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Abstract: The apricot storability is one of the largest challenges, which the apricot industry has to
face all over the world; therefore, finding options for prolonging fruit quality during cold storage (CS)
and shelf-life (SL) will help to decrease postharvest losses of apricot. The aim of this apricot fruit
work was to study the temporal changes and correlations of 10 quality parameters (quality losses,
antioxidant properties and enzyme activities) in the postharvest treatments of methyl jasmonate
(MeJA) and salicylic acid (SA) under 1 ◦C CS (7, 14 and 21 days) and 25 ◦C SL (4 and 8 days after the
21-day CS) treatments. MeJA and SA significantly decreased the quality loss of chilling injury (CI) and
fruit decay (FD) at all dates for both storage conditions. MeJA- and SA-treated fruits increased total
antioxidant capacity (TAC), total soluble phenolic compounds (TSPC) and carotenoids contents (TCC)
at all dates of both storage treatments. In contrast, the ascorbic acid content (AAC) increased only
until days 14 and 4 in the CS and SL treatments, respectively. Among enzyme activity parameters,
the activities of phenylalanine ammonia-lyase (PAL), peroxidase and superoxide dismutase (SOD)
were significantly increased in the MeJA and SA treatments in all dates of both storage treatments.
Catalase (CAT) activity increased in the SA and control treatments, while it decreased in the MeJA
treatment in both storage conditions. In both the MeJA and the SA treatments, six pair-variables
(FD vs. CI, PAL vs. CAT, PAL vs. SOD, TAC vs. SOD, TAC vs. FD, and AAC vs. CI) were significant
in Pearson correlation and regression analyses among the 45 parameters pairs. Principal component
analyses explained 89.3% of the total variance and PC1 accounted for 55.6% of the variance and
correlated with the CI, FD, TAC, TSPC, TCC, PAL and SOD, indicating strong connections among
most parameters. In conclusion, MeJA and SA are practically useful and inexpensive techniques to
maintain quality attributes of CI, FD, TAC, TSPC, TCC, PAL, POD and SOD in apricot fruit during
both CS and SL conditions.
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1. Introduction

Minerals, vitamins, and antioxidant materials in fruit crops are essential sources for human health
care [1,2]. The amount and longevity of these sources in stone fruits are highly dependent on the
pre- and postharvest quality of the fruit e.g., [3–5]. Among stone fruit species, the post-harvest life of
apricot (Prunus armeniaca) is short due to its climacteric nature [5]. Apricot fruit can keep its quality for
15–30 days after harvest if the fruit is stored at low temperature under cold storage (CS), e.g., [6–9],
and this quality can be kept for up to a further 5 days at 25 ◦C under shelf-life (SL) conditions [10].
However, longer storage at low temperatures can cause symptoms of chilling injury and/or fruit decay
incidence in the apricot fruit e.g., [5,7,11].

Jasmonic acid (JA) and salicylic acid (SA) have crucial roles in the growth of plants and in the
regulation to various plant stresses e.g., [12,13], as well as in plant defense mechanisms, e.g., [14].

Methyl jasmonate (MeJA), as a natural plant growth regulator, e.g., [12,13,15–17], plays essential
roles in many physiological mechanisms of plants, and it increases postharvest quality of horticultural
crops including tropical fruits, such as avocado, papaya, grapefruit, mango, guava, pomegranates
and loquat [16,18–24], and temperate fruits, such as apple, peach and cherry [25–28]. These studies
demonstrated that MeJA reduced incidences of fruit decay and chilling injury but increased the amount
of phenolic and antioxidant contents as well as defense-related enzymes in fruits during CS. One apricot
study evaluated the effect of MeJA on the sensory quality and physico-chemical parameters of fruit
during storage [8], but treatment effects on chilling injury, fruit decay, antioxidant capacity, phenolic
contents and enzyme activities were not reported.

Salicylic acid (SA), together with its derivatives, is often applied to improve the quality of
horticultural crops during storage [29–34]. Salicylic acid was shown to improve fruit quality and to
decrease chilling injury and quality loss in some fruit crops, such as on peach [29,31,35], banana [30],
loquat [36] and apricot [8,9,37]. The three apricot studies showed that SA improved some quality
features of apricot fruit after harvest [8,9,37], but changes in enzyme activities under CS and the degree
of quality loss and the variation of antioxidant properties under SL conditions were not investigated.

Only two studies carried out comparisons between MeJA and SA on evaluating quality features
of cherry and apricot during storage [8,26] but such a comparative study on chilling injury, fruit decay,
antioxidant capacity, phenolic contents and enzyme activities was not prepared for apricot under CS or
SL storage conditions.

Several biological and physiological connections exist among the plant quality measurements,
which can be expressed by presenting the correlation between the corresponding measurements such as
between phenolic compounds, antioxidant properties and enzyme activity e.g., [38–41], which help to
understand the background of physiological processes in plant organs. However, no attempt has been
made to determine the potential inter-correlations between chilling injury, fruit decay, the parameters
of antioxidant capacity, phenolic contents and enzyme activities for SA and MeJA in various storage
conditions for apricot fruit.

The objective of this work was to evaluate and compare the effect of MeJA and SA on 10 fruit
quality parameters of apricot under 1 ◦C CS (7, 14 and 21 days) and 25 ◦C SL (4 and 8 days after
the 21 day CS) treatments. The 10 measured fruit quality parameters were classified into three
groups: quality losses (chilling injury and fruit decay indices), antioxidant properties (total antioxidant
capacity, total soluble phenol, total carotenoid and ascorbic acid content) and enzyme activities
(phenylalanine ammonia-lyase (PAL), peroxidase (POD), superoxide dismutase (SOD), and catalase
(CAT)). The inter-correlations among the 10 fruit quality parameters for treatments of SA and MeJA
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were also determined in the two storage conditions in order to clarify the physiological changes in
apricot fruit during CS and SL storage.

2. Materials and Methods

2.1. Fruit Samples and Treatments

For all experiments, the cultivar ‘Bergarouge’ was used from a commercial apricot orchard
(Nord-cot Ltd., Boldogkőváralja, Hungary). This cultivar has been planted in large areas in Hungary
in the past few years. The mature fruit is firmer than most other cultivars, but the storage ability of this
cultivar is similar to other commonly grown apricot cultivars in Hungary. The fruits were harvested
98 days from the anthesis (on 5 July) for the experiment. The fruits were packed in paper bags and
transported to the laboratory on the same day of harvest. Healthy and uniform fruits (40 mm, equally
colored, equally matured and equally shaped) were used for the experiment.

The concentrations of 0.2 mmol L−1 MeJA and 2 mmol L−1 SA were used for the experiments
together with an untreated control (water treated). Three units of apricot fruits were used as
MeJA, SA, and untreated control treatments. Each unit contained 150 fruits (3 treatments × 150
fruits = 450 fruits. Each unit was dipped into solutions of 0.2 mmol L−1 MeJA, 2 mmol L−1 SA,
and distilled water (untreated control), respectively, for 15 min. Then, each treatment was divided
into 2 further units (2 units × 75 fruits). The first unit, the CS treatment, was incubated at 1 ◦C and
95% RH; and then fruits were observed on days 7, 14 and 21. The second unit, the SL treatment,
was incubated at 1◦C and 95% RH for 21 days, then held at 25 ◦C for 4 and 8 days. All treatments were
replicated three times (3 replicates × 450 fruits = 1350 fruits), and 2 repeats of the experiment were
used (2 repeats × 1350 fruits).

2.2. Quality Loss Parameters

The two selected quality loss parameters were chilling injury (CI) and fruit decay (FD), which
were evaluated for both CS and SL treatments at each assessment date.

2.2.1. Chilling Injury

Symptoms of CI occurred as flesh browning on 10 assessed fruits per treatments per assessment
dates. Fruits were cut double parallel to the axial diameter and then the degree of CI symptoms was
visually detected on the cut surface of fruits. The degree of flesh browning was classified into five
categories as described by Wang et al. [31]: 0, flesh browning is not visible; 1, flesh browning is less
than 25%; 2, the flesh browning is between ≥25% and <50%; 3, the flesh browning is between ≥50%
and <75%; and 4, the flesh browning is more than ≥75%. Then an index of CI was calculated as CI
index = Σ[(CI category) × (fruit number at the CI category)]/(4 × total fruit number).

2.2.2. Fruit Decay

A fruit surface with superficial browning was considered as a fruit decay symptom. The degree
of FD symptoms was classified into five categories as described by Wang et al. [31]: 0, superficial
browning is not visible; 1, the superficial browning is less than 25%; 2, the superficial browning is
between ≥25% and <50%; 3, the superficial browning is between ≥50% and <75%; and 4, the superficial
browning is more than ≥75%. Then an index of FD was calculated as FD index = Σ[(FD category) ×
(fruit number in the FD category)]/(4 × total fruit number).

2.3. Antioxidant Capacity and Related Parameters

Antioxidant capacity and related parameters were assessed at the CS and the SL treatments
and at each assessment date. All reagents and materials were for the analyses were purchase from
Sigma-Aldrich (St. Louis, MO, USA).
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2.3.1. Fruit Extract

Samples of apricot fruit were placed in the laboratory on the day of harvest, then the fruit were
frozen at −18 ◦C. The extracts were prepared by homogenizing the fresh fruit for 5 min in 95% ethanol
(1:3 w/v). Then, the homogenates were blended for 30 min at room temperature, and then centrifuged
at 1500× g for 5 min. The supernatants were concentrated in an evaporator. The extract obtained from
each fruit was adjusted to the same volume by reconstituting the samples in the water. The adjusted
ratio was 0.20 mL extract/gram of fruit.

2.3.2. Total Antioxidant Capacity

The total antioxidant capacity (TAC) was measured spectrophotometrically by applying the ferric
reducing antioxidant power (FRAP) method as described by Benzie and Strain [42]. Briefly, the FRAP
reagent was prepared early before the measurements by adding 2.5 mL of a 10 mmol L−1 TPTZ (Sigma)
solution into 40 mmol L−1 HCl plus 2.5 mL of 20 mmol L−1 FeCl3 and 25 mL of 0.3 mol L−1 acetate
buffer, pH 3.6, and then it was warmed up to 37 ◦C. The 0.04 mL sample supernatants were mixed
with 0.2 mL of distilled water and 1.8 mL of FRAP reagent. The measurement used the reduction
of the ferric-tripyridyltriazine complex [Fe3+-TPTZ] to the ferrous form [Fe2+-TPTZ] in acidic buffer
(pH = 3.6). Fe2+-TPTZ has an intensive color and this was monitored by measuring the absorption
change at 593 nm. Then TAC was given as mg equivalents of ascorbic acid (AA) for 1 g fresh weight
(FW) (mg AA g−1 FW).

2.3.3. Total Soluble Phenol Content

An Folin-Ciocalteu’s (FC) reagent was applied to measure the amount of total soluble phenols
(TSP) in the extracted fruits. The FC assay was used according to the study of Singleton and Rossi [43]
in order to determine the TSP content as follows. The FC reagent was pre-diluted 10 times with distilled
water, and 1.8 mL of the reagent was mixed with 40 µL of fruit extract solution and incubated for 5 min
at 25 ◦C. Then, 1.2 mL of (7.5% w/v) sodium carbonate was mixed with the solutions. After 1 h at 25 ◦C,
the absorbance of the samples was determined at 760 nm with a Hitachi UV2800 spectrophotometer
(Tokyo, Japan). In order to express TSP in gallic acid equivalents (GAE), a calibration curve (R2 = 0.995)
was prepared with 20, 40, 60, 80 and 100 mg L−1 solutions of gallic acid. Then the content of TSP was
given as mg GAEs for 100 g FW sample (GAE 100 g−1 FW).

2.3.4. Total Carotenoids Content

Total carotenoids content (TCC) was measured according to the study of Akin et al. [44] with a
few modifications. In brief, 100 mL of methanol/petroleum ether (1:9, v/v) was homogenized with 5 g
of fruit extract. Then this solution was poured into a separating funnel. The petroleum ether layer was
filtrated through sodium sulphate and transferred to a flask. Then, TCC was measured with a Hitachi
UV2800 spectrophotometer (Tokyo, Japan) at 450 nm. An extinction coefficient of 2500 was used to
evaluate carotenoid content, and TCC was given as β-carotene equivalents (mg β-carotene 100 g−1 FW)
according to Gross [45].

2.3.5. Ascorbic Acid Content

The ascorbic acid content (AAC) was determined spectrophotometrically using the
dinitrophenylhydrazine (DNPH) method as described by Terada et al. [46]. Ten milligrams of
each sample (2 mL extract) were added into a 100 mL flask contain 50 mL acetic acid solution, 5 drops
of bromine water was added until the solution became colored, and then thiourea solution drops were
added to it until a clear solution was obtained. Then 2, 4-dinitrophenyl hydrazine solution was added,
and we completed the solution with acetic acid. The AAC was given as mg per 100 g FW.
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2.4. Activity of Enzymes

Enzyme activities were measured using Sigma-Aldrich reagents (St. Louis, MO, USA) for all
enzyme assessments.

2.4.1. PAL Activity

The activity of PAL was determined as described by Assis et al. [47]. The enzyme extract was
prepared as 10 g of flesh from 10 fruits were homogenized in 25 mL of 50 mmol L−1 sodium borate
buffer (5 mmol β-mercaptoethanol + 0.5 g polyvinyl pyrrolidone, PVPP; pH 8.8,). Then the enzyme
extract (1 mL) together with L-phenylalanine (1 mL; 20 mmol L−1) and sodium borate buffer (2 mL;
50 mmol L−1) was incubated at 37 ◦C for 1 h. During the incubation, PAL catalyzes the reaction of
the deamination of L-phenylalanine to trans-cinnamic acid. Then the reaction was stopped with HCl
(1 mL; 1 mol L−1), and the activity of PAL was given by measuring the amounts of trans-cinnamic
acid spectrophotometrically at 290 nm. The raw enzyme preparation, together with L-phenylalanine,
was not incubated and used as a blank sample. Each analysis was replicated three times and the
activity of PAL was given as nmol cinnamic acid h−1 mg−1 protein.

2.4.2. POD Activity

The activity of POD samples was measured with the method described by Chance and Maehly [48].
Briefly, enzyme extract (0.5 mL) was mixed with 2 mL buffer containing 100 mmol L−1 sodium phosphate
(pH 6.4) and 8 mmol L−1 guaiacol, and then the solution was placed into the incubator for 5 min at
30 ◦C. Then 1 mL of H2O2 (24 mmol L−1) was added to the sample and the increasing absorbance was
determined at 460 nm five times at 30, 60, 90, 120 and 150 s. Then, activity of POD was given as unit
per gram FW per minute (U mg−1 FW min−1).

2.4.3. SOD Activity

Supernatants were prepared for SOD activity measurements as frozen fruit tissues (1 g) were
mixed with sodium phosphate buffer (5 mL; 50 mmol L−1, pH 7.8) at 4 ◦C and then the supernatants
was centrifuged (12,000× g for 20 min; 4 ◦C). The activity of SOD in these supernatants was measured
as described by Rao et al. [49]. The 3 mL reaction mixture contained the following ingredients: sodium
phosphate (50 mmol L−1, pH 7.8), methionine (14 mmol L−1), EDTA (3µmol L−1), nitro-blue-tetrazolium
(NBT, 1 µmol L−1), riboflavin (60 µmol L−1) and crude enzyme extract (0.1 mL). Then the absorbance
was detected at 560 nm for blue formazan. The quantity of enzyme that causes the 50% inhibition of
NBT reduction was used as the SOD activity unit. The activity of SOD in the samples was given as
U mg−1 protein.

2.4.4. CAT Activity

Catalase activity was measured as described by Abassi et al. [50] using the A and the B buffer
solutions. In this process, 1 mL buffer A was added to a 50 µL enzyme extract in a cuvette, and 1 mL
buffer B was added to a 50 µL enzyme extract in another cuvette. The change in the optical density in
the cuvettes was measured spectrophotometrically at 240 nm for 45 s and 1 min when the extract was
placed into the cuvettes. The differences between the values measured at 45 s and 1 min were defined
as the activity of CAT. The activity of CAT in the samples was given as U mg-1 protein.

2.5. Statistical Analysis

2.5.1. ANOVA

A completely randomized design (CRD) was used to accomplish the experiments. Experimental
data were analyzed by ANOVA using an SPSS program (SPSS Inc., Chicago, IL, USA). The effects of
treatment (MeJA, SA, and untreated control), storage condition (CS and SL) and their interactions were
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evaluated on all parameters of quality losses, antioxidant properties and enzyme activities. Duncan’s
multiple range tests used separated means at p < 0.05 level.

2.5.2. Correlation and Regression Analysis among Parameters

In order to quantify the relationship between the fruit quality parameters, Pearson’s correlation
coefficients were determined for the relationships of the two quality loss parameters, the four antioxidant
properties and the four enzyme activities in all combinations (Tables 2 and 3). Correlation analyses
were performed separately for the two chemical (SA and MeJA) treatments. Statistical calculations
using Pearson’s correlation analysis were performed by Genstat 5 Release 4.1 (Lawes Agricultural
Trust, IACR, Rothamsted, UK). Then, the best correlated variables were plotted and linear regression
analyses were used in order to evaluate the strongest relationships among quality loss parameters,
antioxidant properties and enzyme activities. The regression slopes were tested by a t-test in order to
determine whether they are different between MeJA and SA treatments at α = 0.05.

2.5.3. Principal Component Analysis

We conducted a standardized principal component analysis (PCA) based on the correlation matrix
with the CI, FD, TAC, TSPC, TCC, AAC, PAL, POD, SOD, and CAT variables. All variables were
standardized with transforming the values to z-scores. Model fit was tested with the root mean
square residual (RMSR) [51]. Principal components (PCs) were visualized in biplot diagram. PCA was
conducted with R 4.03 [52] with the psych [53], FactoMiner [54] and factoextra [55] packages (R Core
Team, Vienna, Austria).

3. Results

3.1. Quality Loss Parameters

3.1.1. Chilling Injury

The degree of CI index was larger with the progression of assessment times in all chemical and
storage treatments (Table 1). However, fruit pre-treated with MeJA and SA had lower CI indices at
p < 0.05 compared to water-treated fruit for both storage treatments. Fruit treated with MeJA showed
significantly lower CI index in the CS treatments at day 21 and in the SL treatments at day 8 compared
to corresponding SA treatments.

Table 1. Indices of CI (chilling injury) and FD (fruit decay) values for the treatments of methyl jasmonate
(MeJA, 0.2 mmol L−1) and salicylic acid (SA, 2 mmol L−1) on cultivar ‘Bergarouge’ apricot fruit at three
cold storage (CS) dates (days 7, 14 and 21) and at two assessment dates (days 4 and 8) of shelf-life
(SL) treatment.

Treatments
CS at 1 ◦C SL at 25 ◦C

Day 7 Day 14 Day 21 Day 4 Day 8

CI index (%) a

Control 3.12 a b 16.68 a 37.65 a 18.67 a 30.24 a
0.2 mmol MeJA 1.35 a 4.52 b 9.68 c 8.65 b 14.35 c

2 mmol SA 1.64 a 5.58 b 20.91 b 7.68 b 19.26 b
LSD0.05

c ns 3.56 6.83 4.29 3.98
FD index (%) d

Control 16.05 a 56.24 a 96.25 a 66.36 a 100 a
0.2 mmol MeJA 2.11 b 6.57 b 16.98 b 16.35 b 36.65 b

2 mmol SA 2.33 b 7.58 b 15.61 b 20.36 b 35.36 b
LSD0.05 1.74 5.45 4.72 8.31 3.34

a and d at day 0, both the CI and FD indices were zero. b Different letters represent significant differences at p < 0.05
for each column. c LSD0.05: Least significant differences at p = 0.05 level.
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3.1.2. Fruit Decay

Non-treated apricot fruit showed a great increase in FD index in both storage treatments reaching
96 and 100% after 21 and 8 days, respectively (Table 1). MeJA and SA treatments reduced superficial
browning symptoms at p < 0.05 compared with control treatments. The FD indices were not significantly
different between the treatments of SA and MeJA in either CS or SL treatments.

3.2. Antioxidant Capacity and Related Parameters

3.2.1. Total Antioxidant Capacity

The TAC of fruit increased in the MeJA and SA treatments until day 14 and day 4 in the CS and
SL treatments, respectively, and then TAC is reduced (Figure 1A,B), while the TAC of control fruits
decreased continuously under both CS and SL conditions (Figure 1A,B). Antioxidant capacity for
control fruits was lower at p < 0.05 than the corresponding MeJA- and SA-treated fruits in both storage
treatments. However, TAC values showed no significant differences between MeJA and SA treatments
in either CS or SL treatments.

3.2.2. Total Soluble Phenol Content

The content of TSP was similar in the MeJA and SA treatments in both storage treatments, while
the TSP content of control fruits decreased continuously in both treatments (Figure 1C,D). The TSP
content was higher in the treatments of MeJA and SA at p < 0.05 compared to the control treatment in
both storage treatments (Figure 1C,D).

3.2.3. Total Carotenoids Content

The contents of total carotenoids increased in both chemical (MeJA and SA) treatments until day
14 and day 4 in the CS and SL treatments, respectively, and then it started to decrease (Figure 1E,F),
except for MeJA treatments for CS where the increase stopped at day 7. Salycilic acid treatments
showed the highest total carotenoids content which was significantly higher at days 14 and 21 in the
CS and at day 4 in the SL treatments compared to either the control or MeJA treatments (Figure 1E,F).
In the control treatments, carotenoids slightly increased at days 7 and 14 in the CS and at day 4 in the
SL treatments (Figure 1E,F), but these increases were negligible and non-significant compared to the
increase in carotenoids in either MeJA or SA treatments.

3.2.4. Ascorbic Acid Content

AAC increased in the control fruits until days 14 and day 4 in the CS and SL treatments, respectively,
then it sharply decreased (Figure 1G,H). AAC in the MeJA- and SA-treated fruits decreased continuously
in both storage conditions (Figure 1G,H). However, by the last assessment dates (day 21 and day 8 for
the CS and SL treatments, respectively), SA showed the highest ascorbic acid content, followed by
the MeJA and then the control treatments, showing significant differences (p < 0.05) from each other
(Figure 1G,H).
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Figure 1. Effect of methyl jasmonate (MeJA, 0.2 mmol L−1) and salicylic acid (SA, 2 mmol L−1) on TSP 
(total soluble phenol) content, TAC (total antioxidant capacity) total carotenoids and AAC (ascorbic 
acid content) in cv. ‘Bergarouge’ in cold storage treatments (A, C, E, and G) at 1 °C on the assessment 
days 7, 14 and 21, and in shelf-life (SL) treatments (B, D, F, and H) at 25 °C on the assessment days 4 
and 8. Standard deviation (SD) values are given for error bars. LSD0.05 values were used to assess 
differences among the control, MeJA and SA treatments at p < 0.05. Control means water treated fruits. 
The first letter given after each LSD0.05 value belongs to control treatments, second letter to MeJA; and 
third letter to SA treatments. Different letters represent significant differences among the treatments 
at p < 0.05. 

  

Figure 1. Effect of methyl jasmonate (MeJA, 0.2 mmol L−1) and salicylic acid (SA, 2 mmol L−1) on TSP
(total soluble phenol) content, TAC (total antioxidant capacity) total carotenoids and AAC (ascorbic
acid content) in cv. ‘Bergarouge’ in cold storage treatments (A, C,E,G) at 1 ◦C on the assessment days 7,
14 and 21, and in shelf-life (SL) treatments (B,D,F,H) at 25 ◦C on the assessment days 4 and 8. Standard
deviation (SD) values are given for error bars. LSD0.05 values were used to assess differences among
the control, MeJA and SA treatments at p < 0.05. Control means water treated fruits. The first letter
given after each LSD0.05 value belongs to control treatments, second letter to MeJA; and third letter to
SA treatments. Different letters represent significant differences among the treatments at p < 0.05.
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3.3. Enzyme Activity

3.3.1. PAL Activity

The activity of PAL increased with assessment dates in the MeJA and SA treated fruits while it
decreased in the water treated fruits in the two storage treatments (Figure 2A,B). The PAL activity was
the highest in MeJA treatments followed by SA and control treatments in both storage treatments.
The three treatments were different at p < 0.05 from each other at days 14 and 21 in the CS and at day 8
in the SL treatments.

3.3.2. POD Activity

POD activity increased in the MeJA and SA treatments until day 14 and until day 8 in the CS and
SL treatments, respectively, then it decreased (Figure 2C,D). POD activity was inconsistent for the
control treatment in both storage conditions. The activity of POD in the MeJA and SA treatments was
similar, but it was higher at p < 0.05 in all assessment dates compared to the fluctuating levels of POD
activity in the control treatments in both the CS and the SL treatments (Figure 2C,D).

3.3.3. SOD Activity

Activity of SOD increased in the chemical (MeJA and SA) treatments until day 14 and day 4 in the
CS and SL treatments, respectively, and then enzyme activity started to decrease (Figure 2E,F), except
for MeJA in the SL treatment, where the increase was continuous. A reduction in SOD activity was
detected in the water-treated fruits in both CS and SL treatments (Figure 2E,F). Activity of SOD in the
control treatments was lower at p < 0.05 than the corresponding MeJA and SA treatments in both CS
and SL conditions. SOD activity was high in MeJA treatments, which was higher at p < 0.05 than the
SA treatments at day 14 in the CS and at day 8 at the SL treatment.

3.3.4. CAT Activity

CAT activity increased in the SA and control treatments at all assessment dates in both storage
treatments (Figure 2G,H). CAT activity in the MeJA-treated fruits decreased continuously in both
CS and SL treatments, except for MeJA treatments between days 14 and 21 under CS conditions
(Figure 2G,H). Activity of CAT in the MeJA treatments was lower at p < 0.05 compared to in the
corresponding SA or control treatments in both CS and SL conditions. CAT activity was the highest in
SA treatments, which was higher at p < 0.05 compared to the MeJA treatments at days 14 and 21 in the
CS and at days 4 and 8 in the SL treatment (Figure 2G,H).
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assessment days 4 and 8. Other information is given in Figure 1 (symbols, error bars and LSD0.05 
values). 

3.4. Relationship between Fruit Quality Parameters 

Among the 45 pair-variables, Pearson’s correlation coefficients of 23 and 9 pair-variables 
correlated significantly (at p < 0.05) in both chemical (MeJA and SA) treatments, respectively (Tables 
2 and 3). Among these significantly pair-variables, six pair-variables were significant in both the 

Figure 2. Effect of methyl jasmonate (MeJA; 0.2 mmol L−1) and salicylic acid (SA, 2 mmol L−1) on
phenylalanine ammonia-lyase (PAL), peroxidase (POD), superoxide dismutase (SOD), and catalase
activity (CAT) in cv. ‘Bergarouge’ in cold storage (CS) treatments (A,C,E,G) at 1 ◦C on the assessment
days 7, 14 and 21, and in shelf-life (SL) treatments (B,D,F,H) at 25 ◦C on the assessment days 4 and 8.
Other information is given in Figure 1 (symbols, error bars and LSD0.05 values).

3.4. Relationship between Fruit Quality Parameters

Among the 45 pair-variables, Pearson’s correlation coefficients of 23 and 9 pair-variables correlated
significantly (at p < 0.05) in both chemical (MeJA and SA) treatments, respectively (Tables 2 and 3).
Among these significantly pair-variables, six pair-variables were significant in both the MeJA and the
SA. Among these six pair-variables, four were correlated positively (FD versus (vs.) CI, PAL vs. CAT,
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PAL vs. SOD, and total antioxidant content vs. SOD) and two negatively (total antioxidant content
vs. FD and ascorbic acid content vs. CI), indicating connections among fruit quality loss, antioxidant
parameters and enzyme activities (Tables 2 and 3).

Table 2. Pearson correlation coefficients (r) and corresponding significance levels (p) amongst 10 fruit
quality parameters in the methyl jasmonate (MeJA) treatments (0.2 mmol L−1) on cv. ‘Bergarouge’
apricot. Data were combined for the assessment dates of days 7, 14 and 21 of cold storage (CS) and for
the assessment dates of days 4 and 8 of shelf-life (SL) treatment.

CI FD CAT SOD POD PAL AAC TCC TSPC

FD a 0.967 b,c

<0.001
CAT −0.315 −0.423

>0.1 >0.1
SOD 0.818 0.813 −0.005

0.013 0.014 >0.1
POD 0.604 0.732 −0.766 0.331

0.079 0.035 0.027 >0.1
PAL 0.273 0.124 0.699 0.697 −0.440

>0.1 >0.1 0.047 0.048 >0.1
AAC −0.829 −0.776 −0.129 −0.921 −0.241 −0.641

0.011 0.024 >0.1 <0.001 >0.1 0.068
TCC −0.668 −0.601 −0.194 −0.825 −0.108 −0.689 0.772

0.059 0.080 >0.1 0.012 >0.1 0.051 0.025
TSPC −0.904 −0.799 −0.012 −0.850 −0.294 −0.592 0.900 0.747

0.001 0.016 >0.1 0.008 >0.1 0.082 0.001 0.032
TAC −0.963 −0.959 0.323 0.874 −0.600 −0.290 0.843 0.724 0.863

<0.001 <0.001 >0.1 0.004 0.080 >0.1 0.009 0.040 0.005
a Fruit quality parameters: CI = chilling injury index, FD = fruit decay index, CAT = catalase activity,
SOD = superoxide dismutase activity, POD = peroxidase activity, PAL = phenylalanine ammonia-lyase activity,
AAC = ascorbic acid content, TCC = total carotenoid content, TSPC = total soluble phenol content and TAC = total
antioxidant capacity. b The significant (p < 0.05) correlation coefficient values are in bold. c n = 20

Table 3. Pearson correlation coefficients (r) and corresponding significance levels (p) amongst 10 fruit
quality parameters in salicylic acid (SA) treatments (2 mmol L−1) on cv. ‘Bergarouge’ apricot. Data were
combined for the assessment dates of days 7, 14 and 21 of cold storage (CS) and for the assessment
dates of days 4 and 8 of shelf-life (SL) treatment.

CI FD CAT SOD POD PAL AAC TCC TSPC

FD a 0.698 b,c

0.047
CAT 0.960 0.576

<0.001 0.085
SOD 0.167 −0.549 0.257

>0.1 0.1 >0.1
POD −0.171 0.260 −0.123 −0.721

>0.1 >0.1 >0.1 0.039
PAL 0.630 −0.100 0.696 0.711 −0.381

0.071 >0.1 0.048 0.042 >0.1
AAC −0.908 −0.527 −0.884 −0.218 0.191 −0.646

<0.001 0.120 0.003 >0.1 >0.1 0.066
TCC 0.305 0.036 0.307 0.253 −0.219 0.390 −0.298

>0.1 >0.1 >0.1 >0.1 >0.1 >0.1 >0.1
TSPC −0.412 −0.462 −0.374 0.238 −0.314 −0.071 0.432 −0.413

>0.1 >0.1 >0.1 >0.1 >0.1 >0.1 >0.1 >0.1
TAC −0.386 −0.884 −0.294 0.738 −0.525 0.393 0.246 0.008 0.577

>0.1 0.003 >0.1 0.033 >0.1 >0.1 >0.1 >0.1 0.085
a Fruit quality parameters: CI = chilling injury index, FD = fruit decay index, CAT = catalase activity,
SOD = superoxide dismutase activity, POD = peroxidase activity, PAL = phenylalanine ammonia-lyase activity,
AAC = ascorbic acid content, TCC = total carotenoid content, TSPC = total soluble phenol content and TAC = total
antioxidant capacity. b The significant (p < 0.05) correlation coefficient values are in bold. c n = 20
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Thus, the relationships of the six pair-variables were further revealed by regression analysis
(Figure 3). The linear regression analysis showed significant relationships for all six of the pair-variables
with r = 0.716–0.932, p = 0.03–0.001 and with r = 0.703–0.889, p = 0.03–0.001 for the MeJA and SA
treatments, respectively, but the slopes for all six of the pair-variables were not different between the
MeJA and the SA treatments (p = 0.654–0.116 according to a t-test).Appl. Sci. 2020, 10, x FOR PEER REVIEW 15 of 23 
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Figure 3. Relationships between fruit decay and chilling injury index, PAL (phenylalanine
ammonia-lyase) and CAT (catalase activity), PAL and SOD (superoxide dismutase), total antioxidant
content and SOD, total antioxidant content and fruit decay, and ascorbic acid content and chilling injury
index in treatments of methyl jasmonate (MeJA, 0.2 mmol L−1) and salicylic acid (SA, 2 mmol L−1).
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PCA explained the 89.3% of the total variance and the PCs had been justified. The RMSR was 0.05
indicating good fit. PC1 accounted for 55.6% of the variance and correlated with the CI, FD, TAC, TSPC,
TCC (Carotenoids), PAL, and SOD. PC2 accounted for 19.7% of the variance and correlated with the
POD and AAC. PC3 accounted for 14.0% of the variance and correlated with the CAT. The 95 ellipses
of treatments indicated that the control group overlapped with the treatments (Figure 4); however,
the difference was significant in the case of PC1 (F = 13, df = 2, p > 0.001) and non-significant for PC2
(F = 1.518, df = 2, p = 0.251). Accordingly, variables of PC1 were more efficient in discriminating the
treatments than PC2, where the control and treated samples had similar values.Appl. Sci. 2020, 10, x FOR PEER REVIEW 16 of 23 
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Figure 4. Biplot of principal component analyses (PCA) conducted on the measured fruit quality
parameters: CI = chilling injury index, FD = fruit decay index, CAT = catalyse activity, SOD = superoxide
dismutase activity, POD = peroxidase activity, PAL = phenylalanine ammonia-lyase activity,
AAC = ascorbic acid content, Carotenoids = total carotenoid content, TSPC = total soluble phenol
content and TAC = total antioxidant capacity. (C: control; MJ0.2: MeJA, 0.2 mmol L−1; SA2: SA,
2 mmol L−1); 95% ellipses).
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4. Discussion

4.1. Quality Loss Parameters

In agreement with this study, MeJA treatment was demonstrated to decrease CI for fruits such
as papaya, peach, pomegranates, and loquat, e.g., [20,22–24,27]. MeJA was shown to reduce CI
throughout, promoting the expression of heat-shock proteins and regulating arginine metabolism [56].
Furthermore, CI reduction on the MeJA-treated fruits was also likely to be connected to the increase in
polyamines (such as putrescine or spermidine) in the cells [15,34]. These polyamines maintain the ratio
between the unsaturated and the saturated fatty acid, which have a key role in the membrane integrity
and fluidity [57]. Acclimation to low temperatures is highly related to the increase in this fatty acid
ratio in the membrane lipids [58], which could result in lower CI symptoms on the MeJA-treated fruits.

In SA treatments, previous studies on pomegranates and peach reported that SA and its derivates
decreased CI in postharvest treatments [22,31,58], which is in agreement with our apricot study.
The possible mechanism of the effect of SA on CI was studied by Ding et al. [59] and they indicated that
MeSA probably had little direct effect on chilling damage, but it could provide indirectly a reduction in
CI by inducing some defense-mechanism responses in the cells.

MeJA and MeSA treatments were also compared in the study of Sayyari et al. [22], but in contrast
with this study, the authors concluded that differences among MeJA and MeSA treatments were
non-significant for CI. The reasons for the different result are likely to be the differences among applied
concentrations, fruit crops and SA derivates used in the two studies. Overall, our results indicate that
both compounds (MeJA and SA) could be suitable in reducing CI in apricot fruit.

In accordance with our results, some studies also revealed that SA can decrease fruit decay on peach
and cherry [26,60]. Salicylic acid is likely to induce the defense resistance system in fruit tissues, which
result in lower FD compared to untreated fruits. In the case of MeJA, our results of the FD reduction
by MeJA are also in agreement with the results of previous studies on grapefruit, peach, mango
and strawberry. The study of Droby et al. [18] on grapefruit showed that fruit treated with different
MeJA concentrations (1 to 50 mmol L−1) had less FD compared to untreated fruit. They reported
that the MeJA treatments had no direct toxicity effect on the fungus (Penicillium digitatum), which
causes FD. They suggested that MeJA decreased FD indirectly by enhancing the natural resistance
mechanisms of the fruit to fungus infection [18]. The effect of SA and MeJA in reducing FD was also
reported by Yao and Tian [26]. The authors demonstrated that the sweet cherry fruit treated with
SA (2 mM) or with MeJA (0.2 mM) had lower fruit damage caused by Monilinia fructicola than in
the control treatment. The authors reported that SA and MeJA had direct inhibitory effects on the
mycelial growth of M. fructicola. González-Aguilar et al. [19] and Ayala-Zavala et al. [61] showed that
MeJA treatments reduced fruit decay in mango and strawberry, respectively, during both CS and SL
periods. The possible mechanism of MeJA in reducing fruit decay may involve direct inhibition on the
pathogen and/or indirect mechanism through induced resistance. The observed suppression of fruit
decay of apricot in this study supported the hypothesis that MeJA can prolong the postharvest health
of the fruit.

No previous studies compared the joint effect of MeJA and SA on fruit decay and we showed a
similar efficacy for both compounds. We demonstrated significant correlation, significant regression
and significant PCA (in PC1) relationships between FD and CI in both MeJA and SA treatments
(Tables 2 and 3, Figures 3 and 4), which were not demonstrated by previous studies. The possible
reason for the correlative connection between FD and CI may be that FD or CI can be reduced by
similar mechanisms such as the activation of the defense mechanism in the fruit tissues by both MeJA
and SA compounds. Overall, MeJA and SA treatments could be useful compounds for a joint reduction
in chilling injury and fruit decay without adversely affecting fruit quality.
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4.2. Antioxidant Capacity and Related Parameters

Similarly to our apricot study, antioxidant capacity including total phenol contents significantly
increased by MeJA in CS and/or SL treatments in strawberry, peach and pomegranate fruits compared
to untreated fruits [22,28,61].

In SA treatments, Sayyari et al. [22] demonstrated that SA significantly increased the TAC and
TSP content of pomegranate fruits compared to control fruit. Previous studies showed that phenolic
compounds, as an antioxidant substance, usually accumulated or at least maintained their levels under
cold stress [62], which was the case in the SA and the MeJA treatments but not in the control treatments
of this apricot study. The applications of MeJA or SA were able to keep the total phenol contents
or were able to increase the antioxidant capacity during the storage periods (Figure 2). Our results
indicate that postharvest applications of both MeJA and SA compounds have the potential to improve
fruit health by reducing not only CI and FD but increasing the TAC of fruit tissues.

Ascorbic acid content of apricot fruit progressively increases during fruit maturity stages [63].
Our results demonstrate that SA- and/or MeJA-treated fruit had lower ascorbic acid contents at the
beginning of storage. Reports on the effect of MeJA on AAC of fruits are not consistent as, for instance,
González-Aguilar et al. [21] demonstrated that MeJA treatments did not change AAC, while Jin et
al. [28] demonstrated that MeJA significantly influenced vitamin C levels of fruits after CS and SL
treatments on peach compared to control treatments. In SA treatments, Sayyari et al. [58] demonstrated
that AAC reduced significantly in the control and SA treatments at 0.7 and 1.4 mmol L−1, while the
AAC of the fruits was not changed in the dose of 2 mmol L−1. Similarly, ascorbic acid levels remained
the same by the end of storage in the SA treatments at 1 mmol L−1 in peaches and 2 mmol L−1 in
oranges [31,64].

Previous fruit studies showed significant positive correlations among parameters of antioxidant
capacity and phenol contents under storage conditions, e.g., [31,65]. One study [31] provided these
correlations in postharvest application of SA and this study investigated these correlations for MeJA
and SA jointly. For instance, the reduction in fruit decay was associated with increasing antioxidant
capacity for both SA and MeJA treatments, which corroborated well with the significant correlation
coefficients, the significant regression, and the significant PCA (in PC1) relationships between FD
and TAC (Tables 2 and 3, Figures 3 and 4). In the case of CI vs. AAC pair-variable, the increasing
ascorbic acid level in the fruit tissues was connected to a decreasing level of chilling injury, which was
confirmed by the significant correlation coefficients and also by the significant regression relationship
between CI and AAC for both MeJA and SA compounds (Tables 2 and 3, Figure 3).

4.3. Enzyme Activity

The key enzyme of phenyl alanine-lyase is included in the biosynthesis of phenolics such
as flavonoids and phenols [66]. Previous studies showed that the high amounts of phenols and
anthocyanins in apple and grape fruits resulted in an increased the level of PAL [67,68]. In this
study, MeJA-treated fruits showed higher TAC and PAL activity compared to the water-treated fruits
(Figures 1 and 2). These results indicate that antioxidant capacity increased by MeJA may also induce
PAL activity, thus promoting phenolic metabolism. This result agrees with the studies of Yao and
Tian [26]. Meng et al. [27] and Sayyari et al. [58] also demonstrated that MeJA increased the activity of
PAL in fruits of sweet cherry, peach and pomegranate. In the case of SA, two studies [26,69] reported
that SA had an essential role in systematic acquired resistance (SAR) induction by promoting defense
and antioxidant enzymes such as PAL, which was also supported by our results in apricot fruit.

PAL and POD enzymes are involved in the biosynthesis of lignin; as a consequence, the activities
of these two enzymes affect the fruit lignin content. Cao et al. [23] demonstrated that MeJA treatment
promoted activities of PAL and POD as well as the lignin content of loquat fruit, which might also
account for a lower decay index, which was also demonstrated in this apricot study (Table 1, Figure 2).
Qin et al. [69] demonstrated that SA also increased the activities of POD and PAL, in agreement with
this study (Figure 2). Yang et al. [35] showed that SA treatments prevent fruit from softening by
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increasing the activities of PAL and POD and the lignin content in fruit resulting in a higher firmness
and a lower weight loss.

In addition, induction of systemic resistance to biotic or abiotic stresses can lead to direct activation
of defense-related proteins. POD has an essential role in the structure components of cell walls and
lignin formation. An increase in POD activity was reported for SA-treated (4 mM) mandarin fruit
which was related to low FD [70]. Previous studies, e.g., [26,71,72], and this study also confirmed that
either MeJA or SA treatment increased POD activity and decreased fruit decay (Figure 2; Table 1).

The SOD enzyme has several roles in plant cells, such as detoxifying ROS and lowering chilling
injury [73,74]. SOD activity was high in chilling tolerant mandarin fruit during CS at 2.5 ◦C for
8 weeks [73]. Previous studies e.g., [23,24,75] showed that MeJA significantly increased the activity of
SOD in loquat, peach and strawberry fruit in the storehouse compared to the control treatments, while
Huang et al. [64] showed a similar effect of SA treatment for orange fruit. Our apricot study was in
agreement with the above previous studies on SA or MeJA results on SOD activity. However, here we
provided for the first time a comparison between MeJA and SA treatments on SOD activity which
showed that SOD activity was generally higher in the MeJA treatments than in the SA treatments.

CAT is a key enzyme in the catalyzation of H2O2 into H2O and O2, and therefore it has a function
to remove active oxygen species (AOS) from the cell during stress [64]. In agreement with our results,
MeJA was reported to maintain high CAT activity in strawberry plants [75] and in loquat fruit during
the CS period [23] compared to non-treated fruit. However, SA treatment’s effects on CAT activity
were not uniform in previous studies. Huang et al. [64] showed that SA pretreatment reduced CAT
activities compared to the non-treated fruit. However, similarly to our apricot study, Mo et al. [76]
demonstrated that SA treatments increased CAT activity in apple fruit compared to the non-treated
control. This might be associated with the result of the study of Tian et al. [77] that SA can increase
the CAT gene activity, i.e., the transcription and translation. In addition, not only CAT, but also
ascorbate peroxidase is a key enzyme of fruits in the removal of H2O2. Although this peroxidase was
not investigated in this study, future data on ascorbate peroxidase activity also contribute to the better
understanding of the mechanism of the antioxidant capacity and of the defense systems involved.

No previous fruit studies investigated correlations among enzyme activity parameters for MeJA
and SA jointly under postharvest treatments. However, this study confirmed that an increase in CAT
was associated with increasing PAL activity for both SA and MeJA treatments, which corroborated well
with the significant positive correlation coefficients and regression relationships between CAT and PAL
(Tables 2 and 3, Figure 3). A similar relationship was detected for the pair-variable of SOD vs. PAL,
where the increasing superoxide dismutase level in the fruit tissues was connected to an increasing
level of phenylalanine ammonia-lyase, which was confirmed by significant correlation coefficients and
also by significant regression as well as by significant PCA (in PC1) relationship between SOD and
PAL for both MeJA and SA compounds (Tables 2 and 3, Figures 3 and 4).

Overall, our results on the activities of enzymes may imply that the four enzymes can promote
various functions in the defense system and these may be jointly induced by MeJA and/or SA in
apricot fruit. PAL, POD, SOD and CAT enzymes are substantially induced by the given MeJA and SA
concentrations, and as a result, the storability of apricot fruit is increased.

5. Conclusions

This was the first study to investigate the effect of MeJA and SA jointly on quality losses, antioxidant
properties and enzyme activities of apricot fruit in CS and SL conditions.

Our results show that treatments of both SA and MeJA decreased the CI and FD of apricot fruit
in CS and SL periods. Both elicitors ensured high total antioxidant capacity, total polyphenolic and
carotenoids contents, and enhanced the enzyme activity of PAL, POD, SOD and CAT in CS and
SL conditions; as a result, the storability of apricot fruit is increased. Among the 45 pair-variables,
Pearson’s correlation coefficients of 23 and 9 pair-variables correlated significantly in the treatments of
MeJA and SA, respectively. Among these pair-variables, six pair-variables (FD vs. CI, PAL vs. CAT,
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PAL vs. SOD, TAC vs. SOD, TAC vs. FD, and AAC vs. CI) were significant in both the MeJA and the
SA, indicating connections among fruit quality loss, antioxidant parameters and enzyme activities.
The relationship between the six pair-variables was further confirmed by linear regression analysis
with r = 0.716–0.932, p = 0.03–0.001 and with r = 0.703–0.889, p = 0.03–0.001 for the MeJA and SA
treatments. PCA explained 89.3% of the total variance and PC1 accounted for 55.6% of the variance and
correlated with the CI, FD, TAC, TSPC, TCC, PAL, and SOD variables. Variables of PC1 were efficient in
discriminating the treatments. The treatments of MeJA and SA are practically useful and inexpensive
techniques to maintain several quality attributes of apricot fruit during both CS and SL conditions.
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