration 
induces PAL and CHS activity to raise polyphenol and flavonoid levels in 
broccoli under cold stress (Aghdam et al., 2020), and enhances peach 
cold tolerance via strengthened antioxidant defense and cell-wall sta
bility (Zeng et al., 2024). Previous work also linked PSK-α–mediated CI 
mitigation in loquat to higher osmotic regulator concentrations, such as 
sugars and proline (Liu et al., 2024b). However, studies investigating the 
mechanisms by which PSK-α mitigates quality deterioration caused by 
CI in peach through osmotic regulation remain limited and underex
plored, although such pathways have been more extensively explored in 

other fruit species such as loquat and strawberry.
Therefore, this study investigated the effects of different concentra

tions (100, 200, 300, 400 nmol L− 1) of PSK-α treatment on delaying CI in 
peach. The CI index, firmness, relative electric conductivity and 
extractable juice were compared to determine the optimal concentra
tion. Changes in osmotic regulatory substance metabolism were exam
ined for their role in delaying CI. This study found that PSK alleviated CI 
in peach fruit by increasing the contents of GABA, proline and PAs. The 
results provide a new perspective on PSK-a treatment’s role in allevi
ating CI in peach.

2. Materials and methods

2.1. Materials and treatment

The peach (Prunus persica (L.) Batsch. cv. ‘Hujingmilu’) used in this 
study had a soluble solids content of 12 % (◦Brix) and a firmness of 
32.78 ± 0.78 N., grown by the Jiangsu Academy of Agricultural Sci
ences, was delivered to the laboratory within 3 h of harvesting. Fruits 
from 50 trees were taken for this experiment. Peach with uniform size 
and maturity, no physical damage and no pest or disease, were selected 
as experimental materials. PSK-α was bought from Suzhou Pepmic Co., 
Ltd.

We selected 100, 200, 300, 400 nmol L− 1 PSK-α for 10 min immer
sion treatments on peaches, and the control peach was treated with 
distilled water. The control group included 100 peaches, while each of 
the treatment groups had 80 peaches. The treated samples were stored at 
5 ℃ for 28 d with a relative humidity of 85 %-90 %. Parameters were 
measured on 0, 7, 14, 21, and 28 d. Every 7 d, 10 peaches were trans
ferred from 5 ℃ to 25 ℃ for 3 d and then assessed for CI index and 
firmness. Based on the results of the preliminary experiment, we 
selected 200 nmol L− 1 PSK-α treatment for peach fruit. 60 peaches were 
randomly selected and reserved as the untreated control. The remaining 
fruits (n = 560) were randomly allocated into two treatment groups (n 
= 280 per group): one immersed in distilled water and the other in a 200 
nmol L⁻¹ PSK‑αfor 10 min. Following treatment, all samples were stored 
at 5 ℃ (relative humidity 85 %–90 %) for 28 d. At 7 d intervals, 60 fruits 
were removed from cold storage, flash‑frozen in liquid nitrogen, and 
stored at –80 ℃ for subsequent biochemical analyses. In parallel, ten 
fruits from each treatment were transferred every 7 d to 25 ℃ for 3 d to 
assess browning index according to established protocols. The treatment 
method followed Zeng et al. (2024).

2.2. Browning index, firmness, relative electric conductivity, and 
extractable juice

The 10 peaches were sliced on both lateral sides at one-quarter of the 
distance from the edge to the center, and browning on the cut surfaces 
was visually evaluated. Internal browning was then scored according to 
the following criteria: level 0 for no browning, level 1 for 0–5 % 
browning area, level 2 for 5 %-25 % browning area, level 3 for 25 %- 
50 % browning area, and level 4 for 50 %-100 % browning area (Ling 
et al., 2018). The browning index was calculated as follows: browning 
index =

∑
[(browning area level) × (number of fruit at the browning 

area level)] / (4 × number of fruit per treatment) × 100 %.
Firmness was measured using a puncture test with probe P/0.6. The 

initial force was set at 0.1 N, the puncture speed at 120 mm min⁻¹, and 
the puncture depth at 5 mm. 6 peaches from each group were selected, 
and 4 points around the equator of each fruit were randomly tested.

Relative electric conductivity was measured using a conductivity 
meter. From each fruit, six discs (5 mm in diameter) were prepared and 
placed into a test tube containing 20 mL of distilled water. Three test 
tubes were prepared per treatment group. The initial conductivity was 
measured and recorded as P0. After standing for 30 min, the conductivity 
was measured again as P1. Finally, the test tube was boiled for 15 min. 
The samples were allowed to cool to room temperature, and the 
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conductivity was measured as P2. Relative electric conductivity was 
calculated as follows: relative electric conductivity = (P1-P0)/(P2- 
P0)× 100.

Extractable juice was determined following the method of Zhao et al. 
(2023). The absorbent paper was placed in a tube, and the weight was 
recorded as M0. 6 flesh discs of uniform size were placed into the tube, 
and the weight was recorded as M1. After centrifuging at 4000 g for 
10 min, the discs were removed and the weight was recorded as M2. The 
Extractable juice was calculated as follows: extractable juice = (M2-M0) 
/ (M1-M0) × 100.

2.3. PSK-α content

1 g of frozen mesocarp tissue was homogenized in 9 mL of 0.01 M 
potassium phosphate buffer (pH 7.3). The homogenate was centrifuged 
at 12,000 g for 20 min, and the supernatant was collected for analysis. 
PSK-α concentration was measured using an ELISA kit (Jiangsu Meimian 
Industrial Co., Ltd., China) with 10 μL of the supernatant. Results were 
expressed on a fresh weight (FW) basis as ng kg⁻¹ .

2.4. RNA isolation and sequencing

RNA was extracted from 2 g of mesocarp tissue per sample. Each 
biological replicate was obtained from a single, independently sampled 
peach, with three biological replicates per treatment group (control and 
treated).

RNA samples were collected at 6 h and 7 d after the onset of cold 
storage. A total of 1 μg of RNA was extracted and processed to prepare 
the mRNA sequencing library using the MGI Easy RNA Directional Li
brary Prep Kit (MGI, Shenzhen) following the manufacturer’s protocol. 
The sequencing was performed on the MGI-2000 platform (MGI, 
Shenzhen), utilizing 150 bp paired-end reads to obtain high-quality data 
for further analysis.

2.5. Identification of differentially expressed genes (DEGs)

Clean reads were aligned to the reference genome using Bowtie for 
further analysis (Langmead and Salzberg, 2012), and gene expression 
for each sample were then quantified using RSEM (Li and Dewey, 2011). 
The DESeq2 approach, which utilizes the negative binomial distribution, 
was applied to detect differentially expressed genes, adhering to the 
methodology outlined by Love et al. (2014). Fold change (FC) of FPKM 
(PSK-α) and FPKM (Control) ≥ 1.2 or ≤ 0.8 and Q-value ≤ 0.05 were 
considered significantly upregulated or downregulated.

2.6. Enrichment analyses of KEGG

DEGs were functionally classified based on Kyoto Encyclopedia of 
Genes and Genomes (KEGG) Pathway annotations. And their enrich
ment was performed using the phyper function in R, calculating P- 
values, which were then adjusted for FDR to obtain Q-values. Generally, 
Q-value ≤ 0.05 was considered significant.

2.7. Quantitative real-time PCR validation of RNA-seq data and 
metabolic enzyme-related genes

Using qRT-PCR, 8 DEGs associated with the synthesis of secondary 
metabolites were further analyzed. The corresponding GenBank acces
sion numbers and DEG IDs are listed as follows: 18768825 
(XM_007200391.2), 18788738 (XM_007223068.2), 18790877 
(XM_020555722.1), 18770262 (XM_007204587.2), 18782650 
(XM_007215909.2), 18791668 (XM_007225935.2), 18781341 
(XM_007212112.2), 8788985 (XM_007223539.2). Meanwhile, the 
relative expression levels of genes encoding synthetic enzymes involved 
in metabolism were also assessed. Relative gene expressions were 
normalized by comparison with the expression of Actin 

(XM_007204300.2) and analyzed using the 2–ΔΔCT method. The se
quences of oligonucleotide primers are listed in Table S1.

2.8. GABA-T and GAD activity, glutamic acid, and GABA content

The glutamic acid content was determined following (Al-Quraan 
et al., 2011) method with modifications. 1 g sample was homogenized in 
5 mL of 75 % methanol, and the absorbance was measured at 340 nm. A 
standard curve was created using NADH as the standard to calculate 
glutamic acid content, and results were expressed as mg kg⁻¹ .

GABA content and GAD activity were measured following the 
method described by Shan et al. (2016). GABA content was determined 
from 5 g of fruit tissue using a GABA standard curve and expressed in mg 
kg⁻¹ . GAD activity was measured from 2 g of tissue based on the amount 
of GABA production, with 1 U GAD activity defined as the amount 
required to produce 1 g GABA per min.

The activity of GABA-T was measured using an enzyme-linked 
immunosorbent assay (ELISA) kit. 1 g of tissue was ground thoroughly 
in 7 mL of phosphate buffer (pH 7.3). After centrifuging at 12,000 g for 
20 min at 4 ℃, the supernatant was collected as the extract for GABA-T 
activity measurement. Following the kit instructions, each reagent was 
added to the reaction mixture along with 10 μL of the extract, and 
absorbance was measured at 450 nm.

2.9. DAO, PAO, ADC, and ODC activity

DAO and PAO activities were measured following the method of 
Wang et al., (2017). 2 g sample was ground in 5 mL of 100 mmol L− 1 

potassium phosphate buffer (pH 6.5). For the reaction system, 0.1 mL of 
20 mmol L− 1 putrescine, 0.1 mL of 20 mmol L− 1 Spd and Spm were 
added to supernatant from grinding. Absorbance change of 0.001 per 
min at 550 nm was defined as 1 U of DAO or PAO activity.

ADC and ODC activities were determined with modifications to the 
method (Zuo et al., 2021). 1 g sample was ground in 5 mL of 
100 mmol L− 1 potassium dihydrogen phosphate buffer. After centrifu
gation at 12,000 g for 20 min, the supernatant was collected. Then, 
0.2 mL of 50 μmol L− 1 L-arginine and L-ornithine were added as sub
strates. 1 U of ADC or ODC activity was defined as a 0.001 change per 
min in absorbance at 254 nm per gram.

2.10. Putrescine (Put) and spermine (Spm) content

The method for PA content determination is based on Bokhary et al., 
(2020), with modifications. 2 g of sample were homogenized with 5 mL 
5 % perchloric acid, incubated on ice for 1 h, and centrifuged with 12, 
000 g for 20 min at 4 ℃ to collect the supernatant. Two milliliters of the 
extract were combined with 1 mL of 2 mol L⁻¹ NaOH and 10 µL benzoyl 
chloride. The mixture was thoroughly mixed and incubated at 30 ℃ for 
30 min. Afterward, 2 mL of saturated NaCl solution was added. It was 
then extracted with 2 mL of ether, vortexed for 10 s, and centrifuged at 
4000 g for 5 min. The ether layer was separated and dried under a 
stream of N₂ gas. The residue was dissolved in 1 mL methanol and 
filtered using a 0.45 µm organic microporous filter. PA content analysis 
was performed using high performance liquid chromatography (HPLC, 
Agilent 1290) with a C18 reverse-phase column (Rapid Resolution HD 
2.1 × 55 mm, 1.8 µm) and UV detection at 254 nm. The mobile phase 
consisted of 65 % methanol (A) and 35 % water (B), with a flow rate of 
0.8 mL/min. The injection volume was 20 µL. Results were calculated 
based on standard curves for Put and Spm.

2.11. Proline content and P5CS, OAT and PDH activity

The proline content and the activities of P5CS, OAT, and PDH were 
determined following the method described by Sánchez et al. (2001).

For proline content, 2 g tissue was shaken and extracted in sulfosa
licylic acid solution for 10 min. After centrifugation at 3500 g for 
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10 min, the supernatant was store at 4 ℃ for measurement. Absorbance 
was measured at 520 nm, and results were calculated based on a stan
dard curve constructed with proline, expressed as mg kg− 1 FW.

For OAT activity, 1 g peach tissue was ground in 5 mL 50 mM 
phosphate buffer (pH 8.0) and centrifuged at 12,000 g for 25 min at 4 ℃. 
0.1 mL aliquot of the supernatant was added to 0.9 mL phosphate buffer 
containing 35 mM L-ornithine for the reaction. 1 U OAT activity was 
defined as the production of 1 μM Δ-1-pyrroline-5-carboxylate (P5C) per 
min.

For P5CS and PDH activities, 5 g peach tissue was ground in 10 mL 
50 mM Tris-HCl buffer (pH 7.2). After centrifugation, the supernatant 
was collected as the crude extract for P5CS and PDH activity assays. The 
activity of P5CS is calculated based on NADP+ production, with 1 U of 
enzyme activity defined as the amount that forms 1 μmol NADP+ per 
second. PDH activity is calculated by measuring NADPH production at 
340 nm, with one unit of enzyme activity defined as the amount that 
generates 1 μmol NADPH per second.

2.12. Phylogenetic tree and amino acid sequence analysis of PpbHLH62

The phylogenetic tree of PpbHLH62 was constructed using the 
Neighbor-Joining method in MEGA 11. Amino acid sequence alignment 
of PpbHLH62 was performed with DNAMAN 8 software.

2.13. Subcellular localization

The full-length CDS of PpbHLH62 (excluding the stop codon) was 
cloned into the pCAMBIA1305 vector to generate the fusion construct 
PpbHLH62-GFP. This construct was introduced into Agrobacterium 
tumefaciens strain GV3101 and subsequently infiltrated into Nicotiana 
benthamiana leaves using a 1-mL needleless syringe. After 48 h, GFP 
fluorescence signals were detected using a fluorescence microscope 
(DM4000 B, Leica, Germany) following DAPI staining (10 μg mL⁻¹, 
C0065, Solarbio, China).

2.14. Dual-luciferase reporter (DLR) assay

The full-length CDS of PpbHLH62, lacking the stop codon, was 
inserted into the pGreenII 62-SK vector to serve as the effector construct. 
Promoter regions upstream of PpGAD1, PpGAD4, PpP5CS, PpPAO2, and 
PpOAT were individually cloned into the pGreenII 0800-LUC vector as 
reporter constructs. All recombinant plasmids were introduced into 
Agrobacterium tumefaciens strain GV3101. The effector and reporter 
strains were mixed at a volume ratio of 8:1 (v/v) and co-infiltrated into 
Nicotiana benthamiana leaves for transient expression. At 60 h post- 
infiltration, the ratio of firefly luciferase (LUC) and renilla luciferase 
(REN) was quantified using a Dual Luciferase Reporter Assay Kit 
(DL101–01, Vazyme, China) by the luminescence detector (GloMax 20/ 
20, Promega, USA). Fluorescence signals were further observed using a 
luminescence imaging system (LB 985, Berthold, Germany).

2.15. Statistical analysis

Each sample in the experiment was analyzed with 3 biological rep
licates, and all data were expressed as mean ± standard deviation. Data 
analysis and plotting were performed using Origin 2024 (OriginLab, 
Massachusetts, USA), while significant differences were determined by 
independent sample T-tests using IBM SPSS Statistics 24 (SPSS Inc., 
Chicago, USA).

3. Results

3.1. Effects of different concentrations of PSK-α on CI of peach fruit 
during low temperature storage

As shown in Fig. 1, different concentrations of PSK-α treatment 

exhibited varied effects on the quality of peach fruit. In Fig. 1A, it is 
evident that all treatment groups exhibited different levels of browning 
by the 21 + 3 d. At the end of storage, the control group showed the most 
severe internal browning, followed by the 400 nmol L− 1 group, and the 
200 nmol L− 1 group displayed the least browning. Internal browning is 
the most evident manifestation of CI in peach fruit, with the browning 
index quantifying the extent of browning. As shown in Fig. 1B, the 
browning index increases with prolonged storage. At 28 + 3 d, the 
lowest browning index is observed in the 200 nmol L− 1 group, followed 
by the 100 nmol L− 1 and 300 nmol L− 1 groups, while the control and 400 
nmol L− 1 groups exhibit the most severe CI. This result is consistent with 
the apparent

The decrease in firmness is a characteristic feature of the fruit 
ripening stage. As shown in Fig. 1C, at 28 d, the firmness of the control 
group decreased by 64.1 % compared to 0 d, while the firmness of the 
other treatment groups decreased by 82.4 %, 54.7 %, 68.1 %, and 
86.4 %, respectively, from low to high concentrations. This suggests that 
the 200 nmol L⁻¹ group maintained significantly greater firmness 
compared to both the control and other treatment groups. Relative 
electric conductivity, an indicator of membrane integrity, increases with 
storage time across all groups, reflecting increasing cell membrane 
damage. The 200 nM PSK-α consistently exhibits significantly lower 
relative electric conductivity values compared to the control and other 
treatments, suggesting better maintenance of cell membrane stability 
under chilling conditions. Extractable juice first increased and then 
declined during storage. By the end of storage, the 200 nM treatment 
group showed significantly lower value compared to the other treatment 
and the control. The 200 nM treatment group retains the highest juicy 
content at later stages, particularly at 21 d and 28 d, significantly out
performing the control group and most other treatments.

In summary, different concentrations of PSK-α treatment exhibited 
significant differences in preserving peach fruit quality. Based on in
ternal browning, browning index, and firmness, 200 nM of PSK-α was 
determined to be the optimal treatment concentration.

3.2. Effects of PSK-α treatment on PSK-α content and relative gene 
expression of PpPSK2, PpPSK3, and PpTPST in peach fruit stored at low 
temperature

During storage, the PSK‑α content in peach fruit increased signifi
cantly at 6 h and then returned to the original level. Notably, PSK‑α 
levels in the treated group were significantly higher than those in the 
control at 6, 12, and 24 h (Fig. 2A).

PpPSK2 and PpPSK3 were significantly upregulated by PSK‑α treat
ment, with peak expression at 6 h and 12 h, respectively (Fig. 2B and C). 
PpTPST expression also increased transiently, showing 3.5, 1.9, and 2.3 
fold elevations over the control at 6, 12, and 24 h, respectively (Fig. 2D).

3.3. DEGs of RNA-seq

RNA-seq analysis was performed on peach fruit samples treated with 
200 nmol L⁻¹ of PSK-α after 6 h and 7 d of low-temperature storage. To 
assess the reliability of the RNA-seq, eight highly expressed DEGs in 
peach were selected for qRT-PCR. The relative expression levels of each 
gene were plotted on the X against FPKM values on the Y, as shown in 
Fig. S1. The RNA-seq and qRT-PCR results were positively correlated, 
with an R2= 0.8361, indicating that the RNA-seq results are accurate 
and reliable.

Up-regulated genes are defined as those with FPKM(PSK-α)/FPKM 
(Control) ≥ 1.2, while down-regulated genes are those with FPKM(PSK- 
α)/FPKM(Control) ≤ 0.8. For the 6 h and 7 d samples analyzed (Fig. 3A), 
a total of 3262 DEGs were identified at 6 h after treatment, comprising 
1687 upregulated genes and 1575 downregulated genes. At 7 d, there 
were 1645 DEGs, including 607 up-regulated genes and 1038 down- 
regulated genes. Finally, the union of DEGs identified at 6 h and 7 
d comprised a total of 4169 genes, while the intersection between the 
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Fig. 1. Effects of different concentrations of PSK-α treatment on CI quality in peach. (A) Internal browning. (B) Browning index. (C) Firmness. (D) Relative electric 
conductivity (E) Extractable juice. Different letters indicate significant differences at the same storage time with P < 0.05.
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two time points included 738 shared DEGs (Fig. 3B).

3.4. Enrichment analysis of KEGG and GO pathway

4169 DEGs were selected as candidates for KEGG and GO pathway 
enrichment analysis. Among them, 1168 genes were annotated to KEGG 
pathways. The five pathways with the highest significance (Q-value) 
were carbon metabolism, biosynthesis of amino acid, plant hormone 
signal transduction, propanoate metabolism, and ribosome (Fig. 3C).

Fig. 3D presents the significant enrichment of DEGs across three 
dimensions: biological processes, molecular functions, and cellular 
components, based on GO enrichment analysis results. Firstly, in bio
logical processes, the pathways with the highest number of enriched 
genes are fatty acid metabolic process and proteolysis. Secondly, in 
molecular functions, the pathways with the most enriched genes are 
protein binding and nucleotide binding. Finally, for cellular compo
nents, the pathways with the highest number of enriched genes are the 
cytosolic small ribosomal subunit and the plasma membrane.

In addition, Arginine and proline metabolism also showed a high 
enrichment level (Q-value = 0.03) and contained a significant number of 
DEGs (number of gene = 21) (Fig. 3E). This pathway is involved in plant 
responses to abiotic stress, particularly playing a critical role in osmo
regulation, nitrogen metabolism, and antioxidant responses. Therefore, 
selecting the Arginine and proline metabolism pathway for further in- 

depth analysis will help reveal the effects of PSK-α treatment on the 
plant stress resistance mechanism. This aims to further elucidate the role 
of this metabolic pathway in the mechanism by which PSK-α mediates 
the alleviation of CI in peach fruit.

3.5. Effects of PSK-α treatment on GABA metabolism and relative gene 
expression of PpGAD1, PpGAD4, and PpGABA-T3 in peach fruit stored at 
low temperature

The glutamic acid-dependent GABA metabolic pathway plays a 
dominant role in GABA biosynthesis (Bai et al., 2009). Glutamic acid is 
the precursor for GABA synthesis. Glutamic acid is converted into 
γ-aminobutyric acid (GABA) through the catalytic action of glutamic 
acid decarboxylase (GAD). As shown in Fig. 4A and B, the glutamic acid 
content decreased with the extension of storage time. The PSK-α treat
ment group maintained a lower glutamic acid content, possibly due to 
higher GAD activity compared to the control group, leading to greater 
conversion of glutamic acid.

GABA helps in scavenging reactive oxygen species (ROS) and 
maintaining intracellular osmotic balance to withstand stress, which is 
beneficial for peach fruit in resisting CI. GABA-T plays a critical role in 
GABA catabolism by catalyzing the conversion of GABA into succinic 
semialdehyde, which then enters the tricarboxylic acid (TCA) cycle. As 
shown in Fig. 4C and D, after 14 d, the PSK-α treatment group exhibited 

Fig. 2. Effects of different concentrations of PSK-α treatment on PSK-α content. (A) PSK-α content. (B) Relative gene expression of PpPSK2. (C) Relative gene 
expression of PpPSK3. (D) Relative gene expression of PpTPST.
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Fig. 3. Different expression genes (DEGs) analysis of RNA-seq. (A) Number of DEGs. (B) Venn of DEGs. (C) KEGG Pathway enrichment analysis (the bubble size 
indicates the number of DEGs annotated to the KEGG categories, and the bubble color represents the enrichment Q-value). (D) GO Pathway enrichment analysis. (E) 
MAP00330 Arginine and proline metabolism. The key sub-pathways are indicated by red lines.
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significantly greater GABA content compared to the control group. On 
one hand, GAD activity was greater in the treatment group compared to 
the control, leading to increased GABA production. On the other hand, 
the activity of GABA-T in the treatment group was lower than that in the 
control group, consuming less GABA.

PSK-α treatment significantly activated the expression of PpGAD1 
and PpGAD4 (Fig. 4E and F), with PpGAD1 showing significantly higher 
expression than the control at 7 d and 14 d, and PpGAD4 at 14 d and 28 
d. This suggests that PSK-α enhances GABA synthesis, which plays a vital 
role in stress signaling and alleviating storage-related stress. Obviously, 
the expression level of PpGABA-T3 was lower in the treatment group 
from 14 d to 28 d, indicating that PSK-α inhibited GABA catabolism 
(Fig. 4G).

In conclusion, PSK-α treatment maintained higher GABA content in 
the GABA shunt, which was beneficial for enhancing fruit stress 
resistance.

3.6. Effects of PSK-α treatment on PA degradation pathway and relative 
gene expression of PpADC and PpPAO2 in peach fruit stored at low 
temperature

In peach fruit, the Put content in the PSK-α treatment group 
continuously increased during storage and showed significant differ
ences from the control group, except on 0 d and 21 d (Fig. 5A). By 
contrast, Spm levels in the treatment group remained consistently and 
significantly higher compared to those in the control group (Fig. 5B).

ODC and ADC catalyze the formation of putrescine from ornithine 
and arginine, respectively. Figs. 5C and 5D show that the activities of 
ODC and ADC in the treatment group remained significantly higher than 
those in the control group. PAO and DAO oxidize Spm and Put, 
respectively, leading to the production of GABA. Fig. 5E illustrates that 
PAO activity in the treatment group exhibited an increasing trend and 
was notably higher than in the control group, except on 14 d. DAO ac
tivity increased and then declined, reaching its peak on 14 d. From 14 
d onwards, activity in the PSK-α treatment group was significantly 
greater than that in the control group (Fig. 5F).

Fig. 4. Effect of PSK-α treatment on GABA metabolism. (A) Glutamic acid content. (B) GAD activity. (C) GABA content. (D) GABA-T activity. (E) Relative gene 
expression of PpGAD1. (F) Relative gene expression of PpGAD4. (G) Relative gene expression of PpGABA-T3. Different letters indicate significant differences at the 
same storage time with P < 0.05.
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PpADC expression was significantly upregulated in the PSK-α-treated 
group at 7 d, 14 d, and 28 d (Fig. 5G). The expression of PpPAO2 was 
significantly upregulated in the PSK-α treated group compared to the 
control, especially on 14 d and 21 d (Fig. 5H).

PSK-α treatment enhances Put and Spm levels, increases ODC and 
ADC activities, and promotes GABA production through elevated PAO 
and DAO activities in peach fruit during cold storage.

3.7. Effects of PSK-α treatment on proline metabolism and relative gene 
expression of PpOAT, PpP5CS, and PpPDH2 in peach fruit stored at low 
temperature

OAT and P5CS respectively make ornithine and glutamic acid as 
substrates to produce P5C, which P5C is then converted into proline 
through further enzymatic reactions. As shown in Fig. 6A, OAT activity 
exhibited an upward trend in the early storage period, followed by a 
gradual decline. OAT activity in the PSK-α treatment group was signif
icantly elevated compared to the control group. Additionally, P5CS 
showed a similar trend to OAT (Fig. 6B).

Evidently, due to the upregulation of OAT and P5CS activities, the 
treatment group maintained a significantly elevated proline content 
compared to the control group throughout the storage period (Fig. 6C). 
As shown in Fig. 6D, proline degrading enzyme PDH showed high ac
tivity in the control group, which limited proline accumulation within 
the fruit.

In the Fig. 6E, the expression of PpOAT was significantly elevated in 
the PSK-α-treated group on 21 d and 28 d, showing a 3.5- and 1.8-fold 
increase compared to the control. PpP5CS expression was markedly 
higher at 21 d compared to the control, with an increase of approxi
mately 3.3-fold (Fig. 6F). For the expression of PpPDH2 (Fig. 6G), a key 
enzyme in proline catabolism, the PSK-α-treated group showed signifi
cantly higher expression on 21 d and 28 d.

Compared to the control, the PSK-α treatment had higher proline- 
producing enzymes OAT and P5CS activities and lower activity of the 
degrading enzyme PDH, resulting in higher proline content.

Fig. 5. Effect of PSK-α treatment on polyamines metabolism. (A) Put content. (B) Spe content. (C) ODC activity. (D) ADC activity. (E) PAO activity. (F) DAO activity. 
(G) Relative gene expression of PpADC. (H) Relative gene expression of PpPAO2. Different letters indicate significant differences at the same storage time 
with P < 0.05.
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3.8. Effect of PSK-α treatment on gene expression of PpbHLH62, 
subcellular localization and bioinformatics analysis of PpbHLH62

qRT-PCR was used to determine the relative expression of PpbHLH62 
in treated and control group during storage. As shown in Fig. 7A, 
PpbHLH62 expression initially increased and then plateaued. Notably, 
on 7 d, the treatment group exhibited significantly higher expression 
than the control.

The PpbHLH62-GFP and Empty-GFP plasmids were transiently 
expressed in tobacco leaves by Agrobacterium infiltration. Fluorescence 
microscopy (Fig. 7B) revealed that PpbHLH62 localizes to the nucleus, 
which may facilitate its function as a transcriptional activator.

In MEGA-X, a Neighbor-Joining tree (with homology values indi
cated at each node) was constructed to compare the bHLH62 sequences 
from Malus domestica, Fragaria vesca, Vitis vinifera, Solanum lycopersicum, 
Pyrus bretschneideri, Arabidopsis thaliana, and Musa acuminata with that 
of Prunus persica PpbHLH62 in Fig. 7C. The results indicate that, aside 
from its high similarity with the PpbHLH72-like sequence in the same 
species, PpbHLH62 exhibits the highest homology with FvbHLH62. 

Additionally, PpbHLH62 shows considerable similarity to bHLH72 in 
Malus domestica and bHLH62 in Pyrus pyrifolia, suggesting that these 
proteins may share similar functions.

Amino acid sequences of PpbHLH62 and bHLH62 or bHLH62-like 
proteins from other species were aligned using DNAMAN 8 (Fig. 7D). 
The Basic region and Helix–Loop–Helix (HLH) domain were annotated 
below the alignment. Conserved residues within these regions indicate 
the presence of characteristic motifs of the bHLHs across homologous 
proteins.

3.9. Transcriptional activation of PpbHLH62 on PpGAD4, PpP5CS, and 
PpOAT

Vectors for DLR assays were constructed as illustrated in Fig. 8A. As 
shown in Fig. 8B, PpbHLH62 was able to bind to the promoters of 
PpGAD4, PpP5CS, and PpOAT, thereby activating the transcription of the 
downstream LUC reporter gene. Compared with the Empty-62SK con
trol, PpbHLH62 significantly enhanced LUC expression by 2.06, 3.61, 
and 4.50 fold, respectively. These findings were further supported by in 

Fig. 6. Effect of PSK-α treatment on proline metabolism. (A) OAT activity. (B) P5CS activity. (C) Proline content. (D) PDH activity. (E) Relative gene expression of 
PpOAT. (F) Relative gene expression of PpP5CS. (G) Relative gene expression of PpPDH2. Different letters indicate significant differences at the same storage time 
with P < 0.05.
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Fig. 7. Relative gene expression of PpbHLH62, bioinformatic characterization, and subcellular localization of PpbHLH62. (A) Relative gene expression of PpbHLH62. 
(B) subcellular localization of PpbHLH62. (C) A phylogenetic analysis of PpbHLH62. (D) Domain architecture of PpbHLH62. Different letters indicate significant 
differences at the same storage time with P < 0.05.

Fig. 8. The regulatory effects of PpbHLH62 on promoters of gene. (A) The construction of the effector and reporter vectors. (B) DLR assays in tobacco leaves show 
that PpbHLH62 trigger the transcriptions of PpGAD4, PpP5CS and PpOAT. The LUC/REN ratio of the empty vector (62SK) plus promoter vector was used as a 
calibrator (set as 1). (C)In vivo bioluminescence imaging of PpbHLH62 to PpP5CS transcriptional regulation in tobacco leaves. (D)In vivo bioluminescence imaging of 
PpbHLH62 to PpGAD4 transcriptional regulation in tobacco leaves. (E)In vivo bioluminescence imaging of PpbHLH62 to PpOAT transcriptional regulation in tobacco 
leaves. ‘*’ denote significant differences in the two groups at P < 0.05 level.
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vivo bioluminescence imaging assays (Fig. 8C–E).

4. Discussion

Low-temperature storage is an important method for extending fruit 
quality. However, peach fruit stored at low temperatures for extended 
periods is prone to CI. Typical CI symptoms in peach fruit include 
mealiness, impaired ripening, surface pitting, and internal browning. 
Among these, internal browning is one of the most visually alarming and 
commercially significant manifestations, as it directly affects consumer 
acceptance and marketability. In this study, browning symptoms were 
used as the primary indicator to evaluate the severity of CI and the ef
ficacy of PSK-α treatment. Compared to other CI symptoms, browning is 
closely associated with osmotic imbalance and cellular metabolic 
disruption during cold stress. Therefore, our focus on browning provides 
valuable insights into how the regulation of osmolyte metabolism con
tributes to enhancing cold tolerance in postharvest peach fruit. (Cantín 
et al., 2010; Wang et al., 2024a). In this study, 200 nM PSK-α treatment 
significantly inhibits internal browning and reduced softening in peach 
during CI (Fig. 1A, B and C). Notably, a significant decline in fruit 
firmness was observed in the 100 nM and 400 nM PSK-α treatment 
groups at 14 d. This may be attributed to the concentration-dependent 
effect of PSK-α. At suboptimal concentrations, the treatment may fail 
to activate the fruit’s defense system against CI. At higher concentra
tions, PSK-α may induce physiological stress or disrupt the balance of 
endogenous hormones, thereby promoting the expression of cell wall
–degrading enzymes. Both scenarios could contribute to the acceleration 
of fruit softening. At the same time, the relative electrical conductivity 
and extractable juice also showed varying degrees of reduction in the 
200 nM PSK-α treatment group, indicating that the 200 nM treatment 
maintained cellular integrity (Fig. 1D and E). As extractable juice is 
closely linked to mealiness, a key CI-related texture disorder, it was used 
to assess internal quality changes. In our study, extractable juice 
increased during the development of CI, particularly in the early to mid 
storage period. This may be attributed to CI-induced membrane damage 
and tissue loosening, which promote intracellular fluid leakage and 
facilitate juice release. Therefore, the extractable juice reflects structural 
disruption rather than improved fruit quality, and may serve as an early 
indicator of chilling-induced physiological damage. The same results 
were confirmed in experiments where PSK-α treatment delayed CI in 
bananas and loquats (Liu et al., 2024b; Wang et al., 2022).

In this study, we observed a significant increase in PSK‑α content at 
6 h during the early stage of cold storage, followed by a gradual decline 
toward baseline levels (Fig. 2A). This transient accumulation reflects an 
early physiological response of the fruit to CI and PSK-α treatment. The 
expression patterns of PpPSK2, PpPSK3, and PpTPST further support this 
observation. PpPSKs encode precursor peptides that require post- 
translational modifications to become biologically active. Specifically, 
tyrosine residues must be sulfated by tyrosylprotein sulfotransferase 
(TPST), followed by proteolytic cleavage by subtilisin-like serine pro
teases to release the mature PSK‑α peptide (Yang et al., 1999). In our 
study, PpPSK2 and PpPSK3 were rapidly induced during early storage, 
suggesting enhanced precursor synthesis (Fig. 2B and C). Meanwhile, 
PpTPST was significantly upregulated between 6 and 24 h, indicating 
activation of the sulfation process (Fig. 2D). These findings suggest that 
exogenous PSK‑α treatment not only stimulates transcription of its 
precursor genes but also promotes the enzymatic machinery required for 
PSK‑α maturation, potentially forming a positive feedback loop that 
contributes to the fruit’s early defense response against CI. Further 
studies in peach have shown that PSK-α treatment induced an increase in 
endogenous PSK-α content, enhancing signal transduction (Jiao, 2022). 
Research suggests that the increase in endogenous PSK-α levels may be 
achieved by upregulating the expression of FaPSK3, FaPSK6, and 
FaTPST in strawberries (Aghdam et al., 2021). Similar findings have also 
been observed in loquats (Liu et al., 2024b). For signal transduction, 
PSK-α mainly interacts with the PSKR (PSK-α receptor) on the cell 

membrane. Earlier research indicates that the intracellular region of 
PSKR has a kinase domain responsible for conveying phosphorylation 
signals (Kaufmann et al., 2017; Wang et al., 2023a). An alternative 
post-translational modification of PSKR has also been confirmed to 
mediate defense responses to necrotrophic fungus Botrytis cinerea via 
PUB-mediated ubiquitination (Hu et al., 2023). In addition to its role in 
signal transduction, PSK-α is also associated with active substances such 
as auxin, melatonin, and abscisic acid (ABA). Studies have reported that 
PSK-α enhances tomato leaf resistance to gray mold by promoting auxin 
synthesis (Zhang et al., 2018). Meanwhile, PSK-α also increases endog
enous melatonin levels by upregulating the expression of 
melatonin-synthesizing enzyme-related genes, thereby improving cold 
tolerance in strawberry fruit (Aghdam et al., 2021). The above results 
indicate that PSK-α treatment delays the process of CI by significantly 
inhibiting internal browning, reducing the browning index, and delay
ing fruit softening and keeping cell integrity.

Although studies have identified that PSK-α can delay CI in peach 
fruit, its underlying molecular mechanism remains unclear. Tran
scriptomics, as a high-throughput sequencing technology, can be used to 
analyze changes in gene expression in peach fruit during the CI process 
as storage progresses. Sample of RNA-seq were collected at 6 h and 7 d. 
These time points were selected to represent the early signal response 
phase (6 h) and an early molecular response phase prior to the onset of 
visible chilling injury symptoms (7 d), based on preliminary observa
tions that CI symptoms typically appear after 14 d at 5 ◦C. This study 
investigated the changes in gene expression between the treatment and 
control groups at 6 h and 7 d post-treatment, and conducted a 
comprehensive analysis. The results indicated that carbon metabolism, 
biosynthesis of amino acid, and plant hormone signal transduction were 
key pathways through which PSK-α delays CI in peach (Fig. 3C). Argi
nine and proline metabolism is involved in plant responses to abiotic 
stress, particularly playing a critical role in osmoregulation, nitrogen 
metabolism, and antioxidant responses. Exposure to abiotic stress, the 
pathways involved show varying responses, indicating their roles in 
stress responses (Xu et al., 2022). Along with cold stress, the leakage of 
intracellular substances following cell membrane damage aggravates 
osmotic imbalance, intensifying the adverse effects. During osmotic 
stress, increased concentrations of amino acids such as arginine and 
proline correlate with their enhanced utilization as substrates in the TCA 
cycle, thereby contributing to stress tolerance in plants (Batista-Silva 
et al., 2019). However, in pathway MAP00330, we observed that the 
sub-pathways M00015 Proline biosynthesis, M00972 Proline meta
bolism, M00133 Polyamine biosynthesis, M00134 Polyamine biosyn
thesis, and M00135 GABA biosynthesis contained a higher number of 
enriched genes. Notably, PAs, GABA, and proline in these pathways are 
key substances involved in regulating osmotic balance and redox ho
meostasis. For example, glutamic acid treatment in plum fruit has been 
shown to delay CI symptoms by influencing GABA metabolism (Hou 
et al., 2024). Previous studies have shown that ABA treatment regulates 
the transcription of genes involved in proline metabolism, thereby 
delaying browning in peach fruit (Yang et al., 2024). NaHS treatment 
can enhance the antioxidant capacity and cold tolerance of zucchini by 
inducing the accumulation of proline and PAs, thereby delaying CI in 
zucchini fruit (Yi et al., 2024). Therefore, further investigation into the 
synthesis and degradation pathways of PAs, GABA, and proline will help 
explain the effects of PSK-α on the CI process.

GABA plays a key role in helping plants cope with low-temperature 
stress. Under such conditions, GABA primarily enhances plant cold 
tolerance through several mechanisms. The accumulation of GABA 
within cells helps maintain osmotic balance, prevents water loss, and 
alleviates osmotic imbalance caused by low temperatures. The accu
mulation of GABA within cells helps to reduce water loss and osmotic 
imbalance caused by low temperatures (Liu et al., 2024a). Secondly, low 
temperatures lead to increased ROS activity, which easily cause cellular 
damage. Under cold conditions, GABA helps mitigate oxidative damage 
by clearing ROS through antioxidant mechanisms (Fan et al., 2024). In 
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our study, the significantly higher GABA content in the PSK-α treatment 
group compared to the control group could be explained by the treat
ment group’s increased GAD enzyme activity and reduced GABA-T ac
tivity relative to the control (Fig. 4). These findings are consistent with 
the results observed in loquat and banana, where PSK-α treatment 
effectively delayed CI (Liu et al., 2024b; Wang et al., 2022). A study on 
wheat revealed that GABA began to accumulate 28 h after osmotic 
stress, suggesting that GABA may be the only amino acid intermediate 
responding to osmotic stress (Bartyzel et al., 2003). In a study on MeJA 
treated prune fruit, Zhao et al. (2025a) found that GABA content posi
tively correlated with the activities of APX, SOD, and CAT, suggesting 
that the enhanced ROS scavenging observed in postharvest treatments 
under cold stress may be attributed to increased GABA content. It has 
been reported that increased endogenous GABA content can also 
enhance the activities of enzymes in the non-enzymatic antioxidant 
system, including glutathione peroxidase, glutathione reductase, mon
odehydroascorbate reductase, and glutathione S-transferase (Shelp 
et al., 2021). Postharvest melatonin treatment promoted GABA accu
mulation in yellow-flesh peach fruit by upregulating GABA biosynthesis 
genes, suppressing GABA degradation, and supporting related metabolic 
pathways during cold storage (Wu et al., 2023). Therefore, the delay in 
CI in peach fruit treated with PSK-α may be attributed to increased GAD 
activity, suppressed GABA-T activity, and the resulting accumulation of 
GABA.

In addition to the pathway that generates GABA from glutamic acid, 
the PA degradation pathway is considered an alternative route for GABA 
production (Bhardwaj et al., 2024). In this pathway, apart from pro
ducing GABA, PAs themselves exhibit various biological functions. 
Studies have shown that exogenous application of Put, Spm, and Spd 
could significantly enhance the tolerance of various plants to different 
stresses, such as drought, salinity, and low temperatures. External Put 
effectively enhances drought tolerance in sugar beet by boosting anti
oxidant enzyme activity, regulating ROS homeostasis, and promoting 
physiological and biochemical adaptations (Islam et al., 2022). Exoge
nous Spd enhanced salt-alkali stress tolerance in tomatoes by regulating 
PA metabolism and related enzyme activities in roots, exhibiting dif
ferential effects on tomato varieties with varying salt tolerance (Hu 
et al., 2012). Exogenous Spm alleviated CI in cold-stored immature 
soybeans by regulating the antioxidant defense system, maintaining 
cellular integrity under low-temperature conditions (Song et al., 2018). 
In this study, Put and Spm contents in the PSK-α treatment remained 
significantly higher than those in the control throughout the storage 
period, with both peaking around 14 d before declining (Fig. 5A and B). 
This indicates that PSK-α treatment effectively promotes PAs accumu
lation, potentially playing an important role in regulating physiological 
metabolism during cold storage. These results are in agreement with 
previous reports (Jia et al., 2022). In the early storage period, ODC and 
ADC activities were significantly higher in the PSK-α treatment 
compared to the control. This suggests that PSK-α treatment effectively 
enhances Put synthesis by upregulating ODC and ADC activities, with a 
more pronounced impact on PA metabolism during the initial storage 
phase (Fig. 5C and D). These findings are consistent with the results of 
Song et al. (2022), who reported that melatonin maintained the post
harvest quality of eggplants during cold storage. PAO and DAO activities 
were consistently higher in the PSK-α treatment group than in the con
trol, peaking at 14 d and declining more gradually during later storage 
(Fig. 5E and F). This indicates that PSK-α treatment promotes GABA 
synthesis by enhancing PA catabolism. PAs accumulation, induced by 
higher ADC and ODC activity, enhances ROS scavenging and reduces 
electrolyte leakage and MDA levels. These effects help protect cells from 
chilling or stress-induced damage (Dai et al., 2024). At 28 d, PpADC 
expression was strongly induced in the PSK‑α-treated group, coinciding 
with the highest Put content observed during storage (Fig. 5g). As 
PpADC encodes a key enzyme in Put biosynthesis, this suggests that 
PSK‑α may promote late-stage Put accumulation, potentially enhancing 
membrane stability and chilling tolerance. Thus, it can be inferred that 

exogenous PSK-α enhances cold tolerance in peach fruits by increasing 
ADC and ODC activity to elevate Put levels, while also promoting GABA 
production through elevated PAO and DAO activity.

Peach fruits treated with exogenous 200 nM PSK-α exhibited higher 
proline accumulation, which could be attributed to the increased ac
tivities of OAT and P5CS and the decreased activity of PDH in the 
treatment (Fig. 6). These results are consistent with findings that PSK-α 
treatment delays CI in bananas and loquats (Liu et al., 2024b; Wang 
et al., 2022). To cope with postharvest stress, triggering endogenous 
proline accumulation is crucial for enhancing cold tolerance in fruits and 
vegetables. Proline degradation via PDH transfers electrons to coenzyme 
FAD through the electron transport chain, resulting in ATP generation 
(Chen et al., 2024). Furthermore, its precursor, P5C, is oxidized by P5C 
dehydrogenase (P5CDH) to produce glutamic acid, which enters the 
TCA cycle to generate additional energy (Kavi Kishor and Sreenivasulu, 
2013). Proline accumulation under stress conditions mitigates oxidative 
stress and osmotic imbalance, while its post-stress degradation provides 
cellular energy through these two pathways. Studies have shown that 
transcription factors regulate proline content through transcriptional 
control, thereby enhancing fruit storage tolerance. For example, glycine 
betaine-mediated PpHsfA2a improve cold tolerance in peach fruit by 
transcriptionally regulating proline metabolism-related enzymes (Song 
et al., 2025). Additionally, tomato plants with the SlWRKY51 knocked 
out exhibit lower proline content and reduced cold tolerance (Wang 
et al., 2024b). In summary, PSK-α enhances proline content by 
increasing the activity of proline biosynthetic enzymes and reducing the 
activity of proline-degrading enzymes, thereby improving the cold 
tolerance of peach fruit.

As the second largest transcription factor family in plants, bHLHs 
regulate a wide range of physiological processes. In this study, expres
sion analysis revealed that PpbHLH62 was significantly induced by PSK- 
α treatment, with its transcript level on 7 d markedly higher than that of 
the control (Fig. 7A). Moreover, during cold storage at 5 ℃, PpbHLH62 
expression on 7 d was significantly elevated compared to 0 d. These 
results suggest that PpbHLH62 may play a crucial role in the PSK- 
α-mediated alleviation of CI in peach fruit. The bHLHs is categorized 
into typical bHLH proteins, which contain a basic region, and atypical 
bHLH proteins, which lack this region. The primary distinction between 
the two lies in the presence or absence of a DNA-binding domain. bHLHs 
containing basic region are capable of directly binding to promoter se
quences to participate in transcriptional regulation, whereas those 
lacking this region cannot bind DNA on their own and instead influence 
downstream transcriptional processes by interacting with other pro
teins. Conserved domain analysis of PpbHLH62 (Fig. 7D) revealed the 
presence of DNA-binding domain, indicating its potential to function as 
a transcription factor. Given the presence of a conserved DNA-binding 
domain, bHLHs have been shown to participate directly in transcrip
tional regulation.

To further elucidate their functional roles, especially under abiotic 
stress conditions, several studies have investigated how specific bHLH 
members regulate gene expression in response to CI. MaMYC2 not only 
responds strongly to MeJA under cold stress but also interacts with 
MaICE1, suggesting that the interaction between these two transcription 
factors containing bHLH domains enhance the expression of down
stream cold-responsive genes, thereby improving the fruit’s resistance to 
CI (Zhao et al., 2013). The MabHLH355 modulates CI in banana peel by 
regulating ROS metabolism; its downregulation under cold stress re
duces MaGSTF12 and MaGSTT1 expression, impairing ROS scavenging 
and aggravating cold damage (Lin et al., 2024). bHLHs enhance cold 
tolerance in sweetpotato by regulating stress-responsive genes, partic
ularly through E-box binding activity. Some, like IbHLH8 and IbHLH92, 
are involved in stress-related gene networks, while IbbHLH79, an 
ICE1-like bHLH, activates the CBF pathway and significantly improves 
cold resistance when overexpressed (Jin et al., 2021). Promoter 
sequence analysis of key enzyme-encoding genes involved in GABA 
metabolism, polyamine catabolism, and proline metabolism revealed 
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that the promoters of PpGAD1, PpGAD4, PpP5CS, PpPAO2, and PpOAT 
contain one or more bHLH-binding motifs (CANNTG), suggesting po
tential direct regulation by bHLH transcription factors. Therefore, DLR 
assays were performed to evaluate the potential transcriptional targets 
of PpbHLH62, revealing that it significantly regulates PpGAD4, PpP5CS, 
and PpOAT (Fig. 8B). This regulatory effect was further confirmed by in 
vivo bioluminescence imaging experiments (Fig. 8B, C, and D). The 
CabHLH035 directly binds to the promoter of the CaP5CS and activates 
its expression, thereby promoting proline biosynthesis. Overexpression 
of CabHLH035 leads to increased proline accumulation under salt stress, 
while silencing CabHLH035 reduces proline content. This indicates that 
bHLHs enhance stress tolerance by regulating proline metabolism 
(Zhang et al., 2022a). Similar to the findings of this study, related results 
also support the key role of bHLHs in regulating amino acid-related 
secondary metabolism and enhancing stress tolerance in fruits and 
vegetables.

5. Conclusion

In this study, we demonstrated that PSK-α treatment enhanced the 
cold tolerance of peach fruit and delays CI symptoms by altering GABA 
metabolism, polyamine degradation pathways, and proline metabolism. 
By regulating the activities of related enzymes and maintaining higher 
levels of GABA, Put, Spm, and proline, the osmotic and redox balance in 
cells is preserved, alleviating CI in peach fruit under low-temperature 
conditions. The basic helix–loop–helix (bHLH) transcription factors 
play a crucial role in the regulation of nitrogen metabolism in plants. 
Studies have shown that both PSK-α treatment and low-temperature 
conditions induce the expression of PpbHLH62, which may regulate 
the biosynthesis of proline and GABA through its transcriptional acti
vation function, thereby promoting their accumulation under abiotic 
stress and enhancing plant stress tolerance. In summary, this study 
provides new insights into how PSK-α and PpbHLH62 preserve the 
quality of peach fruit during CI.
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