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A B S T R A C T

Blueberries are susceptible to decay and spoilage due to increased respiration rates and metabolism after harvest. 
The aim of this study was to examine the impact of postharvest application of exogenous glycine betaine (GB) on 
blueberry storage quality, antioxidant system, and energy metabolism in order to enhance understanding of the 
regulatory mechanisms of GB on blueberry quality. Fresh blueberries were soaked for 5 min in different con
centrations of GB. Preliminary pre-tests revealed that 10 mmol L− 1 GB treatment significantly retarded the 
quality deterioration, decay and dent rate, while increasing the firmness and soluble solid content. Concurrently, 
exogenous GB treatment resulted in an increase in the content of anthocyanosides, total flavonoids, total phenols, 
and reduced glutathione, also exhibited higher antioxidant enzyme activities, including superoxide dismutase, 
catalase, ascorbate peroxidase, polyphenol oxidase, phenylalanine ammonia-lyase, glutathione reductase, 
dehydroascorbate reductase, and monodehydroascorbate reductase. In GB-treated blueberries, endogenous GB 
content was significantly higher. The hydrogen peroxide value, superoxide anion, and malondialdehyde content, 
and higher levels of free radical scavenging rate (DPPH), which significantly improved antioxidant capacity. 
Meanwhile, succinate dehydrogenase, cytochrome C oxidase, H+-ATPase, and Ca2+-ATPase, decreased and 
slowed the senescence of blueberries, the ATP content and energy charge were observed to be elevated. In 
summary, exogenous GB treatment maintained the quality of post-harvest blueberries by increasing their anti
oxidant capacity and inhibiting the decrease in the activity of energy metabolism-related enzymes. The results 
indicate that 10 mmol L− 1 GB treatment may be an efficacious approach for maintaining the quality and pro
longing the shelf life of blueberries, offering novel insights into the preservation of this fruit.

1. Introduction

Blueberries are popular all over the world due to their high nutri
tional value, which is rich in nutrients and bioactive substances, include 
vitamins, amino acids, anthocyanins, polyphenols and flavonoids, 
among others, which are widely welcomed by consumers and are one of 
the top five healthy fruits (Chu et al., 2018; Yang et al., 2018). The 
storage period of blueberries is very short, the new cell growth rate 
decreases after harvesting, and a decrease in enzyme activity accelerates 
the decay and deterioration of blueberries, this ultimately results in a 
decline in the quality of blueberries, thus limiting the transportation of 
blueberries and fresh sales, which seriously affects the commodity value 
of blueberries and causes great economic losses to the blueberry in
dustry. The current preservation techniques used for blueberries include 

low temperature, thymol, and γ-aminobutyric acid (Chea et al., 2019; 
Ding et al., 2023). These techniques delay the aging of the fruits to a 
certain extent and maintain the quality of the fruits. However, there are 
also drawbacks associated with these techniques, including high cost 
and energy consumption, low efficiency, and the presence of chemical 
residues. Therefore, it is imperative that new technologies for blueberry 
preservation be proposed without delay to ensure the storage quality of 
blueberries and prolong their marketing period.

ROS are metabolites produced by organisms during normal aerobic 
respiration that directly affect the postharvest quality of fruits (Wang 
et al., 2019, 2019b). With prolonged storage, various abiotic stresses 
disrupt plant metabolic homeostasis and increase in the production of 
reactive oxygen species (ROS) (Torres, 2010), resulting in reduced fruit 
quality. The quality of blueberries is closely related to their antioxidant 
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system. Therefore, improving the antioxidant system is an effective 
measure for improving the quality of blueberries. However, insufficient 
energy supply is an important cause of physiological disorders in plants. 
Energy is a fundamental requirement for the normal physiological 
metabolism of postharvest fruits and plays a pivotal role in the control of 
postharvest fruit senescence (Huang et al., 2021 a; Li et al., 2016). 
Adenosine triphosphate (ATP) is primarily formed through oxidative 
phosphorylation in mitochondria and subsequently transported by 
adenine nucleotide transposons (ANT), which provide energy for 
cellular activities (Klingenberg, 2008; Li et al., 2024). Prior research has 
indicated that exogenous application of melatonin maintains storage 
quality of jujubes by enhancing anti-oxidative ability and suppressing 
the activity of cell wall-degrading enzymes (Tang et al., 2020); Nitric 
oxide treatment maintains postharvest quality of table grapes by miti
gation of oxidative damage (Zhang et al., 2019). Furthermore, retarda
tion of postharvest softening of blueberry fruit by methyl jasmonate is 
correlated with altered cell wall modification and energy metabolism 
(Wang et al., 2021); Melatonin alleviates pericarp browning in litchi 
fruit by regulating membrane lipid and energy metabolisms (Wang 
et al., 2020). The findings indicate that the modulation of antioxidant 
and energy metabolism represents a pivotal strategy for the retardation 
of fruit senescence. Meanwhile, glycine betaine inhibits postharvest 
softening and quality decline of winter jujube fruit by regulating energy 
and antioxidant metabolism (Zhang et al., 2023); Exogenous phyto
sulfokine alpha (PSK alpha) application delays senescence and relieves 
decay in strawberry fruit during cold storage by triggering extracellular 
ATP signaling and improving ROS scavenging system activity, which 
reveal the correlation between energy metabolism, antioxidant meta
bolism and fruit quality (Aghdam et al., 2021).

Glycine betaine (GB, N,N,N-trimethylglycine) is a small amphoteric 
ionic compound, an alkaloid with a chemical structure similar to that of 
an amino acid, and a quaternary ammonium base with the molecular 
formula C5H11NO2. Betaine is widely found in both plants and animals. 
Lycium barbarum and legumes contain betaine, and the primary source 
of betaine is molasses derived from sugar beets (de Zwart et al., 2003; 
Sakamoto & Murata, 2002). Glycine betaine, an alkaloid, is a novel, 
natural, effective, safe and environmentally friendly biological preser
vative that is widely used for the post-harvest preservation of fruits and 
vegetables. Chen et al. (2021) reported that the postharvest application 
of GB significantly reduced the incidence of CI in banana fruits during 
refrigeration. Habibi et al. (2022) indicated that exogenous GB treat
ment could maintain the bioactive compounds, antioxidant activity and 
quality of “Moro” blood orange fruits during the period of long-term 
storage, and the exogenous application of GB treatment attenuated 
low-temperature-induced skin browning of “Nango” pears. This was 
achieved by modulating antioxidant enzymes and proline metabolism 
(Sun et al., 2019). The positive effects of the GB treatment on the quality 
of other fruits and vegetables have been demonstrated, its physiological 
effects on blueberries are worth exploring. There is a paucity of reports 
on the subject of GB treatment in the postharvest preservation of blue
berries. A growing body of research now corroborates the hypothesis 
that antioxidant systems and energy are involved in the metabolism and 
regulation of postharvest physiological and biochemical aspects of fruit. 
Therefore, this study focused on the effects of GB treatment on the 
antioxidant system and energy metabolism of postharvest blueberries in 
order to maintain their quality. The results of this study provide theo
retical support for the preservation of post-harvest blueberries.

2. Materials and methods

2.1. Plant material and sample treatment

The experimental materials “Brightwell” blueberries were sourced 
from the Qiandongnan Miao and Dong Autonomous Region of Guizhou 
Province. The fruits were harvested on July 1, 2023. Blueberries with 
maturity of 80–90% were tested, and the color was dark blue. After 

harvesting, the fruits were placed in tray boxes and transported to the 
experimental site at a temperature of 22–25 ◦C and a RH of 80–90%. A 
total of 45 kg of blueberries were harvested for the experiment and 
randomly divided into six equal groups for the test. One group was 
subjected in distilled water for 5 min, acting as the control group, and 
the other five groups were soaked in GB at concentrations of 5, 10, 20, 
30 and 40 mmol L− 1 for 5 min, the temperature of the solution used for 
treatment is room temperature, 20–22 ◦C. After treatment, the fruit was 
left to dry naturally at room temperature until there were no more drops 
of water on the surface. Subsequently, the fruits were placed into 
polyethylene plastic bags and transported to the storage are at 4 ± 1 ◦C 
with the relative RH of 85–90% for 20 d. Fruits with diameters of 12–16 
mm were selected at five-day intervals (0, 5, 10, 15, and 20 d) and the 
physiological indices of the fruits were determined. The fruits were 
subsequently subjected to a process of cutting and freezing, then rapidly 
frozen at − 80 ◦C for subsequent analysis.

2.2. Measurement of firmness

Fruit firmness was determined using an XT-Plus texture analyzer 
(Stabie Micro System, United Kingdom, UK) according to the method 
described by Angeletti et al. (2010). A P/2 probe (2 mm in diameter) was 
used with a penetration height of 5 mm. Ten fruits were used for each 
treatment. The results are expressed in Newtons (N).

2.3. Measurement of decay rate, depression rate and total soluble solids 
(TSS)

The decay and depression rates were determined using the counting 
method.

After treatment, blueberries were stored at 4 ± 1 ◦C for 20 d. Samples 
were taken every 5 d. Fruits with visible mold and flowing juice were 
rotted, and were selected to be recorded as the decay rate. 

Decay rate (%) = (Number of decayed fruit / Total fruit) × 100%           

Fruits with a depression on the surface were dented, and picking out 
was recorded as the depression rate. 

Depression rate (%) = (Number of depressed fruits / Total fruit) × 100% 

TSS was determined using a handheld refractometer. Calibration was 
carried out with distilled water before each determination, scale read
ings were taken, and the resulting values were recorded. The determi
nation was repeated three times for each sample and averaged. The 
decay rate, depression rate, and TSS values were expressed as mass 
fractions (%).

2.4. Measurement of total anthocyanin content (TAC), reduced 
glutathione (GSH), total phenol content (TPC) and total flavonoid content 
(TFC)

The determination of anthocyanin content was carried out using the 
pH difference method as described by Huang et al. (2016), with slight 
modifications. Extraction was performed using a 60% ethanol solution. 
Two test tubes were used: one with 1 mL of extract and 9 mL of KCl 
buffer (pH 1.0) and the other with 1 mL of ethanol extract and 9 mL of 
KCl buffer as a blank control. Two other test tubes were used: one with 1 
mL extract and 9 mL NaAc buffer (pH 4.5) and the other with 1 mL 
ethanol extract and 9 mL NaAc buffer as blank controls. The mixture was 
allowed to stand for 40 min, after which the absorbance of the two 
systems was measured at 510 and 700 nm. The units have been 
expressed in mg g− 1.

The GSH levels were quantified in accordance with the methodology 
delineated by Ma et al. (2021). The TCA solution was then homogenized. 
Two test tubes were taken and 1.0 mL of supernatant and 1.0 mL of 
sodium phosphate buffer were added, followed by the addition of 4 mM 

Y. Zhang et al.                                                                                                                                                                                                                                   LWT 212 (2024) 116976 

2 

https://baike.baidu.com/item/%E6%B0%A8%E5%9F%BA%E9%85%B8/303574?fromModule=lemma_inlink
https://baike.baidu.com/item/%E6%B0%A8%E5%9F%BA%E9%85%B8/303574?fromModule=lemma_inlink


DTNB solution (0.5 mL) to one test tube and sodium phosphate buffer 
was added to each tube. The tubes were kept warm at 25 ◦C for 10 min, 
after which the absorbance was measured at a wavelength of 412 nm. 
The units have been expressed in mmol g− 1.

The total phenolic and flavonoid contents were determined using the 
method described by Shi et al. (2023), with slight modifications.

Total phenolics were extracted with 70% ethanol solution, 1 mL of 
ethanol extract was aspirated, 3 mL of Forintol reagent was added, 6 mL 
of sodium carbonate solution was added, and the volume was fixed to 
20 mL with distilled water Total flavonoids were extracted with 75% 
ethanol solution, 1 mL of ethanol extract was sucked up and added to 4 
mL of 0.6% TBA solution, boiled in a water bath for 15 min, centrifuged, 
1 mL of extract was added to 2 mL of AlCl3 solution and 3 mL of 
CH3COOH solution, and 75% ethanol was fixed to the scale. The solution 
was then allowed to stand for 1 h. Absorbance was quantified at 760 and 
420 nm, with the results expressed in mg g− 1.

2.5. Measurement of peroxidase (POD), polyphenol oxidase (PPO), 
phenylalanine ammonia-lyase (PAL), catalase (CAT), ascorbate 
peroxidase (APX) and superoxide dismutase (SOD)

The POD activity was quantified using the methodology proposed by 
Centeno et al. (2017). The reaction system consisted of 0.5 mL of crude 
enzyme solution, 3.0 mL of guaiacol, and 200 μL of 5 mmol L− 1 

hydrogen peroxide. The PPO levels were determined in accordance with 
the methodology described by Shi et al. (2023). One gram of each 
sample was ground into a homogenate in 15 mL of phosphate buffer. 
Take 3.9 mL of phosphate buffer, add 1 mL of catechol and 3 mL of 
supernatant, hold at 37 ◦C for 10 min, remove and cool add 2 mL of 
trichloroacetic acid to terminate the reaction. The PAL activity was 
quantified using the methodology proposed by Xie et al. (2020). 
Approximately 3 g of the sample was ground into a homogenate with 5 
mL of borate buffer. A volume of 3 mL of borate buffer and 0.5 mL of 
crude enzyme solution should be added, and the mixture should be held 
at 37 ◦C for a period of 60 min. Subsequently, 0.1 mL of 6 mol L− 1 hy
drochloric acid should be added in order to terminate the reaction. One 
unit of enzyme activity was defined as a 0.01 decrease in the absorbance 
of the reaction system at 490 nm, 420 nm, and 290 nm per minute. The 
results were expressed as U g− 1.

The activities of CAT, APX, and SOD were determined in accordance 
with the methodologies described by Wang et al. (2020 b), Sun et al. 
(2011), and o-phenyltriol autoxidation. For the CAT activity assay, 1 g of 
the sample was weighed and homogenized in 15 mL of sodium phos
phate extract. A volume of 0.1 mL of the supernatant was aspirated, and 
2.9 mL of 20 mol L− 1 H2O2 was subsequently added. Pipette 0.1 mL of 
supernatant and add 2.9 mL of H2O2 solution. Grind and homogenise 
with sodium carbonate to determine APX activity. The reaction system 
was composed of the following elements: 4.6 mL sodium carbonate 
buffer, 0.1 mL ascorbic acid, 0.2 mL supernatant, and 0.1 mL 3% 
hydrogen peroxide. For the SOD activity assay, 15 mL of sodium phos
phate buffer was used to homogenise a 3 g sample, and the reaction 
system was constituted of the following elements: 2.35 mL of Tris-HCl, 
0.85 mL of buffer, 0.7 mL of o-toluene trisol solution, and 0.6 mL of 
supernatant. The absorbance was measured at 240, 290, and 325 nm. 
The change in absorbance of 0.01 at 240, 290, and 325 nm per minute of 
reaction system was taken as one unit of enzyme activity. The results 
were expressed as U g− 1.

2.6. Measurement of glutathione reductase (GR), monodehydroascorbate 
reductase (MDHAR) and dehydroascorbate reductase (DHAR)

Extracts were prepared according to Huang et al., (2021 b). 1 g of 
sample was added to 5 mL of pre-cooled 50 mM phosphate buffer 
(containing 2.0 mM AsA, 0.2 mM EDTA and 2.0 g L− 1 PVPP) and 
centrifuged.

The GR reaction system consisted 200 μL of supernatant, 3.0 mL of 

100 mM PBS (containing 1.0 mmol L− 1 EDTA), 500 μL of 20 mmol L− 1 

H2O2, and 800 μL of 3.0 mmol L− 1 nicotinamide adenine dinucleotide 
phosphate (NADP+). The MDHAR reaction system was composed of the 
following elements: 0.2 mL of supernatant, 1.7 mL of 50 mmol L− 1 PBS, 
200 μL of 2.0 mmol L− 1 AsA, and 100 μL of 4.0 mmol L− 1 NADPH. The 
degree of DHAR activity was quantified by the addition of 200 μL of 
supernatant, 1.6 μL of 0.1 mmol L− 1 4-hydroxyethylpiperazine acetate- 
potassium hydride buffer, 100 μL of 20 mmol L− 1 glutamic acid, and 8.0 
mmol L− 1 docosahexaenoic acid to a cuvette. Absorbance was deter
mined via measurement at 240, 340, and 265 nm. One unit of GR, 
MDHAR, or DHAR activity was defined as an increase in absorbance of 
0.01 per minute. The GR, MDHAR, and DHAR results have been 
expressed as U g− 1.

2.7. Measurement of H2O2 content, O2
˙ - generation rate, free radical 

scavenging rate (DPPH) and malondialdehyde (MDA)

H2O2 content was determined using the method described by Huan 
et al. (2017) with minor modifications. Acetone (5 mL) was then ground 
into a homogenate and centrifuged. Aspirate 1 mL of the supernatant, 
add 0.1 ml of a 10 % solution of titanium tetrachloride in hydrochloric 
acid and 0.2 ml of concentrated ammonia and leave to react for 5 min, 
centrifuge, rinse the precipitate repeatedly with acetone at − 20 ◦C until 
the pigment is removed, add 3 mL of 2 mol L− 1 sulfuric acid to dissolve 
the precipitate, and measure its absorbance at 412 nm. The results were 
expressed in terms of μmol g− 1.

The method proposed by Wang et al. (2019 a) was employed to 
ascertain the rate of O2

⋅- generation. A total of 5 mL of sodium phosphate 
buffer was employed to homogenise the samples, which were subse
quently centrifuged. 1.0 mL of supernatant, 1.0 mL of 50 mmol L− 1 

phosphate buffer and 1.0 mL of 1 mmol L− 1 hydroxylamine hydro
chloride solution were aspirated and held at 25 ◦C for 1 h. 1.0 mL of 17 
mmol L− 1 p-aminobenzenesulphonic acid solution and 1.0 mL of 7 
mmol L− 1 α-naphthylamine solution were added and held at 25 ◦C for 
20 min, and the absorbance was measured at 530 nm. The results are 
expressed as μmol min− 1 g− 1.

The determination of DPPH activity was conducted in accordance 
with the methodology described by Xu and Chang (2007). Two millili
ters of the appropriately diluted sample solution and 2 mL of 0.20 mM 
DPPH solution were mixed well and stored at 37 ◦C for 30 min, protected 
from light. Two milliliters of anhydrous ethanol mixed with 2 mL of 
0.20 mmol L− 1 DPPH solution was used as the blank group, and 2 mL of 
anhydrous ethanol mixed with 2 mL of the sample solution was used as 
the background group (adjusted to zero). The absorbance of the sample, 
blank, and background groups was measured at 517 nm. The absorbance 
of the sample, the blank, and the background groups was measured at 
517 nm. The results were expressed as percentages (%). Calculations 
were performed using the following formula: DPPH (%) = 1 – 
((Ai-Aj)/Ac).

The term “Ai” is used to indicate the absorbance of the sample group, 
“Aj” is used to indicate the absorbance of the background group, “Ac” is 
used to indicate the absorbance of the blank group.

The method described by Du et al. (2024) was employed to deter
mine the MDA content with minor modifications. Grinding with 10% 
TCA solution, centrifugation. Two milliliters of supernatant (2 mL of 
TCA instead of extract was used as the control tube) and 2 mL of 0.67% 
thiobarbituric acid solution were added. The mixture was boiled for 20 
min, centrifuged again, and the absorbance was measured at 450, 532, 
and 600 nm. The results were expressed in μmol g− 1.

2.8. Measurement of energy metabolism-related indicators

The relevant indices of energy metabolism were determined ac
cording to the method of Jin et al. (2013), with minor modifications.

The grinding process was conducted with a solution of 0.6 mmol L− 1 

perchloric acid, and the pH was adjusted to 6.5–6.8 with 1 mmol L− 1 
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potassium hydroxide. Subsequently, the solution was subjected to 
filtration through a 0.45 μm filter membrane and subsequently loaded 
into a brown liquid phase injection bottle for HPLC analysis. The results 
obtained were ATP, ADP, AMP, and EC levels were measured. The 
chromatographic column was operated at a flow rate of 1 mL min− 1, the 
column oven temperature was 40 ◦C, and the injection volume was 20 
μL. The unit was expressed as mg kg− 1. EC = [ATP+1/2ADP]/[ATP +
ADP + AMP].

Milling with Tris-HCl bufferSamples and centrifuged again. The su
pernatant was discarded and the precipitate was rinsed with Tris-HCl 

washing solution and suspended in 2 mL of washing solution to obtain 
the crude mitochondrial extract. The activity of the CCO was determined 
by mixing 0.2 mL of the extract with 0.5 mL of 0.4 g L− 1 cytochrome C. 
Hold at 37 ◦C for 2 min, after which 0.5 mL of 4 g L− 1 dimethylbenzene 
diamine was added. The system was then held under the same condi
tions for a further 10 min, after which the absorbance was measured at a 
wavelength of 510 nm. The activity of SDH was determined by 
sequentially adding 0.3 mL of extract, 3 mL of 0.2 mmol L− 1 potassium 
phosphate buffer, 1 mL of 1 mmol L− 1 sodium succinate, 0.1 mL of 1 
mmol L− 1 sodium dichlorophenol, and 0.1 mL of 3.3 g L− 1 phenazine 

Fig. 1. Effects of different concentrations of GB treatments on the appearance of blueberries (A), firmness (B), TSS (C), depression rate (D), and decay rate (E) at 20 
d of storage. *P < 0.05, **P < 0.01.
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methylsulfate, and absorbance was measured at 600 nm. One unit of 
CCO and SDH was defined as an increase of 0.01 in the absorbance at 
510 and 600 nm, respectively. Units are expressed as U g− 1.

H+-ATPase and Ca2+-ATPase levels were measured using appro
priate ultratrace enzyme kits. ATPase activity was specified as one unit 
of ATPase activity expressed as U mg− 1 per h per milligram of tissue in 
which the ATPase breaks down ATP to produce 1 μmol of inorganic 
phosphorus.

2.9. Measurement of endogenous GB content

GB content determination was conducted out with reference to Shan 
et al. (2016) with slight modifications. The sample was weighed and 
ground in 95% methanol. The solution was then shaken at 45 ◦C for 30 
min, centrifuged, and the supernatant was collected. The precipitate was 
then added to 95% methanol and this process was repeated twice. The 
resulting filtrate was then combined and the volume was determined to 
be 30 mL. 4 mL of the filtrate was concentrated to near dryness by ni
trogen blowing, dissolved in 2 mL of acetonitrile, filtered through a 0.22 
μm membrane, and loaded into the injection bottle for HPLC analysis, 
and the results were expressed as mg g− 1. High performance liquid 
chromatography (HPLC) column: ODS-SP (4.6 × 150 mm, 5 μm); Col
umn temperature: 25 ◦C; Flow rate: 0.7 mL min− 1; Injection volume: 10 
μL; Mobile phase: acetonitrile: water = 80:20 isocratic elution; Detection 
wavelength: 195 nm.

3. Results

3.1. Changes in blueberry appearance and quality indicators

As shown in Fig. 1A, after 20 d of storage, shriveling, mildew, and 
rotting were significantly higher in the 30 mmol L− 1 and 40 mmol L− 1 

GB treatment groups than in the control group, and the 5, 10, and 20 
mmol L− 1 GB treatment groups delayed to a certain extent the color 
change of the fruit to black, rotting, and juicing. In a comprehensive 
comparison, the 10 mmol L− 1 GB treatment group showed the best 
appearance.

Firmness gradually decreased, depression and decay rates gradually 
increased, and TSS content showed an increasing trend (Fig. 1B–E). In 
comparison with the control group, the 30 mmol L− 1 and 40 mmol L− 1 

GB treatment groups accelerated the rotting and softening of the fruits 
and reduced their quality, whereas the 5, 10 and 20 mmol L− 1 GB 
treatment groups delayed the softening of the fruits to some extent. After 
15 d of storage, the freshness preservation effect of the 5 mmol L− 1 GB 
and 10 mmol L− 1 GB treatments was significantly superior to that of the 
other treatment groups, and at the 20th day of the storage period, the 
depression and decay rates of the 10 mmol L− 1 GB treatment were 1.25 
(P < 0.01) and 1.27 (P < 0.05) times lower than those of the control 
group, respectively. The 10 mmol L− 1 GB treatment had 11.41% (P <
0.05) higher firmness and 1.13 (P < 0.01) and 1.26 (P < 0.05) lower 
decay and depression rates, respectively, than the 5 mmol L− 1 GB 
treatment after 20 d of storage. In a comprehensive comparison, the 
storage quality of blueberries treated with 10 mmol L− 1 GB was found to 
be the most optimal.

From the above experimental results, it can be concluded that the 10 
mmol L− 1 GB treatment had the best effect on maintaining the appear
ance and quality of blueberries during storage and significantly reduced 
the decay rate of blueberries. Consequently, blueberries treated with 10 
mmol L− 1 GB were selected for subsequent studies to investigate the 
effects of exogenous GB treatment on the antioxidant and energy 
metabolism of blueberries.

3.2. Changes in total anthocyanin content, GSH, total phenol content and 
total flavonoid content

The anthocyanin content of both groups gradually decreased during 

storage, whereas the GSH content decreased during the first 5 d and then 
slightly increased, with an overall decreasing trend (Fig. 2A and B). The 
anthocyanin content in the GB treatment group was significantly higher 
than that in the control group on days 5, 10, and 15 of the storage period 
(P < 0.05), and the GSH content was significantly higher than that in the 
control group after day 5 of the storage period (P < 0.01). The total 
phenolic content of the control group exhibited a gradual decline with 
an increase in storage time, whereas in the GB-treated group, it 
increased on day 5 of the storage period and then decreased, which was 
significantly increased by GB treatment (Fig. 2C). Total flavonoid con
tent showed a fluctuating declining trend in both treatment groups, 
decreasing slightly throughout the storage period, with higher total 
flavonoid content maintained at 5 and 15 d of storage (Fig. 2D).

3.3. Changes in SOD, APX, CAT, PAL, POD and PPO

The GB-treated fruits exhibited higher SOD activity on days 5–15 of 
the storage period than the control group, and the trends in APX activity 
were similar in the control and GB-treated groups (Fig. 3A and B). The 
activities of CAT and PPO exhibited an upward and then downward 
trend in both groups, with the GB treatment maintaining higher CAT 
activities on days 5, 10, and 20 of the storage period and higher PPO 
activities on days 10 and 20 of the storage period (Fig. 3C and D). The 
POD activity of GB-treated fruits exhibited a gradual decline, whereas 
the control exhibited an increasing trend at 0–5 days and 10–15 days of 
storage, followed by a gradual decline at 5–10 days and 15–20 days of 
storage (Fig. 3E). GB treatment significantly decreased POD activity, 
which was 10.06% (P < 0.05) and 32.41% (P < 0.01) reduction in 
comparison to the control group. Fig. 3F shows that the activity of PAL 
was 1.25, 1.12 and 1.13 times higher (P < 0.05) than that of CK on days 
5–15 of the storage period of GB-treated fruits. The effect of GB treat
ment on antioxidant enzyme activity has also been observed in glycine- 
treated postharvest betaine-treated bananas (Chen et al., 2021).

3.4. Changes in MDHAR, DHAR and GR

GR, MDHAR, and DHAR are produced in fruits and vegetables and 
protect tissues and cells from oxidative damage. Throughout the storage 
period, MDHAR, DHAR, and GR activities gradually decreased in both 
the control and GB-treated groups, with a similar decreasing trend. In 
particular, during the late storage period, the GB treatment significantly 
inhibited the decrease in the activities of the MDHAR, DHAR, and GR 
enzymes during storage (Fig. 4). MDHAR and DHAR were 35.34% and 
21.82% (P < 0.05) higher than those of the control, respectively, on day 
20 of the storage period, and GR activity was 1.33 times (P < 0.01) 
higher than that of the control. Throughout the storage period, the GB- 
treated group demonstrated elevated levels of MDHAR, DHAR, and GR 
activity, which further substantiates the hypothesis that GB treatment 
has the potential to mitigate oxidative damage in cells and enhance the 
antioxidant activity of blueberries.

3.5. Changes in H2O2, DPPH, MDA, and O2
˙ -

Blueberry fruit showed a gradual increase in the rate of hydrogen 
peroxide and O2

⋅- production throughout the storage period (Fig. 5A and 
B). In the late storage period (days 10–20) GB treatment significantly 
inhibited the increase in hydrogen peroxide content, which was 23.94%, 
17.54%, and 20.08% lower than that of the control on days 10, 15, and 
20 of the storage period, respectively (P < 0.01). At days 10–15 of the 
storage period, GB treatment significantly suppressed the O2

˙ - production 
rate, which was 1.08 and 1.10 times higher in the control group than in 
the GB-treated group, respectively (P < 0.05). These results suggest that 
post-harvest spraying with glycine betaine reduces hydrogen peroxide 
content and O2

˙ - production during storage and maintains blueberry fruit 
quality. The initial fruit MDA content was relatively low, with a gradual 
increase observed over the storage period, remaining at a relatively high 
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level on the 20th day of the storage period (Fig. 5C), which significantly 
inhibited the increase in MDA content (P < 0.01). During the storage 
period, the trend in the DPPH content was opposite to that of the MDA 
content, showing a decreasing trend. The change in DPPH clearance rate 

was similar in the control and treated groups, decreasing at days 0–10 of 
the storage period, and then increasing and decreasing at days 15–20 of 
the storage period (Fig. 5D). The DPPH content of the GB-treated group 
was significantly different on days 15 and 20 of the storage period, 

Fig. 2. Effect of GB treatment on blueberry total anthocyanin (A), GSH (B), total phenol (C), and total flavonoids (D) content. Data are shown as mean ± SD standard 
deviation (n = 3). *P < 0.05, **P < 0.01.

Fig. 3. Effects of GB treatment on blueberry SOD (A), APX (B), CAT (C), PPO (D), POD (E), and PAL (F) activities. Data are shown as mean ± SD standard deviation 
(n = 3). *P < 0.05, **P < 0.01.
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decreasing by 10.27% and 21.92% from the initial value, respectively (P 
< 0.01). The DPPH scavenging rate reached its maximum value on the 
first day in two groups, and the DPPH scavenging rate in the GB-treated 
group was 1.30 times higher than that in the treated group on the 20th 
day of the storage period (P < 0.01). The GB-treated fruits exhibited 
reduced levels of MDA and elevated values of DPPH, which may have 
been attributed to an increase in both non-enzymatic and enzymatic 
antioxidants.

3.6. Changes in ATP, ADP, AMP, EC, H+-ATPase, Ca2+-ATPase, SDH, 
and CCO

The ATP and ADP content exhibited a gradual decline, while the 
AMP content demonstrated a gradual increase(Fig. 6A–C). Compared to 
the control group, GB treatment suppressed the decrease in energy 
charge by increasing the content of ATP and ADP and decreasing the 

level of AMP. As a result of the changes in ATP, ADP, and AMP content, 
the energy charge tended to decrease throughout the storage process 
(Fig. 6D). GB significantly inhibited the decrease in energy charge on 
days 10, 15, and 20 of the storage period (P < 0.01), and the energy 
charge of the GB-treated fruits was 2.69% higher than that of the control 
group at the 20th d of the storage period (P < 0.01). The H+-ATPase 
activity and Ca2+-ATPase activity of the GB group and the control group 
showed a gradual decreasing trend. The GB treatment maintained a 
higher H+-ATPase activity during storage, and the Ca2+-ATPase activity 
of GB-treated blueberry fruits was observed to be higher that of the 
control during storage (Fig. 6E and F). As shown in Fig. 6 G, GB-treated 
blueberry fruits exhibited higher SDH activity on day 5 of the storage 
period in comparison to the control group (P < 0.05), and CCO activity 
exhibited a gradual decline during storage in both the GB and control 
groups. However, the GB treatment resulted in a significant increase in 
CCO activity on days 10 and 15 (P < 0.01), with a 1.09-fold difference on 

Fig. 4. Effects of GB treatment on blueberry MDHAR (A), DHAR (B), and GR (C) activities. Data are shown as mean ± SD standard deviation (n = 3). *P < 0.05, **P 
< 0.01.

Fig. 5. Effect of GB treatment on blueberry H2O2 (A), O2
˙ - (B), MDA (C), and DPPH (D) content. Data are shown as mean ± SD standard deviation (n = 3). *P < 0.05, 

**P < 0.01.
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day 20 of the storage period (P < 0.05)) (Fig. 6 H). Consistent with the 
results reported in previous studies, loquats improved fruit quality by 
increasing the activities of energy-metabolizing enzymes (Song et al., 
2017).

3.7. Changes in endogenous GB content

There was a gradual increase in GB content in blueberry fruit 
throughout the storage process (Fig. 7). Exogenous GB treatment 
enhanced endogenous GB throughout storage time, fruits treated with 
10 mmoL L-1 of GB showed higher levels of GB accumulation during 
storage. At 5th, 10th and 15th day of storage, there was a highly sig
nificant difference (P < 0.01) between the treated group and the control 
group, with the GB content of the treated fruits being 1.25, 1.30 and 1.99 
times higher than that of the control group, respectively.

4. Discussion

The postharvest quality of blueberry fruits is a critical factor in 
transportation and fresh marketing. The findings indicate that exoge
nous GB can maintain the quality of post-harvest blueberries, which is 
associated with changes in antioxidant energy and energy metabolism. 
The exogenous GB maintained a high level of antioxidants over time 
(Fig. 2). SOD catalyzes the O2

˙ - catabolism reaction to hydrogen peroxide 
and O2, and CAT and APX convert hydrogen peroxide to O2 and H2O, 
GR, MDHAR, and DHAR are produced in fruits and vegetables and 
protect tissues and cells from oxidative damage (Wang et al., 2020, 
2020b). Razavi et al. (2018) stated that GB treatment enhanced anti
oxidant enzyme activity thereby reducing reactive oxygen species (ROS) 
accumulation and attenuated cold damage in hawthorn fruits. The data 
from the study demonstrated that GB significantly enhanced the activ
ities of antioxidant enzymes, including SOD, APX, and CAT. Addition
ally, the fruit quality attributes exhibited marked improvement, 
exceeding those of the control, and demonstrated enhanced ROS scav
enging capabilities (Figs. 3–4). ROS accelerate fruit softening and anti
oxidant enzymes play a crucial role in fruit ripening (Mittler, 2002). It 
can be proposed that increased antioxidant enzyme activity may be one 
of the mechanisms that are partially responsible for maintaining blue
berry fruit quality. Consistent with our findings, GB treatment was also 
found to increase antioxidant enzyme activity in bell peppers (Wang 
et al., 2016) and zucchini fruits (Yao et al., 2018). H2O2 and superoxide 
anions are important physiological indicators of fruit and vegetable 
senescence. O2

˙ - and hydrogen peroxide are the main products of ROS, 
which attack membrane lipids and accelerate cell death, and various 
biotic and abiotic stresses disrupt the balance of ROS metabolism, pro
mote the accumulation of H2O2 and superoxide anions, and exacerbate 
fruit and vegetable senescence (Huang et al., 2024; Xia et al., 2015). 
MDA is a product of lipid peroxidation when plants are subjected to 
oxidative stress and is typically used as an indicator of the extent of 
membrane damage caused by lipid peroxidation (Nie et al., 2020). 
Reducing O2

˙ - and hydrogen peroxide levels can alleviate lipid peroxi
dation, which may be responsible for the reduction of MDA. The DPPH 
free radical scavenging capacity has also been employed as an indicator 
of the potency of the plant antioxidant system (Fig. 5 Wang et al., 2013). 
The present study demonstrated that GB treatment enhanced the anti
oxidant system’s capacity to defend against oxidative stres.

On the other hand, energy supply is essential for cell wall synthesis 

Fig. 6. Effects of GB treatment on blueberry ATP (A), ADP (B), AMP (C), EC (D), H+-ATPase (E), Ca2+-ATPase (F), CCO (G), and SDH (H) activities. Data are shown as 
mean ± SD standard deviation (n = 3). *P < 0.05, **P < 0.01.

Fig. 7. Effects of GB treatment on blueberry endogenous GB content. Data are 
shown as mean ± SD standard deviation (n = 3). *P < 0.05, **P < 0.01.
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and physiological processes in plant cells, and it is also a key factor in 
controlling postharvest fruit senescence (Aghdam et al., 2018; Verbančič 
et al., 2018). The energy state of the cell depends on the levels of ATP, 
ADP and AMP. Insufficient ATP levels may lead to lipid peroxidation, 
resulting in the accumulation of ROS, which can disrupt the cell mem
brane (Hu et al., 2021). With the extension of storage time, ATP levels 
decrease, and AMP levels increase in fruits (Cao et al., 2014; Ge et al., 
2019). The GB treatment maintained high ATP levels, inhibited EC 
decline and effectively maintained blueberry quality. It has been 
demonstrated that MeJA treatment can effectively maintain higher 
levels of ATP in loquat fruits (Cao et al., 2014), that the TSP has been 
demonstrated to be capable of maintaining the quality of apple fruits by 
regulating respiration and mitochondrial energy metabolism (Ge et al., 
2019), and furthermore, MeJA has been demonstrated to maintain high 
levels of ATP by stimulating the activity and transcript levels of enzymes 
involved in energy metabolism (Wang et al., 2021). Consistent with the 
results of previous studies, the levels of ATP and energy charge in both 
groups of fruits exhibited a gradual decline with increasing storage time, 
and the AMP content was higher. (Fig. 6A–D). Both H+-ATPase and 
Ca2+-ATPase are capable of catalysing the breakdown of ATP into ADP, 
they play a pivotal role in the synthesis and supply of energy, catalysing 
the conversion of ATP to ADP and thus contributing to the synthesis and 
supply of energy (Ge et al., 2019). SDH catalyzes the oxidation of suc
cinate and the reduction of ubiquitin in the TCA cycle and ETC pathway, 
whereas CCO serves as a terminal enzyme of ETC and generates ATP 
through oxidative phosphorylation in the mitochondria (Huang et al., 
2021 a). The results indicated that GB treatment maintained higher 
energy levels and ATPase activities, thus maintaining blueberry quality, 
and that GB had a vigorous effect on the activities of H+-ATPase, 
Ca2+-ATPase, CCO, and SDH (Fig. 6E–H).

Endogenous GB content was stressed by the environment during low 
temperature storage, and exogenous GB treatment stimulated endoge
nous GB accumulation, improved the antioxidant defence system, 
exhibited higher accumulation of total phenols, flavonoids and antho
cyanosides, as well as delayed the decline of enzymes related to energy 
metabolism, and prolonged the post-harvest shelf-life (Fig. 7). It has also 
been reported in the literature that glycine betaine is effective in 
reducing cold injury in fruit. Pan et al. (2019) investigated the effect of 
glycine betaine on energy metabolism cold damage in papaya fruits 
during cold storage and showed that the enhanced cold tolerance of 

GB-treated papaya fruits during cold storage could be attributed to 
improved energy status and increased activity of enzymes related to 
energy metabolism. Meanwhile, the CTS-GB NPs effectively mitigated 
the chilling injury and maintained the nutritional quality of plums 
(Roghayeh et al., 2022). These results suggest that GB treatment can be 
used as an effective technique to control fruit cold damage and maintain 
quality, laying the foundation for post-harvest storage of fruits and 
vegetables. Correlation analysis showed that hardness was highly 
significantly positively correlated with APX, MDHAR, DHAR, GR, DPPH, 
anthocyanin, ATP, ADP, EC, and H+-ATPase (P < 0.01), and highly 
significantly negatively correlated with decay rate, denaturation rate, 
hydrogen peroxide, MDA, superoxide anion, and AMP (P < 0.01). 
Consequently, exogenous GB treatment increased the endogenous GB 
content of the fruit, activated the antioxidant defence system and the 
energy metabolism of the blueberry fruit, and provided the energy 
necessary for the necessary biochemical changes occurring in the fruit, 
reducing low temperature stress and maintaining blueberry quality 
(Fig. 8).

5. Conclusions

The results demonstrated that GB significantly maintained post
harvest blueberry fruit quality, retards the decline of ATP, ADP, H+- 
ATPase, Ca2+-ATPase, SDH, and CCO, while maintaining a higher 
electrical charge (EC). Meanwhile, GB treatment resulted in an increase 
in the accumulation of endogenous GB, which led to an enhancement in 
antioxidant enzyme activities. This effectively inhibiting the deteriora
tion of blueberry fruits, and providing technical support for the post
harvest preservation of blueberries. Furthermore, this study offers a 
theoretical foundation for the development and utilisation of other al
kaloids as postharvest preservation strategies for fruits and vegetables.
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