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Post-harvest cold shock 
treatment enhanced antioxidant 
capacity to reduce chilling injury 
and improves the shelf life of 
guava (Psidium guajava L.)
Yan Zhang *

Mingde College, Henan University of Technology, Zhengzhou, China

This study investigates the impact of storage temperature and cold shock 
treatment (CST) on the postharvest quality and shelf life of guava fruits. Guavas 
were stored at varying temperatures (4°C, 6°C, 8°C, and 10°C) for 25  days to 
evaluate the incidence of chilling injury (CI) and determine optimal storage 
conditions. Results indicated that the best storage temperature was 6°C, which 
effectively maintained fruit quality by inhibiting CI, controlling weight loss, and 
preserving soluble solid content and soluble sugars. Further analysis on the 
effect of CST on guavas showed that longer cold shock durations (6, 9, and 
12  h) before storage at a constant 4°C improved the storage quality and shelf 
life significantly by decreasing the CI rates, reducing weight loss, maintaining 
firmness, and improving the fruit’s nutritional quality. Notably, a 12-h CST 
yielded the best outcomes, evidenced by the lowest malondialdehyde (MDA) 
content and the highest increases in proline and soluble protein content  - 
biomarkers of enhanced cold tolerance and reduced CI. Additionally, CST was 
found to modulate the reactive oxygen species (ROS) metabolism, increasing 
the activity levels of key antioxidant enzymes such as superoxide dismutase 
(SOD), peroxidase (POD), catalase (CAT), and ascorbate peroxidase (APX), 
alongside higher contents of ascorbic acid. The study identified a correlation 
between the length of cold shock and improved antioxidant capacity, crucial 
for extending guava’s shelf life and preserving quality during cold storage. These 
findings have significant implications for the postharvest management of guava, 
recommending 6°C storage and 12-h CST as effective strategies for extending 
shelf life and ensuring quality in cold storage settings.
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1 Introduction

Guava (Psidium guajava L.), a significant fruit in tropical and subtropical regions (Rai 
et al., 2010), offers both refreshing taste and nutritious value, with an abundance of vitamin 
C, lycopene, dietary fiber, riboflavin, amino acids, among others (Murmu and Mishra, 2018). 
Notably, studies have also attributed medicinal properties to it, including hypoglycemic, anti-
cancer, and immune-regulatory benefits (Sarah et al., 2021). Despite the fruit’s market demand, 
its thin and delicate skin poses substantial challenges for the guava industry, as it is prone to 
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damage, dehydration, and deterioration, leading to a notably short 
postharvest shelf life. Addressing these issues through advanced 
postharvest treatments and preservation methods is thus crucial for 
enhancing the feasibility of guava industrialization (Jacomino 
et al., 2001).

So far, the post-harvest storage technology of guava is mainly to 
improve the shelf life of guava through different processing methods. 
These include refrigerated preservation, controlled air packaging 
storage (Singh and Pal, 2007), hot water treatment (Alvindia and 
Acda, 2015), coated preservation (Kapoor et  al., 2023), material 
packaging and preservation (Yadav et al., 2022), melatonin treatment 
(Hongbin et al., 2022), ionizing radiation treatment (Singh and Pal, 
2008), and other technologies. Among them, the most common 
treatment method, which is also the lowest cost and most widely 
used, is low-temperature refrigeration. However, improper 
low-temperature treatment will have a neglectable effect on the 
metabolism of reactive oxygen species (ROS) and protein expression 
of cells, causing cell decomposition, resulting in chilling injury (CI), 
affecting its quality and shelf life (Martinez et  al., 2002). In the 
process of low temperature storage of fruits and vegetables, if cold 
damage occurs, cell metabolism will be disordered, resulting in fruit 
weight loss, stability reduction, and serious loss of nutrients (Zhuang 
et al., 1997). The decline in fruit and vegetable quality caused by CI 
is an urgent problem to be solved during low-temperature storage 
(Wang, 1989). Guava is a cold-sensitive fruit, which is prone to CI, 
skin browning and depression, resulting in quality decline and loss 
of commercial value. It is of great significance to study the 
appropriate storage temperature of guava for fresh-keeping and 
reducing CI.

Precooling is a critical step in the food cold chain, which can 
effectively delay the change of fruit quality after harvest (Yan J. et al., 
2018). In recent years, cold shock treatment (CST) has been used as a 
way of precooling (Gu et al., 2020; Si et al., 2023). A physical treatment 
that puts fruits and vegetables under low temperatures for a short time 
to improve their stress resistance, which has an obvious anti-ageing 
effect on fresh-keeping fruits and vegetables (Zhang et  al., 2009), 
enhanced cold resistance (Jia et al., 2023), is an emerging physical 
fresh-keeping method. It has been shown to effectively extend the 
shelf life of cucumis (Chen et al., 2015), sweet cherries (Gu et al., 
2020), and peppers (Si et al., 2023). However, it is still questionable 
whether post-harvest pretreatment of freshly picked guava by CST can 
prolong its shelf life and shelf life.

Low temperature can quickly remove the field heat of fruits and 
vegetables, which is a crucial factor in the process of cold chain 
transportation and directly affects the quality and shelf life of fruits (Li 
et al., 2018; Bernardo and Maria, 2021). In addition, the firmness, total 
soluble solids (TSS) content and weight loss rate of fruits can directly 
reflect the freshness of fruits and vegetables during cold storage 
(Ahmed et  al., 2020). Malondialdehyde (MDA) is a product of 
membrane lipid peroxidation that is harmful to fruit cells and 
accumulates with the occurrence of fruit cold injury (Feng et  al., 
2022). The contents of soluble protein and free proline were positively 
correlated with the cold tolerance of fruit. These quality changes can 
be used to evaluate the effect of CST on guava quality. In addition, cold 
injury is associated with cell membrane damage as well as physiological 
disorders associated with increased generation of ROS (Shadmani 
et  al., 2015), and excessive ROS accumulation can lead to the 

accumulation of chemicals that affect plant growth and metabolism 
(Rehman et al., 2021). However, little is known about the effects of 
CST on postharvest physiological and oxidative properties of guava.

In this study, we aim to establish the optimal conditions for CST, 
including the ideal storage temperature and CST temperature, and to 
assess how these factors influence key quality attributes of guava, such 
as firmness, total soluble solids, and weight loss. Additionally, 
we investigated the effects of cold-air shock treatment on quality of 
guava fruit and its metabolism of ROS during storage, explored the 
feasibility of its method on guava, and analyzed its possible antioxidant 
mechanism, to provide theoretical guidance for extending the storage 
and preservation period of guava and commercial circulation, and 
provide theoretical basis for exploring fresh preservation methods for 
cold-sensitive fruits.

2 Materials and methods

2.1 Sample preparation

The fruit variety used in this study is known as Pearl Guava, which 
was collected from a farm in Changtai County, Zhangzhou, Fujian 
Province. The guava fruits were harvested at the commercial stage of 
ripeness (80% maturity, green color) and immediately transported to 
the laboratory through the cold chain at low temperatures. Guava 
fruits with uniform size and color and intact fruits were selected, and 
damaged and diseased fruits were discarded.

2.2 Effect of storage temperature on 
quality of guava

2.2.1 Sample handling
Guava was treated with different methods, including the 

temperature constant group and temperature fluctuation group. The 
temperature constant group was divided into four groups, which were 
stored in the cold storage at 4°C, 6°C, 8°C and 10°C for 25 days. In the 
temperature fluctuation group, the guava was first placed in cold 
storage at 6°C, and then the cold storage temperature was adjusted 
every day. According to the process of 6°C → 4°C → 2°C → 4°C →  
6°C → 4°C → 2°C → 4°C, the guava was stored in the cold storage at 
4°C for 18 days. The humidity of the cold storage was 85% ± 5%. Each 
treatment group was subjected to three biological replicates, each 
replicate contained 100 fruits, which were packed in perforated 
polyethylene (PE) bags with three fruits per bag. Samples were taken 
every 5 days for visual quality analyses, and the corresponding 
physiological and biochemical indexes were measured.

2.2.2 Measurement and methods of indices of 
fruits

Good fruit rate: The fruit quality was categorized based on the 
counting method proposed by Zhou et al. (2019) and presented in 
Table 1, while the calculation of good fruit rate was performed using 
Formula (1):
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Good fruit rate

Number of fruit at level level

Total num
%( ) = +0 1

bber of fruit
×100%

 
(1)

Firmness: According to the method of Río Segade et al. (2013). 
Fruit firmness was measured using a fruit durometer (Model GY-4, 
Handpi, China) equipped with a Φ11mm probe. The probe penetrated 
the fruit to a depth of 10 mm at a constant speed, ensuring uniform 
insertion for accurate firmness readings.

Total soluble solids (TSS): Guava fruits were juiced using a juicer 
(Model MJ-ZZ12W7–002, Midea, China), and then the TSS content 
of the extracted juice was measured using a hand-held refractometer 
(Model PAL-1, Atago, Japan).

Weight loss rate: According to the method of Dong et al. (2021). 
The weight of guava during different storage periods was measured 
using an analytical electronic balance (Model HT224R, Vibra, Japan). 
The weight loss rate of fruit was calculated according to Formula (2):

 
Weight loss rate

Weight before storage

Weight after sto
%( ) = − rrage

Weight before storage
×100%

 
(2)

Respiration rate: According to the method of Wenyan et al. (2022). 
Each group randomly selected 15 fruits, divided into 3 times into 1 L 
container, allowing carbon dioxide and oxygen to accumulate in the 
box at 17°C. After 2 h, gas analyzer was measured using a portable O2/
CO2 analyzer (Check point 3, Mocon, Denmark). Calculated 
according to Formula (3):

 
Respiratory rate mg kg h/ ·

.
· · · · ·( )  = +









M N
T
V m h

22 4

273

273
(( )−1

 
(3)

Note: m represents sample mass, M represents the relative 
molecular mass of gas, T represents ambient temperature, N represents 
CO2 concentration, V represents the volume of the container used for 
determination, and h represents measurement time.

Titratable acid: According to the method of Deng et al. (2023). 
The guava was minced and weighed to 10.0 g, ground in a mortar, 
transferred to a 100 mL volumetric flask and constant volume, and 
shaken on a rotary shaker (Model OS-20F, Oaic, China) to ensure 
thorough mixing. The solution was allowed to stand for 30 min and 
then filtered through filter paper. Titratable acid was determined by 
titrating 20 mL of the filtrate with 0.01 M NaOH to pH 8.3. The results 
were represented as percentage of malic acid (g of malic acid per 100 g 
fresh weight).

Soluble sugar: Determined by anthrone colourimetric method 
(Niels, 2010). In brief, the samples were boiled twice and filtered after 
grinding in a mortar, and the filtrate was collected twice and constant 
in 100 mL volumetric flasks. After dropping anthrone solution, 
distilled water, and concentrated sulfuric acid, the absorbance of guava 

was measured in a water bath for another 1.0 min, with distilled water 
as the control, and repeated three times. The standard curve was 
drawn to measure the soluble sugar content of guava.

2.3 Effect of CST on quality of guava

2.3.1 Cold shock treatment
Using the cold air cold shock method, fresh guava fruits picked 

from the farm were placed in 0°C cold storage for 6, 9, and 12 h of air 
cold shock, and then stored in 4°C cold storage. The control group did 
not do any treatment and was placed in 4°C cold storage. Each group 
of 100 guavas, packed in perforated PE bags with three fruits per bag. 
Samples were taken every 5 days for visual quality analyses and the 
corresponding physiological, and biochemical indexes were measured.

2.3.2 Measurement and methods of indices of 
fruits

2.3.2.1 Chilling injury incidence and CI index
The degree of CI in guava was graded according to the method 

proposed by Lian (2014) as shown in Table 2. The incidence of CI and 
CI index were calculated according to the following Formulas (4, 5):

 
CI incidence

Number of CI fruits

Total number of fruits
%( ) = ×100%%

 
(4)

 
CI index £

CI level Number of fruits at that level

Total nu
%( ) = ×

×4 mmber of fruits  
(5)

2.3.2.2 Physiological and biochemical index
The measurement methods of Firmness, TSS and weight loss rate 

are the same as those described in section 2.2.2.
Soluble protein content: According to Coomassie brilliant blue 

staining method (Martins et al., 2022). In brief, the ground guava was 
centrifuged, and the extract was collected before the Coomassie 
Brilliant Blue G-250 solution was added. With distilled water as 
contrast, the use of ultraviolet visible spectrophotometer (Cary 60, 
Agilent, United States) determines the absorbance of the solution at 
595 nm, repeat 3 times. The soluble protein content of guava was 
calculated from the standard curve.

Malondialdehyde (MDA) content: According to the 
thiobarbituric acid (TBA) method (Fan et  al., 2023). In brief, 
guava tissue was finely homogenized under ice-cold conditions 

TABLE 1 Fruit quality classification.

Quality level 0 1 2 3

Fruit color Bright green or yellowish green Parietal lobe All brown All brown

Corrup No brown spots No mildew spots, full flesh Few mildew spots A lot of mildew, out of the water

TABLE 2 The standard for CI grading of guava.

CI level 0 1 2 3 4

CI surface area 0% 0 ~ 25% 25 ~ 50% 50 ~ 75% 75 ~ 100%

*The symptoms of guava CI are brown depression or water spots on the surface.
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to minimize enzymatic activity. The homogenate was centrifuged 
at 10,000 ×g for 15 min at 4°C, and the supernatant was collected 
for analysis. A volume of 2 mL of 0.6% (w/v) TBA reagent, 
prepared in 20% trichloroacetic acid (TCA), was mixed with 2 mL 
of the supernatant in a centrifuge tube. The mixture was 
incubated in a boiling water bath for 15 min and then rapidly 
cooled on ice. Clarification was achieved by re-centrifugation at 
10,000 ×g for 5 min. The absorbance of the supernatant was 
recorded at wavelengths of 532 nm, 600 nm (to correct for 
non-specific turbidity), and 450 nm. The measurements were 
conducted in triplicate for improved statistical reliability. The 
MDA concentration in the guava tissue was calculated using the 
following revised Formula (6):

 

MDA content mol L OD OD

 OD

µ / .

.

( ) = × −( )
− ×
6 45

0 56

532 600

450  (6)

Proline acid content: According to the method of Wang et al. 
(2007). Guava samples were homogenized in 3% (w/v) sulfosalicylic 
acid and centrifuged at 10,000 ×g for 10 min. The supernatant was 
subjected to a derivatization reaction. To 2 mL of supernatant, 
we added 2 mL of acid ninhydrin reagent and 2 mL of glacial acetic 
acid. The mixture underwent a heating step at 100°C for 1 h. Upon 
cooling to terminate the reaction, 4 mL of toluene was added to the 
reaction tube and vortexed for 15–20 s for phase separation. Once 
settled, the chromophore-containing toluene layer, now on top, was 
carefully collected. The absorbance of this toluene phase was measured 
at a wavelength of 520 nm against a toluene blank. This measurement 
too was replicated three times to ensure precision. The proline acid 
content was derived from a calibration curve plotted with known 
proline standards.

2.4 Effect of CST on reactive oxygen 
metabolism in guava

Ascorbic acid content: Determination by potassium iodate 
titration. Titrate the juice of the guava fruit using a standardized 
solution of 0.01 M KIO3 until the endpoint is reached, indicated by a 
persistent color change. Use a freshly prepared starch solution as an 
indicator. Perform the titration under acidic conditions by adding a 
small amount of dilute H2SO4 to the juice before titration starts. 
Calculate the ascorbic acid content using the volume of potassium 
iodate consumed and its molar concentration.

Superoxide Radica (O2−) production rate: According to the 
method of Lian (2014). Homogenize the peeled guava fruit and 
centrifuge at 4°C to obtain the supernatant. Prepare a reaction 
mixture containing the supernatant, phosphate buffer (pH 7.0), 
and hydroxylamine hydrochloride. Incubate at 25°C for 60 min. 
Add a solution of p-aminophenylsulfonic acid and 
α-naphthylamine to the mixture. Allow the reaction mixture to 
develop at room temperature in the dark for 20 min. Measure the 
absorbance at 530 nm against a reagent blank to nullify any 
background absorbance from the solutions themselves. Calculate 
the superoxide radical production rate using a standard curve, 
and perform the assay in triplicate.

Hydrogen peroxide (H2O2) content: According to the method 
of Lian (2014). Homogenize peeled guava fruit in ice-cold 
conditions and centrifuge to collect the supernatant. Add 
titanium tetrachloride-hydrochloric acid reagent to the 
supernatant, followed by concentrated ammonia to form a 
precipitate. After 15 min of reaction time, centrifuge and discard 
the supernatant. Wash the resulting pellet with an acetone 
solution multiple time. Re-dissolve the pellet in H2SO4 and 
measure the absorbance at 412 nm. Calculate the H2O2 content 
from a standard curve, conducting the assay in triplicate.

Superoxide dismutase (SOD) activity: Determination was 
performed according to the method described by Wisniewski and 
Dickinson (2003). Assemble a reaction mixture containing sodium 
phosphate buffer (500 μL, pH 7.8, 50 mmol/L), distilled water (500 μL), 
methionine (200 μL, 130 mmol/L), nitroblue tetrazolium (NBT, 
100 μL, 750 μmol/L), EDTA-Na2 (100 μL, 100 μmol/L), riboflavin 
(50 μL, 20 μmol/L), and guava tissue extract (0.1 mL). Expose the 
reaction to UV radiation (60 μmol·m−2·s−1) for 20 min, then measure 
the absorbance at 560 nm alongside blank controls. Define one unit of 
SOD activity as the enzyme quantity causing 50% inhibition of NBT 
photoreduction and express it as units per gram of protein.

Catalase (CAT) activity: Determined according to the method 
described by Yin et al. (2012). Combine the supernatant (200 mL) with 
sodium phosphate buffer (0.8 mL, pH 7.5) and freshly prepared H2O2 
solution (2 mL, 0.1 mol/L). Measure the change in absorbance at 
240 nm every 30 s for a total duration of 3 min. Express CAT activity 
as a change of 0.01 in absorbance per minute per gram of fresh weight 
(U g−1 FW).

Ascorbate peroxidase (APX) activity: Determined according to 
the method described by Pasquariello et al. (2015). Start the reaction 
by adding the guava tissue extract (0.1 mL) to the reaction buffer 
(2.6 mL) and initiate the reaction with H2O2 solution (0.3 mL, 
2 mmol/L). Monitor the decrease in absorbance at 290 nm and 
calculate APX activity. Define one unit of APX activity as the amount 
of enzyme that changes the absorbance by 0.01 units per minute per 
gram of protein.

Peroxidase (POD) activity: Determined according to the method 
described by Yan Q. et al. (2018). Prepare a reaction mixture consisting 
of phosphate buffer (50 mL, 0.05 mol/L, pH 6), guaiacol (28 mL), and 
H2O2 (19 mL). Add tissue supernatant to the reaction mixture (1 mL 
of the supernatant and 3 mL of the mixture were combined.) and 
monitor the increase in absorbance at 470 nm. Express the activity as 
a change in absorbance per unit time, ensuring the assay is conducted 
in triplicate for reproducibility.

2.5 Data processing

Data were processed and statistical analyses were conducted 
utilizing both SPSS 17.0 (SPSS Inc., United States) and Microsoft 
Excel 2019 (Redmond, USA) to compute the means and standard 
deviations (SD). All reported results represent the average of 3 
replicates. The least significant difference (LSD) test was used to 
test the significant difference between groups, p < 0.05 threshold 
was used to indicate that the difference was statistically 
significant. Graphical representations were generated with Origin 
software (OriginLab, United States).
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3 Results

3.1 Effect of storage temperature on quality 
of guava

3.1.1 Good fruit rate of guava
The effect of guava stored at varying temperatures over a 25-day 

period is shown in Figure 1. The good fruit rate can intuitively reflect 
the storage effect of guava, and the results are shown in Table  3. 
Guavas stored at 4 and 6°C maintained a 100% good fruit rate for the 
initial 10 days. After 10 days, the guavas kept at 4°C started to show 
signs of slight browning and water spots, which got worse. After 
15 days, obvious symptoms of CI appeared, and the final good fruit 
rate was only 40%. At 6°C storage for 15 days, no chilling injuries were 
recorded, and the good fruit rate reached 73%. At both 8 and 10°C 
storage temperatures, chilling injuries were absent, but elevated 
storage temperatures led to disease spots surfacing on the fruit from 
day five, followed by pedicel detachment. Late storage periods were 
marked by significant mold, with the situation being more serious at 
10 than at 8°C. Fruits stored at 4, 6, 8, and 10°C did not display 
chilling injury. Under fluctuating temperature storage, the guava 
cuticle did not show obvious water stains and brown depression but 
began to appear soft and rotten transparent phenomenon from the 
inside of the fruit, similar to the symptoms of water heart disease. By 
25 days, 70% of guava showed severe CI, varying degrees of soft rot 

and transparency, suggesting that 6°C presents the optimal 
storage effect.

3.1.2 Effect of storage temperature on guava 
quality attributes

Attributes such as firmness, total soluble solids, respiration rate, 
weight loss rate, soluble sugar and titratable acid are commonly used 
to evaluate the storage effect and quality of postlarval fruits. The 
results of the effect of storage temperature on guava storage quality are 
shown in Figure 2.

Storage temperature notably affected guava’s respiration intensity 
and soluble sugar content. In this study, the low-temperature storage 
group (4°C and variable temperature) was able to suppress early-stage 
weight loss rate and respiration intensity in fruits. Guava stored in 4°C 
cold storage showed slight CI on the 10th day, and many water spots 
or brown depressions appeared on the fruit epidermis after the 15th 
day, indicating serious CI. There was no obvious CI to the epidermis 
in the temperature fluctuation group during storage, but the inside of 
the fruit appeared soft and rotten and transparent from the 15th day, 
which was a more serious CI phenomenon from the inside of the fruit 
and seriously affected the storage quality. Guava stored at 6°C in cold 
storage has no CI, and 6°C can well inhibit the decline of soluble solids 
and soluble sugar, control the weight loss rate and respiration rate, 
effectively maintain the nutritional quality of the fruit, and the storage 
effect is good. Although guava stored in 8 and 10°C cold storage did 

FIGURE 1

Rendering of guava storage at different temperatures for 25  days. (A) Fresh guava after harvest, stored for 0  day; (B,C) Renderings of guava stored in 
cold storage at 4°C and 6°C for 25  days, respectively. (B) Guava showed CI and brown depression on its epidermis. (C) Good storage. (D,E) Renderings 
of guava stored in cold storage at 8°C and 10°C for 25  days, respectively; although no CI occurred, mildew appeared on the surface of the fruit. 
(F) Section diagram of fruits A–D, without quality deterioration. (G,H) Renderings of the temperature fluctuation group for storage for 25  days. The fruit 
skin did not appear CI, but the inside appeared soft and transparent symptoms.

TABLE 3 Effects of different storage temperature on good fruit rate of guava.

Group
Good fruit rate (%)

0  day 5  days 10  days 15  days 20  days 25  days

4°C 100 100 90 82 68 40

6°C 100 100 94 86 80 73

8°C 100 96 91 80 72 58

10°C 100 92 86 70 54 47

Temperature fluctuation 100 100 100 70 50 30
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not suffer from CI, the fruit will be  precocious due to the high 
storage temperature.

In conclusion, low temperature refrigeration reduced the 
respiration rate of guavas fruit, reduced the loss of fruit nutrients, 
effectively maintained the stability of guavas fruit, reduced the weight 
loss rate, slowed down the reduction of TSS, soluble sugar, titratable 
acid, and other respiratory substrates in the fruit, and prolonged the 
shelf life of the fruit. In addition, we found that 6°C was the best 
storage temperature, and within the set temperature interval, the fruit 
showed slight CI at 4°C, which we identified as the critical temperature 
of CI of guava. Therefore, we speculated that inhibiting the CI degree 
of guava stored at 4°C would improve its storage quality even more 
than that of guava stored at 6°C. We next investigated the effect of 
pretreatment (cold shock) on the inhibition of CI in guava fruits 
stored at 4°C.

3.2 Effect of CST on postharvest storage CI 
of guava

3.2.1 Storage of guava after CST for different 
times

The effect of CST for different times after storage in cold storage 
at 4°C for 25 days is shown in Figure  3. Compared to without 
post-CST storage, guavas’ quality post-25 days of storage markedly 
improved, underscoring that CST effectively enhances guava freshness 
and extends its shelf life.

3.2.2 Effect of CST on CI rate in guava
The area of the guava epidermis with CI is the most intuitive 

criterion to judge whether the fruit is CI, and the CI index and CI rate 
are the most intuitive evaluation indexes to judge whether the fruit is 
CI. The results are shown in Table 4. In the control group, the chilling 
damage rate reached 88%, and the chilling damage index reached 0.28. 
A serious CI occurred to the fruit. The CI rates of 12 h, 9 h and 6 h 
were 72, 56 and 42%, respectively. After CST, the rate of CI was 
decreased to different degrees. In the range of conditions set by the 
experiment, the storage effect was better with the increase of cold 
shock time. These results indicated that CST could inhibit the 
occurrence of CI of guava in different degrees.

3.2.3 Effect of CST on guava quality
This study applied CST to guavas for differing intervals, analyzing 

impacts on fruit quality, physiology, and biochemistry as depicted in 
Figure  4. All CST intervals conferred a degree of chilling injury 
prevention in the fruit. Within the experimentally established 
parameters, the protective effects were accentuated as cold shock 
duration increased.

CST reliably preserved the storage quality of guava, fruit firmness, 
total soluble solids content, weight loss rate and other aspects were 
better than the control group (p < 0.05). Cold shock for 6 h could also 
reduce the CI rate of fruits, but the nutritional quality and storage 
quality of fruits were not as good as other cold stress groups. CST 
could reduce the weight loss rate and malondialdehyde content of the 
fruit, maintain better firmness, reduce the loss of soluble solids, and 

FIGURE 2

Effect of storage temperature on the storage quality of guava. (A) Effect of storage temperature on the firmness of guava. (B) Effect of storage 
temperature on the respiration rate of guava. (C) Effect of storage temperature on weight-loss ratio of guava. (D) Effect of storage temperature on total 
soluble solids of guava. (E) Effect of storage temperature on soluble sugar of guava. (F) Effect of storage temperature on titratable acid content of 
guava. The alphabets represent the significant difference at each time point (p  <  0.05).
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increase the content of proline and soluble protein (p < 0.05). Among 
them, the CST for 9 h and 12 h had better effects, which could better 
maintain the storage quality of guava after harvest, and the CST for 
12 h had the best effect.

Additionally, MDA, a by-product of membrane lipid peroxidation, 
is detrimental to fruit cells. As chilling injury’s severity increased, 
cellular MDA levels rose correspondingly. Free proline and soluble 
protein levels, positively correlated with fruit cold tolerance, were 
substantially higher in the 9-h and 12-h cold shock groups compared 
to the control group, while MDA content was significantly reduced. 
The heightened free proline accumulation correlated with the storage 
duration and potentially indicated cellular damage. The proteins and 
proline possibly work in synergy to maintain cell membrane integrity. 
The cold tolerance in the 9-h and 12-h cold shock groups was shown 
to be superior.

In conclusion, applying a 12-h CST demonstrated positive effects 
on guava fruit preservation. It effectively reduced the rate of weight 
loss, maintain better firmness (p < 0.05), and slow down the decline of 
TSS (p < 0.05), thus preserving the quality of guava fruit. Furthermore, 

CST improved the cold tolerance of guava fruit and inhibited the 
occurrence of chilling injury (CI) through several mechanisms. It was 
observed that CST inhibited the accumulation rate of malondialdehyde 
(MDA) (p < 0.05), increased the production rate of proline acid 
(p < 0.05), and enhanced the content of soluble protein (p < 0.05). 
These biochemical alterations contributed to the fruit’s enhanced cold 
resistance and delayed chilling injury manifestation. The efficacy of 
CST was influenced by both the temperature and duration of the 
treatment. Longer cold shock durations conferred better fruit storage 
quality under the experimental conditions set.

Moving forward, future research will concentrate on explicating 
the relationship between chilling injury in guava and ROS metabolism, 
alongside other indicators such as antioxidant enzyme activity, 
providing further insights into CST effects on guava preservation.

3.3 Effect of CST on reactive oxygen 
species metabolism in guava

The effect of CST on ROS metabolism in guava are shown in 
Figure 5. The CST group samples exhibited higher ascorbic acid, 
SOD, POD, CAT, and APX contents than the control group, 
substantiating CST’s role in bolstering guava’s antioxidant capacity. 
Throughout cold storage, levels of ascorbic acid, SOD, POD, and 
APX initially increased, then diminished, while CAT activity 
consistently declined. The degradation of ascorbic acid could 
impede the cold adaptability of guava under low-temperature 
storage. Cold shocks of 9 h and 12 h markedly elevated guava’s 
ascorbic acid content, with the 12-h group displaying the most 
significant enhancement. Low-temperature stress triggered the 

FIGURE 3

Rendering of the CST after storage at 4°C for 25  days after different times of CST. (A) Fresh guava after harvest, stored for 0  day; (B) Rendering of guava 
stored in cold storage at 4°C for 25 d without any treatment. (C–E) The rendering of guava after 6  h, 9  h, and 12  h CST for 25  days of storage, 
respectively.

TABLE 4 Effects of different storage temperature on good fruit rate of 
guava.

Treatment
Cold shock 

time (h)
CI rate % CI index

Control 0 88 0.28

0°C 6 h 72 0.26

0°C 9 h 56 0.16

0°C 12 h 42 0.13
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emergence of free radicals such as O2− and H2O2 within the fruit. 
Cold shocks of 9 h and 12 h notably decreased O2− production rate 
and H2O2 content. Concurrently, CST elevated activities of SOD 
and other antioxidative enzymes. Within the range of conditions 
in this experiment, the enzyme activity became stronger and 

stronger with the increase of cold shock time. Cold stress for 9 h 
and 12 h increased the enzyme activities of SOD, CAT, POD and 
APX, and cold stress for 12 h had the best effect. In conclusion, 
CST can improve the antioxidant capacity of guava, maintain the 
dynamic balance of ROS, and reduce the damage of CI to fruit.

FIGURE 4

Effect of CST on guava quality. (A) Effect of CST on firmness development of guava during storage. (B) Effect of CST on weight-loss ratio of guava 
during storage. (C) Effect of CST on total soluble solids matter content of guava during storage. (D) Effect of CST on malondialdehyde content of 
guava during storage. (E) Effect of CST on proline acid content of guava during storage. (F) Effect of CST on soluble protein content of guava during 
storage. The alphabets represent the significant difference at each time point (p  <  0.05).

FIGURE 5

Effect of CST on reactive oxygen species metabolism in guava. (A) Effect of CST on ascorbic acid content of guava during storage. (B) Effect of CST on 
O2− production rate of guava during storage. (C) Effect of CST on H2O2 content of guava during storage. (D) Effect of CST on SOD activity of guava 
during storage. (E) Effect of CST on CAT activity of guava during storage. (F) Effect of CST on POD activity of guava during storage. (G) Effect of CST on 
APX activity of guava during storage. The alphabets represent the significant difference at each time point (p  <  0.05).
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4 Discussion

4.1 Physiological and biochemical effects 
of low temperature storage on guava fruit

Fruits and vegetables carry a large amount of field heat after 
harvest, with strong respiration and vigorous metabolism. Plant 
respiration will consume substrates, resulting in the loss of water, TSS 
and soluble sugar (Mendoza et al., 2016). Low temperature treatment 
can effectively reduce the physiological and biochemical reactions of 
fruits and vegetables after harvest. In this study, during the cold 
storage of guava fruits at low temperature, low temperature reduced 
the transpiration of water in the fruit, reduced the production of 
ethylene, kept the fruit tissues in a firm, brittle state, reduced the 
weight loss rate, and inhibited the senescence of the fruit. Moreover, 
low temperature reduced the activity of enzymes related to respiration 
in fruits, reduced the intensity of respiration, and reduced the loss of 
nutrients (TSS, soluble sugar, titratable acid, and other substrates of 
respiration) in fruits. In addition, low temperature can also inhibit the 
growth and reproduction of microorganisms, effectively reduce the 
production of mildew spots, and prolong the shelf life of guava.

4.2 Effects of CST on metabolism and cold 
resistance in guava

In view of the situation that CI will occur when guava is stored at 
4°C, we designed a cold air CST for guava in a cold storage at 0°C, and 
refrigerated it in a cold storage at 4°C. Cold shock treatment slowed 
down the metabolic process by affecting the growth and metabolic 
activity of fruit, inhibited the synthesis and release of membrane lipid 
degradation product-MDA, and reduced the destruction of cell 
membrane. Moreover, low temperature will slow down the 
degradation rate of free proline. Because proline is highly hydrophilic 
and can stabilize the internal metabolic process, it can reduce the 
freezing point of protoplasmic colloids and tissues, prevent cell 
dehydration, and improve the cold resistance of plants. In addition, 
low temperature stress can regulate the gene expression of soluble 
protein, increase the content of soluble protein, increase the content 
of bound water in cells, improve the water retention capacity of cells, 
and increase the concentration in cytoplasm to reduce the occurrence 
of freezing. The results confirmed that CST could inhibit the 
production of MDA, increase the content of proline and soluble 
protein, increase the cold resistance of guavas fruit, and inhibit the 
occurrence of CI. Moreover, the CST technique has also been reported 
in bananas (Zhang et al., 2009), apricots (Yan J. et al., 2018), cherries 
(Alique et al., 2005), and avocados (Jiao et al., 2017) in could delay 
softening, reduce CI and maintain its quality in cold storage.

4.3 Effects of CST on ROS metabolism and 
antioxidant capacity in guava

ROS metabolism is closely related to the occurrence of cold injury 
in fruits and vegetables at unsuitable low temperature (Youxia et al., 
2022). Low temperature causes cell membrane damage in cold-
sensitive fruits through ROS accumulation (Vega-Alvarez et al., 2020). 
H2O2 and O2

− free radicals can cause oxidative damage, stimulate 

senescence, and lead to fruit deterioration (Jiménez-Muñoz et al., 
2021). In the present study (Figures  5B,C), H2O2 and O2

− were 
increased in both control and CST groups, but the content of CST was 
lower than that of control, indicating that CST can inhibit the 
accumulation of H2O2 and O2

− to alleviate CI.
The antioxidant system composed of SOD, POD, CAT, APX and 

other protective enzymes plays a vital role in the resistance of fruits to 
CI (Brennan and Frenkel, 1977). These enzymes cooperate with each 
other to form an antioxidant system, and then cooperates with 
non-enzymatic antioxidants such as ascorbic acid to remove excess 
reactive oxygen radicals in the body and avoid cell damage (Olga et al., 
2003). In this study, the increase of ascorbic acid content and activities 
of SOD, POD and APX were related to low temperature stress, and the 
decrease of CAT content and activities of antioxidant enzymes was 
related to the destruction of enzyme proteins by low temperature 
(Feng et  al., 2022). Low temperature cold shock treatment may 
increase ascorbic acid content by affecting the expression of proteins 
related to ascorbic acid metabolism pathway (Hui et  al., 2018). 
Alternatively, cold shock may also increase the expression of 
antioxidant related genes and enhance the accumulation of antioxidant 
enzymes while inhibiting their reduction through low temperature 
stress. Low temperature stress, ascorbic acid, and antioxidant enzymes 
work together to inhibit the production rate of O2

− and the content of 
H2O2 in guava fruit (Brennan and Frenkel, 1977), so free radicals are 
maintained at a low level, and thus the antioxidant capacity of the fruit 
is maintained and improved. Consistent with the findings, the 
enhanced antioxidant capacity of CST has also been found in green 
pepper, papaya, and avocados (Vincent et al., 2020; Feng et al., 2022; 
Nian et  al., 2022). Our results confirmed that CST could reduce 
oxidative stress in fruits, prevent chilling injury, mitigate losses, reduce 
fruit senescence, and maintain better fruit quality by increasing the 
activity of antioxidant enzymes.

The preservation of guava freshness is crucial to ensure its quality 
and extend its shelf life. Cold storage techniques play a significant role 
in achieving these goals. We compared various CST methods applied 
to guava freshness preservation, including ice-water CST and cold air 
CST, as well as other non-cold storage techniques. Ice water CST is a 
commonly used technique in the industry (Nian et al., 2022). An 
advantage is its ability to quickly cool fruits and reduce their 
respiration rate and metabolic activity. However, this method requires 
a constant supply of ice and water, making large-scale applications less 
economical. Additionally, controlling and maintaining the required 
temperature can be  challenging, which may result in potential 
temperature fluctuations that could affect fruit quality. On the other 
hand, the cold air CST applied in this study has several advantages 
over ice water CST (Yan J. et al., 2018). It involves circulating cold air 
around guava fruits to maintain low temperatures. Cold air CST is 
easier to control and operate, making it more suitable for large-scale 
promotion and application. It also provides a more uniform 
temperature distribution, minimizing temperature fluctuations and 
ensuring consistent fruit quality. Moreover, cold air CST is more cost-
effective because it does not require a constant supply of ice and water.

Among non-cold storage techniques, antioxidant treatment is 
commonly used (Hongbin et al., 2022). This method involves using 
antioxidants such as ascorbic acid, polyphenolic compounds, 
melatonin, and natural extracts to inhibit oxidative reactions in guava 
fruits, reduce oxidative damage, and extend their shelf life. However, 
further studies are needed to determine the optimal concentration and 
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treatment duration for effective preservation. Packaging technologies 
are another approach (Yadav et al., 2022), including film packaging, 
modified atmosphere packaging, and nano-packaging, among others. 
These techniques effectively slow the respiration rate of guava fruit, 
reduce water loss, and limit oxygen entry, thereby prolonging the 
fruit’s shelf life. However, the applicability and effect of different 
packaging technologies on guava fruit may be different, and the cost 
is high. Hormonal treatment is also an effective method, involving the 
use of hormones such as ethylene and gibberellin. These hormones 
can regulate the physiological activity of guava fruit, improving fruit 
quality, and enhancing resistance their cold resistance. However, strict 
control of hormone dosage and treatment time is necessary during the 
hormone treatment process to prevent hormone residue, which may 
pose potential risks to human health. The ability of ionizing radiation 
treatment to inhibit microbial growth and extend the shelf life of fruits 
has also been studied (Singh and Pal, 2008). However, concerns about 
the safety and public acceptance of this technology have limited its 
widespread application.

In conclusion, while various CST and non-cold storage techniques 
have been explored for guava freshness preservation, cold air CST 
demonstrates advantages in terms of control, operation, and cost-
effectiveness. It provides a viable option for large-scale application in 
the industry. However, further research is needed to better understand 
the mechanisms underlying guava fruit’s chilling injury and explore 
genetic approaches to enhance its resistance to CI and prolong shelf 
life. Continued efforts in this field will contribute to the development 
of improved preservation techniques for guava and other fruits.

5 Conclusion

This study has demonstrated that appropriate storage temperature 
and CST are critical in preserving the postharvest quality of guava. It 
was found that maintaining guavas at a storage temperature of 6°C is 
the most favorable condition, effectively preventing CI while 
conserving the fruit’s nutritional attributes. Moreover, implementing 
a 12-h CST emerged as a particularly efficient approach for 
significantly reducing CI, sustaining the fruit’s nutritive value, and 
bolstering the antioxidant defenses which, in turn, decelerate the onset 
of CI. The synergy of CST and meticulous temperature regulation 
shows promise in extending the shelf life and quality of guava, 
pointing towards a need for further research to understand the 
biochemical and molecular mechanisms at play. The findings of this 
study provide valuable support for the development and deployment 
of cold shock technology, which could significantly enhance the 
storage quality, shelf life, and economic value of guava, offering a 

referential framework for the cold chain transportation of other cold-
sensitive fruits.
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