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Introduction: 1-methylcyclopropene (1-MCP) and hydrogen sulfide (H2S) 
play important roles in the ripening and senescence of postharvest fruits 
and vegetables. However, little knowledge was available for the effect of 
the combined treatment of 1-MCP and H2S on the quality maintenance of 
postharvest strawberry fruit.

Methods: The synergistic effects of 1.0 μL L−1 1-MCP and 0.8 mmol L−1 sodium 
hydrosulfide (NaHS, H2S donor) combined treatment on the sugar and energy 
metabolisms of strawberry fruit during cold storage at 4 ± 0.5°C with a relative 
humidity of 80–85% for 15 d were studied.

Results: The results showed that the combined treatment effectively suppressed 
the increase of decay rate, decay index, and weight loss rate while maintaining 
the firmness and visual quality of strawberry fruit compared to the 1-MCP or 
H2S treatment. Moreover, the combined treatment maintained higher sucrose 
content and lower contents of glucose and fructose by inhibiting the activities 
of acid invertase (AI) and neutral invertase (NI), while enhancing the activities 
of sucrose synthase (SS) and sucrose phosphate synthase (SPS). Meanwhile, 
strawberry fruit treated with the combination elevated ATP levels and energy 
charge by upregulating key enzymes in energy metabolism, including 
succinate dehydrogenase (SDH), cytochrome c oxidase (CCO), H+-adenosine 
triphosphatase (ATPase) and Ca2+-ATPase.

Conclusion: These results indicated that 1-MCP and H₂S acted synergistically to 
regulate sugar catabolism and energy homeostasis, promoting elevated sucrose 
accumulation and mitochondrial energy production, thereby maintaining the 
integrity of cell structure and the quality of strawberry fruit.
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1 Introduction

Strawberry fruit (Fragaria × ananassa Duch.) is a globally 
cherished commodity, prized for sensory attributes and nutritional 
richness, including high levels of vitamins, minerals, sugars, 
antioxidants and bioactive compounds (1). These components not 
only enhance its flavor profile but also confer antioxidant and anti-
inflammatory benefits, contributing to its commercial significance (2). 
Nevertheless, postharvest loss of strawberry fruit remains a critical 
challenge due to its perishable nature-thin epidermis, rapid 
respiration, and susceptibility to mechanical injury and microbial 
proliferation, which accelerate senescence, energy depletion, and 
quality deterioration during storage and transportation, ultimately 
rendering them unsuitable for consumption and reducing their 
commercial value (3). Consequently, developing innovative 
preservation technologies to decelerate postharvest senescence, retain 
nutritional integrity, and prolong shelf life is critical for sustaining 
strawberry quality and reducing economic losses.

1-methylcyclopropene (1-MCP) is a potent ethylene receptor 
inhibitor that blocks the ethylene signaling pathway by binding to the 
ethylene receptor, thereby delaying the ripening and senescence of 
postharvest fruits and vegetables (4). Due to its cost-effectiveness, 
operational simplicity and economic viability, 1-MCP has been 
extensively applied in postharvest fruit storage (5). Accumulating 
studies have indicated that 1-MCP could alleviate the softening 
process by suppressing cell wall degradation and enhancing the 
antioxidant capacity in kiwifruit, apple and apricots (6–8). Moreover, 
1-MCP can be  synergistically integrated with other treatments, 
including modified atmosphere packaging and tea polyphenol coating, 
to improve the preservation effect of postharvest fruits and vegetables 
(4, 9). Yang et al. (10) found that the combined 1-MCP and chlorine 
dioxide treatment effectively delayed postharvest senescence and 
maintained the commodity quality of strawberries by increasing the 
ability of the antioxidant system. Furthermore, hydrogen sulfide 
(H2S), a gaseous signaling molecule akin to carbon monoxide and 
nitric oxide, plays a critical role in plant development, senescence, and 
abiotic stresses (11, 12). Recent studies have pointed out that H2S at 
low concentrations could also modulate the antioxidant system and 
cell wall metabolism to maintain the storage quality and extend the 
shelf life in postharvest fruits and vegetables, such as jujube, kiwifruit 
and sweet cherry (13–15). Similar to 1-MCP, Hu et al. (16) reported 
that H2S treatment enhanced antioxidant capacity might be  an 
indispensable endogenous maturation and senescence regulating 
factor in strawberries. However, the regulatory mechanisms of 1-MCP 
and H2S, particularly their individual and synergistic effects on sugar 
metabolism and energy homeostasis, have not been fully explored in 
strawberry fruit.

The primary soluble sugars, such as glucose, fructose and sucrose, 
are intricately linked to the postharvest physiological metabolism of 
fruits and vegetables (17). Sucrose, glucose, and fructose not only 
serve as metabolic substrates for the synthesis of pigments, vitamins, 
and aromatic substances to enhance taste and flavor but also play vital 
roles in the energy supply for metabolic processes (18, 19). The 
homeostasis of soluble sugars is governed by enzymes including acid 
invertase (AI), neutral invertase (NI), sucrose synthase (SS), and 
sucrose phosphate synthase (SPS) (20). For instance, in apple fruit, 
nitroprusside (SNP) treatment enhanced sucrose accumulation by 
inducing the activities of SPS and SS while inhibiting the activities of 

AI and NI, which contributed to the quality maintenance (21). 
Crucially, sugar metabolism is intrinsically linked to cellular energy 
homeostasis, dictated by adenosine phosphates, which critically 
influence postharvest physiology of fruits and vegetables (18, 22). 
Adenosine triphosphate (ATP) levels and energy charge (EC), as 
pivotal biomarkers of cellular energy status, directly correlate with 
the activities of energy metabolism-related enzymes, including 
adenosine triphosphatases (ATPases), succinate dehydrogenase 
(SDH), and cytochrome c oxidase (CCO) (23). Increasing studies 
indicated that insufficient energy supply and diminished cellular 
energy production efficiency triggered destruction of membrane 
structural integrity, which may underlie physiological disorder and 
fruit senescence (24). Zhang et al. (25) pointed out that SO2 and CO2 
co-treatment delayed the reduction of ATP and EC levels via 
enhancing the activities of SDH and CCO, maintaining cell energy to 
postpone senescence in strawberries. Similarly, exogenous 
nicotinamide enhanced ATP levels via mitochondrial energy 
metabolism, which contributed to alleviating senescence in 
strawberry fruit (26).

Despite these advances, the regulatory interplay of 1-MCP and 
H₂S, individually or synergistically, on sugar-energy metabolism in 
strawberry fruit remains uncharacterized. This study investigated the 
effects of 1-MCP and H₂S fumigation on the physiological quality, 
sucrose accumulation and EC levels in postharvest strawberry fruit. 
Meanwhile, the activities of AI, NI, SS and SPS involved in sugar 
metabolism and the activities of SDH, CCO and ATPases involved in 
energy metabolism were analyzed to elucidate the enzymatic 
mechanisms underlying metabolic regulation. Therefore, this work 
clarified how 1-MCP and H₂S treatments modulated ripening and 
senescence by regulating sugar and energy metabolism pathways, 
offering novel insights into targeted postharvest preservation strategies 
of strawberry fruit.

2 Materials and methods

2.1 Fruit material and treatment

Freshly harvested “Hongyan” strawberries (Fragaria × ananassa 
Duch.) at 80% commercial maturity (about 30 N firmness and 8.5% 
total soluble solids) were obtained from an orchard in Baohe District, 
Anhui Province. Fruits were transported to the laboratory within 2 h 
and subjected to surface sanitation using 0.1% (v/v) sodium 
hypochlorite solution for epiphytic microbe elimination and field heat 
dissipation. A total of 720 defect free fruits were selected through 
visual inspection and randomized into four treatments: (1) control: 
fumigated with distilled water; (2) 1-MCP treatment: fumigated with 
1.0 μL L−1 of 1-MCP; (3) H2S treatment: exposed with 0.8 mmol L−1 
of sodium hydrosulfide (NaHS, H2S donor); and (4) combination 
treatment: co-fumigation with 1.0 μL L−1 of 1-MCP and 0.8 mmol L−1 
of NaHS. All treatments were conducted in the 85 L sealed containers 
for 24 h under ambient temperature. Then, every ten strawberries 
were kept in a plastic box (175 mm × 135 mm × 75 mm) and stored 
in climate controlled chambers (LISK, Nanjing, China) at 4 ± 0.5°C 
with a relative humidity of 80–85% for 15 d. Samples were taken at 0, 
3, 6, 9, 12 and 15 d, quickly frozen with liquid nitrogen, and stored at 
−80°C for further biochemical analysis. Three independent biological 
replicates were conducted with complete treatment randomization.
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2.2 Decay rate and decay index

The determination of decay rate and decay index was conducted 
following the method described by Zhang et  al. (27). Decay rate 
(%) = (number of rotten fruits/total number of fruits) × 100%. Decay 
index (DI) was carried out based on the proportion of the decayed 
area to the entire fruit area and was divided into 4 levels: level 0 
corresponded to a decayed area of 0%; level 1 corresponded to a 
decayed area of 1–25%; level 2 corresponded to a decayed area of 
26–50%; and level 3 corresponded to a decayed area of 51–100%. The 
decay index was calculated as DI = ∑ [(decay level× number of fruits 
in that level)]/(4 × total number of fruits).

2.3 Weight loss rate and firmness

The determination of weight loss followed the method outlined by 
Zhang et al. (27). The formula for weight loss rate was weight loss 
(%) = [(W0 − W1)/W0] × 100%, where W0 was the initial weight (g), 
and W1 was the final weight.

Firmness was assayed following the method of Aday et al. (28) 
with slight modifications. Texture profile (TPA) testing was performed 
with a cylindrical probe with a 5 mm diameter (P/5 probe) (TA-XT 
plus, Stable Micro Systems, United Kingdom). Testing parameters 
included a pressing distance of 5 mm, pre-test speed, testing speed, 
and post-test probe return speed of 3 mm s−1, 1 mm s−1, and 1 mm s−1, 
respectively. The results were expressed in newton (N).

2.4 Sucrose, glucose and fructose contents

The contents of sucrose, glucose and fructose were determined 
following the method of Wang et al. (29) with 2 g frozen fruit powder. 
High-performance liquid chromatography (HPLC, Waters 
1,525 + 2,414, United States) equipped with a hydrophilic interaction 
chromatography column (4.6 × 250 mm, 5 μm, Shodex Asahipak 
NH2P-50 4E, Japan) was applied to separate and analyze. The mobile 
phase was used 75% acetonitrile with a flow rate of 1 mL min−1. The 
column temperature was set at 40°C, and the injection volume was 
20 μL. The results were expressed as mg g−1 FW (fresh weight).

2.5 Sucrose, glucose and fructose contents

Extraction of crude enzyme solution of soluble sugar metabolism 
enzymes was carried out following the method of Wang et al. (29) with 
slight modifications. 2 g of strawberry fruit were added to 5 mL of 
0.1 mmol L−1 pH 7.5 phosphate-buffered saline (PBS) (containing 
2.5 mmol L−1 dithiothreitol (DTT), 2% (w/v) polyvinylpyrrolidone 
(PVP), 5 mmol L−1 magnesium chloride (MgCl2), and 0.1% (v/v) 
Triton X-100). The mixture was centrifuged at 12000 g for 30 min at 
4°C, and the supernatant was collected for later assays.

For AI activity, the reaction system included 0.4 mL of 
supernatant, 1.2 mL of sodium citrate buffer, and 0.4 mL of sucrose. 
For NI activity, the reaction system contained 0.4 mL of supernatant, 
1.2 mL of PBS, and 0.4 mL of sucrose. The absorbance of the mixture 
was measured at 540 nm using a spectrophotometer (TU-1950, 
Beijing Puxitongyong Instrument Technology Co., Ltd., China). One 

unit of AI and NI activities were defined as the ability of an enzyme to 
produce 1 μmol of glucose per gram per hour. The reaction system for 
SS activity consisted of 80 μL of supernatant, 0.4 mL of Hepes-NaOH 
reaction buffer (containing 4 mmol L−1 uridine diphosphate glucose 
(UDPG), 15 mmol L−1 MgCl2 and 60 mmol L−1 fructose). The reaction 
system for SPS activity consisted of 80 μL of supernatant and 0.4 mL 
of Hepes-NaOH reaction buffer (containing 4 mmol L−1 UDPG, 
15 mmol L−1 MgCl2 and 5 mmol L−1 fructose-6-phosphate). The 
absorbance was determined at 490 nm using a spectrophotometer 
(TU-1950, Beijing Puxitongyong Instrument Technology Co., Ltd., 
China). One unit of SS and SPS activities were defined as the ability of 
enzyme to product 1 μmol of sucrose per gram per hour. All enzymes 
were expressed as U g−1 FW.

2.6 ATP, ADP and AMP contents and EC

The contents of ATP, ADP, and AMP were measured according 
to the method of Xie et al. (30). 2 g of frozen strawberry powder were 
homogenized with 5 mL of ice-cold 0.6 mol L−1 HClO4 and 
centrifuged at 12,000 g for 20 min. 1 mol L−1 potassium hydroxide 
was used to adjust the pH of supernatant to 6.5–6.8. The mixture was 
then filtered through a 0.45 μm microporous membrane for HPLC 
analysis (Waters 2,695, United States) equipped with a UV detection. 
Kromasil 100-5-C18 (250 mm × 4.6 mm) column was used for 
chromatographic separation with a 25°C column temperature. 
0.05 mol L−1 potassium phosphate buffer at pH 7.0 was used as the 
mobile phase A, while acetonitrile was set as mobile phase B, and the 
flow rate was 0.8 mL min−1. Linear gradient elution was performed 
with the volume percentages of mobile phase A being 100, 80 and 
100% at 0, 7 and 10 min, respectively. The total elution time was 
20 min, and the injection volume was 10 μL. Results were expressed 
as μg g−1 FW. EC was calculated as EC = (ATP + 0.5 ADP)/
(ATP + ADP + AMP).

2.7 SDH, CCO, H+-ATPase and Ca2+-ATPase 
activities

The mitochondria were extracted following the method of Zhao 
et al. (31) with slight modifications. Briefly, 3 g of strawberry powder 
were added to 6 mL of 50 mmol L−1 Tris–HCl buffer (pH 7.5, 
containing 0.25 mol L−1 sucrose, 0.3 mol L−1 mannitol, 1 mmol L−1 
ethylenediaminetetraacetic acid (EDTA), and 0.5% PVP). The mixture 
was then filtered through four layers of gauze, and the filtrate was 
collected at 4°C by centrifugation at 12000 g for 20 min. The pellet was 
washed with 10 mL of 10 mmol L−1 Tris–HCl buffer (pH 7.2, 
containing 0.25 mol L−1 sucrose, 0.3 mol L−1 mannitol, and 1 mmol L−1 
EDTA) and centrifuged again. The pellet was suspended in 1.5 mL of 
10 mmol L−1 Tris–HCl buffer for further enzyme activity analysis.

The activities of SDH and CCO were determined following the 
method described by Xie et al. (30). For SDH activity, the reaction 
system consisted of 2.7 mL of 0.2 mol L−1 potassium phosphate 
buffer (pH 7.4, containing 0.2 mol L−1 sodium succinate), 0.1 mL of 
1 mmol L−1 2, 6-dichloroindophenol sodium, 0.1 mL of extract and 
0.1 mL of 10 mmol L−1 methylsulfinyl phenazine. One unit of SDH 
activity was defined as an increase in absorbance of 0.01 per min at 
600 nm. For CCO activity, the reaction system included 0.2 mL of 
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extract, 0.5 mL of 0.04% (w/v) cytochrome c, and 0.5 mL of 0.4% 
(w/v) N, N-dimethyl-p-phenylenediamine. One unit of CCO 
activity was defined as an increase in absorbance of 0.01 per min 
at 510 nm.

The activities of H+-ATPase and Ca2+-ATPase were determined 
following the method described by Zhao et al. (31). For H+-ATPase 
activity, the reaction system consisted of 0.3 mL of extract, 1 mL of 
30 mmol L−1 Tris–HCl buffer (pH 8.0, containing 3 mmol L−1 MgSO4, 
50 mmol L−1 NaNO3 and KCl, 0.1 mmol L−1 Na3VO4 and ammonium 
molybdate) and 0.1 mL of 30 mmol L−1 ATP-Tris (pH 8.0). For Ca2+-
ATPase activity, the reaction system consisted of 0.3 mL of extract, 
1 mL of 30 mmol L−1 Tris–HCl buffer (pH 8.0, containing 3 mmol L−1 
Ca(NO3)2, 50 mmol L−1 NaNO3 and KCl, 0.1 mmol L−1 Na3VO4 and 
ammonium molybdate) and 0.1 mL of 30 mmol L−1 ATP-Tris (pH 
8.0). The reaction was terminated by adding 0.2 mL of 55% 
trichloroacetic acid after 20 min of incubation at 37°C. One unit of 
H+-ATPase and Ca2+-ATPase activity was defined as the capacity to 
release 1 μmol of phosphate at 660 nm. All enzyme results were 
measured using a spectrophotometer (TU-1950, Beijing 
Puxitongyong Instrument Technology Co., Ltd., China) and 
represented as U g−1 FW.

2.8 Statistical analyses

The experiment was conducted using a completely randomized 
design, and all statistical analyses were performed using IBM SPSS 25 
software (IBM Corporation, United States). Significant differences 
were analyzed through one-way analysis of variance (ANOVA) with a 
95% confidence interval, and Duncan’s multiple range tests were 
carried out to separate means. Statistical significance was represented 
by p < 0.05. Graphs were generated using Origin 2018 software 
(Origin Lab Corporation, United States).

3 Results

3.1 Decay rate, DI, weight loss rate and 
firmness

The visual appearance and quality parameters of strawberry fruit 
significantly influence consumer acceptance. As demonstrated in 
Figure 1A, control and 1-MCP treated fruit exhibited pronounced 
decay and browning, whereas H₂S- and combination-treated fruit 
maintained relatively intact fruit surfaces. After 15 d of cold storage, 
both decay rate and DI of strawberry fruit increased progressively 
during prolonged cold storage, while all the treatments effectively 
attenuated these deteriorative processes compared to control 
(Figures  1B,C). Similarly, the weight loss rate of strawberry fruit 
increased with the extended cold storage time (Figure  1D). All 
treatments significantly (p < 0.05) mitigated the increase in weight loss 
rate in comparison with the control throughout the storage period. As 
shown in Figure  1E, the firmness of strawberry fruit gradually 
decreased during storage. Both 1-MCP and H₂S treatments effectively 
delayed this softening process, with H₂S exhibiting better efficacy than 
1-MCP. After 15 d of storage, the firmness of strawberry fruit in the 
1-MCP, H2S, and combination treatment was 1.4-fold, 1.7-fold, and 
2.0-fold higher than that of the control, respectively.

3.2 Sucrose, glucose and fructose contents

The predominant soluble sugars in “Hongyan” strawberry fruit 
were glucose, fructose and sucrose. As illustrated in Figures 2A,B, the 
level of glucose and fructose in strawberry fruit exhibited an initial 
increase during the first 12 d of storage, followed by a subsequent 
decline. All treatments effectively suppressed the increase of glucose 
and fructose in the later stages of storage in comparison with control, 
with the combination treatment maintained the lowest contents. After 
15 d of storage, the content of glucose and fructose in the combination 
treatment was 19.8 and 23.0% lower than that of the control, 
respectively. In contrast, sucrose content displayed a continuous 
reduction throughout the whole storage time (Figure 2C), with the 
control showing a rapid decline before day 9 and then steadily 
decreased in the later stage. At the end of storage, the sucrose content 
in strawberry fruit treated with 1-MCP, H2S, and the combination 
treatment were 6.6, 3.7, and 13.4% higher than that of the control, 
respectively.

3.3 AI, NI, SS and SPS activities

The applied treatments modulated the activity of sugar 
metabolism-related enzymes in strawberry fruit during cold storage. 
The activities of AI and NI in strawberry fruit gradually increased 
with the prolongation of storage time (Figures 3A,B), and the control 
treatment showed the highest AI and NI activities. Meanwhile, the 
combination treatment inhibited the increase of AI and NI activities 
and maintained the lower levels in comparison with 1-MCP and H2S 
treatment after 9 d of storage. Conversely, the activities of SS and SPS 
in strawberry fruit initially increased and then decreased during 
cold storage, reaching the peak at day 9 (Figures  3C,D). The 
application of combination treatment significantly (p < 0.05) 
increased the activities of SS and SPS during cold storage. The 
activities of SS and SPS in strawberry fruit treated with 1-MCP, H2S 
and the combination treatments were 8.8 and 6.3%, 18.1 and 10.1%, 
27.0 and 19.3% higher than those in control after 9 d of storage, 
respectively.

3.4 ATP, ADP and AMP contents and EC

Cellular energy status, a critical determinant of fruit senescence, 
significantly influences structural integrity during storage. As shown 
in Figure 4, the levels of ATP and ADP in all treatments generally 
exhibited progressive decline with prolonged storage time, while the 
level of AMP increased concomitantly. Different treatments generally 
alleviated and inhibited the decrease in the contents of ATP and ADP 
compared to the control during storage, while the combination 
treatment maintained the highest contents of ATP and ADP among 
all treatments (Figures  4B,C). On the contrary, the combination 
treatment suppressed the increase in AMP content, which was 32.0% 
lower than the control at the end of storage (Figure 4C). The influence 
of different treatments on the EC levels of strawberry fruit was shown 
in Figure 4D, which gradually decreased during the whole storage 
time. At the end of storage, the levels of EC in 1-MCP, H2S and 
combination treatment were 2.8%, 5.1, % and 7.7 higher than that of 
the control, respectively.
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FIGURE 1

Effects of different treatments on appearance photos (A), decay rate (B) decay index (C) weight loss rate (D) and firmness (E) of strawberry fruit. Data 
were presented as mean of triplicate samples ± standard errors. Different letters indicated significant differences between treatments.
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3.5 SDH, CCO, H+-ATPase and Ca2+-ATPase 
activities

SDH activity in treated fruit showed a trend of initially increasing 
and then decreasing thereafter, reaching the peak on day 3, whereas 
SDH activity in the control exhibited a continuous decreasing trend 
(Figure  5A). CCO activity in different treatments exhibited a 
consistent upward trend throughout the storage period (Figure 5B). 
Among the evaluated treatments, the combination treatment elicited 
the higher activities of SDH and CCO compared to H₂S treatment, 
while H2S treatment maintained higher activities than 1-MCP 
treatment. As shown in Figures 5C,D, the activities of H+-ATPase and 
Ca2+-ATPase in strawberry fruit gradually decreased during storage. 
The combination treatment induced higher H+-ATPase and Ca2+-
ATPase activities compared to other treatments throughout the 
storage period. Similarly, the H₂S treatment showed higher H+-ATPase 
and Ca2+-ATPase activities than 1-MCP treatment after day 9. At the 

end of storage, the activities of SDH, CCO, H+-ATPase and Ca2+-
ATPase in combination treatment were 125.0, 22.0, 41.4, and 18.9% 
higher than the control, respectively.

4 Discussion

Softening, weight loss, and decay are common changes during the 
ripening and senescence processes of strawberry fruits, which critically 
impact nutritional composition and sensory quality, and become 
limiting factors in shelf life and commercial value (32). Previous studies 
have shown that 1-MCP (an ethylene antagonist) or H2S (a gaseous 
signaling molecule) is a convenient and innovative treatment, which can 
effectively reduce the physiological metabolism and maintain the quality 
of fruits during storage (6, 12). In this study, 1-MCP or H2S treatment 
maintained the firmness while suppressing the DI and decay rate of 
“Hongyan” strawberry fruit, which was consistent with the results of 
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FIGURE 2

Effects of different treatments on the contents of glucose (A), fructose (B) and sucrose (C) in strawberry fruit. Data were presented as mean of triplicate 
samples ± standard errors. Different letters indicated significant differences between treatments.
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1-MCP-treated “Aromas” strawberry fruit (33) and H2S-treated 
“Baojiao” strawberry fruit (16). Moreover, weight loss is an important 
indicator of fruit quality and excessive weight loss might lead to a 
decrease in tissue firmness (34). The present study showed that 1-MCP 
or H2S treatment effectively inhibited the increase in weight loss, 
contributing to the maintenance of fruit firmness. Notably, combination 
treatment of 1-MCP or H2S in strawberries retained higher firmness and 
lower weight loss, DI, and decay rate compared to the 1-MCP or H2S 
treatment, indicating that the combination treatment had a synergistic 
effect and was more effective in maintaining fruit quality. This was 
consistent with previous studies on the synergistic effect of 1-MCP 
combined with tea polyphenols and H2S combined with NO to delay 
postharvest senescence in bracken and strawberry fruit, respectively (4, 
35), thereby highlighting the potential for a 1-MCP and H₂S combined 
treatment to synergistically maintain strawberry fruit quality.

Soluble sugars, particularly sucrose, glucose and fructose, serve as 
pivotal metabolic regulators in horticultural products, orchestrating 
essential biochemical processes at cellular and organismal levels (19). 

In this study, sucrose, glucose, and fructose were identified as the 
primary soluble sugars in “Hongyan” strawberry fruit. Sucrose content 
progressively decreased while fructose and glucose levels gradually 
increased before day 12, mirroring the soluble sugar transition 
patterns observed in “Akihime” and “Tianbao” strawberry fruit (25, 
36). Meanwhile, 1-MCP, H2S and combination treatment could 
effectively inhibit sucrose degradation and alleviate the increase of 
fructose and glucose, among which combination treatment had a 
more prominent effect. A prior study proposed that sucrose 
functioned as an antioxidant, protecting cell membranes from leakage 
and protein inactivation, playing an important role in the physiological 
metabolism of fruits (37). Elevated sucrose concentrations regulate 
intracellular osmotic pressure, maintaining the structure and stability 
of the cells (19). Therefore, different treatments might maintain high 
sucrose content, delay senescence induced oxidation, and maintain 
the cell stability of strawberry fruit. Moreover, Tokala et al. (38) found 
that fumigation with 1-MCP increased the sucrose content and 
improved the quality of apple fruit. Zhang et al. (39) observed that the 
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FIGURE 3

Effects of different treatments on the activities of AI (A), NI (B), SS (C) and SPS (D) in strawberry fruit. Data were presented as mean of triplicate samples 
± standard errors. Different letters indicated significant differences between treatments.
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application of H2S reduced the contents of glucose and fructose, 
contributing to suppressing the flavor loss of tomato fruit during 
storage. Consistent with these studies, the current study proved that 
1-MCP or H2S treatment played a positive role in sucrose 
accumulation, while combination treatment exhibited a synergistic 
enhancement effect. This enhanced interaction not only stabilized 
membrane integrity but also modulated senescence-associated 
signaling pathways, thereby effectively retarding postharvest 
senescence processes. A similar synergistic effect was found in 
strawberry fruit treated with 1-MCP and ClO2 (10).

Sucrose metabolism is closely related to sucrose synthase and 
invertase enzymes (18). AI and NI act as sucrose invertase enzymes, 
responsible for the breakdown of sucrose to glucose and fructose, while 
SS and SPS act as sucrose synthesis enzymes, accounting for the 
biosynthesis of sucrose from glucose and fructose (29). Previous 
research had shown that 1-MCP treatment inhibited the accumulation 
of PpAIV1 transcripts and the decrease of PpSPS1 transcripts, thus 
delaying sucrose loss in Japanese pear fruit during cold storage (40). 
Wang et al. (29) found that peach fruit treated with glycine betaine 

maintained high levels of SS-synthesis and SPS activities, and low levels 
of AI and NI activities, resulting in the accumulation of sucrose and 
decrease of glucose and fructose during cold storage. In this study, 
1-MCP, H2S and combination treatments suppressed the activities of AI 
and NI, while markedly enhancing the activities of SS and SPS, 
contributing to higher content of sucrose and lower contents of glucose 
and fructose in these treatments in comparison with the control. 
Notably, the current study found that the sucrose content in H2S 
treatment was higher than that in 1-MCP treatment before the day 9. 
Zhang et  al. (41) demonstrated that 1-MCP directly acted as a 
competitive inhibitor of ethylene to inhibit the ethylene signaling 
pathway, which was beneficial to delaying the senescence. H2S, as a 
signaling molecule, not only antagonized the effects of ethylene by 
inhibiting the ethylene synthesis pathway, but also enhanced signal 
transduction to alleviated fruit senescence process (42). Therefore, this 
study speculated that H2S treatment in strawberry might act as signaling 
molecules to more actively regulate sugar metabolism than 1-MCP, 
affecting subsequent metabolic processes, and thus retarding the process 
of fruit senescence. Furthermore, the combination treatment played the 
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Effects of different treatments on the contents of ATP (A), ADP (B), AMP (C) and EC (D) in strawberry fruit. Data were presented as mean of triplicate 
samples ± standard errors. Different letters indicated significant differences between treatments.
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most promising role in inhibiting sucrose degradation through the 
synergistic effect of 1-MCP and H2S, thereby further maintaining the 
quality and nutritional value of strawberry fruits during storage.

Energy metabolism is cascade-related to sugar metabolism 
pathways, wherein glucose and fructose serve as fundamental 
substrates fueling the tricarboxylic acid (TCA) cycle in the energy 
metabolism pathway (43). Previous evidence suggested that energy 
supply played an important role in maintaining membrane integrity, 
and insufficient cellular energy was a key factor in the ripening and 
senescence of fruit and vegetables (23). Huang et al. (44) found that 
the application of 1-MCP increased the levels of ATP content and EC, 
contributing to the maintenance of the cell membrane integrity and 
the alleviation of ripening in kiwifruit during postharvest storage. 
Previous studies pointed out that intracellular H2S was a regulatory 
factor for energy production to address energy demands under 
adverse conditions (45). In broccoli, the accumulation of ATP and EC 
in H2S treatment played vital roles in inhibiting the yellowing process 
and extending the postharvest shelf life (42). Similar results were 
found in the present study, the decrease in levels of ATP and ADP 
along with the increase in AMP content leading to a gradual reduction 

in EC in strawberry fruit. Nevertheless, 1-MCP, H2S, and combination 
treatments maintained higher ATP content to varying degrees, which 
helped to inhibit the reduction of EC, especially the combination 
treatment had the best effect. These results suggested that 1-MCP and 
H2S could mutually enhance their regulatory effects on energy 
metabolism. In addition, Goubern et  al. (46) found that low 
concentrations of H2S could serve as electron donors to enhance ATP 
synthesis. These findings suggested that H2S might act as an electron 
donor to induce ATP accumulation, which accounted for the better 
effect than 1-MCP treatment in strawberries. Furthermore, ATP levels 
have been reported to participate in the regulation of antioxidant 
capacity and other stress responses in horticultural crops (45). 
Therefore, current research demonstrated that combination treatment 
enhanced the ATP accumulation and EC levels through synergistic 
effects of 1-MCP and H2S to regulate antioxidant capacity, which helps 
to maintain the cell structure integrity under the senescence process.

The activities of energy metabolism enzymes, particularly H+-
ATPase, Ca2+-ATPase, SDH, and CCO, are intrinsically linked to 
cellular energy homeostasis and critically regulate postharvest 
ripening and senescence in perishable horticultural products (47). 
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Effects of different treatments on the activities of SDH (A), CCO (B), H+-ATP (C) and Ca2+-ATP (D) in strawberry fruit. Data were presented as mean of 
triplicate samples ± standard errors. Different letters indicated significant differences between treatments.
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H+-ATPase and Ca2+-ATPase drive energy liberation through ATP 
hydrolysis into ADP and inorganic phosphate (48). Concurrently, 
SDH mediates the TCA cycle by catalyzing the conversion of 
succinate to fumarate with concomitant ATP synthesis, while CCO 
operates as a redox-coupled proton pump in the cytochrome c 
pathway to facilitate energy production (49). These inner 
mitochondrial membrane-bound enzymes collectively govern 
cellular ATP biosynthesis. Substantial evidence revealed that 
enzymatic suppression induced mitochondrial impairment, energy 
deficiency, and accelerated programmed cell death-pathological 
hallmarks strongly associated with accelerated fruit senescence. Liu 
et al. (43) established that magnetic field-mediated senescence delay 
correlated with sustained activation of H+-ATPase, Ca2+-ATPase, 
SDH, and CCO, effectively maintaining cellular EC in strawberry 
fruit. Complementary findings by Li et al. (42) demonstrated that 
enhanced enzymatic activities of those enzymes, coupled with 
elevated ATP levels and EC, underpin delayed senescence in broccoli. 
The present study showed that all treatments up-regulated these 
enzymatic activities while enhancing the levels of ATP and EC. The 
combination treatment showed a synergistic enhancement effect, 
which contributed to boosting mitochondrial energy production and 
retarding the damage of mitochondrial structure and function. This 
energy maintenance mechanism likely mitigated senescence-
associated membrane dysfunction and structural deterioration, 
thereby maintaining the quality of strawberry fruit. Thus, future 
studies should explore the molecular mechanisms underlying this 
synergy, particularly its effects on ethylene signaling cross-talk, redox 
homeostasis, and stress-responsive pathways. The universality of 
combined treatment for different strawberry varieties still needs 
further verification.

5 Conclusion

In conclusion, the combined application of 1-MCP and H2S showed 
a synergistic effect in maintaining postharvest quality of strawberry fruit, 
which was superior to treating them separately. The combination 
treatment effectively inhibited the increase in DI and decay rate and 
alleviated the decrease of weight loss and firmness in comparison with 
1-MCP or H2S treatment. Moreover, the combination treatment 
suppressed the activities of sucrose-degrading enzymes (AI and NI) 
while enhancing the activities of sucrose-synthesizing enzymes (SS and 
SPS), which contributed to the sucrose accumulation. Furthermore, 
higher activities of energy-metabolism related enzymes (H+-ATPase, 
Ca2+-ATPase, SDH, and CCO) in combination-treated strawberry fruit 
might be the reason for the sufficient supply of intracellular ATP and 
EC. These findings highlighted that the synergistic effect of 1-MCP 
combined with H2S treatment plays important roles in maintaining the 
quality of strawberry fruit by modulating sugar and energy metabolism 
pathways. Therefore, the findings of this study indicated that 1-MCP 
combined with H2S treatment could be an effective and potential method 
for maintaining the quality and extending the shelf life of postharvest 
strawberries, offering significant positive implications for advancing the 
strawberry industry. Furthermore, the current study provided a 
theoretical foundation and scientific basis for the application of 1-MCP 
combined with H₂S treatment in fruit and vegetable preservation.

Data availability statement

The original contributions presented in the study are included in 
the article/supplementary material, further inquiries can be directed 
to the corresponding authors.

Author contributions

XW: Writing  – original draft, Investigation, Software, Data 
curation. TQ: Methodology, Investigation, Writing – original draft. JJ: 
Validation, Writing  – original draft. KS: Writing  – original draft, 
Methodology, Data curation. ZL: Investigation, Software, Writing – 
original draft. YW: Writing  – original draft, Methodology, Data 
curation. QS: Formal analysis, Writing – original draft. CZ: Writing – 
original draft, Methodology. TW: Writing  – original draft, 
Methodology, Software. DC: Writing – review & editing, Supervision. 
XY: Writing – review & editing, Software. FL: Writing – original draft. 
QG: Writing  – original draft. WL: Writing  – review & editing, 
Supervision. LW: Funding acquisition, Supervision, Writing – review 
& editing, Conceptualization.

Funding

The author(s) declare that financial support was received for the 
research and/or publication of this article. Present work was financially 
supported by the open research project of Anhui Ecological 
Fermentation Engineering Research Center for Functional Fruit 
Beverage (FSKFKT035D), Natural Science Foundation of the 
Education Department of Anhui Province (2024AH050482), Anhui 
Natural Science Youth Foundation (2108085QC144), and Shennong 
New Talent Project of Anhui Agricultural University (rc352102).

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Generative AI statement

The authors declare that no Gen AI was used in the creation of 
this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any 
product that may be  evaluated in this article, or claim that may 
be  made by its manufacturer, is not guaranteed or endorsed by 
the publisher.

https://doi.org/10.3389/fnut.2025.1615783
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


Wang et al. 10.3389/fnut.2025.1615783

Frontiers in Nutrition 11 frontiersin.org

References
 1. Giampieri F, Alvarez-Suarez JM, Battino M. Strawberry and human health: effects 

beyond antioxidant activity. J Agric Food Chem. (2014) 62:3867–76. doi: 
10.1021/jf405455n

 2. Giampieri F, Forbes-Hernandez TY, Gasparrini M, Alvarez-Suarez JM, Afrin S, 
Bompadre S, et al. Strawberry as a health promoter: an evidence based review. Food 
Funct. (2015) 6:1386–98. doi: 10.1039/C5FO00147A

 3. Wang L, Liu ZK, Liang J, Wang YY, Zhang C, Shi KL, et al. Theanine enhances 
resistance to Botrytis cinerea in postharvest strawberry fruit via modulating cell-wall 
and phenylpropanoid metabolisms. Food Chem. (2024) 23:101772. doi: 
10.1016/j.fochx.2024.101772

 4. Li Z, Zhang WT, Li XQ, Liu H, Li FF, Zhang XL. Combined effects of 
1-methylcyclopropene and tea polyphenols coating treatment on the postharvest 
senescence and reactive oxygen species metabolism of bracken (Pteridium aquilinum 
var. latiusculum). Postharvest Biol Technol. (2022) 185:111813. doi: 
10.1016/j.postharvbio.2021.111813

 5. Meng XZ, Fang JZ, Fu MR, Jiao WX, Ren PF, Yang XY. The role of 
1-methylcyclopropylene (1-MCP) and salicylic acid (SA) in induced resistance of 
postharvest fruits. Horticulturae. (2023) 9:108. doi: 10.3390/horticulturae9010108

 6. Xiong SG, Sun XS, Tian MX, Xu DY, Jiang AL. 1-Methylcyclopropene treatment 
delays the softening of Actinidia arguta fruit by reducing cell wall degradation and 
modulating carbohydrate metabolism. Food Chem. (2023) 411:135485. doi: 
10.1016/j.foodchem.2023.135485

 7. Win NM, Yoo J, Naing AH, Kwon JG, Kang IK. 1-Methylcyclopropene (1-MCP) 
treatment delays modification of cell wall pectin and fruit softening in “Hwangok” and 
“picnic” apples during cold storage. Postharvest Biol Technol. (2021) 180:111599. doi: 
10.1016/j.postharvbio.2021.111599

 8. Rebeaud SG, Cioli L, Cotter PY, Christen D. Cultivar, maturity at harvest and 
postharvest treatments influence softening of apricots. Postharvest Biol Technol. (2023) 
195:112134. doi: 10.1016/j.postharvbio.2022.112134

 9. Li XY, Xiong TT, Zhu QN, Zhou YW, Lei QM, Lu HY, et al. Combination of 1-MCP 
and modified atmosphere packaging (MAP) maintains banana fruit quality under high 
temperature storage by improving antioxidant system and cell wall structure. Postharvest 
Biol Technol. (2023) 198:112265. doi: 10.1016/j.postharvbio.2023.112265

 10. Yang XY, Zhang XH, Fu MR, Chen QM, Muzammil JM. Chlorine dioxide 
fumigation generated by a solid releasing agent enhanced the efficiency of 1-MCP 
treatment on the storage quality of strawberry. J Food Sci Technol. (2018) 55:2003–10. 
doi: 10.1007/s13197-018-3114-1

 11. Jin ZP, Pei YX. Physiological implications of hydrogen sulfide in plants: pleasant 
exploration behind its unpleasant. Oxidative Med Cell Longev. (2015) 2015:397502. doi: 
10.1155/2015/397502

 12. Wang L, Chen SC, Shao JW, Zhang C, Mei L, Wang K, et al. Hydrogen sulfide 
alleviates chilling injury in peach fruit by maintaining cell structure integrity via 
regulating endogenous H2S, antioxidant and cell wall metabolisms. Food Chem. (2022) 
391:133283. doi: 10.1016/j.foodchem.2022.133283

 13. Lv YM, Elnur E, Wang W, Thakur K, Du J, Li HN, et al. Hydrogen sulfide treatment 
increases the antioxidant capacity of fresh Lingwu long jujube (Ziziphus jujuba cv. Mill) 
fruit during storage. Curr Res Food Sci. (2022) 5:949–57. doi: 10.1016/j.crfs.2022.05.010

 14. Lin XC, Yang R, Dou Y, Zhang W, Du HY, Zhu LQ, et al. Transcriptome analysis 
reveals delaying of the ripening and cell-wall degradation of kiwifruit by hydrogen 
sulfide. J Sci Food Agric. (2020) 100:2280–7. doi: 10.1002/jsfa.10260

 15. Zhi HH, Dong Y. Effect of hydrogen sulfide on surface pitting and related cell wall 
metabolism in sweet cherry during cold storage. J Appl Bot Food Qual. (2018) 91: 
109–113. doi: 10.5073/JABFQ.2018.091.015

 16. Hu LY, Hu SL, Wu J, Li YH, Zheng JL, Wei ZJ, et al. Hydrogen sulfide prolongs 
postharvest shelf life of strawberry and plays an antioxidative role in fruits. J Agric Food 
Chem. (2012) 60:8684–93. doi: 10.1021/jf300728h

 17. Li D, Zhang XC, Xu YQ, Li L, Aghdam MS, Luo ZS. Effect of exogenous sucrose 
on anthocyanin synthesis in postharvest strawberry fruit. Food Chem. (2019) 
289:112–20. doi: 10.1016/j.foodchem.2019.03.042

 18. Wang L, Wang YY, Song QY, Wu TY, Shi KL, Qiu T, et al. Hydrogen sulfide 
enhances PpbHLH3-controlled sucrose accumulation in peach chilling tolerance. 
Postharvest Biol Technol. (2025) 219:113259. doi: 10.1016/j.postharvbio.2024.113259

 19. Olmo ID, Blanch M, Romero I, Vazquez-Hernandez M, Sanchez-Ballesta MT, 
Escribano MI, et al. Involvement of oligosaccharides and sucrose-related genes on 
sucrose retention in strawberries from ripening to shelf-life. Postharvest Biol Technol. 
(2020) 169:111301. doi: 10.1016/j.postharvbio.2020.111301

 20. Wu SW, Li M, Zhang CM, Tan QL, Yang XZ, Sun XC, et al. Effects of phosphorus 
on fruit soluble sugar and citric acid accumulations in citrus. Plant Physiol Biochem. 
(2021) 160:73–81. doi: 10.1016/j.plaphy.2021.01.015

 21. Chen Y, Ge Y, Zhao J, Wei M, Li C, Hou J, et al. Postharvest sodium nitroprusside 
treatment maintains storage quality of apple fruit by regulating sucrose 
metabolism. Postharvest Biol Technol. (2019) 154:115–20. doi: 10.1016/j.postharvbio. 
2019.04.024

 22. Lin YX, Lin HT, Lin MS, Chen YH, Wang H, Fan ZQ, et al. Hydrogen peroxide 
reduced ATPase activity and the levels of ATP, ADP, and energy charge and its 
association with pulp breakdown occurrence of longan fruit during storage. Food Chem. 
(2020) 311:126008. doi: 10.1016/j.foodchem.2019.126008

 23. Wang L, Huang XL, Liu CC, Zhang C, Shi KL, Wang ML, et al. Hydrogen sulfide 
alleviates chilling injury by modulating respiration and energy metabolisms in cold-
stored peach fruit. Postharvest Biol Technol. (2023) 199:112291. doi: 
10.1016/j.postharvbio.2023.112291

 24. Wang WX, Bose SK, Jia XC, Howlader P, Yin H. A combined analysis of 
transcriptome and proteome reveals the regulation mechanism of alginate 
oligosaccharides on alleviating energy deficit in postharvest strawberry. Postharvest Biol 
Technol. (2025) 220:113302. doi: 10.1016/j.postharvbio.2024.113302

 25. Zhang X, Li D, Wang Y, Ettoumi FE, Jia H, Fang J, et al. Fumigation of SO2 in 
combination with elevated CO2 regulate sugar and energy metabolism in postharvest 
strawberry fruit. Postharvest Biol Technol. (2022) 192:112021. doi: 
10.1016/j.postharvbio.2022.112021

 26. Mao M, Hu Q, Dong Y, Tu M, Luo Z, Farouk A, et al. Insight into role of 
nicotinamide involved in energy metabolism and redox homeostasis: a case study in 
strawberry. Postharvest Biol Technol. (2024) 217:113093. doi: 
10.1016/j.postharvbio.2024.113093

 27. Zhang YT, Li SL, Deng MY, Gui R, Liu YQ, Chen XP, et al. Blue light combined 
with salicylic acid treatment maintained the postharvest quality of strawberry fruit 
during refrigerated storage. Food Chem X. (2022) 15:100384. doi: 
10.1016/j.fochx.2022.100384

 28. Aday MS, Caner C, Rahvalı F. Effect of oxygen and carbon dioxide absorbers on 
strawberry quality. Postharvest Biol Technol. (2011) 62:179–87. doi: 
10.1016/j.postharvbio.2011.05.002

 29. Wang L, Shan TM, Xie B, Ling C, Shao S, Jin P, et al. Glycine betaine reduces 
chilling injury in peach fruit by enhancing phenolic and sugar metabolisms. Food Chem. 
(2019) 272:530–8. doi: 10.1016/j.foodchem.2018.08.085

 30. Xie B, Ling C, Hu SQ, Hou YY, Zheng YH, Jin P. CaM enhances chilling tolerance 
of peach fruit by regulating energy and GABA metabolism. Postharvest Biol Technol. 
(2021) 181:111691. doi: 10.1016/j.postharvbio.2021.111691

 31. Zhao HD, Jiao WX, Cui KB, Fan XG, Shu C, Zhang WL, et al. Near-freezing 
temperature storage enhances chilling tolerance in nectarine fruit through its regulation 
of soluble sugars and energy metabolism. Food Chem. (2019) 289:426–35. doi: 
10.1016/j.foodchem.2019.03.088

 32. Li XR, Peng SJ, Yu RY, Li PW, Zhou C, Qu YH, et al. Co-application of 1-MCP and 
laser microporous plastic bag packaging maintains postharvest quality and extends the 
shelf-life of honey peach fruit. Food Secur. (2022) 11:1733. doi: 10.3390/foods11121733

 33. Langer SE, Marina M, Francese P, Civello PM, Martínez GA, Villarreal NM. New 
insights into the cell wall preservation by 1-methylcyclopropene treatment in harvest-
ripe strawberry fruit. Sci Hortic. (2022) 299:111032. doi: 10.1016/j.scienta.2022.111032

 34. Wang L, Zhang C, Shi KL, Chen SC, Shao JW, Huang XL, et al. Hydrogen sulfide 
enhances browning repression and quality maintenance in fresh-cut peaches via 
modulating phenolic and amino acids metabolisms. Foods. (2023) 12:1158. doi: 
10.3390/foods12061158

 35. Zhang C, Shi JY, Zhu LQ, Li CL, Wang QG. Cooperative effects of hydrogen sulfide 
and nitric oxide on delaying softening and decay of strawberry. Int J Agric Biol Eng. 
(2014) 7:114–22. doi: 10.3965/j.ijabe.20140706.014

 36. Yang X, Yan R, Chen Q, Fu M. Analysis of flavor and taste attributes differences 
treated by chemical preservatives: a case study in strawberry fruits treated by 
1-methylcyclopropene and chlorine dioxide. J Food Sci Technol. (2020) 57:4371–82. doi: 
10.1007/s13197-020-04474-7

 37. Yu LN, Liu HX, Shao XF, Yu F, Wei YZ, Ni ZM, et al. Effects of hot air and methyl 
jasmonate treatment on the metabolism of soluble sugars in peach fruit during cold 
storage. Postharvest Biol Technol. (2016) 113:8–16. doi: 10.1016/j.postharvbio.2015.10.013

 38. Tokala VY, Singh Z, Kyaw PN. Postharvest fruit quality of apple influenced by 
ethylene antagonist fumigation and ozonized cold storage. Food Chem. (2021) 
341:128293. doi: 10.1016/j.foodchem.2020.128293

 39. Zhang YQ, Yun FH, Man XL, Huang DJ, Liao WB. Effects of hydrogen sulfide on 
sugar, organic acid, carotenoid, and polyphenol level in tomato fruit. Plan Theory. (2023) 
12:719. doi: 10.3390/plants12040719

 40. Itai A, Tanahashi T. Inhibition of sucrose loss during cold storage in Japanese pear 
(Pyrus pyrifolia Nakai) by 1-MCP. Postharvest Biol Technol. (2008) 48:355–63. doi: 
10.1016/j.postharvbio.2007.10.015

 41. Zhang WL, Zhao HD, Jiang HT, Xu Y, Cao JK, Jiang WB. Multiple 1-MCP 
treatment more effectively alleviated postharvest nectarine chilling injury than 
conventional one-time 1-MCP treatment by regulating ROS and energy metabolism. 
Food Chem. (2020) 330:127256. doi: 10.1016/j.foodchem.2020.127256

 42. Li D, Li L, Ge ZW, Limwachiranon J, Ban ZJ, Yang DM, et al. Effects of hydrogen 
sulfide on yellowing and energy metabolism in broccoli. Postharvest Biol Technol. (2017) 
129:136–42. doi: 10.1016/j.postharvbio.2017.03.017

https://doi.org/10.3389/fnut.2025.1615783
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1021/jf405455n
https://doi.org/10.1039/C5FO00147A
https://doi.org/10.1016/j.fochx.2024.101772
https://doi.org/10.1016/j.postharvbio.2021.111813
https://doi.org/10.3390/horticulturae9010108
https://doi.org/10.1016/j.foodchem.2023.135485
https://doi.org/10.1016/j.postharvbio.2021.111599
https://doi.org/10.1016/j.postharvbio.2022.112134
https://doi.org/10.1016/j.postharvbio.2023.112265
https://doi.org/10.1007/s13197-018-3114-1
https://doi.org/10.1155/2015/397502
https://doi.org/10.1016/j.foodchem.2022.133283
https://doi.org/10.1016/j.crfs.2022.05.010
https://doi.org/10.1002/jsfa.10260
https://doi.org/10.5073/JABFQ.2018.091.015
https://doi.org/10.1021/jf300728h
https://doi.org/10.1016/j.foodchem.2019.03.042
https://doi.org/10.1016/j.postharvbio.2024.113259
https://doi.org/10.1016/j.postharvbio.2020.111301
https://doi.org/10.1016/j.plaphy.2021.01.015
https://doi.org/10.1016/j.postharvbio.2019.04.024
https://doi.org/10.1016/j.postharvbio.2019.04.024
https://doi.org/10.1016/j.foodchem.2019.126008
https://doi.org/10.1016/j.postharvbio.2023.112291
https://doi.org/10.1016/j.postharvbio.2024.113302
https://doi.org/10.1016/j.postharvbio.2022.112021
https://doi.org/10.1016/j.postharvbio.2024.113093
https://doi.org/10.1016/j.fochx.2022.100384
https://doi.org/10.1016/j.postharvbio.2011.05.002
https://doi.org/10.1016/j.foodchem.2018.08.085
https://doi.org/10.1016/j.postharvbio.2021.111691
https://doi.org/10.1016/j.foodchem.2019.03.088
https://doi.org/10.3390/foods11121733
https://doi.org/10.1016/j.scienta.2022.111032
https://doi.org/10.3390/foods12061158
https://doi.org/10.3965/j.ijabe.20140706.014
https://doi.org/10.1007/s13197-020-04474-7
https://doi.org/10.1016/j.postharvbio.2015.10.013
https://doi.org/10.1016/j.foodchem.2020.128293
https://doi.org/10.3390/plants12040719
https://doi.org/10.1016/j.postharvbio.2007.10.015
https://doi.org/10.1016/j.foodchem.2020.127256
https://doi.org/10.1016/j.postharvbio.2017.03.017


Wang et al. 10.3389/fnut.2025.1615783

Frontiers in Nutrition 12 frontiersin.org

 43. Liu F, Yang N, Zhang LT, Cui B, Jin YM, Jin ZY, et al. Magnetic field delays the 
senescence of strawberries by maintaining energy state and regulating respiratory metabolism. 
Postharvest Biol Technol. (2023) 199:112282. doi: 10.1016/j.postharvbio.2023.112282

 44. Huang H, Guo LF, Wang L, Wang H, Ma SM, Jiang YM, et al. 1-Methylcyclopropene 
(1-MCP) slows ripening of kiwifruit and affects energy status, membrane fatty acid 
contents and cell membrane integrity. Postharvest Biol Technol. (2019) 156:110941. doi: 
10.1016/j.postharvbio.2019.110941

 45. Fu M, Zhang WH, Wu LY, Yang GD, Li HZ, Wang R, et al. Hydrogen sulfide (H2S) 
metabolism in mitochondria and its regulatory role in energy production. Proc Natl 
Acad Sci. (2012) 109:2943–8. doi: 10.1073/pnas.1115634109

 46. Goubern M, Andriamihaja M, Nübel T, Blachier F, Bouillaud F. Sulfide, the first 
inorganic substrate for human cells. FASEB J. (2007) 21:1699–706. doi: 10.1096/fj.06-7407com

 47. Jin P, Zhu H, Wang L, Shan TM, Zheng YH. Oxalic acid alleviates chilling injury 
in peach fruit by regulating energy metabolism and fatty acid contents. Food Chem. 
(2014) 161:87–93. doi: 10.1016/j.foodchem.2014.03.103

 48. Wang D, Ma Q, Li D, Li WX, Li L, Aalim H, et al. Moderation of respiratory 
cascades and energy metabolism of fresh-cut pear fruit in response to high CO2 
controlled atmosphere. Postharvest Biol Technol. (2021) 172:111379. doi: 
10.1016/j.postharvbio.2020.111379

 49. Tan XL, Fan ZQ, Zeng ZX, Shan W, Kuang JF, Lu WJ, et al. Exogenous 
melatonin maintains leaf quality of postharvest Chinese flowering 
cabbage by modulating respiratory metabolism and energy status. 
Postharvest Biol Technol. (2021) 177:111524. doi: 10.1016/j.postharvbio.2021. 
111524

https://doi.org/10.3389/fnut.2025.1615783
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1016/j.postharvbio.2023.112282
https://doi.org/10.1016/j.postharvbio.2019.110941
https://doi.org/10.1073/pnas.1115634109
https://doi.org/10.1096/fj.06-7407com
https://doi.org/10.1016/j.foodchem.2014.03.103
https://doi.org/10.1016/j.postharvbio.2020.111379
https://doi.org/10.1016/j.postharvbio.2021.111524
https://doi.org/10.1016/j.postharvbio.2021.111524

	Synergistic effects of 1-MCP and H₂S co-treatment on sugar and energy metabolisms in postharvest strawberry fruit
	1 Introduction
	2 Materials and methods
	2.1 Fruit material and treatment
	2.2 Decay rate and decay index
	2.3 Weight loss rate and firmness
	2.4 Sucrose, glucose and fructose contents
	2.5 Sucrose, glucose and fructose contents
	2.6 ATP, ADP and AMP contents and EC
	2.7 SDH, CCO, H+-ATPase and Ca2+-ATPase activities
	2.8 Statistical analyses

	3 Results
	3.1 Decay rate, DI, weight loss rate and firmness
	3.2 Sucrose, glucose and fructose contents
	3.3 AI, NI, SS and SPS activities
	3.4 ATP, ADP and AMP contents and EC
	3.5 SDH, CCO, H+-ATPase and Ca2+-ATPase activities

	4 Discussion
	5 Conclusion

	References

