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A B S T R A C T   

This study developed a useful technique to maintain quality and mitigate chilling injury of cold-stored Chinese 
olive fruit. Influence of dose (0, 0.5, 1.0, 1.5, 2.0 mM) of γ-aminobutyric acid (GABA) on the quality attributes 
and chilling damage of Chinese olive when stored at 2 ◦C for 100 d was investigated. Compared to control 
samples, GABA-treated fruit displayed lower chilling injury index, cell membrane permeability, and weight loss 
percentage, but higher hue angle h◦ value, higher levels of chlorophyll, total soluble sugar, sucrose, total soluble 
solids, titratable acid, and tannin, and 1.0 mM GABA is the optimal concentration to retain the quality attributes 
and reduce the chilling injury of Chinese olive fruit during cold storage.   

Introduction 

Chinese olive (Canarium album L.) is an evergreen fruit tree 
belonging to the family of Burseraceae and the genus of Canarium Linn. 
It is originated in southeastern China and introduced to other subtrop-
ical and tropical areas of Asian countries (He & Xia, 2007). Chinese olive 
is widely distributed in China, Vietnam, Thailand, Philippines, 
Indonesia, Malaysia, India, and Sri Lanka. China is considered the 
world’s largest producer and planter of Chinese olive fruit. Unlike olive 
(Olea europaea L.) that belongs to the family of Oleaceae and the genus of 
Olea and is regarded as a socioeconomically important oil crop and 
distributed in Mediterranean countries, Chinese olive is an edible fruit 
that has a relatively low content of oil but is rich in health-promoting 
substances such as bioactive compounds (flavonoids, phenolic com-
pounds, tannin, phenylpropanoids, triterpenoids, carotenoids, chloro-
phyll, minerals, and vitamins) (He & Xia, 2007). However, Chinese olive 
fruit after harvest is prone to quality deterioration such as moisture loss, 
fruit shrinkage, color change in fruit surface from bright green to yellow, 
or even fruit diseases that can seriously affect its commercial value and 
edible quality and shorten its storage life (Jia et al., 2016). With the 
expanded cultivation area and the increased yield of Chinese olive in 

recent years, it is significant to explore preservation technologies for 
promoting the storability of postharvest Chinese olives. 

Cold storage is an effective method to slow down the metabolic 
processes for lengthening the storage life of fresh produce (Luo, Li, Du, 
Mou, & Mao, 2015). However, Chinese olives are chilling-sensitive fruit 
prone to chilling injury, resulting in shrinkage, discoloration, or brown 
pits on the fruit surface, fruit browning, and quality deterioration. These 
problems severely affect fruit edible quality during cold storage (Kong 
et al., 2016, 2018). Thus, the development of suitable and convenient 
techniques to control chilling injury is critical for cold chain trans-
portation of Chinese olives. 

γ-Aminobutyric acid (GABA) is a natural signal metabolite in the 
plant, which can rapidly accumulate in regulating biotic and abiotic 
stress responses (Han et al., 2021; Li et al., 2018; Wang, Liu, Gu, & Yang, 
2018; Yang, Guo, & Gu, 2013). GABA is a natural, safe, and biologically 
active compound. It has beneficial effects on human health and is used 
widely in foods (Oh, Kim, Lim, & Reddy, 2019; Sheng et al., 2017). Prior 
works indicated that exogenous GABA treatment could ameliorate 
chilling injury symptom in cold-stored fresh produce such as banana 
(Wang et al., 2014), blood orange (Habibi et al., 2019), peach (Shang, 
Cao, Yang, Cai, & Zheng, 2011), and zucchini (Palma et al., 2019). 
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However, there is no report on the influences of exogenous GABA 
treatment on the quality attributes and chilling injury of Chinese olive 
during cold storage. Thus, the aims of current work were to assess the 
potential application of exogenous GABA for retaining quality attributes 
and improving cold tolerance of fresh Chinese olives during cold stor-
age, and provide an alternative technique such as GABA postharvest 
treatment for alleviating chilling injury and enhancing storability of 
cold-stored Chinese olive fruit. 

Materials and methods 

Fruit and treatment 

Fruit of ‘Tanxiang’ Chinese olive (Canarium album L. cv. Tanxiang) at 
commercial maturity, which the hue angle of fruit surface with green- 
yellow was 146.50 and the amount of pulp total soluble solids (TSS) 
was 13.00, were collected in the end of October from Fujian Minqing 
Chinese olive orchard, Fuzhou, China, and immediately shipped to our 
lab. Uniform Chinese olives with no damage were chosen randomly, 300 
Chinese olives were used for evaluating the physiological and quality 
parameters at the harvest day, and another 15 000 Chinese olives were 
divided into five groups (3 000 fruit per group). For GABA treatment, the 
Chinese olives were separately immersed into 0.5, 1.0, 1.5, and 2.0 mM 
GABA for 10 min. For the control group, the Chinese olives were sub-
merged with distilled water for 10 min. All treated Chinese olives were 
air-dried and packaged in polyethylene bags (one hundred fruit per 
bag), then stored in the controlled environmental chambers at 2 ◦C (90% 
relative humidity) for 100 d. During cold storage, at 20-day intervals, 
sampling three bags with 300 Chinese olives from each group were used 
for the following measurements. 

Evaluation of chilling injury 

Chilling injury (CI) was evaluated according to the visual fruit sur-
face browning scale of the 100 individual Chinese olive fruit. Based on 
the extent of CI occurrence and the scale of browning on the fruit sur-
face, CI included six levels: 1, no CI symptom; 2, slight CI symptom 
(browning area＜1/4); 3, moderate CI symptom (1/4 ≤ browning area 
＜1/2); 4, severe CI symptom (1/2 ≤ browning area＜3/4); 5, very se-
vere CI symptom (3/4 ≤ browning area＜100 % browning); 6, complete 
CI symptom (100 % browning). The index of CI was calculated according 
to calculation formula Σ (CI level × the ratio of corresponding Chinese 
olive fruit in each CI level). 

Measurement of cell membrane permeability 

The methodologies of Wang et al. (2014) and Lin et al. (2016) were 
used to estimate the cell membrane permeability. Two grams of pulp 
tissue discs (diameter 5 mm) from ten individual Chinese olives were 
obtained and washed with distilled water. The pulp tissue discs were 
then put in a test tube that contained 25 mL of distilled water, and 
hereafter were placed at 20 ◦C for 3 h. Model SG68 desktop conductivity 
meter (Mettler-Toledo, Zurich, Switzerland) was used to assay the initial 
cell membrane permeability (C1) of the solution. Then the tube was 
boiled for 30 min and the final cell membrane permeability (C2) was 
determined after the boiled solution was cooled down to 20 ◦C. The cell 
membrane permeability (%) was calculated as: (C1 / C2) × 100, and 
expressed as a percentage. 

Assessments of pulp TSS content and fruit weight loss percentage 

The methodologies of Lin et al. (2020) and Liu, Lin, Lin, Lin, and Fan 
(2021) were used to determine the pulp TSS content with a manual 
refractometer. 

The weight loss percentage of fresh Chinese olives during storage 
was assayed referring to the methodology of Lin et al. (2020). Weight 

loss percentage (%) was calculated as: (W0-W) ÷ W0 × 100, where W0 =

initial fruit weight at storage day 0, kg; W = fruit weight at different 
storage days, kg. The result was expressed as a percentage. 

Measurement of pericarp chlorophyll content and fruit surface hue angle 
（h) 

Pericarp tissues (0.5 g) from ten individual Chinese olive fruit were 
used to measure the pericarp chlorophyll content based on the meth-
odologies of Kong et al. (2018) and Lin et al. (2020). The result was 
presented as g kg− 1. 

The methodologies of Zhang et al. (2019) and Farcuh, Copes, Le- 
Navenec, Marroquin, Cantu, and Bradford (2020) were used to mea-
sure fruit surface hue angle. ADCI-60-C colorimeter (Beijing Chentaike 
Instrument Technology Co., Ltd., China) was applied to assay the 
chromaticity a* and b* values in the fruit equatorial surface of ten in-
dividual Chinese olives. The hue angle (h◦) was calculated as: 
h◦=180◦+arctan(b*/a*). 

Assay of sugar content 

Fruit tissue (~2.0 g) from ten Chinese olives were used to assay the 
amounts of total soluble sugar, reducing sugar, and sucrose based on the 
methodologies of Lin et al. (2020) and Liu et al. (2021). The data was 
presented as g kg− 1. 

Measurement of titratable acid (TA) and tannin content 

A bench-top pH meter (JENCO 6173pH, USA) was used to assay the 
TA content according to the methodologies of Lin et al. (2020) and Liu 
et al. (2021), which was based on acid-base titration, and the data was 
presented as a percentage. 

Fruit tissue (~2.0 g) from ten Chinese olives were used to assay the 
tannin content according to the methodology of Kong et al. (2018). 
Tannins were extracted with 4% vanillin solution in methanol and 
concentrated HCl for 15 min, then determined spectrophotometrically at 
500 nm (spectramax plus384, Molecular devices, USA), against methanol 
as a blank. The data was presented as g kg− 1. 

Statistical analysis 

All parameters were assayed in triplicate. Data is presented as 
average and their standard error. SPSS software was applied to analyze 
the experimental data. A one-way ANOVA analysis was employed to 
observe the differences of mean separations. Statistically significant 
differences were determined between groups when p < 0.05. 

Results 

Changes in the CI index and cell membrane permeability 

Chilling injury symptoms appeared after 20 d of storage in the cold 
environment (Fig. 1), and the CI index of Chinese olive fruit gradually 
increased during storage, and this process was inhibited by the GABA 
treatment (Fig. 1, Fig. 2A). In the first day of sampling (day 20), the 
control samples display slight CI symptoms, while the GABA treatment 
effectively delayed and suppressed the development of CI symptom 
(Fig. 1). The best effect was obtained at the concentration of 1.0 mM of 
GABA, which developed CI symptom after 40 d of storage. Additionally, 
during 20 ~ 100 d, GABA-treated fruit displayed a notably (p < 0.01) 
lower CI index than control fruit (Fig. 2A). 

The cell membrane permeability in Chinese olives increased during 
storage (Fig. 2B). After storage for 60 d, GABA-treated fruit exhibited 
lower levels of cell membrane permeability than control fruit. Similar to 
the results of the CI index, among different concentrations (0.5, 1.0, 1.5, 
or 2.0 mM) of GABA treatment, 1.0 mM of GABA exhibited the most 
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effective inhibitory effects. When stored for 100 d, the cell membrane 
permeability in 1.0 mM GABA-treated group was 46.30% lower than 
control samples, while 0.5, 1.5, or 2.0 mM GABA-treated fruit displayed 
18.61%, 23.91%, and 6.57% lower than control samples, separately. 
Notable differences were observed between GABA-treated samples and 
control fruit (p < 0.05) (Fig. 2B). 

Changes in the chlorophyll content and fruit color 

The chlorophyll content in all samples declined continuously along 
with the extension of storage time (Fig. 3A). During 100-days preser-
vation, the control samples demonstrated a reduction in the chlorophyll 
content from 0.44 to 0.28 g kg− 1. While the chlorophyll content in all 
GABA-treated samples was at higher levels than control samples from 
days 20 to 40. However, during 60 ~ 100 d, different concentrations of 

GABA treatment exhibited different trends compared to control samples. 
There were higher levels of chlorophyll in 1.0 or 1.5 mM GABA-treated 
samples, but lower levels in 0.5 or 2.0 mM GABA treated-fruit. When 
stored for 100 d, the chlorophyll content with 0.28, 0.27, 0.34, 0.30 and 
0.28 g kg− 1 was assayed in control, 0.5, 1.0, 1.5, and 2.0 mM GABA- 
treated samples, respectively, suggesting that 1.0 mM GABA treatment 
could validly retain higher level of chlorophyll (p < 0.05) and retarded 
de-greening of Chinese olives (Fig. 3A). 

Color changes of Chinese olive fruit were measured by the values of 
hue angle (h◦). As presented in Fig. 3B, h◦ value decreased in all samples 
during the whole storage, and its declination trends in GABA-treated 
samples were slower than control fruit, the treatment of GABA with 
1.0 mM displayed the most effective effect on retaining the hue angle in 
postharvest Chinese olives (Fig. 3B). During storage, the hue angle (h◦

value) of fruit color in control samples showed a decreasing trend from 

Fig. 1. The appearance of the control and different concentration GABA-treated Chinese olive fruit during cold storage.  
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146.5◦ at day 0 to 104.22◦ at day 100, while it declined from 146.5◦ at 
day 0 to 119.06◦ at day 100 in 1.0 mM GABA-treated fruit, with a 
notably (p < 0.05) difference between control and 1.0 mM GABA-treated 
samples during 20 ~ 100 d (Fig. 3B), indicating that the fruit color 
changed faster in control samples while retained at a relatively stable 
level in 1.0 mM GABA-treated fruit, which showed a similar trend as the 
chlorophyll content. 

Changes in the fruit weight loss percentage and TSS content 

The weight loss percentage in all samples increased observably 
during cold storage (Fig. 4A). Compared to control samples, GABA- 
treated samples displayed a lower weight loss percentage during 20 
~ 100 d (Fig. 4A). For example, when stored for 60 d, the weight loss in 
0.5, 1.0, 1.5, and 2.0 mM GABA-treated fruit was 24.7%, 62.6%, 45.3%, 
and 13.7% lower than control samples, respectively. Moreover, at the 
end of storage (at day 100), the loss of weight reached 5.38% in control 
fruit, while that was 4.76%, 3.1%, 4.46%, and 5.12% in 0.5, 1.0, 1.5, 
and 2.0 mM GABA treated-group, respectively (Fig. 4A). Notable dif-
ferences were observed between GABA-treated samples and control fruit 
after 40 d of storage (p < 0.05), with the most effective effect from the 
1.0 mM GABA treatment on reducing the weight loss in postharvest 
Chinese olives. 

The TSS content of Chinese olives increased dramatically since the 

beginning of storage and peaked at day 40, then declined sharply during 
the middle and late storage period (Fig. 4B). The TSS content in 1.0 mM 
GABA treated-fruit was notably (p < 0.05) higher than 0.5, 1.5, and 2.0 
mM GABA treated-fruit, and also clearly (p < 0.05) higher than control 
samples. Additionally, among different concentrations (0.5, 1.0, 1.5, or 
2.0 mM) of GABA treatment, 1.0 mM of GABA was found to be the most 
effective in promoting the TSS content in the early storage period (0 ~ 
40 d) and inhibiting the TSS content decline during the middle and late 
storage period (40 ~ 100 d) (Fig. 4B). However, 2.0 mM GABA treat-
ment did not have any additional beneficial effect on the TSS content, 
and no notable discrepancy (p > 0.05) was found as compared to control 
fruit except day 100 (Fig. 4B). 

Change in the sugar content 

As shown in Fig. 5A, the total soluble sugar content in control sam-
ples decreased continuously within the whole storage time, and its 
decreasing trends in GABA-treated samples were inhibited, 1.0 mM 
GABA treatment showed the most effective effect on the reduction of 
total soluble sugars in postharvest Chinese olives (Fig. 5A). After 100 
d of storage, the total soluble sugar content in 1.0 mM GABA-treated 
fruit was 3.42 g kg− 1, while 1.91 g kg− 1 in the control fruit (Fig. 5A). 

The sucrose content reduced steadily in all samples throughout the 
whole storage process, and the decrease was obviously inhibited by the 

Fig. 2. Effects of exogenous GABA treatment (0.5, 1.0, 1.5 or 2.0 mM) on CI index (A) and cell membrane permeability (B) of Chinese olive fruit during storage at 
2 ◦C for 100 d. Each data stands for an analyze of three replicates and their standard errors. Different letters represent significant differences (p < 0.05) between 
different groups on the same storage day. 
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GABA treatment (Fig. 5B). When stored for 100 d, the sucrose content in 
0.5, 1.0, 1.5, and 2.0 mM GABA-treated fruit was 1.9, 2.1, 1.4, and 1.3- 
fold higher than control fruit, separately, suggesting that 1.0 mM of 
GABA had the best effect on delaying the decrease of the sucrose content 
(Fig. 5B). 

The contents of reducing sugar in all groups exhibited a notorious 
increase in the early storage period and displayed a peak value on day 40 
(Fig. 5C). After that, the amounts of reducing sugar descended rapidly in 
the subsequent storage period, while GABA treated-Chinese olives 
exhibited lower levels, and 1.0 mM of GABA attained the lowest level 
compared to others from day 40 to day 100 (Fig. 5C). 

Changes in the contents of TA and tannin 

As shown in Fig. 6A, the TA content in all samples reduced pro-
gressively with the prolonged storage day. The GABA treatment obvi-
ously inhibited this reduction. Compared to day 0, the TA content in 1.0 
mM of GABA treated-fruit decreased by 38% at day 100, whereas its 
decline in control samples was 58%, a notably (p < 0.05) higher TA 
content was shown in the 1.0 mM GABA-treated group (Fig. 6A). 

As illustrated in Fig. 6B, the tannin content in all samples experi-
enced similar decreasing trends throughout the whole storage process. 
Additionally, compared to control samples, during 20 ~ 60 d, 2.0 mM 
GABA-treated fruit displayed lower values of tannin, whereas 0.5, 1.0, or 
1.5 mM treated-fruit exhibited higher levels of tannin, with a clear (p <

0.05) discrepancy between 1.0 mM treated-samples and control fruit. 
The above data indicate that the most effective concentration of 

GABA for maintaining the TA and tannin content in postharvest Chinese 
olives was 1.0 mM. 

Discussion 

Chinese olive fruit is susceptible to chilling stress. During low- 
temperature transport and storage period, severe chilling injury can 
lead to fruit quality deterioration and cause economic loss. The use of 
GABA treatment evidently enhanced the storage fruit quality and 
reduced chilling injury of Chinese olive fruit in this study. The fruit 
quality and chilling tolerance of Chinese olive could be effectively 
maintained by the treatment of 1.0 mM of GABA, which was superior to 
the treatments of 0.5, 1.5, and 2.0 mM GABA. All concentrations alle-
viated the chilling injury and retained commodity shelf life in various 
degrees. 

Previous reports demonstrated that the enhancement of chilling 
tolerance in fresh postharvest produce was due to the treatment with 
GABA (Palma et al., 2019). However, the optimal concentration is var-
iable in different plants and an improper concentration may result in an 
opposite effect. Wang et al. (2014) indicated that 20 mM GABA treat-
ment could help reduce CI symptom in banana peel. Shang et al. (2011) 
found that 5 mM GABA treatment could effectively reduce the internal 
browning of peach fruit, which was a typical CI symptom. In this work, 

Fig. 3. Effects of exogenous GABA treatment (0.5, 1.0, 1.5 or 2.0 mM) on chlorophyll content and hug angle (h◦) value of Chinese olive fruit during storage at 2 ◦C for 
100 d. Each data stands for an analyze of three replicates and their standard errors. Different letters represent significant differences (p < 0.05) between different 
groups on the same storage day. 
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1 mM GABA was the most effective concentration for reducing CI 
symptom (Fig. 1) and maintaining the cell membranes integrity of 
Chinese olive when stored at 2 ◦C for 100 d, as indicated by the sup-
pressed increase of the CI index and cell membranes permeability 
(Fig. 2). Furthermore, an enhanced chilling tolerance of Chinese olives 
treated by 1 mM of GABA was proved by the slower decline of the 
chlorophyll content and h◦ value than control fruit (Fig. 3). These data 
indicate that GABA acted as a repressor of CI in cold-stored Chinese 
olives during the storage period. 

Postharvest quality attributes of fresh fruit are usually affected by 
weight loss and nutritional compositions like TSS, TA, and sugar (Jiang 
et al., 2018; Lin et al., 2020; Liu et al., 2021). Cao et al. (2016) found that 
100 μM of melatonin could enhance chilling tolerance and keep higher 
TSS in peaches during cold storage. Our findings demonstrated that 
GABA treatment could lower the CI index (Fig. 2A), reduce weight loss 
(Fig. 4A) in cold-stored Chinese olives. Among different concentrations 
of GABA, 1.0 mM of GABA showed the most significant effect (Fig. 1, 
Fig. 2A, Fig. 4A). Besides, compared with control fruit, 1.0 mM of GABA 
always kept a clearly (p < 0.05) lower CI index (Fig. 2A) and a higher 
level of TSS in Chinese olives during storage at days 20 ~ 100 (Fig. 4B). 
These results, thus, further implied that 1.0 mM of GABA suppressed the 
development of CI in cold-stored Chinese olives, which was because the 

treatment of 1.0 mM GABA reduced weight loss and induced the accu-
mulation of TSS, and thus enhanced the cold tolerance of Chinese olive 
fruit. 

Soluble sugars play an active role in protecting plant cells from 
damage via cold stress (Li, Limwachiranon, Li, Du, & Luo, 2016; Wang 
et al., 2020). Zhao et al. (2019) reported that near-freezing temperature 
(NFT) could improve chilling tolerance of cold-stored nectarines, which 
was associated with NFT suppressing the sucrose degradation, main-
taining a higher sucrose amount and a lower level of reducing sugar in 
nectarine fruit during cold storage. These previous studies demonstrate 
that soluble sugar metabolism plays a crucial role in inducing cold 
tolerance of fruit. In the present work, compared to non-treated fruit, a 
lower CI index (Fig. 2A), a lower reducing sugar amount (Fig. 5C), but 
higher contents of soluble sugars and sucrose (Fig. 5A, 5B) were 
observed in GABA-treated Chinese olives during cold storage, with the 
most significant effect from the treatment of 1.0 mM GABA (Fig. 1). 
These results further proved that GABA induced chilling tolerance of 
cold-stored Chinese olives, which was because GABA retained higher 
levels of soluble sugars and sucrose. 

Titratable acidity (TA) was used as an indicator to evaluate the 
quality of fresh produces (Jiang et al., 2018; Lin et al., 2020). Our work 
indicated that TA content in all samples declined through the whole 

Fig. 4. Effects of exogenous GABA treatment (0.5, 1.0, 1.5 or 2.0 mM) on weight loss percentage (A) and TSS content (B) of Chinese olive fruit during storage at 2 ◦C 
for 100 d. Each data stands for an analyze of three replicates and their standard errors. Different letters represent significant differences (p < 0.05) between different 
groups on the same storage day. 
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Fig. 5. Effects of exogenous GABA treatment (0.5, 1.0, 1.5 or 2.0 mM) on the contents of total soluble sugar (A), sucrose (B) and reducing sugar (C) of Chinese olive 
fruit during storage at 2 ◦C for 100 d. Each data stands for an analyze of three replicates and their standard errors. Different letters represent significant differences (p 
< 0.05) between different groups on the same storage day. 
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storage, the application of 0.5 mM and 1.0 mM GABA effectively sup-
pressed the reduction of TA content as compared to control through the 
whole preservation, but the 1.5 mM and 2.0 mM GABA treatment 
showed no significant difference against control during storage except 
day 20 (Fig. 6A). 

Tannin is the main source of astringent taste in fresh fruit (Ju et al., 
2021; Yin et al., 2012; Zeng et al., 2021). Tannin, as an important 
constitutive trait of the quality in Chinese olives, was detected in our 
samples. Our works show that the application of 0.5 ~ 1.5 mM GABA 
could suppress the decrease of tannin in postharvest Chinese olives with 
the most effective effect from the treatment of 1.0 mM GABA, which 
retained the highest tannin content in Chinese olives during storage at 
days 20 ~ 100 (Fig. 6B). 

The above data indicate that GABA could maintain the fruit quality 
and enhance the tolerance of CI in cold-stored Chinese olives, as indi-
cated by reduced CI index and higher contents of TSS, soluble sugar, 
sucrose, TA, and tannin. However, the possible mechanism of exogenous 
GABA for enhancing the cold tolerance and quality attributes of fresh 
Chinese olive is still unclear. Thus, the mechanism of GABA-improved 
cold tolerance and fruit quality of postharvest Chinese olive fruit 
needs to be further explored. 

Conclusion 

The above results indicated that the exogenous application of 

different concentrations of GABA (0.5, 1.0, 1.5 and 2.0 mM) on post-
harvest Chinese olive fruit could alleviate chilling injury and maintain 
quality to some extent during cold storage, and 1.0 mM showed that 
most significant effects. The treatment of 1.0 mM GABA effectively 
delayed the increases of CI index and cell membrane permeability, 
reduced weight loss, suppressed the decreases of total chlorophyll, h◦

value, and TSS content, and kept higher contents of soluble sugar and 
tannin. In general, out findings indicate that the treatment with 1.0 mM 
of GABA is an effective method for mitigating CI and maintaining the 
fruit quality of Chinese olives during cold storage. 
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