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1  | INTRODUC TION

The strawberry (Fragaria × ananassa Duchesne) is one of the world's 
most popular fruits. Strawberries are produced in many countries; 
however, their cultivars, cultivation methods, distribution systems, 
and consumption trends vary greatly with country (Angelini, 2010). 
Strawberries have an extremely thin fruit skin and soft flesh; thus, 
their shelf-life is reported to be around 7 days, even when stored 
at a typical storage temperature of about 5°C (Ayala-Zavala, Wang, 
Wang, & González-Aguilar, 2004). Accordingly, a large number of 
studies have been conducted on strawberry storage and distribution 
technology development worldwide (Filho et al., 2018; Ktenioudaki, 
O’Donnell, & Nunes, 2019). Many reports indicate 0°C as the op-
timal storage temperature for strawberries because this tempera-
ture does not cause freezing and minimizes the occurrence of decay 

(Ayala-Zavala et al., 2004; Park, Kim, & Hwang, 2012). Low tempera-
ture inhibits growth of the fungus Botrytis cinerea, which plays a sig-
nificant role in the decay of strawberries (Ayala-Zavala et al., 2004; 
Sallato, Torres, Zoffoli, & Latorre, 2007). However, in practice, it 
is difficult to accurately set refrigerators to 0°C. The temperature 
at various locations in a typical industrial refrigerator can differ by 
2°C or more (Laguerre, Derens, & Palagos, 2002). Similar findings 
have been reported for the refrigerated containers used in trans-
port, depending on the position in the refrigerator and the operating 
conditions of the defrost cycle (Rodríguez-Bermejo, Barreiro, Robla, 
& Ruiz-García, 2007). The freezing point of strawberries differs de-
pending on their variety and ripeness, but it is generally reported to 
be around −1.1°C (Whiteman, 1977). Thus, the temperature at some 
of these locations may be lower than the freezing point of the straw-
berry. Freezing can destroy cell membranes and cause significant 
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loss of storability (Morris & Clarke, 1981). Therefore, the recom-
mendations of previous studies to store strawberries at 0°C have 
not been put to practical use, and a storage temperature of approx-
imately 3°C has been adopted as a practical storage temperature.

However, new refrigerated containers that can maintain their set 
temperature more accurately have been developed in recent years. 
We anticipate that these could also be used to store strawberries 
at temperatures very close to 0°C, on a commercial scale and cost. 
Therefore, in this study, we used this practical refrigerated container 
rather than an incubator to conduct long-term storage testing of 
strawberries at 0°C. Furthermore, the humidity and gas environ-
ment have a significant effect when storing fruits. As this container 
has no mechanism to control these factors, we considered using a 
film package to control them.

Th present studies on long-term cold storage of fresh strawber-
ries have been performed for 14–21 days (Ayala-Zavala et al., 2004; 
Matsumoto et al., 2008). Thus, we aimed to examine storage for 
28 days and beyond.

In addition, previous studies on strawberry storage have exam-
ined the appearance of decay and changes in the components of 
strawberries due to storage (Bang, Lim, Yi, Lee, & Lee, 2019; Pott 
et al., 2020; Yan et al., 2019). However, changes in the taste of 
strawberries due to storage have not been studied. Therefore, we 
evaluated the appearance, hardness, and natural compounds before 
and after storage, along with the taste. We investigated sugars and 
organic acids, the compounds that are abundant in strawberries and 
have a large effect on their taste (Rosenfeld & Ness, 2000).

2  | MATERIAL S AND METHODS

2.1 | Plant materials

Fresh strawberries (Benihoppe and Kirapika varieties) were used for 
the storage test and sensory evaluation. Both varieties were grown 
using elevated cultivation in a test greenhouse at the Shizuoka 
Prefectural Research Institute of Agriculture and Forestry (Iwata, 
Shizuoka, Japan). The Benihoppe variety was originally developed 
by the same government agency and is grown in various areas of 
Japan (Takeuchi, Fujinami, Kawata, & Matsumura, 1999). Kirapika is 
a new variety, also developed by the same agency, as a successor to 
Benihoppe (Kawata et al., 2016). When harvesting strawberries for 
the test, all ripe fruits were harvested in advance on the previous 
day, and only those that had just ripened on the next day were used.

2.2 | Strawberry packaging and storage

Each of the two strawberry varieties was tested with and without 
film packaging, at 0°C and 3°C. The ripe strawberries of each va-
riety were harvested on 29 November 2016. For each variety, 15 
strawberries were placed in a 15-hole pack to achieve a weight of 
around 250 g.

For each variety, one pack was covered with freshness preserv-
ing film (P-Plus, 0.03 × 380 × 270 mm, Sumitomo Bakelite Co., Ltd.), 
which was then heat sealed. The packaged and nonpackaged sam-
ples of each variety were then placed in the same cardboard ship-
ping box (264 × 362 × 366 mm).

The shipping boxes containing the strawberry packs were pre-
cooled for 18 hr in a 3°C refrigerator and were then transferred to 
one of two precise temperature-controlled refrigerated containers 
(Fresh Keeping Device “futecc,” Denso Corporation), one with the 
temperature set to 0°C, and the other set to 3°C and were stored 
for 28 days. For comparison, some of the precooled samples were 
not transferred to the refrigerated container (nonstored). The tem-
perature of 0°C was chosen to represent the lowest actual tempera-
ture for storing strawberries without freezing, and 3°C was chosen 
to represent the lowest temperature at which they can be stored 
without freezing in a conventional reefer container. After 28 days of 
storage, the shelf life of the strawberries was evaluated by sealing 
them in a thermostat chamber for 24 hr at 20°C (Ozkaya, Dündar, 
Scovazzo, & Volpe, 2009), because abnormalities may occur with 
some fruits and vegetables after transferring from a low tempera-
ture to a normal temperature (Eaks & Morris, 1956).

The oxygen (O2) and carbon dioxide (CO2) levels inside the film 
were also measured using a headspace gas analyzer for packaging 
(CheckPoint II, Mocon Europe A/S) at the end of cold storage for 
28 days.

2.3 | Temperature and humidity during storage, and 
strawberry weight

A temperature and humidity logger (K-295F, Fujita Electric Works 
Ltd.) were set up both inside the shipping box and inside the film 
packaging. Temperature and humidity were recorded every 10 min, 
starting immediately after the storage period began.

2.4 | Fresh weight and decay

For fresh weight, the strawberry samples were first weighed before 
storage. Then, the strawberries were stored for 28 days, left at 20°C 
for 24 hr, and measured again. The fresh weight before storage was 
defined as 100%. Fungal decay was determined visually during the 
course of the experiment. Strawberries showing mycelial develop-
ment on 5% or more of their surface were considered as decayed 
(Ayala-Zavala et al., 2004). The number of decayed samples was 
counted among 30 samples in each treatment group.

2.5 | Fruit hardness and color

To assess fruit hardness, samples of strawberries were removed from 
storage and left for 24 hr at 20°C in their packs. The fruit hardness 
of each individual strawberry was measured using a universal testing 
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machine (RE2-33005s, Yamaden Co., Ltd.). Each strawberry was di-
vided into two parts from the peduncle to the fruit apex, placed on 
a sampling stage with the cut side downward, and then penetrated 
with a cylindrical plunger (No.4) with a diameter of 3 mm at the high-
est point on the strawberry, at a rate of 10 mm/s until the distor-
tion factor reached 50%. The initial breaking stress in the obtained 
profile curve was set as the fruit hardness (Mochizuki et al., 2018).

The color of the fruit skin at the center of the fruit surface was 
measured using a colorimeter (CR-221, Minolta, Inc.), and the col-
ors were expressed using the L*a*b* color system formulated by the 
International Commission on Illumination (CIE 1976, CIELAB).

2.6 | TSS, free sugar, and organic acid in the juice

To produce the juice, the strawberry calyxes were removed, and 
they were then individually wrapped in a 100-mesh gauze and 
juiced in a juicer (Hand Juicer, Ito Seisakusho Co. Ltd.). The total 
soluble solid (TSS) content in the resulting juice was measured 
using a sugar refractometer (PAL-1, Atago Co. Ltd.). The juice was 
subjected to refrigerated centrifugation for 10 min at 6,400 × g 
at 4°C. The supernatant was collected, diluted 50-fold in water, 
and then filtered through a 0.45 µm filter. The levels of glucose, 
fructose, and sucrose, which are the main free sugars in straw-
berries (Paparozzi et al., 2018), were determined in the superna-
tant using high-performance liquid chromatography (HPLC). The 
analysis conditions were as follows: HPLC, Alliance2695 (Waters); 
column, SC1011 (8 mm I.D. × 300 mm, Showa Denko K.K.); eluent, 
water; flow rate, 1 ml/min; detector, differential refractometer 
(2414, Waters); standard: glucose, fructose, and sucrose (Wako 
Pure Chemical Industries).

The same juice supernatant was diluted fivefold in water, fil-
tered, and used for determining the levels of citric acid and malic 
acid, which are the main organic acids in strawberries (Koyuncu & 
Dilmaçünal, 2010), along with succinic acid using HPLC. The anal-
ysis conditions were as follows. HPLC, LC-10AD-Vp (Shimadzu 
Corporation); column: Shim-pack SCR102H (8 mm I.D. × 300 mm, 
Shimadzu); eluent: 5 mM p-toluenesulfonic acid aqueous solution; 
flow rate: 0.8 ml/min; detector: conductivity detector (CDD-6A, 
Shimadzu); standard: citric acid, malic acid, and succinic acid (Wako 
Pure Chemical Industries).

Based on the presumption that all fruit weight reduction would 
be due to a reduction in water content, the values of the obtained 
TSS, total free sugar, and total organic acid were divided by the value 
100 (%)—weight reduction portion (%), to control for the effect of 
compounds concentration by moisture depletion.

2.7 | Sensory evaluation of juices before and 
after storage

The effect of storage on the taste of strawberries was also 
evaluated. Ripe strawberries of each variety were harvested on 

9 April 2018. Half of the harvested lot were immediately juiced 
and frozen, and the other half were film packaged as described in 
Section 2.2, stored for 28 days at 0°C, and subsequently juiced 
and frozen (prestorage). Frozen samples were stored at −30°C. 
The juice samples of each treatment group were mixed before 
freezing. The taste of the juice samples from stored and fresh 
fruits was compared.

2.8 | Analysis of juice used for sensory evaluation

Strawberry juices were analyzed for TSS, free sugar, and organic acid 
by the same method described in Section 2.6, prior to their sensory 
evaluations. In addition, the number of aerobic bacteria and fungi 
in strawberry juice was counted. Thawed strawberry juices were 
diluted 10 times with sterile water to reach 106. For aerobic bac-
teria, diluted fruit juices were placed in a culture medium (Petrifilm 
for aerobic count, 3M Company), cultured at 35°C for 48 hr, and the 
colonies were counted. For fungi, diluted fruit juices were placed in 
a culture medium (Petrifilm for yeast and mold count, 3M Company) 
and cultured at 25°C for 72 hr, and the colonies were counted. The 
measurement was performed three times for each sample, and the 
average value was used. Microbial tests were performed according 
to the Association of Official Analytical Chemists (AOAC) official 
method.

2.9 | Sensory evaluation

The stored juices were thawed at 20°C immediately prior to sensory 
evaluation. The taste of the juices was assessed by a panel of 40 
participants from various age groups (7, 11, 9, 10, and 3 people in 
their 20s, 30s, 40s, 50s, and 60s, respectively), of both genders (21 
females and 19 males), and with varying educational backgrounds. 
The juices were presented in plastic cups (30 ml) and coded with 3 
random digits.

The attributes compared by the panelists were sweetness, 
sourness, flavor, and overall preference. The panelists assessed 
each attribute in a two-sample difference test (Meilgaard, Civille, & 
Carr, 2007), choosing the sample that they felt to more fully match 
a particular attribute.

2.10 | Statistical analysis

All measurements were performed at least in triplicate, and each 
value was expressed as the mean ± standard deviation (SD). Results 
were evaluated using ANOVA, and means were compared using 
Tukey's multiple range test for significance at a p value < .05. Angle 
conversion was applied in advance for the fresh weight test, thereby 
canceling out heteroscedasticity. In addition, the results of sensory 
evaluation were evaluated using a two-tailed test for a significance 
level of 5%.
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3  | RESULTS

3.1 | Temperature, humidity, and gas concentration 
during storage

The changes in temperature, humidity inside the shipping box, and 
that inside the film packaging during the storage period are shown 
in Figure 1. As there were no significant differences in temperature 
and humidity observed between the Benihoppe and Kirapika varie-
ties during storage, only the data for Benihoppe are presented.

In the device with the temperature set to 0°C, the maximum 
temperature was 0.2°C, the minimum was −0.7°C, and the mean 
was −0.3°C both inside the shipping box and inside the film. In the 
device set to 3°C, the maximum temperature was 2.7°C, minimum 
was 2.2°C, and the mean was 2.4°C.

Humidity at 0°C storage was lower than that at 3°C storage. At 
both temperatures, the mean humidity was 4%–5% higher with the 
film packaging than without it.

The CO2 concentration of the air inside the film after storage at 
0°C was 1.5% for Benihoppe and 1.4% for Kirapika; at 3°C, it was 
1.8% for Benihoppe and 2.1% for Kirapika.

3.2 | Decay, fresh weight, hardness, and colors

The occurrence of decay, fresh weight loss, hardness, and color after 
storage for 28 days is shown in Table 1, and the appearance of the straw-
berry fruit after storage is shown in Figure 2. For both Benihoppe and 
Kirapika varieties, storage at 0°C suppressed decay more effectively 
than that at 3°C. Furthermore, film packaging prevented the occurrence 
of decay in both the varieties at both storage temperatures. Notably, 
neither of the film-packaged samples of the two varieties stored at 0°C 
for 28 days and then transferred to 20°C for 24 hr showed any decay.

The results of fresh weight showed that with film packaging, the 
weight was maintained at 95% or more even after storage; however, 
without film packaging, it reduced to 90% or less. This difference 
was not affected by differences in storage temperature.

The hardness of strawberries stored without film packaging 
could not be measured using this method, because the strawber-
ries had become semi-dried and the cylindrical plunger did not stick 
during measurement; thus, break points could not be confirmed. 
Therefore, only data for the film-packaged strawberries are shown. 
In addition, decayed strawberries were omitted from measurement.

The fruit hardness did not change even after storage at 0°C for 
28 days for both Benihoppe and Kirapika. After 28 days of storage, 
there was a significant difference in hardness between the Kirapika 
samples stored at 0°C and 3°C. Upon storage at 3°C, Benihoppe 
showed no change in hardness compared with values before stor-
age; whereas, Kirapika showed decreased fruit hardness.

Color did not change before or after storage for 28 days for both 
the varieties and at both the temperatures.

3.3 | TSS, free sugar, and organic acid content 
in the juice

The TSS contents in the juice made from strawberry fruit after stor-
age for 28 days are shown in Figure 3. There was a significant reduc-
tion in juice TSS compared with that in nonstored juice for both the 
varieties when stored for 28 days under every condition except in 
film packaging at 0°C. Reduction in TSS was more inhibited by stor-
age at 0°C than at 3°C for both varieties.

Free sugar and organic acid contents in the juice made from the 
strawberries are shown in Figure 4. There was no significant differ-
ence in glucose content before and after storage for both varieties. 
Fructose content was significantly increased by storage at 3°C, irre-
spective of the variety and use of film packaging. Fructose content 
was significantly increased in Kirapika at 0°C with and without film 
packaging, but no difference was seen in Benihoppe. On the contrary, 
sucrose content was significantly decreased by storage irrespective of 
temperature, variety, and film packaging. However, there was no dif-
ference due to storage temperature or film packaging in either variety.

For organic acids, citric acid content was significantly reduced 
after storage, except when Benihoppe was stored at 0°C without 

F I G U R E  1   Temperature and humidity around the strawberries and inside the film packaging during the storage period. We recorded 
the temperature and humidity in the environment surrounding the “Benihoppe” strawberries stored under refrigeration at 0°C and 3°C. 
Strawberries without film packaging are indicated as －film and strawberries with film packaging are indicated as ＋film; the temperature and 
humidity inside the shipment box and film packaging were recorded for －film and +film strawberries, respectively
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film packaging, and when Kirapika was stored at 3°C without film 
packaging. Malic acid content was lower with film packaging than 
without packaging in both varieties after 28 days of storage. 
However, succinic acid content was higher with film packaging than 
without packaging.

3.4 | Evaluation of taste qualities of juices from 
strawberries before and after storage

The juices made from strawberries that were used in the sensory 
evaluations were also analyzed for TSS, free sugar, organic acid, 

and microbial load. The results are shown in Table 2. A comparison 
of the before and after values for the fruit juices showed that the 
TSS in Benihoppe decreased by 0.3%, and that there was no dif-
ference in Kirapika. When stored for 28 days at 0°C, there was a 
3.3% reduction in fresh weight in Benihoppe and a 3.4% reduction 
in Kirapika. There was no decrease in TSS in Kirapika. The water 
content of the Kirapika strawberries was reduced during storage, 
which should have concentrated the juice; nevertheless, TSS has 
not increased.

Comparison for organic acid showed that citric acid was de-
creased in Benihoppe and increased in Kirapika. Malic acid was 
decreased in both the varieties. The results showed that the total 

TA B L E  1   Difference in quality during long-term cold storage of strawberries

Sample Storage
Film 
packaging

Decay 
(%)

Fresh 
weight (%)

Hardness 
(N)

Color index

L* a* b*

Benihoppe Nonstored − 0 95.8 ± 0.2b - 28.7 ± 2.1 29.3 ± 2.2 19.8 ± 3.0

+ 0 98.8 ± 0.1a 2.40 ± 0.31 29.4 ± 3.0 32.0 ± 4.9 19.8 ± 3.0

0°C 28 days at 0°C − 10.0 88.1 ± 1.7c - 25.9 ± 3.9 26.8 ± 3.2 16.4 ± 4.4

+ 0 95.4 ± 0.3b 3.04 ± 0.35 31.5 ± 5.8 28.5 ± 4.5 19.4 ± 4.8

3°C 28 days at 3°C − 23.3 87.7 ± 1.0c - 27.3 ± 4.1 32.4 ± 4.6 17.0 ± 2.6

+ 6.6 95.6 ± 0.2b 2.89 ± 0.69 27.0 ± 2.6 30.2 ± 1.6 17.9 ± 3.1

Kirapika Nonstored − 0 95.6 ± 0.3b - 26.1 ± 1.1 31.8 ± 4.1 17.3 ± 1.7

+ 0 98.7 ± 0.1a 2.84 ± 0.51a 28.9 ± 2.3 30.6 ± 3.6 17.5 ± 3.8

0°C 28 days at 0°C − 16.6 86.8 ± 1.4c - 28.5 ± 5.1 27.5 ± 3.6 18.5 ± 4.8

+ 0 96.3 ± 0.4b 2.50 ± 0.28a 24.6 ± 4.4 24.5 ± 5.8 15.7 ± 6.8

3°C 28 days at 3°C − 53.3 85.3 ± 1.6c - 26.4 ± 5.7 31.4 ± 5.0 19.6 ± 5.0

+ 10.0 95.6 ± 0.2b 1.85 ± 0.27b 30.5 ± 1.2 29.3 ± 5.3 16.8 ± 2.7

Note: All samples were treated for 24 hr at 3°C before storage for precooling, and for 24 hr at 20°C after storage for the shelf life test. These 
treatments were also applied to samples not stored. Strawberries without film packaging are indicated as －film, and strawberries with film packaging 
are indicated as ＋film. Decay was calculated by investigating 30 fruits, and was set as decay of more than 5% of the surface area. Hardness was 
measured using a cylindrical plunger with a diameter of 3 mm. The fresh weight, hardness, and color index data are expressed as mean ± SD (n = 6).
Superscript letters indicate different significant differences in the mean values of each variety of fresh weight, hardness, and color as assessed by 
Tukey's multiple range test (p < .05). Angle conversions were used when analyzing the fresh weight.

F I G U R E  2   Appearance of strawberry fruits stored for 28 days
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amount of organic acid was decreased greatly in Benihoppe and did 
not change much in Kirapika.

The number of aerobic bacteria and fungi in strawberry juice did 
not change significantly before and after storage.

Sensory evaluation of the strawberry juices before and after 
storage was carried out with 40 panelists. The results are shown in 
Table 3. Regarding “sweetness,” there was no difference before and 
after storage for either variety. Regarding “sourness,” Benihoppe 
showed a significant decrease after storage. However, there was no 
difference for Kirapika during storage. There was no significant dif-
ference in the “Flavor” and “Overall taste” between the two varieties.

4  | DISCUSSION

This study on the storage test was focused specifically on ensur-
ing the quality of the strawberries used. We performed the test 
using only those fruits that had just ripened on the day of harvest. 
Therefore, although not many fruits were used in the test, it is con-
sidered that the results were reproducible.

The devices used for testing were set at 0°C and 3°C, with 0°C as 
the optimum strawberry storage temperature, and 3°C as the low-
est set temperature considering an error of approximately ±2°C in 
the existing devices (Laguerre et al., 2002). In the device with the 
temperature set to 0°C, the minimum temperature was −0.7°C both 
inside the shipping box and inside the film. However, there were no 
signs of damage from freezing on the fruit. The freezing point of 
strawberries is reported to be around −1.1°C (Whiteman, 1977). As 
the temperature did not fall below this level in the storage test, it can 
be concluded that the strawberries did not freeze. In summary, when 

the device was set to 0°C or 3°C, the mean temperature tended to 
be 0.3–0.5°C lower than the set temperature. This appears to be a 
characteristic of the reefer container used for the test.

For both Benihoppe and Kirapika varieties, storage at 0°C sup-
pressed decay more effectively than that at 3°C. No decay was ob-
served in both the varieties with fruits in film packaging stored at 
0°C. In contrast, at 3°C, some decayed fruits were seen—6.6% of 
Benihoppe and 10.0% of Kirapika. Fruits stored without film pack-
aging were unsuitable for consumption due to high percentage of 
decay. In addition, the fresh weight of strawberries without film 
packaging fell to 90% or less. This finding demonstrates that sim-
ply placing strawberries in refrigeration is insufficient to inhibit re-
duction in fruit weight over long-term storage; it also clarifies that 
the use of film packaging is required for long-term storage. This is 
because the weight loss was significantly greater than 6%, which is 
the accepted standard for the fresh weight of strawberries for pro-
duction (Nunes & Emond, 2007), even though decay occurrence 
was suppressed at low temperatures. In this test, the strawberries 
without film packaging were not of a suitable quality, even though 
they were not decayed. In contrast, the fruits with the film packaging 
were maintained at salable quality except for the decayed individ-
uals. Therefore, storing strawberries at 0°C with film packaging is 
expected to be put to practical use in the future.

For fruit hardness, strawberries stored without film packaging 
could not be assessed because the break points were not confirmed 
by drying. Further their texture was unpleasant when tasted. Thus, 
it was considered that even if decay had not occurred, their quality 
was not acceptable for eating. In contrast, strawberries wrapped in 
film could be eaten without any problems except for the decayed 
ones. For strawberries wrapped in film packaging, the effect of 

F I G U R E  3   Effect of storage 
temperature on total soluble solid (TSS) 
in strawberry juice with and without 
film packaging. Strawberries without 
film packaging are indicated as －film, 
and strawberries with film packaging 
are indicated as＋film. Based on the 
presumption that all fruit weight reduction 
would be due to a reduction in water, 
the values of the obtained Brix were 
divided by the value 100(%)—weight 
reduction portion (%), to control for the 
effect of component concentration by 
moisture depletion. Data are expressed as 
mean ± SD (n = 6). Mean values of each 
variety with different superscript letters 
are significantly different by Tukey's 
multiple range test (p < .05)
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temperature on hardness after storage differed according to the va-
riety. Specifically, the fruit hardness of the Benihoppe variety did not 
show any difference between 0°C and 3°C. However, in the case of 
Kirapika, the hardness did not change at 0°C as compared with that 
before storage, but was significantly softened at 3°C. Strawberry 
softening during ripening mainly occurs due to the solubilization and 
depolymerization of cell wall components mediated by the action 
of enzymes (Paniagua et al., 2017; Ramos et al., 2018). Our find-
ings thus suggest that there may be a difference in enzyme activity 
among different varieties.

The strawberry fruit hardens when the CO2 concentration is in-
creased, even for short periods (Chandra, Choi, Lee, Lee, & Kim, 2015; 
Li & Kader, 1989; Nunes, Morais, Brecht, & Sargent, 2002). The 
treatments in these studies were conducted with CO2 concentra-
tions of 5%–50%. However, as the CO2-enhancing treatments have 
been shown to affect flavor and taste (Bovi, Caleb, Ilte, Rauh, & 
Mahajan, 2018), we did not introduce any additional CO2 in the pres-
ent study, and chose a packaging film with high gas permeability, to 
prevent CO2 accumulation. The concentration of CO2 inside the film 
was less than 5% for both varieties at both storage temperatures 

F I G U R E  4   Effect of storage temperature on free sugar and organic acid in strawberry juice with and without film packaging. Strawberries 
without film packaging are indicated as －film, and strawberries with film packaging are indicated as＋film. Based on the presumption that all 
fruit weight reduction would be due to a reduction in water, the values of the obtained free sugar and organic acid are divided by the value 
100(%)—weight reduction portion (%), to control for the effect of component concentration by moisture depletion. Data are expressed as 
mean ± SD (n = 6). Mean values of each component with different superscript letters are significantly different by Tukey's multiple range 
test (p < .05)
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and did not reach the CO2 concentrations reported in previous stud-
ies. Therefore, in this study, the gas environment created by the film 
packaging did not contribute to the improvement in the strawberry 
hardness.

When assessing the appearance of strawberries, color change is 
very important in addition to decay and drying. Previous research on 
color indicates that it does not change significantly in strawberries, 
even when stored at 0°C (Sacks & Shaw, 1993). This was confirmed 
by the results of our storage test, in which there was no significant 
difference in the L*, a*, b* values in relation to storage temperature or 
film packaging, indicating that the color did not change significantly 
with storage at 0°C or 3°C.

Next, we examined the changes in strawberry quality consider-
ing the TSS, sugar, and organic acid concentrations in the juice, given 
that strawberries with higher TSS and TSS/titratable acidity ratio are 
preferred (Jouquand, Chandler, Plotto, & Goodner, 2008; Rosenfeld 
& Ness, 2000). There was a significant reduction in juice TSS for 
both varieties when they were stored for 28 days under every con-
dition except storage in film packaging at 0°C. Reduction in TSS by 
long-term cold storage has also been reported in grapes (Jung, Lee, 
Lee, Cho, & Lee, 2018). The reduction in TSS was inhibited more by 
storage at 0°C than at 3°C for both the varieties. Previous research 
has shown that the respiration rate of strawberries is suppressed 
dramatically as the storage temperature decreases (Barrios, Lema, & 
Lareo, 2014); thus, we assume that in the present study, respiration 
was inhibited more at 0°C than at 3°C, which in turn inhibited the 
consumption of TSS, which predominantly comprises of sugar.

Furthermore, we examined the major components of TSS, which 
are sugars and organic acids. Both the varieties showed a greater 
decrease in sucrose content than an increase in fructose, demon-
strating a reduction in total free sugar due to storage. Two types of 
sucrose metabolic pathways have been reported in fruit, involving 
sucrose synthase and sucrose invertase (Smith, 1999). The results 
of this experiment showed that fructose content increased in every 
kind of fruit in which sucrose content was decreased, suggesting 
that the sucrose had been decomposed into glucose and fructose 
by sucrose invertase. It is also reported that sucrose synthase activ-
ity is low in strawberries (Basson, Groenewald, Kossmann, Cronjé, & 
Bauer, 2010), which is also consistent with the results of the present 
experiment. In Benihoppe, there was no significant change in glu-
cose content, despite the decrease in sucrose due to cold storage, 
indicating that the glucose had been consumed by respiration.

For organic acids, citric acid content was significantly reduced 
after storage. In addition, succinic acid content was higher with film 
packaging than without packaging. The succinic acid generation 
pathway has been reported as follows: succinic acid dehydrogenase 
activity is lost in the TCA cycle when yeast is cultured under anaer-
obic conditions, partially modifying the TCA cycle and generating 
a reduction pathway leading to succinic acid formation (Arikawa 
et al., 1999; Muratsubaki, 1987). The conditions inside the film are 
not anaerobic, but as the CO2 concentration is higher than that in 
air, it is thought that a similar reaction might have occurred partially. 
Malic acid is thought to be partially metabolized to succinic acid TA
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through the aforementioned reaction, resulting in a higher rate of 
malic acid consumption with film packaging.

In the present study, no difference in the amount of total organic 
acid was found in Benihoppe strawberries irrespective of storage 
temperature or film packaging. However, in the Kirapika variety, a 
significant reduction in the amount of total organic acid was ob-
served, except when stored at 0°C without film packaging. Previous 
studies of varieties cultivated overseas have reported differences 
in organic acid metabolism during storage depending on the variety 
(Koyuncu & Dilmaçünal, 2010). The results of this storage test indi-
cated the existence of varietal differences in organic acid metabo-
lism during storage among strawberry varieties cultivated in Japan 
as well.

Storage test showed that storage at 0°C with film packaging 
was effective for the long-term storage of strawberries. However, 
even under optimal conditions, long-term storage decreases sugars 
and organic acids. Reduction in organic acids is said to be particu-
larly important among the causes underlying the insipid flavor and 
loss of taste in stored fruit (Wang, Tanaka, Morita, & Tanaka, 1997). 
However, the effects of reduced sugars and organic acids on taste 
have not been studied.

These tests showed that strawberries could be stored for 28 days 
if stored at 0°C in film packaging. However, it was also clarified 
that the amount and composition of sugars and organic acids may 
change. We thus conducted additional tests to investigate the effect 
of these on the taste. Specifically, we compared the juice made from 
strawberries before and after storage at 0°C with film packaging to 
examine the effect of changes in the amount and composition of 
sugars and organic acids on taste. The reason for using juice was that 
strawberries before storage had to be frozen to compare with straw-
berries after storage and thawed frozen strawberries have a very 
bad texture. Thus, we have determined that using thawed strawber-
ries is not suitable for evaluation. In this test, strawberries both be-
fore and after storage were frozen once, then thawed and squeezed 
for comparison. We performed microbial tests on the juices prior 
to sensory evaluation, to assess the risk of proliferating microor-
ganisms during the storage of strawberries even in the absence of 
apparent abnormalities in appearance. We measured aerobic bacte-
ria and fungi, as aerobic bacteria are used as an indicator of safety, 
and fungi are implicated as the main cause of decay in strawberry 
(Ayala-Zavala et al., 2004; Sallato et al., 2007). There was barely a 

change in the number of these organisms after storage, compared 
with values before storage, indicating that aerobic bacteria and fungi 
were hardly increased in strawberries during the storage condition. 
However, these microbiological tests used frozen samples; it is ex-
pected that the results would be different with fresh strawberries.

Regarding “sweetness,” there was no difference before and after 
storage for either variety. This suggests that the decrease in total 
sugar caused by storage for 28 days at 0°C was not at a level that 
affected the sweetness. In addition, changes in sugar composition 
due to the decrease in sucrose and increases in glucose and fructose 
did not affect sweetness. Regarding “sourness,” Benihoppe showed 
a significant decrease after storage, whereas Kirapika showed no 
difference. Total organic acid decreased by 0.74 g/L during storage 
in Benihoppe, but only by 0.02 g/L in Kirapika, a difference that most 
likely influenced the perceived difference in sourness. The level of 
malic acid was greatly decreased in both varieties, and so, the ratio of 
citric acid was increased relatively. However, considering that there 
was no difference in the sourness of Kirapika, this increase in the 
ratio of citric acid did not seem to have significantly affected the 
sourness. There was no significant difference in the “Flavor,” wherein 
the panelists chose the juice that they most strongly preferred. In 
addition, there was no difference in palatability of the “Overall taste” 
among the two varieties. However, despite this lack of difference 
in palatability, there was a significant increase in the sour taste in 
Benihoppe after storage, suggesting that a decrease in acidity does 
not lower palatability. This is consistent with a previous report that 
showed no correlation between palatability and sourness intensity 
in strawberry fruits (Schwieterman et al., 2014). In summary, these 
findings indicate that changes in the components of strawberry juice 
due to storage for 28 days at 0°C does not significantly affect the 
consumers’ taste preferences toward the flavor of strawberries.

Overall, this study demonstrates the practicality of long-term 
storage of strawberries at 0°C. Storage at 0°C reduces the occur-
rence of decay more than storage at 3°C does. It also suppresses 
softening of the fruit and reduction of sugars and organic acids, 
depending on the variety. Further, reduction of these sugars and 
organic acids does not affect strawberry palatability. However, long-
term storage of strawberries requires lowering the temperature as 
well as use of film packaging, which with optimal properties, pre-
vents drying. Strawberries are difficult to store for a long duration 
due to the thin fruit skin and soft flesh. However, our results suggest 

Attribute

Benihoppe Kirapika

Prestorage Stored Prestorage Stored

Sweetness 15 25 n.s. 15 25 n.s.

Sourness 34 6 *** 23 17 n.s.

Flavor 16 24 n.s. 18 22 n.s.

Overall preference 17 23 n.s. 21 19 n.s.

Note: "Sweetness" and "sourness" were investigated based on which felt stronger. "Flavor" and 
"overall preference" were investigated based on which was more preferable. (n = 40).
***Indicates a significant difference according to a two-tailed test at p < .001. 

TA B L E  3   Comparison of fruit juices of 
strawberries before and after storage by 
sensory evaluation
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that strawberries can be stored for more than 28 days using appro-
priate devices and packaging materials.
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