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Abstract 

Olecranon peach, a significant economic crop in southern China, faces quality degradation due to pests, dis-
eases, and pesticide residues. Melatonin (MT) and nano-selenium (Nano-Se) applied individually have been found 
to improve crop growth and abiotic stress resistance. However, the impact of different Nano-Se and MT ratios 
on olecranon peach quality remains uncertain. Plants were foliar sprayed with varying Nano-Se and MT ratios dur-
ing the fruit set phase. A combined 5 mg/L Nano-Se and 10 mg/L MT (Nano-Se5 + MT10) effect outperformed 
individual treatments and the control in enhancing fruit quality. Nano-Se5 + MT10 notably increased peroxidase 
(190.3%) and superoxide dismutase (112.2%) activities, and reduced polyphenol oxidase activity (-13.2%), raised 
total sugars (33.3%), soluble protein (18.5%), and phenolic contents like apigenin (51.9%), vanillic acid (21.4%), ferulic 
acid (29.4%), and p-hydroxybenzoic acid (317.2%) compared to the control. Correlation analysis linked antioxidant 
enzymes and phenolics in olecranon peach fruits to nutrient accumulation. Nano-Se5 + MT10 improves sweetness 
and quality by enhancing antioxidant ability (increased peroxidase and superoxide dismutase, decreased polyphenol 
oxidase and phenolics), and promoting soluble protein, total sugar, and phenolic accumulation. In conclusion, Nano-
Se5 + MT10 application shows promise in enhancing olecranon peach quality and antioxidant attributes.
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Introduction
Olecranon peaches (Prunus persica L.), which are pro-
duced in Guangdong Province, China, are distinctive 
on the market for their vibrant color, crisp texture, and 
honey-like sweetness. The annual supply can barely meet 
the ever-growing demand [1]. However, while it is grow-
ing and developing, olecranon peach is subject to several 
environmental challenges, including low temperatures, 
drought, hot temperatures, high salinity, and pesticide 
exposure [2]. These stresses can cause fruit to dehydrate, 
wilt, soften, or even decay, all of which have a negative 
impact on the fruit’s quality and post-harvest storage, 
severely reducing both its edibility and marketability. To 
meet the rising market demand for olecranon peaches, it 
is crucial to investigate practical agricultural approaches 
to improve the quality of olecranon peaches and reduce 
the negative effects of environmental pressures during 
production.

In recent years, due to their safety and non-toxic 
qualities, exogenous biological stimulants have drawn 
scientific interest as a way to guarantee the quality of 
fruits and vegetables. Plant hormones and their analogs, 
biopolymers, and nanoparticles are the main types of 
biostimulants [3–5]. Melatonin (MT), also known chemi-
cally as N-acetyl-5-methoxytryptamine, was initially 
identified as an indole-class neurohormone released by 
the pineal gland of mammals. It is renowned for its anti-
inflammatory effects, anti-aging benefits, sleep-improv-
ing qualities, and therapy of neurological illnesses [6]. 
Numerous studies have been conducted since Dubbels 
et al. [7] discovered the presence of MT in plant tissues 
in 1995 have shown that MT plays a role in controlling 

a variety of physiological processes in plants, including 
growth, development, photosynthesis, rooting, seed ger-
mination, and responses to biotic and abiotic stresses [8–
13]. Additionally, MT can act directly as an antioxidant 
and an endogenous free radical scavenger. Studies have 
shown that MT could reduce the production of post-har-
vest fruit malondialdehyde (MDA), hydrogen peroxide 
(H2O2), superoxide anion (O2−), and polyphenol oxidase 
(PPO). Additionally, it increases the activity of the follow-
ing antioxidant enzymes: catalase (CAT), superoxide dis-
mutase (SOD), peroxidase (POD), ascorbate peroxidase 
(APX), and phenylalanine ammonia-lyase (PAL) [14]. 
These outcomes aid in lowering post-harvest oxidative 
damage and maintaining post-harvest storage quality. 
The quality and antioxidant content of fruits, including 
sugars, ascorbic acid, polyphenols, and flavonoids, have 
also been demonstrated to be impacted by exogenous 
MT administration, according to a previous study [4, 
15, 16]. With the application of nanotechnology in agri-
culture maturing, the use of nano fertilizers to enhance 
crop quality has received extensive research [17]. Sele-
nium is an essential trace non-metallic element for the 
human body [18]. Nano-selenium (Nano-Se) is a safer 
option for the production of selenium-enriched plants 
since its acute toxicity is seven times lower than that of 
sodium selenite [19]. It has been demonstrated that 20 
mg/L Nano-Se intervention enhances the accumulation 
of capsaicin, nutrients, and secondary metabolites in chili 
peppers, thereby improving the antioxidant capacity and 
nutritional quality of chili pepper fruits [20]. Research on 
tomatoes also revealed that 1 mg/L Nano-Se can improve 
tomato growth and flavor quality by modulating plant 
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hormones, sugars, acids, and volatile compounds [21]. 
Additionally, Kang et  al. discovered that Nano-Se treat-
ment increases the resistance of melon plants to powdery 
mildew by boosting antioxidant capacity and photo-
synthesis, and maintaining a steady-state equilibrium 
between the production and scavenging of reactive oxy-
gen species [22].

Based on multiple studies, the exogenous application 
of Nano-Se and MT provides a promising strategy for 
resolving the quality and health issues of agricultural 
products. However, to date, there is no existing research 
reporting the effects of Nano-Se and MT individually 
or in combination on the quality of olecranon peaches. 
This study intends to investigate the likely processes 
that enhance the quality of olecranon peaches following 
foliar treatment with Nano-Se and MT. The antioxidant 
enzymes, quality components, and phenolic compounds 
were evaluated under Nano-Se and MT intervention. 
The ideal levels of Nano-Se and MT were identified after 
thorough analysis, and it was shown that their combined 
effects on olecranon peach quality were synergistic. This 
information provides technical support and evidence 
for Nano-Se and MT rational application and quality 
enhancement in olecranon peach production.

Materials and methods
Chemicals
Chromatography-grade acetonitrile and formic acid were 
obtained from Fisher Scientific (Beijing, China). Anhy-
drous ethanol was sourced from Beijing Chemical Plant 
Co., Ltd. (Beijing, China). Nano-Se was provided by 
Guilin Jiqi Biochemical Co., Ltd. (Guilin, China). Mela-
tonin (MT; > 98%) was obtained from Shanghai Maclin 
Technology Co., Ltd. (Shanghai, China). Octadecylsilane 
(C18, 40 mm) was obtained from HAMAG Instrument 
Technology Co., Ltd. (Zhejiang, China). All standards 
were purchased from Yuanye Bio-Technology Co. Ltd. 
(Shanghai, China).

Field experiment
The olecranon peaches were sourced from the orchard 
in Qinggang Village, Bao’an Town, Qingyuan City, Lian-
zhou, Guangdong Province, China (112°21’E, 24°53’N). 
Five treatment groups and one control group made up 
a total of six groups in the experiment, with five peach 
plants in each group serving as five repetitions. The 
spraying concentrations of Nano-Se and MT were set 
based on our previous field experiments and laboratory 
studies [23–25]. The treatment groups were as follows. 
(1) 5 mg/L nano-selenium (Nano-Se5); (2) 10 mg/L nano-
selenium (Nano-Se10); (3) 10 mg/L melatonin (MT10); 
(4) 5 mg/L nano-selenium + 10 mg/L melatonin (Nano-
Se5 + MT10); (5) 10 mg/L nano-selenium + 10 mg/L 

melatonin (Nano-Se10 + MT10). Equal water amounts 
were sprayed on the control group. A month before 
olecranon peaches ripened, the leaves were sprayed 
with Nano-Se and MT once every 7 days for a period of 
3 weeks. Fruit samples were taken seven days after the 
completion of the three-week treatment period from var-
ious locations on the tree and guaranteed minimal dam-
age, uniform size, and constant freshness. All samples 
were thoroughly cleaned with distilled water to ensure 
that no exogenous chemicals were present before meas-
uring antioxidant enzymes and metabolites, and they 
were then quickly frozen at -80 °C.

Determination of antioxidant capacity
POD, SOD, MDA, DPPH, and PPO were identified using 
detection kits. The main steps were as follows. Fresh 
olecranon peach fruits were powdered in liquid nitro-
gen, and 0.1 g of the powder was then added to 1 mL 0.1 
mol/L phosphate-buffered solution (PBS, pH 7.0–7.4) 
and vortexed for 3 min. The homogenate was centrifuged 
at 4 °C for 10 min at a speed of 5000 rpm, and the super-
natant was utilized to detect antioxidant-related indica-
tors. Utilizing the guaiacol colorimetric technique, POD 
activity was assessed. The nitroblue tetrazolium (NBT) 
method was used to gauge the activity of SOD. MDA lev-
els were assessed using the thiobarbituric acid reactive 
substances (TBARS) assay. The 1,1-diphenyl-2-picrylhy-
drazyl (DPPH) test was used to calculate the total antiox-
idant capacity. Using a catechol colorimetric technique, 
PPO activity was determined. All assays were performed 
using reagent kits from Suzhou Koming Biotechnology 
Co., Ltd. (China).

Determination of nutrients
Soluble sugar, soluble protein, total sugar, and ascorbic 
acid assay kits were purchased from Suzhou Koming 
Biotechnology Co., Ltd. (China). The determination of 
soluble sugar content was performed using the anthrone 
colorimetric method. Using the Coomassie Brilliant Blue 
G-250 staining technique, the amount of soluble protein 
was determined. The total sugar content in peach fruits 
was determined using the 3,5-dinitrosalicylic acid (DNS) 
method.

Analysis of phenolic compounds
The determination of phenolic compounds in peaches 
was conducted following the method described by Li 
et  al. [26], with slight modifications. Briefly, 100 mg of 
peach fruits were powdered under liquid nitrogen. They 
were poured into a 2 mL centrifuge tube along with 1 mL 
of water that contained 60% ethanol. The solution was 
ultrasonically processed for 30 min at 30 °C, followed by 
a 2-min centrifugation at 12,000 rpm. By repeating the 



Page 4 of 11Miao et al. Crop Health            (2023) 1:17 

operating process two times, the extract was obtained. 
The mixture was collected, nitrogen-blow-dried, fixed to 
1 mL of 60% ethanol, and purified with 100 mg of C18 
in a 2 mL centrifuge tube. The purified mixture was then 
shaken for 2 min and centrifuged for 1 min at 10,000 
rpm. Next, a 0.22 μm nylon syringe was used to filter the 
supernatant into the injection vial. The Agilent 6410B 
Triple Quadrupole HPLC–MS/MS (Agilent Technolo-
gies, U.S.) was fitted with an HPLC reversed-phase C18 
column (Athena C18-WP 2.1 × 50 mm, 3 μm) for the 
analysis of the concentration. The parameters are shown 
in Tables S1 and S2.

Statistical analysis
One-way analysis of variance (ANOVA) was used to 
compare various treatments using SPSS 26.0 (IBM, Inc., 
Armonk, NY, USA), and statistical significance was 
established using Duncan’s test at p < 0.05. Origin Pro 
2022 (Northampton, Massachusetts, USA) was used to 
make the graphs.

Results
Effects of combined application of Nano‑Se and MT 
on antioxidant capacity in olecranon peach fruits
POD and SOD are crucial antioxidant enzymes in the 
enzyme-mediated scavenging system, playing a key role 
in preventing oxidative damage from H2O2 and O2

− and 
in maintaining the equilibrium of reactive oxygen spe-
cies (ROS) metabolism [27]. Compared to the control, 

the combined treatment exhibited better enhancement 
in antioxidant enzyme activities than the individual 
treatments. As shown in Fig. 1A and B, POD activity in 
the Nano-Se5 + MT10 treatment group was 300.0% and 
52.5% higher than that in the Nano-Se5 and MT10 treat-
ment groups, respectively. SOD activity increased by 
88.6% and 50.3%, respectively. Similarly, compared to the 
Nano-Se10 and MT10 treatment groups, POD activity 
in the Nano-Se10 + MT10 treatment group increased by 
219.3% and 54.2%, and SOD activity increased by 116.1% 
and 53.6%, respectively. MDA is considered one of the 
major lipid peroxides and primarily reflects the degree of 
membrane lipid peroxidation induced by reactive oxygen 
species [27]. Compared with the control group, the MDA 
content in the Se5 + MT10 and Se10 + MT10 treatments 
was significantly reduced by 15.6% and 12.2%, respec-
tively (Fig. 1C). PPO is a key oxidative enzyme that causes 
phenolic substances in fruits to oxidize and leads to the 
browning of the fruit pulp [28]. Compared to the control, 
all treatment groups exhibited significantly reduced PPO 
activity. Specifically, the Nano-Se5 + MT10 and Nano-
Se10 + MT10 treatments resulted in 13.2% and 11.5% 
decreases in PPO activity, respectively (Fig.  1E). Addi-
tionally, the Nano-Se5 + MT10 and Nano-Se10 + MT10 
treatment groups had total antioxidant capacities that 
were 24.1% and 41.7% higher, respectively, than those of 
the water control group (Fig. 1D). In summary, olecranon 
peach fruit total antioxidant capacity was significantly 
increased by nano-selenium and melatonin interventions, 

Fig. 1  Comparison of POD (A U/g FW), SOD (B U/g FW), MDA (C nmol/g FW), Total antioxidant capacity (D μmol Trolox/g FW), and PPO (E U/g 
FW) levels in olecranon peaches treated with various concentrations of Nano-Se and MT. Different letters show statistically significant differences 
when p < 0.05
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and PPO activity was suppressed. However, compared to 
the Nano-Se5, Nano-Se10, and MT10 treatment groups, 
the Nano-Se5 + MT10 and Nano-Se10 + MT10 treat-
ment groups showed significantly higher POD and SOD 
activities, demonstrating their superior capability in 
eliminating excess free radicals and enhancing the stress 
resistance of olecranon peach.

Effect of Nano‑Se, MT and their combination on nutrients 
in olecranon peach fruits
Fruit quality encompasses attributes such as appear-
ance, internal characteristics, and safety aspects. Internal 
quality reflects the combined expression of biochemical 
properties, flavor, and nutritional value, serving as a cru-
cial indicator of fruits’ commercial viability; it includes 
the evaluation of parameters such as sugars, proteins, 
and vitamins [29]. In this study, we found that the inter-
vention of exogenous Nano-Se and MT could enhance 
the nutritional quality of olecranon peach, as shown in 
Fig. 2. All treatment groups exhibited varying degrees of 
improvement in total sugar, soluble sugar, soluble protein, 
and ascorbic acid contents of olecranon peach. Specifi-
cally, Fig. 2A and B demonstrate that all treatment groups 
significantly increased the total sugar content of olecra-
non peach compared with CK. The total sugar content of 
the Nano-Se5 + MT10 and Nano-Se10 + MT10 treatment 

groups increased by 33.3% and 39.0%, respectively, 
and the combined treatments also had some promo-
tive effects on soluble sugar accumulation, although the 
impact was not statistically significant. Exogenous Nano-
Se and MT interventions increased the levels of soluble 
protein compared to CK, as shown in Fig. 2C. Among the 
treatment groups, the Nano-Se5 + MT10 group exhibited 
the highest accumulation of soluble protein, surpassing 
the Nano-Se5, MT10, and Nano-Se10 + MT10 treatments 
by 8.1%, 8.8%, and 12%, respectively. This indicated that 
exogenous interventions with Nano-Se and MT could 
enhance the soluble protein content of olecranon peach, 
thereby increasing its nutritional value. The combination 
of Nano-Se5 + MT10 exhibited a synergistic effect on 
the accumulation of soluble protein in fruits. Figure  2D 
illustrates that all treatment groups, with the excep-
tion of the MT10 treatment group, were able to signifi-
cantly increase the ascorbic acid content of the fruit. Of 
the three different treatment groups (Nano-Se5, Se10, 
and MT10), the effect of the Nano-Se5 treatment group 
on ascorbic acid accumulation in olecranon peach was 
greater than that of the Nano-Se10 and MT10 treatment 
groups by 3.6% and 47.8%, respectively. It was indicated 
that Nano-Se5 treatment group could be the best single 
exogenous treatment to enhance the ascorbic acid con-
tent in olecranon peach compared to the Nano-Se10 and 

Fig. 2  Total sugar (A mg/kg FW), Soluble sugar (B mg/kg FW), Soluble protein (C mg/kg FW), and Ascorbic acid (D μg/mL) levels in olecranon 
peaches were affected by varied Nano-Se and MT treatment ratios. Differences that are statistically significant at p < 0.05 are shown by different 
letters
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MT10 treatment groups. In addition, the ascorbic acid 
content of the Nano-Se5 + MT10 and Nano-Se10 + MT10 
treatment groups were elevated by 33.7% and 68.2% com-
pared to CK, respectively, which were 17.6% and 48.0% 
higher than that of the MT10 treatment group.

Effect of Nano‑Se, MT and their combination on phenolics 
in olecranon peach fruits
Fruits and vegetables typically require the involvement 
of enzyme systems and antioxidant molecules to pre-
serve optimum quality [30]. Under a variety of abiotic 
stressors, phenolics, essential non-enzymatic antioxi-
dants in plants, can mediate the elimination of damag-
ing reactive oxygen species from plants [31]. Moreover, 
phenolic compounds are widely distributed in plant tis-
sues and play a vital role in plant growth, reproduction, 
color, flavor, and health benefits [32]. Among them, 
phenolic acids, flavonoids, and tannins are considered 
major dietary phenolic compounds [33, 34], offering cer-
tain preventive effects against diseases such as cancer 
and heart disease [35]. Research has shown that peach 

fruit phenolic compound content varies greatly depend-
ing on the species [36]. In this study, the main phenolic 
compounds, including rutin, apigenin, vanillic acid, chlo-
rogenic acid, caffeic acid, syringic acid, ferulic acid, and 
p-hydroxybenzoic acid, were analyzed and evaluated 
in olecranon peach. According to Fig.  3, all treatment 
groups had varying degrees of accumulating effects on 
eight phenolics in comparison to CK. The accumulation 
of phenolics such as rutin, apigenin, vanillic acid, ferulic 
acid, and p-hydroxybenzoic acid in olecranon peaches 
was influenced synergistically by the combination of 
Nano-Se5 and MT10 treatment, significantly outpacing 
that of the Nano-Se10 + MT10 treatment group. Specifi-
cally, as shown in Fig.  3A, all treatment groups showed 
a significant increase in rutin content, with the Nano-
Se5 + MT10 treatment group accumulating more rutin 
than the MT10 and Nano-Se10 + MT10 treatment groups 
by 13.6% and 17.3%, respectively. Figure 3B and C show 
that the Nano-Se5 + MT10 treatment group had the high-
est levels of apigenin and vanillic acid accumulation when 
compared to CK, with apigenin levels 48.3% and 23.0% 

Fig. 3  Olecranon peach levels of Rutin (A), Apigenin (B), Vanillic acid (C), Chlorogenic acid (D), Caffeic acid (E), Syringic acid (F), Ferulic acid (G), and 
p-Hydroxybenzoic acid (H) as a result of spraying Nano-Se and MT in varied changes that are statistically significant at p < 0.05 are shown by distinct 
letters
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higher and vanillic acid levels 23.7% and 34.5% higher 
than in the Nano-Se5 and MT10 individual treatment 
groups, respectively. There was a 48.4% rise in caffeic acid 
accumulation in the Nano-Se5 + MT10 treatment group 
compared to the control group, as shown in Fig.  3D-F, 
although there was no statistically significant difference 
in the influence on the chlorogenic acid or syringic acid 
content. Additionally, Fig.  3G and H demonstrate that 
the Nano-Se5 + MT10 treatment group exhibited signifi-
cantly superior accumulation effects for ferulic acid and 
p-hydroxybenzoic acid compared with the other treat-
ment groups. Compared to the control group, the Nano-
Se5 + MT10 treatment group showed a 29.4% and 317.3% 
increase in ferulic acid and p-hydroxybenzoic acid con-
tent, respectively. The ferulic acid content was higher 
than that in the Nano-Se5, Nano-Se10, MT10, and Nano-
Se10 + MT10 treatment groups by 31.2%, 42.3%, 39.0%, 
and 34.7%, respectively. The p-hydroxybenzoic acid con-
tent was 286.7%, 253.3%, and 281.1% higher than that in 
the Nano-Se5, Nano-Se10, and MT10 treatment groups, 
respectively, and no significant difference was observed 
compared to the Nano-Se10 + MT10 treatment group.

Correlations among parameters analyzed
As shown in Fig. 4A, the application of Nano-Se5 + MT10 
was able to induce an increase in phenolic compounds, 
nutritional quality, and antioxidant-related enzyme 
activities in olecranon peach and had an inhibitory effect 
on PPO activity. From Fig.  4B, the parameters analyzed 
exhibited varying degrees of correlations. Pearson’s cor-
relation coefficients between the indicators analyzed 
are presented in Supporting Information Table S3. The 
total antioxidant capacity of olecranon peach showed a 
significant positive correlation (P < 0.05) with secondary 
metabolites such as rutin (r = 0.59), butyric acid (r = 0.79), 
chlorogenic acid (r = 0.83) and caffeic acid (r = 0.78), and 
a significant negative correlation (P < 0.05) with PPO 
activity (r = -0.74). The ability of a plant to tolerate oxida-
tive stress is determined in large part by its overall anti-
oxidant capacity. Numerous studies have demonstrated 
that common secondary metabolites in plants, such as 
rutin, quercetin, chlorogenic acid, caffeic acid, and ferulic 
acid, exhibit significant antioxidant properties. There was 
a strong correlation between these secondary metabo-
lites and the total antioxidant capacity [37]. Furthermore, 
soluble protein showed significant positive correlations 
(P < 0.05) with SOD (r = 0.81), POD (r = 0.69), p-hydroxy-
benzoic acid (r = 0.75), vanillic acid (r = 0.67), and ferulic 
acid (r = 0.69). Total sugar exhibited significant positive 
correlations (P < 0.05) with rutin (r = 0.79), ascorbic acid 
(r = 0.67), and syringic acid (r = 0.68), as well as a highly 
significant positive correlation (P < 0.001) with total 
antioxidant capacity (r = 0.85). The findings suggested a 

close relationship between the elevation of antioxidant 
enzymes, phenolic compounds, and non-enzymatic anti-
oxidant molecules in Olecranon peach and the accumu-
lation of nutritional components.

Discussion
According to studies, plants’ capacity to respond to biotic 
and abiotic challenges can be improved by activating the 
antioxidant enzyme system, which can reduce the oxida-
tive damage brought on by an excessive buildup of reac-
tive oxygen species in plants [38]. PPO is an enzyme 
widely present in fruits that participates in the metabo-
lism of polyphenolic compounds. Its catalytic activity 
can lead to the oxidation of phenolic substances and the 
generation of harmful substances, resulting in fruit sof-
tening and aging [39]. The regulation of PPO activity has 
a significant impact on fruit quality and texture, as exces-
sive PPO activity can cause fruit browning [40]. Further-
more, studies have indicated that individual exogenous 
interventions with 1 mg/L Nano-Se and 0.1 mmol/L MT 
could upregulate the activity of antioxidant enzymes in 
fruits and prevent the excessive accumulation of reac-
tive oxygen species, thereby delaying tomato senescence 
[21] and maintaining the post-harvest quality of peaches 
[15]. It is interesting to note that this research discov-
ered that the Nano-Se5 + MT10 and Nano-Se10 + MT10 
treatment groups further activated superoxide SOD and 
POD activities in olecranon peach fruits while inhibiting 
PPO activity. This finding points to a synergistic interac-
tion between Nano-Se and MT in the activation of anti-
oxidant enzymes, attenuation of polyphenol oxidation, 
enhancement of antioxidant capacity, and maintenance 
of the dynamic equilibrium between the formation and 
scavenging of reactive oxygen species in olecranon peach 
fruits. The results can help olecranon peach retain more 
of their flavor, quality, and market value by reducing the 
amount of enzymatic browning and rotting while being 
transported and stored.

Soluble sugars, soluble proteins, and ascorbic acid 
play an important role in maintaining plant tolerance to 
environmental stresses as cellular osmoregulators and 
antioxidant molecules with the ability to protect cell 
structure and function, regulate osmotic pressure, and 
maintain cellular homeostasis [41, 42]. For instance, 
in the case of drought stress, silicon can improve the 
water uptake capacity of roots by accumulating amino 
acids and soluble sugars [43]. The accumulation of cell 
osmolytes such as soluble sugars, soluble proteins, and 
proline can enhance wheat’s adaptation to non-biological 
stresses like drought [44]. Additionally, the accumula-
tion of ascorbic acid alleviates oxidative damage, main-
tains cellular homeostasis and function, and enhances 
plant tolerance to non-biological stresses such as salt, 
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cold, and drought [45]. The literature has reported that 
ascorbic acid reduces the sensitivity of plants to heavy 
metal stress by scavenging free radicals and protecting 
cell membrane integrity, promoting the healthy growth of 
mustard seedlings and plants [46]. Previous studies have 
demonstrated that selenium influences sugar metabo-
lism in grape berries, promoting fruit growth and sugar 
accumulation [47], and foliar spraying of 10 mg/L Nano-
Se has been found to increase the content of proteins, 

soluble sugars, chlorophyll, and carotenoids in tea leaves 
[26]. Notably, this study further revealed that combined 
intervention with Nano-Se and MT could promote the 
accumulation of soluble sugars, total sugars, soluble pro-
teins, and ascorbic acid in olecranon peach. It was also 
observed that the combination of Nano-Se5 + MT10 had 
a more significant effect on the accumulation of solu-
ble proteins. Correlation analysis further revealed a sig-
nificant positive correlation between soluble proteins 

Fig. 4  Heat map (A) and correlation analysis (B) were applied to reveal the relationships between analyzed metabolites in olecranon peach
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and the activities of SOD and POD in olecranon peach 
fruits (P < 0.05), as well as a significant positive correla-
tion between soluble proteins and total sugars (P < 0.05). 
Therefore, it could be inferred that the combined appli-
cation of Nano-Se5 + MT10 can activate the antioxidant 
enzyme system, enhance fruit antioxidant capacity, delay 
fruit senescence, facilitate the accumulation of soluble 
proteins and total sugars in olecranon peach fruits, and 
consequently increase their nutritional value and sweet-
ness. This result is consistent with the findings of previ-
ous research on the delayed post-harvest senescence of 
peaches through the application of 0.1 mmol/L MT [15].

The reduction in PPO activity and the accumulation of 
phenolic compounds were key factors in enhancing the 
total antioxidant capacity of olecranon peach [48]. Phe-
nolic compounds, which are significant fruit secondary 
metabolites, might lower the risk of diabetes and obesity 
by controlling intestinal flora, reducing inflammation, 
and lowering fat buildup [49]. Consuming foods rich in 
polyphenols could neutralize harmful free radicals, miti-
gate oxidative stress-induced damage to cells and tissues, 
and reduce the risk of chronic diseases [50]. Furthermore, 
phenolics play a significant role in reducing the negative 
impacts of environmental stresses such as salt, heat and 
cold, drought, and heavy metals on plants by acting as 
non-enzymatic antioxidants and scavenging reactive oxy-
gen species in plants [51]. One study found that 5 mg/L 
Nano-Se was used to protect plants from free radical 
damage and improve the quality of Siraitia grosvenorii 
by promoting the accumulation of phenolic compounds 
such as apigenin, chlorogenic acid, caffeic acid, butyric 
acid, ferulic acid and p-hydroxybenzoic acid in Siraitia 
grosvenorii [52].

Premature lignification of fruits and vegetables greatly 
affects their taste and quality, and ferulic acid plays an 
important regulatory role in plant lignification. It was 
found that the combined application of 5 mg/L Nano-
Se and 20 mg/L lentinan effectively inhibited pea sprout 
lignification and improved the taste of pea sprouts by 
significantly elevating the content of ferulic acid, pheny-
lalanine, mustard alcohol, and caffeic alcohol [53]. The 
accumulation of ferulic acid in olecranon peach may 
effectively delay fruit lignification, improve fruit taste, 
and prolong fruit storage life. The present study found 
that the enhancement of apigenin, ferulic acid, and 
p-hydroxybenzoic acid through the use of Nano-Se alone 
in olecranon peach was not significant, potentially due 
to crop species differences. Interestingly, when Nano-
Se5 + MT10 was used to treat olecranon peaches, the lev-
els of apigenin, ferulic acid, and p-hydroxybenzoic acid 
increased by 1.5 times, 1.3 times, and 3.9 times, respec-
tively, in comparison to the Nano-Se5 treatment group. 
Additionally, when compared to the MT10 treatment 

group, the contents of these compounds were 1.2, 1.4, 
and 3.8 times higher in the Nano-Se5 + MT10 group.

Correlation analysis revealed a highly significant nega-
tive correlation (P < 0.01) between PPO activity and total 
antioxidant capacity (r = -0.74), as well as varying degrees 
of negative correlations with apigenin (r = -0.60), chloro-
genic acid (r = -0.48), caffeic acid and syringic acid. On 
the other hand, significant positive correlations were 
observed between vanillic acid (r = 0.67), p-hydroxyben-
zoic acid (r = 0.75), ferulic acid (r = 0.69), and soluble 
proteins. Therefore, the combined treatment of 5 mg/L 
Nano-Se and 10 mg/L MT in olecranon peach synergisti-
cally enhanced the accumulation of phenolic compounds. 
This synergistic effect may be attributed to the reduction 
in PPO activity, leading to decreased oxidative consump-
tion of polyphenols, thereby facilitating the accumulation 
of phenolic compounds and enhancing the total antioxi-
dant capacity of the fruits. Additionally, it may stimulate 
the synthesis of osmoregulatory substances such as solu-
ble proteins to counteract various abiotic stresses dur-
ing fruit development [54]. These findings indicated the 
potential application value of the combination of Nano-
Se and MT in enhancing antioxidant levels, improving 
environmental stress tolerance, and enhancing fruit qual-
ity in Olecranon peach. Moreover, these results provide 
robust support for further research and application of 
Nano-Se and MT in agricultural production.

Conclusion
In conclusion, our findings showed that different ratios of 
Nano-Se and MT might be used to improve the antioxi-
dant capacity and nutritional value of olecranon peaches. 
The combination of Nano-Se5 + MT10 had the greatest 
impact on the improvement in olecranon peach qual-
ity when compared to the control. By decreasing PPO 
activity and increasing SOD and POD activity, the com-
bination of Nano-Se and MT increased the total anti-
oxidant capacity of olecranon peaches. This facilitated 
the accumulation of soluble protein and total sugars in 
fruits, which may have reduced oxidative stress caused 
by environmental stress during olecranon peach growth 
and enhanced the flavor and sweetness of fruits. In addi-
tion, the combination of Nano-Se5 + MT10 treatment 
may contribute in some way to avoiding fruit senescence, 
softening, and browning as well as extending fruit shelf 
life. However, more investigation is needed to clarify the 
precise mechanisms. The findings of this study offer both 
technical justification and proof for the sensible applica-
tion of Nano-Se and MT in the cultivation of olecranon 
peaches to increase quality and productivity. Along with 
addressing issues with transportation and preservation, 
they also provide fresh perspectives and strategies for 
improving the peach fruit’s capacity to withstand stress.
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