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Abstract
Elevating the selenium concentration in fruit has the potential to enhance the average dietary selenium intake in humans.
The application of selenium fertilizer through a spraying method has been found to be an effective approach for pro-
ducing selenium-enriched fruit. While kiwifruit (Actinidia chinensis) is known for its ability to accumulate selenium, the
‘Hongyang’ variety grown in Sichuan, China has been observed to have low selenium content. The tree was treated by
spraying the leaves with water solution containing 10, 25, 50 and 100mg per litre in the form of sodium selenite (Na2SeO3)
in the flowering period. The total Se and organic Se content, and the effects of different concentrations of Na2SeO3 on
antioxidant activity in peels, pulps and seeds of fruits were investigated. The findings indicated that kiwifruit has the ability
to transform exogenously absorbed inorganic selenium into organic selenium. The organic selenium content in the pulps
treated with 50mg L–1 sodium selenite was 9.04 times higher than in the control treatment. Furthermore, protein-Se was
identified as the main component of organic selenium, comprising 48.04–51.15% of the pulps. The protein-Se is the primary
component of organic Se, which the proportion in pulps was 48.04–51.15%. The application of 50 and 100mg L–1 sodium
selenite via foliar spraying resulted in a notable enhancement of ferric reducing/antioxidant power (FRAP) and oxygen
radical absorbance capacity (ORAC) values across all tissues. A significant positive correlation between FRAP value and
organic Se content in pulps, and a significant relationship between ORAC values and protein-Se and polysaccharide-Se
content of kiwifruit tissue showed regression equation. In general, the optimum Se application is 50mg L–1, and some
areas with a severe selenium deficiency can apply 100mg L–1 selenite. It might serve as a source of selenium in dietary
supplements or as an ingredient for the formulation of nutraceuticals.
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Introduction

Selenium (Se) is a trace element beneficial to the health of
humans. The World Health Organization (WHO) and the
Food and Agriculture Organization of the United Nations
(FAO) recommended that Se supplements be approximately
55µg d–1 Se for healthy adults, with maximum intake not
exceeding 400µg d–1 Se. The human demand for selenium
is attributed its antioxidant properties (Alfthan et al. 2015;
Luo et al. 2021; Xie et al. 2021). The may way plants
acquire selenium and introduce the food chain is absorption
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from the soil. However, vegetables and fruits contribute
only 8% of the total Se in human diets (Combs 2001).
Therefore, inadequate selenium supplementation can have
negative health effects. Keshan and Kaschin-Beck disease
is caused by severe Se deficiency in humans, and has been
reported especially in rural parts of both China and Russia
(Li et al. 2013; Abrahams 2006). Se is mainly present in
inorganic and organic species (Dong et al. 2021). Inorganic
Se is usually toxic, while organic Se is generally beneficial
to human health (Yin et al. 2019). The form in which Se
is provided also matters: organic Se is better absorbed and
retained than inorganic Se (Shi et al. 2010). This makes
organic Se preferable to inorganic Se as a nutraceutical or
food additive. It has been reported that an organic Se sup-
plement with immunostimulatory, antioxidant, and antidia-
betic activity can be derived from some fungi and bacteria
(Jin et al. 2012; Malinowska et al. 2009).
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It has previously been suggested that the biological ac-
tivity of protein and polysaccharides may be enhanced by
selenylation and other structural modifications (Lei et al.
2021). Supplementation of Se from natural food sources
containing organic selenium is safe and effective compared
to supplementation with of inorganic Se (Huang et al. 2007;
Ren et al. 2022). Finally, Ip et al. (2000) reported that the
specific bioactivity of Se is highly dependent on its chem-
ical forms and that organic Se has the highest bioactivity.
Protein-Se is redox activate and a free-radical scavenger (Lu
and Holmgren 2009). As has already been shown, Se status
can reduce the incidence of cancer (Wallace et al. 2009;
Reid et al. 2008). However, biosynthesis, and antioxidant
and immunomodulatory activity of polysaccharides con-
taining Se have not been extensively studied (Malinowska
et al. 2009).

The concentration of Se in plants depends on both the
abundance and availability of Se in the soil. Regional vari-
ations in soil properties therefore influence Se content of
entire communities (Fan et al. 2015; He et al. 2018). Both
selenate (Se VI) and selenite (Se IV) are generally able
to transverse the cuticle of the plants and are assimilated
by by the sulphur metabolic pathway (Li et al. 2018; Wen
2021). However, Se (IV) is more susceptible to transform
to seleno-amino acids than Se (VI). Although Se is an es-
sential element in animals, but not essential in plants (Liu
et al. 2016). The cellular effects of Se are concentration de-
pendent. When Se is abundant, it promotes oxidation lead-
ing to cellular damage and reduced yield and even pose
a threat to the environment (Wu 2004). On the other hand,
at low concentrations of Se, it can improve the nutritional
quality of plants, such as total amino acids, vitamin C and
flavonoids (Wen 2021), stimulate plant growth and act as
an antioxidant (Hartikainen et al. 2000; Jiang et al. 2021).
The threshold between toxic and beneficial concentrations
of Se depends on the plant species and the form in which
Se is provided. As a result, it is necessary to find safe and
reasonable concentration to increase Se content in plant
foods.

Foliar sprays and soil supplementation are two methods
that can be used in to enrich Se in crops. However, Hartfiel
and Bahners (1988) reported that soil supplementation can
be less reliable due to variations in soil properties including
pH, redox potentials, and microbial activities. On the other
hand, foliar application of Se (IV or VI) has been shown
to increase the Se content of many crops including potato
(Poggi et al. 2000), rice (Hu et al. 2002), soybean (Yang
et al. 2003), cabbage, onion, garlic, radish (Slejkovec and
Goessler 2005), buckwheat and pumpkin (Smrkolj et al.
2005, 2006). However, only a few studies have systemati-
cally characterized a dose-response to foliar Se application.
Furthermore, little is known about the bioavailability of Se
and its health impacts in humans. In the present study, we

detected the accumulation of organic Se in kiwifruits by
different concentration range of sodium selenite (Na2SeO3)
to the leaves.

Materials andMethods

Experimental Design and Plants Cultivation

The experiment was carried out under greenhouse con-
ditions at the demonstration orchard in Cangxi County,
Sichuan Province (China), using a cement trough (length:
width: depth= 1.5:1.5:1) containing samples in a 20–40cm
layer of a sandy clay loam. The organic matter content
was 5.41g/kg and effective [Se] is 4.57µg/kg. ‘Hongyang’
kiwifruit (Actinidia chinesis cv ‘Hongyang’) trees (6 years
old) were tested and divided into five groups (A, B, C, D, E)
containing eight trees each, with three replications. The lo-
cation and soil were the same for all replicates. Plants were
separated to avoid contamination between treatments solu-
tion. Leaves were sprayed with solutions of sodium selenite
at different concentrations during flowering, three times at
an interval of two days between each application. Group A
was sprayed with distilled water without sodium selenite
(Se0). Simultaneously, group B, C, D, and E were sprayed
with distilled water containing Se in the form of sodium se-
lenite at 10mg Se/L (Se10), 25mg Se/L (Se25), 50mg Se/L
(Se50) and 100mg Se/L (Se100), respectively. During each
treatment, 50ml of sodium selenite solution (pH 7.0–7.5)
was applied by spraying to on the leaves of each group of
plants, with care to ensure that the treatments were evenly
distributed. Fruits were assayed at physiological maturity.

Extraction andMeasurement of Total Selenium

Total Se was measured using HG-AFS (hydride generation
atomic absorption spectrometry) according to Smrkolj and
Stibilj (2004). Each sample was aliquoted in closed polyflu-
oroethylene tubes to which 1.5mL HNO3 and 0.5mL H2SO4

and 0.2g Na2MoO4 were added for digestion. The closed
tubes were heated for 60min at 130 °C in an aluminum
block. After cooling, 2mL of H2O2 was added followed by
heating at 115 °C for 10min. Next 0.1mL 40% hydrofluo-
ric acid (HF) was added and heated at 115 °C for 10min,
followed by a second addition of H2O2 (2mL). At the end
of this digestion, the contents were cooled to room tem-
perature and 0.1mL of V2O5 in H2SO4 was added. Tubes
were subsequently heated at 115 °C for 20min. Reduction
of Se (VI) to Se (IV) with 2.5mL of concentrated HCl was
carried out at 100 °C for 10min. Finally, each sample was
diluted and Se was quantified using HG-AFS, by compar-
ing to a series of matrix-matched standards, which were
prepared fresh daily. The linear ranges of total selenium
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were 0–125µg/L, r2= 0.9979. The limit of detection (LOD)
is three times the Signal-to-noise ratio (SNR) and the limit
of quantification (LOQ) is ten times the SNR.

Analysis of Organic Se

Organic Se: 30.0g of fruit tissue (pulp, peel, or seed) were
homogenized with a solution of 1.0mL mercaptoethanol in
20mL Tris-HCl-glycerol buffer (pH 7.8). Pulp, peel, and
seed residues were observed with an electron microscope
to ensure cells had been fully disrupted and then the residue
was put into a pre-treatment dialysis bag was tied and put
it into distilled water (4°C) to dialyze 120h. The distilled
water was changed every 12h. The organic-selenium was
analyzed by HG-AFS.

Protein-Se The Protein of kiwifruit tissues protein was con-
ducted as described by Tomotake et al. (2006). In brief,
freeze-dried kiwifruit tissues powder (20.0g) was firstly de-
fatted by soaking in petroleum ether (w/v, 1:10) for 12h.
The residual solvent was eliminated by air-drying (fume
hood for 24h). Then, the defatted samples were stirred with
distilled water at a ratio of 1:10 (w/v) and the pH was ad-
justed to 9.0 using 1mol/L NaOH. After stirring for 2h,
the mixture was centrifuged at 1000× g for 10min. The
supernatants were collected and the pH was adjusted to
4.5 using 1mol/L HCl, followed by centrifuging at 1000×
g for 10min repeatedly. The precipitate was lyophilized for
further analysis. The selenium in the protein (protein-Se)
was subsequently analyzed by HG-AFS.

Polysaccharide-Se Triplicate fruit tissue (20.0g) was placed
in the test tubes and selenium amylase was extracted with
200ml 1.0mol/L NaOH at 60°C for 4h. The liquid was
drawn out and residuum was extracted twice by same
method. Then the extraction was collected to remove
protein by the Sevag method (Whistler 1965). The su-
pernatant (fluid) was added to 75% ethanol to precipitate
polysaccharide at 4°C for 12h, which was subsequently
centrifuged 20min at 4°C at 3000g. The precipitate was
dried in vacuum and stored at –70°C. The selenium in the
polysaccharide (polysaccharide-Se) was analyzed by HG-
AFS.

Nucleic Acid-Se Triplicate fruit tissue (20.0g) was placed in
the test tubes with 50ml 2% NaCl to extract selenium nu-
cleic acid at 90°C for 2h. The liquid was removed and
residuum was extracted once by same method. The fil-
trate collected and protein removed by the Sevag method
(Whistler 1965). To the extract, 6mol/L HCl was added to
pH 2.5 and held at 4°C for 12h. The solution was cen-
trifuged at 3000g for 10min at 4°C for nucleic acid preci-
pitation. The precipitate was rinsed with 95% ethanol three

times and was stored at –70°C or assays after it was dried
in vacuum. The selenium in the nucleic acid (nucleic acid-
Se) was analyzed by HG-AFS.

Antioxidant Activity

Antioxidants in tissues can be measured as: 1,1-diphenyl-2-
picrylhydrazyl (DDHP); oxygen radical absorbance capac-
ity (ORAC); total reactive antioxidant capacity (TEAC);
and ferric reducing/antioxidant power (FRAP). In the
present study, FRAP and ORAC were chosen to evaluate
the antioxidant activities of kiwifruit pulp, peels and seeds.

FRAP was determined essentially as described by Ben-
zie and Strain (1996). The FRAP reagent was prepared
freshly and warmed at 37°C and comprised 2.5mL 10mM
TPTZ (2,4,6- tripyridy-s-triazine, Sigma) in 40mM HCl
plus 2.5mL of 20mM FeCl3 and 2.5mL of 0.3mmol/L ac-
etate buffer, pH 3.6. A volume of supernatant of 40µL from
each sample was mixed with 1.8ml FRAP reagent and wa-
ter (0.2mL, distilled). The mixture was incubated at 37°C
for 10min, and a spectrophotometer was used to measure
the absorbance at 593nm. A 1.0mM FeSO4 solution was
used as a standard. The result was expressed in terms of
the concentration of antioxidants a ferric reducing ability
equivalent to 1.0mmol/L FeSO4.

ORAC was measured according to Wang and Lin, and
modified from the original method of Cao et al. (1993). Ac-
cordingly, 1.7mL phosphate buffer (75mM, pH 7.0), 100µL
of 3.4mg L–1 R-PE (R-Phycoerythrin, Sigma), 100µL of
320nmol/L AAPH [2, 2’-azobis(2-amidinopropane) dihy-
drochloride, Sigma], and 100µL of sample were mixed in
each reaction. Trolox was used as a standard. The fluores-
cence was recorded (540nm) excitation, 570nm emission;
Shimadzu RF-Mini 150 recording fluorometer (Columbia,
MD). This continued at 5min intervals until the fluores-
cence measured was <5% of the previous measurement.
The final value was calculated using the differences of areas
under the quenching curves of R-PE, between a blank and
a sample, and was expressed as micromoles of TE (Trolox
equivalents) per gram of fresh weight.

Statistical Analysis

All data were presented as the mean of three replicates, with
the standard error of the means. For ANOVA, least signif-
icance difference (LSD) test was used to compare means
(SAS Institute, Cary, USA). Differences at p< 0.05 were
significant.
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Table 1 The content of total Se and organic Se in ‘Hongyang’ kiwifruit peels, pulps and seeds as affected by Na2SeO3 foliarly spraying

Spraying
solution

Total Se contents (µg kg–1 FW)* Organic Se contents (µg kg–1 FW)**

Peels Pulps Seeds Peels Pulps Seeds

Se0 7.81± 0.58c 12.96± 0.87d 11.16± 0.26e 6.44± 1.04c 8.18± 0.20d 8.33± 1.02d

Se10 7.61± 0.63c 37.82± 2.37c 34.63± 4.23d 6.57± 0.51c 24.27± 0.95c 25.06± 3.51c

Se25 9.49± 0.58b 81.18± 2.70b 48.27± 2.02c 8.74± 0.80b 52.78± 0.71b 33.30± 4.42b

Se50 12.13± 1.34a 121.33± 0.91a 55.98± 4.99b 10.65± 0.47a 73.95± 2.27a 41.34± 1.06a

Se100 11.88± 0.93a 124.18± 3.38a 62.59± 2.45a 10.83± 0.47a 76.28± 2.12a 42.61± 2.61a

The data are displayed with mean of three replications± standard error, n= 3. Means in columns followed by the different letters differed
significantly, whereas the same letter indicates no significant difference (P< 0.05)
* Before dialysis, ** After dialysis

Results

Exogenous Na2SeO3 Treatments Induced Organic Se
Accumulation

As shown in Table 1, in all fruit parts the concentration of
total Se and organic Se increased following spraying. The
value of total Se was from 7.61 to 124.18µg kg–1 FW and
the lowest concentration of total Se was found in the peels
following foliar spraying with 10mg L–1 sodium selenite.
The organic Se was in the range of 6.44 to 76.28µg kg–1 FW,
and the highest concentration of organic Se, 76.28µg kg–1

FW, was found in the pulp following 100mg L–1 sodium
selenite spraying.

Metabolism of Organic Se in Kiwifruit with Na2SeO3

Foliar Spraying

The most abundant organic Se species present in kiwifruit
was protein-Se (Table 2). The concentration of protein-Se
in pulp (in the range 4.18–36.64µg kg–1 FW) was much
higher than what was observed in peels (2.95–4.18µg kg–1

FW) and in seeds (3.57–23.20µg kg–1 FW). The highest
concentration of protein-Se, 36.64µg kg–1 FW, was found
in the pulp of fruits treated with 100mg L–1 sodium selenite.
The lowest level of protein-Se, 2.95µg kg–1 FW, was shown
in peels of fruits sprayed with 10mg L–1 sodium selenite.

The concentration of polysaccharide-Se was measured
in peels, pulp and seeds and was expressed on the basis
of fresh weight (Table 3). As the concentration of sodium
selenite in the foliar spray increased, an incremental in-
creased in the percentage of polysaccharide-Se in organic
Se and in total Se was found in peels and pulp. All the
parts of fruit in foliar spraying with sodium selenite ac-
cumulated more polysaccharide-Se than they did following
spraying with water. In peels, the lowest concentration of
polysaccharide-Se was observed, with values between 1.06
and 3.32µg kg–1 FW. The max value, 17.71µg kg–1 FW, was
observed in pulp of plants that had been foliar sprayed with
100mg L–1 sodium selenite.

As shown in Table 4, for all treatments, the lowest con-
centration of nucleic acid-Se was found in pulps, and the
values were between 0.04 and 0.13µg kg–1 FW. Peels and
seeds accumulated more nucleic acid-Se, and the values
were in the range of 0.49–0.67µg kg–1 FW. The percentage
of nucleic acid-Se in organic selenium decreased from 7.54
to 6.22% in peels and from 1.47 to 0.75% in pulps, re-
spectively, as the applied concentration of sodium selenate
increased.

AntioxidantActivities of Different Kiwifruit Part with
Na2SeO3 Foliarly Spraying

The value of FRAP in peels, expressed as 39.03–59.39µmol
FeSO4 g–1 FW, was much lower in comparison to that
in pulps (91.08–119.46µmol FeSO4 g–1 FW) and seeds
(82.59–173.12µmol FeSO4 g–1 FW) (Fig. 1). Treatments
with 50 and 100mg L–1 sodium selenite foliar spraying
caused a significant increase in FRAP value in all tissues.
As compared to the control, the FRAP values in the seed,
peel and pulp increased by 109.62%, 51.37% and 27.68%,
respectively. Low concentration (10mg L–1) sodium selen-
ite foliar spraying could not increase the FRAP value of
peels and pulps.

In addition, the results presented in Fig. 2 show that
the seeds contain higher value of ORAC, in the range of
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Fig. 1 The ferric reducing/antioxidant power (FRAP) in ‘Hongyang’
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Fig. 2 The oxygen radical absorbance capacity (ORAC) in ‘Hongyang’
kiwifruit peels, pulps and seeds as affected by sodium selenite foliar
spraying. Each value represents the mean± SD of three replicates

96.48–111.71µmol TE g–1 FW, in comparison with the cor-
responding peels (9.70–35.38µmol TE g–1 FW) and pulps
(41.80–74.65µmol TE g–1 FW). The ORAC in peels in-
creased linearly as the concentration of sodium selenite in
the applied solution increased such that the ORAC in peels
of plants sprayed with 100mg L–1 sodium selenite was 3.65
times higher than plants sprayed with water. In pulp, the
ORAC increased following sodium selenite foliar spraying
(50 and 100mg L–1), but the effect of treatments with 10 and
25mg L–1 sodium selenite foliar spraying was not obvi-
ous. The ORAC in seeds of plants sprayed with 25mg L–1

sodium selenite was significantly lower than what was ob-
served following water treatment (0mg L–1 sodium selenite)
decreasing by 11.18%.

Discussion

Evaluation of dietary needs for Se depends on knowledge
of both the total Se abundance and the availability of Se in
relation to the molecular forms and species present. Long
et al. (2016) reported that the application of exogenous Se
in both irrigation water and organic fertilizer could increase
Se content in kiwifruit. Our observations are consistent with
previous reports by Liu et al. (2014) of kiwifruit, which re-
ported that foliar fertilization with the dose of 0.5kg was
optimal, whose selenium content of kiwifruits increased by
103.5%. This tested the hypothesis that exogenous sodium
selenite, could induce Se accumulation in kiwifruit. Ac-
curate knowledge of the speciation of Se in plant tissues
is important to understanding metabolic pathways and hu-
man nutrition (Zhu et al. 2009). It was observed that the
amount of protein-Se in pulps increased linearly with the
increase of concentration of sodium selenite foliar spraying.
The same relation was also displayed in seeds. Previously,
Zhang et al. (2009) reported that selenomethionine is the
major form of Se within the protein. Smrkolj et al. (2006)
concluded that most of the Se present as selenomethionine
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in buckwheat seeds, representing an average of 93± 5% of
the Se content. Since selenium and sulfur are elements of
the same main group and have similar properties, selenium
is absorbed by plants and transported along with the sulfur
transport family. At the same time, selenium will partici-
pate in the metabolism and assimilation of sulfur, mainly
replacing the sulfur in the protein cysteine and methion-
ine, forming seleno-amino acids (Sors et al. 2005). In peels
or pulps, with increasing concentration of sodium selenite,
the percentage of protein-Se in organic Se and in total Se
decreased. While, the opposite relation was discovered in
seeds. This suggests that after spraying selenium on the leaf
surface, selenium may first accumulate on the fruit surface,
and then slowly transfer to the seeds.

In recent decades, it has been commonly reported that in-
organic selenite can be bound to polysaccharides in various
organisms, as part of the process of transformation to or-
ganic forms. These organic forms are generally considered
to be effective and safer than inorganic selenium as a dietary
supplement (Fang et al. 2003; Sanmartín et al. 2012; Xia
et al. 2022). Polysaccharides-Se have higher bioactivities
compared with selenium-free polysaccharide. These activi-
ties include immunomodulation, hypoglycaemic, hypolipi-
demic, antitumor and antibacterial effects (Fan et al. 2006).
Foliar application of Se has been reported to increases Se
content in kiwifruit (Wu et al. 2024; Deng et al. 2018). It
is worth noting that selenium was efficiently transported
from treated leaves to other tissues and organs, following
foliar treatment. It has been reported selenium is efficiently
transferred to other parts of the plant when foliarly applied
in kiwifruit (Ghafouri et al. 2022) and other plants (Germ
and Stibilj 2007; Smrkolj et al. 2006). However, sodium se-
lenite foliar spraying caused a decrease in the nucleic acid-
Se content in all the parts of fruit compared to plants that
had been foliarly sprayed with water in this study. The per-
centage of polysaccharide-Se on organic selenium and total
selenium in the seeds with foliarly sprayed sodium selinite
was remarkably lower than following water spraying.

Selenium is considered to be an antioxidant, which can
scavenge free radicals, thereby limiting the chain reaction
induced by lipid peroxidation that normally results in mem-
brane damage (Tinggi 2008). Ghafouri et al. (2022) sprayed
selenium on the leaves of kiwifruit significantly increased
the selenium content of fruit. Selenium content significantly
delayed the aging of kiwi fruit. The mechanism is to pre-
serve ascorbic acid and enhance antioxidant enzymes such
as superoxide dismutase, catalase and ascorbate peroxidase.
These protect the cell from severe oxidation by free radi-
cals (El-Sayed et al. 2006; Zapletal et al. 2008). In addition,
the antioxidant capacity and phenolic content of selenium-
rich kiwifruit were increased, which was due to the higher
phenylalanine ammoniase of selenium-rich kiwifruit. It was
observed that the value of FRAP in seeds increased with

concentration of sodium selenite, and that the correlation
between FRAP value and organic selenium content of the
peel, pulp and seed was very high at r= 0.9087, 8380 and
0.8408, respectively. In conclusion, the improvement of the
antioxidant activity of organic Se quantitatively depended
on its protein-Se content.

We also found that ORAC in the peels and pulp were
significantly increased with increasing concentration of
sodium selenite in the foliar spraying. This observation
was consistent with previous reports which found that
antioxidant activity of green tea increased as Se incorpora-
tion increased, and scavenging free radicals also increased
as Se levels increased (Xu et al. 2003). In the present
study, a significant relationship between ORAC values and
protein-Se and polysaccharide-Se content of kiwifruit tis-
sue could be described by the regression equation of y=
1.8730× 1+ 45.5263× 2+ 14.3172 (x1 and x3 was protein-
Se and polysaccharide-Se), which provided further evi-
dence that the main antioxidants in kiwifruit are protein-Se
and polysaccharide-Se.

Conclusion

The results presented in this study showed that the antioxi-
dant properties of organic selenium on kiwifruits (measured
by FRAP and ORAC) could be significantly enhanced by
foliar application of selenite. The mechanism might involve
organic Se as a redox-active free-radical scavenger. The pri-
mary component of organic selenium was protein-Se, which
was mainly present in the pulp and its amount increased lin-
early with the increased concentration of sodium selenite in
the foliar spray. These results show potential for increasing
bioactivity of kiwifruits by agronomic measures. Moreover,
this could also be a method of selenium enrichment for nu-
traceutical or dietary supplements.
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