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Abstract

Activation of complex metabolic pathways and antioxidant activities is necessary for enhancing quality and health promoting
capacity of food crops. Plant growth regulators are the main factors affecting the expression of different genes and related
biological activities. Effect of foliar spray with 24-epibrassinolide (EBL) during growth stages on total antioxidant activity,
phenolics, anthocyanins, some anti-stress and antioxidant enzymes activity, fruit quality indices, and pathogen extension
in strawberry fruit during cold storage was investigated. EBL significantly enhanced fruit total antioxidant activity, total
phenolics, and total anthocyanins contents. Activity of superoxide dismutase, catalase, phenylalanine ammonia-lyase, and
polyphenol oxidase enzymes was enhanced by 270%, 81%, 138%, and 94% in response to EBL treatment, respectively.
Treated fruits showed lower decay extension, microbial count, weight loss, and higher postharvest life during storage. A
positive correlation was observed between the color parameters, total anthocyanins, and antioxidant capacity of the fruits.
EBL at 1 uM showed a good potential for enhancing strawberry fruit nutritional and overall quality, phytochemical com-

pounds, and postharvest life.
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Introduction

Strawberries (Fragaria X ananassa Duch) are rich sources
of important bio-compounds such as antioxidants, pheno-
lics, and anthocyanins, making them desirable for improving
human health. However, because of high metabolic activities
and sensitivity against pathogens, the bioactive compounds
and phytochemicals of the fruit rapidly decrease during stor-
age and transport (Crecente-Campo et al. 2012; Basu et al.
2014).

Due to the presence of different cell walls, cuticles, and
phytochemicals, including different antioxidants, the fruit
may exhibit different structural and biochemical defense
mechanism against pathogens. However, progress in senes-
cence processes such as tissue softening, increased soluble
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sugars and sweetness, and decreased acidity and defense
metabolites such as phenolics and antioxidants make the
fruit more susceptible to pathogen attack and postharvest
losses (Qin et al. 2009; Tian et al. 2013).

Enhancing the quality and phytochemical content of the
fruit is not only crucial for the production of high-quality
fruit but also is necessary for extending the crop shelf life,
and has been considered as a practical strategy for pro-
duction of foods with no chemical residues (Asghari and
Soleimani Aghdam 2010; Asghari and Zahedipour 2016).
It is possible to enhance the quality and defense mecha-
nisms of the crop by management tools including differ-
ent plant growth regulators and phytohormones (Oliveira
et al. 2016; Zahedipour et al. 2019). Modulation of different
resistance-related genes and enzymes in plants and harvested
crops is controlled by phytohormones and growth regula-
tors. A number of plant growth regulators such as salicy-
lates (Babalar et al. 2007; Asghari and Soleimani Aghdam
2010), polyamines (PAs) (Pieterse et al. 2009), jasmonates
(Asghari and Hasanlooe 2015), polyphenols (Ahammed
et al. 2018), brassinosteroids (BRs) (Asghari and Zahedipour
2016), nitric oxide (NO) (Pieterse et al. 2009), melatonin
(Ahammed et al. 2019), organic acids (Song et al. 2018),


http://orcid.org/0000-0001-5363-3862
http://crossmark.crossref.org/dialog/?doi=10.1007/s00344-019-10033-y&domain=pdf

Journal of Plant Growth Regulation (2020) 39:920-929

921

and ethylene (ET) (Igbal et al. 2017) have been shown to
be involved in plant immunity system activation and phyto-
chemical production pathways.

Brassinosteroids are a group of phytochemicals playing
key roles in different growth and developmental processes
of plants (Choudhary et al. 2012; Gruszka 2018). These phy-
tohormones have been shown to enhance both resistance
mechanisms and growth parameters of the plants, making
them as stress-mediating and growth-promoting agents
(Asghari and Zahedipour 2016). They have important roles
in activating crop defense responses, including different
enzymatic and non-enzymatic antioxidant systems, against
various biotic and abiotic stresses in plants and harvested
crops (Bajguz and Hayat 2009; Asghari and Zahedipour
2016; Asghari and Rezaei-Rad 2018). Treatment of straw-
berry plants with 24-epibrassinolide (EBL), an active brassi-
nosteroids, showed that EBL acts as a growth-promoting
and relatively stress-mediating agent at low concentrations,
but strongly modulates stress resistance at higher doses
(Asghari and Zahedipour 2016). Similarly, the role of exog-
enous brassinosteroids in enhancing camellia plants defense
against Colletotrichum gloeosporioides was reported (Zhang
et al. 2018).

There are contradictory reports regarding the effects of
BRs on phytochemical content, postharvest quality, and shelf
life of perishable crops. Most studies indicate the senescence
promoting effects of BRs due to enhancing ethylene pro-
duction (Symons et al. 2006; Chai et al. 2013; Zhu et al.
2015; He et al. 2018). On the other hand, there are reports
on positive effects of BRs in enhancing postharvest life and
decreasing decay extension in some crops (Zhu et al. 2010).

There are few reports regarding the effects of BRs on
strawberry fruit quality, different phytochemicals and anti-
oxidant fractions, and postharvest physiology. In a previous
study, the positive and dual effects of EBL on strawberry
plant growth and resistance mechanisms were reported
(Asghari and Zahedipour 2016), but the effects on different
aspects of quality parameters, phytochemical contents, and
resistance mechanisms against pathogens and postharvest
stresses remain to be illustrated. In line with the previous
study, the current experiment was conducted to illustrate
the effects of foliar spray with different levels of EBL, as a
safe and environmental friendly phytochemical compound,
on strawberry fruit quality indices, pigmentations, phytonu-
trients, antioxidants, bioactive compounds, and postharvest
physiology. Since BRs have shown some opposite and dual
effects on quality of some studied crops, different levels of
EBL were used to see if it may have dual effects on straw-
berry fruit quality parameters, different antioxidant frac-
tions, color, and postharvest life or not. Also, the relations
between changes in fruit quality parameters such as total
soluble solids, total acidity and color, enzymatic and non-
enzymatic antioxidants, phenolics, anthocyanin contents,

and susceptibility to postharvest decays and weight loss
were studied.

Materials and Methods

Treatment of Plants with EBL, Harvesting,
and Storage of the Fruits

The experiment was carried out in a commercial strawberry
production greenhouse, located in Urmia, Iran. Strawberry
plants (Fragaria X ananassa Dutch, cv. Sabrosa) were cul-
tivated in a coco-pit and perlite (1:1) growth medium, and
fertilized with a complete nutrient solution containing a mix-
ture of Calcinit™ (15.5% N, 19% Ca) and Superba™ Red
(7-4-22% NPK + micronutrients) (Yara International, Oslo,
Norway). Strawberry fruits were sprayed with EBL solu-
tion (0, 1, and/or 4 uM) 15 days after full bloom and also at
ripening stage just 2 days before harvest. All fruits were har-
vested at commercial ripening, when more than 75% of fruit
was red colored, in the morning and immediately transferred
to postharvest laboratory of Urmia University. Fruits were
selected for uniformity in size, shape, and color and absence
of defects, placed in 250 mL polyethylene boxes (approxi-
mately 150 g weight of berries for each box) and stored at
1+0.5 °C with 90-95% RH for 14 days. Each treatment was
conducted on 4 plants as replicates and two observations
were recorded for each replicate. After 14 days, fruits were
removed from cold storage and, to simulate the commercial
situations, kept at room temperature for 24 h, and then were
evaluated.

Determination of SOD Enzyme Activity

Superoxide dismutase enzyme activity was determined
according to the method described by Giannopolitis and
Ries (1977). Fresh fruit tissue (4 g) was homogenized
at 4 °C in extraction buffer (0.1 mM EDTA and 25 mM
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) (pH 7.8)) with mortar and pestle. The homogen-
ate was centrifuged at 10,000g for 10 min at 4 °C and the
supernatant used as the crude enzyme extract. The reaction
mixture contained 25 uM HEPES (pH 7.6), 50 mM Na,CO,
(pH 10.2), 12 mM methionine, 75 pM Nitro Blue Tetrazo-
lium (NBT), 1 uM riboflavin, and 0.1 mM EDTA. Finally,
the enzyme extract was added the tubes were shaken and
then placed below a light bank consisting of fluorescent
lamps (8000 Lux), at 22 °C for 20 min. SOD activity was
determined by measuring the ability to inhibit the NBT pho-
tochemical reduction at 560 nm and the result reported as
U kg~! protein.

@ Springer



922

Journal of Plant Growth Regulation (2020) 39:920-929

CAT Enzyme Activity

Catalase activity was evaluated by monitoring the disap-
pearance of H,0, by recording the decrease in absorbance
every 30 s at 240 nm (Dhindsa and Matowe 1981). Frozen
fruit tissue (2 g) was homogenized in 0.5 M phosphate buffer
(pH 7.2), containing 1% (W/V) polyvinylpyrrolidone (PVP).
The homogenate was centrifuged at 10,000g for 10 min at
4 °C. The reaction mixture contained 2.5 mL 0.5 M sodium
phosphate buffer (pH 7.0), 0.3 mL 15 mM H,0,, and 0.1 mL
of enzyme extract. CAT activity was expressed in unit kg™
One unit of CAT activity was expressed as the amount of
enzyme that decomposed 1 uM of H,0O, per min at 25 °C.

Polyphenol Oxidase (PPO) Activity Assay

The method described by Singh et al. (1999) was used for
PPO activity assay. Fruit tissue (4 g) was pulverized in a cold
mortar and pestle with extraction buffer (68.5 mL NaH,PO,
(0.2 M) and 31.5 mL NaHPO, (0.2 M, pH 6.5) to assay
PPO enzyme activity. The homogenate was centrifuged at
10,000g for 10 min at 4 °C. The supernatant was used for
PPO assay. The reaction mixture containing 2 mL pyro-
gallol 0.01 M, 1.5 mL phosphate sodium 0.2 M (pH 6.5),
and 0.5 mL extract crude enzyme was incubated at 38 °C for
3 min, the absorbance of each solution was read at 334 nm,
changes in A;3, recorded for 3 min, and the result expressed
as AAbs kg~! protein.

Phenylalanine Ammonia-Lyase (PAL) Activity Assay

The activity of PAL enzyme was determined using the
method of Karthikeyan et al. (2006) using borate buffer
(H;BO;/Na,B,0,-10H,0) 0.1 M (pH 7), Polyvinyl-pyr-
rolidone (0.1%), and 2-Mercaptoethanol (1.4 mM). The
extracts were homogenized and centrifuged at 10,000g for
15 min at 4 °C, and then supernatants were used for enzyme
activity assay. To determine PAL activity, enzyme extract
(0.4 mL) was added to 0.5 mL (0.1 M) sodium borate buffer
(pH 8.8) and 0.5 mL L-phenylalanine (12 mM). The mixture
was incubated at 30 °C for 30 min and the absorbance of
each solution was measured at 290 nm. PAL enzyme activity
was determined as nmol trans-cinnamic acid kg~! protein.

Determination of Total Phenolics (TP) Content

Total phenolics content of fruit extracts was determined
using the Folin—Ciocalteu method as described by Plessi
et al. (2007), and was expressed as mg galic acid kg~! FW.
For extraction, 1 g of fruit sample was homogenized with a
solution composed of methanol/HC1 (V/V 2:28). Then, the
mixture was centrifuged at 10,000g and 4 °C for 10 min.
The supernatant was used for the assay of TP content. For
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the assay, 0.1 mL of this extract was mixed with 0.5 mL
Folin—Ciocalteu reagent and 7 mL distilled water. After
the incubation for 2 min at room temperature in the dark,
I mL sodium carbonate saturated solution was added and
the sample was incubated again for 2 h at room temperature.
The absorbance of the sample was read at 760 nm using
a spectrophotometer (model; Analytik Jena Specord 200,
Germany).

Total Anthocyanin Content of the Fruits

Fruit total anthocyanin content was determined based on
a pH-differential method with some modifications (Plessi
et al. 2007). For extraction of anthocyanin, 1 g FW of fruit
sample was homogenized with solution composed of metha-
nol/HCI (V/V 2:98). After mixing, the solution was centri-
fuged at 10,000g and 4 °C for 10 min. Then two dilutions
of the extracts (V/V 1:10) were prepared, one with MES
(2-[N-morpholino]-ethanesulfonate) buffer (pH 1) and the
other with (pH 4.5), separately. KOH (1 M) and HCI (1 M)
was used to regulate the pH of MES buffer. After the incu-
bation for 5 h at 4 °C, the absorbance of each solution was
measured at 510 nm.

Assay of Ascorbic Acid (AA) Content

Total ascorbic acid was measured by absorbance at 540 nm
using a standard curve according to Terada et al. (1978). The
TAA content was expressed as mg ascorbic acid kg™! FW.
Fresh fruit tissue (5 g) was homogenized and mixed with
100 mL metaphosphoric acid (6%) containing 2 M acetic
acid to measure AA content. The mixture was centrifuged
at 18,000g for 15 min at 4 °C. Then the supernatant was
filtered and 1 mL aliquot of the supernatant was mixed with
0.05 mL 2, 6-dichlorophenolindophenol (0.2%), and the
solution was incubated at room temperature for 1 h. Finally,
1 mL thiourea (2%) in metaphosphoric acid (5%) and 0.5 mL
of dinitrophenylhydrazine (2%) in 4.5 mL L~ sulfuric acid
were added to the solution and incubated at 60 °C for 3 h.
The reaction was stopped by placing the tubes in ice bath
and slowly adding 2.5 mL of ice cold sulfuric acid (2%).

Total Antioxidant Activity (TAA) Assessment

2, 2-diphenyl-1-picrylhydrazyl radical (DPPH’) method
was used to determine the TAA of sample extracts (Panico
et al. 2009). In the free radical form, DPPH' disappears with
acceptance of an electron from an antioxidant compound
to become a stable diamagnetic molecule. In this study,
aliquots of the fruit juice were mixed with 3 mM DPPH’
solution (2.37 mg DPPH' in 2 mL ethanol). For the sample
solution, 28 uL. whole juice was mixed with 28 uL DPPH'
solution and 944 pL ethanol. This solution was incubated in
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the dark at room temperature for 10 min. The absorbance
of each solution was read at 515 nm. DPPH’ blank solution
containing 972 uL ethanol and 28 uL DPPH" was prepared
and used freshly. The percentage decrease in absorbance
was recorded for each sample, and percentage quenching of
DPPH' radical was calculated on the basis of the observed
decrease in absorbance according to the formula:

% Inhibition = [(A0 — A1)/A0] X 100

AQO is the absorbance value of the DPPH blank solution, A1
is the absorbance value of sample solution.

Decay Extension Assay

In order to determine decay extension rate, each sample was
homogenized in aseptic condition (Ribeiro et al. 2007). In
order to inoculation, 1 mL of each sample was transferred to
petri dishes containing 15 mL Plate Count Agar and cooled
at 44-47 °C. The samples mixed immediately to obtain
evenly dispersed colonies during incubation. After complete
solidification, the plates incubated at 30+ 1 °C for 72 h. The
result was expressed as Log Colony Forming Units L™!.

Determination of Fruit Weight Loss, Total Soluble
Solids (TSS), pH, and Total Acidity (TA)

Fruit weight was recorded, and the percentage weight loss
from harvest was calculated. TSS and pH were determined
at room temperature using a refractometer (Carl Zeiss, Jena,
Germany) and pH meter (AZ-8601, China), respectively. For
TA content measurement, 5 mL aliquot of strawberry juice
was diluted with 95 mL distilled water and titration was car-
ried out to pH 8.2 using 0.1 M NaOH.

Fruit Surface Color Evaluation

A digital chroma-meter (model:CR-400, Konica Minolta,
Japan) was used to evaluate fruit surface color (Crecente-
Campo et al. 2012). Fruits were sampled from each treat-
ment and three readings were taken on different sides of each
fruit for the surface color. The L* (lightness), a* (greenness
[—] to redness [+]), and b* (blueness [—] to yellowness [+])
were measured. Chroma [C* = (a**+ b**)*3] and hue angle
[A°=(arctan b*/a*)] were calculated from CIE a* and b* val-
ues. Total color differences were calculated according to the
following equation: [AE* =[(AL*)> 4+ (Aa*)> + (Ab*)*]"2.

Correlation Analysis

The correlation analysis was performed to explain the inter-
nal reasons why the L* and C* values of treated strawber-
ries with EBL were changed (Table 4). Strawberries with
high concentration of anthocyanins are darker, less vivid,

and tend to be redder (low L*, C* and h° value). Increase in
anthocyanins content enhances light absorption (Crecente-
Campo et al. 2012; Fernandez-Lara et al. 2015).

Statistical Analysis

The experiment was carried out in a completely randomized
design with 3 EBL levels (0, 1 and 4 uM) and four repli-
cations. All statistical analyses were performed according
to the general linear model procedure of statistical analy-
sis system (SAS, version 9.2) and mean separations were
performed by Duncan’s multiple range test. Differences at
P <0.01 and P <0.05 were considered as significant.

Results
Antioxidant and Anti-stress Enzymes Activity

The activity of SOD, CAT, PPO, and PAL, as important anti-
stress enzymes in plants and harvested crops, was signifi-
cantly affected by pre-harvest EBL treatment (P <0.01). The
activity of these enzymes was about 270%, 81%, 94%, and
138% higher than the control in EBL-treated fruits, respec-
tively (Fig. 1a—d). After 14 days of cold storage followed by
24 h storage at room temperature, fruits treated with 1 uM
EBL showed the highest SOD, CAT, and PAL activity. PPO
enzyme activity was enhanced in a concentration-dependent
manner by EBL treatment.

With increase in the concentration of EBL from 1 to
4 pM, a decrease in the activity of SOD, CAT, and PAL
enzymes was recorded.

TP, Total Anthocyanins, AA Content, and TAA

Pre-harvest treatment with EBL effectively enhanced fruit
main antioxidant fractions including TP content (44.5%),
anthocyanins (86%), and antioxidant activity (15.63%)
(P<0.01), and there was no significant difference between
different levels of EBL in enhancing these bioactive com-
pounds (Fig. 2a—c). There was a positive correlation between
fruit phenolics, anthocyanins, antioxidant enzymes, and total
antioxidant content (Table 1).

Foliar treatment of the fruit with EBL decreased vitamin
C content of the fruits, so that the AA content of the fruit
treated with 4 uM EBL was significantly (P <0.01) (18.3%)
lower than the control.

Microbial Count (Decay Extension Rate)
24-epibrassinolide treatment significantly reduced the micro-

bial count on strawberries during cold storage (P <0.01;
Fig. 2e). After 14 days of cold storage followed by a 24-h
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Table 1 Linear correlation coefficients among decay extension (microbial count) and antioxidant fractions of stored (14 days in 1+0.5 °C and

1 day at room temperature) ‘Sabrosa’ strawberries

Measured parameter Microbial count TAA (DPPH) TP Anthocyanin PAL PPO SOD CAT
TAA (DPPH) —0.748%%* 1

TP —0.240™ 0.649%* 1

Anthocyanin —0.650%* 0.718%%* 0.740%* 1

PAL —0.946%* 0.679%* 0.214™ 0.684* 1

PPO —0.224™ 0.595% 0.666* 0.621°%* 0.227™ 1

SOD —0.814%%* 0.583%* 0.242™ 0.590%* 0.817%#%* 0.479™ 1

CAT —0.875%* 0.654* 0.472™ 0.753%%* 0.889%* 0.275™ 0.824%#% 1

TAA total antioxidant activity, 7P total phenolics, PAL phenylalanine ammonia lease, PPO polyphenol oxidase, SOD superoxide dismutase, CAT

catalase

*Indicates that the correlation between the two parameters is significant at P <0.05 level

**Indicates that the correlation between the two parameters is statically significant at P <0.01 level

"Indicates that the correlation between the two parameter is not statically significant (n=4)

Table 2 Effect of foliar spray with EBL on TSS content, TA, TSS/
TA, and weight loss of strawberries stored for 14 days in 1+0.5 °C
plus 1 day at room temperature

EBL con- Quality parameters
centration - — -
TSS (°Brix) TA (g citric TSS/TA  Weight loss (%)

acid kg™!
FW)

0 5.36* 52+0.4° 2.69* 2.60+0.04*

1 uM 5.35% 6.2+0.4% 2.18* 1.42+0.05°

4 uM 5.35¢ 5.0+0.4° 2,631 1.74+0.03°

TSS, total soluble solids; TA, total acidity

Different lower case letters in each column illustrate the significant
of difference between the data at P<0.05 level, according to Dun-
can’s multiple range test. Error bars have been expressed in a plus—
minus sign (+), plus the upper limit of the error and minus the lower
limit of the error (n=4)

pH, TSS, TA, and Fruit Color

pH and TSS were not affected by EBL treatment, but fruit
treated with EBL at 1 pM showed about 83% lower weight
loss in comparison with the control (P <0.01). The rate of

weight loss in fruits pretreated with 4 uM EBL was more
than 1 uM, indicating the adverse effects of higher EBL con-
centrations on fruit weight loss (Table 2). Foliar spray of the
fruits with 1 uM EBL during growth stages significantly
enhanced fruit acidity (19%) (Table 2; P <0.01).

The treatment significantly enhanced the formation of
red color in strawberry fruits. Compared with the control,
the L* value was decreased in treated strawberries. In addi-
tion, decrease in C* and h° values in treated samples was
recorded and with the increase in EBL level the effect on
decreasing these values was increased. Statistical analysis of
the whole data revealed that chromatic changes (AE*) were
not significant. Strawberries treated with EBL tended to be
more reddish and less vivid than control fruits (Table 3).

The anthocyanin content was found to be negatively cor-
related to C* and L* value with r=—0.61, P <0.05 and
r=-9.71, P<0.01, respectively. Exogenous EBL had a
significant effect on PPO activity (Fig. 1c). The activity of
PPO enzyme is associated with formation of brown pig-
ments (melanins) influencing fruit color quality. However,
there was no significant correlation between PPO activity
and color indicators like L*, C*, and also AFE value in stored
strawberries pretreated with EBL (Table 4).

Table3 L* (Lightness), C* EBL concentra-

Color parameters

(Chroma), h° (Hue angle), and

tion
AE (total color differences) of ! L* C* h° AE
stored strawberries (14 days in
1+0.5 °C and 1 day at room 0 30.72+0.61* 40.65 +0.60° 48.10+3.75° 8.75+1.80°
temperature) pretreated with 1uM 28.17+0.91° 35.11£2.70® 43.99 +1.33%® 7.14+3.83°
EBL during growth stages 4uM 27.55+1.42° 34.11+3.000 41.07 +2.43° 10.22+3.90°

Different lower case letters in each column illustrate the significant difference between the data at P <0.01
level, according to Duncan’s multiple range test. Error bars have been expressed in a plus-minus sign (+),
plus the upper limit of the error and minus the lower limit of the error (n=4)

C*, Chroma; L*, Light; h°, Hue angel; AE, Total color differences
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Table 4 Linear correlation coefficients among total anthocyanin content, PPO activity and chroma (C*), light (L*), hue angel (h°), and AF (total
color differences) value in stored strawberries (14 days in 1 +0.5 °C and 1 day at room temperature) pretreated with EBL during growth stages

Parameters YC* XAnthocyanin XPPO XL* Xh° XAE
YC* 1

XAnthocyanin —-0.61* 1

XPPO -0.37™ 0.62%* 1

XL* 0.73%%* —0.71%* -0.50™ 1

Xh° 0.57%* —0.49™ —0.55" 0.65* 1

XAE —0.42™ -0.31™ —0.06™ -0.21™ 0.15™ 1
PPO polyphenol oxidase

*Indicates that the correlation between the two parameters is significant at P <0.05 level

**Indicates that the correlation between the two parameters is statically significant at P <0.01 level

"Indicates that the correlation between the two parameters is not statically significant (n=4)

Discussion

Decays caused by pathogen are the major reasons for wast-
age of food crops, especially perishable horticultural com-
modities with higher water content. Fruit, with a sensitive
structure and delicate protection layer, is very perishable
and susceptible to pathogen attacks (Jimenez-Zamora et al.
2016). In this study, strawberry fruits treated with 1 uM EBL
during growth stages showed the lowest decay extension and
weight loss during storage. There was a negative correlation
between fruit anti-stress and antioxidant components includ-
ing anthocyanins, total phenolic compounds, TAA, PAL,
PPO, CAT, and SOD activity with decay extension rate and
fruit weight loss, indicating the role of these bio-compounds
in prevention of decay extension in fruit, as well as the role
of BRs in enhancing disease resistance capacity of harvested
fruits. The results show that EBL at lower concentration was
able to decrease the senescence rate and increase posthar-
vest life of the fruit. CAT and SOD dismutase are of main
enzymatic antioxidants of fresh fruits playing pivotal roles
in detoxifying different active oxygen species (Giannopolitis
and Ries 1977; Ahammed et al. 2018, 2019). Enhancing the
activity of these enzymes by the use of lower EBL levels
promotes the plant and fruit resistance against pathogens and
postharvest stresses and increases the nutritional quality and
health promoting properties of the fruits (Qin et al. 2009;
Choudhary et al. 2012; Zhang et al. 2018).

Phenolics, phytoalexins, tannins, organic acids, chi-
tinases, lignins, different antioxidants, anthocyanins, and
some other secondary metabolites with anti-stress, antifun-
gal, and antioxidant activities are among the most important
phytochemicals playing crucial roles in making nutritional
quality and health promoting capacity of the fresh crops
(Hancock and Viola 2005; Weng and Yen 2012; Ahammed
et al. 2018; Zhang et al. 2018). These phytochemicals are
at the same time the main components of crop defense sys-
tems against different biotic and abiotic stresses including
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postharvest weight loss and disease extension (Tomas-Bar-
beran and Espin 2001; Balasundram et al. 2006; Oliveira
et al. 2016). Production of structural phenolics such as cutins
and formation of a complete cuticle layer as a consequence
of increased PAL and PPO activity results in a decreased gas
and water vapor transition between the fruit and environ-
ment, leading to decreased respiration and weight loss (Tian
et al. 2013). On the other hand, exogenous EBL maintains
cellular turgor pressure by improving antioxidant systems,
which are responsible for protecting biological membranes
against oxidative stress (Ding et al. 2016).

In the present study, correlation coefficient analysis
showed a strong positive relation between different anti-
oxidant enzymes, phenolics, anthocyanins, PPO, and PAL
enzyme activity and postharvest life. Fruit with a higher
antioxidants and phenolics exhibited more red color, higher
organic acid content, lower postharvest weight loss, and
decay extension. TSS is an indicator of senescence process
and with increase in senescence rate the TSS content of the
fruit increase as the result of cell wall degrading enzymes
(Zhu et al. 2015; Igbal et al. 2017). The lower TSS content
in EBL-treated fruits indicates the lower cell wall degrad-
ing rate and lower senescence rate. In most of the previous
studies, harvested fruits have been treated with a relatively
higher BRs concentrations and the senescence promoting
effects of these phytohormones were reported (Symons
et al. 2006; Zhu et al. 2010, 2015; Chai et al. 2013; He et al.
2018). Most of the reports show that BRs are able to enhance
the ripening and senescence process of fruits by enhanc-
ing ethylene production and action, but as a new approach,
in the current study, the fruit and foliar parts of the plants
were treated with lower levels of EBL and obtained opposite
results. The findings of this study indicated that very low
levels of BRs are able to enhance the quality of fruits by
improving different metabolic pathways for biosynthesis of
quality parameters including color, taste and flavor, sugars,
organic acids, phenolics, and different antioxidants.
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Different phenolic compounds including simple pheno-
lics, polyphenols, flavonoids, and anthocyanins play impor-
tant roles in cell antioxidant, anti-stress, and anti-pathogen
activities (Ahammed et al. 2018; Wang et al. 2018; Zhang
et al. 2018). PAL and PPO are the main players in biosyn-
thetic routes of different phenolics and polyphenols, and
BRs enhance gene expression and activity of these enzymes
resulting in biosynthesis and accumulation of different phe-
nolic compounds in plant and fruit cells (Choudhary et al.
2012; Asghari and Zahedipour 2016; Asghari and Rezaei-
Rad 2018; Gruszka 2018). Increase in polyphenols and dif-
ferent phenolics is one of the reasons for decreased decay
extension during postharvest storage (Zhang et al. 2018) and
the substantial increase in total phenolics and anthocyanin
content of fruit treated with 1 uM EBL is the consequence
of 150% increase in PAL activity as the main enzyme in
phenylpropanoid pathway.

Anthocyanins, as colorful phenolic compounds, are the
major components of color in some fruits including the
strawberries and also are powerful antioxidants acting as
powerful anticancer and anti-inflammatory agents in human
cells (Miguel 2011; Lin et al. 2017). Therefore, these phyto-
chemicals play an important role in fruit overall and nutri-
tional quality. Anthocyanins strongly enhance crop’s natu-
ral resistance against pathogens and decrease the adverse
effects of postharvest conditions by directly scavenging free
radicals, detoxifying active oxygen species, and activating
resistance genes (Jaakola 2013). In this study, strawberries
treated with the lower concentration of EBL tended to have
the highest anthocyanins and be more reddish and less vivid
than controls (Table 3), indicating the positive roles of BRs
in anthocyanin biosynthesis. These fruits also showed the
highest antioxidant capacity, organic acids, TSS, and activity
of PPO and antioxidant enzymes.

With increase in EBL concentration, the positive effects
on enhancing fruit quality were decreased in the present
study. This may be due to the growth inhibitory effects of
higher BRs. Previous reports indicate that BRs at higher con-
centrations may enhance the production and accumulation
of growth inhibitors, mainly ethylene and ABA. Increase in
growth inhibitors may result in decreased photosynthesis,
assimilate production, and quality formation (Symons et al.
2006; Tian et al. 2013; Igbal et al. 2017; He et al. 2018; Lv
et al. 2018). This may be the reason for decrease in vitamin
C content of the fruits in response to 4 pM EBL, indicating
the adverse effects of higher BR levels on vitamin C produc-
tion or stimulatory effects on vitamin C consumption rates
(Fig. 2d).

These results indicated that the substantial increase in
anthocyanin content, in response to EBL (1 uM) treatment,
is a major reason for changes in color parameters in treated
samples. In addition, the increase in activity of PPO and
subsequent melanin production leading to a decrease in color

parameters in response to higher (4 uM) EBL level is related
to increased ethylene production rate. The appearance of
melanins is important in light absorption and could change
the color parameters values (Newman et al. 2011).

Conclusions

In contrast to the results of previous studies regarding the
senescence promoting effects of BRs in some fruits, the
results of this study showed that EBL, as a safe and envi-
ronmental friendly compound, at 1 uM is able to enhance the
overall and nutritional quality, health promoting capacity,
and postharvest life of the strawberries. Negative correlation
coefficients between fruit quality parameters, different enzy-
matic antioxidants, total acidity, phenolics, antioxidants, and
decay extension indicate that by the use of BRs at very low
concentrations during fruit growth and development stages,
the quality, health promoting capacity, and safety of straw-
berries may be simultaneously improved. With increase in
public awareness regarding the adverse effects of pesticides
and other agricultural chemicals on human health and envi-
ronment safety, the importance of using phytohormones and
generally regarded as safe compounds as alternatives for
these chemicals is more pronounced (Asghari 2019). Foliar
spray of strawberry plants and fruits with very low EBL
levels can be considered as an important and effective mean
for producing strawberries with a very higher antioxidant
and anticancer capacity and maintaining the fruit quality and
safety for a longer period after harvest. The need for very
lower levels of BRs for improving the quality and safety of
the fruit is also very important from the economic point of
view.

Future studies on the effects of lower BR levels on quality
parameters, stress resistance mechanisms, gene expression,
and enzyme activity of different metabolite pathways in dif-
ferent crops can further illustrate the mechanisms of actions
of these phytohormones.
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