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Abstract: Passion fruit (Passiflora edulis) is a highly perishable climacteric fruit that is susceptible to rapid postharvest 
deterioration including pericarp shrinkage and pulp separation. In this study, six preservation treatments were assessed 
for maintaining the quality of 'Qinguo No. 9' passion fruit: control (20  °C), water + 20 °C, 4  °C alone, water + 4  °C, 
CaCl2 + 20 °C, and their combination (CaCl2 + 4 °C). The lowtemperature treatments markedly decreased significantly 
reduced cumulative weight loss and maintained higher edible rates, with 4 °C alone showing the strongest effect in re-
ducing weight loss. In terms of nutritional attributes, the CaCl2 + 4 °C treatment produced the highest soluble sugar 
content during the middle stage of storage. In addition, both CaCl2 + 4 °C and CaCl2 + 20 °C treatments significantly 
delayed flavonoid degradation and maintained elevated total phenolic levels during late storage, suggesting a synergistic 
interaction between calcium and low temperature in regulating secondary metabolism. Rather than simply optimising 
individual quality indicators, the combined treatment effectively balanced water retention, sugar accumulation, and an-
tioxidant preservation throughout storage. These results indicate that CaCl₂ + 4 °C treatment represents a feasible strat-
egy for extending the commercial shelf life of passion fruit while preserving both sensory and nutritional properties, 
particularly through improved mid-term sugar retention and enhanced latestage phenolic maintenance.
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The family Passifloraceae contains more than 
500  species, the  majority of  which are distributed 

in  tropical and subtropical regions (Dos et al. 2018). 
The  principal cultivated species include purple pas-
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sion fruit (Passiflora edulis Sims), sweet passion fruit 
(Passiflora alata), and yellow passion fruit (P.  edulis 
f. flavicarpa) (Corrêa et al. 2016). Among these, yellow 
passion fruit is currently the most extensively cultivated 
variety worldwide (Pereira et al. 2023). The global pas-
sion fruit market was valued at nearly USD 12 billion 
in 2024 and is projected to expand at a compound an-
nual growth rate (CAGR) of 5.2% by 2031 (6Wresearch 
2025). By 2022, the cultivation area in China alone had 
reached 45 000 hectares. This fruit variety is widely fa-
voured by consumers because of its distinctive flavour 
and high nutritional content. At present, passion fruit 
is primarily consumed in the fresh form. The early fruit 
maturation period, occurring from late August to early 
September, generally coincides with conditions of high 
temperature and humidity. As a climacteric respiratory 
fruit, passion fruit exhibits accelerated respiration and 
transpiration rates after harvest, leading to continuous 
nutrient depletion. Consequently, several postharvest 
problems, including water loss, peel softening, shrink-
age, decapsulation, and decay, frequently occur, there-
by greatly reducing fruit quality and shortening storage 
duration. Therefore, the development of effective post-
harvest preservation and storage methods for passion 
fruit is of considerable importance.

Calcium ions perform diverse and essential functions 
in plant physiology, acting as important structural con-
stituents of cell membranes and cell walls, where they 
help maintain membrane stability and cell wall integri-
ty (Gao et al. 2019). Moreover, calcium ions have been 
reported to reduce fruit softening and browning while 
delaying the  senescence process (Suriati et al. 2021). 
Calcium chloride, a highly water-soluble calcium salt, 
has been recognised as safe by the US Food and Drug 
Administration (FDA) (El-Beltagi et al. 2022). Previous 
studies have demonstrated that postharvest CaCl2 can 
improve the antioxidant capacity of  fruits and vegeta-
bles, delay tissue softening (Gao et al. 2020), and de-
crease the  occurrence of  physiological disorders and 
diseases (Pourahmadi et al. 2019). For instance, in pa-
paya, both preharvest and postharvest calcium appli-
cations effectively delayed ripening and senescence, 
reduced postharvest disease incidence, and maintained 
overall fruit quality (Gao et al. 2020). Likewise, CaCl2 
treatment has been shown to preserve firmness, colour, 
and sugar and acid contents in tomatoes (Shehata et al. 
2021), while also improving antioxidant activity in pears 
(Zhang et al. 2019). In addition, Pan et al. (2023) report-
ed that  calcium chloride treatment can retard down 
cell wall softening and prolong shelf life. In agreement 
with these findings, our previous study demonstrated 

that 2% CaCl2 treatment produced the most favourable 
preservation effect (Zhang et al. 2024).

Low-temperature storage is generally considered one 
of the most effective and practical approaches for pro-
longing the shelf life of fruits and vegetables (Moretti 
et al. 2010). Previous studies have indicated that  low 
temperatures can significantly reduce respiration rates 
(Lv et al. 2022), inhibit the activities of enzymes such 
as  lipoxygenase and polyphenol oxidase in  pears (Li 
et al. 2023), slow down metabolic activity, and delay 
sucrose degradation (Wang et al. 2022). Furthermore, 
low-temperature storage can suppress microbial pro-
liferation and reduces mass loss (Qadri et al. 2015). 
For  instance, studies on sweet corn has  demonstrat-
ed that  low temperature storage effectively reduced 
respiration intensity and sugar depletion (Xiao et al. 
2023). However, passion fruit is particularly sensitive 
to postharvest temperature conditions. Previous stud-
ies showed that  storage at  4  ±  1 °C effectively main-
tained fruit quality by  slowing the  decline in  soluble 
solids, titratable acidity, and vitamin C content, while 
inhibiting superoxide anion production and delaying 
changes in  antioxidant enzyme activities (Ren et al. 
2024). Despite these advantages, limited information is 
available regarding the combined influence of calcium 
chloride and low temperature on the postharvest qual-
ity of passion fruit. Therefore, the present study used 
'Qinguo No. 9' to investigate the effects of a combined 
treatment consisting of 2% CaCl2 and low temperature 
(4 °C) on fruit quality during different storage periods. 
The low-temperature treatment (4 °C) was selected ac-
cording to the experimental design adopted in previous 
cold storage studies (Ren et al. 2024), with the objective 
of evaluating the preservation efficacy of lower storage 
temperature in  combination with calcium chloride 
treatment. Clarifying the postharvest quality changes 
of passion fruit and its responses to calcium ions and 
low temperature may provide valuable insights for im-
prove the preservation and quality maintenance of this 
economically valuable fruit.

MATERIAL AND METHODS

Sample collection
The study was conducted using one-year-old graft-

ed 'Qinguo No.  9' passion fruit seedlings cultivat-
ed at a passion fruit plantation in Zhongchen Town, 
Rongjiang County, Guizhou Province, China (25° 94' 
N, 108° 53' E, 291 m above sea level). This area is char-
acterised by  a  subtropical humid monsoon climate, 
with an average annual temperature of 18.1 °C, annual 
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sunshine duration of 1 141 h, and mean annual pre-
cipitation of 1 211 mm, most of which occurs between 
April and September. The  zonal soil was  classified 
as yellow loam and contained 0.68 g·kg–1 total nitro-
gen, 23.56 mg·kg–1 hydrolysable nitrogen, 16.85 g·kg–1 
total potassium, 113.73  mg·kg–1 available potassium, 
0.33  g·kg–1 total phosphorus, with a  soil pH of  6.5. 
In the experimental field, the orchard was established 
using high-ridge cultivation techniques, with a  ridge 
height of 60 cm, ridge width of 1 m, and ridge spacing 
of 3 m. In addition, a flat-shed vertical curtain trellis 
system was constructed using steel pipes spaced 4 m 
apart and steel wires with a diameter of 4 mm. 'Qin-
guo No. 9' passion fruits were harvested at commer-
cial maturity, which was  defined as  fruits exhibiting 
75–80% yellow peel colour. Only mature fruits without 
visible mechanical injury or pest damage were selected 
and analysed on the day of harvest.

Experimental treatment 
The experiment included six treatment groups: 

a  control group (Control 20  °C) without im- 
mersion treatment and stored at  20  °C; a  water 
immersion control group (Water + 20  °C), in  which 
fruits were immersed in distilled water at 20  °C and 
subsequently stored at  20  °C; a  low-temperature 
storage group (4 °C), where fruits were directly stored 
at 4 °C without immersion; a water immersion com-
bined with low-temperature storage group (Wa-
ter +  4  °C), where fruits were immersed in  distilled 
water at  20  °C and then transferred and stored 
at  4  °C; a  CaCl₂ treatment at  ambient temperature 
(CaCl2 +  20  °C), in  which fruits were immersed 
in a 2% CaCl2 solution (Sinopharm Chemical Reagent 
Co., Ltd., China, analytical grade) at 20  °C and then 
stored at 20 °C; and a combined CaCl2 and low-tem-
perature treatment group (CaCl2 + 4 °C), where fruits 
were immersed in 2% CaCl2 solution at 20 °C before 
storage at 4 °C. For each treatment, 25 fruits were im-
mersed for 10 min with continuous turning to ensure 
uniform treatment of the fruit surface. Following im-
mersion, the  fruits were naturally air-dried, packed 
into fresh-keeping PE film bags, sealed, and stored 
for  10 days under controlled conditions. The  ambi-
ent-temperature groups were maintained at 20 ± 1 °C, 
whereas the low-temperature groups were maintained 
at 4 ± 1 °C. Relative humidity under all storage condi-
tions was controlled at 80–85%. Fruit quality param-
eters were evaluated at two-day intervals. The edible 
portions were rapidly frozen in  liquid nitrogen and 
preserved at –80 °C for subsequent analyses.

Measuring indexes
Single fruit weight. During storage, 15  fruits from 

each treatment group were selected, and individ-
ual fruit weight was  measured every two days us-
ing an  electronic balance with an  accuracy of  0.01  g. 
The average fruit weight was subsequently calculated. 
Cumulative weight loss was calculated according to the 
following equation: 

Cumulative weight loss (%) = [(first measured 
average – measured average)/first measured 
average] × 100

Edible rate. Five fruits were randomly collected from 
each treatment group for determination of edible rate. 
The total mass of each intact fruit was first recorded, 
after which the pulp was separation from the peel and 
the peel mass was measured. The edible rate was calcu-
lated using the following formula: 

Editable rate (%) = [(whole fruit mass – peel mass) 
/whole fruit mass] × 100

Soluble solids. A PAL-1 handheld digital refractom-
eter was used to determine soluble solids content. Dur-
ing the storage period, five fruits from each treatment 
were selected every two days for  measurement, and 
the average soluble solids value (%) was calculated.

Soluble sugar and titratable acid. Soluble sugar 
content (g·kg–1) was  determined using the  anthrone 
method (Wang et al. 2015). Briefly, 0.5  g fresh fruit 
pulp was  extracted with 80% ethanol in  a  water bath 
maintained at 80 °C, after which the extract was react-
ed with anthrone reagent at 90 °C for 15 min. The ab-
sorbance of the final solution was measured at 620 nm. 
Glucose was used as the standard, and the results were 
expressed as  mg glucose equivalent per gram fresh 
weight. Titratable acid content (g·kg–1) was  measured 
using the NaOH titration method (Wang et al. 2024). 
A 1 g sample was homogenised with distilled water. Af-
ter centrifugation at 4 000 rpm for 10 min, the superna-
tant volume was adjusted to 25 mL. Following thorough 
mixing, a 5 mL aliquot was  titrated using 0.1 mol·L–1 
NaOH standard solution and the volume of NaOH con-
sumed was recorded for subsequent calculation.

Determination of vitamin C, total flavonoids, total 
phenol content

The vitamin C [Vc ()] content [mg·(100 g)–1] was de-
termined using the  2,6-dichlorophenol indophenol 
(DCPIP) method (Borba et al. 2021). In  brief, fresh 

(1)

(2)
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fruit pulp was  extracted using 1% oxalic acid solu-
tion, and the  obtained supernatant was  titrated with 
DCPIP solution until a  persistent pink endpoint ap-
peared. Vitamin  C content was  calculated according 
to  the volume of  DCPIP consumed and expressed 
as  mg of  ascorbic acid per 100  g fresh weight. Total 
flavonoid content (mg·kg–1) was  determined using 
the  ultraviolet absorption method, whereas  the total 
phenol content (mg·kg–1) was  analysed using the  Fo-
lin–Ciocalteu method (Matić et al. 2017). Briefly, fruit 
pulp samples were extracted with 70% ethanol. For de-
termination of total flavonoids, the extract was reacted 
sequentially with NaNO2, AlCl3, and NaOH, and ab-
sorbance was  measured at  510  nm. The  results were 
expressed as mg rutin equivalent (RE) per gram fresh 
weight. For total phenol analysis, the extract was mixed 
with Folin–Ciocalteu reagent and Na2CO3, incubated 
in darkness, and absorbance was measured at 765 nm. 
The results were expressed as mg gallic acid equivalent 
per gram fresh weight.

Data statistical analysis
All experiments were performed in sextuplicate, and 

the obtained results are expressed as mean ± standard 
deviation. Data processing was  carried out using 
Microsoft Excel 2010, while graphical visualisation 
was  prepared using GraphPad Prism (version 10.2.0, 
GraphPad Software, LLC, San Diego, USA). Statisti-
cal significance among treatments was analysed using 
the SPSS software (version 22.0, IBM SPSS, USA).

RESULTS AND DISCUSSION

Effects of  calcium compound low-temperature 
treatment on cumulative weight loss and edible rate 
of postharvest passion fruit. The cumulative weight 
loss of  fruits is mainly associated with metabolic ac-
tivities such as  respiration and transpiration. Previ-
ous studies have demonstrated that  calcium chloride 
treatment can effectively reduce the cumulative weight 
loss rate in fruits (Chen et al. 2011; Turmanidze et al. 
2016). In  the present study, compared with the  Con-
trol and Water + 20 °C groups, the treatments at 4 °C, 
Water + 4 °C, CaCl2 + 20 °C, and CaCl2 + 4 °C treat-
ments significantly decreased the  cumulative weight 
loss of passion fruit, among which the 4 °C treatment 
showed the strongest inhibitory effect (P ≤ 0.05). This 
phenomenon may be related to  the fact that  passion 
fruit is classified as a berry, while CaCl2 activates re-
lated enzymatic activities and metabolic regulation 
in  plants, thereby  alleviating chilling injury during 

low-temperature storage (Zhang et al. 2022). After 
10  days of  storage, the  cumulative weight loss of  the 
control treatment reached 13.00%. In contrast, the cu-
mulative weight losses under 4 °C, Water + 4 °C, and 
CaCl2 + 4 °C treatments were 6.25, 9.02, and 9.66%, re-
spectively, corresponding to reductions of 51.94, 30.59, 
and 25.68% relative to  the control (Figure 1A). These 
findings are generally consistent with previous reports 
on tomato and strawberry storage (Shahzad et al. 2020; 
Nuhu and Zarami 2023). 

During the  entire storage period, the  edible rate 
of the Control (20 °C) treatment continuously declined, 
whereas the remaining treatments generally exhibited 
an initial decrease followed by a subsequent increase. 
Compared with the control, all treatments significant-
ly improved the  edible rate of  the fruits after 8 and 
10 days of storage (P ≤ 0.05) (Figure 1B). This improve-
ment may be associated with the berry characteristics 
of passion fruits, where the applied treatments effec-
tively reduced juice water loss during the later storage 
stage, thereby maintaining a higher edible proportion 
of the pulp (Zhang et al. 2024).

A clear difference in cumulative weight loss was ob-
served between the  Control and Water  +  20  °C 
treatments (13.00% vs. 15.63%), whereas the variation 
in edible rate was much greater (51.94% vs. 67.75%). 
These results indicate that  cumulative weight loss 
alone cannot fully explain the variation in edible rate. 
In the control group, the lack of any preservation treat-
ment caused severe pericarp shrinkage, pulp adhesion, 
and a relatively high decay incidence, directly result-
ing in a marked reduction in edible pulp proportion. 
By comparison, although the Water + 20 °C treatment 
exhibited slightly greater cumulative weight loss, it 
maintained improved fruit integrity and lower decay 
occurrence, thereby preserving a comparatively high-
er edible rate. Among all tested treatments, storage 
at 4 °C alone was the most effective in minimising cu-
mulative weight loss, showing superior performance 
compared with water treatment alone, or CaCl2 treat-
ment alone. This result may be explained by the abil-
ity of  low temperature to  suppress respiration and 
transpiration rates, thereby reducing metabolic activ-
ity and lowering the water vapour pressure gradient, 
which directly limits moisture loss from the fruit sur-
face (Gidado et al. 2024). In contrast, the Water + 20 °C 
treatment failed to  reduce cumulative weight loss, 
probably because of increased surface moisture evap-
oration under ambient conditions. CaCl2 treatment 
alone (CaCl2 + 20 °C) mainly improves cell wall integ-
rity and membrane stability (Eroğul et al. 2024) rather 
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than directly suppressing transpiration or respiration. 
Under ambient temperature conditions, its protective 
effects were insufficient to offset the rapid water loss 
caused by active transpiration. This response may also 
be related to the hygroscopic characteristics of CaCl2 
and the temporary water film formed on the fruit sur-
face after treatment, which could alter water exchange 
dynamics. Nevertheless, the combined treatment ex-
hibited better performance in  other quality parame-
ters, including edible rate and nutritional composition 
(El-Bana and Ennab 2023), suggesting that the syner-
gistic interaction between calcium and low tempera-
ture play a more important role in preserving overall 
fruit quality rather than merely reducing cumulative 
weight loss.

Effect of  calcium compound low-temperature 
treatment on sugar-acid metabolism of postharvest 
passion fruit. During storage, soluble solids content 
(SSC) showed an initial increase followed by a gradual 
decrease, whereas cumulative weight loss consistently 
increased throughout the storage period. This trend re-
flects the dynamic balance between moisture loss and 
respiratory substrate consumption. During the  early 
storage stage, transpiration-induced water loss caused 
a  concentration effect, resulting in  increased SSC. 
At  the later stage, intensified respiration consumed 
soluble sugars and organic acids, eventually exceed-
ing the  concentration effect and leading to  a  decline 
in SSC. Cumulative weight loss, caused by both mois-
ture evaporation and respiratory CO2 release, continu-
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ously accumulated during storage (Wang et al. 2025). 
Low-temperature treatments significantly increased 
the soluble solids content of passion fruit. The soluble 
solids content of the Water + 4 °C treatment reached its 
peak at day 2, whereas CaCl2 + 4 °C showed the high-
est value at  day  6. The  remaining treatments also 
reached maximum value at day 6. After 8 and 10 days 
of storage, the 4 °C, Water + 4 °C, CaCl2 + 20 °C, and 
CaCl2  +  4  °C treatments significantly increased solu-
ble solids content compared with the control (P ≤ 0.05) 
(Figure  2A). Previous studies on strawberries report-
ed that  low-temperature storage combined with a 2% 
CaCl2 treatment significantly increases soluble solids 
content (El-Sayed et al. 2023), which is in  agreement 
with the present results. Similarly, Xu et al. (2023) ob-
served that  CaCl2 treatment alone enhanced soluble 
solid retention in  passion fruit, although low-tem-
perature storage was  not included in  their study.  In 
contrast, the combined CaCl2 + 4 °C treatment in the 
present study not only delayed the SSC peak but also 
maintained relatively higher SSC levels during the lat-
er storage stage, indicating a synergistic effect between 
calcium treatment and low temperature. This increase 
may be associated with the role of CaCl2 in preserving 
total sugar during fruit senescence, thereby maintain-
ing a higher soluble solids content (Sharma et al. 2006).

El-Sayed et al. (2023) reported that  fruits treated 
with 2% calcium chloride exhibited significantly higher 
soluble sugar content than untreated controls. In  the 
current study, soluble sugar content in  passion fruit 
generally showed a  trend of  initial increase followed 
by decline across most treatments, although the timing 
of  peak values varied among treatments (Figure  2B). 
In  the Control treatment, soluble sugar content in-
creased rapidly during the early stage, declined sharply 
during mid storage, and increased again afterwards. 
The  Water  +  20  °C treatment showed a  gradual up-
ward trend eventually reached the  highest soluble 
sugar level among all treatments at  the end of  stor-
age. Both the  4  °C and CaCl2  +  20  °C peaked during 
the middle storage stage and then gradually declined. 
The  Water  +  4  °C treatment exhibited an  early peak, 
followed by a sharp decrease and a later secondary in-
crease. Meanwhile, the CaCl2 + 4 °C treatment reached 
its highest soluble sugar content at  mid storage, and 
subsequently decreased substantially. Significant dif-
ferences among treatments were observed at  sev-
eral storage periods (P  ≤  0.05). During mid storage, 
CaCl2  +  4  °C and CaCl2  +  20  °C treatments showed 
the  highest soluble sugar contents, both significantly 
exceeding those of  the other treatments. At  the end 

of  storage, the  Water  +  20  °C treatment exhibited 
the highest soluble sugar content, significantly higher 
than all other groups. Notably, although CaCl2 + 4 °C 
treatment maintained the  highest soluble sugar con-
tent during mid storage, the sugar level declined rap-
idly during the  later storage stage, indicating that the 
combined effect of calcium and low temperature pro-
motes medium-term sugar accumulation but may 
not sustain this advantage during prolonged storage. 
This enhancement was mainly attributed to  low tem-
perature, which reduced the respiration rate, and to the 
ability of CaCl2 to interact with pectin and form calci-
um pectate thereby  limiting total sugar consumption 
and extending the storage period (Eroğul et al. 2024). 
During passion fruit storage, the titratable acid content 
generally showed an initial decline followed by an in-
crease, except in the Water + 4 °C treatment. At day 4 
of  storage, Water  +  20  °C, 4  °C, CaCl2  +  20  °C, and 
CaCl2 + 4 °C exhibited the lowest organic acid contents, 
with the greatest reduction observed in CaCl2 + 4 °C. 
In the later storage stage, the organic acid content in-
creased substantially. After day 10 of storage, the titrat-
able acid content in  Water  +  4  °C was  15.78% lower 
than that in the Control (Figure 2C), which was consis-
tent with previous observations reported for strawber-
ries (Lu et al. 2024).

The sugar-acid ratio of  passion fruit initially in-
creased and subsequently decreased during storage, 
which is commonly observed in  postharvest fruits 
and is closely related to  the balance between sugar 
accumulation and organic acid consumption (Han 
et al. 2024). At  day  4 of  storage, the  sugar-acid ra-
tio of  CaCl2  +  4  °C reached its maximum value and 
was significantly higher than those of the Control and 
Water + 20 °C treatments. This effect may be associat-
ed with the combined influence of calcium treatment 
and low temperature. CaCl2 likely promoted sug-
ar retention through stabilisation of  cell membranes 
and reduction of  respiratory substrate consumption, 
while low temperature further suppressed respira-
tion activity (El-Sayed et al. 2023; Eroğul et al. 2024). 
At day 6 of storage, the Control, Water + 4  °C, 4  °C, 
and CaCl2 + 20 °C treatments reached their respective 
peak values, among which 4  °C showed the  highest 
sugar-acid, significantly exceeding those of  the Con-
trol and Water + 20 °C treatments. This findings sug-
gested that low temperature alone was highly effective 
in maintaining a relatively high sugar-acid ratio during 
the middle stage of storage, likely because of its strong 
inhibitory effect on respiration and organic acid deg-
radation (Lu et al. 2024).
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Figure 2. Effect of calcium 
compound low-tempera-
ture treatment on sugar-
a c i d  m e t a b o l i s m 
of postharvest passion fruit
a–ddifferent letters within 
the same day indicate sig-
nificant differences among 
treatments (P < 0.05); error 
bars indicate standard error
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Figure 3. Effect of calcium 
compound low tempera-
ture-treatment on antioxi-
dant activity of postharvest 
passion fruit
a–cdifferent letters within 
the  same day indicate sig-
nificant differences among 
treatments (P < 0.05); error 
bars indicate standard error

Effect of  calcium compound low-temperature 
treatment on antioxidant activity of  postharvest 
passion fruit. Previous studies on strawberries and 
peaches demonstrated that  treatment with 2% CaCl2 
solution significantly increased Vc content (Turmanid-
ze et al. 2016). In  the present study, the  Vc content 

of  passion fruit showed a  general increasing trend 
during postharvest storage, and reached the  highest 
level at  10  days after harvest. At  6  days postharvest, 
all treatments except Water + 20 °C promoted Vc ac-
cumulation compared to  the initial value. By  day  10 
of storage, significant differences were detected among 
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treatments, with the  CaCl2  +  20  °C and 4  °C treat-
ments exhibiting the  highest Vc contents (P  ≤  0.05) 
(Figure 3A). The variation in treatment responses may 
be associated with the unique physiological character-
istics of passion fruit as a berry fruit. Compared with 
strawberries and peaches, which possess relatively 
stronger pericarp structures, passion fruit has  a  thin 
leathery peel and a high pulp moisture content, making 
it more vulnerable to rapid metabolic fluctuations and 
postharvest senescence (Chen et al. 2011). The marked 
increase in Vc content under CaCl2 + 20  °C and 4  °C 
treatments at  the later storage stage may also be ex-
plained by the combined role of calcium in preserving 
cell membrane integrity and low temperature in allevi-
ating oxidative stress, thereby delaying Vc degradation 
(Eroğul et al. 2024). In addition, the relatively high Vc 
levels observed in  these treatments were consistent 
with the  higher total phenolic contents (Figure  3C), 
implying a synergistic contribution to antioxidant ca-
pacity during the late storage period.

The total flavonoid content of passion fruit first in-
creased and then gradually decreased during the post-
harvest storage. The flavonoid peaks in Water + 20 °C, 
CaCl2 + 4 °C, and CaCl2 + 20 °C treatments appeared 
two days earlier than those in  the remaining treat-
ments. This earlier response suggests that  calcium 
treatment and low temperature may accelerate the ac-
tivation of phenylpropanoid metabolism. After 10 days 
of storage, CaCl2 + 4 °C and CaCl2 + 20 °C treatments 
significantly suppressed flavonoid degradation, and 
maintained higher flavonoid contents than the  other 
treatments (P ≤ 0.05) (Figure 3B). This sustained pres-
ervation effect indicates that calcium may play a more 
critical role in  delaying flavonoid degradation during 
extended storage, possibly through stabilisation flavo-
noid-related enzyme activities or reduction of  oxida-
tive turnover (Zhang et al. 2024). The ability of CaCl2 or 
CaM genes to induce the activities of enzymes involved 
in  phenylpropanoid metabolism further supports 
the regulatory role of calcium in promoting flavonoid 
accumulation (Xu et al. 2023).

The total phenolic content generally exhibited an up-
ward trend during postharvest storage. However, 
the  trends following CaCl2 + 4  °C and CaCl2 + 20  °C 
treatments showed a fluctuating pattern characterised 
by an initial increase, followed by a decrease and then 
another increase. This dynamic change may reflect a bi-
phasic stress response. The early increase was probably 
associated with activation of  phenylalanine ammonia 
lyase (PAL) activity induced by low-temperature stress 
and calcium signalling, whereas the decline during mid 

storage may have resulted from oxidative consump-
tion of phenolic compounds. The subsequent increase 
at  the later stage could be associated with secondary 
metabolic adjustments during fruit senescence, poten-
tially associated with lignin accumulation or the  syn-
thesis of  other stressrelated phenolic substances (Ma 
et al. 2023). At day 2 of storage, the total phenolic con-
tent in  the CaCl2  +  20  °C treatment was  significantly 
higher than that of the control (P ≤ 0.05) (Figure 3C). 
This increase may be associated with low-tempera-
ture stress responses in the fruit together with the role 
of  calcium ions in  stimulating active oxygen metabo-
lism, thereby promoting the accumulation of total phe-
nolics (Ma et al. 2023). Notably, although the combined 
CaCl2 + 4 °C treatment did not exhibit the highest total 
phenolic content at any single storage point, it showed 
a  distinctive biphasic variation and maintained com-
paratively high phenolic levels throughout storage. 
This observation suggests that  the synergistic effect 
between calcium and low temperature is more evident 
in sustaining phenolic metabolism rather than simply 
increasing peak phenolic accumulation.

CONCLUSION

The results of this study demonstrate that the com-
bined application of  calcium chloride and low-tem-
perature storage (4  °C) represents as  an effective 
postharvest preservation strategy for  maintaining 
the quality of passion fruit (Passiflora edulis cv. 'Qin-
guo No. 9'). Compared with the control, low-tempera-
ture treatments (4 °C, Water + 4 °C, and CaCl2 + 4 °C) 
significantly reduced cumulative weight loss and main-
tained relatively higher edible rates, with 4 °C treatment 
alone showing the strongest effect in minimising weight 
loss. Regarding nutritional quality, CaCl2 + 4 °C treat-
ment achieved the highest soluble sugar content during 
mid storage (day 6). In addition, both CaCl2 + 4 °C and 
CaCl2 + 20 °C treatments significantly inhibited flavo-
noid degradation and maintained high total phenolic 
levels during late storage (day  10), indicating a  syn-
ergistic interaction between calcium application and 
low temperature in regulating secondary metabolism. 
The combined treatment did not merely maximise indi-
vidual quality indicators but effectively balanced water 
retention, sugar accumulation, and maintenance of an-
tioxidant compounds throughout the  storage period. 
These findings suggest that the CaCl2 + 4 °C treatment 
has considerable potential for commercial application 
in  extending the  shelf life of  passion fruit, reducing 
postharvest losses, and preserving market quality.
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