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Abstract: The short shelf-life and loss of bioactive compounds of strawberry fruit are the most
important problems during strawberry refrigerated storage. This study was carried out to evaluate
the effect of the pre-harvest foliar application of salicylic acid (SA) (2 and 4 mM), abscisic acid (ABA)
(0.25 and 0.50 mM), and methyl jasmonate (MeJA) (0.25 and 0.50 mM) three times, 10 d apart, at fruit
development and ripening stages on storage ability and bioactive compounds of strawberry fruit (cv.
Festival) stored at 4 ◦C for 12 d. Our results showed that fruit obtained from both concentrations
of ABA and 0.25 mM MeJA was firmer and had higher total soluble solids (TSS) than fruit from
non-treated plants. However, all previous applications had no significant effect on weight loss, pH,
or color. Applications of 4 mM SA and 0.25 mM MeJA conserved fruit from ascorbic acid (AsA)
loss compared to control at the end of the storage period. In addition, all pre-harvest applications
remained higher in total phenolic compounds (TPC) and anthocyanin contents compared to controls
at the last storage period. Hence, the pre-harvest application of SA, ABA, and MeJA could be used to
conserve TPC and anthocyanin as well as the quality of strawberry fruits during refrigerated storage.

Keywords: Fragaria × anannasa; plant growth regulators; phytonutrient compounds; post-harvest
quality; shelf-life

1. Introduction

Strawberry (Fragaria × anannasa Duch) is the most important cultivated crop belonging
to the Rosaceae family. Moreover, it is a highly nutritious and health-promoting food due to
its high vitamin (C and E), mineral, and phytochemical content, including anthocyanins
and phenolic compounds [1]. Previous studies reported that the regular consumption of
strawberry fruit could minimize some human vital diseases such as malignant (cancerous)
tumors, cardiovascular disease, and type II diabetes [2]. However, the storability of
strawberry fruit is very limited due to its high water content, high respiration rate, and
water loss rate [3]. Additionally, strawberry fruit is classified as a non-climacteric and
highly perishable fruit. Therefore, the fruits should be harvested at the fully mature stage
to obtain the best visual and nutritional quality. As a result, high fruit loss percentages
were recorded during post-harvest operations and refrigerated storage. Thus, pre and/or
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postharvest treatments are required to preserve quality and nutritional value after the
fruit harvest.

Many previous postharvest treatments have been applied to extend the shelf-life
and retard the deterioration of strawberry fruit such as melatonin application [1], hot air
and essential oils treatments such as tea tree [4] and citrus oils [5], edible coating with
ascorbic acid carried on aloe vera [6], plant growth regulator applications [7], ethylene action
inhibitor (1-MCP) treatment [8], coating with nano-chitosan and calcium chloride [9], and
UV-C treatment [10]. However, some of these postharvest applications are unrealistic due
to the difficulty of practical application, high economic value, or low customer acceptance.
Thus, the pre-harvest application of eco-friendly compounds to extend the shelf-life and
preserve the bioactive compounds of fruits and vegetables could be a suitable alternative.

Various pre-harvest treatments have been used to prolong the storage period, extend
the shelf-life, and maintain the quality of vegetable crops, such as supplementation using
different mineral fertilizers and bio-stimulants [11–13], the application of oxalic acid [14],
and chitosan oligosaccharide treatment [15]. To our knowledge, the influence of the pre-
harvest application of plant growth regulators, such as SA, ABA, and MeJA, has not been
previously studied, particularly on strawberry plants.

SA is a simple phenolic compound and is recognized as a plant growth regulator [16].
It has been known that SA controls some important physiological processes in the plant,
including ethylene production [17]. Previous studies have been conducted to investigate
the effect of pre-harvest SA application on storage ability and fruit quality of strawberry
fruits. For example, Shafiee et al. [18] reported that adding SA to the nutrient solution
during the growing season of strawberry plants resulted in less weight loss and decay as
well as higher firmness. In addition, it was confirmed that the ethylene production and
fungal decay of strawberry fruit were reduced by three applications of SA together (plant
foliar application, growth media application, and fruit dipping) [19]. It was also reported
that these three combined applications retained the overall quality of strawberry fruits.
In addition, pre-harvest foliar applications of SA positively enhanced the TSS and AsA
content of strawberry fruits [20].

ABA is classified as an inhibitor of organ growth. ABA showed a role for fruit ripening
in both climacteric, such as tomatoes and non-climacteric fruits including strawberry [21,22].
To our knowledge, there are no previous studies on the effect of the pre-harvest application
of ABA on strawberry fruits’ storage ability and quality.

MeJA is a plant growth regulator and has a role in the defense of the plant against some
plant pathogens [23]. It was shown that the post-harvest MeJA application has a positive
effect on maintaining quality, reducing decay, and enhancing antioxidant compounds [24].
In addition, it was observed that foliar applications of MeJA control the gene expression
responsible for fruit crops ripening [25]. However, the effect of the pre-harvest MeJA
treatment on strawberry fruits’ storage ability and quality has yet to be studied.

Our hypothesis is that the pre-harvest application of SA, ABA, and MeJA could
enhance the quality of strawberry fruits after harvest and during cold storage. Thus,
the current study was carried out to investigate the effect of the pre-harvest application
of strawberry plants with SA, ABA, and MeJA on weight loss, firmness, pH, titratable
acidity, total soluble solids, color intensity, AsA, total phenolic compounds (TPC), and the
anthocyanin content of strawberry fruits (cv. Festival).

2. Materials and Methods
2.1. Plants and Treatments

Strawberry (Fragaria × ananassa) transplants of cv. Festival were transplanted on
30 October 2018 in a plastic greenhouse at the Agricultural Experimental and Research
Station, Faculty of Agriculture, Cairo University, Giza, Egypt. The experimental plot was
2.1 m2 and the space between plants was 50 cm. Furthermore, there were 10–12 plants/plot
and the experimental soil was loam clay soil. The study used a randomized complete
block design (RCBD), which included seven treatments and four replicates. Treatments
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were pre-harvest-sprayed on whole strawberry plants. The treatments included: SA-2
(2 mmol SA), SA-4 (4 mmol SA), MeJA-0.25 (0.25 mmol MeJA), MeJA-0.50 (0.50 mmol
MeJA), ABA-0.25 (0.25 mmol ABA), and ABA-0.50 (0.50 mmol ABA). The control (CON
“seventh”) group was sprayed with tap water. Tween-20 was employed as a surfactant in
all treatments. SA and ABA were dissolved in 70.0% ethanol, MeJA in 95.0% methanol, and
all solutions were prepared using distilled water. At 10-day intervals, applications were
sprayed three times at different stages of strawberry plant development: full flowering,
production of green fruits, and the beginning of the pink stage, respectively.

2.2. Storage Experiment Design

The fruits were harvested at the 75% red color stage and were transferred to the
postharvest laboratory within 1 h. Next, the fruits were randomly separated into seven
groups based on size homogeneity and the absence of any visual flaws. Each treatment’s
fruit was packaged in clamshells (each having about 250 g) and preserved for 12 days at
4 ◦C and 95% RH. Clamshells were split into two groups for each treatment. To evaluate
weight loss, the first group was stored continuously during the experiment storage period.
Fruit quality measures (firmness, TSS, and color changes) and chemical parameters (pH,
titratable acidity (TA), AsA, anthocyanin, and TPC) were determined in the second group
at time intervals of 0, 4, 8, and 12 days from harvest. Each treatment was replicated
three times. Each replicate had ten clamshells. Fresh fruits were used for all physical and
chemical evaluations on the day of the assay.

2.3. Chemicals

Abscisic acid, methyl jasmonate, salicylic acid, ethanol (95.0%), methanol, standard
gallic acid, Folin–Ciocalteu reagent, potassium acetate, sodium carbonate, and HCl concen-
trated were purchased from Sigma-Aldrich (St. Louis, Missouri, MS, USA).

2.4. Physico-Chemical Quality

Weight loss % (WL%) was measured by weighing each replicate at day zero and
at 4, 8, and 12 days, which was represented as a percentage of the weight at day zero.
Firmness was measured by randomly selecting ten strawberry fruits from each treatment
and assessing firmness at two parts; the two parts examined were on opposite sides of
the fruits, in the center zone. A firmness meter (FT011 Fruit Firmness Tester; Wagner
Instruments, Italy) was used to measure firmness, and firmness values were recorded in
Newtons (N). On five strawberry fruits of each duplicate, the surface color was measured
using a colorimeter (CR-400 Chroma meter, Konica Minolta, Inc., Tokyo, Japan). L*, a*,
b* (L*: lightness, a*: positive values—redness, negative values—greenness; b*: positive
values—yellowness, negative values —blueness), chroma (C*), and hue angle (h◦) were
used to establish color characteristics for fruits. Each fruit’s surface color was assessed at
three different parts of the fruit [26]. When calibrating the colorimeter, a standard white
plate was used.

Ten strawberry fruits were ground in a blinder for juice extraction. A digital refrac-
tometer (model PR101, Co. Ltd., Tokyo, Japan) was used to determine the TSS% in the
extracted strawberry juice [27]. The pH of extracted strawberry juice was measured using
a digital pH meter (HI 9219, Smithfield, RI, USA). Using distilled water, 10 g of fruit was
homogenized and blended up to 100 mL. Then, in triplicates, 10 mL of the aliquot was
titrated with 0.1 N NaOH in the presence of phenolphthalein as an indicator, and the
titratable acidity percentage was estimated from the titter as the percentage of citric acid in
the juice [7].

2.5. Phytochemicals Profile

The titrimetric 2,6-dichlorophenol indophenol technique was used to evaluate the
ascorbic acid concentration [28]. The amount of ascorbic acid in the fruit was measured in
mg/100 g FW. Total phenolic compounds (TPC) in the fruit juice extract were quantified
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using the Folin–Ciocalteu reagent and standard gallic acid, as reported previously [29],
with minor modifications. In brief, strawberry aliquot puree was centrifuged at 8000× g at
25 ◦C for 20 min. To obtain a clear juice, the homogenate was filtered using filter paper. One
milliliter of clear juice was blended with 5 mL of a 1/10 dilution of the Folin–Ciocalteau
reagent. Sodium carbonate (7.5% w/v) was then added in 4 mL increments. Distilled
water was used to dilute the previous mixture solution to 100 mL. Then, the previous
solution was incubated at room temperature in the dark. A spectrophotometer was used to
measure the absorbance of the solution at 765 nm after 2 h of incubation (model UV-2401
PC, Shimadzu, Milano, Italy). Using the gallic acid standard curve, the TPC value was
calculated as mg of gallic acid equivalent mg/100 g of fresh fruit (FW) (mg GAE/100 g
FW). Four grams of fruit puree was extracted with 40 mL of ethanol: 0.1 MHCl (85:15%,
v:v) to quantitatively evaluate anthocyanin content. The mixture was then centrifuged for
20 min at 6000× g. The supernatant was then filtered before being collected and was used
to determine anthocyanin levels. The extracts (3 mL) were diluted in 5 mL of pH = 1.0 and
pH = 4.5 buffers. After 30 min of incubation at room temperature, the absorption (A) was
measured at 510 nm and 700 nm [30]. The following formula was used to determine the
absorbance values of the diluted samples (A):

A = (A510 − A700) pH1.0 − (A510 − A700) pH4.5. (1)

Total anthocyanin content was calculated according to the following equation:

TAC = (A × MW × DF × 1000)/(ε × λ × m), (2)

where A is the difference of absorbance between pH 1 and pH 4.5 solutions, MW is the
molecular weight (MW) 484.82 gmol−1 for C3G, DF is the dilution factor, ε is the molar
absorptivity (ε of 24,825 M−1 cm−1 (at 510 nm), λ is the cuvette optical path length (1 cm),
and m is the weight of the sample (g). The total anthocyanin content was calculated as mg
cyanidin-3-glucoside equivalent per kg dry extract (mg C3GE/kg).

2.6. Statistical Analyses

The experiment was performed twice, and the results were the same. To determine
the contributions of pre-harvest treatments, SPSS statistics software (SPSS for Windows,
SPSS Inc., Chicago, IL, USA) was used for statistical analysis. The data were submitted
for analysis of variance (ANOVA). The storage time (days) and treatments were the main
sources of variance. To compare means between treatments, Duncan’s test was performed
at a p < 0.05 level of probability.

3. Results
3.1. Influence of Treatments on Weight Loss, Firmness, and Color

The impact of foliar treatments of SA, ABA, or MeJA on weight loss and firmness of
strawberry fruits (stored at 4 ◦C for 12 d) is shown in Figure 1 and Supplementary Table S1.
There was incremental weight loss by increasing storage time (Supplementary Table S1).
After 4 d of refrigerated storage, 4 SA and 0.25 MeJA treatments significantly (p < 0.05)
induced weight loss as compared to untreated fruits and all other treatments (Figure 1A).
Moreover, after 8 and 12 d of storage, insignificant differences were detected between all
treated fruits and the control.

The firmness of strawberry fruit decreased with increasing storage time
(Supplementary Table S1), ranging from 2.63 N to 3.27 N and from 1.27 to 1.57 N at har-
vest time and after 12 d of storage, respectively. No clear significant differences were
obtained between treatments and the control at harvest time after 4 d of storage (Figure 1B).
Strawberry plants applied with 0.25 mM MeJA had significantly higher fruit firmness than
untreated plants after 8 d of storage, whereas after 12 d of storage, both concentrations
of ABA and 0.25 mM MeJA recorded significantly higher firmness values as compared to
untreated fruits.
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Figure 1. The effect of foliar application of salicylic acid (SA) (2 and 4 mM), abscisic acid (ABA) (0.25 and 0.50 mM), and
methyl jasmonate (MeJA) (0.25 and 0.50 mM) on (A) weight loss and (B) firmness of strawberry fruits stored at 4 ◦C for
12 days. Different letters for every storage point indicate significant differences (Duncan’s test, p < 0.05).

The impact of SA, ABA, and MeJA foliar treatments on strawberry fruit surface color
(stored at 4 ◦C for 12 d) is shown in Table 1. Insignificant differences were detected among
all treatments in color lightness (L*), redness (a*), blueness (b*), chroma (C*) and hue angle
(h◦) of strawberry fruit across all storage periods (Supplementary Table S2).

3.2. Influence of Treatments on TSS, pH, and TA

The impact of SA, ABA, and MeJA foliar treatment on TSS and pH of strawberry fruits
(stored at 4 ◦C for 12 d) is shown in Figure 2. The pre-harvest treatments significantly
affected TSS values (p < 0.05) (Figure 2A). At 0 d, fruits treated with 0.25 ABA and 0.25 MeJA
obtained significantly higher TSS values than the untreated fruits (control). After 4 d of
storage, the treatments recorded no significant differences as compared to untreated fruits.

However, after 8 d of storage, the lowest ABA concentration (0.25 mM) showed the
highest TSS compared with the control and most of the treated fruits—except MeJA0.50.
By the end of the storage period, ABA (0.25 mM) obtained the highest TSS compared
with applications by both concentrations of SA and untreated fruits. TSS values increased
in the control, and most of the treated fruits—by increasing the storage period to 4 d—
subsequently decreased after 8 d of storage especially at both concentrations of ABA and
0.50 MeJA. After 12 d of refrigerated storage, TSS values declined significantly with the
application of the highest concentrations of SA, ABA, or MeJA compared with the values
after 8 d of storage (Supplementary Table S3).
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Table 1. Effect of foliar application of salicylic acid (SA) (2 and 4 mM), abscisic acid (ABA) (0.25 and 0.50 mM), and methyl
jasmonate (MeJA) (0.25 and 0.50 mM) on surface color of strawberry fruits stored at 4 ◦C for 12 days.

Time Treatments L* a* b* C* h◦

0 days

2 SA 37.65 ± 1.90 a 34.06 ± 1.04 a 24.09 ± 3.36 a 41.88 ± 2.41 a 34.95 ± 3.43 a

4 SA 35.52 ± 1.14 a 32.21 ± 1.64 a 22.98 ± 2.43 a 39.58 ± 2.72 a 35.26 ± 1.58 a

0.25 ABA 32.59 ± 1.85 a 28.98 ± 2.69 a 16.36 ± 3.16 a 33.57 ± 3.75 a 28.68 ± 2.45 a

0.50 ABA 30.38 ± 1.94 a 23.72 ± 4.11 a 13.13 ± 3.40 a 27.16 ± 5.20 a 27.89 ± 2.86 a

0.25 MeJA 36.89 ± 2.42 a 30.34 ± 1.49 a 22.4 ± 4.67 a 37.94 ± 3.52 a 35.77 ± 4.81 a

0.50 MeJA 30.79 ± 1.12 a 24.49 ± 0.92 a 13.44 ± 1.55 a 27.98 ± 1.39 a 28.47 ± 2.18 a

Control 31.94 ± 0.24 a 31.57 ± 1.15 a 19.39 ± 1.67 a 37.15 ± 1.89 a 31.62 ± 1.43 a

4 days

2 SA 30.03 ± 0.32 a 27.13 ± 0.72 a 15.51 ± 0.70 ab 31.07 ± 0.40 a 29.80 ± 1.77 ab

4 SA 31.14 ± 0.19 a 27.54 ± 1.98 a 18.29 ± 0.79 ab 33.07 ± 2.08 a 33.74 ± 0.78 a

0.25 ABA 29.84 ± 0.65 a 26.00 ± 0.05 a 13.43 ± 0.16 b 30.15 ± 0.12 a 26.44 ± 0.23 b

0.50 ABA 30.44 ± 1.33 a 26.11 ± 1.86 a 18.65 ± 2.32 a 32.12 ± 2.86 a 35.15 ± 1.47 a

0.25 MeJA 31.19 ± 0.04 a 27.92 ± 0.54 a 16.98 ± 0.80 ab 32.68 ± 0.88 a 31.24 ± 0.71 ab

0.50 MeJA 30.23 ± 0.53 a 26.77 ± 0.93 a 15.75 ± 0.21 ab 31.08 ± 0.70 a 30.56 ± 1.20 ab

Control 29.16 ± 0.31 a 26.97 ± 0.27 a 15.78 ± 0.57 ab 31.27 ± 0.05 a 30.33 ± 1.16 ab

8 days

2 SA 32.79 ± 2.37 a 28.81 ± 2.37 a 18.20 ± 3.58 a 34.18 ± 3.89 a 31.6 ± 3.05 a

4 SA 34.80 ± 0.47 a 31.38 ± 0.41 a 24.00 ± 0.51 a 39.52 ± 0.52 a 37.44 ± 0.53 a

0.25 ABA 31.42 ± 1.44 a 28.51 ± 1.10 a 18.71 ± 2.12 a 34.28 ± 1.26 a 32.99 ± 2.83 a

0.50 ABA 39.27 ± 0.47 a 34.62 ± 0.51 a 29.74 ± 2.12 a 45.68 ± 1.70 a 40.61 ± 1.58 a

0.25 MeJA 36.33 ± 3.64 a 31.22 ± 2.41 a 27.07 ± 5.50 a 41.59 ± 5.02 a 39.88 ± 4.92 a

0.50 MeJA 33.30 ± 0.77 a 32.64 ± 0.97 a 21.05 ± 3.32 a 39.30 ± 2.28 a 33.34 ± 2.87 a

Control 37.87 ± 2.06 a 32.59 ± 1.72 a 27.73 ± 2.64 a 42.90 ± 2.23 a 40.28 ± 3.02 a

12 days

2 SA 30.75 ± 0.02 ab 30.45 ± 1.40 ab 17.96 ± 1.40 ab 35.42 ± 1.96 a 30.71 ± 0.99 ab

4 SA 27.39 ± 0.79 b 28.24 ± 0.94 ab 13.61 ± 1.43 b 31.38 ± 1.46 a 25.50 ± 1.62 b

0.25 ABA 29.37 ± 0.24 b 27.50 ± 0.76 b 17.15 ± 0.22 ab 32.43 ± 0.53 a 32.0 ± 1.04 ab

0.50 ABA 34.54 ± 2.07 a 31.85 ± 1.32 ab 24.38 ± 4.57 a 40.41 ± 3.80 a 36.26 ± 4.13 a

0.25 MeJA 30.14 ± 1.06 ab 29.81 ± 0.46 ab 19.13 ± 2.62 ab 35.67 ± 1.84 a 32.11 ± 3.13 ab

0.50 MeJA 33.34 ± 0.32 ab 32.57 ± 0.76 ab 23.51 ± 0.42 ab 40.17 ± 0.86 a 35.83 ± 0.15 ab

Control 33.29 ± 1.05 ab 31.35 ± 0.67 ab 24.21 ± 1.52 ab 39.38 ± 1.31 a 37.13 ± 0.91 a

Results are expressed as the mean ± SE of three replicates followed by a letter. Different letters indicate significant statistical differences
among foliar treatments in the same column (p < 0.05). L*, a*, b* (L*: lightness, a*: positive values—redness, negative values—greenness,
b*: positive values—yellowness, negative values—blueness), chroma (C*), and hue angle (h◦) were used to establish color characteristics
for fruits.

Horticulturae 2021, 7, x FOR PEER REVIEW 6 of 16 
 

 

0.25 MeJA 36.89 ± 2.42 a 30.34 ± 1.49 a 22.4 ± 4.67 a 37.94 ± 3.52 a 35.77 ± 4.81 a 

0.50 MeJA 30.79 ± 1.12 a 24.49 ± 0.92 a 13.44 ± 1.55 a 27.98 ± 1.39 a 28.47 ± 2.18 a 

Control 31.94 ± 0.24 a 31.57 ± 1.15 a 19.39 ± 1.67 a 37.15 ± 1.89 a 31.62 ± 1.43 a 

4 days 

2 SA 30.03 ± 0.32 a 27.13 ± 0.72 a  15.51 ± 0.70 ab   31.07 ± 0.40 a  29.80 ± 1.77 ab  

4 SA 31.14 ± 0.19 a 27.54 ± 1.98 a 18.29 ± 0.79 ab  33.07 ± 2.08 a 33.74 ± 0.78 a  

0.25 ABA 29.84 ± 0.65 a 26.00 ± 0.05 a  13.43 ± 0.16 b  30.15 ± 0.12 a  26.44 ± 0.23 b  

0.50 ABA 30.44 ± 1.33 a 26.11 ± 1.86 a 18.65 ± 2.32 a 32.12 ± 2.86 a 35.15 ± 1.47 a 

0.25 MeJA 31.19 ± 0.04 a 27.92 ± 0.54 a  16.98 ± 0.80 ab  32.68 ± 0.88 a  31.24 ± 0.71 ab  

0.50 MeJA 30.23 ± 0.53 a 26.77 ± 0.93 a 15.75 ± 0.21 ab  31.08 ± 0.70 a 30.56 ± 1.20 ab 

Control 29.16 ± 0.31 a 26.97 ± 0.27 a  15.78 ± 0.57 ab  31.27 ± 0.05 a  30.33 ± 1.16 ab  
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Figure 2. The effect of foliar application of salicylic acid (SA) (2 and 4 mM), abscisic acid (ABA) (0.25 and 0.50 mM), and
methyl jasmonate (MeJA) (0.25 and 0.50 mM) on (A) total soulble solids TSS (%) and (B) pH of strawberry fruits stored at
4 ◦C for 12 days. Different letters for every storage point indicate significant differences (Duncan’s test, p < 0.05).

Figure 2B shows that no significant differences were detected between untreated fruits
and all treated fruits at 0 d and after 4 d of storage. Moreover, it can be observed that the
pH values decreased significantly in the control and all treated fruits after 4 d of storage
(Supplementary Table S3). However, after 8 d of storage, the pH of untreated fruits was
significantly lower as compared with all treated fruits—except 0.25 MeJA. After 12 d of stor-
age, there were no significant pH changes among all treatments. The pH of untreated fruits
increased by increasing the days of storage from 8 to 12 d (Supplementary Table S3). On
the contrary, the remaining treatments did not record significant differences by increasing
the storage period to 12 d—except with 0.50 MeJA.

The impact of foliar application of SA, ABA, and MeJA on TA of strawberry fruits
stored at 4 ◦C for 12 d is shown in Figure 3A. TA, at harvest time, was the highest in
the fruits treated by 2 SA, 0.25, and 0.50 MeJA with significant differences compared to
untreated fruits. Moreover, the treated fruits with 0.25 MeJA obtained the highest TA
content after 8 d of storage in comparison with all treatments. After 8 d of storage, the
TA content decreased compared to the harvest day values or after 4 d of storage, and this
decrement continued until the end of the refrigerated storage (Supplementary Table S3).

3.3. Influence of Treatments on Ascorbic Acid, Total Phenolic, and Anthocyanin Content

Ascorbic acid content (AsA) decreased by increasing the storage time (Figure 3B). How-
ever, the loss of AsA—by increasing the storage period—was not significant either in treated
fruits with both concentrations of MeJA or untreated fruits (Supplementary Table S4). At
harvest time, the treated fruits with 4 SA obtained significantly higher AsA content than
the untreated fruits (Figure 3B). In contrast, insignificant differences were observed in
AsA amongst all treated fruits and the controls, after either 4 or 8 d of storage. However,
at the end of refrigerated storage, the treated fruits with 4 mM SA and 0.25 mM MeJA
obtained an AsA content significantly higher than in the control. The application of 4 mM
SA enhanced the AsA content at harvest time and at the end of storage. However, no
significant difference was obtained between the two SA concentrations.

Total phenolic compounds (TPC) were enhanced with storage time in all treatments
(Supplementary Table S4). Treatment with concentrations of SA, ABA, and MeJA signifi-
cantly increased TPC content in the fruits compared to untreated fruits from the beginning
until the end of storage (Figure 4A).
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Figure 3. The effect of foliar application of salicylic acid (SA) (2 and 4 mM), abscisic acid (ABA) (0.25 and 0.50 mM), and
methyl jasmonate (MeJA) (0.25 and 0.50 mM) on (A) titratable acidity and (B) ascorbic acid (AsA) of strawberry fruits stored
at 4 ◦C for 12 days. Different letters for every storage point indicate significant differences (Duncan’s test, p < 0.05).

Anthocyanin content of strawberry fruits increased significantly (p < 0.05) with stor-
age time (Supplementary Table S4). At harvest time, strawberry plants treated with both
concentrations of SA and MeJA showed the highest anthocyanin content compared to
the control. Moreover, both concentrations of ABA showed lower values of anthocyanin
content compared to the control and other treatments (Figure 4B). After 4 d of storage,
strawberry plants treated with 0.50 mM MeJA showed the highest anthocyanin values
compared to other treatments and the control. Strawberry plants treated with both con-
centrations of SA and a high concentration of MeJA (0.50 mM) maintained their superior
anthocyanin content in fruits after 8 and 12 d of storage compared to the control.

3.4. Correlation Study among Weight Loss (WL), Firmness, TSS, pH, Titratable Acidity (TA),
Ascorbic Acid Content (ASA), Phenolic Compounds, and Anthocyanin Content

A strong negative correlation (Table 2 and Figure 5) was found between weight loss
and other measured parameters such as firmness, TA, and AsA. In contrast, a positive
correlation was found between weight loss and chemical compositions of fruits such as
TPC, pH, and anthocyanin content.
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Figure 4. The effect of foliar application of salicylic acid (SA) (2 and 4 mM), abscisic acid (ABA) (0.25 and 0.50 mM), and
methyl jasmonate (MeJA) (0.25 and 0.50 mM) on (A) total phenolic compounds and (B) total anthocyanin of strawberry
fruits stored at 4 ◦C for 12 days. Different letters for every storage point indicate significant differences (Duncan’s test,
p < 0.05).

Table 2. Correlation study among weight loss (WL), firmness, TSS, pH, titratable acidity (TA),
ascorbic acid content (ASA), phenolic compounds (TPC), and anthocyanin content.

WL Firmness TSS pH TA ASA TPC

Firmness −0.889 *
TSS 0.11 −0.13
pH 0.305 * −0.383 * −0.007
TA −0.706 * 0.766 * −0.173 −0.712 *

ASA −0.544 * 0.571 * 0.051 0.042 0.308 *
TPC 0.871 * −0.813 * 0.213 0.327 * −0.657 * −0.413 *

Anthocyanin 0.722 * −0.663 * −0.08 0.322 * −0.559 * −0.375 * 0.643 *
* Correlation is significant at the p < 0.01 level.

In contrast, a positive correlation was recorded between firmness from one side
and TA and AsA from another side of the plant. On the other hand, a negative correla-
tion was found between firmness and some bioactive compounds such as TPC, pH, and
anthocyanin content.
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4. Discussion
4.1. Influence of Treatments on Weight Loss, Firmness, and Color

Weight loss is considered one of the most important quality parameters for fresh
vegetables such as strawberries. Our results showed that 4 SA and 0.25 MeJA increased the
weight loss of fruits after 4 d of storage. However, no significant differences were detected
among all treatments for the two other periods. These results are in accordance with
Baninaiem et al. [31], who found that the pre-harvest SA treatment had no significant effect
on the weight loss of tomatoes during refrigerated storage. However, other pre-harvest
SA application methods, such as the addition of nutrient solutions, might be significant
for reducing weight loss [18]. The differences in responses to previous research may be
related to the application method for plant growth regulators (foliar application or adding
nutrient solutions). In contrast, postharvest applications with SA and MeJA were more
effective in weight loss reduction in strawberries [7].

Our results showed that fruits treated with 0.25 mM MeJA had a positive role in
conserving firmness after 8 and 12 d of refrigerated storage. It has been reported that
exogenous MeJA application reduced the activity of some degradation enzymes such as
polygalacturonase, delayed cell wall degradation, and therefore, conserved firmness [32].
Our results are in agreement with Zuñiga et al. [33], who found that pre-harvest application
of MeJA had little or no effect on strawberry (Camarosa) firmness at harvest time. Moreover,
El-Mogy et al. [7] reported that postharvest treatment with MeJA obtained high fruit
firmness during 12 d of refrigerated storage, whereas at the last storage time point, both
ABA concentrations showed significantly higher firmness values compared to the control.
Previous work has indicated that two pre-harvest ABA applications had no effect on
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firmness during refrigerated storage (9 d) of two strawberry cultivars (Jewel and Wendy)
fruits [34]. The difference observed from our results could be due to the fact that our ABA
application was carried out three times prior to harvest and on a different cultivar (Festival).
From our results, it is clear that ABA application had little or no effect on strawberry
firmness loss during refrigerated storage. However, ABA was reported to promote fruit
ripening. This may be attributed to the ripening process of the fruit; development is
not only governed by the production of one phytohormone but also seems to be the
result of a controlled hormonal balance [35–37]. Hence, all ripening attributes may not
simultaneously appear by a single hormone application. Moreover, some studies have
reported that the fruit ripening mechanisms of non-climacteric fruits, that is, strawberries,
remain unclear [38].

Strawberry fruit color is the most important trait for visual quality, which is typically
accompanied by anthocyanin content [39]. No effects were recorded among all treatments
including the control of all fruit surface color parameters: lightness (L*), redness (a*),
blueness (b*), chroma (C*), and hue angle (h◦) across all storage periods. Our results are in
agreement with Aghaeifard et al. [40], who reported that pre-harvest SA foliar application
had no significant effect on the lightness (L*) of strawberry fruits during storage. Moreover,
previous work reported that SA-treated tomato plants had no significant effects on changes
in a* values during storage [31]. In this study, MeJA did not affect L*, a*, b*, C*, or h◦.
However, our results (shown in Figure 4B) showed that anthocyanin content increased via
pre-harvest MeJA application.

4.2. Influence of Treatments on TSS, pH and TA

ABA foliar application substantially enhanced the TSS content of strawberry fruits.
Importantly, Ayub et al. [41] agree with our findings. However, this contradicts previous
work [42]. In these studies, the authors reported that ABA application did not affect the TSS
of strawberries or grapefruits, respectively. Fruit ripening is accelerated by the combined
effects of different parameters, that is, color, TSS, firmness, and the accumulation of antho-
cyanin. Here, the fruits treated with ABA obtained high firmness and total anthocyanin,
especially at the last storage period. ABA application to fruit enhanced ethylene synthesis
and accelerated fruit ripening [42], which is in agreement with Lopes et al. [43]. Here, ABA
treatment showed the same effects on ripening parameters. Variation among the different
studies may be the result of differences in ripening stages or genotypes. In our study, fruits
were picked at 0.75% red color stage; Fan et al. [44] reported that the TSS of strawberry
fruits—especially at the de-greening stage (18 days after anthesis)—was not affected by
ABA treatment, in addition to varietal differences in each study.

MeJA application obtained a higher TSS value than untreated fruits. This result is in
accordance with Lolaei et al. [45], who reported that strawberry fruits treated with MeJA
had a higher soluble solids content than both tested cultivars. In our study, SA treatment
did not significantly affect the TSS content. This is in agreement with previous work [18],
which reported that pre-harvest SA treatment did not change fruit total soluble solids.
Moreover, El-Mogy et al. [7] found that postharvest SA treatment did not affect the TSS
content of strawberry fruits. In addition, Karlidag et al. [20] found that SA application
enhanced the TSS content of strawberry fruits compared to the control in both tested
growing seasons.

Application with 2 SA showed a high TA content at 0 d compared to untreated fruits.
This is in agreement with Lolaei et al. [46], who reported that pre-harvest SA application
enhanced the rate of TA in strawberry fruits as compared to the control. In contrast, in our
experiment, SA foliar application did not change TA in comparison with the control for the
other storage periods. Our result agrees with previous studies on strawberry [18,20] and
pineapple fruit [47].
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4.3. Influence of Treatments on Ascorbic Acid, Total Phenolic, and Anthocyanin Content

AsA was higher in SA-treated strawberry fruits. The highest SA concentration
recorded an AsA content higher than the lower concentration. Similar results have been
previously reported [20], in which SA significantly enhanced AsA content in strawberries
and in which this enhancement was improved by high SA concentrations. In addition,
Aghaeifard et al. [40] and Baninaiem et al. [31] reported that pre-harvest SA application
significantly increased the AsA of strawberry and tomatoes, respectively. Moreover, Pérez-
Llorca et al. [48] found that pre- and post-harvest SA application enhanced the accumulation
of bioactive compounds, which led to improved antioxidant activity in both climacteric
and non-climacteric fruits. In addition, Martínez-Esplá et al. [49] reported that SA-treated
plums obtained significantly higher ascorbic acid, anthocyanins, and phenolic compounds
content both at harvest and after prolonged cold storage. In fruits, SA application activates
ascorbate peroxidase, which enhances ascorbic acid and antioxidant ability [50]. Other
previous work [51] suggests that SA treatment may regulate AsA synthesis under stress
conditions or senescence. The obvious effect of SA on AsA content could be enhanced by
continuous SA application or increasing the SA concentration. Conversely, Lolaei et al. [46]
found that the AsA content in strawberry fruits was not affected by pre-harvest SA appli-
cation. In addition, Shafiee et al. [18] found that the AsA content of strawberry fruit was
unchanged in response to SA addition. It can be observed that ABA application did not
affect the AsA content in fruits. This is in agreement with Ayub et al. [41], who did not find
any changes in AsA content related to ABA application. The fruits treated with 0.25 mM
MeJA obtained significantly higher AsA than the control at the end of the refrigerated
storage. This is in agreement with Lolaei et al. [45], who reported a significant increase
in AsA content by increasing the MeJA concentration in both tested cultivars (Selva and
Queen Elisa). In our study, the highest MeJA dose was 0.50 mM; therefore, increasing
the dose above 0.50 mM would indeed show an obvious difference. Importantly, the
differences among tested genotypes in each study must be taken into consideration.

A similar TPC increase was observed in strawberry [52] and grape [53], which were
pre-harvest-treated with SA compared to the control. SA may interact as a modulator of
phenylpropanoid metabolism, resulting in the formation of phenolics and the stimulation
of enzymes involved in phenylpropanoid metabolism, such as PAL [54]. It has been
demonstrated that SA elicitation can cause PAL activity in apple fruits [51], resulting in the
formation of plant secondary metabolites. Furthermore, as observed in lemon fruit, MeJA
applied as a post- or pre-harvest treatment has significant effects on boosting bioactive
fruit components with antioxidant capacity, contributing to health benefits [55].

The total anthocyanin results are in accordance with Zuñiga et al. [33], who reported
that the pre-harvest application of 250 mmol/L MeJA improved the accumulation of an-
thocyanin in postharvest strawberry fruit. The application of MeJA has been shown to
increase anthocyanin accumulation in F. chiloensis and F. ananassa cv. ‘Camarosa’ and cv.
‘Aromas’ in in vitro ripening systems [23,56], due to a stimulatory effect on its biosynthesis
via JA signaling activation. This regulates the FaMYC and FaJAZs genes, leading to an
increase in bioactive jasmonoylisoleucine and JA-Ile biosynthesis [57]. As a result, the
regulatory (FaMYB10) and structural (FaANS, FaUFGT) genes involved in the strawberry
(Fananassa ‘Aromas’) anthocyanin production pathway were upregulated [23,56]. Fur-
thermore, Hadian-Deljou et al. [17] demonstrated that pre-harvest SA treatment (1 and
2 mM) showed an increasing tendency of anthocyanin content in apples until the 60th day
of storage, after which it began to decline. Although the role of SA in anthocyanin syn-
thesis is unclear, it is possible that SA might activate the main enzyme in the anthocyanin
biosynthetic pathway [54]. ABA also promotes color development in strawberries [58]
and mangoes [59] by increasing anthocyanin production during storage. Furthermore,
the anthocyanin synthesis pathway is more likely to be induced by ABA [38,59]. The
accumulation of ABA-induced anthocyanin enhances fruit color and also participates in
the activation of plant tissue defense against potential damage [38].
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5. Conclusions

The pre-harvest of ABA (at both concentrations) and 0.25 mM MeJA applications
prevented fruit softening and conserved TSS at the end of storage. All pre-harvest appli-
cations had no significant effect on weight loss, color, or pH during refrigerated storage.
The application of 2 mM SA and 0.25 mM MeJA had a positive effect on TA for some
storage periods. Some applications, such as 4 mM SA and 0.25 mM MeJA, conserved fruits
from AsA loss compared to the control at the end of the storage period. In addition, all
pre-harvest applications showed higher TPC and anthocyanin content than the control
at the end of storage. Our results conclude that the pre-harvest application of SA, ABA,
and MeJA could be more effective for conserving bioactive compounds. Moreover, due to
the scarcity of available literature on strawberries, further studies are required to support
our hypothesis.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/horticulturae7120568/s1. Table S1: Effect of foliar application of salicylic acid (SA) (2 and
4 mM), abscisic acid (ABA) (0.25 and 0.50 mM), and methyl jasmonate (MeJA) (0.25 and 0.50 mM) on
weight loss and firmness (N) of strawberry fruits stored at 4 ◦C for 12 days. Table S2: Effect of foliar
application of salicylic acid (SA) (2 and 4 mM), abscisic acid (ABA) (0.25 and 0.50 mM), and methyl
jasmonate (MeJA) (0.25 and 0.50 mM) on surface colour of strawberry fruits stored at 4 ◦C for 12 days.
Table S3: Effect of foliar application of salicylic acid (SA) (2 and 4 mM), abscisic acid (ABA) (0.25
and 0.50 mM), and methyl jasmonate (MeJA) (0.25 and 0.50 mM) on TSS, pH, and TA of strawberry
fruits stored at 4 ◦C for 12 days. Table S4: Effect of foliar application of salicylic acid (SA) (2 and
4 mM), abscisic acid (ABA) (0.25 and 0.50 mM), and methyl jasmonate (MeJA) (0.25 and 0.50 mM) on
ascorbic acid (AsA), total phenolic, and anthocyanin of strawberry fruits stored at 4 ◦C for 12 days.
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