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ABSTRACT

To study the effect of exogenous selenium on fruit quality in walnut (Juglans regia L.), 8-year-old walnut
(Qingxiang) was taken as the research object. In the fruit expansion stage, 300 mg/L of sodium selenate, yeast
selenium and sodium selenite solutions were applied on the leaf of walnut, and the selenium levels in leaves,
pericarp and kernel were determined at the ripening stage. The fruit quality, mineral nutrient content, antioxidant
enzyme activity, and related genes’ expression were analyzed. The results showed that the three exogenous
selenium increased the selenium levels in leaves, pericarp and kernel of walnut. They also significantly increased
fruit and kernel weights, and kernel linoleic acid, but markedly decreased kernel crude fat and saturated fatty acid.
Selenium spraying promoted the absorption of mineral nutrients such as potassium and zinc, but inhibited the
absorption of calcium, and had no significant effect on iron and magnesium in the kernel. Three exogenous
selenium increased the activities of superoxide dismutase (SOD), peroxidase (POD), ascorbate peroxidase
(APX), and catalase (CAT) significantly in the kernel. Except for sodium selenate treatment significantly reduced
malondialdehyde (MDA) content in the kernel, the other two selenium sources treatments had no significant
effect on MDA and hydrogen peroxide (H,O,) levels. They also increased the expression of JrCu/Zn-SOD, Jr2-Cys
POD, JrCyt-APX and JrCAT in kernel, to different extents. These implies that, in the walnut fruit enlargement
period, the foliar spraying selenium could increase the selenium content of walnut, affect the mineral nutrient
absorption, improve the antioxidant capacity and related genes’ expression, and reduce the degree of peroxide,
and then improve the quality of fruit. Furthermore, yeast selenium showed the comprehensive effect of the best.
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1 Introduction

As a trace element in the human diet, Selenium affects all stages of human growth and development [1].
Selenium intake could enhance the ability of oxidation resistance in the humans and prevent some diseases,
including hepatopathy, tumor, cardiovascular and Kaschin-Beck disease [2,3]. Selenium as an antidote to
heavy metals, it detoxifies arsenic, lead, cadmium and mercury in the human body, and also can combine
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with these heavy metals to form compounds that be excreted from the body [4]. In addition, selenium can
prevent and treat diseases, regulate human immunity, and inhibit the occurrence of tumors and
cardiovascular diseases [2]. It has various biological effects on the human body, such as delaying aging
[3]. As a protective agent of life, selenium cannot be made by people themselves and must be obtained
from food [5]. Therefore, how to supplement selenium safely and effectively becomes an urgent problem
to be solved. There are mainly 2 forms of inorganic selenium and organic selenium in nature. Inorganic
selenium is more toxic, and organic selenium can be safely absorbed by the human body [6]. In
consequence, the conversion of inorganic selenium into organic selenium for human absorption and
utilization has become an essential way of human safety selenium supplement. In the aspect of selenium
transformation, plants have significant advantages because of their high selenium conversion rate and rich
organic selenium content. Especially as human food sources, crops can be used as a simple and effective
carrier of human safe selenium supplementation [7].

In recent years, with the improvement of national economic strength and people’s living standard, the
selenium-rich industry has received extensive attention from all walks of life. Australia, Denmark, the
United States, Sweden, Germany and other countries have developed a variety of selenium-containing
health products, selenium-rich agricultural products [8]. In China, Selenium-rich oil-tea, selenium-rich
rice, selenium-rich potato, selenium-rich wheat, selenium-rich tea, selenium-rich edible fungus and other
products have also been marketed and enjoyed by a vast number of consumers [9]. However, selenium-
rich products and related research in the fruit field are still lacking. Therefore, it is particularly urgent to
study the cultivation technology and regulation of selenium-rich fruit, explain the related mechanism,
process selenium-rich fruit and research and develop high-value selenium-rich functional products.

The walnut, an important dried and oil fruit tree, is the most economically important member of the
Juglandaceae family [10-13]. With the improvement of people’s consumption level, healthy walnut fruits
are paid more and more attention by the market, such as selenium-rich pecan kernel. Selenium-enriched
walnut cultivation can not only improve the selenium level in fruits, but also improve the fruit quality
[14]. Therefore, this study took 8-year-old walnut (Qingxiang) as the research object, and studied the
effects of three different selenium sources on the selenium content in leaves, pericarp and kernel by
spraying during the fruit expansion period. The results of three selenium sources on fruit quality, mineral
nutrient content and antioxidant enzyme activity were analyzed. Hence, this study aimed to investigate
the physiological responses of exogenous selenium to selenium content and fruit quality in walnut. Thus,
it may set a new perspective and provide a firm theoretical basis for future about selenium-fertilizer
application in walnut production.

2 Materials and Methods

2.1 Materials and Treatment
The 8-year-old walnut (Qingxiang) were provided by walnut demonstration orchard of Hubei Academy
of Forestry, China. The soil fertility data were in Table 1.

Table 1: The soil fertility of walnut orchard

pH Organic matter Nitrogen Phosphorus  Potassium  Calcium Magnesium  Inorganic

(kg ™) (mgkg™) (mgkg)  (mgkg') (mgkg') (mgkg')  selenium
(mg-kg ™)
5.16 42.8 319.2 524.8 276.6 232 0.51 0.35

Purified water, sodium selenate (Na,SeQOy4, 300 mg/L), yeast selenium (300 mg/L) and sodium Selenite
(Na,SeOs3, 300 mg/L) were sprayed on the leaf surface of walnut at its fruit enlargement period (May 20th,
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2021). Na,SeQy,, yeast selenium and Na,SeO3; were purchased from Sigma Co., Ltd., Vienna, Austria. Each
treatment was arranged in a complete randomized block design and replicated 8 times, produced a total of
32 walnut trees. Spray once a week with 4 times from 05/20/2021, each tree spray 3 L solution.

2.2 Variables Measurement

Samples (leaves and fruits) were collected on September 20, 2021 (fruit ripening stage), while fruits
were divided into pericarp and kernel. The leaf samples were selected from the top to bottom fourth leaf
of the fruiting branch in the middle of peripheral branches of the tree crown, and the fruit samples were
selected from the fruits in the middle of the tree crown with normal development and no diseases and
insect pests. The collected samples were immediately placed in dry ice when washed with deionized
water, brought back to the laboratory within 6 h, washed with deionized water, and stored in ultra cold
storage freezer (—80°C) for later use.

Selenium contents in leaves, pericarp and kernel were determined by hydride-generation atomic
fluorescence spectrometry (HG-AFS) (AFS8510; Beijing Haiguang Instrument Co., Beijing, China)
according to Gui et al. [1]. Fruit and kernel weights were weighed by electronic balance. The rate of
crude, linoleic, unsaturated fatty acid and saturated fatty acid in the kernel were determined as described
by Velazquez et al. [15]. The concentrations of zinc (Zn), iron (Zn), potassium (K), calcium (Ca) and
magnesium (Mg) in the kernel were measured by the inductively complied plasma-atomic emission
spectrometry based on the protocol of Sun et al. [16].

Kernel samples (0.2 g) from 4 treatments were homogenized in 5 mL of 0.1 M phosphate buffer (pH 7.8)
and centrifuged at 4,000 x g for 10 min at 4°C. And the supernatant was used to assay the concentrations of
MDA and H,0,, and the activities of SOD, POD, APX and CAT, according to Liu et al. [17].

The kernel RNA was extracted in 0.1 g fresh sample using the RNA prep pure plant kit (DP441,
TIANGEN Biotech Co., Ltd., China), and reverse transcription was done with the PrimescriptTM RT
reagent kit with the gDNA Eraser (RR047A, TaKaRa Bio Inc., Japan). All the steps followed the
manufacturer’s instructions. The specific primers (Table 2) of relevant genes for qRT-PCR analysis were
designed using Primer Premier 5.0 software (Palo Alto, USA), according to the Walnut genome database
(http://aegilops.wheat.ucdavis.edu/Walnut/data.php). A housekeeping gene, JrGAPDH, was magnifified as
an endogenous control along with the target genes. The relative expression of genes was calculated by
the 2724 method.

Table 2: The specific primers of relevant genes designed for real time quantitative PCR amplification

Gene name Accession Sequence (5'-3")-forward Sequence (5'-3')-reverse
JrCu/Zn-SOD Jr1SG00045600 TGTACCCCTCCGAACCCA CGGCTATTTCGTGATGG
Jr2-Cys POD Jr3SG00056000 TCGCTTGGAGACCACGCC AATACTGACTGATCAAT

JrCyt-APX Jr4SG00075300 TTAGCTCGATCACGGATCT AACAATTCAATGATTCC
JrCAT Jr7SG00080400 GGTTCTATTGCACAAGGA GATGTTTATCATACCCTA
JrGAPDH Jr8SG00046000 ATTGTCCATGGTCAGGCC ATTTTGATGCAATCCCA

2.3 Data Statistical Analysis

SAS software (9.1.3) was used to analyze the difference significance of data by Duncan’s new complex
range method (P < 0.05). The data were analyzed using one-way Anova. When F tests were significant,
means were separated by Duncan’s new complex range method (P < 0.05).
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3 Results and Analysis

3.1 The Selenium Content in Walnut Leaves, Pericarp and Kernel

As shown in Table 3, three selenium sources improved the selenium content in varying degrees in leaves,
pericarp and kernel of walnut. Compared with the water control group, yeast selenium treatment significantly
increased selenium content by 191, 37 and 67 times in leaves, pericarp and kernel (Table 3). Na,SeO4 and
Na,SeO; treatments also dramatically increased its levels by 100 and 95 times in leaves, 24 and 23 times in
pericarp, 64 and 60 times in kernel, respectively (Table 3).

Table 3: Selenium content in walnut leaves, pericarp and kernel under different selenium source treatments

Treatments Leaves (ug-kg ") Pericarp (ug-kg ') Kernel (ug-kg™")
Control 104.3 = 10.1¢ 80.7 +£5.2¢ 15.6 £ 1.3°
Na,SeO, 10522.6 + 500.1° 2010.1 + 104.8° 1010.2 + 30.1*°
Yeast selenium 20055.6 £ 904.2% 3004.2 + 200.8° 1055.6 + 43.2%
Na,SeO; 10011.3 + 508.1° 2000.3 + 104.3° 955.2 +24.2°

Note: Control-purified Water, Na,SeO4-300 mg/L Na,SeO,, Yeast selenium-300 mg/L yeast selenium, Na,SeO3-300 mg/L
Na,SeO;. Data (means + SD, n = 8) followed by different letters in same column are significantly different at P < 0.05. The
same as below.

3.2 Fruit Quality Parameters

Fruit and kernel weights, the rate of crude, linoleic, unsaturated fatty acid and saturated fatty acid in the
kernel were shown in Table 4. Na,SeQ,, yeast selenium and Na,SeO; notably increased the weight of fruit
and kernel by 14.1%, 25.3%, 9.1%, and 18.2%, 36.4%, 20.5%, respectively, compared to the water control
(Table 4). With regards to the quality of kernel, Na,SeO,, yeast selenium and Na,SeO; dramatically
decreased the kernel crude fat and kernel saturated fatty acid by 9.1%, 18.6%, 8.0%, and 7.5%, 13.6%,
6.3%, respectively, compared to the water control (Table 4). However, three exogenous seleniums
markedly increased the rate of kernel linoleic acid at the same level. It is worth noting that there were no
significant differences in the rate of kernel unsaturated fatty acid among all treatments.

Table 4: Walnut fruit quality under different selenium sources

Treatments Fruit Kernel Kernel crude Kernel Kernel unsaturated Kernel saturated
weight (g) weight (g) fat (%) linoleic fatty acid (%) fatty acid (%)
acid (%)

Control ~ 24.1 £1.4° 44+£02° 7532 +5.05* 18.1+1.1> 914+57° 8.84 + 0.28%
Na,SeO, 27.5+1.1° 52+0.2° 68.46+4.03° 21.8+1.2° 91.5+4.8° 8.18 +0.31°
Yeast 302 +£2.1% 6.0+0.3* 61.32+422°224+18 91.1+5.0° 7.64 + 0.29°
selenium

Na,SeO; 263 +1.2° 53+0.2° 69.31+4.56° 21.9+1.7° 902 +5.7° 8.28 +0.22°

3.3 The Mineral Nutrient Content in the Kernel

Table 5 shows the results of mineral nutrient contents in the kernel treated by three selenium sources. As
can be seen from Table 3, the three selenium source treatments increased the contents of Zn and K in the
kernel to varying degrees, but significantly reduced the level of Ca, while having no significant effect on
Fe and Mg. Compared with water control, Na,SeQy, yeast selenium and Na,SeO; treatments increased
Zn and K content by 13.7%, 22.4% and 12.5%, 30.5%, 50.2% and 30.5%, respectively (Table 5). In the
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case of Zn, the yeast selenium was the only treatment significantly higher than the control. However, the Ca
content in the kernel was reduced by 17.2%, 17.6% and 17.6%, respectively (Table 5).

Table 5: Mineral nutrient contents of kernel treated with different selenium sources

Treatments Zn (mg-kg ") Fe (mgkg ™) K (gkg™) Ca (gkg™) Mg (g-kg ")
Control 81.19 £7.10° 3813 +3.11° 1040+ 1.11° 227+0.12°  2.13+£0.16*
Na,SeO, 92.33 £8.09%°  37.16 £3.23* 1358+ 1.12°  1.88+0.14° 22240.17°
East selenium  99.41 + 9.07° 3820 +2.92%  15.62+1.14* 187+0.12° 224+0.21°
Na,SeO; 91.32 £ 8.11°®  37.18 £3.01* 13.57+1.08° 1.87+0.12° 2.23+0.19°

3.4 The Concatenation of MDA and the Activities of SOD, POD and APX in the Kernel

Table 6 shows the results of the activities of POD, SOD APX and CAT, and the contents of MDA and
H,0; in the kernel of walnut treated with three selenium sources. Compared to the appropriate control,
Na,SeQy, yeast selenium and Na,SeO; notably increased the activity of SOD, POD, APX and CAT by
28.9%, 76.3%, 28.1%, and 60.8%, 129.4%, 86.3%, and 9.7%, 24.5%, 17.8%, and 14.3%, 24.5%, and
12.9%, respectively (Table 6). However, yeast selenium and Na,SeO; had no significant effects on MDA
and H,0, contents, while Na,SeO, decreased the level of MDA by 26.9%, compared to the water control

(Table 6). It is worth noting that there were no significant differences among the three treatments and the
control for H,O, (Table 6).

Table 6: SOD, POD and APX activities and MDA content in walnut kernel treated with different selenium
sources

Treatments SOD POD MDA APX (Ug™h CAT H,0,
Ugh (Umin 'g") (nmol-g ) (Umin 'g’") (mgg"

Control  1.14 +0.11° 0.051 = 0.002° 25.29 + 2.14* 601.56 + 54.09° 80.21 + 4.09° 8.12 + 0.44%

Na,SeO,  1.47+0.12° 0.082 +0.005° 18.49 + 1.11° 659.78 +55.71° 91.64 + 5.19° 8.08 + 0.64%

Yeast 2.01 £0.17* 0.117 £ 0.011* 24.89 + 2.06 748.34 + 61.04* 99.89 + 6.07* 8.05 + 0.71°

selenium

Na,SeO;  1.46 +0.13° 0.095 +0.007° 23.41 +2.01* 708.56 + 62.05°° 90.55 + 5.05° 8.01 + 0.69*

3.5 Relative Expression of Antioxidant System Responsive Genes

Fig. 1 shows the relative expression of antioxidant system responsive genes. Compared to the control,
Na,SeQy, yeast selenium and Na,SeO3 notably increased the expression of JrCu/Zn-SOD, Jr2-Cys POD,
JrCyt-APX and JrCAT by 50.2%, 156.3% and 55.8%, 80.2%, 159.3% and 62.7%, 54.5%, 127.8% and
61.3%, 114.5%, 168.2%, and 68.9% respectively. Furthermore, there has no significant change of the
expression of JrCu/Zn-SOD, Jr2-Cys POD, JrCyt-APX and JrCAT in between Na,SeO, and Na,SeO;
treatments (Fig. 1). Interestingly, yeast selenium showed the positive effect of the best of this four genes’
expression in this study (Fig. 1).

4 Discussion

Compared with soil application of selenium fertilizer, foliar spraying of selenium can reduce selenium
loss and effectively increase organic selenium content in plants, which is also a common method to increase
organic selenium content in fruits or leaves in horticultural crop cultivation [18]. The suitable period and
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species of selenium spraying on leaves of different horticultural crops are different. For example, it is the best
time to apply selenium fertilizer to grape and strawberry at the beginning of fruit expansion [19,20]. Previous
study showed that spraying selenate or selenite during the blueberry fruit expansion could effectively
increase the selenium content and the anthocyanin concentration in fruit [21]. Therefore, in this study,
three selenium sources were sprayed on the leaves during the walnut fruit expansion stage to study the
effects of different selenium sources on walnut selenium content and fruit quality.

3.0 4 3.0 4

JrCu/Zn-SOD CControl Jr2-Cys POD [ Control
‘ @ZZAN::S<O. 3 @ZZAN::S<0:
25 NN SN Yeast selenium 2.5 1 ESSS Yeast selenium
N Na:SeOs A Na:SeOs

b

b

JtCyt-APX

Relative expression
Relative expression

Figure 1: Effects of three selenium sources on relative expression of JrCu/Zn-SOD, Jr2-Cys POD,
JrCyt-APX and JrCAT in walnut kernel

Spraying sodium selenite solution not only increased the selenium content of lettuce leaves, but also
increased the transpiration rate, the net photosynthetic rate, and the stomatal conductance of leaves,
improved photosynthesis and antioxidant capacity, and promoted its growth [22]. Similar study [23] on
passion fruit has demonstrated that selenium can improve the photosynthesis, thus promoting the
accumulation of sugar, and has a significant effect on the increase of soluble solid content, which can
further improve the fruit weight, which is consistent with this study. The study of selenium application on
cotton showed that selenium mineral fertilizer could advance cotton boll opening period, improve the
cotton nutrient level, and promote boll growth and development [24]. The application of bio-selenium in
the tomato cultivation process can obtain higher organic selenium content in the fruit, and improve its
fruit quality significantly [25]. Similar results were observed in Broccoli Florets [26,27], where there was
induced selenium level upon yeast selenium addition. This study showed that spraying sodium selenate,
yeast selenium and sodium selenite at the expansion stage of walnut fruit could increase the selenium
content in its leaves, pericarp and kernel, and yeast selenium had the best effect, which could be widely
used in the cultivation and production practice of selenium-rich walnut.

Exogenous selenium fertilizer not only increased the selenium content in plants, but also affected the
development and growth in plants, and then affected the quality of fruit. Studies showed that spraying
sodium selenite on leaves could significantly increase grape fruit quality (the single grain weight, grain
length, Vc content, selenium content, etc.) and delay fruit and leaf senescence [28]. Selenium rich liquid
fertilizer significantly increased the content of soluble solids, fruit weight, less skin lesions, better luster,
and 7 days earlier the ripening stage of peach [29]. Zahedi et al. [30] demonstrated that foliar spraying of
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bio-nano selenium on a pomegranate could increase the soluble solid content of fruits, and its freshness and
shelf life could be extended for 15 days. The results of this study were consistent with previous studies. three
selenium sources all improved walnut fruit quality to varying degrees. In this study, fruit and kernel weights
and the rate of kernel linoleic acid were increased, while the rates of kernel crude fat and kernel saturated fatty
acid were decreased. Linoleic acid could reduce the risk of cardiovascular disease, as reflected by current
dietary recommendations, while saturated fatty acid affects cholesterol metabolism [31,32]. So,
exogenous selenium could improve walnut fruit’s health value. However, the kernel crude fat was
decreased by three selenium treated, which is necessary to maintain normal metabolism. Relevant
mechanisms of it need to be further explored.

With regards to the effects of selenium on the uptake of mineral nutrients in plants, the results of this
research showed that the foliar spraying of selenium promoted the uptake of Zn and K in kernel fruits,
inhibited the uptake of Ca, but had no significant effect on the content of Fe and Mg. The results of study
on selenium application in watermelon showed that spraying selenium at a lower concentration could
promote the absorption of Ca and Mg, while spraying selenium at a higher concentration could inhibit the
absorption of Ca and Mg [33]. Related mechanisms and the relationship between selenium and mineral
nutrient absorption remain to be further studied and discussed.

SOD, POD and APX are scavengers of reactive oxygen species (ROS) in plants, which can remove
excessive ROS in plant cells in the process of stress or aging process [34]. H,O, is one of the main
components of ROS [34]. They can maintain the balance of cell metabolism, and improve the stress
resistance of plants, which is related to the antioxidant capacity of plants [34,35]. MDA is one of the
important products of membrane lipid peroxidation, and the higher content along with the stronger
peroxidation degree [36]. In this study, the activities of SOD, POD and APX in walnut kernel treated
with selenium spraying were significantly higher than those treated with clean water. At the same time,
the contents of MDA and H,0, were lower than that treated with clean water to varying degrees.
JrCu/Zn-SOD, Jr2-Cys POD, JrCyt-APX and JrCAT are regulate the plant antioxidant system [34]. At
present study, exogenous selenium induced these genes’ expression resulting in strengthen the activities
of SOD, POD, APX and CAT in walnut kernel. It indicates that exogenous selenium can improve the
antioxidant capacity of plants and protect the integrity of cell membrane by removing MDA and H,O,.
This is consistent with the study in strawberry that selenium can not only protect the integrity of cell
membrane, but also reduce the content of heavy metal ions, and effectively inhibit the absorption of
heavy metal cadmium and lead in leaves and fruits [37]. In addition, among the three selenium source
treatments in this study, yeast selenium had the strongest effect on improving the activities of SOD, POD,
APX and CAT. So, yeast selenium can be applied to improve the antioxidant capacity of walnut.

5 Conclusions

In a word, in the walnut fruit enlargement period, spraying three kinds of selenium fertilizer (sodium
selenate, yeast selenium and sodium selenite) on the leaves can increase the selenium content of leaf and
fruit, thus affecting the absorption of mineral nutrient, improve the antioxidant capacity and related
genes’ expression of the fruit, reduce the degree of peroxide, then improve the quality of walnut fruit.
Among them, foliar spraying with yeast selenium had the best comprehensive effect. So it could be
widely used in the cultivation of selenium-rich walnut. Future studies should pay more attention to the
effect and mechanism of selenium on walnut quality.
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