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Abstract

The effect of 24-epibrassinolide and fennel essential oil on postharvest life and quality of orange fruits (Citrus sinensis var.
“Valencia’) during storage was studied. Fruits were treated with 24-epibrassinolide (0, 4 and 8 ulL."") and fennel essential
oil (0, 300 and 600 ulL"), as well as various combinations thereof and stored for 45 and 90 days. The results showed that
the highest amount of total acidity was associated with 600ulL! essential oil and 4 plL-! 24-epibrassinolide on day 45.
The highest level of phenylalanine ammonia-lyase was observed during the storage period of 90 days in the treatment of
300ulL! of essential oil and 24-epibrassinolide at a concentration of 4 ulL-!. The results indicate that the combination
treatment of 24-epibrassinolide and fennel essential oil increases the health promoting potential, maintains fruit quality,

and extends storage life.
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Introduction

Approximately 80% of total citrus production comes from
10 countries: Brazil, the USA, China, Mexico, Nigeria,
Spain, India, Iran, and Argentina. In 2018, Iran was ranked
seventh among the top 10 citrus-producing countries with
4 million tonnes produced, accounting for 3% of world cit-
rus production (FAO Statistics 2020). In Iran, the income
of a number of people is directly or indirectly dependent
on citrus, and this number is increasing every year. Citrus
fruits have high nutritional value and play an essential
role in health due to their compounds such as ascorbic
acid, phenols, flavonoids, carotenoids, pectin, etc. (Kahra-
manoglu et al. 2021). The main components of orange
(C. sinensis) essential oil were limonene (71.80%), beta-
myrcene (4.55%), sabinene (1.39%), linalool (3.89%), oc-
tanal (1.64%), and cc-pinene (1.17%) (Duman et al. 2016).
The major fatty acid compositions of citrus seed oil are
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oleic, linoleic and palmitic acids (Matthaus and Ozcan
2012).

Citrus fruits are non-climacteric and have a low rate of
respiration and ethylene production. Chemical changes are
minimal and do not continue after harvest (Fujioka and
Yokota 2003; Tadeo et al. 2008). ‘Valencia’ orange is the
latest commercial citrus cultivar in Iran. This cultivar is
in the group of seedless or low seed varieties. Today, due
to the increasing demand for organic products, as well as
concerns about residual toxins and the adverse effects they
have on the environment and human health, postharvest
management techniques using healthy and environmentally
friendly methods are being developed to increase the shelf
life of fruits (Munhuweyi et al. 2020). Today, the increas-
ing use of growth regulators in postharvest technology of
unclimacteric fruits such as oranges promises to increase
the methods in postharvest technology and thus prolong
the shelf life of fruits (Ziv and Fallik 2021). In non-climac-
teric fruits such as grapes, brassinosteroid treatment signif-
icantly increased soluble solids and total acidity and an-
tioxidant content, phenols, and ascorbic acid (Asghari and
Rezaei-Rad 2018). Treatment of 40 ulL~! of brassinosteroids
in bananas reduced ion leakage and increased chlorophyll
fluorescence (Li et al. 2018).
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Edible coatings reduce fruit losses by creating a semi-
permeable barrier on the surface of the fruit, which regu-
lates moisture and gas exchange between the inside of the
fruit and the outside atmosphere (Ncama et al. 2018.) As
a result, edible coatings may increase fruit postharvest life
by delaying fruit ripening and physicochemical changes, as
well as preventing the development of physiological abnor-
malities (Kumar et al. 2017). The ability of essential oils
to reduce postharvest waste, as well as their naturalness
and lower level of harm to human health, has led to in-
creased interest in and attention on essential oils (Vergis
et al. 2015). One of these edible coatings is fennel essential
oil. The antimicrobial and antioxidant properties of fennel
essential oil are due to flavonoids, terpenoids, carotenoids,
and coumarins (Singh et al. 2006).

Several researchers recorded the chemical composition
of fennel oils of different origin and the major compo-
nents were reported to be methyl chavicol, trans-anethol,
limonene, fenchone, a-terpinene, and piperitonene oxide
(Ozcan and Akgiil 2001; Ozcan and Chalchat 2006). The
oil from the fruit of Foeniculum vulgare subsp. piperitum
from Turkey has been studied, with the main components
reported as being methyl chavicol (40.49% and 21.69%),
with limonene (17.66% and 22.44%) and fenchone (16.9%
and 12.98%) being the other important components (Ozcan
and Akgiil 2001).

In order to maintain the quality of the fruit and ensure
its marketability, detailed protocols should be developed
for the postharvest operations of ‘Valencia’ oranges. Since
the demand for the “Valencia’ cultivars is high up to several
months after harvest in different provinces of Iran, it is nec-
essary to use appropriate methods to increase the shelf life
for use in all seasons. On the other hand, due to wide variety
of citrus cultivars, general recommendations for all cultivars
are not acceptable under any circumstances. Therefore, the
methods used to maintain and store these cultivars should
be that the fruit is of the best quality when marketed. Thus,
the objective of this study was to evaluate the effects of var-
ious concentrations of 24-epibrassinolide and the essential
oil extracted from F. vulgare on ‘Valencia’ orange during
postharvest cold storage and observation of phytochemical
contents, enzymatic activities and increasing the shelf life
of ‘Valencia’ orange.

Materials and Methods

Plant Material, Fruit Treatment, and Storage
Conditions

The present study was performed on ‘Valencia’ orange cul-

tivar. Orange fruits of the ‘Valencia’ variety were harvested
at commercial maturity stage from a commercial garden lo-
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cated in Qaem shahr, Mazandaran province (north of Iran)
in late January according to soluble solids content/titratable
acidity (SSC/TA) ratio from mature trees and transferred
into cold storage at the laboratory of the Horticulture De-
partment, Urmia University. The diameter of the fruits at
the time of harvesting was 70—80 mm.

The fruit was rinsed with distilled water and dried at
room temperature. Then, 24-epibrassinolide treatments
(Sigma-Aldrich Co., Madrid, Spain) in three levels includ-
ing 0, 4, and 8 ulL-!' and fennel essential oil in three levels
of 0, 300, and 600ulL" as well as fruits with simultane-
ous treatment of fennel essential oil and 24-epibrassino-
lide was applied by immersion for 5min. After drying the
treated fruits at normal laboratory temperature, which lasted
10min, they were then put in clear disposable polystyrene
containers and left for 0, 45, and 90 days at 5 °C and kept in
the relative cold at 85 to 95% relative humidity. Sampling
was performed to measure the desired indicators on days
0, 45, and 90 days after storage in polystyrene containers.
The traits were evaluated at three times: O or harvest time,
45 days after treatment, and 90 days after treatment.

Essential Oil Analysis

A total of 30 g dried fennel leaves (drying at room tem-
perature and in the dark) were used for water distillation
using a Clevenger apparatus (for 3 h). The prepared ex-
tract was then stored in the dark at 4°C before analysis.
Gas chromatography-mass spectrometry (GC-MS) analyses
were performed on a Thermo Finnigan capillary gas chro-
matograph directly joined to the mass spectrometer system
(model Trace GC/Trace MS Plus system). First, the pre-
pared samples were injected into a chromatographic appa-
ratus, and a suitable temperature programming column was
obtained for complete separation of the essential oil com-
pounds. Also, the percentage of constituents of each essen-
tial oil was calculated. The essential oils were then injected
into a gas chromatographic apparatus connected to a mass
spectrometer, and the mass spectra of the compounds were
obtained. Essential oil compounds were identified using the
Quats inhibition index, and the mass spectra were compared
with the proposed mass spectra by the computer libraries of
the gas chromatograph connected to the mass spectrometer.

Measuring the Firmness of Fruit Tissue

In order to determine the firmness of the fruit tissue of
the decomposition device and texture measurement of the
XTPluss-TA model (Stable, UK) microsystem was used.
The probe used was a cylindrical type with a flat base and
a diameter of 6mm. The amount of pressure in kilograms
due to the resistance of fruit tissue to the tip of the stiffness
meter was read from the device (Vargas et al. 2006).
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Measurement of Total Soluble Solids (TSS)

For this purpose, the ATAGO manual refractometer was
used. At first, the refractometer was calibrated, then a few
drops of fruit juice were poured on the device, the rele-
vant number was read from the column, and the data were
recorded in Brix (Ayala-Zavala et al. 2007).

Measurable Titratable Acidity (TA)

To measure TA, the titration method with 0.1 N NaOH so-
lution was used to reach pH=38.2, and the results were ex-
pressed in grams of citric acid in 100ml of fruit juice. For
this purpose, 10ml of fruit juice was mixed with 20ml of
distilled water and then titrated. The amount of titratable
acidity was calculated according to the percentage of citric
acid according to the following formula:

A=(SxNxFxE)/Cx 100

In this formula: A=amount of organic acids in fruit ex-
tract, S=amount of NaOH consumed (ml), N = normality of
NaOH, F=factor NaOH, C=amount of fruit extract (ml),
and E=equivalence the target acid (malic acid) (Ayala-
Zavala et al. 2007).

Measuring the pH of the Fruit

The filtered fruit extract was used to measure the pH of the
juice. The Juice was measured with a digital pH meter (pH-
Meter model CG824) (Jalili Marandi 2010).

Measuring the Amount of Weight Loss

Weight loss of fruits was measured with a digital scale
model CANDGL300; for this purpose, the difference in
fruit weight after 45 and 90 days with the first-day fruits
was calculated. Weight loss is due to the decrease in fruit
moisture, calculated from the following formula (Ali et al.
2011):

percentage of weight loss =

i ight — d ight
(primary weight — secondary weight) < 100

primary weight
Measurement of Ascorbic Acid

To measure ascorbic acid, 1269 g of iodine was mixed with
16.6 g of potassium iodide in distilled water, and its volume
was reduced to 1 1. In this mixture, the iodine normality
is 0.01 normal, but its factor must be measured before the
test. For this purpose, the prepared mixture was stored for
1-2 days, then 20ml of the above mixture was poured into

another container, to which 2ml of 1% starch solution was
added. This mixture was titrated with the pure ascorbic acid
solution, such that at the endpoint of the solution, it turns
pale gray. To prepare the ascorbic acid solution, 100ml of
pure powder was dissolved in 100 ml of distilled water. The
following equation was used to calculate the iodine mixture
factor (Omaye et al. 1979):

F=A/B xN x 88.1

= iodine mixture factor and

= iodine mixture normality

= amount of pure ascorbic acid (mg)

= amount of iodine mixture consumed (mg)

o>z T

Measurement of Total Antioxidant Activity of Fruit
Extract (DPPH)

In the evaluation of total antioxidants by the 2,2-diphenyl-
1-picrylhydrazyl (DPPH) method, the first 50 ul of the pre-
pared extract was mixed with 950ul of DPPH, and after
30min, it was read by a spectrophotometer with a wave-
length of 517nm and placed in the following formula:

%DPPHsc =
(Abs control),_z) i, — (Abs sample),_39 in

100
(Abs control),_30 min *

Abs sample is the amount of DPPH absorption in the
presence of the sample, and Abs control is the absorption
of DPPH without extract (Navarro et al. 2006).

Measurement of Total Anthocyanin Content

The amount of total anthocyanin in fruit juice was deter-
mined by the pH difference method (Giusti and Wrolstad
2001). At first, the fruit juice was centrifuged at 11,000x g
for 20min at 4°C, and then 100ul of a supernatant was
used. The absorption was measured via UV-vis spec-
trophotometer at 520 and 700nm wavelengths of buffers
containing 1.0 and 4.5 pHs based on A=[(A530—A700)
pH1.0-(A530-A700) pH4.5] with molar extinction co-
efficients of cyanidin-3-O-glucoside for orange juice. The
results were expressed based on cyanidin three glucoside
in mg L' fresh weight.

Measurement of Total Phenol Content (TPC)
To determine the total phenol content, colorimetric de-

termination by Folin-Ciocalteu phenol reagent was used
(Slinkard and Singleton 1977). The juice was centrifuged
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at 11,000x g for 15min at 4°C. Then, 30ul concentrated
extract of fruit juice was mixed with 90l of distilled water.
Later, 600ul of 10% folin was added to the solution and
was kept for 10min. Then, 480 ul of 7.5% sodium carbonate
(Na,COs) was added to this solution and placed in darkness
for 1.5-2h. Finally, using gallic acid as a standard, the color
change of the extracts was calorimetrically determined at
a wavelength of 765 nm by UV-vis spectrophotometer. The
data are expressed as milligram gallic acid equivalent per
ml fruit extract.

Measuring the Amount of Total Flavonoids

The amount of total flavonoids was determined using a col-
orimetric assay (Shin et al. 2007). At first, 500l of the
prepared extract was mixed with 150ul of 5% sodium ni-
trite and was kept at room temperature for 5min. Next, it
was mixed with 300l of 10% aluminium chloride (Alcls)
and was kept for Smin. Then, Iml of 1mol I sodium
hydroxide was added to the solution and was brought to
5-ml volume with adding distilled water. The absorption
mixture was read in 510nm wavelength. The amount of
total flavonoids in fruit juice is reported according to mg
quercetin equivalent per ml fruit juice.

Measurement of Enzyme Activity

To measure enzyme activity, protein extract must first be
prepared.

Protein Extraction

First, 1g of fruit tissue was ground in a mortar contain-
ing Sml of 0.05M Tris-HCL buffer at pH=7.5 to obtain
a homogeneous solution. The solution was transferred to
a centrifuge tube. Then, after centrifugation, the resulting
solution was allowed to stand for 10 min. It was then cen-
trifuged for 25 min at 10,000 rpm at 4 °C using a refrigerated
centrifuge. The tubes were then gently removed from the
device and the supernatant solution was poured into the test
tube to obtain a protein extract, which was used to measure
the activity of antioxidant enzymes (Bradford 1976).

Measurement of Catalase Enzyme

Catalase activity was measured based on the reduction of
hydrogen peroxide adsorption at a wavelength of 240nm.
According to this method, the reaction mixture (3 ml) con-
sisted of 50mM potassium phosphate buffer (PH=7.0),
15mM hydrogen peroxide, and 100ul of enzyme extract.
By adding hydrogen peroxide to the reaction mixture, the
reaction was started, and the reduction in hydrogen peroxide
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uptake was measured for 60s at 240 nm using a spectropho-
tometer (Dhindsa et al. 1981).

Measurement of Ascorbate Peroxidase

The activity of this enzyme was measured based on the
oxidation of ascorbic acid and reduction of adsorption
at 290nm. Initially, samples were powdered in liquid
nitrogen. The enzyme extract was extracted in sodium-
potassium buffer at a concentration of 50mM and pH="7
and centrifuged at 10,000 g for 10 min. To measure enzyme
activity, 300ul of sodium phosphate buffer (pH="7) con-
taining 0.2 mM EDTA, 200 ul of ascorbic acid with 0.5 mM
concentration, 200ul of bovine serum albumin (BSA),
and 50ul of enzyme extract were mixed, and the reac-
tion was started by adding 50ul of hydrogen peroxide at
a concentration of 250 mM. Absorption changes were mea-
sured by spectrophotometer for 3 min, and enzyme activity
was calculated using ascorbic acid extinction coefficient
(mM-~! cm™) in units of pM ascorbic acid mg-'protein min™!
(Nakano and Asada 1981).

Measurement of Guaiacol Peroxidase Activity

After the preparation of protein extract, the following
reagents are needed to measure peroxidase activity:

2ml of 100mM Tris buffer (PH=7.5), 300ul of 5mM
hydrogen peroxide, and 200l of 10mM guaiacol were all
mixed in the ice bath. Then 50 uL of enzyme extract were
added. The absorption change curve at 425nm was read
with a spectrophotometer (Kochba et al. 1977).

Measurement of Phenylalanine Ammonia-Lyase (PAL)
Enzyme Activity

The method of Ke and Saltveit (1986) was used to mea-
sure the activity of the phenylalanine ammonia-lyase (PAL)
enzyme with some modifications. Initially, 0.5g of fresh
fruit tissue was extracted using 1.5 ml of buffer (0.1 M bo-
rate buffer, 0.1% polyvinylpyrrolidone, and 1.4mM mer-
captoethanol with pH=7). This was then centrifuged for
15min at 12,000rpm at 4°C. After centrifugation, the su-
pernatant extract was used to assay the enzyme. Sample
contents for the enzyme assay contained 30ul of enzyme
extract and 1 ml of buffer (0.1 M borate buffer with pH 8.8,
0.1% polyvinyl pyrrolidone, 1.4 mM mercaptoethanol, and
ImL 12mM L-phenylalanine). Finally, the samples were
placed in a hot water bath at 30 °C for 30 min and the ab-
sorbance was read at 290nm using a spectrophotometer.
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Experimental Design and Statistical Analysis

This factorial experiment was performed in a completely
randomized design with three replications, and its mean
was compared with Duncan’s multiple range test. The data
obtained from the experiment were analyzed by SAS soft-
ware, and the graphs were drawn using Excel software.

Results
Essential Oil Composition

The results of the gas chromatography (GC) revealed
that fennel essential oil contains 16 different composi-
tions; major compositions identified include: E-anethole
(60.01%), fenchone (22.35%), o-pinen (4.75%), methyl
chavicol (3.08%), sabinene (1.6%), and limonene (1.28%).
All chemical compositions of fennel are shown in Table 1.
In a previous investigation on the volatiles of F. vul-
gare subsp. piperitum fruits, methyl chavicol (47.09%),
limonene (29.07%), fenchone (13.43%), and fenchyl ac-
etate (1.95%) were found to be the major components
(Ozcan and Chalchat, 2006). The main identified compo-
nents of the flower and unripe and ripe fruit oils were es-
tragole (53.08%, 56.11%, and 61.08%), fenchone (13.53%,
19.18%, and 23.46%), and a-phellandrene (5.77%, 3.30%,
and 0.72%), respectively (Ozcan et al. 2006).

Table 1 Chemical constituents of the essential oil extracted from
fennel (Foeniculum vulgare)

Number Compounds Empirical RI Percentage
formula

1 a-Pinene CioHie 936 4.75
2 Camphene CioHie 952 0.18
3 Sabinene CioHie 973 1.60
4 B-Pinene CioHie 979 -

5 Myrsene CioHie 990 0.20
6 a-Phellandrene CioHie 1004  0.52
7 a-Terpinene CioHie 1015 -

8 P-Cymene CioHi4 1023 0.06
9 Limonene CioHie 1028  1.28
10 1.8-Cineole Ci0H180 1031 -

11 o-Terpinene CioHie 1059 1.22
12 Fenchone Ci10H160 1058  22.35
13 Camphor C10H160 1144 0.36
14 Methyl chavicol Ci1oH120 1195  3.08
15 Z-Anethole Ci0H120 1252 0.12
16 E-Anethole Ci0H120 1283  60.01

GC Gas chromatography, MS Mass Spectroscopy, RI retention index
determined on HP5-MS column

Firmness (kg cm2)
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Fig. 1 Interactions between fennel essential oil (Eo) treatments (0,
300, and 600 pl L’l), 24-epibrassinolide (0, 4, and 8l L’l), and stor-
age time on the firmness of ‘Valencia’ orange fruits stored for 90 days
at 5 °C with 85-95% relative humidity. Control refers to untreated ‘Va-
lencia’ orange fruits during storage. Different letters indicate statistical
significance (p < 0.05)

The Effect of 24-Epibrassinolide and Fennel Essential
Oil on the Firmness of Fruit Tissue

The amount of firmness of fruit tissue decreased during
the storage period compared to the first day (Fig. 1). The
combined treatment of fennel essential oil and 24-epibrassi-
nolide (especially at a concentration of 600 ulL-! of fennel
essential oil) in 45 days of storage showed the highest firm-
ness of the fruit (Fig. 1).

Effect of 24-Epibrassinolide and Fennel Essential Oil
on Soluble Solids (TSS)

With increasing storage time, the amount of fruit TSS in-
creased so that the highest amount of TSS was obtained in
treatments of 300 ulL! (45 days of storage) and 600 plL!
(90 days of storage) of fennel essential oil with 8 ulL! of

TSS (%)
[ee]

00l L-1
W4 pl L1
B3 pulL-1

o Ml i - NI - NI b
Eo 0 Eo 300 Eo 600 Eo 0 Eo 300 Eo 60

Day 1 Day 45 Day 90

Fig.2 Interactions between fennel essential oil (Eo) treatments (0,
300, and 600 pl LY, 24-epibrassinolide (0, 4, and 8l L), and stor-
age time on soluble solids (7'SS) of ‘Valencia’ orange fruits stored
for 90 days at 5°C with 85-95% relative humidity. Control refers
to untreated ‘Valencia’ orange fruits during storage. Different letters
indicate statistical significance (p <0.05)
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Fig. 3 Interactions between fennel essential oil (Eo) treatments (0,
300, and 600 ul L’l), 24-epibrassinolide (0, 4, and 8l L’l) and storage
time on total acid content of ‘Valencia’ orange fruits stored for 90 days
at 5 °C with 85-95% relative humidity. Control refers to untreated ‘Va-
lencia’ orange fruits during storage. Different letters indicate statistical
significance (p < 0.05)

24-epibrassinolide (Fig. 2). The possible mechanism by
which sugar levels increase in harvested citrus fruit is syn-
thesis of sugars from organic acids due to the presence and
increase of glycolytic enzymes during fruit storage (Rapis-
arda et al. 2008).

Effect of Epibrassinolide and Fennel Essential Oil on
the Total Acid Content

A downward trend in the amount of organic acids was ob-
served during storage (Fig. 3). The highest amount of or-
ganic acids was observed in fruits related to fennel essential
oil of 600 ul L-! and 24-epibrassinolide with a concentration
of 4ul L' in 45 days of storage. Compared to the fruits on
the first day of storage, 18.9% showed an increase in the
amount of organic acids.

Effect of Epibrassinolide and Fennel Essential Oil on
pH Content

Fig. 4 illustrates that with increasing storage time, the pH
content of fruits has an upward trend (Fig. 4). Thus, the
highest amount of this trait is in 90 days of storage in
the treatment of 24-epibrassinolide with a concentration of
8ul L-! without the use of fennel essential oil. Compared to
the fruits of the first day, it increased by 9.7%.

Effect of 24-Epibrassinolide and Fennel Essential Oil
on Weight Loss

As shown in Fig. 5, the interaction of fennel essential oil
and 24-epibrassinolide significantly reduced the amount of
fruit weight loss in storage. The highest percentage of fruit
weight loss during storage was observed in fennel essential
oil treatment with a concentration of 600ul L! and 24-
epibrassinolide treatment with a concentration of 8ul L!
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Fig.4 Interactions between fennel essential oil (Eo) treatments (0,
300, and 600 pl LY, 24-epibrassinolide (0, 4, and 8l L), and stor-
age time on pH content of ‘Valencia’ orange fruits stored for 90 days
at 5 °C with 85-95% relative humidity. Control refers to untreated ‘Va-
lencia’ orange fruits during storage. Different letters indicate statistical
significance (p<0.05)
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Fig.5 Interactions between fennel essential oil (Eo) treatments (0,
300, and 600 pl LY, 24-epibrassinolide (0, 4, and 8l L), and stor-
age time on weight loss content of ‘Valencia’ orange fruits stored
for 90 days at 5°C with 85-95% relative humidity. Control refers
to untreated ‘Valencia’ orange fruits during storage. Different letters
indicate statistical significance (p <0.05)

on day 90 of storage. In contrast, the interaction of fennel
essential oil and 24-epibrassinolide in reducing fruit weight
loss, especially on the 45th day of storage, was significant
compared to the fruits on the first day.

Effect of Epibrassinolide and Fennel Essential Oil on
Ascorbic Acid

The highest amount of fruit ascorbic acid (5.5mg acid
ascorbic 100 g-'fw) was observed in the treatment of fen-
nel essential oil with a concentration of 300 plL-! and 24-
epibrassinolide with a concentration of 4ulL~! in 90 days
of storage, meaning that the rate of increase of this trait
compared to the fruits of the first day was 25% (Fig. 6).
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Fig.6 Interactions between fennel essential oil (Eo) treatments (0,
300, and 600l L), 24-epibrassinolide (0, 4, and 8 ul L), and stor-
age time on the ascorbic acid content of “Valencia’ orange fruits stored
for 90 days at 5°C with 85-95% relative humidity. Control refers
to untreated ‘Valencia’ orange fruits during storage. Different letters
indicate statistical significance (p <0.05)

Effect of 24-Epibrassinolide and Fennel Essential Oil
on Fruit Antioxidant Activity (DPPH)

Looking at Fig. 7, it is apparent that the amount of antiox-
idant activity increased with increasing storage time. The
highest amount of total fruit antioxidants during storage
(49%) was observed in the treatment of fennel essential oil
with a concentration of 600 ulL-!' plus 24-epibrassinolide
with a concentration of 8ulL~! in 90 days of storage, and
the lowest (29.6%) was obtained in the fruits of the first
day (Fig. 7).

Effect of 24-Epibrassinolide and Fennel Essential Oil
on Total Anthocyanin Content

The highest amount of whole fruit anthocyanin (127 mg
cyanidin-3-o-glucoside 1 ml-! extract) was observed in the
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20

10

0 10f : -. CENL - 0
Eo 0 Eo 300 Eo 600 Eo 0 Eo 300 Eo 60
Day 1

Day 45 Day 90

Fig.7 Interactions between fennel essential oil (Eo) treatments (0,
300, and 600l L), 24-epibrassinolide (0, 4, and 8 ul L), and stor-
age time on the antioxidant activity content (DPPH) of ‘Valencia’
orange fruits stored for 90 days at 5 °C with 85-95% relative humidity.
Control refers to untreated ‘Valencia’ orange fruits during storage.
Different letters indicate statistical significance (p < 0.05)
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Fig. 8 Interactions between fennel essential oil (Eo) treatments (0,
300, and 600 pl L’l), 24-epibrassinolide (0, 4, and 8l L’l), and stor-
age time on total anthocyanin content of ‘Valencia’ orange fruits stored
for 90 days at 5°C with 85-95% relative humidity. Control refers to
untreated ‘Valencia’ orange fruits during storage. Different letters
indicate statistical significance (p < 0.05)

treatment of fennel essential oil with a concentration of
300uIL-! and 24-epibrassinolide with a concentration of
8ulL! in 90 days of storage, and its lowest amount (83 mg
cyanidin-3-o-glucoside 1 ml! extract) was obtained in the
fruits of the first day (Fig. 8). The increase in anthocyanins
in this study is probably due to the ripening of the fruits, as
well as the increased amounts of sugars and enzymatic ac-
tivity of phenylalanine amonyalias during the storage (Var-
gas et al. 20006).

Effect of 24-Epibrassinolide and Fennel Essential Oil
on Total Phenol Content

Fig. 9 illustrates that the amount of total phenol was affected
by the duration of storage and different concentrations of
fennel essential oil and 24-epibrassinolide treatments. The
highest amount of total fruit phenol (32.18mg GAL g!
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Fig.9 Interactions between fennel essential oil (Eo) treatments (0,
300, and 600 pl LY, 24-epibrassinolide (0, 4, and 8l L), and stor-
age time on the total phenol content of ‘Valencia’ orange fruits stored
for 90 days at 5°C with 85-95% relative humidity. Control refers
to untreated ‘Valencia’ orange fruits during storage. Different letters
indicate statistical significance (p <0.05)
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Fig. 10 Interactions between fennel essential oil (Eo) treatments (0,
300, and 600 ul L), 24-epibrassinolide (0, 4, and 8 ul L"), and storage
time on the total flavonoid content of ‘Valencia’ orange fruits stored
for 90 days at 5°C with 85-95% relative humidity. Control refers to
untreated ‘Valencia’ orange fruits during storage. Different letters in-
dicate statistical significance (p <0.05)

FW) was observed during storage in the treatment of fen-
nel essential oil with a concentration of 600 ulL~! with 24-
epibrassinolide with a concentration of 8 ulL~! in 90 days
of storage. (Fig. 9).

Effect of 24-Epibrassinolide and Fennel Essential Oil
on Total Flavonoid Content

With increasing storage time, the total flavonoid content
increased significantly compared to the control, which
reached its maximum using fennel essential oil and 24-
epibrassinolide on the 90th day of storage. The highest
amount of whole fruit flavonoids (3.69mg QUEg! FW)
was observed during storage in the treatment of fennel
essential oil with a concentration of 600ulL"! and 24-epi-
brassinolide with a concentration of §pulL! in 90 days of
storage (Fig. 10).
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Fig. 12 Interactions between fennel essential oil (Eo) treatments (0,
300, and 600 ul L), 24-epibrassinolide (0, 4, and 8 ul L"), and storage
time on the ascorbate peroxidase activity of ‘Valencia’ orange fruits
stored for 90 days at 5°C with 85-95% relative humidity. Control
refers to untreated ‘Valencia’ orange fruits during storage. Different
letters indicate statistical significance (p<0.05)
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Fig. 11 Interactions between fennel essential oil (Eo) treatments (0,
300, and 600 pl LY, 24-epibrassinolide (0, 4, and 8l L), and stor-
age time on the catalase activity of ‘Valencia’ orange fruits stored for
90 days at 5°C with 85-95% relative humidity. Control refers to un-
treated ‘Valencia’ orange fruits during storage. Different letters indi-
cate statistical significance (p <0.05)

Effect of 24-Epibrassinolide and Fennel Essential Oil
on Catalase Activity

According to Fig. 11, catalase activity was different depend-
ing on the type of treatment and storage time. According to
the results of the present study, the highest activity of cata-
lase enzyme (1U g' FW) was during the storage period
of 45 days in essential oil treatments with a concentration
of 300 ulL! and 24-epibrassinolide with a concentration of
8L, and its lowest (0.37U g! FW) was observed during
the storage period of 90 days in essential oil treatments
with a concentration of 600ulL~' and 24-epibrassinolide
with a concentration of OulL"! (Fig. 11).

Effect of 24-Epibrassinolide and Fennel Essential Oil
on Ascorbate Peroxidase Activity

Ascorbate peroxidase activity increased with increasing
storage time. Thus, the highest enzyme activity was ob-
served on the 90th day of storage (0.94U g~! FW), and the
lowest level of the enzyme was observed in the fruits of
the first day of storage (0.68 U g! FW) (Fig. 12).

Effect of 24-Epibrassinolide and Fennel Essential Oil
on the Activity of Guaiacol Peroxidase

According to the results, the highest level of guaiacol per-
oxidase was observed during the storage period of 90 days
in the treatment of essential oil of 300ulL"' and 24-epi-
brassinolide 8 ulL-! (Fig. 13).
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Fig. 13 Interactions between fennel essential oil (Eo) treatments (0,
300, and 600 pl L’l), 24-epibrassinolide (0, 4, and 8l L’l), and stor-
age time on the guaiacol peroxidase activity of ‘Valencia’ orange fruits
stored for 90 days at 5°C with 85-95% relative humidity. Control
refers to untreated ‘Valencia’ orange fruits during storage. Different
letters indicate statistical significance (p < 0.05)

Effect of 24-Epibrassinolide and Fennel Essential Oil
on the Activity of Phenylalanine Ammonia-Lyase
(PAL)

The highest level of PAL was observed during the storage
period of 90 days in the treatment of essential oil with
a concentration of 300ulL"! and 24-epibrassinolide with
a concentration of 4ulL"!' (2.08 uMol g-'fw), meaning that
the rate of increase of this enzyme compared to the fruits
of the first day was 18.2% (Fig. 14).

Discussion

Fruit texture firmness is one of the vital quality indica-
tors in marketing. In the present study, the best treatment
in preserving the firmness of ‘Valencia’ orange fruits on
the 90th day of storage was reported at a concentration
of 600 plL-! of fennel essential oil and 24-epibrassino-
lide with concentrations of 4 and 8ulL-!. He et al. (2018)
showed that the treatment of persimmon fruits with brasi-
nazole (10 umolL"), from the expression of genes related
to fruit softening enzymes such as polygalacturonase, pec-
tate lyase, galactosidase, and endo 1-4-beta-glucanase pre-
vented and maintained the firmness of the fruits during stor-
age. Essential oils reduce the activity of cell wall softening
enzymes such as polygalactronase and galactoxidase, main-
taining fruit firmness (Batisse et al. 1996). The use of cin-
namon essential oil in tomatoes maintained the firmness of
the fruit (Nikos and Tzortzakis 2007). In the present study,
it is likely that 24-epibrassinolide and fennel essential oil
reduced the activity of cell wall-destroying enzymes (pectin
methyl esterase and polygalactronase), causing strength and
delay in membrane breakdown, thus maintaining fruit firm-
ness.
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Fig. 14 Interactions between fennel essential oil (Eo) treatments (0,
300, and 600 pl L’l), 24-epibrassinolide (0, 4, and 8l L’l), and stor-
age time on the activity of phenylalanine ammonia-lyase (PAL) of ‘Va-
lencia’ orange fruits stored for 90 days at 5°C with 85-95% relative
humidity. Control refers to untreated ‘Valencia’ orange fruits during
storage. Different letters indicate statistical significance (p < 0.05)

Soluble solids are another helpful indicator in evaluat-
ing the quality of fruits. In a study using thyme essential
oil treatment on cherry fruits, the amount of soluble solids
after a storage period was lower than the control treatment
(Vilaplana et al. 2018). Based on the results of this study,
the amount of soluble solids during the storage period in
fruits treated with fennel essential oil and 24-epibrassino-
lide was less than the control in each storage period. These
results may be related to the low respiration rate of the
covered fruits. The best concentration of soluble solids was
observed on the 45th day of storage in the treatment of fen-
nel essential oil with a concentration of 300 ulL! along with
24-epibrassinolide with a concentration of 8 ulL.-!. However,
during fruit storage after harvest, organic sugars and acids
are reduced due to the use of these compounds as a respi-
ratory substrate as well as the synthesis of new molecules
(Habibi et al. 2021).

Coating guava fruits with gum arabic delayed aging and
starch decomposition, TSS slightly increased due to the de-
lay in aging and reduced respiration, and ultimately reduced
starch decomposition into sugars (Anjum et al. 2020). In
the present study, it is possible that fennel essential oil and
epibrassinolide treatments prevented increased respiration
and thus, by preventing the decomposition of pectins and
other polysaccharides, reduced the consumption of soluble
solids. Decreased levels of organic acids are associated with
the aging process of the fruit.

This study showed that the amount of organic acids in the
fruits had a downward trend from the 45th to the 90th day
of storage. With the onset of fruit ripening, the activity of
the enzymes responsible for converting sucrose to organic
acids decreases, while that of sucrose phosphate synthetase
increases (Rathore et al. 2007). Any treatment that reduces
fruit respiration prevents the reduction of organic acids due
to reduced sugar consumption. The highest amount of to-
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tal acid was reported in the treatment of fennel essential
oil with a concentration of 600ulL-! plus the treatment of
24-epibrassinolide with a concentration of 4ulL-! on the
45th day of storage. In this study, it is possible that treat-
ment of 24-epibrassinolide and fennel essential oil, by re-
ducing respiration and reducing ethylene production, may
reduce the rate of consumption of organic acids and their
rate of conversion to sugars, thus preserving organic acids
and preventing depletion.

Similar to the results obtained in the present study in
guava fruit, application of gum Arabic and aloe vera coat-
ings restricted access to oxygen and reduced oxidation of
organic acids, which in turn showed higher titratable acidity
and lower pH in treated fruits compared to controls (Anjum
et al. 2020). Similar results were obtained in banana fruits
coated with Arabic gum (Khaliq et al. 2019). The findings
of the present study showed that with the application of 24-
epibrassinolide and fennel essential oil on 45 and 90 days
of storage, the upward trend of pH was slowed down. The
increase in pH of orange fruit extract in this study is due to
the conversion of organic acids to sugars during the respi-
ration process. The combination of 24-epibrassinolide and
fennel essential oil was able to slow down the breakdown
of organic acids by reducing respiration, thus maintaining
the pH of the fruit extract. The results of this study are
consistent with the results of Vilaplana et al. (2018) on the
use of thyme essential oil in pineapple in maintaining fruit
pH.

The main reason for fruit weight loss during storage is
postharvest physiological activities, such as respiration and
transpiration (Deshi et al. 2021). On day 45 of storage,
application of 8ul L' of 24-epibrassinolide and 600ul L-!
of fennel essential oil significantly prevented fruit weight
loss, but on day 90 of storage, it had no significant effect
compared to the control. Application of lemon essential oil
as wax on mango fruit (Geng et al. 2011), Arabic gum in
Guava fruits (Anjum et al. 2020), and chitosan in mango
(Zahedi et al. 2019) led to a reduction in transpiration and
prevention of fruit weight loss, which was consistent with
the results of the present study.

The highest amount of ascorbic acid was obtained in
the treatments of fennel essential oil with a concentration
of 300ulL-! plus 24-epibrassinolide with a concentration
of 4ulL! on the 90th day of storage. It is possible that
the combination of 24-epibrassinolide with fennel essential
oil reduces the respiration of fruit and the consumption of
organic acids, and thus prevents the reduction of ascorbic
acid.

Zahedi et al. (2019) showed in strawberries that edible
coatings increase the activity of the cytochrome oxidase en-
zyme by reducing the internal oxygen content of the fruit.
This enzyme can significantly reduce the breakdown of
ascorbic acid. Habibi et al. (2021) showed in ‘blood or-
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ange’ fruits that brassinosteroids, by reducing the rate of
respiration and thus reducing the activity of polyphenol ox-
idase enzyme, maintained the ascorbic acid of the fruit.
Reactive oxygen species (ROS) are produced as danger-
ous and destructive factors during normal metabolism. The
activity of these molecules may lead to oxidative damage
that accelerates the respiration and production of ethylene,
resulting in aging and tissue loss increase (Huwei et al.
2021). The results of this study revealed that the use of
essential oil of fennel essential oil as an edible coating
and 24-epibrassinolide could reduce the damage caused by
ROS with increasing the antioxidant activity. In this study,
the combination of 24-epibrassinolide and fennel essential
oil increased the level of antioxidant activity in the treated
samples compared to the control. So that the best total an-
tioxidant concentration was observed on the 90th day of
storage in the combined treatment of fennel essential oil
with a concentration of 600ulL"! and 24-epibrassinolide
with a concentration of 8 ulL-!. In research, the antioxidant
activity, as determined by DPPH radical scavenging activity,
was 58.7 (oven)—67.84% (infrared) in lemon peel powder
and 61.65 (microwave)-63.54% (infrared) in orange peel
powder (Ozcan et al. 2021).

In ‘blood oranges’, brassinosteroid treatment reduced the
production of ROS by increasing their antioxidant activity
and preventing their frost damage (Habibi et al. 2021). The
use of lemon essential oil as wax on mango fruit increases
the level of antioxidant activity, thus increasing the shelf
life of the fruit (Longo and Vasapollo 2006). Similar to the
findings of the present study, Wang et al. (2007) reported
that strawberries treated with thymol and agenol had higher
levels of antioxidant content, including anthocyanins and
phenolic compounds, than untreated fruits.

Also, this study demonstrated that the combination
of 24-epibrassinolide and fennel essential oil enhanced
the amount of phenolic compounds such as phenolics,
flavonoids, anthocyanins, and antioxidant capacity in the
fruits. The amount of phenol and the total flavonoid had
an upward trend. The highest amount of phenol and to-
tal flavonoid were observed in the treatment of fennel
essential oil with a concentration of 600 plL~' and 24-
epibrassinolide with a concentration of 8§ ulL! on 90 days
of storage. Total phenolic and total flavonoid amounts of
Citrus seeds were determined to range from 411.43mg
GAE100g™! (lemon) and 814.84 mg GAE100g™! (bitter or-
ange) to 97.84mg100 g (grapefruit) and 126.48 mg100 g™!
(lemon) (Ozcan et al. 2022). In research on two fruits,
lemon and orange, it was shown that the total phenol
contents varied between 114.58 (fresh) and 179.69mg
GAE 100'g (oven) in lemon peel powder (LPP) and
158.54 (fresh) and 177.92mg GAE 100-'g (infrared) in
orange peel powder (OPP). The total flavonoid contents
were 380.44 (fresh)-1043.04 mg 100! g (oven) in LPP and



Effect of Postharvest Treatment with 24-Epibrassinolide and Fennel ( Foeniculum vulgare ) Essential Oil on Quality Attributes and... 937

296.38 (fresh)-850.54mgl100-'g (oven) in OPP (Ozcan
et al. 2021).

In plants, shikimate-phenylpropanoid-flavonoids path-
ways are the biosynthesis pathways of phenolic com-
pounds. PAL enzyme is considered as a critical enzyme
in the phenylpropanoid pathway, and this enzyme converts
phenylalanine to trans-cinnamic acids (Pérez-Balibrea et al.
2011). According to our findings, the amount of total an-
thocyanin increased in the fruits during the storage process,
by increasing the concentration of 24-epibrassinolide and
fennel essential oil, especially on the 90th day. Increased
levels of anthocyanins during storage can be associated
with increased phenolic compounds and activation of the
enzyme PAL. Also, increasing the amount of anthocyanin
has a high correlate with increasing the amount of soluble
solids in the fruit during storage.

Phenolic compounds are one of the most important sec-
ondary metabolites that are produced directly through the
phenylpropanoid pathway and the key enzyme PAL. Ac-
cumulation of phenolic compounds such as hesperidin in
oranges is considered as an adaptation mechanism to pre-
vent oxidative damage, which is capable of detoxifying
ROS (Cebadera-Miranda et al. 2019). The phenolic con-
stituents of citrus are dependent on the cultivar and the fruit
part (peel, seed, and pulp) and may vary in fruit products
obtained using different techniques (Ozcan et al. 2021).
Concentrations of phenolic compounds and flavonoids in
postharvest treatment of epibrassinolide increased in ‘Sat-
suma tangerines’ by increasing PAL activity and transcrip-
tion factors related to the biosynthesis of phenols and an-
thocyanins, such as transcription factors MYB and MYC
(Zhu et al. 2015). Therefore, epibrassinolide can increase
the accumulation of anthocyanins and phenols by increas-
ing PAL activity. In the present study, the highest amount of
total phenol was obtained on the 90th day of storage at the
highest concentrations of 24-epibrassinolide and fennel es-
sential oil (32.18 mg GALg"' FW). Therefore, in this study,
24-epibrassinolide may have increased phenolic compounds
by activating phenylpropanoid pathways and reducing cel-
lular respiration. Our results are supported by those of Jin
et al. (2012). According to their observations, raspberries
treated with plant essential oils had higher phenolic sub-
stances, anthocyanin content, and higher antioxidant activ-
ity than untreated raspberries. In previous studies, it was
also shown in strawberries that the application of tea es-
sential oil stimulates PAL enzyme activity and increases
phenolic compounds, which is consistent with the results
obtained in this study (Shao et al. 2013). According to
our data, the activity of defense enzymes including PAL,
CAT, GPX, and APX was enhanced by EBL (Epibrassi-
nolide), and, in a concentration-dependent manner, with an
increase in EBL levels, the activity of these enzymes was
increased. In this study, PAL enzyme in the combined treat-

ment of fennel essential oil with a concentration of 300 plL-!
and 24-epibrassinolide with a concentration of 4 ulL-' was
reported at its maximum level on the 90th day of stor-
age. PAL enzyme is activated by various plant hormones,
including jasmonates, brassinosteroids, and salicylates in
various plants (Asghari and Aghdam 2010). These findings
indicate that brassinosteroids play substantial roles in me-
diating fruit defense responses. Previous observations have
concluded that epibrassinolide treatments enhance antioxi-
dant capacity in fruits. For example, studies in peach fruit
showed that the activity of the guaiacol peroxidase enzyme
in fruits treated with brassinosteroids was higher than the
control (Tareen et al. 2012). Furthermore, the application of
brassinosteroids increased the activity of catalase, ascorbate
peroxidase, and guaiacol peroxidase enzymes in grapefruit
(Anuradha and Rao 2007).
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