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Abstract

Agronomic biofortification is the process of enriching fruits during crop growth with required nutrients, such as
Zinc (Zn). An experiment was conducted to evaluate the foliar fertilization effects of Zn on the nutritional
quality of lemon (Citrus limon L. Burm.) juice. The treatment consisted of three levels of zinc concentration (0,
0.5and 1 g L™Y). Trees were sprayed three times at a later stage of fruit expansion with foliar applications of zinc
sulfate at the above-mentioned rates. The Zn spray significantly increased the concentrations of Zn in the leaves
and fruits. Application of Zn resulted in significantly higher fruit ascorbic acid, total phenoclic compounds,
flavonoids, anthocyanin, carotenoids, and reduced glutathione contents. Activities of peroxidase and polyphenol
oxidase enzymes in fruit juice were significantly decreased with 0.5 or 1 g Zn L application. Although the
mechanisms of changes in some juice phytochemicals are not well known, the derived data from this study could

impact citrus growers and conclusively aid in the development of fruit with superior antioxidant quality.
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Introduction

Consumers see the connection between fruits and health
and associate their diets with the prevention of these
diseases. Numerous epidemiological and prospective
studies have been undertaken that suggest a strong link
between dietary intake of phytochemicals and human
health, particularly in protecting against chronic
degenerative diseases, such as cardiovascular disease,
diabetes mellitus and cancers (Hajiaghaalipour et al.,
2015). As the public becomes more aware of the health
benefits of fruits, the demand for fruits specifically
developed for their health benefits is increasing (Byrne,
2012). Such health-enhanced products that could be sold
fresh or processed into extracts are natural sources of
antioxidants, antimicrobials, or food colorants for the
health and food foot industries (Cevallos-Casals et al.,
2006). Using practical and new approaches to provide
additional health benefits to consumers or animals by
promoting the state of well-being and possibly reducing
the risk of disease is called functional foods. It was
mainly the advances in understanding the relationship
between nutrition and health that resulted in the
development of the concept of functional foods (Siro et
al., 2008). When functional food aids in the prevention
and/or treatment of disease(s) and/or disorder(s) other
than anemia, it is called nutraceutical (Kalra, 2003). The
use of dietary supplements, functional foods, and
nutraceuticals is increasing as the industry is responding

to consumers’ demands. The markets for health food
will certainly increase in the future.

Although it is known that genetic and environmental
factors can affect the composition of fruits, the
influence of nutrient availability on the phytochemical
concentrations in plants namely citrus fruits is
unassailable (Emami Bistgani et al., 2018). The fruit
nutritional quality of cultivated strawberries was found
to be affected by the fertilization regime (Di Vittori et
al., 2018). The findings of Estrada-Ortiz et al. (2013)
suggested that supplying 30% phosphite in the nutrient
solution activated defense mechanisms in the strawberry
plants, which enhanced the anthocyanins concentration
and improved fruit quality. Recently, Souguir et al.,
(2018) indicated that sesame plants supplemented with
100 mg L calcium nitrate had the highest antioxidant
activity compared to 0 mg L. Tavallali et al. (2017)
demonstrated that foliar zinc (Zn) application at a rate
of 0.2% (w/v), considerably increased polyphenolic
contents as well as the antioxidant activity of anise
(Pimpinella anisum L.) fruits. According to
Tshivhandekano et al. (2017) there was an enhancement
in bush tea leaf polyphenols, total flavonoids, and total
antioxidants in response to nitrogen (75 and 150 kg ha')
treatment.

Agronomic biofortification is the process of
enriching fruits during crop growth with required
nutrients such as Zn. Zn deficiency is commonly
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observed in citrus orchards in Iran. The major reason for
the widespread occurrence of Zn deficiency in soils is
the low availability of Zn to plant roots, rather than the
low Zn content in soil (Tavallali, 2016). Two main
theories could be proposed for the high Zn deficiency in
citrus orchards. In one theory, the carbonate found in
calcareous soils may have led to the adsorption of this
element by calcium carbonate (CaCOs) and the
formation of an insoluble complex with Zn. The second
theory is based on the reduction of Zn solubility up to
100-fold per unit increase in pH (Hasani et al., 2012).
Foliar fertilization effectively supplies the nutrient
demand of fruit trees during periods when 1- due to
special soil conditions such as low or excess soil
moisture, pH and salinity, soil-applied fertilizer is
ineffective, 2- when nutrient fixation occurs in the soil,
and 3- when tree demand for a specific nutrient is high
(Lovatt, 2013).

Assuming that nutrient availability determines the
nutritional quality of fruits, we hypothesized that the
antioxidant parameters of lemon juice would be higher
in trees treated with Zn. Therefore, in the present study,
the effects of Zn foliar fertilization on the content of
some health-promoting compounds (ascorbic acid
(AsA), total phenolic compounds (TP), flavonoids,
anthocyanin, carotenoids and reduced glutathione
(GSH) contents) and the activity of peroxidase (POD)
and polyphenol oxidase (PPO) enzymes in lemon fruits
were investigated. Our purpose was to examine the
nutraceutical quality of lemon fruit CV. Lisbon is
affected by Zn fertilizer under the alkaline soil
conditions of Iran. We assumed that derived data could
be used to establish recommendations for lemon
orchards' micronutrient  fertilization in  similar
conditions.

Materials and methods

Experimental site and plant material: The experiment
was carried out during 2015-2016 at a commercial
‘Lisbon’ lemon (Citrus limon L. Burm.) orchard in
Larestan, Fars province, Iran (latitude 28°2" N,
longitude 53°9" E). The area is in a semiarid zone with
an average annual rainfall of about 601 mm, in which
the average temperature of the coldest month is lower
than 5 °C and that of the warmest month is higher than
42 °C. The trees were 7 years old, spaced at 8 x 8 m, in
a sandy loam soil. They received standard horticultural
practices, and disease and pest control.

Treatments and experimental design: Three levels
of zinc (0, 0.5 and 1.0g L* Zn) were applied as a foliar
application. Zinc sulphate (ZnSO4.7H,0), manufactured
by Merck, was used as a source of Zn. The experiment
was laid out in a randomized, complete block design
with four replications. The zinc sulfate solution spray
started at a later stage of fruit expansion (October 23,
before the maturity stage) at intervals of 15 days (Dong
et al., 2009). Foliar treatments were applied until the
point of runoff between 7:00 am and 8:00 am. Control
trees were sprayed with an equal volume of distilled

water. For each treatment, 24 uniform trees with
homogeneous fruit loads were selected, and the trees
were grouped into 4 blocks with 6 trees per block. Fruit
quality was determined on four replicates of 48 fruits (8
outside fruits per tree, 2 from each quadrant) collected
from each treatment. Fruits from each of the 6 trees in a
block were composited to make a sample of 48 fruits.
Generally, 8-10 segments were available from each
fruit. After washing, fruits were peeled and split in half
by knife from stem to stylar end. One-half of the
segments were juiced using a commercial kitchen juicer
and used for quality analysis. Samples of the juice were
placed into 15 mm x 110 mm vials sealed with
aluminum foil, lyophilized and kept at -20°C until
analysis. The rest of the fruit was dried to a constant
weight in a forced-air oven at 70 °C.

Measurement and analysis: A slightly modified
version of the method used by Kampfenkel et al. (1995)
was applied to measure the total AsA content. Frozen
lemon juice (0.1 g) was homogenized in 1 mL of 6%
trichloroacetic acid (TCA). The extracts were
centrifuged at 15,000 x g for 10 min at 4°C, and then
the supernatant was used to assay the ASA. The reaction
mixture (3 mL) contained 100 mM potassium phosphate
buffer (pH 7.4), deionized water, 10% TCA (w/v), 44%
HsPO4 (vIV), 3% FeCls (W/v), 4% 2, 2-dipyridyl (w/v),
and 0.2 mL of supernatant. The sample was incubated in
a water bath at 42°C for 40 min and then the absorbance
was read at 525 nm using a Shimadzu UV 160 A
spectrophotometer (Shimadzu Corp., Kyoto, Japan).
Using an AsA standard curve, the AsA content in juice
samples was obtained.

TP was estimated by the Folin-Ciocalteu method
with slight modifications (Savikin et al., 2014). Briefly,
fruit juice was extracted with 80% methanol (1:10 v/v)
for 2 hours in darkness. Then, a 0.2 mL sample was
taken and mixed with 1 mL of a 10-fold diluted Folin-
Ciocalteu reagent. This mixture was homogenized and
incubated for 5 minutes, followed by the addition of
7.5% sodium carbonate. After 1 h at room temperature
in the dark, the absorbance was measured at 750 using a
UV-vis spectrophotometer. TP was quantified using a
calibration curve obtained from measuring the
absorbance of gallic acid standards and expressed in mg
gallic acid 100 mL* of fruit juice.

Total flavonoid content was determined using the
aluminum trichloride method as described by Wang et
al. (2014). For this purpose, a lemon juice sample (1
mL) was mixed with 5% sodium nitrite solution (0.5
mL) and subsequently with 10% aluminum chloride (0.5
mL) and sodium hydroxide (1 M, 2 mL). The
absorbance of the mixture was  measured
spectrophotometrically at 510 nm. The flavonoid
concentration was calculated from a calibration curve
using rutin as a standard and expressed as mg 100 mL™*
of fruit juice.

Anthocyanins were extracted from lyophilized
samples (0.1 mL) with 10 mL acidified methanol (1%
HCI) with continuous shaking for 30 min. The mixture
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was centrifuged at 4,500 x g for 5 min at 4 °C, and the
extracted anthocyanins were collected. The extraction
operation was repeated twice. The methanolic extracts
were pooled and taken to a final volume with methanol.
Anthocyanins  were quantified by UV-visible
spectrophotometry, measuring the absorbance at 530
nm, and expressed as mg cyanidin 3-O-glucoside
equivalents per 100 mL of fruit juice (mg CGE 100 mL"
1y (Tierno et al., 2015).

To determine the total carotenoid content, 0.2 mL of
sample was extracted using 20 mL of acetone (80%
v/v), stirred for 15 minutes, and filtered (the extraction
was repeated two times). The filtrate was then
centrifuged at 10,000 x g for 15 minutes, and
spectrophotometry was applied to define the carotenoid
(CAR) content (Medina et al., 2011). Making use of the
formula, the researcher calculated the concentration of
the sample from the absorbance of the supernatant at
663, 648 and 470 nm.

GSH was measured by Cardoso et al. (2015).
Aliquots (0.5 mL) of the juice sample were mixed with
0.5 mL of 10 mM DTNB in tubes containing 200 mM
phosphate buffer (pH 8.0). The absorbance at 412 nm
(Shimadzu spectrophotometer) was measured 5 minutes
later. GSH was used as a standard, and results were
expressed in pmoles L.

A slightly modified version of the method suggested
by Liu et al. (2007) was used to extract POD and PPO.
Consequently, 2 mL juice was homogenized with 10
mL of ice-cold 50 mM sodium phosphate buffer (pH 7)
having 0.2 g of polyvinyl polypyrrolidone (PVPP) and
powdered at 4 °C. Centrifuging the homogenate was
then done at 15,000 x g for 30 min at 4 °C; for the
enzyme assay, the supernatant was used.

The changes in the absorbance at 470 nm were the
basis to assay POD activity. 2.8 mL of substrate
solution and 50 pL of the enzyme extract were inserted
in the reaction cuvette. The substrate solution included
20 mM guaiacol and 25 mM hydrogen peroxide that
were dissolved in 50 mM sodium phosphate buffer (pH
7.0). To determine PPO activity, every 3 mL reaction
mix included 100 pL enzyme extract, 0.1 M catechol,
and 0.1 M sodium phosphate buffer (pH 6.8). At 420
nm, an increase was observed in the absorbance.

The anti-radical ability of the sample juices was
evaluated using the DPPH radical scavenging method
based on Vinha et al. (2014). A 0.1 mM solution of 1,1-
diphenyl-2-picrylhydrazyl (DPPH) in methanol was
prepared. 0.2 mL of fruit juice (diluted 10-fold) was
added to 2.8 mL of DPPH solution. The solution was
then stirred and kept in the dark for 30 min. The
percentage scavenging effect was calculated as
scavenging rate = (A0 — A1 /AO) x 100, where AQ was
the absorbance of the control (without juice) and Al
was the absorbance in the presence of the juice at 517
nm. To do all spectrophotometric measurements, the
researcher used Schimadzu UV-VIS AA 6300
spectrophotometer.

Zn contents in fruit and leaves: Tissue samples

consisted of about 60 leaf blades and one-half of 48
harvested fruits. The leaf samples were taken at harvest
from fully developed leaves, near the fruits. The leaves
and fruit pulp were oven-dried to constant weight at 70
°C. About 0.5 g of dry, ground leaf tissue was ashed in a
muffle furnace at 550 °C for 5 h. The ashed prepared
was dissolved in diluted hydrochloric acid and then
diluted with ion-exchanged water. The concentration of
Zn was measured by atomic  absorption
spectrophotometry (Shimadzu, AA 6300, Japan) and
expressed as mg kg dry weight.

Statistical analysis: All data presented were means
of four replicates. Analysis of variance (ANOVA) for
various parameters was done following ANOVA test.
When the F was significant at the P<0.05 Ilevel,
treatment means were separated using Duncun’s
multiple range test. The correlation was established by
the CORR of SAS v 9.2 (SAS Inc., Cary, NC, USA).

Results

In the present study, the effects of Zn treatments on
GSH, flavonoids, carotenoids, total phenolic compounds
concentrations, DPPH scavenging ability and leaf and
fruit Zn content were significant. Also, analyses of
variance showed that there were no significant
differences among Zn treatments for anthocyanin
concentration (Table 1).

Both Zn spray treatments resulted in a significant
increment of ASA content in the juice of ‘Lisbon’
lemon. The AsA was increased with an increase in Zn
concentration. The application of the 0.5 g L™ Zn was
52.5 mg 100 mL™, or a 55% increase; while the addition
of 1 g L Zn resulted in 59.2 mg 100 mL%, or 75% AsA
increase (Figure 1-a). Similarly, TP was significantly
increased in the juice of the lemon fruits treated with Zn
compared with the fruit of those who received only
distilled water (Figure 1-b). In 0.5 and 1 g L Zn, TP
content was 54 and 74% higher than the control,
respectively. Zn application increased flavonoid
concentration with equal potency in either 0.5 or 1 g L™
(Figure 1-c). At harvest, the value of flavonoid in
control fruits was about 17 mg 100 mL? juice for
lemon, while in Zn-treated fruits it was about 28 mg 100
mL? juice. Anthocyanin accumulation of lemon juice
was not affected significantly by the foliar application
of Zn (Figure 1-d) and declined slightly compared with
that measured in the control (0.49 mg CGE 100 mL™1).
Juice anthocyanin content did not significantly correlate
with leaf or fruit Zn content (Table 1). As shown in
Figure 1-e, pre-harvest foliar application of 0.5 or 1 gL™!
Zn significantly increased the content of carotenoids,
corresponding to 2.2-fold and 2.6-fold, respectively.
The results of this study show that an increase in the Zn
content of fruit juice increases fruit GSH content at
harvest. GSH concentration in control fruits was 54.5
umol L1, while in 0.5 or 1 g L Zn-treated fruits it was
62.4 and 86.5 umol L7, respectively (Figure 1-f). The
enzyme activities of POD and PPO were affected
significantly by the foliar application of Zn (Figure 2);
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Table 1. Analyses of variance (ANOVA) of Zn application on some quality parameters
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Figure 1. The content of a) ascorbic acid (AsA); b) total phenolic compounds (TP); ¢) flavonoids; d) anthocyanins; e)
carotenoids and f) reduced glutathione (GSH) in the juice of the control and ZnSOgs-treated lemon fruits at harvest. The data
are mean values + SE of four technical replicates. Values followed by the same lowercase letters are not significantly
different.

the highest was recorded in the control treatments. significant regression was evident between the fruit
However, there was no difference in POD or PPO enzyme activity and leaf or fruit Zn concentrations
activity between 0.5 and 1 g L Zn treatments. No (Table 1). This suggests that fruit enzyme activity was
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Figure 2. The activity of peroxidase (POD) and polyphenol oxidase (PPO) in the juice of the control and ZnSOs-treated lemon
fruits at harvest. The data are the mean values + SE of four technical replicates. Values followed by the same lowercase

letters are not significantly different.
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Figure 3. The inhibition percentage of DPPH in the juice of the control and ZnSOu-treated lemon fruits at harvest. The data
are the mean values + SE of four technical replicates. Values followed by the same lowercase letters are not significantly

different.
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Figure 4. The content of zinc in the control and ZnSOu-treated lemon leaves and fruits at harvest. The data are the mean
values * SE of four technical replicates. Values followed by the same lowercase letters are not significantly different.

independent of leaf Zn concentration in the range of 34-
142 mg kg*. Plants treated with 1 g L'* Zn recorded the
highest juice anti-radical ability. In comparison to the
non-Zn-treated fruits, DPPH radical-scavenging activity
of 0.5 or 1 g L** Zn was almost 46.6 and 68.5% higher,
respectively (Figure 3).

There was a significant difference between
concentrations of Zn in leaves due to treatments (Figure

4). The increase in Zn concentrations in leaf tissues
coincided with an increase in Zn concentrations in fruits
(Figure 4). In Zn-treated plants at the higher Zn level (1
g Lt zn), there was a substantial increase in Zn
concentration, corresponding to 2.3-fold in leaf and 2.9-
fold in fruit. Leaf or fruit Zn contents increased with
increasing Zn concentrations, and a higher Zn
concentration was observed in the samples receiving 1 g
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Table 2. Pearson correlation analysis of the relationship between leaf and fruit Zn content and phytochemical contents of ‘Lisbon’

lemon juice after foliar application of zinc sulfate (ZnSQs).
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L Zn compared to the control and 0.5 g L™ Zn treated
ones. The Zn content of leaves was correlated with fruit
Zn content, and these parameters correlated positively
with juice antioxidant contents (Table 2).

Discussion

Many factors influence the nature and concentration of
antioxidant compounds in fruits, including the chemical
structure of the antioxidants, pre and post-harvest
factors, and processing conditions. The pre-harvest
factors that affect the antioxidant activity of Citrus fruits
include environmental and agronomic conditions such
as fertilizer (Zou et al., 2016). Although, based on
studies on citrus, Zn application increases fruit quality
and its antioxidant contents, to the best of our
knowledge, no study has explored the potential role and
the basis of Zn application to increase nutraceutical
quality in lemon fruit.

The Zn application significantly improved fruit
biochemicals (AsA, TP, flavonoids, anthocyanin,
carotenoids and GSH contents). Zn plays an important
role in photosynthesis, carbohydrate biosynthesis,
protein synthesis, and nucleic acid metabolism, and it
acts as a co-factor of many enzymes, controls the
expression of genes required to protect cells from the
detrimental effects of stress and promotes the activation
of various enzymes required in these biochemical
reactions (Nasir et al., 2016). ASA content in the lemon
juice increased significantly with an increase in Zn
concentration. Zn plays an active role in the production
of auxin in plants and increased synthesis of auxins has
been reported to increase the accumulation of ASA
content in ‘Kinnow’ mandarin (Razzaq et al., 2013; Al-
Obeed et al., 2017). Similarly, an increase in the level of
ASA has been found in strawberry (Chaturvedi et al.,
2005), mandarin (Khan et al., 2012) and apple (Rasouli
and Koushesh Saba, 2018) fruits with foliar application
of Zn. Also, minerals such as Zn are involved in sugar
metabolism which directly are related to the synthesis of
vitamin C (Nasir et al., 2016). Trees treated with 0.5
and 1 g L Zn showed an increase in the level of TP
about 1.5-fold and 1.7-fold higher than the control,
respectively (Figure 2). The results are in line with the
findings of Razzaq et al. (2013) and Khan et al. (2015)
in ‘Kinnow’ mandarine, Song et al. (2015) in grape, and
Davarpanah et al. (2016) in pomegranate but different
from Aglar et al. (2016) in ‘Jersey Mac’ apples.
According to Song et al. (2015), the increase in TP
content was due to an increased expression of genes

responsible for phenolic compound biosynthesis. In our
study, foliar applications of Zn increased the total
flavonoids in lemon juice. Both Zn and phenolic content
changes have been the subject of many studies.
However, to our knowledge, very little work has
explored the potential role of exogenous Zn application
to improve the biosynthesis of phenolics particularly
flavonoids, in fruits. Due to the fact that sucrose is a
positive regulator of the biosynthesis of flavonoids
(Song et al., 2015), increased levels of flavonoids due to
Zn sprays may be attributed to their effects on
photosynthesis and sugar accumulation, which are
involved in the biosynthesis of flavonoids. The critical
attributes of Zn in plant cell function imply that leaves
with Zn deficiency will display modified cellular
metabolism, and consequently, a modified balance of
flavonoid biosynthesis and accumulation. Results
disagree with the findings of Manthey et al. (2000), who
concluded that increased flavonoid concentrations were
correlated with the increased levels of leaf TP occurring
in blight-induced Zn-deficient citrus. Zn spray had no
significant effect on anthocyanin content. When the
effects of foliar sprays of Zn and boron were studied in
pomegranate, Davarpanah et al. (2016) found that there
was no significant effect on total anthocyanins with any
of the Zn treatments. Similarly, anthocyanin content has
not been increased in pomegranate received Zn spray
(Hasani et al., 2012) and the mechanism of how Zn did
not affect anthocyanin content is not wholly described.
In contrast, the anthocyanin content of Zn-treated grapes
was higher than that of the control group (Song et al.,
2015). The highest increase in the level of carotenoid
contents was recorded in the fruit harvested from the
trees, which were sprayed with 1 g L'* Zn before the
maturity stage. This is possible because Zn deficiency
significantly results in the deformation of chloroplast
structure and the limitation of photosynthetic enzymes,
consequently reducing the carotenoid contents (Fu et
al., 2016). Increased levels of carotenoids due to Zn
sprays may be attributed to their effect on increasing
chlorophyll biosynthesis and carotenoids (Aglar et al.,
2016). The variation of GSH in lemon juice showed that
its content can be affected by external Zn treatments.
Soleimani Aghdam and Bodbodak (2014) reported that
enhanced glucose content in fruits may activate the
oxidative pentose phosphate pathway and lead to higher
NADPH. Glutathione reductase (GR) then utilizes
NADPH to convert oxidized glutathione to GSH. Also,
Liu et al. (2013) reported that glucose-6-phosphate
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dehydrogenase (G6PDH), as a rate-limiting enzyme in
the pentose phosphate pathway, enhances GR and
dehydroascorbate reductase enzyme activities, which
led to enhanced AsA and GSH concentrations. In this
connection, Razzaq et al. (2013) reported that the effect
of Zn spray on increased fruit sugar contents might be
due to its role in the activity of the aldolase enzyme,
which is directly linked with the formation of sugars in
fruits. Also, Azevedo et al. (2007) reported that long-
term exposure to Zn enhanced the activity of G6PDH in
the cells. Our results showed that DPPH radical-
scavenging activity changes followed the same trend as
AsA, TP, carotenoids and GSH, which was comparable
to some early reports (Sida-Arreola et al., 2017; Rasouli
and Koushesh Saba, 2018) but different from
Davarpanah et al. (2016). Zn plays a major role in
controlling the production and detoxification of reactive
oxygen species (ROS), which can damage membrane
lipids and sulfhydryl groups. Also, Zn-finger proteins
are involved in small RNAs production, which is
essential in the plant oxidative stress response. To
protect the cell from oxidative stress, Zn may act
synergistically with other antioxidants.

According to Zago et al. (2000), Zn could interact
with antioxidants that act through the chelation of
redox-active metals. In the present study, external Zn
treatments decreased the POD and PPO activities of
lemon juice. Once the cellular compartmentation is
destroyed, the released POD and PPO in the cytoplasm
oxidize phenolics and flavonoids into quinones and
leads to a decrease in the content of TP and flavonoids
after harvest. Many compounds can inhibit PPO activity
directly or indirectly based on their mode of action,
namely, complexing agents, reducing agents, enzyme
inhibitors, acidulants, enzyme treatments, and chelating
agents (Du et al., 2012). Higher content of flavonoid
and TP as well as decreased activity of POD and PPO
enzymes indicated that preharvest ZnSO4 spray might
help lemon fruits by protecting the antioxidants (Luo et
al., 2018).

Zn contents in the leaves were higher than in the
fruit juice. Zn concentrations in foliar-applied 0.5 0r 1 g
L' Zn leaves were 1.82 and 2.28-fold higher than
control, respectively. On the other hand, in the fruits,
the Zn concentration of the respective treatments was
1.91, or 2.91-fold higher than the control. It seems that
sufficient foliar application of 2Zn caused the
accumulation of Zn in the fruits. This could be
attributed to the well Zn-supplied by foliar application.
Gurel and Basar (2018) reported that Zn movement
from leaves to fruit is limited, however, unless the
concentration in the leaves is abundant. The results of
Saa et al. (2018) demonstrate that absorption from foliar
Zn fertilizers has a very low efficiency. Therefore, to
improve the effectiveness of zinc foliar sprays, the
application of three spraying per year was examined in

References

this experiment. In the present study, the application of
1 gL Zn as three sprays per year was found to raise Zn
to the sufficiency level and thereby satisfy the Zn
requirements of lemon trees grown on soils where Zn
limits plant performance. It has been reported that the
critical concentration of Zn in citrus leaves was 25-100
mg kg? (Khan et al., 2015), whereas the normal range
of citrus leaf Zn concentration was also reported to be
20-110 mg kg?' (Swietlik, 2002); another research
reported that the normal range of citrus leaf Zn
concentration was 25-50 mg kg* (Hippler et al., 2015).
Therefore, the optimum leaf Zn concentration for lemon
trees is uncertain. It is estimated that 1/3 of the world
population is affected by Zn deficiency, which is
associated with low dietary intake and illness and death
in the developing world (Gurel and Basar, 2018);
however, agronomic biofortification can cure human Zn
deficiency. This study may provide a good strategy for
increasing the juice antioxidants and Zn content of
lemon trees, which show no Zn deficiency symptoms
and a leaf Zn concentration is less than 35 mg kg dry
weight.

Conclusions

Despite the large number of papers about the
antioxidant activity of citrus juices, less is known about
the potential role of Zn application in increasing the
nutritional quality of lemon. In conclusion, the two
novel observations in this work are that three Zn sprays
per year at a later stage of fruit expansion was found to
raise Zn to the sufficiency level and that applying Zn
significantly improved lemon juice's biochemical
contents. Fruit harvested from trees treated with 1 g L!
Zn exhibited higher AsA, TP, flavonoids, anthocyanin,
carotenoids and GSH contents, and lower POD and PPO
activity as compared to control. Therefore, when
citruses are to be grown under certain conditions that
interfere with Zn absorption in the soil solution, foliar
fertilization may be critical to avoiding Zn deficiency
damage. Foliar application of Zn to lemon trees is
considered to be important in the enrichment efforts of
food crops to promote human daily Zn intake. Further
research is needed to investigate the effects of other
factors, such as environment, soil characteristics and
rootstock, on the nutraceutical properties of lemon juice
to obtain new insights into future functional food
programs.

Acknowledgments

The authors are grateful to Prof. B. Baninasab and H.
Shariatmadari for their valuable help with this
experiment. We thank Isfahan University of Technology
for its research facilities and financial support.


https://www.wordhippo.com/what-is/another-word-for/abundant.html
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hippler%20FW%5BAuthor%5D&cauthor=true&cauthor_uid=25751056
https://www.wordhippo.com/what-is/the-opposite-of/interfere.html
http://dx.doi.org/DOI: 10.22034/13.61.35
https://jispp.iut.ac.ir/article-1-1992-en.html

[ Downloaded from jispp.iut.ac.ir on 2026-01-30 ]

[ DOI: DOI: 10.22034/13.61.35]

42 Journal of Plant Process and Function, Vol. 13, No. 61, Year 2024

Aglar, E., Yildiz, K., Ozkan, Y., Ozturk, B., & Erdem, H. (2016). The effects of aminoethoxyvinylglycine and foliar
zinc treatments on pre-harvest drops and fruit quality attributes of Jersey Mac apples. Scientia Horticulturae, 213,
173-178. https://doi.org/10.1016/j.scienta.2016.10.026

Al-Obeed, R. S., Ahmed, M. A. A, Kassem, H. A., & Alsaif, A. (2017). Improvement of ‘Kinnow’ mandarin fruit
productivity and quality by urea, boron and zinc foliar spray. Journal of Plant Nutrition, 40, 609-618.
https://doi.org/10.1080/01904167.2017.1406111

Azevedo, M. M., Carvalho, A., Pascoal, C., Rodrigues, F., & Cassio, F. (2007). Responses of antioxidant defenses to
Cu and Zn stress in two aquatic fungi. Science of the Total Environment, 377, 233-243.
https://doi.org/10.1016/j.scitotenv.2007.02.027

Byrne, D. H. (2012). Trends in fruit breeding. In: Fruit Breeding (eds. Badenes, M. L. & Byrne, D. H.) Pp. 875.
Springer. New York.

Cardoso, A. L., Di Pietro, P. F., Vieira, F. G. K., Boaventura, B. C. B., de Liz, S., Borges, G. S. C., Fett, R., de
Andrade, D. F., & da Silva, E. L. (2015). Acute consumption of jugara juice (Euterpe edulis) and antioxidant
activity in healthy individuals. Journal of  the Functional Foods, 17, 152-162.
https://doi.org/10.1016/j.jff.2015.05.014

Cevallos-Casals, B., Byrne, D., Okie, W. R., & Cisneros-Zevallos, L. (2006). Selecting new peach and plum genotypes
rich in phenolic compounds and enhanced functional properties. Food Chemistry, 96, 273-280.
https://doi.org/10.1016/j.foodchem.2005.02.032

Chaturvedi, O. P., Singh, A. K., Tripathi, V. K., & Dixit, A. K. (2005). Effect of zinc and iron on growth, yield
and quality of strawberry CV. Chandler. Acta Horticulture, 696, 237-240.
http://dx.doi.org/10.17660/ActaHortic.2005.696.41

Davarpanah, S., Tehranifar, A., Davarynejad, Gh., Abadia, J., & Khorasani, R. (2016). Effects of foliar applications of
zinc and boron nano-fertilizers on pomegranate (Punica granatum cv. Ardestani) fruit yield and quality. Scientia
Horticulturae, 210, 1-8. http://dx.doi.org/10.1016/j.scienta.2016.07.003

Di Vittori, L., Mazzoni, L., Battino, M., & Mezzetti, B. (2018). Pre-harvest factors influencing the quality of berries.
Scientia Horticulturae, 233, 310-322. https://doi.org/10.1016/j.scienta.2018.01.058

Dong, T., Xia, R., Xiao, Z., Wang, P., & Song, W. (2009). Effect of pre-harvest application of calcium and boron on
dietary fibre, hydrolases and ultrastructure in ‘Cara Cara’ navel orange (Citrus sinensis L. Osbeck) fruit. Scientia
Horticulturae, 121, 272-277. https://doi.org/10.1016/j.scienta.2009.02.003

Du, Y., Dou, S., & Wu, S. (2012). Efficacy of phytic acid as an inhibitor of enzymatic and nonenzymatic browning in
apple juice. Food Chemistry, 135, 580-582. https://doi.org/10.1016/j.foodcont.2021.108522

Emami Bistgani, Z., Siadat, S. A., Bakhshandeh, A., Ghasemi Pirbalouti, A., Hashemi, M., Maggi, F., & Morshedloo,
M. R. (2018). Application of combined fertilizers improves biomass, essential oil yield, aroma profile, and
antioxidant properties of Thymus daenensis Celak. Industrial Crops and Products, 121, 434-440.
https://doi.org/10.1016/j.indcrop.2018.05.048

Estrada-Ortiz, E., Trejo-Tellez, L. I., Gomez-Merino, F. C., Nunez-Escobar, R., & Sandoval-Villa, M. (2013). The
effects of phosphite on strawberry yield and fruit quality. Journal of Soil Science and Plant Nutrition, 13, 612-620.
http://dx.doi.org/10.4067/S0718-95162013005000049

Fu, X. Z., Xing, F., Cao, L., Chun, C. P., Ling, L. L., Jiang, C. L., & Peng, L. Z. (2016). Effects of foliar application of
various zinc fertilizers with organosilicone on correcting citrus zinc deficiency. HortScience, 51, 422-426.
https://doi.org/10.21273/HORTSCI.51.4.422

Gurel, S. & Basar, H. (2018). Effect of single and combined applications of zinc with iron and boron on the contents of
‘Deveci’ pear trees. Journal of Plant Nutrition, 41, 915-927. https://doi.org/10.1080/01904167.2018.1433210

Hajiaghaalipour, F., Kanthimathi, M. S., Sanusi, J., & Rajarajeswaran, J. (2015). White tea (Camellia sinensis) inhibits
proliferation of the colon cancer cell line, HT-29, activates caspases and protects DNA of normal cells against
oxidative damage. Food Chemistry, 169, 401-410. https://doi.org/10.1016/j.foodchem.2014.07.005

Hasani, M., Zamani, Z., Savaghebi, G., & Fatahi, R. (2012). Effects of zinc and manganese as foliar spray on
pomegranate yield, fruit quality and leaf minerals. Journal of Soil Science and Plant Nutrition, 12, 471-480.
http://dx.doi.org/10.4067/S0718-95162012005000009

Hippler, F. W. R., Boaretto, R. M., Quaggio, J. A., Boaretto, A. E., Abreu-Junior, C. H., & Mattos, D. (2015). Uptake
and distribution of soil applied zinc by citrus trees-addressing fertilizer use efficiency with ®8Zn labeling. PLoS One,
10, e0116903. https://doi.org/10.1371/journal.pone.0116903

Kalra, E. K. (2003). Nutraceutical-definition and introduction. AAPS PharmSciTech, 5, 27-28.

Kampfenkel, K., Van Montagu, M., & Inze, D. (1995). Extraction and determination of ascorbate and dehydroascorbate
from plant tissue. Analytical Biochemistry, 225, 165-167. https://doi.org/10.1006/abi0.1995.1127

Khan, A. S., Nasir, M., Malik, A. U., Basra, S. M. A., & Jaskani, M. J. (2015). Combined application of boron and zinc
influence the leaf mineral status, growth, productivity and fruit quality of ‘Kinnow’ mandarin (Citrus nobilis Lour x
Citrus deliciosa Tenora). Journal of Plant Nutrition, 38, 821-838. https://doi.org/10.1080/01904167.2015.1009100


https://www.sciencedirect.com/journal/science-of-the-total-environment
https://www.sciencedirect.com/journal/analytical-biochemistry/vol/30
http://dx.doi.org/DOI: 10.22034/13.61.35
https://jispp.iut.ac.ir/article-1-1992-en.html

[ Downloaded from jispp.iut.ac.ir on 2026-01-30 ]

[ DOI: DOI: 10.22034/13.61.35]

Rastgoo and Gholami Changes in antioxidant content of lemon fruits ... 43

Khan, A. S., Ullah, W., Malik, A. U., Ahmad, R., Saleem, B. A., & Rajwana, I. A. (2012). Exogenous applications of
boron and zinc influence leaf nutrient status, tree growth and fruit quality of Feutrell’s Early (Citrus reticulata
Blanco). Pakistan Journal of Agricultural Sciences, 49, 113-119.

Liu, J., Tian, S., Meng, X., & Xu, Y. (2007). Effects of chitosan on control of postharvest diseases and
physiological responses of tomato fruit. Postharvest Biology and Technology, 44, 300-306.
https://doi.org/10.1016/j.postharvbio.2006.12.019

Liu, J., Wang, X., Hu, Y., Hu, W., & Bi, Y. (2013). Glucose-6-1 phosphate dehydrogenase plays a pivotal role in
tolerance to drought stress in soybean roots. Plant Cell Reports, 32, 415-429. https://doi.org/10.1007/s00299-012-
1374-1

Lovatt, C. J. (2013). Properly timing foliar-applied fertilizers increases efficacy: A review and update on timing foliar
nutrient applications to citrus and avocado. HortTechnology, 23, 536-541.
https://doi.org/10.21273/HORTTECH.23.5.536

Luo, T., Niu, J., Guo, X., Wu, H., Han, D., Shuai, L., & Wu, Z. (2018). Preharvest ZnSO, spray improves the storability
of longan (Dimocarpus longan Lour.) fruits by protecting the cell wall components and antioxidants of pericarp.
Journal of the Science of Food and Agriculture, 99, 1096-1107. https://doi.org/10.1002/jsfa.9277

Manthey, J. A., Grohmann, K., Berhow, M. A., & Tisserat, B. (2000). Changes in citrus leaf flavonoid concentrations
resulting from blight induced zinc-deficiency. Plant Physiology and Biochemistry, 38, 333-343.
https://doi.org/10.1016/S0981-9428(00)00748-8

Medina, A. L., Haas, L. I. R., Chaves, F. C., Salvador, M., Zambiazi, R. C., da Silva, W. P., Nora, L., & Rombaldi, C.
V. (2011). Araca (Psidium cattleianum Sabine) fruit extracts with antioxidant and antimicrobial activities
and  antiproliferative  effect on  human cancer cells. Food Chemistry, 128, 916-922.
https://doi.org/10.1016/j.foodchem.2011.03.119

Nasir, M., Khan, A. S., Basra, S. M. A., & Malik, A. U. (2016). Foliar application of moringa leaf extract, potassium
and zinc influence yield and fruit quality of ‘Kinnow’ mandarin. Scientia Horticulturae, 210, 227-235.
https://doi.org/10.1016/j.scienta.2016.07.032

Rasouli, M. & Koushesh Saba, M. (2018). Pre-harvest zinc spray impact on enzymatic browning and fruit flesh color
changes in two apple cultivars. Scientia Horticulturae, 240, 318-325. https://doi.org/10.1016/j.scienta.2018.06.053

Razzag, K., Khan, A. S., Malik, A. U., Shahid, M., & Ullah, S. (2013). Foliar application of zinc influences the leaf
mineral status, vegetative and reproductive growth, yield and fruit quality of ‘Kinnow’ mandarin. Journal of Plant
Nutrition, 36, 1479-1495. https://doi.org/10.1080/01904167.2013.785567

Saa, S., Negron, C., & Brown, P. (2018). Foliar zinc applications in Prunus: From lab experience to orchard
management. Scientia Horticulturae, 233, 233-237. https://doi.org/10.1016/j.scienta.2018.01.040

Savikin, K., Zdunic, G., Jankovic, T., Godevac, D., Stanojkovic, T., & Pljevljakusic, D. (2014). Berry fruit teas:
Phenolic  composition and  cytotoxic  activity., Food Research International, 62, 677-683.
https://doi.org/10.1016/j.foodres.2014.04.017

Sida-Arreola, J. P., Sanchez, E., Ojeda-Barrios, D. L., Avila-Quezada, G. D., Flores-Cordova, M. A., Marquez-Quiroz,
C., & Preciado-Rangel, P. (2017). Can biofortification of zinc improve the antioxidant capacity and nutritional
quality of beans? Emirates Journal of Food and Agriculture, 29, 237-241. http://dx.doi.org/10.9755/ejfa.2016-04-
367

Siro, |., Kapolna, E., Kapolna, B., & Lugasi, A. (2008). Functional food. Product development, marketing and
consumer acceptance- A review. Appetite, 51, 456-467. https://doi.org/10.1016/j.appet.2008.05.060

Soleimani Aghdam, M. & Bodbodak, S. (2014). Postharvest heat treatment for mitigation of chilling injury in fruits and
vegetables. Food Bioprocess and Technology, 7, 37-53. https://doi.org/10.1007/s11947-013-1207-4

Song, C. Z, Liu, M. Y., Meng, J. F., Chi, M., Xi, Z. M., & Zhang, Z. W. (2015). Promoting effect of foliage sprayed
zinc sulfate on accumulation of sugar and phenolics inberries of Vitis vinifera cv. Merlot growing on zinc deficient
soil. Molecules, 20, 2536-2554. https://doi.org/10.3390/molecules20022536

Souguir, M., Araujo, M. E. M., Cherif, H., & Tarchoun, N. (2018). Supplemental calcium nitrate mitigates NaCl
induced biochemical, physiological, and antioxidant changes in sesame. International Journal of Vegetable Science,
https://doi.org/10.1080/19315260.2018.1458767

Swietlik, D. (2002). Zinc nutrition of fruit crops. HortTechnology, 12, 45-50.
https://doi.org/10.21273/HORTTECH.12.1.45

Tavallali, V. (2016). The effectiveness of zinc in alleviating salinity stress on pistachio seedlings. Fruits, 71, 433-445.
https://doi.org/10.1051/fruits/2016034

Tavallali, V., Rahmati, S., & Bahmanzadegan, A. (2017). Antioxidant activity, polyphenolic contents and essential oil
composition of Pimpinella anisum L. as affected by zinc fertilizer. Journal of the Science of Food and Agriculture,
97, 4883-4889. https://doi.org/10.1002/jsfa.8360

Tierno, R., Hornero-Me'ndez, D., Gallardo-Guerrero, L., Lo pez-Pardo, R., & de Galarreta, J. I. R. (2015). Effect of
boiling on the total phenolic, anthocyanin and carotenoid concentrations of potato tubers from selected cultivars and


https://www.researchgate.net/journal/0552-9034_Pakistan_Journal_of_Agricultural_Sciences
https://www.researchgate.net/journal/0552-9034_Pakistan_Journal_of_Agricultural_Sciences
https://www.wiley.com/en-us/Journal+of+The+Science+of+Food+and+Agriculture-p-9780JNRL01362
https://www.sciencedirect.com/journal/food-research-international
https://www.ejfa.me/
http://www.sciencedirect.com/science/article/pii/S0195666308004923
http://www.sciencedirect.com/science/article/pii/S0195666308004923
http://www.sciencedirect.com/science/article/pii/S0195666308004923
http://www.sciencedirect.com/science/article/pii/S0195666308004923
http://www.sciencedirect.com/science/journal/01956663
https://www.wiley.com/en-us/Journal+of+The+Science+of+Food+and+Agriculture-p-9780JNRL01362
http://dx.doi.org/DOI: 10.22034/13.61.35
https://jispp.iut.ac.ir/article-1-1992-en.html

[ Downloaded from jispp.iut.ac.ir on 2026-01-30 ]

[ DOI: DOI: 10.22034/13.61.35]

44  Journal of Plant Process and Function, Vol. 13, No. 61, Year 2024

introgressed breeding lines from native potato species. Journal of Food Composition and Analysis, 41, 58-65.
https://doi.org/10.1016/j.jfca.2015.01.013

Tshivhandekano, I., Ngezimana, W., Tshikalange, T. E., Makunga, N. P., & Mudau, F. N. (2017). Nitrogen application
influences quality, pharmacological activities and metabolite profiles of Athrixia phylicoides DC. (Bush tea)
cultivated under greenhouse and field conditions. Acta Agriculturae Scandinavica, Section B - Soil and Plant
Science, 68, 388-400. https://doi.org/10.1080/09064710.2017.1412496

Vinha, A. F., Alves, R. C., Barreira, S. V. P., Castro, A., Costa, A. S. G., Beatriz, M., & Oliveira, P. P. (2014). Effect of
peel and seed removal on the nutritional value and antioxidant activity of tomato (Lycopersicon esculentum L.)
fruits. Food Science and Technology, 55, 197-202. https://doi.org/10.1016/j.lwt.2013.07.016

Wang, Y., Xie, X., & Long, L. E. (2014). The effect of postharvest calcium application in hydro-cooling water on tissue
calcium content, biochemical changes, and quality attributes of sweet cherry fruit. Food Chemistry, 60, 22-30.
https://doi.org/10.1016/j.foodchem.2014.03.073

Zago, M. P., Verstraeten, S. V., & Oteiza, P. 1. (2000). Zinc in the prevention of Fe2*-initiated lipid and protein
oxidation. Biological Research, 33, 143-150. https://doi.org/10.4067/s0716-97602000000200014

Zou, Z., Xi, W., Hu, Y., Nie, C., & Zhou, Z. (2016). Antioxidant activity of Citrus fruits. Food Chemistry, 196, 885-
896. https://doi.org/10.1016%2Fj.heliyon.2023.e15433


https://www.tandfonline.com/loi/sagb20
https://www.tandfonline.com/loi/sagb20
http://dx.doi.org/DOI: 10.22034/13.61.35
https://jispp.iut.ac.ir/article-1-1992-en.html
http://www.tcpdf.org

