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treatment
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Department of Horticultural Sciences, Faculty of Agriculture and Natural Resources, University of
Hormozgan, Bandar Abbas, Iran

Tomato fruits are usually characterized by a short postharvest life. Their quality
decreases during storage due to losses in nutritional quality and decay. Salicylic acid
(SA) has an important role in plant development and response to environmental
stress. This research aimed at evaluating the effects of preharvest salicylic acid
application on extending the storage life, and ripening of tomatoes (Solanum
lycopersicum cv. Baraka). As a hybrid seed, the "Baraka” cultivar is appropriate
for subtropical regions. Three consecutive weeks before harvest, foliar spraying
with SA was applied at different concentrations (1, 2, and 4mM). After storage for
10, 20, 30, and 40days at 10°C with 85-95% relative humidity (RH), the tomatoes
had decreased levels of a* value (redness), decay, electrolyte leakage, and chilling
injury after being treated with salicylic acid. In comparison to the control, these
characteristics were linked to increased levels of firmness, titratable acidity,
ascorbic acid, and ascorbate peroxidase activity. According to the findings, fruit
quality was best maintained at 4mM SA, whereas it was least effective at ImM SA.
Overall, the results showed that, SA can be considered a potent treatment that can
effectively control postharvest loss.

salicylic acid, tomato, ascorbate peroxidase, postharvest, chilling injury, storage, shelf
life

1. Introduction

Tomato is a popular vegetable that has a predominant role in many diets worldwide (Manaa
etal., 2014; Konagaya et al., 2020). Reportedly, physicochemical processes such as respiration
rate, ethylene synthesis, cell wall, and chlorophyll degradation play essential roles in fruit
softening and ripening. Therefore, during the ripening and senescence processes of tomato fruits,
significant changes can occur in flavor, metabolite content, color, texture, and plant hormones
(Baietal., 2021). On the other hand, to preserve the quality and freshness of perishable products,
it is necessary to limit the increase in respiratory rate during storage, thus advancing the
senescence process and extending the shelf-life of perishable crops (Supapvanich and
Promyou, 2013).

According to recent studies (Bai et al., 2021; Roohanitaziani et al., 2022), it is well known
that managing the postharvest loss of fruits in modern agriculture is of great importance due to
the globalization of markets, which may involve transits over very long distances between
producers and consumers. In tomatoes, an approach to the early management of postharvest loss
is to pick green or unripe fruits instead of red and ripe fruits. This is because the latter is more
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prone to damage during the delivery and postharvest periods. While
picking unripe fruits can extend shelf life, it can also lead to a decrease
in quality.

An efficient treatment that is commonly used in the horticulture
industry is cold storage, through which postharvest life can
be extended and fruit quality can be maintained (Bourne, 2006;
Aghdam etal,, 2013; Bai et al., 2021). Using cold storage entails specific
limitations in the postharvest management of fruits and vegetables,
which are usually susceptible to chilling injury (CI), especially when
stored in cold storage (Ding et al., 2002; Aghdam et al, 2013).
According to Elhadi and Jeffrey (2012), green mature tomatoes have a
higher chance of being damaged by low temperatures than red and ripe
tomatoes. The occurrence of chilling injury can be likely if the green
tomatoes are stored at temperatures as low as 12.5°C or, 13°C
(Rugkong, 2009) or, 10°C (Zhao et al., 2022). Saltveit (2001) reported
that the severity of chilling injury (CI) depends on the duration of
exposure and the specific temperature below the non-freezing
threshold at around 12°C. CI symptoms include an inability to develop
full fruit color, enhanced permeability of cellular membranes, and a
higher prevalence of disease and decay (Saltveit, 2001; Ding
et al,, 2002).

Reactive oxygen species (ROS) are usually generated in plants after
exposure to biotic and abiotic environmental stress. The activity of
ROS tends to harm cellular structures. Nonetheless, the deleterious
effects of ROS can be mitigated by a combination of non-enzymatic
antioxidants, such as carotenoids and ascorbate, as well as enzymatic
antioxidants, ascorbate peroxidase (APX) activity (Baninaiem et al.,
2016). Therefore, the defensive response in plants is known as systemic
acquired resistance (SAR), which can contribute to plant resistance
against a wide range of pathogens (Ding et al., 2002).

Postharvest technology aims to enhance the natural resistance of
horticultural produce against environmental stress during storage. The
available literature cites several indications of safe, and
environmentally-friendly techniques, like salicylic acid (SA), for
postharvest management. SA is a safe compound for the maintenance
of postharvest quality in vegetables and fruits (Supapvanich and
Promyou, 2013; Aghdam et al.,, 2016). SA is a phenolic compound that
acts as a plant hormone and exhibits a high potential for decreasing
postharvest loss. Its mechanism of action relies on the regulation of
membrane integrity, antioxidant system activity, and phenolic
compounds. Also, it aids in reducing ethylene production and the
spread of fungal contamination (Zavala et al., 2004; Cong et al., 2017;
Amiri et al.,, 2021).

The initiation of SAR is related to elevated concentrations of SA,
both at the infection site and frequently in remote tissues. Kumar et al.
(2020) reported that the dose of SA for exogenous application on
different kinds of fruits and vegetables is varied and limited. It is
suggested in earlier studies that the optimum range for SA, which are
non-toxic to fruit and vegetables, is approximately 0.5-2.0 mM and the
high concentration can cause the harm to fruit skin and can lead to the
attacks of fungi (Aghdam et al,, 2016).

Hayat et al. (2010) reported that MeSA levels in plant tissues also
parallel the increase in SA concentration locally and systemically after
infections. The following results have been obtained from experiments
conducted on tomatoes using MeSA: Zhang et al. (2011) mentioned
that after 4 weeks at 2°C, the CI index of cherry tomato fruit was 26%
higher than that of MeSA-treated (at a concentration of 0.05 mM) fruit.
Tomato fruits at the mature green stage were treated with salicylic acid
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at concentrations of 1 and 2mM and then stored at a temperature of
1°C for 3 weeks. The results showed that the application of salicylic
acid treatment effectively reduced chilling injury in tomato fruits.
Additionally, a concentration of 2mM was found to be the most
effective (Aghdam et al., 2012a). MeSA efficiently delayed CI in
tomatoes treated at the pink maturity stage at a concentration of 10™*
M before cold storage at 0°C for 3weeks (Fung et al., 2006).

Shietal. (2018) reported that exogenous SA can enhance resistance
to pathogens and reduce decay incidence in grapefruit. The results
showed that the combination of SA with chitosan treatment provided
more effective control against postharvest diseases than when either
SA or chitosan was used alone. Also, Zhang et al. (2022) reported that
combining blue light (BL) and SA reduced the rate of weight loss and
delayed its onset, thereby preventing strawberry decay. Spraying with
SA 2 weeks before the harvest of peach fruit caused an increase in
postharvest shelf life (Salyari et al., 2021). According to research by
Adhikary et al. (2020), SA treatment decreased decay incidence and
maintained the postharvest quality of pear fruits for up to 60 days in
cold storage.

In recent studies, exogenous SA could be used to enhance the
chilling resistance of tomatoes (Ding et al., 2002), cucumber (Cao
etal., 2009), peach (Benati et al., 2021), pomegranate (Sayyari et al,
2009), and sponge gourd (Cong et al., 2017). In the case of kiwifruit
and banana, salicylic acid reportedly delayed ripening while the fruits
were stored (Zhang et al., 2003). Given the possible long time it takes
from the harvest to the consumption of tomatoes, this period is
characterized by many physiological changes that occur in the fruit.
The ultimate goal of this study was to investigate the effects of SA
treatment, by spraying, with the aim of maintaining the qualitative
attributes of tomatoes in cold storage while rendering their postharvest
life longer.

2. Materials and methods
2.1. Plant materials and SA treatment

Tomato fruits (Solanum lycopersicum cv. Baraka) were cultivated in
greenhouse conditions at University of Hormozgan, Iran. SA was applied
as a preharvest spray on the tomatoes once a week, consecutively, for
3 weeks. The applied concentrations of SA were 1, 2, and 4mM. After
3 weeks, harvesting was done when the fruits were in the mature green
stage (fully expanded but unripe fruit with mature seed). The biological
color chart was used to determine the fruit’s color and maturity level. The
fruits were relocated to the laboratory and selected for uniformity in
color, size, and weight. After dividing the fruits, they were washed with
distilled water and air-dried. Each treatment group consisted of 60 fruits
with three repetitions (i.e., 20 fruits per replicate). The tomatoes were
maintained at 10°C and 85-95% relative humidity (RH) for 10, 20, 30,
and 40 days (Hatami et al., 2013). They were sampled for quality
evaluation every 10 days during the storage period.

2.2. Firmness and weight loss
Fruit firmness was calculated by a penetrometer (6 mm diameter).

The required force was provided through a flat probe that penetrated
the fruit at two points. The amount of force was measured and the
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firmness was expressed as kg/cm™ units (Shafiee et al., 2010). The
measurement of weight loss (%) involved calculating the percentage of
differences between tomato weights at the beginning and end of the
experiment, according to the following formula:

Weight loss (%)
= [(Fruit initial weight — secondary weight) / Fruit initial weight] %100

2.3. Color assessment

Fruit color was determined as the values of L* (black-white), a*
(green-red), and b* (blue-yellow). Mean values were calculated from
color assessment at three different points on the fruit by a Minolta
colorimeter model CR 400, Japan.

2.4. Chilling injury index and electrolyte
leakage

The index of chilling injury (CI) was individually assessed by
visible symptoms on the surface of tomato fruits (pitting and
dehydration), the symptoms of which were estimated as scores
according to a type of classification at 4 levels: 0 (no chilling injury), 1
(1-25%), 2 (25-50%), and 3 (>50%) (Sayyari et al., 2016). CI symptoms
were calculated by the following equation:

oo Z[(CI level ) x (number of fruit at each CI level)]

(total number of fruit)

According to a method by Mirdehghan et al. (2007), electrolyte-
leakage (EL) was determined from 6 pieces of fruit tissue (10 mm in
diameter) that were cut with a cork borer. The disks were put on a
shaker to be incubated for 4h in 25 mL (0.4 M) mannitol. Electrical
conductivity at the beginning (E1) was determined with a conductivity-
meter (Ttracon WTW 325). Then, to measure the final conductivity,
autoclaving was carried out at 121°C for 15min, and then the
temperature was reduced to 20°C. The rate of EL (%) was calculated
by the following formula:

(E1/E2)x100.

2.5. Decay index

Decay incidences in fruits were evaluated on a subjective scale. The
decay on fruit surfaces was scaled from 1 to 5, resulting differently
from each treatment, based on which 1 =no decay, 2=decay lower than
5% of the fruit surface, 3=decay between 5 and 20% of the fruit
surface, 4=decay between 20 and 50% of the fruit surface, and
5=decay more than 50% of the fruit surface (Babalar et al., 2007).

2.6. Ascorbic acid content

To measure ascorbic acid, a spectrophotometer was operated
(Etemadipoor et al., 2020) after homogenizing the fruit samples (1g)
with distilled water (10 mL). The procedure was followed by filtering
the solution. Metaphosphoric acid (1%) was incorporated into the
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filtered solution (0.1mL). Then, 9mL of colored 2,
6-dichlorophenolindophenol (0.0025%) was poured into the solution
(ImL). After thoroughly shaking it, a spectrophotometer was used to
read the absorbance (Cecil, UK) (517nm). The ascorbic acid was

reported as mg per 100g of fruit tissue.

2.7. Titratable acidity (TA), total soluble
solid (TSS), and flavor index

TA was determined by titrating 5mL of fruit juice with 0.1N
NaOH, which gradually reached pH 8.1, and TA was reported in
percentages of citric acid (Saltveit, 2005). Total soluble solids were
measured by a digital refractometer. The data were expressed as Brix
values, and the flavor index was calculated as TSS/TA.

2.8. Ascorbate peroxidase activity

The activity of ascorbate peroxidase was measured according to the
method of Nakano and Asada (1981), where 5.0g was sampled from
the pulp of fresh tissue and homogenized with potassium phosphate
buffer (5mL), pH 7.0, and 1 mM EDTA. Crude enzymes were extracted
from the supernatant. The sample absorbance was measured at 290 nm
for 1 min (UV-visible spectrophotometer, Cecil, UK).

2.9. The experimental design

Statistical analysis was carried out by a completely randomized
factorial design (CRD), accompanied by three SA concentrations and
three replications. The analysis of the data was performed using SAS
software (version 9.4), and differences among the means were
statistically compared with the Least Significant Difference (LSD) test
at p<0.05.

3. Results
3.1. Firmness and weight loss

After 20 days, a rapid decline occurred in the firmness of the fruits
when the storage period ended. However, this decrease in the firmness
of treated fruits was slower than in the control. Salicylic acid at a 4 mM
concentration caused better maintenance of fruit firmness compared
to the other two treatments, and the difference was statistically
significant compared to the control (Figure 1). An increase in weight
loss was observed during storage. According to the results, the
interaction effects of spraying concentration and time caused no
significant changes in weight loss (data not shown).

3.2. Color assessment

As shown in (Table 1A), lightness (L*) was measured in SA-treated
fruits at harvest time. Ultimately, the treated fruits had higher lightness
values compared to the fruits of the control group, and the 4mM SA
concentration made L* decrease slowly during storage. According to
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the results, no significant changes were observed in the L* value during
the 40 days of storage.

During 40 days of cold storage, SA-treated fruits had significantly
lower a* values, compared to the fruits of the control group (Table 1B).
This meant that the fruits appeared less red compared to the control
group. During 40 days, the a* value of tomato fruits increased constantly,
irrespective of the treatments. Spraying with 2 and 4mM SA led to
effective maintenance of a* compared to the control and fruits of the
1 mM SA treatment. When tomatoes are green and reach the pink stage,
the a* value changes from negative to positive. With the progress in fruit
maturity, the a* value of tomatoes increased at a faster rate. In the
control, the value of redness (a*) increased more rapidly compared to
the treated fruits 10 days after storage, and the coloring process of the
treated fruits was slower. The a* value was greatest in fruits that were
treated with 1 mM SA after 40 days of storage (Table 1B).

3.3. Chilling injury and electrolyte leakage

Chilling symptoms were not observed until the 20th day of
storage. On day 30, all treatment groups showed symptoms of

6
5 aT LSD 0.05=0.06 &
&~ 5
£
o 4
2
2 3
H]
g 2 | ==control
= «s=SA ImM
1 | wamSA 2mM
0 SA 4mM
0 10 20 30 40
Storage time (days)
FIGURE 1
Effects of pre-harvest SA treatments on the firmness of tomatoes
stored at 10°C for up to 40days. Bars show standard errors (+SE) of
mean values of the three replications.

10.3389/fsufs.2023.1180243

chilling injury, except for the 4mM treatment group. The smallest
chilling injury occurred in response to the 4mM SA concentration,
whereas lower SA concentrations (1 mM and 2mM) led to higher
levels of chilling injury (Figure 2A). Generally, electrolyte leakage
increased during storage. At harvest time, the amount of electrolyte
leakage in the control was higher compared to the amount observed
in the treatment groups. In comparison with the control, significantly
lower levels of electrolyte leakage were observed in response to 2 and
4mM SA at the end of storage life. There was no significant difference
between the control and the treatment groups at 1mM SA
(Figure 2B).

3.4. Fruit decay index (scores)

Decay symptoms were not observed until the 20th day of storage.
On day 30, all treatment groups showed symptoms of decay except the
4mM SA treatment group. A slower rate of decay was observed in
response to the application of 4mM SA (Figure 3).

3.5. Ascorbic acid

At harvest time, the highest vitamin C content was observed in the
fruits of the 4mM treatment group. No significant difference was
observed in the vitamin C content of fruits in treatment groups of 1
and 2mM on the 40th day of storage (Figure 4). There was a gradual
decline in ascorbic acid content in all fruits until the storage period
ended. The least amount was observed in the control, compared to the
other treatments.

3.6. TA, TSS, and TSS/TA ratio

The titratable acidity (TA) content decreased in all treated
tomatoes, whereas TSS showed a reverse trend during storage. The
highest TSS content (19.02%) was observed in the control tomatoes

TABLE 1 Effect of preharvest treatments of salicylic acid on L*, a* of tomatoes stored at 10°C for up to 40 days.

Color parameter L* (A)

Treatment Storage time (days)

0 10 20 30 40
0 Control 3498 +1.55a 29.37+0.71b 26.62 £ 0.46 ¢ 2442 +0.49 cde 22.6+0.61e
1mM SA 35.03+0.39a 29.58 +0.30 b 26.67 +0.18 ¢ 24.61 + 1.30 cde 22.83+0.48 e
2mM SA 3531+0.77a 29.41+0.71b 26.68 +0.04 ¢ 24.87 +0.16 cde 23.12+0.18 de
4mM SA 3557+0.35a 3047 £0.80 b 2672+ 1.19¢ 252+0.82cd 23.49 +0.51 de

Color parameter a* (B)

Treatment Storage time (days)

0 10 20 30 40
0 Control —6.13+036f 383+0.19d 5.86+0.91cd 11.84+123b 19.87 + 1.06 2
1mM SA —6.37 092 —236+055f 423+059d 10.28 + 1.54 be 13.81+6.87b
2mM SA —6.86 +0.25 f —3.15+0.30 f —2.58+0.30 f —1.39 £ 0.25 ef 3.32+0.38 de
4mM SA —6.92 +£0.03 f —3.40 £ 0.61 f —2.90+0.34 f —1.55+0.28 ef 444+041d

Mean values within each column with different letters show significant differences at p <0.05 for each treatment. Data are mean values + SE.
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FIGURE 2
Effects of pre-harvest SA treatments on chilling injury and electrolyte leakage of tomatoes stored at 10°C for up to 40days. (A) Chilling injury,
(B) electrolyte leakage. Bars show standard errors (+SE) of the mean values of the three replications.
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FIGURE 3
Effect of pre-harvest SA treatments on decay content of tomato
fruits during storage at 10°C for up to 40days. The bars show
standard errors (+SE) for the mean values of the three replications.

(Figures 5A,B). As depicted in Figure 5C, among the three
concentrations of SA, the 4mM concentration caused the lowest flavor
index, whereas the fruits of the control group (22.17%) had a higher
index compared to the other treatments.

3.7. Ascorbate peroxidase activity

According to the results, the APX activity gradually decreased in
the treated fruits (Figure 6). After 10days of storage, there was a rapid
decrease in the activity of APX in the fruits of the control group. In
response to 4mM SA, the APX content became significantly different
compared to the control on the 30th and 40th days. At the end of
storage, the highest APX activity was observed in response to 4mM
SA, whereas the control group had the lowest content.

4. Discussion

According to the results, salicylic acid caused the maintenance of
fruit firmness compared to the control (Figure 1). Aghdam et al. (2016)
suggested that SA has a high potential for maintaining postharvest
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quality, delaying softening, prolonging the shelf life, and controlling
the postharvest loss of vegetables and fruits. Also, high concentrations
of SA were reportedly associated with greater fruit firmness. While the
application of salicylic acid (4 mM) significantly maintained the fruit
firmness in the current study, the results are in agreement with other
reports; e.g., in the case of table grapes, SA led to greater firmness in
the fruits at the postharvest stage (Champa et al., 2014). Similar results
were also reported in pepper fruit (Elwan and El-Hamahmy, 2009),
kiwifruit (Zhang et al., 2003; Aghdam et al., 2010), and apple (Mo
et al., 2008). Furthermore, many studies confirmed that SA could
be applied to maintain firmness and extend the storage life of
vegetables and fruits (Sayyari et al, 2011; Supapvanich and
Promyou, 2013).

In addition, the firmness of the cucumber fruit was maintained at a
higher level when treated with SA at a concentration of 0.5mM (Cao et al,,
2009). According to the results of Wang et al. (2006), peaches treated with
1 mM SA had a higher firmness compared to the control group.

Weight loss was not significant. However, some results were found
to be contradictory regarding strawberries (Shafiee et al., 2010),
pepper fruit (Elwan and El-Hamahmy, 2009), and table grapes
(Champa et al,, 2014). A report by Shafiee et al. (2010) indicated that
weight loss in fruits and vegetables occurs because of transpiration,
respiration, and metabolic activity. While SA can decrease fruit weight
loss and respiration rate by stomatal closure, this is attributed to its
role as an electron donor, which mitigates the effects of free radicals
on normal respiration.

During storage, the L* value showed no significant changes
(Table 1A). The results are in line with earlier findings reported by
Shafiee etal. (2010), who reported that SA treatment did not affect the
color lightness (L*) of strawberries. Also, these results are in agreement
with Champa et al. (2014), who found that SA treatment on table
grapes caused a gradual decrease in their L* values, irrespective of the
treatments during the 75 days of cold storage. SA-treated fruits had
lower a* values compared to the control (Table 1B). Batu (2004) and
Cheema et al. (2014) suggested that the a* value is a good parameter
for the assessment of color change and, thus, the degree of ripening in
tomatoes. It is one of the quality factors of fresh tomatoes in consumer
perception. Furthermore, Supapvanich and Promyou (2013) reported
on fruit color during storage, which involved large changes in the ratio
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of pigments as indexes of ripening and senescence. The importance of
these indexes through color assessment can define the quality
attributes of postharvest horticultural products. Spraying with SA
caused an increase in the lycopene of tomatoes and decreased the rates
of lycopene and B-carotene breakdown. It seems that SA activated
lycopene biosynthesis while contributing to the regulation of enzymes
relating to the maintenance of lycopene (Huang et al., 2008). These
results are in line with earlier ones by Champa et al. (2014) about table
grapes. Fruit clusters of grapes that were treated with 2.0mM SA
significantly maintained higher a* values than in the control and the
1.0mM SA treatment. Similar findings were reported in pepper fruits
(Elwan and El-Hamahmy, 2009) and pomegranates (Sayyari et al.,
2011), although controversial results were reported on strawberries,
where the preharvest application of SA was not effective on a* values
compared to the control (Shafice et al., 2010).

The lower chilling injury occurred in the 4mM SA concentration,
whereas the ImM and 2mM, observed the higher chilling injury

- 83 bb 2
E 3. LSD 0.05=0.44 &
o0
S 63 B control
= 53 @ SA 1mM
5 43 d 0O SA 2mM
= fe 0O SA 4mM
RS £ i h _
£ » b |k :
i n
< 3

0 10 20 30 40

Storage time (days)

FIGURE 4

Effects of pre-harvest SA treatments on ascorbic acid of tomatoes
stored at 10°C for up to 40days. Bars show standard errors (+SE) of
mean values of the three replications.

10.3389/fsufs.2023.1180243

(Figure 2A), and electrolyte leakage was lower in the 2 and 4mM SA
concentrations than in the control (Figure 2B). Beckles (2012) reported
that tomato fruits are usually placed in cold storage (10-15°C) to
prolong their storage life. However, at temperatures below 12.5°C,
some cultivars of tomato fruits may decay from chilling injury. The
severity of chilling injury symptoms is greater in green fruits than in
red fruits, and the response to chilling injury increases as a function of
temperature and storage time.

According to previous results, Sayyari et al. (2011) suggested that
chilling injury occurs primarily on the plasma membrane, with changes
occurring in phospholipid compositions that initiate a cascade of
secondary reactions leading to the destruction of cell wall structures.
This membrane injury can be measured by electrolyte leakage. In the
case of pomegranate, the electrolyte leakage occurred more significantly
on the fruit skin of the control than on that of the treated pomegranate
fruits. Furthermore, Aghdam et al. (2016) suggested that treatments of
MeJA and MeSA vapor at times of fruit storage alleviated chilling injury
in pomegranate fruits and maintained nutrition-related qualities in the
fruits at low temperatures. SA plays an important role in triggering
defense mechanisms against chilling stress. Oxidative stress, which is a
precursor of reactive oxygen species in the plasma membrane, is
reportedly associated with oxidative injury under chilling stress.
However, plant tolerance to chilling stress is mostly dependent on the
level of antioxidant enzyme activity (Cao et al., 2010). Using SA on table
grapes at preharvest caused lower values of electrolyte leakage during
the postharvest period (4°C) (Champa et al.,, 2014). Application of SA
at concentrations of 0.4, 0.8, and 1.2mM during storage effectively
preserved the membrane integrity (Mo et al., 2008), and SA treatment
at the postharvest stage reduced the severity of CI in tomatoes (Ding
etal., 2001, 2002; Fung et al., 2006; Zhang et al., 2011; Aghdam et al.,
2012a,b) and peaches (Wang et al., 2006). Cao et al. (2009) demonstrated
that the application of SA at 0.5 mM was most effective in reducing CI
in cucumber fruit during cold storage. The application of MeSA and
MeJA enhanced the resistance of green bell pepper against chilling
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FIGURE 5
Effects of pre-harvest SA treatments on the flavor index of tomatoes stored at 10°C for up to 40days. (A) Titratable acidity, (B) total soluble solid,
(C) TSS/TA ratio. Bars show standard errors (+SE) of mean values of the three replications.
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FIGURE 6
Effects of pre-harvest SA treatments on ascorbate peroxidase activity
of tomatoes stored at 10°C for up to 40days. Bars show standard
errors (+SE) of the mean values of the three replications.

injury (Fung et al., 2004). The smallest rate of decay was observed at a
4mM SA concentration (Figure 3). SA is known for its effective
application at the pre-harvest stage. It is capable of inducing defense
resistance against postharvest diseases, which tend to produce promising
results in controlling postharvest decay. Therefore, SA can be used as a
suitable alternative to chemicals in postharvest management (Asghari
and Babalar, 2010). Shafiee et al. (2010) reported that all treatments were
able to postpone decay in fruits that grew in nutrient solutions, with or
without SA. There was no difference in the severity of decay between
fruits that received or did not receive SA, although the effect of heat
treatment was an exception. Therefore, if using postharvest treatments
is not possible or feasible, adding SA to the nutrient solution can
postpone fruit decay. In a relevant case of research, it was reported that
dipping fruits in water (25°C) containing calcium or SA led to a decrease
in the severity of the decay compared to fruits treated with heat.
Gholami et al. (2010) indicated that the application of SA at the
preharvest stage, precisely 3 weeks before harvesting the fruits, enhanced
quality attributes and lowered fungal contamination in “Mashhad”
sweet cherry fruits. A similar observation was made on table grapes
(Champa et al.,, 2014), sweet cherries (Yao and Tian, 2005), and pears
(Cao et al,, 2006), where preharvest SA treatments effectively reduced
fruit decay during storage. SA maintained the postharvest quality and
extended the shelf life of the orange fruits (Amiri et al,, 2021) and
peaches (Wang et al., 2006).

The findings of Nasrin et al. (2008) suggested that the tomato fruits
shelf life was extended up to 17days without significant quality
degradation by treating the chlorine fruits, packaging them in
perforated polyethylene bags, and storing them at room temperature
for just 7days in comparison to the control. Also, Tabaestani et al.
(2013) reported that it can increase the storage life of tomatoes stored
at 20°C by using basil gum as an edible coating. The antifungal group
composed of thymol and salicylic acid was applied to control
postharvest decay in tomatoes, and it had the best synergistic effect,
according to a study conducted by Kong et al. (2016). The rate of SA
decay was noticeably reduced in apple fruits, delaying the ripening
process after 10 days during storage (Mo et al., 2008).

The highest ascorbic acid content was found in the treatment
group (Figure 4). SA reduces the damage to fruits because of its action
as an antioxidant. Accordingly, this is carried out by eliminating free
radicals at the ripening stage (Elwan and El-Hamahmy, 2009;
Etemadipoor et al., 2020). Similarly, Shafiee et al. (2010) mentioned
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that SA treatments increased the antioxidant capacity in plants and
assisted with anti-stress mechanisms while reducing the rate of
ascorbic acid destruction. According to previous research (Elwan and
El-Hamahmy, 2009), higher amounts of ascorbic acid in pepper fruits
led to lower levels of ROS, which ultimately resulted in fewer ROS and
less damage after salt stress. SA treatments reportedly maintained
ascorbic acid (AA) in pomegranate (Sayyari et al., 2009). Similar
results were observed in cornelian cherry fruits (Dokhanieh et al.,
2013) and litchi fruits (Kumar et al., 2013). The AA content in sweet
pepper, as a result of the SA and CaCl2 treatments, acted against
ascorbic acid oxidase (AAO) enzyme activity, leading to a smaller loss
of AA content compared with the control (Rao et al, 2011). As an
antioxidant, ascorbic acid plays an important role in protecting plants
from oxidative damage since it scavenges free radicals and ROS. In
fact, a higher ascorbic acid content can reduce ROS levels in pepper
fruits, thereby resulting in less ROS-mediated damage (Elwan and
El-Hamahmy, 2009).

The titratable acidity decreased in all the treated fruits, and TSS
showed a reverse trend on the 40th day of storage. TA correlates with
the organic acid content of fruits. During the ripening process, TA and
total organic acid contents decreased (Kazemi et al,, 2011). TA in the
pomegranate was not affected by SA treatments (Sayyari et al., 2009).
In kiwifruits, however, SA caused the maintenance of a higher TA than
in the control (Kazemi et al., 2011). According to Supapvanich and
Promyou (2013), sucrose is the most commonly produced
carbohydrate during photosynthesis. Its source-to-sink transfer causes
higher amounts of total soluble solids (TSS) in fruits. At the postharvest
stage, they accumulate due to the metabolism of stored proteins, lipids,
and carbohydrates, which ultimately culminates in senescence
(Beckles, 2012). The preharvest application of SA on pepper fruits
regulated their sugar content (Elwan and El-Hamahmy, 2009). In a
study conducted by Beckles (2012), it was concluded that fruit
maturation is the most important factor affecting TSS, TA, and the
TSS/TA ratio. During postharvest, the climacteric fruit continues its
respiration and ethylene production, which gives it a palatable taste,
followed by fruit senescence. Accordingly, the fruits can be managed
at 12.5°C in postharvest storage. On the other hand, the ratio of TSS
to TA is important for the sweetness and sourness of tomatoes
(Cheema et al,, 2014). It is recognized that SA reduced the ripening
process during storage, which decreased the rate of respiration and
ethylene biosynthesis and led to a change in parameters such as
firmness, TA, and TSS (Babalar et al., 2007; Valero et al., 2011; Champa
etal, 2014). At harvest, table grapes showed higher values of TSS/TA
when treated with 2.0mM SA compared to the effects of the other two
treatments (1.0 and 1.5mM). Thus, an increase in TSS/TA was
significant in the control for up to 45 days but then decreased rapidly
(Cheema et al., 2014). As for the litchi fruits that were treated with
salicylic acid, Kumar et al. (2013) observed a balanced TSS:TA ratio
during storage.

The control had the lowest APX activity, and the highest content
was observed in 4mM SA (Figure 6). Aghdam et al. (2016) suggested
that enhancements in some enzyme activities of the antioxidant
system usually result in a decrease in plasma membrane damage
because of less lipid peroxidation in cell membranes and, ultimately,
the avoidance of reactive oxygen species accumulation. These factors
are known to assist with CI tolerance in plants, which is reflected in
more stable membrane integrity. This was emphasized by Cao et al.
(2010) and Shafiee et al. (2010), where SA was reportedly effective in
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reducing CI during storage, thereby increasing ascorbate peroxidase
activity (APX) and antioxidant capacity in the fruits. Therefore,
enhancing APX activity could contribute to the more efficient
removal of hydrogen peroxide (Cao et al., 2010). In previous research,
Cao et al. (2010) concluded that the combined treatment might
alleviate oxidative stress in peach fruits. Thus, the actions of APX,
and other enzymes may be linked to one another as major factors that
trigger plant tolerance to CI in peach fruits after heat treatment,
combined with SA. In fact, APX enzyme activity was significantly
reduced in immature pear fruits by SA spraying (Cao et al., 2006).
Similar results were observed in peach (Wang et al., 2006), tomato
(Ding et al., 2001, 2002; Fung et al., 2006; Zhang et al., 2011; Aghdam
et al, 2012a,b), tomato seedlings (Senaratna et al., 2000), and
pomegranate (Sayyari et al., 2009, 2011).

5. Conclusion

In sum, the results indicated that the SA treatment before harvest
can assist in maintaining the quality of tomato fruits, delaying their
ripening during storage, and extending their storage life. Meanwhile,
SA is a simple phenolic compound that exhibits high potential for
reducing post-harvest decay. It also helps in maintaining the amounts
of firmness, TA, and ascorbic acid in fruits, reducing chilling injury
and electrolyte leakage, while increasing the activation of ascorbate
peroxidase (APX). SA can prevent the postharvest loss of tomato
fruits at 10°C storage for 40 days, which makes this type of treatment
feasible as a preharvest approach for making improvements in
product quality.
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